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RESUMEN

Los polioxometalatos (POMs) son clisteres anidnicos formados por metal y oxigeno que
constituyen una clase de compuestos Unica, tanto por su complejidad estructural, como por su
versatilidad topoldgica, electréonica y reactiva, lo que hace que hayan encontrado importantes
aplicaciones en campos tan diversos como la catalisis, magnetismo, medicina o ciencia de materiales.
Los POMs exhiben una gran diversidad estructural (Figura 1) que abarca desde especies pequefias y
sencillas como los aniones dimetalato hasta grandes y complejos clisteres del tamano de una
proteina. Desde un punto de vista estructural, pueden describirse como compuestos de
condensacion de unidades MO, poliédricas mediante comparticion de vértices y/o aristas. Los
numeros de coordinacion de los centros generalmente oscilan entre 4 y 7, siendo la octaédrica la
geometria de coordinacidon mas frecuente. Los elementos metalicos que pueden actuar como centros
M se limitan a aquellos que poseen una combinacion favorable de radio idnico y carga, asi como
orbitales d vacantes y accesibles para la formacién de enlaces m M-0. Por tanto, quedan restringidos
a metales de transicidn en estados de oxidacién elevados, fundamentalmente V(V), Mo(VI), y W(VI).
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Figura I. Estructuras de algunos de los tipos de POMs mas representativos.

La funcionalizacién de POMs con grupos organicos constituye uno de los campos mds activos y
prometedores dentro de la quimica de polioxometalatos debido a que los hibridos resultantes han
sido identificados como factores clave para la incorporacion de este tipo de clisteres en diversos
materiales (polimeros, nanotubos de carbono), e incluso para su interaccion con superficies o
nanoparticulas metalicas. Esta estrategia puede dar lugar a la formacién de nuevos materiales
multifuncionales. Con el fin de obtener POMs hibridos, se han seguido diversas rutas sintéticas entre
las que destacan las siguientes: i) empleo de grupos organosililo, -germilo, -fosforilo o -estannilo con
polioxowolframatos lacunarios; ii) sustituciéon de los oxigenos superficiales por ligandos N- u O-
dadores; iii) coordinacion de complejos metalorganicos a los oxigenos superficiales del cluster; iv)
coordinacién de ligandos organicos a POMs que contienen centros metalicos 3d o 4f accesibles.

Basandose en esta Ultima aproximacidn, el objetivo de este trabajo es comprobar la viabilidad
de la funcionalizacion organica de clisteres conocidos con centros metalicos accesibles por medio de
guimica de coordinacién clasica, asi como preparar nuevos POMs que contengan metales 3d o 4f que
sean susceptibles a una potencial derivacién orgdnica. Los 39 nuevos compuestos que se describen
en este estudio muestran caracteristicas interesantes que van desde sus propiedades luminiscentes a
la capacidad de auto-ensamblarse en disolucién para dar estructuras de tipo blackberry. El trabajo se
ha divido en dos partes bien diferenciadas: en el Capitulo 2 se aborda el estudio sistematico de la



funcionalizacion organica de POMs tipo-Krebs disustituidos con metales de transicion frente a
ligandos N,O-quelantes y diversos ligandos puente. Por otro lado, los capitulos 3 y 4 tratan sobre la
sintesis de nuevos polianiones con metales del bloque f (Capitulo 3), entre los que se incluyen
estructuras gigantes que contienen mas de 100 dtomos de wolframio por formula unidad, o clisteres
heterometalicos que contienen metales 3d y 4f como parte del propio esqueleto inorganico (Capitulo
4).

En el Capitulo 2, se presenta el estudio de la funcionalizacién organica de POMs tipo-Krebs
disustituidos con metales de transicion, [{M(H,0)3},{WO,}, (Sb"Wy033),]** (donde M" = Mn, Co, Ni,
Zn) frente a ligandos anidnicos N,0-quelantes o ligandos puente. Debido a que este tipo de clusteres
cuenta con dos centros M en posiciones externas cuyas esferas de coordinacién presentan tres
moléculas de agua terminales, se ha evaluado su reactividad frente a diferentes tipos de ligandos
organicos con objeto de determinar i) si los clusteres son susceptibles de ser funcionalizados
mediante quimica de coordinacion clasica, y ii) qué tipo de ligando es el mas adecuado. Para ello, se
han escogido ligandos aromaticos planos con capacidad quelante (minimizacién de impedimentos
estéricos), y mas concretamente, derivados carboxilato de heterociclos N-dadores de 5 y 6
miembros: diazolcarboxilatos como 1H-imidazol-4-carboxilato (imc) o 1H-pirazol-3-carboxilato (pzc);
piridincarboxilatos como el picolinato (pic); y diazincarboxilatos como piridazin-3-carboxilato (pydc),
pirimidin-4-carboxilato (pymc) o pirazin-2-carboxilato (pyzc). Ademas, también han sido estudiados
diferentes ligandos puente como la 4,4-bipiridina (4,4’-bpy), piracin-2,3-dicarboxilato (2,3-pyzdc) y
piracin-2,5-dicarboxilato (2,5-pyzdc).

La reaccidn entre polioxometalatos (preformados o sintetizados in situ) y ligandos orgéanicos se
ha llevado a cabo en medio tamponado de NaOAc bajo condiciones normales de laboratorio. Se ha
determinado el éxito o fracaso de la funcionalizacién orgdnica del POM mediante espectroscopia
infrarroja (FT-IR) a todo producto sélido (cristalino o no) obtenido de las reacciones anteriores. Esta
técnica resulta ideal para este cometido puesto que i) las bandas caracteristicas de los clusteres
inorganicos y los ligandos organicos aparecen en regiones bien diferenciadas del espectro, v ii) la
huella dactilar del POM experimenta variaciones significativas tras su funcionalizacion.

Figura Il. Estructura molecular de los polioxometalatos hibridos 1-XM, 2-Ni y 3-M (enlaces de hidrégeno
intramoleculares representados como lineas rojas discontinuas).

Los resultados obtenidos del empleo de los ligandos N,O-quelantes muestran que la
funcionalizacion de este tipo de POMs es extremadamente dependiente de la naturaleza exacta del
ligando. El anidén pic es inerte frente a los POM tipo Krebs, mientras que los ligandos
diazincarboxilato pydc y pymc cuando reaccionan con el clister, lo hacen para promover su
descomposicion parcial y generar el complejo monomérico [ML,(H,0),] neutro correspondiente. Por
su parte, el ligando diazincarboxilato restante (pyzc) no da lugar a complejos, sino que se muestra



selectivo hacia la funcionalizacion de los polioxometalatos de Co y Zn. Los ligandos diazolcarboxilato
muestran reactividades completamente diferentes con sélo variar la posicién relativa de los dos
atomos de nitrégeno del ciclo. Asi, el ligando pzc se muestra selectivo hacia la funcionalizacion del
cluster de Ni, mientras que su reactividad hacia el resto de polioxometalatos o bien es nula (Mn, Zn),
o bien implica descomposicidon y consiguiente formacién de complejo neutro. Por el contrario, el
ligando diazolcarboxilato imc se ha revelado como el “ligando universal” puesto que es capaz de
coordinarse a cualquiera de los polioxometalatos tipo Krebs estudiados independientemente del
metal de transicion presente o del método sintético empleado. Mds auln, se han llevado a cabo
reacciones sustituyendo Sb" por Te" para evaluar la influencia de un cambio en la carga del
heteroatomo sobre la reactividad final y se ha constatado que la formaciéon de las correspondientes
especies hibridas también tiene lugar.

Por consiguiente, de los citados estudios sistematicos, se han obtenido un total de 9 fases
cristalinas puras de POM-hibridos caracterizadas mediante andlisis elemental (CHN y metales),
termogravimetria y difraccion de rayos X sobre monocristal (XRD). Los compuestos de férmula
general [{ML(H,0},(WO,),(B-5-XW,033),]" pueden clasificarse como: 1-SbM, donde L = imc, X = Sb, n
=12y M = Mn, Co, Ni, Zn; 1-TeM, donde L =imc, X=Te, n =10y M = Mn, Co; 2-Ni, donde L = pzc, X =
Sb, n =12y M = Ni; 3-M, donde L = pyzc, X=Sb, n=12y M = Co, Zn. De acuerdo con estudios de XRD,
los ligandos empleados (pyzc, pzc, imc) se incorporan a las posiciones M externas sustituyendo las
mismas dos moléculas de agua de coordinacién, de tal modo que los anillos aromaticos adoptan una
orientacién practicamente idéntica respecto al esqueleto wolframio-oxigeno que facilita la formacion
de un puente de hidrégeno intramolecular de tipo C—H:::O o N—H-:-:0O en funcién del ligando organico
empleado (Figura Il). Ademas, la estabilidad en disolucidn acuosa de este tipo de POM-hibrido se ha
confirmado por medio de medidas de resonancia magnética nuclear de protén (*H-RMN) sobre los
derivados diamagnéticos.

Figura lll. Vista de la estructura cristalina de los compuestos 4-M a través de la direcciéon [110].

En el caso de los ligandos puente empleados en nuestros estudios de reactividad, también se
han encontrado comportamientos diferentes. El ligando N-bis(monodentado) 4,4’-bpy se ha
mostrado inerte frente a los polioxometalatos tipo Krebs, de tal modo que se ha obtenido una familia
de compuestos de formula Nao[{M(H,0)s},(WO,),(SbWo033),]-2(4,4’-bpy)-32H,0 (4-M, M = Mn, Co,
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Ni, Zn) en los que, de acuerdo con la determinacién estructural a partir de medidas XRD, las
moléculas 4,4’-bpy ocupan espacios intersticiales entre los clusteres tipo Krebs “desnudos” (Figura
[l1). Respecto a los ligandos puente N,O-quelantes pirazindicarboxilato 2,3-pyzdc y 2,5-pyzdc, cabe
destacar que mientras el segundo es inerte, el primero muestra una reactividad singular hacia los
polioxometalatos tipo Krebs. El ligando 2,3-pyzdc se ha mostrado selectivo Unicamente hacia el
clister de Ni. El ataque del ligando promueve una reorganizacidn completa en el esqueleto
wolframio-oxigeno, dando lugar al polianién hibrido [u-{2,3—pyzdc}2{Ni2(HZO)Sb2W2007O}2]24_ (5-Ni).
Esta especie dimérica, en la que dos ligandos puente 2,3-pyzdc unen dos subunidades
polioxometalato {Ni,(H,0)Sb,W,,05.}, presenta a&tomos de sodio labiles incorporados en la estructura
del cluster, lo que podria permitir utilizar este POM como un macroligando hibrido en reacciones de
intercambio idnico de sodio por otros centros metalicos (Figura 1V). La subunidad
{Ni,(H,0)Sb,W,,05,} es absolutamente novedosa dentro de la quimica de polioxometalatos, y las
uniones entre los diferentes fragmentos wolframio-oxigeno que la forman no tienen precedente. El
estudio del comportamiento en disolucion de 5-Ni mediante espectrometria de masas de ionizaciéon
por electrospray (ESI-MS) muestra que la entidad dimérica se descompone para dar los mondmeros
correspondientes en disolucion acuosa. Asimismo, sus propiedades magnéticas pueden ser descritas
por medio del desdoblamiento a campo nulo de los centro de Ni".

Figura IV. Estructura molecular del compuesto hibrido dimérico 5-Ni (dtomos de sodio en amarillo; grupo
{W,0,0} incorporado en la subunidad trilacunaria en gris oscuro).

Como se muestra en el Capitulo 3, la reaccién entre iones lantanido(lll), niquel(ll), GeO, y
Na,WO, en una disolucidon tamponada de acetato sédico, da lugar un amplio abanico de isomeros
[Ln,(GeW;4035)]® consistentes en fragmentos dilacunarios de tipo-Keggin estabilizados por la
coordinacion de metales 4f a las posiciones vacantes. Este tipo de clusteres muestra una gran
habilidad de sufrir procesos de auto-ensamblaje dirigidos por cationes alcalinos. Los lantanidos mas
ligeros (de Ce a Sm) dan lugar a arquitecturas hexaméricas [Nac{Ln,(H,0)4(5-GeW14035)}¢]*> (6-Ln, Ln
= Pr, Nd) de tipo corona en presencia de Na* exclusivamente, mientras que la adicién de K" da como
resultado un ensamblaje similar para Sm [Kc{Sm,(H,0)4(B-GeW10035)}6]*> (7-Sm) y estructuras
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dodecaméricas gigantes [KCK;Ln,4Ge1,W120044a(OH)12(H20)s6]>>” para Ce, Pry Nd (8-Ln). Estas ultimas
estan formadas por nudcleos hexaméricos Kc{Ln,(H,0)4(5-GeW19035)}s a los que se unen seis
subunidades {-GeW,03g} mediante las esferas de coordinacién de los lantanidos. A partir de la
misma reaccion, se han obtenido otros dos tipos de arquitecturas para los lantanidos mas pesados

(de Gd a Lu) en ausencia de Ni**: entidades diméricas [Lna(H,0)¢(S-GeW14035),]** (9-Ln, Ln = Tb to Lu)



en presencia de Na* y tetraméricas [{Lns(H,0)s(GeW1403s),},]**” (10-Ln, Ln = Ho to Lu) tras la adicién
de Cs’ (Figura V). Cabe destacar que dos tipos de tetrdmeros 10-Ln coexisten en estado sélido, la

forma By Bp.
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Figura V. Representacion esquematica de los compuestos obtenidos en el Capitulo 3.

Todos los compuestos obtenidos en este capitulo, se han caracterizado mediante anilisis
elemental y térmico, FT-IR y XRD. En relacidon a las diversas caracteristicas de cada uno de los
compuestos, se han estudiado las propiedades luminiscentes de 7-Sm, 9-Tb y 9-Dy, las propiedades
magnéticas de la serie 9-Ln y el comportamiento en disolucién de la familia 8-Ln (Ln = Ce, Pr, Nd) y la
especie 9-Ho. Los resultados obtenidos en medidas de conductividad y experimentos de ESI-MS
indican que los aniones dodecaméricos 8-Ln se disocian en disolucidon acuosa dando lugar a
mondmeros y hexdmeros. En disoluciones diluidas, estas especies hexaméricas se auto-ensamblan
en agregados vesiculares esféricos, huecos y monocapa denominados estructuras tipo blackberry. La
formacién de las blackberry se monitorizd mediante técnicas de dispersion de luz dindmica (DLS) y
estatica (SLS). La naturaleza esférica y hueca de los agregados se confirmd tanto mediante los valores
obtenidos en estudios de DLS y SLS, como de imagenes de microscopia electrénica de transmisién
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(TEM). El empleo de acetona como co-disolvente hace que las especies 8-Lnh se mantengan estables
en disolucidon como se observa por ESI-MS y den lugar a su vez a estructuras de tipo blackberry. El
tamanio de estas estructuras en mezclas de agua-acetona aumenta con el contenido de acetona, o lo
qgue es lo mismo, con la inversa de la constate dipolar del medio. En referencia a los aniones
obtenidos con los lantanidos mas pequefios, la combinacidn de estudios de ESI-MS y **W-NMR
indica que los tetrameros 10-Ln se fragmentan en dimeros de tipo 9-Ln en disolucién acuosa. Estos
ultimos sufren una disociacidén parcial, estableciéndose un equilibrio mondmero/dimero, que es
seguido por una isomerizacion § — a, tal como se confirma por medio de las fases ao~9-Ln aisladas
en estado sdlido.

Por ultimo, tal y como se muestra en el Capitulo 4, la combinacién de POMs tipo-Krebs
disustituidos con metales de transicién (M = Co, Ni y Zn) con tierras raras (de La*" a Gd**) en un
medio tamponado de acetato sédico da lugar a la formacién de la familia de clusteres
heterometalicos 3d-4f [Sb;W350130(OH);Ln3M,(OAC)(H,0)s]* (11-LnM, Ln = de La a Gd, M = Co; Ln =
Ce, M = Ni, Zn). Los compuestos 11-LnM (Figura VI), que se obtienen a partir de la descomposicién y
posterior reorganizacion del precursor tipo Krebs, han sido caracterizados mediante andlisis
elemental, termogravimetria y espectroscopia FT-IR. Estructuralmente, esta familia de clusteres
puede describirse como ensamblajes tetraméricos de tres subunidades trilacunarias {SbW,03;} de
tipo Keggin unidas mediante dos metales 4f y un dimero {LnM(OAc)}, mas un fragmento {M"W¢0,,}
tipo Anderson-Evans que se conecta a las subunidades trilacunarias por medio de tres centros cis-
{WO,} adicionales para “cerrar” la estructura inorganica. A su vez, el clister encapsula una unidad
{Sb,40,} en su interior, que confiere quiralidad al anién 11-LnM mediante su disposicidén en direccién
horaria o anti-horaria. El anién 11-CeCo es estable en disolucidn acuosa, tal y como se observa en las
medidas de ESI-MS, y da lugar a estructuras tipo blackberry en disoluciones diluidas como indican los
estudios de DLS, SLS y TEM. Finalmente, se ha constatado que los resultados obtenidos por medio de
la espectroscopia paramagnética electrénica estan en buen acuerdo con la disposicidon que adoptan
los polianiones en el empaquetamiento cristalino.

Figura VI. Representacion de la estructura molecular del cldster aniénico 11-LnM.
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ABSTRACT: Polyoxometalates (POMs) are a well-known family of anionic metal-oxygen clusters with large
compositional, structural and electronic versatility. These features make POMs unique compounds with a wide
range of potential applications in fields like catalysis, magnetism, materials science or biomedicine. In this
chapter a brief overview of the POM chemistry is given with strong focus on the Keggin-type anion which
constitutes one of the most studied polyanions. Derivatization of POMs with additional organic functions
represents one of the current hot topics in the field. The resulting hybrid derivatives have been identified as a key
factor for the clusters to be suitably incorporated into materials like polymers or carbon nanotubes, and also to
interact with diverse surfaces or metallic nanoparticles. The most usual methods for the organic functionalization
of POMs are discussed, including the use of p-block organoderivatives, substitution of the shell-oxygen atoms, the
grafting of transition-metal complexes and replacement of labile water molecules on 3d-/4f-metal substituted
POMs with exposed metal centers. The chapter is completed with a short description of the aim of this work,
which is based on the last synthetic approach mentioned above.




1.1. POLYOXOMETALATES

Polyoxometalates (POMs) are a well-known family of anionic metal-oxygen clusters with a
large compositional, structural and electronic variety.! These features make POMs unique
compounds with a wide range of potential applications in fields like catalysis®, magnetism®, materials
science® or biomedicine.’ It is commonly thought that J. J. Berzelius was the first to synthesize a
polyoxometalate back in 1826 (the ammonium salt of the [PM01,04]°> anion).® However the Elhuyar
brothers had already prepared a POM almost 40 years before (1783), describing it as a bitter, spicy,
yellow salt containing tungsten.’ It is worth mentioning in this context that the Elhuyar brothers were
the discoverers of the element W, which they named wolfram. There was not any structural evidence
of a POM cluster until 1933, when J. F. Keggin determined the crystal structure of the H3[PMo0,,04]
acid by using powder X-ray diffraction.® Based on M. T. Pope’s seminal work™ in the 80’s, POM
chemistry has expanded very quickly in the last two decades as can be exemplified by the large
number of books™ and special thematic issues in some of the most prestigious journals within the
inorganic chemistry,'! as well as by the growing number of published works or reviews in the last 20
years. Therefore, POM chemistry can be considered as one of the most dynamic fields of the

inorganic chemistry at present.

The preparation of this kind of anions goes from simple one-pot procedures to highly
sophisticated flow-system approaches or integrated 3D-printed reactionwares.” This has resulted in
a huge variety of structures comprising from small and simple M,0, dimetalate anions to complex

clusters showing sizes comparable to those of proteins (Figure 1.1).
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Figure 1.1. Structural diversity in POMs. Inset: Shannon & Prewitt ionic radii for transition metals of groups 4- 6
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POMs are composed of early transition metals (M, so-called addenda metals) from groups 5
and 6, usually in their highest oxidation states. Traditionally, Mo, W or V, but Nb or Ta can also act as
addenda metals.” These metals show a suitable combination of charge and ionic radius as well as
empty and accessible d orbitals available for electronic back-donation in the formation of 1 M—O
bonds. Recently, some examples of noble metal POMs have been reported including
polyoxopalladates, -platinates and -aurates.”* Among the unconventional POMs, the family of actinyl
clusters has also grown very quickly during the last decade.”

Structurally, classical POMs are formed by the condensation of polyhedral MO, units, where
the coordination numbers of the metallic centers are between 4 and 7 and the octahedral is the most
common geometry (Table 1.1.). The {MO,} units can condense sharing vertices or edges
(exceptionally faces), in such a way that a maximum of two oxygen atoms per octahedron can be left
unshared (Lipscomb’s principle),’® which minimizes the strong trans-effect of the terminal M-O
bonds and avoids the dissociation of the cluster. The addenda metals Mo"' and W"' can also occupy a
seven-coordinate {O=M(QOg)} polyhedron in POMs, and this has led to the development of several
macrosized giant-POMs, including i.e. the ring-like {Mois,},"” hollow icosahedral “Keplerates”
{MogW5,},"® or the “blue hedgehog” {Mosgs}.”® All polyhedral units show a certain degree of
distortion due to the d orbitals taking part in the M—O bond. Each metal center located in a MO,
environment is displaced towards the terminal oxygen atoms as a result of the = M-O bonding, in
such a way that two types of polarization can be distinguished: toward a single terminal oxygen atom
(class 1) or toward two terminal oxygen atoms located in relative cis configuration (class /). This
results in polyanions with very different electronic properties. The LUMO orbitals of the class /
clusters are non-bonding and therefore, these POMs are more easily and reversibly reduced by
chemical, photochemical or electrochemical methods. Certain POM structures are reducible to
mixed-valence “blue” or “brown” species with retention of the POM skeleton. On the contrary,
reduction of class Il clusters is more difficult and shows irreversible nature.”

Table 1.1. Usual coordination polyhedra of metal centers in POMs.

Coordination number 4 5 6 7

Tetrahedron Square pyramid Octahedron Pentagonal bipyramid

Polyhedron
Y Sw
< /j’/
N P
N /4
Found in Metavanadates Polyvanadates Most POMs Keplerates, Mo-Blues

Despite the wide variety of structures, most POMs exhibit some features in common:’

(i) Usually, they show high charge, size and symmetry, as well as thermal and solution stability.
(ii) The formation equilibria of POMs are highly dependent on the concentration of the
reactants, pH, ionic strength, presence of extra ligands, counterions employed, temperature or
pressure (hydrothermal synthesis, microwave assisted reactions). It is highly usual that different POM
species coexist in solution at a given pH value.

(iii) Species containing alkaline counterions are usually water soluble, whereas organic
counterions confer high solubility in organic solvents on the polyanions.



General introduction

(iv) POMs can be used as inorganic ligands due to their ability to coordinate cations, anions or
neutral molecules with the oxygen atoms located at the surface.

Depending on their composition, POMs can be classified into two main groups:

A) Isopolyoxometalates (iso-POM:s), of general formula [M,0,]*, are exclusively constituted by early
transition metals and oxygen. The structures of most iso-POMs are derived from the MyoOys
decametalate anion via elimination of octahedral units. The parent POM cluster is formed by ten
edge-sharing MOg octahedra arranged in D,q symmetry.” Examples of most common iso-POMs
include the p-MgO, octametalate, M;0,, heptametalate (parametalate-A) and the MgOq9
hexametalate (Lindqvist-type structure) anions.”” Furthermore, some other iso-POMs whose
structures are not directly derived from the M0 cluster include the H,W;,0,, isopolyanion,
(paratungstate-B) which is formed from the rearrangement of the W,0,,° heptatungstate cluster in
solution.”® Meta- and polyvanadates are also worth to be mentioned in this context.?*

V4012 [VO3] n

Figure 1.2. Polyhedral representation of the structures of some iso-POMs.

B) Heteropolyoxometalates (hetero-POMs), of general formula [X,M,0,]%, contain not only metal
and oxygen, but also additional elements known as heteroatoms (X). The nature of X does not show
any specific restriction as many of the elements of the periodic table with the exception of noble
gases are known to be able to act as heteroatoms. Examples of well-known heteropolytungstates
include the [XMg0,4]™ Anderson-Evans anion, which contains an octahedral heteroatom (X = first row
transition metals, A", Ga", Rh", Pt", sb¥, Te", IV”);25 the Keggin anion [XW1,04]", which contains a
tetrahedral heterogroup (usually X = B", si', Ge", PY, AsY);® and the Wells-Dawson anion [X,;W150,]™
derived from the Keggin structure and showing two tetrahedral heteroatoms (X = typically from the
group 15).%

In a typical stepwise formation of polyoxotungstates (the most studied POMs due to their
higher stability in solution), the transformation of the tetrahedral tungstate oxoanions [WO,]* to
octahedral {WOQg} units at acidic pH is followed by the condensation of cited units involving the
release of water molecules. Considering the common linkage modes between {MO¢} octahedra,
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corner sharing offers flexibility, while edge sharing confers certain degree of rigidity on the cluster
formed (Figure 1.3). This oligomerization is not infinite; due to the polarization of the peripheral
tungsten centers toward the outer oxygen shell, vacant and accessible d orbitals of the metal allow
for the formation of terminal W=0 double bonds, preventing the subsequent formation of bridges
with additional octahedra.

Corner-sharing

Acidic
condensation

Edge-sharing

Figure 1.3. Schematic representation of the two common linkage modes between octahedral [WOg] units:
corner-sharing (top right) and edge-sharing (bottom right).

1.2. THE KEGGIN ANION

Acidic condensation of WOg units in the presence of tetrahedral [X0,]™ oxoanions usually
results in {a-XM,040} Keggin-type structures. The Keggin anion is constituted by four {M3043} trimers
formed by three edge-sharing WOs octahedra. These trimers are linked to each other and to the
central tetrahedron through corner-sharing in an ideal T; symmetry (Figure 1.4).

Figure 1.4. Baker-Figgis isomers of the Keggin-type {XM,0,0} structure. Rotated trimers in dark grey.

Keggin-type heteropolyanions have five structural isomers, known as Baker-Figgis isomers.
These isomers result from the 60° rotation of one (£), two (7), three (J) or four (&) M3043 trimers from
the parent a-Keggin anion. The a and S isomers are the most stable from the five, because they do
not show any edge-sharing linkages between different M30,; trimers. The a, # and y isomers of
Keggin-type tungstosilicates can be readily synthesized and have been successfully characterized
both in solution and in the solid state.”” On the contrary, the less stable &-Keggin-type structure has
only been observed for the [AlO,Al;,(OH),4(H,0)1,]” cationic cluster,”® whereas the lanthanide
stabilized phosphomolybdates [e-PM01,036(OH)4{Ln(H,0).}:]*" (Ln = La to Sm)*® and the aluminium
[MO,4Al,(OH),4(H,0)1]™ (M = Al, Ga, Ge) polyoxocations,”® represent the only structurally
characterized examples of the gisomer isolated as independent cluster.
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Some POM structures are derived from larger parent cluster by removing one or more
addenda metal atoms from the shell, resulting in defect structures known as lacunary species.
Lacunary polyanions can act as multidentante ligands toward different electrophiles (like 3d- and 4f-
metals) through the oxygen atoms delimiting the vacant sites. Incorporation of electrophiles in these
sites to regenerate the parent cluster results in substituted species.’® Nine lacunary species can be
obtained by removing one or more octahedra from the parent plenary XM;,0,, Keggin anion. From
the a-isomer mono- (XM3,034) and trivacant species (XMyO34) can be generated upon elimination of
one or three octahedra respectively. The a-XMy034 anions show two different isomers named as A-¢,
or B-a depending on whether the WOg octahedra eliminated belong to {M;0,5} edge-sharing trimer
or to a {Ms04s} corner-sharing triad, respectively. Similar species can be isolated for the S-isomer.
However, the lower symmetry of the 3 -{XM1,040} allows for three different monolacunary species to
be formed depending on the position of the vacant site. The vacant position in the $;-monolacunary
species is located in the triad opposite to the 60° rotated trimer, whereas for the 3, and the f3;forms
it lies at the central belt and the rotated trimer, respectively. Up to now, only the dilacunary XM(03¢
species has been isolated from the yisomer. The chemical equilibria of Keggin-type tungstosilicates
in water solution are summarized in Figure 1.5 to illustrate the complexity of the interconversion
pathways between plenary and lacunary POMs. All the ten species represented can be prepared and
isolated as alkaline salts from mixtures of silicate and tungstate sources as a function of the pH, by
following the procedures reported by Téze & Hervé.”’

A-ﬂ-SiW9034

7-5iW12040 7-5iW1003¢

B« s o 7 S

Figure 1.5. Scheme of the chemical equilibria between different plenary and lacunary Keggin-type
tungtosilicates.
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For some specific heteroatoms like As", Sb", Te" or Se", the presence of a lone pair of
electrons precludes the full closure of the Keggin shell, so that only B-XW403; trivacant species can be
formed.*" In some other cases, lacunary species can undergo further condensation reactions, leading
to new types of heteroPOMs. For example, the X,;M304, Wells-Dawson cluster is formed by two A-a-
XMy03, (X = group 15 heteroatoms) trilacunary units sharing corners through the belt WOg octahedra
(Figure 1.1). Several isomers and lacunary species derived from the Wells-Dawson structure are also

known 9,27,32

1.3. ORGANIC FUNCTIONALIZATION OF POMs

Derivatization of POMs with additional organic functions represents one of the current hot
topics in the field. The resulting hybrids have been identified as a key factor for POM clusters to be
suitably incorporated into materials like polymers or carbon nanotubes, and also to interact with
diverse surfaces (silica, silicon, gold, alumina, graphite) or metallic nanoparticles via covalent
interactions.® This strategy might pave the way for new multifunctional devices (e.g. immobilized
catalysts, photoactive systems for energy conversion, sensors), but it usually requires elaborate
organic functions that can be only achieved via multistep synthetic work on the so-called preformed
hybrid POM platforms.>* Hybrid POMs with attached organometallic catalysts (e.g. metallo-salen,
Wilkinson-type or Pd-NHC moieties) have been described as more active and/or selective than their
related organometallic complex precursors.®® Furthermore, the presence of POM facilitates the
removal of the catalyst by precipitation with organic solvents or nanofiltration processes.*® There is
also a great interest in combining POMs and photosensitizers for the design of new luminescent
systems, photocatalysts or materials for photovoltaic cells.?’

Two different classes of POM-based organic-inorganic hybrid compounds have emerged during
the last decades, in which this specific field of the POM chemistry has undergone remarkable
development. The first class gathers all the systems where only electrostatic interactions, hydrogen
bonds, or van der Waals interactions are established between organic and inorganic components. In
the second class, the organic and inorganic moieties are linked via strong covalent bonds. For
example, some organic ligands can substitute oxo groups of the POM surface and get directly linked
to the addenda metal center. The nucleophilic character of the oxygen atoms located on the surface
of the POM clusters can also lead to covalent interactions with electrophilic moieties bearing organic
antenna groups. In this way, different approaches have been applied to prepare well-defined,
solution-stable hybrid POMs in a precursor scale.

1.3.1. p-block organoderivatives

One of the most extensively explored routes consists in combining lacunary polyoxotungstates
with p-block organoderivatives such as organosilyl, -germyl, -phosphoryl, -stannyl or -stibyl moieties
(Figure 1.6). The nucleophilic character of the oxygen atoms delimiting the lacunae is significantly
increased compared to those of the plenary anion, and this greatly favors the reaction with
electrophilic groups. In order to incorporate custom-designed organic moieties to the clusters, two
strategies are usually followed. The first strategy consists in preparing the desired p-block
organoderivative, followed by its reaction with lacunary POMs. In the second strategy, the p-block
organoderivative with a reactive pendant group is first inserted in the vacant site of the cluster and
the resulting POM is then used as a platform for further postfunctionalization.



General introduction

For the non-metallic Si, Ge and P-derivatives, two main approaches have been used for the
synthesis of hybrid POM species. In the first synthetic approach, the lacunary POM is phase
transferred in a suitable organic solvent (acetonitrile, DMF) and then reacted with the corresponding
p-block organotrichloro derivative. The second approach is exclusive for organosilyl groups and
consists in the direct reaction of the lacunary heteroPOM and an organotrialkoxosilane in a mixture
of solvents like CH;CN/H,0 or CH;0H/H,0 in the presence of an acid.

Organogermyl Organosilyl

\
\
A\
. \‘

[(R"P),(M050,,)1> [(R3R’Si403)(PW403,) 13>

[(PhOP),(SiW,,036)]1* ,
Organotin

Organostibyl

N
%.

AN

15|

[( Pth)A( PW9O34)2] 10- [(MeZSn)36(A- ngo34) 12] 36—

Figure 1.6. Representative examples of hybrid POMs with p-block organoderivatives (R = C,Hq5; R’ = C3Hy; R* =
R,R-CH3;CHNH3;; Ph = phenyl; Me = Methyl). Color code for the p-block elements of the organic fragments: Ge,
orange; Si, blue; P, green; Sb, purple; Sn, yellow.
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Since Knoth described the series [SiW1;03{O(SiR),}]*" (R = C;Hs, CeHs, NC(CH,)s, C3Hs) as the
first organosilyl derivatives in 1979, a large variety of groups have been incorporated into
monolacunary Keggin- or Wells-Dawson-type structures. Some different molecular hybrid POMs
containing one or two SiR moieties or even one dimeric p-oxo-bridged (RSi),O unit per vacant site
have been reported to date.** Moreover, four organosilyl groups have been inserted into di- or
trilacunary Keggin units.” Some of these hybrid POMs have been post-functionalized to attach
additional organic groups, linked to gold or latex nanoparticles, or even incorporated into polymers.*!
In contrast to organosilyl groups, only a few papers describe the functionalization of POMs with
organogermyl moieties.*

Organophosphonate ligands have been widely used for the functionalization of Strandgberg-
type polyoxomolybdates, lacunary polyoxotungstates derived from the Keggin structure or diverse
polyxovanadates. The resulting hybrid clusters have shown optical activity or molecular capsule
shape among other features.*® Closely related to organophoshonates, bisphosphonates are by
themselves great therapeutic agents and well-known as drugs towards bone-loss diseases, so that
their combination with POMs could open the way for the design and development of new and
efficient drugs.* As indicated in a recent review, most of bisphosphonate-based POMs show open
structures with the hetero groups located on the surface of the polyanion instead of encapsulated in
the metal-oxo framework.”” Methylene-bisphosphonate and its derivatives (e.g. etidronate,
alendronate...) are the most employed species which can be found in diverse structures and have led
to POM derivatives with applications as antitumoral agents, in the facile synthesis of nanoparticles,
or even for film electrodeposition.*® As an advantage of organophosphonate-POM derivatives, it is
worth noting the possibility of the hybrid clusters for being studied in solution by means of *'P -NMR
spectroscopy.

Organotins have also been extensively used in the past years to synthesize hybrid
polyoxometalates. These organometallic moieties show some noticeable advantages like: (i) the high
stability of the Sn-C bond in aqueous media; (ii) the similar size of Sn" and W"' and consequent
aptitude of the former to substitute addenda metal centers in POM skeletons; (iii) the possibility of

Sn-NMR spectroscopy to characterize the hybrid species in solution. The syntheses of these

using
derivatives are basically performed in water by direct reaction of organotrichlorotin reagents with
lacunary polyoxometalates. Knoth’s group first, and Liu and coworkers later, both studied the
reactivity of commercial mono-organotin groups with mono-, di- and trivacant Keggin
polyoxotungstates or monovacant Wells-Dawson species.”’ Pope et al. also worked in those systems,
and besides applied transmetallation reactions to obtain (RSn)-substituted Tourné- or Lindqvist-type
anions.* Taking a step forward, Hasenknopf et al. reported series of lacunary Wells-Dawson POMs
with monoorganotin moieties showing pendant reactive groups (e.g. carboxylic acids, alkynes or
azides) to graft a large variety of organic functions upon postfunctionalization via amide formation or
click chemistry.* Over the past decade, the group of Kortz has been one of the main contributors to
the development of the chemistry of organotin containing POMs. Dimethyltin moieties were
employed in combination with polylacunary POM frameworks leading to structures of large size or
dimensionality.”® The use of diorganotin linkers allows for the formation of outstanding species like
the dodecameric [{SnMe,(H;0)}ha{SnMe,}15(A-XWq034)1:]% (XY = P, As) ball-shaped anion.*® It is also
worth highlighting the role of guanidinium counterions as structure directing agents via hydrogen
bonding, for the selective crystallization of some minor species in solution or even the preparation of
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new molybdate or hexatungstate hybrid-iso-POMs.>? This group is also the responsible for the two

>* The potential biological activity as

only reports on organostibyl POM derivatives to date.
antimicrobial agents has been evaluated in these hybrid species showing organometallic moieties

trapped between two trilacunary units.
1.3.2. Substitution of surface oxygen atoms

Another elegant strategy to covalently attach organic groups to the POM skeleton involves
replacement of shell O atoms with O- or N- donor ligands, as exemplified by trisalkoxo capped
Anderson-Evans clusters, Lindgvist-type polyoxovanadates or [HaP,VsW1s0g,]°” anions (Vs-Wells-
Dawson) and also by organoimido/diazenido derivatives of Lindgvist-type molybdates (Figure 1.7).
For the Anderson-Evans derivatives, hybrid structures are obtained by reaction of the preformed
clusters with the appropriate trisalkoxo ligand in refluxing organic solvent. Trisalkoxo ligands with
pendant reactive groups like -NH, can be grafted on the polyoxometalate and then get involved in
imination or amidation reactions for postfunctionalization. Organic moieties can be linked to both
sides of the plane defined by the metal atoms in idealized D;; symmetry, in such a way that the
trisalkoxo ligand caps the two opposite triangular faces of the central {XO¢} octahedron. This type of
hybrid POMs are known as &6 isomers and have only been obtained for trivalent transition metal
containing polyoxomolybdates (X" = Fe", Mn", cr'"). A wide range of organic functionalities have
been incorporated, like alkyl chains, alkenes, amines, alcohols, nitro groups, or even more complex
architectures (terpyridines, pyrenes).>® Some of these functionalities have allowed further
derivatization by coordination to catalytic centers like Pd or Ru, whereas others have endowed the
cluster with photoactive properties or the ability to form vesicles in solution.®> When the organic
ligand caps one tetrahedral cavity on each side of the Anderson-Evans cluster, the resulting hybrid
with ideal C,, symmetry is known as y isomer. There is only one report on this kind of
functionalization authored by Hasenknopf et al. who prepared the y isomer hybrid for divalent metal
containing polyoxomolybdates (X" = Zn, Ni). *® Recently single-side and asymmetric functionalization
for & isomers have been achieved by Wei’s and Cronin’s groups respectively.*” Trisalkoxo groups have
also been used to synthesize Lindqvist-type hexavanadates difunctionalized in trans fashion,
including porphyrin/polyoxovanadate hybrids, fluorescent compounds or catalytically active metal-
coordination-polymers.®® Although only scarce examples have been published to date, the cis-
functionalization has also been observed.”

The same approach has been applied for preparing V;-Wells-Dawson hybrid anions where the
{V3043} trimer is capped by the tris(hydroxymethyl) (Tris) ligand.®® The use of linear bis-Tris bridging
ligands has resulted in “dumbbell” hybrids composed of two V;- Wells—Dawson-type clusters linked
to each other, which can self-assemble into vesicles in acetone/water solutions.®® Analogously,
functional dendrimers and polymers were prepared by using linkers of higher dimensionality.®’> The
V;-Wells-Dawson POM has also allowed the covalent attachment of amide groups. Relatively small
organic molecules showing amide and diol groups {RCONHCsHs(OH),} can substitute the bridging O-
atoms of the {V;0.3} trimer with the two oxygen atoms from the hydroxo groups and the carbonyl
oxygen of the amide function.®® Other examples worth to be mentioned show caboxylate O atoms
from amino acids replacing the POM-shell O atoms, like in Kortz’s hexamolybdates containing lone-
pair heteroatoms or An’s octamolybdates.®*
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[(CsHg),(ZnMo0og0,,)]1>  [C,H,OH(CrMog0,,(OH),)1>

X-isomer

[RR’(C4Hg),M"Mo0,0,,]"~

b&-isomer

JA AN

[C;H14NP,V3W504,]*

Y A

[CgH1,MNMo0,,(CgHgN,Moc045),]"~
[CeHsN,MOog046]° ™ [CiH16N,0,(P,V3W,505,),]1M

Figure 1.7. Representative examples of hybrid POMs with surface O-atoms replaced with organic fragments (R
= R’ symmetric functionalization; R = R’ asymmetric functionalization). Color code: VOg, yellow octahedra.

Regarding the N-donor ligands, the first example and the first X-ray structural characterization
of an organoimido derivative of the Lindqvist-type molybdate were reported in the late 80’s by
Zubieta and Maatta, respectively.” These reports paved the way to a large and still growing family of
hybrid POM derivatives. These hybrids were first prepared by refluxing the Lindqgvist-type precursor
in pyridine with variable equivalents of organic isocyanates, resulting in mono- or di-organoimido
derivatives.®® Organoimido-polyoxometalates were even introduced as pendant groups in organic
polymers.®”’” A more efficient synthetic process was later developed by Peng. This method is based on
the use of dicyclohexylcarbodiimide (DCC) in acetonitrile and has become the standard procedure for
the functionalization of hexamolybdates.®® The DCC additive acts as dehydrating agent and activates
the Mo—O bonds toward the inorganic isocyanates. A recent study has demonstrated that not only
terminal oxo ligands, but also bridging O atoms can be replaced with organic imido ligands.®
Potential applications of this family of compounds as antitumoral or herbicidal agents, and in
nonlinear optical activities have also been evaluated.”
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Interestingly, the cited synthetic methodology was recently applied for the preparation of
chiral rod-like molecular triads, formed by two Lindqgvist-type molybdates connected to a central
Anderson-Evans POM via Tris ligands. The trisalkoxo group of the ligand reacts with both sides on the
Anderson-Evans cluster, whereas the pendant amino groups take part in the formation of imide

' In contrast to organoimido derivatives, related

linkages with the hexamolybdate units.’
organodiazenido derivatives are less studied, but analogously prepared starting from a phosphazine
precursor. In some cases, this kind of derivatization has led to compounds showing non-linear optical

T'ESF)OHSE.72

1.3.3. Grafting of the transition metal complexes at POM surface

Several groups including ours have studied the synthesis of hybrid species via grafting of 3d-
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 1.8). In the last decades a huge number of
structures synthesized by hydrothermal methods have been reported. This work was initiated by
Zubieta and co-workers, who first focused their studies on polyoxomolybdates and specially
vanadates, and later extended them to tungstates.”® The systematic studies carried out in our group
include compounds prepared under mild bench conditions or by hydrothermal synthesis. The former
comprises compounds derived from the assembly of plenary Keggin-type tungstosilicates or
copper(ll)-monosubstituted [SiW;;035Cu(H,0)]® species and the dinuclear cationic complexes
[{Cu(phen)(H,0),0Ac}]** and [{CuL(H,0),},0x]** (L = phenantroline, 2,2’-bipyridine). Molecular
complexes, chain-like coordination polymers or extended two-dimensional coordination networks
can be found among these compounds. Interestingly, the influence of the counterions of the acetate
buffer solutions on the nature of hybrid compounds was also evaluated.”* On the other hand,
hydrothermal conditions were successfully applied in the preparation of hybrid organic-inorganic
compounds based on Keggin-type tungstosilicates or -germanates and copper complexes bearing
different N-donor ligands. These include the bidentate 2,2’-bipyridine, 1,10-phenanthroline and 2,9-
dimethyl-1,10-phenanthroline  (neocuproine); the bridging 4,4’-bipyridine and 1,2-bis(4-
pyridil)ethane; and tetradentate cyclam, or diamino-dipyridin-type species.”” Very recently, we have
reported some examples of single-crystal-to-single-crystal transformations promoted by reversible
dehydration processes observed for the compounds derived from diamino-dipyridine ligands.”

It is also worth mentioning some other striking structures reported in the literature, like the
“porphyrin hamburger” constituted by a [SiW1,04]* anion decorated by two porphyrin-metal
complexes in a trans-fashion; compounds showing accessible catalytic Ru or Ag centers; porous
frameworks with unusual sorption properties; or compounds derived from the inclusion of chiral
natural ligands (e.g. L-proline) onto achiral POMs with potential applications in asymmetric
catalysis.”” However, this type of hybrid compounds derived from the grafting of transition metal
complexes at POM surfaces usually displays some major drawbacks in terms of predictability and
applicability, which are originated from the limited control of the anchoring position or the formation
of insoluble solid phases with extended structures.
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Molecular complex 1 D-arrangement Extended structure

Figure 1.8. Representative examples of hybrid compounds with transition metal complexes grafted at the
surface of the POM. Left: Molecular [Cu(bpmen)SiWuOm]z_' anion; center: mono-dimensional
{(CuSiW,030)(Cu,bpy,0x)} arrangement; right: extended {(CuSiW;,030)(Cu(bpy)s)} framework.

1.3.4. Organic functionalization of 3d- or 4f-metal substituted POMs

The incorporation of transition metals or lanthanides in vacant polyoxoanions is one of the
oldest and most studied reactions in POM chemistry. Examples of metal-substituted POMs range
from simple mono-substituted monolacunary Keggin-type anions to complex structures like the
tetradecanuclear copper cluster encapsulated between four trilacunary [SiWs03,]'® Keggin units
(Figure 1.9).°*® Lanthanide containing POMs and their hybrid derivatives will be briefly reviewed in
Chapter 3.

[M(H,0)XW,;,030]™ [Cu1,CI(OH) 1,(SIW403,)17
Figure 1.9. Two examples of transition metal substituted POMs.

There are three main approaches to achieve the organic functionalization of these clusters: i)
performing ligand replacement of labile solvent molecules (or acetate anions) on suitable 3d- or 4f-
metal substituted POMs with exposed metal centers; ii) adding transition metal complexes bearing
organic ligands to lacunary POMs; iii) employing one-pot procedures by mixing the corresponding
oxoanion, a heteroatomic source, a 3d-metal salt and the organic ligand together (Figure 1.10).
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The first approach seems to be the less used so far, due to the difficulty of finding solution
stable POM precursors with accessible metal centers. The first studies in this approach were carried
out with the aim of substituting the single water molecule of 3d-metal mono-substituted Keggin-type
[M(H,0)(XW,034)]™ anions with N-donor ligands like pyridine or imidazol derivatives. More recently,
the replacement of this water molecule with ligands like 4,4-bipyiridine under hydrothermal
conditions has been reported.”® Ruthenium monosubstituted species have been one of the most
studied species due to their potential catalytic activity and the ability to form Ru-C bonds.”
Regarding classical sandwich-type structures, monodentate N-donor ligands like imidazole, pyridine
or pending ethylenediamine ligands have been widely used to substitute the water molecules of
Weakley- [M4(H,0),(XW4034),]™ and Hervé-type [Ms(H,0)3(XW4033),]" POMs.%°

The first examples of polyoxometalate structures that incorporate embedded chelated metals
were reported by Pope. Those include ethylenediamine chelated Co centers encapsulated between
two {PWy03,} or {PW,035} lacunary Keggin units or lacunary hexamolybdates.81 Analogously, Wang
described a hexamethylenetetramine bridged decanuclear Fe" cluster sandwiched by two previously
unknown {P,W50s;} anions.?” Complete transition metal chelate encapsulation within a dilacunary
Keggin POM has been observed as a result of the one-pot reaction of tungstate and phosphate and a
Ni" salt with the multifunctional N,N’-bis(2-hydroxyethyl)piperazine (bhep) ligand. Similar reaction at
higher pH (pH = 6) allows to isolate a dimeric cluster formed by two trilacunary Keggin-type {PWq03,}
tungstophosphate subunits containing 9 Co" ions bridged by three bhep ligands.?

Preparation of chiral compounds is nowadays a hot topic in POM-chemistry due to their high
potential in asymmetric catalysis, nonlinear optical materials, molecular recognition or biomedical
applications.®® Following this target, Hill and coworkers reported two enantiomerically pure
compounds formed by tartrate or malate ligands coordinated to Zr'"-substituted POMs where the Zr
centers are linking two lacunary {P,W;50,45} Wells-Dawson units.®’ It is also worth highlighting the
systematic studies carried out by the group of Versailles in quest of a general method for the
functionalization of 3d-substituted POMs with carboxylate ligands under mild conditions. The f-
alanine or 7y-aminobutyric aminoacids, and the 3-thiopheneacetate, p-phenilenediacetate or
glutarate ligands were linked to trilacunary {B-a-XWy} Keggin units substituted by multiple Cu or Ni
centers, leading to hybrid compounds of different dimensionalities.?® All these compounds can be
considered as model systems for the linkage of POM cluster to substrates possessing carboxylate
functions.

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. This can be overcome by using a large excess of ligand, as
exemplified by several acetate containing clusters that are readily prepared in acetate buffered
solutions.®” However, the high affinity of metal ions toward some specific ligands can lead to the
isolation of the corresponding transition metal complexes instead of the desired hybrid POM. Even
though only a few crystal structures have been reported, the synthesis of organically functionalized
POM s in organic solvents has succeeded in some cases.?® Alternatively, hydrothermal techniques
were efficiently used by Yang and coworkers for the formation of extended POMOF
(POlyoxometalate-Metal-Organic-Framework) networks. Hybrid {NigPW,} building blocks stabilized by
ethylenediamine, 1,2-diaminopropane or Tris molecules were interconnected using benzenedi-, -tri-
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and -tetracarboxylate ligands, giving rise to unprecedented molecular cages or porous materials with
potential applications as catalysts or gas absorption agents.?® Following similar approaches, ligand
coordinated high-nuclear transition metal clusters (Co, Ni, Cu, Zn) have also been embedded
between trilacunary {B-a-XWy03,} (X = Si, Ge, P) subunits.”

{(1,3-bdc)Nig(OH);(dap);PW404,}*,

Figure 1.10. Representative examples of organic functionalization in 3d-metal containing POMs. (Ligands: 4,4'-
bpy, 4,4’-bipyridine; tpyp, meso-tetra-(4-pyridil)-porphyrine; mal, malate; hmta, hexamethylene-tetraamine; bhep, N,N'-
Bis(2-hydroxyethyl) piperazine; en, ethylenediamine; 1,4-bdc, 1,4-benzenedicarboxylate; tphac, 3-thiophene-acetate).

1.4. SUMMARY AND AIM OF THE WORK

This dissertation fits within one of the research lines of Departmento de Quimica Inorgdnica de
la Facultad de Ciencia y Tecnologia de la Universidad del Pais Vasco UPV/EHU. This line consists in the
synthesis and structural characterization of organic-inorganic hybrid compounds based on the
interaction between POMs and metal-organic complexes, and its main objective is to combine both
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type of components in quest of new properties or structural motifs to enrich the field of POM
chemistry. As mentioned before, previous studies in this group involved the preparation of POM

%78 The limited control of the

hybrids via grafting of transition-metal complexes on POM surfaces.
anchoring position and the formation of insoluble compounds with extended structures were found
to be major drawbacks in terms of predictability and applicability. To overcome these drawbacks, it
was decided to apply an alternative approach consisting in the ligand replacement of labile solvent
molecules on suitable d- or f-substituted POMs with exposed metal centers. Based on this synthetic
approach, the aim of this work is: i) to evaluate the viability of the organic functionalization of
well-known clusters with accessible 3d- or 4f-metal centers via simple coordination chemistry, and
ii) to prepare new clusters that could be potentially suitable for this kind of organic derivatization.
The resulting compounds could show interesting properties like catalytic activity, luminescence and
single-molecule magnet behavior, or could be good candidates to undergo further self-assembly
processes in solution. As part of a new research line implemented in the group, the hybrid-POMs
prepared could also be incorporated into polymeric surfaces for preparing new advanced
multifunctional materials.

Diazole carboxylate ligands

Krebs-type POM f ? ?
i A\ imc pzc pic

Diazine carboxylate ligands

S

pydc pymc pyzc
Bridging ligands
[
[{M(H20)3}2(WO2),(XWg033),] 10~
M =Zn, Ni, Co, Mn
< o,
<
2,3-pyzdc 2,5-pyzdc 4,4'-bpy

Figure 1.11. Organic ligands and POM precursors employed in the first part of this work (Chapter 2).

The work has been divided in two well-differentiated parts. In the first section (Chapter 2), a
systematic study on the organic functionalization of the well-known family of transition-metal di-
substituted Krebs-type tungstoantimonates(lll) has been performed. The [{M(H,0);}1L(WO0,),
(SbW4033),]™ (M" = Zn, Ni, Co, Mn) framework displays two accessible transition metal center with
three labile water molecules each, that appears to be suitable for organic ligand substitution. Krebs-
type POMs were selected as ideal candidates for performing such ligand replacement studies
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because they can be prepared in precursor scale, they are stable in solution in a wide pH range and
their structure allows for systematic compositional variations. Carboxylate derivatives of N-donor
heterocycles with N,O-chelating capability were tested. These include diazolecarboxylates like 1H-
imidazole-4-carboxylate (imc) and 1H-pyrazole-3-carboxylate (pzc); the pyridincarboxylate picolinate
(pic); and the diazinecarboxylates pyridazine-3-carboxylate (pydc), pyrimidine-4-carboxylate (pymc)
and pyrazine-2-carboxylate (pyzc). Chapter 2 also includes results obtained with three selected
bridging ligands, namely 4,4’-bipyridine (4,4’-bpy), pyrazine-2,5-dicarboxylate(2,5-pyzdc) and
pyrazine-2,3- dicarboxylate (2,3-pyzdc) (Figure 1.11). The compounds isolated have been
characterized by elemental and thermal analyses, infrared spectroscopy, and single-crystal X-ray
diffraction. To elucidate whether these hybrid POMs are stable in water solution or undergo
decomposition processes, 'H-NMR studies and Electrospray lonization-Mass Spectrometry (ESI-MS)
experiments were carried out on different derivatives. Magnetic properties have also been studied
by magnetic susceptibility measurements.

57La 58ce 59pr 60Nd GZSm 63Eu 64Gd 65Tb 66Dy 67Ho 68Er | 9Tm 70Yb 71Lu

Lanthanum Cerium Praseodymium| Neodymium | Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium

Ni2*: GeO, :Na,WO, |
CHAPTER 3 ‘ 5,_CHAPTER4

- @ J —=DATIERS

Figure 1.12. Schematic representation of the studies included in Chapter 3 and Chapter 4.

In the second part (Chapters 3 and 4), the preparation of clusters with accessible metal centers
showing two or more water molecules that could be suitable for further organic functionalization is
discussed. On the one hand, Chapter 3 includes the synthesis of a series of 4f-metal containing
tungstogermanates and the effect of the lanthanide and counterion employed in the final structures
is evaluated. On the other hand, Chapter 4 contains the results obtained for some heterometallic 3d-
4f clusters synthesized from the reaction of transition-metal di-substituted Krebs-type POMs with
lanthanides (Figure 3.12). As for the hybrid POMs included in Chapter 2, transition metal and/or
lanthanide containing POMs described in Chapters 3 and 4 have also been characterized by
elemental and thermal analyses, infrared spectroscopy, and single-crystal X-ray diffraction. Different
properties of these clusters, such as photoluminescence, magnetism, or solution behavior have been
analyzed by luminescence studies, magnetic susceptibility measurements, electron spin resonance

183

spectroscopy (ESR), ESI-MS experiments, ~~*W-NMR spectroscopy and Laser Light Scattering (LLS)

techniques.

