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Resumen

El trabajo recopilado en esta tesis esta basado en la formacidn de materiales
mesoporosos y sus posibles usos como catalizadores. Este trabajo se ha estructurado
en cuatro partes diferenciadas. En primer lugar se presenta una breve introduccién a
los materiales mesoporosos revisando su evolucidon en la historia, los diferentes
métodos de sintesis, su versatilidad en cuanto a funcionalizacién y aplicaciones vy

acabando con un repaso al trabajo realizado en el grupo de investigacion.

El segundo capitulo esta centrado en el mejor conocimiento de la silice UVM-7,
un material mesoporoso de caracter bimodal desarrollado por el grupo. En primer
lugar se estudia en detalle la estructura del material para confirmar la interconexién
en tres dimensiones de los mesoporos. Esto se consigue a través de medidas de
tomografia electrénica, combinadas con la formacién de réplicas de carbono vy la
preparacion de composites con oro y el posterior estudio microscépico de su
dispersidon en el material. Una vez conocida al detalle su estructura, se trabaja en la
expansion de los mesoporos utilizando alcanos como agentes expansores, suponiendo
gue, dado su caracter hidrofébico, estos se alojaran en el interior de las micelas de
surfactante. En este trabajo se estudia la cantidad real de alcano alojada en las micelas
a través de medidas espectrofotométricas y se trata de explicar los resultados
obtenidos en base a estudios coloidales. Finalmente, para poner en valor la expansién

obtenida se inmovilizan enzimas e ibuprofeno en los materiales con mayor expansion.

El tercer capitulo recoge dos trabajos en los que se ha colaborado con
diferentes grupos de catalisis. Se forman composites de silice con diferentes dominios
oxidicos utilizando dos estrategias diferentes. En el primer caso, se forman composites
tipo UVM-7 con Ni/Sn/Ce utilizando una sintesis en “one-pot”, siguiendo del método
de los atranos. En el segundo caso, se impregna el material UVM-7 para formar éxidos
cristalinos de TiO,, ZrO, y CeO, en su superficie. Posteriormente se depositan
particulas de Au sobre los materiales y se prueban en la catalisis de la condensacién
selectiva de benzilamina a N-benzilidenbenzilamina y en la oxidacién de CO a CO,

respectivamente. El trabajo realizado por nuestra parte recoge la sintesis vy



caracterizacién de los soportes, asi como la comprensidn de los resultados cataliticos

en base a la estructura de los distintos materiales.

Por ultimo se incluye un capitulo sobre materiales mesoporos no siliceos en el
que se estudia la formacién de un fosfato de hierro mesoporoso asi como de
fosfonatos de hierro. Para ello se utiliza un surfactante como agente director
estructural, igual que en el caso de la UVM-7. Se caracterizan los materiales con

diferentes técnicas y se propone una estructura.



Resum

El treball recopilat en aquesta tesi esta basat en la formacid6 de materials
mesoporosos i la seua possible aplicacié en catalisi. Aquest treball esta estructurat en
quatre parts ben diferenciades. En primer lloc es presenta una breu introduccio als
materials mesoporosos, revisant la seua evolucié en la historia, els diferents metodes
de sintesi, la seua versatilitat en quant a funcionalitzacid i aplicacions i acabant amb un

repas al treball realitzat al grup d’investigacio.

El segon capitol esta centrat en un millor coneixement del material UVM-7, un
material mesopords de caracter bimodal desenvolupat per el grup. En primer lloc
s’estudia en detall I'estructura del material per a confirmar la interconnexié en tres
dimensions del mesopors. S’aconsegueix amb mesures de tomografia electronica,
combinades amb la formacid de répliques de carbd i la preparacié de composites amb
or i el posterior estudi microscopic de la seua dispersio al material. Una volta coneguda
al detall la seua estructura, es treballa en la expansié dels mesopors utilitzant alcans
com a agents expansors suposant que, per el seu caracter hidrofob, s"acomodaran a
I'interior de les micel-les de surfactant. En aquest treball s’estudia la quantitat d’alca
allotjada a les micel-les a través d’estudis espectrofotometrics i es tracta d’explicar els
resultats obtinguts mitjancant estudis col-loidals. Finalment, per a posar en valor la
expansié aconseguida s'immobilitzen micel-les i ibuprofé als materials amb major grau

d’expansié.

El tercer capitol recull dos treballs en els que s’ha col-laborat amb diferents
grups de catalisi. Es formen composites de silice amb diversos dominis oxidics fent
servir dos estrategies diferents. En el primer cas es formen composites de tipus UVM-7
amb Ni/Sn/Ce utilitzant una sintesi en “one-pot”, seguint el métode dels atrans. En el
segon cas s'impregna el material UVM-7 per a formar oxids cristal-lins de TiO,, ZrO, y
CeO, a la seua superficie. Posteriorment es depositen particules d’or sobre els
materials i s’utilitzen en la oxidacid selectiva de benzilamina a N-benzilidenbenzilamina

i en la oxidacié de CO a CO, respectivament. El treball realitzat per la nostra part recull



la sintesi i caracteritzacid dels materials, aixi como la comprensié dels resultats

catalitics en base a la estructura dels diferents materials.

Per ultim, s’inclou un capitol sobre materials mesoporosos no silicis en el que
s’estudia la formacié d’un fosfat de ferro mesopords aixi com de fosfonats de ferro.
Per a aconseguir la seua formacié s’utilitza un surfactant com a agent director
estructural, com en el cas de la UVM-7. Estos materials es caracteritzen utilitzant

diferents técniques i es proposa una estructura.
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General Introduction

1.1 - Mesoporous silica discovery and background

Zeolites are a family of microporous crystalline solids with well-defined
structures. These structures involve silicon, aluminium and oxygen atoms, including
cations, water and other molecules inside the pore system (M,/,0,Al,03,xSi0,yH,0).
Zeolites are used in a wide range of applications, the most important being the
catalysis of petrochemical processes, ion exchange (water purification) and separation

and elimination of solvents and gases.

Figure 1. Topology of sodalite, zeolite A and faujasite.

One of the main features of zeolites is that they consist of a tridimensional
network of TO, tetrahedron (where T = Si or Al and every oxygen connects two
different tetrahedron) resulting in a variety of structures where cages, canals or
cavities are formed in which small molecules ca. 1 nm can be introduced. Great effort
has been made in order to avoid diffusion limitations in zeolites, creating large pore

. . . . . 1,2
zeolites, smaller zeolite particles or mesopores in the particles™”.

In 1992, during the study on new zeolites that could selectively process
petroleum based molecules with high molecular weight, researchers from the Mobil
Oil Corporation developed a family of materials named M41S*®. These are
mesoporous silicas with uniform pore sizes. During the second half of the 1980s they
were trying to create large pore zeolites (to escape from the “1 nm prison”) by

investigating pillared layered materials. The advantage of these materials was that
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pore size and other variables could be modulated. However, they did not have enough

thermal and hydrothermal stability to be used in petroleum processes’.

The next step in their study, at the end of the 1980s, was to combine both
pillared layered materials and zeolite formation concepts, considering that some
zeolites were formed through layered intermediates. In fact, they had previously
discovered the zeolite MCM-22, with the ability of produce a lamellar precursor (MCM-
22P)8. Their idea was to delaminate crystalline layers of MCM-22 and alternate them
with an alkyltrimethylammonium compound® and, afterwards, insert inorganic pillars

using tetraethyl orthosilicate as the silica source.

But MCM-22 delamination was a challenge and, as an approximation, they
decided to interrupt zeolite synthesis, isolate layered precursors and use those
crystalline layers as the reagent. At that point, high concentrations of an
alkyltrimethylammonium salt were added to the reaction media, working at a high pH
and under hydrothermal treatment. They obtained a product with an empty X-ray
diffraction pattern, with the exception of a broad peak at 2° 20. They expected to find
the same pattern as for the original zeolite, but apparently the new reaction conditions
inhibited its formation. This product also presents a BET surface area of 1000 mz/g and
a high adsorption capacity. These results were intriguing for the researchers, as they
were not those expected for the synthesized material. To identify the nature and
structure of the material, they observed it by TEM and found traces of a hexagonal

pore structure; this new material was named MCM-41 (Mobil Crystalline Material).

The synthesis conditions were basic pH, high surfactant concentration and a
silica source. After months of study, they also reported on two different structures,
MCM-48 (cubic) and MCM-50 (laminar), as a result of a study on the surfactant
concentration’. These three materials made up the M41S family, all of them being
mesoporous materials with narrow pore size distribution. Shown in Figure 2 are their

diffraction patterns and structures.
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MCM-41 MCM-50
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Figure 2. Structure, diffraction pattern and TEM image of M41S family.

The formation processes for these materials were described with the liquid-
crystal templating mechanism (LCT)*°, assuming that the silica precursor forms
inorganic walls covering surfactant micelles. This mechanism will be explained in detail

in a subsequent section.

There are two cases that might be considered as precedents to this discovery.
The first one is a 1971 patent™ of a material obtained by the reaction of tetraethyl
orthosilicate and a cetyltrimethylammonium surfactant. At that time, characterization
techniques were not yet developed enough, so it was reported with limited
characterization and the outstanding features of this material were not identified. In
1997, after the discovery of M41S, the synthesis was repeated and the material was

considered to be an ordered mesoporous material.

The second case is contemporaneous to Mobil’s discovery. In 1989 Kuroda et al.
studied kanemite expansion with an alkyltrimethylammonium surfactant at basic

pH'>". They propose the Folding Sheet Mechanism (FSM)*?, schematized in Figure 3:
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kanemite layers can wrap alkyltrimethylammonium ions, resulting in silanol
condensation in the adjacent kanemite layers. This mechanism could explain the

formation of hexagonal material, but not the entire M41S family.

Na
+
(:n}i2n+1h‘hn93 ~$§3§ \Sﬁgi
)
_— N N\
—_— Calcine

~
¥,
%

&

lon-exchange

Kanemite Silicate—organic complex Mesoporous material

Figure 3. Folding Sheet Mechanism, from reference 12.

1.2 - Evolution and applications of mesoporous silica

After the discovery of the M41S family, the number of reports related to
mesoporous materials exponentially increased (Figure 4). It was such a promising area
that in 1998 a specialized journal, Microporous and Mesoporous Materials, was

created.

Publications
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Figure 4. Number of publications on mesoporous materials (red) and citations of the initial Kresge et al.

Nature paper (blue); data from Web of Science.
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However, the expectations about these materials outweighed reality. In the
beginning, mesoporous materials were expected to act as large pore zeolites.
However, due to their amorphous nature, they are not stable enough at the pressure
and temperatures needed for their application in petrochemistry, the main application
field of zeolites. As a result, their catalytic activity is much lower. On the other hand,
the production cost for these materials is higher due to the use of surfactants and the
need for more synthesis steps (Table 1). These factors, added to the cost of their

implementation in industry, make them non-suitable for these processes.

Table 1. Examples of template price, from reference 14.

Template Price (€/kg) wt.% of final material Template price (€/Kg final material)
CTMABr 530 73 387
P123 100 55 55
TPAOH 2610 44 1148
Carbon nanofibres 2520 72 1814
Carbon particles 6150 74 4550

The only known application of mesostructured silica in petrochemistry is a
mesostructured Y Zeolite™ obtained by a post-synthetic surfactant-templated process.
This material shows excellent hydrothermal stability and improved selectivity.
Moreover, MCM-41 added to a FCC catalyst16 has been evaluated and it is capable of

cracking heavy oil feedstock, decreasing secondary reactions with enhanced diffusion.

Mesoporous silicas have other possible applications. They are stable at low
pressures and temperatures, so they can be used in catalytic procedures under soft
conditions as well as in fine chemistry processes (cosmetics, pharmacy, fragrances,

agrochemical, etc.). Some applications are listed in Table 2.
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Table 2. Applications of mesoporous materials, adapted from reference 17.

Type of
Field vp . Name of the material Applications Ref.
properties
Biomolecular Separation of biochemicals,
, MCM-41, MCM-48, SBA-15, ) ) ,
adsorption adsorption of amino acid, 18-20
i CMK-3, CMK-1, OMS o )
properties vitamins, proteins, CO,
Toxic ion . Fluoride, As(I11/V), Cd(l1), Hg(11),
. Mesoporous alumina, PMO, .
adsorption . . Fe(Il), Cu(ll), Zn(Il) etc. adsorption 21,22
) . titanium-silico phosphate .
Adsorption properties to purify water
Gas adsorption Mesoporous polymers, N,, H,, CO, gas adsorption and 5326
properties Organically functionalized silica  storage
Adsorption and  Mesoporous SiO,-Zr0,, silica Drug delivery of bisphosphonate,
release nanoparticles, calcium adsorption and desorption of DNA, 27-30
properties phosphate, Au capped silica dyes and drugs in human cell
Mesoporous titanium— . L
. . . Partial oxidation of styrene,
Redox phosphorous mixed oxide, Ti- o o
. . oxidation of cyclohexene to adipic 31,21,32
properties Al-SBA-15, mesoporous mixed . . .
. acid, reduction of nitroarenes
oxides
Friedel-Crafts benzylation,
Mesoporous zinc-titanate, Zn esterification, transesterification,
Acid-base doped silica, -COOH base catalyzed Knoevenagel 33-37
properties functionalized SBA-15, condensation, Xanthenes
Catalysis zirconium phosphate preparation, biofuel production via
esterification
Mesoporous NiO-ZrO,, Pd .
. C-S cross coupling, C-C cross
Other synthetic  doped porous polymer, . . .
. . coupling, Mannich reaction, 38-41
name reactions  polyoxometalate doped silica, o . .
. Biginelli condensation reaction
Fe;0,@silica
. . Photodegradation of dye,
Photocatalytic Mesoporous TiO,, ZnO-CeO, n
. . . . decomposition of dye, 42-44
properties binary oxide, tantalum oxide .
photosplitting of water
Magnetic .
Mesoporous Fe;0, Ferromagnetism 45
property
. Optical Luminescent PMO, rare earth .
Optics, . o . Chemosensing 46-48
. properties doped silica, tungsten oxide
electricity, .
A Electrical . .
magnetism . Nanostructured SnO, Dielectric effect 49
properties
. Mesoporous TiO,, ZnO, TiO, Photocurrent enhancement on dye
Optoelectronics . . 50,51
nanoparticles doping, DSSC
. Mesoporous SnO,, TiO,
Gas sensing . CO, NHs, H,, NO,, CH, etc. gas
materials, ordered . 52-54
property sensing,
mesoporous Zn0O, In,03;, WO3
. . Optical and electro-chemical
Azo compound functionalized . . .
. o sensing of cations like Fe(lIl), Zn(ll),
lon sensing organosilica, fluorescent . .
Sensing . . Cu(ll), -NH, gr. etc. and anions like ~ 55-60
property grafted silica, dye doped silica, .
. -CN, citrate, borate, carboxylate
porous carbon nitride
etc.
Biosensing Mesoporous titania MSN, Detection and sensing of glucose 6162
property organically functionalized silica  oxidase, protein, glucose etc. ’
pH sensing role  Functionalized silica pH sensor of a particular medium 58,63
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1.3 - Synthetic methods

In the 22 years since the discovery of the M41S family, the number of
modifications proposed with respect to the initial preparative procedure has been very
high. This has resulted in a wide variety of mesoporous materials. Schematized in
Figure 5 are examples of these materials. The common step for all these syntheses is
precursor condensation in the presence of a structure-directing agent; this is organized
in supramolecular structures around which the inorganic structure condenses. This

condensation can occur via two different paths: soft templating and hard templating.
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Figure 5. Schematic representation of the pore size ranges of microporous and mesoporous solids.

1.3.1 - Soft-templating

Soft templating syntheses are based on self-assembly of surfactant molecules
with the precursor (and solvent). Surfactants are amphiphilic molecules with a
hydrophilic head and a hydrophobic tail, which prefer non-polar solvents. Due to the
hydrophobic effect, when they are in solution, surfactants form aggregates called
micelles (Figure 6). Micelle formation is controlled by two main factors: the Kraft

temperature, or critical micelle temperature (CMT), which is the temperature below
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which the surfactant is not dissolved, and the critical micelle concentration (CMC)
which is the surfactant concentration from which micelles start to form; above CMC all

the surfactant added to the solution will be incorporated in micelles.

Hydrophilic 'vv “

head Hydrophobic ] Jrn——
tail Micelles )

Figure 6. Scheme of a surfactant and different micelle arrangements.

The form of the micelles depends on the surfactant structure. There is a factor
known as the packing parameter (g) that permits an explanation of the forms that are
adopted in solution. The packing parameter definition is g= v,/(a.l,),where v, is the
hydrophobic chain effective volume, a. is the equilibrium area of the surfactant head
and /, is the chain length. Low g values imply a highly curved surface between micelle
and solution, while an increase in the g value reduces the curvature. Shown in table 3
and Figure 7 are the possible micellar structures formed, depending on g value. The
variables in the definition of the packing parameter are not constant for a given
surfactant, but depend on solution conditions. When the surfactant concentration

increases, a phase transition can occur.

Table 3. Packing parameter (g) of different micellar structures.

g= v./(a.l,) Structures Examples

. . Single chain lipids with a large polar head (soaps or ionic
g<0.33 Spherical micelles
detergents)

L . Single chain lipids with a small polar head (soaps or ionic
g =0.33-0.5 Cylindrical micelles . .
detergents in concentrated electrolyte solutions)

Bilayer (vesicles or

g =0.5-2 Double-chain lipids
membranes)
Inverse cylindrical Lo
g=2-3 . Double-chain lipids and a small polar head
micelles
Inverse spherical o
g>3 Water in oil systems

micelles

10
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Figure 7. Scheme of different micellar structures: (a) spherical micelle; (b) cylindrical micelle; (c) bilayer;
(d) inverse cylindrical micelle; and (e) inverse spherical micelle.

The soft templating route is rather flexible; variations regarding precursor
and/or surfactant used, synthesis conditions or structure of the final material (pore
size, connectivity) can be introduced by adjusting the method. There are three
different groups of surfactants depending on the charge of the hydrophilic head in

neutral pH: cationic, anionic and nonionic.

Cationic surfactants, such as those used in Mobil’s first studies, are formed by
at least one amine group, which acts as a hydrophilic head, and a hydrophobic tail.
They are highly soluble in agueous solutions, have high CMC and can be used in both
acid and basic media. Their main problem is that they are expensive and toxic.
Quaternary ammonium cationic surfactants (Cn,Hzn+1N(CH3)3Br (n=8-22)), such as
CTMABTr, are those most commonly used in the preparation of mesoporous materials,
but other examples such as gemini, bolaform, multi-head group and cationic
fluorinated surfactants have been also studied (Figure 8). On the other hand, there is a
wide variety of anionic surfactants with hydrophilic groups (such as sulphates,

sulphonates, carboxylates and phosphates) joined to a hydrophobic tail.
(a) | (b) I I
(c) : (d)
‘

Figure 8. Schematic illustrations of various types of surfactants: (a) quaternary surfactants; (b) bolaform

surfactants; (c) gemini surfactants; and (d) multi-headed surfactants.

11
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lonic surfactants interact with the precursors via electrostatic interactions. In
the simplest case, the charges of the surfactant (S) and the ionic specie (I) are opposite
under the synthesis conditions, generating S'I” and ST*®* interactions. Moreover, using
a bridging counter ion, it is also possible to have interactions between species with the
same charge, what is known as indirect synthesis. In acid media this happens through
halides S'XI" (X’= CI', Br) and in basic media through alkaline cations SM*I" (M*= Na“,
K*).

Nonionic surfactants have very diverse structures, from linear chains to block
copolymers. Self-assembly processes for this kind of surfactants basically consist of van
der Waals interactions and hydrogen bonds. They are widely used because of their low
cost, biodegradability and non-toxicity. They are available in a wide variety of chemical

structures (Figure 9). Some examples are Pluronic, Triton, Tween, etc.

CH, Pluronic
HO{CH; CHZ-O},—,éC'H CHy O}fCH2 CHy O H PEO-PPO-PEO
°|”3 CH, Pluronic R
Poly HO{CH-CHz O35t CH, CHz O3 CHz CH-O};H PPO-PEO-PPO
oi‘?.’c'j';y)'i’;‘:;k GH2 CHy PEO-PBO-PEO
! HO{CH: CH;'O'?E‘:‘CH'CH;‘O‘}F#CH: CH)'G‘,"?"H
copolymers
Oligomeric Brij
galkyl CH3{CH;I5t0-CH; cn,}mon )
poly(ethylene -
oxide) CH3 CHsy Cha Tergitol
CH;-CH~CH-CH, CH;-CH-0-CH CH,}-OH
Alkyl-phenol CH, CH:  cH-cH Triton
poly (ethylene / ,
oxide) CH3—C—CH;—C C\\ //C—tO'CH; CHz1,OH
CH;, CHs CH-CH
HO{CH, CHz 09,7 {0-CHz-CH; }5 OH Tween
Sorbitan 4 ) CH-{0-CH;~CH, };OH 2
esters X+y+z+w=20 o Ci—l; O+CHy-CH;-033-C—R
HO-____—OH o Span
Q “CH-CH;~0~—C+CH,}; CH,
© OH

Figure 9. Classical nonionic surfactants.
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Table 4. Possible pathways for the synthesis of mesoporous materials, from reference 64.

Template Interaction Synt. conditions Examples
Direct ot .
. . I'S™ Ananan Basic MCM-41, MCM-48, MCM-50, FSM-16
interaction - . . . .
(fonic) 'S Annnan Neutral-basic (aluminium, iron, lead oxides, etc) AMS
ionic

lonic surfactant .
Intermediated , L
. . I"X'S"anrnn  Acidic SBA-1, SBA-2, SBA-3, HMS, TLCT
interaction o . . . .
o I'MS anann Basic (aluminium, zinc oxides, etc)
(ionic)
Van der Waals [0¢0

NOI‘IiOI‘IiC I S ANAAAN o HMS

factant or hydrogen o0 Acidic

surfactan -
bonds | N AANAAN MSU, SBA 15’ TLCT

Copolymer Covalent

) ) _ I-Sannnnn Nb-TMS, Ta-TMS
(ligand assisted) bonding
Nanocasting CMK-n

Precursor addition to a surfactant solution can cause substantial changes in the
self-assembly process as a result of the interactions between precursor, surfactant and

solvent. In the paragraphs below the possible mechanisms are explained.

e Cooperative assembly

In many cases, formation of the mesostructure happens by a simultaneous
assembly of the precursor and the surfactant®®. Small clusters of surfactant and
precursor are initially developed in solution. Afterwards, they are held together via

electrostatic interactions and keep growing into larger structures.

This has been explained on the basis of the formation of a lamellar phase®”,

favoured by electrostatic interactions between precursor and surfactant. Once the
condensation has started, the negative charge density diminishes, resulting in an
increase of the optimum surface per polar group. For this reason, the
precursor/surfactant molar ratio must increase to maintain electro-neutrality. As a

consequence, the interface adopts a major curvature.

13
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COOPERATIVE ASSEMBLY

cluster fnrmatlon Assembled r'rlesosl:ructure

’;_‘ » O, *

':'3.. i w“: '5 ﬂ

) BT

o7 Inorganic or T::I::r:::la‘:r
treatment

® organic precursor

" Surfactant
Template

[ ] Solvent removal
=

* Surfactant
aggregate

Mesoporous material

Figure 10. Scheme of cooperative assembly process.

e Liquid crystal templating (LCT)

In this type of process, the resulting mesostructure mainly depends on the
surfactant concentration in the media. A liquid crystal phase is formed prior to the

inorganic network condensation around the aggregates.

LIQUID CRYSTAL TEMPLATING

Liquid crystal Liquid crystal and precursor

o /. 1‘ ‘ N\ /% J‘* r’.*o/: %o\
3 \ 3 \u{n — % *

* - * PrecElfsor I

) addition

N i d
ey )
e i Thermal or
» » Inorganic or chemical
organic precursor treatment
.'i Surfactant
Template
removal

[ | Solvent
* Surfactant
aggregate

Figure 11. Scheme of liquid crystal templating process.

E= |

Mesoporous material
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Hexagonal surfactant
liquid crystal

Precursor
addition

%*/
%

Figure 12. Different pathways for the liquid crystal templating mechanism.

The analogy with liquid crystal mesophases allows for the suggestion of two
different mechanisms®. In the first one, silica precursors fill the water rich spaces of a
hexagonal preformed phase, condensing on the polar heads. In the second, the
inorganic precursor directs the surfactant self-assembly, forming rod like isolated
micelles. In both cases, the inorganic phase interaction occurs through the polar heads

of the surfactant.

e Evaporation-induced self-assembly (EISA)

A diluted solution containing the precursor, the surfactant and a volatile

solvent are used in this method.

The solution is extended over a large area and allowed to evaporate. During
evaporation, the solution concentration increases, reaching the CMC value. At this
point, the water content is in equilibrium with the atmosphere and a crystalline phase
is formed®. Some precursors are not fully condensed in this step and relative humidity
of the surroundings can affect the mesostructure; this is known as the tunable steady

state’®. This method is widely used for the preparation of thin films.
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New mesostrunure

Mesoporous material

removal

Figure 13. Scheme of evaporation-induced self-assembly process.

In all three cases, additional thermal or chemical treatment is needed to favour

condensation. Afterwards, surfactant must be removed by ion exchange or calcination.

1.3.2 - Hard-templating

The hard-templating method is mainly used in the preparation of mesoporous
materials that are difficult to synthesize via conventional processes. This concept was
proposed by the groups of Ryoo’* and Hyeon’?. It can be explained by the analogy of
the template and the replica, although under experimental conditions the replica is not

always an exact negative of the template.

Rigid structures with features in the micrometre or nanometre scale are used
as templates. They are usually classified into three groups: macroscopic structures, in

situ templates and discrete particles.
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Examples of macroscopic structures are films, fibres, powders and monolithic
objects with dimensions greater than 1 nm. In any case, the templates do not need to
be formed before the synthesis. In fact, a precursor can become a template through a
chemical process inducing physical or chemical transformations, which transform the
compound into a solid template. Some examples are salts, carbon and ice crystals.
Porous materials generated with an in situ template usually have monolithic structure.
Furthermore, colloidal particles (less than 10 um) such as polymers or SiO; spheres are
common templates in the synthesis of hollow spheres. Other particles such as metallic

oxides (in the range of micrometres or nanometres) can also be used as templates.

Mesoporous silica is usually used as the template, but other mesoporous
materials, including carbon, can also be applied. For the selection of the template, two
main points have to be considered. The first one is that mesopores have to be
interconnected in order to keep the mesostructure after template removal (Figure 14).
The other is that the template needs to be easily removed without affecting the final

material.

N
Q :Q\ / MCM-41 replica
N

el

SBA-15 replica

Mesoporous material

Figure 14. Synthetic procedure for the hard-templating method, from reference 73.

The synthesis of porous materials following hard templating methods involves

four general steps. The first one is the formation of a precursor solution. The second

17
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step consists of the infiltration or coating of the template with the precursor. This can
be done by filling the gaps in the structure by capillarity, or immersing the template in

the precursor solution (Figure 15).

Hard Templating with Infiltration Colloidal Hard Templating with Coating
. Sph
Colleidal Crystal Gelled p ore Gelled
o .'b Infiltrated Precursor in ) ‘ Coated Precursor on Hollow
‘g" Template the Template 3D0M Material ) Sphere the Sphere Sphere
+» e+ ~0-60-@
Heat or Template
c':‘eﬂ o Ten\plﬁ? Chemical Removal
B ICA| Rermonval Treatment
Treatment
Precursor Precursor
Solution Solution

Figure 15. Hard templating synthesis using infiltration process (left) and via a coating process (right),

from reference 74.

Uniform distribution of the precursor inside the template is critical in these
syntheses. To obtain a good result, both template and precursor must have similar
polarities and low viscosity. This step is avoided when using in situ templates. Once
impregnated or coated with the precursor, the latter has to become a solid material. In
this step, chemical or thermal treatments are used to induce hydrolysis and
condensation of the salt or alkoxide. It is important to avoid quick gelation or
uncontrolled precipitation; for this reason, the synthesis conditions might need some
changes depending on the precursor. The last step is the removal of the template.
Oxides can be removed via acid or basic etching and polymeric templates can be
eliminated with organic solvents or by calcination. With etching it is hard to achieve
complete removal of the template and several cycles might be necessary. Besides, the
resistance of the resulting structure to a specific solvent needs to be tested before its
use. Calcination is very effective, but temperature ramps have to be carefully selected

to avoid heat focus that can affect the structure.
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1.4 - Functionalization

One of the main advantages of mesoporous materials over zeolites is their
great versatility with regard to functionalization. It is known that applications of pure
silica are limited because of its catalytically inactive nature. However, acid and redox
properties can be “added” to the material via silica substitution, or doping with
different metals or organic moieties. With a good choice of the functional groups,
monofunctional or multifunctional materials can be obtained, with the desired
morphology, pore size, structure and surface area. This can extend applications of
molecular sieves to relatively larger molecules, and it is the basis of their use in areas

such as remediation, sensors75'76, nanomedicine, energy, etc.

Mesoporous material functionalization is achieved with the introduction of
functional groups on their internal or external surface. This can be achieved by two
main approaches: in situ functionalization (via co-condensation) or post-synthetic

7778 The former is based on co-condensation of the alkoxysilane and an

grafting
organic/inorganic precursor in a surfactant containing solution, while the latter is
based on the silylation of organoalkoxysilane with silanol groups at the surface. The
main advantages and disadvantages of these methods are summarized in Table 5. In
both cases, the interacting moieties are preferentially located on the surface, possibly
due to the occlusion caused by the surfactant micelles in the hydrophobic interior of
the mesopores. In contrast, periodic mesoporous organosilica (PMQOs) are materials
synthesized by condensation of bridged organosiliane compounds (Z3Si-R-SiZ3) around
a soft template. This method of synthesis allows the integration of organic species into
the walls. As a result, the organofunctionalized materials combine the functional

variations of organic chemistry with the advantages of a stable inorganic support.

Schematized in Figure 16 are the three functionalization methods.
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Table 5. Advantages and disadvantages of the two commonly adopted but different synthetic methods

to functionalize mesoporous silica.

Method Advantages Disadvantages
. Nonselective deposition of functional
Mesostructures and mesoporosity of .
) . groups on the inner and outer surfaces
parent MSNs basically remained
. of MSNs
Grafting o
> . . Inhomogeneous distribution of the
synthesis Grafting of the organic groups

effectively performed on the available
surfaces on the MSNs

functional groups with usually higher
density at the pore mouths and on
external surface of the MSNs

Co-condensation
synthesis

A direct synthesis of MSNs with
functional groups at the same time as
the orderly mesostructures with certain
morphology formed

The synthesized periodic mesoporous
organosilica was chemically diversified
by the insertion of non-hydrolizable Si-C
covalent bonds

Simultaneous addition of functional
molecules co-condensed with the
mesophase of template-silicate
aggregates, affecting the structural
features of resultant MSNs

Only organic extraction adopted as a
post-synthetic treatment of
functionalized MSNs to remove the
templating surfactant

surfactant

-
Y

P é —
A

Si(OR’),

Si(OR’), + R—Si(OR’),

Si(OR’),—R—Si(OR’),

self-assembly

PERIODIC
MESOPOROUS
SILICA

Figure 16. Synthetic pathways of organic-inorganic hybrid mesoporous silica.
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The functionalization of mesoporous silica with amino groups79 permits their

use as an adsorbent, drug delivery system and solid-base catalyst. Some specific

82,83

examples are the adsorption of carbon dioxide®*®?, heavy metals and oxoanions®*

% the heterogeneous catalysis of epoxidation reactions and the formation of carbon-

7878 and the delivery of salicylic acid®®>, among others. Thiol groups (-

carbon bonds
SH) show a great affinity with mercurium(ll). Some silicas have been functionalized
with thiol, thiourea or thioether, and show a large Hg** adsorption capacity and good

.. 1
selectivity®®®*.

Table 6. Pharmacology, adsorption and release mechanism of different model drugs, adapted from

reference 97.

A -
Model drug Pharmacology Carrier dsorpt!on Release mechanism Ref.
mechanism
Dissolution-diffusi
1. Rattle-type Electrostatic Issolution-diffusion
Anti Fe;0,@mSiO interaction controlled 98
Doxorubicin d:u;cancer 3 2 mechanism
2. B-CD capped Electrostatic .
MSNs interaction pH responsive release 99
Anti- 1. Fe30, Physical e
Diff Il
Ibuprofen inflammatory/  functionalized adsorption and mle:;:r)]ri\;;)ntro ed 100
analgesic SBA-15 hydrogen bond
2. Hollow MSNs
capped with simple H responsive release 101
PAH/PSS impregnation P P
multilayers
Anti- Physical . e
Rattle- Fick ff
Aspirin inflammatory/ attle type. adsorption and ckian c.“ usion 102
. Fe;0,@mSiO, mechanism
analgesic hydrogen bond
Hollow MSNs
Gentamycin Antibiotic capped with simple H responsive release 103
4 PAH/PSS impregnation P P
multilayers
. I CdS NPs capped . Reducing agents
V A | 104
ancomycin ntibiotic MCM-41 mpregnation responsive release 0
. 3+
Lysozyme CaW(.)4.Tb. Electrostatic Diffusion controlled
(Enzyme) - functionalized interaction mechanism 105
¥ SBA-15
Vitamine-B2 _ Polyamines Simple pH and anion 106
(Nutriment) capped MCM-41  impregnation responsive release
Enzyme . .
I I
Insulin — multilayers iSr;mp:ee nation rGe:;caossee responsive 107
capped MSNs preg
Adenosine _ CdS NPs capped  Simple Reducing agents 104

triphosphate

MCM-41

impregnation

responsive release
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Functionalization is very helpful for drug delivery applications. A chemical
modification of the carrier with groups that interact with biologically active molecules

allows for a better control over the drug diffusion kinetics®*

. Besides, it is possible to
guide the drug to the desired location and remove it after therapy® using
multifunctional mesoporous silica composites with magnetic>> or luminescent®

properties. Some examples of drug delivery are summarized in Table 6.

Another important application for functionalized materials is pollutant
removal'®; the pollutants mostly targeted are heavy metals ions and metalloids,
inorganic anions, phenolic compounds, polyaromatic hydrocarbons, pesticides, and

dyes.

Mesoporous silica can also be modified with the addition of inorganic groups
such as metal oxides, complexes and nanoparticles, or more complex systems such as

clusters, polymers or enzymes.

The first metal included in the framework of an MCM-41 silica was aluminium.
After this, some others (Ti, Co, Ni, etc.) were incorporated. In the case of
nanoparticles, noble metals are often deposited on silicas for catalytic applications. As
for organo-functionalization, this can be done by both co-condensation or grafting
processes. The main drawbacks of grafting processes are the poor dispersion of the
functionalities in the material obtained, partial blocking of the porosity and weak
interactions between the support and the grafted particle, leading to agglomeration
and leaching. For in situ or co-condensation methods, although it is still difficult to
know where the functionalities are located, the distribution within the silica is more
homogeneous. Besides, trapping the moieties in the walls limits their mobility,

reducing the leaching and agglomeration.
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1.5 - Accessibility

A frequent objective in different syntheses of porous materials has been the
search for symmetry in pore distribution. However, it has been argued that a periodic
and unimodal mesoporous structure does not offer advantages for some applications.
In fact, pore-blocking might be an impediment for accessibility'®. In practice, open
structures and good accessibility to the active centres are desirable characteristics of

mesoporous supports°.

In order to deal with accessibility problems different strategies have been
adopted. One of them is the formation of nanoparticles; this implies the shortening of
the pore length and the generation of inter-particle porosity through nanoparticle

111

packing™"". This strategy offers the possibility of combining enhanced accessibility to

the functional active groups (across large pores) with the conservation of high surface

112,113

area and pore volume . The first nano-sized mesoporous silicas were synthesized

by the groups of Cai''*, Mann'* and Ostafin'*® and the term MSN was popularized by

Lin'® to refer to mesoporous silica nanospheres.

Another approach was the creation of hierarchic pore systems, using in the
synthesis as many templates as desired pore sizes’". By the combination of soft and
hard-templating methods, any number of hard templates can be coated or filled with a

surfactant containing precursor solution.

Colloidal Crystal

Y e 5 Gelled 3DOM Material
. o Infiltrated Precursor in with Mesoporous
% Template the Template Walls

r
-
! ;'{t. ':t I
Heat ar Temnplate
P . S Chemical Removal
i b Treatment [
| T
el
o P
R
1000 |
Precursor Liquid Crystalline Mesostructure in Wall
Solution Phase Present

Figure 17. Multiple templating approach.
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Different combinations of soft and hard templating can induce some changes in
the mesostructure. As an example, figure 17 shows the combination of colloidal crystal

templating and surfactant templating.

A common point for both approaches is that the diffusion through the pore
system is enhanced. For applications such as catalysis or medicine, one of the main

points is the control of the diffusion of reactants and products.

1.6 - Previous work by the group and motivation

In 2002, the Nanostructurated Materials Group from the Institut de Ciencia dels
Materials of the University of Valencia (ICMUV) developed a new mesoporous silica

material, UVYM-7, a nanoparticulated material with a bimodal pore system.

PSEUDOHEXAGONAL
ARRANGING

Figure 18. TEM image and scheme of UVM-7 .

The main difference between this material and MCM-41 is derived from how it
is prepared. Thus, in the case of MCM-41, because of the NaOH addition the pH is
close to 11. This pH guarantees an Ostwald growth of the particles, obtaining a large,
compact mesostructure. In the case of UVM-7, the working pH is close to 9. Under

these conditions, redisolution is not favoured and the system evolves into randomly
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aggregated nanoparticles. Once the surfactant is removed, this aggregation leads to a
bimodal pore system. As previously explained, the accessibility of the material was
enhanced in comparison with MCM-41. The porosity of this material is high and
comparable to that of MCM-41, but an X-Ray diffractogram shows less order in the
structure due to worse stacking of pores in the nanoparticles (disordered hexagonal
packing). Moreover, inter-particle pores are not reflected in the X-Ray diffractogram

because of the lack of periodicity.

The inorganic precursor in UVM-7 synthesis is an atrane complex; a complex
formed by transesterification of an alkoxide in non-aqueous solvent. Metallic alkoxides
are thermodynamically unstable in water solution; they easily react with water to form
a precipitate. In order to moderate this reactivity some metallic complexes are used,
providing major inertia when increasing both the size of the organic groups in ligands
(steric effect), and the number of hydroxyl groups (chelate effect). For these reasons,

polyalcoholic complexes are considered good candidates for their use as precursors.

Figure 19. Structural model of triethanolamine molecule (left) and an atrane complex (right).

In the above mentioned case, triethanolamine (2,2’,2”-nitriletriethanol, TEA)
was selected due to its nature, physical properties and availability. It is a tertiary amine
with three ethanol substituents. It forms thermodynamically reactive but kinetically
inert complexes with a diversity of metals, and in the absence of water TEA acts as a

tripod ligand*"’.
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The use of atrane complexes instead of alkoxides has a number of advantages:
it acts as a buffering agent, keeping basic pH (pH=8-9) implies a high degree of
hydrolysis and condensation with minimum re-dissolution which favours the formation
of aggregates of nanoparticles. Also, the presence of TEA helps to harmonize the rates
of the hydrolytic processes involving different metallic centres (while alkoxides have a
very different reactivity), which is very useful for the preparation of mixed oxides:
atrane complexes are water miscible so hydrolysis and condensation happen in an

homogenous phase in the whole system, not only at the interface.

Using the atrane method, the group has worked on mesoporous materials with
different compositions. Some previous publications from the group on different
porous materials and their applications are shown in Table 7. Mesoporous silica,

8

alumina and titania'®, as well as modified silica with different metals (Ti, Vv, Al, Zr,

Co) ™ 1%12% or organically modified'** are some of the materials previously studied.
Intra-particle pore size has been modulated by using different surfactants (C,TMABTr,
x=10-18), while inter-particle pore size has been controlled by modifying the dielectric

constant of the media with ethanol**2.

With regard to applications, thiol modified UVM-7 has been used in Hg**
detection'?®; as chemosensors when amino modified***; and Ti-UVM-7 has been used
to improve epoxide production'®>. Moreover, in collaboration with external groups,
different mesoporous materials have been tested as catalysts™***?°, drug carriers®®,

131

adsorbents™, etc.
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Table 7. Previous work from the group.

Pore size / BET

Year Material Objective Ref.
surface area
1999 ICMUV-3 Tune the pore size by adjusting 1,3-3,7 nmz 132
(aluminophosphates) P/Al molar ratio (0.12-1.5) 480-650 m*/g
. Tune pore size by changing 3,3-6,0 nm
1999 alumina . ) 133
water/TEA molar ratio (7.4-44.5) 250-340 m°/g
ICMUV-4 Preparation of thermally stable 3,5 nm
2000 and high surface area mesoporous  g¢ m’/g 134
(mesoporous Ti0,) titania
AlO (ICMUV-1), TiO Use of a hydrolysis retarding agent
2000 (ICMUV-4). SiO, doped silica  to obtain diverse mesoporous - 118
(Si/M), ALPO/SAPO materials
Preparation of ordered
sopy  'CMUV-6 (N-containing P Necontaining sil 1,7-20nm 135
silicas) mesoporous N-containing silicas 882-1095 m’/g
(N % 6,9-12,9)
Preparation of bimodal silicas
2002 DYM7, MUVM7 . ders and liths)and zosSanm 111
(M=AL Ti, V, Z1) (powders and monoliths)an 924-1095 m?/g
doping with different elements
Organosilicas Preparation of bimodal 2,69-3,38 nm
2002 (bis(triethoxysilyl)ethane, organosilicas (0-100 % BTE, 0-50 % 7125-1095 m%/g 121
methyltriethoxysilane) MTMS)
2002 TLUVM.7 Use of Ti-UVM-7 as catalyst in 2,83-3,17 ”mz 125
I_ -
olefin epoxidation Si/Ti 10-80 1045-1125m’/g
Grafting of aminoanthracene onto
2002 MCM-41 mesoporous silica and use as 124
anion sensor
Preparation of silica-based
. monoliths with a trimodal pore
2003 UVM-7 like . 136
system (UVM-7 nanoparticles and
polyurethane foams)
2004 Co-MCM.41 Preparation in one-pot of Co- 2,47-2,50 n;n 119
o_ -
MCM-41 (Si/Co 20-50) 479-909 m“/g
UVM-9 Preparation of mesoporous
. . 2,69-3,32 nm
2004 (Aluminophosphonates and  aluminium phosphonates and ) 137
. ) 633-793 m/g
diphosphonates) diphosphonates
UVM-10 (mesoporous Use of low-cost precursors
- . - . 2,71-3,11 nm
2004 silica), AI-UVM-10, (sodium silicate) for the synthesis ) 138
. - 481-839 m/g
Ti-UVM-10 of mesoporous silica
Immobilization of lysozyme and a-
2005 UVM-7 ) _ _ 139
L-arabinofuranosidase in UVYM-7
Formation of nanoparticulated 2,91 nm
2006 UVM-7 . - 2 140
bimodal silicas 1073 m°/g
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. . Pore size / BET
Year Material Objective Ref.
surface area
Synthesis of mesoporous silica 2,70-2,99 nm
2006 Zr-UVM-7 . . 2 120
doped with Zr (Si/Zr 5-50) 846-1146 m°/g
Preparation of trimodal silicas with
2007 UVM-7 covered ceramic UVI\F;I ; el 4 i 3,12nm /250 nm 141
-7 nanoparticles and ceramic
foam P 44-140 m*/g
foams
Control of the pore size by
2008 UVM7 changing surfactant chain and 1,8-3,4nm , 122
control of aggregation with 1050-1279 m*/g
ethanol
Preparation of ZnO nanoparticles
ZnO nanopatrticles in P . P 2,09-2,26 nm
2008 MCM-41 erT1bedded in the wall of MCM-41 440-1114 mz/g 142
(Si/Zn 5-50)
Preparation of UVM-7-SH 237 nm
2008 UVM-7-SH materials and use in detection and 596 mz/g 123
adsorption of Hg**
Use of chitosan to promote silica
2009 formation and aggregation as - 143
happens in diatoms
Synthesis of ZnO nanoparticles 2,63-2,80 nm
2009 Zn-UVM-7 . . 2 144
embedded in UVM-7 (Si/Zn 5-30) 756-1061 m“/g
Preparation of mesoporous
2009 hosphit materials containing phosphite 2,53-2,71 nzm 145
osphite
Pnosp anions (50-100 % phosphorous 432-510 m*/g
acid solution)
Deposition of gold nanoparticles ,
2010 Au/Co-UVM-7 on metal nanodomains embedded ~ 636-1002 m’/g 146
in UVM-7 silica (Si/Co 10-45)
Preparation of catalysts containing
both, gold and cobalt, supported
2012 Au/Co-UVM-7 on a mesoporous UVM-7 (Si/Co 549-1099 m°/g 147
10-45) and use in propane and
toluene oxidation
Ibuprofen storage in UVM-7 and
2012 UVM-7 . - 148
delivery
Preparation of low-cost
2014 UVM-10, M-UVM-10 mesoporous silica and doping with 149

metals
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In this doctoral thesis, the study of the UVM-7 silica is perfected by establishing
the interconnected nature of the UVM-7 intra-particle mesopore. Moreover, the
expansion of the mesopore system using swelling agents is dealt with. This expansion
serves a dual purpose: the introduction of larger molecules in the mesopore and the

increase in the loading capability of the support.

Once the atrane route re-examination has been concluded, mixed silica and
metal-oxide systems are studied for their use in catalysis. Mixed oxides of Si/Ni/Ce(Sn)
and SiO,/TiO,(ZrO,) nanocomposites have been prepared. In both cases, gold
nanoparticles are deposited on the materials and the solid is used as a catalyst in

different reactions.

Last but not least, following the studies of the group on non-silica mesoporous
materials (titania, alumina, aluminium phosphates), mesoporous iron phosphate mixed

oxides have been explored.
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Mesoporous Silicas with Enhanced Accessibility

2.1 - Overview

Symmetry can be found everywhere, from artistic objects to microscopic algae
such as diatoms. In our research area, symmetry can also be found in the pore
distribution of materials such as MCM-41, MCM-48 or SBA-15. The appeal of symmetry

cannot be denied but, does it provide materials with any additional advantage?

In 2003, Debra Rolison® published an eye-opening work where the
preponderance of accessibility over periodicity was claimed, emphasizing the critical
role of the transport paths for applications such as catalysis, sensing, energy storage or
synthesis among others. She pointed out plumbing problems as a serious drawback for
mesoporous materials; when porosity is one-dimensional, an obstruction in the pore

causes necks or even blockages in the system as shown in Figure 1.

blocking - b, Products

Figure 1. Scheme of plumbing problems in mesoporous materials.

Different strategies (such as the formation of small particles, the insertion of
larger pores into the structure or the pore expansion) have been explored in order to
enhance the accessibility to the active sites (Figure 2). In the following sections these

methods will be briefly described.
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Figure 2. Scheme of different strategies to enhance accessibility.

