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Resumen

De acuerdo con el reglamento sobre depdsito, evaluacion y defensa de la
tesis doctoral, establecido en el real decreto 99/2011, de 28 de enero, por el cual
se regulan las ensefianzas oficiales de doctorado, y segun lo dispuesto en el
articulo 7 (tesis doctoral presentada en una lengua diferente de las oficiales de la
Universitat de Valéncia), en esta seccidén se presenta un resumen amplio, en
castellano, de la tematica que aborda la presente tesis resaltando los objetivos,

la metodologia empleada y las conclusiones.
Introduccion

Uno de los principales objetivos de la investigacion cientifica es buscar
soluciones a problemas reales de la sociedad. Debido a la constante evolucién de
las distintas sociedades humanas, y al continuo cambio en el estilo de vida de
éstas, cada dia nos enfrentamos a nuevos retos y problemas que deben ser
abordados por la ciencia. En particular, la ciencia de los materiales, encargada de
sintetizar y caracterizar nuevos materiales, y de mejorar los ya conocidos,
permite, en muchas ocasiones, encontrar una solucién a problemas existentes.
Por ejemplo, el desarrollo de los materiales porosos ha sido fundamental tanto
en el desarrollo de nuevas tecnologias, usadas en nuestra vida diaria, como en la
mejora de muchos procesos industriales. Estos materiales porosos han llamado
la atencién de muchos cientificos debido al interés que suscita obtener
materiales con un espacio confinado, de tamafio nanométrico, y la posibilidad de
utilizar estos poros, a modo de nanoreactores quimicos, llevando a cabo

reacciones quimicas en su interior.

Los materiales porosos se pueden definir como aquellos que presentan
una red interconectada de poros (vacios) accesibles, que son ademas permeables

a cualquier fluido (liguido o gaseoso). Estos tipos de materiales han sido
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ampliamente utilizados desde el antiguo Egipto hasta la actualidad, siendo los
mas conocidos el carbdén activo y las zeolitas, que han sido muy utilizados en
campos tan importantes como la descontaminacion ambiental o la catalisis. En
1995, el investigador Omar M. Yaghi, al revisar diversas publicaciones de otros
investigadores y adentrarse en la exploracion de materiales porosos innovadores,
acufié el término "metal-organic framework (MOF)" para referirse a una nueva
clase de materiales porosos, formados por la combinacién de metales y ligandos
organicos. Desde entonces, las publicaciones donde aparece el término “MOF”
han experimentado un crecimiento exponencial, afio tras ano, dedicadas tanto al
descubrimiento de estructuras desconocidas hasta el momento como al estudio

de nuevas propiedades y aplicaciones.

Los MOFs, también conocidos como polimeros de coordinacion porosos
(PCPs), se definen como estructuras hibridas organicas-inorganicas de naturaleza
cristalina, formadas por iones metdlicos o grupos de metales polinucleares
(también llamados unidades de construccidon secundarias o SBUs, siglas del
término inglés “secondary-building units”) coordinados a una gran variedad de
ligandos orgdnicos para formar estructuras, bi- o tridimensionales, porosas.
Debido a la gran cantidad de metales y de ligandos organicos disponibles para
construir estas redes, el nimero de posibles estructuras con diferentes
composiciones, topologias y, por tanto, distintas propiedades fisicas y quimicas,
es practicamente infinito. En este contexto, seleccionando de manera racional las
unidades de construccion (quimica reticular), se pueden obtener materiales

disefiados “a la carta”.

Entre las caracteristicas mas destacadas de los MOFs podemos encontrar
una gran porosidad, lo que se traduce en una gran area superficial, una elevada
cristalinidad, permitiendo su caracterizacién mediante técnicas de difraccion de
rayos X y una riquisima quimica huésped-anfitrién, lo que permite encapsular,
por medio de estas interacciones estabilizantes, una gran variedad de moléculas
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tanto de naturaleza organica como inorganica, en el interior de estos canales. Por
todo lo expuesto, los MOFs tienen aplicaciones en muchos y bien diferenciados
campos, como en adsorcidn y separacion de gases, remediacion ambiental,
transporte y liberacion de farmacos, magnetismo, sensores luminiscentes,

catalisis, etc.
Objetivos

En general, los objetivos principales de la presente tesis son, por una
parte, obtener y caracterizar nuevos polimeros de coordinacién porosos (MOFs)
ensamblados con ligandos oxamidatos, derivados de biomoléculas como son los
aminodcidos, y métales biocompatibles como el zinc y, por otra, el estudio de las
propiedades y aplicaciones que éstos presentan. En este sentido, pretendo
mostrar en esta tesis ejemplos reales donde estos nuevos MOFs podrian ser
aplicados, resaltando asi la importancia que estos compuestos tienen en
diferentes areas tecnoldgicas. De este modo, los resultados obtenidos pretenden
expandir el conocimiento que mi grupo de investigacién tiene en la obtencidn de

nuevos MOFs.

Los materiales sintetizados en esta tesis doctoral tienen una doble
funcionalidad. Por un lado, gracias a las propiedades intrinsecas que tienen las
estructuras formadas, permiten ser utilizados como fotocatalizadores para la
degradacién de contaminantes orgdnicos en ecosistemas acuaticos (capitulo 2) o
como catalizadores heterogéneos, bien catalizando una reacciéon enzimatica
conocida, lo que permitird entender de manera mas precisa, el funcionamiento y
mecanismo de algunas enzimas (capitulo 3) o bien catalizando, de manera
eficiente, una reaccién industrial de importancia (capitulo 4). Por otra parte,
estos materiales combinan una quimica huésped-anfitrion increible v,
presumiblemente, biocompatibilidad, por el uso de biomoléculas y biometales.

Este hecho permite augurar que estos MOFs puedan servir como “vasijas” para
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encapsular farmacos en sus canales, permitiendo su uso en medicina, en
procesos de liberaciéon lenta de medicamentos, y también para encapsular

metales cataliticamente activos con la finalidad de crear nuevos catalizadores.

Para la consecucidn de estos objetivos, se han seguido los siguientes

pasos:

(i) Disefio de procedimientos sintéticos adecuados tanto para
obtener MOFs a gran escala (polvo microcristalino) como para la
obtencién de monocristales, pudiendo asi caracterizarlos a
través de difracciéon de rayos X en monocristal. Para ello, se han
llevado a cabo métodos de precipitacién directas y de difusién
lenta, respectivamente.

(i) Estudiar las caracteristicas, fisicas y quimicas, que los nuevos
materiales obtenidos presentan, con el objetivo de poder
aplicarlos en los campos donde pueden mostrar un mejor
desempeiio. Con este fin, se han recurrido a técnicas de
caracterizacion comunmente utilizadas en estos tipos de
compuestos, como son: difraccién de rayos X (DRX), tanto en
monocristal, lo que permite conocer con exactitud la estructura
de la red formada, como en polvo, para confirmar que el nuevo
material sintetizado sea isoestructural o isoreticular a otro de
estructura conocida; analisis elemental (AE), para determinar, de
forma cuantitativa, la composicién elemental de estos materiales
(C, H, N y S); espectroscopia de infrarrojo (IR), que permite
relacionar las sefales con los grupos presentes y ayuda a
interpretar la coordinacion de los metales; andlisis
termogravimétrico (ATG), que permite determinar las moléculas
de disolvente, tanto de cristalizacién como de coordinacidn,

presentes en la estructura y aporta informacién sobre la
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estabilidad térmica del MOF, y adsorcidn de gases, generalmente
N,, para estudiar la porosidad permanente asi como el area
superficial de cada material.

(iii) Explorar las posibles propiedades fisico-quimicas de los nuevos
materiales sintetizados, y las aplicaciones que puedan surgir de
éstas. Cabe destacar que algunos de estos estudios se han hecho
en colaboracidn con otros grupos de investigacién. En particular,
las medidas cataliticas han sido llevadas a cabo en colaboracién
con el profesor Antonio Leyva (UPV-CSIC) y la resolucion
estructural con la profesora Donatella Armentano de la

Universidad de Calabria (ltalia).
Metodologia

Para llevar a cabo las sintesis de los diferentes materiales que se
presentan en esta tesis, hemos utilizado tanto las herramientas que nos
proporcionan la quimica orgdnica —para la sintesis de ligandos— como la quimica
de coordinacion, con el fin de ensamblar las redes tridimensionales. Ademas, se
ha aprovechado la experiencia que mi grupo de investigacién ha adquirido, en las
dos ultimas décadas, con ligandos de tipo oxamato y oxamidato en la sintesis de
compuestos de coordinacion y, mas recientemente en la construccion de nuevos

polimeros de coordinacidn porosos multifuncionales.

En la presente tesis, todos los ligandos oxamidatos que han sido
utilizados, ya habian sido preparados y utilizados previamente por mi grupo de
investigacion. Se sabe que la utilizaciéon de ligandos oxamidato, derivados de
amino acidos, son quirales y, como consecuencia, esta quiralidad es transmitida
al MOF final formado. Ademas, los MOFs formados con estos ligandos presentan
gran estabilidad en medio acuoso y, como caracteristica sintética fundamental,

el empleo de estos ligandos en la sintesis de MOFs permite controlar la naturaleza
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de los grupos funcionales presentes en los poros del MOF, ya que estos provienen
del residuo del aminoacido utilizado. De este modo se pueden introducir nuevas
propiedades a la estructura final. En concreto, se han empleado dos ligandos
derivados de los aminoacidos L- serina y S-metil-L-cisteina, cuyos residuos poseen

un grupo hidroxilo y un grupo tioeter, respectivamente.

En la quimica de los MOFs, cada vez hay mas rutas sintéticas que
permiten ganar cierto control sobre la dimensionalidad, topologia y estabilidad
de las redes que se pretenden formar. Entre las diferentes metodologias
sintéticas existentes, en la presente tesis se ha utilizado la conocida como
precipitacién directa, eligiendo de manera racional tanto el ligando utilizado
como los metales empleados. La precipitacidn directa en la sintesis de MOFs

presenta varias ventajas en comparacion con otros métodos sintéticos:

1. Sencillez y facilidad. Este método no requiere condiciones de
reaccidon extremas ni el empleo de equipos sofisticados, por lo que
hace que la sintesis sea mds accesible y reproducible. Ademas, no
requiere de otras etapas sintéticas complejas, reduciendo asi el
tiempo y aumentando la facilidad de produccidn.

2. Bajo coste. Como consecuencia de lo descrito en el punto anterior, la
precipitacion directa suele ser un método econdmico para la sintesis
de MOFs.

3. Control de tamafio y morfologia de particula. Ajustando los
diferentes parametros, como la velocidad de adicion, la temperatura
o el volumen de las disoluciones se pueden controlar el tamafio y la
morfologia de los MOFs formados.

4. Rendimientos elevados. Seleccionar los precursores y disolventes
adecuados, asi como un control adecuado de las condiciones de

reaccién permite una precipitaciéon cuantitativa de los materiales



sintetizados, permitiendo, por tanto, la obtencidn de rendimientos
altos.

5. Escalabilidad. Este método es facilmente escalable, lo que significa
gue se pueden obtener grandes cantidades del material en un solo
paso. Este punto tiene especial relevancia para aquellos MOFs con
futuras o potenciales aplicaciones industriales, donde la sintesis a

gran escala es fundamental.

Tal y como se ha descrito con anterioridad, la metodologia sintética para
obtener los compuestos se basa en técnicas de precipitacidon directa. Estas
técnicas consisten en la desprotonacion e hidrdlisis de los ligandos oxamidato
obtenidos previamente con ayuda de una base, en este caso el hidroxido de
tetrametilamonio (TMAOH) y la posterior coordinacidn de Zinc(ll) y, en algunos
MOFs, también de otros metales alcalinotérreos como Ca(ll) o Sr(ll). De esta
manera se obtienen las redes tridimensionales, en disolucién acuosa y a
temperatura ambiente. Estas redes se pueden obtener en dos formas cristalinas

diferentes:

(ii) Monocristales, mediante técnicas de difusidn lenta. En concreto, se
han empleado los llamados “tubos en H”, los cuales permiten introducir en una
parte una disolucién que contenga los metales y, en la otra parte, otra disolucion
con el ligando desprotonado por la adicién de la base. Estos tubos se rellenan con
un disolvente adecuado que permita una lenta difusién de ambos componentes
y, por tanto, una buena cristalizacion. La correcta eleccion del disolvente, asi
como la temperatura, la concentracién de ambas disoluciones y la sal del metal
empleado, permitira la obtencién de monocristales adecuados para su resolucién

mediante difraccidon de rayos X en monocristal.

(i) Polvo microcristalino, a través de técnicas de precipitacion directa en

una sola etapa. Paraello, se preparan dos disoluciones acuosas, una que contiene
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el/los metal/es necesarios para formar la red y por otra parte, una disolucién
también acuosa que contenga el ligando desprotonado e hidrolizado con ayuda
de la base. A temperatura ambiente y con ayuda de un agitador magnético, se
adiciona la disolucién que contiene el ligando (gota a gota) sobre la disolucion de
metal/es, apareciendo rapidamente un polvo cristalino blanco, facil de aislar

mediante filtracion.

En el caso del MOF derivado de la L-serina, se ha obtenido un MOF
homometalico que solo contiene zinc como metal, coordinando los grupos
oxamidato del ligando en posicién trans, formando unidades diméricas que se
unen entre ellas mediante los grupos carboxilatos. Para los dos MOFs obtenidos
a partir del derivado de la S-metil-L-cisteina, se han obtenido dos estructuras
heterometalicas isoestructurales que contienen Zn(ll) y M(ll) (siendo M = Ca(ll) o
Sr(I1)). En ambos casos, el zinc coordina los grupos oxamidatos en posicion trans,
formando complejos dinucleares que se unen entre ellos mediante la
coordinacién de cationes Ca(ll) o Sr(ll) a través de los grupos carboxilato para

formar la red tridimensional final.
Estructura de la tesis

La presente tesis se ha estructurado en cinco capitulos. El primero de
ellos es una introduccién general. En éste se ha realizado una revisidn de los
MOFs mads relevantes que han sido sintetizados y utilizados desde su
descubrimiento. Con este fin, se han resaltado las aportaciones mas relevantes
de una serie de investigadores que han ayudado a desarrollar este campo, como
son Hoskins, Robson, Yaghi, Kitagawa y Férey, entre otros. De forma paralela al
desarrollo de este tipo de materiales porosos (MOFs) se han desarrollado
también diferentes técnicas de caracterizacion como la microscopia electrénica
(SEM y TEM) y , sobre todo, la difraccidon de rayos X en monocristal, la cual ha

permitido situar a los MOFs como el material poroso mejor caracterizado, debido
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al desarrollo de nuevos y mas eficientes difractémetros. En la introduccion
también se ha hecho especial mencién a los principales métodos sintéticos
utilizados hasta la fecha para la obtencién de nuevas estructuras y se explican las
principales propiedades y caracteristicas que estos compuestos presentan. Los
MOFs presentan una serie de caracteristicas Unicas que explican este auge y
creciente interés. En concreto, podemos resaltar su gran porosidad, su elevada
cristalinidad y una increiblemente rica quimica “huésped-anfitrién”, propiedades
gue hacen que estos compuestos sean ampliamente utilizados en diferentes
campos tecnoldgicos, los cuales se detallan en el penultimo apartado de la
introduccion, dandose también ejemplos representativos de cada una de las
aplicaciones expuestas. Por ultimo, se ofrece una visién general de los resultados
previos obtenidos por mi grupo de investigacion, relacionados con la preparacion
de MOFs basados en oxamidatos de Cu(ll), derivados de aminoacidos, y las
propiedades que éstos exhiben, de manera que sirven como antecedentes y

punto de partida del trabajo realizado en esta tesis doctoral.

Los capitulos dos, tres y cuatro recogen todos los resultados obtenidos
durante la realizacién de esta tesis. En ellos se presentan tres nuevos MOFs, que
han sido caracterizados de manera laboriosa, y se muestran sus propiedades mas

destacadas y sus posibles aplicaciones.

El quinto y ultimo capitulo, llamado conclusiones y perspectivas, se
puede dividir en dos partes: la primera, donde se recopilan todos los materiales
sintetizados en esta tesis, y que han sido totalmente caracterizados y cuyas
propiedades y aplicaciones han sido exploradas en profundidad, y la segunda, en
la cual se presentan otros materiales, que han sido también obtenidos durante
esta tesis junto a medidas preliminares que permiten evaluar su potencial en una
gran variedad de aplicaciones. Todo lo expuesto en la presente tesis refleja el
potencial de esta familia de MOFs y constata la cantidad de trabajo que aln

queda por hacer.
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Resultados experimentales

En este apartado se resumen los resultados, mas relevantes, obtenidos
en esta tesis, los cuales han sido enumerados en los capitulos comprendidos del
2 al 4. Se pueden clasificar en tres partes bien diferenciadas: MOFs utilizados
como fotocatalizadores para la remediacién ambiental, MOFs usados como
catalizadores en reacciones enzimaticas y MOFs empleados como catalizadores

heterogéneos en aplicaciones industriales.

Uso de MOFs como fotocatalizadores para la remediacion ambiental:

En el capitulo 2, lamado “Photodegradation of brilliant green dye by a
Zinc bioMOF” se obtuvo y caracterizd un nuevo MOF, sintetizado a partir del
ligando oxamidato derivado del aminodacido L-Serina y cationes Zinc(ll), con
formula {Zn';[(S,S)-serimox](H20)2} - H,0 (Zn";-serimox) (donde (S,S)-serimox es

[bis[(S)-serine]oxalil diamida]).

Gracias a la obtencidon de monocristales, este MOF se pudo caracterizar
mediante difraccidén de rayos X en monocristal. Zn",-serimox cristaliza en el grupo
espacial quiral P412,2 del sistema tetragonal y consiste en una red tridimensional
con canales cuadrados, en la cual los fragmentos [Zn",(S,S)-serimox] se
encuentran situados en los vértices de estos canales. Estas redes robustas se
construyen a partir de unidades diméricas de Zn(ll) con puentes trans-
oxamidatos, [Zn",(S,5)-serimox], que se ensamblan entre si a través de los grupos
carboxilato. Esta nueva estructura presenta poros cuadrados de
aproximadamente 0.3 nm, que crecen a lo largo del eje b. Estos canales estan
decorados por el grupo alcohol primario (grupo hidroximetilo) procedentes del
residuo de la serina, que apuntan hacia el interior de los poros y son los

responsables de la quimica resultante huésped-anfitrion.
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Tras una completa caracterizacién del compuesto, el MOF se testé como
fotocatalizador para degradar el colorante verde brillante. El material demostré
ser capaz de degradar completamente dicho colorante (a CO; y H;0) en
disolucién acuosa bajo irradiacién UVC (250 nm) en solo 120 min con una eficacia
del 100 %, en ausencia de cualquier otro oxidante o co-catalizador. Ademas, se
pudo visualizar, por medio de la cristalografia, la molécula de CO; resultante,

alojada en los poros del MOF.

Uso de MOFs como catalizadores enzimaticos:

En el capitulo 3, llamado “Degradation of penicillinic antibiotics by
biomimetic Zn-based metal-organic frameworks” se obtuvo un nuevo MOF,
sintetizado a partir del ligando oxamidato derivado del aminodacido S-metil-L-
cisteina con cationes Zinc(ll) y Calcio(ll), con férmula {Ca"zn"[(S,S)-
Mecysmox]3(OH)z(H20)} - 12H,0 (Ca"Zn"e-Mecysmox) (dénde (S,S)-Mecysmox es

bis[S-metil-L-cisteina]oxalil diamida]).

Mediante técnicas de difusidn lenta, se obtuvieron cristales de este
nuevo MOF siendo asi capaces de resolver la estructura mediante difracciéon de
rayos X en monocristal. Ca'"Zn"s-Mecysmox cristaliza en el grupo quiral espacial
P63 y consiste en redes tridimensionales (3D) de calcio(ll)-zinc(ll) con canales
hexagonales, de aproximadamente 0.7 nm de didmetro, donde se ubican las
cadenas de tioeter (—CH,SCH3) del aminoacido. La red estd construida a partir de
unidades diméricas de zinc(ll) con puentes trans-oxamidato, {Zn';[(S,S)-
Mecysmox]}, que actian como uniones entre los cationes Ca(ll) a través de los
grupos carboxilatos y, ademas, estan interconectados, mediante grupos de
agua/hidréxido, con unidades diméricas de zinc(ll) vecinas. Ambas
caracteristicas, el espacio vacio funcional del MOF y el entorno de coordinacién

de los cationes zinc(ll), sugirieron que Ca"Zn"s-Mecysmox podria actuar como un
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catalizador eficiente, imitando a las enzimas B-lactamasas, que son responsables

de la degradacion de los antibidticos betalactamicos.

En este contexto, se evalué la actividad que tenia este MOF como
catalizador enzimdtico, observando una degradacién eficiente del anillo B-
lactdmico de cuatro miembros presente en la amoxicilina. Este notable resultado
constituye uno de los pocos ejemplos de MOFs capaces de imitar procesos
enzimaticos cataliticos, que ha sido muy limitado hasta el momento. Ademas,
este MOF también fue capaz de degradar otro antibidtico, como la ceftriaxona,
dando como resultado tiotriazinona y 3-desacetildefotaxima, una reaccidon que
anteriormente solo se podia llevar a cabo, en ausencia de catalizador,apH=5y
tras 12 h. de reaccion. Gracias a la cristalinidad y robustez que caracteriza a esta
familia de MOFs, se pudo resolver la estructura del MOF con la amoxicilina en sus
canales, lo que permitid obtener dos resultados: por una parte, poder visualizar
las interacciones huésped-anfitrion (interacciones Illamadas “oc-hole”),
responsables en ultima instancia de la actividad de la B-lactamasa vy, por otra,
permitié llevar a cabo calculos tedricos (DFT), los cuales, de alguna manera
confirman que la hidrdlisis de la amoxicilina tiene lugar a través de la activacion
de una molécula de agua, que es promovida por el grupo hidroxilo puente de los
cationes Zn(ll), y, de manera concertada, se produce un ataque nucleofilico al
carbonilo y la ruptura del enlace C-N del anillo B-lactdmico. Todo esto representa

un paso adelante en la comprensién de las enzimas B-lactamasas.

Uso de MOFs como catalizadores heterogéneos en aplicaciones industriales:

En el capitulo 4, llamado “Zinc based metal-organic frameworks for
selective cycloaddition reactions” se obtuvd un nuevo MOF sintetizado a partir
del ligando oxamidato, derivado del aminodcido S-metil-L-cisteina, con cationes

zinc(ll) y estroncio(ll), con férmula {Sr'zn"e[(S,S)-Mecysmox]3(OH),(H.0)} - 9H,0
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(Sr'"zn"s-Mecysmox) (donde (S,5)-Mecysmox es bis[S-metil-L-cisteina]oxalil

diamidal).

Este nuevo MOF es isoreticular al obtenido en el capitulo 3, presentando
una Unica diferencia en la composicidon —la sustitucion de los cationes Ca(ll) por
Sr(ll)—lo que ha permitido una mayor robustez en el material. Dada la experiencia
previa que tiene mi grupo de investigacion en MOFs oxamidatos derivados de la
L-metionina y S-metil-L-cisteina, que han mostrado capacidad de encapsular
moléculas huésped de diferente naturaleza dentro de sus canales funcionales y
la existencia de cationes Zn(ll), que son accesibles dentro de la estructura y
pueden actuar como centros cataliticos activos, se ha evaluado este MOF
(Sr"zZn"s-Mecysmox) como catalizador heterogéneo para la reaccidn de
cicloadicién de 6xido de etileno y 6xido de propileno con CO, para producir
carbonatos de etileno y propileno. Ello permite ofrecer una alternativa atractiva
a otros catalizadores heterogéneos. Se demostro el gran poder catalitico de este
material, obteniéndose un rendimiento de hasta el 95 % en la obtencion de
carbonato de etileno y una selectividad del 100 %, sin reacciones competitivas de
hidrélisis ni de polimerizaciéon. En cuanto a la obtenciéon de carbonato de
propileno, cuyo estudio se realizd con una mezcla equimolar de 6xidos de etileno
y propileno, se obtuvo una mezcla del 50 % de cada producto deseado. Teniendo
en cuenta que el dxido de propileno es menos reactivo que el de etileno debido
a factores estéricos, este resultado sugirido que el entorno catalitico del MOF
permite una buena activacion del oxido de propileno frente a la cicloadicion de
CO.. Estos resultados muestran, una vez mas, el poder catalitico que tienen los

MOFs en sintesis selectivas de productos relevantes a nivel industrial.
Conclusiones

En la presente tesis doctoral, se ha sintetizado con éxito una nueva

familia de estructuras metal-orgdnicas (MOFs) basadas en ligandos de tipo
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oxamidato, derivados de biomoléculas como son los aminodcidos, y metales
biocompatibles como el Zn(ll), y, en algunos casos, también el Ca(ll) o Sr(ll). Estos
MOFs han sido ampliamente caracterizados mediante un gran abanico de
técnicas de caracterizacion, destacando, gracias a su gran cristalinidad, la
difraccion de rayos X en monocristal. Asi mismo, se han estudiado sus
propiedades como (foto)-catalizadores para la degradacion de contaminantes
organicos y en reacciones de relevancia industrial y de interés para la salud
publica. Los estudios presentados en esta tesis doctoral han permitido ampliar el
conocimiento de los MOFs basados en ligando oxamidato, tanto a nivel de su

distinta naturaleza como de sus aplicaciones.

En particular, se han sintetizado y caracterizado tres nuevos MOFs: un
MOF homometalico, formado por cationes Zn(ll) y ligandos oxamidato derivados
del aminoacido natural L-serina, con formula {Zn";[(S,S)-serimox](H20).} - H.0O
(zn"-serimox) , el cual ha sido estudiado como fotocatalizador para degradar
colorantes organicos presentes en aguas residuales (Capitulo 2: MOFs para la
descontaminacién ambiental); y dos MOFs heterobimetdlicos, con férmulas
{Ca"Zn"s[(S,5)-Mecysmox]s(OH)2(H.0)} - 12H,0 (Ca"Zn"s&-Mecysmox) vy
{Sr'Zn"¢[(S,S)-Mecysmox]3(OH)2(H20)} - 9H,0 (Sr'"Zn"s-Mecysmox), utilizando en
ambos casos un ligando oxamidato derivado del aminodcido S-metil-L-cisteina.
Para Ca"Zn"s-Mecysmox, se ha explorado su actividad en catdlisis enzimatica. En
particular, como mimicos de las enzimas 3-lactamasa, (Capitulo 3: MOFs en
catélisis enzimatica). Mientras que Sr'Zn"s-Mecysmox ha sido investigado como
catalizador en la reaccién de cicloadicidn de dxido de etileno o éxido de propileno
con CO; para la produccion de carbonato de etileno y propileno (Capitulo 4: MOFs

como catalizadores heterogéneos en aplicaciones industriales).

Ademas de los resultados expuestos, también ha sido posible obtener
otros miembros de esta nueva familia de MOFs con ligandos oxamidato derivados

de aminoacidos y cationes metalicos biocompatibles como zinc(ll) y calcio(ll), asi
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como se han podido realizar estudios preliminares para evaluar su potencial en

diferentes aplicaciones.

En particular, se han preparado los siguientes dos MOFs y tres MTV-MOFs
isoreticulares a los presentados en esta tesis doctoral: {Ca"zn"s[(S,S)-
alamox]3(OH)2(H.0)} - 10H,0 (Ca"zZn"s-alamox) [donde alamox es bis[L-
alanina]oxalil diamida], {Ca"zn"s[(S,S)-methiomox]s(OH)2(H.0)} - 8H,0 (Ca'Zn'e-
methox) [donde methox es bis[L-metioninaJoxalil diamida], {Ca"Zn"s[(S,S)-
Mecysmox]1s[(S,S)-methox]1s(OH)2(H.0)} - 9H,0 (Ca"Zn"s-Mecysmox/methox),
{Ca"Zn"s[(S,S)-Mecysmox]1s[(S,S)-alamox]1.5(OH)2(H.0)} -  11H,0 (Ca"Zn'"s-
Mecysmox/alamox) y {Ca"zn"s[(S,S)-methox]1s[(S,S)-alamox]1.5(OH).(H20)}

8H,0 (Ca"Zn"s-methox/alamox).

Estos materiales presentan una gran diversidad de composicion tanto en
numero de ligandos constituyendo las redes, como en la naturaleza de los grupos
funcionales decorando sus poros. De ahi surge el potencial de los mismos, y los
dota de diferentes caracteristicas para poder presentar aplicacidn en campos tan
diversos como sensores luminiscentes, fotocatalisis, liberacion de farmacos,

remediacidn ambiental, separacion de gases y catalisis heterogénea.

Los cationes Zn(ll) pueden exhibir luminiscencia bajo ciertas condiciones
y sus propiedades luminiscentes se ven afectadas en funcidn de su entorno de
coordinacion. En este contexto, se han llevado a cabo estudios preliminares de
luminiscencia, los cuales muestran el potencial de este material para actuar como
sensor luminiscente, al presentar una banda de emisién entorno a 480nm —
atribuida al Zn(ll)—, y la habilidad de albergar moléculas huésped en su interior.
Esta doble funcionalidad, nos permitiria estudiar el efecto en la luminiscencia de
la interaccidon de las moléculas huésped con el Zn(ll), y por ende, usar esa
diferente respuesta como sefial caracteristica de cada uno de los analitos que se

quieran detectar.
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Un buen nimero de complejos de coordinacién de Zn(ll), incluidos los
polimeros de coordinacién o MOFs, se han estudiado como fotocatalizadores. En
concreto, en esta tesis hemos presentado los resultados del Zn",-serimox, el cual
se ha mostrado como un fotocatalizador eficiente en la degradacion total del
colorante organico verde brillante. En este contexto, nos hemos planteado dar
un paso hacia delante en el uso de MOFs como fotocalizadores, haciendo uso de
su rica quimica huésped-anfitrién. Asi, hemos encapsulado un complejo con
propiedades fotocataliticas, dicloruro de bis(ciclopentadienil)titanio, dentro del
MTV-MOF Ca"Zn"s-Mecysmox/alamox. Cabe destacar que gracias a la gran
cristalinidad de estos materiales, hemos podido resolver la estructura del
adsorbato, lo cual nos ha proporcionado informacién muy relevante sobre la
especie fotocatalitica encapsulada y nos sitla en una posicidon excelente para

estudiar su potencial como fotocatalizador.