To sum up, a total number of 39 compounds are reported in this dissertation. Table 1.2
compiles all these compounds, together with their formulae, codes and graphical representations.
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CHAPTER 4

Code

Compound

Schematic representation

1-SbMn
1-ShCo
1-SbNi
1-SbZn
1-TeMn
1-TeCo
2-Ni
3-Co
3-Zn
4-Mn
5-Ni

Nap[{Mn(imc)(H,0)},(WO,),(SbWg033),]-44H,0
Naj,[{Co(imc)(H,0)},(WO,),(SbW4033),]-44H,0
Naj,[{Ni(imc)(H,0)},(WO,),(SbW4033),]-44H,0
Naj,[{Zn(imc)(H,0)},(WO,),(SbW4033),]-44H,0
Na;Kz[{Mn(imc)(H,0)},(WO,),(TeWy033),]-39H,0
Na;K3[{Co(imc)(H,0)},(WO,),(TeWs033),]-39H,0
NagK,[{Ni(pzc)(H,0)},(WO,),(SbWs033),]-36H,0
NagKg[{Co(pyzc)(H,0)},(WO,),(SbWg033),]-32H,0
NagKs[{Zn(pyzc)(H,0)}1(WO,),(SbWg033),]-32H,0
Najp[Mn,(H,0)s(WO,),(SbWy033),]-32H,0-2(4,4'bpy)

Naza[p-{(2,3)pyzdc},{Ni;(H,0)Sb,;W50070},]-91H,0

6-Pr
6-Nd
7-Sm
8-Pr
8-Nd
9-Gd
9-Th
9-Dy
9-Ho
9-Er
9-Tm
9-Yb
9-Lu
10-Ho
10-Er
10-Tm
10-Yb
10-Lu

Nas;Ni;[NacPr;,GegWepO;8(H;0),4] 145H,0
Na3;Ni;[NacNd;;GesWge028(H;0)24]-145H,0
Na,;K,Ni,[KeSm1,GegWep0525(H,0)5,]:123H,0
NayoKgNis[KCK7PrsGe 15 W1200444(OH)12(H,0)64]-280H,0
NaoKgNis[KSK;Nd24Ge1,W1500444(OH) 15(H;0)64]-280H,0
Na,[Gdy(H,0)s(/}-GeW19035),]-44H,0
Nay,[Tbs(H,0)6(}-GeW1003s),]-44H,0
Na1,[Dy4(H,0)6(-GeW1¢03s),]-44H,0
Naj,[Ho,(H,0)6(f-GeW1403g),]-44H,0
Nay,[Era(H,0)e(-GeW103s),]-44H,0
Na1,[Tmg(H,0)6(/-GeW1003s),]-41H,0
Na1,[Ybs(H,0)6(S-GeW103g),]-41H,0
Naj;[Luy(H,0)6(S-GeW,¢03g),]-41H,0
Cs;Nay;[{Ho4(H,0)s5(GeW;4033),},]-66H,0
CsgNayg[{Ers(H,0)s(GeW1403s),},]-66H,0
CssNayo[{Tm,(H,0)s(GeW13034),},]-63H,0
CsgNayg[{Ybs(H,0)5(GeW1003s),},]-63H,0

CssNayo[{Lus(H,0)5(GeW,033),},]-63H,0

11-LaCo
11-CeCo
11-PrCo
11-NdCo
11-SmCo
11-EuCo
11-GdCo

11-CeNi
11-CeZn

Nay7[Sb;W360133La3C0,(0AC)(H,0)g]-63H,0
Na1;[Sb;W360133Ce3C0,(0ACc)(H,0)g]-63H,0
Na17[Sb;W350133Pr3Co,(0Ac)(H,0)s]-63H,0
Nay7[Sb;W360133Nd3Co,(0Ac)(H,0)s]-63H,0
Nay7[Sb;W3601335m3Co,(0Ac)(H,0)s]-63H,0
Nay7[Sb7W360133Eu3C0,(OAC)(H,0)g]-63H,0
Na17[Sb;W350133Gd3C0,(0ACc)(H,0)s]-63H,0
Nay7[Sb;W360133Ce;3Ni;(0Ac)(H,0)s]-63H,0
Na17[Sb;W360133Ce3Zn,(0Ac)(H,0)g]-63H,0
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Straightforward Organic Functionalization of
Krebs-type Polyoxometalates
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ABSTRACT: Reaction of 3d-metal disubstituted Krebs-type POMs with N,O-chelating ligands under mild
conditions can result in the organic derivatization of the parent POM clusters via straightforward substitution of
their labile aqua ligands. Carboxylate derivatives of aromatic, 5- or 6-membered N-heterocycles have been
selected for performing systematic studies on the reactivity of disubtituted Krebs-type tungstoantimonates(lll).
These are 1H-imidazole-4-carboxylate (imc), 1H-pyrazole-3-carboxylate (pzc), picolinate (pic), pyridazine-3-
carboxylate (pydc), pyrimidine-4-carboxylate (pymc) and pyrazine-2-carboxylate (pyzc). Nine hybrid derivatives
have been synthesized as pure crystalline phases and characterized by elemental and thermal analyses, IR
spectroscopy, and single-crystal X-ray diffraction (XRD). They all show the general formula [{ML(H,0},(WO,),(B-
P-XW4033),]" and can be classified as follows: 1-SbM, where L = imc, X = Sb, n = 12 and M = Mn, Co, Ni, Zn; 1-
TeM, where L =imc, X =Te, n = 10 and M = Mn, Co; 2-Ni, where L = pzc, X =Sb, n = 12 and M = Ni; 3-M, where L =
pyzc, X =Sb, n = 12 and M = Co, Zn. All the reactions were monitored by IR spectroscopy because organic
derivatization can be unequivocally determined using this technique prior to X-Ray diffraction studies. The
solution stability of the frameworks was confirmed by "H-NMR studies performed on the diamagnetic 1-SbZn and
3-Zn. Functionalization is strongly dependent on the nature of the ligand, in such a way that imc displays a
“universal ligand” character, two of the ligands (pzc, pyzc) show selectivity toward specific 3d-metals, another
two (pydc, pymc) promote partial decomposition of specific POM precursors to lead to [ML,(H,0),] complexes,
and pic showed to be inert under all conditions tested. Similarly, the results obtained from reactions carried out
with some bridging ligands (pyrazine-2,3- (2,3-H,pyzdc) or 2,5-dicarboxylic acid (2,5-H,pyzdc) and 4,4’-bipyridine
(4,4’-bpy)) are shown in the last part of this chapter. As observed for the N,O-chelating ligands, the organic
functionalization is not trivial: 4,4’-bpy and 2,5-pyzdc are inert toward Krebs-type POMs, whereas 2,3-pyzdc
showed selectivity toward the Ni-containing precursor. For the former ligand, a series of compounds containing
pristine clusters and interstitial 4,4’-bpy molecules has been isolated as indicated by IR spectroscopy and X-ray
analyses on the Mn-derivative (4-Mn). For the latter ligand, unexpected rearrangement of the POM framework
takes place and the dimeric [u-{(2,3)-pyzdc}, {Niz(HZO)SbZWZOOm}Z]M' (5-Ni) was obtained. The 5-Ni hybrid is
constituted by two novel {Ni,Sb,W,,05,} clusters bridged by two 2,3-pyrazinedicarboxylate ligands in ideal C,
symmetry. The {Ni,Sb,W,,05,} cluster contains two {SbWy033} subunits connected by a {W,0;,} moiety whose
linking mode transforms one of the rotated {W;0;3} trimers into an unprecedented {Ws0,,} fragment. The
magnetic properties and solution stability of 5-Ni are discussed.




2.1. INTRODUCTION

Functionalization of POMs via covalent attachment of organic ligands to the inorganic metal-
oxygen skeleton represents a suitable strategy to obtain hybrid derivatives with new properties and
more selective applications." As mentioned in the general introduction, the coordination of organic
ligands to POM skeletons containing 3d- or 4f-metal centers with accessible positions in the
coordination sphere is an efficient method for preparing functional POMs based materials with
catalytically or magnetically active centers. Following this approach, 3d-metal substituted Krebs-type
sandwich POMs could be ideal candidates for performing such ligand replacements because: i) they
show 6 to 10 labile water molecules in accessible external positions; ii) they are stable in solution in a
wide pH range and can be prepared in large amounts; iii) their structure allows to carry out
systematic compositional variations.

In 1997, Krebs and co-workers reported the synthesis and structure of the parent
[{WO,(OH)},(WO,),(XW4033),]** anion composed of two {B-p-XWs} subunits linked by two inner cis-
{WO,} and two outer fac-{WO,(OH)} octahedral groups, leading to a C,,-symmetric assembly (Figure
2.1).” The latter groups are labile and can be easily exchanged for {M(H,0);} moieties, resulting in a
large family of 3d-metal disubstituted species with general formula [{M(H,0)3},(WO,)»(XW4033),]™,
where M can be zn, Ni, Co", Fe" or Mn", and X accounts for Sb" or Bi" (Figure 2.1.A).2'3 The inner
positions have also been fully or partially exchanged for {M(H,0),} groups in several tri- and
tetrasubstituted analogues (Figure 2.1.B),* specially for certain heteroatoms (As", Te", Se'¥) or metals
(Fe", cr", A", In"). Due to their interesting catalytic properties, Krebs-like clusters have been
incorporated into functional materials in the formation of multilayer devices by layer-by-layer
assembly techniques or polypyrrole films via POM immobilization.” Highly efficient catalytic activity
has been observed for tetra-iron-substituted Krebs POMs in the microwave-assisted oxygenation of
cyclohexane and the bio-inspired oxidation of catechols, as well as for manganese-derivatives in the
epoxidation of dienes.®® The [Aly(H,0)10(X"Ws033),]® species (X=As, Sb) has been employed as Lewis
acid catalyst in H,0, based oxidations, whereas cobalt containing clusters have shown to be active in

photosensitized water oxidation processes.>**’

Despite their obvious potential as precursors in ligand replacement reactions, the organic
functionalization of 3d-metal substituted Krebs-type POMs has remained largely unexplored as
indicated by Dolbecq and coworkers in a recent review.'® To our knowledge, only the oxalate
derivatives of iron(lll)-tetrasubstituted anions [Fe"4(0x)4(H,0)5(X"W4033),]"*" can be found in the
literature to date (X = As, Sb, Bi).2 Attempts for introducing some other functional groups at the
external positions of the Krebs framework have also been reported in recent years. These include the
catalytically active {RusO¢(H,0)s} group, the photoactive {M(CO);}*" (M" = Re, Mn) moieties and
different organo-ruthenium or -tin groups.” Recently, mono- and di-lanthanide-containing clusters
have been obtained for the smallest 4f-metals (Yb", Lu"), which dispose in dimeric entities or one
dimensional arrangements in the solid state, and show three coordinated water molecules on each
4f-metal center suitable for ligand substitution.’® Finally, it is also worth mentioning the DMSO-
coordinated [(W(dmso)(OH))»(XWs033),]®” species, which show vacancies at external belt-sites.'
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[{Ln,(H,0)6(WO,),(XW;033),] .2

A) [{M(H,0)3},(WO,),(XW403;),]™

B) [{M,(H,0);0(XW4035),]¢ [Fe4(0x),(H,0),(XW5033),]%2

Figure 2.1. Structural diversity in Krebs-type POM derivatives.



Encouraged by the above, we decided to investigate the potential of 3d-metal disubstituted
Krebs anions as precursors for preparing molecular hybrid clusters via replacement of their water
molecules with organic ligands. Considering that previous reactions with aliphatic N,N-donor ligands

like ethylenediamine did not prove to be successful,™

we focused our studies on the reactivity of
planar, aromatic O,N-chelating ligands (Table 2.1) toward Krebs type tungstoantimonates
[{M(H,0)5},(WO,),(SbW4035),]** (M = Mn", Co", Ni, Zn). Carboxylate derivatives of 5- or 6-membered
N-donor heterocycles were selected for this purpose, and more specifically, the diazolecarboxylates
1H-imidazole-4-carboxylic acid (Himc) and 1H-pyrazole-3-carboxylic acid (Hpzc); the picolinic acid
(Hpic); and the diazinecarboxylates pyridazine-3-carboxylic acid (Hpydc), pyrimidine-4-carboxylic acid
(Hpymc) and pyrazine-2-carboxylic acid (Hpyzc).

Table 2.1. Names, abbreviations and molecular structures of the organic ligands employed in this work.

O,N-chelating ligands
Diazolecarboxylates Pyridinecarboxylate
imc pzc pic
1H-Imidazole-4-carboxylate 1H-Pyrazole-3-carboxylate Picolinate
-]
Diazinecarboxylates
pydc pymc pyzc
Pyridazine-3-carboxylate Pyrimidine-4-carboxylate Pyridazine-2-carboxylate
)
@
Bridging ligands
Pyrazinedicarboxylates Bipyridine
2,5-pyzdc 2,3-pyzdc 4,4’-bpy
Pyrazine-2,5-dicarboxylate Pyrazine-2,3-dicarboxylate 4,4’ -bipyridine
- > >
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Three different synthetic approaches were initially evaluated using the imc ligand (methods 1,
2 and 3), whereas for the rest of organic molecules only methods 2 and 3 were tested after being
identified as the most suitable. The imc ligand was also used to study the influence of the
heteroatom on the reactivity of the Krebs-type anions by replacing Sb" with Te'V. This work has
resulted in the isolation of nine hybrid derivatives of the Krebs-type structure, namely
[{M(imc)(H,0)}(W0,),(XWs033),]™ (1-XM; X = Sb" (n=12), M = Mn, Co, Ni, Zn; X = Te" (n=10) , M =
Mn, Co), [{Ni(pzc)(H,0)}(WO,)5(SbWsO33),1™*" (2-Ni) and [{M(pyzc)(H,0)1(WO0,),(SbWe0s3),]* (3-M,
M = Co, Zn). These compounds have been characterized by elemental analyses, infrared spectroscopy
and thermogravimetry and their structures have been determined from single-crystal X-ray
diffraction data. Their solution stability has also been analyzed by *H-NMR spectroscopy on the zinc-
derivatives.  Moreover, the transition metal complexes [Co(pzc),(H,0),] (Co-pzc),
[M(pydc),(H,0),]:2H,0 (M = Co (Co-pydc), Ni (Ni-pydc)) and [Co(pymc),(H,0),]:2H,0 (Co-pymc) have
also been isolated as crystalline products in the course of our systematic studies. A full
characterization for these complexes is given in Appendix 1.

In the last section of this chapter, the results of some preliminary reactions of Krebs-type
sandwich tungstoantimonates with the bridging organic ligands 4,4’-bipyridine (4,4’-bpy), 2,5-
pyrazinedicarboxylic acid (2,5-H,pyzdc) and 2,3-pyrazinedicarboxylic acid (2,3-H,pyzdc) are compiled
(Table 2.1). Compounds Najs[Mn,(H,0)6(WO,),(SbW033),]1:2(4,4’bpy)-32H,0 (4-Mn) and Nay,[p-
{(2,3)pyzdc},{Ni>(H,0)Sb,W,,0+0}.]:91H,0 (5-Ni) were obtained in those reactions. In addition to the
techniques mentioned above, ESI mass spectrometric and magnetic studies have also been
performed for 5-Ni.

2.2. EXPERIMENTAL SECTION
2.2.1. Synthesis
Preparation of starting materials

The [B-a-SbWy0335]°” POM precursor was synthesized according to reported procedures,’
whereas all the 3d-metal disubstituted Krebs-type POMs were prepared as described for the Mn- or
Zn-containing derivatives.>® All the starting materials were identified by IR spectroscopy.

Nag[B-a-SbWy033]:20H,0: Sb,0; (1.96 g, 6.72 mmol) suspended in concentrated HCl (10 mL) was
added dropwise to a solution of Na,WQ,-2H,0 (40 g, 121.27 mmol) in water (80 mL) at 90 °C. The
resulting mixture was refluxed for 1h, cooled to room temperature, filtered and left to evaporate.
Crystals started forming immediately and were kept in their mother liquors for 6 days. Yield: 21 g,
55% based on W.

Na1o[M,(H,0)s(WO,),(B-B-SbW;033),]-40H,0, M" = Mn, Co, Ni, Zn: The corresponding 3d metal salt
(1.53 mmol; MnCl,-4H,0, 303 mg; CoCl,-6H,0, 364 mg; NiCl,-6H,0, 364 mg; or Zn(NOs),-6H,0, 456
mg) was added to a solution of Nag[SbWy03;3]:20H,0 (3 g, 1.02 mmol) in aqueous 1 M acetic
acid/sodium acetate buffer (30 mL) at 40 °C. The reaction mixture was stirred at 40 °C for 1h and left
to cool down to room temperature. Crystals were obtained by slow evaporation of the final solution
after 10 days (Mn, orange; Co, purple; Ni, green, Zn, colorless). Yields: Mn, 2.1 g (37% based on W);
Co, 1.1 g (19%); Ni, 1.7 g (30%); Zn, 1.5 g (26%).



General synthetic procedures

METHOD 1: To a hot solution of Na,W0,:2H,0 (1.32 g, 4.00 mmol) in aqueous 1 M acetic
acid/sodium acetate buffer (40 mL), the heteroatomic source (0.40 mmol; SbCl;, 91 mg; TeO,, 64 mg)
dissolved in 6M HCI (1 mL) and the corresponding 3d metal salt (0.40 mmol; MnCl,:4H,0, 79 mg;
CoCl,-6H,0, 95 mg; NiCl,-6H,0, 95 mg; or Zn(NO),6H,0, 119 mg) were added successively. After
stirring for 20 min at 90 °C, the organic ligand (0.40 mmol) was added and the resulting mixture was
kept for 1 h at 90 °C.

METHOD 2: To a hot solution of Najp[{M(H,0)s},(WO,),(B-f-SbWs033),]-~40H,0 (M = Mn, Co,
Ni, Zn, 620 mg, 0.10 mmol) in aqueous 1 M acetic acid/sodium acetate buffer (30 mL) the organic
ligand (0.20 mmol) was added. The resulting mixture was stirred for 1 h at 90 °C.

METHOD 3: To a hot solution of Nag[a-SbWy033]-20H,0 (251 mg, 0.10 mmol) in aqueous 1 M
acetic acid/sodium acetate buffer (30 mL) the corresponding 3d metal salt (0.30 mmol; MnCl,-4H,0,
59 mg; CoCl,-6H,0, 71 mg; NiCl,-6H,0, 71 mg; or Zn(NOs),-6H,0, 89 mg) was added. After stirring for
10 min at 90 °C, the organic ligand (0.20 mmol) was added and the resulting mixture was kept for 1 h
at 90 °C.

Hybrid Krebs-type POMs with N,O-chelating ligands

A) Functionalization with 1H-imidazole-4-carboxylate
i) Tungstoantimonates

The hybrid compounds 1-SbM (M = Mn, Co, Ni) can be prepared by following any of the three
methods described above. Single crystals suitable for X-Ray diffraction were obtained by slow
evaporation of the final solutions at room temperature. Best yields were obtained for method 3 with
1H-imidazole-4-carboxylic acid as ligand (22 mg).

Na;[{Mn(imc)(H,0)},(WO0,),(SbW4033),]-44H,0 (1-SbMn): orange, prismatic crystals were obtained
after ca. 2 weeks (yield: 92 mg, 31% based on W). Anal. Caled (found) for
Na1,[{Mn(C4H3N202)(H,0)}1{Mn(H20)2}0.4(WO2)16(SbWs033),]-44H,0,  CgHog sMn3.4NsNa1,01205b,Wig g
C, 1.50 (1.46); H, 1.56 (1.51); Mn, 2.05 (1.99); N, 0.87 (0.80); Na, 4.29 (4.51); Sb, 3.79 (4.14). IR (cm™):
1578 (m), 1501 (w), 1435 (w), 1389 (m), 1238 (w), 1223 (w), 1090 (w), 951 (s), 878 (s), 831 (vs), 808
(sh), 775 (sh), 658 (m), 521 (w).

Naj,;[{Co(imc)(H,0)},(WO0,),(SbWs033),]-44H,0 (1-SbCo): purple, prismatic crystals were obtained
after ca. 2 weeks (yield: 70 mg, 25% based on W). Anal. Calcd (found) for
Nay;[{Co(C4H3N,0,)(H,0)},{Co(H;0),}0.4(WO,)1.6(SbW5033),]-44H,0, CgHgg6C0,.4NsNa1,0150Sb,Wis6: C,
1.49 (1.55); H, 1.56 (1.34); Co, 2.20 (2.03); N, 0.87 (0.86); Na, 4.29 (3.93); Sb, 3.78 (3.29). IR (cm™):
1578 (m), 1499 (w), 1431 (w), 1389 (m), 1236 (w), 1219 (w), 1088 (w), 949 (s), 872 (s), 833 (vs), 806
(sh), 770 (sh), 660 (m), 521 (w).

Naj;[{Ni(imc)(H,0)},(WO,),(SbW;033),]-44H,0 (1-SbNi): pale green, prismatic crystals were obtained
after ca. 2 weeks (yield: 90 mg, 32% based on W). Anal. Caled (found) for
NalZ[{Ni(C4H3N202)(HZO)}I.S{W(OH)OZ}O.Z(WOZ)Z(SbW9033)2]'44H201 C7.2H97.2N3.6NalZNil.SOZLZOSbZWZO.Z:
C, 1.33 (1.50); H, 1.51 (1.35); N, 0.78 (0.81); Na, 4.25 (4.04); Ni, 1.63 (1.65); Sb, 3.75 (3.45). IR (cm™):
1576 (m), 1506 (w), 1431 (w), 1389 (m), 1238 (w), 1221 (w), 1088 (w), 949 (s), 872 (s), 832 (vs), 808
(sh), 775 (sh), 658 (m), 517 (w).
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Nay;[{Zn(imc)(H,0)},(WO,),(SbWy033),]-44H,0 (1-SbZn): colorless, prismatic crystals were obtained
after ca. 2 weeks (yield: 118 mg, 41% based on W). Anal. Caled (found) for
Nay,[{Zn(C4H3N,02)(H20) . s{ W(OH)O2}0.2( WO,)5(SbW0s3),]-44H,0, C;2Hg7.2N36Na118012050,Wo02ZN1 60 C,
1.33 (1.45); H, 1.50 (1.32); N, 0.78 (0.83); Na, 4.24 (4.21); Sb, 3.74 (3.67); Zn, 1.81 (1.70). IR (cm™):
1578 (m), 1500 (w), 1433 (w), 1389 (m), 1240 (w), 1223 (w), 1090 (w), 949 (s), 876 (s), 839 (vs), 806
(sh), 773 (sh), 660 (m), 515 (w). *H-NMR (500 MHz, D,0): & 7.58 (s, 1H, N=CH-N), 8.30 (s, 1H, C=CH-
N) ppm.

Thermal analyses (for the TGA/DTA curves, see Figure A2.9 in Appendix 2). Endothermic dehydration
proceeds via continuous mass loss and it is completed at temperatures in the 360 — 390 °C range,
involving release of ca. 46 water molecules for all compounds [calcd (found): 1-SbMn, 12.80 (12.74);
1-ShCo, 12.87 (12.70); 1-SbNi, 12.53 (12.59); 1-SbZn, 12.76 (12.66)]. Combustion of the ligand
together with POM decomposition lead to final residues at temperatures in the 510 - 540°C range
that increase when going from Mn to Zn [calcd (found): 1-SbMn, 84.0 (84.7); 1-SbCo, 84.2 (85.0); 1-
SbNi, 85.0 (85.2); 1-SbZn, 85.0(85.4)].

ii) Tungstotellurates

Hybrid compounds 1-TeM ( M = Mn, Co) can be prepared following method 1 with TeO, as the
heteroatomic source and 1H-imidazol-4-carboxylate as ligand (44 mg). Single crystals suitable for X-
Ray diffraction were obtained by addition of aqueous 1M KCI (1 mL) to the final solution, followed by
slow evaporation at room temperature.

Na;K;[{Mn(imc)(H,0)},(WO0,),(TeW;0s3),]-39H,0 (1-TeMn): orange, prismatic crystals were obtained
after ca. 3 weeks (yield: 63 mg, 23% based on W). Anal. Caled (found) for
Na;K3[{Mn(C4H3N,0,)(H,0)},(WO,),(TeWs033),]-39H,0, CgHgsKsMn,NsNa;0115Te;Woo: C, 1.50 (1.56); H,
1.39 (1.21); K, 1.83 (1.66); Mn, 1.72 (1.73); N, 0.88 (0.81); Na, 2.51 (2.64); Te, 3.99 (3.88). IR (cm™):
1578 (m), 1501 (w), 1431 (w), 1391 (m), 1236 (w), 1221 (w), 1090 (w), 961 (s), 876 (s), 837 (vs), 783
(sh), 739 (sh), 691 (w), 658 (m), 509 (w).

Na;K;[{Co(imc)(H,0)},(WO,),(TeWs033),]-:39H,0 (1-TeCo): purple, plate-like crystals were obtained
after ca. 3 weeks (yield: 42 mg, 15% based on W). Anal. Calcd (found) for
Na7K3[{Co(C4H3N20,)(H,0)},{Co(H;0)2}0.2(WO,)1.8(T€WoO33),]-39H,0,  CgHgs sC0,2K3NsNa70115Te,Wig g
C, 1.50 (1.67); H, 1.40 (1.31); Co, 2.03 (1.96); K, 1.84 (1.66); N, 0.88 (0.82); Na, 2.53 (2.69); Te, 4.00
(4.08). IR (cm™): 1578 (m), 1501 (w), 1433 (w), 1383 (m), 1236 (w), 1221 (w), 1096 (w), 963 (s), 880
(s), 837 (vs), 791 (sh), 742 (w), 691 (w), 660 (m), 511 (w).

Thermal analyses (for the TGA/DTA curves, see Figure A2.9 in Appendix 2). Endothermic dehydration
proceeds via continuous mass loss and it is completed at temperatures in the 320 - 330 °C range,
involving release of ca. 41 water molecules for both compounds [calcd (found): 1-TeMn, 11.54
(11.45); 1-TeCo, 11.57 (11.56)]. Combustion of the ligand together with POM decomposition lead to
final residues at temperatures in the 510 - 520 °C range [calcd (found): 1-TeMn, 85.2 (84.6); 1-TeCo,
85.1 (84.5)].

B) Functionalization with 1H-pyrazole-3-carboxylate

Compound 2-Ni can be prepared by following either method 2 or 3 with 1H-pyrazole-3-
carboxylic acid as ligand (22 mg). However, single crystals suitable for X-Ray diffraction could only be



obtained after the addition of aqueous 1M KCI (1 mL) to the final solution and consequent slow
evaporation at room temperature. Method 3 afforded the best yields for this compound.

NagK;[{Ni(pzc)(H,0)},(WO,),(SbW,033),]-36H,0 (2-Ni): green, block like single crystals were obtained
after 1 month (yield: 178 mg, 61% based on W). Anal. Caled (found) for
NagK,[{Ni(C4H3N,0,)(H,0)}(WO,),(SbWoO33),]-36H,0, CgHg,KaNsNagNi,011,Sb,Wo: C, 1.50 (1.48); H,
1.29 (1.09); K, 2.44 (2.23); N, 0.87 (0.81); Na, 2.87 (2.68); Ni, 1.88 (1.83); Sb, 3.80 (3.62). IR (cm™): 1528
(w), 1503 (w), 1466 (w), 1385 (w), 1360 (m), 1246 (w), 1211 (w), 1119 (w), 1071 (w), 949 (s), 872 (s),
837 (vs), 807 (s), 775 (s), 664 (s), 509 (w). TGA (for the TGA/DTA curves, see Figure A2.10 in Appendix
2): The endothermic dehydration process is completed at around 320 °C and involves the release of
38 water molecules [calcd (found) 10.69 (10.78)]. This is followed by an exothermic mass loss stage
comprising the combustion of the ligand and the POM decomposition, leading to the final residue at
550 °C [calcd (found) for K;NagNi,0735b,W,,: 86.6 (86.6)].

Q) Functionalization with pyrazinecarboxylate

The hybrid compounds 3-M (M = Zn, Co) can only be prepared by following method 3 with
pyrazinecarboxylate as ligand (25 mg). Moreover, single crystals suitable for X-Ray diffraction are
only obtained after addition of aqueous 1M KCI (1 mL) to the final solution and the consequent
evaporation at room temperature.

NagKg[{Co(pyzc)(H,0)},(WO,),(SbW4033),]:~32H,0 (3-Co): red, prismatic single crystals were
obtained after ca. 3 weeks (yield: 84 mg, 29% based on W). Anal. Calcd (found) for
NagKs[{Co(CsH3N,0,)(H20)}1.6{Co(H,0),}0 .{W(OH)O5}02(WO;)1 5(SbW033),]-32H,0,  CoH7,Co,KsN3 6Nag
0108Sb,W,o: C, 1.70 (1.64); H, 1.17 (0.92); Co, 1.85 (1.91); K, 3.68 (3.77); N, 0.79 (0.83); Na, 2.16
(2.22); Sb, 3.82 (3.77). IR (cm™): 1589 (m), 1525 (w), 1478 (w), 1422 (w), 1370 (m), 1184 (w), 1169
(w), 1059 (w), 1044 (w), 951 (s), 876 (s), 833 (vs), 810 (s), 766 (m), 661 (m), 515 (w), 457(w). TGA (for
the TGA/DTA curves, see Figure A2.10 in Appendix 2): The initial endothermic mass loss below 265 °C
corresponds to dehydration and implies the release of 34 water molecules [calcd (found): 9.62
(9.60)]. The resulting amorphous anhydrous phase (according to powder X-ray diffraction analyses) is
thermally stable up to 380 °C. It undergoes a highly exothermic mass loss stage originating from
combustion of the ligand together with POM decomposition to lead to the final residue at 477 °C
[calcd (found) for Co,KgNagO73Sb,W,4: 87.6 (87.3)].

NagKs[{Zn(pyzc)(H,0)},(WO,),(SbW4y033),]-~33H,0 (3-Zn): colorless prismatic single crystals were
obtained after ca. 3 weeks (yield: 141 mg, 49% based on W). Anal. Calcd (found) for
NagKs[{Zn(CsH3N,0,)(H,0) 1 6{W(OH)O2}0.4(WO,)2(SbW40s3),]-33H,0, CgH74.4KeN3,NagO109Sb,Wo0.4Zn16: C,
1.49 (1.54); H, 1.18 (1.21); K, 3.64 (3.79); N, 0.70 (0.81); Na, 2.14 (2.26); Sb, 3.78 (3.89); Zn, 1.63
(1.76). IR (cm™): 1589 (m), 1528 (w), 1478 (w), 1420 (w), 1375 (m), 1184 (w), 1169 (w), 1059 (w),
1044 (w), 951 (s), 874 (s), 837 (vs), 810 (s), 768 (m), 663 (m), 516 (w), 475 (w). TGA (for the TGA/DTA
curves, see Figure A2.10 in Appendix 2): The initial endothermic dehydration process is completed at
around 290 °C and involves the release of 35 water molecules [calcd (found): 9.81 (9.84)]. The
anhydrous phase shows a thermal stability range up to about 380 °C, which is followed by a highly
exothermic mass loss associated to the combustion of the ligand together with POM decomposition.
The final residue is obtained at 580°C [calcd (found) for KgNagO73 sSboW0.4ZNn16: 87.9 (87.4)].
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Hybrid Krebs-type POMs with bridging ligands

A) Functionalization with 4,4’-bipyridine

Single crystals of 4-Mn suitable for X-Ray diffraction were obtained by slow evaporation of the
final solutions derived from either method 2 or 3 with 4,4’-bipyridine as ligand (31 mg). Best yields
were observed for method 3.

Na;o[Mn,(H,0)¢(WO,),(SbW.033),]-2(4,4’-bpy)-32H,0 (4-Mn): orange prismatic single crystals were
obtained after ca. 2 weeks (yield: 169 mg, 60% based on W). Anal. Calcd (found) for
Naj0.4[{Mn(H;0)3}1.6{W(OH)O,}0 4(WO,),(SbW4033},]-2(C10HsN,)-32H,0, CyoHgoMny gNsNa 104010550, Wao4: C,
3.72 (3.47); H, 1.44 (1.49); Mn, 1.36 (1.45); N, 0.87 (0.89); Na, 3.70 (3.79); Sb, 3.78 (4.07). IR (cm™):
1487 (m), 1412 (w), 1379 (w), 1230 (w), 1207 (w), 953 (s), 887 (s), 826 (vs), 746 (v), 660 (s), 521 (w).
TGA (for the TGA/DTA curves, see Figure A2.10 in Appendix 2): The endothermic dehydration process
involving release of 38 water molecules is completed at around 370 °C [calcd (found): 10.62 (10.65)]
and followed by the combustion of the organic molecules together with POM decomposition. The
final residue is obtained at 695°C [calcd (found) for Mn; ¢Na10.407,.5Sb, W, 4: 84.1 (83.9)].

B) Functionalization with pyrazine-2,3-dicarboxylate

Compound 5-Ni can be prepared by following either method 2 or 3 with pyrazine-2,3-
dicarboxylic acid as ligand (33 mg). Single crystals suitable for X-Ray diffraction were obtained by
slow evaporation of the resulting solution at room temperature. Best quality crystals were observed
for method 3.

Nayi[p1-{(2,3)pyzdc},{Ni,(H,0)Sb,W,,0,},]:91H,0 (5-Ni): green, needle-like single crystals were
obtained after ca. 1 month (yield: 167 mg, 58% based on W). Anal. Calcd (found) for
Naa[{Ni5(H,0)Sb,;W,070}(CeHaN,04)2]-91H,0, CioHigoNaNasaNiz054:Sb;Wag: C, 1.12 (1.18); H, 1.49 (1.41);
N, 0.44 (0.50); Na, 4.28 (4.14); Ni, 1.82 (1.76); Sb, 3.78 (3.64). IR (cm™): 1437 (w), 1373 (m), 1204 (w),
1175 (w), 1132 (w), 1082 (w), 949 (s), 881 (vs), 833 (s), 791 (vs), 733 (vs), 610 (m), 511 (w). TGA (for
the TGA/DTA curves, see Figure A2.10 in Appendix 2): The endothermic dehydration process is
completed at around 335 °C and involves the release of 93 water molecules [calcd (found): 13.09
(12.96)]. The thermal stability range up to 415 °C observed for the anhydrous phase is followed by
the combustion of the ligand together with POM decomposition, leading to the final residue at 530°C
[calcd (found) for Na,sNigO146Sb2Wa4o: 85.2(84.9)].
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2.2.2. X-Ray Crystallography

Crystal data for 1-XM (X = Sb", Te"; M = Mn, Co, Ni, Zn), 2-Ni, 3-M (M = Co, Zn), 4-Mn and 5-Ni
are summarized in Tables 2.2, 2.3 and 2.4. Thermal vibrations were treated anisotropically for heavy

atoms (W, Sb, Te, K, 3d-metals). Hydrogen atoms on the organic ligands were placed in calculated

positions and refined using standard SHELXL parameters.

Table 2.2. Crystallographic data for compounds 1-SbM (M = Mn, Co, Ni, Zn).

1-SbMn 1-SbCo 1-SbNi 1-SbZn
Formula CgHgg.6Mn; 4NsNa s, CgHog.6C02.4N4Nay; Cr2Ho72N36Na1Niz g CraHg7.2N36Na10120

OlZOSb2W19.6 OIZOSb2W19.6 OlZOSbZWZO.Z SbZWZO.Zznl.S
FW (g mol™) 6427.1 6436.8 6489.1 6501.1
Crystal system triclinic triclinic monoclinic triclinic
Space group P-1 P-1 P2,/c P-1
a (A) 13.8331(4) 13.6242(7) 16.2173(3) 13.8450(4)
b (A) 14.6798(3) 14.7481(6) 27.2085(3) 14.6579(4)
c (A) 15.7557(5) 15.6620(9) 13.0112(2) 15.7431(4)
a() 69.160(3) 68.763(5) 90 68.890(2)
£(°) 71.318(3) 71.840(5) 108.999(2) 70.831(2)
7(°) 87.719(2) 87.406(4) 90 87.242(2)
V(A3) 2822.65(13) 2779.0(2) 5428.42(14) 2806.29(13)
Z 1 1 2 1
Deareq (g cm ™) 3.781 3.846 3.970 3.847
u (mm_l) 20.781 44.529 22.278 21.630
Reflections
Collected 14573 18695 22924 19508
Unique (Rin:) 9892 (0.037) 9901 (0.068) 10647 (0.022) 11630 (0.018)
Observed [/ >20(l)] 9096 7585 9608 10873
Parameters 408 406 390 437
R(F) [I > 20(/)] 0.047 0.049 0.034 0.025
wR(F’) (all data) 0.126 0.134 0.073 0.056
GoF 1.051 0.990 1.091 1.086

In all cases tungsten and the corresponding 3d metal (M) were initially disordered over the

four metal positions in the central belt of the polyoxometalate clusters (two internal and two
external) and their No M/W
crystallographic disorder was found for 1-TeMn, and 2-Ni, whereas for 1-SbMn, 1-SbCo and 1-TeCo

population parameters were refined without restrictions.
negligible W populations (lower than 1%) were obtained for the external sites and partial M/W
occupancies of 20/80 (1-SbMn), 18/82 (1-SbCo) and 12/88 (1-TeCo) were observed for the internal
ones. The external positions were assigned as containing exclusively M in the final refinement cycle.

In the case of 1-SbNi, 1-SbZn, 3-Zn and 4-Mn, the internal positions showed negligible M
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populations, whereas partial M/W occupancies of 89/11 (1-SbNi), 94/6 (1-SbZn), 84/16 (3-Zn) and
80/20 (4-Mn) were found for the external ones. In the final step, the internal positions were refined
as containing only tungsten and the occupancies of the ligand atoms were set equal to that of M.
Finally, the external W population of about 5% was found to be equal to the cobalt population of the
internal positions in 3-Co.

Table 2.3. Crystallographic data for compounds 1-TeM (M = Mn, Co, Ni, Zn) and 2-Ni.

1-TeMn 1-TeCo 2-Ni
Formula CgHggKsMn,N, C3Co,,Hgg gK3N, CgHg,K4N4Nag
Na;0115TeaWao Na70115Te;Wig g Ni;011,5b, W50
FW (g mol™) 6401.1 6384.9 6405.0
Crystal system triclinic triclinic triclinic
Space group P-1 P-1 P-1
a (A) 12.2348(3) 12.1725(4) 12.2030(4)
b (A) 13.6081(4) 13.5660(4) 13.3843(5)
c(A) 17.2882(4) 17.1425(5) 17.3303(4)
al(®) 91.583(2) 91.535(3) 91.809(3)
£(°) 98.057(2) 98.099(3) 99.309(2)
7(°) 106.723(2) 107.057(3) 104.266(3)
Vv (A% 2722.39(11) 2672.34(14) 2699.56(15)
V4 1 1 1
Dereq (g €mM™) 3.904 3.967 3.940
u(mm™) 22.050 22.353 22.351
Reflections
Collected 21395 17603 20516

Unique (Rin)

10702 (0.052)

10479 (0.040)

10597 (0.047)

Observed [I > 20(/)] 9672 9517 9386
Parameters 400 393 404

R(F) [ > 20(I)] 0.052 0.048 0.059
wR(F’) (all data) 0.137 0.129 0.168
GoF 1.089 1.080 1.077

Seven sites with appropriate geometries for a sodium cation were located in the Fourier maps
of 1-SbMn and 1-SbCo. In the case of 1-SbNi and 1-SbZn, the number of potential sodium sites was
six. The occupancies in these positions were initially refined without restrictions and this resulted in a
total number of 5.8 (1-SbMn), 5.5 (1-SbCo), and 5.7 (1-SbZn) sodium atoms per asymmetric unit
containing one half of the hybrid polyanion. For all of them, the sum of the sodium population
factors was fixed to the expected number of six in the final refinement cycle. In the case of 1-SbNi,
only a total of 4.8 sodium atoms per asymmetric unit have been observed due to cation/solvent
disorder.
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Four sites with appropriate geometries for a sodium cation and two for potassium cations

were located in the Fourier maps of 1-TeMn and 1-TeCo. The occupancies in these positions were

initially refined without restrictions and this resulted in a total number of 1.5 K and 2.3 Na atoms for
1-TeMn and 1.5 K and 2.8 Na atoms for 1-TeCo. In both cases, the total number of 3.8 and 4.3
cations per half of the hybrid polyanion found in the crystal structures is significantly lower than that

expected according to elemental analyses (5), due to cation/solvent disorder. In contrast, the 2 K and

4 Na atoms determined from elemental analyses for 2-Ni were found in the crystal structure but

disordered in three and five sites, respectively.

Table 2.4. Crystallographic data for compounds 3-M (M = Co, Zn), 4-Mn and 5-Ni.

3-Co 3-Zn 4-Mn 5-Ni
Formula CoH74C05KeN3gNag  CgH744KeN3 2NagO109  CioHaoMnN1eNgNatos  CiaHigoNaNazsNiy
01085b, W0 SbyWy04Zny 6 010850, W04 02415b,Wio
FW (g mol™) 6372.2 6431.1 6239.1 12802.6
Crystal system triclinic triclinic triclinic monoclinic
Space group P-1 P-1 P-1 C2/c
a (A) 12.2033(4) 12.2715(3) 12.8781(5) 43.6689(7)
b (A) 15.0427(4) 15.9492(6) 12.9226(4) 19.2964(3)
c (A) 15.8975(5) 16.0131(5) 17.5375(7) 26.5627(4)
a(®) 73.220(2) 65.534(3) 106.004(3) 90
£() 78.478(3) 67.844(3) 102.094(3) 94.788(2)
7(°) 67.035(3) 78.232(2) 101.996(3) 90
V(A% 2560.02(13) 2637.79(14) 2631.37(17) 22305.05(23)
V4 1 1 1 4
Deiea (8 €M) 4.133 4.048 3.937 3.834
u(mm™) 23.593 23.383 23.007 42.745
Reflections
Collected 20315 17726 18414 80184

Unique (Rint)
Observed [I > 20(/)]
Parameters

R(F) [I > 20(1)]
wR(F’) (all data)
GoF

10067 (0.029)
9063

404

0.035

0.083

1.052

10357 (0.023)
9486

400

0.038

0.097

1.058

10334 (0.036)
8982

396

0.052

0.104

1.073

19886 (0.072)
16628

693

0.063

0.180

1.087

For 3-Co, two potassium and six sodium sites per asymmetric unit containing one half of the

hybrid polyanion were located, and the free refinement of their occupancies resulted in a total

number of 2.0 K and 3.0 Na atoms. Analogously, three potassium sites and only two sodium sites

were located in the Fourier map of 3-Zn, leading to a total number of 2.4 K and 2.0 Na atoms after
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free refinement of their occupancies. These total numbers are significantly lower than the expected
six alkaline cations determined from elemental analyses due to cation/solvent disorder.

Five sodium sites per half POM were located for 4-Mn, and the free refinement of their
occupancies resulted in a total number of 4.8 Na atoms out of the 5.7 calculated from elemental
analyses. Eight of the expected twelve sodium sites per asymmetric unit containing one half of the
hybrid POM were located in the Fourier map of 5-Ni. Their populations were refined without
restrictions giving a total number of only six sodium atoms. Similarly, sites suitable for 30 water
molecules (out of the 46 calculated from thermogravimetric analyses) were found in the crystal
structure and the free refinement of their occupancies resulted in a total number of 20. Calculations
carried out using PLATON software revealed a Total Potential Solvent Area Volume of 4285 A%/unit
cell which accounts for almost the 20% of the unit cell volume and can host the sodium atoms (12)
and water molecules (52) that could not be determined crystallographically. The two largest voids of
2052 A® each are located at (x, y, z) = (1/4, 1/8, 0) and (3/4, 2/3, 0).

2.3. RESULTS AND DISCUSSION
2.3.1. Reactions of Krebs type POMs with organic N,O-chelating ligands

General Synthetic Considerations

The reactivity toward different organic ligands of a series of 3d-metal substituted Krebs-type
tungstoantimonates(lll) has been evaluated to determine: i) whether Krebs-type clusters are suitable
for organic derivatization via classical coordination chemistry on the external 3d-metal positions; ii)
which ligand/s are the most appropriate for this purpose.

Planar, aromatic ligands with chelating capability have been selected for these studies, and
more specifically, the following six carboxylate derivatives of N-donor heterocycles: the
diazolcarboxylates imc and pzc, the pyridinecarboxylate pic; and the diazinecarboxylates pydc, pymc
and pyzc. Three different synthetic approaches have been explored for the reaction between POMs
and ligands in buffered medium under bench conditions. Method 1 consists in a one-pot synthesis
involving the ligand and the most basic metallic reagents that can lead to the POM cluster (sodium
tungstate, 3d-metal chloride or nitrate, and a heteroatomic source like SbCl;). Method 2 is the direct
reaction between the pre-formed [{M(H,0)s:},(WO,)5(SbW4033),]'> (M = Mn", Co", Ni, Zn) POM
precursor and the ligand in stoichiometric ratio, whereas in method 3 the POM precursor is
generated in situ from the trilacunary [B-a-SbW4033]” species and a 3d-metal salt. Reactions have
been monitored by FT-IR spectroscopy on any solid material obtained by slow evaporation of the
final solutions at room temperature until dryness. This technique has proven to be excellent for
determining the success of our organic derivatization attempts. For the imc ligand, all the three
synthetic methods were tested, whereas only methods 2 and 3 (as the most suitable) were evaluated
for the rest of the ligands.
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Scheme 2.1. Results obtained in the reactions between Krebs-type tungstoantimonates(lll) and N,O-chelating
ligands (color code: WO, grey octahedra; X, green; M, purple; N, blue; O, red; H, pink; N/C—H---Opy;, dashed red lines).

1ShCl,

10 Na,WO0, AP Insit Yo +3 M
2 M2+ h 2 {Ba-ShWy}

Meth=1,2,3. Meth=1,2,3

Ex:\ x

pzc [Co(pzc),(H,0),]

Meth=2,3; A=K

: 2 X X X X
pic
pyde [Co(pydc),(H,0).] [Ni(pydc)(H,0).]

pymc [Co(pymc),(H,0),]

3

pyzc
Meth =3; A=K Meth = 3; A=K

x : There is no reaction and the corresponding transition metal di-substituted Krebs type POM precursor is obtained as
single-crystals. Meth = applied synthetic method. A = alkaline metal.
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The use of four different [{M(H,0)5},(WO,),(SbW4033),]**" Krebs-type POMs (M = Mn", Co", Ni,
Zn), six different N,O-chelating ligands and three different synthetic approaches result in 52 possible
combinations. All of them have been explored and the results are summarized in Scheme 2.1.
Reaction between the Krebs-type POM and the ligand has been observed in 24 out of the 52 possible
synthetic combinations. In the remaining 28, the only solid products isolated from the reaction
mixtures were pristine Krebs-type POMs as shown by FT-IR spectroscopy. The 24 cases in which
reaction took place can be divided into two groups according to the final product: in 16 of these
reactions organic functionalization is successful and the corresponding hybrid POM is isolated,
whereas in the remaining 8 combinations the initial Krebs-type species undergoes partial
decomposition upon ligand attack and the corresponding neutral [M(L),(H,0),] complexes are
obtained. As a result, 7 organic derivatives of Krebs-type POMs and four different monomeric
complexes have been obtained in the course of our studies. These are:

Hybrid POMs

1) [{Mn(imc)(H,0)}2(WO0,)»(SbWs033),]**” (1-SbMn)
2) [{Co(imc)(H,0)}2(WO,),(SbW;033),]"*” (1-SbCo)
3) [{Ni(imc)(H,0)},(WO,),(SbWs033),]**~ (1-SbNi)
4) [{Zn(imc)(H20)}(WO,),(SbW3033),]** (1-SbZn)
5) [{Ni(pZC)(Hzo)}z(Woz)z(SbW9033)2]12_ (2-Ni)

6) [{Co(pyzc)(H,0)}, (WO,),(SbW4033),]**” (3-Co)

7) [{Zn(pyzc)(H,0)}, (WO,)2(SbW;033),] > (3-Zn)

Transition metal complexes

a) [Co(pzc),(H,0),] (Co-pzc)

b) [Co(pydc),(H,0),]-2H,0 (Co-pydc)
c) [Ni(pydc),(H,0),]-2H,0 (Ni-pydc)
d) [Co(pymc),(H20),]-2H,0 (Co-pymc)

Reactions with 1H-imidazole-4-carboxylic acid

Polyanions [{M(imc)(H,0)}(WO,),(SbWs033),]**" (1-SbM, M = Mn, Co, Ni, Zn) have been
prepared following any of the above mentioned three different synthetic routes (Scheme 2.1) as
indicated by IR spectroscopy. Single crystals were firstly obtained by addition of excess of Himc to
solutions of the corresponding Krebs-type POM formed in situ from Na,WO, and sources of Sb"' and
M" (10:1:1 ratio) in sodium acetate buffer (method 1). X-ray diffraction experiments performed on
these crystals allowed us to locate the imc ligand coordinated to the Krebs-type POM framework, but
unfortunately, a severe disorder in the outer positions with W populations of ca. 22% prevented the
ligand from being satisfactorily modeled. As indicated by Krebs and coworkers,®> the
[(WO,),(SbW4033),]™* intermediate in the formation of the target POM framework can be stabilized
by addition of either two external {WO,(OH)} or {M"(H,0);} groups, often leading to crystallographic
disorder arising from co-crystallization of plenary and disubstituted species due to the similar charge,
ionic radii and coordination geometry of both groups. We unsuccessfully tried to overcome this
disorder by using an excess of M" (10:1:2 ratio), so we decided to explore the other two synthetic
approaches.



Following a more rational strategy, we reacted Himc with sodium salts of the preformed
precursors [{l\/l”(H20)3}2(WOZ)Z(B-ﬂ-SbW9033)2]10‘ (M = Mn, Co, Ni, Zn). Reactions were carried out
under the same conditions of method 1 but using the stoichiometric 2Himc:1POM ratio (method 2).
Polyanions 1-SbM could all be isolated as single crystals via this straightforward ligand substitution
under mild conditions, but the W populations in the outer positions of these samples were also
above 20% as for method 1. Fortunately, we could prepare the series 1-SbM with trivial W
populations in the outer positions by applying method 3. This method involves Nag[B-a-SbW4033] as
precursor and consists in the addition of excess of Himc to solutions of Krebs-type POMs generated
in situ with a twofold excess of 3d metal. Not surprisingly, the use of Cu" in this method led to
isolation of the well-known [(B‘d‘SngOgg)z{Cu(HzO)}g]lz_ Hervé-type POM due to coordination
requirements of this specific 3d-metal."

Functionalization can be unequivocally determined by IR spectroscopy prior to single-crystal X-
ray structural studies (Figure 2.2). The spectra of 1-SbM (M = Mn, Co, Ni, Zn) show a series of weak to
medium intensity peaks in the organic 1090 - 1620 cm™ range that evidences the presence of the
imc anion, whereas the POM domains below 1000 cm™ are very similar to those of the 3d-metal
disubstituted precursors with negligible variations in the band positions except for ~10 cm™ red-
shifts in the signals associated to v(M"—0) modes (~670 cm™). However, the triplet of signals
originating from the M—O—M stretching (840 - 765 cm™) undergo a clear change in their relative
intensities upon functionalization, in such a way that the central line becomes almost shadowed by
an increase of intensity of the left line. These modifications are systematically observed for the whole
1-SbM series, and therefore, they represent inherent signals of the Krebs-type POM derivatization
with retention of the sandwich metal-oxo framework.

The diazolcarboxylate ligand imc has shown up as a “universal” ligand towards Krebs-type
tungstoantimonates(lll) because its coordination to the external sites takes place regardless of the
3d-metal present with retention of the sandwich-type framework, and furthermore because
functionalization is easily achieved in moderate to good yields regardless of the synthetic method
applied. Taking advantage of the universality of imc as derivatizing agent, we also decided to explore
the influence of a change in the charge of the heteroatom in the reactivity. For this purpose, we
replaced SbCl; with TeO, as heteroatomic source in method 1 and performed an additional set of
reactions. All of them led to the corresponding [{M"(H,0)s},(WO,),(B-5-TeWq033),]"" hybrid
analogues (M = Mn, Co, Ni, Zn) which represent the first observation of a transition-metal
disubstituted Krebs-type framework with Te' as heteroatom. To date, only tri- and tetra-substituted
tungstotellurate(lV) species have been reported in the literature.” In contrast to the
tungstoantimonate(lll) compounds, single crystals suitable for X-ray experiments could only be
obtained in the presence of potassium cation as counterion. Compounds 1-TeMn and 1-TeCo were
isolated as pure crystalline phases, whereas for the Ni-derivative, mixtures of the hybrid 1-TeNi with
the corresponding POM precursor and [Ni(imc),(H,0),] complex were obtained as indicated by FT-IR
spectroscopy (see Figure A2.2 in Appendix 2). Crystals of 1-TeNi could be separated for X-ray
diffraction experiments.” In contrast, the corresponding POM precursor and transition metal
complex were found as major phases for the reaction with Zn as identified again by FT-IR.
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Figure 2.2. FT-IR spectra of 1-SbM (M = Mn, Co, Ni, Zn) compared to those of the corresponding Krebs-type
POM precursors.

Reactions with the pzc, pic, pydc, pymc and pyzc ligands

Encouraged by the results obtained using the imc ligand, the study was extended to other
aromatic N,O-chelating ligands (pzc, pic, pydc, pymc, pyzc) to achieve a better understanding about
the reactivity of this POM family. However, the organic derivatizaton of Krebs type series did not
show up to be a trivial issue, so that only three additional hybrid compounds were obtained.
Different behaviors have been observed for each ligand:

i) Diazolcarboxylate ligands show completely different reactivity upon just modifying the
relative positions of the two N atoms in the ring. In contrast to the “universal” character of imc, the
pzc ligand has proven to be selective toward the functionalization of Ni-containing cluster regardless



of the synthetic method applied. The [{Ni(pzc)(H,0)},(WO,)»(SbW4s033),]** hybrid species (2-Ni) has
been obtained in all cases, but crystals suitable for X-ray diffraction could only be obtained in the
presence of K cations. The reactivity of pzc toward the rest of POM precursors is either non-existent
(Mn, Zn) or implies partial decomposition of the Krebs-type framework (Co). In the latter case,
mixtures of the POM precursor and the corresponding [Co(pzc),(H,0),] (Co-pzc) complex have been
obtained as indicated by FT-IR and single-crystal X-ray diffraction. This compound represents the first
structural characterization of a transition metal complex containing the pzc ligand. The full
characterization of the complex is given in Appendix 1.

ii) The picolinate anion (pic) is completely inert toward Krebs-type tungstoantimonates(lll).

iii) As observed for pzc, the diazincarboxylate ligands pydc and pymc promote the partial
decomposition of the Krebs-type POMs leading to mixtures of the precursor and the corresponding
monomeric complexes. More specifically, this fact takes place for the Co- and Ni-containing POMs in
the case of pydc, and only for the Co-species in the case of pymc. All the three complexes
M(pydc),(H,0),]-:2H,0 (M-pydc, M = Co, Ni) and [Co(pymc),(H,0),]-2H,0 (Co-pymc) are isolated as
crystalline products and a brief description, together with their full characterization, is compiled in
Appendix 1.

iv) The remaining diazinecarboxylate ligand does not lead to complexes but it rather behaves
as a selective agent for the derivatization of the Co- and Zn-clusters. However, the corresponding
[{M(pyzc)(H,0)},(WO,),(SbWs033),]** (3-M, M =Co, Zn) hybrid derivatives are exclusively obtained via
method 3 in the presence of K* ions, that is, the direct stoichiometric reaction between pre-formed
precursor and ligand is not operative.

From the point of view of the POM precursor, the stability of the parent transition metal
disubstituted Krebs-type framework differs significantly from Mn to Zn. The Mn derivative appears to
be the most stable precursor as it only reacts with the imc ligand to give the corresponding hybrid
derivative. On the contrary, the Co substituted cluster can be considered as more labile than its
analogues because it reacts with all ligands but for pic, resulting in the corresponding hybrid
derivatives with imc and pyzc or in partial decomposition and consequent formation of mononuclear
metal complexes with pzc, pymc and pydc.

Regarding synthetic aspects, it is worth mentioning that when the volume of several reaction
mixtures was lowered to about 1-2 mL by slow evaporation and thus the concentration of reactants
become high enough, a side-product consisting in chains of Krebs-like POMs was obtained for Mn
and Zn derivatives, as identified by FT-IR spectroscopy and single-crystal X-ray diffraction.’ Linear
one-dimensional arrangements of Krebs-type POMs in the solid state have been previously
described,” but in this case centrosymmetric POMs are linked through the coordination sphere of
the transition metal atom via M—OQO—M bridges. The linear POM chains parallel to the [101] direction
are related to each other by a twofold rotation axis located along the crystallographic b axis.
Polymerization can be easily detected by FT-IR spectroscopy prior to X-Ray diffraction studies as
shown in Figure 2.3, where a remarkable increase in the relative intensity of the central line of the
v(M—O—M) triplet is observed with consequent vanishing of the two side signals.
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Figure 2.3. Solid state one-dimensional arrangement of Krebs-type anions running along the [101] direction
(left) and FT-IR spectra of polymeric vs monomeric Krebs-like POMs (right).

As mentioned before, FT-IR spectroscopy represents an easy, cheap and very powerful
technique to confirm the presence of hybrid POM-frameworks. Furthermore, it can also be used to
undoubtedly differentiate a given hybrid POM from a solid sample consisting in a mixture of the
pristine Krebs type POM precursor and the corresponding transition metal complex formed upon
partial decomposition of the former. For the pzc ligand for example, the FT-IR spectrum of the solid
product obtained in the reaction with the Co-precursor is simply the result of the combination of the
individual spectra from the corresponding POM precursor and the transition metal complex as can be
viewed in Figure 2.4. In contrast, the spectrum of 2-Ni shows noticeable differences compared to the
sum of the spectra from both components. Significant blue shifts for several bands located in the
organic region (A band: ~10 cm™; B band: ~23 cm™; E band: ~30 cm™) besides the above mentioned
variations in the relative intensities of the triplet of signals at 840 - 765 cm™. The bands A-F have
been assigned in Table 2.5 to stretching and bending vibrations directly related to the coordinating N

atom.16
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Figure 2.4. Left: FT-IR spectrum of a Co-POM/Co-pzc mixture and comparison to the individual spectra of
compounds Co-POM and Co-pzc. Right: FT-IR spectrum of 2-Ni compared to those Ni-POM and Ni-pzc.



Table 2.5 Representative bands (cm_l) in the infrared spectra of compounds Co-POM and Co-pzc, Co-POM/Co-
pzc mixture and compounds , 2-Ni, Ni-POM and Ni-pzc.

Assignation Mixture Co-POM Co-pzc 2-Ni Ni-POM Ni-pzc

A v(C=C)+ 1518w - 1518m 1528w - 1518m
v(C=N) 1497w 1497m 1503w 1497m

B 8(N-H) 1443m - 1442m 1466w - 1443m

C 8(C-H) + 13625 - 1362s 1360m - 1364vs

D v(C-0) 1244m - 1244m 1246w - 1244m

E v(C—C) + 1180m - 1180m 1211w - 1182m

F V(C-N) 1115m - 1115m 1119w - 1117m

1074m 1074m 1071w 1078m

G 8(0-C-0) 1001w - 1001w 1008w - 1005w
v(W-0,) 948s 952s - 949s 953s -
v(0-W-0) 875sh 872s - 872s 873s -

H Sring*(C-H)oop | 897m - 897m - - 899m
v(0-W-0) 833vs 832vs - 837vs 837s -
v(0-W-0) 810vs 806s - 807s 804s -

I 8(C-H)oop 769m - 770m - - 771m
v(0-W-0) 767vs 768s - 775s 767s -
v(M"-0) 6665 667s - 664s 669s -

J 8(N-H)+(C-0) | 615m - 613m - - 613m

v = stretching; 6 = bending; oop = out-of-plane.

w = weak; m = medium; s = strong; vs = very strong; sh = shoulder

Molecular structures of the 1-XM, 2-Ni and 3-M hybrid POMs

Single-crystal X-ray diffraction studies confirm the organic functionalization for the 1-XM
series, compound 2-Ni and the 3-M pair. All hybrid POMs reported in this section (Figure 2.5) show
the well-known 3d-metal disubstituted Krebs-type skeleton of ideal C,, symmetry composed of two
trilacunary Keggin [B-B-Sb"Ws0s3]°" subunits linked via corner-sharing by two internal WOq
octahedra (each showing two cis-related terminal O atoms) and two M" atoms coordinated at
external positions (for a graphical representation of a di-substituted Krebs type POM see Figure
2.1.A). Polyanions 1-SbNi, 1-SbZn and 3-Zn display relatively low W populations of only 11, 6 and 16%
in their respective external positions. In the case of 1-SbMn, 1-SbCo and 1-TeCo containing the more
oxophilic 3d metals, there is no crystallographic W/M" external disorder, but we found noticeable M"
populations in the internal positions (20, 18 and 12% respectively). Analogously, trivial Co/W
disorders (external 5% W and internal 6% Co) were detected in both internal and external sites for 3-
Co. For comparison, Krebs reported external W occupancies of 9 and 20% for the Mn and Zn POMs,
respectively.3d In contrast, Niu observed internal W/M" disorders for the Mn and Co POMs that
compare well to ours."’
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1-XM

Figure 2.5. Left: Molecular structures for the centrosymmetric 1-XM, 2-Ni and 3-M hybrid POMs with the
general atom labeling for the transition metal coordination spheres. Right: ORTEP representations showing
50% probability ellipsoids for 1-SbZn, 2-Ni and 3-Zn as representative examples. Intramolecular C—H--Opgpm
and N—H---Opom bonds represented as dashed red and green lines, respectively.



