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ABSTRACT

The central aim of this PhD thesis is to develop synthetic procedures 
to construct metal organic-frameworks (MOFs) able to host/build up 
molecular-based species, such as metal ions with particular coordina-
tion environments, single atom catalysts (SACs), sub-nanometric metal 
clusters (SNMCs) and supramolecular coordination complexes (SCCs), 
otherwise hardly accessible, with high catalytic reactivity and in a mul-
tigram scale. The nature of the final assemblies has been characteri-
sed with a myriad of physical techniques, where taking advantage of 
the high crystallinity and structural robustness of the MOFs used as 
platforms, single-crsytal X-ray crystallography play a promienet role 
and provide us with unique snapshots of the novel hybrid materials as-
sembled. Here, it is worth to remark that the obtention, stabilization 
and characterization of such unique hybrid species is an extraordinary 
challenge. Thus, this in itself reflect the success of the results presented 
in this PhD thesis.
In order to do so, in this PhD thesis we have worked with oxamate- and 
oxamidate-based MOFs, derived from robust aromatic diamines and 
aminoacids, respectively, constructed by applying the rational metallo-
ligand strategy. This strategy consist on the use of dinuclear copper(II) 
building blocks that act as metalloligands toward transition or alkali-
ne-earth metal ions to assembly the target framework. Then, we have 
taken advantage of the outstanding crystallinity and structural robust-
ness of these MOFs to use them as chemical nanoreactors by means 
of different post-synthetic methodologies (PSMs), which enable us to 
encapsulate and/or in-situ construct within their channels unique mole-
cular-based catalyst. 
Besides a general introduction to put in context the results obtained 
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during this PhD thesis, we have structured them in three different chap-
ters. The first one is focused on the application of post-synthetic partial 
cation exchange to obtain a material with up to three different metal 
ions (Cu, Ni and Pd) with potential catalytic activity to explore their 
use in tandem/cascade catalytic reactions. In the third chapter we move 
to the obtention of SACs and SNMCs. In particular, we present isolated 
Ag02 SNMCs and Pd0 SACs, as well as the combination of SACs and 
SNMCs with Ag0

2Fe3+. Then, in the fourth chapter we exploit the rich 
host-guest chemistry of the selected MOF to build SCCs, where the 
intrinsic catalytic properties of pivotal palladium atoms can be fully 
exploited. Finally, we have included a general conclusions section to-
gether with future perspectives on the basis of the research work deve-
loped in this PhD thesis.
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Los marcos metalorgánicos (MOFs) son una clase de materiales crista-
linos porosos, compuestos de iones metálicos individuales y/o grupos 
de metales polinucleares (también conocidos como unidades de cons-
trucción secundarias, SBU) unidos a través de ligandos orgánicos. Los 
MOFs se han revelado como materiales sobresalientes entre otros mate-
riales porosos, como las zeolitas, el carbón activado y la alúmina, como 
consecuencia de sus características intrínsecas únicas: (i) posibilidad de 
adaptar, hasta cierto punto, su topología, dimensionalidad y funciona-
lidades de los poros, (ii) rica química huésped-huésped y (iii) uso de la 
cristalografía de rayos X como herramienta básica de caracterización.
De hecho, en las últimas tres décadas ha habido un crecimiento expo-
nencial en el interés por los MOF, lo que se ha traducido en el desarrollo 
de un número creciente de estructuras de gran dimensión estéticamente 
agradables y funcionales. Esto, en parte, está directamente relacionado 
con la rica variedad de ligandos orgánicos e iones metálicos/SBU que 
se pueden combinar para generar redes de alta dimensión con diferentes 
tamaños de poros, formas y funcionalidades. Además, en la química de 
MOFs puede ser posible lograr con un control sintético considerable la 
presencia de dos o más propiedades físico- químicas, lo que conduce a 
materiales multifuncionales.

Actualmente, en la base de datos de Cambridge Crystal hay depositados 
ca. 50.000 estructuras MOF. Estos MOF se han sintetizado utilizando 
una amplia gama de protocolos sintéticos y se han obtenido en diferen-
tes formas, monocristal o polvo policristalino, y escalas, de laboratorio 
o industriales. El polvo policristalino es el estado en el que

RESUMEN
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se han reportado la mayoría de los trabajos sobre MOFs, ya que se 
puede controlar mejor estequiométricamente y hay mayor facilidad de 
síntesis ya que es más fácil estabilizar nanocristales que requieren me-
nos energía de red. La necesidad de obtener monocristales surge de la 
necesidad de conocer con exactitud las interacciones interatómicas e 
intermoleculares tanto intraestructurales como extraestructurales con el 
medio circundante, los huéspedes o los metales/ligandos incorporados 
posteriormente. El escalado industrial se lleva a cabo una vez que se 
ha probado la reproducibilidad a macroescala de un MOF objetivo, así 
como la viabilidad de su aplicación.

Los MOF se diferencian de otros materiales porosos, como las zeolitas, 
el carbón activado o la alúmina, en su interacción intraestructural, que 
se produce a través de enlaces de coordinación. Esto hace que posean 
menor robustez y resistencia físico-química que las arquitecturas for-
madas por enlaces covalentes o iónicos. Sin embargo, existen amplias 
ventajas que pueden ofrecer los compuestos metal-orgánicos.

En términos de preparación, los MOF son más simples que otros mate-
riales porosos. Los MOF generalmente no requieren agentes de planti-
lla orgánicos o inorgánicos ni condiciones hidrotermales en un sistema 
de hidrogel de silicato de alúmina rico en álcali, donde el agua actúa 
como reactivo y medio de reacción, como en las zeolitas. Esto hace que 
las zeolitas cristalicen impulsadas por la sobresaturación y la nuclea-
ción espontánea, que no es estrictamente controlable en condiciones 
de laboratorio. Sin embargo, también se debe tener en cuenta que los 
MOF se pueden construir mediante una gran variedad de iones metá-
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licos/SBU y enlazadores orgánicos. Por lo tanto, existen posibilidades 
casi ilimitadas, lo que hizo posible a través de un diseño controlado 
obtener MOF con diferentes composiciones, tamaños de topologías y 
entornos químicos para los poros. Además, los MOF poseen una mo-
dificación estructural más fácil por intercambio de invitados o reac-
ción química sin pérdida de cristalinidad general, así como una química 
huésped-huésped más rica, un más flexible naturaleza y accesibilidad 
de los metales que los materiales inorgánicos cristalinos. Por último, la 
naturaleza altamente cristalina de los MOF le permite utilizar la difrac-
ción de rayos X monocristalinos (SC-XRD) como herramienta de ca-
racterización definitiva. Además, los MOF permiten una determinación 
estructural precisa mediante métodos experimentales clásicos como la 
difracción de rayos X en polvo (PXRD), microscopía electrónica de 
transmisión y barrido (TEM y SEM) y técnicas espectroscópicas como 
resonancia magnética nuclear (RMN), ultravioleta-visible (UV -Vis) y 
raman.

La estabilidad estructural y la robustez de los MOF frente a altas tem-
peraturas, presión, humedad y entornos químicos agresivos han sido 
su característica más débil en comparación con otros materiales poro-
sos. La estabilidad de los MOF se rige por múltiples factores, como el 
pKa de los ligandos, el estado de oxidación, el potencial de reducción 
y el radio iónico de los iones metálicos, la geometría de coordinación 
metal-ligando y la hidrofobicidad de la estructura. En una estructura 
MOF, el punto químico débil suele ser el enlace metal-enlazador. Sin 
embargo, se han desarrollado diferentes enfoques sintéticos que permi-
ten mejorar la robustez de los MOF en diversos tipos de disolventes y 
un amplio rango de pH. En cuanto a la estabilidad térmica de los MOF, 
debido a la degradación de la parte orgánica a temperaturas entre 300-
400 °C (rara vez más de 500 °C), los MOF muestran una menor esta-

Resumen
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bilidad que las zeolitas y los carbones activados. No obstante, ya pesar 
de la percepción general de baja robustez de los MOFs, especialmente 
relacionada con la primera generación de MOFs, existen diferentes fa-
milias de MOFs altamente robustos.

Los MOFs con los que se ha trabajado en esta línea de investigación 
se han obtenido siguiendo el concepto de ácidos y bases de Lewis, que 
se clasifican en especies blandas y duras, en función de su tamaño, po-
larizabilidad, electronegatividad, potenciales de ionización y energía 
orbital. El principio establece que los ácidos duros prefieren unirse a 
bases duras y las bases blandas a ácidos blandos. Tal preferencia puede 
proporcionar estabilidad adicional en términos de energía de disocia-
ción de enlaces entre pares duro-duro o blando-blando y desestabili-
zación entre pares no coincidentes. La energía adicional que implica 
esta preferencia indica la presencia de otros factores como el efecto de 
solvatación o la fuerza intrínseca de ácidos y bases.

El ácido duro consiste en un átomo atractor de electrones con baja pola-
rizabilidad, pequeño radio atómico e iónico y alto estado de oxidación. 
Su orbital molecular desocupado más bajo (LUMO) es altamente ener-
gético y carece de electrones externos fácilmente excitables asociados 
con la afinidad del enlace iónico. Mientras que la base dura consiste en 
un átomo donador de electrones de baja polarizabilidad, alta electro-
negatividad y difícil de oxidar, con alta afinidad para la formación de 
enlaces iónicos, asociado a orbitales inferiores vacíos de alta energía. 
Por el contrario, el complemento de la base blanda es el ácido duro, es 
decir, es un átomo de extracción de electrones de gran radio iónico / 
atómico, estado de oxidación bajo o nulo con electrones externos ex-
citados fácilmente disponibles con alta afinidad para la formación de 
enlaces covalentes. Por último, la base blanda que es un átomo donador 
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de electrones con un gran radio iónico/atómico, baja electronegatividad 
y alta polarizabilidad. Fácilmente oxidable junto con orbitales inferio-
res vacíos.

También queremos definir un concepto intermedio: línea intermedia 
duro-blando ácido-base, que son aquellas especies con caracteres entre 
duro y blando ácido y base.

Una vez internalizados estos conceptos, las reactividades químicas 
pueden describirse como el ajuste de los electrones de valencia entre 
los orbitales reactivos en términos del orbital molecular más ocupado 
HOMO y LUMO según la teoría de la frontera orbital (FOT) (propuesta 
por Fukui). Por lo tanto, se espera que la reacción suave-blanda esté 
dominada por el carácter del enlace covalente, mientras que el carácter 
del enlace iónico predomina en la interacción duro-duro. Sin embargo, 
la interacción blando-blando consistirá en la interacción entre las dos 
especies blandas a través de orbitales límite, ya que la carga nuclear está 
protegida por los electrones del núcleo. Sin embargo, en el caso de la 
interacción duro-duro, los electrones del núcleo no se escapan. La inte-
racción suave-suave sigue a la interacción “a través del enlace” (límite 
controlado por orbitales), mientras que la interacción duro-duro sigue a 
la interacción “a través del espacio” (carga controlada).

Como se señaló anteriormente, la amplia brecha de energía entre HO-
MO-LUMO dota a la molécula de alta estabilidad, menos reactividad 
y menos polarizabilidad, mientras que una pequeña brecha (que se pro-
duce entre una especie dura y una blanda) las hace menos estables, más 
reactivas y altamente polarizables.

Por ejemplo, los cationes de alta valencia, como Zr4+, Ti4+ , Cr3+ , Fe3+ o

Resumen
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Al3+, se consideran ácidos duros que pueden formar MOF estables que
tienen enlaces M−L fuertes con bases de Lewis duras como carboxilato 
(por ejemplo, ácido tereftálico o BDC; trimesic ácido o BTC) o fosfo-
natos tales como (S o R) 3,3’-di-terc-butil-5,5’-dicaboxifenil-6,6- di-
metilbifenil-2,2’-dihidrógeno fosfonato.

Numerosos factores influyen en el ensamblaje de un MOF objetivo y, 
por lo tanto, es un gran desafío obtener un control total de la estructura 
MOF final. Además, en ocasiones, debido a problemas de estabilidad 
asociados a las condiciones sintéticas, no es posible obtener un MOF 
específico mediante síntesis directa. En este contexto, las metodolo-
gías post-sintéticas (PSM) emergen como una herramienta sobresalien-
te para obtener MOF que de otro modo no serían accesibles, y para 
mejorar o incluso incorporar nuevas propiedades físicas y/o químicas 
respetando el MOF prístino.

Los materiales MOF son particularmente fascinantes para PSM debido 
a tres características: (i) la naturaleza lábil de los enlaces de coordina-
ción, que facilitan su formación/rotura, (ii) la naturaleza cristalina, que 
permite tener la posibilidad de seguir el proceso en un solo - forma de 
cristal a monocristal (SC a SC) y (iii) la naturaleza porosa y, en conse-
cuencia, la fácil accesibilidad de las moléculas huésped a la estructura.
La PSM se puede llevar a cabo modificando el ligando y/o el nodo me-
tálico y adsorción/intercambio de especies huésped. Además, el entorno 
de la superficie del MOF se puede modificar para aumentar la estabili-
dad estructural, así como para introducir las propiedades deseadas. Re-
levantemente, los tratamientos post-sintéticos, no alteran la topología 
original del MOF, lo que ofrece la posibilidad de establecer relaciones 
modificaciones-función post-sintéticas.
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Como se puede observar en la literatura existen numerosos ejemplos 
del potencial de PSM. Un tipo importante de PSM se ocupa de la parte 
inorgánica de los MOF. Los PSM basados en metales relevantes son 
intercambio de metales, transmetalación, incorporación y metátesis y 
oxidación post-sintética (PSMO).

Las modificaciones post-sintéticas basadas en ligandos reunieron las 
más diversas formas de PSM, que consisten en la modificación, insta-
lación, intercambio, remoción de ligandos en el MOF y polimerización 
post-sintética. Estos PSM se basan en la formación de nuevos enla-
ces covalentes, normalmente en el ligando orgánico de los MOF, aun-
que también podría ocurrir en las unidades de construcción secundaria 
(SBU). Han demostrado ser una buena opción para introducir ligandos 
orgánicos y/o funcionalidades en MOFs, lo que ha permitido modificar 
no solo la dimensionalidad estructural, así como su capacidad de unión 
con centros metálicos, sino también las propiedades de los MOFs resul-
tantes, y en consecuencia su campo de aplicación.

El intercambio simultáneo de la parte orgánica e inorgánica en un MOF 
representa el nivel más alto de complejidad de las metodologías post- 
sintéticas. Esto puede conducir a un cambio de imagen total de un ma-
terial MOF. Pero requiere un diseño químico cuidadoso y lleva bastante 
tiempo encontrar las condiciones óptimas.

La última parte de la clasificación la constituyen los PSM basados en 
huéspedes en MOF, que son transformaciones post-sintéticas no cova-
lentes, que incluyen la introducción o intercambio de moléculas hués-
ped alojadas en los poros por difusión. Esto se aplica para el crecimien-
to o la encapsulación de nanopartículas y clústeres metálicos o, en el 
caso de los MOF aniónicos, el intercambio de cationes de equilibrio de 

Resumen
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carga fuera del marco por complejos metálicos catiónicos.

Los poros de los MOF solían estar ocupados por varias moléculas invi-
tadas, como solventes, iones (cationes/aniones) y moléculas generadas 
durante la síntesis. Las moléculas invitadas se pueden reemplazar o eli-
minar mediante diversos métodos para introducir propiedades nuevas 
y emocionantes en la estructura de MOF. El intercambio de cationes, 
ubicados como iones fuera del marco, es factible termodinámica y ci-
néticamente. Para el intercambio activo de cationes, el marco debe ser 
aniónico. El intercambio de aniones es más complicado y en ocasiones 
implica el uso de ácidos diluidos. Las inclusiones de invitados dentro 
de la estructura MOF son una buena estrategia de PSM que abre una 
oportunidad para una aplicación, o lo hace después de una alteración.
Tras esta breve introducción os presentamos los compuestos objetivo 
que han podido verificarse con la ayuda de las diferentes técnicas de 
caracterización. El presente manuscrito se ha organizado de menor a 
mayor complejidad en términos de las especies nanométricas sinteti-
zadas dentro de los canales del MOF. Se partió del trabajo previo que 
ejercieron los investigadores predecesores que han trabajado y trabajan 
en esta línea de investigación que se fundamenta en la síntesis de MOF 
basados en oxamato y oxamidato, derivados de diaminas y aminoácidos 
aromáticos robustos, respectivamente, construidos aplicando la estrate-
gia del “metaloligando racional”. Esta estrategia consiste en el uso de 
“bloques de construcción” dinucleares de cobre(II) que actúan como 
metaloligandos hacia iones metálicos de transición o alcalinotérreos 
para ensamblar el marco objetivo. A continuación, hemos aprovechado 
la extraordinaria cristalinidad y robustez estructural de estos MOFs para 
utilizarlos como nanoreactores químicos mediante diferentes metodo-
logías postsintéticas (PSMs), que nos permiten encapsular y/o construir 
in-situ dentro de sus canales un catalizador único de base molecular.
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Inicialmente, los intereses de mi grupo de investigación se centraron 
en la preparación de MOF magnéticos basados en oxamato y oxami-
dato. Sin embargo, la gran versatilidad de estos materiales hizo que 
se ampliara su aplicabilidad, gracias a sus múltiples propiedades. La 
sintonizabilidad de su composición, rigidez, cristalinidad y, sobre todo, 
la variedad de topología, tamaño, distribución y ambiente químico de 
sus poros son algunas de las propiedades más importantes. En cuan-
to a aplicaciones, estos MOFs basados en oxamatos y oxamidatos han 
tenido gran relevancia en múltiples artículos relacionados con la cap-
tura de contaminantes (gaseosos y líquidos, como colorantes y metales 
pesados), captura y liberación de fármacos y complejos alimenticios, 
magnetismo y catálisis, entre otros. Este último punto es el foco de esta 
tesis: la catálisis.

La creciente complejidad experimentada a lo largo de la tesis comienza 
con la inserción parcial de paladio en el MOF basado en oxamato y la 
amina aromática 2,4,6-trimetil-1,3-fenilendiamina (Capítulo 2).

En cuanto a la producción del material, dada la síntesis y aplicabilidad 
de Ni2+@CuNi-Me3mpba y sus variantes (como Fe3+@CuNi- Me3m-
pba o Ru3+@CuNi-Me3mpba), quisimos extrapolar esta metodología 
post-sintética a la sustitución parcial de cationes NiII en Ni2+@Cu-
Ni-Me3mpba por cationes PdII para obtener mezclas MOFs metálicos 
con metales catalíticamente activos, de diferente naturaleza, dentro de 
sus poros (en este caso Ni y Pd). El PSM aplicado a Ni2+Pd2+@Cu-
Ni-Me3mpba ha sido estudiado y comprobado su éxito por diferentes 
métodos de caracterización:

• Análisis elemental: verificó la composición química del compuesto 
objetivo.

Resumen
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• IR: relacionó el desplazamiento de las señales con el mantenimiento 
de los sitios fijos de coordinación en la estructura y el ligero cambio en 
la coordinación producido por la nueva interacción de los grupos fun-
cionales con el metal insertado en los poros del MOF.

• SEM-EDAX: permitió comprobar en continuo el intercambio catióni-
co parcial producido a partir del Ni por el Pd, mediante los porcentajes 
estequiométricos de metales, hasta obtener relaciones Cu/Ni de 1,2 co-
rrespondientes al mantenimiento de los metales del grupo metal-orgá-
nico. arquitectura NiII4CuII6 que ha de mantenerse fija tras el PSM y 
el 50% del Ni alojado en los poros sin intercambio y ratios Ni/Pd de 5 
correspondientes a los 5 níqueles estequiométricos que hay para cada 
Pd en la fórmula [PdII(NH3)4]NiII{NiII

4[CuII
2(Me3mpba)2]3}·52H2O .

• XPS: confirmó que el estado de oxidación del Pd permanece en +2, 
cuando la coordinación del metal pasa de interactuar con las especies 
fuente NH3 y moléculas de Cl- al entorno químico del MOF.

• SC-XRD: confirmó más visualmente que se mantiene la arquitectura 
en capas cuadradas y octogonales con níquel en los vértices y cobre en 
los puntos medios de los bordes, así como la disposición espacial de los 
metales Pd y Ni en los poros octogonales más accesibles.

• XRPD: confirma que tanto los cristales como el polvo cristalino de 
Ni2+Pd2+@CuNi-Me3mpba obtenidos son isoestructurales y que el 
MOF mantiene la cristalinidad y robustez tras PSM.

• TGA: verificó el número de moléculas de agua con las que cristaliza 
el MOF y nos dio información sobre la estabilidad del MOF frente a la 
temperatura.



20

• La isoterma de adsorción de gas mostró isotermas tipo I características 
de materiales microporosos y confirmó que después de PSM el MOF 
conserva su porosidad, siendo mayor para Ni2+Pd2+@CuNi-Me3mp-
ba que para Ni2+@CuNi-Me3mpba, sugiriendo que Ni2+Pd2+@CuNi- 
Me3mpba tiene una mayor superficie accesible y una mayor estabilidad 
estructural.

El intercambio parcial de los cationes de níquel, alojados en sus canales, 
por paladio permitió una exposición 50/50 de los metales Ni2+ y Pd2+ 
, de modo que los tres metales con actividad catalíticamente activa (Cu, 
Ni y Pd) quedaron expuestos, con la intención de realizando catálisis 
en cascada (reacciones consecutivas). Por separado, Cu tuvo éxito en 
la hidroalcoxilación de ciclopropenonas donde los rendimientos de las 
reacciones catalizadas por Ni2+@CuNi-Me3mpba fueron idénticos o 
ligeramente inferiores a los llevados a cabo en presencia del cataliza-
dor homogéneo homogéneo Cu(OAc)2. Además, permitía reutilizar el 
material mas de 5 veces. En el caso del Ni, su presencia favoreció el 
acoplamiento Chan-Lam, completando así la funcionalidad de la casca-
da catalítica Ni2+@CuNi-Me3mpba, donde el Cu se encarga de la reac-
ción de hidratación y el Ni2+ del acoplamiento Chan-Lam. La adición 
de Pd a la ecuación estuvo dada por la permitividad de la reacción de 
acoplamiento de hidratación ciclopropenona/Mizoroki-Heck en un solo 
recipiente que involucró su inclusión en el MOF Ni2+@CuNi-Me3mp-
ba. Esto implicaba que la presencia de Ni2+ o Pd2+ en el MOF como ca-
talizador heterogéneo estaba determinada por la direccionalidad desea-
da de la reacción para que el acoplamiento formara ésteres con mayor 
rendimiento porcentual (favorecidos por Ni) o cetonas (favorecidos por 
Pd). Finalmente, se concluyó que la presencia de los tres metales Cu, 
Ni y Pd favorece la reacción de síntesis de los compuestos de la familia 
de las cumarinas en un solo recipiente, a diferencia del catalizador ho-

Resumen
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mólogo homogéneo.

En el tercer capítulo hemos presentado varios ejemplos de SNMCs@
MOFs y SACs@MOFs que constituyen un paso más en el desarrollo de 
los PSMs y la aplicabilidad de los MOFs como reactores químicos. Es 
sorprendente cómo el mero hecho de aplicar el proceso de reducción a 
los metales insertados en el MOF es capaz de formar SACs y SNMCs 
libres de ligandos y bien definidos dentro de sus canales. En los tres 
casos presentados, la modificación de la disposición de las especies me-
tálicas insertadas ha dotado al MOF de nuevas propiedades catalíticas, 
sin olvidar la heterogeneidad y, por tanto, la reutilización que el MOF 
ya poseía antes de someterse a la reducción.

Partiendo de Ni2+@CuNi-Me3mpba, hemos podido estudiar los SNMC 
de Ag0

2 (para el caso de inserción y reducción homometálica) y su coo-
peración con el SMA de Fe3+ (para el caso de inserción heterometálica).

Se caracterizaron los grupos de Ag0
2 sin ligando dentro de la red Ag0

2@
CuNi-Me3mpba y se utilizaron como catalizadores eficientes y recu-
perables para la reacción de expansión del anillo de Buchner. El se-
guimiento de las etapas de producción se llevó a cabo mediante SEM-
EDAX, donde la proporción metálica final coincidía prácticamente con 
los datos proporcionados por el análisis elemental. La XPS pudo co-
rroborar la reducción parcial de los iones Ag+ insertados en el MOF. 
Y la perpetuación de la robustez y la cristalinidad tras la fatiga físico- 
química del MSP se verificó mediante SC-DRX, PDRX e isotermas de 
adsorción. Sólo con SC-XRD se pudo realizar un seguimiento SC-SC, 
mostrando en detalle los cambios producidos en el MOF después de 
cada paso y la disposición de los SNMC de Ag y de los iones Ag+ sin 
reducir. 
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Las técnicas de caracterización utilizadas nos aseguraron que la inser-
ción heterometálica de Ag+ y Fe3+ , tras el proceso de reducción,só-
lo fue capaz de formar SNMC de Ag02. Siendo SEM-EDAX (con la 
presencia estequiométrica de Na+ , para compensar las cargas de los 
metales reducidos), XPS (observando claras diferencias entre los esta-
dos de oxidación) y SC-XRD (permitiéndonos visualizar las especies 
preparadas/incorporadas) las técnicas con las que justificamos la pre-
sencia y estabilidad de la especie SNMC de Ag0

2@CuNi-Me3mpba y 
la  especie SMA intrínsecamente inestable de Fe3+.

Este metal multimetálico puede obtenerse en cantidades de varios gra-
mos y Ag0

2Fe3+@CuNi-Me3mpba es un catalizador para el acoplamien-
to cruzado oxidativo sin TEMPO de estirenos con vinilsulfona para dar 
vinilsulfonas en rendimientos de hasta >99%. Hemos evaluado que los 
dímeros de Ag son la especie catalítica activa durante la reacción en 
solución catalizada por AgNO3 y TEMPO. Las vinilsulfonas pueden 
convertirse, in situ, en los correspondientes productos de fenilacetileno 
en altos rendimientos, hasta >99%, después de filtrar el catalizador Ag0

2 

Fe3+@CuNi-Me3mpba, que puede reutilizarse. Así, se consigue una 
conversión final de estirenos a fenilacetilenos catalizada por Ag0

2Fe3+@
CuNi-Me3mpba en un solo paso.

La extrapolación del método post-sintético de inserción desde MOFs 
aniónicos de oxamatos y Me3mpba a MOFs neutros basados en oxa-
midatos y aminoácidos, fue meramente sintética. Ya que la inserción 
se llevó a cabo mediante la inmersión del MOF en Pd(NH3)4Cl2, pero 
la interacción en lugar de la compensación de carga se debió principal-
mente a la estabilización a través de los enlaces de coordinación con 
los ésteres de tiol, que contenían los residuos de cadena del aminoácido 
modificado metilcisteína. El menor diámetro de los poros del Pd0@

Resumen
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CuSr-Mecysmox y su entorno químico permitieron la obtención del 
SAC para someterse al proceso de reducción tras la inserción del metal.

Esta inserción homometálica del CuSr-Mecysmox, junto con su pos-
terior reducción, llevó a cabo la formación in situ de Pd1 en alcoholes 
bencílicos puros, que puede catalizar la oxidación aeróbica a ácidos 
benzoicos. Este MOF basado en metilcisteína con SACs de Pd1 bien 
definidos en una distribución homogénea y estabilizados a lo largo de 
canales funcionales, fue preparado a escala de gramo.

Para la caracterización de los SACs de Pd1 tuvimos que necesitar un 
mayor despliegue de herramientas de caracterización para poder de-
mostrar su alta eficacia catalítica en su forma individualizada. Para este 
caso, SEM-EDAX sólo pudo confirmar la carga de Pd en el MOF y 
su incorporación estable tras el proceso de reducción. La XPS, ade-
más de confirmar la reducción del Pd, confirmó la estabilidad tras la 
reutilización del MOF catalítico, junto con la PDRX. La SC-XRD de 
sincrotrón permitió, por primera vez, visualizar claramente los SAC de 
Pd1 y sus alrededores. La naturaleza del Pd1, tanto en solución como en 
los MOFs, está respaldada por técnicas de microscopía y XAS. Estas 
últimas nos permiten apoyar los resultados de la SC-XRD revelando las 
principales interacciones entre los átomos de paladio y la red, así como 
inferir un mecanismo de formación plausible del Pd1 SAC.

En el Capítulo 4, retomé el uso de los MOF Ni2+@CuNi-Me3mpba, des-
pués (esta vez) de la inserción completa de cationes Pd(II), se insertaron 
ligandos bipiridínicos fluorados con la intención de formar SCC den-
tro del MOF Pd2+@CuNi-Me3mpba que fueron capaces de catalizar la 
oxidación aeróbica de alcoholes alquílicos a ácidos carboxílicos sin la 
ayuda de aditivos/bases y manteniendo sus SCC confinados en los po-
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ros, con una reutilización mejorada y selectividades interesantes.

El hecho de poder sintetizar SCCs en el interior de MOFs nos ha lle-
vado a obtener un material avanzado con características únicas (en nu-
clearidad, estabilidad, estructura electrónica, etc.) muy diferentes de los 
SCCs que se obtendrían fuera de MOFs. En particular, se han inser-
tado diferentes ligandos bis(4-piridilo)acetileno a diferentes grados de 
fluoración para preparar diferentes SCCs de PdII, donde cada ligando 
imparte diferentes efectos electrónicos, dentro de Pd2+@CuNi- Me3m-
pba.

La validación y ampliación de la estrategia sintética -descrita en el apar-
tado 4.1.2- para la síntesis de SCC@MOFs, tal y como pretendíamos, 
se llevó a cabo mediante diferentes técnicas de caracterización:

- Mediante SEM comprobamos que se mantenía la proporcionalidad 
metálica, de forma que el MOF no se degradaba y los ligandos fluora-
dos no secuestraban los cationes Pd2+ del Pd2+@CuNi-Me3mpba.

- El estado de oxidación de los cationes Pd2+ también permaneció in-
tacto tras la inserción postsintética de los ligandos. Esto se verificó me-
diante XPS.

- Espectroscopia de RMN de ángulo mágico 19F Los espectros de RMN 
líquida confirmaron la formación de complejos con el sitio PdII del li-
gando fluorado L4 dentro del Pd2+-L4@CuNi-Me3mpba.

-La técnica de SC-XRD, aunque no permitió la resolución de Pd2+- L4@
CuNi-Me3mpba y Pd2+-L5@CuNi-Me3mpba debido a su pérdida de 
cristalinidad tras someterse al PSM, sí fue posible resolver la estructura 

Resumen
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de Pd2+-L6@CuNi-Me3mpba. De este modo, Pd2+- L6@CuNi-Me3m-
pba, actuó como figura representativa de los SCC@MOF que se sin-
tetizaron en este trabajo. Mediante esta técnica fue posible confirmar 
con mayor precisión la formación del SCC dentro del MOF. Se observó 
que la inserción de los ligandos perfluorados de piridina provocaba una 
deformación estructural en los poros. Esto podría explicar la no reso-
lución de Pd2+-L4@CuNi-Me3mpba y Pd2+- L5@CuNi-Me3mpba, ya 
que su distribución fluorada no sería lo suficientemente regular como 
para producir una deformación ordenada en la estructura del MOF.

-PXRD confirmó que la estructura cristalina del monocristal coincidía 
con la de la muestra de polvo de Pd2+-L6@CuNi-Me3mpba. Además, la 
isoestructura de Pd2+-L4@CuNi-Me3mpba y Pd2+-L5@CuNi- Me3mp-
ba con respecto a Pd2+-L6@CuNi-Me3mpba, muestra que la formación 
de las jaulas dentro del MOF podría llevarse a cabo de forma similar 
en ambos casos. De este modo, se valida la interpretación del SCC pro-
ducido en Pd2+-L6@CuNi-Me3mpba, como figura representativa de 
Pd2+-L4-5@CuNi-Me3mpba.

- El TGA mostró que la inserción de los ligandos fluorados implicaba 
la pérdida de la interacción de las moléculas de agua con el MOF de 
partida para establecer interacciones coordinadas con los ligandos L4-6.

- La isoterma de adsorción de nitrógeno, mostró para los tres casos, 
Pd2+-L4-6@CuNi-Me3mpba, la disminución del tamaño de poro de 
Pd2+@CuNi-Me3mpba tras la formación de SCC dentro del MOF.

- XANES y EXAFS confirmaron la electrofilia del PdII en Pd2+- L4@
CuNi-Me3mpba y la interacción de los cationes Pd2+ con el ligando L4 

(principalmente debido a las interacciones Pd-F), respectivamente.
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Resumen

Finalmente, se validó la actividad catalítica única de los SCC sintetiza-
dos dentro del MOF. Se confirma que estos SCC@MOF pueden catali-
zar la oxidación aeróbica de alcoholes alquílicos a ácidos carboxílicos 
sin la ayuda de ningún aditivo/base. Se comprobó que los SCC@MOFs 
superan a los SCCs relacionados compatibles con los MOFs pero sin 
ligandos de piridina (per)fluorados, ya que estos complejos solubles no 
pueden realizar dicha transformación de forma eficiente.

Por lo tanto, los SCCs ubicados en los poros del MOF presentan una 
gran ventaja sobre los SCCs en su forma aislada, ya que se mejora su 
actividad catalítica, su selectividad (debido al espacio confinado que 
proporciona el MOF) y su estabilidad (ya que los nodos metálicos que 
componen la estructura del SCC permanecen ubicados en los poros del

MOF en lugar de producirse una deformación/ruptura del enlace coor-
dinado en los SCCs al participar como catalizador en la reacción). Esta 
estabilidad proporcionada por la contención de los SCCs en el MOF 
nos lleva a obtener un catalizador heterogéneo con más de tres usos sin 
apenas perder su actividad catalítica.

Además, se puede suponer que estos materiales sólidos recuperables 
no sólo amplían la química organometálica del Pd hacia sitios de Pd2+ 

extremadamente altos y estables, sino que también abren la puerta a su 
uso como catalizadores en reacciones de activación de C-H desafiantes.

En resumen, en esta tesis hemos profundizado en el uso de MOFs como 
reactores químicos para la preparación de especies metálicas catalítica-
mente activas únicas y originales. De hecho, los compuestos reportados 
en los diferentes capítulos constituyen un paso más en la aplicabilidad 
de los MOF en un campo tan importante como la catálisis industrial, 
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ya que algunos de los compuestos reportados muestran propiedades 
catalíticas sobresalientes y, en algunos casos, son capaces de catalizar 
reacciones que no se habían presentado antes. se ha logrado antes. Es-
tos resultados también abren la puerta al desarrollo de nuevas especies 
nanométricas de metal que no se habían logrado antes. En particular, la 
preparación de grupos heterometálicos subnanómetros libres de ligan-
dos sigue siendo un desafío. Se han logrado algunos resultados prelimi-
nares y esta tesis ha sentado las bases para futuras aplicaciones de estas 
especies únicas sin precedentes.
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ABBREVIATIONS

1D: one-dimensional 
2D: two- dimensional
3D: three-dimensional
CI: Coordination Index 
CPs: Coordination Polymers 
CUSs: Coordinatively Unsaturated Metal Sites
DMF: N,N-dimethyl formamide 
en: ethylenediamine 
EVOH: Ethylene vinyl alcohol polymer
IUPAC: International Union of Pure and Applied Chemistry
Me3mpba: 2,4,6-trimethyl-m-phenylenediamine 
MNPs: Metal Nanoparticles 
MOF: Metal-Organic Framework
OMC: Organometallic Compound
PSMs: Post-Synthetic Methodologies 
SAC: Single-Atom Catalystis
SBUs: Secondary Building Units, 
SCCs: Supramolecular Coordination Complexes
SC-XRD: Single-Crystal X-ray Diffraction 
SNMCs: Sub-Nanometric Metal Clusters 
TMA: Tetramethylammonium
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INTRODUCTION

Metal-Organic Frameworks (MOFs) are a class of porous crystalline 
materials, made up of single metal ions and/or polynuclear metal clus-
ters (also known as secondary building units, SBUs) linked through 
organic ligands (Figure 1.1).1-5  MOFs have reveal as outstanding ma-
terials among other porous materials, such as zeolites, activated car-
bon and alumina, as consequence of their unique intrinsic features: (i) 
possibility to tailor, to a certain extent, their topology, dimensionality 
and pores functionalities, (ii) rich host-guest chemistry and (iii) use of 
X-ray crystallography as basic characterization tool. 6,7

Figure 1.1. Schematic representation of the components parts to assemble metal-or-
ganic framework (MOF) 8-10

In fact, in the last three decades11, there have been an exponential grow-
th in the interest in MOFs, which has traduced in the development of an 
increasing number of aesthetically pleasant and functional high-dimen-
sional structures (Figure 1.2). This, in part, is directly related to the rich 
variety of organic ligands and metal ions/SBUs that can be combined 
to render high-dimensional networks with different pore sizes, shapes 
and functionalities. In addition, in MOFs chemistry can be possible to 
achieve with considerable synthetic control the presence of two or more 
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1. Introduction

1.1. From Coordination Compounds to Me-
tal-Organic Frameworks (MOFs)

According to The International Union of Pure and Applied Chemistry 
(IUPAC), a coordination compound or complex is a chemical species 
(neutral or ionic) consisting of a central atom (usually a metal, M) and 
a set of atoms or group of atoms, called ligands, L, which are bonded 
through a coordinated covalent bond. The ligand provides the pair of 
electrons of the bond (“lone-pair”) and the metal contributes with emp-
ty orbitals of low energy, where the pairs of electrons of the L ligands 
can be accommodated.
Alfred Werner in the period 1893-1913 laid the foundations of coor-

Figure 1.2. Graph depicting the exponential increase in interest in MOFs with the 
number of publications citing them. Data sourced from Scifindern Search database 
Search in January 2022.

physical/chemical properties, leading to multifunctional materials. 12
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dination chemistry, starting with the publication “Contribution to the 
Constitution of Inorganic compounds” and culminating with the Nobel 
Prize13. His work made it possible to explain the “complexity” of the 
first coordination compounds, obtained by considering that transition 
metal atoms have a double bonding capacity: primary, based on their 
ability to share valence electrons, and secondary, responsible for the 
bonds with the ligand donor atoms. 14,15

The interactions that exist between the central atom and the ligands are 
of the Lewis acid-base type. The central atom is an electron acceptor 
(Lewis acid) and the ligands are capable of donating electron density 
(Lewis bases)16, where the atom directly attached to the acceptor is ca-
lled the “donor atom”.
Ligands can be classified according to different features: (i) number of 
atoms, monoatomic (e.g. Br- and F-) or polyatomic, in which case it is 
essential to know through which atom they coordinate to the central 
atom. For example, NH3, H2O and CO molecules can act as ligands 
by binding to the central metal atom through the free pair of electrons 
of the :N, :O and :C atoms, respectively, which will be called donor or 
coordinator atoms, (ii) charge, anionic (e.g. Cl-, I-, NO2-, CN- and SO4

2-) 
and neutral (e.g. NH3, H2O and CO), and (iii) number of coordination 
points to the central metal atom, as monodentate (Cl-, I-, NO2

-, NH3, 
H2O and CO) or polydentate (e.g. bidentate, tridentate and tetradenta-
te). Ambidentate ligands are those with more than one donor atom that 
can be used interchangeably: CN- (C donor: cyano or cyanide), NC- (N 
donor: isocyanane or isocyanide), NO2

- (N donor: nitro), ONO- (O do-
nor: nitrite). When a polydentate ligand is bonded to a central metal 
atom, a ring is formed (generally of 5 or 6 members), the complex is 
called a chelate, thus giving rise to another way of classifying ligands 
according to their mode of coordination to the metal, which can be ter-
minal, chelate or bridge. 
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The atoms of the ligands that are bonded directly to the central ion 
define the coordination polyhedron (or polygon), so that the number of 
vertices corresponds to the coordination number or coordination index 
(CI). The CI corresponds to the number of σ bonds formed between the 
ligands and the central atom (omitting the π bonds). Depending on CI 
value, different geometries are generated (linear, flat trigonal, square 
plane, tetrahedral, square-based pyramid, trigonal bipyramid, octahe-
dral, etc.). The know CI values are in the range of 2 to 12, but the most 
frequent are 4 and 6. This value depends on several factors, but mainly 
on the central atom/ligand ratio.
The spatial arrangement (geometry or stereochemistry) of the central 
metal atom and the ligand donor atoms depends on the coordination 
index. Table 1.1 shows some examples of geometry according to the 
coordination index (CI). This geometry is responsible for many charac-
teristics of these compounds, such us magnetic properties, colour and 
so on.

1. Introduction
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1.1. From Coordination Compounds 
to Metal-Organic Frameworks (MOFs)

Table 1.1. Some examples of coordination compound geometries ac-
cording to the coordination index (CI). 
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1. Introduction

Also, there are compounds where two or more metals are bonded for-
ming di- or polynuclear metal complexes. It was Robson in 1970 who 
first coined “dinucleating ligands”. Nevertheless, in 1966 F. A. Cotton 
defined transition metal cluster compounds as “those containing a fi-
nite group of metal atoms which are held together as a whole mainly, 
or at least to a significant extent, by direct bonds between the metal 
atoms, although some non-metal atoms may be intimately associated 
with the cluster”.17 So, it excludes polymeric compounds and polynu-
clear caged or polyhedral compounds, if they lack transition metal-me-
tal bonds, (e.g. polyoxometalates), with fully oxidized transition metal 
ions/atoms, bridged by heteroatoms such as oxygen or sulphur, lacking 
“d” electrons and molecular orbitals for transition metal-metal bonds. 18

Since Werner seminal work great advances have been achieved on the 
controlled design and synthesis of discrete coordination complexes 
with targeted geometries, stereochemistries and ligand composition. 
This high-level of control and knowledge treasured, somehow, has been 
an inspirational source and transferable toolbox for researchers wor-
king on develop the area of extended coordination complexes. In this 
context, following Werner’s basis of coordination chemistry, Hofman 
and Küpert, in 1897, demonstrated the structural concept of framework/
network in coordination chemistry with the obtention of the first inor-
ganic clathrate compound, [Ni(NH3)2Ni(CN)4] · 2C6H6.

19,20 This com-
pound belongs to the latter-known family of Hofmann clathrate, with 
the general formula M(NH3)2M’(CN)4·2G, where M is a six-coordinate 
and M’ a four-coordinate divalent metal ion, and G is an aromatic guest 
molecule.
Following the nomenclature recommendations of IUPAC since 1985, a 
coordination polymer can be defined as “a coordination compound with 
repeating coordination entities extending in 1, 2 and 3 dimensions”. 
21-22Even so, in 1916, Y. Shibata (founder of coordination chemistry in 
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1.1. From Coordination Compounds 
to Metal-Organic Frameworks (MOFs)

Japan and co-worker of Werner) used that term for the first time to des-
cribe dimers and trimers of several cobalt(II) amine nitrate. However, it 
is considered that it appeared for the first time published in 1963, when 
J. Bailar described bis-(β-diketone)-beryllium complexes. 
Since then, the term coordination polymer has been used continuously 
in the scientific literature, but until the development of single-crystal 
X-ray crystallography, there was no chance to demonstrate the infini-
te nature of the obtained frameworks. In this context, representative 
examples were Prussian Blue, FeIII

4[FeII(CN)6]3·xH2O (x=14-16), and 
Hofmann clathrate, [Ni(NH3)2Ni(CN)4] ·2C6H6. Prussian Blue was dis-
covered by Diesbach and Dippel in 1704 as a blue pigment (substituent 
of the expensive lapis lazuli), and it was not identified until 1977 as 
a coordination polymer, when its structure was determined by X-ray 
diffraction techniques.23 This three-dimensional coordination polymer, 
is a mixed-valence compound with a cubic structure, in which alterna-
ting octahedral sites of FeII and FeIII ions are linked through cyanide 
ligands, where carbon and nitrogen are connected to FeII and FeIII, res-
pectively (Figure 1.3a).24  Similarly, Ni(NH3)2Ni(CN)4] ·2C6H6 had to 
wait for its resolution too until Power and Rayner analyzed the structure 
with X-ray in 1949.25 Consisting of two-dimensional layers of alterna-
ting octahedral and square planar NiII, linearly connected through four 
CN- moieties (Figure 1.3b). The terminal NH3 ligand is axially bound 
and points towards the adjacent layer, thus forming a cavity that can 
encapsulate benzene molecules. Years later, Ywamoto’s group modified 
this compound by replacing the hexacoordinate NiII with other divalent 
ions such as MnII, ZnII, CdII, and CuII, and ammine with other ligands. 
They introduced ethylenediamine (en) into these types of networks, 
which enabled the formation of an organic bridge between adjacent la-
yers to make a three-dimensional host lattice. 26,27
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Saito and co-workers obtained the first crystal structure of a three-di-
mensional network in 1959, in order to try to get information about 
the mechanism of cuprous ion dyeing of polyacrylonitrile fibers. The 
crystallized compound bis(adiponitrile)copper(I) nitrate, belong to the 
family of bis(alkylnitrilo)copper(I) structures, consists of tetrahedral 
single-metal building units, Cu(CN)4,

32 (Figure 1.4) connected through 
organic moieties with different lengths and the NO3- anions occupying 
its voids. They obtained one-, two- or three-dimensional compounds 
according to the length and conformation of the organic moieties. 30,31

Figure 1.3. a) Prussian blue FeIII
4[FeII(CN)6]3·xH2O (x = 14-16) (right) and (b) Ho-

fmann clathrate [Ni(NH3)2Ni(CN)4] ·2C6H6 with benzene molecules occupying the 
space between the layers. Atom labeling scheme: C, black; N, green; metals, blue. H 
atoms are omitted for clarity. 28,29
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1.1. From Coordination Compounds 
to Metal-Organic Frameworks (MOFs)

Figure 1.4. a) Adiponitrile formula, b) Cu(CN)4 units c) Bis(adiponitrile)copper(I) 
nitrate frameworks. Color code: black, C; green, N; blue polyhedra, Cu. Hydrogen 
atoms, anions, and interpenetrating networks are omitted for clarity. Adapted from 
ref. 32.

Nevertheless, it was not until the decade of 1980-1990, thanks to the 
work contributed by Profs. Richard Robson and Bernard F., when coor-
dination polymers had a turning point, and it was envisaged to take 
advantage on their intrinsic porosity for applications. They applied the 
geometrical basis of the crystal chemistry of Wells (reported in 1954),33 
to describe crystal structures in terms of networks, and to suggest, pio-
neeringly, the design of new coordination polymers by a careful assem-
bly of what they referred as secondary units. They considered common 
coordination environments adopted by metal ions and the directionality 
that linkers offer to explain the rationale assembly of inorganic-orga-
nic subunits, as long as the periodicity and symmetry of the final fra-
mework allow it. These compounds showed interesting properties and 
applications, such as porosity and catalysis. From them, the infinite and 
non-interpenetrated cationic framework [Cu(TCTPM)]+ is a beautiful 
exponent. It is based on Cu(CN)4 units linked to tetrahedral organic 
linker 4,4’,4’,4’’’-tetracyanotetraphenylmethane (TCTPM)32, Figure 
1.5. 
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Figure 1.5. a) 4,4’,4’,4’’’-tetracyanotetraphenylmethane (TCTPM) formula b) 
Cu(CN)4 units c)[Cu(TCTPM)]+ diamond-like framework. Color code as in Figure 3. 
Adapted from ref. 32.

After this seminal work, the development of porous coordination poly-
mers continued to evolve through the obtention of novel compounds 
with different structural topologies, made up of distinct multivalency 
metallic centers and multifunctional ligands.34 This allowed to increa-
se the knowledge on the controlled design and synthesis of extended 
3D networks, in conjunction with the understanding of the influence of 
different synthetic factors on the final structure, porosity and chemical 
functionality of the assembled species.
However, it was not until the work done by Prof. Omar M Yaghi, in 
1995, when the term metal-organic frameworks (MOFs) was coined, as 
a differentiating label from coordination polymers, stressing the mixed 
inorganic-organic nature of components and the porosity of the as-
sembly35. Here, they published the X-ray structure of Cu’(4,4’-bpy)1.5 

NO3(H2O)1.25 (4,4’-bpy = 4,4’-bipiridine)32, which featured an extended 
cationic framewor with rectangular channels filled by nitrate with a dia-
mond-like structure (Figure 1.6). Also, Prof. Yaghi introduced some-

1. Introduction
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how the term “host-guest” chemistry into the MOFs field, together with 
Prof. Susumu Kitagawa,36 when he showed that the nitrates ions within 
the channels could be exchanged by other anions such as SO4

2- and BF4
-, 

demonstrating the accessibility of the channels. Since then, many MOFs 
have been synthesized and characterized crystallographically.

1.2. MOFs Classification

The increased use of coordination polymers (CPs) and metal-organic 
frameworks (MOFs) in many areas of applied science and engineering, 
together with the appeared confusion in terminology, exerted pressure 
on IUPAC to establish a classification of coordination compounds in 
order to avoid misunderstanding and clarify concepts. So, in 2012, a 
group of researchers presented a classification of solid-state coordina-
tion chemistry based on the division of the coordinated compounds into 
coordination polymers and discrete compounds, see Figure 1.7.

1.1. From Coordination Compounds 
to Metal-Organic Frameworks (MOFs)

Figure 1.6. a) 4,4’-bpy = 4,4’-bipiridine formula b) Cu(C5H4N)3 units c) CuI(4,4’-bpy)1.

5NO3(H2O)1.25. Color code as in Figure 3. Adapted from ref. 32.
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Discrete compounds (Figure 1.8), or 0D coordination compounds, are 
understood as finite entities of metal-organic construction linked by 
coordination bonds, such as macrocycles, cages and capsules. Meanwhi-
le, a CP is understood to mean a compound with repeating coordination 
entities extending into an infinite array. So, even though the design and 
chemistry may be similar, the main difference resides on the nature of 
the ligand. At this respect, convergent ligand building blocks are used 
to assembly discrete complexes (Figure 1.8), and divergent ones gene-
rate CPs.

