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MATERIALS

Pt NPs:

M2 : S1A/Pt = 2.5/1
M3 : S1A/Pt=1/1
M4 : S1B/Pt = 1/1
M5 : S1B/Pt=1/1
M6 : S1B/Pt = 0.5/1

Au NPs:
M14 : S2A/Au =0.3/1
M15 : S2B/Au = 0.3/1

Ni NPs:

M11 : S1A/Ni = 0.1/1
M12 : S1A/Ni = 0.05/1
M13 : S1B/Ni = 0.1/1

Rh NPs:
M18 : S2A/Rh = 0.019/1
M19 : S2B/Rh = 0.019/1

Au NPs:
M16 : S3/Au = 0.3/1
M17 : S3/Au = 0.3/1

Rh NPs:
M20 : S3/Rh = 0.025/1



Abstract

VI. ABSTRACT

In the last years the research on metal nanoparticles (NPs) for catalytic purposes has grown exponentially.
The small size of these materials provides unique properties, especially important for catalytic applications is
their high surface/volume ratio. To ensure a complete control of the size of the metal NPs and to prevent their
agglomeration, the effect of the stabilizing agent plays a key role. In this field, our group has been focused in
the preparation of different kinds of ligands for the preparation of soluble metal NPs. Tris-imidazolium iodide
and tetrafluoroborate bearing long alkyl chains (S1A and S1B respectively) have been reported as suitable
stabilizers for the preparation of Pd NPs. Moreover, N-rich PEGylated ligands have been used as stabilizers for
the obtention of water-soluble Au and Rh NPs. These NPs have been used as catalysts in cross-coupling
reactions (Pd NPs), in the hydrosilylation of internal alkynes (Pd, Rh NPs) and in the reduction of nitroarenes
(Au NPs).

We present herein the synthesis of three new PEG-tagged imidazolium salts (imidazolium bromide S2A,
imidazolium tetrafluoroborate $2B and tris-imidazolium bromide S3). The key step of their synthesis involves
the linking of the polyoxyethylenated chains and the imidazolium moieties through a triazole ring obtained by
a copper-catalyzed [2+3] cycloaddition between alkynes and azides (CuAAC reaction).

The previously reported S1A and S1B have been used as stabilizers for the preparation of Pt and Ni NPs soluble
in some organic solvents, such as dichloromethane, chloroform or THF and insoluble in diethyl ether or
hexane. Besides, water-soluble Au and Rh NPs stabilized by the PEG-tagged imidazolium salts (S2A, S2B and
$3) have also been prepared. All the nanomaterials were characterized by TEM, HRTEM, ED, EDS, XPS, *H NMR
and ICP-OES. A study of the magnetic properties of Ni NPs was also performed (hysteresis loops and ZFC/FC).

These NPs were found catalytically active in different organic reactions. Thus, Au NPs were found effective
catalysts for the synthesis of propargylamines via a three-component coupling reaction between aldehydes
(or ketones), secondary amines and terminal alkynes. This nanocatalyst was also found active in the
cycloisomerization of y-alkynoic acids into enol lactones.

The hydrosilylation of internal alkynes was successfully performed under catalysis by Pt and Rh NPs. The
reaction was stereolective and the syn-addition product was formed. When asymmetrically substituted
alkynes were used, moderate regioselectivities were observed depending on the substrate and the catalyst
used. In all cases high yields of the corresponding (E)-vinylsilanes were achieved. Platinum NPs gave faster
reactions, but Rh NPs provided better regioselectivities.

Finally, the reduction of nitroarenes under catalysis by Ni and Rh NPs was carried out. The Ni NPs catalyzed
the selective reduction of a wide number of substituted nitroarenes (bearing significant reducible functional
groups) with hydrazine as hydrogen donor in refluxing THF. On the other hand the Rh nanocatalysts were able
to catalyze the reduction of nitroarenes in THF-water (1:4) at room temperature using the hydrogen generated
in situ in the hydrolysis of ammonia-borane.