La lenta liberacidn de farmacos en el cuerpo humano representa una
linea de investigacion muy importante dentro del campo de la nanomedicina. La
naturaleza porosa de los MOFs, y la posibilidad de preparar MOFs
biocompatibles, los convierte en excelentes candidatos como portadores de
farmacos, que puedan posteriormente ser liberados lentamente. Asi, por
ejemplo, los materiales MIL-100 y 101(Fe) han mostrado resultados muy
relevantes. La familia de MOFs presentados en esta tesis relnen todos los
requisitos para ser utilizados como liberadores de farmacos: (i) una rica quimica
huésped-anfitrién, que garantiza una adecuada carga e inmovilizacién de los
farmacos vy, (i) una elevada biocompatibilidad, al estar constituidos por
bioligandos derivados de aminodcidos y metales biocompatibles como Zn y Ca -
ver ensayos de biocompatibilidad en el capitulo 5. Por ello, con los materiales
presentados en esta tesis tenemos previsto estudiar las propiedades de

adsorcion y desorcion de farmacos de interés.
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Los MOFs de cobre isoreticulares a los presentados en esta tesis han
mostrado excelentes propiedades en la captura de contaminantes del agua
(remediacion del agua) y en la captura y separacion de gases. Asi pues, en base a
las mejoras que muestran los MOFs presentados en esta tesis —i.e. facilidad de
sintetizar a gran escala y naturaleza benigna con el medioambiente de sus
componentes—, como perspectiva de trabajo hemos planteado estudiar sus
propiedades para ambas aplicaciones. En particular, resultardn de especial
interés los nuevos MTV-MOFs, al ofrecer la posibilidad de una mayor eficiencia
en la captura de contaminantes/separacién de gases por efectos sinérgicos entre

los diferentes grupos funcionales decorando los poros.

En los ultimos afios, muchas son las investigaciones que se han centrado
en utilizar los MOFs como nanorreactores quimicos, aprovechando el espacio
limitado dentro de los poros para hacer crecer pequefias especies metdlicas in
situ. En particular, mi grupo de investigacidon ha demostrado el enorme potencial
de los MOFs de cobre, isoreticulares a los presentados en esta tesis, para
preparar especies metalicas sub-nanométricas con propiedades cataliticas muy
interesantes. Por ello, y siguiendo este enfoque, se prevé utilizar los MOFs
obtenidos en esta tesis con el mismo fin. Ademas, la ventaja afiadida de los
materiales presentados en esta tesis es que también podrian explotarse las
propiedades dpticas de las especies metdlicas sub-nanométricas albergadas en
los poros, al haberse eliminado los iones cobre y sus efectos de “quenching” de
las mismas. En particular, en base a la experiencia de mi grupo de investigacion,
los candidatos mds adecuados serian todas aquellas estructuras con grupos
funcionales tioéter decorando los canales, dada la gran afinidad que el azufre
posee por los iones metdlicos blandos, como por ejemplo plata, paladio y platino.
Asi, hemos obtenido dos resultados preliminares muy prometedores, resultado

de encapsular cationes Ag(l) o Pd(ll) dentro del MOF Ca"Zn's-Mecysmox,
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demostrando una vez mas el gran potencial que presentan los MOFs preparados

durante la realizacidén de esta tesis doctoral.
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Abstract

This thesis falls within the field of Materials Science and Coordination
Chemistry, as it focuses on the design of new porous materials. Specifically, it
explores the synthesis, characterization, and applications of new Zn-based Metal-

Organic Frameworks (MOFs).

In general, the main objectives of this thesis are twofold. Firstly, to obtain
and characterize new porous coordination polymers (MOFs) assembled with
oxamidate ligands derived from biomolecules such as amino acids, as well as
biocompatible metals like zinc. Secondly, to study the properties and potential
applications of these materials. In this sense, | aim to provide real-life examples
showcasing the potential applications of these new MOFs, thereby emphasizing
the significance of these compounds in different technological areas. The
obtained results are intended to contribute to the expansion of knowledge within

my research group regarding the synthesis of novel MOFs.
To achieve these objectives, the following tasks have been carried out:

(i) Designing suitable synthetic procedures to obtain MOFs on a
large scale (microcrystalline powder) and single crystals, thereby enabling their
characterization through single-crystal X-ray diffraction. For this purpose, direct
precipitation methods and slow diffusion methods have been employed,

respectively.

(ii) To study the physical and chemical characteristics of the newly
obtained materials in order to apply them in fields where they can demonstrate
better performance, several commonly used characterization techniques for
these types of compounds have been employed. These techniques include single-

crystal X-ray diffraction (SCXRD), powder X-ray diffraction (PXRD), elemental
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analysis (EA), infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA) and

N, adsorption.

(iii) Explore the potential physical and chemical properties of the
newly synthesized materials and the applications that may arise from them. It is
worth noting that some of these studies have been conducted in collaboration
with other research groups. In particular, catalytic measurements have been
carried out in collaboration with Professor Antonio Leyva (UPV-CSIC), and
structural resolution has been conducted in collaboration with Professor

Donatella Armentano from the University of Calabria (Italy).

The results obtained in this work are classified intro three different
chapters. In chapter 2, it is present a novel bio-friendly water-stable Zn-based
MOF (Zn",-serimox), derived from the natural amino acid L-serine, which was
able to efficiently photodegrade water solutions of brilliant green dye in only 120
min. The total degradation was followed by UV-Vis spectroscopy and further
confirmed by single-crystal X-ray crystallography, revealing the presence of CO,
within its channels. Reusability studies further demonstrate the structural and

performance robustness of Zn",-serimox.

In chapter 3, a novel Zn-based metal-organic framework derived from
the amino acid S-methyl-L-cysteine is presented (Ca"Zn"s-Mecysmox), possessing
functional channels capable to accommodate and interact with antibiotics, which
catalyze the selective hydrolysis of the penicillinic antibiotics amoxicillin and
ceftriaxone. In particular, MOF Ca'Zn"s-Mecysmox degrades, very efficiently, the
four-membered B-lactam ring of amoxicillin, acting as a B-lactamase mimic,
expanding the very limited number of MOFs capable of mimicking catalytic
enzymatic processes. Combined single crystal X-ray diffraction (SCXRD) studies
and density functional (DFT) calculations offer unique snapshots on the host

guest-interactions established between amoxicillin and the functional channels
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of Ca"Zn"s-Mecysmox. This allows to propose a degradation mechanism based
on the activation of a water molecule, promoted by a Zn-bridging hydroxyl group,
concertedly to the nucleophilic attack to the carbonyl moiety and the cleaving of

C-N bond of the lactam ring.

In chapter 4, another Zn-based metal-organic framework isoreticular to
the previous one shown in chapter 3 is presented (Sr''Zn"s-Mecysmox) with a
slight different in composition- the substitution of Ca(ll) cations with Sr(ll) ones-
which has resulted in enhanced robustness of the material. Taking advantage of
the catalytic properties of Zn(ll) atoms and the confined spaces that this structure
offer, porous size and available open metal sites, this MOF was able to catalyze
the cycloaddition of ethylene oxide and propylene oxide with CO, to obtain
ethylene and propylene carbonates, obtaining yields up to 95% and complete
selectivity. These results further confirm the catalytic power that MOFs have in
selective syntheses of industrially relevant products, providing an appealing

alternative to the current heterogeneous catalysts.
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CHAPTER 1

Introduction







1.1. Porous materials: an overview

Historically, the development and evolution of societies have been
closely related to their ability to meet new needs. From a scientific perspective,
materials science plays a crucial role in synthesizing new compounds to address
these needs and facilitate societal progress. This field of science is responsible for
developing synthesis processes for the preparation of functional and structural
materials, as well as establishing relationships between structure and properties.
Another objective of this field is to evaluate the diverse applications of new
materials. In particular, developing porous materials has been essential for
numerous technologies in our daily lives and in various industrial applications.
Furthermore, these types of materials have attracted the attention of many
scientists around the world because of the interest in obtaining nanometer-sized

confined spaces and the possibility of creating new chemistry inside them.?

By definition, a porous material is a solid matrix composed of an
interconnected network of pores (voids) filled with a fluid (liquid or gas). It is
known that these materials have been used since ancient Egypt. In particular,
around 1500 BC, the Egyptians used charcoal as a medical absorbent.? In 400 BC,
Hippocrates recommended water filtration to remove contaminants and prevent
iliness.> Kaolinite, a type of clay mineral, has been used worldwide for its
antidiarrheal properties. Even in the commercial medication “Kaopectate”, this
porous material was used as an active ingredient until the 1980s.* Through the
18th and 19th centuries, these compounds were increasingly used in different
fields. For example, activated carbon was used to produce the well-known
Tennessee whiskey® and served as the main adsorbent in gas masks during World
War | due to its improved adsorption capacity over traditional cotton or fiber

adsorbents.®
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During the 18™ century, a new type of porous material was discovered by
Cronstedt, a Swedish chemist. During his analysis, he observed that heating the
mineral “stilbite” produced large amounts of steam from water that had been
previously adsorbed by the material. Based on this, he named the material
“zeolite”, from the Greek words “zeo” (to boil) and “lithos” (stone).” Since then,
many scientists have focused on studying the properties of these materials and
developing new synthetic zeolites. The research and synthesis of new classes of
zeolites led to their increasing use in industry during the mid-20% century. They

are still widely used today, particularly in the fields of catalysis and sorbents.®

So far, only classical porous materials have been discussed. However, in
the 20™ century, due to new industrial needs and the development of new
characterization techniques, a new large group of porous materials known as
porous coordination polymers (PCPs) emerged. According to the International
Union of Pure and Applied Chemistry (IUPAC), a coordination polymer is “a
coordination compound with repeating coordination entities extendingin 1, 2, or

3 dimensions”?

and a coordination compound is “any compound that contains a
coordination entity. A coordination entity is an ion or neutral molecule composed
of a central atom, usually that of a metal, to which is attached a surrounding array
of atoms or groups of atoms, each of which is called a ligand”.’® The first
publication where the term “coordination polymer” was used was in 1916 by Y.
Shibata®' to describe dimers and trimers of various cobalt(ll) ammine nitrates.

However, it was not used again until 1963 when J. Bailar reintroduced it to

describe bis-(B-diketone)-beryllium complexes.!?

Thanks to advances in X-ray crystallography, these materials became
well-known during the second half of the 20™ century. In 1965, E. A. Tomic®?

published a series of high molecular weight porous coordination polymers using
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di- or trivalent aromatic carboxylic acids as ligands and different metals such as

nickel, iron and zinc, highlighting their thermal stability.

Between the 1980s and 1990s, it became evident that coordination
polymers could exhibit high levels of crystallinity. In 1990, Robson, Hoskins et al.'*
introduced a novel cationic porous coordination polymer with the formula
[Cu(TCTPM)]* (TCTPM = 4,4',4" 4" -tetracyanotetraphenylmethane) (Figure 1.1).
This polymer was capable of exchanging anions, with an estimated pore volume
of 700 A3 occupied by BFs ions that could be exchanged by PFs while the
crystallinity of the material is maintained.'® The researchers also applied the
simplified description of crystal structures developed by Prof. Wells, which
represented the structures as networks consisting of polyhedral with various

geometries (e.g., tetrahedral, octahedral, etc.) linked together by sticks.'®

CU(‘CN)4

XX

[Cu(TCTPM)](BF,)

Figure 1.1. Crystal structure of cationic PCP [Cu(TCTPM)(BF4). Colour code: Cu, blue; C,
gray; N, green. Adapted from ref. 15.

In 1994, Fujita and co-workers reported the catalytic properties of a two-
dimensional coordination polymer (CP) [Cd(4,4'-bipy)2(NOs)2] (4,4'-bipy = 4, 4'-

bipyridine).?” Also in the same year, Susumu Kitagawa made significant
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advancements in the field by designing porous hybrid inorganic-organic
materials. He reported three different copper(l) compounds using the same

linker (phenazine) but varying the salt used.®

e

CU'(PY)3

[Cu(BIPY)1 5](NOs)

Figure 1.2. Crystal structure of [Cu(BIPY)1s](NOs). Colour code: black, C; green, N; blue
polyhedral, Cu. Adapted from ref. 15.

At this stage, scientists worldwide were aware that the science of porous
materials was undergoing significant progress due to the unique properties and
potential applications of these compounds, as well as the possibility of achieving
an infinite number of controlled structures by changing the metallic center and

organic ligand.

Just one year later, in 1995s, Omar M. Yaghi'® introduced the term metal-
organic frameworks (MOFs), for the first time, after the hydrothermal synthesis
of a 3D-polymeric coordination compound of copper with the formula Cu'(4,4’-
bpy)1.sNOs(H20)1.25 (4,4’ -bpy = 4,4’-bipyridine) (Figure 1.2), characterized by X-ray
diffraction and showed large rectangular channels filled by nitrate ions. In this

work, he also demonstrated the accessibility of the channels, as nitrate ions could
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be exchanged in aqueous media with other simple ions such as SO4% and BFy4.

This property was later recognized with the term “host-guest” chemistry.

Reticular chemistry emerged at the moment that new structures of these
porous materials started to be discovered and the need to explain them arose.
Today, it is understood as the chemistry of linking well-defined molecular building
blocks by strong bonds to form extended crystalline structures.?’ This definition
implies that: a) the control in the construction of frameworks is achieved due to
molecular building blocks providing a well-defined structure and geometry, b) the
resulting frameworks exhibit thermal and chemical stability due to the strong
bonds, and c) these materials can be definitively characterized by X-ray or

electron diffraction techniques, thanks to their crystallinity.

In 2005, a new class of porous materials known as COFs (Covalent-
Organic Frameworks) emerged. They are also classified as reticular frameworks.
The first COFs to be reported were 2D structures (COF-1 and COF-5),% while two
years later, in 2007, the first 3D COFs, COF-105 and COF-108, were reported also
by Prof. O. Yaghi.?2 Unlike MOFs, which are composed of secondary building
blocks consisting of metal ions/clusters and organic ligands, COFs are made up of
molecular organic building units connected by covalent bonds, comprising light

elements such as H, B, C, N, and O.
1.2. Metal-Organic Frameworks

When Omar M. Yaghi introduced the term Metal-Organic Framework, he
did not know how important this term would become in the fields of chemistry,
materials science, and nanotechnology. But what exactly is a MOF? The IUPAC
defines a MOF as “a Coordination Compound continuously extending in 1, 2 or 3
dimensions through coordination bonds (Coordination Polymer or alternatively

Coordination Network) with an open framework containing potential voids”.° In
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other words, a Metal-Organic Frameworks, also knowns as Porous Coordination
Polymers (PCPs), are a new class of hybrid organic-inorganic crystalline
compounds made up of metal ions or polynuclear metal clusters (also called
secondary building units or SBUs) coordinated to organic ligands to form one-,
two-, or three-dimensional structures that present porosity (Figure 1.3).
Therefore, in this doctoral thesis, the terms Metal-Organic Frameworks (MOFs)

and Porous Coordination Polymers (PCPs) will be used interchangeably.

»—a—s»
—-—
—~— /’ /’ /’ /’
| / ’ / ’ / ’ / ’
_ ~~ -
Mg:al Organic ligand ) f / f / f 2 J
metal cluster ’ ’ ’ ’

MOF

Figure 1.3. Schematic representation of the components to assemble a Metal-Organic
Framework.

Over the last almost three decades, interest in MOFs has grown
exponentially due to the infinite number of possible structures that can be
obtained, each with different compositions, topologies, and chemical and
physical properties. This is made possible by the wide variety of organic ligands
and metal ions that can be used to build them, allowing for the design of polymers
with different shapes, pore sizes, and surface functionality. Additionally, the
possibility of post-synthetic modifications (PSMs) adds another dimension to the
variability of these compounds.?® Consequently, having good synthetic control

24-26

allows for obtaining multifunctional materials, where more than one

physical/chemical property can be integrated in the compounds. This has led to
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the use of MOFs in many different fields, such as gas sorption,?’ catalysis,?® drug

delivery,?® magnetism,?®> among others.
1.2.1. Synthesis of Metal-Organic Frameworks

MOFs are basically composed of two main components: metal ions or
metal clusters (SBUs) and organic ligands. Due to the possibility offered by
reticular chemistry to rationally design MOFs and considering also the wide
variety of available ligands and metals, a great structural variety with specific
topologies can be obtained depending on the components used and the synthetic

conditions.

Although there are examples of MOFs with species belonging to all metal
groups, those most commonly used in synthesis are those of the first or second
transition series. Depending on the metal used and its oxidation state, the
coordination number can vary between 2 and 7, resulting in different geometries:
linear, angular, Y- or T-shaped, tetrahedral, square planar, square pyramidal,
trigonal bipyramidal, octahedral, and their corresponding distorted forms. The
metal used will determine the degree and dimensionality of coordination of the
ligands and the chemical and thermal stability of the resulting materials. It is
becoming increasingly common to find MOFs constructed from lanthanides,
which have a higher coordination number, between 7 and 10, resulting in new
topologies in the structures and unsaturated coordination centers, which are
very useful in catalytic applications, adsorption processes and the use of MOFs as
sensors.! Additionally, in recent years, it is also very common to synthesize new
heterobimetallic structures, taking advantage of the synergistic effects that both
metals can present, such as the stability of a metal with a high formal charge and

the catalytic properties of another metal with a lower charge.*®
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Organic ligands can be classified according to the number of binding sites
they have with the metal or metal cluster as ditopic, tritopic, tetratopic,
hexatopic, or octatopic. Polyamines, carboxylates, pyridyl and cyano groups,
crown ethers, phosphonates, and imidazolates/pyrazolates are among the most
widely used ligands.3! Initially, carboxylic acids were the most commonly used
ligands as each O-donor atom can coordinate with up to three metal ions,
resulting in a wide variety of structures. However, due to the lability of the M-O
bond, many structures are sensitive to hydrolysis, such as in the case of MOF-5,
[Zn,O(benzene-1,4-dicarboxylate)s;]. Therefore, there was a trend to replace
carboxylate ligands with imidazole/pyrazole-type ligands, which are also capable
of coordinating to metals, obtaining more robust M-N coordination bonds than
M-O bonds. The choice of the ligand is crucial when establishing the rational
synthesis of the MOF, as many of the properties of the final structure are

determined by the ligand, such as flexibility, chemical stability, and porosity.

In the synthesis of MOFs, in addition nature of the metals and organic
ligands used, there are many other factors that also play a major role in the
formation of the final structure, such as concentration, pH, solvent nature,
reaction time, temperature, and pressure. All of these can be controlled

depending on the synthetic method employed.
1.2.1.1. Conventional synthesis

The term "conventional synthesis" refers to reactions that are carried out
by conventional heating. Temperature is the main synthesis parameter in MOFs,
and two methods can be distinguished: direct precipitation (or non-solvothermal)
and solvothermal. The former is the simplest method that can be found in the
literature. The reaction takes place after mixing all the reagents in the
appropriate solvent below its boiling point and at atmospheric pressure. Some of

the well-known MOFs have been synthesized using this route, such as MOF-5,
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MOF-74, MOF-177, HKUST-1, or ZIF-8.323% The advantages of this method are its
speed and low cost. Since the conditions used are mild, the integrity of the basic
components is guaranteed, allowing for good control of the final structure. The
building entities have been rationally selected according to a specific
coordination mode. In order to obtain single crystals for resolution, via single
crystal X-ray diffraction, the reagents are introduced slowly to reduce the
nucleation rate through different methods, such as slow evaporation,
stratification, or slow diffusion through a membrane, gel, or H-tube. In this thesis,
all the new materials obtained have been synthesized via direct precipitation,
mixing the metals with the deprotonated ligand to obtain microcrystalline
powder, and the respective crystals have been obtained through the slow

diffusion technique using H-tubes.

The second method is known as solvothermal synthesis. Temperature is
one of the main parameters to control in this type of synthesis, which takes place
in closed containers under autogenous pressure above the solvent boiling point.
If water is used as the solvent, they are known as hydrothermal synthesis. The
temperature is increased to favor the formation of bonds, especially if kinetically
inert ions are used, and is also used to ensure adequate crystallization and
morphology. However, a balance must be struck in this parameter, as prolonged
reaction times and high temperatures can lead to the decomposition of the
organic ligand or final product. Another important parameter to consider is the
cooling rate as, if it is too fast, it can affect the formation and growth of the
crystals. It is one of the most commonly used classical methods in the synthesis

of these compounds.®
1.2.1.2. Alternative synthesis

Every chemical reaction requires a transfer of energy. As previously

mentioned, MOF syntheses are generally carried out through an energy transfer
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in the form of conventional electrical heating. However, in recent years, the use
of different energy sources such as microwave, ultrasound, or electric potential
have been studied to synthesize new structures or improve the synthesis yield of
already known structures. The importance of resorting to new synthetic methods
is due to the possibility of obtaining new structures that could not be obtained
otherwise. In addition, these new synthetic routes allow us to obtain different
particle sizes and size distributions, as well as different morphologies that directly

influence the properties of the material.

Microwave radiation synthesis has begun to be used to construct MOFs
due to its improvements compared to conventional syntheses, such as shorter
reaction times. This is because the radiation penetrates the reactants, heating
them from the inside out, generating more uniform heating, higher yields, lower
costs, and higher quality products without impurities. An example of an
improvement compared to conventional synthesis is reported by Chang and co-
workers. In the article, they indicate that the synthesis of HKUST-1 with the
formula Cus(BTC),(H,0)3] (BTC®* = benzene-1,3,5-tricarboxylate) using microwave
methods results in shorter reaction times, improved vyield, and physical

properties.®*

Sonochemical methods are responsible for carrying out a chemical
reaction through high-energy ultrasonic radiation. This method is based on
acoustic cavitation, which involves the sequential formation, growth, and
collapse of bubbles at a point where a high amount of energy is available,
permitting reactions that were previously difficult to achieve.? Therefore, this
method improves the reaction kinetics in the synthesis of many MOFs. In 2008,
Jian and co-workers reported the first synthesis of MOFs through ultrasound,
synthesizing the MOF Zn3(BTC),-12H,0. When playing with different reaction

times, they observed significant changes in yield and particle size.3®
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Finally, the electrochemical method is the most commonly used for the
synthesis of MOFs in powder form on an industrial scale. The metal ion is
continuously introduced by anodic dissolution into the reaction medium, which
contains the organic ligands and a conductive salt, thus removing the anions of
metal salts like nitrates, chlorides, perchlorates, etc. The main advantages of this
method are the speed at which products are obtained and the use of milder
reaction conditions such as not very high temperatures. Many well-known MOFs,
such as HKUST-1, ZIF-8, MIL-100 (Al), and MIL-53 (Al), have been synthesized by
this method, and various parameters including yield and properties have been

compared depending on the synthesized method.?’
1.2.1.3. Post-synthetic methods

Despite the number of ligands and metals that can be used to synthesize
MOFs and the diversity of synthetic routes that have been studied so far to
achieve new structures, it is often impossible to functionalize the material from
the beginning due to problems in solubility, thermal or chemical stability of the
precursors, incompatibility of functional groups, undesired reactions through
functional groups of ligands and metal ions, among other causes. Post-synthetic
modifications (PSMs) are presented as a solution to all these problems, they are
an indispensable tool to obtain MOFs with improved properties that cannot be
synthesized directly. Post-synthetic treatments do not modify the topology and
the original structure of the compound through a transformation from a single
crystal to a single crystal (SC-SC).3 Several PSM approaches have been studied to
date and can be grouped into modifications in the nature of the metal or ligand
and adsorption/exchange of guest species, all through various mechanisms. 3°

Figure 1.4 shows a schematic classification of the different PSMs applied to MOFs.
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Figure 1.4. Classification of post-synthetic methods used in MOFs.

Among the PSMs that affect the metal of the framework, three
procedures can be differentiated: (i) transmetallation of the metal nodes, partial
or complete depending on the lability of the metal ions to be exchanged, the
valence and coordination preferences of the incoming metal ion, the solvent
used, and the chemical stability of the resulting MOF, (ii) inclusion of a metal ion
or cluster, which can be carried out by coordination to an unsaturated site in the
structure or by inclusion in the porous cavities. It is one of the most commonly
used PSMs for the formation of MOFs as chemical nanoreactors for catalytic
applications,* and (iii) post-synthetic metathesis and oxidation (PSMO), which is
the least explored PSM of the three and is used to obtain MOFs with high-valent

metals, such as creating titanium MOFs with valence (IV).*
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As previously mentioned, the ligand also plays a very important role in
the functionality of the MOF, therefore, PSMs that affect the ligand allow for
materials with improved properties to be achieved. Among the PSMs for
modifying the ligand are: (i) ligand modification, whose objective is to insert a
ligand with a new functional group that can act as a site for the adsorption of new
molecules without changing the initial structure of the parent MOF. For example,
Wang and co-workers reported the synthesis of a MOF functionalized with a thiol
group by modifying the exposed amine of the initial MOF (MOF NH,-MIL-68) for
use as an adsorbent for Hg(ll) ions,*? (ii) ligand exchange, which can result in
structures similar to the initial MOF or completely different. Secondary or tertiary
functional groups are usually used to construct structures that contain free
functionalities,® (iii) ligand installation, which involves introducing a new ligand
into predetermined sites without altering the original structure, and (iv) removal
or labilization of ligands, which involves the use of a MOF containing saturated
metals, a prolabil ligand, and a non-labile ligand. The prolabil ligand is removed

after various procedures to achieve the defective MOF.

Finally, taking advantage of the most characteristic property of these
materials, which is their porosity, PSMs can be applied by manipulating the
molecules hosted in the cavities of the MOFs to achieve new functionalities. The
removal of solvent molecules, that are usually retained in the pores, can be
considered a PSM since the resulting structure has different properties, such as
greater surface area than the initial MOF. In addition to the removal of molecules,
new ones can also be incorporated, with the ultimate goal of obtaining
multifunctional materials with different properties. The fact that MOFs can be
used in various application areas based on their properties situates PSMs as an

extremely powerful tool in MOF research.
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1.2.2. Main characteristics of MOFs

As previously stated, MOFs are a type of materials that are primarily
characterized by their porosity. Therefore, studying this property is crucial for a
complete characterization of the compound and its correct application. The
porosity of a material is defined as the ratio between the volume of the pores
and the total volume occupied by the solid. In the case of MOFs, the term
“porous” should be understood in such a way that even after removing the
solvent molecules that occupy these cavities, the structure does not collapse
(irreversible loss of crystallinity) and, therefore, the porosity is maintained

(permanent porosity).

According to IUPAC, porous materials are classified into three main
groups based on their pore size: (i) "microporous materials" with a pore size less
than 2 nm, (ii) "mesoporous materials" with a pore size between 2 and 50 nm,
and (iii) “macroporous materials” with pore sizes greater than 50 nm (Figure
1.5).® MOFs are typically classified as micro- to mesoporous materials. Gas
adsorption isotherm measurements, usually using N, and Ar at standard boiling
points, are the most commonly used technique for characterizing porous
materials, generally, and MOFs in particular. These measurements allow us to

study:

(i) Permanent porosity, which is determined by studying the
structure's robustness after a process of thermal activation

aimed at removing the solvent molecules present in the pores.
(ii) Accessible porosity and pore size distribution.

(iii) The different adsorption capacity of the gases, which depend on

the MOF’s properties.
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In general, gas adsorption results are usually represented on a graph that
shows "the amount of gas adsorbed" as a function of "relative pressure". The
IUPAC classifies these isotherms into six main groups,** with type |
characteristic of microporous crystalline materials, and type I, Illl, and VI
characteristic of mesoporous. In addition, macroporous materials can exhibit

type I, 11, IV, V, or VI isotherms.

Microporous Materials
Pore size <2 nm
Type |

/
11 v
Mesoporous Materials
2 nm < Pore size <50 nm
Type Il 11, VI

Macroporous Materials
Pore size > 50 nm
Type 11, 111, IV, V, VI

Amount adsorbed
-

Relative pressure =————————p

Figure 1.5. Adsorption isotherms types according to the IUPAC classification.

Although gas adsorption had been used to characterize traditional
porous materials like zeolites, it was not until 1997 when Kitagawa, Kondo, and
collaborators reported the adsorption isotherms of CHs, N, and O, at high
pressures and room temperature on the 3D structures {[M(4,4'-
bpy)3(NOs)4](H20)x}n (M=Co, Ni or Zn),* demonstrating that PCPs could adsorb

guest molecules in the gas phase. However, under these measurement
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conditions, accurate determination of the surface area and pore volume was not
possible. One year later, in 1998, O. Yaghi demonstrated the permanent porosity
of the MOF Zn(BDC)(DMF)(H,0) (BDC?=1,4-benzenedicarboxylate), known today
as MOF- 2, through nitrogen and carbon dioxide adsorption isotherms at low
pressures (Figure 1.6).% These measurements allowed Yaghi to fully characterize

the compound, including its surface area and pore volume.
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Figure 1.6. (a) Structure of Zn(BDC)(H20), (b) adsorption isotherm of previously activated
Zn(BDC)(H20). Adapted from ref. 15 and 46.

Due to the wide variety of microporous coordination compounds that
had been reported, Kitagawa and Kondo suggested a classification in 1998 into
three groups based on their porous properties: first, second, and third

generations (Figure 1.7).4748

- First generation: porous compounds that only sustain guest molecules,

and the framework collapses when these molecules are removed.*

-Second generation: porous compounds that exhibit permanent porosity.

These materials are stable and robust even without guests in the pores.'**°

-Third generation: porous compounds that respond to external stimuli

(light, electric field, guest molecules, pressure, among others)>! by reversibly
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changing their channels or pores. These compounds exhibit a flexible and
dynamic framework. This generation introduces flexibility and adaptability of the

frameworks as properties,®® which were not studied until the early 2000s.>3

(1]

: %%”é, 1st generation

2n generation

3rd generation

1
.G 2
x‘ @ 4th generation

Figure 1.7. Classification of MOFs based on the response to the removal of guests
encapsulated within the pores. Adapted from ref. 28.

In recent years, with the development of PSMs of MOFs,?* Liu et al.?®
defined a fourth generation of porous materials as those whose pore size and
chemistry can be modified through PSMs while maintaining the topology and
structural integrity. More recently, in 2021, Kitagawa® proposed that the fourth
generation should include MOFs with the following attributes abbreviated as
HAD: (1) hybrid and hierarchy, (2) anisotropy and asymmetry, and (3) defect and

disorder.>>>®
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In 1999, O. Yaghi and coworkers synthesized MOF-5 with formula
Zn,0(BDC)3(DMF)g(CsHsCl), which represented a breakthrough in the study of the
porosity of these materials.”” MOF-5 was synthesized using Zn4O cluster and 1,4-
benzo dicarboxylic acid as an organic linker by solvothermal technique. The
structure exhibits a cubic and flexible 3D framework with higher surface area and
pore volume than most porous crystalline zeolites (BET surface area of 2320

m?g %, 0.92-1.04 cm?® g* micropore and thermal stability up to 400°C).