2.1.1 - Reduction of particle size

The formation of mesoporous nanoparticles reduces pore blocking problems.
Insofar as pore length is necessarily shortened, the loss of active surface in the case of
an obstruction is minor. This idea is closely related to zeolite delamination?, where
zeolite layers are separated in order to increase accessibility to their active sites. Nano-
sized mesoporous silicas were first reported by the groups of Cai’, Mann” and Ostafin’.

Since then, other groups have explored this type of material.

Control of the nucleation and growth mechanisms is basic in the synthesis of
nanoparticles. Nucleation and growth steps need to be separated in order to obtain a
narrow size distribution. In addition, aggregation of nanoparticles is also a variable

which needs to be controlled.

This process is general for nanoparticle formation, but mesostructured silica
building blocks are more complex (organic templates and silica species) and other
experimental factors have to be considered to control template-silica interactions,
silica condensation and growth and nucleation rates. Many synthesis of mesoporous
silica nanoparticles are based on the Stdber method®, developed in 1968 for the

synthesis of monodispersed silica particles. It consists of performing the hydrolysis of
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tetraalkyl silicates in a mixture of alcohol and water, using ammonia as a catalyst. An
adaptation of the Stober method (with the introduction of a surfactant) has been used

for the formation of mesoporous spherical particles.

The charge of the silica species is influenced by the pH of the solution’. When
the pH is above the isoelectric point (2.0) the silica species are negatively charged.
When the pH is between 2.0-7.0, negatively charged silicates interact with the
surfactant via electrostatic and hydrogen-bonding interactions. At a higher pH, they

interact with the cationic surfactants via strong electrostatic interactions®.
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Figure 3. Effects of pH value on the:. a) silica condensation rate, charge properties and charge density on

the surface of the silica species, from reference 9; b) Redisolution of silica, from reference 7.

As shown in Figure 3a, the maximum condensation rate is around pH 7.5 and it
then decreases until pH 10.5, where silicate dissolves. Another factor to take into
account is re-dissolution of small particles to form larger ones (Ostwald ripening).
Figure 3b shows that minimum silica solubility is at a pH around 8-9. Most syntheses of
silica mesoporous nanoparticles are performed above pH 10.5; the strong interactions
between silica and the surfactant stabilize the composites and permit their existence
at such high pH levels. However, the groups of Mann and Lin used a fast pH-changing

method; they pre-hydrolyze silica at a pH around the isoelectric point (to form silica
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nuclei without precipitation) and then increase the pH to 6.0-9.0 (to quickly induce the
growth of nanoparticles). Particle size can be tuned by changing the reactant

concentrations.

In order to keep a small particle size, aggregation of the nanoparticles must be
controlled. When silanols at the surface are active, there is a tendency to form Si-O-Si
bridging bonds between particles. High dilution methods can be applied**°. When it is
complicated to work under these conditions, direct contact of silanols could be
prevented with the use of a binary surfactant mixture (Figure 4), using a cationic
surfactant as the directing agent and a nonionic polymeric triblock™ to protect the

surface. Other compounds as PEG"? or TEA™ can also be used as protecting agents.

silicate CTA micelle F127 micelle

+ +
BE @ »
negatively  positively nonionic

charged charged

Assembly of silicate and CTA micelles
through electroslatic interaction

Inhibitien of grain growth
by nonionic surfactants (F127)

Figure 4. Schematic representation of the functions of two surfactants for assembly of the
mesostructure, from reference 9.

2.1.2 - Pore hierarchy

High accessibility and an open architecture can be achieved with hierarchical
pore systems. This means the integration of at least two levels of porosity in the
material, combining the advantages associated with each level. For example, the
presence of mesopores provides large surface areas, while macropores improve

transport properties. Hierarchically structured materials have been studied, and three
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different pore combinations have been described: micro-mesoporous, micro-
macroporous and micro-meso-macroporous structured materials. The most efficient
method to obtain these solids consists of the use of several structure directing agents,
including soft and hard templates. These syntheses are similar to those with a single
hard template, but additional steps may be necessary depending on the soft
templating route. In these syntheses, the number of pore systems obtained is the
same as the number of templates used; this can be a drawback since the price of the

material increases with the number of templates.

Systems with microporosity always involve zeolitic crystals and a larger
template. Interconnected pore systems can overcome mass transport problems in
zeolites. Materials with meso and macroporosity are usually prepared using CTMABr
and a second template which can be a larger neutral surfactant, biological (unicellular
organisms, complex tissues and biomolecules'®), colloidal crystals, three-dimensionally
ordered macroporous structures (3DOM)®, latex spheres® or foams'’*°, among
others. The morphology of these materials is usually hard to predict, as interactions

between the components of the precursor and the template can modify the obtained

structure.

Crystalline transformation

Figure 5. Schematic representation of micro-meso-macroporous materials, from reference 20.

The generation of hierarchical pores can also be achieved by etching processes
(Figure 6). Dealumination or desilication of a zeolite can result in amorphous areas in
the framework using such a destructive process, which means sacrificing part of the

typical zeolite to generate larger cavities. Alternatively, the aggregation of zeolite
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nanoparticles has also been employed to add mesopores to the structure®’; the

addition of an interconnected secondary pore system enhances mass transport.
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Figure 6. a) Desilication processes used for different Si/Al ratios; b) Synthetic routes to form
mesoporous zeolites through nanozeolite assembly, from reference 22.

Hierarchy can be seen from two different perspectives. There are materials
where access to the mesopore is through macropores, such as the ones mentioned
above. But the opposite way is also possible, as happens in hollow spheres, where
access to the inner macropore is through mesopores. The preferred strategy depends

on the desired applications.
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Figure 7. Synthesis of hollow spheres by hard-templating method, from reference 9.

Hollow mesoporous silica nanoparticles have a high load capacity. This is

interesting in biomedical applications (drug storage and release), and encapsulation of
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photoactive agents. Also, magnetic or catalytic properties can confer interest to many

of these materials from the applied point of view.

They have been prepared from many soft (micelles?, microemulsion droplets*
or vesicular structures®) and hard templates (polymer beads, metal or metal oxide

nanoparticles).

2.1.3 - Pore expansion

Many applications, such as carrying protein or nucleic acids, require large pore
sizes®®?’ (in the 4-8 nm range). When dealing with silicas prepared using
cetyltrimethylammonium surfactants, the pore size is restricted to around 3 nm?%°.
An evident solution would lie in the use of mesoporous materials with larger pores,
such as SBA-15. However, these materials are more difficult to isolate in the form of
nanoparticles, due to the acidic synthesis conditions. Insofar as the particle size is a

critical factor in applications in biocatalysts or biosensors, it is mandatory to redesign

the synthetic strategies to obtain nanoparticles.

Different strategies can be followed in order to control the pore size while
keeping structural properties. One of them is the use of surfactants with different alkyl
chain Iengths?’0 (CxTMABTr). The pore size increases from 1.81 to 3.41 nm when
changing x from 10 to 16. It is also possible to use a mixture of surfactants with
different alkyl chain lengths>" to obtain a uniform pore size between the expected sizes

for each surfactant.

Another effective way is the use of swelling agents. Swelling agents are
hydrophobic compounds that are assumed to be located inside the micelle, increasing
the pore size in the product. Different hydrophobic compounds such as aromatic
hydrocarbons, long-chain alkanes and alkylamines have been used for this purpose. In
1992, at the beginning of silica mesoporous materials, Beck et al.** had already used
1,3,5-trimethylbenzene (TMB) as an expanding agent to obtain MCM-41 materials with
pores sizes up to 7 nm. However, it was observed that these materials presented very

broad pore size distributions. Other groups also used TMB or 1,3,5-triisopropylbenzene
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as swelling agentssa, Pore size expansion has also been explored using alkanes with
different chain lengths®* (Figure 8) and by varying the alkane/surfactant molar ratio*”
or combining alkanes and TMB*. In 2013, Mou'’s group37 reported on the pore

expansion of silica nanoparticles using alkanes and ethanol.

a) b)

Figure 8. a) Scheme of a micelle in absence and presence of alkanes; b) Pore size evolution with chain
longitude of the alkane, from reference 34.

2.2- UVM-7

A combination of the above mentioned features leads to the formation of a
material with improved accessibility to the active centres. An example is UVM-7
(Chapter 1), a nanoparticulated material with hierarchical porosity. It combines short
pore length with a bimodal pore system consisting of intra-particle mesopores
(porogen effect of the surfactant) and inter-particle macropores (formed by the

aggregation of the particles). Diffusion to the mesopores is eased by the macropores.

In order to increase the accessibility in this material even more, pore size
expansion can also be explored, which might, in turn, expand applications. As an

example, pore size is a key factor in theranostic applications.
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2.3 - Drug delivery

As already mentioned in Chapter 1, mesoporous silicas can be used as carriers
for drug uptake and delivery due to their textural properties and easy
functionalization. The first report on drug delivery using a MCM-41 like mesoporous
silica material as the carrier® comes from 2001. Because of their size, nanoparticles

can penetrate deep into tissues and the cell can generally take them efficiently.

Drug molecules are usually loaded in mesoporous silicas through weak
interactions such as hydrogen bonds, physical adsorption, electrostatic interactions
and n— stacking®. Introduction of functional groups can induce attractive interactions
allowing control of the release rate*®. Also, magnetic or luminescent properties can be

induced in the materials in order to facilitate their monitoring and elimination®.

Ibuprofen has been used as a model drug38’42'44 for drug uptake because of its
low solubility in water and its relatively small molecular size. Diverse mesoporous
materials have been used as supports for ibuprofen, and different aspects such as pore
size or functionalization of silica have been studied. Most of the studies are focused on
unimodal porous silicas such as MCM-41 or SBA-15; however, it seems reasonable to
think that hierarchical porosity and short pore lengths could favour higher uptake

44,4
levels***°.

2.4 - Enzyme immobilization

Enzymes are proteins folded into a three dimensional structure. They are
biological catalysts with high selectivity, capable of regulating chemical processes in
living matter. The reaction happens in a specific part of the enzyme called the active
site. Enzyme-catalysed processes are interesting due to enzyme chemo-, stereo- and
regioselectivity. Nevertheless, their commercial use is restricted due to some

limitations such as high cost, low stability and difficult recovery. Their immobilization
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provides enhanced stability, easy separation (and reuse) and the ability to use the

enzyme in solutions in which they are insoluble.

In 1916, Nelson’s group “° reported the first enzyme immobilization of invertase
adsorbed on charcoal. AlImost one hundred years later, immobilized enzymes are used
in applications such as biocatalysis, biosensors and biofuel cells, and in many industrial
processes. Different supports for enzyme immobilization have been studied (such as
sol-gels, polymers, porous and non-porous inorganic materials). Among them,
mesoporous silicas are good candidates due to their high surface areas, narrow and
tailorable pore size distribution, thermal and mechanical stability and low toxicity.
Furthermore, silicas can be functionalized with organic groups to favour

immobilization.

2.4.1 - Immobilization methods

The aim of immobilization is to confine the enzyme on a surface that does not
alter their catalytic activity and improves their stability and recovery. There is no
universal approach to immobilize enzymes; a specific immobilisation process is
required depending on the enzyme and the support used. Three main strategies are

typically used: physical adsorption, covalent binding and cross-linking.

e Physical adsorption

This method is based on the physical interaction between the solid surface and
enzyme chains, including hydrophobic, hydrogen bonding, van der Waals and
electrostatic forces. As the interaction with the surface is weak, the native structure
and catalytic activity of the enzyme is not considerably affected. As a weakness of this
method we can point out that minor changes in the reaction conditions can cause
leaching from the support. To avoid this leaching, enzyme-support interactions can be
reinforced, using, for example, glycosylated enzymes, or electrostatic interactions can

be enhanced working at a pH where the silica possess a negative charge and the
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enzyme is positively charged (i.e. at pH values below the isoelectric point of the
enzyme). The interactions with the silica will be stronger as the positive charge of the
enzyme increases. The pH value needs to be kept constant during application to avoid
leaching. Another solution is enzyme encapsulation after the physical adsorption by
adding bulky functional groups to reduce the pore size”’; for example silanation and
coating with organic layers have been used. The problem with this solution is that
enzyme activity may be reduced after silica modification and the diffusion rate through

the pore system could be affected.

e Covalent binding

Covalent immobilization of the enzymes requires chemical modification of the
silica surface. Organosilane species (such as alkoxysilanes, chlorosilanes or
methallylsilanes) are condensed with silanol groups on the surface. These species are
able to covalently bond with enzymes. With this method, enzyme leaching is
decreased, thus minimizing enzyme contamination of the product. Organic moieties
can be added to the silica via co-condensation or grafting, as explained in the previous
chapter. The most common functionalization is with amino groups followed by
reaction with glutaraldehyde. Aldehyde groups on the surface could then react with

amino groups of the enzyme.

Covalent binding permits the use of the catalyst in polar solvents without
leaching, and their use at high reaction temperatures. However, the specific activity of

the enzyme can be affected by conformational changes caused in the attachment.

e Cross-linking

Originally, cross-linking is the covalent bond between enzymes to create
enzyme aggregates. These aggregates can be prepared by a two-step process. First of
all, the enzyme is precipitated (with salts or organic solvents) to form aggregates that

are stabilized by addition of a cross-linking agent (which reacts with the amino groups
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of the enzymes). This immobilization strategy was adapted for incorporation in porous

materials and usually the enzymes are adsorbed on a porous material, aggregated and

then cross-linked.

In comparison with carrier free cross-linked enzymes, no precipitant is needed

to form aggregates. With this method enzymes retain their catalytic activity.

Table 1 shows the advantages and disadvantages of each method.

Table 1. Advantages and disadvantages of the different immobilization methods, from reference 48 .

Immobilization

Advantages Disadvantages
method & &
Cheap, simple and rapid experimental
procedure
No functionalization of support is .
. PP Leaching of enzymes from the
. required . . .
Physical . . support during the catalytic reaction
. No toxics solvents are required . . .
adsorption . due to changes in reaction conditions
No conformational changes of the .
or through mechanical shear forces
enzyme
No destruction of the active site of the
enzyme
. Most complicated and expensive
No leaching of enzymes from the . s P . P
immobilization method
support Functionalization of the support is
Tight binding of the enzyme to the PP
Covalent SUpDOt necessary
binding PP Use of toxic chemicals

Cross-linking

Wide choice of organic linkers available
Established methods of
functionalization of supports

Stabilization of multimeric enzymes
Stabilization towards harsh reaction
conditions (e.g. extreme pH)

High purity of enzyme is not required
No leaching from the support
Different enzymes can be co-
immobilized (tandem-system)

No or minimal conformational changes
of the enzyme

Size of the aggregates is restricted by
the cage size

Reduction or loss of catalytic activity
resulting from conformational
changes of the enzyme

Complicated experimental process
(more than two steps are necessary)
Use of toxic chemicals

Decreased diffusion rate of
substrates/products due to reduced
pore volume

Enzymes differ amongst themselves, with variations in size, shape, isoelectric

point or catalytic performance among others. So, support properties have to be
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considered (pore size, particle size and morphology, surface area, charge density,
hydrophobicity). Not every porous material is capable of retaining enzymes. When
pore size is not large enough, enzymes are adsorbed onto the external surface (where
they are not protected from the environment). In addition, a pore much bigger than
the enzyme facilitates the leaching processes. It is important to study the size of the
pore and the enzyme to obtain high loading and high enzymatic activity. For example,

materials such as UVM-7 or MCM-41 are restricted to small sized enzymes.

Particle size can also affect enzyme loading and catalytic activity. Small particle
sizes imply that the number of pore entrances increases; so, pore blocking is

minimized and diffusion of the substrate to the enzyme is improved.

2.4.2 - Enzymes used

e Lysozyme

Lysozyme or muramidase is a glycoside hydrolase that degrades bacteria cell
walls. It is abundant in secretions such as tears, saliva, human milk and mucus and

large amounts can be found in hen egg white.

The isoelectric point of lysozyme is 11.3, the molecular weight is 14.3 kDa and

the hydrodynamic diameter is 4.0 nm.

e Trypsin

Trypsin is an important enzyme in the metabolic process. It is a serine protease,
also called peptidase, that catalyses the hydrolysis of peptide bonds at the carboxyl
side of the amino acids lysine and arginine. It is used in detergents, waste

management, food, diagnostics and in the pharmaceutical industry.

The isoelectric point of trypsin is 10.5, the molecular weight is 23.4 kDa and the

hydrodynamic diameter is 3.8 nm.
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2.5 - Objectives

The objective of this chapter is to complete previous work done by the group
on UVM-7 with a better comprehension of its structure. In the first paper, the nature
of UVM-7 pore system was studied by different methods: carbon replicas have been
prepared to prove its interconnected structure; Au particles have been deposited into
the silica and materials were studied by tomography studies; and to finish lysozyme

has been loaded into the material.

In the second paper, expansion of mesopores with alkanes as swelling agents
has been studied. Alkanes from hexane to hexadecane have been tested as swelling
agents for calcined and extracted silicas. The amount of alkane incorporated into the
micelle has been analysed in order to understand the swelling effect and expansion
has been tested by the adsorption of lysozyme and trypsin in the porous structure, as

well as with ibuprofen loading.
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Mesoporous Silicas with Enhanced Accessibility

Abstract

Nanoparticulated bimodal mesoporous silicas (NBS) have proved to constitute
adequate supports in a variety of applications requiring enhanced accessibility to the
active sites. Mass-transfer kinetics seems to be highly favored in UVM-7-derived NBS
materials. To understand the mass diffusion phenomena throughout UVM-7-like
supports requires well-grounded knowledge about their pore architecture. 3-D
reconstructions of the UVM-7 mesostructure carried out by electron tomography
reveal the existence of a true hierarchic connectivity involving both inter- and intra-
nanoparticle pores. This connectivity makes self-supported nanoparticulated
mesoporous bimodal carbon replicas of the supports feasible to obtaining by
nanocasting. Both the temperature-induced mobility of gold nanodomains and the fast
and efficient enzyme adsorption in UVM-7-like silicas are examples of non-constrained

diffusion processes happening inside such an open network.
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Introduction

The research on porous materials’ chemistry experienced a real renaissance
after the discovery of the M41S silicas'. The introduction of supramolecular (micellar)
assemblies as structure directing or templating agents permitted a new family of
ordered mesoporous compounds to be obtained. As corollary of expanding the
available size of micropores in zeotypes, such a novel synthetic technique was
profusely explored under the prospects for innovative materials with promising

>4 With reference to silicas, the hydrolytic and

applications in many fields
condensation processes leading to polymerization around single micellar templates
mimic known liquid—crystal surfactant phases. Such kinetically controlled processes are
highly influenced by procedural variables, and the variety of well-characterized

materials is enormous°.

While there is no doubt about the esthetic and scientific appeal of symmetry, it
was also argued that a periodic and ordered unimodal mesoporous structure could not
offer specific advantages for certain applications requiring an enhanced accessibility to
the active sites. In fact, in some cases, specific uniform pore structures could result in
poor accessibility because of pore blocking®’. To overcome this limitation has been the
objective of diverse alternative ways to designing new mesoporous systems. So, some
approaches were conceived of for expanding the pore sizes using large surfactants as
templates or also by incorporating swelling agentss’5'9. From another point of view, it
was considered that the mass-transfer kinetics could be improved by favoring the

>1011 "An additional resourceful way to deal

formation of interconnected pore systems
with the diffusion constraints problem is based on the search for frameworks including

pore systems structured at different length scales (hierarchical porosity)lz.

One of the approaches to tackle the site accessibility problem is conceptually
based on the consequences of decreasing (at the nanometric range) the particle size of
the mesoporous material. This necessarily implies, at first, the shortening of the pore
length. Hence, diffusion constraints must become lowered by reducing the maximum
mesopore length from the micro to the nanometric range. So, even though a certain

undesired pore blocking might occur, its negative effects would be comparatively
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lessened. Moreover, the nanoparticle packing would generate supplementary inter-

316 Then, regardless of what the ultimate arrangement of

particle textural porosity
the particle aggregates may be, minor diffusion problems should be expected

throughout such pore systems.

In practice, the synthesis of nanoparticulated bimodal mesoporous silica (NBS)
materials has aroused great interest in recent times. There have been many
preparative procedures thought of to achieving this goal the ability of which for

yielding NBS materials has been associated to diverse procedural details*’*’

. In any
case, all of them have in common the intention of limiting the growth of the
mesoporous silica particles, while regulating their aggregation processes. Our group
has been successful in synthesizing a new family of NBS materials (denoted as UVM-7)
through a one-pot procedure, starting from molecular atrane complexes of Si as

161413152829 \we finally achieved a rather good independent

inorganic precursors
control of both the intra- and inter-particle pore systems as well as a fine modulation

of the particle dimensions®.

Otherwise, the chemistry of the NBS solids, like what happens in the case of the
M41-S materials, is compatible with the inclusion in their pore walls of a variety of
inorganic and/or organic species. Thus, the synthesis of functionalized NBS materials
using nonionic surfactants was initially described by Pauly et al®®. (Al-containing HMS
silicas). Soon afterward, using a cationic surfactant, our group reported on M-UVM-7
(M = Al, Ti, Zr, V) materialsl6’14’13’15'31, and also described UVM-7-based materials
containing organic functional groups*®*****_ In practice, it has also been possible to
confirm experimentally the good site accessibility expected for the UVM-7-based

materials in different catalytic and sensing processes®* .

In a general way, we can say that the essential features of the UVM-7 matrices
are well characterized®®. The materials can be described as bimodal porous silicas
constructed by the aggregation of pseudo-spherical mesoporous primary
nanoparticles. The intra-nanoparticle pore system consists of regular-sized mesopores
disposed in a pseudo-hexagonal disordered array, while the arrangement of the inter-
particle meso/macropores exhibits xerogel-like characteristics. However, there is a

relevant aspect concerning the ultimate character of the intra-particle mesopore
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system that has not been clarified up to date. Thus, we have referred to the lack of
long range order characterizing such a mesopore array. In the case of ordered
mesophases, TEM images allow to unambiguously determine both the mesopore
symmetry and the dimensionality’. Nevertheless, dealing with relatively disordered
systems, we cannot elucidate from simple techniques how the intra-nanoparticle

mesopores interrelate among them (interconnected or independent mesopores).

The aim of this work is to determine in a conclusive way the ultimate nature of
the pore architecture in the UVM-7 silicas because of its relevance for a better
understanding of the mass-diffusion phenomena throughout them. Once we
disregarded the effectiveness of simple TEM images with this purpose, we resorted to
alternative procedures and indirect experiments to establish the tridimensional details
of the intra-nanoparticle mesopore network in UVM-7. Thus, we have carried out an
electron tomography study, and we have also been able to isolate pseudomorphic
carbon replicas of the parent material. Additional indirect evidence has been derived
from the study of the thermal evolution of Au/UVM-7 composites. All our
experimental results indicate that the intra-nanoparticle pore system in the UVM-7
materials is constructed from truly interconnected mesopores, which fits in well with
the above-mentioned operational advantages shown by some UVM-7-based materials
in catalytic and sensing processes. As we shall see, the good pore connectivity in the

UVM-7 skeleton facilitates also the diffusion of relatively large substrates.

Experimental section

Chemicals

All the synthesis reagents are analytically pure and were used as received from
Aldrich (tetraethyl orthosilicate (TEOS), triethanolamine [N(CH,—CH,—OH)s, hereinafter
TEA], cetyltrimethylammonium bromide (CTMABr), trimethylbenzene (TMB),

chloroauric acid, ethanol, hydrochloric acid, sulfuric acid).
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Preparation of UVM-7 silicas

Nano-sized mesoporous UVM-7 silica samples were synthesized through a one-
pot surfactant-assisted procedure working in a homogeneous hydroalcoholic reaction
medium (water/TEA). The procedure, a modification of the so-called “atrane route’*,
is based on the use of a simple structural directing agent (CTMABr) and a complexing
polyalcohol (TEA), which originates silatrane complexes as hydrolytic precursors. To

open the intra-nanoparticle mesopores, the surfactant was extracted by chemical

exchange using an HCl/ethanol solution (CTMA'/H" exchange)®.

Table 1. Selected preparative and physical data for UVM-7 silicas.

Sample TMB/CTMABr Surface ® Volume ° Small pore ° Large pore °
P (molar ratio) (m*/g) (cm®/g) (nm) (nm)
UVM-7 - 1105(4) 1.80(7) 2.71(5) 42.5(8)
UvMm-7(3) 3 1162(7) 1.23(8) 2.83(7) 18.9(9)
UVM-7(4) 4 1,066(3) 1.26(8) 3.25(6) 11.3(9)

® Surface area according to the BET model. ® pore diameters and volume calculated by means of the BJH

model on the adsorption branch of the isotherms

Together with the simple UVM-7 silicas, we synthesized also modified samples
having expanded mesopores in order to study enzyme immobilization. We used TMB
(1<TMB/CTMABr<4) as organic expansor. In these cases, the synthetic protocol was
modified in order to favor the stabilization of the expanded micelles, which entails a
two-pot procedure. In a typical two-pot synthesis leading to a pore expanded UVM-7
material, a mixture of TEOS (11.16 mL, 0.05 mol) and liquid TEA (13.27 mL, 0.10 mol)
was heated at 140 oC for 10 min in order to form silatrane complexes. On the other
hand, 4.56 g of CTMABr (0.0125 mol) and 5.22 mL of TMB (0.0375 mol) were solved in
a mixture of TEA (9.96 mL, 0.075 mol) and water (80 mL, 4.44 mol). Both solutions
were heated at 80 2C, and then were mixed with vigorous stirring at 80 2C. A white
suspension quickly appeared. This mixture was allowed to age at room temperature
for 12 h. The resulting mesostructured powder was separated by filtration or

centrifugation, washed with water and ethanol, and air dried. In order to prepare the
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final porous material, the surfactant was removed from the mesostructure by chemical
exchange. We prepared different samples by modulating the TMB/CTMABr ratio
according to the following molar ratio of the reagents: 2 Si: 7 TEA: 0.5 CTMABr: x TMB:
180 H,0, where x = 0, 1.5, 2. Summarized in Table 1 are the main synthesis variables

and physical data.

Preparation of carbon replicas

A typical UVM-7 carbon replica was prepared by the infiltration method using
sucrose as carbon precursor’’. Indeed, 1 g of UVM-7 was impregnated with an
aqueous solution of sucrose and sulfuric acid (6 mL of H,O and 0.16 mL of
concentrated H,SO4). The amount of sucrose was 1.40 g per gram of UVM-7. Once
dried at 150 2C, the resulting sucrose/UVM-7 composite was impregnated again with
an additional portion of the acidified sucrose solution, which contained half of the
sucrose amount used in the initial impregnation step. The resulting solid was dried at
160 °C, and subsequently heated at 900 °C during 3 h (heating ramp 1 2C/min) under
Ar atmosphere. Finally, the silica moiety was removed by chemical etching with a
NaOH solution (pH>12), leading to final bimodal carbon samples named as C/UVM-7

(with a carbon content of ca 97 %, determined by means of TGA).

Preparation of Au-UVM-7 composites

The incorporation of gold into the UVM-7 matrices was realized by
impregnation with HAUCl, solutions®. The UVM-7 material was suspended in water
while stirring at room temperature and a solution of HAuCl4.3H,0 was added to
provide a nominal final gold content of (2 wt.%). The pH was adjusted to 9 with an
aqueous NaOH solution and was then aged for 2 h under stirring. Later, the solid was
filtered and extensively washed with water to favor the retention of only Au-
complexes interacting with the support. Then, the solid was dried at 120 2C overnight
and calcined at 200 2C for 1 h in static air. Finally, the resulting solid was treated
(under a gas mixture of 10 % of H, in Ar) up to temperatures (800 2C) close to the silica

support stability limit.
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Enzyme immobilization

Lysozyme immobilization was carried out in heterogeneous reaction conditions.
Lysozyme was dissolved (300 mg/mL) in a buffer NaH,PO;—Na,HPO; 10 mM solution
(pH = 6.0, at 25 2C), and then 100 mg of the silica support were added. Adsorption was
monitored by measuring the enzyme concentration in the supernatant for up to 7 h as
previously described by Bradford®. Four porous materials (MCM-41, UVM-7, and two
different pore-expanded UVM-7 materials) were assayed for lysozyme immobilization
under saturating conditions. The MCM-41 samples were prepared as previously

. 13-1
described™®,

Experimental techniques

All solids were characterized by X-ray powder diffraction (XRD) at low angles
(Seifert 3000TT 6—0) using CuKa radiation. Patterns were collected in steps of 0.122h)
over the angular range 1.5-7.0 for 10 s per step. Electron microscopy study (TEM) was
carried out with a JEOL JEM-1010 instrument operating at 100 kV and equipped with a
CCD camera. HAADF-STEM images were acquired on a FEI Tecnai F20 field emission
gun transmission electron microscope operated at 200 kV. A grain of ca 0.30 9 0.25 Em
was selected. For the tomography studies, a single tilt series of HAADF-STEM images
was recorded between-722 and +682 every 22 using a Fischione ultrahigh-tilt
tomography holder. Image acquisition was undertaken by means of the FEI software
package Xplore3D. Alignment of the image stack and tomographic reconstructions
were performed with the FEI software package Inspect 3D by means of the iterative
routine SIRT*. Voxel projections and surface rendering (after a segmentation process
when needed) were undertaken by the Amira software. Surface area, pore size, and
volume values were calculated from nitrogen adsorption—desorption isotherms (-196
oC) recorded on a Micromeritics ASAP-2020 automated analyzer. Carbon content for
the C/UVM-7 sample was characterized by thermogravimetric analysis (TGA) under
oxygen atmosphere in a Setaram Setsys 16/18. The Au/UVM-7 composites were
analyzed for Si and Au by electron probe microanalysis (EPMA, Philips SEM-515

instrument).
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Results and discussion

Typical SEM and TEM images of an UVM-7 silica sample are shown in Figure 1.
The basic features of the inter-particle pores can be appreciated from SEM and TEM
images. Thus, at micrometric scale, the UVM-7 silica presents rough surfaces (Figure
1a) resulting from the aggregation of pseudospherical clusters/grains defining large
true textural macropores among them. In fact, the observed roughness corresponds to
these large pores (in the macropore range; size >50 nm) of textural nature. In turn, the
clusters/grains under consideration are constructed by aggregation of pseudospherical
mesoporous primary nanoparticles the average diameter of which is ca 25-35 nm

(Figure 1b).

Figure 1. a SEM image showing the rough surface of the UVM-7 silicas. b TEM micrograph of the UVM-7

silica showing the inter-particle pore system and the intra-particle mesoporous (see inset).

In practice, the formation of a continuous network from the soldered
nanoparticles generates a disordered system of large void-pores (with pore sizes in the
border between meso and macropores). Indeed, both the large (textural) macropores
observed through SEM and the pore arrangement appearing among the primary
nanoparticles in TEM images have the same origin, which is consistent with a
formation mechanism implying collision and aggregation of primary nanoparticles
similar to what happens in the case of xerogels. The non-ordered nature of this large

pore system as a whole can be related to the fact that its formation does not involve
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the participation of any supramolecular template able to transfer a certain
organization. On the contrary, the small intra-particle mesopore system has its origin
in the template (and porogen) effect of the surfactant micelles. This pore system
consists of regular-sized mesopores disposed in a pseudohexagonal disordered array
(Figure 1b). Therefore, the UVM-7 architecture can be thought of as a hierarchic

bimodal porous organization.

The bimodal porous character of the UVM-7 silicas is indubitably confirmed by
the N, adsorption—desorption isotherms (Figure 2). Thus, the corresponding curves
show two well-defined adsorption steps. The first, at intermediate P/P, values, is
characteristic of type IV isotherms and can be related to capillary condensation of N,
inside the intra-nanoparticle mesopores. The sharpness of this adsorption step
supports the existence of mesopores with homogeneous size (BJH pore sizes of ca 2.71
nm; narrow pore size distribution). The second step, at a high relative pressure,
corresponds to the filling of the large textural pores among the primary nanoparticles.
In this last case, the curves show a characteristic H1 hysteresis loop and a relatively
wide pore size distribution. In fact, although application of the BJH model leads to
large pore size values falling in the limit between meso and macropores, a pore size

distribution ranging from 30 to 100 nm is estimated.
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Figure 2. N, adsorption—desorption isotherm of UVM-7 silica.
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The additional information provided by the corresponding XRD patterns is
relatively scarce. In fact, this technique only can inform us about the relative order in
the intra-nanoparticle mesopore system. The extremely disordered character of the
textural pore system and also the large size of its motives exclude any detection by
XRD. Thus, the UVM-7 silicas originate XRD patterns (Figure 3) including one strong and
broad diffraction peak and one shoulder (in the low angle region), which is typical of
this class of nanoparticulated mesoporous solids. Under the assumption of a basic
MCM-41-like hexagonal cell, these signals could be respectively assigned to the (100)
and the overlapped (110) and (200) reflections’. Their observation constitutes a probe
of the existence of a certain hexagonal order in the intra-nanoparticle mesopore

system.

INTENSITY (A.U)

0 1 2 3 4 5 6 7 8
2 Theta (Degrees)

Figure 3. Typical XRD pattern of UVM-7-like materials.

While in the case of ordered MCM-41-like materials (even if they are
constructed from nanoparticles), the presence of regular, unimodal, and non-
interconnected surfactant-generated mesopores is evident from TEM images, TEM or
STEM images are not fully conclusive in the case of partially disordered materials (as
the UVM-7 silicas we are dealing with). Thus, although the presence of a bimodal pore

structure is evident, the images do not provide us information about the relative
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disposal (independent or interconnected) of the intra-nanoparticle mesopores. As
mentioned above, the modulation of the accessibility to the active sites located at the
pore walls of mesoporous silicas is a critical parameter in a variety of applications in

areas such as catalysis, sensing, remediation, or drug delivery****

. The availability of
mesopores with lengths in the nanometric range is a step toward the assumed
objective, but it seems clear that there are additional factors related to the internal
organization of the mesopore array (independent —tortuous or entangled— or
interconnected mesopores), which could play a pivotal role in order to orchestrate the

site accessibility. Therefore, to clarify this point requires full knowledge for evaluating

new prospects for UVM-7-based materials’ applicability.

’

-30 48 x31n

Interparticle
meso/macropores

Figure 4. a Representative STEM image recorded at -302. b 3D-tomographic reconstruction displayed a

view of the iso-surface render of a UVM-7 aggregate showing the nature of the large pore system.

The structural complete elucidation of mesoporous materials can be aided by
electron tomography studies’*™, especially for complex non-repeating organizations

%47 The electron tomography allows

that deviate from ideal regular geometries
performing (from STEM images recorded at different angles) 3-D reconstructions of
the UVM-7 mesostructure. In contrast to a single STEM image (Figure 4a), which does
not furnish added information, the 3-D reconstructions provide a clear enough vision
of the material mesostructure (Figures 4b, 5). Indeed, as expected, the existence of the

textural inter-particle porosity (with analogous characteristics to that occurring in

xerogels) becomes directly and unambiguously confirmed. Also, the tomographic
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reconstruction in Figure 4b (displayed a view of the iso-surface render of an UVM-7
aggregate of ca 30 Im) really shows how the textural-like large meso/macropores
situate among the nanoparticles the condensation processes leading to cage-like highly
interconnected pores displaying a significant dispersion both in shape and size. We can
notice in this aggregate pores of rather different sizes (in the 30—-80 nm range), and
minimal bottlenecks’ diameters of ca 15-20 nm can be measured. These values are in
good accordance with those estimated from the N, adsorption—desorption isotherms.
Otherwise, concerning the intra-nanoparticle mesopore system, the voxel projection of
the tomographic 3D reconstruction in Figure 5 (corresponding to a primary
nanoparticle of ca 40 nm belonging to the mentioned ca 30 um aggregate) reveals the
essentially non-ordered character of the mesopore arrays at the inside of the
nanoparticles together with lacking of coherence among consecutive cross sections

and a certain level of pore joining (white circles in Figure 5).

Figure 5. Voxel projection of the reconstructed 3D UVM-7 solid displaying the intra-nanoparticle

architecture. Selected pore joining is marked with white circles. In some slices a certain number of
disordered hexagonal mesopore arrays can be appreciated (marked yellow circles), but no coherence

among consecutive silica is observed.
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Although it is true that a certain hexagonal order can be randomly appreciated
in some slices (yellow circles in Figure 5), this fact does not seem be the rule, but the
exception. So, it results in not only the tortuous character typical of wormhole-like
mesoporous systems, but also the existence of mesopore connections. Finally, it must
be stressed that the estimated pore diameter and pore wall values (ca 2.5 and 2.0 nm,
respectively) fit in well with the above-mentioned porosimetry results and also with

XRD data (2.71 and ca 2.0 nm).

As disclosed above, we have obtained complementary evidence about the pore
architecture in the UVM-7 silicas by isolating self-supported carbon replicas of host
matrices. The most noticeable point in this concern refers to the conservation of the
clustered organization of aggregated porous primary nanoparticles in the replicas.
Thus, the TEM micrograph in Figure 6 shows that the C-UVM-7 carbon material
consists of nanoparticles which keep the porous inter-particle texture characteristic of
the template (UVM-7). Although the replication process induces a certain loss of order
in the final material (as compared to the parent UVM-7 silica), both the average size
(ca 40-50 nm) and the pseudo-spherical shape characterizing the starting silica
nanoparticles are conserved in the carbon replica. Without prejudice from the
mesoscopic order lowering, the TEM image in Figure 6 shows that the intra-
nanoparticle porosity is preserved. In fact, the corresponding N, adsorption—
desorption isotherm displays the two typical adsorption steps, which become patent at
P/P, values similar to those observed for the parent UVM-7 silica. So, the resulting
carbon replica maintains a high surface area (1,156 m?/g), a high pore volume (0.96
cm3/g), and the hierarchic bimodal porosity. Therefore, the nanocasting formation of
the carbon material can be thought of as a pseudomorphic reaction preserving the
UVM-7 architecture, a result that only is possible if a highly tortuous (or entangled)
and interconnected mesopore system exists. At this point, we must emphasize the
claimed impossibility of obtaining MCM-41 carbon replicas precisely because of the

absence of connections among the high symmetrically arranged mesopores48.
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Figure 6. TEM micrograph of a carbon replica of the UVM-7 silica.

On the other hand, our experiments involving Au-UVM-7 composites have
provided us qualitative evidence on how the UVM-7 support toward the matter
diffusion responds in practice. Thus, starting from Au-impregnated supports, we have
studied the Au diffusion throughout the pore network as a consequence of thermal
treatments. It is well known that the thermal stability of metal nanoparticles is closely
related to their mobility on the support during the thermal treatment. When the
Hitting temperature (Thawig = 319 2C for bulk gold) is reached, atoms at defects and
surfaces will become mobile*. The atomic mobility strongly increases when the
treating temperature is higher than the Tammann temperature (Trammann = 532 2C for

bulk gold), affecting bulk atoms®***

, with the possible subsequent agglomeration or
sintering phenomena49. These critical reference temperatures (319 and 532 9C)
significantly drop down with the particle size, which implies considerably lower
temperature effective values when treating with nano-sized gold particlesso. Well, as
the TEM image in Figure 7a shows, the incorporation of gold into the UVM-7 silica by
impregnation and later calcination at 200 2C does not modify the texture of the
support at mesoscopic level. Even more noticeable is the excellent dispersion of the

gold nanoparticles in the Au-UVM-7 composite samples obtained at that temperature.

As can be observed, the gold nanoparticles (with an average size around 3 nm) appear

76



Mesoporous Silicas with Enhanced Accessibility

rather homogeneously distributed across the silica support. Changes are observed
when the samples are processed at high temperatures. First at all, as expected, gold

nanoparticles’ aggregation occurs.

Thus, as clearly shown in the TEM image in Figure 7b, after thermal treatment
at 800 9C, the size of the gold nanoparticles has risen to attaining sizes in the 7-10 nm
range, which requires gold diffusion throughout the support and subsequent sintering.
But, as the image reveals, the gold diffusion has resulted in coalescence toward the
inside of the UVM-7 nanoparticles. We can see that, in the 800 2C Au-UVM-7
composite, the final dominant primary motif consists of entities involving one (or two)
gold nanoparticle per UVM-7 silica nanoparticle. It seems difficult to conceive a gold
nanoparticle diffusion and growing path leading to such a final organization
(approximately one or two gold nanoparticles inside each UVM-7 primary
nanoparticle) which should take place through independent mesopores. Therefore, we
can reasonably assume that the present observations constitute an additional indirect
probe of the existence of connectivity among the support intra-nanoparticle

mesopores, thus favoring the gold species diffusion.

Figure 7. TEM images of Au/UVM-7 nanocomposites after thermal treating at 200 2C a and 800 °C b.

The small dark spots in the a-image correspond to gold nanoparticles included inside the mesopores.
The absence of white spots (associated to empty mesopores) suggests that a good dispersiion of gold

occurs. Aggregation of gold nanoparticles can be clearly appreciated in image b.
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So far, all our results indicate that mass-transfer processes inside UVM-7-based
materials become favored by the availability of hierarchically structured large pore sets
the length of which is limited at the nanometric scale. Moreover, the pore networks
become interconnected with pore unions affecting even the relatively small intra-
nanoparticle mesopores. Very likely, this is interconnected pore organization which
can explain the above-mentioned effectiveness of some UVM-7-based materials in

catalytic and sensing processes>>>*°%%

. Looking for expanding possible applications of
UVM-7-like materials in processes requiring enhanced site accessibility, we have tried
to expand the intra-nanoparticle pore sizes, while maintaining their interconnectivity
(as well as all the remaining essential features of the supports). With this aim, we have
introduced in our preparative procedure the use of TMB as an organic micelle-swelling
agent53. The preparative procedure was modified with regard to the original one-pot
synthesis of the UVM-7 silica in order to make feasible the formation and stabilization
of the CTMABr-TMB swelled micelles (templates) prior to starting the hydrolytic and
condensation processes of the silatrane precursors. In practice, the final UVM-7
architecture considered as a whole is preserved for materials synthesized by means of
TMB/CTMABr molar ratios <4/1 (Figure 8). However, both the textural-like and the
intra-nanoparticle pore systems experience a certain modification. Indeed, the
application of the BJH model (see Table 1) really reveals a progressive growth of the
micelle-generated (intra-nanoparticle) mesopore size. In parallel, the size of the
textural-like pores significantly drops down. Very likely, this last result is a
consequence of the more compact nanoparticle aggregation observed for the pore-
expanded UVM-7 materials (see Figure 8), which might be explained on the basis of
the concomitant size reduction of the primary nanoparticles. In any case, taking into
account the absolute values of the inter-particle pore sizes, it is evident that mass-
diffusion inside the modified supports will remain essentially conditioned by the small

mesopores.
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Figure 8. TEM micrograph of the mesopore-expanded UVM-7(3) silica.

In order to evaluate the behavior toward mass transfer of the UVM-7-like
architecture, we have studied the adsorption by different matrices (MCM-41, UVM-7,
UVM-7(3), and UVM-7(4)) of lysozyme, a relatively small enzyme that has already been
used as model for immobilization in other mesoporous materials®®. Lysozyme was
selected due to both its shape and size: a globular enzyme with a hydrodynamic
diameter slightly lower than ca 3 nm. According to the above considerations, lysozyme
diffusion through the large textural-like pores should not find impediment. Otherwise,
due to the similitude between the lysozyme diameter and the mesopore size, this
enzyme constitutes a good ““local probe’ to evaluate the intra-nanoparticle mesopore
accessibility. Apart from the enzyme/pore size adequacy, the lysozyme-silica surface
interaction strongly depends on the pH conditions. The great difference between the
lysozyme and mesoporous silica isoelectric points (11.4 and 3.6, respectively) allows
disposing of a wide pH range for the electrostatic immobilization®°. We have
selected pH = 6.0 as a compromise value favoring the protein—silica interaction over
the repulsive neighboring lysozyme-lysozyme interactions>’. Also, for comparative
purposes, all the essayed supports have been prepared following the same general
procedural principles in order to get silica surfaces with similar distributions of Q* and
Q3 sites: Q*/Q°® + Q% = 1%°. The curves in Figure 9 show the evolution of the lysozyme

uptake with time (under our experimental conditions) for the different supports. In the
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case of the MCM-41 silica (curve d), the maximum lysozyme uptake value (ca 200
mg/g) is similar to those reported in previous publications when working at similar pH

values®®>°

. When compared to a conventional MCM-41 material, the adsorption of
lysozyme becomes greatly facilitated in the case of the simple UVM-7 silica (curve c).
Both the adsorption rate and the loading level (ca 300 mg/g) appear now noticeably
enhanced. The lysozyme uptake evolution is even more striking in the case of the pore-
expanded UVM-7 supports (curves b and a). Thus, practically instantaneous (t < 2 min)
complete immobilization occurs, thus leading to unusually high lysozyme charge levels
(around 350 mg/g). The MCM-41 and UVM-7 silicas have similar surfaces, both at
chemical level (similar density of silanol groups) and with regard to their surface area
absolute values. Moreover, they include also similar-sized (cross-section) mesopores.
So, it seems reasonable to conclude that it is the interconnected pore architecture in
UVM-7 which facilitates the mass-diffusion (rate and load) throughout the support.

When increasing the mesopore size while maintaining the pore architecture, mass-

transfer becomes improved.
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Figure 9. Comparison of the Lysozyme adsorption isotherms on (a) UVM-7(4),

(b) UVM-7(3), (c) UVM-7, and (d) MCM-41 supports.
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Conclusions

Our main objective with this work was to get a better understanding of the
enhanced site accessibility shown by UVM-7-like silicas by clarifying the relation
existing between the pore systems in the supports. All our results indicate that there
exists a true 3-D hierarchic connectivity in these materials including even the small
intra-nanoparticle mesopores. In practice, the case of the UVM-7-like materials
constitutes a successful example of how it is possible to combine in a simple
preparative strategy various alternatives explored for enhancing site accessibility,
namely, pore length reduction (nanoparticulated materials), pore interconnections,

and classical pore size expansion.
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Abstract

Mass-transfer kinetics seems to be highly favored in siliceous supports
consisting of aggregates of mesoporous nanoparticles. Nanoparticle aggregation
causes large textural voids. Diffusion constrains through the resulting hierarchically
structured pore systems are mainly dependent on the features of the intra-particle
mesopores. By using alkanes as swelling agents, we have been able to significantly
increase the mesopore size in previously well characterized UVM-7-derived materials.
The Winsor-lll-like behavior resulting from the presence of alkanes in the hydro-
alcoholic reaction media used in surfactant-assisted procedures allows explaining the
existence of limits to the pore size expansion. A preliminary study on drug and enzyme
charge onto these UVM-7-modified solids offers promising results on their capabilities

as supports for processing a variety of biomolecules.
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Introduction

One of the most attractive aspects raised by the discovery of the surfactant-
templated M41S silicas was the theoretical possibility of tuning their mesopore size
over a wide range, an issue that is among the keys to produce suitable materials for
desired applications'. Thus, even in the first full-paper published by Mobil’s
researchers on the subject, the pore expansion topic was object of interest and
analysis®. In this seminal work, the authors referred a significant variation of the
mesopore size in MCM-41 silicas by using TMB as organic expander under
hydrothermal conditions®. In the subsequent explosive rise of work on porous
materials chemistry, pore-expanding strategies were relegated for a while until
prospects for new applications in several fields aroused the need for increasing the
pore sizes to process large substrates or biomolecules which cannot be located within
small mesopores3'5. Then, the use of different swelling agents together with the
utilization of larger surfactants as templates entailed a breakthrough in the pore size
engineering®®. While conceptually the expansion mechanism looks simple (the
swelling agent is solubilized in the presence of surfactant micelles enlarging them,
which subsequently results in large pores after template removal), things are not so
straightforward. In practice, the process depends on several variables such as, among
others, the surfactant nature and its features, the character of the interaction of the
surfactant with the silica counterpart (ionic, no ionic) or how the swelling molecules
change the preexisting phase diagram of the surfactant’. The SBA-15 and FDU-12 solids
are archetypal examples of success in expanding the size of pores. For these silicas,
isolated by using non-ionic Pluronic surfactants, there have been achieved pore sizes
up to 30-40 nm through a judicious selection of the swelling agents under mild
temperature conditions®*2.