In all cases the nanocatalysts could be reused for several cycles taking advantage of their different solubility
properties and also the magnetic properties in the case of Ni NPs.
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VIl. REsSsum

Durant els darrers anys la investigacio basada en I'Gs de nanoparticules metal-liques (NPs) ha experimentat
un creixement exponencial. La mida tant petita que tenen aquests materials els proporciona unes propietats
Uniques, sent especialment important, per les aplicacions catalitiques, la seva gran relacié superficie/volum.
Per assegurar un control complet de la mida de les NPs i evitar-ne la seva aglomeracio, I'efecte dels
estabilitzants és fonamental. En aquest sentit, el nostre grup ha centrat la seva investigacio en la sintesi de
diferents lligands per a la preparacié de NPs metal-liques solubles. Es va dur a terme la sintesi de NPs de Pd
estabilitzades per iodur o tetrafluoroborat de tris-imidazoli amb llargues cadenes alquiliques (S1A o S1B,
respectivament). A més, compostos rics en nitrogen amb cadenes polioxietilenades es van utilitzar com a
estabilitzants per a la sintesi de NPs de Rh i Au solubles en aigua. Aquestes NPs es van usar com a catalitzador
per reaccions d’acoblament creuat (NPs de Pd), per a la hidrosililacié d’alquins interns (NPs de Pd i Rh) i per a
la reduccio de nitroarens (NPs d’Au).

Durant el transcurs d’aquesta tesi doctoral s’han sintetitzat tres noves sals d’imidazoli amb llargues cadenes
de polietilenglicol (bromur d’imidazoli S2A, tetrafluoroborat d’imidazoli $2B i bromur de tris-imidazoli $3). El
pas clau per a la sintesi d’aquests compostos implica I'enllag de les sals de imidazoli i les cadenes de
polietilenglicol a través d’un anell triazolic format a partir d’'una cicloaddicié [2+3] catalitzada per coure entre
alquins i azides (reaccié de CuAAC).

Les sals de tris-imidzoli S1A i S1B, préviament sintetitzades al nostre grup, es van utilitzar com a estabilitzants
per a la sintesi de NPs de Pt i Ni, solubles en alguns dissolvents organics com ara clorur de metile, cloroform o
THF i insolubles en dietileéter o hexa. També es van sintetitzar NPs de Au i Rh solubles en aigua estabilitzades
amb les sals d’imidazoli polioxietilenades (S2A, S2B i S3). Tots aquests nanomaterials van ser caracteritzats
per TEM, HRTEM, ED, EDS, XPS, *H NMR i ICP-OES. A més, es va dur a terme un estudi de les propietats
magneétiques de les NPS de Ni (corbes d’histeresi i ZFC/FC).

Aquestes NPS van ser cataliticament actives en diferents reaccions organiques. Aixi, les NPs d’or van presentar
una gran efectivitat com a catalitzadors per a la sintesi de propargilamines a traves d’un acoblament triple
entre aldehids (o cetones), amines secundaries, i alquins terminals. Aquests catalitzadors també van ser actius
per a la cicloisomeritzacié d’acids y-alquinoics a les corresponents enol-lactones.

La hidrosililacié d’alquins interns es va dur a terme sota catalisi per NPs de Pt i Rh. La reaccié fou
estereoselectiva, formant-se el producte d’addicié syn. Partint d’alquins asimétrics es van observar diferents
regioselectivitats depenent del substrat de partida aixi com del catalitzador emprat. En tots els casos es van
obtenir els corresponents (E)-vinilsilans amb uns rendiments excel-lents. Amb les NPs de Pt els temps de
reaccio van ser menors, pero les NPs de Rh van proporcionar millors regioselectivitats.

Finalment, es va dur a terme la reduccié de nitroarens amb NPs de Ni i Pt. Les NPs de Ni van reduir de manera
selectiva diversos nitroarens substituits amb hidrazina com a font d’hidrogen a reflux de THF. Altres grups
funcionals reduibles presents en la molécula, van romandre inalterats. D’altra banda, amb les NPs de Rh es va
catalitzar la reduccid de nitroarens en el si de THF-aigua (1:4) a temperatura ambient fent servir I’hidrogen
generat in situ en la hidrolisi del complex NH3-BHs.

