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RESUMEN

Los polioxometalatos (POMs) son clusteres anidnicos formados por metal y oxigeno,
gue forman una clase de compuestos Unica debido a su complejidad estructural, y
versatilidad topoldgica, electréonica y reactiva. Debido a estas caracteristicas los POMs
pueden mostrar importantes aplicaciones en diversos campos como el magnetismo,
catdlisis, ciencia de los materiales o biomedicina. La gran variedad estructural vy
composicional (Figura 1) de los POMs general estructural que van desde pequefios aniones
dimetalatos, hasta estructuras con mayor nuclearidad que pueden llegar a mostrar
tamafios similares a los de las proteinas. Los elementos que pueden actuar como metales
adenda quedan restringidos a aquellos que presenten una combinacién adecuada entre
carga y radio idnico, asi como la accesibilidad de los orbitales d vacantes y disponibles para
la formacién de enlaces m M—0. De este modo, los POMs estan compuestos por metales de
transicion de los grupos 5 y 6 en sus estados de oxidacién mas elevados, generalmente; VY,
MoV, WVY. Desde un punto de vista estructural, los POMs se forman mediante
condensacién acida de unidades poliédricas {MO.} (n = 4-7), en las que, comunmente, el
metal presenta un numero de coordinacién 6, con una geometria octaédrica. La
condensacion entre unidades octaédricas {MoOQOe} se da entre vértices, aristas o caras, de tal

manera que, por poliedro, no queden mas de dos atomos de oxigeno sin compartir.

M;0,, B-M;g0, a-XMgO,, a-XMy,0,4
Paramolibdato-A Octametalato Anderson-Evans Keggin

Figura 1. Representacién de la variabilidad estructural de los POMs con algunos de los clusteres mas
comunes.

Ademas de la diversidad estructural presentada por los POMs, la funcionalizacion de
estos clusteres amplia considerablemente su aplicabilidad, Esta derivatizacién se puede
logar facilmente a través de rutas sintéticas convencionales y, por lo general, conduce a
compuestos con propiedades que los grupos no funcionalizados no pueden exhibir.
Tradicionalmente, se han utilizado dos estrategias principales para este propésito; la
incorporacion de centros metalicos 3d y/o 4f en especies lacunarias y; la derivatization
organica de cluster POM inorganicos, donde se distinguen; i) la combinacion de
polioxowolframatos lacunarios con organoderivados del grupo p como érganosililos, -
estanilos, fosforilos o germilos; ii) la sustitucion de los oxigenos superficies por ligandos N-

u O-dadores; iii) la derivatizaciéon de POMs que contienen centros metalicos 3d o 4f con



ligandos organicos, o; iv) la coordinacién de complejos metalorganicos a la superficies del

cluster.

Con respecto a estas dos Ultimas estrategias, este trabajo de investigacion se centra
en la sintesis de compuestos hibridos basados en POMs que contienen complejos
metalorgdnicos de metales 3d o 4f. El objetivo es, por una parte, i) evaluar la capacidad de
iso- y hetero-polioxomolibdatos en combinacidon con complejos de metales de transicion de
ligandos tetraaza macrociclicos coordinados a su superficie para generar redes hibridas
extendidas; y por otra, ii) preparar sistemas moleculares hibridos mediante |la
derivatizaciéon orgdnica a través de ligandos orgdnicos compartimentales de POMs
sustituidos con lantanidos. En el primer caso, los compuestos resultantes podrian exhibir
una porosidad permanente asociada a funcionalidades interesantes como la adsorcién
selectiva de gases, asi como la capacidad de experimentar transiciones estructurales tras la
evacuaciéon de las moléculas de disolvente. Los sistemas mads apropiados también podrian
exhibir la capacidad de experimentar transformaciones monocristal-a-monocristal
provocadas por un determinado estimulo externo, de tal manera que permita monitorizar
la ubicacion de cada dtomo especifico a lo largo de la transicion estructural. En el segundo
caso, los centros lantanidos podrian exhibir propiedades luminiscentes, asi como la
relajacion lenta de la magnetizacién, clave para la preparacion de imanes moleculares para

la computacidn cudntica o sistemas tipo qubit.

Los 26 nuevos compuestos que se describen en este estudio muestran caracteristicas
interesantes que van desde sus propiedades luminiscentes a la capacidad de adsorber
gases de forma selectiva. El trabajo se ha divido en dos partes bien diferenciadas: los
Capitulos 2 y 3 abordan el estudio sistematico sobre la reactividad de isopolixomolibdatos
con complejos metalorganicos de metales 3d y ligandos tetraaza macrociclicos para da
lugar a estructuras hibridas extendidas. Ademas, el Capitulo 4 extiende este tipo de analisis
a aniones tipo Anderson-Evans. Por otro lado, el capitulo 5 se centra en la funcionalizacion
organica de polioxowolframatos lacunarios sustituidos con lantanidos, para dar lugar a

compuestos moleculares con propiedades magneto-luminiscentes interesantes.

En los Capitulos 2 y 3, se presenta el estudio sistematico de la influencia del pH
en el sistema sintético constituido por isopolioxomolibdatos y el complejo de cobre(ll) con
el ligando  N4-macrociclico  cyclam,  {Cu(cyclam)}**  (cyclam = 1,4,8,11-
tetraazaciclotetradecano). Cuando la sintesis se realiza a pH bdasico (superior a 10), se
obtiene el compuesto [Cu(cyclam)][MoQ4]-4H,0 (MoCu) que muestra una estructura con
fuerte caracter monodimensional, formada por oxoaniones tetraédricos conectados a
través de complejos octaédricos. Condiciones sintéticas similares también pueden dar lugar
a otros andlogos de oxoaniones/complejos metalicos [M(cyclam)][X04]-nH,0 (X = Cr, V, Mo,

W; M = Co, Ni, Cu, Zn) tal como se describe en el Apéndice 1 (Figura 2). Por el contrario, las



condiciones de pH dacido facilitan una mayor condensacién y, por lo tanto, se aisla la red
robusta [Cu(cyclam)]2[Mog026]-1.5H20, que estd constituida por cadenas [MosOa6]n*™
unidas entre si a través de las esferas de coordinacion de los complejos {Cu(cyclam)}**. La
evaporacion lenta de las disoluciones finales para las reacciones llevadas a cabo en
condiciones de pH cercanas a la neutralidad (valores de pH en el rango de 6 a 9) dan
inicialmente [{Cu(cyclam)}s(k-M0s027)]-14H,0 (1-Mo8), cuyo complejo comportamiento
termoestructural, asi con sus interesantes propiedades de adsorciéon, merecen un capitulo
aparte (Capitulo 3). Si se retira el 1-Mo8 del medio de reaccidn, se obtiene la red covalente
tridimensional [{Cu(cyclam)}3s(M07024)]-15.5H,0 (1-Mo7) (Figura 2) como una fase cristalina
pura, mientras que un segundo compuesto co-cristaliza a valores de pH entre 6 y 8, de
formula (NHas)[{Cu(cyclam)}.5(M07024)]-5.5H,0 (1B-Mo7). Las estructuras cristalinas de 1-
Mo7 y 1B-Mo7 se han dilucidado mediante difraccion de rayos X en monocristal. En ambas,
los aniones heptamolibdato (paramolibdato A) se encuentran unidos mediante los
complejos metalorganicos, generando redes hibridas extendidas. Como ambas fases no se
pueden distinguir visualmente bajo un microscopio dptico, solo describe la caracterizaciéon
completa de 1-Mo7 que se lleva a cabo mediante andlisis elemental (AE) y térmico
(TGA/DTA), espectroscopia infrarroja (FTIR) y difraccion de rayos X en polvo (PXRD). El
estudio de PXRD a temperatura variable demuestra que 1-Mo7 es capaz de experimentar
dos transformaciones consecutivas en estado sélido asociadas a la perdida de las moléculas
de disolvente presentes en los canales, para dar lugar a dos nuevas fases, la parcialmente
deshidratada 2-Mo7 y la anhidra 3-Mo7.

MoCu (Apéndice 1)

Figura 2. Representacion de (a) el empaquetamiento cristalino presente en 1-Mo7 y (b) la estructura
monodimensional formada a pH basico.

En el Capl'tulo 3 se aborda la sintesis y caracterizacion completa del compuesto
hibrido [{Cu(cyclam)}s(k-Mos027)]-14H,0 (1-Mo8), cuya estructura esta formada por
aniones octamolibdato diferentes a los publicados hasta el momento {k-MogO27}, unidos
mediante complejos {Cu(cyclam)}?**. Cuando se calienta, el compuesto 1-Mo8 es capaz de
experimentar dos trasnformaciones monocristal-a-monocristal promovidas térmicamente
para dar lugar a dos nuevos compuestos anhidros, 2-Mo8 y 3-Mo8 (Figura 3). Estudios de
XRD en monocristal demuestran que estas transiciones conllevan no solo modificaciones en

el empaquetamiento cristalino debida a las modificaciones en las esferas de coordinacion



de los complejos metalorganicos, sino también la isomerizacién del anidén octamolibdato.
Por consiguiente, la migracién de los centros metalicos en estado sélido, da lugar a dos
nuevos clusteres, {A-Mog027} y {u-Mog0,7}, que tampoco se habian podido obtener antes
mediante rutas sintéticas convencionales. La reversibilidad de estas transiciones ha sido
estudiada, de tal forma que se observa que si se exponen los cristales de 3-Mo8 al aire, se
genera una nueva fase hidratada (4-Mo8) que involucra la condensacion de una molécula
de agua adicional al anién octamolibdato para dar lugar al ya conocido anion {j-
MogO26(0OH).}. La deshidratacién del compuesto 4-Mo8 resulta inicialmente en la fase
anhidra 6-Mo8, que exhibe parametros de celda similares, mientras que seguidamente
evoluciona a 3-Mo8. Por el contrario, la fase anhidra 2-Mo8 revierte rapidamente para dar
lugar a una ultima fase 5-Mo8 que presenta pardmetros de celda similares, pero el mismo
cluster {k-Mog0O,7} que en 1-Mo8, por lo que podria considerarse una especie intermedia en
la transformacion de 1-Mo8 a 2-Mo8.

Figura 3. Representacion esquematica de los cambios que conllevan las transiciones monocristal-a-
monocristal inducidas térmicamente tanto en el empaquetamiento, como en la isomerizacion del
polianién presente en 1-Mo8.

Las tres fases anhidras generadas (2-Mo, 3-Mo y 6-Mo8) muestran microporosidad
permanente tal y como se observa en los estudios de adsorcidon de N, y CO, gaseosos a baja
temperatura. or otro lado, también se ha estudiado la capacidad de adsorcion de gases de
estas fases, profundizando en las capacidades adsorptivas de 3-Mo8, puesto que ha
demostrado la habilidad de adsorber selectivamente C;H, frente a C;Hs incluso en
concentraciones muy bajas (1:99 ratio), asi como de adsorber selectivamente C,Hs frente a
C;Ha, presentando un comportamiento contrario al observado habitualmente para
materiales porosos tipo MOF. Finalmente, los andlisis de adsorcién de vapor de agua estan
en buen acuerdo con las transiciones estructurales y muestran una alta ciclabilidad, asi
como, algunos de los valores mas altos de absorcidn total publicados hasta la fecha para los
sistemas basados en POMs. Las isotermas muestran una capacidad de adsorcién abrupta al
20-30% de nivel de humedad relativa que podria ser potencialmente deseable para los
dispositivos de control de humedad en espacios confinados.



Con respecto al Capitulo 4, |a reaccién entre aniones heptamolibdato y el
complejo metalorgénico {Cu(DMC)}?* (DMC = 1,8-dimetil-1,4,8,11-tetraazaciclotetradecano)
en medio acuoso conlleva el reordenamiento del cluster para dar un nuevo polianién de
férmula [HaCuMog(M003),024]% basado en un POM tipo Anderson-Evans al que se le unen
dos unidades {MoQ4} tetraédricas en cada una de las caras (Figura 4). El hibrido resultante
presenta una red tridimensional porosa con canales interconectados, en los cuales, se
sitian las moléculas de agua de hidratacién. Motivados por estos resultados, en la segunda
parte de este capitulo se estudia la reaccidn entre polianiones tipo Anderson-Evans
[HeCrMoe024]*" y complejos metalorgénicos {Cu(DMC)}** en diferentes medios de reaccion
De este modo, en funcidén de la presencia o ausencia de sales disueltas en el medio de
reaccion acuoso, e obtienen un total de 6 estructuras hibridas con dimensionalidades que
varian desde cadenas hibridas, hasta estructuras extendidas. Cuando la sintesis se lleva a
cabo en agua pura, se obtiene el hibrido [Cu(DMC)(H20)][{Cu(DMC)}o.5{HsCrMos024}]-10H20
(1-CrMo6) con una estructura de un fuerte caracter monodimensional. Por el contrario, las
reacciones en medios acuosos con alta fuerza i6nica como el NaCl 1M conducen al
ensamblaje de dos compuestos bidimensionales diferentes:
Na[{Cu(DMC)}{HeCrMos024}]-8H,0 (1Na-CrMo6) y Naz[{Cu(DMC)}o,5{HsCrMo0c024}]-11,5H,0
(1Na2-CrMo6). Cuando la reaccion se lleva a cabo en disoluciones acuosas de NaNOs o LiCl,
se obtienen diferentes hibridos bidimensionales, que estan constituidos por capas hibridas
POM-metalorgénicas con las moléculas de agua de hidratacidon y contraiones ocupando
espacios interlaminares. Estos son los compuestos [{Cu(DMC)}2{HsCrMos024}]NO3-5H,0
(INO3-CrMo6) y [{Cu(DMC)}2{HsCrMos024}]CI-5H,0 (1CI-CrMo6), respectivamente. En un
medio mas insoluble como el KCl acuoso, cristaliza la sal puramente inorgdnica la sal
K3[HsCrMos024]-6H20 (CrMo6). Por ultimo, el analisis termoestructural de las fases 1Na-
CrMo6, 1NO3-CrMo6, INO3 CrMo6 mediante una combinacion de andlisis térmico y PXRD
a temperatura variable, demuestra que el primero es capaz de experimentar dos
transiciones de fase promovidas térmicamente, mientras que la deshidratacion en la dos

ultimas no implica cambios drasticos en sus estructuras (comportamiento robusto).

Figura 4. Representacién del nuevo polianién [H4CuMoe(M003)>024]%, junto con la proyeccién de la capa
hibrida en el empaquetamiento tridimensional formado por el oxoanién y complejos {Cu(DMC)}?**.
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La segunda parte de este trabajo se encuentra recogida en el Capl'tulo 5, que tiene
como objetivo la preparacién de hibridos moleculares mediante la coordinacion simultdnea
de ligandos organicos e inorganicos sobre un centro metalico 4f. La estrategia sintética
empleada consiste en la incorporacion de complejos metalorganicos basados en iones
lantanidos y ligandos organicos de tipo base de Mannich, sobre polioxowolframatos
monolacunarios [a-SiW11039]® de tipo Keggin. Siguiendo este procedimiento, se han
obtenido 10 compuestos isoestructurales (1-Ln) que presentan aniones hibridos de férmula
[Ln(HaL)(a-SiW11039)1°~ (Ln = Sm'" a Lu"; H,L = N,N’-dimetil-N,N’-bis(2-hidroxi-3-formil-5-
bromobenzil)ethilen-diamina). Todas estas fases han sido caracterizadas mediante AE, FTIR,
TGA/DTA y XRD tanto sobre muestra policristalina, como en monocristal. Estos compuestos
moleculares tipo sandwich estdn formados por un ion Ln"' central que presenta una
geometria de tipo prisma trigonal biaugmentado, tras la coordinacién simultdnea de los
cuatro atomos de oxigeno pertenecientes al ligando organico y los cuatro oxigenos
delimitando la vacante en la especie lacunaria. El entorno de coordinacion N,O, queda
vacio en el ligando organica, de tal forma que permite que el ligando se pliegue, mostrando
asi una disposicion que no se habia visto hasta el momento (Figura 5). Asimismo, las
propiedades fotoluminiscentes y magnéticas de estos compuestos se han estudiado en
profundidad. Con respecto a la primera, la presencia de ligandos antena ha resultado
efectiva en la activacion de la emisidon de los centros 4f para los compuestos que contienen
Sm y Eu en el rango visible y para Er e Yb en el infrarrojo cercano. Los estudios de
magnetizacion y susceptibilidad magnética a diferentes temperaturas y frecuencias, juntos
con los experimentos de resonancia paramagnética electrdnica, han permitido detectar
comportamientos de relajacion lenta de la magnetizacion en los derivados de Gd e Yb. Por
consiguiente, el compuesto formado por Yb representa el primer POM que contiene
lantanidos, capaz de comportarse como un material bifuncional magneto-luminiscente. Por
ultimo, la estabilidad en disolucién de estos hibridos también se ha confirmado mediante

experimentos de espectrometria de masas ESI-MS y resonancia magnética nuclear *H-NMR.

4)% ' “'(\
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Figura 5. Representacion del hibrido molecular [Ln(H,L)(c-SiW11030)]” presente en los compuestos 1-Ln (Ln = Sm-Lu).
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ABSTRACT: This chapter nicely illustrates the compositional, structural and electronic diversity of a family of
anionic metal-oxo clusters known as polyoxometalates (POMs). These features make POMs unique compounds
for being applied in fields like catalysis, magnetism, material science or biomedicine. Since the first pioneering
studies by synthetic and structural chemists, this field has grown very quickly taking advantage from the rapid
development of crystallography and single-crystal X-ray diffraction and currently, has become the focus of
interdisciplinary research from areas such as physics, biology, biomedicine, materials science and theoretical
chemistry. A brief introduction to the POM chemistry is given in this introductory chapter with strong focus on
the Keggin structure. Moreover, the main derivatization methods are also described. These are the
incorporation of transition-metal and/or lanthanide centers into the cluster skeleton and the organic
functionalization of POMs. This considerably extends the catalogue of available species and allows the fine
tuning of the desired electronic and redox properties for a given application. Special attention is given to
luminescent and magnetic properties exhibited by lanthanide-containing POMs, as well as to extended
networks based on transition-metal complexes of macrocyclic tetraamines grafted at POM surfaces, that are
able to undergo single-crystal-to-single-crystal (SCSC) transformations triggered by external thermal stimuli.
The last part of this chapter is completed with a brief description of the aim of the work, which is based on the
synthetic approaches mentioned above.
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1.1. POLYOXOMETALATES

1.1.1. Definition

Polyoxometalates (POMs) are a well-known family of anionic metal-oxygen
nanoclusters that exhibit a wide compositional, structural, reactive and electronic
versatility.! These characteristicc make POMs unique compounds with a huge range of
potential applications in fields like catalysis,> magnetism,> material science* and
biomedicine.> This inorganic family also exhibits a great variety of structures and
compositions varying from small dimetalate anions to complex clusters with sizes
comparable to those of proteins (Figure 1.1). It is commonly believed that the
polyoxometalate chemistry was originated in 1826, when J. J. Berzelius reported the first
polyoxometalate salt, the ammonium [PMo01,040)*> anion.® However, almost 40 years
before (1783) Juan José and Fausto Elhuyar had already synthetized a bitter, spicy and
yellow salt which was later identified as (NHa)i0[H2W12042]-10H20.” Although POM
chemistry has long been known, it was not until the 80’s when research in this field started
to grow very quickly. The first crystallographic determination of a POM cluster dates from
1933, when James F. Keggin reported the first structural evidence of the
H3[PMo012040]-5H20 polyanion, nowadays known as Keggin anion after him.® The fast
expansion of POM chemistry in the last two decades makes it to be considered as one of
the most active and dynamic fields within Inorganic Chemistry, which can be exemplified by

the large number of books® and published works and reviews in the last few years.1°
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Figure 1.1. Structural diversity of POMs illustrated by a variety of clusters. Color code: {MOy}, pale grey;
{XOx}, green; {MoO¢} from {Mo1s4} Keplerate and {Moses} “blue lemon”, dark blue; {MoVOs} units with
pentagonal bipyramid geometry, cyan.




General Introduction

POMs are composed of early transition metals (M, so-called addenda metals) from
groups 5 and 6 in their highest oxidation states, commonly VY, Mo¥' and WY'. The suitable
combination between charge and ionic radius, as well as the accessibility of empty d
orbitals available for electronic back-donation in the formation of M—O bonds, makes these
metals appropriate to act as addenda atoms (Figure 1.2a). Moreover, POM clusters based
on Nb or Ta have also been studied, and, while polyoxotantalates still represents an
incipient field, the number of reports regarding isopolyoxoniobates have grown in the last
two decades.!! Regarding unconventional POMs, clusters based on noble metals such as
polyoxopalladates, -platinates and —aurates has been isolated recently,'? together with
some other related families such as peroxo-actinyl species.!?
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Figure 1.2. (a) Crystal radii for metal ions (Coordination Number = 6) from groups 4, 5 and 6 in their
highest oxidation states; (b) Most common coordination polyhedra for addenda metals (POV =
polyoxovanadates); (c) Schematic representation of the two common linkages-modes between {MOg}
octahedra, and; (d) Representation of {MOg} coordination polyhedra for class | and class /| POMs.

From the structural point of view, POMs are formed by the acidic condensation of a
variable number of {MO,} polyhedra (n = 4-7), in which the addenda metal commonly
shows and octahedral geometry (n = 6), and less frequently tetrahedral (n = 4) and square-
pyramidal (n = 5). Some Mo"' and WY can also occupy a seven-coordinated {O=M(Og)}
environment (Figure 1.2b), which allows the assembly of giant POM architectures such as
{Mo132} Keplerates, the {Mois4} big wheel, or the {Mosss} “hedgehog” or “blue lemon”,
among others.}* Condensation of {MOs} subunits occurs favorably by either corner- or
edge-sharing in such a way that no more than two oxygen atoms of the polyhedra are left
unshared (Lipscomb’s principle) to avoid the dissociation of the cluster by minimizing the
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strong trans-effect of the terminal M—O bonds (Figure 1.2c).r> Electrostatic repulsion
between metal centers on POM anions cannot be denied; therefore, corner-sharing among
octahedra is expected to be more frequent than edge-sharing, as it separates the metal
centers more efficiently. On the contrary, the edge-sharing linkage reduces the number of
terminal oxide ions and hence, it stabilizes the system to a greater extent than corner-
sharing. Face-sharing condensation is not commonly found, as the addenda metals are too
close to each other.

The oligomerization is not infinite because the polarization of the central metal
towards the outer oxygen atoms, as well as vacant and accessible d orbitals of the addenda
metals allow the formation of terminal M=0O double bonds, avoiding the condensation of
additional octahedra. Each metal center located in a MOg environment is displaced towards
terminal oxygen atoms because of the participation of d orbitals in the 1 M—O bond. This
way, two types of polarizations can be distinguished; towards one terminal oxygen atoms
(class 1) and towards two terminal oxygen atoms located in relative cis configuration (class
1) (Figure 1.2d). The main difference between these two polyoxoanions resides in their
electronic properties. Since the LUMO orbital for the first class has a non-bonding nature,
they can be easily and reversibly reduced under certain chemical, electrochemical and/or
photochemical methods. This leads to the formation of mixed-valence “blue” or “brown”
species, which can be reversibly reduced under mild conditions and with no significant
alterations of the POM skeleton. In contrast, class /| POMs possess anti-bonding LUMO
orbitals, which makes the reduction of these species irreversible and much more
complicated.1®

Properties of the POM anions, including their size, shape, composition, or redox
behavior, among others, can be easily custom-fitted by defining the synthetic parameters.
However, despite this wide structural and compositional diversity, most POMs exhibit some

common features:!

a. They usually show high charge, size and symmetry, as well as high thermal and
solution stability.

b. The preparation of POM clusters highly dependent on a number of variables
such as, concentration of reactants, pH, presence of additional ligands,
counterions employed, ionic strength of the media, temperature or pressure,
among others. Furthermore, several studies developed in aqueous solution
demonstrate that for a given pH value, there are many POM species coexisting
together. For that reason, the species that are isolated in a certain pH do not
need to be the predominant, but the less soluble.

c. POM salts containing alkali counterions are usually soluble in water, whereas

organic counterions confer solubility on organic solvents.
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1.1.2. Classification of POMs

Depending on their composition, POM are traditionally classified into two main
groups (Figure 1.3):

Isopolyoxometalates (isoPOMs) with the general formula [MnOy]™. Clusters from this
group are exclusively constituted by addenda metals and oxygens. Most of the structures of
iso-POMs are derived from the parent M1002s decametalate cluster, which is formed by the
condensation of ten edge-sharing {MOs} octahedra arranged in an ideal D,y symmetry.t’
The most common iso-POMs are generated via elimination of octahedral units from the
parent clusters including f-MsgO2s octametalate, M70,4 heptametalate (also known as
paramolybdate-A) and the MgO19 hexametalate (so-called Lindqvist structure) anions.!®
IsoPOMs generally display high charges and strong basic oxygen surfaces, able to be used
as building blocks. Furthermore, it is worth mentioning the H;W1,04, polyanion
(paratungstate-B), which is formed from the rearrangement of [W;0,4]% paratungstate-A in
solution instead of deriving from the M1002s decametalate.’® Poly- and metavanadates are
also included within this group.?°

Heteropolyoxometalate (heteroPOMs): Clusters from this group show the general
formula [XxMmOy]™, as they are not only composed by transition metals and oxygen, but
also additional elements known as heteroatoms (X). Unlike the addenda metals, the
heteroatom does not show any specific restrictions as many of the elements on the
periodic table can act as heteroatoms with exception of noble gases. These specially
include a variety of transition metals and p-block elements, which can exhibit coordination
number between 4 and 12. As a result of their high solution stability,
heteropolyoxometalates are the most explored group within the POM chemistry. Through
the removal of octahedra, addition of new polyhedra and relative rotation of some building
blocks, the vast majority of heteroPOM structures can be originated from the following
three parent clusters displaying high symmetry; the {XMi1,04} Keggin structure that
exhibits an ideal Ty symmetry, the {XM1,03s} cluster with a Oy symmetry and the Dexter-

Silverton structure {XM12042} with a I symmetry.
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Figure 1.3. Polyhedral representation of some iso- and heteroPOM archetypes.

1.2. THE KEGGIN ANION AND DERIVATIVES

Keggin anions with the general formula [XM12040]™ (M = Mo"!, WY; X = PV, AsY, SiV,
Ge", B", Al Fe'', Co", among others) are one of the most studied class of heteroPOMs,
because their great compositional variability together with high solution and thermal
stability makes them useful for a plethora of applications including catalysis (either in
classical acid- / redox-catalysis or, photo- and electrocatalysis) and electrochemical energy
storage systems, among others.?! The redox capacity of these clusters mainly depend on
the addenda metal, in such a way that Mo-based Keggin anions are more easily reduced
that their W-based counterparts.?? This fact is clearly exemplified by the [PM012040]*
“electron sponge”, which could a priori incorporate up to 24 electrons after a super-
reduction process that involves the formation of metal-metal bonds.?* Reduction processes
do not imply significant structural changes and they are usually associated with the
protonation of bridging oxygen atoms. Thus, Keggin-type POMs can act as both proton and

electron reservoirs simultaneously.

The a-Keggin-type structure is constituted by four {M3013} trimers, which are formed
by three edge-sharing {MOs} octahedra, that are linked to each other and to the central
{XO4} tetrahedron through corner-sharing in an ideal T4 symmetry. Regarding group V
metals, the [XNb12040]'® heteroniobates (X = Si, Ge) have been recently prepared as
isolated clusters?*, whereas related examples for vanadium only include mixed addenda-
metal (V/Mo or V/W) clusters and the bicapped a-Keggin-type [PV14042]°" species.? Keggin-
type heteropolyanions exhibit five structural isomers, known as Baker-Figgis isomers
(Figure 1.4). These result from the 60° rotation of one (f), two (), three (8) or four (g)
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M3013 trimers from the parent a-Keggin anion. The a and S isomers are the most stable,
because they do not show any edge-sharing linkage between M3013 trimers. The a, f and ¥
isomers of Keggin-type tungstosilicates can be readily synthesized and have been
successfully characterized in both solution and solid state.?® Nevertheless, the & isomer
structure has only been observed for the aluminum—based [(AlO4)Al12(OH)24(H20)12]7*
cationic cluster,?” and the [H2W4Vs(V04)033(CeH13NO3)]°" anion, which is stabilized with a
tripodal organic ligand.?® Reports containing e—Keggin-type building block as independent
cluster are limited to a few examples such as the lanthanide stabilized [e-
PMo012036(OH)4{Ln(H20)4}4]** phosphomolybdate series (Ln = La to Sm)?° and the aluminium
[MO4Al12(0OH)24(H20)12]™ (M = Al, Ga, Ge) polyoxocations. It should be highlighted that
although a and £ isomers could show a priori a similar stability, it has been proved that the
latter isomer (as for y, 6 and €) is transformed into the a form in aqueous solution.>®

Figure 1.4. Baker-Figgis isomers of the Keggin-type structure. Rotated trimers are depicted in dark grey.

Although the plenary Keggin-type species are stable in aqueous solution, basification
of the medium leads to the rupture of M—0O bonds, which implies the loss of a variable
number of MOg octahedra. These clusters present vacant sites within the inorganic cluster
skeleton and they are known as lacunary species. Different lacunary species can be
obtained from the parent plenary {a-XM12040} Keggin anion. From the a-isomer, mono-
{XM11039} and trivacant {XMsOsz4} species can be generated upon elimination of one or
three octahedra, respectively. The a-XMgO34 anion shows two different isomers named as
A-a or B-a depending on whether the removed {MOg} octahedra belongs to a {M3013} edge-
sharing trimer or to a {M301s} corner-sharing triad, respectively. Similar trilacunary species
can be isolated for the S-isomer. However, the lower symmetry of {#-XM1,040} allows three
different monolacunary species to be formed depending on the position of the vacant site.
The vacant position in the 1 derivative is located in the triad opposite to the 60° rotated
trimer, whereas for the > and the 5 forms it lies at the central belt and the rotated trimer,
respectively. Up to date, only the dilacunary {)~XM10036} species has been isolated from the
y-isomer, in which two edge-sharing octahedra from the two rotated trimers are removed.
Chemical equilibria of Keggin-type tungstosilicates in water solution are depicted in Figure
1.5, which illustrates the complexity of the pH-dependent interconversion pathways

between plenary and lacunary POMs.
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Figure 1.5. Scheme of the chemical equilibria between different plenary and lacunary Keggin-type

tungstosilicates. Color code: {WOQsg}, pale grey; {SiO4}, green; rotated trimers are depicted in dark grey.

All the ten species represented can be prepared and isolated as alkaline salts from
mixtures of silicate and tungstate sources depending on the pH, by following the
procedures reported by Téze & Hervé.?® Furthermore, for some specific heteroatoms like
As", sb'", Te'V or Se", the presence of a lone pair of electrons precludes the full closure of
the Keggin shell, so that only B-XWs0s33 trivacant species can be formed.3! In some cases,
lacunary species can undergo further condensation reactions in water to lead to new
heteroPOM derivatives. For instance, one of the most remarkable examples is given by the
X2M18062 Wells-Dawson cluster, which is constituted by two A-a-XMgOs4 (X = PY, AsY, SV
trilacunary units sharing corners through the belt {MOs} octahedra in an ideal Dsn
symmetry.3? Different isomeric forms and lacunary species are also known for the Wells-
Dawson type anion. For example, the S isomer comprises one A-a and one A-f trilacunary
Keggin-type building blocks, whereas the y form contains two A units.3®> Two types of
monolacunary species can be obtained from the plenary a form, so called a1 and a»
depending on whether the removed octahedron belongs to a belt or cap positions,
respectively.3* Trilacunary {a-X2M150s6} units can be readily prepared by the removal of a
cap trimer, whereas polylacunary species like the hexavacant {a-X2M1,0a4s} are obtained
after the removal of four belt {MOs¢} units and one additional center from each cap.3> The
latter building block is found in the [PsWais0184]*®~ macrocycle3® and Preyssler-type

[NaPsW300110]** anions.3’
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1.3. METAL-SUBSTITUTED POMs

Besides structural diversity displayed by POMs, the incorporation of additional
functionalities to these molecular architectures considerably broadens the catalogue of
available metal-oxo frameworks. This derivatization can be easily achieved via conventional
synthetic routes and it usually leads to compounds with properties that unfunctionalized
clusters cannot exhibit. Lacunary polyoxotungstates are effective in stabilizing arrays of d-
and f-metal centers, because they can act as inorganic ligands towards electrophilic
transition metal and lanthanide ions through the oxygen atoms delimiting their vacant
sites. This ability has resulted in an enormous catalogue of metal-substituted POMs, which
usually show additional properties brought by the presence metal atoms such as
magnetism, Lewis acidity, luminescence...?® The chemistry of these clusters is dominated by
polyoxotungstates, in such a way that a large number of species ranging from simple
entities to giant structures have proved to result from the incorporation of 3d or 4f metals
to the available catalogue of lacunary species. In the last decade several heterometallic
POMs containing 3d and 4f centers simultaneously have also been synthetized.?®

Several topologies and nuclearities of 3d-metal containing polyoxotungstates can be
obtained following synthetic strategies that range from simple solution approaches to more
extreme solvothermal routes. The simplest examples are those in which 3d metal centers
occupy the vacant position of lacunary Keggin and Wells-Dawson species to regenerate the
plenary cluster skeleton.?® In contrast, monomeric structures are scarcely found in
literature when reacting trilacunary anions with 3d metals and dimeric sandwich-type
POMs are obtained instead, which comprise a variable number of metal atoms in central
belt positions. Weakley-type architectures with the general formula [Ma(H20)2(B-a-
XWs034)2]™ (X = Si, Ge, P, AsY) or [Ma(H20)2(a-X2W150s6)2]™ (X = P, AsY) trap a central
M4014(H20)2 (M = Mn to Zn) rhomblike core,** whereas A-type trilacunary fragments can
encapsulate a triangle of three first row transition metal cations, which complete their
octahedral spheres with two coordination water molecules, to produce [M3(H20)s(A-a-
XWq034)2]*% (X = traditionally P, but occasionally Si) Knoth-type sandwich POMs?*2. Similarly,
the presence of a lone-pair of electrons in the heteroatom precludes the closure of the
Keggin shell and thus, only B-type trilacunary species can be formed. In this sense, the 3d-
metal directed assembly of two {B-a-XWs0Qs3} units results in Hervé-type sandwich-species
with the general formula [(M(H20))3(B-a-XWs033)2]™, in which the three square-pyramidal
metals in belt position exhibit one terminal water molecule per each center.*® In contrast,
Krebs-type** species with the general formula [{M(H20)3}2(W02)2(XWs033)2]" (M = Zn, Ni,
Co", Fe" or Mn", and X accounts for Sb"' or Bi"") are formed from the association of two {B-
S-XWg033} units connected via two inner cis-{WO;} and outer {M(H,0)3} moieties (Figure
1.6).
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Krebs

Figure 1.6. Molecular structures of representative examples of 3d-metal substituted POMs: (a)
[Cos(H20)2(GeWs034)2]** (Weakley); (b) [{Cus(u-NOs)(PW3034)2]"~ (Knoth); (c) [{Cu(H20)}3(BiWg033),] "2
(Hervé); (d) [{Co(H20)3}2(WO,)2(SbWs033),]'% (Krebs), (e) [CuzoCl(OH)24(Ha0)12(PsWasO1s4)1*>". Color code:
3d-metals, pink spheres; Cl ion, blue sphere; N, dark blue sphere.

Besides the archetypical, dimeric sandwich type anions, the huge variety of 3d-metal
substituted POMs that can accommodate up to 40 transition metal centers has been
regularly reviewed.* On the other hand, owing to their large size, oxophilic character and
high coordination numbers (usually higher than 7), lanthanide ions have been successfully
incorporated into lacunary polyoxotungstate fragments leading to a large variety of
assemblies which extends from dimeric Peacock-Weakley type species to giant, complex
architectures (Figure 1.7). For this reason, together with the different properties that a 4f-
metal substituted POMs can show (e.g. luminescence, magnetism, catalysis), these 4f-

containing species have been studied in depth.*®

1.3.1. Lanthanide-containing POMs

Peacock and Weakley described the first family of lanthanide-containing POMs in
1971, namely the series [Ln(Ws01s)2]°~ (Ln = lanthanide(lll) ion).*” These species consist of
two monolacunary Lindgvist type POMs encapsulating a 4f metal ion in an eight-
coordinated square-antiprismatic LnO4(O4’) fashion. Since then, all the sandwich-type
clusters formed by a lanthanide ion trapped between two monolacunary fragments have
been known as Peacock-Weakley type anions after them. Besides decatungstate-based
sandwich-type species, structural characterization of only a few other types of lanthanide-
containing isoPOMs has been reported to date.*® In contrast, a wide range of Peacock-

Weakley-type POMs containing Keggin or Wells-Dawson monolacunary units have been
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reported, including the {Ln(a-XW11039)2} (X = Si"V, PY, AsY),%° {Ln(B2-SiW11039)2} >° or {Ln(a-
P2W17061)2} (o = a1, a2)*! families. Although lanthanide-substituted monomeric species
were identified in solution in related early works, these usually form chains or dimers in
solid state.>? In addition to Peacock-Weakley species, some other lanthanide-containing
dimeric POMs are known. These are based on di- or trilacunary Keggin or Wells-Dawson>3
units and include Knoth-type POMs incorporating 4f metals.>® Only a few examples of
trimeric lanthanopolyoxotungstates are found in the literature,® whereas tetrameric
species represent a large group where almost all members display dilacunary Keggin type
POMs or trilacunary units with lone-pair containing heteroatoms such as As"' or Sb"'.
Francesconi’s [(Eu2PW1003s)a(W3014)]?% anion®® could be considered as a representative
example of the second group. Higher nuclearity has also been observed in crown-shaped
{K={Eu(H20)2(a-AsWy033}6} hexameric assemblies®” and the largest lanthanide-containing
{[W14Ce"Ve0e1](W3BisCe'3(H20)3014][-BiWsO33]3)2} tungstobismuthate reported to date.>®

The larger size of 4f ions compared to 3d metals usually prevents their full
incorporation in lacunary frameworks as addenda atoms, and therefore, additional sites are
available in the coordination sphere of the lanthanide centers for further derivatization.
Even if the largest polyoxotungstate architectures known in terms of the number of
tungsten atoms, that is the [MnaoP32W2240s83]*4* anion,>® has been obtained by employing
first row transition metal linkers, the combination of lanthanide atoms with dilacunary
{GeW1003s} or trilacunary {B-As""Ws033} units has also lead to several gigantic metal-oxo
frameworks. In 1997, the [As12Ce16(H20)36W1480524]76 anion® was synthesized by Pope and
co-workers and it constituted the largest polyoxotungstate known until 2010. This anion
incorporates twelve {B-a-AsWy033} subunits, four monolacunary Lindqvist-type {WsO1s}
subunits and sixteen Ce centers linked by extra tungstate groups in a disc-shaped assembly
with ideal D2y symmetry. Similar gigantic POMs, the [Ce20Ge10W1000376(0H)4(H20)30]°%" and
[GdsAs12W1240432(H20)22]%% can be both described as dimeric entities composed of two
halves related by an inversion center. The pentameric half of the former dumbbell-shaped
POM comprises five {#-Ce.GeW1003s} subunits linked to each other by the coordination
sphere of Ce atoms,®! whereas hexameric halves in the latter POM are composed of six
{AsWs033} and two {Gd,Wi} building blocks.®? Since 2010, the giant crown-shaped
[K7Ce24Ge12W1200444(0H)12(H20)64]°? has been the last member of the family of giant
lanthanide-containing polyoxometalates,®® nevertheless two giant Lnso-containing POMs
have been recently reported. The high nuclear {Ln30Ge12W1070420(0OH)2(H20)14} cluster is
formed by the assembly of 10 dilacunary Keggin type POWs, in which two £(4,11) subunits
located at the two opposite vertices of the giant cluster, are linked through eight dilacunary
a-Keggin anions (four a(1,5) and four «(1,8)).* Related works involve the use different
lanthanide ions, alkaline cation directed assemblies, interesting solution behavior, as well

as magnetic and luminescent studies.®®
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Figure 1.7. Representative structures of lanthanide-containing POMs. (a) [Ln(Ws01s)2]*; b) {Ln(a-
XW11030)2}; (€) A-{Ln(B2-SiW11039)2}; (d) {Ln(a2-P2W17061)2}; (€) [{YbsO(OH)s(H20)6}(P2W150s6)2]**; (f)
[{Ln(H20)3(a-PW11030)}21%;%¢ (g) [K7Ce24Ge12W1200444(OH)12(H20)64]°%; (h) [As12Ce16(H20)36W1480524]7%; (i)
zig-zag {Ln(H,0)>(a-XW11039)}x chains.®” Color code: Ln, pink; K, yellow polyhedra.

1.3.2. Properties of lanthanide-containing POMs

Extensive work has been carried out in this field due to the interesting structural and
physicochemical properties that lanthanide-containing POMs might show, including their
role as Lewis acid catalysts, magnetism or luminescence.*’ In spite of their structural
simplicity, small mono- or dimeric species have also attracted enormous interest because of
their outstanding properties. For instance, Ln-containing POMs with accessible
coordination sites can behave as effective and recoverable Lewis acid catalysts with
enhanced selectivity.®® The high coordination numbers and flexible coordination
geometries of lanthanide ions allow the presence of accessible and labile coordination
sites, which confers the system with the capacity to activate organic substrates and acts as
Lewis acid catalyst. Many Ln-POMs have been reported to act as efficient Lewis catalysts for
different reactions including reduction of nitriles, cyanosilation of aldehydes and ketones,
Diels-Alder reactions, among others.®® Some recent studies take advantage of the Lewis
acid character of 4f metals with the Lewis base behavior of oxygen-rich POM surfaces to
design efficient bifunctional catalysts.”® In addition, their catalytic role in hydrolysis
reactions with strong biological implications such as phosphoesterase or protease activity
have also been addressed.”* Nonetheless, similar to that observed for classical coordination
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complexes, the study of optical and magnetic properties dominates the field of 4f-metal-

containing metal-oxo clusters.
Magnetic properties

Another field of research with high dynamism within the family of Ln-based
compounds is molecular magnetism. The intrinsic large magnetic anisotropy together with
large ground-state spin values displayed by rare-earth metal ions under certain ligand
fields, accompanied by the rigidity and insulating ability of POMs as ligands have been
proved to result in molecular systems showing slow relaxation of the magnetization.
Different 4f-containing POMs have been reported to behave as effective single-ion or
single-molecule magnets (SIMs or SMMs) or spin qubits in recent years; this may pave their
way for being applied in high-density memory-storage/sensor devices, spintronics or
quantum computing. When it comes to Ln-substituted POMs with SMM behavior,”? they
exhibit some advantages in comparison to classical coordination complexes: (i) lacunary
POM ligands show higher thermal and chemical stability both in solution and in the solid
state; (ii) the rigidity of the ligand can result in highly symmetric environments for the 4f
centers, or even force unusual geometries such as the 5-fold Cs symmetry;’? (iii) their large
size and diamagnetism ensures magnetic isolation over the neighboring species. The use of
low nuclearity 4f metal complexes represents a suitable approach to design systems with
slow relaxation of magnetization, in which magnetization reversal is retained by the
presence of an energy barrier. In this regard, different series of Peacock-Weakley-type
assemblies in which Ln centers with square antiprismatic geometry are trapped between
lacunary fragments, i.e., [Ln(Ws01s)2]°~ (Ln"' = Th, Dy, Ho, and Er), [Er(82-GeW11030)(a-
GeW11039)]*37, and [Ln(B2-SiW11039)2]*3~ (Ln" = Dy, Ho, Er, and Yb), have displayed slow
relaxation of the magnetization.”® The high coherence of the [Ho(Ws0is),]°~ molecular
gubit should be mentioned, as well as the chemically controlled reversible switching of the
SMM behavior for POM-based systems.”>

The 4f electrons are located in inner orbitals, which are shielded by fully occupied 5s
and 5p electrons. This lowers the effects from surrounding ligands, making them to be less
affected by an external ligand field in comparison to 3d metal centers. Conversely, the spin-
orbit coupling is much stronger in lanthanide ions, since it is larger than crystal field effects.
Figure 1.8 provides a description of the energy levels on a 4f-ion considering electron-
electron interactions, spin-orbit couplings (J levels) and crystal-field splitting effects (M,

sub-levels).
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Figure 1.8. Energy splitting diagram of the sublevels of the lanthanide ions.

The slow magnetic relaxation (or hysteresis) comes from the combination of two
main factors: i) a strong magnetic anisotropy that leads to a high-spin ground state well
separated from the excited levels and; ii) a large axial anisotropy (D). These two factors
generate a thermal barrier that prevents the reversal of the magnetization, also known as
the energy barrier (U). In this way, in the absence of external magnetic field (Hz = 0), the
ground states own the same energy and are equally populated. Thus, the system does not
present any magnetization (Figure 1.9a). On the contrary, in the presence of strong external
field (Hz # 0), one of the sublevels is stabilized in comparison to the other, and the spin of
the molecules is oriented in the same direction as the applied field, populating the
stabilized sublevel (Figure 1.9b). Then, when the external magnetic field is removed, the
ground state reaches again a double degenerate state, and the magnetization of the
systems tends to relax and return to the initial equilibrium state, losing the magnetization
(M = 0) (Figure 1.9c). However, it is necessary to overcome the energy barrier to relax. If
the temperature is below the blocking temperature (Ts), the magnetization is blocked in
one of its orientations; therefore, it returns very slowly to the initial equilibrium, exhibiting
this way magnetic hysteresis.”® This is why SMM behavior is only observed at very low

temperatures.
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(a) (b) (c)

Figure 1.9. Schematic representation of the orientation of the magnetization: (a) in equilibrium in
absence of magnetic field; (b) in the presence of an external field, and; (c) blocking of the magnetization
in the absence of external field and when T < Ts.

The three common relaxation mechanisms are those taking place through spin-
phonon coupling processes (Figure 1.10a):”7 i) a direct process in which the spin is relaxed
by emitting a single phonon with the same energy as the difference between the Ms
sublevels in the ground state; ii) Raman process, in which the spin absorbs a phonon with a
certain frequency (w1), and reaches a virtual excited state from which it quickly relaxes
emitting a new phonon of w,. Thus, the overall energy transferred is the difference
between the absorbed and the emitted phonon; and iii) Orbach process. It is a two-stage
process in which a phonon (ws) is absorbed by a direct process, making a spin to jump to a
higher excited level. From this excited state, the system is relaxed emitting a second
phonon (w4). Therefore, the spin in indirectly transferred from an excited state to a ground

level by passing through a second excited state.
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Figure 1.10. (a) Scheme of: Raman, Orbach, QTM and TA-QTM relaxation processes, together with a
more detailed representation of the inversion of magnetization due to (b) QTM effect, (c) TA-QTM
effect.
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Moreover, there is an additional relaxation process occurring between the Ms
sublevels of the doubly degenerate ground state without the need of overcoming the
energy barrier. This is called the Quantum Tunneling mechanism (QTM) (Figure 1.10b).
Sometimes the relaxation pathways can be combined, and QTM occurs between excited
states. This process is known as Thermally Assisted Quantum Tunneling of Magnetization
(TA-QTM) (Figure 1.10c). When this process occurs, there is an effective thermal energy
barrier (Uerr), which is lower than the expected thermal activation barrier. The most
common strategies to overcome QTM consist on magnetically diluting the samples with
diamagnetic ions, or applying an external dc (direct current) magnetic field that breaks the
degeneracy of the Ms sublevels and the thermally activated relaxation process are favored.

Photoluminescent properties

With regard to optical properties, parity forbidden (Laporte’s rule) 4f-4f transitions of
Ln ions can result in bright photoluminescence in the visible to near-infrared (NIR) region if
suitable antenna ligands are used. It is well-known that energy transfer from strongly
absorbing ligands to emitting centers can populate excited states giving rise to intense and
sharp emission bands. The excitation of these antenna ligands is followed by an energy
transfer from the ligand to the excited levels of the metal center and the subsequent
characteristic emission of the lanthanide ion (Figure 1.11). Analogous to the behavior of
coordination complexes bearing ligands which usually contain aromatic groups,’® POMs can
sensitize 4f metal ions via O &> M (M = Mo, W) ligand-to metal charge-transfer (LCMT)
states.”? Multidentate organic moieties or lacunary POM fragments can also block
coordination sites to avoid the emission quenching originating from coordinated aqua
ligands. These facts can lead to sharp and monochromatic emission bands and relatively
long luminescence lifetimes for Sm, Eu, Tb and Dy species in the visible region or for Nd, Er
and Yb in the near infrared (NIR). Lanthanide ion complexes that emit in the visible region
are widely used in biomedical applications and imaging of cells and tissues, among other
applications.8 However, systems that emit in the NIR region show interesting applications
in optical and electronic divides, especially for biological applications as sensors.?! It is
worth mentioning the [Eu(Ws01g)2]°~ anion reported by Yamase and Sugeta,® which
constitutes the most applied POM in the construction of functional materials.®3 Chemically-
controlled switching of the emission and enhanced photoluminescent properties have been
achieved by supporting this cluster into multiple surfaces or thin films, as well as

nanoparticles of different matrices such as polysaccharides, silica, or surfactants.®*
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Figure 1.11. Simplified Jablonsky diagram for the antenna effect in a lanthanide complex (ISC =
Intersystem Crossing radiationless process).

1.4. ORGANIC FUNCTIONALIZATION OF POMS

POM clusters are ideal candidates to be used as active molecular entities in functional
materials due to their inherent features (e.g. high solution and thermal stability, high
acidity, and versatile redox properties). This way, the organic functionalization of POMs
represents a key factor for these clusters to be suitably incorporated into matrixes like
polymers or carbon nanotubes, and also to interact with diverse surfaces (e.g. silica, silicon,
gold, alumina, graphite) or metallic nanoparticles.®> This strategy might pave their way for
the fabrication of new multifunctional devices (e.g. immobilized catalysts, photoactive
systems for energy production, electron storage systems). However, it usually requires
elaborated organic functions that can only be achieved via multistep synthetic work on
preformed hybrid POM platforms.®® The combination of organic functions with inorganic
oxo-clusters can also lead to the designs of photocatalysts, luminescent systems, or
photochromic materials. Two different classes of POM-based organic-inorganic hybrids can
be distinguished attending to the type of interaction between the two components. The
first class gathers all the systems in which electrostatic interactions, hydrogen bonds, or
Van der Waals forces are established between the organic and inorganic fragments.
Regarding the second class of POM-based hybrids, the organic and inorganic moieties are
linked via strong covalent bonds. In this sense, different synthetic methods have been
developed for the covalent attachment of organic groups to inorganic POM skeletons that
are studied in depth. In this sense, different synthetic methods have been developed for

the covalent attachment of organic groups to inorganic POM skeletons.®’

One of the most extensively explored routes consist in combining lacunary

polyoxotungstates with p-block organoderivatives. These are predominantly organosilyl, -



CHAPTER 1

phosphoryl and -stannyl moieties, but also —germyl, -arsenyl and —stibyl groups can play
this role (Figure 1.12). The nucleophilic character of the oxygen atoms delimiting the vacant
site is significantly higher than those from the plenary anion, which facilitates the union
with electrophilic groups. Two main strategies can be followed to incorporate custom-
designed organic moieties into POM systems. The first approach consists in preparing the
desired organic molecule, followed by its reaction with polyoxoanions. In the second
strategy, the organic function exhibits a reactive pendant group, which is first incorporated
into the vacant site of the cluster. Since the first description of a series of organosilyl
derivatives [SiW11039{O(SiR)2}]*" (R = C2Hs, CeHs, NC(CH2)3, C3Hs) in 1979, a large variety of
organic functions have been incorporated into monolacunary Keggin or Wells-Dawson-type
structures. The resulting molecular hybrid POMs can contain up to two organosilyl groups
or one dimeric p-oxo-bridged (RSi)20 unit per vacant site.®8 Moreover, from two to four
organo-groups can be anchored in the larger lacunae of di- or trilacuanry Keggin units.8? In
contrast, only a few works describe the functionalization of POMs with organogermyl
moieties.®

Organophosphonate groups have been widely used for the functionalization of
Strandgberg-type polyoxomolybdates, lacunary polyoxotungstates derived from the Keggin
and Wells-Dawson structures or diverse polyxovanadates.’® The fact that functionalization
can be monitored by means of 3'P-NMR spectroscopy is a major advantage for the
characterization of organophosphonate-derivatives. Similarly, organotins constitute
another interesting group, as they show some noticeable advantages like; the high stability
of the Sn-C bond in aqueous media, and the similar ionic radius between Sn" and MV' (M =
Mo, W), which facilitates the inclusion of the organotin fragments into lacunary sites.
Dimethyltin (SnMez) moieties were employed in combination with polylacunary POM
frameworks leading to outstanding structures such as the dodecameric
[{SnMe2(H20)}24{SnMez}12(A-XWs034)12]35~ (X = P, As) ball-shaped anion.®? Kortz’s group is

also the responsible for the handful of reports on organo-antimony POM derivatives.”

Another strategy to covalently attach organic groups to the POM skeleton involves
the replacement of shell O atoms with O- or N- donor ligands, as exemplified by trisalkoxo
capped Anderson-Evans clusters, Lindqvist-type polyoxovanadates or [H4P2V3Wi15062]>"
anions (Vs-Wells-Dawson) as well as by organoimido/diazenido derivatives of Lindqvist-type
molybdates (Figure 1.12). During the last decade, an impressive work has been carried out
in the organic functionalization of Anderson-Evans anions with trisalkoxide ligands.?* Ligand
substitution usually takes place over the two triangular faces of the {XO¢} octahedron (6
isomer with ideal D3g symmetry). Occasionally, two us—0 oxygen atoms from the {XOs} unit
and one u>—0 from the {MsO1s} ring are substituted. In this case, the less frequent y isomer

with ideal Con symmetry is obtained.®® It is also worth highlighting the recent reports on the
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organic derivatization of the bent 8 isomer of the Anderson-Evans anion® together with the
scarce successful attempts for the functionalization of polyoxotungstates.’” Moreover,
single-side and asymmetric functionalization for 6 isomers have been achieved by Wei’s
and Cronin’s groups, respectively.®®

Preparation of trisalkoxo-functionalized species is also well-described in the case of
mixed addenda Vs3-Wells-Dawson anions.?® The use of bridging ligands has resulted in
hybrids with very diverse conformation (dumbbell-, triangular-, dendrimer-shape), which
can self-assemble into vesicles in aqueous solutions.® Furthermore, this structure allows
not only the direct derivatization with trisalkoxo ligand, but also the covalent attachment of
small organic molecules showing amide and diol groups.t®® Similarly, trisalkoxo type ligands
have also been used to prepare Lindqgvist-type hexavanadates difunctionalized in trans
fashion.'%2 In contrast, only one example of the cis- functionalization have been published
to our knowledge.'%® Regarding the N-donor ligands, since the first organoimido derivative
of the Lindqvist-type molybdate,®* this family of hybrid POMs has experienced a vast
growing. In this context, a wide range of mono- and di-organoimido derivatives have been
synthesized!® following the efficient synthetic process described by Peng and coworkers.1%
A recent study has demonstrated that not only terminal oxo ligands, but also bridging O
atoms can be replaced with these ligands.'®” In contrast to organoimido derivatives,
functionalization with organidiazenido-type molecules have been comparatively less

studied.108

p-block organoderivative Substitution of surface oxygen atoms
Organosilyl Organotin
¢
W4
LY
A
[M0,0,4(MoNCgH,CH,)1*

[(CsHg(OH)),(NiMog0,,)1* 2} HS

[(Me,Sn)36(A-PW403,) 1,13

Organophosphoryl

[C;H14NP,VsW 506, 1+

[C10H16N202(P2V3W15062)2]10-

Figure 1.12. Representative examples of hybrid POMs bearing p-block organoderivatives (R = C4Hi1; R’ =
CsH7; Ph = phenyl; Me = Methyl), and those in which surface O-atoms are replaced by organic fragments.
Color code: N, light blue; for p-block elements: Si, dark blue; P, green; Sn, yellow.
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Furthermore, transition metal or lanthanide complexes bearing organic ligands can be
linked to POMs either by their coordination to surface O atoms or by their incorporation
into the vacant positions of lacunary anions. The resulting structures can exhibit i) discrete,
molecular hybrid entities when ligands with no bridging ability are coordinated to metal
substituted POMs or the surface-appended metal complexes act as antenna group; and ii)
extended hybrid systems when bridging ligands are coordinated to suitable metal
substituted POMs or surface-appended metal complexes play a bridging role between

contiguous clusters.

1.4.1. Organic derivatization of 3d- or 4f-metal substituted POMs

As mentioned in the previous section, the incorporation of transition metals or
lanthanides into vacant polyoxoanions is one of the oldest and most studied reactions in
POM chemistry. Organic ligands can be effectively coordinated to these additional metal
centers of suitable POM anions leading to organic-inorganic hybrids. There are three main
strategies for the organic functionalization of these clusters. The first approach involves the
replacement of labile solvent molecules (e.g. acetone, acetate anions, water molecules)
coordinated to exposed metal centers. A second route implies the reaction of metal
complexes bearing organic ligands with lacunary polyoxotungstates, whereas the third
strategy consists in simpler one-pot procedures by simultaneously mixing the appropriate

oxoanion, with the 3d/4f-metal salt and the organic ligand together.

Regarding the first route, this strategy seems to be the less used so far, due to the
difficulty of finding solution stable POM precursors with accessible metal centers. Steric
effects and repulsion between anionic ligands and POMs make complexation of exposed
metal centers in POM clusters challenging. Overall, negatively charged and bulky ligands
will react less favorably than small neutral ligands. The first studies in this approach were
carried out though the substitution of the water molecule of a 3d-metal-substituted Keggin-
type [M(H20)(XM11039)]™ polyanion with the N-donor ligands pyridine and imidazole
derivatives.!® In a similar way, N-donor ligands (e.g. pyridine, imidazole or pending
ethylenediamine) have been used for the substitution of coordinated water molecules on
Weakley- [M4(H20)2(XW9034)2]™ and Hervé-type [M3(H20)3(XWs033)2]™ sandwich POMs.110
Besides these examples, the reactivity of Krebs-type [{M'"(H20)s}(WO2)2(SbWg033)2]1%
tungstoantimonates towards planar and aromatic N,O chelating ligands has been
systematically studied very recently, because this anion exhibits up to three accessible and

labile water molecules per external belt metal center.!!

Pope prepared POM hybrids through the second approach for the first time. Those
include ethylenediamine chelated Co centers encapsulated between two {PWs0s34} or

{PW1003s} lacunary Keggin units or lacunary hexamolybdates.'? This strategy also allows
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the incorporation of chiral organic ligands in such a way that the resulting compounds
display potential applications in asymmetric catalysis, nonlinear optical materials and
applied biology, among others.’'® Following this route, Hill's group reported two
enantiomerically pure compounds by mixing a divacant Wells-Dawson anions with Zr-based
metalorganic complexes containing tartrate or malate ligands.'* Some other authors opted
for one-pot procedures. In this sense, Rousseau and coworkers synthetized multi-
transition-metal containing species to which organic ligands bearing carboxylate groups
were coordinated by the reaction between trilacunary Keggin-type units, an excess of 3d
metal source and carboxylate ligands under mild conditions.!> Some examples are
represented in Figure 1.13.

[Hf(tp\rpk);Wans]z'
[{Co(imc)(H,0)},(WO,),(B-B-SbW;0;;),]**

Figure 1.13. Representative examples of organic functionalization on 3d-metal containing POMs.
Ligands: imc = imidazolcarboxylate; tpyp = meso-tetra-(4-pyridil)-porphyrine; btc =
benzenetricarboxylate; mal = malate. Color code = 3d metals, purple balls or polyhedra.