Figure 1.7. IUPAC classification of coordination compounds. 37-41

1. Introduction
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1.2 MOFs Classification 

Following the scheme presented in Figure 1.7, coordination polymers 
are classified into one-dimensional (1D) polymeric compounds (Figure 
1.9a) and coordination networks, two- (2D) (Figure 1.9b) and three-di-
mensional (3D) polymeric compounds (Figure 1.9c). 1D-Coordination 
Polymer (1D-CP) would consist of entities linked by coordination bonds 
in one direction and supramolecular interactions (such as hydrogen 
bonding, π-π stacking and van der Waals) in the two other directions. 
Meanwhile a structure linked by coordination bonds in two directions 
and supramolecular interactions in another direction is a 2D-Coordi-
nation Polymer (2D-CP), and the one linked by coordination bonds in 
three directions is a 3D-Coordination Polymer (3D-CP).

Figure 1.8. Examples of discrete compounds: a) M2L4 coordination cage with two 
palladium(II) atoms bridged by four bidentate ligands 4,4’-bis(3-pyridinemethoxy)
benzophenone. 42 b) Structure of complex [Cu12(tp4c)8(H2O)12], where copper(II) pa-
ddle-wheels are the SBUs and tp4c is the ligand 1,1’,1’’-(1,3,3a1,4,6,7,9-heptaaza-
phenalene-2,5,8-triyl)tris(piperidine-4-carboxylic acid). Color code: orange, blue, 
gray, and red ellipsoids correspond to Cu, N, C, and O atoms, respectively.43
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Figure 1.9. Examples of a) 1D-CP: [Cu(cpx)(phen)]+, where cpx  is ciprofloxacin and 
phen is  1,10-phenanthroline.44  b) 2D-CP: [Mn2(btr)(μ-ox)2(H2O)2] · 2H2O, where 
btr is  4,4′-bis-1,2,4-triazole and ox is oxalate anion,45 and c) 3D-CP: [Zn4O(BDC)3] 
. (DMF)8(C6H5Cl), MOF-5, where the metal center is Zn4O center, and the organic 
linker is terephthalate [BDC = 1,4-benzodicarboxylate]. 46

Finally, MOFs, in turn, belong to a further subclass of coordination 
networks. According to IUPAC, “a MOF is a coordination network 
with organic ligands containing potential voids”, where “a coordina-
tion network is a coordination compound extending, through repeating 
coordination entities, in one dimension (1D)- that may have cross-links 
between two or more individual chains, loops, or spiro-links- or a coor-
dination compound extending through repeating coordination entities 
into two- (2D) or three-dimensions (3D)”.47

The abbreviation MOF is used as a general term of this class of com-
pounds. However, it is worth to mention that it also designates a sub-
class of different compounds from Yaghi´s lab, when combined with a 
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number (e.g. MOF-74, MOF-101, MOF-177, etc.).48 Also, MOFs are la-
belled with other names/codes. Analogously to zeolites, existing MOFs 
are grouped in families of compounds, designated by a name and a 
number. 49 These families are organized either by similarity in structure 
and symmetry, like IRMOFs (IsoReticular Metal-Organic Framewor-
ks)50  and F-MOF (Fluorinated Metal-Organic Frameworks),51 by si-
milarity to zeolite topology, like ZIF (Zeolite Imidazole Framework)52, 
metal-azolate frameworks (MAF),53 and ‘zeolite like MOFs’ (ZMO-
Fs);54 or by abbreviations corresponding to the place of their discovery, 
like MIL-53 and MIL-101 (Materials of Institute Lavoisier) 55  and 
HKUST-1 (Hong Kong University of Science and Technology). 56

Given that MOFs are generally sought for the possibility to tailor their 
porosity by chemical design, the geometric and connectivity features 
of the building blocks used to assemble them are of main relevance. 
On this basis, recently, Prof. Omar M. Yaghi considering the reported 
examples presented a tentatively classification, (Figure 1.10). Illustrati-
ve examples of some of them are shown in Figure 1.11.57, 58  

1.2 MOFs Classification 
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Figure 1.10. MOFs classification in as function of constituting polytopic linkers and/
or multiple building units obtained from topological analysis of MOF structure.Adap-
ted from ref. 57.

1. Introduction
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Figure 1.11. a) Representation of a portion of  MOF-505 structure, [Cu2(PDEB)
(H2O)2] · xS (NJU-Bai12) (left), the linker PDEB = 5,5′-(1,4-phenylenedi-2,1-ethy-
nediyl)bis(1,3-benzenecarboxylic acid) with the basic SBUs (middle) and its schema-
tic representation (right)58,59 b) Topological representation of ZJU-18, [Mn5Cl2(Mn-
Cl-OCPP)(DMF)4(H2O)4] · 2DMF · 8CH3COOH · 14H2O (left), the porfirine linker 
M-H8OCPP= 5,10,15,20-tetrakis(3,5-biscarboxylphenyl)porphyrin and basic SBUs 
(middle). Schematic representation of the nodes and links in the crystal structure.60,61 

1.2 MOFs Classification 

1.3. MOFs Synthesis

Currently, in the Cambridge Crystal Database there are deposited ca. 
50,000 MOF structures.62 These MOFs have been synthesised using 
quite a wide range of synthetic protocols and obtained in different for-
ms, single crystal or polycrystalline powder, and scales, lab or indus-
trial. The polycrystalline powder is the state in which most works on 
MOFs have been reported, since it can be better controlled stoichiome-
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trically and there is greater ease of synthesis since it is easier to stabi-
lize nanocrystals that require less lattice energy.63 The need to obtain 
single crystals arises from the need to know exactly the interatomic and 
intermolecular interactions both intrastructurally and extrastructurally 
with the surrounding environment, the guests or the metals/ligands in-
corporated subsequently. Industrial scaling is carried out once the ma-
cro-scale reproducibility of a target MOF as well as the feasibility of 
their application has been tested. In the following subsections we will 
describe the main synthetic strategies we have followed for the obten-
tion of MOFs in this PhD thesis, and we will compare and mention 
with other common methods. The existing MOF structures, on the other 
hand, suggests a wider variety of preparation methods. 

1.3.1 Crystal MOF

In order to understand the molecular interactions of metal-organic fra-
meworks, researchers have set themselves the challenging task of obtai-
ning single crystals suitable for detailed crystallographic analysis. Unli-
ke molecular species, MOFs are insoluble once synthesized (a property 
which is advantageous for other aspects), and so recrystallization from 
polycrystalline powders is not an option. 
Some MOFs can be obtained in the form of polycrystalline powders 
directly from the mixing of the precursors. Such MOFs are ideal to be 
crystallised when the precipitation is slowed down. The most common 
way to do it is by allowing two separate solutions of metals and ligands 
to diffuse slowly into each other. A number of different techniques have 
been established to this end. The simplest method is to layer carefully 
one solution on top of another in a small vial or tube, Figure 1.12 left.65  

Often a buffer layer of pure solvent is layered between the two solutions 
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containing the two precursors, where the use of solvents with different 
densities (e.g. MeOH versus CHCl3) greatly aids separation. The den-
sity and polarity of the solvent influence the diffusion to a greater or 
lesser extent, so it should be noted that the slower the interaction of the 
precursors, the more slowly some crystal may interact, as long as a time 
limit is not exceeded in which decomposition or loss of quality of the 
product or precursor may occur. This can take in the order of 2 weeks, 
although crystallization can often take much longer (or shorter) times, 
and so the reaction should be checked regularly, preferably without 
disturbing the crystal growth through handling. Regular inspection is 
important as crystals can come and go (for kinetic products) or become 
flawed, overgrown or otherwise deteriorate in quality over time.

Other variations of this technique include locking one solution into a gel 
through the addition of a gelling agent such as tetramethoxysilane, Fi-
gure 1.12 right. The role of the gel is to slow diffusion through reduction 
of convection and also provide support for the growing crystals. In this 
PhD thesis we have taken advantage of a specially designed glassware 
known as H-tubes, where in each arm of the tube is added and layered 
one of the precursors to facilitate their slow diffusion and the formation 
of single-crystals (Figure 1.13). An intermediate approach between the 
two slow diffusion techniques described are U-tubes (Figure 13a).

1.3  MOFs Synthesis

Figure 1.12. Tubes with (right) and without gel (left) for the slow growth of sin-
gle-crystals of MOFs.
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Figure 1.13. H-tubes and U-tubes for the slow growth of single-crystals of MOFs.

The crystallization of MOFs is not an easy task, there are several factors 
that have a severe influence in the process, such as the polarity of the 
solvent, counterion or even metal salt choice. Thus, this imply a quite 
a great synthetic effort to been able to find the optimal synthetic con-
ditions to get suitable crystals to ascertained the structure by means of 
X-ray crystallography. 
One of the key reasons for obtaining crystal structures is to establish 
relationships between structures and properties, and thus, gain insights 
that can feed into the design of new materials. So, it has to bear in mind, 
that the structures obtained from single crystals may be inherently un-
representative (because the crystallographer chooses the best crystal 
available) of the bulk material upon which the properties are tested. 
Furthermore, reactions can often give more than one product, hence 
researchers have to check the correlation between the single crystals 
and the bulk product, and this is most easily achieved through the use 
of techniques such as powder diffraction or (less convincingly) infrared 
or Raman spectroscopy.
Many other synthetic approaches have been offered for the preparation 
of MOF,64,65 such as:

1. Introduction
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- The slow diffusion of the reagents in a polymeric matrix, where the 
polymer acts as an additional barrier to slow down the contact between 
the reagents.

- Evaporation of the solvent at room or reduced temperature, this te-
chnique has been widely used in the past due to its simplicity and zero 
energy cost. As in the case of crystallizing simple inorganic compounds, 
the dissolved mixture of precursors is simply placed in a crystallization 
container and evaporation leads to the concentration of the precursors, 
structurally reorganizing them until they form (or not) the desired MOF.

- Precipitation or recrystallization from a mixture of solvents, this te-
chnique is rarely used since, as stated before, once the MOF (insoluble 
species) is formed, it is difficult to destroy the pre-formed architecture 
to give rise to a new one. The direct mixing of the precursors gives 
rise to the production of polycrystalline powder, irregular or amorphous 
structures or secondary products.

- Cooling at controlled temperature. In the solvent evaporation techni-
que we play with the boiling point of the solvent, here we play with the 
solidification point. So, it is important to make sure that products that 
are not target products are not going to be formed.

- Solvothermal methods, which imply the use of solvent above its nor-
mal boiling point in a hermetically sealed chemical reactor and depends 
on different reaction variables (temperature, time, concentration and 
solubility of the precursor in the solvent, etc). The method results in 
high product yields and crystallinity. The framework’s self-assembly is 
influenced by the characteristics (geometry and connectivity) of orga-
nic ligand, the coordination nature of the metal , the polarity and boiling 

1.3  MOFs Synthesis
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point of the solvent, the pH of the solution, and by the presence or not 
of modulators and other organic ligands.66 
More recently, solvothermal techniques67 have become increasingly po-
pular, both as a method of obtaining good single crystals and as a means 
of obtaining phases that are unavailable through bench-top techniques.

1.3.2. Powder MOF

The preparation methods for MOFs in the form of polycristalline pow-
ders (Figure 1.14) can be divided into two groups: traditional, usually 
referring to classical precipitation, and non-traditional, including mi-
crowave and ultrasound-assisted syntheses, mechanochemical and mi-
croemulsion methods.68, 69

Conventional precipitation from the solution occurs at room temperatu-
re or upon heating from the mixture of metallic precursors and organic 
linkers in an adequate solvent at pH and saturation concentrations ade-
quate for MOF precipitation.70 The most desired way to prepare MOFs 
is at ambient pressure and temperature, because allows rapid MOF 
isolation and avoids energy consumption. But, it sometimes results in 
poor crystallinity and reproducibility. In this PhD thesis, it would be 
the method followed to obtain the MOFs in the form of polycrystalline 
powders.
Solvothermal methods, besides being widely used to obtain single 
crystals, can be used to obtain the same materials in the form of poly-
crystalline powders.71 The organic molecules present in the synthesis 
(solvents, pH controllers like amines, templates and/or modulators) can 
play different roles in the MOF structure formation: as a solvent or 
deprotonation agent, as a template, and as a coordinating ligand to the 
metal ion, and their concentration influence the formation of polycrys-

1. Introduction



59

talline powders. Crystallinity, crystal size or even the type of structure 
obtained can be also influenced by changing the synthetic conditions, 
i.e. time of reaction, temperature and pressure. Usually, synthesis time 
of solvothermal traditional methods are quite long, and require hi-
gh-energy consumption and this can be considered a disadvantage from 
an industrial application point-of-view. Prolonged highly energy-con-
sume in processes and equipment (pressure-sealed vessels) involves 
higher expense.
Non-traditional methods, are not so developed for MOFs synthesis as 
traditional precipitation ones. However, an increasing amount of work 
have been developed in the last years.72 In this context, microwave- and 
ultrasound-assisted processes, despite being different in nature, both 
methods provide ways to accelerate MOF’s formation rate in compari-
son to traditional methods. Microwave (MW) heating offers a reduction 
of the synthesis time by increasing the efficiency of heating.73 This is 
as consequence to provide energy to overcome the activation energy 
barrier for the framework assembling and, also, influence the metasta-
bility of the system and its reactivity in a way that, the less stable the 
system, the higher the reactivity of the components and the faster the 
rate of MOF formation. The choice of solvent is an important variable 
to be controlled because it should absorb the microwave radiation and 
convert it to heat, unless a metastable point of the system can be achie-
ved at near ambient temperature. So, this method, suppose a simple 
and energy-efficient strategy to obtain polycrystalline MOFs, owing to 
their ease to control, reduced crystallization times and increased yield 
respect traditional methods. Interestingly, this method promotes nano-
crystals formation, through rapid and uniform nucleation, which is a 
consequence of the formation of local hot-spots and a fast heat transfer 
within the reaction media. In turn, the ultrasound process (or sonoche-
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mical synthesis) increases the area of contact between the reactants and, 
therefore, increases the rate of nucleation and crystal formation.74 In 
addition, through the release of air bubbles, formed by the decrease of 
the pressure in the liquid under condition of acoustic wave propagation, 
disintegrates the particle agglomerates and results in a homogeneous 
particle size produced in short reaction times. So, crystal growth fo-
llowed a simple solid-on-solid model at high reactant concentrations 
and relatively low energy levels.
Dealing with the mechanochemical method,75 the synthesis is sol-
vent-free and consists of a solid-solid reaction initiated by mechanical 
energy, usually ball milling. This method presents the advantage that 
does not need the application of pressure or temperature. Conversely, 
the weak point is that sometimes a second phase can be obtained ma-
king difficult the isolation of the products. Relevantly, in this method, 
it has been observed that the presence of a small proportion of liquid 
components (not a solvent) could offer some benefits, such as an easier 
crystallization and higher yield of the desired product, due to the im-
proved mobility of the species and their homogenization. Usually, this 
method has been applied to MOFs whose synthesis is normally made 
under mild conditions, and cosnequently excludes interesting systems 
based on Fe, Cr, Al or Ti.
Microemulsion synthesis is based on the thermodynamically stable dis-
persions of immiscible liquids (water and oil phases) and the presence 
of emulsifiers or surfactants.76 The emulsifier is a molecule presenting 
both polar and non-polar parts. In very diluted water or oil solutions, 
the emulsifier exists as a monomer, but when its concentration exceeds 
a certain concentration, called critical micelle concentration (CMC), 
the emulsifier molecules associate to form aggregates, that is, micelles. 
These micelles are considered nanoreactors wherein MOF formation 
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reaction takes place. Thus, the size and the morphology of the resulting 
MOF particles are greatly influenced by the water/oil phase ratio and 
the surfactant concentration.
Other synthetic strategies are also available and may offer different 
advantages depending on the targeted MOF. Such as electrochemical 
method, in which metal ions are homogeneously supplied by the disso-
lution of an anode. This is reported as a very clean and fast method, but 
it is generally applied to Cu-based MOFs, like HKUST.77 Another one 
is the continuous flow production method, that should be noted as the 
first one applied for large-scale industrial preparation, which is based 
on the induced crystallization from a stream of dissolved precursors in 
organic solvents.78

1.3  MOFs Synthesis

Figure 1.14. Illustration of various reported MOF fabrication methods; conventio-
nal hydrothermal and microwave-assisted hydrothermal approaches are the most 
commonly applied approaches, while electrochemical, mechanochemistry, and ultra-
sound-assisted methods are quite new techniques in the synthesis of MOFs (a). A wide 
range of temperatures from room conditions to solvothermal conditions are applied in 
the fabrication of MOFs (b).68
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1.3.3. Industrial MOF

The surface chemistry of MOFs can be modulated by in situ or post-syn-
thesis methods, and thus, adapted to different applications. In the last 
two decades, MOFs have been the most actively studied family of po-
rous materials and great advances in their preparation, modification and 
stability have been achieved, especially at lab scale. However, MOFs 
have not been widely applied at industrial scale, and it is somehow 
consequence of not fulfilling different aspects, such as long stability 
in relevant environments and moderate production cost. Thus, at in-
dustrial scale, zeolites remain unbeatable as heterogeneous catalysts, 
adsorbents and ion exchangers. Nevertheless, prominent examples exist 
of MOF materials currently applied in industrial applications, where 
other porous materials have failed or they do not perform efficently, 
such as the storage and secure-handling of toxic gases for the electro-
nic industry.79, 80 The fact that these promising porous materials are still 
not industrially enough employed may lie in the traditional thinking of 
applied chemists, which is always biased towards applications where 
zeolites already have commercial success. In Figure 1.15, it can be seen 
as until a few years ago zeolites have a higher number of publications 
per year than MOFs. However, in the last years this situation has chan-
ged, as consequence of the exponential growth of MOFs, and most li-
kely this would be translated to the realm of industrial applications in 
the next decades.
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MOFs have high importance, especially in academia, and the large 
number of patents reporting these materials (about 1600, retrieved from 
the Espacenet database) evidence it, particularly for heterogeneous ca-
talysis and gas adsorption applications. But, only a handful of these 
works consider typical industrial scale-up concepts, despite the fact that 
several academic reports show the potential application of these mate-
rials in a relevant industrial environment. This is attributed to the great 
difficulty to translate the small laboratory-scale conditions into a large 
industrial-scale setup. In addition, academia research is more directed 
toward the details of synthetic route and discovery of novel materials, 
rather than focus on the synthesis optimization of reported materials. 
Consequently, patents registered by academic researchers typically re-
port a considerable number and variety of different synthetic methodo-
logies to obtain the same compound. As an example, shown in Table 
1.2. the synthetic procedure patented by Hwang et al. describes only 
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Figure 1.15. Number of publications on zeolites (black circles) and MOFs (squares) 
in given year.81



64

the different approaches used in the hydrothermal synthesis of Fe-BTC 
(commercial name basolite F300), ), with changes in both reaction time 
and temperature, where the obtained quantities are maintained in the 
range of milligrams. Despite the fact that some of these academic pa-
tents also take into consideration the possible scale-up procedures, in 
a majority of cases, the simple experimental conditions are patented 
(with hydrothermal synthesis being the preferred method). In contrast, 
industrial patents are more interested in the synthetic approach that 
allows the preparation of a given material with the highest quantity and 
purity, as well as lowest costs and overall production time. Thus, it is 
quite common to see industrial patents on the employed synthetic tech-
nique used to produce a specific MOF in large quantities.

Table 1.2. A patented general reported method to prepare MOFs, such 
as basolite F300.82, 83
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One limitation for the scale-up manufacturing of MOFs concerns the 
fact that these materials typically nucleate at the surface of the reac-
tor or at the liquid-gas interface (evaporation is the driven force for 
nucleation, rather than temperature), which ultimately imposes a new 
variable in the synthesis procedure: the size and shape of the reactor. 
The increase in the concentration of the starting reagents is also enough 
to form different materials or mixtures of phases. This also occured 
at the laboratory scale: as an example, the reaction of 1,4- phenylene-
bis(methylene)diphosphonic acid (H4pmd) with La3+ ions at 40 °C un-
der simple one-pot conditions originates the 3D network [La2(H2pmd)
(pmd)(H2O)2], whereas, if the concentration of both starting materials is 
doubled, the 1D- assembly [La2(H2pmd)3(H2O)12] is obtained instead.84

It is important to take into account all the parameters that influence 
the reaction, regardless of their degree of complexity and involvement, 
when  developing a large-scale production line as part of academic 
research, since even slight varations (sometimes no visible to the re-
searcher) can be intensified and can lead to unforreseen economic or 
hazardous events. Though mixing two reagents at the milligram scale 
could be a slightly exothermic reaction, generating a certain amount 
of heat that can easily be dissipated within the experimental labora-
tory environment (e.g. ambient temperature), the same reaction in large 
quantities could cause an immediate explosion. The high cost of the 
precursors is also a detrimental aspect for the industry.85 
 
In many cases, the large-scale production of very interesting MOFs is 
economically unfeasible because of the elevated costs of the starting 
reagents, despite their outstanding application performances.

Large-scale production of a given MOF should achieve the following 
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prerequisites:

- Low cost and rapid availability of the starting materials.

- Rapid and simple synthetic procedures at low temperature and am-
bient pressure conditions.

- High yields of the targeted MOF and no formation of secondary pro-
ducts, such as salts, which will increase the production cost due to the 
necessity for posterior treatment and removal.

- High purity and quality of the product.

- Sustainable procedures, use of small quantities of solvents and redu-
ced production of waste.

Metal sources, such as metal oxides, nitrates, sulfates, and chlorides, 
are considerably cheap and readily available for purchase from com-
mercial suppliers. However, certain anions should be avoided due to 
their high-risk and post-production problems. 

The organic linker chosen follows the same trend. Simple molecules 
such as terephthalic, formic, or isophthalic acid are always preferred 
when compared to more complex ones. However, the versatility of or-
ganic synthetic methods, enabled they are not completely discarded.

The employed solvents have a crucial role in large production, mainly 
because high quantities usually imply a high cost in filtration and sepa-
ration. Ideally, solvent-free synthesis should be used, where the organic 
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linker may act both as reagent and solvent, but it is not common. So, 
synthetic procedures should be optimized to use the minimum amount 
of solvents and try to be cheap and environmentally friendly, such as 
water (if the desired material is stable on it). 

The final step after filtration, in a typical synthetic procedure, is the 
drying process that must be performed carefully. So, mild conditions 
should be used while drying to prevent structural collapse and amor-
phization of MOFs. Most drying processes involve conventional oven 
heating, as well as rotator evaporators and/ or using the spray-dry tech-
nique.86

Figure 1.16 shows a Scheme that summarizes the most important steps 
and bottlenecks that one could be faced with when trying to transpose 
the synthesis from the laboratory to the industrial scale.

The very first scale-up methodologies of MOFs relied mostly upon the 
use of the same conventional experimental conditions widespread in 
the academic environment. Solvothermal and one-pot reactions were 

1.3  MOFs Synthesis

Figure 1.16. Schematic representation of the industrial-scale synthesis of MOFs with 
emphasis on the important parameters to have in consideration.87
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preferably selected because of simple equipment requirements. Howe-
ver, several limitations were found when using large reaction vessels 
and high concentrations of the starting chemicals. This motivated the 
development, or even improvement, of new techniques for the scale-up 
production of MOFs. Among them, in the following lines we will des-
cribe the most important ones used in industry.

Dealing with electrochemical synthesis, HKUST-1 was the first sca-
led-up MOF in 200588. This methodology was first reported by the 
BASF company as an alternative to the conventional synthesis of MOFs 
on an industrial scale. For their electrochemical preparation copper pla-
tes were used as anodes immersed in a solution of methanol with the 
organic linker 1,3,5-benzenetricarboxylic acid. During 2.5 h, a voltage 
ranging between 12 and 19 V, and an amperage of 1.3 A, are applied, 
while a greenish-blue precipitate is simultaneously formed. After BASF 
success, this method was also used to prepare other MOFs such as ZIF-
8, MIL-100, MIL-53,89 and UiO-66. 90 The electrochemical synthesis 
was then introduced as a salt-free procedure, where the metal source is 
the sacrificial metal anode. The reaction allows precise control in the 
deprotonation of the organic linker in the correct stoichiometry for the 
MOF preparation. In addition, according to the inventors, the electro-
chemical synthesis has lower reaction times than conventional synthe-
sis, with no need for separation of anions (such as Cl− and NO3−) at 
the end of the reaction.

MOFs industrial scale-up has also limitations in terms of the reaction 
vessel size and shape, as well as on the optimization of synthetic para-
meters. To overcome these difficulties, a new technique in MOFs field, 
but used for oxide nanoparticles and organic molecules, coined con-
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tinuous flow, was introduced.91,92 In this methodology, the laboratory 
conditions are reproduced by means of simultaneously pumping and 
posteriorly mixing the precursor solutions into a mixer. This is perfor-
med in such a way that produces a uniform mixing of reagents and high 
heat transfer in tubular reactors, independent of the reaction volume. 
Furthermore, this process is robust enough to be employed in conven-
tional solvothermal synthesis and in microwave-assisted preparations. 
HKUST-1 also was one of the first scale-up MOFs using continuous 
flow by Gimeno-Fabra et al..93 To this end, they used a continuous re-
actor having a high throughput and very fast reaction process. The syn-
thesis, typically performed at 150 °C, was successfully conducted using 
a downflow of water at 300 °C, which promoted rapid crystallization. 
Therefore, this methodology presented a possible scalable process to 
produce this material, as well as a promising way to fine-tune the crystal 
morphology itself. Indeed, the process led to nanocrystalline powders 
with BET and surface areas that exceeded the commercial sample. La-
ter on, the method was further used to scale-up HKUST-1, allowing the 
preparation of 61.2 g of MOF in just 1 h, approximately 20 times better 
than that of the commercial analog Basolite C300. In another study, 
Rubio-Martinez et al.94 studied the synthesis of HKUST-1 ([Cu3(BT-
C)2·(H2O)3]n, BTC = benzene 1,3,5-tricarboxylate), UiO-66 ([Zr6O4(B-
DC)2], BDC= benzenedicarboylate), and NOTT-400 ([Sc2O2(BBC)] · 
1.25H2O, H4BBC = biphenyl-3,3′,5,5′-tetracarboxylic acid) using the 
continuous flow method. McKinstry et al.95  also investigated several 
parameters concerning the synthesis of HKUST-1 in a continuous flow 
process, and they confirmed that optimized continuous solvothermal 
processes are viable and can also produce the MOF in high yields, qua-
lity, and purity and with the intended surface area.
Mechanochemical synthesis have been proposed as a viable alternative 
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for industrial scale-up of MOFs. Some examples of compounds obtai-
ned using this technique include HKUST-1 and ZIF-8, prepared as hi-
ghly pure, crystalline, porous solids. However, more work is needed to 
overcome some of the difficulties mechanochemical approaches faced, 
such as low rates of production, equipment often undergoing shutdown 
times, and difficulties in retrieving the product when the physical nature 
is not a free-flowing powder. 

Related to mechanochemical processes is extrusion, a well-developed 
continuous technique that play a vital role in the manufacturing of food, 
polymer, and pharmaceutical industries.
Extrusion consists of the forcing of materials through constrained spa-
ces with intensive mixing occurring at the same time. Using this techni-
que, James and coworkers prepared HKUST-1, ZIF-8, and Al(fumarate)
(OH) through twin-screw extrusion (TSE), and reached multi-kilogram 
per hour quantities, with little or no solvent being required. Furthermo-
re, the materials obtained were highly crystalline and with high surface 
areas. When comparing them with the same compounds prepared by 
other techniques, researchers showed similar BET surface areas, as well 
as pore sizes in agreement with those published. Being, the TSE overall 
efficiency three times better than solvothermal synthesis.

1.4. MOFs properties 

1.4.1. Tailored Porosity

The possibility to use X-ray crystallography to unveil with atomic 
precision the structure of MOFs,96-98 provide researchers with a key 
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tool to characterise the main features of MOFs voids. However, this 
on its own, does not give a real vision of the permanent porosity of a 
MOF, when solvent molecules were removed. Thus, gas adsorption iso-
therm on samples where the solvent has been removed is the technique 
applied routinary to study the permanent porosity of MOFs. This tech-
nique allows to gain knowledge on how the adsorption take places and 
which is the maximum adsorbed amount. On this basis, IUPAC99 have 
established a classification with six main different types of isotherms 
(Figure 1.17).

Reversible Type I isotherms are observed in microporous solids having 
relatively small external surfaces (e.g. some activated carbons, mole-
cular sieve zeolites, and certain porous oxides), where their limiting 
uptake is governed by the accessible micropore volume rather than by 
the internal surface area. The characteristic steep uptake at very low p/
p0 is due to enhanced adsorbent-adsorbate interactions in narrow mi-
cropores (micropores of molecular dimensions), resulting in micropore 
filling at very low p/p0. This type of isotherm is the most frequent one 
for microporous MOFs. 

Reversible Type II isotherms are given by the physisorption of most 
gases on non-porous or macroporous adsorbents. The shape is the result 
of unrestricted monolayer-multilayer adsorption up to high p/p0. If the 
knee is sharp, the beginning of the middle almost linear section, usua-
lly corresponds to the formation of a monolayer coverage.100 A more 
gradual curvature is an indication of a significant amount of overlap be-
tween monolayer coverage and the onset of multilayer adsorption. So, 
in the Type-II isotherms of combined micro/mesoporous adsorbents, 
the forces involved are the combination of adsorbent–adsorbate and ad-
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sorbate–adsorbate interactions. 

In the case of a Type III isotherm, there is no knee and therefore no 
identifiable monolayer formation. In this case, the adsorbent-adsorbate 
interactions are relatively weak, and the adsorbed molecules are clus-
tered around the most favorable sites on the surface of a non-porous or 
macroporous solid. 

Type IV isotherms are given by mesoporous adsorbents (e.g. many oxi-
de gels, industrial adsorbents and mesoporous molecular sieves). The 
adsorption behaviour in mesopores is determined by the adsorbent-ad-
sorbate interactions, as well as by the interactions between the molecu-
les in the condensed state. In this case, the initial monolayer-multilayer 
adsorption on the mesopore walls, which takes the same path as the 
corresponding part of a Type II isotherm, is followed by pore condensa-
tion. A typical feature of Type IV isotherms is a final saturation plateau, 
of variable length (sometimes reduced to a mere inflexion point). Ca-
pillary condensation can be accompanied by hysteresis (the pore width 
exceeds a certain critical width) or not (with adsorbents having meso-
pores of smaller width or conical and cylindrical mesopores that are 
closed at the tapered end). Mesoporous MOFs are characterised by the 
presence of this type of isotherm.101

In the low p/p0 range, the Type V isotherm shape is very similar to that 
of Type III, and this can be attributed to dominating adsorbate–adsorba-
te interactions and barely observed purely adsorbent–adsorbate interac-
tions. At higher p/p0, molecular clustering is followed by pore filling. 
For instance, Type V isotherms are observed for water adsorption on 
hydrophobic microporous and mesoporous adsorbents. 
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The reversible stepwise Type VI isotherm present several steps in the 
adsorption isotherm due to the representative layer-by-layer adsorption 
on a highly uniform nonporous surface. The step height represents the 
capacity for each adsorbed layer, while the sharpness of the step is de-
pendent on the system and the temperature. Amongst the best examples 
of Type VI isotherms are those obtained with argon or krypton at low 
temperatures on graphitised carbon blacks. 

Besides the previous types of isotherms, some MOFs have characteri-
sed for exhibiting flexible frameworks with very particular and distin-
guish isotherms. As consequence of their relevance for gas adsorption 
and separation, such MOFs have been intensively studied. Despite each 
flexible MOF is a completely different scenario, the information ex-
tracted from these studies enriched greatly the field of soft porous ma-
terials and served to develop new avenues of research in MOFs.102 For 
example, such materials is MIL-53. The porosity and unit cell volume 
of these structures change considerably upon guest insertion/removal 
and also strongly depend on the molecule type – for example structures 
show very different adsorption isotherms for H2, N2, CH4, CO2, H2O 
or other hydrocarbons. This behavior is not normally observed in rigid 
porous solids.103
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Figure 1 .17.  Representation of the different types of IUPAC adsorption isotherms.104
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Figure 1.18. Representation of a) 1,4-benzenedicarboxylate formula (BDC), b) Zn2(-
COO)4(H20)2 SBU and c) Zn(BDC)(DMF)(H2O), MOF-2. Adapted from ref. 32.

The porosity of MOFs was first studied in 1997, based on studies of 
crystalline zeolites and molecular sieves, when Kondo, Kitawaga and 
co-workers carried out gas sorption experiments (CH4, N2 and O2) on 
metal-organic frameworks of formula {[M2(4,4’-bpy)3(NO3)4](H2O)x}
n (M=Co, Ni or Zn). These experiments showed that these MOFs main-
tained their pore structure, upon guest removal, but the surface area 
and pore volume could not be determined, since the experiments were 
carried out at high pressures (1-36 atm).105

One year later, Yaghi´s group reported the full characterization of mi-
croporosity of Zn(BDC)(DMF)(H2O) (MOF-2, BDC2-=1,4-benzenedi-
carboxylate)32, Figure 1.18, through the determination of the surface 
area and pore size/volume measuring N2 and CO2 adsorption isotherms 
under low pressure. This was the first proof of the permanent porosity 
of MOFs.106
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Thereafter, Kitagawa and Kondo (1998) proposed a classification of 
porous coordination compounds as a function of their porous properties 
(Figure 1.19):107,108

- 1st generation MOFs exhibited a loss of porosity upon solvent re-
moval. This has often been observed in MOFs containing charged fra-
meworks with pores filled by counter anions. 

-2nd generation MOFs possess stable and robust porosity and maintain 
crystallinity against guest removal, typical of neutral and zeolite-like 
MOFs. 

- 3rd generation MOFs display framework flexibility and dynamics, 
which can respond to guest exchange or chemical/physical external 
stimuli (pressure, light, electric field, guest molecule, among others) 
changing their channels or pores reversibly. 

- 4th generation MOFs are correlated to the recently developed post-syn-
thetic modifications (PSM) of MOFs, which can maintain underlying to-
pology and structural integrity towards various post-modifications.109-111 
Later Prof. S. Kitagawa111 proposed that fourth-generation MOFs also 
include MOFs presenting, anisotropy, hierarchy and defects, including 
solid solutions and multivariate (MTV) MOFs.113
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In Figure 1.20 are presented the different possibilities that the 4th gene-
ration present, such as: the post-synthetic modification (Figure 1.20a), 
the containment of defects (Figure 1.20b), the non-stoichiometry (solid 
solution) (Figure 1.20c), the rearrangement capacity of out-of-frame 
counter ions (Figure 1.20d) and the reorientation capacity of flexible li-
gand substituents (Figure 1.20e). These last two belong to 4th generation 
materials that combine a rigid structure with self-changing pores, which 
can adapt to a particular host through extrastructural counterions that 
can move freely within the pore space (Figure 1.20d) or flexible ligand 

Figure 1.19. Classification of MOFs: 1st generation MOFs collapse on guest removal, 
2nd generation MOFs have permanent porosity against guest removal, 3rd generation 
MOFs show flexible and dynamic properties, and 4th generation MOFs can sustain 
post-processing (modifiable positions: (1)metal/cluster sites, (2) organic linkers, and 
(3) vacant space).114
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substituents (Figure 1.20e). 
In this way 4th generation “hard-soft” materials could combine the ad-
vantages of 2nd and 3rd generation MOFs: (a) retention of topology and 
structural integrity during gas or vapor adsorption, (b) smooth pore sur-
faces that respond to external stimuli, leading to diverse sorption profi-
les, and (c) the self-adaptive ability of pore size and pore chemistry to 
adapt to different host species.

An important highlight for the study of the porosity in MOFs was when 
MOF-5 (Figure 1.9C), was reported in 1999. Its success was justified 
because, in their day, it was a structure with higher surface area and 
pore volume than most porous crystalline zeolites, together with an 
easy and versatile preparation. It was the first MOF based on linking 
octahedral zinc acetate building units, Zn4O(-COO)6, with six chelating 
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Figure 1.20. Fourth-generation porous materials are modifiable using (a) postsynthe-
tic approaches that chemically modify their pore structure, or they are complex sys-
tems that (b) contain defects or (c) are nonstoichiometric (solid solution). A different 
type of fourth-generation porous materials exhibits rigid frameworks with self-swit-
ching pores that adapt to a particular guest through (d) rearrangement of extrafra-
mework counterions or (e) reorientation of flexible ligand substituents.115
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Figure 1.21. Single crystal X-ray structure of MOF-5 and IRMOF-n (n = 14 and 16). 
The large spheres represent the largest Van der Waals spheres that would fit in the 
cavities without touching the frameworks.116

1,4-benzenedicerboxylate (BDC2-) units to give a cubic framework. La-
ter, in 2002, it was reported that MOF-5 has a modular structure, and 16 
isoreticular frameworks (IRMOF-1 to IRMOF-16) were synthesized by 
changing the length and functionality of the linkers, and thus, the con-
comitant void space (Figure 1.21). This work was used to demonstrate 
that pore size and functionality could be varied systematically, provi-
ding a large number of topologically identical architectures.

Besides the type of isotherm and the response of MOFs to the removal 
of guests, the size of the pores has been also used to define and clas-
sified MOFs. Thus, it has been established the following types: ma-
cropores (>500 Å), mesopores (20-500 Å), micropores (5-20 Å) and  
ultramicropores (<5 Å).

As has been shown, the adsorption of the guest molecules in the so-
lid surfaces permits determining the properties of porous compounds. 
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However, it also allows the study of the confined molecules.117 For 
example, it has been observed that these molecules or atoms can have 
interesting properties, which are not observed or are different in bulk 
state, just by being confined in nano-spaces.118 For this purpose, the un-
derstanding of the interaction between guest molecules and surfaces is 
crucial, as well as the control of pore size and shape.

1.4.2. Benefits and limitations of using MOFs

MOFs differ from other porous materials, such as zeolites, activated 
carbon or alumina, in their intrastructural interaction, which is throu-
gh coordination bonds. This makes them possess lower robustness and 
physical-chemical resistance than architectures formed by covalent or 
ionic bonds. However, there are extensive advantages that metal-orga-
nic compounds can offer.

In terms of preparation, MOFs are simpler than other porous materials. 
MOFs do not usually require organic or inorganic templating agents 
nor hydrothermal conditions in an alkali-rich alumina silicate hydrogel 
system, where water acts as a reagent and reaction medium, such as in 
zeolites. This makes zeolites crystallize driven by supersaturation and 
spontaneous nucleation, which is not strictly controllable under labo-
ratory conditions. However, it should also be noted that MOFs can be 
built up by a great variety of metal ions/SBUs and organic linkers. Thus, 
there are almost unlimited possibilities, which made possible through a 
controlled design to obtain MOFs with different compositions, topolo-
gies sizes, and chemical environments for the pores. In addition, MOFs 
possess an easier structural modification by guest exchange or chemical 
reaction without loss of overall crystallinity, as well as a richer host-
guest chemistry, a more flexible nature and metals accessibility than 
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crystalline inorganic materials. Finally, the highly crystalline nature of 
MOFs allows it to use single-crystal x-ray diffraction (SC-XRD) as the 
definitive characterization tool. Besides, MOFs permits a precise struc-
tural determination by classical experimental methods such as powder 
X-ray diffraction (PXRD), transmission and scanning electron micros-
copy (TEM and SEM) and spectroscopic techniques such as nuclear 
magnetic resonance (NMR), ultraviolet-visible (UV-Vis) and Raman.

The structural stability and robustness of MOFs toward high tempera-
ture, pressure, moisture and harsh chemical environments have been 
their weakest feature in comparison to other porous materials. MOFs 
stability is governed by multiple factors, such as pKa of ligands, oxi-
dation state, reduction potential and ionic radius of the metal ions, me-
tal-ligand coordination geometry, and hydrophobicity of the structure. 
In a MOF structure, the chemical weak spot is usually the metal-linker 
bond. However, different synthetic approaches have been developed 
allowing to improve the robustness of MOFs in a diverse type of sol-
vents and a wide range of pH. Dealing with MOFs thermal stability, due 
to the degradation of the organic part at temperatures between 300-400 
°C (rarely more than 500 °C), MOFs show a lower one than zeolites and 
activated carbons. Nevertheless, and despite of the general perception 
of low robustness of MOFs, specially related to the first generation of 
MOFs, there are different families of highly robust MOFs.

They have been obtained following the concept of Lewis acids and ba-
ses119, which are classified into soft and hard species, depending on their 
size, polarizability, electronegativity, ionization potentials and orbital 
energy. The principle states that hard acids prefer to bond with hard ba-
ses and soft bases with soft acids (Figure 1.22).120 Such preference may 

1. Introduction



81

provide additional stability in terms of bond dissociation energy be-
tween hard-hard or soft-soft pairs and destabilization between mismat-
ched pairs. The additional energy that this preference implies indicates 
the presence of other factors such as the solvation effect or the intrinsic 
strength of acids and bases.120-123

The hard acid consists of an electron-withdrawing atom with low po-
larizability, small atomic and ionic radius, and high oxidation state. Its 
lowest unoccupied molecular orbital (LUMO) is highly energetic and 
lacks easily excitable outer electrons associated with ionic bond affinity.
While the hard base consists of an electron donor atom of low polariza-
bility, high electronegativity and difficult to oxidize, with high affinity 
for the formation of ionic bonds, associated with high energy empty 
lower orbitals.

In contrast, the soft acid complements the hard acid, that is, it is an 
electron-withdrawing atom of large ionic/atomic radius, low or no oxi-
dation state with readily available excited external electrons with high 
affinity for bond formation. covalent.

Lastly, the soft base which is an electron donor atom with a large ionic/
atomic radius, low electronegativity and high polarizability. Easily oxi-
dizable together with empty lower orbitals.

We also want to define an intermediate concept: borderline hard-soft 
acid-base, are those species with characters between hard and soft 
acid-base.

Once these concepts are internalized, chemical reactivities can be des-
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cribed as the adjustment of the valence electrons between the reacti-
ve orbitals in terms of the highest occupied molecular orbital HOMO 
and LUMO according to the orbital frontier theory (FOT) (proposed 
by Fukui124). Thus, the soft-soft reaction is expected to be dominated 
by the covalent bond character, while the ionic bond character predo-
minates in the hard-hard interaction.125 However, the soft-soft interac-
tion will consist of the interaction between the two soft species through 
boundary orbitals, since the nuclear charge is shielded by the electrons 
in the nucleus. However, in the case of hard-hard interaction, electrons 
from the nucleus do not leak out. The soft-soft interaction follows the “ 
through the bond” interaction (orbital-controlled boundary), while the 
hard-hard interaction follows the “ through space “ interaction (contro-
lled charge).126 

As noted above, the wide energy gap between HOMO-LUMO endows 
the molecule with high stability, less reactivity and less polarizability, 
while a small gap (produce between a hard and a soft species ) makes 
them less stable, more reactive and highly polarizable.127,128

For example, high valent cations, such as Zr4+, Ti4+, Cr3+, Fe3+ or Al3+ 

are regarded as hard acids, that can form stable MOFs having strong 
M−L bonds with hard Lewis bases such as carboxylate (e.g. terephtha-
lic acid or BDC; trimesic acid or BTC) or phosphonates such as (S or R) 
3,3’-di-tert-butyl-5,5’-dicaboxyphenyl-6,6-dimethylbiphenyl-2,2’-di-
hydrogen phosphonate. 129
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Figure 1.22. Typical interactions of hard, soft and borderline Lewis acid-base in 
MOF.130

1.5.MOFs Post-Synthetic modifications 
(PSMs)

Numerous factors influence the assembly of a target MOF, and thus, it 
is highly challenging to obtain a total control of the final MOF struc-
ture. Besides, sometimes, due to stability issues associated with syn-
thetic conditions, it is not possible to obtain a specific MOF by direct 
synthesis. In this context, post-synthetic methodologies (PSMs) emerge 
as an outstanding tool to obtain otherwise not accessible MOFs, and to 
improve or even incorporate new physical and/or chemical properties 
respect the pristine MOF.131

MOF materials are particularly mesmerizing for PSM due to three fea-
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tures: (i) the labile nature of the coordination bonds, which facilitate 
their formation/breaking, (ii) the crystalline nature, which allow to have 
the possibility of follow the process in a single-crystal to single crystal 
(SC-to-SC) manner and (iii) the porous nature, and consequently easy 
accessibility of guest molecules to the framework.

PSM can be carried out by modifying the ligand and/or metal node, and 
adsorption/exchange of guest species. Also, the surface environment of 
the MOF can be modified to increase structural stability, as well as to 
introduce desired properties. Relevantly, post-synthetic treatments, do 
not alter the original topology of the MOF, which offer the possibility 
to establish post-synthetic modifications-function relationships. Figure 
1.23 shows a schematic classification of different post-synthetic me-
thods. 132 

As it can be observed in the literature numerous examples exist of the 

Figure 1.23. Classifications of post-synthetic methods. Adapted from ref.132.
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potential of PSM. An important type of PSMs deals with the inorganic 
part of MOFs. Relevant metal-based PSM are metal exchange, trans-
metallation, incorporation and post-synthetic metathesis and oxidation 
(PSMO).

Metal exchange (Figure 1.24) consist on the replacement of the metal 
ions hosted within MOFs channels, which act as countercations. The 
metal exchange reactions, particularly with bivalent transition metal 
ions, sometimes follow the Irving–Williams series, where the order of 
the stability of the divalent first-row transition elements increases across 
the period is Mn(II) < Fe(II) < Co(II) < Ni(II) < Cu(II) > Zn(II).133,134

  
This process constitutes the most elemental form of metal-based PSMs. 
However, it has demonstrated as a very relevant tool to obtain MOFs 
with outstanding physical properties.135-143 

Transmetalation (Figure 1.25) involves the replacement of the metal 
ions hosted in the channels acting as countercations and the ones cons-
tituting the network. Thus, it implies breaking of bonds between the or-
ganic ligands and metal ions, and the formation of new bonds with the 
incoming metal ions. So, it requires more energy compared to the metal 
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Figure 1.24. Possible pathways of cation exchange in MOFs.144
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exchange of guest ions, involving no bond breakage and formation. As 
consequence, this process is not so frequent.145

Partial or complete metal exchange/transmetalation depends on the la-
bility of the metal ions to be exchanged, the valence and coordination 
of the incoming metal ion, the solvent used, and the chemical stabi-
lity of the resultant MOF. Partial metal exchange/transmetallation is 
produced, mainly, in systems where fast early exchange (with a quick 
equilibrium) is followed by saturation after some time. To move toward 
complete exchange/transmetallation, the solution containing the inco-
ming metal ions needs to be refresh several times. Most likely, the sta-
bility of the MOFs depends considerably on the exchangeability of the 
metal ions, so, to replace a metal ion, one needs to consider the crystal 
field stabilization energy (CFSE) and the ionic radius of the incoming 
ion146. The smaller the size of the ion, higher will be the stability of 
resultant MOF. For Cu2+ octahedral or square-planar coordination, the 
Jahn–Teller effect has to be considered as well147. Another factor that 
influences these processes deals with the nature of the solvents. This 
was evidenced in a work of Wang and co-workers148, where they emplo-
yed various coordinating solvents (amide and ketone-based solvents) 
to obtain Cr(III) MOFs, which are difficult to synthesize by direct me-
thods, by complete transmetalation of the Fe(III) MOFs. A partial metal 
exchange/transmetalation enable also the possibility to led to materials 

Figure 1.25. Possible pathways of transmetallation in MOFs. 144
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with a higher degree of heterogeneity and complexity. This, in turn, 
open the way to obtain synergetic behaviour between metals ions, and 
then novel functionalities.149

The incorporation of an additional metal ion or metal complex into the 
framework (Figure 1.26) could be carried out by the direct coordination 
at a specific coordination site in the framework. An illustrative example 
is the addition of Ni(II) ions into an eight coordinated Zr6-based MOF 
(PCN-700, PCN stands for porous coordination network), which resul-
ted in the formation of Zr6Ni4 SBUs. Ni(II) ions coordinate to the termi-
nal -OH− and H2O ligands exposed to the channel followed by the car-
boxylate group migration to form bridges between Zr and Ni, through 
the oxygen atoms. The bridge formation involves the creation of new 
Zr–O–Ni bonds through the breaking of the original Zr–O bonds.150  
Another representative example includes the metalation of porphyrin 
rings.151

Post-synthetic metathesis and oxidation (PSMO) is a little-known, but 
effective, pathway to obtain high-valence MOFs. This was reported for 
the first time with PCN-426-Mg, where Mg(II) were exchanged with 
Fe(II) and Cr(II) in an SCSC manner (under anhydrous and inert con-
ditions) and then oxidized in air to produce the corresponding Fe(III) 
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Figure 1.26. Possible pathways of metal incorporation in MOFs. 144
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and Cr(III) MOF single crystals.152 This method allow to circumvent the 
kinetic inertness of Cr(III), and at the same time represent a soft method 
that avoid the partial collapse of the framework due to the acidity of 
chromium(III) salts. 

Ligand-based post-synthetic modifications (Figure 1.27) gathered the 
most diverse forms of PSMs, which consist on the modification, ins-
tallation, exchange, removal of ligands in the MOF and post-synthetic 
polymerization. These PSMs are based on the formation of new cova-
lent bonds, usually in the organic ligand of the MOFs, although it could 
also occur in the secondary building units (SBUs). 

They have proven to be a good option to introduce organic ligands and/
or functionalities in MOFs, which have allowed to modify not only the 
structural dimensionality as well as its ability to bind with metal cen-
ters, but also the properties of the resulting MOFs, and consequently 
their application field. A special form of post-synthetic modification is 
post-synthetic deprotection. This is based on the formation of MOFs 
with organic linkers that have protected functional groups and after its 
synthesis, the protecting groups are removed.
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1.5. MOFs Post-Synthetic modifications (PSMs)

Figure 1.27. Possible pathways of ligand-based post-synthetic modifications in 
MOFs: ligand exchange (top), ligand installation (middle) and ligand removal (bo-
ttom). 144

Ligand modification of MOFs accounts for the incorporation of novel 
functionalities in non-functionalize MOFs and the chemical transfor-
mation of existing ones. Here, special care has to be taken in the synthe-
tic procedure applied to avoid structural collapse. For example, the new 
functional groups can act as adsorption sites for various target molecu-
les. This is exemplified on the grafting of molecules into the ZIF-90, 
leading to a structure with a pyrimidine-thione fragment which is active 
toward the Hg2+ adsorption. 153
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Solvent-assisted linker incorporation (SALI) is a process consisting on 
the integration of new struts in a preformed MOF. SALI takes advanta-
ge of the defect sites and porosity of the original structure to build new 
features, especially for tailored applications. Several MOFs have been 
successfully modified using this approach by Hupp and coworkers.154 
For example, by electropolymerizing the polythiophene molecules on 
the walls of NU-1000, a semiconducting material was produced wi-
thout compromising the superior porosity of the original MOF. In the 
same way, ferrocene-functionalised ligands, which act as redox shuttle 
species, have also been incorporated into the same scaffold and were 
used as a thin-film coating for the electrodes, which shows activity near 
the ferrocenium/ferrocene redox potential. Other groups have taken ad-
vantage of this approach for the obtention of multivariate and multi-
component MOFs.155 This is illustrated with PCN-700, a 8-connected 
Zr6 MOF with inherent missing linker sites and bcu topology, where up 
to three different functionalities have been incorporated by means of 
installing selected dicarboxylic acids. The new linkers replace the ter-
minal OH−/H2O ligands of adjacent Zr6O4(OH)8(H2O)4 clusters to get 
assimilated into the structure in an SCSC manner. Interestingly, it was 
observed in the resulting multicomponent MOF that the network com-
plexity is translated in improved functionality respect the pristine MOF.

