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La presente memoria de Tesis Doctoral es el resultado del trabajo realizado por Dfia.
Maria de los Angeles Navarro NGfiez en el grupo de investigacion “Catélisis Organica y
Materiales Nanoestructurados” (FQM-346), perteneciente al Departamento de Quimica Organica
de la Universidad de Cordoba.

La doctoranda ha desarrollado un gran nimero de competencias relacionadas con la
investigacion cientifica, que abarcan desde la aplicacién del método cientifico hasta la difusion
de los resultados de su investigacion, tanto al publico general como al especializado. La
evolucion de la doctoranda ha sido excelente, habiendo demostrado grandes progresos en los
objetivos que se plantearon al inicio de su Tesis. EI campo de los materiales hibridos es muy
amplio y poseen un gran nimero de aplicaciones en diferentes ambitos. En esta Tesis, diversos
tipos de materiales hibridos, méas especificamente organosilices, han sido empleados como
catalizadores en dos tipos de procesos diferentes, uno de ellos relacionado con la quimica
organica fina y el otro con la conversion de energia.

Los materiales sintetizados en esta Tesis han consistido concretamente en organosilices
mesoporosas periddicas. Ademas de familiarizarse con la sintesis de este tipo de materiales,
asistida por diferentes tipos de surfactantes, la doctoranda ha adquirido experiencia en la sintesis
de precursores organosilicicos asi como en la reactividad de grupos funcionales superficiales, lo
que le ha permitido incorporar complejos metalicos superficiales de distinta naturaleza, en
funcién del proceso catalitico perseguido.

Sin duda, una parte importante de la formacién alcanzada por la doctoranda esta referida
a la caracterizaciéon de los materiales obtenidos. Ha aprendido el manejo y/o interpretacion de
técnicas muy variadas para conseguir informacion estructural, superficial y fisicoquimica, tales



como difraccion de rayos X, microscopia de transmision, adsorcion de Nz, espectroscopia
fotoelectronica de rayos X, espectroscopias Raman, IR y UV-vis, y resonancia magnética
nuclear, entre otras. Ademas, la doctoranda ha llevado a cabo los ensayos cataliticos de los
materiales, para lo que ha necesitado el uso de reactores, incluyendo reactores fotoquimicos, y el
analisis de los productos de reaccién mediante cromatografia de gases.

La heterogeneizacion de complejos organometalicos es particularmente interesante para
el desarrollo de nuevos catalizadores para reacciones de oxidacion. En esta Tesis, se ha abordado
el estudio de la reaccion de epoxidacion de estireno sobre una organosilice mesoporosa periodica
con complejos de cobre superficiales. La doctoranda ha realizado numerosos experimentos
encaminados a dilucidar la influencia de diferentes variables (oxidante, disolvente, temperatura,
relacién de reactivos) en el rendimiento y selectividad de la reaccion.

Diversos complejos de cobalto que imitan la estructura de la cobalamina (vitamina B12)
estdn siendo aplicados como catalizadores en procesos de fotosintesis artificial. Entre ellos
destacan dos familias, las cobaloximas y las ftalocianinas de cobalto. Siguiendo diferentes
estrategias sintéticas, ambos tipos de complejos se han incorporado a la estructura de
organosilices mesoporosas periodicas, cumpliendo asi los correspondientes objetivos propuestos
para esta Tesis.

La doctoranda ha estudiado dos tipos de materiales con ligandos superficiales de tipo
piridina e imidazol, a los que se ha anclado un complejo de cobalto que ha dado lugar a la
formacion de unidades de cobaloxima. Estos han sido usados como catalizadores en sistemas
fotocataliticos para la produccién de hidrégeno bajo irradiacion visible. También se ha
comparado el efecto ejercido por el ordenamiento de la organosilice, demostrando el mejor
comportamiento catalitico de las organosilices mesoporosas periddicas en comparacion con
materiales analogos desordenados.

Entre los procesos quimicos méas desafiantes en la actualidad se encuentran, por razones
evidentes, todos los relacionados con la transformacion de CO2. Uno de los objetivos de esta
Tesis consistia en la aplicacién de organosilices mesoporosas periddicas como catalizadores de
fotorreduccion de CO2 a combustibles solares bajo irradiacion visible. Para la consecucién de
este objetivo, se establecio una colaboracion con el Dr. Souvik Roy de la Universidad de Lincoln
en el Reino Unido, donde la doctoranda realiz6 una estancia de 3 meses. Tras la sintesis de un
precursor silanico que contenia una fltalocianina de cobalto, se logré introducirla en la estructura
de una organosilice mesoporosa periodica, habiéndose comprobado su buena actividad como
catalizador para la conversiéon de CO2 a CO.

En todos los procesos anteriores se ha evidenciado que la heterogeneizacion de los
complejos metalicos en organosilices mesoporosas periodicas incrementa su actividad vy
estabilidad frente a los catalizadores homogeéneos analogos.

Los extraordinarios avances sobre el estado del arte en los resultados obtenidos a lo largo
de esta Tesis Doctoral han permitido su publicacion como articulos en revistas cientificas de
prestigio en sus respectivos campos, amén de otras publicaciones como capitulos de libro y actas
de congresos. Aunque algunos de los resultados no han sido publicados ain, préximamente seran
enviados para su consideracion.



La doctoranda ha realizado una intensa labor experimental que le ha permitido culminar
con éxito los objetivos planteados en su plan de investigacion. Junto a su extraordinaria
formacion, cabe destacar su alto grado de motivacion y autonomia, lo que nos faculta para
concluir que ha adquirido plena capacidad investigadora y, por tanto, suficiencia para abordar
investigaciones futuras en el &mbito de la Quimica y ciencias afines.

La extraordinaria formacion de la doctoranda en sus estudios de Grado y Master se ha
completado durante su etapa doctoral. Las actividades formativas han sido fundamentales en este
sentido y cabe destacar su participacion en numerosas jornadas, cursos y congresos nacionales e
internacionales, asi como en actividades de divulgacion cientifica, destacando las presentaciones
orales realizadas en diversas ocasiones.

En definitiva, la calidad de la Tesis Doctoral presentada y la formacién adquirida a lo
largo de sus estudios de Doctorado en el programa de Quimica Fina por Dfia. Maria de los
Angeles Navarro Nifiez son excelentes.

Por todo ello, autorizamos la presentacion de la Tesis Doctoral.
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RESUMEN

RESUMEN DE LA TESIS DOCTORAL “SINTESIS Y
CARACTERIZACION DE MATERIALES HIBRIDOS MESOPOROSOS
ORGANICO-INORGANICOS PARA SU APLICACION EN PROCESOS
CATALITICOS”

1. Introduccién o motivacién de la Tesis Doctoral

Desde su descubrimiento en el afio 1999 [1-3], los materiales hibridos
organico-inorganicos mesoporosos ordenados (PMOs) han tenido una gran
repercusion en el ambito cientifico, ya que un mismo material combina las
ventajas de la quimica organica, en cuanto a la introduccion de diferentes grupos

funcionales, con la estabilidad térmica que presentan los sustratos inorganicos.

La sintesis de este tipo de materiales se realiza via hidrdlisis y
condensacion de diferentes precursores disilanicos en presencia de un agente
director de la estructura (SDA), en un medio acido o basico. De forma general,
los precursores disilanicos con puentes organicos del tipo (R’0)3SiRSi(OR’)z son

[4] mezclados con trialcoxiorganosilanos del tipo (R’0)3SIR.

Una de las caracteristicas mas destacadas de los PMOs reside en que los
grupos organicos (R) estan ubicados en las paredes de los poros, es decir, los
grupos funcionales forman parte de la estructura del material y estan distribuidos
homogéneamente por toda la red silicica. Ademas, estos materiales poseen
elevadas areas superficiales (hasta 1200 m?/g), gruesas paredes porosas Y
elevados volumenes de poro. Sus propiedades fisico-quimicas, como la
flexibilidad o la hidrofobia, puede ser moduladas y, ademas, poseen una mayor

estabilidad hidrotermal y mecanica que las silices convencionales [5].

Por otro lado, nuevos grupos organicos pueden ser introducidos a través

de un proceso de grafting [6] o mediante la post-funcionalizacion de los grupos
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funcionales ya presentes en el material. Estos grupos funcionales pueden ser
modificados mediante diferentes reacciones quimicas (bromacion, sulfonacion,
aminacion, epoxidacion, o reacciones de Diels-Alder) obteniéndose asi una gran
variedad de PMOs [7].

De este modo, segun los grupos funcionales presentes, estos materiales
tienen una gran aplicabilidad en diferentes campos tales como catélisis [8],
cromatografia [9], adsorbentes de contaminantes [10], aplicaciones biomédicas

[11] y fotocatalisis [12], entre otras.

2. Contenido de la investigacion

La presente Tesis Doctoral engloba la sintesis, caracterizacion y
aplicacion de varios organosilices periddicas mesoporosas (PMOS) y su uso como

catalizadores en diferentes reacciones quimicas.

e Enelarticulo “Copper-complexed dipyridyl-pyridazine functionalized
periodic mesoporous organosilica as a heterogeneous catalyst for styrene
epoxidation” se ha sintetizado un PMO que posee fragmentos de tipo etileno y
vinilo mediante un método de co-condensacion entre el precursor disilanico
1,2-bis(trimetoxisilil)etano  (BTME) 'y el precursor  monosilanico
viniltrietoxisilano (VTES), en una proporcién molar del 80 % y 20 %,
respectivamente. Los grupos vinilo presentes en el material fueron
post-funcionalizados mediante una reaccion de Diels-Alder con el compuesto
3-di-2-piridil-1,2,4,5-tetrazina, el cual actia como dieno. A continuacién, los
aductos de nitrogeno formados durante la reaccion se han utilizado para anclar
iones cobre, dando lugar al catalizador denominado Cu@dppz-vPMO. Este nuevo

catalizador ha sido utilizado en la reaccién de epoxidacion de estireno utilizando
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terc-butilhidroperoxido (TBHP) como agente oxidante. También, se han
optimizado algunas variables que influyen en la reaccion, como la relacion molar
entre estireno y TBHP, el disolvente utilizado, el oxidante, y la temperatura de

reaccion.

e En el articulo <“Cobaloxime tethered pyridine-functionalized
ethylene-bridged periodic mesoporous organosilica as an efficient HER
catalyst” se ha sintetizado un PMO que posee fragmentos de tipo etileno y
unidades de piridina colgantes mediante el método de co-condensacion entre los
precursores silanicos 1,2-bis(trietoxisilil)etano y 2-(4-piridiletil)trietoxisilano, en
una proporcién molar del 80 % y 20 %, respectivamente. Sobre las unidades de
piridina colgantes se ha formado un complejo tipo cobaloxima, disponiendo asi
de un nuevo catalizador heterogéneo. Dicho catalizador ha sido utilizado en la
reaccion fotocatalitica de produccion de hidrégeno a partir de la ruptura de la
molécula de agua (“water splitting”) usando trietanolamina (TEOA) y eosin Y

como agente donador de electrones y fotosensibilizador, respectivamente.

e Enel capitulo “Catalytic activity of cobaloxime complexes anchored to
organosilicas in artificial photosynthesis: ordered vs. non-ordered materials”
se ha realizado la sintesis de una serie de materiales organosilicos usando
1,2-bis(trietoxisilil)etano 'y 2-(4-piridiletil)trietoxisilano como precursores
silanicos. Se han modificado algunas variables experimentales que influyen en el
proceso de sintesis como la relacion molar entre los precursores silanicos, el tipo
de surfactante (OTAB o CTAB), y la naturaleza del medio basico de reaccion
(NaOH o NHzs). De la modificacién de todos estos pardmetros que influyen en el
ordenamiento del material, se han podido sintetizar tres organosilices

mesoporosas con estructura ordenada y tres organosilices con estructura no
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ordenada. A todos los materiales sintetizados se les ha incorporado el complejo
de tipo cobaloxima para poder ser utilizados como catalizadores en la obtencién
de hidrégeno a partir de la ruptura fotocatalitica de la molécula de agua (“water
splitting”). Durante todo este trabajo se ha puesto especial énfasis en destacar la
importancia de las condiciones de sintesis de los materiales organosilicicos, ya
que influyen de manera decisiva en el ordenamiento estructural y, por lo tanto, en

sus posteriores propiedades cataliticas.

e En el articulo “Improved photocatalytic H: evolution by
cobaloxime-tehered  imidazole-functionalized  periodic ~ mesoporous
organosilica” se ha realizado la sintesis de un catalizador de tipo PMO al que se
le han incorporado unidades de cobaloxima sobre los grupos imidazol presentes
en la estructura del material. Dicho catalizador ha sido usado en la reduccion
fotocatalitica del agua a hidrogeno. Los resultados cataliticos obtenidos han sido
comparados con el mismo catalizador en fase homogénea. Se ha evidenciado que
la inmovilizacion del complejo sobre una organosilice porosa aumenta la

actividad catalitica del mismao.

e En el articulo “Solar driven CO: reduction with a molecularly
engineered periodic mesoporous organosilica containing  cobalt
phthalocyanine” se ha realizado por primera vez y de manera eficaz la sintesis
de un PMO a través de la co-condensacién de un nuevo precursor silanico con
puentes de ftalocianina de cobalto, CoPc(NCO), con 1,2-bis(trietoxisilil)etano. El
PMO resultante se ha caracterizado con varias técnicas en cada etapa de sintesis.
Finalmente, el catalizador CoPc-PMO ha sido utilizado en la reaccion
fotocatalitica de reduccion de CO a CO, usando rutenio tris-bipiridina
[Ru(bpy)s]?* como fotosensibilizador, y 1,3-dimetil-2-fenil-2,3-dihidro-1H-
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benzo[d]imidazol (BIH) y trietanolamina (TEOA) como sustancias donadoras de

electrones.

3. Conclusiones

Las investigaciones realizadas durante esta tesis permiten concluir que la
incorporacion de diversos complejos metalicos heterociclicos en la estructura
porosa de organosilices periddicas mesoporosas da lugar a la formacion de
catalizadores heterogéneos activos en diversos procesos, tanto organicos como

relacionados con la fotosintesis artificial.

Especificamente, el catalizador Cu@dppz-vPMO sintetizado a través de
la modificacion superficial de los grupos etileno presentes (reaccion de Diels-
Alder) y posterior complejacion de iones cobre (0.13 mmol/g) es activo en la
reaccion de oxidacion de estireno hacia 0xido de estireno. Ademas del producto
deseado, se obtienen productos como acetofenona, benzaldehido y alcohol
bencilico. En las condiciones de reaccion usadas, esto es, relacion molar 1:2 entre
el estireno y el TBHP, tolueno como disolvente, y temperatura de 90 °C, se obtiene
una conversion total de estireno del 59.1 % y una selectividad hacia éxido de
estireno del 18.8 %. Cuando se optimizan algunas variables que influyen en la
reaccion como la temperatura, el disolvente utilizado, o la relacion entre oxidante
y sustrato, aumenta considerablemente la actividad catalitica. De este modo, con
una relacion 1:4 de estireno y TBHP, tolueno como disolvente y una temperatura
de 100 °C, el catalizador muestra un 86 % de conversion y un 41.9 % de
selectividad hacia oOxido de estireno. La estabilidad del catalizador es
practicamente constante tras cinco ciclos cataliticos, ademas de mantenerse una

selectividad similar hacia los diferentes productos.
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Diferentes catalizadores basados en wunidades de cobaloxima
inmovilizadas en organosilices mesoporosas ordenadas sintetizados con distintos
precursores silanicos han sido utilizados en la reaccion fotocatalitica de

produccidén de hidrogeno a partir de la ruptura de la molécula de agua.

La actividad catalitica de los materiales con complejos de tipo cobaloxima
unidos a unidades de piridina en la estructura de la organosilice revelé que los
catalizadores con estructuras mesoporosas ordenadas (pyxPMO-Co) dan lugar a
unos resultados cataliticos muy superiores a los catalizadores no ordenados
(pyxOS-Co), obteniéndose una actividad maxima tras las primeras 4 h de reaccion
(TON= 244). La estabilidad de este catalizador permanece constante al menos
durante dos ciclos cataliticos (TON= 222), aungue es necesaria una etapa previa

de activacion del catalizador.

La actividad catalitica no solo depende del ordenamiento de la estructura
y de la cantidad de centros activos presentes, sino también del tipo de ligando
unido al complejo de cobalto. El catalizador homogéneo basado en ligandos de
imidazol muestra una actividad catalitica superior al complejo con ligandos
piridina (TON de 40 vs 26, respectivamente, tras 2.5 h de reaccion). El PMO con
ligandos imidazol posee mayor nimero de unidades de cobaloxima ancladas y da
lugar a una mayor produccion de hidrogeno. Su mayor actividad es debida al

mayor pKa del ligando imidazol con respecto al ligando piridina.

Bajo condiciones &ptimas, el PMO con unidades de ftalocianinas
integradas en la estructura, el catalizador CoPc-PMO, aplicado en la reaccion de
fotorreduccion de CO, muestra un TON de 1972 usando BIH como donador de
electrones, siendo una actividad catalitica muy superior a otros sistemas similares.
La selectividad hacia el CO se mantiene practicamente constante alrededor del 65

% después de cuatro ciclos cataliticos.
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SUMMARY

SUMMARY OF THE DOCTORAL THESIS “SYNTHESIS AND
CHARACTERIZATION OF ORGANIC-INORGANIC MESOPOROUS
HYBIRD MATERIALS FOR THEIR APPLICATION IN CATALYTIC
PROCESSES”

1. Introduction or motivation of the Doctoral Thesis

Since their discovery in 1999 [1-3], ordered mesoporous organic-
inorganic hybrid materials (PMQOs) have had a major impact on the scientific
community, because the same material has the advantages that provide organic
chemistry, regarding the introduction of different functional groups, with the

thermal stability of inorganic substrates.

The synthesis of these types of materials are carried out through hydrolysis
and condensation processes of different silane precursors in the presence of a
structure directing agent (SDA) in acid or basic media. In general way, the
disilane precursors with bridged organic groups of the type (R’0)3SiRSi(OR”)3
are mixed with trialkoxyorganosilanes of the type (R’O)sSiR [4].

One of the most remarkable characteristics of PMOs is that the organic
groups (R) are located on the pore walls, that is, functional groups are part of the
material structure, and they are homogeneously distributed in all the silica
framework. Furthermore, these materials have high surface areas (up to 1200
m?/g), thick pore walls and large pore volumes. Their physicochemical properties,
such as flexibility or hydrophobicity, can be modulated and, in addition, they have
a higher hydrothermal and mechanical stability than conventional silicas [5].

On the other hand, new organic groups can be introduced via grafting
processes [6] or via post-functionalization of functional groups already present in
the material. These functional groups can be modified through different chemical
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reactions (bromination, sulfonation, amination, epoxidation, Diels-Alder

reactions...), resulting in a huge variety of PMOs.

In this way, depending on the functional groups present in these materials,
they will be applied in different fields such as, catalysis [8], chromatography [9],
pollutant adsorption [10], biomedical applications [11], and photocatalysis [12],

among others.

2. Research content

The present Doctoral Thesis encloses synthesis, characterization and
applications of several periodic mesoporous organosilicas (PMOs) and their use

as catalysts in different reactions.

e In the article “Copper-complexed dipyridyl-pyridazine functionalized
periodic mesoporous organosilica as a heterogeneous catalyst for styrene
epoxidation”, a PMO with ethane and vinyl groups has been synthesized through
a co-condensation method between the disilane 1,2-bis(trimethoxysilyl)ethane
(BTME) and the monosilane vinyltriethoxysilane (VTES) in a molar ratio of 80
% and 20 %, respectively. The vinyl groups present in the material have been
post-functionalized through a Diels-Alder reaction with 3,6-di-2-pyridyl-1,2,4,5-
tetrazine, which acts as diene. Then, the surface adducts formed during reaction
have been used to complex copper ions, resulting the catalyst Cu@dppz-vPMO.
This new catalyst has been used in the styrene epoxidation reaction with tert-butyl
hydroperoxide (TBHP) as oxidant agent. Also, some reaction variables have been
optimized, such as the molar ratio of styrene to TBHP, the solvent, the oxidant

and the reaction temperature.
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e In the article “Cobaloxime tethered pyridine-functionalized
ethylene-bridged periodic mesoporous organosilica as an efficient HER
catalyst”, an ethylene-bridged PMO containing pyridine moieties has been
synthesized through a co-condensation method between the silane precursors
1,2-bis(triethoxysilyl)ethane and 2-(4-pyridylethyl)triethoxysilane in a molar
ratio of 80 % and 20 %, respectively. A cobaloxime complex has been anchored
on the pyridine groups to form the corresponding heterogeneous catalyst. The
aforementioned catalyst has been used in photocatalytic water splitting for
hydrogen production using triethanolamine (TEOA) and eosin Y as electron

donor and photosensitizer, respectively.

e Inthe chapter “Catalytic activity of cobaloxime complexes anchored to
organosilicas in artificial photosynthesis: ordered vs. non-ordered
materials”, several organosilane materials have been synthesized using
1,2-bis(triethoxysilyl)ethane and 2-(4-pyridylethyl)triethoxysilane as silane
precursors. Different experimental variables such as the molar ratio between the
silane precursors, the type of surfactant (OTAB or CTAB) and the nature of the
basic media (NaOH or NH3) have been modified. As a result, three ordered
organosilicas and three non-ordered organosilicas could be synthesized. A
cobaloxime complex has been anchored to all synthesized materials in order to be
used as catalysts in photocatalytic hydrogen production from water. Throughout
this research, special emphasis has been placed on highlighting the importance of
the synthesis conditions, since they play an important role in their ordering and,
therefore, in their subsequent catalytic properties.

13



SUMMARY

e In the article “Improved photocatalytic H: evolution by
cobaloxime-tethered  imidazole-functionalized  periodic  mesoporous
organosilica”, a catalyst based on a PMO has been synthesized incorporating
cobaloxime units on the imidazole groups present in the material. The
aforementioned catalyst has been used in photocatalytic hydrogen production
from water. The catalytic results obtained have been compared with the
homogeneous complex. It has been observed that the immobilization of the

complex on a porous organosilica increases the catalytic activity.

e In the article “Solar driven CO2 reduction with a molecularly
engineered periodic mesoporous organosilica containing  cobalt
phthalocyanine”, the synthesis of a PMO incorporating a cobalt phthalocyanine
silane derivative CoPc(NCOQ) and 1,2-bis(triethoxysilyl)ethane has been carried
out for the first time and in an effective way. The resulting PMO has been
characterized with different techniques at each stage of synthesis. Finally, the
CoPc-PMO catalyst has been used in the photocatalytic CO> reduction using
ruthenium tris(bipyridine) [Ru(bpy)s]** as photosensitizer, and 1,3-dimethyl-2-
phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH) and triethanolamine (TEOA) as

electron donors.

3. Conclusions

The investigations carried out during this Thesis lead to the conclusion
that the incorporation of various heterocyclic metal complexes into the porous
structure of periodic mesoporous organosilicas allows obtaining a variety of
heterogeneous catalysts active in a various process, both organic and related to

artificial photosynthesis.
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Specifically, Cu@dppz-vPMO catalyst has been synthesized through
surface modification of its vinyl groups through a Diels-Alder reaction and
subsequent complexation of copper ions (0.13 mmol/g). This material has been
active in the styrene oxidation reaction to form styrene oxide. Besides the desired
product, the reaction also produces acetophenone, benzaldehyde and benzyl
alcohol. Under the reaction conditions used, i.e., a molar ratio of 1:2 between
styrene and TBHP, toluene as solvent and 90 °C of temperature, a total conversion
of 59.1 % and selectivity towards styrene oxide of 18.8 % have been obtained.
When some reaction variables are optimized, such as temperature, solvent or
molar ratio between oxidant and reactant, the catalytic activity substantially
increases. In such a way, with a 1:4 molar ratio of styrene:TBHP, toluene as
solvent and 100 °C of temperature, the catalyst shows an 86 % of conversion and
41.9 % of selectivity. The activity of the catalyst remains almost constant after
five catalytic cycles, including the selectivity towards to different products.

Different catalysts based on cobaloxime units immobilized in ordered
mesoporous organosilicas have been synthesized and used in the photocatalytic
hydrogen production from water.

The catalytic activity of molecular cobaloxime catalysts attached on
pyridine units in the organosilica structure has revealed that the performance of
catalysts with ordered structures (pyxPMO-Co) is higher than that of non-ordered
catalysts (pyxOSCo), obtaining a maximum activity after 4 h of reaction (TON=
244). Additionally, the catalysts maintained their stability at least during two
catalytic cycles (TON= 222), after a previous activation process.

The catalytic activity of cobaloximes not only depends on structure
ordering and the number of active sites present but also on the type of ligand
bound to the cobalt complex. A homogeneous catalyst based on imidazole ligands

shows a higher catalytic activity than that with pyridine ligands (TON of 40 vs
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26, respectively, at 2.5 h). Thus, a PMO with imidazole units has presented a
higher concentration of complexed cobaloximes and, consequently, it exhibits a
larger hydrogen production. Its increased activity is due to the higher pKa of

imidazole than that of pyridine.

Under optimal conditions, a PMO with phthalocyanine units integrated in
its framework, CoPc-PMO, was active as catalyst in the photoreduction of CO;
with a TON of 1972, using BIH as electron donor. It has a much better
performance than similar systems previously reported. CO selectivity is

maintained at ca. 65 % throughout all four catalytic cycles.
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Durante las Gltimas décadas, el campo de la nanotecnologia ha motivado
a los investigadores a estudiar la aplicabilidad de los materiales nanoestructurados
en una amplia variedad de aplicaciones. Dentro esta familia, los materiales
porosos atraen un gran interés como adsorbentes y catalizadores. Segun la
IUPAC, los materiales porosos se pueden clasificar en funcion del tamafio de poro
en: microporosos (< 2nm), mesoporosos (entre 2 - 50 nm) y macroporosos (>
50nm) [1].

1.1 SOLIDOS MICROPOROSOS (ZEOLITAS)

Los materiales microporosos engloban solidos desde la silice amorfa hasta
solidos cristalinos como las zeolitas [2]. Las zeolitas son aluminosilicatos
cristalinos donde la carga negativa de la red se compensa con contraiones
alcalinotérreos (Na*, K* o Ca?*). Las propiedades mas importantes que destacan

en estos materiales son:
- Elevada superficie especifica y alta capacidad de adsorcion.
- Capacidad de incorporar en la estructura diferentes especies metalicas.

- Control de su capacidad de adsorcion, a través del caracter hidréfobo o

hidrofilo de los componentes.

- El tamafio especifico de los poros permiten que estos materiales puedan
reconocer moléculas y puedan ser utilizados para aumentar la selectividad

hacia un determinado producto.
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Debido a estas propiedades, estos materiales muestran una alta
aplicabilidad como adsorbentes o tamices moleculares. De ahi las razones para
que se utilizan a escala industrial en la separacion de hidrocarburos no lineales
[3], eliminacion de metales pesados [4], procesos de reduccion [5], adsorcion [6]
y separacion de gases [7], entre otras. A pesar de la gran aplicabilidad de estos
materiales microporosos, uno de los principales inconvenientes que presentan es
su pequefio tamafo de poro, el cual impide la adsorcion de moléculas

voluminosas.

1.2 SOLIDOS MESOPOROSOS ORDENADOS

1.2.1 MATERIALES M41s

En 1988, Kato y col. [8] publicaron la sintesis de un material mesoporoso
con distribucion de poros uniforme y gran superficie especifica. Este material
mesoporoso estaba sintetizado a partir de un polisilicato llamado kanemita
[NaHSi20s-3H20] en presencia de un surfactante de tipo alquiltrimetilamonio.
Estos materiales fueron generalmente denominados FSM-16 (Folded Sheet
Mesoporous Materials). A pesar de que estos materiales constituyeron los
primeros sélidos mesoporosos, no es hasta Octubre de 1992 cuando
investigadores de la corporacion “Mobil Oil Research & Development”
publicaron la sintesis de los considerados primeros materiales mesoporosos
ordenados, los denominados generalmente M41s. Los materiales M41s segtn su
estructura, pueden clasificarse en materiales con simetria hexagonal p6mm
(MCM-41), cubica la3d (MCM-48) [9] o laminar p2 (MCM-50) (Figura 1).
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Figura 1. Estructuras de la familia de materiales mesoporosos ordenados M41s [2].
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La fase hexagonal (MCM-41) es la fase méas estable y comuin a
concentraciones bajas de surfactante o agente director de la estructura. Esta
estructura consiste en un empaquetamiento hexagonal de canales
monodireccionales. La fase cubica (MCM-48) es metaestable, por lo que es mas
complicada de formarse. Su estructura esta formada por dos sistemas de canales
tridimensionales independientes que se acoplan uno a otro formando una
estructura cubica. Por dltimo, la fase laminar (MCM-50) se favorece cuando hay
altas concentraciones de surfactante en la que se forma un apilamiento laminar de

los mesoporos.

Entre las principales caracteristicas de los materiales M41s destacan: su
facil sintesis, estructuras ordenadas con canales uniformes y distribucién estrecha
de tamafio de poro, y elevadas areas superficiales (hasta 1200 m?/g) con
volumenes de poro grandes [10].

Desde su descubrimiento, uno de los aspectos que mayor interés ha
suscitado ha sido conocer el procedimiento por el cual las micelas del surfactante
se van agregando para dar lugar a la estructura final. En este sentido, los
investigadores de la Mobil Corporation [11] propusieron dos posibles
mecanismos que explicaran su formacion (Figura 2). Ambos presuponen la

formacion de la denominada estructura de cristal liquido (liquid-crystal
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templating, LCT) de surfactante, bajo unas determinadas condiciones de

temperatura y concentracion.

MICELAS MICELAS EN FORMA ORDENAMIENTO -
ESFERICAS DE VARILLAS HEXAGONAL A\
9%%, 9%, " " //\ ELIMINACION
£.38.3 o /)
° % 2 {3 ¢ TEOS / SURFACTANTE
) & === @ 2 [ = /

oML

l TEOS l TEOS

Figura 2. Representacion esquematica de los dos posibles mecanismos de

formacion de los materiales M41s [11].

El primer mecanismo propuesto (1) sugiere que la formacion del cristal
liguido se forma antes de la adicion de las especies inorganicas. Para que el
mecanismo 1 de formacion se vea favorecido la concentracion de moléculas de
surfactante debe ser suficiente para que se forme la estructura de cristal liquido y,
de esta forma, los aniones silicatos sirvan solamente para contrarrestar la carga de
los agregados del surfactante. En cambio, en el mecanismo 2, las moléculas de
silicato generadas en la mezcla de reaccion influyen en el ordenamiento de las
micelas de surfactante en la fase de cristal liquido. De este modo, la presencia del
anion silicato no sirve solamente para contrarrestar la carga del surfactante sino
que participa de forma activa en la formacién y ordenamiento de la estructura de
cristal liquido [12].

Surfactantes

Sin duda, en la sintesis de estos materiales, las moléculas de surfactante
son una pieza clave en la formacién de sus mesoestructuras ordenadas mediante

sus interacciones con las especies inorganicas.
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Los surfactantes, o también llamados tensioactivos, son compuestos de
naturaleza anfifilica cuyas moléculas estan formadas por grupos hidrofilicos
(cabezas polares) y por grupos hidrofébicos (colas no polares). Los surfactantes
se clasifican segun la carga de sus grupos polares en: catidnicos, anionicos,
neutros y zwitterionicos [13] (Figura 3). Una de las partes mas importantes del
surfactante es el contraion, el cual compensa la carga del grupo polar manteniendo

la carga neutra de la molécula. De esta forma:

1) Los surfactantes anionicos se disocian en un anién organico anfifilico
y un catién gque suele ser un metal alcalino o aminas protonadas.

2) Los surfactantes cationicos se disocian en un cation organico anfifilico
y un anién, siendo normalmente un haluro.

3) Los surfactantes neutros no se ionizan en disolucién acuosa ya que
poseen grupos hidrofilos tipo fenol, alcohol o amida. Dentro de este
grupo se incluyen el poliéxido de etileno (PEO) [14-15] o polidxido
de propileno (PPO) [16].

4) Los surfactantes tipo zwitteriénicos poseen los grupos cabeza
cargados de forma positiva 0 negativa, dependiendo del pH de la
disolucién, por lo que pueden actuar como surfactantes anionicos,

catiénicos o neutros [17].
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Figura 3. Tipos de surfactantes segun la carga de los grupos polares.
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Entre las caracteristicas méas relevantes de estos compuestos esta su
capacidad de autoorganizarse en forma de micelas, en las que los grupos polares
y no polares se orientan segun la naturaleza del medio en el que se encuentren.
De este modo, en disolventes polares como el agua, los grupos hidrofébicos
(colas) estan orientados hacia adentro mientras que los grupos hidrofilicos
(cabezas) estaran orientados hacia afuera. Este tipo de micelas se llaman micelas
normales [18]. Sin embargo, en disolventes apolares, los grupos hidrofobicos
estan orientados hacia el exterior, denominandose asi micelas inversas (Figura 4)
[19].

. 004
@ %?)? = = = Cola hidrofébica - — —.— \d
. ""‘ \N\' — — — —Cabeza polar- — - —.
. . 4— — — Disolvente polar— = = ..:')?
. % ~ < Disolvente no-polar = = = ’. %g
o0 ’oo‘
MICELA NORMAL MICELA INVERSA

Figura 4. Esquema de una micela normal e inversa [20].

La formacion de la mesoestructura de los materiales M41s depende de las
interacciones entre las moléculas de surfactante y los silicatos, pudiéndose ser de
tipo electrostatica, tipica de los surfactantes anionicos y cationicos, o por puentes
de hidrégeno con surfactantes neutros [21].

A pesar de todas las ventajas que tienen los materiales M41s, exhiben baja
estabilidad hidrotermal y mecanica debido al escaso grosor de las paredes (0.3 -
1 nm) y tamafio de poros pequefios (2 - 10 nm) [22]. En este sentido, y haciendo
uso de surfactantes supramoleculares, surgen una nueva familia de materiales
mesoestructurados ordenados con paredes mas gruesas y mayores tamafios de

poros, los denominados materiales SBA.
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1.2.2 MATERIALES SBAs

En 1998, Stucky y col. [23] sintetizaron por primera vez una nueva familia
de materiales de silice mesoporosa altamente ordenados en medio fuertemente
acido mediante el uso de copolimeros de tres bloques no idnicos comercialmente
disponibles. Este tipo de solidos se designaron como materiales SBA (Santa
Barbara Amorphous). Algunos materiales de esta familia que han mostrado un
gran interés son: las SBA-1 [24], SBA-11 [25] y SBA-16 [21] con estructura
cUbica, la SBA-14 [23] con estructura laminar o la SBA-15 [26] con estructura

hexagonal, siendo este Gltimo el material mas estudiado.

La sintesis de estos materiales hace uso principalmente de copolimeros de
tres bloques no ionicos (EOPOmEOn), entre los que destacan el copolimero
Pluronic P123 (EO20PO70EO20) 0 el copolimero F127 (EO10sPO70EO106) [27]. En
este caso, al ser surfactantes no ionicos, las interacciones entre el surfactante y el

precursor silicico son mediante puentes de hidrégeno.

Estos materiales poseen una mayor estabilidad hidrotermal y mecénica
gue sus antecesores los materiales M41s al tener mayor grosor de pared (3 - 6 nm)

y mayor tamafio de poro (5 - 30 nm) [28].

Ademas, otra ventaja que tiene este tipo de surfactantes es la posibilidad
de modificar la mesoestructura final del material variando la longitud de las

cadenas del copolimero [29].
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1.3 MATERIALES HIBRIDOS ORGANICOS-INORGANICOS
MESOPOROSOS ORDENADOS

Poco después del descubrimiento de los materiales tipo SBA, numerosos
grupos de investigacion centraron sus esfuerzos en la incorporacion de grupos
organicos en la estructura de silice con la idea de lograr una simbiosis de las
propiedades de ambos componentes - organico e inorganico - dentro de un mismo
material. De ahi surgen, los denominados materiales hibridos organico-
inorganicos mesoporosos ordenados, nuevos materiales funcionales con
propiedades muy diversas. La combinacién de los componentes organicos e
inorganicos en un mismo material hace que estos materiales hibridos tengan unas
caracteristicas muy variables, ya que se pueden obtener diversos materiales s6lo
cambiando los fragmentos orgénicos. Estos, a la vez, tendran una alta robustez y

estabilidad térmica caracteristica de los fragmentos inorganicos presentes [30].

La sintesis de estos materiales hibridos se lleva a cabo por medio de tres

rutas:

1) Modificacion post-sintesis de materiales silicicos mediante

“grafting”

La incorporacion de los grupos organicos se realiza por condensacién de
organosilanos del tipo R-Si(OR’)z con los grupos silanoles ya presentes en la
superficie del material de silice (Figura 5). Este tipo de estrategia trae consigo una

serie de ventajas e inconvenientes que se detallan a continuacion:
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OH OH OH Ho—yf  HO—g/

Figura 5. Modificacién post-sintesis via grafting

Ventajas

Al ser un proceso de post-funcionalizacién, la estructura silicica se
mantiene después de afiadir los grupos organicos, sin causar ningin dafio.
Ademas, este método puede ser usado como un método de funcionalizacion
selectiva de la superficie externa e interna del material PMO mediante
procedimientos secuenciales de grafting, dando asi lugar a materiales con doble
funcionalidad.

Por ultimo, si se introducen grupos muy voluminosos, el aire del interior
de los poros puede quedar confinado dentro, siendo éste un aspecto muy

interesante para obtener materiales con baja constante eléctrica [31].

Inconvenientes

Uno de los grandes inconvenientes que tiene este proceso es la
homogeneidad, ya que la inmovilizacion de los grupos organicos en la superficie
del material depende de la accesibilidad del sistema poroso y de la diferente

reactividad que pueda existir entre los grupos silanoles de la superficie y los
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grupos organosilicicos afiadidos. De este modo, si los silanoles reaccionan en la
entrada del poro, la difusion de las moléculas posteriores se vera muy limitada y,
por lo tanto, no habra una disposicién homogénea de los grupos organicos dentro
de los poros.

Otro inconveniente para tener en cuenta es la diferencia de velocidad de
condensacion del organosilano, ya que podria reaccionar consigo mismo dando

lugar a pequefias cadenas que causarian el bloqueo de los poros.

En resumen, el método de sintesis via grafting proporciona estructuras
ordenadas funcionalizadas, pero con una escasa homogeneidad de los grupos

organicos en la superficie del material silicico.

2) Método de sintesis directa (co-condensacion)

El material hibrido organico-inorganico es sintetizado mediante
reacciones de co-condensacion entre tetraalcoxisilanos (TEOS o TMOs) y
trialcoxiorganosilanos del tipo R-Si(OR’)s [32]. Este proceso, a diferencia del
método de grafting, es un método de sintesis directa. Al adicionarse el
organosilano durante el proceso de sintesis, el proceso de funcionalizacion tiene

lugar en un Unico paso (Figura 6).

33



CAPITULO 1. INTRODUCCION

extraccion

|————— == °
—OH L
| calcinacion

Figura 6. Proceso de co-condensacion (sintesis directa).
Ventajas

Este tipo de estrategia da lugar a silicas funcionalizadas tanto en la
superficie como en el interior de los poros. Por ello, para lograr estructuras
ordenadas, el porcentaje del compuesto trialcoxiorganosilano en el medio de

reaccion no debe de exceder del 40 % [33].
Inconvenientes

El ordenamiento del material organosilicico disminuye con la
concentracion de trialcoxiorganosilanos. De este modo, si la concentracion es
muy alta se pueden llegar a formar materiales sin ordenamiento. Asi, el aumento
de grupos organicos que se incorporan puede influir en las propiedades texturales
(&rea superficial, diametro de poro y volumen de poro) de los materiales [34,35].
Por otro lado, la cantidad de grupos organicos que se introducen en el material es

baja en comparacion con la concentracion de la que se parte al inicio.

34



CAPITULO 1. INTRODUCCION

3) Sintesis de materiales periddicos mesoporosos organosilicicos
(PMOs)

En general, estos materiales se sintetizan via hidrolisis y condensacion de
precursores organosilicicos puente en presencia de un agente director de la
estructura en un medio basico, acido o neutro [36,37]. Los precursores silanicos
puente son del tipo R’3Si-R-SiR’3 donde R’ es el grupo hidrolizable (grupos etoxi-
0 metoxi- en gran medida) y R es el grupo organico. En la Figura 7 se muestra un
esquema general de sintesis de un material PMO. En el ejemplo mostrado, los
precursores organosilicicos puente se hidrolizan y condensan alrededor de las
micelas de surfactante, previamente formadas. A continuacion, después de una
etapa de envejecimiento, el surfactante es eliminado por métodos de extraccion y
no de calcinacion, obteniéndose finalmente un material con ordenamiento

hexagonal y estructura porosa.

(OR);5i—@RP—SIOR )3 —

(OR)3S1 SI(OR')3

. HIDROLISIS Y
Dt CONDENSACION

(OR)381” “SI(OR)3

! EXTRACCION DEL
SURFACTANTE

H* 6 OH"
SIOR)3 o0,
AR
.‘..

Agente director de la
estructura (surfactante)

(OR")3SI SI(OR")3

Figura 7. Sintesis de un material periédico mesoporoso organosilicico (PMO) a partir

de alcoxisilanos puente con grupos organicos.

Una caracteristica Unica que tienen los materiales PMO es que los grupos

organicos (-R-) estan localizados dentro de la pared del poro y estan distribuidos
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homogéneamente por la estructura silicica, lo que permite una mayor carga de
grupos organicos y previene el bloqueo de los poros [38]. A través de su sintesis,
se pueden introducir una gran variedad de puentes organicos, complejos metalicos
0 nanoparticulas metalicas en los materiales PMO, los cuales modifican sus
propiedades fisicoquimicas como flexibilidad, rigidez, hidrofobia, hidrofilia,

estabilidad térmica 0 mecanica, entre otras.