En tots els casos els catalitzadors van ser reciclats varies vegades gracies a la diferent solubilitat en diversos
medis i a les propietats magnétiques en cas de les NPs de Ni.
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VIlIl. RESUMEN

En los ultimos afios la investigacion basada en el uso de nanoparticulas metalicas (NPS) para aplicaciones
cataliticas ha crecido exponencialmente. El pequefio tamafio de estos materiales proporciona unas
propiedades unicas, siendo especialmente importante, en aplicaciones cataliticas, la gran relacion
superficie/volumen que poseen. Para asegurar un control completo del tamafio de particula y evitar su
aglomeracion, el efecto del estabilizante es fundamental. En este sentido, nuestro grupo ha centrado su
investigacidon en la sintesis de diferentes ligandos para la preparacion de NPs metdlicas solubles. Se
sintetizaron NPs de Pd estabilizadas por ioduro o tetrafluoroborato de tris-imidazolio con largas cadenas
hidrocarbonadas (S1A o S1B, respectivamente). Ademds, compuestos ricos en nitrogeno con cadenas
polioxietilenadas se usaron como estabilizantes para la sintesis de NPs de Au y Rh solubles en agua. Estas NPs
metalicas fueron empleadas como catalizadores para reacciones de acoplamiento cruzado (NPs de Pd), para
la hidrosililacién de alquinos internos (NPs de Pd y Rh) y para la reduccién de nitroarenos (NPs de Au NPs).

En la presente tesis doctoral se han sintetizado tres nuevas sales de imidazolio con largas cadenas de
polietilenglicol (bromuro de imidazolio S2A, tetrafluoroborato de imidazolio $2B y bromuro de tris-imidazolio
$3). El paso clave de la sintesis de estos compuestos implica el enlace de las sales de imidazolio y las cadenas
de polioxietilenglicol mediante un anillo triazélico obtenido a partir de una cicloadicidn [2+3] catalizada por
cobre entre alquinos y azidas (reaccion de CuAAC).

Las sales de tris-imidazolio S1A y S1B, previamente sintetizadas en nuestro grupo, se han utilizado como
estabilizantes en la sintesis de NPs de Pt i Ni, solubles en algunos compuestos organicos como diclorometano,
cloroformo o THF e insolubles en éter dietilico o hexano. También se han sintetizado NPs de Au y Rh solubles
en agua con las sales de imidazolio polioxietilenadas (S2A, S2B y $3). Todos los nanomateriales obtenidos han
sido caracterizados por TEM, HRTEM, ED, EDS, XPS, 'H NMR y ICP-OES. Ademas, se realizd un estudio de las
propiedades magnéticas de las NPs de Ni (curvas de histéresis y ZFC/FC).

Estas NPs metdlicas fueron cataliticamente activas en diferentes reacciones organicas. Asi, las NPs de Au
presentaron una gran efectividad como catalizadores para la sintesis de propargilaminas a través un
acoplamiento triple entre aldehidos (o cetonas), aminas secundarias y alquinos terminales. Estos catalizadores
ademas fueron activos para la cicloisomerizacion de acidos y-alquinoicos a las correspondientes enol-lactonas.

La hidrosililacién de alquinos internos se llevd a cabo bajo catdlisis con NPs de Pt y Rh. La reaccion fue
estereoselectiva para la formacién del producto de adicion syn. Partiendo de alquinos asimétricos se
observaron diferentes regioselectividades dependiendo del substrato de partida, asi como del catalizador
usado. En todos los casos se obtuvieron los correspondientes (E)-vinilsilanos con excelentes rendimientos.
Con las NPs de Pt los tiempos de reaccion fueron menores, pero las NPs de Rh proporcionaron mejores
regioselectividades.