Solvent-assisted ligand exchange (SALE) is another useful strategy for 
obtaining MOFs with ligands that could not form frameworks in-situ. 
The rate of exchange and the factors affecting it are the object of study 
in this field. One of the factors is the pKa values of the incoming and 
outgoing ligands. Thus, it appears that the kinetic rate of exchange can 
be enhanced with increasing acidity of the incoming ligands. An illus-
trative example of this type of PSM is the N1,N3-di (pyridine-4-yl) 
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malonamide linker (S) which does not easily enter into the structure 
during the synthesis of MOFs. Ali Morsali et al. designed amide-func-
tionalized benzene-core ligand derivatives as linkers to obtain [Co(oba)
(bpta)]·(DMF)2 TMU-50 and [Co2(oba)2(bpfn)]·(DMF)2.5 TMU-51, 
which can catalyze the methanolysis reaction of epoxides. To increa-
se the MOF catalytic efficiency, they designed the N1,N3-di (pyridi-
ne-4-yl) malonamide linker (S) as a malonamide ligand, which contains 
acidic hydrogen that is suitable for catalyzing an epoxide ring-opening 
reaction. But the MOF synthesis with this linker was not successful, 
so they designed new structures by incorporating different percenta-
ges of S linkers by exchanging the acylamide functional group with 
malonamide via the SALE pathway. The acylamide functional group 
was successfully replaced and produced daughter MOFs TMU-50S and 
TMU-51S eficientes to catalize the target reaction.156

Usually, this ligand exchange is partially, which inherently induce the 
formation of heterogenous and complex materials, as with SALI. Ter-
minal ligands removal is a simple approach for creating defective fra-
meworks in several robust MOF scaffolds, which in turn offer the pos-
sibility to tune and improve MOF properties.157 Recently, other PSM 
have been applied to try to control the number of defects at MOFs, 
based on ligand removal/labilization.158 This approach consists on the 
use of a MOF with a pro-labile ligand and a non-labile ligand, and whe-
re pro-labile ligand is subsequently cleaved into several parts to get the 
defective MOF. Among them, a recent example is the ozonization of 
mixed-ligand Zr-fcu-MOFs based on organic ligand pairs. Here Da-
niel Maspoch et al. obtained one ligand that has ozone-cleavable olefin 
bonds and the other ligand is ozone-resistant, they could selectively 
break the cleavable ligand via ozonolysis to trigger the fusion of micro-
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pores into mesopores within the MOF framework. This solid-gas pha-
se method was performed at room-temperature, and, depending on the 
cleavable ligand used, the resultant ligand-fragments could be removed 
from the ozonated MOF by either washing or sublimation.159 Another 
one, is the reported by Zhou et al.160 with PCN-100, a multicomponent 
MOF constructed with the ligand AZDC (azobenzene-4,4′-dicarboxyla-
te) and the pro-labile linker CBAB (4-carboxybenzylidene-4-amino-
benzate), which has similar length and connectivity that AZDC. In this 
study it is reported that once the MOF is assembled with both ligands, 
CBAB was severed into 4-amino benzoic acid and 4-formylbenzoic 
acid by acid hydrolysis, removed from the framework by washing, whi-
le the MOF network retain the structural integrity. 

Post-synthetic polymerization (PSP) at MOFs, focused on MOFs trans-
formations into polymer materials or into polymer-MOF composites. 
This modification could be carried out, for example, by means of multi-
ple organic reactions to connect the ligands buildings the MOFs within 
each other or by the growth of a polymer on the surface or within the 
channels of a MOF. Recent work has demonstrated that polymers can 
enhance MOF stability and even improve other important properties 
like electrical conductivity. In addition, in other studies have been re-
ported how the addition of external polymer coatings or the insertion 
or grafting of polymer species inside the MOF pores can lead to noti-
ceable performance enhancement in a variety of applications including 
water treatment, catalysis, small molecule adsorption/separation, small 
molecule/ion sensing, and bio-delivery.161An important work reported 
recently describes the formation of a cross-linked polymer-MOF com-
posite, with a uniform distribution of MOFs over the polymer, by the 
replacement of some initial ligands (such as 1,4-benzene dicarboxylic 
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acid, BDC) on the MOF surface with a polymeric ligand (polyamic 
acid).162

The simultaneous exchange of the inorganic and organic part on a MOF 
represents the highest level of complexity of post-synthetic methodolo-
gies. This can lead to a total makeover of a MOF material. But it requi-
res a careful chemical design and it is quite time-consuming to find the 
optimal conditions. This degree of complexity makes this subclass of 
PSMs do not have so many examples. However, the existence of some 
of them represent in itself strong evidence of the potential of MOFs 
to create highly heterogenous and complex materials while retaining 
the order. An elegant example is the SCSC transformation of the MOF 
Zn4O(PyC)3 (PyC = 4-pyrazolecarboxylate) to a defective framework 
by the elimination of both Zn2+ ions and PyC ligands and the successive 
incorporation of a different metal ion and organic linker.163 

The last part of the classification is constituted by guest-based PSM in 
MOFs (Figure 1.28), 164  which are non-covalent post-synthetic trans-
formations, which include the introduction or exchange of guest mo-
lecules hosted in the pores by diffusion. This is applied for the growth 
or encapsulation of metal nanoparticles and clusters, or in the case of 
anionic MOFs, exchange of extra-framework charge balancing cations 
by cationic metal complexes.

1.5. MOFs Post-Synthetic modifications (PSMs)

Figure 1.28. Possible pathways of guest-based PSM in MOFs. 144



94

As stated in the section on porosity (Section 1.3.1.), this MOF property 
is widely celebrated. The pores of MOFs used to be occupied by various 
guest molecules such as solvents, ions (cations/anions), and molecules 
generated during the synthesis. The guest molecules can be replaced or 
removed by diverse methods to introduce new and exciting properties 
to the MOF structure.

The exchange of cations, located as extra-framework ions, is thermod-
ynamically and kinetically feasible. For the active exchange of cations, 
the framework needs to be anionic. There are works that have shown 
the Mn(II) ions, present in the pores, were replaced by several other 
metal ions, generating stable frameworks with high H2 adsorption. The 
enhanced binding of H2 is attributed to the presence of the improved 
electrostatic field in the cavity of the framework.

The exchange of anions is more complicated and sometimes the use of 
dilute acids is involved. There is an interesting work where the modu-
lator formate ions are exchanged with chloride and sulfate ions emplo-
ying dilute acids in which the product MOF functions as a catalyst for 
esterification reactions have been reported.

The guest inclusions inside the MOF structure are a good strategy of 
PSM that opens an opportunity for an application, or it does so after an 
alteration. The guest molecules can be either solvent or reactive mo-
lecules. In a nanoporous MOF, the exchange of DMF molecules by 
solvents such as methanol, ethanol, propanol, benzene, or I2 changes its 
magnetic properties. When 7,7,8,8-tetracyanoquinodimethane (TCNQ) 
molecule, derived from a porphyrin ligand, in a 2D MOF suffers a sol-
vent replacement their electrical conductivity is enhanced with respect 
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to starting framework. The guest inclusion, followed by an alteration of 
the guest, also generates better quality MOFs for precise applications.  
A ninefold increase in the electrical conductivity of a cadmium-based 
MOF was reported when redox-active pyrrole monomers were intro-
duced into the nanochannels and subjected to oxidative polymerization 
by I2.

1.6. MOFs Applications

At the end of the last century, MOFs emerged with great impact and 
constituted a new family in the field of porous materials. As stated in 
section 1.1., MOFs research was driven by the research groups of Rob-
son and Hoskins –which initially named them as porous coordination 
polymers, PCPs– and later by Yaghi, Ferey, Kitagawa and others, the 
first of which coined them as MOFs. The interest in MOFs comes from 
their crystallinity and their high and regular porosity, which provides 
them with exceptional chemical and physical properties165-168suitable 
for applications in many different fields (Figure 1.29). 

Initially, due to their porosity and metal sites accessibility, they were 
explored for adsorption of different gases169,170 and catalytic applica-
tions171,172  Currently, these two applications continue to be the most in-
vestigated ones. However, other developed, but promising applications 
have also been developed, such as ion exchange, drug transport and 
delivery, sensor technology, luminescence, non-linear optics, magne-
tism,173,174 ferroelectricity, conductivity, water remediation175-180 among 
others. In addition, due to their unique intrinsic properties, they have 
also been used as chemical nanoreactors, templating the growth of na-
noparticles and constructing small metal clusters. Thus, acting as hosts 
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for a wide variety of guest molecules due to their large functional chan-
nels/pores.

Figure 1.29. Research areas for MOFs from citation network analysis.180

1.6.1. Gas storage and separation

Gas storage and separation are one of the most visible and studied appli-
cations in MOFs due to the dimensionality and tunability of the pores. 
The high porosity and large surface areas of MOF allowed Kitagawa, 
in 1997, to open the way for the search for materials able to store gases 
with the introduction at high pressures of methane in a coordination 
polymer.181
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MOFs gas capture is based on the specific interactions that are establi-
shed between the adsorbed gases and MOFs channels, as consequence 
of their particular pore shapes, sizes, and chemical environments. In 
this sense, the control on the MOFs pore size allows the exclusion of 
gases by molecular size. The exclusion/recognition and selective up-
take of gases are also determined by the functionalities decorating the 
pores sites182,183, as well as by the shape of the pores. 

The uptake and storage of gases is an application that can be extended 
to areas such as sustainable energy, environmental (removal of pollu-
tants), and health-related. For the area of energy, it is important the use 
of MOFs as intermediaries in the generation of clean energies. MOFs 
have shown as efficient materials in controlled capture and release 
processes of gases such as hydrogen (H2), methane (CH4) and carbon 
dioxide (CO2) or, in gas separation184,185  as for example CO2 from CH4 
in natural gas, and olefins from paraffins. The importance of H2 and 
CH4 capture and release resides in its use as an alternative to fuel oil 
(with declining stocks). While CO2 sequestration helps to reduce the 
environmental impact of the greenhouse effect186-189. In addition, MOFs 
have shown remarkable capture properties for toxic industrial chemi-
cals such as NH3 and H2S, volatile organic compounds such as benzene 
and xylenes, and environmentally hazardous gases such as NOx, SOx, 
CO and CO2, MOFs also capture chemical warfare agents.

Molecular separations are based on thermodynamic, kinetic, conforma-
tional or molecular exclusion factors. It is considered thermodynamic if 
the separation of two or more components is produced by the differen-
ces in affinity between adsorbates and MOFs. For example, in different 
MOFs it has been observed that CO2 interact more efficiently than CH4, 
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N2 or C2H2, which facilitates CO2 sequestration and separation form 
the rest of gases. Figure 1.30 shows the CO2 permeability of different 
known MOFs.190 The kinetic separation is produced when there are di-
fferences in diffusivity of the adsorbate molecules. This ability or diffi-
culty of molecules to move along the MOFs channels can be found in 
molecules that display similar size and functionality, such as hydrocar-
bons. Separation based on steric effects that depend on the efficient pac-
king in a pore is considered conformational separation. This has been 
observed in olefins/paraffins separations. Last of all, separation based 
on molecular exclusion permits a full-size exclusion of one component 
from others according to pore aperture size and shape.

Figure 1.30. Comparison of the H2/CO2 separation performances of early MOF mem-
branes with polymeric membranes.190
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1.6.2. Biomedicine

One of the main applications of MOFs in biomedicine is their use as 
drug carriers, which somehow is closely related to the first-named 
application. In this case their high and regular porosity, organic groups 
within their networks, hydrophilic-hydrophobic cavities and tunable 
host-guest properties are used to achieve high drug loading as well as 
its controlled release. This allows solving problems that some thera-
peutic molecules present, such as instability in biological media and 
low solubility, among others. Additionally, the well-defined crystalline 
structures of MOFs, characterizable by SCXRD, allow to obtain unique 
snapshots of the main interactions behind the drug insertion, and in an 
indirect manner of the release process.

The first example of a MOF for biomedical application appeared more 
than a decade before, as drug carrier. Horcajada and co-workers, pro-
posed the use of MOF nanoparticles for drug delivery191,192 specifically, 
Cr-based MIL-100 and MIL-101 (Figure 1.31, left). They demonstrated 
that it was possible to adsorb the anti-inflammatory molecule ibuprofen 
into the large porosities of these MOF structures, showing extremely 
high drug storage capacities –up to 1.4 g of drug per gram of MIL-101. 
In addition, they showed their controlled release under physiological 
conditions, using simulated body fluid, 3 days for MIL-100 and up to 
six days in MIL-101 (Figure 1.31, right).
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Figure 1.31. Obtention (top) and sustained release (bottom) of ibuprofen under phy-
siological conditions from MIL-100(Cr) and MIL-101(Cr).193

Another biomedical application of MOFs is their use for contrast 
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imaging. This requires the use of nanoscale metal-organic framewor-
ks (NMOFs) to been able to cross the cellular membranes. Different 
approaches have been followed to this application, starting with the 
simplest one where the inorganic part or the organic linker are behind 
the property, going through the encapsulated guest species and ending 
with a combination of both of them.194 Related to this application is 
the use of MOFs with nanoparticles of paramagnetic metals as contrast 
agents for magnetic resonance (MR) imaging.195 

Besides MOFs goodness in a particular biomedical application, it is 
important their constituents have biologically friendly character. In this 
context, metals such as calcium, magnesium, and to a lesser extent, zinc 
and iron would be appropriate. Respect the organic linker, the most fa-
vourable are the ones derived from biomolecules, such as amino acids, 
sugars and peptides. For all these mentioned biomedical uses, MOFs 
must be adapted as a dosimetric release material that can take the form 
of pellets, films or stable solutions of nanoparticles, among others. At 
this respect, it is worthy to mention that the structuration of MOFs has 
advanced considerably during the last years, which apart from being 
beneficial for biomedical applications is equally important in all the 
others applications of MOFs.

1.6.3. Photoluminescent sensors

The rich host-guest chemistry MOFs exhibited is consequence of the 
great level of tunability of their structure, where a wide variety of orga-
nic linkers and metal nodes can be used in order to increase sensitivity 
and selectivity towards certain analytes. MOFs could be used directly 
as a functional sensing element or as an auxiliary filtering element. At 
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this respect, MOFs are useful in a wide range of areas as chemical sen-
sors and adsorbents for environmental monitoring, occupational safety, 
medical diagnostics, chemical threat detection, quality controlling or 
industrial process management. In addition, it is important to highlight 
that their porous nature, besides to selectively capturing the analyte, 
allows to adsorb and pre-concentrate the analytes at the sensor, which 
increases host-guest interactions and improves sensing performance. 
Here, it is worth to note that to be useful MOF-based sensors, MOFs 
must be selective, sensitive, stable, reusable, and have adequate respon-
se times. 

The most studied types of MOF sensors are based on photolumines-
cence due to the quick and easy colorimetric response to stimuli, so 
the signal can be recognised easily either by eyes or by fluorescence 
spectrometers196. The luminescence can arise from their organic linkers 
(generally aromatic or conjugated organic compounds), metal ions (ge-
nerally d10 transition metals or lanthanoid metal ions), guest molecules 
and a combination of them. As the organic ligands are part of the ne-
twork, they have restricted mobility, and as consequence, the nonra-
dioactive relaxation caused by the free rotation and vibration of the 
ligand can be reduced, improving the quantum efficiency of the system. 
In the case of the guest molecules, which can either be emitters or sen-
sitizers, they can alter their own emission properties and the ones of the 
host molecules, resulting in changes that can be detected in their emis-
sion profiles such as displacements of wavelength, changes in intensity, 
or a completely different emission. 

The efficiency and versatility of luminescent MOFs based sensors have 
been demonstrated with the detection of different analytes such as ions, 
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volatile organic compounds (VOCs), explosives, biomolecules, toxic 
species, gas, humidity, temperature or pH. Also, it has been used for the 
detection of mercury(II), which is considered as one of the most toxic 
and hazardous metal. Bioaccumulation of mercury in the food chain has 
led to several fatal diseases in humans. That is why several researchers 
have located their studies on obtaining MOF-based sensory probes for 
the detection of this toxic water pollutant. In a very nice work, it was re-
ported an efficient chemosensor for Hg2+ ions in a water medium based 
on a functionalized MOF, UiO-66@butyne (isoreticular with UiO-66), 
featuring an active butyne functionality (Figure 1.32, left). In this study, 
the researchers found, the luminescence quenching process involved 
an oxymercuration reaction-based chemodosimetric pathway with high 
sensitivity and good selectivity in the presence of interfering metal ca-
tions (Figure 1.32, right).
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Figure 1.32. Schematic representation for the plausible mechanism of Hg2+ ion 
sensing with UiO-66@butyne (left) and fluorescence quenching of UiO-66@butyne 
upon the addition of Hg2+ ion solution in water (right).197 
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1.6.4. Magnetism 

Magnetic MOFs represent an exciting class of multifunctional materials 
in which magnetic properties coexist with porosity. This make of them 
ideal candidates to be used as magnetic sensors, molecular magnets or 
to carry out magnetic separations. Despite being highly challenging, the 
magnetic properties of MOFs can be tuned by modifiying/exchanging 
the organic ligands that act as linkers between the paramagnetic metal 
centers, and thus the magnetic interaction, acting directly over the mag-
netic centers and by guest inclusion within MOFs channels. 

Depending on the class of exhibited magnetic properties, MOFs can 
be classified, mainly, into four types (Figure 1.33): (i) porous magnets, 
where magnetic exchange through the ligands led to a MOF with a 
magnetic order, (ii) spin-crossover MOFs, where the nodes have suita-
ble coordination environments for this phenomenon to exist, (iii) MOFs 
with slow magnetic relaxation, where the nodes are single metal ions or 
SBUs possessing an anisotropic spin ground state; with single-molecu-
le magnet behaviour, and (iv) MOFs with magneto-caloric effect, where 
the nodes are SBUs possessing an isotropic spin ground state. 

1.6. MOFs Applications

Figure 1.33.  Schematic representation of the different strategies to incorporate mag-
netic functionalities into MOFs: (a) magnetic exchange via the ligands; (b) spin-cros-
sover at the nodes; (c) MOFs with magnetic clusters in the nodes (anisotropic spin for 
SMM, isotropic spin for magnetocaloric).198
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Here, it is important to note that the magnetic interactions, their sign 
and the strength, depend on both the nature and coordination environ-
ment of the magnetic carriers. Indeed, coexistence between porosity 
and magnetism in MOFs requires a design counterpart because whe-
reas magnetic exchange interactions require short distances between 
the metal centres, which are most commonly the spin carriers, porosity 
is typically favoured with the use of long linkers, which are often too 
long for efficient magnetic exchange. Thus, to combine both properties, 
diverse synthetic strategies have been used in literature: (i) short linkers 
(i.e. cyanides, azolates, and lactates) combined  with longer linkers that 
can provide large pore apertures, (ii) preformed complexes such as me-
talloligands, and (iii) radical ligands.

An example of magnetic MOF is Co(imidazolate)2 (Figure 1.34, left), 
where imidazolate can form strong and directional coordination bonds 
serving as bridges between metal ions. Despite the short nature of the 
linker, a highly porous solid Despite imidazolates transmit antiferro-
magnetic couplings between CoII ions (Figure 1.34, right), the uncom-
pensated antiferromagnetic couplings that result from non-centrosym-
metric structures produced weak ferromagnets due to spin-canting. 189

1. Introduction

Figure 1.34. (a) Crystal structure of Co(imidazolate)2; (b) plots of temperature de-
pendence of χM and χMT for Co(imidazolate)2 measured at a field of 10 kOe (left).199
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Hofmann-type MOF {Fe(bpb)[MII(CN)4]}·xGuest (bpb = bis(4-pyrid-
yl) is a representative example of Spin-crossover (SCO) MOF.200  
Such system shows a characteristic transition between FeII high-spin 
a low-spin near room temperature, which is affected by the adsorption 
of guest molecules (gases, solvents, halogens, and organic molecules) 
through host-guest interactions.

The magnetic behaviour of MOFs can be produced by the presence 
of single-molecule magnets (SMMs) or single ion magnets (SIMs) as 
constituting inorganic part or in the organic nodes, producing a slow 
relaxation of the magnetization at low temperatures. Also, preformed 
SMMS/SIMs can be encapsulated as guests, where it has been obser-
ved a change in their magnetic properties due to confinement effects 
within MOFs channels.201 Polynuclear clusters with a high magnetic 
anisotropy, normally constituted SMMs, while SIMs are usually based 
on lanthanides or transition metals. The latter ones have the advantage 
that they can combine huge magnetic anisotropies with strong quantum 
effects. A beautiful example of Single-Molecule Magnets (SMMs) is 
the incorporation of the nanostructuration Mn3 into mesoporous alumi-
num-based metal-organic framework (MOF) [Al(OH)(SDC)]n (H2S-
DC  =  4,4′-stilbenedicarboxylic acid),  known as CYCU-3.202 

1.6.5. Catalysis

Catalyst are materials characterised by increase the rate of a chemical 
reaction without its consumption during the reaction. They can be clas-
sified by function of the physical phase of the catalyst and the reactants: 
(i) homogeneous when they are in the same physical phase, and (ii) he-
terogeneous when they are in different phases, where normally the re-

1.6. MOFs Applications
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actants are in the gas or solution phase and the catalyst in a solid phase.
The chemical industry relies on catalytic processes, usually using he-
terogeneous catalysts, because they offer many advantages over homo-
geneous catalysts, such as the ability to separate catalysts from reaction 
products, the capability of applying them to continuous-flow processes, 
and the ease of recycling them (often by simply heating in the presence 
of air or hydrogen). 203

The multiple opportunities of MOFs to create one or more active ca-
talytic sites within the pores made of catalysis, since the early ages of 
MOFs, an important application to be explored. Indeed, due to their abi-
lity to remain intact during catalytic processes204 and their confinement 
capacity, MOFs show promise for heterogeneous catalysis in industrial 
applications, as they can be recycled and reused several times, showing 
economically and environmentally advantageous properties for indus-
tries as compared to homogeneous catalysts.

Metal centers (as node points) and ligands (as skeletons) are MOFs 
constituents. But, also can act as catalytic centers, if metal ions have 
available active positions and/or ligands have active functional groups 
for catalysis.205 Open metal sites in the framework can be generated 
by removing guest solvent molecules coordinated to these metal cen-
tres without collapse of the structures, getting unsaturated coordination 
environments, to be utilized as active catalyst sites. Many MOFs have 
been obtained with open metal sites, such as MOF-11, HKUST-1, MIL-
100, MIL-101 and UiO-66- and they can be used as mild Lewis acids. 
In addition, catalytically active organic functional groups can be incor-
porated using the open metal sites as anchoring points by PSM. The 
active organic functional groups from ligands of the MOF or anchored 
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to the metal centres, have reveal as versatile catalyst as can act as either 
Lewis acids or bases, as well as be active species for anchoring meta-
llic catalyst. An example of this is MIL-101 (Cr) functionalized with 
ethylenediamine, where the free amine group immobilizes palladium 
nanoparticles to be applied in coupling reactions. Also, if chiral organic 
ligands are incorporated into a MOF structure, the MOF is endowed 
with chiral centers with the capacity to do asymmetric catalysis.

Besides these options, MOFs can exhibit catalytic activity by incorpo-
rating active guest species in their pores, such as complexes or inor-
ganic nanoparticles. Finally, MOFs can also serve as templates for the 
preparation of catalytically active nanoclusters (NCs) and nanoparticles 
(NPs) through the use of post-synthetic methods (PSMs). This last op-
tion represents the investigated central core of the works constituting 
my PhD thesis.

Examples of catalytic MOFs are NH2-UMCM-1 and NH2-MOF-5 (top 
of Figure 1.35), which were used for the formation of C-C bonds ba-
sed on the Morita–Baylis–Hillman reaction. In this work, the authors 
were able to identify the expected triphenylphosphonium intermediate 
trapped inside the pore and proposed a concerted mechanism (bottom 
of Figure 1.35), where the active intermediate interacts with the amino 
functional groups decorating the pore surface forming stable noncova-
lent interactions. Also, they found the three phenyl groups of the trapped 
intermediate cause significant steric hindrance, while conformational 
freedom is limited by the MOF. Thus, the tetrahedral configuration of 
the phosphonium moiety is distorted, opening the door for a comple-
tely unprecedented electrophilic attack and leading to an unexpected 
aldol-Tischenko product (bottom of Figure 1.35).

1.6. MOFs Applications



110

Figure 1.35. Top: Crystal structures of NH2-UMCM-1 (left) and NH2-MOF-5 (right). 
Bottom: Diverging reaction pathways from a common triphenylphosphonium inter-
mediate in the presence and absence of MOF.206

Relevantly, control experiments show that this result cannot be achie-
ved with homogeneous catalysts. Indeed, the most interesting aspect of 
this work is that the selectivity-switch by confinement is observed only 
with some MOF topologies. Like the ones UMCM-1 and NH2-MOF-5 
that can impose the necessary geometric constraints, but also bear the 
chemical functionalities necessary to stabilize the reactive intermedia-
te. This work represents a splendid example of the correlation between 
pore environment (geometry and functional groups) and reaction pa-
thway.

1. Introduction
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1.7. MOFs development within the research 
line of our group

In this thesis, we have focused on oxamate- and oxamidate-based MOFs 
build up following the metalloligand design strategy, where preformed 
complexes are used as metalloligands toward transition metals, and 
alkaline earth metals to assembly the target MOF During the last years, 
our group have treasured a wide knowledge about using oxamate and 
oxamidate-based ligands to build, in the first days, magnetic coordina-
tion polymers and MOFs, and later on by tuning pores functionalities, 
MOFs with such diverse applications207   as chemical reactors, catalysis, 
gas adsorption and water remediation.

Oxamate (Figure 1.36a) and oxamidate (Figure 1.36b) dianions can 
adopt bidentate and bis(bidentate) coordination modes in metallic com-
plexes to obtain mono- (Figure 1.36c) and dinuclear complexes (Figure 
1.36d). These metalloligands have high stability in solution, as direct 
consequence of the strong-donating capacity of the N,O-oxamate and 
N,N-oxamidate groups208 and their coordination affinity towards the di-
valent metal ions of the first transition series (CuII, NiII and CoII). In 
addition, they present free carbonyl-oxygen atoms capable of binding 
other divalent transition or alkaline earth metal ions (SrII, CaII and BaII), 
enabling the formation of stable and robust heterobimetallic MOFs. 
209,210

Figure 1.36. Oxamate (a) and oxamidate dianions (b); mono- (c) and dincuclear com-
plexes (d).
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Figure 1.37. Some oxamato and oxamidato copper(II) precursors used by the groups 
of Kahn, Journaux and Lloret. a) [Cu(pba)]2- (pba =N,N’-1,3-propylenebis(oxamato) 
b) [Cu(opba)] 2- (opba =N,N’-1,2-phenylenebis(oxamato) and c) [Cu(bapo)] 2- (bapo 
= N,N’- bis(oxamatos-1,3-propylene)oxamido.

The interest in oxamate-based mono- and dinuclear CuII complexes 
could be said to have started in 1986 by the group led by O. Kahn.211 

This work being somehow inspired in the publication of Nonoyama 
and co-workers about N-monosubstituted oxamide derivates coordina-
ting with CuII and NiII to design polymetallic systems with predictable 
molecular magnetics properties.212 Later on, Journaux´s and Lloret’s 
groups further extended Kahn’ group knowledge to oxamidato comple-
xes, using aliphatic and aromatic group-substituted bis(oxamato)- and 
bis(oxamidato)-copper(II) complexes as metalloligands (Figure 1.37). 
These metalloligands were linked to other metal ions in such a way that 
they could obtain molecule based-magnets with crescent dimensionali-
ty, and allowing to move l TC towards higher temperatures.

Then, different mono-, di-, and trinuclear complexes were obtained 
from a wide variety of N-substituted aromatic oligo(oxamate) ligands 
(Figure 1.38).213-216 The development of oxamato/oxamidato bridged 
polymetallic complexes as metalloligands have helped our group to ob-
tain a wide variety of magnetic materials, as well as unlocked multiple 
functionalities to these materials.

1. Introduction
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1.7. MOFs development within the research line of our group

Figure 1.38. a) Mononuclear complex [Cu(Et2pma)2]
2−  (Et2pma =N-2,6-diethyl-

phenyloxamate) (top) and perspective view of coordination polymer (n-Bu4N)4[M-
n4Cu6(Et2pma)12]·DMSO·10H2O (bottom) 217, b) dinuclear complex [Cu2(mp-
ba)2]

4− (mpba=N,N′-1,3-phenylenebis(oxamate)) and its corresponding MOF 
[Na(H2O)4]4[Mn4{Cu2(mpba)2(H2O)4}3]·56.5H2O 218, and c) trinuclear cobalt(III) 
complex [Co3(dabtzox)3]

6–  (dabtzox=N,N′-2,2′-(4,4′-bithiazole)bis(oxamate)) and its 
corresponding MOF K6Co3(dabtzox)3·8H2O·MeOH. 219

So, when we have used dianionic oxamatos-containing mononuclear 
copper(II) complexes, [CuL2]

2-, as bis(bidentate) metalloligands toward 
transition metal cations in a 1:1 ratio, heterobimetallic one-dimensional 
chains have been built. However, also high dimensionality compounds 
(2D and 3D) was possible to be obtained if we play with the meta-
lloligand:transition metal ratio and the influence of the length of the 
alkyl-substituents in the aromatic ring of oxamate ligands. In the case 
of anionic dinuclear copper(II) complexes, [Cu2L2]4-, with π-conjuga-
ted phenylene spacers, as tetrakis(bidentate) metalloligand towards M2+ 
ion, our group have reported bidimensional (2D) and tridimensional 
(3D) magnetic MOFs.
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Our research group, led by Emilio Pardo and Jesús Ferrando Soria, has 
followed this line of research by exploiting the chemistry of oxamate 
complexes to the maximum. My work focuses on two distinct families 
of MOFs, on the basis of the starting ligand, one based in oxamidate 
ligands derived from chiral amino acids and the other where the organic 
ligand are oxamate-derived from aromatic amines, and the application 
on them of PSMs to endow the resulting MOFs with interesting ca-
talytic properties.

Firstly, we focus in MOFs obtained from oxamates and aromatic amines, 
specifically 2,4,6-trimethyl-1,3-phenylenediamine, that lead to highly 
robust and crystalline structures. Following a previously reported me-
thod,220 an equivalent of the initial compound 2,4,6-trimethyl-m-phen-
ylenediamine, with two active amino groups, can react with two equi-
valents of ethyl chlorooxoacetate in THF at 0 °C, to led after one hour 
of reflux, to the organic proligand 2,4,6-trimethyl-N,N’-1,3-phenyle-
nebis(oxamate), called H2Et2Me3mpba. The dicopper(II) metalloli-
gand NaI

4[CuII
2(Me3mpba)2] · 4H2O is obtained by the slow addition 

of cooper nitrate over the proligand in an aqueous basic environment. 
Then, adding dropwise a second metal ion, magnesium, over dinuclear 
precursor in neutral aqueous medium, polycrystalline powder of MgI-

I
2{MgII

4[CuII
2(Me3mpba)2]3} · 45 H2O (Mg2+@CuNi-Me3mpba) is ob-

tained, which consist in an anionic bimetallic [Cu6
IIMg4II]2- ordered po-

rous framework together with water and magnesium ions hosted in the 
pores. The obtention of bright-green tiny single-crystals of this MOF is 
achieved by H-shaped tube. Figure 1.39 show the MOF synthetic route.

1. Introduction
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In the formation of MOFs, several parameters are involved, such as 
nature and coordination preferences of metal ions, nature of the coun-
ter anion, metal-to-ligand ratio and flexibility of the organic building 
blocks. The possibility to perform post-synthetic ion exchange is one of 
the interesting properties of anionic or cationic MOFs that do not have 
neutral frameworks. 

Metal exchange is a powerful approach to obtain novel functional mate-
rials and can involve metal nodes and/or countercations residing within 
MOFs cavity. In the presented example, dicopper metalloligands (NaI

4[-
CuII

2(Me3mpba)2]) are the “blocks” that are linked by a divalent metal 
(Mg2+). Here it is worthy to clarify that when we refer about transme-
tallation we mean that all magnesium (nodes and countercations) is re-
placed, while copper remain in the framework. When we used the term 
insertion, we mean exchange of only metal hosted in the pores.

In this context, transmetallation and metal-exchange have been used to 
introduce or improve physical properties on preformed MOFs. 221-226 For 
example, transmetallation of Mg2+@CuNi-Me3mpba with nickel(II), 
by prolonged immersión of that MOF in a NiNO3 solution, lead to ob-
tain the MOF of formula NiII

2{NiII
4[CuII

2(Me3mpba)2]3}·54H2O (Ni2+@
CuNi-Me3mpba)227, Figure 1.40. Due to the substitution of diamagne-

1.7. MOFs development within the research line of our group

Figure 1.39. MgII2{MgII4[CuII2(Me3mpba)2]3} · 45 H2O MOF’s Synthetic route
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Figure 1.40. Transmetallation of MgII
2{MgII

4[CuII
2(Me3mpba)2]3} · 45 H2O to NiII

2{-
NiII

4[CuII
2(Me3mpba)2]3}·54H2O with NiNO3.

228

tic MgII ions by paramagnetic NiII ions, it was observed the occurrence 
of a long-range magnetic ordering in Ni2+@CuNi-Me3mpba, and an 
improvement of the structural stability, cristallinity and porosity res-
pect the pristine magnesium MOF. This transmetallation process was 
monitored by scanning electron microscopy-energy dispersive X-ray 
analizer (SEM-EDAX), showing there are two steps: the substitution of 
those metal ions hosted in pores and the replacement of the ones buil-
ding the coordination network.

Later on, based on the improved physical properties of Ni2+@Cu-
Ni-Me3mpba, it was explored the use of this MOF as starting material 
to obtain other functional MOFs by the cation exchange of the nickel 
atoms present in the pores with other metal ions, such as Sr2+, Pt2+, Ag+, 
Pd2+, Fe3+, Au3+, Cu2+ ...The selection of the metal cation used for PSM 
of Ni2+@CuNi-Me3mpba was not arbitrary, it was determined by the 
type of catalytic activity/application that we want to endow our resul-
ting porous material. This process was also monitored by SEM-EDAX, 
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where it is was observed, that the Cu2+:Ni2+ ratio increases and the Ni2+: 
Mn+ ratio decreases due to the substitution of the nickel(II) ions hosted 
in the channels.

Then, widening the applications of MOFs and taking advantage of the 
highly robust and crystalline nature and rich host-guest chemistry of 
oxamate- and oxamidate-based MOFs, they have been used as chemi-
cal nanoreactors to synthesise species that otherwise would be hardly 
accessible. Oxamato- and oxamidato-based MOFs have shown able to 
resist a wide variety of solvents and conditions, while maintaining their 
structure and crystallinity. Thus, this makes them capable of suffering 
the straight insertion and stabilization of highly reactive catalytic spe-
cies, as well as the step-by-step preparation of functional catalytically 
active species within their confined functional space (Figure 1.41).

1.7. MOFs development within the research line of our group

Figure 1.41. Overview of the three main blocks where MOFs support catalytically 
active species.229
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Figure 1.42. Amino acid structure.

Dealing with the family of MOFs constructed with oxamidate-derived 
amino acids, the intrinsic chirality of asymmetric α-carbon atoms offers 
the possibility of forming in a controlled manner chiral MOFs.

Amino acids are organic compounds formed by carboxyl (-COOH) 
and amine (-NH2) functional groups connected by a carbon called an 
alpha-carbon, Cα. This alpha carbon is also linked to a specific side 
chain (R group) (Figure 1.42), which brings each amino acid a set of 
properties: charge, polarity, aromatic/aliphatic character, etc. Oxamida-
te-derived amino acid MOFs offer also many other advantages, such as 
biocompatibility, stability in water, rich structural diversity, and more 
relevantly, the specific properties offered by the side chain.

1. Introduction

To synthesize disubstituted oxamidate organic ligands, it makes neces-
sary to esterify amino acids previously, and thus, when they are not 
commercially available in the synthetic procedure it has to be added 
this pre-synthetic step, –using thionyl chloride (SOCl2) and methanol 
under N2, firstly, at 0°C to alleviate the temperature produced by this 
exothermic reaction and, then, at 80°C reflux. Then, two equivalents 
of methyl ester derivative react with an equivalent of oxalyl chloride 
to obtain the desired proligand, which reacting with copper(II) chlori-
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de in basic conditions led to the formation of the dinuclear precursor. 
Table 1.3 shows ligands and the respective copper(II) metalloligands 
to obtain MOFs. The interaction between copper precursors, acting 
as metalloligands toward alkaline earth metal ions (Ca2+, Ba2+ o Sr2+) 
led to the assembly of heterobimetallic three-dimensional MOFs with 
functional pores decorated with the residues of the amino acid used to 
form the metalloligand. Figure 1.43 shows the scheme of the synthetic 
route used to obtain these 3D heterobimetallic MOFs. An example is 
the MOF {BaIICuII

6[(S,S) valmox]3(OH)2(CH3OH)6}·6H2O, shown in 
Figure 1.44a, wherein the left side it shows the environment of copper 
metal ions and the residue - CH(CH3)2, and the right one the view of 
the sheets in the ab plane. Alternatively, It has been demonstrated it is 
also possible to obtain 3D homometallic MOFs modifying the pH of the 
copper precursor solution until precipitates, like in the case of the MOF 
CuII

2(S,S)-hismox·5H2O (Figure 1.44b) with only copper nodes and 
histidine-base proligand. These MOFs have been structurally charac-
terized and studied for different applications, such as gas-adsorption, 
pollutants removal, chemical nanoreactors and catalysis. Remarkably, 
it was observed the properties of these MOFs were somehow controlled 
depending on the starter aminoacid R-group, as consequence of the di-
fferent pore size and functionality decorating the channels. 

1.7. MOFs development within the research line of our group

Figure 1.43. Scheme of the synthetic route used to obtain 3D heterobimetallic MOFs
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Figure 1.44. (a) Left, details of coordination mode and environment of copper metal 
ions in {BaIICuII

6[(S,S) valmox]3(OH)2(CH3OH)6}·6H2O; right, view of the sheets in 
ab plane (Cu, green; Ba, blue; methanol molecules, orange; hydroxo oxygen, purple; 
isopropyl chains, yellow; oxygen from ligands, red sticks; nitrogen, blue sticks). (b) 
Left, Perspective view of a fragment of MOF CuII

2(S,S)-hismox·5H2O  in the bc pla-
ne, showing the dinuclear units coordination modes, and right, perspective view of the 
3D open-framework (110 K) along the c axis (the crystallization water molecules are 
omitted for clarity). Color codes: Cu: cyan; O: red; C: gray; N: blue.

Table 1.3. Sintetized ligands and Cu2+  to obtain chiral MOFs.

1. Introduction
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CuII
2(S,S)-hismox·5H2O (Figures 1.44b and 1.45) represent an interes-

ting example of MOF with qtz-e-type topology (due to unidimensio-
nal trapezoidal nanosized channels growing along the [001] direction) 
which exhibits a continuous and reversible breathing behavior, can ad-
sorb CO2, N2, Ar, and C3H6 and can separate efficiently mixtures of 
CO2/N2, CO2/CH4 and C3H8/C3H6. Dealing with water decontamination, 
for example, our group have reported the efficient capture of four dis-
tinct dyes –pironine Y (PY), auramine O (AO), brilliant green (BG) and 
methylene blue (MB)– using the MOF {CaIICuII

6[(S, S)-serimox]3(O-
H)2(H2O)}·39H2O Figure 1.46. 

1.7. MOFs development within the research line of our group

Figure 1.45. Perspective views of the porous structures CuII
2(S,S)-hismox·5H2O de-

termined by single-crystal X-ray diffraction of the host-guest adsorbates containing 
Ar (a, 120 K and 10 bar), N2 (b, 110 K and 7. 4 bar), CO2 (c, 235 K and 9.4 bar) and 
C3H6 (d, 290 K and 7.5 bar). Copper(II) atoms are depicted as spheres and sticks 
whereas ligands are represented as sticks. The guest gases are represented as spheres 
and sticks with surfaces. The host guest interactions are shown in detail (dashed lines) 
in the right side of the porous structures. Color codes: Ar: pink; Cu: cyan; O: red; C: 
gray; N: blue.)
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Figure 1.46. Perspective views in the ab (top) and bc (bottom) planes of the po-
rous structures of {CaIICuII

6[(S, S)-serimox]3(OH)2(H2O)}·39H2O dyes (pironine Y 
(PY), auramine O (AO), brilliant green (BG) y Methilene Blue (MB)) inside MOF: 
PY@{CaIICuII

6[(S,S)-serimox]3(OH)2(H2O)}·15H2O·CH3CN (a), AO@@{CaIICuI-

I
6[(S,S)-serimox]3(OH)2(H2O)}·15H2O·2CH3CN (b), BG@@{CaIICuII

6[(S,S)-seri-
mox]3(OH)2(H2O)}·17H2O·2CH3CN (c) and MB@@{CaIICuII

6[(S,S)-serimox]3(O-
H)2(H2O)}·19H2O (d). The networks are depicted as light grey sticks whereas guest 
organic dyes are represented as red (Pyronin Y), yellow (Auramine O), green (Bri-
lliant green) and blue (Methylene blue) solid surfaces, respectively. Free water solvent 
molecules are omitted for clarity.
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In our group, recently, it has been opened a new research line devoted to 
the obtention of multivariant MOFs (MTV-MOFs), which are characte-
rised by being composed of more than one different metalloligand. This 
was done with the aim of both to increase pore complexity and to obtain 
synergetic effects on the applications as consequence of the coexistence 
of different functional groups (amino acid residues) within the same 
pore. Figure 1.47 show the MTV-MOF assembled from metalloligands 
derived from amino acids L-methionine and L-serine of formula, {CaI-

ICuII
6[(S,S)-methox]1.43−1.46(S,S)-serimox]1.57−1.54(OH)2(H2O)}·30H2O, 

which is able to capture dyes contaminants (PY, AO, BG and MB) and 
heavy metals (Hg2+, Tl+ y Pb2+ in a solution which contain too Cu2+, Ni2+, 
Ca2+, Mg2+, K+, and Na+) simultaneously.

1.7. MOFs development within the research line of our group

Figure 1.47. {CaIICuII
6[(S,S)-methox]1.43−1.46 (S,S)-serimox]1.57−1.54 (OH)2(H2O)} 

·30H2O crystalline structure (left) and the same structure interacting with mer-
cury and Methyl Blue dye (MB)·HgCl2{CaIICuII

6[(S,S)-methox]1.46(S,S)serimox]1.54 

(OH)2(H2O)} ·6H2O[(MB) ·HgCl2@2] (right).

Next, after having made a review of the knowledge that has led us to the 
completion of this thesis. We will continue in later chapters the analysis 
of the new compounds obtained after the PSM produced on the MOF 
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based on the aromatic ligand, discussed in this section 1.7, Ni2+@Cu-
Ni-Me3mpba and the MOF based on the amino acid methylcysteine, 
CuSr-Mecysmox. Both will undergo PSM transmetalation, homo- and 
heterometallic cation exchange, and reduction. These processes will 
lead us to the stabilization of the MOF and the provision of catalytic 
activity through the incorporation of catalytically active metals. The 
reduction will take us one step further in terms of catalytic activity, de-
veloping systems that change their catalytic activity depending on their 
state of aggregation, from the so-called single crystal molecule (SAC) 
to the subNanometer Cluster (SNMC). Finally, a PSM that differs from 
the metallic PSM will be added: the insertion of ligands. These ligands 
will form molecular cages in the confined space of the MOF pores, 
which in its stable form does not present that structural stability during 
its catalysis of specific reactions.

1. Introduction
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2.1. Introduction 

After the information provided in the general introduction (chapter 1), 
it can be anticipated that in this thesis we will work with MOFs based 
on oxamato- and/or oxamidato-based copper(II) secondary building 
units (SBUs) bound to divalent metals giving rise to robust and crysta-
lline structures with ordered pores decorated by functional groups. The 
robustness and crystallinity make them suitable candidates to resist the 
consecutive application of different post-synthetic methods (PSMs), to 
acquire novel functionalities, without losing their crystallinity and in-
tegrity. In the general introduction, I have showed several examples 
describing this methodology. In particular, the MOF with formula MgII

2 

{MgII
4[CuII

2(Me3mpba)2]3} · 45 H2O (Mg2+@CuNi-Me3mpba), is a 
very illustrative example. This MOF –possessing MgII cations in both 
the heterometallic anionic Cu6Mg4

4- framework and also hosted in its 
channels– experiences a double and simultaneous PS processes con-
sisting on a cation exchange of MgII cations located in the pores by 
NiII ones and also a transmetalation of the network, resulting in the 
total substitution of MgII cations and giving rise to the final novel ma-
terial with formula NiII

2{NiII
4[CuII2(Me3mpba)2]3}·54H2O (Ni2+@Cu-

Ni-Me3mpba).

2.1.1. Common PSM in MOFs 

2.1.1.1 Cation exchange
In this subsection of this introduction, I will focus on describing the 
most common PSM1-3  in MOFs, which is the cation exchange4  of me-

POST-SYNTHETIC MODIFICATION OF CATALYTIC 
PROPERTIES BY CATION EXCHANGE IN MOFs
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tal cations situated within their pores. In particular, I have selected a 
quite recent work, in which we reported a solid-state single-crystal to 
single-crystal (SC to SC) cation-exchange of the nickel(II) cations in 
Ni2+@CuNi-Me3mpba5 (see above) with barium(II) cations to afford 
a novel heterotrimetallic Ba2+@CuNi-Me3mpba and increase our 
knowledge on these processes. This PS process consisted in suspending 
Ni2+@CuNi-Me3mpba on a saturated aqueous solution of Ba(NO3)2 for 
48h (for both crystal and powder MOFs) in order to obtain the MOF 
[BaII(H2O)4][BaII(H2O)5]{NiII

4[CuII
2(Me3mpba)2]3} · 58H2O (Ba2+@Cu-

Ni-Me3mpba), which is highly performant in the capture of SO2 from 
the air. 

Figure. 2.1. Perspective view of the 3D anionic network of Ba2+@CuNi-Me3mpba 
along the crystallographic c (a) and b (b) axis showing the pillared square/octagonal 
layer architecture and the site occupation of the channels by the BaII countercations. 
Copper and nickel atoms from the covalent network are represented by cyan and blue 
polyhedra, respectively, whereas barium atoms occupying the channels are depicted 
as orange spheres, respectively. The coordinated water molecules are depicted as red 
spheres whereas the free H2O molecules are omitted for clarify.6

The crystal structure of Ba2+@CuNi-Me3mpba could be determined 
by single-crystal X-ray diffraction and could be compared to the pre-
viously reported Ni2+@CuNi-Me3mpba. Both Ni2+@CuNi-Me3mpba 
and Ba2+@CuNi-Me3mpba are isomorphous and crystallize in the P4/
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mmm space group. Ba2+@CuNi-Me3mpba exhibited a pillared oxama-
to-bridged NiII

4CuII
6 square/octagonal layer architecture growing in the 

ab plane, whose layers are interconnected through the two trimethyl 
substituted m-phenylene spacers constituting the CuII SBUs. This struc-
ture exhibits hydrated BaII counterions occupying the channels toge-
ther with crystallization water molecules (Figures 2.1 and 2). It features 
three types of pores propagating along the c axis: Square-shaped small 
pores with a virtual diameter of ca 0.4 nm and two octagonal-like large 
pores of ca. 1.5 and 2.2 nm, respectively (Figure 2.1a). BaII cations are 
situated in the smaller ones and also in the larger octagonal ones, being 
the former the only ones accessible for gas adsorption.

Figure 2.2. Details of host-guest interactions in Ba2+@CuNi-Me3mpba, showing the 
three crystallographically distinct Ba2+ ions. (a) Direct visualization by crystallogra-
phy of Ba2+ ions detailed environments comprising carbonyl–oxygen atoms from the 
coordination network and water molecules for Ba1 (a), Ba2 (b) and Ba3 (c).
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Figure 2.3. N2/SO2 separation breakthrough curves at 303 K for Ni2+@CuNi-Me3m-
pba (a) and Ba2+@CuNi-Me3mpba (b) using 20 mL min-1 flow of N2/SO2 (97.5/2.5) 
gas mixture at 303 K.

BaII insertion in Ni2+@CuNi-Me3mpba provides it with the capacity 
to capture SO2. 

7-9  This gas has a high impact on global air quality, har-
ming the environment and human health. The current flue-gas desulfu-
rization (FGD), by wet scrubbing with limestone slurry or wet sulphuric 
acid process, requires large amounts of water and further treatment of 
the resultant wastewater10-15 Thus, it is needed the development of novel 
materials able to perform this capture in a more efficient manner. By 
breakthrough experiments of simulated flue-gas we obtained respective 
uptakes for Ni2+@CuNi-Me3mpba and Ba2+@CuNi-Me3mpba, of 2.0 
and 2.5 mmol g-1 at 303 K and low SO2 partial pressure, indicative of an 
improvement of SO2 adsorption upon barium(II) incorporation (Figure 
2.3). Also, we found the adsorption reversibility up to 10 successive ad-
sorption/desorption cycles of SO2. Thus, the macro-scale production of 
Ba2+@CuNi-Me3mpba MOF could lead to a more sustainable disposal 
of this gas, given its SO2 uptake and recyclability. 