Among the diversity of mesoporous silicas available today, those consisting of
particles with sizes smaller than ca. 200-300 nm, have attracted the attention of
nanomedicine researchers due to their potential as supports to construct new
theranostic agentsB. This prerequisite (particle size < ca. 200-300 nm) practically
excludes the SBA-15-related materials because, under the acidic conditions necessary

for their syntheses, is problematic to avoid the particle growth processes that typically
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lead to micrometric solids. In fact, it has only been described one example of a SBA-15
nanometric silica synthesized by using a fluorocarbon surfactant as template™.
Therefore, the search scope of nanoparticulated silicas with expanded pores has been
necessarily limited and has focused on MCM-41-related materials synthesized under
basic conditions and using alkyltrimethylammonium surfactants as templates*® (which
is, somehow, return to the original Mobil work)’>. To the extent that the
alkyltrimethylammonium surfactants only allow small increases in the pore sizes™'°,
there has made use of a large variety of swelling agents (aromatic hydrocarbons as

TMB, alkanes, alkylamines and co-surfactants)z’”'25

in order to achieve greater pore
sizes in MCM-41-like materials. In general, the maximum expansion attained
(preserving cylindrical mesopores with narrow pore size distributions) corresponds to
pore size values around 5-6 nm. Furthermore, it has been observed that increasing the
amount of swelling agent beyond a certain limit only leads to slight additional
expansions and, in all cases, to wide pore size distributions.

Siliceous materials combining particle sizes in the nanometric range and
expanded mesopores are much less frequent13. As far as we known, there are only four

26
l.

previous papers describing solids with such a combination. Fuertes et al.”” made use of

N,N-dimethylhexadecylamine and TMB as swelling agents. Kim and coworkers®’

.22 used TMB and decane as

utilized TMB under hydrotermal conditions. Zhang et a
expanders. In any case, all these mesopore-expanded silicas show highly disordered
mesopore systems with worm-hole like organizations and a certain radial growth.
Then, it is difficult to relate the resulting pores with the template effect of cylindrical
expanded micelles. More recently, Kao et al.”® have introduced alkanes and ethanol as
swelling agents, what has resulted in somewhat more symmetric mesopore arrays
(similar to those in hexagonal disordered MCM-41 solids).

Our group was successful in synthesizing a new family of nanoparticulated
silicas with bimodal porosity (NBS) through a one-pot procedure by using a simple
template agent and starting from silicon atrane complexes as inorganic
precursors™>®*°. The most outstanding feature concerning these materials, denoted
UVM-7 (or M-UVM-7 when inorganically functionalized), is their peculiar (very open)

architecture, which is based on a continuous network constructed from covalently

bonded pseudospherical mesoporous primary nanoparticles whose aggregation
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defines a non-ordered secondary system of large textural pores. Likewise, all our
results indicated that mass-transfer processes inside UVM-7-based materials are
favored by the good pore connectivity in the siliceous skeleton, which is related to
the availability of (hierarchically structured) pore sets whose length is limited at the
nanometric scale’.

At this point, the aim of this work is dual. First, we intend to expand the
mesopore size characteristic of the UVM-7 silicas for further progress in reducing
diffusion constraints in these supports. The intra-particle pore system in UVM-7
(originated by the template effect of the surfactant) has similarities with those
present in MCM-41-like solids. It is precisely this cylindrical pore system which we
want to expand while maintaining all the remaining features of the UVM-7
architecture. That is, we intend to obtain a new series of NBS solids combining, as
mentioned above, particle sizes in the nanometric range (as aggregates defining large
inter-particle voids) with expanded mesopores (with regard to those in the UVM-
7 materials). Secondly, we intend to understand why, according to the up to date
reported results, the maximum possible pore size expansion in related materials (see

above) is relatively low, even when using great amounts of swelling agents.

Experimental section

Synthesis

The method is an adaptation of the so-called “atrane route”, which is based on
the use of (1) a hydroalcoholic reaction medium supporting the formation of “atranes”
(i.e., complexes including triethanolamine-related ligand-species) as hydrolytic
inorganic precursors and (2) a cationic surfactant as supramolecular template and,
consequently, as a porogen agent after template removal. Details of the “atrane

route” and its versatility have been reported elsewhere™1%3?

. Its application for
obtaining conventional UVM-7 materials was widely discussed in the reference 16. In
the present case, the use of alkanes as swelling agents requires procedural

modifications but enables a certain modulation of the porogen effect of the surfactant.
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Chemicals

All the synthesis reagents are analytically pure and were used as received from
Aldrich (tetraethyl-orthosilicate (TEQS), triethanolamine [N(CH,-CH,-OH)s, hereinafter
TEA], cetyltrimethylammonium bromide (CTMABr), alkanes of different chain length

(from n-hexane to hexadecane) and ethanol).

Preparative procedure

All of the silica samples reported in this publication were prepared by the same
general method, and using molar ratios of the reagents in the final reaction mixture
according to: 2 Si: 7 TEA: x CTMABr :y C,Hp42 : 180 H,0 (0.3<x<1.9;,0<y<4;n=6,
8, 10, 12, 14, 16). Insofar as one basic objective was to evaluate the influence of the
swelling agents (alkanes) by themselves in the expansion of the pore size, we prepared
a series of silicas of reference in which x was fixed at 0.5 (i.e., the x value previously
optimized for obtaining the conventional UVM-7 materials through the “atrane”
route)®®. In any case, the implication of alkanes in the reaction processes enforced us
to modify the original “one-pot” synthetic procedure (UVM-7 silicas) by adopting a
“two-pot” strategy. Thus, two reagents, A and B, were independently prepared. A was
a dissolution containing silatranes and B a colloidal suspension of expanded micelles.
The A dissolution was prepared by mixing 11.2 mL of TEOS and 13.3 mL of TEA. This
mixture was heated at 1402C for 5 min to favor the formation of silatrane complexes in
TEA medium. The resulting clear solution, which contained practically 0.05 mol of
silatranes (mainly in the form of Si(TEA)(TEAH,)*>*?, where TEA is the fully
deprotonated ligand), was cooled down to room temperature. B was prepared by
dissolving 4.56 g of CTMABr (x = 0.5 series; the corresponding quantity for other x
values) in 10 mL of TEA at 1202C. When the temperature dropped to ca. 802C, 80 mL of
water plus the required volume of alkane (according to 0 <y < 4) were added to this
solution, what immediately provoked some turbidity (except for y = 0). The resulting
colloidal suspension, B, was stirred for 10 minutes and then added to A. After a few
seconds, we were already beginning to see a white solid in suspension in the reaction
mixture (A+B). This as-prepared mixture was allowed to age at room temperature for

12 hours under stirring at ca. 150 rpm. The resulting mesostructured powder was
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separated by filtration, washed with water and ethanol, and air dried (samples
denoted as x/yC,-UVM-7(M)). The preparation of the final porous materials requires
removing the surfactant from the as-synthesized powders. This was carried out
through two alternative ways: pyrolysis and chemical extraction. Pyrolytic elimination
of the surfactant was performed by calcination of the samples at 550°C for 5 hours
under static air atmosphere (samples denoted as x/yC,-UVM-7(C) (Table 1)). On the
other hand, although using a soft procedure, we observed that chemical extraction
caused significant degradation of the mesostructure (see below). Then, in order to
favor a certain increase of the silica condensation in the inorganic framework, the as-
prepared (A+ B) reaction mixtures were hydrothermally aged at 702C during 24 hours
(under static conditions). Chemical extraction of the surfactant from the aged
mesostructured solids was carried out using an HCl/ethanol solution (ca. 1 g of
powder, 8.5 mL of HClI 37% and 100 mL of ethanol 99%; t = 12-24 h at 602C). The final
porous materials were separated by filtration, washed with ethanol, and air-dried

(samples denoted as x/yC,-UVM-7(E) (Table 1)).

Chemical analysis

A selected set of as-synthesized mesostructured samples (i.e., solids containing
both surfactant and alkane) were analysed by CNH elemental analysis. In all cases, the
surfactant content was independently determined spectroscopically. So, 0.025 g of the
mesostructured sample were dissolved in 25 mL of 5 M NaOH. Once the silica was
dissolved, the organic portion was extracted with chloroform and methyl orange.
Then, the specific surfactant content in the samples was easily calculated from the
absorbance value at 508 nm*>. In turn, the combination of these results with the CNH
analyses allowed us to determine the amounts of the swelling agent (alkane) really

included in the as-synthesized samples (x/yC,-UVM-7(M)) (Table 2).

Drug and enzyme storage

Some selected x/yC,-UVM-7 powder supports were loaded with ibuprofen
through a reproducible one-step procedure previously described in detail**. We

used n-hexane as carrier, contact times of ca. 4 hours and 252C as working
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temperature. To study the influence of the drug concentration in the uptake
process, we used different solutions of ibuprofen in n-hexane (0.47 and 0.58 M).
In some cases, successive impregnations with progressively more concentrated
solutions (0.47 M + 0.58 M) were applied. As detailed in the reference 34, the
strategy was optimized to ensure, as far as possible, that ibuprofen admission
occurs at the silica surface. The ibuprofen amount hosted in each support was
determined by CNH elemental analysis.

Lysozyme and trypsin immobilization were carried out in heterogeneous
reaction conditions. The enzymes were dissolved (300 ug/mL) in a buffer
NaH,P04-Na,HPO4 10 mM solution (pH 6, at 2529C), and then 50 mg of the silica
support were added. Adsorption was monitored by measuring the enzyme
concentration in the supernatant for up to 6h as previously described by Smith et

al.®>.

Physical measurements

All solids were characterized by X-ray powder diffraction (XRD) at low
angles (Seifert 3000TT 6-0) using CuKa radiation. Patterns were collected in steps
of 0.12(20) over the angular range 1-10 for 10 s per step. An electron microscopy
study (TEM) was carried out with a Hitachi S-4800 instrument operating at 100
kV. Samples were gently ground in dodecane, and grains were deposited on a
holey carbon film supported on a Cu grid. Surface area, pore size and volume
values were calculated from nitrogen adsorption—desorption isotherms (-1962 C)
recorded on a Micromeritics ASAP-2020 automated analyser. Surface areas were
estimated according to the BET model, and pore size dimensions and pore
volumes were calculated by using the BJH method from the absorption branch of
the isotherms®®. Particle size measurements were performed using a Malvern
Zetasizer ZS instrument. 2°Si MAS NMR spectra were recorded on a Varian Unity
300 spectrometer operating at 79.5 MHz, with a magic angle spinning speed of at

least 4.0 kHz.
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Results and discussion

Synthesis and mesopore-expansion

As mentioned in the experimental section, the procedure for obtaining
mesopore-expanded materials implies modifications with regard to the original “one-
pot” synthesis of the UVM-7 materials'®. The adoption of a “two-pot” protocol aims to
promote the formation and stabilization of CTAMBr-alkane swelled micelles
(templates) prior to starting the hydrolytic and condensation processes of the
inorganic precursors (silatranes). The total amount of TEA in the final reaction mixture
always is significantly greater than that involved in the formation of silatranes. This is
because, as previously discussed’®, the polyol additionally acts as a buffer agent
(stabilizing the working apparent pH around 9) and produces a hydroalcoholic medium
(co-solvent) that favours the nucleation and growth of small primary mesoporous
nanoparticles. So, in order to minimize any ulterior co-solvent effect on the
concentration of the surfactant in the form of micelles®’, we have prepared our
reagent B (colloidal suspension of expanded micelles) by adding water and alkane to a
solution of CTMABr in TEA (3/7 of the total TEA): the possible swelling effect of the
alkane on the CTMABr micelles occurs in the presence of TEA. The remaining TEA (4/7
of the total) is sufficient enough to preserve the 1Si : 2TEA molar ratio required to
guarantee the practically total silicon complexation, predominantly as Si(TEA)(TEAH,)
(solution A). Both A and B have to be heated to assist the formation of silatrane
complexes (transesterification of TEOS with TEA) and the surfactant dissolution,
respectively. In the case of B, the need for a minimum temperature around 809C
becomes a problem in the case of light alkanes, which could be partially eliminated.
Thus, as we have verified (see below), n-hexane and octane (boiling points of 68 and
1269C, respectively) are not adequate swelling agents. On the contrary, longer chain
alkanes, from decane to hexadecane (boiling points > 1742C) actually yield expanded
micelles. After mixing A and B, the subsequent self-assembling processes (that initiate
the formation of mesostructured solids) between the (anionic) inorganic moieties

(siliceous oligomers resulting from silatrane hydrolysis) and (cationic) surfactant
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expanded micelles can be reasonably thought of as analogous to those yielding the
conventional UVM-7 materials™>*®.

Concerning the series of silicas of reference (x = 0.5), most of the 0.5/yC,-UVM-
7(C) materials (Samples 1 to 23 in Table 1) originates XRD patterns displaying, at least,
one strong and broad diffraction peak in the low angle region (Figure 1), which is a
typical feature of UVM-7-like silicas prepared trough surfactant-assisted procedures®®.
One can see that, for a given alkane (n), this peak gradually widens and tends to shift
towards lower 20 values (higher dp in Table 1) as the amount of alkane used in the
synthesis (y) increases. These observations suggest that alkane molecules induce some
expansion of the mesostructure together with a gradual loss of relative order in the
mesopore system. On the other hand, in the case of the solids synthesized in the
presence of decane, the widening of the diffraction peak is considerably more marked

than that occurring for the remaining swelling agents and, in practice, the diffraction

peak almost disappears for high nominal contents (y > 2) of decane.
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Figure 1.Low-angle XRD pattern of 0.5/yC,-UVM-7(C) materials. (a) n= 10, Samples 4 to 8, (b) n= 12,
Samples 9 to 13, (c) n= 14, samples 14 to 18, (d) n= 16, Samples 19 to 23. The values 0.25, 0.5, 1, 2 and 4
correspond to the nominal alkane content (y). In all series the XRD of the non-expanded UVM-7 silica

(Sample 1) is included for comparison.
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Table 1. Selected preparative and physical data for the x/yC,-UVM-7(C) porous silicas.

Intra-particle

Inter-particle

mesopore pore
Samplé® n X Yy dob Surface® Size® Volume® Size® Volume®
(A) (m’/g)  (nm) (cm’/g)  (nm) (cm’/g)
1 - 0.5 0 4291 1136.2 271  1.02 59.13 1.31
2 6 0.5 4 45.75 1108.9 2.86 0.96 2454 1.22
3 8 0.5 4 45.08 987.4 2.78 0.60 12.7 0.50
4 10 0.5 0.25 45.99 1130.7 2.77 091 15.83 0.67
5 10 0.5 0.5 46.40 11145 3.17 1.06 17.32 0.46
6 10 0.5 1 46.58 1211.5 3.26  1.18 14.33 0.47
7 10 0.5 2 - 1048.9 3.58 1.07 23.77 0.53
8 10 0.5 4 - 991.8 3.82 1.04 23.03 0.80
9 12 0.5 0.25 46.47 1088.1 3.27 1.06 11.76 0.47
10 12 0.5 0.5 47.72 1167.2 3.44 1.17 20.79 0.96
11 12 0.5 1 49.05 1155.5 3.45 1.19 22.07 1.23
12 12 0.5 2 51.51 1002.7 3.46 094 21.51 0.90
13 12 0.5 4 53.83 1145.7 3.66 1.20 27.62 1.26
14 14 0.5 0.25 44.10 1152.4 330 1.14 15.85 0.43
15 14 0.5 0.5 49.18 1074.7 3,50 1.12 37.64 1.28
16 14 0.5 1 51.12 1094.9 3.53 1.14 28.76  0.97
17 14 0.5 2 53.97 1104.9 3.55 1.12 2294 1.36
18 14 0.5 4 57.61 1046.6 3.72 111 55.72 1.43
19 16 0.5 0.25 46.47 1142.7 329 111 15.49 0.68
20 16 0.5 0.5 46.86 1108.6 3.43 1.12 27.87 1.15
21 16 0.5 1 48.11 1078.9 3.47 111 59.72 1.55
22 16 0.5 2 48.90 1104.6 3.53 1.13 28.68 1.53
23 16 0.5 4 49.51 1099.9 3.59 1.20 25.14 0.73
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Intra-particle

Inter-particle

mesopore pore
Samplé® n X y do° Surface® Size® Volume® Size® Volume®
(A) (m’/g)  (nm)  (cm’/g)  (nm)  (cm’/g)
24 16 0.3 4 48.64 1032.4 3.23 1.00 35.54 0.73
25 16 0.7 4 52.91 1011.6 3.61 1.06 5496 1.71
26 16 1.1 4 55.90 1077.5 4.23 1.26 44,94 1.62
27 16 1.5 4 58.05 995.8 3.87 1.09 40.71 1.23
28 16 1.9 4 58.10 1106.8 3.88 1.21 49.80 1.25
29 12 0.5 4 - 964.2 4.13 0.90 31.19 1.39
30 14 0.5 0.5 53.32 1026.1 3.75 1.12 34.80 1.33
31 16 1.1 4 53.83 937.8 4.27 0.96 2493 1.10

? Surfactant evolution through: C = calcinations,

E= chemical extraction after hydrothermal

aging. ® position of the XRD low-angle peak. “Surface area according to the BET model. YPore

diameters and volumes calculated by using the BJH model on the adsorption branch of the

isotherms.

TEM images in Figure 2 clearly illustrate how the nanoparticulated bimodal

mesoporous (NBS) architecture typical of the UVM-7 silicas is preserved regardless the

alkane used in the synthesis and its relative concentration (in the explored ranges). So,

in all cases we can observe the presence of aggregates of pseudo-spherical

mesoporous nanoparticles defining among them textural-type large voids. Also, the

magnified images in the insets show the existence of white circular spots arranged

under a pseudo-hexagonal disordered organization. Although these circular cross

sections themselves cannot tell us anything about the pore tortuosity or their

interconnection, they can be associated beyond any reasonable doubt to the presence

of enlarged cylindrical-based mesopores.
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Figure 2. Representative TEM images of 0.5/yC,-UVM-7(C) materials. (a) Sample 7 (n=10, y=2), (b)
Sample 10 (n=12, y=0.5), (c) Sample 18 (n= 14, y=4) and (d) Sample 23 (n= 16, y=4).

Both the bimodal character of the final silicas and the swelling effect of the
alkane molecules are further illustrated by the N,-adsorption desorption isotherms. All
the curves clearly show two adsorption steps (Figure S1), what is consistent with the
preservation of the hierarchic bimodal porosity typical of the UVM-7 materials. Thus,
the first step, at a comparatively intermediate relative pressure (P/P, < 0.8) is
characteristic of type IV isotherms and can be related to the condensation of N, inside
the intra-nanoparticle mesopores. The second step, at a high relative pressure (P/Py >
0.8), corresponds to the filling of the textural large pores among the primary
nanoparticles. BET calculations result in high surface area values (ca. > 990 m?/g) for all
the 0.5/yC,-UVM-7(C) materials (Table 1), and application of the BJH model
systematically leads to pore size distributions exhibiting two rather well defined peaks.
Shown in Figure 3 is a set of plots corresponding to the intra-nanoparticle mesopores.
Regarding these latter, we can note firstly that practically all the solids present very
high BJH pore volume values (ca. > 0.90 cm>/g, Table 1). In fact, irrespective of the
alkane used, the calculated values of the pore volumes associated to the intra-particle
mesopores (i.e., the pores generated by the template effect of the expanded micelles)

vary in a relatively narrow range (ca. 0.90-1.20 cm>/g). This notwithstanding, one can
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appreciate certain trends in each series of alkanes. Thus, for a given alkane (n), the
relative P/P, value for which the first N,-adsorption step is observed, shifts to higher
values as the alkane nominal content (y) increases (Figure S1). In turn, this directly
results in the concomitant changes in the position of the maxima in the pore size

distributions shown in Figure 3.
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Figure 3.BJH pore size distributions (intra-particle mesoporosity) of 0.5/yC,-UVM-7(C) materials. (a) n=
10, Samples 4 to 8, (b) n= 12, Samples 9 to 13, (c) n= 14, samples 14 to 18, (d) n= 16, Samples 19 to 23.
The values 0.25, 0.5, 1, 2 and 4 correspond to the non-expanded UVM-7 silica (Sample 1) is included for

comparison.

The final result for each alkane (n = 10, 12, 14, 16) is the BJH intra-particle
mesopore size evolution (expansion) displayed in Figure 4. For light alkanes (n = 6, 8;
not included in Figure 4) no appreciable pore size expansion is detected (very likely
due to their relatively low boiling points, which would lead to significant losses by
evaporation during synthesis). These will be consequently ignored from now on. In
contrast, in the case of the weightier alkanes (n = 12, 14 and 16), we can see (Figure 4)

how the relative mesopore size expansion (as consequence of the swelling of the
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micelles) is really significant for low alkane nominal contents (y < 0.5). Then, as y
increases, it takes place in a more smooth way up to reach mesopore size values close
to ca. 3.6-3.8 nm. On the other hand, the mesopore size evolution with the alkane
nominal content (y) seems to occur more evenly in the case of the solids prepared
using decane (n =10) as expander. Without prejudice from the above, from a
guantitative point of view, it looks that the swelling effect of the alkanes depends
more on their nominal contents than on their chain lengths. Thus, regardless the
alkane used (from n = 10 to 16), a comparable global swelling effect has been achieved
through this way: we have reached intra-particle expanded mesopore sizes up to ca.

3.6-3.8 nm starting from the ca. 2.7 nm in the original (x = 0.5) UVM-7 materials.

Pore Diameter (nm)

2.5. . v T
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Figure 4. Intra-particle mesopore size evolution with the alkane nominal content. (a) n= 10, Samples 4 to

8, (b) n=12, Samples 9 to 13, (c) n= 14, samples 14 to 18, (d) n= 16, Samples 19 to 23.

Considered as a whole, the XRD, TEM and porosimetry data are consistent with
the preservation of cylindrical-based mesopores (independently from their tortuosity
or interconnections) in the final UVM-7 modified (mesopore-expanded) silicas as a
result of the template (CTMABr) swelling induced by the presence of alkanes (n = 10 to
16) in the reaction mixture. Although the quantitative expansion of the mesopore size
to the border of 4 nm could be considered seemingly small, it really represents an
important progress (the relative pore size expansion is around 37%) in terms of

enabling the incorporation of certain biomolecules to the silica network (see below).
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On the other hand, no definite trend is clearly discernible concerning the
textural-type porosity. The values of both the pore-size and pore-volume vary in
relatively wide ranges. In any case, in general, we can appreciate that the inter-particle
pore size significantly decreases with respect to the conventional UVM-7 materials.
Thus, exception made of some samples, the inter-particle pore sizes vary in the range
between ca. 12 and 29 nm (ca. 59 nm in UVM-7). The relative dispersion is even
greater in the case of the pore volumes (from ca. 0.4 to 1.6 cm3/g), with an average
value close to 1 cm®/g. Without ignoring the inherent approximations in the calculation
methods used (mainly for large P/P, values)®, it is true that the pore volume values
calculated for the solids synthesized using decane as swelling agent tend to be minor
than in the remaining cases. This relatively lower porosity rate would keep a certain
relationship with the XRD and TEM results. Thus, the corresponding TEM images in
Figure 2 show comparatively small particles for this series of materials, what should be
coherent with a decrease of the inter-particle spaces. At the same time, the number of
mesopores per particle decreases as the particle size. It seems reasonable to assume
that this lowering of diffraction motifs (i.e. mesopores) per particle, apart from the
general loss of symmetry due to the swelling effect, favors the progressive widening of
the XRD signal as the decane content increases (until practically disappear fory = 2,
see Figure 1). However, in all cases, it is evident that the (approximate) size and shape
of this secondary (textural) pore system will not be a real problem for diffusion of
relatively large substrates (mainly by comparison with the intra-particle mesopore
system).

After verifying the swelling effect of the different alkanes (n = 10 to 16) via a
unified preparative procedure (in which x = 0.5), one might wonder whether a fine
adjustment of the surfactant to alkane molar ratio could be critical for stabilizing more
expanded micelles and, consequently, improving their porogen activity. If so, for each
alkane, it should be still possible to optimize such relationship in order to get an even
larger expansion of the mesopore size. To explore this possibility, as a proof of
concept, we have prepared an additional set of materials in which the alkane
(hexadecane) amount was maintained constant (y = 4, i.e. that corresponding to the
maximum expansion of the mesopore size already observed) while the surfactant

amount was varied according to the following molar ratio: 2 Si: 7 TEA: x CTMABr : 4
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CnHns2 : 180 H,0 (0.3 £ x £ 1.9; n = 16). The most significant results from XRD and

porosimetry experiments for this series are gathered in Table 1.
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Figure 5. (a) Evolution of the BJH intra-particle mesopore size as the CTMABr nominal content increases
for y=4 constant value. (b) N2 adsorption-desorption isotherm (including the BJH pore size distribution)

and (c) TEM image of Sample 26 (1.1/4C16-UVM-7(C)).

As clearly shown in Figure 5a, using hexadecane as swelling agent, it becomes
possible to expand the intra-particle mesopore size to values greater than 4 nm
maintaining the UVM-7 type morphology (Figures 5b and c). Specifically, the BJH
mesopore size increases with x up to a maximum (ca. 4.2 nm) for x ca. 1.1. A further
increment of the amount of surfactant not only does not result in additional expansion
but even leads to some mesopore size decrease. All suggests that analogous improved
results could be achieved by singularizing the preparative procedure for each alkane,
an issue that would require supplementary study but is beyond the scope of this
report. In any case, it should be noted also that, in the case of hexadecane we are
dealing with, the additional mesopore size expansion (ca. 17%) after optimizing the
surfactant to alkane molar ratio has required more than double the amount of
surfactant (for a given amount of Si) participating in the synthesis (x = 1.1 vs. x = 0.5), a

factor that should be taken into account.
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The limits of the mesopore expansion

When thinking about the conceptual simplicity of the process of swelling of
micelles, and taking into account the large nominal amounts of alkanes involved in the
syntheses (not only in our case, but also in others which have been previously

242329 it can be surprising the apparently small (in

described with similar goals)
absolute value) mesopore expansion achieved. In an attempt to shed light on this fact,
we have performed (for the first time, as far as we know) chemical analyses (see
experimental section) of a representative set of mesostructured derivatives in order to
determine the amounts of both surfactant and alkane really trapped in the silica
framework. The analytical data corresponding to the solids synthesized using
tetradecane and hexadecane as swelling agents are gathered in Table 2. As shown in
Figure 6, the real molar proportions alkane/surfactant included in the mesostructure
are far below their nominal values in the reaction mixture. Although there has been
much conjecture about the location of alkanes in the swelled micelles (either in the
core or in the palisade), what the analytical data make clear is that (regardless of the

alkane location) micelles expansion is relatively small because the incorporation of

alkane is significantly lower than expected (i.e. much less than the nominal one).

Table 2. Analytical data for the 0.5/yC,-UVM-7(M) (n= 14, 16) as-synthesized materials.

Samplée® n C,/CTMABr nominal C,/CTMABr real® Si/CTMABTr real”
14 M 14 0.5 0.25 6.20
15 M 14 1 0.34 4.91
16 M 14 2 0.22 4.15
17 M 14 4 0.44 3.95
18 M 14 8 1.23 5.38
20 M 16 1 0.78 4.31
22 M 16 4 0.79 5.29
23 M 16 8 1.86 4.03

® Mesostructured samples: M = mesostructured. ®Values determined through chemical analysis.
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Figure 6. Nominal vs real alkane/CTMABr molar ratio for 0.5/yC,-UVM-7(M) samples. (a) n= 14, (b) n=

16. The deviation from complete incorporation (straight black line) is very high.

At this point, it seems logical to ask why the amount of alkane inside the
micelles is so limited. To improve our understanding of this, we have performed a
baseline study on the reaction media in themselves (i.e. in the absence of the silica
precursors). Thus, we have prepared four mixtures corresponding to the following
molar ratios: 0 Si: 4 TEA: 0.5 CTMABr :y C,Hps; : 180 H,O (y =0, 0.5, 2, 4; n = 16). In
line with the comments in the experimental section, except for y = 0, all other mixtures
appear like whitish suspensions after stirring. However, when they are left to stand for
some hours, gradual phase segregation is observed. This situation is graphically shown
in Figure 7c. As we can see, except for the mixture free of alkane (y = 0), our reaction
media (y = 0.5, 2, 4) have separated in three different phases: two transparent (or
almost transparent) phases above and below an intermediate translucent (whitish)
phase. The bottom almost transparent phase, which is dominant in volume, must
correspond to an essentially agueous phase (triethanolamine and water are miscible
and its molar ratio in the media is 4 TEA: 180 H,0). The top layer, whose volume
increases with the amount of swelling agent, must be an essentially organic (rich in
alkane, which is immiscible with TEA) phase. The intermediate translucent layer,
whose volume also increases with the alkane amount, can only consist of a
bicontinuous microemulsion structure®. To the extent that this phase separation (in

the absence of silica) only occurs in the presence of alkane (it is not observed for y = 0),
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this observation must respond to the fact that water-surfactant-oil ternary systems are

established.
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Figure 7. (a) Phase diagram typical of Winsor Ill ternary systems. (b) Scheme of the different phases in
our reaction media. (c) Equilibrium phases of 0.5 CTMABr: y CnHn+2: 180 H20 reaction mixtures at
different ratios (y= 0, 0.5, 2, 4) of alkane (n=16). (d) Tyndall effect for the lower layer (rich water phase)
derived from 0.5 CTMABr: y CnHn+2: 180 H20 reaction mixtures (y= 0, 0.5, 2, 4). (e) DLS curves for the

lower water rich phases with different hexadecane content (y=0, 0.5, 2, 4).

Several research studies have been published on this classical subject since the
early 1900s>>*!, In particular, Winsor** developed a systematic study and classification
of the different structures of these ternary systems, especially for low surfactant
concentrations. He noted four different behaviors, which labeled as Winsor |, Il, Il and
IV (schematically shown in Figure 7a). The three components of a mixture of this kind
only can lead to a single-phase (microemulsion) in the case where the surfactant
concentration is very high with respect to those of oil and water (Winsor IV). The
relatively low surfactant concentration we have used (0.5 CTMABr: y C,H,+,: 180 H,0
(y=0,0.5, 2, 4)), together with the observation in our case of three-phase systems (y #
0), allows us to discard the Winsor IV behavior. In a similar way, the Winsor | and Il
arrangements, which correspond to two-phase systems (oil-in-water microemulsion
and an extra oil layer [Winsor |] or water-in-oil and an extra water layer [Winsor Il]),

also can be discarded. Actually, the behavior observed in our reaction media only can
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correspond to a Winsor llI-like system. This typically consists of three different phases:
1) a middle layer, formed by a surfactant-rich microemulsion involving similar amounts
of water and oil, and 2) two additional phases: one rich in water (bottom layer) and the
other rich in oil (upper layer) that also contain the remaining surfactant (Figures 7b, c).

Under these premises, if we consider again our preparative procedure, the fact
is that the translucent suspension of expanded micelles (reagent B) is really a complex
three-phase system. When this is added over the silicon source dissolution (reagent A;
dissolution of silatranes in TEA), it is reasonable to assume that silatranes will mix
primarily with the water-rich phase (TEA and water are miscible), in a lower extension
with the surfactant-rich bicontinuous phase (aqueous portion), and must remain
practically unmixed with the alkane-rich phase. If so, the expanded micelles whose
assembling with siliceous oligomers really triggers the formation of the mesostructures
must be present in the aqueous phases. In practice, as shown in Figure 7d, we can see
that Tyndall effect occurs (water-rich phase) in all the reaction media we have selected
(y=0, 0.5, 2 and 4). DLS analyses show that this effect is associated with the existence
of supramolecular entities in the size range 1-4 nm (Figure 7e). Also, the size of these
entities (compatible with the dimension of CTMA"-based micelles) increases with the
alkane proportion. Probably, the presence of TEA (acting as an alcoholic co-solvent)
favors the formation of expanded micelles (some alkane in water) in contrast to what
happens for pure Type Ill Winsor systems, where the bottom water layer does not
contain oil nor surfactant. Moreover, the fact that the nominal ratio of reactants (2Si:
0.5 CTMABr) is roughly maintained in the mesostructured materials (according to the
analytical data the average Si/surfactant molar ratio is ca. 4.78 (Table 2)), indicates
that silica oligomers consume a large proportion of the surfactant species.

Regardless the specific reaction path (displacement of CTMA'-based entities
from the bicontinuous microemulsion to the water-rich phase as the formation of the
mesostructure advances or entering of silica oligomers in the aqueous part of the
bicontinuous phase to capture CTMA"-based species at the alkane-water interphase),
silica precipitation leads to the disappearance of the white bicontinuous intermediate
phase due to the nearly complete segregation of surfactant from the Winsor lll-like
system. Therefore, the supernatant final system is a biphasic mixture of a water-rich

phase and the excess of alkane that is not trapped in the micelles.
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In short, the very nature of the reaction media allows explain, besides the
swelling processes induced by alkanes under mild conditions, how is prevented the
trapping of large quantities of alkane in (swelled) micelles. While this approach is
consistent with the subsequent isolation of the here described UVM-7-like mesopore-
expended derivatives, it also explains the thermodynamic difficulties for expanding the
mesopore sizes beyond a certain limit, as observed in practice. In fact, we think that
the Winsor lll-like behavior of the reaction media is in the origin of the relatively poor
results (concerning mesopore sizes) previously achieved for materials preserving pore
systems constructed by packing of cylindrical (straight or worm type) mesopores

derived from micellar aggregate518'19’23’24’29.

Chemically extracted materials

As commented above, the preparation of the final porous x/yC,-UVM-7
materials requires removing the surfactant from the as-synthesized intermediate
mesostructured powders (x/yC,-UVM-7(M)). So far we have been referring to x/yC,-
UVM-7(C) materials for which surfactant removal was carried out by controlled
pyrolysis. It is well known that this type of treatment leads to a relatively high
condensation of the silica walls, which involves new siloxane links at the cost of
reducing the relative proportion of terminal silanol groups®. Nonetheless, there is a
diversity of applications for which it is desirable to retain a high density of silanol
groups on the surface of the silica, something that normally is favored by mild
chemical extraction of the surfactant. In principle, it was a bit surprising that the
extraction conditions (60 °C and acidified ethanol) that worked well (no mesostructure

deterioration) for the conventional UVM-7 materials™*®

, gave rise to significant
degradation or collapse of the x/yC,-UVM-7(M) mesostructures. In fact, as shown in
Figure S2, we have recurrently observed loss of the bimodal porosity and a significant
decrease in the surface area and pore volume of the final solids after such mild
treatment. In our opinion, the characteristics that could most likely be contributing to
the comparative weakness (i.e. to the relative inconsistency of the siliceous

frameworks because of insufficient Si-O-Si condensation) of the x/yC,-UVM-7 (M)

mesostructures (with regard to those for conventional UVM-7 materials) would be the
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small particle size along with the enlarged mesopore sizes. In any case, the
experimental observation (mesostructure degradation) clearly suggests a
(comparatively) low silica condensation degree in the x/yC,-UVM-7 (M)
mesostructures. To progress in this point, we have performed a 2%5i MAS NMR
spectroscopic study. Shown in Figure 8 are the 2%Si NMR spectra of a representative set
of mesostructured samples. All  samples show spectra typical of
mesostructured/mesoporous silicas exhibiting three partially overlapped signals falling
in the ca. -90 to -120 ppm range, which are habitually associated to Q? (ca. -90 ppm),
Q3 (ca. -100) and Q* (ca. -110) Si-sites. The results of the deconvolution of the spectra

in Figure 8 are gathered in Table 3.

Table 3. Deconvolution of the °Si MAS NMR spectra of selected x/yC,-UVM-7(M) (n= 16) as-synthesized

materials.
2 3 4
samele” S A ) ) /)
1 M 0.5 0 6.3 42.6 51.1 1.04
21 M 0.5 1 9.8 46.9 433 0.76
26 M 1.1 4 7.7 44.8 47.5 0.90
26 H 1.1 4 10.9 33.8 55.3 1.23
26 C 1.1 4 5.1 28.5 66.4 1.97
26 E 1.1 4 9.0 38.1 52.9 1.12

® M = mesostructured sample, H= hydrothermally aged mesostructured sample, C= calcined sample,

and E= chemically extracted sample (after the hydrothermal aging).
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Figure 8. 2Si NMR spectra of selected mesostructured x/yCis-UVM-7(M) samples (a) x= 0.5, y = 0

(Sample 1), (b) x= 0.5, y = 1 (Sample 21), (c) x= 1.1, y = 4 (Sample 26) and (d) the hydrothermally aged
Sample 26 (1.1/4C,5-UVM-7(H)).

As can be noted, the spectra of the as-synthesized mesostructured solids with
expanded mesopores (Samples 21(M) and 26(M)) reflect the presence of a relatively
low proportion of Q* Si sites, with Q*/Q*+Q? ratios lower than ca. 0.9. Chemical
extraction produces mesostructure degradation in these cases. It seems that the lower
limit of the proportion of Q* sites (Q*/Q*+Q?) in the framework conferring the
necessary stability to the mesostructure is close to 1.0, which is what is observed for
that corresponding to the conventional UVM-7 material (Sample 1(M)). Likewise, as
expected, the hydrothermal aging procedure we have applied (experimental section)
allows increasing the silica condensation degree (Sample 26(H): Q*/Q*+Q> ca. 1.23). In
practice, the stability of the hydrothermally aged samples is sufficient enough to resist
the surfactant chemical extraction without mesostructure degradation. Therefore, it
becomes possible to synthesize pore expanded UVM-7-like porous silicas with a
density of terminal silanol groups higher than those present in the corresponding
calcined solids. Let us see. Consider for example the (calcined) Sample 26, which is that

having the greatest mesopore size we have synthesized (Table 1). We have indicated
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that its as-prepared parent mesostructure (26(M): Q*/Q’*+Q> ca. 0.90, Table 3 and
Figure 8) does not resist chemical extraction (Figure S2). On the other hand, after
pyrolysis, the relative proportion of terminal silanol groups in the resulting porous
material becomes significantly reduced because of the induced condensation (26(C):
Of‘/QZ+Q3 ca. 1.97, Table 3 and Figure S3). In contrast, chemical extraction of the
surfactant from the hydrothermally aged mesostructure (26(H): Q*/Q*+Q3 ca. 1.23,
Table 3 and Figure 8) occurs without mesostructure degradation and, as expected,
does not involve any remarkable change concerning the silanol groups in the resulting
porous silica (26(E): Q*/Q*+Q3 ca. 1.12, Table 3 and Figure S3).

The most relevant data of a set of materials prepared by chemical extraction of
the surfactant from hydrothermally aged mesostructures have been included in Table
1. Shown in Figures S4 and S5 are the N,-adsorption-desorption isotherms and TEM
images, respectively, corresponding to some selected samples after surfactant
evolution. As can be observed, both the bimodal porous nature (including intra-
particle mesopore expansion) and the characteristic UVM-7-like architecture are
preserved. It does not seem unreasonable to assume that this type of solids would

show similar trends to those discussed for the calcined samples.

Drug and enzyme charge

In order to evaluate the possible improvement of the performance
towards mass-transfer of the UVM-7-like architecture after mesopore expansion,
we have realized a preliminary study of the adsorption by different matrices of a
small drug (ibuprofen) and two enzymes (lysozyme and trypsin) of different size,
all of which have already been used as models for inclusion in mesoporous
materials. In particular, mesoporous silicas have a series of features (such as the
presence of regular and adjustable pore systems, high surface areas and pore volumes,
among others) that could make them adequate for the storage and release of

relatively large substrates of biomedical interest***®.

Vallet-Regi and col.”’

published the first complete study on delivery systems
based on MCM-41 silicas (sorption and release of ibuprofen, a non-steroidal anti-

inflammatory). Later, other unimodal mesoporous materials (like HMS or SBA-15
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44-46. As a

silicas) also have been utilized for designing ibuprofen delivery systems
reference, the highest relative amounts of ibuprofen incorporated into unimodal
mesoporous silicas reported to date range approximately from 30% to 59% (by weight,
referred to the support), depending on the experimental protocol. In this context, it
was suggested that hierarchical porous materials could open new prospects for
applications due to their presumably enhanced accessibility across large pores, which
should result in higher uptake levels*. In fact, we have recently shown how the
hierarchic pore architecture typical of the UVM-7 silicas (particularly their nano-scale
mesopore length) provides a very open and accessible organization facilitating (in
comparison to MCM-41 derivatives) the drug charge (and its posterior delivery) inside
the cylindrical mesopores®*. What we want to do now is to consider the effect of
combining the short length of their mesopores with the size expansion induced by
alkanes. To this end, we have used the same protocol previously optimized and
described in detail for the conventional UVM-7 silicas**. This protocol was designed to
avoid ibuprofen segregation ensuring, as far as possible, that ibuprofen is admitted at
the silica surface and confined inside the pores. The supports have been charged by
impregnation with ibuprofen solutions (0.47 and 0.58 M) in n-hexane (at 252C) during
relatively short contact times (ca. 4 h). We have tried also to increase the ibuprofen
uptake by applying successive impregnation cycles with increasingly concentrated
solutions (0.47 M + 0.58 M). The silica supports tested have been the conventional
UVM-7 (Sample 1) and that having the greatest mesopore size we have synthesized
(Sample 26). In both cases, for comparative purposes, we have used calcined
mesoporous powders in order to have a similar proportion of silanol groups at the
silica surface. This aspect is really important insomuch as the drug-support interaction
is mediated by the Si-OH groups®*. As the data in Table 4 shown, the ibuprofen uptake
by the support, which increases as the drug concentration in the carrier, is appreciably
higher for the mesopore-enlarged silica (Sample 26). Besides this, the use of successive
impregnation cycles results in an additional increase of the drug charge, which reaches
a high relative level (ca. 64.5 %). The typical UVM-7-morphology is maintained after
charging of the drug (Figure S6).
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Table 4. Analytical and physical data for the drug-silica composites.

Inter-particle pore

sample’ Treatment® Ibuprofen® Surfzaced Size® Voluamee
(%) (m“/g) (nm) (cm*/g)
1 0.47 39.7 144.2 29.9 0.72
1 0.58 42.4 120.3 30.1 0.62
26 0.47 48.7 158.3 47.8 1.22
26 0.58 50.3 154.1 44.2 0.93
26 0.47+0.58 64.5 88.2 41.5 0.76

? Calcined (C) samples. ® Concentrations of the drug solutions. © Drug content. d Surface area according
to the BET model. € Pore diameters and volumes calculated by using the BJH model on the adsorption

branch of the isotherms.

Together with the analytical data, the changes in the N, adsorption-desorption
isotherms (Figure S7, Table 4) suggest that effective incorporation of the drug into the
supports occurs. Indeed, the primary mesopore system disappears after ibuprofen
uptake in all cases, what means that ibuprofen molecules have already filled (or
blocked) all the intra-nanoparticle mesopores. In contrast, the inter-particle pore
system remains partially empty. Thus, the samples processed with a single
impregnation step (with solutions 0.47 or 0.58 M) still present BET surface area values
(120-150 mz/g) typical of UVM-7 materials with closed mesopores. When samples
impregnated with a solution of the same concentration are compared (Table 4), it can
be noted that the material with expanded pores (Sample 26) incorporates an
ibuprofen amount ca. 20% higher than the UVM-7 silica (Sample 1). Interestingly, the
intra-particle mesopore volume of the pore expanded material (1.26 cm?/g) also is a
ca. 20% higher than that of the UVM-7 silica (1.02 cm?/g). This trend is clearly
consistent with an enhanced accessibility to the expanded mesopores (intra-particle).
However, the incorporation of ibuprofen occurs simultaneously in the two pore
systems and, in fact, we also observe a progressive decrease in the textural pore
volume with the drug content. What is clear is that the ca. 10% of additional drug

incorporated when using successive impregnation cycles will be necessarily located in
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the inter-particle voids, what agrees with the decrease of both the volume and size of
these large voids (as well as with the marked lowering of the BET surface area of the
composite).

Adsorption onto a silica matrix is one of the most basic methods of enzyme

immobilization*®>°

. It involves surface physical interactions support-enzyme usually
driven by combined hydrogen bonding and electrostatic forces. Together with the size
and shape of the enzyme, the adsorption processes are highly dependent on the
isoelectric point of both the enzyme and the support and, consequently, the enzyme-

silica interactions are strongly influenced by the pH***!

. The great difference between
the isoelectric point of the silica (3.6) and those of the enzymes we have tested (11.4
and 10.5 for lysozyme and trypsin, respectively) allows disposing of a wide pH range
for the electrostatic immobilization. We have selected pH = 6.0 as a compromise value
favoring the protein-silica interaction over the repulsive neighboring enzyme-enzyme
interactions. Although sometimes obviated, the size matching between pore and
enzyme is a mandatory criterion in order to account for the location of the guest inside
or at the surface of the support®’. In practice, low load levels are predictable for
enzymes whose size (hydrodynamic diameter) is larger than the pore size due that only
adsorption on the external surface is feasible. On the contrary, enzymes with sizes
smaller than those of the pores also could result included inside the host structure.
However, a certain leaching might occur when the enzyme size is considerably smaller
than the pore void. Accordingly, we have selected two different enzymes, lysozyme
and trypsin, in order to analyze the possible advantages of using matrices with
enlarged mesopores for enzyme immobilization. Lysozyme has a shape and size (is a
globular enzyme with a hydrodynamic diameter slightly lower than ca. 3 nm)*
adequate for its inclusion even in the intra-particle mesopores of conventional (non-
expanded) UVM-7 silicas®®. On the contrary, the size of the weightier globular trypsin
(ca. 3.7 nm)* only would allow its inclusion inside the intra-particle mesopores of
some expanded UVM-7-like derivatives. Therefore, considering both enzymes
together, we will have a good “local probe” to evaluate the intra-nanoparticle
mesopore accessibility.