Alternatively, other groups have also considered hydrothermal techniques for
accommodating organic ligands into 3d metal containing POM structures. In this case, Yang
and coworkers lead to the formation of extended and porous POMOF (POlyoxometalate-
Metal-Organic-Framework) networks, in which {NisPWs034} building blocks were
interconnected by bridging carboxylate ligands.'!® Nevertheless, in some occasions the
isolation of transition metal complexes instead of the desired POM hybrid is achieved due
to the high affinity that some metals present towards some specific organic ligands. Finally,
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it should be mentioned that only few studies have been reported about organically
functionalized POMs in organic solvents.'?’

Concerning 4f metal substituted POMs, most of the species with the exception of
Peacock-Weakly type polyanions usually show several available coordination positions.
Additionally, the oxophylic nature of the lanthanide centers make carboxylic acids suitable
ligands for such ligand replacement. However, the negative charge of both carboxylate
groups and POM anions together with the steric hindrance that a given POM could produce
make direct functionalization challenging. These drawbacks have been overcome by using
small chelating ligands in a large excess,'*® or even by selecting positively charged POMs
such as the tetra-lanthanie-capped and mixed-valence e-Keggin-type
phosphomolybdates.'*® These examples are further commented in Chapter 5.

1.4.2. Grafting of transition metal complexes at POM surface

Several groups including ours have studied the synthesis of hybrid species via grafting
of d-metal complexes at POM surfaces to incorporate additional catalytically or
magnetically active centers to the system. Decoration can result in molecular hybrid-POMs
or extended structures depending on the nature of the organic ligand (Figure 1.14).In the
last decades, a huge number of structures synthesized by hydrothermal methods have
been reported.'?° This work started by Zubieta and co-workers, which first focused on
polyoxomolybdates / -vanadates, and later expanded their studies to -tungstates.'?! More
recently, the systematic studies carried out by our group included both mild bench
conditions and harsher hydrothermal syntheses. Initially, the copper(ll)-monosubtituted
Keggin-type tungstosilicate [SiW11039Cu(H20)]® was reacted with dinuclear cationic
complexes [{Cu(phen)(H20)20Ac}:]** and [{CuL(H20):}.0x]** (L = phenantroline, 2,2’-
bipyridine) to led to hybrids with different dimensionalities such as discrete molecular
POMs, monodimensional chain-like coordination polymers, or bidimensional coordination
networks. In addition, the effect of the counterions of the acetate buffer used as solvent on
the final arrangement of the hybrid compounds was also investigated. Later on, the
assembly of Cu?*-based complexes bearing aromatic and chelating N-donor ligands (e.g.
2,2’-bipyridine, 1,10-phenanthroline and 2,9-dimethyl-1,10-phenanthroline) with plenary
Keggin-type tungstogermanates and -silicates was evaluated under hydrothermal

conditions.1?2
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Figure 1.14. Representative examples of hybrid compounds of different dimensionalities, with transition

metal complexes grafted to POM surfaces.

Some of our more recent examples of POMs with grafted {Cu(cyclam)} (cyclam

1,4,8,11-tetraazacylotetradecane) complexes showed interesting thermostructural
behaviors, displaying the ability to undergo single-crystal-to-single-crystal transformations
under thermal stimuli.'?® In the case of extended framework, the anhydrous and porous

networks displayed interesting gas sorption and catalytic properties.?*

1.5. POROUS POM-METALORGANIC HYBRID FRAMEWORKS

In recent years, POM-based porous crystalline solids have attracted a lot of attention
due to the possibility of combining their intrinsic multifunctionality (e.g. catalytic activity,
magnetism or luminescence) with the properties of extended open networks with a large
internal surface area, such as a high density of active catalytic centers or the selective
capacity of adsorption/separation of gases and water sorption.'? In fact, the development
of porous materials with high internal surface areas represents an alternative viable

solution to current global issues such as atmospheric pollution!?®

and scarcity of
freshwater.'?” In fact, water vapor capturing from air not only addresses the global water
shortage crisis, but provides also opportunities to fabricate practical devices for water
purification,'?® dehumidification,’®® or indoor humidity control.’3° In this sense, Metal-

Organic Frameworks (MOFs) are highly promising materials for gas sorption and separation
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processes,’3! because their modular constitution allows the fine-tuning of pore size and
nature. However, water sorption could be challenging due to the limited hydrolytic stability
displayed by some classical MOFs.232 Incorporation of rigid, inorganic building-blocks that
expose electronegative atoms toward the framework pores such as POM frameworks,
might improve the stability of the system and enhance its selectivity towards polar
adsorbates like water.33

Insoluble ionic crystals, in which discrete metal-organic macro-cations bearing
carboxylate ligands are combined with Keggin-type heteropolyanions [XW12040]™ (X = Co",
B" SiV, PY),13* have exhibited selective water sorption properties,’> or photocatalytic
activity3® because the non-efficient packing of such macro-ionic entities renders to the
structure a meaningful amount of porosity available for guest molecules.’*” The wide
catalog of such ionic porous compounds prepared by Mizuno et al. in which both the size of
the voids and the interactions that take place within them can be finely tuned, give rise to
materials with improved and controlled selectivity towards adsorbates of a very different
nature (Figure 1.15).138 Initial work on the system [SiW12040]*~ and bulky [M"'30(OOCR)e(L)3]
macrocations (M" = Cr, L = H,0, R = H) showed selective adsorption of short-chain (<Cs)
aliphatic alcohols and nitriles based on their size, as well as catalytic activity in selective
oxidation of alcohols.'3® The substitution of the heteroatom (X = Co", B", Si"V, PY) and
subsequent change in the overall charge of the polyanion differentiates polar molecules of
diverse nature (esters, nitriles, alcohols, water) in such a way that the adsorption of smaller
molecules is favored in systems in which the POM shows a lower negative charge.'® In
addition, the introduction of aliphatic or halogen groups in the system R = C;Hs, Cl, Br, have
resulted in materials capable of showing hydrophobic and hydrophilic channels at the same
time for the efficient separation of gases in an ethylene/ethane mixture.'*! Finally, the
replacement of the water molecules present in the macrocation by monodentate organic
ligands L = pyridine, 4-ethylpyridine favors the affinity of the network towards CO;, so it
could be used in industrial gas purification processes such as the production of
acetylene.1#?
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Figure 1.15. Crystal packing of the Naz[Cr30(O0CC;Hs)s(H20)s]2[a-SiW12040] porous ionic crystal. Color
code: Cr, pink polyhedra; Na, purple; O, red.

Beyond ionic crystals, different strategies have been followed to build POM-based
covalent porous solids.'*® These include the connection of clusters directly by means of
metallic centers to give rise to purely inorganic porous structures with high thermal
stability** or the preparation of extended hybrid networks analogous to the popular MOFs,
but using derivatives of POMs as nodes or linkers. The first synthetic approach lacks
predictability, whereas the second involves complicated stepwise preparation processes,
because it implies the organic derivatization of POM units so that they can connect metal
nodes or generate metal-polysubstituted POMs that can be linked by bridging organic
ligands.'*> An alternative route consists in the self-assembly of POMs through metallic
linkers belonging to coordination complexes with peripheral organic ligands.'#® In this
context, it is worth highlighting the work carried out in our research group on open
structures based on POMs and Cu'" coordination complexes of N4-tetradentate macrocyclic
ligands.

1.5.1 Complexes of macrocyclic polyamines: cyclam and DMC

Transition metal complexes of naturally occurring macrocyclic ligands such as
porphyrin, peptides or polyamines, have long been studied due to their biological
properties.'*” From the beginning, macrocyclic polyamines were discovered to possess
some common properties such as the high affinity for metal complexation. This chelation
effect leads to an increased stability of the final metalorganic complexes. Moreover, the
stability of the metal-complex increases upon cyclization if compared to that of acyclic
tetramine ligands, which is known as macrocyclic effect.**® The cyclic tetradentate cyclam
(1,4,8,11-tetraazacyclotetradecane) ligand has been one of the most studied macrocyclic
polyamines due to its flexibility and ability to coordinate to a variety of transition metal
ions. The cyclam molecule was first synthetized by Van Alphen in 1937, through the
reaction of 1,3-dibromopropane and ethylenediamine.*® Metalorganic complexes of most
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transitions metals can be found on the Cambridge Structural Database, CSD**° (i.e. V, Cr,
Mn, Fe, Co, Ni, Cu and Zn of the first row transition metals; Tc, Ru, Rh, Pd, Ag and Cd 4d-
metals, and; Re, Os, Pt, Au and Hg 5d-metal ions). From this long list, 3d-metal ions have
been the most studied, specially Ni'" and Cu", which have shown biomedical activity, as well
as the ability to act as catalyst in the photoreduction of CO,. This activity was first reported
in 1980 by Fisher and Eisenberg,'>! although Sauvage and coworkers demonstrated that the
Ni'-containing complex was unique in its efficiency and selectivity for CO2 reduction in
aqueous solutions with minimal production of H.152

Upon metal coordination, there are five possible configurations of metal cyclam
complexes, which depend on the ligand conformation and, specially, on the spatial
arrangement of the NH protons. In this way, RSRS, RSRR, SSRR, RSSR or RRRR, designated as
trans-1 to trans-V isomers, respectively, can be found for cyclam depending on the NH
bonds, which can lie either above or below the mean MNs plane (Figure 1.16).1°3 The
energies of different configurations have been calculated based on molecular models and
using molecular mechanics, semi-empirical methods and density functional theory.**
Bosnich and coworkers®>® calculated the semiquantitative estimates of the energies of
these five cyclam isomers, which indicates that the trans-Ill configuration constituted the
most stable isomer for a {Ni(cyclam)}** complex with ideal octahedral coordination
geometry.’®® Molecular calculations also demonstrated that the trans-/ form is more stable
than trans-Il when the metal coordination sphere changes from octahedral to square-
planar, square-pyramidal or trigonal-bipyramid. A similar result was obtained for Cu'"
complexes with a cyclam backbone.*®’

(\‘ Cyclam ligand and derivatives \ 1
R R
I N cyclam=R, =R, =R;=R,=H N\/\\\ﬁ
DMC=R, =R;=CH,, Ry=R, =H E‘ l
TMC=R, =R, =R; =R, = CH; MNEI\
N N cyclam = 1,4,8,11-tetraozacyclotertadecane; |
RS/ \RZ DyMC= I,S—dfmethyfcydam;y / \_/ H
TMC = 1,4,8,11-tetramethylcyclam H cis-V
N
NI T S (SN
N—"RsRs —"RsrR NN
trans-1 trans-1f v 11/ M\ 8\
~ -

N N\
N N s\
',\,kn/ M\ISIO O N«M-; rﬁ/\ trans-Il
/ A \ RSSR / RRRR
trans-IV trans-V

Figure 1.16. Chemical structure of cyclam ligand and its methylated derivatives together with the five
different trans configurations that the cyclam ligand can adopt. The most common trans-Ill configuration
for cyclam and cis-V exhibited by various DMC ligands, are highlighted in blue.
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Alkylation of N atoms leads to a number of cyclam derivatives. The simplest products
are the DMC (dimethylcyclam = 1,8-dimethyl-1,4,8,11-tetraazacyclotetradecane) and TMC
(tetramethylcyclam = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane) molecules
(Figure 1.16). Generally, the complexing ability of alkylated ligands is lower than that of
cyclam. This fact can be explained taking into account the steric hindrance that results from
the incorporation of additional methyl groups into the cyclic tetraamine. Although metal
complexation and stability of TMC complexes have been long studied,'® only six 3d-metal-
containing DMC complexes can be found in the CSD for metals like Zn, Cu, Cr and Fe.
Contrary to the cyclam ligand in which the number of metalorganic complexes based on Ni'"
and Cu" stand out with respect to the rest of the transition metals, no Ni'"-containing
complex with DMC ligand is found in the CSD database. On the contrary, complexes with
Cr'" Cu" and Zn" are found in literature, which exhibit a cis-folded conformation instead of
the most common trans-lll configuration found for cyclam-based complexes.?>®
Surprisingly, only {Cu"(DMC)} units in which the Cu" center shows an octahedral geometry,
is found to exhibit a trans-Ill configuration, whereas the remaining complexes show the cis-

V (anti-anti) conformation more commonly (Figure 1.16).160

The fact that the equatorial positions on coordination sphere of the transition metals
are blocked by the cyclam ligand (or derivatives), and only the axial positions remain
accessible for coordination, makes these transition metal of macrocyclic polyamines
complexes excellent candidates for the construction of POM-based high-dimensional hybrid
frameworks. This fact is especially relevant for Cu'" complexes showing axially elongated
coordination geometries. In addition, the large negative charge of POMs requires a high
number of M'-containing metalorganic moieties to achieve electroneutrality. In this way,
the number of grafting sites for each POM cluster increases, raising the possibility of
generating extended covalent networks. Moreover, the tendency of these ligands to
establish N-H:--O and C-H:-O type contacts above and below the MN4 plane, also
contributes to the overall stability of the resulting hybrid framework. The transition metal
on the metalorganic building block can adopt up to three different coordination geometries
(Figure 1.17): (a) octahedral MN4O, geometry, when the metal center is coordinated to
either O atoms from the POM surface or solvent (usually water) molecules. The complexes
can play a bridging role when the two axial positions are occupied by O atoms from
adjacent clusters; (b) square-pyramidal MN4O geometry, when the metal is coordinated
only to one Opom atom (antenna complex) or water molecule (counterion), and; (c) square-
planar MN4 geometry when the metal center acts as counterion, although occasionally they

can reinforce the hybrid framework through N-H---O and C—H::-O contacts.



CHAPTER 1

e X

CuN,0, CuN,O CulN,
Octahedral Cu?* Square pyramidal Cu?* Square-planarCu?*

Figure 1.17. Polyhedral and ball&stick representation of the different coordination geometries showed
by trans-1ll {M(cyclam)}** building blocks.

Despite all these advantages and the high number of available {TM(cyclam)}
complexes, the coordination of these type of complexes to POM clusters was not reported
until 2015 by our group. The pH-dependent assembly of {Cu(cyclam)}** moieties with
isopolyoxovanadates resulted in extended open networks with ability to undergo
thermally-triggered single-crystal-to-single-crystal (SCSC) transformations. Basic pH
conditions resulted in the [{Cu(cyclam)}(VO3).]:5H,0 three-dimensional open framework,
which loses its porosity upon thermal evacuation of guest solvent molecules.'®! Conversely,
the [Cu(cyclam)][{Cu(cyclam)}2(V10028)]-10H,0 supramolecular hybrid framework with
permanent porosity was isolated at slightly acidic pH. The network remained unaltered
upon dehydration in such a way that it showed the ability to selectively adsorb gaseous CO;
over N, as well as catalytic activity for the selective oxidation of adamantine (Figure
1.18).12%2 These studies were later extended to isopolyoxotungstates (and more recently to
heteropolyoxotungstates),24 which led to the hybrid compound
[{Cu(cyclam)3(W7024)]-15.5H,0. This compound exhibited a three-dimensional covalent
structure built of heptatungstate clusters linked through metalorganic complexes in an
open framework structure with interesting thermostructural behavior. The dynamic
architecture undergoes two sequential SCSC transformations upon thermal evacuation of
water molecules to result in the partially dehydrated [{Cu(cyclam)}3(W7024)]-12H,0 and
anhydrous [Cu(cyclam)]o.s[{Cu(cyclam)}..5(W7024)] phases. The permanent microporosity of
the anydrous phase allowed the adsorption of both gaseous N, and C0,.%** Some other
research groups also reported hybrid compounds based on different {M(cyclam)}**/POM
combination, including Ni'" complexes and vanadates,'®> and M = Fe", Ni", Cu" and Hg"

moieties and polyoxoniobates.%3
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Figure 1.18. The [Cu(cyclam)][{Cu(cyclam)}2(V1002¢)]-10H20 porous hybrid framework exhibits catalytic
and gas sorption properties.

1.5.2. Single-Crystal-to-Single-Crystal transformations

Solid-state reactions and transformations promoted by external stimuli are a field of
great interest due to the possibility of obtaining compounds with characteristics,
compositions and structures different from those synthetized using conventional
techniques. More specifically, the structural changes arising from the application of
external stimuli may modify properties of the parent structure (e.g. magnetic, optical, or
adsorptive) and lead to applications in sensing, selective storage and molecular switches,
among others.164

Among these solid-state transformations, those in which crystalline order and crystal
integrity are maintained stand out, which are commonly called single-crystal-to-single-
crystal phase transitions, abbreviated as SCSC. This type of transformations constitutes an
increasing field in the world of crystallography as it is a powerful tool to characterize the
structural response mechanism of crystalline entities that result from the application of a
given stimulus (pressure, heat, light...), providing information on the variation in the
position of atoms and molecules during it and, additionally, the correlation between the
altered property and the crystalline structure.l®® Regarding the structural behavior
presented by the compounds, three types of transitions are differentiated; polymorphic,
dynamic and robust transitions. Polymorphism is the ability of solid bodies to change their
crystalline structure without changing their chemical composition; thus, it is usually the
result of a change in symmetry. On the other two cases, whereas dynamic SCSC transitions

are based on the formation or breaking of covalent bonds that generate changes in the
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physical properties of the compound (color, magnetic properties, luminescence or porosity,
among others), robust transformations are characterized by the maintenance of the
fundamental crystalline structure, except for small variations such as the insertion or

evacuation of solvent molecules or changes in the oxidation state of the constituent atoms.

In recent years, SCSC transformations have been widely studied in systems of metal-
organic nature such as MOFs (Metal-Organic Frameworks), among which a large number of
examples can be found. The weak strength of the links of these systems implies that, on
many occasions, they are not capable of resisting these phase transitions and the structures
collapse after the application of the stimulus. This problem can be overcome by the
introduction of anions that provide greater rigidity to the overall system, such as POMs.
Nevertheless, POM-based compounds able to undergo SCSC transformations are still much
less common. Among these examples, SCSC transformation activated by light, redox
processes or due to the action of a different chemical species should be mentioned.%®
Some examples include the (TBA)4[SiV2W10039]-2DCE (TBA = tetrabuthylammonium, DCE =
1,2-dichloroethane),'®” which transforms its linear (u-oxo)-divanadium(V) core into a bis(u-
hydroxo)-divanadium moiety when exposed to H,O0 vapors; change on the dimensionality
through a cationic exchange and incorporation of transition-metal cations to lead to
[M2(H20)6][Mna(H20)16][WZnMn3(H20)2(ZnWs034)2]-10H,0 (M = Co, Cu);168
photopolymerization of discrete clusters into a [Gd(NMP)s(PW12040)]- 1-dimensional
polymer chains after exposure to sunlight,'®® or redox-triggered SCSC transformations of
the [HnM12X7W720268]™ (M = Mn"", Co'; X = Si, Ge) family with the selective reduction of M"
to Mn" and oxidation from Co" to Co".1’° Nevertheless, to our knowledge, the largest
change in volume on a SCSC transformation reported to date corresponds to the fully-
inorganic LisK;WCo10[H2PsWasO1ss] salt (from 2170 A3 to 1720 A3), reported by Cronin’s
group.t’! This fully-inorganic compound is formed by [PsWa4s01584]**~ moieties that are
connected to each other by cobalt(ll) linkers. The resulting flexible compound is
dynamically switchable between eight crystalline states by applying different thermal and

chemical (exposure to NH3) stimuli.

However, thermally triggered SCSC transformations are the most common by far.}”2

These include examples in which the change in temperature directly generates
modifications in the unit cell parameters of a given compound, or when the exposure of
single-crystals to an external thermal stimuli implies the loss of solvent molecules and
hence, it promotes the solid-phase transition. The first example of the latter type of
transitions dates from 2005, when Mizuno’s group'3> characterized the reversible and
thermally dependent evacuation of the hydration molecules on the robust microporous
Css5[Cr3O(0O0CH)6(H20)3][CoW12040]-7.5H,0 ionic crystal, giving rise to the trihemihydrate
compound Css[Cr30(O0CH)s(H20)3][CoW12040]:3.5H,0. Since then, several microporous
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inorganic-metalorganic hybrid materials based on trinuclear [M"30(O0CR)s(L)3]*
macrocations have demonstrated the ability to undergo SCSC transformations.37,138140,142

Similarly, hybrid frameworks based on transitions metal complexes of N-donor
tetradentate ligands that are coordinated to POM surfaces can also undergo SCSC
transformations triggered by the evacuation of guest solvent molecules, which could
involve the rupture and formation of new covalent bonds (Table 1.1). First examples of this
type are found on compounds [Cu(bpmen)(H20)][SiW12040{Cu(bpmen)}] and
[Cu(bpmen)(H20)]-[GeW12040{Cu(bpmen)}]-:3.5H,0 (bpmen = N,N’-dimethyl-N,N’-bis-
(pyridin-2-ylmethyl)-1,2-diaminoethane).'’®> Under applied thermal stimuli the water
molecule completing the coordination sphere of the {Cu(bpmen)}?** moiety that acts as
counterion is lost, with the subsequent coordination of the complex cation to the surface O
atoms from the POM, which leads to [XW12040{Cu(bpmen)}.] (X = Si; Ge) type molecular
entities. Examples of Keggin-type heteroPOMs in combination with {Cu(cyclam)}**
complexes include hybrids like [Cu(cyclam)(H20)][{Cu(cyclam)},SiW11039Cu(H>0)]-5H,0%3¢
and [Cu(cyclam)],-[{Cu(cyclam)}af(a-GeW11039)Ln(H20)(OAC)}2]-18H,0 (Ln = La to Lu).2’* In
regard to the first example, the thermal evacuation of guest solvent molecules and the
rotation of the Keggin anion also involves the grafting of the {Cu(cyclam)}?* moiety acting as
counterion to the POM surface, leading to the surface-decorated, molecular hybrid
[{Cu(cyclam)}sSiW11039Cu]. The second family of compounds undergo two sequential SCSC
transformations involving the grafting and release of different {Cu(cyclam)}** moieties from
the Keggin surface. It should be highlighted that the nature of the Ln governs the kinetics of
the reversibility from anhydrous phase to the parent system, being faster for structures
containing larger Ln3* jons. Finally, it is worth mentioning the hybrid compound
[Cu(cyclam)(H20)2]o.5-[{Cu(cyclam)}1.s{B-H2As2M06026(H20)}]-9H20,Y”> which represents one
of the scarce examples of POM-based systems that simultaneously displays crystal
dynamics induced by the evacuation of solvent molecules and exhibits permanent
microporosity, which renders the anhydrous phase with selective gas sorption properties.
Although this compound can undergo up to two thermally triggered phase transitions, it
does not preserve its single-crystalline nature upon heating. In contrast, when solvent
molecules are released under vacuum, the anhydrous phase [{Cu(cyclam)}(A-
H2As:Mos026)] is isolated through SCSC transformations. This fact reveals the key
importance of the dehydration mechanism. Phase transition not only provoke changes in
the dimensionality of the parent lattice, but it also leads to important modifications within
the inorganic cluster skeleton in such a way that an unprecedented solid-state B to A

isomerization of the polyoxoanion is observed (Figure 1.19).
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B isomer — {B-H,As,Mo.0,¢(H,0)}

Aisomer —{A-H,As,Mo.0,.}

Figure 1.19. Comparison between the molecular structures of the {B-H>As;Mos026(H20)} and {A-

H,As:M06026}.

Table 1.1. Summary of POM-based hybrid frameworks with N4-tetreadentate organic ligands able to

exhibit single-crystal-to-single-crystal transformations.

Initial — Final compounds Structural changes Ref.
[Cu(bpmen)(H20)][SiW12040{Cu(bpmen)}] Coordination of complex cations to the [173a]
[SiW12040{Cu(bpmen)}] POM surface
[Cu(bpmen)(H20)][GeW12040{Cu(bpmen)}]-3.5H20 Coordination of complex cations to the (173b]
[GeW12040{Cu(bpmen)}2] POM surface
[SiW12040{Cu(bpmpn)(H20)}2]-3H:20 Modifications on the coordination
) geometries of Cu' centers from [173a]

[SiW12040{Cu(bpmpn)}2]-3H.0 octahedral to square-pyramid
[GeW:12040{Cu(bpmpn)(H20)}2]-3H20 Modifica.tions on the coordination

geometries of Cu' centers from [173b]
[GeW12040{Cu(bpmpn)}2]-3H20 octahedral to square-pyramid
[Cu(cyclam)][{Cu(cyclam)}2(V1002s)]-10H20 Retention oft.he robust. supramolecular

framework with accessible empty [124a]
[Cu(cyclam)][{Cu(cyclam)}2(V1002s)] channels
[{Cu(cyclam)}s(W7024)]-15.5H.0 Modifications in the Cu" coordination
[{Cu(cyclam)}3(W7024)]-12H20 geometries with retention of the [124b]
[{Cu(cyclam)}s(W7024)] porosity of the parent framework
{Cu(cyclam)(V0s3)2]-5H20
[{Cu(cyclam)(VOs)2]-3H:0 Modlflcat|0n§ in the Cu—Q bond lengths

and progressive contraction of the [161]
[{Cucyclam)(VOs)2]-1.3H20 parent microporous architecture
[{Cu(cyclam)(VOs)2]
[Cu(cyclam)]2[{Cu(cyclam)}s{(a-
GeW11039)Ln(H20)(OAC)}2]-18H:0 (Ln = La—Lu) Changes on the Cu'' coordination
[{Cu(cyclam)}s{(a-GeW11039)Ln(H20)(OAc)}2]-4H20 (Ln = | geometries and coordination and [174]
Eu or Er) release of complex cations to the POM
[Cu(cyclam)]os[{Cu(cyclam)}s s{(a-GeW11039)Ln(OAc) 2] | Surface
(Ln =Ce or Eu)
[Cu(cyclam)]2[Mos03s]-1.5H20 Retention oft.he robust. covalent

framework with accessible empty [176]
[Cu(cyclam)]2[MosO2¢] micropores
[Cu(cyclam)(H20)][{Cu(cyclam)}2SiW11039Cu(H20)]-5H20 | Grafting of complex cations to the POM (123d]

[{Cu(cyclam)}sSiW11039Cu]

surface
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1.6. AIM OF THE WORK

The work described in this dissertation fits within one of the research lines of
Departamento de Quimica Orgdnica e Inorgdnica from the Facultad de Ciencia y Tecnologia
at the Universidad del Pais Vasco (UPV/EHU). The research group has widely explored the
reactivity between POM clusters and transition-metal complexes of polydentate-
macrocyclic ligands with the aim of preparing hybrid materials with novel structural motifs
and properties. Attracted by the varied topologies and inherent properties exhibited by
POMs (redox, luminescent, magnetic, catalytic...), this research consists in the synthesis,
structural characterization and the analysis of the most interesting properties displayed by
either extended or molecular organic-inorganic hybrid compounds formed by the
combination of POM units with 3d- or 4f-metal complexes bearing multidentate ligands.

Based on the two main synthetic approaches mentioned above for the synthesis of
POM hybrids comprising 3d- or 4f-metal complexes, the aim of this work is, i) to evaluate
the capacity of polyoxomolybdates in combination with transition-metal complexes of
macrocyclic tetraaza ligands to generate extended hybrid frameworks; and ii) to prepare
hybrid molecular clusters by the organic derivatization of lanthanide-substituted POMs.
In the first case, the resulting compounds could exhibit permanent porosity associated with
interesting functionalities such as gas or water sorption properties, as well as the ability to
undergo structural transitions upon thermal evacuation of guest solvent molecules. The
most appropriate systems could also exhibit the ability to undergo SCSC transformations
triggered by a given external stimuli, in such a way that it allows to monitor the location of
each specific atom throughout the structural transition. In the second case, systems may

display interesting magnetic and luminescent properties.

This work has been divided into well-differentiated sections. The systematic study on
the pH-dependent reactivity between isopolyoxomolybdates and {Cu(cyclam)}** (cyclam =
1,4,8,11-tetraazacyclotetradecane) metalorganic building blocks are described in Chapters
2 and 3. The coordination of metal-complexes to the POM surface resulted in up to four
different extended structures based on hepta- and octamolybdate anions. The compounds
isolated have been characterized by elemental and thermal analyses, infrared spectroscopy
and powder- and single-crystal X-ray diffraction. Two of these compounds exhibit an
interesting thermostructural behavior, because they undergo thermally triggered structural
transitions that lead to porous structures with the potential to absorb small gas molecules.
More interestingly, the hybrid framework described in Chapter 3 contains octamolybdate-
anions and it is able to undergo SCSC transformations promoted by the thermal evacuation
of guest solvent molecules, leading to new crystalline phases. Phase transitions do not only
imply remarkable modifications in the crystal packing, but also the isomerization of

octamolybdate anions through metal migrations. Furthermore, the reversibility of such
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SCSC transformations is also studied in depth. Results from water vapor sorption analyses
are also evaluated together with extended studies on the absorption capacity and
selectivity of the different anhydrous phases towards small gas molecules. Conversely,
compounds described in Chapter 4 exhibit hybrid structures formed by Anderson-Evans
type [HeCrMog024]> anions and the {Cu(DMC)}** complexes (DMC = dimethylcyclam) with
dimensionalities that go from surface decorated molecular species to extended, three
dimensional hybrid frameworks, as a result of the presence/absence of diverse alkali metal
cations in the reaction media. These hybrids have also been characterized by elemental and
thermal analyses, infrared spectroscopy and powder- and single-crystal X-ray diffraction.
Structures showing a thermal stability range in TGA analyses were also analyzed by
variable-temperature PXRD experiments, which result in potentially interesting thermally-
induced solid-phase transitions.

The second part of this research work (Chapter 5) is focused on the preparation of
molecular compounds by the simultaneous coordination of lacunary POM anions and
organic Mannich-base ligands to mid-to-late trivalent lanthanide ions. All the then
isostructural compounds have been characterized by elemental and thermal analyses,
infrared spectroscopy and powder- and single-crystal X-ray diffraction. Photoluminescent
and magnetic properties of these compounds is also studied in depth, in such a way that
solid-state, i) low temperature photophysical properties have been analyzed for
compounds emitting in the visible and near infrared region; and ii) magnetization and
phase- and out-of-phase magnetic susceptibility studies at different temperatures and
frequencies, together with electron paramagnetic resonance (EPR) experiments has
allowed the description of the slow relaxation of magnetization displayed by some
derivatives and the determination of energy level diagrams for the different analogues.
Solution stability of the molecular hybrid POMs in different media is assessed by ESI-MS

experiments and *H-NMR spectroscopy.

In conclusion, Table 1.2 shows the three multidentate ligands employed along this

work, whereas Table 1.3 compiles all the 26 compounds reported within this dissertation.

Table 1.2. Representation of the three multidentate ligands that have been employed during this work.

Chapters 2 and 3 Chapter 4 Chapter 5
N/ —o  o—
NH  HN N HN
Br OH OH Br
NH  HN NH N N N
N\ ZANVAN
Cyclam = C1oN4H DMC = C12N4H2s H>L = Co0H22BraN204

g BRre 1,8-dimethyl-1,4,8,11- N,N’-dimethyl-N,N’-bis(2-hydroxy-3-formyl-5-

1,4,8,11-tetraazacyclotetradecane

tetraazacyclotetradecane bromobenzyl)ethylene-diamine
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Table 1.3. Summary of all hybrid structures prepared and characterized within this work.

Code Compounds
1-Mo7 | [{Cu(cyclam)}s(M07024)]-15.5H,0 W G
= *- P
B | 1B-Mo7 | (NHa)[{Cu(cyclam)}2.5((M07024)]-5.5H,0 Ty ~ “‘XMNT/} 4
(1] 1-Mo7 1B-Mo7
£
(®) MocCu
MoCu [Cu(cyclam)][Mo00.]-4H,0 M
1-Mo8 | [{Cu(cyclam)}s(k-MogO27)]-14H,0 X s 5D Qi al
Al A g
2-Mo8 [Cu(cyclam)][{Cu(cyclam)}2(A-MogO27)] sl ‘
S v Sk
@ | 3-Mo8 [{Cu(cyclam)}s(u-Mog0O27)] /\
"6_ (cy )1s(u 8027) X ‘ ) @ IA
& | 4-Mo8 [{Cu(cyclam)}s{~MogO2s(OH),}]-11H,0 \(r‘ 3 " |(e-mo8)
o smos  amos| Ja
5-Mo8 [{Cu(cyclam)}s(k-M0g027)]-13H,0 AP
.\.,,.:
6-Mo8 [{Cu(cyclam)}s{-M0gO26(OH).}]
1-CuMo8 | [{Cu(DMC)}s{HsCuMog(M004),0,2}]-13H,0 e “} ”}
1-CrMo6 | [Cu(DMC)][{Cu(DMC)}o s{HeCrMog024}]-11H;0 A o TRl
: Walt !
INa Na[{Cu(DMC){HeCrMosO34}]-8H20 z;
< | CrMo6
E 1Na2- ’/// /1 Cr 1-CrNa ‘
% CcrMo6 Naz[{CU(DMC)}o,s{HschOGOu}]'11.5H20 £
5 S 8
INO3- [{CU(DMC)}z{HGCFMOGOu}]NO3'5H20 ]L
CrMo6 #M *‘]}
1Cl- 1‘:”“32 ‘ 1-CrNO3
CrMo6 [{Cu(DMC)}2{HeCrMog024}1CI-4.5H,0 j/‘ { {
CrMo6 K3[HsCrMos024]-6H,0 "é’/‘ yﬂ i 4
7 1cral 1-CrK
1-Sm K5[Sm(HzL)(a—SiW1103g)]-14H20
1-Eu K5[Eu(H2L)(a—SiW11039)]-14H20
1-Gd K5[Gd(H2L)(d-SiW11O39)]'14H20
(Vo) 1-Tb K5[Tb(H2L)(a—SiW11039)]-14H20
@ |10y Ks[Dy(HaL)(@-SiW11035)]-14H,0
-(:U- 1-Ho K5[Ho(H2L)(a—SiW1103g)]-14H20
O | 1-Er Ks[Er(HaL)(a-SiW11039)]-14H,0
1-Tm K5[Tm(H2L)(a—SiW11039)]-14H20
1-Yb Ks[Yb(HzL)(Ol-SiWuOgg)]'14H20 1-Ln
1-Lu K5[LU(H2L)(0[-SiW11039)]'14H20
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ABSTRACT: The influence of the pH on the aqueous reaction between in situ prepared {Cu(cyclam)}?** complexes
and commercial ammonium heptamolybdate in a stoichiometric 3:1 ratio is studied in depth. When the
synthesis takes place at basic pH (above 10), [Cu(cyclam)][MoO4]-4H20 (MoCu) chains are obtained, which are
formed by tetrahedral oxoanions connected through octahedral metalorganic complexes. Similar synthetic
conditions can also lead to other oxoanion/metal-complex analogues [M(cyclam)][XO4]-nH20 (X = Cr, V, Mo, W;
M = Co, Ni, Cu, Zn) as described in Appendix 1. In contrast, acidic pH conditions facilitate further condensation
and hence, the robust framework [Cu(cyclam)]z2[y-MosOz]-1.5H20 is isolated, which is constituted by
[MosO26]n*" chains linked to each other through the coordination spheres of {Cu(cyclam)}?* complexes. Slow
evaporation of the final solutions for the reactions carried out at neutral to moderately basic conditions (pH
values in the 6-9 range) initially afford [{Cu(cyclam)}s(k-Mo0sOz7)]-14H20 (1-Mo8), the rich thermostructural
behavior of which, together with its interesting sorption properties, deserve a separate chapter (see Chapter 3).
If 1-Mo8 is removed from the reaction media, further evaporation of the final solution yields the 3D covalent
framework [{Cu(cyclam)}3(Mo07024)]-15.5H20 (1-Mo7) as a pure crystalline phase, whereas a second compound
co-crystallizes at pH values between 6 and 8, namely, (NHs)[{Cu(cyclam)}2.5(M07024)]-5.5H20 (1B-Mo7). Crystal
structures of 1-Mo7 and 1B-MoZ7 have been elucidated by single-crystal X-ray diffraction. Both phases cannot
be visually distinguished under an optical microscope and thus, this chapter only describes the full
characterization of 1-Mo7. This hybrid framework undergoes two solid-phase transformations upon thermal
evacuation of guest solvent molecules to lead to two new partially dehydrated and anhydrous phases, namely
2-Mo7 and 3-Mo7, respectively.
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2.1. INTRODUCTION

The chemistry of polyoxomolybdates is centered in the existence of a large diversity
of species that are formed in aqueous solution, as a result of the presence of a number of
simultaneous equilibria.! The complex speciation of isoPOMos has been widely studied
even though their low kinetic stability prevents them from displaying well-defined pH-
dependent stability ranges. In fact, structures exhibiting reduced molybdenum centers
usually consist in large species different from those of the parent fully-oxidized clusters. In
this sense, in basic aqueous solutions of Mo(VI) only the molybdate [MoQ4]? ion is stable.
When the pH of a molybdate solution is acidified, the acidic condensation of these
tetrahedral anions leads to the heptamolybdate (or paramolybdate-A) [M07024]® cluster. It
is worth mentioning that the paramolybdate anion is the first stable form of isoPOMo
obtained in acidified molybdate solutions, therefore, this anion has been widely studied
and obtained in a variety of conditions, synthetic procedures and concentrations.? Further
acidification leads to the formation of the well-known B-octamolybdate [MosO26]* anion at
a pH value near 4, which is formed by eight edge-sharing octahedra. In aqueous solution,
this isomer is in equilibria with the a-{MosO2s} form, which is precipitated using organic
cations. The a-isomer consists on a six member ring of octahedral {MoOe} units that is
bicapped by two {MOa} tetrahedra. These two co-existing clusters are the most important
and common ones that can be isolated from aqueous solution from the nine different
isomers found for {MosO2s}. Moreover, these two {Mo0sO2s} anions can isomerize easily in
acetonitrile solutions.? Larger aggregates are formed at pH below 2, which is the case of the
[Mo360112(H20)18]® anion.? This cluster is the predominant species in very acidic aqueous
media, and represents the largest polyoxomolybdate assembled under non-reducing
conditions. In this type of large clusters, some Mo centers exhibit the {(Mo)Mos}-type unit
in which the central atom occupies a seven-coordinated {MoQ7} pentagonal bipyramid that

shares edges with the surrounding five {Mos} octahedra.

A

[M03,0,,,(H,0),,1* 4- [Mo,0,,]* [MoO,]*

ISOPOLYOXOMOLYBDATES

Figure 2.1. lllustration of the predominant isoPOMo structures in aqueous solution as a function of the
pH.
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Partial reduction of acidified molybdate solutions allows the generation of even larger
assemblies. This type of large and complex molecular systems are built via stepwise self—
assembly processes. Structures exhibiting reduced molybdenum centers usually consist in
large species different from those of the parent fully-oxidized cluster which exhibit
{(Mo)Mos}-type building blocks. Such considerable structural and chemical diversity arises
from the combination of favorable kinetics, thermodynamics and structural factors, which
makes the so-called Molybdenum “Blue” and “Brown” giant cluster families unique within
the field of inorganic chemistry.> Mo-blues are defined by the fact that they contain mixed-
valence MoY/Mo"' addenda metals and have delocalized electrons capable of charge
transfer from MoV to Mo"' facilitated by the rm-orbitals of the bridging oxo-ligands. This
electronic interaction is responsible for their characteristic intense blue color and accounts
for their reversible redox nature. In contrast, Mo-browns are further reduced polyanions
and have electrons localized between reduced MoV centers as Mo—Mo bonds, which
contributes to the brown color of these clusters, and makes them less sensitive to redox
processes than their blue counterparts.® Miiller’'s group have extensively studied and
synthetized numerous of giant species which architectures and sizes range between wheel-
shaped {Mo1ss} = [M01540462H14(H20)70]** anion,” “big wheels” or Keplerates (big balls),
such as {Mois2} = Mo0"72M0"600372(CH3CO0)30(H20)72]** cluster,® and the {Mo3ses}
“hedgehog” or “blue lemon” structure [H1sM036801032(H20)240(S04)4s]*® which still
represents the largest (c.a. 5 nm) POM obtained to date.® The possible characterization of
all these species revealed the structural flexibility of molybdenum in agueous equilibria

against tungstate analogues.

2.1.1. Heptamolybdate-metalorganic hybrids

Heptamolybdate [Mo07024]% is the predominant species in slightly acidic aqueous
solutions of molybdate. The structure of the [M07024]% anion was described for the first
time by Lindqvist,’ and then, its solution behavior fully characterized by other authours.*!
This anion is described as a seven edge-sharing {MOs} octahedral units exhibiting a Gy,
symmetry, in which all addenda metals are linked to two terminal oxygens, except for the
central octahedra, which is located in the core of the cluster. Among all the reported
structures based on this fragment, most of them consist on salts with both inorganic and
organic counterions, in which alkyl ammonium cations stand out.!? Organic-inorganic
hybrids based on polyoxomolybdates of organoammonium cations have been reported as
potential photochromic materials when exposed under UV light.!® This process provokes a
reduction in the oxidation state of some Mo metals leading to the formation of mixed
valence MV'MY compounds that exhibit a different color than the fully-oxidized molecule. In
addition, several studies have also proved the capacity of heptamolybdate salts to act as

active catalyst in several reactions as the epoxidation of styrenes with H,0,,'* oxidation of
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sulfides to sulfones,® or hydrolysis of phosphoesthers.'® It should be also highlighted the
anticancer activity exhibited by the isopropyl ammonium salts and derived photolytes. In
this sense, Yamase and co-workers described the antitumoral activity of this salt and its
mechanism of action!’ and, subsequent studies have observed a significant activity in the
suppression of tumors from different types of cancer and cell lines.'® Besides isolated
{Mo07024} salts, the coordination of transition metals and/or rare earth elements to the O
atoms of their surface has led to extended purely inorganic structures,® with interesting
applications in materials science, such as the luminescent properties exhibited by some

lanthanide derivatives.2°

Among the versatile catalogue of hybrid structures based on transition metal
complexes and polyoxomolybdates,?! examples containing paramolybdate anions are quite
scarce in the CSD database.?? The vast majority of this type of systems are based on
molecular compounds in which the transition metal complex acts as counterion. This is the
case of the salts, namely [Co(en)3]2[M07024]-8H20,% (H30)[Co(en)s]2[M07024]Cl-9H,0%* and
[C0"(C204)(NH3)4]3[(NH3)aCo" (u-C204)Co"(H20)4][M07024]-9H,0.2> Other examples include
systems formed by inorganic chains of paramolybdate anions linked by Na* or NH4* cations,
further connected through intermolecular interactions established between metalorganic
units and POM anions (Figure 2.2). This usually leads to supramolecular networks as
exemplified by [Co(en)s]2[NaMo07024]Cl-9H,0,2> Naz[M(Bis-tris)-(H20)]2[M07024]-10H20 [M =
Cu; Ni; Co; Zn; Bis-tris = 2,2-Bis(hydroxymethyl)-2,2’,2"-nitrilotriethanol], and (NHa4)2[M(Bis-
tris)(H20)]2[M07024]-6H20 (M = Zn; Cu) salts.?®

To our knowledge, there is only one compound reported in literature with a transition
metal complex covalently linked to the surface of a paramolybdate cluster, namely [3-
ampH]a[{M(3-ampy)(H20)4}M07024]-4H,0 (M = Co, Zn; ampy = aminopyridine). . In this case,
each metalorganic complex is just bonded to one cluster, whereas hybrid {(M(3-
ampy)(H20)4)Mo07024} units are linked through H-bonding interactions established between
the coordination water molecules from the complex and the surface O atoms from
heptamolybdate anions. This supramolecular arrangement results in a porous three-

dimensional supramolecular network (Figure 2.2).?’
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[Cu(Bis-tris)(H,0)],[Mo,0,,] [Co(en);],[NaMo,0,,]

Figure 2.2. Crystal structures of some {Mo70.4}-metalorganic hybrids found in the literature. Organic
ligands: Bis-tris = 2,2-Bis(hydroxymethyl)-2,2',2"-nitrilotriethanol; ampy = aminopyridine. Color code:
MoOe, grey octahedra; transition metal coordination polyhedra, blue; Na, yellow; C, black; N, green; O,
red. The O—H---O hydrogen bonds are depicted as dashed purple lines.

Encourage by the interesting thermostructural behavior exhibited by the porous
frameworks constructed by isopolyoxovanadates and —tungstates with the {Cu(cyclam)}**
complex, we decided to extend these studies to molybdates. Regarding vanadates,
[Cu(cyclam)][{Cu(cyclam)}2(V10028)]-:10H20 supramolecular material?® shows the ability to
undergo two single-crystal-to-single-crystal transformations after the gradual loss of
hydration water molecules under thermal stimulus in which the anhydrous phase turned
out to be the first decavanadate-based microporous hybrid able to adsorb both N, and CO;
gases. In a similar way, the covalent [{Cu(cyclam)}3(W7024)]-15.5H20 network?® also
undergoes thermally-triggered SCSC transformations to lead to a microporous anhydrous
phase able to adsorb selectively CO, over N,.

On the basis of the above, we investigated the reactivity in agueous media between a
commercial heptamolybdate salt towards the {Cu(cyclam)}** metalorganic complex at
different pH conditions. In this present chapter, a total six different hybrid compounds are
obtained from the aqueous reactions involving the {Mo0702}/{Cu(cyclam)}** system at
different pH values. These are [Cu(cyclam)][Mo00Q4]-4H,0 (MoCu);
[{Cu(cyclam)}3(M07024)]-15.5H,0  (1-Mo7); (NHa)[{Cu(cyclam)}25(M07024)]-5.5H,0 (1B-
Mo7); [{Cu(cyclam)}s(k-M0gO27)]-14H.0 (1-Mo8); [Cu(cyclam)]2[»~MogO26]-1.5H20,%° and;
[C10N4H28][CuCl4]Cl2.3t Hybrid compounds were chemically and structurally characterized by
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elemental analyses, infrared spectroscopy (FTIR) and thermogravimetric analyses (TGA),
and the structure determined by single-crystal X-ray diffraction (scXRD) measurements.
Their thermostructural behavior and the ability to undergo SCSC transformation have also
been studied by variable temperature analyses. Due to the interesting thermostructural
behavior and sorption properties of 1-Mo8, its discussion deserves a separate chapter (see
chapter 3). Compound MoCu was also isolated as crystalline product in the course of these
systematic studies, but its full characterization together with those of the related analogues
using different combinations of group V and VI and first row transition metals are given in
the Appendix 1.

2.2. EXPERIMENTAL SECTION

2.2.1. Synthesis

All the starting materials were purchased on commercial sources without further

purification.

[{Cu(cyclam)}3(Mo07024)]-15.5H,0 (1-Mo7). To a hot solution of Cu(OAc), (54 mg, 0.3
mmol) and cyclam ligand (60 mg, 0.3 mmol) in water (15 mL), the same volume of an
aqueous solution of (NH4)s(M07024)-4H,0 (0.1 mmol, 124 mg) was added dropwise . The pH
of the resulting solution was adjusted to 8 with 1M NaOH, and then, the mixture was kept
at 90°C for 90 min. After cooling down to room temperature, the solution was filtered and
left evaporate in an open container. Purple crystals of 1-Mo7 are obtained after 2 weeks.
Yield: 29 mg, 14% based on Mo. Elem. Anal. Calcd. (%) for CsoH103CuzsMo7N120395: C,
16.95%; H, 4.89%; N, 7.90%. Found: C, 17.08%; 4.85%; 7.93%. IR: v (cm™) 3228 (vs), 3163
(vs), 2936 (s), 2864 (s), 1474 (w), 1454 (w), 1441 (w), 1429 (w), 1385 (w), 1358 (w), 1312
(w), 1292 (w), 1254 (w), 1235 (w), 1105 (m), 1074 (m), 1063 (m), 1017 (m), 1009 (m), 963
(s) 883 (vs), 843 (s), 812 (w), 652 (m), 577 (m), 486 (w), 434 (m).

(NH4)[{Cu(cyclam)}2.5((M07024)]-5.5H20 (1B-Mo7). If the pH of the mixture is adjusted
to 6.5 purple single crystals of 1B-Mo7 appear together with those of 1-Mo7 after 3 weeks.
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2.2.2. Single-crystal X-ray crystallography

Crystallographic data for 1-Mo7 and 1B-Mo7 isopolyoxomolybdate hybrids are
summarized in Table 2.1.

Table 2.1. Crystallographic data for compounds 1-Mo7 and 2-Mo7.

1-Mo7 1B-Mo7
empirical formula C30H103Cu3sMo07N120395 Ca5H79Cu2.5M07N11029 5
fw (g mol?) 2126.44 1836.42
crystal system Triclinic Triclinic
space group (number) P-1(2) P-1(2)
a(A) 11.6000(3) 14.3356(10)
b (A) 15.7298(5) 15.4231(9)
c(A) 20.9536(6) 16.8501(11)
a(®) 83.508(2) 100.190(5)
B(°) 74.598(2) 103.392(6)
7(°) 74.353(2) 115.826(6)
v (A3) 3545.87(18) 3093.7(4)
z 2 2
T(K) 100.03(11) 150.00(10)
Pealed (8 cm™3) 1.992 1.971
#(mm™?) 2.170 2.292
refins collected 25001 21141
unique reflns (Rint) 13996 (0.017) 11874 (0.063)
observed refins [/ > 20(/)] 12816 7691
Parameters (restraints) 907 (0) 728 (72)
R(F)2 [1 > 20(N)] 0.028 0.075
wR(F?) [all data] 0.065 0.241
GoF 1.025 1.032

?R(F)=2| | Fo=Fc| | /2] Fol; ® WR(F)={Z[w(Fo?~F2)!)/Z[w(Fs?)* 1}/

Thermal vibrations of atoms were treated anisotropically for all the non-hydrogen
atoms, except for the hydration water molecules in 1B-Mo7. Hydrogen atoms of the
organic cyclam ligands and those belonging to hydration water molecules in 1-Mo7, were
placed in calculated positions and refined using standard SHEXL parameters. Some of the
anisotropic thermal ellipsoids from the cyclam ligands in 1B-Mo7 were normalized using
ISOR-type restrains from SHELXL. Compounds 1-Mo7 and 1B-Mo7 display a significant
disorder in their lattice water molecules. 18 and 8 suitable positions for hydrations water
molecules were located in the Fourier maps of 1-Mo7 and 1B-Mo7, respectively and their
occupancy was initially refined without restriction. These were rounded to the first decimal
figure in the last refinement cycle to result in a total number of 15.5 and 5.5 water

molecules of hydration per heptamolybdate fragment, respectively.
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2.3. RESULTS AND DISCUSSION

2.3.1. Synthetic considerations

Encouraged by the low number of hybrid architectures based on heptamolybdate
anions, and in the course of our systematic studies on the assembly of isopolyoxovanadates
and tungstates with {Cu(cyclam)}?*,2>32 for which strong pH dependences of the resulting
hybrid frameworks was found, we decided to evaluate this effect on the aqueous synthetic
system formed by a combination of commercial ammonium heptamolybdate and the in-
situ prepared {Cu(cyclam)}** complex in a stoichiometric 1:3 ratio. It is well known that the
[M07024]% anion is predominant in slightly acidic aqueous solutions of molybdates;33
however, the presence of additional chemical species in the solution might change this

equilibrium.

Acidic conditions yielded a pink precipitate that did not dissolve even if the reaction
was heated to 100 °C for 1h. The amount of this precipitate increases as the pH value
decreases from 6 to 2. This solid was later identified on the basis of FTIR spectroscopy and
PXRD analyses (Figure 2.3) as the robust framework [Cu(cyclam)]2[-MogO26]-1.5H,0
previously reported in our research group.3? This compound is constituted by {)MosO26}n
chains which are linked to each other through the coordination spheres of {Cu(cyclam)}**
complexes leading to a three-dimensional open network. This structural assembly
generates voids that can be described as a succession of cavities communicated through
narrow bottlenecks. The robust open framework remained virtually unaltered upon
thermal evacuation of guest solvent molecules at 130 °C, resulting in an anhydrous phase

with potentially accessible voids as demonstrated by scXRD measurements (Figure 2.4).

(a) (b)

\W@Jﬂ\f ”W\\ : w/\ \\JU
ll' fl V\\ /M/\‘ L\\%ww
\|
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1600 1400 1200 1000 800 600 400 5 10 15 20 25 30 35
v({cm) 260(°)

Figure 2.3. Comparison of the (a) FTIR spectra of the polycrystalline powder obtained at pH=2 and that

of [Cu(cyclam)]z2[[7*Mog026]-1.5H,0 prepared ex profeso for comparative purposes; (b) PXRD patterns of

this precipitate and that calculated from scXRD data for [Cu(cyclam)]2[[7M0sO26]-1.5H-0.

[Cu(cyclam)],[Mo40,.]-1.5H,0

[Cu(cyclam)],[Mo,0,.]-1.5H,0
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Figure 2.4. Comparison between the crystal packings view along the crystallographic y axis and solvent
accessible volumes viewed along the a axis for [{Cu(cyclam)}([M05O26)]-1.5 H.O and its anhydrous
[{Cu(cyclam)}2([7~Mog026)] form. Hydrogen atoms are omitted for clarity.

When the reaction medium was adjusted to values below pH 2 with aqueous HClI,
green crystals were obtained from the evaporation of the final solution after filtering out
the initial pink precipitate. FTIR analyses suggested the absence of any POM anion in this
compound because no band of strong intensity can be observed in the inorganic region of
the spectrum below 1000 cm™. In contrast, the organic region above 1000 cm™ is
dominated by signals of medium-weak intensity associated with C—N, C—C, C—H bonds that
confirm the presence of the cyclam ligand. Single-crystal®* and powder XRD analyzes
coincide well with those already reported for the [C10N4H28][CuCls]Cl, complex (Figure 2.5),
in which one tetrahedral [CuCl4]®> complex and two ClI- anions act as counterions of a tetra-

protonated cyclam ligand.3!
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Figure 2.5. (a) FTIR spectrum of the crystals obtained at pH = 1 and, (b) PXRD pattern of these crystals
compared with that calculated from scXRD data for [C10N4H2s][CuCls]Cl,, together with its ball & stick
representation.

On the contrary, when the pH was basified above 6 the initial pink powder was
slowly dissolved to result in a clear solution. At very alkaline conditions (above pH 9),
[Mo0O4]*> oxoanions are the main species in solution and thus, crystals of
[{Cu(cyclam)H{Mo00a4}]-3H,0 (MoCu) (see Al.4 in Appendix 1) are isolated. Conversely, slow
evaporation of the solutions from reactions carried out at neutral to moderately basic
conditions (pH values in the 6-9 range) initially afforded a purple polycrystalline powder
that was later identified as [{Cu(cyclam)}s(k-Mo0g027)]-14H,0 (1-Mo8) in a very low yield (<
1%). The rich thermostructural behavior of 1-Mo8 together with its interesting sorption
properties are described in-depth in Chapter 3. After the removal of this solid by filtration,
the solution was transferred to a small container and kept at room temperature. Purple
single crystals of 1-Mo7 appeared after a total of 2 weeks of evaporation of the solution at
pH = 8.0. FTIR studies on 1-Mo7 (Figure 2.6) clearly showed the hybrid nature of the
compound because i) the organic region above 1000 cm™ display signals associated with
the cyclam ligand, whereas those of the inorganic region fit well with those found in the
spectrum of the ammonium heptamolybdate precursor, which indicates the presence of a
[M07024]% heptamolybdate cluster (Mo-). Specifically, the characteristic peaks for Mo>
anions at 963, 883 and 843 cm™! have been assigned to vas(Mo—0t), v(Mo —Op) and vs(Mo —
Ov—Mo) vibrational bands, respectively (O:: terminal oxygen atoms; Oyp: bridging oxygen
atoms). Bands at 577, and 486 cm™ have been attributed to 6(Mo—-O,—Mo) vibrational

modes.3>
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(NH,)s[Mo,0,,]-4H,0

Single crystals pH=6.5

- R

1-Mo7 (pH=8)
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1600 1400 1200 1000 800 600 400
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Figure 2.6. Expanded region of the FTIR spectrum of (NHa)s[M07024]-4H,0 precursor compared with
those registered for single crystals obtained for reactions at pH=6.5 and pH=8 (1-Mo7).

Crystals isolated from reactions at lower pH (6 to 7.5) yielded purple crystals, which
looked visually identical to those of 1-Mo7 and displayed a similar FTIR spectrum (Figure
2.5). Nevertheless, comparison of the PXRD pattern recorded for these crystals with that of
1-Mo7 exhibited three additional maxima at 20 = 6.8, 7.7 and 9.6° that might be originating
from a new crystalline phase (Figure 2.7). This secondary compound was later identified as
1B-Mo7 based on scXRD studies. Unfortunately, manual separation of these two phases
under optical microscope was impossible because they showed the same color and shape.
Alternative separation methods were tested (separation by density while suspended in a
liquid phase, recrystallization in different solvents...) but with no success. Therefore, only
compound 1-Mo7 was isolated as a pure crystalline phase (at pH =8) and this allowed its

further characterization.

Single-crystals
pH=6.5

Calcd. 1B-Mo7

Calcd. 1-Mo7

I 4 I L I 3 1 " I L 1 L I L I L 1 & I g I ] 1
55 60 65 70 75 80 85 90 95 100 10.5 11.0
20 (°)
Figure 2.7. PXRD pattern of single-crystals obtained at pH = 6.5 in comparison to those calculated from
scXRD data for 1-Mo7 and 1B-Mo7.
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It should be mentioned that 1-Mo7 can alternatively be prepared starting from the
[Cu(cyclam)]2[Mog026]-1.5H20 precipitate, which dissolves at basic pH (above 11) at 90 °C.
The pH of the resulting purple solution is re-adjusted to pH = 8 with aqueous 1M HCl and
the mixture is left to evaporate. Crystals of 1-Mo7 can be obtained in ca. 3 weeks, but in a
very low vyield (< 3%). In conclusion, all the compounds synthetized from the
{Mo07024}/{Cu(cyclam)} system are summarized in Figure 2.8.

pH

-

(NH4)¢(Mo;0,4)-4H,0

1-Mo8
(see Chapter 3)

{Cu(cyclam)}**

APV
"% 1B-Mo7

N

Crystals, 2018, 8, 20.

¥
r‘\/\’;f\\j J. Coord. Chem, 2018, 71, 2905.
@

Figure 2.8. Influence of the pH in the {Mo07024}/{Cu(cyclam)} synthetic system. Color code: Cl, dark green;
Cu, dark blue; {Mo0Q4} tetrahedra, pink; N from cyclam ligand, light green; N from NH4* cations, light blue
spheres.

2.3.2. Thermostructural behavior of 1-Mo7

Thermal stability of 1-Mo7 was firstly investigated by thermogravimetric and
differential thermal (TGA/DTA) analysis. The TGA curve in Figure 2.9a shows a thermal
decomposition that proceeds via two mass loss steps. The first stage occurs from room
temperature to ca. 120 °C, and it is associated to the endothermic loss of the 15.5 H,0
molecules of hydration (m% calcd. 13.1%; found 12.8%). The dehydration is followed by a
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thermal stability range that extends up to ca. 220 °C. Above this temperature, the
anhydrous phase undergoes a decomposition process through two overlapping mass losses
associated with the combustion of the organic ligands and breakdown of the POM
framework. The overall mass loss for this second stage is in good agreement with that
calculated for three cyclam ligands per heptamolybdate anion (m% calcd. 28.2%; found
27.9%). The final residue is obtained at temperatures above 510 °C (m% calcd. 58.6%;
found 59.3%).