Post-synthetic modification of catalytic properties 
by cation exchange in MOFs
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2.1.1.2. Transmetalation
Another illustrative example of how PSMs may originate novel pro-
perties in a given MOF is briefly described hereafter. In particular, 
a new MOF was synthesised using cobalt(III) SBUs with formula 
Na12{Co4(tpatox)4}·6H2O (where tpatox are oxamato-based ligands 
derived from the aromatic amine tris(4-aminophenyl)amine, Figu-
re 2.4a), which further coordinates to Ca2+ to create the diamagnetic 
MOF {CaII 6(H2O)24[CoIII 4(tpatox)4]}·44H2O (Figure 2.4b). In a se-
cond step, the transmetallation of Ca2+ by terbium (Tb3+), dysprosium 
(Dy3+), holmium (Ho3+)16-18or erbium (Er3+) led to the obtention of 
the following MOFs: {[TbIII

6(H2O)24[CoIII
4(tpatox)4]](NO3)6}·49H2O, 

{[DyIII
6(H2O)24[CoIII

4(tpatox)4]](NO3)6}·53H2O, {[HoIII
6(H2O)30[CoIII

4(-
tpatox)4]](NO3)6}·44H2O and ErIII

6(H2O)24[CoIII
4(tpatox)4]](NO3)6} · 

58H2O, respectively (Figure 2.4c). The presence of these cations, to-
gether with the appropriate coordination geometries, resulted on the 
appearance of slow magnetic relaxation effects, typical of single-mole-
cule magnets, for the MOFs with dysprosium and erbium.19 

2.1. Introduction

Figure 2.4. a) Tetranuclear metallogand Na12{Co4(tpatox)4}·6H2O [Co4(tpatox)4]
12−, 

b) MOF {CaII
6(H2O)24[CoIII

4(tpatox)4]} · 44H2O, c) Transmetallation of MOF {CaII
6 

(H2O)24[CoIII 4(tpatox)4]}·44H2O Transmetallation from Ca2+ to Dy3+ (purple), Ho3+(-
pink) and Er3+(orange) (right), respectively.
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2.1.2. Applications of PSMs in MOFs 

Once described two of the most common PSMs in MOFs, we should 
question what advantages they offer. Indeed, PSMs offer the possibility 
to maintain the MOF architecture, but include novel functionalities as-
sociated to the introduced metal species and, thus, expand the range of 
applications of MOFs. For example, as a direct consequence of the use 
of PSMs, they can acquire interesting properties such as magnetism,20 

gas adsorption/separation,21 ferroelectricity/multiferroism,22,23 conduc-
tive properties24 and catalysis. 25,26 In particular, we will briefly discuss a 
nice example of how PSMs can modify/introduce catalytic properties in 
a MOF, given that catalysis will be the properties we seek in the MOFs 
presented in this chapter.

The anionic MOF ZJU-28 was reported to experiment a partial ex-
change of the endogenous H2NMe2+ cations with cationic complexes of 
[Rh(dppe)(COD)]BF4 (Figure 2.5a), which catalyzes the hydrogenation 
of 1-octene to n-octane. It was observed that this supported catalyst im-
proves the catalytic properties of the homogeneous counterpart (Figure 
2.5b), and can be recycled at least four times.27  

Figure 2.5. a) Proposed heterogenization of single-site transition-metal catalysts in 
ZJU-28 via cation exchange. b) Hydrogenation of n-octene to n-octane in acetone 
catalyzed by ZJU-28-1d (blue) and homogeneous 1d (red).28

Post-synthetic modification of catalytic properties 
by cation exchange in MOFs



2.2. Objectives

On the basis of the previous results, detailed in the introduction, we 
pretended to go one step further, by synthesizing catalytically active 
MOFs containing metal cations, of different nature, within their chan-
nels. Thus, the main objectives of this chapter can be summarized as:

*  Preparation of MOFs containing different metal atoms of di-
fferent nature using PSMs (partial cation exchange). In particular, we 
focused on the partial substitution of NiII cations hosted in the channels 
of Ni2+@CuNi-Me3mpba, by PdII ones to give a novel MOF named 
Ni2+Pd2+@CuNi-Me3mpba. 

* Characterization of the obtained material, paying particular at-
tention to SCXRD methods, Figure 2.6.

* Study of their catalytic application. In particular, considering, 
the presence of accessible metals of different nature, we explored the 
possibility to have consecutive (cascade) catalytic reactions mediated 
by the different metal cations.

163
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Figure 2.6. Synthesis procedure and structural and functional study of the MOF. In 
the characterization methods, the main function for which each technique has been 
used has been listed, omitting the rest of the information it may provide.
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2.3. Synthesis 

Synthesis of [PdII(NH3)4]NiII{NiII
4[CuII

2(Me3mpba)2]3} · 52H2O 
(Ni2+Pd2+@CuNi-Me3mpba). After transmetallation of Mg for Ni in 
the Mg2+@CuNi-Me3mpba structure described in the introduction, a se-
cond post-treatment step takes place, where a cation exchange of the Ni 
ions hosted in the pores for Pd cations occurs, thus forming [PdII(NH3)4]
NiII{NiII

4[CuII
2(Me3mpba)2]3} · 52H2O (Ni2+Pd2+@CuNi-Me3mpba). 

It is obtained on a multigram scale by immersing 5 g of the reported 
Ni2+@CuNi-Me3mpba29 compound powder (1.45 mmol) in a solution 
(5mL) of 1.067 g of the [Pd(NH3)4]Cl2 species (2.9 mmol) for 24 hours, 
in high yield (4.91 g, 96%).

In order to obtain Ni2+Pd2+@CuNi-Me3mpba crystals of high crys-
tallinity and minimal physico-chemical stress to be suitable for sin-
gle-crystal X-ray diffraction studies, the insertion conditions have to be 
milder. For this purpose, Ni2+@CuNi-Me3mpba crystals (about 5 mg, 
0.0015 mmol) are immersed for 24 hours in 5 mL of aqueous solutions 
of [Pd(NH3)4]Cl2 (0.003mmol) to obtain well-formed dark green prisms 
of Ni2+Pd2+@CuNi-Me3mpba.

The elemental analysis shows a molecular weight for Cu6Ni5PdC78H-

176N16O88 (Ni2+Pd2+@CuNi-Me3mpba) of Mw 3527.45 g/mol and an 
elemental percentage of C, 25.68; H, 5.01; N, 6.34, is found (C, 26.56; 
H, 5.03; N, 6.35 was expected). IR (KBr) shows the signals ν of 3011, 
2956 and 2917 cm–1 (C–H) and 1607 cm–1 (C=O).

Figure 2.7 illustrates a first stage of transmetallation and cation exchan-
ge of all Mg for Ni, and a second stage of partial cation exchange of Ni 
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Figure 2.7. Scheme of the synthetic procedure of total MgII        NiII transmetallation 
(i) and partial NiII       PdII cation exchange in pores (ii).

for Pd. The starting point is a structure with copper atoms (purple balls) 
in its network and magnesium atoms in its network (orange balls) and 
lodged in the pores (orange balls with sticks). After prolonged immer-
sion in a NiNO3 cation solution, a complete substitution of all Mg by 
Ni occurs (green balls in both forms). The second stage would only in-
volve the 50% of replacement of the Ni atoms in the pores (green balls 
with sticks) by Pd (pink balls with sticks).
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2.4. Characterization

2.4.1. Scanning Electron Microscopy-Energy Dispersi-
ve X-ray Spectroscopy (SEM-EDAX) of Ni2+Pd2+@Cu-
Ni-Me3mpba

Once carried out the cation exchange, I use SEM/EDX as a fast and 
cheap tool to follow the exchange process (Table 2.1) and verify the 
metal ratios (Table 2.2) in order to see if all the nickel atoms in the pores 
have been replaced. Since the MOF is anionic, the structure is supposed 
to change from NiII

2{NiII
4[CuII

2(Me3mpba)2]3} to PdIINiII{NiII
4[CuII

2(-
Me3mpba)2]3}, so the Cu/Ni ratios should be around 1.2 and Ni/Pd 5.

Table 2.1. SEM/EDX analyses of Ni2+Pd2+@CuNi-Me3mpba

Table 2.2. SEM/EDX metal stoichiometry ratios of 
Ni2+Pd2+@CuNi-Me3mpba
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The values obtained in the tables confirm that the cation exchange has 
been carried out correctly since the expected ratios correspond to the 
ratios obtained.

2.4.2. X–ray photoelectron spectroscopy (XPS) of 
Ni2+Pd2+@CuNi-Me3mpba

In order to ascertain the oxidation states of the metal cations hosted in 
the channels of Ni2+Pd2+@CuNi-Me3mpba. I carried out X–ray pho-
toelectron spectroscopy (XPS) measurements. In particular, we have 
focused on determining the oxidation state of palladium metals. Figure 
2.8 shows the XPS spectra of Ni2+Pd2+@CuNi-Me3mpba. The Pd3d 
line is the typical doublet with binding energies (BE) for the Pd3d5/2 

and Pd3d3/2 peaks of 338.6 and 343.0 eV, respectively, typical of Pd2+ 
cations, which is in agreement to other reported values.29 In conclusion, 
XPS measurements confirm that palladium oxidation state is still +2, 
which indicates that the insertion process did not alter its oxidation sta-
te. Here, it is important to remark that ascertaining oxidation state of 
potential catalytically active sites is crucial in order to find the appro-
priate organic reaction to be catalysed.

Figure 2.8.  X–ray photoelectron spectroscopy (XPS) of Ni2+Pd2+@CuNi-Me3mpba.

Post-synthetic modification of catalytic properties 
by cation exchange in MOFs
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2.4.3. Single-Crystal X-ray diffraction (SC-XRD) of 
Ni2+Pd2+@CuNi-Me3mpba

In order to fully characterize the hybrid material, we carried out single 
crystal X-Ray diffraction. The robustness and crystallinity of the 3D 
network, allowed the resolution of the crystal structure of Ni2+Pd2+@
CuNi-Me3mpba even after a two–step PS process consisting on a 
transmetallation (replacing Mg cations by Ni ones) and Pd insertion. It 
allows a direct visualization of the catalytic species, stabilized within 
MOF channels. For that reasons, it is worth to underline that structural 
parameters such as thermal factors are sometimes high due to disorder 
related to the high degrees of freedom expected in highly porous na-
nospace. A summary of the most important crystallographic data, for 
Ni2+Pd2+@CuNi-Me3mpba (and also Ni2+@CuNi-Me3mpba for the 
sake of comparison) is collected in Table 2.3

2.4. Characterization
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Table 2.3. Summary of Crystallographic Data for [PdII(NH3)4]NiII{-
NiII

4[CuII
2(Me3mpba)2]3} · 52H2O (Ni2+Pd2+@CuNi-Me3mpba) and 

Ni2+@CuNi-Me3mpba.

Post-synthetic modification of catalytic properties 
by cation exchange in MOFs
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The robustness and crystallinity of this MOF allowed to solve crys-
tal structure of Ni2+Pd2+@CuNi-Me3mpba and comparison with the 
previously reported oxamato–based31-33 three–dimensional (3D) Ni2+@
CuNi-Me3mpba. Once 50% of NiII cations are replaced with PdII 
ones, the anionic NiII

4CuII
6 open-framework structure, in Ni2+Pd2+@Cu-

Ni-Me3mpba, exhibits the same pillared square/octagonal layer archi-
tecture, where nickel(II) and copper(II) ions are located on the vertices 
and midpoints of the edges, respectively, featuring three types of pores, 
different in size and shape, propagating along the c axis. Ni2+Pd2+@Cu-
Ni-Me3mpba framework is built up of regularly spaced, almost square 
sized small pores (virtual diameter of ca 0.4 nm) and two octagonal-ty-
pe large pores (virtual diameters of ca. 1.5 and 2.2 nm, respectively), 
hydrophobic and hydrophilic, depending on the disposition of the tri-
methyl-substituted phenylene spacers, pointing inwards or outwards of 
the voids, respectively (Figure 2.9). The presence of [Ni(H2O)6]

2+ and 
[Pd(NH3)4]

2+ cationic complexes inside the new nanoporous Ni2+Pd2+@
CuNi-Me3mpba material were underpinned by SC-XRD, and its crystal 
structure unambiguously shows that the [Pd(NH3)4]

2+ and [Ni(H2O)6]
2+ 

units are hosted in the two types of channels present in the anionic fra-
mework. 

The larger octagonal pores –also accessible for catalysis (vide infra)– 
host both [Ni(H2O)6]2+ and [Pd(NH3)4]

2+ units with the latter stabilized 
in sites close to the walls of the network. This evidence further supports 
an intrinsic stabilizing effect of MOF’s confined space. The small squa-
re hindered channels retain only [Ni(H2O)6]

2+ as in the structure of the 
precursor Ni2+@CuNi-Me3mpba, confirming the less accessibility of 
these pores for cation exchange.

2.4. Characterization
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Figure 2.9. Views along the c of the crystal structures, of the previously reported 
Ni2+@CuNi-Me3mpba30  (left) and the novel Ni2+Pd2+@CuNi-Me3mpba (right). The 
ligands of the coordination 3D network are depicted as grey sticks, whereas copper 
and nickel atoms are represented as cyan and yellow spheres. For the guest species 
hosted in the channels, nickel and palladium atoms and water and ammonia molecules 
are represented as yellow, dark blue, red and light blue spheres, respectively. Yellow 
and blue surfaces are used to highlight the guest Ni and Pd species, respectively, wi-
thin MOFs channels.

Figure 2.10 shows the intercalation of the layers of the metal-organic 
network. For Ni2+@CuNi-Me3mpba (Figure 2.10 left), an intercalation 
of horizontal layers occupied with or without [Ni(H2O)6]

2+ is obser-
ved. While for Ni2+Pd2+@CuNi-Me3mpba there is an intercalation of 
[Ni(H2O)6]

2+ and [Pd(NH3)4]
2+ species (Figure 2.10 right).  

Post-synthetic modification of catalytic properties 
by cation exchange in MOFs
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2.4. Characterization

Figure 2.10. Views along the b axes of the crystal structures, determined by synchro-
tron X–ray diffraction, of the previously reported Ni2+@CuNi-Me3mpba30(up) and 
the novel Ni2+Pd2+@CuNi-Me3mpba (bottom). The ligands of the coordination 3D 
network are depicted as grey sticks whereas copper and nickel atoms are represented 
as cyan and yellow spheres. For the guest species hosted in the channels, nickel and 
palladium atoms and water and ammonia molecules are represented as yellow, dark 
blue, red and light blue spheres, respectively. Yellow and blue surfaces are used to 
highlight the guest Ni and Pd species, respectively, within MOFs channels.
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Ni2+@CuNi-Me3mpba (and also Ni2+Pd2+@CuNi-Me3mpba) posses-
ses accessible Cu2+sites, which are located in the anionic coordination 
framework, and Ni2+ cations situated in the channels. Figure 2.11 hi-
ghlights the immutable arrangement of [Ni(H2O)6]

2+  after tetraamino-
palladium insertion. The larger octagonal hydrophilic channels of the 
MOF contain a much larger accessible void space (size of ca. 2.2 nm), 
which makes them as the first candidate to cation exchanges, leaving 
the small square channels fully occupied by the [Ni(H2O)6]

2+ monomers 
exactly as in Ni2+@CuNi-Me3mpba. 

The tetraammonium Pd(II) monomers exhibit Pd–NH3 bond distances 
[1.86(2) to 1.98(2) Å], very similar to those previously reported.30 Apart 

Figure 2.11. Perspective views of one single channel of Ni2+@CuNi-Me3mpba (Left) 
and Ni2+Pd2+@CuNi-Me3mpba (Right). The ligands of the coordination 3D network 
are depicted as grey sticks whereas copper and nickel atoms are represented as cyan 
and yellow spheres. For the guest species hosted in the channels, nickel and palladium 
atoms and water and ammonia molecules are represented as yellow, dark blue, red 
and light blue spheres, respectively. Yellow and blue surfaces are used to highlight the 
guest Ni and Pd species, respectively, within MOFs channels.

Post-synthetic modification of catalytic properties 
by cation exchange in MOFs
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from electrostatic interactions between Pd(II) units and the anionic fra-
mework, all [Pd(NH3)4]

2+ cations are hydrogen–bonded through the car-
boxylate oxygen atoms of the framework and ammonia molecules of 
the Pd(II) environment [Nammonia···Ooxamate varying in the range 2.93(2) 
and 3.07(2) Å] to the anionic framework which further fixes and stabi-
lizes them within the pores (Figure 2.12). 

2.4. Characterization

Figure 2.12. Views of a fragment of Ni2+Pd2+@CuNi-Me3mpba in the bc planes 
showing [Ni(H2O)6]

2+ and [Pd(NH3)4]
2+ inside the nanoporous material. Copper, nickel 

and palladium ions are represented by green, yellow and blue spheres, respectively, 
whereas the ligands are depicted as grey sticks. Oxygen from water molecules and 
nitrogen atoms from ammonia molecules coordinated to Ni2+ and Pd2+ are depicted 
as red and light blue spheres, respectively. [Hydrogen atoms are omitted for clarity].

Figure 2.13 top evidences the regular alternation of [Ni(H2O)6]
2+ 

and [Pd(NH3)4]
2+ inside the nanoporous, where water molecules of 
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[Ni(H2O)6]
2+ complex ions in pores exhibit positional disorder (Figure 

2.13 bottom).

Post-synthetic modification of catalytic properties 
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Figure 2.13.  (Top) Perspective view along c crystallographic axis of the single chan-
nel in Ni2+Pd2+@CuNi-Me3mpba. (Bottom) Details of [Ni(H2O)6]

2+ complex ions in 
pores where water molecules exhibit positional disorder. Copper, nickel and palla-
dium ions are represented by green, yellow and blue spheres, respectively, whereas 
the ligands are depicted as grey sticks. Oxygen from water molecules and nitrogen 
atoms from ammonia molecules coordinated to Ni2+ and Pd2+ are depicted as red and 
light blue spheres, respectively. [Hydrogen atoms are omitted for clarity].
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Finally, Figure 2.14 shows details of [Pd(NH3)4]
2+ cations interactions 

hydrogen-bonded through the carboxylate oxygen atoms of the fra-
mework and ammonia molecules of the Pd(II) environment of a chan-
nel. A further interaction involving a water molecule and [Pd(NH3)4]

2+ 

moieties contribute to uniform distribution of catalytically active spe-
cies within pores [symmetric H-Bond, Nammonia···OWater 3.26(2) 
Å].

2.4. Characterization

Figure 2.14. (Top) Perspective view of a portion of one single channel of Ni2+Pd2+@
CuNi-Me3mpba showing details of [Pd(NH3)4]

2+ cations. (Bottom) Deep perspecti-
ve view of details for [Pd(NH3)4]

2+ cations interactions in pores of Ni2+Pd2+@Cu-
Ni-Me3mpba. Copper, nickel and palladium ions are represented by green, yellow 
and blue spheres, respectively, whereas the ligands are depicted as grey sticks. Ni-
trogen atoms from ammonia molecules coordinated to Pd2+ are depicted as light blue 
spheres. [Hydrogen atoms are omitted for clarity].
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Figure 2.15. Calculated (bold lines) and experimental (solid lines) PXRD pattern 
profiles of Ni2+@CuNi-Me3mpba (red) and Ni2+Pd2+@CuNi-Me3mpba (blue) in the 
2θ range 2.0–60.0°.

2.4.4. Powder X–ray Diffraction Measurements (PXRD) 
of Ni2+Pd2+@CuNi-Me3mpba

In order to confirm the crystallinity of Ni2+Pd2+@CuNi-Me3mpba and 
the isostructurality of single crystals with bulk polycrystalline samples 
X–ray Powder Diffraction Measurements (XRPD) were carried out. A 
polycrystalline sample of Ni2+Pd2+@CuNi-Me3mpba was introduced 
into a 0.5 mm borosilicate capillary prior to being mounted and alig-
ned on a Empyrean PANalytical powder diffractometer, using Cu Kα 
radiation (λ = 1.54056 Å). Five repeated measurements were collected 
at room temperature (2θ = 2–60°) and merged in a single diffractogram.

The experimental powder X–ray diffraction (PXRD) patterns of 
Ni2+Pd2+@CuNi-Me3mpba, together with those of the previously re-
ported Ni2+@CuNi-Me3mpba34 for the sake of comparison, can be ob-
served in Figure 2.15. In each case, the experimental patterns (solid 
lines) are identical to the theoretical ones (bold lines), confirming the 
pureness and homogeneity of the samples. The similarities between 
the diffraction patterns of Ni2+@CuNi-Me3mpba3 and Ni2+Pd2+@Cu-
Ni-Me3mpba indicate that the MOF retains its integrity after suffering 
the physico-chemical stress of PSM. 

Post-synthetic modification of catalytic properties 
by cation exchange in MOFs
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2.4.5. Termogravimetric Analysis (TGA) of Ni2+Pd2+@Cu-
Ni-Me3mpba

In order to determine the water contents of Ni2+Pd2+@CuNi-Me3mpba, 
the thermogravimetric analyses were performed on crystalline samples 
under a dry N2 atmosphere with a Mettler Toledo TGA/STDA 851e  ther-
mobalance operating at a heating rate of 10 ºC min-1. The first step of 
the graphic allows confirming the 52 water molecules of Ni2+Pd2+@
CuNi-Me3mpba by calculating the lost mass and the second one shows 
the MOF decomposition as a function of temperature (Figure 2.16). 

2.4.6. Gas adsorption of Ni2+Pd2+@CuNi-Me3mpba

2.4. Characterization

Figure 2.16. Thermo-Gravimetric Analysis (TGA) of Ni2+Pd2+@CuNi-Me3mpba un-
der dry N2 atmosphere.

The permanent porosity of Ni2+Pd2+@CuNi-Me3mpba was confirmed 
by gas adsorption measurements. In particular, the N2 adsorption–des-
orption isotherms at 77 K were carried out on crystalline samples of 
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Ni2+@CuNi-Me3mpba and Ni2+Pd2+@CuNi-Me3mpba with a Micro-
meritics ASAP2020 instrument. Samples were evacuated at 70 °C du-
ring 24 hours under 10-6 Torr prior to their analysis. Water adsorption is 
common to expect secondary events like cluster formation, co-adsorp-
tion, creation of new active sites due to the adsorbed water molecules, 
so it is important to remove it from MOF pores. 
Figure 2.17 shows the N2 adsorption isotherm of Ni2+@CuNi-Me3m-
pba and Ni2+Pd2+@CuNi-Me3mpba that present a type I sorption be-
havior characteristic of microporous compounds. Both Ni2+Pd2+@Cu-
Ni-Me3mpba (blue line) and Ni2+@CuNi-Me3mpba (red line) were 
compared confirming their permanent porosity. Remarkably, the poro-
sity for Ni2+Pd2+@CuNi-Me3mpba is higher than Ni2+@CuNi-Me3m-
pba. This feature suggests higher accessible surface and structural sta-
bility for Ni2+Pd2+@CuNi-Me3mpba.

Figure 2.17. N2 (77 K) adsorption isotherms for the activated compounds Ni2+@Cu-
Ni-Me3mpba (red) and Ni2+Pd2+@CuNi-Me3mpba (blue). Filled and empty symbols 
indicate the adsorption and desorption isotherms, respectively.

Post-synthetic modification of catalytic properties 
by cation exchange in MOFs
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2.5. Catalytic properties of Ni2+Pd2+@Cu-
Ni-Me3mpba

As mentioned in the crystal structure section, we have several metals in 
Ni2+Pd2+@CuNi-Me3mpba which are, potentially, catalytically active. 
In a first initial step, we verified that both Cu2+ metal nodes from the fra-
mework and Pd2+ entities were catalytically active for hydroalkoxyla-
tion of cyclopropenones35 and cross-coupling reactions, respectively. 
Therefore, we planned a series of consecutive cascade reactions that are 
described below. 

2.5.1. Metal organic frameworks (MOFs) as suitable solid 
catalysts for the hydroalkoxylation of cyclopropenones.

To confirm the described catalytic activity of Cu2+ cations36,37 can be ex-
tended to heterogeneous catalysis, and to extend such results to cascade 
catalysis, we used the previously described38-42 Ni2+Pd2+@CuNi-Me3m-
pba, which contains three potential different metal active sites (Cu, Ni, 
Pd), located either in the framework (Cu) or in the channels (Pd) and in 
both sites (Ni).
In this first catalytic section we study the hydroalkoxylation of cyclo-
propenones catalyzed by either soluble Cu(OAc)2 (2 mol%) and/or in-
soluble Ni2+@CuNi-Me3mpba (10 mol%), Figure 2.18. 

Figure 2.18. Reaction scheme of hydroalkoxylation of cyclopropenones.
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Table 2.4 shows the isolated yields of different esters catalyzed by 
Cu2+ catalyst unsupported (yields between parentheses) or supported 
by Ni2+@CuNi-Me3mpba (yields in bold and without parentheses). 
The catalized reaction of diphenylcyclopropenone was performed 
with water (1.2a), phenols (1.2b-e and 1.2i-k), benzyl (1.2f-g), phe-
nethyl (1.2h), allyl (1.2l), homopropargyl (1.2m), amine alkyl (1.2n) 
and linear primary alcohols containing sensitive functionalities (1.2o-
p), secondary alcohols either linear (1.2q) or cyclic (1.2r), and natural 
products such as geraniol (1.2s). Bigger products do not penetrate in 
the microporous MOF solid. The alcohol is added in all cases selecti-
vely across the cyclopropenone bond in good to excellent yields, with 
easy–to–migrate alkenes and chiral carbon–oxygen bonds remaining 
untouched during the course of the reaction. Remarkably, we observed 
that the catalytic activity of the framework Cu2+ cations persisted in 
Ni2+Pd2+@CuNi-Me3mpba but not in the related fully-nickel exchan-
ged and palladium reduced material Pd0

4@CuNi-Me3mpba (Pd2+@
CuNi-Me3mpba reduced with NaBH4),

30 in line with the higher acces-
sibility to the Cu2+ sites for the former, observed during the characteri-
zation measurements (vide supra). This is strongly supporting that the 
Cu2+ cations of the MOFs are the catalytic active species for the hydro-
alkoxylation reaction because other Ni and Pd catalysts including NiX2 
(X = OAc, NO3, SO4) and PdCl2(PPh3)2, Pd(PPh3)4, Pd[P(o–tolyl)3]4, 
PdOAc2(SPhos)2, and also oxime palladacycles, were tested without 
success (yield <1%). 

Post-synthetic modification of catalytic properties 
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Table 2.4. Synthesis of cinnamate products by hydroalkoxylation of 
cyclopropenones, catalyzed by either soluble Cu(OAc)2 (2 mol%, 
yields between parentheses) and/or insoluble Ni2+@CuNi-Me3mpba 
(10 mol%, yields in bold and without parentheses). Isolated yields. The 
major product for non–symmetric cyclopropenones is shown.

2.5. Catalytic properties of Ni2+Pd2+@CuNi-Me3mpba
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The fact of having the Cu2+ in the solid framework immobilised and 
using non–polar toluene as solvent of the reaction, precludes a signi-
ficant leaching of the active species (Figure 2.19), which allowed to 
reuse Ni2+@CuNi-Me3mpba at least five times without significant de-
pletion in the final yield of product 1.3r in which a secondary alcohol 
cyclic is involved (75% after 5 uses). 

Figure 2.19. Leaching test for the hydroalkoxylation of diphenylcyclopropenone 
with alcohol secondary alcohol cyclic (1.3r) catalyzed by Ni2+@CuNi-Me3mpba (10 
mol%). For reaction conditions, see Figure 2.18. Error bars account for a 5% uncer-
tainty.

Post-synthetic modification of catalytic properties 
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2.5.2. One–pot hydroalkoxylation of cyclopropenones / 
cross coupling reactions.

The presence of different catalytically active metal sites in Ni2+@Cu-
Ni-Me3mpba and Ni2+Pd2+@CuNi-Me3mpba offers us the possibility 
of carrying out consecutive cascade–like reactions where each metal 
catalyzes one step, i.e. one–pot hydroalkoxylation/cross coupling re-
actions. Figure 2.20 shows that the one–pot diphenylcyclopropenone 
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(1.1a) hydration/Chan–Lam coupling reaction proceeds with catalytic 
amounts of Ni2+@CuNi-Me3mpba, to give the corresponding aromatic 
esters (1.6a-d, Table 2.5), after formation of intermediate 1.3a (Figure 
2.21). 

2.5. Catalytic properties of Ni2+Pd2+@CuNi-Me3mpba

Figure 2.20. Ni2+@CuNi-Me3mpba–catalyzed one–pot cyclopropenone hydration/
Chan–Lam reaction.

Table 2.5. Compounds and derivates of 1.6 and 1.7 from Ni2+@Cu-
Ni-Me3mpba–catalyzed one–pot cyclopropenone hydration/Chan–
Lam reaction.
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Figure 2.21. Kinetics for the one–pot cyclopropenone hydration/Chan–Lam coupling 
reaction of diphenylcyclopropenone with boronic acid to obtain 1.6b (blue line), 
forming during a pre-stage the intermediate 1.3a (red line), catalyzed by Ni2+@Cu-
Ni-Me3mpba (20 mol%). For reaction conditions, see Figure 2.20. Error bars account 
for a 5% uncertaintity

The Chan–Lam coupling is severelly inhibited after exchanging Ni2+ by 
either Fe3+ or Pd2+ in the MOF (Table 2.6, Yield of 1.6a),43which con-
firms the catalytic action of Ni2+ for the coupling.43 Also it is shown in 
Table 2.6, the direct coupling of the boronic acid with either the alkene 
moiety of 1.3a (1.1a+H20)44 or of 1.1a,46  to give product 1.7a, occurs, 
and the latter only occured in great extent when Pd2+ was the exchanged 
cation (Ni2+Pd2+@CuNi-Me3mpba, Table 2.6). KOH was the base of 
choice from all the bases tested due to its higher yields (Table 2.6). It 
is therefore concluded despite Cu2+ is traditionally active as a catalyst 
for the Chan–Lam reaction,47 the Cu2+ cations, from the framework in 
Ni2+@CuNi-Me3mpba, can not accomodate two different aromatic 
molecules in its rigid metal coordination sphere and neither perform re-

Post-synthetic modification of catalytic properties 
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dox switches, thus being merely inactive for the coupling. Thus, Ni2+@
CuNi-Me3mpba acts here as a bifunctional solid metal catalyst where 
Cu2+ catalyzes the hydration reaction and Ni2+ the Chan–Lam coupling. 

Table 2.6. Results for the one-pot cyclopropenone hydration/Chan-
Lam reaction with cyclopropenone and the boronic acid. For reaction 
conditions, see Figure 2.20.

2.5. Catalytic properties of Ni2+Pd2+@CuNi-Me3mpba
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Knowing that Ni2+Pd2+@CuNi-Me3mpba is catalytically active for 
the direct coupling of diphenylcyclopropenone (1.1a) and boronic acid 
(1.5a) to give 1.7a (89%, entry 3 in Table 2.6), a one–pot cyclopro-
penone hydration/Mizoroki–Heck coupling reaction was tested. In this 
approach, the direct coupling of the alkene with the cyclopropenone 
cannot occur, thus giving an opportunity for the cascade reaction to 
proceed. 

The deficiency of straightforward, atom economical and chemoselecti-
ve synthetic methods for cinnamates translates into the unfeasibility of 
a straightforward synthesis for medium size lactones by intramolecular 
Heck reaction48-53 since the preparation of cinnamates containing an aryl 
halide functionality at 5 to 8 carbon atom distance, ready for coupling, 
is difficult to find.54-57  Figure 2.22 shows the products belonging to 
the cumerine family whose synthesis has been catalyzed by the homo-
geneous catalyst Pd(OAc)2  (2 mol%) and the heterogeneous catalyst 
discussed in this chapter, Ni2+Pd2+@CuNi-Me3mpba (10 mol%).  The 
main difference is that starting from monophenylcyclopropenone, for 
the first case a pre-synthesis of the cinnamates and an intramolecular 
Heck reaction is required, whereas with the MOF it has been obtained 
in a single step the regioirregular Heck products in reasonable yields, 
called one–pot reaction. These results confirm and significantly expand 
previous work58,59 with sterically–hindered organopalladium complexes 
where the high electron–withdrawing nature of acrylates is overridden 
by the severe steric effects on the catalytic Pd site, which forces the 
coupling to occur on the electronically–disfavored alpha position.60-64 
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2.5. Catalytic properties of Ni2+Pd2+@CuNi-Me3mpba

Figure 2.22. Intramolecular Heck reaction of ortho–iodo substituted cinnamates 1.8a 
and 1.8b (formed by iodo substituted monophenylcyclopropenone, 1.13, and ben-
zyl alcohol radical, 1.2t-u) with the catalyst Pd(OAc)2 (2mol%), and one–pot hydro-
alkoxylation of monophenylcyclopropenone 1.13 with iodo substituted benzyl alco-
hol/ intramolecular Mizoroki–Heck reaction catalyzed by Ni2+Pd2+@CuNi-Me3mpba  
(10 mol%).

Given the irrelevant role of Ni2+ cations in the one–pot hydroalkoxyla-
tion / Mizoroki–Heck coupling reaction, seemed reasonable to replace, 
completely, Ni2+ cations by Pd2+ ones in order to increase the efficiency 
of the catalyst. When Ni2+ cations hosted in the pores are replaced by 
Pd2+ cations and reduced with NaBH4, subnanometer Pd4 clusters are 
formed, and the corresponding MOF Pd04@CuNi-Me3mpba   was not 
active even for the esterification, which did not proceed. It is due to 
the lack of activity of Pd0

4@CuNi-Me3mpba for the hydration of the 
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cyclopropenone, which can be associated with the inaccessibility of the 
reagents to the Cu2+ sites after the Pd cations have been reduced and 
agglomerated in clusters. 
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2.6. Conclusions

Given the synthesis and applicability of Ni2+@CuNi-Me3mpba and its 
variants (such as Fe3+@CuNi-Me3mpba or Ru3+@CuNi-Me3mpba ), 
we wanted to extrapolate this post-synthetic methodology to the partial 
substitution of NiII cations in Ni2+@CuNi-Me3mpba by PdII ones to 
obtain mixed metal MOFs with catalitically active metals, of different 
nature, within their pores (in this case Ni and Pd). The PSM applied to 
Ni2+Pd2+@CuNi-Me3mpba has been studied and its success verified by 
different characterisation methods:

 • Elemental analysis: verified the chemical composition 
of the target compound.

 • IR: related the displacement of the signals to the mainte-
nance of the fixed coordination sites in the structure and the slight chan-
ge in the coordination produced by the new interaction of the functional 
groups with the metal inserted in the pores of the MOF.

 • SEM-EDAX: allowed the continuous checking of the 
partial cation exchange produced from the Ni by the Pd, by means of 
the steichimetric metal percentages, until obtaining Cu/Ni ratios of 1.2 
corresponding to the maintenance of the metals of the metal-organic 
architecture NiII

4CuII
6 that has to be kept fixed after the PSM and 50% 

of the Ni lodged in the pores without exchanging and Ni/Pd ratios of 5 
corresponding to the 5 steichimetric nickels that there are for each Pd in 
the formula [PdII(NH3)4]NiII{NiII

4[CuII
2(Me3mpba)2]3} · 52H2O.

 • XPS: confirmed that the oxidation state of Pd remains at 
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+2, when the metal coordination shifts from interacting with the sour-
ce species NH3 and Cl- molecules to the chemical environment of the 
MOF.  

 • SC-XRD: confirmed more visually that the square and 
octagonal layered architecture with nickel at the vertices and copper at 
the midpoints of the edges is maintained, as well as the spatial arrange-
ment of Pd and Ni metals in the more accessible octagonal pores.

 • XRPD: confirmed that both the crystals and the crysta-
lline powder of Ni2+Pd2+@CuNi-Me3mpba obtained are isostructural 
and that the MOF maintains crystallinity and robustness after PSM.

 • TGA/STDA: verified the number of water molecules 
with which the MOF crystallises and gave us information about the 
stability of the MOF against temperature.

 • Gas adsorption isotherm showed type I isotherms cha-
racteristic of microporous materials and confirmed that after PSM the 
MOF retains its porosity, being higher for Ni2+Pd2+@CuNi-Me3m-
pba than for Ni2+@CuNi-Me3mpba, suggesting that Ni2+Pd2+@Cu-
Ni-Me3mpba has a larger accessible surface area and greater structural 
stability.

After verifying the obtaining of this compound, its catalytic qualities 
have been tested and have given very positive results.

The different metals contained in Ni2+Pd2+@CuNi-Me3mpba (Cu, Ni, 
Pd) have been shown to be catalytically active sites. Cu has been found 
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to be very important in the hydroalkoxylation of cyclopropenones whe-
re the yields of the reactions catalysed by Ni2+@CuNi-Me3mpba were 
identical or slightly lower than those carried out in the presence of the 
homogeneous homologous catalyst Cu(OAc)2. In the case of Ni, its pre-
sence led to the Chan-Lam coupling, thus completing the catalytic cas-
cade functionality of Ni2+@CuNi-Me3mpba, where Cu is in charge of 
the hydration reaction and Ni2+ of the Chan-Lam coupling.  The reason 
for the deliberate insertion of Pd is given by the permittivity of the one-
pot cyclopropenone hydration/Mizoroki-Heck coupling reaction.  This 
implies that the selection of Ni2+@CuNi-Me3mpba or Ni2+Pd2+@Cu-
Ni-Me3mpba as heterogeneous catalyst will be determined by the desi-
red directionality of the reaction so that the coupling will form more es-
ters (favoured by Ni) or ketones (favoured by Pd), after a previous study 
of their activity in different solvents and insertion metals. Finally, we 
focused on the synthesis of coumarin family compounds, where it was 
observed that the presence of the three metals Cu, Ni and Pd favours the 
one-pot reaction, as opposed to the homogeneous homologous catalyst 
Pd(OAc)2 which requires the prior synthesis of the cinnamates. 
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3.1. Introduction 

Once verified the potential catalytic application of MOFs, by the in-
sertion of catalytically active metal species, studied in chapter 2, we 
will focus, in this third chapter, on the preparation and study of their 
catalytic properties of ultrasmall metal nanosized species such as sin-
gle-atom catalyst (SACs) and subnanometer metal clusters1-6 (SNMCs). 

Even though there may be differences in catalysts, reaction environ-
ments, and reaction scopes among the disciplines, the atomic structure 
of active sites can be used as a bridge to link the mechanisms of diffe-
rent reactions.  It has been thought that active sites in homogeneous 
catalysis systems are mononuclear metal complexes whose ligands or 
reactants coordinate with the metal centres, which are derived from me-
tal complexes added during the reaction mixture. But also is used to 
propose binuclear or multinuclear metal species as working active sites. 
During catalytic reactions, metal species are formed from molecular 
precursors into metal clusters or nanoparticles by nucleation-growth 
processes, which have been extensively studied in the preparation of 
colloid metal nanocrystals. Solvents and reactants are reducing agents 
that promote the transformation of the molecular metal catalysts into 
clusters or nanoparticles. 

The idea of catalyst activation consisted in increasing the amount of 
the surface atoms which are in a state of unsaturation relative to the 
main body of the catalyst material, however, numerous studies have 
confirmed that the key is the catalyst size, considering the number of 
metal atoms composing the active sites7. In fact, size reduction of metal 
particles can improve the performance of catalysts due to coordination 
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environment diminution of the metal centres8 and, especially, that all 
metal atoms should be outer exposed.

According to their sizes, 9 we can differenciate (Figure 1) among metal 
nanoparticles (MNPs), Metal clusters (including SNMCs) and single 
atoms (SACs), 10 which could be considered as the best active sites be-
cause they are totally unsaturated and then completely exposed to the 
reaction environment11,12. However, it should be taken into account that 
both the shape and chemical composition of the catalyst, as well as the 
metal-support/reactants interaction, are also determining factors.

MOF-driven preparation of SACs and SNMCs

Figure 3.1. Size and nuclearity of single atoms, clusters, and nanoparticles.

Metal clusters (MCs) are isolated metal particles, between 1-10 nm, 
considered to be formed from three up to twenty atoms.12,13 Considering 
their thermodynamical instability, these small metallic entities tend to 
aggregate, consequently, the synthesis and their following storage must 
avoid this undesired process. The synthetic approaches can be “bot-
tom-up” or “top-down” methods. In “bottom-up” methodologies, metal 
salts undergo reduction, nucleation and following growth of the desi-
red particles, while, in “top-down”, the nanosized metal particles result 
from the mechanical downsizing of bulk metals or nanoparticles and 
subsequent stabilization by the addition of blocking protective agents 
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that avoid the deactivation of the catalyst. 

The metal atoms in the MC can cooperate during the catalysis, unfortu-
nately, MCs stabilized by ligands are poorly effective in catalysis due 
to the fatal destabilization exerted by reactant coordination and subse-
quent ligand displacement. However, ligands can act as blocking pro-
tective agents14 and supporting material that strongly interacts with the 
particles, which allows the dispersion and isolation of the active sites 
from each other, and therefore their stabilization. Here is where MOFs 
come into play since are promising support materials for nanosized me-
tals, offering many advantages in comparison with the traditional su-
pports15 (zeolites, carbons, and aluminosilicates).

Relevant examples of the catalytic applicability of MCs16-18  would be 
oxidation, hydrogenation, dehydrogenation, and photocatalytic and 
electrocatalytic reactions.

In the 90s, Single Atoms Catalysts (SACs) were considered “single-site 
heterogeneous catalysts”, where the isolated active sites consisted of 
one or more atoms19,20. But in the 2000s, the concept evolved into the 
idea of SAC as an individual atom. Of the three catalytic forms des-
cribed, it is the one with the highest surfaces/volume ratio and tendency 
to aggregate (being necessary to maintain these entities well isolated 
and stable), and they are a priori those with the highest catalytic activity 
if they are stabilized with suitable support materials. 

Most of the uses of SACs were initially dedicated to the activation of 
carbon-free small molecules such as O2, H2 or H2O, frequently in elec-
trochemical and photochemical processes. Other relevant examples of 
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the catalytic applicability of SACs are oxidation, hydrogenation, de-
hydrogenation, hydroformylation, photocatalysis, electrocatalysis and 
even cross-coupling reactions.21 

MOFs are interesting porous materials due to their ability to be tuned 
and versatility. They are also crystalline enough to be measured by sin-
gle-crystal X-ray diffraction (SC-XRD) before and after post-synthetic 
methods.   The principal interest of MOFs is their network composition 
which appeals properties to act as chemical nanoreactors and be used 
to synthesize and stabilize, within their channels, catalytically active 
species that otherwise could be hardly accessible. Highly robust and 
crystalline oxamato- and oxamidato-MOFs features with tailored chan-
nels (in terms of size, charge and functionality) can be exploited for the 
incorporation and stabilization of metals salts and complexes, and the 
in situ synthesis of subnanometric metal clusters22-24 (SNMCs) and sin-
gle-atom catalysts25-30 (SACs). The challenge to be exceeded is to obtain 
materials with a high catalytic activity that are sufficiently crystalline to 
study their intra-structural interactions, selectivity, and catalytic mecha-
nisms and sufficiently stable to reproduce their synthesis at gram-scale 
and be reused.

By using so-called post-synthesis methods (PSMs)31, guest molecules 
can either be inserted32 or constructed within the channels of the MOFs, 
acting as chemical nanoreactors33. Among the wide range of possi-
ble functional entities that can be incorporated or synthesized within 
MOFs, catalytically active species tend to be the most suitable given the 
inherent characteristics of these porous materials. MOFs34 exhibit ca-
talytic activity resulting from the catalytic activity of their constituting 
building blocks, open metal sites and organic links, of the coordination 
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network, or of the guests embedded inside their pores. With regard to 
guest species, MOFs offer advantages to support catalytically active 
metal cations35, complexes36, small clusters37, and nanoparticles38,39. 
MOFs, as compared to other solid catalysts such as zeolites and other 
microporous silico-alumino materials with embedded metal species40-42, 
show thermal and chemical stability limitations, they offset these limi-
tations with a rich structural variety, due to a large number of known 
metal centers/secondary building units (SBUs) and organic linkers, and 
high tuneable porosity, which eases the accessibility of active sites for 
catalysis, facilitate the transport of substrates and products, and offer 
size- and shape-selective catalysis.

The modified anionic oxamato-based MOF of formula NiII
2{NiII

4[-
CuII2(Me3mpba)2]3} · 54H2O, Ni2+@CuNi-Me3mpba (Figure 1.35), 
discussed in chapter 2, was used also to transform in situ the metals 
embedded in the MOF into isolated (SACs) or aggregated (SNMCs) en-
tities. These transformations gave the material other equally interesting 
catalytic properties.

In a previous work of my group, Ni2+@CuNi-Me3mpba used as a na-
noreactor, allowed the obtention of Pd4 clusters with mixed-valence 
oxidation states, stabilized and homogeneously organized within the 
walls of a MOF. To obtain well-defined ligand-free Pd4 clusters wi-
thin the channels of Ni2+@CuNi-Me3mpba43 it was necessary to carry 
out three PS steps: A transmetalation and cation exchange processes 
involving the replacement of all magnesium(II) cations in an ancestor 
Mg2+@CuNi-Me3mpba to give the Ni2+@CuNi-Me3mpba, exchange 
of the nickel(II) cations within the pores by palladium(II) ones to give 
[PdII

2 (µ-O)(NH3)6(NH4)2]0.5 {NiII
4[CuII

2(Me3mpba)2]3}·52H2O, Pd2+@

3.1. Introduction
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CuNi-Me3mpba, and the controlled insertion of the reducing agent 
(NaBH4) to synthesize in situ the naked Pd4 NCs and give [Pd4]0.5@
Na3{NiII

4[CuII
2(Me3mpba)2]3}·56H2O, Pd04@CuNi-Me3mpba, (Fi-

gure 3.2). These PS steps were studied before, chapter 2, except for the 
last one. The study of the crystal structure in every step, by SC-XRD44-46, 
allowed controlling of the formation of SMNCs, i.e., the number of in-
serted cations and their organization in the confined space. 

Pd2+@CuNi-Me3mpba possesses a homogeneous distribution of Pd2+ 
cations along the channels, which are situated in specific positions inte-
racting with the carboxylate-oxygen atoms from the network and limited 
in number by the anionic charge of the MOF. In this way, MOF restrains 
the movement capacity of the palladium atoms, favoring the formation 
of SMNCs and preventing their aggregation into larger MNPs. These 
rare linear Pd4 NCs are also stabilized by weak supramolecular interac-
tions (Figure 3.2b) that prevent their leaching during catalysis.

The resulting solid catalyst Pd04@CuNi-Me3mpba outperformed sta-
te-of-the-art metal catalysts in carbene-mediated reactions of diazoa-
cetates with high yields, such as the inter- and intramolecular Buchner 
ring expansion reaction, the alcohol insertion and the dimerization of 
diazocompounds, to give some unique naturally occurring and synthe-
tically useful products.47-49 

MOF-driven preparation of SACs and SNMCs
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3.1. Introduction

Figure 3.2. a) Pd2+@CuNi-Me3mpba reduces the process to obtain Pd0
4@Cu-

Ni-Me3mpba. b) Perspective views of a channel of Pd04@CuNi-Me3mpba emphasi-
zing the stabilizing interactions.45

Their impressive catalytic behaviour of Pd is due to the stabilization of 
intermediate Pd valence within the supported-MOF cluster and enables 
carbene bonding to give a catalytic activity that exceeds by one order 
of magnitude that of the state-of-the-art catalysts for these reactions. In 
addition, the solid catalyst can be recovered and reused up to 20 times 
in batch without any reactivation treatment or depletion of the catalytic 
activity, or operated in flow with solvent recycling during hours.

The versatility of Ni2+@CuNi-Me3mpba was also extrapolated to the 
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preparation of platinum SACs. They are obtained in a similar way to 
Pd4 SNMCs but with the insertion of Pt. So, the Ni2+@CuNi-Me3m-
pba (Figure 3.3a) was exchanged with [Pt(NH3)]4

2+ to give the inter-
mediate hybrid material [PtII

2(µ-OH2)(NH3)6)]0.65[Pt II(NH3)4]0.7{Ni II
4 

[CuII
2(Me3mpba)2]3} ·65H2O (Pt2+@CuNi-Me3mpba) (Figure 3.3b), 

which was then treated with NaBH4 to give the final solid material [PtI-

I
2(µ-O)(OH)2(NH3)4]0.5PtI

1@Na3 {Ni II
4 [Cu II2(Me3mpba)2]3} ·79H2O 

(Pt2+Pt+@CuNi-Me3mpba) (Figure 3.3c).

The MOF-supported Pt I
1 

50,51 constituted an exceptional case of a sin-
gle-atom catalyst (SAC) without strong coordinating ligands or surfa-
ces where Pt I

1 complexes are structurally and electronically well-defi-
ned stabilized by water clusters, homogeneously distributed along the 
channels of an anionic 3D MOF (Figure 3.3).

MOF-driven preparation of SACs and SNMCs
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Figure 3.3. Experimental crystal structures of MOFs Ni2+@CuNi-Me3mpba (a), 

Pt2+@CuNi-Me3mpba (b) and Pt2+Pt+@CuNi-Me3mpba (c), and perspective views 

along different axes (d,e) for Pt2+@CuNi-Me3mpba and Pt2+Pt+@CuNi-Me3mpba, 

respectively, showing in detail the PtII (Pt2+@CuNi-Me3mpba) and the NaI and PtI
1 

(Pt2+Pt+@CuNi-Me3mpba) sites.52 Cu atoms from the network are represented by 

cyan polyhedra. Ni atoms from the network are represented by purple polyhedra. 

Green NiII, blue PtII, gray PtI, yellow NaI atoms, organic ligands are depicted as stic-

ks.53

This hybrid material is capable to catalyze energetically-costly indus-
trial gas-phase reactions such as the low-temperature water–gas shift 
reaction, WGSR.54 This hybrid material is capable to catalyze energeti-
cally-costly industrial gas-phase reactions such as the low-temperature 
water–gas shift reaction, WGSR.54

3.1. Introduction

This hybrid material is capable to catalyze energetically-costly indus-
trial gas-phase reactions such as the low-temperature water–gas shift 
reaction, WGSR.54
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3.2. Objectives

The main objective of this chapter focuses on the validation and expan-
sion of the previously developed synthetic strategy consisting on using 
MOFs, as chemical reactors, for the preparation of ligand-free and we-
ll-defined SACs and SNMCs within their channels. Secondly, these me-
tal nanosized species are expected to show outstanding catalytic activi-
ty, which will be studied accordingly.