Shown in Figure 9 is the evolution of the lysozyme and trypsin uptakes with

time for different supports. Figure 9a compares the lysozyme adsorption for three
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different supports: MCM-41, conventional (non-expanded) UVM-7 (Sample 1), and the
mesopore-enlarged 1.1/4C16-UVM-7 silica (Sample 26). For comparative purposes, all
the supports have been prepared by calcination at 5502C in order to get silica surfaces
with similar proportions of silanol groups. In all cases, the enzyme/mesopore size
adequacy would allow lysozyme incorporation into the intra-particle mesopores.
However, the adsorption isotherms show significant differences which, in the present
case, must be firstly related with the support morphology. Thus, the MCM-41 material,
which consists of comparatively large micrometric particles, is the one with the lowest
uptake capacity. For this material, lysozyme adsorption occurs slowly and the
maximum loading level (ca. 105 mg/g) requires relatively long contact times. Insofar as
the mesopore sizes of MCM-41 (ca. 2.68 nm) and Sample 1 (ca. 2.71 nm) are similar, it
seems reasonable to consider that the relatively large length of the mesopores in
MCM-41 (due to particle size) is a diffusion obstacle to the guest enzyme, which may
be responsible for both the low adsorption capacity and the long contact time required
in this solid to reach equilibrium. It should be noted that the charge level we have
achieved (under our experimental conditions) is comparable to others reported in
previous publications when working at similar pH values and using analogously treated
MCM-41 materials (without mesopore expansion) as inorganic supports>%. The use of
UVM-7-like nanoparticulated silicas as supports entails a significant increase of the
total lysozyme adsorbed for shortened contact times (in comparison with MCM-41).
Moreover, these effects are clearly more pronounced as the size of the intra-particle
mesopores increases. Thus, the mesopore size expansion from ca. 2.71 nm (Sample 1)
to ca. 4.23 nm (Sample 26) carries with it an increase of the charge level close to 100%
(from ca. 200 to 394 mg/g, respectively). Also, as suggested above, the isotherm of the
lysozyme adsorption on Sample 26 indicates some leaching for relatively long contact
times. Apart from the latter, given that we are now dealing with supports (Samples 1
and 26) constructed from particles of comparable size and having similar textural
porosity, it can be assumed that such a large growth in the lysozyme adsorption is
really related with the expansion of the intra-particle mesopore system, whose BJH
pore volume increases from 1.02 (Sample 1) to 1.26 (Sample 26) cm®/g. In fact, taking
into account the molecular weight of the lysozyme and its molecular volume (17.8

nm®)*, the mentioned increase in the capability of adsorption of lysozyme by the
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Sample 26 (ca. 200 mg/g) would correspond to a volume of ca. 0.15 cm3/g, which is
compatible with (i.e. lower than) the corresponding increase of the intra-particle pore
volume (0.24 cm3/g) in the expanded silica (Sample 26). It has to be noted that the
lysozyme charge level we have achieved is similar to that described by Kao et al.?’
when other M41s nanoparticulated silicas with enlarged pores of 5.6 nm were used as
supports. In both cases, the readiness and efficiency towards lysozyme capture are
comparable to those reported for Rod-SBA-15 silica supports (with a mesopore size of
6.8 nm)>3. All indicates that the performance improvement of the nanoparticulated
silicas (NBS) with regard to the micrometric MCM-41 is due to the reduction in length
of the mesopores, with a subsequent increase in the number of pore entrances. In
practice, a similar influence of the morphology of the support was proposed when

comparing Rod-SBA-15 (1-2 mm in length) with Con-SBA-15 (ten mm in length)>*.
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Figure 9. Enzyme adsorption evolution with contact time for (a) lysozyme and (b) trypsin by using as

support Sample 26, Sample 1 (UVM-7) and MCM-41 silica (for comparative purposes).
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The evolution of the trypsin uptake with time is shown in Figure 9b. In this case,
adsorption on the Sample 1 (380 mg/g) takes place necessarily only in the inter-
particle pore system. The trypsin molecules would interact through silanol groups at
the outer surface of the nanoparticles, what can produce also a significant blockage in
the mesopores entries. In fact, the trypsin-UVM-7 composite has a BET surface area of
145.9 m?/g and a BJH pore volume of 0.63 cm?/g. These values, which are in the ranges
typical of UVM-7 materials with closed mesopores, should correspond to the outer
surface of the nanoparticles and mainly textural voids, though a certain contribution of
some unblocked intra-particle mesopores cannot be completely discarded. The
adsorption level of trypsin in the mesopore-expanded material (Sample 26)
significantly increases, reaching a maximum relative value of ca. 485 mg/g. It is readily
assumable that much of the additional enzyme incorporated (ca. 105 mg/g) will be
included into intra-particle mesopores. Thus, an approximate calculation as performed
for lysozyme indicates that the volume required to accommodate such additional
amount of trypsin (molecular volume 54.76 nm®)* is 0.16 cm?/g, which is lower than
(and consequently compatible) the corresponding increase of the intra-particle pore
volume in the expanded silica (Sample 26) with regard to the Sample 1. Similar trypsin
charge levels have been reported for MCM-41 silicas with expanded mesopores (in the
4-5 nm range)™. The trypsin adsorption capacity of Sample 26 only is surpassed by

SBA-15-type silicas’®.
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Figure 10. DLS particle size distributions of (a) Sample 23, (b) Sample 26 and (c) Sample 22, after

ultrasound treatment.
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Once checked the mass-transfer improvement for mesopore-expanded UVM-
7-like materials, it is important to confirm that the grain (or particle aggregates) size in
these solids is in the range 30-200 nm appropriate for certain biomedical
applications®. Accordingly, we have prepared relatively high concentrated (500
ug/mL) suspensions of a representative set of our mesoporous samples in water. The
solids are easily suspended after treatment during one minute in a standard
ultrasound bath. DLS measurements allow us to determine the average size of the
suspended grains (Figure 10). In all cases, we observe the stabilization of aggregates
with average sizes around 100 nm (78.8, 91.3 and 105.7 nm for Samples 23, 26 and 22,
respectively). Now, we can make a rough estimation of the number of individual
nanoparticles that would contain grains (suspended) of ca. 90 nm (Sample 26). Thus, in
this case, an average nanoparticle diameter of ca. 30 nm can be considered as
representative from the TEM image in Figure 5. The highest possible aggregation
would correspond to a close packing of nanoparticles (space filling of 76%). From this,
we can estimate that the observed suspended grains of ca. 90 nm would be
constructed by aggregation of around 20 individual nanoparticles. It can be concluded
that the continuous siliceous network involving the two pore systems typical of the
UVM-7-like materials are preserved in the grains and, consequently, both intra- and
inter-particle pores really are available to host some drugs, biomolecules or other

species of interest for nanomedicine applications.

Concluding remarks

Nanoparticulated bimodal mesoporous silicas (NBS) have proved to constitute
adequate supports in a variety of applications requiring enhanced accessibility to the
active site. When put into play pore systems hierarchically structured, provided that
access to the small pores occurs through textural voids, the shortening of the length of
the small intra-particle pore at the nano-scale range leads to a reduction of effects due
to possible pore blocking. Under this assumption, mass transfer processes throughout
the support could be further improved by enlarging the intra-nanoparticle mesopore
cross section. We have explored this possibility in the well characterized UVM-7 silicas

by using alkanes as swelling agents, what has allowed us to expand their typical
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mesopore sizes from ca. 2.71 up to ca. 4.23 nm (ca. 56%). This results in greater
capacity to incorporate guest species, including bulky substrates. In any case, this has
been possible by judiciously adapting our preparative protocols after a careful
rereading of classical concepts of the chemistry of colloids. It is shown that the usually
multiphasic nature of the reaction media associated to the use of swelling agents in
surfactant-assisted procedures, imposes restrictions on the possible expansion of the

pores, a point that had not been typically treated in detail.
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Figure S1. N, adsorption-desorption isotherms of 0.5/yC,-UVM-7(C) materials. (a) n= 10, Samples 4 to 8,
(b) n=12, Samples 9 to 13, (c) n= 14, samples 14 to 18, (d) n= 16, Samples 19 to 23. The values 0.25, 0.5,
1, 2 and 4 correspond to the nominal alkane content (y). In all series the XRD of the non-expanded UVM-

7 silica (Sample 1) is included for comparison.
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Figure S2. N, adsorption-desorption isotherms and BJH pore size distributions of (a) 1.1/4C,c-UVM-7(M)
and (b) 0.5/0.5C.,-UVM-7(M) after surfactant chemical extraction (without hydrothermal aging). A
significant collapse is observed for the 0.5/0.5C,,-UVM-7(M) solid (392.7 m?/g, without well-defined

mesopores).
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Figure S3. °°Si NMR spectra of calcined and chemically extracted Sample 26: (a) 1.1/4C;6-UVM-7(C), and
(b) 1.1/4C15-UVM-7(E).
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Figure S4. N, adsorption-desorption isotherms and BJH pore size distributions of samples (a) 0.5/0.5Cy,-

UVM-7(E) (Sample 30) and (b) 1.1/4C;s-UVM-7(E) (Sample 31).

Figure S5. Representative TEM images of samples (a) 0.5/0.5C1,-UVM-7(E) (Sample 30) and (b) 1.1/4Cy¢-
UVM-7(E) (Sample 31).
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Figure S6. Representative TEM micrographs of the Ibuprofen charged materials. (a) Sample 26 (0.58). (b)
Sample 26 (0.47 + 0.58).
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Figure S7. Representative N, adsorption-desorption isotherms and BJH pore size distributions of the

Ibuprofen charged materials. (a) Sample 26 (0.58). (b) Sample 26 (0.47 + 0.58).
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3.1- Overview

Gold is the most noble of metals. Since its discovery, it has been used as a
source for ornaments and art. It has a high monetary value; in fact, the gold price has

been used as an indicative factor of the financial state of the economy.

For a long time, gold was considered an inert material; it has such a high
potential (E°= +1.69 V) that it resists corrosion and oxidation in moist air, and its
beauty and lustre remains for millennia. Before the advent of modern chemistry, gold
fascinated alchemists. However, its inertia offered few study possibilities. For this

reason, gold chemistry was relatively undeveloped for a long time.

In the late 1980s the findings of Hutchings' et al. and Haruta® et al. on the
exceptional activity of nanometric gold in CO oxidation and ethyne hydrochlorination
focused scientific interest on this metal. While large metal particles can be considered
as chemically inert, when the particle size is reduced to the nanometric range and it is
properly dispersed, usually infon metal oxides, it can act as a catalyst in reactions such
as selective hydrogenation3’4, alkene epoxidations, alcohol oxidation® or direct

synthesis of H,O; (in addition to the above mentioned).

Figure 1. Lycurgus cup.
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Nowadays, gold is probably the most used element at the nanoscale (apart
from silica). But back in history, the use of gold nanoparticles was known for centuries.
In the Vedic period (1750-500 B.C.), in India, blashma was already being used. It
consisted of a gold containing ashes where nanoparticles were used for medical
purpose. The most ancient well-documented example is Lycurgus cup’ (Figurel), from
the 4% century A.D., where gold and silver nanoparticles were used for decorative

effects.

In 1857, Faraday reported the reduction of a tetrachloroaurate solution with
phosphorous disulphide in carbon®. He claimed that gold was present in solution “as a
finely divided solid state”. In the first half of the XX century there was a growth in
knowledge of colloid chemistry, with gold playing an important role. Nevertheless,
these developments were marginalized due to the revolutionary advances in physics.
In practice, until the nanotechnology apogee in the last decades of the XX century,
discoveries in this field did not receive much attention. At this time, many of the old

concepts were revised to improve understanding.

The importance of gold in nanotechnology resides in its stability as a pure
metal. Generally, when exposed to ambient conditions metals become covered with a
rust layer. This fact makes them inappropriate for nanoparticle preparation, where
most of the atoms are surface located. Besides, with the exception of silver, no other
metal equals gold in terms of controllability and response in optical properties, in

particular surface plasmon resonance.

Gold catalysis can be considered as a bridge between model systems produced
by materials researchers and real systems used in catalysisg. Gold chemistry can be
used to understand catalysis, synthesis and the stabilization of materials at the

nanoscale.

The use of gold as a catalyst, and the study of gold nanoparticles and their
chemistry have generated a great number of publications. Twenty years ago there
were just a few papers related to gold chemistry. Nowadays, as shown in Figure 2,

more than 1,000 per year are published.
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Figure 2. Evolution of papers related to gold catalysis, data from Web of Science.

3.2 - Particle size

An essential characteristic in gold catalysis is the importance of a particle size
lower than 5 nm. Some explanations for this phenomena include the high contribution
of surface atoms with low coordination (edges, vertices)'®; a change in the metal
oxidation state and electronic structure with particle size’*™®; O, sensibility to the
surface arrangement of gold atoms™*; charge transfer and oxygen spill-over between

gold particles and the support™>*®; and support-induced strain®’.

Sintering implies the loss of catalytic surface due to crystallite growth; particles
can grow into larger ones through different mechanisms. Particles or atoms might
move from one particle to another, the movement of atoms being the most important
mechanism for the sintering of small particles. This process is highly dependent on
temperature: it is known that as the temperature of the material increases so does the
mobility of its atoms. The Hittig and Tamman temperatures of a material indicate the
temperature at which such materials sinter (or agglomerate). They are related to the

melting temperature.

At the Huttig temperature, atoms at crystalline defects become mobile®®.
Atomic mobility increases when the Tamman temperature is reached; atoms within

the bulk material begin showing mobility, causing sintering or agglomeration. Finally,
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at the melting temperature the mobility is so high that liquid-phase behaviour is

observed. These temperatures are correlated as shown below:

THuttig =0.3 Tmelting (1)

Ttamman = 0.5 Tmelting (2)

For gold, the melting, Hittig and Tamman temperatures are 1336, 668 and 401
K8, respectively. Several factors such as texture, size and morphology affect these
temperatures. A wide variety of materials show a decrease in their melting point as

19-21

particle size diminishes™™“". Melting starts at the surface and for a small particle the

surface contribution to the process is greater. Therefore, the smaller the particle the
higher the melting point reduction. Shown in Figure 3 is the evolution of the melting

temperature for gold particles with their size.
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Figure 3. Relationship between the melting point and the size of gold, from reference 22.

Another process that can influence gold particle size is aurophilicity. This is the
d'® metallic ions propensity to attract each other?. Aurophilic interactions come from
the overlapping of 5d full orbitals with empty 6s and 6p, and can be described as
strong van der Waals interactions®*. In most cases, gold interaction with metal oxides

is weaker than Au-Au bond, leading to easy sintering.
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As a consequence of these features, formation and stabilisation of gold

nanoparticles is a complicated process that requires specific conditions.

3.3 - Nanoparticle formation

Formation of gold nanoparticles can be accomplished by two different
strategies, namely “top down” and “bottom up”. “Top down” processes are based on
the breaking of bulk gold to generate nanoparticles of the desired size, controlled by a
matrix or a pattern. These methods have limitations related to size control and particle
shape, as well as post functionalization. By contrast, with a “bottom up” strategy,
nanoparticles are formed from individual molecules. Formation requires a chemical or
biological reduction in two steps, nucleation and growth. If both steps take place in the

same process the method is known as in situ; otherwise, it is known as seed-growth.

In the following paragraphs in situ strategies and their evolution are described:

e Turkevich method

This method, reported by Turkevich in 1951%°, consists of the reduction of
HAuCl,; using trisodium citrate dihydrate. By controlling the Au/citrate ratio, the
particle size can be modulated®® between 15 and 150 nm. Some research groups have
improved the method; in particular, the Kimling group? indicates that high
concentrations of citrate stabilize small particles faster, while with low concentrations

large-size nanoparticles are obtained.

Over the years, some changes with respect to the initial conditions have been
implemented, such as the use of different reductors (tannic acid/citrate®®, NaBH429)
using the citrate only as stabilizing agent. With this method, 5 nm nanoparticles can be

formed.
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e Brust-Schiffrin method

The synthesis of thiolate stabilized gold nanoparticles was described by
Mulvaney and Giersing in 1993°°. In 1994, with the Brust-Schiffrin method?, it was
possible to use this reduction in an in situ method. It allows the work to be carried out
under atmospheric conditions, obtaining particles with high thermal stability, low size
dispersion and easy post-functionalization by ligand substitution. Particles between 2

and 5 nm are stabilized by Au-S bonds.

e Schimd Auss cluster

At the beginning of the 1980s, Schmid®? published a phosphine stabilized gold
cluster, [Auss(PPhs)1,Clg], with a narrow size dispersion (1,4 nm). He used diborane as
the reducing agent of HAuCl; and triphenylphosphine as the stabilizing agent. Some

33,34

modifications of the initial method using different reducing agents or gold

precursors® have been studied.

e Other ligands

Nanoparticles can be stabilized using other oxygen and nitrogen-based ligands

(amine, carboxyl, carbonyl and phenol groups), pol mers>® and dendrimers®’.
y y p groups), poly

In comparison with in situ methods, the particle size enlargement in seed-
growth methods takes place step by step, allowing the control of particle size and
shape. These methods entail two different stages. In the first one, small-size
nanoparticles are prepared as seeds. In the second one, these nanoparticles are added
to a solution containing HAuCl,; and reducing and stabilizing agents. New Au® particles
grow on the seed surface to form large-sized nanoparticles. Reducing agents used in
the second stage are always softer than those from the first. Thus, new reduced gold
atoms are only aggregated on the seeds, with no formation of new particles. This step

can be repeated until the desired size is obtained.
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With traditional synthetic methods, spherical or quasi-spherical particles are
obtained. But the shape can be lost if the growth is not controlled. For the synthesis of
nanoparticles with a defined morphology, the seed-growth method is preferentially
used>®**°. Shown in Figure 4 are some examples of gold nanoparticles prepared by the

seed-growth method (adapted from reference 40).

> -

‘ .‘ B
"’ﬂﬁ P - §

Figure 4. Electron micrographs of Au nanoparticles with different shapes.

“Top down” synthesis starts with a bulk substrate (film or pellet) that
undergoes a patterning process to obtain nanoparticles with the desired size and
shape. The most common techniques are electron-beam lithography** and laser-based

. 42
ablation™.

3.4 - Catalysis

Gold in its nanocrystalline form (colloidal or supported), offers many
possibilities as a catalyst. The nature of the active site regarding i.e. metallic or positive

gold (Au*/Au®) it is still under debate®**

. There is evidence showing that cationic gold
is catalytically active for numerous reactions™*>*®, but there is also evidence linking
catalytic activity to small gold clusters*’. The structural complexity of gold catalysts

complicates the interpretation of the results obtained from spectroscopic techniques.
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It is known that gold catalytic activity is affected by:

Size and shape of gold particles
- Synthesis method

- Gold oxidation state

- Support nature

- Gold-support interactions

3.4.1 - Homogeneous catalysis

4851 Examples of gold

Some gold complexes act as catalysts in solution
catalysed reactions we can find are: alkene hydrogenationsz, alkyne

hydrochlorination®, alkyne®, allene® and alkene®® hydroamination.

Table 1. Some reaction catalyzed by gold(l) and gold(lll) complexes in solution, from reference 43.

Reaction Gold precursor Ref.
Ethylene hydrogenation HAuCl, 58
Enantioselective hydrogenation of imines Gold(l)-Me-duphos® 49
Hydrochlorination of alkynes HAuCl, 53
Hydroamination of alkynes NaAuCl, 54
Hydrothiolation of allenes AuCl 50
Hydroarylation of alkenes AuClz 59
Ferrocenylphosphine gold(l
Asymmetric aldol reaction yipnosp gold(! 60
complexes
Hydroarylation of alkynes AuCl; 61
Intramolecular addition of phenols and carboxylic acids
PhsPAuCI 62
to alkenes
Carbonylation of olefins Aul(CO) 63
Cl
PhgP——Au——PPh,
Dehydrogenative silylation of alcohols P | o A 51
Cycloisomerisation of a-aminoallenes to 3-pyrrolines AuCls 64
Phenol synthesis AuCl; 65

® Me-duphos = 1,2-bis((2R,5R)-2,5-dimethylphospholano)benzene
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Catalytic activity of gold complexes is comparable with that of paIIadium48’54’57.

For example, carbon-carbon coupling reactions, usually catalysed with palladium, can
also be catalysed with gold. Table 1 shows some reactions catalysed by gold complexes

in solution.

Although many reactions have been catalysed using homogeneous gold
catalysts, this type of catalysis has a few drawbacks. Separation and recovery of
homogeneous catalysts from the reaction medium often requires several steps that
might even deactivate the catalyst. For this reason, homogeneous catalysts are rarely
recycled. Besides, higher amounts of gold are usually required for homogeneous
catalysts. Both factors make homogeneous catalysts more expensive than the

heterogeneous ones.

3.4.2 - Supported (heterogeneous catalysis)

A good way to stabilize gold nanoparticles is to support them, obtaining a well-
dispersed, catalytically active and stable material. Hutchings group® supported gold on
active carbon at the end of the 1980s and used it as a catalyst in acetylene
hydrochlorination. Haruta’s group2 used gold supported on group VIII metal oxides

(Fe»03, Co304, NiO) in CO oxidation at low temperature.

Table 2. Ongoing and potential applications of Au catalysts, from reference 47.

Fields of applications

Reactants or Reactions

Support materials

Indoor air quality control

Pollutant abatement

H, energy carrier

Chemical process

odour (commercialized), CO
sick house gases

dioxin oxidation-decomposition
NO reduction

N,O decomposition

water-gas shift

CO removal

fuel cell anode
hydrochlorination
hydrogenation

[C=C, C=0 % C=C, C-OH]
liquid-phase selective oxidation
propylene epoxidation

Fe,03

TiO,

Fe,03

Al,O3

Co30,

Zr0,, CeO,

Al,03, Mn,03, Fe,03
carbon black

AuCl; / activated carbon
Zn0

activated carbon
TiO,(anatase) and Ti-SiO,
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Since then, supported gold has been studied as a catalyst in many reactions
such as propylene epoxidation®, hydrogen peroxide synthesis®’, alcohol selective
oxidation®® and carbon-carbon bond coupling69 among others. As can be seen in Table

2, a wide variety of materials have been used as supports.

3.4.2.1- Anchoring

The main role of the support is to avoid sintering of gold nanoparticles. For this
reason, interaction between gold and the support (metal-support interaction, MSI7)

. . . 71,72
plays an important role in catalysis’™

. Supports can be classified by their nature into
two groups: reducible metal oxides (i.e. oxides with different valences that are easily
reducible) such as Fe,03, CeO, or TiO; and, irreducible metal oxides; hardly reducible
materials.

Reducible metal oxides participate directly or indirectly in the catalytic reaction.
For example, in CO oxidation the support has two main roles: to provide oxygen or
assist its activation, and to eliminate CO, by reaction with the hydroxyl groups on the
surface”. In contrast, irreducible supports do not participate in the reaction. When
supported on irreducible supports, gold particles need to be smaller than in the case of
reducible oxides in order to be active; in this way low coordination gold atoms are

accessible’*">.

Due to the high metal-support interaction, when gold is supported on reducible
oxides it tends to have a hemispheric structure. The wetting of gold over the surface
generates larger interfaces. Besides, the support can induce strains on gold particles,

especially at the interface between the gold and the support’®*’

. When supported at
irreducible supports (such as carbon or silica), nanoparticles have a spherical shape
because of the weak interaction between the gold and the support. For this reason,
particles with the same size have different catalytic activity on diverse supports.
Another factor to take into account is the electronic effect; CeO, can stabilize gold

nanoparticles by attracting gold electrons’’, while MoO, does this by donating

7
electrons’®.
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Reducible support Irreducible support

Figure 5. Scheme on gold interaction with different support.

The size and shape of the support can influence the catalyst efficiency, the
number of active centres being proportionally lower when the size of the support is

7980 1t has been suggested that a decrease in the

much greater than the nanoparticles
support particle size generates a better metal-support contact, as well as more oxygen
vacancies, making its activation and migration easier 81

Supported gold catalysts are usually prepared using pristine supports, which in

most cases are metal oxides, but in others they can be a metal salt® .

3.4.2.2 - Anchoring methods

Impregnation of gold nanoparticles on metal oxides is complicated since gold
has a lower melting point and a lower affinity for oxides than Pd and Pt. Moreover,
HAuCl, crystals dispersed on the support aggregate during the calcination step, with
chloride ions favouring coagulation. However, there are other methods that permit

deposition of gold nanoparticles with sizes lower than 10 nm.

Many studies show that gold dispersion on the support is determined by the
preparation process. It is important to choose a suitable method depending on the

support used. These methods can be classified as shown in Table 3.

The first group is characterized by the preparation of well-mixed precursors,
hydroxides, oxides or gold metal mixtures with the support metal by coprecipitation®’,
amorphous-alloying® or co-sputtering®. Coprecipitation is the most used and
simplest. In this method, an aqueous solution containing HAuCl; and metal salts, such
as nitrates, is mixed for a few minutes and aged. The obtained precipitate needs to be
calcined to obtain the catalyst. The application of this method is limited to metal

hydroxide or carbonates that can be coprecipitated with Au(OH)s.
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Table 3. Preparation techniques for nanoparticulate gold catalysts, from reference 47.

Categories Preparation techniques Support materials Ref.
Preparation of coprecipitation (hydroxides or Be(OH),, TiO,*, Mn,03, Fe,03, 90-92
mixed precursors  carbonates) Cos0,4, NiO, ZnO0, In,05, SN0,
of Au and the amorphous alloy (metals) ZrO, 88
metal component ., spyttering (oxides) in the
of supports presence of O, €030, 8
deposition-precipitation (HAuCl4 Mg(OH),*, Al, 05, TiO,, Fe,03, 93 94
Strong interaction in aqueous solution) Co304, NiO, Zn0O, Zr0O,, Ce0,, Ti-SiO, ’
of.Au precursors liquid ph?se graftl-ng (organo-gold Ti0,, MnO,, Fe,0, 95,96
with support complex in organic solvents)
materials gas phase grafting (organo-gold all kinds, including SiO,, Al,05-SiO,, 97 98
complex) and activated carbon ’
Mixing colloidal Au
with support colloid mixing TiO,, activated carbon 99
materials
Model catalysts . . .
L vacuum deposition (at low Defects are the sites for deposition, 100-
using single crystal . .
temperature) MgO, SiO,, TiO, 102

supports

* The addition of Mg citrate during or after coprecipitation or deposition-precipitation is important for depositing

Au as nanoparticles

The second group is based on the deposition or adsorption of gold compounds
such as gold hydroxide by deposition-precipitation®® or an organic complex by liquid

%% and gas phase grafting®’. The deposition-precipitation method was

phase grafting
first used by Haruta'® and since then it has become the most used. It consists of
HAuCl; hydrolysis at a high pH to obtain [Au(OH),Cls..] species, with as few chloride
groups as possible, and its subsequent precipitation on the support. The support
nature is very important; this method is appropriate for supports with an isoelectric
point (IEP) higher than 5. The ideal solid must have a high density of hydroxyl groups
and a high surface area. But nanoparticle formation is more complex than was

104 " After gold adsorption on the surface, particles are

suggested by Geus and Haruta
formed by growth and nucleation processes. Final size depends on many factors such
as gold charge, the nature of the support, chloride presence, thermic treatments, etc.
Working at a high pH reduces the chloride amount, obtaining smaller particles with
less mobility. The last step of this process is gold reduction with a thermal treatment to

form metal clusters.
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Liquid phase grafting in an organic solvent is not appropriate for an IEP lower
than 5. Besides, it needs freshly prepared metal hydroxides® to ensure a high hydroxyl
concentration on the surface that allows the interaction with organic gold complexes.

By contrast, gas phase grafting can be used with any support™®.

In the third group, gold monodisperse colloids are used, stabilized with organic
ligands or polymers®. This method is used for the deposition of gold on carbon, which

is not possible with the preceding methods because of its low hydroxyl density.

The last group is chemical vapour deposition, an efficient method to synthesize
small gold nanoparticles on almost all kinds of supports. The major drawbacks of this
method are the high price of the organic precursors needed and the complicated

procedure.

3.4.2.3- Mesoporous silica

One of the most used irreducible supports is mesoporous silica, owing to its
high surface area, corrosion resistance, low cost and modifiable morphology. In many
gold catalysts, gold nanoparticles are located on the external surface of the material.
There is great interest in its incorporation on mesoporous materials’®*° because the
incorporation of the nanoparticles in the pore system prevents their leaching and

sintering.

Nevertheless, nanoparticle anchoring on these materials is not easy. Materials
prepared by HAuCl, or AuCl, impregnation have relatively large particles, since chloride
ions favour particle sintering1°7. Moreover, preparation by deposition-precipitation is
complicated. Due to the low isoelectric point of silica, the interaction between gold
and the support is very weak and low gold loading materials are obtained®*.

Gold nanoparticles have been currently confined in mesoporous silica, but

sintering is observed at high temperatures108

. The use of chemical vapour deposition,
although complicated, could be an alternative, but organic gold precursors are very

expensive.
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To enhance gold-support interaction, pores have been functionalized using
organic (mercaptopropyl'®, propylamine®™®, polydentate amines’'!) and inorganic
groups. In the latter, gold-reducible oxide structures have been deposited on the silica

113115 4 non-silica

surface?, the silica surface has been modified with reducible oxides
mesoporous have been used (Figure 6). Another method could be the confinement of
the gold nanoparticles into hollow spheres®, which allows good control of the size

with no possibility of sintering. Silica'’’ or an organic polymer'*® can be used as the

coating .
Reducible oxide Mesoporoussilica M
Mesoporoussilica deposited on modified with esop(?ll:ous
mesoporoussilica reducible oxides et

Figure 6. Modification of mesoporous silica with reducible oxides.

Although functionalization with organic groups enhances interaction with gold
and facilitates the anchoring by deposition-precipitation, the thermal stability of these

materials is low, restricting their applications to those where soft conditions are used.

In contrast, modification with inorganic groups offers great possibilities. It
improves interaction with gold and permits its use at high temperatures. Besides, the
possible formation of reducible oxide crystalline domains makes this interaction

stronger.

Depending on the method used for metal oxide incorporation, amorphous or
crystalline domains can be obtained. With a one-pot synthesis a great dispersion of the
oxide inside the silica matrix is obtained, but in the form of amorphous domains
integrated in the network. On the other hand, the use of a two-pot method permits

the formation of crystalline domains.

In some cases an epitaxial growth''® of gold on the crystalline domain (Figure 7)

has been observed, indicating a strong interaction of gold nanoparticles with the metal
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oxide surface. As a result of this interaction, gold particles are less prone to sintering

and the thermal stability of the material is enhanced.

@ePPRYPRE _______ Surface layer
¥er

1-‘-%!_— Supporting block

Figure 7. Epitaxial growth of gold nanoparticles supported on ceria; (down) atomic scheme of a gold
nanoparticle anchoring onto a CeO, nanorod, illustrating the functions of different domains. Adapted

from reference 119.

The characteristic features of supported gold catalysts are the remarkable
structure sensitivity of their catalytic performance, the low apparent activation

energies (active at low temperatures), and moisture activation.

3.5- Objectives

The objective of this chapter is the preparation and evaluation of
heterogeneous gold catalysts. As previously explained, silica itself does not have a
strong interaction with gold, resulting in nanoparticle aggregation. For this reason,
different methods have been followed to include reducible oxide domains in UVM-7

silica.

Both soft and strong anchoring of gold over metal oxides have been studied. In

the first case, a mesoporous silica containing Ni and Ce (or Sn) nanodomains is
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obtained through a one pot method, using the atrane route’®

. With this method, small
oxide domains are included in the silica matrix. In the second case, one pot and post-
treatment methods are compared for the incorporation of titanium oxide in UVM-7
silica. In both cases, gold is added by a deposition-precipitation method, obtaining

nanoparticles of less than 5 nm diameter.

The materials obtained are used as catalysts in the selective oxidative
condensation of benzylamine to N-benzylidenebenzylamine and in the oxidation of CO

to CO,, respectively.
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Abstract

Aerobic oxidative condensation of benzylamine to N-benzylidenebenzylamine
was carried out on new gold-based catalysts using as supports bimodal UVM-7-like
mesoporous silica containing Ni and Ce (or Sn) as oxide nanodomains partially
embedded inside the mesoporous UVM-7 silica walls. These nanodomains acted as
effective and stable inorganic anchors favoring the nucleation, growth and stability of
supported gold particles. Following the atrane method (a “one-pot” strategy able to
harmonize the hydrolytic reactivity of different heteroelements through the use of
complexes containing triethanolamine-derived ligands (atranes) as precursors) the
stability of the oxide nanodomains during oxidation and thermal treatments was
ensured. The catalysts were prepared in a two-step synthesis in which gold was
incorporated through impregnation of previously synthesized bimodal porous silicas
containing different heteroelements trapped by the silica mesostructure. The
versatility of the preparative approach allowed the high surface and accessibility of the
mesoporous silica and also an easy and homogeneous inclusion of heteroelements in
one pot. Aerobic oxidative condensation of benzylamine on these catalysts occurred

selectively only with the formation of N-benzylidenebenzylamine.
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While selectivity was total, the productivities (molproduct gca{l h'l) varied in a
wide range as a function of the catalysts composition (chemical composition and
atomic ratios of the constitutive support elements). The catalytic behavior was merely
controlled by the size of gold particles, but the support also exerts an influence. The
best results were obtained on the mesoporous Au/Cego-Nijp-UVM-7 catalyst having a
0.97 (wt.%) gold content (in the form of nanoparticles of ca. 4 nm) and preserving a
relatively high surface area (566 m?/g) and pore volume (0.91 cm®/g). The comparison
with the individual or bicomponent catalysts led to the conclusion of a cooperative
interaction between the catalyst components. However, gold itself exhibits a higher

activity than the promoters or co-catalysts (i.e. phases containing Ni and/or Ce).

Introduction

Catalytic selective oxidation of benzylamine to correspondent imine is an
important reaction in organic chemistry since the product of reaction is a valuable
intermediate in organic synthesis’. Imines, due to their reactivity, have multiple
applications®®> as building blocks for the manufacture of fine chemicals,
pharmaceutics®, agrochemicals, dyes, polymers, lipoxygenase inhibitors, anti-
inflammatory and anti-cancer agents®. They can undergo a large variety of

transformations including hydrogenations, cycloaddition and nucleophilic addition’.

Traditionally, aerobic oxidative condensation of benzylamines to imines is
performed using stoichiometric amounts of oxidants®® or by condensation of carbonyl
compound with amines in the presence of a Lewis acid catalyst: TiCls, Al,O3, MgSQ,, K-
10°. Due to the recent consideration of environmental issues, the use of stoichiometric
reactive is undesirable’. In addition, some disadvantages such as complex procedures,
long reaction time, high temperatures and use of aromatic solvents™® led to the
development of catalytic systems which use organic and inorganic peroxides as
oxidants™'. A green alternative is the use of oxygen as final oxidant. Unfortunately, the
reactivity of molecular oxygen is difficult to be controlled, and as a consequence, the
selectivity of the reaction is rather low®. Aerobic oxidative condensation of

benzylamine leads to a Schiff base through the oxidative dehydrogenation of primary
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amine and, consequently, to condensation with a second molecule of the unreacted
amine'?. This reaction takes place in the presence of various catalysts, such as:
Au/Ce0,", Au/TiO,, Au/C, Au/AlLOs', Pd/TiO, Pt/Ti0,”*, CuCl, CuCl,'®, gold
powder'’, rhodium complexes®, Au, Au-Pd and Pd supported on porous steel fiber
matrices®, and doped polyaniline emeraldine salt'®. Results for this reaction conducted
under ultrasound irradiation in the presence of solid supported catalysts (clay, silica or
resin)*® or under photochemical irradiation with the use of molecular oxygen in the
presence of acridinium salts®®, mesoporous graphite carbon nitride®*, or TiO, as
photocatalysts were reported as well. In addition, working under microwave
irradiation allows the solvent-free synthesis of imines, but this method is limited to a
few compounds. Moreover, it uses magnesium perchlorate as the catalyst, which is
known for its potentially explosive character’®. Recent advances on the aerobic
oxidation of amines have been discussed in several review papers including the results

22,23

achieved by using gold-based catalysts“~“". The relevance of these nano-gold catalysts

" . . . 24
in fine chemical synthesis has been also reviewed".

Supported gold nanoparticles were reported to exhibit high activity in the
selective  aerobic  oxidative = condensation of  benzylamines to  N-
benzylidenebenzylamine. Obviously, using gold as the catalyst, in addition to the
particle size (typically less than 5 nm, the gold catalyst efficiency increased

7,14,15,17,25-28

exponentially as the average gold particle decreased) the nature of the

7:23,23-31 Indeed, a series of supports such as reducible Co30;4,

support is very important
Zn0, TiO,, Fe,03, and nanocrystalline Ce,03 reducible oxides but also carbons have
been indicated as being adequate for preparing highly active gold-supported catalysts,
while others such as non-reducible oxides SiO, and Al,O3; were reported to be less
efficient™. In a recent paper Wachs and Routray indicated that NiO exhibited surface
active sites and reactivity in oxidation reactions close to ceria®’. In another recent
report, the peculiar influence of a NiO support was studied by preparing supported
gold catalysts where Au nanoparticles showed high activity for the selective oxidation
of glycerol and ethane-1,2-diol. A detailed characterization of the resulting Au catalysts

revealed a preferential deposition of the metal nanoparticles on the NiO phase®. On

the other hand, Au/Ni,O3 was indicated as an efficient catalyst for low-temperature
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gas-phase oxidation of alcohols®*. Au supported on tin oxides also showed interesting
oxidation properties. Gold-supported tin dioxide nanocatalysts are active for low-
temperature CO oxidation®>, while gold nanoparticle doped hollow super-symmetric

Sn0, nanostructures demonstrated improved photocatalytic properties®.

Taking into account the state of the art (i.e. the role of the size of gold
nanoparticles in this reaction and of reducible nano-oxide supports and of NiO in
selective oxidation), herein we propose new materials for aerobic oxidative
condensation of benzylamine to N-benzylidenebenzylamine (Scheme 1) that can
achieve high conversions and selectivities in a very short range of time. The new gold-
based catalysts are considered a more complex support. In this study we prepared Ni
and Ce (or Sn) oxide nanodomains partially embedded inside mesoporous UVM-7 silica
walls as effective and stable inorganic anchors favoring the nucleation, growth and
stability of supported gold particles. Following the atrane method (a “one—pot”
strategy able to harmonize the hydrolytic reactivity of different inorganic precursors)®’
the stability of the oxide nanodomains during oxidation and thermal treatments was
ensured. After the deposition of gold using the deposition-precipitation procedure,
gold nanoparticles in direct interaction with the Ni and Ce (or Sn) oxide nanodomains
were generated. The versatility of the preparative approach used allows us to exploit
both the high surface area and the accessibility of mesoporous silica and also an easy

and homogeneous inclusion of heteroelements in one pot.

NH catalysts =
MeOH

Scheme 1. Aerobic oxidative condensation of benzylamine to N-benzylidenebenzylamine.

160



Gold Mesoporous Silica Nano-Composites used in Catalytic Applications

Experimental details

Catalysts preparation

All the synthesis reagents were analytically pure and were used as received
from Aldrich: tetraethyl orthosilicate (TEOS), nickel nitrate, cerium and tin chlorides,
triethanolamine (hereinafter TEA), cetyltrimethylammonium bromide (CTMABr) and

HAuCl,3H,0.

All of the catalysts were prepared in a two-step synthesis in which gold was
incorporated through impregnation of the previously synthesized bimodal porous
silicas containing different heteroelements. In order to analyze the effect of the
different species included inside the pore walls, we have prepared materials containing
(in addition to Si) only Ni (Ni,-UVM-7 materials), Ni and Ce (Ce,-Nix-UVM-7) and Ni and
Sn (Sny-Nix-UVM-7). Heteroelement incorporation inside the silica walls was carried out
using the atrane method®’. This one-pot method is based on the use of complexes
(detected through mass-spectral analysis) that include TEA-related ligand species (i.e.
“atranes” of Si, Ni, Ce and Sn in the present case) as hydrolytic inorganic precursors
and surfactant micelles as templating agents able to generate mesopores after their
evolution. In all cases the use of TEA plays a double role: as a ligand to form the
atranes and as a buffer agent to stabilize the pH around 9-10, favoring the isolation of

a bimodal nanoparticle rich silica support®**?

. A typical synthesis of support Cejo-Nijo-
UVM-7 (see Table 1) can be described as follows: (1) a mixture of TEOS (11 mL, 0.045
mol), CeCl; (1.84 gr, 4.94.10° mol) and Ni(NOs)5H,0 (1.43 gr, 4.94.10° mol) was
slowly added to a solution of TEA (23 mL, 0.17 mol) and heated at 150 °C for 10 min to
give a mixture of atrane complexes. After cooling of the previous solution to 90 °C,
CTMABr (4.77 g, 0.014 mol) was added and dissolved. This last solution containing the
atrane complexes and the template was cooled to 60 °C and mixed with water (80 mL,
4.44 mol). After a few seconds, a white powder appeared and it was allowed to age at
room temperature for 4 h. The final mesostructured powder was filtered off, washed
with water and ethanol, and air-dried. Finally, surfactant removal was accomplished

through calcination at 550 °C (ramp heating: 1 degree/min) for 7 h. In all cases, the

molar ratio of the reagents in the mother liquor was adjusted to 2 Si: a Ni: b Ce or Sn: 7
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TEA: 0.52 CTMABr: 180 H,0 (where a = 0.033, 0.066 and 0.2, and b= 0 for samples Ni,-
UVM-7; a =0.2, and b = 0.033, 0.066 and 0.2 for samples denoted as Ce(Sn)yNiio-UVM-
7). Some samples are denoted as Ce(Sn),-Ni-UVM-7, where x and y are the Si/Ni and
Si/Ce(Sn) nominal atomic ratios, respectively. Regardless of the nature and
composition of the support, gold incorporation was carried out by the same

procedure.

Table 1. Analytical and textural data for the Ce(Sn)y-Nix-UVM-7 mesoporous supports.

Mesopore Large pore
sample Si/Ni®  Si/M®  Si/Ni®  si/MP (r:';;Tg) (S:rﬁ) (C\QJ};) z"f‘; (c\::;};)
Nigo-UVM-7 60 - 78 - 1195 2.95 0.99 56.2 1.51
Niz-UVM-7- 30 - 55 - 1061 2.92 0.99 533 0.88
Ni;(UVM-7 10 - 42 - 1011 2.90 0.98 41.3 0.63
Cego-Nijo-UVM-7 10 60 43 62 990 3.00 0.88 48.1 0.30
Cezq-Ni;o-UVM-7 10 30 44 38 983 2.97 0.83 439 0.29
Ce1o-Nip-UVM-7 10 10 42 16 850 3.01 0.71 41.5 0.21
Sngo-Nig-UVM-7 10 60 46 64 972 3.00 0.92 42.0 0.38
Sn3g-Nij-UVM-7 10 30 43 24 932 2.98 0.82 39.1 0.35
Snyo-Nig-UVM-7 10 10 42 8 755 2.68 0.65 32.2 0.33

®Si/Ni, Si/Ce and Si/Sn molar ratio in the mother liquor. M= Ce or Sn. ® Si/Ni, Si/Ce and Si/Sn molar ratio
values in the solids from EPMA and ICP-OES. M= Ce or Sn. © Mesopore volume values and mesopore
diameters calculated by using the BJH model on the adsorption branch of the isotherms for P/P, < 0.75. d
Large textural-type pore volume values and diameters calculated by using the BJH model on the

adsorption branch of the isotherms for P/P, > 0.75.

Gold was incorporated through deposition-precipitation in aqueous
HAUCl;.3H,0 solutions®. The porous supports (1 g) were suspended in an aqueous
solution (10 mL) of HAuCl;3H,0 (2%). The pH was adjusted to 8-9 with an aqueous
NaOH solution and the solution was then aged for 1 h under stirring at 752C. In fact, at

the working pH, Au(OH)s species are dominant*"*

. The low isoelectric point of the
silica surface (ca. 2-3) hinders the interaction with anionic species. Au(OH),;"

complexes require a positively charged surface provided by NiO, and CeO, anchoring

162



Gold Mesoporous Silica Nano-Composites used in Catalytic Applications

nanodomains having zpc values in the range 9.9-11.3 and 6.7-8.6, respectively. As
occurs for the silica surface, no anchoring effects are expected for the SnO, domains
taking into account its relatively low zpc value (4.5-5). Then, Au complexes will interact
in a preferred way on the NiOy, nanodomains embedded inside the mesopore walls
instead of on the silica surface and to a lesser extent on the CeO, particles. The
resulting homogeneity and dispersion of gold particles will reflect those achieved for
NiO, anchors.

The solids were filtered and exhaustively washed with water to favor the
evolution of the adsorbed CI" species, which usually leads to catalysts poisoning.
Finally, the solid was dried at 802C overnight and calcined at two different
temperatures, 200 or 5002C, for 1h in static air to favor the reduction of the Au
complexes and the formation of gold nanoparticles.

In this way, three families of gold catalysts were obtained: Au/Niy-UVM-7(T),
Au/Cey-Nip-UVM-7(T) and Au/Sn,-Niyg-UVM-7(T) (T= 200, 5009C). Table 1 summarizes
the main synthesis variables and physical data. XPS analysis indicated no residual
chlorine in the prepared catalysts.

For comparison, we synthesized two additional gold-containing catalysts by
impregnation of silica UVM-7 and commercial CeO, with a HAuCl;3H,0 solution

following the strategy described in the literature®**

. The loading of gold in these
catalysts was of the same order as that in the multicomponent catalysts, i.e. 1.25 wt %

and 1.19 wt.%, respectively.

Catalysts characterization

Chemical analysis of the samples was carried out using electron probe
microanalysis (EPMA, Philips SEM 515 instrument) and ICP-OES analysis (Agilent 710
Series ICP-OES). Powder X-ray diffraction patterns were recorded with a Seifert 3000TT
6-6 diffractometer using CuKa radiation. Patterns were collected in steps of 0.022 (26)
over the angular ranges 19-102 (26) or 102—-802 (20) for 25 s per step. TEM and HRTEM
microstructural characterizations was carried out using a JEOL JEM-1010 instrument
operating at 100 kV and equipped with a CCD camera and a Tecnai G2F20 (FEIl)

instrument, respectively. STEM-HAADF images were acquired on a JEOL-2100F
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microscope, and particle size distributions were determined from a total number of
gold particles counted in the 300-400 range. The N, adsorption—desorption isotherms
were recorded at —196 °C using a Micromeritics ASAP2020 automated instrument.
Calcined samples were degassed for 15 h at 130 °C and 10° torr before analysis.
Surface areas were estimated according to the BET model, and pore size dimensions
were calculated using the BJH method. XPS spectra for both fresh and tested catalysts
were recorded at room temperature using a SSX-100 spectrometer (Model 206,
Surface Science Instruments). The pressure in the analysis chamber during the analysis
was 1.33 mPa. Monochromatized Al-Ka radiation (hv = 1486.6 eV) generated by
bombarding the Al anode with an electron gun operated with a beam current of 12 mA
and acceleration voltage of 10 kV has been used. The spectrometer energy scale was
calibrated using the Au 4f;/, peak centered at 83.98 eV. Charge correction was made
referenced to the Cl1s signal of adventitious carbon (C — C or C — H bonds) located at
284.8 eV. Atomic surface compositions were calculated using the sensitivity factors
provided with the apparatus software and applied to the surface below the
corresponding fitted XPS signals. An estimated error of £ 0.1 eV can be assumed for all
measurements. The zeta potential of selected samples was measured at 25 °C using

dynamic light scattering (Malvern Zetasizer Nano ZS instrument).