Taking into account the thermal stability range found in the TGA curve of 1-Mo7, and
encouraged by the interesting thermostructural behavior showed by related {Cu(cyclam)}**
/ POM systems,3® we studied whether 1-Mo7 was able to exhibit a similar behavior. With
this aim, variable-temperature PXRD patterns were collected from room temperature to
610 °C every 20 °C. The room temperature pattern of 1-Mo7 (Figure 2.9) displays three
characteristic high intensity maxima at 20 = 7.3, 7.7 and 8.3°, together with two additional
signals with lower intensity at 6.0 and 9.0°. This pattern resembles that reported for the
[{Cu(cyclam)}3(W7024)]-15.5H,0 hybrid previously reported in our group,?® which indicates
that the structures of both compounds could be strongly related. Figure 2.9d shows that 1-
Mo7 transforms into a new partially hydrated phase (2-Mo7) at 50 °C, as demonstrated by
the notable modifications in the positions of the most intense diffraction maxima at low 28
region. Upon heating, the maxima at 7.3 and 7.7° get 0.1° closer to each other, that located
at 8.3° is shifted to 8.8°, and a new maximum is clearly formed at 6.9°. The diffraction
pattern of 2-Mo7 was compared to that calculated from scXRD data for the partially
hydrated compound [{Cu(cyclam)}3(W7024)]-12H,0 obtained from the partial dehydration
of the parent hydrated phase at 50 °C. Even if the maxima at 260 = 6.8, 7.4 and 8.8° coincide
well in both patterns, that of 2-Mo7 exhibits an extra maximum at 26 = 7.6°. This implies

that the two partially hydrated phases may not be isostructural.
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Figure 2.9. Thermostructural studies for 1-Mo7 hybrid; (a) TGA/DTA curve, (b) comparison between
calculated PXRD pattern for [{Cu(cyclam)}s(W7024)]-15.5H,0,%° 1-CuW?7 and the experimental pattern of
1-Mo7 at pH = 8. (c) Variable-temperature PXRD studies from 30 to 610 °C and (d) detail of the most
characteristic maxima in the 26 =5 to 11° range.

Compound 2-Mo7 is stable up to 110 °C. Above this temperature, the disappearance
of the maximum at 260 = 7.4° indicates that it transforms into a second thermal derivative
(3-Mo7). The pattern of 3-Mo7 is similar to that calculated from scXRD data for the
anhydrous phase prepared from the aforementioned tungsten-analogue at 110 °C (Figure
2.10b). However, in contrast to that observed for anhydrous phase of the tungsten
analogue which proves to be stable up to 230 °C, 3-Mo7 decomposes and gradually loses its
crystallinity at temperatures higher than 130 °C, as observed by the progressive loss of
intensity and widening of the diffraction maxima upon heating until complete
amorphization at 290 °C. Diffraction maxima belonging to the final residue of the thermal
decomposition start to appear above ca. 430 °C and they allow its identification as a
mixture of orthorhombic Pbnm MoOs (PDF: 01-076-1003)3” and triclinic P-1 CuMoO4 (PDF:
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01-073-0488)8 phases in an approximate 4:3 ratio (Figure 2.11). This is in good agreement
with the observed mass percentage values from the thermogravimetric analyses (calcd.

58.6%; found 59.3%).

\ 1-Mo7 - 50°C

Ny
Ve

b N"’Ealcd.
[Cu(cyclam]]o s[{Culgyclam)}, s(W;044]]
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[{Cu(cyclam)}5(W;0,,4)]-12H,0
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Figure 2.10. Comparison between the; (a) calculated pattern of [{Cu(cyclam)}s(W;024)]-12H,0 and the 2-
Mo7 compound obtained at 50 °C, and; (b) calculated pattern of [Cu(cyclam)]os[{Cu(cyclam)}2.5(W7024)]
and the 3-Mo7 compound obtained at 130 °C. Extra maximum at 26 = 7.6° for 2-Mo7 is highlighted (*).
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Figure 2.11. Identification by PXRD analyses of the final residue from the thermal decomposition of 1-
Mo7 into MoO3 and CuMo0Qs.

2.3.3. Crystal structure of 1-Mo7 and SCSC transformations

Single-crystal X-ray diffraction analyses showed that 1-Mo7 compound crystallizes in
the triclinic P-1 space group. The asymmetric unit consists one {Mo070,4} heptamolybdate
fragment, five {Cu(cyclam)}** complexes divided in four centrosymmetric complexes (CulA,
CulC, CulD and CulE) and one CulB located in a general position, and 15.5 hydration
water molecules disordered in 18 positions. The heptamolybdate anion shows a typical A-
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paramolybdate structure described by a six {MoOs} member ring in which each octahedra
are linked by edge-sharing. The empty space displayed in the center of the ring comprises
the seventh {MoQs} unit connected through edge-sharing (Figure 2.12).3° This last central
unit gives to the heptatungstate cluster its characteristic V-shape that differentiates this
anion from other planar clusters with the same POM arrangement, such as Anderson-Evans
anion. All the Mo atoms are bounded to two terminal oxygens except for the central Mo7
octahedron. In this way, the oxygens can be organized in four categories: O: (terminal
oxygen atoms); u?>—0 (oxygen atoms bridging two addenda metals); u3-O (oxygen atoms
bridging two addenda metals), and; u*~O (oxygen atoms bridging two addenda metals).
Mo—0O bond lengths are comparable to those reported on literature, and fall in the 1.714—
2.370 A range.*°

Regarding {Cu(cyclam)} complexes, all the Cu" centers display a CuN4O> octahedral
coordination geometry with the N atoms of the cyclam ligands in equatorial positions and
terminal O atoms from different POM units occupying axial positions. In this way, these
moieties act as bridging blocks between heptamolybdate anion, exhibiting a trans-/l/
configuration in all the cases. As seen from the Cu—0 bond lengths on Table 2.2, Jahn-Teller
distortion is present for all the Cu" centers of 1-Mo7.

(a)

iCulD

O5BVv

Figure 2.12. (a) ORTEP representation of 1-Mo7, showing 50% probability ellipsoids, together with the
atoms labelling scheme (carbon atoms, hydrogen atoms and water hydration molecules have been
omitted for clarity). Color code: Mo, light grey; Cu, blue; O, red; N, green. Symmetry codes: i) —x, 1-y, 2-z;
i) 1+x, y, z; iii) —x, 1-y, 1-z; iv) =X, 2-y, 2-z; v) =X, 2-y, 1-z; (b) polyhedral representation of the hybrid POM,
and; (c) side view of the heptamolybdate cluster.

The heptamolybdate anion shows a well-known structure described by a six {MoOs}
member ring linked to each other and to a seventh central octahedron through edge-
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sharing (Figure 2.12).%! This last central unit confers the cluster with its characteristic bent,
V-shape (Cz/) and differentiates the anion from other clusters with 7 edge-sharing {MOs}
units, such as planar {M’Mg024} Anderson-Evans anions (Dsg). All the Mo atoms are
bounded to two terminal O atoms except for the central {MoQOs} octahedron. In this way, O
atoms can be organized in four categories: Ot (terminal oxygen atoms); u?>-0O (oxygen atoms
bridging two addenda metals); u3-0 (oxygen atoms bridging three addenda metals), and;
u*-0 (oxygen atoms bridging four addenda metals). Mo—O bond lengths are comparable to
those reported on literature, and fall in the 1.714(2)-2.370(2) A range.*?

Regarding {Cu(cyclam)}** complexes, all the Cu" centers display an axially elongated
octahedral CuN4O; coordination geometry with the N atoms of the cyclam ligands in
equatorial positions and terminal O atoms from different POM units occupying axial
positions. In this way, these moieties act as bridging units between heptamolybdate anion,
and exhibit a trans-IIl configuration, in which the N—H bonds of the two pairs of propylene-
bridged N atoms point to opposite directions. This configuration has been shown by DFT-
calculations to be the most favorable for octahedral coordination geometries out of the five
different geometrical isomers that the transition—metal complexes of the cyclam ligand can
adopt depending on the ligand conformation.*® As seen from the Cu—-O bond lengths on

Table 2.2, Jahn-Teller distortion is operative in all the Cu" centers.

Table 2.2. Cu—N bond lengths and Cu—0 distances present in the {Cu(cyclam)} complexes of 1-Mo7.

CulA CulC
CulA-01A 2.503(2) CulC-06B 2.343(2)
CulA-O1A 2.503(2) CulC-06B'" 2.343(2)
CulA-N1A 2.026(2) CulC-N1C 2.036(2)
CulA-N4A 2.004(2) CulC-N4C 2.018(2)
CulA-N1A! 2.026(2) CulC-N1(ii 2.036(2)
CulA-N4A! 2.004(2) CulC-N4C' 2.018(2)
CulB CulD
CulB-01B 2.668(2) CulD-05B 2.487(2)
CulB-06A" 2.610(2) CulD-05BV 2.487(2)
CulB-N1B 2.003(3) CulD-N1D 2.001(3)
CulB-N4B 2.020(3) CulD-N4D 2.026(3)
CulB-N8B 2.008(2) CulD-N1D" 2.001(3)
CulB-N11B 2.011(3) CulD-N4cV 2.026(3)
CulE

CulE-04A 2.570(2)

CulE-04AY 2.570(2)

CulE-N1E 2.014(3)

CulE-N4E 2.002(2)

CulE-N1EY 2.014(2)

CulE-N4EY 2.002(2)

Symmetry codes: 1-Mo7: i) -x, 1-y, 2-z; i) 1+x, y, z; iii) -, 1-y, 1-z; iv) -X, 2-y, 2-z; V) -X, 2-y, 1-z.
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The crystals packing of 1-Mo7 consists in a 3D covalent open-framework constructed
by {M07024}/{Cu(cyclam)} hybrid layers on the yz plane, that are further connected through
additional metalorganic moieties along the x-axis, generating voids in which the water
molecules of hydration are hosted (Figure 2.13). Within the same layer, each
heptamolybdate anion is linked to four neighboring clusters through four {Cu'(cyclam)}**
complexes (CulA, CulC, CulD and CulE). This arrangement generates water-filled rhombic-
like voids with a cross section of 9.1 x 10.1 A2 (interatomic distances between opposite N
atoms in the void; that is N1A--*N4E and N1C::-N1D). It should also be mentioned that the
cleft of {M07024} anions from the same hybrid layer point alternatively at either above or
below the mean plane of the layer (Figure 2.13b). These hybrid layers are further
connected through additional {Cu(cyclam)}?* metalorganic moieties (CulB) along the x-axis,
in such a way that each polyanion shows a total number of 6 complexes coordinated to its
surface. Beyond the iso-reticular tungsten-containing analogue mentioned above,?® 1-Mo7
represents the first hybrid structure based on {Mo070,4} anions reported to date that forms
an extended covalent framework and only the second example of a hybrid with transition
metal complexes coordinated to the surface of such POM besides the [3-ampH]4[{M(3-
ampy)(H20)4}M07024]-4H,0 (3-ampy = aminopyridine)** The stacking of the hybrid grids is
such that the rhombic voids result superimposed on each other generating channels where
all the water molecules of hydration are hosted. These channels are interconnected along
the [100] direction to result in a two-dimensional system of cavities as depicted in the
surface representation of the solvent accessible voids (Figure 2.14). The total solvent
accessible volume accounts for 1051 A3, which corresponds to the 30% of the total cell
volume of 1-Mo7, as calculated by PLATON software.*® Additional C—H:-O and N-H---O
interactions established between the cyclam ligand and the O atoms from the POM anions

contribute to the overall stability of the crystal packing (Table 2.3).
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Figure 2.13. (a) View of the crystal packing of 1-Mo7 along the [010] direction showing Mo1l:---Mo1l
distances and; (b) polyhedral representation of the hybrid layer in the yz plane, with approximate
dimensions of the voids. Cyclam ligand and hydration water molecules of some channels have been
omitted for clarity. Color code: Mo polyhedra, grey; Cu polyhedra, blue; O, red balls. Symmetry codes: i)
-1+x, y, z; ii) -x, 1-y, 1-z; iii) -x, 2-y, 1-z.
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Figure 2.14. Surface representation of the total accessible volume in 1-Mo7 forming channels connected
bidimensionally along the crystallographic (a) x axis and (b) y axis.
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Table 2.3. N-H---O and C—H---O interactions in 1-Mo7.

Donor—H---Acceptor D--A (A) Donor-H---Acceptor DA (A)
N1A-H1A--02A 3.102(3) C14B-H14A--01B 2.992(4)
N4A-H4A.--015 2.770(3) N1C-H1C:--O4Bii 3.115(3)
C3A-H3AB---02A 3.096(4) N4C-H4C---02B 2.835(3)
N1B-H1B---O7Bi 2.729(3) N1D-H1D---O5AVY 2.904(4)
N4B-H4B---O3B 3.161(3) N4D-H4D---014W 3.175(5)
N8B—H8B--012 2.800(3) C7D-H7DB---05B 3.188(5)
N11B-H11B---O7Wi 2.923(4) N1E-H1E---O11WV 3.070(4)
C6B-H6BB--034 3.401(4) N4E-H4E---O3A 2.816(3)
C12B-H12A--01W 3.408(12) C5E-H5EA---04BY 3.294(4)

Symmetry codes: 1-Mo7: i) -x, 1-y, 2-z; i) 1+x, y, z; iii) -x, 1-y, 1-z; iv) =X, 2-y, 2-z; V) =X, 2-y, 1-z.
SCSC transformations

Encouraged by the results from variable-temperature PXRD analyses, we tested
whether these structural transformation could be followed by scXRD. Thus, single crystals
of 1-Mo7 were heated in an oven at 50 °C for 1h and immediately afterwards, covered with
Paratone oil and mounted on the diffractometer. Unfortunately, the scXRD analyses only
allowed us to determine the unit cell parameters of 2-Mo7 (Table 2.4), which revealed that
its crystal structure could be strongly related with that of the tungstate analogue,
[{Cu(cyclam)}3(W7024)]-12H20.%° Although different crystal batches were tested, the quality
of the PXRD diffraction data was not good enough to allow the structural solution. Similar
studies were attempted on crystals of 1-Mo7 heated in an oven at 130 °C or kept under
vacuum for 1h, but with no success. In the same way, crystals of the anhydrous 3-Mo7 also

cracked in both cases.

Table 2.4. Crystallographic data for compounds 2-Mo7 and [{Cu(cyclam)}s(W7024)]-12H,0.

2-Mo7 [{Cu(cyclam)}s(W;0,4)]-12H,0
crystal system Triclinic Triclinic
space group (number) P-1(2) P-1(2)
a(A) 16.378(3) 16.0175(2)
b (A) 19.741(3) 20.1960(3)
c(A) 20.310(4) 20.5149(3)
al(°) 91.403(17) 89.9080(10)
B) 90.930(19) 96.2760(10)
7(°) 97.467(16) 84.7810(10)
v (A3) 6508(2) 6568.79(16)

These studies together with variable-temperature PXRD experiments indicate that
thermal derivatives could be analogous to those reported in the literature for the tungstate
analogue; these are [{Cu(cyclam)}3(M07024)]-12H.0 (2-Mo7) and
[Cu(cyclam)]os[{Cu(cyclam)}25(M07024)] (3-Mo07). In contrast, crystals of 1-Mo7 do not



Heptamolybdate-Metalorganic Hybrid Frameworks

retain their integrity upon heating and thus, these transitions cannot be followed by scXRD.
Despite the difficulties for the structural characterization of thermally related phases 2-
Mo7 and 3-Mo7, the faster redox processes of Mo in comparison to W could make the
anhydrous and potentially porous 3-Mo7 suitable for being used as active material in
heterogeneous catalysis or in electrochemical energy storage systems.

2.3.4. Crystal structure of 1B-Mo7

Although attempts to isolate a pure crystalline sample of 1B-Mo7 were not
successful, its structure was elucidated by scXRD experiments. Compound 1B-Mo7
crystallizes in the triclinic P-1 space group and the asymmetric unit contains one
heptamolybdate anion, 5 halves of centrosymmetric {Cu(cyclam)}** fragments accounting
for a total number of 2.5 metalorganic complexes, 5.5 lattice hydration molecules
disordered over 8 crystallographic sites and one NH4* cation disordered over two positions.
The ammonium counterion balances the charges between the [M07024]% inorganic anion
and the 2.5 {Cu(cyclam)}** metalorganic moieties, which leads to a final formula of
(NHa4)[{Cu(cyclam)}2.5(M07024)]-5.5H,0 (Figure 2.15). As in 1-Mo7, the {Mo07024} unit
presents the well-known structure of the paramolybdate anion. Regarding the metalorganic
fragments, all the cyclam ligands exhibit a trans-1ll configuration, and the Cu" centers an
axially elongated octahedral CuN4O; geometry. This Jahn-Teller distorsion is specially
remarkable for the CulB—-01B bond length, which shows values close to that of semi-
coordination (above 2.7 A) (Table 2.5).

O1A

OpBii

CulE

04A""

Figure 2.15. (a) ORTEP representation of 1B-Mo7, showing 50% probability ellipsoids, together with the
atoms labelling scheme, together with (b) polyhedral representation of the hybrid POM. Carbon atoms,
hydrogen atoms and water hydration molecules have been omitted for clarity. Symmetry codes: i) -x, -y,
-z; ii) 1-x, 1-y, 1-z; iii) -x, -y, -z; iv) 1-x, 2-y, 1-z; v) 1-x, 1-y, -z.
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Table 2.5. Cu—N bond lengths and Cu-0 distances present in the {Cu(cyclam)} complexes of 1B-Mo7.

CulA CulC
CulA-01A 2.571(9) CulC-06B 2.376(9)
CulA-O1Ai 2.571(9) CulC-O6Bi 2.376(9)
CulA-N1A 2.006(11) CulC—-N1C 1.992(11)
CulA-N4A 2.016(11) CulC-N4C 2.019(16)
CulA-N1A! 2.006(11) CulC-N1(C' 1.992(11)
CulA-N4A! 2.016(11) CulC-N4cii 2.019(16)
CulB CulD
CulB-01B 2.710(9) CulD-05B 2.430(7)
CulB-0O1Bi 2.710(9) CulD-0O5BV 2.430(7)
CulB-N1B 2.012(9) CulD-N21D 2.02(2)
CulB-N4B 2.029(11) CulD-N24D 1.98(2)
CulB-N1B' 2.012(9) CulD-N21DV 2.02(2)
CulB-N4Bi 2.029(11) CulD-N24DV 1.98(2)
CulD-N31D 2.04(3)
CulD-N34D 1.97(5)
CulD-N31DV 2.04(3)
CulD-N34DV 1.97(5)
CulE
CulE-0O4A 2.490(12)
CulE-04AY 2.490(12)
CulE-N1E 1.998(13)
CulE-N4E 1.988(14)
CulE-N1EY 1.998(13)
CulE-N4EY 1.988(14)

Symmetry codes: 1B-Mo7: i) -x, -y, -z; i) 1-x, 1-y, 1-z; iii) -x, -y, -z; iv) 1-x, 2-y, 1-z; v) 1-x, 1-y, -z.

The crystal packing of 1B-Mo7 is based on {Mo07024}/{Cu(cyclam)}** hybrid layers
parallel to the (1-11) plane, which are constituted by heptamolybdate units connected
through four octahedral {Cu(cyclam)}** metalorganic moieties (CulA, CulC, CulD and
CulE). This arrangement is similar to that observed for 1-Mo7, and once again the cleft of
{Mo07024} anions from the same sheets point alternatively at either above or below the
mean plane of the layer (Figure 2.16). In comparison to 1-Mo7, half of the bridging
complexes in the interlammellar space are missing, in such a way that each POM anion is
only linked to 5 neighbors. The bridging CulB complex binds one hybrid layer to the sheets
located above and below alternately by its coordination to the surface of contiguous
heptamolybdste units. The N-H-:O and C—H:-O type interactions established between
cyclam ligands and POM O atoms also contribute to reinforce the overall crystal packing
(Figure 2.17 and Table 2.6). The stacking of these hybrid grids along the [101] direction
generates a 3D porous network with voids exhibiting a cross section of 8.6 x 9.9 A2
(N4C---N21D and N1A---N4E distances), in which the water molecules of hydration and

ammonium counterions are hosted (Figure 2.17).
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Table 2.6. N-H---O and C-H---O interactions in 1B-Mo7.

Donor-H---Acceptor D--A (A) Donor-H---Acceptor DA (A)
N1A-H1A--02A 2.997(16) C7B-H7BB--01B 3.151(15)
N4A-H4A.--015 2.887(17) N1C—-H1C---O2Bii 2.900(14)
C2A-H2AB---015! 3.225(18) N4C-H4C---06B 3.035(19)
C6A-H6AB--0127 3.39(2) N1E-H1E--O4B 3.24(2)
N1B-H1B--012 2.730(14) N4E—HA4E--03A 2.94(2)
N4B—H4B---O3B 3.243(15) C3E—H3EAB---04BV 3.16(2)
C5B-H5BB---01B 3.260(16) C5E-H5EA---O5WV 3.37(3)
C6B—H6BA---034 3.350(17)

Symmetry codes: 1B-Mo7: i) -x, 1-y, 1-z; i) 1-x, 1-y, 1-z; iii) -x, -y, -z; iv) 1-x, 1-y, -z; v) 1+x, 1+y, z.

Figure 2.16. (a) View of the crystal packing of 1B-Mo7 along the [10-1] direction showing Mo1-:-Mo1
distances, and; (b) polyhedral representation of the hybrid layer in the (1-11) plane, with approximate
dimensions of the voids. Cyclam ligand and hydration water molecules of some channels have been
omitted for clarity. Color code: Mo polyhedra, grey; Cu polyhedra of the same layer, dark blue; Cu
polyhedra linking the layers (CulB), light blue; O, red; N, blue. Symmetry codes: i) 1-x, 1-y,-z; ii) -X,-y,-z;
i) -x, 1-y, 1-z.
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The solvent accessible void in 1B-Mo7 accounts for 843 A3, which corresponds to the
27% of the total cell volume, as calculated by PLATON software. Although the total
accessible volume in 1B-Mo7 is similar to that in 1-Mo7, the lack of one half of the
metalorganic moieties joining the contiguous hybrid layers considerably reduces the
interlammellar distance in 4 A (Mo1-+-Mo1 = 23.20 A in 1-Mo7 vs. Mo1-~-Mo1 = 19.43 A in
1B-Mo7). This contraction decreases the connectivity of the voids in 1B-Mo7, and, hence,
they only show a monodimensional character with channels running along the [101]
direction (Figure 2.18).

Figure 2.17. (a) View of the crystal packing of 1B-Mo7 along the [121] direction showing the alternating
union to the upper and lower layer, and; (b) detail of the connectivity between hybrid layers. N-H::-O
and C-H---0 interactions are depicted as dashed green and red lines, respectively.

Figure 2.18. (a) (b) Representation of the total accessible volume in 1B-Mo7 with 1D channels growing
along [101] direction and; (c) the porous framework showing the empty channels.
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2.4. CONCLUSIONS

This chapter nicely illustrates the pH-dependent aqueous equilibria of
isopolyoxomolybdates. Up to 5 different compounds can be isolated from the reaction
between a commercial heptamolybdate salt and in-situ prepared {Cu(cyclam)}** complexes
in water under mild bench conditions, which is strongly influenced by the pH of the media.
As expected, the nuclearity of the final oxoanion increases when going to acidic pH values:
compound [Cu(cyclam)][Mo0Q4]-4H,0 (MoCu) formed by chains constituted by tetrahedral
oxoanions connected through octahedral metalorganic complexes is isolated above pH >
10, whereas acidic pH < 6 conditions led the 3D robust framework [Cu(cyclam)]:[y-
MosO26]-1.5H,0, which is constituted by [MosO2s]»*" chains linked to each other through
the coordination spheres of {Cu(cyclam)}** complexes.

In contrast, reactions carried out at neutral to moderately basic conditions (pH values
in the 6-9 range) initially afford [{Cu(cyclam)}s(k-Mog027)]-14H,0 (1-Mo8) (see chapter 3). If
1-Mo8 is removed from the reaction media, further evaporation of the final solution yields
the 3D covalent framework [{Cu(cyclam)}3(M07024)]-15.5H20 (1-Mo7) as a pure crystalline
phase, whereas a second compound co-crystallizes at pH values between 6 and 8, namely,
(NH4)[{Cu(cyclam)}2.5(M07024)]-5.5H,0 (1B-Mo7). Compound 1-Mo7 is isostructural with
[{Cu(cyclam)}s(W7024)]-15.5H20,%°  but represents i) the first example of
polyoxometalate-metalorganic extended framework based on {Mo07024} anions and ii) the
second structure reported to date, in which a transition metal complex is coordinated to
the surface of the heptamolybdate cluster. The structure of 1-Mo7 consists in a stacking of
heptamolybdate-{Cu(cyclam)}?** grids with rhombic voids superimposed on each other to
generate a two-dimensional system of interconnected channels where the water molecules
of hydration are hosted. Studies on the thermostructural behavior of 1-Mo7 revealed two
thermally triggered solid-phase transitions which led to two new phases at 50 °C (2-Mo7)
and 130 °C (3-Mo7). Although crystals cracked upon heating avoiding the phase
transformation to be followed by scXRD, cell unit parameters of 2-Mo7 were determined.
These studies together with variable-temperature PXRD experiments indicate that thermal
derivatives could be analogous to those reported in the literature for the tungstate
analogue; these are [{Cu(cyclam)}3(Mo07024)]-12H,0 (2-Mo7) and
[Cu(cyclam)]os[{Cu(cyclam)}..5(M07024)] (3-Mo7). The faster redox processes of Mo in
comparison to W could make the anhydrous and potentially porous 3-Mo7 suitable for
being used as active material in heterogeneous catalysis or in electrochemical energy
storage systems. Crystals of 1-Mo7 and 1B-Mo7 cannot be visually distinguished under an
optical microscope, which prevented the full characterization of the latter compound. Thus,
only the crystal structure was elucidated by scXRD, which reveals a similar crystal packing

showed by 1-Mo7, but for the one half of the bridging metalorganic complexes in the
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interlamellar space, which are missing. Ammonium cations located in the channels
compensate the lack of positive charges. This new arrangement make hybrid layers to be
closer to each other than in the case of 1-Mo7 and thus, 1B-Mo7 only exhibits

monodimensional accessible voids.
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ABSTRACT: The hybrid compound [{Cu(cyclam)}3(k-M0sOz7)]-14H:0 (1-Mo8) (cyclam = 1,4,8,11-
tetraazacyclotetradecane) is built of an unprecedented octamolybdate cluster linked through metalorganic
complexes in a 3-dimensional covalent open framework intersected with a 3D system of interconnected water-
filled channels. Compound 1-Mo8 undergoes two sequential single-crystal-to-single-crystal (SCSC)
transformations upon thermal evacuation of water molecules to lead to two different anhydrous phases at 36
°C and 120 °C; these are [Cu(cyclam)][{Cu(cyclam)}2(A-MosO27)] (2-Mo8) and [{Cu(cyclam)}s(u-Mos0O27)] (3-Mo8),
respectively. Phase transitions do not only imply remarkable modifications in the Cu—O bonding scheme
affecting the framework dimensionality, but also the isomerization of octamolybdate anions through metal
migration. Reversible hydration of 3-Mo8 upon air exposure involves condensation of one additional water
molecule to the cluster, and hence, the well-known [y-Mos02s(OH)2]¢ anion can be found in [{Cu(cyclam)}s{y-
Mos026(0OH)2}]-11H20 (4-Mo8), which dehydrates below 120 °C without any apparent significant change in its
unit cell parameters to lead to the third anhydrous phase 6-Mo8. In contrast, 2-Mo8 rapidly hydrates to form
[{Cu(cyclam)}s(k-Mos0O27)]-13H20 (5-Mo8), which displays unit cell parameters similar to those in 2-Mo8, but
with the same octamolybdate cluster as that in 1-Mo8. It is worth highlighting that i) the system is able to
undergo four sequential SCSC transformations; ii) three of the octamolybdate clusters have never been observed
before; and iii) up to three different microporous phases with accessible voids can be isolated from the parent
compound. These accessible voids have proved to adsorb C1 and C2 gases at high temperatures (273 and 298
K), as well as to be able to selectively adsorb CzHs over C2Ha. Results from water vapor sorption analyses are in
good agreement with structural transitions and show high cyclability, as well as, some of the highest uptake
values reported to date for POM-based systems. The isotherms display an abrupt adsorption capacity at 20-30%
relative humidity level that could be potentially desirable for humidity control devices in confined spaces.
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3.1. INTRODUCTION

As already reviewed, the most common polyoxomolybdate (POMo) clusters isolated
from aqueous solutions are the {M07024]% anion previously studied in Chapter 2, and the -
form of the octamolybdate [MosO2s]* cluster. Since Schwing-Weill and Arnaud-Neu
reported the first evidence of octamolybdate anion in 1970,' the number of {MogO2s}
isomers has grown up to nine different clusters reported in literature; a, 8, 5, 6, €, {, n, 6
and -{MosO2¢}.2 The S-form has been the most studied one due to its stability in aqueous
solution, and is the only isomer presenting an octahedral coordination in all the addenda
atoms forming a compact structure with a Con symmetry in which the eight {MoOs} units
are linked by edge-sharing. In aqueous solutions, this isomer is in equilibria with the a-
form, which consists on a six member ring of octahedral {MoQs} units bicapped in opposite
faces by two {Moa} tetrahedra with a D3g symmetry. These two co-existing clusters are the
most important and common ones that can be isolated from aqueous solution. The
interconversion between these two cluster revealed a third isomer () as an intermediate
between o and f-forms, which consists on a six edge-sharing MOs octahedra and two
square pyramids on the sides.? Despite the vast variety of structural isomers reported to
date for [MosO26]* octamolybdate anions, only the y form has been observed stabilized
either by protonation, leading to the oxygen-rich [MosO2(OH)2]® anion,* or by
polymerization,® resulting in {MogO27}» and {MosO2s}n chain-like assemblies depending on
the number of corners shared to polymerize. However, this isomer has not been able to be
isolated from aqueous solution.

The remaining isomers can be individually isolated in solid state only as hybrid
compounds by coordination of the cluster to metalorganic moieties. In fact, Zubieta and co-
workers were able to synthetize all the isomers under hydrothermal conditions and the
presence of a transition metal containing metalorganic complex. The o-isomer is
constituted by four MOg octahedra and four MO4 tetrahedra in an arrangement similar to
that found in the a-isomer, except that the six-member ring is formed by four MQOs
octahedra linked by corner-sharing to two MQ4 square pyramids. The open structure of the
e-{MsgOz6} consists of two {Mo03011} square pyramid arrangement linked by edge-sharing
through two MOg octahedra. The next isomer, known as -{MoOz¢}, contains two pairs of
octahedra {Mo0,010} units and two pairs of {M0,0s} square pyramid units, all of them linked
by edge-sharing. The last four clusters (y, o, €, {) exhibit a C; symmetry in solid state. The
next n-{MosOzs} cluster shows an arrangement similar to that of a-form, but in this case,
the six-member ring of octahedral MOg units is capped on either faces by corner-sharing by
MoOs square pyramids instead of two tetrahedra. In addition, the G-isomer is the only one
exhibiting three different molybdenum polyhedra. This cluster consists on a ring of four

MoOs octahedra and two MoOs square pyramids bicapped by tetrahedral MoOs units
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linked by corner-sharing. Recently, the last isomer known as (-{MosQO2s} has been reported.
This cluster is better described as a six-member ring formed by five {MoQOs} units and one
{MoO0a} tetrahedra, which is further capped via corner-sharing on either sides of the plane
by two additional {MoOa4} subunits. Figure 3.1 and Table 3.1 complies all the isomers
together with the three unprecedented clusters synthetized in this work by stabilization
with metalorganic {Cu(cyclam)} complexes. These three new octamolybdate clusters will be
described in detail along this chapter.

Table 3.1. List of the polyhedral components of the octamolybdate isomers reported to date.

Isomer Polyhedra Oxo-group types Ref.
a-MogOa6* 6 octahedra, 2 tetrahedra 14t, 62, 6° (6]
B-MogO26* 8 octahedra 14t, 6p2, 43, 2u° [6]
~MosO26* 6 octahedra, 2 square pyramids (Type A) 14t, 10p?, 23 (6]

7#M0g026(0H)2* 8 octahedra 16t, 10p?, 23 [7]
5-MosO26+ 4 octahedra, 4 tetrahedra 14t, 10p?, 23 (6]
£-MosOa26* 6 square pyramids, 2 octahedra 16t, 4p2, 63 (6]
{-Mog026* 4 octahedra, 4 square pyramids 14t, 62, 63 (6]
n-MogO2* 6 octahedra, 2 square pyramids (Type B) 14t, 4p?, 83 [8]
6-MogO26* 4 octahedra, 2 square pyramids, 2 tetrahedra 14t, 82, 43 [8]
-MogOa6* 5 octahedra, 3 tetrahedra 14t, 8p?, 43 [9]
k-Mos027% 7 octahedra, 1 square pyramid 14t, 9u?, 13, 3t This work
A-Mos027% 7 octahedra, 1 tetrahedra 14t, 9u?, 23, 2t This work
1-Mog027% 7 octahedra, 1 tetrahedra 15t, 82, 23, 2u? This work

Figure 3.1. Polyhedral representation of the octamolybdate isomers reported to date.
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3.1.1. Octamolybdate-based hybrid compounds

From the analysis of octamolybdate cluster containing hybrids on the Cambridge
Structural Database (CSD),%° a total of 723 hits revealed the great attention that {MosO2e}
anions have attracted in comparison to the small amount of hybrids found for
heptamolybdate-based hybrid structures. From the long list of extended structures based
on octamolybdate units and transition metal metalorganic complexes, more than the 72%
of structures contain the [-{MosgO2s} form. Reaction of f-isomer with transition metal
containing complexes of N-donor ligands has led to structures with different
dimensionalities that ranges from molecular 0D hybrids, to extended structures formed by
hybrid chains, layers of 3D networks (Figure 3.2).}' The covalent coordination of
metalorganic complexes to octamolybdate anions has enhanced the potential application
of this hybrids in fields such as electrocatalysis for water oxidation'? or reduction of
nitrile,'3 or photocatalytic activities.'* Molecular hybrids containing 4f-metals have also
been briefly studied.'® Similar results can be found for a- and j<isomers which stand for
around the 20% of the total octamolybdate-containing organic-inorganic hybrids.'® It
should be mentioned that some of these structures contain both isomers at the same

time.”

Regarding the remaining isomers, less than 10% of hybrid structures found in
literature are based on 6, €, {, n and @ isomers. For example, the [{Cus(dmatrz)s}{6-MogO26}]
(dmatrz= 3,5-dimethyl-4-amino-1,2,4-triazole)*® represents the first hybrid structure
assembled by {6-MogO26} units. On the contrary, the first hybrid containing the e-isomer
was reported in 1997 as the [{Ni(H20)2(4,4’-bpy).}2{e-M0s026}] (bpy = bipyridyl)'® as a
polymeric scaffold formed by anionic {Ni(H20)2(4,4’-bpy).2} cations which are covalently
linked by octamolybdate units to form a 3D covalent framework. It should be highlighted
the pioneering work carried out by Zubieta and co-workers in the study of such structures
In a similar way, the Z-isomer is found in the [{Cu(tpyrpyz)}2{{-Mo0g026}]-7H20 (tpyrpyz =
tetra-2-pyridylpyrazine)?° hybrid as -MogO2s units covalently link {Cux(tpyrpyz)}-chains
leading to a tridimensional network. Only one organic-inorganic hybrid has been reported
for n-MogQO36 which consist in monodimensional chains constructed by the assembly of
discrete n-octamolybdate clusters though {Cu(t-Buzbpy).} units (t-Buzbpy = 4,4’-di-tert-
butyl-2,2’-bipyridine).?! The bidimensional arrangement between @-octamolybdate and
{Cu(L)} (L = 3-((1H-imidazol-1-yl)methyl)pyridine) complexes,?? and the interpenetrated
[Cu"(bth)2(0-M0g026)os]-H.0  (bth = 1,6-bis(1,2,4-triazol-1-yl)hexane) 3D network?3
represents the only two examples of hybrid structures containing the 8-isomer. In contrast,

no hybrid structures have been reported yet constructed by the -MosO2s isomer.

It should be mentioned that all the previous examples consist on octamolybdate

anion covalently linked exclusively to N-donor ligands, mainly, organoimine-, triazol- and
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pyridine-derivatives. Nevertheless, only few examples of hybrids containing N,O-donor or
O-donor ligands have been found in literature.?*

2D — [Cu(mim),],[a-MogO,]

0D — [Cu(imi),]4[7*M0gO,]

1D — [Co(L),(A-MogO46)]

Figure 3.2. Some examples of {MogOs}-isomer-containing hybrids. L = N-(quinolin-5-yl)-1H-pyrazole-3-
carboxamide}; mim = 1-methylimidazole; imi = imidazone.

3.2. EXPERIMENTAL SECTION

3.2.1. Synthesis
General synthetic procedure

[{Cu(cyclam)}s3(k-Mo0sO,7)]-14H,0  (1-Mo8). The pH of a mixture of
(NH4)s[M07024]-4H,0 (0.124 g, 0.1 mmol), Cu(OAc): (0.054 g, 0.3 mmol) and cyclam (0.060
g, 0.3 mmol) in water (25 mL) was adjusted to a value of 6.5 with aqueous 1M NaOH. The
solution was then stirred for 1h at room temperature, transferred into a Teflon-lined
autoclave, and kept at 140 °C for 72 h in an oven. After slowly cooling to room temperature
for 48 h, purple prismatic single crystals of 1-Mo8 were isolated by filtration and washed
with water. Yield: 7 mg, 4% based on Mo. Elem. Anal. Calcd. (%) for C3oH100Cu3sN12M070a41:
C, 16.05%; H, 4.46%; N, 7.49%. Found: C, 15.49%; H, 4.58%; N, 7.00%. IR (cm™): 3229 (w),
3165 (w), 2934 (w), 2864 (w), 1474 (w), 1453 (w), 1443 (w), 1437 (w), 1430 (w), 1387 (w),
1383 (w), 1312 (w), 1292 (w), 1255 (w), 1235 (w), 1105 (m), 1075 (m), 1063 (m), 1017 (m),
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1009 (m), 963 (s), 936 (m), 926 (m), 917 (m), 897 (vs), 883 (vs), 842 (s), 638 (m), 578 (w),
473 (w), 439 (w), 409 (w).

To obtain bulk polycrystalline samples, a solution of Cu(OAc), (0.054 g, 0.3 mmol) and
cyclam (0.060 g, 0.3 mmol) in water (15 mL) was added dropwise to an aqueous solution
(15 mL) of (NH4)s[M07024]-4H,0 (0.124 g, 0.1 mmol). After adjusting the pH to 6.5, the
mixture was heated at 100 °C for 1 h. The resulting purple solution was filtered and 1,4-
dioxane (1 mL) was added. Compound 1-Mo8 was isolated upon room-temperature
evaporation for 4 days and identified as a pure crystalline phase by PXRD (Figure 3.3). Yield:
30 mg, 15% based on Mo.

[Cu(cyclam)][{Cu(cyclam)},(A-Mos027)] (2-Mo8); [{Cu(cyclam)}s(u-MosOz7)] (3-Mo8);
[{Cu(cyclam)}3{y-MosO26(OH)2}]-11H.0 (4-Mo8) and; [{Cu(cyclam)}3(k-MosO27)]-13H,0 (5-
Mo8).The anhydrous phases 2-Mo8 and 3-Mo8 were obtained by heating a sample of 1-
Mo8 in an oven for 1 h at 50 °C or 120 °C, respectively. The hydrated phase 4-Mo8 was
isolated by exposing crystals of 3-Mo8 to air for 9 days, whereas 5-Mo8 is rapidly obtained
in ca. 1 h from 2-Mo8 under similar conditions.

3.2.2. Single-crystal X-ray crystallography

Crystallographic data for compounds 1-Mo8-5-Mo8 are given in Table 3.2. Intensity
data were collected on an Agilent Technologies Supernova diffractometer equipped with
monochromated Mo Ka radiation (A = 0.71073 A) and an Eos CCD detector for all phases
but 5-Mo8. For the latter, the data collection was carried out under monochromated Cu Ka
radiation (A = 1.54184 A) and Atlas CCD detector. Data collection temperatures for
hydrated phases were 100 K (1-Mo8 and 5-Mo8) and 150 K (4-Mo8). Measurements for the
anhydrous 2-Mo8 were performed at 293 K, whereas for 3-Mo8, single-crystals were first

heated to 393 K, and then quenched to 100 K to perform the full data acquisition.

Thermal vibrations for all of the atoms except oxygen atoms belonging to water
molecules were treated anisotropically in 1-Mo8, 2-Mo8 and 3-Mo8 whereas anisotropic
treatment had to be restricted to heavy atoms (Mo and Cu) and POM oxygen atoms only in
4-Mo8 and 5-Mo8. Hydrogen atoms of organic ligands were placed in calculated positions
using standard SHELXL parameters. Some of the thermal ellipsoids from the lighter atoms
(C and N) were restrained using ISOR- and SIMU-type commands from SHELXL, whereas C—
C and C-N bond lengths were normalized using SADI and DFIX. Different crystallographic
positions suitable for water molecules of hydration were located in the Fourier maps of 1-
Mo8, 4-Mo8 and 5-Mo8, their occupancies being initially refined without restrictions to be
fixed to the first decimal in the last refinement cycle. This resulted in a total number of 14

water molecules delocalized over 20 sites for 1-Mo8, 6 over 9 sites for 4-Mo8 (the
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asymmetric unit displays one half of the formula), and 13 over 16 sites for 5-Mo08. The
anhydrous structures show large accessible voids, which account for 24 and 23 % of the
unit cell volume for 2-Mo8 and 3-Mo8, respectively. According to PLATON, the location and
volume of these voids are as follows: one void at x,y,z =0, 0, 0 in 2-Mo8, accounting for 824
A3; two voids at x,y,z = 0, 1/4, 2/3 and 0, 3/4, 1/3 in 3-Mo8, which account for 784 and 775
A3, respectively.

Table. 3.2. Crystallographic data for 1-Mo8, 2-Mo8, 3-Mo8, 4-Mo8 and 5-Mo8.

1-Mo8 2-Mo8 3-Mo8 4-Mo8 5-Mo8
. C3oH100CusMos | CaoH72CusMos | CsoH72CusMos | CsoHosCusMos | CzoHssCusMos
empirical formula N12041 N12027 N12027 N12039 N12040
fw (g molY) 2243.35 1991.13 1991.13 2207.32 2225.34
crystal system Monoclinic Triclinic Monoclinic Triclinic Triclinic
Space group P21/n (14) P-1(2) P21/n (14) P-1(2) P-1(2)
(number)
a(R) 17.0889(4) 12.4703(5) 17.3830(7) 12.465(2) 12.2304(5)
b (R) 17.6476(4) 16.1004(6) 18.1282(9) 12.722(2) 17.1665(6)
c(R) 25.4652(6) 17.4477(7) 22.8519(12) 12.7592(13) 17.5702(7)
a (deg) 90 87.866(3) 90 104.113(11) 87.179(3)
 (deg) 98.496(2) 88.813(3) 109.520(6) 95.540(11) 87.928(3)
y(deg) 90 76.859(3) 90 107.474(15) 83.282(3)
vV (R?) 7595.5(3) 3408.7(2) 6787.3(6) 1839.9(5) 3657.4(2)
Z 4 2 4 1 2
Peatca (g cm’3) 1.962 1.940 1.949 1.992 2.021
u (mm) 2.186 2.408 2.419 2.253 12.589
reflns collected 56439 27996 53807 11585 25344
unique reflns (Rint) | 15720 (0.065) | 14107 (0.056) | 13706 (0.114) | 7050 (0.069) | 13033 (0.041)
observed refins 11755 10156 9271 4979 11265
[1>20(1)]
Params (restrains) | 861 (144) 727 (30) 724(0) 308 (58) 791 (114)
R(F)? [1 > 20(1)] 0.061 0.068 0.090 0.196 0.115
wR(F?)® (all data) 1.168 0.193 0.227 0.523 0.300
GoF 1.066 1.064 1.162 1.156 1.123

3.2.3. Gas sorption and dynamic vapor sorption (DVS) experiments

The samples were first thermally activated at 50 °C (2-Mo8) and 120 °C (3-Mo8), and
then, degassed under vacuum and at the same temperature for 4 h prior to gas sorption
experiments. The PXRD analyses of the degasified samples demonstrated that the
structures of the anhydrous phases retain crystallinity and remain unmodified after being
exposed to vacuum conditions. Nitrogen isotherms were recorded at 77 K whereas carbon
dioxide isotherms were acquired at 195 K. The specific surface areas were calculated from
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the N; adsorption branch using the Brunauer-Emmet-Teller (BET) method? and considering

the consistency criteria for microporous materials.

Dynamic water vapor sorption studies were conducted using a DVS Endeavor Surface
Measurement System device, which gravimetrically measures the uptake and loss of vapor.
Samples of 1-Mo8 were thermally activated at 50 (2-Mo8) and 120 °C (3-Mo8) for 1 h
before performing the sorption experiments from 0 to 95% Relative Humidity (RH) in 5%
incremental RH steps. The sequential steps were controlled with an equilibrium criterion of
dm/dt = 0.05 % min’. The temperature was maintained constant at 298 K by enclosing the
system in a temperature-controlled incubator, and pure water was used as adsorbate. After
reaching a RH level of 95%, this parameter was then decreased in a similar manner to
achieve a full adsorption/desorption cycle. Two complete adsorption/desorption cycles
were run for 2-Mo8, and three for 3-Mo8. Kinetics were monitored under a constant air
flow of 30 % and 60% RH, whereas 100 adsorption/desorption cycles of 15 min were used
for stability studies under a constant airflow of 60 % RH.

3.3. RESULTS AND DISCUSSION

3.3.1. Synthetic considerations

In the course of our systematic studies on the assembly of isopolyoxomolybdates
with {Cu(cyclam)}?*, strong pH dependences of the resulting hybrid frameworks were found
(Chapter 2). Conditions close to neutrality (pH = 6.9 to 8.5) in the aqueous system formed
by a combination of commercial ammonium heptamolybdate and the in-situ prepared
{Cu(cyclam)}** complex in a stoichiometric 1:3 ratio yielded to a purple crystalline powder
in yields lower than 1% after slow evaporation of the final solution at room temperature for
two weeks. The FTIR spectrum of 1-Mo8 revealed a collection of bands ascribed to the
{Cu(cyclam)}** complex?® in the organic region of the spectrum above 1100 cm™ and
characteristic signals of the inorganic building-block below this wavenumber, which
considerably differ from those of the heptamolybdate and the -Mosg species well-known to
predominate in solution at these conditions, thereby suggesting the presence of a novel
polyoxomolybdate (Figure 3.3). In order to decrease the solubility, 1,4-dioxane was added
in the last step to the reaction carried out at pH = 6.5. This synthetic modification did not
change the nature of the final product according to FTIR and PXRD analyses (Figure 3.3), but
shortened the crystallization time to 3 days and substantially increased the reaction yield to
ca. 15 %.
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However, the above crystals were not suitable in size for their structural
characterization via single-crystal X-ray diffraction (sc-XRD), and hence, hydrothermal
methods were selected as an alternative route to improve the crystallization process. The
solution at pH 6.5 was stirred for 1 h at room temperature, transferred into a Teflon-lined
autoclave, and kept at 140 °C for 72 h in an oven. Fortunately, the harsh conditions of this
synthetic method allowed us to isolate purple prismatic crystals of 1-Mo8 suitable for sc-
XRD analyses, the FTIR spectrum and PXRD pattern of which fits well with those obtained
for the polycrystalline samples described above (Figure 3.3).

(NH,)s[M0,0,,1-4H,0 (b) ‘

pH=6.5

Hydrothermal route
Calcd. 1-Mo8

Hydrothermal route

T T T T T T 1 T i T T
1600 1400 1200 1000 800 600 400 5 o 15,00 el e
v(c °)

m1)

Figure 3.3. Comparison between (a) the FTIR spectrum and (b) PXRD pattern of the ammonium
heptamolybdate precursor (black) and those registered for 1-Mo8 i) synthesized under mild bench
conditions, followed by the addition of 1,4-dioxane as precipitating agent (green), ii) without the
addition of 1,4-dioxane (blue); and, iii) single-crystals obtained by the hydrothermal route (red).

3.3.2. Thermostructural behavior

Thermal stability of 1-Mo8 was first investigated by a combination of
thermogravimetric/ differential thermal analyses (TGA/DTA) and variable temperature
PXRD. The TGA curve evidences that the thermal decomposition of 1-Mo8 occurs via three
well-defined stages (Figure 3.5a). The first thermal event goes from room temperature to
ca. 100 °C and corresponds to the endothermic loss of 14 H,0 molecules per Mos unit (m%,
calcd. 88.8 %; found 88.5 %). The resulting anhydrous form displays a significant thermal
stability range that extends up to ca. 230 °C, which is followed by a second mass loss
associated with the combustion of the organic ligands and the breakdown of the POM
framework (calcd. 26.7 %; found 26.3 %). PXRD analyses (Figure 3.4) proved that the final
residue at 540 °C corresponds to a mixture of orthorhombic Pbnm MoOs (PDF: 01-076-
1003) and triclinic P-1 CuMoQ4 (PDF: 01-073-0488) in an approximate 5:3 ratio, in good
agreement with the observed mass percentage values (calcd. for CusMog0O,7 62.0 %; found
62.2 %).
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Figure 3.4. Identification by PXRD analyses of the final residue from the thermal decomposition of 1-
Mo8 into MoOs and CuMoOsa.

To explore the thermostructural behavior of framework 1-Mo8 (i.e. whether it shows
crystallinity retention over amorphization with increasing temperature, and in the former
case, whether it displays framework dynamism vs robustness) variable temperature PXRD
patterns were recorded from room temperature to 600 °C every 20 °C (Figure 3.5b). Results
showed that our hybrid is able to retain crystallinity throughout the whole dehydration
process and beyond up to 230 °C, in line with the thermal stability range found in the TGA
curve. Upon heating, compound 1-Mo8 rapidly transforms into a new crystalline phase (2-
Mo8) as indicated by major modifications in both positions and relative intensities of the
main diffraction maxima. In particular, the two intense maxima at 20 = 7.1 and 7.4°
positions split into three different signals located at 7.3, 7.5, and 7.7° for 2-Mo8 (Figure
3.5¢). It is also worth mentioning the fact that the maxima at 10.5° vanish upon structural
transition and new signals can be observed at 26 = 11.3, 22.5, and 23.2°. Considering that
this transformation takes place at values close to room temperature, additional PXRD
patterns were collected from 30 to 46 °C every 2 °C to explore this phase transition in depth
(Figure 3.5d). These experiments revealed that 2-Mo8 is already fully formed at 36 °C, and
according to the TGA curve from 1-Mo8, could be thought to correspond to a partially
dehydrated phase. However, no mass loss associated with the release of water molecules
was observed in the thermogravimetric analyses carried out for a crystalline sample of 1-
Mo8 previously kept in an oven at 40 °C for 1 h to ensure its full conversion into 2-Mo8.
This fact confirms i) the slow kinetics governing the removal of guest solvent molecules
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from 1-Mo8, and ii) the anhydrous nature of 2-Mo8. Compound 2-Mo8 keeps stable until
110 °C, but undergoes an additional transition above this temperature, transforming in turn
into a high-temperature second anhydrous phase (3-Mo8), as indicated by the emergence
of a new pair of most intense maxima at 7.4 and 7.8° with an approximate 3:1 intensity

ratio.
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Figure 3.5. (a) TGA/DTA experiments; (b) variable-temperature powder X-ray diffraction patterns of 1-
Mo8 in the 30-320 °C range, and; (c) comparison between the experimental patterns for 2-Mo8 and 3-
Mo8 and those simulated from sc-XRD data.

3.3.3. Crystal structure of 1-Mo8

Compound 1-Mo8 crystallizes in the monoclinic space group P2i/n with an
asymmetric unit containing one [k-Mog0O7]-octamolybdate anion (k-Mo8), a total of three
{Cu(cyclam)}** complexes, of which two (CulA and CulB) located in general positions and
another two on centers of symmetry (CulC and Cu2C), and 14 water molecules of
hydration disordered over 20 crystallographic sites (Figure 3.6). The k-Mo8 anion is
unprecedented, thereby enlarging the current catalog of octamolybdate clusters in the
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literature (Table 3.1). It can be best described as one {M04016} tetramer and one {Mo03013}
trimer fused together by sharing one face and one corner between MoOs octahedra. The
eighth Mo-metal center exhibits square pyramidal geometry and being connected to the
tetramer by edge-sharing and to the trimer by sharing two corners (Figure 3.6b). It is worth
remarking that face-sharing octahedra have never been observed in any of the
octamolybdate species reported to date, which to our knowledge comprise up to nine
different structural isomers for the [MosO26]* anion, namely a, 8, 7, 6, €, , n, 6 and ,*° and
a single isomeric form () for the oxygen-rich {MosO2s}®" counterpart. Despite the huge
variety of MoOx units (x = 4-6) and polyhedral connectivity shown in Table 3.1 for
octamolybdate isomers, the face-sharing feature of k-Mo8 remarks on its structural
novelty.

&/

Figure 3.6. (a) ORTEP representation of 1-Mo8, showing 50% probability ellipsoids, together with the
atom labelling scheme The C and H atoms, as well as water molecules of hydration have been omitted
for clarity. Color code: Mo, light grey; Cu, blue; O, red; N, green. Symmetry codes: i) 1/2-x, 1/2+y, 3/2-z;
ii) 3/2-x, -1/2+y, 3/2-z; iii) 1/2-x, -1/2+y, 3/2-z; iv) 1-x, 1-y, 2-z; v) 3/2-x, 1/2+y, 3/2-z; vi) 1-x, 1-y, 1-z. (b)
Polyhedral representation of the k-Mo8 anion in 1-Mo8, together with the atom labelling scheme. The
{Mo040O16} tetramer and {Mo3013} trimer are highlighted in pink and light blue, respectively, whereas the
pentacoordinated center is represented in ball & stick in a translucent grey polyhedra.

All Cu" centers from {Cu(cyclam)}** complexes display octahedral CuN4O;
coordination geometry with the N atoms of the cyclam ligands in equatorial positions and
terminal Opom atoms occupying both axial positions. Significant Jahn-Teller distortions are
present in all complexes, the longest CulA—Opom bond length of 2.876(5) A being close to
that of semi-coordination (Table A3.1 in Appendix 3). The crystal packing of 1-Mo8 (Figure
3.7) consists of a 3-dimensional covalent open-framework in which hybrid layers of k-Mo8
clusters linked to four neighbors through four bridging complexes (CulA, CulB, CulC and
Cu2C) can be identified in the crystallographic (1-10) plane (Figure 3.7b). This pattern
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results in rhombic-like grids with two types of voids arranged alternately along the
crystallographic z axis and with adjacent k-Mo8 anions pointing their {MoOs} unit at
opposite sides of the layer midplane. Such grids are further connected through
coordination of two additional octahedral complexes (CulA' and CulB', see Figure 3.7 for
the symmetry codes) to result in a 3-dimensional covalent architecture in which multiple C—
H---Opom and N—H---Opom contacts established between cyclam ligands and POM surfaces
play a relevant reinforcing role (Table A3.2 in Appendix 3).

1 '

iy

Figure 3.7. (a) Packing of 1-Mo8 along the crystallographic z axis with the {MoOs} polyhedra of k-Mos
highlighted in dark gray, the {CuN4O3} octahedra of the complexes in blue and Ow atoms depicted as red
spheres. The C, and H atoms are omitted for clarity. Symmetry codes, i) 1/2-x, -1/2+y, 3/2-z; ii) 3/2-x,
1/2+y, 3/2-z. (b) Projection of a hybrid layer in 1-Mo8 parallel to the (1-10) plane. (c) Surface
representation of the water-filled, interconnected channels in the crystal packing of 1-Mo8 in the [1-10]
direction.
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This open-framework architecture exhibits a 3-dimensional system of intersected,
water-filled channels made of globular wide cavities located at the space between 8
neighboring clusters and connected through narrow necks defined by 4 neighboring
complexes. These channels run along the crystallographic [001], [1-10] and [110] directions,
their necks show cross-sections of ca. 9.7 x 9.1 and 9.6 x 9.2 A (interatomic distances
between opposite N atoms of the grid voids), and their total solvent accessible volume
accounts for 32 % of the unit cell volume as calculated by PLATON (Figure 3.7c).?’

3.3.4. SCSC transformations upon heating: isomerization of octamolybdate anions

To determine the structural changes that the aforementioned thermally-triggered
transitions imply, scXRD experiments were conducted on crystals of 1-Mo8 heated for 1h at
50 and 120 °C in an oven to ensure full transformation into the anhydrous 2-Mo8 and 3-
Mo8 phases, respectively. Crystals were mounted on the diffractometer previously set at
such temperatures, unit cell parameters were registered to confirm the transformation and
to check for any potential cracking or twinning, and samples were afterwards quenched
down to 100 K to get diffraction data sets of the best possible quality.

Removal of water molecules at 50 °C provokes a decrease of the total unit cell volume
to less than one half in comparison to 1-Mo8, which is associated to the reduction of the
total symmetry to the triclinic P-1 space group. Unit cell parameters of 2-Mo8 are similar to
those of the parent hydrated phase except for the a dimension which is one half of ¢
dimension in 1-Mo8. Now the asymmetric unit contains one [A-Mo0g0,7]%(A-Mo8) cluster
and a total of three {Cu(cyclam)}** moieties; one of them located in a general position
(CulC) and four halves of centrosymmetric complexes (CulA, Cu2A, CulB, Cu2B) (Figure
3.8).

Table 3.3. Mo---Mo distances (A) in 1-Mo8, 2-Mo8, 3-Mo8, 4-Mo8, and 5-Mo8.

1-Mo8 2-Mo8 3-Mo8 4-Mo8
Mo1---Mo5 3.949 3.204 3.192
Mo2---Mo5 3.943 4.054 4.266
Mo3---Mo4 4,023 3.242 3.217
Mo3---Mo5 3.085 3.381 3.453
Mo3---Mo6 3.919 4.027 4.402
Mo7--Mo3 3.975 3.787 3.228
Mo7---Mo5 3.433 3.648 3.388
Mo7--Mo6 3.258 3.717 3.291
Mo8---Mo2 3.666 3.685 3.658 3.317 Mo4---Mo2
Mo8---Mo3 3.994 4.466 4.724 3.401 Mo4---Mo3
Mo8---Mo5 3.450 4.016 4.972 5.733 Mo4---Mo1l
Mo8---Mo7 3.209 3.418 4.397 3.869 Mo4:--Mo1'
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The octamolybdate cluster undergoes a k to A isomerization upon structural
transition. This isomerization implies rupture of the face-sharing connection between
{Mo04016} and {Mo3013} fragments observed in the k-form and formation of the edge-
sharing {Mos022} moiety exhibited by the new A-type anion, which is similar to the cap
displayed by the well-known [B-MosO26]® anion (Figure 3.8). This process involves the
rupture of two Mo—u20 bonds and consequent modifications, as follows: i) the seventh
{MoOe¢} octahedron goes from exclusively sharing edges in the k-form to exclusively sharing
corners in the A isomer, and ii) the eighth metal-oxo unit decreases its coordination number
from five to four (tetrahedral geometry) and is linked to each of the fragments above by
sharing one corner. These rearrangement involves solid-state migration of some metal
centers within the cluster skeleton (Table 3.3).

) ulC
04" g

Figure 3.8. (a) ORTEP representation of 2-Mo8, showing 50% probability ellipsoids, together with the
atom labelling scheme The C, and H atoms, as well as water molecules of hydration have been omitted
for clarity. Color code: octahedral Cu, blue, square planar Cu, light blue. Symmetry codes: i) -1+x, vy, z; ii)
1-x, -y, -z; iii) 1-x, 1-y, -z; iv) 1+x, y, z; v) 1-x, 1-y, 1-z. (b) Polyhedral representation of the A-Mo8 anion in
2-Mo8, together with the atom labelling scheme. Color code: {Mo0s0O2,} hexamer, lilac; additional
{Mo0Oeg}, pink; tetracoordinated {Mo0Q4}, grey polyhedra.