Three terminal Opoy atoms occupy fac-related positions in the octahedral coordination sphere
of each M" center: two belong to a {W,04,} corner-shared fragment of one subunit (O5M/07M) and
the remaining one belongs to the 60°-rotated {W;0;;} trimer of the other subunit (O1T). The
coordination spheres are completed with one water molecule (O1) and one anionic, O,N-chelating
ligand (Table 2.6). BVS calculations'® confirm the O1 water molecule as the only protonation site, the
relatively low values obtained for the terminal O atoms of the internal positions (1.39 — 1.51) being in
agreement with the above mentioned W/M" disorder.

Table 2.6. Bond Lengths (A) and values of the Continuous Shape Measures (CShM) with the ideal octahedron as
reference shape (CShM = 0) for the M”Ls coordination spheres of 1-XM, 2-Ni and 3-M compared to those of the
[ML,(H,0),] complexes and the Krebs-type [{M(H,0)5},(W0,),(SbW4033),]* precursors (M-POM, M = Mn, Co,
Ni, and Zn). For the nomenclature see Figure 2.5.

M-01L M-N M-01 M-05M M-07M M-01T Cshm
Mn-POM* - - 2.18(4) 2.10(4) 2.16(3) 2.18(4) 0.422
1-SbMn 2.194(9) 2.241(11)  2.236(12)  2.155(9) 2.122(9) 2.150(9) 1.015
1-TeMn 2.183(11)  2.204(11)  2.206(11)  2.149(10)  2.154(10)  2.148(9) 1.033
Co-POM* - - 2.060(14)  2.065(10)  2.037(12)  2.106(12)  0.383
1-ShCo 2.095(12)  2.107(13)  2.137(13)  2.096(10)  2.068(10)  2.078(12)  0.627
1-TeCo 2.067(10)  2.117(11)  2.097(11)  2.099(9) 2.071(10)  2.087(10)  0.824
Co-imc™™ 2.177(1) 2.076(2) - - - - -
3-Co 2.029(8) 2.153(10)  2.107(7) 2.089(7) 2.060(6) 2.096(8) 1.130
Co-pyzc”® 2.088(2) 2.095(2) - - - - -
Ni-POM?*! - - 2.07(2) 2.012(18)  2.004(17)  2.042(15)  0.224
1-SbNi 1.996(8) 2.022(10)  2.079(8) 2.069(7) 2.074(7) 2.074(7) 0.510
1-TeNi 2.090(8) 2.059(11)  2.090(8) 2.054(8) 2.054(8) 2.053(8) 0.573
Ni-imc'® 2.076(1) 2.050(2) - - - - -
2-Ni 2.049(13)  2.028(16)  2.091(13)  2.057(12)  2.028(12)  2.047(12)  0.537
Ni-pzc® 2.074(1) 2.067(2) - - - - -
Zn-POM™ - - 2.095(13)  2.052(12)  2.110(10)  2.107(10)  0.241
1-Shzn 2.098(6) 2.091(5) 2.110(6) 2.120(5) 2.043(5) 2.146(5) 0.815
Zn-imc™” 2.163(1) 2.075(2) - - - - -
3-Zn 2.022(12)  2.066(12)  2.068(12)  2.112(9) 2.069(10)  2.127(9) 0.938
Zn-pyzc® 2.098(12) 2.080(2) - - - - -

[a] See Appendix 1.

The organic ligand is arranged in such a way that the coordinating N atom and the O1T atom of
the rotated trimer are trans to each other and the ring plane forms angles in the 51-58° range with
the plane defined by the four W/M" metals of the central belt (1-SbM, 56 — 58°; 1-TeM, 51- 53°; 2-Ni,
53°; 3-M, 52- 55°). As shown in Figure 2.5, this ligand orientation allows for an intramolecular
N—H:-Opom (2-Ni) or C—H--Opom hydrogen-bond involving the proton located next to the
coordinating N atom to be established (HN---Opoy = 2.998(18) A for 2-Ni; HC--Opoy = 3.125(10) -
3.218(16) A for 1-SbM; 3.182(18) - 3.293(18) A for 1-TeM and 3.256(17) - 3.273(2) A for 3-M) . There
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are no significant variations in the M-0;oy bonding upon functionalization, and the M-N and M-0O,
bond lengths also compare well to those reported for [M(L),(H,0),] complexes (Table 2.6). CShM
calculations®® show that the distortion of the M" coordination spheres from the ideal octahedral
geometry increases with the ionic radius (ionic radii: 97 pm Mn, 88 pm Co, 83 pm Ni, 88 pm Zn)* and
this trend is maintained and even stressed upon functionalization due to the introduction of a
chelating ligand with nearly rigid bite angle.

Crystal packing of compounds 1-XM

Two different crystalline phases for the sodium salts of compounds 1-SbM have been
identified: triclinic (for Mn, Co, Zn) or monoclinic (for Ni). In all cases, polyanions are closely
associated to each other via trifurcated hydrogen bonds that are established between the imidazole
N-H groups and bridging O atoms of the tetrameric {W,;045} faces (HN--Opoym = 2.839(18) — 3.322(16)
R). The tilting angle of the imc ligand with respect to the plane defined by the M" and Sb atoms is
more pronounced for the monoclinic 1-SbNi (47°) than for the triclinic phases (33 — 36°), and this
slightly modifies the hydrogen-bonding network as shown in the details of Figure 2.6. Despite these
subtle variations, compounds 1-SbM show virtually the same type of one-dimensional POM
arrangement for both triclinic and monoclinic phases (Figure 2.6). The hybrid POM chains stack
following different structural patterns depending on the crystal system: the packing of the triclinic
phase shows a brick-wall motif with chains parallel to the [0-11] direction, whereas a herringbone
pattern with chains propagating along the [101] direction is observed for the monoclinic phase
(Figure 2.7).

Triclinic Phase

Figure 2.6. One-dimensional arrangement of hybrid POMs in the crystal packing of the triclinic (Mn, Co, Zn) and
monoclinic (Ni) phases of 1-SbM (N—H::-Opoy hydrogen bonds represented as dashed red lines). Detail of the
connectivity in both hydrogen-bonded chains.
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Figure 2.7. View of the crystal packing of (a) triclinic phases of 1-SbM (M = Mn, Co, Zn) along the [0-11]
direction (b) the monoclinic phase 1-SbNi along the [101] direction (hydrogen atoms, sodium cations and
hydration water molecules omitted for clarity).

Compounds 1-TeM crystallize in two different triclinic phases. Phase A (1-TeMn and 1-TeCo)
shows a one-dimensional arrangement similar to that observed for the triclinic 1-SbM, but with
considerably longer HN---Opoy distances (3.064(17) — 3.167(17) A). This lengthening of the HN---O
distances is even more pronounced in phase B (3.332(14) A for 1-TeNi), due to the 51° tilting angle of
the imc ligand with respect to the plane defined by the M" and Te atoms (Table 2.7). This results in
the hybrid POMs being associated to each other via bifurcated N—H---Opop hydrogen bonds instead
of the trifurcated pattern described so far.

Crystal packing of compounds 2-Ni and 3-M

The arrangement of hybrid POMs in 2-Ni is similar to those mentioned above. In this case, the
interaction between two adjacent clusters is established by trifurcated C—H::-Opgp; interactions
instead of N—H---Opom hydrogen bonds (HC:--Opom = 3.24(2) — 3.32(2) A), resulting in chains running
along the crystallographic ¢ axis. The brick-wall type packing is strongly related to that found in
triclinic 1-SbM phases, despite the fact that the pyrazole ring shows a tilting angle of 47° with respect
to the plane defined by the Ni" and Sb atoms. This angle is similar to that observed for the monoclinic
1-SbNi, so that the connectivity between contiguous POMs follows the same geometrical pattern
(Figure 2.8).
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Figure 2.8. One-dimensional arrangement of hybrid POMs in the crystal packing of 2-Ni running along the [001]
direction (C—H---Opgy interactions as dashed green lines).
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Compounds 3-M crystallize in two different triclinic groups. On the one hand, for 3-Zn, the
non-coordinated N4 atom from the ligand and the terminal O8T atom from the contiguous POM are
connected through the coordination sphere of a sodium atom (Na1l), which acts as a linker of hybrid
adjacent POMs in a 1D-arrangement running along [0-11] direction. This linkage is reinforced by a
weak intermolecular C5—H5--:09Tpoy interaction (HC:-Oponm = 3.24(2) A; Figure 2.9). On the other
hand, for 3-Co, hybrid POMs are linked through the coordination sphere of the potassium atom K1
atom along the [100] direction. These chains are further connected by single weak intermolecular
C—H-+-Opom interactions into a 3D network (Figure 2.10). The tilting angle defined by the plane
containing the ligand and the mirror plane of the POM is as low as 25° for both 3-Zn and 3-Co, so that
the brick-wall type packing is present in the structures.

Figure 2.9. One-dimensional arrangement of hybrid POMs parallel to the [0-11] direction in the crystal packing
of 3-Zn (C—H:--Opgy interactions as dashed green lines).

Figure 2.10. Left: One-dimensional arrangement of hybrid POMs parallel to the [100] direction in the crystal
packing of 3-Co. Right: Projection on the (-111) plane of the three-dimensional network formed by the
connection of the K-bonded chains by C—H---Opqy interactions (represented as dashed green lines).



Table 2.7. Geometrical parameters of the N-H:::Opgy and C-H:--Opgy interactions in the compounds reported in this section
(A, ).

H---A D---A D-H---A
1-SbMn
N2-H2---056' 2.42 3.103(14) 135
N2-H2---057' 2.19 2.894(14) 136
N2-H2--079' 2.57 2.976(15) 109
C1-H2:--07T (Intra) 2.39 3.199(17) 143
1-SbCo
N2-H2---056' 2.50 3.141(17) 130
N2-H2--057' 2.08 2.839(18) 143
N2-H2--079' 2.55 3.01(2) 113
C1-H1--O7T (Intra) 2.33 3.15(2) 145
1-SbNi
N2-H2---056" 2.20 2.866(14) 132
N2-H2--057" 2.59 3.322(16) 141
N2-H2.--069" 2.49 3.188(15) 137
C1-H1--O7T (Intra) 2.41 3.218(16) 143
1-SbZn
N2-H2---056' 2.47 3.135(7) 132
N2-H2--057' 2.13 2.870(7) 142
N2-H2--079' 2.58 3.011(9) 111
C1-H1--O7T (Intra) 2.30 3.125(10) 144
1-TeMn
N2-H2---056' 2.47 3.097(17) 130
N2-H2--057' 2.42 3.094(16) 135
N2-H2---069' 2.41 3.116(16) 140
C1-H1--O7T (Intra) 2.51 3.293(18) 142
1-TeCo
N2-H2--056' 2.42 3.067(16) 133
N2-H2--057' 2.41 3.064(17) 133
N2-H2--069' 2.45 3.167(17) 141
C1-H1--O7T (Intra) 2.43 3.230(17) 145
1-TeNi
N2-H2--056" 2.18 2.885(16) 136
N2-H2--069" 2.42 3.138(14) 139
C1-H1--O7T (Intra) 2.35 3.182(18) 146
2-Ni
C5-H5--056" 2.59 3.33(2) 136
C5-H5---057" 2.46 3.28(2) 144
C5-H5--079" 2.49 3.24(2) 136
N1-H1--05T (Intra) 2.18 2.998(18) 155
3-Co
C3-H3--04T" 2.55 3.260(16) 132
C5-H5--09T" 2.38 3.186(15) 143
C6-H6---07T (Intra) 2.32 3.256(15) 168
3-Zn
C5-H5---09T' 2.46 3.24(2) 139
C6-H6---07T (Intra) 2.34 3.27(2) 166

Symmetry codes: (i) 1-x, -y, 1-z; (ii) -x, 1-y, 1-z; (iii) 1-x, 2-y, 1-z; (iv) -x, -y, 1-z. Intra: intramolecular bond. D: donor. A: acceptor.
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Stability in aqueous solution. *H-NMR spectroscopic studies for 1-SbZn and 3-Zn

In order to investigate the stability in aqueous solution of the hybrid POMs reported in this
chapter, 'H-NMR studies were performed on 1-SbZn. Figure 2.11 shows the comparison of the
spectrum of 1-SbZn compared to those of [Zn(imc),(H,0),] prepared as reported*®® and commercial
Himc (Figure 2.11). The spectrum of the free ligand shows two singlets at 6 8.61 and 7.68 ppm that
correspond to the protons located next to the coordinating N atom (H,) and next to the carboxylate
substituent (Hg), respectively. As shown by the complex spectrum, the signals of the two non-
equivalent imidazole protons undergo upfield shift upon ligand coordination and this change in the
chemical shift (&) is significantly more pronounced for the H, proton (A8(Ha) = 0.73 vs. A§(Hg) = 0.05
ppm). In the case of 1-SbZn, the two-line spectrum shows analogous behavior with similar AHg
parameter (0.10 ppm), but the signal of H,y broadens and its & value becomes considerably smaller
(A6 =0.31 ppm). This is probably due to the mentioned intramolecular C—H---Opqy interaction which
confers a characteristic spectrum on the 1-SbZn species. No evidence of the presence of the free
ligand or the Zn-complex is observed. This indicates that 1-SbZn keeps stable upon dissolution and
that there is no ligand dissociation in the NMR time scale. The spectrum of 1-SbZn remained virtually
identical for 5 days, showing that this hybrid POM does not undergo any significant structural
transformation to other species.
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Figure 2.11. Comparison between the "H-NMR spectra of: a) free Himc ligand; b) [Zn(imc),(H,0),] complex; c)
freshly dissolved polyanion 1-SbZn; d) polyanion 1-SbZn after 5 days.
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Analogous studies have also been performed on the second diamagnetic hybrid POM obtained
in this work, i.e. 3-Zn. As shown in Figure 2.12, this species also shows a distinct "H-NMR spectrum
which clearly differs from those of the free pyzc ligand and the [Zn(imc),(H,0),] complex. This
spectrum remains unaltered for several days, confirming the stability of 3-Zn in solution. These
results demonstrate that *H-NMR spectroscopy is a suitable technique for analyzing the stability of
diamagnetic organic derivatives of POM clusters. The 'H nucleus affords clear advantages compared
to the '

frameworks because it is less time- and sample-consuming with consequent economic saving.

W-NMR spectroscopy commonly used to evaluate the solution stability of polyoxotungstate
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Figure 2.12. Comparison between the "H-NMR spectra of: a) free pyzc ligand; b) [Zn(pyzc),(H,0),] complex; c)
freshly dissolved polyanion 3-Zn; d) polyanion 3-Zn after 5 days.



54
- Organic functionalization of Krebs-type POMs

2.3.2. Reactions of Krebs type POMs with organic bridging ligands

Systematic studies analogous to those described in section 2.3.1 have also been performed for
some organic molecules with demonstrated capability to act as bridging ligands between 3d-metal
centers. Among the vast catalogue of commercial bridging ligands, we have selected the following
three for a preliminary approach to the reactivity in this type of systems: the neutral 4,4’-bipyridine
(4,4’-bpy) with bis(N-monodentate) bridging ability, and the diazinedicarboxylates pyrazine-2,5- and
pyrazine-2,3-dicarboxylate (2,3-pyzdc and 2,5-pyzdc), which can coordinate 3d-metals in a bis(N,O-
chelating) fashion. These three ligands have been reacted with the four Na;o[{M(H,0)3},(WO,),(B-5-
SbW,033),]-~ 40H,0 tungstoantimonate(lll) precursors (M = Mn, Co, Ni, Zn) following both synthetic
methods 2 and 3. All reactions have been monitored by FT-IR spectroscopy. The results obtained
from the 24 possible synthetic combinations are summarized in Scheme 2.2. As observed for the N,O-
chelating ligands discussed in the previous section, the organic derivatization of Krebs-type POMs
with bridging ligands is not trivial and reactivity has only been observed in one out of the 24
reactions evaluated.

Scheme 2.2. Results obtained in the reactions between Krebs-type tungstoantimonates(lll) and organic
bridging ligands

v a-co v a-Ni v a-zn

4,4-bpy
. Meth =2, 3. Meth =2, 3. Meth=2,3
2,5-pyzdc
(%? X X X
2,;-pyzdc

Meth=2,3

x : There is no reaction and the corresponding transition metal di-substituted Krebs type POM precursor is obtained as
single-crystals. Meth = applied synthetic method.
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i) Reaction of the 4,4-bpy ligand with the 3d-metal disubstituted Krebs-type
tungstoantimonates(lll) following any of the two methods results in a series of compounds whose IR
spectra are initially identical and show characteristic bands of the ligand in the region above 1000
cm™ and the fingerprint of the Krebs-type cluster in the POM domain (Figure 2.13). However there is
no alteration in the relative intensities of the triplet originating from the M—O—M stretching
vibrations compared to the POM precursor. This indicates that, although present in the compound,
the ligand is not coordinated to the POM skeleton. Single-crystal X-ray diffraction on the Mn
derivative confirms this compound as Na;o[Mn,(H,0)s(WO,),(SbWs033),]-2(4,4’bpy)-32H,0 (4-Mn)
formed by pristine [{Mn(H20)3}2(W02)2(B‘ﬂ‘SbW9033)2]10_ anions and interstitial 4,4’-bpy molecules.
These results are in good agreement with those reported by Dolbecq et al.,® who tested the
reactivity of ethylenediamine ligand toward iron-tetrasubstituted Krebs-type tungstoantimonates
with the consequent isolation of POM-ethylenediammonium salts.

4-Mn 4-Co 4-Ni 4-Zn 1
om

1600 1400 1200 1000 800 600 400

Figure 2.13. FT-IR spectra of the Mn, Co, Ni and Zn derivatives of 4-M.

ii) The diazinedicarboxylate ligands tested show noticeably different reactivity toward Krebs-
type anions. While the 2,5-pyzdc ligand is inert, 2,3-pyzdc showed to be selective toward the Ni-
containing precursor regardless of the synthetic method. Unexpectedly, coordination of this ligand
promotes the rearrangement of the polyoxotungstate framework into a completely different cluster
as indicated by the remarkable variations in the IR spectrum compared to that of the precursor
(Figure 2.14). Single-crystal X-ray diffraction confirms this compound as the sodium salt of the novel
dimeric species [u-{(2,3)-pyzdc}, {Ni>(H,0)Sb,;W»0050},]%*" (5-Ni). This result is a good indication of the
fact that unprecedented POM frameworks might be obtained through ligand attack to Krebs-type
clusters or other POM species containing exposed 3d-metal centers. The enormous variety of
bridging ligands available from the literature will allow us to thoroughly extend this type of
systematic studies in quest of novel POM architectures.
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—— 5-Ni
—— Ni-Krebs

1400 1200 1000 800 600 400

Figure 2.14. FT-IR spectra of 5-Ni and the Ni-disubstituted Krebs type POM precursor.

It is worth mentioning that the combination of the Zn-containing precursor and the 2,3-pyzdc
ligand results in the [C,H:10Sb,;W3,0105]**" anion (Figure 2.15) when the final solution is left to
evaporate until a volume of approx. 5 mL. Single crystal X-ray structural analysis** showed that this
framework is closely related to the [HioSe,W190105]™* tungstoselenite published in the literature.”
The anion contains three main parts: one lacunary pentagonal unit {{WO;)W,} capped by a dimeric
{u-OAc(W,03)} moiety, two B-S-{SbWy0s3} fragments and six {WOg} octahedra linking the above two
parts together in a corner-sharing coordination mode. In the {{WO;)W,} unit each W atom shows one
terminal water ligand with W-OH, bond lengths longer than 2.2 A. The vacant position of the
{(WO;)W,} unit is occupied by two K* cations, whereas, six extra K atoms reinforce the linkage
between trilacunary fragments and the pentagonal unit. As described by Cronin et al., the formation
of this kind of clusters is strongly dependent on the presence of potassium cations and the high ionic
strength of the aqueous solution. This is in full agreement with our observations. Optimization of this
reaction, together with exploring the reactivity of the cluster [C,H10Sb,W3,0106]™* toward transition
metals or lanthanides is planned for the near future.

Figure 2.15. Structural relationship between [H105€,W,60103] ™ (left, ref. 25) and the [(C2H302)H7Sb2W310105]14_
anion obtained in this work (right).
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Crystal structure of 4-Mn

Single-crystal X-ray diffraction measurements carried out on the Mn" derivative obtained from
the reaction of Krebs-type precursor and 4,4’-bpy (4-Mn) confirms that the 4,4’-bpy molecules do not
coordinate the transition metal centers at external positions. The structure is formed by pristine
[{Mn(H,0)3},(WO,),(SbW4033),]* clusters arranged in layers parallel to the (100) plane. The 4,4’-bpy
molecules are located at interstitial positions (Figure 2.16) and interact with the tetrameric faces of
the POMs via weak C—H--Opoy hydrogen bonds. Two centrosymmetrically related 4,4’-bpy
molecules are associated by -t interactions and connect contiguous clusters in the [101] direction
(Table 2.8).

Figure 2.16. Left: View of the crystal packing of 4-Mn along the [110] direction. Right: Detail of the C—H--:Opgpm
interactions between 4,4-bpy molecules and the tetrameric faces of the POMs.

Table 2.8. Geometrical parameters of the C—H---O bonds and m-it interactions (4, °) in 4-Mn.

4-Mn
C5-H5--03T 2.31 3.047(19) 134
C5-H5--05T 2.59 3.382(19) 141
C12-H12--039' 2.42 3.32(2) 157
C15-H15--02T 2.43 3.11(2) 128
Dz ANG DC DXY
CgN1-CgN2 3.383 3.412 3.699 1.558

Symmetry codes: (i) 1-x, 1-y, 1-z:

DZ: distance between one centroid and its projection in the plane; ANG: angle between planes; DC: distance between
centroids; DXY: slippage. CgN1: ring defined by N1, C2, C3, C4, C5, C6 atoms. CgN2: ring defined by N11, C12, C13, C14, C15,
C16 atoms.
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Crystal structure of 5-Ni

The dimeric hybrid 5-Ni POM (Figure 2.17) is constituted by two unprecedented
{Ni,Sb,W,q05¢} clusters linked through two anionic 2,3-pyrazinedicarboxylate bridging ligands in a
ideal C, symmetry. Each {Ni,Sb,W,,0+} cluster is formed by a novel 20-tungsto-2-antimonate(lll)
framework incorporating two octahedral Ni' centers at the central belt. This framework can be
rationalized as two trilacunary {B-f-SbWy0s;} subunits linked by one {W,0,0} dimeric moiety
consisting in two edge-sharing WOg octahedra (Figure 2.18).

Figure 2.17. Combined ball & stick / polyhedral representation of the molecular structure of 5-Ni. Na atoms in yellow.

The linking mode of the dimeric moiety is as follows: one of the W centers is incorporated
into one of the trilacunary subunits by sharing edges with two octahedra of the 60°-rotated {W;0,3}
trimer whereas the other W atom is placed over the hexameric ring and shares a corner with a non-
rotated trimer. The second trilacunary subunit is then connected to the latter W center via corner-
sharing involving two different {W;043} trimers, including the rotated one. As a result of the
incorporation of the {W,0,,} moiety to one trilacunary subunit, this becomes a {SbW;,034} type
cluster where the rotated trimer is converted into a {Ws0,} fragment of edge-sharing WOg
octahedra. Isopolyanion fragments have been widely reported as part of larger aggregates,”® but to
our knowledge, the {Ws0,,} fragment in 5-Ni has never been isolated as an independent
isopolyanion. Nevertheless, it is closely related to the well-known [HWs045]” pentatungstate (Figure
2.19).” They both contain a rhombohedral {W,0:¢} tetratungstate core and differ in the position of
the fifth WOg octahedron. In [HWs04,]”, it is edge-shared to two octahedra (labeled as 1 and 3) and
interacts with one of the internal O atoms, whereas in our {W;0,0} fragment it is connected to a
single octahedron (4) by sharing an external edge.

Besides that occupied by a tungsten atom, the 20-tungsto-2-antimonate framework displays
three additional coordination sites in its central belt. Two are occupied by the Ni centers and the
third one is formally vacant. As observed for other 3d-metal containing defect POMs,” this vacant
position is blocked by a Na cation, whose octahedral coordination sphere is formed by three Opgpm
atoms and three terminal water molecules. The presence of coordinated Na ions might be the key
factor in stabilizing the unprecedented {Ni,Sb,W,,05} cluster found in 5-Ni. In close analogy to the
defect 3d-metal containing POMs reported so far,”® 5-Ni could be a good candidate to incorporate
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additional electrophilic groups in the Na-blocked vacant sites and therefore, we plan to study its
reactivity toward different electrophiles (especially 3d and 4f metals) in the near future.

Yo

{N iZ( HZO)Sb2W20070}

Figure 2.18. Schematic representation of the {Ni,(H,0)Sb,W,,05.} cluster from its basic structural components.

{W50,,} (in 4-Ni) [HW;0,4]"

Figure 2.19. Left: {WsO,} fragment in 5-Ni. Right: structure of the related [HWsOy]” isopolytungstate. The
octahedral units in the {W,04¢} cores are labeled as 1-4.

The structure of the {Ni,Sb,W,,0+0} cluster is closely related to that of its Ni-disubstituted
Krebs-type POM precursor and it appears to be formed upon a skeletal rearrangement promoted by
2,3-pyzdc ligands (Figure 2.20). Compared to the [{Ni(H,0)s},(WO,),(SbWs033),]*°” parent POM, the
[{Na(H,0)sHNi(H,0);}{Ni(H,0),}(WO)(SbW10036)(SbW4033)]°" cluster shows one {Ni(H,0),} and one
{Na(H,0)s} moiety replacing one of the internal (WO,) groups and one of the external {Ni(H,0)s}
moieties, respectively. Furthermore, one of the trilacunary units incorporates an additional {WOQOg}
group in the 60°-rotated trimer via edge-sharing. Therefore, the {Ni,Sb,W,,0,¢} cluster could be seen
as the product of the migration of one of the belt {cis-WO,} groups toward the space available in
between the rotated trimer of one trilacunary subunit and the second {WO,} group. Consequently,
the internal coordination position in the belt of the Krebs-type cluster left vacant by this migration is
occupied by one of the external Ni atoms, which is in turn replaced with a Na ion from the medium
to stabilize the resulting assembly.
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[{Na(HZO)S}{N i2(HZO)S}(SbW11037)(Sbw9033)]9_ [{N i(HZo)3}2(WOZ)SbW9033)Z] 10-

Figure 2.20. Structural relationship between the [{Na(H,0)sHNi(H,0)s¥Ni(H,0),}(WO)(SbW,0034) (SbW033)]>
cluster {Ni,Sb,W,,0,0} and the Ni-disubstituted Krebs type POM [{Ni(H20)3}2(W02)2(SbW9033)2]10_.

The two crystallographically independent Ni' centers display octahedral NiOsN
chromophores. The coordination sphere of Nil is composed by four O atoms, two from each
trilacunary subunit, and the O, N atoms from the anionic 2,3-pyzdc chelating ligand. The Opgy atoms
belong to adjacent 60°-rotated and non-rotated trimers. Similarly, three terminal Opoy atoms occupy
fac-related positions in the coordination sphere of the Ni2 center. Two belong to a {W,04,} corner-
shared fragment of one subunit and the remaining one to the rotated trimer of the other subunit.
The coordination sphere of Ni2 is completed with one water molecule (01) and the O, N atoms of
one 2,3-pyzdc ligand in chelating fashion (Table 2.9). Therefore, the two 2,3-pyzdc molecules display
a bis-(bidentate) coordination mode bridging one Ni atom from each cluster (Ni--Ni = 6.81 A) in such
a way that the two carboxylate groups of each ligand undergo slight tilting with respect to the plane
of the pyrazine ring (dihedral angle: 15° and 31°) due to the steric hydrance between both anionic
groups. Non-coplanar configurations have been previously observed for this ligand in different
coordination complexes.*

Table 2.9. Bond Lengths (A) and values of the Continuous Shape Measures (CShM) calculations with the ideal
octahedron as the reference shape (CShM = 0) for the Ni" coordination spheres of 5-Ni compared to those of
the [Ni(pyzdcH),(H,0),] complex (Ni-pyzdc)30 and the Krebs-type [{Ni(H,0)5},(WO,),(SbW4033),]"* precursor
(Ni-POM).*

M—-Oygana  M-N M-Olpom M-02p0m M-O3pom M-Odpoy M-01 cshm
Ni-POM - - 2.07(2) 2.012(18) 2.004(17) - 2.07(2) 0.224
Nil(5-Ni)  2.043(12) 2.089(14) 1.999(13) 2.022(11) 2.029(13)  2.039(12) - 0.375
Ni2 (5-Ni)  2.029(13) 2.069(14) 2.001(13) 2.045(12) 2.040(13) - 2.080(15) 0.516

Ni-pyzdc 2.031(1) 2.074(3) - _ ) i ) )

It is also worth mentioning that the two pyrazine rings are tilted 40° out of the plane defined
by the four Ni atoms and this creates a central aromatic nest where one water molecule (01W) is
hosted (Figure 2.21) via O,—H-- @ interactions.®’ Based on electrostatic arguments, aromatic
hydrogen bonds are expected to originate from the interaction between the LUMO orbitals of water
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and the aromatic HOMO.*? Water molecules were identified as aromatic hydrogen-bonding donors in
the late 70’s, when O,—H vectors pointing almost exactly at the center of the phenyl acceptor were
observed.®® The first X-ray diffraction evidences for aromatic hydrogen bonding to water were
obtained for small, non-biological calixarene and tetraphenylborate salts,* but in spite of this, non
conventional aromatic hydrogen-bonds have attracted enormous interest in structural biology
because they are ubiquitous in macromolecules and they play a key role in the stabilization of local
3D structures.® Geometrical parameters of some compounds where a water molecule is trapped
between two or more aromatic rings by O-H--- 1t interactions are shown in Table 2.10, together with
those observed in theoretical calculations for water-benzene aromatic hydrogen-bonds.*® In our
compound, the O1W water molecule might also be interacting with one bridging Opom atom from
each {Ni,Sb,W,0050} cluster (OyOpom: 2.998(3)A), although the bonding angle seems to be narrow
enough for any efficient interaction to be hindered. The single-crystal X-Ray diffraction experiment
carried out for 5-Ni did not allow to locate any hydrogen atom in the water molecules and therefore,
we cannot provide any structural confirmation for the hydrogen atoms of O1W to be pointing at the
center of the pyrazine rings.

Table 2.10. Geometrical parameters (A, °) of the O,,—H---Tt interactions between the O1W water molecule and
the centroids of the aromatic rings in 5-Ni and compared to some published results.

Compound O-1m 01 Reference
5-Ni 3.217(2) 129 This work
Simulated (benzene-water) 3.11 - 36a
Calyx[4]arene sulphonate 13.5H,0 3.16 133 34
3.19
[Ni,(ox)(dien),(H,0),][B(Ph).], 3.168(3) 92 36b
[Ag,(u,-2-ap)(2-ap)(bnb)(H,0)] 3.192(2) 135 36¢
3.267(2)

ox = oxalate; dien=diethylenetriamine; Ph = phenyl; 2-ap=2-amino pyridine; bnb = 3,3-binitrobenzoate.

(a) (b)

Figure 2.21. Combined ball & stick /polyhedral representation of the (a) detail of the coordination mode of 2,3-
pyzdc ligands; (b) top view of 5-Ni anion highlighting the aromatic hydrogen bonding interaction. (O1W---1t
bonds depicted as dashed red lines).
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Magnetic properties of 5-Ni

Magnetic susceptibility (x,) studies for 5-Ni were performed as detailed in Appendix 2. The
temperature dependence of x,, and the x.T product is depicted in Figure 2.22. The x,,T product of 5-
Ni at room temperature is 5.065 cm® K mol™®, in good agreement with that expected for a
magnetically diluted sample containing four non-interacting octahedral Ni"ions considering S =1 and
g =2.25 (5.062 cm® K mol™). The x.T curve remains nearly constant as the temperature decreases
down to approximately 30K, below which it undergoes drastic decrease to reach a value of 4.15 cm?
K mol™ at 5K. Curie-Weiss behavior is observed for nearly the whole temperature range analyzed and
the fit of the susceptibility data to the corresponding expression leads to C,, and & values of 5.07 cm?
K mol™and —0.4 K, respectively. The negative value of the Weiss temperature as well as the decrease
of the ., T product below 30K could be indicative of the presence of weak antiferromagnetic (AF)
interactions. The Ni" centers on each {Niy(H,0)Sb,W,,05} clusters are connected through one WOg
octahedron and one edge-sharing {W,04,} fragment. It is known that O—W—0O pathways leads to

8537 and therefore, 5-Ni could be

negligible magnetic exchange between paramagnetic centers,
described as two isolated {Ni,(u-2,3-pyzdc)} dimers from a magnetic point of view. Following this
assumption, magnetic susceptibility data were fitted by using Equation 1, which is the well-known
expression for a dimeric § = 1 unit expressed per metal atom and multiplied by the four Ni** ions in

our sample (Fit 1).*

_ 4N g*p? 1+ 5exp(2x) ]
Xm =0T 3 + 5exp(2x) + exp(—x) £q. 1

where x = 2 J/KT, N is the Avogadro’s number, S is the Bohr magneton, k is the Boltzmman constant,
g is the Landé factor and J is the intradimeric exchange coupling constant derived from the
Heisenberg-van Vleck-Dirac spin Hamiltonian, H=—2JS; S,. The best fit results are g = 2.25 and J = -
0.35 cm™ (-0.5 K). These values are in good agreement with those observed for some 2,3-
pyrazinedicarboxylate bridged Ni chains with extremely weak AF behavior.*® However, this model
does not reproduce the experimental data satisfactorily at temperatures below c.a. 130K, as shown
in Figure 2.22. Therefore, we considered the zero-field splitting (ZFS) to be operative in our system,
and consequently, the experimental data were fitted by the following expression considering four
non-interacting S =1 atoms showing single ion ZFS:*

o g2 2/x - BB 4 exp ()

Xm = 73%T 1+ 2exp (—x)

Eq. 2

where x = D/kT; N, 5, k and g have their usual meanings and D is the value of the zero-field
splitting. Experimental data are very well reproduced with this equation and the best fit results are D
=6.5cm™* (9.3 K) and g = 2.25. The calculated D value is relatively large compared to that obtained
for J, and therefore it can be concluded that the effect of the single ion anisotropy on the magnetic
behavior of 5-Ni is more pronounced than that due to the isotropic intradimeric exchange.
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Figure 2.22. Left: Thermal evolution of x,, and the x,, T product for 5-Ni (circles) and least-squares fit to the
equation for dinuclear Ni** systems (Fit 1, dotted purple line) or for non-interacting Ni** centers with single-ion
zero-field splitting (Fit 2, continuous purple line). Right: Fit of the magnetic susceptibility data (black circles) to
the Curie-Weiss law (red line).

Stability in aqueous solution. Electrospray lonization-Mass Spectrometry studies for 5-Ni.

In order to elucidate whether 5-Ni is stable in solution or undergoes a decomposition process,
electrospray ionization-mass spectrometry (ESI-MS) measurements were carried out as described in
Appendix 2. The Ni" centers of the cluster precluded us from using NMR spectroscopy as for 1-SbZn
and 3-Zn, because the presence of paramagnetic centers usually results in wide chemical shift ranges
and broadened signals that makes the interpretation of the spectra difficult.*

Figure 2.23 shows the negative ESI mass spectrum of an aqueous solution of 5-Ni recorded at
low cone voltage. As can be observed in the spectrum, the dimeric 5-Ni species dissociates into
monomeric anions ({M}") upon dissolution. Dissociation appears to be complete as no signals
originating from dimeric species are observed in the spectrum. The monomeric anions are identified
as three groups of signals spanning in the m/z 1000-1800 range. The isotopic pattern inspection,
together with the m/z spacing between the groups of signals, indicate that the detected monomeric
anions display similar composition with charge states of 5— (m/z 1043.7, {M}*), 4— (m/z 1310.7, {M}*)
and 3— (m/z 1751.0, {M}*). These {M} monomers are best described as pristine {Ni,Sb,W,,070}
clusters, and therefore, the 2,3-pyzdc ligand might be released during dissociation process. Because
of the high charge state of the monomeric {M} anion (10-), the gas-phase detected species in the
negative ESI mass spectrum display different extent of protonation and counter-ion content, as well
as the presence of loosely associated solvent molecules. This is commonly observed in negative ESI
mass spectra of aqueous solutions of highly charged POMs.** The most abundant group of signals is
centered at m/z 1043.7 and formally corresponds to the series of anions of general formula
[Ni,Sb,W,0070+xH,0+mH"+(5-m)Na*]”". Analogously, the group of signals at m/z 1310.7 and 1751.0
can be readily assigned to the [Ni,Sb,W,0070+xH,0+mH"+(6-m)Na*1* and
[Ni,Sb,W,0070+xH,0+mH"+(7-m)Na*]*" series, respectively.
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Figure 2.23. Top: Negative ESI mass spectrum (U, = 15 V) of 5-Ni in freshly prepared aqueous solution. {M}(m'”)
= [NiZSb2W20070+xH20+mH++(n—m)Na+](lo'”)’ Bottom: Expanded region of the group of signals observed in the
ESI-MS for the 5—, 4— and 3— charge states compared to the simulated isotopic patterns.

2.4. CONCLUSIONS

This work nicely illustrates the potential of the well-known family of Krebs-type POMs as
precursors for preparing molecular, hybrid POMs via straightforward ligand substitution of labile
water molecules on pre-formed or in-situ prepared POM clusters under mild conditions. As a result,
the first organic derivatives of 3d-metal disubstituted Krebs-type POMs are reported in this chapter.
According to the ligand L, these seven compounds of general formula [{ML(H,0},(WO,),(B-£-
SbW4033),]" can be classified in the following groups: 1-SbM, where L = imc and M = Mn, Co, Ni, Zn;
2-Ni, where L = pzc and M = Ni; and 3-M, where L = pyzc and M = Co, Zn. In addition, reactions
carried out with imc ligand but using Te" as heteroatom instead of Sb" have resulted in the
corresponding 1-TeM analogues, from which only the compounds with M = Mn and Co have been
isolated as pure crystalline phases. The series of 1-TeM represents the first observation of a
transition metal disubstituted Krebs-type tungstotellurate framework. Organic derivatization of 3d-
metal disubstituted Krebs-type clusters has been shown up as extremely dependent on the exact
ligand nature. The ligand imc has been identified as “universal ligand” because its coordination to the
Krebs-type cluster takes place regardless of the external 3d-metal, reaction conditions or
heteroatom. In contrast, the second pyrazole carboxylate ligand evaluated (pzc) appears to be
selective toward the Ni-containing POM and promotes the partial decomposition of the Co-
containing cluster, which leads to the first structurally characterized metal complex of the pzc ligand
[Co(pzc),(H,0),]. Selective behavior has also been observed for pyzc toward the Co- and Zn-
disubstituted POM precursors, whereas the use of the pydc and pymc ligands resulted in the



complexes [M(pydc),(H,0),] (M = Co, Ni) and [Co(pydc),(H,0),], and the pic ligand showed to be inert
toward any of the POM precursor selected. The cobalt derivative of the Krebs-type POM could be
considered the most labile precursor because it reacts with most of the ligands evaluated, giving not
only hybrid derivatives as the product, but also [ColL,(H,0),] complexes for some of the reactions
explored as a result of partial decomposition. On the contrary, the manganese derivative appears to
be the most stable because it can only be coordinated by the “universal” imc ligand.
Functionalization can be efficiently monitored by IR spectroscopy, which represents a powerful,
accessible and cheap technique to detect the organic derivatization of the parent metal-oxo
framework prior to single-crystal X-Ray experiments. The resulting hybrid species are stable in
aqueous solution according to 'H-NMR studies performed on the diamagnetic derivatives.

Regarding the bridging ligands analyzed, 4,4’-bpy and 2,5-pyzdc have proven to be inert
toward Krebs-type tungstoantimonates, although the former leads to a series of compounds with
interstitial organic molecules as indicated by the X-ray analyses on 4-Mn. On the contrary, 2,3-pyzdc
shows selectivity toward the nickel-disubtituted Krebs-type POM and its coordination results in the
rearrangement of the parent cluster to lead to the ligand-bridged 5-Ni dimer. This dimeric species is
constituted by two {Ni,Sb,W,,07} clusters, which are novel and they show a {W,0,} moiety
incorporated into a {SbWy033} trilacunary unit in unprecedented manner. Furthermore, the assembly
shows a water molecule nested between the pyrazine rings of the 2,3-pyzdc ligands via O,—H: 1
interactions. ESI-MS studies show that the dimeric entity undergoes complete dissociation upon
dissolution. The magnetic properties of 5-Ni can be explained by the zero-field splitting of the Ni(ll)
centers.
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ABSTRACT: Reaction of lanthanide(lll) ions with Ni(ll), GeO, and Na,WO, in NaOAc buffer at room
temperature results in a library of [an(GeW1003g)]6_ isomers, which consist of dilacunary Keggin fragments
stabilized by coordination of 4f-metal atoms to the vacant sites and show the ability to undergo cation-directed
assembly processes. For early lanthanides (Ce to Sm), hexameric crown-shaped [NaCLn1zGe6W600228(H20)24]35_
(6-Ln, Ln = Pr, Nd) architectures were obtained in the presence of Na®, whereas the addition of K* leads to an
analogous [KSSm1,GesWisyO0128(H20)551 (7-Sm) cluster for Sm and to giant dodecameric [KcK;Ln,,Ge; ;W50
0.444(OH)15(H20)6al’”" (8-Ln, Ln = Ce, Pr, Nd) structures for Ce, Pr and Nd. Anions 8-Ln dissociate upon dissolution in
water into hexameric and monomeric entities, as identified by conductivity and electrospray ionization mass
spectrometry (ESI-MS) studies. The former species self-assemble into spherical, hollow, single-layered and stable
vesicle-like blackberry type structures, as monitored by laser light scattering techniques (LLS). Similar studies in
water-acetone mixtures showed that 8-Nd remains stable and forms blackberries with sizes increasing with the
acetone concentration. On the contrary, rod-like [Ln4(H20)6(GeWwag)z]lz_ (9-Ln, Ln = Gd, Tb, Dy, Ho, Er, Tm, Yb,
Lu) dimers and diamond-shaped [{Ln4(H20)5(GeW10038)2}2]24_ (10-Ln, Ln = Ho, Er, Tm, Yb, Lu) tetramers were
formed for mid-to-late lanthanides (Gd to Lu) in the exclusive presence of Na® or upon the addition of Cs’,
respectively. Combination of ESI-MS and "BW-NMR experiments indicates that 10-Ln tetramers fragment into 9-
Ln like dimers upon dissolution, which undergo partial dissociation into monomeric anions. The compounds
obtained were characterized by means of elemental and thermal analyses, IR spectroscopy and single-crystal X-
ray diffraction. Photoluminescence of 7-Sm, 9-Tb and 9-Dy and magnetic properties in the 9-Ln series are also
discussed.




3.1. 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. Combination of lacunary POMs with 4f-metals constitutes a powerful tool to obtain complex
architectures because the large size, oxophilic character and high coordination numbers (usually
higher than 7) make lanthanides ideal candidates for linking POM fragments in a large variety of
assemblies. The chemistry of these compounds is dominated by polyoxotungstates as a large number
of lacunary species are available, in such a way that structures ranging from dimeric entities to giant
assemblies included among the largest polyoxotungstates to date are known. Extensive work has
been carried out for several years in this field due to the interesting structural and physicochemical
properties that lanthanide containing POMs might show, including luminescence, magnetism or their
role as Lewis acid catalysts." Recently some detailed structural reviews on lanthanide containing
POMs have been published."?

3.1.1. Lanthanide containing isopolyoxotungstates

Peacock and Weakley described the first family of lanthanide-containing POMs in 1971,
namely the series [Ln(W5s01s),]°” (Ln"' = La—Sm, Ho, Yb) and the [Ce"(Ws015),]>” POM.? These species
consist of two monolacunary Lindgvist type POMs encapsulating a 4f-metal ion in an eight-
coordinated square-antiprismatic LnO4(0,’) fashion (Figure 3.2). Since then, a large number of
derivatives have been prepared by using different lanthanides salts.* Subsequently, all the sandwich-
type clusters formed by a lanthanide ion trapped between two monolacunary fragments have been
known as Peacock-Weakley type anions.

Besides the decatungstate sandwich-type anions, structural characterizations of only three
other types of lanthanide containing iso-POMs have been reported to date. Cao’s
[Ce,(H,0)Cl(HeW150s4)]”” comprises one Ce" dimer surrounded by a cyclic {HeW:sOss} structure
composed of three {W3014} units linked to each other via corner sharing with three {W,04,} moieties.
Each Ce atom in this POM is capped by one water molecule or one Cl atom.’> On the other hand,
Kortz’s [Lny(H,0)10W5,07,(0H),]®" dimer (Ln = La, Ce, Tb—Lu)® and [Ln,(H;0)10W15043(OH),]™* V-
shaped trimer (Ln = La — Eu)’ are related to the [H,W11035]°" undecatungstate® unit. The former is
composed of two corner sharing undecatungstate subunits stabilized by the coordination of two
lanthanide atoms and shows a 1D arrangement in the solid state, whereas the latter is formed by two
undecatungstate subunits and one hexatungstate fragment linked by two nine-coordinated
lanthanide ions (Figure 3.1).

Figure 3.1. Structure of: (a) the [Cez(HZO)CI(H6W15054)]7_ anion (Cl atom depicted in dark green and {W3044}
moieties in dark grey); (b) the [Lny(H,0)10W»,04,(0H),]¥ framework; (c) the [Ln,(H,0)10W15043(OH), 1™
assembly ({W,046} moieties of the undecatungstate units depicted in dark grey).
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3.1.2. Lanthanide containing heteropolyoxotungstates
Compounds based on monolacunary fragments

A wide range of Peacock-Weakley-type POMSs® containing Keggin or Wells-Dawson
monolacunary units have been reported to date, including the {Ln(a-XW1,03),} (X = Si¥, P, As"),?
{Ln(ﬂz'SiW]_lo_a,g)z}lo or {Ln(a-P,W1,061),} (o = a1 ,0)** families (Figure 3.2). The chiral POMs derived
from the assembly of a-Keggin units show two enantiomeric forms depending on the clockwise (D) or
counter clockwise (L) 45° twisting of one of the Keggin fragments with respect to the other. Among
the anions containing intrinsically chiral f,-isomers, two configurations are found: (A) showing the
same enantiomer and (B) with different ones. The former isomer is favored for early lanthanides,
whereas the latter is gradually preferred for mid- to late 4f-metal ions. In the case of structures
containing Wells-Dawson anions, an extensive work was carried out in terms of lanthanide speciation
studies in solution. Furthermore, the mixed iso/hetero Peacock-Weakley type {Ln(a-BW;;03)
(Ws043)} mixed assembly was also obtained by Yamase.™

Figure 3.2. Molecular structures of representative Peacock-Weakley type POMs. (a) {Ln(W5043).}; (b) L-{Ln(a-
XW1;030),}; (€) A-{Ln(B-SiW1,035),}; (d) {Ln(a-BW11034)(W5015)}; (e) {Ln(az-P,W17061),}.

Although lanthanide substituted monomeric species were identified in solution by Peacock &

Weakley in their early works, self assembled derivatives forming chains™ or dimers'**

and showing
accessible coordination water molecules, have only been isolated in the solid state (Figure 3.3). While
Keggin subunits usually lead to one-dimensional architectures or dimeric assemblies, a variety of
dimers showing cap-to-cap, belt-to-belt and cap-to-belt coordination modes have been observed for

Wells-Dawson fragments depending on the size of the employed lanthanide.

Figure 3.3. Structures of: (a) zig-zag and linear {Ln(H,0),(a-XW1,030)}  chains. (b) [{Ln(H20)3(a-PW11039)}2]6_
dimer (c) belt-to-belt linkage in the [{Ln(H,0)(a>-P,W,,0¢1)},]"*" dimer.



Compounds based on polylacunary fragments

Besides Peacock-Weakley species, some other lanthanide containing dimeric POMs are known.
These are based on trilacunary Keggin units and include Krebs- and Knoth-type POMs incorporating
4f-metals, the so-called open Wells-Dawson anions, or lanthanide substituted [As,W150¢,]™* clusters
formed by two [B-a-AsW035]° subunits linked via one {WOg} moiety." Alternatively, polylacunary
Wells-Dawson fragments have been observed to encapsulate a central rhomblike cerium cluster, a
{YbsOs} hexamer, or to lead to the insertion of lanthanide ions in more complex architectures like the
]15

Preyssler [PsW3,0110] " or the wheel-shaped [PgW,4g0184]"" ponanions.16

/\
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Figure 3.4. Molecular structures of some lanthanopolyoxotungstantes based on polylacunary units: (a)
[Lay(H,0)6A5;W15067(H20)]”". (b) [Cea(PW10035)(PWi11030)2] ™" (c) [Ces(CO3)(SbWsOs3)(WsOsg)s]*”. (d) [{YbeO
(OH)6(H;0)6H(P2Wis0s6)2]" ™. (€) [Ce(H,0)s(AsaWag0140)1°”". (F) [K{EU(H;0)5(AsWsOs33)le] ™

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 like As" or Sb".
Nogueira’s [Ce",(PW10033)(PW11035),]"" ceriopolyoxotungstate containing dilacunary a-Keggin type
subunits is an illustrating example of the first group.!” Yamase’s [Lns(a-SbWq033)(WsO13)5]™%, the
[Ce3(H,0)s{Sb,0,{WO,(H,0)}(a-SbW4033),]*>" anion trapping the unusual {Sb,O.} cluster, the
[(BiW5033)a(WO;){Big(>-0)a(*-OH)3}(Lns(H,0)sCO5) 1>~ assembly showing the central {Big(p*-0)a(n*
OH);} moiety, Francesconi’s [(Eu;PW;0035)a(W3014)]**" anions and some others prepared by the
derivatization of the tetrameric {As;W,,0140} POM cryptate could be considered as representative
examples of the second group.’® Higher nuclearity has also been observed in crown-shaped
{Mc{Eu(H,0),(a-AsWy033},} tetra-or hexameric assemblies (where M = K, n=6; M = Cs, n= 4) or the
hexameric [Csc{LngAseWg30215(H20)12(OH)4}*° and [Hos(H,0)16(OH),AsWe0,50]>> anions™ (Figure
3.4).
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3.1.3. Organically derivatized lanthanide-containing POMs

Except for Peacock-Weakley type clusters, lanthanide centers incorporated to POM clusters
usually show several accessible water molecules suitable for further organic derivatization. However,
direct organic ligand replacement on those 4f-metal centers can be more challenging than a priori
expected. The oxophylic nature of lanthanide centers make 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 3.5 displays some representative examples of organically derivatized lanthanide
containing POMs. Bridging acetates have been incorporated to monomeric {Ln(POM)} species to lead

1920 or q,-Wells-

to dimeric [{Ln(H,0)3;(POM)},] assemblies constituted by monolacunary o -Keggin
Dawson fragments>'. Oligomerization of late-lanthanide monosubstituted Wells-Dawson or Keggin
anions takes place when the oxalate (ox) bridging ligand is employed.?” Similar reaction results in
hybrid [Yb,(H,0),(0x){a-(1,11)-PW,,035}].>" chains when Yb" is used as lanthanide source. Using the
N,O-chelating picolinic acid, Boskovic and co-workers succeeded in preparing organically
functionalized Tb or Eu derivatives of the [A52W19067(H20)]14' lacunary polyanion, which show
interesting photoluminescent properties.” Starting from the trilacunary [A-a-AsWq034]° anion, Xu et
al. recently obtained a Dy" disubstituted Keggin cluster showing one citrate ligand completing the
coordination sphere of each lanthanide center, namely [Dy,{COH(COO)(CH,CO0),},AsW,035]"*".**
The citrate ligands are coordinated to the Dy centers in a tridentate fashion through two carboxylate

O atoms and one OH group.

Figure 3.5. Representative examples of organically derivatized lanthanide-containing POMs: (a) Monomeric
[Dy2{COH(COO)(CH,CO0),}2(AsW10036)]™".  (b)  [Lny(pic)(H,0)a(B-AsW5030)o{ WO, (pic)}s]™”.  (c) Dimeric [(u-
ox){Ln(H,0)(PW1,036)},1"* . (d) chains of [{e-PM01,034(OH)}Las(H,0),,(C404)]. (€) Three-dimensional network in
[{€-PM01,035(0H)s}Las(H,0)10(CoH306).].



The mixed-valence [{e-PMo"sMo"',035(OH),H{La(H,0).}a]>* polyoxomolybdate cation with an -
Keggin type core capped with four lanthanum ions* has been used as building block for the design of
extended hybrid organic-inorganic frameworks. The lability of the terminal water molecules on the
4f-metal center allows for the reaction of the polyoxomolybdate precursor with bidentate bridging
ligands leading to one, two or three dimensional arrangements in the solid state. Polycarboxylic
ligands like acetate, glutarate, squarate and di-, tri- or tetra-substituted benzenecarboxylates have
been used for constructing such type of arrangements.”® The cationic nature of the cluster makes the
functionalization easier in such a way that it takes place even at room temperature and under mild
conditions. (Figure 3.5)

3.1.4. Properties and applications of lanthanide-containing POMs

Among the vast POM family, 4f-metal containing species constitute one of the largest and
currently most active groups because combination of POM building-blocks with rare-earth metals has
been shown up as a suitable method for introducing additional properties (catalytic, optical,
magnetic) to the POM system.

Lanthanide containing POMs as Lewis acid catalysts

The usual accessible and labile coordination sites on the metal centers make 4f-metal
containing POMs effective Lewis acid catalysts for the activation of organic substrates. 4f-metal
monosubtituted Keggin {XW,,03¢} or Wells-Dawson {P,W,,0¢:} polyoxotungstates have been used as
selective and recoverable catalysts for C-C bond formation with enhanced chemo- and
diastereoselectivity in Diels-Alder, Mannich and Mukaiyama type reactions or even employed for the
aerobic oxidation of formaldehyde.27 Moreover, combination of Lewis acid lanthanide sites and
nucleophilic POM surfaces with Lewis base character can result in bifunctional catalysts suitable for
cyanosilylation or oximation reactions owing to their ability to simultaneously activate
complementary substrates, as well as in artificial proteases for the selective cleavage of peptide
bonds under mild conditions because of the enzyme-like molecular recognition that POMs can
undergo toward positively charged regions on proteins.’® Similarly, lanthanide capped e-Keggin type
POM s have also been tested as the first example of polyoxocations with catalytic activity.”

Magnetism: Single Molecule Magnets (SMM)

From a magnetic point of view, combination of the intrinsic large magnetic anisotropy and
large ground-state spin values displayed by rare-earth metal ions under certain ligand fields with the
rigidity and insulating ability of POMs as ligands (which hinder possible alterations in the ligand field
or intermolecular magnetic interactions from taking place) 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, even with chemically-controlled reversible switching of the SMM behavior, and this
may pave their way for being applied in high density memory-storage/sensor devices, spintronics or
guantum computing. 30

For example, Peacock-Weakley iso- or hetero-polyanions comprising a single lanthanide atom

10b, 31

in D4q square-antiprismatic environment and Preyssler type POMs showing a 4f-metal center in

unusual 5 fold symmetry®* have been identified as part of the growing family of SIMs. The former can
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be seen as inorganic analogues of Ishikawa’s phthalocyaninato-lanthanide [LnPc,]” complexes with a
“double-decker” structure.*® These systems represent the limit in the miniaturization of a
nanomagnet since a single magnetic center has been shown to be enough to behave as a SMM.

Photoluminescent properties

Lanthanide ions have been widely used in technological applications (e.g. photovoltaic cells,
optical transistors, lasers, light-emitting diodes) or biomedical analyses and imaging because of their
photophysical properties.®® Trivalent lanthanide ions show characteristic photoluminescent
properties, which result in weak emission because of the forbidden f-f transitions. However, effective
emission can be observed by employing suitable “antenna” ligands that allows efficient energy
transfer to the lanthanoid center, populating the metal excited states. It is well known that POMs can
act as multidentate antenna ligands because the photoexcitation of the O—M (M = Nb, Mo, W)
ligand to metal charge transfer (LMCT) bands sensitize the emitting centers as a result of the cited
intramolecular energy transfer.*® Owing to their multidentate character, they can also block
coordination sites against aqua ligands responsible for emission quenching. 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.

It is worth mentioning that polyoxometaloeuropates exhibit the highest photoluminescence
guantum vyield among all the luminescent POMs described in the literature because the
intermolecular energy transfer from O—M LMCT to Eu’* centers is more efficient compared to that
from any other 4f-metal POM. The [Eu(WsO3),]°” anion reported by Yamase is certainly one of the
most applied POMs in the construction of functional materials.*® This cluster has been incorporated
into multi-wavelength core/shell nanoparticles and Langmuir-Blodgett or layer-by-layer thin films
containing different types of matrices (e.g. surfactants, agarose, polysaccharides, layered double
hydroxides) and showing color-tuning or chemically-controlled switching of the emission.*’ Efficient
sensitization of some other 4f-containing POMs has also been achieved by the coordination of
organic antenna ligands to the emitting centers.”