Catalytic tests

Catalytic activity tests were performed under batch conditions in the
temperature range of 75°C - 115°C. Experiments were performed in a 100 mL stainless
steel autoclave provided with a magnetic stirrer, using an amount of 18.2 mmoles
benzylamine (Sigma-Aldrich), and 0.12 mol methanol (Sigma-Aldrich) as solvent and a
pressure of 5 bar O, (Linde). Note that in the presence of an ignition source, such as a
spark or flame, there is a risk of explosion! Extreme precaution is necessary to avoid
danger. The amount of the catalyst introduced in the reaction corresponded to 2x10”
mol of heteroelement (Ni, Ce, Sn). Diffusion constraints were checked using catalysts
with particles size between 170 and 400 um and modifying the stirring rate in the

range 0-1400 rpm. Particles size of 200 um and a stirring rate of 1200 rpm eliminated
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any diffusional effects as has been proved from the variation in the conversion. After
0.5-5 h reaction time the autoclave was cooled and the catalyst separated by filtration.
The liquid sample was analyzed by GC-MS using a Trace GC 2000 coupled with DSQ MS
from Thermo Electron Corporation equipped with FID detector, a capillary column with
DB5 stationary phase (30m length and 0.324 mm diameter), and highly pure N,
(99.999%) as carrier gas. Ammonia resulting as by-product was analyzed using a Dionex
ICS3000 ion-chromatograph (Thermo) equipped with a medium hydrophobic Dionex
lonpac CS18 analytical column using a 4 mM isocratic methanesulfonic acid eluent at a
flow rate of 0.25 mL/min. The reproducibility of the results was carefully checked using

the above analytic tools.

The performance of the catalysts was compared based on the conversion of
benzylamine and the selectivity to N-benzylidenebenzylamine. Since the reaction
occurs at different rates on all the individual components the calculation of TOF for the
multicomponent catalysts will change its meaning because the calculated value will
correspond to a mean average value of all these components. Thus, to avoid any
misinterpretations of the activity we calculated the productivity of catalysts as
MOl product gt - h™! and the results were interpreted using this parameter consider as
gcat is the entire mass of the components exhibiting catalytic activity (Ni, Ce, Sn and Au)
(see Table 2 and 3). However, for comparison, TOF values were calculated for the gold-

containing catalysts, considering only the contribution of Au.

Blank experiments were performed using the same experimental set-up and
the same range of temperatures (75°C - 115°C) using 18.2 mmol of benzylamine, 0.12
mol of methanol as solvent and a pressure of 5 bar O,. In order to support the reaction
mechanism additional experiments were carried out in the range of O, pressure of 1-5
bars, and experiments in which benzaldehyde was added to the reaction mixtures in
the different stages of the reaction. In this respect benzylamine-to-benzaldehyde
molar ratios between 5 and 1 were considered. Water has been also introduced in

separate experiments in volumes of 1-20 uL using a chromatographic syringe.
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Table 2. Analytical and textural data for the Au/Cey-Nix-UVM-7 mesoporous catalysts.

Mesopore Large pore

sample si/ i/ Au®  Gold" Seer size® Vosl.d Size® Vosl.e

N Ce’ (wt%) (nm) (m’/g) (nm) (cm’/g) (nm) (cm'/g)

Au/Niy-UVM-7(200) 42 - 0.96 4.0+1.3 653 2.5 0.62 47.6 0.36
Au/Ceg-Niyg-UVM-7(200) 47 67 0.97 3.9+1.2 566 2.5 0.56 49.3 0.35
Au/Ces-Nij-UVM-7(200) 44 38 1.05 4.2+14 518 26 0.52 486  0.18
Au/Cey-Ni;-UVM-7(200) 42 16 120 4.3+1.2 455 2.6 0.45 40.4 0.26
Au/Niy-UVM-7(500) 42 - 0.96 4.4+1.2 603 2.4 0.47 36.1 0.33
Au/Ceg-Niyg-UVM-7(500) 47 67 0.97 4.3%#15 473 2.4 0.45 43.2 0.26
Au/Ces-Nij-UVM-7(500) 44 38 1.05 5.1+1.7 484 24 040 405 023
Au/Cey-Niy-UVM-7(500) 42 16 1.20 4.9+1.6 470 2.4 0.40 38.0 0.17

® Si/Ni and Si/Ce molar ratio values in the solids from EPMA and ICP-OES. ° Percentage weight of gold

determined by atomic absorption. © Gold particle size determined through HAADF. d Mesopore volume

values and mesopore diameters calculated by using the BJH model on the adsorption branch of the

isotherms for P/P, < 0.75. © Large textural-type pore volume values and diameters calculated by using

the BJH model on the adsorption branch of the isotherms for P/P, > 0.75.

Table 3. Analytical and textural data for the Au/Sny-Nix-UVM-7 mesoporous catalysts.

Mesopore Large pore

sample Si_/a Si/a Au®  Gold" Sger Size* v°3|.d Size® Vo3|.e

Ni*  Ce® (wt.%) (nm) (m/g) (nm) (cm’/g) (nm) (cm’/g)

Au/Sne-Niy-UVM-7(200) 47 64 122 45+15 712 26  0.67 484 039
Au/Sn3o-Ni;o-UVM-7(200) 43 24 1.15 4.8+1.5 675 2.7 0.63 46.6 0.48
Au/Sny-Ni-UVM-7(200) 42 8  1.10 4.9+14 628 26 054 420 041
Au/Sne-Ni;-UVM-7(500) 46 64 098 55+16 592 24 058 439  0.33
Au/Sn;-Ni;-UVM-7(500) 43 24 1.15 5.3+1.5 654 2.5 054 423 0.38
Au/Sny-Niy-UVM-7(500) 42 8 110 53#15 561 25 052 418  0.39

% Si/Ni and Si/Sn molar ratio values in the solids from EPMA and ICP-OES. b Percentage weight of gold

determined by atomic absorption. © Gold particle size determined through HAADF. ¢ Mesopore volume

values and mesopore diameters calculated by using the BJH model on the adsorption branch of the

isotherms for P/P, < 0.75. © Large textural-type pore volume values and diameters calculated by using

the BJH model on the adsorption branch of the isotherms for P/P, > 0.75.
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To check the effect of water experiments with dried methanol (Sigma-Aldrich,
puriss.pa.), benzylamine (dried with 3 A molecular sieves), and O, (passed on a 3 A

molecular sieves column) were also carried out.

Results and discussion

Characterization

Tables 1-3 compile the analytical and textural characterization of the
investigated samples. Regarding the gold-free Ce(Sn),-Nix-UVM-7 mesoporous
supports, summarized in Table 1 are the corresponding Si/Ni, Si/Ce and Si/Sn molar
ratio values (averaged from data of about 50 different particles) of the resulting solids
from EPMA and ICP-OES. All samples are chemically homogeneous at micrometric level
with a regular dispersion of Ni, Ce and Sn species (and silicon) throughout the
inorganic walls at the spot size (ca. 1um). EPMA shows that the reported Ce(Sn),-Niy-
UVM-7 materials contain Si/Ce or Si/Sn molar ratios similar to those present in the
mother solutions. This indicates that, in general, there is no preferential incorporation
of Ce (or Sn) or Si into the final porous walls. This behavior is related to the low
solubility of Ce or Sn species under the working pH conditions*?, and the consequently
quick and easy formation of the respective oxides. On the contrary, the Ni content in
the final solids is significantly lower than that present in the starting solutions. This fact
could be tentatively attributed to the well-known affinity of nickel for nitrogen donors.
It must be pointed out that, in aqueous solution, TEA essentially behaves as a tertiary
amine, and a certain amount of nickel could be stabilized in solution in the form of Ni-
TEA complexes. A similar tendency was observed in the case of Co-MCM-41

derivatives™.

All supports display low-angle XRD patterns with one strong peak and one
broad signal of relatively low intensity (Figure S1), which can be associated to the (100)
and the overlapped (110) and (200) reflections of a MCM-41-like hexagonal cell,
respectively. These patterns are characteristic of hexagonal disordered UVM-7

mesoporous silicas. The observed regular and smooth shift of the (100) intense peak
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towards low 26(2) values as the heteroelement content increases suggests a certain
growing process of the mesoporous wall sizes due to the incorporation (completely
embedded or partially trapped) of the NiO,, CeO, and SnO, nanodomains (as can be
see below, the BJH pore size results are practically unchanged). High-angle XRD
patterns (Figure S2 and S3) show appreciable differences dealing with the
incorporation of the three heteroelements. Regardless of the Ni, Ce or Sn content, no
signals assigned to NiO, oxides appear in the diffractograms. This is due to the good
dispersion of Ni along the porous walls in the form of extremely low size nanodomains

(<2 nm) as occurs for the incorporation of Co and Zn under similar conditions*®**. O

n
the contrary, even for the samples with lower Ce amount, we unambiguously observe
several diffraction peaks due to the presence of crystalline CeO, particles. The intensity
of these peaks increases while the fwhm decreases with the Ce content, as expected.
This behavior is consistent with the high insolubility of ceria. Then, before blocking by
the silica-surfactant mesostructure, the growth achieved by CeO, domains seems to be
higher than those achieved for the NiO, ones. An intermediate situation is observed for
tin incorporation. In this case, only for the Sn-rich supports SnO, diffraction peaks are

appreciated. The low intensity and large fwhm of the SnO, peaks are indicative of very

small crystallite sizes.

TEM images allow discarding segregation of non-porous oxides (NiO,, CeO, or
Sn0,) in the form of large particles (Figure 1). Images of medium magnification confirm
the absence of non-porous particles that could be ascribed to Ni, Sn or Ce oxide. In
fact, TEM images of the Ce(Sn),-Nix-UVM-7 supports (Figure S4 and 1) are very similar
to those of pure UVM-7 silica and confirm that two pore systems are present: intra-
particle mesopores (white spots in the TEM images; insets of Figure S4 and 1) and large
inter-particle pores of textural-type. Changes in Ni content do not affect the UVM-7
morphology. Then, in the case of Ni,-UVM-7 supports (Ce or Sn-free samples) the TEM
images are practically indistinguishable from those of UVM-7 silica. As the Ce or Sn
content increased, although the UVM-7 morphology is preserved, we observe two
effects that principally affect the textural porosity: (a) a wider size distribution in the
primary silica-based particles, and (b) a higher inter-particle condensation (this

favoring aggregation), when compared to pure UVM-7 or Ni,-UVM-7 supports.
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Figure 1. TEM images of (a) Ce1p-Niyg-UVM-7, (b) Cegp-Niyg-UVM-7, (c) Sn1o-Niyg-UVM-7 and (d) Sngg-Nisg-
UVM-7.

On the other hand, the above-mentioned absence of large-scale NiO, SnO, or
Ce0, segregation suggests that these particles must be basically present in the form of
small nanodomains partially embedded inside the silica-based pore walls. TEM images
display numerous small black spots with spherical or pseudo-spherical shapes with
dimensions in the 2-7 nm range. Then, although a small segregation in the form of
micrometric particles cannot be completely discarded (overcoat in the case of CeQ,),
TEM micrographs are consistent with a homogeneous nanodispersion of Ni, Sn and Ce

oxidic domains forming together with the amorphous silica mesopore walls.

The preservation of a certain bimodal porosity of our supports is further
illustrated by N, adsorption-desorption isotherms (Figure S5). All curves show, a well-

defined adsorption step at intermediate relative pressure (0.2 < P/P, < 0.4 range;
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corresponding to the filling of the intra-particle mesopores), and a second adsorption
step, at a high relative pressure, due to the filling of the inter-particle large textural
pores. The progressive reduction of this second adsorption step with the Ce and Sn
content is related to the previously mentioned enhanced inter-particle condensation
(with the subsequent decrease in the inter-particle voids). As the heteroelement
content increases, BET surface area and pore volume slightly decrease in a progressive
way (see Table 1). On the other hand, the progressive incorporation of heteroelements
practically does not affect the mesopore size of the final materials. Then, in the light of
the results, all samples can really be considered as high surface area materials without

significant pore blocking associated to the incorporation of oxidic nanoparticles.

Gold was incorporated through deposition-precipitation in aqueous
HAuCl;3H,0 solutions (2 %) using strictly the same protocol for all supports. In all
cases, a similar proportion of inorganic anchors in the form of NiO, domains exists
(Si/Ni molar ratios in the 42-47 range) (Tables 2 and 3). The amount of gold
incorporated increases in a gradual way from 0.96 to 1.20 (wt.%) with the Ce content.
On the contrary, no clear evolution is observed with regard to the Sn-containing
materials. This behavior is probably due to the different zpc of CeO, (6.7-8.6) and SnO,
(4.5-5). At the working pH (ca. 8-9), while a negative charge is expected for the SnO,
surface, some residual positive charge will remains for the CeO, surface. Then, as
mentioned above, CeO, domains cooperate with NiO, (zpc in the 10.3-11.1 range
depending on the hydroxylation surface degree) both acting as effective anchors to
interact with Au(OH); anionic species. We have measured zpc values of 2.4, 2.7 and
2.9 for UVM-7, Ni;p-UVM-7 and Cego-Ni1o-UVM-7 supports, respectively. We observe an
increase of the zpc value due to the presence of Ni and Ce as heteroelements.
However, as the silica is the principal component in our composites, the presence of a
relatively low proportion of NiO, and/or CeO, domains does not modify significantly
the experimental zpc values. In any case, a certain local effect related to the zpc values
of the different included oxides seems to be operative, which favor the adsorption of
anionic gold complexes. On the other hand, EDX analysis performed on gold-containing
catalysts allowed us to discard the presence of Cl” species which is consistent with the

exhaustive washing mentioned above.
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The treatment for gold incorporation does not alter in a qualitative way the
UVM-7-like architecture at the mesoscopic level. In fact, with the exception of the
richest Sn material treated at 5002C, all Au/Ce(Sn),-Ni,-UVM-7 catalysts display low-
angle XRD patterns (Figure 2) with a signal or a shoulder associated with the (100)
reflection. As observed in related systems, the intensity decrease of the (100) peak
after gold inclusion must be attributed to a high phase-cancellation phenomenon
associated with the introduction of scattering material (Au species) into the pore voids.
The high-angle XRD patterns maintain the CeO, and SnO, peaks of the parent supports,
but surprisingly, no signals attributed to metallic gold are observed (Figure S1 and S2)
regardless of the calcination temperatures used (200 or 5002C). This fact is indicative
of an extremely low particle size (< 5 nm) on the NiO, or CeO, domains. The absence of
XRD peaks associated with gold particles has also been reported for Au/CeO, catalysts

having very small Au crystalline domains and/or low gold concentration (< 1wt. %)*.
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Figure 2. Low-angle XRD patterns of the gold-containing catalysts processed at (i) 2002C and (ii) 5002C.
(a) Au/Cego-Niy;-UVM-7, (b) Au/Ces-Niyg-UVM-7, (c) Au/Ce;o-Niyg-UVM-7, (d) Au/Sneg-Nig-UVM-7, (e)
Au/Snzp-Ni;p-UVM-7 and (f) Au/Sng-Nig-UVM-7.
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According to the XRD analysis, Au/Ce,-Ni,-UVM-7 catalysts show similar TEM
images similar to those of the parent gold-free Ce(Sn),-Nix-UVM-7 supports (Figure 4
and 5). Apparently, there is no clear evidence on the gold incorporation from TEM
images. At this point, only a small amount of white spots, probably ascribed to the
largest gold particles, are detected by TEM. However, together with the chemical
analysis, XEDS mapping supports not only the gold presence, but also the quality of the
gold, nickel and ceria spatial distribution achieved in our catalysts treated at 2002C
(Figure 3 and 4). A certain aggregation of Au and Ce(or Sn) is suggested by XEDS

mapping carried out on samples calcined at 5002C, as expected.

Figure 3. TEM and XEDS mapping of Au/Ce;o-Ni,c-UVM-7 catalyst treated at (a) 2002C and (b) 5002C.
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Figure 5. STEM-HAADF images and gold particle size distribution histograms of Au/Cegy-Niy-UVM-7
catalyst (a) treated at 2002C, and (b) treated at 5002C.
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At this point, we record STEM-HAADF images of the gold-containing catalysts in
order to achieve higher contrast between the gold nanoparticles and the silica-based
support. Gold particles (white dots) are fairly uniformly distributed over the support
(gray regions) (Figure 5). Similar gold particle sizes (see Tables 2 and 3) and
distributions have been obtained for Au/Ce;-Ni,-UVM-7 and Au/Sn,-Ni,-UVM-7
catalysts. The majority of gold particles show an average size in the 3-5 nm range
according to the particle size distribution histograms (Figure 5). Moreover, a certain
proportion of particles in the 5-7 nm range and even larger (ca. 20 nm) minority of
gold domains (according to TEM images in Figures 3 and 4) can be observed in the
samples heated at 5002C. This last behavior with temperature calcination is observed

for all analyzed materials.

Then, slightly larger mean particle sizes have been measured for samples
treated at 5009C when compared to catalysts processed at 2002C. On the other hand,
HRTEM allows us to detect individual gold crystalline nanoparticles in the solids
processed at 5002C (Figure 6). These particles show a d spacing of 0.23 nm, typical of
fcc Au®®, measured on the image and confirmed through the FFT process. An average
gold nanoparticle size in the 3-7 nm range has been determined through HRTEM. TEM
analysis of Au-CeO, and Au-UVM-7 catalysts indicated larger gold particles, i.e. 5-11
nm. This small size of gold domains is consistent with the absence of XRD signals as

discussed above.

Figure 6. HRTEM images of (a) Au/Ce;o-Ni;g-UVM-7 and (b) Au/Snyo-Nig-UVM-7 catalysts treated at

5002C and showing isolated gold nanoparticles.
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Figure 7. N2 adsorption desorption isotherms of catalysts (a) Au/Ceio-Niig-UVM-7, (b) Au/Ceso-Niyg-
UVM-7 and (c) Au/Cego-Nic-UVM-7, processed at (i) 2002C and (ii) 5002C.

The mesophase and porosity preservation after gold incorporation is further
supported by Njy-adsorption—desorption isotherms (Figure 7 and 9). Regardless of the
calcination temperature, all solids maintain the two adsorption steps reminiscent of
the UVM-7 silica (although somewhat lower). BJH pore size distributions show a first
peak at mesopore sizes in the 2-3 nm range and a second signal without a definite

maximum (large textural pores) (Figure S5-8).

These features indicate that the simultaneous incorporation of Ni and Ce (or
Sn) together with the pH conditions used for the gold incorporation favor inter-particle
condensation through the formation of Si-O-Si, Si-O-M and M-O-M bonds (M= Ni, Ce or
Sn). Moreover, we observe a decrease in adsorption capacity at high pressure for
samples treated at 5002C. This suggests that additional inter-particle condensation is
favored at higher temperature, as expected. In any case, all catalysts present high
surface areas and pore volumes (Tables 2 and 3). In each series, the BET surface area
and pore volume values slightly decrease with the Ce or Sn content (the nickel content
can be considered as constant: 42 < Si/Ni < 47). This effect is more pronounced in the
case of the Ce-containing catalysts and could be tentatively attributed to the relatively
greater size of the CeO, domains when compared to that of SnO, (according to XRD).
Obviously, gold incorporation leads to a significant BET surface area and pore volume

decrease when compared to those parameters of the respective parent gold-free
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supports. Finally, dealing with the mesopore size, no significant changes are observed
for each family. This is an expected behavior as no appreciable mesopore size changes
were previously observed for the gold-free supports with the Ni, Ce and Sn content.
However, two general tendencies can be mentioned: (a) BJH mesopore sizes decrease
from ca. 3 to 2.5 nm after gold incorporation (due the inclusion of Au species inside
the mesopores), and (b) an additional pore size decrease from ca. 2.5 to 2.3-2.4 nm
occurs when samples were processed at 5009C (this effect seems to be related with

silica condensation processes).
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Figure 8. XPS spectra of Au/Ce;o-Nijo-UVM-7(200) and Au/Ce;o-Ni1o-UVM-7(500) samples in the region of
Au 4f level.
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XPS spectra corresponding to fresh and tested Au/Cego-Niip-UVM-7(200) and
Au/Cego-Niip-UVM-7(500) catalysts are presented in Figures 8-10. In addition, Table 4
compiles the binding energies of Au4f, Ce3d, Ni2ps/;, O1s and N1s levels for the series
of Ni-, Au-Ni-, Ce-Ni- and Au-Ce-Ni- catalysts. Typically, the main components of Au
4f;/, peaks corresponding to the presence of gold in metallic state are centred at
binding energies around 84.2 eV**, while higher than 84.5 eV indicates the presence of
the electropositively charged Au states. Although the signal-to-noise ratio is very low
due to the very small content and high dispersion of gold, the binding energies
measured in Figure 10 denote for the investigated catalysts, according to the literature
data, only the presence of oxidized Au species (Table 4)*. For the spent samples no
evident change occurred in the oxidation state of gold. However, the very low signal-
to-noise ratio does not allow a comparison of atomic XPS and analytical Au/Si ratios as

a function of catalyst composition or of calcination temperature.

*®7 ce3d Nizp
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Figure 9. XPS spectra of Au/Ce;o-Ni;o-UVM-7(200) and Au/Ce;o-Ni;o-UVM-7(500) samples in the region of
Ce 3d and Ni 2p levels.
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Figure 10. XPS spectra of Au/Cegy-Ni;o-UVM-7(200) and Au/Cegy-Ni1o-UVM-7(500) samples in the region

of O 1s level.

The calcination at 500 2C and the exposure to reaction also caused an oxidation
of nickel as evidenced by the values of the Ni2ps/; and 2p;/; energy levels for the
investigated catalysts (Figure 9, Table 4)*°.These values demonstrate that for nickel
both the thermal treatment and especially the exposure to the reaction led to an
oxidation of the metal (for Au/Cego-Niip-UVM-7(200): BE of 852.5 and 858.4 eV, for
Au/Cego-Niip-UVM-7(500): BE of 853.9 and 859.8 eV, and for the spent Au/Cego-Niig-
UVM-7(200): BE of 853.7 and 859.7 eV). A certain aggregation is also suggested by
Figure 9 for Ni. Also, an important shift of the binding energy was determined for the
O1s level after the reaction (for Au/Cego-Ni1g-UVM-7(200): BE of 529.5 eV, for Au/Cego-
Ni1o-UVM-7(500): BE of 529.3 eV, and for the spent Au/Ceg-Nijo-UVM-7(200): BE of
533.1 eV) (Figure 10).

This indicates that an evolution occurs in the surface oxygen species during the
catalytic process from lattice to electrophilic oxygen (O, O,’) probably related to the
formation of metal-OH bonds and the generation of anionic defects in the oxygen

. 1,52
lattices®™

. This evolution is consistent with the catalyst nature (amorphous and easily
hydroxylated silica-based walls, and cerium oxide domains able to cycle easily between
ce® and Ce™ with the subsequent oxygen transport) and the catalytic process
(benzylamine oxidation). In addition, for the spent catalyst no band assigned to N1s

was detected. No change in the position and the intensity of the bands assigned to
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Ce3d (Figure 9, Table 4) or Si2p (for Au/Cego-Nip-UVM-7(200): BE of 103.4 eV, for
Au/Cego-Niip-UVM-7(500): BE of 103.6eV, and for the spent Au/Cego-Niig-UVM-7(200):
BE of 103.5 eV) was detected in these measurements. Obviously, the presence of the
peak in the region of 913 eV or at higher energies is proof of the presence of Ce*
species™. Replacing cerium by tin or compositional changes does not alter the

tendencies observed for the XPS spectra of Au/Cego-Nijp-UVM-7 catalysts.

Table 4. XPS binding energies of Au4f, Ce3d, Ni2p;/,, O1s and N1s levels and composition for Nix-, Nix-
Cey-, and Au-Nix-Cey-UVM-7 catalysts.

XPS level Binding energy, eV A:::\;chllgéSi
Catalyst Aud4f;, Ce3ds/,,/ Ce3ds;;shakeup Ni2ps), O1s N1s XPS Analytic
Nigo-* - - 852.5 5293 - - -
Nizo-* - - 852.4  529.2 - - -
Nizo-* - - 8523  529.4 - - -
Cego-Niyo-* - 882.4/916.1 852.4 5295 - -
Ceszp-Nigo-* - 881.9/915.6 852.3 5294 - -
Cejo-Niy-* - 882.1/915.8 8524 5293 - -
Au/Niy-* 86.0 - 852.5 5294 - 3.41 3.10
Au/Cegp-Niyo-* 86.1 882.3/916.0 852.5 5295 - 3.52 3.23
Au/Cego-Niyp-***  86.2 882.5/916.2 853.7 5331 - 3.46 3.23
Au/Ceszp-Nijo-* 86.1 882.2/915.9 852.6 5293 - 3.78 3.61
Au/Ce;q-Niyo-* 86.2 882.3/916.0 852.6  529.2 - 4.29 4.52
Au/Nig-** 86.1 - 853.8 533.2 - 3.92 3.10
Au/Cegp-Nig-** 86.2 882.3/916.0 8539 5333 - 4.01 3.23
Au/Cezq-Niyg-** 86.1 882.4/916.1 853.8 533.2 - 431 3.61
Au/Ce;p-Nigg-** 86.1 882.2/915.9 853.8 533.2 - 5.02 4.52

*_calcined at 200 2C; **-calcined at 500 °C; ***-calcined at 200 oC after reaction.
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Catalytic tests

Previous work of Corma and Garcia®® using gold supported on various supports
demonstrated that while the selectivity was almost not influenced by metal loading
that implicitly meant particle size, the conversion of benzylamine to the desired imine
was strongly influenced. In the series these authors have been investigated the nature

of the support was less important.

Although in a small extent, blank experiments showed that this reaction
proceeds, indeed with the formation of a secondary product (benzaldehyde), even in
the absence of the catalyst (Table 4, entry 1). Metal-free oxidation of benzyl amines to
imines was also recently reported working with oxygen53 or with hydrogen peroxide54.
Like in our case the selectivity to imine was partial. A very similar result was obtained
using pure siliceous UVM-7 support. CeO, led to a very low conversion and

productivity, but again the reaction occurred selectively to imine (Table 5).

Previous studies on gold indicated that for this reaction the support nature has
a relatively low influence, more important being the size of the metal particles’. Here
we have firstly compared the activity of a Au-UVM-7 catalyst (Table 5, entry 14) with
that of a supported Au/CeO, (Table 5, entry 15), the first one prepared by embedding
Au colloids, and the second by impregnation of a cerium oxide support. Both catalysts
exhibited comparable gold particle sizes (4 nm). Data presented in Table 5 (entries 14
and 15) show that the two catalysts had comparable productivities. Hence, the
relatively small influence of the support nature was indeed reconfirmed for single

oxide supports such as CeO, and SiO,.

The experiments carried out in the presence of new multicomponent catalysts
also led selectively to N-benzylidenebenzylamine. However, important differences in
the activity expressed as productivity were determined as a function of composition

(Table 5).
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Table 5. Performances of the multicomponent catalysts in aerobic oxidative condensation of

benzylamine to N-benzylidenebenzylamine.

Conversion, % m;::)‘::f;'c‘:ﬁy ht TOF 4h

Entry Catalyst 752C  115°C Se'ef,/t:"ity' 75eC  1159C 115eC

1 Blank experiment* 4.8 6.1 87**

2 Ni;o-UVM-7 7.4 9.2 100 2.12 2.64

3 Niz-UVM-7 6.9 8.6 100 1.40 1.75

4 Nigo-UVM-7 6.2 7.4 100 0.96 1.15

5 CeO, 5.6 - 100 0.03 -

6 Cego-Niyg-UVM-7 43.6 47.5 100 2.81 3.05

7 Cezq-Niyg-UVM-7 41.6 46.9 100 1.61 1.82

8 Ce10-Nip-UVM-7 39.8 43.9 100 1.04 1.15

9 Sngo-Nizg-UVM-7 16.2 22.7 100 1.17 1.64

10 Snzq-Ni;o-UVM-7 15.8 20.9 100 0.60 0.80

11 Sny-Ni;o-UVM-7 14.8 20.0 100 0.26 0.35

12 Au/Niy-UVM-7(200) 30.1 41.8 100 3.52 4.89

13 Au/Niy-UVM-7(500) 28.8 394 100 3.37 4.61

14 Au-UVM-7 4.9 6.5 100 2.10 2.78 456

15 Au-CeO, 18.5 23.7 100 2.08 2.67 458

16 Au/Cego-Niyo-UVM-7(200) 71.5 99.4 100 4.04 5.62 919

17  Au/Ces-Ni;g-UVM-7(200)  65.4 94.2 100 2.33 3.36 805

18 Au/Cey-Niy;-UVM-7(200) 62.0 88.7 100 1.51 2.16 662

19 Au/Cego-Niyg-UVM-7(500) 58.7 81.6 100 3.31 4.61 754

20 Au/Ce30-Niy-UVM-7(500) 55.6 76.2 100 1.98 2.72 651

21 Au/Cey4-Niy-UVM-7(500) 51.1 71.5 100 1.24 1.74 534

22 Au/Sngo-Niy-UVM-7(200) 47.2 59.2 100 2.86 3.59 435

23 Au/Sny-Ni;-UVM-7(200)  44.7 54.7 100 1.55 1.90 426

24 Au/Sny-Niy;-UVM-7(200) 41.7 535 100 0.70 0.90 435

25  Au/Sng-Nijg-UVM-7(500)  44.1 58.4 100 2.67 3.54 429

26  Au/Sny-Ni;-UVM-7(500)  41.2 53.4 100 1.43 1.85 416

27 Au/Sny-Niye-UVM-7(500) 39.8 50.5 100 0.67 0.85 411

Reaction time: 4h; *-24h; **-secondary product: benzaldehyde.
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In order to verify the role played by the different included/deposited
heteroelements, we have studied the catalytic behavior in a sequential way from
mono- to multicomponent (Ce, Sn, Ni) containing materials to catalysts in which these
materials served as supports for gold. As mentioned the results were presented in
terms of productivity. Data compiled in the Table 5 were collected after 4h reaction
and the reason was to compare at the same reaction time catalysts with different
activities. It is important to mention that i) all the presented data were collected
before the conversion reached a plateau, ii) the reaction was not affected by mass
transfer limitations in these experiments as confirmed by Koros-Novak criterion (slope
of In r/In f, close to 1)°°, and iii) productivities calculated at very short reaction times

(less than 10 min) had the same values as those presented in Table 5.

Nickel oxide entrapped in the UVM-7 structure presented productivities in the
range 0.96 — 2.12 Mol yoquct 8cat - h™* at 75 °C and 1.15 — 2.64 at 115 °C, showing a linear
dependence on the nickel content. The addition of the second heteroelement led to a
different behavior. Thus, the addition of tin oxide caused a decrease in the
productivities (Table 5, entries 9-11), while cerium oxide induced an increase of the

productivities to 40% (Table 5, entries 6-8).

Compared to Nijg-UVM-7, Cex-Niyg-UVM-7 or Sn,-Niyg-UVM-7 the addition of
gold led to an increase in the productivity irrespective of the nature of the support
(Table 5, entries 12-14 and 16-27), which is in a good agreement with previously

reported data on the role of gold in this reaction®!”?”>°

. However, the increase was
more evident when the supports contain Ni or a combination of the Ce and Ni as
heteroelements (Table 5, entries 12-13 and 16-21). Thus, in the case of the Au/Cego-
Niio-UVM-7(200) catalyst the productivity was of 4.04 and 5.62 molgroduct gca{l htat 75
and 115 °C, respectively. Such a catalyst corresponds to a Si/Ce ratio of 60 and Si/Ni
ratio of 10. These results may account for a more advanced interaction of gold with
nickel. More evident arguments that the direct interactions of Au/Ni are beneficial are
provided by the Au/Ni;-UVM-7(200) catalyst. It was almost as active as the Au/Cego-
Ni;p-UVM-7(200) catalyst (Table 5). Changes in the activity with the atomic ratios of

the constitutive elements may also support this affirmation. Thus, higher loadings of
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Ce or Sn led to a decrease in the productivity, showing a less effective interaction with

gold.

Since the deposition of gold onto UVM-7 including different heteroelements
took place in an alkaline solution followed by a calcination step at 200 or 500 °C, these
materials were separately treated following the same procedure in order to determine
if such a treatment may exhibit an influence on the catalytic behavior. However, the
experiments indicated no real differences between pre-calcined and non-calcined
materials. But the calcination of the Au-containing catalysts at 5002C corresponded to
a decrease in the productivity irrespective of the catalyst composition as compared to
samples calcined at 2009C that has been correlated to the increase in the metal
particle size, typically occurring for temperatures higher than 500 °C (Tables 2 and

.27 a significant increase in the number of

3)51. According to Guirrane et a
unsaturated gold atoms (probably the active sites) must occur when decreasing the

gold crystal size.

In conclusion, the data presented in Table 5 indicate that for more complex
supports like multi-heterocomponent Ce(Sn),-Ni,-UVM-7 oxides (as demonstrated by
XPS) the support is not a simple spectator. A very high surface area (typical of M41s
materials) in addition to an improved accessibility (as occurs for UVM-7-like silicas) can
be correlated in the case of the entrapped metal catalysts with a better dispersion of
the active species. Such a behavior has a direct influence on the productivity of these
catalysts. These data also demonstrate that in addition to the support architecture (on
the mesoscale) the local organization and nanodispersion of anchors, promoters and
catalytic sites is very important. The inclusion of inorganic anchors and promoters
must be considered as efficient assembly tools to improve the “cooperative
properties” of our catalysts. The final effect associated with the support design and
selection of heteroelements results in a better dispersion of gold nanoparticles. Thus,
the Ce content does not significantly affect the size of the gold nanoparticles. We have
observed similar dispersions of Ni, Ce and Au for samples with varying amount of Ce
(see TEM, Figure 3-5, and comments on that). CeO, appears to act as an inorganic
anchor. The Au content increased somewhat with the increase in Ce content. Even

changing the metal, i.e. cerium with tin, does not affect the size of the gold
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nanoparticles under our working conditions. However, the data presented in Table 5
show that the gold particle size is not the only parameter of influence on catalytic
efficiency. Hence, we observe different values of the productivity (entries 12-13 and
16-27) when the chemical composition of the support changes (maintaining the

average size for the gold domains).

The performance of the new multicomponent Au catalysts (Table 5) is very
close to those reported in the literature for gold-supported catalysts on titania’ but
higher than those reported for gold deposited on ceria®™. This is also valuable for the
reference Au-CeO, catalyst (Table 5, entry 15) and Au-UVM-7 (Table 5, entry 14).
Taking into account that the proposed active catalytic sites for the benzylamine
oxidation are unsaturated gold atoms located at the particle corners and/or the
interphases?®’, a decrease in the gold nanoparticle size should be considered as a
beneficial aspect. The average gold particle size in our catalysts is around 4 nm for Au
deposited on Cey-Nix-UVM-7, and 4.5-5 nm for Au deposited on Sn,-Nix-UVM-7, leading
to high conversions for Au/Ce,-Ni,-UVM-7 mesoporous materials. These values are in
good agreement with previous data in the literature on Au-TiO, solids (gold particle
size and TOF values of 3.5 nm and 70 h™%, respectively). Then, the activities of Au-UVM-
7 (TOF 456 h™) and Au-CeO, (TOF 458 h™*) catalysts (entries 14 and 15 in Table 5) must
be also associated with the gold particle size (around 4 nm). Since the XPS data do not
show important differences in the oxidation state of gold on the different supports, it
shows that, indeed, the particle size is the main factor controlling the activity of Au in

this reaction.

Figure 11 shows the variation of the conversion with time on Ni-, Au-Ce, and
Au-Ce,Ni-UVM-7 catalysts. A continuous conversion increase in time until around 3h

was observed for all of the catalysts.

184



Gold Mesoporous Silica Nano-Composites used in Catalytic Applications

100 - A A A
90 .
A A + Nil0-UVM-7
80
© 70 - W Ce60-Nil0-UVM-7
e A
c 60 - A
.g A Au/Ce60-Ni10-UVM-
£ 50 A
o A a /(200
S 40 - . " -
O 30 - A - m = .
*
20 - : u " o ¢ ¢ ¢
*
10 1 *
O T T T 1
0 100 200 300 400
Time, min

Figure 11. The variation of the conversion in time on Ni-, Au-Ce, and Au-Ce,Ni-UVM-7 catalysts.

Kinetic studies carried on gold powder-catalyzed reaction by Lazar and Angelici
showed that the rate of this reaction is independent of the O,

concentration/pressure*>®

. Experiments carried out at different oxygen pressures
with Au/Cego-Niyo-UVM-7(200) and Au/Ces-Nijg-UVM-7(200) catalysts showed an
increase in the conversion until the pressure reaches 5 atm. (Figure 12). Further
increase of the oxygen pressure above 5 atm. accounted for the results of Lazar and
Angelici***’. No changes in the selectivity or reaction products have been observed

under these conditions.

Conversion (%o)
Conversion (%o)
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Figure 12. Conversion of benzylamine on Au/Ceg-Ni;;-UVM-7(200) (a) and Au/Cese-Nig-UVM-7(200) (b)

under different pressures of oxygen after 4h.

185



Gold Mesoporous Silica Nano-Composites used in Catalytic Applications

Activation of molecular oxygen on gold was reported to depend on both size
and environments. Corma and coworkers indicated that gold nanoparticles act as a
bifunctional catalyst able to dissociate molecular oxygen on unsaturated atoms to
generate oxygen reactive species and also to activate the organic substrate at the

same time>®®°

. The presence of an additional element in the close proximity of gold
may also affect the activation of oxygen. Thus, periodic density functional theory
calculations investigating the effect of doping a gold model surface with Ni showed
that this transitional element may stabilize the adsorbate—surface interactions with a
concomitant decrease of the activation energy barriers for the oxygen dissociation to
values that are smaller than the adsorption energies of molecular oxygen on goldel.
These findings are in line with our results showing an improvement of the activity
when gold nanoparticles were supported on Ni and Ce oxide nanodomains partially
embedded inside the mesoporous UVM-7 silica walls. These catalysts were superior to

those supported on Sn or large loadings of Ce oxide nanodomains inside the same

mesoporous UVM-7 silica walls.

Thus, it appears that the new catalysts we proposed in this study bring together
advantages that recommend them as effective for selective oxidation of benzylamine
to N-benzylidenebenzylamine, i.e. stabilized Ni and Ce oxide nanodomains by partially
embedding inside the mesoporous UVM-7 silica walls that activate gold nanoparticles.
These particularities are in line with recent suggestions of Stowers et al.®® indicating
that stabilization methods of active gold particles may include partially coating the

surface of the material and the use of metal oxides in interaction with the catalyst.

On bulk gold, reports indicated that molecular oxygen can be activated via a
hydroperoxyl (OOH) intermediate produced by abstracting a hydrogen atom from
substrate or water, and the fact that extra water molecules significantly promote the
hydrogen-transfer reactions, lowering the activation barrier of OOH formation®’. On
the other hand, on these surfaces molecular oxygen is suggested to dissociate to form
the active oxygen species that generates a reaction site, which selectively activates the
substrate leading to OH groups. Hydroxyls formed on the surface rapidly

disproportionate to form water®,
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Table 6. The effect of water on performances of the multicomponent catalysts in aerobic oxidative

condensation of benzylamine to N-benzylidenebenzylamine.

Entry Catalyst Additional Conversion Selectivity Productivi_tly B
water, pL % % MOlyroduct eat O
1 Au/Cego-Nio-UVM-7(200)  dried reactants* 62.4 100 1.76
2 Au/Cego-Niyo-UVM-7(200) 1.0 73.5 100 4.15
3 Au/Ceg-Niy-UVM-7(200) 2.0 78.4 100 4.43
4 Au/Cego-Niy-UVM-7(200) 5.0 81.2 100 4.58
5 Au/Cego-Niy-UVM-7(200) 10.0 81.7 100 4.62
6 Au/Cegy-Niyo-UVM-7(200) 20.0 80.6 100 4.55
7 Au/Ces-Ni;;-UVM-7(200)  dried reactants* 53.2 100 0.94
8 Au/Ce3;-Niy-UVM-7(200) 1.0 68.4 100 2.33
9 Au/Cez;-Niy-UVM-7(200) 2.0 72.7 100 2.60
10  Au/Ces-Ni;-UVM-7(200) 5.0 75.0 100 2.68
11 Au/Ce3,-Niy-UVM-7(200) 10.0 75.1 100 2.68
12 Au/Ce3;-Niy-UVM-7(200) 20.0 72.8 100 2.60

Temperature 75 °C; Reaction time: 4h; *-required an induction period of 4h; **-results collected after

8h.

These achievements may confirm our results indicating that the role of water is
important in systems containing Au particles. In addition, in our system water is also a
substrate participating in the hydration of aldimine. The addition of water (1-20 pL) to
the catalysts described in entries 12-13 and 16-27, was found to influence the activity
but without any effect on selectivity. To check in more detail the effect of water,
experiments with dried benzylamine, methanol and oxygen have been carried out as
well. Compared to the case where non-dried reactants have been used the reaction in
which dried reactants were tested required an induction period (Table 6, entries 1 and
7). Thus, it varied from around 30 min for Au/Cego-Niip-UVM-7(200) and Au/Cesqp-Niso-
UVM-7(200) till 50 min for Au/Snzp-Nip-UVM-7(500) and Au/Snio-Nijp-UVM-7(500).
The supplementary addition of 10 pL water to the reaction system caused an increase

of productivity from 4.04 (Table 5, entry 16) to 4.62 molyroquct gca{l h! (Table 6, entry 5)
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for the Au/Cego-Nig-UVM-7(200) catalyst. A similar behavior was determined for
Au/Cesp-Nijp-UVM-7(200) (Table 5, entry 17, and Table 6, entries 8-12).

Then, benzaldehyde was considered in many examples as a key

intermediate®*®*

. The produced benzaldehyde was suggested to react with the excess
benzylamine to form benzylidene benzylamines resulting in the final product for the
benzylamine self-coupling reactions. To confirm this behavior we have carried out
experiments on the same Au/Ceg-Nijp-UVM-7(200) and Au/Cezo-Nijg-UVM-7(200)
catalysts by introducing benzaldehyde in the reaction mixture. Compared to the results
presented in the Table 5, on these catalysts the conversion was total even at 75 °C
after 2h (productivities of 5.65 and 3.57 molproduct gca{l ht respectively). This fact
confirms that, indeed, the addition of benzaldehyde modifies the dynamics of the
product formation. In fact, in the range of investigated benzylamine/benzaldehyde
molecular ratios (from 5:1 to 1:1), benzaldehyde was detected in the reaction product

only for the 1:1 benzylamine/benzaldehyde ratio, in 9% and 12% for samples Au/Cego-
Ni1o-UVM-7(200) and Au/Cesp-Nijp-UVM-7(200), respectively.

H
|

Ph—C—NH, o !
a4 lemmmmmmeefmne-- H !

| I

Ph—C—NH, |

SRR : S

Me= Au, Ce, Ni, Sn

Scheme 2. Mechanism of the aerobic oxidative condensation of benzylamine to N-

benzylidenebenzylamine.
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Based on the experimental evidences we collected in this study, the following
reaction mechanism has been reconfirmed (Scheme 2)*’. Although not detected, the
oxidative dehydrogenation of benzylamine giving an aldimine is assumed as a first step
of reaction (Scheme 2 (1)). It may also occur as a single-electron oxidation catalyzed by
gold nanoparticles28 deposited on Ni and Ce (or Sn) oxide nanodomains partially
embedded inside the mesoporous UVM-7 silica walls. It occurs via the intermediate (A)
that generates an aldimine and water. Then, hydrolysis of the aldimine occurs as a
second step (Scheme 2 (2)), where ammonia is released and benzaldehyde is
generated. Finally, benzaldehyde condenses with benzylamine leading to N-
benzylidenebenzylamine (Scheme 2 (3)). It is worth noting that in the presence of
oxygen smaller benzylamine/benzaldehyde ratios than 1:1 do not inhibit the steps 1

and 2 but only increase the amount of non-reacted benzaldehyde.

Among the elements included in the new multicomponent catalysts gold is
more favored in this reaction as active site because, as opposed to nickel, tin or even
cerium oxides it can easily release oxygen. XPS showed that nickel is, however,
irreversible oxidized. As shown from the productivity values silica-embedded nickel
nanoxide is also a valuable catalyst. In addition, silica-embedded nickel nanoxides in
connection with silica-embedded cerium nanoxides also provide excellent nano-
supports for gold. Supporting this conclusion, XPS analysis revealed that for gold,
although the thermal treatment and exposure to the reaction determined a slight

agglomeration, it preserved its oxidation state along ten catalytic cycles.

Figure S9 shows the evolution of the conversion for the ten cycles for two
Au/multicomponent supports catalysts. No change inthe conversion was determined
under these conditions. However, the results included in this figure were collected
from experiments performed at high conversions wich may not prove good
recyclability. Therefore, we completed these tests with results collected at lower
conversions (Figure S10). Indeed, they confirmed the reciclability of the catalysts. This
has also be confirmed by ICP-OES analysis of the reaction products checking for Au and
by the characterization of the catalysts using the techniques described above. As
shown in Scheme 2, on the basis of the analytic measurements, ammonia is a by-

product of this reaction. It is important to note that none of the investigated catalysts
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has been deactivated by ammonia, and their reuse led to similar conversions. In
addition, XPS spectra of the spent catalysts did not show the presence of nitrogen, an

additional confirmation of the stability of these catalysts.

General assessments

The success of a supported catalyst depends on a variety of key parameters
affecting both the support nature and the design of the individual catalytic site. But
this is not enough, and in most cases a regular and homogeneous distribution of the
catalytic centers is required. This last aspect, dealing with the spatial distribution on
the nanoscale, must be viewed as a collective property of the catalytic sites considered
as a whole, as has been nicely discussed in a recent paper®. In dealing with catalysts
based on metal nanoparticles inside mesoporous materials, in addition to a good
selection of the support, nanoparticle assembly tools are usually required in order to

tune and control the “cooperative properties” of the nanoparticles.

While there is no doubt about the esthetic appeal of symmetry, it was also
argued that a periodic and ordered unimodal mesoporous support could not offer
specific advantages for catalytic applications requiring an enhanced accessibility to the
active sites and easy diffusion of reagents and products®. Then, we have selected as
support the disordered UVM-7 porous silica, with a topology constructed by
aggregation of mesoporous primary nanoparticles defining large inter-particle
pores67'38’39. This architecture leads to 3D interconnected and tortuous mesopores
having nanometric lengths. These features favor accessibility to the active sites and

prevent the undesirable migration and growth of metal nanoparticles®®’.

