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Tailoring nanohybrids and nanocomposites for catalytic
applications
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Research on and development of inorganic-organic nanohybrids and nanocomposite materials has
attracted increasing attention in recent years. Synthetic strategies for such materials vary from grafting or
co-condensation of Si and C sources to the impregnation of silica with polymers. Nanohybrids, prepared
using organosilanes, and nanocomposites, obtained by hard or soft templated synthesis, are discussed.
Various strategies will be presented that demonstrate how additional carbon properties can be exploited
maximising the activity, selectivity and stability of composite materials as solid catalysts. Composite
materials allow for the extensive engineering of a catalyst enabling careful tuning of the type, amount
and position of active sites, as well as the porosity and hydrophilic nature of the final catalyst. These
materials not only combine the advantages of silica (e.g. thermal stability, rigidity, ordering) and carbon
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(e.g. flexibility, ductility) but also allow their synergetic action in various catalytic applications.

1. Introduction

Innovative composite materials offer an exciting opportunity to
address current challenges in catalysis and green chemistry. A
reduction of the constituent dimensions of the composite
down to the molecular scale makes it possible to control and
fine-tune the ultimate material properties. The engineering of
such materials, which are obtained via direct synthesis
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methodologies or organic post-modification approaches,
opens up new prospects for catalytic applications.

Among the composite materials, nanohybrids and nano-
composites should be unambiguously defined, to avoid the
inconsistencies in the scientific literature. For the present
purpose, a nanocomposite is defined as a material in which
one of the components is within the size range of 1-100 nm.
More specifically, the nanocomposite comprises two com-
ponents of which one is a predefined entity such as a
nanocluster or a nanoblock. The term ‘nanohybrid’ is used
when the inorganic units of the hybrid are formed in situ from
individual building blocks or when a covalent bond exists
between the two different units.”

Several excellent reviews have been published on the syn-
thesis and properties of inorganic-organic nanohybrid® and
nanocomposite materials.” Besides highlighting the most
recent progress in the synthesis approach, the present review
also mainly focuses on a discussion of the usage of composite
materials for catalytic purposes with an emphasis on fine
chemicals synthesis and biomass conversion. Porous carbon
materials are mainly discussed as reference materials. For a
more detailed discussion on (ordered) porous carbons and
their use in catalysis, we would like to refer the reader to its
dedicated scientific literature.*”®

Ordered mesoporous silica (OMS) is often at the centre of
catalytically active composite design because of a combination
of interesting properties such as a high surface area with a
robust yet flexible (e.g. in pore size and functionalisation)
structure. Moreover, the pore arrangements make them ideal
objects for characterisation studies, while the pore architecture
is usually highly accessible to most common reagents.” Such
properties are essential for tuning and transforming the com-
posite into a highly performing catalyst.

View Article Online

The initially reported design of nanohybrid catalysts com-
prised the simple attachment of organic groups such as car-
boxylic acids, sulphonates or amines, which act either as the
catalyst or function as docking sites for catalytically active
metals, organometallic complexes, enzymes, etc.” The poten-
tial of this type of composite is not limited to the introduction
of an active site. More evolved nanohybrid design could
recently demonstrate additional modifications of other chemi-
cal and physical properties like polarity, texture, porosity and
structural rigidity. Such modifications significantly expand
flexibility in catalyst development. Several examples of modifi-
cations and their impact on the catalytic performance will be
given. The option of introducing multiple active sites is a
unique opportunity to engineer catalysts for their application
in multistep or cascade reactions, as is often required in
biomass valorisation. Independent incorporation of different
active sites and precise control of their positioning are crucial
parameters inducing and optimising unique cooperative
actions.

The second material type, viz. the nanocomposite catalyst,
usually contains a silica matrix with a non-bonded (hydro)
carbon component. Similarly, several modification tools are
available to change the chemical and physical properties of
the composite to improve its catalytic performance.