With regard to the crystal packing of 2-Mo8, hybrid layers in the (01-1) plane are
analogous to those described for 1-Mo8 with each A-Mo8 unit linked to four neighboring
clusters through four bridging metal complexes to result in a rhombic-like grid. However,
two distinct cavities very distinct in size can be defined in 2-Mo8: those delimited by CulB
and CulC complexes, which are comparable in size to the voids in 1 (9.2 x 9.4 A), and those
delimited by Cu2A and CulC complexes with much smaller dimensions of 7.5 x 8.6 A (Figure

3.9). The connection between these sheets is also different in comparison to 1-Mo8,
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because only one half of the {Cu(cyclam}?* complexes located in the intralamellar space
retain their axially elongated octahedral geometry (Cu2B), whereas the other half becomes
square planar (Figures 3.10 and 3.11). The latter CulA complexes lose their character as
covalent linkers [CulA---OPOM: 3.446(7)A], but still play a significant role in stabilizing the
stacking of hybrid grids by establishing massive hydrogen bonding with tetrameric faces of
A-Mo8 clusters from adjacent sheets (Figure 3.10 and Table A3.2 in Appendix 3). The
connection between interlamellar cavities located at the space among clusters is disrupted
through the necks involving CulA and Cu2A fragments; hence, the 3-dimensional solvent-
accessible network found in 1-Mo8 is dismantled in 2-Mo8. Those cavities nevertheless
remain connected through strings of alternate wider and narrower necks arranged along
the crystallographic y axis in zig-zagging mode, giving rise to a porous system of parallel
individual channels that diagonally intersect the stacking of hybrid layers (Figure S14).
These pores are obviously empty in 2-Mo8 and correspond to 24 % of the unit cell volume
according to PLATON (Figure 3.9c).

Figure 3.9. (a) View of the crystal packing of 2-Mo8 along the crystallographic x axis. (b) Projection of
hybrid layers in 2-Mo8 parallel to the (01-1) plane. Surface representation of interconnected solvent
accessible channels in the (c) x axis, and (d) [01-1] direction.
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Figure 3.10. (a) Connectivity between contiguous layers in 2-Mo8 via C—H---O and N-H--O type contacts
established between interlamellar {Cu(cyclam)}?** complexes and tetrameric faces of the Mo8 fragments.
(b) Intralamellar contacts in 3-Mo8. N—H:-:Opom and C—H---:Opom contacts are depicted as dashed red and
green lines, respectively. Symmetry codes: (a) i) x, -1+y, z; (b) i) %4-x, -1/2+y, ¥-z; ii) 1-x, 1-y, -z.

1-Mo8 2-Mo8 3-MoS8 4-Mo8 5-Mos8
CulAll
CulAl?
CulAl® (sq pl) CulAl! | CulAll
Cu2A56 | Cu2A5®6
CulB?? CulB?$
CulB?? CulB22
Cu2B77 Cu2B’-7
Culcss CulCs4
CulC4® | CulC®® | Culc**
Cu2C8s Cu2Cs8
CuN,0, N,O CuN,

Square planar
(sq pl) Cu?*

Figure 3.11. Coordination geometries and equivalences of the {Cu(cyclam)}** complexes found in
compounds 1-Mo8, 2-Mo8, 3-Mo8, 4-Mo8 and 5-Mo8, indicating linkage sites to Mo8 anions as
superscript. Color code: Cu, blue spheres; O, red spheres; N, green spheres; C, black sticks.

Square pyramidal
(sq pyr) Cu?

Octahedral Cu?*

When crystals are heated at higher temperatures, a second anhydrous phase (3-Mo8)
is obtained, which crystallizes in the same monoclinic group as 1-Mo8 with similar unit cell
dimensions, but a different S angle. The a and b dimensions are lengthened in ca. 0.5 A
when going from 1-Mo8 to 3-Mo8, whereas c¢ is shortened as much as 2.5 A. The
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asymmetric unit in 3-Mo8 (Figure 3.12) contains one [u-Mog027](u-Mo8) cluster and a
total of four {Cu(cyclam)}?** moieties; two of them located in a general position (CulA and
CulB) and two halves of centrosymmetric complexes (Cu2A, CulC). Phase transition
involves further isomerization of the Mos cluster to the u isomer (Figure 3.12b), which
exhibits the {Mo07024} fragment of the [-Mo0s026]® anion, with a highly distorted {MoOg}
unit originating from that which only exhibited corner sharing linkage in the A isomer. The
eighth tetrahedral {MoQa4} unit shares a single O atom with the former fragment. It is worth
highlighting that the three isomers reported in this work have never been observed before
and hence, this fact suggests that solid-state transformations can afford POM anions,
different from those obtained by conventional synthetic routes in solution.

Figure 3.12. (a) ORTEP representation of 3-Mo8, showing 50% probability ellipsoids, together with the
atom labelling scheme. The C, and H atoms have been omitted for clarity. Symmetry codes: i) -1+x, vy, z;
i) 1-x, -y, -z; iii) 1-x, 1-y, -z; iv) 1+x, y, z; v) 1-x, 1-y, 1-z. (b) Polyhedral representation of the u-Mosg anion
in 3-Mo8, together with the atom labelling scheme. The tetracoordinated center is highlighted in dark
grey.

In comparison to 1-Mo8 and 2-Mo8, the covalent 3-dimensional framework in 3-Mo8
is broken, because the intralamellar moiety CulB becomes pentacoordinated as a result of
a Cu—0 bond cleavage. This complex loses its character as covalent linker and becomes a
surface appended unit. Conversely, complexes Cu2A and CulC retain their bridging role in
such a way that each u-Mo8 anion gets covalently connected to two neighbors (Figure
3.13). Nevertheless, surface appended complexes still play an important role stabilizing the
hybrid layer by establishing a massive hydrogen bonding network with the tetrameric faces
of u-Mo8 fragments (Figure 3.10 and Table A3.2 in Appendix 3). The stacking of these
supramolecular arrangements along the [101] direction is facilitated by bridging and
octahedral CulA complexes located in the interlamellar space (Figure 3.13). The

supramolecular network exhibits a priori accessible channels along the [101] direction with
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an approximate cross-section of 8.6 x 8.4 A. These voids account for 1561 A3 per unit cell,
that is, 23% of the total cell volume, as calculated by PLATON.

Figure 3.13. (a) Crystal packing of 3-Mo8 viewed along the [-121] direction. (b) Projection of
supramolecular hybrid layer in 3-Mo8 parallel to the (101) plane. Square pyramidal {Cu(cyclam)}?**
complexes are highlighted in light blue. c) Surface representation of isolated voids in the [101] direction.

3.3.5. Reversibility of the SCSC transformations

In order to study the reversibility of the thermally-triggered structural
transformations, crystalline samples of anhydrous 2-Mo8 and 3-Mo8 were exposed to open
atmosphere and monitored by a combination of TGA and PXRD analyses. When it comes to
3-Mo8, thermal analyses recorded after 1, 3, and 7 days of air exposure revealed that the
anhydrous phase captures a significant amount of water for one week. Mass losses account
for approx. 10, 11 and 12 (%m, calcd. 9.8, found 9.6) water molecules, respectively. After
this period, no additional water molecules were adsorbed and hydration/dehydration
processes proved to be fully reversible (Figures 3.14). These results are in line with those
from PXRD studies which indicates that a new crystalline phase (4-Mo8) different from the
parent hydrated phase 1-Mo8 starts forming upon hydration, but it is not fully formed until
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the seventh day (Figure 3.15a). In an attempt to favor a faster transformation, additional
studies (Figure 3.15b) showed that 3-Mo8 could hydrate in 24 hours, if crystals are placed
in a humid atmosphere (see Appendix A2).
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Figure 3.14. (a) TGA curves for dehydration steps in 1-Mo8, and samples of 3-Mo8 hydrated in air for 1
and 3 days. (b) TGA curves for the dehydration steps in 1-Mo8, 4-Mo8 and 5-Mo8.
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Figure 3.15. (a) PXRD patterns of 3-Mo8 exposed to open atmosphere for 3, 5 and 7 days compared with
calculated patterns from scXRD data for 3-Mo8 and 4-Mo8. (b) PXRD pattern of 3-Mo8 exposed to a
humid atmosphere for 24h compared with the calculated pattern from scXRD data for 4-Mo8.
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Taking into account the interesting crystal dynamics displayed by this system, we
tested whether the structure of 4-Mo8 could be elucidated by scXRD analyses. Fortunately,
the full data acquisition on a single-crystal of 3-Mo8 hydrated in air for 7 week was suitable
enough to allow its structural resolution. Compound [{Cu(cyclam)}s{MogO26(OH)}]-11H,0
(4-Mo8) crystallizes in the triclinic P-1 space group and its asymmetric unit contains one-
half of the {)-MogO26(OH)2}* polyanion, three halves of crystallographycally independent,
{Cu(cyclam)}** moieties and a total of 5.5 water molecules disordered over 9 sites (Figure
3.16).

0%;" CulAi

Figure 3.16. (a) ORTEP representation of 4-Mo8, showing 50% probability ellipsoids, together with the
atom labelling scheme. The C, and H atoms, as well as water molecules of hydration have been omitted
for clarity. Symmetry codes: i) -x, 1-y, 2-z; ii) —x, 1-y, 1-z; iii) 1-x, 1-y, 2-z; iv) =X, -y, 2-z; V) X, Yy, 1+z; vi) -
1+x, y, z; vii) X, 1+y, z. (b) Polyhedral representation of the [»~Mos026(0OH)2]® anion in 4-Mo8, together
with the atom labelling scheme. The protonated O atoms from the POM anion are depicted as dark red
balls.

The octamolybdate anion in 4-Mo8 is the well-known [}~Mo0g026(OH).]® isomer
formed by two {Mo04O15(OH)} tetramers that share three edges.?! This implies that one
water molecule is condensed to the inorganic POM skeleton along the hydration process.
Protonation sites have been unequivocally assigned on the basis of Bond Valence Sum
(BVS) calculations,?® which afforded BVS values of 0.80 for hydroxide groups (Table 3.4).
The isomerization of the Mog anion to a more condensed form suggests that the
thermodynamically favored species is obtained after all the dehydration-hydration
processes, whereas all the previous isomers in 1-Mo8, 2-Mo8 and 3-Mo8 can only be
obtained because of the stabilization arising from the presence of a massive network of
hydrogen bonding established between cyclam ligands and surface O atoms from the POM.
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In fact, these weak but cooperative forces could be considered the key factor to allow such
consecutive SCSC transformations.

Table 3.4. BVS calculation values for the O atoms from Mo8 anions in 4-Mo8.

O: (terminal oxygen) BVS O, (bridging oxygen) BVS
01 1.75 012 1.86
011 1.90 013 1.85
02 1.57 0123 1.96
022 1.97 0134 2.06
03 1.63 024 1.82
04 2.02 0234 1.76
044 1.64
O1H 0.80
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Figure 3.17. (a) Crystal packing of 4-Mo8 viewed along the crystallographic y axis. (b) Projection of the
hybrid layer in the (001) plane, highlighting the structural voids in which hydration water molecules are
hosted. (c) Surface representation of interconnected channels along the crystallographic z axis.
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In the case of 2-Mo8, complete hydration is achieved in 24 h of air exposure (Figure
3.14 and 3.18a) and both the number calculated water molecules from TGA profiles and the
PXRD pattern does not match with any of the previously characterized crystalline phases.
That means that the transition from 1-Mo8 to 2-Mo8 is irreversible. In fact, variable
temperature PXRD patterns recorded every 2°C for the cooling process of 2-Mo8 from 46 °C
to 30 °C showed that a new phase (5-Mo8) starts forming at room temperature in the
experimental time-scale (Figure 3.18b). This transition from 2-Mo8 to 5-Mo8 is fully
reversible as indicated by PXRD analyses carried out for 5-Mo8 when heating from 30 to
100 °C every 5 °C (Figure 3.18c).

Initiation of
transformation
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)
| B ) ) T - A -
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Figure 3.18. (a) PXRD pattern of 2-Mo8 exposed to open atmosphere for 24 h, compared with those
calculated from scXRD data for 2-Mo8 and 5-Mo8. (b) Variable-temperature PXRD patterns for 2-Mo8
when cooling from 46 °C to 30 °C every 2°C. (c) Variable-temperature PXRD analyses for 5-Mo8 in the 30-
100 °Crange every 5 °C.
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Single crystals of 2-Mo8 were exposed to open atmosphere for 24 h to ensure its full
hydration, mounted on the diffractometer and quenched to 100 K to perform the full data
acquisition for 5-Mo8. Compound [{Cu(cyclam)}s(k-Mo0g027)]-13H.0 (5-Mo8) crystallizes in
the triclinic P-1 space group with an asymmetric unit containing one k-Mo8 anion, a total of
three {Cu(cyclam)}** complexes; one of the located in a general position (CulB) and four
halves of centrosymmetric moieties (CulA, Cu2B, CulC and Cu2C), and 13 hydration water
molecules disordered in 16 crystallographic sites (Figure 3.19). It is worth highlighting that
5-Mo8 exhibits the same k-Mo8 isomer found in 1-Mo8, but displays the same space group
and similar unit cell parameters to those in 2-Mo8. Therefore, 5-Mo8 might be considered
a transient state between 1-Mo8 and 2-Mo8.

= u2B
S

Figure 3.19. (a) ORTEP representation of 5-Mo8, showing 50% probability ellipsoids, together with the
atom labelling scheme. The C, and H atoms, as well as water molecules of hydration have been omitted
for clarity. Symmetry codes: i) 2-x, 1-y, 1-z; ii) 2-x, -y, 1-z; iii) -1+x, y, z; iv) 2-X, -y, 2-z; V) 2-x, 1-y, 2-z; vi)
1+x, y, z. (b) Polyhedral representation of the k-Mosg anion in 1-Mo8, together with the atom labelling
scheme. The pentacoordinated center is highlighted in dark grey.

Regarding the crystal packing, the arrangement of hybrid POM/metal-organic layers
in 5-Mo8 is virtually identical to that of 2-Mo8, with each Mosg unit linked to four
neighboring clusters through four bridging metal complexes (Figure 3.20). The cavities
delimited by the grid are larger than those found in 2-Mo8 (9.1 x 8.7 and 9.6 x 9.4 A)
probably due to the breathing effect provided by the incorporation of water molecules of
hydration. In contrast to that observed in 2-Mo8, the stacking of hybrid sheets takes place
through the coordination axially elongated complexes in octahedral geometry and no
additional coordination modes are found within the structure (Figure 3.20b). The resulting
framework displays interconnected channels running along [011] and [100] directions,
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whereas the connection along the [0-11] direction is alternately prevented by narrower
necks. These voids occupy 1063 A3 per unit cells, which ac-counts for 29% of the total cell
volume as calculated by PLATON and host all the water molecules of hydration.

Figure 3.20. (a) View of the crystal packing of 5-Mo8 along the crystallographic x axis. (b) Projection of
the hybrid layer in the (01-1) plane, highlighting the structural voids in which hydration water molecules
are hosted. (c) Surface representation of interconnected voids in the [01-1] direction.
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3.4. WATER VAPOR SORPTION PROPERTIES

The reversible nature of the transitions from 2-Mo8 to 5-Mo8 and from 3-Mo8 to 4-
Mo8 established by TGA and XRD experiments motivated us to study the water-vapor
sorption capacity of our thermally-activated microporous materials. Thus, dynamic vapor
sorption (DVS) experiments were conducted at 298 K from vacuum to 90% relative
humidity (RH) for both anhydrous phases. In the case of 2-Mo8, the adsorption isotherm
indicates that pores remain virtually empty up to almost 20 % of RH. After this point, a
sudden increase of the water uptake occurs with a steep adsorption that reaches ca. 70 %
of the total adsorption capacity at 35% RH. The maximum uptake at 90% RH implies an
increase of 16.4 % of the total mass with respect to that of the original anhydrous phase.
Small differences between the calculated mass for the 13 H,O molecules in the resulting
hydrated phase 5-Mo8 and the values found experimentally (Table 3.5) could arise from
the surface condensation that can take place near the pores.? These values result in a
maximum working capacity of 220 cm3-g* for 2-Mo8, which is one of the highest values
observed to date for POM-based water sorbents (Table 3.6). The desorption process is
almost superimposable to the adsorption, which suggests the total reversibility of the
process. In order to confirm its cyclability, a second isotherm was measured under the
same conditions and the working capacity remained virtually identical (218 cm3 g, 16.2 %
change in mass at 90 % RH) (Figure 3.21a). PXRD experiments on 2-Mo8 proved that the
active material keeps stable and retains its crystallinity after the adsorption/desorption

processes (Figure 3.22a).

When it comes to 3-Mo8, the anhydrous phase does not adsorb any significant
amount of water below 15 % RH. From this point, fast water uptake is observed up to 35 %
RH, after which the adsorption process slows down. This slower step extends up to 50 % RH
and accounts for the mass of a single H,O molecule. Thus, this fact could originate from the
structural transition from 3-Mo8 to 4-Mo8 associated with the incorporation of one water
molecule to the POM skeleton and subsequent structural rearrangement from [u-Mog027]®
to [*Mog026(0OH)2]® (Figure 3.21b). After reaching a maximum working capacity of 234 cm3
gl (17.4 % change in mass) at 90 % RH, the desorption process suggests that the [~
Mosg026(OH)2]® anion remains stable upon dehydration because one water molecule is

retained in the active material.
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Table 3.5. DVS data for compounds 2-Mo8 and 3-Mo8.

Calc. Mass change

(%) Expected H,O0 Exp. Mass change (%) Found H,O
(1)
Cycle 1 11.7 13 16.4 18
2-Mo8
Cycle 2 11.7 13 16.2 18
3-Mo8 Cycle 1 10.9 12 17.4 19
Cycle 2 9.9 11 16.5 18
4-Mo8
Cycle 3 9.9 11 16.1 18
18 -
(a) 5-Mo8
16 =
14
S 124
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8 10-
= —4&—Cycle 1 ads
‘o 81 —4—Cycle 1 des
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Figure 3.21. DVS isotherms from 0% to 90% relative humidity at 298 K for (a) 2-Mo8 (2 cycles), and 3-
Mo8, (b) first cycle leading to the phase 6-Mo8, and (c) second and third cycles.
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Table 3.6. POM-based compounds with water sorption capacity.

Adsorption capacity

Compounds (cm?g?) REF
2-Mo8 217

3-Mo8 222 Chapter 3
6-Mo8 215

[Cu(en)2]6{[Cu(en)2] @{[Cu2(trz)z(en)z]s[H10NbssO1ss]}} 224
Ka@{[Cu29(OH)7(H20)2(en)s(trz)21][Nb24067(OH)2(H20)3]a}* 193 [29]
[Cu(en)2]@{[Cuz(en)z(trz):]s(NbesO1ss)} 188
{[Cu(en)2]@{[Cuz(en)2(trz)z]s(NbssO1ss)]} 219 [30]
[Cu(en)2(H20)]2{[Cu(en)]a[Cu(en):]s{[Cu(en)2KNb2s072H10]2} 204 [31]
[ZNn12(trz)20] [SIW12040] 150 [32]
Cus(trz)10(H20)4[H2SiW12040] 118 [33]
K3[CrsO(OOCH)s(H20)3][a-SiW12040] 115
Rb4[CrsO(O0CH)s(H20)3][a-BW12040] 57 [34]
Css[CrsO(O0CH)s(H20)3][a-CoW12040] 32
[CrsO(O0OCCH=CH2)s(H20)3]3[a--PW12040] 70.7 [35]
(NH4)7[CrsO(O0OCH)s(H20)3]2[a-P2W15V30s62] 87
(NH4)s5[Cr3O(O0CH)s(H20)3]2[a2-P2W17VOs2] 69 [36]
(NH4)4[Cr3O(O0CH)s(H20)3]2[a-P2W180s2] 65
[Cusa(dpdo)12][H(H20)27(CH3CN)12][PW12040]3 65.1 [37]
H14[Nas(H20)12]4[K42GesW720272(H20)s0] 52 [38]
[Cus(L)2(H20)4][Cu(dmf)a(SiW120a0)] 51.7 [39]
Li2[Cr3O(OOCH)s(etpy)z]2[@-SiW12040] 66.3
Na:[Crs0(00CH)s(etpy)s]2[a-SiW12040] 60.3
(etpyH*)2[CrsO(OOCH)s(etpy)2(H20)]2[a@-SiW12040] 44
K2[CrsO(OO0CH)e(etpy)2.5(H20)o0.5]2[a-SiW12040] 38.9 [40]
(NH4)2[CrsO(OOCH)s(etpy)s]2[a-SiW12040] 38.5
K2[CrsO(OOCH)s(etpy)s]2[a-SiW12040] 38.1
Cs2[CraO(0O0CH)s(etpy)s]2[a-SiW12040] 34
K2[CrsO(OOCH)s(mepy)s]2[a-PM012040] 47
Rb2[Cr3sO(0O0CH)s(mepy)a]2[a-PM012040] 43
Naz[Cr3O(O0CH)s(mepy)s]z2[a-PM012040] 40 [41]
Cs2[Crs0(0O0CH)s(mepy)s]2[a-PM012040] 38
K[CrsO(OOCH)s(mepy)s]2[a-PMo12040] 30
(mepyH)[CrsO(O0CH)s(mepy)s]2[a-PM012040] 17

Csa[PW11039(Sn-n-CaHo)] 67

Cs4[SiW12040] 50.4 [42]
Cs4[PW11039(Sn-OH)] 32
H[Ni(Hbpdc)(H20)2]2[PW12040] 31 [43]
[Co"(pn)3]a[PNb12040(V'VO)s] [OH]s 19.7 [44]
(DODA)23[M01540462Hs] 20 [45]
K1.5[Cr3O(O0CH)s(CsHsN)3]2[CrsO(O0CH)s(CsHsN)(CH30H)2]o.s[a- 0.04 [46]
SiW12040] )
K2[CrsO(OOCH)s(mepy)s]2[a-SiW12040] 0.025 [47]
Cs2[Cr3O(0O0CCzHs)6(H20)s]2[a-SiW12040] 0.022 [48]
Cs3Ho.3[SiW12040]0.83 0.02 [49]
K2[CrsO(OOCH)s(H20)3] 2[ct-SiW12040] 0.02 [50]
K2[CrsO(O0CC2Hs)e(H20)3]2[et-SiW12040] 0.018
Rb2[CrsO(O0CC:2Hs)s(H20)s]2[a-SiW12040] 0.018 [34a]
(NH4)2[Cr3O(0O0CC2Hs)6(H20)s]2[a-SiW12040] 0.018

*en=ethanediamine; Htrz=1,2,4-triazole; dpdo=4,4’-bipyridine,N,N’-dioxide; etpy=4-ethylpyridine; mepy=methylpyridine;
Habpdc=2,2"-bipyridyl-3,3'-dicarboxylic acid; pn=1,2-diaminopropane; DODA=dimethyldioctadecylammonium.
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PXRD analyses (Figure 3.22b) confirmed that 4-Mo8 does not revert back to 3-Mo8
under vacuum and indicate that a third anhydrous phase (6-Mo8) could be generated as a
result. The reversibility of the water uptake between phases 4-Mo8 and 6-Mo8 was
confirmed because both curves were virtually identical and they showed a maximum
working capacity of 216 cm3 g* at 90 % RH (16.5 % change in mass). This presence of 6-Mo8
was corroborated through variable-temperature PXRD analyses (Figure 3.23) on 4-Mo8,
which showed an intermediate phase in the transition from 4-Mo8 to 3-Mo8. The new
phase is stable at temperatures below 120 °C and the XRD pattern of which fits well to that
observed for a sample of 4-Mo8 treated under vacuum. Further studies show that this
phase is also obtained by exposure 4-Mo8 under vacuum (Figure XX). Unfortunately, we
were not able to collect any sc-XRD data set of good quality for the structural resolution of
the intermediate phase 6-Mo8 despite testing several different crystal batches.
Nevertheless, the cell parameters of 6-Mo8 are similar to those of 4-Mo8, which could
indicate that this new phase is similar to 4-Mo8 but without hydration water molecules
(Table 3.7).

(a) (b)

2-Mo8 after water sorption 3-Mo8 after water sorption

4-Mo8 calculated
I —;——_A_J\—/‘A-\M

2-Mo8 after gas sorption

MM

3-Mo8 after gas sorption

A NS N W

2-Mo8 calculated 3-Mo8 calculated

L_.A_AJL,\_.AHﬁA_._.___._._.ﬁg.__AA_ﬂM&A.
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Figure 3.22. PXRD patterns of (a) 2-Mo8 and (b) 3-Mo8 after gas and water sorption measurements
together with those calculates from sc-XRD data for (a) 2-Mo8, 5-Mo8, (b) 3-Mo8 and 4-Mo8.
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(b)

Intermediate 6-Mo8
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Figure 3.23. (a) Variable-temperature PXRD pattern of 4-Mo8 in the 30-160 °C range every 5 °C. (b)
Comparison of PXRD patterns of 4-Mo8 under vacuum with that of 4-Mo8 heated at 50 °C (intermediate
6-Mo8) and those calculated from sc-XRD data for 3-Mo8 and 4-Mo8.

Besides the total capacity, the reversibility of the system (cyclability) and sorption
kinetics are also important factors that should be taken into consideration for industrial
applications. Considering that i) the steep uptake takes place at 20-35 % RH range in all
cases, and ii) the 80 % of the total capacity is reached at 60% RH (standard working
conditions for some common commercial desiccants),” the kinetics of these two processes
were studied at a constant vapor flow rate of 30 and 60 % RH, respectively. Lower vapor
flow (0-30-0 % RH) makes the water uptake to take as long as 100 min to be completed
(Figure 3.24), whereas both adsorption and desorption processes are achieved in less than

15 minutes at a RH swing of 0-60-0 % for both phases at room temperature.
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Figure 3.24. Kinetic measurement of the adsorption-desorption process of (a) 2-Mo8 and (b) 3-Mo8 at
two different relative humidity swings: 0-30-0% RH and 0-60-0% RH, and water sorption cycling test on
(c) 2-Mo8 and (d) 3-Mo8. Each cycle is measured in 30 minutes (15 min for adsorption and 15 min for
the desorption process) at 298 K, with a 0-60-0% relative humidity swing.

The durability and recyclability of the adsorbents were evaluated by multiple (100
cycles) water adsorption-desorption experiments at 298 K and a constant vapor flow rate of
0-60-0 % RH. As shown in Figure 3.24, the regeneration of the materials is completed after
100 cycles only by humidity swing. Plots show an average water uptake of 14 % and 13 %
for 2-Mo8 and 6-Mo8, respectively, values that are very close to those observed in the
initial isotherms. Materials with this type of fast, reversible behavior are ideal for their
application in heat bombs or air conditioners.”> Moreover, the fast kinetics and
reproducibility in the adsorption-desorption process make these materials suitable for

dehumidification in highly humid areas or water harvesting and purification in confined
spaces.>?
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3.5. GAS SORPTION MEASUREMENTS

Taking into account that 1-Mo8 is able to retain microporosity upon thermal
evacuation of guest water molecules, and considering that pore necks are a priori wide
enough to enable the percolation of small adsorbents, we decided to evaluate the gas
sorption properties of the two different anhydrous phases in this work. Thus, preliminary
N2 and CO; sorption experiments were carried out at 77 and 195 K, respectively on
crystalline samples of 1-Mo8 thermally activated at 50 and 120 °C under vacuum to ensure
its full conversion into 2-Mo8 and 3-Mo8, respectively.

The N; adsorption curves for 2-Mo8 and 3-Mo8 are displayed in Figure 3.25 and
correspond to type | isotherms typical of microporous materials. In both cases, micropores
are filled rapidly at low relative pressures (P/Po < 0.1) to achieve a saturation level that
extends up to P/Po = 1. The maximum gas uptake for 2-Mo8 and 3-Mo8 reaches the values
of 72 and 76 cm? (STP) g, respectively, which account for 6.4 and 6.8 adsorbed N
molecules per Mos unit. The adsorption processes were observed to be completely
reversible, and hence, all the gas molecules are desorbed at P/Po = 0. Fitting of both
adsorption branches to the Brunauer-Emmett-Teller (BET) model3> affords similar values of
BET surfaces areas for 2-Mo8 (302 m? g) and 3-Mo8 (298 m? g'!). Although these values
are much lower than those found in POM-loaded MOFs, which can exhibit surface areas of

hundreds or thousands m? g1,

our results are comparable to those displayed by some
other POM-metal organic frameworks, such as [Cu(cyclam)][{Cu(cyclam)}2(V1002s)] (205 m?
g1),14 or (TBA)2[Cu(BBTZ)2(a-Mos026)] (773 m? g'1; BBTZ = 1,4-bis(1,2,4-triazol-1-ylmethyl)-

benzene).>>

In regard to the CO; uptake isotherms (orange), saturation is only achieved at much
higher relative pressures (P/Po = 1). This effect can be ascribed to the stronger interaction
of a polarizable molecule such as CO; with the O-enriched pore walls of the hybrid host
materials. The adsorption processes were also observed to be fully reversible and the
maximum uptakes were also found to reach very similar values for 2-Mo8 and 3-Mo8 (66
and 64 cm3 (STP) g1), accounting for 5.9 and 5.7 adsorbed CO, molecules per Mosg unit. In
contrast to what we previously observed in related POM/Cu(cyclam) porous frameworks, in

145 or the maximum uptake accounted only for the 30%

which N, adsorption was negligible
of the simulated value,'* both N2 and CO2 seem to be efficiently adsorbed in 2-Mo8 and 3-

Mo8. Similar studies for 6-Mo8 will be carried out in a near future.
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Figure 3.25. Experimental N, (blue) and CO; (orange) adsorption/desorption isotherms for (a) 2-Mo8 and
(b) 3-Mo8. Filled and empty markers correspond to the adsorption and desorption branches,
respectively.

The similar adsorption capacity of 2-Mo8 and 3-Mo8 for both N, and CO; is a result of
empty channels with similar shape and cross sections, which are larger than the size of
these two gases. Pore size distribution was calculated for 3-Mo8 by Horvath-Kawazoe (HK)
Pore Plots (Appendix A2.X),”® as a representation of both samples, which shows cavities
wide enough to host these two gases (diameter CO; = 3.3 A; N, = 3.64 A), as well as for
larger molecules such as CH4 (d = 3.8 A) CoH, (d = 3.3 A), CaHa (d = 3.9 A) and C2He (d = 3.99
R) (Figure 3.26).
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Figure 3.26. Calculated pore size distribution for 3-Mo8. The kinetic diameters of different gases are
indicated with lines as CO; and C;H,, dark blue; N3, grey; CHa, light blue; CaHa, green; CoHs, yellow.
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3.5.1. Multi-component adsorption selectivity

Preliminary studies encouraged us to carry out additional experiments at different
temperatures to get a better understanding of the adsorptive properties of the anhydrous
phases, and furthermore, to test their performance in purification or selective capture of
gas mixtures consisting of small molecules. To examine the adsorption behavior of 2-Mo
and 3-Mo in gas mixtures, multi-component isotherms and selectivity values were
calculated using the ideal adsorbed solution theory (IAST).>” Before IAST analyses, single-
component isotherms of N3, CO,, CHa, C;H3, CoHa and CaHe were acquired for 3-Mo8 at high
temperatures (273 and 298 K). All the different isotherms and maximum uptake values for
each gas are compiled in Figure 3.27 and Table 3.7, respectively. Experimental
measurements revealed that the highest uptake values were displayed by C;H; regardless
the temperature of the experiment. Similar uptake values were obtained for both C;Hs and
CzHs , which is higher than that registered for CO; at 298K. This trend is inversed at 273K, in
such a way that CO; is better adsorbed than the two C2 molecules. Much lower adsorption
capacity was observed for CH4 despite its smaller kinetic diameter in comparison to those
of C2H4 and CaHe. Conversely, as previously observed for some other POM-based systems,>®
no significant amount of N, was adsorbed (maximum uptake value of 1.9 cm3gtat 298 K) in
3-Mo8. This behavior has been classically assigned to i) the low temperature in which N;
isotherms are collected (77 K), which hinders the diffusion of the molecular prove through
narrow pore necks as a result of its lower kinetic energy, ii) the larger kinetic diameter of N»
in comparison to other sorbates like CO,, and iii) the low polarizability of the molecule,
which prevents its interaction with oxygen-rich pore-walls in the framework. Selective
sorption of CO, over Ny at 273 K has already been observed for some POM-based

materials.’* None of the first two reasons could apply in this case.

Table 3.7. Gas sorption uptakes (cm3g™?) of 3-Mo8 for different gases at 273 and 298 K.

T N. CO; CH4 C:H; C:H,q CyHe
273 K - 22.4 8.0 33.3 22.0 22.0
298 K 1.9 13.9 4.8 27.7 17.7 17.7
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Figure 3.27. Experimental gas adsorption isotherms of 3-Mo8 at 273 and 298 K for (a) N, (b) CO., (c)
CHa, (d) CaHz, (e) CaHs, and (f) CiHe. Filled and empty markers correspond to the adsorption and

desorption branches, respectively.

To get further understanding of the affinities of gas adsorption processes and
envisage the selective adsorption properties, isosteric heats (Qst) were estimated for C1 and
C2 gases (Figure 3.28 and Table 3.8). The Qs values were calculated from the adsorption
isotherms at 273 and 298 K by using virial-type expressions (See Section A2.5 in Appendix
2). As observed in isosteric heat plots, the Qst value decreases as the pressure goes up in all
cases except for CO;. The favorable adsorbate-adsorbate interactions within the channels
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of 3-Mo8 at higher loadings could originate the increase of the Qs value as the loading
increases. Average Qs: values result in the following affinity trend C;H, > CoHg > CoHa > CO2 >
CHa, which is in line with the uptakes values observed at 298K.

Table 3.8. Qs values (KJ-mol?) of 3-Mo8 towards different gases.

COz CH4 CZHz C2H4 CzHa
Qs (0 uptake) 24 23 34 27.5 31
Q. (final uptake) 24 17.5 31 24 30
40 -
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Figure 3.28. Isosteric heat plots of 3-Mo8 towards different gases.

Moving a step forward, the selective adsorption from different gas mixtures was
studied for 3-Mo8 (Figure 3.29), starting from the smallest molecules (CO2, N, and CHa)
(See Section A2.5 in Appendix 2). First, a high selectivity for CO, over Nz (Scozn2) is
observed in a mixture of 1:1 ratio, with a Scoz/n2 values of 10.5 at low pressures, which goes
up to 12.5 as the pressure increases. This behavior can be easily explained by the
aforementioned low uptake of N; at 298 K (Figure 3.27). A similar behavior was displayed
by mixtures showing a lower CO; concentration (CO2:N; 15:85), in which the highest Scoa/n2
values were found to be 11.0 at P = 1. However, although 3-Mo8 does really exhibit some
significant adsorption selectivity of CO; towards Ny, this value is much lower than other
reported POM-based compounds such as {XMogO1s[CH3C(CH,0)3]2} (X = Fe, Co, Ni, Cu and
Zn), which exhibits selectivity values for separation of CO2/N2 gas mixtures in a 15:85 ratio
between 28 and 225 at 1atm.>®
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Figure 3.29. Sorption selectivity of different C1 and C2 gas mixtures on 3-Mo8 predicted by IAST
calculation; (a) CO2/N2; (b) CO2/CHa; (c) CaH2/CzHa; (d) C2H2/C2Ha, and; (e) CaHs/CaHa.

On the contrary, 3-Mo8 is not that selective for CO, / CHa mixtures. The highest
Scoz/cHa value in a 1:1 gas mixture is of 3.7 at P =1. Taking into account the adsorption data
found at high temperatures for these two gases, a higher affinity for CO, would be
expected. Nevertheless, the IAST data is in good agreement with those values obtained
from Qs studies, in which both CO2 and CHs show similar affinity values for empty voids in
3-Mo8. Generally, the amount of CO; adsorbed is significantly higher than that for CH4 due
to the quadrupole moment showed by the CO, if compared to CHs. Therefore the
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selectivity value found for 3-Mo8 differs from those reported in literature,®° even for POM-
based ionic crystals such as K[CrsO(OOCH)s(4-etpy)s]2[a-SiW12040]-2H20 (etpy =
ethylpyridine) (Scoz/cha = 27)% or {CoMo0e018[CH3C(CH20)3]2} (Scoz/cha values up to 1720).%°
All in all, we can suggest that 3-Mo8 could be able to selectively adsorb C1 gases from a
ternary mixture containing CO2, N2 and CHa.

Regarding C2 gases, separation of C;H; and CO: is very challenging as both gases
present the same kinetic diameter (3.3 A).52 For 3a, Scamz/co2 is maintained almost stable in
all the pressure range, with a value of 6.5 at standard conditions. Although this value is not
as high as that displayed by some MOFs with this capacity, in which selectivity values higher
than 35 have been reported,®® this is the highest selectivity found for any POM-based
material towards acetylene to our knowledge, above the Scanz/co2 = 4.8 value calculated for
the ionic crystal K2[Cr3sO(OOCH)s(4-ethylpyridine)s]a[a-SiW12040] at 278 K.54 In the case of
acetylene/ethylene (1:1) mixtures, selectivity values are still lower. Selective adsorption of
acetylene yields Scanz/cona values of 2.0 at low pressures, which increases up to 3.0 at
standard conditions. Furthermore, this selectivity is retained for gas mixtures with a lower
concentration of acetylene (C2H2/CaHa 1:99), which highlights the selectivity of 3-Mo8 for
acetylene uptake.

Finally, the lowest selectivity value was found for the CyHe/CHa (1:1) mixture
(Scame/c2na = 1.4). This value could be expected taking into account the single-component
adsorption capacities for both gases at 273 and 298 K, as well as the similar Qs value
displayed by both gases. Nevertheless, it is worth mentioning that for most of the materials
reported in literature,® the selectivity trend is the opposite, as ethylene is much better
adsorbed than ethane. In fact, development of ethane-selective adsorbents is highly
desirable in CyHs/CaHe separation processes because current methods usually require
higher costs and many steps. Therefore, despite the low selectivity values found for 3-Mo8,
this material presents an unusual selectivity of acetylene over ethane, with values
comparable to those exhibited by the scarce adsorbents with this capacity reported in the

literature.®®

Similar experiments were carried out for 2-Mo8. However, adsorption curves at 273
and 298 K revealed a similar gas sorption capacity as in 3-Mo8; therefore, no selectivity
tested were studied (Figure 3.30 and Table 3.9).

Table 3.9. Gas sorption uptakes (cm3g™?) of 2-Mo8 for different gases at 273 and 298 K.

T N. CO; CH4 C:H; C:H,q CyHe
273 K - 23.9 9.2 36.2 25.6 26.6
298 K 3.05 13.3 5.3 31.3 20.5 214
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Figure 3.30. Experimental gas adsorption isotherms of 2-Mo8 at 273 and 298 K for (a) N», (b) CO, (c)
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3.6. CONCLUSIONS

The POM/metalorganic covalent framework [{Cu(cyclam)}3(k-Mo0g0O27)]-14H,0 (1-
Mo8) constituted by octamolybdate anions (Mos) linked by the coordination of octahedral
{Cu(cyclam)}** complexes, undergoes up to four consecutive thermally-triggered SCSC
transformations. The removal of guest water molecules at different temperatures results in
two different anhydrous phases, namely, [Cu(cyclam)][{Cu(cyclam)}(A-Mos0Oz7)] (2-Mo8),
and [{Cu(cyclam)}s(u-MosO27)] (3-Mo8), which implies the solid state isomerization of Mosg
clusters through migration of some of the metal centers. It is worth highlighting that all the
three isomers are totally unprecedented. This suggests that solid-state transformations
could afford novel POM clusters that have not been isolated before by classical synthetic
methods in solution. Structural transitions also involve the rearrangement of Cu—Opowm
bonding scheme, which provoke changes in the coordination geometries of the metal
complexes. One additional water molecule is condensed to the Mos cluster when 3-Mo8 is
exposed to open atmosphere and affords the framework [{Cu(cyclam)}s{)-
Mog0O26(0OH)2}]-11H,0 (4-Mo8), which dehydrates below 120 °C without any apparent major
structural change to lead to a third anhydrous phase 6-Mo8. In contrast, 2-Mo8 rapidly
hydrates to form [{Cu(cyclam)}s(k-Mo0g027)]-13H,0 (5-Mo8), which displays similar unit cell

parameters to those in 2-Mo8, but with the same Mosg cluster as that in 1-Mo8.

Up to three different anhydrous phases (2-Mo8, 3-Mo8 and 6-Mo8) with accessible
micropores can be isolated from 1-Mo8, which showed one of the highest water sorption
capacity reported for any POM-based compound. These results together with their great
cyclability after 100 adsorption/desorption cycles as well as their high adsorption capacity
at low relative humidity environments (20-30% RH), endows the system with interesting
properties for their use as humidity control devices. Beyond the preliminary
characterization of the gas sorption behavior to determine the textural properties of 2-Mo8
and 3-Mo8, further studies on the adsorption selectivity of 3-Mo8 have been carried out.
Especially, this compound is able to adsorb C;H, over C;Hs even in gas mixtures with very
low concentration of acetylene. Moreover, 3-Mo8 has demonstrated the ability to adsorb
C2He selectively over CyHas, which is not a common behavior among the most usual
materials with gas sorption ability. This feature gives 3-Mo8 the potential as molecular

separator with interesting sensing ability.
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Structural Diversity in POM-Metalorganic
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ABSTRACT: The reaction between (NH1)sMo7024-4H20 salt and the {Cu(DMC)}?** (DMC = 1,8-dimethyl-
1,4,8,11-tetraazacyclotetradecane) complex is studied under mild aqueous conditions. The parent polyanion
undergoes a full rearrangement to lead to an unprecedented [HsCuMos(Mo003):024]% anion formed by a
classical Anderson-Evans scaffold with two {MoQOs} tetrahedra condensed to its surface and stabilized by
the H-bonding interactions established with protonated faces of the Anderson-Evans surface. The final
compound [{Cu(DMC)}3{HsCuMos(M003)2024}]-13H20 (1-CuMo8) exhibits a porous three-dimensional
hybrid framework structure. Following this results, the second part of this chapter analyses the
{HsCrMos024}>/{Cu(DMC)}?* synthetic system in different aqueous media. When the synthesis is carried out
in pure water, the mono-dimensional [Cu(DMC)(H20)][{Cu(DMC)}o.5{HsCrMos024}]-10H:20 (1-CrMo6) hybrid
is formed in a very low yield. On the contrary, reactions in high ionic strength aqueous 1M NaCl media leads
to the assembly of two different two-dimensional compounds: Na[{Cu(DMC)}{HsCrMosO24}]-8H20 (1Na-
CrMo6) and Naz[{Cu(DMC)}o.5-{HeCrMoe024}]-11.5H20 (1Na2-CrMo6). It is worth noting that compound
1Na-CrMoé6 exhibits two sequential thermally triggered structural transitions that have been assessed by
powder X-ray diffraction. When the reaction is carried out in aqueous 1M NaNOs or 1M LiCl solutions, two
different two-dimensional hybrids are obtained, which are constituted by hybrid POM-metalorganic layers
with hydration water molecules and counterions occupying interlamellar spaces. These are, the
[{Cu(DMC)}2{HsCrMo06024}]JNO3-5H20 (1NO3-CrMo6) and [{Cu(DMC)}:{HsCrMos024}]Cl-5H20 (1CI-CrMo6),
respectively. Apparently, anhydrous phases for both cases are thermally stable up to ca 200 °C with no major
modifications in their diffraction pattern, which could indicate a robust thermostructural behavior. This fact
could generate activated structures with empty channels available for the adsorption fo chemical species.
It is worth highlighting that the most common cis-V configuration of the DMC ligand has only been observed
for the square-pyramidal, charge compensating [Cu(DMC)(H20)}** unit in 1-CrMo6, whereas all the
remaining octahedral {Cu(DMC)}** complexes display a trans-lll configuration. Finally, the fully inorganic
salt K3[HeCrMos024]-6H20 (CrMo6) crystallizes from the reaction at aqueous 1M KCl.






4.1. INTRODUCTION

Beyond the Keggin-type anion described in the General Introduction, there are some
other archetypical POMs that have been extensively studied within the last few years. This is
the case of the Anderson-Evans polyanion with the general formula [XMg024]™.! The crystal
structure of the [a-Te""Mo06024]°" anion was first proposed by Anderson back in 19372 and
ten years later confirmed by Evans making use of X—ray diffraction experiments.3 This cluster
can be best described as a ring of six edge-sharing octahedra encapsulating a central {XOs}
heteroatom in an ideal Dig symmetry. The most common a-isomer exhibits a planar
geometry, whereas the “bent” f-isomer with an ideal Cy symmetry has only been isolated
for some specific heteroatom/addenda metal combinations.* The S-isomer is structurally
similar to the heptametalate clusters, but with a heteroatom in its central position. It is worth
highlighting the great compositional variability that this cluster can show, because both Mo
and W can act as addenda metals, whereas many of the first-row transition metals and p-
block elements in their highest oxidation states can play the role of heteroatoms. This
diversity is specially rich in the case of heteropolyoxomolybdates (M = Mo, X = first row
transition metals, Rh", PdV, PtV, A" Ga', sbY, TeV,, IM: and M = W, X = Mn", Mn", Ni", IV,
PtV, SbY, TeV).

Three different types of oxygen atoms can be found in the Anderson-Evans cluster: six
triple-bridged O atoms (u3—0) each of them connecting the central heteroatom to two
addenda atoms from the six-member ring, six double-bridged pu>—O atoms linking two
addenda atoms, and twelve terminal O atoms (O:), two per addenda metal center.
Traditionally, Anderson-Evans type POMs can be classified into two groups: i) the non-
protonated A-type with central heteroatoms in high oxidation states that show the general
formula [X"*Me024]*?"~; and, ii) protonated B-type with heteroatoms in low oxidation states
and the general formula [HeX"*Ms024]¢")-. Central u3—O atoms show a basic character, and
they can be easily protonated (Figure 4.1). This protonation is a key factor to allow
condensation reactions with trisalkoxo ligands leading to the organic functionalization of the
inorganic cluster, as detailed in the General Introduction. These features together with its
small size, planar shape, presence of heavy atoms and solution stability make Anderson—
Evans polyoxotungstates ideal additives for protein crystallography.® Different related
structural examples include i) those in which the central heteroatom is replaced by one {XO4}
tetrahedral unit (X =V, As, Te) on each side of the planar ring (Figure 4.1c),” and ii) the Evans-
Showell-type [Co2Mo010034(OH)4]®~ heteropolyanion formed by the perpendicular

interpenetration of two Anderson-Evans clusters (Figure 4.1d).2



A-type Anderson-Evans B-type Anderson-Evans {B-H,As,Mo,0,} Evans-Showell
{XM;0,,} {HeXM;g0,,} [Co,Mo0,(035]™"

Figure 4.1. Polyhedral representation of (a) A- and (b) B-type Anderson-Evans clusters together with (c)
those in which the central heteroatom is replaced by one tetrahedral unit, and (d) Evans-Showell related
structural.

4.1.1. Hybrid POM-metalorganic compounds based on Anderson-Evans anion.

The planar structure of the Anderson-Evans polyanions together with the fact that each
addenda atoms has two accessible terminal oxygen atoms facilitates the coordination of
transition metal complexes to its surface (Figure 4.2). In this sense, several hybrids have been
prepared in the last decades by combining Anderson-Evans polyoxomolybdates® or
tungstates!® together with 3d-metal complexes of monodentante N-donor ligands (e.g.
pyridine, imidazole, pyrazine, triazine, tetraazol...). Whereas the variability in heteroatom
position is considerable in the case of molybdates (X = mainly first row transition metals),
this is limited to X = Te¥' and Pt" for tungstates. However, the number of reported hybrid
structures with high dimensionality are comparatively scarce,!* and most of them display
Anderson-Evans-type heteropolyoxomolybdates with trivalent metal centers in
heteroatomic position (X = Al", Cr'""). In the case of {CrMos024},*? the vast majority of
extended hybrid structures has been constructed by using Cu" complexes of N-donor, or N,O-
/N,N’-chelating ligands such as pyridine,’* phenantroline,’* pyrazine'®, nicotine'® or
aminoacids (e.g. alanine,'” glycine,*® and histidine!®). Wang’s group followed hydrothermal
routes to prepare mono- and three-dimensional systems based on POM anions linked
through complexes bearing triazole?® and, 4-dpye ligands (4-dpye = N,N’-bis(4-
pyridinecarboxamide)-1,2-ethane),?!, respectively, with interesting catalytic activity towards
the photooxidation of dyes. Besides, they studied the assembly of copper(ll)/3-bpye
complexes (3-bpye = 1,4-bis(3-pyridinecarboxamido)benzene) with {CrMos024} anions,
which lead to hybrid 2D or 3D structures depending on the pH of the reaction medium. 2 In
addition, Wu and co-workers observed the occurrence of a SMM behavior by grafting the
“non-magnetic”  [{Mn(salen)(H20)}](ClO4)2-H,0  complex [salen = N,N’-ethylene-
bis(salicylimine)] at the surface of a {CrMoe024} cluster, which allows the magnetic isolation
of {Mn";} units by reducing considerably the inter-molecular interactions between
metalorganic complexes.?®> Some other authors have opted for studying the photocatalytic
properties of hybrid containing complexes such as {Mn(salen)(H20):}?4, {CuzL(H20)4} (L =
N,N’-bis(4-pyridinecarboxamide)-piperazine),?> {M(H,0)DABT} (M = Co", Zn"; DABT = 3,3’-



diamino-5,5’-bis(1H-1,2,4-triazole))?® or those bearing pyridinecarboxamide derivatives?’ for
the photodegradation of dyes under UV irradiation or the photoreduction of CO; to CO.

Conversely, no extended structure has been reported in literature for the {CrMos024}
building block, with the exception of the extended systems constituted by Anderson-Evans
anions bicapped in opposite faces by {As30s} trimeric units. Structures exhibiting the
[AssCuMogO30]* polyanion include the two-dimensional networks in
[Cu(en)2]2[CuMog019(As303)2] (en = ethylenediamine),?® and [{Cu(imi)al}s-
{AssCuM0s030}]2-6H20.%

0D - [{Min(salen),(H,0)(HeCr 0,4)]
Cu 030}l

% | £
y >

1D chains — [{Cu(bpy),(u-0x)(HsCr1Vio,0,,)] o 7 ‘
< < \

Figure 4.2. Polyhedral representation of some Anderson-Evans/metalorganic hybrids with different
dimensionalities. Abbreviations: Salen = N,N’-ethylene-bis(salicylimine); bpy = 2,2’-bipyridine; imi =
imidazole; L = N,N’-bis(4-pyridinecarboxamide)-piperazine.

In the course of our systematic studies with 3d-metal-containing complexes of the N4-
tetradentate macrocyclic cyclam (cyclam = 1,4,8,11-tetraazacyclotetradecane) ligand, our
research group investigated the reaction betweeen the [HsCrMos024]® Anderson-Evans
anions and {M"(cyclam)} (M" = Ni", Cu", Zn") complexes.?° The covalent attachment results
in three different compounds, namely, [{Ni(cyclam)}][{Ni(cyclam)}(HsCrMosO24)2]-18H20,
[{Hz2(cyclam)}i.s{Zn(cyclam)}os][{Zn(cyclam)}i.4(HeCrMo6024)2]:18H20  and  [{Cu(cyclam)}s-
(HsCrMos0324)2]-18H20, each one exhibiting a distinct dimensionality to lead to OD, 1D and 2D
structures, respectively. (Figure 4.3). In order to continue with this research, the combination
of Anderson-Evans building blocks towards copper(ll)-complexes bearing similar macrocyclic

ligands is studied in this section, together with the effect of the reaction media in the final



assembly of the two building blocks. The potentially interesting thermostructural behavior
of these systems is also evaluated within this chapter.

Figure 4.3. Comparison of the three different dimensionalities observed in the Anderson/{M"(cyclam)}
systems: (a) M = Cu"; (b) M =Zn" and; (c) M = Ni".

4.2. EXPERIMENTAL SECTION

4.2.1. Synthesis

The sodium chromiumhexamolybdate salt precursor, Nas[HsCrMoe024]-8H,0, was
synthetized according to literature methods and identified by FTIR spectroscopy and PXRD
analyses.3! All other reagents, including the 1,8-dimethyl-1,4,8,11-tetraazacyclotetradecane
(DMC) ligand were purchased from commercial sources.

General synthetic procedure

[{Cu(DMC)}3{HsCuMos(M003),024}]-13H,O  (1-CuMo8). To a  solution  of
(NH2)s(M07024)-4H,0 (0.124 g, 0.1 mmol) in water (15 mL), the same volume of an aqueous
solution of Cu(OAc)2 (0.054 g, 0.3 mmol) and DMC ligand (0.069 g, 0.3 mmol) was added
dropwise. The pH of the resulting solution was 6.3-6.6. The mixture was stirred at room
temperature for 90 min, then filtered and left to evaporate in an open container. Purple

prismatic crystals of 1-CuMo8 were obtained after 3 weeks. Yield: < 1%.

[Cu(DMC)][{Cu(DMC)}o.5{HsCrMos024}]-11H,O  (1-CrMo6). To a solution of
Na3[HsCrMos024]-8H,0 (0.123 g, 0.1 mmol) in water (15 mL), the same volume of an aqueous
solution of Cu(OAc)2 (0.036 g, 0.2 mmol) and DMC ligand (0.046 g, 0.2 mmol) was added
dropwise. The mixture was stirred at room temperature for 90 min, then filtered and left to
evaporate in an open container. Purple prismatic crystals of 1-CrMo6 were obtained after 3
weeks. Yield: < 1%.



Na[{Cu(DMC)}{HsCrMos024}]-8H20 (1Na-CrMoé6) and
Naz[{Cu(DMC)}o.5{HsCrMo6024}]-11.5H,0 (1-Na2-CrMo6). The synthetic procedure is similar
to that of 1-CrMo6 except for the of aqueous 1M NaCl reaction medium and the use
CuCl>-2H,0 (0.034 g, 0.2 mmol) as copper(ll) source. Purple prismatic crystals of 1Na-CrMo6
were obtained after 1 week. After filtering out crystals of 1Na-CrMo6, purple single-crystals
of 1Na2-CrMo6 are obtained in another week. 1Na-CrMo6: Yield: 24 mg, 16% based on Mo.
Elem. Anal. Calcd. (%) for C12Hs0CuCrMogN4NaOs;: C, 9.76%; H, 3.41%; N, 3.79%. Found: C,
9.81%; H, 3.45%; N, 3.82%. IR: v (cm™) 3460 (s), 3342 (s), 3204 (s), 1622 (m), 1463 (m), 1454
(m), 1409 (m), 1388 (w), 1324 (w), 1303 (w), 1257 (w), 1249 (w), 1206 (w), 1151 (w), 1100
(w), 1074 (w), 1023 (w), 940 (vs), 916 (vs), 901 (vs), 854 (w), 763 (m), 647 (s), 568 (m), 475
(w), 454 (w), 419 (m). INa2-CrMo6: Yield: 17 mg, 12% based on Mo. Elem. Anal. Calcd. (%)
for CeHa3zCuo.sCrMosN2Na203s5: C, 5.09%; H, 3.06%; N, 1.98%. Found: C, 5.12%; H, 3.15%; N,
2.03%. IR: v (cm™) 3523 (s), 3392 (s), 3198 (s), 1631 (m), 1460 (w), 1441 (w), 1423 (w), 1391
(w), 1326 (w), 1302 (w), 1250 (w), 1239 (w), 1208 (w), 1152 (w), 1102 (m), 1075 (m), 1023
(m), 952 (vs), 919 (vs), 897 (vs), 849 (w), 814 (w), 763 (w), 646 (s), 564 (m), 531 (m), 417 (m).

[{Cu(DMC)}2{HsCrMo06024}]NO3-5H,0 (1INO3-CrMo6). The synthetic procedure is similar
to that of 1-CrMo6 except for the of aqueous 1M NaNOs reaction medium and the use
Cu(NOs3)2:3H,0 (0.034 g, 0.2 mmol) (0.048 g, 0.2 mmol) as copper(ll) source. Purple prismatic
crystals of 1INO3-CrMo6 were obtained after 10 days. Yield: 37 mg, 21% based on Mo. Elem.
Anal. Calcd. (%) for C24H72Cu2CrMoeN9O3;: C, 16.44%; H, 4.14%; N, 7.19%. Found: C, 16.39%;
H, 4.21%; N, 7.03%. IR: v (cm™) 3410 (s), 3206 (s), 2933 (m), 2887 (m), 1638 (m), 1473 (m),
1426 (m), 1389 (vs), 1351 (s), 1299 (w), 1249 (w), 1241 (w), 1212 (w), 1174 (w), 1153 (w),
1101 (m), 1074 (m), 1022 (m), 966 (w), 940 (vs), 908 (vs), 895 (vs), 854 (w), 837 (w), 762 (w),
748 (w), 646 (s), 575 (m), 525 (w), 497 (w), 474 (w), 458 (w), 421 (w), 400 (m).

[{Cu(DMC)}2{HsCrMo06024}]CI-5H,0 (1CI-CrMo6). The synthetic procedure is similar to
that of 1-CrMo6 except for the of aqueous 1M LiCl reaction medium and the use CuCl,-2H,0
(0.034 g, 0.2 mmol) as copper(ll) source. Purple prismatic crystals of 1CI-CrMo6 were
obtained after 2 weeks. Yield: 21 mg, 12% based on Mo. Elem. Anal. Calcd. (%) for
C24H71CICu2CrMogNgOass: C, 16.78%; H, 4.17%; N, 6.52%. Found: C, 16.74%; H, 4.28%; N,
6.47%. IR: v (cm™) 3410 (s), 3192 (s); 2923 (s); 2877 (s); 1681 (m); 1459 (m); 1443 (m), 1424
(m), 1392 (w), 1324 (w), 1301 (w), 1249 (w), 1238 (w), 1209 (w), 1153 (w), 1102 (m), 1072
(m), 1024 (m), 967 (w), 941 (vs), 906 (vs), 897 (vs), 852 (w), 761 (w), 646 (s), 574 (w), 539 (w),
498 (w), 445 (w), 402 (m).



4.2.2. Single-Crystal X-ray Crystallography

Crystallographic data for 1-CuMo8 1-CuMo8, 1-CrMo6, 1Na-CrMo6, 1Na2-CrMo6,
1NO3-CrMo6 and 1CI-CrMo6 are compiled in Table 4.1.

Table. 4.1. Crystallographic data for 1-CuMo8, 1-CrMo6, 1Na-CrMo6, 1Na2-CrMo6, INO3-CrMo6 and 1Cl-

CrMo6.
1-CuMo8 1-CrMo6 1Na-CrMo6
empirical formula C36H114CusM0sN12043 Ci18H70CrCu1.sMos03s C12Hs50CrCuMosNaNaOsz
fw (g mol?) 2425.07 1653.75 1476.73
crystal system Triclinic Triclinic Triclinic
Space group (number) P-1(2) P-1(2) P-1(2)
a (A) 13.3544(5) 13.9996(3) 8.5407(4)
b (A) 13.6088(6) 14.9585(4) 11.4159(3)
c(A) 14.4136(6) 15.0409(3) 11.5870(3)
a (deg) 108.092(4) 61.200(3) 71.478(3)
P (deg) 105.471(4) 77.582(2) 83.784(3)
7 (deg) 99.932(3) 64.166(3) 68.887(4)
Vv (A%) 2304.69(17) 2484.26(13) 999.28(7)
z 1 2 1
Pealcd (g cm™3) 1.747 2.211 2.454
B (mm?) 2.032 2.404 2.718
reflns collected 24082 29785 11445
unique reflns (Rint) 9045 (0.066) 9735 (0.035) 4125 (0.041)
observed refins [I1>20(/)] 6434 8366 3507
Params (restrains) 455 (54) 616 (0) 281 (1)
R(F)* [1>24(1)] 0.084 0.040 0.049
wR(F?)° (all data) 0.274 0.119 0.137
GoF 1.067 1.090 1.030

Thermal vibration of atoms were treated anisotropically for all the non-hydrogen
compounds, except for the hydration water molecules in 1-CuMo8 and 1CI-CrMo6 and the C
atoms from the DMC ligand in INO3-CrMo6 due to the structural disorder displayed by
organic ligand. Hydrogen atoms of the organic DMC ligand, as well as those belonging to the
hydration water molecules in 1Na2-CrMo6 were placed in calculated positions and refined
using standard SHEXL parameters. Some of the anisotropic thermal ellipsoids from the DMC
ligand in 1-CuMo8 were normalized using ISOR-type restrains from SHELXL. In a similar way,
the protonated oxygen atoms from the Anderson-Evans-type clusters in 1Na-CrMo6 and
1Na2-CrMo6 and some atoms from the DMC ligands in 1-CrMo6, 1INO3-CrMo6 and 1-CuMo6
were normalized using DFIX and DANG type restrains. All the samples except 1-CrMo6 and
1Na-CrMo6, display a significant disorder in their lattice water molecules, and different
crystallographic positions suitable for hydration molecules were located in their Fourier

maps. Their occupancies were initially refined without restrictions and then fixed to the first



decimal in the last refinement cycle. This resulted in a total number of 6.5 water molecules
delocalized over 10 sites for 1-CuMo8 (the asymmetric unit displays one half of the formula),
11.5 over 12 sites for 1INa2-CrMo6, 1.25 over 3 positions for INO3-CrMo6 (the asymmetric
unit displays one quarter of the formula) and 5 over 8 sites for 1CI-CrMo6.