Although mesoporous silicas could be considered as useful supports for noble
metal nanoparticles due to the expected nanosize confinement effect, the poor affinity
between silica and noble metal precursors hinders the optimization of the previously
mentioned “collective properties” (nanoparticle size and dispersion) and drastically
restricts the catalyst working temperature®. In fact, thermal stability constitutes a

major drawback to any noble metal-based nanomaterials. Hence, when Hiittig and
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Tamman temperatures are reached, atoms at defects and surfaces and at bulk level
will become mobile®. Moreover, these temperatures drastically drop down with the
particle size®. The usual approach to minimize this problem is to modify the host
surface with anchoring species able to interact with gold complexes or nanoparticles.
For this purpose both organic and inorganic functional groups can be used. As
expected, an improved thermal stability is achieved with inorganic anchors like metal
oxide nanodomains. In fact noble metal-MO, materials are good catalysts for a variety

of processes®*’%*

. In this work we used NiO, nanodomains partially embedded inside
the silica walls as effective and stable inorganic anchors favoring the nucleation,
growth and stability of supported gold particles (see below). In addition to Ni, we
included in our supports Ce (or Sn) as oxide domains. Their incorporation inside the
silica walls is supported by different techniques: a) the absence of segregation
according to XRD, b) the preservation of porosity (without significant pore blocking),

and c) the observation of small black spots (inside the silica-based walls) in the TEM

images of Figure 2 that could be attributed to NiOx, SnO2 or CeO2 nanodomains.

Multiple roles seem to be played by the CeO, embedded particles. In a similar
way as NiO,, the CeO, particles could also act as inorganic anchors depending on the
specific pH conditions during the impregnation with gold complexes (see below). In
fact, ceria is also a typical support for gold nanoparticles’*. Cerium oxide has the ability
to transport oxygen in combination with the ability to cycle easily between reduced
(Ce®") and oxidized (Ce*") states’®. This behavior benefits redox reactions such as the
benzylamine oxidation. Then, CeO, could be considered as co-catalyst or promoter.
Moreover, the presence of CeO, in the medium could favor the formation of NiO
particles with smaller dimensions avoiding undesirable mesopore blocking
phenomena72. In contrast, no similar benefits are expected in the case of SnO,
included domains. Despite these effects, the presence of nano-oxide domains did not
generate a strong enough interfacial interaction with gold nanoparticles to hinder the

particle increase with the temperature.
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Conclusions

The  aerobic oxidative condensation of benzylamine to N-
benzylidenebenzylamine was carried out on new gold-based catalysts using as
supports bimodal UVM-7-like mesoporous silica containing Ni and Ce (or Sn) as oxide
nanodomains partially embedded inside the mesoporous UVM-7 silica walls. These
nanodomains acted as effective and stable inorganic anchors favoring the nucleation,
growth and stability of supported gold particles. The versatility of the used preparative
approach allowed exploiting both the high surface area and accessibility of the
mesoporous silica and also an easy and homogeneous inclusion of heteroelements in

one pot.

Aerobic oxidative condensation of benzylamine on these catalysts occurred
selectively only with the formation of N-benzylidenebenzylamine. While the selectivity
was total, the conversion varied in a large range as a function of the catalysts
composition (chemical composition and atomic ratios of the constitutive support
elements). The catalytic behavior was mostly controlled by the size of the gold
particles. However, other heteroelements also have an effect as shown in Table 5.
Changes in the values of the productivities led also to the conclusion that the support

is not a simple spectator for this reaction.

The best results were obtained on gold deposited on mesoporous Niy-UVM-
7(200) as support, i.e. Au/Nijp-UVM-7(200) and Au/Cego-Niig-UVM-7 catalysts. The
comparison of the productivities of the individual and bicomponent catalysts led to the
conclusion of a cooperative effect between the components. However, the main active
specie of these catalysts was gold and the method used for the preparation of these
catalysts allowed a high enough dispersion of it to provide the determined activity. The
most active catalysts corresponded to a lower Ce content and higher Ni content. TEM
and XEDS mapping measurements indicated that the dispersion of these elements
ensures the best configurations to activate the deposited Au nanoparticles. Smaller Au

particle sizes corresponded to the most active catalysts.
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None of these catalysts were deactivated by ammonia (which is a by-product of
this reaction) and the catalysts were reused ten times without any evident loss in the

activity.
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Catalysts characterization
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Figure S1. Low-angle XRD patterns of the gold-free supports. (a) Ni60-UVM-7, (b) Ni30-UVM-7, (c) Ni10-
UVM-7, (d) Ce60-Ni10-UVM-7, () Ce30-Ni10-UVM-7, (f) Ce10-Ni10-UVM-7, (g) Sn60-Ni10-UVM-7, (h)
Sn30-Ni10-UVM-7 and (i) Sn10-Ni10-UVM-7.
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Figure S2. High-angle XRD patterns of the supports and final catalysts containing Ce.
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Figures S2 and S3 show the high-angle XRD patterns of all synthesized UVM-7-
based materials, after and before the gold incorporation and thermally processed at

200 and 5009C.
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Figure. S3. High-angle XRD patterns of the supports and final catalysts containing Sn.

Figures S4 and S5 correspond to TEM images and N, adsorption-desorption
isotherms of the gold-free support/catalysts. The nickel inclusion does not affect the
mesostructure when compared with a TEM image of UVM-7 pure silica. The two pore
systems (intra-particle surfactant generated mesopore system and the inter-particle
disordered large pores) result clearly appreciated. The Ce and Sn inclusion although
does not affect in a qualitative way the original mesostructure, the incorporation of
these heteroelements favors a certain inter-particle condensation with the subsequent

relatively loss of textural-type porosity.

202



Gold Mesoporous Silica Nano-Composites used in Catalytic Applications

Figure S4. Representative TEM image of Nix-UVM-7 samples (x=10).

Figures S5 and S6 present N2 adsorption desorption isotherms of catalysts: S5
(@) Au/Snio-Niig-UVM-7, (b) Au/Sns3p-Niyp-UVM-7 and (c) Au/Sngo-Nijp-UVM-7,
processed at (i) 2002C and (ii) 5002C. S6 (a) Au/Ce1p-Nijp-UVM-7, (b) Au/Cesp-Nijo-
UVM-7 and (c) Au/Cego-Ni1g-UVM-7, processed at (i) 2002C and (ii) 5002C
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Figure S5. N2 adsorption desorption isotherms of catalysts (a) Au/Sn10-Ni10-UVM-7, (b) Au/Sn30-Nil10-
UVM-7 and (c) Au/Sn60-Nil0-UVM-7, processed at (i) 2002C and (ii) 5002C.
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Figure S6. Representative N2 adsorption-desorption isotherms of the gold-free supports.

(a) Ni60-UVM-7, (b) Ce60-Ni10-UVM-7 and (c) Sn60-Ni10-UVM-7.

Figures S7 and S8 present the BJH pore size distributions from the adsorption
branches of the N2 adsorption-desorption isotherms of catalysts S5 (a) Au/Ce1o-Nizo-
UVM-7, (b) Au/Ceso-Nijg-UVM-7 and (c) Au/Cego-Nijg-UVM-7, processed at (i) 2002C
and (ii) 5002C S6 (a) Au/Sn1g-Nip-UVM-7, (b) Au/Snso-Ni1g-UVM-7 and (c) Au/Snego-Ni1o-
UVM-7, processed at (i) 2002C and (ii) 5002C.
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Figure S7. BJH pore size distributions from the adsorption branches of the N2 adsorption-desorption
isotherms of catalysts (a) Au/Ce10-Ni10-UVM-7, (b) Au/Ce30-Ni10-UVM-7 and (c) Au/Ce60-Nil0-UVM-7,
processed at (i) 2002C and (ii) 5002C.
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Figure S8. BJH pore size distributions from the adsorption branches of the N2 adsorption desorption

isotherms of catalysts (a) Au/Sn10-Ni10-UVM-7, (b) Au/Sn30-Ni10-UVM-7 and (c) Au/Sn60-Ni10-UVM-7,

processed at (i) 2002C and (ii) 5002C.
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Figure S9. Conversion of benzylamine on Au/Cego-Niyc-UVM-7(200) (a) and Au/Ceso-Niyg-UVM- 7(200) (b)

catalysts over 10 successive cycles at 5 bar 02 (115 oC, 4h, selectivity 100%).

205



Gold Mesoporous Silica Nano-Composites used in Catalytic Applications

Figures S9 and S10 present conversion results in recycling experiments.
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Fig. S10. Conversion of benzylamine on Au/Cegy-Nijg-UVM-7(200) and Au/Cess-Nijg-UVM- 7(200)

catalysts over 6 successive cycles at 2 bar O, (115 oC, 4h, selectivity 100.
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Abstract

Metal nanoparticles with precisely controlled size are highly attractive for
heterogeneous catalysis. However, their poor thermal stability remains a major
concern in their application at realistic operating conditions. Here, we demonstrate the
possibility of synthesizing gold nanoparticles with exceptional thermal stability. This
has been achieved by using a simple conventional deposition-precipitation technique.
The material employed as a catalyst consists of gold supported on a TiO, impregnated
SiO, bimodal mesoporous support. The resulting material shows gold nanoparticles
with a narrow size distribution around 3.0 nm, homogeneously dispersed over the
TiO,/SiO, material. Most interestingly, the gold nanoparticles show exceptional
thermal stability, calcination temperatures as high as 800 2C have been employed and
negligible changes in the gold particle size distribution are apparent. Additionally, the
presence of an amorphous titanium silicate phase is partially preserved, and these

factors lead to remarkable activity to catalyze a range of oxidation reactions.
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Introduction

The nature and properties of catalysts based on gold nanoparticles dispersed
on oxide supports have received much recent attention™?, due to their high activity in
many industrially and environmentally important reactions. Especially significant is the
capacity of sub-nanometer gold to oxidize CO to CO, at very low temperatures™*. To
date, the most active gold catalysts for CO oxidation are generally supported on
reducible metal oxides, such as TiO, or Fe,03 which are either uncalcined or calcined at
temperatures lower than 500 C>”. The discovery of gold-based catalysts showing
exceptional low temperature CO oxidation activity resulted in an explosion of interest
into these types of catalysts, and they have now been successfully applied to catalyze a
wide range of reactions. However, an inherent problem for nanoparticulated catalysts
is their well-documented lack of thermal stability under highly demanding operating

conditions®™*°

. Supported and unsupported metal nanoparticles show rapid particle
aggregation, especially at elevated reaction temperatures®®. For many industrially
important catalytic applications, reaction temperatures typically exceed 600 °C, and
hydrothermal stability of the catalysts becomes a crucial issue'**?. Indeed, the
development of heat-stable Au-based catalysts represents a true challenge and will
offer new opportunities for Au nanoparticle catalysis if innovative routes to Au
nanoparticle stabilization at high temperatures are proposed. Strategies such as post
modification of Au/TiO, by amorphous SiO, decoration®®, the production of core-shell

1418 o0, modified hydroxyapatite supported gold catalysts®’, or the

nanostructures
synthesis of thin porous alumina sheets™® have been adopted to address this problem.
These strategies certainly reduce the tendency to sinter at high temperatures.
However, they have limitations, as they can use expensive precursors or highly

complex synthesis procedures.

One of the main areas of opportunity concerns the automotive industry where
low-temperature start-up performance of catalysts remains an area in which
improvement is sought. The most widespread technologies of hybrid vehicles or micro
hybrid cars (start-stop systems) require the development of efficient catalytic systems

for the control of vehicle exhaust emissions during this period. Moreover, in addition
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to the promising technical performance afforded by gold-based catalysts, the relative
stable lower price and greater availability of gold compared with the platinum group
metals remain excellent economic reasons for pursuing the development of pollution
control technologies based on this metal™. In this respect, there is a desire to be able
to prepare gold nanoparticulated catalysts which have increased stability at high
temperatures, as this will significantly extend the application of these catalysts for new

processes.

Herein, we demonstrate the possibility of synthesizing gold nanoparticles with
exceptional thermal stability. The material employed as a catalyst consists of gold
nanoparticles supported on a UVM-7 nanoparticulated bimodal mesoporous
material*®>??, which has first been modified by impregnation to form TiO, domains. The
resulting material shows gold nanoparticles with a narrow size distribution around 3.0
nm, homogeneously dispersed over the TiO,/SiO, material, the nanoparticles sizes do
not increase after calcination at temperatures as high as 800 2C. To the best of our

knowledge, such a result has not been reported previously.

Experimental section

Materials

The synthesis of UVM-7 was based on the “atrane route” with a molar
composition of 2TEOS-7TEA-0.52CTMABr-180H,0%°. In a typical synthesis, the
corresponding amounts of TEOS (Fluka 98%) and TEA (Sigma Aldrich > 99%) were
mixed under continuous stirring at 140 2C until a homogeneous dispersion was
achieved. Then, the temperature was decreased to 120 2C and the CTMABr (Sigma
Aldrich 98%) was added. The resulting gel was cooled to 80 eC when distilled water
was added. This mixture was allowed to age at room temperature overnight under
continuous stirring. The resulting mesostructured powder was separated by filtration,
washed extensively with deionized water and ethanol and dried at 60 2C overnight. In
order to prepare the final porous material, the template was removed by calcination at

550 2C for 6 hours (heating ramp = 5 2C/min) under static air atmosphere.
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Different metal oxides were incorporated into the UVM-7 support: TiO,, ZrO,
and Ce0,-Zr0O,. Although we used a similar impregnation strategy regardless the
different metal oxides included inside the UVM-7 mesopores, some experimental

details have been optimized depending on the chemical nature of the reagent used.

TiO,/UVM-7 was synthesized by a post synthetic wet impregnation procedure

.2 Four different titania loadings were tested:

previously described by Narkhede et a
from Ti/(Ti+Si) of 3 to 40 wt.%. To achieve these loadings, the corresponding weight of
TiO(acac), (Sigma Aldrich 90%) was taken in 100 cm?® of pure ethanol (Scharlau, HPLC
grade). Then, deionized water was slowly added while continuous vigorous stirring.
Subsequently, the impregnation of the calcined UVM-7 silica support (0.6 g) was
carried out by stirring the sample for 2 hours with the Ti solution. The mixture was
filtered and washed thoroughly. The cake was allowed to dry overnight at room

temperature and the TiO,/UVM-7 was calcined in air at 300 °C for 5 hours with a

heating rate of 1 2C/min.

Zr0,/UVM-7 was synthesized by a conventional wet impregnation procedure.
1.83 g of ZrO(NOs),-xH,0 (Sigma Aldrich, technical grade) were dissolved in 30 cm? of
deionized water under vigorous stirring. Impregnation of the calcined UVM-7 silica
support (0.6 g) was carried out by stirring the sample for 13 hours with the Zr solution.
The mixture was allowed to dry overnight at 110 2C and the resulting ZrO,/UVM-7 was
calcined in air at 550 C for 4 hours with a heating rate of 1 2C/min. The Zr loading was

54.6 wt.%.

Ce0,-Zr0,/UVM-7 was also synthesized by a conventional wet impregnation
procedure. 0.91 g of ZrO(NOs),-xH,0 and 1.42 g of Ce(NO3)3-6H,0 (Sigma Aldrich 99%)
were dissolved in 30 cm® of deionized water under vigorous stirring. Impregnation of
the calcined UVM-7 silica support (0.6 g) was carried out by stirring the sample for 13
hours with the Ce-Zr solution. The mixture was allowed to dry overnight at 110 ¢C and
the Ce0,-ZrO,/UVM-7 was calcined in air at 550 C for 4 hours with a heating rate of 1
2C/min. The cerium and zirconium loadings were 37.6 and 43.3 wt.%, respectively.
Compared to TiO,, in which relatively soft thermal conditions were used to favor first

the melting of the TiO(acac), and later its thermal evolution to oxide, in the case of Zr
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and Ce derivatives different calcination conditions were employed to promote the

evolution of nitrates and oxide formation.

The gold incorporation onto the TiO,/UVM-7, ZrO,/UVM-7 and CeO,-
ZrO,/UVM-7 matrixes was carried out by the conventional deposition-precipitation
technique. 43.4 cm? of an aqueous solution (5.078-10° M) of KAuCl, (Sigma Aldrich
98%) were heated in a water bath wrapped by an aluminum foil to exclude light at 70
9C. The initial pH was around 2.5. It was carefully adjusted to neutral pH by drop wise
addition of a 0.1 M aqueous solution of NaOH (Sigma Aldrich > 98%). The pH was
maintained around 7 for 30 minutes. 0.5 g of the required UVM-7 support was then
added and pH excursions into the acidic region were controlled by adding NaOH. After
the pH was constant for 15 minutes, the suspension was stirred for another hour at
the same temperature. Finally, the suspension was cooled, filtered and washed with
deionized water. The resulting cake was heated at 90 2C for 13 hours. After the
preparation, the samples were stored in the dark in a vacuum desiccator at room
temperature. Each sample was divided into three portions: the first portion was kept
uncalcined; the second portion was calcined at 400 2C in static air for 4 hours with a
heating rate of 1 2C/min and the third portion was calcined at 800 2C in static air under
the same conditions. In all cases, the final catalysts were stored in a vacuum desiccator

at room temperature.

Characterization

For electron microscopy analyses, the samples were dispersed in ethanol and
placed onto a carbon coated copper microgrid and left to dry before observation.
Spherical aberration (Cs) corrected scanning transmission electron microscopy high-
angle annular field (STEM-HAADF) imaging analyses were performed in a XFEG FElI
Titan microscope operated at 300 kV. The microscope was equipped with a CEOS
aberration corrector for the electron probe, achieving a point resolution of 0.8 A, an
EDAX EDS detector and Gatan Energy Filter Tridiem HR865 for electron energy loss
spectroscopy (EELS). These spectroscopic data were obtained using the spectrum-

image acquisition mode®*%>.
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X-Ray Photoelectron Spectroscopy (XPS) measurements were made on an
Omicron ESCA+ photoelectron spectrometer using a non-monochromatized MgKa X-
Ray source (hv = 1253.6 eV). Analyzer pass energy of 50 eV was used for survey scans
and 20 eV for detailed scans. Binding energies were referenced to the Cls peak from
adventitious carbonaceous contamination, assumed to have a binding energy of 284.5

ev.

Powder X-ray diffraction (XRD) was carried out using a Bruker D8 Advance

diffractometer with monochromatic Cu Kot source operated at 40 kV and 40 mA.

The textural characterization of the samples was carried out by N, adsorption
at -196 °C, using a Micromeritics ASAP 2020 apparatus. Prior to the adsorption
measurements, the samples were outgassed in situ in vacuum at 250 2C for 4 hours to
remove adsorbed gases. Surface areas were calculated from nitrogen adsorption
isotherms in the relative pressure range from 0.1 to 0.25 using the BET equation
(SBET). Both BJH pore size distributions and volumes were obtained from the
adsorption branch of the N, adsorption isotherms. In addition, specific surface area,
and total intra-particle pore volume (micro and mesopore) were also estimated using
the Non Localized Density Functional Theory (NLDFT) method. The model used for the
NLDFT evaluation was N, adsorbed on silica with cylindrical pores, considering the

adsorption branch of the isotherm.

Raman spectra were obtained using a HORIBA Jobin Yvon iHR320 spectrometer

with Peltier-cooled CCD and a 532 nm and 785 nm doubled YAG laser as excitation.

2%5i MAS NMR spectra were recorded on a Varian Unity 300 spectrometer

operating at 79.5 MHz, and using a magic angle spinning speed of at least 4.0 kHz.

The gold loading was determined by energy dispersive X-ray spectroscopy EDX

analysis using a Scanning Electron Microscope (Philips - SEM-XL 30).
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Catalytic testing

CO catalytic oxidation was performed at atmospheric pressure and at a
temperature of 20 2C, using a fixed bed reactor with an inner diameter of 5.8 mm. A
mixture of 0.4 % v/v CO, 20 % v/v O, and argon balance was passed over 10 mg of
catalyst with a flow rate of 100 cm?/min which corresponded to a space velocity of
600,000 cm®/(ger-h). Analyses were performed by an on-line gas chromatograph
(Varian CP-3800) with thermal conductivity, and the conversion of CO and the
formation of CO, were both quantify which led us to measure a carbon balance with
and accuracy of + 2%. After being used in the reactor, the catalysts were stored at

room-temperature in a vacuum desiccator before spectroscopic analysis.

The Au/Ti8/UVM-7 800 catalyst performance was tested under simulated cold-
start conditions by means of cold-start tests (CST). CST experiments were carried out in
a fixed-bed reactor (diameter = 0.457 cm) under conditions that closely resembled the
automotive “cold-start”. In the course of the simulated CSTs, the reactor temperature
was increased from 30 2C to 600 °C at 50 °C/min, and held at this temperature for a
further 30 min. The temperature was measured by a thermocouple located at the top
of the catalyst bed. The inlet gas composition used for CST experiments was 1.6 % v/v
CO, 0.01 % v/v propene, 0.0087 % v/v toluene, 1 % v/v oxygen, 10 % v/v water in argon
leading to a total flow of 100 cm® STP/min and a gas hourly space velocity (GHSV) of
200,000 h'. Aliquots of the outlet stream were analyzed on line using a quadrupole
spectrometer (Omnistar, Pfeiffer Vacuum). The following masses were monitored: m/z
= 40 for argon, 28 for CO, 42 for propene, 91 for toluene, 32 for oxygen and 18 for
water; m/z = 44 related to CO, formation was also followed during the experiment.
Finally, ten consecutive CSTs were performed once the reactor was cooled down to
assess the reusability and stability of the catalyst. Carbon balances were closed in all

the experiments (100 + 3%).

Moreover, in order to evaluate the hydrothermal stability of the Au/Ti8/UVM-7
800 catalyst and its performance as a three-way catalyst, three consecutive cycles
were performed under a gas flow that simulated the real exhaust gases of a diesel

engine. The inlet gas composition used in the experiments was 1 % v/v CO, 0.1 % v/v
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propane, 0.03 % v/v NO, 8 % v/v O,, 6 % v/v CO,, 8 % v/v H,0 and nitrogen balance
under a total flow of 200 cm?®/min. Flow rates of all gases were controlled by mass flow
controllers. The experiments were run in a fixed-bed reactor (GHSV = 40,000 ht)
externally heated and coupled to an Infrared Spectrometer (Gasmet DX4000). Carbon

balances were closed in all the experiments with an accuracy of £ 3%.
p y

The Au/Ti8/UVM-7 800 catalyst performance was also tested for methane
combustion. The activity test for catalytic methane oxidation was conducted in a fixed-
bed reactor under isothermal conditions. 1 % v/v CH, in air were flowed by mass flow
controllers at a space velocity of 60,000 h™*. Analyses were performed by an on-line gas
chromatograph (Varian CP-3800) with thermal conductivity and flame ionization
detectors, and the conversion of CH4 and the formation of CO, were both quantified,

giving a carbon balance with and accuracy of t 2%.

Results and discussion

The mesoporous silica UVM-7 is loaded with four different concentrations of
TiO, to achieve a Ti/(Ti+Si) ratio of 3, 8, 15 and 40 wt.%. The preparation method is
based on a simple wet impregnation of UVM-7 with titanium (IV) oxyacetylacetonate
(TiO(acac),) calcining the samples at 300 2C with a very slow heating ramp and the
conventional deposition-precipitation technique is employed for the addition of gold
onto the mesoporous TiO,/UVM-7 matrix. The use of a slow heating ramp is crucial to
obtain beneficial dispersion of the titanium species. The TiO(acac), melts at ca. 200 2C,
which is below the temperature of complex degradation, and leads to a homogeneous
dispersion of Ti-species over the internal surface of the UVM-7 silica. After gold
deposition, several catalysts were prepared by heating the samples in air at
temperatures of 400 and 800 2C, and comparison is made with a sample which is dried,
but not calcined at high temperature. The samples are coded Au/TiX/UVM-7 CT, where
X and CT represent the titania loading (3, 8, 15 and 40 wt.%) and the calcination
temperature (400 or 800 2C), respectively. Gold loadings of representative uncalcined
and calcined catalysts are compiled in Table S1, and range from 2 to 5 wt.% depending

on titania loading. Additionally, a slightly higher gold loading is observed in the
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uncalcined samples. Experimental error in the determination of the gold content (+0.2
wt.%) can have an influence on these differences. However, it cannot be completely
discarded that the marginal evaporation of large gold particles into the gas phase
followed by the treatment at high temperatures® could be taking place. The simplicity
of the preparation method as well as ease of scale-up are major advantages from the

perspective of application.

Table 1. Comparison of CO oxidation activity of the UVM-7 based catalysts with other catalysts reported

in the literature.

Gold Catalytic D space mol
Support content  performanc (OCCa') ( A")b velocity CO/(g.'h)-(10°)  Ref
0 nm
(wt.%)? e (cm®/(gcarh)) at 20 2C
Ti0,/Si0, 2.2 Tso=642C 700 6.5 44,000 9.0™%** 13
ZrO, - Tso=2002C 800 15 80,000 2.3 14
TiO,/Si-Al,05 1 Tso=502C 600 3.0 36,000 6.0°1%0% 15
FeO, 3.2 Tso=222C 600 4.5 20,000 3.6 17
AlO, 3.0 Tso=-32C 700 2.2 80,000 30.0 18
AlO, 3.0 Tso=-32C 900 2.2 80,000 2.6 18
. This
TiO,/UVM-7 2.1 Xco =15% 800 3.5x1.6 600,000 17.5
study
This
Zr0,/UVM-7 5.7 Xco =45% 800 8.7+3.9 25,000 2.6
study
CeO,- This
3.2 Xco=72% 800 6.4+126 35,000 6.1
Zr0,/UVM-7 study

® The gold loading (wt.%) in our catalysts is determined by EDX. ® The gold mean particle size in our
catalysts is determined by TEM. T.: calcination temperature (2C). Xco: CO conversion for the CO
oxidation reaction. Conditions: 0.4 % v/v CO, 20 % v/v O, and argon balance, reaction temperature = 20

oC.

Ambient temperature CO oxidation was used as an initial model reaction to
probe the catalysts performance (Figure S1 and S2). The optimal titanium loading is 8
wt.% (Figure S1 and Table S2). Increasing the calcination temperature of the catalysts
leads to a decrease of the CO conversion but the catalyst stability increases (Figure S2).

Following calcination at 400 and 800 2C there is no deactivation over the test period,
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whilst for the uncalcined catalyst conversion is not stable as the catalytic activity
slightly decreases with time-on-line. It is noteworthy, that in addition to the excellent
stability, the catalyst calcined at 800 9oC still presents very high activity, as test
conditions employ a very short contact time. Table 1 shows comparative CO oxidation
results from the literature for gold-based catalysts heat treated at 600 2C and above.
Our Au/Ti8/UVM-7 800 catalyst oxidizes CO at 20 °C using a high space velocity of
600,000 cm?/(gear-h), with a CO conversion rate of 0.0175 mol CO/(get-h), which is, to
the best of our knowledge, the highest activity currently reported in the literature for

gold catalysts calcined at high temperature.

A wide variety of different silica supports are available, but we specifically
select UVM-7 due to its open framework and enhanced accessibility, as a consequence
of hierarchic porosity with large inter-particle voids and 3D interconnected short-
length (ca. 25-30 nm) nanometric mesopores of ca. 3 nm (when CTMABr is used as
template). These characteristics, which are not present in other silicas such as MCM-
41, MCM-48 or SBA-15 (usually obtained as large micrometric particles with unimodal
long-length mesopores), favor mass diffusion throughout the hierarchic pore
structure®®. This aspect could be beneficial, both at the preparative level, as a very
homogeneous dispersion of both titanium and gold nanoparticles can be achieved,
favoring the impregnation with the TiO(acac), and KAuCl; solutions, and also for
accessibility to active sites of the catalyst during operation. Accordingly, this catalytic
system both uncalcined and calcined at conventional temperature (400 2C) also shows
higher catalytic activity than a commercial gold/TiO, based catalysts supplied by the
World Gold Council (Table S2). Therefore, an outstanding activity and stability is
obtained for this material, which is even more noteworthy considering it is calcined at
the high temperature of 800 2C. In contrast to that observed for Au/TiO,/UVM-7 800
catalyst, the heat-treatment of the Au/TiO, catalyst supplied by the World Gold
Council at 800 oC led to a severe deactivation of the catalyst, which exhibited a
productivity ca. 600 times lower than that observed for Au/Ti8/UVM-7 800. An
accused sintering of the gold particles takes place and most of the gold crystallites are

in the 12 to 20 nm range.
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Figure 1. Cs-corrected STEM-HAADF images and gold particle size distribution of the (a, b) uncalcined
and (c, d) calcined at 800 2C Au/Ti8/UVM-7 catalysts. Particle size distributions are shown as insets for

(b) uncalcined and (d) calcined samples.

The remarkable performance of this catalytic system can be related firstly to
the presence of small gold nanoparticles, which are resistant to sintering. Figure 1la
and b shows Spherical aberration (Cs) corrected scanning transmission electron
microscopy high-angle annular field (STEM-HAADF) images of the uncalcined
Au/Ti8/UVM-7 catalyst. Similar images of the sample after calcination at 800 °C for 4
hours (Figure 1c and d) confirm that the gold nanoparticles are thermally stable, as the
high temperature treatment does not result in sintering, preserving their original size
and maintaining an homogeneous distribution over the mesoporous support. The

uncalcined sample shows some small 1 nm gold nanoparticles, and has a unimodal
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particle size distribution, with most particles in the 1-6 nm range. The predominant
particle size of the uncalcined sample is 3.73 + 1.60 nm, which surprisingly does not
dramatically increase after calcination at 800 2C (3.50 + 1.57 nm). Powder X-Ray
Diffraction (XRD) is also used to probe the dispersion and stability of the gold
nanoparticles (Figure S3). Unchanged diffraction peaks (of very low intensity) from
gold species are observed before and after calcination at 800 °C (even for the samples
after the catalytic reaction), consistent with the TEM, indicating that gold species
remain well dispersed on the support even after high temperature treatment (Figure

1d).

The exceptional catalytic performance of these materials also can be related to
the way in which titanium is present on the UVM-7 support. For the uncalcined
sample, different spectroscopic techniques support the formation of species including
Ti-O-Si bonds between Ti-oligomers (produced after degradation of the TiO(acac),
precursor at 300 2C) and the silica surface, where a certain proportion of Ti*" occupies
a tetrahedral coordination site similar to Si in SiO, (Figure S4). In fact, a slight increase
of the binding energy of both Ti 2p3/; and the second component of O 1s compared to
pure TiO, are observed, consistent with diffusion of Ti species into the silica wall*’?®
(Table S3). This shift is also accompanied by an increase of the oxidation potential of
the Ti(lV) cations, which may enhance the oxygen mobility at the gold/Ti-O-Si
interface, thus enhancing the CO oxidation activity at low temperature® (Table 1).
Accordingly, the existence of a regular and homogeneous dispersion of titanium for
the uncalcined sample is also confirmed by STEM images in Figure 2. This extremely
regular dispersion of Ti species on the silica surface also favors the subsequent

homogeneous distribution of AuCl; complexes and finally of gold nanoparticles

achieved during the deposition-precipitation step.
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Figure 2. Cs-corrected STEM-HAADF images of Au/Ti8/UVM-7. (a), (b), (c) High-magnification images
where gold nanoparticles are identified. (d) Cs-corrected STEM-HAADF image where an EELS spectrum-
image is recorded. (e) Ti-L3, (red) and O-K (yellow) maps superimposed on the experimental STEM

image.

Upon calcination at 800 oC, the catalyst still presents very high activity,
although a certain loss of activity is clearly observed when compared to uncalcined
materials. This loss of activity can be linked to different factors. With respect to gold,
although the nanoparticle size is preserved, it cannot be discounted that there could
be a decrease of activity due to a change of the gold surface oxidation state®®*.
Accordingly, the oxidation state of gold on the surface of the nanoparticles is
investigated using X-ray Photoelectron Spectroscopy (XPS). The uncalcined catalyst has
some cationic gold, (Au**/Au® = 0.24), while only metallic gold is present after heat
treatment at 800 oC (Figure S5 and Table S4). More importantly, the calcination
probably induces changes to the Ti species, although these are more complex, and may
not directly relate with the catalytic activity. Firstly, it is observed that Ti species only
remains partly as Ti-O-Si species, supported by XPS results (Figure S4 and Table S3),
and corroborated by 2°Si NMR (Figure S6). The *°Si NMR spectrum of the Ti8/UVM-7

support shows a 5% increase of the signals at ca. -100 and -93 ppm (corresponding to
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Si environments with 1 and 2 atoms of Ti as neighbors, respectively: Si (3Si, 1Ti) and Si
(2Si, 2Ti))*? and a decrease in the Q” signal (at ca. -110 ppm) when compared with the
spectrum of the UVM-7 silica pure support and calcined at the same temperature, in
which some Si-OH groups are still preserved (signal at ca. -110 ppm, Figure S6 and
Table S5). These data allow us to determine that an additional 38% of titanium atoms
are incorporated into the UVM-7 silica wall (by diffusion at 800 °C) and the remaining

Ti (62%) must initiate a process of nucleation and growth of TiO, domains.

Table 2. Textural characterizations of UVM-7 materials loaded with titania and gold/titania.

Surface Intrap. pore Intrap. pore Interp. pore Interp. pore
Catalysts area size volume size volume
(m”/g) (nm) (cm’/g) (nm) (cm’/g)
Uvm-7 1136 2.87 1.01 29.0 1.20
Ti8/UVM-7 931 2.81 0.79 25.5 0.88
Au/Ti8/UVM-7 845 2.82 0.72 36.8 1.30
Au/Ti8/UVM-7 800 245 1.30/2.75° 0.14 27.2 0.68

®Intra-particle pore size determined by the application of the DFT model.

It is worth mentioning that the modification of the architecture/mesostructure
of the siliceous support could be a key parameter upon calcination, leading to
ultrastable gold nanoparticles. Thus, although calcination results in an expected
reduction of both surface area and pore volume, when compared with the uncalcined
material, the highly active Au/Ti8/UVM-7 800 catalyst still preserves a relatively high
specific BET surface area of 245 m?/g and a total pore volume of 0.82 cm?/g, which
includes 0.14 cm?/g associated with the internal porosity (Table 2, Figure S7 and Table
S6). Applying a density functional theory (DFT) model also allows us to detect the
existence of some microporosity in the calcined sample. This microporosity along with
a partial preservation of the original mesoporosity seems to be improved by the
presence of TiO, and Au (Figure S8), since the UVM-7 support completely collapses
after calcination at 800 eC. Thus, values of 151 mz/g and 0.14 cm3/g can be estimated

for the intra-particle porosity (excluding the textural component) in the case of sample
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Au/Ti8/UVM-7 800. The generation/preservation of this micro-mesoporosity, that
must be understood as the result of a partial collapse of the original mesostructure, is
most likely the key to explain both the high catalytic activity (directly related to
resistance to sintering of the particles of Au), and the loss of activity compared to the

uncalcined catalyst due to a certain loss of accessible active sites that become trapped.

Therefore, it can be assumed that the TiO, crystallites covering the internal
porous surface of the support could have an important role in enhancing the thermal
stability of the UVM-7 mesostructure, acting as a scaffold of the support, as suggested
by the surface area increase with the Ti content of the Au/Ti15/UVM-7 800 (Table S6)
and the total collapse of the Au/UVM-7 800 structure (Figure S9). Accordingly, it was
observed that the high BET surface area and bimodal porosity of the materials was
preserved for titania loadings up to ca. 15 wt.% (Til5/UVM-7 sample) (Table S7). For
higher titania loading (40 wt.%), a dramatic decrease of these textural parameters
occurred, which indicates a significant mesopore blocking (affecting both the gold
deposition and the CO accessibility), with the subsequent loss of catalytic activity.
Upon calcination, TiO, partially agglomerates in the form of small TiO, nanodomains
with sizes just slightly larger than that of the gold nanoparticles (Figure 3, Figure S4
and Table S3). The absence of titania diffraction in the XRD is a further evidence for the
small size of the TiO, domains (Figure S3). Accordingly, microscopy data shows (Figure
3a) the high-resolution images of the gold and the TiO, nanoparticles. The titania FFT
diffractograms can be indexed assuming 141/amd symmetry corresponding to anatase
and lattice parameters a = 3.78 A and b = 9.51 A. (Figure 3b). Laser Raman
spectroscopy (Figure S10) also confirms the presence of titania with anatase as the
predominant crystalline phase for the Au/Ti8/UVM-7 800 sample®*. UVM-7 support
seemed to stabilize the anatase phase, although a retarding effect over the phase
transition from anatase to rutile due to the presence of gold nanoparticles could not
be ruled out. Although this agglomeration of the Ti species seems to be detrimental for
the catalyst performance®, as also suggested by the loss of activity with the increasing
Ti content, the nanocrystalline nature of the anatase domains also seemed to induce a
strong interfacial anchoring effect between TiO, and the gold nanoparticles negating

their sintering after high temperature calcination®*. Indeed, for gold supported directly
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on the mesoporous UVM-7 support the gold nanoparticles readily agglomerate and,
for the calcined sample, large gold nanoparticles together with small nanoparticles are
formed (Figure S9) and a total structure collapse is evident. The presence of both small
and large nanoparticles is in accordance to Qian et al. who reported the co-existence
of both small and large size of gold nanoparticles for Au/SiO, catalysts calcined at high
temperatures®®, proposing that small gold nanoparticles formed by an evaporation-
deposition mechanism. Accordingly, gold nanoparticles are only observed close to the
titania nanodomains on the UVM-7 surface (Figure 3), which is corroborated by the
combination of STEM-HAADF images and chemical mapping based on electron energy
loss spectroscopy (EELS) measurements (Figures 3b and c). The TiO, domains have dual
roles, as a scaffold®, preventing the complete mesostructure collapse, and as an
anchoring island to avoid gold sintering. Hence, the exceptional thermal stability of
gold nanoparticles in Au/Ti8/UVM-7 could be viewed as the combined result of a
strong anchoring of gold on titania nanoparticles homogeneously dispersed on the
preserved UVM-7 internal surface, and the confinement effect that is provided by the

silica mesostructure and the anatase nanocrystals.

Gold nanoparticles

Figure 3. Cs-corrected STEM-HAADF images of Au/Ti8/UVM-7 800. (a) High-magnification image where
the TiO, nanoparticles are identified together with the Au nanoparticles. The FFT of the TiO, phase is
shown as an inset. (b) Cs-corrected STEM-HAADF image where an inset. (b) C,-corrected STEM-HAADF
image where an EELS spectrum-image is recorded. (c) Ti-Ls, (red) and O-K (yellow) maps superimposed

on the HRSTEM-HAADF image.
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We have studied UVM-7 supported gold catalysts modified by other metal
oxides by using this simple preparation method, to see if the highly active and stable
gold nanoparticles are specific to titania modification. After an optimization procedure
to select the proper metal oxide loadings, gold nanoparticles are deposited onto
ZrO,/UVM-7 and Ce0,-Zr0O,/UVM-7 supports. It should be commented that regardless
of the metal oxide nanodomains included inside the mesopores, a preferred
interaction of the gold nanoparticles with these metal oxides is observed. This is again
a key factor favoring the presence of highly dispersed small gold nanoparticles.
Additionally, as observed for TiO,/UVM-7 supports, these metal oxide nanodomains
also act as scaffolds for the UVM-7 support, preventing silica from the complete
collapse and preserving a certain porosity to favor the diffusion of CO to the active
sites, and as anchoring islands for gold nanoparticles, providing stability against
sintering after calcination at 800 9C, resulting in highly thermally stable gold

nanoparticles (Figure 4 and Figure S11).

Gold nanoparticles
100 nm CeZrQ- nanoparticles

Figure 4. Cs-corrected STEM-HAADF images of Au/CeO,-ZrO,/UVM-7 800 at (a) low-magnification
observing a homogeneous distribution of gold, (b) medium-magnification image and (c) high-

magnification observing fcc Au nanoparticles and some crystalline CeZrO, domains.

As shown in Table 1 these gold catalysts calcined at 800 2C are also very active
for the model CO oxidation reaction at 20 2C. The catalytic activity is lower for both
zirconia and cerium modified zirconia than for titania, but Au/ZrO,/UVM-7 800 still has

a productivity of 0.0026 mol CO/(gc'h) and Au/Ce0,-ZrO,/UVM-7 800 is more active
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achieving a productivity of 0.0061 mol CO/(gc.t-h) (Table S8). The addition of zirconia is
known to increase the thermal stability of Ce0,%®, and this is consistent with our
observations. Importantly, although some differences might be expected in the final
oxides depending on the type of precursor used, our preliminary results with Zr and Ce
oxides indicate that there are no differences in the role played by the oxidic domains
(TiO,, ZrO,, Ce0,-Zr0;) from the structural/morphological point of view: they act as
inorganic anchors for the gold particles and as scaffolds to prevent a massive
mesostructure collapse. However, we note that the gold nanoparticles anchored on
ZrO, and Ce0,-Zr0O; have slightly higher sizes than those observed on anatase domains
(Table 1). These differences together with the intrinsic characteristics of each catalytic
system could be responsible for the different catalytic activity observed. Thus, it
appears that the beneficial stabilization effect is not restricted to titania with the UVM-
7 support, as similar beneficial effects are also observed with zirconia and ceria-
zirconia, which highlights the versatility of these nanostructured materials to be

implemented into new high-temperature processes.
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Figure 5. CO removal efficiency under simulated cold-start conditions of Au/Ti8/UVM-7 800 catalyst.

Conditions: 1.6 % v/v CO, 0.01 % v/v propene, 0.0087 % v/v toluene, 1 % v/v oxygen, 10 % v/v water and
Ar balance, GHSV = 200,000 h-1. Temperature is increased from 30 to 600 2C at 50 2C/min.
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We are able to illustrate the exceptional thermal stability of gold nanoparticles
on metal oxide modified UVM-7 by employing the catalyst for several high-
temperature applications. We have exemplified this using CO emission control during
the cold-start process of an engine. The evolution of CO concentration of a stream of
1.6 % v/v CO, 0.01 % v/v propene, 0.0087 % v/v toluene and 1 % v/v O, by increasing
the reactor temperature from 30 to 600 2C at 50 2C/min over the Au/Ti8/UVM-7 800
shows 100 % CO removal in the presence of 10 % v/v H,0 after ten consecutive cycles
at a space velocity of 200,000 h™ (Figure 5). There is no appreciable gold nanoparticle
sintering after use (2.3 + 0.6 nm, Figure 6). Figure 6a and 6b confirms the
homogeneous nanoparticle dispersion after reaction preserving a diameter below 5
nm and, as already described, the chemical analysis corroborates the affinity between
the position of the TiO, domains and the Au nanoparticles, preventing gold sintering

under severe conditions.

Size (nm)

Figure 6. Cs-corrected STEM-HAADF images of the Au/Ti8/UVM-7 800 catalyst after ten consecutive
cold-start tests. (a) Low-magnification image showing the nanoparticle distribution as inset. (b) High-
magnification image. (c) Cs-corrected STEM-HAADF image where an EELS spectrum-image is recorded

(d) Ti-Ls ; (red) and O-K (yellow) maps superimposed on the HRSTEM-HAADF image.
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This catalyst is also tested as a three-way catalyst under a reaction mixture of 1
% v/v CO, 0.1 % v/v propane, 0.03 % v/v NO, 8 % v/v O,, 6 % v/v CO, and 8 % v/v H,0,
space velocity of 40,000 h™ and at a reaction temperature of 500 °C showing
remarkable hydrothermal stability after three consecutive cycles (Figure S12). The
stability and activity was also validated using methane catalytic oxidation of 1 % v/v
CH4 in air by increasing the reactor temperature from 300 to 800 2C at a space velocity
of 60,000 h™. Stable catalyst performance is maintained for at least five consecutive

cycles (Figure 7).
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Figure 7. Methane conversion vs reactor temperature of Au/Ti8/UVM-7 800 catalyst in methane
catalytic oxidation. Black line and red line correspond to the first and the fifth cycle, respectively.

Conditions: 1 % v/v CH, in air, GHSV = 60,000 ht,

Conclusions

Gold nanoparticles with exceptional thermal stability have been synthesized in
an easy and reproducible method, following a wet impregnation procedure of UVM-7
porous silica with titanium(lV) oxyacetylacetonate followed by a conventional
deposition-precipitation approach. As a model reaction, CO oxidation was initially

selected to evaluate the performance of Au/TiO,/UVM-7 catalysts. An extraordinary
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stability and excellent catalytic activity after high temperature treatment was
achieved, which is in agreement with the small size and high dispersion of gold
nanoparticles. The open architecture of the UVM-7 silica combined with the presence
of anatase nanocrystals inside the pore system leads to establish strong interfacial
interactions with Au nanoparticles, which are responsible for stabilizing Au
nanoparticles at temperatures as high as 800 2C. The optimum performance of the
Au/Ti8/UVM-7 sample was linked to an optimal interplay between the presence of Ti
as amorphous titanium silicate, the presence of small gold nanoparticles with high
sintering resistivity (both beneficial for the catalytic activity), and TiO, nanocrystallites
(beneficial for the stabilization of both the UVM-7 porosity and the gold
nanoparticles). Moreover, the anti-sintering ability of gold nanoparticles was
demonstrated by several high-temperature catalytic applications. Finally, the extension
of titania modification to other metal oxides make these catalysts broadly applicable
for a variety of catalytic applications, such as catalytic combustion, steam reforming or
automobile exhaust control, especially for its application in novel hybrid and micro

hybrid cars.
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Catalysts characterization
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Figure S1. CO conversion values vs. Ti/(Si+Ti) (wt.%) for uncalcined catalysts after 2 days time-on-line.

Conditions: 0.4 % v/v CO, 20 % v/v O, and argon balance, space velocity = 600,000 cm?’/(gcat.h), reaction

temperature = 20 eC.

The optimal titanium loading is 8 wt.%.
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Figure S2 CO conversion vs. time for catalysts containing 8 wt.% titanium. Black squares, red circles and
blue triangles correspond to Au/Ti8/UVM-7, Au/Ti8/UVM-7 400 and Au/Ti8/UVM-7 800 catalysts,
respectively. Conditions: 0.4 % v/v CO, 20 % v/v O, and argon balance, space velocity = 600,000

cm3/(gcat-h), reaction temperature = 20 C.
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The uncalcined catalyst deactivates with time-on-line. Following calcination at 400

and 800 2C there is no deactivation over the test period.

Table S1. Gold loading (wt.%) of the final Au/TiO,/UVM-7 catalysts calcined at 800 °C. Values in

parenthesis correspond to uncalcined catalysts.

Ti/(Ti+Si) Gold loading
(wt.%) (wt. %)*
3 2.4(2.6)
8 2.1(2.4)
15 4.8 (5.0)

* Determined by EDX.

Table S2. Activity results of the different catalysts tested in moles CO converted/(gcat-h)-(loa) at a space
velocity of 600,000 cm®/(g.h). Values in parenthesis corresponds to a space velocity of 60,000
cm3/(gerh). Conditions: 0.4 % v/v CO, 20 % v/v O, and argon balance, reaction temperature = 20 2C. The
activity results of the AuTiO, WGC (World Gold Council) reference catalyst have been included for

comparison.