3.1.5. Giant POMs

Giant polyoxomolybdates showing more than 100 Mo atoms and sizes comparable to proteins
have been thoroughly obtained by the group of Miller who has reported a variety of {Mo;,M3}
Keplerates or {Moiss}, {M0176} and {Moy.s} type “big wheels” based on mixed valence molybdenum
(“Molybdenum Blues”). All have pentagonal {{Mo)Mos} moieties containing a central Mo atom in a
pentagonal bipyramidal environment as a common structural feature.*® In addition, lanthanide atoms
have also been incorporated to those frameworks.>® The potential of these systems to form large
assemblies is so high that the {Mosgs} hedgehog or “blue lemon” structure still represents the largest
POM obtained to date.”® The pentagonal bipyramidal {MO,} unit has also been observed for tungsten
as part of Keplerate-type polyoxotungstates or even as part of a “defect” pentagonal {(W)W,} core in
hexameric selenotungstates.*’ However, the lower lability and much slower assembly processes of
tungstates compared to molybdates has made the search of tungsten analogues of “molybdenum
blues” an almost unexplored field.
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Figure 3.6. Molecular structures of some giant POMs showing more than 100 addenda metal atoms.

Regarding classical polyoxotungstates, the use of 4f-metal ions represents a powerful strategy
to construct large, novel architectures due to their ability to link lacunary polyoxotungstates because
of their high oxophilicity and coordination numbers. 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 center for further
derivatization. Among the nine structures containing more than 100 metal atoms, five belong to the
family of lanthanide containing POMs and four of them show more than 100 W atoms. The largest
polyoxotungstate architectures known in terms of the number of tungsten atoms have been
obtained by employing first row transition metal linkers, such as the {W,y;Co3Ogs0} cluster assembly
containing isopolyoxotungstate fragments derived from the pentagonal {W(W5s)} subunit or the
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[MnaoP3,W5540355]™**  species based on {PsW,} anions which is considered the largest
polyoxotungstate to date.”” Nevertheless, the combination of lanthanide atoms with dilacunary
{GeW (033} or trilacunary {B-As"Wy03;} units has also lead to several gigantic metal-oxo frameworks.
The [As1;Ce16(H20)36W1450524]”® anion synthesized by Pope and co-workers in 1997 was the largest
polyoxotungstate known until 2010. This anion incorporates twelve {B-a-AsWy033} subunits, four
monolacunary Lindgvist-type {Ws04s} subunits and sixteen Ce centers linked by extra tungstate
groups in a disc-shaped assembly with ideal Dy symmetry.43 The POMs [CeyGe1o0W1000376
(OH)4(H,0)30]*® and [GdgAs1,W1240432(H;20),2]%" 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,GeW o033} subunits linked to each other by the coordination sphere of Ce
atoms in such a way that chiral R and S halves are present in the dimeric species. Hexameric halves in
the latter POM are composed of six {AsWs033} and two {Gd,W,} building blocks.* Similarly, the series
of [LN16AS16W160576(OH)g(H20) 4] isomorphic macroanions (Ln = Eu, Gd, Tb, Dy, Ho) synthesized by
Hussain et al. from the [A52W19067(H20)]14' POM precursor can also be considered as representative
examples of the potential of 4f-metals in the construction of these outstanding polyoxotungstates. In
spite of containing less than 100 W atoms, it is also worth mentioning the asymmetric
[Yb1oAs10W350305(OH)s(H;0),5(0AC)4]*® anion reported by the same authors, which shows a
decanuclear 4f-metal magnetic core stabilized by four {B-a-AsWyOs3} and two {B--As"W;033}
fragments linked by extra tungstate units.”> The last member of the family of giant lanthanide-
containing polyoxometalates is the crown-shaped [K7Ce24Ge12W1200444(OH)12(H20)64]52‘ POM, which
was published in 2010 by Reinoso et al. and it is going to be discussed later during this chapter.*

Self-assembly of large polyoxoanions in solution

Polyanions are suitable models to understand the gap in the solution behavior between
simple ionic solutions (small ions that can be considered as point charges) and unstable colloidal
suspensions. Polyoxometalates cannot be treated as point charges because of their big size, but
opposite to colloidal suspensions, they form stable “real solutions”. Due to their well-defined
molecular structure, high negative charge and high solubility in polar solvents, large POMs with sizes
ranging from ca. 2 nm to 6 nm (e.g. giant Mo-rings, Keplerates, 3d- or A4f-containing
polyoxotungstates, Figure 3.7) can show unusual behaviors in solution. More specifically, clusters can
slowly self-assemble into spherical, hollow, single-layered and stable vesicle-like supramolecular
entities, the so-called “blackberry” type structures.” To date, {Cu,PsW.s} has been identified as the
smallest polyanion to be able to self-assemble into blackberries in solution.*”® Laser light scattering
(LLS), traditionally used for polymers, represents an ideal technique to monitor this type of self-
assembly processes in diluted POM solutions (more details are given in Appendix 2).

Despite the fact that slow formation of spherical structures in aqueous solution by large
POMs was previously observed in giant polyoxomolybdates by Miiller*”® and Liu,* the publication of a
complete study on the formation of blackberries in 2003 was the starting point for the development
of this intriguing field.>* Size disparity between the macroions and their counterions leads to the
counterion mediated attraction, which is considered as the main driving force in the self-assembly
process. This theory has been proved by the determination of the counterion association around
discrete polyanions in solution using small-angle X-ray scattering techniques (SAXS).”> When the
effective charge of the POM is either too high or too low, no blackberries are formed in solution. The
single-ion blackberry transition driven by the counterion association is not strong enough to



overcome the repulsion between POMs with very high charges, whereas POMs with very low charges
are not able to hold counterions as ion-pairing structures, which will largely reduce the attractive
force among them.>
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Figure 3.7. Size and molecular structure of some typical large POMs that can form blackberries in aqueous
solutions. Color code: MoO, polyhedra, grey; MOg (M = Fe, Cr) octahedra, orange.

Due to the importance of the charge regulated mechanism, the assembly/disassembly of the
blackberries, as well as their size, can be adjusted by modifying different parameters like the solvent
polarity (the blackberry size shows linear relationship with the inverse of the dielectric constant of
the solvent);* the effective charge of the POM (which might be modulated by changing the pH)™;
and the addition of extra salts>® or cationic surfactants® to the media. Sometimes, hydrogen bonding
also plays an important role in the formation of the assemblies. Recently, rod-like assemblies were
also observed for certain POMs showing anisotropic distribution of the charge density in the

surface.”®

Blackberry-type structures can be found not only in macroanionic solutions, but also with
macrocations such as metal-organic nanocages,” and therefore, they could be seen as a universal
kind of self-assembly for soluble macroions. Moreover, hollow vesicles show certain similarities with
some biomolecular systems, including the general structure of the spherical virus capsid and the
kinetics of their formation process, or even the interaction between DNA and proteins.”’ Some
fascinating biological behaviors such as the self-recognition among molecules take place during the
blackberry formation. Two types of almost identical POM macroions can self-recognize each other in
a mixed solution during their self-assembly process, resulting in two types of homogenous
blackberries instead of mixed assemblies. This behavior has been explained by slightly different
charge distributions of the macroions which are sensitive for long-rage counterion-mediated
electrostatic attraction.®

3.1.6. Aim of the work

In 2010, the largest tungstogermanate to date was published in Angewandte Chemie
International Edition by Reinoso et al., namely [K;CeGe1;W120044(OH)12(H,0)eal®> (8-Ce).*® This
compound was described as containing the largest number of 4f-metal ions in a POM so far, and it
was considered as the first giant POM with a crown shape, that is, displaying a central cavity available
for ion encapsulation in an inorganic analogue of crown ethers. This POM was obtained upon
addition of K’ to a one-pot reaction involving NiCl,-6H,0, Ce(NO3);-6H,0, GeO, and Na,W0Q,-2H,0 in
sodium acetate buffered medium at room temperature. According to preliminary results, 8-Ce
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appears to undergo a blackberry-type aggregation in aqueous solution. Encouraged by these findings
and taking into account the potential properties that lanthanides might confer on the new POMs, a
systematic study on the influence of different synthetic variables (e.g. lanthanide, alkaline
counterion) of the one-pot procedure in the final products has been carried out as it will be explained
later in this chapter. The POMs obtained are summarized in Figure 3.8 and they will be discussed in
two different sections. By using early lanthanides (Ce to Sm), large assemblies containing 6 (6-Ln, 7-
Sm) or 12 (8-Ln) lanthanide disubstituted Keggin-type dilacunary [Ln,GeW;4035]°  subunits
({Ln,GeW1,}) were obtained, whereas smaller assemblies based on 2 (9-Ln) or 4 (10-Ln) {Ln,GeW,}
subunits were found for mid-to-late 4f-metals (Gd to Lu). As a result, here we report on the synthesis
and full characterization in terms of solid state properties and solution behavior of 18 lanthanide
containing tungstogermanates, namely Nas;Ni;[NacLn;,GegWe05258(H20)54]-~145H,0 (6-Ln, Ln = Pr,
Nd), Na27K4Ni;[KESSm;,GegWep0;25(H20),2]-~123H,0 (7-Sm), Na4oKsNis[KK7LN;4Ge1,W1200444
(OH)12(H;0)64]-~280H,0 (8-Ln, Ln = Ce, Pr, Nd), Nay,[Lns(H,0)s(S-GeW1403s),]-nH,0 (9-Ln, Ln = Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu; n = 40-44) and Cs,Na,4.,[{Ln4(H,0)s(GeW1003s),},]-nH,0 (10-Ln, Ln = Ho, Er, Tm,
Yb, Lu; y = 5-7; n = 63-66). Compounds containing early lanthanides (6-Ln, 7-Sm and 8-Ln) will be
discussed in Section 3.3, whereas those derived from mid-to-late lanthanides (9-Ln and 10-Ln) will be
described in Section 3.4.

Hexamer (6, 7) Tetramer (10)
’_I_\ 2
4 1
S7La 58Ce 59pr GONd GZSm 63Eu 64Gd 65Tb 66Dy 67Ho 68Er 65Tm 70Yb 71Lu
Lanthanum Cerium Praseodymium| Neodymium | Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
| ) (| )
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Figure 3.8. Schematic representation of the compounds included in Chapter 3.
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3.2. GENERAL SYNTHETIC ASPECTS

The corresponding 1.1Ni*":1.1Ln**:1Ge0,:9W0,* or 1.1Ln*:1Ge0,:9W0,” reactions
were carried out in 0.5M NaOAc buffer solution at room temperature. The use of 14 different
lanthanide ions in the presence or absence of Ni**, together with the addition of K" or Cs*
cations as crystallizing agents results in a total number of 84 possible reactions. All of them
were performed and the results obtained are summarized in Table 3.1.

Table 3.1. Summary of the main results derived from the systematic studies included in Chapter 3.

1.1 M*:1.1Ln* :1GeO,: 9 WO,

M = Ni M=
Na K Cs Na K Cs
L51Lam X a X X e X
igcf x Ysce b X 8CeB f
Pra:!::ium ‘/G-Pr ‘/S-Pr c g h ;
GZ'f'nd Vend VaNd d j k |
isnr'n X v 2.5m X X m X
TRiox x X | X %X X
“ed % x  x |Yea x  x
"hox  x  x Yem x  x
66Dy X X x |[Yeby x b4
::.Iu?n X X X ‘/9'H0 X ‘/10-Ho
ot % % % Yer x Viow
G::T.T X X % |[Yerm x v 1omm
mfb X X % |[Yewo x viow
e x X % Yew x Yiow

*previously published (see reference 46).

8-CeB: a crystal structure was obtained from this reaction.

¢, d, g, i j I: the IR spectra of these solids are similar to those of 6-Ln and 7-Sm.
a, b, e, f, h, k, m: the IR spectra of these solids are similar to those of 8-Ln.
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Only 32 out of the 84 possible synthetic combinations have resulted in identifiable solid
products. These can be classified into two groups: compounds whose structure was determined by
single-crystal X-ray diffraction and those identified only by IR spectroscopy. As part of the former
group, three types of compounds have been obtained for early lanthanides (Ce to Sm) and with the
help of Ni** cations. The hexameric, crown-shaped [NacLn;,GegWeo0,28(H,0),4]* architectures (6-Ln,
Ln = Pr, Nd) were obtained in the exclusive presence of Na®, whereas the addition of K’ lead to a
similar kind of cluster for Sm [KcSm;;GeeWeOas(H20)2]*" (7-Sm) and giant dodecameric
[KeK7LN24Ge1;W1200444(0OH)12(H,0)6a]*>” structures (8-Ln) for Ce, Pr and Nd. Besides, another two
types of architectures have been obtained for mid-to-late lanthanides in the absence of Ni** cations
(Gd to Lu): rod-like dimeric [Lns(H,0)s(5-GeW10035),]"> (9-Ln, Ln = Tb to Lu) and diamond-shaped
tetrameric [{Lns(H,0)s(GeW10035),}1,]** (10-Ln, Ln = Ho to Lu) assemblies, which were formed in the
exclusive presence of Na* cations or upon addition of Cs* ions, respectively. All these results account
for the 16 new structures reported in this chapter. As mentioned before, the synthesis and crystal
structure of 8-Ce was reported previously,* but a full study of its solution behavior by means of Laser
Light Scattering techniques will be given in this chapter.

On the contrary, the second group is composed by the solid phases isolated from the reactions

"' as the rare earth source, Cs* as counterion or those carried

performed for early-lanthanides with La
out in the absence of Ni** cations. The dimeric compound 9-Gd can also be classified in this group
because it could only be characterized by elemental and thermal analyses, IR spectroscopy and
magnetic measurements. For the Cs* containing procedures, the solid product isolated from the

reaction carried out with Ce"

displays an IR spectrum comparable to those of 6-Ln and 7-Sm,
whereas those of the products obtained with Pr'"" or Nd" are identical to the spectrum of 8-Ln.
Moreover, the compounds isolated in the presence of K" or only Na* exhibit similar IR spectra to

those observed for 8-Ln and 6-Ln/7-Sm, respectively. In the case of Ce"

, when the organic chelating
ligand 2,6-pyridinedicarboxylic acid was used as structure directing agent, we were able to isolate
crystals suitable for X-Ray Diffraction experiments and the structure of a dodecameric assembly was
determined (8-CeB). Unfortunately, we cannot give further proof of this structure to be

representative of the almost amorphous bulk phase.

3.3. POM ASSEMBLIES CONTAINING EARLY LANTHANIDES

3.3.1. Experimental section

General synthetic procedure. Solid NiCl,-6H,0 (233 mg, 0.98 mmol), Ln(NO3);:6H,0 (0.98 mmol, Ln =
Pr, Nd, Sm), GeO, (93 mg, 0.89 mmol), and Na,W0,-2H,0 (2.64 g, 8.00 mmol) were successively
added to a 0.5M NaOAc/AcOH buffer solution (40 mL). The reaction mixture was stirred for 1 h at
room temperature. After filtering any solid off, the resulting solution was left to evaporate.
Nas;Nir[Nac{Ln,(H,0)4(-GeW14035)}6]-~145H,0 (6-Ln; Ln = Pr, Nd) was isolated as small prismatic X-
ray quality single crystals by slow evaporation after four days. Nay7K4Ni[K&{Smy(H,0)a(f-
GeW1¢0sg)}6]-~121H,0 (7-Sm) and NagoKgNi[KCK;LN2sGe1;W1300444(OH)12(H,0)s6]-~288H,0 (8-Ln, Ln =
Pr, Nd) were obtained as prismatic plates by addition of aqueous 1M KCI (~1 mL) to the final solution,
followed by slow evaporation at room temperature for three days.

Na31Niz[NaCPr]_zGesWGoOzzg(H20)24]'N145H20 (6'Pr): Pr(N03)36H20 (426 mg) was used as the
lanthanide source. Yield: 70 mg, 5 % based on Pr. Anal. Calcd (found) for GegH314Na3,Ni,O3zg5Pri,Weo:



Ge, 2.13 (2.18); Na, 3.59 (3.64); Ni, 0.57 (0.61); Pr, 8.25 (8.16). IR (cm™): 936 (m), 870 (sh), 827 (s),
783 (s), 729 (m), 517 (w), 480 (w), 424 (m).

Na;;Ni;[NacNd;,GegWg;0,53(H20),4]:~145H,0 (6-Nd): Nd(NO;);:6H,0 (430 mg) was used as the
lanthanide source. Yield: 90 mg, 6 % based on Nd. Anal. Calcd (found) for GegH314Naz;Nd15Ni; O35We:
Ge, 2.17 (2.09); Na, 3.58 (3.51); Nd, 8.43 (8.29); Ni, 0.57 (0.62). IR (cm™): 936 (m), 872 (sh), 826 (s),
783 (s), 731 (m), 513 (w), 480 (w), 428 (m).

Na,;K,4Ni;,[KcSm;,GegWg;0,,5(H20),5]:~123H,0 (7-Sm): Sm(NOs);:6H,0 (436 mg) was used as the
lanthanide source. Yield: 290 mg, 11 % based on Sm. Anal. Caled (found) for
GegHa90KaNa,7Ni;03755m 1, Weo: Ge, 2.13 (1.97); K, 0.96 (0.99); Na, 2.13 (2.33); Ni, 0.57 (0.53); Sm, 8.82
(8.68). IR (cm™): 934 (m), 875 (sh), 827 (s), 785 (s), 733 (m), 513 (w), 476 (w), 432 (m). TGA/DTA:
Dehydration process is completed at around 490 °C. [calcd (found) for 145H,0: 12.77 (12.71)] and
followed by the decomposition of the POM resulting in the final residue at 650 °C.

NaoKsNis[KcK;Pr,Ge ;W 1200444(OH)12(H,0)62]-~ 280H,0 (8-Pr): Pr(NOs);:6H,0 (426 mg) was used as
the lanthanide source. Yield 340 mg, 14 % based on Pr. Anal. Calcd (found) for
Ge1oH700K14NagoNisOgooPr2aW1s0: Ge, 2.10 (2.14); K, 1.32 (1.47); Na, 2.22 (2.30); Ni, 0.43 (0.44); Pr, 8.16
(7.94). IR (cm™): 941 (m), 856 (sh), 820 (s), 789 (s), 731 (m), 700 (m), 530 (w), 426 (m).

NasoKsNis[KcK;Nd,4Ge1,W1200444(OH)12(H20)64]-~280H,0 (8-Nd): Nd(NO3)s:6H,0 (430 mg) was used
as the lanthanide source. Yield 390 mg, 16 % based on Nd. Anal. Calcd (found) for
Ge1,H700K1aNazoNd,4NisOg00W1a0: Ge, 2.10 (2.23); K, 1.32 (1.43); Na, 2.21 (2.27); Nd, 8.33 (8.49); Ni,
0.42 (0.41). IR (cm™): 943 (m), 856 (sh), 826 (s), 786 (s), 729 (m), 698 (m), 524 (w), 428 (m).

Thermal analyses: The TGA/DTA curves for compounds 6-Ln (Ln = Pr, Nd), 7-Sm and 8-Ln (Ln =
Pr, Nd) are shown in Figure A2.11 in Appendix 2. In all cases, the dehydration process is observed as
an endothermic mass loss that extends continuously up to temperatures in the 455-520 °C range,
above which the POM framework starts decomposing as indicated by a set of overlapped exothermic
signals. Table 3.2 displays the experimental mass losses observed (Am) compared to the calculated
values, together with the temperature ranges at which POM decomposition takes place (Ty).

Table 3.2. Thermal data of compounds 6-Ln, 7-Sm and 8-Ln.

Arnexp (%) Arncalcd (%)I nHZO Td (oc)

6-Pr 13.75 13.81 for n = 157 530
6-Nd 13.81 13.78 for n = 157 540
7-Sm 12.71 12.77 for n = 145 650
8-Pr 14.95 14.95 for n =344 630
8-Nd 14.98 14.92 for n =344 640

Single-crystal X-ray diffraction

Crystal data for 6-Ln (Ln = Pr, Nd), 7-Sm and 8-Ln (Ln = Pr, Nd) are summarized in Table 3.3.
Thermal vibrations were treated anisotropically for heavy atoms (W, Ge, K, lanthanides).All
compounds display significant disorder between counterions and lattice water molecules. For the
isostructural 6-Ln, 14 (Nd) and 16 (Pr) sites with appropriate geometries for a sodium cation were
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located in the Fourier maps. The occupancies in these positions were initially refined without

restrictions and rounded to the first decimal in the last cycle. The same procedure was followed with

the 2 nickel sites located for both compounds. This resulted in the following total number of Na/Ni

atoms per asymmetric unit containing half of the polyanion: 10.5/1.0 for 6-Pr and 9.3/0.7 for 6-Nd.

For 7-Sm, the lower quality of the data only allowed us to locate 12 sodium, 2 potassium and 2 nickel

sites. The free refinement of the population factors of these sites and consequent round to the first

decimal resulted in a total number of 7.0 Na, 1.0 K and 0.7 Ni atoms respectively.

In the case of the isostructural 8-Ln (Ln =Pr, Nd), the low quality of the data together with a

heavy disorder between counterions and solvent molecules result in a final structural solution with
large voids accounting for about 10% of the unit cell (1046 A% at x,y,z = 0, 0, 1/2 for 8-Pr and 1864 A?
at x,y,z=0, 0, 0 for 8-Nd). Because of this, we could only find a total Na/K/Ni number of 13.0/6.0/0.7
(8-Pr) and 11/6/0 (8-Nd) cations per asymmetric unit containing one half of the polyanion. The

presence of the three Ni" ions in 8-Nd was unequivocally determined by elemental analyses.

Table 3.3. Crystallographic data for 6-Ln (Ln = Pr, Nd), 7-Sm and 8-Ln (Ln = Pr, Nd).

Compound

Formula

FW (g mol™)
Crystal system
Space group

a (A)

b (A)

c(A)

Dearea (g cm ™)
u(mm™)
Reflections
Collected

Unique (Rint)
Observed [/ > 20(/)]
Parameters

R(F) [ > 2a(1)]
wR(F’) (all data)
GoF

6-Pr

GegH3z14Na3;Niy
O385Pr1,Wep

20487.1
triclinic

P-1
17.3447(3)
22.7515(4)
23.5880(4)
112.0901(17)
111.3416(17)
94.7239(15)
7770.1(2)

1

4.378

56.43

46061
27405 (0.052)
22115
1133
0.052
0.146
1.055

6-Nd

GegHi14Naz,Nd;,
Ni;0355Weo

20527.0
triclinic

P-1

55364
27695 (0.049)
22656
1132
0.049
0.136
1.009

7-Sm

GegH,90KaNayy
Ni;03735mM1,We

20425.61
triclinic
P-1
17.0643(3)
22.8140(4)
23.0050(4)
112.158(2)
109.021(2)
96.241(2)
7562.3(3)
1

4.485
61.022

55455
26967 (0.044)
22298
1122
0.056
0.156
1.026

8-Pr

GejH700K14Nasg
Ni3OgooPr2aWia0

41462.4
triclinic

P-1
23.3793(3)
27.1546(5)
28.4780(6)
70.9537(18)
79.8520(14)
64.7253(15)
15439.3(5)
1

4.460
25.038

113913
54385 (0.049)
39239
2169
0.064
0.169
1.050

8-Nd

GeqH700K14Nagg
Nd24Ni30g00W120

41542.4
triclinic

P-1
23.5166(3)
27.1213(3)
27.8711(3)
75.2772(10)
78.0106(10)
64.3650(11)
15402.5(3)
1

4.479
58.514

111285
54817 (0.057)
42039
2095
0.064
0.189
1.025




3.3.2. Results and discussion
Synthesis

The first example of this family, polyanion 8-Ce,*® was obtained in an attempt of performing
systematic 4f-metal substitutions in Weakley-type structures™® by replacing half of the 3d precursor
by a source of 4f-metal ions in the one-pot synthesis of Weakley-type tungstogermanates.®
Compounds 6-Ln, 7-Sm and 8-Ln were prepared from the corresponding 1.1Ni*":1.1Ln%":
1Ge0,:9W0,> reactions performed in 0.5M NaOAc/HOAc buffer solution at room temperature.
When no extra-cation was added, the 6-Ln (Ln = Pr, Nd) hexameric assemblies were obtained for Pr
and Nd. On the contrary, the addition of K" to the solutions leads to the hexameric 7-Sm for Sm and
the dodecameric 8-Ln for Pr and Nd (Figure 3.9). It was suggested for the 8-Ce derivative that the fact
that no identifiable products were obtained in the exclusive presence of Na* was due to K* playing an
essential role in the formation of this kind of assemblies. However, the existence of the 6-Ln
hexamers proves that this type of structure is flexible enough to accommodate other alkaline cations
like Na".

1.1M?*: 1.1 Ln3% :1 GeO, : 9 Na,WO,
NaOAc buffer, RT

57
6-Ln|,_ - La

% lanthanum
v % 58

Ce ™

cerium

59

Pr
praseodymium
60
Nd =
neodymium
62 =
Sm

samarium - jd

Figure 3.9. Synthetic approach for compounds 6-Ln (Ln = Pr, Nd), 7-Sm and 8-Ln (Ln = Ce to Nd).
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Polyoxometalates can be described as the product of the alkaline-metal ion (Na for 6-Ln, K for
7-Sm and 8-Ln) directed assembly of six (6-Ln, 7-Sm) or twelve (8-Ln) dilacunary Keggin POM
[Ln,GeW;4035]® subunits ({Ln,GeW,q}), which consist in a dilacunary Keggin-type POM fragment
stabilized by the incorporation of two lanthanide ions onto the vacant site. The nuclearity of the final
assembly is strongly dependent on the size of the lanthanide and nature of the employed counterion.
For Pr'" and Nd", the smaller size of the sodium cation only allows the formation of the hexameric
{Nac(f-Ln,GeWy)e} assembly (6-Pr, 6-Nd), whereas six additional {Ln,GeW,,} subunits can be
accommodated by using the larger potassium because this ion acts not only as template for the
formation of the central hexameric crown, but also links six external units to the central core to lead
to a dodecameric structure (8-Pr, 8-Nd). For cerium, a dodecameric entity was obtained upon
addition of K* (8-Ce), but in contrast, no identifiable solids were isolated in the exclusive presence of
sodium. No crystals suitable for X-ray diffraction were obtained for lanthanum upon addition of K*,
but the IR spectrum of the final product closely resembles that of a dodecameric assembly. However,
a crown-shaped {Kc(f-Ln,GeWyp)s} hexamer, similar to that observed for 6-Pr and 6-Nd, was
obtained for samarium (7-Sm) in the presence of potassium cations instead of the expected
dodecamer. The smaller size of the Sm" ion as a result of the well-known lanthanide contraction
effect might not allow the external subunits to be stabilized, avoiding their linkage to the central
cluster and consequent formation of larger clusters.

The solids obtained from reactions involving the addition of Cs* to Pr or Nd mixtures show
virtually identical spectra to those of 6-Ln (Ln = Pr, Nd), and this suggests that the same kind of
hexameric assembly is formed. However, the spectrum registered for the final product of the Ce
containing mixture is similar to those of 8-Ln (Ln = Ce, Pr, Nd), and therefore, a larger assembly
related to the dodecameric cluster could be expected. Unfortunately, we cannot confirm this by
standard X-Ray diffraction experiments because these crystals show diffraction spots only at very low
20 angles, suggesting a short-range order in the structure. We tried to improve the crystallization of
these species and some other different cations were used in an attempt to grow crystals suitable for
single-crystal structural analyses, but without any success. No crystalline products were obtained by
adding Rb%, Ca*, NH,", or organic cations (guanidinium, ethylenediammonium,
tetramethylammonium, tetrabutylammonium) to the media, confirming the essential structural role
of the counterions. Modifications in the acetic acid/acetate buffer solutions by changing its
counterion (K*, NH,") or concentration (0.5M, 2M), as well as in the total concentration of the
reactants, did neither give any product suitable for further characterization.

As reported for 8-Ce, [Ni(H,0)s]** counterions also play a crucial structural role as crystallizing
species through the establishment of an extensive hydrogen-bonding network with the POM surface.
The use of other 3d-metals like Co" or Mn" resulted in the same kind of assembly, and therefore we
did not perform any systematic study on the nature of 3d-metal but rather kept Ni** as a fixed
synthetic parameter. Reactions performed without any first row transition metal ion under the same
synthetic conditions lead to solid products with the appearance of single-crystals. Even though their
IR spectra compare very well to those of the 3d-metal containing analogues, powder X-ray diffraction
patterns of these samples did not show any clear, well-defined diffraction maxima (Figure 3.10),
suggesting extremely short-range crystalline order in these “glassy crystals”. Only in the case of Ce",
we were able to perform X-Ray diffraction experiments on a single-crystal obtained when the organic

2,6-pyridinedicarboxylic acid chelating ligand was included in the reaction as structure directing
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agent (8-CeB). The use of organic multidentate O-donor ligands as structure directing agents has
been previously reported by Wang’s group. These authors claimed that these ligands might play an
important role in the preparation of certain lanthanotungstates despite not being present in the final
structure.®® In our case, the crystal structure of 8-CeB shows molecular dodecameric assemblies
analogous to those obtained for 8-Ln (Ln = Ce, Pr, Nd) but for the fact that they are isolated instead
of forming chains in the solid state.®* Unfortunately, we could not get further unequivocal proof of
this structure being representative of the bulk sample because its PXRD pattern corresponds to an
almost amorphous phase (inset in Figure 3.10), showing the “glassy” nature of the crystals.

r T T T T T T T T 1

5 10 15 20 25 30 35 40 45 20 50

Figure 3.10. Experimental powder X-Ray diffraction pattern for the solid sample obtained from the 1.1Ce>":
1Ge0,:9W0,”” reaction upon addition of K* (blue) and comparison to that of 8-Ce (red). Inset: Detail of the
diffraction pattern of 8-CeB highlighting its low crystallinity and photograph of the ‘glassy crystals’ of 8-CeB
taken in an optical microscope.

Both types of crown-shaped hexameric or dodecameric structures can be unambiguously
distinguished by IR spectroscopy (Figure 3.11). The spectra of 8-Ln are very similar to that reported
for the 8-Ce derivative® and clearly differ from those of 6-Ln or 7-Sm, which are are almost identical
to each other. Besides the fact that the signal associated to the v,(W-0,) mode is sharpened and
red-shifted when going from 8-Ln (above 940 cm™) to 6-Ln or 7-Sm (below 940 cm™), the main
difference between the spectra of dodecamers and hexamers lays on the signals originating from the
M-0-M stretching vibration. These go from a single broad band centered at about 820-825 cm™ for
the former to a doublet located at ~825 and ~785 cm ™" for the latter (Table 3.4). These modifications
are systematically observed, confirming the viability of the IR spectroscopy for determining the
hexameric or dodecameric nature of the compound.
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Table 3.4. Most representative IR bands (cm™)

for 6-Pr, 7-Sm, 8-Pr.

6-Pr 7-Sm 8-Pr

935 (s) 934 (s) 942 (s)

883 (m) 880 (m) 868 (m)

827 (vs) 827 (vs) 825 (vs)

783 (vs) 785 (vs) 789 (vs)

729 (s) 732 (s) 730 (s)

625 (m) 630 (m) 700 (m)

517 (w) 513 (w) 525 (w)

480 (w) 475 (w) 448 (w)

424 (w) 431 (w) 426 (w) 1200 1000 800 600 400
w=weak, m = medium, s =strong, vs =very strong. wavenumber (cm™?)

Figure 3.11. IR spectra for 6-Pr, 7-Sm and 8-Pr.

Crystal structure of compounds 6-Ln, 7-Sm and 8-Ln

Polyanions 6-Ln, 7-Sm and 8-Ln all exhibit [Ln,GeW,035]° subunits ({Ln,GeWo}) as a common
structural feature. These subunits consist in a dilacunary Keggin-type tungstogermanate fragment
stabilized by coordination of Ln atoms onto the vacant sites. Three different anti-Lipscomb-type®
isomers of the dilacunary Keggin fragment are present in these compounds, namely the enantiomeric
P(1,5) and f(1,8) pair and the 13,4) form. Figure 3.12 displays a representation of all {Ln,GeW,}
subunits included in this work which have been named following IUPAC rules as explained in
Appendix 3.°° The vacant sites of the enantiomeric 4 (1, 5) and f (1,8) isomers are located at the
corner-sharing {W;0s} unit (position 1) and the central belt (positions 5 or 8). In the case of the
#13,4) forms, each lacunae reside in one of the 60°-rotated {W;0,3} trimers. The diversity of {GeW .}
isomers present in the structures of 6-Ln (Ln = Pr, Nd), 7-Sm and 8-Ln (Ln = Ce to Nd) suggests that
different species may be formed at a similar acidic pH (4.5-5.5), which might probably be
exchangeable and highly reactive intermediates in the formation of the predominant [GeW;;030]%
anion. To date, only the 1{(1,2)-[XW,03¢]* dilacunary anion (X = Si®, Ge®, P*®®) has been isolated in the
solid state as independent POM precursor. However, it has been thoroughly demonstrated that the
incorporation of lanthanide or transition metal atoms can stabilize several other types of dilacunary

. 17b, 18d, 45a, 71
units. @

In spite of the fact that a variety of a or 3 forms can be found in literature,” only
one of the S forms displays vacancies at the belt and the corner-sharing triad, namely the £(1,9)
isomer.”* On the other hand, a single j~dilacunary species is known to date, the above mentioned C,,-
symmetric 1(1,2) with vacancies at the two edge-sharing octahedra of the rotated trimers. Therefore,
all the three {GeW,o} fragments found in this family of compounds represent interesting building

blocks in POM chemistry and were unprecedented until the publication of 8-Ce in 2010.
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Figure 3.12. Representation of the f-(1,5), f-(1,8) and #(3,4)-{Ln,GeW o} building blocks found in the
compounds included in this section. Rotated {W;0,3} trimers depicted in dark grey and potassium atom as light
blue ball.

Polyanions 6-Ln (Ln = Pr, Nd) are constructed by the Na'-directed assembly of six lanthanide-
stabilized {Ln,GeW,} dilacunary Keggin subunits formed in situ. The crown-shaped centrosymmetric
assembly is formed by three f(1,5) and three £(1,8) subunits alternately arranged, in a similar way to
that observed for the hexameric core of the previously reported 8-Ce species.*® Neighboring subunits
are linked by coordination of Ln* ions in position 1 (located at the corner-sharing triad) to two cis-
related O atoms from the belt WO¢ octahedron adjacent to both vacancies, in such a way that it
results in a six membered LngOg ring of LnOg polyhedra connected by Ln-Op-Ln bridges and showing a
chair-like conformation. Each of these internal lanthanide centers displays two water molecules, one
of which is directed to the inner part of the ring to create a central pocket where a Na* ion in a
distorted octahedral geometry is hosted (Figure 3.13).

Figure 3.13. Mixed polyhedral / ball & stick representations of the molecular 6-Ln (Ln = Pr, Nd) POM (left) and
the internal {NacLngO34(H,0)1,} ring (right). Sodium atoms depicted as light blue balls and water molecules as
orange balls.

Lanthanide centers in the belt 5/8 positions display additional Ln—O.—W bridges with the
{LnW,} fragments of the neighboring {f-Ln,GeW,,} subunits, reinforcing the cyclic arrangement.
Furthermore, these lanthanides located at the external part of the cluster link contiguous hexameric
POMs, resulting in a two dimensional arrangement in the solid state (Figure 3.14). The connectivity
along the [001] direction is established through the coordination of the 022B terminal oxygen atom
from the 60° rotated trimer to the Ln25 center, whereas the linkage in the [010] direction is formed
between the 013B atom and the Ln18 center. This linkage is reinforced by coordination of the nickel
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atom Nil to the terminal O3T and 020T atoms from adjacent hexameric POMs. The resulting layers
are parallel to the (011) plane and stack in such a way that they interact via interlayer hydrogen-
bonding involving coordination water molecules associated to the Ln8 center (O3F---078 = 2.662(3) A
and O2F--078= 2.835(5) A).

%%f\jgvv %0’/
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Figure 3.14. (a) Two-dimensional arrangement of hexameric assemblies for 6-Ln (bridging O atoms depicted in
brown). (b) and (c) Details of the connectivity between {Nac(Ln,GeW,)s} units along the [010] and [001]
direction (bridging lanthanide ions represented as translucent polyhedra and Keggin subunits not involved in
the linkage omitted for clarity).

Polyanion 7-Sm is strongly related to 6-Ln, but the former shows one K* ion acting as template
in the central cavity instead of Na*. Considering the smaller ionic radius of Sm" compared to those of
Pr'" and Nd" a smaller central pocket in the Sm¢O¢ ring could be a priori expected; however, the
flexibility of the hexameric assembly allows for the insertion of the larger K* compared to Na’,
resulting in clusters with diameters of ca. 2.5 nm in both cases. Bond-Valence Sum (BVS) calculations
do not indicate any clear protonation site in the structures, with the exception of the water
molecules coordinated to lanthanide centers. The crystal packing is very much alike to that described
for compounds 6-Ln, but in this case, we have located [{Ni(H,0)s},]*" dimers occupying the space



between the layers of hexameric POMs. These dimers establish an extensive network of hydrogen
bonds with the POMS surfaces as illustrated in Figure 3.15.

Figure 3.15. O\;—H:-:Opom hydrogen bonding pattern of a [Niy(H,0)0]"" dimer (dark blue octahedron) buried
between two layers of hexameric POMs in the crystal packing of 7-Sm (hydrogen-bonds represented as dotted

red lines).
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Figure 3.16. Mixed polyhedral/ball & stick representation of 8-Ln (Ln = Pr, Nd).

Polyanions 8-Ln (Ln = Pr, Nd) show the same molecular structure as that displayed for the
previously reported 8-Ce analogue. These polyanions display a hexameric crown-shaped Kc{(f-
Ln,GeW )6} moiety, which is virtually identical to that described for 7-Sm and acts as a central core
to which six external {j-Ln,GeW,,} are linked. Each y subunit is connected to two adjacent £ units
through the coordination of the lanthanide atoms to terminal oxygen atoms of the {LnW,} fragments
and the rotated {Ws013} cap, together with Ln—O bonding between the WO, octahedron adjacent
to both vacant sites and belt f-Ln centers. The whole assembly results in a dodecameric POM
architecture with C; symmetry and about 4 nm diameter (Figure 3.16). The six-coordinated geometry
of the {K(H,0)¢} fragment is printed to the whole architecture, in such a way that it can be described
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as an arrangement of {y-Ln,GeWy,} subunits with the Ge atoms at the vertices of a trigonally
compressed octahedron, which in turn encloses an analogous and even more compressed
octahedron of {f-Ln,GeW,,} subunits containing the central {K(H,0)s} fragment (Figure 3.17). BVS
calculations indicate diprotonation in the outer jsubunits, and more specifically on the Ln-
coordinated O atoms of the addenda metal positions 9 or 10 (0349, 0X32) and on the bridging O
atom from the edge-sharing W,01, unit not linked to the K* (0X12) (BVS values: 1.04-1.39) (Figure
3.18). Diprotonation in each y»subunit of 8-Ln polyanions is in full agreement with the number of
cations determined by elemental analyses. Each dodecamer is linked to two neighbors via two pairs
of »Ln—0O,—f-W bridges involving the terminal oxygen atom O6T and this results in one-
dimensional chains that run along the [010] direction. These chains are arranged in layers parallel to
the (110) plane and the [Ni(H,0)¢]*" cations, located at the center of the unit cell (1/2, 1/2, 1/2),
occupy interlamellar spaces, in such a way that they result closely embraced by two £ and two y
subunits of [8]__ chains from contiguous layers through strong Oyn—H-Opom hydrogen bonding
(Figure 3.19).

Figure 3.17. Representation of the polyhedra described by the Ge atoms in 8-Ln. Color code: Ge atoms in {y-
Ln,GeW,p} subunits, green; Ge atoms in {-Ln,GeW,} subunits, pink; central {K(H,0)¢}" fragment, lilac.

Protonation
sites

(b)

Figure 3.18. Polyhedral/ball & stick representation of: (a) KcLngO4, ring and the connectivity between two -
and one {~Ln,GeW,} subunits; (b) protonation sites in {y-Ln,GeW,} subunits. The atom labeling corresponds
to that based on IUPAC rules as explained in Appendix 3 and X indicates the subunit number.



All the lanthanide centers display out-of-pocket coordination modes toward the divacant
{GeW o033} skeletons. In addition to the four O atoms delimiting each vacant site (O,), the 4f ions in
the S-subunits also coordinate to the corresponding {-GeW,0s5} neighbors in the crown-shaped
architecture (Og). The three external coordination sites are occupied either by aqua ligands (O,,) or by
O atoms from adjacent hexamers in the two-dimensional arrangement of 6-Ln and 7-Sm or from
neighboring subunits (0,) in the case of compound 8-Ln. Besides, the water molecules of
coordination can be divided into two groups: terminal aqua ligands and those bridging the lanthanide
atoms of the LngOg ring (position 1) with the central alkaline ion. For the 4f ions in the j~subunits of
compounds 8-Ln, the coordination spheres are formed by the four O atoms delimiting the lacunae
(0.), one O atom from the hexameric core (Og) and three terminal water molecules (O,,) with the
exception of the Ln33 and Ln 34 centers for which one water molecule is replaced with an O atom
from an adjacent dodecamer in the one-dimensional arrangement (Oy,).

Figure 3.19. (a) One-dimensional [8].. assembly in 8-Ln (for clarity, only the central Kc{(f-Ln,GeW,)s} core and
the 5 {Ln,GeW,,} subunits taking part in the connectivity between adjacent POMs are represented). Central K1
atom is depicted as a yellow octahedron and the lanthanide atoms of the connecting »~{Ln,GeW,} subunits as
purple polyhedra. (b) Oyi—H-Opom hydrogen bonding pattern of a [Ni(H,0)¢]** cation (dark blue octahedron)
buried between two [8].. chains (hydrogen-bonds represented as dotted red lines).

For compounds 6-Ln and 7-Sm, the Ln—0 bond lengths follow the order Ln—0O, < Ln—0O, < Ln—0x
< Ln-0,, that is, the bridging Ln—0O, bonds between adjacent hexamers in the layers are shorter than
those established between neighboring subunits in the crown-shaped assembly (Ln—0Og). This
suggests strong association in the two-dimensional network found in the solid state, which might
well explain their insolubility in water, a fact that did not allow us to perform solution studies on
these compounds. As expected from the lanthanide contraction effect, the Ln—-O bond lengths
decrease when going from the Pr to the Sm derivatives, resulting in an average shortening of about
0.05 A (Table 3.5). Nevertheless, mean Ln---Ln distances in the inner LngOg rings increase from 4.665
A for 6-Pr to the 4.785 A for 7-Sm as the larger K *counterion is hosted in the central cavity. In the
case of the lanthanide atoms in the hexameric cores of compounds 8-Ln, the presence of the larger
K" ion in their central cavity results in a subtle increase of the Ln—Oy bond lengths established
between fS-subunits compared to those in 6-Ln. The »~Ln—0 bond lengths in 8-Ln are comparable to
those of lanthanides in S-subunits (Table 3.6).

Lanthanide atoms present in 6-Ln (Ln = Pr, Nd), 7-Sm and 8-Ln (Ln = Pr, Nd) display highly
distorted coordination geometries that have been analyzed through Continuous Shape Measures



Lanthanide containing tungstogermanates

(CShM).” In the case of 6-Ln, all the 4f centers are eight-coordinated except those taking part in the
connection between adjacent POMs along the [010] direction (Ln18). Due to the smaller size of Sm,
the two 4f-metals linking contiguous clusters in the 2D-arrangement of 7-Sm (Sm18 and Sm25) are
seven-coordinated. The geometry of these seven coordinated centers can be viewed as slightly
distorted capped trigonal prisms (CShM values < 1.2).

Table 3.5. Ranges and mean lanthanide—oxygen bond lengths (&) for eight-coordinated centers in compounds

6-Ln (Ln = Pr, Nd), 7-Sm and 8-Ln (Ln = Pr, Nd)."

Ln—O._

Ln—Ob

Ln—OR

Ln-0,,

6-Pr

6-Nd

7-Sm

8-Pr

8-Nd

2.287(12)-2.464(12)
2.408
2.285(11)-2.435(10)
2387
2.233(13)-2.412(13)
2352
2.347(17)-2.517(18)
2423
2.345(14)-2.461(15)
2.403

2.449(14)-2.455(13)
2452
2.412(11)-2.460(12)
2.436
2.373(13)-2.375(13)
2374
2.43(2)-2.45(2)
2.439
2.382(16)-2.421(15)
2397

2.477(12)-2.574(10)
2525
2.465(11)-2.576(10)
2515
2.401(12)-2.654(12)
2.501
2.460(17)-2.632(15)
2.536
2.450(12)-2.621(13)
2.520

2.525(16)-2.689(11)
2.589
2.492(13)-2.646(9)
2563
2.504(13)-2.590(12)
2534
2.56(2)-2.677(19)
2618
2.536(16)-2.653(15)
2579

[a] Abbreviations. O.: O atoms delimiting the vacant site onto which the 4f ion is coordinated; Og: bridging Opop atom
between Keggin subunits in the [Cc{Ln,(H,0)4(5-GeW1¢03g)}6] ring; Oy: bridging Opoy atom between adjacent POMs in the
two-dimensional arrangement of 6-Ln and 7-Sm, and between adjacent S- and j-subunits for 8-Ln; O,,: O atom from
terminal aqua ligands.

Table 3.6. Ranges and mean lanthanide—oxygen bond lengths (A) for eight-coordinated centers of j=subunits in
compounds 8-Ln (Ln = Pr, Nd)."”

Ln-0O, Ln—-0, Ln-0,,

8-Pr 2.359(18)-2.49(2) 2.39(2)-2.502(17) 2.45(3)-2.66(2)
2422 2.456 2.565

8-Nd 2.331(15)-2.49(2) 2.419(14)-2.482(15) 2.422(18)-2.65(2)
2.405 2451 2.557

[a] Abbreviations. O,: O atoms delimiting the vacant site onto which the 4f ion is coordinated; Oy: bridging Opoy atom
between adjacent - and S-subunits; O,: O atom from terminal aqua ligands.

The most representative CShM values (lower than 10) obtained for the eight-coordinated
lanthanide atoms are compiled in Table 3.7. In the case of 8-Ln, the lanthanide atoms located at the
y-subunits and the belt positions of S-subunits (X5/X8) exhibit CShM values in the 0.26-1.06 range
when compared with the ideal square antiprism (SAPR) as the reference shape. These relatively low
CShM values, together with the significantly higher numbers (above 2) obtained upon comparison
with any other reference polyhedron, indicate that the coordination geometry of these 4f ions in
best described as square antiprismatic, though slightly distorted from ideality. On the contrary, low
CShM values (< 1) relative to the spherical biaugmented trigonal prism (s-BTP) are observed for the
lanthanide atoms in the bottom-triad position (LnX1) and for a few exceptions regarding j-subunits.
However, close values are also observed for SAPR and the Johnson- biaugmented trigonal prism (J-
BTP) shapes, and therefore, the geometry in these Ln centers would represent intermediate stages



between those three ideal states. The SAPR vs. s-BTP shape map (Figure 3.20) shows that some of
these 4f ions scatter from the ideal SAPR geometry toward the s-BTP one following the trend marked
by the minimal distortion pathway between the two reference polyhedra with path deviation values
(P) in the 0.27-0.39 range (around the upper limit of 0.3 selected by Casanova et al.). In contrast,
most of the lanthanides in X1 position deviate significantly from this path (p > 0.48). This confirms
that the best description for the geometry of the first group of lanthanides is bicapped trigonal
prismatic distorted toward square antiprismatic, whereas the remaining 4f-metal centers (LnX1) can
be best described as distorted spherical biaugmented trigonal prisms with more than one type of
distortion operating simultaneously. It is worth noting that in these cases, the CShM values for the
SAPR and J-BTP shapes (>1.53) are relatively higher than those obtained for s-BTP (0.77-0.98),
although non-negligible.
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Spherical Biaugmented Trigonal Prism (s-BPT)

Bicapped trigonal prism (BTP) distorted
toward square antiprismatic

0 0,5 1 1,5 2 2,5 3
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Figure 3.20. Left: Spherical biaugmented trigonal prism (s-BTP) vs. square antiprism (SAPR) shape map for the
eight-coordinated 4f ions in compounds 6-Ln, 7-Sm and 8-Ln (solid line: minimal distortion pathway between
the reference shapes). Right: Top and side view of the less distorted square-antiprismatic coordination
polyhedron and the bicapped trigonal prismatic geometry distorted toward square antiprismatic.

For compounds 6-Ln and 7-Ln, CShM values significantly lower than 2 are obtained upon
comparison to the SAPR and s-BTP ideal shapes. In the case of the 4f-metals in belt positions
(LnX5/LnX8), the lowest values are obtained for the former shape (SAPR: 0.61-1.13), whereas shape
measurements of the lanthanide centers in the bottom triad (LnX1) fit better with the latter model
(s-BTP: 0.82—1.38). However, only Pr8 and Sm8 can be undoubtedly described as slightly distorted
square antiprismatic because the difference between both SAPR and BTP values is around 1. For the
remaining lanthanide atoms, the SAPR and s-BTP values are comparable. The representation of the
SAPR vs. BTP shape map (Figure 3.20), indicates that only the belt Nd8 ion can be considered close to
the trend marked by the minimal distortion pathway between the two reference polyhedra (p =
0.33). The rest of belt 4f-metals and those located at bottom triads lie out from this path and can be
respectively best described as distorted square antiprisms or spherical biaugmented trigonal prisms
with more than one distortion operating simultaneously.
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Table 3.7. Continuous Shape Measures for the eight-coordinated spheres of the lanthanide atoms in
compounds 6-Ln (Ln = Pr, Nd), 7-Sm and 8-Ln (Ln = Pr, Nd)[a].

SD s-BTP J-BTP DD SAPR

6-Pr Prl 5.108 1.324 2.377 2.629 1.765
Pr8 4.626 1.309 2.115 2.360 0.741

Pril 5.415 1.378 2.490 2421 1.518

Pr21 5.354 1.261 2.382 2.521 1.620

Pr25 5.098 1.490 2.584 2.138 1.133

6-Nd Nd1 5.028 1.247 2.241 2.551 1.719
Nd8 4.645 1.249 2.056 2.281 0.783

Nd11 5.290 1.355 2.347 2.446 1.522

Nd21 5.152 1.181 2.204 2.384 1.531

Nd25 4.980 1.452 2.497 2.066 1.017

7-Sm Sm1l 4.386 0.932 1.617 2.593 1.869
Sm8 5.035 1.517 2.363 2.599 0.614

Smll 4.509 0.892 1.766 2.634 1.865

Sm21 4.410 0.820 1.526 2.784 1.704

8-Pr Prl 4.460 0.915 1.679 2.503 1.728
Pr8 4.365 1.878 2.237 2.098 0.807

Pril 4.702 0.954 1.783 2.560 1.717

Pri5 4.176 1.893 2.124 2.285 0.857

Pr21 4.491 0.767 1.559 2.398 1.526

Pr25 4.287 1.872 2.229 2.026 0.952

Pr33 3.891 0.877 1.247 1.441 1.307

Pr34 5.313 2.011 2.746 2.462 0.405

Pr43 5.121 2.009 2.795 1.939 0.981

Pr44 4.932 1.518 2.097 2.452 0.255

Pr53 4.294 1.484 1.991 1.745 0.564

8-Nd Nd1 4.622 0.865 1.657 2.430 1.676
Nd5 4.764 2.103 2.510 2.184 0.782

Nd11l 4.620 0.852 1.663 2.511 1.751

Nd18 4.814 2.244 2.648 2.517 0.590

Nd21 4.452 0.884 1.667 2.561 1.668

Nd28 4.110 2.075 2.452 2.191 1.060

Nd33 5.256 2.112 2.750 2.465 0.489

Nd34 3.807 0.835 1.147 1.792 1.085

Nd43 4.097 0.984 1.512 1.553 0.854

Nd44 4.866 1.931 2.611 1.748 0.800

Nd53 4.337 1.219 1.862 1.789 0.429

[a] Abbreviations. SD: snub disphenoid (D,,); s-BTP: Spherical biaugmented trigonal prism (C,,); J-BTP: Johnson
biaugmented trigonal prism (C,,); DD: triangular dodecahedron (D,,); SAPR: square antiprism (D,,). For a graphical
representation of these polyhedra, see Figure A2.17 in Appendix 2. Values highlighted in grey correspond to the best
geometry.



CHAPTER 3

Photoluminescent properties of 7-Sm

According to Yamase’s pioneering work,”® the luminescence of weak-emitting lanthanides can
be sensitized by POMs acting as antenna ligands via intramolecular energy transfer from O—-W
ligand-to-metal charge transfer bands (LMCT) upon photoexcitation. This can result in sharp emission
bands in the visible region and relatively long lifetimes for lanthanide-containing POMs with Ln" =
Sm, Eu, Tb and Dy, although low quantum yields are usually obtained for Tb- , Sm- and Dy-derivatives
due to radiationless deactivation via Tb"-W" charge transfer states for the former and to cross-

relaxation for the latter species.

)

550 600 650 700 A /nm 750
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Figure 3.21. Room-temperature photoluminescence emission spectra (A¢ = 325 nm) for a bulk sample and for
a single-crystal of 7-Sm. Inset: Photograph of an orange-reddish emitting crystal.

Room-temperature emission spectra for a bulk solid sample of 7-Sm (Figure 3.21) displays the
characteristic profile of a Sm" center. Compound 7-Sm emits orange-reddish luminescence and its
spectrum shows four peaks with maxima at c.a. 562, 598, 646, 710 nm that correspond to well-
known transitions from the “Gs,, excited state to the °H, manifold, where J = 11/2, 9/2, 7/2, and 5/2,
respectively.”* The fact that most of the peaks are split in the spectrum indicates the low symmetry
and lack of inversion center of the emitting Sm" centers, in good agreement with the structural
data.”” As shown in Figure 3.21, the emission spectra recorded for a crystal is virtually identical to
that of the bulk solid sample.

As observed for Eu"-containing POMs,”® quenching of the emission can occur by thermal
deactivation of the LMCT states via hopping of d* electrons to the lanthanide site as a result of fr—
pri—dn orbital mixing. This mixing is operative when Ln—O—-W angles are around 150°, i.e. when LnO,
polyhedra share corners with WOg octahedra. On the contrary, orbital mixing and consequent
electron delocalization is not favored when edge-sharing takes place; hence 4f luminescence is less
efficiently quenched when Ln—O-W angles are about 100°. In our case, two types of metal centers
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can be clearly distinguished; external Sm ions and internal centers belonging to the LngOg rings. Each
metal center located in outer positions of the crown-shaped anion (SmX5/SmX8) is sharing corners
with the {W,0;} unit (Sm—0-W = 120-125°) and three adjacent {W;0,;} trimers (Sm—-0-W = 149—
169°). The coordination spheres are completed with two or three aqua ligands. In the former case (2
aqua ligands), the eighth coordination position is occupied by a terminal O atom from neighboring
crown-shaped anions in the 2D arrangement. Based on the structural data and the role of water
molecules responsible for non-radiative deactivation due to coupling with high frequency OH
oscillators, we can assume that the luminescence should be effectively quenched in those Sm
centers. However, neighboring SmO; polyhedra at the internal SmgOg ring (SmX1) are linked to each
other by sharing two cis-related O atoms from the belt WO¢ octahedron adjacent to both vacant sites
(Sm—-0-W = 95-106°). The presence of two water molecules, in addition to the {W,0,0} fragment
(Sm-0-W = 117-124°) and two adjacent trimeric corner-sharing units (Sm—0-W = 153-164°), seems
to be insufficient to quench the Sm" emitting centers, and therefore, we can infer that the Sm atoms
in the Sm¢Og ring delimiting the central cavity of the POM are the only efficient emitting centers in 7-
Sm (Figure 3.22).

W2

L)

O1F

Outer Sm centers

Figure 3.22 Left: Molecular structure of 7-Sm highlighting the two types of Sm" emitting centers: inner SmOQOg
units sharing edges with {WOg} octahedra (represented as grey polyhedra) and outer sm" centers sharing
corners with all the neighboring {WOQg} octahedra. Right: Details of the coordination spheres of both types of
Sm" centers, together with the atom labeling scheme (Oyaer atoms depicted as orange balls and O atoms

taking part in the edge sharing linkage as green balls).



Solution behavior. Laser Light Scattering studies on compounds 8-Ln

Encouraged by their size, high charge and solubility in water, solution behavior of polyanions
8-Ln (Ln = Pr, Nd) was studied in detail. Compounds 6-Ln and 7-Sm are not suitable for this type of
study, because they are almost insoluble in water due to the two-dimensional network they show in
the crystal structure. The great similarity for all the Ln—Opom bond lengths in 8-Ln make difficult to
infer from the structure which species could be present in solution after fragmentation of [8]
chains. After considering the presence of paramagnetic Ni*" and Ln** centers and the high number of
independent tungsten atoms as major handicaps for performing ***W-NMR spectroscopic studies, we
decided to make use of Laser Light Scattering techniques (LLS). Preliminary Dynamic Light Scattering
(DLS) experiments performed on 8-Ce suggested that the dodecameric assembly most likely
dissociates upon dissolution into {}-Ce,GeW10} monomers and {Kc(f-Ce,GeWy)e} hexamers, which
appear to undergo a blackberry-type aggregation. Further investigations were needed to confirm this
hypothesis, and therefore, a complete study based on LLS techniques was carried out on the whole

family of compounds 8-Ln (8-Ce, 8-Pr and 8-Nd).