Finalmente, se llevd a cabo la reduccién de nitroarenos con NPs de Niy Rh. Las NPs de Ni redujeron de manera
selectiva diversos nitroarenos sustituidos con hidracina como fuente de hidrogeno a reflujo de THF. Otros
grupos funcionales reducibles presentes en la molécula se mantuvieron inalterados. Por otro lado, con las NPs
de Rh se catalizé la reduccion de nitroarenos en THF-agua (1:4) a temperatura ambiente usando el hidrégeno
generado in situ en la hidrdlisis del complejo NH3-BHs.

En todos los casos los catalizadores fueron reciclados varias veces gracias a la diferente solubilidad en diversos
medios y a sus propiedades magnéticas en el caso de las NPs de Ni.
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Chapter 1. General Introduction

Catalysis has been playing a key role in the history of chemistry, in both industrial and academic research.
Most of the common products that we use every day, from fuels or polymers to medicines, would not be
affordable without the use of catalysts for their production. Depending on the nature of the catalyst, two
major types can be distinguished: homogeneous and heterogeneous catalysts. Homogeneous catalysts are in
general very active species present in the same phase as the reaction mixture. Nevertheless, they are not
easily separated from the final products. This problem can be solved using heterogeneous catalysts which are
present in a different phase than the reactants. However, as the active species are only present in the surface
of the catalysts, their amount is much lower than in the homogeneous catalysts. In order to combine the
advantages of both types of catalysts, the immobilization of the homogeneous active species into a solid
support, such as metal oxides or polymers, has been proposed. In that way, these supported catalysts can be
easily removed from the reaction mixture by filtration. Additionally, other options have been explored, such
as the use of transition metal nanoparticles (NPs) in catalysis. These NPs can be supported or can be used in
solution. The solubility of the NPs depends on the structure of the stabilizer surrounding the metal core, and
these solubility properties can be useful for recycling the nanocatalyst. They can act as heterogeneous
catalysts, but with a higher load of active species caused by their large surface/volume ratio.

1.1 METAL NANOPARTICLES

Metal NPs are defined as clusters of metal atoms with a size between 1 and 100 nm. These nanomaterials
have applications in a wide range of fields such as electronics, energy, magnetism, biology, medicine and
catalysis, among others.!? The properties of the NPs are largely dependent of their size, especially in catalytic
applications. In that way, it is desirable to obtain NPs as small as possible in order to maximize the amount of
surface atoms. However, the high activity of these species increases the tendency of the nanoparticles to
agglomerate forming larger and more stable particles, obtaining finally the bulk metal and, in consequence,
losing most of their unique properties (they are thermodynamically unstable). In order to solve this problem,
the NPs can be stabilized with different ligands or polymers surrounding the surface of the metal core of the
NPs. Another option for the stabilization is the immobilization of the NPs on a solid support.

1.1.1 STABILIZATION OF METAL NANOPARTICLES

To prevent the agglomeration and increase the stability of the suspension in liquid phase the NPs should be
stabilized. The stabilization of the NPs can tune their properties by changing their size and their solubility in
different solvents. In that way, we can distinguish four major types of stabilization: (a) electrostatic
stabilization; (b) steric stabilization; (c) electrosteric stabilization; (d) stabilization with ligands. Another option
to avoid their agglomeration is their immobilization on solid supports.

1.1.1.1. ELECTROSTATIC STABILIZATION

The basis of the electrostatic stabilization is the electric repulsion between the NPs generated by a double
layer of electric charges surrounding the particles. This mutual repulsion between the particles and their
neighbours is what prevents the agglomeration. The electrostatic stabilization was first defined in the

1Some selected monographies about NPs and nanotechnology: (a) Nanoscale Materials in Chemistry; Klabunde, K. J. Ed.:
Wiley-Interscience, 2001. (b) Nanoparticles and catalysis; Astruc, D. Ed.: Wiley-WCH, 2008. (c) Introduction to Nanoscience
& Nanotechnology,; Hornyak, G. L., Tibbals, H. F., Dutta, J., Moore, J. J. Ed.: CRC press, 2009. (d) Nanostructures and
Nanomaterials: Synthesis, Properties, and Applications; Cao, G., Wang, Y. Ed.: World Scientific Publishing Co., 2011. (e)
Noble Metal Nanoparticles: Synthesis and Optical Properties. Reference Module in Materials Science and Materials
Engineering. Hubental, F. Ed.: Elsevier Inc., 2016.