Ti/(Ti+Si) = 3 wt.%

tenf:clecrl:tzt::?ec) t=0 t=2days
- 70.2 58.5
400 35.1 17.5
800 (0.0) (0.0)

Ti/(Ti+Si) = 8 wt.%

- 90.1 87.7
400 64.3 64.3
800 17.5 17.5

Ti/(Ti+Si) = 15 wt.%

- 46.8 21.1
400 (5.7) (5.5)
800 (0.6) (0.6)
AuTiO, WGC 35.1
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XRD results support the dispersion and stability of the gold nanoparticles.
Unchanged diffraction peaks (of very low intensity) from gold species are observed
before and after calcination at 800 °C (even for the samples after the catalytic
reaction), indicating that gold species remain well dispersed on the support even after

high temperature treatment.
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Figure S3. (a) Low-angle and (b) high-angle XRD patterns for gold catalysts with 8 wt.% titania loading.
“u” denotes used samples. Marked reflections at 26 = 382 corresponds to Au’ cubic structure (ICSD PDF-

number 01-089-3697).
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From the XPS results, a slight increase of the binding energy of both Ti 2p3/, and
the second component of O 1s compared to pure TiO, (in parenthesis) are observed,
consistent with diffusion of Ti species into the silica wall and the formation of Ti-O-Si

species. These species are partly preserved after calcination at 800 eC.

Table S3. Ti 2p3/; and O 1s binding energies of Au/Ti8/UVM-7 and Au/Ti8/UVM-7 800 catalysts. Values in

parenthesis correspond to the binding energy of Ti 2p;/, and O 1s in pure TiO,.

Catalyst Ti 2ps/; (eV) 0O 1s (eV)

Au/Ti8/UVM-7 458.7 (458.4) 532.8,530.4 (529.6)
Au/Ti8/UVM-7 800 458.5(458.4) 532.5,529.8 (529.6)

: /Ti 2pap

AulTi8UVM-7
Ti 2p1,Q

AufTig/UVM-7

Intensity / a.u. —
Intensity / a.u. —

Au/Tig/lUVM-7 800

456 460 464 468 526 530 535 540
Binding Energy / eV — Binding Energy / eV —

Figure S4. (a) Ti 2p and (b) O 1s XPS spectra of Au/Ti8/UVM-7 and Au/Ti8/UVM-7 800. The straight lines

indicate the position of Ti 2p3;and O 1s in pure TiO,.

For the uncalcined sample, a shift from the position of Ti 2p3/; and O 1s in pure
TiO, supports the formation of species including Ti-O-Si bonds between Ti-olygomers
(produced after degradation of the TiO(acac), precursor at 300 2C) and the silica
surface, where a certain proportion of Ti** occupies a tetrahedral coordination site

similar to Si in SiO,. After calcination, it is observed that Ti species only remains partly
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as Ti-O-Si species. The remaining Ti species tend to agglomerate forming TiO,

crystallites.

Table S4. XPS results of Au/Ti8/UVM-7 catalyst, fresh catalyst calcined at 800 2C and catalyst calcined at
800 2C used in the CST.

Atomic ratios Surface atomic concentrations (wt. %)
Catalyst
AU3+/AUO osup/OIattice Au Ti Si (0]
Au/Ti8/UVM-7 0.24 2.91 3.91 10.1 29.1 57.0
Au/Ti8/UVm-7 800 (fresh) 0.00 2.74 2.99 9.37 31.7 56.0
Au/Ti8/UVm-7 800 (used) 0.00 4.09 1.87 7.04 37.2 53.9

The uncalcined catalyst has some cationic gold, (Au6+/Au9 = 0.24), while only

metallic gold is present after heat treatment at 800 eC.

AWTIBUVM-7
Au™ af 712

AUl af 712
»

Au™® 4 512

AWTI8/UVM-7 800 (fresh)
Au” 41572

Intensity / a.u.

AUTiI8/UVM-7 800 (used in the CST)

82 80 88 85 84 82 80
Binding Energy / eV

Figure S5. XPS of Au/Ti8/UVM-7 catalyst, fresh catalyst calcined at 800 2C and catalyst calcined at 800 2C
used in the CST.
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Table S5. Data from the deconvolution of the 2°Si NMR spectra.

q’ Q® and Si Q’ and Si

Catalyst (3Si, 1Ti) (2Si, 2Ti)
6 (ppm) % 6 (ppm) % 6 (ppm) %
UVM-7 calcined at 800 2C -114.0 76 -104.6 23 -95.0 1
Ti8/UVM-7 calcined at 800 2C -110.9 71 -102.0 26 -93.5 3

The 2°Si NMR spectrum of the Ti8/UVM-7 support shows a 5% increase of the
signals at ca. -100 and -93 ppm (corresponding to Si environments with 1 and 2 atoms
of Ti as neighbors, respectively: Si (3Si, 1Ti) and Si (2Si, 2Ti)) and a decrease in the Q*
signal (at ca. -110 ppm) when compared with the spectrum of the UVM-7 silica pure
support and calcined at the same temperature, in which some Si-OH groups are still

preserved (signal at ca. -110 ppm).

a b
s ¥ g 32
g S 9 g < d
| | \ \
-80 -100 -120 -140 -80 -100 -120 -140
é/ppm— 5/ppm —»

Figure S6. *°Si NMR MAS spectra of (a) Ti-free UVM-7 silica calcined at 800 °C and (b) Ti8/UVM-7

support calcined at 800 @C.
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Table S6. BET surface areas (m”/g) of the catalysts.

UVM-7 support

1232
Ti/(Ti+Si) =3 wt. %
Calcination
temperature (2C)
- 928
400 1021
800 265
Ti/(Ti+Si) = 8 wt. %
- 846
400 623
800 245
Ti/(Ti+Si) = 15 wt. %
- 779
400 566
800 345

Table S7. Textural characterization of UVM-7 materials with different titania loadings.

Surface Total pore Intrap. pore Interp. pore
Intrap. pore Inter. pore
Catalyst area volume size (nm)? volume size (nm) volume
(m’/g) (cm’/g) (cm*/g) (cm®/g)
Ti3/UVM-7 1030 1.74 2.83 0.88 24.4 1.01
Ti8/UVM-7 931 1.56 2.81 0.79 25.5 0.88
Til5/UvVM-7 912 1.50 2.84 0.78 25.6 0.84
Ti40/UVM-7 14 0.003 - -

®Intra-particle pore size determined by the application of the DFT model
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Figure S7. (a) N2 isotherm and (b) BJH pore size distribution of UVM-7 and Au/Ti8/UVM-7 catalysts
uncalcined and calcined at 800 2C. Blue line corresponds to UVM-7, black solid line and dotted line

correspond to Au/Ti8/UVM-7 and Au/Ti8/UVM-7 800, respectively.
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Figure S8. NLDFT pore size distribution of UVM-7, Ti8/UVM-7 and Au/Ti8/UVM-7 catalysts calcined at
800 9C. Blue line corresponds to UVM-7, black solid line and dotted line correspond to Ti8/UVM-7 and
Au/Ti8/UVM-7 800, respectively.
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For gold supported directly on the mesoporous UVM-7 support, the gold
nanoparticles readily agglomerate and large gold nanoparticles are formed after

calcination at 800 2C. Moreover, a total structure collapse is evident.

Figure S9. STEM-HAADF images of the Ti-free Au/UVM-7 800 catalyst. Calcination temperature = 800 °C.

a b
Anatase
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Figure S10. Laser Raman spectra of (a) the Ti8/UVM-7 support and (b) Au/TiO2/UVM-7 800 catalysts

with different Ti/(Ti+Si) loadings (3, 8 and 15 wt.%). Laser Raman spectra of pure rutile and anatase have

been including for comparison.
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Figure S11. Cs-corrected STEM-HAADF images of Au/ZrO,/UVM-7 800 at (a) low-magnification observing
a homogeneous distribution of gold, (b) medium-magnification image and (c) high-magnification

observing a twinned Au nanoparticle and some crystalline ZrO, domains.

TEM images clearly show that ZrO, nanodomains act as scaffolds for the UVM-7
support, and as anchoring islands for gold nanoparticles, providing stability against

sintering after calcination at 800 2C.

Table S8. Activity results of Au/ZrO2/UVM-7 and Au/ CeO,-ZrO,/UVM-7 catalysts in moles CO
converted/(gcat-h)-(103). Conditions: 0.4 % v/v CO, 20 % v/v O, and argon balance, reaction temperature
=202C.

Calcination GHSV  Zr-based CeZr-based
temperature (2C) (h™ catalyst catalyst
- 100,000 7.6 29.2
400 18,000 5.3 8.6
800 25,000 2.6 6.1
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Figure S12. Propane and CO conversion of Au/Ti8/UVM-7 800 catalyst after three consecutive cycles.
Conditions: 1 % v/v CO, 0.1 % v/v propane, 0.03 % v/v NO, 8 % v/v O,, 6 % v/v CO,, 8 % v/v H,0 and
nitrogen balance, GHSV = 40,000 h'l, reaction temperature = 500 2C. C,;, C, and C; represent the first,

second and third cycle, respectively.
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Non-Silica Mesoporous Materials

4.1 - Overview

Since the discovery of mesoporous silica there has been huge interest in
extending these structures to non-silica compositions. The exceptional properties of
mesoporous materials make them highly suitable for different applications. The high
surface area is beneficial in processes such as adsorption, catalysis or electrochemical
applications where interaction happens on the surface’™; the mesoporous structure
supposes an advance on zeolite size restrictions easing catalysis, adsorption,
separation and DNA and drug delivery, among others*®; and the nanometric structure
also provides quantic and surface effects that endow the materials with good

performance in sensors, Li-ion batteries and nanodevices’ *°.

A major difference in the chemistry of these materials with respect to silica
ones resides in the reactivity of the precursors: metal alkoxides are more susceptible
to hydrolysis and condensation than silica alkoxides. This leads to fast polymerization
that needs to be partially blocked in order to avoid organic and inorganic phase
separation and to form the mesostructure. This blocking can be achieved by adjusting
the pH', using condensation inhibitors®?, working in non-aqueous solvents™, using the

13,14

EISA process , etc.

Moreover, transition metals can present different oxidation states, which may
result in instability against surfactant removal due to possible redox reactions or phase
transitions™. Referring to coordination, tetra-connected covalent bonds in silicates and
aluminosilicates make them chemically stable. For non-siliceous materials, charge, size
and valence frequently impose polyhedra of higher coordination numbers as well as
not only corner-sharing, but also connections through faces or edges. This leads to
polyhedral skeletons which are more rigid and less versatile with regard to shape and

curvature.

In general, syntheses of non-silica mesoporous materials are more difficult than
those of silica. It is hard to control alkoxide reactivity, so mesostructured materials are

not easily obtained. Besides, even when a good condensation rate is achieved,
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surfactant removal is a crucial step that often is not overcome. For these reasons, it is

necessary to individually adapt the synthesis method for each metal.

As for silica, different kind of surfactant (cationic, anionic or nonionic) can be

used depending on the preparative conditions. Shown in Table 1 are some examples of

non-silica mesostructured materials.

Table 1. Mesostructured non-silica oxide materials, adapted from reference 16.

Template

Mineral precursor Template Conditions Ref.
removal
M*(NO5),], [M*(NO5"
[ ( 3 ?2] [ ( 3 )3] C12H250P03H2, pH 3-4.5
M = Co, Ni, Zn, Mn, Mg, Fe, Al, 550 °C 17
G n=12-18 100 °C/5-13 days
a
M**(NO3),), H<3
[MT(NOs).] ) C.Hyne10S0sNa P 550 °C 17
M = Fe,Co, Ni, Mn RT/18 h
Urea (homog.
AI(NO;);.9H,0 or C1,H50S0;Na ,(, 108
AL(S0,),.16H,0 (sDS) alkalinization) 600 °C 18
et pH 3.6-7/7.5
Ln(NOs); or LnCl; Urea (homog. Exch
xch.
Ln = La, Pr, Nd, Sm, Gd, Dy, Er, SDS alkalinization) 80 19
. CH5COO0
Yb, Lu, Eu C,>20h
CigH37(CH3)sNB pH 10
r
SnCl,, [Sn(OH)e]” 1837 B 75 °C/1 day 500 °C 20
(C15TABr)
90 °C/1 day
NaOH
Y and Zr glycolates C.sTABr 600 °C 21
80 °C/5 days
OH:Fe=15
C16H33503Na °
FeCl;.6H,0 H,O/PrOH 300 °C 22
(SHS)
80 °C
Exch.
Fe(NO SHS Na,HPO,/HF 23
( 3)3 2 4/ CH3COO
HsPO
V,05/V0 C16TACI or C;4TAOH 3 400 °C 24
pH 2.6-4.5
H 6-8
V,05H,WO0, P
Cy,TABr pH 2.6-6.6 25
Na,MoO, or H,Mo00,
HT:3-5h
pH 2.1
HfCl,, (NH,),SO. C1sTABr 500 °C 26
4 ( 4)2 4 18 100 OC, 1 day
Z¢(50,),.4H,0 CaTABI, H5P0,/2 h 27
r .
ke n= 16, 18, 20 e
(C,TABr) pH 11.48
Zr0Cl,.8H,0 450 °C 28
CnHjns1(CH3)sNOH pH 11.60
CHo . COOH alcohols
Al(OBU’); nizned ’ RT/1 day 430 °C 18
n=11,17

110 °C/2 days
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Template

Mineral precursor Template Conditions Ref.
removal
Triton, Igepal,
s Tergitol, Pluronic RT/16 h .
Al(OBU’)3 . 500 °C 31,32
[(POE)13(POP)3o 100 °C/6 h
(POE);3]
pH 7-8 R
Pb(NO:;), C16H33SO3H 90 °C/3 days 550 °C 17,29
i RT 1 day
VO(OPr); C1oH,y5NH, 100 °C/1 day 30
. pH 4-6 350 °C
Ti(OPr),, acetylacetone C1,H,50P03H, 80 °C/5 days acid wash 33,34
washing
EtOH
Sn(OPr), E:Tl“DFk)f’NHZ RT/2 days +300°C 35
+ 350 °C
+400 °C
aq soln
Ti(OEt),, H,0, C16TACI pH 11.5 300 °C 36
100 °C/15 days
n RT/5 days extr 110 °C
Zr(OPr"),, acetylacetone Ci6H33NH, H,50, 550 °C 37
C HooiNH RT/1-3 days washing
Nb(OEt)s n”_ 2121 18 o 100 °C/1 day PrOH/ 38
! 180 °C/7 days HNO;
RT/1-3 days
CoHon:1NH,, 80 °C/1 day
Ta(OEt)s n=12,18 100 °C/1 day 33
180 °C/7 day
MCl, in EtOH (PEO)(PPO)7o (PEO)y 0 o
M = Zr, Ti, Sn, Nb, Ta, W, Hf, Ge,  Pluronics P123 17 davs
V, Zn,Cd, In, Sb, Mo, Re, Ru, Ni,  (m = 20) A Oy . 400 °C 14,39
Fe, Cr, Mn, Cu, ... and mixed Pluronics F127 reci ’ierr:ts
ZrTi, ALTi, ... (m = 106) P
s pH 10-11 300°C
Al(OBu')s, TEA C1,TABr pH 8-9 after HsPO, 400 °C 40
H;PO,

P/Al = 0.12-0.74 500 °C

The first non-silica mesostructured materials were reported by Huo*' et al. in
1994. They prepared transition and other metal oxide mesophases using cationic or
anionic surfactants under variable conditions of pH. Lamellar and hexagonal tungsten
(V1) oxide were prepared using cationic surfactants, as well as cubic and hexagonal
antimony (V) oxide mesostructures. By contrast, hexagonal phases of iron and lead
oxides were obtained using an anionic surfactant (CysH33SO3H), and lamellar phases of
Mg, Al, Mn, Fe, Co, Ni and Zn oxides were prepared with C,,H,sPO4H,. However, it was
impossible to obtain the related mesoporous solids, since surfactant removal produced

a structure collapse. In 1995, Ying’s group®® obtained the first mesoporous non-silica
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material: it was a thermally stable titanium oxide prepared by a sol-gel process

involving titanium isopropoxide bys-acetylacetonate and alkylphosphate surfactants.

As mentioned above, the synthesis method used to obtain silica mesostructures
is not always appropriate for other materials, often yielding lamellar organic-inorganic
composites, or collapsed materials after surfactant removal. Synthesis conditions,
surfactant nature and post-synthetic treatments need to be modified in order to
obtain the desired mesoporous solid. This could have meant a downturn in the study
of these materials, but the development of new synthetic strategies such as EISA*® or

nanocasting44 led to an increase in non-siliceous mesoporous materials.

Due to their variable composition, non-silica materials can be classified as
follows: non-silica oxides, carbons, chalcogens, nitrides, metals and phosphates. In the

next sections, advances in each of these groups will be briefly described.

4.2 - Non-silica oxides

Mesoporous oxides include most metals in the periodic table. They are
interesting because of their properties and potential (or real) applications in industry.
In the following paragraphs, some details concerning the main mesoporous oxides are

outlined.

4.2.1 - Alumina

High surface alumina is a good support for various catalytically active phases. It
presents high hydrolytic stability, amphoteric character, excellent thermal stability and

its range of point zero charge facilitates loading it with different metal species.

The first mesoporous alumina was reported in 1996 by Bagshaw and
Pinnavaia®. It was prepared using a nonionic surfactant, and the final material had a
surface area of 425-535 mz/g and a wormhole-like structure. Davis and coworkers®®

reported, almost at the same time, a thermally stable alumina with a high surface area
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(710 mz/g) and narrow pore size distribution prepared with long-chain carboxylic acids.
Soon afterwards, Cabrera et al. *° used a cationic surfactant (cetyltrimethylammonium
bromide) in a water/ triethanolamine medium. They succeeded in adjusting the pore
size from 3-6 nm by modulating the water/triethanolamine ratio, keeping surface

areas higher than 250 mz/g in all cases.

Although there were other synthesis methods, which have been previously
described, in all cases the mesostructures collapsed after surfactant removal***"%,
More recently other surfactant (cationic, anionic, nonionic) procedures or the use of
the nanocasting method have been considered. These syntheses are based on sol-gel

processes in the presence of soft or hard templates.

Most of the reported syntheses lead to disordered mesoporous aluminas, but
for applications symmetry is not as important as a narrow pore size distribution and

high surface areas. In the words of Cejka® “

synthesis carried out with ionic surfactants
in agueous media tend to produce alumina with poorer textural properties than in
alcohols solutions, and, in general, higher surface areas are obtained with nonionic as

compared to ionic surfactants”.

In general, syntheses are carried out in agueous media, involving hydrolysis and
condensation of monomeric cations as [Al(H,0)e]** or clusters, and working at pH
values lower than the isoelectric point of alumina (8-9). However, the wall structure of
the obtained materials is amorphous. With the use of block copolymers, it was possible
to stabilize y-Al,05'****®. Sanchez and coworkers attribute the ability to stabilize
crystalline particles to copolymer stability above the dehydration temperature of the

47-49

inorganic phase. Besides, using carbons as templates™ ™, crystalline y-Al,03 can also

be synthesized.

The evolution from bulk to mesoporous alumina has meant an extension of
their properties. There are examples in the literature showing higher activities of
heterogeneous catalysts with mesoporous alumina supports compared to
conventional alumina. Larger surface areas and volumes enable the incorporation of
higher amounts of catalytically active species, and also allow better diffusion through

the system which can even be enhanced by tuning the pore size.
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4.2.2 - Transition metal oxides

Transition metals have been used in catalysis because of their redox activity.
With the development of new templates and techniques, nowadays most of them can

be obtained as mesoporous oxides.

42.2.1- Titania

Titania allotropes have been studied because of their electronic and optical
properties. Many of their applications (photocatalysis, catalysis, sensors, etc.) strongly

depend on the surface structure, crystallization degree and pore size.

The first mesoporous titania was reported by Antonelli’s group ** in 1995, using
tetradecylphosphate as the anionic template. They obtained a material with 200 m?/g,
but phosphorus from the template was bound so strongly to titania that it could not be
fully removed, limiting its use in catalysis. A few years later, the same group reported a
phosphorus free mesoporous titania®® using an organic amine as the template. The
final amorphous product presented an MCM-41-like structure and a surface area of
710 m?/g. After heat treatment to obtain an anatase phase, a loss of order and surface

area is observed.

Yang et al."**® were the first to prepare mesoporous titania and other metal
oxides using amphiphilic block copolymers as a template, through an EISA process. In
2000, Cabrera et al.>* reported on a cationic surfactant assisted method using
triethanolamine as the hydrolysis retarding agent. They obtained a thermally stable

titania with a high surface area (606 m*/g).

The aqueous solution approach is usually considered the ideal method due to
its reproducibility. Notwithstanding, titania hydrolysis and condensation rates of the
titanium precursors are so fast that just a few studies were developed in agueous
media®®>. Some widely used methods are soft-templating synthesis using block

copolymerssa, and nanocasting using mesoporous silica®™>>.

254



Non-Silica Mesoporous Materials

4.2.2.2- Zirconia

Zirconia is a material with a high thermal stability, high resistance against
corrosion and acid-base activity. It can be used in catalysis and photocatalysis, both as

a catalyst or as a support.

In 1996 it was obtained as a mesoporous material by Schiith’s group®® using an
alkyltrimethylammonium salt as the surfactant. The method most often used to

62857 \ith small molecular weight

produce mesoporous zirconia is soft-templating
surfactants and block copolymers as templates, although there are also some studies

on hard-templating®.

4.2.2.3- Other metal oxides

With regard to the rest of the transition metal oxides, most of them have been
synthesized as mesoporous solids. In the following paragraphs they will be classified by

groups and briefly commented on.

There are only a few examples of mesoporous vanadium oxide®>* (V,0s)
because its redox instability makes soft-template removal difficult. Moreover, its
solubility in acid and basic media makes it impossible to leach the hard templates
without affecting the mesostructure. However, niobium oxide (Nb,Os) is much easier
to obtain via soft-templating. Both amines>> and block copolymers'*®° have been used
as structure directing agents. Similarly, tantalum oxide (Ta,0s), widely used as

semiconductor, has been obtained®”.

Only a few examples of mesoporous chromium (lll) oxide (Cr,03) via soft-
templating®® are found, since it is difficult to control its hydrolysis and condensation
rates. The first mesostructured molybdenum oxide was reported by Antonelli et al.%’; it
was a mixed valence oxide, but the mesoporous solid was not obtained until 2005 with
the use of polyethylene oxide as template®. Tungsten oxide (WOs) is a semiconductor
with potential applications in solar energy devices; the mesoporous oxide has been

synthesized using block copolymers as templates via EISA*® or nanocasting®™°.
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Iron oxides are important because of their applications in magnetic storage, as
catalysts or electrodes for lithium-ion batteries. Their syntheses via soft-templating
procedures usually results in disordered structures. However, o-Fe,03 and a-FeOOH®®
films have been prepared via EISA with diblock copolymer, as well as using SBA-15 and
KIT-6 as hard templates67. However, ruthenium oxide (RuO,), which is one of the most
promising electrode materials for supercapacitors, has seldom been reported in the
form of a mesoporous6gsolid. Cobalt oxide (Co304) is obtained by hard-templating
using SBA-15%7° or KIT-6"* silica, among others. In fact, it shows the best ordered
mesostructures of all nanocasted metal oxide materials. The first mesoporous nickel
oxide (NiO) was reported by Banerjee in 2003’2 using SDS as a template. It is a

promising material with a wide range of applications.

Mesoporous copper oxides are expected to be good catalysts for CO oxidation
or hydrocarbon combustion. However, due to the low stability of the products, only a

73,74
d

few preparations have been reporte . Zinc oxide (ZnO) presents a vast spectrum of

properties and applications. Soft-templating methods only lead to disordered

materials’®, but ordered solids can be prepared by nanocasting’®”’.

Rare earth oxides have interesting properties resulting from their 4f electrons.
Using SDS as a template, Yada et al."® synthesized a series of oxides including Gd, Tb,
Dy, Ho, Er, Tm, Yb and Lu. Morris’® used hexadecylamine and obtained mesoporous
oxides of La, Pr, Nd, Sm, Gd, Er and Yb. Nanocasting methods have been also explored

to obtain rare earth mesoporous oxides’>®,

The most often studied alkaline earth oxides are CaO and MgO. Both can be

81,82

obtained as disordered mesoporous solids using direct-synthesis™"°. Mesoporous

carbons can be used as templates to obtain ordered materials®>.

With alkoxide reactivity as a major drawback, the syntheses of mesoporous
metal oxides are more complicated than those of silicas. As explained in the preceding
paragraphs, by careful selection of the synthesis conditions most of the transition
metals have been studied. Mesostructured materials are often obtained, but
surfactant elimination is crucial for the stability of the material. With the development

of EISA and nanocasting strategies, these syntheses became more widely accessible.
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4.3 - Carbon

Porous carbons have been widely used in water and air purification, catalysis,
gas storage, and as a template and electrode component. Such diverse applications are
related to their physicochemical properties, including their hydrophobic surface, their
high resistance to corrosion, great thermic and mechanic stability, high surface area

and pore volume and, overall, their low cost®

Conventional porous carbon materials, such as activated carbons or molecular
sieves, usually present a broad pore-size distribution, whereas the presence of

micropores in their structure limits mass transfer and pore accessibility.

The synthesis of porous carbon materials can be accomplished using different
methods such as catalytic activation of carbon precursors®, carbonization of polymer
blends containing thermally decomposable componentsse, or carbonization of
resorcinol-formaldehyde aerogels®’. In general, these methods yield materials having a
broad pore-size distribution. To obtain narrow and controlled pore size distributions,
soft and hard-templating strategies are preferred. Schematized in Figure 1 are the

main features of both strategies.

HARD-TEMPLATING

Silica template  Surfactant Precursor carbionitatian Silica template
preparation removal filling removal

g/ g/ '(’
SorrTeweue

Phenolic resin Surfactant
thermopolimerization removal

22e 488

Figure 1. Preparation of ordered mesoporous carbon materials through nanocasting from mesoporous

Carbonization

f

silica hard templates (up) and direct synthesis using soft templates (down).
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The first ordered mesoporous carbons (CMK-1) were reported by Ryoo* and
Hyeon® in 1999, using MCM-48 as a template. Since then, different silicas (SBA series,

MSU-H and HMS) have been used as templatesgg'92

, using carbons precursors such as
sucrose, furfuryl alcohol or phenol resin among others. Colloidal silica and silica gel can

be used to obtain large-pore materials®.

Gathered in Table 2 are some examples of mesoporous carbons prepared by

hard-templating, indicating the precursors and the template employed.

Table 2. Reported mesoporous carbons generated by hard-templating, adapted from reference 94.

Ordered mesoporous

Template Precursor Ref.
carbon
CMK-1 MCM-48 Sucrose, phenol resin 44
CMK-2 SBA-1 Sucrose 95
CMK-3 SBA-15 Sucrose 89
CMK-3 HMC Sucrose, phenol resin 92,91,96
CMK-4 MCM-48 Acetylene 95
CMK-5 SBA-15 Furfuryl alcohol 97-99
NCC-1 SBA-15 Furfuryl alcohol 100
N-OMC SBA-15 Acrylonitrile, pyrrole 101
G-CMK-3 SBA-15 Acenaphthene, benzene, mesophase pitches, 102-105

pyrrole, poly(vinyl chloride)

omcC KIT-6, FDU-5 Sucrose, furfuryl alcohol 106,107
omcC FDU-12 Sucrose 108
omcC SBA-16 Sucrose, furfuryl alcohol, acenaphthene 109,110

However, this strategy of synthesis has some limitations. First of all, it entails
many steps. Previous synthesis of the silica template is required, followed by carbon
precursor impregnation, then later carbonization and template removal. Besides, the
pore size distribution of the carbon obtained is wider than that of the silica template.
All this makes the synthesis complicated, expensive and very time consuming, which

makes large-scale production impractical.
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using a block copolymer as a template

111,112

Mesoporous carbons can also be synthesized via soft-templating synthesis,

(Table 3). Materials obtained with this

method are more diverse; moreover, their continuous structure makes them more

stable. This process is cheap, simple and appropriate for large-scale use.

Table 3. Synthetic conditions for ordered mesoporous carbon materials by the direct strategy, adapted

from reference 113.

pH Precursor Pathway Solvent Catalyst Template Ref.
Neutral Resorcinol EISA DMF Not available PS-P4VP 114
Neutral Phenol EISA THF Not available PEO-PS 115
Neutral Phenol EISA THF NaOH PEO- 116
PPMA
Neutral Phenol EISA Ethanol NaOH P123, 117-
P127 119
Neutral Phenol EISA Ethanol NaOH PPO-PEO- 120
PPO
Basic Phenol Dilute aqueous Water NaOH P123, 121-
P127 123
Basic Phenol Hydrothermal Water NaOH P123, 124,125
P127
Basic Resorcinol EISA Ethanol NaOH F108 126
Basic Resorcinol Hydrothermal Water/ Lysine F127 127
ethanol
Acidic Resorcinol Hydrothermal Water/ HCI F127 128,129
ethanol
Acidic Resorcinol Hydrothermal Water/ Citric acid F127 130-
ethanol 132
Acidic Resorcinol EISA Ethanol HCI F127 133
Acidic Resorcinol EISA Water/ HCl F127 111
ethanol
Acidic Resorcinol Phase Water/ HCI F127 134-
separation ethanol 137
Acidic Resorcinol Phase Water Glutamic acid F127 138
separation
Acidic Resorcinol/ EISA Water/ HCI F127 139-
Phloroglucinol ethanol 141
Acidic Phloroglucinol Phase Water/ HCI F127 112,137
separation ethanol
Acidic Phloroglucinol Phase Water/ HCI F127 142
separation ethanol
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Different approaches can be followed by changing variables such as the
synthesis method (EISA, aqueous route, macroscopic phase separation or
hydrothermal treatment), precursor (phenol, resorcinol, phloroglucinol), template

(F127, F108, P123) or media.

The above mentioned precursors can form single, double or triple hydrogen
bonds to the block copolymer chain, being the driving force of the self-assembly. Their
reaction and polymerization with formaldehyde involves the protonation of hydrated
formaldehyde and electrophilic aromatic substitution reactions of phenols. For this
reason, the key factors for the polymerization rate of phenolic resins are the acid
concentration and the reactivity of the phenol. As templates, the most utilized are the
triblock copolymers; cationic quaternary ammonium surfactants have also been used

but are difficult to remove.

The polymerization can be performed in acid or basic conditions, usually using
HCl or NaOH as catalysts. Alternative and more environmentally friendly catalysts such

as lysine, glutamic acid or citric acid are under study.

As with silica, pore size and morphology can be controlled. Pore size mainly
depends on the hydrophobic groups in the surfactants; their size can be increased by
enlarging the molecular weight of the hydrophobic blocks. Another way is by the

addition of organic swelling agents122

. As for morphology, carbons synthesized from
the EISA method are usually monolithic films, the aqueous route usually generates
powder materials, and to obtain carbon fibres it is necessary to grow them within a

confined space'®.

Mesoporous carbons can be functionalized, but their surface inertia and the
high temperature required for carbonization can eliminate the added groups if C-X
bonds are weak. However, there are some successful metallic and non-metallic

modifications.

Nitrogen doped carbons have been synthesized by exposing carbons to a NH3

flux at a high temperature*, or by using organic amines in the carbon synthesis'*.

146,147

These materials have great stability, and can be used in CO, capture with high
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selectivity and easy regeneration. Fluorinated carbons have been also prepared by

%8 Fluor content does not affect the structure,

using p-fluorophenol in the synthesis
and these materials present a better electronic transference than pure carbons,
favouring their use in electrocatalytic reactions. Moreover, B, P and B-P carbons have
been prepared by adding phosphoric or boric acid (or a mixture of them) to the
solution™®. They show better electrochemical performances than pure carbon.
Functional groups such as SO3H- and COOH- can be added by post-functionalization;

sulphonated™® carbons can act as acid catalysts, and acid groups act as anchors for

adsorbates such as metallic ions™°.

They can also be doped with metals, usually by co-assembling of the copolymer

151 and

template, the carbon source and a metallic precursor. Oxides such as CaO
MgO™? give basic properties to the material, enhancing CO, adsorption; and, Ni and
Fe,0; make materials magnetically separable'®. The use of other metals such as

iridium™ or titanium™* is being studied for their possible catalytic applications.

b @ g
F127 PF TEOS - =

e S EO106PO70EO 106
F127 i

Prehydrolysis
Triconstituent
co-assembly

) &

Mesoporous carbon

i‘;

L/ (/8
L o]
Air

Carbon-silica
nanocomposite

Polymer-silica g
nanocomposite Mesoporous silica
F127-PF-silica

nanocomposite

Figure 2. Formation mechanism of ordered polymer-silica and carbon-silica composites.

Although in the above mentioned examples the major component of the matrix
is carbon, composites with different silica-carbon ratios also exist. They can be

prepared by triconstituent co-assembly of a carbon source, prehydrolyzed silica

155-158

oligomers and a template . These materials can be used as supports for noble
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160
d

metals in catalysislsg. Similarly, a titania and carbon network can be formed™, with

good photocatalytic activity. As shown in Figure 2, removal of silica or titania leads to

pure carbons with a hierarchic pore structure'®"*,

In the silica-carbon composites there is a high content of oxygen, i.e. the
products are actually a mixture of SiC and SiOC. The introduction of a third element in
the matrix can affect their performances. For example, silicon oxycarbide and silicon

carbonitride show better thermal stability than pure SiC.

As shown in the above paragraphs, there are a lot of studies focused on
mesoporous carbons. Their versatility enables modulation of the pore sizes and
functionalization. This means an expansion in the application of these materials,
particularly for high-value applications related to the energy field, sensing and fine
chemical rations. For large volume applications, it is still difficult to compete with the

low cost of active carbons

4.4 - Chalcogenide

Metal chalcogenides, including sulphides, selenides and tellurides, form a
semiconductor family with excellent electronic, catalytic, semiconducting, optical and

magnetic propertie5163'165

. Formation of mesoporous materials allow their band gap to
be finely adjusted by tuning the thickness of the pore walls. Mesoporous
semiconductors with continuous structures are the negative image of quantum dots,

known as quantum antidots™*®*%’.

Metal chalcogenides can be divided in two groups, based on the nature of the
metals. The first group includes metals that can exist in aqueous solution and can be
easily precipitated with $%, Se* and Te”. The second group includes unstable cations
that tend to form stable anions (Mo70246'). Most of them form anionic metal-
chalcogen clusters, which can be used as precursors for the synthesis of mesoporous

metal chalcogenides.
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4.5 - Nitrides

While the Mobil Corporation’s initial patent™®® was very general with regard to
elements susceptible to be part of mesoporous structures, surprisingly it did not refer
to nitrogen. Nevertheless, a diversity of mesoporous nitrides have been obtained and

characterized.

4.5.1 - Silicon nitrides

Silicon nitride composition is diverse, the most important one being SisN,.
These materials have low density, high thermal and fracture resistance, chemical
inertia and bio-compatibility among other properties. All this makes them interesting
for application in reciprocating engines, bearings, metal cutting and shaping tools,
artificial articulations and catalysis. Some of these applications require high surfaces.

Thus, mesoporous nitrides have been studied in order to replace dense materials.

They can be produced by pyrolysis of silicon diimide at a high temperature®®.
By changing silicon precursors and solvents, the pore size can be controlled'’®. But
these syntheses are performed in the absence of a surfactant, which leads to
disordered mesostructures. Another approach is the carbothermal reduction of silica,
using mesoporous organosilica as the precursor'’!, but only 0.5wt.% of nitrogen is
detected in the structure. An increase in the nitrogen content was observed according

d'’?, in which MCM-41 was treated with ammonia gas at 9502C.

to the Haskouri metho
The nitrogen content depends mainly on the treatment temperature; complete
conversion can be achieved at above 14002C. But this temperature is higher than the
thermal stability of the mesoporous silica. Therefore, substitution is only partial and

leads to mesoporous silicon oxynitrides.
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4.5.2 - Carbon nitrides

Carbon nitrides (C3N4) present relevant mechanical, conducting, field emission

and energy-storage properties’>*”

. They are super-hard diamond-like materials with
a variety of technological and biological applications that are conditioned by the

particle size, surface area and nitrogen content.

Mesoporous carbon nitrides have been prepared by Vinu et al.'”® by filling SBA-
15 with a polymer prepared by refluxing ethylenediamine and carbon tetrachloride
with a C/N ratio tunable from 4,5 to 3,5, far from the theoretical one of 0,75. Thomas

and coworkers'’” used cyanamide as the precursor and improved the ratio up to 0,72.

These materials can also be used as hard templates to produce metal nitride
nanomaterials (TiN, GaN, VN, TaN, Al-Ga-N), heating a metal species loaded sample to

650-8002C under nitrogen atmosphere178, as shown in Figure 3.

Mesoporous silica Silica-carbon nitride Mesoporous
template nanocomposite carbon nitride

1. Cyanamide e e

2.5502C

1st replication

\ Ti(Oet),/EtOH

Carbon nitride-titanium _* .’.. 2nd replication
oxide nanocomposite 'y

Mesoporous titanium
nitride/carbon composite €

Figure 3. Reaction pathway for the synthesis of mesoporous carbon and metal nitrides.
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4.5.3 - Metal nitrides

Metal nitrides can be synthesized via nanocasting using mesoporous silica as a

template. Thus, in 1999, Fisher and coworkers*”

reported a gallium nitride in the
channels of MCM-41. In 2008, Zhao’s group™® reported they had obtained self-
supported mesoporous metal nitrides. By calcination in air, a silica template including a
metal precursor is transformed into a mesostructured metal oxide that, in turn, can
evolve to nitride by high-temperature ammonia treatment. The silica template can be
removed before or after the nitridation process depending on the stability of the

desired metal nitride (Figure 4). Since then, different metal nitrides have been

prepared and, as mentioned before, carbon nitrides can also be used as templates.

Route A
—
NaOH ‘,)'1,:_,/:;;/ NH,
3
I b / l
— Mesoporous )
Nanocasting metal oxide f’*:’/;;
y ‘4')
» /
: Route B
Mesoporous silica Metal oxide- silica —_ Mesoporous metal
template nanocomposite itzie
I NH, NaOH 1

Metal nitride- silica
nanocomposite

Figure 4. Two pathways for the synthesis of self-supported mesoporous metal nitrides.

4.6 - Metals

Mesoporous metals have many possible applications in areas such as
electrochemistry, electronics, magnetics, optics, photonics and catalysis. The synthesis
of mesoporous metals is usually difficult; the high surface energy of the metals induces

their aggregation into nanoclusters or nanoparticles.
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The synthesis of mesoporous metals is usually performed by the chemical or
electrochemical reduction of a metal salt in a solution containing a template (Figure 5).
They have traditionally been prepared by using silica as the hard template”’88 but can
also be prepared by direct synthesis from lyotropic liquid crystals (LLC) made of

nonionic surfactants in high concentrations®"**?

. The lyotropic liquid crystals used for
this aim consist of short oligomeric C,(ethylene oxide),, surfactants. The size of the

pore can be controlled by changing the template.

Lyotropic liquid Mesostructured Mesoporous
crystals materials materials

Figure 5. Formation of mesoporous materials from lyotropic liquid crystals.

The first mesoporous metal, Pt microparticles prepared by using a nonionic

surfactant, was reported by Attard et al. in 1997

. Since then, many research groups
have been working on the application of related procedures to obtain other
mesoporous metals. Lyotropic liquid crystals are more versatile than hard templates,
making this approach applicable for a wide range of metals which are generally known
to be deposited. With this method, it is possible to create different mesostructures by
changing the composition of the reaction bath, thus obtaining 2D hexagonal, 3D cubic

or nanotubes, nanorods and nanoparticles. Figure 6 shows part of the periodic table,

highlighting in red the elements prepared as mesoporous metals or alloys.
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Al | Si P S

Ti V Cr [Mn| Fe |Co | Ni | Cu| Zn | Ga | Ge | As | Se

Zr [Nb [Mo| Tc |Ru |Rh | Pd |Ag | Cd | In | Sn | Sb | Te

Hf | Ta | W | Re | Os | Ir Pt [ Au| Hg | Tl | Pb | Bi | Po

Figure 6. Part of the periodic table showing the mesoporous metals and alloys prepared in the presence

of LLC.

4.7 - Phosphates

Transition metal phosphates have been studied in order to benefit from the
redox and/or acid base catalytic properties of the metal. The combination of these
properties with easy diffusion makes mesoporous transition metal phosphates an

interesting group of materials to be studied.

The best example to understand how these materials evolved from bulk to
mesoporous systems is the aluminium phosphate family (ALPOs). Along with zeolites
they constitute one of the most important groups of crystalline microporous

184, their evolution has been similar to that of

materials*®. Since their discovery in 1982
zeolites. After the development of Mobil mesoporous silicas, the application of their
chemistry to ALPOs seemed to be straightforward, due to their electronic and
structural similarities. However, the chemical complexity of non-silica materials implies

difficulties™.

Mesoporous ALPOs with different topologies have been synthesized using

185 187,188

surfactant assisted methods™". First attempts to obtain lamellar'®® and hexagona
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MCM-41 type mesostructured ALPOs prepared through surfactant-assisted methods
were unsuccessful; the mesostructure collapsed upon surfactant removal. But a few

189,190

years after, Kuroda and coworkers used a cationic surfactant and isolated

mesoporous ALPOs with pore diameters modulated from 1,8-3,9 nm by changing the

pore length of the surfactant. In 1999, Cabrera et al.!

prepared thermally stable
mesoporous aluminophosphates with adjustable pore sizes by changing the P/Al molar

ratio and water content in the reaction mixture.

It is possible to outline some general tendencies that distinguish ALPOs from
silica: (1) layered topologies are frequently preferred in ALPOs, (2) ALPOs usually
present a poorer structural order than related silicas, and (3) the preparation of
mesoporous ALPOs can be seriously limited because of the mesostructure collapse

during surfactant removal.

The evolution of these materials, as for zeolites, followed with the

. . . . 188,192-1
incorporation of hetero-elements such as B, Ga, Si, Fe or Ti to the structure 88,192-195

196,197

(MeALPOs), its functionalization with organic groups and the preparation of

metal phosphates.

Some examples of transition metal mesoporous phosphates are vanadium
phosphate'®®, a catalyst in butane to maleic anhydride oxidation; iron phosphate, with

great catalytic activity in some oxidation reactions®**®; or zirconium and titanium

201

phosphates, electrocatalysts in an oxygen reduction reaction”". In addition, due to

their high surface area and their richness in hydroxyl groups, they have been used as

202

adsorbents for radio-nuclear materials®® and heavy metal ions**>.

Preparation of bulk metal phosphates is usually carried out by precipitation of
metal inorganic salts with a phosphoric precipitant agent. Mesoporous preparation, as
in previous cases, can follow soft or hard-templating routes. However, for tri-
elemental systems (M-P-O) auto-assembly is more complex, since two types of
precursors are involved. Moreover, hydrolysis and condensation processes are faster
for transition metals than for silica, complicating the control of the assembly in a

determined morphology. Furthermore, surfactant elimination becomes a problem:
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with thermal treatment, structures can be destroyed and, with acid and ethanol

extraction, the templates are not always completely removed.

In the following paragraphs some different metal phosphates will be briefly

reviewed.

4.7.1 - Zirconium and titanium phosphates

Group IV is one of the most studied groups in the family of transition metal
phosphates. Different methods have been used for the fabrication of mesoporous

titanium and zirconium phosphates, soft-templating being the most popular.

In the case of zirconium different precursors ((zr(S04)***, zrOCl,.8H,0%%,
Zr(OC3H7)42°6, Zr(OC4H9)4)207) and precipitating agents (H3PO;, NH4H,PO,,
(NH4),HPO4,PCl3), can be used in the presence of a cationic, anionic or non-ionic
surfactant. Mesoporous films can also be prepared by spin coating on a silicon

substrate®®.

Titanium phosphate has been prepared using structure directing agents. Toyota
Company Scientists®® claimed that TiCl, is a suitable precursor for the synthesis of TiP
using anionic surfactants, while Ti-alkoxides are more suitable with cationic

surfactants.

4.7.2 - Other compositions

Iron, vanadium and nickel have been studied in heterogeneous catalysis for their

redox properties.

Iron phosphate has been explored as a main component of a solid catalyst for

200'210, and as a cathode electrode in Li-ion cells*'!. The

selective oxidation reactions
first mesoporous material was reported by Guo et al.” using sodium dodecyl sulphate

as the surfactant.
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Vanadium phosphate is a well-studied catalyst for the oxidation of alkanes'®,
There is a linear relationship between butane conversion and the surface area of the

catalyst.

Synthesis of mesoporous nickel phosphates is more difficult, given that nickel and
phosphorous species are more prone to precipitation. Kandori et al.**? have prepared

spherical nanoparticles with mesoporosity using sodium dodecyl sulphate.

Syntheses for other transition metals are not common, but there are examples of

chromium, niobium, zinc, tantalum and yttrium phosphates.

4.7.3 - Phosphonates

Organically modified mesoporous phosphates are very scarce compared to
organosilica’’®.  Organic functional groups can be incorporated by using
organophosphorous reagents, extending the applications to fields such as catalysis,

214,215

molecular sieving and biomedical sciences . The resulting solids can be described

as phosphate /phosphonate /diphosphonate materials, with the phosphonate

incorporation limited and restricted to the pore surface®***.

In 2004, El Haskouri et al.**’ prepared mesoporous aluminium phosphonates
and diphosphonates with 100% of organophosphorous groups, using a cationic

surfactant and the atrane method.

4.8 - Objectives

Although a variety of materials has been presented in this introduction, their
study is still under development. The number of publications on this subject has been
increasing over the years, but it is still fairly small compared to those concerning

mesoporous silicas. Figure 7 shows the evolution of publications referring to
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mesoporous nitrides, phosphates, non-silica oxides and carbons in comparison to

silica.

Publications

Figure 7. Comparison of the number of publications on mesoporous silica (red), mesoporous carbon
(blue), mesoporous non-silica oxides (orange), mesoporous phosphates (green) and mesoporous

nitrides (purple). Data from the Web of Science.

The main objective of this chapter is the preparation of non-silica mesoporous
materials, in particular, iron phosphates. This kind of material has not been studied in
depth and may be of interest for applications such as electrodes, catalysts or
adsorbents. Our group has worked on the synthesis of iron phosphates using a cationic
surfactant (cetyltrimethylammonium bromide) as the template and triethanolamine as

the complexing agent (hydrolysis retarding agent).

In addition, organic modification of the surfaces using phosphonates has been
tested. Large surface materials showing disordered pores have been obtained and they

are looked at in detail in the next paper.
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Abstract

Relatively high surface area pure mesoporous iron-phosphorous oxide-based
derivatives have been synthesized through an S'I" surfactant-assisted cooperative
mechanism by means of a one-pot preparative procedure from aqueous solution and
starting from iron atrane complexes and phosphoric and phosphonic acids. A soft
chemical extraction procedure allows opening the pore system of the parent as-
prepared materials by exchanging the surfactant without mesostructure collapse. The
nature of the pore wall can be modulated from iron phosphate up to hybrids involving
approximately 30% of organophosphorous entities (phosphonates or diphosphonates).
X-ray powder diffraction, transmission electron microscopy and surface analysis
techniques show that these hybrid materials present regular unimodal disordered pore
systems. Spectroscopic results (Fe-57 Mdssbauer, XPS, UV-Vis, FTIR and RAMAN) not
only confirm the incorporation of organophosphorous entities into the framework of
these materials but also provide us useful information to elucidate both the
mechanism through which they are formed, and some details on their specific local

structures.