A dia de hoy, se ha logrado sintetizar una amplia variedad de PMOs con
grupos organicos puente de diferente naturaleza: alifaticos, aromaticos,

heterociclicos o incluso quirales, entre otros [38,39].

1.4 PMOs (PERIODIC MESOPOROUS ORGANOSILICAS)

Los materiales periddicos mesoporososos organosilicicos, denominados
de forma general por sus siglas, PMOs (Periodic Mesoporous Organosilicas),
fueron sintetizados por primera vez en 1999 por tres grupos de investigacion
diferentes. EI primer articulo, publicado por Inagaki y col. [40] describio la
sintesis de PMOs a partir del precursor disilanico con puentes etano,
1,2-bis(trimetoxisilil)etano (BTME), usando cloruro de octadeciltrimetilamonio
como surfactante bajo condiciones basicas. Los materiales PMOs resultantes
mostraban estructuras de tipo bidimensional hexagonal (pé6mm), tridimensional
hexagonal (P63/mmc) o cubica (Pm-3n). Poco después, Stein y col. [36]
publicaron la sintesis de PMOs con puentes etano y eteno, haciendo uso de los
precursores 1,2-bis(trietoxisilil)etano (BTEE) y 1,2-bis(trietoxisilil)eteno
(BTEENE), respectivamente. En este caso, emplearon bromuro de
hexadeciltrimetilamonio como agente director de la estructura bajo condiciones
acidas y basicas. Para el material con puentes etenos, estos autores confirmaron

la accesibilidad a dichos compuestos organicos y la posibilidad de
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funcionalizarlos mediante una reaccion de bromacion. Por dltimo, Oziny col. [41]
desarrollaron la sintesis de PMOs con estructuras 2D hexagonales, a partir de
mezclas de 1,2-bis(trietoxisilil)etano (BTEE) y TEOS, usando bromuro de

hexadeciltrimetilamonio bajo condiciones basicas.
1.4.1 PMOs CON GRUPOS ORGANICOS SIMPLES

Numerosos factores influyen en la sintesis de los PMOs como son: tipo de
surfactante, temperatura de reaccion, proceso de extraccion, naturaleza del puente
silanico, relacién entre los precursores silanicos, presencia de aditivos, etc. Entre
ellos, la naturaleza del puente organico (-R-) influye decisivamente en la
estructura del material, asi como en las condiciones de sintesis. Aquellos PMOs
con grupos organicos simples, de menor tamafio molecular, son los materiales
conteniendo grupos etilenos (-CH2-CHa-), etilidenos (-CH=CH-), metilenos
(-CH2-) o fenilenos (-Ce¢Ha-). En la Figura 8 se muestran los precursores silicicos

con grupos organicos puentes mas sencillos empleados en la literatura.
1.4.1.1 PMOs con grupos etilenos (etano-PMOs)

Los precursores disilanicos con puentes etilenos son los mas utilizados en
la sintesis de PMOs, ya sean solos o mezclados con otros precursores
organosilanicos. Entre ellos, destacan los precursores organosilicicos
comerciales, 1,2-bis(trimetoxisilil)etano (BTME) y 1,2-bis(trietoxisilil)etano
(BTEE).

La sintesis de este tipo de PMOs se puede llevar a cabo mediante el uso
de una amplia variedad de surfactantes i0nicos, no idnicos 0 mezclas binarias de
ellos, entre otros. Los primeros PMOs con puentes etanos fueron sintetizados por
Inagaki y col. [40], haciendo uso de un surfactante cationico (OTAB, bromuro de

octadeciltrimetilamonio) y variando la composicion molar de la mezcla de
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sintesis. Los materiales PMOs obtenidos mostraban simetria 2D-hexagonal

(P6mm) o 3D-hexagonal (P6s/mmc).

Desde entonces, han sido numerosos los procedimientos de sintesis para
la preparacion de materiales PMOs con puentes etanos. A partir del amplio
estudio de estos materiales, actualmente se conoce que un pequefio cambio en las
condiciones de sintesis puede provocar grandes cambios en la estructura final del

material sintetizado [42].

Por ejemplo, el pH del medio de reaccién influye de manera significativa
en las propiedades del PMO. Normalmente, los PMOs son sintetizados en medios
acidos (pH < 1) en los que se usan acidos fuertes, como, por ejemplo, &cido
clorhidrico. Sin embargo, en 2015, Cool y col. [43] investigaron el uso de &cidos
mas débiles, como es el &cido fosforico (H3PO4), y observaron que los PMOs
sintetizados con acido fosforico poseian una estructura mas ordenada, mayor

tamafio de poro y mayor area superficial que los sintetizados con HCI.

El contraion de los surfactantes es otro de los factores que influye
significativamente en la morfologia y ordenamiento estructural de los PMOs. En
medio &cido, se ha observado que, usando el mismo surfactante, pero con
diferentes contraiones, se obtienen etano-PMOs con diferente simetria, 2D- 0 3D-
hexagonal o cubica. También, Zhao y col. [44] estudiaron la influencia del
contraion en medio basico mediante dos métodos, usando directamente
surfactantes con diferentes contraiones (CTAX; X= CI;, Br...) o afadiendo

diferentes sales sodicas a la mezcla de reaccion.

Por otro lado, la adicion de diferentes disolventes organicos también juega
un papel muy importante en la formacion de estructuras con diferentes tamafios
de poros, ya que cambian las condiciones osmoticas del sistema. Por ejemplo,

Zhao y col. [44] observaron que un aumento en la concentracion de etanol en la
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sintesis de un PMO usando surfactantes fluorocarbonados e hidrocarbonados
conducia a un sistema multivesicular. Mas recientemente, Teng y col. [45]
describieron un nuevo método de sintesis para la preparacion de peliculas
delgadas de PMO con puentes etanos. Este método de sintesis consistia en
sumergir el sustrato en una solucién que contenia ademas de BTEE (precursor),

CTAB (surfactante) y amoniaco (catalizador), etanol y decano como disolventes.
1.4.1.2 PMOs con grupos etilidenos (eteno-PMOs)

La sintesis de PMOs con grupos etilidenos es de gran interés debido a las
multiples posibilidades de funcionalizacion de los dobles enlaces de su estructura.
Generalmente, el precursor disilanico con puentes etilidenos empleado en la
sintesis de los materiales eteno-PMOS es el precursor comercial
1,2-bis(trietoxisilil)etileno (BTEENE) (80 % trans) o el sintetizado, con un 70 %
trans, mediante el método descrito por Rzejak y col. [46]. En 2007, Van Der Voort
y col. [47] sintetizaron por primera vez un PMO con grupos etilidenos a partir un
nuevo precursor sintetizado 100 % E-bis(trietoxisilil)eteno.

Para la sintesis de este tipo de PMOs se ha utilizado una gran variabilidad
de surfactantes, tanto de tipo iénicos (CTAB) y oligoméricos (Brij-56 o Brij-76)
como poliméricos (P123), en diferentes medios de reaccion, tanto acidos como

bésicos.
1.4.1.3 PMOs con grupos metilenos (metano-PMOs)

Los precursores silanicos con grupos metilenos de tipo puente son los
precursores mas simples que pueden ser usados para la sintesis de PMOs. De entre
los PMOs con puentes simples, estos PMOs han sido los menos estudiados. Los
primeros PMOs sintetizados con 1,2-bis(trietoxisilil)metileno (BTEM) fueron

Ilevados a cabo por el grupo de Ozin y col. [48] usando CTAB en medio basico.

39



CAPITULO 1. INTRODUCCION

1.4.1.4 PMOs con grupos fenilenos (benceno-PMOs)

El grupo aromatico puente mas utilizado es el benceno. Una caracteristica
resaltable en este tipo de materiales es que poseen un alto ordenamiento no sélo
de los poros sino también de los grupos benceno que se encuentran en las paredes
de la estructura [49,50]. El primer material PMO con puentes fenilenos fue
sintetizado por Inagaki y col. [50] en 2004 a partir del precursor organosilanico
1,3-bis(trietoxisilil)benceno. Este material tenia una estructura no lineal, con un
ordenamiento hexagonal y una estructura de tipo “cristal-like” de sus puentes
organicos dentro de las paredes de los poros, mostrando periodicidad a lo largo
de la estructurassilicica. A partir de esta sintesis, una extensa variedad de benceno-
PMOs se han sintetizado variando condiciones experimentales tales como la
concentracion de surfactante, el medio de reaccion (acido o bésico) o la
temperatura [51,52]. Asi, en 2014, Funari y col. [53] estudiaron la influencia del
tamanfo del surfactante (polietilenglicol monodecil éter) en el grosor de pared de
los benceno-PMOs obtenidos a partir del precursor 1,4-bis(trietoxisilil)benceno
(BTEB) bajo condiciones &cidas. Los resultados mostraron que un aumento del
grupo de cabeza del surfactante conducia a una disminucion del grosor de pared

asi como del tiempo de formacién del PMO.

Maés adelante, y con el fin de proporcionar un método de sintesis mas
eficiente y menos contaminante, Patil y col. [54] emplearon CO2 comprimido en
la sintesis de benceno-PMOs como alternativa al medio &cido, basico o aditivos.
El uso de CO, comprimido demostrd su influencia en la morfologia o estructura

de los materiales sintetizados.

Otro factor que influye en la morfologia y estructura de los PMOs es la
interaccion del precursor disilanico con el o los surfactantes utilizados. La
presencia de poros de diferentes tamafios en un mismo material tiene un gran

potencial de aplicacion en diferentes campos, tales como la catélisis o la
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cromatografia. En este contexto, Wong Chi Man y col. [55] publicaron un método
de sintesis capaz de formar PMOs con diferentes tamarfios de poro sélo ajustando
la secuencia de adicion del precursor disilanico (BTEB) y el surfactante (P123).
De este modo, la adicion del silano a la disolucion de P123 dio lugar a la
formacion de PMOs con la misma porosidad (mesoestructura). Sin embargo, la
adicion de P123 sobre el organosilano en un intervalo de cinco minutos dio lugar

a PMOs con varios tamafios de poro.
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Figura 8. Resumen de los precursores disilanicos més utilizados.

1.4.2 PMOs CON GRUPOS FUNCIONALES AVANZADOS

Aunque los PMOs con puentes sencillos, previamente descritos, han sido

ampliamente estudiados, su superficie relativamente inerte ha limitado su

aplicabilidad en otras areas. Para su uso en otros campos de aplicacion, se requiere

la incorporacion de grupos organicos funcionales avanzados. Dichos grupos se

42



CAPITULO 1. INTRODUCCION

han incorporado exitosamente en un material PMO a través de las estrategias de

sintesis que se muestran en la Figura 9.
A) Modificacion superficial post-sintesis (grafting)

Este tipo de estrategia requiere dos pasos; un primer paso en el que se
realiza la sintesis del material periédico mesoporoso ordenado (PMO), y un
segundo que implica una modificacion superficial con un precursor organosilano
del tipo (R’-Si(OEt)3). A través de este método se obtienen materiales PMO
funcionalizados con estructuras altamente ordenadas, pero con una escasa

homogeneidad de los grupos organicos en la superficie del material.
B) Proceso de co-condensacion con un precursor organosilano

Este método implica la adicion del precursor organosilano R’-Si(OEt)s
durante el proceso de sintesis del material PMO, por lo que dicho proceso de
funcionalizacion se lleva a cabo en un solo paso. En este método de sintesis, el
organosilano interviene de forma activa en el proceso sol-gel del material
mesoporoso, por lo que hay que tenerlo en cuenta en el disefio del proceso de
sintesis [56]. Ya que la adicion del organosilano es antes de la formacién del
material, los grupos organicos estan distribuidos homogéneamente por toda la
estructura silicica, por lo que la cantidad de grupos organicos que se pueden

incorporar es mucho mayor que con el método post-sintesis.
C) Proceso de co-condensacion con un precursor disilanico

En general, en este tipo de sintesis se utilizan mezclas de precursores del
tipo (R’0)3Si-R-Si(OR’)3 que se hidrolizan y condensan alrededor de un agente

director de la estructura (SDA) en un medio basico o acido [37,57].
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Una caracteristica Unica que tienen los materiales PMO sintetizados a
través de esta ruta es que todos los grupos organicos funcionales (R y R’’) estan
localizados en la pared del poro y estan distribuidos homogeneamente por la
estructura silicica, lo que permite una mayor carga de materia organica y una
prevencion del bloqueo de los poros [38]. Otra ventaja de este tipo de materiales
es que con el simple cambio del precursor orgéanico utilizado, se pueden sintetizar
una gran variedad de materiales con interesantes propiedades electronicas,

Opticas, magnéticas o de transferencia de carga [58,59].

b)
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Proceso de co-condensacién con un monosilano
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+
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\
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Figura 9. Introduccién de nuevos grupos funcionales via grafting (a), co-condensacion

con un monosilano (b), y con un disilano (c).

A continuacion, se describen algunos de los PMOs con grupos funcionales

avanzados sintetizados que han suscitado un mayor interes.
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1.4.2.1 PMOs con grupos aromaticos

En 1999, Ozin y col. [60] sintetizaron y optimizaron las condiciones de
reaccion para la sintesis de PMOs usando los precursores disilanicos con grupos
aromaticos, 1,4-bis(trietoxisilil)benceno, 2,5-bis(trietoxisilil)tiofeno,
1,1’-bis(trietoxisilil)ferroceno y 2,8-bis(trietoxisilil)bitiofeno usando CTAB
como surfactante en condiciones basicas. Un poco mas tarde, este mismo grupo
de investigacion, haciendo uso de una reaccion de Grignard con
clorotrietoxisilano, sintetizaron tres nuevos precursores disilanicos con grupos
puentes de tolueno, p-xileno y p-dimetoxibenceno [61]. Todos los PMOs
sintetizados mostraron ordenamiento hexagonal, con una organizacion “cristal-
like” dentro de las paredes de los poros debido a las interacciones -, elevadas

superficies, y altos volumenes de poro.

También se han sintetizado PMOs con grupos bifenilos [62] usando
4,4 -bis(trietoxisilil)bifenilo como precursor; con grupos naftaleno [63] con
precursores derivados del 2,6-naftaleno; con grupos antracenos [64] usando
2,6-bis(trifluorometanosulfoniloxi)antraceno, o con grupos piridinas [65], Y

bipiridinas [66] entre otros muchos.
1.4.2.2 PMOs con heteroatomos

El papel de los heteroatomos (N, S, P, O, etc...) en el campo de la quimica
es bastante obvio, ya que pueden ser utilizados en una gran variedad de reacciones
quimicas [39]. En base a ello, los investigadores han tratado de incorporar este
tipo de atomos en la estructura de los materiales PMOs. Las propiedades de los
PMOs, tales como, su flexibilidad/rigidez, su hidrofobia/hidrofilia, su reactividad
0 estabilidad deben de ser tenidas en cuenta a la hora de introducir los nuevos

heterodtomos en la estructura [67].
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La sintesis de PMOs con precursores organosilanicos conteniendo
heteroatomos normalmente hace uso de otros precursores silanicos como el
tetraetilortosilicato (TEOS) o tetrametilortosilicato (TMOQOS) para formar
mesofases mas rigidas y ordenadas. Precursores organosilanicos con puentes de
nitrogeno o azufre se han utilizado exitosamente en la sintesis de PMOs con
puentes de azobencenos [68], de diimina/diacetilénicos [69] y de sulfuros [70],

entre otros.

Asi, en 2001, Gaber y col. [71] sintetizaron un PMO con grupos etano y
amino usando como precursores silanicos el 1,2-bis(trietoxisililetano) (BTEE) y
el N-(2-aminoetil)-3-aminopropiltrimetoxisilano (AAPTS) bajo condiciones
béasicas. Estos investigadores concluyeron que un aumento en la concentracion de
AAPTS en el gel de sintesis producia un descenso del area superficial y del
volumen de poro del material PMO resultante. En 2014, Ngamcharussrivichai y
col. [72] lograron sintetizar varios PMOs con diferentes cargas de grupos aminos
mediante reacciones de co-condensacion entre el precursor silanico BTEE vy los
precursores mono-, di- o tri- organosilanicos con &tomos de nitrégeno. Se observo
que la morfologia del PMO se podia modificar variando la concentracion de los
precursores en el medio de reaccidn, obteniéndose esferas a mayores
concentraciones del precursor con mas grupos aminos. Mas recientemente, Van
Der Voort y col. [73] han sintetizado PMOs con puentes de dietilentriamina
mediante co-condensacion de un amino-precursor de cadena larga,
(3-trimetoxisililpropil)dietilentriamina (5 % o 10 %), y 1,2-bis(trietoxisilil)etano.
Los materiales obtenidos mostraron una elevada capacidad de adsorcién de COg,

asi como una elevada actividad catalitica en la reaccion de Knoevenagel.

Alternativamente, Kao y col. [74] han llevado a cabo la sintesis de un
PMO con grupos puente benceno y grupos fosfato a través de los precursores
silanicos 1,4-bis(trietoxisilil)benceno (BTEB) y 3-(trihidroxisilil)propil-metil-
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fosfato de amonio (SPMP) usando Brij-S10 como surfactante bajo condiciones
acidas. EI PMO resultante fue utilizado como adsorbente de colorantes en aguas

residuales.

Por otro lado, la incorporacion de grupos sulfuros en las paredes de los
PMOs es muy atractiva ya que mejora la selectividad de estos materiales para la
absorcion de contaminantes. Asi, Pérez-Quintanilla y col. [70] sintetizaron un
PMO a partir de la co-condensacion de bis(trietoxisililpropil)disulfuro (BTSPDS)
y 5-mercapto-1-metiltetrazol en medio &cido. Estos autores encontraron que dicho
material podia ser empleado como absorbente para la eliminacion de Hg?* de
aguas potables. Ademas, estos grupos sulfuros pueden ser oxidados dando lugar
a grupos sulfonicos utilizados en catélisis acida [75]. Romero-Salguero y col. [76]
han sintetizado satisfactoriamente un PMO con grupos -SH y -SOs como
catalizador selectivo en la reaccion de condensacion entre fenol y acetona para
dar bisfenol A.

1.4.2.3 PMOs con grupos quirales

Los compuestos quirales son muy importantes para la sintesis de farmacos,
compuestos de quimica fina, vitaminas o la sintesis de materiales con unas
propiedades Optimas especificas. Hay diferentes enfoques para obtener
compuestos quirales entre los que se incluyen la derivatizacion quimica y la
catalisis asimétrica. Esta Ultima tiene gran interés debido a la gran variedad de
sustratos que pueden ser convertidos con el uso de una pequefia cantidad de
catalizadores quirales. La catalisis asimétrica heterogenea tiene ventajas sobre la
homogénea debido a su facil de purificacion y separacién de los productos
sintetizados, ademas del reciclaje del catalizador [77]. En base a ello, un novedoso

enfoque para la sintesis de estos catalizadores, aprovechando la estructura
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mesoporosa de los materiales PMOs, es la de introducir estos grupos quirales

directamente en los precursores disilanicos durante la propia sintesis del material.

El primer ejemplo de un material PMO quiral fue publicado en 2006 por
Polarz y Kuschel [78]. Estos autores partieron del precursor 1,2-
bis(trimetoxisilil)eteno y, tras la hidroboracién enantioselectiva de los dobles
enlaces con un catalizador de Rh con ligando quiral, (R)-(+)-2,2-
bis(difenilfosfino)-1,1’-binaftaleno (Rh-BINAP), obtuvieron el correspondiente
precursor organosilanico quiral (Figura 10 a).

Por otro lado, normalmente, la sintesis de otros PMOs quirales requiere
reacciones de co-condensacion con otros precursores con el fin de obtener
estructuras mesoporosas ordenadas. En este sentido, Corma y col. [79]
describieron por primera vez la sintesis de un PMO quiral denominado ChiMO
(chiral mesostructured organosilica) usando precursores bisilanicos de complejos
de vanadio (Figura 10 b) con tetraetilortosilicato (TEOS) para la cianosililacion
asimétrica de benzaldehido.

En 2006, Li y col. [80] describieron la sintesis de varios PMOs
conteniendo  derivados  de  trans-(1R,2R)-diaminociclohexano por
co-condensacion con TMOS usando CTAB como surfactante en medio bésico
(Figura 10 c y d). Estos catalizadores enantioselectivos fueron utilizados en la
hidrogenacion asimétrica de diferentes cetonas. Algo mas tarde, Gordillo y col.
[81] sintetizaron un PMO quiral (ChiMO) usando un precursor disilanico de un
derivado del acido tartarico (Figura 10 e) con TEOS en medio basico y en

presencia de CTAB como surfactante.

Mas recientemente, y con el objetivo de aumentar el contenido de
precursor quiral en los materiales mesoporosos y minimizar a la vez los pasos

para su sintesis, ya que anteriormente todos los materiales mesoporosos
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sintetizados tenian una carga maxima de 15 % de precursor quiral y su sintesis
requeria multiples pasos, Villajos y col. [82] proponen un nuevo método de
sintesis en un solo paso de un PMO usando monOmeros puramente organicos
como el 1,2-bis(trietoxisilil)etano y un precursor quiral con grupos tartrato
(Figura 10 f). A través de este procedimiento, fue posible la incorporacion del 50
% del precursor quiral manteniéndose la estructura ordenada del PMO.
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Figura 10. Ejemplos de precursores quirales incorporados en PMOs.
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1.4.2.4 PMOs con complejos metalicos

La incorporacion de complejos metalicos dentro de la estructura de los
materiales PMOs ha atraido un gran interés para su aplicacion en el campo de la
catélisis. Una gran variedad de metales puede ser incorporados en la estructura
del PMO para su posterior uso como catalizadores heterogéneos en reacciones
cataliticas. Los centros metalicos se pueden introducir en la estructura del PMO
mediante dos métodos: una primera estrategia en la que el metal esta ya presente
en el precursor silanico empleado en la sintesis del PMO o, una segunda, en el
que el anclaje del centro metalico ocurre una vez obtenido el material PMO

mediante un proceso de post-sintesis.

Anderson y col. [83] sintetizaron un Cr-PMO para la oxidacion de
ciclohexano en presencia de H.0. y terc-butilhidroperoxido (TBHP). La
selectividad hacia ciclohexanona fue mucho mayor que la obtenida con otros tipos
de catalizadores similares basados en cromo. Bhaumik y col. [84] prepararon un
nuevo PMO con nanoparticulas de Ti (Ti-LHMS) para la oxidacién de olefinas.
Este catalizador mostro conversiones del 80 % y mantuvo su actividad catalitica

durante cinco ciclos de reaccion.

Por otro lado, varios autores han sintetizado PMOs a partir de precursores
con porfirinas conteniendo metales como Fe, Cu o Sn, para su empleo en
reacciones de oxidacion de Baeyer-Villiger, reacciones de transferencia de

hidrdgeno o reacciones de degradacion de azul de metileno [85].
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1.43 POST-FUNCIONALIZACION DE LOS GRUPOS PUENTE
PRESENTES EN EL PMO

Como previamente se ha comentado, una de las ventajas que presentan los
PMOs es la posibilidad de funcionalizar los grupos organicos presentes en su
estructura. Los dobles enlaces presentes en los eteno-PMOs son los grupos
puentes mas propensos a ser convertidos en otros grupos funcionales mediante el
empleo de una amplia variedad de reacciones organicas. Algunas de estas
reacciones también han sido empleadas para la funcionalizacion de los anillos
aromaticos puente de un PMO. A continuacion, se explican aquellas reacciones
mas importantes que se han llevado a cabo para la funcionalizacion de los grupos

puentes presentes en los PMOs (Figura 11).
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1
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Figura 11. Reacciones de post-funcionalizacion mas utilizadas en PMOs.
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o Bromacion

Es una de las reacciones mas comunes para la funcionalizacion de dobles
enlaces. Este tipo de reaccion, basada en el ataque de la molécula de bromo sobre
el doble enlace, emplea directamente bromo en fase gas o disuelto en algun
disolvente clorado. Como ya se ha comentado previamente, la funcionalizacion
de los dobles enlaces presentes en PMOs produce una disminucion del area
superficial, volumen y diametro de poro. Este tipo de sustituyente, el bromo, tiene
algunas ventajas frente a otros ya que al ser un buen grupo saliente puede ser

facilmente reemplazado a través de una sustitucion nucledfila Sn2.

Desde que Stein y col. [36] hicieran uso de esta reaccion en 1999 para
conocer la accesibilidad de los dobles enlaces, numerosos investigadores se han
basado en ella desde entonces. En 2007, Yoshitake y col. [86] usaron
etilendiamina (EDA) como nucleéfilo para obtener un material con atomos de
nitrogeno a partir de un eteno-PMO sustituido por bromacidn. Otra posibilidad es
el uso de reactivos de Grignard para la creacion de enlaces C-C no hidrolizables.
Siguiendo esta estrategia, Van Der Voort y col. [87] incorporaron grupos tioles
sobre un eteno-PMO, previamente funcionalizado con 4&tomos de bromo, usando

3-cloro-1-propanotiol como nucleofilo.

Ademas de la funcionalizacion de los dobles enlaces, este tipo de reaccion
también ha sido empleada en aquellos PMOs con grupos fenilenos. EI primer
ejemplo de bromacién sobre un material benceno-PMO fue descrito por Cool y
col. [88] en 2012. Estos investigadores emplearon tres procedimientos de
funcionalizacion: i) bromo liquido con AICIlz como catalizador, ii)
N-bromosuccinimida (NBS) con azobisisobutironitrilo (AIBN) como radical
iniciador, y iii) bromato de sodio (NaBrOs) disuelto en &cido sulfurico,
obteniendo para todos ellos una escasa funcionalizacion. En base a estos

resultados, mas recientemente, Cool y col. [89] proponen un procedimiento
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alternativo a los ya empleados consistente en un primer paso de nitracion con

HNOs, seguido de la reduccion a anilina, y posterior bromacion.

o Sulfonacion

La incorporacion de grupos sulfonicos en la estructura de los PMOs es un
tema muy prometedor para su uso como catalizadores acidos. Hay diferentes
estrategias para la incorporacion de estos grupos &cidos en los materiales. Estas
estrategias incluyen: la sulfonacion directa de los grupos fenilos del PMO usando
H>SO4 como agente oxidante [90], o la oxidacion de grupos tioles previamente
introducidos mediante diferentes tipos de precursores silanicos. En 2002, Ohsuna
y col. [49] realizaron la sulfonacion directa sobre un PMO son grupos fenilenos
con un gran ordenamiento tanto a escala meso- como a escala molecular. Estos
autores, ese mismo afio, sintetizaron un benceno-PMO [91] usando ademas el
precursor 3-mercaptopropiltrimetoxisilano (MPTMS), donde los grupos tioles
(-SH) introducidos eran oxidados a sulfonicos (-SOsH) con el uso de HNOs
concentrado a temperatura ambiente durante 24 horas. La caracterizacion antes y
después de la oxidacion revel6 que las propiedades del PMO no se veian afectadas

por el proceso de oxidacion.

Por otro lado, en menor medida, los grupos etenos de los PMOs también
han sido exitosamente funcionalizados con grupos sulfénicos acidos. Mas
concretamente, Van Der Voort y col. [92] mostraron la exitosa sulfonacion con
acido clorosulfonico de un PMO con puentes etenos en configuracion trans-(E-
ePMO).

o Aminacién

En 2008, Inagaki y col. [93] proponen por primera vez la aminacién en
benceno-PMOs mediante dos pasos, un primer paso de nitracién con una mezcla

de H>SO4/HNO3 seguida de una reduccion con SnCl, y HCI. Este tipo de
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materiales con grupos aminos se ha utilizado recientemente para la adsorcion de
dioxido de carbono (COz) y metano (CH4) [94].

o Epoxidacion

La reaccion de epoxidacion de dobles enlaces en PMOs fue optimizada
por Inagaki y col. [95] en 2011 mediante espectroscopia FT-IR. Para ello, el
epoxido fue formado por tratamiento del material eteno-PMO con TBHP.

La formacién del epoxido y su posterior apertura permite la introduccién
de grupos alcoholes o aminos. Este tipo de estrategia permite crear materiales
bifuncionales muy importantes para la catalisis cido-basica. Asi, Matsuoka y col.
[96] siguiendo la estrategia comentada anteriormente, han logrado sintetizar un
catalizador con grupos amino y alcoholes para su uso en reacciones tandem de

oxidacion de alcoholes y en la condensacion de Knoevenagel.

o Reaccion de Diels-Alder

Otra ruta para la modificacion de dobles enlaces es la reaccion de Diels-
Alder. La reaccion de Diels-Alder es una reaccion de cicloadicion [4+2] entre un
dieno conjugado y una olefina que actda como dienofilo, dando lugar a derivados
del ciclohexeno. Para que la reaccion se lleve a cabo, el dieno tiene que estar en
conformacién cis-, ya que si esta en conformacion trans- la reaccion no tiene

lugar, debido principalmente a la geometria de la molécula.

Dos rasgos caracteristicos de esta reaccion estdn conectados con el
mecanismo; primero se forman dos enlaces de tipo sigma en el transcurso de la
reaccion, al mismo tiempo que se desvanecen dos enlaces tipo pi, de este modo,
la reaccion es altamente exotérmica. En segundo lugar, en la mayoria de los casos,
la reaccion de Diels-Alder sigue las reglas de Woodward-Hoffmann, es decir,

transcurre en un solo paso permitido térmicamente [97].
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La reaccion de Diels-Alder sobre un material eteno-PMO fue llevada a
cabo por primera vez por Kondo y col. [98,99] quiénes emplearon
benzociclobuteno como dieno en la reaccion de Diels-Alder con los puentes
etilidénicos de un PMO. Una vez incorporados los anillos aromaticos colgantes
en la superficie del PMO, el tratamiento con &cido sulfurico concentrado permitio
la introduccion de grupos acidos sulfonicos superficiales. En 2011, Romero-
Salguero y col. [100] ampliaron el uso de la reaccion de Diels-Alder para la
modificacion superficial de PMOs con dobles enlaces usando ciclopentadieno y
antraceno como dienos. Se observd que el ordenamiento estructural y la
estabilidad térmica de los materiales finales eran similares al material PMO de
partida (e-PMO). Mas tarde, en afios posteriores, estos autores introdujeron
compuestos N-heterociclicos en PMOs con dobles enlaces a través de una
reaccion de Diels-Alder con derivados del pirrol (pirrol, N-metilpirrol,
dimetilpirrol, trimetilpirrol y fenilpirrol) [101].

La incorporacion de compuestos N-heterociclicos sobre la superficie de
los materiales PMOs abre una nueva posibilidad para el uso de estos materiales,
ademas de en el campo de la catalisis y adsorcién, como soportes para el anclaje
de complejos lantanidos muy utiles por sus propiedades luminiscentes. Para ello,
Van Der Voort y col. [102] publicaron la sintesis de un eteno-PMO
funcionalizado con un derivado de tetrazina (dipiridilpiridazina, Dpdp) como
soporte del i6n Eu*. En este caso los dobles enlaces del PMO actGan como
diendfilo y el derivado de tetrazina como dieno en la reaccién de Diels-Alder. Un
poco mas tarde, Van Deun y col. [103] extendieron el uso de Dpdp-PMOs para el

anclaje de otros lantanidos como el Nd*3y Yd*3,
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1.5 APLICACIONES DE LOS PMOs

Los materiales de tipo PMOs, obtenidos a través de las diferentes
estrategias sintéticas comentadas anteriormente, se han empleado en una gran
variedad de campos, que incluyen catélisis [39], cromatografia [104], adsorcion
de residuos [105], aplicaciones oOpticas [106] o biomédicas [107] y, muy

recientemente, la fotocatéalisis [108], entre otras muchas.

La introduccion de esta Tesis Doctoral se va a centrar principalmente en
una de las areas de aplicacion mas recientes de estos materiales, la fotocatalisis

artificial.
1.5.1 FOTOSINTESIS ARTIFICIAL

Satisfacer la creciente demanda de energia mundial, abordando a la misma
vez el cambio climético, reduciendo las emisiones de gases que provocan el
Ilamado efecto invernadero y mejorando la calidad del aire, es un desafio
fundamental al que la sociedad se enfrenta. Segun algunas investigaciones [109],
se prevé que para el afio 2050 la poblacion mundial se duplique y, por lo tanto,

asi su demanda energética.

Ya que los problemas de la sociedad estan vinculados con los avances
cientificos, la comunidad cientifica se enfrenta al desafio de encontrar rutas o
métodos de producir energia suficiente, al mismo tiempo de minimizar los
impactos negativos sobre el medio ambiente. En la actualidad, la generacién de
energia es la responsable de dos tercios de las emisiones mundiales de gases que
provocan el efecto invernadero. Ademas, en la ultima asamblea de la Naciones
Unidas sobre el cambio climatico celebrada en Sharm El Sheikh (Egipto)
(COP27), se puso de manifiesto la necesidad de promover la obtencion de nuevas

formas de energia respetuosas con el medioambiente.
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Dentro de las energias renovables, la energia solar y e6lica son las energias
limpias con cero residuos y, dado que Espafia es uno de los paises con mas horas
de sol, la primera de ellas es la mas idonea para apostar en un futuro proximo. De
hecho, una sola hora de energia solar proporciona la misma energia que se

consume en un afio a nivel mundial [109,110].

Un paso fundamental en el uso de la energia solar es recolectar fotones de
alta energia con un absorbente de luz para generar la separacion de carga de
electrones y huecos. En las celdas fotovoltaicas la energia solar es directamente
convertida en electricidad. A pesar de que esta conversion a electricidad es de
gran interés, ésta no puede ser almacenada en grandes cantidades y las baterias
actuales no tienen la densidad energética suficiente para poder reemplazar
completamente a los recursos naturales (carbén, gas natural, petréleo). En este
caso, un nuevo enfoque que evitaria los inconvenientes anteriormente citados es
la conversion directa de la energia solar en energia quimica, a través de un proceso

similar a la fotosintesis natural.

Durante el proceso de fotosintesis natural, las plantas convierten la luz
solar en energia quimica absorbiendo los fotones a través del fotosistema Il en los
cloroplastos, que da lugar a una separacién de carga (electron-hueco) necesario
para las reacciones redox. En los huecos se produce el proceso de oxidacion,
donde el agua se oxida a oxigeno. Los electrones pasan al fotosistema I, a través
de reacciones en cadena, para producir moléculas energéticas como el NADPH o

el ATP, que seran usados a continuacion en el ciclo de Calvin [111] (Figura 12).

58



CAPITULO 1. INTRODUCCION

Figura 12. Fotosintesis natural realizada por plantas.

El proceso de almacenamiento de energia solar en enlaces quimicos
Ilevado a cabo de forma natural por la plantas y algunos microorganismos, ha
servido como fuente de inspiracion a la comunidad cientifica en el desarrollo de
sistemas cataliticos de fotosintesis artificial [112] para la reduccién de dioxido de
carbono a metano, metanol, formaldehido y mondxido de carbono, o para la
reduccion de protones a hidrégeno [113].

Como ya se ha comentado anteriormente, para hacer uso de la energia
solar es necesario el empleo de algin material (semiconductor o
fotosensibilizador) que sea capaz de captar esa energia (Figura 13). En este caso,
los semiconductores tienen las propiedades eléctricas idoneas para capturar los
fotones mediante la separacién de carga entre sus bandas de valencia y de
conduccion. Hay algunos semiconductores que después de ser iluminados pueden
proporcionar el potencial electroquimico suficiente para dar lugar a la oxidacion
del agua/ reduccion de los protones o la reduccion de CO2 a CO [114]. Asi, desde
el trabajo pionero de Fujishima y Honda [115], en el afio 1972, donde utilizan un
fotoanodo de TiO para la rotura fotocatalitica de la molécula de agua (“water
splitting”) para producir hidrogeno, una gran variedad de semiconductores
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(Cu20, g-C304,Fe203, CdS, M0Ss;...) han sido utilizados hasta la actualidad [116—
118]. Alternativamente, de forma similar al uso de los semiconductores, los

compuestos fotosensibilizadores se pueden utilizar en reacciones fotocataliticas.

De forma general, un fotosensibilizador absorbe y convierte el foton
incidente en un estado excitado (fotosensibilizador*) que pueda transferir/aceptar
un electron a/desde un aceptor/donador para la creacion de estados separados de
carga, lo cual genera las fuerzas termodindmicas necesaria para la reduccion de

protones a hidrégeno o del CO2 a CO.

Aunque el uso de semiconductores esta muy extendido para aplicaciones
fotocataliticas, la introduccion de esta tesis se va a centrar en la descripcion de
sistemas basados en elementos de transicion abundantes en la Tierra como el
hierro, el cobalto y el niquel, como catalizadores en reacciones fotocataliticas

promovidas por el uso de un fotosensibilizador.

a) H*, €O, b) . e
, €O,
Bandade electron\| Reduccidn FOTOSENSIBILIZADOR*
conduccién (2) H.. CO
=y H,, CO v

H,0

Banda de 2H,0
valencia ® Oxidacién
hueco
\A 0, +4He
02

Figura 13. Esquema de un sistema fotocatalitico artificial, usando un semiconductor (a)

o0 un fotosensibilizador (b).
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1.5.1.1 Componentes de un sistema fotocatalitico artificial

Un sistema fotocatalitico artificial estd formado principalmente por tres

componentes, que deben de poseer unas caracteristicas determinadas.

e Sustancia donadora de electrones (Sacrificial Electron Donor,
SED): Sustancia que provee electrones para la reduccion de los
protones. Se pueden usar compuestos inorganicos como mezclas de
Na>S/Na,SOz (sobre todo, con semiconductores), 0 compuestos
organicos como alcoholes (metanol, etanol...), &cidos (férmico,
acético, dicloroacético, etilendiaminotetraacético EDTA...),
aldehidos (formaldehido y acetaldehido) y aminas (trietanolamina
TEOA o trietilamina TEA) [119].

e Fotosensibilizador (Photosensitizer, PS): La eleccion del
fotosensibilizador es fundamental para la captura de la luz solar y la
generacion y transferencia de los electrones excitados, el cual puede
limitar la actividad catalitica del sistema. Las caracteristicas

fundamentales que debe de poseer un fotosensibilizador son:

Amplio rango de absorcién, con un alto coeficiente de

extincién molar en el rango del visible.

- Adecuados potenciales redox para la transferencia de

electrones del donador de electrones al fotosensibilizador.
- Largos tiempos de vida en el estado excitado.

- Alta fotoestabilidad que permita una produccion de

hidrogeno a largo tiempo.

- Buena solubilidad en el medio de reaccion.
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Entre los fotosensibilizadores mas utilizados, destacan el rosa de
bengala y el eosin Y como compuestos organicos, y el [Ru(bpy)s]** o

[Ir(bpy)(ppy)2]** como compuestos organometalicos [119].

e Catalizador [119]: Las funciones principales que debe de cumplir un

catalizador son:
- Evitar la rapida recombinacion entre el electrén y el hueco.

- Permitir la rdpida difusion de los electrones y huecos en la
superficie del semiconductor.

- Poseer un potencial adecuado para la oxidacion del agente de
sacrificio o la reduccién de los protones.

- Ser fotoactivo bajo la luz solar (en el caso de los
semiconductores), que esta directamente relacionado con su
banda prohibida (bandgap).

- Poseer buena estabilidad quimica.

- Ser lo més barato posible.

En la Figura 14 se muestran los fotosensibilizadores, las sustancias
donadoras de electrones y catalizadores mas utilizados en sistemas fotocataliticos
de produccion de hidrégeno y reduccion de COa.

62



CAPITULO 1. INTRODUCCION
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Figura 14. Fotosensibilizadores, donadores de electrones y catalizadores mas

utilizados en procesos fotocataliticos de produccion de hidrégeno y reduccién de CO..
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1.5.2 REDUCCION DE PROTONES A HIDROGENO

Uno de los elementos que estan tomando mas interés en la actualidad es el
hidrogeno. El hidrégeno es considerado uno de los mejores vectores energéticos
debido a su alta densidad energética (142 kJ g1), tres veces mayor que la de otros
combustibles fésiles. A partir de él se puede obtener energia eléctrica o térmica
con altos rendimientos y sin nulas emisiones contaminantes de CO3, ya que su

combustion sélo produce como subproducto vapor de agua.

El gran problema del hidrogeno hasta ahora ha sido su modo de aplicacion,
que a diferencia de la energia solar o edlica que son fuentes de energia, es decir,
se puede obtener energia directamente de ellas, el hidrégeno es un vector
energético (como una bateria) y necesita energia para producir posteriormente
mas energia. Esto se debe a que el hidrogeno, a pesar de ser el elemento mas
abundante del universo, menos del 1 % se encuentra presente como hidrégeno
molecular. La mayor parte del hidrogeno terrestre se encuentra combinado con
otros elementos formando compuestos, tales como agua o hidrocarburos (carbon,

gas natural, petroleo...).

Segun la fuente de partida de obtencion del hidrégeno, se puede clasificar

en:

-Hidrogeno negro, es el obtenido a partir de fuentes primarias de energia
tales como combustibles fdsiles (carbon, o petroleo) o de fuentes intermedias
como productos de refineria, metanol o amoniaco. Dentro de este grupo esta el
hidrégeno gris procedente del gas natural y obtenido a partir de la técnica de
reformado por vapor, y el hidrogeno marron que se genera por la gasificacion del

carbon.
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-Hidrdégeno azul, es el obtenido a partir de hidrocarburos. Se produce
sobre todo en yacimientos de gas natural, y es el mas utilizado en la industria

debido a sus bajas emisiones contaminantes.