Three years later, in 2002, this scientific incorporated the concept of the
isoreticular series and reported that MOF-5 had a modular structure, with 16
isoreticular frameworks (IRMOF-1 to IRMOF-16) (Figure 1.8).5 Yaghi, was able to
obtain 16 different frameworks simply by changing the functionalized groups
(= Br, =NH;, —OC3H7, —OCsH11, —CoH4, and —C4H4) and the length of the linkers
(biphenyl, tetrahydropyrene, pyrene, and terphenyl). One of these frameworks,
IRMOF-16 represents up to 91.1% of the crystal volume, and their homogenous
pores could vary from 3.8 to 28.8 A, without changing the cubic 3D structure.
Another member of this series, IRMOF- 6, can store a high amount of methane
(240 cm3g? at 36 atmospheres and ambient temperature) and others exhibit the
lowest densities for a crystalline material at room temperature (0.41 to 0.21

g/cm?3 per gram, IRMOF-8, -10, -12, -14, -15 and -16).
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IRMOF-16

Figure 1.8. Structures of MOF-5, IRMOF-6, and IRMOF-16 illustrated for a single cube
fragment of their respective cubic three-dimensional extended frameworks. Colour code:
Zn (blue polyhedral), O (red spheres), C (black spheres). The yellow spheres indicate the
maximum size of van der Waals spheres that can fit within the cavities without touching
the framework. Adapted from ref. 58.

Metal-Organic Frameworks are micro- and mesoporous coordination
compounds that can be classified not only as second-generation materials
(known for their robustness and excellent gas storage and separation
applications), but also as third-generation materials.*®*° The third-generation
MOFs exhibit flexible and dynamic structures due to weak bonds such as
hydrogen bonds, pi-pi stacking, or van der Waals interactions, making them
suitable for guest adsorption. The framework of the third-generation MOFs can
be modified reversibly in response to guest molecules, undergoing
transformation such as shrinkage or expansion of the framework,>%6! rotation

of bridging ligands®? or interdigitation, and interpenetration of the

framework.%%%
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One of the first reported MOF of this generation is MIL-53, which Férey
and co-workers synthesized in the 1990s.>3 This MOF is built up from octahedral
chromium(Ill) chains linked through terephthalate dianions with one-
dimensional diamond-shaped pores. MIL-53 exhibits a flexible behavior, where
the pore cross-section changes by more than 5 A. In presence of water molecules,
the pores shrink, and without the water molecules, the channels reopen. This

effect is recognized as breathing effect (Figure 1.9).
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Figure 1.9. (a) Structure of MIL-53 with a water molecule adsorbed in its channels (closed
phase). (b) Structure of MIL-53 at high temperature without water molecules (open
phase). Colour code: C, black; O, red; Cr, white. Hydrogen atoms have been omitted for
clarity. Adapted from ref. 53.

Everything described before demonstrates the ability to obtain PCP in a
rational way, according to the reticular synthesis, which is based on the assembly
of secondary building units to obtain ordered and highly porous structures linked
by strong metal-ligand bonds. This chemistry can obtain materials designed to
have determined structures, compositions and properties by utilizing different
metals and organic ligands, as well as PSMs. For instance, using ligands with
varying lengths can modify the size of the pores of the resulting PCP, as
demonstrated in the Yaghi isoreticular serie.®® Additionally, the rigidity/flexibility

of the ligand used can affect the materials flexibility. Furthermore, functionalizing

these ligands with different chemical substituents can yield various properties
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such as polarity, hydrophobicity, and hydrophilicity. For example, incorporating
amino groups can confer a polar character to the pores.®® Enantiomeric ligands
can also be used to obtain chiral MOFs.%® Finally, different physicochemical
properties such as magnetic, electrical, optical, and catalytic can be achieved
depending on the metal(s) used, although it should be noted that these
properties may also depend on the ligand used or even the interaction between

the metal and ligand.
1.2.3. Main advantages and disadvantages of MOFs

Since the discovery of MOFs, the chemistry of porous materials has
continued to evolve. These materials have certain advantages, some of which
have been explained before, compared to classic porous materials such as

zeolites and activated carbon:

- Many MOFs possess flexible and ordered porous structures, allowing

them to adapt and exhibit dynamic behaviors in response to host molecules.

- Thanks to the wide range of different metals and organic ligands that
can be used for their assembly, and the recent PSMs that can be applied once the
framework is formed, infinite structures with different compositions, topologies,

and physicochemical properties can be obtained.

- The high porosity, enormous surface area, and low density of these
compounds make them very attractive for gas storage and many other

applications.

- Due to their high crystallinity, they can be characterized by using single-

crystal X-ray diffraction (SCXRD) as a definitive characterization technique.
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On the contrary, the thermal stability of MOFs has been considered as
the main disadvantage in this field. Two main factors contribute to the structural
integrity of these compounds: the characteristics of the organic ligands and the
metal-linker bonds. Despite the fact that nowadays it is known a wide large of
different MOFs structures, the majority of them starting not to be stable between

300-450 °C, rarely more than 500 °C.5!
1.2.4. Applications of MOFs

Due to the properties mentioned above -particularly their rational
capacity for synthesis, high surface areas, flexibility shown by many reported
structures and the ability to function through PSMs- MOFs have a wide range of
applications. These characteristics make them suitable for various applications,
such as gas storage and separation,?”®” jon exchange,>®® catalysis,*>’° drug
delivery,?® luminescence and sensor technology,’*’? water remediation’® and

magnetism,? among many others.

Nowadays, a good number of companies are focusing on transferring
laboratory-scale research to industry, allowing society to benefit from the
discovery of these compounds. This involves adapting synthesis procedures to
reduce costs and improve yields to facilitate the transfer of research from
academia to real industrial applications. Indeed, some MOFs, such as HKUST-1,
MIL-53 (Al), ZIF-8, Fe-BTC, etc., are marketed under the name of Basolite by

Merck and synthesized by the chemical company BASF.
1.2.4.1. Gas storage and separation

Charcoal and zeolites, among other classical porous compounds, have
been considered as gas adsorbents for many years. In order to achieve effective

gas treatment, it is essential to develop porous materials with high storage
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capacity and separation efficiency.”* MOFs are exceptional candidates for gas
storage and separation due to the their high porosity, large surface areas (up to

7800 m?gtin DUT-60)" and tunable pores.

Gas storage:

In order to optimize and maximize the gas loading capacity in MOFs
through physisorption, their surface areas play a crucial role. Adsorption is mainly
due to the interactions between guest molecules and the atoms of the walls of
the MOF’s cavities; thus, a larger surface area implies a greater load capacity.
However, factors such as free volume and the strengths of adsorbent/adsorbate

interactions also affect this application.”®

Improving gas sorption properties requires a deep understanding of the
MOF design, particularly the pore architecture. The surface area generated by
the structure is utilized efficiently for gas storage, as mentioned above, while the
size of the pores and the functional groups they possess, are used for the
selective recognition and uptake of molecules based on their size.”” Moreover,
the activation of MOF cavities through guest removal is crucial for the material's

ability to store and separate molecules.

The first to introduce the application of gas storage in PCPs was Kitagawa
in 1997, where small gaseous molecules of CHs, N2 and O, were introduced at
high pressures. Since then, this has been one of the most extensively studied
applications. MOFs have also been explored for storing different gases, such as
H, and light hydorcarbons’ as well as to capture toxic volatile organic
compounds such as benzene and xylenes’, toxic industrial gases like NHs, SO,
NO; and H,S, chemical warfare agents® or greenhouse gases like NOy, SO,, CO

and CO, (Figure 1.10).”
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Figure 1.10. (a) Crystal structure of MOF-177. Organic linker formula, pore size and
surface area are given. (b) Comparison of gravimetric CO2 capacities for several MOFs
(using activated carbon as reference) at ambient temperature and pressures up to 42 bar.
(c) Volumetric CO2 capacity of MOF-177 comparison with other adsorbents and
pressurized CO2. Adapted from ref. 27.

Gas separation:

On the other hand, the versatility of MOFs allows their possible
application in gas separation and purification, which is crucial in the industry.
Different MOFs capable of separating mixtures, such as CO,/CH4% light
hydrocarbons® and olefin/paraffin mixtures,®® among others, have been
reported. Gas separation by porous materials is achieved through the following

mechanisms:%

- Molecular sieving effect: this occurs when the separation of different
gases is based on their size and shape. Only molecules of a certain size and shape

can be hosted at MOF cavities.
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- Thermodynamic equilibrium effect: this occurs when the
adsorbate/adsorbent interactions are different between the components of the

mixture. These interactions play a crucial role in the separation process.

- Kinetic effect: this occurs when the components of the mixture have
different diffusion rates, causing some components to be adsorbed faster than

others.

A relevant example of a MOF, capable of capturing, selectively, toxic
gases, is the MFM-300(Al), also known as NOTT-300.% This MOF can store up to
14.1 mmol g of NO,, a gas known to cause environmental damage and health

problems. Even in mixtures at low concentrations (NO, concentrations below 1

ppm).
1.2.4.2. Magnetism

In the field of magnetism, MOFs (initially named coordination polymers)
are widely used materials. The main objective of this field is to design magnets
with high T, which means obtaining a molecular material with magnetic
properties above room temperature or, at least, above the temperature of liquid
nitrogen. Currently, the focus is on creating multifunctional magnetic materials,
where magnetism coexists with other properties of interest, such as conductivity,
superconductivity, luminescence, porosity, etc.®® In so doing, a plethora of
examples of magnetic sensors could be obtained. In this regard, MOFs are
excellent candidates for obtaining multifunctional materials, i.e., porous
materials that exhibit magnetic properties. These materials can be used as

magnetic sensors,®” molecular magnets or for magnetic separations.?

MOFs can exhibit magnetic properties by selecting appropriate metallic

nodes to form the SBUs, organic ligands, and how they are connected to the
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structural network, or by including functional magnetic molecules in the porous

cavities.>>®

Magnetic MOFs can exhibit two types of properties based on the
magnetic dimensionality:*® i) Cooperative properties, where interaction or
coupling takes place between the spins of the paramagnetic metal centers
through organic ligands, such as cooperative spin crossover or magnetic ordering,
and ii) molecular properties, in which the magnetic behavior is due to a single ion
that is isolated from the rest by organic ligands, such as single-ion or single-

molecule magnets.

The difficulty of synthesizing magnetic MOFs with both cooperative
properties and high porosity arises from the fact that porosity is typically
achieved with long organic ligands. In contrast, short ligands are necessary to
transmit magnetic information between metal centers. To address this issue and
combine this problem, three different synthetic routes can be distinguished: (i)
the use of short linkers,® such as formiates, cyanides, azolates, diazines and

8 in which a preformed metal

lactates, (ii) the "complex as ligand" strategy,
complex with vacant coordination sites acts as a building block toward other
metal ions and (iii) the use of radical ligands, which act as additional spin carriers

in organic ligands.*®

The first example of a MOF built from a radical ligand with magnetic
properties was reported by Veciana et al. (Figure 1.11).”! They reported a MOF
built by polychlorinated triphenylmethyl tricarboxylic acid radical ligand (ptmtc)
and Cu(ll) as the metal, known as MOROF-1 (MOROF = metal-organic radical open
framework), forming a 2D framework with hexagonal channels of dimension 2.8
x 3.1 nm?. Furthermore, this MOF exhibits a reversible and selective solvent-
induced "shrinking-breathing" process, which involves large volume changes (25-

35%) and has a significant impact on its magnetic properties.

-52-



Magnetic
properties

.
s

T (e.m.u. K Oe  mol %)
o
8

Jw‘%w% M’%.

'

T (e.m.u. K 0Oe! mol?)

MOROF-1 )
K pey

Radical organic linker
(PTMTC)

Figure 1.11. Structure of MOROF-1 with a schematic representation of the PTMC radical
ligand and magnetic properties in the form of ym 7" as a function of the temperature for
MOROF-1 (orange filled circle, MOROF-1; open circle, evacuated MOROF-1). Adapted
from ref. 91.

Another common phenomenon exhibited by magnetic MOFs is spin-
crossover (SCO), where the electronic configuration of a transition metal ion
switches between high-spin (HS) and low-spin (LS) states in response to external
stimuli, such as pressure, temperature, light irradiation, and magnetic field,
among others.” This leads to changes in magnetism, colour and structure. In this
case, the design of a MOF with first-row transition metals having a suitable
coordination environment is needed to allow the transition between the HS and
LS states, while the length of the ligands used is not a determining factor.
However, the cooperative effect is still important and is favoured by the
polymeric nature of the framework, which allows the connection of the spin-
crossover centres. For this reason, these compounds exhibit high sensitivity to

structural changes that may be caused by guests molecules in the pores.*?
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To conclude this topic, another example of MOFs with magnetic
behaviour arising from molecular properties are the single-molecule magnets-
based MOFs (SMM-based MOFs), where the MOF either present single-molecule
magnets (magnetic polynuclear clusters with high spin values and high magnetic
anisotropy) at the inorganic nodes or as a guest in the pores. These materials
have the peculiarity of exhibiting slow relaxation of the magnetization
(superparamagnetic behaviour) at low temperatures. When they are made up of
mononuclear metal complexes are known as Singe-lon Magnets (SIMs-based
MOFs). SIMs, have an additional interest in quantum technologies as they are

ideal examples of quantum bits.%
1.2.4.3. Luminescent sensors

Nowadays, detecting of certain analytes is necessary for a wide range of
applications, including emission and environment monitoring, quality controlling,
medical diagnostics, chemical threat detection and industrial process
management, among others. Chemical sensors are responsible for selectively
detecting a certain substance by adsorption or even reacting with it. This
produces an electrical, photophysical, optical or mechanical response.”® The
characteristics that a good chemical sensor must have are sensibility and

selectivity, response time, stability and reusability.

MOFs have emerged as good candidates for sensing diverse compounds,
such as pesticides, explosives, biological markers, small molecules, solvents and
so on,%® due to their high porosity, large surface area, rich host-guest chemistry
and the possibility of tuning the pore through PSMs to increase sensibility and
selectivity towards specific analytes. Two different types of sensors based on
MOFs can be distinguished: (i) those MOFs whose response is based on their own
structure, and (ii) those whose response depends on the guest molecule

encapsulated in their frameworks.
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Although MOFs have many properties that make them useful as sensors,
their application in the field has been limited due to their low signal transduction.
Currently, MOF-based sensors can be broadly classified into three categories:
luminescent,”* electrochemical®” and, as mentioned in 1.2.4.2, magnetic
sensors.®” Among them, luminescent MOFs (LMOFs) have received the most
attention. In LMOFs, the MOF acts as receptors and transducers, recognizing
certain molecules and producing an optical signal as a result. Luminescence is a
well-established technique with low detection limits, and in some cases, the

signal can even be visible to the naked eye (Figure 1.12).7*

The origins of luminescence in MOFs can come from either the organic
ligand or the metal used (and even guest luminescent species hosted in the
channels, see below). The most common type is linker-centered luminescence,
which includes three subtypes: linker emission, ligand-to-metal charge transfer
(LMTC) and metal-to-ligand charge transfer (MLCT). Ligands with emission
properties usually contain aromatic or m-conjugated backbones.”® LMTC and
MLTC are usually observed in MOFs made up of transition metal ions, d*
configuration,®® such as Zn(ll) and Cd(ll), for LMTC because these ions contain
core-like orbitals, and Cu(l) and Ag(l) for MLTC because d electrons are localized
in the valence orbitals. MOFs with fluorescent properties due to the metal centre
are usually built using lanthanoid ions. Moreover, some MOFs are non-emissive,
but by taking advantage of the host-guest chemistry and PSMs, it is possible to

encapsulate metals or chromophore groups into the pores to obtain LMOFs.®
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Figure 1.12. Representation of possible emission modes in a porous MOF. Inorganic SBUs,
blue spheres; Organic ligands, grey cylinders; Guest chromophores, pink sphere inside.
Adapted from ref. 71.

The advantages that LMOFs present as sensors compared to other
traditional luminescent sensors are: (i) high sensitivity due to their ability to
adsorb and preconcentrate analytes, increasing the possibility of host-guest
interactions, (ii) increased selectivity achieved by playing with the pore size, (iii)
reusability, thanks to the permanent porosity of the MOFs, which allows them to
be reactivated for several cycles without loss of crystallinity and (iv) thanks to the
crystallinity of these compounds, the detection mechanisms can be investigated
at the molecular level, which allows optimization of the sensors based on these
materials. Therefore, LMOFs have been reported detecting analytes of different

natures, such as explosives, volatile organic compounds (VOCs),'® jons,!

gases,'%2  biomolecules,’® antibiotics, toxic species,’® temperature and
humidity,’® or pH,% demonstrating the efficacy and versatility of these
compounds.
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1.2.4.4. Catalysis

A catalyst is a substance capable of accelerating a chemical reaction,
while itself remains unaltered. They can be classified into two types:
homogeneous, in which the catalyst is in the same phase as the reactants, and
heterogeneous, in which the catalyst is in a different phase. The latter type of
catalyst is the most widely used in the chemical industry today, mainly due to the
ease of separating the catalyst from the products obtained and the possibility of
recycling and reusing it. The catalytic application of MOFs was first studied by
Fujita in 1994Y. Since then, the interest in these compounds as catalysts has
grown exponentially, mainly due to the possibility of obtaining one or more well-
defined catalytic centres in the pores,?” as well as to possessing other interesting
features that make them excellent catalysts, such as high porosity and surface
areas, rich host-guest chemistry and possibility to fine tune the pore size and
shape, and apply PSMs that allow the introduction of active species into the

porous channels.
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Figure 1.13. (a) Structure of Cuz-paddle-wheel in HKUST-1 with coordination water (left),
removing water molecules to form CUS (middle) and substrate addition in CUS (right). (b)
Cyanosylation reaction of benzaldehyde catalyzed by activated HKUST-1. Adapted from
ref. 109.
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So far, various synthetic strategies have been developed to design MOFs
with catalytic activity, including open metal sites, functionalization of organic
ligands and the use of MOFs as supports to create other catalytic species.'® The
creation of open metal sites to obtain catalytically active centres can be achieved
by removing guest solvent molecules that are not involved in the construction of
the framework and are coordinated to the metal, heating the MOF at moderate
temperatures generating coordinated unsaturated sites (CUS) around the metal.
An illustrative example can be found in HKUST-1, a MOF formed by Cu(ll) metal
ions and benzene 1,3,4-tricarboxylate (BTC) as ligand, with the resulting formula
Cus(BTC)2(H20)3:XH20. In the structure, Cu(ll) ions are coordinated by a water
molecule pointing toward the pores. Kaskel and co-workers'® studied the
elimination of this molecule by heat treatment at 383K, thus allowing Cu to be
directly accessible to catalyze, for example, benzaldehyde cyanosilylation (Figure

1.13).

The second synthetic strategy is the use of organic ligands with active
catalytic centers. The functional groups commonly used for the synthesis of these
catalysts are alcohols, amides, amines, carboxylates and pyridines. Sometimes,
the ligand used does not contain these groups, but thanks to PSMs, they can be
introduced by functionalizing the MOF once it has been synthesized. Gascon and
co-workers studied the catalytic activities derived from the functional groups
present in the ligand using IRMOF-3, which has free -NH; groups in the pore

channels, for Knoevenagel condensations.!°

Finally, the third synthetic strategy to create MOFs as catalysts is the
encapsulation of active species in the pores, such as metal nanoparticles,''! metal
complexes'?? and organic (macro)molecules!®® through PSMs. In recent years,
MOFs have been also investigated as chemical nanoreactors®® for the controlled

preparation of ligand-free single-atom catalysts (SACs), sub-nanometer metal
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nanoclusters (SNMCs) and supramolecular coordination complexes (SCCs), as
they exhibit unique catalytic properties. For example, Jiang and co-workers used
the MOF AI-TCPP with the formula (AIOH),H,TCPP, where H,TCPP is
4,4'4" 4" (porphyrin-5,10,15,20-tetrayl)tetrabenzoate), to encapsulate Pt(ll),
which was subsequently reduced at 180 °Cin an H; atmosphere to obtain isolated
Pt(0) atoms stabilized within the MOF thanks to strong interactions with the
pyrrolic N atoms. This new catalyst is capable of producing hydrogen by water

splitting under visible light irradiation (Figure 1.14).11

Pt
Single atom

Al-TCPP-Pt

Figure 1.14. Schematic representation of Al-TCPP forming a Pt-SAC for photocatalytic
hydrogen production. Adapted from ref. 114.
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In addition to their catalytic activity, whether intrinsic or introduced by
external agents, the high crystallinity of MOFs enables us to have the possibility
to directly visualize, using single-crystal X-ray diffraction (SCXRD), what is
occurring during the catalytic cycle. This allows obtaining important information
on metastable reaction intermediates, products and unprecedented adopted
catalytic conformations within MOFs cavities. This is illustrated in the manuscript
of Sumby et al., where they have reported one of the most comprehensive
studies on the use of SCXRD for the study and characterization of a catalytic cycle.
Using a Mn(ll)-based MOF to catalyze azide-alkyne cycloaddition reactions,
studied both the atomic structure of the reactants and the products obtained

through SCXRD.!*®
1.2.4.5. Drug delivery

In recent years, the use of MOFs in biomedicine and drug delivery has
attracted interest of many researchers. Horcajada and Férey?® introduced this
application using mesoporous MOFs from the MIL family, specifically MIL-100
and MIL-101, to encapsulate analgesics and anti-inflammatories and
subsequently release them in physiological media. The most remarkable

characteristics that make MOFs promising in this application area are:!®

(i) High porosity, which allows the encapsulation of large active
molecules.
(i) Biologically friendly composition, with MOFs composed of non-

toxic metals, such as Ca, Mg, Zn, Fe, Ti and Zr, and ligands
belonging to two categories: endogenous, which are molecules
present in the body composition, and exogenous, which are
synthetic or naturally compounds but do not intervene in body

cycles. Among the most commonly used ligands are
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polycarboxylic or imidazolate, which are easily eliminated under

physiological conditions.

(iii) Metal-ligand bonds that are robust enough to prevent rapid
degradation of the MOF in physiological media, but sufficiently
labile to allow for degradation once the drug is released, thus

avoiding bioaccumulation of the material.

(iv) The presence of unsaturated metal centers, where bioactive
molecules can be coordinated, and the ability to functionalize the
ligand, allowing the pore to adapt for reversible host-guest
interaction. These interactions enable control on the kinetics of

drug release.

In 2010, Serre introduced a synthetic alternative to synthesize MOFs with
active molecules for drug delivery, where the therapeutic molecule is introduced
as the organic linker that constitutes the MOF structure. This alternative takes
advantage of the fact that most drugs have complexing groups, such as
carboxylates, phosphates, amines or heterocycles. Thus, highly porous structures
with high surface areas are not necessary to achieve high drug loads, and the
release of the biomolecule is achieved through the biodegradation of the
material, without side effects due to the release of the organic ligand. The first
example of an active MOF for therapeutic use is BioMIL-1,'*” which was reported
by Serre et al. (Figure 1.15). It is synthesized using iron and nicotinic acid as the
organic ligand. Nicotinic acid is an endogenous acid that reduces total
cholesterol, LDL cholesterol and triglyceride levels, while increasing HDL
cholesterol levels. The biodegradation of the material was studied under
simulated physiological conditions, using a phosphate-buffered solution (PBS) at
pH = 7.4 and a temperature of 37 °C. The results showed that the nicotinic acid

from BioMIL-1 was released in approximately one hour.
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Figure 1.15. Crystal structure of BioMIL-1. Colour code: iron, orange octahedra; oxygen,
carbon, and nitrogen, as red, grey and blue balls, respectively. Hydrogen atoms have been
omitted for clarity (left). Release of nicotinic acid under simulated physiological
conditions (right). Adapted from ref. 117.

Another biomedical application of MOFs is their use as contrast agents
(CAs) in magnetic resonance imaging (MRI), particularly in the form of nano-
MOFs. Gadolinium(lll) is typically used as CA because it reduces proton relaxation
times. The first MOF reported for this application was based on Gd(lll) by Lin et
al.,**® showing relaxations several orders of magnitude higher than other MRI
contrast agents based on the same metal. However, due to the toxicity of this

metal, the possibility of replacing it with other less toxic metals such as Mn(ll) has

been studied.**®

1.2.4.6. Water remediation

Today, almost half of the world's population lives with water scarcity,
mainly due to the contamination of the aquatic ecosystem by rapid
industrialization and drought caused by global warming. Therefore, reducing the

amount of contaminants present in wastewater is a 21% century challenge so that
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everyone has access to clean water. The most common contaminants found in

water can be divided into two large groups based on their chemical composition:

(i) Inorganic contaminants: this category includes
oxyanions/cations and metal ions, with a special emphasis on
heavy and radioactive ones. Due to their charged nature, they
are highly soluble in aqueous media, making them more
persistent in the aquatic ecosystem than organic pollutants.
Some of these metals have a narrow range between deficiency
and toxicity and toxic/lethal character, making them a focus of
study for water decontamination.

(ii) Organic contaminants: pesticides, insecticides, herbicides,
pharmaceuticals and personal care products (PPCP),
polyaromatic hydrocarbons, oils, detergents and dyes are
examples of organic contaminants that can be found in water.
While not as persistent as inorganic pollutants, their widespread
use in modern society means they are frequently found in

ecosystems.

MOFs are exceptional materials for removing contaminants present in
aqueous media due to:">? (i) their high sorption capacity closely related to the
large surface area and pore volume, (ii) stability of these compounds in water,
(iii) presence of active sites, where contaminants can be degraded and/or
chemisorbed, (iv) the fascinating host-guest chemistry, where the cavities are
easily functionalized to enhance these interactions, therefore improving MOFs
capture properties, (v) the high crystallinity of these compounds allows the use
of X-ray crystallography as a characterization tool, allowing to study of the final
structure as well as host-guest interactions, which allows for the establishment

of correlations between structure and functionality and thus opens new frontiers
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of knowledge, and (vi) the possibility of processing MOFs as monoliths, granules,

membranes, or columns, to adapt them to different decontamination devices.

In addition to the use of MOFs as selective adsorbents in water
decontamination, they have also been studied as platforms for the degradation
of contaminants thanks to the catalytic activity that many of them exhibit, either
intrinsically or after PSMs.??° These compounds can degrade organic pollutants
to less toxic substances or completely degrade them to CO; and H,0. The first
work on the use of MOFs for the degradation of contaminants in water was
reported by Prof. Hermenegildo Garcia in 2007, in which he used MOF-5, taking
advantage of the catalytic environment presented by Zn, for the degradation of

an industrial product (phenol-PH).*?
1.3. Oxamidato-based MOFs: previous results

As we have described above, the field of porous materials science has
made great progress over the last 30 years, mainly thanks to the emergence of
MOFs. A large part of the scientific community has focused on investigating these
compounds due to the variety of applications they have in diverse fields ranging
from planet decontamination to medicine, as seen in the previous section. In this
thesis, we have focused on the development of new oxamidato-based MOFs
(Figure 1.16), synthesized by conventional direct precipitation methods, using
biocompatible metals such as zinc. Thus, | will focus in this section on describing
both, the chemical nature and most relevant applications of oxamidato-based

MOFs reported in recent years.
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Figure 1.16. (a) Oxamato (left) and Oxamidato (right) dianions; (b) mono- and (c)
dinuclear complexes.

It is not accidental that my research group (multifunctional porous
materials, mupomat) has extensive experience in coordination chemistry,
especially with the use of oxamato and oxamidato-type ligands, which were
initially used to synthesize magnetic coordination polymers? and later to build
new highly-dimensional multifunctional MOFs with functionalizable pores.1?2123
In recent years, in addition to obtaining new structures, our group has also
focused on the use of MOFs as chemical nanoreactors —taking advantage of
PSMs—to construct unique active species within the functional channels of these

MOFs.%°

In general, the first fundamental step to achieve a suitable MOF is the
choice of the appropriate organic ligand, as it will play a very important role in

both the properties of the material and its final structure. In particular, oxamate

-65-




and oxamidate ligands (Figure 1.16a), dianionic once deprotonated, usually adopt
two different coordination modes: bidentate or bis(bidentate), which leads to
mono- or dinuclear coordination compounds in cis or trans conformation (Figure
1.16b), and they ultimately constitute the secondary building units (SBUs) in the
final MOFs. These ligands traditionally showed a high affinity for divalent first-
row transition metals such as Co(ll) and, especially, Cu(ll) cations, forming highly
stable complexes in solution due to the strong electron-donating capacity of the
N,N-oxamidate groups.** Additionally, they present free carbonyl-oxygen atoms
that can act as metalloligands towards other divalent transition metal ions
(Mn(l1), Co(ll), Ni(ll)) or alkaline earth metals (Ca(ll), Sr(ll), and Ba(ll)) to form
heterobimetallic CPs or MOFs.12>126 This synthetic strategy is known as "complex
as ligand" and has been widely used in our research group, being the synthetic
method employed for all the MOFs obtained before this doctoral thesis. As
explained, this synthetic strategy is based on using a complex whose coordination
sphere is unsaturated and can therefore act as a ligand (metalloligand) towards

other metal ions.

Among the different families of oxamato- and oxamidato-based MOFs
reported by my group, | will focus, in this section, on describing a quite recently
obtained family of isostructural Cu''sM" MOFs (where M" = Ca(ll), Sr(ll) or Ba(ll))
using oxamidate ligands derived from enantiopure amino acids (Figure
1.17).122127 There are a number of reasons that justify this choice: (i) the resulting
isostructural MOFs possess medium-size functional channels, whose porosity
possesses different functional groups depending on the amino acid chosen. Thus,
allowing to control the functional groups decorating the channels depending on
the amino acid residue. (ii) This family of MOFs exhibits great crystallinity and
robustness, which is important when using MOFs as chemical nanoreactors. This
allows the use of PSMs without degrading the materials, and also, facilitates the

use of single crystal X-ray diffraction (SCXRD) to unveil the nature of host-guest
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species. (iii) The construction of MOFs with oxamidate ligands derived from
amino acids gives to the final structure a series of general properties such as
biocompatibility, rich structural diversity, chirality (due to the presence of a-
asymmetric carbon atoms), water stability, and depending on the amino acid
used, specific properties. In particular, the possibility to obtain biocompatible
MOFs seems very appealing considering the potential biomedical applications of
resulting MOFs. (iv) Last but not least, a good number of the novel Zn"sM" MOFs
reported in this thesis (see next chapters) are isostructural to this family of amino
acid based Cu"sM" MOFs. Thus, all these features make it convenient to describe

the most remarkable and recent results with analogous Cu'sM" MOFs.