Table 4.1. (continuation). Crystallographic data for 1-CuMo8, 1-CrMo6, 1Na-CrMo6, 1Na2-CrMo6, 1NO3-

CrMo6 and 1CI-CrMo6.

1Na2-CrMo6 1NO3-CrMo6 1CI-CrMo6
empirical formula C6Ha3CrCuosMoeN2Na203ss |  CaaH72CrCu2MosN9O32 C24H72CICrCu2Mo6Ng029
fw (g mol?) 1416.81 1753.62 1727.06
crystal system Triclinic Monoclinic Triclinic
Space group (number) P-1(2) 12/m (12) P-1(2)
a(A) 11.1588(5) 8.7882(3) 8.55507(15)
b (A) 12.4998(6) 18.2158(5) 13.1413(2)
c(A) 15.4064(7) 17.5379(5) 25.8854(4)
a (deg) 67.635(5) 90 77.4180(13)
/ (deg) 86.320(4) 102.116(3) 81.1696(14)
y(deg) 73.671(4) 90 74.5690(15)
V(A% 1904.91(17) 2744.99(14) 2723.73(8)
V4 2 2 2
Pealed (g cm™3) 2.470 2.122 2.095
u (mm?) 2.592 2.366 2.425
reflns collected 22500 16765 35464
unique reflns (Rint) 7476 (0.064) 3549 (0.036) 12993 (0.036)
observed refins [/1>20(/)] 5853 3083 10205
Params (restrains) 512 (6) 218 (4) 509 (0)
R(F)* [1>2a(1)] 0.076 0.042 0.057
wR(F?)° (all data) 0.223 0.107 0.164
GoF 1.046 1.029 1.064

4.3. RESULTS AND DISCUSSION

4.3.1. Synthetic considerations

As described in Chapters 2 and 3, the reaction between a heptamolybdate source and
{Cu(cyclam)}** complexes can lead to covalent networks with interesting thermostructural
properties capable to exhibit SCSC transformations as well as water and gas sorption
properties. Thus, we decided to assess the effect of slight modifications of the organic ligand
on the final assemblies and evaluate whether hybrid systems could exhibit similar rich
thermostructural behavior. Taking this into account, the reaction between
(NH1)6M07024-4H,0 salt towards {Cu(DMC)}** (DMC = 1,8-dimethyl 1,4,8,11-
tetraazacyclotetradecane) complex in a POM:complex 1:3 ratio was studied in aqueous

media and at a pH close to neutrality (pH = 6.0), as these stoichiometric conditions proved to



be successful for building such extended hybrid architectures. After several weeks of
evaporation of the final solution at room temperature, purple single-crystals of 1-CuMo8
were formed in a very low yield (< 1%). Due to the low amount of available sample, only
scXRD analyses were conducted (see Section 4.3.3), which revealed the full rearrangement
of the initial [M07024]% precursor to lead to an unprecedented [HaCuMos024(M003)2]*
assembly formed by an {HaCuMo0O24} Anderson-Evans-anion with two additional {MoOQa4}
tetrahedral units condensed to two of its p3-O atoms from opposite faces.
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Figure 4.4. (a) Full FTIR spectra of 1Na-CrMo6, 1Na2-CrMo6, 1CI-CrMo6 and 1NO3-CrMo6 compared to
that of the Na3[HeCrMog024]-8H,0 precursor with (b) detail of the inorganic region in the 1500-400 cm*

range.

In view of these results, we extended our studies to the combination of the well-known
[HeCrMog024]% polyanion and {Cu(DMC)}** complexes. First, the synthesis was carried out
under aforementioned conditions for the synthesis of 1-CuMo8. Unfortunately, again only a
few single-crystals (yield < 1%) were obtained, which prevented us from fully characterizing
the sample and hence, only scXRD analyses were performed on crystals of 1-CrMo6 (see
Section 4.3.4). The use of different copper(ll) salts (i.e. chloride and acetate) and POM:
complex ratio (1:2) was evaluated, but results from scXRD analyses indicated no effect
neither in the nature of the resulting compound nor in the reaction yield. In contrast, heating

the reaction to 90 °C yielded a powdered sample in a similar poor yield.

Taking into account that higher ionic strength could favor the crystallization process
and hence, the reaction yield,3? together with the success mentioned in the introduction in
the reactions between the same Anderson-Evans anion and {M(cyclam)}?** complexes,3? we
carried out the reaction of 1-CrMo8, but using aqueous 1M NaCl instead of pure water.
Crystals of 1Na-CrMo6 appeared after one week of slow evaporation of the final solution in
a moderate yield, the FTIR spectrum of which identified them as POM-metalorganic hybrids.



Comparison of the FTIR spectrum with that of the POM precursor is depicted in Figure 4.4.
Close inspection to the spectra reveals two well-differentiated regions: the inorganic POM
region below 1000 cm™ and the metalorganic region above this wavenumber. Strong bands
corresponding to the symmetric and asymmetric v(Mo-O) vibrations in the 837-967 cm™
range, as well as the v(Mo-Oy) vibration at ca. 645 cm™ can be easily found in both spectra
with no significant changes upon the combination with the metalorganic complexes. The
signals corresponding to v(Cr-Oc-H) vibration in the 575-540 cm™ area remained almost
invariable in all the hybrids. However, the bands arising from 6(Mo-0O:) bending at low
wavenumbers (below 450 cm?) are hardly appreciated. Concerning the metalorganic region,
the bands associated to the stretching of the =N—-H and —C—H bonds of the organic ligands
(3200-2870 cm?) are shadowed by the broad band arising from the —O—H stretching which
belongs to water molecules of hydration. The remaining signals that correspond to the DMC
ligand are found in the 1470-1000 cm™ region. After filtering out crystals of 1Na-CrMo6 from
their mother liquors, a new batch crystalized after another week. Although the FTIR spectrum
of 1Na2-CrMo6 looked virtual identical to that of 1Na-CrMo6 (Figure 4.5), crystal were
different in its size and shape, in such a way that they could be distinguished visually. In fact,
they PXRD patterns considerably differ as observed in Figure 4.5, as evidenced in the intense
maxima present in 1INa-CrMo6 at 26 = 11.1, 11.4 and 13.6°, whereas in 1Na2-CrMo6 the
main maxima appear at 26 = 8.0, 8.2 and 12.4°. However, the homogeneity of the 1Na2-
CrMo6 crystalline phase was assessed by the perfect match (Figure 4.5) between its

experimental PXRD pattern and that simulated from scXRD data (see Section 4.3.6).
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Figure 4.5. (a) PXRD pattern collected for 1Na2-CrMo6 sample compared to that calculated from scXRD
data.

Encouraged by these results, the effect of changing the reaction media was evaluated by
modifying either the alkaline metal cation or the anion (Figure 4.5), because previous works
has highlighted the strong influence of the presence of distinct alkaline metal cations on the

final assembly of POMs and metalorganic units.3® The FTIR spectra of crystals isolated from



reactions carried out in agueous 1M NaNOs (INO3-CrMo6), and LiCl (1CI-CrMo6) solutions
are virtually identical to those synthesized in NaCl (aq), except for the two intense bands at
1389 and 1351 cm that corresponds to the asymmetric v(N-O) stretching from the NOs3~
anion in the former case, but their PXRD patterns are considerably different. In contrast,
aqueous 1M KCl solution decreases the solubility of the synthetic system and after filtering
the initial precipitate from the reaction, a few light-purple single-crystals of small size are
obtained together with white precipitate after the slow evaporation of the final solution.
These crystals were later identified as the potassium salt of the Anderson-Evans anion,
namely K3[HsCrMog024]-6H20 (CrMo6).3* The PXRD analyses revealed that CrMo6 crystallizes
together with KCl (white precipitate) as indicated in Figure 4.6. All the synthetized

compounds are further summarized in Figure 4.7.
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Figure 4.6. Experimental PXRD pattern of CrMo6 compared to that calculated from sc-XRD data and that

of KCl registered for comparative purposes. Maxima in the experimental pattern of CrMo6 coming from
KCl impurities are highlighted with a star.
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Figure 4.7. Overview of all the compounds presented in this chapter from the reactions between, (a) an
heptamolybdate salt and {Cu(DMC)}** in water and (b) an hexamolybdatechromate salt and {Cu(DMC)}?*
in differenet aqueous media. Color code: {MoOg}, light grey; {Mo0Qa}, dark grey; Cupowm, light blue; Cu, blue;
O, red; (b) influence of the ionic strength on the {CrMos}/{Cu(DMC)} system. Color code: octahedral Cu,
dark blue; square pyramidal Cu, light blue; Cr, pink; K, purple; N, light green; Na, yellow.

4.3.2. Thermostructural behavior

The thermal behavior of the four compounds fully characterized in this chapter was
initially analyzed by TGA/DTA analyses (Figure 4.8). All the TGA curves showed a thermal
stability range, except for that of 1Na2-CrMo6, which exhibits a first complex dehydration
stage that goes from room temperature to ca. 150 °C and accounts for 11.5 H,O molecules
(calcd. 14.6%, found 14.8% mass loss). The second step shows different overlapped thermal
events and correspond to the combustion of the organic DMC ligand and the breakdown of

the POM anion, with an overall mass loss accounting for one half of DMC ligand and 3 water



molecules (calcd. 11.9%, found 12.3%). The final residue is obtained at temperatures above
430 °C (calcd. for CrCuosMosNa>021 73.5%, found 72.9%).
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Figure 4.8. TGA/DTA curves for (a) 1Na-CrMo6, (b) 1Na2-CrMo6, (c) INO3-CrMo6 and (d) 1CI-CrMo6.

When it comes to 1Na-CrMo6, and 1NO3-CrMo6, their TGA curves show a similar
shape, which start with a endothermic dehydration step that extends from room
temperature up to ca. 100 °C and the mass loss accounts for 8 and 5 H,O molecules of
hydration, respectively (calcd. 9.7%, found 9.4% for 1Na-CrMo6; calcd. 5.1%, found 5.2% for
1NO3-CrMo6). Then, both compounds exhibit a thermal stability range up to 220-230 °C,
which suggests the presence of a thermally stable anhydrous phase. The anhydrous phase
undergoes further decomposition through the overlapping mass loss steps associated to the
breakdown of the POM anion and the loss of one DMC molecule for 1Na-CrMo6 and one
HNO3 and two DMC molecules for 1NO3-CrMo6. The final residue is obtained at
temperatures above 500 °C and coincides well with the expected general formula
CrCuMogNaO3; for 1Na-CrMo6 (calcd. 71.1%, found 70.9%), and CrCuzMo6021.5 for 1INO3-
CrMo6 (calcd. 62.6%, found 62.3%).



The TGA curve of 1CI-CrMo6 displays two consecutive endothermic mass losses below
190 °C, that could well be ascribed to the evacuation of 5 H,O molecules (calcd. 5.2%, found
5.2%) and one HCl molecule (calcd. 2.1%, found 2.2%), respectively. Afterwards, a short
thermal stability range is found from 190 °C to 240 °C, which is followed by a third mass loss
stage associated to the removal of two DMC ligands and the breakdown of the POM cluster
with an overall mass loss of 28.6% (calcd. 29.0%). The final residue is obtained at
temperatures above 530 °C (calcd. for CrCu;Mo6021.563.7%, found 64.0%).

To determine whether these compounds are able to maintain their crystallinity at high
temperatures and study any structural change that they can undergo upon heating, variable-
temperature PXRD studies between 30 and 610 °C were performed for the three compounds
exhibiting a thermal stability range on TGA experiments, which suggests the presence of a
thermally stably anhydrous phase. Important modifications are observed in the position and
intensity of the most intense diffraction maxima from the PXRD patterns of 1Na-CriMo6 upon
heating (Figure 4.9). The room temperature phase correspond to a homogenous crystalline

phase as corroborated by the comparison of its diffraction pattern with that calculated from
scXRD data, and it stable up to 50 °C.
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Figure 4.9. (a) Variable-temperature PXRD patterns of 1Na-CrMo6 collected from 30 to 610 °C with (b)
detail of the solid-phase transformations occurring from 30 to 230 °C. (c) Comparison between the pattern
collected at 30 °C in the VT-PXRD measurement, experimental 1Na-CrMo6 pattern and that calculated
from sc-XRD data.



At 70 °C the parent compound undergoes an structural transition to lead to 2Na-
CrMo6, as observed by the vanishing of the maxima at low 26 angles (more specifically, those
at 11.4, 11.9, and 15.9°) and the formation of new peaks at 12.4 and 15.2°. Furthermore,
maxima at 8.3° splits into two different signals appearing at 8.1 and 8.5°, whereas that at
10.2° is shifted to 10.5° upon structural transformation. A second transition is completed at
temperatures above 110 °C to lead to 3Na-CrMo6, with new peaks at 26 = 10.1, 13.9, 16.3
and 18.5°. This third phase is thermally stable up to 230 °C, which is in concordance with the
thermal stability range found in TGA experiments. Above this temperature, the anhydrous
phase 3Na-CrMo6 becomes amorphous until the final residue is formed at 420 °C (Figure
4.9).
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Figure 4.10. (a) Variable-temperature PXRD patterns of INO3-CrMo6 collected from 30 to 610 °C with (b)
detail of the solid-phase transformations occurring from 30 to 210 °C. (c) Comparison between the pattern
collected at 30 °C in the VT-PXRD measurement, experimental 1NO3-CrMo6 pattern and the one
calculated from sc-XRD data.

As observed in Figure 4.10 and 4.11, 1INO3-CrMo6 and 1CI-CrMo6 retain their
crystallinity up to 210 °C and 190°C, respectively, in good agreement with TGA results.
However, unlike the previous compound, no major modification in neither the positions nor
the intensities of the diffraction maxima is observed upon heating, which could indicate that
the crystal packing of the parent compounds remain virtually unaltered upon thermal
evacuation of guest solvent molecules. In the case of INO3-CrMo6, two additional maxima



of low intensity are formed at 260 = 6.9 and 12.5° upon total dehydration above 110 °C, which
could indicate small modifications in the structure of the anhydrous compound (2NO3-
CrMo6) in comparison to that of the totally hydrated phase. Anhydrous phases in 1NO3-
CrMo6 and 1CI-CrMo6 becomes amorphous until the formation of the final residues is
completed at 470 and 510 °C, respectively, in good agreement with TGA results.
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Figure 4.11. (a) Variable-temperature PXRD patterns of 1CI-CrMo6 collected from 30 to 610 °C with (b)
detail of the stability of 1CI-CrMo6 occurring from 30 to 230 °C. (c) Comparison between the pattern
collected at 30 °C in the VT-PXRD measurement, experimental 1CI-CrMo6 pattern and the one calculated

from scXRD data.

4.3.3. Crystal structure of 1-CuMo8

Compound 1-CuMo8 crystallizes in the triclinic P-1 space group and its asymmetric unit
contains one half of the [HsCuMog(M003);024]% anion, three halves of {Cu(DMC)}**
metalorganic moieties and a total number of 13 hydration water molecules per POM cluster
disordered over 10 crystallographic sites (Figure 4.12). The structure of the unprecedented
[HaCuMos(M003)2024]% anion can be best described as the well-known [HsxCuMog024]4*-
Anderson-Evans archetype® with two additional {MoQa} tetrahedral units condensed to ps-
O atoms from opposite faces. This arrangement is stabilized by the O-H:-O type



intramolecular hydrogen bonds established between the protonated u3-O atoms and {MoOQa4}
units (Figure 4.12 and Table 4.4). These finding prove that basic O atoms from the Anderson-
Evans scaffold are available not only for the substitution with trisalkoxo-type moieties, but
also for the condensation of additional addenda metal centers. In fact, the linkage of
additional addenda metal centers to the Anderson-Evans platform via formation of M—O-M
(M = Mo, W) bonds have rarely been observed in the literature.?® The Mo—0 bond lengths
within {MoOQa} tetrahedra (Table 4.2), together with bond-valence sum calculations, confirm
that these groups are not protonated, and hence, the four remaining pu3-O atoms
surrounding the heteroatom must be to obey the electroneutrality rule.

Figure 4.12. (a) Polyhedral view of the [HsCuMog(M003)20,4]% anion with the intramolecular O-H--O
bonds marked in dashed red lines. (b) polyhedral representation of the connectivity in 1-CuMo8, and (c)
ORTEP representation of 1-CuMo8 assymmetric unit showing 50% probability thermal ellipsoids, together
with the atom labelling scheme. The C and H atoms, as well as the water hydration molecules have been
omitted for clarity. Color code: {M00Qa4}, dark grey; Cupowm, light blue. Symmetry codes: i) -x, 2-y, -z; ii) -1+x,
Yy, Z; iii) X, -1+y, z; iv) 1-X, 2-y, -Z; V) -X, 2-y, -1-z; vi) =X, 3-y, -z.

Table 4.2. Mo—O bond lengths (A) for the terminal O atoms from the [HsCuMos(M003),0,4]% anion in 1-
CrMo8.

Vo0 Bond length (A) Mo-0 Bond length (A)
- 1.729(8
Mo1-01 (8) Mod—04 1.723(9)
Mo1-011 1.716(7)
— 1.717(8
Mo2-02 (8) Mod—044 1.764(8)
Mo02-022 1.725(8)
_ 1.712(7
Mo3-03 (7) Mo4-0444 1.715(10)
Mo3-033 1.707(7)




Three crystallographically independent and centrosymmetric {Cu(DMC)}** complexes
are found in 1-CuMo8, all of them showing the DMC ligand in a trans-/Il configuration which
is the most usual configuration for {Cu(cyclam)}** complexes, but not that common for
{Cu(DMC)}** according to reported works.3” All the Cu" centers display octahedral CuN4O>
coordination geometry with the N atoms from the DMC ligands occupying equatorial
positions, while the axial coordination sites remain accesible for connecting contiguos POM
units through coordination to terminal Opom atoms. No significant Jahn-Teller distortion is
observed for Cu" centers, with the longest bond length being of 2.483(7) A (Table 4.3) despite
the steric hindrance generated by methyl groups, which is comparatively shorter than those
displayed by {Cu(cyclam)}?** units in compounds reported in Chapters 2 and 3.

Table 4.3. Cu—N and Cu—Opom bond lengths for {Cu(DMC)}** complexes in 1-CuMo8.

CulA CulB CulcC
CulA—N1A 2.070(11) CulB-N1B 2.052(13) CulC-N1C 2.033(9)
CulA-N4A 1.980(10) CulB-N4B 1.994(14) CulC-N4C 2.041(11)
CulA—N1Ai 2.070(11) CulB-N1B" 2.052(13) CulC-N1C' 2.033(9)
CulA—N4Ai 1.980(10) CulB-N4B' 1.994(14) CulC-NACH 2.041(11)
CulA-033 2.397(7) CulB-02 2.483(7) CulC-04 2.428(9)
CulA-033i 2.397(7) CulB-02" 2.483(7) CulC-04' 2.428(9)

Symmetry codes: i) 1-x, 2-y, -z; i) -x, 2-y, -1-z; iii) -x, 3-y, -z.

Figure 4.13. (a) View of the crystal packing of 1-CuMo8 along the crystallographic x axis and (b) projection
of a hybrid layer parallel to the (010) plane. The C and H atoms are ommitted for clarity.

The crystal packing of 1-CuMo8 can be viewed as a 3-dimensional covalent open-
framework displaying an interconnected network of channels, where the hydration water
molecules are hosted (Figure 4.13). This structure is formed by hybrid
{HsCuMos(M0Os3),}/{Cu(DMC)} layers in the xz plane, in which each polyanion is linked to four
neighbouring clusters through {Cu(DMC)}** bridging complexes (CulA and CulB), resulting
water-filled rhombic-like voids (average cross-sections of ca. 10.5 x 9.6 A considering the
interatomic distances between opposite N atoms of the grid voids). These layers are
covalently connected to each other along the crystallographic y axis through the octahedral



CulC complex coordinated to the {MoQs} tetrahedral unit from the POM anion. The N—
H---Opom and C—H---Opom interactions established between the metalorganic complexes and
the O atoms from the POM anion contribute to the overall stability of 1-CuMo8 (Table 4.4).
The stacking of hybrid grids generates a three-dimensional system of inteconnected channels
constituted by wider voids connected through narrower necks running along the three
crystallographic (x, y and z) axes. The total solvent accessible volume of accounts for the 37%
(848 A3) of the unit cell volume as calculated by PLATON (Figure 4.14).38
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Figure 4.14. View of the surface representation of water-filled interconnected channels in 1-CuMo8 along
the crystallographic (a) x and (b) y axes.

Table 4.4. N-H---O, C—H-:-O and O—H-:-O type interactions in 1-CuMo8. Intramolecular O-H---O hydrogen-
bonds ocurring within the polyanion are highlighted in bold.

Donor-H-+-Acceptor D---A (A) Donor—H---Acceptor D--A (A)
031-H31---044 (Intra) 2.807(11) C6C—H6CB---03' 3.448(18)
032-H32---044 (Intra) 2.963(11) C7A-H7AB---03V 3.428(17)

N4B-H4B:--022" 3.122(15) C7A-H7AB--033" 3.099(18)
NAA—H4A--011i 2.895(13) C7C-H7CB---04 3.128(16)
N32-H32.--044i 2.963(11) C7B-H7BB--02" 3.14(2)

C2C—H2CB---01 3.263(17) C8B-H8BB:--0444 3.459(19)

Symmetry codes: i) -x, 2-y, -z; ii) -x, 2-y, -1-z; iii) x, 1+y, z; iv) 1-X, 2-y, -z

4.3.4. Crystal structure of 1-CrMo6

Compound 1-CrMo6 crystallizes in the triclinic P-1 space group and its asymmetric unit
contains two halves of the [HeCrMos024]> Anderson-Evans cluster, one {Cu(DMC)(H,0)}**
metalorganic moiety in general position (CulA) and one {Cu(DMC)}** complex located in a
symmetry center (CulB), together with 11 hydration water molecules (Figure 4.15). Charge
balance considerations indicate that the POM anions must be hexa-protonated. The six
protonation sites in the Anderson-Evans cluster are located in the u>-0 atoms surrounding
the central {CrOs} heteroatom. Residual electron density peaks in Fourier maps suggest the

approximate location for these H-atoms.



02w__cu1a
-

(a) (b)

033Ai

ulBii

CulB!

k)
033AY

Figure 4.15. (a) ORTEP representation of 1-CrMo6 showing 50% probability thermal ellipsoids, together
with the atom labelling scheme. (b) Polyhedral representation of 1-CrMo6 The C and H atoms, as well as
the water hydration molecules have been omitted for clarity. Color code: Cr, pink; octahedral CuN4Ow,
light blue. Symmetry codes: i) -1-x, 2-y, -1-z; ii) x, 1+y, 1+4z; iii) =X, 2-y, -1-z; iv) -1-x, 1-y, -z; v) -1+X, y, Z; Vi)
-1-x, 2-y, -1-z; vi) -1-x, 2-y, -z.

There are two types of metalorganic complexes in the crystal structure of 1-CrMo6.
The [Cu(DMC)(H20)]?* (CulA) moiety acts as a charge compensating unit and exhibits a
CuN4O chromophore with an tetragonally elongated square-based pyramidal geometry, in
which the four N atoms of the ligand form the basal plane and the apical position is occupied
by one coordination water molecule [Cu-O bond length, 2.633(6)A] . In contrast, the
{Cu(DMC)}** complex (CulB) bridges contiguous Anderson-Evans units through coordination
to their surface O atoms. The Cu atom in CulB shows an axially elongated CuN4O; octahedral
geometry with four N atoms in the equatorial plane and two terminal Opom atoms in axial
positions. Bond lengths in Table 4.5 are consistent with those shown in the few {Cu(DMC)}**
complexes reported to date.3”2 The more flexible coordination geometry of CulA allows the
bending of the ligand, in such a way that it shows the more common cis-V configuration
(Figure 4.16). Converselly, the ligand from the octahedral CulB unit displays a trans-/l/

configuration.



Table 4.5. Cu—N bond lengths and Cu—Opowm distances present in the {Cu(DMC)}** complexes of 1-CrMo6.

CulA CulB

CulA-N1A 2.083(6) CulB-N1B 2.066(5)
CulA-N4A 2.006(6) CulB-N4B 2.013(5)
CulA-N8A 2.071(6) CulB-N1B 2.066(5)
CulA-N11A 2.014(6) CulB-N4B' 2.013(5)
CulA-02W 2.633(6) CulB-033 2.511(5)
CulB-033" 2.511(5)

Symmetry codes: i) =X, -y, 1-z; ii) x, -1+y, 1+z.

N,Ow CulN,0,
Square pyramidal Cu?* Octahedral Cu?*
Cis-V DMC Trans-1ll DMC

Figure 4.16. Polyhedral representation of the different coordination geometries and ligand configurations
showed by {Cu(DMC)}** building blocks in 1-CrMo6.

Two crystallographically independent Anderson-Evans anions are also found in 1-
CrMo6, one of which is decorated by two octahedral CulB complexes in opposite positions
and hence, it connects adjacent POMs forming hybrid chains running along the
crystallographic x axis. As depicted in Figure 4.17, the non-decorated Anderson-Evans anion
is located between these covalent chains, forming supramolecular layers parallel to the xz
plane through the hydrogen-bonding network established between protonated faces from
Anderson-Evans units. Even though the protonated faces from the POM clusters are
displaced 45.7° from the ideal parallel arrangement, they can act as both donors and
acceptors of H-bonds, which facilitates the stacking. One hydration water molecule (011W)
located in a intralamellar position reinforces the formation of these supramolecular layers
(Figure 4.17b). These sheets are further linked to each other through O—H---:O, N-H---O and
C—-H--:O type interactions (Table 4.6), which involve the CulA moiety located in the

intralamellar space and Opom atoms.



Figure 4.17. (a) Crystal packing of 1-CrMo6 along the crystallographic z axis and (b) view of the hybrid
layers in the xz plane, both with detail of the H-bond interactions that help to the overall crystal packing.

Table 4.6. O—H::-:O, N—H---O and C—H---O interactions in 1-CrMo6.

Donor—H-+-Acceptor D--A (A) Donor-H--Acceptor D--A (A)
021A-H21A--011W' 2.720(6) C10A-H10B:-022B 3.417(10)
021B-H21B--011W" 2.649(6) C12A-H12A--06W 3.280(9)
031A-H31A--010Wi 2.788(6) C12A-H12B:-022A 3.163(8)
031B-H31B--010W" 2.770(7) C7B-H7AB--033A" 3.093(8)
032A-H32A--028B 2.697(6) C15A-H15B-02W 3.253(8)
032B-H32B:-08W" 2.670(6) C16A-H16A--011B" 3.423(10)
N4A-H4A:--03B" 3.023(8) C6A-H6AA--0O3A 3.065(8)
N4B-H4B:--022A" 2.940(8)
N11A-H11A--02 2.902(7)

Symmetry codes: i) -1-x, 2-y, -1-z; ii) -1+x, 1+y, z; iii) X, -1+y, z; iv) -X, 1-y, -z; V) -, 1-y, -1-z; vi) -1-x, 1-y, -z.

4.3.5. Crystal structure of 1Na-CrMo6

Compound 1Na-CrMo6 crystallizes in the triclinic P-1 space group and its asymmetric
unit contains one half of the [HeCrMog02]> Anderson-Evans-type anion, one
centrosymmetric {Cu(DMC)}** metalorganic moiety, one sodium cation and a total of 8
hydration water molecules per POM cluster (Figure 4.18). As in the case of 1-CrMo6, the
Anderson-Evans anion is hexa-protonated in the -0 atoms, in good agreement with

elemental and thermal analyses, as well as, charge balancing considerations.



Figure 4.18. (a) ORTEP representation of 1Na-CrMo6 showing 50% probability thermal ellipsoids, together
with the atom labelling scheme. (b) polyhedral representation of 1Na-CrMo6.The C and H atoms, as well
as the water hydration molecules not coordianted to the Na center have been omitted for clarity. Color
code: Na, yellow. Symmetry codes: i) 1-x, -y, 2-z; ii) 1-x, 1-y, 1-z; iii) —x, 1-y, 2-z.

The two main building-blocks in the structure of 1Na-CrMo6 are the well-known
[HeCrMog024]3 anion and the {Cu(DMC)}** complex, with a octahedral Cu" center showing N
atoms from the ligand in equatorial positions [Cul-N1 = 2.054(6)A and Cul-N4 = 2.013(6)A]
and a significant Jahn-Teller distortion with axial sites occupied by Opom atoms from
contiguous POM units [Cul-011 = 2.699(5)A]. The DMC ligand exhibits a trans-iI
configuration, which according to the structures reported in this work t it is the most
common form for octahedral bridging complexes with bulky groups occupying axial positions.
The crystal packing of 1Na-CrMo6 can be best described as POM-metalorganic hybrid chains
running along the [01-1] direction. These hybrid chains are linked to each other by a sodium
cation directly coordinated to terminal O atoms from the POM surface and with the O1W
water molecule completing the coordination sphere. Furthermore, protonated faces of the
polyanion reinforce this bidimensional arrangement by establishing Ow—H---:Opom hydrogen-
bonding interactions with hydration and coordination water molecules. As depicted in Figure
4.19, the stacking of inorganic layers parallel to the xz plane takes place through an extensive
network of Ow—H---Opom, and C—H---:Opom type contacts involving organic ligands, hydration
water molecules in the intralamellar space and POM surface O atoms (Table 4.7). This overall
packing displays small structural voids accounting for the 9% (93 A3) of the unit cell volume,
as calculated by PLATON. However, surface representation of accessible voids could not be

represented by PyMol using the standard molecular probe provided by the software.3?



According to the variable-temperature PXRD analyses described in the previous
section, 1Na-CrMo6 undergoes two sequential thermally-triggered structural transitions
upon heating. Total dehydration of 1Na-CrMo6 could a priori imply that the two coordination
water molecules from sodium cations are removed and hence, it would promote the collapse
of the crystal architecture. However, the stability of the new crystalline phase formed upon
total dehydration must involve either a) a sodium cation with a unusually low coordination
number or ii) the completion of the coordination sphere of the sodium cation with Opom
atoms from contiguous layers. These facts will be assessed in the near future by means of
scXRD studies at high temperature.

Figure 4.19. (a) View of the crystal packing of 1Na-CrMo6 along the [1-10]; (b) projection of the hybrid
layer parallel to the xz plane.

Table 4.7. O—H---O and C—H---O interactions in 1Na-CrMo6.

Donor-H---Acceptor D--A (A) Donor-H---Acceptor D--A (A)
O01W-H1WB--022' 2.794(10) C2-H2A--012 3.311(9)
03W-H3WA.--033' 2.842(7) C3-H3B--02' 3.308(9)
03W-H3WB---023i 2.735(7) C7-H7B---011 3.286(9)
04W-H4WA:--03" 2.789(8) C8-H8A:--033Y 3.309(11)

021-H21---04Wi 2.946(7)

031-H31---04W 2.717(8)

032-H32---02Wi 2.714(9)

Symmetry codes: i) 1-x, 1-y, 2-z; ii) 1-x, -y, 1-z; iii) 1-x, -y, 2-z; iv) 1+X, y, z; v) 1-x, 1-y, 1-z.

4.3.6. Crystal structure of 1Na2-CrMo6

Compound 1Na2-CrMo6 crystallizes in the triclinic P-1 space group and its asymmetric
unit contains two halves of the [HeCrMog024]*> Anderson-Evans-type cluster, one half of the
centrosymmetric {Cu(DMC)}** complex, two sodium cations and a total of 11.5 hydration
water molecules (Figure 4.20). The Anderson-Evans anion is hexa-protonated in the pus—0



atoms, in good agreement with elemental and thermal analyses, as well as, charge balancing

considerations.

Figure 4.20. (a) ORTEP representation of 1Na2-CrMo6 showing 50% probability thermal ellipsoids,
together with the atom labelling scheme. (b) Polyhedral representation of 1Na2-CrMo6. The C and H
atoms have been omitted for clarity. Symmetry codes: i) —x, -y, -1-z; ii) -1-x, 1-y, -1-z; iii) —x, 1-y, -z.

The axially elongated, octahedral {Cu(DMC)}** complex shows i) the CuN4O:
chromophore with equatorial positions occupied by the ligand N atoms [Cu—N bond lengths
of 2.028(10) and 2.003(12) A] and Opom atoms in axial sites [Cu—02B = 2.555(9) A] and ii) the
DMC ligand in trans Il configuration. As in the case of 1-CrMo6, two crystallographically
independent Anderson-Evans anions are found in 1Na2-CrMo6, one of which is decorated by
two octahedral complexes in opposite positions and hence, it connects adjacent POMs
forming hybrid chains running along the [1-10] direction. As depicted in Figure 4.21, the non-
decorated Anderson-Evans anion is located between these covalent chains, and connected
to hybrid chains through the coordination of the Nal cation together with the hydrogen-
bonding network established between protonated faces from the two different Anderson-
Evans units. Even though the protonated faces from the POM clusters are displaced 41.0°
from the ideal parallel arrangement, they can act as both donors and acceptors of H-bonds
(Table 4.8). This arrangement generates layers parallel to the (211) plane (Figure 4.21), the
stacking of which is facilitated by the network of O-H:--:O and C-H---O type contacts
established between coordination water molecules of the second crystallographically
independent sodium cation coordinated to the surface of the nude Anderson-Evans anion,

organic ligands and Opom atoms.



Figure 4.21. (a) Projection of a layer in 1Na2-CrMo6 parallel to the yz plane, and (b) detail of the as O—
H---:O and C—H:--O interactions bridging the hybrid chains.

Table 4.8. O—H--:O and C—H::-O interactions in 1Na2-CrMo6.

Donor-H---Acceptor D--A (A) Donor-H---Acceptor D--A (A)
021A-H21A--09W 2.636(11) C3-H3A--033B 3.393(19)
021B-H21B---0O3A 2.687(9) C6—-H6A---022A 3.282(17)
031A-H31A---032A 2.921(10) C8-H8A---01BY 3.450(17)

031A-H31A--010W! 2.671(11) C8-H8C---09W'i 3.360(17)
031B-H31B---04W 2.729(9)

032A-H32A---07Wi 2.727(11)

032B-H32B--011AY 2.710(9)

Symmetry codes: i) —x, 1-y, -z; ii) =X, 1-y, -1-z; iii) 1-x, 1-y, -z; iv) =X, -y, -z; V) 14X, Y, Z.

4.3.7. Crystal structure of 1NO3-CrMo6

The 1INO3-CrMo6 compound is the only one crystallizing in a non-triclinic space group.
In fact, 1INO3-CrMo6 crystallizes in the monoclinic /12/m space group and its asymmetric unit
contains 1/3 of a [HsCrMog024]> Anderson-Evans-type cluster, one half of a {Cu(DMC)}**
complex disordered over two crystallographic sites showing equivalent occupancies, one half
of a nitrate anion as well as 5 H,O molecules of hydration. The Anderson-Evans anion is hexa-
protonated in the us—0 atoms, in good agreement with elemental and thermal analyses, as

well as, charge balancing considerations.

The axially elongated octahedral {Cu(DMC)}** complex in 1INO3-CrMo6 shows i) the
CuN40; chromophore with equatorial positions occupied by the ligand N atoms and Opom
atoms in axial sites (Table 4.9) and ii) the DMC ligand in trans /ll. Regarding the crystal
packing, each Anderson-Evans anion is connected to four neighboring clusters through
{Cu(DMC)}** bridging units to form hybrid layers parallel to the yz plane. The C—H:--Opom and

N—H:-:-Opom type contacts established between the DMC ligand and Opom atoms reinforce this



arrangement, which generates square-like voids with an approximate cross-section of 11.2 x
11.2 A (interatomic distances between opposite N atoms of the grid voids). Hybrid layers are
stacked through trifurcated H-bonding interactions established between the nitrate anions
in interlamellar position and protonated Opom atoms (Figure 4.22 and Table 4.10). This
stacking generates water-filled channels running along the crystallographic x axis, in which
all the hydration water molecules are hosted (Figure 4.22c).The total solvent accessible
volume in 1INO3-CrMo6 accounts for the 14% (360 A3) of the unit cell volume as calculated
by PLATON.

Table 4.9. Cu—N and Cu—Opom bond lengths (A) for {Cu(DMC)}?>* complexes in 1INO3-CrMo6.

CulA CulB
Cul-*N1A 2.040(12) Cul-*N1B 2.030(12)
Cul-*N4A 2.016(14) Cul-*N4B 1.946(15)
Cul-*N1A 2.040(12) Cul-*N1B! 2.030(12)
CulA-*N4A! 2.016(14) CulA-*N4B' 1.946(15)
Cul-011 2.487(3)
CulA-011' 2.487(3)

Symmetry codes: i) ¥»-x, Y-y, 1/-z.

According to the variable-temperature PXRD analyses described in the previous
section, 1INO3-CrMo6 is able to undergo structural transformations under thermal-stimuli.
Total dehydration of 1NO3-CrMo6 could lead to a water-free structure with
monodimensional channels accessible for sorption studies. The structure of this new possible
anhydrous compound will be assessed in the near future by means of scXRD studies at high

temperature.

Table 4.10. Distances (A) for Opom—H-+-On, N=H---O and C—H---O interactions in 1INO3-CrMo6.

Donor-H---Acceptor D--A (A) Donor-H---Acceptor D--A (A)
04-H4---02N 2.956(12) C7A-H7AB---011 3.17(3)
021-H21---:O3N 2.701(12) C6B—-H6BA---O1W 3.28(4)
021-H21--02N' 2.805(10) C2B-H2BA---012' 3.28(2)
N4A-H4A---02 3.175(17) C2B-H2BB---011" 3.18(2)
N4B—H4B---02 3.041(16) C2A-H2AB---011 3.140(18)
C8-H8BC--O3Ni 2.93(3) C8B—-H8BA---011 2.98(3)
C8A-H8AC---01i 3.277(19)

Symmetry codes: i) 1+x, y, z; i) -X, y, z; iii) -14X, y, z; iv) %-x, Ys-y, Vs-2.
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Figure 4.22. (a) View of the crystal packing of 1INO3-CrMo6 along the crystallographic x axis (b) detail of
interactions for the stacking of layers. (c) Projection of the hybrid layers parallel to the yz plane and (d)
surface representation of the water-filled channels. The C and H atoms are ommitted for clarity Color
code: N from the nitrate, light blue. Symmetry codes: i) 1-x, y, -z; ii) 1-x, -y, -z; iii) x, -y, z.

4.3.8. Crystal structure of 1CI-CrMo6

Compound 1CI-CrMo6 crystallizes in the triclinic P-1 space group and its asymmetric
unit contains one [HsCrMog024]> Anderson-Evans anion, and {Cu(DMC)}** metalorganic
moieties divided into: one CulA located in a general position and two centrosymmetric
complexes (CulB and CulC); together with 5 hydration water molecules disordered over 8
crystallographic positions (Figure 4.23). The Anderson-Evans anion is hexa-protonated in the
us—0 atoms, in good agreement with elemental and thermal analyses, as well as, charge
balancing considerations.



Figure 4.23. (a) ORTEP representation of 1CI-CrMo6 showing 50% probability thermal ellipsoids, together
with the atom labelling scheme. (b) polyhedral representation of 1CI-CrMo6. The C and H atoms, as well
as the water hydration molecules have been omitted for clarity. Symmetry codes: i) 1+x, -1+y, z; ii) 1-x, 1-
y, 1-z; iii) =x, 1-y, 2-z; iv) -1+x, 1+y, z

All the three DMC complexes in 1CI-CrMo6 show axially elongated octahedral
geometries with equatorial positions occupied by the ligand N atoms and Opom atoms in axial
sites (Table 4.11), as well as, DMC ligands in trans Ill configuration.

Table 4.11. Cu—N and Cu—Opom bond lengths for {Cu(DMC)} complexes in 1CI-CrMo6.

CulA CulB CulC
CulA-N1A 2.061(7) CulB-N1B 2.048(8) CulC-N1C 2.060(9)
CulA-N4A 1.992(8) CulB-N4B 1.995(8) CulC-N4C 2.002(8)
CulA-N8A 2.057(7) CulB-N1B® 2.048(8) CulC-N1Ci 2.060(9)
CulA-N11A 1.980(8) CulB-N4B' 1.995(8) CulC-NA4Cii 2.002(8)
CulA-011 2.398(5) CulB-022 2.499(4) CulC-05 2.446(5)
CulA-044 2.489(4) CulB-022' 2.499(4) CulC-04i 2.446(5)

Symmetry codes: i) 1+x, -1+y, z; ii) 1-x, 1-y, 1-z; iii) —x, 1-y, 2-z.

The crystal packing of 1CI-CrMo6 resembles to that of 1NO3-CrMo6, but for the
interlamellar nitrate anions, which are replaced by chloride ions. In this sense, this structure
is formed by hybrid POM-metalorganic layers parallel to the yz plane, in which each POM
cluster is covalently bonded to four neighboring clusters through {Cu(DMC)}** bridging
complexes. In this case, these layers are corrugated with a Cr---Cr---Cr corrugation angle of
137°, as depicted in Figure 4.24. Hybrid grids show two different types of voids with cross-
sections of 9.9 x 10.9 and 10.0 x 10.3 A (interatomic distances between opposite N atoms of
the grid voids). The stacking of these layers through Ow—H::Opom and Opom—H:-:-Cl



interactions established between the protonated pu3—O oxygen atoms from the POM cluster
and the CI™ ions located in the intralamellar space and enclosed by two polyanions (Figure
4.24a), generates water filled channels running in the [100] direction. The total solvent
accessible volume accounts for the 9% (265 A3) and 6% (169 A3) of the unit cell volume for
each type of void, as calculated by PLATON (Figure 4.24c). Apart from the O-H---Cl
interactions, C—H---O and N—H---O hydrogen-bonds between the metalorganic {Cu(DMC)}**
complexes and the oxygen atoms from the inorganic clusters and water molecules contribute
to the overall stability of 1CI-CrMo6 (Table 4.12).

Table 4.12. O—H-:-Cl, O—H::-Ow, N—H:--O and C—H---O interactions in 1CI-CrMo6.

Donor-H---Acceptor D--A (A) Donor-H---Acceptor D---A (R)
021-H21--Cl1 3.282(5) C2A-H2AA--034" 3.379(15)
032-H32--CI1' 3.466(5) C7A-H7AA---O6' 3.373(16)
043-H43.--Cl1 3.222(5) C7A-H7AB---044ii 3.201(15)
065-H65---Cl1 3.126(5) COA-HOAB---O1 3.363(16)

054-H54---06W 2.692(12) C2C-H2CA---0BW' 3.186(16)
054-H54--07W 2.764(13) C2C-H2CB--055" 3.324(15)
061-H61--07W 2.694(13) C14A-H14B---033" 3.436(15)
061-H61---08W 3.044(18) C7C-H7CB---05 3.165(13)
N4A-H4A---0O66 2.984(10) C2B-H2BB:--02" 3.230(13)
N4B—H4B---033 3.334(9) C7B-H7BA--022"i 3.140(13)
N4C—H4C:--04 3.225(9) C8B—H8BC---033 3.408(9)
N11A-H11A.-03'l 2.963(9)

Symmetry codes: i) 1+x, y, z; ii) -x, 1-y, 2-z; iii) 1+x, -1+y, z; iv) X, -1+y, z; V) -1-X, 1-y, 2-z; vi) -x, 1-y, 1-z; vii) 1-x, 1-
y, 1-z.

According to variable temperature PXRD analyses, anhydrous phases from compounds
are stable up to ca 200 °C with no major modifications in their diffraction patterns, which
could indicate a robust thermostructural behavior. This fact could allow the isolation

activated structures with empty channels available for the adsorption for chemical species.
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Figure 4.24. (a) View of the crystal packing in 1CI-CrMo6 in the [1-10] direction with detail of the O—H:--Cl
Interactions ocurring between the layers; (b) projection of a hybrid layer parallel to the yz plane and (c)
surface representation of the water-filled interconnected channels showed by 1CI-CrMo6 along the
crystallographic x axis. The C and H atoms are ommitted for clarity. Color code: Cl ions, dark green.
Symmetry codes: i) -1+x, 1+y, z.

4.4. CONCLUSIONS

In this chapter, two different heteropolyoxomolybdate clusters containing structures
have been obtained in presence of {Cu(DMC)}** complexes. In the first reaction, a new
{HaCuMoe(M003)20.24} polyanion is obtained starting from a solution of {M07024} precursor
and the Cu'-containing N4-tetradentate metalorganic complex. This unprecedented cluster
is described as a well-known Anderson-Evans cluster with copper(ll) as heteroatom, which is
bicapped in opposite faces by two {MoQ4} tetrahedra linked by corner-sharing. The presence
of these two {MoOs} units generates a covalent 3D architecture with
[{Cu(DMC)}3{HsCuMo06(M003),024}]-13H,0 (1-CuMo8) formula, that exhibits channels
interconnected in the three crystallographic axis, in which the hydration water molecules are
hosted.



The remaining structures described within this chapter are based on the system formed
by reacting a chromium(lll) containing Anderson-Evans POM and {Cu(DMC)}** metalorganic
complexes in solvents with different ionic strength. First, from aqueous solution, a
bidimensional structure is obtained in which the {CrMos}/{Cu(DMC)} hybrid layers are
bonded by H-bond interactions that include an additional Cu'" complexes acting as
counterions, to lead to the final [Cu(DMC)(H20)][{Cu(DMC)}o5{HsCrMo6024}]-10H,0 (1-
CrMo6) obtained in a very low yield. Higher synthetic yields are achieved when the reaction
is carried out in solution media with higher ionic strength like NaCl. In this case, two
compounds are obtained: Na[{Cu(DMC)H{HsCrMos024}]-8H,0 (1Na-CrMo6) formed by
monodimensional chains linked to each other by Na* cations to form 2D layers, and
Naz[{Cu(DMC)}o.5{HsCrMo6024}]-11.5H,0 (1Na2-CrMo6) in which similar hybrid layers are
covalently linked to each other through additional Na* cations. However, when the synthesis
is carried out in solvent media with a different source of monovalent sodium cations such as
NaNOs, the porous [{Cu(DMC)}{HsCrMos024}]NO3-5H,0 (1NO3-CrMo6) compound is
obtained. Moreover, in solvents with less ionic strength such as LiCl the
[{Cu(DMC)}2{H6CrMo6024}]CI-5H,0 (1CI-CrMo6) structure is obtained exhibiting a crystal
packing similar to that of INO3-CrMo6 but with the interlamellar nitrate anion replaced by
chloride ions. On the contrary, same reaction carried out in a solution of KCl only leads to the
potassium salt of the Anderson-Evans anion, K3[HeCrMoe024]-:6H20 (CrMo6). All these
compounds exhibits the B-type Anderson-Evans type anion hexaprotonated in the us—O
oxygen atoms. Furthermore, it is observed that DMC ligands exhibit a trans-Ill configuration
when the Cu" center on the {Cu(DMC)} unit exhibits an octahedral coordination geometry,
whereas in square pyramidal {Cu(DMC)} metalorganic moieties, the organic gains space for

bending in the cis-V conformation, as seen in 1-CrMo6.

Finally, variable-temperature PXRD experiments on 1Na-CrMo6, 1INO3-CrMo6 and 1Cl-
CrMo6 shows the ability of these compounds to maintain crystallinity up to temperatures
between 190 and 230 °C. For the first two hybrids, thermally-induced changes in the
diffraction patterns revealed that 1Na-CrMo6 and 1NO3-CrMo6 could undergo solid-phase
transformations under thermally stimuli which could lead to the formations of new
anhydrous structures different from the stable one at room temperature. Moreover, 1Cl-
CrMo6 also shows ability to maintain crystallinity up to 190 °C but with no visual changes in
the diffraction pattern, which could indicate that the structure remains virtually unaltered

upon thermal evacuation of guest solvent molecules.
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ABSTRACT: In this final chapter, the study of the simultaneous coordination of organic and inorganic ligands to
lanthanide(lll) ions is investigated because both multidentate organic ligands and POM clusters separately have
demonstrated the ability to sensitize lanthanide luminescent emission as well as to influence in the magnetic
behavior of 4f centers. Reaction of N,N’-dimethyl-N,N’-bis(2-hydroxy-3-formyl-5-bromobenzyl)-ethylene-diamine
(HzL) organic ligand and monolacunary Keggin type [a-SiW11039]% anion with different mid-to-late lanthanide
salts have resulted in ten isostructural hybrids with the general formula Ks[Ln"(H:L)(a-SiW11039)]-14H20 (Ln" =
Sm to Lu, 1-Ln). These molecular sandwich-type complexes are formed by a central Ln" jon in a biaugmented
trigonal prismatic geometry, which occupies the external Oa site of the organic ligand and the vacant site of the
lacunary POM unit. The empty N:0: coordination site of the organic ligand allows its unprecedented folding
which displays a relative perpendicular arrangement of aromatic groups. Weak Br---Br and mt—rt interactions
established between adjacent molecular units govern the crystal packing, which results in the formation of
assemblies containing six hybrid species assembled in a chair-like conformation. 1-Gd and 1-Yb display slow
relaxation of the magnetization after the application of an external magnetic field with maxima in the out-of-
phase magnetic susceptibility plots below ~5-6 K, which is ascribed to the presence of various relaxation
mechanisms. Moreover, photoluminescent emission is sensitized for 1-Sm and 1-Eu in the visible region and 1-Er
and 1-Yb in the NIR. In contrast, the quenching of metal-centered luminescence in the 1-Th derivative has been
attributed to the out-of-pocket coordination mode to the lanthanide center of the POM fragment. It is
demonstrated that the 1-Yb represents the first lanthanide-containing POM reported to date behaving as a dual
magneto-luminescent material. Solution stability of the hybrid molecular species is also confirmed by ESI-mass
spectrometry experiments and 1H-NMR studies for the diamagnetic 1-Lu.
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CHAPTER 5

5.1. INTRODUCTION

Lanthanide-containing POMs could be considered as ideal precursors for direct
organic derivatization because they usually show several water molecules coordinated to
accessible 4f-metal centers. Except for Peacock-Weakley type clusters, lanthanide centers
incorporated to POM clusters usually show several accessible coordination positions.
However, direct organic ligand replacement on those 4f-metal centers can be more
challenging than a priori expected. The oxophylic nature of lanthanide centers makes
carboxylic acids suitable ligands for such functionalization, but the negative charge of both
lanthanide-containing POMs and carboxylate groups, as well as the steric hindrance that a
given POM could produce, are the main difficulties for the reaction to take place. These
drawbacks have been overcome by using small ligands in a large excess, chelating ligands or
even positively charged POMs.

Figure 5.1 displays some representative examples of organically derivatized
lanthanide-containing POMs. Incorporation of organic ligands such as acetates or tartaric
acid into monomeric {Ln(POM)} species have resulted in dimeric [{Ln(OAc)(H20)(POM)},]™
hybrids constituted by monolacunary a—Keggin,! or a;-Wells-Dawson fragments.? Similar
structured have been assembled with the N,O-chelating picolinic acid,® with the difference
that in this case four ligands can participate as linkers between the two POM units, instead
of two ligands as in the previous cases. Furthermore, late-lanthanide monosubstituted
Wells-Dawson or Keggin anions presenting acetate bridging ligands allow the synthesis of
oligomeric POMs.* Similar reaction results in hybrid [Yb2(H20)2(0x){a-(1,11)-PW1003s}]n3"
chains when Yb"' is used as lanthanide source. Boskovic and co-workers succeeded in
preparing organically functionalized Tb or Eu derivatives of the [As;W190e7(H20)]1*-
lacunary polyanion with picolinic acid, which show interesting photoluminescent
properties.® Starting from the trilacunary [A-a-AsWy034]°~ anion, Ln"" disubtituted Keggin
clusters linked to carboxilic ligands (citrate, malate or tartaric acid) have proved to form
monomeric,® dimeric,” or tetrameric® organic-inorganic hybrids. Similarly, Sb-containing
trilacunary A-a-Keggin anion together with picolinic acid also results in the sandwich-type
[Ln2(H20)4{WO2(pic)}2(SbWs030)2]1% hybrids.” More examples include hexanuclear species,
in which the monocarboxilic formate ligands stabilize Ce"' coordination spheres that link

trilacunary {AsWy0s33} anions.©

In contrast, mixed-valence polyoxomolybdates have been used as building block for
the design of extended hybrid organic-inorganic frameworks, as in the case of the [{e-
PMoVsMo0Y'4036(0OH)s}{La(H20)4}4]** cation containing an &-Keggin type core capped with
four lanthanum ions (Figure 5.1f).*! The lability of the terminal water molecules on the 4f-
metal center allows the reaction of the precursor with bidentate bridging ligands leading to

one-, two- or three-dimensional arrangements in the solid state. For constructing such type
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of arrangements, polycarboxylic ligands like glutarate, squarate and di-, tri- or tetra-
substituted benzenecarboxylates have been used.’? The cationic nature of the cluster
makes the functionalization easier in such a way that it takes place even at room

temperature under mild conditions.

Figure 5.1. Representative examples of organically derivatized lanthanide-containing POMs: Monomeric
(a) [Dy2{COH(COO0)(CH,CO0),}2(AsW10038)]**™ and (b) [Ces(As""Ws033)(HCOO)s]%~. Dimeric (c) [(H20)7(4-
Hpic)Ln][(4-Hpic),LnPW11039] (Ln = La, Ce) and (d) [Ln(CsH206)(a-PW11039)]2 (Ln = Dy, Ho, Er, Yb). (e)
Chains of [{e-PM012039(OH)}Las(H20)22(Ca04)].  (f)  Three-dimensional  network in  [{e-
PMo012035(OH)s}Laa(H20)10(CoH306)2].

Despite the interesting optical and magnetic properties that the resulting complexes
may exhibit, the coordination of multidentate aromatic ligands to mononuclear lanthanide-
substituted POM species has been comparatively less studied (Figure 5.2). In fact,
compounds [n-NBua]s[LnH(PW11039)(phen);]-H20 (Ln = Dy, Er; phen = phenantroline) were
reported very recently as the first examples on the literature of mononuclear hybrid
organic-inorganic complexes with SMM behavior.'3 In a similar way, the recently reported
(N(nBu)a)aH2[Ln"'"Pc(PW11039)] (Ln"' = Dy, Tb; Pc = phthalocianine) specie constituted the
first 4f-functionalized polyanion coordinated to a N-chelating cyclic ligand, in which the Dy
derivative exhibit slow relaxation of magnetization.'* The incorporation of organic ligands
to the system has proven to be a suitable approach to dramatically lower magnetic
relaxation times in comparison to the purely inorganic analogues. Moreover, efficient
sensitization of 4f metal containing POMs has also been achieved by the simultaneous
coordination of aromatic antenna ligands (e.g. benzoate, phenantroline) to the emitting
centers.’ Furthermore, the incorporation of organic ligands into lanthanide-functionalized
POMs have recently proved to be helpful as a catalyst in hydrogen evolution reactions
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(HER).1® This is the example of the KeLn[(pdc).Ln(H20)2SiW11036] (Ln = La, Pr, Dy; pdc = 3,4-
pyridinedicarboxilate) mononuclear compound, in which the organic pdc ligands stabilize
the lanthanide ions for their employment in catalysis.

Among the tens if not hundreds of examples reported for lanthanide-based
complexes showing aromatic multidentate ligands,'” compartmental, aminophenol
Mannich- or Schiff-base derivatives represent great potential.!® Reaction between
secondary amines, paraformaldehyde and phenol moieties can easily afford multidentate
O- and N-donor ligands with two different potential coordination sites. For example, the
N,N’-dimethyl-N,N’-bis(2-hydroxy-3-formyl-5-bromobenzyl)ethylene-diamine (HL) displays
an outer Q4 site which can easily accommodate large oxophilic 4f metals and the inner N,O3
pocket, which is available for the coordination of smaller 3d metal centers (Figure 5.2b). In
some cases, heterometallic 3d-4f complexes!® have been identified as a convenient way to
improve the SMM properties of a given complex, because i) the use of diamagnetic 3d
metal ions can attenuate the intermolecular magnetic interactions responsible for quantum
tunneling of magnetization (QTM) and consequently, the loss of magnetization, and ii)
strong magnetic exchange interactions can fully or partially guench QTM. When it comes to
lanthanide-containing POMs with compartmental organic ligands, the
[CuTbLschiff(H20)3Cl2]Cl complex (Lschirs = N,N’-bis(3-methoxysalicylidene)ethylenediamine) in
combination with an Anderson-Evans anion constitutes the unique example of such type.
Coordination of the metal complex to the oxygen-rich surface of the POM anion induced
SMM behavior in a precursor that did not exhibit slow relaxation of the magnetization by

itself.20

Organic fragment
Chem. Commun., 2015, 51, 12353.

. o
- A 4 (b)
arganic-inorganic
hybrid Br OH OH Br
N N

Inorganic fragment N\ / \

Inorg. Chim. Acta, 2010, 363, 1500.

H,L = M,N"-dimethyl-N,N’"-bis(2-hydroxy-3-
formyl-5-bromobenzyl)ethylene-diamine

Figure 5.2. (a) Schematic representation of a lanthanide-containing {Ln(a-XW11039)} Peacock-Weakley-
type POM structure, the trinuclear sandwich-type [ZnCl(u-L)Dy(u-L)ClZn] complex, and the schematic
representation of the combination of both organic and inorganic counterparts in order to generate a
sandwich-type organic-inorganic hybrid containing a central lanthanide ion. (b) Schematic
representation of the H,L ligand. Color codes: Br, purple; Cl, dark green; Ln ion, pink; Zn, grey.
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Encouraged by all the above, we studied the simultaneous coordination to a
lanthanide center of i) the monolacunary Keggin-type [a-SiW1:1039]%~ anion and ii) Hal
ligand, which showed to be suitable to induce bright luminesce and SMM behavior in
previous works (Figure 5.2a).1°° This chapter describes the synthesis, structure and solution
stability of a series of ten hybrid anions formed by mid-to-late lanthanide-containing
Keggin-type polyoxotungstates and the compartmental organic ligand H.L, namely
Ks[Ln(H2L)(et-SiW11039)]-=14H,0 (1-Ln, Ln = Sm to Lu). A complete solid state photophysical
analysis have shown the efficient emission of different 1-Ln derivatives in the visible and
NIR region, whereas magnetic studies have revealed field induced SMM-behavior for 1-Gd
and 1-Yb analogues under the presence of an external field. Moreover, solution stability of
the hybrid POMs in agueous solution is confirmed by proton nuclear magnetic resonance
(*H-NMR) spectroscopy as well as electrospray lonization Mass Spectrometry (ESI-MS).