-Hidrégeno turquesa, es un término acufiado recientemente por la
Asociacion Espafola del Hidrégeno. Es el hidrogeno obtenido a partir del gas
natural, pero con la técnica de la pirdlisis en la que el carbdn que se obtiene esta
en estado solido evitando de esta forma las emisiones contaminantes a la

atmosfera.

-Hidrogeno verde, también conocido como hidrégeno renovable, se
produce a partir de fuentes de energia renovables. EI método més conocido de
produccion de hidrdgeno verde es la electrélisis del agua, proceso que consiste en
la separacion de la molécula de agua en sus componentes (hidrégeno y oxigeno)
mediante la aplicacion de una corriente eléctrica obtenida de fuentes renovables.
Este proceso, a pesar de que proporciona cierta esperanza de producir hidrégeno
de una manera sostenible, al ser su materia prima, el agua, una fuente de hidrégeno
abundante y renovable, requiere de ciertas mejoras tecnologicas y de nuevos
electrocatalizadores metalicos sin metales nobles que puedan competir con los

tradicionales basados en Pt.
1.5.2.1 Produccion de hidrogeno mediante energia solar

Desde 1977 [120], la descomposicion exclusivamente fotocatalitica del
agua en hidrogeno y oxigeno empieza a ser uno de los métodos méas prometedores
para conversion y almacenamiento de luz solar, suponiendo una alternativa mas
barata a la electrdlisis del agua con celdas fotoelectroquimicas para la produccién

de hidrogeno.
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De forma artificial, la ruptura de la molécula de agua puede ser
representada por dos semirreacciones (Figura 15), una reaccion de oxidacion para
dar oxigeno (ec.1) y una reaccion de reduccion de protones a hidrogeno (ec.2).
Desde el punto de vista termodinamico, las semirreacciones se dan con un
potencial menor a -0.41 V (E H2O/H> con un NHE a pH 7). Sin embargo, estas
reacciones estan cinéticamente desfavorecidas por lo que es necesario la presencia
del correspondiente catalizador. Los complejos con metales de transicion pueden
albergar electrones a través de varias reacciones redox, lo que los hace unos

candidatos idoneos para este tipo de reacciones [121].

2,0 =——— de" + 4H* + O, E=123V-0.059pH V (ec.1)

4 + A —— 2, E=0V-0.059pH V (ec.2)

2H,0 ——— 2H, + O,

Figura 15. Ruptura de la molécula de agua; oxidacion del agua y reduccion de los

protones. Los potenciales estan referidos al electrodo normal de hidrégeno.

Estas reacciones requieren del uso de un fotosensibilizador que recoja la
luz incidente y transfiera el equivalente de oxidacion/reduccion a un catalizador
apropiado. Hasta el momento existen mas sistemas artificiales que dirijan la

reaccion de reduccion del agua, frente a la oxidacién de esta.

El proceso de produccion de hidrogeno de forma fotocatalitica se puede
Ilevar a cabo a través de dos mecanismos (Figura 16). El proceso comienza por la
absorcion de la luz por parte del fotosensibilizador, que pasa a un estado excitado.
Luego el fotosensibilizador excitado (PS*) se puede reducir por el electron
proporcionado por la molécula donadora de electrones; lo que se denomina
reductive quenching, o puede ser oxidado por el catalizador para la reduccién de
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los protones a agua, proceso denominado oxidative quenching. Aunque ambos
mecanismos se pueden llevar a cabo, en la mayoria de los casos, el mecanismo
dominante es el reductive quenching, ya que normalmente las concentraciones de
la sustancia donadora de electrones en el medio de reaccion son muy elevadas

respecto al resto de componentes de la reaccion.

REDUCTIVE
QUENCHING

Cat” PS ED*

Cat”‘ld ‘ ED
PS §— PS*

ED+! ’ pst c cat’
C

-1
ED ath

OXIDATIVE
QUENCHING

Figura 16. Posibles mecanismos de transferencia de electrones para la reduccion de

protones a hidrégeno por accion de un catalizador.

Los primeros sistemas fotocataliticos artificiales para la produccion de
hidrogeno fueron publicados en 1977 por el grupo de Shilov [122] y Lehn y
Sauvage [123]. Los primeros hicieron uso de un fotosensibilizador de tipo
acridona y oxido de platino como catalizador, mientras que los segundos
emplearon una sal de platino (K2PtCls) como catalizador y rutenio tris-bipiridina
[Ru(bpy)s]?* como fotosensibilizador. Ambos grupos concluyeron que las
nanoparticulas de platino que se formaban durante la reaccion eran realmente las

especies cataliticas de dicho proceso [120]. Més tarde, y a partir de estas
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investigaciones iniciales, tiene lugar la busqueda de alternativas a estos sistemas
basados en Pt. Por ejemplo, complejos macrociclicos de diferentes metales
[124,125] han sido ampliamente estudiados en la produccion fotocatalitica de
hidrogeno debido a la posibilidad de modular su actividad a través de la

sustitucion del tipo de ligando.

Por otro lado, durante las dltimas decadas, el disefio molecular de
catalizadores en produccién fotocatalitica de hidrégeno se ha inspirado en la
estructura de las metaloenzimas, que generalmente poseen metales de transicion

de la primera fila (Fe, Co y Ni) como centros activos [121,126].
1.5.2.2 Sistemas bioldgicos de reduccién de protones

Existen algunos microorganismos con capacidad fotosintética que extraen
los electrones de la molécula de hidrégeno para su metabolismo o eliminan el
exceso de electrones mediante la reduccion de protones para producir hidrégeno,
a través de metaloenzimas llamadas hidrogenasas [127]. En funcion de los &tomos
metalicos presentes en el centro activo, estas metaloproteinas se dividen en:
[FeNi]-, [FeFe]-, y [Fe]-hidrogenasas [109,128] (Figura 17).

En las [FeFe]-hidrogenasas, el centro metalico esta coordinado a una
subunidad Fe,S; coordinada por un cluster FesSs unido a una cisteina, junto con
ligandos de cianuro (CN°), monoxido de carbono (CO) y un puente de ditiolato
(S-S). De esta forma, un centro de hierro tiene una coordinacion hexagonal con
configuracién octogonal y el otro centro metalico esta pentacoordinado dejando

un sitio activo libre para produccion de hidrégeno [129].

En cambio, las [NiFe]-hidrogenasas estan formadas por un atomo de
niquel y otro de hierro, donde el niquel tiene una geometria plano-cuadrada
distorsionada y esta coordinado con cuatro ligandos de cisteina, de los cuales, dos

de ellos estan formando puente con el Fe. También existen una subclase de
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[NiFe]-hidrogenasas con un ligando de selenocisteina coordinado con el centro
de niquel en lugar de cisteina. Esta diferencia estructural es la razén de la alta
tolerancia al oxigeno, y la alta produccién de hidrégeno comparadas con otro tipo

de hidrogenasas.

Comparado con las [NiFe]- y las [FeFe]-hidrogenasas, las [Fe]-
hidrogenasas son unicas. Fueron identificadas y aisladas en 1990. Son las Unicas
hidrogenasas que necesitan solo un centro metéalico de hierro, el cual esta
coordinado por un atomo de azufre de la molécula de cisteina, ademas de dos

ligandos CO en posicidn cis y por un nitrégeno del ligando guanilpiridol [130].

c)
NH
ﬁ Cys Cys st
\ / [F94S4] \ \ /S__——Cys
CN“H Fe N|\
\ CN S—Cys
[Fe]Hzasa [FeFe]Hoasa [NiFe]H.asa

Figura 17. Estructura general de una [Fe]-hidrogenasa ([Fe]H.asa) (a), [FeFe]-
hidrogenasa ([FeFe]H.asa) (b) y [FeNi]-hidrogenasa ([NiFe]Hzasa) (c).

Sistemas fotocataliticos basados en hidrogenasas artificiales

Desde el descubrimiento de la estructura de las hidrogenasas y la
elucidacion del mecanismo por el que se forma hidrdgeno, se han realizado
grandes esfuerzos en la sintesis de compuestos quimicos que imitan los sitios

activos de las [FeFe]- y [FeNi]-hidrogenasas naturales [131].
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El primer sistema fotocatalitico basado en las [FeFe]-hidrogenasas
naturales fue publicado en 2008 por Weigand y col. [132]. Estos autores
sintetizaron hidrogenasas con un puente tiolato al que se unia directamente una
unidad de silafluoreno, la cual participaba como fotosensibilizador de la reaccion.
Desde ese momento, diferentes enfoques se han llevado a cabo para la formacion
de sistemas fotocataliticos basados en hidrogenasas. Schroder y col. [133]
estudiaron las diferencias en cuanto a estabilidad y produccion de hidrégeno de
dos sistemas basados en hidrogenasas en los que el fotosensibilizador de Re usado
estaba o no anclado en el catalizador. Paralelamente, Weigand y col. [134]
disefiaron sistemas moleculares basados en [FeFe]-hidrogenasas en las que se une
un fluoreno o un silafluoreno como fotosensibilizador. Mé&s recientemente, en
2018, Reek y col. [135] usaron una porfirina de zinc como segunda esfera de
coordinacion en la sintesis de una [FeFe]-hidrogenasa. Este nuevo compuesto
sintetizado podia ser utilizado tanto como catalizador como fotosensibilizador en
el proceso de produccion de hidrégeno. En la actualidad, una gran variedad de
sistemas fotocataliticos basados en las [FeFe]- y [NiFe]-hidrogenasas son usados

con diferentes fotosensibilizadores de Ir o Ru, entre otros [136-138].

A pesar de los numerosos estudios basados en el uso de
[FeFe]-hidrogenasas como catalizadores homogéneos en reacciones de
produccion de hidrogeno, los resultados cataliticos en relacion con el TON son
muy bajos, debido principalmente a la inestabilidad del catalizador bajo las

condiciones de la reaccion.

1.5.2.3 Sistemas fotocataliticos basados en complejos de cobalto

(cobaloximas)

Debido a su abundancia, disponibilidad y bajo coste, los complejos de

cobalto han surgido como una nueva alternativa a los complejos que se asemejan
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a las hidrogenasas para su uso como catalizadores en la reaccion fotocatalitica de

reduccidén de protones a hidrdgeno.

Complejos de cobalto de tipo cobaloximas, poliporfirinas, polipiridinas o
macrociclos, se han usado en el proceso de reduccion de protones a hidrégeno
[139,140].

En 1966, las primeras “cobaloximas” (complejos de bis-glioximato de
cobalto) fueron sintetizadas por Schrauzer y Windgassen [141], como modelos
similares a la vitamina B1> [143,144]. Asi, las moléculas pertenecientes a este
tipo de familia se les acufaron el término “cobalamina”. A partir de entonces, el
uso de este tipo de complejos y derivados se ha extendido debido a su facil y
rpida preparacion, alta tolerancia al oxigeno, bajo coste, facilidad para
intercambiar el ligando en posicion axial, y considerable actividad catalitica
[144,145].

De forma general, estos complejos se forman por la reaccion de
dimetilglioxima (dmgH2) con cloruro o acetato de cobalto, dando lugar a la
formacion de un compuesto macrociclico, Co(dmgH)2(L)2, donde el grupo L es
cinéticamente labil y puede ser ocupado por moléculas de disolvente o los
contraiones de la sal usada. Por otro lado, los protones presentes en el macrociclo
pueden ser sustituidos por BF. usando (BFs3)+Et,0O, que da lugar a complejos mas
estables sobre todo en solucion &cida [146]. Compuestos similares se han
sintetizado sustituyendo un ligando axial por diferentes alquilpiridinas [147]. De
este modo, Rajeshwar y col. [148] estudiaron la descomposicion del complejo
molecular Co(dmgH)2(py)Cl y descubrieron que primero ocurria la rotura del
ligando piridina, después la del ligando cloruro y, por ultimo, la de los ligandos

ecuatoriales.
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El primer sistema fotocatalitico homogéneo, sin el uso de una sustancia
mediadora (electron relay), fue desarrollado por Ziessel y col. [149]. Estaba
compuesto por el complejo molecular Co(dmgH)2 como catalizador, [Ru(bpy)s]**
y TEOA como fotosensibilizador y donador de electrones, respectivamente.
Desde ese momento, una amplia variedad de complejos con diferentes ligandos
axiales se han estudiado [150,151].

En un inicio, este tipo de complejos, aunque no solubles en agua, fueron
estudiados en procesos electroquimicos debido a sus bajos potenciales de
oxidacion/reduccion, lo que los hace idoneos para produccion de Hz. Conolly y
Espenson [152] publicaron por primera vez el uso del catalizador
Co(dmgBF2)(L)2 (dmgBF2: difluoroboril-dimetilglioxima) y afirmaron que el
paso limitante en el proceso era la transferencia de electrones en los puentes fluor.
Sin embargo, trabajos posteriores llevados a cabo por diferentes grupos de
investigacion [153-155] proponen que el paso limitante en el proceso de
reduccion de los protones a hidrégeno viene de la labilidad del enlace axial Co-N

entre el centro metélico y la piridina.

El grupo de Eisenberg [156] usOG por primera vez complejos de
Co(dmgH)2(py)Cl y derivados para produccion de hidrégeno. Estos complejos
fueron usados como catalizadores en una disolucion de acetonitrilo/agua en
presencia de TEOA como agente donador de electrones. Inicialmente, con este
tipo de complejos se utilizaban fotosensibilizadores de Pt (11) [157]. Sin embargo,
con el paso de los afios se ha optimizado el uso de sistemas sin este metal. Durante
la pasada década, una gran variedad de fotosensibilizadores ha sido utilizados con
el catalizador Co(dmgH)2(py)CI). Entre ellos se incluyen, complejos metélicos de
Ir [158,159], de Ru [160,161], o de Re [162]; o moléculas organicas como el eosin
Y o el rosa de bengala [163].
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Més recientemente, Coutsolelos y col. [164] estudiaron la influencia de
diferentes ligandos con nitrogeno. Estos autores concluyeron que cobaloximas
con ligandos electrodonadores como el N-metil imidazol daba lugar a elevados
TONSs; mientras que ligandos con grupos electroatractores eran menos estables.
Los autores sugieren que cuanto méas fuerte sea el enlace con los ligandos méas
tiempo de vida tiene el catalizador con TONSs iniciales bajos, mientras que enlaces
débiles dan lugar a TON altos al inicio y tiempos de vida del catalizador mucho

mas cortos.

En base a la estabilidad del sistema fotocatalitico, estudios posteriores
sugieren que el cese de produccion de Hz es debido a la descomposicion del
catalizador, méas especificamente, a intercambio de ligandos dmgH durante el
proceso fotocatalitico y no por la degradacion del fotosensibilizador. Estos
autores mostraron como la adicion de un exceso de dmgH daba lugar a un

aumento en la longevidad del sistema [165].

Sistemas con fotosensibilizador y catalizador unidos covalentemente

Al igual que con los catalizadores basados en hidrogenasas, numerosas
investigaciones estan dirigidas al disefio de sistemas moleculares con la union del

fotosensibilizador al centro metélico de cobalto (Figura 18).

Los primeros sistemas de este tipo fueron desarrollados por Fontecave
[166,167] y Sun [168] (L1-L4). Estos sistemas se basan en complejos moleculares
de tipo cobaloxima y complejos de rutenio (o iridio) trisbipiridina o porfirinas de
zinc modificadas que contengan un grupo piridil, el cual se coordine axialmente
con el centro de cobalto.

Tambien, Eisenberg y col. [169] (L5) desarrollaron un sistema con
cobaloxima como catalizador al que le habian coordinado fluoresceina a través de

un enlace amida. La adicion de piridina al medio de reaccién aumentaba la
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eficiencia catalitica lo que sugeria el l1&bil enlace del grupo piridina con el centro
metalico. En base a estos resultados, estos autores dedujeron que el procedimiento

de anclaje llevado a cabo no era el mas idoneo.

Recientemente, Sakai y col. [170] (L6) sintetizaron un complejo

molecular a través del ensamblaje in situ de dos sistemas supramoleculares de
[Ir(ppy)2(bpy)]* y [Co(bpy)s]*".

Cl

K

N
0N N0

Figura 18. Ejemplos méas destacados sobre sistemas fotocataliticos con

fotosensibilizador y catalizador unidos covalentemente [121].
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Heterogeneizacion de complejos de cobaloxima

El desarrollo de diferentes estrategias para la inmovilizacion de complejos
moleculares sobre diferentes soportes representa una eficaz alternativa para
aumentar la tolerancia de este tipo de complejos en disoluciones acuosas y
permitir el reciclaje de estos. Para su inmovilizacion, en la mayoria de los casos,
es necesario una modificacion quimica del soporte con algun ligando apropiado.
La eleccion del ligando depende de la superficie del material y de la aplicacion
del catalizador, ya que para aplicaciones electrocataliticas o fotocataliticas, las
propiedades del soportes, como la conductividad, morfologia y estabilidad bajo

condiciones experimentales, pueden cambiar considerablemente [119].

Desde el descubrimiento de las cobaloximas por Ziessel y col. [149],
numerosos avances se han llevado a cabo para optimizar este tipo de sistemas
como electro- o fotocatalizadores en la reaccion de reduccion de protones a
hidrégeno. En el campo de la eletrocatalisis, Reisner [171] y Artero [172] han
sido capaces de obtener excelentes resultados en la inmovilizacion de complejos
de tipo cobaloxima sobre nanotubos de carbono con grupos piridina en la

superficie.

Una nueva tendencia que se esta atrayendo un gran interés, es la
introduccidon de cobaloximas en materiales no conductores, para ser utilizados con
luz visible. Hasta ahora, s6lo algunos MOF (Metal Organic Frameworks) y COF
(Covalent Organic Frameworks) han sido utilizados para tal fin. En el caso de los
MOF, Otty col. [173] publicaron por primera vez el anclaje de cobaloximas sobre
un MIL-101 (Cr) clorometilado (Figura 19) para la formacién de un catalizador
hibrido de tipo MOF. La longevidad del catalizador molecular de cobaloxima se
incremento tras la incorporacion en el MOF, sin embargo, su estabilidad estuvo
limitada debido a la labilidad del enlace cobalto-piridina durante el proceso

catalitico.
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Figura 19. Estructura del catalizador MIL-101 con unidades de cobaloxima ancladas a

su superficie para la produccion de hidrogeno [174].

En el caso de los COF, Lotsch y col. [174] desarrollaron un catalizador
basado en un COF-42 donde se ancld satisfactoriamente el complejo de
cobaloxima. Estos autores observaron que la estructura del propio COF facilita la
re-coordinacion de la cobaloxima durante la reaccion, mejorandose de este modo

la reactividad y evitando la degradacion del catalizador.
1.5.3 FOTORREDUCCION DE CO:

El dioxido de carbono (COy), es el principal producto que se obtiene de la
combustion aerobia de compuestos que contienen carbdn. De este modo, una gran
cantidad de CO: es emitido a la atmosfera a través de la actividad humana,
principalmente, de la quema de combustibles fdsiles para obtener energia para el
transporte y la produccion industrial. Este CO2 emitido a la atmosfera genera el
llamado “efecto invernadero ”, haciendo que la temperatura de la Tierra aumente

y agravando asi el cambio climatico. En recientes conferencias internacionales de
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las Naciones Unidas para el cambio climéatico (Madrid-Chile-2019, Glasgow-
2021 y Egipto-2022) se ha puesto de manifiesto la necesidad de reducir un 45 %

las emisiones de CO2 en 2030 y estar en un 0 % de emision para el 2050 [175].

El proceso de fotosintesis de las plantas (Figura 12) donde a través de luz
solar y moléculas sencillas se logra sintetizar moléculas mas complejas, nos
proporciona una estrategia factible para la captura de CO2 y conversion de éste en
un vector energético aprovechable, cerrando de ese modo, el ciclo del carbon y
disminuyendo el antes mencionado efecto invernadero. EI proceso de
fotorreduccion de CO de forma artificial intenta simular tal proceso siendo
necesario, como se ha comentado anteriormente, una sustancia donadora de

electrones, un fotosensibilizador y un catalizador adecuado.

Recientemente, investigaciones relacionadas con la captura y uso de este
CO; atmosférico estan en auge. Uno de los grandes problemas que posee el CO>
es que es una molécula muy estable (AG= -394.228 kJ/mol), por lo que su

conversion necesita unas condiciones de presion y temperatura bastante drésticas.

La fotosintesis artificial [176] abre una alternativa viable y sin condiciones
peligrosas para la conversion de CO2 en otros productos de interés como el
monoxido de carbono, metano, etano, formaldehido o metanol usando luz visible

y bajo unas condiciones de presion y temperatura normales.

En la Figura 20 (ec.1) se muestra el potencial necesario para reducir este
COa.. Este potencial es demasiado alto para ser conseguido de manera directa, por
lo que una alternativa méas favorable para activacion de la molécula de CO; es a
través de una serie de reacciones asistidas por protones y electrones que hacen

posible que el CO> sea transformado en compuestos de interés (ec.2-6).
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CO, + e —_— CO, E%'=-193 V (ec.1)
CO, + 2H" + 26 =—— CO + H,0 E%=-0.53 V (ec.2)
CO, + 2H" + 2€ == HCOOH E'=-0.39 V (ec.3)

CO, + 2H" + 4€ = [CHO + I,0 E”=-048V (ec.4)
CO, + 2H" + 6¢ =——> CH,OH + H,0 E”=-038V (ec.5)

CO, + 2H" + 8¢ CH, + 2H,0 E"'=-0.24 V (ec.6)

Figura 20. Reacciones de reduccion de CO.. Los valores de potencial estan referidos al
electrodo normal de hidrogeno (NHE) a pH 7.

En los siguientes apartados se describiran los primeros sistemas naturales
usados para la fotorreduccion del CO2, asi como el uso de catalizadores
homogeéneos basados en metales abundantes en la corteza terrestre (Fe, Co y Ni),

y su posterior inmovilizacién en diferentes soportes.
1.5.3.1 Sistemas bioldgicos de reduccién de CO:2

Las deshidrogenasas de monoxido de carbono (CODHs) son
metaloenzimas que convierten el CO en CO,. Existen dos tipos, las [CuMo]-
CODHs y las [NiFe]-CODHs, pero sélo éstas Ultimas son capaces de reducir el
CO2a CO [177] (Figura 21).
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Considerando tanto a las hidrogenasas como a las deshidrogenasas de
monoxido de carbono, en ambas enzimas biologicas estan presentes metales de
transicion de la primera fila (Fe, Co y Ni) como centros activos, debido a la gran

abundancia de éstos en la Tierra [178].

Figura 21. Estructura de una [NiFe]-CODHs natural.

Sistemas artificiales de reduccion de CO2

En la mayoria de los casos, la reduccion de CO2 se realiza de forma
electrocatalitica, es decir, a través de una corriente eléctrica. Para ello, se utilizan
complejos con diferentes centros metalicos como: Mn [179], Fe [180], Co [181],
Ni [182], Cu [183] 0 Zn [184].

El primer sistema fotocatalitico para la reduccion de CO: fue desarrollado
por Ziessel y col. [149] en 1983. Este se componia de Ru(bpy)s?*, como
fotosensibilizador y TEOA como donador de electrones, y un nuevo complejo de
Renio (1) (C0) como catalizador (Figura 22). Aunque el sistema mostro ser mas
selectivo a la reduccion de CO> que al H20, la escasez y alto coste del centro
metalico, hace poco viable este proceso. Como alternativa, durante las pasadas

décadas, se han sintetizado una amplia variedad de catalizadores con metales
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abundantes (Ni, Fe y Co) que sustituyen a los catalizados basados en renio (Figura
22).

1.5.3.2 Sistemas fotocataliticos basados en Fe, Ni o Co

Las porfirinas (C1) y ftalocianinas de hierro, ademéas de mostrar una gran
actividad electroelectrocatalitica, son eficientes como catalizadores en el campo
de la fotorreduccion. Este tipo de complejos se caracteriza por tener una intensa
banda de absorcion en UV-vis, por lo que pueden actuar tanto como
fotosensibilizadores como catalizadores. La degradacion de este tipo de
catalizadores ocurre a tiempos largos de radiacion, a medida que va disminuyendo
la selectividad. Por ello, para mejorar su estabilidad en este tipo de reacciones es
necesario el uso de fotosensibilizadores que provean al sistemas fotones con

menos energia [185].

En el caso de complejos basados en cobalto para la fotorreduccion de CO»
se utilizan principalmente complejos en los que este centro metalico esta
coordinado por 4 dtomos de nitrégeno, que participan y estabilizan el estado de

oxidacion +1 del cobalto durante el proceso de catélisis.

En las primeras investigaciones desarrolladas en la reduccion
fotocatalitica de CO2 a CO con radiacion visible (> 400 nm) se us6é CoCl, como
catalizador en presencia de Ru(bpy)s** y TEOA o TEA como fotosensibilizador
y donador de electrones, respectivamente. Aunque estos sistemas fueron activos,
mostraron valores de TON muy bajos [186]. Mas tarde, el uso de complejos de
cobalto con ligandos N-heterociclicos tales como bipiridinas (C2), fenantrolinas
(C3) y derivados, lograron alcanzar mayores valores de conversion que las sales
de cobalto, aunque no fueron extremadamente altos. VValores bajos de TON fueron
también obtenidos con el uso de complejos de cobalto-ciclam (C4) [187]. Sin

embargo, el empleo de complejos de tipo porfirina (C5), ftalocianina (C6), y
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tetraporfirinas (C7) lograron superar los TON obtenidos con otros complejos

hasta el momento [187].

El uso de complejos con centros metélicos de niquel se ha desarrollado a
la par que los complejos de cobalto. Asi, del mismo modo, para fotorreduccion de
CO:2 se han utilizado complejos macrocicicos con 4 atomos de nitrégeno como
ligandos donadores. Los ligandos mas utilizados son el ciclam (C8) y derivados,
aungue todos ellos muestran valores de conversion muy bajos [188]. Un poco méas
tarde, y con el fin de mejorar los resultados cataliticos, se desarrollan sistemas
moleculares donde el catalizador estd unido de forma covalente con el
fotosensibilizador, siendo este Gltimo, en la mayoria de los casos, Ru(bpy)s?*
(C9).
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Figura 22. Catalizadores mas utilizados en fotorreduccion de COs.
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1.5.3.3 Sistemas artificiales heterogéneos de reducciéon de CO2

Aunque los sistemas con catalizadores homogéneos son eficaces en el
proceso de reduccion del CO., tienen desventajas asociadas al aislamiento y
recuperacion del catalizador, ademas de poseer baja estabilidad en disolucion. La
inmovilizacion de los complejos metalicos hace que las especies activas estén
confinadas, resolviendo asi los problemas relacionados con la desactivacion del

catalizador.

En la actualidad, los semiconductores son utilizados como soporte de
complejos metalicos para su uso como catalizadores en fotorreduccion de CO..
De entre los semiconductores mas utilizados destacan TiO2, C3Ns, Ta20s, SnO2 y
CdSe, entre otros [189]. Estos semiconductores pueden ser modificados con
diferentes ligandos de manera que la actividad catalitica del catalizador se vea
aumentada. Sin embargo, es muy dificil de controlar las reacciones que ocurren

en la superficie debido a la gran cantidad de sitios activos presentes.

El uso de materiales porosos como las silicas, las zeolitas, los COF o los
MOFs tiene muchas ventajas, ya que, debido a su estructura porosa, en estos
materiales se puede incorporar diferentes moléculas como el fotosensibilizador o
el catalizador de la reaccion. La proximidad de los componentes en la reaccion
facilita la transferencia electronica entre ellos favoreciendo de este modo la

cinética de la reaccion.

En el caso de los MOFs, varios grupos de investigacion han realizado
grandes avances en el campo de la fotorreduccion de CO; incorporando a la
estructura del MOF diferentes complejos metalicos. El grupo de Li y Wang y col.
[190,191] sintetizaron una serie de MOFs con diferentes centros metalicos que

absorbian en la regidn del visible con conversiones elevadas de CO».
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Uno de los inconvenientes que poseen este tipo de materiales es la
estabilidad del MOF durante la reaccion debido a la débil coordinacion entre los
ligandos y los centros metélicos que forman el MOF. De este modo, Lin y col.
[192] incorporaron un complejo de Re en la estructura del MOF,
[(Re(CO)3(dcbpy)CI] (dcbpy= &cido 2,2'-bipiridina-4,4'-dicarboxilico) y, aunque
se alcanz6 un TON de 10.9 a las 20 h, casi el 50 % de las especies de renio estaban
presentes en disolucion. Con la idea de mejorar la estabilidad de estos materiales,
se sintetizaron MOFs basados en complejos metalicos con piridinas
interconectadas [193] y porfirinas [194], obteniéndose resultados cataliticos
prometedores.

Por otro lado, se ha podido comprobar que algunos materiales PMO
ademéas de las propiedades anteriormente citadas, exhiben unas propiedades
unicas como antenas captadoras de luz [38]. Ademas, al ser materiales ordenados,
con una distribucion de poro uniforme, estos materiales son ideales para la
construccidn de sistemas fotocataliticos heterogéneos [58] ya que; i) las especies
fotocataliticas se pueden colocar en el espacio poroso, ii) después de la adicion de
fotocatalizadores, hay suficientes espacios vacios para una eficaz transferencia de
masa debido al gran tamafio de poro (2 - 30 nm), comparados con otros materiales
como materiales laminados o zeolitas, iii) por ultimo, la gran area superficial y la
estructura mesoporosa de estos materiales puede incrementar el nimero de sitios

activos y, por lo tanto, mejorar la actividad fotocatalitica.

En 2010, Inagaki y col. [195] estudiaron por primera vez el uso de un PMO
como catalizador en la fotorreduccion de CO,. Estos autores incorporaron
complejos de Re sobre los grupos bifenilos presentes en las paredes del material
PMO. En este caso, la luz absorbida por los grupos bifenilos es transferida al

catalizador de renio. Aunque el sistema resultd ser de gran interés, la escasa
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adsorcion de luz en el visible por los grupos bifenilos no permitia un total

aprovechamiento de la luz solar.

Hasta el momento, la Unica estrategia valida para el uso de PMOs como
soportes en el campo de la fotocatalisis, es la sintesis de PMOs que contengan en
su estructura ligandos bipiridinas, en los que se pueda anclar los diferentes
complejos metélicos [66]. De este modo, diferentes PMO sintetizados por Ishida
y col. [196] e Inagaki y col. [197] siguen la estrategia de complejar
Ru(bpy)(CO)2Cl> (como fotosensibilizador), Re(bpy)(CO)sCl (catalizador) o

ambos sobre PMO con grupos bipiridina en su estructura.
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HIPOTESIS Y OBJETIVOS

A continuacién, se plantean las hipétesis y los objetivos propuestos para

la realizacion de la presente Tesis Doctoral.

Hipotesis 1

La epoxidacion de olefinas es una de las reacciones con mayor interés en
quimica organica, ya que los epoxidos son importantes intermedios en gran
variedad de reacciones Utiles para la sintesis de productos farmacéuticos,
agroquimicos o perfumes. Tradicionalmente, la sintesis de epdxidos se ha llevado
a cabo utilizando oxidantes peligrosos, tales como peracidos, y generando una
gran cantidad de residuos peligrosos para el medioambiente. En la actualidad, se
usan oxidantes mas seguros, tales como el oxigeno molecular, peréxido de
hidrégeno o terc-butilhidroperdxido (TBHP), entre otros. Recientes estudios para
la epoxidacion de olefinas utilizando complejos basados en metales de transicion
estan teniendo gran importancia en el campo de la catalisis. Aunque se han
logrado altos porcentajes de conversién utilizando complejos de metales de
transicion en fase homogénea, la inmovilizacion de estos complejos sobre
diversos soportes ha ganado interés en los Gltimos afios para su uso como
catalizadores heterogéneos. Materiales porosos tales como zeolitas, carbones
activados, redes metal-organicas (MOFs) u organosilices mesoporosas pueden ser
utilizados para tal fin.

Concretamente, la funcionalizacion de materiales silicicos porosos se
puede realizar mediante dos procesos, esto es, el método de sintesis directa
(proceso de co-condensacion) y un proceso de modificacion postsintesis
(grafting). EI método de co-condensacion da lugar a una distribucion homogénea

de los grupos funcionales por toda la estructura silicica, en deterioro de la
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estructura porosa ordenada, es decir, a mayor cantidad de grupos funcionales
introducidos peor sera el ordenamiento. En cambio, en el proceso de grafting se
obtienen materiales con un gran ordenamiento, pero la distribucion de los grupos
funcionales introducidos postsintesis no es homogénea en toda la estructura,
concentrdndose sobre todo en la entrada de los poros y en la superficie externa.
Tanto los métodos de co-condensacion como de grafting pueden ir seguidos de

procesos de funcionalizacion de los grupos o fragmentos organicos introducidos.

Para la oxidacion de alguenos, se han anclado complejos de cobre con
ligandos bipiridina en la superficie de materiales porosos tales como las

organosilices mesoporosas de tipo SBA-15 0 MCM-41.

Nuestro grupo de investigacién ha publicado varios trabajos en los que se
describe la sintesis de organosilices periédicas mesoporosas con ligandos
superficiales de tipo dipiridil-piridazina, que han sido utilizados para formar

diversos complejos con metales lantanidos y poseian propiedades luminiscentes.

En base a los antecedentes expuestos conjeturamos que la formacion de
complejos superficiales de cobre con ligandos de tipo dipiridil-piridazina puede
dar lugar a la obtencion de catalizadores heterogéneos activos en epoxidacion de

alquenos.

Objetivo 1

El primer objetivo propuesto para esta Tesis Doctoral es sintetizar un
novedoso catalizador formado por un material periédico mesoporoso
organosilicico (PMO) obtenido a través del proceso de co-condensacién entre dos
precursores silanicos, 1,2-bis(trietoxisilil)etano (BTEE) y viniltrietoxisilano
(VTES), posterior reaccion de Diels-Alder con el compuesto

3,6-di-2-piridil-1,2,4,5-tetrazina y formacién de un complejo de cobre, y ensayar
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su actividad en la oxidacion selectiva de estireno a 6xido de estireno usando como
oxidante terc-butilhidroperdxido (TBHP).

Los resultados obtenidos se recogen en el capitulo 3, en el articulo:
“Copper-complexed dipyridyl-pyridazine  functionalized periodic
mesoporous organosilica as a heterogeneous catalyst for styrene

epoxidation”.

Hipétesis 2

El aumento de la poblacion unido a la escasez o agotamiento de recursos
energéticos no renovables (petroleo, carbon o gas natural) han incentivado a la
comunidad cientifica a la busqueda de nuevas formas de energia respetuosas con
el medio ambiente. El hidrégeno se considera como uno de los vectores
energéticos mas atractivos para un futuro préximo ya que su combustion con el

oxigeno solo produce vapor de agua, nada nocivo para el medio ambiente.

Un nuevo proceso de obtencion de hidrdgeno es a partir de la ruptura de
la molécula de agua con la accion de la luz solar (proceso fotoquimico), el cual
estd ganando cada vez mas interés. Concretamente, el uso de catalizadores
basados en elementos abundantes en la Tierra, como pueden ser el hierro, el
cobalto o el niquel, es cada vez mas frecuente. Los complejos de tipo cobaloxima,
esto es, complejos de bis(dimetilglioximato)cobalto (I11), son ideales para este fin,
ya que son faciles de sintetizar, poseen moderada fotoestabilidad y tienen alta

eficiencia a bajos potenciales de reduccion.

Principalmente, las cobaloximas han sido utilizadas en forma homogénea
e inmovilizadas en electrodos de diferente naturaleza para aplicaciones

electrocataliticas. No s6lo materiales conductores han sido utilizados para la
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inmovilizacién de cobaloximas, en los dltimos afios materiales porosos no

conductores como los MOFs o los COFs estan siendo utilizados para tal fin.

Por todo ello, se puede hipotetizar que la inmovilizacién de complejos de
tipo cobaloxima en diferentes organosilices peridédicas mesoporosas debido a sus
excelentes propiedades estructurales puede conducir a la obtencion de
catalizadores heterogéneos activos y estables para la produccion de hidrégeno por

accion de la luz visible.

Objetivo 2

El segundo objetivo de esta Tesis doctoral consiste en sintetizar un
material periédico organosilicico con estructura porosa ordenada mediante el
método  de  co-condensacion  entre  los  precursores  silanicos
1,2-bis(trietoxisilil)etano y 2-(4-piridiletil)trietoxisilano, a continuacién anclar un
complejo de tipo cobaloxima sobre los grupos piridina colgantes v,
posteriormente, estudiar su actividad como catalizador heterogeneo en la reaccién
de disociacion fotocatalitica del agua, utilizando eosin Y como fotosensibilizador,

TEOA como agente de sacrificio, y luz visible como fuente de radiacion.

Los resultados obtenidos se recogen en el capitulo 4, en el articulo:
“Cobaloxime tethered pyridine-functionalized ethylene-bridged periodic

mesoporous organosilica as an efficient HER catalyst”.

Objetivo 3

El tercer objetivo planteado en esta Tesis es comparar la actividad

catalitica en la produccion de hidrdgeno de un complejo de tipo cobaloxima unido
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a varios soportes silicicos con sistemas porosos ordenados y no ordenados
obtenidos en diferentes condiciones de sintesis.

Los resultados obtenidos de esta investigacion quedan recogidos en el
capitulo 5, “Catalytic activity of cobaloxime complexes anchored to
organosilicas in artificial photosynthesis: Ordered vs. non-ordered

materials”.

Objetivo 4

El cuarto objetivo de esta Tesis Doctoral es comparar la actividad
catalitica de un complejo de tipo cobaloxima anclado en dos organosilices
mesoporosas ordenadas con diferentes grupos funcionales en su estructura

(piridina e imidazol) en la reaccion fotocatalitica de produccion de hidrégeno.

Los resultados obtenidos durante esta investigacion estan recogidos en el
capitulo 6, en el articulo: “Improved Photocatalytic H> Evolution by
Cobaloxime-Tethered Imidazole-Functionalized Periodic Mesoporous

Organosilica”.

Hipotesis 3

El cambio climético, generado principalmente por la alta concentracion de
CO; presente en la atmosfera, ha producido un gran interés en el desarrollo de
procesos para sustraer este CO- de la atmosfera y transformarlo en productos de
interés. Uno de los grandes desafios actuales es la fotorreduccion de COg, es decir,
la descomposicion de CO- a través de luz solar en otros productos de interés como

mondxido de carbono, acido férmico o metanol.
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Los catalizadores basados en ftalocianinas de cobalto han sido estudiados
en el campo de la eletrocatélisis para tal fin. Debido a sus excelentes propiedades
cataliticas se han inmovilizado en electrodos, en materiales reticulares o en

semiconductores.

Por otro lado, el disefio de un catalizador poroso ayuda a la difusién del
resto de componentes necesarios para la reaccion catalitica. De ahi que la
integracion de estos complejos de cobalto en materiales micro 0 mesoporosos
como los MOFs o COFs esta despertando gran interés en el campo de la
fotocatalisis. En este contexto, los materiales periddicos mesoporosos ordenados
(PMO) son una familia de materiales idoneos para ser utilizados para este fin ya
que poseen elevadas superficies especificas y se puede modelar su hidrofobia y

su tamafio de poro.

Objetivo 5

El quinto objetivo fijado para esta Tesis se centra en sintetizar un nuevo
catalizador heterogéneo con centros metalicos de cobalto para su utilizacion en la
reduccion fotocatalitica de CO2, integrando mediante co-condensacion las
unidades de ftalocianinas de cobalto (CoPc) en la estructura silicica de un material

periddico mesoporoso ordenado (PMO).

Los resultados obtenidos se recogen en el capitulo 7, en el articulo: “Solar
driven COz2 reduction with a molecularly engineered periodic mesoporous

organosilica containing cobalt phthalocyanine”.
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Paper

Copper-complexed dipyridyl-pyridazine functionalized
periodic mesoporous organosilica as a heterogeneous catalyst
for styrene epoxidation

M. Angeles Navarro, Juan Amaro-Gahete, José R. Ruiz, César Jiménez-Sanchidrian, Francisco J. Romero-Salguero and Dolores
Esquivel

A novel copper organometallic complex anchored on periodic mesoporous organosilica was synthesized and
used as a catalyst in styrene epoxidation.
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ABSTRACT

A new heterogenous catalyst has been synthesized by immobilization of a
copper complex on dipyridyl-pyridazine functionalized periodic
mesoporous organosilica (dppz-vPMO). This ordered support was firstly
prepared by a co-condensation reaction between vinyltriethoxysilane and
1,2-bis(trimethoxysilyl)ethane and further post-functionalized through a
hetero Diels-Alder reaction with 3,6-di-2-pyridyl-1,2,4,5-tetrazine.
Techniques such as XRD, N2 isotherms, TEM, *C NMR, XPS and DRIFT,
among others, were employed to characterize the surface functionalized
materials. These results have proven the ordered mesostructure of the
materials as well as the presence of novel nitrogen-chelating heterocyclic

compounds in the pore surface after the post-modification process.
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Additionally, it has been confirmed the successful anchoring of a copper
complex on the dipyridyl-pyridazine (dppz) ligands. The resulting material
was evaluated as heterogenous catalyst in the epoxidation of styrene using
tert-butylhydroperoxide (TBHP) as oxidant. Under optimized reaction
conditions, Cu@dppz-vPMO showed a high styrene conversion (86.0 %)
and a remarkable selectivity to styrene oxide (41.9 %). Indeed, this catalyst
provided excellent catalytic results in terms of stability, reaction rate,
conversion and selectivity compared to other bipyridine-like copper

catalysts.