In particular, for Ni2+@CuNi-Me3mpba (see chapter 2), we will fo-
cus on the obtention of both homo- and heterometallic SNMCs after 
one or consecutive insertion metal species. The insertion of silver (ho-
mometallic SNMCs) and the insertion of silver and iron into Ni2+@
CuNi-Me3mpba (heterometallic SNMCs) will be presented in this 
chapter, being necessary the application of a reducing environment that 
facilitates the formation of clusters after the insertion of the desired 
metals incorporated into the structure. 

So far we have only presented Me3mpba oxamates as organic ligands 
forming the MOF. In this section, we want to include also MOFs based 
on oxamidates and amino acids, in particular with the modified amino 
acid methylcysteine. The selection of methylcysteine is not accidental. 
It is well-known the affinity of sulfur atoms for soft metals (like Pd). 
The palladium insertion will be the one to be studied in these MOFs of 
smaller pore diameter. Obtaining the SACs also required a reduction 
process after the metal insertion.

As stated in the introduction (Section 1.7), amino acids linked to oxa-
mate groups to obtain MOF’s precursors provide them multiple coor-

MOF-driven preparation of SACs and SNMCs
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dination sites through the carbonyl and the deprotonated amidate and 
carboxylate donors groups offering advantages such as biocompatibi-
lity, stability in water, rich structural diversity, chirality, and specific 
properties offered by side chain. Specifically, the methyl cysteine-based 
MOFs, together with methionine, possess methylated thionyl groups as 
a side chain that can be exposed in the pores of the MOF and have the 
ability to interact strongly with various metals. This has been exploited 
by our group for the capture of metal contaminants and the purposeful 
insertion of catalytically active metals. Image 5 shows the procedure to 
obtain the SACs and SNMCs in Ni2+CuNi-Me3mpba and CuSr-Me-
cysmox.

Multiple homo- and hetero-metallic insertions were performed on the 
oxamate- and oxamidate-based MOFs (discussed in the introduction 
Section 1.7) which could not be covered in this chapter.  Section 7, 
future work and perspectives, reports some of the structures that have 
been obtained and could not be included in the thesis report due to lack 
of complete characterization and catalytic study.

 Figure 3.5. Scheme of the MOFs obtained in this chapter.
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3.3. Synthesis 

As mentioned in the objectives, the synthesis method of homometallic 
and bimetallic Ni2+@CuNi-Me3mpba SNMCs and CuSr-Mecysmox 
SACs will be explained.

3.3.A. Synthesis of homometallic SNMCs (Ag0
2@Cu-

Ni-Me3mpba).

Synthesis of AgI
4{NiII

4[CuII
2(Me3mpba)2]3} · 51H2O (Ag+@Cu-

Ni-Me3mpba). Similar to the procedure followed for Pd2+@Cu-
Ni-Me3mpba  but with greater amounts, a silver insertion occurred after 
Mg-Ni transmetallation. 55 A cation exchange of the Ni ions hosted in 
the pores for Ag cations occurs, thus forming AgI

4{NiII
4[CuII

2(Me3mp-
ba)2]3} · 51H2O (Ag+@CuNi-Me3mpba). It is obtained on a multigram 
scale by immersing ca. 20 g of the Ni2+@CuNi-Me3mpba compound 
powder (5.8 mmol) in a solution of 2.378 g/5mL of the AgNO3 species 
(14.0 mmol) for 24 hours, in high yield (20.33 g, 96%).

In order to obtain well-formed deep green prisms crystals of Ag+@Cu-
Ni-Me3mpba, which were suitable for single-crystal X-ray diffraction, 
the insertion conditions have to be also milder. For this purpose, Ni2+@
CuNi-Me3mpba crystals, about 5 mg (ca. 0.0015 mmol) are immer-
sed for 48 hours in 5 mL of aqueous solutions of AgNO3 (0.004mmol), 
which were replaced three times. 

The elemental analysis shows a molecular weight for Cu6Ni4Ag4C78H-

162N12O87 (Ag+@CuNi-Me3mpba) of Mw 3707.7 g/mol and an elemen-
tal percentage of C, 25.27; H, 4.40; N, 4.53, is found (C, 25.34; H, 4.37; 

MOF-driven preparation of SACs and SNMCs
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N, 4.59 was expected). IR (KBr) shows the signals ν of = 3008, 2961 
and 2926 cm–1 (C–H), 1601 cm–1 (C=O).

Synthesis of [Ag0
2]AgI

2NaI
2{NiII

4[CuII
2(Me3mpba)2]3} · 48H2O 

(Ag02@CuNi-Me3mpba).The reduction of Ag+@CuNi-Me3mpba, 
for both polycrystalline powder (ca. 10 g) and crystal (ca. 5 mg) form, 
gives [Ag0

2]AgI
2NaI

2{NiII
4[CuII

2(Me3mpba)2]3} · 48H2O (Ag0
2@Cu-

Ni-Me3mpba). It consists of suspending Ag+@CuNi-Me3mpba in an 
excess solution of NaBH4 in H2O/CH3OH (1:2) (1 mol NaBH4 per mol 
Ag+@CuNi-Me3mpba approx.), where after each addition, the mixture 
is left to react for 1.5 hours and gently washed with H2O/CH3OH so-
lution (to retire better NaBH4 with more water content). This operation 
was repeated a total of 26 times, after which the mixture was filtered on 
paper giving high yields (ca. 98%). 

The elemental analysis shows a molecular weight for Cu6Ni4Ag4Na-

2C78H156N12O84 (Ag0
2@CuNi-Me3mpba) of Mw 3699.61 g/mol and an 

elemental percentage of C, 25.28; H, 4.17; N, 4.59, is found (C, 25.32; 
H, 4.25; N, 4.54 was expected). IR (KBr) shows the signals ν of = 3011, 
2971 and 2928 cm–1 (C–H), 1605 cm–1 (C=O).

This schematic version (Figure 3.6) briefly explains the homometallic 
insertion of Ag into Ni2+@CuNi-Me3mpba, which after reduction the 
species obtained a cluster conformation.
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3.3.B. Combination of SNMCs and SACs within the same 
MOF (Ag0

2Fe3+@CuNi-Me3mpba).

Synthesis of [Ag+
3.44FeIII

0.66]@{NiII
4[CuII

2(Me3mpba)2]3} · 63H2O 
(Ag+Fe3+@CuNi-Me3mpba). Based on the reported [FeIII(H2O)6]
[Fe2

III(µ-O)2(H2O)6]1/2{NiII
4[CuII

2(Me3mpba)2]3} · 72H2O (Fe3+@Cu-
Ni-Me3mpba)56 and the recently mentioned [Ag02]@AgI2NaI2{NiI-
I4[CuII2(Me3mpba)2]3} · 48H2O (Ag0

2@CuNi-Me3mpba), an inter-
mediate version between the two species was created in order to merge 
the properties of Fe3+@CuNi-Me3mpba and Ag0

2@CuNi-Me3mpba 
in a novel MOF with formula [Ag0

2(Ag0)1.44FeIII
0.66]@NaI

2{NiII
4[CuII

2(-
Me3mpba)2]3} · 63H2O (Ag02Fe3+@CuNi-Me3mpba). 

The first stage of a multigram scale of [Ag+
3.44FeIII

0.66]@{NiI
I4[CuII

2(-
Me3mpba)2]3} · 63H2O (Ag+Fe3+@CuNi-Me3mpba) synthesis consists, 
rationionaly, of the first stage of Ag+@CuNi-Me3mpba production: ca-

MOF-driven preparation of SACs and SNMCs

Figure 3.6. Scheme of the synthetic procedure of NiII       AgI cation exchange in 
pores (i) and obtaining Ag2 clusters after reduction (ii).
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tion exchange of nickel hosted in Ni2+@CuNi-Me3mpba pores by sil-
ver. Their obtention consists in was also carried out by using a powder 
sample of compound Ni2+@CuNi-Me3mpba (5 g) which were suspen-
ded, for 24 hours, in 1 g /5 mL of AgNO3 aqueous solutions (6 mmol), 
until complete replacement of Ni2+, cations hosted in the pores, by Ag+ 
ones. Then, the resulting material was resuspended in a (NH4)2Fe(SO4)2. 
6H2O water/methanol (1:1) solution (1.2 g, 3 mmol) under aerobic con-
ditions. The process was repeated several times until Fe percentage was 
near Ag percentage every 24 h. 

Synthesis of [Ag0
2(Ag0)1.44FeIII

0.66]@NaI
2{NiII

4[CuII
2(Me3mpba)2]3} · 

63H2O (Ag0
2Fe3+@CuNi-Me3mpba). The second step consists on the 

reduction of Ag+Fe3+@CuNi-Me3mpba to give the novel MOF with 
formula [Ag0

2(Ag0)1.44FeIII
0.66]@NaI

2{NiII
4[CuII

2(Me3mpba)2]3} · 63H2O 
(Ag0

2Fe3+@CuNi-Me3mpba).  5 g of Ag+Fe3+@CuNi-Me3mpba were 
soaked in a H2O/CH3OH (1:1) solution to which NaBH4, divided 3 g in 
15 fractions (4 mmol of NaBH4 per mmol of MOF each), were added 
progressively in the space of 72 hours, each fraction was allowed to 
react for 1.5 h, and the same successful results occurs and a high yield 
(5.13 g, 96%). 

The elemental analysis shows a molecular weight for Cu6Ni4Fe0.66Ag3.

44Na2C78H186N12O99 (Ag0
2Fe3+@CuNi-Me3mpba) of Mw 3946.29 g/mol 

and an elemental percentage of C, 23.88; H, 4.72; N, 4.23 is found (C, 
23.74; H, 4.75; N, 4.26 was expected). IR (KBr) shows the signals ν of 
3011, 2956 and 2917 cm–1 (C–H), 1607 cm–1 (C=O).

Alternatively, the procedure was also carried out by using the same 
synthetic procedure but with smaller amounts of both, where well-for-
med dark green prisms of [Ag+

3.44FeIII
0.66]@{NiII

4[CuII
2(Me3mpba)2]3} 

3.3. Synthesis



220

· 63H2O (Ag+Fe3+@CuNi-Me3mpba) were suitable for X-ray diffrac-
tion, were obtained in a Three-step PS process:

First, ca. 5 mg crystals of Ni2+@CuNi-Me3mpba  (0.0015 mmol) were 
suspended, for 24 hours, in 1 mg /5 mL of AgNO3 aqueous solutions 
(0.006 mmol), Ni2+ cations exchange by Ag+ hosted in the pores oc-
curs. Then, the resulting material was resuspended in a (NH4)2Fe(SO4)2. 
6H2O water/methanol (1:1) solution (1.2 mg, 0.003 mmol) under ae-
robic conditions. The process was repeated several times but the iron 
contents were identical to those obtained after 24 h. The crystals were 
isolated by filtration on paper and air-dried. 

After this double PS process, the resulting crystals (ca. 5 mg) were 
soaked in a H2O/CH3OH (1:1) solution to which NaBH4, divided in 15 
fractions (0.4 mmol of NaBH4 per mmol of MOF each), were added 
progressively in the space of 72 hours. Each fraction was allowed to 
react for 1.5 h. After this period, samples were gently washed with a 
H2O/CH3OH solution and filtered on paper. 

The elemental analysis shows a molecular weight for Cu6Ni4Fe0.66Ag3.

44Na2C78H186N12O99 (Ag0
2Fe3+@CuNi-Me3mpba of Mw 3946.29 g/mol 

and an elemental percentage of C, 23.79; H, 4.73; N, 4.36, is found (C, 
23.74; H, 4.75; N, 4.26 was expected). IR (KBr) shows the signals ν of 
3008, 2967 and 2923 cm–1 (C–H), 1611 cm–1 (C=O).

This schematic version (Figure 3.7) briefly explains the heterometallic 
insertion of Ag and Fe into Ni2+@CuNi-Me3mpba, where, firstly, was 
necessary to insert completely Ag in pores and later displace a half Ag 
cation by Fe, being necessary also a reduction process to obtain clusters. 

MOF-driven preparation of SACs and SNMCs
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3.3. Synthesis

Figure 3.7. Scheme of the synthetic procedure of NiII          AgI complete cation 

exchange in pores (i), AgII         FeIII partial cation exchange (ii) and obtaining Ag2 

clusters after reduction (iii).

3.3.C. Synthesis of MOF-driven SACs 
(Pd0@CuSr-Mecysmox)

As mentioned in the objectives, we added a different MOF to the one 
we have been working with so far. In this case, instead of using MOFs 
based on oxamates and an aromatic ligand, we use oxamidates and ami-
no acids, in this case esterified methylcysteine (Figure 3.31 in the intro-
duction chapter). In the following synthetize process, similarities with 
respect to Me3mpba-based MOFs (such as the use of a cuprous dinu-
clear precursor) and differences (such as no need for transmetallation) 
will be noted.

Synthesis of H2Me2-(S,S)-Mecysmox = bis[(S)-methyl-(L)-cysteine]
oxalyl diamide. In the case of this methylcysteine-based bioMOF, ob-
taining the proligand required a prior esterification step. The esterifi-
cation procedure consists in, first, under a N2 atmosphere, an excess 
of thionyl chloride (13.10 mL, 180 mmol SOCl2) was added dropwise, 



222

under stirring at 0°C on an ice-bath, to a solution of 8.11 g (S)-me-
thyl-(L)-cysteine amino acid (60 mmol) in 150 mL of MeOH. The low 
addition temperature is highly recommended because the mixture cau-
ses an exothermic reaction. Once all the SOCl2 solution was added, the 
colorless mixture was refluxed in 80°C for 6 hours. Then, the excess of 
thionyl chloride was distilled with MeOH (3 x 150 mL). The reaction 
mixture was washed with acetone (150 mL) and diethyl ether (100 mL) 
and further concentrated, under reduced pressure, to afford the methyl 
ester derivative of the (S)-methyl-(L)-cysteine amino acid, which was 
used in the next step without further purification.

After aminoacid esterification, 8.95 g of the resulting methyl ester de-
rivative of the (S)-methyl-(L)-cysteine (60 mmol) was dissolved in 250 
mL of dichloromethane. To neutralise the HCl molecules formed du-
ring the interaction of the oxalyl with the modified amino acid, 8.4 mL 
triethylamine (60 mmol) was used as a base, giving a colorless reaction 
mixture. As mentioned in advance, it was added drop by drop another 
solution containing 2.54 mL of oxalyl chloride (30.0 mmol) in 150 mL 
dichloromethane under vigorous stirring at 0 °C on an ice-bath. The 
resulting solution was further stirred for two hours. The small amount 
of white solid (Et3NHCl) formed was filtered off and the resulting solu-
tion was then concentrated in a rotatory evaporator to a final volume of 
100 mL. The purification was carried out by extraction of the obtained 
pale yellow solution was washed three times with water (3x50 mL). 
Finally, the target product was separated of the solvent DCM with a 
rotatory evaporator to afford a white solid, which was collected with 
water and dried under vacuum to obtain a yield of 9.62 g (91%) of 
H2Me2-(S,S)-Mecysmox = bis[(S)-methyl-(L)-cysteine]oxalyl diamide. 
The elemental analysis shows a molecular weight for C12H20S2N2O6 

MOF-driven preparation of SACs and SNMCs
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(H2Me2-(S,S)-Mecysmox) of Mw 352.4 g/mol and an elemental percen-
tage of C 40.97, H 5.68, S 18.26, N 7.99, is found (C 40.98, H 5.72, 
S 18.20, N 7.95 was expected). 1H NMR ([D6]DMSO) confirms that 
the compound was obtained correctly: 2.20 (s, 6H; SCH3), 2.97 (m, 
2H; CH2), 3.17 (m, 2H; CH2), 3.62 (s, 6H; OCH3), 4.78 (t, 2H; CH), 
9.01 (d, 2H; NH from CONH). IR (KBr) shows the signals ν of 1763, 
1751and 1656 cm–1 (C=O).

Synthesis of (Me4N)2{Cu2[(S,S)-Mecysmox](OH)2}. 5H2O. To produ-
ce the metalloligands (Me4N)2{Cu2[(S,S)-Mecysmox](OH)2}. 5H2O, it 
was necessary for the -OCH3 groups to be free to interact with the Cu. 
To remove the methyl protector group, 10.572 g of H2Me2-(S,S)-Mecys-
mox (30 mmol) was suspended in water (60 mL) and treated with 36 
mL of 25% methanolic solution of Me4NOH (125 mmol) until complete 
dissolution. In order to be able to make a slow addiction of Cu (to avoid 
polymeric aggregates), 8.07 g of CuCl2 (60 mmol) was solved in 25 
mL of water and, then, added dropwise while the reaction mixture was 
stirred. The resulting deep green solution was concentrated to a volume 
of ca. 5-10 mL in a rotary evaporator affording a green polycrystalline 
solid that was gently washed with acetone filtered off and dried un-
der vacuum, yielding a performance of 14.77 g (68%). The elemental 
analysis shows a molecular weight for C18H48Cu2S2N4O13 ((Me4N)2{-
Cu2[(S,S)-Mecysmox](OH)2}. 5H2O) of Mw 719.8 g/mol and an ele-
mental percentage of C, 30.13; H, 6.63; S, 8.93; N, 7.75% is found 
(C, 30.03; H, 6.72; S, 8.91; N, 7.78%was expected). IR (KBr) shows 
the signals ν of 3621 cm–1 (O-H), 3023, 2964 cm–1 (C-H), 1608 cm–1 
(C=O).

Synthesis of {Cu6Sr[(S,S)-Mecysmox]3(OH)2(H2O)} . 15H2O 

3.3. Synthesis
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(CuSr-Mecysmox). The corresponding MOF, {Cu6Sr[(S,S)-Mecys-
mox]3(OH)2(H2O)} . 15H2O (CuSr-Mecysmox), was obtained merely 
by precipitation, in the case of polycrystalline powder. So, 4.32 g of 
de dinuclear metalloligands (Me4N)2{Cu2[(S,S)-methox](OH)2} . 4H2O 
(6.0 mmol) was dissolved in 50 mL of water, it was added dropwise 
under stirring 0.42 g of Sr(NO3)2 (2.0 mmol) in 10 mL of aqueous solu-
tion and it is left with further stirring for 10h, at room temperature. On 
this way, a green polycrystalline powder was obtained and collected via 
filtration and dried with ethanol, acetone and diethyl ether with a yield 
of 2.91 g (83%). The elemental analysis shows a molecular weight for 
C30Cu6SrH70S6N6O36 ({Cu6Sr[(S,S)-Mecysmox]3(OH)2(H2O)} . 15H2O) 
of Mw 1752.2 g/mol and an elemental percentage of C, 20.51; H, 4.00; 
S, 10.99; N, 4.83% is found (C, 20.56; H, 4.03; S, 10.98; N, 4.80% was 
expected). IR (KBr) shows the signals ν of 1605 cm–1 (C=O). Unlike the 
crystals of Ni2+@CuNi-Me3mpba and derivatives, the crystals formed 
from methylcysteine were hexagonal prisms. Well-shaped hexagonal 
prisms of CuSr-Mecysmox suitable for X-ray structural analysis could 
be obtained by slow diffusion, in an H-shaped tube, of H2O/DMF (1:9) 
solutions containing stoichiometric amounts of 0.13 g solved in 0.5ml 
of solvent (Me4N)2{Cu2[(S,S)-Mecysmox](OH)2}. 5H2O (0.18 mmol) 
in one arm and 0.012 g Sr(NO3)2 (0.06 mmol) in 1ml of the solvent in 
the other, about 1.5-2 months is the time that we have to wait normally 
to obtain it. They were isolated by filtration on paper and air-dried.

Figure 3.8 describes the synthetic route to obtain de target MOF, star-
ting with (i) the proligand obtention by merging the esterified methyl 
cysteine with oxalyl chloride, continuing with (ii) their coordination 
with copper and finishing with (iii) the link of dinuclear copper com-
plex and strontium.

MOF-driven preparation of SACs and SNMCs
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Synthesis of [Pd2(H2O)(NH3)6]0.5Cl2@{SrIICuII
6[(S,S)–Mecysmox]3 

(OH)2(CH3OH)} . 12H2O (Pd2+@CuSr-Mecysmox). The MOF obtai-
ned, unlike the anionic MOF based on Me3mpba, is neutral, so although 
the insertion is carried out in the same way as during the cation exchan-
ge (immersing the MOF in the metal of interest), its interaction with 
the metal-organic network is by the interaction of the methyl thioether 
groups.

3.3. Synthesis

Figure 3.8. The synthetic process to obtain the MOF CuSr-Mecysmox: i) oxamidato 

bond is produced between oxylil chloride and the specific amino acid, ii) coordination 

bond is produced between the synthesized proligand and cooper and, finally, (iii) it 

was produce the directional growing of the MOF when building blocks interact with 

strocium as metal nodes.



226

Therefore, the resulting MOF [Pd2(H2O)(NH3)6]0.5Cl2@ {SrIICuII
6 

[(S,S)–Mecysmox]3(OH)2(CH3OH)} . 12H2O (Pd2+@CuSr-Mecys-
mox) in multigram scale was developed by using 2 g of the polycrys-
talline powder SrCuMecys (1.15 mmol) to be suspended in a solution 
of [Pd(NH3)4]Cl2 (1.1 mmol) with H2O/CH3OH (1:1)  for 1 hour under 
a mild stirring. The process was repeated 5 times with cleaning cycles 
with the solvent. Finally, the product was collected by filtration, was-
hed with the solvent too and air–dried. The elemental analysis shows a 
molecular weight for C31Cl2Cu6SrH76PdS6N9O33.5 (Pd2+@CuSr-Mecys-
mox) of Mw 1949.6 g/mol and an elemental percentage of C, 19.02; H, 
3.87; S, 9.91; N, 6.47% is found (C, 19.10; H, 3.93; S, 9.87; N, 6.47% 
was expected). IR (KBr) shows the signals ν of 1602 cm-1 (C=O).

After the repeating 5 cycles of soaking crystals of ca. 25 mg CuSr-Me-
cysmox (0.015 mmol) in solution of [Pd(NH3)4]Cl2 (0.015 mmol) with 
H2O/CH3OH (1:1)  for 6 hours and washing with the solvent, well–for-
med hexagonal green prisms of Pd2+@CuSr-Mecysmox were suitable 
for X–ray diffraction. To be characterized, crystals were washed with 
the solvent several times, isolated by filtration on paper and air–dried. 
The elemental analysis shows a molecular weight for C31Cl2Cu6Sr-
H76PdS6N9O33.5 (Pd2+@CuSr-Mecysmox) of Mw 1949.6 g/mol and an 
elemental percentage of C, 19.07; H, 3.89; S, 9.91; N, 6.45% is found 
(C, 19.10; H, 3.93; S, 9.87; N, 6.47% was expected). IR (KBr) shows 
the signals ν of 1603 cm–1 (C=O). Figure 3.9 shows schematically the 
palladium insertion in bioMOF, interacting with the thionyl groups.

MOF-driven preparation of SACs and SNMCs
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3.3. Synthesis

Figure 3.9. Schematic of the palladium insertion in the MOF {Cu6Sr[(S,S)-Mecys-

mox]3(OH)2(H2O)} . 15H2O.

Synthesis of (Pd0)0.5([PdII(H2O)(NH3)3]Cl2)0.5@{SrIICuII
6[(S,S)-Me-

cysmox]3(OH)2(CH3OH)}·13H2O (Pd0@CuSr-Mecysmox). A second 
PS was suffered by the CuSr-Mecysmox glass: the reduction with the 
corresponding (Pd0)0.5([PdII(H2O)(NH3)3]Cl2)0.5@ {SrIICuII

6[(S,S)-Me-
cysmox]3(OH)2(CH3OH)}·13H2O (Pd0@CuSr-Mecysmox) obtained. 
This procedure was applied successfully to both, crystals (ca. 25 mg) 
and a powder polycrystalline Pd2+@CuSr-Mecysmox (ca. 2 g). They 
suffer 15 cycles of NaBH4 solutions suspensions (0.4 mmol of NaBH4 
per mmol of MOF) with the solvent H2O/CH3CH2OH (1:1) for 1.5 hour 
and washing with the solvent. After this period, samples were gently 
washed with a H2O/CH3OH solution and filtered on paper. The elemen-
tal analysis shows a molecular weight for C31ClCu6SrH73.5PdS6N7.5O34.5 
(Pd0@CuSr-Mecysmox) of Mw 1906.6 g/mol and an elemental per-
centage of C, 19.48; H, 3.87; S, 10.03; N, 5.49%  is found (C, 19.53; H, 
3.89; S, 10.01; N, 5.51%. was expected). IR (KBr) shows the signals ν 
of 1601 cm–1 (C=O).
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3.4. Characterization

3.4.1. Scanning Electron Microscopy-Energy Dispersive 
X-ray Spectroscopy (SEM-EDAX)

As in chapter 2, the amount of inserted metal and the metals that form 
part of the intra-structure were checked again by SEM-EDAX.

3.4.1.A. SEM-EDAX of Ag0
2@CuNi-Me3mpba

Cation exchange and reduction of target compound [Ag0
2]AgI

2NaI
2{Ni-

II
4[CuII

2(Me3mpba)2]3} · 48H2O   Ag0
2@CuNi-Me3mpba was followed  

by SEM/EDX (Table 3.1). In the first stage, Ag insertion gave rise to 
AgI

4{NiII
4[CuII

2(Me3mpba)2]3} · 51H2O Ag+@CuNi-Me3mpba, if we 
observe its formula the expected ratios have to coincide with the one 
shown in the elemental analysis Cu/Ni 1,5 and Ni/Ag 1 (Table 3.2 left). 
Whereas, once the Ag atoms were reduced, the charge compensation 
was performed with the sodium cations provided by NaBH4, where the 
Cu/Ni 1.5 and Ni/Ag 1 ratios should be maintained and the Ni/Na 2 
ratio should also be taken into account (Table 3.2 right).

Table 3.1. SEM/EDX analyses of Ag+@CuNi-Me3mpba y Ag0
2@Cu-

Ni-Me3mpba.

MOF-driven preparation of SACs and SNMCs
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Table 3.2. SEM/EDX metal stoichiometry ratios of Ag+@CuNi-Me3m-
pba y Ag0

2@CuNi-Me3mpba.

The values obtained in the tables confirm that the cation exchange has 
been carried out correctly, as the expected ratios practically correspond 
to those obtained. Some silver is lost during the reduction due to the 
aggressiveness of the reductant, so, if there is less silver there is more 
sodium to compensate charges in the anionic MOF.

3.4.1.B. SEM-EDAX of Ag0
2Fe3+@CuNi-Me3mpba

After verifying that complete Ag insertion has been performed in the 
Ni2+@CuNi-Me3mpba by SEM/EDX, values corresponding to those of 
the Ag+@CuNi-Me3mpba (Section 3.4.1.A), the partial displacement 
of Ag by Fe insertion was observed (Table 3.3 left). The creation of 
the cluster will be given by the reduction of the MOF, leading to ratios 
from Ag+2Fe3+@CuNi-Me3mpba, formula [Ag+

3.44FeIII
0.66]@{NiII

4[CuI-

I
2(Me3mpba)2]3} · 63H2O, of Cu/Ni around 1.5, Ni/Ag of 1.15 and Ni/
Fe around 6 to Ag0

2Fe3+@CuNi-Me3mpba network, formula [Ag0
2A-

gI
1.72NaI

1.72FeIII
0.66]@{NiII

4[CuII
2(Me3mpba)2]3} · 48H2O   , and thus Cu/

Ni ratios around 1.5 (confirming the non-alteration of the metal-organic 
network composition), Ni/Ag around 1.1, Ni/Fe around 6 and Ni/Na 
around 2.3, Table 3.4.
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Table 3.3. SEM/EDX analyses of Ag+
2Fe3+@CuNi-Me3mpba and  

Ag0
2Fe3+@CuNi-Me3mpba.

Table 3.4. SEM/EDX metal stoichiometry ratios of Ag+
2Fe3+@Cu-

Ni-Me3mpba and  Ag0
2Fe3+@CuNi-Me3mpba.

The values obtained in the tables confirm that the cation exchange has 
been carried out correctly, as the expected ratios practically correspond 
to those obtained. Some silver and iron are also lost (as expected) du-
ring the reduction, with a corresponding slight gain of sodium.

MOF-driven preparation of SACs and SNMCs
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3.4.1.C. SEM-EDAX of Pd0@CuSr-Mecysmox
In the case of this neutral MOF, as stated in the objectives, what is 
studied is the number of thionyl positions that can be occupied by pa-
lladium by SEM/EDX (Table 3.5). Since it is not necessary for a charge 
compensation to occur, the reduction did not involve incorporation of 
Na atoms in its structure, so the ratios should be practically identical for 
both {Cu6Sr[(S,S)-Mecysmox]3(OH)2(H2O)} . 15H2O and [Pd2(H2O)
(NH3)6]0.5Cl2@{SrIICuII

6[(S,S)–Mecysmox]3(OH)2(CH3OH)} . 12H2O 
(Table 3.6). The Cu/Sr (ca 6) and Cu/S (ca 1) ratios will be the indica-
tors of the stability of the MOF instead of the Cu/Ni in base MOF of the 
Me3mpba. Since we don’t have a reference metal to exchange cations 
for (such as Ni), copper also serves as a reference to check the amount 
of palladium in the MOF, Cu/Pd 6. 

Table 3.5. SEM/EDX analyses of Pd2+@CuSr-Mecysmox and Pd0@
CuSr-Mecysmox

3.4. Characterization
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Table 3.6. SEM/EDX metal stoichiometry ratios of Pd2+@CuSr-Me-
cysmox and Pd0@CuSr-Mecysmox.

The values obtained in the tables confirm that the insertion has taken 
place correctly, although they do not fit perfectly with the data obtai-
ned, this is due to the possible overestimation of the copper that may 
have been carried out by the measurement apparatus or because during 
the insertion some areas of the MOF structure may have been slightly 
degraded. In the case of Cu/Pd the estimation is almost double or triple, 
compared to that calculated by elemental analysis, this may be due to 
the fact that Pd is not only retained by the thionyl groups but also by 
interaction with other functional groups that constitute the MOF or in-
termolecular interaction Pd-Pd.

3.4.2. X–ray photoelectron spectroscopy (XPS) 

As previously observed, the formation of SNMCs and SACs from 
the metals of interest inserted in the MOF required a final reduction 
post-treatment step. Monitoring of the oxidation states before and after 
reduction was carried out by XPS.

MOF-driven preparation of SACs and SNMCs
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3.4.2.A. XPS of Ag0
2@CuNi-Me3mpba

In order to ascertain the oxidation states of the metal cations hosted in 
the channels of Ag+@CuNi-Me3mpba and Ag0

2@CuNi-Me3mpba. I 
carried out XPS measurements, focusing on the oxidation state of silver 
metals (Figure 3.10).  Ag+@CuNi-Me3mpba signals only two bands at 
368.9 and 374.5 eV corresponding to Ag+ cations, ascribed to Ag 3d5/2 
and Ag 3d3/2 binding energies,57,58 are observed (Figure 3.10a). On the 
other, Ag0

2@CuNi-Me3mpba signals, apart from the same Ag 3d5/2 
and Ag 3d3/2 bands at 368.4 and 374.4 eV, indicative of Ag+, two ad-
ditional peaks at 370.0 and 375.9 eV can be observed, which are attri-
buted to reduced Ag0 atoms. The SC-RDX results discussed in the fo-
llowing section and other analyses will suggest that coexist Ag+ cations 
and Ag0

2 nanoclusters, where the ratio of Ag0 respect Ag+ correspond 
with a 1:1 ratio. This point confirms that 50% of Ag+ present in Ag0

2@
CuNi-Me3mpba are reduced by NaBH4 forming Ag0

2 nanoclusters, 
whereas 50% of Ag+ cations remain untouched occupying inaccessible 
sheltered interstitial positions where the reducing agent cannot accede.

3.4. Characterization

Figure. 3.10. X–ray photoelectron spectroscopy (XPS) of Ag+@CuNi-Me3mpba (a) 

and Ag0
2@CuNi-Me3mpba (b).
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3.4.2.B. XPS  of Ag0
2Fe3+@CuNi-Me3mpba

In the case of Ag+@CuNi-Me3mpba and Ag0
2Fe3+@CuNi-Me3mp-

ba, the iron XPS signals had to be analyzed in addition to the silver 
signals studied for unreduced (Figure 3.11a) and reduced Ag+@Cu-
Ni-Me3mpba (Figure 3.11b). So we start from the prior knowledge of 
both Ag0

2-subNMCs and Ag0-SMAs within the same MOF and of Iron 
signals in isolated Fe3+-SMAs of FeNiCuMOF were also previously re-
ported.

Before reduction, Ag 3d5/2 and Ag 3d3/2 bands are observed at 368.6 and 
374.6 eV, which are indicative of Ag+(Figure 3.11a left), while after 
reduction, peaks at 370.1 and 375.8 eV can be observed (Figure 3.11b 
left), which are attributed to reduced Ag0 atoms. This confirms the full 
reduction of Ag+ atoms after reacting with NaBH4, in contrasts with the 
case of the homometallic Ag0

2@CuNi-Me3mpba where only 50% of 
Ag+ cations (those located in larger channels) where reduced by NaBH4 
forming Ag0

2 nanoclusters, which could be explained by the higher con-
tent of Ag+ present in the previously reported MOF. In turn, the analysis 
of the iron bands before (Figure 3.11a right) and after (Figure 3.11b 
right) introduction of NaBH4, allows to confirm that Fe3+ cations are ei-
ther not reduced by NaBH4 or re-oxidized upon exposed to air. Indeed, 
the fitting of the Fe(2p3/2) and Fe(2p1/2) shows well-known peaks for 
FeIII.60 In particular, peaks at 711.2/711.1 eV and 713.8/713.9 eV, before 
and after reduction, respectively, can be clearly associated with FeIII 
2p3/2, while peaks at 724.9/724.2 eV and 726.9/726.7 eV are associated 
with FeIII 2p1/2. Additionally, other satellite peaks, typical of FeIII ions, 
can be also observed (Figure 3.11 right).

MOF-driven preparation of SACs and SNMCs
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3.4. Characterization

Figure 3.11. X–ray photoelectron spectroscopy (XPS) of Fe3+Ag+@MOF (a) and 

Fe3+Ag0
2@MOF (b), where the silver signals correspond to those on the left, while 

the iron signals correspond to those on the right.

3.4.2.C. XPS of Pd0@CuSr-Mecysmox
In this work we focus again on the metal inserted via XPS, in this case 
Pd. The Pd signals in Pd2+@CuSr-Mecysmox (Figure 3.12a) practica-
lly coincide with the Pd2+@CuNi-Me3mpba signals (Chapter 2, sec-
tion 2.4.2). The Pd3d line of Pd2+@CuSr-Mecysmox is only one dou-
blet with a binding energy (BE) of the Pd3d5/2 peak of 337.8 eV, typical 
of Pd2+ cations which is close enough to other reported values.30 In turn, 
Figure 3.12b clearly shows, apart from the same Pd3d5/2 doublet with 
a BE of 337.7 eV, an additional peak at 335.8 eV, attributed to reduced 
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Pd0@CuSr-Mecysmox SACs,30 with a 1:1 ratio respect to Pd2+. This 
feature indicates that only a 50% of Pd2+ –those occupying accessible 
positions– are reduced when in contact with reducing agent, whereas 
those Pd2+ cations situated in inaccessible sheltered interstitial positions 
remain in their original oxidation state. These values are close enough 
to those observed for other Pd2+/ Pd1 species.44,60  Therefore, they sug-
gest that the thioether groups do not alter significantly either the native 
electronics nor the open-shell structure of the Pd1 site, which is ready to 
catalyze the aerobic oxidation target for this compound: benzyl alcohol 
to benzoic acid. 

Figure 3.12. X–ray photoelectron spectroscopy (XPS) of Pd2+@CuSr-Mecysmox 
(a) and Pd0@CuSr-Mecysmox (b).

MOF-driven preparation of SACs and SNMCs

3.4.3. Single Crystal X-ray diffraction (SC-XRD)

To fully characterize the three post-treated metal-organic structures in 
this thesis, we carried out single crystal X-ray diffraction. The robust-
ness and crystallinity of each 3D lattice presented after each post-treat-
ment step allowed the necessary resolution to be produced to interpret 
the multiple interactions they incorporate.
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3.4.3.A. SC-XRD of Ag0
2@CuNi-Me3mpba

In chapter 2, SC-SC monitoring of the two post-synthetic stages: trans-
metallation of Mg by Ni and cation exchange of pore-hosted Ni by Pd 
using the SC-XRD technique. As we have been studying in this chapter, 
here we are presented with another stage: reduction. This stage is deci-
sive for the formation of SNMCs61 or SACs.

For the formation of Ag0
2 nanoclusters, we have extended our knowled-

ge applied to the Pd2+@CuNi-Me3mpba  MOF, starting with the same 
previous stage of transmetallation and differing in a complete insertion 
of silver (more affordable metal than palladium) and a reduction by its 
treatment with NaBH4. Detailed SC-SC follow-up of the PSMs applied 
to Ni2+@CuNi-Me3mpba was performed by SC-XRD with synchro-
tron radiation.

So, starting from our host matrix NiII
2{NiII

4[CuII
2(Me3mpba)2]3} · 

54H2O (Ni2+@CuNi-Me3mpba) the nickel(II) cations (Figure 3.13 
left), located in the pores of Ni2+@CuNi-Me3mpba, were exchanged 
for AgI cations giving rise to the new compound AgI

4{NiII
4[CuII

2(Me3m-
pba)2]3} · 51H2O (Ag+@CuNi-Me3mpba) (Figure 3.13 middle). Since 
nickel has a double valence compared to silver, the charge compensa-
tion required a double amount of silver cations.  Then, after the intro-
duction of NaBH4, the reduction process takes place to give the final 
compound [Ag0

2]@AgI
2NaI

2{NiII
4[CuII

2(Me3mpba)2]3} · 48H2O (Ag0
2@

CuNi-Me3mpba) (Figure 3.13 right). This formula already allows us to 
guess that the reduction partially took place, as well confirmed by XPS 
and SEM-EDAX.

3.4. Characterization
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Figure 3.13. Design approach showing the crystal structures of Ni2+@CuNi-Me3m-
pba (left), Ag+@CuNi-Me3mpba (middle) and Ag0

2@CuNi-Me3mpba (right) 
showing the two–step PS process consisting of the exchange of the NiII cations in 
the pores of Ni2+@CuNi-Me3mpba by AgI ones to yield Ag+@CuNi-Me3mpba and 
the reduction process to form the Ag0

2 clusters in Ag0
2@CuNi-Me3mpba.  Copper 

and nickel atoms from the network are represented by cyan and orange polyhedral, 
respectively, whereas organic ligands are depicted as grey sticks. Orange, yellow and 
blue spheres represent Ni, Na and Ag atoms, respectively.

Table 3.7. jointly with Figure 3.13, confirms that the crystal structure 
resolution of Ag+@CuNi-Me3mpba and Ag0

2@CuNi-Me3mpba was 
successfully performed showing isoreticularity and belonging to the 
P4/mmm space group of the tetragonal system. This allows us to descri-
be the observations we have been able to make of these ultra-small sil-
ver dinuclear entities and their surroundings within the solid in Ag0

2@
CuNi-Me3mpba.

MOF-driven preparation of SACs and SNMCs
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Table 3.7. Summary of Crystallographic Data for Ag+@CuNi-Me3mp-
ba and Ag0

2@CuNi-Me3mpba. 

3.4. Characterization
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In order to study the lead metal in this section, the silver atoms for Ag+@
CuNi-Me3mpba (Figure 3.14a) and Ag0

2@CuNi-Me3mpba (Figure 
3.14b) were highlighted in Figure 3.14 in blue and grey. In this Figure 
3.14, it can be seen how the crystal structure of Ag+@CuNi-Me3mpba 
has channels, both octagonal and square, full of Ag+ complexes, while 
for Ag0

2@CuNi-Me3mpba only the square pores contemplate it becau-
se in the octagonal pores (with greater accessibility) a reduction and, 
therefore, a formation of NCs of Ag0

2.

Figure 3.14. Perspective view along c crystallographic axis of crystal structures of 
Ag+@CuNi-Me3mpba (a) and Ag0

2@CuNi-Me3mpba (b).  Lattice water molecules 
and hydrogen atoms have been omitted for clarity. Color scheme: Silver, blue sphe-
re (octagonal pores of Ag+@CuNi-Me3mpba and Ag0

2@CuNi-Me3mpba) and grey 
spheres (Ag+ ions not reduced in square pores in Ag0

2@CuNi-Me3mpba); sodium, 
yellow spheres, ligands atoms and metal ions of the whole net have been depicted as 
grey sticks.

MOF-driven preparation of SACs and SNMCs

The AgI cations incorporated in the Ag+@CuNi-Me3mpba structure are 
located within the hydrophilic octahedral pore walls [virtual diameter 
of 2.2 nm] (Figure 3.15) where they are stabilized by non-covalent in-
teractions involving oxamate oxygen atoms [Ag+ ···Ooxamate from 2.72(1) 
- 2.79(1) Å] (Figure 3.16). The fact that there is no trace of NiII cations 
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above Ni2+@CuNi-Me3mpba indicates that the NiII in the pores have 
been completely exchanged for AgI (Figure 3.13b). The surroundings of 
the AgI ions reveal interacting oxygen atoms that probably belong to ni-
trate anions (whose complete fragments were not found in the ΔF-map) 
or to solvent water molecules [Ag+···O distance of 2, 38(3)-2.56(3) Å], 
together with Ag+···Ag+ with a separation of 2.74(2) Å which is shorter 
than the Van der Waals contact distance and which could be considered 
as precursors of the Ag0

2 dimers observed in Ag0
2@CuNi-Me3mpba.

3.4. Characterization

Figure 3.15. Details along c (a) and a (b) crystallographic axis of a single octagonal 
pore in Ag+@CuNi-Me3mpba. Color scheme: Silver, blue sphere; Copper and nickel, 
cyan and orange polyhedral, respectively; ligands atoms of the whole net have been 
depicted as grey sticks.

Figure 3.16. One single channel of Ag+@CuNi-Me3mpba showing supramolecular 
interactions involving oxamate ligands of the network stabilizing Ag+ dimers. Color 
scheme: Silver, blue sphere; Copper and nickel, cyan and orange polyhedral, respec-
tively; ligands atoms of the whole net have been depicted as grey sticks. Modelled 
oxygen atoms (likely belonging to NO3- anions) surrounding Ag+ ions are depicted as 
red spheres.
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On the other hand, the crystal structure of Ag0
2@CuNi-Me3mpba 

provides stability to the synthesized Ag0
2 dimers thanks to the nano-

confinement on the walls of the hydrophilic octagonal channels of the 
anionic Ni4

IICu6
II open-framework network (Figures 3.13c and 17-18).  

The confinement of the unreduced AgI---AgI dimers in smaller square 
pores prevented access of the solvated NaBH4 species (Figures 3.13c 
and 3.18), these were blocked by AgI---Ooxamate interactions at a dis-
tance of 2.84(1) Å. In addition, the hydrated alkali NaI cations counte-
racting the charge are retained on the preferential cationic sites, which 
stabilise the final material showing a much higher robustness (Figures 
3.17-3.18).   

Figure 3.17. Details along c (a) and a (b) crystallographic axis of a single octagonal 
pore in Ag0

2@CuNi-Me3mpba. Color scheme: Silver, blue sphere; Sodium, yellow 
spheres. Copper and nickel, cyan and orange polyhedral, respectively; ligands atoms 
of the whole net have been depicted as grey sticks.

MOF-driven preparation of SACs and SNMCs
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3.4. Characterization

Figure 3.18. Details along c crystallographic axis of a portion of crystal structure of 
Ag0

2@CuNi-Me3mpba showing disposition of Ag+ ions (grey spheres) residing in 
poorer accessible small square pores. Color scheme: Silver, blue and grey spheres 
(Ag+ ions not reduced in square pores); sodium, yellow spheres. Copper and nickel, 
cyan and orange polyhedral, respectively; ligands atoms of the whole net have been 
depicted as grey sticks.

Figure 3.19 shows that the Ag0
2 dimers [Ag---Ag intradimer distance 

of 3.19(1) Å] are well attached and stabilised within the larger pore 
walls of the network by supramolecular interactions involving oxamate 
ligands [Ag---Ooxamate range 2.93(1) - 3.05(1) Å] and very weak con-
nections with solvent molecules [Ag0---Owater distance of 3.25(1) Å].
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Figure 3.19. One single channel of Ag0
2@CuNi-Me3mpba showing supramolecular 

interactions involving oxamate ligands of the network (distances are reported in Å).

3.4.3.B. SC-XRD of Ag0
2Fe3+@CuNi-Me3mpba

The following structure involves a PS stage plus62  the recently discus-
sed Ag+@CuNi-Me3mpba, i.e. a complete cation exchange of Ni for 
Ag of the pores is necessary in order to incorporate iron cations and re-
duce it to form heterometallic SNMCs. So the starting crystalline MOF 
underwent a transmetallation (obtaining Ni2+@CuNi-Me3mpba),63 a 
complete cation exchange (obtaining Ag+@CuNi-Me3mpba), a partial 
cation exchange of the inserted silvers by iron (obtaining Ag+Fe3+@
CuNi-Me3mpba) and, finally, a reduction(Ag0

2Fe3+@CuNi-Me3mp-
ba). Thus, the four PS steps resulted in the formation of a single crystal 
of [Ag0

2(Ag0)1.34FeIII
0.66]@NaI

2{NiII
4[CuII

2(Me3mpba)2]3} · 63H2O  (Ag0
2 

Fe3+@CuNi-Me3mpba) which has sufficient stability and crystallinity 
to be measured sequential SC to SC by SC-DRX (Table 3.8 and Figure 
3.20c). This hybrid MOF integrates Fe3+-SMAs and both Ag0

2-subN-

MOF-driven preparation of SACs and SNMCs
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MCs and Ag0-SMAs within the same channels18, 64  . The final structure 
fulfils the expectations created after the study of the reported SMAs65 

from FeNiCuMOF (Figure 3.20a) and the previously performed study 
of SMAs and subNMCs from the unreduced and reduced Ag+@Cu-
Ni-Me3mpba (Figure 3.20b). 

3.4. Characterization

Figure 3.20.  Crystal structures of Fe3+@CuNi-Me3mpba70 (a), Ag0
2@CuNi-Me3m-

pba (b) and Ag0
2Fe3+@CuNi-Me3mpba (c).  Copper and nickel atoms from the ne-

twork are represented by cyan and orange polyhedral, respectively, whereas organic 
ligands are depicted as grey sticks. Yellow and dark blue spheres represent Fe and Ag 
atoms, respectively.
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Table 3.8. Summary of Crystallographic Data for Ag0
2Fe3+@Cu-

Ni-Me3mpba. 

MOF-driven preparation of SACs and SNMCs
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These predecessor species, separately, already gave a detailed structural 
analysis of the MOF accommodation network, and revealed that the 
metallic entities do not undergo significant changes in atomicity, oxi-
dation state (except Ag+ and Ag0 in the small square pores for Ag0

2@
CuNi-Me3mpba and Ag0

2Fe3+@CuNi-Me3mpba, respectively), che-
mical environment and relative position in the channels, as well as no 
structural distortion of the MOF network. 

In the Ag0
2Fe3+@CuNi-Me3mpba MOF it can be highlighted that, 

compared to previously reported methods in porous materials whe-
re mixtures of different metallic species with random distribution are 
more commonly obtained, we have obtained defined and ordered me-
tallic entities of different metallic ions and with different number of 
atoms constituting each entity within the same MOF. It can be said that 
the difficulty of forming Ag0

2 clusters in the presence of another metal 
has also been overcome, since silver atoms have a highly reactive na-
ture towards other metals leading to redox reaction and alloying under 
a wide variety of reaction conditions. In addition to presenting a strong 
tendency to reduce and form nanoparticles even under the simple action 
of light.

The SCXRD data of Ag02Fe3+@CuNi-Me3mpba, provided in Table 
3.8. manifest an anionic NiII

4CuII
6 open–framework structure isoreticu-

lar to ancestor, which crystallized in the P4/mmm space group of the 
tetragonal system. Significant statistical and dynamic clutter may affect 
the visualization of metal positions in large pores, however, crystallo-
graphy clearly reveals the formation of Ag0

2 dimers,66-69 stabilized near 
the walls of hydrophilic octagonal channels [virtual diameter of 2.2 
nm], (crystallographically) mixed with FeIII cations that also reside in 

3.4. Characterization
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the largest accessible hydrophilic octagonal channels, in the vicinity of the 
already discovered preferred cationic sites in Fe3+@CuNi-Me3mpba (Figure 
3.20a).