2 Some selected reviews about the preparation, properties, characterization and application of metal NPs: (a) Moreno-
Mafias, M., Pleixats, R. Acc. Chem. Res. 2003, 36, 638. (b) Burda, C., Chen, X., Narayanan, R., El-Sayed, M. A. Chem. Rev.
2005, 105, 1025. (c) Astruc, D., Ly, F., Aranzaes, J. R. Angew. Chem. Int. Ed. 2005, 44, 7852. (d) Sau, T. K., Rogach, A. L.,
Adv. Mater. 2010, 22, 1781. (e) Alex, S., Tiwari, A. J. Nanosci. Nanotechnol. 2015, 15, 1869. (d) Khan, I., Saeed, K., Khan, .
Arab. J. Chem. 2019, 12, 908. (f) Jia, C.-J., Schiith, F. Phys. Chem. Chem. Phys. 2011, 13, 2457. (g) Campelo, J. M., Luna, D.,
Luque, R., Marinas, J. M., Romero, A. A. ChemSusChem 2009, 2, 18.
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Derjaguin, Landau, Verwey and Overbeek (DLVO) theory. According to that theory, there are two main forces
that determine the interaction between the particles, the Van der Waals forces and the electrostatic double
layer force. >*° These repulsive forces can prevent the agglomeration and stabilize the colloidal suspension of
NPs.

The surfaces of metal NPs are, in general, electron-deficient, so the anions present in the solution can be
adsorbed and generate a layer of anions around the NPs. A second layer of cations are generated to stabilize
the formal charges in the clusters, forming a double layer structure. If the coulombic potential of this double
layer is higher than the Van der Waals forces, the electric repulsion will prevent the agglomeration (Figure 1).°
Nevertheless, this kind of stabilization is very pH dependant and sensitive to changes in the conductivity of
the medium, producing not very stable colloidal solutions with trending to aggregation.
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Figure 1 Electrostatic stabilization of metal NPs.®

One example of this kind of stabilization is the synthesis of Au NPs by the classical Turkevich method’
developed at mid XX century. In that case the reducing agent for the Au(lll) precursor was sodium citrate
which also acts as stabilizer once the NPs are formed (Scheme 1).2
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Scheme 1 Representation of Turkevich method.?

3 Concepts for the Stabilization of Metal Nanoparticles in lonic Liquids, Applications of lonic Liquids in Science and
Technology; Kraynov, A., Miiller, T. E., Handy, S. (Ed.) Ed.: Intech, 2011.

4Verwey, E. J. W. J. Phys. Chem. 1947, 51 (3), 631.

> Derjaguin, B., Landau, L. D. Zhurnal Eksperimentalnoi | Teoreticheskoi Fiziki 1945, 15, 663.

6 Wang, Y.-J., Zhao, N., Fang, B., Li, H., Bi, X. T., Wang, H. Chem. Rev. 2015, 115, 3433.

7 (a) Turkevich, J., Stevenson, P. C., Hillier, J. Discuss. Faraday Soc. 1951, 11, 55. (b) Turkevich, J., Stevenson, P. C. Hillier, J.
J. Phys. Chem. 1953, 57, 670.

8 Antdnio, M., Nogueira, J., Vitorino, R., Daniel-da-Silva, A. L. Nanomaterials 2018, 8, 200.
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1.1.1.2. STERIC STABILIZATION

This kind of stabilization is based in the steric effect, caused by large molecules surrounding the NPs that
prevent their agglomeration.’ The most common molecules used for this purpose, due their big size, are
polymers. These polymers can interact with the NPs by mainly two ways. The first option is their absorption
into the NPs surface (Figure 2 (A)).1%!! The other possibility is the generation of a network of crosslinked
polymers, and suspending the metal NPs inside the network (Figure 2 (B)).1%*3* In both cases, the stabilization
follows the same mechanism, when two NPs are close enough the absorbed molecules repel each other by
the restriction in motion between them.