Dissolution of 8-Ln in water involves chemical bond cleavage in the one-dimensional
arrangement [8]« observed in the solid state. Thus, two different large species could be expected to
be present in solution: the dodecameric 8-Ln (size 4 nm; 53 negative charges) and/or its hexameric
central core [Kc{Ln,(H,0),(#-GeW14035)}s]*> (diameter ca. 2.5 nm) originating from the release of
the external {y-Ln,GeW 1,036} subunits (Figure 3.23).
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Figure 3.23. Large species suggested to be present in aqueous solution of 8-Ln.

The pH measurements on aqueous 8-Ln solutions obtained by dissolution of solid samples (pH
= 7.0 — 7.6) indicate that the protons are not released when the clusters are dissolved in water. On
the other hand, time resolved conductivity measurements on 1 mg mL" solutions of 8-Ln show
similar trends for the three samples: the conductivity undergoes drastic increase in the first 10 hours,



Lanthanide containing tungstogermanates

after which it slows down until it is nearly stabilized after approximately two days. This behavior
suggests a dissociation process (Figure 3.24).
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Figure 3.24. Time resolved conductivity measurements for 8-Ce, 8-Pr and 8-Nd in 1 mg mL™* aqueous solutions.

The contribution of all the 40 Na, 14 K and 3 Ni counterions to the solution conductance was
calculated using tabulated equivalent molar conductivities’® to be 50.1 pS cm™, 25.7 pS cm™ and 7.5
1S cm™, respectively. The total conductance observed experimentally at the final stage (>130 uS cm™)
is much higher than that calculated by considering the release of all counterions (83.3 uS cm™). This
suggests further dissociation of the dodecameric cluster. A simple literature approach based on the
Hickel equation was used to calculate the contribution of the potential larger species in the total
conductivity.”” The equivalent molar conductivity per charge (EMC) was estimated from the simple
tungstate anion, which can be viewed as a building block of the larger clusters (Equation 1).

EMCLarge—Anion RWOZ’
= 4 Eqg.1
ENIC (Eq. 1)

Woi* RLarge —Anion

Using Rwo,2- = 0.19 nm and the radius of the smallest spheres that could contain the
monomeric {Ln,GeWo} and the hexameric {Kc(Ln,GeW o)} ring (Rmonomer = 0.50 nm and Ryexamer = 1.2
nm), the contribution of these species should be around 23.1 pS cm™ (for six monomers) and 9.4 uS
cm™, respectively. The experimental conductivity value (above 130 puS cm™in all cases) is even higher
than that calculated taking into account all counterions and the contribution of six released {y-
Ln,GeWyo} monomers and the hexameric {Kc(Ln,GeWo)s} subunit (about 116 uS cm™), and this
confirms the dissociation of the dodecamer in solution. The difference between the calculated and
experimental values at the final stage might originate from the rough approach used for the
estimation, or even from further decomposition processes involving the monomeric {-Ln,GeW .}
subunits. These observations are in good agreement with the DLS results reported previously for 8-
Ce.* As shown in Figure 3.23, the dissociation process is much faster for 8-Ce than for 8-Pr or 8-Nd,
suggesting that, the hexamer becomes the dominant species in solution almost immediately upon
dissolution. Besides, dissociation of 8-Pr appears to be faster than that of 8-Nd because its



conductivity values in the first hours after dissolution are consistently higher than those of the Nd
derivative, although they tend to balance to similar values in the stability range observed after ca. 2
days.

The presence of multiple species in water prevents the characterization by Small Angle X-Ray
Scattering (SAXS) of the initial state where the clusters should exist as discrete macroions, so that
Electrospray lonization-Mass Spectrometry (ESI-MS) was chosen to confirm the presence of
hexameric species in solution. Figure 3.25 shows the negative ESI mass spectrum of an aqueous
solution of 8-Pr recorded at low cone voltage (similar spectra were obtained for the Ce and Nd
derivatives, which are given in Figure A2.14 and A2.15 in Appendix 2). The expected hexameric anion
can be clearly identified as five groups of signals spanning from m/z 1700 to 3000.

{M}*

100~ 934.8

X16

A
v

%

i

6700 800 1000 12‘00 1400 1600 1800 2000 2200 2400 ‘ ‘2“6‘(‘)(‘)‘ v ‘2“8‘(‘)(‘)‘ v ‘é(‘)‘(‘)(‘)"‘ ‘ ‘?;‘2‘(‘)(‘)‘ ‘I"‘I"]/Z
Y
{M}Z=+ {M}*+
100 1429.8
3 11— _
= {Me}*~ {Mg}0
{Mg}*-
8- _
— {Mg} {Mg}
— —
0 UVARRE RS S e R
1200 1400 1600 1800 2000 2200 2400 2600 2800 m/23000

Figure 3.25. Top: Negative ESI mass spectrum of aqueous solution of 8-Pr (U. = 15 V). The intensity of the m/z
1500-3300 range is increased (x16) for a better visualization. Bottom: Expanded m/z 1150-3100 region (note
that dimeric and monomeric species are overlapped in the m/z 1400-1500 range). {M}(G_")_ =
[Pr,GeW10035+xH,0+mK +(n-m)Na'1*™""; (M} = [(Pr,GeW 14035)#+xH,0+mK +(n-m)Na*1">™; (M} =
[(Pr,GeW1003g)s+xH,0+mK +(n-m)Na'T"® ™" {Mg}®* ™" = [(Pr,GeW,0035)+xH,0+mK " +(n-m)Na'1** ™",

The isotopic pattern inspection is not possible in this case, because the molecular weight of
the hexameric species is beyond the resolution of the instrument. Nevertheless, the m/z spacing
between the groups of signals indicates that the detected anionic species display similar
composition, which corresponds to the hexameric ({Mg}) entity with charge states of 11— (m/z
1727.3, {Me}'"), 10— (m/z 1926.4, {Mc}'"), 9— (m/z 2165.7, {Me}”), 8- (m/z 2474.0, {Mc}*) and 7-
(m/z 2896.9, {Mg}"). The gas-phase detected species in the negative ESI mass spectrum display
different extent of protonation and counter-ion content, as well as the presence of a variable
number of loosely associated solvent molecules, because of the high charge state of the hexameric
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anion (36-). This is commonly observed in negative ESI mass spectra of aqueous solutions of highly
charged POMs.”® However, the most abundant group of signals is centered at m/z 934.8 and formally
corresponds to the series of monomeric anions ({M}) of general formula
[Pr,GeW;0035+xH,0+mK"+(6—m)Na']>". Analogously, the group of signals at m/z 704.8 and 1429.8 can
be readily assigned to the [Pr,GeW,40s5+xH,0+mK +(7-m)Na']*" and [Pr,GeWo0sg+xH,0+mK"+(9—
m)Na*]*" series, respectively. The presence monomeric anions and the higher intensity of their signals
in comparison to those of the hexamer could be explained by the fact that six {-Ln,GeW,} subunits
should be released from each central core in the dissociation process of the 8-Ln dodecamer. In
addition to the {M} and {Mg} forms, low intensity peaks corresponding to dimeric and trimeric
species can also be found in the spectrum. The dimers ({M,}) can be identified as two groups of
signals centered at m/z 1181.2 and 1429.8 that correspond to the 5— and 4- charge states,
respectively. The latter appears highly overlapped with the signals attributed to the {M}* species. in
the case of the trimers ({Ms}), these are observed as the {M;}~ and {Ms}~ species at average m/z
values of 1227.4 and 1623.8, respectively. This suggests that further aggregation of monomeric
species takes place in solution. The ESI-MS spectra of the freshly prepared sample and that recorded
after 3 days show a virtually identical pattern, confirming the stability of the hexamer in aqueous
solution (Figure 3.26).
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Figure 3.26. Negative ESI mass spectrum of 8-Pr in aqueous solution for a freshly prepared sample (top) and for
the same sample after 3 days (bottom). The intensity of the m/z 1550-3050 range is increased (x16) for a better

visualization.
£
e
By

{y-Ln,GeW,,}

{Kc (ﬂ'anGeww)s}

BLACKBERRY

Figure 3.27. Schematic representation for the blackberry formation in aqueous solutions of 8-Ln.
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Compounds 8-Pr and 8-Nd self-assemble into spherical, hollow and single-walled vesicle-like
blackberry-type structures in aqueous solutions with concentrations of 0.1 mg mL™ (Figure 3.27), as
confirmed by Dynamic and Static Light Scattering (DLS and SLS) studies and TEM experiments. The
association process occurs slowly as monitored by using DLS and SLS. Time resolved scattering
intensity plots for 8-Pr and 8-Nd are shown in Figure 3.27. After a significant lag period’ of 4 (8-Pr)
and 11 (8-Nd) days induced by the presence of extra electrolytes in solution originated from the
dissociation process, the kinetics of the self-assembly follows the expected sigmoidal curve. This type
of behavior has also been reported for other two-step association processes like vesicle or
nanoparticle formation, where the slow formation of oligomeric nucleus reaches a critical value
during the lag period, and it is followed by the addition of monomers or oligomers to the growing
assemblies until they are completed.®’ The kinetics of the association processes in 8-Pr and 8-Nd are
considerably different. Blackberries are obtained in a period of time of 10 days for 8-Pr, whereas
formation of this structure takes much longer for 8-Nd (more than 30 days). CONTIN analysis from
the DLS study of individual solutions reveals large aggregates showing no angular dependence and
narrow distributions with hydrodynamic radius (Ryo) of 73 nm for 8-Pr and 74 nm for 8-Nd (Figure
3.28). SLS studies by partial Zimm plots (Figure 3.29) shows average radii of gyration (R,) of 72.7 £ 0.7
nm for 8-Pr and 74.6 + 0.5 nm for 8-Nd. The Ry, /R; = 1 ratio indicates the hollow spherical nature of
the assemblies for both compounds as confirmed by preliminary TEM images (Figure 3.30). More
TEM micrographs, together with EDS studies will be provided in a near future.
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Figure 3.28. Time-resolved scattering intensity plots (top) and CONTIN analysis (bottom) from the DLS data for
8-Pr and 8-Nd.

The almost identical size of both 8-Pr and 8-Nd spherical assemblies makes self-recognition to
be operative in our systems a priori difficult. Nevertheless, we believe that testing the self-
recognition of these almost identical molecules (only the lanthanide atom is different) showing
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similar intermolecular interactions (the size of both blackberries is almost the same) could be
certainly interesting to check whether the assembly process can distinguish between both species on
the basis of their rather different kinetics. This work is still in progress.
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Figure 3.29. Partial Zimm plots from the SLS study in aqueous solution of 8-Pr (left) and 8-Nd (right).

;i%ure 3.30. TEM images of the spherical and uniform blackberry-type aggregates for the aqueous solution of
-Pr.

In contrast to 8-Pr and 8-Nd, aqueous solution of 8-Ce with concentration in the 0.1-1 mg mL™
range did not afford large blackberry-type assemblies. For much more concentrated solutions (5 or
10 mg mL™), precipitation was observed after monitoring the increasing light scattering intensity for
about 8 days. These solutions were filtered and relatively stable scattering intensity values were
recorded on the filtrate for the following 5 days. Considering that Ry, q0- was nearly identical before
and after precipitation, this process was attributed to the effect of the high concentration employed.
As observed in Figure 3.31, a sigmoidal time resolved scattering intensity plot was initially obtained
until precipitation, when a severe drop in the scattering intensity value was observed. A typical
CONTIN analysis from the DLS study reveals large assemblies showing no angular dependence and
average values for the hydrodynamic radius of Rno = 85 nm. SLS study by Berry plot indicates an
average radius of gyration of R, = 81.9 + 0.4 nm. As mentioned above for 8-Pr and 8-Nd, the R, /R, = 1
ratio constitutes a good indication of the hollow spherical nature of the assemblies. The low
scattering intensity values obtained for such a high POM concentration suggest that only a small
portion of the hexameric cluster is being self-assembled into blackberries, and this lead us to
conclude that the Critical Micelle Concentration defined as the lowest concentration for finding large
associations (CMC) is much higher in 8-Ce than those observed for 8-Pr and 8-Nd.
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Figure 3.31. Top: Time resolved scattering intensity plot (left) and time resolved CONTIN analysis (right) for 8-
Ce. Bottom: SLS Berry plot for 8-Ce in water.
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Figure 3.32. CONTIN analysis from the DLS data for 8-Nd dissolved in water/acetone mixtures (0.1 mg mL*
concentration). The acetone volume percentage is indicated for each plot.

It is well known that the blackberry size increases with decreasing solvent polarity because the
charge density on each macroion drops, in such a way that the electrostatic repulsion becomes
weaker and makes the attraction between them easier.> This trend is observed for solutions of 8-Nd
in water/acetone mixtures with different acetone concentration. The radii of the blackberry-type
assemblies go from ca. 25 nm in a 10% vol. acetone solution to 50 nm in a 90% vol. acetone sample,
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as shown in CONTIN plots (Figure 3.32). All the collected time resolved scattering intensity plots (at

90°) and partial Zimm plots resulting from SLS studies for 8-Nd samples in water/acetone solutions

are gathered in Figures A2.18-A2.22 in Appendix 2 (the solid sample is not soluble in pure acetone).

As shown in Figure 3.33, the size of the blackberry-type assemblies displays a clear linear relationship

with 1/¢ (e being the dielectric constant of the solvent mixture) which is represented in the plot as

the content of acetone.

R,/ nm

60 -
Acetone % v/v Ry, (nm) Ry (nm)
10 25 24.8+0.2 50 1
30 31 30.9+0.8 40 -
50 33 36.2+0.2 30 -
90 50 52.4+0.3 20

10

0 — . : T T |
0 20 40 60 80 100

Acetonevol%

Figure 3.33. Left: R, and R, values for different water/acetone mixture solutions of 8- Nd. Right: Linear
relationship between the size of the assembly and the acetone volume percentage.
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Figure 3.34. Top: Negative ESI-mass spectrum of 8-Pr dissolved in 90% vol. acetone solution. Note that the
intensity of the m/z 1650-4150 range is increased (x16) for a better visualization. Middle: Expanded m/z 1600-
4050 region of 8-Pr in 90% vol. acetone. Bottom: Expanded m/z 1600-4050 region of 8-Pr in aqueous solution.
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Unexpectedly, the sizes of the assemblies in water/acetone mixtures (R = 25-50 nm) are
remarkably smaller than that observed for a pure water sample (R = 75 nm). This feature strongly
suggests that the addition of acetone as co-solvent delays or even stops the dissociation of
dodecamers into hexamers, in such a way that the former becomes the main species undergoing
blackberry-type association in water/acetone mixtures. This fact was confirmed by ESI-MS
experiments. The negative ESI-MS spectrum of a 90 % vol. acetone solution of 8-Pr exhibits a series
of five groups of signals in the m/z 2400-3800 range that correspond to high charge states (signals
are close to each other) and molecular weights of about 40000 g mol™ and can easily ascribed to the
presence of dodecameric species in solution ({My,}*>™ = [(Pr,GeW¢Osg)1,+XH,0+mK +(n—m)Na‘]*>™"";
m/z 2480.5, {M,}'°; 2680.4 {M,}**"; 2949.7, {M,}**; 3248.4, {M1,}** and 3568.4, {M,}'). A similar
spectrum is obtained for 8-Nd derivative as shown in Figure A2.16 (see Appendix 2). Compared to the
ESI-mass spectrum carried out on aqueous samples, the m/z < 1600 region indicates that the
dominant signals in both spectra correspond to {Pr,GeW;3,033} monomers and their association into
dimeric species. However, close inspection of the m/z 1600-3800 range clearly shows the presence of
hexameric {Pr,GeWy}s anions in pure water, whereas the main large species in the 90% vol. acetone
solution was found to be the dodecameric {Pr,GeW,o}:, anion (Figure 3.34). Stabilization of POM
clusters in solution by the addition of organic solvents was already observed by Tézé and co-workers
for the y-decatungstosilicate anion.*

3.4. POM ASSEMBLIES CONTAINING MID-TO-LATE LANTHANIDES
3.4.1. Experimental section

General Synthetic Procedure. To a solution of the corresponding lanthanide(lll) salt (0.98
mmol) in aqueous 0.5 M sodium acetate buffer (40 mL) solid GeO, (0.093 g, 0.89 mmol) and
Na,W0,-2H,0 (2.640 g, 8.00 mmol) were successively added and a precipitate was formed. The
reaction mixture was stirred at room temperature for 1h, resulting in a limpid solution. Compounds
Na1,[Lns(H,0)6(5-GeW1903g),]-xH,0 (9-Ln, Ln = Gd, Th, Dy, Ho, Er, Tm, Yb, Lu) were isolated as cottony
solids formed by highly gathered needles (except for the non-crystalline 9-Gd) from slow evaporation
of the final solution at room temperature for ca. 3 weeks (final volume 20-30 mL). Compounds
CsyNays.,[{Lns(H,0)s(GeW1003s),},]-xH,0 (10-Ln, Ln = Ho, Er, Tm, Yb, Lu) were obtained as prismatic
plates by addition of aqueous 1M CsCl (~0.3 mL) to the final solution, followed by slow evaporation
at room temperature for a few days.

Nalz[Gd4(HzO)G(ﬂ'GewloO?,g)z]'~44H20 (g'Gd) Gd(NO3)36Hzo (0442 g) was used as the lanthanide
source. Yield: 0.20 g, 12% based on Gd. Anal. Calcd (found) for Gd,Ge,H;9oNa;1,016Wo0: Gd, 9.19
(8.88); Ge, 2.12 (2.14); Na, 4.03 (4.30). IR (cm™): 936 (s), 874 (s), 822 (vs), 760 (s), 683 (s), 509 (m),
440 (m).

Na;;[Thy(H,0)s(S-GeW100sg),]-~44H,0 (9-Tb). Tb(NOs)s-5H,0 (0.426 g) was used as the lanthanide
source. Yield: 0.25 g, 15% based on Th. Anal. Calcd (found) for Ge,;Hip0Na;1,0126ThsW,o: Ge, 2.12
(2.13); Na, 4.03 (4.17); Tb, 9.28 (9.26). IR (cm™): 936 (s), 876 (s), 822 (vs), 760 (s), 683 (s), 509 (m),
438 (m). Unit cell parameters (single-crystal, 100 K): triclinic P-1, a = 12.766(10), b = 18.883(14), c =
22.130(16) A, o = 87.40(6), = 87.72(6), = 81.82(6)°, V = 5272(7) A°.
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Na;;[Dy4(H,0)s(f-GeW100ss),]-~44H,0 (9-Dy). DyCl;-6H,0 (0.369 g) was used as the lanthanide
source. Yield: 0.27 g, 16% based on Dy. Anal. Calcd (found) for Dy,Ge,Hi9oNa1,01,6Wo: Dy, 9.47
(9.46); Ge, 2.12 (2.11); Na, 4.02 (4.04). IR (cm™): 937 (s), 878 (s), 818 (vs), 760 (s), 683 (s), 513 (m),
438 (m).

Naj;[Ho,(H,0)e(f-GeW10033),]-~44H,0 (9-Ho) and Cs;Na;[{Ho4(H,0)s(GeW1003g),}.] -~66H,0 (10-
Ho). HoCl;-6H,0 (0.372 g) was used as the lanthanide source. 9-Ho. Yield: 0.36 g, 21% based on Ho.
Anal. Calcd (found) for Ge,HigoH0O4Na1,0126W,p: Ge, 2.11 (2.10); Ho, 9.60 (9.69); Na, 4.01 (3.96). IR
(cm™): 937 (s), 876 (s), 816 (vs), 757 (s), 685 (s), 511 (m), 444 (m). 10-Ho. Yield: 0.30 g, 17% based on
Ho. Anal. Calcd (found) for Cs;Ge,H15,HogNa,70,,5Wag: Cs, 6.60 (6.53); Ge, 2.06 (2.06); Ho, 9.37 (9.08);
Na, 2.78 (3.01). IR (cm™): 936 (s), 871 (s), 802 (vs), 746 (s), 681 (s), 509 (m), 442 (m).

Naj,[Ers(H,0)¢(5-GeW,03s),]-~44H,0 (9-Er) and CsgNays[{Ers(H,0)s(GeW10033),},] -~66H,0 (10-Er).
ErCl;-6H,0 (0.374 g) was used as the lanthanide source. 9-Er. Yield: 0.45 g, 27% based on Er. Anal.
Calcd (found) for ErsGe,HigoNa1,0126Wao: Er, 9.72 (9.53); Ge, 2.11 (2.10); Na, 4.01 (4.06). IR (cm™):
936(s), 876 (s), 822 (vs), 764 (s), 681 (s), 513 (m), 444 (m). 10-Er. Yield: 0.26 g, 15% based on Er. Anal.
Calcd (found) for CsgErsGesHi5,Na150425Wag: Cs, 5.70 (5.87); Er, 9.56 (9.54); Ge, 2.08 (2.10); Na, 2.96
(3.26). IR (cm_l): 936 (s), 872 (s), 802(vs), 748 (s), 679(s), 509(m), 440(m).

Na3,[Tmy(H,0)e(S-GeW14035),]-~41H,0 (9-Tm) and CssNays[{Tm,(H,0)s(GeW1003s),},] -~63H,0 (10-
Tm). TmCl;-6H,0 (0.376 g) was used as the lanthanide source. 9-Tm. Yield: 0.25 g, 15% based on Tm.
Anal. Calcd (found) for Ge,HgsNa;1,01,3TmMsW,0: Ge, 2.12 (2.11); Na, 4.04 (4.43); Tm, 9.88 (9.84). IR
(cm™): 936 (s), 876 (s), 822 (vs), 764 (s), 683 (s), 511 (m), 448 (m). 10-Tm. Yield: 0.48 g, 28% based on
Tm. Anal. Calcd (found) for Css3GesHisgNag702,5TmsWao: Cs, 5.08 (5.16); Ge, 2.09 (2.15); Na, 3.10
(3.50); Tm, 9.74 (9.84). IR (cm™): 936 (s), 872 (s), 806 (vs), 754 (s), 681 (s), 509 (m), 440 (m).

Nay;[Ybs(H,0)¢(f-GeW14035),]-~41H,0 (9-Yb) and CsgNays[{Ybs(H,0)s(GeW1003s),},] -~63H,0 (10-Yb).
YbCl3-6H,0 (0.380 g) was used as the lanthanide source. 9-Yb. Yield: 0.23 g, 14% based on Yb. Anal.
Calcd (found) for Ge;HosNa1,01,3WaoYb,: Ge, 2.12 (2.14); Na, 4.03 (4.30); Yb, 10.10 (10.45). IR (cm_l):
937 (s), 874 (s), 818 (vs), 762 (s), 685 (s), 511 (m), 446 (m). 10-Yb. Yield: 0.30 mg, 18% based on Yb.
Anal. Calcd (found) for CsssGesHiagNa1g50225WapYbg: Cs, 5.25 (5.26); Ge, 2.08 (2.06); Na, 3.05 (3.14);
Yb, 9.94 (9.96). IR (cm_l): 936 (s), 876 (s), 810 (vs), 758 (s), 683 (s), 513 (m), 440 (m).

Nay;[Lus(H,0)6(f-GeW10035),]-~41H,0 (9-Lu) and CssNajo[{Lus(H,0)s(GeW1033),}] -~63H,0 (10-Lu).
LuCl;-6H,0 (0.382 g) was used as the lanthanide source. 9-Lu. Yield: 0.31 g, 18% based on Lu. Anal.
Calcd (found) for Ge;HgsLusNa1,0123Wao: Ge, 2.12 (2.10); Lu, 10.20 (10.20); Na, 4.02 (4.41). IR (cm™):
939 (s), 876 (s), 818 (vs), 764 (s), 690 (s), 513 (m), 448 (m). 10-Lu. Yield: 0.26 g, 15% based on Lu.
Anal. Calcd (found) for CssGesHissLusNa190,,5Wyo: Cs, 4.78 (4.99); Ge, 2.09 (2.11); Lu, 10.08 (10.12);
Na, 3.14 (3.35). IR (cm_l): 937 (s), 868 (s), 806 (vs), 754 (s), 683 (s), 507 (m), 444 (m).

Thermal Analyses. All compounds 9-Ln and 10-Ln show TGA/DTA curves with similar profiles
(see Figure A2.12 in Appendix 2). Dehydration is observed as an endothermic mass loss that extends
continuously to temperatures around 500 °C, at which the POM framework starts decomposing as
indicated by a set of overlapped exothermic signals. Table 3.8 displays the experimental and
calculated mass losses (Am) for the dehydration, together with the decomposition temperatures (Ty).
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Table 3.8. Thermal data of compounds 9-Ln and 10-Ln.

Am.,, (%) Bm ;4 (%), NH,0 T, (°C) Am,,, (%) Bm,cq (%), NH,0 T4 (°C)

9-Gd 13.87 13.16 for n =50 475

9-Tb 13.38 13.15for n =50 475

9-Dy 13.19 13.12 forn =50 485

9-Ho 13.05 13.10 for n =50 485 10-Ho 9.63 9.63forn=76 500
9-Er 12.98 13.08 for n =50 485 10-Er 9.74 9.63forn=76 500
9-Tm 12.50 12.39 forn=47 490 10-Tm 9.30 9.48 forn=73 495
9-Yb 12.13 12.36 forn =47 490 10-Yb 9.45 9.44forn=73 500
9-Lu 12.45 12.34 forn=47 495 10-Lu 9.45 9.47 forn=73 500
X-ray crystallography

Crystal data for 9-Ln (Ln = Dy to Lu) and 10-Ln (Ln = Ho to Lu) are summarized in Tables 3.9 and
3.10, respectively. Thermal vibrations were treated anisotropically for heavy atoms (W, Ge, Cs,
lanthanides). In compounds 9-Ln, both {Ln,(#-GeW,,033)} fragments in the asymmetric unit showed
disorder in the rotated W;0,; trimers formed by the W10/W11/W12 and the W30/W31/W32
octahedra. This disorder originates from contribution of the corresponding {Ln,(a-GeW;,035)} isomer
with the W;04; trimer back-rotated by 60°. Only the W atoms of the back-rotated trimers could be
located from successive Fourier maps and they were included in the refinement with isotropic
thermal parameters. The three W atoms on each f-trimer, together with their associated terminal
and bridging O atoms, were refined with the same occupancies and the sum of the population
factors for each S-W/ a-W pair (e.g. W10/W10A) was restricted to 1, resulting in contributions in the
2 — 13% range of the a-form (Dy, 2.3/7.7; Ho, 5.9/8.2; Er, 5.1/7.0; Tm, 6.4/12.9; Yb, 3.6/8.5; Lu,
8.2/8.6).

For compounds 10-Ln, one of the two {Ln,(#-GeW4035)} fragments in the asymmetric unit
showed similar disorder in the W30/W31/W32 rotated trimer. This disorder was modeled
analogously (except for 10-Er, for which the low quality of the available data precluded any
treatment), resulting in contributions of c.a. 5% for the a-form (Ho, 4.4; Tm, 5.9; Yb, 4.7; Lu, 5.8). The
second {Ln,(GeW1,033)} fragment displayed a much more pronounced a/f disorder for all the five 10-
Ln compounds. In this case, all terminal and bridging O atoms of the a-trimer defined by the
W10A/W11A/W12A octahedra could also be located from successive Fourier cycles. Treatment of
the W atoms, together with their associated O atoms, was as explained above for both a- and f-
trimers. Final results indicate that both a- and S-forms of the {Ln,(GeW00s5)} fragment coexist in the
structure with the following a/f population factors: 42.0/58.0 for Ho, 39.1/60.9 for Er, 52.8/47.2 for
Tm, 53.5/46.5 for Yb; and 60.8/39.2 for Lu.

All compounds display significant disorder between counterions and lattice water molecules.
For 9-Ln, 11 to 14 sites with appropriate geometries for a Na cation were located in the Fourier
maps. The occupancies in these positions were initially refined without restrictions and rounded to
the first decimal in the last cycle. This resulted in a total number of 8.5 (9-Dy), 8.4 (9-Ho), 8.3 (9-Er),
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9.3 (9-Tm), 9.3 (9-Yb) and 8.8 (9-Lu) Na atoms per asymmetric unit containing one polyanion. In 10,

the disorder observed was much more severe because the coexistence of a/f forms for one of the

{Ln,(GeW3033)} fragments in the asymmetric unit with population factors ranging from 40 to 60% led

us to observe overlapping of two different cation/solvent networks around these fragments with

consequent impossibility to discriminate most of the atomic positions. The occupancies of those

Cs/Na sites identified in the Fourier maps were refined as explained above, resulting in a total
number of 2.0/3.1 (10-Ho), 2.6/2.4 (10-Er), 1.6/4.9 (10-Tm), 1.9/5.0 (10-Yb), 1.8/5.0 (10-Lu) Cs/Na
cations per asymmetric unit containing one half of the polyanion.

Table 3.9. Crystal data of compounds 9-Ln.

9-Dy 9-Ho 9-Er 9-Tm 9-Yb 9-Lu
Formula Dy,Ge,Hqgo Ge,H goHO, Er,Ge,Hq g Ge,HgsNay; Ge,HgsNay; Ge,yHgsluy

Na;p0126Wao  Nap0126Wyo  NappOisWye  O123TmyWog 0123W50Yby Na1,0123W5o
FW (g mol™) 6864.9 6874.6 6883.9 6836.5 6853.0 6860.7
Crystal system triclinic triclinic triclinic triclinic triclinic triclinic
Space group pP-1 P-1 P-1 P-1 P-1 P-1
a (A) 12.7056(2) 12.7152(2) 12.7079(5) 12.7042(2) 12.70257(14) 12.6836(3)
b (A) 18.8410(5) 18.8144(4) 18.7881(7) 19.7803(4) 19.8138(7) 19.7846(4)
c(A) 22.0984(4) 22.0744(4) 22.0649(7) 22.3835(3) 22.4348(3) 22.3822(4)
a(°) 87.696(2) 87.758(2) 87.988(3) 90.4070(10)  90.4473(17) 90.430(2)
£(°) 87.5400(10)  87.7140(10) 87.905(3) 93.5870(10)  93.8195(10) 93.807(2)
7(°) 81.850(2) 81.656(2) 81.483(3) 90.398(2) 90.8531(17) 90.766(2)
V(A% 5228.69(19) 5217.81(17) 5204.3(3) 5613.50(16)  5633.1(2) 5603.5(2)
V4 2 2 2 2 2 2
Dearca (g cm ™) 4.360 4.376 4.400 4.045 4.040 4.066
u(mm™) 25.471 25.693 25.986 24.220 24.306 24.621
Reflections
Collected 35458 34970 32970 36700 40683 36560
Unique (Rint) 18384 (0.029) 18360(0.037)  18275(0.079) 19752 (0.025) 19839 (0.030) 19715 (0.046)
Observed 15239 15632 12171 17643 17639 16902
[I>20()]
Parameters 817 814 790 825 817 813
R(F) [I > 2a(l)] 0.045 0.042 0.082 0.036 0.046 0.047
wR (F) (all data)  0.103 0.097 0.215 0.084 0.115 0.133
GoF 1.044 1.039 1.054 1.082 1.064 1.043

Crystals of both Er derivatives 9-Er and 10-Er were systematically of much poorer quality than

their analogues, as evidenced by the significantly higher values of the R;,. parameter and agreement

factors. We made measurements on several crystals from several different batches in quest of a

better set of crystallographic data for both compounds but without any success. For 10-Er, low
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quality data together with the coexistence of a- and f-{Ln,GeW,035} forms made impossible to

refine most of the Na ions and lattice water molecules, resulting in a final structural solution with
large voids accounting for the 15% of the unit cell (voids of 587 and 208 A® voids at x,y,z = 0, 1/2 ,0
and 1/2,1/2,1/2 respectively). We tried to apply the SQUEEZE routine from PLATON to overcome this
but we did not observe any improvement in the agreement factors.

Table 3.10. Crystal data of compounds 10-Ln.

10-Ho 10-Er 10-Tm 10-Yb 10-Lu
Formula Cs,GeyzHq5Ho, CsgEr,GeysHqs; CssGegHigNa; CsgGegHiggNag CssGegHqsglug

Na170228Wyo Na150228W4o 0225TmgW 0225WyoYbg Na190525W 4o
FW (g mol™) 14086.2 13994.9 13844.3 13987.1 13892.6
Crystal system triclinic triclinic triclinic triclinic triclinic
Space group P-1 P-1 P-1 P-1 P-1
a(A) 14.0737(2) 13.3091(6) 14.0721(3) 14.0508(3) 14.0465(3)
b (A) 19.6092(4) 21.4625(10) 19.6282(5) 19.6071(5) 19.5799(4)
c(R) 21.3394(4) 22.0117(9) 21.3640(5) 21.3326(6) 21.3288(5)
a(®) 103.083(2) 112.719(4) 103.070(2) 102.930(2) 102.864(2)
L) 107.118(2) 101.933(4) 107.216(2) 107.185(2) 107.325(2)
7(°) 103.786(2) 104.460(4) 103.875(2) 103.942(2) 103.957(2)
V(A% 5179.69(16) 5282.5(4) 5183.6(2) 5166.2(2) 5152.76(19)
V4 1 1 1 1 1
Deaiea (g cm™) 4.516 4.399 4.435 4.496 4.477
u(mm™) 27.064 26.552 27.070 27.519 27.621
Reflections
Collected 38139 34136 32754 32702 38034
Unique (Rint) 18252 (0.044) 18591 (0.085) 18257 (0.026) 18193 (0.025) 18132 (0.027)
Observed [/ > 20(/)] 15711 12414 15788 15538 16301
Parameters 828 716 843 851 851
R(F) [I>20(/)] 0.054 0.118 0.042 0.043 0.041
wR (F’) (all data) 0.146 0.321 0.106 0.106 0.101
GoF 1.022 1.024 1.025 1.045 1.034

3.4.2. Results and discussion

Synthesis

After studying the early lanthanides, mid to late 4f-metals (Ln

= from Gd to Lu) were selected

to extend our systematic studies. It is known that POM assemblies are highly sensitive to the exact

nature of the employed lanthanide,

in such a way that the architectures obtained for small

lanthanides after the Gd break are often different to those of the larger ions due to the lanthanide
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contraction effect and consequent decrease in the number of coordination sites around the 4f ion.®
Unfortunately, we did not obtain any crystalline product suitable for structural characterization when
the corresponding 1.1Ni**:1.1Ln*":1Ge0,:9W0,” reactions were performed under the same synthetic
conditions (including addition of K" or Cs* cations) as for early lanthanides.

1.1Ln3 :1 GeO, : 9 Na,WO0,
NaOAc buffer, RT

71

lutetium

70
Yb
ytterbium
69
Tm

thulium

68
Er

erbium
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holmium

66

Dy
dysprosium
65
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terbium

gadolinium

Figure 3.35. Synthetic approach for compounds 9-Ln (Ln = Gd to Lu) and 10-Ln (Ln = Ho to Lu). Rotated W30;3
trimers are highlighted in dark grey.

Taking into account the structural role played by the [M(H,0)¢])** cations for 6-Ln, 7-Sm and 8-
Ln, it appears that these species are not appropriate crystallizing agents when mid to late lanthanides
are used, and therefore, we decided to simplify the system to 1.1Ln*":1Ge0,:9Na,WO, mixtures
(Figure 3.35). When no alkaline cations were added and the reactions were carried out in the
presence of exclusively sodium coming from the buffer, the dimeric POMs [Lny(H,0)¢(f-
GeW;0035),]** (9-Ln) were obtained for the whole series from Ln = Gd to Lu, whereas tetrameric
assemblies [{Lns(H,0)s(GeW1003s):}2]1**" (10-Ln) were isolated when CsCl (ag) was added to the
reaction mixture, but only for the latest lanthanides from Ln = Ho to Lu. Non-cystalline, fine powders
were formed in the case of Ln = Gd, Tb and Dy, but their identity as tetrameric POMs could not be
unequivocally established on the basis of IR spectroscopy.
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Regarding synthetic aspects, it is worth mentioning the following: i) 9 and 10 can be prepared
starting from the corresponding 2Ln**:1Ge0,:10Na,W0, stoichiometric mixtures, but the initial
precipitates formed in the reactions did not dissolve completely, resulting in significantly lower yields
of final crystalline products; ii) no identifiable compounds were obtained when Eu®* salts were used
as lanthanide sources, and hence there is an structural break in the system between the series Ln =
Gd to Lu and earlier, larger 4f ions from La to Sm; iii) in contrast to the template role of cyclic
structural motifs observed for K" in 7-Sm and 8-Ln, addition of this alkaline cation to the present
reaction mixtures resulted in the appearance of colloidal precipitates or even jellification of the final
solutions upon evaporation.

Molecular structure of the 9-Ln anions

Polyanions [Ln4(H20)6(ﬁ—GeW10038)2]12' (9-Ln, Ln = Gd to Lu) are composed of two [Ln,(f-
GeW14035)]® subunits ({#-Ln,GeW,o}) associated in a face-to-face manner via two pairs of Ln—
O(WOs)—Ln bridges, resulting in a chiral dimeric assembly with ideal C, point symmetry broken down
to C; as a result of the asymmetric coordination of bridging water molecules between lanthanide
centers (Figure 3.36). These subunits contain dilacunary {GeW,o035]**" skeletons derived from the -
Keggin cluster, which is usually described as formed by a 60°-rotated {M3;0.3} cap, a central
hexameric belt and a bottom {M;0;s} triad. In this case, the vacant sites are located in non-adjacent
positions of the belt and the bottom triad, resulting in anti-Lipscomb type® frameworks with two
WO octahedra common to both vacant sites that show three unshared O atoms each. These
skeletons are formed in situ during the reaction and further stabilized by coordination of a 4f ion to
the four O atoms delimiting each lacuna and the corresponding central O atom, in such a way that
the two mentioned WQOg octahedra and the {GeO,} group connect the two 4f ions via one O—-Ge-0O
and two O—W-O0 bridges (Figure 3.37). Closely related dimeric assemblies were reported a few years
ago by Li et al. for Ln = Dy, Er.2> These POMs with C, point symmetry were obtained from reaction of
the [7/'GeW10036]8_ precursor with a lanthanide source in warm water at pH = 4 and their constituent
{a-Ln,GeW,} subunits show dilacunary Keggin skeletons of the a(1,4) type according to the Pope &
Scully notation.®*

Figure 3.36. View of a 9-Ln POM along the ideal C, axis broken by the asymmetric bridging of the water
molecules. Long Ln-Oy, bonds depicted as dashed lines.
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Figure 3.37. (a) Dimeric [Ln4(H20)6(,B-GeW10038)2]12— POMs found in the asymmetric units of 9-Tm, -Yb, -Lu
(phase A, left) and 9-Tb, -Dy, -Ho, -Er (phase B, right). (b) Details of their [ﬁ-anGeWmOg,g]s_ subunits [left:
P(1,5); right: £-(1,8)] and (c) Details of the central {Ln,} cores (left: clockwise; right: anti-clockwise orientation).
Note the enantiomeric relation between both 9-Ln dimers and both {f-Ln,GeW,} subunits. Bonding and
oxygen atom color code: Ln—0,, grey; Lh—0,, violet; Ln—0,,; and Ln—0,,;,, red; Ln-0,, green (for the abbreviations
0., Oy, Oy, O, Oy, see the footnote in Table 3.12).

Two different crystalline phases have been identified by single-crystal X-ray diffraction for
compounds 9-Ln: phase A in crystals with Ln = Tm to Lu and phase B in those samples where Ln = Dy
to Er. Both phases crystallize in the triclinic space group P-1 as highly gathered needles. Powder X-
ray diffractograms, together with their comparison to the simulated patters for 9-Lu and 9-Dy as
phase A and B representatives (Figure 3.38), show that solid samples for all compounds 9-Ln are
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mixtures of both phases (Figure 3.39). The relative contribution of phase A to the mixture decreases
when going from Ln = Dy to heavier lanthanides, in such a way that it is almost imperceptible for Ln =
Yb and Lu (but not negligible, note that the structural determination for these two derivatives has
been performed on single crystals from phase A). Powder X-ray diffraction also evidences the poor
crystallinity of 9-Tb compared to the rest of compounds; this fact did not allow us to obtain a
complete set of single-crystal X-ray data, but only to determine its unit-cell parameters, which
correspond to those of phase B (see Experimental Section 3.3.1). In the case of the non-crystalline 9-
Gd, its identity as the [Gd4(HZO)G(ﬂ-GeW10038)2]12' POM is unequivocally established by IR
spectroscopy (see Figure A2.7 in Appendix 2).

9-Dy

(SR \ | W\vmfim

| | \ PHASE A
d \] LA sim.
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4 6 8 10 20 (deg) 12

Figure 3.38. Comparison between the experimental powder X-ray diffractograms of 9-Lu and 9-Dy and the
simulated patterns (from single-crystal X-ray diffraction data) for phases A and B.

The 9-Ln POM in the asymmetric unit of phase A contains two {f-Ln,GeW,,} subunits with the

4f jons located in relative positions 1 (bottom triad) and 5 (belt) according to the IUPAC notation®

(6(1,5) isomer), whereas relative positions 1 and 8 (/(1,8) isomer) are observed for the two subunits
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of the POM contained in the asymmetric unit of phase B. In both cases, the Ln—O(WQOs)-Ln bridges
are established between belt and bottom-triad lanthanides and they involve the two WOg octahedra
common to both vacant sites. As a result, the {Ln,} central core displays two Ln,(u-OWOs),(u-OH,)
dinuclear fragments arranged in clockwise orientation for phase A and anti-clockwise fashion for
phase B (Figure 3.37). Subunits £(1,5) and £(1,8) constitute an enantiomeric pair and both dimeric
POMs found in phases A and B are also enantiomerically related, hence all analyzed samples consist
in racemic crystals containing equal amounts of both right- and left-handed 9-Ln forms regardless of
the phase.
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Figure 3.39. Powder X-ray diffractograms of compounds 9-Ln (Ln = Tb to Lu).

14 1s 1B 20

The f(1,5)/ £(1,8) enantiomeric pair was firstly described in the central cyclic motif of the the
8-Ce dodecamer and has been repeatedly observed for the rest of 8-Ln compounds and the 6-Ln and
7-Sm hexamers.* Beyond the cyclic vs. rod-like arrangement, the assembly pattern of {£-Ln,GeW,}
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subunits in compound 6-Ln, 7-Sm (hexamers) or 8-Ln (dodecamers) shows other noticeable
differences compared to that observed in 9-Ln (dimers): i) compounds 6-Ln, 7-Sm and 8-Ln contain
both £(1,5) and f(1,8) isomers arranged alternately, whereas the 9 species display a single type of {£-
Ln,GeW o} subunit [either £(1,5) or £(1,8)]; ii) the Ln—O(WOs)-Ln bridges in the formers involve
lanthanide atoms placed only in the bottom triad, whereas belt and botton-triad 4f ions participate
from this linkages in the 9-Ln species.

3,5
v Ideal DD

34

2,5

1,54

Biaugmented Trigonal Prism (BPT)

Ideal BTP|

0 T T T T T 1 v
0 0,5 1 1,5 2 25 3 35
Triangular Dodecahedron (DD)

Figure 3.40. Biaugmented trigonal prism (BTP) vs. triangular dodecahedron (DD) shape map for the 4f ions in
compounds 9-Ln and 10 Ln (solid line : minimal distortion pathway between the reference shapes). Inset: detail
of the lanthanide coordination geometry (bonding color code same as Figure 3.37).

The four lanthanide atoms in each 9-Ln anion display highly distorted eight-coordinated
geometries that have been analyzed through Continuous Shape Measures (CShM).”” For the
lanthanide atoms located in belt positions (5/25, 8/28), CShM values in the 0.81-1.02 range have
been obtained with the triangular dodecahedron (DD) as the reference shape, while comparison with
any other eight-coordinated reference polyhedron results in significantly higher values (above 2.00,
Table 3.11). This indicates that the coordination geometry of these 4f ions is best described as
triangular dodecahedral, though certainly distorted from ideality. On the contrary, close CShM values
relative to the DD and the biaugmented trigonal prism (BTP) shapes are observed for the lanthanide
atoms in the bottom-triad position 21, precluding initial discrimination between both geometries
(1.24-1.52 vs. 1.23-1.44, CShM values with other reference shapes being above 2.32). Lanthanides in
position 1 would represent an intermediate stage. Nevertheless, the DD vs. BTP shape map (Figure
3.40) shows that the mid-to late 4f ions in 9-Ln and 10-Ln scatter from the ideal DD geometry toward
the BTP one following the trend marked by the minimal distortion pathway between the two
reference polyhedra with path deviation values in the 0.22-0.38 range (around the upper limit of 0.3
selected by Casanova et al.). This confirms that the best description for the mid-to late lanthanide
coordination geometries in 9-Lh and 10-Ln is triangular dodecahedral distorted toward bicapped
trigonal prismatic.




116

Lanthanide containing tungstogermanates

Table 3.11. Continuous Shape Measures for the eight-coordinated spheres of the lanthanide atoms in
compounds 9-Ln (Ln = Dy to Lu) and 10-Ln (Ln = Ho to Lu)[a]

9-Ln 10-Ln
SD J-BTP DD SAPR SD J-BTP DD SAPR
Dy1 2.720 1.677 0.999 2.687
Dy8 2.082 2.468 0.842 2.368

Dy21 2.835 1.255 1.506 2.359
Dy28 2.136 2.502 0.864 3.069

Hol 2.644 1.643 0.946 2.637 Hol 2.739 1.547 1.470 2.964
Ho8 2.090 2.445 0.808 2.404 Ho5 2.153 2.140 0.616 3.340
Ho21 2.718 1.226 1.458 2.316 Ho21 2.265 2.286 0.532 3.066
Ho28 2.098 2.366 0.845 3.194 Ho25 2.049 2.059 0.881 3.466
Erl 2.800 1.752 0.969 2.558 Erl 2.307 1.883 0.872 3.219
Er8 2.873 2.313 0.830 2.638 Er8 2.139 2.547 0.879 2.444
Er21 2.455 1.444 1.238 2.609 Er21 2.476 1.900 0.978 2.877
Er28 2.360 2.454 0.932 3.180 Er28 2.110 2.159 0.898 3.592
Tml 2.331 1.859 0.808 2.958 Tml 2.663 1.459 1.464 2.913
Tm5 2.164 2.462 0.859 2.133 Tm5 2.100 2.050 0.660 3.249
Tm21 2.728 1.241 1.520 2.386 Tm21 2.242 2.432 0.532 3.235
Tm25 2.005 2.196 0.972 3.503 Tm25 2.007 2.046 0.895 3.408
Ybl 2.352 1.896 0.758 2,918 Ybl 2.673 1.504 1.438 2,911
Yb5 2.218 2.453 0.837 2.126 Yb5 2.148 2.015 0.686 3.255
Yb21 2.700 1.274 1.449 2.459 Yb21 2.198 2.328 0.535 3.104
Yb25 2.045 2.262 0.985 3.428 Yb25 1.988 2.116 0.850 3.320
Lul 2.344 1911 0.730 2.952 Lul 2.568 1.483 1.375 2,914
Lu5 2.146 2.456 0.831 2.197 Lu5 2.063 1.960 0.672 3.146
Lu21 2.512 1.344 1.397 2.466 Lu21 2.185 2.255 0.541 3.060
Lu25 2.009 2.174 1.015 3.566 Lu25 1.912 2.023 0.850 3.387

[a] Abbreviations. SD: snub disphenoid (D,,); J-BTP: Johnson biaugmented trigonal prism (C,,); DD: triangular dodecahedron
(D,4); SAPR: square antiprism (D44). For a graphical representation of these polyhedra, see Figure A2.17 in Appendix 2.
Values highlighted in grey correspond to the best geometry.

This type of geometry originates from in-pocket coordination modes of the 4f ions toward the
divacant {-GeW 4033} skeleton. In addition to the four O atoms delimiting each vacant site (O,), the
4f ions also coordinate to the corresponding central O atom from the GeO, group (O,), resulting in
mean Ln--W distances inside the mixed {LnW,} edge-sharing trimers that decrease from 3.554 A for
9-Dy to 3.512 A for 9-Lu. For comparison, the analogous mean Ce---W distance is 3.749 A in 8-Ce
showing out-of-pocket coordinated Ce atoms with square-antiprismatic geometries. Therefore, the
lanthanide atoms could be seen as incorporated into the f-Keggin framework with three external
coordination sites occupied by the bridging O atom from the neighboring subunit (O,), one terminal
aqua ligand (O,:) and one loosely bound water molecule acting as additional linkage between
lanthanides (O,;). Considering the latter as an effective bridge, the dinuclear lanthanide fragments in
the {Ln,} central cores should then be described as formed by two face-sharing LnOg triangular
dodecahedra. Bond Valence Sum calculations® indicate that the identified terminal and bridging
water molecules are the only protonation sites and this is fully consistent with the number of Na
cations determined from elemental analyses.
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Table 3.12. Ranges and mean lanthanide—oxygen bond lengths (&) in compounds 9-Ln and 10-Ln

[a]

Ln-0, Ln-0, Ln—-0,,; Ln-O, Ln-0,,;,

9-Lu 2.180(11)-2.297(12) 2.279(11)-2.306(11) 2.279(11)-2.321(11)  2.509(10)-2.542(10)  2.505(12)-2.728(11)
2.246 2.292 2.297 2.526 2.624

10-Lu 2.166(9)-2.285(9) 2.273(8)-2.323(9) 2.256(10)-2.314(10)  2.515(8)-2.554(8) 2.465(9)-2.675(9)
2.239 2.300 2.281 2.538 2.570

9-Yb 2.184(9)-2.294(11) 2.272(9)-2.311(10) 2.304(11)-2.239(10)  2.517(10)-2.553(10)  2.520(11)-2.724(10)
2.249 2.289 2.318 2.536 2.628

10-Yb 2.178(10)-2.295(10) 2.281(9)-2.318(10) 2.289(9)-2.345(11) 2.517(9)-2.558(11) 2.475(10)-2.681(10)
2.247 2.306 2.313 2.542 2.583

9-Tm 2.200(8)-2.300(8) 2.292(8)-2.323(8) 2.313(9)-2.347(8) 2.529(8)-2.571(8) 2.536(9)-2.729(8)
2.257 2.310 2.326 2.554 2.634

10-Tm  2193(9)-2.306(10) 2.281(9)-2.336(9) 2.277(11)-2.355(11)  2.539(9)-2.561(10) 2.476(9)-2.688(9)
2.257 2310 2.310 2.553 2.588

9-Er 2.15(2)-2.34(2) 2.34(3)-2.36(3) 2.31(2)-2.35(2) 2.51(2)-2.52(2) 2.52(2)-2.69(2)
2.29 2.30 2.33 251 2.62

10-Er 2.19(3)-2.32(3) 2.34(3)-2.36(3) 2.30(3)-2.39(4) 2.52(3)-2.59(3) 2.56(3)-2.72(3)
2.27 2.35 234 2.55 2.62

9-Ho 2.218(9)-2.340(10) 2.304(9)-2.359(9) 2.328(10)-2.374(9) 2.514(9)-2.594(9) 2.579(10)-2.704(10)
2.281 2323 2.350 2.554 2.642

10-Ho  2-209(12)-2.327(12) 2.297(11)-2.354(12)  2.280(12)-2.383(14)  2.534(11)-2.565(12)  2.505(11)-2.698(12)
2.276 2329 2.327 2.554 2.600

9-Dy 2.241(10)-2.362(10) 2.312(10)-2.362(11) 2.356(11)-2.380(10)  2.534(10)-2.601(10)  2.576(11)-2.694(10)
2.291 2.339 2.370 2.570 2.638

[a] Abbreviations. O.: O atoms delimiting the vacant site to which the 4f ion is incorporated; O,: bridging Opgyv atom
between lanthanides; O,: O atom from a terminal aqua ligand (or an adjacent WOg octahedron for 10-Ln); O.: central O
atom from the {GeO,} group; O,,;,: bridging water molecule between lanthanides.
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Figure 3.41. Variation of the mean lanthanide—oxygen bond lengths (Er derivatives not represented due to the
low precision of the data) and lanthanide---lanthanide distances between adjacent {f-Ln,GeW} subunits (see
Appendix 3) with the atomic number for compounds 9-Ln and 10-Ln. For the abbreviations O, Oy, Oy, O, Owb,
see the footnote in Table 3.12.

The Ln—0 bonding (Table 3.12. and Appendix 3) is composed of six short bonds with Opgy
atoms (O, and Oy) and the terminal aqua ligand, one long bond with the central O atom and one long
or very long bond with the bridging water molecule. The linkage mode of this molecule is
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asymmetrical, being more closely coordinated to one of the 4f ions than to the other at distances of
c.a. 2.50 vs. 2.70 A, respectively. The Ln—0O bond lengths follow the order Ln—0, < =Op, < =Oy; << O, <
—O.p as shown in Figure 3.37, though differences between the three types of short bonds are subtle.
As pointed out for other series of lanthanide-containing anions like Peacock-Weakley sandwich-type
species,’ the Ln—O bond lengths tend to linearly decrease with increasing the lanthanide atomic
number due to the well-known contraction effect in rare-earth metals, but variations in this series do
not exceed 0.1 A. It is worth mentioning that while those bonds involving O atoms of {-GeW,033}
skeletons (O, Oy, O.) show parallel decreasing trends when going from Dy to Lu, the Ln—-0,, bonds
undergo more pronounced shortening and the Ln—-0,, bonds remain nearly constant through the
series.

a/ /7 disorder
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Figure 3.42. Centrosymmetric [{Ln4(H,0)s(GeW103g),},]** tetrameric POM as determined from single-crystal X-
ray diffraction data for compounds 10-Ln (Ln = Ho to Lu), together with a detail in ball & stick model of the o/
disorder observed for one of the {Lu,GeW,} subunits in 10-Lu (50% probability displacement ellipsoids). Color
code: Tungsten atoms, W—0 bonds and WQOg octahedra of the disordered {W3013} cap are depicted in blue for
the {a-Ln,GeW o} form and in yellow for the corresponding -form.

Molecular structure of the 10-Ln anions

The tetrameric polyanions [{Lns(H,0)s(GeW10035),},]**” (10-Ln, Ln = Ho to Lu) can be seen as
the product of the Cs-directed assembly of two dimeric [Ln,(H,0)s(GeW1003s),]™> entities, resulting in
a centrosymmetric architecture with diamond-like shape and diagonals of c.a. 2.5 x 2.1 nm (Figure
3.42). The dimeric halves are closely related to the 9-Ln anions and they assemble via two Ln—O0=W
linkages formed by replacement of one terminal aqua ligand on each half with the terminal O atom
of a belt-WOg octahedron from the adjacent dimer. This association is reinforced by two Cs ions
inserted in the clefts formed between the assembled dimers.

There are some remarkable differences between the dimeric halves of 10-Ln and the dimeric
9-Ln anions. Despite containing {#-Ln,GeW,} subunits like in 9-Ln, one of the two crystallographically
independent subunits in all 10-Ln compounds displays significant disorder in the rotated {W;01;} cap
(Figure 3.42). This crystallographic disorder arises from contribution of a {W;043} trimer back-rotated
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by 60°, i.e. from contribution of the corresponding a-isomer for the {GeW,,033} skeleton. Back-
rotation of the cap for the S(1,5) and f(1,8) subunits results in the a(1,5)/a(1,8) pair of C,-symmetric
enantiomers following the IUPAC rule, which is commonly encompassed in Pope & Scully’s a(1,4)
notation.

a3-10-Ln

Figure 3.43. Individual representations of the two types of tetrameric POMs coexisting in each 10-Ln crystal.

According to the structural data, there is no clear predominance of one of the isomers in this
a/f disorder, but the population factors observed for the a- and S -caps indicate that the a form
tends to be favored over the f-one when going from Ho to Lu. The a-form represents the minor
fraction for Ln = Ho and Er (a/f ratio of c.a. 40/60) but becomes the major one for Ln = Lu (c.a.
60/40), the compounds where Ln = Tm and Yb exemplifying the situation where contributions of
both isomeric forms are nearly equivalent. This disorder evidences that two types of tetrameric
assemblies of {Ln,GeW o} subunits coexist in each 10-Ln crystal: one is a full ££-10-Ln architecture
with dimeric halves composed of either 5(1,5) or £(1,8) clusters, whereas the other one is a mixed
0,3-10-Ln assembly where each halve contains one of these f-subunits linked to its corresponding {a-
Ln,GeW,g} derivative (Figure 3.43).