Keywords: periodic mesoporous organosilicas; Diels-Alder reaction;

dipyridyl-pyridazine; copper complex; epoxidation reactions.
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3.1 INTRODUCTION

Epoxidation of olefins is one of the most relevant reactions in organic
synthesis since the resultant epoxide products are important and versatile
intermediates for the synthesis of a wide variety of fine chemicals,
pharmaceuticals, agrochemicals, and perfumes, among others [1-4]. While
traditional methods for the synthesis of epoxides are characterized by using
stoichiometric amounts of harmful oxidants (peracids) and generate
enormous waste [5-7], the recent synthetic methodologies in this field are
focused to overcome them. Thus, the use of safer oxidizing agents, such as
tert-butyl hydroperoxide (TBHP), molecular oxygen or hydrogen peroxide
in the styrene epoxidation opens an economic and environmental
alternative. However, their characteristic low reactivity and selectivity in
this type of reaction when they are used alone has led to the use of such
oxidants in combination with transition-metal catalysts [3,8]. Over the last
decades, a wide variety of ions, oxides and complexes of transition metals
have been explored through homogeneous catalytic processes. Despite
these systems lead to high yields in the epoxidation reactions, their
immobilization on solid supports have gained much more attention from an
environmental and economical perspective due to their potential
applications in industry [9-14]. Nowadays, the development of efficient
heterogenized catalytic systems for the epoxidation of olefins remains a
challenge [4,15-17]. Different types of porous materials, such as zeolites
[18], polymers [19], mesoporous silicas [14], activated carbons [20] or
MOFs [21] have been employed as supports of transition metal complexes

for liquid phase epoxidation of olefins.

Studies on epoxidation reactions catalysed by heterogenized Schiff-
bases and other Cu(ll)-complexes catalysts have received a great deal of

attention during recent years. Depending on the support, different synthetic
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approaches have been adopted to integrate them on their framework for the
oxidation of olefins. Thus, Spodine et al. [22] were the first who reported
the synthesis of a MOF with Cu(ll) centers coordinated to bipy
(2,2’-bipyridine) and Hasbtec (1,2,4,5-benzenetetracarboxylic acid) ligands
as a heterogeneous catalyst for oxidation reactions. More recently, Cu
species have been incorporated within the framework of a Ga- [23] and Zr-
based metal organic framework [24] with bipyridine linkers by a post-
synthetic modification method with CuCl> and CuBr., respectively.
Furthermore, another family of ordered porous materials that have attracted
a great interest due to their unique features are mesoporous organosilicas.
The first attempts were based on the confinement of copper (I1) complexes
with bipyridine ligands in the mesoporous channels of MCM-41 for
oxidation de alkenes [25,26]. Later, a more developed strategy involved the
covalent attachment or grafting of organic compounds within the
mesochannels of silica materials and subsequent complexation with copper.
Most of the studies reported the functionalization of highly ordered
2D-hexagonal mesoporous silicas, such as MCM-41 and SBA-15 materials,
with 3-aminopropyltriethoxysilane followed by its condensation with a
suitable aldehyde to produce a coordinating Schiff-base ligand [27-29].
Although these heterogenous systems have shown to be effective for liquid
phase oxidation of olefins, the drawbacks associated to grafting procedures
are well known. As an alternative to mesoporous organosilicas, the
synthesis of periodic mesoporous organosilicas (PMOSs) is able to produce
well-ordered mesoporous structures with a uniform distribution of the
organic functionality into the pore walls [30-32]. Since their discovery, a
wide variety of metal and metal complexes have been directly integrated
during the PMO synthesis or alternatively, through post-modification

processes for catalytic applications [33]. Copper complexes have been
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successfully supported on ionic liquid based PMO materials for the
synthesis of propargylamines or polyhydroquinolines through the three-
component coupling reaction of amines, aldehydes and alkynes [34] or
Hantzsch reaction [35], respectively. More recently, Inagaki et al. [36]
reported the immobilization of a Cu complex on a periodic mesoporous
organosilica containing 2,2’-bipyridine ligands as bridging organic groups.
The resulting catalysts were evaluated in the Mukaiyama epoxidation of
cyclohexene as a model radical reaction. To the best our knowledge, no

more examples of copper supported PMO materials have been described.

As above-mentioned, the presence of organic moieties in the PMO
framework allows these materials to be modified through organic reactions.
One of the reactions that have been extensively investigated by our research
group is the Diels-Alder reaction. The double bonds on the walls of an
ethenylene-bridged PMO have acted as dienophiles for the Diels-Alder
reaction with common dienes, such as cyclopentadiene and anthracene [37],
pyrrole derivatives [38] and tetrazine [39,40]. This latter diene gave rise to
dipyridyl-pyridazine moieties on the PMO surface, which can form
interesting chelates with metal ions. Following this approach, we have
recently investigated the synthesis of mesoporous silica materials decorated
with dipyridyl-pyridazine (dppz) ligands, which were further attached to
lanthanide (Ln**) complexes (Ln** = Er¥*, Yb%*, Nd®* or Eu®*/Th®" mixture)

and used as potential ratiometric thermometer materials [40,41].

Herein, we report the preparation of a novel periodic mesoporous
organosilica (PMO) with ethane bridges in the silica framework and
pendant vinyl groups in the pore channels, which was post-functionalized
with dipyridyl-pyridazine moieties through a hetero Diels-Alder reaction

with 3,6-di-2-pyridyl-1,2,4,5-tetrazine. Subsequently, this material was
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grafted with a Cu?* complex for producing a suitable heterogenous catalyst
for epoxidation reactions.

3.2 EXPERIMENTAL SECTION

3.2.1. Synthesis of vinyl-functionalized ethylene-bridged PMO (vPMO)

Periodic mesoporous organosilica was synthesized according to the
procedure described in literature for the synthesis of thiol-functionalized
mesoporous ethane-silicas with some modifications [42]. Typically, Pluronic
P123 (EO20PO70EO20, MW =5800, Sigma—Aldrich) (0.5 g) and KCI (3.49 g) were
dissolved in HCI solution (16.5 mL, 2M) and H>O (3.75 mL) under vigorous
stirring at 45 °C. Next, a mixture with a molar composition ratio of 80 % of
1,2-bis(trimethoxysilyl)ethane (BTME, 2.84 mmol) and 20 % of
vinyltriethoxysilane (VTES, 0.71 mmol) was added dropwise to the above
solution. The reaction mixture was stirred at 45 °C for 24 h and following aged at
100 °C under static conditions for 24 h. The white solid product was recovered by
filtration and thoroughly washed with distilled water. To remove the surfactant, 1
g of as-synthetized material was refluxed in a solution containing 50 mL ethanol
and 1 mL HCI solution (37%) for 24 h. This process is repeated twice, the white
solid was recovered by filtration, washed with acetone and dried under vacuum at
100 °C. The material synthesized was named vPMO.

3.2.2 Post-functionalization of vPMO by Diels-Alder reaction with
3,6-di-2-pyridyl-1,2,4,5-tetrazine.

The organic ligand 3,6-di-2-pyridyl-1,2,4,5-tetrazine (dppz) was
synthetized according to a previously reported procedure [40]. This compound
was used as diene in the surface Diels-Alder reaction of vinyl-functionalized
ethylene-bridged PMO. Thus, 0.6 g of vPMO was added to a mixture containing
0.5 g of 3,6-di-2-pyridyl-1,2,4,5-tetrazine and 40 mL of dodecane. The reaction
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mixture was stirred at 150 °C for 13 days under inert atmosphere. The resulting
material was collected by vacuum filtration and washed with chloroform. In order
to remove possible unreacted diene physically adsorbed into the pores, the
material was refluxed in chloroform during 24 h. This procedure was repeated
twice. Then, the solid was collected by vacuum filtration and dried at 100 °C.
Finally, the solid product was aromatized using NaNO: as oxidant to
dehydrogenate de dihydropyridazine ring of the surface adduct. Thus, 0.15 g of
material were dissolved in 7 mL of acetic acid and in small portions 0.21 g of
NaNO: were added. The mixture was kept under stirring at 65 °C for 2 h. Then,
the solid was recovered by vacuum filtration, washed with ethanol twice and dried

at 100 °C overnight. The final material was named dppz-vPMO.

3.2.3 Immobilization of Cu complexes on the surface Diels-Alder adducts.

To immobilize Cu complexes on the surface of Diels-Alder adducts [24],
0.063 g of CuCl,-2H20 was dissolved in acetonitrile (15 mL) and then 0.1 g of
dppz-vPMO was added to the solution. The mixture was stirred at room
temperature for 24 h. Afterwards, it was filtered and washed several times with
chloroform to guarantee the complete removal of any physisorbed copper salt.
The material was dried under vacuum at 100 °C and named as Cu@dppz-vPMO.

3.2.4 Characterization techniques

X-ray powder diffraction (XRD) patterns were collected on a Bruker D8
Discover A25 diffractometer using Cu Ka radiation (A = 1.5406 A) with an
applied voltage and current of 40 kV and 300 mA, respectively. Nitrogen
adsorption experiments were carried out at -196 °C using an Autosorb-iQ
MP/MP-XR instrument. Prior to the measurements, all the samples were degassed
at 120 °C for 24 h. Specific surface areas were calculated from the linear regions
of Brunauer-Emmett-Teller (BET) plots (P/Po = 0.1 - 0.20). Pore size distributions
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were obtained using the density functional theory method (DFT) (DFT kernel:
silica, cylindrical pores, nonlinear DFT (NLDFT) equilibrium model). Raman
spectra were acquired with a Renishaw Raman instrument by excitation with
green laser light (532 nm). High-resolution Transmission Electron Microscopy
images were recorded on a JEOL JEM 1400 microscope at an accelerating voltage
of 300 kV. The diffuse reflectance infrared Fourier transform spectra were
recorded on a Perkin-Elmer 2000 FTIR spectrometer equipped with a diffuse
reflectance environmental chamber (Harrick) connected to a temperature
controller. The sample was heated in situ from room temperature to 150 °C under
nitrogen. Spectra were collected between 1000 and 4000 cm™. The 3C CP/MAS
NMR spectra were recorded on a Bruker Avance 111 HD 400 WB spectrometer at
100.61 MHz. Chemical shifts were referenced to tetramethylsilane (TMS). X-ray
photoelectron spectroscopy (XPS) were recorded on a SPECS Phoibos HAS 3500
150 MCD X-ray photoelectron spectrometer with a monochromatic Al anode
(1486.7 eV). Accurate binding energies have been determined with respect to the
position of Si 2p at 103.4 eV. XPS survey spectrum was collected at a pass energy
of 60eV, while high-resolution XPS spectra were obtained at a pass energy of 40
eV and a resolution of 0.1 eV. UV-vis spectra were recorded on an UV-visible
diffuse reflectance spectrophotometer Varian Carey IE UV-vis equipped with a
110 nm integration sphere. ICP-MS analysis was performed on a Perkin Elmer
NexIONTM 350X ICP Mass Spectrometer”.

3.2.5 Epoxidation of styrene

Epoxidation reaction of styrene was carried out in a two necked round-
bottom glass reactor equipped with a magnetic stirring bar and a reflux condenser.
Toluene and nitrobenzene were used as solvent and internal standard, respectively
[24]. Typically, 50 mg of catalyst was added to a solution containing styrene
(0.058 mL, 0.5 mmol), tert-butyl hydroperoxide (TBHP, 0.2 mL, 0.5 mmol),
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nitrobenzene (0.082 mL, 0.8 mmol) and toluene (2 mL). Afterwards, the reaction
mixture was kept under stirring at 90 °C for 1 h. Sample aliquots (0.2 mL) were
taken out from the mixture and diluted with toluene. The products were analysed
and quantified in a Varian gas chromatograph with a capillary column (VF-1MS,
15 m x 0.25 mm ID) and a flame ionization detector (FID) and using standard
compounds. After the reaction, the catalyst was filtered off, washed with
acetonitrile and dried under vacuum at 90 °C, and then reused directly without
further purification. The recyclability of the Cu@dppz-vPMO catalyst was
investigated during five consecutive runs.

One blank reaction was carried out without adding any catalyst under the

same experimental conditions.

3.3 RESULTS AND DISCUSSION

3.3.1 Synthesis and characterization of materials

The copper (Il) complex was immobilized on dppz-vPMO support as
illustrated on Scheme 1. Firstly, vinyl-functionalized ethylene-bridged PMO
(vPMO) was prepared by co-condensation  reaction  between
1,2-bis(trimethoxysilyl)ethane (80 %) and vinyltriethoxysilane (20 %) using P123
as template under acidic conditions. Next, the pendant double bonds of vPMO
acted as dienophiles in a hetero Diels-Alder reaction with a substituted tetrazine
(3,6-di-2-pyridyl-1,2,4,5-tetrazine, dptz), giving rise to the formation of surface
dipyridyl-pyridazine (dppz) units. Thus, the dppz-vPMO support was
functionalized with nitrogen-based chelating heterocycles providing suitable
ligands for anchoring Cu(ll) complexes. The copper complex on
dipyridyl-pyridazine functionalized PMO was finally synthesized by coordinating
the copper salt (CuClz-2H,0) with dppz-vPMO support.
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Scheme 1. Synthesis procedure of Cu@dppz-vPMO catalyst.

The XRD diffraction pattern of vinyl-functionalized ethylene-bridged
PMO (vPMO) displayed a low peak (100) at 26 = 0.9 and two small second-order
(110) and (200) peaks at higher incidence angles, characteristic of materials with
2D-hexagonal pore mesostructure (P6mm) (Fig 1). After Diels-Alder reaction
with  3,6-di-2-pyridyl-1,2,4,5-tetrazine, the resulting dppz-vPMO material
showed a similar diffraction pattern, indicating that the mesoscopic ordering of
the parent material remained intact after the surface modification reaction.
Likewise, after immobilization of Cu-complexes on the dipyridyl-pyridazine
units, the initial ordered mesoporous structure was preserved [41]. These results
indicate the great stability of the pristine mesostructure after Diels-Alder and
immobilization reactions. Recently, Inagaki et al. reported that the mesostructure
ordering of bipyridine-bridged PMO during the immobilization of Cu-complexes
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was damaged when the solid was dispersed in protic solvents, such as methanol
and water [36].

(100)

(119) (200) Cu@dppz-vPMO

Intensity (a.u.)

dppz-vPMO

vPMO

i 2 3 s 5
20 (degrees)

Fig 1. XRD patterns of vPMO, dppz-vPMO and Cu@dppz-vPMO.

The nitrogen adsorption-desorption isotherms of the different materials
are shown in Fig 2. All materials exhibited type-1V isotherms with H1-type
hysteresis loops at relative pressures of 0.5-0.7, confirming the presence of
uniform cylindrical mesopores. The average pore diameter and narrow pore size
distribution of the PMO materials confirmed the presence of pores in the
mesopore range (Fig 2, right). Textural properties (Sger, Vp and Dp) of the
periodic mesoporous organosilica materials are listed in Table 1. vPMO has a high
Seet of 849 m? gt and pore volume of 0.86 cm® g 1. After Diels-Alder reaction, a
slight decrease of surface area and pore volume were appreciated. In addition, the
immobilization of the copper complex on the surface Diels-Alder adducts gave
rise to a higher decrease of Sget (421 m? g1) and pore volume (0.50 cm® g%). The
pore wall thickness increased after Diels-Alder reaction with the tetrazine

derivative due to the volume occupied by the organic fragments. Similar results
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were previously reported in this type of reaction with the same diene and other
dienophiles [39,40].

400
a
300 (a) oo oo r] (b)
200 | Cu@dppzvPMO . ; I
— ‘?JWW A
D 100 W
E
by ° A 600 Eal L_« Cu@dppz-vPMO
g . A.,/\,ﬁg—gyuué—‘tf*“s’ﬁ 500 o . 0000000000000 000 04
5 SR 400 E s
g dppzvPMO e 30 9 I
g uydu_o‘;giuuuuyv 200 % .‘ !
f ’ 100 = | |
4 dppz-vPMO
8 600 0 g w .'-uoum«mocuon--pgz:—cﬂ
g sooaoee? &
< 500 A
400 \
300 { vPMO
200
100 VPMO
0 i T T T T T T T T
00 02 04 0.8 0.8 1.0 2 4 6 8 10 12 14 16 18 20
Relative pressure (P/Pq) Dp (nm)

Fig 2. N2 adsorption-desorption isotherms (a) and pore size distributions (b) of periodic

mesoporous organosilica materials.

Table 1. Physicochemical properties of synthesized periodic mesoporous organosilicas?

Sample dloo ao SBET V Db t¢

(nm) (m?g") (ecm®g?!)  (nm) (nm)
vPMO 9.2 10.6 849 0.86 6.6 4.0
dppz-vPMO 9.6 111 715 0.78 6.6 4.5
Cu@dppz- 9.7 11.2 421 0.50 6.6 4.6
vPMO

2 di00, (100) spacing; Sger, BET surface area; V, pore volume; D, pore diameter; t, wall

thickness.
®calculated by the DFT method

¢ calculated from (ao — D), where ay = 2d;90/V3

In addition to the PXRD and nitrogen sorption measurements, TEM

images corroborated the structural ordering of the synthesized materials (Fig 3).
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TEM images of vPMO revealed the highly ordered hexagonally array of straight
mesoporous channels. These uniform pore channels were retained after

functionalization and complexation processes.

Fig 3. TEM images of vPMO (a), dppz-vPMO (b) and Cu@dppz-vPMO (c).

The presence of both organic moieties, i.e. bridging ethylene groups in the
silica framework and vinyl groups in the channel pores, on the parent material as
well as the resulting surface Diels-Alder adducts on dppz-vPMO have been
confirmed by DRIFT and solid-state 3C CP/MAS NMR measurements (Fig 4).
DRIFT spectrum of vPMO (Fig 4a) showed bands at 3050 and 1591 cm™
associated to =CH and C=C stretching vibrations of vinyl groups, respectively.
Additionally, several signals in the C-H stretching region, below 3000 cm, are
characteristic of the ethylene bridges in the silica framework and the remaining
surfactant into pores. After Diels-Alder reaction, dppz-vPMO showed additional
vibrational signals associated to the C=N stretching (1560 cm™) and skeletal

vibrational (1360 - 1600 cm™) of the dipyridyl-pyridazine units [43].
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The solid-state 3C CP/MAS NMR spectrum of vPMO (Fig 4b) showed
an intense signal at 5 ppm and signals at 130 and 137 ppm corresponding to the
Csp® and Csp? of the ethane and vinyl groups, respectively [44,45]. Additionally,
signals at 21 and 58 ppm could be assigned to non-hydrolysed methoxy (-OCHs)
and ethoxy (-OCH.CHj3) groups remaining after the synthesis procedure. Small
signals at 71 and 76 ppm are characteristic of P123 surfactant residues, still
present in the pores after three successive extractions. After Diels-Alder reaction,
new signals appeared in the aromatic region (149 — 125 ppm) corresponding to

the aromatic carbons present in the surface adducts [39].
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Fig 4. DRIFT spectra (a) and **C CP/MAS NMR spectra (b) of vPMO and dppz-vPMO.

XPS measurements were performed to obtain surface information of the
samples and confirm the incorporation and oxidation state of copper. Survey
spectrum of dppz-vPMO (Fig 5a) indicated the presence of Si, C, O and N in the
surface analysis of the sample. After copper immobilization on the
dipyridyl-pyridazine adducts, additional signals associated to Cu were present for
the Cu@dppz-vPMO sample. The N1s XPS spectrum (Fig 5b) for dppz-vPMO
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only exhibited a component centered at 400.6 eV attributed to the nitrogen atoms
in the pyridine and pyridazine rings [46]. A slight shift (0.3 eV) of the binding
energy toward a higher value was observed after copper complexation, in
accordance with the electronic interaction between copper and nitrogen atoms in
the sample. Furthermore, the Cu2p XPS spectrum (Fig 5¢) for Cu@dppz-vPMO
showed two characteristic peaks at 934.8 and 954.6 eV, which correspond to
Cu2pz2 and Cu2pip, respectively. The appearance of shake-up satellite bands at
940-950 eV confirmed the presence of Cu?* [14,47].
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Fig 5. XPS spectra of dppz-vPMO and Cu@dppz-vPMO: (a) survey scan, (b) N1s and
(c) Cu2p.

The presence and coordination of the copper complex was further

corroborated using UV-vis diffuse reflectance spectroscopy. Fig 6 shows UV-vis
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diffuse reflectance spectra of dppz-vPMO and Cu@dppz-vPMO. The material
dppz-vPMO exhibited two adsorption bands in the region of 260-320 nm and
500-600 nm which are attributed to the n-n* and n-m electronic transitions of
dipyridyl-pyridazine units [48]. After copper immobilization, the UV-vis diffuse
reflectance spectrum of Cu@dppz-vPMO exhibited a wide adsorption ranging
from 300-500 nm, with maxima centered at 320 and 380 nm. These bands could
be assigned to ligand to metal charge transfer (LMCT). Furthermore, it showed a
relatively broad band in the range of 600-800 nm, which may be attributed to the
d-d transition at the metal centre. Similar adsorption patterns were observed for
Cu®** complexes with N- and O-donor Schiff base ligands anchored on

mesoporous silica [29].
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Fig 6. UV-Vis diffuse reflectance spectra of dppz-vPMO (a) and Cu@dppz-vPMO (b)
materials.

The nitrogen content in dppz-vPMO determined by elemental analysis was

0.18 mmol g*. Furthermore, the copper loading for Cu@dppz-vPMO calculated
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by ICP-MS was 0.13 mmol g*. Accordingly, the Cu/N ratio on the catalyst was
0.72, slightly higher to the theorical one (Cu/N = 0.5). This would confirm the
coordination of some cupper species on the free silanol groups at the pore surfaces
of dppz-vPMO [49].

3.3.2 Catalytic activity in styrene epoxidation

As above-mentioned, the olefins epoxidation is an interesting organic
reaction to produce value-added chemicals. In this work, Cu@dppz-vPMO was
employed as heterogenous catalyst in the styrene reaction with tert-butyl
hydroperoxide (TBHP) as oxidant. The conversion of styrene and the selectivities
to different products are displayed in Table 2. Obviously, the blank reaction gave
a lower conversion (19.3 %) as resulted from the autoxidation of styrene by
TBHP. Without any catalyst, non-formation of styrene oxide (SO) was
appreciated. When CuCl, was essayed as homogeneous catalyst, the conversion
of styrene was 50.5 % but SO was not obtained. Interestingly, our heterogenous
catalytic system, Cu@dppz-vPMO, reached a higher conversion (59.1%) and a
SO selectivity of 18.8 %. Other oxidants, such as hydrogen peroxide and oxone,
were tested in the styrene oxidation. Under similar conditions, the oxidation
reaction did not proceed with oxone as oxidant. Unlike, a styrene conversion of
67.0 % and a high selectivity to BZ (87.6 %) was obtained using H20- as oxidizing

agent.
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Table 2. Catalytic activities for selective oxidation of styrene

Entry Catalyst Oxidant Conversion Selectivity? (%)
(%)

SO Bz AP BO
1 Blank? TBHP 19.3 - 639 246 116
2 CuCl;*2H,0? TBHP 50.5 - 76.7 - 234
3 Cu@dppz-vPMO? TBHP 59.1 188 583 43 186
5 Cu@dppz-vPMQOP H20; 67.0 35 876 86 03
6 Cu@dppz-vPMO* Oxone --
7 Cu@dppz-vPMO* TBHP 73.1 36.1 459 34 146

aReaction conditions: 50 mg of catalyst, 0.5 mmol of styrene, 1 mmol of TBHP, 2 mL of
solvent (toluene); reaction temperature, 90 °C; reaction time, 1 h.

PReaction conditions: 50 mg of catalyst, 0.5 mmol of styrene, 1 mmol of H.O, (30%), 2
mL of solvent (acetonitrile); reaction temperature, 90 °C; reaction time, 1 h.

°Reaction conditions: 50 mg of catalyst, 0.5 mmol of styrene, 1 mmol of Oxone
(dissolved 0.8 ml of water), 2 mL of solvent (toluene); reaction temperature, 90 °C;
reaction time, 1 h.

9SO = styrene oxide, BZ = benzaldehyde, AP = acetophenone, BO = benzyl alcohol
¢Optimized conditions: 50 mg catalyst, 0.5 mmol styrene, 2 mmol TBHP, 2 mL solvent

(toluene), reaction temperature 100 °C, reaction time 1h.

Based on the experimental findings of this work and previous literature
[15,22,29,50], a plausible reaction mechanism for epoxidation of styrene with
TBHP over Cu@dppz-vPMO catalyst has been proposed in Scheme 2. The
mechanism begins with the formation of oxygenated intermediary species
(Cu(l11)-peroxo) (1) after the coordination of TBHP to the Cu(ll) centre. Later,
the reaction between the double bonds of styrene and species | can occur by two
possible reaction pathways according to the observed products. The dominant
reaction path (Path 1) consists of a concerted oxygen transfer, giving rise to the

cyclic intermediate (I1) and t-butanol. Subsequently, the cleavage of the Cu-O
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bond yields styrene oxide (SO) together with the simultaneous regeneration of the
Cu (I1) centre. Additionally, the ring-opening of the epoxide by attack of TBHP
can form the peroxide 111 and 1V, resulting in the formation of benzyl alcohol
(BO) and benzaldehyde (BZ), respectively. This latter could also be formed by
direct oxidation of BO with TBHP [51,52]. Furthermore, the oxidation of styrene
to acetophenone (AP), also detected as reaction product, proceeds via the
formation of intermediate peroxo metallocycle species (1V) that are formed by
the interaction of the peroxo group with the double bonds of styrene molecules
(Path 2).

138



CHAPTER 3. RESULTS AND DISCUSSION (PAPER 1)

/
>
vy
H-0-0-tBu oX
N\Cg@ i Path 2
u
7\ ‘7
Nl
0 %
Path 1
a2
\Cu+3_N
AP })+
tBu-O ~

II

H

0 OH
0-0-tBu
tBu-O-O-H
—_— _—
SO 11 BO

\ tBu-0-0-H
tBu-0-O-H

tBu-0—0 0\
OH
—_—
v BZ

Scheme 2. Proposed mechanism for styrene epoxidation reaction over Cu@dppz-

vPMO catalysts using TBHP as oxidant.
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The recycling test of Cu@dppz-vPMO catalyst was conducted for five
successive cycles under the foresaid reaction conditions. As shown in Fig 7a, the
selectivity to all products was kept practically constant during the successive
catalytic cycles. Although the styrene conversion remained stable (ca. 60%)
during the catalytic cycles, a slight drop of conversion was appreciated in the third
cycle. This could be ascribed to the blockage of the active sites by some products
molecules that remained adsorbed on the catalyst surface after its filtration and
washing. Indeed, the catalytic activity was recovered in the following runs. These
results confirmed the high stability of the copper complex on dipyridyl-pyridazine
functionalized PMO material in the styrene epoxidation reaction, similar to other
copper-supported mesoporous materials reported in literature [36,50].
Furthermore, N2 adsorption-desorption isotherms (Fig. 7b) and TEM image (Fig.
7¢) of Cu@dppz-vPMO after the first and fifth catalytic cycle, corroborated the
high mesostructural stability of the material under the oxidative conditions

employed.
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Fig 7. (a) Recycling test of Cu@dppz-vPMO in the styrene epoxidation reaction for five
cycles. Reaction conditions: 50 mg of catalyst, 0.5 mmol of styrene, 1 mmol of TBHP, 2
mL of solvent (toluene); reaction temperature, 90 °C; reaction time, 1 h. (b) N2
adsorption-desorption isotherms of Cu@dppz-vPMO after one reaction cycle. (¢c) TEM
image of Cu@dppz-vPMO after five reaction cycles.

To optimize the reaction conditions, the effect of various reaction
parameters - solvent, temperature and substrate/oxidant molar ratio - that may
affect the conversion and selectivity of the styrene epoxidation was examined (Fig
8). Initially, in order to evaluate the influence of the solvent, the epoxidation
reaction was performed with a molar ratio of 1:2 (styrene:TBHP) and different

solvents (acetonitrile, benzonitrile, dichloromethane, dimethylformamide and
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toluene) (Fig 8a). Using acetonitrile and benzonitrile at 80 and 90 °C, respectively,
a higher styrene conversion was obtained. Previous studies have reported that
nitriles, with a high dielectric constant, are excellent solvents in styrene
epoxidation with TBHP due to an increased solubility of the reactants and
therefore a better accessibility to the active sites of the catalyst [53,54]. No SO
was obtained in acetonitrile, being BZ the major reaction product. The selectivity
to SO increased up to 15 % in benzonitrile. Unlike, using dichloromethane and
dimethylformamide as solvents at 40 and 120 °C, respectively, the conversion was
found to be zero. The highest SO selectivity (18 %) was reached in toluene.

To evaluate the influence of the temperature on styrene epoxidation, it was
performed at 60, 80, 90 and 100 °C in toluene (Fig 8b). The higher the
temperature, the higher the conversion and selectivity to SO. This positive trend
in conversion and selectivity with temperature is consistent with previous reports
that also found that vinyl C-H bonds of styrene molecules were more active at
higher temperatures [28]. Additionally, another reaction parameter widely studied
in the epoxidation reaction is the styrene/TBHP molar ratio [50] (Fig 8c). A
remarkably improvement on the styrene conversion from 73 % to 86 % was
obtained when increasing the styrene/TBHP molar ratio from 1:2 to 1:4. Also, the

selectivity towards the epoxide increased to a great extend from 30 to 41.9 %.
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Fig 8. Effect of reaction parameters on the epoxidation of styrene with TBHP (conversion
and SO selectivity are indicated in filled and dashed bars, respectively) (a) Effect of
solvent (ACN=acetonitrile; DMF=dimethylformamide; = DCM=dichloromethane
PhCN=benzonitrile;), (b) Effect of reaction temperature and (c) Effect of styrene/TBHP
molar ratio. Reaction conditions: (a) styrene, 0.5 mmol; TBHP, 1 mmol; solvent, 2 mL;
catalyst, 50 mg; T =90 °C; t = 1h; (b) styrene, 0.5 mmol; TBHP, 1 mmol; toluene, 2 mL;
catalyst, 50 mg; t = 1h (c) styrene, 0.5 mmol; toluene, 2 mL; catalyst, 50 mg; T = 100 °C;
t=1h.

Once the optimal reaction conditions have been established (solvent,
toluene; temperature, 100 °C; styrene:TBHP molar ratio, 1:4) for
Cu@dppz-vPMO catalyst, it is worth mentioning the excellent yield achieved
(86.0 %) and the remarkable epoxide selectivity (41.9 %). Furthermore, copper
loading for the recycled catalyst was 0.125 mmol g, which indicates that barely
exists any leaching of copper species to the solution during epoxidation reaction.
We have compared the catalytic performance of our catalyst with previously
reported heterogeneous copper-based catalysts in the epoxidation of styrene with
TBHP (Table 3). As can be seen, the performance of such catalytic systems
depends directly on the active species of Cu (1) present on the support. Compared
with those systems where copper is coordinated to nitrogen-chelating heterocyclic
compounds comparable to the dppz ligands of our catalyst (i.e. bipyridine groups)
(entries 2 and 3), Cu@dppz-vPMO (entry 1) possesses the highest styrene
conversion and epoxide selectivity at shorter reaction times (1 h). By contrast,
those systems based on Cu(ll) Schiff base complexes anchored onto two-
dimensional (entry 5) or three-dimensional (entry 6) mesoporous silicas as well
as graphene oxide (entry 7) showed slightly larger styrene conversions and much
higher selectivity to epoxide than those over Cu@dppz-vPMO. It is interesting to
note that all of them required around 6-7 h or even longer reaction times to achieve

these results for the epoxidation of styrene.

144



CHAPTER 3. RESULTS AND DISCUSSION (PAPER 1)

Table 3. Comparison of the catalytic activity of Cu@dppz-vPMO with previously

reported heterogeneous copper-based catalysts in the epoxidation of styrene with TBHP.

SO
Entry Catalyst Time T Conversion  Selectivity  Ref.
(h)y (°C) (%) (%)
1 Cu@dppz-vPMO? 1 100 86.0 41.9 This
work
2 [Cu(Habtec)(bipy)].® 24 75 23.7 71.0 [22]
3 [Cuz(p2-O)(4,4 - 10 70 74.4 44.0 [55]
bpy)s
(SiW12040)(H20)]¢
4 Cuy? 1 60 20.9 29.5 [56]
5 Cu-AMME® 24 60 86.3 95 [29]
6 Cu-NH,-KIT-6' 6 80 98.6 97.8 [50]
7 Cu-NH,-GO¢ 7 80 94.3 99.0 [57]

a0ptimized conditions

P[Cu(Hbtec)(bipy)].: metal-organic framework [Cu(H:btec)(bipy)] (Hibtec=1,2,4,5-
benzenetetracarboxylic acid; bipy= 2,2"-bipyridine)

*[Cuz(p2-O)(4,4" -bpy)s (SiW12040)(H20)]: 3D Keggin-based coordination polymer
dCuY: copper (1) phthalocyanine encapsulated in zeolite Y.

¢Cu-AMM: copper (Il) Schiff complex anchored mesoporous material with 2D-
hexagonal structure.

fCu-NH,-KIT-6: copper (I1) Schiff complex onto amine-functionalized KIT-6.
9Cu-NH2-GO: copper (I1) Schiff complex supported onto graphene oxide.
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3.4 CONCLUSIONS

In summary, a novel heterogeneous copper-based catalyst was
successfully synthesized through the immobilization of a copper complex onto
periodic mesoporous organosilica containing surface dipyridyl-pyridazine
ligands. XRD, TEM and N adsorption-desorption results revealed that the
ordered mesostructure of the parent material remained intact after post-
functionalization and complexation. In addition, a detailed study of the surface
functionalized materials by different characterization techniques confirmed the
presence of N-chelating heterocyclic units in the surface pores resulting from the
Diels-Alder reaction as well as the subsequent anchoring of the copper complex.
The resulting catalyst showed to be highly active in the epoxidation of styrene
with remarkable selectivity to styrene oxide. Furthermore, it has been shown that
Cu@dppz-vPMO catalyst exhibits a high stability under the reaction conditions
and could be reused at least during five cycles without significant loss of its

activity and selectivity.
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ABSTRACT

An efficient cobaloxime hydrogen production catalyst has been
synthesized through coordination of a cobalt complex (Co(dmgH2)(dmgH)ClI.) on
an ethylene-bridged periodic mesoporous organosilica (PMO) containing
pyridine moieties. The effective assembly of cobaloxime units through cobalt-
pyridine axial bond on the porous channels of the PMO was clearly evidenced by
different techniques, including *C NMR, Raman, IR and XPS. The catalyst was
investigated for the hydrogen evolution reaction in a visible-light activated system
in the presence of a photosensitizer (eosin Y) and a sacrificial electron donor
(TEOA). It showed a good photocatalytic performance on the HER with a TON

of 119 at 6 h, largely exceeding the catalytic activity of the homogeneous
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counterpart, Co(dmgH)-pyCl, under the conditions studied. The process was
proven to be photocatalytic and heterogeneous. The studied system has the
cobaloxime catalyst with the highest turnover reported to date for a heterogeneous
catalyst under photocatalytic conditions. After reactivation treatment with the
Co(dmgH2)(dmgH)CI> complex, the catalytic system was able to maintain its

activity after two recycling experiments.

Keywords: cobaloxime; axial pyridine ligand; periodic mesoporous

organosilicas; hydrogen evolution reaction.
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4.1 INTRODUCTION

In response to the dramatic increase of atmospheric levels of CO. due to
the worldwide strong dependence on fossil fuels to obtain energy, scientists have
been working on the development and implementation of sustainable carbon-free

energy sources [1].

Among them, solar energy is by far the most feasible and promising
alternative to carbon fuels. Theoretically, the incident solar energy on the earth
every hour is more than enough to satisfy all energy demanded by humans for the
entire year [2,3]. Although electricity generation from the sun using photovoltaic
cells currently contributes more than 3.5 % of the world's electricity [4], there
exists barriers to the complete implementation of solar energy. The daily and
seasonal fluctuations of solar flux along with the absence of methods for storing
and dispatching on demand have not allowed its development as a major primary

energy source.

Alternatively, an interesting approach inspired by natural photosynthesis
is solar driven water-splitting, able to store energy in chemical bonds (H2 and Oz)
[5,6]. As a result of the well-known complications in driving both half-reactions
[7], most of the studies have been focused on the reductive side of water splitting
to obtain hydrogen as an energy vector. However, a hydrogen economy requires
the design of cost-effective and efficient catalysts for hydrogen production
through an economically viable process. In this context, molecular catalysts based
on earth-abundant element (Co, Ni and Fe) complexes play an important role in
water splitting [8]. Particularly, cobalt based compounds have emerged as
efficient molecular systems for both water oxidation [9,10] and hydrogen
evolution reactions [11,12] in the last decade. Specifically, cobaloxime (cobalt
bis-glyoximato complexes) compounds are among the most widely studied for

electro- and photocatalytic hydrogen production due to their facile synthesis and
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tunable catalytic properties. These systems show high activity for proton
reduction in aqueous solution at low overpotential [13-17].

Since the pioneering studies by Ziessel and co-workers in this field [18],
numerous breakthroughs have been made in the design of efficient cobaloxime-
based molecular systems for the electro- and photocatalytic hydrogen evolution
reaction (HER) [19,20]. One of the most versatile approaches to improve the
electrocatalytic HER activity of cobaloximes is their immobilization on
electroactive surfaces containing pyridine ligands. It is well documented by
experimental [21-24] and computational [25-27] studies that the presence of
aromatic N-donor group substituents in the axial position increases the catalytic
efficiency of cobaloximes in hydrogen evolution. During the last decade, Reisner
[28,29] and Artero [30,31] have led the research in this field, achieving good
electrocatalytic HER activities with cobaloxime catalysts integrated into carbon-
based nanomaterials. Recently, similar studies have been extended to other
semiconductor substrates where Hz production cobaloxime catalysts have been
successfully assembled on electrode surfaces [32,33]. Another interesting
approach involves immobilizing cobaloxime units on non-conducting surfaces for
H> evolution under light-driven conditions. To the best of our knowledge, only
MOFs (Metal Organic Frameworks) and, more recently, COFs (Covalent Organic
Frameworks) have been employed as a support for this purpose. Ott et al. [34]
reported the first example of anchoring a cobaloxime catalyst onto
chloromethylated MIL-101(Cr) for photocatalytic H> production. Recently, this
research group has successfully integrated cobaloxime as a metallo-linker for
MOF synthesis and has demonstrated that this system can act as an electrocatalyst
for extended periods of time [35]. In the field of COFs, Lotsch et al. [36]
immobilized a cobaloxime catalyst on propargyl-functionalized COF-42 for the
HER. This strategy improved the photocatalytic activity of cobaloxime compared

with equivalent unbound cobaloxime. As an alternative to these previous porous
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supports, periodic mesoporous organosilicas (PMOs) are a different family of
hybrid materials with great potential to immobilize molecular catalysts. The
framework of PMOs is more hydrophobic than that of silicas and endows PMOs
with a higher hydrothermal stability [37]. In addition, the well-defined ordered
mesostructure, characteristic of these materials, facilitates the diffusion and
accessibility of reactants to active centers [38]. PMOs, prepared from
organo-bridged alkoxysilane precursors in the presence of a surfactant, are
characterized by highly ordered structures with organic groups homogeneously
distributed in the silica framework. A wide variety of organic groups have been
successfully integrated into the silica walls of PMOs for applications such as
catalysis, adsorption, chromatography, drug release and luminescence, among
others [39-42]. One of the advantages of this synthetic strategy is the possibility
to incorporate different functional organic groups in the silica walls and the
channel pores of PMOs to provide attachment points for assembling
homogeneous catalysts. Recently, an example of it was reported by Inagaki et al.
who incorporated an [FeFe]-hydrogenase model complex on the pore surface of
a periodic mesoporous organosilica containing thiol groups to make an efficient
heterogeneous HER catalyst. The material showed a greater TON than the
homogeneous system due to the improvement of the stability of the
[FeFe]-complex on the pore surface of the PMO [43]. Taking this into
consideration, PMOs with appropriate functional groups in their framework could
act as excellent scaffolds for assembling other HER catalysts. Immobilizing
cobaloxime molecular complexes within PMO supports with high surface areas
and porous structures with tailored hydrophobicity/hydrophilicity could increase
the stability of the cobaloxime catalyst confined into the mesopores and allow

easy catalyst recycling by filtration.

Herein, we report for the first time the incorporation of a cobaloxime

catalyst [Co(dmgH2)(dmgH)CI2] on the pore surface of an ethylene-bridged
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periodic mesoporous organosilica containing pyridine groups. The pyridine
groups located at the pore channels provide attachment points to assemble
cobaloxime catalysts on the PMO surface. The resulting material, py-etPMO-Co,
was fully characterized and investigated for the photocatalytic HER. It showed to
be a very efficient catalyst for hydrogen production, largely exceeding the
photocatalytic activity of the homogeneous catalyst under the same conditions.