5.2. EXPERIMENTAL SECTION

5.2.1. Synthesis
Preparation of starting materials

The monolacunary Keggin-type Ks[a-SiW11039]-13H,0% precursor and the N,N'-
dimethyl-N,N’-bis(2-hydroxy-3-formyl-5-bromobenzyl)ethylene-diamine (H,L)?? ligand were
synthetized according to reported procedures, and identified by FT-IR spectroscopy and H-
NMR, respectively (See Figures A4.1 and A4.2 in Appendix 4). All other chemicals were

purchased from commercial sources and used without further purification.

Kg[a-SiW11039]:13H,0: To a hot solution of Na;W0O4:2H,0 (91 g, 0.275 mol) dissolved in
water (150 mL) aqueous 4M HCI (82.5 mL) was added dropwise. Over this mixture, Na,SiO3
(5.5 g, 25 mmol) dissolved in water (50 mL) and 4M HCI (25 mL) were added to maintain the
pH in the 5-6 range and then, the solution was kept under reflux for 1h. After cooling down
to room temperature, the solution was filtered and the product precipitated with 75 g of
KCl. The resulting white powder was filtered under vacuum, and washed twice with a 1M
KCl solution (25 mL). Yield: 69 g, 85% based on W. IR (cm™): 1626 (s), 995 (w), 960 (w), 887
(m), 794 (m), 725 (m), 505 (w).

N,N’-dimethyl-N,N’'-bis(2-hydroxy-3-formyl-5-bromobenzyl)ethylene-diamine (H:L): N,N’-
Dimethylethylenediamine (1.1 g, 12.5 mmol), 5-bromosalicylaldehyde (5.0 g, 25 mmol), and
paraformaldehyde (1.0 g, 33.5 mmol) were dissolved in ethanol (75 mL) and the mixture
was refluxed for 1 week. The resulting white precipitate is separated from the solution by
vacuum filtration, and washed twice with ethanol. Yield: 3.6 g, 55%. *H-NMR (3, ppm in
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CDCls): 2.30 (s, 6H, N—CHs), 2.70 (s, 4H, —CH,CH,-), 3.68 (s, 4H, Ar—CH>—N), 7.71 (s, 2H,
aromatic), 7.72 (s, 2H, aromatic), 10.18 (s, 2H, —CHO).

General synthetic procedure

A mixture of the H,L ligand (0.1 mmol, 0.051 g) and the corresponding lanthanide salt
(0.1 mmol) in 5 mL of MeOH was added dropwise to a solution of Kg[a-SiW11039]-13H,0
Keggin precursor (0.322 g, 0.1 mmol) in 25 mL of 0.5 M aqueous KAc/HAc buffer (pH = 4.6)
at 90 °C. The resulting solution was heated for 30 min, filtered, and then left to evaporate
at room temperature in an open container. Powders that precipitate over the first 12 h
were filtered off, and yellow single crystals of Ks[Ln"(H,L)(a-SiW11039)]-14H20 (1-Ln, Ln" =
Sm to Lu; HuL = CaoH22Br2N204) were obtained from the resulting clear solutions in less than
1 week.

Ks[Sm(C20H22Br2N204)(at-SiW11039)]-14H>0 (1-Sm). Sm(NOs)3-6H,0 (0.044 g) was used
as the 4f metal source. Yield: 19 mg, 5% based on W. IR (cm™): 1625 (vs), 1544 (s), 1443
(m), 1419 (w), 1380 (w), 1204 (w), 1162 (w), 1001 (m), 941 (s), 885 (vs), 766 (w), 748 (w)
790 (m), 701 (m), 507 (w). Elem. Anal. Calcd. (%) for Ca0H50BraKsN2Os7SiSmWaii: C, 6.34%; H,
1.33%; K, 5.53%; N, 0.74%; Si, 0.80%; Sm, 4.25%. Found: C, 6.03%; H, 1.68%; K, 5.57%; N,
0.79%; Si, 0.77%; Sm, 4.20%.

Ks[Eu(C20H22Br2N204)(a-SiW11039)]-14H-0 (1-Eu). EuCls-6H,0 (0.026 g) was used as
the 4f metal source. Yield: 16 mg, 4% based on W. IR (cm™): 1624 (vs), 1540 (s), 1441 (m),
1422 (w), 1381 (w), 1207 (w), 1163 (w), 1003 (m), 940 (s), 885 (vs), 767 (w), 748 (w) 792
(m), 702 (m), 506 (w). Elem. Anal. Calcd. (%) for CaoHsoBraEuKsN20s7SiW11: C, 6.34%; H,
1.33%; Eu, 4.30%; K, 5.53%; N, 0.74%; Si, 0.79%. Found: C, 6.11%; H, 1.57%; Eu, 4.17%; K,
5.62%; N, 0.62%; Si, 0.75%.

Ks[Gd(C20H22Br2N204)(at-SiW1103¢)]-14H.0 (1-Gd). Gd(NOs)s-6H,0 (0.045 g) was used
as the 4f metal source. Yield: 21 mg, 6% based on W. IR (cm™): 1627 (vs), 1545 (s), 1444
(m), 1423 (w), 1384 (w), 1209 (w), 1165 (w), 1007 (m), 940 (s), 884 (vs), 769 (w), 746 (w),
795 (m), 702 (m), 505 (w). Elem. Anal. Calcd. (%) for C20Hs0BroGdKsN;0s7SiW11: C, 6.33%; H,
1.33%; Gd, 4.44%; K, 5.52%; N, 0.74%; Si, 0.79%. Found: C, 6.18%; H, 1.71%; Gd, 4.36%; K,
5.48, N, 0.79%; Si, 0.76%.

Ks[Tb(C20H22Br2N204)(a-SiW11039)]-14H,0 (1-Th). Tb(NO3)3-5H,0 (0.044 g) was used
as the 4f metal source. Yield: 17 mg, 4% based on W. IR (cm™): 1622 (vs), 1541 (s), 1437
(m), 1421 (w), 1383 (w), 1206 (w), 1159 (w), 1002 (m), 944 (s), 880 (vs), 768 (w), 749 (w),
789 (m), 702 (m), 503 (w). Elem. Anal. Calcd. (%) for Ca0HsoBr2KsN20s7SiTbWi1: C, 6.33%; H,
1.33%; K, 5.52%; N, 0.74%; Si, 0.79%; Tb, 4.49%. Found: C, 6.20%; H, 1.64%; K, 5.55%; N,
0.81%; Si, 0.80%; Tb, 4.43%.
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Ks[Dy(C20H22Br2N>04)(a-SiW11039)]-14H20 (1-Dy). Dy(NOs)s-6H,0 (0.045 g) was used
as the 4f metal source. Yield: 21 mg, 6% based on W. IR (cm™): 1621 (vs), 1546 (s), 1441
(m), 1420 (w), 1378 (w), 1201 (w), 1162 (w), 1003 (m), 940 (s), 883 (vs), 766 (w), 747 (w),
792 (m), 702 (m), 501 (w). Elem. Anal. Calcd. (%) for C20HsoBr,DyKsN2Os7SiW11: C, 6.32%; H,
1.33%; Dy, 4.50%; K, 5.51%; N, 0.74%; Si, 0.79%. Found: C, 6.12%; H, 1.58%; Dy, 4.36%; K,
5.49, N, 0.76%; Si, 0.77%.

Ks[Ho(C20H22Br2N204)(a-SiW11039)]-14H-0 (1-Ho). Ho(NOs)3-5H,0 (0.044 g) was used
as the 4f metal source. Yield: 22 mg, 6% based on W. IR (cm™): 1623 (vs), 1547 (s), 1444
(m), 1419 (w), 1381 (w), 1208 (w), 1162 (w), 1001 (m), 940 (s), 885 (vs), 768 (w), 748 (w),
790 (m), 70 2 (m), 505 (w). Elem. Anal. Calcd. (%) for C2oHsoBr2HoKsN20s75iW11: C, 6.32%; H,
1.33%; Ho, 4.65%; K, 5.51%; N, 0.74%; Si, 0.79%. Found: C, 6.18%; H, 1.67%; Ho, 4.71%; K,
5.69%; N, 0.74%; Si, 0.78%.

Ks[Er(C20H22Br2N>04)(at-SiW11039)]-14H>0 (1-Er). Er(NO3)3-5H,0 (0.044 g) was used as
the 4f metal source. Yield: 14 mg, 4% based on W. IR (cm™): 1623 (vs), 1544 (s), 1443 (m),
1421 (w), 1381 (w), 1207 (w), 1162 (w), 1001 (m), 940 (s), 885 (vs), 769 (w), 747 (w), 790
(m), 702 (m), 505 (w). Elem. Anal. Calcd. (%) for CaoHsoBr2ErKsN2Os7SiW11: C, 6.32%; H,
1.32%; Er, 4.71%; K, 5.51%; N, 0.74%; Si, 0.79%. Found: C, 6.38%; H, 1.89%; Er, 4.60%; K,
5.59%; N, 0.84%; Si, 0.72%.

Ks[Tm(C20H22Br2N204)(a-SiW11039)]-14H20 (1-Tm). Tm(NOs3)3-5H,0 (0.045 g) was used
as the 4f metal source. Yield: 19 mg, 5% based on W. IR (cm™): 1623 (vs), 1544 (s), 1444
(m), 1419 (w), 1381 (w), 1207 (w), 1162 (w), 1001 (m), 942 (s), 885 (vs), 767 (w), 750 (w),
790 (m), 702 (m), 505 (w). Elem. Anal. Calcd. (%) for C20Hs50BraKsN2057SiTmWi1: C, 6.31%; H,
1.32%; K, 5.50%; N, 0.74%; Si, 0.79%; Tm, 4.75%. Found: C, 6.22%; H, 1.34%; K, 5.53%; N,
0.68%; Si, 0.80%; Tm, 4.72%.

Ks[Yb(C20H22Br2N204)(0t-SiW11039)]-14H,0 (1-Yb). Yb(NOs)3-5H,0 (0.045 g) was used
as the 4f metal source. Yield: 18 mg, 5% based on W. IR (cm™): 1623 (vs), 1547 (s), 1444
(m), 1420 (w), 1381 (w), 1207 (w), 1162 (w), 1003 (m), 940 (s), 885 (vs), 766 (w), 747 (w),
790 (m), 702 (m), 505 (w). Elem. Anal. Calcd. (%) for C20Hs0Br2KsN2Os7SiW11Yb: C, 6.31%; H,
1.32%; K, 5.50%; N, 0.74%; Si, 0.79%; Yb, 4.86%. Found: C, 6.28%; H, 1.52%; K, 5.61%; N,
0.67%; Si, 0.83%; Yb, 4.94%.

Ks[Lu(C20H22Br2N;04)(a-SiW11039)]-14H50 (1-Lu). Lu(NOs)3-5H,0 (0.046 g) was used as
the 4f metal source. Yield: 20 mg, 5% based on W. IR (cm™): 1623 (vs), 1546 (s), 1444 (m),
1419 (w), 1381 (w), 1205 (w), 1162 (w), 1001 (m), 940 (s), 885 (vs), 765 (w), 748 (w), 790
(m), 702 (m), 505 (w). Elem. Anal. Calcd. (%) for CaoHs0BraKsLuN20s7SiW11: C, 6.30%; H,
1.32%; K, 5.49%; Lu, 4.92%; N, 0.74%; Si, 0.79%. Found: C, 6.34%; H, 1.47%; K, 5.59%; Lu,
4.89%; N, 0.75%; Si, 0.77%.
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5.2.2. Thermal analyses

Thermogravimetric analyses (TGA) (Table 5.1 and Figure A4.3 in the Appendix 4) were
performed over solid crystalline samples, which were filtered from mother solution and left
to dry overnight. All compounds 1-Ln show similar TGA curves. First, a dehydration process
is observed as a continuous mass loss. This step extends from room temperature up to ca.
120 °C and accounts for 5.9% (1-Sm and 1-Ho) to 7.2% (1-Lu) of the initial mass, involving
the release of 14 hydration water molecules per formula of 1-Ln. Combustion of the ligand
together with POM decomposition take place in a second thermal event, which leads to the
final residues in the 650—-750 °C temperature range. Two main phases were identified in the
residues by powder X-ray diffraction, which correspond to hexagonal Ko.33WQ3.16 (PDF: 00—
020-0940)?% and analogues of the monoclinic C2/c KLn(WOQ4); (Ln = Sm to Lu; PDF for Ln =
Dy: 00-023-0479)%* (Figure A4.4 in the Appendix 4).

Table 5.1. Thermal data for compounds 1-Ln.

Dehydration (Am, %) Decomposition (°C) Residue (m, %)

Amcaic for 14H20 DMmexp Td Kchn ag;;?‘;vu Exp.
1-Sm 6.7 5.9 665 79.8 79.7
1-Eu 6.7 6.7 740 79.8 79.3
1-Gd 6.7 7.0 690 79.8 79.0
1-Tb 6.6 6.7 750 79.8 79.3
1-Dy 6.6 6.9 705 79.8 78.9
1-Ho 6.6 5.9 670 79.8 79.9
1-Er 6.6 6.0 655 79.8 79.6
1-Tm 6.6 7.1 720 79.9 79.2
1-Yb 6.6 7.0 720 79.9 79.5
1-Lu 6.6 7.2 680 79.9 79.0

5.2.3. Single-crystal X-ray crystallography

Crystallographic data for compounds 1-Ln (Ln = Sm to Lu) are summarized in Table
5.2. Thermal vibrations for heavy atoms (W, Ln, Br, K and Si) were treated anisotropically.
Hydrogen atoms from the organic H.L ligand were placed in calculated positions and
refined using SHELXL parameters. In 1-Tm, some of the anisotropic thermal ellipsoids from
potassium and silicon atoms were normalized using ISOR-type restraints from SHELXL. All
compounds display significant disorder between potassium counterions and lattice water
molecules, which prevents us from modeling all the cation/solvent network. For the
isostructural 1-Ln compounds, between 11 and 17 sites with appropriate geometries for
potassium cations were located in Fourier maps. These occupancies were initially refined
without restrictions and fixed to the first decimal in the last cycle, which result in a total
number of 9.0 (1-Eu) to 12.3 (1-Th) potassium atoms per each asymmetric unit containing
three hybrid polyanions.
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Analogously, only 27 to 36 lattice water molecules were determined in the crystal
structures of 1-Ln. Large solvent accessible voids accounting for 17 to 25% of the unit cell
volume can be found in the final structural solutions due to the severe structural disorder.
According to PLATON, the largest voids are located at i) x,y,z = 0, 0, 0 and occupy a volume
of 3130 (1-Sm), 3028 (1-Dy), 2207 (1-Ho), 3277 (1-Er), 2432 (1-Tm) and 2737 A3 (1-Yb); ii)
x,y,z=0, 0.5, 0 and occupy a volume of 3423 (1-Gd) and 2293 A3 (1-Lu); iii) x,y,z = 0, 0.5, 0.5
and occupy a volume of 3335 A3 (1-Eu); and iv) x,y,z = 0, 1, 0.5 and occupy a volume of 2814
A3 (1-Tb).

Table 5.2. Crystallographic data for compounds 1-Ln (Ln = Sm to Lu).

1-Sm 1-Eu 1-Gd 1-Tb 1-Dy
empirical formula ConsoP?rsz ConsoB.rzEuKs ConsoB.»rzGsz ConsoE.»rsz ConsoE.»rszKs
N2057S5iISmW11 N20s57SiW11 N20s57SiW11 N20s7SiTbW11  N20s7SiW11
fw (g mol™) 3786.73 3788.34 3793.63 3795.3 3798.88
crystal system Triclinic Triclinic Triclinic Triclinic Triclinic
space group (number) P-1(2) P-1(2) P-1(2) P-1(2) P-1(2)
a (A) 21.8698(5) 21.7085(3) 21.9076(3) 21.8324(2) 21.8829(3)
b (A) 24.7133(7) 24.6560(4) 24.7469(5) 24.6742(4) 24.7289(7)
c(A) 28.4487(5) 28.2290(4) 28.4996(5) 28.2891(5) 28.3578(6)
a(®) 113.136(2) 113.8651(14) 113.1773(17) 112.7352(15) 112.833(2)
L(°) 95.4719(18) 95.3806(12) 95.4645(13) 95.2612(11) 95.4831(15)
7(°) 103.874(2) 103.7301(13)  103.8326(14) 104.1432(11) 104.0587(19)
Vv (R3) 13413.7(5) 13112.8(3) 13478.1(4) 13330.7(3) 13406.7(5)
z 6 6 6 6 6
Pealed (g cm3) 2.813 2.878 2.804 2.837 2.823
p(mm) 15.956 35.113 33.938 33.400 16.143
reflns collected 103153 98099 103890 98895 92085

unique reflns (Rint)

observed reflns [/ >

48790 (0.099)

49575 (0.090)

50920 (0.077)

50232 (0.057)

51216 (0.052)

20(1)] 27923 37493 39632 39221 33784
Parameters (restraints) 1503 (0) 1444 (0) 1478 (6) 1538 (6) 1508 (6)
R(F)? [I > 20(N)] 0.091 0.100 0.081 0.060 0.074
wR(F?)® [all data] 0.274 0.279 0.226 0.171 0.191
GoF 1.047 1.037 1.051 1.034 1.057

d R(F)=x||Fo—F|IZ|Fol;

P WR(F)={ZTW(F - Ew(F 211
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Elemental and thermal analyses were essential to unequivocally determine the

presence of 15 K ions and 42 hydration water molecules that is 5 potassium and 14 water

molecules per formulae. The remaining cations and solvent molecules could well be located

in these structural voids. It is worth noting that the presence of methanol solvent

molecules was dismissed on the basis of elemental analyses. Furthermore, all the

structures show large maxima of residual electron density, which are located close to the W

atoms according to the final difference density map. Large residual maxima in the final

Fourier map is a common fact found in the refinement of polyoxotungstate structures due

to the high absorption of heavy atoms such as W.

Table 5.2 (continuation). Crystallographic data for compounds 1-Ln (Ln = Sm to Lu).

1-Ho 1-Er 1-Tm 1-Yb 1-Lu
empirical formula C20HsoB.r2HOK5 ConsoB.rzErKs ConsoB.rsz ConsoE.»rsz ConsoBrz!(s

N20s57SiW11 N20s57SiW11 N20s7SiTmW11  N20s7SiW11Yb  LuN20s7SiW11
fw (g mol™?) 3801.31 3803.64 3805.31 3809.42 3811.35
crystal system Triclinic Triclinic Triclinic Triclinic Triclinic
space group P-1(2) P-1(2) P-1(2) P-1(2) P-1(2)
a (A) 21.8093(5) 21.8169(4) 21.6072(5) 21.8183(5) 21.7850(6)
b (A) 24.6894(4) 24.6880(6) 24.5873(7) 24.6679(5) 24.6164(7)
c(A) 28.3007(5) 28.3880(8) 28.1327(6) 28.2720(8) 28.1935(7)
a(°) 113.5373(18)  113.204(3) 113.784(3) 113.330(2) 113.292(3)
B°) 95.5146(17) 95.439(2) 95.1376(19) 95.463(2) 95.557(2)
7(°) 104.1725(18)  103.9133(19) 103.855(2) 104.2692(19)  104.228(2)
v (R3) 13219.6(4) 13329.7(6) 12984.0(5) 13219.5(5) 13137.5(6)
z 6 6 6 6 6
Pealed (g cm™3) 2.865 2.843 2.920 2.871 2.890
p(mm™) 16.422 16.340 16.831 16.585 16.748
collected refins 99941 102581 88278 91644 92261

unique reflns (Rint)

observed reflns [/ >

20(l)]

Parameters (restraints)
R(F)* 1> 2011)]

wR(F?)® [all data]

GoF

50681 (0.070)
36150

1557 (0)
0.066
0.186
1.047

51191 (0.098)
28546

1489 (18)
0.097
0.277
1.063

49686 (0.065)
29139

1523 (18)
0.082
0.229
1.044

50619 (0.058)
32826

1514 (12)
0.063
0.175
1.038

50321 (0.071)
31503

1543 (6)
0.064
0.178
1.055

A R(F)=x||Fo—F|IZ|Fol;

P WR(F)={ETw(F & FEPYEw(F 2T
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5.3. RESULTS AND DISCUSSION

5.3.1. Synthetic considerations

Reactivity of 4f metal ions in the simultaneous presence of both lacunary POMs and
multidentate aromatic ligands under mild bench conditions was systematically studied in
this chapter. The monolacunary [a-SiW11039]% Keggin-type anion was selected as inorganic
ligand, whereas the Mannich base N,N’-dimethyl-N,N’-bis(2-hydroxy-3-formyl-5-
bromobenzyl)ethylene-diamine (H.L) was chosen as organic molecule. This compartmental
ligand displays an outer Os site, which can easily accommodate large oxophilic 4f metals
and the inner N;0; pocket, which is potentially available for the coordination of smaller 3d
metal centers (Figure 5.2b)

Encouraged by the SMM behavior exhibited by both the Peacock-Weakley type
[Dy(B2-SiW11030)2]*% anion?® and the heterometallic [Zn(u-L)(u-OAc)Dy(NOs);] complex®®®
based on the HaL ligand, the reactivity of Dy" salt was first explored for the Ln"'/H,L/POM
synthetic system. Due to the low solubility of the organic ligand in water, a mixture of
Dy(NOs3)s and H,L dissolved in methanol was reacted with a hot solution of
Ks[SiW11039]-13H20 in aqueous 1M NaOAc buffer (1:1:1 molar ratio). Taking into account
the role that alkaline cations played as crystallizing species in some previous works on

lanthanide-containing POMs,?®

aqueous 1M CsCl was also tested as structural directing
agent. The addition of Cs* cations led to the formation of yellow single crystals (2-Dy) that
were initially characterized by FT-IR spectroscopy. Vibrational bands originating from both
the H,L and POM precursors can be observed in its IR spectrum, which establishes the
hybrid nature of the compound. Weak- to medium-intensity peaks in the 1100-1800 cm™
range confirm the presence of the organic HaL ligand, whereas bands belonging to the POM
framework can be observed in the inorganic region below 1000 cm™ (Figure 5.3). The POM
domain strongly resembles that of the precursor with small variations which consist of red
shifts of 10 and 25 cm™ of signals associated with vas(W-0,-W) and vas(W-0:) modes at ca.
705 and 950 cm™, respectively. These facts indicate that FT-IR spectroscopy represents a
straightforward tool to confirm the functionalization of the parent cluster. Single-crystal X-
ray diffraction experiments on 2-Dy revealed the presence of hybrid [Dy(H2L)(a-SiW11039)]>"
anions.?” Unfortunately, the severe disorder in the cation/solvent network as a result of the
simultaneous presence of (a) Na* coming from the buffer, (b) K* from the lacunary POM
precursor, and (c) Cs* from the crystallizing agent, did not allow us to crystallographically
determine the exact amount of each species. We tried to ascertain this issue by performing
ICP-MS analyses on different crystal batches, but the low reproducibility of results

precluded us from reporting this compound as a pure phase.
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Figure 5.3. FT-IR spectra of compound 2-Dy in comparison to the starting materials (H.L ligand, and the
Ks[@-SiW11039] POM precursor).

To avoid the presence of so many different alkaline cations, similar reaction
conditions were selected but using aqueous 1 M KOAc buffer instead. In this case, the
solubility of the synthetic system drastically decreases in such a way that a significant
amount of yellow precipitate is created and a colorless solution is obtained after filtering
out this solid. These drawbacks were overcome by reducing the concentration of the buffer
to 0.5 M. Although some yellow solid is still formed in the reaction, slow evaporation of the
final solution at room temperature affords crystals of 1-Dy. The FT-IR spectra recorded for
crystals of 1-Dy and yellow precipitates are virtually identical to that registered for the 2-Dy
phase (Figure 5.4). In contrast, the low reaction yield obtained for crystals of 1-Dy
encouraged us to make use of powder X-ray diffraction (PXRD) experiments to determine

whether both powdered and crystalline samples correspond to the same phase.
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Figure 5.4. FT-IR spectra of 1-Dy and the yellow precipitate formed in its synthesis compared with 2-Dy.

The experimental pattern collected for freshly filtered crystals of 1-Dy compares well
with the pattern-matching procedure carried out with single-crystal X-ray diffraction data,
which suggests that samples are constituted by a single crystalline phase. Unfortunately,
yellow precipitates display diffraction patterns with only a couple of poorly resolved
maxima, which evidence the nearly amorphous nature of the solid (Figure 5.5). Although
efficient functionalization can be easily inferred from FT-IR spectroscopy (Figure 5.4), this
fact did not allow us to confirm that both samples present the same crystal structure; thus,
only crystals of 1-Dy were employed in further studies. Additional experiments also
revealed that the change of the Dy" salt (chloride or nitrate) does not affect into the final

product or reaction yield.
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Figure 5.5. (a) Experimental powder X-ray diffraction pattern of the precipitate formed in the reaction of
1-Dy; (b) powder XRD pattern matching between the experimental pattern of 1-Dy and cell parameters
determined by single-crystal X-ray diffraction analyses, together with (c) the detail of the most intense
diffraction maxima.
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Synthetic studies were later extended to the remaining lanthanide(lll) ions (Figure
5.6). It is well-known that lanthanide-containing POM assemblies are highly dependent on
the size of the 4f metal. Frequently, architectures obtained for early lanthanides
considerably differ from those comprising smaller 4f metals.?® In this case, FT-IR
spectroscopy (Figure A4.5 in the Appendix 4) confirms that the use of early lanthanides (La
to Nd) yields Peacock-Weakley-type [Ln"(SiW11039)2]*3~ anions?® constituted by two Keggin-
type monolacunary units encapsulating one 4f metal ion. On the contrary, the use of mid-
to-late lanthanides affords the isostructural compounds 1-Ln (Ln" = Sm to Lu) (Figures A4.6

and A4.7 in the Appendix 4).
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Figure 5.6. Schematic representation of the Peacock-Weakley-type compounds found with lanthanide
ions of big size (La to Nd), and the 1-Ln compounds found from the remaining lanthanide series (Sm to
Lu), together with the corresponding FT-IR spectra to see the difference in the bands between the 1100-
1800 cm™ range, which correspond to the organic H,L ligand.

5.3.2. Single-crystal X-ray diffraction

All 1-Ln compounds are isostructural and crystallize in the triclinic P-1 space group
containing three crystallographic independent [Ln(H:L)(a-SiW11039)]°~ ({Lh}) molecular
clusters (Z = 6) asymmetric unit. Hybrid species are constituted by a trivalent Ln" cation
coordinated by four oxygen atoms that belong to two aldehyde (Oa.) and two phenoxy (Op)
groups from the HL ligand and the four oxygen atoms delimiting the vacant site of the
monolacunary [a-SiW11039]®~ Keggin-type fragment (Opom). The organic ligand adopts a
tetradentate-Os mode, and leaves the inner N2O; coordination site available for the
potential incorporation of additional metal cations (Figure 5.2). Coordination of phenoxydo
oxygen atoms to the lanthanide center promotes the migration of protons to amine groups,
and the resulting zwitterionic from is stabilized by a pair of intramolecular N-H---O type



182 Hybrid 4f-Metal-Containing POMs

hydrogen bonds established between protonated amine groups and deprotonated
phenolate oxygen atoms (Table 5.3). Although related mono-lanthanide complexes of
aminophenolic Mannich-base compartmental ligands are scarcely found in literature,?® they

show a similar zwitterionic arrangement.

Table 5.3. Donor---acceptor distances (A) for intramolecular N—H---O type hydrogen bonds in 1-Ln.

Donor---Acceptor

A) 1-Sm 1-Eu 1-Gd 1-Tb 1-Dy 1-Ho 1-Er 1-Tm 1-Yb 1-Lu

N1A--O2LA | 2.67(3) 2.71(3) 2.69(2) 2.712(17) 2.65(3) 2.67(2) 2.76(3) 2.68(3) 2.69(2) 2.70(2)
N2A--O3LA | 2.68(3) 2.68(3) 2.69(2) 2.676(18) 2.71(3) 2.70(2) 2.67(3) 2.70(3) 2.67(2) 2.70(2)
N1B--02LB | 2.70(4) 2.69(3) 2.69(2) 2.692(18) 2.71(3) 2.72(2) 2.67(3) 2.72(3) 2.71(2) 2.69(3)
N2B--03LB | 2.71(3) 2.73(3) 2.69(2) 2.684(19) 2.70(3) 2.67(2) 2.69(3) 2.69(3) 2.70(2) 2.68(2)

N1C---02LC 2.66(3) 2.76(3) 2.70(2) 2.695(19) 2.71(3) 2.71(2) 2.67(3) 2.70(3) 2.73(2) 2.65(2)

N2C---03LC 2.67(3) 2.69(3) 2.71(2) 2.670(17) 2.67(2) 2.65(2) 2.71(4) 2.70(3) 2.66(2) 2.70(2)

Close inspection to the Cambridge Structural Database (CSD)3° reveals that the
coordination mode makes the H,L adopt an unusual conformation in comparison with the
metalorganic complexes reported to date and it confirms that compounds 1-Ln represent
the first examples of mononuclear lanthanide complexes with this specific ligand.
Geometrical parameters of 59 crystallographically independent ligands belonging to 42
structures have been determined (Table A4.1 in the Appendix 4). These can be classified
into three groups: i) heterometallic dinuclear Ln-M" complexes (M" = Cu, Zn); ii)
heterometallic dinuclear Ln-M" complexes (M" = Co, Ni); and iii) sandwich-type M"-Ln-M"

species (M" = Cu, Zn) with more than one H.L ligand (Figure 5.7).1%% 31

(a) (b) (c)

[Zn(p-L)(u-OAc) Dy(NO;),] [Ni{CH5CN)(p-L) (-OAc) Dy(NOs),] [ZnCl{p-L)Dy(p-L)ClZn]~

Figure 5.7. Examples of the three different groups of lanthanide(lll) complexes bearing the H,L ligand
found in the CSD database; heterometallic dinuclear Ln-M" complexes (a) M" = Cu, Zn; (b) M" = Co, Ni,
and; (c) sandwich-type M"-Ln-M" species (M" = Cu, Zn). Color code: Br, purple; Cl, dark green; Ln, pink; N,
green; Ni, orange; O, red; Zn, grey.

The scatter plot of intramolecular centroid---centroid distance between the aromatic
rings from the same ligand versus the angle between the planes which contain those rings

(Figure 5.8) allows these three groups to be easily distinguished. Dihedral angles in the
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155-173° range are found for the heterometallic complexes belonging to the first group,
whereas this angle slightly decreases in the case of sandwich-type complexes (145-164°).
Thus, it can be concluded that members from both families display quasi-coplanar aromatic
rings. In contrast, smaller dihedral angles of ca. 110° are found when 3d metal ions are
either Ni or Co, but intramolecular centroid::-centroid distances are similar in all the three
groups (ca. 8 A). For comparison, compounds 1-Ln exhibit even smaller angles ranging from
84 to 95° in such a way that both rings are no longer coplanar, because the empty N,O>
pocket al-lows the ligand to be considerably folded. This makes the aromatic rings to be
close to each other with intramolecular centroid--centroid distances of only ca. 6.5 A. It is
worth noting that one of the aromatic groups is near (average twisting angle of ca. 15°) to
the ideal mirror plane of the Keggin-type monolacunary anion with Cs point symmetry
(Figure 5.9). This configuration might be promoted by supramolecular interactions
established between contiguous {Ln} units.
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Figure 5.8. Plot of the average intramolecular Cg--Cg distances vs. dihedral angles between aromatic
rings for all the crystallographically independent H,L/L>~ fragments deposited in the CSD database.
Fragments from heterometallic dinuclear (Ln"'/M") complexes are depicted in blue (M = Zn, Cu) and pink
(M = Co, Ni), whereas those belonging to sandwich-type species with more than one H,L ligand are
colored in orange. Data points from compounds 1-Ln are indicated in green.
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Figure 5.9. lllustration of the parallel arrangement of one of the aromatic groups with respect to the
ideal mirror plane of the Keggin anion in molecular {Ln} units represented by a dashed orange line.
Intramolecular hydrogen bonds are depicted as blue dashed lines.

Lanthanide centers in 1-Ln exhibit distorted eight-coordinated geometries that have
been analyzed by continuous shape measurement (CShM) calculations. Similar CShM values
have been obtained in all cases using both biaugmented trigonal prism (BTP, C: 0.67-0.87
range) and square antiprism (SAPR, Dag4: 0.87—1.06 range) as reference shapes (Figure A4.8
and Table 4.2 in the Appendix 4). Comparison with other eight-coordinated reference
polyhedra affords higher CShM values (above 1.4). All the lanthanide coordination
polyhedra reported in this work have been scattered in the BTP vs SAPR shape map (Figure
5.10) to determine whether they follow the trend marked by the minimal distortion
pathway between the two reference polyhedra. Low path deviation values in the 0.19-0.29
range, far from the upper limit of 0.5 selected by Casanova et al.,3? confirm the best
description of coordination geometries as biaugmented trigonal prisms distorted towards

square antiprismatic.

This type of geometry arises from the out-of-pocket coordination mode of 4f metals
towards the Keggin-type monolacunary skeleton. The Ln—0O bond lengths (Table A4.3 in the
Appendix 4) follow the order Ln—0p < Ln—Opom < Ln—0,, with average values in the 2.21-
2.36, 2.27-2.45, and 2.31-2.56 A range, respectively. As observed in some other series of
lanthanide-containing POMs, " a subtle linear shortening of about 0.1 A can be observed in
these bond lengths as the atomic number of the 4f cations increases, in good agreement
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with the well-known lanthanide contraction effect (Figure 5.11). This trend is more
pronounced for Ln—0, and Ln—0, bonds, in comparison to that of Ln—Opom bonds.

Table 5.4. Continuous Shape Measurements (CShM) for the eight-coordinated lanthanide centers in
compounds 1-Ln.[!

Eﬁ:if"ce 1Sm 1Eu 1Gd 1Tb 1Dy 1Ho 1Er 1Tm 1Yb  1-lu
SAPR-8 | 0.941 1.007 0950 0873 0947 0995 0943 0914 0903  0.900
TDD-8 1624 1466 1610 1648 1723 1764 1674 1437 179 1663
"MA eers | 1609 1482 1471 1526 1427 1390 1449 1494 1470 1476
BTPR8 | 0766 0785 0796 0.869 0785 0725 0722 0.841 0799  0.819
SAPR-8 | 1.059  1.015 1.066 0974 0943 0901 0997 0867 0907  0.896
TDD-8 1725 1833 1764 1738 1595 1747 1784 1562 1621 1733
"B eTers | 1394 1286 1384 1349 1508 1500 1395 1404 1529 1379
BTPR8 | 0785 0696 0710 0671 0812 0865 0685 0781 0828 0.763
SAPR-8 | 1.052 1.034 1.004 0917 0965 0904 0983 1041 0911  0.889
TDD-8 1602 1419 158 1488 1516 1543 1529 1.853 1633 1511
'€ BTere | 1456 1546 1439 1529 1468 1433 1525 1442 1479 1415
BTPR8 | 0.857 0837 0766 0.809 0762 0776 0720 0776 0823  0.804

lal Apbreviations. SAPR: square antiprism (Daq); TDD: triangular dodecahedron (D,4); JBTPR: Johnson biaugmented trigonal
prism (Cy,) and; BTPR: biaugmented trigonal prism (Cay).
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Figure 5.10. Biaugmented trigonal prism (BTP) vs. square antiprism (SARP) shape map for the LnOsg
coordination polyhedra of 4f ions in 1-Ln. Solid line: minimal distortion pathway between reference
shapes.
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Figure 5.11. Left: Variation of average Ln—-O bond length (A) with the atomic number of the 4f metal
center in compounds 1-Ln. Right: Compilation of average Ln—O bond lengths (A). Abbreviations: O,: O
atoms from the aldehyde group of the HsL ligand; Op: O atoms from the phenoxy group of the H,L ligand;
Orom: O atoms delimiting the vacant site of the lacunary Keggin-type POM.

With regard to the crystal packing, six molecular {Ln} hybrid POMs self-assemble into
supramolecular structures in a chair-like conformation via m—m and Br---Br interactions
(Figure 5.12). The virtual chair formed by lanthanide atoms display shortest Ln-:Ln
distances in the 7.981(6) to 8.244(9) A range (Figure 5.13). Aromatic rings from contiguous
units contribute to the m—m stacking, which display centroid-to-centroid distances ranging
from 3.52(2) to 3.618(11) A (Table A4.4 in the Appendix 4). Additionally, only Br atoms that
belong to aromatic groups parallel to the ideal symmetry plane are facing the interior of the
hexamer. These six atoms correspond to alternate {Ln} units and are disposed in two
different planes with interplanar distances of about 9 A (Figure 5.13). The 3.6465(4)-
4.086(3) A bond lengths found for the bifurcated Br---Br type contacts are in line with those

observed for analogous interactions in the literature (Table A4.5 in the Appendix 4).33

Figure 5.12. (a) Molecular Structure of hybrid [Ln(H,L)(a-SiW11035)]°~ POM found in compounds 1-Ln.
Intramolecular N-H--:O hydrogen bonds are represented as blue dashed lines. (b) Hexameric chair-like
supramolecular assemblies in 1-Ln. Aromatic rings involved in —mt stacking interaction that belong to
contiguous {Ln} units are depicted in the same color. Intermolecular Br---Br contacts are represented as
pink dashed lines. Color code: {WOQs}, white; {SiO4}, green; {LnQOg}, pink; C, black; O, red; N, blue; Br,
purple.
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Table A4.4. Br---Br distances (A) in compounds 1-Ln.

1Smel  1-Eubl  1-Gd  1-Tbll  1.Dyll  1-Hol  1-ErlEl  1-TmM  1.ybll  1-Luld

BrA--BrB | 3.706(5) 3.817(5) 3.705(5) 3.759(4) 3.677(4) 3.653(4) 3.657(5) 3.907(5) 3.645(4) 3.656(4)
BrA--BrC | 3.962(6) 4.016(5) 3.958(5) 3.722(4) 3.953(4) 3.903(3) 3.882(5) 3.826(7) 3.890(4) 3.924(4)

BrB--BrC | 3.960(6) 3.914(5) 3.989(4) 4.086(3) 3.923(5) 3.967(3) 3.923(5) 3.741(6) 3.945(3) 3.866(4)

Symmetry codes: [a] Br2A--Br1B: 2-x, -y, 1-z; Br2A---Br2Ci: -1+x, -1+y, z; BrlB---Br2Cii: 3-x, 2-y, 1-z; [b]
Br2A:--Br1BV: -x, -1-y, -z; Br2A---Br2Ci; Br1B---Br2CV: 1-x, -y, -z; [c] Br2A---Br1BV:: 1-x, 1-y, 1-z; Br2A---Br2C'; Br1B---Br2CVi: 2-x,
2-y, 1-z; [d] Br2A---Br1BVii: -x, -y, -z; Br2A---Br2C; Br1B---Br2C*: 1-x, 1-y, -z; [e] Br2A---Br2B*: 1+x, 1+y, 1+z; Br2A---Br2C¥: x, y,
1+2z; Br2B---Br2Ci; [f] Br2A---Br2B*; Br2A---Br2C¥; Br2B---Br2C'; [g] Br1A---Br1B¥; Br1A---Br1C¥i: 1+x, 1+y, z; Br1B---Br1C¥i: x, y,
-1+z; [h] Br1A--Br2BY: Br1A--Br1C¥; Br28--Br1C% [j] Br2A--Br2B; Br2A--Br2C¥; Br2B---Br2Ci: [k] Br1A-Br2Bv: 3-x, 2-y, 2-
Z; Br1A---Br1Cxi; Br2B---Br1Cw: 2-x, 1-y, 2-z.

LnA

d (A) 1-Sm 1-Eu 1-Gd 1-Th 1-Dy

LnA--LnB | 8.096(4) 8.040(3) 8.128(3) 8.180(2) 8.123(3)

8.094 A LnB--LnC | 8.213(12) 8&.159(8) 8.244(9) 8177(7) 7.993(7)

LnC--LnA | 8.013(7) 8.024(5) 8.050(6) 8.001(5) 8.224(12)

LnC 1-Ho 1-Er 1-Tm 1-Yb 1-lu

LnA--LnB | 8.051(3) 8.108(4) 8.054(10) 8.059(3) 8.051(4)
LnB--LnC | 7.981(6) 8.215{13) 8.044(4) 7.990(7) 8.204(13)
LnC--LnA | 8.216(2) 8.018(9) 8.165(13) 8.226(12) 8.004(10)

LnA

Figure 5.13. Representation of the chair-like conformation displayed by the {Ln} molecular hybrid
species in 1-Ln compounds, represented by their Ln atoms and average Ln---Ln distances (&) together
with the table of the average distances.

5.3.3. Photoluminescent properties

Both inorganic POM fragments and the H;L Mannich base ligand have proved to act
as efficient antenna ligand to sensitize weak-emitting 4f metal centers.3* In addition, an
efficient emission could be a priori expected in the case of 1-Ln hybrids due to the lack of
any aqua ligands coordinated to lanthanide centers responsible for quenching the
fluorescence through deactivation of excited states via high frequency O—-H oscillators.
Therefore, solid-state photophysical properties were evaluated for all 1-Ln derivatives; 1-
Sm to 1-Dy and 1-Tm in the visible region and 1-Ho, 1-Er and 1-Yb in the near-infrared
region (NIR).
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Figure 5.14. UV-vis diffuse reflectance absorption spectra of; (a) H.L ligand, (b) Ks[a-SiW11039]-13H,0
POM precursor, and; (c) and 1-Gd derivative.

In the first place, the UV-vis diffuse reflectance spectrum of the H,L ligand was
measured. As shown in Figure 5.14, the H.L organic ligand absorbs in the 220-380 nm
region and displays three maxima at 250, 310 and 360 nm, which corresponds to the m—rr*
aromatic ring and to n-m* aldehyde group electronic transitions, whereas the Ks[a-
SiW11039]-13H,0 POM precursor exhibits a strong absorption below 310 nm. The related
absorption in compounds 1-Ln, as exemplified by the 1-Gd derivative, displays two signals
centered at ca. 280 and 375 nm and, thus, the analyzed samples were irradiated at these

two different wavelengths using a Xe arc lamp as an excitation source.

EL

Figure 5.15. (a) Photographs of crystals of 1-Sm (top) and 1-Eu (bottom) under irradiation of UV light,
and; (b) photographs of bulk crystalline samples before and after irradiation with UV light.

(a) 1-Sm (b)

1-Eu

Bright orange-reddish and red photoluminescence (Figure 5.15) were observed for 1-
Sm and 1-Eu derivatives, respectively, and their emission spectra were recorded at 10 K, 77
K, 150 K, and room temperature. Low temperature excitation spectra acquired for their
more intense emission lines (600 nm for 1-Sm and 614 nm for 1-Eu) show a broad band in
the 300-450 nm region, which is overlapped with some narrow bands arising from the
intra-f" transition of the lanthanide ions (Figure 5.16). The higher intensity of the former
implies a more efficient luminescence sensitization via the excited states of the ligands,
which is indicative of an antenna effect. When it comes to emission spectra, modification of
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the excitation wavelength does not alter neither the position nor the fine structure of the
bans arising from the splitting of J levels by the crystal field. Moreover, signals are
broadened and their intensity decreases as temperature increases due to the higher kinetic
energy, which promotes the radiationless thermal deactivation of excited states. Close
inspection revels that the intensity of the signals is similar for the spectra registered at 10 K
and 77 K, and in turn, it undergoes a drastic decrease above 150 K.

1-Sm 1-Eu

Intensity (a.u.)
Intensity (a.u.)

250 300 350 400 450 250 300 350 400 450
A (nm) A (nm)

Figure 5.16. Solid state excitation spectra for 1-Sm (left) and 1-Eu (right) recorded at 10 K for their most
intense emission bands (600 and 614 nm, respectively).

With respect to 1-Sm derivative, the solid state luminescence spectrum (Figure 5.17)
shows three group of signals with maxima at ca. 568, 600, and 646 nm, which correspond
to *Gs;2 — ®Hy (J = 5/2, 7/2 and 9/2, respectively) transitions.3> At low temperatures, the
spectra are dominated by the electric-dipole transitions *Gs/> — ®Hz/2, whereas the *Gs/, —
®Ho/2, becomes the most intense signal at room temperature. The average spin-orbit
coupling parameter (1) can be estimated from the energy difference between the centers
of the emission bands (AE = J A), yielding a value of 280 cm™. In addition, the crystal field
splitting of the ground state could also be tentatively calculated from the energy difference
between the different M, sublevels corresponding to the splitting of the *Gs;, — ®Hs),
signal, which placed the energy levels of the first excited states at 125 and 272 cm™,

respectively.
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Figure 5.17. Solid state photoluminescence spectrum of 1-Sm recorded at 10 K upon excitation at 375
nm (left). Thermal evolution of the most intense transition upon excitation at 280 and 375 nm (right).

In the case of 1-Eu, five group of signals with peak maxima at 581, 596, 615, 653 and
703 nm are found, as it can be seen in Figure 5.18. These peaks can be assigned to
characteristic °Do — ’F, (/ = 0, 1, 2, 3 and 4) transitions. In this case, the crystal field effect
allows the weak symmetry-forbidden °Do — ’Fo and °Do — ’F3 transitions to be observed.
The former are usually not observed in molecules with high symmetry, as there would be
no increment of J. However, the considerable intensity found for 1-Eu evidences that Eu"
jon occupies a low symmetry site,3® in good agreement with the biaugmented trigonal
prismatic geometry determined by single-crystal X-ray diffraction studies for the {EuQOs}
moiety. The most dominant band corresponds to the hypertensive electric dipole >°Dg — ’F
transition, which displays considerably higher intensity (8:1) in comparison to the magnetic
dipole allows °Do — ’Fi. The intensity of the former band increases with the local
asymmetry. This fact can be inferred when comparing the low symmetry of the {EuQOs}
polyhedron in 1-Eu, with the analogous square antiprismatic (Da4) center in the archetypic
[EuW10039]°~. In this line, the most intense Do — ’F, transition results in bright red
luminescence for 1-Eu, whereas other Eu''-containing molecules, such as the known
Nas[EuW10039]-14H,0 salt, emits orange fluorescence3” due to the higher relative intensity
of the °Do — ’F1 electronic transition. The spin-orbit coupling is easy to calculate due to the
well-defined signals, which results in an average value of A = 310 cm™ value, which is close

to that calculated from magnetic susceptibility curves (see Section 5.3.4).
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Figure 5.18. Solid state photoluminescence spectrum of 1-Eu recorded at 10 K upon excitation at 375 nm
(left). Thermal evolution of the most intense transition upon excitation at 280 and 375 nm (right).

Emission decay curves of the most intense lines for both 1-Sm and 1-Eu derivatives,
that is, *Gs/2 — ®H7/2 at 600 nm for 1-Sm and °Do — ’F, at 614 nm for 1-Eu, were monitored
as a function of temperature upon excitation at 280 and 375 nm. Experimental curves for 1-
Sm were fitted to a single exponential function;

I=Ag+A, exp (;t) (Eq. 5.1)

On the contrary, two decay components were fitted for the decay curves of 1-Eu, and

hence, they were fitted to a double exponential function;
I=Ay+A; exp (i) +A, exp (é) (Eq. 5.2)

where 1, is luminescence lifetime, Ao background, and A, weighting parameters. In
the case of 1-Eu, the second term accounts for approximately 75—-80% of the total process.
Moreover, luminescence lifetimes proved to be almost the same regardless of the
excitation wavelength (Figures 5.19 and Figure A4.9 in Appendix 4). The fitting results
showed luminescence lifetimes of ca. 25 us for 1-Sm below 150 K, which suggest the
absence of any thermally activated nonradiative deactivation process, but it drastically
drops at room temperature. In contrast, lifetime values at different temperatures remain
almost constant at 700 us for the principal decay component of 1-Eu. The observed
lifetimes are in line with those found in the literature for related complexes with eight

coordinated Sm" and Eu" ions.38
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Table 5.6. Luminescence lifetimes of compounds 1-Sm and 1-Eu upon excitation at 375 nm at different
temperatures.

xp 1-Sm (us xp 1-E S
Temperature (K) U (ks) Texp 1-Eul (us)
Em. 600 nm Em. 614 nm
10 25.11(6) 226(4)/735(4)
77 25.57(7) 195(3)/735(3)
150 26.61(6) 227(4)/796(3)
298 8.70(7) 181(3)/629(4)
T=10K T=77K
@ Experimental ) @ Experimental
— Fit — Fit
T=25.11(6) us ; T=25.57(7) us

Counts (a.u.)
Counts (a.u.)

0 20 40 60 80 1(')0 120 0 20 40 ' 60 80 1('J() 120
Time (ps) Time (ps)
T=150K g T =298K
@ Experimental @ Experimental
— Fit \ — Fit
T=26.61(6) us 1=8.70(7) us
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Figure 5.19. Luminescence decay curves for 1-Sm at different temperatures upon excitation at 375 nm.

On the contrary, 1-Tb, 1-Dy and 1-Tm compounds display very weak ligand centered
emission, which suggests an inefficient energy transfer from the ligands to lanthanide
centers. To further characterize this phenomenon, the latter compounds, together with
that of the 1-Gd derivative, were irradiated with a 325 nm HeCd continuous laser and their
spectra recorded at 20 K (Figure 5.20). The spectrum of 1-Gd presents a broad band ranging
from 450 nm to 650 nm and centered at 550 nm that could probably be ascribed to the
emission from the first excited triplet level from the organic ligand to the ground level (ca.
18180 cm). The excited levels of Gd" ions (ca. 315 nm) usually have higher energy than
those of the ligand, and hence, ligand-to-metal energy transfer is disabled. This allows the
direct observation of ligand fluorescence.?® A similar profile is observed in the spectra of 1-
Tb, 1-Dy and 1-Tm, which show additional peaks of small intensity almost shadowed by the
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ligand emission that might be originated from the intraionic transitions of the metal
centers. This behavior is somehow expected for 1-Dy and 1-Tm based on the already
reported results,'®® which showed that H,L does not act as a suitable antenna ligand in the

case of Dy""and Tm'"" containing derivatives.
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Figure 5.20. Solid state photoluminescence spectra of 1-Gd, 1-Th, 1-Dy and 1-Tm compounds recorded
at 20 K upon excitation at 325 nm.

However, considering the intense metal-centered emission displayed by the [Zn(u-
L)(u-OAc)Tb(NOs)2] counterpart bearing the same organic ligand, an efficient quenching
mechanism must be operative in 1-Th. According to Yamase’s work on the luminescence of
polyoxometallolanthanoates,*® low quantum yields are usually observed for Tb'" derivatives
due to Tb"-WV charge transfer states and radiationless deactivation through cross-
relaxation processes. The first effect can occur by the transmission of d* electrons to Ln'""!
ions as a result of frT—pr—dmr orbital mixing, but it is found to be favored only when bond
angles are higher than 150°; that is, when LnOx polyhedra share corners with WQOsg
octahedra. For comparison, this mixing is much less efficient when edge-sharing takes place
and Ln—O-W angles are closer to 100°. In the case of 1-Ln complexes, each {LnOs}
polyhedron shares corners with two WOg units that belong to two different {W1013} trimers
and display Ln—O-W angles in the 153-159° range. On the contrary, the other two Opom

oxygens in the coordination environment of the 4f metal are those linked to two W centers
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from the defective trimer. The out-of-pocket coordination mode of the lanthanide ion
precludes its full incorporation to the mixed {LnW;013} trimer (din-oc > 3.2 A, where O is a
central O atom from the Keggin skeleton), and therefore, 1-Ln hybrids display angles in the
128-137° range, which lies between the two mentioned edge- and corner-sharing modes
(Figure 5.21. and Table A4.7 in the Appendix 4).

Figure 5.21. Scheme of coordination spheres of the emitting Ln centers in 1-Ln. Abbreviations: O, O; and
Os; denote oxygen atoms involved in corner-sharing linkage mode; those in intermediate situations
between corner- and edge-sharing and central O atoms, respectively.

All in all, these effects appear to be relevant enough to completely quench the metal-
centered emission in 1-Tbh but insufficient in the case of 1-Sm and 1-Eu, although their
absolute quantum yields at room temperature have been calculated to be as low as 0.36%
and <0.01%, respectively. More specifically, the color of the emission originating from 1-Eu

19 whereas a significant

is similar to that of the [Zn(u-L)(u-OAc)Eu(NOs);] dinuclear specie,
difference can be found in CIE 1931 chromaticity diagrams of the two Sm analogues (Figure
5.22). The fact that 1-Sm emits more reddish light in contrast to the pale orange of the
[Zn(u-L)(u-OAc)Sm(NO3)2] counterpart is reflected in their emission spectra, in such a way
that relative intensities of *Gs/, — ®H7/2 and *Gsj2 — ®Hgj> electronic transitions are almost

equal for the nine-coordinated Sm'"' centers of the latter complex.
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Figure 5.22. CIE 1931 x,y chromaticity coordinates as a function of the emission wavelengths for
compounds 1-Ln (Ln = Sm, Eu) compared to previously reported [Zn(u-L)(u-OAc)Ln(NOs);]-MeCN (Ln =
Sm, Eu, Tb) derivatives with the same H,L ligand.'®

With regard to the emission in the NIR region, this is of high interest, especially in the
field of optical communications.3® Spectra were only acquired at 20 K upon excitation with
325 nm HeCd continuous laser, because much lower intensities are expected in comparison
to those which emit in the visible region (Figure 5.23). Compound 1-Er exhibits a broad
band in the 1475-1625 nm range with maxima at 1525 nm, which can be assigned to the
#4113/2 — %152 transition. The 1-Yb shows a quadruplet in the 970-1060 nm region, which is
ascribed to the 2Fs;, — 2F7/2 transition.*! This transition fits well with the expected crystal
field splitting of the ground state (Kramer’s doublets) for this derivative. Previous seminal
work revealed that excitation mechanisms different from the antenna effect are possible in
the case of Yb"' complexes, because there is a large energy gap between the triplet state of
the ligand and the 2Fs;; excited level of the metal.*? The related [Zn(u-L)(u-OAc)Yb(NO3)2]
dimer showed similar behavior, but no emission in the NIR region was observed for the Er"
derivative.'®® In contrast, the 1-Ho complex does not exhibit emissive properties even at 20
K. This behavior might be due to an inefficient energy transfer from the ligand to the
lanthanide center.*? It is worth noting that 1-Er and 1-Yb represents two of the scarce
examples of NIR emitting POM-based systems.*
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Figure 5.23. Solid state photoluminescence spectra for 1-Er (left) and 1-Yb (right) recorded at 20 K upon

excitation at 325 nm.

5.3.4. Magnetic properties

Due to the potential of mononuclear lanthanide-substituted POMs to behave as
SMMs,* the magnetic properties of 1-Ln were studied in detail. Direct current (dc)
magnetic susceptibilities were measured in the 2-300 K temperature range under a
magnetic field of 1 kOe. Besides, field dependent (H=0-7 T) magnetization measurements
were performed at low temperatures (2-10 K). The temperature dependence of the ymT

product for 1-Ln (Ln = Sm to Yb; ym is the molar susceptibility per Ln'"

atom) and the
magnetization vs field plots registered at 2 K are shown in Figure 5.24. The characteristics

parameters are summarized in Table 5.7.

Table 5.7. Direct Current Magnetic Data for 1-Ln.

Ground-State of XuT (cmK/mol) M; (ps)
Ln" ion? theor.” xvTexp. xwmTexp.2 | theor. 2K exp.at2K exp.at10K
300 K 300 K K and7T and7T and7 T
1-Sm ®Hs/2, g1=2/7 0.09 0.33 0.04 0.71 0.21 0.05
1-Eu "Fo, g1=0 0 1.14 0.016 0 0.08 0.08
1-Gd 8S7/2, g1 =2 7.88 7.88 7.90 7.0 6.99 5.77
1-Tb "Fs, g1 = 3/2 11.82 11.28 8.04 9.0 5.99 5.78
1-Dy ®H1s/2, g1 = 4/3 14.17 14.24 10.70 10.0 5.41 5.20
1-Ho Sls, g1 = 5/4 14.07 14.53 5.48 10.0 5.92 5.74
1-Er *1s/2, g1 = 6/5 11.48 10.85 5.99 9.0 6.22 5.99
1-Tm 3He, g1 =7/6 7.14 7.09 6.10 7.0 3.77 3.51
1-Yb F12, g1 = 8/7 2.57 1.95 1.54 4.0 1.89 1.40
S(S+1)-L(L+1)

br_7 _ 7= _ g =3
J=L—-S(Sm,Eu);] =L+S(Th Yb),g]—2+ AT

by, 1= MB2( > bag =
X T= ?{ng(Hl)} M=g, Ny,
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Figure 5.24. Left: Temperature dependence of the ymT product at 1000 Oe for complexes 1-Ln. Right:
Field dependent magnetization plots at 2 K for complexes 1-Ln. The black solid lines represent the fitting
discussed in the text. The rest of the lines are a guide for the eye.

First, the ymT value for 1-Sm was found to be 0.33 cm3K/mol at 300 K, which is higher
than the expected value of 0.09 cm3K/mol for a free ion with J = 5/2 and g = 2/7 (Figure
5.25). The observed behavior, though, can be ascribed to the presence of thermally
populated excited states, which contribute to the magnetic susceptibility of the compound.
For free Sm3* and Eu3* ions, the energy gap that separates the ground state from the first
excited state is lower than in other ions. This favors the population of the first excited
states and, consequently, the values reached by ymT are higher than the calculated ones at
high temperatures. In the case of Sm'" ion, this means that the population on the first
excited J = 7/2 state cannot be ignored. On the contrary, upon cooling, the ymT product
goes down continuously to reach a value of 0.04 cm3K/mol at 2K. This decrease can be a
consequence of the crystal field splitting of the ground state (J = 5/2), as it mainly affects to

magnetic properties showed at low temperatures.*®

Field dependent magnetization measurements in the presence of a magnetic field H =
0-7 T and at different temperatures (T = 2-10 K) represented in Figure 5.26, reveal a clear
dependence of the curves with temperature, in which the highest magnetization value
(0.21 us) is obtained at the lowest measured temperature. In this case, this value is lower
than the value expected for a free Sm' ion (0.71 us) (Table 5.7), probably due to: i) the
splitting of the ground state by crystal field effects and, ii) second order Zeeman effects

derived from the mixing of the ground and first excited states.
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Figure 5.25. Temperature dependence of the ymT product at 1000 Oe for 1-Sm and 1-Eu. Black solid lines
represent the best fit to the magnetic data.

The consideration of crystal field splitting effects in the magnetic behavior of 1-Sm
leads to a Hamiltonian that contains nine crystal field parameters (B,°, B2?, Bs°, B4?, B4*, B¢,
Be2, Bs*, and Bg®, for a C2y symmetry),*” which can be simplified into the following equation

to avoid over-parametrization:

Her = 3 (B2°02° + B4%04° + B6%06°) (Eq. 5.3)

where the O terms are equivalent Stevens operators, which are a function of the angular
moments (e.g., 02° = 3L,%-L2). Thus, Eq. 5.3 assumes a higher symmetry for the 4f center,
and only considers the axial distortions and neglects transversal operators in order to be
simplified.*® The magnetic susceptibility and magnetization data were simultaneously fitted
by using the Phi program?® to the above equation, in which the spin-orbit coupling constant
was fixed to the 281 cm™ value estimated from luminescence studies. The best fit of the
data yielded B,° = 4.997, B4 = —0.243, and B¢® = —0.00389 cm™, which suggest that My =+ ¥
is the ground state and that the M, = + 5/2 and M, = + 3/2 excited states are located 153
and 310 cm™? above the ground state, respectively (Figure 5.26). These results are
comparable to those calculated from luminescence spectra, which places the energy levels
of the first excited states at 125 and 272 cm, respectively. Additionally, the first doublet of
the first excited state (J = 7/2, M, = + %) is also located 1107 cm™ above the ground state. A
more specific representation of the crystal field splitting is displayed in Figure A4.10 in the

Appendix 4.
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Figure 5.26. Left: Field dependent magnetization curves at different temperatures (T = 2-10 K) for 1-Sm.
The black lines represent the fittings discussed in the text. Right: energy level diagram for 1-Sm.