Another significant difference between the dimeric halves in the architecture of 10-Ln and the
9-Ln anions is that the Ln—O(WOs)—Ln bridges in the former are established between two lanthanides
located either in the belt or in the bottom-triad, whereas both types of 4f centers are involved in
each of these linkages for the latter. As a result, the subunits assemble with the rotated {W;013} caps
facing opposite sides of the dimeric half in 10-Ln POMs, whereas for the 9-Ln species both caps
reside in the same side of the assembly. Nevertheless, the {Ln,} central cores for both /- and a$-10-
Ln architectures are virtually identical to those observed for 9-Ln anions regardless of the differences
in isomeric forms and their linkages. Overall, the Ln—O bonding follows the same trends as the ones
described for 9-Ln anions with nearly equivalent Ln—0,; and Ln—-0, bonds and a more efficient
bridging role of the loosely bound water molecule. Moreover, face-to-face association between
subunits in 10-Ln appears to be stronger than in 9-Ln as indicated by the systematically shorter
intradimeric Ln--Ln distances observed for the whole series (Appendix 4). As expected, these
distances tend to decrease linearly as the lanthanide becomes heavier, so that parallel trends have
been found for dimeric and tetrameric species (Figure 3.41).
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Solution stability of 9-Ln and 10-Ln anions

Structural analysis of 9-Ln anions reveals that the four Ln—O, bonds linking the two Ln,
subunits in a dimeric species are very similar in length to the Ln—O, bonds involving the 4f ions and
the {#-GeW 1,035} skeleton to which they are incorporated. This might indicate that the association
between subunits in 9-Ln anions is strong, hence it could be expected that the dimeric assembly
maintains its integrity in solution. On the contrary, only two Ln—O=W linkages bring the two 9-Ln-like
dimeric halves together in the 10-Ln anions, in such a way that fragmentation of the tetrameric
assembly upon dissolution seems plausible unless coordination of the Cs* ions in the clefts plays an
effective stabilizing role. To ascertain the accuracy of these preliminary appreciations, we decided to
explore the stability of 9-Ln and 10-Ln anions in solution by a combination of ESI-MS and **W-NMR
experiments and selected the Ho-derivatives as representative members of the whole series for this

purpose.
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Figure 3.44. Negative ESI mass spectrum of H,0:CH;CN (1:1) solutions of 9-Ho (U. = 15 V). Top: freshly prepared
sample. Bottom: solution aged 5 days in air (note that dimeric 9-Ho and monomeric {Ho,GeW,,} species are
overlapped in the m/z 940-995 range). {H0,GeWo}™ = [Ho,GeW,40sg+xH,0+mH +(n-m)Na‘]*™"; {9-Ho}"**
" = [Ho4(GeW:003g),+xH,0+mH " +(n-m)Na*1*>™"",

Figure 3.44 shows the negative ESI mass spectra of a H,0:CH;CN (1:1) solution of 9-Ho
recorded at low cone voltage. For the freshly prepared sample (top), the intact dimeric 9-Ho anion
can be clearly identified as four groups of signals spanning in the m/z 900-2150 range. The isotopic
pattern inspection (Figure 3.45), together with the m/z spacing between the groups of signals,
indicate that the detected anionic species display similar composition with charge states of 6— (m/z
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967.5, {9-Ho}*), 5— (m/z 1170.6, {9-Ho}*), 4— (m/z 1477.2, {9-Ho}") and 3— (m/z 1997.6, {9-Ho}*).
The most abundant group of signals is centered at m/z 967.5 and formally corresponds to the series
of anions of general formula [Ho4(GeWoOss),+xH,0+mH"+(6-m)Na*1%". Analogously, the group of
signals at m/z 1170.6, 1477.2 and 19976 <can be readily assigned to the
[Ho4(GeW;003g),+xH,0+mH*+(7-m)Na*]™", [Ho4(GeW100sg),+xH,0+mH*+(8-m)Na*1* and
[H04(GeW10038)2+xH20+mH++(9—m)Na+]3" series, respectively.
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Figure 3.45. Expanded region of the group of signals observed in the negative ESI mass spectrum of 9-Ho
illustrating the 6— charge state in a), 5—in b), 4—in c) and 3—in d).

Compound 10-Ho was investigated at identical concentration and mass spectrometric
conditions (Figure 3.46). The negative ESI mass spectrum of 10-Ho is very much alike to that
observed for 9-Ho, except that the groups of signals are slightly shifted to higher m/z values because
of the presence of Cs" ions in addition to Na'. No experimental evidence of species larger than a
dimer was obtained. These observations strongly suggests that the tetrameric 10-Ho assembly
determined by single crystal X-ray diffraction is not preserved in solution and fragments to the
corresponding 9-Ho-like dimeric halves upon dissolution. We also performed additional ESI-MS
experiments using more concentrated 10-Ho samples (up to 5x10™ M), lower desolvation
temperatures and lower cone voltages to rule out that the tetramer to dimer dissociation occurs
during the ESI process, but the presence of tetrameric anions was not detected in any case.

The spectra of both 9-Ho and 10-Ho also show an additional set of signals of weak intensity in
the m/z 675-775 range that were assigned to the contribution of a small fraction of monomeric
{Ho,GeW,} anions. Such species might originate from the ESI process, but could also be indicative of
slow fragmentation of the dimeric species present in solution. Taking advantage of the versatility of
ESI-MS for solution studies in POM chemistry,®® we tracked the stability of the {9-Ho} species for a
period of time of three weeks. For this purpose, 10~ M aqueous solutions of 9-Ho and 10-Ho were
allowed to stand in air and aliquots of these stock solutions were extracted every 24 hours, diluted
with a H,0:CH3;CN (1:1) mixture of solvents and analyzed by ESI-MS as described above. In both
cases, we observed a significant increase in the intensity of the above signal after 5 days, together
with the appearance of a second group of signals at m/z values near those of the {9-Ho}®" series. For
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example, the ESI mass spectrum of 9-Ho revealed two groups of signals that correspond to the
anions  [Hoy(GeW;0035)+xH,0+mH +(2-m)Na*1"™  ({Ho,}*, m/z 721.8) and [Ho,(GeW;40ss)
+xH,0+mH"+(3-m)Na'1*” ({Ho,GeW,}*", m/z 964) as shown in Figure 3.46. After 3 weeks, both 9-Ho
and 10-Ho solutions remained stable in terms of the relative ratio of monomeric and dimeric species.
These observations indicate that {Ho,} anions undergo partial dissociation to {Ho,GeW,} species in
solution and that slow dimer to monomer equilibration is achieved after a few days.

HO4GEZW206_ H °4Ge2W205_

——
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Figure 3.46. Negative ESI mass spectrum (U, = 15 V) of freshly prepared H,0:CH3CN (1:1) solutions of 10-Ho.

{H0,GeWol*™ = [Ho,GeW,0s5+xH,0+mH +(n—-m)Cs'/Na' 1™ {Ho,Ge; W0l ™™ = [Hoa(GeW,00ss),+xH,0
+mH* + (n-m)Cs*/Na" 1",
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Figure 3.47. Negative ESI mass spectrum (U, = 15 V) of H,0:CH5CN (1:1) solutions of 9-Ho prepared from an
aqueous 10° M stock solution allowed to stand in air for 3 weeks. {HozGeWm}(G_")_

[Ho,GeW;o0s5+xH,0+mH +(n-m)Na'1*™"; {9-Ho}"* ™" = [Ho,(GeW4034),+xH,0+mH " +(n-m)Na*]"> ™"

It is also worth highlighting that a change in the relative intensities of the signals associated to
both {Ho,GeWy,} and {9-Ho} anions is observed after 3 weeks, in such a way that those
corresponding to the series {9-Ho}"~ and {Ho,GeW,}>” become the most intense to the detriment of
the formerly predominant {9-Ho}* and {Ho,GeW,,}*" (Figure 3.47). We speculate that this could be
related to a second process taking place in solution, and more specifically, to fto a isomerization of
{Ho,GeW,} clusters followed by reassembly in aa-derivatives of the 9-Ho dimers similar to those

reported by Li et al.®

In fact, we were able to observe the co-crystallization of aa-9-Ln derivatives as
thick prisms when needle-like crystals of compounds 9-Ln (Ln = Er, Tm, Yb) were stored in their

mother liquors for 2—3 months. The aa-9-Ln nature of these POMs has been established by single-
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crystal X-ray diffraction®” (Figure 3.48), but unfortunately, we could not isolate these phases with
sufficient reproducibility to report them as a third series of lanthanide-containing POMs. It must be
noted that: i) in contrast to the monoclinic P2;/n space group reported by Li et al.,, our aa-9-Ln
anions crystallize in the triclinic P-1 space group and this could be related to the fact that the
asymmetric unit of our compounds contain a(1,5)-{Ho,GeW .} subunits instead of the a(1,8) clusters
(according to the IUPAC notation) observed by Li; ii) compared to the £3-9-Ln anions, one of the Ln—
Oub bonds in the aa-9-Ln derivatives is lengthened up to c.a. 3.0 A, in such a way that one of the
water molecules loses its bridging role forcing the 4f ions in position 1 to become seven-coordinated
with monocapped trigonal prismatic geometry.

aa-9-ln BL-9-Ln
Figure 3.48. Representation of the [an(HZO)G(a-GeWwO38)2]12_ POM derivatives (a¢a-9-Ln, Ln = Er, Tm, Yb) and
structural relationship between aa- and ££-9-Lndimeric assemblies.

To get further insight on the solution stability of 9-Ln dimers, we also performed **W-NMR
studies on the diamagnetic 9-Lu derivative (Figure 3.49). After c.a. 2 days of acquisition time, the
spectrum shows a 10-line pattern spanning from é —80 to —230 ppm (6 —79.9, -91.2, -113.9, —138.8,
-146.0,-148.3,-161.1, -163.3,-221.1, —230.4 ppm). Assuming negligible influence on the NMR time
scale of the asymmetrically bridging water molecules, this pattern would be consistent with the ten
unique W centers in a 9-Lu framework of ideal C, symmetry containing two equivalent {£-Lu,GeW,}
subunits. The spectrum also shows a poorly resolved signal (probably a doublet) of low intensity at &
-52.8 ppm, which might be attributed to the presence of a minor fraction of {f-Lu,GeWs}
monomers. As shown in Figure 3.37, only two of the ten unique WO¢ octahedra of a {£-Ln,GeW,}
subunit are involved in the face-to-face association into 9-Ln dimers, i.e. positions 2/22 in the
bottom-triad and 4/24 in the belt. The remaining octahedra would not be affected by dimerization,
hence the environments of these W atoms in the {#-Ln,GeW,} monomer should be almost identical
to those in the 9-Ln dimer. It is then plausible that the ®*W-NMR signals of eight out of the ten W
atoms of the {#-Lu,GeW 0} monomer appear at & values very similar to those of the corresponding W
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centers in the 9-Ln dimer, and consequently, they should be hidden in our spectrum. Only the signals
of tungstens 2/22 and 4/24 should undergo significant shift when going from the 9-Lu to the {#-
Lu,GeW,p} species, and therefore, the poorly resolved doublet could be tentatively assigned to these
atoms in the {#-Lu,GeW10} monomer. This could also explain the differences in the relative intensities
observed in the 10-line pattern because only two signals should exclusively originate from the 9-Lu
dimer, whereas the remaining eight should be due to contributions from both species. We have
observed two weaker signals at 6 —161.1 and —-230.4 ppm that could be tentatively assigned to
tungstens 2/22 and 4/24 in the 9-Lu dimer.
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Figure 3.49.
(pH 4.8).

W-NMR spectrum of 9-Lu recorded on crystalline samples dissolved in NaOAc buffer solution

Magnetic properties of compounds 9-Ln

From a magnetic point of view, the {Ln,} cores in compounds 9-Ln and 10-Ln can be
rationalized as two isolated Ln,(u-OWOs),(u-OH,) dinuclear moieties after assuming negligible
magnetic exchange between lanthanide centers through the long O-W—0 and O-Ge-0O pathways™™*
(Figure 3.37). Both dinuclear moieties in a {Ln,} core can be considered as magnetically equivalent
according to the almost identical bonding geometry around the lanthanide atoms (see Appendix 4).
Figure 3.50 shows the thermal dependence of the magnetic molar susceptibility (x,) and the x,,T
product for 9-Gd, the only compound in the whole series whose magnetic properties can be analyzed
through an isotropic spin Hamiltonian due to the absence of spin-orbit coupling in Gd** ions. The x.,
curve increases continuously when going from room temperature down to 5 K with no apparent
maxima. This thermal variation of the susceptibility data obeys the Curie-Weiss law in the whole
temperature range analyzed and the fit to the corresponding expression affords values of the Curie
constant and Weiss temperature of C,, = 31.31 cm® K mol™ and #=-1.00 K, the latter being indicative
of weak antiferromagnetism in 9-Gd.
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Figure 3.50. Left: Thermal evolution of y,, and the x,,T product for 9-Gd (circles) and least-squares fit to the
equation for dinuclear Gd>* systems (continuous lines). Inset: Schematic representation of dinuclear Gd,(p-
OWOs),(1-OH,) moieties. Opoy atoms in red. O atoms from water molecules in orange. Right: Fit of the
magnetic susceptibility data to the Curie-Weiss law.

The x,,T product at room temperature (31.16 cm® K mol™) is almost identical to that expected
for four non-interacting Gd*" ions per formula unit considering S=7/2 and g = 2.00 (31.52 cm® K mol ™).
The x,,T curve remains nearly constant down to temperatures around 50 K, below which undergoes
drastic decrease to reach a value of 25.63 cm® K mol™ at 5 K. Experimental data have been analyzed
using the well-known equation for dinuclear gadolinium systems,® which expressed per metal atom
and multiplied by the four Gd** ions in 9-Gd is as follows,

Np?g? | (e*+5e3+14e*+30e!%*+55e1°*+91e?*+140e 18X

me 4[ kT }[1+3e"+5€3"+7e6”+9€10"+11615X+13621"+15€18J (Eq. 3)

In this equation, x accounts for J/kT, N is the Avogadro number, £ is the Bohr magneton, k is
the Boltzmann constant, g is the Landé factor and J is the exchange coupling constant, which is
defined by the Hamiltonian H = —JSgq1Scd2 (Sear = Sea2 = 7/2). Experimental data are very well
reproduced with this equation and the best fit results are J = —0.118 cm™ and g = 1.993, confirming
the presence of weak antiferromagnetic interaction in the Gd,(u-OWOs),(u-OH,) dinuclear moieties
of the {Gd,} core. To our knowledge, there is a lack in the literature of magnetic studies on POMs
containing polynuclear moieties of O(WOs)-bridged Gd atoms, and therefore, comparison of our
results to related magnetostructural models has been unfortunately not possible. Nevertheless, the
magnitude of the calculated coupling constant is fully consistent with those observed for a number of
dimeric complexes containing Gd*>* centers bridged by carboxylato or phenoxo ligands in different
coordination modes.*

The magnetic curves of the remaining 9-Ln compounds (Lh = Tb to Yb) are shown in Figure
3.51. Experimental values of the y,,T product at room temperature are compared in Table 3.13 to
those calculated using the formulae in Appendix 2, section A2.2.VIl. Although the magnetic
properties in this series of POMs are dominated by strong spin-orbit coupling, the values of the x,,T
product at room temperature are in general terms very close to those expected for four non-
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interacting Ln*" ions, as observed for 9-Gd derivative. The x,T product undergoes continuous
decrease with the temperature mainly due to the single-ion anisotropy, which precludes reliable
identification of the exchange interactions. However, a significant increase is observed for the 9-Dy
and 9-Yb derivatives at very low temperatures, suggesting the presence of ferromagnetic
interactions.
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Figure 3.51. Thermal evolution of y,, and the y,,T product for compounds 9-Ln (Ln = Tb to Yb).

Table 3.13. Experimental and calculated x,,T values at room temperature for 9-Ln (Ln = Tb to Yb).

9-Th 9-Dy 9-Ho 9-Er 9-Tm 9-Yb
XmT (300 K)
Experimental  45.99 56.67 55.97 45.92 27.88 8.93
Calculated 47.28 56.72 56.28 44.90 28.65 10.29

Photoluminescent properties of 9-Tb and 9-Dy

As mentioned before for early-lanthanides, low photoluminescence quantum yields are usually
obtained for Tb"- , Sm"- and DyIII v
charge transfer states for the former and to cross-relaxation for the latter, respectively. Room-

-containing POMs due to radiationless deactivation via Tb"-W

temperature emission spectra for bulk solid samples of 9-Tb and 9-Dy are shown in Figure 3.45 and

both display the characteristic profile of the corresponding Ln"

center. Compound 9-Tb emits green
luminescence and its spectrum shows four peaks with maxima at c.a. 489, 546, 590, 622 nm that
correspond to well-known transitions from the °D, excited state to the ’F, manifold, where J = 6, 5, 4,

and 3, respectively.”® The spectrum of the yellow-emitting 9-Dy displays three bands at 485, 573 and
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663 nm that can be assigned to 4F9/296HJ transitions, where J = 15/2, 13/2 and 11/2,

154% The fact that the peak originating from the hypersensitive *Fo;,>°H;s/, transition is

respectively.
not the principal in our spectrum indicates non-centrosymmetrical coordination geometries for the

Dy centers, in good agreement with the structural data.”

crystal
crystal
bulk
450 500 550 600 650 450 500 550 600 650 700
*fnm Alnm

Figure 3.52. Room-temperature photoluminescence emission spectra (A, = 325 nm) for bulk samples and
specific crystals of 9-Th (left) and 9-Dy (right). Insets: Photographs of green- and yellow-emitting crystals of 9-
Tb and 9-Dy, respectively.

Emission spectra recorded for a specific group of crystals are virtually identical to those of the
bulk solid for both compounds (Figure 3.52). The in-pocket coordination mode observed for the 4f
ions in 9-Ln anions allows Tb and Dy to become part of mixed {LnW,} trimers in the Keggin skeleton
of the {f-Ln,GeW,,} subunits. Thus, each LnOg triangular dodecahedron shares edges with two WO
octahedra with Ln-O—~W and Ln—O,—W angles in the 92-94 and 118-120° ranges for 9-Dy (similar
values should be expected for the isostructural 9-Tb). Corner-sharing with adjacent {LnW,} and
{W3043} trimers (Ln—O—-W = 147-168°) and one WO¢ octahedron from the second {f-Ln,GeW,}
subunit (Ln—0,—W = 134-138°), together with the presence of two aqua ligands in the coordination
sphere (responsible for nonradiative deactivation due to coupling with OH oscillators), appears to be

insufficient to quench the Tb" and Dy" emitting centers in 9-Dy and 9-Tb anions.

3.5. CONCLUSIONS

This work nicely illustrates the potential of lanthanide-heteroatom-tungstate synthetic systems
as dynamic libraries of building-blocks with the ability to undergo cation-directed self-assembly
processes for constructing new POM architectures.

One-pot reactions carried out with early lanthanides (Ce to Sm) have resulted in a series of [f-
Ln,GeW,,035]° or [7—LnZGeW10038]6_ clusters, which consist of anti-Lipscomb type dilacunary Keggin
fragments stabilized by the coordination of 4f ions to the vacant sites. In the presence of exclusively
Na® as counterion, three A(1,5) and three f3(1,8) enantiomerically-related subunits arrange
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alternatively in a crown shaped [Nac{an(H20)4(,B—GeW10038)}6]35_ architecture (6-Ln, Ln = Pr, Nd). A
similar assembly is obtained for Sm" upon addition of K*, namely [Kc{sz(H20)4(ﬁ-GeWmO38)}5]35_ (7-
Sm). In the case of Ln = Ce, Pr, Nd addition of K" results in giant dodecameric
[K&K5LN24Ge1;W1200444(OH)12(H20)s6]> POMs (8-Ln), constructed by the incorporation via Ln-O-W
bonds of six external »3,4) subunits to a central K’-templated hexameric core analogous to that
obtained for Sm. In all the structures, neighboring S-subunits are linked by 4f-metal atoms through
Ln—O-Ln and Ln—-O-W bridges, resulting in an internal LngO¢ ring with a central cavity where one
alkaline cation is trapped. The [Ni"(H,0)s]** cation plays an essential role as crystallizing agent by
establishing networks of Oyw—H-:Opoy hydrogen bonds. Regarding their solution behavior,
compounds 8-Ln dissociate upon dissolution in water into hexameric and monomeric entities, as
identified by ESI-MS experiments. The former species can further self-assemble into supramolecular
vesicle-like blackberry type nanostructures, as monitored by DLS and SLS techniques. Similar studies
in water-acetone mixtures showed that the dodecameric 8-Nd remains stable in solution and forms
blackberries with sizes increasing with the acetone concentration.

The use of mid-to-late lanthanides (Gd to Lu) results in a series of [ﬂ'anGeW10038]6_ clusters
stabilized by insertion of 4f ions in the vacant sites. In the presence of Na*, two SB-subunits of either
the f(1,5) or the f(1,8) type assemble via Ln—-O(WOs)-Ln bridges to form the chiral, dimeric
[Ln4(HZO)G(,B-GeWmOgg)Z]“’ polyanions (9-Ln, Ln = Gd to Lu). When Cs" is added as crystallizing cation,
two dimeric entities further assemble via Ln—-O=W linkages to give the diamond-shaped
[{Ln4(H,0)s(GeW14035),},]** tetrameric assemblies (10-Ln, Ln = Ho to Lu). Two types of tetramers
coexist in the solid state: one species shows a full §£-10-Ln architecture based on the enantiomeric
B(1,5)/p5(1,8) pair, whereas the other one is a af-10-Lh mixed assembly where each of these f-
subunits is linked to its corresponding a-derivative. Combination of ESI mass spectrometry and **w-
NMR experiments indicates that 10-Ln tetramers fragment into 9-Ln-like dimers upon dissolution,
which undergo partial dissociation into monomeric {Ln,GeW,o} anions and slow dimer to monomer
equilibration. This is most likely followed by f to a isomerization of monomeric clusters and
consequent reassembly in aa-9-Ln dimers, as indicated by isolation of three additional aa-9-Ln
derivatives (Ln = Er to Yb). Regardless of differences in isomeric forms and relative arrangements,
{Ln,GeW,g} subunits in all anions assemble to give virtually identical {Ln,} cores containing Ln,(u-
OWO:;),(u-OH,) moieties with antiferromagnetic exchange for 9-Gd. According to Continuous Shape
Measures, the out-of-pocket coordination mode of eight-coordinated early lanthanides in 6-Ln, 7-Sm
and 8-Ln results in 4f-metals centers with distorted square-antiprismatic geometry, whereas the in-
pocket mode for mid-to-late lanthanides leads to geometries close to triangular dodecahedral.

The weak-emitting 4f ions are sensitized in the POM assemblies, in such a way that orange-red,
green and yellow emission is observed for the 7-Sm, 9-Tb and 9-Dy derivatives, respectively. In the
case of 7-Sm, only the inner 4f metals of the crown shaped-architecture are indentified as efficient
emitting centers due to their geometrical features.
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Heterometallic 3d-4f polyoxometalates
derived from the 3d-metal disubstituted
Krebs-type framework

4.1. Introduction
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4.3. Results and discussion
4.4. Conclusions

4.5. References

ABSTRACT: The combination of early lanthanide(lll) ions with pre-formed or in situ generated 3d-metal
disubstituted [{M(H20)3}2(W02)2(B—,8-5bW9033)2]10_ (M = Co, Ni, Zn) Krebs-type POMs in NaOAc buffer promotes
the rearrangement of the parent anion to lead to the formation of heterometallic [{B-a-
SbWoO3,(OH)}5{(WO,)5(M"Ws0,4)}n" 3(H,0),M(OAC)(Sb,0,)]"* clusters 11-LnM (Ln" = La to Gd, M" =Co; Ln" =
Ce, M" =Ni, Zn;). Compounds 11-LnM have been characterized by means of elemental and thermal analyses and
infrared spectroscopy. According to single-crystal X-ray diffraction studies, the molecular structure of the 11-
LnM anions can be viewed as a tetrameric assembly of three Keggin-type {B-a-SbWs033} trilacunary subunits
linked to each other by two nine-coordinated 4f-metal atoms and one {LnM(u-OAc)} dimer capped with a
{MW;0,,4} Anderson-Evans-type fragment, that is connected to the trilacunary subunits via three additional
{WO,} centers. This POM framework encapsulates the unusual {Sb,0,} cluster, which confers chirality on the 11-
LnM anions by arranging in left- or right-handed orientations as a result of this cluster pivoting on one of its Sb
centers. The 11-LnM cluster is stable in aqueous solution, as confirmed by electrospray ionization mass
spectrometric studies carried out for the 11-CeCo derivative. The 11-CeCo anion undergoes a self-assembly
process in diluted solutions to form spherical, hollow and single-layered vesicle-like blackberry type structures,
as monitored by static- and dynamic-light scattering experiments and confirmed by transmission electron
microscopy. The electron paramagnetic resonance spectra of 11-CeCo and 11-GdCo are in good agreement with
the arrangement of the clusters in the crystal structure.




4.1. INTRODUCTION

A systematic study on the organic derivatization of well-known POM clusters with exposed
3d-metal centers is described in Chapter 2, whereas POM assemblies containing 4f-metals and
suitable for the organic functionalization are reported in Chapter 3. While 3d-substituted clusters
form the largest POM family® and the field of 4f-containing POMs has been significantly expanding
during the last decades,’ little work has been dedicated to heterometallic 3d-4f POMs as indicated by
a recent review.? This fact is even more surprising considering the high interest of 3d-4f-metal
complexes in molecular magnetism and in the preparation of bifunctional optical-magnetic
compounds. Large magnetic anisotropy, together with high ground-state spin values as a
consequence of strong spin-orbit coupling, make heavy 4f-metal ions (Dy", Tb", Ho", and Er") ideal
candidates for the design of Single Molecule Magnets (SMMs). As mentioned in Chapter 3, some 4f-
metal containing POMs have exhibited slow relaxation of magnetization.* The magnetic coupling of
heavy lanthanides with first row transition metal ions is often ferromagnetic, and this could lead to
ground states with even larger magnetic moments. Therefore, the combination of 3d and 4f metals
represents a suitable strategy to improve the magnetic properties.

Synthetic aspects could be considered the reason why the field of 3d-4f POMs did not
undergo significant expansion until very recent years. Even for the more traditional heterometallic
coordination complexes, the mixture of 3d- and 4f-metal salts with an organic ligand does not usually
lead to the formation of the desired mixed-metal compounds, but mostly to pure 3d compounds. To
overcome these difficulties, new effective synthetic approaches have been applied which involve the
design of organic ligands with specific coordination sites for both types of metals or the use of pre-
formed 3d-metal polinuclear complexes in the reaction with lanthanides.’
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Figure 4.1. Structures of: a) [(VO){Dy(H,0)s}(B-a-AsWe033),]'" Hervé-like POM; b) [K—{Ce(H,0),
(AsWoFeOsg)}s]™ trimeric aggregate. (Color code: WO, grey; heteroatom, green; 4f ion, orange; 3d metal,
purple; K, light blue; O, red).

Besides some multidimensional compounds based on 4f-metal containing POMs with 3d-
metal linkers (or vice versa),® to date only ten structures of heterometallic 3d-4f-polyoxometalates
showing both types of metals as part of the inorganic skeleton have been reported. Merca et al.
prepared the [(VO),Dy(H,0)4(AsW4033),]**" Hervé-like sandwich POM composed of two trilacunary
[B-a-As"W4035]°” Keggin subunits trapping two square pyramidal VO** groups and one square-
antiprismatic Dy** ion.” On the other hand, Wang and coworkers synthesized the
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[K={Ce(H,0),(AsW1oFeOs5)}s]* cluster comprising a K'-templated cyclic aggregate of three metal
substituted dilacunary [a-As'W;,035]'"” Keggin subunits. Each unit shows one vacant position filled by
a Fe*" and one square-antiprismatic Ce®* placed over the second vacancy.® Both reactions were
carried out starting from the most basic metallic reagents that can lead to the POM cluster (3d- and
4f-metal salts, heteroatomic source and sodium tungstate) at acidic aqueous media and in the
presence of K" cation (Figure 4.1). Alternatively, reaction of the pre-formed ring shaped
[H,PsW,50154]*%” superlacunary POM precursor with Fe" and Ln" (Ln = Eu, Gd) salts in a LiOAc solution
led to the corresponding heterometallic derivative as a results of a ring opening process. The
horseshoe-shaped cluster represents the first observation of a rupture of the very stable {PsW,g}
wheel in aqueous solution. The [{Gd(H,0)s}{Ni(H,0)},(AssW.400140)]**” POM reported by Xue et al. was
prepared analogously, using the well-known multivacant {As,;W,} cryptate as starting material
(Figure 4.2).°

Figure 4.2. Structure of: a) [Fe150,(0H),3(H20)9(PsWa90159)LN4(H20)20] " (Ln = Eu, Gd) horseshoe-shaped
cluster; b) [{Gd(H,0)s} {Ni(H,0)},(AssW400140)]>" POM (water molecules in red).

Different synthetic approaches have been applied to overcome the reaction competitions in
3d/4f/POM systems. The first route is based on the use of preformed oxo- or hydroxo-bridged 3d-4f-
heterometallic complexes. Fang and Kogerler were able to graft the [Ce"Mn"s04(OAC)s(NO5)(H,0),]

12-

complex in a dilacunary [P,;W35057,(0OH),]™ Wells-Dawson type anion. On the contrary, a hexameric
architecture buried on 3d-4f complexes sandwiched between two trilacunary [0-P,W15046] "
fragments was obtained using the [Ce"3Mn",04(OAc)s(NOs);] complex. Formation of this hexameric
aggregate is templated by a central, encapsulated PO,>” group, which acts as a bridging ligand

between the three heterometallic complexes (Figure 4.3)."°
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Figure 4.3. Structures of: a) [{P,W150s,(OH),HCe" Mn"s04(0AC)e}]>” hybrid POM; b) [{P,W,sOs6}s{Ce"s
Mn'"",0,4(0H),}3(OH),(H,0),(PO4)]*"~ hexameric assembly.

Another strategy involves the use of external organic ligands as stabilizing agents.
Stoichiometric mixtures of Cu®*, Ln*, ethylenediamine (en) and Keggin-type trilacunary [A-a-
XW4034]%” (X = Si, Ge) anions result in the dimeric [{(Cu(en)(OH))sLn(H,0)(a-XW1,034)},]* (X = Si, Ln =
Gd, Eu; X = Ge, Ln = Eu, Tb, Dy) clusters under hydrothermal conditions.'! Each {(Cu(en)(OH))sLn(a-
XW,030)} subunit is formed by a {(Cu(en)(OH))s;Ln(H,0)} cubane grafted at the monolacunary Keggin
fragment through the coordination of the lanthanide to the vacant site. These 4f-metal centers act as
intradimeric linkers through the formation of Ln—O bonds. The same synthetic approach was
followed by Su and coworkers to incorporate one Mn”*" and two Gd** atoms in the lacunary
[P6W30147(H,0)51*>” POM making use of the tartrate ligand (tart), which links the 3d and 4f-metals to

each other (Figure 4.4)."

Figure 4.4. Structures of: a) Dimeric [{(Cu(en)(OH))sLn(H,0)(a-XW1;030)},]* (X = Si, Ln = Gd, Eu; X = Ge, Ln = Eu,
Tb, Dy) (N, blue); b) Cyclic {HMnGd,(tart)O,(H,0)1s{PsW.,0151(H,0);3* assembly.
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The last synthetic approach that will be commented in this section is based on the reaction
of 4f-metal ions with 3d-substituted POM precursors. This strategy was applied by Reinoso et al. for
incorporating one or two square-antiprismatic 4f-metal centers into Weakley-type [M"4(H,0),(B-a-
GeWy034),)]** POMs. Weakley-like sandwich-type species are composed of two trilacunary B-a-
Keggin or a-Wells-Dawson fragments and a central {M4046} rhomblike core of four edge sharing MOg
octahedra where the outer 3d metals display a terminal aqua ligand.® These outer M(H,0) groups
are relatively labile as indicated by the isolation of defect di- and trisubstituted derivatives,™* which
can act as lacunary species to incorporate M’ ions in their vacancies.” The [{Ce"(H,0),},Mn"(B-a-
GeWq034),]> anion was prepared by stoichiometric reaction of Ce" with [Mn";(H,0),(B-a-
GeWy034),]** in water (pH = 1), whereas the reaction carried out in a NaOAc buffer with the cu"
containing Weakley-like derivative led to the monosubstituted [{Ce"“(C,H;0,)}Cu";(H,0)(B-a-
GeWq034),]*" species (Figure 4.5).%° Since reactions with several trivalent ions were unsuccessful, the
authors suggested that the formation of the cerium disubstituted POM could take place via release

" oxidation by Ce" and consequent cerium

of outer {Mn(H,0)} groups as a result of Mn" to Mn
guenching of the disubstituted Weakley-type species. However, the use of the non-oxidizeable Cu-
derivative shows that the incorporation of cerium can take place regardless to the oxidizeable nature

of the 3d centers. In both cases, the sandwich skeleton undergoes an isomerization process.

Figure 4.5. Structures of the sandwich type heterometallic POMs: a) [{Ce"'(HZO)Z}ZMn"'z(B-a-GeW9034)2]8_ and
b) [{Ce"'(C,H30,)}Cu"5(H,0)(B-a-GeWs034)]

Besides Weakley-type anions, Krebs-like sandwich POMs might also be seen as a suitable
3d-substituted clusters for applying the above mentioned synthetic approach. As indicated by Krebs,
the defect [(WO,),(B-B-SbW4033),]**" intermediate can be formed at slightly acidic conditions from
the parent [{WO,(OH)},(WO,),(B-5-Sb"Ws033),]** cluster and this intermediate that can be stabilized
by the incorporation of different electrophiles at external vacant positions. In fact, the closely related
[(W(dmso)(OH)),(B-B-SbW4033),]%” species, showing DMSO coordinated internal tungsten atoms and
vacancies at external belt-sites, has been reported a few years ago.!” The variety of electrophiles that
can occupy external positions in Krebs-type fragments include {WO,(OH)}, {M(H,0)s} and {M(CO);}
groups™ or even lanthanide ions. Very recently, 4f-metals have been incorporated in the external
positions of Krebs-type POM skeletons by reacting late-lanthanides (Ln" = Yb, Lu) with the [B-a-
SbWy033]° trilacunary unit in acidic aqueous media,” in such a way that mono- and di-substituted
species were obtained depending on the pH of the final solution. The tetrasubstituted
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[M4(H20)10(X"Ws033),]° Krebs-type POMs®® are likely to show analogous behavior, and as a
consequence Krebs-type species with heterometallic 3d-4f central belts could be a priori designed.
Moreover, we have shown in Chapter 2 that Krebs-type POMs can undergo skeletal rearrangement
under specific conditions to lead to novel POM architectures, and therefore, reaction with 4f ions
might result in novel types of heterometallic 3d-4f clusters.

The aim of this chapter is to systematically test the reactivity of 3d-metal disubstituted
Krebs-type tungstoantimonate(lll) [{M"(H,0)s},(WO,),(B-5-SbW4033),]*> (M = Co, Ni, Zn) precursors
toward 4f-metals in quest for novel 3d-4f POM architectures derived from this well-known family of
sandwich species. The insertion of 4f-metal centers into 3d-metal containing POMs could lead not
only to new heterometallic magnetic clusters, but might also confer additional coordination sites on
the POM system potentially available for further coordination of organic ligands due to the larger
coordination spheres of the lanthanide atoms. As a result of our systematic studies, here we report
on the series of heterometallic [Sb;W3¢0130(OH);LnsM,(OAc)(H,0)s]™* (11-LnM) POMs, which include
the cobalt-containing species 11-LnCo with Ln = La to Gd, and also the cerium containing clusters 11-
CeM where M = Ni and Zn. All compounds have been characterized by elemental and thermal
analyses, infrared and electronic spin resonance spectroscopy and single-crystal X-ray diffraction. The
solution stability of these POMs has been studied by a combination of ESI-MS, Laser Light Scatering
techniques and TEM studies carried out on 11-CeCo species.

4.2. EXPERIMENTAL SECTION
4.2.1. Synthesis
Preparation of starting materials

The [B-a-SbW,s033]>” POM precursor was synthesized according to reported procedures,'®
whereas all the 3d-metal disubstituted Krebs-type POMs were prepared as described for the Mn- or
Zn-containing derivatives.'® All the starting materials were identified by IR spectroscopy (for the
experimental procedures and reaction yields see Chapter 2, section 2.2.1).

General synthetic procedures

METHOD 1. To a solution of Naj[{M(H,0);},(W0,),(SbW4033),]:~40H,0 (M = Co, Ni, Zn; 0.20
mmol, 1.24 g) in aqueous 1 M acetic acid/sodium acetate buffer (30 mL), the corresponding
lanthanide salt (0.20 mmol) was added. The mixture was heated for 1 h at 90 °C and then cooled
down to room temperature. After filtering any solid off, the resulting solution was left to evaporate.

METHOD 2. To a solution of Nag[a-SbW,033]-20H,0 (502 mg, 0.20 mmol) in aqueous 1 M acetic
acid/sodium acetate buffer (40 mL), the corresponding transition metal (0.40 mmol) and lanthanide
salts (0.40 mmol) were added. The mixture was heated for 1 h at 90 °C and then cooled down to
room temperature. After filtering any solid off, the resulting solution was left to evaporate.

Synthesis of 11-LnM

In all cases, crystalline solid products are obtained as a mixture of the corresponding 3d-metal
disubstituted Krebs-type POM precursor as the major component and the desired compound 11-
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LnM. Crystals of 11-LnM were manually separated under an optical microscope for full
characterization and structural determination. Best yields for all transition metal/lanthanide
combinations analyzed were obtained by applying method 2.

Nay4[Sb;W;50134(0OH);La;Co,(0Ac)(H,0)s]:~62H,0 (11-LaCo): CoCl,-6H,0 (95 mg) and La(NOs3);-6H,0
(173 mg) were used and a mixture of light pink (11-LaCo) and purple (Krebs-type POM) prismatic X-
ray quality single crystals was obtained by slow evaporation of the final solution for ca. two months.
Yield: 24 mg, 30% based on Sh. Anal. Calcd (found) for C,H145C0,La3Na;140506Sb,W36: C, 0.20 (0.25); H,
1.25 (1.33); Co, 1.00 (1.04); La, 3.53 (3.60); Na, 2.73 (2.94); Sb, 7.24 (7.18). IR (cm™): 1412 (m), 943
(s), 860 (vs), 808 (vs), 712 (vs), 683 (sh), 613 (w), 516 (w), 450 (m). Unit cell parameters (single-
crystal, 100 K): orthorhombic Pnma, a = 30.746(2) b = 33.309(3), c = 19.901(2) A, V = 20379.8(3) A>.

Nay4[Sb;W350134(OH);CesCo,(0ACc)(H,0)z]-~62H,0 (11-CeCo): CoCl,-6H,0 (95 mg) and Ce(NO3);-6H,0
(174 mg) were used and a mixture of orange (11-CeCo) and purple (Krebs-type POM) prismatic X-ray
quality single crystals were obtained by slow evaporation of the final solution for ca. two months.
Yield: 40 mg, 50% based on Sb. Anal. Calcd (found) for C,H;45Ce3C0,Na140,06Sb;Wig: C, 0.20 (0.24); H,
1.25 (1.19); Ce, 3.57 (3.56); Co, 1.00 (1.08); Na, 2.73 (3.01); Sb, 7.23 (6.98). IR (cm™): 1412 (m), 945
(s), 860 (vs), 806 (vs), 712 (vs), 687 (sh), 613 (w), 509 (w), 453 (m).

Nay4[Sb;W350134(OH);Pr;Co,(0Ac)(H,0)g]-~62H,0 (11-PrCo): CoCl,:6H,0 (95 mg) and Pr(NO;);:6H,0
(174 mg) were used and a mixture of light pink (11-PrCo) and purple (Krebs-type POM) prismatic X-
ray quality single crystals were obtained by slow evaporation of the final solution for ca. two months.
Yield: 28 mg, 32% based on Sb. Anal. Calcd (found) for C,H145C0,Na140,06PrsSb;Ws6: C, 0.20 (0.26); H,
1.25 (1.28); Co, 1.00 (1.11); Na, 2.73 (2.98); Pr, 3.59 (3.61); Sb, 7.23 (7.14). IR (cm™): 1412 (m), 943
(s), 860 (vs), 808 (vs), 712 (vs), 683 (sh), 613 (w), 509 (w), 453 (m).

Na14[Sb;W360130(0H);Nd;Co,(0AC)(H,0)s]-~62H,0  (11-NdCo):  CoCl-6H,0 (95 mg) and
Nd(NO3);-6H,0 (175 mg) were used and a mixture of light pink (11-NdCo) and purple (Krebs-type
POM) prismatic X-ray quality single crystals were obtained by slow evaporation of the final solution
for ca. two months. Yield: 26 mg, 31% based on Sb. Anal. Calcd (found) for
C,H145C0o,Na14Nd30,06Sb; W36 C, 0.20 (0.19); H, 1.25 (1.15); Co, 1.00 (1.03); Na, 2.73 (2.69); Nd, 3.67
(3.71); Sh, 7.23 (7.29). IR (cm™): 1420 (m), 945 (s), 860 (vs), 810 (vs), 714 (vs), 687 (sh), 625 (w), 517
(w), 451 (m).

Nay4[Sb;W30,30(0OH)3Sm;Co,(0Ac)(H,0)s]:~62H,0  (11-SmCo): CoCl,-6H,0 (95 mg) and
Sm(NO3)3:6H,0 (178 mg) were used and a mixture of light pink (11-SmCo) and purple (Krebs-type
POM) prismatic X-ray quality single crystals were obtained by slow evaporation of the final solution
for ca. two months. Yield: 22 mg, 28% based on Sb. Anal. Calcd (found) for C,HysCo,
Na140,06Sb;Sm3sWse: C, 0.20 (0.18); H, 1.25 (1.10); Co, 1.00 (0.96); Na, 2.72 (2.62); Sb, 7.22 (7.12); Sm,
3.82 (3.93). IR (cm™): 1400 (m), 945 (s), 862 (vs), 810 (vs), 712 (vs), 685 (sh), 619 (w), 507 (w), 449
(m).

Na14[Sb;W;360;30(OH)3EusCo,(0AC)(H,0)g]-~62H,0 (11-EuCo): CoCl,-6H,0 (95 mg) and Eu(NOs);5-5H,0
(171 mg) were used and a mixture of light pink (11-EuCo) and purple (Krebs-type POM) prismatic X-
ray quality single crystals were obtained by slow evaporation of the final solution for ca. two months.
Yield: 22 mg, 28% based on Sb. Anal. Calcd (found) for C;H143C0,EUsNa140,065b,W3e: C, 0.20 (0.31); H,
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1.24 (1.01); Co, 1.00 (1.11); Eu, 3.86 (3.95); Na, 2.72 (2.84); Sb, 7.21 (7.33). IR (cm™): 1402 (m), 945
(s), 862 (vs), 810 (vs), 712 (vs), 685 (sh), 619 (w), 507 (w), 449 (m).

Nay4[Sb;W;350130(0H):Gd;Co,(0ACc)(H,0)s]-~62H,0  (11-GdCo): CoCl,6H,0 (95 mg) and
Gd(NO3);:6H,0 (180 mg) were used and a mixture of light pink (11-GdCo) and purple (Krebs-type
POM)prismatic X-ray quality single crystals were obtained by slow evaporation of the final solution
for ca. two months. Yield: 30 mg, 33% based on Sb. Anal. Calcd (found) for C,H43C0,Gd;
Na140,065b7W36: C, 0.20 (0.19); H, 1.24 (1.23); Co, 1.00 (0.98); Gd, 3.99 (4.02); Na, 2.72 (2.77); Sb, 7.20
(7.16). IR (cm™): 1410 (m), 940 (s), 862 (vs), 808 (vs), 712 (vs), 686 (sh), 617 (w), 508 (w), 449 (m).

Na14[Sb;W350130(OH);Ce;sNi,(OAc)(H,0)s]-~62H,0 (11-CeNi): NiCl,-6H,0 (95 mg) and Ce(NOs);-6H,0
(174 mg) were used and a mixture of yellow (11-CeNi) and green (Krebs-type POM) prismatic X-ray
quality single crystals were obtained by slow evaporation of the final solution for ca. two months.
Yield: 10 mg, 8% based on Sb. Anal. Calcd (found) for C,H145CesNa14Ni>0,06Sb;W3e: C, 0.20 (0.24); H,
1.25 (1.22); Ce, 3.57 (3.63); Na, 2.73 (2.90); Ni, 1.00 (0.99); Sb, 7.23 (7.18). IR (cm™): 1425 (m), 945
(s), 862 (vs), 808 (vs), 710 (vs), 679 (sh), 619 (w), 513 (w), 442 (m). Unit cell parameters (single-
crystal, 100 K): orthorhombic Pnma, a = 30.699(4), b = 33.231(5), ¢ = 19.620(6) A, V = 20015.6(7) A°.

Nay4[Sb;W;350130(0OH);CesZn,(0Ac)(H,0)5]-~62H,0 (11-CeZn): Zn(NO;3),'6H,0 (119 mg) and
Ce(NO3);-6H,0 (174 mg) were used and a mixture of pale yellow (11-CeZn) and colorless (Krebs-type
POM) prismatic X-ray quality single crystals were obtained by slow evaporation of the final solution
for ca. two months. Yield: 9 mg, 6% based on Sb. Anal. Calcd (found) for C,H;45Ce3Na140506Sb7W36Zn,:
C, 0.20 (0.15); H, 1.25 (1.18); Ce, 3.56 (3.49); Na, 2.73 (2.81); Sb, 7.23 (7.19); Zn, 1.11 (1.10). IR (cm™):
1416 (m), 945 (s), 861 (vs), 807 (vs), 711 (vs), 685 (sh), 614 (w), 510 (w), 449 (m). Unit cell parameters
(single-crystal, 100 K): orthorhombic Pnma, a = 30.736(5), b = 33.414(6), c = 19.815(4) A, V =
20350.2(6) A>.

Thermal analyses. TGA/DTA analyses in the 11-LnM series have only been carried out for the 11-
LaCo, 11-CeCo and 11-EuCo derivatives so far, because the combination of long crystallization times
and relatively low yields of the reactions did not allow us to isolate enough amounts of solid samples
before finishing this report. Studies will be completed in due course. All 11-LnCo compounds studied
show TGA/DTA curves with similar profiles (see Figure A2.13 in Appendix 2). Dehydration is observed
as an endothermic mass loss that extends continuously up to temperatures in the 290-320 °C range
[calcd (found) for 70H,0: 11-LaCo, 10.71 (10.64); 11-CeCo, 10.71 (10.80); 11-EuCo, 10.67 (10.56)] and
it is immediately followed by combustion of the acetate ligand as indicated by an exothermic mass
loss of 0.3-0.6% [calcd (found) for C,H;0,: 11-LaCo, 0.50 (0.62); 11-CeCo, 0.50 (0.47); 11-EuCo, 0.50
(0.31)]. Loss of acetate is followed by a thermal stability range up to temperatures in the 469-471 °C
range, above which the POM frameworks undergoes decomposition. Decomposition of the POM
results in the final residue at about 540-550 °C [calcd (found) for Na;;Ln;Co,Sb;W3504315: 11-LaCo
89.08 (87.79); 11-CeCo, 89.08 (87.76); 11-EuCo, 89.11 (87.40)].
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4.2.2. X-ray Crystallography

Crystal data for compounds 11-LnM (Ln = Ce to Gd, M = Co) are summarized in Table 4.1.
Thermal vibrations were treated anisotropically for heavy atoms (W, Sb, 3d-/4f- metals). Hydrogen
atoms on the acetate groups were placed in calculated positions and refined using a riding model
with standard SHELXL parameters. In compounds 11-CeCo, 11-PrCo and 11-SmCo, the central {Sb,0,}
cluster located at the mirror plane was disordered over to positions with the same occupancies.
More specifically, the Sb4 atom was split into two positions (Sb4A and Sb4B) as this was the only
{Sb,0,4} metal atom in the asymmetric units that was not contained in the mirror plane. Disorder of
the {Sb,0,} cluster is in good agreement with Gouzerh’s results, who found the thermal ellipsoid of
the equivalent Sb atom in his analogous cluster “flattened”.”* The crystallographic disorder of the
antimony cluster makes the trilacunary {SbWy03;} fragment located at the mirror plane to be
disordered over two positions related by a 60° rotation. Consequently, three W atoms per
asymmetric unit containing half of the polyanion, were positioned in the {W;0;s} triad (W21, W22,
W23) and refined with population factors of 0.5. The bridging and terminal O atoms of the two
disordered {W;0;s} triads could also be located and refined with occupancies of 0.5. The bridging O
atoms connecting the top triad and the central belt of the trilacunary unit were also located over two
positions. Unfortunately we were not able to model the disorder for the belt atoms, so that only 6W
atoms with their respective terminal and bridging O atoms were positioned. This type of disorder in a
trilacunary {SbW,033} subunits was also observed by Gouzerh in the related [(a-
5bW9033)4{W02(H20)}2C€‘3(H20)8(5b404)]19_ POM.

All compounds display significant disorder between counterions and lattice water molecules.
Six to ten sites with appropriate geometries for a Na cation were located in the Fourier maps of 11-
CeCo, 11-PrCo and 11-SmCo. The occupancies in these positions were initially refined without
restrictions and rounded to the first decimal in the last cycle. This resulted in a total number of 4.6
(11-CeCo), 3.5 (11-PrCo) and 6 (11-SmCo) Na atoms per asymmetric unit containing half a polyanion.
These numbers are significantly lower than the 7 Na ions determined by elemental analyses. These
facts can be explained by the crystallographic disorder present in one of the trilacunary units, which
led us to observe severe overlapping of two different cation/solvent networks around these
fragments with consequent impossibility to discriminate most of the atomic positions. Therefore,
only 22 and 21 positions for hydration water molecules were found in the asymmetric units of 11-
CeCo and 11-PrCo, respectively. Refinement of their occupancies resulted in a total number of 16
and 15, out of the 31 water molecules determined by thermogravimetric analyses. Calculations
carried out using PLATON software revealed Total Potential Solvent Area Volumes of 4375 (Ce) and
4870 (Pr) A’ per unit cell located at x, y, z = (0, 0, 1/2). These voids account for almost the 25% of the
unit cell volumes and can host the remaining sodium atoms and water molecules that could not be
determined crystallographically. In the case of 11-SmCo 35 positions were located for the water
molecules, resulting in a total number of 21 after free refinement of the population factors.
Calculations carried out using PLATON revealed two relatively small voids of 350 A® per unit cell
centered atx, y,z= (0,0, 1/2) and (0, 1/2, 1/2).
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Table 4.1. Crystallographic data for compounds 11-LnM (Ln = Ce, Pr, Nd, Sm, Eu, Gd and M = Co).

11-CeCo 11-PrCo 11-NdCo 11-SmCo 11-EuCo 11-GdCo
Formula C2H148C83C02 C2H148C02Nal4 C2H148C02Nal4 C2H148C02Nal4 C2H148C02EU3 C2H148COZGd3

Na1402065b7W3g Oy06PrsSb;Wis Nd30,065b7 W36 O2065b7SM3W3g Na1402065b7,W3e Na1,0,06Sb7Wsg
FW (g mol_l) 11800.1 11802.5 11812.2 11830.8 11835.3 11851.2

Crystal system orthorhombic

orthorhombic

orthorhombic

orthorhombic

orthorhombic

orthorhombic

Space group Pnma Pnma Pnma Pnma Pnma Pnma
a(A) 30.8307(2) 30.7459(2)  30.8367(3)  30.7879(2) 31.1149(8) 30.6734(4)
b (A) 33.4407(3) 33.3087(3)  33.3068(4)  33.2012(4) 33.3259(7) 33.0436(4)
c (A) 19.9377(2) 19.9013(2)  19.9251(2)  19.8855(2) 19.3634(8) 19.7445(5)
V(A% 20555.8(3) 20379.8(3)  20464.5(4)  20326.8(4) 20078.5(11)  20012.3(6)
Z 4 4 4 4 4 4

Deicglg cm™) 3.813 3.847 3.834 3.866 3.915 3.934
u(mm™) 21905 22.141 51.726 22.347 22.683 22.512
Reflections

Collected 148281 143100 131578 147760 136027 146096
Unique (R;) 20556 (0.075) 18278 (0.075) 19778 (0.117) 20344 (0.057) 20091 (0.240) 23972 (0.122)
Observed® 17297 15646 17377 17532 11535 17203
Parameters 712 701 679 760 595 689

R(F)™ 0.059 0.070 0.082 0.055 0.172 0.098
wR(F’) (all) 0.142 0.169 0.210 0.126 0.338 0.235

GoF 1.134 1.129 1.074 1.156 1.082 1.046

*for [I > 20(/)]

Crystals of 11-NdCo, 11-EuCo and 11-GdCo were systematically of much poorer quality than
their analogues, as evidenced by the significantly higher values of the R;,. parameter and agreement
factors. The X-ray diffraction experiments resulted in very low intensity data, and therefore, we were
only able to locate 11-LnM POMs upon structural resolution. New single-crystal X-ray experiments
are planned in the near future for these derivatives, together with the full data acquisition for the 11-
LaCo, 11-CeNi and 11-CeZn derivatives.

4.3. RESULTS AND DISCUSSION
4.3.1. Synthesis

In order to perform systematical studies on the incorporation of lanthanides in the Krebs-
type disubstituted  [{M"(H,0)3},(WO,)2(SbW5033),]*"
tungstoantimonates(lll), we first explored the reactivity of the Co'-derivative toward the complete

framework  of  transition  metal
series of rare earth metals. The Co-containing species was selected as POM precursor in a first stage
because it appears to be the most labile cluster among the 3d-metal disubstituted Krebs-type
tungstoantimonates(lll), as shown in Chapter 2. Two different synthetic methods were applied:

Method 1 is the direct reaction of the pre-formed [{C0"(H,0)s},(WO,),(SbWs033),]*>” POM precursor
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and the lanthanide source (1:1 ratio) in 1M NaOAc buffer at 90 °C, whereas in Method 2 the
precursor is generated in situ from [SbWy035]°>" and a Co®* salt and subsequently reacted with 0.4
equivalents of the lanthanide source under the same conditions. Both methods afforded analogous
results, which are summarized in Scheme 4.1. Unexpectedly, the combination of early-to-mid 4f-
metals (Ln = La—Gd) with the Co" di-substituted Krebs-type tungstoantimonate(lll) (Co-POM)
precursor did not result in the incorporation of lanthanide centers to the Krebs-type framework, but
in decompositions and consequent reassembly of different POM fragments in the tetrameric anion
[Sb;W350130(OH)sLn3Co,(OAC)(H,0)g]** (11-LnCo). On the contrary, we did not observe any reaction
for late lanthanides (Tb to Lu) and the pristine Co-POM reactant was the only product isolated in the
solid state as identified by IR spectroscopy.

Scheme 4.1. Results obtained in the reactions between Krebs-type tungstoantimonates(lll) and lanthanides.
Inset: synthetic approaches for compounds 11-LnM (both methods afforded analogous results).

57La 58ce 59Pr GONd GZSm 63Eu 64Gd 65Tb 66Dy 67H0 68Er 69Tm 70Yb 71|-l'|

Co X X X X X X X

11-LaCo 11-CeCo 11-PrCo 11-NdCo 11-SmCo 11-EuCo 11-GdCo

Ni 11-CeNi

Zn 11-CeZn in situ

x : There is no reaction and the corresponding 3d-metal disubstituted Krebs-type POM precursor is obtained as single-crystals.

Blank cells indicate that reactions based on those combinations will be tested in due course.

" as the

The first reaction in the series was carried out by applying method 1 with Ce
lanthanide source. The final product of this reaction was a mixture of a few orange plates of 11-CeCo
and purple prisms of the Co-POM precursor. Similar reactions carried out in water (pH =5) or 0.5 M
NaOAc buffer did not result in the desired compound, but in the Co-POM precursor. Following
method 2, purity and yields were notably improved in such a way that 11-CeCo could be obtained as
a pure crystalline phase by fractional crystallization. The first product to crystallize in this specific
system is the Co-POM, and removal of these crystals allows for the 11-CeCo compounds to be
isolated as a pure batch of crystals from the mother liquors. However, this requires an extremely
precise control of the crystallization time and volume of solution. Although increasing of the yield
was also observed for the rest of early 4f metals (La, Pr, Nd, Sm, Eu, Gd) by applying method 2,
fractional crystallization did not show to be operative and the final products were in all cases

identified as mixtures of 11-LnCo and the Co-POM precursor as the major component. Attempts for
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optimizing the synthetic process in terms of yield and purity by modifying the 3d:4f:SbWj ratio or by
changing the reaction media were unsuccessful. In fact, no identifiable solid products were obtained
when similar reactions were carried out in water at pH = 5. Optimization of this synthetic work is still
in progress.

The availability of a large variety of M*" or M*" di-, tri- and tetrasubstituted Krebs-type

POM s (for more details see Chapter 2),'#2%%

encouraged us to extend the systematic study to some
other 3d-metal containing POMs. More specifically, we decided to explore the influence of changing
the 3d-metal atom in the disubstituted Krebs-type tungstoantimonates(lll) and reacted the Ni and Zn

"' Cerium was selected as the reference lanthanide because it led to the best

derivatives with Ce
results in terms of yield and purity when reacted with the Co-containing POM (see above). Our
observations show that reaction of Ce" with the [{M(H;0)s},(WO,),(XWo033),]'> (M = Ni, Zn)
precursors also leads to the corresponding Ni (11-CeNi) and Zn (11-CeZn) analogues of 11-CeCo by
following either methods 1 or 2. However, compounds and 11-CeNi and 11-CeZn were obtained in
very low vyields and always mixed together with their corresponding Krebs-type POM precursor.
Completion of the synthetic system illustrated in Scheme 4.1, improvement of the yields if possible
and reactions changing the charge of the heteroatom (i.e. As", Bi", Se", Te") are planned for the

near future.

Table 4.2. Most representative IR
bands (cm'l) for 11-CeCo compared
to those of the Co-POM precursor.

11-CeCo Co-Krebs

945 952

860 872

806 832

712 806

687 768
—11-CeCo 613 667
——CoKrebs 509 515

453

1200 1100 1000 900 800 700 600 500 400 _
w = weak; m = medium; s = strong; vs =

very strong; sh = shoulder
Figure 4.6. FT-IR spectra of 11-CeCo and Co-Krebs precursor.

All the FT-IR spectra of the 11-LnM series are nearly identical to each other and no
significant shifts are observed as a result of the change in the lanthanide or the transition metal
atoms (see Appendix 2, Figure A2.8). As shown in Figure 4.6 and Table 4.2, the transformation of the
POM skeleton when going from the Krebs-type structure to the final [Sb;W350130(0OH);s
LnsM,(OAc)(H,0)s]**  assembly can be clearly noticed by IR spectroscopy, and therefore, this
technique allows to unequivocally distinguishing compounds 11-LnM from the 3d-metal
disubstituted Krebs-type tungstoantimonate(lll) precursors.



146
3d-4f-heterometallic POMs

4.3.2. Molecular structure of 11-LnM

All compounds included in the 11-LnM family are isostructural to each other. Polyanion [{a-
SbW03,(0H)}s{(WO,)s(M"We0,4)}Ln"'3(H,0);M(OAC)(Sb404)]™ (M = Co, Ln = La to Gd; M = Ni or Zn,
Ln = Ce) can be viewed as a unique dissymmetric assembly of three Keggin-type trilacunary {a-
SbW,033} subunits and one Anderson-Evans-type {MW;0,,} capping cluster linked to each other via
three Ln" atoms, three additional cis-{WO,} groups, one {M"(OAc)} moiety and the encapsulated
{Sb,0,4} unit (Figure 4.7). The formation of 11-LnM from the 3d-metal disubstituted Krebs-type
[{M(H20)3}2(W02)2(B-ﬂ'SbW9033)2]10- (M = Co, Ni, Zn) POM precursor upon reaction with lanthanides
implies not only the decomposition of the Krebs-type framework, but also the transformation of the
[B—ﬁ—SbW9033]9' units to the corresponding a-isomers and the formation of new POM fragments like
the Anderson-Evans cluster.