Inside the large octagonal channels, both Ag0
2 dimers and FeIII cations are 

mixed with a population of 34 and 67% respectively, and are stabilized by 
non-covalent interactions involving oxamate oxygen atoms. In fact, the di-
sorder that FeAgNiCuMOF presents gives a mixed view of the spatial arran-
gement of the atoms in its structure quite understandable, considering that a 
crystal structure is the spatial average of all the chemical fragments averaged 
in the crystal via only one-unit cell. Figure 3.21 (Left) displays Ag0

2 dimers 
[intradimer Ag···Ag distance of 2.67(3) Å] are trapped and stabilized nearby 
the walls of the largest pores of the network by Ag···Ooxamate interactions 
[Ag0

2···Ooxamate of 2.87(2) and 3.09(3) Å]. Further Ag0
2 dimers [intradimer 

Ag···Ag distance of 2.93(3) Å] are formed and blocked in the small and thus 
less accessible square pores of the porous network, stabilized by Ag0 ···Ooxa-
mate interactions at a distance of 2.83(2) Å] (Figure 3.21, right). 
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3.4. Characterization

Figure 3.21. (Left) Details of Fe3+Ag0
2@MOF X-ray structure showing supramolecu-

lar interactions stabilizing Ag0
2 dimers and Fe3+ ions in hydrophilic octagonal chan-

nels (intradimer Ag···Ag distance of 2.67(3) Å).  Copper and nickel atoms from the 
network are represented by cyan and orange spheres respectively, whereas organic 
ligands are depicted as grey sticks. Yellow and dark blue spheres represent Fe and Ag 
atoms, respectively. (Right) View along c crystallographic axis of Fe3+Ag0

2@MOF 
crystal structures showing randomly distribution of Fe3+ (yellow spheres) and Ag0

2 

dimers (blue spheres) inside octagonal hydrophilic pores together with Ag0
2 dimers 

formed and blocked in the small square pores of the porous network

The Fe3+ surrounding in Ag0
2Fe3+@CuNi-Me3mpba crystal structure 

can be retained via Fe3+···Ooxamate contacts [Fe3+···Ooxamate of 2.53(2) Å]. 
Hydrated charge–counterbalancing alkali Na+ cations, are retained, as 
constantly found for this hosting matrix, in the preferential cationic si-
tes, further contributing to the outstanding robustness of the final mate-
rial (Figures 3.22-3.23). 
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Figure 3.22. Perspective view along c and b axis of Ag0
2 dimers (blue spheres) re-

siding in the small square pores of the porous network stabilized by Ag0 ···Ooxamate 

interactions at a distance of 2.83(2) Å (blue dashed lines) and Na+ alkali metal ions 
(orange spheres) connected to the walls of the network by means of non-covalent 
interactions.

Figure 3.23. Perspective view of Ag0
2Fe3+@CuNi-Me3mpba crystal structures along 

b crystallographic axis clearly showing distribution of Ag0 dimers (blue spheres) and 
Fe3+ metal ions (yellow spheres) together with hydrated alkali Na+ cations (orange 
spheres), retained in preferential cationic sites, further contributing to the robustness 
of the final material.

MOF-driven preparation of SACs and SNMCs



251

It is important to emphasize both the similarities and differences be-
tween the presented structure Ag0

2Fe3+@CuNi-Me3mpba and the 
structures previously reported Fe3+@CuNi-Me3mpba and Ag0

2@Cu-
Ni-Me3mpba, certain similarities can be observed along with important 
differences. If we observe at FeNiCuMOF, the interaction FeIII···MOF 
comes into contact, stabilizing metal ions, where it is mediated by wa-
ter.70 In fact, [FeIII(H2O)6]

3+ monomers can establish strong hydrogen 
bonds with the oxygen atoms in the pore walls of the oxamate ligands 
and the water molecules surrounding the FeIII ions. In the FeAgNiCu-
MOF crystal structure, FeIII ions are also located at the same preferential 
cationic sites, but exhibit shorter FeIII···Oxamate separation, suggesting 
direct contact with the walls of the networks (probably at the origin of 
the highly disordered and undetected by ΔFmaps the water molecules 
completing the FeIII coordination sphere).

Another point of review is the comparison between Ag0
2Fe3+@Cu-

Ni-Me3mpba and Ag0
2@CuNi-Me3mpba, which are highly alike, 

even in terms of structural parameters (i.e. intradimer Ag···Ag distan-
ces). This confirms the same intrinsic capability of the anionic NiII

4CuII
6 

open–framework to synthesize and stabilize Ag0
2 dimers. So, apart from 

the structural richness gained with Ag0
2Fe3+@CuNi-Me3mpba, these 

systems are excellent test benches to study, without structural/electro-
nic ambiguities, the activity of each metallic entity, either isolated or 
integrated in the same MOF, for a given catalytic reaction. Offering a 
singular opportunity to investigate the potential cooperative/symbiotic 
effect of having simultaneously two different and well-defined metallic 
species at a molecular distance in a solid support.

3.4.3.C. SC-XRD of Pd0@CuSr-Mecysmox
In this section, we work with a bioMOF based on S-methyl-L-cystei-

3.4. Characterization



252

ne, with formula {Cu6Sr[(S,S)-Mecysmox]3(OH)2(H2O)} . 15H2O 
(CuSr-Mecysmox) (Mecysmox = bis[S-methylcysteine]oxalyl diami-
de), Figure 3.24 and 3.26a.  This MOF, although it is not anionic (like 
Ni2+@CuNi-Me3mpba) to be able to capture cations by cation exchan-
ge, already contains functional groups with the capacity to capture me-
tals, as was reported for the case of methiomox (with shorter thioalkyl 
chains), being unnecessary to functionalize the ligands.  

The conformation of the thioalkyl arms of the MOF shows the intrinsic 
flexibility of the chain, which gives it that ability to grasp guest mole-
cules and, together with the size of the pore, to be able to confine more 
effectively than with the Me3mpba-based MOF (comparing the hexago-
nal pores of the CuSr-Mecysmox with the large octagonal pores of the 
Ni2+@CuNi-Me3mpba). Contrary to the example reported in the intro-
duction to this chapter 3, Pd0

4@CuNi-Me3mpba PdNiCuMOF_red, its 
smaller pore size was predicted to exert an insulating effect, preventing 
the appearance of aggregates during the reduction of the inserted metal.

MOF-driven preparation of SACs and SNMCs
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Figure 3.24. a)  Views of a fragment of CuSr-Mecysmox in the ab and bc (c) planes, 
respectively. c) Fragment of CuSr-Mecysmox showing the dianionic bis(hydroxo) 
dicopper(II) building blocks. Copper, strontium and sulfur atoms are represented by 
green, purple and yellow spheres, respectively, whereas the ligands (except sulfur) 
are depicted as grey sticks [carbon: gray, oxygen: red and nitrogen: blue in fragment 
represented in c)]. Hydrogen atoms are omitted for clarity.

In CuSr-Mecysmox, thioether chains from H2Me2-(S,S)-Mecysmox li-
gand show as basic conformation one of the two distinct moieties in a 
distended conformation towards the center of the pores, and the other 
one regularly bent, with the terminal methyl groups pointing towards 
the smaller interstitial voids residing along a axis (Figures 3.25).

3.4. Characterization
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Figure 3.25. (a) Perspective view along a crystallographic axis of the 3D chiral po-
rous network of CuSr-Mecysmox evidencing the regularly bent dymethyl thioether 
arm of the H2Me2-(S,S)-Mecysmox ligand with the terminal methyl groups pointing 
towards the smaller interstitial voids residing along a axis. Copper, strontium and sul-
fur atoms are represented by green, purple and yellow spheres, respectively, whereas 
the ligands (except sulfur) are depicted as grey sticks [carbon: gray, oxygen: red and 
nitrogen: blue in fragment represented in c)]. Hydrogen atoms are omitted for clarity.

The PSM used to obtain Pd0@CuSr-Mecysmox are similar to those 
previously described, except for the transmetallation, which is not ne-
cessary in this case. It is important to emphasize that the first stage of 
insertion, the uptake of Pd cations, is not given by cation exchange but 
by coordinated capture of Pd by the thionyl groups.

CuSr-Mecysmox, featuring pores densely decorated with dimethyl 
thioether groups, allows the sequential formation and stabilization 

MOF-driven preparation of SACs and SNMCs
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of Pd1 SACs within their functional channels (Figure 3.26c). In or-
der to do so, as stated, firstly Pd(NH3)4Cl2 was inserted to obtain [PdI-
I2(H2O)(NH3)6]0.5Cl2@{SrIICuII

6[(S,S)–Mecysmox]3(OH)2 CH3OH)}} 
. 12H2O (Pd2+@CuSr-Mecysmox) (Figure 3.26b) and, then, their re-
duction allows obtain two palladium species (unreduced and reduced), 
(Pd0

1)0.5([PdII(H2O)(NH3)3]Cl2)0.5@{SrIICuII
6[(S,S)-Mecysmox]3(OH)2 

CH3OH)}} . 13H2O (Pd0@CuSr-Mecysmox), (Figure 3.26c).

From the SACs formation route, we can appreciate the concomitant 
in-situ reduction of half of the Pd2+ cations to form the mixed valen-
ce Pd2+/ Pd1 hybrid compound (Pd0@CuSr-Mecysmox), where sulfur 
groups no only retain the Pd2+ cations in specific positions after the 
insertion process but also allows their homogeneous distribution along 
the channels, and prevent their agglomeration forming NCs or NPs du-
ring the reduction process. This MOF also has the crystallinity and ro-
bustness71-76  enough to be unveiled by SC-XRD (Figure 3.26 and Table 
3.9).

3.4. Characterization

Figure 3.26. PS approach showing the structures of CuSr-Mecysmox, Pd2+@
CuSr-Mecysmox and Pd0@CuSr-Mecysmox determined by single–crystal X–
ray diffraction which consists of two con-secutive processes. First, the insertion of 
[Pd(NH3)4]

2+ cations within the channels of CuSr-Mecysmox (a) to give Pd2+@
CuSr-Mecysmox (b) and second the reduction of Pd2+ cations to form the Pd0 single 
atoms in Pd0@CuSr-Mecysmox (c). Copper and strontium atoms from the network 
are represented by cyan and purple polyhedra, respectively, whereas organic ligands 
are depicted as gray sticks. Yellow and blue spheres represent S and Pd atoms. Dual 
color sticks represent the Pd···S interactions.
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Compounds CuSr-Mecysmox, Pd2+@CuSr-Mecysmox and Pd0@
CuSr-Mecysmox are isomorphous –crystallizing in the chiral P63 spa-
ce group (Table 3.9) and exhibit a chiral 3D strontium(II)–copper(II) 
network, featuring hexagonal channels where the dimethyl thioether 
chains from methylcysteine residues are confined. These functional 
arms exploit their intrinsic flexibility adopting different most stable 
conformations depending on the nature of target: i.e. solvent molecu-
les in CuSr-Mecysmox (Figures 3.24, 3.25 and 3.26a), Pd2+ in Pd2+@
CuSr-Mecysmox (Figures 3.26b and 3.27a) or both Pd2+ cations and 
Pd0

1 SACs in Pd0@CuSr-Mecysmox (Figures 3.26c and 3.27b)

MOF-driven preparation of SACs and SNMCs

Table 3.9. (right) Summary of Crystallographic Data for {Cu6S-
r[(S,S)-Mecysmox]3(OH)2(H2O)}.15H2O(CuSr-Mecysmox), 
[Pd2(H2O)(NH3)6]0.5Cl2@{SrIICuII

6[(S,S)–Mecysmox]3(OH)2(CH3OH)} 
.12H2O (Pd2+@CuSr-Mecysmox) and (Pd0)0.5([PdII(H2O)(NH3)3]
Cl2)0.5@ {SrIICuII

6[(S,S)-Mecysmox]3(OH)2(CH3OH)} . 13H2O (Pd0@
CuSr-Mecysmox).
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3.4. Characterization
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If we zoom in the pores of Pd2+@CuSr-Mecysmox and Pd0@
CuSr-Mecysmox, we can observe the change in the interaction of the 
palladium atoms with the alkylthionyl groups when Pd is oxidized from 
II to 0, forcing the thionyl groups to change their special disposition 
(Figure 3.27).

The Pd2+–S bond distances [1.96(4) and 2.17(2) Å (Pd2+@CuSr-Me-
cysmox] (Figure 3.28a) are close enough to those observed previously,64 

and similar to the Pd0–S bond distance observed in Pd0@CuSr-Mecys-

MOF-driven preparation of SACs and SNMCs

Figure 3.27. Details of pores in Pd2+@CuSr-Mecysmox (a) and Pd0@CuSr-Mecys-
mox (b) viewed along c crystallographic axis in polyhedral (copper and strontium) 
ball and stick for Pd2+ and sulfur ions/atoms, and stick (ligand) model. Copper and 
strontium atoms from the network are represented by cyan and purple polyhedra, 
respectively, whereas organic ligands are depicted as gray sticks. Yellow and blue 
spheres represent S and Pd atoms. In the first picture, little blue color sticks represent 
the Pd···S interactions, while in the second one, blue dashed lines represent the Pd···S 
interactions whereas red dashes lines represent Pd2+···Oligand interactions.
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mox 2.16(2) Å] (Figures 3.28b). This apparently insignificant change in 
the interaction distance from Pd2+-S to Pd0

1-S means the breaking of the 
bridge between two-coordinated PdII anions linked by a water molecule 
(belonged to [Pd2(H2O)(NH3)6], where he unreduced PdII maintains its 
interaction with the water molecule and the sulfur of the amino chain, 
while the Pd0 SAC needs to be stabilized by additional interaction with 
oxygens belonging to the oxamate oxygen of the ligand, as well as with 
the sulfur of the amino acid chain. The suggestion made from SC-XRD 
data allows to know the Pd1 formation mechanism, being the bridging 
water molecule might play a crucial role during the SACs formation 
process (Pd0@CuSr-Mecysmox), acting synergistically with the flexi-
ble dimethyl thioether chains from methylcysteine residues stabilizing 
PdII metal ions in Pd2+@CuSr-Mecysmox. The reduction process of 
PdII –S units located inside the most accessible pores breaks water 
bonds from one side, meanwhile generates the Pd0 –S ones in Pd0@
CuSr-Mecysmox. This leaves the water molecule still coordinated and 
stabilizing the unreduced mononuclear PdII complexes residing in hin-
dered interstitial voids (Figures 3.28b). As a consequence of the brea-
king linkage after Pd1 SAC formation [Pd-Ow 2.00(6) and 3.03(7) Å in 
Pd2+@CuSr-Mecysmox and 1.99(2) Å in Pd0@CuSr-Mecysmox] (Fi-
gure 3.28) (vide infra). Pd0

1 weakly interact also with oxamate moieties 
with Pd···O distances of 2.84(1) and 2.88(1) Å (see also Figures 3.27b 
and 3.28b). As far as we know, no examples of crystallographically 
precise Pd1 SACs have been reported so far. Nevertheless, this Pd···O 
distance is close enough to that previously reported for Pd nanoclusters 
(2.9 Å).64 

3.4. Characterization
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Figure 3.28. Details of the Pd···S interactions in Pd2+@CuSr-Mecysmox (a) and 
Pd0@CuSr-Mecysmox (b) underlining the detected water molecule acting as bridge 
between two-coordinated Pd2+ ions in Pd2+@CuSr-Mecysmox still remains coordi-
nated in Pd0@CuSr-Mecysmox, as terminal ligand, only to Pd2+ metal ions as a con-
sequence of the breaking linkage after Pd0 SAC formation. Copper, strontium, palla-
dium, oxygen and sulfur atoms are represented by green, purple, blue, red and yellow 
spheres, respectively, whereas the ligands (except sulfur) are depicted as grey sticks. 
Hydrogen atoms are omitted for clarity.

As CuSr-Mecysmox crystal structure, both Pd2+@CuSr-Mecysmox 
and Pd0@CuSr-Mecysmox have also two conformations of thioether  
chains pointing Pd2+ ions by S binding sites,77,78 towards the smaller in-
terstitial voids residing along a axis (Figures 3.25, 3.29 and 3.30). If we 
compare the positions of the Pd2+ ions in Pd2+@CuSr-Mecysmox and 
Pd0@CuSr-Mecysmox, it is observed that they reside both in large po-
res and in smaller interstitial voids for the first case (Figure 3.29), while 
for the reduced structure they only remain unreducible in the interstitial 
voids (Figure 3.30) offered by the peculiarity structure that presents 
the MOF CuSr-Mecysmox (Figure 3.25). In the Pd0@CuSr-Mecys-
mox structure, in addition to the Pd2+ ions relying on the interstitions, 
the single-atom catalyst Pd0 is accommodated in the larger hexagonal 
pores. But only the Pd2+ ions residing in the most accessible pores [50% 
of total Pd2+ ions] could be chemically reduced to Pd0, as confirmed by 
XPS spectrum of Pd0@CuSr-Mecysmox (vide infra).

MOF-driven preparation of SACs and SNMCs
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3.4. Characterization

Figure 3.29. Details of fragments of the net along c (left) and a (right) crystallogra-
phic axis for Pd2+@CuSr-Mecysmox, where Pd2+ cation are depicted as blue spheres. 
Copper, strontium and sulfur atoms of the MOF are represented by green, purple and 
yellow spheres, respectively, whereas the ligands (except sulfur) are depicted as grey 
sticks [carbon: gray, oxygen: red and nitrogen: blue]. Hydrogen atoms are omitted for 
clarity.

Figure 3.30. Details of fragments of the net along c (left) and a (right) crystallogra-
phic axis for Pd0@CuSr-Mecysmox, where Pd0 single atom catalysts are depicted as 
grey spheres and Pd2+ cations are depicted still as blue spheres. Copper, strontium and 
sulfur atoms of the MOF are represented by green, purple and yellow spheres, respec-
tively, whereas the ligands (except sulfur) are depicted as grey sticks [carbon: gray, 
oxygen: red and nitrogen: blue]. Hydrogen atoms are omitted for clarity.
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Lastly, the length of the amino acid residue also seems to play a key role 
in the nuclearity of the metal species formed. Thus, in the present MOF, 
where Pd2+ cations are connected to shorter dimethyl thioether chains 
within the channels, Pd1 SACs are formed during the reduction pro-
cess. In turn, in a previously reported work with an isoreticular MOF 
prepared from the amino acid L-methionine,79,80 the larger length of the 
ethylmethyl thioether chains decorating the channels allows a closer 
approach of the metal species, and dinuclear Pt2 nanoclusters could be 
obtained. 

The virtual diameter of the channels only slightly decreases from ca. 
0.9 nm in the precursor material CuSr-Mecysmox to ca. 0.7 nm in 
Pd2+@CuSr-Mecysmox and Pd0@CuSr-Mecysmox. This is in total 
agreement with adsorption measurements. 

3.4.4. Powder X–ray Diffraction (PXRD)

In order to confirm the crystallinity of unreducible and reducible Ag+@
CuNi-Me3mpba, Ag0

2Fe3+@CuNi-Me3mpba and MecysPd, and the 
isostructurality of corresponding single crystals with bulk polycrysta-
lline samples X–ray Powder Diffraction Measurements (XRPD) were 
carried out. A polycrystalline sample of Pd2+@CuNi-Me3mpba was 
introduced into a 0.5 mm borosilicate capillary prior to being mounted 
and aligned on an Empyrean PANalytical powder diffractometer, using 
Cu Kα radiation (λ = 1.54056 Å). Five repeated measurements were 
collected at room temperature (2θ = 2–60°) and merged in a single di-
ffractogram.

MOF-driven preparation of SACs and SNMCs
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3.4.4.A. PXRD of Ag0
2@CuNi-Me3mpba

Figure 3.31 shows the experimental X-ray diffraction (PXRD) pat-
terns of Ag+@CuNi-Me3mpba (bottom spectra) and Ag0

2Fe3+@Cu-
Ni-Me3mpba (top spectra). In each case, the experimental diffraction 
patterns (solid lines) are identical to the theoretical ones extracted from 
the SC-DRX data (bold lines), confirming the crystallinity and purity of 
the samples, after undergoing the aggressiveness of the silver inserting 
agent. It is also worth noting that Figure 3.31 indicates that that the 
bulk samples are crystalline and pure, without typical Ag0 nanoparticle 
peaks. 

3.4. Characterization

Figure 3.31. Theoretical (bold lines) and experimental (solid lines) PXRD pattern 
profiles of Ag+@CuNi-Me3mpba (red) and Ag0@CuNi-Me3mpba (dark green) in 
the 2θ range 2–60°
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3.4.4.B. PXRD of Ag0
2Fe3+@CuNi-Me3mpba

The experimental PXRD pattern of Ag0
2Fe3+@CuNi-Me3mpba (top 

spectra), as well as those of previously reported Fe3+@CuNi-Me3m-
pba (bottom spectra) and Ag0

2@cuNi-Me3mpba (middle spectra), are 
identical to the calculated ones (Figure 3.32), which confirm both the 
homogeneity of the samples and the isostructurality to the single-crys-
tals selected for SCXRD.

Figure 3.32. Theoretical (bold lines) and experimental (solid lines) PXRD pattern 
profiles of Fe3+@CuNi-Me3mpba (red), Ag0

2@CuNi-Me3mpba (blue) and Ag0
2 

Fe3+@CuNi-Me3mpba (dark green) in the 2θ range 2–60°.

3.4.4.C. PXRD of Pd0@CuSr-Mecysmox
Figure 3.33 shows the experimental powder X-ray diffraction (PXRD) 
patterns of CuSr-Mecysmox, Pd2+@CuSr-Mecysmox, and Pd0@
CuSr-Mecysmox (solid lines), which are identical to the theoretical 
ones (bold lines), demonstrating high purity, homogeneity, and isos-
tructurality in these bulk samples. Since the intensities of the diffraction 
patterns were weak, an extension of the range 10-45° is given in Figure 
3.33b.

MOF-driven preparation of SACs and SNMCs
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3.4. Characterization

Figure 3.33. a) Calculated (bold lines) and experimental (solid lines) PXRD pat-
tern profiles of CuSr-Mecysmox(red), Pd2+@CuSr-Mecysmox (blue) and Pd0@
CuSr-Mecysmox (green) in the 2θ range 2.0–60.0°. b) Calculated (bold lines) and 
experimental (solid lines) PXRD pattern profiles of CuSr-Mecysmox(red), Pd2+@
CuSr-Mecysmox (blue) and Pd0@CuSr-Mecysmox  (green) are shown in the 2θ 
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3.4.5. Thermogravimetric analysis (TGA)

Thermogravimetric analyzes were performed on crystalline samples in 
a dry N2 atmosphere with a Mettler Toledo TGA/STDA 851e thermo-
balance operating at a heating rate of 10 ºC min-1. The following ATG 
graphs will give us information about the number of solvent molecules, 
specifically water molecules, that contain the MOFs in the structure 
(obtained from the percentage of weight lost during the first decay) and 
the thermostability they present.

3.4.5.A. TGA of Ag0
2@CuNi-Me3mpba

TGA analyses for Ag+@CuNi-Me3mpba and Ag0
2@CuNi-Me3mpba 

(Figure 3.34) established the solvent contents for both materials.  The 
mass loss was around 20% for both, corresponding to 51 water molecu-
les for the Ag+@CuNi-Me3mpba and 48 for the Ag0

2@CuNi-Me3mp-
ba _red, coinciding with the elemental analysis. 

Figure 3.34. Thermo-Gravimetric Analyses (TGA) of Ag+@CuNi-Me3mpba (red) 
and Ag0

2@CuNi-Me3mpba (green) under a dry N2 atmosphere.

MOF-driven preparation of SACs and SNMCs

Regarding thermal stability, it can be observed how the formation of 
clusters within the confined octagonal spaces of the MOF reinforces its 
structure.
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3.4.5.B. TGA of Ag0
2Fe3+@CuNi-Me3mpba

In order to establish the solvent content of Ag0
2Fe3+@CuNi-Me3mpba, 

TGA analysis was performed under a dry N2 atmosphere (Figure 3.35). 
The observed weight loss corresponds to 63 water molecules, which 
agree with the CHN analysis.

3.4. Characterization

Figure 3.35. Thermo-Gravimetric Analyses (TGA) of Ag0
2Fe3+@CuNi-Me3mpba 

under a dry N2 atmosphere.

3.4.5.C. TGA of Pd0@CuSr-Mecysmox
The solvent contents of CuSr-Mecysmox, Pd2+@CuSr-Mecysmox 
and Pd0@CuSr-Mecysmox were, on the other hand, definitively esta-
blished by thermogravimetric analysis (TGA) (Figure 3.36). Where the 
water molecules calculated by ATG correspond to those given by CHN 
analysis:

- The loss of 15.4% of the mass of the CuSr-Mecysmox corresponds to 
15 water molecules.

- The loss of 11.1% of the mass of Pd2+@CuSr-Mecysmox corresponds 
to 12 water molecules.
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- The loss of 12.3% of the mass of the Pd0@CuSr-Mecysmox corres-
ponds to 13 water molecules.

Figure 3.36. Thermo-Gravimetric Analysis (TGA) of CuSr-Mecysmox (red), Pd2+@
CuSr-Mecysmox (blue) and Pd0@CuSr-Mecysmox (green) under dry N2 atmosphe-
re.

3.4.6. Gas adsorption

The permanent porosity of the presented MOFs was confirmed by gas 
adsorption measurements. Adsorption-desorption isotherms of N2 at 77 
K were carried out on crystalline powder samples with a Micromeri-
tics ASAP2020 instrument. The samples were evacuated at 70 °C for 
24 hours at 10-6 Torr before analysis. This technique mainly gives us 
an idea of the size and surface area of the regular pores contained in 
MOFs. The BET model to which it fits gives us an idea about the type 
of interaction that is exerted between the MOF and the bimolecular 
nitrogen molecules, which for all cases was type 1 sorption behavior 
characteristic of microporous compounds.

MOF-driven preparation of SACs and SNMCs
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3.4.6.A. N2 Adsorption isotherm of Ag0
2@CuNi-Me3mpba

The N2 adsorption isotherms for Ni2+@CuNi-Me3mpba, Ag+@Cu-
Ni-Me3mpba and Ag0

2@CuNi-Me3mpba confirm their permanent 
porosity (Figure 3.37). The N2 adsorption isotherms for Ni2+@Cu-
Ni-Me3mpba and Ag0

2@CuNi-Me3mpba are very similar, suggesting 
a very similar accessible pore space. Therefore, these adsorption graphs 
tell us how the starting MOF (Ni2+@CuNi-Me3mpba, blue dates), su-
ffers partial obstruction of the pore with the insertion of Ag ions that 
decreases the pore size of the MOF (Ag+@CuNi-Me3mpba, red da-
tes) and the nanoconfinement of the cations, together with the reduc-
tion of Ag+ to Ag2

0, provides a greater accessibility of the pores (Ag0
2@

CuNi-Me3mpba, green dates). The slight difference in N2 adsorption 
between Ni2+@CuNi-Me3mpba and Ag0

2@CuNi-Me3mpba could be 
due to the fact that the positions of the metals housed in octagonal ac-
cessible pores in the case of Ni2+@CuNi-Me3mpba are not aggregated 
to form a cluster, as is the case with Ag0

2@CuNi-Me3mpba.

3.4. Characterization

Figure 3.37. N2 sorption (filled circles) and desorption (empty circles) isotherms for 
the activated compounds Ni2+@CuNi-Me3mpba (blue), Ag+@CuNi-Me3mpba (red) 
and Ag0

2@CuNi-Me3mpba (green) at 77 K.
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3.4.6.B. N2 Adsorption isotherm of Ag0
2Fe3+@CuNi-Me3mpba

The N2 adsorption isotherm at 77 K, for Fe3+@CuNi-Me3mpba, Ag0
2@

CuNi-Me3mpba and Ag0
2Fe3+@CuNi-Me3mpba is shown in Figure 

3.38. Relevantly, despite the increased complexity within the MOF 
channels and the aggressiveness of the PSMs, the hybrid material it 
maintained the required porosity to be able to accommodate catalytic 
events within its channels.

For this case, what was expected occurred, the Fe3+@CuNi-Me3mpba 
(blue) had a smaller pore size due to the non-compaction of the ions 
housed in the octagonal pores to form a cluster, which does occur for 
Ag0

2@CuNi-Me3mpba and Ag0
2Fe3+@CuNi-Me3mpba.

Figure 3.38. N2 sorption (filled circles) and desorption (empty circles) isotherms 
for the activated compounds Fe3+@CuNi-Me3mpba (blue), Ag0

2@CuNi-Me3mpba 
(red) and Ag0

2Fe3+@CuNi-Me3mpba (green) at 77 K.

MOF-driven preparation of SACs and SNMCs

3.4.6.C. N2 Adsorption isotherm of Pd0@CuSr-Mecysmox
The permanent porosity of the samples –particularly important in the 
case of Pd2+@CuSr-Mecysmox and Pd0@CuSr-Mecysmox for ca-
talytic applications– was verified by measuring their N2 adsorption 
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isotherms at 77 K. They confirm permanent porosity for CuSr-Me-
cysmox, Pd2+@CuSr-Mecysmox and Pd0@CuSr-Mecysmox (Figure 
3.39), which is slightly lower for Pd2+@CuSr-Mecysmox and Pd0@
CuSr-Mecysmox, as expected from the decrease of their accessible 
void due to the presence of the Pd guests within the channels (calcu-
lated Brunauer-Emmett-Teller (BET) surface areas69 for CuSr-Mecys-
mox, Pd2+@CuSr-Mecysmox and Pd0@CuSr-Mecysmox are 719, 
548 and 572 m2/g, respectively). These ratios correspond to the virtual 
diameter of the channels, which decrease slightly from ca. 0.9 nm in the 
CuSr-Mecysmox precursor material at ca. 0.7 nm in Pd2+@CuSr-Me-
cysmox and Pd0@CuSr-Mecysmox.

Since this is a case of SAC and not of SNMC, no clusters are formed 
in the pores that group the atoms, optimizing the pore size, but the dia-
meter practically does not change after the reduction of the Pd atoms.

3.4. Characterization

Figure 3.38. N2 (77 K) adsorption isotherms for the activated compounds CuSr-Me-
cysmox (red), Pd2+@CuSr-Mecysmox (blue) and Pd0@CuSr-Mecysmox (green). 
Filled and empty symbols indicate the adsorption and desorption isotherms, respec-
tively. The samples were activated at 70 °C under reduced pressure for 16 h prior to 
carry out the sorption measurements.
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3.5. Catalytic studies

3.5.A. Catalytic properties of Ag0
2@CuNi-Me3mpba

After obtaining clusters of Ag2
0 confined in the accessible pores of the 

MOF, their catalytic properties were studied. Despite the multiple op-
tions that Ag0

2@CuNi-Me3mpba could contemplate, we have focused 
on the expansion reaction of the Buchner ring with catalytic amounts 
of said MOF. Previous results show that the reaction between toluene 
and ethyl diazoacetate (EDA) proceeds rapidly (30 min) in very high 
yield, under standard reaction conditions (Figure 3.39)46,81and 2.3a was 
obtained with optimum >95% yield. This 2.3a corresponds to the typi-
cal mixture of cycloheptatriene isomers, in accordance with previous 
results. 44,88 Their obtaining was produced after maintaining a low con-
centration of EDA during reaction, which was achieved by adding a 
solution of EDA (in toluene or DCM) into the reaction mixture with 
a syringe pump, instead of addition at once; which produce unwanted 
dimerization reaction of EDA.

A hot filtration test, where the solid MOF catalyst Ag0
2@CuNi-Me3m-

pba is removed from the reaction mixture at the reaction temperature 
(60 °C) at early conversion (~30%), shows that the catalytic active spe-
cies are not present in solution within the experimental error (< 10%, 
Figure 3.40), which supports the stability of the solid catalyst. 

MOF-driven preparation of SACs and SNMCs
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Figure 3.39. Buchner ring expansion reaction between toluene and ethyl diazoacetate 
EDA catalyzed by MOF Ag0

2@CuNi-Me3mpba. a GC yield after syringe pump addi-
tion of EDA, the result after addition of EDA at once is between parentheses.

Figure 3.40. Hot filtration test after adding EDA at once in Buchner ring expansion 
reaction between toluene and ethyl diazoacetate EDA catalyzed by MOF Ag0

2@Cu-
Ni-Me3mpba, error bars account for 5% uncertainty.

Figure 3.41 shows MOF Ag0
2@CuNi-Me3mpba can be recovered at 

the end of the reaction by centrifugation, washed, and reused six times, 
keeping a good catalytic activity.
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Figure 3.41. Catalytic results for the Buchner ring expansion reaction between tolue-
ne and EDA catalyzed by MOF Ag0

2@CuNi-Me3mpba under the reaction conditions 
indicated in the main text. EDA is added at once. Ag0

2@CuNi-Me3mpba is recovered 
from the reaction mixture by centrifugation, washed with dichloromethane, and reu-
sed. Error bars account for 5% uncertainty.

Figure 3.42. The Buchner ring expansion reaction catalysed by Ag0
2@CuNi-Me3m-

pba expanded to other aromatic substrates.

The Buchner ring expansion reaction catalysed by Ag0
2@CuNi-Me3m-

pba could be expanded to other aromatic substrates (Figure 3.42 and 
Table 3.10). Halogenated (entry 1, 2 and 5 in Table 3.10), cyano (entry 
3 in Table 3.10), methoxy (entry 4 in Table 3.10) and ortho-disubstitu-
ted (entry 6 in Table 3.10) aromatic compounds react with EDA in good 
to excellent yields, and still in short reaction times (<2 h).

MOF-driven preparation of SACs and SNMCs
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3. 5. Catalytic studies 

Table 3.10. Results for the Buchner ring expansion reaction between 
different aromatics and EDA, catalyzed by MOF Ag0

2@CuNi-Me3mp-
ba. a GC yields after syringe pump addition of EDA. 

These results should be remarked in view that is difficult to find in the 
open literature Ag-catalyzed Buchner ring expansion reactions.83-84 The-
refore, as for MOF- or zeolite-stabilized Pd clusters,86  the formation of 
Ag2 clusters in micro-structured solids enables not only the catalytic 
use of this metal in this complex organic synthetic reaction, but also its 
recovery and reuse.87

3.5.B. Catalytic properties of Ag0
2Fe3+@CuNi-Me3mpba

During the search for systems that represent an exceptional opportunity 
to study in a neat manner, without structural/electronic ambiguities, the 
catalytic role and activity of each metallic entity for a given reaction, 
the potential that Ag0

2Fe3+@CuNi-Me3mpba can offer was studied. 
This MOF was challenged to do conversion of styrenes to phenylace-
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Figure 3.43. Proposed approach for the one-pot conversion of alkenes into alkynes, 
based on the metal-catalyzed oxidative cross-coupling of styrenes (2.4) with phenyl 
sulfone (2.5) to give phenylacetylenes (2.6), after elimination of the sulfone moiety of 
intermediates vinyl sulfones (2.7).

tylenes in one-pot (Figure 3.43). The path of obtaining was based on the 
metal-catalyzed oxidative cross-coupling of styrenes with phenyl sulfo-
ne to give phenylacetylenes, after elimination of the sulfone moiety of 
intermediates vinyl sulfones–incompatible procedure in homogenous 
phase with previously reported methods.88,90Vinyl sulfones have been 
previously prepared by a variety of methods.18, 91-93However, the en-
gagement of vinyl sulfones with a base-mediated elimination, to form 
the corresponding alkyne, is not easy with any of these methods. For 
instance, the synthesis of vinyl sulfones has been reported with large 
amounts of the catalytic system AgNO3/TEMPO [TEMPO: (2,2,6,6-te-
tramethylpiperidin-1-yl)oxyl, 15-20 mol%].94 Although, this is incom-
patible with the elimination step. Thus, there is a necessity to found 
novel catalysts able to circumvent the existing drawbacks on the syn-
thesis of more complex alkynes, and consequently expand the library of 
available alkynes in industry.

MOF-driven preparation of SACs and SNMCs
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In the study of the catalytic applications of SMAs and subNMCs, we 
encountered in the literature that the true catalytic species for the cou-
pling of styrenes with phenyl sulfone are Ag dimers, and not the starting 
AgNO3 salt.95 Thus, firstly, to check this finding or even if silver could 
transform in other metallic species of higher atomicity, as well as if 
other metal ions could behave as suitable catalyst, the synthesis of the 
vinyl sulfone intermediate 2.7a was studied, from the reaction of styre-
ne 2.4a and phenyl sulfone 2.5 in the presence of different homogenous 
metal catalyst and using or not TEMPO as organic oxidant (Figure 3.44, 
Table 3.11 entries 1-9), and performed an in deep characterization when 
using AgNO3 and TEMPO to unveiled the nature of the true silver ca-
talyst. So, as expected, we found the oxidative coupling of styrene 2.4a 
and phenyl sulfone 2.5 barely proceeded without AgNO3 or TEMPO 
(entries 1-2), but gave 74% of 2.7a when both AgNO3 (15 mol%) and 
TEMPO (20 mol%) were combined (entry 3 in Table 3.11), sugges-
ting the formation of the active dinuclear silver species in the presence 
of TEMPO. However, different copper and iron metal salts were not 
found catalytically active (entries 4-6), with the exception of Fe2(SO4)3, 
which gave ~25% product either in the presence of TEMPO or not (en-
tries 7-8). Also notice that the combination of AgNO3 and Fe2(SO4)3 did 
not produce any catalytic action (5% product), which is in accordance 
with the easy reactivity between both metal salts in solution, precluding 
them to play as catalyst (entry 9 in Table 3.11).

3. 5. Catalytic studies 

Figure 3.44. Schematic representation of the oxidative cross-coupling reaction of 
styrene 2.4a with phenyl sulfone 2.5 to yield the vinyl sulfone 2.7a. (i) Catalyst: 
Metal (15 mol%) / TEMPO (20 mol%), K2S2O8 (2 equivalents), toluene (0.2 M), 100 
°C, 24h.
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Table 3.11. Catalytic results for the oxidative cross-coupling reaction 
of styrene 2.4a with phenyl sulfone 2.5. GC yields; average of, at least, 
two runs. The total metal loading was consistently 15 mol%, i.e. 7.5 
mol% of Ag plus 7.5 mol% of Fe when combined.

MOF-driven preparation of SACs and SNMCs
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After assimilating this information obtained from the homogeneous 
catalysts, we move on to the heterogeneous phase (entries 10-21 in 
Table 3.11). Firstly, we investigated the catalytic activity of Ag0

2@
CuNi-Me3mpba, possessing subNMCs Ag0

2 within MOFs channels. 
We observed that Ag0

2@CuNi-Me3mpba showed a moderate catalytic 
activity for the reaction (ca. 45%, entries 10-11 in Table 3.11), with 
and without TEMPO. The fact that Ag0

2@CuNi-Me3mpba was able to 
catalyze the reaction without TEMPO can be explained by the co-ca-
talysis exerted by the framework of the MOF itself, which was able to 
trigger the catalytic activity even with AgNO3 in solution (entries 12-13 
in Table 3.11), but, with moderate yields of 2.7a. Then, on the basis of 
the results obtained by homogeneous solutions of Fe2(SO4)3, we inves-
tigated the catalytic performance of Fe3+@CuNi-Me3mpba, obtaining 
moderately good yields (ca. 62%) in the presence or not of TEMPO 
(entries 14-15 in Table 3.11), which evidenced the suitability of Fe3+-
SMAs to substitute TEMPO.96 

In this context, we envisioned the heterogenization of metallic spe-
cies in Ag0

2Fe3+@CuNi-Me3mpba would be an appealing candidate 
to catalyze efficiently the required chemical events for the oxidative 
cross-coupling of 2.4a and 2.5. In fact, we can boast that Ag0

2Fe3+@
CuNi-Me3mpba outperforms all the tested catalyst (entry 19 in Table 
3.11), due it showed a very efficient performance that exceeds not only 
the individual MOF-supported metallic entities (Fe3+@CuNi-Me3mp-
ba and Ag0

2@CuNi-Me3mpba, entries 10-11 and 14-15 in Table 3.11), 
but also a 1:1 physical mixture of them (entries 16-17 in Table 3.11) and 
any soluble catalyst under the same reaction conditions (entries 2-9 in 
Table 3.11), to give 2.7a in 95% yield (entry 19 in Table 3.11). In addi-
tion, we further confirmed TEMPO is not needed for the reaction when 

3. 5. Catalytic studies 
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the catalyst contains Fe3+-SMAs, since in Ag0
2Fe3+@CuNi-Me3mpba 

only hampers the final reaction yield (compare entries 18-19 in Table 
3.11). Thus, the heterogenization within MOFs channels, integrating 
SMAs and subNMCs of different metal ions, represent an exceptional 
exponent of how structural complexity/diversity could be transformed 
in evolved catalytic functionality.

The superior catalytic performance of Ag0
2Fe3+@CuNi-Me3mpba res-

pect to any other catalyst can be explained on the basis of its unique 
chemical structure, where isolated Fe3+-SMAs and Ag0

2-subNMCs are 
firmly supported within the same MOF, and noteworthy, coexisting at 
molecular distances. In one hand, the fixed position of the isolated me-
tallic entities avoids metal interaction and reactivity within the MOF 
channels, which explains the dramatic increase in catalytic action com-
pared to the corresponding silver(I) and iron(III) salts in solution (5% 
yield of 2.7a, entry 10 in Table 3.11). This point was further confirmed 
when we studied the reaction using one of the individual MOFs toge-
ther with the corresponding salt of the other metal (Fe2(SO4)

3 + Ag0
2@

CuNi-Me3mpba and AgNO3 + Fe3+@CuNi-Me3mpba, entries 20-21 
in Table 3.11), where we found an abrupt decrease of the catalytic ac-
tivity respect to Ag0

2Fe3+@CuNi-Me3mpba. Thus, one can soundly 
affirm that supporting both Fe3+-SMAs and Ag0

2-subNMCs metallic en-
tities within the MOFs walls is essential for having an efficient reaction. 
In the other hand, the proximity between metal sites in Ag0

2Fe3+@Cu-
Ni-Me3mpba is of key relevance to allow a much better co-catalysis. 
This was supported with the study of the 1:1 physical mixture of Ag0

2@
CuNi-Me3mpba + Fe3+@CuNi-Me3mpba –where the metallic entities 
in each of these materials are structurally identical to the ones in Ag0

2 

Fe3+@CuNi-Me3mpba but just residing in distinct MOF particles–, 

MOF-driven preparation of SACs and SNMCs
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that gave a significant lower yield of 2.7a (73 vs 95%, compare entries 
17 and 19 in Table 3.11), since intermediates must diffuse interparticle.

Once we confirmed the superiority of the hybrid assembly Ag0
2Fe3+@

CuNi-Me3mpba to obtain the intermediate vinyl-sulfone 2.7a, we stu-
died independently the elimination step to led to phenylacetylene 2.6a 
under basic conditions (Figure 3.45 and Table 3.12). The results show 
that KOtBu in tetrahydrofurane (THF) solvent is the only effective sys-
tem from those studied, which include different carbonates, phosphona-
tes and tert-butoxides in toluene or acetonitrile. Being 2.5 equivalents 
of KOtBu in THF (1M) solution, at 70 ºC, the optimized conditions to 
convert all the vinyl sulfone 2.7a to phenylacetylene 2.6a in 1 h reac-
tion time We also found commercially available KOtBu in THF gives 
the same result as solid KOtBu dispersed in THF, thus, both can be used 
indistinctly.

3. 5. Catalytic studies 

Figure 3.45. Synthesis of alkyne 2.6a from vinyl sulfone 2.7a under basic conditions
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Table 3.12. Results for the synthesis of alkyne 2.6a from vinyl sulfone 
2.7a under basic conditions. GC yields; average of, at least, two runs. 
aSome oligomers of 2.6a were also found and are included in the yield. 
bCommercially available KOtBu in THF gives the same result than solid 
KOtBu dispersed in THF.

MOF-driven preparation of SACs and SNMCs
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After knowing the catalytic properties of the obtained MOF, Ag0
2Fe3+@

CuNi-Me3mpba, and the best reaction conditions, we proceed to study 
the one-pot conversion of styrene 2.4a to phenylacetylene 2.6a through 
intermediate vinyl-sulfone 2.7a (Figure 3.46 and Table 3.13). We ob-
served the one-pot synthesis of phenylacetylene 2.6a from styrene 2.4a 
was not possible when the soluble catalytic system AgNO3 + TEMPO 
is employed (entries 1-3 in Table 3.12), even if the remaining salts after 
the oxidative coupling of the toluene solvent are removed prior to KtO-
Bu treatment in THF. In contrast, Ag0

2Fe3+@CuNi-Me3mpba allows 
the one-pot synthesis of phenylacetylene 2.6a from styrene 2.4a, after 
filtration of the catalyst and toluene removal, to give phenylacetylene 
2.6a together with some heavier molecules in >99% isolated yield –af-
ter water/ethyl acetate washings, drying and solvent removal. Here we 
would like to remark the relevance of this result. In fact, it is difficult to 
find in the literature any procedure that directly converts an alkene to an 
alkyne in the same flask97-99 and, to our knowledge, a catalytic version 
of this transformation has only previously reported with Pd supported 
in polyamine,19, 100 which we could not reproduce in our hands. Besides, 
the Ag0

2Fe3+@CuNi-Me3mpba catalyst could be reused after filtration, 
being able to be recycled up to 5 times retaining moderately good yields 
(Figure 3.46). Dealing with the structure of the heavier molecules, they 
could be assigned to the corresponding oligomers of alkyne 2.6a, ac-
cording to gas chromatography-mass spectrometry (GC-MS) analysis 
of the product mixture, in order to complete the mass balance. The 
2.6a/oligomer mixture was also characterized by FTIR and 1H nuclear 
magnetic resonance (1H-NMR, Figure 3.47), which confirmed the total 
conversion of the intermediate vinyl sulfone 2.7a and the unambiguous 
formation of 2.6a and the corresponding oligomers. 

3. 5. Catalytic studies 
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Figure 3.46. Schematic representation of the one-pot reaction to obtain phenylace-
tylene 2.6a from styrene 2.6a, after oxidative cross-coupling reaction with phenyl sul-
fone 2.5 and in-situ base treatment, under optimized conditions. (i) Same conditions 
as in Table 3.12; (ii) KOtBu (1.5 equivalents), THF (3M), 70 °C, 1h.

MOF-driven preparation of SACs and SNMCs

Table 3.13. Results for the one-pot synthesis of phenylacetylene 2.6a 
from styrene 2.4a, after oxidative cross-coupling reaction with phenyl 
sulfone 2.5 and base treatment, under optimized conditions (see Table 
3.11). GC yields; average of, at least, two runs.
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3. 5. Catalytic studies 

Figure 3.47. 1H nuclear magnetic resonance (1H-NMR) of the product mixture obtai-
ned after the one-pot oxidative cross-coupling reaction of styrene 2.4a with phenyl 
sulfone 2.5 and in-situ base treatment.

Experiments with neat phenylacetylene 2.6a under the KOtBu condi-
tions in Table 3.13 confirmed that the base-triggered oligomerization 
reaction is faster than the deprotonation/elimination of vinyl sulfone 
2.7a, which explains the irremediably appearance of these oligomerizes 
at the end of the reaction.101,102  Finally, we explored the performance 
of Ag0

2Fe3+@CuNi-Me3mpba for the one-pot oxidative cross-coupling 
reaction of different styrenes 2.4b-g with phenyl sulfone 2.5 and in-si-
tu KOtBu treatment (Figure 3.48). It can be seen that ~70% yields for 
phenylacetylenes 2.6b-f were consistently obtained, with a quantitati-
ve yield (>99%) for alkyne 2.6e. Thus, aldehyde, halogen and methyl 
substitutions in different positions of the aromatic ring are tolerated, in 
contrast to the anisole derivative 2.7g that does not engage in the final 
elimination reaction, however, it reacts well (96.8%) during the Ag0

2 

Fe3+@CuNi-Me3mpba catalyzed oxidative coupling.
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3.5.C. Catalytic properties of Pd0@CuSr-Mecysmox

We want to work in this section with the applicability of Pd0@CuSr-Me-
cysmox SACs, in particular the reduction of noble metal salts (e.g., Pd, 
Au, ...)103 to nanoparticles by using the industrial reagent benzyl alcohol 
leading to the corresponding formation of benzaldehyde. The dissolu-
tion of a metal salt into tiny amounts of neat benzyl alcohols might be 
sufficient to generate a single metal atom for catalytic oxidation of ben-
zyl alcohols to benzoic acid under air. Due to its high reactivity, this sin-
gle atom would, in principle, offer the coordination sites necessary for 
the different chemical events occurring during the reaction, such as de-
hydrogenation and oxygen activation,104-106 without actually poisoning 

Figure 3.48. Results for the one-pot synthesis of alkynes 2.6b-g from styrenes 2.4b-
g, after oxidative cross-coupling reaction with phenyl sulfone 2.5 catalyzed by Ag0

2 

Fe3+@CuNi-Me3mpba and in-situ tBuOK treatment. GC yields for products 2.7b-g 
and isolated yields for products 2.6b-g, taking in account the oligomers formed.

MOF-driven preparation of SACs and SNMCs



287

the benzyl alcohol. Materials synthesis-wise, SAC could be considered 
a quiescent state of the metal during the reduction/aggregation process 
in benzyl alcohol, which keeps the metal seeds alive and catalytically 
active for the oxidation process without solvents, ligands or additives, 
even though other metal species may be present.107.108 

Figure 3.49 shows the catalytic results for the aerobic oxidation of neat 
benzyl alcohol 2.8a to benzoic acid 2.9a with a 0.03-0.3 mol% of dis-
solved Pd(OAc)2, and it can be observed that a high initial turnover 
frequency (TOF0) for 2.9a is achieved with <0.1 Pd mol% but not with 
higher amounts of Pd, with yields of 2.9a around 50-80% after 4h reac-
tion time.  Although, interestingly, started to slightly increase after 0.15 
mol%. We supposed that the catalytic species at concentrations lower 
than 0.1 mol% were Pd SAs, whereas at higher amounts of palladium 
bigger species were formed, i.e., metal clusters and nanoparticles.109,110

3. 5. Catalytic studies 

Figure 3.49. a) Initial turnover frequency (TOF0) and final yields for the aerobic oxi-
dation of neat benzyl alcohol 2.8a in the presence of different amounts of Pd(OAc)2 at 
150 ∞C under 4 bars of O2.
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Figure 3.50. Yields for the aerobic oxidation of neat benzyl alcohol 2.8a to benzoic 
acid 2.9a catalyzed by Pd(OAc)2 at 150 ºC and 4 bars of O2.

Similar results were observed with other Pd spieces, including K2PdCl4, 
Pd2(dba)3 and Pd(acac)2, but not with Pd complexes having a stronger 
ligand such as a phosphine, i.e. Pd(PPh3)4 or Pd(PPh3)2Cl2 (Table 3.14 
and Figure 3.50). 

MOF-driven preparation of SACs and SNMCs

Table 3.14. Catalytic results for different Pd compounds.
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Figure 3.51 shows that 2.9a starts to be formed at intermediate con-
versions, when >50% of 2.8a still remains in solution. These results 
confirm that the Pd catalyst formed under these conditions is able to 
override the poisoning of 2.8a under aerobic conditions, and is not be-
having as a quencher for the radical oxidation of 2.8a to 2.9a.111 An 
acceptorless dehydrogenation pathway can be ruled out since an open 
vial reaction gave very conversion of 2.8a, thus confirming the need of 
O2 to facilitate the one-pot oxidation.112,113

A quenching test with triphenylphosphine (Figure 3.52), under the indi-
cated reaction conditions, showed that the concentration was not crucial 
for the reaction to happen and the catalytic activity comes from species 
in solution, i.e., SAs were catalyzing the reaction. This is supported by 
the fact that when PPh3 was use as a quencher of the possible mono-
metallic active species in solution and the formation of 2.8a could not 
proceed after the addition of the phosphine

3. 5. Catalytic studies 

Figure 3.51. b) Representative time-yield kinetic plot of the reaction, for 0.05 mol% 
Pd(OAc)2.
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Figure 3.52. Quenching test with triphenylphosphine for the oxidation of neat benzyl 
alcohol 2.8a to benzoic acid 2.9a at 150 ºC and 4 bars of O2, catalyzed by Pd(OAc)2.