4.2 EXPERIMENTAL SECTION

4.2.1 Chemicals

Dimethylglyoxime (99 %, Aldrich), cobalt (1) chloride hexahydrate
(Acros Organics) and acetone (Aldrich) were used in the synthesis of cobaloxime
complex. Octadecyltrimethylammonium bromide (ODTMA, Aldrich) and
sodium hydroxide (NaOH, 99% Aldrich) were used as supplied. The organosilica
precursors, 1,2-bis(triethoxysilyl)ethane (97 %) and
2-(4-pyridilethyl)triethoxysilane) (95 %), were obtained from abcr for the
synthesis of pyridine-functionalized ethylene-bridged PMO. Both precursors
were used as purchased without further purification. Acetonitrile (99.7 %,
PanReac), eosin Y (>95 %, TCI) and triethanolamine (TEOA, >99 % Sigma-

Aldrich) were used for the photocatalytic hydrogen evolution reaction.
4.2.2 Synthesis procedures

4.2.2.1 Synthesis of cobaloxime complexes [Co(dmgH2)(dmgH)Cl> and
Co(dmgH)2pyCl]

Cobaloxime complex, Co(dmgH.)(dmgH)Cl>, was synthesized according
to a procedure previously reported [42]. In a typical synthesis, CoCl,.6H20 (0.5
0, 2.1 mmol) was dissolved in acetone (15 mL) and then, dimethylglyoxime (0.49

g, 4.2 mmol) was added. The resulting mixture was stirred for 10 min at room
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temperature. Afterwards, the mixture was filtered to remove any undissolved
reactive. The filtrate was allowed to stand overnight to form green crystals. They
were collected by filtration and washed with acetone. Co(dmgH2)(dmgH)Cl, was
dried under vacuum at 80 °C. For the synthesis of the cobaloxime with axial
pyridine ligand, Co(dmgH2)(dmgH)Cl. (0.33 g, 0.9 mmol) was suspended in
chloroform (8.5 mL) and then, pyridine (0.18 g) was added dropwise (Scheme 1)
[42]. Afterwards, water (3 mL) was added to the solution and stirring continued
for 2 h. The aqueous phase was separated by decantation, while the organic phase
was washed with three portions of water (15 mL each). The solution was
concentrated by rotary evaporation and a precipitate was obtained by addition of
ethanol. The final product was recovered by filtration, washed with ethanol, and

dried under vacuum at 100 °C.

//fn,, :"- “H C‘ e
/s N-----" Co”
{/:’,_.-N—-’C{ H/O/ N’/ | /
HO/N"_iT</l‘ CHCI3 o T

l Pyridine S
Cl ‘
P
Co(dmgH,)(dmgH)Cl, Co(dmgH),pyCl
complex complex

Scheme 1. Structures of cobaloxime complexes.

4.2.2.2 Synthesis of pyridine-functionalized ethylene-bridged PMO (py-etPMO)

In a typical synthesis,[43] ODTMA surfactant (0.85 g) was dissolved in a
solution of NaOH (6 M, 0.89 mL) and distilled water (53 mL). After stirring the
solution at room temperature for 24 h, a mixture of organosilane precursors with

molar ratio 80 % of 1,2-bis(triethoxysilyl)ethane and 20 % of
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2-(4-pyridylethyl)triethoxysilane was added dropwise under vigorous stirring.
The resulting mixture was stirred at room temperature for 24 h, after which it was
aged at 97 °C for 48 h under static conditions. The white precipitate was recovered
by filtration and washed with distilled water. To remove the surfactant, 1 g of as-
synthesized material was refluxed in a solution containing 50 mL ethanol and 1
mL HCI solution (37% wt.) for 12 h. After repeating this extraction process twice,
the final material was filtered out and dried at 120 °C under vacuum. It was named
py-etPMO.

4.2.2.3 Anchoring of cobaloxime catalyst Co(dmgH2)(dmgH)CI. on py-etPMO

The material py-etPMO (0.5 g) was dispersed in 10 mL of methanol and
then, Co(dmgH>)(dmgH)Cl> complex (0.546 mmol) was added [44]. The mixture
was kept under stirring at 65 °C for 24 h. Subsequently, the solid was recovered
by filtration and washed thoroughly with CH3OH. To remove unreacted complex,
the resulting solid was refluxed with 50 mL of CH3OH for 12 h. This procedure
was repeated twice. Finally, the solid was washed with DMSO, collected by
filtration and dried under vacuum at 80 °C. The catalyst was named
py-etPMO-Co. A schematic illustration of the synthetic procedure of the
cobaloxime-PMO hybrid material (py-etPMO-Co) is depicted in Scheme 2.
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Scheme 2. Synthesis route of cobaloxime-PMO hybrid catalyst (py-etPMO-Co).

4.2.3 Photocatalytic studies

For the photocatalytic experiment, py-etPMO-Co (1 mg) was suspended
in a CH3CN:H20O (1:1) solution (11.4 mL). The aqueous solution contains
triethanolamine (TEOA, 10 %) adjusted to pH 7 with HCI (37 %) and the
acetonitrile solution contains dissolved eosin Y (0.05 mM). The reaction tube was
sealed, and the mixture was purged with N2 for 30 min. Then, the reaction mixture
was irradiated with a Xe lamp (ORIEL, 300 W) equipped with (Newport filter,
FSQGCA400) at a distance of 10 cm. Sample aliquots were taken using a gas-tight
syringe and quantified by gas chromatography (Shimadzu GC-2010 Plus)
equipped with a barrier discharge ionization detector (BID) and a ShinCarbon ST
column (2 m x 2 mm i.d.). For the homogenous test, [Co(dmgH)2pyCl] was used

as the catalyst under similar conditions.

4.2.4 Leaching test

A photocatalytic reaction with py-etPMO-Co was carried out as indicated
previously, but after 1 h the reaction mixture was filtered off with a nylon
membrane filter (0.45um) to remove the catalyst particles. Then, the clear solution

was transferred to a reaction tube under a N2 atmosphere and irradiated for 2 h.
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4.2.5 Catalyst re-activation process

After reaction, the catalyst was recovered by centrifugation and washed
with methanol and acetonitrile in order to eliminate possible residues of eosin Y
and TEOA in the pores. The re-activation process was similar to that used to

anchor cobaloxime complex in py-etPMO material.

4.2.6 Characterization

X-ray powder diffraction (XRD) patterns were collected on a Bruker D8
Discover A25 diffractometer using Cu Ko radiation. N2 adsorption-desorption
isotherms were measured at -196 °C using an Autosorb-iQ MP/MP-XR
instrument. Prior to measurement, all the samples were outgassed overnight at
120 °C. The surface area was calculated using the Brunauer-Emmett-Teller (BET)
method and pore size distribution was determined using Density Functional
Theory (DFT) method. Raman spectra of the samples were acquired with a
Renishaw Raman instrument with green laser light (532 nm). FT-IR
measurements were carried out on a Bruker Alpha 11 spectrometer. The solid-state
13C CP/IMAS NMR spectra were recorded on a Bruker Avance 111 HD 400 WB
spectrometer at 13 kHz. An overall of 1500 free induction decays were
accumulated for each measurement. The excitation pulse and recycle time for *C
CP/MAS NMR were 3.6 ms and 2 s, respectively. Chemical shifts were
referenced to tetramethylsilane (TMS) standard. X-ray photoelectron
spectroscopy (XPS) were recorded on a SPECS Phoibos HAS 3500 150 MCD X-
ray photoelectron spectrometer with a monochromatic Al anode (1486.7 eV).
Accurate binding energies have been determined with respect to the position of
Si 2p at 103.4 eV. High-resolution Transmission Electron Microscopy images
were recorded on a JEOL JEM 1400 microscope. Scanning Electron Microscopy
imaging and Energy-dispersive X-ray (EDX) spectroscopy measurements were

performed on a JEOL JSM 7800F microscope. Inductively coupled plasma mass
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spectrometry (ICP-MS) for isotope *°Co was measured using a NexlON 350X
spectrometer. Prior to the measurement, the sample was digested in an UltraWave

microwave system.

Co K-edge x-ray absorption spectra were collected at the CLASS
beamline of the ALBA synchrotron [45]. The synchrotron radiation was
monochromatized by means of a double crystal Si(111) monochromator, while
the higher harmonics were rejected by choosing proper angles and coatings for
the collimating and focusing mirrors. The absorption data were acquired in
transmission mode. The powdered samples were mixed uniformly in a boron
nitride matrix and pressed into pellets to ensure an absorption jump close to 1.
Several scans were measured to ensure reproducibility and a good signal to noise

ratio. The data treated by the Demeter package [46].

4.3 RESULTS AND DISCUSSION

4.3.1 Characterization of the cobaloxime-PMO hybrid catalyst

The powder X-ray diffraction (PXRD) pattern of pyridine-functionalized
ethylene-bridged PMO revealed three reflection peaks in the low-angle region (26
< 5) with lattice d-spacings of 49, 28 and 25 A, respectively. These peaks can be
indexed to (100), (110) and (200) reflections of a highly ordered 2D-hexagonal
(p6mm) structure (Fig. 1a, blue line) [47]. The unit cell parameter of the hexagonal
lattice (a0) was 57 A. After the incorporation of Co(dmgH)(dmgH2)Cl. complex,
the resulting py-etPMO-Co material showed similar diffraction peaks to the
parent material py-etPMO (Fig. 1a, blue line). Transmission electron microscopy
(TEM) of py-etPMO (Fig. S1) corroborated a highly ordered arrangement of
uniform pores. These uniform pore channels were retained after cobaloxime
anchoring on the pyridine groups located on the pore surface of PMO (Fig. 1b).
These results together with the well-resolved XRD patterns demonstrated the
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formation of a highly ordered mesostructure, which was preserved after the

coordination of the cobalt complex on the pyridine ligands.

(100)

Intensity (a.u.)

26 (degrees)

Fig 1. (a) PXRD of py-etPMO (blue) and py-etPMO-Co (red) and (b) TEM image of
py-etPMO-Co.

Nitrogen adsorption-desorption  isotherms of py-etPMO and
py-etPMO-Co displayed a type-1V isotherm with a capillary condensation step at
P/PO = 0.3 — 0.6, characteristic of mesoporous materials. Non-distinctive
hysteresis loop was appreciated for both materials (Fig. 2). The BET surface area,
pore volume and pore diameter are summarized in Table 1. The incorporation of
the cobaloxime catalyst on the pore surface of py-etPMO caused a slight decrease
of the Sger, the pore volume and pore size values and a slight increase of the wall-

thickness.
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Fig 2. N2 adsorption-desorption isotherms and pore size distributions (inset) of
py-etPMO (a) and py-etPMO-Co materials (b).

Table 1. Physicochemical properties of periodic mesoporous organosilicas.

Sample ao? SBET Vp DpP Wall
(nm) (m?/g) (cm®g) (nm) thickness®

(nm)

py-etPMO 57 683 055 4.1 1.6

py-etPMO-Co 56 651 051 3.8 1.8

. 2d
aUnit cell parameter calculated a, = % ,

®Calculated from DFT-analysis
¢ Calculated from the difference between a; and Dy

The presence of ethylene bridges as well as pyridylethyl moieties in the
silica framework of PMO was confirmed by 3C CP/MAS NMR measurements
(Fig. 3 and Fig. S2). An intense signal centered at 5 ppm corresponded to the sp®
carbon atoms of the ethylene bridges [48]. In addition, signals at 20, 30, 123 and
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148 ppm were due to the pyridylethyl moieties incorporated on the channel pores
[47]. A remaining signal at 58 ppm was associated to nonhydrolyzed ethoxy
groups (-OCH2CHpa) from the organosilane precursors. After incorporation of the
cobaloxime complex on the pore surface of py-etPMO, new signals appeared at
158 and 13 ppm associated to the C=N and CHs groups, respectively, from the
glyoximate ligand [49,50]. Additional signals at 40 and 50 ppm were attributed to
residual DMSO and CH3OH used to remove unreacted cobaloxime complex after

the immobilization process [51].
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Fig 3. *C CP/MAS NMR spectra of py-etPMO (a) and py-etPMO-Co (b).

Raman and IR measurements further corroborated the presence of the
cobaloxime at the pore surface of the py-etPMO. The Raman spectrum of
py-etPMO showed a peak at 3100 cm™ attributed to the =C-H stretching
vibrations from the pyridine ring. Several signals in the region of 1500-1600 cm™

were assigned to the C=C stretching of heteroaromatic rings. After cobaloxime
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coordination, additional vibration modes at 1650 and 1220 cm™ were related to
C=N and N-O stretching, respectively, of the cobaloxime catalyst (Fig. 4) [50].
FT-IR results evidenced the coordination of cobalt on pyridine groups located on
the PMO surface. Small vibration signals characteristic of the cobaloxime with
axial pyridine ligands were observed at 1247 (vN-O) and 515 (vCo-N) cm™ (Fig
S3) [62-54].

vSi-0-S§i

;n li; nﬁ
O
- -y

T T T T

T
3000 2500 2000 1500 1000 500

Raman shift (cm'1)

Fig 4. Raman spectra of Co(dmgH2)(dmgH)Cl, complex (a), py-etPMO (b) and
py-etPMO-Co (c).

The analysis of the samples by X-ray photoelectron spectroscopy (XPS)
provided additional evidence of the successful immobilization of the cobaloxime
complex on the PMO material. Survey spectrum of py-etPMO showed the
presence of Si, C, N and O elements at the surface. Additional peaks associated
with Co and CI elements from cobaloxime units were present in the survey

spectrum of py-etPMO-Co (Fig. S4). High-resolution N1s core of py-etPMO
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showed two nitrogen contributions at 401.0 and 404.5 eV, which could be
ascribed to pyridyl and protonated-pyridyl nitrogens of the pyridylethyl moieties
in the silica framework of PMO, respectively (Fig. 5 (a)). Protonated-pyridyl
nitrogens (+H-N-pyridinic) could be generated during the removal template under
acidic conditions. For py-etPMO-Co, only a contribution centered at 401.2 eV
was present. This peak would encompass contributions of the pyridyl nitrogen
coordinated and non-coordinated to the Co centers as well as the glyoximate
ligands of the cobaloxime [23]. Co 2p core region for py-etPMO-Co exhibited
two signals centered at 781.5 eV (2ps12) and 796.5 (2p12) eV in a 2:1 ratio (Fig. 5
(b)). The splitting of 15.0 eV and the lack of shake-up satellite bands clearly
evidenced the presence of cobalt in +3 oxidation state [55]. These results are

consistent with previous reports on cobaloxime grafted on semiconductors [23]
or carbon nanotubes [54].
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Fig 5. (a) N1s core level XPS spectra of py-etPMO (blue) and py-etPMO-Co (red). (b)
Co2p core level XPS spectrum of py-etPMO-Co.
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The pyridine content in the PMO support, py-etPMO, was analyzed by
elemental analysis (Table S1). Based on the elemental analysis results, the
nitrogen content was 0.41 mmol g*. Furthermore, the cobaloxime loading
incorporated on the pore surface of py-etPMO-Co was 0.16 mmol Co per gram of
catalyst. Accordingly, the cobaloxime/nitrogen ratio on py-etPMO-Co catalyst
was 0.4. It means that approximately half of pyridine groups pendant on the PMO
were coordinated to the cobaloxime complex, leaving uncoordinated pyridines
available to recoordinate cobaloxime units during the photocatalytic experiments
[56]. The incorporated cobaloximes were homogeneously distributed throughout
the py-etPMO-Co particles according to SEM-EDX (Fig. S5).

In order to ensure that the coordination of the cobaloxime complexes
occurs on the pendant pyridine units located on the PMO surface, an ethylene-
bridged periodic mesoporous organosilica containing only ethane moieties in the
silica walls [55] has been synthetized (see ESI for ethylene-bridged PMO
synthesis). This material was dispersed in CH3OH and stirred at 65 °C overnight
in the presence of Co(dmgH)(dmgH)Cl, complex. The negligible amount of
cobalt in the resulting material by ICP-MS (0.792 x 10" mmol of Co per mg of
material) clearly confirmed that only pyridine ligands on py-etPMO act as

attachment points to assemble cobaloxime catalyst.

Co K-edge x-ray absorption spectroscopy (XAS) has been exploited to
access the local electronic and structural properties around the cobalt centers.
Figure 6 panel a depicts the x-ray absorption near edge structure (XANES), while
panel b and ¢ show the k? weighted extended x-ray absorption fine structure
(EXAFS) oscillations and their relative Fourier. The XANES region is consistent
with Co®* oxidation state and its overall edge shape indicates an octahedral local
structure, with the spectral differences corresponding to change in the ligands and

distortions. Both the reported XANES and EXAFS signals are in good agreement
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with the crystal structure of cobaloxime complex. More in particular, both the
spectral features around 8 A in the k and 1.9 A in the R spaces are signature of

a similar local environment [31].
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Fig 6. (a) Co K-edge XANES spectra collected over py-etPMO-Co, Co(dmgH).pyCl
and Co(dmgH.)(dmgH)Cl, samples. The inset shows a zoom on the rising edges. (b) k?
weighted EXAFS oscillations and (c) their relative Fourier transforms obtained from
the 2.9-16.4 A™* k range. The arrows highlight the spectral features characterizing the
apical bonds (Co-Cl or Co-N (py)).
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4.3.2 Catalytic activity

The potential of py-etPMO-Co as a catalyst for the hydrogen evolution
reaction was investigated in a visible light-activated system in the presence of a
photosensitizer and a sacrificial electron donor. In this work, eosin Y (EY) and
triethanolamine (TEOA) were chosen since they are commonly used when
cobaloximes are essayed for HER (Scheme 3) [25,47,50]. All components present
in the water reduction — sacrificial electron donor, photosensitizer and catalyst —
are necessary to drive hydrogen evolution reaction.

Scheme 3. Schematic representation of photocatalytic hydrogen production with
py-etPMO-Co as catalyst.

In a typical photocatalytic experiment, py-etPMO-Co (1 mg) was
suspended into the nitrogen purged CH3CN:H20 (1:1) solution containing EY
(0.05 mM) and TEOA (4.29 mmol) ([EY]:[Co] = 3.75). Upon irradiation with
visible light (>400 nm), the hydrogen evolving activity of the catalyst was

examined by monitoring the headspace gas by GC at different time intervals.
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Preliminary studies were performed to optimize the EY concentration in our light-

driven catalytic system (Fig S6).

The photocatalytic activity of py-etPMO-Co under conditions previously
mentioned is shown in Fig. 7a. As can be observed, the HER was levelled off after
4 h irradiation with an initial Hz evolution rate of 3.54 mmol h?* g?. This
corresponds to a hydrogen production maximum of ~18 mmol with a TON of 113.
This H2 production value largely exceeded that reported by Ott et col. [32] for a
cobaloxime catalyst immobilized on MIL-101(Cr) under similar light-driven
conditions where a TON of 18 was obtained at similar irradiation times.
Therefore, we can hypothesize that the studied ordered mesoporous system
provides an improved accessibility of all components to the cobaloxime centers
for the hydrogen production. Furthermore, compared to other heterogenized
molecular HER catalysts reported in literature, our py-etPMO-Co catalyst is

among the most active systems for light-driven hydrogen evolution. (Table S2).

Control tests were performed to confirm the key role of all
components -EY, catalyst, TEOA and light- for photocatalytic HER. For all cases,
the absence of one component in the light-driven system evolved a negligible
amount of hydrogen (Fig. 7b). Similarly, no hydrogen was detected when
py-etPMO-Co was substituted with py-etPMO.
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Fig 7. (a) Photocatalytic proton reduction with py-etPMO-Co (black) and
Co(dmgH).pyCl (red) as catalysts. (b) Control tests for py-etPMO-Co in HER without
one component: light (a), TEOA (b), EY (c) and catalyst (d), compared to the HER
system with all components (e).

Additionally, a leaching test was undertaken to assure that the hydrogen
production reaction occurred heterogeneously with the cobaloxime catalyst
anchored on the PMO mesochannels. After catalyst removal, the hydrogen
evolution reaction did not proceed, thus confirming that hydrogen production was
not catalyzed by active homogeneous cobaloxime species leached out from
py-etPMO-Co (Fig. S7).

However, after photocatalytic experiments, ICP-MS (0.034 umol Co per
mg) and XPS measurements (Fig. S8) of py-etPMO-Co material reflected that the
cobaloxime complex was released from the mesoporous support during the H»
production process. These findings were consistent with previous studies reported
on electro- and photocatalytic HER that have questioned the stability of the
pyridine-cobalt axial bond in the Co(l) oxidation state during the photocatalytic
experiment [26,29,32,57]. A weak linkage between the Co(l) and the pyridine
grafted on the PMO surface could be responsible of the leaching of the
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cobaloxime complex to the solution during the reaction. In order to prove that the
cobalt center is detached to the axial pyridine ligands, py-etPMO-Co catalyst after
photocatalytic reaction was collected and reactivated after treatment with
Co(dmgH2)(dmgH)Cl. complex. After that, the reactivated catalyst was collected
and washed thoroughly with methanol and acetonitrile to remove any
uncoordinated cobaloxime. ICP-MS analysis of the reactivated py-etPMO-Co
catalyst gave 0.15 mmol Co per mg, similarly to the fresh catalyst, confirming the
almost total restoration of the starting material. The reactivated catalyst was
evaluated in HER under identical conditions to the fresh catalyst, and it showed a
comparable photocatalytic activity with a TON value of 110 after 4 h irradiation
(Fig. 8). After a second reactivation treatment, the py-etPMO-Co maintained the
initial activity. These results revealed that the hydrogen production is catalyzed
by the cobaloxime catalyst immobilized on the pore surface of the PMO hybrid
material, which can be restored to its initial activity during two recycling cycles.
This total restoration of the catalytic activity of the PMO material was remarkable
since the cobaloxime anchored on MIL-101 reported by Ott et col. [58] achieved
approximately 60 % of its initial activity. These results evidence the good
accessibility of the pyridine ligands positioned in the mesochannels of PMO,
therefore facilitating its total restoration during the recycling tests.
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Fig 8. Recycling tests on py-etPMO-Co during 4 h.
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Fig 9. (a) PXRD of py-etPMO-Co before (red) and after (black) photocatalysis (b)
TEM image of py-etPMO-Co after photocatalytic reaction.
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Furthermore, structural and textural properties of the py-etPMO-Co after
photocatalysis were preserved, which confirmed the high mesostructural stability
of the material under the photocatalytic conditions employed (Fig. 9). Clearly, the
high hydrophobicity of the PMO framework determines its good stability in
aqueous media [37,59].

4.4 CONCLUSIONS

A novel cobaloxime-PMO hybrid material was prepared via complexation
of cobaloxime units on the pyridine moieties present on the surface of an ethylene-
bridged PMO material. This strategy allows obtaining an efficient hydrogen
evolving catalyst in presence of EY as photosensitizer and TEOA as sacrificial
electron donor, achieving a TON of 113. This system shows an enhanced
photocatalytic performance under the studied conditions in comparison to its
homogeneous counterpart, which suggests an increased stability of the
cobaloxime catalyst confined into the mesopores. Although this system was able
to restore its initial catalytic activity during two recycling experiments, a previous
reactivation process was needed to coordinate cobaloxime centers on the PMO
material. These results confirm that its applicability during continuous
photocatalytic processes is still limited due to the inherent instability of the cobalt-
pyridine axial bond during the photocatalytic reaction. Future studies are being
addressed to enhance the photocatalytic stability of Co-py linkages on PMO

mesochannels.
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Supplementary Information

Synthesis of ethylene-bridged PMO

Ethylene-bridged PMO material was synthesized following a procedure
described by Burleigh and col. [1]. Typically, 6 gr of Brij 76 was added in a
solution containing 19.6 ml of HCI and 279 ml of H>O. The mixture was stirred
at 50 °C for 24 h. Afterwards, 15.9 ml of bis-silane precursor,
1,2-bis(triethoxysilyl)ethane, was added dropwise to the clear solution and it was
stirred at 50 °C for 24 h. Then, the mixture was aged at 90 °C overnight under
static conditions. The final solid was filtered under vacuum and washed with

plenty of water.

To remove the surfactant, 1g of synthetized material was refluxed in acid
ethanolic solution (1ml conc. HCI: 50 ml ethanol) for 12h. This process was
repeated twice. Finally, the white solid was collected and dried under vacuum at
120 °C overnight (Scheme S1).

) E0 ,, OEt l_omn o ] o
H0j51\/\§i/0\{| 5\' HOL \/E\tq o_QF d_—on
/ 0 oS Si7 s

Si(OEt); CO-CONDENSATION

process SURFACTANT REMOVAL
(EtO);S
. EtOH + HCl oo 80°C

24h (3 times)

Brij 76, HCl, H20

ethane-PMO

Scheme S1. Synthesis route of ethylene-bridged PMO material.
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signal associated to Csp® of the ethylene bridges.
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Fig S6. Effect of EY concentration on hydrogen production activity of pyetPMO-Co
(catalyst, 1 mg; TEOA, 0.75 mM; reaction time, 4 h).

195



CHAPTER 4. RESULTS AND DISCUSSION (PAPER 2)

60 -
WITH CATALYST
o 401
o)
- I
1
1
1
1
20 A !
I
: WITHOUT CATALYST
I
| |
0 Y

o
N

Time (h)

Fig S7. Catalytic test after removing catalyst.

Intensity (a.u.)

T T T
800 790 780

Binding Energy (eV)

Fig S8. Co2p XPS spectrum of py-etPMO-Co after photocatalysis.
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Table S1. Compositional analysis of py-etPMO and py-etPMO-Co

Sample % Nitrogen? mmol of Nitrogen mmol of Co
per mg per mgP®
py-etPMO 0.57 0.41 n.d
py-etPMO-Co n.d n.d 0.16
ethane-PMO - - 0.792 x 1073

& Calculated by elemental analysis

® Obtained by ICP-MS
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Table S2. Comparison of the photocatalytic performance of py-etPMO-Co for HER with

previously reported heterogenized molecular hydrogen evolution reaction catalysts

H2
evolution
External | Time
Catalyst Support o rate TON | Ref
Sensitizer | (h)
(mmol -
gY)
Co(dmgH2)(dmgH)CI - This
(dmgF:)(dmgH)CL | by eosin | 4h 18.1 113
etPMO work
Co(dmgH)2(4-HEP)CI? MIL- )
eosin 5h 8 20 [2]
101(Cr)
Co(dmgHz)(dmgH)py
Cl COF - 13h 11.8 170 [3]
Cobaloxime — complex Ru(bpy)sC
Polymer | 5h 0.9 2.8 [4]
2
FeFe]-(dchdt)(CO)¢® | Zr(IV)- | Ru(bpy)sC
[FeFe]-(dcbdt)(CO)s (V) (bpy)s 25N 35 59 | [
MOF I,
MIL- | Ru(bpy)sC
Fe,(chdt)(CO)g]° 3 18.5 [6]
101(Cr) I> 2.3h
olypyrid
Fe,S,(CO) I vio- p yIOIy 50h 0.032 16 [7]
e -complex :
ZoAE)eeomp MOF v
ruthenium
FeFe]-hydrogenase Ru(b
[FeFe]-hydrog SH-PMO | | E:Ipy)s] 2h 0.0009 12 | 8]
2

%-HEP: 4-(2-hydroxyethyl)pyridine
®dchdt: 1,4-dicarboxylbenzene-2,3-dithiolate
¢chdt: 3-carboxybenzene-1,2-dithiolate
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ABSTRACT

Cobaloxime-based hydrogen production catalysts are known for their easy
synthesis and tuneable catalytic properties. Considering the benefits of their
heterogenization on solid supports, different attempts have been led to immobilize
them on surface solids of both conductive and isolating character for electro- and
photochemical H. evolution, respectively. Periodic mesoporous organosilicas
(PMOs) with well-ordered structures, high surface areas and pore volumes and
easy surface functionality open a unique opportunity as potential scaffolds for
mounting molecular cobaloxime catalysts. In the present study, two series of
ordered and non-ordered organosilica materials containing ethylene bridges in the
pore walls and pendant pyridine groups on the pore channels were compared as
supports to axially coordinate a molecular cobaloxime catalyst,
Co(dmgH2)(dmgH)Cl. All solids were characterized by X-ray diffraction, N>
adsorption-desorption isotherms, IR-TF, Raman, *C solid state NMR, EXAFS
and ICP-MS. Photocatalytic hydrogen evolution activity of the cobaloxime-
hybrid catalysts was evaluated using eosin Y as photosensitizer and TEOA as
sacrificial electron donor under UV-vis light irradiation. The results showed that
cobaloximes anchored on ordered organosilicas displayed the highest H»
production yields (8 - 42.4 mmol H g™ca) compared to their analogues supported
on non-ordered organosilicas (1.40 - 14.6 mmol Hz glc). These findings
evidence that ordered nanostructures stabilize the cobaloxime catalysts on their
mesopore, improving the photocatalytic activity of the homogenous counterpart.

Keywords: cobaloxime; PMOs; organosilicas; hydrogen production.
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5.1 INTRODUCTION

Nowadays, the generation and storage of energy are issues of vital
importance to maintain our current way of life. Due to the precipitous population
growth, the global energy demand shows an increasing trend, which it is expected
that rises around 10 billion in 2050s [1]. Although fossil fuels are the dominating
energy source to meet energy requirements for much of the world, they are
exhaustible, and their use contributes to greater environmental pollution and
global warming besides being sources of conflict and tools of geopolitical
blackmail [2]. In this context, it is a priority for the scientific community to find
renewable, clean and zero-carbon emissions alternatives to produce and store
energy [3,4]. The use and development of clean energies, such as wind,
hydroelectric or solar energy provides a good solution to the energy crisis [5], but
they generate electricity, which is difficult to store and transport. For instance, the
energy provided by the sun is the endless energy source available on our planet
which is able to satisfy the global energy consumption by humans in an entire
year, however the lack of an efficient storing procedure and its intermittent nature
have not led to this total implementation as energy source [6]. Alternatively, in
recent years, artificial photosynthesis-based technologies are positioned as an
interesting approach for the conversion of the solar energy into chemical bonds -
H> and Oz -.

Currently, hydrogen is increasingly recognised as future fuel due to its
properties [7]. This molecule only produces water as a by-product and the energy
content per mass unit in hydrogen is three times higher than that of hydrocarbons

which converts it to a clean and energy rich solar fuel [8].

Among the different approaches to produce Ha, water electrolysis has been
a subject of wide study during last decades. On this process, electricity provides
the energy needed for water splitting, which results in hydrogen and oxygen, thus
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transforming electrical energy into chemical energy. For this purpose, Pt-based
materials are positioned as the most effective electrocatalyst for hydrogen
evolution reaction (HER). Unfortunately, Pt is a noble metal, scarce and

expensive, thus limiting its commercial application [9,10].

As alternative, bioinspired molecular systems synthesized with earth
abundant elements (Fe, Co or Ni) have recently shown a great potential for
artificial photosynthesis, i.e. the conversion of sunlight into chemical fuels by
water splitting [11-16]. Particularly, cobaloximes (cobalt complexes with
diglyoxime ligands) have received a huge interest due to their easy synthesis,
moderate photostability and high efficiency at low reduction potentials. Since the
first example of a cobaloxime catalyst in light-driven hydrogen evolution reported
in 1983 by Ziessel and co-workers [17], extensive advances have been achieved
on this field in terms of activity and stability. A wide variety of cobaloxime-based
molecular systems have been explored for electro- and photocatalytic hydrogen
production [18,19]. While early attempts employed molecular cobaloxime
catalysts in solution, most recent studies have focused on the assembly of such
cobaloxime-based molecular systems on different solid surfaces to be used in
heterogeneous systems. Electroactive surfaces of common semiconductors, such
as carbon nanotubes or GaP [20-22], functionalized with pyridine groups have
allowed the immobilization of cobaloxime catalysts, showing improved and
prolonged electrocatalytic HER activity with respect to homogeneous systems.
Not only conductive materials have been employed as supports of cobaloxime
catalysts, recently this approach has been extended to non-conductive materials
for light-driven hydrogen evolution. In 2018, Ott et al. [23] were the first who
anchored a cobaloxime catalyst inside the pores of a chromium terephthalate
metal-organic framework, MIL-101(Cr), for photocatalytic hydrogen production.
More recently, Lotsch et al. [24] applied a similar strategy to obtain cobaloxime-

covalent organic framework hybrids for HER. They showed that the confinement
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of cobaloxime catalyst into the porous channels of the COF is responsible for the
prolonged activity as well as the improved photocatalytic activity with respect to
the homogeneous counterpart. Furthermore, the presence of larger pore channels
would facilitate the accessibility of all components to the cobaloxime centers
thereby increasing the hydrogen production. In this respect, the properties of the
periodic mesoporous organosilicas, called PMOs, make them particularly
attractive candidates for this purpose. This family of hybrid materials, synthesized
from bridged-organosilanes of the type (R’0)sSi-R-Si(OR’)3, are characterized to
possess highly ordered mesostructures with a homogenous distribution of organic
groups into the silica framework, and larger pore sizes [25]. Taking advantages
of these unique properties, recently, we have successfully prepared a cobaloxime-
PMO hybrid material through the coordination of a cobalt complex on a PMO
containing a certain amount of pendant pyridine moieties. As previous studies,
the cobaloxime-PMO assembly showed an improved photocatalytic performance
compared to the homogenous counterpart, as well as resulted to be one of the most
active heterogenized molecular cobaloxime catalysts reported in literature due to
its ordered arrangement of mesoporous channels. Based on these findings, we
decided to extent these investigations on the design of ordered and non-ordered
PMO materials containing different loadings of surface pyridine groups as
attachment points to assembly molecular cobaloxime catalysts and compare their

activity for light-driven photocatalytic hydrogen production.

Herein, we first describe the synthesis and characterization of series of
ordered and non-ordered organosilicas supports containing ethylene bridges and
pendant pyridylethyl moieties on the pore channels at different ratios, and then
employ these latter pyridine groups as ligands to axially coordinate a cobaloxime
core. All cobaloxime-hybrid materials (ordered and non-ordered) were evaluated

as catalysts for the photocatalytic hydrogen production under visible irradiation.
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5.2 EXPERIMENTAL SECTION

5.2.1 Materials and reagents

All required reagents for the synthesis of the different PMO materials
including octadecyltrimethylammonium bromide (OTAB),
cetyltrimethylammonium bromide (CTAB), sodium hydroxide (99 %) and
1,2-bis(triethoxysilyl)ethane (96 %, BTEE, precursor 1) were acquired from
Sigma-Aldrich. 2-(4-pyridylethyl)triethoxysilane) (95 %, precursor 2) and
ammonia solution (25 wt% in water) were supplied by abcr and PanReac,
respectively. Cobaloxime complex was synthesized using: dimethylglyoxime (99
%, Sigma-Aldrich), acetone (>99.5 %, Sigma- Aldrich), cobalt (I1) chloride
hexahydrate (Acros Organics), methanol (>99.9 % PanReac), pyridine (>99.9 %,
Sigma-Aldrich), and chloroform (99.9 %, Sigma-Aldrich). All hydrogen
production photocatalytic experiments were performed using acetonitrile (99.7 %,
PanReac) and Milli-Q-water as solvents, eosin 'Y (>95 %, TCI) and
triethanolamine (>99 9%, Sigma-Aldrich) as photosensitizer and sacrificial
electron donor, respectively. All chemicals were used as received without further

purification.

5.2.2 Synthesis of materials

5.2.2.1. Synthesis of periodic mesoporous organosilicas (PMO)

In a general synthesis [26], a mixture of OTAB (0.85 g), aqueous NaOH
solution (6 M, 0.89 mL) and milli-Q water (53 mL) was stirred at room
temperature overnight. Then, a mixture of precursors (1 and 2, 2.04 mmol) with
different molar composition was added dropwise with rapid stirring at room
temperature. After 24 h, the white suspension was aged at 100 °C for 4 days. The

white precipitate was recovered by filtration and washed with distilled water and
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ethanol. Later, the white solid was dried under vacuum at 100 °C overnight. For
the surfactant removal, the as-synthesized material (1 g) was stirred in acidic
ethanol (ImL of 37 % HCI in 50 mL of EtOH) at 70 °C for 12h. After repeating
this extraction process twice, the final material was filtered out, washed with
ethanol and dried at 100 °C under vacuum. These PMO materials were named as
pyxPMO,  where  x is the  percentage of  precursor 2

(2-(4-pyridylethyDtriethoxysilane)) added in the reaction mixture (see Table 1).

5.2.2.2. Synthesis of organosilica materials (OS)

In a typical synthesis [27], CTAB (0.54 g) was dissolved in a solution
containing 25 mL of distilled water and 1.78 mL of ammonia solution.
Afterwards, the mixture of silane precursors (8.8 mmol in total) was added
dropwise, and the solution was kept under stirring at room temperature overnight.
Subsequently, it was aged at 90 °C for 4 days under static conditions. The white
precipitate was recovered by filtration and washed thoroughly with distilled water
and ethanol. The surfactant was removed following a similar extraction process
to that used to remove OTAC molecules. Finally, the white solid was dried under
vacuum at 100 °C overnight. These organosilica materials were named as pyxOS,
where X is the percentage of precursor 2 added in the reaction mixture (see Table
1).
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Table 1. Nomenclature of the different materials synthesized by co-condensation
reaction of 1,2-bis(triethoxysilyl)ethane (precursor 1) and
2-(4-pyridylethyDtriethoxysilane) (precursor 2) under basic conditions.

Material Precursor 1 | Precursor 2 Surfactant Reac-tion

(%) (%) medium
py1o,PMO 90 10 OTAB NaOH
py2PMO 80 20 OTAB NaOH
pysoPMO 70 30 OTAB NaOH
pPYy100S 90 10 CTAB NH3
PYy200S 80 20 CTAB NH3
QZON 70 30 CTAB NH3

5.2.2.3. Immobilization of the dichlorocobaloxime complex,

Co(dmgH2)(dmgH)Cl2

Dichlorocobaloxime complex, Co(dmgH2)(dmgH)Cl2, was synthesized
following the procedure previously reported by Costa et al. [28]. For the
anchoring of the cobaloxime complex on the supports, Co(dmgH.)(dmgH)Cl>
complex (0.35 g) was added to a suspension of the hybrid material (0.5 g) in 10
mL of methanol. The mixture was kept under stirring at 65 °C for 24 h.
Subsequently, the solid was filtered and washed with methanol. To assure the
complete removal of unreacted complex, the resulting solid was refluxed with 50
mL of CH3sOH for 12 h. This procedure was repeated twice. Finally, the material
was recovered by filtration and dried under vacuum at 80 °C. The series of
obtained catalysts were named as pyxPMO-Co or pyxOS-Co, depending on the
support employed.
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5.2.3 Materials characterization

X-ray powder diffraction (XRD) patters were collected in a Bruker D8
Discover A25 diffractometer using Cu Ko radiation. N2 adsorption-desorption
isotherms were obtained at -196 °C in an Autosorb-iQ MP/MP-XR instrument.
Before the measurement, all samples were outgassed at 120 °C overnight. The
Brunauer-Emmett-Teller (BET) method was used for determining the surface area
and the Density Functional Theory (DFT) method to obtain the pore size
distribution. Raman spectra of the samples were acquired with a Renishaw Raman
instrument with green laser light (532 nm). FT-IR measurements were carried out
on a Bruker Alpha Il spectrometer. High-resolution transmission electron
microscopy images were recorded on a JEOL JEM 1400 microscope. Solid-state
CP/MAS 3C NMR spectra were obtained in a Bruker Avance 11l HD 400 WB
spectrometer at 13 kHz. An overall 1500 free induction decays were accumulated
for each measurement. The excitation pulse and recycle time for CP/MAS *C
NMR were 3.6 ms and 2 s, respectively. Chemical shifts were referenced to
tetramethylsilane (TMS) standard. Inductively coupled plasma mass spectrometry
(ICP-MS) for *°Co isotope was measured using a NexION 350X spectrometer.
Before to the measurement, the sample was digested in an UltraWave microwave

system.

Co K-edge x-ray absorption spectra were collected at the CLASS
beamline [29] of the ALBA synchrotron. The synchrotron radiation was
monochromatized by means of a double crystal Si(111) monochromator, with
higher harmonics rejected by choosing the proper angles and coatings for the
collimating and focusing mirrors. The absorption data were acquired in
transmission mode. The powdered samples were mixed uniformly in a boron
nitride matrix and pressed into pellets to ensure an absorption jump close to 1.

Several scans were measured to ensure reproducibility and a good signal to noise
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ratio. The data was treated with the Demeter [30] package and the energy was
calibrated to the first inflection point of Co foil taken as 7709 eV.

5.2.4 Photocatalytic hydrogen evolution

The photocatalytic hydrogen production tests were carried out in a flash
vial with constant stirring under visible light irradiation (A > 400 nm). Typically,
1 mg of catalyst was dispersed in an acetonitrile - water mixture (1:1) adjusted a
pH 7 with HCI (37 %), containing dissolved eosin Y (EY, 0.05 mM) and
triethanolamine (TEOA, 10 %). The reaction mixture was degassed by N2
bubbling for 30 min. Subsequently, it was irradiated with a 300W Xenon lamp
equipped with a Newport filter, FSQGC400, at 10 cm distance. Aliquots of 50 puL
were taken periodically to monitor the hydrogen evolution and analyzed on a
Shimadzu GC-2010 Plus equipped with a barrier discharge ionization detector
(BID) and a ShinCarbon ST column (2 m x 2 mm i.d.).

5.2.4.1 Catalyst re-activation after photocatalytic reaction

After evaluation of the photocatalytic activity of all catalysts, the most
active catalyst (py:0PMO-Co) was selected to carry out the recyclability tests.
After reaction, the solid was recovered by centrifugation and then washed with
methanol and acetonitrile in order to remove eosin Y and TEOA remaining into
the pores. The re-activation process was similar to that used for the
immobilization of the cobaloxime complex. Later, the resulting solid was washed
with methanol to remove the excess of non-complexed cobaloxime. Finally, this

material was dried under vacuum at 80 °C overnight.
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5.3 RESULTS AND DISCUSSION

5.3.1 Characterization of the PMOs and organosilica materials

5.3.1.1. Structural and textural properties

Powder X-ray diffraction (PXRD) patterns of pyxPMO and pyxOS
materials are shown in Fig S1. All pyxPMO materials displayed an intense
diffraction peak around 26 =~ 1.8° accompanied by two weak peaks at higher
incidence angles. These peaks correspond to (100), (110) and (200) reflections,
typical of materials with 2D hexagonal (p6mm) mesostructures [26]. For this
series of materials, an increase in the content of the monosilane precursor, from
10 to 30 %, in the synthesis gel gave rise to a decrease in the mesostructure
ordering [31-33]. However, the absence of these peaks for those materials
synthesized with CTAB (pyxOS) confirmed non-ordered structures, thus
revealing the decisive role of the synthesis conditions to obtain highly ordered
mesostructures [34]. After anchoring of the cobaloxime complex,
(Co(dmgH)(dmgH>)Cl>), on the pendant pyridine groups of pyxPMO and pyxOS
materials, PXRD patterns remained unchanged compared to the parent materials
(Fig 1). These findings were further confirmed by transmission electron
microscopy (TEM). TEM images of the pyxPMO-Co catalysts (Fig 2 (a,b,c))
revealed highly ordered structures with parallel channel pores of uniform
diameter, while pyxOS-Co catalysts (Fig 2 (d,e,f)) consisted of agglomerated

nanoparticles with some observable pores in the meso range.