Figure 4.7. Side, top and bottom views of the combined polyhedral / ball & stick representation of 11-LnM.



147

CHAPTER 4

= . s )
S

_ {M(0AC)}

11-LnM

Figure 4.8. Schematic representation of the 11-LnM assemblies from their basic structural components.
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The three {a-SbW,03;} fragments are linked together through the coordination spheres of
three lanthanide atoms. The 4f-metal atoms are bound to two terminal oxo groups from each
adjacent trilacunary unit, but three different configurations are observed. Each lanthanide
coordinates either to i) two edge-sharing {W;03} trimers; ii) two corner sharing {W,01,} units; or iii)
one {W;3013} unit and one {W,0,,} moiety. The 4f-metal center coordinated to two {W,0,,} units is
also connected to a 3d metal center through an acetate bridging ligand in bis(monodentate) fashion,
leading to a {LnM(p-OAc)} dimeric moiety. This 3d-metal center (M2) reinforces the linkage between
adjacent trilacunary units by further coordinating to two terminal oxo atoms from each POM subunit
(Figure 4.8).

Figure 4.9. Left-handed (left) and right -handed (right) orientations of the {Sb,05(u3-0)(u,-0)s} cluster in 11-
LnM.
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The assembly of three trilacunary subunits linked by three 4f ions encapsulates a central
{Sb,0,4} antimony cluster. This unusual cluster is formed by a {Sb;(u3-0)} triangle capped by a SbO;
pyramid, which also links the three lanthanide centers. The four antimony atoms are located at the
corners of a distorted tetrahedra (Sb---Sb distances: 3.60— 3.65 A), and each of the Sb centers of the
{Sbs(us-0)} triangle complete their coordination sphere with a terminal O atom of a different
trilacunary subunit, thus, reinforcing the POM assembly. In the resulting {Sb,Os(us-0O)(u,-0)s}
fragment, the Sb-O bond lengths are in the expected range (1.843(4) — 2.164(3) A) and the Sb atoms
of the triangle display fac-trivacat octahedral coordination as indicated by CShM values ranging from
0.2 to 1.5. It is worth mentioning that POM assemblies containing antimony based oxo-clusters were
rarely reported before.”® According to single-crystal X-ray diffraction studies, the antimony cluster is
disordered over two different positions: the {Sb,0,} fragment appears to pivot on the SbO; capping
pyramid in such a way that it can undergo twisting of ca. 20° with respect to the O;Sb—(p3-0) axis. As
a result of this twisting each Sb atom of the triangle results linked either to the O atom of the nearest
trilacunary subunit in clockwise direction or to that of the nearest subunit in counterclockwise one.

This pivoting of the {Sb,0,} unit confers chirality to the overall assembly, in such a way that the
11-Ln POMs can show two enantiomerically related forms: left-handed with the antimony cluster in
counterclockwise orientation and right-handed showing the cluster oriented clockwise (Figure 4.9).
Compounds 11-LnM crystallize in the orthorhombic Pnma group with the POM located on a mirror
plane including the {LnM(u-OAc)} moiety, the capping SbO; pyramid and the bridging (us-0) ligand,
and therefore, each crystal must contain equal amounts of both left- and right-handed forms. The
two possible orientations of the central antimony cluster most likely induce the crystallographic
disorder observed for the trilacunary subunit lying on the mirror plane. To rule out that these
crystallographic disorders originate from a superimposed symmetry, the structures of 11-LnM have
also been solved in the triclinic P1 space group and similar results have been observed. This confirms
that disorders are inherent to the compounds, and more specifically, to their crystallization as
racemates.

{XM303,} unit {(3d)W3034(OH);} fragment

trilacunary & or g-Keggin-structure 3d=Co, Ni, Zn in 11-LnM.

Figure 4.10. Structure of the trilacunary {XMq03,} unit derived from the & or & Keggin-type structure compared
to the {(3d)Wy030(0OH)s} subunit in 11-LnM POMs (3d = Co, Ni, Zn).
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The structure of the 11-LnM anion is completed with the capping Anderson-Evans-type
{M"W¢0,,} POM fragment via three extra cis-{WO,} groups. Although the incorporation of different
heteroatoms into molecular a-Anderson-Evans-type polyoxomolybdates has been extensively
studied,” polyoxotungstate analogues are less abundant, especially when considering those
containing 3d-metals. In fact, the [NiW¢O15(OH)¢]* derivative represents the only example to date of
a structurally characterized Anderson-Evans-type polyoxotungstate containing a divalent first-row
transition metal in the central position of the {W¢0,4} ring.25 Therefore, the {MW;0,,}'> (M =Co, Zn)
fragments observed in the 11-LnM series are completely unprecedented. In the tetrameric 11-LnM
assemblies, each additional cis-{WO,} group is linked to the Anderson-Evans cap by sharing edges
with a {W,04,} dimer of the tungstate ring, in such a way that these dimers are converted into well-
known {W30;3} trimers. Thus, the Anderson-Evans becomes {MW,y033} subunit with a
polyoxotungstate shell composed of three {W;0;;5} trimers sharing edges. This shell is virtually
identical to that of a hypothetical trilacunary derivative of the J or ¢ -Keggin cluster and represent a
novel building block in POM chemistry (Figure 4.10).

The {MW,0s33} subunit caps the {Sb,0,}-encapsulated basal assembly of three {a-SbW;0s3}
subunits connected by lanthanide atoms through W—O—W corner sharing (Figure 4.11). To our
knowledge, this is the first example in the literature where an Anderson-type POM acts as a building-
block of a larger cluster by establishing W—O—W linkages. Bond Valence Sum (BVS) calculations?®
indicate protonation of the bridging O in the W—0O—W linkages between trilacunary {SbW40s3} units
and the capping {MWy033} subunit (BVS values, 1.027-1.060). These results are in full agreement with
the number of Na ions found by elemental analyses

Figure 4.11. Schematic representation of the linkage between trilacunary units and the Anderson-type POM via
three additional cis-{WO,} groups. Protonation sites (OH units) depicted as brown balls.

A similar tetrameric assembly containing the same {Sb,0,} antimony cluster was previously
observed by Gouzerh in his [(a-SbWs033){WO,(H,0)},Ces(H,0)s(Sb,04)]* anion.”* For comparison,
the trimeric {(a-SbWs033)3;Ln3(H,0)s(Sb40,4)} unit is virtually identical for both structures, but for the
addition of one {M(OAc)} moiety linked to one of the lanthanide centers in 11-LnM. However, the
capping unit in Gouzerh’s POM is a trilacunary {SbWy033} fragment connected by two additional
{WO,(H,0)} groups to the trimeric basal assembly, whereas 11-LnM is capped by a novel POM
building block formed by condensation of an Anderson-Evans-type {M"W¢0,,} POM fragment with
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the three extra {WO,} units (Figure 4.12). Related tetrameric [(BiWyO33)s(WO3){Big(li3-O)a(H2-
OH)3}(Lns(H,0)sC05)1** (Ln = La, Pr, Nd) structures showing an hexameric central bismuth-oxo-cluster
have also been reported recently.”

>

A NNz

Figure 4.12. Structural comparison between Gouzerh’s [(a-SbW¢033),{WO,(H,0)},Ce3(H,0)s (Sb,04)1"* anion
(left) and 11-LnM (right) regarding: (a) molecular structure, (b) trimeric basal unit, (c) capping unit; (d) right-
handed orientation of the central {Sb4O3(u3-O)(u2-0)3}2_ cluster.

Both 3d-metal ions in 11-LnM structures display octahedral MOg geometries. The six O atoms
of the M1 sphere belong to the Anderson-Evans {Ws0,,4} ring, whereas the coordination geometry for
M2 is defined by two Opoy atoms from neighboring {a-SbWy0s33} subunits, one O atom from the
acetate bridging ligand and three water molecules. The Co—O bond lengths for the 11-LnCo (Ln = Ce
to Gd) derivatives are compiled in Table 4.3, together with the Continuous Shape Measures (CShM)
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for the cobalt(ll) centers in comparison to the ideal octahedral reference polyhedron. The Co—O

bond lengths are similar for both Col and Co2 centers in all the 11-LnCo derivatives. The values

observed indicate that the Col centers in the Anderson-Evans type fragments are displaced toward

the triangular face located at the inner part of the cluster. This results in a considerably distorted

octahedron, which is in good agreement with the calculated CShM values. In the case of the Co2

centers, the octahedral geometry is quiet more regular.

Table 4.3. 3d- and 4f-metal —oxygen bond lengths (A) and values of the Continuous Shape Measures (CShM)
with the ideal octahedron as reference shape (CShM = 0) in compounds 11-LnCo (Ln = Ce to Gd, M =Co).

11-CeCo 11-PrCo 11-NdCo 11-SmCo 11-EuCo 11-GdCo

Col-01M 2.058(12) 2.049(15) 2.025(13) 2.042(11) 2.04(3) 2.046(12)
Co1-01M' 2.058(12) 2.049(15) 2.025(13) 2.042(11) 2.04(4) 2.05(2)
Co1-03M 2.108(12) 2.109(15) 2.124(13) 2.099(11) 2.11(4) 2.08(2)
Col-03M 2.108(12) 2.109(15) 2.124(13) 2.099(11) 2.11(5) 2.08(2)
Col-011M 2.091(18) 2.08(2) 2.08(2) 2.098(15) 2.07(5) 2.11(3)
Co1-033F 2.063(17) 2.04(2) 2.057(19) 2.042(15) 2.03(6) 2.02(3)

‘—g CShim (OC)b 0.946 0.966 0.882 0.856 0.893 0.867

(]

E

3 Co2-015T 2.054(13) 2.030(16) 2.053(15) 2.043(12) 2.08(4) 2.05(2)
Co2-015T' 2.054(13) 2.030(16) 2.053(15) 2.043(12) 2.08(5) 2.05(2)
Co2-01L 2.06(2) 2.07(3) 2.05(2) 2.069(18) 2.07(5) 2.09(4)
Co2-01MW 2.082(14) 2.085(18) 2.051(18) 2.069(13) 2.11(4) 2.08(2)
Co2-01MW 2.082(14) 2.085(18) 2.051(18) 2.069(13) 2.11(5) 2.08(2)
Co2-02MW 2.123(19) 2.12(2) 2.13(2) 2.114(16) 2.20(7) 2.13(3)
CShim (OC)b 0.338 0.301 0.245 0.383 0.494 0.503
Ln1-O5F 2.534(11) 2.511(14) 2.564(17) 2.498(10) 2.45(4) 2.489(19)
Ln1—05Fi 2.534(11) 2.511(14) 2.564(17) 2.498(10) 2.45(4) 2.489(19)
Ln1-O14F 2.462(12) 2.464(16) 2.447(19) 2.416(11) 2.43(4) 2.431(19)
Ln1-O14F 2.462(12) 2.464(16) 2.447(19) 2.416(11) 2.43(4) 2.43(2)
Ln1-O15F 2.585(11) 2.577(15) 2.514(17) 2.542(11) 2.52(4) 2.516(19)
Ln1—015Fi 2.585(11) 2.577(15) 2.514(17) 2.542(11) 2.52(4) 2.516(19)
Ln1-03SS 2.558(19) 2.56(2) 2.48(3) 2.488(16) 2.34(6) 2.51(3)

7‘: Ln1-02L 2.381(19) 2.37(2) 2.36(3) 2.329(15) 2.30(6) 2.35(3)

)

2 | Ln1-O1FW 2.54(2) 2.53(3) 2.48(3) 2.454(16) 2.48(7) 2.44(3)

o

<
Ln2—-04F 2.524(12) 2.507(15) 2.505(18) 2.476(11) 2.44(5) 2.45(2)
Ln2—-05F2 2.523(13) 2.492(15) 2.47(2) 2.472(11) 2.47(4) 2.45(2)
Ln2—-017F 2.581(13) 2.579(17) 2.578(14) 2.550(12) 2.53(5) 2.55(2)
Ln2—018F 2.463(13) 2.449(17) 2.44(2) 2.424(12) 2.37(4) 2.39(2)
Ln2—025F 2.561(14) 2.537(17) 2.534(15) 2.530(13) 2.48(5) 2.50(2)
Ln2—026F 2.457(14) 2.431(17) 2.447(17) 2.415(12) 2.32(4) 2.40(2)
Ln2—02SS 2.501(14) 2.491(19) 2.45(2) 2.445(14) 2.43(4) 2.41(2)
Ln2—02FW 2.589(15) 2.574(18) 2.536(18) 2.523(13) 2.48(4) 2.49(2)
Ln2—03FW 2.556(13) 2.543(16) 2.498(18) 2.481(12) 2.48(4) 2.46(2)

Symmetry Codes. i: x, -y+3/2, z
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The three lanthanide atoms in each 11-LnCo (Ln = Ce to Gd) anion display distorted nine-
coordinated geometries. Besides the Opgy atoms from the {SbWy0s3} subunits, the coordination
spheres are completed by two oxo groups from contiguous {WQO,} centers, one oxo ligand from the
central antimony cluster (Os) and two water molecules (Oy). Regarding the Ln—O bond lengths
(Table 4.3), no clear trend originating from the lanthanide contraction effect is observed. This fact
might be due to a low flexibility in the 11-LnM assembly when incorporating different Ln atoms in the
structure. This fact could explain why small, late lanthanide atoms are not suitable for being part of
the 11-LnM assembly as indicated by our experimental results. Nevertheless, the poor quality of the
crystal data for 11-NdCo, 11-EuCo and 11-GdCo also prevent us from observing any clear trend.

2,5

Ideal MFF

21’

Spherical Triccaped Trigonal Prism (s-TCTPR)

Ideal s-TCTPR
0 T T T —T¢

0 0,5 1 15 2 25
Muffin (MFF)

Figure 4.13. Spherical bicapped trigonal prism (s-TCTPR) vs. muffin (MFF) shape map for the 4f ions in
compounds 11-LnM (solid line : minimal distortion pathway between the reference shapes). Inset: detail of the
lanthanide coordination geometry.

The distorted nine-coordinated geometries have been analyzed through CShM (Table 4.4).%
For all the lanthanide atoms, close CShM values relative to the C,-symmetric Muffin (MFF, 0.898-
1.046), spherical tricapped trigonal prism (s-TCTPR, 1.267-1.772) and spherical capped square
antiprism s-CSAPR, 1.226-1.435) shapes are observed. The lower CShM values are in all cases
obtained by comparison to the ideal MFF shape. This, together with the high deviations observed in
the minimal distortion pathway between the MFF and s-CSAPR reference polyhedra (1.28-1.44, much
higher than the upper limit of 0.3 selected by Casanova et al.) suggested that the geometry of the
lanthanide centers could fall in the pathway between the MFF and s-TCTPR shapes. The MFF vs s-
TCTPR shape map (Figure 4.13) shows that the coordination polyhedra of the 4f-metal centers in 11-
LnCo scatter from the ideal MFF geometry toward the s-TCTPR one close to the trend marked by the
minimal distortion pathway between the two reference polyhedra. The path deviation values in the
0.45-0.62 range are still above those expected for an intermediate geometry, but close enough
considering that Casanova et al. define the limit of 0.3 as “somewhat arbitrary”. Therefore, the
lanthanide centers in 11-LnCo can be best described as muffin-like distorted toward spherical
tricapped trigonal prisms.
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Table 4.4. Continuous Shape Measures for the nine-coordinated spheres of the lanthanide atoms in
compounds 11-LnM (Ln = Ce to Gd, M =Co)

11-CeCo 11-PrCo 11-NdCo 11-SmCo 11-EuCo 11-GdCo

MFF 0.930 0.898 0.979 0.945 0.983 0.921
0.955 0.973 0.944 0.986 1.022 1.046
TCTPR 1.515 1.374 1.699 1.345 1.700 1.267
1.809 1.772 1.427 1.671 1.506 1.697
JTCTPR  3.915 3.681 4.116 3.799 4.187 3.509
4.174 4.171 3.965 4.051 3.924 4.123
CSAPR 1.402 1.317 1.349 1.310 1.246 1.226
1.409 1.435 1.383 1.351 1.379 1.396
JCSAPR  2.681 2.540 2.574 2.548 2.607 2.385
2.738 2.771 2.620 2.606 2.677 2.625

[a] Abbreviations. MFF: muffin (Cs); TCTPR: spherical tricapped trigonal prism (Ds); JTCTPR: Johnson tricapped trigonal
prism (Ds,); CSAPR: capped square antiprism (C,,); JCSAPR: Johnson capped square antiprism (C,,). For a graphical
representation of these polyhedra, see: Appendix 2, Figure A2.17. Values highlighted in grey correspond to the best
geometry.

Table 4.5. Donor-acceptor distances of the O-H--:Opoy hydrogen-bonds and Col:--Co2 distances in the crystal
packing of 11-LnCo (Ln= Ce to Gd) (A).

Ow—H:+:Opom Intermolecular Col---Co2
11-CeCo 01MW--03M' 2.669(18) Col--Co2" 4.959(4)
01MW---03M" 2.669(18)
02MW ---011M" 2.68(2)
11-PrCo 01MW--03M' 2.66(2) Col--Co2" 4.943(6)
01MW---03M" 2.66(2)
02MW --011M" 2.69(3)
11-NdCo 01MW---03M' 2.68(5) Col--Co2" 4.943(17)
01MW---03M" 2.68(5)
02MW --011M" 2.69(9)
11-SmCo 01MW---03M' 2.682(16) Col--Co2" 4.943(3)
01MW---03M" 2.682(16)
02MW --011M" 2.69(2)
11-EuCo 01MW---03M' 2.57(5) Col--Co2" 4.942(17)
01MW---03M" 2.57(5)
02MW ---011M" 2.67(9)
11-GdCo 01MW---03M' 2.69(3) Col--Co2" 4.909(7)
01MW---03M" 2.69(3)
02MW ---011M" 2.70(4)

Symmetry codes: (i) 1/2+x, y, 3/2-z.(ii) -1/2+x, y, 3/2-z (iii) -1/2+x, 3/2-y, 3/2-z
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4.3.3. Crystal packing of 11-LnM

The crystal packing of 11-LnM is dominated by the face-to-face interaction between the
octahedral M1 and M2 centers from adjacent POMs. Three strong hydrogen bonds are established
between the O atoms delimiting the external face of the M1 center buried into the Anderson-type
structure and the three fac-arranged water molecules from the M2 center embedded between two
trilacunary POMs and linked to the lanthanide (lll) center through a bridging acetate anion. These
interactions result in zigzagging chains of 11-LnM anions running along the [100] direction (Figure
4.14). Geometrical parameters of the hydrogen bonding interactions for the 11-LnCo derivatives (Ln
= Ce to Gd) are summarized in Table 4.5.

Figure 4.14. Hydrogen-bonded one-dimensional POM arrangement in the crystal structure of 11-LnM. Detail of
the hydrogen bonding interactions together with atom labeling.
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4.3.4. Solution behavior. Laser Light Scattering studies on 11-CeCo

Compound 11-CeCo self-assembles into spherical, hollow and single-layered blackberry-type
structures in 0.1 mg mL ™" water solution, as confirmed by a combination of DLS, SLS and TEM studies.
Time resolved scattering intensity plot recorded at 90° consists on the expected sigmoidal curve
showing a relatively long lag period of almost 15 days. CONTIN analysis from the DLS study reveals
the presence in solution of large assemblies with no angular dependence, which show narrow
distribution and average values for hydrodynamic radius of R,y = 39 nm. SLS study by partial Zimm
plot indicates an average radius of gyration of R, = 37.8 + 0.8 nm for the assemblies. The hollow
spherical nature of the assemblies inferred from the R, /R, = 1 ratio was confirmed by TEM images

taken for a diluted solution of 11-CeCo aged for 3 weeks (Figure 4.15).
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Figure 4.15. (a) Time-resolved scattering intensity plot; (b) CONTIN analysis from the DLS data at different
stages; c) partial Zimm plot from the SLS data; and d) TEM image of a blackberry-type structure for a 0.1 mg mL
aqueous solution of 11-CeCo.

The fact that the 11-CeCo species can undergo formation of blackberry-type structures
strongly suggests that this type of POM architecture is stable in solution and does not dissociate in
any of its basic building blocks because no clusters smaller than 2 nm have been found to be able to
form blackberries to date.” This feature was confirmed by ESI-MS as shown in Figure 4.16. The
negative ESI mass spectra recorded at low cone voltage displays the intact [Sb;W30:3
(OH);Ce3Co,(0AC)(H,0)s]™ anion as four groups of signals spanning from m/z 1450 to 2650. The
isotopic pattern inspection, together with the m/z spacing between signals, indicate that the
detected main species can be attributed to the {M}" series with 7— (m/z 1458.8, {M}"), 6— (m/z
1711.8, {M}*), 5— (m/z 2076.7, {M}*) and 4— (m/z 2633.3, {M}") charge states, where {M}!**™" =
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[Sb,W350130(OH)3Ce3C0,(0AC)+xH,0+mH*+(n-m)Na‘]**™". As observed in the ESI-MS experiments
carried out earlier in this work (Chapter 3), each species displays different extent of protonation and
counter-ion content, as well as the presence of loosely associated solvent molecules. Low intensity
peaks located between those corresponding to the {M}" anions could be ascribed to impurities, as
crystals of 11-CeCo for the solution studies were selected manually from the mixture of crystals
obtained as the reaction product. The ESI mass spectrum of the two-day aged sample is virtually
identical to that observed for the freshly prepared sample, confirming the stability of the POM
framework in solution.
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Figure 4.16. Top: Negative ESI mass spectrum of 11-CeCo (U. = 15 V). Bottom: Experimental (top) vs simulated
(bottom) Isotopic patterns for the MY, MY and  {M} charge states. {M}(”_”)_ =
[Sb,W360130(OH)3Ce3C0,(OAC)+xH,0+mH +(n-m)Na‘1" ™"

4.3.5. ESR spectroscopy studies on 11-CeCo and 11-GdCo

Variable temperature (4.2 — 100 K) electronic spin resonance (ESR) spectra recorded in X-band
for the 11-CeCo derivative are illustrated in Figure 4.17. All the spectra display an anisotropic broad
resonance centered at c.a. 1550 G that can be described in terms of spin doublet S =1/2 interacting
with a single *°Co nucleus (I = 7/2). This effective spin doublet arises from the splitting of the 4T1
term through spin-orbit coupling and local distortion of the octahedral atoms.*® The intensity of the
signal increases considerably as the system is cooled, in such a way that it disappears above 100 K.
The absence of hyperfine structure indicates that the paramagnetic ions are not magnetically
isolated in the structure. This is in good agreement with the structural features found for the Cel and
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Co2 centers, which are linked by a bridging acetate anion in a {CeCo(u-OAc)} moiety. The Col center
could a priori be expected to remain magnetically isolated thanks to the shielding provided by the
Anderson-Evans type {W;s0,4} ring in which this atom is inserted. However, Col and Co2 centers of
contiguous 11-CeCo POMs are closely associated via strong O,—H:-Opom hydrogen bonding, as
discussed in section 4.3.2. Thus, this type of strong face-to-face interaction between the CoOg
chromophores of Col and Co2 seems to be operative for allowing magnetic exchange between both
centers.
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Figure 4.17. Thermal variation of the X band ESR spectra for compound 11-CeCo.

Table 4.6. Components and average value of the exchange tensor in 11-CeCo obtained from the fitting of the
ESR spectra at different temperatures.

4K 20K 40K
g 6.05 6.05 5.92
g 4.55 4.52 4.40
g 2.61 2.55 2.42
<g> 4.40 4.37 4.25
g 13.21 13.12 12.74

In spite of the two Co" centers present in the molecular structure of 11-CeCo, the spectrum at
40K could be fitted to a single anisotropic signal whose g values compare well with those expected
for a octahedral Co"Og chromophore.>* Moreover, the total sum of the three components gives a
value near 13, in good agreement with that proposed by Abragam and Pryce for the sum of the three
orthogonal g-values.® The fact that the spectra is fitted to a single signal could be explained on the
basis of the following effects: i) the two crystallographically independent cobalt(ll) atoms show
similar CoOg geometry as deduced from the CShM values and similar orientation in the crystal
packing, hence their contributions could well average in a single signal; ii) the signal from the Co2

center is expected to undergo broadening due to magnetic exchange with the Ce" center in the

{Co"(u-OAc)Ce"} dimer. Below 30K, the signal is broadened and its resolution becomes noticeably
poorer. This behavior could be attributed to the magnetic interaction present at low temperatures
between the Col and Co2 centers from contiguous 11-CeCo anions through the three O,,—H::-Opom

pathways (Figure 4.14). Alternatively, the contribution of the Ce™ atom to the spectra could also lead
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to broadening of ESR signals. These effects result in slightly different g values below and above 30K,
as can be observed in Table 4.6.
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Figure 4.18. Experimental and simulated curves for the X band ESR spectra in compound 11-CeCo at 4 K(left)
and 40 K (right).

Variable temperature X-band ESR studies carried out for the 11-GdCo derivative show that the
signal remains unaltered from room temperature to 4,2 K (Figure 4.19) in spite of the fact that the
intensity and resolution, together with the narrowing of the signal are improved with lowering the
temperature. The resonance centered at 2450 G (g = 2) is formed by the overlapping of different
signals. The main contribution to the overall spectrum originates from the Gd" ion, and more
specifically, from its zero-field splitting and magnetic coupling to the Co2 atom in the Co"(p-OAc)Ce"
dimer. The absence of temperature dependence in the signal suggests that the Gd---:Co exchange is
operative in whole temperature range studied. The ESR studies on the 11-LaCo derivative will allow
us to achieve more insight in this type of magnetic system. Due to the diamagnetic nature of the La"
ion the hyperfine structures of both Col and Co2 centers are expected to be observed at higher
temperatures, whereas magnetic coupling between both centers may well take place below 30 K.
These studies are still in progress.
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Figure 4.19. Thermal variation of the X band ESR spectra for compound 11-GdCo.
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4.4. CONCLUSIONS

This work nicely illustrates how reaction of lanthanide ions with 3d-metal containing POMs can
promote the rearrangement of a given metal-oxo cluster to generate novel heterometallic 3d/4f-
POM structures. In this particular case, the combination of early lanthanide(lll) ions with pre-formed
or in situ generated 3d-metal disubstituted Krebs-type POMs in NaOAc buffer results in the
formation of a family of [{B-a-SbWsO3,(OH)}:{(WO,)3(M"W0,4)iLn"3(H,0);M(OAC)(Sb,04)1™ (11-
LnM) clusters. For M = Co, we have been able to isolate a complete series of compounds for early-to-
mid lanthanides Ln = La to Gd. When Ce is selected as the lanthanide atom and M" is varied, the 11-
CeNi and 11-CeZn are obtained. The 11-LnM anions can be viewed as a dissymetric assembly of three
Keggin-type {B-a-SbWs053} trilacunary subunits linked to each other by two nine-coordinated 4f-
metal atoms and one {Ln(u-OAc)M} dimer, with a capping {MW;0,;} Anderson-Evans-type POM
fragment connected to the former subunits via three additional {WO,} groups. This tetrameric
framework encapsulates the unusual {Sb,0,} cluster that confers chirality on the assembly by
adopting left- or right-handed orientations depending on which trilacunary subunits their basal
atoms link to. The condensation between the Anderson-Evans fragment and the three additional cis-
{WO0O,} linkers leads to a {MWy033} subunit which represent a novel building block in POM chemistry.
To our knowledge, the 11-LnM series represents the first example in the literature where an
Anderson-type POM acts as a fragment of a larger cluster through the establishment of W—0—W
bonds. Furthermore, the {CoWg0,} and {ZnW;s0,,} polyoxotungstate fragments are completely
unprecedented. ESI-MS experiments carried out for the 11-CeCo derivative indicates that the POM
cluster is stable in aqueous solution. Moreover, 11-CeCo undergoes a self-assembly process in
diluted aqueous solution to form spherical, hollow and single-layered vesicle-like blackberry type
structures as monitored by DLS and SLS techniques. The hollow nature of the blackberry-type
assemblies was confirmed by TEM images. ESR spectroscopic studies for 11-CeCo and 11-GdCo
indicate that the cobalt (Il) centers are magnetically coupled at low temperature. These observations
are in good agreement with the hydrogen-bonded one-dimensional arrangement of the 11-LnM
clusters in the crystal packing.
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Final remarks and future perspectives

5.1. Final remarks
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5.1. FINAL REMARKS

The following general conclusions can be deduced from this work:
CHAPTER 2:

1) The family of transition metal disubstituted Krebs-type tungstoantimonates(lll) are suitable
precursors for preparing hybrid POMs via straightforward ligand substitution of labile water
molecules on preformed or in-situ prepared POM clusters under mild conditions.

2) Organic derivatization of the 3d-metal disubstituted Krebs-type clusters is extremely
dependent on the exact nature of the ligand. The imc ligand has been identified as a “universal
ligand” because its coordination to the cluster takes place regardless of the external 3d-metal,
reaction conditions or heteroatom as indicated by the 1-XM series. In contrast, the pzc and pyzc
ligands are selective toward some of the transition metal containing clusters leading to the
compounds 2-Ni and 3-M. The use of the pydc and pymc ligands promote the partial decomposition
of some of the precursors, resulting in the corresponding monomeric [ML,(H,0),] transition metal
complex, whereas the pic ligand showed to be inert toward any of the four POM precursors selected.

3) The hybrids obtained (1-SbM, 2-Ni, 3-M) constitute the first organic derivatives of 3d-metal
disubstituted Krebs-type tungstoantimonates(lll), and what is more, the related tungstotellurates(1V),
1-TeM, represent the first observation of a transition metal disubstituted Krebs-type framework
containing tellurium as heteroatom. Similarly, the compounds [M(pzc),(H,0),] (M = Co, Ni) are the
first structurally characterized metal complexes of the pzc ligand

4) The FT-IR spectroscopy represents a powerful, accessible and cheap technique to detect the
organic derivatization of the parent metal-oxo framework prior to single-crystal X-Ray experiments.

5) The prepared hybrid species are stable in aqueous solution according to 'H-NMR studies
performed on diamagnetic derivatives.

6) Studies with bridging ligands have showed that 4,4’-bpy and 2,5-pyzdc are inert toward
Krebs-type tungstoantimonates, although the former leads to a series of compounds with interstitial
4,4’-bipyridine molecules (4-M). On the contrary, 2,3-pyzdc shows selectivity toward the nickel-
disubtituted Krebs-type POM and its coordination results in the rearrangement of the parent cluster
to lead to the ligand-bridged 5-Ni dimer.

7) The {Ni,Sb,W,q050} subunits in 5-Ni showing a {W,0,,} moiety incorporated into a {SbW4033}
trilacunary unit are completely unprecedented in POM chemistry. The ESI-MS studies show that the
dimeric 5-Ni entity undergoes complete dissociation into these subunits upon dissolution in water.

CHAPTER 3:

9) Lanthanide-heteroatom-tungstate synthetic systems are potential dynamic libraries of
building-blocks with the ability to undergo cation-directed self-assembly processes for constructing
new POM architectures. This fact is exemplified by the enantiomerically related A(1,5)- and £(1,8)-
[Ln,(GeW0035)]® and the 7(3,4)-[Ln2(GeW10038)]6_ clusters obtained in these studies, which are
composed of anti-Lipscomb type dilacunary Keggin fragments stabilized by the coordination of 4f
ions to the vacant sites.
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10) One-pot reactions carried out with early lanthanides (Ce to Sm) have resulted in crown
shaped [Nac{ﬂ—an(H20)4(GeW10038)}5]35_ architectures (6-Ln, Ln = Pr, Nd) in the presence of
exclusively Na® as counterion, whereas the addition of K’ has led to a similar [Kc{f-
Sm,(H,0)4(GeW10033)}s]>> assembly for Sm" (7-Sm) and giant dodecameric [KcK;Ln,0Ge1;W1200444
(OH)15(H,0)s6]** POMs for Ce, Pr and Nd (8-Ln). The dodecamers are constructed by the aggregation
via Ln—O-W bonds of six external 3,4) subunits to a central hexameric core analogous to that
obtained for Sm.

11) The [Ni"(H,0)¢]** cation plays an essential role as crystallizing agent in the isolation of these
lanthanide containing tungstogermanates by establishing networks of Oyw—H::-Opom hydrogen bonds.
Crystals with extreme short-range order (glassy crystals) are obtained in absence of nickel.

12) Compounds 8-Ln dissociate upon dissolution in water into hexameric and monomeric
entities, as identified by ESI-MS experiments. The former self-assemble into supramolecular vesicle-
like blackberry-type nanostructures, as monitored by DLS and SLS techniques and confirmed by TEM
images. Similar studies in water-acetone mixtures showed that the dodecameric 8-Nd remains stable
in solution and forms blackberries with sizes increasing with the acetone concentration.

13) For mid-to-late lanthanides (Gd to Lu), the in-pocket coordination mode of the 4f-metals in
the formation of [,[)’-an(GeWwag)]S' subunits has lead to chiral, rod-like [Lna(H,0)¢(B-GeW1O3s),]™>
dimeric polyanions in the presence of Na (9-Ln, Ln = Gd to Lu). When Cs" is added as crystallizing
cation, two dimeric entities further assemble via Ln—O=W linkages to give the diamond-shaped
[{Ln4(H,0)5(GeW10035),}.]** tetrameric assemblies (10-Ln, Ln = Ho to Lu), where a3 and ff-type
species are coexisting in each single crystal.

14) Combination of ESI-MS and '*W-NMR experiments indicates that 10-Ln tetramers
fragment into 9-Ln-like dimers upon dissolution, which undergo partial dissociation into monomeric
{Ln,GeW o} anions and slow dimer to monomer equilibration. This is most likely followed by S to a
isomerization of monomeric clusters and consequent reassembly in aa-9-Ln dimers, as indicated by
isolation of three additional aa-9-Ln derivatives (Ln = Er to Yb) in the solid state.

15) The weak-emitting 4f ions are sensitized in the POM assemblies, in such a way that orange-
red, green and yellow emission is observed for the 7-Sm, 9-Tb and 9-Dy derivatives, respectively. In
the case of 7-Sm, only the inner 4f metals of the crown shaped-architecture are indentified as
efficient emitting centers due to their geometrical features.

CHAPTER 4:

17) Reaction of lanthanide ions with 3d-metal containing POMs can promote the
rearrangement of a given metal-oxo cluster to generate novel heterometallic 3d/4f-POM structures.
In this particular case, the combination of early lanthanide(lll) ions with pre-formed or in situ
generated 3d-metal disubstituted Krebs-type POMs in NaOAc buffer results in the formation of a
family of [{B-at-SbWs03,(OH)}:{(WO,)3(M"We0,4)}Ln"5(H,0),M(OAC)(Sb404)]** clusters (11-LnM).

18) The 11-LnM anions can be viewed as a dissymetric assembly of three Keggin-type {B-a-
SbW,0s3} trilacunary subunits linked to each other by two nine-coordinated 4f-metal atoms and one
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{Ln(u-OAc)M} dimer, with a capping {MW¢0,:} Anderson-Evans-type POM fragment connected to the
trilacunary subunits via three additional {WO,} groups. This tetrameric framework encapsulates the
unusual {Sb,0.} cluster, which confers chirality on the assembly by adopting left- or right-handed
orientations depending on which trilacunary subunits its basal Sb atoms link to.

19) The condensation between the Anderson-Evans fragment and the three additional cis-
{WO,} linkers leads to a {MWy033} subunit which represent a novel building block in POM chemistry.
Moreover, the 11-LnM series represents the first example in the literature where an Anderson-type
POM acts as a fragment of a larger cluster through the establishment of W—O—W bonds. It is also
worth highlighting that the {CoWs0,,} and {ZnW;0,4} polyoxotungstate fragments are completely
unprecedented.

20) The 11-CeCo derivative is stable in aqueous solution according to in ESI-MS experiments
and self-assembles into single-layered vesicle-like blackberry type structures as monitored by DLS
and SLS techniques. The hollow nature of the blackberry-type assemblies was confirmed by TEM
images.

21) ESR spectroscopic studies for 11-CeCo and 11-GdCo indicate that the cobalt (ll) centers are
magnetically coupled at low temperature, in good agreement with the hydrogen-bonded one-
dimensional arrangement of the 11-LnM clusters in the crystal packing.

5.2. FUTURE PERSPECTIVES

New experiments are planned for the near future to complete or even improve this work.
Furthermore, new research lines have been identified in the course of the studies described in this
dissertation. All these considerations are compiled in this section.

CHAPTER 2:

1) The unexpected rearrangement of the parent nickel(ll) disubstituted Krebs-type
tungstoantimonate(lll) anion upon reaction with 2,3-pyzd represents an encouraging fact to extend
these studies to some other bis(chelating) bridging ligands. Furthermore, some different experiments
are intended to be carried out for 5-Ni. As mentioned in Chapter 2, a formally vacant site blocked by
a Na'ion is present in the molecular structure of the {Ni,Sb,W,,0-} clusters, and therefore, 5-Ni
could be a good candidate to incorporate additional electrophilic groups in these vacant sites. Thus,
we plan to study its reactivity toward different electrophiles (especially 3d and 4f metals) in the near
future. ESI-MS studies have shown that dimeric 5-Ni dissociates into its monomeric halves upon
dissolution in water. As a consequence, we could try to isolate the monomeric halves by dissolving
the dimeric compound and adding different alkaline metal cations. Moreover, promising results are
being obtained in solution studies of 5-Ni in water/organic-solvent mixtures by LLS techniques. For
example, the dimeric anion seems to self-assemble into blackberry-type structures in water/acetone
mixtures with high acetone concentration.

2) Hybrid compounds obtained in the reactions of transition metal disubstituted Krebs-type
POMs with N,O-chelating ligands could be considered as model systems for these clusters to be
incorporated into polymeric surfaces. As part of a new research line implemented in this group,
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polymeric films bearing antenna imc groups will be synthesized, and used to incorporate transition
metal disubstituted Krebs-type POMSs to their surface via classical coordination chemistry. This
approach could lead to the formation of new multifunctional materials.

3) The isolation of the [C,H;oSb,;W5,0105]™* anion as a byproduct paves the way for a new
research line. This cluster contains the defect (WO,;)W, pentagonal fragment containing the
pentagonal bypiramidal {WQO;} unit. The potential of this type of fragments in the formation of giant
structures based on molybdenum, together with the scarce examples reported for
polyoxotungstates, make the cluster interesting. Therefore, attempts to optimize its synthesis are
planned in the first stage.

CHAPTERS 3 and 4:

4) The organic functionalization of the clusters prepared in Chapters 3 and 4 by replacing the
aqua ligands of the exposed 4f-centers by organic ligands will be tested. The use of blocking organic
ligands could lead to the isolation of the dilacunary £(1,5)-, A(1,8)- and #3,4)-{Ln,GeW 1,035}
fragments as monomers.

5) Regarding Chapter 3, the effect of the media will be evaluated in the
1,1Ni:1.1Ln:1Ge0,:9W0,” reaction by using aqueous solutions at different pHs, NaCl solutions of
various concentrations, etc.

6) Additional TEM images for 8-Nd in water and water/acetone mixtures and for 8-Ce in water
are needed to confirm the hollow and spherical nature of all the blackberry-type structures detected.
Furthermore, EDS will allow us to confirm that the major element in all those aggregates is tungsten.
As indicated in the main text, we also intend to test the self-recognition behavior between 8-Nd and
8-Pr samples in water.

8) The reactions described in Chapter 4 between lanthanides and Krebs-type POMs need to be
optimized in terms of yields and purity of the final product. After optimizing the synthetic process,
transition metal contgaining Krebs-type POMs with other lone-pair containing heteroatoms (As", Bi",
Te", Se") are planned to be tested in reactions with lanthanides under the same conditions. In a final
stage, reactions with trisalkoxo ligands will also be performed with the aim of obtaining hybrid
derivatives of 11-LnM by replacing the shell O atoms from the Anderson-Evans-type fragment.
Although this reaction is very usual among polyoxomolybdates, no organic derivatization of
Anderson-Evans-type polyoxotungstate can be found in the literature.
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Synthesis and characterization of transition
metal complexes with N,O-chelating ligands

Al.1. [Co(imc)2(H20)2] (Co-imc)

Al.2. [M(pzc)2(H20)2], M = Co, Ni (Co-pzc and Ni-pzc)

A1.3. [M(pydc)2(H20),]-2H,0, M = Co, Ni (Co-pydc and Ni-pydc)
Al.4. [Co(pymc)2(H20)2] 2H,0 (Co-pymc)

Al.5. References

ABSTRACT: The synthesis, chemical characterization and structure of the transition metal complexes with
N,O-chelating ligands obtained in Chapter 2 are summarized in this appendix. Compounds [Co(imc),(H,0),] (Co-
imc), [M(pzc),(H,0),] where M = Co (Co-pzc) or Ni (Ni-pzc), [M(pydc),(H,0),]-2H,0 where M = Co (Co-pydc) or Ni
(Ni-pydc), and [Co(pymc),(H,0),]-2H,0 (Co-pymc) (imc =1H-imidazole-4-carboxylate, pzc = 1H-pyrazole-3-
carboxylate, pydc = pyridazine-3-carboxylate, , pymc = pyrimidine-4-carboxylate) have been analyzed by means
of elemental and thermal analyses, infrared spectroscopy and single-crystal X-ray diffraction. All the complexes
are isostructural with the analogues found in the CSD database, except for M-pzc (M = Co, Ni) which represent
the first examples of transition metal complexes containing the 1H-pyrazole-3-carboxylate ligand.




Compounds [Co(pzc),(H,0),] (Co-pzc), [M(pydc),(H,0),]-2H,0 (pydc = pyridazine-3-carboxylate,
M = Co (Co-pydc) or Ni (Ni-pydc)) and [Co(pymc),(H,0),]-2H,0 (pymc = pyrimidine-4-carboxylate, Co-
pymc) were firstly obtained in an attempted synthesis of the corresponding organic derivative of the
transition metal disubstituted Krebs-type polyanion (see Chapter 2). All four complexes were later
prepared on purpose for their full characterization. In the case of complexes [Co(imc),(H,0),] (imc =
1H-imidazole-4-carboxilate, Co-imc) and [Ni(pzc),(H,0),] (pzc = 1H-pyrazole-3-carboxylate, Ni-pzc),
they were synthesized with the aim of comparing their bond lengths and angles in the metal
coordination sphere to those of the corresponding Krebs-type hybrid POMs (compounds 1-Co and 2-
Ni) (Table A1.1).

Table Al1.1. Summary of the transition metal complexes described in Appendix 1.

Co-imc Co-pzc, Ni-pzc Co-pydc, Ni-pydc Co-pymc
Complex [CoL,(H,0),] [ML,(H;0),] [ML,(H,0),]-2H,0 [CoL,(H;0),]-2H,0
Ligand 1H-Imidazole-4- 1H-Pyrazole-3- Pyridazine-3-carboxylate Pyrimidine-4-carboxylate
carboxylate carboxylate

e s

Al.1. [Co(imc),(H.0),] (Co-imc)

Experimental: To a solution of CoCl,.6H,0 (12 mg, 0.05 mmol) in water (15 mL) 1H-imidazole-
4-carboxylic acid (12 mg, 0.10 mmol) was added and the resulting solution was stirred for 30 min at
room temperature. Prismatic red crystals were obtained by slow evaporation after several days (12
mg; yield 76%). Anal. Calcd. (found) for CgH1gCoN4O¢: C, 30.30 (30.55); H, 3.18 (3.26); N, 17.67
(17.27). IR (cm™, Figure Al.1a): 3148 (s), 2934 (s), 1685 (m), 1588 (vs), 1555 (vs), 1528 (s), 1462 (s),
1406 (vs), 1333 (m), 1234 (s), 1177 (m), 1101 (m), 1005 (m), 930 (m), 845 (m), 820 (m), 791 (m), 658
(s), 610 (m), 492 (m). TGA/DTA (Figure Al.1b): In spite of showing axially coordinated water
molecules, Co-imc is thermally stable up to a temperature as high as ~140 °C because of the effective
hydrogen-bonding network described below. The complex undergoes an endothermic dehydration
process, which is completed at c.a. 220 °C [calcd (found) for 2 H,0: 11.36 (11.54)] and followed by a
two-step, highly exothermic ligand combustion. The final residue is obtained above 405 °C [calcd
(found) for Co0O: 23.62 (24.10)].
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Figure A1.1. FT-IR spectrum (a) and TGA/DTA curves (b) for Co-imc.
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Crystal Structure: cis-[Co(imc),(H,0),] crystallizes in the orthorhombic Pccn space group’
(Table A1.2) and is isostructural with the Zn and Cd analogues reported previously.” The complex
contains one Co" cation on a twofold rotation axis, exhibiting a distorted octahedral coordination
geometry. The equatorial plane is formed by two O,N-bidentate 1H-imidazole-4-carboxylate ligands
and the axial positions are occupied by water molecules. As expected, the Co—0 (2.177(1) A) and
Co—N bond lengths (2.076(2) A) are similar to those of the Zn" analogue. The crystal packing consists
in a three-dimensional network stabilized by strong O—H---O and N—H---O hydrogen bonds involving
the N—H group from the imidazole ring, the non-coordinating carboxylate O atom and the
coordinaton water molecule. Weak m—t interactions between the imidazole rings also contribute to
the stabilization of the crystal packing (Figure A1.2).

Table A1.2. Crystallographic data for Co-imc

HIWB HIWA
Formula CgH10CoN,O¢ 01w
FW (g mol™) 317.13

Crystal system orthorhombic

Space group Pccn

a(A) 7.1236(16)

b (A) 11.6305(2)

c(A) 13.5496(4)

V(A% 1122.6(3)

z 4

Dearcs (8 cm™) 1.876

u(mm™) 1.561

Reflections

Collected 2396

Unique (Rint) 1162 (0.018)

Observed [I > 20(/)] 1025

Parameters 95

R(F) [I > 20(l)] 0.027 Figure A1.2. Top: ORTEP view of Co-imc showing atom labels for

wR(F) (all) 0.063 the asymmetrlc unit and 50% propablllty displacement eIhpsoyds.
Bottom: View of the crystal packing along the crystallographic a

GoF 1.084 axis (hydrogen bonds represented as dashed lines).

Al1.2. [M(pzc),(H,0),]; M = Co (Co-pzc), Ni (Ni-pzc)

Experimental: To a solution of MCl,-6H,0 (M = Co, Ni; 71 mg; 0.30 mmol) in hot water (15 mL)
1H-pyrazole-3-carboxylic acid (74 mg, 0.60 mmol) dissolved in hot water (10 mL) was added dropwise
and the resulting solution was stirred for 30 min at 90 °C. Prismatic crystals (Co: orange; Ni: blue)
were obtained by slow evaporation after several days. Co-pzc: 51 mg, yield 54 %. Anal. Calcd. (found)
for CgH10CoN,Og: C, 30.30 (30.86); H, 3.18 (3.21); N, 17.67 (17.39). IR (cm™, Figure A1.3): 3273 (s),
3200 (s), 1604 (vs), 1518 (m), 1497 (m), 1442 (m), 1362 (vs), 1244 (s), 1180 (m), 1115 (m), 1074(m),
1001 (m), 928 (m), 897 (m), 835 (m), 770 (m), 698 (m), 613 (m), 492 (m). Ni-pzc: 63 mg, yield 66 %.
Anal. Calcd. (found) for CgH1oN4NiOg: C, 30.32 (29.40); H, 3.18 (3.35); N, 17.68 (16.99) IR (cm™, Figure
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A.3): 3293 (s), 3204 (s), 3140 (s), 1616 (s), 1518 (m), 1497 (m), 1443 (m), 1364 (s), 1244 (m), 1182 (m),
1117 (m), 1078 (m), 1005 (w), 930 (w), 899 (w), 851 (m), 839 (m), 772 (m), 693 (m), 613 (m), 494 (w).

——Co-pzc —Ni-pzc

3900 3400 2900 2400 1900 1400 900 400
Wavenumber / cm?

Figure A1.3. FT-IR spectra of Co-pzc and Ni-pzc.

TGA/DTA (Figure Al1.4): Complexes M-pzc (M = Co, Ni) are thermally stable up to ~175 °C (Co-
pzc) and 195 °C (Ni-pzc) due to the effective hydrogen-bonding network described below. The
endothermic dehydration process, which is completed at ~250 °C for Co-pzc [calcd (found) for 2 H,0:
11.36 (12.06)], is followed by a two step, highly exothermic ligand combustion, resulting in the final
residue above 430 °C [calcd (found) for Co,0;: 26.15 (25.53)]. In the case of Ni-pzc both dehydration
and combustion mass loss stages are noticeably overlapped, in such a way that it was not possible to
calculate the water content. Nevertheless, the weight percentage of the final residue obtained at
~410 °Cis in full agreement with the expected value [calcd (found) for NiO: 23.57 (23.50)].
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Figure A1.4. TGA/DTA curves for Co-pzc and Ni-pzc.

Crystal Structure: Compounds M-pzc (M = Co, Ni) crystallize in the monoclinic P2,/c space
group (Table A1.3) and represent the first examples of transition metal complexes containing the 1H-
pyrazole-3-carboxylate ligand. Both complexes display the metal atom on an inversion center,
showing an octahedral coordination geometry. The equatorial plane is formed by two trans-related
N,O-bidentate ligands and the axial positions are occupied by water molecules (Figure A1.5). The
complexes are stacked in columns along the crystallographic a axis by O—H---O hydrogen bonds
established between the coordinating carboxylate O atom and the coordination water molecule.
These columns are further connected into a three dimensional network by additional hydrogen
bonds involving the non-coordinating carboxylate O atoms, the coordination water molecules, and
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the N-H groups from the pyrazole rings. The hydrogen bonding network is reinforced by additional

C—H---O interactions. (Figure A1.6).

H1WA

< Co-pzc

~

Nil

¢ Ni-pzc

Figure A1.5 ORTEP view of Co-pzc and Ni-pzc showing atom labels for the asymmetric unit and 50% probability

displacement ellipsoids.

Table A1.3. Crystallographic data for M-pzc (M = Co, Ni)

Formula CgH1pCoN,Og
FW (g mol™) 317.13
Crystal system monoclinic
Space group P2y/c

a(A) 5.0874(1)
b (A) 11.4002(3)
c(A) 9.2880(4)
B(%) 96.932(2)
Vv (A3 534.74(2)
V4 2

Dyorea (8 cm™) 1.970
u(mm™) 1.639
Reflections

Collected 4004

Unique (Rint)
Observed [/ > 20(/)]

1110 (0.024)
1025

Parameters 94

R(F) [ > 2a(1)] 0.023
wR(F?) (all) 0.056
GoF 1.079

CsH1oN4NiOg
316.91
monoclinic
P2./c
5.0879(3)
11.2855(6)
9.2686(6)
97.216(6)
527.99(6)
2

1.993
3.031

2552
893 (0.024)
791

9%

0.024
0.063
1.077
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Figure A1.6. Hydrogen bonded chain of M-pzc complexes running along the crystallographic a axis (left). View
of the crystal packing along the [100] direction (right). O—H:--O and N—H-:-O hydrogen bonds represented as
dashed red lines. C—H--O interactions as green lines.

A1.3. [M(pydc)»(H,0),]-2H,0, M = Co (Co-pydc), Ni (Ni-pydc)

Experimental: To a solution of MCl,.6H,0 (M = Co, Ni, 71 mg; 0.30 mmol) in hot water (15 mL)
pyridazine-3-carboxylic acid (74 mg, 0.60 mmol) dissolved in hot water (10 mL) was added dropwise
and the resulting solution was stirred for 30 min at 90 °C. Prismatic crystals (Co: orange; Ni: green)
were obtained by slow evaporation after several days. Co-pydc: 97 mg; yield 86 %. Anal. Calcd.
(found) for CyoH1,CoN4Og: C, 31.84 (31.35); H, 3.74 (3.48); N, 14.85 (14.41). IR (cm™, Figure A1.7):
3500 (s), 3320 (s), 3229 (s), 3075 (s), 1626 (s), 1580 (m), 1559 (s), 1451 (w), 1385 (w), 1163 (w), 1090
(w), 1074 (w), 988 (m), 851 (m), 783 (m), 721 (m), 675 (m). Ni-pydc: 81 mg; yield 72 %. Anal. Calcd.
(found) for C1oH1N4NiOg: C, 31.86 (32.27); H, 3.74 (3.64); N, 14.86 (14.94) IR (cm?, Figure A1.7): 3505
(s), 3318 (s), 3074 (s), 1628 (s), 1580 (m), 1560 (s), 1454 (w), 1385 (w), 1163 (w), 1092 (w), 1078 (w),
988 (m), 851 (m), 783 (m), 725 (m), 669 (m).

——Ni-prdzc

——Co-prdzc
T 1

3900 3400 2900 2400 1900 1400 900 400
Wavenumber /cm™

Figure A1.7. FT-IR spectra for M-pydc (M = Co, Ni).
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Table A.4. Crystallographic data for Co-pydc.

Co-pydc
Formula C10H14CoN,Og
FW (g mol™) 377.18
Crystal system triclinic
Space group P-1 —Nipyde(exp)
——Co-pydc (calc)
a(A) 5.2934(4)
b (A) 7.2817(8)
c(A) 9.6196(9) _— T T
a (O) 79'673(8) 5 10 15 20 25 30 35 40 45 2theta 50
B(°) 89.875(7) Figure A1.8. Comparison between the experimental
. powder XRD pattern of Ni-pydc and that calculated from
7 () 72.321(8) the single-crystal data of Co-pydc.
V(A% 347.01(6)
V4 1
Desica (8 €M) 1.805
u(mm™) 1.289
Reflections
Collected 2202
Unique (Rint) 1369 (0.018)
He HI1IWA AW
Observed [/ > 20(/)] 1309 O Pt
Parameters 122 nowe g, a HIWB
R(F) [ > 20(N] 0.026 Figure A1.9. ORTEP view of Co-pydc showing atom labels
2 (all and 50% probability displacement ellipsoids (symmetry
wR(F") (all) 0.058 code: (i) 1-x,1-vy,1-2). Hydrogen bonds represented as
GoF 1.084 dotted red lines.

Crystal Structure: trans- Co-pydc® and Ni-pydc (isostructural with the Co?* analogue according
to the powder X-ray diffraction patterns shown in Figure A1.8) crystallize in the triclinic P-1 space
group (Table A1.4). They are isostructural with the published Zn and Mn complexes.* Both
compounds contain a M" ion on an inversion center, exhibiting an octahedral coordination geometry.
The equatorial plane is formed by two trans-related N,O-bidentate pyridazine-3-carboxylate ligands
and the axial positions are occupied by two water molecules (Figure A1.9). The M—O (Co: 2.069(1) A)
and M—N (Co: 2.102(1) A) bond lengths are similar to those of the previously reported analogues.
The complexes are stacked in columns along the crystallographic a axis by O—H---N hydrogen bonds
between the non-coordinating pyridazine N atoms and the coordinating water molecules. These
columns are further connected into layers parallel to the ac plane by additional hydrogen bonds
involving the coordinating and non-coordinating water molecules, and the non-coordinating
carboxylate O atoms. The crystal packing is completed by interlayer, weak C—H--:O interactions
(Figure A1.10).
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Figure A1.10. View of the crystal packing of Co-pydc along the crystallographic a axis (left) and projection of a
layer along the [110] direction (right). O—H-:-:O and O—H-:-N hydrogen bonds represented as dotted red lines
and C—H-:-O weak interactions as dotted green.

TGA/DTA: According to the TGA/DTA analysis (Figure A1.11), Ni-pydc is thermally stable up to
50 °C whereas the decomposition of Co-pydc starts at room temperature. In both complexes, the
endothermic dehydration process takes place in two separate mass loss stages. First, the release of
the two hydration water molecules takes places and it is completed at 92 °C for Co-pydc and 101 °C
for Ni-pydc [calcd (found) for 2 H,0: Co-pydc, 9.56 (9.39); Ni-pydc, 9.56 (9.71)] resulting in
[M(pydc),(H,0),] species. The release of the two coordination water molecules proceeds in the
second step [calcd (found) for 2 H,0: Co-pydc, 9.56 (9.16); Ni-pydc, 9.56 (9.21)], leading to the
corresponding anhydrous [M(pydc),] phases above c.a. 160 °C for Co-pydc and 170 °C for Ni-pydc.
Narrow thermal stability ranges are observed between both dehydration stages (Co-pydc: 90-120 °C;
Ni-pydc: 100-120 °C). The anhydrous phases are thermally stable up to ~255°C, above which they
undergo highly exothermic ligand combustion. The final residues are obtained at 375 °C for Co-pydc
and 370 °C for Ni-pydc [calcd (found) for Co,05: 21.98 (22.20); NiO: 19.79 (18.80)].
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Figure A1.11. TGA/DTA curves for Co- (left) and Ni-pydc (right).

In order to determine wether the above thermally stable phases retain crystallinity or undergo
amorphisation, variable temperature powder X-ray diffraction experiments were carried out for Co-
pydc between room temperature and 450 °C (Figure A1.12, left). The [Co(pydc),(H,0),] phase (T =
110 °C) displays a well-defined diffraction pattern with noticeable variations in the number and
positions of the diffraction maxima. This indicates substantial structural modifications upon the
release of the lattice water molecules. Full-profile refinement of the diffractogram using the unit cell
parameters of the closely related [Zn(pydc),(H,0),]> complex found in the CSD database did not
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result in satisfactory agreement factors (Figure A1.12, right), revealing that the non-hydrated phase
is not isostructural with this compound. On the contrary, the anhydrous [Co(pydc),] phase (T = 175
°C) is amorphous.
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F -175C [ s H W Co-pydc(110°C)
= s
®a50°C Eoy )
‘ | 30°C (cooling) o i 1
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Figure A1.12. Left: Powder XRD patterns at different temperatures for Co-pydc. Right: Full-profile X-ray
refinements of Co-pydc at 110°C and [Zn(pydc)z(HZO)zl.5 The experimental and calculated intensity data are
plotted as dotted and solid lines, respectively, and the difference (I, — lcal) is shown as the lower solid line.