This hypothesis of the in-situ formation of SAs had to be proven by 
studying metal species formed during the reaction at concentrations 
lower than 0.1 mol%, using Aberration-corrected High-angle Annular 
Dark Field Scanning-transmission Electron Microscopy (AC HAADF- 
STEM), which confirmed the presence of Pd SAs, Figure 3.53. Since 
AC HAADF-STEM imaging114 is proportional in good approximation 
to the squared atomic number, Z2, Pd species can be reliably identified 
as the brightest contrasts in the image (some of them have been mar-
ked with yellow circles). While Pd single atoms are the main species 
present at <0.1 Pd mol%, in the cases of concentrations higher than 0.1 
mol%, clusters (MCs) and nanoparticles (NPs) were found in the ima-
ges at concentrations of 0.15 mol% and 0.30 mol%, respectively.
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3. 5. Catalytic studies 

Figure 3.53. Two different AC-HAADF-STEM images of the Pd species in solution 
during reaction, after being trapped in active charcoal. Some Pd SACs are marked 
with yellow circles.

Figure 3.54 shows X-ray absorption near edge structure (XANES) and 
extended X-ray absorption fine structure (EXAFS) measurements of 
the solution, which confirm the partial reduction of Pd and the genera-
tion of very small agglomerates, with an average number of ~6 Pd-Pd 
bonds (Table 3.15), much lower than in Pd foil (12 Pd-Pd bonds).  Mo-
reover, the flattening in the XANES spectrum after (Figure 3.54, left) is 
related to the quantum size effect generated by the presence of SAs and 
very small agglomerated. 
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Table 3.15. EXAFS results for Pd(0) foil, Pd SACs in solution and su-
pported in the MOF.

MOF-driven preparation of SACs and SNMCs

Figure 3.54. X-ray absorption near edge structure (XANES, top) and extended X-ray 
absorption fine structure (EXAFS, bottom) spectra of the solution (red lines), compa-
red to Pd foil (blue lines).

Ultraviolet-visible (UV-Vis) spectrophotometric titrations with PPh3 
confirm the progressive disappearance of PdII in solution during reac-
tion (Figure 3.55). These results strongly support that partially reduced 
Pd1 species could be the catalytic active species for the direct aerobic 
oxidation of 2.8a to 2.9a.
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3. 5. Catalytic studies 

Figure 3.55. Ultraviolet-visible (UV-Vis) spectrophotometric titrations with PPh3 du-
ring the oxidation of neat benzyl alcohol 2.8a to benzoic acid 2.9a at 150 ºC and 4 bars 
of O2, catalyzed by Pd(OAc)2. Complex Pd(PPh3)2Cl2 is used as a reference. Complex 
Pd(PPh3)4 absorbs at higher energies.

The very low catalytic activity of intermediate Pd amounts (0.1-0.25 
mol%) is related to the formation of sub-nanometric Pd clusters, ca-
talytically inactive in this case.115  To check this hypothesis, sub-na-
nometric Pd clusters in solution were independently prepared by two 
reported methods: endogenous reduction in aqueous DMF and su-
pporting, reduction and leaching from ethylene vinyl alcohol polymer 
(EVOH),116 and tested as catalyst for the oxidation of 2.8a under the 
same conditions than Pd salts and complexes. The results (Table 3.16) 
show that these clusters are inactive as catalysts for the oxidation of 
2.8a to 2.9a, therefore strongly supporting that Pd1 is the main catalytic 
active species for the oxidation reaction.
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Table 3.17. Yields for the aerobic oxidation of neat benzyl alcohol 2.8a 
to benzoic acid 2.9a catalyzed by two differently prepared Pd clusters 
in solution (0.1 mol%), at 150 ºC and 4 bars of O2.

The combination of a mild reductant agent (benzyl alcohol) can act as 
a stabilizer and a support/strong reductant system for the preferential 
formation of Pd1 species.11, 117,118  In fact, the Pd clusters may unable 
not only to catalyze the redox reaction but also to dislodge Pd single 
atoms, according to the canonical Ostwald ripening mechanism. So that 
the formation of 2.9a starts to be observed again at Pd concentrations 
where NPs are formed (>0.3 mol%). This is in good agreement with the 
reported catalytic activity of some metal NPs for this reaction,119-124 as 
well as with the ability of metal NPs to dissociate O2 and dislodge sin-
gle atoms in solution.125 Commercially available samples of Pd/C with 
different Pd loadings (1-10 wt%) and particle size (5-50 nm average 
diameter) were tested as catalyst for the reaction and only the sample 
with highest loading and biggest NP size was active for the formation 
of 2.9a (Figure 3.56). These results strongly support that the oxidation 
of 2.8a to 2.9a in the neat reagent is catalyzed by soluble Pd1 species, 
regardless the amount of Pd employed.126 
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3. 5. Catalytic studies 

Figure 3.56. Oxidation of neat benzyl alcohol 1a to benzoic acid 2.9a at 150 ºC and 
4 bars of O2, catalyzed by commercially available samples of Pd/C (1-10 wt% Pd 
loading and 5-50 nm average particle diameter). The leached amount of Pd in solution 
is the same for all three initial rate experiments. TOF (left) and representative kinetic 
profile for the formation of benzoic acid 2.9a (right).

Fourier transform infrared under CO (FTIR–CO), XANES and EXAFS 
spectroscopic measurements were carried out in order to further con-
firm the presence of partially reduced Pd SACs within Pd0@CuSr-Me-
cysmox. Figure 3.57 shows the low-temperature (-196 ºC) FTIR-CO 
results of Pd0@CuSr-Mecysmox, where no signals above 2150 cm-1, 
corresponding to bare PdII, can be observed, which supports the partial 
reduction of Pd. However, two clear broad signals centered at 2114 and 
2012 cm-1, attributable to unreduced Pdδ+ and highly dispersed, par-
tially reduced Pdδ+ atoms (δ=0-1),44  respectively, can be clearly seen, 
together with the increasing sharp signal of free CO (2137 cm-1) at high 
CO doses. These peaks are accompanied by a very broad signal at 1820 
cm-1, which can be assigned to Pd0 nanoparticles.
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Figure 3.57. Low-temperature Fourier transform infrared spectrum, under CO (FTIR-
CO), of fresh Pd0@CuSr-Mecysmox. Peak assignments: free CO (2137 cm-1), Pdδ+ 

(2114 cm-1), Pdδ+ (2012 cm-1, δ=0-1), Pd0 NPs (1820 cm-1).

EXAFS and XANES spectra of Pd0@CuSr-Mecysmox results (Figu-
re 3.58), compared to Pd foil, confirm the partial reduction of Pd, as 
occurred for the Pd catalyst in solution (see Figure 3.54 above and Fi-
gure 3.59 for comparison and fitting). It can be observed in both cases, 
i.e. in solution and in Pd0@CuSr-Mecysmox, that the first oscillations 
beyond the edge are flattened respect to the foil due to quantum size 
effects of the single atoms, also indicating a large fraction of low coor-
dination Pd atoms, more intensified in the case of Pd0@CuSr-Mecys-
mox. No Pd-Pd bond signals can be detected for the latter, but an avera-
ge of CuSr-Mecysmox Pd-S bonds (Table 3.15), in agreement with the 
SCXRD structure. These results, combined, strongly support the single 
atom nature of Pd within Pd0@CuSr-Mecysmox.
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3. 5. Catalytic studies 

Figure 3.58. XANES (top) and EXAFS (bottom) spectra of fresh Pd0@CuSr-Mecys-
mox (red lines), compared to Pd foil (blue lines). 
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Figure 3.59. XANES (top) and EXAFS (middle) spectra of Pd in solution (green 
lines) and fresh Pd0@CuSr-Mecysmox (red lines), compared to Pd foil (blue lines). 
Fitting (bottom) for both Pd catalysts.
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Among CuSr-Mecysmox, Pd2+@CuSr-Mecysmox and Pd0@
CuSr-Mecysmox, only the last one gave favorable catalytic results for 
the aerobic oxidation of benzyl alcohol 2.8a, showing that only Pd1 
SACs-MOF (Pd0@CuSr-Mecysmox) catalyzes the oxidation with 
good efficiency (28% of benzaldehyde and 43% of benzoic acid 2.9a) 
while, in contrast, Pd2+@CuSr-Mecysmox barely catalyzes the reac-
tion and CuSr-Mecysmox is completely inactive. The inactivity of 
Pd2+@CuSr-Mecysmox can be explained by the need of using a redu-
cing agent stronger than 2.8a to obtain the catalytically active Pd1 spe-
cies within the MOF, which then show a catalytic activity comparable 
to the Pd(0) complex Pd2(dba)3 (Table 3.14). Figure 3.60 shows that 
Pd0@CuSr-Mecysmox is recyclable, without minimal depletion of the 
catalytic activity after 3 reuses. In order to verify the integrity of the 
SACs in Pd0@CuSr-Mecysmox, electronic microscopy experiments 
were carried out after the catalytic experiments, where no SC-XRD me-
asurements could be carried out due to the loss of the crystallinity of 
the material.

3. 5. Catalytic studies 

Figure 3.60. a) Reusability of Pd01 SACs- Pd0@CuSr-Mecysmox; reaction condi-
tions: 1.96 mmol substrate, 0.1% mol Pd0

1 SACs-MOF, 4 atm O2, 150°C, 450 rpm, 
15 h; GC yields.
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Figures 3.61 shows representative AC-HAADF-STEM images of 
Pd0@CuSr-Mecysmox. Note how highly dispersed Pd species are 
clearly observed. In particular, they show a 0.135 nm average diameter, 
which is in a good agreement with isolated atomic species. Only very 
scarcely, small agglomerations could be observed in some areas, with 
diameters <0.5 nm, thus confirming that the Pd atoms do not aggregate 
into large NCs.

Figure 3.61. AC-HAADF-STEM image of reused Pd0@CuSr-Mecysmox showing 
the presence of Pd SACs.

In the same vein, PXRD pattern of Pd0@CuSr-Mecysmox, recove-
red after catalysis (Figure 3.62 top), confirm that the material remains 
crystalline and that no characteristic XRD peaks of Pd NPs or oxides 
are observed, further confirming the integrity of Pd1 SACs. Moreover, 
the XPS spectra of Pd0@CuSr-Mecysmox after catalytic experiments 
(post-Pd0@CuSr-Mecysmox’) is very similar to that of the starting 
material (Figure 3.62 bottom), confirming that a 1:1 ratio for Pd0 and 
Pd2+ remains after catalysis.

MOF-driven preparation of SACs and SNMCs
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3. 5. Catalytic studies 

Figure 3.62. Top: Calculated (Pd0@CuSr-Mecysmox theo) and experimental (Pd0@
CuSr-Mecysmox exp and post-Pd0@CuSr-Mecysmox’ exp) PXRD pattern profiles 
of Pd0@CuSr-Mecysmox in the 2θ range 2.0–60.0°. Experimental PXRD patterns are 
given before (Pd0@CuSr-Mecysmox exp.) and after (post-Pd0@CuSr-Mecysmox’ 
exp.) the catalytic experiments. Bottom: X–ray photoelectron spectroscopy (XPS) of 
Pd0@CuSr-Mecysmox after catalytic experiments (post- Pd0@CuSr-Mecysmox ‘).
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In accordance with all the characterization made to the used Pd0@
CuSr-Mecysmox sample, leaching tests after filtration in hot of the 
catalyst (Figure 3.63) reveal that no reaction occurs after filtration of 
the solid catalyst, neither for the benzaldehyde intermediate nor product 
2.9a, which discards the presence of catalytically active Pd species in 
solution from Pd0@CuSr-Mecysmox.

Figure 3.63. Hot filtration test (without catalyst refers to filtrated catalyst) for the 
aerobic oxidation of 2.8a catalyzed by Pd0@CuSr-Mecysmox under optimized reac-
tion conditions. Reaction conditions: 1.96 mmol substrate, Pd1 SACs-MOF 0.3% mol 
[Pd], 4 atm O2, 150°C, 450 rpm. GC yields.

The potential co-catalysis by the Cu atoms in the MOF was discarded 
on the basis of comparative experiments (Table 3.18), since Cu(OAc)2 

merely does not catalyze the reaction (0.6% of 2.9a and 2.8% of benzal-
dehyde under optimized reaction conditions) while a Cu-MOF treated 
under reduction conditions (NaBH4 in methanol) and not having any 
Pd, showed a similar catalytic activity than Cu(OAc)2 (0.8% of 2.9a 
and 5.0% of benzaldehyde). These results discard Cu, in its own, as 
a catalyst of the reaction, and when Cu(OAc)2 was put together with 
Pd(OAc)2, the yield of benzoic acid 2.9a was lower than with Pd alone. 
These results, together, confirm that Pd is the only metal catalyst for the 
reaction here. Overall, these results nicely fit the observations during 
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the reactions in solution, and strongly support that ligand-free Pd1 are 
the catalytically active species during the one-pot oxidation of benzyl 
alcohols to benzoic acids under additive- and solvent-free conditions. 
Figure 3.64 shows the plausible reaction mechanism for Pd in solution. 

3. 5. Catalytic studies 

Figure 3.64.  Plausible reaction mechanism for Pd in solution.

Table 3.18. Effect of Cu into the catalytic reaction.

The fact that different Pd sources work well as catalysts in solution 
(Table 3.14) suggests that the dynamic system drives to a common 
catalytically active reduced Pd species in variable amounts, while, in 
contrast, the reduced Pd species are directly obtained within the MOF 
Pd0@CuSr-Mecysmox during the reduction treatment and not during 
reaction, since MOF Pd2+@CuSr-Mecysmox does not work well. The-



304

se results illustrate the stability conferred by the MOF structure to the 
confined Pd single atoms, at expenses of losing substrate availability. 
Nevertheless, Figure 3.65 shows the reaction scope for the Pd1 catalyst 
in neat benzyl alcohols 2.8a-i, which provides a limited number of 
benzoic acids 2.9a-i in moderate yields, however, fairly comparable to 
most of the catalytic metal systems previously reported.127 

Figure 3.65. Reaction scope with Pd(OAc)2 (0.3 mol%); Reaction conditions: 1.96 
mmol substrate, 0.3% mol Pd(OAc)2, 4 atm O2, 150°C, 450 rpm, 4 h. GC yields. * 15 
h. a 0.1% mol Pd01 SACs-MOF, 24 h.
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Besides, the calculated turnover frequency for product 2.9a under op-
timized conditions is 7.95 min-1, which is a 50-fold increases respect to 
any other catalytic system previously reported for this reaction (Table 
3.19). 

Table 3.19. Comparison of the turnover frequency (TOF) for previous-
ly reported catalysts and the catalyst reported here for the aerobic oxi-
dation of benzyl alcohol 2.8a and cinnamyl alcohol to the correspon-
ding acids.

3. 5. Catalytic studies 
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3.6. Conclusions

In the present chapter, we have presented several examples of SNMCs@
MOFs and SACs@MOFs that constitute a further step in the develop-
ment of PSMs and the applicability of MOFs as chemical reactors. It 
is amazing how the mere fact of applying the reduction process to the 
metals inserted in the MOF is able to form ligand-free and well-defined 
SACs and SNMCs within their channels. For the three cases presented, 
the modification of the arrangement of the inserted metal species has 
endowed the MOF with new catalytic properties, not to mention the 
heterogeneity and thus the reusability that the MOF already possessed 
before undergoing reduction.

Starting from CuNi-Me3mpba, we were able to study Ag0
2 SNMCs 

(for the case of homometallic insertion and reduction) and their coope-
ration with Fe3+ SMA (for the case of heterometallic insertion).  

The ligand-free AgO
2 groups within the Ag0

2@CuNi-Me3mpba ne-
twork was characterised and used as efficient and recoverable catalysts 
for the Buchner ring expansion reaction. The follow-up of the produc-
tion steps was carried out by SEM-EDAX, where the final metallic ratio 
practically matched the data provided by the elemental analysis. XPS 
was able to corroborate the partial reduction of the Ag+ ions inserted in 
the MOF. And the perpetuation of the robustness and crystallinity af-
ter the physico-chemical fatigue of the PSM was verified by SC-DRX, 
PDRX and adsorption isotherms. Only with SC-XRD could a SC-SC 
follow-up be carried out, showing in detail the changes produced in the 
MOF after each step and the disposition of the Ag SNMCs and the Ag+ 

ions without reducing.
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The characterization techniques used assured us that the heterometallic 
insertion of Ag+ and Fe3+, after the reduction process, was only capable 
of forming SNMC of Ag0

2. Being SEM-EDAX (with the stoichiometric 
presence of Na+, to compensate the charges of the reduced metals), XPS 
(observing clear differences between the oxidation states) and SC-XRD 
(allowing us to visualize the prepared/incorporated species) the tech-
niques with which we justify the presence and stability of the SNMC 
species of Ag0

2 and the intrinsically unstable SMA species of Fe3+.

This multimetallic metal can be obtained in quantities of several grams 
and Ag0

2Fe3+@CuNi-Me3mpba is a catalyst for the TEMPO-free oxi-
dative cross-coupling of styrenes with vinylsulfone to give vinylsul-
fones in yields up to >99%. We have evaluated that Ag dimers are the 
active catalytic species during the reaction in solution catalyzed by 
AgNO3 and TEMPO. Vinylsulfones can be converted, in situ, to the 
corresponding phenylacetylene products in high yields, up to >99%, 
after filtering off the Ag0

2Fe3+@CuNi-Me3mpba catalyst, which can 
be reused. Thus, a final one-pot AgFe-MOF catalyzed conversion of 
styrenes to phenylacetylenes is achieved.

Extrapolation of the post-synthetic method of insertion from anionic 
mofs of oxamates and Me3mpba to neutral MOFs based on oxamidates 
and amino acids, was merely synthetic. Since the insertion was carried 
out by immersing the MOF in Pd(NH3)4Cl2, but the interaction instead 
of charge compensation was mainly due to stabilization through coor-
dination bonds with the thiol esters, which contained the chain residues 
of the modified amino acid methylcysteine. The smaller pore diameter 
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of the Pd0@CuSr-Mecysmox and its chemical environment allowed 
the obtaining of the SAC to undergo the reduction process after the 
insertion of the metal.

This homometallic insertion of the CuSr-Mecysmox, together with its 
subsequent reduction, carried out the in situ formation of Pd1 in pure 
benzyl alcohols, which can catalyze aerobic oxidation to benzoic acids. 
This methylcysteine-based MOF with well-defined Pd1 SACs in a ho-
mogeneously distributed and stabilized along functional channels, was 
prepared at gram scale.

For the characterization of the SACs of Pd1 we had to need a greater 
deployment of characterization tools to be able to demonstrate its high 
catalytic effectiveness in its individualized form. For this case, SEM-
EDAX could only confirm the loading of Pd in the MOF and its stable 
incorporation after the reduction process. XPS, in addition to confir-
ming the reduction of Pd, confirmed the stability after reuse of the ca-
talytic MOF, together with PDRX. Synchrotron SC-XRD allowed, for 
the first time, to clearly visualize the SACs of Pd1 and its surroundings. 
The nature of Pd1 both in solution and in MOFs is supported by micros-
copic and XAS techniques. The latter allow us to support the SC-XRD 
results revealing the main interactions between the palladium atoms 
and the lattice, as well as to infer a plausible formation mechanism of 
Pd1 SAC. 
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4.1. Introduction

4.1.1. MOFs vs SCCs

When guests (substrates) are confined in an isolated cavity, they expe-
rience unique environments that are hardly accessible in a bulk solu-
tion. This is beautifully exemplified in the active centres of enzymes 
in living beings, which have served as seminal inspiration for chemist 
to develop the field of Supramolecular Chemistry.1  In this context, du-
ring the last decades, molecular self-assembly have produced an ex-
traordinary number of elegant examples, demonstrating the influence 
of the confined space on the physico-chemical properties of the subs-
trates.2,3 Among these systems, metal-organic frameworks (MOFs) and 
supramolecular coordination compounds (SCCs) are of particular inte-
rest. MOFs are ordered-pore crystalline metal-organic polymers, while 
SCCs possess a discrete (or finite) internal void. These finite structures 
present shapes fall into such geometrical configurations as polygons, 
polyhedra, prisms/antiprisms, tubes, helicates, bowl-shaped, orga-
nic-pillared, porphyrin-prism, and so on.4,5 These metal-organic struc-
tures have clear synergies between them. However, the two fields have 
been rarely connected in a synergistic manner. 

POST-SYNTHETIC FORMATION OF SCCs
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Post-synthetic formation of SCCs

Figure 4.1. Illustrative scheme of the differences between the metal-organic cages and 
the metal organic framework after the interaction of organic ligands with metal ions 
or clusters. Adapted from ref. 6.

From a compositional point of view, SCCs have the same constituent 
parts of MOFs, but they are assembled into distinct individual comple-
xes, instead of extended structures. In MOFs, reactant metal cations are 
usually uncapped, leaving the coordination sites free for ligand coordi-
nation, and ligands are chosen to facilitate lattice propagation. Due to 
the wide variation of ligand types within MOFs, neutral, cationic and 
anionic MOFs can be easily prepared depending on the specific desi-
red target. SCCs can host impressive cavities with sizes approaching 
those of MOF cavities. Like MOFs, SCCs can be constructed from a 
wide variety of ligands and metals from across the Periodic Table. In 
particular, FeII, PdII, PtII, ZnII, CoII, and GaIII have been widely used7-10. 
As far as organic ligands are concerned, pyridine is unrivalled in terms 
of ubiquity. It is frequently combined as part of bidentate and tridentate 
coordination motifs, including bipyridyls, pyridyl imines, pyridyl tria-
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zoles and pyridyl pyrazoles.11 Catechol, phosphines and thioethers (es-
pecially in weak/reversible coordination) should also be mentioned12. 
Due to neutral nature of most N-based ligands metal ions, most SCCs 
are cationic. However, when the ligand is anionic, SCCs, with overall 
negative charge, can also be constructed. Interestingly, in both systems, 
the cavities force the guests to adopt a more compact conformation and/
or temporarily adhere to the metal-organic structure, increase the inter-
molecular collision rate and increase the local catalyst concentration, 
which is ideal for the enhancement of metal catalytic properties.13-15  
At this respect, remarkable advances have been obtained in supramo-
lecular catalysis with SCCs.16 However, it is considered that its full po-
tential has not been reached. The self-assembly of SCCs takes place in 
homogeneous chemistry in solution. Therefore, SCCs are formed with 
isolated fully-coordinated metal atoms as structural nodes, which ham-
pers any activation of external reagents on the metal sites without des-
troying the assembly. Thus, limiting their use in metal-based supramo-
lecular catalysis. In fact, there are few reported metal-based reactions 
with the approximately spherical polyhedra of general formula PdnL2n 
in catalytic quantities, and in the existing examples the integrity of the 
systems is difficult to be secured. Therefore, the metallocatalysis of me-
tal atoms constituting SCCs could be exploited by developing SCCs 
with non-fully coordinated metals.

MOFs have proven to be versatile platforms leading to a wide range 
of applications due to their rich host-guest chemistry17, which can be 
tailored by fine control of the size, shape and functionality of the MOF 
channels, and the possibility to use single-crystal X-ray diffraction 
(SCXRD) as basic characterization tool, which offers the possibility to 
test the success of synthetic methodologies and to follow/understand 
what is actually happening within MOFs channels. SCCs are also able 
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to be characterized by SCXRD too18. However, in general, the techni-
ques used for MOFs are based on techniques more focused on solid 
state materials (e. g. powder X-ray diffraction, neutron diffraction and 
adsorption) and for SCCs, techniques for small molecules in solution 
can be applied (e. g. NMR, UV-vis, MS without fragmentation and 
ESI). In contrast to SCCs, MOFs are widely regarded as stable mate-
rials in the solid state. The stability of MOFs has allowed them to be 
obtained on an industrial scale; in contrast, SCCs are often difficult to 
prepare and distribute as bulk materials due to aggregation problems. 
However, despite the improvements achieved during the last years in 
terms of the structural robustness of MOFs, they still have some li-
mitations. For example, one of the most studied MOFs, HKUST-1, is 
known to be stable with respect to the presence of ethanol, but is not 
stable in water. In fact, studies have shown that some MOFs undergo 
reversible dissolution and re-growth in some solvents. Unlike MOFs, 
SCCs are predominantly self-assembled and studied in solution. Thus, 
despite MOFs may be more suitable for solid-state materials, SCCs are 
very promising as soft matter/materials19. Post-assembly modification 
of SCCs is a particularly active area.20 For MOFs, the modification of 
exposed functional groups not involved in the structure is also on the 
rise, as well as the insertion of metal ions or clusters for their catalytic 
applications. 

So far, MOFs have developed considerably in fields such as the adsorp-
tion and separation of guest gases or small molecules, and catalysis. 
Also, great advances have been done related to molecular recognition 
and/or encapsulation of complex molecular systems. But, there is still 
much work to be done in relation to the use of MOFs as chemical nano-
reactors. In fact, only very few examples have been reported aiming at 

Post-synthetic formation of SCCs
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the MOF-driven formation of supramolecular complexes within MOFs 
channels, which lack of a proper structural characterization and just 
models could be delivered.21,22 

4.1.2. MOF assisted preparation of SCCs 

Inspired by the high efficiency and specificity of enzymes in living sys-
tems, the development of artificial catalysts as mimetic enzymes has 
emerged as an active field. The inspiration eventually slanted towards 
the abiotic catalytic process merging environment catalysis with tradi-
tional homogeneous organotransition metal catalyst. 

Recent advances in supramolecular chemistry have shown that coordi-
nation cages are a good selection as non-covalent coordination bonds 
buildings. Their confined cavity, resembles the binding pocket of an 
enzyme, and their facile tunability (of functional groups, complexes 
dimensions, metal ions with specific size, coordination geometries and 
oxidation state, etc.) are essential for substrate isolation (from external 
species like solvent molecules), substrate recognition23,24 (analyte dis-
crimination and sensing), control of molecular conformation (confor-
mational manipulation), precise aggregation of molecules or functional 
groups (preorganization), transition-state stabilization, kinetic trapping 
of metastable species (to prevents further reaction or deformation),  and 
product release. 

Supramolecular coordination cages are good candidates for supramole-
cular nanoreactors due to, providing specific cavities to bind substrates, 
stabilize the transition state, and avoid product inhibition through co-
llective noncovalent interactions to accomplish specific and selective 

4.1. Introduction
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catalysis.

As supramolecular nanoreactors, coordination cages have presented 
some characteristics in catalysis, such as accelerating the reaction rate, 
enhancing reactivity and selectivity, changing the reaction mechanism, 
and stabilizing otherwise unstable intermediates. Also both chiral and 
achiral supramolecular coordination cages can be employed for asym-
metric catalysis.
 
The major problem with SCCs is that their discrete structure usually 
implies that the catalytically active positions are part of the construc-
tion of their supramolecular architecture, so they are fully coordinated. 
Therefore, compared to MOFs, SCCs have fewer molecules in their 
chemical environment with which to stabilize themselves during the 
dedication of the metal node to their particular catalytic behaviour, so 
that its catalytic activity is mitigated.

As mentioned above (chapters 2 and 3), Metal-Organic Frameworks 
(MOFs) show features capable of acting as chemical nanoreactors for 
the in-situ synthesis and stabilization of functional species (normally 
difficult to access). 

Therefore, one promising approach consists of using the confined space 
offered by a MOF reactor to synthesise, in situ, supramolecular coordi-
nation complexes (SCCs), by means of PSMs. In so doing, both struc-
tures fusion so that the SCCs benefit from the stability provided by the 
MOF chemical environment and the confinement provided by the MOF 
pores and the MOF increases its confinement, selectivity and catalytic 
activity with the incorporation of the SCCs in its interior, by decreasing 

Post-synthetic formation of SCCs
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the MOF pore and inserting the metals and functional groups of the 
SCC ligand.

In our group, recently, a research line has been developed to explore 
the use of post-synthetic methodologies for the in-situ construction of 
SCCs within MOFs channels. As a relevant example for this chapter, 
we will discuss a precedent reported devoted to this end. It concerns 
three mechanically-bonded SCCs of Pd(II) within the unique confined 
space of a previously described MOF (Ni2+@CuNi-Me3mpba, Chapter 
1) channels. The resulting hosted SCCs (SCCs@MOF), had never been 
obtained before, and a post-assembly metalation from one to give a 
heterobimetallic PdII-AuIII supramolecular cage. These SCCs@MOF 
consist on a novel Pd8 square metal-organic polygon, a discrete Pd16 
supramolecular cage, and a heterobimetallic AuIII-PdII cage. All these 
robust SCCs catalyse, heterogeneously, the homocoupling of boronic 
acids, alkynes, and the cross-coupling between them, with higher ca-
talytic activity and selectivity than homogeneous Pd catalysts while re-
taining their structural integrity, in contrast to traditional coordination 
cages assembled in solution. This behaviour emerges from the synerge-
tic hybridization between SCCs and MOFs, which enables both the for-
mation of otherwise not accessible supramolecular assemblies and its 
stabilization under catalytic conditions by mechanical-bonds to exploit 
the metal-based catalysis of pivotal metal atoms. 

In particular, I have used as chemical nanoreactor, a highly crystalli-
ne MOF, [PdII(NH3)4][PdII

2(µ–O)(NH3)6)(NH4)2]0.5{NiII
4[CuII

2(Me3mp-
ba)2]3} · 52H2O (Pd2+@CuNi-Me3mpba), developed in chapter 2. This 
MOF was subjected to a second Post-Synthetic Methodology (PSM), 
in which organic ligands were inserted into the structure in order to 
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form the SCCs@MOF. As it has already been mentioned, the Pd2+@
CuNi-Me3mpba features large octagonal pores which are occupied by 
Pd2

II dimers, stabilized and defined, with atomic precision, to reside on 
preferential positions of the channels (Figure 4.2 left and Figure 4.3, 4.4 
and 4.5). After analysing the available void space, the distance between 
Pd2 units and the amount of available PdII ions, crystals of Pd2+@Cu-
Ni-Me3mpba were soaked with a solution of, appropriately selected, 
linear (L4) and bended (L5,6) ligands (Figure 4.2) to yield unpreceden-
ted MOF-templated in-situ heterogeneous self-assembled SCCs within 
channels.

The PdII
8 square metal-organic polygon of formula [PdII

2(µ–OH2)2(N-
H3)4)]0.5[PdII

8(µ–O H2)8(NH3)8(L1)4]0.125{NiII
4[CuII

2(Me3mpba)2]3} · 
43H2O (Pd2+-L1@CuNi-Me3mpba) - was grown when using the linear 
ligand L1 (Figure 4.3), and with the tripodal bended ligand L2 (Figure 
4.4) a water-assisted PdII supramolecular assembly of formula [PdI-

I
16(H2O)8(NH3)24(µ–OH2)4(H2O)24(L2)]0.125{NiII

4[CuII
2(Me3mpba)2]3} · 

30H2O (Pd2+-L2@CuNi-Me3mpba) was obtained. Notice that L3 has a 
thioether-functional group, which can act as a secondary point of coor-
dination, once a SCC@MOF has been assembled. With L3, the con-
secutive self-assembly of the supramolecular complex within MOF 
channels and the post-assembly metalation of the preformed SCC@
MOF (Figure 4.5b) lead to the formation of a heterobimetallic assem-
bly of formula [AuIII

2(µ–OH)2(OH)4)]0.5[AuIII
2Cl6PdII

2(NH3)6(L3)2]0.5[P-
dII

2(µ-OH2)(NH3)6)]0.5{NiII
4[CuII

2(Me3mpba)2]3} · 37H2O (Pd2+-L3@
CuNi-Me3mpba) (Figure 4.5).

Post-synthetic formation of SCCs
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4.1. Introduction

Figure 4.2 Template-directed strategy, involving the use of post-synthetic methodo-
logies for the step-wise sequential synthesis of original homo- (a) and heterobime-
tallic (b) mechanically-bonded catalytically-active SCCs within the confined space 
of MOFs channels (SCCs@MOFs). (i) Incorporation of desired organic ligand with 
suitable encoded structural and coordination information and (ii) post-assembly meta-
lation of preformed SCCs@MOFs.25

The crystal structure of Pd2+-L1@CuNi-Me3mpba was obtained by 
SCXRD. Moreover, for Pd2+-L2@CuNi-Me3mpba it was possible to 
refine a structural model which gives the most probable organization 
of entities self-assembled within pores. For Pd2+-L3@CuNi-Me3mpba, 
the quality of the SCXRD data was not good enough for the comple-
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te structural resolution, but the crystallographic positions of the metal 
ions, building up the SCCs, and some ligand’s fragments determined 
from Fourier maps, suggest precious insights about the most probable 
structure of the growth assemblies in the confined space of Pd2+@Cu-
Ni-Me3mpba. 

The SCXRD data of  Pd2+-L1-3@CuNi-Me3mpba evidences that the 3D 
network remained crystalline during the MOF-templated in-situ hetero-
geneous self-assembly process. The anionic Ni4

IICu6
II open-framework 

in Pd2+-L1-3@CuNi-Me3mpba retains the known structure of Pd2+@
CuNi-Me3mpba. Both, the biggest hydrophobic octagonal channels 
and the square smallest pores, accommodate Pd(II) Pd2+-L1-2@Cu-
Ni-Me3mpba and Pd(II)/Au(III) Pd2+-L3@CuNi-Me3mpba comple-
xes as result of L1–L3 binding to either mononuclear, [PdII(NH3)4]

2+, 
or dinuclear complexes, [PdII

2(µ–O)(NH3)6]
2+, of Pd2+@CuNi-Me3m-

pba  (Figures 4.3, 4.4 and 4.5).In Pd2+-L1@CuNi-Me3mpba, half of 
the Pd2+ ions from the mononuclear and dinuclear entities in Pd2+@
CuNi-Me3mpba  are self-assembled by L1 giving [PdII

8(µ–OH2)8(N-
H3)8(L1)4]

16+ square polygons, with [PdII
2(µ-OH2)2(NH3)4] dimers resi-

ding at the corners of the quadrangular SCC (Figures 4.3) and stabili-
zed by H-bonds to the MOF. Each PdII exhibits regular square planar 
geometry, with Pd–N [2.02(2) and 2.09(2) Å for Pd-NL1 and Pd-NH3, 
respectively] and Pd-OH2 [1.99(2) and 2.05(2) Å] bond distances si-
milar to those found in the literature.26-29  The PdII separations through 
H2O and L1 bridges are 2.840(6) and 13.49(1) Å, respectively. Squa-
re polygons are regularly pillared along c crystallographic axes, with 
a Pd(II)···Pd(II) separation among adjacent polygons of 15.15(1) Å, 
being stabilized by mechanical-bonds with the walls of the net invol-
ving terminal NH3 molecules and oxamate residues belonging to the 

Post-synthetic formation of SCCs
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net [H3N···Ooxamate of 2.913(9) Å]. The synergic stabilizations ensured 
by hosting matrix strongly support the robustness of such assembled 
SCCs, with high activity in heterogeneous metal-based supramolecular 
catalysis (vide infra). 

4.1. Introduction

Figure 4.3. A portion of crystal structures of Pd2+-L1@CuNi-Me3mpba obtained by 
SCXRD. (a-b) Perspective views of a channel of Pd2+-L1@CuNi-Me3mpba along the 
c or b axes showing, in detail, the PdII

8 and PdII
2 complexes. (c) Perspective view of a 

PdII
8 SCC underlining the intra-assembly structural parameters related to PdII···PdII se-

parations. Color scheme: Cu and Ni atoms from the network are represented by cyan 
and blue polyhedra, respectively, whereas organic ligands are depicted as yellow and 
purple sticks (in a-b) for ligand of the whole net and L1 ligand, respectively. Purple 
spheres represent Pd2+, whereas red, blue and grey sticks represent oxygen, nitrogen 
and carbon atoms, respectively (in c).
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The different nature and symmetry of ligand L2 imposes a totally diffe-
rent assembly in Pd2+-L2@CuNi-Me3mpba, yielding a [PdII

16(H2O)8(N-
H3)24(µ–OH2)4(H2O)24(L2)] supramolecular assembly, where [PdII

2(N-
H3)6(L2)] dimers are linked by strong hydrogen bonds, through the 
carboxylate group of L2 and H2O molecules, to [PdII

2(µ–OH2)4(H2O)6] 
dimers for which not all waters have been found from density maps 
[O···O of 2.89(4) and 2.89(3) Å for -COO···Owater and Owater···Owater, 
respectively] (Figure 4.4). Despite thermal and positional disorder de-
tected for L2 ligand –that clearly does not fit the space group of hosting 
matrix – the crystal structure of SCC was solved, where Pd(II) ions 
exist in distorted square planar geometries with Pd-N in the [PdII

2(N-
H3)6(L2)] dimers and Pd-OH2 distances of the [PdII

2(µ–OH2)4(H2O)6] 
moieties falling in the expected values [1.99(1) and 2.00(1) Å for 
Pd-NL2 and Pd-NH3, respectively, and Pd-OH2 of 2.05(3) and 2.47(3) 
Å].30-33 The Pd(II)···Pd(II) separation within [PdII

2(NH3)6(L2)] dimers 
is of 6.1 Å whereas 8.3 Å is the shortest Pd(II)···Pd(II) distance de-
tected in Pd16 assemblies. The strength of H-bonds observed in Pd16 
assembly of Pd2+-L2@CuNi-Me3mpba, together with its stabilization 
by mechanical-bonds with the network, underpins the role of supramo-
lecular interactions in nanosolvated space, which should be most likely 
able to preserve Pd16 aggregates during catalysis as well. 

Post-synthetic formation of SCCs
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4.1. Introduction

Figure 4.4. A portion of crystal structures of Pd2+-L2@CuNi-Me3mpba obtained by 
SCXRD. (a-b) Perspective views of a channel of Pd2+-L2@CuNi-Me3mpba along the 
c or b axes showing, the PdII

16 and PdII
2 complexes. Color scheme: Cu and Ni atoms 

from the network are represented by cyan and blue polyhedra, respectively, whereas 
organic ligands are depicted as grey and yellow sticks for ligand of the whole net and 
L2 ligand, respectively. Purple spheres represent Pd2+, whereas red, blue and grey stic-
ks represent oxygen, nitrogen and carbon atoms, respectively.

The quality of the SCXRD data did not allow the same precision for 
the complete visualization of SCCs’ crystal structure of Pd2+-L3@Cu-
Ni-Me3mpba. However, many local maxima attributable to Pd2+ and 
Au3+ metal ions in the channels together with few peaks related to L3 

ligand’s fragments were located in the observed structure factor Fou-
rier maps, providing evidence of the localization of the SCCs (Figure 
4.5). Looking at their disposition, it is rationale to hypothesize a self-as-
sembly, in a similar manner as observed in Pd2+-L1@CuNi-Me3mpba, 
producing [PdII

2(NH3)6(L3)2] dimers (for which no peaks related to the 
aromatic moiety has been found from electron density maps) remai-
ning in big hydrophobic pores with Pd(II) in square planar geometry 
[average Pd-N of 2.10(2) Å].  The Pd···Pd and NL3···NL3 separations 
within dimers of 11.36 and 13.97(1) Å fit very-well with those found 
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for complexes constructed with similar ligands (ca. 14 Å).34-36 These 
dimers further grasp AuCl3 complexes exploiting the high affinity for 
soft metal ions of the thioether moiety37 featured by L3, generating, 
finally, self-assembled heterometallic SCCs of the type [AuIII

2Cl6PdI-

I
2(NH3)6(L3)2] showing Pd···Au and Au···Au separations of 13.50(1) 
and 11.89(1) Å, respectively. Interestingly the found position of Au(III) 
ions, consistent with L3 symmetry, is displaced towards the centre of 
the big pores, suggesting a high accessibility for reactants. Furthermo-
re, the solved crystal structure clearly evidences thioether fragments, 
allowing to unveil the Au-S distance of 2.34(1) Å. 

Post-synthetic formation of SCCs

Figure 4.5. Details of crystal structure of Pd2+-L3@CuNi-Me3mpba. (a) Perspective 
view along c crystallographic axis of the overall distribution of metal ions within 
pores. (b) Details of a single hydrophilic pore showing the detected fragments, by 
SCXRD, of [PdII

2(µ-OH2)(NH3)6)] dimers and [AuIII
2Cl6PdII

2(NH3)6(L3)2] heterome-
tallic SCCs. (c-d) Views of a single pore along c axis representing only [AuIII

2Cl-

6PdII
2(NH3)6(L3)2] fragments with parameters details related to Pd···Pd and Pd···Au 

separations and ligand scheme. Color scheme: Cu and Ni atoms from the network are 
represented by cyan and blue polyhedra, respectively, whereas organic ligands are 
depicted as grey sticks. Palladium, gold and sulfur, purple, gold and yellow spheres 
respectively, whereas red, blue and grey sticks represent oxygen, nitrogen and carbon 
atoms, respectively.
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Once characterised this family of SCC@MOFs, the catalytic activity of 
the three hybrid compounds Pd2+-L1-3@CuNi-Me3mpba, was evalua-
ted. This SCC@MOF coupling allowed to heterogeneously catalyze the 
homocoupling of boronic acids and alkynes, maintaining the structural 
integrity of the SCC. As an even more favorable contribution of this 
SCC@MOF coupling, it surpassed the catalytic activity and selectivity 
offered by standard homogeneous Pd catalysts and in traditional coor-
dination cages assembled in solution, specifically the soluble PdII

4 (L1)  
4 squares that are readily decompose under reaction conditions. 

On the basis on the unique catalytic results of Pd2+-L1-3@CuNi-Me3m-
pba, it is clear that novel SCCs@MOFs with new functionalities could 
offer outstanding perspectives in the field. The use of fluorinated pyridi-
nic ligands as ancillary ligands - ligands that stabilise the metal complex 
without providing catalytic activity - of catalytic metal complexes has 
emerged as an idea for the formation of complexes with moderate life-
time and high electrophilicity involved in aromatic C-H activation38-40  

and oxidation reactions41. In general, the more sigma (σ) electron-do-
nating the ligand is, the more stable the complex becomes, but also 
the lower the lewis acidity/catalytic activity. Therefore, the synthesis 
strategy of the metal complex/network is focused on the design of a li-
gand that provides stability and, at the same time, decreases the electron 
donation of the ligand to the metal with the help of the fluoride due to 
its strong inductive effect. 

As seen in the introduction of this chapter, previously reported palla-
dium SCCs@MOFs42  exhibited high structural stability under reaction 
conditions –due to the formation of stabilizing mechanical interactions 
between the SCCs and the MOF network– and improved catalytic ac-

4.1. Introduction
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tivities and selectivities for metal–catalysed reactions, as consequence 
of the limited, but tunable, accessible void space for catalysis. Based on 
this previous result, we take advantage of the same synthetic strategy 
and MOFs pore´s chemistry to construct catalytically active fluorinated 
pyridine–type Pd2+ SCCs@MOFs, showing enhanced catalytic activity 
respect homogenous complexes in the base–free oxidation of aliphatic 
primary alcohols to carboxylic acids.

This chapter will show how I have managed to obtain another nice 
example of hybrid MOF-SCC obtained following the same synthetic 
approach. The same post-processed MOF, Pd2+@CuNi-Me3mpba, was 
used as the MOF recipient. However, the construction of the molecular 
cages was performed with bis(4-pyridyl) acetylene ligands at different 
degrees of fluorination. 43

Post-synthetic formation of SCCs



4.2. Objectives 

 * Our first objective is to validate and extend the synthetic 
strategy –described in 4.1.2– for the synthesis of SCC@MOFs, by pre-
paring novel examples of unprecedented SCCs within MOFs (Figure 
4.6) 

 * Preparation of novel functional organic ligands suitable 
for the formation of new SCCs being capable to modify the electro-
nic structure (and thus the catalytic properties) of the formed SCCs. In 
particular we pretended to synthesise/insert different bis(4-pyridyl)ace-
tylene ligands at different degrees of fluorination to prepare different 
PdII SCCs where each ligand impart different electronic effects.

 * Validate the unique catalytic activity –in terms of effi-
ciency or selectivity– of the resulting SCCs. In particular, we envision 
that the resulting PdII SCCs with fluorinated ligands can be useful for 
the aerobic oxidation of aliphatic alcohols. 

 * On the basis of the exposed above, I will evaluate the 
electronic effects imparted by the substituted functional groups in the 
general catalytic activity of supported SCCs.

Figure 4.6. Schematic of the working procedure for the formation of supramolecular 
cages within the MOF.

341
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4.3. Synthesis

To form the fluorinated cages, we started with Pd2+@CuNi-Me3mpba, 
which was partially obtained in chapter 2. For this case, a total cationic 
exchange of the NiII of the pores by Pd was necessary, obtaining [PdI-

I(NH3)4][PdII
2(μ–O)(NH3)6)(NH4)2]0.5{NiII

4[CuII
2(Me3mpba)2]3} · 52H2O 

(Pd2+@CuNi-Me3mpba). The second post-synthetic step involves the 
insertion of fluorinated aromatic ligands (Figure 4.7). 

Post-synthetic formation of SCCs

Figure 4.7. Scheme of the synthetic procedure of NiII           PdII cation exchange in 
pores (i) and ligand insertion (ii).

A collaborating group (led by Antonio Fernandez Mato, Loughborough 
University in UK) carried out the synthesis, by Sonogashira coupling/
silane deprotection of the corresponding iodides and silyl acetylenes, 
and characterisation of the ligands L4-6 inserted into the Pd2+@Cu-
Ni-Me3mpba, to led to the formation of Pd2+-L4-6 @CuNi-Me3mpba, 
respectively:
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-Bis(3-fluoro-pyridin-4-yl)acetylene (L4).

-Bis(2,3-difluoro-pyridin-4-yl)acetylene (L5).

-Bis(2,3,5,6-tetrafluoro-pyridin-4-yl)acetylene (L6). 

The formation of the molecular cages Pd2+-L4-6@CuNi-Me3mpba was 
performed in the same way for all cases: immersion of the MOF in a 
solution containing the ligand to be inserted. Taking into account that 
the Mg-Ni transmetalation and the cation exchange located in the oc-
tagonal Ni-Pd pores were already explained. We can start the synthesis 
from the reported Pd2+@CuNi-Me3mpba structure, where the insertion 
was total, instead of partial at 50% as in chapter 2.
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Synthesis of [PdII(NH3)4)]1.5[PdII
6(µ–HOAc)2(H2O)12(L4)4]0.08333

{NiII
4[CuII

2(Me3mpba)2]3}·25H2O (Pd2+-L4@CuNi-Me3mpba). [PdI-

I(NH3)4)]1.5 [PdII
6(μ–HOAc)2(H2O)12(L4)4]0.08333 {NiII

4[CuII
2(Me3mp-

ba)2]3} · 25H2O (Pd2+-L4@CuNi-Me3mpba) was prepared by immer-
sing crystals of Pd2+@CuNi-Me3mpba  (ca. 43 mg, 0.012 mmol) in 
hot (50 ºC) acetonitrile/water (2:1) solutions of L1 (7 mL, 12 mM) con-
taining sodium acetate (0.98 mg, 0.012 mmol) for one week. Then, the 
supernatant solution was removed, and the crystals were washed with 
an acetonitrile solution (3 x 10 mL), isolated by filtration on paper and 
air-dried. Despite retaining a nice crystallinity, unfortunately, it was not 
possible to solve its crystal structure by single-crystal X-ray diffrac-
tion, and a multitechnique approach (ICP-MS, SEM-EDAX, PDRX, 
XPS, Magic Angle Spinning Solid 19F NMR Spectroscopy Liquid 
NMR spectra, TGA, N2 isotherm, XANES and EXAFS measurements) 
has been applied. Elemental analysis [% calcd., % found for Cu6Ni4P-
d2C82.3H132.5N18.6O62.3F0.6 (3222.70)]: C, 30.68; H, 4.14; N, 8.11; F, 0.39 
%. Found: C, 30.60; H, 4.06; N, 8.31; F, 0.43 %. IR (KBr): ν = 1601 
cm–1 (C=O).

Synthesis of [PdII(NH3)4)]1.5[PdII
6(µ–HOAc)2(H2O)12(L5)4]0.08333 {NiI-

I
4[CuII

2(Me3mpba)2]3} · 26H2O (Pd2+-L5@CuNi-Me3mpba). In an ana-
logous synthetic procedure to that for Pd2+-L4@CuNi-Me3mpba, but 
using L5 instead of L4, it was obtained Pd2+-L5@CuNi-Me3mpba. Ele-
mental analysis [% calcd., % found for Cu6Ni4Pd2C82.3H133.8N18.6O63.3F1.3 

(3252.72)]: C, 30.40; H, 4.15; N, 8.04; F, 0.78 %. Found: C, 30.55; H, 
4.12; N, 8.11; F, 0.80 %. IR (KBr): ν = 1603 cm–1 (C=O).

Synthesis of [PdII(NH3)4)]1.5[PdII
6(μ–HOAc)2(H2O)12(L6)4]0.08333 {NiII

4[-

Post-synthetic formation of SCCsPost-synthetic formation of SCCs
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CuII
2(Me3mpba)2]3} · 28H2O (Pd2+-L6@CuNi-Me3mpba). Well-formed 

deep green prisms of Pd2+-L6@CuNi-Me3mpba, suitable for X-ray 
diffraction, were synthesized by immersing crystals of Pd2+@Cu-
Ni-Me3mpba  (ca. 43 mg, 0.012 mmol) in hot (50 ºC) acetonitrile/water 
(2:1) solutions of L6 (7 mL, 12 mM) containing sodium acetate (0.98 
mg, 0.012 mmol) for one week. Then, the supernatant solution was re-
moved, and the crystals were washed with an acetonitrile solution (3 x 
10 mL), isolated by filtration on paper and air-dried. Elemental analysis 
[%calcd., % found for Cu6Ni4Pd2C82.3H136.6N18.6O65.3F2.6 (3309.73)]: C, 
29.85; H, 4.16; N, 7.89; F, 1.53 %. Found: C, 29.75; H, 4.12; N, 7.71; 
F, 1.50 %. IR (KBr): ν = 1605 cm–1 (C=O).