'jons should show a

1-Eu derivative show a similar behavior as 1-Sm, although Eu
non-magnetic behavior as the total angular momentum is J = 0. Nevertheless, these ions
usually present a weak magnetic response, which is normally originated by a combination
between the ground state (’Fo) and the first excited state (’F1). As mentioned before, the
separation between these two levels is lower than in other ions. This behavior is known as
Van Vleck paramagnetism, and it is characterized by a constant value of magnetic

susceptibility at low temperatures.>°

For 1-Eu, the ymT product at 300 K (1.41 cm3K/mol) is also higher than the expected 0
cm3K/mol value, although it is a common value for this ion due to the presence of thermally
populated excited states (Figure 5.25). Upon cooling, the ymT product decreases
continuously to 0.016 cm3K/mol at 2K, which is in good agreement with an increase in the
population of the J = 0 ground state. In the ym vs T plot (Figure 5.27) the expected Van Vleck
paramagnetism can be noticed at temperatures lower than 100 K. At T < 10 K, however, a
small paramagnetic contribution is detected, which can be probably due to a small
presence of Eu' (J = 7/2). The magnetic susceptibility curves (Figures 5.25 and 5.27) can be
well modeled by an equation proposed by Kahn>! that correlates the energy of the J states
with the spin-orbit coupling parameter (A), affording A = 321 cm™ and 6 = 0.04% (6 being
the percentage of Eu' impurities). This value is in good agreement with that subtracted

from luminescent measurements A =310 cm™.
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Figure 5.27. Temperature dependence of the magnetic susceptibility (ym) at 1000 Oe for 1-Sm and 1-Eu.
Black solid lines represent the best fit to the magnetic data.

The calculated spin-orbit coupling value for 1-Eu suggest that the first excited state
(J=1) is located at around 321 cm™ above the ground state J = 0 (Figure 5.28), which implies
that the magnetic contribution of that first excited state cannot be neglected. On the other
hand, magnetization measurements between 2 and 10 K reveal temperature independent
curves, which reach a value that is very close to 0.084 ug at 7 T at all of the studied
temperatures (Figure 5.28). The dependence with the field is practically linear, and no
saturation is observed.
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Figure 5.28. Left: Reduced field dependent magnetization curves at different temperatures for 1-Eu.
Black solid lines represent the best fit to the magnetic data. Right: Energy level diagram for 1-Eu.
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Moving to 1-Gd, the ground state of trivalent Gd ion is 8S7/,, with an electronic ground
state presenting L = 0, which means that there is no first order orbital contribution.
Therefore, Gd"' compounds should present isotropic magnetic behaviors. The
experimentally observed anisotropy in some cases is usually ascribed to the interactions
with neighboring ions favored by the large magnetic moment of this ion. However, crystal
field effects due to distortion of the ion environment can facilitate a small mixing between
the ground state and the first excited states, which leads to a second order single-ion
anisotropy. In this way, the degeneracy of the four Kramer doublets of the ground octet is
broken even in the absence of a magnetic field (zero-field splitting, ZFS).

The existence of an appreciable zero-field splitting in 1-Gd has been confirmed by EPR
spectroscopy (Figure 5.29). As usually occurs in Gd"' compounds the spin-lattice relaxation
time is long enough that EPR signals can be easily detected at room temperature, contrary
to what happens with the rest of the Ln(lll) ions. Notwithstanding, the spectra are rather
complex, with a high number of lines (Fine Structure) which reflects the perturbation
caused by the ligands on the electronic states of the Gd"" ion. The Q-band spectrum has
much better resolution and could be successfully fitted using the following Hamiltonian;

1
H=Hzeeman+Hce=8BBS+D [$2-2S(S+1)+£(53-57)] (Eq. 5.4)

where f is the electronic Bohr magneton, B is the Raman Relaxation parameter, S is the
spin and D and E are the axial and equatorial parameters of the zero-field splitting, which
are related to the second-order crystal field parameters B,° (D=3 B,°) and B,? (E= By?). The
best fitting to the spectrum yielded D = 0.0802 cm™, E =0.0231 cm?, g« = 1.990, gy = 1.986
and g; = 1.985. The values of D and E are in good agreement with those found in the
literature for analogous systems®?2. It should be noted that the sign of the D and E
parameters cannot be deduced from this study since the thermal dependence of the
relative intensities is negligible between 5 and 300 K. Thus, it cannot be determined
whether the ground state is the doublet +1/2, as usually occurs, or the doublet +7/2.
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Figure 5.29. EPR spectra collected for 1-Gd. Left: X-band. Right: Q-band.

1-Gd displays a nearly constant ymT value of ca. 7.9 cm3K/mol (Figure 5.30), close to
the expected 7.88 cm3K/mol for a free ion with 7 unpaired electrons without orbital
contribution to the magnetic moment. Below 10 K the ymT value rises slightly, up to a value
of 7.98 at 4 K. As the shortest Gd'"---Gd"" distance is of around 8 A, and the Gd"' center is
well isolated from crystal lattice, this behavior could be most likely due to the presence of
impurities. But it could also be a consequence of the ZFS if the lowest energy doublet is
+7/2. The inverse of the magnetic molar susceptibility follows a Curie-Weiss law with Cr =
7.87 cm3K/moly 6 = +0.1 K.
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Figure 5.30. Left: Temperature dependence of the reciprocal magnetic susceptibility and the ymT product
for 1-Gd. Right: Field dependent magnetization curves at different temperatures. Solid lines represent
the calculated curves with the zero-field splitting parameters deduced from the EPR spectra.

Field dependent magnetization data have been recorded at several temperatures
between 2 and 10 K for 1-Gd. The magnetization saturates at very low temperatures and
high fields, as expected for non-interacting Gd" ions (Figure 5.30). At 2 K, the magnetization

grows rapidly with the applied field and practically reaches its theoretical saturation value
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of 6.99 ug for a 7 T field. The reduced magnetization curves (M vs H/T) overlap between 2
and 10 K indicating that the magnetic anisotropy is be very low in good agreement with the
small values of D and E deduced from the EPR spectra. Using these values, both the
susceptibility and magnetization curves can be adjusted reasonably well. Thus, according to
these fitting, the ground state is fundamentally constituted by the +1/2 doublet (71%) with
a significant contribution of the *3/2 doublet (25%) and a minor contribution of the +5/2

doublet (4%). The first excited state is only 0.39 cm™ above the ground state (Figure 5.31).
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Figure 5.31. Left: Energy level diagram for 1-Gd. Right: Zeeman splitting.

The ymT products of the remaining compounds (1-Tbh to 1-Yb) at room temperature
(Figure 5.24 and Table 5.7) are close to the expected values for independent trivalent
lanthanide ions by the free-ion approximation, which confirms that the ground states falls
much lower in energy than the first excited states, thus, no significant contribution of the
first excited state is considered. For instance, the theoretical spin-orbit coupling constant is
near 2000 K for Tm"", thus, the population of the first excited state should not be relevant in
the magnetic properties of a compound containing this ion, and the magnetization and
susceptibility values at room temperature should be closer to those theoretically
calculated. However, in all cases the effective magnetic moment decreases continuously
when lowering the temperature and sometimes, even abruptly below 100 K, as seen for 1-
Tb, 1-Dy, 1-Ho and 1-Er derivatives. While the statistical population of the M, sublevels of
the ground term leads to the fulfiiment of the free-ion approximation at room
temperature, the splitting of the ground term by the ligand crystal field at low
temperatures results in a decrease in the ymT values, and causes deviations from the Curie-
Weiss law.*” Such splitting and the resulting magnetic anisotropy are also responsible for
the low magnetization values observed at 2 K and 7 T (Figure 5.24 and 5.32). In these
curves, it seems that the magnetization is almost saturated at the lowest temperature (2 K)
with the highest applied field; nevertheless, the experimental Msa: values are approximately
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half of these expected for isolated ions. Upon increasing the temperature to 10 K, the
dependence of the magnetization with the field is smoother. The reduction of the

maximum magnetization value with increasing temperature
the 1-Gd and 1-Yb compounds than for the rest.

is comparatively greater for

B

M ()

M)

uH(T)

B

M (u,)
M(u)

o 1 2 3 4 5 & 7
#,H (T) #H(T)

}luH (T)

Figure 5.32. Field dependent magnetization curves at different temperatures for 1-Ln. Black lines
represent the fitting discussed in the text. The rest of the lines are a guide for the eye.

EPR spectra recorded at 4.2 K demonstrate the strong magnetic anisotropy induced
by the ligand crystal field in the ground state of these compounds. In this way, 1-Dy and 1-

Er exhibit spectra with the characteristic of an axial g tensor with perpendicular g values

higher than 10 (Figure 5.33).



CHAPTER 5

810°

610°
410°

210°

Signal Intensity (a.u.)

[ 11 Sl R R R BRI
0 2000 4000 6000 8000 10000

Magnetic Field (Gauss)

Figure 5.33. X-band EPR spectra for 1-Dy and 1-Er registered at 4.2 K.

The temperature dependence of the magnetic susceptibility and magnetization
curves of 1-Tm could be simultaneously fitted considering Eq. 5.3 and assuming the spin-
orbit coupling of 1314 cm, corresponding to the free-ion. In the process of fitting these
parameters, the transversal components of the crystal field have not been considered in
order to avoid over-parametrization, as in 1-Sm. The best fitting with the Phi program leads
to B,? = -1.529, B,° = -0.0345, and B = 0.000964 cm™ (Figure 5.34). These values suggest
that the ground state is M, = + 6 and that the M, = 0 state is approximately 23 cm™ above it,
followed by +5, 1, +2, +4 and +3 states at 51.8, 69.8, 176.5 and 209.3 cm™, respectively
(Figure 5.35). The distribution of the energy levels found for 1-Tm is similar to those
observed in the literature for other Tm-based compounds.>® Attempts to use the same
methodology to fit the DC magnetic curves for the rest of the compounds (1-Th, 1-Dy, 1-Ho,

1-Er and 1-Yb) were no conclusive because as they did not provide unique solutions.
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Figure 5.34. Temperature dependence of the magnetic susceptibility (ym) for 1-Tm. The black solid line
represents the best fit to the magnetic data as described in the main text. Right: Energy level diagram for
1-Tm.
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Figure 5.35. Energy level diagrams for 1-Tm.

Additionally, alternating current magnetic susceptibility measurements were
performed in order to know if the strategy of generating hybrids by grafting Ln"' containing
complexes into lacunary-sites of the POM could lead to slow relaxation of magnetization.
Dynamic ac data was collected for all 1-Ln samples (except 1-Lu), but only 1-Gd and 1-Yb
showed a well-marked maxima in the out-of-phase susceptibility (ym”’), below 6 K and in
the presence of a 1000 Oe external magnetic field. No contribution to ym” was observed at
zero applied magnetic field (H = 0). This behavior implies that these two Gd" and Yb"
derivatives show slow relaxation of magnetization (Figures 5.36 and 5.37). According to
these results, it is demonstrated that the 1-Yb derivative can be regarded as the first POM-

based system with simultaneous NIR emission and slow magnetic relaxation behavior.
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Figure 5.36. Temperature dependence of the in-phase (ym', left) and out-of-phase (ym”, right)
components of the ac susceptibility for 1-Gd under an external field of 1000 Oe. Inset: Arrhenius plot of
relaxation times of 1-Gd (red line) and best fit to Eq. 5.7 (green line).
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Figure 5.37. Temperature dependence of the in-phase (ym’, left) and out-of-phase (ym’, right)
components of the ac susceptibility for 1-Yb under an external field of 1000 Oe. Inset: Arrhenius plot of
relaxation times of 1-Yb (red line).

The absence of similar peaks in the other compounds (1-Sm, 1-Eu, 1-Tb to 1-Tm)
could be rationalized by considering their energy level diagrams, but unfortunately, we
have not been able to determine them for all the derivatives. In the case of 1-Tm, even if
the ground state is the one with the highest J (M, = 6), the first excited state is M, = 0, which
prevents 1-Tm from behaving as an SMM. Actually, SMM behavior in Tm'"" based compound
have been scarcely reported.>® For 1-Tb we have not achieved a unique fit for all the
magnetic curves, but all the partial fits indicate that the ground state doublet is the M, = #5
combined with the M, = 0 singlet, being the first excited state (M, = +4) at less than 10 cm™™.
Despite having a high |M;| ground state, this strong quantum mixture allows the system to
relax, preventing the 1-Tb complex from behaving as a SMM. The 1-Dy derivative also

’

signals with no maxima above 2 K (Figure 5.38) and little frequency
19a

displays ym’
dependence,’®® even if Dy"-containing compounds with similar geometry have been
reported before as systems with slow relaxation of magnetization.>> The absence of any
shorter Ln—O bond length in the LnOg coordination spheres in 1-Ln is not appropriate for
the lanthanide ions to display a ligand field that favors an axial ground state. This fact
usually prevents lanthanide ions with oblate electron density such as Dy and Th from

behaving as SMMs.
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Figure 5.38. Temperature dependence of the in-phase (ym', left) and out-of-phase (ym”, right)
components of the ac susceptibility for 1-Dy under an external magnetic field of 1000 Oe.

In order to gain insights into the relaxation mechanisms, the frequency-dependences
of in-phase and out-of-phase magnetic susceptibilities and the related Argand (Cole-Cole)
plots were simultaneously fitted to the Debye model (Figures 5.39-5.41), optimizing the
relaxation times (1), the distribution of relaxation times (a), and isothermal and adiabatic
susceptibilities (xr and ys, respectively).>®
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Figure 5.39. Variable temperature frequency dependence of the ym’ (left) and ym” (right) signals under

1000 Oe applied field for 1-Gd. Solid lines represent the best fitting of experimental data to the Debye
model.
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Figure 5.40. Variable temperature frequency dependence of the ym' (left) and ym” (right) signals under
1000 Oe applied field for 1-Yb. Solid lines represent the best fitting of experimental data to the Debye

model.
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Figure 5.41. Cole-Cole plots for 1-Gd (left) and 1-Yb (right).
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The Cole-Cole plots afford a values of 0.13 (2 K)—0.03 (6 K) for 1-Gd and 0.04 (2 K)-

0.06 (4.4 K) for 1-Yb. These values together with the deviation of relaxation times from

linearity indicate that the relaxation of the magnetization does not occur exclusively
through an Orbach mechanism (Eq. 5.5). In fact, the Uesr (energy barrier) value obtained
using Eq.5.5 for 1-Gd (7.23 cm?) is too large for a rather isotropic ion where the energy
difference between the ground and first excited state is of 0.39 cm™ approximately,

according to the parameters extracted from EPR measurements and direct current

magnetic data (note that the Zeeman splitting of the ground state is even lower at 1000

Oe).

r

(Eq. 5.5)
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where 19 is the rate of change of magnetization if there were no barrier of activation,
Uess the effective energy barrier of an Orbach process, T is the temperature, and kg is

Boltzmann constant.

Moreover, the relaxation times follow a power law Eq. 5.6, which leads to a n = 1.54
value. Such a value, significantly lower than the value expected for a Raman mechanism (n
= 7 or 9), is between the values expected for direct processes (n = 1) and phonon
bottleneck effects (n = 2), suggesting that both mechanisms could be responsible for the
slow magnetic relaxation observed in 1-Gd.>’

Ti=CT" (Eq. 5.6)

where Cis a constant value and n is the Raman relaxation exponential parameter.

The application of higher external fields (i.e. 2000 or 3000 Oe, Figure 5.42) leads to a
shift in the maximum of the ym” vs T plots, in agreement with the presence of a direct
mechanism. Additionally, the relaxation times reach saturation at lower temperatures upon
increasing the external magnetic field (Figures 5.42 and 5.43, and Table 5.8), suggesting
that QTM could be operative under certain fields. Therefore, this effect has also been

considered in the final fitting of relaxation times, which follows Eq. 5.7 (inset Figure 5.36).

T1=CT"+ Ty (Eq. 5.7)

where 7qrv is the QTM relaxation time.
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Figure 5.42. Temperature dependence of ym' (top) and ym” (bottom) components of the ac susceptibility
for 1-Gd under external fields of 2000 Oe (left) and 3000 Oe (right).
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Figure 5.43. Relaxation times obtained under different applied magnetic fields for 1-Gd with the best
fitting of the data to Eq. 5.7.
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Table 5.8. Values of C, n and TélTM parameters obtained from the best fitting of relaxation times for
different applied fields in 1-Gd.

c n Torm (57)
T 1=CT" (Eq. 5.6)
1000 Oe 2217 1.54
T1=CT"+ Tk (Eq. 5.7)
1000 Oe 1470 1.73 2540
2000 Oe 348 2.28 6474
3000 Oe 98 2.69 7144

In conclusion, the Gd"' single ion anisotropy, due to the mixture of states originated
by the spin-orbit coupling in the second order of the perturbation theory, is large enough to

induce a slow relaxation at very low temperatures in 1-Gd.

On the other hand, the Ues value of 14.8 cm™ obtained for 1-Yb is significantly lower
than the separation between the ground and first states, which is 261 cm™ deduced from
the energy difference between the first two peaks in the photoluminescence spectra. Thus,
a Raman relaxation process could take place in this compound, as already reported in the

literature for related Yb"-based compounds.®®

5.3.5. Solution stability

In order to transfer the interesting properties displayed by the title compounds 1-Ln
to a bulk functional material, it is important to determine whether the hybrid assembly
maintains its integrity in solution prior to its immobilization in a solid surface/matrix.
Therefore, the stability of our {Ln} molecular POMs in solution was investigated by means
of H-NMR experiments for diamagnetic 1-Lu as well as electrospray ionization mass

spectrometry (ESI-MS) for the 1-Tm derivative.

Figure 5.44 depicts the ESI-mass spectra of a solution of 1-Tm in H,O/MeCN (1:1)
recorded in negative ion mode at low cone voltage. Three group of signals spanning from
m/z 670 to 1500 indicate the presence of the intact {Tm} anion in the freshly prepared
aqueous solution. The m/z spacing between the signals and isotopic patter inspection
evidence that they match well with anionic species of similar composition, but -5 (m/z
704.8 {Tm}*>), -4 (m/z 942.7, {Tm}*"), and -3 (m/z 1434.6, {Tm}?") charge states.
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Figure 5.44. ESI-MS spectra of 1-Tm in H,O/MeCN (1:1) mixtures. Top, freshly prepared solution;
bottom, same solution after one week. The intensity of the m/z > 1300 region is increased (x10) for its
better visualization.

Each group of signals does not correspond to a single specific species but to a series
of general formula [Tm(H2L)(SiW11030)+ mK* + nH* + xH,0]® ™", because the high
negative charge of the anion allows different extents of protonation and a variable number
of associated counterion/solvent molecules to be present. This is a common fact found in
the ESI-MS spectra of POM species.?®

Nevertheless, the experimental isotopic pattern of the most abundant group
centered at m/z 942.7, compares well with that simulated for the [Tm(H2L)(SiW11039) + K*]*
ion, which confirms our previous assignments (Figure 5.45). The spectrum remains virtually
unchanged for 1 week, and thus, it demonstrates that hybrid molecular assemblies in 1-Tm
are stable in water solution. These results can be easily extended to the remaining 1-Ln
counterparts, as indicated by the virtually identical results obtained for the 1-Tb derivative
(Figure A4.11 in the Appendix 4).
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Figure 5.45. Expanded region of the most abundant signal group of the negative ESI mass spectrum for
the freshly prepared solution of 1-Tm which corresponds to the {Tm}* series (middle), compared to that
recorded one week later (bottom) and the simulated isotopic patter for the [Tm(H,L)(SiW11030) + K*]*~
species (top).

Immobilization of molecular {Ln} anions could easily imply reactions in solvents other
than water. Thus, their solution stability in organic media was studied by *H-NMR analyses
carried out for the diamagnetic 1-Lu derivative. Experiments were conducted in deuterated
DMSO in which the HaL ligand is soluble. Figure 5.46 compiles the spectra of the freshly
prepared solution of 1-Lu in DMSO, together with that corresponding to the HsL ligand. The
spectrum of the organic ligand is virtually identical to that recorded in CDCl; and shows a
six-peak pattern with signals at 6 = 2.27 (s, 6H, N—CHs), 2.81 (s, 4H, —CH>CH-), 3.79 (s, 4H,
Ar—CH>—N); 7.64 (d, 2H, aromatic ring protons), 7.66 (d, 2H, aromatic ring protons) and
10.15 (s, 2H, —CHO) ppm, in good agreement with literature data.?? The coordination of the
ligand to the lanthanide center in 1-Lu does not significantly modify the positions of the
signals and only small shifts (Aé < 0.1 ppm) can be observed upon comparison with the

pristine H,L, except for the aromatic protons which appear as only one singlet in the case of
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the 1-Lu hybrid (signals at 7.6 ppm). This fact could be related with the deprotonation of
alkoxide O atoms upon coordination to lanthanide centers in line with our structural
results. The additional peak of low intensity at 1.91 ppm could correspond to impurities
from our acetate/acetic acid buffer solution employed in the synthesis of the complexes.
Furthermore, the spectra of the freshly prepared sample of 1-Lu and the *H-NMR spectra of
the same sample after 7 days is virtually identical (Figure A4.12 in the Appendix 4), which
indicates that the molecular hybrid POM remains stable in solution.
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Figure 5.46. 'H-NMR spectrum of the H,L ligand (top) compared with that of a freshly prepared solution
of 1-Lu (bottom) in DMSO. Note that the resonance belonging to the solvent (2.50 ppm), together with
its satellite peaks (2.36 and 2.63 ppm) in the spectrum of 1-Lu (*) are pre-saturated in the spectrum of
H,L. The additional peak of low intensity at 1.91 ppm (**) could correspond to impurities from the
acetate/acetic acid buffer solution employed in the synthesis of the complexes. The saturated peak at
3.30 ppm corresponds to the water molecules of hydration.
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5.4. CONCLUSIONS

This work nicely exemplifies the potential of lanthanide ion/lacunary POM/aromatic
multidentate organic ligand synthetic systems as dynamic libraries of building blocks with
the ability to construct molecular materials with interesting optical and magnetic
properties. In this chapter, the reaction of mid-to-late lanthanide(lll) ions with
monolacunary a-Keggin-type polyoxometalate and a compartmental organic ligand (HzL)
have resulted into ten isostructural hybrids with the general formula Ks[Ln"'(H.L)(a-
SiW11039)]-14H20 (Ln" = Sm to Lu, 1-Ln; HaL = C20H22BraN204) which constitute some of the
very scarce examples of mononuclear lanthanide complexes containing simultaneously
organic and inorganic ligands. Unlike all of the metal complexes previously reported for this
ligand, the empty N2O; coordination site allows the folding of the organic ligand, in such a
way that weak Br---Br and m-m interactions are established between adjacent molecular

units and result in supramolecular chairlike assemblies of six hybrid anions.

Compounds 1-Gd and 1-Yb display slow relaxation of the magnetization below ~6 K,
which mechanistically takes place through a combination of different relaxation processes.
Furthermore, the metal-centered luminescence is efficiently sensitized by the organic
antenna ligand for 1-Sm and 1-Eu in the visible region, as well as 1-Er and 1-Yb in the NIR.
In contrast, the quenching of the emission for 1-Tb has been attributed to the out-of-
pocket coordination mode of the lanthanide center within the POM fragment. To our
knowledge, 1-Yb compound represents the first lanthanide-containing POM-based dual
magneto-luminescent material capable to exhibit simultaneous slow magnetic relaxation

and NIR emission.

Finally, the stability of hybrid molecular POMs in aqueous solutions has been
addressed by ESI-MS experiments, whereas similar behavior have been observed in organic
DMSO medium as confirmed by 'H-NMR. Besides the multiple combinations that could
arise from the accurate selection of both organic and inorganic components, the use of
compartmental ligands will allow the preparation of heterometallic 3d-4f complexes. In the
near future, we plan to make use of the available N.O; coordination site to accommodate a
transition metal ion, which might enhance the anisotropy of the system and result in

improved magnetic properties.
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5.1. Final remarks
The following general conclusions can be gathered from this work:
CHAPTER 2

1. Systematic studies on the influence of the pH in the heptamolybdate/{Cu(cyclam)}
synthetic system leads to the formation of POM-based hybrids with different
dimensionalities, in which the nuclearity of the POM-cluster increases when adjusting the
pH values to more acidic conditions.

2. Covalent attachment of {Cu(cyclam)} metalorganic complexes to heptamolybdate
POM surfaces at mild pH conditions leads the formation of three porous {Mo07024}-based
POM hybrids, being one of  them isostructural with compound
[{Cu(cyclam)}s(W7024)]-15.5H,0 already reported in the literature.

3. Variable-temperature PXRD experiments on [{Cu(cyclam)}3(Mo07024)]-15.5H,0 show
the ability of this compound to undergo solid-phase transformations under applied thermal
stimuli which leads to the formation of two new partially- and fully-dehydrated

compounds.
CHAPTER 3

4. The heptamolybdate /{Cu(cyclam)} synthetic system at pH values close to
neutrality as well as under hydrothermal conditions, promotes the rearrangement of the
well-known {Mo07024} cluster to lead to an unprecedented octamolybdate anion within an
extended POM-metalorganic hybrid framework [{Cu(cyclam)}s(k-MogO27)]-14H,0 (1-Mo8).

5. This work exemplifies the potential of solid-state transformations to afford novel
POM clusters that have not been isolated before by classical synthetic methods in solution:
Compound 1-Mo8 undergoes up to two sequential thermally triggered single-crystal-to-
single-crystal transformations upon evacuation of guest water molecules. These phase
transitions do not only modify the framework dimensionality through major changes in the
coordination geometries of Cu' centers, but also imply the isomerization of octamolybdate
anions through metal migration. It worth noting that none of these three isomeric forms of

octamolybdate anions have been observed before.

6. Reversible rehydration of anhydrous phases affords two additional compounds via
single-crystal-to-single-crystal transformations. High-temperature anhydrous phase
hydrates upon air exposure through a process that involves the condensation of one
additional water molecule to the octamolybdate cluster, whereas the low temperature
anhydrous phase adsorbs water without any apparent significant change in its unit cell

parameters, but resulting in the same octamolybdate cluster as that in 1-Mo8.



7. Up to three different microporous phases with accessible voids can be isolated
from 1-Mo8, which exhibit interesting water vapor sorption properties. Adsorption
isotherms display an abrupt adsorption capacity at low (20-30%) relative humidity level and
they are in good agreement with the structural transitions. The anhydrous phases
reversibly adsorb water with one of the highest water sorption capacities reported for
POM-based materials. These features, together with their high cyclability (more than 100
cycles) and appropriate sorption kinetics revealed the interest of these materials for their
use in industrial applications, as they could be potentially desirable for humidity control
devices in confined spaces.

9. The accessible empty channels of the thermally activated microporous materials
show the capacity to adsorb N; and CO..

10. Furthermore, these empty channels act as promising materials for selective
separation of gas mixtures, specially, selective uptake of CyHs over C;Hs4, which is not a
common behavior in other gas sorption materials.

CHAPTER 4

11. The use of the more bulky N4-tetradentate DMC ligand has also led to the
formation of porous and extended POM-metalorganic hybrids. Unexpected rearrangement
of the heptamolybdate cluster to the [HsCuMos(M003)2024]% anion upon its reaction with
{Cu(DMC)} results in an unprecedented POM formed by the well-known [HsCuMo0g024]%
Anderson-Evans anion, to which to tetrahedral {MoQOas} units have been condensed to

central oxygen atoms from opposite faces.

12. The systematic study of the reactivity of [HeCrMos024]% anions with {Cu(DMC)}**
complexes leads to the formation of 6 different hybrid compounds with different
dimensionalities (from 1D to 3D), which reveals the important role of the presence of

different cations/anions in the aqueous reaction media.

13. TGA experiments and variable-temperature PXRD analysis revealed a thermal
stability range for three of the compounds, which showed the capacity to undergo solid-
phase transformation under thermal stimuli. Two of them could constitute robust
frameworks as no major modification take place according to powder X-ray diffraction

patterns upon thermal evacuation of guest solvent molecules.
CHAPTER 5

14. The simultaneous coordination of mid-to-late trivalent lanthanide ions to
monolacunary a-Keggin-type polyoxometalate and compartmental multidentate organic
ligands results effective for constructing molecular materials with interesting optical and

magnetic properties. This combination results in ten isostructural compounds containing



lanthanides (from Sm to Lu), in which the Ln ion is trapped in a sandwich-type hybrid,
occupying the external Os pocket from the organic ligand and the monolacunary vacant site
of the lacunary POM anion. In this way, the empty pocket of the organic ligand confers
certain flexibility that facilitates its unprecedented folding.

15. Both organic and POM inorganic ligands has proved to act as suitable antenna
ligands to sensitize weak-emitting lanthanide-metal centers. Thus, metal-centered
luminescence is efficiently sensitized for Sm and Eu derivatives in the visible region, as well
as Er and Yb in the NIR. In contrast, the quenching of the emission for the Th derivative has
been attributed to the out-of-pocket coordination mode of the lanthanide center within
the POM fragment.

16. Compounds containing Gd and Yb centers display slow relaxation of the
magnetization below ~6 K, which mechanistically takes place through a combination of
different relaxation processes.

17. The Yb derivative constitutes a dual magneto-luminescent material, because it
represents the first lanthanide-containing POM able to simultaneously exhibit slow

magnetic relaxation and NIR emission.

18. The molecular hybrids proved to be stable in solution as confirmed by ESI-MS

experiments, and *H-NMR spectroscopy.

5.2. Future perspectives

In order to complete and improve the work carried out during this dissertation, new
experiments have been planned for the near future. In addition, new research lines

identified during this work are also complied in this section:
CHAPTERS 2 and 3:

1. The crystallization of 1B-Mo7 together with 1-Mo7 compound avoid us for fully
chemically characterize the first hybrid. In this sense, adjusting some synthetic parameters
(temperature, the ratio of the reagents, copper source...) could facilitate the isolation of

pure single-crystals 1B-Mo7.

2. Although the determination of the single-crystal structure of thermally activated
phases arising from 1-Mo7 was not achieved, the isostructurallity of this compound with its
tungstate-analogue was confirmed by powder XRD diffraction analyses. This could indicate
the existence of an anhydrous phase with empty and available channels for the adsorption
of different gases. Therefore, thermally-activated 3-Mo7 compound could be a good

candidate for gas sorption measurements.



3. Studies on selective gas sorption properties for 2-Mo and 3-Mo8 will be completed
in the near future. Gas sorption properties of 6-Mo8 will also be evaluated because this
compound has already demonstrate to have accessible empty pores, as confirmed by water
sorption measurements.

4. The accessible voids, together with the reversible redox properties that could
exhibit the molybdate-metalorganic hybrids, make them suitable candidates to be studied
as electrodes for electrochemical energy storage systems like Li* or Na* batteries.

CHAPTER 4:

4. First of all, changes in the synthetic procedure will be considered (ration of the
reagents, adjusting the pH value, hydrothermal conditions...) in order to obtain pure single-
crystals of 1-CuMo8 and 1-CrMo6 in high vyields. These compounds will be fully

characterized in the near future and their thermostructural behavior analyzed.

5. Single-crystal XRD diffraction experiments at high temperatures will be carried out
for 1Na-CrMo6, 1INO3-CrMo6 and 1CI-CrMo6 in order to determine if these compounds are
able to undergo single-crystal-to-single-crystal transformation under thermal stimuli. The
microporosity of the thermally-activated phases and their ability to adsorb gases will also
be studied.

CHAPTER 5:

6. In the near future, we plan to make use of the available N,O; coordination site to
accommodate a transition metal ion that would allow to the preparation of heterometallic

3d-4f complexes, with the aim of enhancing the anisotropy of the system.

7. The use of different aromatic multidentate organic ligands will be also tested to
modify the coordination environment of the lanthanide ions, such as; i) N,N’,N”-trimethyl-
N,N”’-bis(2-hydroxy-3-methoxy-5-methylbenzyl)diethylene triamine and N,N’-dimethyl-
N,N’-bis(2-hydroxy-3-formyl-5-bromo-benzyl)ethylenediamine exhibiting a similar structure

to HalL ligand; or, ii) smaller N,O- and O-donor ligands like picolinic or benzoic acid.

8. The change in the size of the polyanion as well as in the nature of the central
heteroatom will be also studied because this could modify the coordination mode of the

lanthanide to lead to an in-pocket mode.

9. New collaborations have resulted for the study of the synthesized compounds as

spin qubits. Thus, relaxation times and decoherences will be studied in the near future.
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Monodimensional Compounds Based on
Group 6 Tetraoxometalates and Transition
Metal Complexes of Cyclam Ligand

A1.1. [Ni(C10H24N4)][CrO4]-2H-0 (CrNi)
A1.2. [M(C10H24N4)][CrO4]-3H20; M = Cu, Zn (CrCu, CrZn)

A1.3. [M(Ci0H24N4)][M’O4]-3H20; M = Ni, Zn; M’ = Mo, W (MoNi, MoZn,
WNi, WZn)

A1.4. [Cu(C10H24N4)][M0Oa4]-4H,0 (MoCu)
A1.5. [Cu(C10H24N4)][WO4]-4H20 (WCu)
Al.6. Electron Paramagnetic Resonance (EPR)

Al.7. References

ABSTRACT: Nine new compounds have been prepared based on group 6 transition metal oxyanions with the
metal-organic ligand M"(cyclam) (M" = Ni", Cu" and zZn"). The compounds have been characterized by IR
spectroscopy and their structure described by X-ray diffraction. All the compounds show a similar crystal
packing which consist of endless chains formed by the repetition of the {[M(cyclam)]M’O4} moieties. The
chains are parallel or antiparallel between them, and with a different degree of hydration. Through C—H---O, N—
H---:0 and O-H---O interactions supramolecular 3D arrangements are formed in all the cases. However, these
weak interactions forming the overall crystal packing prevents from studying SCSC transformations at high
temperatures. Differences in the overall structure also affect to the magnetic properties, as observed in the EPR
studies for MoCu and WCu.
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MoCu compound was firstly obtained at alkaline pH values following the procedure
indicated in Chapter 2. By changing the Mo metal source from the {Mo07024} precursor to
Na;MoOs same results were obtained. Additionally, different metal sources were used,
which lead to a family of nine supramolecular 3D networks formed by the arrangement of
monodimensional chains. All nine compounds exhibit the same molecular formula:
[M(C10H24N4)][M’04]-nH20 (M = Ni", Cu", Zn"; M’ = CrV!, MoY!, WV'). Other parameters such
as the choice of nickel, copper or zinc sources (acetate, nitrate and sulphate) were also
tested with no changes in the formation of the compounds.

A1.1. [Ni(C10H24N4)][CrOs]-2H20 (CrNi)

Experimental: To an aqueous solution (15 mL) of K,Cr,07 (0.103 g, 0.35 mmol), a
solution of NiSO4:6H,0 (0.079 g, 0.3 mmol) and cyclam (0.060 g, 0.3 mmol) in water (15 mL)
was added dropwise. The pH of the mixture was adjusted to 10 with 1M NaOH and the
resulting brown solution was stirred for 1 h at room temperature. Brown-orange crystal
needles were obtained by slow evaporation after a week. Yield: 27 mg, 22% based on Ni. IR
(Figure A1.1) (cm™): 3448 (vs), 3229 (m), 3165 (s), 2936 (m), 2864 (m), 1473 (m), 1451 (m),
1424 (m), 1388 (w), 1332 (w), 1307 (w), 1292 (m), 1264 (w), 1245 (w), 1105 (s), 1071 (w),
1051 (w), 1016 (m), 1009 (m), 949 (vs), 874 (vs), 435 (w). Elem Anal. Calcd. (%) for
C10H28CrNaNiOs: C, 29.22%; H, 6.87%; N, 13.63%. Found: C, 28.91%; H, 6.89%; N, 13.63%.

Thermostructural behavior: Thermal stability of CrNi was investigated by
thermogravimentric and differential thermal (TGA/DTA) analysis (Figure Al.2a), in which
first a dehydration process occurs that extends up to 110 °C and accounts the two
hydration water molecules (m% calcd. 8.8%; found 8.8%). The dehydration process leads to
a thermal stability that extends up to 200 °C. Above this temperature, the combustion of
the organic ligand takes place as an endothermic step. The final residue is obtained above
360 °C (m% calcd. for CrNiO4, 42.5%; found, 41.3%). Taking into account the thermal
stability showed in the TGA, the thermostructural behavior of CrNi was studied by variable-
temperature PXRD from room temperature to 210 °C every 20 °C. Figure Al1.2b shows the
presence of a thermal-dependent transformation at 50 °C indicated by the disappearance
of the maximum at 26 = 13.1° and the shift of the maxima at 26 = 11.0° and 11.7° to 11.9°

and 12.1° in the new phase.
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U CrNi
FJ Calcd. CrNi

r T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 10 12 14 o 16 18 20
v(cm?) 20(°)

Figure A1.1. (a) FT-IR spectra of CrNi, and (b) comparison between the experimental powder XRD
pattern of CrNi and that calculated from the single-crystal data.
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Figure Al1.2. (a) TGA/DTA curves and (b) variable-temperature XRD pattern of CrNi.

Crystal Structure: Compound CrNi crystallizes in the triclinic P-1 space group (Table
Al1.1). The asymmetric unit contains a tetrahedral [CrO4]% unit, two halves of {Ni(cyclam)}**
complexes and two lattice water molecules. Ni" centers exhibit an octahedral geometry in
which the equatorial positions are occupied by the N4 atoms of the cyclam ligand and the
axial positions by oxygen from the {MQ4} tetrahedra. The Cr—O bond distances fall in the
1.645-1.665 A range, which are in concordance with the reported ones.! In the same way,
Ni-O (average distance 2.088 A) and Ni—N (average distance 2.067 A) bond lengths agree
with the reported in literature,? and are slightly shorter from those found in chapters 2 and

3 for {Cu(cyclam)}** complexes.

The crystal packing of CrNi consists on monodimensional chains of
{Ni(cyclam)}/{Cr0O4)}~ growing along the [011] direction. The chains are packed together
through intermolecular N-H---O interactions, forming layers parallel to the (0-11) plane. In
Figure Al.3, it can be seen that no water molecules are located between the chains on a

same layers. On the contrary, hydration water molecules are located between the layers,
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which help to the overall crystal packing of the [Ni(cyclam)[CrOa4] units through additional
H-bond interactions. Even though thermostructural studies revealed the transformation of
CrNi into an additional phase after thermal stimuli, this solid-phase transition could not be
followed by single-crystal X-ray diffraction due to the loss of crystallinity of the single
crystals.

Table Al1.1. Crystallographic parameters of CrNi.

CrNi
empirical formula C10H28CrN4NiOg
fw (g mol?) 411.07
crystal system Triclinic
space group P-1(2)
a(A) 8.9598(6)
b (R) 9.1399(6)
c(A) 12.1365(7)
a(°) 104.856(5)
B(°) 92.902(5)
7(°) 117.785(6)
v (A3) 832.91(9)
z 2
T (K) 100.00(10)
Pralcd (8 cm3) 1.639
M (mm?) 1.814
collected refins 5755
unique reflns (Rint) 3198 (0.032)
observed reflns [/ > 20(/)] 2739
Parameters (restraints) 218 (4)
R(F) [ > 26(1)] 0.035
wR(F?)® [all data] 0.081
GoF 1.030

Figure Al.3. (a) Polyhedral representation of the crystal packing of CrNi along the [011] direction, with
detail of the H-bond interactions, (b) view of the monodimensional {Ni(cyclam)}/{CrO4)}~ chain with
ORTEP representation. Color code: Cr, grey; Ni, orange; C, black, H, white; N, green; O, red; C—H---O, N—
H---O and O-H---O interactions, red, green and blue dashed lines, respectively.
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Al1.2. [M(C10H24N4)][CrO4]:3H20; M = Cu, Zn (CrCu, CrZn)

Experimental: To an aqueous solution (15 mL) of K,Cr,07 (0.103 g, 0.35 mmol), a
solution of MSOa4:nH,0 (M = Cu, 0.075 g; M = Zn, 0.0086 g, 0.3 mmol) and cyclam (0.060 g,
0.3 mmol) in water (15 mL) was added dropwise. The pH of the mixture was adjusted to 10
with 1M NaOH, and the resulting solution (Cu: brown; Zn: orange) was stirred for 1 h at
room temperature. Brown (Cu) and yellow needle-shaped crystals (Zn) were obtained by
slow evaporation after 10-15 days. CrCu: Yield: 21 mg, 16% based on Cu. IR (Figure Al.4)
(cm™): 3452 (vs), 3223 (s), 3173 (s), 2938 (m), 2862 (m), 1474 (m), 1451 (m), 1431 (m), 1426
(w), 1390 (w), 1306 (m), 1290 (m), 1258 (m), 1239 (m), 1105 (s), 1067 (w), 1057 (w), 1022
(m), 1017 (m), 962 (vs), 940 (m), 886 (vs), 449 (w). Elem Anal. Calcd. (%) for
C10H30CrCuN40O7: C, 27.68%; H, 6.97%; N, 12.91%. Found: C, 27.83%; H, 6.85%; N, 12.91%.
CrZn: Yield: 18 mg, 14% based on Zn. IR (Figure A1.4) (cm™): 3447 (s), 3217 (s), 3144 (vs),
2936 (m), 2861 (m), 1472 (m), 1452 (m), 1425 (w), 1388 (w), 1341 (w), 1297 (w), 1259 (w),
1241 (w), 1098 (s), 1050 (w), 934 (vs), 874 (vs), 624 (m).> Elem Anal. Calcd. (%) for
C10H30CrCuN407: C, 27.56%; H, 6.94%; N, 12.86%. Found: C, 27.44%; H, 7.01%; N, 12.86%.

Thermostructural behavior: Thermal stability of CrCu and CrZn were investigated by
TGA/DTA analysis (Figure A1.5). For CrCu, First a dehydration process occurs that extends
up to 95 °C and accounts for the three hydration water molecules (m% calcd. 12.4%; found
12.5%). The dehydration process leads to a thermal stability that extends up to 190 °C.
Above this temperature, the combustion of the organic ligand takes place as an
endothermic step. The final residue is obtained above 320 °C (m% calcd. for CrCuQOa, 41.4%;
found, 40.7%). Similar results were found for CrZn with a dehydration process that extends
up to 90 °C and accounts for the three hydration water molecules (m% calcd. 12.4%; found
12.3%). The dehydration process leads to a thermal stability that extends up to 235 °C.
Above this temperature, the combustion of the organic ligand takes place as an
endothermic step. The final residue is obtained above 350 °C (m% calcd. for CrOa4Zn, 41.6%;
found, 41.4%). Taking into account the thermal stabilities showed in the TGA, the
thermostructural behavior of both compounds was studied by variable-temperature PXRD
from room temperature to 210 °C every 20 °C. Figure Al1.6 shows the presence of a
thermal-dependent transformation at 50 °C indicated by the disappearance of the main
maxima at 26 = 10.0°, 11.7°, 12.7° and 15.8° and the appearance of new ones at 26 = 11.8°,
12.5°, 15.5° and 17.3°.
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Figure Al1.4. (a) FT-IR spectra of CrCu and CrZn, and; (b) comparison between the experimental powder
XRD pattern of CrCu and CrZn and that calculated from the single-crystal data.
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Figure A1.5. TGA/DTA curves of (a) CrCu and (b) CrZn.
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Figure Al1.6. Variable temperature X-ray diffraction patterns of CrZn (representative of CrCu).
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Crystal Structure: Compounds CrCu and CrZn crystallize in the monoclinic P21 space
group (Table A1.2). The asymmetric unit contains two tetrahedra [CrO4]* units, two
{M(cyclam)}** (M = Cu, Zn) complexes and six lattice water molecules. As in the previous
case, the equatorial positions of the octahedral Cu" and Zn" centers are occupied by the
cyclam ligand while the axial coordination sites are accessible for the union with Opom. The
Cr—0 bond distances fall in the range of 1.628-1.653 A in CrCu and 1.644-1.657 A in CrZn,
and M—0 and M-N (M = Cu, Zn) bond lengths are in concordance with those reported along
the thesis for {Cu(cyclam)} moieties.

Table Al1.2. Crystallographic data for CrCu and CrZn.

CrCu CrZn
empirical formula C10H30CrCuN,407 C10H30CrN40O7Zn
fw (g mol?) 433.92 435.75
crystal system Monoclinic Monoclinic
space group P2, (4) P2, (4)

a(A) 10.47653(18) 10.39549(19)
b (A) 13.67739(18) 13.7702(2)
c(A) 12.5283(2) 12.3842(2)
al®) 90.00 90.00

B(°) 102.0790(17) 103.5685(19)
7(°) 90.00 90.00

z 4 4

Vv (A3) 1755.46(5) 1723.29(5)
T(K) 149.99(10) 100.01(10)
Pealed (8 cm3) 1.642 1.680
H#(mm™?) 6.952 2.061
collected refins 7501 6416

unique reflns (Rint) 2432 (0.027) 5477 (0.027)
observed refins [I > 20(/)] 2233 4957
Parameters (restraints) 464 (17) 464 (13)
R(F) 1> 20(N)] 0.023 0.027
wR(F?) [all data] 0.061 0.067

GoF 1.034 1.031

Regarding the crystal packing, both compounds are formed by antiparallel
monodimensional chains running along the [101] direction. These chains consist on the
repetition of {{M][CrA][M!8][Cr'8]}c (M = Cu, Zn) moieties. The chains are packed
together forming corrugated layers in the (-101) plane. As seen in Figure Al.7, hydration
water molecules are located between the layers, which contribute to the linking between
the layers by forming an extensive hydrogen bond network. Even though thermostructural
studies revealed the structural transformation of CrCu and CrZn under thermal stimuli,
these solid-phase transitions could not be followed by single-crystal X-ray diffraction due to

the loss of crystallinity of the single crystals.
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Figure A1.7. View of the (a) crystal structure of CrCu and CrZn along the [101] direction, and (b) parallel
arrangement of the chains. Color code: MN4O; (M = Cu, Zn), blue polyhedra; C—H--:O, N-H--:O and O-
H---O interactions, red, green and blue dashed lines, respectively.

048 03B 04B

Figure A1.8. View of the monodimensional {M(cyclam)}/{CrOas)}~ (M = (a) Cu, (b) Zn) chains with ORTEP
representation. Color code: Cr, grey; Cu, dark blue; Zn, light blue.

A1.3. [M(C10H24N4)][M’O4]-3H:0; M = Ni, Zn; M’ = Mo, W (MoNi, MoZn, WNi, WZn)

Experimental: To an aqueous solution (15 mL) of NazM’04-2H,0 (M’ = Mo, 0.169 g;
M’ =Zn, 0.230 g, 0.7 mmol), a solution of MSQO4-nH,0 (M = Ni, 0.079 g; M =Zn, 0.0086 g, 0.3
mmol) and cyclam (0.060 g, 0.3 mmol) in water (15 mL) was added dropwise. The pH of the
mixture was adjusted to 10 with 1M NaOH, and the resulting solution (Ni: purple; Zn:

colorless) was stirred for 1 h at room temperature. Orange (Cu) and colorless prismatic
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crystals (Zn) were obtained by slow evaporation after 10-15 days. MoNi: Yield: 24 mg, 17%
based on Ni. IR (Figure A1.9) (cm™): 3337 (s), 3254 (s), 3211 (vs), 2913 (m), 2866 (m), 2843
(m), 1472 (m), 1455 (m), 1439 (m), 1339 (w), 1317 (w), 1290 (w), 1252 (w), 1238 (w), 1103
(s), 1088 (w), 1081 (m), 1050 (m), 1001 (s), 994 (s), 898 (m), 874 (vs), 857 (vs), 831 (vs), 819
(s), 427 (m). Elem Anal. Calcd. (%) for Ci0H30MoNsNiO7: C, 25.39%; H, 6.39%; N, 11.84%.
Found: C, 25.18%; H, 6.83%; N, 11.91%. MoZn: Yield: 11 mg, 8% based on Zn. IR (Figure
A1.8) (cm™): 3390 (vs), 3209 (s), 3153 (s), 2921 (s), 2872 (s), 2854 (s), 1476 (m), 1456 (m),
1432 (m), 1348 (w), 1339 (w), 1299 (w), 1254 (w), 1241 (w), 1100 (s), 1081 (m), 1057 (m),
983 (w), 941 (s), 938 (s), 863 (vs), 852 (vs), 831 (vs), 817 (s). Elem Anal. Calcd. (%) for
Ci0H30M0oN40O7Zn: C, 25.04%; H, 6.30%; N, 11.68%. Found: C, 25.23%; H, 6.51%; N, 11.62%.
WNi: Yield: 20 mg, 12% based on Ni. IR (Figure A1.8) (cm™): 3340 (vs), 3254 (vs), 3209 (vs),
3189 (vs), 2921 (s), 2853 (m), 1491 (w), 1468 (w), 1453 (m), 1427 (m), 1382 (w), 1336 (m),
1309 (w), 1290 (m), 1252 (w), 1246 (w), 1103 (s), 1085 (w), 1054 (m), 1033 (w), 1001 (m),
998 (m), 948 (s), 876 (vs), 853 (vs), 829 (vs), 426 (w), 415 (w). Elem Anal. Calcd. (%) for
Ci0H30N4NiO7W: C, 21.41%; H, 5.39%; N, 10.46%. Found: C, 21.54%; H, 5.47%; N, 10.50%.
W2Zn: Yield: 10 mg, 6% based on Zn. IR (Figure A1.8) (cm™): 3370 (vs), 3208 (vs), 3157 (vs),
2924 (s), 2855 (s), 1472 (m), 1454 (m), 1426 (m), 1389 (w), 1344 (w), 1314 (w), 1296 (w),
1253 (w), 1242 (w), 1101 (s), 1053 (m), 987 (w), 939 (s), 872 (vs), 852 (vs), 831 (vs). Elem
Anal. Calcd. (%) for CioH30NsO7WZn: C, 21.16%; H, 5.33%; N, 9.87%. Found: C, 21.08%; H,
5.46%; N, 10.02%.

Thermostructural behavior: Thermal stability of MoNi, MoZn, WNi and WZn were
investigated by TGA/DTA analysis (Figure A1.10). The four compounds show a similar
behavior in which first a dehydration process is appreciated that extends up to 130-145 °C
and accounts for the loss of three hydration water molecules (MoNi: m% calcd. 11.4%;
found 11.3%; MoZn: m% calcd. 11.3%; found 11.2%; WNi: m% calcd. 9.6%; found 9.8%;
WZn: m% calcd. 9.5%; found 9.7% ). The dehydration process leads to a thermal stability
that extends up to 235-245 °C. Above this temperature, the combustion of the organic
ligand takes place as an endothermic step. The final residue is obtained above 500 °C in the
case of MoNi and MoZn, and above 600 °C for WNi and WZn (MoNi: m% calcd. for MoNiOg,
46.2%; found, 46.6%; MoZn: m% calcd. for MoZnOQ4, 47.0%; found, 46.4%; WNi: m% calcd.
for WNiQa, 54.6%; found, 54.2%; WZn: m% calcd. for WZnQ4, 55.2%; found, 54.6%). Due to
the thermal stabilities showed in the TGA, the thermostructural behavior of these four
compounds was analyzed by variable-temperature PXRD from room temperature to 210 °C
every 20 °C. Figure A1.11 shows the presence of a thermal-dependent additional phase
fully transformed at 70 °C, as indicated by the clear shift of the main maxima from 26 =
11.6°and 11.8° to 260 =11.9° and 12.0°.
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Figure A1.9. (a) FT-IR spectra of MoNi, MoZn, WNi and WZn, and; (b) comparison between the
experimental powder XRD pattern of MoNi, MoZn, WNi and WZn and that calculated from the single-
crystal data of MoNi.

(a) MoNi (b) MoZn
£V P— \ 100 gemmm-my -18
! Dehydration 14 1 Dehydration .
o = o =
80 11.3% r12 E 90 - 11.2% L 14 E
10‘9 £
P "Me=s F12 o
. 80 ) 8 80 U 8
g T2 P58 Tz (108
@ E=J Le & o EET s 2
gl 1531 S 8o 539 s
£ o
o L ] £ 4 - o
= =1 8 4 2 s Eag 6 g
60 - [, ® 60 - = la O
(5] (0]
o o
(‘j Lo % ,_J r2 GE,
50 4 . . i 50 -] . [
\/ Residue MoNiOy L2 \// Residue MoO,Zn [0
46.6% 46.4% F-2
40 T T T T T -4 40 T T T T e T
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (°C) Temperature (°C)
(c) {d) Wzn
100 g3 . 10 100 e ‘ - 10
| Dehydration ! Dehydration
9.8% s = 19.7% =
90 - — 2 90 1 — -2
Z I3 -y o
= Lo = Sy e =
Sy - $
Re{ Sg 8 8 sof T uw 8
» 2N 2y 5 Q 2
» © | r4 £ o i F4 &
L E un 5 2 E i S
n{ 5% ol =hnil 513 :
-.E r2 s = F2 3
o = @
60 g 80 g
. . Lo £ . Lo €
Residue NiO,W & Residue WO,Zn A
54.2% .69
50 : ‘ : ; - ; 2 s0L— . ; % : 2
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C)

Figure A1.10. TGA/DTA curves of (a) MoNi, (b) MoZn, (c) WNi, and (d) WZn.
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Figure Al.11. Variable temperature X-ray diffraction patterns of MoNi as representative of the
remaining compounds, MoZn, WNi and WZn.

Crystal Structure: Compounds MoNi, MoZn, WNi and WZn crystallize in the
monoclinic P21/c space group (Table A1.3). The asymmetric unit contains one [M’04]% (M =
Mo, W) tetrahedra unit, two halves of {M(cyclam)}** (M = Ni, Zn) complexes and three
lattice water molecules. Ni"" and Zn' centers exhibit an octahedral geometry in which the
equatorial positions are occupied by the N4 atoms of the cyclam ligand and the axial
positions by oxygen from the {MO4} tetrahedra. As expected, M—O and M—N bonds lengths
found for M = Ni and Zn are similar to those found along this Appendix.

Table Al1.3. Crystallographic data for MoNi, MoZn, WNi and WZn.

MoNi MoZn WNi W2Zn
empirical formula C10H30M0N4Ni07 C10H30M0N407Zn C10H30N4NiO7W C10H30N4O7WZI’1
fw (g mol?) 473.03 479.69 560.94 567.60
crystal system Monoclinic Monoclinic Monoclinic Monoclinic
space group P2:/c (14) P2:/c (14) P2:/c (14) P2:/c (14)
a(A) 10.00594(18) 10.09829(19) 10.03179(13) 10.1344(3)
b (A) 15.0102(2) 14.9018(2) 15.00956(16) 14.8886(3)
c(A) 12.6092(2) 12.6878(2) 12.64650(15) 12.7189(4)
al(®) 90 90 90 90
B°) 106.2880(18) 104.9827(19) 106.1609(13) 104.977(3)
7(°) 90 90 90 90
z 4 4 4 4
v (A3) 1817.78(5) 1844.38(5) 1828.97(4) 1853.92(9)
T(K) 100.01(10) 100.01(10) 100.01(10) 100.00(10)
Pealcd (g cm3) 1.728 1.728 2.037 2.034
M#(mm™?) 1.763 2.017 2.158 7.530
collected refins 12836 14802 10745 14804
unique reflns (Rint) 3547 (0.029) 3594 (0.032) 3211 (0.028) 3848 (0.058)
observed refins [I > 20(/)] 3227 3274 3035 3293
Parameters (restraints) 235 (6) 235 (6) 220 (18) 220 (0)
R(F)2 [1 > 2011)] 0.021 0.022 0.023 0.033
wR(F2)b [all data] 0.047 0.052 0.057 0.071
GoF 1.063 1.067 1.139 1.045
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The crystal packing of the four compounds consist on monodimensional chains
running along the [101] direction, which are further connected through N-H---O and Ow—
Hw:-Opom interactions to form hybrid layers (Figure Al.12b). These layers are packed
forming a supramolecular 3D network through additional H-bond interactions involving
hydration water molecules (Figure A1.12). As in the previous cases, even though
thermostructural studies revealed the structural transformation of MoNi, MoZn, WNi and
W2Zn under thermal stimuli, these solid-phase transitions could not be followed by single-
crystal X-ray diffraction due to the loss of crystallinity of the single crystals.

Figure A1.12. View of the (a) crystal structure of MoNi along the [101] direction, and (b) stacking of the
monodimensional chains through H-bond interactions to form hybrid layers. Color code: MoNisO;,
orange polyhedra; N—H---O and O—H---O interactions, green and blue dashed lines, respectively. MoNi
was chosen a representative of MoZn, WNi and WZn.

Figure 1.13. View of the monodimensional chains on MoNi, MoZn, WNi, and WZn with ORTEP
representation. Color code: Mo and W, grey; Ni, orange; Zn, light blue.
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A1.4. [Cu(C10H24N4)][M00O4]-4H,0 (MoCu)

Experimental: To an aqueous solution (15 mL) of Na2Mo0Q4:2H,0 (0.169 g, 0.7 mmol),
a solution of CuS04-5H,0 (0.075 g, 0.3 mmol) and cyclam (0.060g, 0.3 mmol) in water (15
mL) was added dropwise. The pH of the mixture was adjusted to 10 with 1M NaOH, and the
resulting purple solution was stirred for 1 h at room temperature. Purple prismatic single
crystals were obtained by slow evaporation after 10-15 days. Yield: 17 mg, 11% based on
Cu. IR (Figure A1.14) (cm™): 3410 (vs), 3224 (vs), 3182 (vs), 2927 (s), 2886 (s), 1471 (m),
1453 (m), 1442 (m), 1427 (m), 1374 (w), 1355 (w), 1327 (w), 1289 (w), 1253 (w), 1232 (w),
1102 (s), 1025 (m), 1016 (m), 1031 (m), 1008 (m), 961(s), 881 (vs), 852 (vs), 827 (vs), 433
(m). Elem Anal. Calcd. (%) for C10H32CuMoN4Os: C, 24.22%; H, 6.50%; N, 11.30%. Found: C,
24.72; H, 6.59%; N, 11.47%.

Thermostructural behavior: Thermal stability of MoCu was investigated by
thermogravimentric and differential thermal (TGA/DTA) analysis (Figure Al1.15a), in which
first a dehydration process occurs that extends up to 100 °C and accounts for four
hydration water molecules (m% calcd. 14.5%; found 14.2%). The dehydration process leads
to a thermal stability that extends up to almost 200 °C. Above this temperature, the
combustion of the organic ligand takes place as an endothermic step. The final residue is
obtained above 400 °C (m% calcd. for MoCuOa, 45.1%; found, 45.4%). Taking into account
the thermal stability showed in the TGA, the thermostructural behavior of MoCu was
studied by variable-temperature PXRD from room temperature to 210 °C every 20 °C.
Figure A1.15b shows the presence of a thermal-dependent transformation at 70 °C
indicated by the disappearance of the maximum at 26 = 13.1° and the shift of the main
maxima and the appearance of two new at 26 = 12.4° and 15.2°.

(a) "\II (b)

| ”
Calcd. MoCu

. . . . . ‘ < . .
4000 3500 3000 2500 2000 1500 1000 500 7 ) 11 13 5 17 19 21 23
v (em) 20(°)

Figure A1.14. (a) FT-IR spectra of MoCu, and (b) comparison between the experimental powder XRD
pattern of MoCu and that calculated from the single-crystal data.
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Figure A1.15. (a) TGA/DTA curves and (b) variable-temperature PXRD pattern of MoCu.

Crystal Structure: MoCu compound crystallizes in the monoclinic P21/n space group
(Table A1.4). The asymmetric unit contains one [MoO4]* tetrahedra, one octahedral
[Cu(cyclam)]?* complex and four hydration water molecules. As expected, Cu—O and Cu—N
bonds lengths are fall in the range of those found for {Cu(cyclam)}** complexes along the
thesis; Cu—0 2.320-2.746 A and Cu-N 2.013-2.028 A range.