Framework
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Introduction

Nature created a diversity of open-framework inorganic materials with regular
pore architectures?. Crystalline aluminosilicate zeolites were the first type of
microporous materials to be recognized®. Academic and industrial interest in zeolites
steadily progressed as chemists learned to synthesize them in the laboratory>*. All
known zeolite frameworks are based upon vertex-sharing (SiO4) and (AlO,4) tetrahedra,

423 Because of their wide-ranging

which delimit interconnected channels or cages
applications in fields where molecular recognition is needed?, the attention paid to
three-dimensional open-frameworks led to the search for new material families.
Efforts were successful in the early 1980s, when investigations at Union Carbide
yielded a new class of crystalline molecular sieves, the aluminophosphates (ALPOs)>.
With neutral tetra-connected frameworks (alternating [PO4] and [AlO4] units) closely
related to those adopted by zeolites®, ALPOs quickly stirred interest looking for
expanding micropores availability. Due to their significant electronic and structural
similarities, ALPOs chemistry evolved through similar ways to that of zeolites and

tackling also questions as, among others, the chemical modification

(“functionalization”) of the material walls or the “expansion” of the pore sizes’.

In the broad sense, ALPOs chemistry has proven to be more complex (or
versatile) than that of silica-based materials. So, ALPOs formally allow even a complete
exchange of aluminum atoms or phosphate groups by other metal atoms or
phosphate-related entities, respectively. In fact, a diversity of new inorganic open-
framework aluminum-free phosphates was characterized during the 1990s°. The well-
known structure-directing effect due to small organic molecules was key for
synthesizing such porous materials, although collapse of the inorganic framework after
“template” removal often occurred’. At the same time, replacement of phosphate
groups by other tetrahedral or pseudotetrahedral entities was explored for preparing
new open structures, what also made possible the obtaining of inorganic-organic
hybrid skeletons (looking for overcome limitations imposed by the relatively small sizes
of the polyhedral centers and their connectivity in purely inorganic systems). With

regard to the “expansion” of the pore sizes (in the search for efficiency in treatments
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of bulky substrates), the Mobil’ synthesis of the M41S silicas by using surfactants as
“supramolecular templates” constituted a milestone in the field by offering a way for
expanding the typical pore sizes in zeotypes to the mesopore range8 % Such strategy
was quickly adapted for synthesizing also non silica-based materials, although it met
with limited success™®. In that concerning ALPOs and related phosphates, to imitate the
chemistry of mesostructured/mesoporous zeolites did not resulted as straightforward
as initially might be thought precisely because of the relative chemical versatility of
non-silica materials'’. In practice, concerning phosphate chemistry, the area most
widely explored in last decades has been, very likely, that dealing with organically

modified inorganic open—frameworksz’lz’14

. In order to get open skeletons, phosphate-
like moieties have been replaced (totally or in part) by more complex related organic
species (mono or diphosphonates, functionalized monophosphonates, mixed
phosphate-oxalate groups, and so on). It does not seem hasty to state that in the many
and ingenious work devoted to these hybrid materials lays the genesis of the
nowadays exciting metal-organic frameworks (MOFs). The state of the art of
phosphonate-based MOFs (including also non-crystalline or unconventional UMOF
materials) has been recently revised by Clearfield and coworkers™.

In previous publications, our group reported on the synthesis of organically

modified pure mesoporous ALPOs'*°

. Together with Al, the preparation of micro or
mesoporous phosphate-phosphonate hybrid materials is well documented for Ti and
Zr, and there is also information concerning related materials including a diversity of
metals (like Ga, In, Sn, V, Mo, Fe, Co and Zn) 21 n particular, iron phosphates have
aroused interest because of both their very rich crystal chemistry and traditional or

2023 |n fact,

novel (based on surface and diffusion phenomena) practical applications
there is a large variety of naturally occurring iron phosphate materials, which includes
many structurally diverse examples of both open and dense octahedral-tetrahedral
frameworks’®**,  The mineral cacoxenite, [AlFess(OH)12(PO4)17(H20)24].51H,0,
constitutes a beautiful example of how nature constructs stable microporous solids:
built up from isotropic Fe** cations in Fes(OH),* clusters and PF»0.5" Keggin-like

blocks, it contains relatively large cylindrical channels (free diameter size of 1.42 nm)

filled with delocalized water molecules”. Looking to imitate nature, the application of
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hydrothermal techniques and the generalization of the use of small molecules as
structural directing agents, allowed preparing a wide set of layered and open

structures based on iron phosphate frameworks>%

. However, as suggested above,
utilization of micelles as “supramolecular templates” for obtaining high surface
mesoporous iron phosphates has not resulted so satisfactory because of the
intermediate formation of lamellar or other unstable phases, which readily collapse by
elimination of the surfactant. Thus, the only apparently successful synthesis reported
until now is based on using an anionic surfactant (dodecyl sulfate) as template under

2627 In the self-assembling processes leading to the

the obligatory assistance of HF
mesostructured intermediate, the dodecyl sulfate portions should be able to match
with fluoride-linked iron-phosphate cationic clusters, and subsequent surfactant
removal occurs without collapse of the mesophase. Also, a related dodecyl sulfate
directed procedure (excluding HF) allowed obtaining a hybrid mesoporous iron
oxophenyl-phosphate material under hydrothermal conditions®®, although the P:Fe
molar ratio of 0.47 in this solid is far from that corresponding to the 1:1 ideal
stoichiometry. In contrast, as far as we know, all attempts based on using surfactants

of different nature (including cationic ones) only have rendered mesostructured solids

which do not resist template elimination®.

In this paper, we report on a detailed study of the one-pot surfactant-assisted
procedure that has allowed us to prepare for the first time mesoporous iron
phosphates with organically modified surfaces and/or frameworks by using a cationic
surfactant as template. This simple and reproducible method yields pure large surface
area mesoporous materials displaying high chemical homogeneity as well as good
dispersion of the organic groups. On the basis of spectroscopic results, we analyze the
iron-oxygen and phosphorus-oxygen local environments and, additionally, we present
here a reasonable proposal accounting for the self-assembly mechanism of formation

of these hybrid materials.
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Experimental Section

Chemicals

All the synthesis reagents are analytically pure and were used as received from
Aldrich  (FeCl,.4H,0, triethanolamine  [N(CH,-CH,-OH);,  hereinafter = TEA],
cetyltrimethylammonium bromide (CTMABr), and phosphoric acid) and Fluka

(methylphosphonic acid, 1,2-ethylenediphosphonic acid)

Preparative Procedure

The method is based on the use of a cationic surfactant (CTMABr) as
supramolecular template and porogen agent (after template removal), and a
hydroalcoholic reaction medium (water: TEA). As commented below, the presence of
the complexing polyalcohol is basic in order to harmonize the rates of the hydrolytic
reactions of the iron species in water-phosphoric acid media and the subsequent
processes of self-assembling among the resulting inorganic polyanions and the

surfactant aggregates.

In a typical synthesis leading to sample 3 (a mixed phosphate-phosphonate iron
mesoporous material), FeCl,.4H,0 (1.23g) was slowly added at 602 C to a mixture of
TEA (33mL) and NaOH (0.56g). The resulting solution was heated under air at 120 C,
and CTMABr (2.25g) was added and solved without apparent alteration. After cooling
this solution until 60 2C, it was mixed with methylphosphonic acid (5.80 gr) and water
(100 mL). The color of the surfactant-containing solution evolved from green to red as
the formation of iron-pseudoatrane complexes (Fe(lll) compounds containing TEA-
based ligands) advanced®®. Finally, HsPO, (5%) was added drop by drop with the help
of a burette while controlling the apparent pH value. The solution was gradually
decolorized, and we stopped the addition of H3PO,4 (12.1 mL) as soon as some turbidity
was observed (apparent pH value slightly below 6). After a few minutes, a beige
colored solid appeared. The resulting suspension was aged at room temperature for 12
h, filtered off, washed with water and ethanol and air dried. The surfactant was
chemically extracted from the mesostructured powder with an acetic acid/ethanol

solution (ca. 1g of powder, 16 mL of acetic acid and 130 mL of ethanol; t = 24h, at
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room temperature). The final mesoporous material was separated by filtration,
washed with ethanol and air dried. A completely equivalent procedure was followed
for obtaining solids containing terminal (methylphosphonate) or bridging
phosphonates (1,2-ethylenediphosphonic acid). In all cases, the molar ratio of the
reagents was adjusted to 0.2 Fe: 7.7 P (H3PO4 + Phosphonic acid): 7 TEA: 0.5 NaOH:
0.22 CTMABr: 180 H,0.

Summarized in Table 1 are the main synthesis variables and physical data
concerning the materials prepared in this way: pure iron phosphate (sample 1), mixed
iron phosphate-monophosphonate solids (samples 2 to 4), and mixed iron phosphate-

diphosphonate derivatives (samples 5 to 7).

Table 1. Selected synthetic and physical data

sample Phosp.h:)nic Nominal® Real® P/Fe° dioo S.;ET BJH pore Pores\lol.f
acid (%) (%) (molarrat.) (nm) (m“/g) (nm) (cm?/g)
1 - 0 0 1.37 491 377.0 3.18 0.40
2 M 12 15 1.20 5.17 358.9 3.22 0.53
3 M 25 29 1.30 5.29 417.3 3.28 0.56
4 M 75 28 1.31 5.28 459.6 3.30 0.57
5 D 10 15 1.13 5.10 347.3 3.58 0.41
6 D 25 30 1.38 5.22 350.3 3.67 0.50
7 D 50 27 1.30 5.35 306.7 3.94 0.49

#M = methylphosphonic acid, and D = 1,2-ethylenediphosphonic acid. ® 9% of phosphonic acid respect to
total P in the mother liquor. © % of phosphonate groups respect to total P in the mesoporous solids
estimated from CHN analysis. 4 p/Fe molar ratio values from EPMA. ® d-spacing values from XRD data.
" Pore size and volume values calculated by using the BJH model on the adsorption branch of the

isotherms.

Physical Measurements

All solids were characterized by elemental CNH analysis and electron probe
microanalysis (EPMA) using a Philips SEM-515 instrument (to determine Fe and P).
P/Fe molar ratio values averaged from EPMA data corresponding to ca. 30 different

particles of each sample are summarized in Table 1. X-Ray powder diffraction (XRD)
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data were recorded on a Seifert 3000TT 6—0 diffractometer using CuKo radiation.
Patterns were collected in steps of 0.02°(2 0) over the angular range 1-10°(2 6) for 25 s
per step. In order to detect the presence of some crystalline bulk phase, additional
patterns were recorded with a larger scanning step (0.052 (2 6)) over the angular range
10-602(2 0) for 10 s per step. TEM images were recorded with a JEOL-JEM-1010
electron microscope operating at 100kV and equipped with digital camera MegaView
[1l and "ANALYSIS" software. Surface area and pore size values were calculated from
nitrogen adsorption-desorption isotherms (-196 °C) recorded on a Micromeritics ASAP-
2020 automated instrument. Porous samples were degassed at 100 °C and 10° Torr
prior to analysis. Surface areas were estimated according to the BET model, and pore
size dimensions were calculated by using the BJH method. Values obtained are shown
in Table 1. Fe-57 Mossbauer spectra were recorded at room temperature in a
transmission geometry using a 25 mCi Co-57 source in a Rh matrix in a constant
acceleration mode. All the isomer shifts are given relative to metallic Fe. X-ray
photoelectron spectra (XPS) were recorded with an Omicron spectrometer equipped
with  an EA-125 hemispherical electron multichannel analyzer and an
unmonochromatized Mg Ko X-ray source having radiation energy of 1253.6 eV. The
samples (0.2 mg) were slightly pressed into a small pellet of 15 mm diameter and then
mounted on the sample holder. Every sample was introduced into the chamber where
they were dried and degassed for 4 h, in order to achieve a dynamic vacuum below
10°® Pa prior to analysis. Spectra of the sample were registered at 300 W and pass
energy of 20 eV. Diffuse reflectance (UV-Vis) spectra were measured at room
temperature using a Shimadzu UV-Vis 2501PC instrument equipped with an integrated
sphere. FTIR spectra were collected on a Nicolet 4700 spectrometer (200 scans with a
resolution of 4 cm™) using self-disks of 1% sample in KBr. Micro-Raman spectra were
obtained by means of a HORIBA Jobin Yvon iHR320 spectrometer with Peltier-cooled
CCD and a 532 nm doubled YAG laser as excitation. The samples were measured in
backscattering geometry at room temperature. A 50x microscope objective was used
to focus the excitation laser on the sample and collect the scattered light to the
spectrometer. In order to prevent local heating and transformation, laser power varied

from 1 to 3 mW. Recording times ranged from 30 to 300 seconds, with 2-10
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accumulation scans, depending on the sample. Measurements were carried out
directly on the sample with no previous preparation of any kind. The Raman spectra
have been corrected for background fluorescence and the base line is shifted for

clarity.

Results and Discussion

Synthesis

Difficulties for obtaining iron phosphate related materials in the form of large
surface mesoporous solids have been emphasized in previous publicationsze'zg. This
has also been our experience. Indeed, in view of the potential applicability of such

materials?’332

and the chemical relationships between iron and aluminum, we
considered the viability of synthesizing the iron-containing materials by using the same
procedure which allowed us to prepare mesoporous ALPO derivatives (from phosphite
to phosphate or silico-phosphates and phosphonates, as well as hybrid

19181716 However, when we applied the so-called “atrane route” under the

materials)
optimized conditions which enabled us to obtain the aluminum derivatives, we failed
to synthesize analogous mesoporous iron compounds. After non-negligible effort, we

fixed the general experimental conditions as described in the experimental section.

In practice, despite the procedural changes imposed by the nature of the metal,
the preparative method reported here retains the main features of the “atrane route”,
a simple technique whose details have been discussed elsewhere®. Thus, together
with the participation of a cationic surfactant as template and porogen, the synthetic
method implies modulating the hydrolytic reactivity of iron species by the presence of
TEA. However, while TEA typically acts as a “hydrolysis-retarding agent” of the metal

33’18, the modulation of

species owing to the inertness of unstable atrane-complexes
the hydrolytic reactivity of iron species has not only a kinetic but also mainly
thermodynamic ground. Let us see. TEA displays a great affinity towards Fe(lll).
Incidentally, it should be noted that in alkaline medium, in the presence of an excess of
TEA, the Fe(lll)-TEA/Fe(l1)-TEA redox couple is strongly reducing®. A variety of truly

tripodal (i.e. tetradentate) TEA-based Fe(lll) derivatives (ferratranes, from monomers
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to clusters) has been isolated and characterized when working in essentially non-
aqueous reaction media>>. Also, a Fe(lll):;TEA=1:2 solid was isolated from
stoichiometric amounts of FeCl;.6H,0 and TEA in water’°, although, very likely, the

3941 Almost certainly, both the

ligand in the resulting solid is not tetradentate
composition and the characteristics of the metal to ligand bonds in the Fe(lll)-TEA
complex species in aqueous solution can vary with the TEA : Fe(lll) ratio. However,
even the 1:1 complex (whose formation is highly favored in basic medium) has a

41.2 42

stability constant as high as 10 . This elevated thermodynamic stability explains

the well-known use of TEA to mask iron in a diversity of complexometric or gravimetric

titrations*>*,

Our preparative procedure starts from non-aqueous alkalinized solutions of
Fe(ll) in excess of TEA, which are heated under air. Under these conditions, iron
species must be readily oxidized without oxide formation, which is consistent with all
our experimental results (see below). In any case, whatever is the ultimate nature of
the so-formed reactive iron species, the resulting clear solution (in absence of water)
will contain, in all likelihood, some type of ferratrane complex. As usual, these
solutions are unstable but inert towards hydrolysis. After adding water (in the
presence of surfactant), they remain clear but their color progressively turns reddish.
At this point lies the main difference with regard to the syntheses of the related
aluminum derivatives. In the aluminum case, the addition of aqueous solutions
containing the adequate amounts of the H3PO, + phosphonic acid reagent provokes
the immediate precipitation of the corresponding mesostructured solid (apparent pH
ca. 8). In contrast, in the iron case, the oxophosphate species cannot fully displace
TEA-like ligands from the comparatively more stable pseudoatrane intermediate3%3%*
until “blocking” (protonation) the TEA coordinating ability. Thus, mesostructured
solids formation is not observed until apparent pH values slightly lower than 6.
Moreover, addition of H3PO,; should be done very carefully: once turbidity is
appreciated in solution, small excesses of H3PO, cause the complete redissolution of
the mesostructured solid (very likely because of the formation of very stable anionic
species like [Fe(P04)3]® or [Fe(HPO,4)3]*)*. On the other hand, the fact that the course

of the synthesis, on the whole, is largely orchestrated by the organizing function of the
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surfactant is evident from the intermediate formation of the mesostructured solids.
Furthermore, preparations comparable to those here described carried out in absence
of TEA systematically yield non-porous amorphous irrelevant solids. One more time,
we can reasonably conclude that the presence of TEA (its capability for giving atrane
and/or pseudoatrane complexes) is basic in order to harmonize the rates of the
hydrolytic reactions of the metal species and the subsequent processes of self-

assembling among the resulting inorganic polyanions and the surfactant aggregates.

In short, TEA initially inhibits the typical hydrolytic reactions of Fe(lll), this
avoiding the precipitation of oxo-hydroxide solids or the formation of polymeric
hexacoordinated Fe(O, OH, H,0)s cationic specie. When acidifying, oxophospate
species®® can compete for Fe(lll) coordination sites*. The dominant oxophosphate
species in these conditions in rich aqueous media are H2P04’/HPO42' and
RPOgZ'/RP(OH)Oz'. In the presence of a great excess of oxophosphorus-reagents, the
formation of iron phosphate and/or iron phosphonate complex anions involving, very
likely, the presence of terminal or iron-bridging hydroxyl groups should be favored
over the direct condensation of Fe** ions through hydroxo or oxo bridges*.
Mesostructure formation, which finally is observed at apparent pH values around 6,
should occur when the advance of the anionic condensation vyield Fe-
phosphate/phosphonate olygomers adequate (similar charge density distribution) for

matching with CTMA" micellar aggregates.

Characterization

We have used EPMA to check the chemical homogeneity of the resulting solids.
Summarized in Table 1 are the corresponding P:Fe molar ratio values (averaged from
data of ca. 30 different particles). EPMA shows that all samples are chemically
homogeneous at micrometric level (spot area ca. 1um) with a constant and well-
defined composition. In all cases, the solids present P:Fe molar ratio values (ca. 1.30 +
0.10 ) somewhat higher than the 1:1 typical of stoichiometric ALPOs. Notwithstanding,
the relatively low deviation from such idealized composition suggests that all these
solids may be basically regarded as iron-phosphate/phosphonate derivatives rather

than consisting, to a significant degree, of FeO, oxidic domains connected through
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phosphate or organophosphorus moieties (as might suggest the above mentioned
result [P:Fe=0.47] referred to the dodecyl templated oxophenyl-phosphate material)®.
On the other hand, the iron defective compositions must be consistent with the need
for a certain net negative charge on the material pore walls in order to allow an
adequate matching with cationic surfactant portions yielding the intermediate
mesostructured nets. In any case, both the high-angle XRD patterns and spectroscopic
results in this work (see below) clearly show that there is no segregation of crystalline
or amorphous bulk phases (FeO, domains) in our materials. From these observations,
together with the impossibility to condense phosphate, phosphonate and/or
diphosphonate groups among them (originating P-O-P links) in aqueous media, it
seems reasonable to propose that all the synthesized mesoporous materials display

regular distributions of the Fe and P atoms along the pore walls at micrometric level.

Elemental CNH analysis results reveal that all the mesoporous solids are
exempt from nitrogen, which confirms the efficiency of the surfactant extraction soft-
procedure we have used. Therefore, CNH analysis allows estimating unambiguously
the content of organophosphorus groups in the final mesoporous materials (see Table
1). The phosphonate: phosphate stoichiometric-ratio in the final materials (whether
they contain terminal phosphonates or bridging diphosphonate species) only is close
to that present in the mother liquor for nominal proportions of organic-phosphorus
reagents around 25% (samples 3 and 6). As can be noted, with regard to the reagent
proportions, the real phosphonate incorporation to the mesostructure increases for
organic-phosphorus reagent contents lower than 25% (samples 2 and 5), while the
contrary occurs when the organic reagent proportion exceeds such 25% value (samples
4 and 7). In practice, the real phosphonate incorporation to the mesostructure seems
to be limited at values around 30% (what occurs even starting from nominal
phosphonate: phosphate proportions as high as 50% -sample 7- or 75% -sample 4-). In
contrast to that observed for organically modified mesoporous ALPOs (which showed a
clear preference for phosphate vs. phosphonate incorporation when

- 17,1
monophosphonate groups were involved)!’”*®

, in the present case we cannot
appreciate any significant difference concerning phosphonate incorporation related to

its functionality (mono or diphosphonate species). Also, in the case of the iron
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derivatives we are dealing with, it has been not possible obtaining pure mesoporous
mono or diphosphonates (i.e. only the pure phosphate or hybrid phosphate-
phosphonate materials result). It seems reasonable to assume that such differences
should be accounted for based on the different chemistry of the concerned metals (Fe
vs. Al). Now, taking into account the synthetic route (cationic template, comparatively
low apparent pH values) and the stoichiometric restrictions (according to the analytical
results) for achieving the necessary electroneutrality in the intermediate
mesostructures, all indicates that iron exhibits an ability lower than aluminum for
constructing (in a cooperative way with phosphonate entities) negatively-charged
networks capable of coupling with positively-charged surfactant aggregates. In
practice, in the case of ALPOs, both phosphate (with variable proportions of
protonated and unprotonated units) and OH™ groups can modulate the charge on
aluminum centers allowing further phosphonate incoming to vyield anionic

1817 As we shall comment, it is the participation of OH™ ligands which seems

skeletons
to be restricted for the iron derivatives under our experimental conditions, which, in

turn, reduces the chances for compensating the charge of the iron centers.
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Figure 1. XRD patterns of selected mesostructured (i) and mesoporous (ii) samples: (a) Sample 1, (b)

Sample 3 and (c) Sample 6.
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Shown in Figure 1 is the evolution of the low-angle XRD patterns with the
phosphonate or diphosphonate content in the solids. All solids display XRD patterns
with only a single and strong diffraction peak, which is typical of
mesostructured/mesoporous materials prepared through surfactant-assisted
procedures’. This peak is usually associated with the (100) reflection when a MCM-41-
like lattice is assumed®®. The absence of additional signals indicates that ordered
domains are not present. These features are characteristic of disordered hexagonal
(Hq) or wormhole-like pore systems. Also, the digo reticular distance (and consequently
the ap cell parameter) slightly increases with the phosphonate or diphosphonate
content (see Table 1). This is not a surprising result. In fact, as phosphate/phosphonate
substitution progress, one obtains a larger molecular volume and a smaller net
connectivity, both factors favoring a lower density of the substituted material. The
experimentally observed smooth variation of the broadness and position of the peak,
in both series of materials, allows a certain character of “solid solutions” to be

recognized in them in the 0-30% content range.

Figure 2. Representative TEM images of mesoporous materials: (a) Sample 1, (b) Sample 3 and (c)

Sample 6.
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The information from TEM images fully correlates with XRD observations
(Figure 2). A similar morphology of aggregates of mesoporous particles (with sizes in
the 0.1-0.2 um range) is observed regardless the phosphate/phosphonate proportion
or phosphonate type. The observation in all cases of a dominant (single-type) particle
morphology (with highly disordered hexagonal or wormhole-like intra-particle
mesopore system arrays) supports the monophasic nature of the final solids, and

allows discarding phase-segregation processes.

..ll—.
A~ .::l'.'— 'J b

300

150-
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Figure 3. N, adsorption-desorption isotherms of (a) Sample 1, (b) Sample 3 and (c) Sample 6.

Mesoporosity is further illustrated by the N, adsorption-desorption isotherms
(Figure 3). In all cases, the curves show one well-defined step at intermediate partial
pressures (0.3 < P/P, < 0.8) characteristic of type IV isotherms with an H1 small
hysteresis loop (as defined by the IUPAC). This adsorption should be due to the
capillary condensation of N, inside the intra-particle mesopores. Moreover, the
sharpness of this step indicates the uniformity of the mesopores (see Table 1; the BJH
pore size distribution curves -centered at around 3-4 nm- expand from ca. 2.5-4.5 nm,

and t-plot analyses also are consistent with the practical absence of micropores). In
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addition, all isotherms display a second (and relatively small) adsorption effect at
higher relative partial pressures which should be associated to the filling of the large
textural inter-particle voids. The progressive incorporation of phosphonate groups
does not modify drastically the BET surface area values (see Table 1). Also, the pore
sizes and volumes (estimated by using the absorption branch of the isotherms and
applying the BJH model) only grow smoothly with the phosphonate inclusion (see

Table 1).

In short, dealing with the mesoscale architecture, the TEA induced preparation
of pure iron phosphate yields a material displaying BET area and BJH pore size and
volume values larger than those previously reported for analogous solids synthesized
through other surfactant assisted procedures®®?®. A similar comment can be made
with regard to the hybrid phosphate/phosphonate derivatives. Moreover, in these last
cases, the P:Fe molar ratios (iron defective) do not substantially diverge from the 1:1
ideal stoichiometry, which supports the idea of a good dispersion of P and Fe sites

along the mesopore walls.

It has been previously noted that final performance of mesoporous iron
phosphate derivatives in a variety of processes should be attributed to not only their
morphological features but also their specific local structures”’. So, we have applied a
diversity of techniques looking for gain insight about the short range iron-oxygen and

e

phosphorus-oxygen environments in these almost amorphous materials.
Mossbauer spectroscopy offers us relevant information concerning the metal sites.
Shown in Figure 4 are the room-temperature spectra corresponding to some selected

samples.

The results of fitting the spectra using the NORMOS software are gathered in
Table 2. Discrimination between octahedral and tetrahedral iron environments can be
achieved on the basis of the isomer shift (IS) values. Thus, at room temperature, a IS
value of 0.3 mm/s is accepted as frontier between tetrahedral (IS < 0.3 mm/s) and
octahedral (IS > 0.3 mm/s) geometries”. In the case we are dealing with, regardless
the type of phosphonate or its proportion, the spectra of all samples can be fitted with
two doublets. First at all, the values of the isomer shift (IS) and the relatively narrow

quadrupolar splitting (QS) values are indicative of the presence of only Fe** in these
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4748 There is no hint of Fe*". Also, in all cases, the respective isomer shift

samples
values obtained for the two doublets are slightly lower than 0.3 and 0.5 mm/s.
According to the above, this suggests the coexistence of both tetrahedral and
octahedral iron environments. On the other hand, the results of fitting show that
octahedral sites seem to be slightly dominant in all samples, with relative proportions
in the ca. 54-64% range. In addition, the relative great width (I') of the spectra, larger
than the instrumental one (0.28 mm/s), indicates that iron atoms are located in

distorted positions that vary from position to position. A priori, this might be a

predictable outcome taking into account the amorphous nature of the mesopore walls.
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Figure 4. Fitted Mo6ssbauer spectra of (a) Sample 1, (b) Sample 3 and (c) Sample 6.
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Table 2. Hyperfine parameters of the measured samples: full width at half maximum (I"), isomer shift

(8), quadrupolar splitting (A) and relative area (A).

Tetrahedral Fe** Octahedral Fe**

Sample T (mm/s) 8 (mm/s) A (mm/s) Area (%) S (mm/s) A (mm/s) Area (%)

1 0.40+0.01 0.31+0.01 0.67+0.01 45+1 0.49+0.01 0.68+0.01 55+1
2 0.40+0.01 0.28+0.01 0.65+0.01 36+1 0.47+0.01 0.69+0.01 64+1
3 0.38+0.01 0.32+0.01 0.63+0.01 46+1 0.49+0.01 0.65+0.01 54+1
5 0.41+0.01 0.29+0.01 0.67+0.01 39+1 0.48+0.01 0.68+0.01 61+1
6 0.43+0.01 0.30£0.01 0.65+0.01 39+1 0.47+0.01 0.67+0.01 61+1

The presence of both tetrahedral and octahedral iron sites is further illustrated
by UV-Vis spectroscopy (see Supplementary information) and XPS measurements (see
Figure 5). The Fe 2p spectra measured by XPS in these samples show a spin-orbit
doublet characteristic of oxidized Fe, in which the more prominent feature, the J = 3/2
component (being J the total angular moment) appears at binding energies of 712.5 5
+ 0.2 eV irrespective of the sample, accompanied with a J=1/2 component with a spin-

orbit splitting of 13.9 ev**>°

. The characteristic satellite of the 2ps3/, peak around 718
eV is not well resolved due to the main peaks broadening, as expected because of the
amorphous nature of the pore walls. No appreciable differences are observed in the
spectra of any of the final mesoporous materials (pure phosphate and mixed
phosphate-phosphonates). The experimental binding energy values are very close to
those previously reported for iron phosphates and oxides combining different

proportions of tetrahedral and octahedral Fe** environments*?’

. In contrast, the
center of gravity of the Fe 2p3/, signal appears shifted to binding energy values slightly
lower than those reported for materials including only octahedral Fe-environments (BE
of 712.3 eV)*. In addition, the low intensity of the 2ps/; satellite peak also supports

the presence of Fe** tetrahedral environments*>*°.
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Figure 5. XPS spectra of (i) Fe2p and (ii) P2p. (a) Sample 1, (b) Sample 2, (c) Sample 3, (d) Sample 5, and
(e) Sample 6.

The presence of paramagnetic iron species hinders using NMR techniques,
which were extremely useful for characterizing the local structure at the anionic
counterparts (phosphate and phosphonate moieties) in the case of the related

91817 Then, besides XPS, we have

organically modified pure mesoporous ALPOs
resorted to other spectroscopic techniques (IR, Raman) for better understanding of the
nature and organization of the anionic portions (i.e. the local structure around
phosphorus atoms). Figure 5 shows the P 2p XPS spectra of some selected samples.
The P 2p spectra measured by XPS show a broad peak centered at 133.5 eV in all
samples. Spin-orbit deconvolution of these peaks (not shown) indicates that the P 2p
spectra appear to be composed by an unique spin-orbit doublet whose J=3/2
component is located at 133.1 + 0.1 eV and the J=1/2 component at 134.1 + 0.1 eV,
with an intensity ratio given by the relative 2J+1 degeneracy of the states. It has to be
noted that, although the P 2p signal really consist of a doublet with 2p;/, and 2ps/;
components, the low energy separation between them often leads to consider the P
2p signal as a single peak®. The binding energy of P 2p in iron phosphates is usually
centered at 134.1 eV*®. In comparison, the phosphorus peak corresponding to our
mesoporous materials shifts to a lower energy (ca. 133.5 eV) (Table 3). According to

51,27,52

the literature data , such a lowering of the binding energy of P 2p can be

attributed to the effective presence in the materials of a certain proportion of HPO42-
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sites. On the other hand, the analysis of the O 1s XPS peaks provides additional

information useful for discriminating P-O-Fe and P-OH species49.
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Figure 6. XPS spectra of O1s. (a) Sample 1, (b) Sample 2, (c) Sample 3, (d) Sample 5, and (e) Sample 6.

Figure 6 displays the XPS spectra of the O 1s region for some selected samples.
The binding energies of P-O-Fe or Fe-OH, and P-OH species typically appear in the
531.3-532.1 and 532.6-533.6 eV ranges, respectively®’. Regardless the proportion
and/or nature of the phosphonate entities, the O 1s spectra measured by XPS appear
to be composed by a singlet located at 531.5 + 0.1 eV accompanied with a less intense
peak located at 532.6 + 0.1 eV. Therefore, the fitting of our spectra have been carried
out with two peaks: 531.5 eV (attributed to P-O-Fe and Fe-OH entities), and 532.6 eV
(P-OH). The absence of signals at around 530 eV provides additional evidence over the
nonexistence of segregated FeO, domains®. The area of the P-OH signal at 532.6 eV
slightly increases with the phosphonate content, but in a rough way, a relative average
area of ca. 19% (of the total signal) is computed in all the spectra (i.e. the weighted
relationship between the 531.5 and 532.6 eV signals is nearly constant in all cases and
close to ca. 4.25). In absence of water molecules (precluded by the high vacuum
conditions during the measurements), and assuming that to ensure network

connectivity only one oxygen atom (at most) per phosphate group might be
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protonated (i. e. contributing to the 532.6 eV signal), it is straightforward to infer
(apart from Fe-OH, contributions to the 531.5 eV signal should come from three P-O-Fe
bonds per each P-OH unit plus four or three P-O-Fe bonds per each unprotonated-
phosphate or phosphonate group, respectively) that the ca. 4.25 weighted relationship
between the signal areas would correspond to a HPO,*/(PO.> + phosphonate)
minimum proportion of ca. 3:2 in all our materials. IR and Raman spectroscopies offer
additional evidences confirming the presence of protonated HPO,* species in the

mesoporous material frameworks (see Supplementary information).

Table 3. O1s XPS spectra deconvolution data.

Sample Signal at 531.510.1 eV Intensity (%) Signal at 532.610.1 eV Intensity (%)
1 85 15
2 83 17
3 77 23
5 86 14
6 80 20

Having reached this point, gathering all the available information (from the
analytical data to the results obtained from the different structural techniques
applied), we have considered interesting to make a reasonable proposal dealing with
the approximate nominal “stoichiometries” in this family of iron mesoporous
phosphate/phosphonate hybrid materials. With this aim, it is mandatory not only to
preserve the analytical data but calculations also have to be based on the need to
achieve the network electroneutrality. Actually, dealing with anhydrous samples, all
our above considerations would finally fit with the following “ideal stoichiometric”
formulations: 1) [Ferglosl(Feon)o.s (OH)][(HPO4)o.75:x(PO4)osx] (x £ 0.15) for the pure
phosphate (sample 1); 2) [Ferqlo.sl(Feon)o.s(OH)x[(HPO4)1y(CH3PO3),]0.754x(POs)o.sx] (X <
0.15; y < 0.50) for hybrid materials containing terminal monophosphonate entities
(samples 2-4); and 3) [Ferglo.al(Feon)o.s(OH)XI[(HPO4)1-2,(O3P-CH,-CH,-PO3),]o.754x(PO4)o.5-
«J (x £0.15; y £ 0.25) for solids containing diphosphonate groups (samples 5-7). Taking
into account that ensuring network connectivity would preferably favor the location of
hydrogenphosphate, phosphonate and hydroxide groups on the material surface (with

OH and R groups oriented towards the pore voids), such idealized formula should be
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consistent with core walls of these materials built up mainly from 3D alternating Ferq
and phosphate groups (i.e. our materials might be thought of as consisting of verlinite-

type cores extending to the surface through Feqn species).

Formation mechanism

In the absence of ion mediated species at the surfactant-iron
phosphate/phosphonate interface (EDAX results show that no chlorine ions are
incorporated to the materials), the mesostructured parent-solids of this family of
mesoporous hybrids constitute an example of surfactant-templated materials formed
through an S'I" ionic mechanism®. The charge matching at the interface must occur
between cationic surfactant aggregates and anionic Fe-phosphate and/or Fe-
phosphate/phosphonate based moieties. Thus, the Fe-phosphate/phosphonate walls
must retain a certain negative net-charge allowing the assembly of the intermediate
mesostructured materials. On the basis of the data already discussed, it seems
reasonable to propose that the Fe-phosphate/phosphonate walls are able to
compensate the positive surfactant charge through two cooperative mechanisms
implying formal deprotonation of hydrogenphosphate and hydroxide groups. The
presence of =P-O" units (connected to iron atoms) and Fe-O" entities (corresponding to
octahedral iron sites at the wall surface) would allow neutralizing the charge of one
CTMA® cation per each =P-O or Fe-O'group. The surfactant evolution, through
chemical exchange under acid conditions (CTMA/H"), would subsequently result in the
protonation of these sites in the final mesoporous materials.

Up to now, there is nothing in the proposed mechanism different from that
assumed for explaining the formation of analogous mesoporous ALPOs™*&Y.
However, in the case of ALPOs, it was found that formal replacement of phosphate by
phosphonate groups can progress in a continuous way until completion (100%), that is
to say until yielding pure mesoporous aluminum phosphonates (whereas maximum
phosphonate incorporation into the iron derivatives we are dealing with only attains a
ca. 30%). What happens in the case of aluminum is that the progressive replacement
of phosphate groups (which occurs in moderately basic media) is accompanied by a

simultaneous increase of the proportion of octahedral vs. tetrahedral Al sites (ca. 90%
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in the pure phosphonates). Thus, although hydrogenphosphate groups (and
consequently =P-O" units) are not available in phosphonates, the charge matching with
surfactant aggregates is accounted for at expense from the increase in Al-O'groups (Al-
octahedral sites). Herein lies the main difference with the case at hand: the Fegn:Ferq
ratio in the iron derivatives remains practically constant (around 60:40%; with a
relatively low proportion of Fe-OH units) regardless the phosphonate group content.
This observation very likely is in the origin of the limited phosphonate incorporation to
the mesostructures. In fact, hypothetically higher proportions of phosphonate units
could lead to low-charged hybrid oligomers inadequate for matching with the
surfactant micelles. The small proportions of octahedral sites (in comparison with the
aluminum case) and, even more, Fe-OH units might be explained on the basis of the
need for attaining relatively acid media in which the phosphate/phosponate groups
can advantageously compete with TEA-like ligands. In turn, in these conditions (low
OH’ availability), the ready coordination of iron by phosphate-type groups would

seriously limit the efficacy of OH species as ligands.

Concluding remarks

In  conclusion, high surface area mesoporous iron phosphate and
phosphate/phosphonate hybrid materials have been synthesized through a
generalized one-pot procedure by using a cationic surfactant as co-assembling
template. All our experimental results indicate that the final solids possess a well-
established oxo-phosphate-based mesostructure, without segregation of metal oxide
domains. The seemingly favored verlinite-like arrangement in the mesostructure core
hinders the obtaining of pure phosphonate materials analogous to those previously

synthesized by the atrane route in the aluminium case.
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Materials characterization: UV-Vis spectroscopy

Shown in Figure S1 are the UV-Vis spectra of some selected samples. In all
cases, the spectra of the final mesoporous materials show intense bands in the UV
region (in the 250-300 nm range), this accounting for the Laporte allowed ligand-to-
metal charge-transfer transitions (t1 - t2 and t1 - e) involving Fe3+ in [FeO4]
pseudo-tetrahedral topologiesl. Moreover, the significant adsorption tail in the 300-
350 nm range is also indicative of the presence of quasi-octahedral iron
environments2. At this point, it has to be noted that none of the samples originate
appreciable absorption at | > 350 nm, this sustaining again that all the samples are

exempt from extra-framework FeO, domains>.

3
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Figure S1. UV-Vis Spectra of (a) Sample 1, (b) Sample 3 and (c) Sample 6.

Materials characterization: FT-IR and RAMAN spectroscopy

Shown in Figure S2 are the FT-IR spectra of some selected samples. Regardless
the type and content of phosphonate entities, all spectra display an intense and broad
band centered at ca. 1059 cm™ which has a clear shoulder at ca. 900 cm™. Such an
intense band and the shoulder can be assigned to symmetric P-O stretching modes

from PO,> and HPO,* groups, respectively®. The band tail at ca. 1150-1200 cm™ could
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be attributed to the OH in plane deformation of HPO,* groups® °. The incorporation of
phosphonate entities (samples 2 to 7) is evident from the high energy zone of the IR
spectra. Thus, the spectra show now two characteristic (although weak) bands at ca.
2868 and 2926 cm™ associable to C-H stretching vibration modes. As expected, the
structure of the bands in the OH stretching spectral region (typically 3500-3200 cm™) is
very complex, but the effect appearing around 3436 cm™ has been previously
attributed to P-OH stretching vibrations in related mesoporous iron phosphatess. In a
similar way, the Raman spectra show an intense and broad band centered at ca. 1010
cm™, with two shoulders at 890 and 1175 cm™. These bands can be assigned to P-O

478 In fact, our Raman spectra are very

stretching vibrations of PO,> and HPO,* groups
similar to that previously reported in the reference 9° for a related mesoporous iron
phosphate, compound for which the authors concluded the presence of HPO,* groups

as majority anionic species.
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Figure S2. FT-IR spectra of (a) Sample 1, (b) Sample 3 and (c) Sample 6.
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Conclusions and Perspectives

There is no doubt that TEM images of surfactant-assisted mesostructures can
be fascinating. In any case, the variety of applications (real and/or potential) of
mesoporous silica and non-silica materials in hot research subjects is impressive. But at
the same time, impressive images, sophisticated characterization techniques and
spectacular properties can often overshadow the equally appealing chemistry involved
in the synthesis of these kinds of materials. So, it is not unusual to find interesting
papers in high impact journals in which chemistry has been set aside, deserving only a
few words in the experimental section or short comments in the discussion or results

sections.

During the development of this PhD Thesis, a significant part of the effort has
been focused on the rationalization of the chemistry involved in the synthetic
procedures. This is essential to achieve high chemical reproducibility, pure materials
and high reaction yields. Somehow, apart from the use of surfactants as template
agents (obvious nexus given the role played by micelles in this research area), the
rationalization of the chemistry could be considered as the leitmotiv of the work
collected here. In this context, as the final organic-inorganic self-assembly processes
usually occur in aqueous or hydro-alcoholic reaction media, it is necessary to consider
the hydrolysis and condensation of the different inorganic precursors (in our case
atrane complexes) to understand the consolidation of the inorganic network (the pore

walls).

In the chapter focused on UVM-7 silica (Chapter 2), high temperature reactions
(growth of gold nanoparticles and carbon nano-objects) have been used in order to
elucidate the internal organization of the intra-particle mesopore system of this
material. Together with the electron tomography experiments these reactions, which
can be considered as typical in solid state chemistry (in our case, inside confined
spaces: the mesopores), have been decisive to help determine the interconnected
nature of the UVM-7 intra-particle pore system. This connectivity is probably the key
to understanding the enhanced mass transfer kinetics of NBS solids when compared to
other micrometric mesoporous silicas. The second part of the Chapter 2 is devoted to
mesopore size expansion by using alkanes as swelling agents. After careful re-reading

of the classic bibliography on the chemistry of colloids, we have found in the
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experiences and ideas of Windsor a plausible explanation for the three-phase nature of
the resulting reaction media in alkane/surfactant/water mixtures, and its effect on the
incorporation of swelling agents. The relatively low increase in the mesopore size
observed is due to the limited incorporation of alkane molecules inside the micelles. In
addition, for the first time, we have determined the alkane and surfactant amounts
really incorporated on the siliceous net through chemical analysis. Hence, classical
ideas of colloid chemistry have been our guide to understanding and conducting our
mesopore expansion in UVM-7 silicas. With these contributions, we have probably

completed our story with this material.

Chapter 3 is developed from the isolation of gold-containing porous silica
nanocomposites. Two aspects seem to be the determining factors in the performance
of these materials: the dispersion of the gold nanoparticles, and the interaction
between the gold species and the supports. We have designed our preparative
strategy following these principles. The adjustment of pH conditions used for gold
impregnation must be combined with a judicious selection of the different oxidic
nanodomains that can be inserted in/on the silica walls. In any case, the pH must be
lower than the isoelectric points on the non-silica oxidic domains. These MO, domains
have been formed via two different methods: “one-pot” co-condensation and post-

impregnation.

The first method implies the use of the atrane route. This is a chemical strategy
developed within our group, which is based on the use of triethanolamine complexes
as inorganic precursors. The alternative route involves a typical impregnation strategy
using acetylacetonate complexes as precursors. These complexes melt before
degrading, thus favouring a good, homogeneous dispersion of the MO, domains on the
silica walls after thermal treatment of the composites. Regardless of the preparative
route, the gold species preferably interact with the surface of the MO, domains, with
the subsequent growth of the gold species on the MO, sites. The amorphous or
crystalline nature of these domains depends on which route has been adopted: the
one-pot (atrane) route leads to amorphous MO, sites, while slightly larger, crystalline
domains are obtained through impregnation. The interaction with gold seems to be

stronger in the case of crystalline oxides, probably because of a certain epitaxial
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growth of the gold particles on crystalline supports. Thus, depending on the nature of
the support, soft or strong anchoring can be achieved. Hence, impregnation must be
selected when the working conditions of the composites imply high temperatures. In
contrast, for catalytic reactions carried out under mild conditions, both of the
strategies work. Furthermore, we have observed that the nature of the MO, domains
also affects the thermal stability of the support itself. The crystalline domains induce
supplementary stability in the composites, acting as a scaffold that hinders the
complete collapse of the structure at high temperatures. This advantage has not been

observed for composites with amorphous domains.

In short, some basic principles of coordination, colloidal and solid state

chemistry have been combined for the synthesis of nanocomposites.

Finally, the isolation of iron phosphates and hybrid phosphonates (Chapter 4) is
based on a competition between two typical iron complexes with ligands derived from
triethanolamine and phosphate. Both of these have been traditionally used in
analytical chemistry for the determination of iron content under different specific
methods. In our case, the hydrolytic attack on the Fe-atrane complexes in the presence
of phosphate-type anions in the media is the key point for the formation of

mesostructured and mesoporous iron phosphate and phosphonate derivatives.

There comes a time when you need to stop and write the Thesis. This time can
also be seen as a time for reflection; to think about the future and aspects of the work

that are worth pursuing.

As mentioned above, it is difficult to think of additional modifications for the
UVM-7 architecture. Some work has been done including additional co-solvents; this
leads to significant changes in the reaction media and an evolution from Winsor Il to
Winsor IV is observed. However, this also implies a substantial change in the material

architecture from NBS type (UVM-7) to core-shell particles.

As for MO, domains, the possible combinations (including chemical
composition and reactivity, amorphous or crystalline nature or dispersion) as well as

changes in gold incorporation offer a wide variety of variables that can be adapted for
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specific applications. At this point, we have initiated the generalization of the use of
acetylacetonate complexes to form other MO, nanodomains with the double role of
anchors and scaffolds. Moreover, some of these composites have been tested as
catalysts for carbon-carbon coupling reactions. Specifically, for the addition of boronic
acids to 2-cyclohexen-1-one, a reaction that is usually carried out using rhodium based

catalysts.

In a certain sense, non-silica based mesoporous materials such as metal
phosphates can be seen as amorphous mesoporous MOFs. This family of materials has
enjoyed huge expansion in recent years in terms of possible compositions, pore
organization and applications. Thus, this is a fully open field for the development of

new materials.

In any case, a change of interest during the post-doctoral period would not be a
problem since, now, | feel open-minded and ready to learn more about the Chemistry

involved in different processes.
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