216



CHAPTER 5. RESULTS AND DISCUSSION
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Fig 1. XRD patterns of pyxPMO-Co (a) and pyxOS-Co (b) catalysts.

Fig 2. TEM images of py1o)PMO-Co (a), py20PMO-Co (b), pysoPMO-Co (c), py100S-Co
(d), py200S-Co (e) and pys00S-Co (f).
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Nitrogen adsorption-desorption isotherms as well as DFT pore size
distributions of all synthesized materials are displayed in Fig S2. As it can be
observed, py,PMO materials exhibited type-IV isotherms according to IUPAC
classification with the step at relative pressures of 0.4, characteristic of ordered
mesoporous structures [35]. All these materials exhibited a non-distinctive
hysteresis loop, typical of materials with small mesopores. The narrow pore size
distribution and the average pore diameter confirmed the presence of uniform
pores in the mesopore range (4.0 — 4.5 nm) for all materials synthesized with
OTAB as surfactant. Conversely, those organosilica supports synthesized with
CTAB as template in ammonia solution, presented a type-Il isotherm with high
N> uptake at higher relative pressures, stating macroporosity in the structures. As
observed from DTF pore size distributions, this spanned the entire range, from
micro to macropores. According to the textural properties listed in Table S1, PMO
materials showed Sger values ranged from 683 — 852 m? g and pore volumes
from 0.57 — 0.84 cm® g*. However, lower surface areas (< 260 m? g) were
obtained for all non-ordered organosilica materials. On the basis of obtained
results, a decrease on the surface area and pore volume when the loading of
2-(4-pyridylethyl)triethoxysilane) (precursor 2) increased from 10 % to 30 % in
the gel synthesis was appreciated on pyxOS materials. Nevertheless, this tendency
was not appreciated from 20 % to 30 % for pyxPMO materials, where surface area
and pore size values were higher. After immobilization of the cobaloxime
complex on the pore surface of the supports, non-differences were appreciated in
the isotherm-type (Fig 3), but nevertheless, a slight decrease of the surface area
and the pore volume was observed compared to the parent materials [36].
Additionally, a slight increase of the wall-thickness was indicative of the
decoration of the pores with cobaloxime units (Table 2).
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Fig 3. Nitrogen adsorption-desorption isotherms (left) and DFT pore size distributions
(right) for pyxPMO-Co (a, a1) and pyxOS-Co (b, b:) catalysts.

Table 2. Textural properties of pyxPMO-Co and py«PMO-Co catalysts.

MATERIAL | ) | oy | o | T Gt o
py.PMO-Co | 715 0.65 43 | 58 15 0.06 0.55
py20PMO-Co 651 0.53 3.8 5.6 1.8 0.16 0.40
py:oPMO-Co = 901 0.82 43 | 55 13 0.17 0.25
py100S-Co 323 0.94 n.d. n.d. n.d. 0.02 0.03
py200S-Co 198 0.75 n.d. n.d. n.d. 0.10 0.07
py300S-Co 198 0.55 n.d. n.d. n.d. 0.13 0.09

aCalculated from DFT analysis

® Unit cell parameter calculated from formula, ao=2d100/N3
¢ Calculated from the difference between ao and D,

d Determined by ICP-MS
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Raman spectra of the supports, pyxPMO and pyxOS, are shown in Fig S3.
All samples showed the characteristics vibration bands of both organosilane
precursors, thus corroborating their successful incorporation on the silica
framework. Vibration modes at 3080 (C=H stretching), 1600 (C=N stretching)
and 1500-1400 cm™ (C=C stretching) characteristics of pyridine groups were
present on all supports. The stretching bands at 2840 and 2890 cm™ are attributed
to asymmetric and symmetric C-H stretching in the organosilane precursors.
Furthermore, the typical Si-O-Si stretching vibration band at 1025 cm™ present in
all samples is attributed to the condensed Si-O-Si network. Raman spectra of the
catalysts, given in Fig 4, showed a similar pattern to the supports. The presence
of a N-O stretching band at 1220 cm™ and a slight increase in the intensity of the
C=N band, associated to the dimethylglioximato ligands belongs to the
cobaloxime complex, confirmed the coordination of cobalt complex on pyridine
groups located on the surface of the materials [37].

a) — PY,0S-Co b) — py,,PMO-Co
v—CH —— PYy,,0S-Co v—CH —— PYxPMO-Co
PY3,0S-Co —— PY;PMO-Co

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

. . . . T T T T T T T T
3000 2500 2000 1500 1000 500 3000 2500 2000 1500 1000 500
Raman shift (cm") Raman shift (cm'1)

Fig 4. Raman spectra of pyxPMO-Co (a) and pyxOS-Co (b) catalysts.
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FT-IR measurements confirmed the results obtained by Raman
spectroscopy. Besides those stretching modes previously identified for the
catalysts, the presence of the cobaloxime complex was evidenced by weak
stretching vibration peaks of N-O and Co-Npw) at 1230 and 513 cm?,
respectively, characteristics of these metal complex (Fig 5 and Fig S4) [38,39].
However, these characteristic peaks of the complex are non-existent on the
pyxPMO and pyxOS supports (Fig S5).
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Fig 5. FT-IR spectra of pyxPMO-Co (a) and pyxOS-Co (b) catalysts.
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The anchoring of the cobaloxime complex on PMO and OS materials was
further confirmed by **C RMN measurements (Fig 6). CP/MAS RMN spectra of
both supports, py:oPMO and py300S, showed an intense signal at ca. 5 ppm
attributed to ethylene bridges in the precursor 1 [40]. In addition, signals at 19,
30, 128 and 142 ppm confirmed the presence of pyridylethyl groups at the pore
channels. It is important to note that the presence of weak signals at 18 and 58
ppm on PMO supports is indicative of non-hydrolysed ethoxy groups during the
co-condensation process. Unlike these signals were absent on organosilica
materials where the use of NHs as gelling agent leads to a complete hydrolysis of
the ethoxy groups. After coordination of the cobalt complex on the pyridine
moieties, pyzoPMO-Co and py300S-Co catalysts showed new signals at 150 and
13 ppm associated to the glyoximate ligands. The presence of a signal at 49 ppm
on pyzPMO-Co was attributed to residual CH3OH used as solvent during the

immobilization process and washed.

a) b)

py3,PMO-Co —— py;,08-Co

Py 3,PMO

py50S ‘
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160 140 120 100 80 60 40 20 O 160 140 120 100 80 60 40 20 O
ppm ppm

Fig 6.13C CP/MAS NMR spectra of PMO (a) and OS (b) materials: pys,PMO and
Pys00S (black lines) and pysPMO-Co and pys0S-Co (red lines).
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The local coordination and electronic environment of the Co centres in
pyxPMO-Co and pyxOS-Co catalysts were explored using Co K-edge x-ray
absorption spectroscopy (XAS). The x-ray absorption near edge structure
(XANES) and the Fourier transform (FT) of the k? weighted extended x-ray
absorption fine structure (EXAFS) regions are reported in Fig 7 left and right
panel, respectively. All the samples’ XANES spectra approached that of the
Co(dmgH)2pyCl reference, suggesting a similar average Co local structure. The
XANES rising edge energy position, characterizing the effective Co oxidation
state, has been identified at half height of the rising edge and is reported in the
inset of the left panel. In the case of pyxPMO-Co, the XANES showed a rising
edge profile shifted toward lower energy with respect to the Co(dmgH)2pyCl
reference compound, which is consistent with a more reduced Co environment
(Figure 7-left). This result corroborates the conclusions from FT-IR, which
indicated a more electron donating environment within pyxPMO. The pyxOS-Co
series showed stronger shifts of the rising edge towards lower energy relative to
pyxPMO-Co. In particular, in the case of py3OS-Co the rising edge approaches
what might be expected from a +2 Co center [41]. In both cases the rising edge
shifted toward lower values with increasing pyridine amount and catalyst loading.

The FTs of the EXAFS signals support the XANES results indicating that
the overall Co coordination environment was maintained in all the samples.
Indeed, all the FTs presented two main features in the R-space at 1.5 A and 1.9 A
attributable to the first and second shell coordination of N and CI atoms,
respectively. Above 2 A the signals corresponded to the extended ligand structure,
similar for all samples and as well as to the Co(dmgH)2pyCl and Co(dmgH)2Cl>

references.

Interestingly, the relative intensity of the FT signals at 1.9 A showed

significant variations between samples. In particular, its intensity increase is
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indicative of a higher amount of Co-Cl bonds. A comparison between ordered and
disordered catalysts with similar pyridine amounts revealed the presence of
unreacted Co(dmgH)2Clz2 in py100S-Co and particularly pyzOS-Co. This
corresponds as well to an increased effective Co reduction (inset in Figure 7, left
panel), in agreement with the Co reduction shown from Co(dmgH)2pyCl to
Co(dmgH)2Cl>.This strongly suggests that tethering of the cobaloxime to the
pyOS materials was not as efficient as to pyPMO catalysts. Finally, from the XAS
data, it appears that the Co local electronic and structural properties of
py20PMO-Co and py200S-Co can be directly compared. In the disordered system
only the FT feature at 1.5 A decreased in intensity with respect to the ordered
counterpart, probably due to a decreased coordination number. Indeed, this is

compatible with the concomitant detected Co reduction.
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Fig 7. (left) Co K-edge XANES spectra for the pyxOS-Co and pyxPMO-Co series along
with Co(dmgH)pyCl and Co(dmgH).Cl. references. Inset: rising edge energy at half
height as a function of pyridine loading compared with the values obtained for the two
references. The dotted lines are guide for the eyes; (right) Fourier transforms of the k?

weighted EXAFS oscillations in the 3-14 A k-range obtained with a Hanning window.

The nitrogen content of the different supports was determined by

elemental analysis. Values obtained were ranged between 0.1 — 0.7 mmol g* and
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0.7 — 1.5 mmol g for pyxPMO and pyxOS-Co materials, respectively (Table S1).
In the latter case, the presence of adsorbed ammonia, used as gelling agent, cannot
be ruled out, which would explain the huge differences in N content among both
series of materials. In addition, the amount of cobaloxime complex attached to the
different materials was determined by ICP/MS (Table 3). For pyxOS-Co
catalysts, the loading of Co was lower than obtained by pyxPMO catalysts even
though the former exhibited a larger N content. This could be ascribed to the
difficulty of coordinating cobaloxime catalyst on the pyridine groups anchored on
the disordered structure of such supports. For pyxPMO catalysts, the
cobalt/nitrogen ratios were 0.55, 0.40 and 0.25 py10PMO, py20PMO and
py30PMO, respectively. This means that approximately half of the pyridine groups

are non-coordinated to the cobalt center.

5.3.2 Photocatalytic results

Photocatalytic hydrogen production of all catalysts was carried out under
UV-filtered simulated solar light irradiation (Xe lamp, A > 400 nm) with EY and
TEOA as photosensitizer and sacrificial electron donor, respectively. Control
experiments without one of the components of the system - visible light
irradiation, electron donor, photosensitizer, or catalyst - showed negligible
hydrogen production, therefore confirming the role of all components on the

photocatalytic system.

The photocatalytic performances of all catalysts with ordered
(pyxPMO-Co) and non-ordered (pyxOS-Co) structures and different loadings are
shown in Fig 8. Although all the catalysts produced significant H> under visible
light in an aqueous/organic solvent mixture, the series of pyxPMO-Co materials

displayed the highest H> production yields under analogous conditions.
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Fig 8. Photocatalytic hydrogen production with pyxOS-Co catalysts (a) (py100S-Co
(black), py200S-Co (blue) and pys0OS-Co (red)) and pyxPMO-Co catalysts (b)
(py10PMO-CO (black), py20PMO-Co (blue) and pysPMO-Co (red) catalyst)

On the one hand, among series of non-ordered catalysts, pyzOS-Co with
the highest cobalt loading reached at a maximal value of 14.6 mmol H», which
corresponds to a TON of 111. For this series, the rate of hydrogen production
remained linear for a shorter time (1 h), before totally ceasing the catalytic
activity. These results are in concordance with the lack of structural ordering in
these supports where cobaloxime units might be retain only in the pore mouth on
the surface, suffering a quick deactivativation. This type of complexes is well-
known to disintegrate due to the labile axial pyridine ligand decoordinates during
the photocatalytic process [42].

Conversely, the series of ordered catalysts with well-ordered structures,
high surface areas and regular pore sizes showed quite different performances for
hydrogen production. It increases exponentially with the amount of cobalt present
in the catalyst, from 8 to 18.1 mmol of hydrogen for pyio)PMO-Co and
py20PMO-Co, respectively. In contrast, pyo)PMO-Co, showing a similar cobalt
content than py20PMO-Co (see Table 2) evolved 42.40 mmol Hz within 4h, which
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corresponds to a TON of 244. This huge difference could be ascribed to the low
Co/N ratio of this latter. Compared to py20PMO-Co, it showed an 8.6% increase
in Co content but a 75 % increase in N content, which resulted in a Co/N ratio of
0.25. These results support the hypothesis that previous findings on MOFs about
the recoordination of the cobaloxime units to pyridine sites during the
photocatalytic process. Those detached cobaloxime species to the solution would
remain close to the uncoordinated pyridine ligands present on the pores of the
PMOs, therefore favouring the quick restoration of the Co-pyridine bond. That
means that those detached cobaloxime units from the support with higher N
content will have much more chances to be recoordinated to pyridine sites, giving

risen to higher photocatalytic activity [42-44].

This phenomenon would also explain the different hydrogen evolution
among series of catalyst. While pyx-OS-Co catalysts totally ceased their activity
after 1 h (vide supra), the hydrogen evolution for pyx-PMO-Co catalysts levelled

off at longer irradiation times, around 3 - 4 h.

As shown in a previous work [45], the hydrogen production is not
catalysed by soluble cobaloxime species that could be present in the reaction
medium but by cobaloxime complexed to pyridine sites of the PMO. In order to
reuse the catalysts, a reactivation process should be performed on the support,
which includes the reattachment of cobaloxime complexes (see Experimental
section). The resulting catalyst exhibited a TON of 222 after 4 h irradiation, which
is comparable to that obtained by the original catalyst (TON= 244) (Fig. S6).
These results evidenced the high stability of the support and the facile

reconstitution of the catalytic center.

Furthermore, compared to similar hybrid catalysts for hydrogen evolution
reaction in literature, such as a cobaloxime complex immobilized in a MOF [23]
(TON of 20), in a COF [24] (TON of 20) or in a polymer [46] (TON of 170), the

227



CHAPTER 5. RESULTS AND DISCUSSION

catalyst pysoPMO-Co showed the best hydrogen performance. The highly ordered
structure and regular pore size have an important role in the diffusion of the
reactants and improve the stability of the cobaloxime in the reaction increasing in

such a way hydrogen production.

5.4 CONCLUSIONS

In summary, co-condensation reactions of 1,2-bis(triethoxysilyl)ethane
and 2-(4-pyridylethyltriethoxysilane at different ratios, in the presence of OTAB
or CTAB as surfactant, under basic conditions with NaOH or ammonia as gelling
agent, proved to lead successfully to the formation of series of periodic
mesoporous organosilicas or non-ordered organosilicas. These organic-inorganic
hybrid materials with pendant pyridine moieties on their structure provide
anchoring points to axially coordinate a molecular cobaloxime catalyst. All
cobaloxime-hybrid materials (ordered and non-ordered) were evaluated as
catalysts for the photocatalytic hydrogen production in presence of eosin Y and
TEOA as photosensitizer and sacrificial electron donor, respectively. Under
similar photocatalytic conditions, those cobaloxime-PMO systems showed the
highest hydrogen production compared to those cobaloxime catalysts
immobilized on non-ordered organosilicas. Our results evidence that ordered
mesostructures lead to effective confinement of the molecular catalyst into pores
of the support, resulting in higher longevity and activity for hydrogen evolution

reaction.
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Table S1. Textural properties of pyxPMO and pyxOS supports.

Wall Nitrogen

MATERIAL SeeT Vp? Dy? a® thickness® content
(m?g) | (cm¥g) (nm)  (hm)  (nm)  (mmolg)

py1,PMO 750 0.70 4.4 5.5 1.1 0.17
py20PMO 683 0.57 4.1 4.7 0.6 0.57
pysPMO 852 0.84 4.4 5.7 13 0.93
PYy100S 257 0.91 n.d. n.d. n.d. 1.02
PYy200S 200 0.43 n.d. n.d. n.d. 1.78
PYy300S 206 0.46 n.d. n.d. n.d. 2.16

@ Calculated from DFT analysis
b Unit cell parameter calculated from formula, ao=2d100/3
¢ Calculated from the difference between ao and Dp
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ABSTRACT

Molecular cobaloxime-based heterogeneous systems have attracted great
interest during the last decades in light-driven hydrogen production. Here, we
present a novel cobaloxime-tethered periodic mesoporous organosilica (PMO)
hybrid (Im-EtPMO-Co) prepared through the immobilization of a molecular
cobaloxime complex on the imidazole groups present in ethylene bridged PMO.
The successful assembly of a molecular cobaloxime catalyst via cobalt imidazole
axial ligation has been evidenced by several techniques, such as *C NMR, Raman
spectroscopy, ICP-MS, and XPS. The catalytic performance of Im-EtPMO-Co
catalyst was essayed on the hydrogen evolution reaction (HER) under visible light
in presence of a photosensitizer (eosin Y) and an electron donor (TEOA). It
showed an excellent hydrogen production of 95 mmol hydrogen at 2.5 h, which
corresponded to a TON of 138. These results reflect an improved photocatalytic
activity with respect to its homogenous counterpart [Co(dmgH)2(Im)CI] as well
as a previous cobaloxime-PMO system with pyridine axial ligation to the

cobaloxime complex.

Keywords: cobaloxime; periodic mesoporous organosilicas; photocatalysis;

hydrogen evolution reaction; primary axial coordination.
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6.1 INTRODUCTION

Mimicking biological procedures has always been a good approach to
tackling energy questions. In recent years, numerous efforts have been made for
the development of natural photosynthesis-inspired technologies for the efficient
transformation of the energy from sunlight into chemical energy [1]. Hydrogen is
considered an efficient energy vector due to the high energy density of the H»
molecule (119 kJ/g) and its ability to be stored in large quantities. Furthermore,
hydrogen combustion with air only produces water as residue, so it is considered
a cyclic and environmentally friendly process [2].

Aiming at designing efficient hydrogen evolution catalysts, alternative to
traditional Pt-based catalysts, the first studies were focused on simulating the
activity of hydrogenase enzymes (especially metalloproteins) for hydrogen
production [3,4]. In fact, hydrogenases utilizing earth-abundant metals such as Fe
or Ni-Fe are the most active molecular catalysts for hydrogen production [5,6].
Although numerous studies have been performed on the design of biomimetic
models of [Fe]-hydrogenases for hydrogen production, their inherent instability
during the catalytic process has limited their applicability. In this sense, to solve
these drawbacks, recent approaches have been focused on the assembly of
biomimetic di-iron catalysts on heterogenous supports, such as metal organic
frameworks (MOFs) [7], silica-based mesoporous materials [8] or graphene-
based materials [9] for light-induced hydrogen production. These heterogeneous
matrices have provided improved stability for the anchored molecular catalyst,

overcoming those issues related to its water solubility and photostability [10].

Conversely, in the past decades, cobalt compounds have provided an
appealing alternative to hydrogenase mimic complexes as efficient and low-cost
HER catalysts. Inspired by the structure of vitamin B12> and more specifically in
the stable organometallic cobalt complex, 5-deoxyadenosyl-(5,6-
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dimethylbenzimidazolyl)-cobinamide, present in its core [11], cobaloxime
catalysts have been widely studied for electro and photocatalytic hydrogen
production. Their great interest as molecular catalysts is given by their high O>
tolerance [12,13], which allows their use under aerobic conditions, their facile
synthesis, and their tunable catalytic properties only modifying the substituents
on the equatorial and/or axial ligands [14,15]. Furthermore, they show high
proton-reduction activity at moderately low overpotential [16] and can work in

aqueous solutions [17].

Since the first example reported by Ziessel and co-workers about a
cobaloxime complex for photocatalytic hydrogen production [18], numerous
advances have been achieved in the design of more efficient molecular
cobaloxime catalysts. Among them, one of the most interesting approaches to
improve their catalytic activity is based on the heterogenization of such
complexes and derivatives on solid supports. This approach is highly attractive
because it improves the stability of the molecular catalysts while allowing their
recyclability. Until now, most of the synthetic strategies used for that purpose
have been focused on the development of materials containing surface pyridine
moieties, which can act as ligands to axially coordinate a cobaloxime core. It is
well documented that the catalytic properties of cobalt-diimine complexes can be
improved by the presence of N donor groups in the axial position [19]. In the last
decades, several studies have revealed an increase in the electrocatalytic HER
efficiency with cobaloximes assembled on the surface of carbon-based materials

[20] and semiconductors [21].

Recently, this methodology has been extended to other non-conductive
porous supports, such as metal organic frameworks (MOFs) [22,23], covalent
organic frame-works (COFs) [24], and most recently, on periodic mesoporous

organosilicas (PMOs) [25] for light-driven photocatalytic hydrogen production.
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Nevertheless, the major drawbacks and limitations of these molecular assemblies
are the degradation of the equatorial ligand [26] and the de-coordination of the

axial ligand [14] under catalytic conditions.

These findings indicate the relevance of considering enzyme-inspired
outer coordination spheres (OCS) features around the cobalt core during the
artificial catalyst design, therefore mimicking the protein scaffold of natural
hydrogenases [27]. In this sense, initial studies reported by Wakerley and Reisner
analyzed the influence of over 20 different substituted-pyridine ligands axially
coordinated to a cobaloxime core for Hz production. They found that the presence
of more electron-donating pyridine ligands gave rise to an enhancement of the
catalytic activity [15]. More recently, Dutta et al. [28] demonstrated that the
improvement in the catalytic efficiency and long-term stability of a synthetic
cobaloxime complex on electrocatalytic H> production was influenced by the
number of basic groups on the outer coordination sphere of the cobaloxime core.
Recently, these researchers extended the OCS studies to axial-imidazole-linked
cobaloxime, one of the most active homogeneous cobalt complexes [29]. As
previous results obtained by axial-pyridine-linked cobaloxime, the presence of
peripheral basic functionalities around the same cobaloxime core enhanced the
electro- and photocatalytic hydrogen production. These results show the
relevance of the appropriated primary axial coordination sphere substituents to
the catalytic cobalt center. It is important to note that most of the research in this
field relies on the study of the electro- and photocatalytic HER performance of

homogenous cobaloxime catalysts, with scarce studies on heterogenous systems.

In this context, our recently developed cobaloxime-PMO hybrid provides
an approach for the design of heterogeneous cobaloxime systems [25]. In previous
work, an efficient cobaloxime HER catalyst was synthesized through the

coordination of a cobalt complex, Co(dmgH2)(dmgH)ClI>, on an ethylene-bridged
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periodic mesoporous organosilica (PMO) containing pyridine moieties.
Compared to its homogenous counterparts, this system provided increased
stability of the cobalt complex into the mesopores, which was reflected in its
enhanced catalytic efficiency. Until now, it was a unique example of anchoring

cobaloxime HER catalysts on the surface of a PMO.

Herein, we report the synthesis of a novel cobaloxime-PMO hybrid
material by axial coordination of a cobaloxime catalyst [Co(dmgH2)(dmgH)CI2]
on the imidazole ligands present on the surface of an ethylene-bridged PMO. The
hybrid system was fully characterized by different techniques and evaluated as a

catalyst in the photocatalytic hydrogen evolution reaction.

6.2 EXPERIMENTAL SECTION
6.2.1 Chemicals

The reagents for the synthesis of the different PMO materials, including
octadecyltrimethylammonium bromide (OTAB, Sigma-Aldrich, Lyon, France),
sodium hydroxide (NaOH, Sigma-Aldrich, Schnelldorf), 3-(chloropropyl)-
triethoxysilane (95 %, Sigma-Aldrich, Lyon, France),
1,2-bis(triethoxysilyl)ethane (96 %, BTEE, Sigma-Aldrich, Lyon, France), and
imidazole (99 %, Sigma-Aldrich, Lyon, France), were used as received without
further purification. Dimethylglyoxime (99 %, Sigma-Aldrich, Lyon, France),
acetone (>99.5 %, Sigma-Aldrich, Lyon, France), cobalt (11) chloride hexahydrate
(Acros Organics, Geel, Belgium), methanol (>99.9 %, PanReac, Barcelona,
Spain), imidazole (>99.9 %, Sigma-Aldrich, Lyon, France), and chloroform (99.9
%, Sigma-Aldrich, Lyon, France), employed for the synthesis of the cobalt
complex, were used as supplied. Photocatalytic experiments were performed

using acetonitrile (99.7 %, PanReac, Barcelona, Spain) and Milli-Q-water as
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solvents, eosin Y (>95 %, TCI, Zwijndrecht, Belgium) as photosensitizer and
triethanolamine (>99 %, TEOA, Sigma-Aldrich, Lyon, France) as a sacrificial

electron donor.

6.2.2 Synthesis of the Materials

6.2.2.1 Synthesis of Cobaloxime Complexes: Co(dmgH2)(dmgH)CIl. and
Co(dmgH)2(Im)CI

Co(dmgH)(dmgH)Cl, complex was synthesized according to a
previously reported procedure [30]. CoCl;:6H.O (2.1 mmol, 0.5 g) and
dimethylglyoxime (4.2 mmol, 0.49 g) were dissolved in dry acetone (15 mL). The
resulting solution was kept under stirring at room temperature for 30 min, after
which it was filtered to eliminate any unreacted reactant. The filtrate was cooled
overnight to form green crystals. These crystals were recovered by filtration and
washed with cold acetone. The Co(dmgH2)(dmgH)Cl> complex was dried under

vacuum at 80 °C.

For the synthesis of the cobaloxime complex containing an axial imidazole
ligand, Co(dmgH2)(dmgH)Cl> complex (0.92 mmol, 0.33 g) was dispersed in 4
mL of chloroform and then the solution was stirred at room temperature for 10
min. Afterward, the imidazole ligand (2.28 mmol), previously dissolved in 4.5
mL of CHClIs, was added dropwise to the solution. During this process, the green
solution turned brown, indicating the ligand exchange had gone to completion.
Subsequently, 3 mL of distilled H>O was added to the solution, and it was stirred
for 2 h. The aqueous phase was separated by decantation and the organic phase
was washed with H>O (3 x 15 mL). Finally, the product was washed with ethanol
and dried under vacuum at 80 °C overnight. The final complex was named
Co(dmgH)2(Im)CI [19].
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6.2.2.2 Synthesis of Chloropropyl Functionalized Ethylene-Bridged Periodic
Mesoporous Organosilicas (CI-EtPMO)

In a typical synthesis [31], the OTAB surfactant (0.85 g) was dissolved in
a basic solution of NaOH (0.89 mL, 6 M) and Milli-Q water (53 mL). The
solution was stirred overnight at 45 °C. Then, a mixture of organosilane
precursors (2.04 mmol in total) in a molar ratio of 80%
1,2-bis(triethoxysilyl)ethane and 20 % (3-chloropropyl)triethoxysilane was
added dropwise under stirring. The resulting solution was stirred at the same

temperature for 24 h.

Afterward, the mixture was aged at 97 °C for 4 days under static
conditions. The obtained solid was collected by filtration and thoroughly washed
with water. In order to remove the surfactant, 1 g of as-synthesized material was
refluxed in an ethanolic solution (50 mL of ethanol with 1 mL of HCI 37 wt%)
for 12 h. This procedure was repeated twice. The final material was filtered out
and dried at 100 °C under vacuum. It was named CI-EtPMO.

6.2.2.3 Anchoring of Imidazole on CI-EtPMO

The functionalization of CI-EtPMO material by imidazole groups was
carried out following the procedure reported by Zhang et al. [32]. The material
CI-EtPMO (1.97 g) was dispersed in a solution of imidazole (0.18 g) in toluene
(40 mL). The reaction mixture was stirred at 120 °C for 24 h, after which the solid
was recovered by filtration and washed with toluene in order to remove the excess
imidazole not anchored in the PMO structure. The final material was dried at 80

°C under vacuum overnight. The functionalized material was named Im-EtPMO.
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6.2.2.4 Immobilization of Dichlorocobaloxime on Im-EtPMO

The immobilization of dichlorocobaloxime complex on the PMO structure
through imidazole groups was carried out with the following procedure: Im-
EtPMO (0.5 g) was dispersed in methanol (10 mL) and then, dichlorocobaloxime
complex (0.3 g) was added to the solution. The resulting mixture was stirred at 80
°C for 24 h. Afterward, the solution was filtered and washed with methanol in
order to remove the excess dichlorocobaloxime complex. The final product was
dried at 80 °C under vacuum. The heterogenous catalyst was named Im-
EtPMO-Co.

6.2.3 Physicochemical Characterization

X-ray powder diffraction (XRD) patterns were collected on a Bruker D8
Discover A25 diffractometer using Cu Ko radiation. High-resolution transmission
electron microscopy images were recorded on a JEOL JEM 1400 microscope. N2
adsorption—desorption isotherms were recorded at —196 °C using an Autosorb-iQ
MP/MP-XR instrument. Before measurement, all the samples were outgassed
overnight at 100 °C. The surface area was calculated using the Brunauer—
Emmett—Teller (BET) method and the pore size distribution was determined using
the Density Functional Theory (DFT) method. The solid-state *3C CP/MAS NMR
spectra were recorded on a Bruker Avance Il HD 400 WB spectrometer at 13
kHz. The excitation pulse and recycle time for *C CP/MAS NMR were 3.6 ms
and 2 s, respectively. Chemical shifts were referenced to the tetramethylsilane
(TMS) standard. Raman spectra of the samples were collected with a Renishaw
Raman instrument with green laser light (532 nm). X-ray photoelectron
spectroscopy (XPS) was performed on a SPECS Phoibos HAS 3500 150 MCD
X-ray photoelectron spectrometer with a monochromatic Al anode (1486.7 eV).
Regions were calibrated using the reference value BE (Cls) = 284.8 eV.

Inductively coupled plasma mass spectrometry (ICP-MS) for the 3°Co isotope was

253



CHAPTER 6. RESULTS AND DISCUSSION (PAPER 3)

measured using a NexION 350X spectrometer. Before the measurement, the

sample was digested in an UltraWave microwave system.
6.2.4 Photocatalytic Hydrogen Production Tests

Light-driven photocatalytic hydrogen production was carried out in a
Restek vial (20 mL) with constant stirring under visible-light irradiation using a
300W Xe lamp (ORIEL) equipped with a Newport filter (FSQGC400, A > 400
nm), at 10 cm distance. In a typical reaction, 1 mg of Im-EtPMO-Co catalyst was
suspended in 11.4 mL of CH3CN:H.0O (1:1) solution containing TEOA (10 %)
and eosin Y (0.05 mM). The pH of the reaction was adjusted to 7.4 with HCI (37
wt%). Subsequently, the solution was degassed bubbling N> for 30 min and
irradiated with a Xe lamp. Sample aliquots (50 pL) were taken at different
reaction times using a gas-tight syringe and quantified by using a gas
chromatograph (Shimadzu GC-2010 Plus) equipped with a barrier discharge
ionization detector (BID) and a ShinCarbon ST column (2 m x 2 mm i.d.). For
the homogeneous catalyst, 1 mg of the molecular catalyst, Co(dmgH)2(Im)CI, was
dispersed in 1:1 CH3CN/H20 (11.4 mL) containing EY (0.05 mM) and TEOA (10
%), and the pH was adjusted with HCI to 7.4.

6.3 RESULTS AND DISCUSSION

6.3.1 Synthetic Strategy for Cobaloxime-Tethered Imidazole-Functionalized
Ethylene-Bridged PMO Catalyst

The approach proposed for the development of a novel cobaloxime-PMO
hybrid catalyst is shown in Scheme 1. As can be observed, several steps were
strictly needed to achieve the functionality required on the pore channels of the
PMO material due to the non-availability of a functional mono-silane precursor

with imidazole groups. For that, self-assembly assisted co-condensation reaction
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of a conventional bis-silane precursor, 1,2-bis(triethoxysilyl)ethane (BTEE), and
chloropropyltriethoxysilane in the presence of OTAB as surfactant under basic
conditions led to an ordered ethylene-bridged PMO with chloropropyl groups
attached to the pore walls. Subsequently, the nucleophilic substitution of chlorine
atoms by imidazole accompanied by the release of HCI gave rise to a PMO
support containing imidazole groups on their pore channels. These organic groups
can act as attachment points to further assemble cobaloxime catalysts on the
surface of the PMO. To corroborate it, pictures depicted in Scheme 1 of the
support before and after the immobilization of the cobaloxime complex clearly
reflected the color change of the solid from white to light brown produced by the
anchoring of the molecular cobaloxime catalyst on the imidazole groups present
on the PMO channels.

€oxsi” NN
(3-chloropropy)triethoxysilane (20%)

+

Si(OEt
(EOXSi /\/ i(OEt);

1,2-bis(triethoxysilyl)ethane (80%)

EtOH, HCl
(3 stages)

(@_7/

Cl-EtPMO

Im-EtPMO-Co Im-EtPMO

Scheme 1. Synthetic strategy of Im-EtPMO-Co catalyst.
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6.3.2 Structural Characterization

The powder X-Ray diffraction (PXRD) patterns of all synthesized
materials are depicted in Figure 1. The parent material (CI-EtPMO) showed three
reflection peaks in the low-angle region (20 < 5°). The first diffraction peak at
1.78° corresponded to the (100) reflection with a d-spacing of 5 nm. The two
second-order peaks were attributed to the (110) and (200) reflections with
d-spacing of 2.9 and 2.5 nm, respectively. These diffraction peaks are
characteristics of 2D-hexagonal ordered (p6mm) mesostructures [33]. After
functionalization by imidazole, the resulting Im-EtPMO material exhibited a
similar diffraction pattern. Likewise, the subsequent anchoring of cobaloxime

molecular catalyst through imidazole ligands preserved the initial ordered

mesostructure.
)
8
P
‘»
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(110) (200)
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Figure 1. PXRD of CI-EtPMO (black line), Im-EtPMO (red line), and Im-EtPMO-Co
(blue line).
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Transmission electron microscopy (TEM) images of CI-EtPMO,
Im-EtPMO, and Im EtPMO-Co materials are depicted in Figure 2. TEM images
showed that all PMO materials had highly ordered structures with uniform and

parallel channel pores, which confirmed the findings obtained by XRD.

Figure 2. TEM images of CI-EtPMO (a), Im-EtPMO (b), and Im-EtPMO-Co (c).

Im-EtPMO and Im-EtPMO-Co materials exhibited type-1V isotherms
according to the IUPAC [34] with a condensation step at P/Po = 0.3-0.7,
characteristic of mesoporous materials (Figure 3). Both materials showed a non-
distinctive hysteresis loop, which is typical of materials with small mesopores
[35]. The narrow pore size distribution and average pore size confirmed pores in
the meso range. Table 1 summarizes the textural properties of the materials. Im-
EtPMO showed a BET surface area, pore volume, and pore diameter of 583 m?
g', 05 cm® ¢!, and 4.2 nm, respectively. The anchoring of the molecular
cobaloxime catalyst on the pendant imidazole groups gave rise to a slight decrease

in surface area and pore volume.
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Figure 3. Nitrogen adsorption—desorption isotherms and pore size distributions (inset)
of Im-EtPMO (red line) and Im-EtPMO-Co (blue line).

Table 1. Physicochemical properties of Im-EtPMO and Im-EtPMO-Co materials.

aoP® SBET Vp b
Sample (nm) (M g) (cm? g Dp?2 (nm) w°(nm)
Im-EtPMO 5.6 583 0.52 4.2 5.6
Im-EtPMO-Co 5.7 455 0.43 4.2 5.7

aUnit cell parameter calculated as aq = 2d;00/+/3.  Calculated from DFT analysis. ¢ Determined from the
difference between ao—Dsp.

The ¥C CP/MAS NMR measurements confirmed the presence of the
organic bridging groups in the silica framework as well as the different organic
groups anchored on the mesochannels (Figure 4). The CI-EtPMO material showed
an intense peak centered at 6 ppm associated with the Csp3 of the ethylene groups
present in the pore walls [36]. Small peaks at 50, 26, and 9 ppm correspond to the
three carbon atoms in the chloroalkyl chain. The additional peaks at 58 and 17
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ppm, corresponding to the -OCH.- and -CHz groups, respectively, derived from
the incomplete hydrolysis of the ethoxy groups under synthesis conditions. After
functionalization with imidazole, Im-EtPMO material showed new signals at low
fields (136 and 123 ppm) attributed to the Csp? in the imidazole ring [37]. After
immobilization of the cobaloxime complex on the surface of the PMO-containing
imidazole groups, signals associated with C=N (154 ppm) and -CHs (13 ppm)
groups from the glyoximate ligands were clearly present [38]. Additionally, an
aromatic signal at 130 ppm confirmed the coordination of nitrogen to cobalt
atoms. The signal at 50 ppm is assigned to residual CH3OH employed in the
washing process to remove unreacted cobaloxime complex. These results were

further confirmed by Raman spectroscopy.

154 7w

3 o
8 130 y
> 126
= t * 121@ 135
= N
&
£ vo /OH
HO, i /
136 123 N Fo \ s
_—Si [ SNo— \
/ HO HO OH
HO al
58 17 48
9 26 OH
26 HO 6
48 Ho, s /

160 140 120 100 80 60 40 20 O
Chemical shift (ppm)

Figure 4. 3C CP/MAS NMR spectra of CI-EtPMO (black line), Im-EtPMO (red line),
and Im-EtPMO-Co (blue line). Predicted chemical shifts on the right.
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Raman spectra of all synthesized materials are shown in Figure 5.
CI-EtPMO showed intense signals below 3000 cm™?, associated with the C-H
stretching of propyl chains as well as the ethylene bridges. After substitution with
imidazole, the resulting material exhibited new signals above 3000 cm™
attributed to =C-H stretching vibration from the imidazole ring. Additionally,
peaks in the region of 1500-1400 cm™* were associated with the C=C and C=N
stretching vibrations of imidazole moieties [39,40]. After the immobilization of
the cobaloxime complex, new vibrations at 1620 and 1220 cm™* were assigned to
C=N and N-O stretching vibrations, respectively, for dimethyl-glyoxime groups
of the cobaloxime [41].

Intensity (a.u.)

imidazole
skeleton

|
A

3000 2500 2000 1500 1000

Raman shift (cm™)

Figure 5. Raman spectra of CI-EtPMO (black line), Im-EtPMO (red line), and Im-
EtPMO-Co (blue line).

X-ray photoelectron spectroscopy (XPS) measurements provided
evidence about the incorporation of cobaloxime catalyst on the surface of PMO

as well as the oxidation state of the cobalt species (Figure 6). The survey spectrum
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of Im-EtPMO showed peaks related to O, C, N, CI, and Si elements. After the
immobilization of the cobaloxime catalyst, an additional peak associated with the
Co element was present. The N1s high-resolution spectrum of Im-EtPMO showed
a broad peak around 400.8 eV, which was attributed to the nitrogen atoms present
on the imidazole ring (Figure 6a) [42,43]. A similar N1s XPS spectrum was
obtained for Im-EtPMO-Co, but with the maximum slightly shifted towards lower
binding energy (400.3 eV). This peak would encompass the pyridinic-N
coordinated to the Co centers, the N-C groups present on the imidazole groups, as
well as the N=C bonds from the glyoximate ligands of the cobaloxime.
Furthermore, the study of the Co 2p region (810-770 eV) clearly evidenced the
presence of cobalt species in the Im-EtPMO-Co sample (Figure 6b). The high-
resolution Co2p spectrum exhibited two symmetrical doublet peaks at 781 and
796 eV corresponding to the 2ps;z and 2py2 levels in a 2:1 expected ratio [44]. The
15.0 eV of distance and the lack of satellite bands undoubtedly evidenced the

presence of cobalt in a +3 oxidation state in the cobaloxime complex [45].
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Figure 6. (a) High-resolution XPS spectra of N1s for Im-EtPMO (red line) and
Im-EtPMO-Co (blue line). (b) High-resolution Co2p XPS spectrum for Im-EtPMO-Co.
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The functionalization degree of CI-EtPMO material by imidazole was
analyzed by elemental analysis. The nitrogen content for Im-EtPMO was 1.38
mmol g After the immobilization of the cobalt complex via the
cobalt-imidazole axial bond, the cobalt loading analyzed by ICP-MS was 0.70
mmol g% According to these results, the N/Co ratio on the Im-EtPMO-Co
catalyst was ca. 2.0. It means that one cobaloxime complex was coordinated per
imidazole group on the PMO support. These findings revealed that all surface
imidazole ligands were completely accessible and acted as attachment points to

assemble the cobaloxime catalyst.
6.3.3 Photocatalytic Hydrogen Evolution Reaction

Once the successful anchoring of the cobaloxime catalyst via axial ligation
of imidazole groups present on the surface of the PMO support was confirmed, 1
mg of Im-EtPMO-Co catalyst was assessed towards Hz production in a water:
acetonitrile solution under continuous visible light irradiation (>400 nm) in the
presence of eosin Y and TEOA as photosensitizer and electron donor,
respectively. According to the literature, as depicted in Scheme 2, the
photocatalytic hydrogen evolution reaction commences with the reductive
quenching of photoexcited [EY]. Subsequently, [EY*7] reductant transfers an
electron to the proton reduction catalyst (Im-EtPMO-Co) to produce hydrogen.
Previous similar works had shown that all components - photosensitizer, electron
donor, and catalyst - were strictly necessary to carry out the hydrogen evolution
reaction [25]. Figure 7a depicts the catalytic HER turnover numbers (TON) (vs
[Co]) after 4 h of irradiation. As can be observed, our catalytic system
demonstrated photocatalytic Hz production with an initial rate of 68.1 mmol h!
gl The HER was leveled off after 2.5 h of irradiation, reaching a hydrogen
production maximum of 95 mmol g~*. This corresponded to a TON (vs [Co]) of
138. The photocatalytic activity was optimized by increasing the amount of
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catalyst from 1 mg to 3.6 mg. Under similar reaction conditions, a gradual drop
in hydrogen production was observed by increasing the concentration of
Im-EtPMO-Co in the system. The TON decreased from 138 (1 mg catalyst) to
109 (1.5 mg), 94 (2 mg), and 54 (3.6 mg). In light-induced hydrogen production
systems, an increase in the amount of solid catalyst is accompanied by a decrease
in the amount of Hz generated due to the blocking of light radiation by the catalyst
particles [8,46,47].