Overall, the general syntheses of amino acid Cu"sM" MOFs are carried out
through three common steps: (i) formation of the oxamidate ligand derived from
the selected amino acid (proligand) by reacting oxalyl chloride with the
corresponding enantiopure amino acid methyl ester derivative (Figure 1.17a), (ii)
formation of the Cu(ll) dinuclear complex (metalloligand) using different bases
such as tetramethyl or tetrabutyl ammonium hydroxide to assist in the
deprotonation of the amidate and carboxylate groups, resulting in different sites
where Cu can coordinate (Figure 1.17b) and (iii) the formation of the MOF by
reacting the synthesized metalloligand, which acts as a bis(tridentate) bridging
ligand toward alkaline earth divalent metals, such as Ca(ll), Sr(ll) or Ba(ll). Thus,
yielding the final chiral heterobimetallic 3D MOFs that display hexagonal pores
decorated with the residues of the employed amino acids (Figure 1.17c).}*
Another alternative synthesis that has also been studied in our group is based on

modifying the pH in the solution containing the precursor copper complex
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(metalloligand). In this case, homometallic 3D MOFs are obtained.'?® The relevant

selected examples are described in detail in sections 1.3.1-1.3.4.
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Figure 1.17. Scheme of synthetic procedure to obtain oxamidate-Cu-based MOF. (a)
Synthesis of oxamidate ligands functionalized with amino acids as precursor amine, (b)
synthesis of dicopper(ll) complexes (metalloligands) and (c) synthesis of 3D
heterobimetallic MOFs.

1.3.1. Oxamidato-based MOFs for gas separation

Using the synthetic strategy "complex as a ligand," the first isoreticular
series of copper-calcium-based MOFs was obtained, employing the natural amino
acids L-alanine, L-valine and L-leucine as amines to functionalize the oxamidate
ligands. This series of isostructural MOFs presents hexagonal pores decorated
with alkyl groups of different sizes, and therefore, an increase in the length of the
aliphatic residue decreased the pore size. Taking advantage of the different
surface areas and different charge densities in the channels of these MOFs, their
ability to separate methane from other light hydrocarbons present in natural gas

was studied (Figure 1.18).1%°
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Figure 1.18. SCXRD of oxamidate-based MOF synthesized by L-alanine (a), L-valine (b) and
L-leucine (c), emphasizing the different alkyl groups in the boxed structures (above) and
their adsorption kinetic profiles of different gases (below). Adapted from ref. 129.

This study unveiled that while the pore size of a metal-organic framework
(MOF) structure is important for explaining bulk N, adsorption capabilities,
interactions between alkyl groups of gases and residues that decorate the cavities
of MOFs play a very important role in selectivity. These results showed that
increasing the length of aliphatic side chains within the pores, not only affected
the sorption capacity of the material but also the adsorption kinetics. Therefore,
by adjusting the pore size and functional groups present in the cavities, methane
selectivity and separation from other hydrocarbons in natural gas can be

controlled.
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Figure 1.19. (a) Perspective view of the 3D open-framework of Cu'(S,S)-hismox - 5H20
along the c axes and view of one single channel in the ab plane for different temperatures
(the crystallization water molecules have been omitted for clarity). (b) Ligand H2Me»-(S,
S)-Hismox used to build the MOF. (c) Adsorption isotherms of CsHe (blue), CsHs (red), CO2
(purple), CHa (green) and N2 (orange) at 298 K for the activated compound. Filled and
empty symbols indicate the adsorption and desorption isotherms, respectively. (d)
Experimental column breakthrough curves of the gas mixture measured at 298K and 1
bar in a column using the 3D MOF as stationary phase. Adapted from ref. 130.

Another oxamidato-based MOF synthesized by my research group is
Cu'y(S,S)-hismox - 5H,0 (hismox = bis[(S)-histidine]oxalyl diamide), where, in this
case, L-histidine was used as the amino acid to functionalize the porous cavities
(Figure 1.19). This material showed excellent robustness and flexible behavior
thanks to its structural characteristics sensitive to temperature and the
corresponding adsorbate. These properties allow the MOF to experience a
reversible and continuous breathing behavior observed through SCXRD (Figure

1.19a).13°
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The adsorption isotherms of this material for hydrocarbons such as CHy,
CsHs, and CsHg, as well as for N, and CO,, indicated that only CO,, CsHs, and C3Hs
could be adsorbed. These results suggested the possibility of separating gas
mixtures such as CO,/N,, CO,/CH4, and C3Hs/CsHs. Columns were prepared by
packing the L-histidine-derived MOF as the stationary phase, and the gas mixture
was passed through it, observing that the material was able to efficiently

separate these mixtures.
1.3.2. Oxamidato-based MOFs for water remediation

Another main research line of my group is the use of MOFs for water
treatment and decontamination. Over the years, different PCPs have been
synthesized, among which we will highlight some obtained with oxamidate

ligands functionalized with the amino acids L-methionine and L-serine.

Two different MOFs have been synthesized using the amino acid L-
methionine: {Ca"Cu"s[(S,S)-methox]s(OH)2(H.0)} - 16H,0™%' and {Cus"[(S,S)-
methox],} - 5H,0,% where methox is bis[(S)-methionine]oxalyl diamide (Figure
1.20). Both MOFs have pores decorated with highly flexible ethylenethiomethyl
chains from the amino acid residue (R-CH>CH,SCH;s), but they differ in size, shape,

and structural composition.

Both MOFs have demonstrated the ability to capture dangerous species
such as HgCl, and CHsHgCl in water, thanks to the strong affinity that sulfur atoms
have for mercury. The confined space offered by these two structures, along with
the flexibility of the "arms" decorating the pores, allowed for strong and specific
S-Hg interactions, which explained the highly selective and efficient capture
process. The heterobimetallic MOF has also been used to selectively capture
gold(lll) and gold(l) in the presence of other metal salts typically found in

electronic waste (Figure 1.20).232 This is also due to S-Au affinity, similar to the
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previous case. In addition, the resulting new species, i.e. Au"@MOF and

Au'@MOF, were used as heterogeneous catalysts for the hydroalkoxylation of

alkynes, thus expanding the applications of these multifunctional materials.

Figure 1.20. Oxamidato-based proligand derived from amino acid L-methionine (left) and
perspective views along c axis of the 3D porous structures synthesized from the methox
organic ligand (right). Colour code: Cu, cyan polyhedra; Ca, blue polyhedra; organicligand,
grey sticks and sulfur atoms, yellow. Adapted from ref. 128 and 131.

On the other hand, another three-dimensional MOF derived from the
amino acid L-serine was also synthesized, with the formula {Ca"Cu's[(S,S)-
serimox]3(OH)z(H,0)} - 39H,0, where serimox is bis[(S)-serine]oxalyl diamide,
presenting hexagonal pores functionalized with highly flexible hydroxyl groups,
derived from the amino acid residue used (Figure 1.21). The presence of this
group in the confined environment of the MOF allowed for the capture of organic
molecules of different nature. On one hand, this material was able to efficiently
remove organic dyes, such as pyronine Y, auramine O, methylene blue and
brilliant green from water, being able to capture over 90% of the initial content
of each dye.!® On the other hand, the capacity to encapsulate some drugs such
as ascorbic acid, pyridoxine, bupropion, and 17-B-estradiol and their subsequent
release in a sodium chloride buffer solution at pH = 2 were also studied.’®* These
results demonstrated not only the ability of this material to capture organic
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molecules that pollute the aquatic ecosystem, but also that it can be used in the
field of medicine, the reason why we have decided to enhance the
biocompatibility of this family of MOFs by replacing Cu with Zn. In addition,

thanks to its high crystallinity, unprecedented snapshots of the interactions that

this MOF establishes with the encapsulated organic molecules were obtained.

Figure 1.21. Oxamidato-based proligand derived from the amino acid L-serine and
perspective view along ¢ axis of the 3D porous structure of {Ca'Cu"s[(S,S)-
serimox]3(OH)2(H20)} - 39H20 (a), and a single channel of X-ray crystal structure along ¢
axis emphasizing pore filled by pyronin Y (b) and vitamin C (c). Colour code: Cu, cyan
polyhedral; Ca, blue polyhedral; O, red spheres; pyronin Y, grey sticks; vitamin C, gold
sticks. Adapted from ref. 133 and 134.

1.3.3. Oxamidato based MOFs for catalysis

The use of MOFs as catalysts is an area of application for the materials
synthesized by my research group. Generally, PSMs such as metal encapsulation
have been used to create MOFs with sites that exhibit catalytic activity. In my
group, we wanted to go one step further by using PSMs to synthesize, within MOF

channels subnanometer metal clusters (SNMCs) or single-atom catalysts (SACs)
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in a two-step dual strategy consisting first on the insertion of the metal atoms
and the concomitant reduction within the functional porous space. For example,
a new oxamidate MOF derived from the amino acid S-methyl-L-cysteine was
reported with the formula {CusSr[(S,5)-Mecysmox]3(OH)>(H.0)} - 15H,0
(Mecysmox = bis[S-methylcysteine]oxalyl diamide),’>> presenting pores densely
decorated with dimethyl thioether groups that are responsible for stabilizing Pd

atoms within the functional channels for the formation of SACs (Figure 1.22).
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Figure 1.22. Oxamidato-based proligand derived from the amino acid S-methyl-L-cysteine
(left) and perspective view along ¢ axis of the 3D porous structure of {CueSr[(S,S)-
Mecysmox]3(OH)2(H20)} - 15H20 (a) and view of a single channel of X-ray crystal structure
of Pd(Il)/Pd(0)@MOF along c axes (b). Colour code: Cu, cyan polyhedra; Sr, purple

polyhdra; organic ligands, grey sticks; S atoms, yellow spheres; Pd atoms, blue spheres.
Adapted from ref.135.

The synthesis of this catalyst consisted of several steps: (i) formation of
the new three-dimensional MOF through the "complex as ligand" synthetic
strategy, (ii) insertion of [Pd(NHs).4]Cl; to form a phase named Pd(ll)@MOF. The
retention of Pd(ll) cations homogeneously in the MOF cavities was achieved
thanks to the S-Pd affinity, and (iii) partial reduction of the Pd(ll) cations with
NaBH,4 to obtain the mixed-valence Pd(l1)/Pd(0) hybrid compound. The crystal
structure of each step was obtained through SC-XRD given the high crystallinity

and robustness of the initial MOF, and the catalytic activity of this compound was
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demonstrated to be capable of catalyzing the oxidation of benzyl alcohols to

carboxylic acids.

Figure 1.23. Perspective views along c axis of ({Ca"Cu"s[(S,S)-methox]3(OH)2(H20)} -
16H,0) (MOF)(a), Pt(I)@MOF (b) and Pt®@MOF (c). Colour code: Cu and Ca are shown
in cyan and blue polyhedral, organic ligand in grey sticks, sulfur and platinum atoms in
yellow and purple spheres, respectively. Adapted from ref. 136.

Another nice example was achieved with the amino acid based MOF
({ca'"cu"¢[(S,S)-methox]s(OH),(H,0)} - 16H,0) (Figure 1.23). First, Platinum atoms
were encapsulated, anchored to the sulfur atoms decorating the pores and
immediately reduced with NaBHg, forming sub-nanometer dinuclear clusters Pt%
within the MOF (Figure 1.23a). This material was capable of catalyzing the

synthesis of NH,CN at room temperature, hydrogenation of CO, at low-

temperature (< 140 °C), and the hydrogenation of alkenes at 60 °C.13®

Finally, we have selected another example where these MOFs do not act
as chemical reactors to synthesize, in situ, metal species but as vessel
encapsulating catalytically-active species. Thus, VO(acac), was encapsulated to
give rise to a hybrid material with the formula [V'VO(acac)(H.0)]@{Ca"Cu"s[(S,S)-
methox]3(OH)s} - 8H,O (Figure 1.24), which was highly efficient in the

dehydrogenation of allylic alcohols.*®”
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Figure 1.24. Perspective view of the structure [V'VO(acac)(H20)]@{Ca"Cu"s[(S,S)-
methox]3(OH)3} - 8H20 (left) and perspective details of a single pore showing
VO(acac)(H20)* complexes well-packed within pore (right) of the same structure along ¢
crystallographic axes. Colour code: copper and calcium are represented in cyan and blue
spheres, 3D network as grey sticks and ethyl chain and sulfur atoms from methionine
residue as yellow sticks (carbon) and yellow spheres (sulfur). For the complex
VO(acac)(H20)* hosted in the channels, vanadium, carbon and oxygen are shown as
purple, grey and red spheres, respectively. Crystallization water molecules have been
omitted for clarity. Adapted from ref. 137.

1.3.4. Multivariate oxamidato-based MOFs

As the last illustrative example, | have selected certain preliminary
results, obtained by my group, consisting on the preparation of a family of Cu"sM"
MOFs containing equimolar amounts of two (or more) different amino acid-
based ligands. This emerging class of MOFs, characterized by possessing distinct
linker functionalities, are named multivariate MOFs (MTV-MOFs),*3® and they are
characterized by introducing heterogeneity while maintaining the same
structure. The ultimate goal of synthesizing MTV-MOFs is two-fold: to improve
the complexity of the pore and to achieve synergistic effects in their applications
—thanks to the presence of several functional groups within the same pore,
introduced by the residues of the amino acids used in the formation of the ligand.

In this context my group have been capable to obtain a family of MTV-MOF
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containing 50% of the different amino acid-based ligands than can be visualized

in Figure 1.25 (see caption for details).

Figure 1.25. Selected examples of recently synthesized oxamidate-based MTV-MOFs
containing the following amino acids: S-methyl-L-cysteine (yellow) / L-serine (red) (a), L-
methionine (orange) / L-serine (red) (b), S-Methyl-L-cysteine (yellow) / L-methionine
(orange) (c), aspartic acid (dark red) / L-serine (red) (d), L-histidine (blue) / L-serine (red)
(e), L-histidine (blue) / L-serine (red) / L-methionine (orange) (f).

These types of MOFs offer potential rewards in fields like water
remediation and catalysis. Moreover, in this thesis, | pretend to synthesize also
Zn"sM" MTV-MOFs, which is another reason that prompted me to describe these
materials in this section. As a nice illustrative example of the potential of MTV-
MOFs in water remediation, we present a reported MTV-MOF prepared by the
“complex as ligand” synthetic strategy using a combination of two metal-ligands

based on different oxamidate derivates of the natural amino acids L-serine and

L-methionine.
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Figure 1.26. (a) Perspective view of MTV-MOF along c axis containing the amino acids L-
methionine and L-serine. Ligands and metal atoms from the network are representing as
grey sticks with the exception of the amino acid residues, which are represented as red
(hydroxyl groups) and yellow (thioether arms) sticks. Oxygen and sulphur atoms from the
residues are shown as red and yellow spheres, respectively. (b) Perspective view of a
single pore of MTV-MOF along the c axis, containing an organic dye (methylene blue) and
HgCl2 as guest molecules held in the hexagonal nanopores. Colour code of the net as
previously said. Mercury(ll) and chlorine atoms are represented as magenta and green
spheres. Carbon atoms of organic dye are represented as blue or magenta sticks (two
different configurations). (c) Maximum uptake (after 6h) of both inorganic and organic
contaminants adsorbed by MTV-MOF. Adapted from ref. 138.

The ultimate goal of synthesizing this new material is to decorate the
cavities of the MOF with residues of different natures. So that, they can interact
with both inorganic pollutants (thiol group from L-methionine) and organic
pollutants (hydroxyl group from L-serine). Thus, demonstrating the synergy and
importance of creating multivariate multifunctional materials. This MOF with
the formula {Ca"Cu"s[(S,S)-methox]1.43-1.46(S,S)-serimox]1.57.1.54(OH)2(H20)} -
30H,0 is capable of simultaneously and efficiently removing heavy metals such

as Hg(l1), Pb(l1), and TI(1) as well as organic dyes (Figure 1.26).'38
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2.1. Introduction

One of the main challenges that modern society faces is related,
undoubtedly, to the contamination of aquatic environments, which is mainly
caused by human/industrial activities (Figure 2.1).%2 Among the wide diversity of
inorganic/organic chemical pollutants, organic dyes —wastes generated in
cosmetic, textile, tannery or food industries, among others— constitute one of the

major contaminants of industrial wastewater.?

# R
s L3 3
Atmospheric ' ‘\‘ G

deposition

Combustion

Figure 2.1. Sources of groundwater contamination in the hydrologic cycle. Reproduced
from ref. 8.
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Proposed solutions for the removal of such organic contaminants include
precipitation, coagulation/flocculation, membrane technology or biological
processes (Figure 2.2).* However, probably the two most promising technologies
for this purpose are based on the straightforward capture of the organic dyes by
a porous material or their in-situ photocatalytic degradation.>® In particular,
Metal-organic frameworks (MOFs) are porous crystalline materials that have

already been shown efficient in the last two approaches.’”™*3

Iy

L({,kati

e

AT

-~ 5ol
c o
"’ -

=

_ Vo S

A
T

- e~ R
Rasorgtion by, "
<" porod§ materidls“ sy

g

4

Figure 2.2. Current technologies and processes for water decontamination. Reproduced
from ref. 8.

MOFs'#15 attract broad attention from many research groups given the
great variety of applications they can exhibit.”1™*> The reasons for such variety

of applications are related to a number of unique characteristics such as
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permanent porosity, a thrilling host-guest chemistry —which can be
somehow tuned by a fine control over the size, shape and functionality of MOF
channels—and the possibility to use single-crystal X-ray diffraction®?-%” (SCXRD) to

visualize what is going on within their channels.289?

In particular, MOFs have been recently used in water remediation with
exceptional results. For example, the easy of functionalizing, pre- or post-
synthetically, MOF channels has led to the preparation of specifically designed
MOFs for the selective and efficient capture of both, organic and inorganic

934-3739 Moreover, certain specifically designed MOFs have already

contaminants.
been shown effective as photocatalysts to degrade organic pollutants —i.e.
organic dyes— into less toxic intermediates or fully degrade them into CO; and
H,0.92% In particular, several Zn(ll)-based MOFs have been recently reported,

9697

showing, by analogy to zinc oxide based photocatalysts, moderately good

efficiencies as photocatalysts towards different organic dyes.’*%®
2.2. Objectives

Considering the problematic exposed on the introduction (section 2.1.), |
pretended to go one step further on the use of porous materials for the
encapsulation and photodegradation of organic contaminants. For that, | planned
to synthesize a biomimetic Zn-based MOF capable to efficiently degrade brilliant
green (BG), a well-known organic dye. The specific objectives of the chapter are

summarized as:

- Preparation of a Zn(ll) MOF with the natural amino acid S-serine, as
ligand, featuring medium-sized channels, densely decorated with L-serine
residues. The pores should be large enough to accommodate and immobilize, at

least partially and with the help of amino acid residues, BG dyes. Once the organic
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dyes are inserted, total or partially, Zn(ll) cations should be capable to

photodegrade them.

- Considering the well-known robustness and crystallinity of oxamidato-
based MOFs, we expect to be capable to use SCXRD to determine the crystal
structure of the Zn(ll) MOF as well as obtaining snapshots about the

photocatalytic process.

- Study of the photocatalytic activity shown by this material.

2.3. Results and discussion

In this chapter, we report the preparation and total characterization of a
novel eco-friendly Zn-based MOF, derived from the natural amino acid L-serine,
with formula {Zn";[(S,S)-serimox](H20)2} - H,O (Zn"-serimox) ((S,S)-serimox =
[bis[(S)-serine]oxalyl diamide] (Figures 2.3a and 2.3b). The final material is
capable to photodegrade the BG dye (Figure 2.3c) in only 120 min. with an
efficiency of 100%, in the absence of any other oxidant or co-catalyst. In addition,
the high robustness and crystallinity of Zn",-serimox also allowed to obtain its
crystal structure —with the help of SCXRD— after the photocatalytic process, which
shows, unambiguously, the presence, within the channels, of CO, molecules

resulting from the photodegradation of BG dyes.
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HO >* S H.
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Figure 2.3. Chemical formulas of the proligand (S,S)-serimox (a) and the secondary
building units (SBU) consisting of Zn(ll) dinuclear units (b). Red oxygen atoms coordinate
Zn(Il) atoms from another SBU, whereas green oxygen atoms belong to neighboring SBUs.
¢) Chemical formula of BG dye.
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2.3.1. General synthetic procedure

Compound Zn"-serimox ({Zn";[(S,S)-serimox](H.0),} - H.0) can be
obtained in two ways, first one consisting on the direct precipitation in water,
after mixing Zn(ll) cations, and the deprotonated ligand, and the second one
consisting on the previous synthesis of a Ni(ll) precursor (with formula
(MesN)2{Ni;[(S,S)-serimox](OH),} - 5H,0), that experiences a methatesis in contact
to Zn(lIl) cations, forming the same MOF Zn",-serimox. The first strategy is used
to obtain MOF Zn'",-serimox in large scale, whereas the second indirect strategy

allows the formation of well-defined crystals, suitable for SCXRD.

Moreover, the crystal structure of MOF Zn",-serimox, immersed for one
week in an aqueous BG solution and after irradiating with a with an UV lamp in
the range of A = 250-350 nm, for 60 min, could be also obtained. In so doing, the
crystal structure of a host-guest aggregate, containing CO, molecules within the
pores could be also unveiled and the novel material {Zn';[(S,S)-serimox](H.0),] -
CO, (CO,@Zn"-serimox) was chemically defined with the help of other
techniques (see characterization section, 2.3.2.). All synthesis mentioned above

are fully described in the experimental section (see 2.5.1.).
2.3.2. Characterization of the MOFs
2.3.2.1. Crystal structure

The crystal structure of Zn",-serimox was first determined at 100 K. It
crystallises in the chiral P4,2:2 space group of the tetragonal system and consist
of a chiral 3D pillared square grid where [Zn',(S,S)-serimox] moieties are located
on the vertices of the edges (Figures 2.4 and 2.5). The robust uni-nodal three-

connected srs nets are built up from trans oxamidato-bridged Zn(ll) dimeric units,
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{zn",[(S,S)-serimox]} (Figures 2.4 and 2.6), assembled each other through the

carboxylate groups (Figures 2.4, 2.6 and 2.7).

Figure 2.4. Perspective view of a fragment of Zn">-serimox emphasizing the central
dinuclear Zn2 SBU unit and their connection to neighboring Zn(ll) cations. Color code: Zn,
O and N atoms are represented as cyan, red and deep blue spheres, respectively, whereas
C atoms are depicted as grey sticks.

Figure 2.5. Perspective views of the porous networks of Zn'>-serimox (a) and CO2@ Zn'">-
serimox (b) along the c (left) and b (right) axes. Colour code: Zn atoms and C and O from
guest CO2 molecules are represented as cyan, grey and red spheres, whereas serimox
ligands —with the exception of serine residues— are represented as grey sticks. —CH.OH
groups and N atoms are represented as cyan, red and deep blue spheres, respectively,
whereas C atoms are depicted as grey sticks.
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Within the {Zn';[(S,S)-serimox]} moieties, each Zn(Il) metal ion results in
a highly distorted pyramidal coordination being linked by nitrogen and oxygen
atoms from the serimox ligand [Zn-N 1.985(4)A and Zn-Os.r ranging from 1.958(3)
to 2.215(4) A] and a terminal water molecule [Zn-Owater 2.011(4) A] (Figure 2.4b).
The 3D network features two types of small pore, different in size and shape,
propagating along the b and c axes (Figures 2.5, 2.7 and 2.8). Hydrophilic square
sized pores (Figures 2.5a left and 2.8) and a kind of hydrophilic irregular pores of
medium size (virtual diameters of ca. 0.30 and 0.40 nm, respectively) (Figures
2.5aright and 2.7) are decorated by the primary alcohol group of serine moieties,
pointing inwards of the voids, and accountable of its host-guest resulting

chemistry.

Figure 2.6. Perspective views of SBUs a) and their assembly by means the carboxylate
groups b) in Zn";-serimox. Colour code: Zn atoms are represented as cyan spheres, C, N,
H and O atoms from serimox ligands —with the exception of OH of serine residues— are
represented as grey, cyan, white and red sticks. Oxygen atoms from -OH groups are
represented as red spheres.

Crystals of Zn',-serimox, were left in a sealed glass tube containing
aqueous solution of BG dye for one week, after irradiation in the range 250-350
nm for 60 min. were analysed by SCXRD at a temperature of 100 K and the crystal
structure of CO,@Zn",-serimox was determined revealing a slightly deformation
of the framework -likely correlated to CO, adsorption process—, but still
isomorphous to Zn",-serimox, crystallizing in the P412,2 space group. Adsorption

of CO, gas —produced by the photocatalytic process at 298 K- results in linear

negative expansion. Pores that run parallel to the c-axis contract upon CO;
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inclusion (Aa, Ab slightly < 0; Ac < 0; AV < 0). The largest change in dimensions is
observed for ¢ axis, accounting for a small decrease in the unit-cell volume (AV =

48 A3, Table 2.1).

Figure 2.7. View of the network of Zn";-serimox along the b axes. Colour code: Zn atoms
are represented as cyan polyhedra, C, N, H and O atoms from serimox ligands —with the
exception of OH of serine residues— are represented as grey, cyan, white and red sticks.
Oxygen atoms from -OH groups are represented as red spheres.

The crystal structure of the adsorbate CO,@Zn"-serimox clearly
evidences the presence of CO, guest molecules hosted in the hydrophilicirregular
pores of Zn",-serimox (Figures 2.5b and 2.9-2.11). For the CO, molecule, can be
identified a primary adsorption site (Figure 2.12) where the plane containing the
ligands are situated at only 2.83(1)A [distance between centroid of oxamate core
and C atom of CO,; molecule] from the C atom of CO, molecules occupying the
primary site, suggesting an interaction between the C(&*) atom of the CO;
molecule and the O lone pair of the oxamate core of the ligand, as observed
before.*® The secondary adsorption sites identified, are situated at the center of
the pores, where CO, molecules are packed with closest contacts with the
framework through the H,C- and HC- of the ligand [shortest O-C-O--- H-C- at
2.04(3) and 2.09(3) A, for H,C- and HC- fragments, respectively] (Figures 2.9, 2.10

and 2.12). The alcoholic fragment gives its contribution as well, being situated
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very close to CO; molecules [0-C-O-:-H-O- and HO---O-C-0 at 2.11(6) and 2.63(3)
A, respectively]. Despite the supposed flexibility and structural adaptability that
serine residues could offer, no important differences in the alcoholic chain
conformations have been observed in the CO,@2Zn",-serimox adsorbate with
respect to Zn",-serimox, where only Zn-Osr [ranging from 1.935(3) to 2.191(4) A]
distances show a slight contraction respect to Zn",-serimox, while Zn-Owater

[1.992(4) A], and Zn-N bond lengths [1.959(4) A] fall in the range of the expected

100

values for Zn(Il) metal ions.

Figure 2.8. Perspective view of the network of Zn">-serimox along the c axes. Color code:
Zn atoms are represented as cyan polyhedra, C, N, H and O atoms from serimox ligands —
with the exception of OH of serine residues— are represented as grey, cyan, white and red
sticks. Oxygen atoms from -OH groups are represented as red spheres.

It is worth to underline the unusual penta-coordination of Zn(ll) ions
observed in Zn",-serimox and CO,@Zn",-serimox, reminiscent (in geometry) of
that observed for the catalytic metal ions of the di-zinc aminopeptidase from
Aeromonas proteolytica (AAP).2%! Surveys of the Cambridge Structural Database
(CSD) show zinc ion coordination number frequencies of ca. 60% and 25% for 4

and 6 coordination numbers, respectively. Interestingly, the zinc ion coordination
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prevalence in protein sites depends on whether the zinc plays a structural or a
catalytic role. In structural zinc sites, the occurrence rate for 4, 5, and 6
coordination numbers is 80%, 6%, and 12%, respectively; whereas in catalytic zinc
sites, the occurrence rate for 4, 5, and 6 coordination is 47%, 45%, and 6%,
respectively.’®? Thus, five coordinate, or geometrically strained zinc sites, may
represent sites equipped for catalysis; whereas, four coordinate ideal tetrahedral

zinc sites, may represent stable sites affiliated for structural support.

,‘,4/«//-“4....

L

Figure 2.9. Perspective views of the network of CO2@Zn"»-serimox along the b and [1 1
0] directions (a and b, respectively) unveiling CO2 molecules retained within voids. Color
code: Zn atoms are represented as cyan polyhedra, C, N, and O atoms from serimox
ligands —with the exception of OH of serine residues— are represented as grey sticks.
Oxygen atoms from -OH groups are represented as red spheres whereas oxygen atoms
from guest molecules are represented as deep blue spheres. Hydrogen atoms have been
omitted for the sake of clarity.
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Figure 2.10. Details of host-guest interactions in CO.@Zn'",-serimox along the ¢ [1 1 0]
direction. Zn atoms are represented as cyan polyhedra, C, N, and O atoms from serimox
ligands —with the exception of OH of serine residues— are represented as grey sticks.
Oxygen atoms from -OH groups are represented as red spheres whereas oxygen atoms
from guest molecules are represented as deep blue spheres.

Figure 2.11. Perspective view of the network of CO.@Zn";-serimox along the ¢ direction
unveiling CO2 molecules retained within voids. Color code: Zn atoms are represented as
cyan polyhedra, C, N, and O atoms from serimox ligands —with the exception of OH of
serine residues— are represented as grey sticks. Oxygen atoms from -OH groups are
represented as red spheres whereas oxygen atoms from guest molecules are represented
as deep blue spheres. Hydrogen atoms have been omitted for the sake clarity.
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Table 2.1. Summary of Crystallographic Data for Zn";-serimox and CO.@Zn">-serimox.

Compound Zn";-serimox CO2@Zn";-serimox
Formula CsZn2H12N2010 Cs.5Zn2H12N2011
M (g mol™) 426.94 448.94

X (A) 0.71073 0.71073
Crystal system Tetragonal Tetragonal
Space group P41212 P41212

a (A) 7.6380(10) 7.5543(3)
c(A) 24.390(4) 24.0962(12)
V (R) 1422.9(4) 1375.11(12)
V4 4 4

Prale (g cm~3) 1.993 2.169

u (mm) 3.425 3.555

T (K) 100 100

Arange for data collection
(°)
Completeness to 8 =25.0

Measured reflections

Unique reflections (Rint)

Observed reflections [/ >
201/)]
Goof

Re[I>20(l)] (all data)
wR?[I > 20(/)] (all data)

Flack parameter

3.147 t0 26.675
100%
20277

1507 (0.0672)
1319
1.003
0.0311 (0.0401)
0.0808 (0. 0.0855)

0.00(1)

2.826 t0 26.987
100%
4650

1449 (0.0301)
1360
1.107

0.0293 (0.0315)

0.0845 (0.0837)

0.00(1)

CCDC

2062289

2062290

“R=3(IFol = |Fcl)/3|Fol.” wR = [Sw(| Fo| = | Fe|)’/Sw|Fo| "
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Figure 2.12. Details of CO2@Zn">-serimox crystal structure showing the adsorption sites
identified for CO2 adsorbed molecules. Color code as in Figure 2.5.

2.3.2.2. Powder X-Ray diffraction and chemical analyses

c)
S b)
®
S—
=
2]
< ) N
9
£ a)

5 10 15 20 256 30 35 40 45 &0 65 60
20 1/°

Figure 2.13. Calculated (a) and experimental (b) PXRD patterns of Zn";-serimox in the 20
range 2.0-60.0° at R.T. (c) Experimental PXRD pattern of Zn':-serimox after three
consecutive cycles of photocatalytic degradation of BG.
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Figure 2.14. Thermo-Gravimetric Analysis (TGA) of Zn";-serimox under dry N:
atmosphere.