A

Figure 2 Steric stabilization of metal NPs: (A) NPs functionalized with polymer chains; (B) NPs inside a crosslinked polymer network.

Another good example of this kind of stabilization is the immobilization of metal NPs on a dendrimer.?>%17 |n
that way, the stabilization is similar to the encapsulation of NPs on the crosslinked polymers. The steric
repulsion between the dendrimers prevents the agglomeration of the NPs (Figure 3).

9 Saldias, C., Bonardd, S., Quezada, C., Radi¢, D., Leiva, A. J. Nanosci. Nanotechnol. 2017, 17 (1), 87.

10 Ortega-Mufioz, M., Blanco, V., Hernandez-Mateo, F., Lopez-Jaramillo, F. J., Santoyo-Gonzalez, F. ChemCatChem 2017, 9,
3965.

114,J., Yang, Y., Gao, J., Duan, H., LU, C. Langmuir 2018, 34, 8205.

12 Farah, A. A., Alvarez-Puebla, R. A., Fenniri, H. J. Colloid Interf. Sci 2008, 319, 572.

13 Murugan, E., Jebaranjitham, J. N. J. Mol. Catal. A Chem. 2012, 365, 128.

14 Zhang, Y., Quek, X.-Y., Wu, L., Guan, Y., Hensen, E. J. J. Mol. Catal. A Chem. 2013, 379, 53.

15 Crooks, R. M., Zhao, M., Sun, L., Chechik, V., Yeung, L. K. Acc. Chem. Res. 2001, 34 (3), 181.

16 Scott, R. W. J., Wilson, O. M., Crooks, R. M. J. Phys. Chem. B 2005, 109, 692.

17 Yamamoto, K., Imaoka, T., Tanabe, M., Kambe, T. Chem. Rev. 2020, 120, 1397.
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Figure 3 Representation of metal NP stabilized by a G3 dendrimer.

1.1.1.3. ELECTROSTERIC STABILIZATION

There is another way to stabilize metal NPs that combines both methods previously described, obtaining a
much better stabilization. Basically, electrosteric stabilization consists in surrounding the NPs with large
molecules that contain ionic groups. The most common molecules used for this purpose are surfactants
containing large polymeric chains.!® Polymers containing ionic groups in their monomeric units can also be
classified as electrosteric stabilizers.

1.1.1.4. STABILIZATION WITH LIGANDS

The coordination of traditional ligands with the metal atoms have been extensively used for the preparation
of metal NPs.1>20 This type of stabilization allows a precise control of the size and shape by the robustness of
the NP-ligand structure. One good example is the stabilization of gold NPs with thiol ligands, caused by the
stability of the Au-S bond.?! Other ligands with coordinating atoms such as phosphines?? or amines? are also
good examples of stabilizers for the obtention of different kinds of metal nanostructures. It should be

18 Ghandi, K., Findlater, A. D., Mahimwalla, Z., MacNeil, C. S., Awoonor-Williams, E., Zahariev, F., Gordon, M. S. Nanoscale
2015, 7, 11545.

19 Jin, R., Zeng, C., Zhou, M., Chen, Y. Chem. Rev. 2016, 116, 10346.

20 (a) Lara, P., Philippot, K., Chaudret, B. ChemCatChem 2013, 5, 28. (b) Bronger, R, Le, T. D., Bastin, S., Garcia-Anton, J.,
Citadelle, C., Chaudret, B., Lecante, P., Igau, A., Philippot, K. New J. Chem. 2011, 35, 2653.