For comparison, Co(dmgH)2(Im)CI complex was tested as a homogenous
catalyst under analogous reaction conditions. After 2.5 h, the total amount of
evolved hydrogen corresponded to a TON (vs [Co]) of 40. This value was in the
range of that reported by Dolui et al. [29] for the same homogenous chloro-
imidazole cobaloxime complex. These results clearly reflected an increase in the
photocatalytic activity of the molecular cobaloxime catalyst after its
immobilization on a PMO material. Previous reports have attributed the activity
enhancement undergone by immobilized cobaloxime catalysts, compared to their
homogenous counterparts, to the confinement of the molecular catalysts into
pores of the material [23,24]. It is well known that cobaloximes are degraded
under photocatalytic conditions due to the decoordination of the N-donating
ligand from the cobaloxime core. Although this fact would limit the stability of
the cobaloxime species in a solution capable of being reduced, the possible re-
coordination of these species to the N-donating ligands present in the pores of the
material would lead to the reactivation of the cobaloxime center.
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Scheme 2. Schematic representation of photocatalytic hydrogen evolution reaction with
TEOA and eosin Y (EY and photoexcited EY, EY*) as electron donor and

photosensitizer, respectively.

Finally, aiming at proving the role of the primary axial coordination sphere
in cobaloxime complexes on HER, our proposed system, Im-EtPMO-Co, was
compared with a recently reported cobaloxime-hybrid PMO, py-etPMO-Co. In
this system, the cobaloxime units were assembled via a cobalt-pyridine axial bond
on the porous channels of the PMO [25]. Under the same photochemical
conditions, the py-etPMO-Co catalyst was less active for the photoinduced
hydrogen evolution, reaching a TON (vs [Co]) of 80 (Figure 7b). This lower
hydrogen production can be explained on the basis of the basicity of N-aromatic
ligands coordinated with the cobaloxime catalyst. It is reported that a higher pKa
of axial N-based aromatic ligands is directly correlated with a higher stability and
activity of the corresponding catalyst [14]. On this basis, the higher pKa of
N-alkyl imidazole ligand compared to the pyridine one resulted in a higher
photocatalytic HER activity of N-methyl imidazole-linked cobaloximes in

comparison to axial pyridine-linked cobaloximes.
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Figure 7. (a) Photocatalytic HER with Im-EtPMO-Co (red line) and Co(dmgH)2(Im)CI
homogeneous catalyst (blue line). (b) Photocatalytic HER with Im-EtPMO-Co (red
line) and py-etPMO-Co (black line) as catalysts.

6.4 CONCLUSIONS

In this work, we present a novel cobaloxime-PMO hybrid synthesized by
axial coordination of the cobaloxime core onto the imidazole groups present on
the surface of an ethylene-bridged periodic mesoporous organosilica. The
cobaloxime hydrogen evolution catalyst was evaluated in the photocatalytic
hydrogen production in presence of eosin Y and TEOA, as photosensitizer and
electron donor, respectively. This catalytic system reached a hydrogen production
maximum of 95 mmol g~!, which corresponded to a TON (vs [Co]) of 138. This
value largely exceeded that obtained by its homogenous counterpart, therefore
corroborating the positive confinement effect of the molecular cobaloxime
catalyst in the pores of the PMO material. Likewise, the existence of an axial
cobalt-imidazole ligation on this system led to an enhanced photocatalytic
hydrogen production compared to a previously reported cobaloxime-PMO hybrid

with cobalt-pyridine ligation.
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ABSTRACT

A molecular cobalt phthalocyanine (CoPc) catalyst has been integrated in
an ethylene-bridged periodic mesoporous organosilica (PMO) to fabricate a
hybrid  material, CoPc-PMO, that catalyses CO, reduction to CO in a
photocatalytic system using [Ru(bpy)s]** (bpy = 2,2'-bipyridine) as a
photosensitizer and 1,3-dimethyl-2-phenyl-2,3-dihydro-1Hbenzo[d]imidazole
(BIH) as an electron donor. CoPc-PMO displays a Co-based turnover number
(TONco) of >6000 for CO evolution with >70 % CO-selectivity after 4 h
irradiation with UV-filtered simulated solar light, and a quantum yield of 1.95 %
at 467 nm towards CO. This system demonstrates a benchmark TONco for

immobilised CoPc-based catalysts towards visible light-driven CO> reduction.
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7.1 INTRODUCTION

Climate change induced by the increasing atmospheric CO2 levels,
combined with growing global energy demand, have spurred widespread interest
in developing CO2 mitigation technology that will allow CO2 upcycling into
value-added products. To that goal, solar-driven CO2 conversion into carbon-
based energy carriers and feedstocks represents a promising strategy towards CO>
utilisation and recycling [1]. Since the pioneering work reported by Lehn and co-
workers [2] on photochemical reduction of CO, using Re' complexes as
photosensitizer and catalytic unit, a wide range of molecular catalysts based on
transition metal complexes have been developed to mediate light-driven CO-
conversion to C; feedstocks, CO and formic acid [3]. While molecular catalysts
offer distinct advantages including tuneability, high product selectivity, and low
overpotential, they are typically used in solution as homogeneous catalysts, which
prevents catalyst recycling and often leads to decomposition via diffusional
pathways [4]. Heterogenization of molecular catalysts on solid supports presents
a promising strategy to circumvent these problems and combine the benefits of

homogeneous and heterogeneous systems [5,6].

Cobalt phthalocyanine (CoPc) has been studied for electrocatalytic CO>
reduction since the 1970s [7,8], and has recently attracted renewed attention due
to its excellent catalytic performance upon heterogenisation on electrodes [9-11],
reticular materials [12], and semiconductors [13,14]. Among them, integration of
CoPc into high-surface area scaffolds with ordered micro- or meso-porosity is
particularly interesting because such architecture offer high loading of accessible
catalyst units. Metal organic frameworks (MOFs) and covalent organic
frameworks (COFs) have been employed as scaffolds to immobilise metal
phthalocyanines into their skeleton. However these systems have been targeted
towards conductive frameworks for application in CO. electroreduction reaction
(eCO2R) [15-17]. There are relatively few reports on photocatalytic CO>
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reduction using heterogenised CoPc in colloidal suspension in the presence of a
separate light absorber and electron donor [13,18]. A porous support is key in
such photocatalyst design to allow diffusion of different components (sensitiser,
donor, and substrate) within the pores and reaction with the immobilised CoPc

units.

In this context, periodic mesoporous organosilicas (PMOs) present a
promising family of porous materials with well-ordered structures that have
attracted great interest as a scaffold for mounting molecular catalysts [19]. These
hybrid materials, synthesized from organo-bridged alkoxysilane precursors in
presence of a structure-directing agent, possess ordered mesostructures with high
surfaces areas, tailored hydrophocity/hydrophicity and tuneable pore sizes,
making them a versatile platform for introducing molecular metal complexes for
CO: reduction. However, their insulating character has limited their application
exclusively to photocatalytic applications. Until now, the few examples of PMOs
reported in literature as heterogenous catalysts for photochemical CO; reduction
are based on anchored metal bipyridine complexes on the mesochannels or into
pore walls of these materials [20-24]. First studies developed PMOs with
chromophores in the framework, such as biphenyl and acridone groups [21], and
Re-bipyridine complexes anchored in their mesochannels. The PMO support was
used as light-harvesting antenna to enhance the photocatalytic CO> reduction of
the Rel complex. More recently, bipyridine-bridged PMOs that allow
immobilisation of metal complexes have been developed. The first pioneering
study on bipyridine-PMOs for CO> photoreduction was reported by Inagaki et al.
[22], who successfully integrated molecular Ru- and Re-bipyridine complexes as
photosensitizer and catalytic units in the same framework. Following a similar
approach, a precious-metal-free, Mn carbonyl bipyridine-PMO catalyst was
synthesised through the immobilisation of Mn-complexes on the appended
bipyridine ligands on PMO [23]. The Mn-bpy-PMO material displayed
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photocatalytic CO- reduction activity in the presence of Ru(bpy)s®* sensitiser,
albeit with poor product selectivity. Both CO and formate were produced from

CO with Mn-based turnover numbers of 168 and 292, respectively.

Herein, we aim to integrate cobalt-phthalocyanine molecular catalysts into
the pore walls of a periodic mesoporous organosilica for photocatalytic reduction
of COz to CO. For this, we firstly prepared a novel cobalt-phthalocyanine bridged
precursor bearing four alkoxysilane groups tethered from cobalt-phthalocyanine
skeleton. Then, this precursor was successfully incorporated into the ordered
mesostructure of an ethylene-bridged periodic mesoporous organosilica using a
one-pot synthesis via co-condensation method in the presence of

octadecyltrimethylammonium bromide (OTAB) as structure-directing agent.

7.2 EXPERIMENTAL SECTION

7.2.1 Synthesis of cobalt phthalocyanine bridged periodic mesoporous

organosilica material (CoPc-PMO).

CoPc-PMO material was prepared via self-assembly assisted co-
condensation of the cobalt phthalocyanine bridged alkoxysilane precursor,
CoPc(NCO), and conventional bis-silane precursor, BTEE
(1,2-bis(triethoxysilyl)ethane) (Fig. 1) (see Sl for experimental details, Scheme
S1). In a general synthesis [25], octadecyltrimethylammonium bromide (OTAB)
(0.85 g, 2.1 mmol) was dissolved in a basic solution of milli-Q water (53 mL) and
NaOH (6M, 0.89 mL). After stirring this solution overnight at 40 °C, the mixture
of organosilanes (2.04 mmol) (3 mol % CoPc(NCO) in 5 mL of ethanol and 97 %
mol BTEE) was added dropwise to the reaction mixture under vigorous stirring.
The resulting mixture was stirred at room temperature for 24 h and was further
aged at 97 °C for 4 days under static conditions. A greenish blue powder was

collected by filtration and thoroughly washed with distilled water. The
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as-synthesized material (1 g) was refluxed in a solution containing 50 mL EtOH
and 1 mL HCI solution (32 % wt) for 12 h to remove the surfactants from the
pores. After repeating this extraction process twice, the residual solid was filtered,
washed with EtOH and dried under vacuum at 80 °C to give CoPc-PMO (0.44 g).
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Fig. 1 Schematic illustration of the synthesis of CoPc-PMO using a molecular CoPc

building block containing four alkoxysilane anchors.

7.2.2 Photocatalytic CO. reduction experiments

Photocatalytic experiments were carried out in a borosilicate vial (total
volume 8 mL) with constant stirring under visible light irradiation using a solar
light simulator (SciSun-LP-150) equipped with AM 1.5G filter and an UV cut-off
filter (>400 nm). Typically, CoPc-PMO catalyst (1-3 mg) was suspended into 4:1
acetonitrile/triethanolamine mixture (4 mL) containing Ru(bpy)s(PFs)2 (0.5 mM)
and BIH (20 mM). When BIH was not present, TEOA served as the electron
donor. The solution was sonicated in an ultrasonic bath for 15 min, and purged
with CO2 for 15 min. The head space above the reaction solution was sampled
with a gas-tight syringe at different time intervals for product analysis using an

SRI gas chromatograph.
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Control experiments were performed under identical conditions without
one of the components: visible light, sacrificial donor (BIH and TEOA),
photosensitizer, catalyst, and CO,. Turnover number for CO (TONco) was
determined using the following equation, TONco = nco/Ncoprc (Nco = moles of CO
produced per mg catalyst, ncorc = moles of CoPc present per mg catalyst). CO
selectivity was calculated from the following equation, % CO = [nco/(Nco+nH2)]
%100 %.

7.2.3 Recycling tests

For the recycling experiments, the photocatalytic reaction mixture was
centrifuged after 1 h irradiation, and the catalyst was washed three times with
acetonitrile to remove adsorbed TEOA and Ru(bpy)s(PFe)2. The catalyst was
redispersed in fresh MeCN/TEOA solution containing Ru(bpy)s(PFs)2 (0.5 mM)

and BIH (20 mM) and irradiated under identical conditions.

7.2.4 In situ ICP analysis

Measurements were performed using an Agilent 7900 ICP-MS. The
ICP-MS uses a collision cell with 5 mL/min flow of helium as cell gas. External
calibration was performed with multielement standard solutions provided by
Agilent and Inorganic Ventures. Downstream of the electrochemical cell the
analyte was mixed with an internal standard solution containing gallium having a
similar mass as cobalt. The in-house built electrochemical flow cell was made
from PTFE with an opening for introducing a blue LED (465 nm, 3500 mcd light
intensity). 250 pl of a CoPc-PMO suspension in acetone (concentration 20 mg
mL™) was deposited on carbon paper on an area of approx. 3 mm?, which was
corresponding to irradiation area of the blue LED. As electrolyte 10 % TEOA, 90
% H,0 and 320 mg L Ru(bpy)sClz, purged with CO, was used and pumped with
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a flow of 2.4 mg s through the measurement cell. Flow measurements were

conducted for a duration of 1 h with alternating light on-off cycles of 2 min.

7.3 RESULTS AND DISCUSSION

7.3.1 Synthesis and Characterisation

The novel PMO material with cobalt phthalocyanine (CoPc) moieties
integrated on the pore walls of the silica framework was synthesised by co-
condensation of CoPc-bridged alkoxysilane precursor (CoPc(NCO)) and a large
excess of a conventional bis-silane precursor, 1,2-bis(triethoxysilyl)ethane
(BTEE) (97 %), in the presence of a cationic surfactant (Fig. 1). The surfactant
was removed from the as-synthesized CoPc-PMO by solvent extraction using a
mixture of aqueous HCI and ethanol to produce a pale greenish blue solid. The
cobalt loading in the CoPc-PMO material was determined by ICP-MS after acid-
digestion of the sample. Two materials were synthesised with Co loading of 4.6
and 2.7 umol g All physical characterisation discussed below and the
photocatalysis experiments were carried out using CoPc-PMO with 4.6 pmol Co

g%, unless noted otherwise.

Powder X-ray diffraction (PXRD) pattern of CoPc-PMO catalyst is
depicted in Fig. 2a, which displayed an intense diffraction peak at 20 = 1.8 © with
a d-spacing of 49.5 A and two broad peaks at higher incidence angles. These peaks
can be indexed as (100), (110) and (200) reflections, indicative of materials with
2D-hexagonal (p6mm) mesostructures [26]. These findings were further
confirmed by transmission electron microscopy of CoPc-PMO which showed a

highly ordered structure with parallel channel pores of uniform diameter (Fig.2b).
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Fig. 2 Powder X-ray diffraction pattern (a) and TEM image (b) of CoPc-PMO catalyst.

Nitrogen adsorption-desorption isotherm of CoPc-PMO displayed a type-
IV isotherm with a capillary step at P/Po = 0.4 - 0.8 (Fig. S1). The isotherm pattern
is consistent with the mesoporous structure of CoPc-PMO with relatively broad
pore size distributions ranging from 2 - 10 nm (Fig. S1 inset). Similar results were
obtained for PMOs containing heterocyclic rings of
tris[3-(trimethoxysilyl)propyl]isocyanurate in the pore walls [27,28]. The BET
specific surface area of CoPc-PMO was 949 m? g! with BJH average pore

diameter around 3.4 nm and total pore volume of 1.1 cm3g™,

IR analyses was used to confirm the formation of CoPc(NCO) from
hydroxylated CoPc-precursor [CoPc(OH)s] as well as to demonstrate the
successful incorporation of the CoPc building blocks into the pore walls of PMO.
ATR-FTIR monitoring of the reaction between CoPc(OH)s and
3-(triethoxysilyl)propyl isocyanate showed disappearance of the -N=C=0
stretching band at 2265 cm™ and concurrent appearance of a new stretching
vibration at 1710 cm, consistent with formation of the carbamate linkage (Fig.
S2) [29,30].
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Additionally, the FT-IR spectrum of CoPc-NCO precursor (Fig. 3a)
displayed the characteristic vibrational bands of the phthalocyanine skeleton at
1605, 1549, 1390 and 1093 cm™* and the Co-N bond at 910 and 804 cm™ [31,32].
Retention of the CoPc fingerprint IR bands in the FT-IR spectrum of CoPc-PMO
confirmed the immobilisation of CoPc. Additional vibrations at ~2900 cm* in
CoPc-PMO can be assigned to the C-H stretching of propyl chains of the silane
precursor and the ethylene bridges [33]. The presence of molecular CoPc units in
the material was further confirmed by UV-vis spectroscopy. The transmission
UV-vis spectrum of CoPc(OH)s in DMF consisted of the characteristic B-band
(or Soret band) at 280 nm, associated to the metal to ligand charge transfer
(S0—S2), and the Q band at 674 nm, associated with the transitions from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO) S0—S1) (Fig. 3b) [34]. Once this cobalt phthalocyanine
compound was incorporated in the PMO through the corresponding CoPc(NCO)
silane precursor, the resulting PMO material preserved both adsorption bands.
Interestingly, a small red-shift of the Q-band maximum to ~ 695 nm was observed
alongside an additional shoulder peak at ~ 640 nm, indicative of a face-to-face
aggregation. The spectrum also showed peak broadening in CoPc-PMO, which
have been reported in aggregated phthalocyanines and cofacially-aligned

phthalocyanine aggregates on covalent organic frameworks and PMOs [35,36].
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Fig. 3 (a) FT-IR spectra of CoPc(NCO) and CoPc-PMO catalyst. (b) UV-vis spectrum
of CoPc(OH). in solution (CH3OH) (black line) and UV-vis DRS of CoPc-PMO (red

line).

X-ray photoelectron spectroscopy (XPS) measurements were performed
to confirm the incorporation of the phthalocyanine moieties on the material as
well as the oxidation state of cobalt species on the samples. The survey spectra of
CoPc(OH)4 and CoPc-PMO showed the peaks of Si, C, N, O and Co (Fig. 4a).
The high resolution C1s spectrum of CoPc(OH)4 was fitted with four components
at 284.7, 285.6, 286.5 and 288.4 eV, assigned to the carbon atoms of the aromatic
rings (Car), carbon linked to hydroxyl groups (C-O), pyrrole carbons linked to
nitrogen (C=N) and n-n* excitations, respectively [37]. These characteristic peaks
from phthalocyanine skeleton were also observed on the C1s XPS spectrum of
CoPc-PMO along with two new contributions at 285.2 and 287.5 eV for C-N and
C=0 bonds from urethane groups (Fig. 4b).

In the N1s region (Fig. 4c), the existence of two peaks at 398.8 and 400.2
eV for CoPc(OH), are associated to the two types of characteristic nitrogen atoms

for phthalocyanines: the central N atoms coordinated to the Co*? and the aza

287



CHAPTER 7. RESULTS AND DISCUSSION (PAPER 4)

nitrogen atoms on the macrocycle, respectively [38]. For CoPc-PMO catalyst,
these contributions were accompanied by two additional peaks for -NHCO- and
C-N* with binding energies at 400.9 and 402.8 eV, respectively. The latter peak
indicates the existence of quaternary nitrogen, which could be attributed to the
remaining OTAB surfactants in pores after extraction processes [39]. The Co2p
spectrum for CoPc(OH)4 showed two intense peaks at 780.9 and 796.4 eV
associated to electron transitions of Co2ps2 and Co2pas2, respectively, along with
their shake-up satellite bands at 786.5 and 803.1 eV (Fig. 4d). These observations
are consistent with the Co' oxidation state. These typical characteristic peaks
were also observed for CoPc-PMO sample supporting the integration of

molecular CoPc units in the PMO.
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Fig. 4 (a) Survey spectra, (b) C1s, (c) N1s and (d) Co2p high-resolution XPS
spectra of CoPc(OH)4 and CoPc-PMO.

7.3.2 Photocatalysis studies

In a typical experiment 1 mg of CoPc-PMO was dispersed in a
CH3CN:TEOA (4:1) mixture containing Ru(bpy)z(PFs)2 (0.5 mM), purged with
CO, to saturate the colloidal suspension, and irradiated under non-filtered
simulated solar light (100 mW cm ™2, AM 1.5G). Evolution of the gaseous
products was monitored by analysing the headspace gas by gas chromatography.
The photocatalytic reaction produced syngas with 34.1 % CO after 2 h irradiation
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(entry 1, Table 1). The amount of CO evolved after 2 h was 0.58 £ 0.08 umol per
mg of catalyst, corresponding to a turnover number (TONco) of 126 + 18 based
on the initial CoPc loading. The syngas ratio dropped to ~ 25 % CO after 24 h,
which was presumably caused by photodegradation of catalyst (CoPc-PMO)
and/or photosensitiser [Ru(bpy)s]?*. The photocatalytic reaction was optimised by
increasing the amount of CoPc-PMO from 1 mg to 3 mg, which showed that
higher CoPc-PMO concentration in photoreactor is detrimental to the catalysis,
with the TONco dropping from 126 (1 mg catalyst), to 70 (2 mg catalyst) and 60
(3 mg catalyst), albeit with slight gain in CO selectivity from 34 % (1 mg catalyst)
to 43 % (3 mg catalyst) (Fig. S3). While increasing the amount of catalyst
increases the number of active sites, high loading on solid catalyst can make the

suspension turbid and block the light penetration [40].

The CO-selectivity of the CoPc-PMO/Ru(bpy)s?* combination was
relatively low (30 - 40 %) in comparison to electrocatalytic CO2R by CoPc, which
is well known for its high CO selectivity. This could be attributed to UV-light
mediated photodegradation of Ru(bpy)s?* [41], which is greatly enhanced by the
presence of CO; to yield chemical species that are active towards H> production
[42,43]. Control experiment in the absence of CoPc-PMO supports this
hypothesis since a comparable amount of H2 (1.12 umol and 0.75 pmol Hz in the
presence and absence of CoPc-PMO, respectively, under identical conditions) and
negligible CO are produced (entry 5, Table 1). To minimise photodegradation of
the sensitiser, an UV cut-off filter (A>400 nm) was employed and the
photocatalysis was performed under visible light irradiation. A similar amount of
CO was generated after 2 h, while the Hz evolution was significantly suppressed
leading to an improved CO selectivity of 48.1% and a TONco of 111 (entry 6,
Table 1). As shown in Fig. 5a, CO evolution started to plateau around 4-6 h and
a total of 1.10 = 0.02 umol CO was produced per mg of CoPc-PMO after 6 h,

corresponding to a TONco of 233 + 6. However, Hz evolution continued at a
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nearly constant rate during 6 h irradiation. Interestingly, under non-filtered
irradiation, the CO evolution activity levelled off at ~2 h, further supporting
photodegradation of the sensitiser and/or catalyst in UV light (Fig. 5a and Fig.
S3).

Table 1. Photocatalytic reduction of CO, by CoPc-PMO upon UV-visible light

irradiation for two hours?

CO H>

Entr e A range
PS Catalyst (umol | (umol | TONco

y donor (nm)

mg™) | mg™)
1 | Ru(bpy)s?* | CoPc-PMO| TEOA | >300 | 058 | 1.12 | 126
2 Ru(bpy)s?* | CoPc-PMO | TEOA dark 0 0 -
3 Ru(bpy)s?* | CoPc-PMO - >300 0 0 -
4 - CoPc-PMO | TEOA >300 0 0 -
5 | Ru(bpy)s®* - TEOA | >300 0 |0.75 -
6 | Ru(bpy)s>* |CoPc-PMO | TEOA | >400 | 051 | 055 | 111

7° | Ru(bpy)s** | CoPc-PMO | BIH >400 | 6.35 | 3.20 | 1377
8° | Ru(bpy)s** | CoPc-PMO | BIH >400 | 5.32 | 1.48 | 1972
9 Ru(bpy)s** - BIH >400 | 0.10¢ | 0.92¢ -
10 eosin'Y CoPc-PMO | TEOA >400 0 0 -
11 4CzIPN CoPc-PMO | TEOA >400 0 0 -

dcondition: 1 mg CoPc-PMO (4.6 pmol Co g1), 4 mL MeCN/TEOA (4:1), 0.5 mM
Ru(bpy)s%*, 2 h irradiation under UV-visible light; °\[BIH] = 10 mM; ¢CoPc-PMO with a
Co loading of 2.7 umol g%; %total Ho/CO in the headspace after 2 h

The TONco values obtained for CoPc-PMO are comparable to those
reported for other supported CoPc-based materials tested under similar
photocatalytic conditions [14]. In control experiments without Ru(bpy)s?*,
TEOA, CO, and light (Table 1), CO was not detected by GC, confirming CO; as
the source of CO. Substituting Ru(bpy)s>* with two other molecular organic
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sensitisers, eosin Y and 4CzIPN, led to zero photocatalytic activity (entry 10 and
11, Table 1). This indicates that CoPc-PMO is not a stand-alone photocatalyst for
CO2R and it is only active when Ru-sensitiser is used. The photoexcited states of
the alternative organic sensitisers might not be sufficiently reducing to mediate
the CO. reduction catalysis. Photostability of CoPc-PMO was probed using in situ
ICP MS analysis under continuous flow. CoPc-PMO was deposited on carbon
paper and mounted in an in situ flow cell while the photocatalysis solution (CO2
saturated aqueous solution containing 0.5 mM Ru(bpy)sCl; and 10 % TEOA) was
constantly passed through the cell and fed into the ICP-MS at a flow rate of 2.4
mg s*. Carbon paper is a suitable support that prevents physical detachment of
the catalyst powder and ensures that the Co detected is derived only from
chemical leaching and/or photocorrosion. A blue LED was mounted in the flow
cell to directly irradiate the catalyst coated carbon paper, and by alternating on/off
cycles of 2 minutes, it can be determined if light irradiation has any influence on
the Co leaching from the material. As shown in Figure 5e, the Co signal of the
ICP-MS is low and close to the baseline, indicating that the loss of Co through
leaching is minimal. More importantly, the presence of light has no influence on
the degree of Co leaching. If significant photo-induced Co leaching would be
occurring, it would be expected that the Co counts in the ICP-MS would rise
during the “light on” phases. However, the Co signal remained steady throughout
the light on/off cycles, demonstrating good photostability of CoPc-PMO material.

The Co loss observed during longer measurement times can be attributed
to the accumulation of the very low baseline Co leaching observed in the 1 h

experiment.
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Fig. 5 (a) Proposed photocatalytic reaction scheme for CO; reduction (b) Time course
for photocatalytic CO and H; evolution by CoPc-PMO in the presence of Ru(bpy)s?* as
sensitiser and TEOA as donor. Condition: CO,-saturated 4:1 MeCN/TEOA, ~ 1 mg
CoPc-PMO (Co loading 4.6 pmol mg™?), 0.5 mM [Ru(bpy)s]?*, and visible light
irradiation (100 mW ¢cm 2, AM 1.5G, A > 400 nm. (c) CO and H; evolution trace when
BIH (10 mM) was used as the donor. The CO selectivity is shown as a bar plot. Reaction
conditions are same as (b). (d) CO evolved during four 1-hour recycling runs with CoPc-
PMO (= 4 mg) is plotted as black trace and the grey bar plot shows the CO selectivity
(%). (e) Cobalt ICP-MS signal in solution during chopped irradiation of CoPc-PMO

under continuous flow of CO, saturated photocatalysis solution. Condition: 5 mg
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CoPc-PMO deposited on carbon paper, 0.5 mM [Ru(bpy)s]?* solution in aqueous 10 %
TEOA, blue LED, 2 min light/dark cycle.

After the promising results with TEOA as the sacrificial donor, we
investigated whether the photocatalytic activity of CoPc-PMO could be further
improved by using BIH (1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]-
imidazole) as a donor to supplement TEOA. Photocatalysis was performed in CO;
saturated acetonitrile/ TEOA mixture (4:1 v/v) in the presence of [Ru(bpy)s]** (0.5
mM) and BIH (10 mM) under visible light irradiation. As shown in Fig. 5c,
addition of BIH led to much improved catalytic performance with evolution of
6.35 + 0.22 umol CO mg ! after 2 h irradiation at (66.5 + 0.7) % CO-selectivity
(entry 7, Table 1). The total amount of CO produced after 6 h was 11.5 + 0.3 umol
CO mg! (average rate ~1.9 pmol CO mg™ h™1), corresponding to a Co-based
TONCco 0f 2478 + 41, which is an order of magnitude higher than analogous CoPc-
based photocatalysts reported in literature. For comparison, photocatalysts with
CoPc-based catalysts supported on C3N4 (carbon nitride) and TiO2 have shown
Co-based TONco of 10 - 100 with the CO evolution rates ranging from 0.01 to
0.25 umol CO mg?! h', under similar reaction conditions [14,32]. The
CO-selectivity of CoPc-PMO system dropped slightly after the first hour, but it
remained approximately constant afterwards at ~ 65 % (Fig. 5c). Control
experiment without CoPc-PMO showed generation of trace amount of CO (entry
9, Table 1).

Interestingly, lowering the CoPc loading in the material from 4.6 pmol g™
to 2.7 umol g led to a superior activity towards CO evolution with a formation
of 16.32 + 1.36 umol CO mg* at 72 % CO selectivity after 4 h visible light
irradiation (Fig. S4, entry 8, Table 1). This corresponds to an average TOFco
(turnover frequency) of 1511 + 123 h™* over the course of 4 h. After overnight
irradiation (15 h), the CO evolution ceased and a TONco of 6836 + 112 was
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obtained, which represents the total CoPc turnovers for the system before
complete catalyst deactivation. Notably, an excellent CO selectivity of ~ 84 %
was observed during the first hour of photocatalysis (CO yield 1.74 + 0.07 pmol
h?® mg?), which gradually decreased as H, evolution rate was enhanced from
Ru-sensitiser-derived by-products. The quantum yield (QY) for CO evolution by
CoPc-PMO was determined to be (1.95 £+ 0.08) % at 467 nm irradiation (blue
LED), by the ferrioxalate actinometer method (Fig. S5 and S6).

Heterogenous nature of the CoPc-PMO catalyst was studied by four 1 h
recycling experiments which showed a steady loss of CO evolution activity after
each run (Fig. 5d). However, the CO-selectivity was maintained at ~ 65 %
throughout all four cycles, suggesting that the lower CO evolution is caused by
loss active catalytic centres by Co?" leaching (Fig. 5d). The degradation products
in solution promotes Hz evolution and therefore, upon recycling the solid catalyst
the CO selectivity remained unchanged. The loss of Co?* was confirmed by ICP
analysis which showed a Co loading of 0.0021 mmol g* after four recycling runs,
corresponding to a loss of 53 % Co. Recycling experiments performed without
BIH displayed similar trend albeit with a lower yield and selectivity towards CO
(Fig. S7). Post catalysis characterisation of CoPc-PMO by PXRD and TEM
showed retention of its inherent hexagonal mesostructure (Fig S8). FT-IR
spectrum of CoPc-PMO after four catalytic cycles showed vibration bands
characteristic of phthalocyanine rings (Fig. S9). However, UV-vis spectrum of
the material after photocatalysis was dominated by adsorbed Ru(bpy)s?* species

which masked the potential peaks for CoPc (Fig S10).

From a mechanistic perspective, the reaction is initiated by
photoexcitation of Ru(bpy)s?* to the triplet state which is reductively quenched
by BIH to generate [Ru(bpy)2(bpy*")]" [44]. The oxidised BIH is deprotonated by
TEOA, yielding strongly reducing Bl species that reduces Ru(bpy)s* to generate
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a second [Ru(bpy)2(bpy*)]" species. Two equivalents of reduced sensitisers
subsequently reduce CoPc-PMO to (CoPc?)-PMO that can mediate CO to CO

conversion [45].

7.4 CONCLUSIONS

In summary, we have reported highly efficient and selective photocatalytic
CO:2 reduction by a robust Co-phthalocyanine-PMO catalyst. Under visible light
irradiation and in the presence of Ru(bpy)s®* sensitiser and BIH donor, CoPc-
PMO material shows a Co-based TONco of ~ 6800 for CO evolution and an
average TOFco of ~1500 h™* over the course of 4 h; these are among the highest
values reported for supported non-precious metal-based molecular catalysts and
compares favourably to previously reported PMO-based material containing
molecular Mn-catalyst. Furthermore, this work provides a rare example of
directly integrating a CO> reduction catalyst into PMO by a co-condensation
method and provides a versatile platform for heterogenisation of molecular

catalysts on inorganic porous matrices
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General Methods and Instrumentation

All chemicals were purchased from commercial suppliers (Fluorochem,
Merck and PanReac) and used without further purification. X-ray powder
diffraction (XRD) patters were collected in a Bruker D8 Discover A25
diffractometer using Cu Ka radiation (40 kV and 30 mA) from 0.5 to 5.0 (260).
Transmission electron microscopy images were obtained using a JEOL JEM 1400
microscope, operating at 300 kV. For TEM measurements, isopropanol solutions
of the samples were drop-casted on carbon-coated microgrids (Holey Carbon
Film 200) and then dried. N2 adsorption-desorption isotherms were obtained at —
196 °C using Micromeritics ASAP 2020 V4.04J) instrument. Prior to
measurement, the sample was outgassed overnight at 100 °C. Surface area and
pore size distribution were calculated using the Brunauer-Emmett-Teller (BET)
and Barrett-Joyner-Halenda (BJH) methods, respectively. ATR- and FT-IR
measurements were carried out on a Perkin-Elmer 2000 FTIR spectrometer.
UV-Vis spectra were recorded on a UV-visible diffuse reflectance
spectrophotometer Varian Carey IE UV-vis equipped with a 60 mm integration
sphere. X-ray photoelectron spectroscopy (XPS) was performed on a SPECS
Phoibos HAS 3500 150 MCD X-ray photoelectron spectrometer with a
monochromatic Al anode (1486.7 eV). Accurate binding energies were
determined with respect to the position of C 1s peak at 284.4 eV. The charge
neutralization function was employed during the measurement to compensate for
accumulated charge in solid samples by X-ray irradiation. Inductively coupled
plasma mass spectrometry (ICP-MS) for the isotope °Co was performed using a
NexION 350X spectrometer. Prior to the measurement, the sample was digested
in an UltraWave microwave system. Photocatalysis experiments were performed
using a SciSun-LP-150 solar simulator from ScienceTech, equipped with an air
mass 1.5 global filter (AM 1.5G) and a UV-filter (> 400 nm) unless mentioned

otherwise. The quantification of H> and CO was conducted using an SRI gas
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chromatograph (multiple gas analyser #1) equipped with a thermal conductivity
detector (TCD) and a flame ionisation detector (FID) with a built-in methaniser
attachment. A silica gel column (6 ft) column was used to block CO2 and H>0,
and molecular sieve 13X (6 ft) main column was used to separate H and CO. N2
was used as the carrier gas at 23 psi pressure. The GC was calibrated regularly
using a known standard for Hz, CO and CH4 (2000 ppm H2/ 2000 ppm CO / 2000
ppm CHa in balance gas N2). A representative gas chromatogram obtained during

photocatalysis is shown in Fig. S11.

Synthetic procedures

Eto_ Ot OEt
Ho. e " 4i-OEt
E; WN»/O N\/\/ OFEt
\\ N~
N A 5° ° \,o o\/ O U NN, //\
OZN\©:CN \ N, ,L N N= N\/\/ 0/\ \ N N !
CN N 4 / N 7\ o
() - N —
& o \ o \0/1(

N
EtO~ s H/\/\S,.oa

O T
Et0’ OEI Eto OFEt

MeO CoPc(OPMB), CoPc(OH), CoPc(NCO)

Scheme S1. Synthesis of CoPc(NCO) complex : (i) Ko:COs;, DMSO, 50 °C, 16 h; (ii)
Co(OAc),, DBU, 1-pentanol, 160 °C, 16 h, Ng; (iii) TFA, CHCl;, r.t., 3h; (iv) acetone,
r.t., 3 days, Na.

Synthesis of cobalt phthalocyanine bridged alkoxysilane precursor (CoPc
(NCOQ)).

The  synthesis of CoPc(NCO) is shown in  Scheme  SI1.
4-((4-Methoxybenzyl)oxy)phthalonitrile was synthesised from
4-nitrophthalonitrile following published procedure [1].
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CoPc(OPMB)4: 4-((4-Methoxybenzyl)oxy)phthalonitrile (1.30 g, 5 mmol) was
suspended in 1-pentanol (30 mL) in a three-necked round bottom flask, purged
with N2 for 30 min and stirred for 10 min. Co(OAc).2.4H20 (2 mmol) and
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU, 2 mmol) was added to the reaction
flask under N2 and the reaction mixture was heated at 160 °C for 16 h. After
cooling to room temperature, CH3OH (20 mL) was added to the reaction mixture
and the precipitated solid was collected by filtration. The solid was extracted with
CH>ClI> and concentrated under reduced pressure to give a dark blue solid. The
solid was dissolved in 15-20 mL CH2Cl; and poured over ~ 50 mL ether. The dark
solid was collected by filtration and washed sequentially with water, 0.1 M HClI,
water, methanol, and acetone/methanol mixture (1:1) to give CoPc(OPMB)4 as a
dark blue solid. Yield: 0.6 g (43%). ESI-MS (+): m/z calculated for
CeaHasCONgOs* 1115.2327, found 1115.2930. UV-vis, Amax (NM) (g, Mt cm™)
(DMPF): 330 (5.5x10%), 672 (7.8x10%. ATR-IR (cm™): 1609, 1530, 1458, 1407,
1376, 1340, 1237, 1173, 1096, 1029 (br), 811, 750.

CoPc(OH)a4: CoPc(OPMB)4 (550 mg, 0.5 mmol) was dissolved in CH2Cl, (20
mL) followed by addition of trifluoroacetic acid (TFA, 6 mL) under stirring. After
3 h, the solvent was removed under reduced pressure and the residue was washed
thoroughly with water and ether till washings were colourless. The crude solid
was dissolved in CH3OH (50 mL), filtered, and concentrated under reduced
pressure to 5 - 10 mL. The dark blue solution was poured over ether to yield a
dark blue solid. The product CoPc(OH)a4 was collected by filtration and washed
with ether. Yield: 0.15 g (47 %). ESI-MS (+): m/z calculated for C32H16CoNgO4*
635.0626, found 635.0655. UV-vis, Amax (nm) (¢, M' cm™) (DMF): 680
(6.7x10%. ATR-IR (cm™): 3177 (br), 1590, 1480, 1394, 1299, 1250, 1186, 1068
(br), 870 (w), 830, 751.

CoPc(NCO): CoPc(OH)s (100 mg, 0.157 mmol) was dissolved in 20 mL of

anhydrous acetone under N2 atmosphere. The green dark solution was stirred at

306



CHAPTER 7. RESULTS AND DISCUSSION (PAPER 4)

room temperature during 30 min. Afterwards, 3-(triethoxysilyl)propyl isocyanate
(0.165 mL, 0.628 mmol) was slowly added dropwise to the solution under N
atmosphere, and it was kept under stirring at room temperature for 3 days. The
reaction was monitored through the disappearance of the isocyanate vibration
band (vn=c=0 2265 cm™) together with the appearance of the urethane band (vc=o
urethane 1710 cm™®) by ATR-FTIR spectroscopy (Fig. S2).

BIH Synthesis.[2] To a solution of 2-phenylbenzimidazole (4 g, 20 mmol) and
NaOH (1 g, 25 mmol) in absolute MeOH (120 mL), methyl iodide (17.6 mL,
282.7 mmol) was added slowly. The mixture was heated overnight (16 h) at 110
°C in a pressure tube. After cooling the reaction mixture, the solvent was removed
under reduced pressure and the crude product was washed with a small amount of
acetone. Recrystallisation from absolute ethanol yielded pale yellow crystals of
1,3-dimethyl-2-phenylbenzo[d]imidazolium iodide (3.5 g). *H NMR (methanol-
ds): 6 =28.01 (m, 2H), 7.77-7.87 (m, 7H), 3.97 (s, 6H).

The methylated phenylbenzimidazol salt (2.1 g, 6 mmol) was dissolved in 60 mL
dry MeOH and NaBH4 (1.2 g) was added slowly in small portions over 15 min.
The reaction mixture was stirred for 1 h under N2 to form a white suspension.
After removal of the solvent, the residue was extracted with CH2Cl, and washed
with water. The organic layer was dried over anhydrous MgSO4 and concentrated
under vacuum to give a white solid. The crude product was recrystallized from
absolute ethanol to give white crystal (0.75 g). *H NMR (CDCls): § 2.58 (s, 6H),
4.98 (s, 1H), 6.52 (m, 2H), 6.77 (m, 2H), 7.44 (m, 3H), 7.60 (m, 2H).