In addition to the structural characterization (see 1.3.2.1), the chemical
identity of Zn",-serimox and CO,@Zn",-serimox) was confirmed by elemental
analyses (C, H, S, N), inductively coupled plasma—mass spectrometry (ICP—MS),
powder X—ray diffraction (PXRD) and thermo—gravimetric (TGA) analyses. Both C,
H, S, N analyses and ICP—MS measurements, together with TGA analyses, allowed
to determine the chemical formulas of Zn",-serimox and CO,@Zn",-serimox.
Thus, the chemical formulas given in the experimental section are extracted from
these analyses. The experimental powder X-ray diffraction (PXRD) pattern of a
polycrystalline sample of Zn",-serimox is shown in Figure 2.13. It is consistent
with the theoretical one, and confirms the purity and homogeneity of the bulk
sample. The solvent contents were determined by thermogravimetric analysis
(TGA) under dry N, atmosphere (see Figure 2.14) and helped to establish the final
chemical formula. Attempts to activate Zn",-serimox —under different protocols—
for measuring N3 isotherms resulted unsuccessful, most likely related to its loss

of structural stability when all molecule solvents were removed.
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2.3.3. Photocatalytic experiments

0.8
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Figure 2.15. (a) Evolution with time of the UV-Vis absorption spectra of 10 ppm solutions
of BG in water in the presence of 25 mg of a polycrystalline sample of Zn"»-serimox. Blue:
t=0; Red: t =5 min.; Green: t = 15 min.; Orange = 30 min.; Yellow: t = 60 min.; Purple: t =
120 min. The inset shows the BG solutions at t = 0 min. (left) and 120 min. (right) of
exposure of the BG solution with MOF Zn",-serimox. (b) Kinetic profile of the degradation
of BG under irradiation centered at 250 nm in the presence of MOF Zn'";-serimox (blue)
and with no photocatalyst (red).
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The photocatalytic activity of MOF Zn",-serimox for the degradation of
BG dye was then investigated. For this purpose, 25 mg of Zn'",-serimox were
suspended in 50 mL of a 10 ppm aqueous solution of BG. Prior to irradiation, the
mixture was kept in the dark for 30 min to verify that degradation only occurs
under irradiation. After that period, the suspension started to be irradiated,
under mild stirring, centered at 250 nm. At different times (5, 15, 30, 60 and 120
min), 1 mL aliquots were taken, centrifuged and diluted, and their UV-Vis
absorption spectra were registered (Figure 2.15a). An identical experiment was
performed, under the same conditions, in the absence of Zn",-serimox (Figure
2.16). In order to have a better characterization of Zn"-serimox, we have
performed UV-Vis diffuse reflectance spectroscopy, which revealed a strong

adsorption band below 350 nm (Figure 2.17).

Absorbance

350 400 450 500 550 600 650 700 750
Wavelenght (nm)

Figure 2.16. Evolution with time of the UV-Vis absorption spectra of 10 ppm solutions of
BG in water under irradiation centered at 250 nm. Blue: t = 0; Red: t = 5 min.; Green: t =
15 min.; Orange = 30 min.; Yellow: t = 60 min.; Purple: t = 120 min.
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Figure 2.17. UV-Vis spectrum of a polycrystalline sample of Zn'>-serimox.

Figure 2.15 shows the photodegradation efficiency of Zn"-serimox
towards BG. Such efficiency was evaluated by measuring the decrease of the
characteristic absorption bands of BG dye, which appear at 420 and 625 nm,
respectively. Thus, under irradiation in the presence of Zn",-serimox, it can be
observed a gradual decrease of both peaks with time to vanish, completely, after
only 120 min (Figure 2.15a), which indicates that the 100 % of BG dye is
eliminated after that time (Figure 2.15b). In turn, the same experiment, in the
absence of Zn'",-serimox, (Figures 2.15b and 2.16), shows a very smooth decrease
of the UV-Vis absorption bands, confirming the key role of Zn'",-serimox as
photocatalyst. Tauc plot of the Kubelka-Munk function (Figure 2.18) allowed to
obtain an estimation of the optical band of Zn",-serimox (3.03 eV), which
evidenced the suitability of it to perform the degradation of BG. Moreover, the
reuse capability of Zn'",-serimox was established by both UV-Vis and PXRD
experiments. On the one hand, two more UV-Vis vs. time experiments were
carried out, using Zn",-serimox as a photocatalyst, with identical results (Figure
2.19), confirming that Zn",-serimox can be employed in at least 3 cycles. On the

other hand, PXRD patterns of Zn",-serimox, after such 3 cycles are identical to
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those of the as-synthesised material suggesting that no degradation occurs

during the photocatalytic process (Figure 2.13c).

3.0

E(eV)

Figure 2.18. Tauc plot of the Kubelka-Munk function of Zn";-serimox. The dotted line
corresponds to the regression fitting of the linear part of the plot. The optical band-gap
of Zn";-serimox was 3.03 eV.

The full degradation of the organic dye was also supported by
thermogravimetric analysis coupled with mass spectrometry (TGA-MS) on
CO,@Zn";-serimox (Figure 2.20). The weight loss in TGA led to two peaks in MS
spectra with the mass to charge ratio (m/z) of 18 and 44, which can be attributed
to water and carbon dioxide. However, the amount of CO, desorbed was lower
than the obtained from X-ray crystallography. Most likely, this is related to some
losses of CO; during the handling of the measurement itself. The larger size of BG
dye compared to Zn",-serimox pore size precluded the adsorption of the organic
dye on MOFs channels to perform the photocatalytic event. Thus, the
photocatalytic activity of Zn",-serimox most likely will arise from the crystal
surface. With the aim to confirm that the photodegradation occurs at the surface
of Zn",-serimox, we have measured the evolution of the BG concentration in

solution when it is put in contact with Zn",-serimox during 30 min in the dark. As
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it could be observed in Figure 2.21, there is no appreciable difference in the BG
concentration in solution, which supported our hypothesis. A leaching test have
ruled out the possibility of decomposition products of Zn-based MOF have been
responsible of the photocatalytic degradation of BG. This was also supported, in
an indirect manner, from the maintenance of both the activity in the recyclability
studies (Figure 2.19) and the high crystallinity of PXRD diffraction patterns after

the photocatalytic process (Figure 2.13c).
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Figure 2.19. Second (a) and third (b) cycle of the evolution with time of the UV-Vis
absorption spectra of 10 ppm solutions of BG in water in the presence of 25 mg of a
polycrystalline sample of Zn';-serimox. Blue: t = 0; Red: t = 5 min.; Green: t = 15 min;
Orange =30 min.; Yellow: t = 60 min.; Purple: t = 120 min.
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Figure 2.20. Thermo-Gravimetric coupled with Mass Spectrometry (TG-MS) of CO@Zn'-

serimox. The emission of CO2 (m/z = 44) and water (m/z = 18) was monitored with mass
spectrometry.
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Figure 2.21. Evolution with time of the UV-Vis absorption spectra of 10 ppm solutions of

BG in water in the dark. Blue: t = 0; Red: t = 5 min.; Green: t = 10 min.; Orange = 20 min.;
Yellow: t = 25 min.; Purple: t = 30 min.
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A plausible mechanism for the degradation of BG dye is shown in Figure 2.22.
With the aid of UVC light Zn",-serimox generates electron and hole pairs. While
the electrons jump to the conducting band, the holes remain in the valence band.
The holes were scavenged by water molecules leading to energetically reactive
hydroxyl radicals, and the photogenerated electrons react with O, producing the
superoxide radical anions of oxygen. From them, based on literature
precedents,'%-1% the OHe is believed to be the dominant oxidizing agent for the

mineralization of BG dye into CO,and H;O.

h* OH-/OH’
OH’ !B/ P
P BG CO,+H,0

BG  CO,+H,0

Figure 2.22. Plausible photocatalytic mechanism of BG dye degradation by Zn">-serimox.

2.4. Conclusions

In summary, we have reported a novel eco-friendly Zn-based MOF with
formula {Zny[(S,S)-serimox](H20),] - H,O (Zn",-serimox) and its performance as
photocatalyst of BG aqueous solutions. This MOF with a good water stability was
able to efficiently photodegrade 10 ppm aqueous solutions of BG in 120 min.
Indeed, UV-Vis spectroscopy measurements of irradiated solutions with and
without the presence of Zn",-serimox, clearly unveiled the photodegradation role

of the framework. Single-crystal X-ray crystallography was applied not only to
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structurally characterize the pristine structure of Zn"-serimox, but, more
interestingly, observe its structure after the photocatalytic process. The
resolution of crystal structure of CO,@Zn",-serimox allowed to confirm the total
degradation of the dye and the presence of CO, molecules (from degradation
process) retained within the irregular hydrophilic channels of Zn",-serimox.
Reusability tests of Zn",-serimox, with up to 3 cycles of photodegradation
process, evidenced structural and performance robustness, which further
confirm the viability of Zn",-serimox as an efficient photocatalyst. Our current
work is focused on extend this study to other Zn-based MOFs derived from

natural amino acids.
2.5. Experimental section
2.5.1. Preparation of the MOFs

Preparation of (MesN),{Ni[(S,S)-serimox](OH),} - 5H,0: An aqueous

solution (100 mL) of H.Me>-(S,S)-serimox (5.00 g, 17 mmol) was treated with a
25% methanolic solution of MesNOH (28 mL, 68 mmol). Then, to the resulting
solution, NiCl,-6H,0 (4.43 g, 34 mmol) in 30 mL of water was added dropwise
under magnetic stirring. The green solution was filtered to remove the solid
precipitate and concentrated in a rotatory evaporator to afford a green solid that
was gently washed with acetone filtered off and dried under vacuum. Yield: 7.97

g,83%. IR (KBr): v =3389 cm™ (0O-H), 3019 and 2961 cm™ (C-H), 1604 cm™ (C=0).

Synthesis _of {zZn';[(S,5)-serimox](H,0);] - H,0 (Zn"-serimox): Two

synthetic procedures can be followed to obtain Zn",-serimox. In a direct one, an
aqueous solution (30 mL) of H;Me-(S,S)-serimox (3.6 g, 12 mmol) and a 25%
methanolic solution of MesNOH (19.8 mL, 48 mmol) was added dropwise to an
aqueous solution Zn(NOs),-6H,0 (7.15 g, 26 mmol) in 5 mL. The solution mixture

was stirred overnight and a white powder was obtained and collected by
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filtration, washed with water and methanol. Yield: 4.7 g, 88%. Anal.: calcd for
CgH14N2011Zn> (444.96): C, 21.59; H, 3.17; N, 6.30%. Found: C, 21.83; H, 3.23; N,
6.42%. IR (KBr): v = 1604 cm™ (C=0).

Alternatively, it could be followed an indirect pathway. For that,
(MesN)2{Niz[(S,S)-serimox](OH),} - 5H,0 (1.37 g, 2.44 mmol) was dissolved in 10
mL mixture water/methanol (1:1) and then, Zn(NOs),-6H,0 (1.45 g, 4.88 mmol)
was added under stirring. After further stirring for 10 h, at room temperature, a
white powder was obtained and collected by filtration, washed with water and
methanol. Yield: 0.91 g, 83%; Anal.: calcd for CsH1aN,011Zn; (444.96): C, 21.59; H,
3.17; N, 6.30%. Found: C, 20.99; H, 3.14; N, 6.09%. IR (KBr): v = 1604 cm™ (C=0).

Suitable single crystals of Zn",-serimox for X-ray structural analysis were
obtained by slow diffusion, in an H-shaped tube, of H,O/MeOH (1:1) solutions
containing stoichiometric amounts of (MesN)2{Nix[(S,S)-serimox](OH),} - 5H,0
(0.13 g, 0.18 mmol) in one arm and Zn(NOs),-6H,0 (0.072 g, 0.36 mmol) in the

other. They were isolated by filtration on paper and air-dried.

Synthesis of {zZn",[(S,S)-serimox](H.0),] - CO, (CO.@Zn",-serimox):

Suitable single crystals of CO,@Zn",-serimox for X-ray structural analysis were
obtained by irradiating crystals of Zn",-serimox with a UV lamp in the range of A
= 250-350 nm, for 60 min and then left crystals in a sealed glass tube containing

aqueous solution of BG dye for one week.

2.5.2. Physical techniques

Elemental (C, H, S, N) analyses were performed at the Microanalytical
Service of the Universitat de Valéncia. FT-IR spectra were recorded on a Perkin-
Elmer 882 spectrophotometer as KBr pellets. The thermogravimetric analyses

were performed on crystalline samples under a dry N; atmosphere with a Mettler
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Toledo TGA/STDA 851° thermobalance operating at a heating rate of 10 °C min~
!, Thermogravimetric analysis coupled with mass spectrometry was performed at

the Servicios Técnicos de Investigacion of the Universidad de Alicante.
2.5.3. X-ray powder diffraction measurements

Polycrystalline samples of Zn",-serimox —before and after photocatalytic
experiments— were introduced into 0.5 mm borosilicate capillaries prior to being
mounted and aligned on an Empyrean PANalytical powder diffractometer, using
Cu Ko radiation (A = 1.54056 A). For each sample, five repeated measurements
were collected at room temperature (26 = 2-60°) and merged in a single

diffractogram.
2.5.4. X-ray crystallographic data collection and structure refinement

Crystals of Zn';-serimox, and CO,@Zn'",-serimox (crystals of Zn',-
serimox left in a sealed glass tube containing aqueous solution of BG dye for one
week, after irradiation in the range 250-350 nm for 60 min) were selected and
mounted on a MiTeGen MicroMount in Paratone oil and very quickly placed on a
liquid nitrogen stream cooled at 100 K, to avoid the possible degradation upon
exposure to air. Diffraction data were collected on a Bruker-Nonius X8 APEX ||
CCD area detector diffractometer using graphite-monochromated Mo-K,
radiation (A = 0.71073 A). The data were processed through SAINT'? reduction
and SADABS!® multi-scan absorption software. The structures were solved with
the SHELXS structure solution program, using the Patterson method. The model
was refined with version 2018/3 of SHELXL against F2 on all data by full-matrix

least squares.10%-111

In the refinement of crystal structures all non—hydrogen atoms of the

network were refined anisotropically. In CO,@Zn",-serimox, the C-C and C-O
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bond lengths of serine moieties have been restrained. It is reasonable and related
to flexibility of aminoacid chains confined within pores, which are dynamic
components of the frameworks. Restrains on bond lengths and angles of CO;

molecules, to make the refinement more efficient, have been also applied.

All the hydrogen atoms of the network were set in calculated position
and refined isotropically using the riding model. Hydrogen atoms on water
molecules were found form AF map and refined with restrains on O-H length and
H-O-H angle. In crystal structure of Zn'"-serimox, lattice water molecules,
detected by TGA analysis, were not found by density map. It is likely due to
dynamic disorder, as suggested by light residual diffuse densities. CO, molecules
reside on special positions. They exhibit large thermal disorder as expected and
have been refined considering a population of 50% of the cells (0.5 as occupancy
factor). Furthermore, atomic displacement parameters in carbon and oxygen
atoms of CO; molecules expected to have essentially similar ADPs, have been

restrained using EADP instruction.

A summary of the crystallographic data and structure refinement for the
two compounds is given in Table S1. The comments for the alerts of level A and
B (in CO,@Zn",-serimox, related to thermal and statistic disorder of CO,
molecules) are described in the CIFs using the validation reply form (vrf). CCDC
reference numbers are 2062289-2062290 for Zn";-serimox and CO.@Zn",-

serimox, respectively.

The final geometrical calculations and the graphical manipulations were
carried out with PLATON?!13 implemented in WinGX,** and CRYSTAL MAKER!?*

programs, respectively.
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2.5.5. Photocatalytic experiments

Photoirradiation experiments were performed inside a commercial
photoreactor (LuzChem LZC-4V) with 14 UVC (with radiation centered at 250 nm)

lamps. Absorption spectra were recorded on a Jasco V-670.
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3.1. Introduction

B-lactam antibiotics —including penicillins, cephalosporins and
cephamycins, monobactams, carbapenems and carbacephems— are the most
commonly used group of antibiotics against bacterial infections.? They all have in
common the presence of a four-membered beta-lactam ring in their chemical
structure, which lies at the origin of their antibacterial properties.! However, this
feature also represents the main drawback of this family of antibiotics as certain
bacteria are capable to, among other resistance mechanisms, secrete -
lactamase enzymes that are capable to inactivate most B-lactam antibiotics by

degrading the mentioned four-membered ring.?

Q
HN /V v
@ OO NH HNON~H Oﬁj HN\QN“ ,’(HJ‘ L
g Ol

~- v’
Zna..

NH

Figure 3.1. Typical Zn(ll) coordination environments for B1 (a), B2 (b), and B3 (c) MBLs
active sites.

There are two basic mechanisms for the opening of the B-lactam ring: (i)
Serine B-lactamases (SBLs),> whose catalytic action occurs via acylation-

deacylation reactions and (ii) Metallo-B-lactamases (MBLs),> ™!

possessing one or
two metal (usually Zn(ll)) cations that are capable to hydrolyze the B-lactam ring
by deprotonating a coordinated water molecule (Figure 3.1), which acts as a
powerful nucleophile.’**® Regarding MBLs, many scientists have devoted their
efforts to elucidate their structures as well as catalytic mechanisms,?3 aiming at

developing efficient inhibitors, which seems to be a titanic effort considering the

wide variety of molecular and structural diversity in this family of enzymes.'*** In
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*
this context, a type of hybrid porous materials, the so-called metal-organic

frameworks (MOFs),*6%! can be helpful to gain information about both structures

and catalytic mechanisms of MBLs.

Figure 3.2. Views of the 3D open—framework of MOF {Ca'"Cu"s[(S,S)—serimox]3(OH)2(H20)}
- 39H,0 (a) and also that of the host-guest aggregate containing 1,3,4,6-Tetra—O-
acetylfructofuranoside within MOF channels resulting from the enzymatic catalysis (b)
along the c axis (the crystallization water molecules are omitted for clarity). The 3D
networks are depicted as gold sticks, with the only exception of serine residues oxygen
atoms which are represented as red sticks. Reproduced from ref. 39.

MOFs are crystalline porous materials,?? formed by the combination of
metal atoms and organic ligands, which exhibit a seemingly endless diversity of
architectures and have found application, in recent years, in many different
important research fields like gas adsorption and separation,? transport,?* water
remediation® or catalysis.?®*” More recently, MOFs have become relevant in
another emergent field of research as enzymatic catalysis.?®?° Indeed, several
recent publications report MOFs that are capable to carry out, efficiently,
enzymatic catalytic reactions.3%3* The amazing host-guest chemistry>>3¢ of MOFs
lie at the origin of such efficiency, as MOFs offer the possibility to mimic active
sites of enzymes,® by a proper combination of metal cations and functional
groups within their channels or even encapsulating fragments of small enzymes.

For example, we recently reported a metal organic framework with formula

{Ca"Cu"s[(S,S)—serimox]s(OH),(H20)} - 39H,0 (Figure 3.2) (where serimox3®738 =
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bis[(S)—serine]oxalyl diamide), presenting hexagonal channels densely decorated

with methyl alcohol “arms”, which exhibited efficient hydrolase—like catalysis.>®

3.2. Objectives

On the basis of the situation described in section 3.1, we pretend to
synthesize a biomimetic Zn-based MOF capable to exhibit B-lactamase activity in
order to further unveil the mechanisms governing this catalytic reaction. The

specific objectives of the chapter are summarized as:

- Preparation of a Ca"Zn"s MOF with the natural amino acid S-methyl-L-
cysteine, as ligand, featuring: (i) dinuclear Zn(ll) entities reminiscent to those
observed in MBLs and (ii) functional channels large enough to accommodate and

immobilize penicillinic antibiotics such as amoxicillin.

- Study of the B-lactamase activity of the Zn-based MOF in order to

confirm the biomimetic behavior of this material.

- Resolution of the crystal structure (by means of SCXRD) of a host-guest
aggregate consisting of the MOF containing the corresponding penicillinic
antibiotic. The well-known robustness and crystallinity of oxamidate MOFs

permits to expect a successful result in this point.

- Last but not least, with the help of the crystal structure unveiled by
SCXRD (see previous objective), we pretend to perform theoretical calculations

to ascertain a plausible mechanism of B-lactamases.

3.3. Results and discussion

In this chapter, we report the preparation of a new highly robust and

crystalline ZngCa MOF (Figure 3.3) —derived from the amino acid S-methyl-L-
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cysteine and whose micro-channels are thus decorated with thioether groups—
with formula {Ca"Zn"s[(S,S)-Mecysmox]s(OH),(H,0)} - 12H,0 (Ca"Zn"s-Mecysmox)
[Mecysmox = bis[S-methyl-L-cysteine]oxalyl diamide], which is capable to
accommodate and degrade, very efficiently, amoxicillin and ceftriaxone
antibiotics by following two different mechanisms (see catalysis, section 3.3.4).
For amoxicillin, MOF Ca"Zn"s-Mecysmox acts as a B-lactamase mimic and
expands the very limited number of MOFs capable to mimic catalytic enzymatic
processes.*®*2 Remarkably, given the high crystallinity of the ZnsCa MOF, single-
crystal X-ray diffraction (SCXRD) studies (Table 3.1) allowed to gain insightful
views about the chemical environment of Zn(ll) cations, aiming at further
unveiling the mechanisms governing the catalytic action of MBLs. In turn, MOF
Ca''Zn"s-Mecysmox is also capable to degrade ceftriaxone, but following a
different mechanism. Indeed, Ca"Zn"s¢-Mecysmox is capable to efficiently
hydrolyze ceftriaxone into thiotriazinone and 3-desacetyl cefotaxime, a reaction
that without catalyst only occurs after 12 h. at pH = 5,* while leaving unchanged

its four-membered B-lactam ring.

Moreover, we have been capable to isolate and characterize, by single-
crystal X-ray diffraction (SCXRD), a host guest aggregate containing MOF Ca"Zn'"s-
Mecysmox and amoxicillin (see 3.3.2.1), aiming at achieving unique snapshots of
the host-guest interactions, ultimately responsible for the B-lactamase activity.
The crystal structure of this aggregate allowed us to carry out density functional
calculations, which somehow confirm that the hydrolysis of the amoxicillin

proceeds through the activation of a water molecule, promoted by Zn-bridging
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hydroxyl group, concertedly to the nucleophilic attack to the carbonyl moiety and

the cleaving of C-N bond of the lactam ring.

water/hydroxide bridge

His118 120

3 'Q& 4\

(CysZZl

B1 Active sites in B1 MBLs

Figure 3.3. Crystal structure of Ca"Zn'"s-Mecysmox. a) Perspective views of 3D porous
network of Ca'Zn's-Mecysmox along c crystallographic axis and a fragment (SBU) of
Ca"Zn'"s-Mecysmox showing the dianionic bis(hydroxo)dizinc(ll) building blocks. The inset
shows a representative active-site Zn(ll) coordination geometry for B1 enzymes from
Metallo-f-lactamases (MBLs), where Zn(ll) ions and water molecules/hydroxide ions are
displayed as gray and red spheres, respectively. (b) Views of a fragment of Ca"Zn"s-
Mecysmox in the bc and ab planes. Zn, Ca and S atoms are represented by pale orange
polyhedra, blue polyhedra, and yellow spheres, respectively, whereas the ligands (except
sulfur) are depicted as gray sticks.
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Table 3.1.

Summary of Crystallographic
amoxicillin@Ca"Zn"s-Mecysmox.

Data for

Ca'"Zn"e-Mecysmox

*

and

amoxicillin@cCa"zn'

IG'

Compound Ca"Zn'"s-Mecysmox

Mecysmox
Formula C30Zn6CaHe4SeN6033 Ca7Zn6CaH40S7N9O30
M (g mol™) 1585.31 1771.60
X (A) 0.71073 0.71073
Crystal system Hexagonal Hexagonal
Space group P63 P63
a(A) 18.662(5) 18.675(2)
c (/o-\) 11.724(5) 11.6907(17)
V(A3 3536(2) 3530.8(10)
V4 2 2
Pralc (g cm™3) 1.560 1.666
u (mm1) 2.331 2.362
T(K) 100 296
HOrange for data collection (°) 2.146 to0 26.486 1.32t026.38
Completeness to 8 =25.0 100% 100%
Measured reflections 51351 53994

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

R?[I > 201/)] (all data)

WR? [l > 20(/)] (all data)

Flack parameter

CCDbC

4833(0.1361)
3012
1.069

0.0595 (0.12)

0.1581 (0.1873)
0.074(2)
2258088

4837 (0.1748)
2871
1.036

0.0776 (0.1460)

0.2092 (0.2493)
0.08(2)

2258089

“R=3(IFol = |Fcl)/3|Fol.” wR = [Sw(| Fo| = | Fe|)’/Sw|Fo| ",
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3.3.1. General synthetic procedure

Compound Ca"Zn'"s-Mecysmox ({Ca"Zn"s[(S,S)-Mecysmox]3(OH),(H,0)} -
12H,0) was first synthesized, in a multigram scale, by direct precipitation in water
(see experimental section (section 3.5) for further details). The resulting
polycrystalline powdered sample of Ca"Zn"s-Mecysmox was used to carry out
analytical/catalytic experiments. Alternatively, compound Ca"Zn'"s-Mecysmox
could be also obtained as colorless hexagonal prisms, using a slow diffusion
technique (see experimental section (section 3.5)). Then, single crystals of
Ca''Zn"s-Mecysmox were used to determine the crystal structures of the pristine
MOF Ca"Zn"s-Mecysmox and also a hybrid host-guest aggregate, so-called
amoxicillin@Ca"Zn"s-Mecysmox (C16H19N30sS) @{Zn"Cu"6[(S,S)-
Mecysmox]z(OH)2(H,0)} - 9H,0, that was obtained after immersing crystals of

Ca''Zn"s-Mecysmox in saturated DMF solutions of amoxicillin for 72 h.

3.3.2. Characterization of the MOFs

3.3.2.1. Crystal structure

The crystal structure of Ca"Zn"s-Mecysmox could be determined
by SCXRD (see Experimental section (section 3.5) for structural details). Ca"zZn"e-
Mecysmox crystallizes in the chiral P63 space group and consists of chiral
honeycomb-like three-dimensional (3D) calcium(ll)-zinc(ll) networks (Figure 3.3)
featuring hexagonal channels, of approximately 0.7 nm, where the
methylenethiomethyl chains of the amino acid are located (Figures 3.3b and 3.4).
The 3D porous structure of Ca'Zn's-Mecysmox offers a functional space capable
to accommodate/stabilize substrates, in a similar manner to that observed in the
active sites in B1 enzymes. The network is constructed from trans-oxamidato-
bridged dizinc(ll) units, {Zn";[(S,S)-Mecysmox]} (Figure 3.3a), which act as linkers

between the Ca(ll) cations through the carboxylate groups (Figure 3.3) and are
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further interconnected, with neighboring dizinc(ll) moieties, by water/hydroxide
groups (Figure 3.3a). This situation is reminiscent to that observed in certain
MBLs like S. maltophilia and B. fragilis enzimes (Figure 3.1),** where hydroxide
ions bridge zinc(ll) cations. This feature is closely related to metallo-B-lactamases
activity, as it is postulated that the catalytic mechanism involves an attack of the
metal-bound hydroxide on the carbonyl group of the B-lactam ring, which must

be accompanied by the collapse of the four-membered ring.*®

Figure 3.4. a) View of 3D network of Ca"Zn"s-Mecysmox and b) details of one single pore
along c crystallographic axis showing the porous structure in space filling model (van deer
Waals radii). Zn(Il) and Ca(ll) metal ions are represented by pale orange and blue spheres,
respectively, whereas the oxygen, carbon, nitrogen and sulfur atoms from the ligands are
depicted as red, grey, blue and yellow spheres.

Indeed, it is well established*® that Zn(ll) coordination environment is
crucial for substrate binding and catalysis in MBLs. Figures 3.3a and 3.5 show a
detail of the two crystallographically distinct Zn(ll) metal ions in Ca"Zn"e-
Mecysmox, in similarity with B1 MBLs active sites. B1 enzymes are Zn(ll)-
dependent metalloproteins and belong to the Ambler class B enzymes (or
metallo-B-lactamases), being one of the three subclasses: B1, B2 and B3.%® They

possess two, Znl and Zn2, binding sites containing both a bridging hydroxide and

three amino acid residues, but only Zn2 ion is bound to a water molecule (see
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inset of Figure 3.3). As a result, the Zn1 site adopts a tetrahedral coordination
geometry (Figure 3.5), while the Zn2 is trigonal bipyramidal, as both Zn(ll) sites
present in MOF Ca"Zn"s-Mecysmox. Indeed, in crystal structure of Ca"zZn'e-
Mecysmox, Zn(ll) environment is described by a trigonal bipyramidal geometry
being coordinated by a nitrogen and three oxygen atoms belonging to the
Mecysmox ligand, and a water/hydroxide bridging group (in a 1:2 statistic
distribution) as found in B1 enzymes. In the literature there is a general
agreement supporting that the active and relevant species of the B1 (and B3)
enzymes is the binuclear form.*” The canonical binuclear site of B1 MBLs exhibit
Zn—Zn and Zn-OH distances ranging from 3.5 to 3.9 and 1.9 to 2.2 A, respectively
in the inactive state. In Ca"Zn"s-Mecysmox, the Zn-OH bond length is of 1.97(1)

A, with a Zn—Zn distance across the hydroxide bridge of 3.70 A.

Figure 3.5. View of the dianionic bis(hydroxo)dizinc(ll) building blocks in Ca"Zn's-
Mecysmox, highlighting with polyhedra the pentacoordinated Zn(ll) ions. Zn(ll), Ca(ll)
ions and water molecules/hydroxide ions are displayed as pale pink polyhedral, blue and
big red spheres, respectively. The carbon, oxygen, nitrogen and sulfur from the ligand are
depicted as gray, red, sky-blue and yellow small spheres.
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Figure 3.6. Crystal structure of amoxicillin@Ca"Zn"s-Mecysmox. a) Perspective view of a
single channel along c crystallographic axis. b) Details of host-guest interactions. Zn, Ca
and S atoms are represented by pale orange polyhedral (a) or spheres (b), blue polyhedra
(a) or spheres (b), and yellow spheres, respectively, whereas the ligands and amoxicillin
guest molecules (except nitrogen and oxygen atoms from amoxicillin involved in
interactions, sky blue and red spheres, respectively) are depicted as gray, yellow, red and
sky-blue sticks for carbon, sulfur, nitrogen and oxygen, respectively.