21 (a) Brust, M., Walker, M., Bethell, D., Schiffrin, D. J., Whyman, R. J. Chem. Soc., Chem. Commun. 1994, 801. (b) Jin, R.
Nanoscale 2010, 2, 343. (c) Wu, H., Zhu, H., Zhuang, J., Yang, S., Liu, C., Cao, Y. C. Angew. Chem. Int. Ed. 2008, 47, 3730.
22 (a) Ibrahim, M., Wei, M. M., Deydier, E., Manoury, E., Poli, R., Lecante, P., Philippot, K. Dalton Trans. 2019, 48, 6777. (b)
Castelbou, J. L., Bresé-Femenia, E., Blondeau, P., Chaudret, B., Castillon, S., Claver, C., Godard, C. ChemCatChem 2014, 6,
3160.

23 3) Lacroix, L.-M., Gatel, C., Arenal, R., Garcia, C., Lachaize, S., Blon, T., Warot-Fonrose, B., Snoeck, E., Chaudret, B., Viau,
G. Angew. Chem. Int. Ed. 2012, 51, 4690. b) Liu, Y., Wang, C., Wei, Y., Zhuy, L., Li, D., Jiang, J. S., Markovic, N. M.,
Stamenkovic, V. R., Sun, S. Nano Lett. 2011, 11, 1614.
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mentioned that some authors include the stabilization by coordinating ligands as a special type of electrosteric
stabilization.

1.1.1.5. SUPPORTED METAL NPs

The use of solid materials as support for metal NPs have been extensively used in order to obtain stable and
highly active nanomaterials.?#?> Many types of materials can be used for the stabilization of metal NPs, such
as insoluble polymers, carbon-based materials or inorganic oxides. This type of structures can be especially
interesting in catalysis. After the reaction, the supported metal NPs can be easily removed from the reaction
medium due to their heterogeneous nature.

Polymer-based supports have gained interest by their stability and reusability.?® These materials present high
porosity and surface area, which makes them perfect supports for NPs. Several examples have been reported
with different metals: Pd,?” Au,?® or Ag.? The use of natural polymers for this purpose has also been
described.3%3!

Carbon-based materials present excellent properties as supports.3>33343536 Nanostructures with a defined
pore structure in shape and size can be synthesized, which give a high surface area to the nanomaterial. The
most used carbon-based materials as supports for metal NPs are graphene® and nanotubes.?*

Other materials suitable for the metal NPs immobilization are inorganic oxides.3” Metal oxides provide high
chemical and thermal stability, leading to very robust nanocomposites. The immobilization of small
nanoclusters on the surface of the oxides creates heterogeneous materials with very active species that give
many catalytic benefits. Among the metal oxides, alumina, silicon oxides,*® zinc oxides?®, are possibly the
most used. Zeolites are also good supports for metal NPs due their high porosity.*

24 Lju, L., Corma, A. Chem. Rev. 2018, 118, 4981.

25 Hussain, M. A, Joseph, N., Kang, O., Cho, Y.-H., Um, B.-H., Kim, J. W. Appl. Chem. Eng. 2016, 27, 227.

26 3) Bell, A. T. Science 2003, 299, 1688. b) Nasrollahzadeh, M., Sajjadi, M., Shokouhimehr, M., Varma, R. S. Coord. Chem.
Rev. 2019, 397, 54. c) Dzhardimalieva, G. |., Zharmagambetova, A. K., Kudaibergenov, S. E., Uflyand Kinet. and Catal. 2020,
61 (2), 198.

27 3) Chen, X., Wang, W., Zhu, H., Yang, W., Ding, Y. Molec. Catal. 2018, 456, 49. b) Wang, K., Liu, J., Zhang, F., Zhang, Q.,
Jiang, H., Tong, M., Xiao, Y., Phan, N. T. S., Zhang, F. ACS Appl. Mater. Interfaces 2019, 11 (44), 41238. (c) Shokouhimehr,
M., Hong, K., Lee, T. H., Moon, C. W., Hong, S. P., Zhang, K., Suh, J. M., Choi, K. S., Varma, R. S., Jang, H. W. Green Chem.
2018, 20, 3809.
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