Table Al1.4. Crystallographic data for MoCu.

MoCu
empirical formula C10H32CuMoN403
fw (g mol?) 495.88
crystal system Monoclinic
space group P2:/n (14)

a () 11.3931(2)
b (A) 14.5308(2)
c(A) 11.6281(2)
a(°) 90

B(°) 95.0685(15)
7(°) 90

z 4

v (A3) 1917.51(6)
T(K) 100.00(10)
Pealcd (8 cM3) 1.718
H(mm?) 1.805
collected refins 8550
unique reflns (Rint) 4357 (0.030)
observed reflns [/ > 20(/)] 3897
Parameters (restraints) 229 (0)
R(F)2[1 > 20(1)] 0.024
wR(F?)® [all data] 0.062

GoF 1.058
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The crystal packing of MoCu is formed by monodimensional chains running along
[010] direction, as depicted in Figure A1.16. As the chains are far enough, there are not
direct hydrogen bond interactions between {Cu(cyclam)} moieties and Opom atoms,
therefore, individual chains are held together by H-bond interactions involving water
molecules. The supramolecular arrangement shows monodimensional pores that are filled
by hydration water molecules, generating hydrophilic regions growing parallel to the
chains.

(@

Figure A1.16. (a) Crystal packing of MoCu along the y axis with indication of the distance between the
chains, and (b) detail of the C—H--:O, N—H:::O and O-H--O interactions occurring within the water-filled
channel. C-H:--O, N—H---O and O—H---O interactions, red, green and blue dashed lines, respectively.

Figure 1.17. View of the monodimensional chains of MoCu with ORTEP representation. Color code: Mo;
Cu, dark blue.
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A1.5. [Cu(C10H24N4)][WO4]-5.5H.0 (WCu)

Experimental: To an aqueous solution (15 mL) of Na,WO4-2H,0 (0.230 g, 0.7 mmol), a
solution of CuSO4-5H,0 (0.075 g, 0.3 mmol) and cyclam (0.060g, 0.3 mmol) in water (15 mL)
was added dropwise. The pH of the mixture was adjusted to 10 with 1M NaOH, and the
resulting purple solution was stirred for 1 h at room temperature. Purple prismatic single
crystals were obtained by slow evaporation after 10-15 days. Yield: 15 mg, 8% based on Cu.
IR (Figure A1.18) (cm™): 3410 (vs), 3231 (vs), 3159 (vs), 2944 (s), 2876 (s), 2858 (s), 1473
(m), 1452 (m), 1446 (m), 1427 (m), 1376 (w), 1359 (w), 1324 (w), 1289 (w), 1253 (w), 1231
(w), 1107 (s), 1026 (m), 1014 (m), 1019 (m), 1011 (m), 962 (s), 878 (vs), 853 (vs), 832 (vs),
438 (m). Elem Anal. Calcd. (%) for C10H3sCuN4OgsW: C, 19.66%; H, 5.78%; N, 9.17%. Found:
C, 19.75; H, 5.69%; N, 9.11%.

Thermostructural behavior: Thermal stability of WCu was investigated by TGA/DTA
analysis (Figure A1.19a), in which first a dehydration process occurs that extends up to 110
°C and accounts for 5.5 hydration water molecules (m% calcd. 16.2%; found 15.8%). The
dehydration process leads to a thermal stability that extends up to 210 °C. Above this
temperature, the combustion of the organic ligand takes place as an endothermic step. The
final residue is obtained above 450 °C (m% calcd. for CuWQg, 51.0%; found, 50.7%).

(a) (b)
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Figure A1.18. (a) FT-IR spectra of WCu, and (b) comparison between the experimental powder XRD
pattern of WCu and that calculated from the single-crystal data.
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Figure A1.19. TGA/DTA curves for WCu.

Crystal Structure: WCu compound crystallizes in the orthorhombic Pbca space group
(Table A1.5). The asymmetric unit is constituted by one [WO4]* tetrahedra, one
[Cu(cyclam)]?* metalorganic moiety and 5.5 hydration water molecules disordered in 9
positions. Cu—O and Cu—-N bonds lengths are similar to those found for {Cu(cyclam)}?**
complexes along the thesis. Crystal packing of WCu can be best described as corrugated
layers formed by single monodimensional chains running along the x axis that are hydrogen
bonded between them through water molecules (Figure A1.20). The corrugated layers are
further connected along [010] direction, generating cavities between the layers in which
the remaining water molecules are located. The layers stack together through additional C—

H---O, N—-H---O interactions with the hydration water molecules.

Table Al1.5. Crystallographic data for WCu.

WCu
empirical formula C10H35CuN4Og s W
fw (g mol?) 610.83
crystal system Orthorombic
space group Pbca
a (A) 14.2873(2)
b (A) 23.1050(3)
c(A) 12.3068(2)
a(°) 90
B) 90
7(°) 90
z 8
v (A3) 4062.57(10)
T(K) 100.01(10)
Pealcd (8 cM3) 1.961
H(mm?) 6.754
collected reflns
unique reflns (Rint) 4794 (0.050)
observed refins [I > 20{/)] 4235
Parameters (restraints) 217 (0)
R(F)2[1 > 20(1)] 0.043
wR(F?)® [all data] 0.085
GoF 1.290
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Figure A1.20. (a) Crystal packing of WCu along the x axis, and (b) detail of the C—H--:O and O-H---O
interactions occurring between single monodimensional chains within a corrugated layer.

Figure 1.21. View of the monodimensional chains of WCu with ORTEP representation. Color code: W,
grey; Cu, dark blue.

Al1.6. ELECTRON PARAMAGNETIC RESONANCE (EPR)

The EPR Q-bands for compounds MoCu and WCu (Figures Al1.22 and A1.23) are
characteristic of an octahedral coordinated Cu?*. The Q-bands show that compounds MoCu
and WCu belong to the rhombic system, with an elongated octahedral or squared based
pyramidal geometry (Table A1.6). Cu?* has a spin S = % with a nuclear spin of | = 3/2 and, as
it is not magnetically isolated, there is no presence of four-line hyperfine splitting.
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Table A1.6. The values of "g" from the Band-Q of the EPR spectra.

| MoCu | WCu |
g1 2.051 2.051
g 2.073 2.073
g3 2.177 2.179

If G values are calculated by Eq. Al.1, a value of 2.85 is obtained for Mocu and 2.89
for WCu. For the obtaining G values, it has been assumed that the g, was the g with the

highest value.

g,-2
G= gxnyz (Eq. A1.1)

2

Having a G value lower than 4 indicates that the Cu?* of both compounds do not have
the same orientation along the chains, what has been observed in the crystal packing for
MoCu and WCu and corroborated with the distances and angles formed by the metal
centers in each structure (Table A1.7) In addition, if we compared the two Q-band of both
compounds, it can be seen that there is a higher difference between the g1 and g3 values
for WCu than for MoCu (Figure A1.24). This little difference is also matches with the G

values, as the value for WCu is a bit higher than the one for MoCu.

Table A1.7. M--M (M = Ni,Cu, Zn) distances and angles of M(cyclam) complexes.

CrNi CrZn CrCu
CrlA CrlB CrlA CrlB
M-Cr—M 143.8 166.4 167.9 167.2 164.2
Orom—M—Orom 180 175.0 173.1 174.3 176.3
M---M 6.595 7.301 7.252 7.124 7.055
MoNi MoZn MoCu
M-Mo-M 133.3 139.9 133.3
Oron—M—Orom 180 173.1 180
M---M 6.862 7.290 7.013
WNi WZn WCu
M-W-M 133.2 131.2 133.3
Orom—M—0rom 180 173.8 180
M---M 6.891 7.185 7.033
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Figure A1.22. Q-band for MoCu.
0,4 Calc-Q
1 Exp-Q
0,2 o
0,0
-0,2 -
s |
. -0,4
©
.0’6_
-0,8 -
-1,0 -
N S S
10500 10750 11000 11250 11500 11750 12000 12250
H (Gauss)
Figure A1.23. Q-band for WCu.
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Figure A1.24. Comparison between the Q-bands of MoCu and WCu.
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A2.1. INSTRUMENTAL TECHNIQUES

All the experimental conditions applied for the characterization methods are
described in this section. FT-IR experiments and thermal analyses were performed in the
Departamento de Quimica Orgéanica e Inorganica (UPV/EHU), whereas the remaining
analysis were carried out in Servicios Generales de Investigacidén (SGlker) de la UPV/EHU;
powder and single-crystal X-ray diffraction measurements, elemental analysis, magnetic
and susceptibility measurements, 'H-NMR and ESI-MS analysis. Luminescence
measurements were performed at Departamento de Fisica aplicada Il (UPV/EHU). Gas
sorption and water sorption measurements were carried out during a three-month stay at
the Bernal Institute in the University of Limerick (Ireland), under the supervision of Prof.
Michael Zaworotko.

A2.1.1. Elemental analysis

The C, H and N content of all the compounds was determined on a PerkinElmer 2400
CHN analyzer, employing around 10 mg of powdered crystalline samples. Metal content
(lanthanides and alkaline metals of 1-Ln (Ln = Sm to Lu) in Chapter 5) were analyzed using a
Q-ICP-MS ThermoXSeries Il analyzer coupled plasma-mass spectrometry device. Samples
(50 mg) were digested in 25 mL of ultra-high purity Milli-Q water.

A2.1.2. FT-IR spectroscopy

Fourier transformed infrared (FT-IR) spectra were obtained as KBr (Aldrich, FT-IR
grade) pellets on a Shimadzu FTIR-8400S spectrometer. FT-IR spectra were recorded in the

400-4000 cm™ region (4 cm™ resolution).

A2.1.3. Thermal analyses

Thermogravimetric and differential thermal analyses (TGA/DTA) were performed on a
Mettler Toledo TGA/SDTA851¢ thermobalance under a 50 cm3min? flow of synthetic air
from room temperature to 800 °C at a rate of 5 °C min~2. -alumina crucibles were used for

approximately 20 mg of crystalline samples.

A2.1.4. Powder X-ray diffraction

Powder X-ray diffraction (PXRD) patterns were recorded for 26 = 5 < 26 < 40° range
(0.033° step size, 30 s per step) using a Philips X’PERT PRO diffractometer operating at 40
kV/40 mA in -6 configuration, equipped with monochromated Cu Ka radiation (A = 1.5418
A) and a PIXcel detector. Variable temperature PXRD patterns were collected on a Bruker
D8 Advance Diffractometer operating at 30 kV/20 mA and equipped with CuKa radiation, a
Vantec-1 PSD detector, an Anton Parr HTK2000 high-temperature furnace, and a Pt sample
holder. Temperature changes were recorded from 30 °C to 610 °C every 20 °C, for 1-Mo8
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from 30 °C to 46 °C every 2 °C and 2-Mo8 from 46 °C to 30 °C every 2 °C, with a 0.16 °C s!
heating rate between temperatures.

A2.1.6. Nuclear Magnetic Resonance Spectroscopy

'H-Nuclear Magnetic Resonance (*H-NMR) data as acquired for 1-Lu sample and the
H.L starting ligand from Chapter 5, on a Bruker ADVANCE 500 spectrometer. For HaL ligand,
the sample was dissolved in CDCl3 and (CD3),SO, whereas 1-Lu data was only collected in
DMSO (freshly prepared and after 7 days), for solubility reasons.

A2.1.7. Electrospray ionization mass spectrometry (ESI-MS)

Electrospray ionization mass spectra (ESI-MS) of 1-Ln (Ln = Tb', Tm"") samples in
Chapter 5 were obtained on aqueous solutions of solid samples that were diluted to 10™ M
approximately on a H,O/CHsCN (1:1) mixture and introduced at a flow rate of 10 uL min™!
using Waters SYNAPT G2 HDMS QTOF instrument with an orthogonal Z-spray electrospray
interface operating with capillary voltage of 3.3 kV in the negative scan mode (V mode) and
N> as desolvation (300 L h™) and cone gas (30 L h™2). Typical desolvation (200 °C) and source
block (120 °C) temperatures were used, and the cone voltage (Uc) was set to 15 V in order

to control the extent of fragmentation of the detected species.

A2.2. SINGLE-CRYSTAL X-RAY DIFFRACTION

Experimental condition used on single-crystal X-ray diffraction (scXRD) studies is
summarized in this section; data acquisition and reduction, solution and refinement of
crystal structures; software and crystallographic databases employed for further

calculations and treatment of the data.

A2.2.1. Data acquisition and reduction

Intensity data were collected on an Agilent Technologies SuperNova diffractometer
equipped with either monochromated Cu Ka radiation (A = 1.5406 A) and an Atlas detector
or Mo Ka radiation (A = 0.71073 A) and an Eos CCD detector. Data frames were processed
(unit cell determination, analytical absorption correction with face indexing, intensity data
integration, and correction for Lorentz and polarization effects) with the CrysAlis Pro!
software package. The structures were solved using the OLEX2-1.32 program and refined by
full-matrix least squares using SHELXL-2014/6, SHELXL-2018/3 and SHELXH-97.3 n all least-

squares refinements, R and wR have been calculated using Eq. A2.1 and A2.2.
R(F)=3||Fo—Fc| 1/ 3|Fo | (Eq. A2.1)

WR(F2)={3 [W(Fo?—F)?/ S[w(Fo?)2]}/? (Eq A2.2)
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A2.2.3. Calculations

Final geometrical calculations were carried out with PLATON* as integrated in
WinGX,> and their visualization was performed using Crystal-Maker. Bond Valence Sum
calculations for 4-Mo8 in Chapter 3 were carried out using the Brown & Wu method® as
integrated in Vesta.” Both the surface of water-filled channels in porous structures as well
as the solvent accessible voids present in Chapters 2, 3 and 4, were visualized with PyMol

software.®

Continuous Shape Measures (CShM) calculations were performed using SHAPE
programs.’ CShM structural analyses® works by comparing the experimental polyhedra
with the ideal shapes of the regular polyhedra, indicating how distorted the structure is
from the reference shape. The CShM number indicates the distortion, in which the lower
value is the one describing better the ideal shape.

A2.2.4. Crystallographic software and databases

Crystal Maker software!! was used for the visualization and graphic representation of
all the compounds. Moreover, the structural CSD and ICSD, and scientific SciFinder

databases were employed in this work:

Cambridge Structural Database (CSD):'?> X-ray and neutron diffraction structures of
organic, organometallic and coordination complexes are included in this database of the
Cambridge Crystallographic Data Center (CCDC).

Inorganic Crystal Structure Database (ICSD):!* X-ray and neutron diffraction
structures of completely inorganic compounds (including pure elements, minerals, metals,
inorganic salts...) are included in this database of the Fachinformationszentrum (FIZ)

Karlsruhe.

SciFinder:** Multifunctional scientific database developed by the Chemical Abstract
Service (CAS) for substances, reactions, and patent and journal references of chemistry and

related fields.

A2.3. PHOTOLUMINESCENCE ANALYSIS

Diffuse reflectance UV-vis spectra were recorded on a UV-2600 Shimadzu
spectrophotometer. Photoluminescence (PL) emission spectra were recorded for powdered
crystalline 1-Ln (Ln = Sm to Lu, Chapter 5) samples from 10 K to room temperature using a
close cycle The cryostat contained in an Edinburgh Instruments FLS920 spectrometer
equipped with a Miller-elektronik- Optik SVX1450 Xe lamp and a Kimmon IK3552R-G He:Cd

continuous laser (325 nm). The lifetime measurements were performed using a uF1 pulsed
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microsecond flashlamp as an excitation source. Photographs of bulky samples were taken
in @ micro-PL system included in an Olympus optical microscope (Color View lll camera)
illuminated with an Hg lamp.

A2.4. MAGNETIC SUSCEPTIBILITY MEASUREMENTS

Magnetic susceptibilities were measured in the 2-300 K range using a Quantum
Design MPMS3 SQUID magnetometer under an applied field of 0.1 T (diamagnetic
corrections were estimated from Pascal’s constants). Magnetization and alternating current
(ac) susceptibility measurements were performed on a PPMS (Physical Property
measurement System)-Quantum Design Model 6000 and the SQUID magnetometers in the
2-10 K temperature range up to a 7 T magnetic field.

Whereas magnetic susceptibilities were fitted to Van Vleck’s equation (Table 5.7 in
Chapter 5), the Curie-Weiss law was applied for paramagnetic regions:

C

X,,F@ (Eq.A2.3)

where Cis the Curie constant and @ is the Weiss temperature.

The magnetic susceptibility curves for 1-Eu were modeled by Kahn’s equation;

NGB +1)  2NB(9,-1)(9,-2)
x()=— + L (Eq. A2.4)

3kT 32

where N is the Avogadro’s number, f is the Bohr magneton, k is the Boltzmman constant, g
is the Landé factor, S is the spin quantum number and A is the spin orbit coupling

parameter.

The frequency-dependences of in-phase and out-of-phase magnetic susceptibilities
were fitted to the Debye model,;
1+(wt)1™@ sin(ga)

1+2(wt)1~@ sin(ga)+(wr)2—2“

X'(w) = xs+ Or — xs) (Eq. A2.5)

(wT)1l~@ cos(ga)

1+2(wt)i-@ sin(ga)+(wr)2—2“

x"(w) = (r — xs) (Eq. A2.6)

v = st (258 - () - (=) e

2 tan[%n’(l—a)] 2 tan[%n(l—a)]
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A2.4.1. Electron Paramagnetic Resonance (EPR) analysis

Electron paramagnetic resonance (EPR) spectra were recorded on powder crystalline
samples Bruker ELEXSYS 500 (superhigh-Q resonator ER-4123-SHQ) and Bruker EMX (ER-
510-QT resonator) continuous wave spectrometers for Q- and X-bands, respectively
(magnetic calibration: NMR probe; frequency inside the cavity determined with microwave
counter).

A2.5. GAS SORPTION MEASUREMENTS

Gas physisorption measurements on anhydrous samples 2-Mo8 and 3-Mo8 on
Chapter 3 were carried out on the Micromeritics TriStar Il PLUS 3030 instrument. The
samples were first thermally activated at 50 (2-Mo8) and 120 °C (3-Mo8), and then,
degassed under vacuum and at the same temperature for 4 h prior to gas sorption
experiments. The PXRD analyses of the degasified samples demonstrated that the
structures of the anhydrous phases retain crystallinity and remain unmodified after being
exposed to vacuum conditions. Low pressure N, and CO; adsorption experiments (up to 1
bar) of 2-Mo8 and 3-Mo8 were conducted at 77 K and 195 K, respectively. This
temperature was maintained by a 4 L Dewar flask filled with the mixture of acetone and dry
ice. High-purity N2 and CO; were used as received from BOC Gases Ireland, CP grade
(99.995%). Micromeritics 3Flex surface area and pore size analyzer 3500 was used for
collecting the 273 and 298 K sorption isotherms for N, CO,.

Brunauer-Emmett-Teller (BET) surface areas were determined from the N2 and CO;
adsorption isotherms at 77 K and 195 K, respectively, using the Micromeritics Microactive
Sorftware. About 100 mg of activated samples were used for the measurements. A Julabo
temperature controller was used to maintain a constant temperature in the bath
throughout the experiment. The bath temperatures of 273 and 298 K were precisely
controlled with a Julabo ME (v.2) recirculating control system containing a mixture of
ethylene glycol and water. The low temperature at 77 K and 195 K were controlled by a 4 L
Dewar filled with liquid N2 and dry ice/acetone, respectively. Precise control of 273 and
298 K temperatures for sorption isotherms of N3, COz, CHs, C;Hz, C;Hs and CyHe was
implemented by a dc-2006 from Ningbo Scientz Biotechnology, which contained a cyclic

control system of ethylene glycol and water mixture (v/v = 1:1).

Horvath-Kawazoe (HK) Pores Size Distribution Method:*> The Horvath-Kawazoe (HK)
method is based on capillary condensation is an analytic model of adsorption that is
commonly used for the characterization of the pore size distribution on microporous

materials.1®
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Calculation of Isosteric Heat of Adsorption (Qs): The isosteric heat of adsorption
indicates the interaction strength between the gas molecules and the adsorbent host. The
Qst values for 3-Mo8 in Chapter 3 were calculated from the low pressure CO; adsorption
isotherms collected at 273 and 298 K. The Clausius-Clapeyron equation was employed for
calculating Qs values and virial-type equations were used to fit points in the adsorption
data (Eqg. 2.8). After that, the final Qs values were then calculated from the virial model
using Eg. 2.9. YThe plots and data for the fits are shown bellow (Table A2.1 and Figure
A2.1)

Qs = —R-In (%) (%) (Eq. 2.8)

In which R is the universal constant gas (R = 8.314 JK*mol?); p is the pressure (bar),
and; T is the temperature (K).

~Qse = RYJ_, ;b (Eq. 2.9)

In which ajand b’ are the virial coefficients.

Table A2.1. Virial-fit parameters calculated for CO,, CH4, C2H,, C;Hs and CoHg for 3-Mo8 in Chapter 3.

Adsorbate C:H; CcO; C;H,4 C;Hs CHa

Temperatures 273,298 K 273,298 K 273,298 K 273,298 K 273,298 K

Adj. R? 0.99996 1.00000 0.99992 0.99997 0.99493
ao -4102.34 -2894.04 -3271.38 -3723.89 -2964.11

a1 376.0896 721.9293 -875.336 141.1164 13221.97

az -1111.23 -2053.44 2642.751 -2343.64 -47271.8

as -326.421 1882.093 -5158.23 -1108 -193491

EN 1484.386 -683.653 7136.081 7728.124 1.30E+06
as -403.97 232.6895 -2687.27 -3240.93 -1.41E+06

bo 23.49249 21.1802 21.40416 22.43505 23.05461

b -1.92458 -1.47199 1.71354 -1.5512 -57.7327

b, 8.21747 5.97802 3.22144 20.1057 387.5923

bs -5.3419 -3.92305 -6.60972 -20.0097 -856.417
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Figure A2.1. Representation of the virial-fit parameters calculated for CO;, CH4, CoH2, CoHa and CyHe for
3-Mo8 in Chapter 3.

Calculation of IAST Selectivity:'® Gas separation selectivities for the adsorbate
mixture compositions of interest were calculated from the single-component adsorption
isotherms using the Ideal Adsorbed Solution Theory (IAST) in the program IAST++.1°

First, the single-component isotherms for the adsorbated at 298 K were fitted to the

dual-site Langmuir-Freundlich equation:REF

_ (K, P)™ (K,P)"?
1= Ny T 2T

(Eq. 2.10)

Where, p is the pressure of the bulk gas at equilibrium (mbar), g is the adsorbed
amount per mass of adsorbent (mmol/g), g1 and g; are the saturation capacities of sites 1

259




260 Materials and methods

and 2 (mmol/g), ki1 and 2 are the affinity coefficients of sites 1 and 2 (1/mbar), and n1 and
n2 represent the deviations from an ideal, homogeneous surface.?’ Isotherm fitting
parameters are summarized in Table A2.2 and all isotherms were fitted with R > 0.999.

Table A2.2. Isotherm fitting parameters of 3-Mo8 in Chapter 3.

Adsorbate Model R? g1 (mmol g1) ki (bart) g2 (mmol g?) k2 (bar?)
C:H; Dual-site Langmuir 0.999982 1.38913 5.11641 62.601 0.00107021
CcOo; Dual-site Langmuir 0.999989 5.10039e11 1.262e1 1.54083 0.666305
CoHy Dual-site Langmuir 0.999997 0.795838 4.24502 7.02588 0.0214094
C:He Dual-site Langmuir 0.999998 0.692747 8.10338 0.965212 0.215113
CH, Dual-site Langmuir 0.999989 0.00735212 13.1469 2.93498 0.0784562

N, Dual-site Langmuir 0.999827 7.95243e10 0.119931 0.793729 0.120284

A2.6. DYNAMIC VAPOR SORPTION (DVS) EXPERIMENTS

Dynamic water vapor sorption studies were conducted using a DVS Endeavor Surface
Measurement System device, which gravimetrically measures the uptake and loss of vapor.
Samples of 1-Mo8 were thermally activated at 50 (2-Mo8) and 120 °C (3-Mo8) for 1 h
before performing the sorption experiments from 0 to 95% Relative Humidity (RH) in 5%
incremental RH steps. The sequential steps were controlled with an equilibrium criterion of
dm/dt = 0.05 % min’. The temperature was maintained constant at 298 K by enclosing the
system in a temperature-controlled incubator, and pure water was used as adsorbate. After
reaching a RH level of 95%, this parameter was then decreased in a similar manner to
achieve a full adsorption/desorption cycle. Two complete adsorption/desorption cycles
were run for 2-Mo8, and three for 3-Mo8. Kinetics were monitored under a constant air
flow of 30 % and 60% RH, whereas 100 adsorption/desorption cycles of 15 min were used

for stability studies under a constant airflow of 60 % RH.
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Table A3.1. Cu—0O and Cu—N bond lengths (A) in compounds 1-Mo8-5-Mo8.

1-Mo8 2-Mo8 3-Mo8
CulA CulA CulA
CulA-011 2.310(5) CulA---012 3.446(7) CulA-01* 2.504(9)
CulA-06' 2.876(5) CulA---012Y 3.446(7) CulA-07 2.540(9)
CulA-N1A 1.997(8) CulA-N1A 2.005(10) CulA-N1A 2.020(12)
CulA-N4A 2.009(7) CulA-N4A 1.998(9) CulA-N4A 1.997(13)
CulA-N8A 2.006(8) CulA-N1AY 2.005(10) CulA-N8A 2.003(13)
CulA-N11A 2.002(7) CulA—-N4AY 1.998(9) CulA-N11A 2.013(12)
CulB Cu2A Cu2A
CulB-077 2.336(7) Cu2A-06 2.283(8) Cu2A-066 2.377(9)
CulB-022 2.595(6) Cu2A-06" 2.283(8) Cu2A-066* 2.377(9)
CulB-N1B 2.009(9) Cu2A-N21A 2.023(9) Cu2A-N21A 1.999(13)
CulB-N4B 2.009(9) Cu2A-N24A 2.013(9) Cu2A-N24A 2.027(13)
CulB-N8B 2.010(8) Cu2A-N21AY 2.023(9) Cu2A-N21A* 1.999(13)
CulB-N11B 2.006(8) Cu2A-N24A" 2.013(9) Cu2A-N24A* 2.027(13)
CulC CulB CulB
CulC-044 2.358(5) CulB-022 2.393(6) CulB-022 2.249(11)
CulC-044ii 2.358(5) CulB-022V 2.393(6) CulB---046* 3.625(9)
CulC-N1C 2.034(7) CulB-N1B 2.009(9) CulB-N1B 2.015(11)
CulC-N4C 2.020(7) CulB-N4B 2.006(9) CulB-N4B 2.030(13)
CulC-N1Cii 2.034(7) CulB-N1BV 2.009(9) CulB-N8B 2.026(13)
CulC-N4Cii 2.020(7) CulB-N4BV 2.006(9) CulB-N11B 2.009(13)
Cu2C Cu2B CulC
Cu2C-08 2.302(7) Cu2B-077 2.270(7) CulC-088 2.602(9)
Cu2C-08" 2.302(7) Cu2B-077"i 2.270(7) CulC-088i 2.602(9)
Cu2C-N21C 2.013(16) Cu2B—-N21B 2.030(10) CulC-N1C 2.038(11)
Cu2C-N24cC 1.969(16) Cu2B-N24B 2.025(9) CulC-N4C 2.011(11)
Cu2C-N21CV 2.013(16) Cu2B-N21BVi 2.030(10) CulC—-N1C"i 2.038(11)
Cu2C—-N24cv 1.969(16) Cu2B-N24BVi 2.025(9) CulC—N4c'i 2.011(11)
Cu2C-N31C 1.96(3)
Cu2C-N34cC 2.06(3)
Cu2C-N31CV 1.96(3)
Cu2C—-N34cV 2.06(3)
CulC
CulC-08 2.563(8)
CulC-04vii 2.592(8)
CulC-N1C 1.974(11)
CulC-N4C 1.993(12)
CulC-N8C 2.017(15)
CulC-N11C 2.024(12)

Symmetry codes: i) ¥%-x, -1/2+y, 3/2-z; i) 3/2-x, %s+y, 3/2-z; iii) 1-x, 1-y, 2-z; iv) 1-x, 1-y, 1-z; v) 1-x, -y, 1-z; vi) 1-x, -y, -z; vii) 1-
x, 1-y, -z; viii) 1+x, y, z; ix) -1/2+x, 3/2-y, -1/2+2; x) 1-x, 2-y, -z; Xi) %-x, -1/2+y, %-z; Xii) =X, -y, 2-z; xiii) x, y, 1+2; xiv) —x, 1-y, 2-
z; xv) =X, 1-y, 3-z; xvi) 2-x, 1-y, 1-z; xvii) -1+x, y, z; xviii) 2-x, -y, 2-z; xix) 2-x, -y, 1-z; xx) 2-x, 1-y, 2-z.
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Table A3.1 (continuation). Cu—O and Cu—N bond lengths (A) in compounds 1-Mo8-5-Mo8.

4-Mo8 5-Mo8
CulA CulA
CulA-011 2.46(3) CulA-011 2.386(12)
CulA-011% 2.46(3) CulA-0110 2.386(12)
CulA-N1A 2.05(4) CulA-N1A 2.015(16)
CulA-N4A 2.02(4) CulA-N4A 2.036(16)
CulA-N1A 2.05(4) CulA-N1A® 2.015(16)
CulA-N4AXi 2.02(4) CulA-N4AY 2.036(16)
CulB CulB
Cu1B—02¥ii 2.70(3) CulB-06 2.559(14)
CulB-02x¥ 2.70(3) Cu1B-022i 2.455(14)
CulB-N1B 1.99(5) CulB-N1B 1.99(2)
CulB-N4B 1.97(3) CulB-N4B 2.02(2)
CulB-N1B" 1.99(5) CulB-N8B 2.00(2)
Cu1B-N4B~ 1.97(6) CulB-N11B 2.02(2)
CulB-N21B 2.01(7)
CulB-N21B 2.01(7)
CulC Cu2B
CulC-04 2.70(3) Cu2B-077 2.340(15)
CulC-04i 2.70(3) Cu2B-077ii 2.340(15)
CulC-N1C 1.96(4) Cu2B-N21B 2.04(2)
CulC-N4C 1.91(5) Cu2B-N24B 1.96(3)
CulC-N1(ii 1.96(4) Cu2B-N21Bii 2.04(2)
Cu4C—NACTi 1.94(5) Cu2B-N24Bi 1.96(3)
CulC
| CulC-044 2.370(14)
| Cu1C-044% 2.370(14)
| CulC-N1C 2.009(17)
| CulC-N4C 2.01(2)
| CulC—N1C 2.009(17)
| Cu1C-N4C 2.01(2)
| Cu2C
Cu2C-08 2.351(17)
Cu2C-08~ 2.351(17)
Cu2C-N21C 2.04(2)
Cu2C-N24C 2.04(2)
Cu2C-N21C¥ 2.04(2)
Cu2C—N24C¥ 2.04(2)

Symmetry codes: i) ¥%-x, -1/2+y, 3/2-z; i) 3/2-x, %s+y, 3/2-z; iii) 1-x, 1-y, 2-z; iv) 1-x, 1-y, 1-z; v) 1-x, -y, 1-z; vi) 1-x, -y, -z; vii) 1-
X, 1-y, -z; viii) 1+x, y, z; ix) -1/2+x, 3/2-y, -1/2+2; x) 1-x, 2-y, -z; Xi) %5-x, -1/2+y, %-z; Xii) =X, -y, 2-z; Xiii) X, y, 1+2; xiv) —=x, 1-y, 2-
z; xv) =X, 1-y, 3-z; xvi) 2-x, 1-y, 1-z; xvii) -1+x, y, z; xviii) 2-x, -y, 2-z; xix) 2-x, -y, 1-z; xx) 2-x, 1-y, 2-z.
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Table A3.2. Geometrical parameters of the intermolecular N-H-::O and C-H-:O hydrogen bonds in
compounds 1-Mo8-5-Mo8.

Donor-H-Acceptor | D-H H---A D--A D-H---A
1-Mo8

N24C-H24C--014W'" | 0.91 2.27 3.01(2) 137
C10A-H10B---015W' | 0.97 2.44 3.160(16) 130
C10B-H10D---015W" | 0.97 2.44 3.404(17) 170
C13B-H13D---013W' | 0.97 2.40 3.34(3) 164
C14A-H14A--012W" | 0.97 2.58 3.43(2) 147
C23C-H23A--014W' | 0.97 2.38 3.00(3) 121
C27C-H27A--09W' 0.97 2.56 3.46(2) 154
2-Mo8

N1A-H1A---01Y 0.98 1.89 2.856(11) 168
N4A-H4A:--03v 0.98 2.48 3.234(11) 134
N4A-H4A:---0134" 0.98 2.11 3.004(11) 150
C2A-H2AB---03" 0.97 2.47 3.182(13) 130
C2A-H2AB---023Y 0.97 2.49 3.331(14) 145
C5A-H5AA-02Y 0.97 2.48 3.300(15) 142
C7A-H7AA--02" 0.97 2.47 3.285(15) 142
C7A-H7AA-023" 0.97 2.48 3.335(13) 147
3-Mo8

N1B-H1B:-06"" 0.98 2.54 3.251(15) 130
N1B-H1B:-056" 0.98 2.11 3.015(15) 153
N1C-H1C:--08ii 0.98 1.94 2.910(17) 171
N4A-H4A---012% 0.98 2.12 2.944(15) 141
N8A-H8A---04* 0.98 2.27 3.124(16) 145
N8A-H8A---0134% 0.98 2.48 3.300(16) 142
N11B-H11B---05"i 0.98 2.53 3.320(16) 138
N11B-H11B--0145"" | 0.98 2.26 3.136(17) 148
C3B—H3BA--046" 0.97 2.48 3.317(19) 144
C7B—H7BB:--04"i 0.97 2.33 3.27(2) 164
C13B-H13A.--05" 0.97 2.54 3.304(19) 135
C13B-H13A---056" 0.97 2.40 3.219(19) 141
C2A-H2AB---012% 0.97 2.39 3.111(19) 131
C6A-HBAA--0134* 0.97 2.43 3.283(19) 147
4-Mo8

N1B-H1B--012* 0.98 2.24 3.18(7) 160
C5B—H5BB---03WX 0.97 2.47 3.33(10) 148
C3C-H3CB---03WXi 0.97 2.27 3.18(9) 154
5-Mo8

N24C- 0.98 2.04 2.97(3) 157
H24C---011 Wi
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Figure A4.1. FT-IR spectra of the Ks[a-SiW11039]-13H,0 Keggin-type precursor.
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Figure A2.2. Comparison between 'H-NMR spectra of H.L ligand in DMSO (top) and CDClz (bottom).
Signals belonging to the solvent (2.50 ppm for DMSO and 7.26 ppm for CDCl3) are marked (*).
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Figure A4.4. Identification of the final residue from the thermal decomposition of 1-Dy by PXRD
analyses.
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Figure A4.5. FT-IR spectrum of 1-Dy compared to those recorded for crystals obtained in analogous
reactions but using early lanthanide ions (La to Nd). The latter has been identified as Peacock-Weakley

type [Ln"(SiW11030)2]*3" sandwich POMs.
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Figure A4.6. Experimental powder X-ray diffraction patterns of the freshly filtered crystals.



a/8 Supplementary Material for Chapter 5

1-Ho

1-Sm

1-Er
n W, /N
(“u} J\ ,‘ﬂ\ WV

1-Dy

T L} T T T T T T
600 400 2000 1800 1600 1400 1200 1000 800 600 400
v(em?)

I T T T T T T
2000 1800 1600 1400 1200 1000 800
v(em?)

Figure A4.7. FTIR spectra of 1-Ln (Ln = Sm to Lu).
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OP. Octagon (Dg;)

HBPY. Hexagonal Bipyramid (Dg,)

.

ETBPY. Elongated Trigonal Bipyramid (D3,,)

JSD. Snub Diphenoid (D,,)

CU. Cube (0,)

HPY. Heptagonal Pyramid (C;,)

-

SAPR. Square Antiprism (D,,)

TDD. Triangulardodecahedron (D,,)

BTPR. Biaugmented Trigonal Prism (C,,)

TT. Triakis Tetrahedron (T,)

JGBF. Johnson Gyrobifastigium (D,,)

Figure A4.8. Structural representation of ideal polyhedra used for determining CShM measurements.
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Figure A4.9. Luminescence decay curves for 1-Eu at different temperatures upon excitation at 375 nm.
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Figure A4.10. A more specific representation of the sublevels generated by the crystal field splitting in 1-
Sm compound.
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Figure A4.11. Negative ESI-MS spectra of 1-Tm in H,O/MeCN (1:1) mixture compared to that acquired
for 1-Tb derivative. The intensity of the m/z > 1300 region is increased (x10) for its better visualization.
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Figure A4.12. 'H-NMR spectrum of a freshly prepared 1-Lu sample in DMSO (top), and the same solution
after one week (bottom). Note that the resonance belonging to the solvent (2.50 ppm), together with its
satellite peaks (2.36 and 2.63 ppm) in the spectrum of 1-Lu are marked (*). The additional peaks of lower
intensities (as 1.91 ppm) could correspond to impurities from the acetate/acetic acid buffer solution
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water present on the molecule.
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Table 4.1. Selected geometrical parameters for all the structures containing the H,L ligand and
lanthanide ions included in the CSD database: Intramolecular centroid--centroid (Cg-+-Cg) distances (A)
and dihedral angles (°) between aromatic rings.

1 Ligand 2 Ligands (Sandwich-type) This work
Refcode C-g---Cg Ring---ring Refcode (?g---Cg Ring---ring C.g---Cg Ring---ring
distance angle distance angle distance angle
Ln/Zn system Ln/M system (M = Cu, Zn)
BIPFIS 8.066 168.5 DONSAC 7.898 164.4 6.502 88.7
BIPFOY 8.050 168.8 7.837 151.3 1-Sm 6.471 97.3
BIPFUE 8.104 169.3 DONSEG 7.815 150.8 6.660 95.0
BIPGAL 8.080 169.6 7.893 164.2 6.578 88.5
BIPGEP 8.112 173.1 GALBUT 7.871 156.5 1-Eu 6.522 91.0
BIPGIT 8.192 164.8 7.895 161.6 6.621 91.7
8.074 165.2 7.856 157.5 6.442 87.6
BIQBIP 8.097 163.6 KAVXIR 7.790 145.0 1-Gd 6.410 84.3
8.062 165.1 7.801 146.0 6.559 87.8
BIQBOV 8.090 164.2 KAVXOX 7.838 147.1 6.363 85.5
7.965 154.9 7.833 153.7 1-Tb 6.492 87.3
BIQBUB 7.977 157.1 KAVXUD 7.788 144.5 6.561 90.1
8.017 161.3 7.884 156.5 6.409 94.4
BIQCAI 7.945 155.8 KAVYAK 7.908 161.6 1-Dy 6.435 88.2
IFUCER 8.045 163.7 KAWKOL 7.874 150.6 6.554 88.5
REJFIY 8.197 168.5 7.884 151.0 6.386 89.4
REJFOE 8.168 168.5 YUDVOK 7.878 151.9 1-Ho 6.444 90.5
REJGAR 8.126 166.5 6.572 84.8
REJGEV 8.113 167.9 6.388 87.7
REJGIZ 8.118 166.9 1-Er 6.339 85.4
REJGOF 8.094 165.9 6.514 87.5
REJGUL 8.086 166.4 6.496 89.0
REJHAS 8.062 165.4 1-Tm 6.460 90.4
REJHEW 8.054 165.5 6.406 87.8
Ln/Cu system 6.341 94.8
IMAGEL 8.096 164.3 1-Yb 6.397 91.1
IMAGIP 8.087 164.1 6.495 88.5
IMAGUB 8.072 164.0 6.391 86.5
IMAJAK 8.056 164.0 1-Lu 6.333 85.5
Ln/M system (M = Co, Ni) 6.478 88.3
IMAGOV 7.792 108.6
IMAHAI 7.763 109.9
IMAHEM 7.793 110.1
IMAHOW 7.830 110.8
IMAHUC 7.788 109.2
IMAJEO 7.799 109.8
IMAJIS 7.833 110.4
IMAJUE 7.803 110.6
IMAKAL 7.806 110.8
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Table 4.2. Continuous Shape Measurements (CSM) for the eight coordinated lanthanide atoms in

compounds 1-Ln.[

Atom Shape 1-Sm 1-Eu 1-Gd 1-Tb 1-Dy 1-Ho 1-Er 1-Tm 1-Yb 1-Lu
SAPR-8 0.941 1.007 0.950 0.873 0.947 0.995 0.943 0.914 0.903 0.900
Ln1A TDD-8 1.624 1.466 1.610 1.648 1.723 1.764 1.674 1.437 1.796 1.663
JBTPR-8 | 1.609 1.482 1.471 1.526 1.427 1.390 1.449 1.494 1.470 1.476
BTPR-8 0.766 0.785 0.796 0.869 0.785 0.725 0.722 0.841 0.799 0.819
SAPR-8 1.059 1.015 1.066 0.974 0.943 0.901 0.997 0.867 0.907 0.896
TDD-8 1.725 1.833 1.764 1.738 1.595 1.747 1.784 1.562 1.621 1.733
tniB JBTPR-8 | 1.394 1.286 1.384 1.349 1.508 1.500 1.395 1.404 1.529 1.379
BTPR-8 0.785 0.696 0.710 0.671 0.812 0.865 0.685 0.781 0.828 0.763
SAPR-8 1.052 1.034 1.004 0.917 0.965 0.904 0.983 1.041 0.911 0.889
Lnic TDD-8 1.602 1.419 1.583 1.488 1.516 1.543 1.529 1.853 1.633 1.511
JBTPR-8 | 1.456 1.546 1.439 1.529 1.468 1.433 1.525 1.442 1.479 1.415
BTPR-8 0.857 0.837 0.766 0.809 0.762 0.776 0.720 0.776 0.823 0.804

B Abbreviations. SAPR: square antiprism (Dad); TDD: triangular dodecahedron (D.d); JBTPR: Johnson
biaugmented trigonal prism (C2v) and; BTPR: biaugmented trigonal prism (Ca).



281

APPENDIX 4

Table 4.3. Lanthanide-Oxygen bond lengths (A) and Ln---Ln distances (&) in compounds 1-Ln.

1-Sm 1-Eu 1-Gd 1-Th 1-Dy
Ln1A-O1LA o 2.46(2) 2.50(2) 2.491(16) 2.476(13) 2.474(16)
Ln1A-O4LA : 2.431(18) 2.405(15) 2.414(13) 2.406(10) 2.379(17)
Ln1A-02LA o 2.36(2) 2.36(2) 2.341(15) 2.325(13) 2.297(16)
Ln1A-O3LA P 2.38(2) 2.372(18) 2.377(14) 2.355(12) 2.330(16)
Ln1A-O1A 2.40(2) 2.35(2) 2.370(15) 2.325(11) 2.324(16)
Ln1A-02A oo 2.389(19) 2.363(19) 2.367(16) 2.309(11) 2.336(17)
Ln1A-03A 2.435(18) 2.412(16) 2.391(15) 2.376(11) 2.360(16)
Ln1A-04A 2.353(17) 2.360(17) 2.352(15) 2.339(11) 2.351(16)
Ln1B-O1LB 2.451(19) 2.399(18) 2.402(15) 2.381(12) 2.447(18)
Ln1B-O4LB 0. 2.556(18) 2.522(16) 2.492(13) 2.476(13) 2.378(16)
Ln1B-O2LB o 2.372(16) 2.393(18) 2.352(14) 2.353(11) 2.286(18)
Ln1B-O3LB P 2.339(18) 2.322(17) 2.313(14) 2.315(12) 2.331(16)
Ln1B-01B 2.363(18) 2.386(16) 2.345(12) 2.334(10) 2.330(17)
Ln1B-02B 2.369(19) 2.367(17) 2.329(14) 2.321(11) 2.337(16)
Ln1B-03B Orou 2.387(17) 2.372(14) 2.368(13) 2.349(10) 2.382(16)
Ln1B-04B 2.423(17) 2.399(17) 2.392(14) 2.395(10) 2.325(17)
Ln1C-01LC o, 2.56(3) 2.51(2) 2.485(18) 2.457(13) 2.46(2)
Ln1C-04LC 2.45(2) 2.42(2) 2.396(15) 2.399(12) 2.381(17)
Ln1C-02LC o 2.331(16) 2.329(15) 2.310(13) 2.303(10) 2.286(16)
Ln1C-03LC P 2.364(17) 2.348(17) 2.344(14) 2.345(10) 2.313(15)
Ln1C-01C 2.363(16) 2.364(15) 2.335(13) 2.333(10) 2.319(16)
Ln1C-02C oo 2.34(2) 2.351(18) 2.334(14) 2.330(11) 2.323(16)
Ln1C-03C 2.45(2) 2.43(2) 2.378(18) 2.396(11) 2.39(2)
Ln1C-04C 2.379(18) 2.364(15) 2.353(17) 2.373(10) 2.336(17)
0. (average) 2.485 2.459 2.447 2.433 2.420
0, (average) 2358 2354 2.340 2.333 2.307
Orowm (average) 2.388 2377 2.360 2.348 2.343
LnA--LnB 8.096(4) 8.040(3) 8.128(3) 8.180(2) 8.123(3)
LnB-+LnC 8.213(12) 8.159(8) 8.244(9) 8.177(7) 7.993(7)
LnC--LnA 8.013(7) 8.024(5) 8.050(6) 8.001(5) 8.224(12)

Abbreviations: O,: O atoms from the aldehyde group of the HsL ligand; Op: O atoms from the phenoxy group of the H,L
ligand; Opom: O atoms delimiting the vacant site of the lacunary Keggin-type POM.
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Table 4.3 (continuation). Geometrical parameters (A, °) of intermolecular m—rt interactions in 1-Ln.

1-Ho 1-Er 1-Tm 1-Yb 1-Lu
Ln1A-O1LA o 2.466(13) 2.33(2) 2.34(2) 2.430(13) 2.320(13)
Ln1A-O4LA : 2.358(15) 2.428(17) 2.46(2) 2.339(15) 2.383(18)
Ln1A-02LA o 2.277(13) 2.315(18) 2.264(18) 2.250(13) 2.288(16)
Ln1A-O3LA P 2.319(14) 2.28(2) 2.257(18) 2.280(14) 2.225(18)
Ln1A-O1A 2.327(12) 2.32(2) 2.28(2) 2.289(13) 2.274(17)
Ln1A-02A Oron 2.336(14) 2.33(2) 2.289(18) 2.311(14) 2.283(15)
Ln1A-03A 2.375(13) 2.331(19) 2.295(19) 2.354(13) 2.288(15)
Ln1A-O4A 2.350(13) 2.377(17) 2.38(2) 2.308(14) 2.331(14)
Ln1B-O1LB o, 2.439(16) 2.36(2) 2.46(2) 2.401(16) 2.436(13)
Ln1B-04LB 2.364(13) 2.46(2) 2.329(18) 2.328(13) 2.308(15)
Ln1B-O2LB o 2.277(15) 2.310(16) 2.26(2) 2.253(15) 2.258(17)
Ln1B-0O3LB : 2.325(13) 2.30(2) 2.291(19) 2.283(14) 2.290(14)
Ln1B-0O1B 2.304(13) 2.325(18) 2.31(2) 2.290(15) 2.300(16)
Ln1B-02B Oron 2.290(13) 2.35(2) 2.28(2) 2.285(14) 2.309(15)
Ln1B-03B 2.389(13) 2.332(18) 2.360(19) 2.345(13) 2.322(14)
Ln1B-04B 2.315(14) 2.344(19) 2.30(2) 2.307(13) 2.315(14)
Ln1C-01LC o, 2.455(16) 2.365(19) 2.34(2) 2.433(16) 2.335(16)
Ln1C-04LC 2.364(14) 2.41(3) 2.466(18) 2.341(15) 2.426(18)
Ln1C-02LC o 2.252(13) 2.276(17) 2.28(2) 2.225(13) 2.277(13)
Ln1C-03LC : 2.312(13) 2.25(2) 2.26(2) 2.273(13) 2.211(13)
Ln1C-01C 2.305(13) 2.320(19) 2.307(19) 2.281(13) 2.286(16)
Ln1C-02C Oron 2.325(14) 2.313(18) 2.31(2) 2.280(14) 2.282(13)
Ln1C-03C 2.379(15) 2.32(2) 2.358(19) 2.372(15) 2.290(15)
Ln1C-04C 2.338(13) 2.38(2) 2.387(19) 2.322(13) 2.328(15)

0. (average) 2.408 2.392 2.399 2.379 2.368

O, (average) 2.294 2.289 2.269 2.261 2.258

Orom (average) 2.336 2.337 2.321 2.312 2.301
LnA---LnB 8.051(3) 8.108(4) 8.054(10) 8.059(3) 8.051(4)
LnB---LnC 7.981(6) 8.215(13) 8.044(4) 7.990(7) 8.204(13)
LnC---LnA 8.216(2) 8.018(9) 8.165(13) 8.226(12) 8.004(10)

Abbreviations: O,: O atoms from the aldehyde group of the HsL ligand; Op: O atoms from the phenoxy group of the H,L
ligand; Opom: O atoms delimiting the vacant site of the lacunary Keggin-type POM.
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Table 4.4. Geometrical parameters (A, °) of intermolecular n—m interactions in 1-Ln.

Centroids Cg---Cg ANG Slippage Centroids Cg---Cg ANG Slippage
1-Sm 1-Ho

Cgl---Cg3' 3.52(2) 6 0.860 Cgl---Cg6™ 3.564(11) 5 1.148
Cg2-+-Cg5' 3.531(18) 4 0.549 Cg2---Cg3*i  3.535(13) 5 0.547
Cg3---Cglii 3.52(2) 6 0.512 Cg3---Cg2"i  3.536(13) 5 0.821
Cg4---Cg6" 3.538(15) 5 1.153 Cg4---Cg5%v  3.540(12) 2 0.605
Cg5-+-Cg2 3.529(18) 4 0.762 Cg5--Cgd™  3.540(12) 2 0.750
Cg6---Cg4’ 3.538(15) 5 0.907 Cg6---Cg14 3.563(11) 5 0.888
1-Eu 1-Er

Cgl--Cg3 3.550(17) 3 0.788 Cgl---Cg6™ 3.532(18) 4 0.582
Cg2---Cg5" 3.539(16) 3 0.592 Cg2---Cg3Vi 3.524(19) 7 1.006
Cg3--Cgli 3.551(17) 3 0.600 Cg3---Cg2"i 3.526(19) 7 0.576
Cg4---Cg6" 3.540(14) 4 1.034 Cg4---Cg5®™  3.552(17) 6 1.168
Cg5---Cg2v 3.538(16) 3 0.774 Cg5---Cgd™  3.552(17) 6 0.852
Cg6---Cg4’ 3.540(14) 4 0.813 Cg6---Cg14 3.532(18) 4 0.809
1-Gd 1-Tm

Cgl---Cg3 3.576(15) 7 0.921 Cgl--Cg6™ 3.539(17) 5 0.853
Cg2---Cg5Vi 3.550(14) 4 0.578 Cg2---Cg4™ 3.527(18) 5 0.855
Cg3---Cgli 3.576(15) 7 0.494 Cg3---Cg5' 3.56(2) 3 0.803
Cg4---Cg6" 3.591(11) 6 1.198 Cg4---Cg2™ 3.528(18) 5 0.601
Cg5-+-Cg2"i 3.550(14) 4 0.776 Cg5---Cg3 3.56(2) 3 0.612
Cg6---Cg4’ 3.593(11) 6 0.852 Cg6---Cg1™ 3.541(17) 5 1.097
1-Tb 1-Yb

Cgl--Cg3 3.568(11) 6 1.012 Cgl---Cg6™ 3.589(12) 7 1.210
Cg2:--Cg5Vii 3.618(11) 6. 0.473 Cg2---Cg3*i  3.551(13) 6 0.518
Cg3---Cgli 3.568(11) 6 0.672 Cg3--Cg2¢i  3.551(13) 6 0.869
Cg4---Cg6" 3.589(9) 5 1.088 Cg4---Cg5%v  3.541(13) 4 0.598
Cg5--Cg2Vii 3.618(11) 6 0.779 Cg5--Cgd?  3.540(13) 4 0.834
Cg6---Cg4d’ 3.589(9) 5 0.784 Cg6---Cg1™ 3.588(12) 7 0.874
1-Dy 1-Lu

Cgl:--Cg6™ 3.575(13) 6 1.189 Cgl---Cg6™i  3.532(14) 4 0.587
Cg2---Cg3* 3.577(17) 6 0.589 Cg2---Cga' 3.564(15) 5 0.907
Cg3---Cg2* 3.577(17) 6 0.976 Cg3--Cg5¥ 3.570(13) 6 1.191
Cg4---Cg5* 3.542(16) 4 0.529 Cg4---Cg2i 3.563(15) 5 0.607
Cg5--Cg4* 3.540(16) 4 0.773 Cg5--Cg3" 3.569(13) 6 0.874
Cg6---Cgl™ 3.576(13) 6 0.854 Cg6--Cg1™i  3.533(14) 4 0.790

Cgi = Centroid of the aromatic ring defined by the following atoms:

i=1:C2A, C3A, C4A, C5A, C6A, C7A; i=2: C12A, C13A, C14A, C15A, C16A, C17A;i=3: C2B, C3B, C4B, C5B, C6B, C7B; i =4:
C12B, C13B, C14B, C15B, C16B, C17B; i =5: C2C, C3C, C4C, C5C, C6C, C7C;i=6:C12C, C13C, C14C, C15C, C16C, C17C.
Cg:--Cg = distance between centroids; ANG = dihedral angle between planes containing both rings; Slippage = distance
between one centroid and its perpendicular projection to the plane containing the second ring.

Symmetry codes: (i) x, -1+y, z; (ii) 3-x, 1-y, 1-z; (iii) x, 1+y, z; (iv) -1+x, y, z; (v) 1+x, y, z; (vi) 1-x, -1-y, -z; (vii) 2-x, 1-y, 1-z; (viii)
1-x, -y, -z; (ix) 1-x, 2-y, 1-z; (x) -x, 1-y, 1-z; (xi) -x, 1-y, -z; (xii) 2-x, 1-y, 2-z; (xiii) 1-x, -y, 2-z; (xiv) 1-x, -y, 1-z; (xv) x, 1+y, 1+Z;
(xvi) x, -1+y, -1+2z; (xvii) 2-x, 2-y, 2-z.
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Table 4.5. Br---Br distances (A) in compounds 1-Ln.

Symmetry codes: [a] Br2A---

BriB': 2-x, -y, 1-z; Br2A---

Br2Cii: -1+x, -1+y, z; Br1B---Br2Cii: 3-x, 2-y, 1-z; [b] Br2A---Br1BV": -x, -1-
Y, -z; Br2A---Br2Ci; BriB---Br2C': 1-x, -y, -z; [c] Br2A---Br1BV: 1-x, 1-y, 1-z; Br2A---Br2Ci; Br1B---Br2CVi: 2-x, 2-y, 1-z; [d]
Br2A:--Br1BVii: -x, -y, -z; Br2A---Br2C; Br1B---Br2C*: 1-x, 1-y, -z; [e] Br2A---Br2B*: 1+x, 1+y, 1+z; Br2A---Br2C¥: x, y, 1+z;
Br2B---Br2Ci; [f] Br2A---Br2B*; Br2A---Br2C¥; Br2B---Br2Ci; [g] Br1A---Br1B*; BrilA---Br1C¥i: 1+x, 1+y, z; Br1B---Br1C¥i: x, y, -
1+z; [h] Br1A---Br2BVi; BrlA---Br1C¥; Br2B---Br1C¥; [j] Br2A---Br2B¥; Br2A---Br2C¥; Br2B---Br2Cii; [k] Br1A---Br2B*": 3-x, 2-y, 2-z;
Br1A---Br1C¥i; Br2B---Br1C*: 2-x, 1-y, 2-z.

Table 4.6. Ln—Opon—W bond angles in 1-Ln. Note the difference between oxygen atoms involved in
corner sharing (Oc) and those in intermediate situations between corner and edge sharing (O)).

1-Sm 1-Eu 1-Gd 1-Tb 1-Dy
Ln—O1A—W1A 155.1(10) 155.6(19) 153.6(7) 156.4(6) 155.7(10)
Ln—02A—W2A 156.1(11) 157.2(11) 156.0(8) 157.3(6) 157.4(10)
Ln—03A—W3A 128.3(11) 130.3(10) 130.9(9) 131.4(6) 132.7(9)
Ln—O4A—W4A 133.1(7) 134.3(8) 133.8(7) 133.9(5) 134.2(9)
Ln—O1B—W1B 156.5(11) 156.2(9) 156.7(7) 156.8(6) 155.7(9)
Ln—02B—W28B 156.1(11) 155.0(10) 155.4(8) 154.6(6) 157.6(9)
Ln—03B—~WS3B 133.7(10) 132.2(8) 132.0(7) 133.0(5) 130.5(9)
Ln—04B—W4B 131.5(9) 130.3(8) 131.2(7) 129.7(5) 135.7(7)
Ln—01C—W1C 155.2(9) 154.6(9) 156.0(8) 155.3(5) 155.0(9)
Ln—02C—W2C 158.0(11) 155.6(9) 155.9(9) 156.9(6) 157.1(9)
Ln—03C—WS3C 131.4(8) 130.7(8) 130.4(8) 131.5(5) 131.5(8)
Ln—04C—W4C 133.9(10) 134.7(10) 133.8(9) 133.8(5) 134.5(9)
1-Ho 1-Er 1-Tm 1-Yb 1-Lu
Lh—O1A—~W1A 156.5(7) 156.6(13) 158.5(12) 156.7(7) 157.9(9)
Lh—02Ac—W2A 156.7(8) 154.0(10) 157.8(11) 156.8(8) 157.0(8)
Ln—03A—W3A 132.0(7) 133.7(9) 136.1(10) 132.9(7) 136.5(7)
Ln—O4A—W4A 134.0(7) 132.2(9) 132.3(9) 135.6(8) 134.1(9)
Ln—O1B—W1B 156.3(7) 157.9(11) 153.7(11) 157.9(8) 154.4(9)
Ln—02B—W2B 157.0(8) 154.1(13) 157.2(12) 158.0(8) 156.8(8)
Ln—03B—~W3B 131.8(8) 132.7(9) 132.8(11) 132.3(8) 133.2(8)
Ln—04B—W4B 135.5(7) 132.0(10) 135.2(10) 136.2(7) 135.6(8)
Ln—01C—W1C 155.1(7) 158.5(13) 158.0(11) 156.9(8) 156.7(8)
Ln—02C—W2C 155.7(8) 154.5(9) 156.4(12) 156.5(7) 154.7(9)
Ln—03C—W3C 130.5(7) 134.3(10) 135.2(11) 131.8(7) 135.6(8)
Ln—04C—WA4C 135.3(7) 131.4(11) 131.5(10) 135.2(7) 133.0(7)

1-Smll  1-Eul® 1-Gd 1-Tbld! 1-Dytel 1-Holfl 1-Erlel 1-Tmi  1.ypll 1-Lud
BrA--BrB | 3.706(5) 3.817(5) 3.705(5) 3.759(4) 3.677(4) 3.653(4) 3.657(5) 3.907(5) 3.645(4) 3.656(4)
BrA--BrC | 3.962(6) 4.016(5) 3.958(5) 3.722(4) 3.953(4) 3.903(3) 3.882(5) 3.826(7) 3.890(4) 3.924(4)
BrB--BrC | 3.960(6) 3.914(5) 3.989(4) 4.086(3) 3.923(5) 3.967(3) 3.923(5) 3.741(6) 3.945(3) 3.866(4)
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