The crystal structure of the host-guest aggregate amoxicillin@Ca"zZn"e-
Mecysmox could be also determined by SCXRD (see Experimental section
(section 3.5) for structural details). It helps to gain further information about the
nature of the host-guest interaction as well as the concomitant B-lactamase
activity. Aiming at acquiring structural insights, we soaked crystals of Ca"Zn's-
Mecysmox within water, methanol and dimethylformamide saturated solutions
containing amoxicillin (details in Experimental Section (section 3.5)). Only DMF
solution allowed to observe a single-crystal-to-single-crystal process of
amoxicillin insertion, further supporting the proposed catalytic reaction
mechanism. Indeed, in water and methanol, after 24h the HPLC-ESI(+)-Orbitrap

MS analysis detected the formation of amoxicillin penicilloic acid and its methyl
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ester, respectively, with the consequent loss of crystallinity of Ca"Zn's-
Mecysmox, likely related to the required rearrangement of Zn(ll) metal nodes
during the catalytic reaction. After the encapsulation in DMF, we have obtained
amoxicillin@{Ca"zn"s[(S,S)-Mecysmox]s(OH)»(H.0)} - 9H,0 (amoxicillin@Ca"zZn"s-
Mecysmox) adsorbate. The retained crystallinity of the amoxicillin@Ca"zZn"s-
Mecysmox adsorbate allowed the use of SCXRD to determine its crystal structure.
This allows visualizing the robustness of Ca"Zn"s-Mecysmox, the accomplished
molecules captured and the structural stability of the final adsorbate. Although
the guest molecules were highly disordered in the pores (section 3.5 for
refinement details), we succeeded in obtaining their most probable locations and
even their interaction sites with MOF Ca"Zn'"s-Mecysmox hosting matrix (Figures

3.6-3.8).

Amoxicillin@Ca"Zn"s-Mecysmox is isomorphic to Ca"Zn'"s-Mecysmox,
crystallizing in the P63 chiral space group of the hexagonal system. This structural
feature confirms the robustness of the 3D network of Ca"Zn"s-Mecysmox, even
after antibiotic encapsulation. In the crystal structure, amoxicillin guest
molecules are confined in the hexagonal pores of Ca'"Zn"s-Mecysmox, being
recognized by the sulfur atoms of the methylcysteine residues (Figure 3.6). They
are stabilized by o-hole interactions* involving nitrogen and oxygen atoms of the
target molecules with the amino acid moieties. As expected, after process of
encapsulation in MOFs, amoxicillin molecules show statistical and thermal
disorder. In fact, it was not possible to found from AF maps the terminal methyl
and carboxylic fragments of the guest molecules (Figure 3.8), because an
overlapping with equivalent detected carbon and nitrogen atoms occurs (see
Crystallographic section for details (section 3.5)). The evidence of o-hole
interactions is given by -CH,SCH3 methylcysteine arms pointing toward the -NH,
group [S--N distance of 3.87(1) A] and the internal carbonyl groups atoms [S---O

distance of 4.09(1) A] of the amoxicillin (Figure 3.6b). These interactions
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represent an intrinsic feature of this sulfur containing MOFs, for which non-
covalent contacts can be ensured via the low-lying * orbitals of the C— S bond

(o-hole), available for interaction with electron donors.*®

Figure 3.7. Crystal structure of amoxicillin@Ca"Zn"s-Mecysmox adsorbate. a) View of the
3D network along the c axis. b) Perspective view of a single channel for the porous
structure with amoxicillin guest adsorbed along the c¢ axis. c-d) Details of host-guest
interactions along b and c crystallographic axis. Ligands from the network are depicted as
gray sticks with the exception of L-methylcysteine (—CH2SCHs) residues, which are
represented as yellow sticks (carbon) and spheres (Sulfur). Zinc(ll) and calcium(ll) ions
from the network are represented as pale pink and blue spheres, respectively.

As previously anticipated, the active site of MBLs resides sandwiched
between two B-sheets that represent the borders of the two halves of the protein
(Figure 3.3a, inset). The general shared mechanism of the active site proposes
one or two zinc ions, responsible for substrate binding and catalysis, located in

these particular positions by ligands’ coordination. In similarity with this picture,
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in pores of Ca"Zn'"s-Mecysmox, substrate molecules, thanks to the clutching
action of sulfur atoms from the methylcysteine moieties, and water-mediated
host-guest hydrogen bonds ensured by lattice waters in confined space and
nucleophilic hydroxide/water bridge, easily approach one of the two Zn trigonal
bipyramidal positions in each Zn—(OH),(H,0)-Zn dimeric entity. In so doing, one
of the two activated Zn sites acts in substrate binding by coordinating one of the
carboxylates present in the non-B-lactam ring of the antibiotic and likely
stabilizing an anionic intermediate. In this scenario, the nucleophilic
hydroxide/water remains coordinated only to the second activated Zn site. This
second step is not observed in DMF, where water-mediated non-covalent
interactions are not provided, as shown in amoxicillin@Ca"Zn"s-Mecysmox
crystal structure and explains the loss of crystallinity of Ca"Zn"s-Mecysmox in H,O

and MeOH, related to the required metal nodes environment rearrangement.

overlapping regions

Figure 3.8. Amoxicillin conformation detected in amoxicillin@Ca"Zn"s-Mecysmox crystal
structure underlining overlapping regions as a consequence of statistic and thermal
disorder.

Overall, crystal structure of amoxicillin@Ca"Zn"s-Mecysmox permits to

unveil certain aspects of the mechanism governing the B-lactamase activity of
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MOF Ca"Zn"s-Mecysmox. It relies on a proper immobilization of the guest
molecule, by the properly designed thioether groups within MOF channels, and
the concomitant hydrolysis by the water positioned by one of the two metal
binding sites water/hydroxo bridged, which show an essential and functional

role.

3.3.2.2. Chemical analyses

100
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Figure 3.9. Thermo-Gravimetric Analyses (TGA) of single crystals (blue) and a
polycrystalline sample of Ca"Zn"s-Mecysmox (red) under dry N2 atmosphere.

In addition to the structural characterization (see 3.3.2.1), the chemical
identity of Ca"Zn'"s-Mecysmox (and also that of amoxicillin@Ca'"zn"s-Mecysmox)
was further established by elemental analyses (C, H, S, N), inductively coupled
plasm—mass spectrometry (ICP—MS), powder X—ray diffraction (PXRD) and
thermo—gravimetric (TGA) analyses. Both C, H, S, N analyses and ICP—-MS

measurements, together with TGA analyses, allowed to determine the chemical
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formulas of Ca"zn"s-Mecysmox and amoxicillin@Ca"zn"s-Mecysmox (see
experimental section). Figures 3.9 and 3.10 show the TGA analyses for Ca"Zn'"-
Mecysmox and amoxicillin@Ca"zn"s-Mecysmox, respectively, which establish
the water contents established in the chemical formulas (see experimental

section (3.5.1)).
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Figure 3.10. Thermo-Gravimetric Analyses (TGA) of amoxicillin@Ca"Zn"s-Mecysmox
under dry N2 atmosphere.

Figures 3.11 and 3.12 show the experimental powder X-ray diffraction
(PXRD) patterns of Ca"Zn"s-Mecysmox and amoxicillin@Ca"Zn"s-Mecysmox,
which are identical to the theoretical ones (blue lines in Figures 3.11-3.12),
confirming the purity and homogeneity of the bulk samples of Ca"Zn's-

Mecysmox and amoxicillin@Ca"zn'"s-Mecysmox.
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3.3.2.3. Powder X-ray diffraction
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Figure 3.11. Calculated (blue) and experimental (red) PXRD pattern profiles of Ca"zn's-
Mecysmox in the 2 ranges 3.0-50.0° (top) and 8.5-50.0° (bottom).
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Figure 3.12. Calculated (blue) and experimental (red) PXRD pattern profiles of
amoxicillin@Ca"zn"s-Mecysmox in the 29ranges 3.0-50.0° (top) and 10.0-50.0°
(bottom).
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3.3.2.4. Gas adsorption measurements

Aiming at confirming that Ca"Zn"s-Mecysmox is capable to host antibiotic
molecules, its permanent porosity was also evaluated by measuring its N;
adsorption isotherm (Figure 3.13). Indeed, the isotherm for Ca"Zn'"s-Mecysmox
shows a type | behavior with large uptake at low pressures. The Brunauer-

Emmett-Teller (BET) surface area calculated was 571 m?/g.*

175
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50
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P/P,

Figure 3.13. N2 sorption (filled circles) and desorption (empty circles) isotherms for the
activated compound Ca"zn"s-Mecysmox at 77 K.

3.3.3. Analytical experiments
On the basis of the structural characteristic observed for the Zn(ll) active
sites of the MOF Ca"Zn"s-Mecysmox, we carried out analytical experiments to

observe if, as we expected, Ca"Zn"s¢-Mecysmox was capable to degrade,

selectively, the four-membered rings of amoxicillin and ceftriaxone antibiotics,
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together with non-penicillinic antibiotics like clindamycin and cholesterol
absorption inhibitor ezetimibe, for the sake of comparison (Figure 3.14). Notice
that ezetimibe also contains a B-lactam ring but not the fused thiazolidine ring.
The uptake efficiency of MOF Ca"Zn"s-Mecysmox for amoxicillin, ceftriaxone and
clindamycin was first evaluated by HPLC-UV analyses in water (see Experimental

section for further details).

a) b)

Figure 3.14. Chemical structures of amoxicillin (a) clindamycin (b), ceftriaxone (c) and
ezetimibe (d) used for the adsorption and degradation studies.

Regarding amoxicillin degradation, after just 30 min of soaking, the HPLC
chromatogram shows the appearance of two UV peaks at r.t. 6.28 (f1) and 7.12
min (f2), in addition to the amoxicillin peak (r.t. 9.57 min). The area of the first
peak (r.t. 6.28 min) increases as the area relative to amoxicillin peak (9.57 min)
decreases, reaching a maximum after 4 hours and remaining constant (after 24h,
Figure 3.15). This evidence suggests the formation of probable degradation
products of amoxicillin. The fractions f1 and f2 collected from HPLC separation
were, hence, analyzed by mass spectrometry in order to retrieve structural

information. The HPLC-MS determination was performed at high resolution using
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an Orbitrap Exploris 120 equipped with an ESI source. The full MS spectra of both
fractions carried out in positive mode showed similar protonated molecular ions
at m/z 384.1224, which matches with the formula CisH22N306S. The elemental
composition corresponds to the amoxicillin penicilloic acid compound (Figure
3.16). The presence of the same m/z signal at different retention times may be
rationalized by the formation in solution of two epimers, as already reported in
the literature.®® Furthermore, the HR-MS analysis showed the presence of the
two epimers of amoxicillin penicilloic acid compounds (m/z 340.1311), derived
from a consecutive decarboxylation of amoxicillin penicilloic acid (m/z 384.1224).
This decarboxylation probably occurs in solution and it is not affected by MOF.
The presence of stereoisomers was confirmed by MS/MS experiments, which

disclose the same fragmentation pattern (Figure 3.17).
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Figure 3.15. HPLC-UV chromatogram of the soaked solution of Amoxicillin with MOF in
water at t = 0 (top) and t = 24 h (bottom). Amoxicillin @ r.t. = 10.57 min; Amoxicillin
penicilloic acid epimers @ r.t. = 5.90 min and 6.72 min.
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Figure 3.17. HPLC-ESI(+)-MS/MS spectra of the fraction f2 collected by HPLC-UV
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Figure 3.18. HPLC-ESI(+)-MS/MS spectra of the methyl ester of penicilloic acid obtained
by the soaking of amoxicillin with MOF Ca''zZn"¢-Mecysmox in methanol. (A) XIC of the
reaction product at m/z 398.1376 corresponding to the elemental composition
C17H24N306S"; (B) MS spectrum of m/z 398.1376 at r.t. 4.71 min.

In order to support the ring opening reaction mechanism, the soaking
was performed also in MeOH. After 24h the HPLC-ESI MS analysis showed the
presence of just one peak relative to the formation of the methyl ester of the
amoxicillin penicilloic acid (Figure 3.18). In this case, as expected, no

decarboxylation product was detected, and no epimerization occurred.*!

The situation is drastically different for the cephalosporin B-lactam
antibiotic ceftriaxone. Indeed, a different hydrolysis reaction mechanism is
observed when ceftriaxone is soaked with MOF Ca'"Zn"s-Mecysmox. The HPLC-

UV analysis shows, as a matter of fact, the formation of only one degradation
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product (Figure 3.19), which has been identified by HPLC-ESI-HRMS as the ion at
m/z 414.0535 (Figure 3.20). This compound is produced by the hydrolysis of
ceftriaxone at the sulfur atom of the carbamimidothioate group, previously

characterized after hydrolysis at pH = 5 after 12 days.*
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Figure 3.19. HPLC-UV chromatogram of the soaked solution of Ceftriaxone with MOF in
water at (top) t = 0 min and (bottom) t = 24 min. Ceftriaxone @ r.t. = 4.85 min;
degradation product @ r.t. = 3.85 min.

Finally, clindamycin, which belongs to the class of lincosamide antibiotics,
does not show any hydrolytic behavior when soaked with MOF Ca"zZn'e-
Mecysmox. Furthermore, the uptake of the molecule reaches a maximum at 5h,

and then decreases at the initial level, showing a behavior governed almost

completely by physisorption mechanisms.
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Figure 3.20. HPLC-ESI(+)-MS/MS spectra of the hydrolysis product obtained by the
soaking of ceftriaxone with MOF Ca"Zn's-Mecysmox in water. (A) XIC of the reaction
product at m/z 414.0535 corresponding to the elemental composition C1aH16Ns06S2"; (B)
MS spectrum at r.t. 4.71 min of m/z 414.0535. (C) MS/MS spectrum of m/z 414.0535.

-149 -



3.3.4. Catalytic experiments

Penicillinic antibiotics, hydrolized
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Figure 3.21. Hydrolysis products of the different penicillinic (top) and non-penicillinic
antibiotics (bottom) catalyzed by MOF Ca"Zn"¢-Mecysmox.

Aiming at further confirming the degrading activity of MOF Ca"Zn'"s-
Mecysmox towards amoxicillin and ceftriaxone, we also carried out catalytic
experiments. Reactions were followed by in-situ proton nuclear magnetic

resonance (*H NMR), diffuse reflectance ultraviolet-visible spectrophotometry
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(DR-UV-vis) and Fourier transformed infrared spectroscopy (FT-IR). A parent
MOF, non-containing Zn but Cu, with formula ({Ca"Cu"¢[(S,S)-
Mecysmox]3(OH)(H,0)}-16H,0 (MOF Ca'Cu"s-Mecysmox))°**3 and also ZnO
were evaluated as catalysts for the same reaction. The results are shown in Table

3.2 and Figure 3.21.

Table 3.2. Catalytic results for the hydrolysis reaction of different penicillinic and non-
penicillinic antibiotics in the presence of different solids. 20 mol % Zn. ®Conversions
measured by *H NMR.

Entry Substrate Catalyst Conversion (%)?
1 Amoxicillin Ca"zn"s-Mecysmox 90
2 Ca''Cu''s-Mecysmox <5
3 Zn0O 60
4 Ceftriaxone Ca"Zn'"s-Mecysmox 95
5 Ca''Cu's-Mecysmox <5
6 Zn0O 50
7 Clindamycin and ezetimibe Ca'"zn"s-Mecysmox <5
8 Ca''Cu''s-Mecysmox <5
9 Zn0 <5

'H NMR results (Figure 3.22) show that MOF Ca"Zn's-Mecysmox,
containing Zn(ll) sites, catalyzes very efficiently and selectively (90 % yield) the
hydrolysis of the B-lactam ring in amoxicillin, keeping untouched the rest of
bonds in the molecules, which include, among others, linear amide, oxime,
thioamines and diazine bonds. The same efficiency (> 90 % yield) is observed for

the degradation of ceftriaxone to give into thiotriazinone and 3-desacetyl
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cefotaxime (Figure 3.23). DR-UV-vis (Figure 3.24) and FT-IR (Figure 3.25)
measurements confirm the presence of the hydrolyzed products inside the
framework of MOF Ca"Zn"s-Mecysmox after reaction. In accordance, the linear
amide bond of the non-penicillinic antibiotic clindamycin does not react under
identical reaction conditions (Figure 3.26), and even the B-lactam ring of the
cholesterol absorption inhibitor ezetimibe is completely unreactive (Figure 3.27),
which supports the high selectivity of MOF Ca"Zn"¢-Mecysmox towards the fused
B-lactam-thiazolidine ring core and discards an enhanced amide hydrolysis

reaction by pure confinement effects.>

MOF Ca'"Cu"s-Mecysmox containing Cu(ll) in its framework instead of
Zn(ll) is completely inactive towards the hydrolysis reaction, and ZnO shows some
catalytic activity, but much lower than MOF Ca"Zn"s-Mecysmox. These results,
together, support the uniqueness of the Zn(ll) sites in MOF Ca"Zn"s-Mecysmox to
catalyze the hydrolysis of the B-lactam ring in penicillinic antibiotics, such as p-

lactamases do, and the potential role of simple MOFs as biocatalysts.>
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Figure 3.22. Full *H NMR spectrum for amoxicillin (top) and selected region (5.25-6 ppm)
of the *H NMR spectrum (highlighted in red) after the hydrolysis reaction with MOF
Ca"Zn"s-Mecysmox catalyst (green line, bottom).
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Figure 3.24. DR-UV-vis spectra of MOF Ca"Zn's-Mecysmox after catalyzing the hydrolysis

of the different antibiotics. Only those hydrolyzed (the penicillin amoxicillin and
ceftriaxone compounds) remain inside the MOF structure after reaction.
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Figure 3.25. FT-IR spectra of MOF Ca"zZn''s-Mecysmox after catalyzing the hydrolysis of
the different antibiotics. Only those hydrolyzed (the penicillin amoxicillin and ceftriaxone
compounds) remain inside the MOF structure after reaction. Arrows show the diagnostic
signals of the presence of the product.
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3.3.5. Theoretical calculations
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Figure 3.28. DFT study of amoxicillin hydrolysis by MOF Ca'"Zn"s-Mecysmox. a) The
adopted model where the atoms labelled with “*” were kept fixed in their crystal
coordinates. b) The investigated water-mediated mechanisms, c) the related calculated
energy profiles and the optimized geometries of transition states (distances in A). In a)
andc)Zn, O, S, N and H were represented by orange, red, yellow, blue and white spheres,
respectively, while C atoms of amoxicillin were represented as green spheres (in silver
the others). For clarity, most of the non-polar hydrogens were omitted in the
representation.

Table 3.3. Binding affinity obtained for the calculated docked poses of amoxicillin in MOF
Ca"Zn"s-Mecysmox.
Docked pose Binding affinity (kcal/mol)

-6.1
-6.0
-5.9
-5.9
-5.9
-5.8
-5.8
-5.8

© 00 N o U B~ W N R

-5.8
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To further confirm the B-lactamase activity of MOF Ca"Zn"s-Mecysmox,
Density Functional Theory (DFT) calculations were carried out on a model (Table
3.3) of amoxicillin@Ca"zn"s-Mecysmox system as depicted in Figures 3.28-3.30.
The model was built up following the quantum-chemical cluster approach
scheme, which was successfully applied on a number of similar chemical
systems®®>7 (see experimental section). The technical details are fully described
in the experimental section. Two water mediated reaction mechanisms were
investigated for the hydrolysis of the amoxicillin (see Figure 3.28b). In mechanism
A, the Zn-bridging hydroxyl group activates the water molecule, by accepting one
proton, and the formed nucleophilic species (OwiH) is able to attack the B-lactam
carbonyl group of the substrate, causing the opening of the four-membered ring.
In the alternative B mechanism, the nucleophilic attack to the carbonyl group
takes place directly by the Ou1 with the consequent cleavage of C-N bond. The
final product, for both considered mechanisms, is characterized by the formed
carboxylic and NH- groups originating from the opening of the ring (Figure 3.28b).
The analysis of the energy barriers reveals a more energetic feasibility of the
mechanism A, since TSB lies at 9.5 kcal/mol higher than the TSA (23.9 kcal/mol
vs 14.4 kcal/mol, see Figure 3.28b). Despite both calculated barriers are not
prohibitive for the catalysis, in mechanism A is evident the role played by the
Zn(ll) centers, which boost the reaction promoting the formation of a good
nucleophile. The driving force of the reaction is the concerted formation of C-C
and breaking of C-N bonds, further confirmed by the imaginary frequency of
376.1i cm?, and the formation of NH group, which occurs spontaneously due to
the hydrogen-bond network involving the wi, w2 and the scaffold of the MOF
Ca''Zn"s-Mecysmox (see Figure 3.28c). The ordered composition of MOF Ca"Zn'"s-
Mecysmox is therefore the origin of the catalytic action, leading to the
occurrence of the reaction with reasonable kinetic, in addition to the favorable
thermodynamics (-23.9 kcal/mol). The proposed mechanism, and the here-

described role of the Zn(ll) ions, invokes the working mechanism proposed for B-
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lactamases.”®!? Furthermore, the calculated energy barrier for TSA (14.4
kcal/mol) is in good agreement with the available kinetic data, concerning the
action of the enzyme from different microorganisms on amoxicillin, as evidenced
by turnover numbers from 2 s to 910 s71.5%°° These values converted in activation
energies correspond to barriers in the range of 13 to 17 kcal/mol, which and are

close to the calculated one.

Figure 3.29. Lowest binding modes of amoxicillin (green carbons) in MOF Ca"Zn'e-
Mecysmox.

amoxicillin I hydrolyzed amoxicillin

<1740 w2

Figure 3.30. Lowest binding modes of amoxicillin (green carbons) in MOF Ca"Zn'"s-
Mecysmox.
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3.4. Conclusions

In summary, we report a novel 3D Zn-based MOF (Ca"Zn"s-Mecysmox),
derived from amino acid S-methyl-L-cysteine, possessing functional channels,
densely decorated with thioether functional groups, which are capable to
immobilize, amoxicillin and ceftriaxone antibiotics by means of efficient host-
guest interactions. Then, in a second step, Ca"Zn"s-Mecysmox catalyzes the
selective hydrolysis of these penicillinic antibiotics. For ceftriaxone, Ca"Zn'"s-
Mecysmox induces its hydrolysis into thiotriazinone and 3-desacetyl cefotaxime,
a reaction that usually only occurs without the catalyst at pH = 5. On the other
hand, Ca"zn"s-Mecysmox degrades, very efficiently, the four-membered B-
lactam ring of amoxicillin, acting as a B-lactamase mimic and expands the very
limited number of MOFs capable to mimic catalytic enzymatic processes. Single
crystal X-ray diffraction studies allowed to resolve the crystal structure of the
host-guest aggregate amoxicillin@Ca"Zn"s-Mecysmox, which permits to gain
unique snapshots on the host guest-interactions between the functional
channels of the MOF and amoxicillin, responsible for the guest
encapsulation/retention, as well as on the Zn(ll) coordination environment
responsible for the enzymatic catalysis. On the basis of this crystallographic data,
a plausible mechanism for this B-lactamase activity has been proposed by means
of DFT calculations, which is a clear step forward on the understanding of -

lactamase enzymes.

3.5. Experimental section

3.5.1. Preparation of the MOFs

Preparation of {ZneCal(S,S)-Mecysmox]s(OH),(H,0)} - 12H,0 (Ca"Zn'e-
Mecysmox): An aqueous solution (35 mL) of H.Me»-(S,5)-Mecysmox (2.1 g, 6

mmol) and a 25% methanolic solution of MesNOH (7.25 mL, 18 mmol) were
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added dropwise to another aqueous solution of Zn(NOs), - 6H,0 (3.55 g, 12 mmol)
and CaCl; (0.22 g, 2 mmol) in 20 mL. The solution mixture was stirred overnight
and a white powder was obtained and collected by filtration, washed with water
and methanol. Yield: 1.87 g, 56%. Anal.: calcd. for C3oHsaNgO33S6ZneCa (1661.7):
C, 21.68; H,3.88; N, 5.06; S, 11.58%. Found: C, 21.67; H, 3.72; N, 5.06; S, 11.47%.
IR (KBr): v = 1603 cm™ (C=0).

Suitable single crystals of Ca"Zn"s-Mecysmox for X-ray structural analysis
were obtained by slow diffusion, in an H-shaped tube, of H,O/DMF (1:1) solutions
containing stoichiometric amounts of H,Me,-(S5,5)-Mecysmox (0.064 g, 0.18
mmol) and a 25% aqueous solution of MesNOH (0.22 mL, 0.54 mmol) in one arm
and Zn(NOs),-6H,0 (0.11 g, 0.36 mmol) and CaCl, ( 0.007 g, 0.06 mmol) in the
other. They were isolated by filtration on paper and air-dried. Anal.: calcd. for
C30HesNs033SeZnsCa (1661.7): C, 21.68; H, 3.88; N, 5.06; S, 11.58%. Found: C,
21.71; H, 3.93; N, 4.99; S, 11.67%. IR (KBr): v = 1601 cm™ (C=0).

SVI’]thESiS of (C16H19N3055)@{Zn”Cu”5[(5,5)-Mecvsmox]a(OH)z(HzO)} ‘9H-,0

(amoxicillin@Ca"zn"s-Mecysmox): Well-formed hexagonal white prisms of
amoxicillin@Ca'"zn"s-Mecysmox, which were suitable for X-ray diffraction, were
obtained by soaking crystals of Ca"Zn's-Mecysmox (5.0 mg) in a saturated
dimethylformamide solution of amoxicillin for 72 hours. The crystals were
washed with water, isolated by filtration on paper and air-dried. Anal.: calcd for
Ca6ZneCaH7757N9035 (1973.0): C, 28.00; H, 3.93; S, 11.38; N, 6.39%. Found: C,
28.07; H, 3.81; S, 11.29; N, 6.41%. IR (KBr): v = 1603 cm™ (C=0).

3.5.2. Analytical experiments

The uptake measurements for amoxicillin and ceftriaxone were
performed by using a HPLC-UV instrument (Water FractionLynx System). The

chromatographic separations were carried out employing a reverse-phase Luna
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Cis (2) column (250 x 4.6 mm; Phenomenex, Torrance, CA). An isocratic elution
with 0.1% formic acid and methanol (96:4 v/v) was used for the amoxicillin
determination, while an isocratic elution with 0.1% formic acid in water and
acetonitrile (85:15 v/v) was used for the determination of ceftriaxone. The run
time was 15 min, whereas the flow rate and the UV wavelength were set to 1.5
and 230 nm for amoxicillin and 1.0 mL/min and 242nm for ceftriaxone. The
injection volume was 20 pl. The calibration curve was obtained by injecting the
standard solutions in the range of concentration from 25 to 400 mg/L. The
chromatograms have been collected after 30 min, 4 hours and 24 hours of

soaking.

3.5.3. High resolution mass spectrometry experiments

The high resolution ESI-MS and MS/MS experiments were performed
using an Exploris 120 high-resolution mass spectrometer (Thermo Fisher
Scientific, San José, CA, USA) furnished by a heated electrospray (H-ESI 1)
ionization probe and an Orbitrap analyzer; the hyphenated HPLC was a Vanquish
system composed by an HPLC pump and an autosampler (Thermo Fisher
Scientific, San José, CA, USA). Fractions coming from the HPLC-UV analysis were
injected into the HPLC-HRESI-MS system using the following conditions: spray
voltage: 3500 V; aux gas, sheath gas and sweep gas at 10, 50, 1 a.u., respectively;
vaporizer temperature 280 °C; ion transfer tube temperature: 300 °C; the range
of the scan was 100-900 m/z, and the RF lens was set to 70 % of the maximum
value while the orbitrap resolution was set to 60,000. MS2 experiments were
carried out in data-dependent mode on the exact masses of protonated [M + H]*
amoxicillin penicilloic acid, decarboxylated amoxicillin penicilloic acid, penicilloic
acid methyl ester and hydrolyzed ceftriaxone. The system was externally
calibrated to a maximum error of 2 ppm. The scan range of the MS/MS analysis
was automatically obtained, while the collision energy was set to 30 % of the
maximum value. The molecular formulae were assessed by Excalibur software
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(Thermo Fisher Scientific, San José, CA, USA). The 16 min HPLC run was performed
using 0.1 % formic acid in water(A) as weak solvent and Acetonitrile (B) as strong
solvent at a flow rate of 0.300 mL/min and a Cig column from Thermo-Fisher
Scientific, San José, CA, USA. For amoxicillin derivatives the run time was 16 min,
and the gradient was the following: 0-10 min from 0 (B) to 70 % (B); 10-11 min
isocratic at 70 % (B); 11-12.5 min from 70 (B) to 96 % (B); 12.5-14 min from 96 (B)
to 4 % (B); 14-16 min isocratic at 4 % (B). For ceftriaxone derivative the run time
was 16 min, and the gradient was the following: 0-1 min isocratic at 5 % (B); 1-
2.5 min from 5 (B) to 15 % (B); 2.5-10 min isocratic at 15 % (B); 10-11.5 min from
15 (B) to 95 % (B); 11.5-12.5 min isocratic at 95 % (B); 12-14 min from 95 (B) to 5
% (B); 14-16 min isocratic at 5 % (B).

3.5.4. Catalysis details

All reactions were performed under aerobic solvent-free conditions. The
corresponding amount of MOF Ca"Zn'"s-Mecysmox (typically 18 mg, 20 mol % Zn)
and DMSO-d® (typically 0.8 mL) were placed in a 2 ml vial equipped with a
magnetic stir bar. Then, the corresponding compound (for example, 20 mg, 0.05
mmol of amoxicillin) was added at room temperature. The mixture was sealed
and magnetically stirred in a pre—heated steel block at 50 °C for 24 h. After that
time, the reaction mixture was passed through a 25 um filter syringe and

submitted to NMR analysis.

3.5.5. Physical techniques

Elemental (C, H, S, N) and ICP-MS analyses were performed at the
Microanalytical Service of the Universitat de Valencia. FT-IR spectra were
recorded on a Perkin-Elmer 882 spectrophotometer as KBr pellets. The
thermogravimetric analysis was performed on crystalline samples under a dry N,

atmosphere with a Mettler Toledo TGA/STDA 851¢ thermobalance operating at a
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heating rate of 10 °C min™. *H NMR spectra were recorded at room temperature
on a Bruker 300 or 400 MHz spectrometer using deuterated DMSO as a solvent,
containing TMS as an internal standard. DR-UV-vis spectra were recorded in the
190-1100 nm region at room temperature, using a spectrophotometer equipped

with an integer sphere and a quartz cell of 1 mm pass length.
3.5.6. Gas adsorption

The N, adsorption-desorption isotherms at 77 K, were carried out on
polycrystalline samples of Ca"Zn"s-Mecysmox and amoxicillin@Ca"zZn"e-
Mecysmox with a BELSORP-mini-X instrument. Samples were first activated with
methanol and then evacuated at 348 K during 19 hours under 10~ Torr prior to

their analysis.
3.5.7. X-ray powder diffraction measurements

Polycrystalline samples of Ca"Zn"s-Mecysmox and amoxicillin@Ca"zZn"¢-
Mecysmox were introduced into 0.5 mm borosilicate capillaries prior to being
mounted and aligned on an Empyrean PANalytical powder diffractometer, using
Cu Ko radiation (A = 1.54056 A). For each sample, five repeated measurements
were collected at room temperature (26 = 2-60°) and merged in a single

diffractogram.
3.5.8. X-ray crystallographic data collection and structure refinement

Crystals of Ca'Zn"s-Mecysmox and amoxicillin@Ca'"Zn"s-Mecysmox
were selected and mounted on a MITIGEN holder in paratone oil. Diffraction data
were collected on a Bruker-Nonius X8 APEX Il CCD area detector diffractometer,
at 100 K (Ca"Zn"s-Mecysmox) and room temperature (amoxicillin@Ca"zn'"s-
Mecysmox), using graphite-monochromated Mo-Ka radiation (A = 0.71073 A).