In an alternative manner, large scale syntheses of Pd2+-L4-6@Cu-
Ni-Me3mpba, were also carried out by using the same synthetic pro-
cedure that for crystals, but with stirring greater amounts of powder 
sample of Pd2+-L4-6@CuNi-Me3mpba (1g, 0.275 mmol) and the res-
pective ligand L4–6 (20 mL, 27 mM) containing sodium acetate (22.55 
mg, 0.275 mmol). Then, the product was collected by filtration, washed 
with acetonitrile solution (3 x 20 mL) and air-dried. 

Elemental analysis [% calcd., % found for large scale syntheses of 
Pd2+-L4-6@CuNi-Me3mpba]. Pd2+-L4@CuNi-Me3mpba: C, 30.68; H, 
4.14; N, 8.11; F, 0.39 %. Found: C, 30.50; H, 4.26; N, 8.41; F, 0.45 
%. Pd2+-L5@CuNi-Me3mpba: C, 30.40; H, 4.15; N, 8.04; F, 0.78 %. 
Found: C, 30.45; H, 4.11; N, 8.03; F, 0.76 %. Pd2+-L6@CuNi-Me3mp-
ba: C, 29.85; H, 4.16; N, 7.89; F, 1.53 %. Found: C, 29.89; H, 4.20; N, 
7.96; F, 1.62 %.

4. 3. Synthesis4. 3. Synthesis
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4.4. Characterization

4.4.1. Scanning Electron Microscopy-Energy Dispersi-
ve X-ray Spectroscopy (SEM-EDAX) of Pd2+-L4-6@Cu-
Ni-Me3mpba

Cation exchange and ligand insertion of compound Pd2+@CuNi-Me3m-
pba and Pd2+-L4-6@CuNi-Me3mpba was followed  by SEM/EDX (Ta-
ble 4.1 and Table 4.2). In the first stage, Pd insertion gave rise to [PdI-

I(NH3)4][PdII
2(μ–O)(NH3)6)(NH4)2]0.5 {NiII

4[CuII
2(Me3mpba)2]3} · 52H2O 

(Pd2+@CuNi-Me3mpba), and later, L4-6  insertion give us Pd2+-L4-6@
CuNi-Me3mpba. If we observe its formula the expected ratios have 
to coincide with the one shown in the elemental analysis Cu/Ni 1,5 and 
Ni/Pd 2 (Table 4.3), and palladium content is maintained afeter ligand 
insertion. 

Table 4.1. Selected data from SEM/EDX analyses for Pd2+@Cu-
Ni-Me3mpba and Pd2+-L4@CuNi-Me3mpba.

Post-synthetic formation of SCCs
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Table 4.2. Selected data from SEM/EDX analyses for Pd2+-L5-6 @Cu-
Ni-Me3mpba.

Table 4.3. SEM/EDX metal stoichiometry ratios of Pd2+@CuNi-Me3m-
pba and Pd2+-L4-6@CuNi-Me3mpba.

The values obtained in the tables confirm that the cation exchange has 
been carried out correctly, and the maintenance of its compositional 
integrity after the insertion of the fluorinated ligands.

4.4.2. X–ray photoelectron spectroscopy (XPS) of                 
Pd2+-L4-6@CuNi-Me3mpba

To validate the maintenance of the oxidation state of the Pd2+ ca-
tions, XPS was used. In figure 4.9, we can compare the XPS spectra 
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of Pd2+-L4-6@CuNi-Me3mpba, with the starting Pd2+@CuNi-Me3m-
pba. These spectra reveal a very slight shift of the Pd 3d5/2 peak of 
the PdII atoms in Pd2+-L4@CuNi-Me3mpba (338.8 eV), Pd2+-L5@Cu-
Ni-Me3mpba (338.9 eV), and Pd2+-L6@CuNi-Me3mpba (338.8 eV) 
relative to Pd2+@CuNi-Me3mpba (338.6 eV), as expected due to the 
low coordination of the fluorinated L4-6 ligands. With practically no di-
fference between the SCC@MOFs.

Post-synthetic formation of SCCs

Figure 4.9. X-ray photoelectron spectroscopy (XPS) of Pd2+@CuNi-Me3mpba (a), 
Pd2+-L4@CuNi-Me3mpba (b), Pd2+-L5@CuNi-Me3mpba (c) and Pd2+-L6@Cu-
Ni-Me3mpba (d).
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4.4.3. Liquid Nuclear Magnetic Resonance (NMR) and 
Magic Angle Spinning (MAS) Solid 19F NMR Spectros-
copy of Pd2+-L4-6@CuNi-Me3mpba

Combined liquid NMR and SS MAS 19F–NMR confirmed the comple-
xation to the PdII site of the fluorinated ligand L4 within the Pd2+-L4@
CuNi-Me3mpba, since the expected downshift of the signal of free L4 
from ~-126 to ~-118 ppm when complexed to the metal, can be seen, 
beyond the presence of an impurity coming from the starting material 
(Figure 4.10).

4. 4. Characterization

Figure 4.10. Liquid and solid–state magic–spinning 19F nuclear magnetic resonance 
(NMR and SS MAS 19F–NMR) spectra of ligand L4 (top) and the corresponding 
Pd2+-L4@CuNi-Me3mpba (bottom). The arrow points a typical impurity present in 
the starting ligand, the other signals correspond to L4 complexed or not with PdII, and 
the corresponding spinning bands.
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4.4.4. Single-Crystal X-ray diffraction (SC-XRD) of                   
Pd2+-L4-6@CuNi-Me3mpba

Diffraction measurements were carried out by another collaborating 
group at the University of Calabria specialised in SC-XRD (Prof. Do-
natella Armentano, Universidad de Calabria). 

Attempts to solve the crystal structure of Pd2+-L4@CuNi-Me3mpba 
and Pd2+-L5@CuNi-Me3mpba were unsuccessful. Despite not ha-
ving the security of the atomic resolution provided by SCXRD, the 
multi–technique approach used –commonly applied in solving highly 
complex architectures, when SCXRD is not possible– and the simi-
larities of the ligands allowed us to propose tentatively formulae for 
Pd2+-L4@CuNi-Me3mpba and Pd2+-L5@CuNi-Me3mpba [PdII(N-
H3)4)]1.5[PdII

6(μ–HOAc)2(H2O)12(L4)4]0.08333 {NiII
4[CuII

2(Me3mpba)2]3} · 
25H2O (Pd2+-L4@CuNi-Me3mpba) and [PdII(NH3)4)]1.5[PdII

6(μ–HOA-
c)2(H2O)12(L5)4]0.08333{NiII

4[CuII
2(Me3mpba)2]3} · 26H2O (Pd2+-L5@Cu-

Ni-Me3mpba). Conversely for Pd2+-L6@CuNi-Me3mpba, application 
of cutting–edge X–ray crystallography techniques, allowed us to unveil 
that the 3D network of the anionic NiII

4CuII
6 porous framework acts 

in response to perfluorinated pyridine ligand insertion simply with a 
distortion of the pores’ shape, accounting for a phase transition from 
the tetragonal (P4/mmm space group of Pd2+@CuNi-Me3mpba  ) to 
the orthorhombic system (Table 4.4). Indeed, Pd2+-L6@CuNi-Me3m-
pba crystallizes in the Cmmm space group, with the [PdII

6(μ–HOA-
c)2(H2O)12(L6)4] cages located in the hydrophilic distorted octagonal 
pores [virtual diameter of ca. 2.2 nm] previously occupied by the Pd2+ 

dimers of Pd2+@CuNi-Me3mpba.

Post-synthetic formation of SCCs
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Table 4.4. Summary of crystallographic data for Pd2+-L6@CuNi-Me3m-
pba. 

4. 4. Characterization
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Figure 4.11. (a) View along c crystallographic axis of crystal structure of the pre-
cursor Pd2+@CuNi-Me3mpba,44 featuring channels filled by [PdII(NH3)4][PdII

2(µ–O)
(NH3)6)(NH4)2]. (b) View of the crystal structure, determined by synchrotron X–ray 
diffraction, of Pd2+-L6@CuNi-Me3mpba, where [PdII

6(µ–HOAc)2(H2O)12(L6)4] cages 
are self–assembled within the confined spaces by perfluorinated ligand L6. Ligands 
atoms of the heterobimetallic NiII

4CuII
6 3D anionic network are depicted as grey stic-

ks, with cyan or orange spheres for copper and nickel metal ions, respectively. Pd(II) 
cations in the pores and ligands forming the cages, are represented by blue spheres and 
blue sticks (with fluorine in green), respectively, with oxygen atoms as red spheres.

Post-synthetic formation of SCCs



353

Figure 4.12. Details of a single pore in crystal structure of Pd2+-L6@CuNi-Me3mpba. 
Perspective views of a portion of single pores along the [001] direction showing the 
[PdII

6(µ–HOAc)2(H2O)12(L6)4] cages (a) and (b) cages stabilized within MOF’s pores 
by symmetric OH2 ···O interactions. (c) View of the structure of the cages and related 
structural parameters. The heterobimetallic NiII

4CuII
6 3D anionic network is depicted 

as grey sticks. Pd(II) cations in the pores and ligands forming the cages, are represen-
ted by blue spheres and blue sticks (with fluorine in green), respectively, with oxygen 
atoms as red spheres. Hydrogen–bonds are represented as red dashed lines.

4. 4. Characterization
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Figure 4.13. Perspective view along c crystallographic axis of crystal structure of 
Pd2+-L6@CuNi-Me3mpba featuring channels filled by {[PdII(NH3)4)]

2+/[PdII(H2O)
x(NH3)4-x)]

2+} and [PdII
6(µ–HOAc)2(H2O)12(L6)4]

10+ moieties. Lattice water molecules 
and hydrogen atoms have been omitted for clarity. Color scheme: palladium, blue 
sphere; oxygen from cage, red spheres, ligand L6, blue sticks (with F green). Ligand 
atoms of the whole net have been depicted as grey sticks, and cyan or orange sphere 
for copper and nickel, respectively.

Figure 4.14. Views of fragments of crystal structure of Pd2+-L6@CuNi-Me3mpba. 
(a-b) Perspective views along c and b crystallographic axes of a portion of hydrophilic 
single channel filled with [PdII

6(μ–HOAc)2(H2O)12(L6)4]
10+ cages. (c) Perspective view 

along the [111] direction showing the [PdII
6(μ–HOAc)2(H2O)12(L6)4]

10+ cages, stabili-
zed by symmetric OH2···O interactions [H2O···Ooxamate of 2.88(1) and 3.27(1) Å]. (d) 
View of [PdII

6(μ–HOAc)2(H2O)12(L6)4]
10+ cages represented with space filling model 

(Van der Waals radii). Color scheme: palladium, blue sphere; oxygen, red spheres, 
carbon, grey spheres, ligand L6, blue sticks (with F green). Ligand atoms of the whole 
net have been depicted as grey sticks, and cyan or orange sphere for copper and nic-
kel, respectively.

Post-synthetic formation of SCCs
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Monomeric {[PdII(NH3)4]
2+/[PdII(H2O)x(NH3)4–x]

2+} complexes still re-
side both in the square smallest pores and octagonal hydrophobic pores 
(Figure 4.15). The nature and size of pores accounts for formulae un-
certainties, indeed some NH3 and H2O molecules were not found from 
ΔF map (Figures 4.15 and 4.18). The confined assemblies are finely 
stabilized by interactions with the MOF network, which, due to their 
flexibility, adapts pores, in terms of shape in relation to the nature of 
the linker of the cages.

4. 4. Characterization

Figure 4.15. Perspective views of a fragment of crystal structure of Pd2+-L6@Cu-
Ni-Me3mpba along c and a axes (a-b) showing square and octogonal hydrophobic 
pores filled by {[PdII(NH3)4)]

2+/ [PdII(H2O)x(NH3)4-x)]
2+} monomeric units, stabilized 

by hydrogen bonds involving oxygen atoms from oxamate ligand. Color scheme: pa-
lladium, blue sphere; oxygen, red spheres, carbon, grey spheres, ligand L6, blue sticks 
(with F green). Ligand atoms of the whole net have been depicted as grey sticks, and 
cyan or orange sphere for copper and nickel, respectively.



356

Post-synthetic formation of SCCs

Figure 4.16. Further details of crystal structure of Pd2+-L6@CuNi-Me3mpba. (a) 
Perspective views of a portion of the hydrophilic pore (a) showing the stabilized PdII

6 

cages and related structural parameters. (b) Perspective view of cages distribution 
within a single channel, underlining the inter-assembly structural parameters related 
to PdII···PdII separations. Color scheme: palladium, blue sphere; oxygen, red spheres, 
carbon, grey spheres, ligand L6, blue sticks (with F green). Ligand atoms and metal 
ions of the whole net have been depicted as grey sticks.

Figure 4.17. View along b crystallographic axis of crystal structures of Pd2+-L6@
CuNi-Me3mpba featuring channels filled by {[PdII(NH3)4)]

2+/ [PdII(H2O)x(NH3)4-x)]
2+} 

monomeric units and [PdII
6(μ–HOAc)2(H2O)12(L6)4]

10+ cages. Lattice water molecules 
and hydrogen atoms have been omitted for clarity. Color scheme: palladium, blue 
sphere; oxygen, red spheres, ligand L6, blue sticks (with F green). Ligand atoms of 
the whole net have been depicted as grey sticks and cyan or orange sphere for copper 
and nickel, respectively.
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4. 4. Characterization

Figure 4.18. View of [PdII
6(μ–HOAc)2(H2O)12(L6)4]

10+ cages, with thermal and statis-
tically disordered fragments underlined in blue and purple colors, respectively. The 
region characterized by high dynamical disorder did not permit to resolve the statisti-
cal disorder on one of the rings, causing the overlap of fluorine atoms. Color scheme: 
palladium, blue sphere; oxygen, red spheres, carbon, grey spheres, nitrogen, light blue 
sticks, ligand L6, blue sticks (with F green), different conformations of ligand have 
been depicted as in blue and purple colors, respectively.

Figure 4.12 shows that the [PdII
6(µ–HOAc)2(H2O)12(L6)4] cages are 

self–assembled within the confined spaces of Pd2+-L6@CuNi-Me3m-
pba, resulting from the reaction of half of the Pd2+ ions, from the mo-
nonuclear and dinuclear entities stabilized by the precursor (Pd2+@Cu-
Ni-Me3mpba), with the perfluorinated ligand. The templating action of 
the MOF is undersigned with the final polygon shape, which follows 
pore’s distortion, exhibiting an elliptic geometry. The corners of the 
[PdII

6(µ–HOAc)2(H2O)12(L6)4] cages can be located on [PdII
2(µ–HOAc)

(H2O)2] dimeric fragments, which reside at the sides of the elliptic as-
sembly (Figures 4.13 and 4.14) and interact with the MOF by means 
of water–mediated H–bonds. Each Pd(II) exhibits regular square pla-
nar geometry, with Pd–N [2.13(2) and 2.077(11) Å for Pd–NL6 and 
2.070(10) Å for detected Pd–NH3, respectively], Pd–OH2 [2.35(2) and 
2.30(2) Å for detected Pd–OH2] and Pd–OAc [2.34(2) Å] bond distan-
ces similar, or longer for the latter, to those found in the literature.45  Fi-
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gure 4.12c shows that Pd(II) separations through AcOH and L6 bridges 
are 6.96(1) and 13.63(1) Å, respectively. Elliptic polygons are regularly 
pillared along c crystallographic axes, with a Pd(II)···Pd(II) separation 
among adjacent polygons of 14.94(1) Å (Figure 4.14 and 16b). Figu-
re 4.12b shows that the polygons are well–stabilized by mechanical–
bonds with the walls of the net, involving terminal H2O molecules and 
oxamate residues belonging to the porous network [H2O···Ooxamate 
of 2.88(1) and 3.27(1) Å] (Figures 4.14 and 4.15). Figure 4.12b also 
shows that further stabilization is ensured by interactions involving ter-
minal water molecules coordinated to copper metal ions of the network 
[H–OH···Owater 3.15(1) Å] (Figure 4.14c). The synergic stabilizations, 
ensured by a such MOF, allow the framework to act as impeccable pla-
tform to efficiently safeguard the robustness of the assembled cages, 
which in turn exhibit high activity in heterogeneous metal–based su-
pramolecular catalysis (vide infra). Furthermore, it is worth to note that 
their size and shape, stabilized near to the walls of the hosting matrix, 
preserve the available nano–confined spaces, needed for reactants ac-
cess (Figure 4.13 and 4.14a–d). 

4.4.5. Powder X–ray Diffraction (PXRD) of Pd2+-L4-6@
CuNi-Me3mpba

The experimental PXRD pattern of Pd2+-L6@CuNi-Me3mpba is iden-
tical to the corresponding calculated one (Figure 4.19). This confirms 
the homogeneity of the bulk sample, which is isostructural to the crys-
tal selected for single crystal X-ray diffraction. Since the crystals of 
Pd2+-L4@CuNi-Me3mpba and Pd2+-L5@CuNi-Me3mpba could not be 
resolved by SC-XRD, their isocrystallinity was tested by their simila-
rities to Pd2+-L6@CuNi-Me3mpba in the experimental diffractograms.

Post-synthetic formation of SCCs
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4. 4. Characterization

Figure 4.19. Calculated (bold lines) and experimental (solid lines) PXRD pattern 
profiles of SCCs@MOFs Pd2+-L4@CuNi-Me3mpba (red), Pd2+-L5@CuNi-Me3mp-
ba (green) and Pd2+-L6@CuNi-Me3mpba (blue) in the 2θ range 2.0–40.0∞ (a) and 
enlarged image in the range 5.0–40.0º (b).
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Figure 4.20. Thermo-Gravimetric Analyses (TGA) of MOF Pd2+@CuNi-Me3mp-
ba  (black), Pd2+-L4@CuNi-Me3mpba (red), Pd2+-L5@CuNi-Me3mpba (green) and 
Pd2+-L6@CuNi-Me3mpba (blue).

4.4.6. Termogravimetric Analysis (TGA) of Pd2+-L4-6@
CuNi-Me3mpba

The solvent contents of Pd2+-L4-6@CuNi-Me3mpba were determined 
by TGA under a dry N2 atmosphere and compared with pristine MOF 
Pd2+@CuNi-Me3mpba  (Figure 4.20). 

All four materials showed a fast mass loss from room temperature, being 
lower for Pd2+-L4-6@CuNi-Me3mpba than in Pd2+@CuNi-Me3mpba, 
which agree with the fact that the cavities of these materials are par-
tially occupied by the in–situ constructed SCCs. Then, there is a pseu-
do plateau until decomposition starts in Pd2+@CuNi-Me3mpba and 
Pd2+-L4-6@CuNi-Me3mpba. The observed weight losses were 25.72 
(Pd2+@CuNi-Me3mpba), 13.96 (Pd2+-L4@CuNi-Me3mpba), 14.65 
(Pd2+-L5@CuNi-Me3mpba) and 15.45% (Pd2+-L6@CuNi-Me3mpba), 
respectively, and correspond to 52, 25, 26 and 28 water molecules, res-
pectively, which is in line with CHN analyses.

Post-synthetic formation of SCCs
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4.4.7. Gas adsorption of Pd2+-L4-6@CuNi-Me3mpba

N2 adsorption isotherms helped us to verify the formation of SCC wi-
thin the pores of Pd2+@CuNi-Me3mpba with the insertion of any of 
the three L4 – 6 ligands. In the N2 adsorption isotherms of Pd2+-L4-6@
CuNi-Me3mpba at 77 K (Figure 4.21) there is a decrease in the empty 
space accessible to the channels as a consequence of the formation of 
SCCs@MOF, which is consistent with TGA and the crystal structure. In 
addition, the amount adsorbed is similar to that of previously reported 
related non-fluorinated SCC@MOFs.46  

4. 4. Characterization

Figure 4.21. N2 (77 K) adsorption isotherm for the activated compounds Pd2+@Cu-
Ni-Me3mpba(black), Pd2+-L4@CuNi-Me3mpba (red), Pd2+-L5@CuNi-Me3mpba 
(green) and Pd2+-L6@CuNi-Me3mpba (blue). Filled and empty symbols indicate the 
adsorption and desorption isotherms, respectively. The sample was activated at 80 ∞C 
under reduced pressure for 16 h prior to carry out the sorption measurements.
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4.4.8. X-Ray Absorption Near Edge Structure (XANES) 
and Extended X-Ray Absorption Fine Structure (EXA-
FS) measurements of Pd2+-L4-6@CuNi-Me3mpba

XANES and EXAFS measurements were carried out in ALBA syn-
chrotron by Prof. Carlo Marini, in order to extract further information 
about the chemical environments of Pd atoms. 

XANES results confirm the electrophilicity of PdII in Pd2+-L4@Cu-
Ni-Me3mpba, similar to Pd2+@CuNi-Me3mpba without any ligand 
(Figure 4.22 and Table 4.5), with respect to Pd foil. 

Figure 4.22. X–ray absorption near edge structure (XANES) of Pd2+@CuNi-Me3m-
pba (a), Pd2+-L4@CuNi-Me3mpba and Pd foil.

Post-synthetic formation of SCCs

EXAFS results for Pd2+-L4@CuNi-Me3mpba strongly support the for-
mation of the SCCs inside the MOF, with coordination numbers (CN) 
and estimated distances (Å) for oxygen atoms (CN: 2.35±0.93 and 2.02 
Å), nitrogen atoms (CN: 4.40±0.73 and 2.19 Å) and fluorine atoms 
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(CN: 1.50±0.86 and 2.45 Å) in good agreement with the SC–XRD of 
Pd2+-L4@CuNi-Me3mpba (Figure 4.23 and Table 4.5). 

4. 4. Characterization

Figure 4.23. Extended X–ray absorption fine structure (EXAFS) of Pd2+@Cu-
Ni-Me3mpba, Pd2+-L4@CuNi-Me3mpba and Pd foil.

Table 4.5. EXAFS fitting results for the fluorinated cages Pd2+-L4@
CuNi-Me3mpba compared to the Pd foil used for the measurements. 
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4.5. Catalytic properties of Pd2+-L4-6@Cu-
Ni-Me3mpba

As mentioned above, these PdII SCCs with fluorinated ligands can be 
useful for the aerobic oxidation of aliphatic alcohols. We have checked 
this hypothesis and compared to traditional catalysts.  Table 4.6 shows 
the results for the aerobic oxidation of hexanol 3.1a to caproic acid 3.2a 
with Pd(OAc)2/2-fluoro-pyridine (2F-py)47 as a catalyst and different 
solvents, atmospheres and pressures. The best results were obtained 
with dioxane as a solvent under 4 bars of O2 (48.9% yield with >97% 
selectivity, entry 5 in table 4.6). The intermediate aldehyde 3.3a was 
barely detected at the end of the reaction under these conditions and, re-
markably, the addition of NaOAc, a typical base for this reaction, does 
not significantly change neither the yield nor selectivity to 3.2a (entry 
11 in table 4.6), in accordance with the potential ability of Pd2+ to ca-
talyze the whole process without base assistance. The lack of base does 
not adversely affect the reaction progress, since the formed acid does 
not apparently poison the catalytic system and can be easily isolated 
after chromatographic separation. The N:Pd ratio in the MOF analyses, 
corresponding to the expected pyridine to Pd site stoichiometry, exclu-
des the action of any excess of pyridine ligands as a base, which in any 
case would correspond to an amount of base marginal to improve the 
catalytic reaction. The formation of high–valence Pd complexes can be 
excluded on the basis of oxidation experiments with m–chloroperben-
zoic acid (MCPBA), which do not show any increase in the oxidation 
yield (entry 8 in table 4.6), and control experiments also exclude any 
role of water during reaction (entry 9 in table 4.6). The reaction yield 
is proportional to the pressure of O2 (compare entries 10–12 in table 
4.6). Thus, air can replace pure O2 as an oxidant, provided that the right 

Post-synthetic formation of SCCs
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partial pressure of O2 is set, otherwise the oxidation tends to stop in the 
intermediate aldehyde 3.3a. Notice that the oxidation reaction does not 
evolve without O2, which discards acceptorless dehydrogenative me-
chanisms.

Table 4.6. (a) Aerobic oxidation of hexanol 3.1a to caproic acid 3.2a 
with Pd(OAc)2/

2F–py catalyst under different reaction conditions. Tur-
nover number (TON) equals yield in this case (1 mol% catalyst).

4. 4. Characterization
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Figure 4.24 shows the results for different pyridine–Pd2+ complexes 
under optimized reaction conditions, including fluorinated linear alky-
nyl bispyridines (L1-L3). Yields of 3.2a can be correlated with the pKa 
value of the ligand, which constitutes a valid estimation for the σ elec-
tron donation of the pyridine to the Pd2+ atom,48  and the constant of for-
mation for each complex in solution, calculated by 1H– and 19F–NMR 
measurements of each complex. 

These correlations show that the catalytic activity increases linearly 
with the electron donor weakness of the pyridine ligand, reaching a 
maximum for 2F–py, in accordance with previous reports for other reac-
tions.49-51 This volcano–type is explained by the lack of formation of the 
Pd2+–pyridine complex beyond the monofluorinated pyridine, which 
is confirmed here by the formation constants of the different comple-
xes, drastically decreasing for perfluorinated pyridines (blue squares). 
Notice that the relationship between kf for electron-poor pyridines and 
catalytic activity is qualitative, just to confirm that the formation of the 
palladium complex is directly related to the catalytic activity, but not 
quantitative, and the better formation of the MOF-supported fluoropyri-
dine Pd complexes is not assessed here with kfs. The blank experiment 
without any ligand also gives a significant amount of oxidation pro-
duct, since acetates are relatively low–coordinating ligands, however, a 
lower amount of oxidation products are found for many of the electron 
poor ligands. It must be noticed that the formation of the corresponding 
fluorobispyridine–Pd2+ cages in solution did not occur under standard 
synthetic conditions for the non–fluorinated cage,52 which contrast with 
their formation within MOFs channels (see above). 

Post-synthetic formation of SCCs
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4. 4. Characterization

Figure 4.24. (b) Correlation between catalytic activity, pyridine σ electron donation 
and complex stability for different pyridine–Pd2+ complex catalysts. The yields ob-
tained are correlated with the pKa value of the ligand, which constitutes a valid esti-
mation of the σ electron donation to the Pd2+ atom, and the constant of formation for 
each complex in solution (kf, square points). Reaction conditions: 3.1a 0.25 mmol; 
[Pd] 1% mol; [pyridine ligand] 0.1% mol; dioxane 0.5M; 120 °C; 48 h; O2 4 bar. * 
No solvent.

Kinetic experiments with different amounts of NaOAc confirmed that 
the absence of NaOAc is beneficial for the formation of 3.2a (Figure 
4.25). The catalytic results for the oxidation of 3.1a to 3.2a with the di-
fferent Pd2+-L4-6@CuNi-Me3mpba can also be found in Figure 4.24. It 
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can be seen that, in contrast to the corresponding fluoro-pyridine–Pd2+ 

complexes in solution, the yield of 3.2a is kept to a maximum value 
with the perfluorinated cage in Pd2+-L6@CuNi-Me3mpba. Here, the 
catalytic activity is defined by a subtle balance between the number 
of F atoms in the pyridine ligand (electronic effect) and the associated 
limited diffusion within the microporous framework (steric and coordi-
nating impediments). 

Post-synthetic formation of SCCs

Figure 4.25. Time dependence for the formation of the acid 3.2a and the aldehyde 3.3a 
with different amounts of NaOAc. Reaction conditions: 3.1a 0.5 mmol; Pd(OAc)2 1% 
mol; 2F-py 2% mol; dioxane 0.5M; 120 °C; O2 4 bar.

Indeed, the position of the F atoms in the pyridine ligand also can play a 
role, beyond the total number of F substituents. For that reason, 2,3–di-
fluoropyridine and 2,3,5,6–tetrafluoropyridine were additionally tested 
as ligands in solution and the catalytic results (Figure 4.26) show that it 
is difficult to establish a sound relationship between number/position of 
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F atoms on the pyridine ligand and catalytic activity in solution, beyond 
the rough increase in catalytic activity for F–substituted ligands. 

4. 4. Characterization

Figure 4.26. Yields of 3.2a and 3.3a obtained from the oxidation reaction of hexanol 
3.1a, using Pd(OAc)2 and additional fluorinated pyridines.

The formation of the cage is paramount for the catalytic activity within 
the MOF, since the combination of the ancestor Pd2+@CuNi-Me3m-
pba, with bare Pd2+ sites, and different soluble pyridine ligands, only 
catalyze properly the oxidation of 3.1a when the appropriate ligand 
for cage formation is employed (Table 4.7). The catalytic results with 
Pd2+-L4-6@CuNi-Me3mpba do not exceed the soluble monofluorobi-
pyridine–Pd2+ complex, however, they reflect the higher activity of the 
perfluorinated ligand when forming SCCs@MOF. Also, it will show-
case the advantages of translating unrecoverable homogenous catalysts 
into nanoparticulated recoverable solid catalysts (see next page).53-59
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Table 4.7. Oxidation of 3.1a to 3.2a with various Pd(OAc)2 or Pd2+@
CuNi-Me3mpba with different ligands. Reaction conditions: 3.1a 0.25 
mmol; [Pd] 1% mol; [L] 0.1% mol; dioxane 0.5M; 120 °C; 48 h; O2 4 
bar. 

Figure 4.27 shows the aerobic oxidation of different aliphatic alcohols 
of increasing chain length 3.1a–h catalyzed by Pd2+-L6@CuNi-Me3m-
pba, under optimized conditions. It can be seen that ~30% and ~20% 
yields, in average, are obtained for <8 atom carbon acids 3.2a–d and >8 
atom carbon acids 3.2e–h, respectively. These results are in accordan-
ce with the channels topology and dimensions (~0.8 nm) of Pd2+-L6@
CuNi-Me3mpba, which allows the better diffusion of small linear alkyl 

Post-synthetic formation of SCCs
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chain reactants and products not only through the MOF channels but 
also through the cages, and complicates the traffic of longer chain mo-
lecules. The aerobic oxidation of alkyl alcohols to carboxylic acids is 
plagued with multiple by-reactions such as ester or ether formation and 
decarboxylation, and moreover, the absence of base provokes the aci-
dification of the reaction medium, which could trigger more undesired 
reactions. Thus, the final reaction yields obtanied here with a MOF so-
lid catalyst can be considered reasonable. 

4. 4. Characterization

Figure 4.27. (a) Results for the aerobic oxidation of aliphatic alcohols of increa-
sing chain length catalyzed by solid Pd2+-L6@CuNi-Me3mpba. Selectivity to the 
carboxylic acid is >97%. Reaction conditions: 3.1a–h 0.25 mmol; Pd2+-L6@Cu-
Ni-Me3mpba, [Pd] 1% mol; dioxane 0.5M; 120 °C; 48 h; O2 4 bar.

Figure 4.28a shows the hot filtration test for Pd2+-L6@CuNi-Me3mp-
ba, which excludes the presence of catalytically active species in solu-
tion, and Figure 4.28b shows that Pd2+-L6@CuNi-Me3mpba keeps its 
catalytic activity throughout different reuses.
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Figure 4.28. (a) Hot filtration test and (b) reuses of Pd2+-L6@CuNi-Me3mpba for the 
oxidation of 3.1a under optimized conditions.

PXRD analysis of the fresh and spent solid catalyst confirmed the inte-
grity of the structure (Figure 4.29). It seems that the catalyst becomes 
more selective after the first use, nevertheless notice that the yield for 
3.2a is <10% and 3.2a is a potential intermediate of 3.2a, thus some 
variability in the final yield of 3.2a may be expected. This variability 
could come, for instance, from different O2 pressure during the reuses 
or slightly modifications of the solid catalyst material during reaction. 
However, it should be considered that the yields are 35, 45 and 42% for 
the three reuses, respectively, and a 7% by-product is found in the first 
use, and none in the second two uses.

Post-synthetic formation of SCCs

Figure 4.29. PXRD patterns of Pd2+-L4@CuNi-Me3mpba before and after the oxida-
tion reaction of hexanol.
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Thus, the variability for both yield and selectivity is < 10% overall, thus 
it is a reasonable value for a reused solid catalyst. In addition, we have 
observed that the results with the catalytic Pd2+-L4@CuNi-Me3mpba 
are not far from the parent monofluorinated complex in solution (Fi-
gure 4.30). These results showcase a clear practical advantage of the 
solid SCCs@MOFs respect to the homogeneous soluble counterparts, 
beyond the electronic effects imparted by the perfluorinated ligand.60-63 

4. 4. Characterization

Figure 4.30. Results for the aerobic oxidation of aliphatic alcohols of increasing chain 
length catalyzed by solid Pd2+-L4@CuNi-Me3mpba or soluble Pd(OAc)2/L4 com-
plex catalyst. Selectivity to the carboxylic acid is > 97%. Reaction conditions: 5 0.25 
mmol; [Pd] 1% mol; [L4] 0.1% mol; dioxane 0.5 M; 120 °C; 48 h; O2 4 atm.

Figure 4.31d shows the kinetics for the oxidation of intermediate hexa-
nal 3.3a, catalyzed by Pd2+-L6@CuNi-Me3mpba, under optimized 
conditions. Each point corresponds to an individual experiment, where 
O2 is released and filled back to the reaction to keep the same starting 
pressure. The formation of caproic acid 3.2a perfectly matches with 
the disappearance of hexanal 3.3a, which explains that the intermediate 
aldehyde is not detected under reaction conditions, since 3.3a rapidly 
oxidizes to 3.2a as soon as the former is formed (indeed, the final yield 
of 3.2a is > 10% higher when starting from 3.1a than 3.3a, compare 
Figures 4.28b and 4.31). These results suggest that the rate–determi-
ning step during the oxidation of 3.1a to 3.2a is the dehydrogenation of 
3.1a to 3.3a. Blank experiments showed that no conversion for any of 
both reactions occurs if Pd2+-L6@CuNi-Me3mpba is not present (not 
shown). 
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Figure 4.31. Time dependence for the formation of acid 3.2a during the oxidation 
of intermediate aldehyde 3.3a. Reaction conditions: 3.3a 0.25 mmol; Pd2+-L6@Cu-
Ni-Me3mpba, [Pd] 1% mol; dioxane 0.5M; 120 °C; O2 4 bar.

Figure 4.32. Plausible mechanism for the oxidation of 3.1a to 3.2a.

Figure 4.32 shows a plausible mechanism for the oxidation of 3.1a to 
3.2a. Kinetic studies reveal that the rate for the oxidation of hexanol 
3.1a to caproic acid 3.2a follows the equation r0 = [3.1a][Pd][L]-1 at 
low concentrations of 3.1a and for any pyridine ligand tested. 

Post-synthetic formation of SCCs



375

A numerical reaction order O2 pressure does not appear in the rate equa-
tion, in accordance with the rapid oxidation of hexanal 3.3a to caproic 
acid 3.2a, and the reaction order for hexanal 3.3a matches 3.1a under 
similar reaction conditions, which further confirms the intermediary 
character and rapid oxidation of 3.3a (Figure 4.33). 

4. 4. Characterization

Figure 4.33. Initial rates vs the amount of hexanal 3.3a in the oxidation reaction with 
Pd(OAc)2/

2F-py. Reaction conditions: [Pd] 1 mol %; [2F-py] 0.1 mol %; dioxane 0.5 
mL; 120 °C; O2 4 atm.

Besides, [3.1a] has no influence on the reaction rate at concentrations > 
3:1 respect to [Pd2+], thus when the Pd complex is already saturated by 
the alcohol. These results strongly suggest that the catalytic species co-
rresponds to a Pd2+ complex where the alcohol has replaced the pyridine 
ligand, to be efficiently dehydrogenated by the electrophilic Pd2+ site. 
This cationic Pd site is now available to receive the hydroperoxy mo-
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lecule (see ahead). The highly competitive coordination of the pyridine 
ligand explains why the perfluorinated Pd2+ cages in Pd2+-L4-6@Cu-
Ni-Me3mpba, despite having the optimal electronics in the ligands, are 
only slightly more efficient that the monofluoropyridine–Pd2+ complex 
in solution, since the forced ligand–to–metal interaction in the confined 
coordination cage must severely impede the coordination of alcohol 
3.1a. However, the catalytic results obtained by the solid Pd2+-L4-6@
CuNi-Me3mpba have to be put in context and remarked, if one con-
siders not only the intrinsic steric and coordination hindrance of the 
cage but also the lower mobility of the reactants/products inside the 
micro–structured SCCs@MOFs compared to the open catalytic Pd2+ 
complexes in solution.

Considering that the aldehyde is the undiscussed precursor of the acid, 
and in order to unveil the rapid oxidation mechanism operating during 
the reaction, the rate equation and possible transient species during the 
oxidation of hexanal 3.3a to caproic acid 3.2a was studied.

The results with different fluoropyridine–Pd2+ catalysts show that hexa-
nehydroperoxy acid is formed in all cases, and it rapidly collapses into 
the final acid 3.2a, with a rate equation r0 = [3.3a][Pd][L]-1. This rate 
equation is identical to the direct oxidation process, from hexanol 3.1a 
to caproic acid 3.2a. The use of radical inhibitors (Figure 4.34) quen-
ches the oxidation of aldehyde 3.3a to 3.2a, and the dehydrogenation of 
alcohol 3.1a to 3.3a. 

Post-synthetic formation of SCCs
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4. 4. Characterization

Figure 4.34. Radical inhibitors experiments starting from 3.1a (top) and 3.3a (bottom) 
performed using DABCO as a radical inhibitor, with Pd(OAc)2/

2F-py as a catalyst.
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These results strongly support alkylhydroperoxy acids as intermediates 
during the oxidation of the aldehyde, which are accepted intermediates 
during the autocatalyzed oxidation of aldehydes to carboxylic acids.
64These peroxy acids join the potential formation of explosive peroxide 
intermediates with solvent dioxane under O2, which probably makes 
the system unsuitable at the industrial level but certainly promising and 
worthy of further exploration.  

Post-synthetic formation of SCCs



4.6. Conclusions 

The fact of being able to synthesise SCCs inside MOFs led us to obtain 
an advanced material with unique characteristics (in nuclearity, stabili-
ty, electronic structure, etc.) very different from the SCCs that would be 
obtained outside MOFs. In particular, different bis(4-pyridyl)acetylene 
ligands have been inserted at different degrees of fluorination to prepa-
re different PdII SCCs, where each ligand imparts different electronic 
effects, inside Pd2+@CuNi-Me3mpba.

The validation and extension of the synthetic strategy - described in 
section 4.1.2 - for the synthesis of SCC@MOFs, as we aimed to do, was 
carried out using the following methods of different characterisation 
techniques:

 - By means of SEM we verified that the metallic proportionality was 
maintained, so that the MOF was not degraded and the fluorinated li-
gands did not sequester the Pd2+ cations of the Pd2+@CuNi-Me3mpba.

- The oxidation state of the Pd2+ cations also remained intact after the 
post-synthetic insertion of the ligands. This was verified using XPS.

- Magic Angle Spinning Solid 19F NMR Spectroscopy Liquid NMR 
spectra confirmed the formation of complexes with the PdII site of the 
fluorinated ligand L4 within Pd2+-L4@CuNi-Me3mpba.

-The SC-XRD technique, although it did not allow the resolution of 
Pd2+-L4@CuNi-Me3mpba and Pd2+-L5@CuNi-Me3mpba due to its 
loss of crystallinity after undergoing the PSM, it was possible to resol-
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ve the structure of Pd2+-L6@CuNi-Me3mpba. So that Pd2+-L6@Cu-
Ni-Me3mpba, acted as a representative figure of the SCC@MOF that 
were synthesized in this work. Through this technique it was possible 
to confirm with greater precision the formation of the SCC within the 
MOF. It was observed that the insertion of the perfluorinated pyridine 
ligands caused a structural deformation in the pores. This could ex-
plain the non-resolution of Pd2+-L4@CuNi-Me3mpba and Pd2+-L5@
CuNi-Me3mpba, since their fluorinated distribution would not be re-
gular enough to produce an ordered deformation in the MOF structure.

-PXRD confirmed that the crystal structure of the single crystal mat-
ched that of the Pd2+-L6@CuNi-Me3mpba powder sample. In addi-
tion, the isostructurality of Pd2+-L6@CuNi-Me3mpba and Pd2+-L5@
CuNi-Me3mpba with respect to Pd2+-L6@CuNi-Me3mpba, shows that 
the formation of the cages within the MOF could be carried out in a 
similar way in both cases. In this way, the SCC interpretation produced 
in Pd2+-L6@CuNi-Me3mpba, as a representative figure of Pd2+-L4-5@
CuNi-Me3mpba, is validated.

- TGA showed that the insertion of the fluorinated ligands involved the 
loss of interaction of water molecules with the starting MOF to establi-
sh coordinated interactions with the L4-6 ligands.

- The nitrogen adsorption isotherm, showed for the three cases, 
Pd2+-L4-6@CuNi-Me3mpba, the decrease in the pore size of Pd2+@Cu-
Ni-Me3mpba after the formation of SCC inside the MOF.

- XANES and EXAFS confirmed the electrophilicity of PdII in Pd2+-L4@
CuNi-Me3mpba and the interaction of Pd2+ cations with the L4 ligand 

Post-synthetic formation of SCCs



381

(mainly due to Pd-F interactions), respectively.

Finally, the unique catalytic activity of the SCCs synthesised inside the 
MOF was validated. It is confirmed that these SCC@MOFs can cataly-
se the aerobic oxidation of alkyl alcohols to carboxylic acids without 
the aid of any additives/bases. It was found that SCC@MOFs outper-
form related SCCs compatible with MOFs but without (per)fluorinated 
pyridine ligands, since such soluble complexes cannot perform such 
transformation efficiently. 

Therefore, SCCs located in the MOF pores present a great advantage 
over SCCs in their isolated form, since their catalytic activity (as seen 
in section 4.5), selectivity (due to the confined space provided by the 
MOF) and stability (since the metal nodes that make up the SCC struc-
ture remain located in the MOF pores instead of a deformation/breaka-
ge of the coordinated bond in the SCCs when participating as catalyst in 
the reaction) are improved. This stability provided by the containment 
of the SCCs in the MOF leads us to obtain a heterogeneous catalyst 
with more than three uses without hardly losing its catalytic activity.
Furthermore, it can be assumed that these solid recoverable materials 
not only expand the organometallic chemistry of Pd towards extremely 
high and stable electrophilic Pd2+ sites, but also open the door to their 
use as catalysts in challenging C-H activation reactions.

4. 6. Conclusions
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Overall, the present manuscript has been organised from lower to hi-
gher complexity in terms of the nanosised especies synthesised within 
the channels of the MOF. First, the introduction covers the most rele-
vant features of MOFs, such as background, classification, synthetic 
variants, properties, different post-synthetic methods and applications. 
In particular, I have also focused on showing relevant examples of oxa-
mate- and oxamidate-based MOFs –which have been prepared recently 
by my research group– as they have been chosen to be used as chemical 
in my thesis work. They offer great advantages –necessary to accompli-
sh the objectives of my thesis– such as high robustness and crystallinity 
and the possibility to tune, easily, their porosity in terms of size, shape 
and, especially, functionality. Moreover, oxamate- and oxamidate-ba-
sed MOFs are prepared by using “rational programmed” self-assembly 
methods, based on the previous preparation of stable “building bloc-
ks” which incorporate the desired functionalities that will be ultimately 
translated to the final MOF. This original approach –that shows clear 
advantages to direct precipitation methods in order to obtain MOFs 
with the mentioned requirements–  has been also discussed in the in-
troduction.  

Initially, my research group interests were focused on the preparation 
of magnetic oxamate- and oxamidate-based MOFs. However, the great 
versatility of these materials led to an extension of their applicability, 
thanks to their multiple properties.  The tunability of their composition, 
rigidity, crystallinity and, above all, the variety of topology, size, dis-
tribution and chemical environment of their pores are some of the most 
important properties. In terms of applications, these MOFs based on 
oxamates and oxamidates have had great relevance in multiple articles 
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related to the capture of pollutants (gaseous and liquid, such as dyes 
and heavy metals), capture and release of drugs and food complexes, 
magnetism and catalysis, among others. This last point is the focus of 
this thesis: catalysis. 

The increasing complexity experienced throughout the thesis begins 
with the partial insertion of palladium into the oxamate-based MOF and 
the aromatic amine 2,4,6-trimethyl-1,3-phenylenediamine (Chapter 2). 
Partial exchange of the nickel cations, hosted in their channels, for pa-
lladium allowed a 50/50 exposure of the Ni2+ and Pd2+ metals, so that 
all three metals with catalytically active activity (Cu, Ni and Pd) were 
exposed, with the intention of carrying out cascade catalysis (consecuti-
ve reactions). Separately, Cu was successful in the hydroalkoxylation of 
cyclopropenones where the yields of the reactions catalysed by Ni2+@
CuNi-Me3mpba were identical or slightly lower than those carried out 
in the presence of the homogeneous homogeneous catalyst Cu(OAc)2. 
Moreover, it allowed a reuse of the material up to 5 times. In the case 
of Ni, its presence favoured the Chan-Lam coupling, thus completing 
the Ni2+@CuNi-Me3mpba catalytic cascade functionality, where Cu is 
in charge of the hydration reaction and Ni2+ of the Chan-Lam coupling. 
The addition of Pd to the equation was given by the permittivity of the 
cyclopropenone/Mizoroki-Heck hydration coupling reaction in a sin-
gle vessel which involved its inclusion in the Ni2+@CuNi-Me3mpba 
MOF. This implied that the presence of Ni2+ or Pd2+ in the MOF as a 
heterogeneous catalyst was determined by the desired directionality of 
the reaction for the coupling to form esters in higher percentage yield 
(favoured by Ni) or ketones (favoured by Pd). Finally, it was concluded 
that the presence of the three metals Cu, Ni and Pd favours the synthesis 
reaction of coumarin family compounds in a single vessel, unlike the 
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homogeneous homologous catalyst.

Once the total or partial insertion of transition metals into the pores of 
the oxamate-based MOF and the said aromatic amine was controlled, 
the next level of complexity of post-synthetic modification was taken 
to the creation of SACs and SNMCs. The Ni2+@CuNi-Me3mpba MOF 
underwent complete insertion of silver cations into the MOF pores and 
subsequent reduction to create Ag0

2 clusters. To add catalytic diversity 
in the MOF, iron cations were added, requiring a full insertion of silver, 
a partial insertion of iron and a reduction to create a mixture of Fe3+ 
SAM and Ag0

2 SNMC. For both cases only the silver atoms hosted in 
the octagonal pores were reduced, with the silver cations in the square 
pore remaining unreduced. In the case of the heterometallic SNCM, the 
iron cations were not reduced either. 

In terms of catalysis, the Ag0
2 SNMCs were able to efficiently catalyse 

the Buchner ring expansion reaction, allowing its reuse up to 6 times. 
While for Ag0

2Fe3+@CuNi-Me3mpba an unmet reaction, the unprece-
dented direct conversion of styrene to phenylacetylene in one-pot, was 
achived with very high yields. 

In Chapter 3, we have presented the synthesis and characterization of 
a novel MOF prepared with oxamidate ligands derived from the amino 
acid methylcysteine: CuSr-Mecysmox. The main features that diffe-
rentiate it from the Me3mpba-based MOF are the smaller size of its 
one-dimensional pores and the decoration of its channels by sulphur 
atom groups that have affinity for soft metals such as Pd. So it fulfi-
lled the necessary requirements to form Pd SACs (instead of the Pd4 

SNMCs formed inside  Ni2+@CuNi-Me3mpba): smaller pore size, di-
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fferent chemical environment and high affinity for Pd. These Pd SACs 
formed inside CuSr-Mecysmox were able to catalyse, very efficiently, 
the reaction and oxidation of benzyl alkyl alkyls to benzoic acids.

In Chapter 4, I have taken up the use of the Ni2+@CuNi-Me3mpba 
MOFs, after (this time) complete insertion of Pd(II) cations, fluorinated 
bipyridinic ligands were inserted with the intention of forming SCCs 
inside the Pd2+@CuNi-Me3mpba MOF which were able to catalyse 
the aerobic oxidation of alkyl alcohols to carboxylic acids without the 
aid of any additives/bases and keeping their SCCs confined in the pores, 
with enhanced reuse and interesting selectivities.

In summary, in this thesis, we have gone deeper on the use of MOFs as 
chemical reactors for the preparation of unique and original catalytica-
lly active metal species. The compounds reported in the different chap-
ters indeed constitute a step further on the applicability of MOFs in 
such an important field as industrial catalysis, as some of the reported 
compounds show outstanding catalytic properties and, in some cases, 
are capable to catalyse reactions that had not been achieved before. 
These results also open the gate to the development of novel metal na-
nosised species not achieved before. In particular, the preparation of 
ligands-free subnanometer heterometallic clusters is still a challenge. 
Some preliminary results have been achieved (Figure 5.1) and this the-
sis has has laid the foundations for future applications of these unique 
unprecedented species. 

General conclusions and future perspectives
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Figure 5.1. Crystal structure of AuPd@CuSr-Mecysmox and AuAg@CuSr-Mecys-
mox.
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The central aim of this PhD thesis is to develop synthetic 
procedures to construct metal organic-frameworks (MOFs) 
able to host/build up molecular-based species, such as me-
tal ions with particular coordination environments, single 
atom catalysts (SACs), sub-nanometric metal clusters (SN-
MCs) and supramolecular coordination complexes (SCCs), 
otherwise hardly accessible, with high catalytic reactivity 

and in a multigram scale. 

The nature of the final assemblies has been characterised 
with a myriad of physical techniques, where taking advan-
tage of the high crystallinity and structural robustness of 

the MOFs used as platforms, single-crsytal X-ray crystallo-
graphy play a promienet role and provide us with unique 

snapshots of the novel hybrid materials assembled. Here, it 
is worth to remark that the obtention, stabilization and cha-
racterization of such unique hybrid species is an extraordi-
nary challenge. Thus, this in itself reflects the success of the 

results presented in this PhD thesis.