Al.4. [Co(pymc),(H,0),]-2H,0 (Co-pymc)

Experimental: To a solution of CoCl,.6H,0 (71 mg, 0.30 mmol) in hot water (15 mL) pyrimidine-
4-carboxylic acid (74 mg, 0.60 mmol) dissolved in hot water (10 mL) was added and the resulting
solution was stirred for 30 min at 90 °C. Prismatic orange crystals were obtained by slow evaporation
after several days (58 mg, yield 51 %). Anal. Calcd. (found) for CyoH14CoN,Og: C, 31.84 (31.70); H, 3.74
(3.68); N, 14.85 (14.73). IR (cm™, Figure A1.13): 3495 (s), 3323 (s), 3150 (s), 3104 (s), 3044 (s), 1626
(s), 1595 (s), 1557 (s), 1402 (s), 1383 (s), 1304 (m), 1207 (w),1173 (w), 1155 (w), 1074 (m), 1026 (m),
860 (m), 810 (m), 712 (m), 619 (w), 542 (w), 436 (w).

Crystal Structure: Compound Co-pymc crystallizes in the triclinic P-1 space group (Table A1.5)
and is isostructural with the reported Zn and Ni analogues.® The complex contains a Co" ion on an
inversion center, exhibiting an octahedral coordination geometry. The equatorial plane is formed by
two trans-related N,O-bidentate pyrimidine-4-carboxylate ligands and the axial positions are
occupied by two water molecules (Figure A1.14). The Co—O (2.071(2) A) and Co—N (2.106(2) A)
bond lenghts are similar to those reported for the Zn and Ni analogues.

The crystal packing closely resembles that of Co-pydc (Figure A1.10), but the connectivity is
slightly different due to the change in the relative position of the non-coordinating N atom in the
diazine ring. As for Co-pydc, the complexes are stacked in columns via O—H---N hydrogen bonds, but
in this case, the columns run along the [1-10] direction instead of the [100] direction observed for
Co-pydc. These columns are not further connected into layers as in Co-pydc, but into a three
dimensional network by additional hydrogen bonds involving the coordination and hydration water
molecules and the non-coordinating carboxylate O atoms (Figure A1.15).
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Table A.5. Crystallographic data for Co-pymc

Formula C10H14CoN,Og
FW (g mol™) 377.18
Crystal system triclinic
Space group P-1
a(A) 5.5524(5)
b (A) 7.1608(8)
c(A) 9.4616(9) ‘ : ‘ ‘ ‘ ‘
3900 3400 2900 2400 1900 1400 900 400
a(®) 81.680(9) wavenumber/cm
B(°) 88.202(8) Figure A1.13. IR spectrum for Co-pymc.
7(°) 70.571(9)
V(A?) 350.98(6)
Z 1
Desea (g €M) 1.785
p(mm™) 1.274
Reflections
Collected 2166
Unique (Rin) 1380 (0.024)
Observed [/ > 20(/)] 1241
Parameters 117
R(F) 1> 201)] 0.032 Figure Al1.14. ORTEP view of Co-pymc showing atom labels
wR(F?) (all) 0.068 for the asymmetric unit and 50% probability displacement
ellipsoids. O—H---O hydrogen bonds represented as dotted
GoF 1.024 red lines.

Figure A1.15. View of the crystal packing along the crystallographic a axis (left) and projection of a layer along
the [1-10] direction (right). O—H:-:O and O—H--:N hydrogen bonds represented as dotted red lines and
C—H:---O weak interactions as dotted green.
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TGA/DTA: Thermal properties of Co-pymc are similar to those of Co-pydc. Thermal
decomposition starts at 52 °C and it is followed by two mass-loss stages corresponding to
endothermic dehydration processes where the lattice [calcd (found) for 2 H,0: 9.56 (9.61)] and
coordination [calcd (found) for 2 H,0: 9.56 (9.17)] water molecules are released below 105 °C and
160 °C, respectively (Figure A1.16, left). In contrast to Co-pydc, no stability range is observed
between the two well-defined mass losses associated to dehydrations, whereas that of the
anhydrous phase extends to higher temperatures (270 °C). The highly endothermic ligand
combustion results in the final residue at 405 °C [calcd (found) for Co,03, 21.98 (22.19)]. Variable
temperature powder X-ray diffraction between room temperature and 450 °C (Figure A.16, right)
shows a well-defined diffraction pattern for the [Co(pymc),(H,0),] without lattice water molecules,
whereas the anhydrous phase is amorphous.

1001 'y
52.55°C 9.61%
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Figure A1.16. TGA/DTA curves (left) and variable temperature powder XRD patterns (right) for Co-pymc.
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A2.1. REAGENTS

All the chemicals employed in this work were purchased from commercial sources and used
without further purification. Their name, formula, purity, chemical company (CC) and CAS number
are compiled in Tables A2.1 and A2.2. Figure A2.1 shows the Electrostatic Potential Surfaces of the
organic ligands used in Chapter 2.

Table A2.1. Employed commercial chemicals.

Compound Formula Purity cc CAS
Buffers

Sodium hydroxide NaOH 297% Sigma-Aldrich 1310-73-2
Acetic acid CH3;COOH >99% Sigma-Aldrich 64-19-7
POM precursors

Sodium tungstate dihydrate Na,W0,-2H,0 99% Sigma-Aldrich 10213-10-2
Hydrochloric acid HCI 37% Sigma-Aldrich 7647-01-0
Antimony(lll) oxide Sb,03 298% Fluka 1309-64-4
Antimony(lll) chloride SbCl; 299% Sigma-Aldrich 10025-91-9
Germanium oxide GeO, 99.9% Aldrich 1310-53-8
Metal salts

Potassium chloride KCl 299% Sigma-Aldrich 7447-40-7
Cesium chloride CsCl >98% Sigma 7647-17-8
Manganese(ll) chloride tetrahydrate MnCl,-4H,0 >98% Sigma-Aldrich 13446-34-9
Cobalt(ll) chloride hexahydrate CoCl,-6H,0 >98% Sigma-Aldrich 7791-13-1
Nickel(ll) chloride hexahydrate NiCl,-6H,0 298% Sigma-Aldrich 7791-20-0
Zinc nitrate hexahydrate Zn(NOs),-6H,0 98% Sigma-Aldrich 10196-18-6
Lanthanum(lll) nitrate hexahydrate La(NO3);:6H,0 >99% Aldrich 10277-43-7
Cerium(Ill) nitrate hexahydrate Ce(NO;);5-6H,0 >99% Aldrich 10294-41-4
Praseodymium(lil) nitrate hexahydrate Pr(NO;);:6H,0 >99% Aldrich 15878-77-0
Neodymium(lll) nitrate hexahydrate Nd(NO3)5:6H,0 >99% Aldrich 16454-60-7
Samarium(lIl) nitrate hexahydrate Sm(NO;);-6H,0 >99% Aldrich 13759-83-6
Europium(Ill) nitrate pentahydrate Eu(NO3);:5H,0 >99% Aldrich 63026-01-7
Gadolinium(lll) nitrate hexahydrate Gd(NO3)3:6H,0 >99% Aldrich 19598-90-4
Terbium(lll) nitrate pentahydrate Tb(NO3);:5H,0 >99% Aldrich 57584-27-7
Dysprosium(lll) chloride hexahydrate DyCl;-6H,0 >99% Aldrich 15059-52-6
Holmium(lll) chloride hexahydrate HoCl;-6H,0 299% Aldrich 14914-84-2
Erbium(lll) chloride hexahydrate ErCl3-6H,0 99.9% Aldrich 10025-75-9
Thulium(l11) chloride hexahydrate TmCl;-6H,0 99.99% Aldrich 1331-74-4
Ytterbium(lll) chloride hexahydrate YbCl;-6H,0 99.9% Aldrich 10035-01-5
Lutetium(ll1) chloride hexahydrate LuCl;-6H,0 99.9% Aldrich 15230-79-2
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Table A2.2. Commercial organic ligands employed in Chapter 2.

Compound Formula Purity cc CAS
1H-imidazole-4-carboxylic acid C4H4N,0, 98% Aldrich 1072-84-0
1H-pyrazole-3-carboxylic acid C,H;N,0, 97% Aldrich 1621-91-6
Picolinic acid CgHsNO, 99% Aldrich 98-98-6
Pyridazine-3-carboxylic acid CsH4N,0, 97% Aldrich 2164-61-6
Pyrimidine-4-carboxylic acid CsH4N,0, 97% Aldrich 819850-18-5
Pyrazine-2-carboxylic acid CsH4N,0, 99% Aldrich 98-97-5
4,4’-bipyridine CyoHgN, 98% Aldrich 533-26-4
2,5-pyrazinedicarboxylic acid CeHaN,0, 96% Aldrich 205692-63-3
2,3-pyrazinedicarboxylic acid CeHaN,0, 97% Aldrich 89-01-0

1H-imidazole-4-carboxylate 1H-pyrazole-3-carboxylate Picolinate

.

Pyridazine-3-carboxylate Pyrimidine-4-carboxylate Pyrazine-2-carboxylate

2,3-pyrazinedicarboxylate 2,5-pyrazinedicarboxylate 4,4’-bipyridine

Figure A2.1. Electrostatic potential surfaces of the anionic ligands used in Chapter 2.
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A2.2. INSTRUMENTAL TECHNIQUES

All the experimental conditions applied for the characterization methods are described in this
section. Thermal analyses and FT-IR measurements were performed at Departamento de Quimica
Inorganica (UPV/EHU), whereas the following studies were carried out at Servicios Generales de
Investigacion (SGlker) de la UPV/EHU: powder and single-crystal X-ray diffraction studies (Servicios
Generales de rayos X), elemental analyses (metals: IBERCRON; CHN: SCAB), 'H-NMR experiments
(Servicios Generales de RMN) and magnetic susceptibility measurements (Servicio General de
Medidas Magnéticas). Luminescence measurements were performed at Departamento de Fisica
Aplicada Il (UPV/EHU) under the supervision of Prof. Jose Angel Garcia. Laser Light Scattering studies
were carried out during a three-month stay at the Department of Polymer Science of the University
of Akron (Akron, OH, USA) under the supervision of Prof. Tianbo Liu. The ESI-MS spectra were
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recorded at Universitat Jaume | (Castellon, Spain) by Dr. Cristian Vicent. ““*W-NMR spectroscopy was

performed at Jacobs University (Bremen, Germany) by Ali Haider and Prof. Ulrich Kortz.
A2.2.l. Elemental analysis

The C, H and N content of compounds 1-SbM, 1-TeM, 2-Ni, 3-M, 4-Mn, 5-Ni and 11-LnM was
determined in a Perkin-Elmer 2400 CHN elemental analyzer employing about 5 mg of powdered
crystalline samples. Metal contents (lanthanides, transition metals, heteroatoms and alkaline metals)
were analyzed using a Q-ICP-MS Thermo XSeries2 inductively coupled plasma-mass spectrometry
device. Samples (50 mg) were digested in 25 mL of ultra-high purity Milli-Q water.

A2.2.1l. FT-IR spectroscopy

The infrared spectra (IR) were recorded in the 400-4000 cm™ region (4 cm™ resolution) on a
Shimadzu FT-IR 4800S spectrophotometer as KBr (Aldrich, FT-IR grade) pellets. The IR spectra of all
compounds reported in this work are displayed in Figures A2.2 to A2.8.
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1600 1400 1200 1000 800 600 400

Figure A2.2. FT-IR spectra of compounds 1-SbM and 1-TeM. Note that 1-TeZn cannot be obtained as pure
phase.
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Figure A2.3. FT-IR spectra of compounds 2-Ni, 3-Co, 3-Zn and 5-Ni.
|
4 -MIN e 4-CO e 4 -Nii 4-Zn i
cm
1600 1400 1200 1000 800 600 400

Figure A2.4. FT-IR spectra of compounds 4-M.
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Assemblies containing early lanthanides

T T T 1

1200 1000 800 600 400
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Figure A2.5. FT-IR spectra of 6-Ln (Ln = Pr, Nd), 7-Sm and 8-Ln (Ln = Pr, Nd).
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——6-Nd
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—8-Nd
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Figure A2.6. FT-IR spectra of some of the solid products obtained from the Ni**/Ln**/Ge0,/WO,” or
Ln3+/Ge02/WO42_ reactions upon addition of alkaline cations compared to those of the hexameric 6-Nd and the
dodecameric 8-Nd. For the labeling see Table 3.1 in Chapter 3.
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Assemblies containing mid-to-late lanthanides

Lu

Yb

Tm
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Figure A2.7. FT-IR spectra of compounds 9-Ln and 10-Ln.
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CHAPTER 4. Heterometallic 3d-4f POMs derived from the Krebs-type structure

— 11-CeZn

— 11-CeNi — 11-PrCo

— 11-GdCo — 11-CeCo

= 11-EuCo 11-LaCo

— 11-SmCo emt
1600 1400 1200 1000 800 600 400

Figure A2.8. FT-IR spectra of compounds 11-LnM.
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A2.2.1ll. Thermal analyses

Thermogravimetric and differential thermal analyses (TGA/DTA) were carried out from room
temperature to 700 °C at a rate of 5 °C min~* on a TA Instruments SDT 2960 thermobalance with a
150 mL min™ flow of synthetic air. f-alumina crucibles were used for approximately 20 mg of
crystalline samples. All the TGA/DTA curves of the compounds studied in this work are shown in the

following pages in Figures A2.9 to A2.13.
CHAPTER 2: Krebs-type hybrid POMs
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Figure A2.9. TGA/DTA curves for compounds 1-SbM and 1-TeM.
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Figure A2.10. TGA/DTA curves for compounds 2-Ni, 3-M, 4-Mn and 5-Ni.
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Assemblies containing early lanthanides
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Figure A2.11. TGA/DTA curves for compounds 6-Ln, 7-Sm and 8-Ln.
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Figure A2.12. TGA/DTA curves for compounds 9-Ln and 10-Ln.
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Figure A2.13. TGA/DTA curves for compounds 11-LnM.

A2.2.1V. Nuclear magnetic resonance spectroscopy

IH-NMR: Solution "H-nuclear magnetic resonance (‘H-NMR) spectra were measured for 1-ShZn
and 3-Zn on a Bruker AVANCE 500 spectrometer (D,0, 500 MHz, one-bay). Two-dimensional spectra
were recorded for the ligands to confirm the assignation of the signals.

BW.NMR: BW-Nuclear magnetic resonance spectrum of 9-Lu (***W-NMR) was recorded at
16.688 MHz on a 400 MHz JEOL ECP400H instrument using solid samples dissolved in 0.5 M NaOAc
buffer (pH = 4.8) and D,0 as solvent reference.

A2.2.V. Powder X-ray diffraction

Powder X-ray diffraction patterns for 9-Ln were collected from 26 = 4 to 60° (0.02606° step
size, 30 s per step) using a Philips X’PERT PRO automatic diffractometer operating at 40 kV-40 mA in
0-0 configuration with monochromated Cu-Ka radiation (A = 1.5418 A) and a PlIXcel solid state
detector (3.347° active length in 26). For the rest of compounds, Brucker D8 Advance Vario (CuKa,)
diffractometer (0-20 geometry) equipped with a primary monochromator and a solid state SolX
detector and a Philips X'Pert MPD diffractometer equipped with two independent 6-26 goniometers
and a single X-ray source containing a secondary monochromator were used. Mercury' software was
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employed to simulate the theoretical powder X-ray diffraction patterns from single-crystal X-ray
diffraction data.

A2.2.VI. Photoluminescence measurements

Photoluminescence measurements were performed on crystalline samples at room
temperature with a Edinburgh Instruments FLS920 spectrometer using a Kimmon IK3552R-G Helium
Cadmiun (HeCd, 325 nm) continuous laser as excitation source. Single-crystal emission spectra and
photographs were taken in a micro-photoluminescence system included in an Olympus optical
microscope illuminated with a HeCd laser or a Hg lamp.

A2.2.VIl. Magnetic susceptibility measurements

Magnetic susceptibility measurements were performed for 4-Ni and 9-Ln in a Quantum Design
MPMS-7 SQUID magnetometer using approximately 50 mg of crystalline powdered sample.
Measurements were carried out in the 5-300 K temperature range under an applied direct current
(dc) magnetic field of 0.1 T. Diamagnetic corrections were estimated from Pascal’s constants.

The Van-Vleck’s equation was employed to calculate the magnetic molar susceptibility (x.,) for
isolated 3d-metal centers:

_ Ng*B*s(s+1)
Am = TRk fq.1

where N is the Avogadro’s number, Sis the Bohr magneton, k is the Boltzmman constant, g is the Landé
factor and S is the spin quantum number.

The Curie-Weiss law was applied for paramagnetic regions:

C

Xm = T3
(T -6) £q.2

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

The magnetic molar susceptibility of isolated 4f-metals was estimated taking into account the spin-
orbit coupling using Equations 3 and 4, as follows:

_ Ng*BY(J +1)
Xm = T3RT q.3

where N, fand k have their usual meanings, J is the total angular momentum quantum number and g is
the Landé factor defined as:

SS+D+JJ+D+LUL+1)
2JJ +1) Eq.4

where S and J have their usual meanings and L is the orbital quantum number.

g=1+

A2.2.VIIl. Electronic spin resonance spectroscopy

The ESR spectra for compounds 11-CeCo and 11-GdCo were recorded on powdered crystalline
samples at X-band frequency, using a Bruker ELEXSYS 500 spectrometer (superhigh-Q resonator ER-
4123-SHQ) equipped with a standard Oxford-low temperature device and calibrated by an NMR
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probe for the magnetic field. The frequency was measured inside the cavity with a Hewlett-Packard
5352B microwave frequency counter. The spectra were fitted using WINEPR-Simfonia (Bruker
Analytische Mes-technik, GmbH) software.

A2.2.IX. Electrospray ionization mass spectrometry

ESI-mass spectra were obtained on 10~ M solutions of solid samples in the appropriate
solvent. The spectra of 5-Ni, 8-Ln (Lh = Ce, Pr, Nd) and 11-CeCo were carried out in pure water,
whereas water-acetone mixtures were employed for 8-Nd. In the case of 9-Ho and 10-Ho H,0:CH;CN
mixtures were used in order to improve the resolution of the spectral peaks. The samples were
introduced at a flow rate of 10 pL min™ in a Waters QTOF Premier instrument with 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™); typical desolvation (200 °C) and
source block (120 °C) temperatures were used and the cone voltage (U.) was set to 15 V to control
the extent of fragmentation of the gas-phase detected species.

The ESl-spectra of those samples not included in the main text are depicted in Figures A2.14,
A2.15 and A2.16.

8-Ce (water)
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Figure A2.14. Top: Negative ESI mass spectrum of an aqueous solution of 8-Ce (U. = 15 V). The intensity of the
m/z 1550-3100 range is increased (x6) for a better visualization. Bottom: Expanded m/z 1520-3100 region (note
that dimeric and monomeric species are overlapped in the m/z 1400-1500 range). {M}(G_")_ =
[Ce,GeW14055+xH,0+mK +(n-m)Na'1®™; {M,}"2 ™" = [(Ce,GeW;00ss),+xH,0+mK +(n-m)Na 1™ (Mg} =
[(Ce,GeW00ss)s+xH,0+mK +(n—m)Na* 1™
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8-Nd (water)

{M}*-
100+ 936.8
(M} x16
o1 ) -
=
{Ma}>
1 m/z
o
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
T
(M} {Ma}*-
100+ 1396.4

1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

m/z

Figure A2.15. Top: Negative ESI mass spectrum of an aqueous solution of 8-Nd (U, = 15 V). The intensity of the
m/z 1520-2800 range is increased (x6) for a better visualization. Bottom: Expanded m/z 1150-3100 region (note
that dimeric and monomeric species are overlapped in the m/z 1400-1500 range). {M}(a_”)_
[Nd,GeW1403g+xH,0+mK +(n-m)Na'T®™"; {M,}*™" = [(Nd,GeW14035),+xH,0+mK" +(n—-m)Na']"* ™~ (M} ¥ =
[(Nd,GeW 1503)3+xH,0+mK +(n-m)Na'T™* ™" {Me}** ™" = [(Nd,GeW 100 35)¢+xH,0+mK" +(n-m)Na*]®* ™"
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Figure A2.16. Top: Negative ESI-mass spectrum of 8-Nd dissolved in 90% vol. acetone solution. Note that the
intensity of the m/z 2100-4400 range is increased (x16) for a better visualization. Bottom: Expanded m/z 1600-
4400 region. {My,}">™" = [(Nd,GeW03g)1,+xH,0+mK +(n—m)Na"1"> ™"
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A2.2.VIll. Transmision electron microscopy

The TEM images were taken on a PHILIPS EM208S transmission electron microscope
operated at 200 kV. Samples for the TEM analysis were prepared by dropping a small volume of the
0.1 mg ml™* aqueous solution of 8-Nd and 11-CeCo onto a holey carbon film on copper grid.

A2.3. X-RAY CRYSTALLOGRAPHY

Experimental conditions of the single-crystal X-ray diffraction studies, data acquisition and
reduction details, methods for solution and refinement of the crystal structures and software and
crystallographic databases employed are summarized in this section.

A2.3.1. Data acquisition and reduction

Intensity data for 1-SbMn, 1-SbNi, 1-SbZn, 1-TeM, 2-Ni, 3-M, 4-Ni, 5-Mn, 8-Pr, 9-Ln, 10-Ln and
11-LnM were collected at 100(2) K on a Agilent Technologies SuperNova diffractometer (mirror-
monochromated Mo-Ka radiation, A = 0.71073 A) equipped with Eos CCD surface detector. In the
case of 1Sb-Co, 6-Ln, 7-Sm and 8-Nd the data collection was also carried out at 100(2) K, but the
Supernova diffractometer was equipped with Cu-Ka radiation (A = 1.54184 A) and Atlas CCD
detector. Both diffractometers equipped with Oxford Cryosystems Cryostream 700 Plus (80-500K)
devices. Pre-experiments were carried out (15 frames, w scan, step 1°, exposition 5 s) in order to
confirm the quality of the crystals, to determine the cell parameters and to optimize the experiment.
Data collections, unit cell determinations, intensity data integrations, routine corrections for Lorentz
and polarization effects and analytical absorption corrections with face indexing were performed
using the CrysAlis Pro software package.’

A.2.3.1l. Solution and refinement of crystal structures

The structures were solved by charge flipping methods using OLEX2? and refined by full-matrix
least-squares (F?) with SHELXL-97* as included in OLEX2 or the WinGX® software package. Direct
method solutions located the heaviest atoms and remaining atoms were found in subsequent Fourier
difference maps. In all least-squares refinements, R and wR have been calculated using Equations 5
and 6.

R(F)=2| | Fo=Fc| |/Z]F,| (Eq.5) WR(F)={z[w(Fo’ - F))/Z[w(F,’) 1} (Eq. 6)

A.2.3.11l. Calculations

Final geometrical calculations were carried out with PLATON® as integrated in WinGX. Bond
Valence Sum (BVS) and Continuous Shape Measures (CShM) calculations were performed using
BVSumCalc’ and SHAPE® programs, respectively.

CShM calculations indicate the grade of distortion of a polyhedron with respect to an ideal
shape. The 3d- or 4f-metal centers of the compounds included in this work exhibit coordination
numbers ranging from 6 to 9. Ideal polyhedral geometries for such coordination numbers employed
for the CShM calculations are detailed in Figure A2.17.
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Figure A2.17. Ideal SHAPE geometries employed in CShM calculations.

A.2.3.1ll. Crystallographic software and databases

Ortep-3°, Crystal Maker'® and Diamond-3"" were used as the graphic representation software.
Moreover, the following structural (CSD, 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.

A2.4. LASER LIGHT SCATTERING

Polyelectrolytric solutions are complicated systems. Despite the fact that the most popular
method to describe a simple diluted ionic solution is the Debye-Hiickel theory, it is only valid for very
dilute solutions in which ions can be treated as point-like charges. In the case of POM type
macroions, they cannot be considered point-charges due to their big size. Analogously, the behavior
of charged colloids with sizes over 100 nm is usually described by the Derjaguin-Landau-Verwey-
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Overbeek (DLVO) theory. The DLVO theory is based on the competition between attractive van der
Waals and repulsive Coulombian interactions. Nevertheless, size disparity between macroions and
counterions (10 to 1) is much smaller compared to that of colloidal particles and their counterions
(10° to 1), and therefore, POM solutions are not colloidal suspensions but real solutions. Thus, DLVO
theory is not suitable for describing POM solutions.

It is known that POM type macroanions with sizes between ca. 2 to 6 nm show unique solution
behaviors. Instead of distributing in the media to form stable and homogeneous solutions, they
slowly self-assemble into spherical, hollow, single-layered and stable vesicles, named as
“blackberry”-type structures. It seems to be unexpected that macroions with negative charge can
self-assemble placing close to each other and overcoming coulombian repulsions. Therefore, it is
interesting to study the solution behavior of macroions within the cited size range. Polyoxoanions
usually have well-defined molecular structures, high negative charges (sometimes tunable charge),
big size, high solubility and stability in polar solvents and no intramolecular-charge interactions.
These features make POMs ideal models for understanding the broadly defined macroionic solutions,
including not only polyelectrolites, but also biomolecular systems like the interaction between DNA
and proteins and the formation of viral capsids.

Light scattering is based on the deflection of the straight ray by irregularities, particles or
different refractive indexes in the media. Therefore, laser light scattering (LLS, traditionally used for
polymers, biomolecules or colloidal suspensions) is the ideal technique to monitor diluted POM
solutions. Static light scattering (SLS) can be used to determine the average molecular weight (My)
and radius of gyration (R,, defined as the root mean square distance of the particle’s parts from its
gravity center) of the aggregates by measuring the scattering intensity at different angles. Data is
analyzed using different methods (Zimm, Berry, Guinier...). Performing a Zimm analysis on a single
concentration (known as partial Zimm analysis) is a direct technique to calculate R, in dilute solutions
of strong point scatters. Inter-particle interactions given by the second virial coefficient (A,) can also
be calculated by SLS monitoring samples of different concentration. Dynamic Light Scattering (DLS)
measures the intensity-intensity time correlation function from the scattered light, which is analyzed
by the CONTIN method to calculate the average hydrodynamic radius (Ry) of the particles in solution
as well as their size distribution. The ratio between R, and R, is widely used for predicting the shape
of the aggregates, i.e. Rn/R; = 1, for hollow spherical structures; 0.77, rigid spheres; 0.6-0.7, rod-like
structures; 0.3-0.5, random polymer coils.

A2.4.1.Experimental details

Both Dynamic Light Scattering (DLS) and Static Light Scatting (SLS) were used to characterize
aqueous solutions of 8-Ln and 11-CeCo and water-acetone samples of 8-Nd. A commercial
Brookhaven Instruments Inc. LLS spectrometer, equipped with a diode-pumped solid-state (DPSS)
green laser operating at 532 nm was .

DLS: A BI-9000AT multi-channel digital correlator was used for measuring the intensity-
intensity time correlation function. The field correlation function |g'”(t)|] was analyzed by the
constrained regularized CONTIN method to yield information on the distribution of the characteristic
line width T from |g"*)(t)| =[G(r) e ™ d().The normalized distribution function of the characteristic
line width, G(I), so obtained, can be used to determine an average apparent translational diffusion
coefficient, D,p, = I'/qz. The hydrodynamic radius Ry, is related to D via the Stokes—Einstein equation:
R, = kT/(6émnD), where k is the Boltzmann constant and n the viscosity of the solvent at given
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temperature. Using DLS measurements, we can obtain the particle-size distribution in solution from a
plot of FG(I) vs Ry.. The R, of the particles is obtained by extrapolating to the zero scattering angle.

SLS: The SLS was performed over a broad range of scattering angles from 20° to 120°, with a 2°
interval. The raw data was analyzed with a partial Zimm plot derived from the Rayleigh—-Gans-Debye
equation to obtain the radius of gyration (R,) of the large assemblies. The partial Zimm plot stems
from the following approximate formula: 1/l = C(1 + Rg2q2/3). Here R, is determined from the slope
and the intercept of a plot of 1/I vs g Similarly, the Berry plot was employed for larger assemblies of
8-Ce in water. In this case, data from 20 to 30° scattering angles was removed in the final analysis
due to the large fluctuations in the scattered intensities.

Sample preparation: solid samples were dissolved in 10 mL of the corresponding solvent and
sonicated for 10 min. The solutions obtained were filtered using syringes capped with 100 nm pore
size Millipore membrane filters and placed in a 20 mL dust-free clean vials for LLS analysis.

A2.4.11.Results

All the time resolved scattering intensity plots (at 90°) and partial Zimm plots resulting from SLS
studies on water/acetone sample solutions of 8-Nd (0.1 mg/mL) not included in the main text are
displayed in Figures A2.18 to A2.22. Only high scattering angles were taken into account in the final
analysis for the 10, 30 and 50% vol. acetone samples due to their best fit for such a small assemblies:

Time-resolved scattering intensity plots recorded at 90°
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Figure A2.18. Time-resolved scattering intensity plots of water/acetone sample solutions of 8-Nd (0.1 mg/mL).
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Partial Zimm plots from SLS studies

1) 10% v/v acetone:

2.214e-6
|»1
Radius of giration 24.8 +0.2 nm
RSM Error 1.16 x 108
1.632e-6
1.103e-4 qz (nm»Z) 8.826e-4

Zimm Plot— Linear fit

Figure A2.19. Partial Zimm plot from SLS studies of the 10% vol. acetone sample solutions of 8-Nd.

2) 30% v/v acetone:
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Radius of giration 30.9 +0.8 nm

RSM Error 1.79 x 102
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Zimm Plot - Linear fit

Figure A2.20. Partial Zimm plot from SLS studies of the 30% vol. acetone sample solution of 8-Nd.
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3) 50% v/v acetone:

2.564e-6
. e
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Zimm Plot — Linear fit

Figure A2.21. Partial Zimm plot from SLS studies of the 50% vol. acetone sample solution of 8-Nd.

4) 90% v/v acetone:

2.214e-6 (3

Radius of giration 52.4 + 0.3 nm
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Figure A2.22. Partial Zimm plot from SLS studies of the 90% vol. acetone sample solution of 8-Nd.

A2.5. REFERENCES

[1] Macrae, C. F.; Bruno, I. J.; Chisholm, J. A.; Edgington, P. R.; McCabe, P.; Pidcock, E.; Rodriguez-Monge, L.; Taylor, R.; van
de Streek, J.; Wood, P. A. J. Appl. Crystallogr. 2008, 41, 466.

[2] CrysAlisPro Software System; Agilent Technologies UK Ltd.: Oxford, UK, 2012.

[3] Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. J. Appl. Crystallogr. 2009, 42, 339.

[4] Sheldrick, G. M. Acta Crystallogr. 2008, A64, 112.

[5] Farrugia, L. J. J. Appl. Crystallogr. 1999, 32, 837.

[6] Spek, A. L. Acta Crystallogr. 2009, D65, 148.

[7] BVSumCalc program is a courtesy of Dr. M. H. Dickman.



203

APPENDIX 2

[8] Llunell, M.; Casanova, D.; Cirera, J.; Bofill, J. M.; Alemany, P.; Alvarez, S.; Pinsky, M.; Avnir, D. SHAPE, v2.1; Universitat de

Barcelona: Barcelona, Spain and The Hebrew University of Jerusalem: Jerusalem, Israel, 2005.
[9] Farrugia, L. J. J. Appl. Crystallogr. 1997, 30, 565.

[10] CrystalMaker; CrystalMaker Software Ltd.: Yarnton, UK, 2010.

[11] Branderburg, K. Diamond; Crystal Impact GbR: Bonn, Germany, 2010.

[12] Allen, F. H. Acta Crystallogr. 2002, B58, 380.

[13] http://www.fiz-karlsruhe.de/icsd

[14] https://scifinder.cas.org



APPENDIX 3

Nomenclature of dilacunary units



A3.1. NOMENCLATURE OF DILACUNARY UNITS

This section explains the nomenclature used in numbering the addenda metal positions in
dilacunary Keggin-type polyoxotungstate units included in Chapter 3. In 1998, Jeannin reported a
review paper describing a general method to number the addenda metal positions following IUPAC
recommendations, and consequently, also the vacancies of in a Keggin cluster. This method is as
follows: "

1- The reference axis is the highest order rotational axis of the idealized polyanion structure,
which is oriented vertically. Therefore, the units are viewed from

- the top of the rotated trimer following the C; axis (£ subunit).

- the top of the edge-sharing dimer following the C; axis (ysubunit).

2- Perpendicular to the reference axis, several skeletal planes are located. For fisormers, the
numbering starts from the “bottom” corner-sharing tungsten triad, followed by the six central belt
tungstens and ending with the three edge-sharing tungstens of the rotated trimer. For the yisomer,
it starts from the “top” edge-sharing dimer, followed by two edge-sharing tungsten pairs completing
the rotated trimers, two octahedra of the two non-rotated trimers, and ending with the two edge-
sharing tungsten pairs completing the non-rotated trimers.

3- Skeletal planes are numbered in the clockwise direction. After numbering one skeletal
plane, the following tungsten atom is the one located closest to that with the lowest number in the
clockwise direction.

4- The tungsten position number 1 is assigned in such a way that both vacancies have the
lowest numbering possible.

Following these recommendations, each tungsten atom has been labeled indicating the
number of the subunit to which they belong (i.e. subunit 1: from W1 to W12; subunit 2: from W21 to
W32). Lanthanide atoms acquire the number of the vacant sites they occupy. Unfortunately, this
method could only be applied for asymmetric units containing a maximum of five Keggin subunits,
because the SHELX interface only allows the use of four characters for labeling each atom, and this
made not possible to name the O atoms adequately. Therefore, compounds 9-Ln and 10-Ln were
labeled following IUPAC rules, whereas 6-Ln, 7-Sm and 8-Ln were named in a closely related way that
is illustrated in Figure A3 as non-lUPAC.

! Jeannin, Y. P. Chem. Rev. 1998, 98, 51.
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Figure A3. Notation and relationship between labeling schemes followed for Keggin type dilacunary subunits
included in this work.
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Lanthanide-Oxygen bond lengths of
compounds included in Chapter 3



A4. Selected bond lengths

Assemblies with early lanthanides

Table A4.1. Ln—O bond lengths and Ln---Ln distances in 6-Ln (Ln = Pr, Nd) and 7-Sm.

6-Pr 6-Nd 7-Sm 6-Pr 6-Nd 7-Sm
Ln1-012 2.464(12) 2.435(10) 2.376(11)  Ln8-038 2.419(12)  2.392(10)  2.369(13)
. Ln1-013 2.369(11) 2.346(10) 2.314(12)  Ln8-078 2447(12)  2.423(11)  2.412(13)
< Ln1-014 2.414(11)  2.392(9) 2.358(12)  Ln8-082 2.434(13)  2.412(11)  2.356(15)
S n1-019 2.406(10)  2.384(9) 2.377(12)  Ln8-089 2.356(12)  2.342(10)  2.295(12)
® Ln1-0119' 2.547(11) 2.541(10) 2.572(11)  Ln8-023T 2.526(12)  2.535(11)  2.476(14)
% Ln1-019T' 2.510(11) 2.479(10) 2.425(11)  Ln8-O2F 2.528(12)  2.517(11)  2.469(14)
Ln1-01C 2.647(11) 2.615(11) 2.517(12) Ln8-O3F 2.525(16)  2.492(13)  2.59(2)
Ln1-O1F 2.596(12) 2.570(10) 2.590(12)  Ln8-OA4F 2.59(2) 2.572(17)  2.515(19)
Ln11-0112 2.412(12) 2.398(10) 2.394(11)  Ln18-0138  2.352(12)  2.336(11)  2.319(13)
. Ln11-0113 2.387(12) 2.345(10) 2.335(13)  Ln18-0178  2.415(12)  2.391(10)  2.391(12)
€ Ln11-0114 2.428(10) 2.424(10) 2.368(11)  Ln18-0182  2.447(12)  2.412(11)  2.354(13)
S Ln11-0119 2.418(11) 2.407(10) 2.394(11)  Ln18-0189  2.287(12)  2.285(11)  2.233(13)
X Ln11-0214 2.540(11) 2.576(10) 2.614(12)  Ln18-02T 2.499(14)  2.465(11)  2.442(14)
% Ln11-024T 2.513(11) 2.489(10) 2.445(12)  Ln18-013B"  2.455(13)  2.412(11)  2.375(13)
Ln11-02C 2.663(11) 2.628(10) 2.538(12)  Ln18-O6F 2.561(14)  2.542(12)  2.555(15)
Ln11-O5F 2.563(13)  2.546(11)  2.504(13)
Ln21-0212  2.402(12) 2.364(10) 2.350(13) Ln25-0225  2.414(13)  2.402(11)  2.319(13)
. Ln21-0213  2422(11) 2423(10) 2386(12) Ln25-0245  2364(12)  2352(10)  2.243(12)
S Ln21-0214  2.427(11) 2.396(10) 2.366(12)  Ln25-0251  2.441(13)  2.404(11)  2.358(13)
S Ln21-0219  2428(11) 2396(9) 2388(13) Ln25-0256  2.438(13)  2420(11)  2.385(12)
R Ln21-09T 2.477(12) 2.466(10) 2.401(12)  Ln25-012T  2.537(12)  2.506(11)  2.482(12)
% Ln21-019 2.574(10) 2.574(10) 2.654(12)  Ln25-022B"  2.449(14)  2.460(12)  2.373(13)
Ln21-03C 2.689(11)  2.646(9) 2.525(11)  Ln25-O8F 2.598(15)  2.573(13)  2.554(14)
Ln21-O7F 2.546(11) 2.536(10) 2.521(12)  Ln25-O9F 2.560(16)  2.522(14)
Lnl---Ln11" 4.699(7)  4.703(6)  4.743(6)  Lnl--Ln1" 9.372(13)  9.369(10)  9.478(14)
Ln1l--Ln21 4.720(4)  4.722(5)  4.773(7)  Lnll--Ln11"  9.444(6) 9.439(4) 9.603(6)
Ln21--Lnl 4577(3)  4.741(2)  4.839(3)  Ln21--Ln21"™ 9.522(13)  9.515(12)  9.623(13)
Ln---Ln mean 4.665 4.722 4.785 Ln---Ln mean 9.446 9.441 9.568
07T--07T"  25.428(47) 25.406(38) 25.395(48)
017T--017T" 25.456(26) 25.474(23) 25.544(29)
026T--026T" 25.618(31) 25.626(26) 25.660(32)
<0-+-Oprans> 25.500 25.502 25.533

[a] Symmetry Code. i: -X, -y, 1-z; ii: -X, 1-y, 1-z;iii: -X, -y, -z
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Table A4.2. Ln—O bond lengths and Ln--Ln distances in the S-subunits of 8-Ln (Ln = Pr, Nd). Note that the
different asymmetric units for the two isostructural compounds are centrosymmetrically related.

8-Pr 8-Nd
£ (1,8) subunits P (1,5) subunits p(1,5) subunits P (1,8) subunits

Pri-012  2.409(14
Pr1-013  2.394(17
Pri-014  2.400(16
Pr1-019  2.438
Pr1-014T 2.462
Pr1-0114 2.597(15
Pr1-O1C  2.599(15
Pr1-O1F 2.631(16

Pri1-0112  2.435(19
Pri1-0113  2.404(17
Pril-0114  2.415(15
Pri1-0119  2.429
Pr11-024T  2.460
Pri1-0214'  2.632(15
Pr11-02C 2.628(17
Pr11-04F 2.602(16

Nd1-012  2.381(13
Nd1-013  2.381(14
Nd1-014  2.405(13
Nd1-019  2.414(13
Nd1-019T  2.450(12
Nd1-0119  2.592(12
Nd1-01C  2.553(14
Nd1-O1F  2.586(14

Nd11-0112  2.380(14)
Nd11-0113  2.374(12)
Nd11-0114  2.433(13)
Nd11-0119  2.418
Nd11-029T"  2.455
Nd11-0219"  2.597(12)
Nd11-02C 2.568(12)
Nd11-O4F 2.595(14)

—_— = — — — — — —

Pr8—038 2.415(17
Pr&—078 2.452(16

( Pri5-0125  2.430(17 Nd5-025  2.402(13

(
Pr8-082  2.514(16

(

(

Pr15-0145 2.356(16 Nd5-045 2.362(13

(17) Nd18-0138  2.439(15)
(16)

Pri5-0151  2.517(18)  Nd5-052  2.433(15
(18)
(17)

Nd18-0178  2.394(15)
Nd18-0183  2.419(15)
Nd18-0189  2.362(14)
Nd18-03T 2.491(15)
Nd18-047N  2.421(15)
Nd18-O5F 2.599(16)
Nd18-06F 2.547(16)

Pr8—089 2.365(15
Pr8—023T 2.516(18
Pr8—037N 2.436(17
Pr8—02F 2.56(2) Pr15-O5F 2.616
Pr8—0O3F 2.646(18) Pr15-O6F 2.677

Pr15-0156 2.426(18 Nd5-056 2.425(15
Pr15-02T 2.499 Nd5-022T  2.533(16
Pr15—-047N 2.45(2) Nd5-037N  2.389(15
18) Nd5-02F 2.536(16
19) Nd5-03F 2.595(16

—_— — — — — — — —

Pr21-0212 2.381(16
Pr21-0213 2.404(17
Pr21-0214 2.429(15
Pr21-0219 2.425
Pr21-09T 2.474
Pr21-019 2.616(14
Pr21-03C 2.600(16
Pr21-O7F 2.623(17

Nd21-0212  2.396(14)
Nd21-0213  2.363(15)
Nd21-0214  2.402(13)
Nd21-0219  2.438(12)
Nd21-04T  2.464(13)
Nd21-014  2.621(13)
Nd21-03C  2.576(13)
Nd21-O7F 2.591(14)

Pr25-0225  2.424(17) Nd28-0238  2.402(15)
Pr25-0245  2.347(17) Nd28-0278  2.434(15)
Pr25-0251  2.510(18) Nd28-0283  2.461(15)
Pr25-0256  2.437(18) Nd28-0289  2.345(14)
Pr25-013T"  2.564(18) Nd28-012T"  2.477(14)
Pr25-057N  2.43(2) Nd28-057N’  2.382(16)
Pr25-08F 2.67(2) Nd28-08F 2.550(18)
Pr25—-09F 2.57(2) Nd28-09F 2.653(15)

Lnl--Ln11" 4.803(5) Lnl--Ln11" 4.796(3)
Ln11--Ln21 4.833(5) Ln11--Ln21 4.812(4)
Ln21--Ln1 4.839(4) Ln21--Lnl 4.797(3)
<Ln:-Ln> 4.825 <Ln:-Ln> 4.802

[a] Symmetry Codes. i: -x, 2-y, 2-z; ii: -x, 1-y, 2-z; iii: -X, -y, -z; iv: X, 1-y, 1-z; v: : 1-X, -y, 1-z.
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Table A3.3. Ln—O bond lengths and Ln--:Ln distances in the j~subunits of 8-Ln (Ln = Pr, Nd). Note that the
different asymmetric units for the two isostructural compounds are centrosymmetrically related.

8-Pr

8-Nd

Pr33-0313
Pr33-0332
Pr33-0336
Pr33-0337
Pr33-022T
Pr33-010F
Pr33-011F
Pr33-012F

Pr43-0413
Pr43-0432
Pr4a3-0436
Pr43-0437
Pr43-0138B
Pr4a3—015F
Pr43-016F
Pr43-017F

Pr53-0513
Pr53-0532
Pr53—-0536
Pr53-0537
Pr53-0228
Pr53-021F
Pr53-022F
Pr53-023F

v (3,4)-subunits

2.422(19)
2.359(18)
2.46(2)
2.403(17)
2.434(16)
2.62(2)
2.66(2)
2.52(2)

2.49(2)
2.42(2)
2.45(2)
2.398(12)
2.447(19)
2.55(3)
2.62(3)
2.45(3)

2.44(2)
2.44(2)
2.46(2)
2.38(2)
2.39(2)
2.52(3)
2.50(2)
2.65(3)

Pr34-0324
Pr34-0345
Pr34-0347
Pr34-0349
Pr34-06T"
Pr34-03B
Pr34-013F
Pr34-014F

Pra4-0424
Pra4-0445
Pra4-0447
Pra4-0449
Pra4-03T

Pra4-018F
Pra4-019F
Pra4-020F

Pr54-0524
Pr54-0545
Pr54-0547
Pr54-0549
Pr54-012T
Pr54—-024F
Pr54-025F
Pr54-026F

2.59(2)
2.569(19)

2.449(18)

2.45(3)

2.60(2)
2.86(3)

Nd33-0323
Nd33-0332
Nd33-0336
Nd33-0337
Nd33-07T"
Nd33-028

Nd33-010F
Nd33-011F

Nd43-0423
Nd43-0432
Nd43-0436
Nd43-0437
Nd43-02T

Nd43-015F
Nd43-016F
Nd43-017F

Nd53-0523
Nd53-0532
Nd53-0536
Nd53-0537

Nd53-0238"

Nd53-021F
Nd53-022F
Nd53—-023F

¥ (3,4)-subunits

2.429(15
2.421(16
2.490(16
2.335(16
2.482(15
2.465(16
2.601(17
2.536(18

e = ==

2.364(17)
2.379(16)
2.427(17)
2.390(16)
2.431(14)
2.64(2)
2.57(2)
2.53(2)

2.420(15)
2.425(15)
2.473(18)
2.369(15)
2.458(16)
2.54(2)

2.496(18)
2.62(2)

Nd34-0314
Nd34-0345
Nd34-0347
Nd34-0349
Nd34-023T
Nd34-012F
Nd34-013F
Nd34-014F

Nd44-0414
Nd44-0445
Nd44-0447
Nd44-0449
Nd44-013B
Nd44-018F
Nd44-019F
Nd44-020F

Nd54-0514
Nd54-0545
Nd54-0547
Nd54-0549
Nd54-013T
Nd54—-024F
Nd54-025F
Nd54-026F

2.38(2)
2.430(19)
2.425(15)
2.360(17)
2.433(15)
2.65(2)
2.49(2)
2.617(19)

2.409(19)
2.452(18)
2.331(15)
2.396(17)
2.469(16)
2.53(2)

2.422(18)
2.60(2)

2.381(17)
2.444(18)
2.423(15)
2.358(19)
2.419(14)
2.49(3)
2.587(17)
2.701(2)

[a] Symmetry Codes. i: -x, 2-y, 2-z; ii: -x, 1-y, 2-z; iii: =X, -y, -z; iv: -x, 1-y, 1-z; v: : 1-X, -y, 1-z.
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Assemblies with mid-to-late lanthanides

Table A4.4. Ln-0 bond lengths and Ln--Ln distances (&) in compounds 9-Ln (Ln = Dy to Lu).

£ (1,8) subunit B (1,5) subunit
9-Dy 9-Ho 9-Er 9-Tm 9-Yb 9-Lu
Ln1-012 2.282(11) 2.269(10) 2.23(2) Ln1-012 2.214(8) 2.197(10) 2.207(10)
Ln1-013 2.255(10) 2.231(9) 2.220(19) Ln1-013 2.263(8) 2.259(10) 2.244(11)
Ln1-014 2.283(9) 2.292(9) 2.28(2) Ln1-014 2.285(8) 2.272(9) 2.277(11)
Ln1-019 2.312(10) 2.308(9) 2.320(18) Ln1-019 2.285(8) 2.272(10) 2.267(10)
Ln1-0238 2.311(10) 2.304(9) 2.276(18) Ln1-0225 2.292(8) 2.274(10) 2.279(11)
Ln1-O1F 2.378(11) 2.350(11) 2.32(2) Ln1-O1F 2.313(9) 2.310(12) 2.279(11)
Ln1-01G1 2.569(11) 2.551(9) 2.515(19) Ln1-01G1 2.567(8) 2.550(9) 2.533(10)
Ln1-O1FF 2.576(11)  2.579(10)  2.52(2) Ln1-O1FF 2.536(9)  2.520(11)  2.505(12)
Ln8—038 2.287(10) 2.280(9) 2.239(18) Ln5-025 2.250(8) 2.253(10) 2.227(10)
Ln8-078 2.298(11) 2.289(9) 2.25(2) Ln5-045 2.222(8) 2.205(10) 2.207(10)
Ln8-082 2.362(11)  2.340(10)  2.34(2) Ln5-051 2.300(8)  2.291(11)  2.281(11)
Ln8—089 2.241(10) 2.218(9) 2.20(2) Ln5-056 2.254(8) 2.247(10) 2.233(10)
Ln8-0219 2.368(10)  2.359(9) 2.37(2) Ln5-0214 2.323(8)  2.311(10)  2.293(11)
Ln8—0O8F 2.380(10) 2.374(9) 2.35(2) Ln5—-0O5F 2.347(8) 2.339(10) 2.321(11)
Ln8-03G1 2.578(10) 2.559(9) 2.51(2) Ln5-02G1 2.547(8) 2.522(10) 2.519(10)
Ln8—-02FF 2.585(11)  2.588(10)  2.62(2) Ln5-0O2FF 2.555(8)  2.549(10)  2.545(10)
Ln21-0212 2.315(10) 2.310(10) 2.307(16) Ln21-0212 2.200(8) 2.184(9) 2.180(11)
Ln21-0213 2.251(10)  2.227(9) 2.15(2) Ln21-0213 2.293(8)  2.267(10)  2.293(11)
Ln21-0214 2.314(10) 2.311(9) 2.28(2) Ln21-0214 2.269(8) 2.271(10) 2.258(10)
Ln21-0219 2.297(10) 2.289(9) 2.273(17) Ln21-0219 2.284(8) 2.278(10) 2.284(10)
Ln21-038 2.336(10)  2.322(9) 2.29(2) Ln21-025 2.302(8)  2.272(10)  2.291(11)
Ln21-021F 2.368(11)  2.348(10)  2.31(2) Ln21-021F 2.330(9)  2.318(11)  2.288(11)
Ln21-01G2 2.601(10) 2.594(9) 2.52(2) Ln21-01G2 2.571(8) 2.553(10) 2.542(10)
Ln21-O2FF 2.697(11) 2.704(10) 2.693(18) Ln21-O2FF 2.716(8) 2.721(11) 2.728(11)
Ln28-0238 2.289(10) 2.280(9) 2.254(17) Ln25-0225 2.219(8) 2.224(10) 2.221(10)
Ln28-0278 2.298(12) 2.288(10) 2.275(19) Ln25-0245 2.218(8) 2.209(10) 2.209(10)
Ln28-0282 2.334(11)  2.333(10)  2.30(2) Ln25-0251 2.299(9)  2.294(11)  2.297(12)
Ln28-0289 2.245(10) 2.226(9) 2.29(2) Ln25-0256 2.258(9) 2.258(10) 2.252(11)
Ln28-019 2.342(10) 2.307(9) 2.282(18) Ln25-014 2.323(8) 2.299(10) 2.306(11)
Ln28—028F 2.356(11) 2.328(10) 2.332(19) Ln25-025F 2.316(9) 2.304(11) 2.300(11)
Ln28-03G2 2.534(10) 2.514(9) 2.509(17) Ln25-02G2 2.529(8) 2.517(10) 2.509(10)
Ln28-0O1FF 2.694(10)  2.696(9) 2.65(2) Ln25-O1FF 2.729(8)  2.724(10)  2.719(11)
Lnl---Ln28 3.6040(10)  3.5883(9) 3.569(2) Lnl---Ln25 3.5608(7) 3.5540(9) 3.5409(10)
Ln8:-:Ln21 3.6099(10)  3.5988(9) 3.5979(19) Ln5-:Ln21 3.5619(7) 3.5615(9) 3.5500(9)

<Ln--Ln> 3.6070 3.5936 3.583 <Ln---Ln> 3.5614 3.5578 3.5454
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Table A4.5. Ln—-0 bond lengths and Ln--Ln distances (&) in compounds 10-Ln (Ln = Ho to Lu).[a]

P(1,5) subunit [ (1,8) subunit
10-Ho 10-Tm 10-Yb 10-Lu 10-Er

Ln1-012 2.259(11) 2.233(9) 2.221(9) 2.203(8) Ln1-012 2.28(3)
Ln1-013 2.308(11) 2.297(10) 2.292(10) 2.285(9) Ln1-013 2.19(3)
Ln1-014 2.305(11) 2.259(9) 2.269(9) 2.253(9) Ln1-014 2.31(3)
Ln1-019 2.269(13) 2.245(11) 2.245(11) 2.237(10) Ln1-019 2.30(3)
Ln1-0214 2.297(11) 2.281(9) 2.281(9) 2.273(8) Ln1-0219 2.35(2)
Ln1-029T 2.280(12) 2.280(9) 2.289(9) 2.263(9) Ln1-024T" 2.30(3)
Ln1-01G1 2.564(13) 2.561(10) 2.558(11) 2.545(10) Ln1-01G1 2.59(3)
Ln1-O1FF 2.698(12) 2.688(9) 2.681(10) 2.675(9) Ln1-O1FF 2.59(3)
Ln5-025 2.269(11) 2.245(9) 2.245(9) 2.231(8) Ln8-038 2.29(3)
Ln5-045 2.237(12) 2.217(10) 2.192(10) 2.179(10) Ln8-078 2.29(3)
Ln5-051 2.291(18) 2.290(13) 2.274(14) 2.274(12) Ln8-082 2.31(4)
Ln5-056 2.274(13) 2.266(11) 2.246(11) 2.244(10) Ln8-089 2.23(3)
Ln5-0225 2.344(12) 2.336(9) 2.315(10) 2.323(9) Ln8-0238 2.34(3)
Ln5-O5F 2.341(13) 2.327(11) 2.328(12) 2.290(11) Ln8-O8F 2.36(4)
Ln5-02G1 2.554(12) 2.556(9) 2.539(10) 2.540(9) Ln8-03G1 2.55(3)
Ln5-02FF 2.562(13) 2.574(10) 2.574(11) 2.544(9) Ln8—-02FF 2.56(3)
Ln21-0212 2.209(12) 2.193(9) 2.178(10) 2.166(9) Ln21-0212 2.32(3)
Ln21-0213 2.290(11) 2.286(10) 2.278(10) 2.261(9) Ln21-0213 2.22(3)
Ln21-0214 2.269(11) 2.257(9) 2.242(9) 2.234(8) Ln21-0214 2.32(3)
Ln21-0219 2.297(12) 2.287(9) 2.274(9) 2.275(8) Ln21-0219 2.25(2)
Ln21-014 2.354(12) 2.319(9) 2.318(10 2.293(9) Ln21-019 2.35(3)
Ln21-021F 2.383(14) 2.355(11) 2.345(11) 2.314(10) Ln21-021F 2.39(4)
Ln21-01G2 2.565(12) 2.557(9) 2.553(9) 2.554(8) Ln21-01G2 2.55(3)
Ln21-O1FF 2.505(11) 2.476(9) 2.475(10) 2.465(9) Ln21-O1FF 2.61(3)
Ln25-0225 2.294(12) 2.250(9) 2.258(9) 2.244(9) Ln28-0238 2.25(3)
Ln25-0245 2.225(11) 2.223(9) 2.191(9) 2.194(8) Ln28-0278 2.23(3)
Ln25-0251 2.327(12) 2.306(10) 2.295(10) 2.283(9) Ln28-0282 2.28(3)
Ln25-0256 2.293(12) 2.261(9) 2.258(10) 2.256(9) Ln28-0289 2.20(3)
Ln25-025 2.320(11) 2.304(9) 2.312(9) 2.310(8) Ln28-038 2.36(3)
Ln25-025F 2.303(14) 2.277(11) 2.289(11) 2.256(10) Ln28-028F 2.32(3)
Ln25-02G2 2.534(11) 2.539(9) 2.517(9) 2.515(8) Ln28-03G2 2.52(3)
Ln25-02FF 2.633(13) 2.613(10) 2.602(10) 2.597(9) Ln28-02FF 2.72(3)
Lnl--Ln21 3.5842(11) 3.5559(8) 3.5446(8) 3.5268(8) Lnl--Ln21 3.589(3)
Ln5--Ln25 3.5709(12) 3.5412(9) 3.5368(9) 3.5233(8) Ln8--Ln28 3.562(3)
<Ln:-Ln> 3.5776 3.5486 3.5407 3.5250 <Ln:-Ln> 3.576

[a]l Symmetry Codes. i: 3—x, 1-y, 2-z; ii: —x, -y, 1-z.
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Polyoxometalates (POMs) are a well-known class of metal-oxo
clusters that show a wide range of properties and applications due to their
large variety in terms of size, structure and composition. The organic
derivatization of POMs has been identified as a key factor for these clusters to
be suitably incorporated into different materials. In the first part of this work,
systematic studies on the organic functionalization of the Krebs-type
[{M(H,0),},(WO0,),(SbW,03,),]'> POMs are discussed. As a result, 11 novel
hybrid POMs have been synthesized and characterized by elemental and
thermal analyses, FT-IR spectroscopy and single-crystal X-ray diffraction.
Moreover, their solution behavior has also been studied by *H-NMR and ESI-MS.

The second part of this dissertation includes the synthesis of new
POM clusters with accessible 3d- and 4f-metal centers suitable for further
organic derivatization. In a first stage, the preparation of four series of 4f-
metal containing assemblies is reported, whereas the heterometallic 3d-4f
clusters obtained from the reaction of Krebs-type POMs with lanthanides are
described later on. The 28 novel POMs have also been characterized by
elemental and thermal analyses, FT-IR spectroscopy and single-crystal X-ray
diffraction. Some interesting properties of these clusters, such as
photoluminescence or magnetism have also been analyzed. The solution
behavior has been studied by a combination of ESI-MS experiments and 183W-
NMR spectroscopy. Furthermore, the gigantic and highly charged
polyoxotungstates obtained in this section have shown the ability to self-
assemble in solution into hollow, single-layered and vesicle-like blackberry-
type structures. The formation of the blackberries has been monitored by
laser light scattering techniques (DLS and SLS).
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