Crystals of both Ca"Zn"s-Mecysmox and amoxicillin@Ca"zZn"s-Mecysmox
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samples displayed an outstanding stability at air and room temperature for at
least eight weeks, as demonstrating by their diffraction patterns measured at
293-296 K as well, without displaying any relevant crystal decay. Bearing in mind
that crystal structure of adsorbate amoxicillin@Ca"zn"s-Mecysmox has been
obtained measuring on crystals which suffered a single-crystal to single-crystal
(SC to SC) process, it is reasonable to expect some imperfection and high
Rint(0.17). The data were processed through SAINT®® reduction and SADABS®!
multi-scan absorption software. The structures were solved with the SHELXS
structure solution program, using the Patterson method. The model was refined
with version 2018/3 of SHELXL against F?> on all data by full-matrix least

squares.®254

In Ca"zn"s-Mecysmox, all non-hydrogen atoms of the networks were
refined anisotropically, except some highly dynamically disordered atoms
belonging to the lattice water molecules confined in pores. A similar refinement
has been performed for amoxicillin@Ca'"Zn"s-Mecysmox crystal structure
refinement, where all non-hydrogen atoms of the networks were refined
anisotropically, except some highly dynamically disordered atoms belonging to
the aminoacidic residues confined in pores (dynamical fragments of the
structure) and guest amoxicillin molecules. For such kind of single crystals, the
lower data quality for adsorbates, embedding highly disordered guest molecules,
makes the use of constraints and especially restraints essential. The use of some
bond lengths restraints, applied on atoms belonging to highly dynamic moieties,
is reasonably imposed and related to the expected high thermal motion, likely
depending on the large pore’s size of the frameworks (FLAT, DFIX, DANG,). In
particular, amino acid chains in both samples have been refined with restrains on
C-C and C-S bond lengths. In the refinement of amoxicillin@Ca"zn'"s-Mecysmox
crystal structure, some further restrains, to make the refinement more efficient,

have been applied. For instance, ADP components have been restrained to be
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similar to other related atoms, using EADP for group of atoms of the guest
molecules expected to have essentially similar ADPs. In Ca"Zn's-Mecysmox, all
the hydrogen atoms of the networks were set in calculated position and refined
isotropically using the riding model. As far as for amoxicillin@Ca"Zn"s-Mecysmox
crystal structure’s refinement is concerned, hydrogen atoms on the guest
molecules were neither found nor calculated. In fact, it is often expected that
guest molecules are severely disordered, as a direct consequence of their high

thermal motion and exhibited statistic disorder.

In amoxicillin@Ca'"Zn"s-Mecysmox the occupancies of the guests in the
pores, have been defined by CHSN analyses and, in the crystal structure, fixed at
0.333. We strongly believe that it is the more reliable way to accurately define
loading instead of taking into account merely thermal factors, which can be

affected by a lot of issues above all severe disorder.

As expected, in amoxicillin@Ca"zn"s-Mecysmox guest molecules are
severely thermally and statistically disordered, it is likely related to the different
degrees of freedom and diverse allowed conformations. The partial overlap
between different orientations at atom sites makes them disordered. In detail,
COOH missing (linked to C9H) is overlapped with equivalent of C5H, C7H and N1H
(Figure 3.8).

Finally, the estimated empty volumes for Ca"Zn"se-Mecysmox, without
the crystallization water molecules, and amoxicillin@Ca"Zn"s-Mecysmox are
1159.5 (1) and 120.0 (3) A3, values which represent ca. 32.8, and 3.6 %,
respectively, of potential void per unit cell volume [V = 3536.0 (2) and 3530.8 (3)
Ad.

A summary of the crystallographic data and structure refinement for the

two compounds is given in Table 3.1. The comments for the alerts A and B are
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reported in the CIFs using the validation response form (vrf). CCDC deposition
numbers are 2258088-2258089 for Ca''Zn"s-Mecysmox and amoxicillin@Ca"zn"¢-

Mecysmox, respectively.

The final geometrical calculations on free voids and the graphical
manipulations were carried out with PLATON®>%® implemented in WinGX,%” and

CRYSTAL MAKER® programs, respectively.
3.5.9. Computational details

The amoxicillin substrate has been docked in a section of the MOF
Ca''Zn"s-Mecysmox, representing the minimal unit of the crystal (23.74 x 27.45 x
19.50 A3). For the molecular recognition, AutoDock Vina software® has been
adopted and nine output structures of amoxicillin binding Ca"Zn"s-Mecysmox
have been generated. To investigate complete pore’s conformational space, the
box centroid has been set by geometric centre of the model (coodinates x,y,z = -
0.346, 0.068, 0.809), selecting 40 for X,Y and 60 for Z as parameters for the grid
point generation. The obtained docked conformations of amoxicillin have been
analysed and the best one (lowest binding affinity, see Table 3.3) has been
selected for later quantum chemical investigation. In the lowest binding mode,
the substrate engages o-hole interactions with the -SCHs; groups of MOF scaffold,
similarly to the observations arising from the crystal structure analysis (see Figure
3.29). The carbonyl of the amide bond indeed lies at 4.77 A from one of thio-
methyl moiety while the amino group is at 4.03 A from another one (4.09 A and

3.87 Ain the crystal structure, respectively).

The reaction mechanisms have been investigated selecting a model from
the reactive portion of the amoxicillin@Ca'"Zn"s-Mecysmox aggregate. In detail,
two Zn(ll), including their complete first coordination sphere, and the B-lactam

moiety of amoxicillin have been retained as depicted in Figure 3.28. In accordance
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to the cluster approach scheme, a number of C atoms are kept fixed in the initial
coordinates, in order to avoid artificial movement during the geometry

“uxn

optimizations (see atoms labelled with in Figure 3.28). Two additional water
molecules (w1l and w2) have been explicitly included. The final model has a

charge of -4 and consists of 88 atoms.

Calculations were carried out using Gaussian 16 package (version C.01),”°
selecting the B3LYP-D37*73 functional coupled to the 6-31G(d,p) basis set for the
electronic treatment of H, C, N, O and S atoms, while LANL2DZ pseudopotential
was employed for the Zn.”* At the same level of theory, the effect of MOF
surrounding was simulated via the implicit solvation model SMD (e = 78.6)”° and
the frequency calculations was performed, in order to obtain the zero-point
energy corrections. Finally, more accurate electronic energies were calculated
choosing the LANL2DZ pseudopotential for the Zn atoms and the larger 6-
311+G(2d,2p) basis set for the remaining atoms. The located transition states
were accurately checked to be linked to the corresponding minima by means of
intrinsic reaction coordinate (IRC) analysis.”® The energy of obtained minima were
later chosen as starting and final points (I and Il see Figure 3.30, respectively) of

the potential energy surface.
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CHAPTER 4

Zinc-based metal-organic
frameworks for selective
cycloaddition reactions







4.1. Introduction

Metal-organic frameworks (MOFs)'? have been featured among porous
materials as consequence of their particular and tailorable host-guest
chemistry.>* This, for example, has enabled them to outperform state-of-the-art
materials in different applications, such as heterogeneous catalysis, where
molecular recognition interactions of guests are of paramount importance to
achieve high conversion and selectivity.>® This success is, in part, a direct
consequence of the possibility in MOFs to precisely tune the size, shape and
functionality of the MOFs pores,”® which offers the opportunity to have the
appropriate orientation and proximity of reactants to lead to non-default
product, as well as stabilizing reaction intermediates, which otherwise could not

be accessed.>°

Among the wide variety of reported MOFs, Zn-based MOFs are a
particularly interesting subset of MOFs because they have shown promise in
water remediation,’* biomedicine,'*!* as batteries,’* or in chiral drugs
resolution® or catalysis (Figure 4.1). As many other MOFs, Zn-based MOFs
possess high surface areas and can be easily tuned to have specific pore sizes and
functional groups. This allows for the creation of highly selective and efficient
catalysts for a wide range of chemical reactions. In addition, zinc is an abundant
and inexpensive metal, which makes Zn-based MOFs very attractive for catalysis.
For instance, Zn-based MOFs have been shown to be effective catalysts for a
range of reactions, including oxidations!® or cross-coupling’ reactions. These
reactions can be carried out under mild conditions and with high selectivity,

making them attractive for the synthesis of complex molecules.*®
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Figure 4.1. Some of the most relevant disciplines in which Zn(Il)-based MOFs can situate
at the cross point.

In particular, among the possible catalytic reactions that a Zn-based MOF
can catalyze, the cycloaddition of ethylene oxide (EO) to CO; to give ethylene
carbonate (EC) is a fundamental industrial reaction, since EC finds application as
a general solvent in fine chemistry and electrolyte in lithium-based batteries, as
well as key intermediate for the synthesis of other industrial chemicals, i.e.
ethylene glycol (Omega Shell process).’ The industrial synthesis employs
homogeneous catalysts, despite it is recognized that solid catalysts will enable
the implementation of a more practical and environmentally benign process,*

particularly convenient when managing an extremely hazardous reactants such
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as EO.% However, the number of studies in the open literature dealing with solid-
catalyzed cycloadditions of EO to CO, are scarce, <30 scientific open publications
according to a database searching for this specific reaction, and most of them in
the last 10 years (see Figure 4.2).22°%> This number gets more surprising when
compared to the number of studies devoted to the synthesis of propylene
carbonate (PC), which despite being relatively less used in industry than EC, is
reported in >250 publications (one order of magnitude higher, same database
searching).?*% Thus, more studies on the synthesis of EC with solid catalysts

seem timely and necessary.

EO, solid catalysts PO, solid catalysts
(21 publications, 5 journals + 16 patents) (90 publications, 69 journals + 21 patents)
8
I d M | hld
L H.in |II .
EO, heterogeneous catalysts PO, heterogeneous catalysts
(41 publications, 21 journals + 20 patents) (287 publications, 258 journals + 29 patents)

5

T P

Figure 4.2. Reported studies on the cycloaddition reaction of either ethylene oxide (EO,
left) or ethylene oxide (PO, right) to CO: to give ethylene carbonate (EC) or propylene
carbonate (PO), respectively, with solid (top) or generally speaking heterogeneous
catalysts (bottom). Source: Scifinder™™, searching for the specific reaction and then
truncating with the term above detailed.

4.2. Objectives

Following our previous investigations (see chapters 2 and 3), that
confirmed that oxamidato-based Zn(ll) MOFs are highly robust and crystalline
and possess functional channels large enough to host different guest species, |

was confident that these families of Zn(ll) MOFs could be suitable candidates for
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catalysis, also taking into account that Zn(ll) cations have already shown good
catalytic activity in a plethora of reactions. Thus, the main objective that | stablish
for this chapter 4 is the preparation of a Zn(ll)-based MOF capable to catalyze an
organic reaction with potential industrial application. The specific objectives of

the chapter are summarized as:

- Preparation of a Sr''zn's MOF, with ligand Mecysmox, isostructural to
the Ca"zZn'"s MOF reported in chapter 3. Preliminary experimental work has
already shown that the strontium material is even more robust than the calcium
analogue, which offers potential rewards in catalysis in terms of reusability.
Moreover, this material will have Zn(ll) cations located in the same positions as

Ca"zn"s MOF, which are fully accessible to reactants.

- Given the constrained space offered by the MOFs channels, and the
presence of accessible Zn(ll) cations, we pretend to explore its activity in the

selective cycloaddition of EO to CO..
4.3. Results and discussion

In this chapter, we report a novel bio-friendly water-stable tridimensional
(3D) MOF, derived for the amino acid S-methyl-L-cysteine, with formula
{Srzne[(S,S)-Mecysmox]3(OH),(H.0)} - 9 H,0 (Sr'Zn"s-Mecysmox) (Mecysmox =
bis[S-methylcysteine]oxalyl diamide), and its application as a solid catalyst for the
cycloaddition reaction of EO to CO,. The small diameter size and unique
environment of the MOF pores enable the selective synthesis of EC without
competitive hydrolysis?® and polymerization,®® even using water as a solvent.
Besides, the constrained catalytic site of MOF Sr'Zn"s-Mecysmox makes react
propylene oxide (PO) as EO, when the former is usually ten times less reactive

(see ahead for discussion).
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4.3.1. General synthetic procedure

MOF Sr'Zn"s-Mecysmox ({Sr'Zn"s[(S,S)-Mecysmox]s(OH)2(H.0)} - 9H,0)
can be synthesized, in two different ways, in a similar manner to those reported
for {Ca"zn"s[(S,S)-Mecysmox]s(OH),(H,0)} - 12H,0 in the previous chapter. Thus,
Sr'Zn"s-Mecysmox can be synthesized, in a multigram scale, by direct
precipitation in water (see experimental section (section 4.5.2) for further
details). The resulting polycrystalline powdered will be used to carry out catalytic
experiments. On the other hand, Compound Sr'Zn"s-Mecysmox was also
synthesized as colorless hexagonal prisms with a slow diffusion technique

(section 4.5.2). All syntheses are described in detail in the experimental section.
4.3.2. Characterization of the MOF
4.3.2.1. Crystal structure

Compound Sr'Zn"s-Mecysmox was synthesized as colorless hexagonal
prisms with a slow diffusion technique (see experimental section (4.5.2)). The
crystal structure of Sr'Zn"s-Mecysmox could be determined by single-crystal X-
ray diffraction (SCXRD) (see structural section, section 4.5.3). Sr'"Zn"s-Mecysmox
crystallizes in the chiral P65 space group (Table 4.1), presenting a honey-comb
chiral 3D strontium(Il)-zinc(ll) network (Figure 4.3). Sr'"Zn"s-Mecysmox exhibits a
uninodal acs chiral net built by strontium(ll) vertexes and trans oxamidato-
bridged zinc(ll) units, {Zn";[(S,S)-Mecysmox]} (Figures 4.3d and 4.4, experimental
section, section 4.5.3), which act as linkers between the Sr(ll) ions through the
carboxylate groups. The hexagonal channels of ca. 0.6 nm (Figure 4.5) are
decorated with the functional flexible dimethyl thioether residues of the
methylcysteine amino acid (Figure 4.3b). In the 3D porous structure of Sr'Zn'-
Mecysmox, the two crystallographically independent methylcysteine chains,

show a different conformation. One of them shows a distended conformation
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pointing towards the center of the pores whereas the other one is pretty bent,
with the terminal methyl groups pointing towards the center of the smaller

interstitial voids developing along a axis (Figures 4.3 and Figure 4.6).

Figure 4.3. Perspective views of the porous networks of Sr'Zn"e-Mecysmox (a) and a
single channel along the ¢ (a-b) and a (c) axes. Perspective view of the {Zn";[(S,S)-
Mecysmox]} dimer connecting Sr(ll) cations. Colour code: Zn, Sr and S atoms are
represented by salmon polyhedra, blue polyhedra, and yellow spheres, respectively,
whereas the ligands (except sulfur) are depicted as gray sticks.

The confined space of the MOF allows two possible conformations for the
distended dimethyl thioether residues of the methylcysteine amino acid, which
show statistical disorder, and thus refined on two different
positions/orientations. This is perfectly in line with the outstanding flexibility of

the amino acidic moieties entirely confined in pores. The network connection

involving the trans-oxamidato-bridged dizinc(ll) units, {Zn";[(S,S)-Mecysmox]}
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(Figure 4.3a), and Sr(ll) cations through the carboxylate groups (Figure 4.3) is

further assisted by water/hydroxide groups (Figure 4.3a).

Table 4.1. Summary of crystallographic data for Sr'Zn"s-Mecysmox.

Compound Sr''zZn"s-Mecysmox
Formula C30Hs8SrCusNsO30S
M (g mol™) 1655.02

L (A) 0.71073

Crystal system hexagonal

Space group P63

a(A)

c(A)

v (R3)

z

Prealc (g cm™)

u (mm™)

T (K)

A range for data collection (°)
Completeness to 8 =25.0
Measured reflections

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

Absolute structure parameter (Flack)
Re[I>20(1)] (all data)

WR? [I > 20()] (all data)

“R=3(IFol = |Fel)/2|Fol.” WR = [3w(| Fo| = | Fe|*/Sw|Fo |12,
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18.5594(15)
11.7771(13)
3513.1(7)

2

1.565

3.019

90

2.534 t0 26.415
100%

50501

4811 (0.0880)
2941

1.096

0.07(2)

0.0638 (0.1244)
0.1644 (0.1951)



Figure 4.4. View of the dianionic bis(hydroxo)dizinc(ll) building blocks in Sr'Zn'"e-
Mecysmox, highlighting with polyhedra the pentacoordinated Zn(ll) ions. Zn(ll), Sr(ll) ions
and water molecules/hydroxide ions are displayed as salmon polyhedral, dark blue and
big red spheres, respectively. The carbon, oxygen, nitrogen and sulphur from the ligand
are depicted as gray, red, sky-blue and yellow small spheres.

Figure 4.5. a) View of 3D network of Sr'Zn"s-Mecysmox and b) details of one single pore
along c crystallographic axis showing the porous structure in space filling model (van deer
Waals radii). Zn(Il) and Sr(Il) metal ions are represented by salmon and blue spheres,
respectively, whereas the oxygen, carbon, nitrogen and sulphur atoms from the ligands
are depicted as red, grey, light blue and yellow spheres.

In Sr'Zn''s-Mecysmox, the Zn(lIl) coordination environment is reminiscent
of certain catalytic active Zn-based compounds. The two crystallographically

distinct Zn(ll) metal ions share a bridging water/hydroxide and reside in an
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environment describing a trigonal bipyramidal geometry being coordinated by a
nitrogen and three oxygen atoms belonging to the Mecysmox ligand, and a
water/hydroxide bridging group (in a 1:2 statistic distribution). The Zn-OH bond
length is of 1.97(2) and 1.95(2) A for Zn1 and Zn2, respectively, and represent the
shortest distance of the environment. The Zn-Noxamate [1.96(2) and 2.00(2) A for
Znland Zn2, respectively] and the Zn-Ooxamate bond lengths [range 1.99(2)-2-21(2)
and 2.05(2)-2.25(2) A for Zn1 and Zn2, respectively] are in agreement with those

found in the literature.3! The Zn-Zn distance across the hydroxide bridge is

3.71(1) A.

Figure 4.6. Perspective view of one single channel of Sr'Zn"s-Mecysmox along the ¢ (a)
and a (b) axes. Zn, Sr and organic ligands are represented as thin grey sticks for the sake
of clarity and to emphasise the amino acid residues. In turn, the more distended and more
bent -CH2SCHs chains (amino acid residues) are represented as thick yellow and orange
sticks, respectively.

4.3.2.2. Chemical analyses

In addition, the chemical nature of Sr'Zn's-Mecysmox was also
determined using different characterization techniques. At this respect, the atom
composition was further established by elemental (C, H, S, N) and ICP-MS
analyses (see the final chemical formulas in the experimental section, section

4.5.2).
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4.3.2.3. Powder X-ray diffraction

a)
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Figure 4.7. (a) Calculated (bold lines) and experimental (solid lines) PXRD pattern profiles
of Sr''Zn"s-Mecysmox in the 26 range 2.0-45.0° at room temperature, and enlarged image
in the range 10.0-45.0° (b). (c) Calculated (bold lines) and experimental (solid lines) PXRD
pattern profile of Sr'"Zn"s-Mecysmox after five uses in the catalytic cycloaddition reaction
of ethylene oxide (EO 1), in the range 2.0-45.0°.
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Powder X-ray diffraction (PXRD) allowed to confirm the homogeneity and
purity of the bulk sample, by comparison with the theoretical pattern diffraction

extracted from the solved crystal structure (Figure 4.7).
4.3.2.4. Thermogravimetric analyses

The solvent content (given in the chemical formula) was further validated
by thermogravimetric analysis (TGA) (Figure 4.8), where it is observed a mass loss

of ca. 90% that corresponds to 9 H,O molecules.

100

70 4
60
N+ 7T 7
0 50 100 150 200 250 300 350 400
7/°C

Figure 4.8. Thermo-Gravimetric Analyses (TGA) of Sr'Zn's-Mecysmox under dry N2
atmosphere.

4.3.2.5. Gas adsorption measurements

The N adsorption isotherms, at 77K, were measured for MOF 1 before
and after catalysis (see section 4.3.3). They reveal a permanent microporosity for
Sr'zZn"s-Mecysmox in both situations (Figure 4.9). Both isotherms show a type |

behavior with a moderately large uptake at low pressures. The Brunauer-
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Emmett-Teller (BET)3? surface areas calculated were 643.7 and 579.4 m?/g,®

before and after catalysis, respectively.

N, uptake (cm?’g'1 )

P/P,

Figure 4.9. N, (77 K) adsorption isotherm for the activated compounds Sr'Zn"s-Mecysmox
before (black) and after catalysis (blue). Filled and empty symbols indicate the adsorption
and desorption isotherms, respectively. The samples were activated at 348 K under
reduced pressure for 19 h prior to carry out the sorption measurements.

4.3.3. Catalytic experiments

The novel solid material Sr'Zn'"s-Mecysmox was tested as a catalyst (6
mol %) for the cycloaddition reaction of EO (1) with CO, at 120 °C for 4 h, using
tetraoctylammonium bromide (TOAB, 2 mol %) as a catalytic source of bromide
anions under a CO; pressure of 25 bars. These reaction conditions are typical for
ZnBr; and ionic liquids.>*3> However, we introduce here the use of less expensive
and more soluble TOAB. The reaction was analyzed by gas chromatography (GC)
after cooling and venting out the reactor, and diluting with THF containing n-

decane as an external standard. As it can be seen in Table 4.2, the desired product
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EC (2) was obtained in 95% yield with complete selectivity under the indicated

catalytic reaction conditions (entry 1).

Sr''zn's-Mecysmox (6 mol%) o

TOAB (2 mol%) )k o)
o 0o~ o OH
S\ + CO, * HO)J\O/\/
R 120°C, 4 h <R 5
R=H (EO, 1) or Me (PO, 3) R=H (EC, 2) or Me (PC, 4)

Table 4.2. Catalytic results for the cycloaddition reaction of ethylene oxide (EO 1) with
CO2 within MOF Sr'Zn's¢-Mecysmox. Products are identified by GC-MS and NMR. TOAB:
tetraoctylammonium bromide (the reaction does not proceed without TOAB). Selectivity
is 100% to the indicated products, other by-products were not detected.? 3 equivalents
of co-reactant to EO 1. Between brackets, the result for 1 mol % of TOAB, a similar result
was obtained with N,N"-n-butylmethylimidazolium bromide (bmimBr).¢ 50 mol % of each
reagent. ¢ 25 bars of N». ¢ Between brackets, the result with 30 equivalents of water. f 6
is the corresponding thioketal (see Figure 4.13). 8 1M solution, product 5 was not detected
without CO> pressure.

Solvent
Entry Reactant® CO; (atm) Product (yield, %)
(1.6Mm)
1 1 25 2(95) [68]°
2 3 THE 4 (94)
3 1+3 2(50), 4 (45)°
4 30 2(94),5 (6)
5 ! 5 2(83)¢
2 (66), 5 (34)
6 1/H,0 THF-d*
2 [56], 5 [44]°
7 1/ MeOH 2(91),5(5)
8 1/ NaOH THE 25 2 (68)
9 1/SMe; 2(42)
10 1/ HSEt 2(18), 6 (46)f
11 2 5(20)8
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The amount of TOAB could be reduced to the half but the yield of 2
significantly decreased (68%), and a much lower result was obtained with a
typical ionic liquid as a bromide source (i.e. N,N’-n-butylmethylimidazolium
bromide, bmimBr, 47% with 4 mol%), which showcases the use of TOAB as a new

source of anion in this reaction.

100

Conversion of ED 1 (%)

T T T T T T
a 5 1a 15 20 25 30 35
CO, pressure (bar)

Figure 4.10. Results for the cycloaddition reaction of ethylene oxide (EO 1) dissolved in
THF (1.6M), to give ethylene carbonate (EC 2) with catalytic amounts of MOF Sr"Zn"s-
Mecysmox (6 mol%) and TOAB (2 mol%) under increasing CO2 pressures at 120 °C
reaction temperature. Selectivity is 100%. Error bars account for a 5% uncertainty.

The kinetic radii of EO 1 and EC 2 are 0.21 and 0.24 nm, respectively,
calculated by molecular mechanics (MM2) after energy minimization in the
vacuum, thus both molecules can diffuse across the MOF Sr'Zn"s-Mecysmox
pores to reach the catalytic Zn(ll) sites, together with CO, and Br™ (this MOF family
accepts anions within the pores).3®%” Following this rationale, the kinetic radii of

PO (3) and PC (4) were also calculated, to show 0.32 and 0.38 nm respectively

(MM2 calculations), thus with the possibility of diffusion across the MOF’s
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channels. Indeed, the reaction of 3 to 4 proceeds under the same reaction
conditions with similar high yield (94%, entry 2). When both reactants 1 and 3
were co-feed in the reaction (50 mol% mixture), both products 2 and 4 were
nearly quantitatively formed in equimolecular amounts (entry 3). Taken in
account that PO 3 is usually less reactive than EO 1 by steric reasons,? the results
here suggest that the constrained environment of the catalytic MOF site enables

the good activation of 3 towards CO, cycloaddition.

104
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Figure 4.11. Kinetic plot for the cycloaddition reaction of ethylene oxide (EO 1) dissolved
in THF (1.6M), to give ethylene carbonate (EC 2) with catalytic amounts of MOF Sr'Zn's-
Mecysmox (6 mol%) and TOAB (2 mol%) under 25 bars of CO2 at 120 2C reaction
temperature. Selectivity is 100%. Error bars account for a 5% uncertainty.

The CO; pressure finds a plateau at ca. 30 bars (94 %, entry 4; see also
Figure 4.10). However, the use of just 5 bars of CO, together with 25 bars of N,
yields a reasonable 83 % of EC 2 (entry 5). Notice here that, under this pressure,
the reaction without MOF Sr'Zn"¢-Mecysmox proceeds in just 32 %. Kinetic

studies show that high yields of EC 2 are still obtained after just 4 h reaction time
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at 120 °C (Figure 4.11) and that the reaction temperature can be decreased down
to 50 °C with >80 % vyields of 2, at prolonged reaction times (Figure 4.12, top).
Overall, these results show that the cycloaddition reaction of EO 1 with CO,
catalyzed by the Zn(Il) MOF Sr"Zn"s-Mecysmox can be performed in high yields
and complete selectivity to EC 2 within a wide range of conditions, including with
and without solvent, CO, pressures between 5-30 bars and reaction
temperatures between 50-120 °C. These results should also be applicable to PO
3 and PC 4. Remarkably, the activation energy of the MOF Sr"Zn"s-Mecysmox-
catalyzed reaction, calculated from the corresponding Arrhenius plot, is 8.4(7)
Kcal-mol! (Figure 4.12, bottom) within the range of many homogeneous
catalysts®*¥3° and much lower than the best solid catalysts reported,*® as far as we

know.

The desired product EC 2 is very stable under any reaction condition
employed and only partially evolves to a secondary product (entry 6), which
characterization by GC coupled to mass spectrometry (GC-MS) and H, *C and
distortionless enhancement by polarization transfer (DEPT) NMR, employing THF-
d* as the reaction solvent without isolation, suggests that could be the rarely
detected compound 5, the postulated intermediate in the hydrolysis of EC 2 to
ethylene glycol. It can be seen that up to a 44 % yield of 5 can be detected when
using up to 30 equivalents of H,O respect to EO 1, without any trace of ethylene
glycol or polymerized products in the reaction medium. The amount of
intermediate 5 increases with the amount of water present in the reaction, from
the residual water content in the MOF (see MOF formula above and entries 3-4
in Table 4.2) to 30 equivalents (entry 6). Conversely, different competing
nucleophiles such as MeOH (entry 7), NaOH (entry 8) and MeSMe (entry 9) inhibit
its formation. The use of EtSH as a nucleophile lead to the formation of the
corresponding thioketal 6 (entry 10), also characterized by GC-MS and NMR,

which is formed though a similar reaction pathway than 5 (Figure 4.13).
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Figure 4.12. Top: Kinetic plots for the cycloaddition reaction of ethylene oxide (EO 1)
dissolved in THF (3.3M), to give ethylene carbonate (EC 2) with catalytic amounts of MOF
St'Zn"s-Mecysmox (6 mol%) and TOAB (2 mol%) under 25 atm of CO; and different
reaction temperatures. Selectivity is 100%. Bottom: The corresponding Arrhenius plot to
calculate the activation energy of the reaction:

In(ry) = 13.77 — 35434.64 - %; Ea= 8, 47 Kcal/mol; R?=0.99992. Error bars account for
a 5% uncertainty.

EC 2 could also be used as a reactant to give a 20 % of 5, with MOF Sr'"Zn"-
Mecysmox as the catalyst under 25 bars of CO; (entry 11), otherwise 5 is not

formed. These results, together, strongly suggest that only the particular reactive
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environment provided by the water-tolerant Zn(ll) MOF Sr'Zn"s-Mecysmox,*! not

4243 and under a

only stabilize product EC 2 but also activate water molecules,
pressurized CO; atmosphere, enables the formation and detection of product 5

and the complete inhibition of ethylene glycol formation.

Sr'zn'lg-Mecysmox (6 mol%),

EtS_ SEt

TOAB (2 mol%)

A +co, + ESH OJ\O L[ BT oy | 12 o><o
120°C. 4 h \J/ Ets” 07 \/

EO 1 (25 bars) (3 equiv.) EC 2 (18%) 6 (46%)

Figure 4.13. Cycloaddition reaction of ethylene oxide (EO 1) dissolved in THF (3.3M) in
the presence of EtSH (3 equivalents), to give ethylene carbonate (EC 2) and thioketal 6,
with catalytic amounts of MOF Sr''Zn"s-Mecysmox (6 mol%) and TOAB (2 mol%) under 25
atm of CO2 at 120 2C for 4 h.