Quantum yield determination.

The quantum yield for the photocatalytic CO- reduction was determined using the

following equation:

CO evolution rate (mol s™1)

X 100%

d(%) =

photon flux rate (Einstein s—1)
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CO evolution rate was determined using gas chromatograph and the incident
photon flux was measured using potassium ferrioxalate as a standard chemical
actinometer.

For actinometry, 4 mL (V1) of an aqueous solution containing the iron actinometer
(6.5 mM) in H2SO4 (0.15 M) was irradiated with blue LED (LEDXON blue LED
467 nm). During photoreduction, aliquots of 0.25 ml (V) were collected at 30 s
intervals (0-150 s) and 2 mL of a buffered solution of phenanthroline (2 mg ml™?
in 1 M NaOAc buffer) was added. The mixture was diluted to 25 mL (V3) with
deionised water H20O. The absorbance of the solutions at 510 nm were recorded.
The rate of Fe?* production (An(Fe?*)/At) from photoreaction was determined
from the slope of absorbance (510 nm) versus time (s), using the following

equation:
An(Fe?*) VixV3 AA
N 1T000KVsxese X where (AA/At) represent the slope of Asionm Vs. t plot

(Fig. S5) and &s10nm the extinction coefficient for Fe?*-phenanthroline complex at 510 nm
(11100 Mt cm).

The incident photon flux per second is calculated using the following equation:

An(Fe?* . . .
Ligrnm = —E€) where, gas7nm is the reported quantum yield of ferrioxalate
D467 nm <At

actinometer at 467 nm (0.93).

Using this method, the final value for the rate of photon flux of the incident light
from the blue LED (1467 nm) Was determined to be (1.27 x107") Einstein s2.

To determine the quantum yield, a colloidal suspension of MeCN/TEOA (4:1 v/v)
(4.0 mL) containing CoPc-PMO (2 mg, 2.7 umol Co mg?), [Ru(bpy)s]Cl2 (0.50
mM) and BIH (10 mM) was irradiated with LEDXON blue LED (A = 467 nm)

under identical condition. The CO evolution was monitored using a gas
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chromatograph from SRI GC and the time course for CO formation over 1.5 h is

shown in Fig. S6.
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Fig. S1 N, adsorption-desorption isotherm and pore size distribution (inset) of
CoPc-PMO.
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Fig. S2 ATR-FTIR spectrum of 3-(triethoxysilyl)propyl isocyanate (black line) and
ATR-FTIR monitoring of the reaction of 3-(triethoxysilyl)propyl isocyanate and
CoPc(OH), after 12 h (red line), 24 h (blue line) and 72 h (pink line).
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Fig. S3 Photocatalytic CO; reduction with different amount of CoPc-PMO catalyst (1-3
mg) under unfiltered UV-visible irradiation: (a-b) CO evolution trace and corresponding
TONSs, and (c-d) H: evolution trace and corresponding TONs. Condition: 1-3 mg
CoPc-PMO, 4 ml MeCN/TEOA (4:1), Ru(bpy)s?* (0.5 mM), UV-visible light irradiation
(100 mW cm 2, AM 1.5G, A>300 nm), and CO- saturated condition.
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Fig. S4. Photocatalytic CO- reduction using CoPc-PMO with 2.7 umol Co loading per
gram. (A) Time course for CO evolution and CO selectivity during 16 h reaction, and (B)
corresponding Co-based turnover number for CO evolution (TONCO) during the first
four hours of irradiation. Condition: 1 mg CoPc-PMO, 4 mL 4:1 MeCN/TEOA (v/v),
[Ru(bpy)s]?* (0.50 mM), BIH (10 mM), visible light irradiation (100 mW cm 2, AM 1.5G,

A > 400 nm), and CO; saturated condition.
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Fig. S5 Time course of absorbance at 510 nm for Fe?*-phenanthroline complex obtained
after photoreduction of the chemical actinometer (ferrioxalate) under blue LED
irradiation (467 nm). The slope of the linear fit is 3.3x10% s,
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Fig. S6 Time course of CO production for the quantum yield determination in the
photocatalytic reaction by irradiation (467 nm) of a MeCN/TEOA (4.0 mL, 4:1 v/v)
containing CoPc-PMO (2 mg), [Ru(bpy)s]** (0.50 mM) and BIH (10 mM) under CO-

atmosphere.
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Fig. S7 Recycling experiment with CoPc-PMO in the absence of BIH donor. CO evolved
(black trace) and % CO selectivity (grey bar) during three 1-h recycling run is shown.
Condition: CO-saturated 4:1 MeCN/TEOA, ~ 2 mg PMO-CoPc, 0.5 mM [Ru(bpy)s]?,
and visible light irradiation (100 mW cm 2, AM 1.5G, A > 400 nm).
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Fig. S8 Powder X-ray diffraction pattern (a) and TEM image (b) of CoPc-PMO catalyst
after four catalytic cycles.
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Fig. S9 FT-IR of CoPc-PMO after 4 cycles of reaction.
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Fig. S10 UV-vis DRS of CoPc-PMO after 4 cycles of reaction.
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Fig. S11 Representative gas chromatogram of the headspace gas during photocatalysis
with CoPc-PMO in the presence of Ru(bpy)s?* (0.5 mM) and BIH (10 mM) in
MeCN/TEOA. The chromatograms from FID detector (a) and TCD detector (b) are
shown. GC program with 11.1 min runtime: (1) column oven temperature held at 40 °C
for 6.5 min, (2) column oven heated at a ramping rate of 50 °C min till 220 °C (3.6

min), and (3) column oven held at 220 °C for 1 min.
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CAPITULO 8. CONCLUSIONES

CONCLUSIONES

Las investigaciones gque se han llevado a cabo durante esta Tesis Doctoral

permiten extraer las siguientes conclusiones generales:

- La incorporacién de diferentes complejos metalicos en las paredes de la
estructura porosa de organosilices ha podido realizarse siguiendo diferentes
estrategias. En particular, las utilizadas en esta Tesis han implicado el uso de
precursores Yya dotados del complejo o de precursores que, previa
funcionalizacion o no, han permitido la formacion de compuestos de

coordinacion.

- La modificacion superficial mediante una reaccion de Diels-Alder de grupos
vinilo ya incorporados mediante co-condensacién en wuna organosilice
mesoporosa periddica y posterior formacion de un complejo de cobre ha dado
lugar a un catalizador activo en la reaccidn de oxidacion de estireno a éxido de

estireno.

- Unidades heterociclicas en la pared de organosilices, tales como piridina e
imidazol, introducidas mediante co-condensacion y, en caso hecesario,
funcionalizacién, han sido utilizadas como ligandos para el anclaje de
cobaloximas. Estos materiales son activos como catalizadores heterogéneos en
procesos de fotosintesis artificial, especificamente en la reaccion de produccién
de hidrégeno, habiéndose observado la ventaja catalitica que supone el

ordenamiento de la estructura porosa.

- Un precursor silanico conteniendo una unidad de ftalocianina de cobalto ha sido
sintetizado e incorporado mediante co-condensacion en la estructura de una
organosilice mesoporosa periodica, obteniéndose asi un excelente catalizador

heterogéneo para la reaccién de fotorreduccién de CO a CO.
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CONCLUSIONS

The investigations carried out during this Doctoral Thesis lead the

following general conclusions:

- The incorporation of different metal complexes into the walls of organosilica
porous structures has been achieved using various strategies. In particular, the
ones employed in this thesis have involved the use of precursors already equipped
with the complex or precursors that, through functionalization or not, have
allowed the formation of coordination compounds.

- The superficial modification through Diels-Alder reaction with the vinyl groups
already incorporated by means of co-condensation process in a periodic
mesoporous organosilica and the posterior formation of a copper complex have
been leaded to an active catalyst in the oxidation reaction from styrene to oxide

styrene.

- Heterocyclic units in the wall of organosilica, such as pyridine and imidazole,
introduced through co-condensation and, if necessary, functionalization, have
been used as ligands for the anchoring of cobaloximes. These materials are active
as heterogeneous catalysts in artificial photosynthesis processes, specifically in
the hydrogen production reaction, with the catalytic advantage of the ordered

porous structure being observed.

- A silane precursor containing a cobalt phthalocyanine unit has been synthesized
and incorporated through co-condensation into the structure of a periodic
mesoporous organosilica, resulting in an excellent heterogeneous catalyst for the
photocatalytic reduction of CO> to CO.
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Copper-complexed dipyridyl-pyridazine

et oo T 2008 51 functionalized periodic mesoporous organosilica
4884 - as a heterogeneous catalyst for styrene
epoxidation

; , ™ . Y

M. Angeles Navarro, & Juan Amaro-Gahete, ©© José R. Ruiz, ®

César Jiménez-Sanchidrian, © Francisco J. Romero-Salguero & * and
. m

Dolores Esquivel 2 *

A new heterogeneous catalyst has been synthesized by immobilization of a copper complex on dipyridyl-
pyridazine functionalized periodic mesoporous organosilica (dppz-vPMO). This ordered support was first
prepared by a co-condensation reaction between vinyltriethoxysilane and 1,2-bis(trimethoxysilyl)ethane
and further post-functionalized through a hetero Diels—Alder reaction with 3,6-di-2-pyridyl-1,2,4,5-tetra-
zine. Techniques such as XRD, N, isotherms, TEM, *C NMR, XPS and DRIFT, among others, were
employed to characterize the surface functionalized materials. These results have proven the ordered
mesostructure of the materials as well as the presence of novel nitrogen-chelating heterocyclic com-
pounds on the pore surface after the post-modification process. Additionally, the successful anchoring of
a copper complex on the dipyridyl-pyridazine (dppz) ligands has been confirmed. The resulting material
was evaluated as a heterogeneous catalyst in the epoxidation of styrene using tert-butylhydroperoxide
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(TBHP) as an oxidant. Under the optimized reaction conditions, Cu@dppz-vPMO showed a high styrene
conversion (86.0%) and a remarkable selectivity to styrene oxide (41.9%). Indeed, this catalyst provided
excellent catalytic results in terms of stability, reaction rate, conversion and selectivity compared to other
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rsc.li/dalton bipyridine-like copper catalysts.

1. Introduction

Epoxidation of olefins is one of the most relevant reactions in
organic synthesis since the resultant epoxide products are
important and versatile intermediates for the synthesis of a
wide variety of fine chemicals, pharmaceuticals, agrochem-
icals, and perfumes, among others."* While traditional
methods for the synthesis of epoxides are characterized using
stoichiometric amounts of harmful oxidants (peracids) and
generate enormous waste,”” the recent synthetic method-
ologies in this field are focused to overcome them. Thus, the
use of safer oxidizing agents, such as tert-butyl hydroperoxide
(TBHP), molecular oxygen or hydrogen peroxide in styrene
epoxidation provides an economical and environment friendly
alternative. However, their characteristic low reactivity and
selectivity in this type of reaction when they are used alone
have led to the use of such oxidants in combination with tran-

Departamento de Quimica Organica, Instituto Universitario de Nanoquimica
(IUNAN), Facultad de Ciencias, Universidad de Cordoba, 14071 Cérdoba, Spain.
E-mail: go2rosaf@uco.es, g12esmem@uco.es

4884 | Dalton Trans., 2022, 51, 4884-4897

sition-metal catalysts.>® Over the last few decades, a wide
variety of ions, oxides and complexes of transition metals have
been explored through homogeneous catalytic processes.
Although these systems lead to high yields in the epoxidation
reactions, their immobilization on solid supports has gained
much more attention from an environmental and economic
perspective due to their potential applications in industry.”**
Nowadays, the development of efficient heterogenized catalytic
systems for the epoxidation of olefins remains a
challenge.***""” Different types of porous materials, such as
zeolites,"®  polymers,’® mesoporous silicas,"*  activated
carbons®® or MOFs,>! have been employed as supports of tran-
sition metal complexes for liquid phase epoxidation of olefins.

Studies on epoxidation reactions catalysed by heterogenized
Schiff-bases and other Cu(u)-complex-based catalysts have
received a great deal of attention during recent years.
Depending on the support, different synthetic approaches
have been adopted to integrate them on their framework for
the oxidation of olefins. Thus, Spodine et al.** were the first
who reported the synthesis of a MOF with Cu(u) centers co-
ordinated to bipy (2,2"-bipyridine) and H,btec (1,2,4,5-benzene-
tetracarboxylic acid) ligands as a heterogeneous catalyst for oxi-

This journal is © The Royal Society of Chemistry 2022
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Cobaloxime tethered pyridine-functionalized
ethylene-bridged periodic mesoporous
organosilica as an efficient HER catalystf

M. Angeles Navarro, 2 Daniel Cosano, &2 Asamanjoy Bhunia, ©°
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and Dolores Esquivel @ *2

An efficient cobaloxime hydrogen production catalyst has been synthesized through the coordination of
a cobalt complex (Co(dmgH,)({dmgH)Cl,) on an ethylene-bridged periodic mesoporous organosilica
(PMO) containing pyridine moieties. The effective assembly of cobaloxime units through cobalt—pyridine
axial bonds on the porous channels of the PMO was clearly evidenced by different techniques, including
B3C NMR, Raman, IR and XPS. The catalyst was investigated for the hydrogen evolution reaction in
a visible-light activated system in the presence of a photosensitizer (eosin Y) and a sacrificial electron
donor (TEOA). It showed a good photocatalytic performance in the HER with a TON of 119 at 6 h, largely
exceeding the catalytic activity of the homogeneous counterpart, Co(dmgH),pyCl, under the conditions
studied. The process was proven to be photocatalytic and heterogeneous. The studied system has the
cobaloxime catalyst with the highest turnover reported to date for a heterogeneous catalyst under
photocatalytic conditions. After reactivation treatment with the Co(dmgH,)(dmgH)Cl, complex, the
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Introduction

In response to the dramatic increase of atmospheric levels of
CO, due to the worldwide strong dependence on fossil fuels to
obtain energy, scientists have been working on the development
and implementation of sustainable carbon-free energy sources.*

Among them, solar energy is by far the most feasible and
promising alternative to carbon fuels. Theoretically, the inci-
dent solar energy on the earth every hour is more than enough
to satisfy all energy demanded by humans for the entire year.>*
Although electricity generation from the sun using photovoltaic
cells currently contributes more than 3.5% of the world's elec-
tricity, there exists barriers to the complete implementation of
solar energy. The daily and seasonal fluctuations of solar flux
along with the absence of methods for storing and dispatching
on demand have not allowed its development as a major
primary energy source.
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catalytic system was able to maintain its activity after two recycling experiments.

Alternatively, an interesting approach inspired by natural
photosynthesis is solar driven water-splitting, able to store
energy in chemical bonds (H, and O,).>° As a result of the well-
known complications in driving both half-reactions,” most of
the studies have been focused on the reductive side of water
splitting to obtain hydrogen as an energy vector. However,
a hydrogen economy requires the design of cost-effective and
efficient catalysts for hydrogen production through an
economically viable process. In this context, molecular catalysts
based on earth-abundant element (Co, Ni and Fe) complexes
play an important role in water splitting.® Particularly, cobalt-
based compounds have emerged as efficilent molecular
systems for both water oxidation>'® and hydrogen evolution
reactions'* in the last decade. Specifically, cobaloxime (cobalt
bis-glyoximato complexes) compounds are among the most
widely studied for electro- and photocatalytic hydrogen
production due to their facile synthesis and tunable catalytic
properties. These systems show high activity for proton reduc-
tion in aqueous solution at low overpotential."***”

Since the pioneering studies by Ziessel and co-workers in
this field,"® numerous breakthroughs have been made in the
design of efficient cobaloxime-based molecular systems for the
electro- and photocatalytic hydrogen evolution reaction
(HER).*? One of the most versatile approaches to improve the
electrocatalytic HER activity of cobaloximes is their immobili-
zation on electroactive surfaces containing pyridine ligands. It
is well documented by experimental®* and computational®**’

This journal is © The Royal Society of Chemistry 2022


http://crossmark.crossref.org/dialog/?doi=10.1039/d1se01437d&domain=pdf&date_stamp=2022-01-15
http://orcid.org/0000-0003-3762-9294
http://orcid.org/0000-0001-8524-2452
http://orcid.org/0000-0002-3923-5144
http://orcid.org/0000-0001-5331-0633
http://orcid.org/0000-0001-7494-9196
http://orcid.org/0000-0002-4323-8698

hydrogen

Article

Improved Photocatalytic H, Evolution by Cobaloxime-Tethered
Imidazole-Functionalized Periodic Mesoporous Organosilica

M. Angeles Navarro ¥, Miguel A. Martin, José Rafael Ruiz (7, César Jiménez-Sanchidrian, Francisco

J. Romero-Salguero *

check for
updates

Citation: Navarro, M.A,; Martin,
M.A; Ruiz, J.R.; Jiménez-Sanchidrian,
C.; Romero-Salguero, EJ.; Esquivel, D.
Improved Photocatalytic Hp
Evolution by Cobaloxime-Tethered
Imidazole-Functionalized Periodic
Mesoporous Organosilica. Hydrogen
2023, 4,120-132. https://doi.org/
10.3390/hydrogen4010008

Academic Editor: Shreya Mukherjee

Received: 5 November 2022
Revised: 19 January 2023
Accepted: 30 January 2023
Published: 2 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Dolores Esquivel *

Departamento de Quimica Organica, Instituto Quimico para la Energia y el Medioambiente (IQUEMA),

Facultad de Ciencias, Campus de Rabanales, Universidad de Cérdoba, 14071 Cérdoba, Spain

* Correspondence: qo2rosaf@uco.es (F].R.-S.); q12esmem@uco.es (D.E.); Tel.: +34-957-218638 (EJ.R.-S.);
+34-957-211050 (D.E.)

Abstract: Molecular cobaloxime-based heterogeneous systems have attracted great interest during
the last decades in light-driven hydrogen production. Here, we present a novel cobaloxime-tethered
periodic mesoporous organosilica (PMO) hybrid (Im-EtPMO-Co) prepared through the immobiliza-
tion of a molecular cobaloxime complex on the imidazole groups present in ethylene-bridged PMO.
The successful assembly of a molecular cobaloxime catalyst via cobalt-imidazole axial ligation has
been evidenced by several techniques, such as '*C NMR, Raman spectroscopy, ICP-MS, and XPS.
The catalytic performance of Im-EtPMO-Co catalyst was essayed on the hydrogen evolution reaction
(HER) under visible light in presence of a photosensitizer (Eosin Y) and an electron donor (TEOA). It
showed an excellent hydrogen production of 95 mmol hydrogen at 2.5 h, which corresponded to a
TON of 138. These results reflect an improved photocatalytic activity with respect to its homogenous
counterpart [Co(dmgH),(Im)CI] as well as a previous cobaloxime-PMO system with pyridine axial
ligation to the cobaloxime complex.

Keywords: cobaloxime; periodic mesoporous organosilicas; photocatalysis; hydrogen evolution
reaction; primary axial coordination

1. Introduction

Mimicking biological procedures has always been a good approach to tackling energy
questions. In recent years, numerous efforts have been made for the development of natural
photosynthesis-inspired technologies for the efficient transformation of the energy from
sunlight into chemical energy [1]. Hydrogen is considered an efficient energy vector due to
the high energy density of the Hy molecule (119 kJ/g) and its ability to be stored in large
quantities. Furthermore, hydrogen combustion with air only produces water as residue, so
it is considered a cyclic and environmentally friendly process [2].

Aiming at designing efficient hydrogen evolution catalysts, alternative to traditional
Pt-based catalysts, the first studies were focused on simulating the activity of hydrogenase
enzymes (especially metalloproteins) for hydrogen production [3,4]. In fact, hydrogenases
utilizing earth-abundant metals such as Fe or Ni-Fe are the most active molecular catalysts
for hydrogen production [5,6]. Although numerous studies have been performed on the
design of biomimetic models of [Fe]-hydrogenases for hydrogen production, their inherent
instability during the catalytic process has limited their applicability. In this sense, to solve
these drawbacks, recent approaches have been focused on the assembly of biomimetic
diiron catalysts on heterogenous supports, such as metal organic frameworks (MOFs) [7],
silica-based mesoporous materials [8] or graphene-based materials [9] for light-induced
hydrogen production. These heterogeneous matrices have provided improved stability for
the anchored molecular catalyst, overcoming those issues related to its water solubility and
photostability [10].
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Solar driven CO, reduction with a molecularly
engineered periodic mesoporous organosilica
containing cobalt phthalocyaninef
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A molecular cobalt phthalocyanine (CoPc) catalyst has been integrated in an ethylene-bridged periodic
mesoporous organosilica (PMO) to fabricate a hybrid material, CoPc-PMO, that catalyses CO, reduction
to CO in a photocatalytic system using [Ru(bpy)sl>* (bpy = 2,2'-bipyridine) as a photosensitizer and 1,3-
dimethyl-2-phenyl-2,3-dihydro-1H-benzoldlimidazole (BIH) as an electron donor. CoPc-PMO displays a
Co-based turnover number (TONgo) of >6000 for CO evolution with >70% CO-selectivity after 4 h
irradiation with UV-filtered simulated solar light, and a quantum yield of 1.95% at 467 nm towards CO.
This system demonstrates a benchmark TON¢o for immobilised CoPc-based catalysts towards visible

rsc.li/nanoscale light-driven CO, reduction.
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Introduction

Climate change induced by the increasing atmospheric CO,
levels, combined with growing global energy demand, have
spurred widespread interest in developing CO, mitigation
technology that will allow CO, upcycling into value-added pro-
ducts. To that goal, solar-driven CO, conversion into carbon-
based energy carriers and feedstocks represents a promising
strategy towards CO, utilisation and recycling." Since the pio-
neering work reported by Lehn and co-workers* on photoche-
mical reduction of CO, using Re' complexes as photosensitizer
and catalytic unit, a wide range of molecular catalysts based
on transition metal complexes have been developed to mediate
light-driven CO, conversion to C, feedstocks, CO and formic
acid.> While molecular catalysts offer distinct advantages
including tuneability, high product selectivity, and low overpo-
tential, they are typically used in solution as homogeneous cat-
alysts, which prevents catalyst recycling and often leads to
decomposition via diffusional pathways.® Heterogenization of
molecular catalysts on solid supports presents a promising
strategy to circumvent these problems and combine the
benefits of homogeneous and heterogeneous systems.*®
Cobalt phthalocyanine (CoPc) has been studied for electro-
catalytic CO, reduction since the 1970s,”® and has recently
attracted renewed attention due to its excellent catalytic per-
formance upon heterogenisation on electrodes,”™! reticular
materials,'”> and semiconductors.">'* Among them, inte-
gration of CoPc into high-surface area scaffolds with ordered
micro- or meso-porosity is particularly interesting because
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ANEXO. TECNICAS DE CARACTERIZACION

TECNICAS DE CARACTERIZACION

En el siguiente apartado se muestran las técnicas méas utilizadas en el
campo de la caracterizacion de los materiales periddicos mesoporosos ordenados
(PMOs).

1) Difraccion de rayos X (DRX)

La técnica de difraccion de rayos X se basa en la interaccién, con un
determinado angulo (0), de la radiacion X con la estructura cristalina de una
muestra plana. La estructura cristalina de un solido consiste en la repeticion
regular de los &tomos que forman el sélido en las tres direcciones del espacio.
Cuando la radiacion incide sobre la muestra pueden ocurrir dos procesos. Uno
consiste en que los fotones de la radiacion incidente al chocar con los &tomos de
la muestra sufran una serie de choques inelasticos (dispersion). El otro, que
algunos fotones del haz incidente sobre la muestra se desvien, pero sin pérdida de
energia (choque elastico), produciendo una radiacion dispersada con la misma
longitud de onda (1) que la radiacion incidente. Si existe una disposicion ordenada
de los &tomos y se cumplen las condiciones dadas por la Ley de Bragg (ec.1), esta

radiacion da lugar al fendmeno de difraccion de rayos X.
nA = 2 *dp; * sené (ec.1)

Esta ecuacion nos da la relacion que existe entre la longitud de onda (1),
el angulo de la radiacion incidente (6) y el espaciado entre dos planos de atomos
(dhw).

Debido a que los materiales mesoporosos no tienen una disposicién
periddica de los atomos se puede determinar que son solidos amorfos, pero

teniendo en cuenta la disposicion regular de los poros en la estructura puede dar
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ANEXO. TECNICAS DE CARACTERIZACION

lugar a reflexiones a bajos angulos de incidencia dando lugar a sefiales
caracteristicas. Poniendo como ejemplo los materiales M41s, estos poseen una
simetria hexagonal (p6mm) (Figura 1a) con unos determinados difractogramas
caracteristicos (Figura 1b) y cuentan con un ordenamiento bidimensional de los
canales de los poros, ya que sélo hay reflexiones hk0. Debido al ordenamiento
hexagonal que poseen estos materiales, se puede determinar la distancia
interplanar en la direccion cristalografica (100), a través de la ley de Bragg, v el

valor de celda unidad (ao) mediante las ecuaciones 1 y 2.

__ 2xdyg0

ag =—7— (ec. 1) ay, = Dp + e (ec. 2)

£
coe

A
-

leO

INTENSIDAD (a.u.)

Dp e

Figura 1. (a) Ordenamiento hexagonal del material M41s. (b) Difractograma de rayos

X del material M41s con simetria p6mm.

Metodologia experimental

Todos los difractogramas de rayos X han sido obtenidos en un
difractometro Bruker D8 A25. La radiacion utilizada ha sido la linea Ko del Cu

(A= 1.54 A). Los difractogramas han sido registrados mediante un barrido entre
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ANEXO. TECNICAS DE CARACTERIZACION

0.5° y 5° (grados expresados en valores de 20). El s6lido en forma de polvo es
depositado en un portamuestras de manera que la muestra quede lo mas plana

posible y con la mayor superficie expuesta.

2) Microscopia electronica de transmision (TEM)

El microscopio electronico de transmision (TEM) se basa en los
fendmenos fisico-quimicos que se producen cuando un haz de electrones
acelerados choca con la muestra finamente preparada. Cuando los electrones son
dispersados por la muestra, en funcién del grosor y de los atomos que forman la
muestra, parte de estos electrones son dispersados selectivamente, es decir, hay
relacién entre los electrones que atraviesan la muestra y los electrones que son
totalmente desviados. Todos estos electrones son conducidos por una serie de
lentes que forman la imagen final a través de un CCD (dispositivo de carga
acoplada), que captura la luz y la convierte en carga eléctrica para proporcionar
datos de pixeles digitales que forman la imagen. La imagen que se obtiene con
diferentes tonalidades de gris se corresponde con el grado de dispersion de los

electrones incidentes.

La imagen TEM obtenida de la muestra en cuestion da informacién sobre

la estructura de la muestra, tanto si la muestra es cristalina como amorfa.

Metodologia experimental

La microscopia electronica de transmision ha sido realizada con un
microscopio JEOL JEM 1400. La muestra se dispersa en 2-propanol y, a
continuacion, un par de gotas de la suspension se afiaden sobre una rejilla (Holey
Carbon Film 200 rejilla de Cu). La rejilla se seca a temperatura ambiente durante

al menos 24 horas antes de la medida para que la muestra se deposite.
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ANEXO. TECNICAS DE CARACTERIZACION

3) Isotermas de adsorcion-desorcion de nitrégeno.

La adsorcion es un fenomeno superficial entre una especie adsorbida
(adsorbato) y una especie que adsorbe (adsorbente) debido a las fuerzas de
interaccidn entre ambos. La fisisorcion de gases es una técnica muy utilizada en
la caracterizacion de solidos ya que nos proporciona informacion sobre las
caracteristicas texturales de los materiales. Al ponerse en contacto el gas
(normalmente nitrogeno) con la superficie del sélido se produce un equilibrio
entre las moléculas del adsorbente y el adsorbato que depende de la presion del
gas y de la temperatura. La relacion entre las moléculas adsorbidas y la presion a
una temperatura determinada se recoge en una isoterma de adsorcion. Las
isotermas obtenidas informan del volumen de gas adsorbido a una determinada
presion. De este modo, se puede calcular el area superficial, el tamafio y
distribucion de poro (Figura 2). Las isotermas comprenden tanto la adsorcion,
proceso por el cual entran en contacto el nitrogeno gas y un sélido, como la

desorcion, proceso contrario.

Con independencia de su composicion quimica, los solidos se pueden
clasificar segin su superficie especifica, espesor de pared, volumen de poro,

diametro de poro o distribucién del tamafio de poro (funcidn de distribucidn).
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ANEXO. TECNICAS DE CARACTERIZACION

Diametro de
poro, Dp

Volumen Superficie, S

Figura 2. Caracterizacion textural de una silice porosa.

Una isoterma de adsorcion-desorcion muestra la cantidad de gas adsorbido
(moles por gramo de adsorbente) como una funcién de la presion relativa P/Pg en
el intervalo 0 < P/Pg < 1 (P= presién de vapor de equilibrio del adsorbato, Po=

presion de vapor del adsorbato liquido puro), a una temperatura dada.

Los solidos se pueden clasificar en funcién del tipo de isoterma que
presenten. De este modo, segun la IUPAC, las isotermas de adsorcién se pueden
clasificar en seis grupos [1] y las histéresis en cuatro tipos (Figura 3).

Los sélidos mesoporosos, que poseen diametros de poro entre 2 y 50 nm,
muestran tipicamente isotermas de tipo 1V, en las que la condensacién capilar da
lugar a un ciclo de histéresis con una pendiente elevada a altas presiones relativas,
ya que los procesos de adsorcion y desorcion no siguen el mismo camino, debido
a que la evaporacién del gas condensado en los mesoporos no se da tan facilmente
como la condensacion. Por otro lado, los materiales mesoporosos también se
pueden clasificar segun el tipo de histéresis, exhibiendo en la mayoria de los casos

histéresis de tipo |, caracterizadas por un ciclo estrecho con sus ramas de
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ANEXO. TECNICAS DE CARACTERIZACION

adsorcion y desorcién paralelas entre si, que se asocian a adsorbentes que tienen

distribuciones de tamafio de poros muy estrechas [1].

I II H1
B
III IV
1] [+
T ;=
) £ H4
]
£ 5| H3
(7] v
a 2
4] [+
LR VI 2
< -
F=] k= -
: : 7
/
o (8]
Presion relativa —— Presion relativa ——

Figura 3. Tipos de isotermas de fisisorcion e histéresis de acuerdo con la clasificacién
de la IUPAC [1].

Metodologia experimental

Las propiedades texturales de los catalizadores sintetizados se han
obtenido a partir de las isotermas de adsorcion-desorcion de nitrégeno
determinadas con un equipo Autosorb-iQ MP/MP-XR a la temperatura del
nitrégeno liquido (-196 °C). Antes de la medida, la muestra es desgasificada

durante toda la noche a 120 °C.
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ANEXO. TECNICAS DE CARACTERIZACION

La superficie especifica ha sido obtenida mediante el método BET, la
distribucion de tamafio de poro, el volumen y didmetro de poro han sido obtenidos

mediante el método DFT.

4) Espectroscopia Raman

La espectroscopia Raman es una técnica fotdnica que proporciona
informacidn quimica y estructural de cualquier material o0 compuesto organico o
inorganico permitiendo su identificacion. Se basa en hacer incidir un haz de luz
monocromatico de una determinada frecuencia sobre una muestra y examinar la
luz dispersada por ella. La mayor parte de la luz dispersada tiene la misma
frecuencia que la luz incidente (dispersion Rayleigh) y no aporta ninguna
informacidn sobre la muestra. Sin embargo, una pequefia fraccion presenta un
cambio frecuencial, que resulta de la interaccion con la materia (dispersion
Raman) y es la que nos proporciona informacion sobre la composicién de la

muestra.

Las variaciones de frecuencia que se observan en la dispersién Raman son
equivalentes a variaciones de energia, ya que los iones y &tomos que forman las
muestras estan sometidos a constantes movimientos vibracionales y rotacionales.
A cada uno de estos movimientos rotacionales y vibracionales le correspondera
un valor determinado de energia molecular. El espectro Raman muestra la
intensidad dptica dispersada en funcién del nimero de onda normalizado al que
se produce. El nimero de onda normalizado es una magnitud proporcional a la

frecuencia e inversamente proporcional a la longitud de onda (ec. 1).

v =v/c=1/A [cm™] (ec. 1)
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ANEXO. TECNICAS DE CARACTERIZACION

Una gran ventaja que posee esta técnica frente a otras es que puede ser
utilizada directamente sobre la muestra y no conlleva ninguna alteracion de la

superficie del material, es decir, es una técnica no-destructiva.
Metodologia experimental

Los espectros Raman han sido obtenidos en un equipo Renishaw inVia
usando un laser verde (532 nm). La muestra es depositada en un portamuestras lo

mas plana posible.

5) Espectroscopia Infrarroja (IR)

Esta técnica consiste en analizar la radiacion infrarroja que se absorbe en
un sélido cuando es atravesada por ella. Asi, el espectro infrarrojo muestra la
radiacion transmitida frente a la frecuencia de la radiacion incidente. Un requisito
para que las moléculas absorban radiacion IR es gque la radiacién promueva un
cambio en el momento dipolar de la molécula. Cuanto mayor sea ese cambio, mas
intensa sera la sefial. El espectro vibracional obtenido para cada molécula se
considera una propiedad fisica Unica y caracteristica de esa molécula.

Una de las grandes ventajas que posee la espectroscopia IR es su gran
versatilidad, ya que puede ser utilizada en cualquier muestra con independencia
del estado en el que se encuentre: liquido, sélido, polvo, gas, fibras, etc. Ademas,
el espectro IR se puede utilizar como “huella dactilar” en la identificacion de

muestras desconocidas comparandolas con espectros de referencia.
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Metodologia experimental

Los espectros de IR se han realizado en un espectrometro Bruker Alpha
[, en un intervalo de 400 a 4000 cm™, con una resolucion de 8 cm™ y un total de
24 barridos. Para los espectros de IR con transformada de Fourier (IR-TF), se han
preparado pastillas conteniendo un 5 % en peso de la muestra y 95 % de KBr.

Los espectros de IR de reflectancia difusa (DRIFT) se han realizado con
una camara ambiental de Harrick conectada a un controlador de temperatura. Las
muestras se han calentado a 200 °C en atmosfera de argon durante 20 min antes
de realizarse la medida, manteniéndose esas condiciones durante la misma. Los
espectros de IR de reflectancia total atenuada (ATR) se han realizado utilizando
una punta de diamante de un solo rebote.

6) Resonancia Magnética Nuclear de °C.

La espectroscopia de resonancia magnética nuclear (RMN) posibilita el
estudio de la estructura molecular de un compuesto a través de la interaccién de
la radiacion electromagnética con los nlcleos de ciertos atomos inmersos en un
campo magneético estatico externo. Esta técnica puede utilizarse s6lo para estudiar
nacleos atbmicos con un nimero impar de protones o neutrones, como en el caso
del 3C, *H, 2°Si, y 3!P, entre otros.

El nicleo se caracteriza por su masa, carga eléctrica, su interaccién con
los campos magnéticos externos y por su espin. La resonancia magnética nuclear
se centra en el estudio del campo magnético y del espin. De este modo, el
momento magnético (u) deriva de su espin nuclear, 1. El espin nuclear es una
propiedad intrinseca de la particula en si misma, pero puede ser considerado como

una forma de momento angular.
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u =yl donde y es la constante giromagnética

En ausencia de un campo magnético, los espines nucleares se orientan al
azar, pero cuando esta presente los nucleos con espines positivos se orientan en
la misma direccion del campo en un estado de minima energia (espin «) y los
ndcleos con espines negativos se orientan en la direccion contraria al campo en

un estado de mayor energia (espin p).

Al irradiar la muestra con un pulso intenso de radiacion, los nucleos con
espin a son promovidos al estado de espin g. Cuando los ndcleos vuelven a su
estado original, emiten sefiales cuya frecuencia es dependiente de la diferencia de
energia entre ambos estados de espin. Estas sefiales son recogidas por el
espectrometro de RMN que las registra como una grafica de intensidad frente a
frecuencias. El espectro contiene una serie de picos de diferentes intensidades en

funcién de una magnitud conocida como desplazamiento quimico.

El espectro de RMN proporciona mucha informacion sobre las moléculas
presentes en la muestra, ya que cada grupo funcional se puede identificar a partir

de los valores de desplazamiento quimico (Figura 4).
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Figura 4. Desplazamiento quimico tipicos para diferentes tipos de &tomos de

carbono [2].
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Metodologia experimental

Los espectros de RMN del *3C fueron adquiridos en un espectrometro
Bruker Avance 111 HD 400 WB a 13 kHz. Se acumularon 1500 barridos para cada
espectro. La duracion del pulso de excitacion y el tiempo de reciclaje fueron de
3.6 y 2 s, respectivamente. Todos los espectros realizados han sido referenciados

usando como estandar tetrametilsilano (TMS).

7) Espectroscopia fotoelectrdnica de rayos X (XPS)

La espectroscopia fotoelectrénica de rayos X, XPS o ESCA
(Espectroscopia Electrénica para Analisis Quimico), es una técnica que implica
la excitacion mediante un haz de rayos X de los niveles mas internos de los
atomos, provocando la emision de fotoelectrones que proporcionan informacion

sobre la energia de cada nivel y la naturaleza de cada atomo.

Dado que la energia del haz incidente es hv, si el fotoelectron sale con una
energia cinética Ec, la diferencia entre ambas energias nos proporcionara la
energia de ligadura (EL), que es caracteristica de cada a&tomo. En realidad, con

esta técnica se mide la velocidad de los electrones que se emiten.
E = hv-Ec

Esta técnica es actualmente la mas utilizada para la caracterizaciéon de
superficies. Proporciona informacién cualitativa y cuantitativa de todos los
elementos (excepto H y He). Ademas, puede ser utilizada en una gran variedad

de muestras.
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Metodologia experimental

Los espectros de XPS fueron registrados en un espectrometro SPECS
Phoibos HAS 3500 150 MCD con un haz monocromatico de Al K, (1486.7 eV).
Las energias de enlace han sido determinadas respecto a la posicion del Si2p
(103.4 eV). Los espectros completos han sido recopilados con una energia de paso
de 60 eV, mientras que los de cada elemento han sido recogidos a 40 eV con una

resolucion de 0.1 eV.

8) Espectroscopia de estructura fina de la absorcion de rayos X (X-Ray
Absorption Fine Structure, XAFS)

Es una técnica que analiza las estructuras moleculares a nivel local,
proporcionando informacion sobre la geometria y la estructura electronica
alrededor de un atomo absorbente. El proceso de absorcion de rayos X provoca
transiciones electronicas desde los estados mas internos hasta los estados de
valencia. El espectro de absorcion de rayos X esta dividido en dos regiones. Una
region en la que las interacciones se producen entre los atomos cercanos al borde
de absorcion (XANES, X-Ray Absorption Near Edge structure), que proporciona
informacién sobre la coordinacion quimica (coordinacion tetraédrica,
ortogonal...) y el estado de oxidacion del 4&tomo. La otra zona, posterior al borde
de absorcion (EXAFS, Extended X-Ray Absorption Fine Structure), es usada para
determinar distancias, numeros de coordinacion y especies vecinas presentes

cerca del atomo absorbente [3] (Figura 5).
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Figura 5. Espectro de XAFS de una lamina de plata [4].

En la muestra, los rayos X interaccionan con la materia y producen dos
fendmenos: Fluorescencia (interaccion de la radiacion con la materia que produce
rayos X en todas las direcciones menos en las direcciones incidentes) y

Transmisién (disminucion de los rayos X cuando inciden sobre la muestra).
La absorbancia se puede obtener a través de las ecuaciones:

A = u(E)x = In(Iy/1;) donde x es el grosor de la muestra, I, es la

intensidad inicial, I; intensidad transmitida y u(E) es el coeficiente de atenuacion.
A = u(E)x = (I¢/Iy) donde I es la intensidad del haz fluorescente.

Para un atomo aislado, el coeficiente de atenuacion u(E) en el borde de
absorcion se corresponde con la energia de enlace del electron interno. Si hay un
atomo cerca, el fotoelectron que se emite se dispersa en él y vuelve al atomo
emisor del fotoelectrén. La onda del fotoelectrdn que vuelve se interpone consigo
misma. El coeficiente de atenuacidon depende de los estados a los que accede el

fotoelectron en el atomo absorbente que se alteran por la interferencia. La anchura
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de la onda del fotoelectrdn retrodispersado varia con la energia, provocando que
el coeficiente u(E) oscile dando lugar a la estructura fina 0 EXAFS.

EXAFS es un efecto de interferencia y depende de la naturaleza
ondulatoria del fotoelectron. Por ello, la funcion de EXAFS se representa en
términos de nimero de onda del fotoelectron, k (ec.1), en lugar de la energia del

rayo X.

Para poder extraer informacion del espectro de EXAFS se utiliza la
“ecuacion de EXAFS” [5]. Conociendo una serie de pardmetros se puede
determinar Rj (la distancia a los atomos vecinos) y Nj (el nimero de coordinacion

de los atomos vecinos).

Metodologia experimental

Los espectros de absorcion de rayos X se registraron en la linea de luz
CLAESS en el sincrotron ALBA. La radiacion de sincrotron fue monocromada
por medio de un monocromador de doble cristal Si(111), rechazando los
arménicos mas altos y eligiendo los &ngulos y recubrimientos adecuados para los
espejos de colimacion y enfoque. Los datos de absorcién se adquirieron en modo
de transmision. Las muestras en polvo se mezclaron uniformemente en una matriz
de nitruro de boro y se prensaron en granulos para garantizar un salto de absorcion
cercano a 1. Se midieron varios escaneos para garantizar la reproducibilidad y una
buena relacion sefial/ruido. Los datos se trataron con el paquete Demeter y la
energia se calibro al primer punto de inflexion de la lamina de Co, al que se dio
un valor de 7709 eV.
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