A hot filtration test for MOF Sr'"Zn"s-Mecysmox shows that the
catalytically active species are not leached out to the solution under the reaction
conditions employed (Figure 4.14). Indeed, the solid catalyst could be reused to
give a similar high yield of EC 3 (80 %, Figure 4.15), although a significant loss of
efficiency was found in the third use (57 %). Nevertheless, subsequent reuses
kept a stable yield of product EC 3, ca. 50 %. Analysis of the reused MOF Sr'Zn'¢-
Mecysmox by PXRD does not show any erosion of the MOF structure, thus the
Zn(ll) sites must still be active (Figure 4.7c). However, a N; adsorption isotherm
of the reused solid shows a sizeable decrease in porosity, probably due to a strong
adsorption of products (Figure 4.9). Fourier-transformed infrared spectroscopy
(FT-IR) measurements of the used solid catalyst confirm the presence of adsorbed
organic products in the MOF (Figure 4.16). These results, together, indicate that
the loss of catalytic efficiency through the uses comes from a hindered diffusion
though the pores in the spent catalysts, which was reasonably expected for a

microporous solid with such as an ultrasmall pore.
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Figure 4.14. Hot filtration test for the cycloaddition reaction of ethylene oxide (EO 1)
dissolved in THF (3.3M) to give ethylene carbonate (EC 2), with catalytic amounts of MOF
St!'Zn''s-Mecysmox (6 mol%) and TOAB (2 mol%) under 25 atm of CO2 at 120 C. Error bars
account for a 5% uncertainty.
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Figure 4.15. Reuses of MOF Sr'Zn"se-Mecysmox (6 mol%) as a catalyst for the
cycloaddition reaction of ethylene oxide (EO, 1) dissolved in THF (1.6M) to give ethylene
carbonate (EC, 2), with TOAB (2 mol%) under 25 atm of CO; at 120 oC for 4 h. Error bars
account for a 5% uncertainty.
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Figure 4.16. Fourier-transformed infrared (FT-IR) spectra of MOF Sr'Zn"s-Mecysmox
fresh (top) and after one use (bottom).

4.4. Conclusions

Overall, we have shown that the well-defined MOF Sr'Zn"s-Mecysmox,
characterized with atomic precision by SCXRD and possessing an ultrasmall pore
size of ca. 0.3 nm, catalyses the cycloaddition reaction of ethylene oxide (EO 1)
or propylene oxide (PO 3) with CO, to give EC 2 and PC 4, respectively, in high
yields (up to 95 %) and selectivity (up to 100 %). If water is added to the reaction,
even in high excess (30 equivalents), ethylene glycol is not detected but just,
tentatively, the elusive hydrolysis intermediate 5. These results bring Zn(ll)-based
MOF Sr''Zn''s-Mecysmox as a new solid catalyst for the selective synthesis of the
industrially relevant products EC 2 and PC 4,* providing an appealing alternative
to the current heterogeneous catalysts based on metal-free solids®*?>*7 jonic
liquid-microporous solid composites,**>! and other MOFs,*41445254 among

other catalysts.>>>®
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4.5. Experimental section
4.5.1. General considerations

Reagents were obtained from commercial sources and used without
further purification unless otherwise indicated. Anhydrous solvents were
obtained from a resin-exchanger apparatus. Reactions were performed in
conventional round-bottomed flasks or sealed vials equipped with a magnetic
stirrer. All the products were characterized by gas chromatography-mass
spectrometry (GC-MS), proton (*H), carbon (*3C) and distortionless enhancement
by polarization transfer (DEPT) nuclear magnetic resonance (NMR) spectroscopy.
Gas chromatographic analyses were performed in an instrument equipped with
a 25 m capillary column of 1 % phenylmethylsilicone using n-dodecane as an
external standard. GC/MS analyses were performed on a spectrometer equipped
with the same column as the GC and operated under the same conditions. 'H-,
13C and DEPT were recorded in a 300 MHz (or 400 MHz when available)
instrument using CDsCN as solvent unless otherwise indicated, containing TMS as
internal standard. Infrared (IR) spectra of the compounds were recorded with a
spectrophotometer by impregnating the windows with a dichloromethane
solution of the compound and allowing to evaporate before analysis. H.Me>-(S,S)-

Mecysmox was prepared following a reported procedure.>’
4.5.2. Preparation of the MOF

Preparation of compound {Sr"zn"¢[(S,S)-Mecysmox]s(OH),(H,0)}} - 9H,0

(Sr"Zn"s-Mecysmox): H.Me;,-(S,5)-Mecysmox (4.22 g, 12.0 mmol) was

suspended in 80 mL of water and treated with a 25% methanolic solution
of MesNOH (14.5 mL, 50.0 mmol) until complete dissolution. Then, another
aqueous solution (40 mL) containing Sr(NOs), (0.85 g, 4.0 mmol) and
Zn(NOs) - 6H,0 (6.98 g, 24.0 mmol) was added dropwise under stirring.
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After further stirring for 10 h, at room temperature, a white polycrystalline
powder was obtained and collected via filtration and dried with methanol.
Yield: 4.83 g, 73%; Anal.: calcd for C3oHssNgO30S6SrZng (1655.1): C, 21.77; H,
3.53; S, 11.62; N, 5.08%. Found: C, 21.71; H, 3.50; S, 11.65; N, 5.07%. IR
(KBr): v = 1602 cm™ (C=0). Well-shaped hexagonal prisms of 1 suitable for
X-ray structural analysis could be obtained by slow diffusion, in an H-
shaped tube, of H,O/DMF (1:1) solutions containing stoichiometric
amounts of H,Me;-(S,5)-Mecysmox (0.021 g, 0.06 mmol) and MesNOH
(0.72 mL, 2.5 mmol) in one arm and Sr(NOs), (0.042 g, 0.2 mmol) and
Zn(NOs) - 6H,0 (0.035 g, 0.12 mmol) in the other. They were isolated by

filtration on paper and air-dried.
4.5.3. Single crystal X-ray diffraction studies

Crystal of Sr'"Zn"s-Mecysmox with 0.18 x 0.18 x 0.14 mm as dimensions
was selected and mounted on a MiTeGen MicroMount in Paratone oil and very
quickly placed on a liquid nitrogen stream cooled at 90 K, to avoid the possible
degradation upon dehydration or exposure to air. Diffraction data were collected
on a Bruker-Nonius X8APEXII CCD area detector diffractometer using graphite-
monochromated Mo-K, radiation (A = 0.71073 A). The data were processed
through SAINT®® reduction and SADABS*® multi-scan absorption software. The
structure was solved with the SHELXS structure solution program, using the
Patterson method. The model was refined with version 2018/3 of SHELXL against

F? on all data by full-matrix least squares.®%-%2

In the refinement, all non—hydrogen atoms of the MOF net, except the
highly thermal disordered terminal methyl of the methylcysteine thioether chains
from the mecysmox ligand, were refined anisotropically. The use of some C-C and
C-S bond lengths restrains during the refinement, has been reasonably imposed

and related to the extraordinary flexibility of methyl thioether chains from the
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methionine residues, which are dynamic components of the frameworks.
Disordered sites for atoms C4S and C4S’ in refinement, belonging to the
methylcysteine ligand, result disordered and have been refined on two different
sites. All the hydrogen atoms of the net were set in calculated position and

refined isotropically using the riding model.

The thermal disorder of fragments pointing towards the pores is likely

related to the porosity of the network.

The solvent molecules, as normally observed for such porous crystals,
were highly disordered and only a few of them were found from the AF map. The

quite large channels featured by this series of MOFs likely account for that.

A summary of the crystallographic data and structure refinement for

Sr''Zn's-Mecysmox crystal structure is given in Table 4.1.

The final geometrical calculations on free voids and the graphical
manipulations were carried out with PLATON®*%* implemented in WinGX,% and

CRYSTAL MAKER®® programs, respectively.
4.5.4. Gas adsorption experiments

The N, adsorption-desorption isotherms at 77 K were carried out on
polycrystalline samples of Sr'Zn"s-Mecysmox, before and after catalysis, with a
BELSORP-mini-X instrument. Samples were first activated with methanol and

then evacuated at 348 K during 19 hours under 107 Torr prior to the analysis.
4.5.5. X-ray powder diffraction measurements

Polycrystalline samples of Sr'"Zn's-Mecysmox, before and after catalysis,

were introduced into 0.5 mm borosilicate capillaries prior to being mounted and
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aligned on an Empyrean PANalytical powder diffractometer, using Cu Ka
radiation (A = 1.54056 A). For each sample, five repeated measurements were

collected at room temperature (26 = 2—-45°) and merged in a single diffractogram.
4.5.6. Catalysis details

Products 2, 4 and 5 were prepared following the same reaction scheme
shown in the head of Table 4.2. Catalyst Sr'"Zn"s-Mecysmox (0.06 eq, 0.16 mmol),
reactants 1 or 3 (1 eq, 2.72 mmol) and TOAB (0.02 eq, 0.058 mmol) in 1.7 mL of
dry THF were introduced in a reactor equipped with a magnetic stirrer. Then, the
reactor was closed, was purged with N, two times and carbon dioxide (25 bar)
was introduced. The reaction was magnetically stirred in a pre-heated oil bath at
120 9C during typically 4 h. After that time, the resulting mixture was filtered and
analyzed by GC, GC-MS and NMR.

4.5.7. Physical techniques

Elemental (C, H, S, N) analysis was performed at the Microanalytical
Service of the Universitat de Valencia. FT-IR spectra were recorded on a Perkin-
Elmer 882 spectrophotometer as KBr pellets. The thermogravimetric analysis was
performed on crystalline samples under a dry N, atmosphere with a Mettler

Toledo TGA/STDA 851¢ thermobalance operating at a heating rate of 10 2C min~1,
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5.1. Conclusions

In the present doctoral thesis, a new family of Zn(ll) oxamidato-based
metal-organic frameworks (MOFs) has been successfully synthesized, fully
characterized and applied in a myriad of different fields, thereby expanding the
knowledge presented by my research group in the field of these porous materials.
On the one hand, we have obtained a family of Zn"¢M" (where M = Ca and Sr)
oxamidato-based MOFs, which are isoreticular to a family of Cu"sM" MOFs,
previously reported by my group. On the other hand, other families of Zn(ll)
oxamidato-based MOFs, exhibiting new architectures, have also been achieved.
The main objective in following this strategy was to obtain MOFs with novel
properties, that arise from the presence of Zn(ll) cations. It is worth noting that
this is the very first time that Zn(ll)-based MOFs have been achieved with

oxamato- or oxamidato-based ligands.

In particular, we have synthesized and fully characterized here three
novel MOFs: one homometallic MOF, containing only Zn(ll) cations and an
oxamidato-based ligand derived from the natural amino acid L-serine, with
formula {Zn";[(S,S)-serimox](H20),} - H,0 and named Zn";-serimox, which is used
to degrade organic dyes present in wastewater (chapter 2 - MOFs for
environmental decontamination), and two heterobimetallic MOFs -—with
formulas {Ca"zn"¢[(S,S)-Mecysmox]3(OH)2(H,0)} - 12H,0 (Ca"Zn"s-Mecysmox)
and {Sr'zn"[(S,S)-Mecysmox]3(OH)2(H20)} - 9 H,0 (Sr'Zn"s-Mecysmox)— using, in
both cases, the amino acid S-methyl-L-cysteine. | have explored the activity of
Ca"Zn'"s-Mecysmox MOF in enzymatic catalysis. In particular, after a careful
analysis of the Zn(ll) coordination environment and also the functional empty
space presented by this MOF, | explored the B-lactamase activity of this material,
aiming at fully understanding the mechanisms governing the degradation of
penicillinic antibiotics by bacteria (chapter 3 - MOFs in enzymatic catalysis). On

the other side, Sr'Zn"s-Mecysmox has been used, as an efficient catalyst, in the
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cycloaddition reaction of ethylene oxide or propylene oxide with CO; for the
production of ethylene and propylene carbonate (chapter 4 - MOFs as

heterogeneous catalysts in industrial applications).

The synthesis of these new materials has been carried out using
conventional methods of direct precipitation, which offer advantages such as
ease and rapidity in synthesis, low cost, high yields, and the potential for large-
scale production. The incorporation of Zn(ll) cations within the frameworks
cations allow the possibility to achieve new properties —not observed in the
ancestor Cu'"sM" MOFs— such as luminescence, photocatalysis or catalytic activity
in certain enzymatic reactions. On the other side, the incorporation of amino
acids in these ligands enables the synthesis of chiral MOFs that exhibit water
stability and allow for the control of functional groups within the pore cavities,
depending on the specific amino acid residue employed. This approach builds
upon prior investigations conducted by my research group before the realization

of this thesis.

On this basis, | expose the most relevant specific conclusions for each of

the four chapters (including the introduction):

In the final section of the introduction (chapter 1), the main objective was
offering a comprehensive overview of the previous results of my group, related
to the preparation of Cu(ll)-oxamidato based MOFs and the properties they
exhibit. In so doing, we will be capable to analyze and compare
advantages/disadvantages with the Zn(ll)-based MOFs reported in this thesis.
This comparison is not casual. It is clear that previous results of my group have

somehow influenced the development and objectives of my PhD thesis.

In chapter 2, the first example of Zn(ll)-based MOFs. In particular, a novel

eco-friendly Zn(Il) oxamidato-based MOF, derived from the amino acid L-serine,
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named Zn",-serimox, is presented. Zn",-serimox structure could be solved using
SCXRD, revealing a framework composed of dimeric units of Zn(ll) with trans
oxamidato-bridges, {Zn';[(S,S)-serimox]}, assembled through the carboxylate
groups present in the ligands. The MOF exhibits two types of pores: square-
shaped pores of approximately 0.3 nm along the b-axis and irregular pores
slightly larger, measuring 0.4 nm, along the c-axis, both decorated with
hydrophilic groups (methyl alcohol arms) provided from the amino acid residue
of the L-serine. This new Zn(ll)-MOF acts as a photocatalyst, fully degrading the
organic dye brilliant green in an aqueous solution yielding CO, and H,0 after only
120 minutes under UVC (250 nm) irradiation. The robustness and high
crystallinity of this novel MOF also permitted to obtain the crystal structure of a
host-guest aggregate containing CO, molecules within MOF channels after the
photocatalytic process, also offering snapshots about the most plausible
mechanism. The retention of CO, molecules within the pores is most-likely

facilitated by the presence of hydroxyl arms within the cavities.

In chapter 3, another novel Zn(ll) oxamidato-based MOF derived from the
amino acid S-methyl-L-cysteine —with formula {Ca"zn"§[(S,S)-
Mecysmox]s(OH)2(H20)} - 12 H,0 (Ca"zn"s-Mecysmox)- is presented. In contrast
to the MOF described in chapter 2 (Zn",-serimox), this new MOF —which is
isostructural to a previously reported Ca'Cu's MOF (Ca"Cu's- Mecysmox)—
features moderately large hexagonal channels, densely decorated with thioether
groups, derived from the residue of the amino acid used. These medium-sized
functional channels offer the possibility to encapsulate and retain moderately
large organic molecules. Moreover, as revealed by SCXRD experiments, the
framework consists of dizinc(Il) units, {Zn",[(S,S)-Mecysmox]}, acting as linkers
between the Ca(ll) cations through carboxylate groups. Additionally, SCXRD
showed that each Zn(ll) atom is coordinated by water/hydroxide groups, allowing

for enhanced interconnection with the rest of the dizinc(ll) units. This zinc
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coordination environment in the MOF, is reminiscent of certain enzymes from
the Metallo-B-lactamase (MBLs) family. Overall, both characteristics, the
functional empty space of the MOF and the coordination environment of Zn(ll)
cations, suggested that Ca'"Zn"s-Mecysmox could act as an efficient catalyst,
mimicking B-lactamase enzymes, which are responsible for the degradation of

penicillin antibiotics.

In this context, | tested the B-lactamase activity of Ca"Zn'"s-Mecysmox
and | observed that it efficiently degrades the four-membered B-lactam ring
present in amoxicillin antibiotic. This remarkable result, constitutes one of the
very few examples of MOFs capable of mimicking catalytic enzymatic processes,
which has been very limited thus far. Moreover, Ca"Zn"s- Mecysmox can also
hydrolyze another antibiotic such as ceftriaxone into throtriazinone and 3-
desacetyl cefotaxime, a reaction that previously occurred only without a catalyst
and at pH = 5. This new MOF Ca"Zn's- Mecysmox, exhibits two distinct behaviors.
On one hand, the sulfur atoms present in the pore are capable of recognizing
amoxicillin and ceftriaxone and immobilizing them through c-hole interactions.
On the other hand, the zinc coordination environment, reminiscent of MBLs,
allows this enzymatic catalytic reaction to take place, unlike the analogous Cu(ll)-
MOF (Ca'"Cu's-Mecysmox), which was also tested for comparison and showed
conversion percentages below 5%. This demonstrates that although both MOFs
are isoreticular, their properties can be significantly different due to the different
nature of metal cations present in the framework. It is worth noting the
robustness and crystallinity of this new MOF, which allowed for the
characterization of the structure with amoxicillin hosted in its cavities. By using
the crystallographic data, a plausible mechanism could be proposed through DFT
calculations, representing a step forward in the understanding of B-lactamase

enzymes.
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In chapter 4, another previously unreported MOF, with formula
{Sr"zn"s[(S,S)-Mecysmox]3(OH)2(H20)} - 9H,0 (Sr'Zn"s-Mecysmox), is prepared
and characterized. Sr'Zn'"s-Mecysmox is isostructural to the one described in
chapter 3 ({Ca"zn"[(S,S)-Mecysmox]s(OH)2(H,0)} - 12H,0 (Ca'"Zn"s- Mecysmox)),
but with slightly enhanced robustness, which seemed an important point aiming
at exploring its catalytic properties. In this context, taking also into account
previous results (chapter 3) regarding the ability of this family of MOFs to
encapsulate a plethora of guest molecules within their functional channels and
the existence of accessible Zn(ll) cations within the framework, Sr"Zn's-
Mecysmox has been evaluated as a heterogeneous catalyst for the cycloaddition
reaction of ethylene oxide and propylene oxide with CO; to yield ethylene and
propylene carbonates. The main objective was to offer an appealing alternative
to current metal-free heterogeneous catalysts, for the production of these
industrially important ethylene and propylene carbonates. Indeed, both solvents
are widely used in fine chemistry, serve as electrolytes in lithium batteries, and
acts as intermediates in other industrially relevant syntheses. Sr''Zn"s-Mecysmox
exhibited remarkable catalysis with high yields, exceeding 90%. Moreover, the
ultra-small pore size and unique pore environment of the MOF enables 100%
selectivity in ethylene carbonate synthesis, without competitive hydrolysis or
polymerization reactions. Additionally, these two factors also explained that
propylene oxide reacted similarly to ethylene oxide, despite the former being ten

times less reactive.

5.2. Perspectives

Chapters 2-4, show a series of illustrative and successful examples of the
strategy proposed in the initial objectives. Indeed, three novel Zn(ll)-based MOFs
have been obtained, fully characterised, and shown application in three
important fields like photocatalysis, enzymatic catalysis and organic synthesis.

However, these results, although the most complete, are not the only ones
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obtained in this thesis. Thus, other very interesting Zn(ll)-based MOFs have been
obtained as well, and even, certain preliminary measurements have been carried
out in order to assess their potential in a myriad of applications. In particular, the
following isoreticular MOFs have been prepared: {Ca"zn"[(S,S)-
alamox]s(OH),(H,0)} - 10H,O (Ca"Zn"s-alamox) [where alamox = bis[L-
alanine]oxalyl diamide], {Ca"Zn"¢[(S,S)-methox]s(OH),(H.0)} - 8H,O (Ca"Zn's-
methox) [where methox = bis[L-methionine]oxalyl diamide] and even three
multivariate MOFs (MTV-MOF) with the following formulas {Ca"zn"s[(S,S)-
Mecysmox]1s[(S,S)-methox]1.s(OH)2(H20)} - 9H,0 (Ca"Zn'"s- Mecysmox/methox),
{Ca"zn"s[(S,S)-Mecysmox]1s[(S,S)-alamox]1.s(OH)2(H.0)} - 11H,O  (Ca"zZn's-
Mecysmox/alamox) and {Ca"zZn"s[(S,S)-methox].1s[(S,S)-alamox]15(OH),(H.0)} -
8H,0 (Ca"Zn's- methox/alamox), which contain, within their isoreticular
structures, 50% of two different amino acids. The most relevant prospectives for

all these MOFs are gathered below.

5.2.1. Luminescent sensors

It is well-known that zinc(ll) cations can exhibit luminescence under
certain conditions. In particular, luminescence properties of zinc(ll) coordination
compounds have been broadly studied due to the fact that the ligands can affect
the electronic properties of the zinc(ll) cations, which can influence their
luminescence behavior. This fact opens also the window for the development of
luminescent sensors, considering that subtle changes in the coordination
environment of Zn(ll) cations fine-tune its emission properties. Zn(ll)-based MOFs
are the most suitable candidates to behave as a sensor. Indeed, the porous
nature of these materials allows to host guest molecules within their channels,
which ultimately can induce changes in the coordination environment of Zn(ll)

cations, fine-tuning their luminescence depending on the nature of the guest.
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For example, the emission spectra of Ca"Zn"s-alamox (Figure 5.1a) is
shown in Figure 5.1b. It can be observed a clear emission band at ca. 480 nm,
which must be attributed, unambiguously, to Zn(ll) cations. Moreover, taking into
account the previously reported ability of this family of MOFs to host guest
molecules, it is quite obvious to predict that certain changes in the coordination
environment of Zn(ll) cations should occur depending on the nature of the guest,
which ultimately leads to a sensor behavior. Ca"Zn'"s- Mecysmox and Ca"Zn's-
methox MOFs are the most promising candidates, considering that their channels
are densely decorated with thioether groups, capable to retain and encapsulate

guest molecules.
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Figure 5.1. (a) Perspective view, along the crystallographic c axis of the porous structure
of Ca"zZn's-alamox. Zinc and calcium atoms are represented by cyan and blue spheres,
respectively, whereas organic ligands are depicted as gray sticks. The methyl groups (-
CHs) from the amino acid (L-alanine) residues are represented as thick gray sticks. (b)
Emission spectra of Ca"Zn'"s-alamox (Aexc = 300 nm).

5.2.2. Photocatalysis

One advantage of using Zn(ll) as a photocatalyst is that this metal is a
relatively inexpensive and abundant element, which could make its application
more cost-effective and scalable. Additionally, Zn(Il) has good photocatalytic
properties, such as strong light absorption and efficient electron transfer. A good

number of Zn(ll) coordination complexes (and also coordination polymers or
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MOFs) have been studied as photocatalysts, that is, they can absorb light and use
that energy to drive chemical reactions. For example, there is a good number of
Zn(ll) compounds that have been used for the photocatalytic reduction of carbon
dioxide (CO,), which is a well-known greenhouse gas that contributes to climate
change. In this reaction, when exposed to light, Zn(ll) photocatalysts can reduce
CO; to produce valuable chemicals such as CHs or CHsOH. This reaction is

particularly suitable aiming at industrial application of these materials.

We have proven that some Zn(ll)-based MOFs, reported in this thesis, are
able to act as photocatalysts to degrade organic molecules such as organic dyes
(see chapter 2) giving CO; and H,0. Itis planned that these novel families of MOFs

are explored to complete the cycle by further reducing formed CO..

Figure 5.2. Perspective view, along the crystallographic c axis of the porous structure of
Ti(Cp)2@Ca'"Zn"s-mecysmox/alamox. Zinc and calcium atoms and organic ligands from
the network are depicted as gray sticks for clarity. The L-alanine and L-methionine
residues (-CHs and —CH2CH2SCHs) are represented as thick gray and orange sticks,
respectively. Titanium atoms are represented as purple spheres and the cyclopentadienyl
carbon atoms are depicted as thick gray sticks. The whole Ti(Cp)2 moieties are also
represented as a green surface for the sake of clarity.

-216 -



Moreover, | plan to go one step further by encapsulation within the
channels of the MOF, taking advantage of the already described thrilling host-
guest chemistry of this family of MOFs, other photocatalytic species. For
example, as a preliminary but highly promising result we have been capable to
encapsulate bis(cyclopentadienyl)titanium dichloride within the MTV-MOF
Ca'"Zn"s-mecysmox/alamox. Remarkably, we have been capable to obtain the
crystal structure of this host-guest aggregate (Figure 5.2), named
Ti(Cp).@Ca"Zn"s-mecysmox/alamox, which was undoubtedly a challenge and
helped to gain structural information about this Ti(IV) species. The photocatalytic
properties of this material will be explored in a near future but | am optimistic

about its performance.

5.2.3. Drug delivery

MOFs have also attracted a lot of attention for their potential
applications in drug delivery due to their high surface area and tunable pore size,
which can allow for the encapsulation and controlled release of drugs. One
advantage of using MOFs for drug delivery is their high loading capacity, which
can enable the delivery of a large amount of drug molecules. Additionally, the
porous nature of MOFs can protect the drugs from degradation and improve their
stability. However, one requirement that these porous material should present

to be suitable candidates for drug delivery is a total biocompatibility.

In this context, the family of MOFs reported in this thesis fulfil all these
requirements. First, a thrilling host-guest chemistry that ensures a proper
immobilization/loading of the guest molecules. On this basis, | believe that
Ca"Zn'"s-Mecysmox and Ca'"Zn"s-methox (Figure 5.3) are particularly suitable
given their proven host-guest properties. Second, the use of bioligands derived
from amino acids and biocompatible metals as Zn and Ca suggested us that these

MOFs should be compatible. This point has already been proven with the
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biocompatible tests shown in Figure 5.3b. Future works will be devoted to
explore loading and release of important drugs (including in-vitro and in-vivo
experiments). In fact, preliminary measurements of encapsulation and delivery

of losartan (a drug that is mainly used to treat high blood pressure) are highly

promising.
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Figure 5.3. (a) Perspective view, along the crystallographic c axis of the porous structure
of Ca"Zn''s-methox. Zinc and calcium atoms are represented by cyan and blue spheres,
respectively, whereas organic ligands are depicted as gray sticks. The —CH, CH2SCH3
chains from the amino acid (L-methionine) residues are represented as thick orange
sticks. (b) Biocompatibility tests: cell viability of HeK293 and MCF-10A cells after exposure
to Ca"Zn"s-Mecysmox (green bars) and Ca"Zn"¢-methox (pink bars).

5.2.4. Water remediation and gas/molecules separation

MOFs have already shown application in water remediation and, of
course, the separation of molecules from both aqueous or gaseous phases. In
both applications, the already described thrilling host-guest chemistry of MOFs
are responsible for such efficiency as they can selectively capture and remove

pollutants from water or separate molecules. Thus, MOFs can be used in water
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remediation for the removal of heavy metals such as lead, cadmium, and mercury
or a wide variety of organic molecules (such as dyes, pharmaceuticals, and
pesticides). In this sense, MOFs can be designed to have specific functional
groups that can selectively bind to these metals or organic molecules, allowing
them to be removed from water or selectively capture one of the components of

a mixture.

In particular, isoreticular oxamidato-based Ca"Cu's MOFs from my group,
have already shown excellent performances in both fields. | have described in
detail these results in the last subsection of the introduction. This great efficiency
can be reproduced with the Ca"Zn"¢ MOFs presented in this thesis, which, on the
other hand, present clear advantage as they are more ecofriendly and can be
prepared in large-scale easier. In this respect, MTV-MOFs are particularly
appealing as they offer the possibility to introduce “a la carte” more than one
functional group, thus increasing the affinity for the molecules intended to

separate/capture.

The three MTV-MOFs that | have prepared (Ca"Zn's- Mecysmox/methox,
Ca"zn"s-Mecysmox/alamox and Ca"Zn's- methox/alamox) will be tested in both

applications. Their crystal structures are shown in Figure 5.4.
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Figure 5.4. Perspective view, along the crystallographic c axis of the porous structures of
Ca'"Zn"s-Mecysmox/methox (a), Ca"Zn"s-Mecysmox/alamox (b) and Ca"Zn'e-
methox/alamox (c). Zinc and calcium atoms are represented by cyan and blue spheres,
respectively, whereas organic ligands are depicted as gray sticks. The -CHs, -CH2SCHs and
—CH2CH2SCHs chains from the amino acids L-alanine, S-methyl-L-cysteine and L-methione,
respectively, are represented as thick gray, yellow and orange, respectively, sticks.
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5.2.5. Metal catalysis

Technological advances are intimately ligated to the use and
development of metal forms. In particular, the preparation of structurally and
electronically well-defined sub-nanometer metal clusters (SNMCs) and also single
atom catalysts (SACs) is extremely challenging but offer great potential rewards
given their outstanding chemical properties. These sub-nanometric structures,
with all atoms outer exposed and interacting between them, possess unique
properties, relevant to many technological areas of interest in modern societies,
from Industry to Medicine, their synthesis even at the milligram scale is far from

being a reality.

Metal-organic frameworks have become relevant, in recent years, in this
field. Indeed, MOFs can be used as chemical nanoreactors, taking advantage of
the limited space within their functional pores, to grow these small metal species
in-situ. In particular, the isoreticular M"Cu''s MOFs synthesized by my group have
been shown as excellent vessels to prepare SNMCs and SACs with outstanding

catalytic properties.

Following this approach, it is envisaged to use the novel family of M"Zn's
MOFs for the preparation of novel SNMCs and SACs in catalysis but also for the
preparation of optical devices. Indeed, this is a great advantage of M'"Zn''s versus
M'"Cu"s as a consequence of the well-known quenching effects that copper(ll)
cations usually exhibit. In particular Ca"Zn"s-Mecysmox, Ca"Zn'"s-methox and also
the MTV MOFs Ca"Zn"s-Mecysmox/methox, Ca"zZn"s-Mecysmox/alamox and
Ca"zn"¢-methox/alamox, are the most suitable candidates, as the thioether arms
decorating their pores possess great affinity for noble metal atoms, and the
resulting SNMCs and SACs show particularly superb catalytic properties. In this
sense, | have already obtained preliminary but promising results by encapsulating

noble metal cations like Ag(l) or Pd(Il) within Ca"Zn"s-Mecysmox and the crystal
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structure of the resulting host-guest aggregates could be solved (Figure 5.5). This
last point is particularly remarkable as it shows that this family of MOFs are
capable to resist postsynthetic processes in the formation process maintaining

also their crystallinity.

Figure 5.5. Perspective view, along the crystallographic c axis of the porous structures of
Ag(l)@Ca"Zn"s-Mecysmox (a) and Pd(ll)@Ca"zZn"s-Mecysmox (b). Zinc and calcium atoms
from the network and organic ligands are depicted as gray sticks for the sake of clarity.
The -CH2SCHs chains from the amino acid S-methyl-L-cysteine are represented as thick
yellow sticks. Guest silver and palladium atoms are depicted as purple and blue spheres.
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