The present review is organised in two parts. First, it con-
centrates on the different synthetic strategies for preparing
OMS-based nanohybrids and nanocomposites. A distinction
between both groups was made based on the location of the
organic matter (Scheme 1). The carbon phase is either
occluded in the pore voids of the parent OMS or resides in/on
the pore wall along with the silica. Secondly, an extensive dis-
cussion is presented on the use of composite materials in cata-
lysis. The versatility of the physico-chemical properties and
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Scheme 1 Classification of the composites discussed. The dotted and dashed
lines represent direct synthesis and post-synthetic modification methodologies,
respectively. PMO: periodic mesoporous organosilica.

their modifications are discussed with an emphasis on the
relationship of the properties with the catalytic performance.
Whereas the former is done in terms of active site (density), pore
size, surface area, polarity, multi-functionality and compartmen-
talisation, the latter is based on catalytic selectivity, activity and
stability. To improve the readability of this review a list of fre-
quently used abbreviations has been provided in Table 1.

2. Synthesis of nanohybrids and
nanocomposites

Nanohybrid and nanocomposite materials are both obtained
by direct synthesis routes or post-synthetic modification strat-
egies. Most of the latter procedures use OMS as the inorganic
structural matrix. The direct synthesis methods usually apply
adapted OMS synthesis procedures using an additional carbon
source like organosilanes, resins and carbohydrates. Although
the use of OMS or the ultimate formation of well-ordered
mesoscopic phases is not always a prerequisite for their cataly-
tic potential, they show the following properties: (i) well-

View Article Online

ordered mesoporous structures for an unambiguous structural
investigation and sufficient reagent accessibility, (ii) a large
surface area for high catalytic activity, (iii) sufficiently high
rigidity and thermal stability for catalytic use under relevant
conditions, and (iv) ease of surface modification and flexible
synthesis procedures in terms of building blocks and pore size
variation for a wide range of catalyst design and development.

The impressive variety of parent OMS includes materials
denoted as M41S, SBA, HMS, KIT-1, MSU-1, TUD-1, HMM-33,
FSM-16, and COK-12 (Table 2). It should be stressed that
strictly speaking, not all of them exhibit a mesoscopic ordering
of their pore structure. While hexagonal and cubic ordering
has been reported for the M41S family, SBA types, and
COK-12, others such as KIT-1, TUD-1, MSU-1, HMM-33, and
HMS show a rather disordered pore arrangement. Various mor-
phologies are reported to exist within the OMS group: worm-
like to spherical for MCM-41, nanoplates for COK-12 and
SBA-15, and irregular forms for MCM-48, KIT-1, TUD-1 and
MSU-1 (Table 2). Irrespective of the particle shape, the pore
orientation with respect to the external surface is crucial to
ensure adequate reagent accessibility of the interior during the
composite synthesis and efficient reactant diffusion during a
catalytic reaction with the composite. It is generally accepted
that worm-like materials are inferior in this respect, while the
recently developed thin platelets of SBA-15'° and COK-12""
with perpendicularly oriented mesopores provide highly acces-
sible OMS materials. Spherical morphologies show good acces-
sibility as well.

Next to morphology, appropriate accessibility is ascertained
preferably when either intersecting pore channels like in
SBA-1, SBA-15 and MCM-48, or uniform pore sizes like in the
disordered silicas, denoted as TUD-1, KIT-1 and MSU-1 are
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Table 1 List of abbreviations

View Article Online

OMS Ordered mesoporous silica EAS Electrophilic aromatic (P)FA (Poly)furfuryl alcohol
substitution
PMO Periodic mesoporous OMC Ordered mesoporous AMS a-Methyl styrene
organosilicas carbons
TEOS Tetraethoxysilane PF Phenol-formaldehyde FC Friedel-Crafts
TMS Trimethoxysil(yl)(ane) EISA Evaporation induced PTSA p-Toluene sulphonic acid
self-assembly
TES Triethoxysil(yl)(ane) RF Resorcinol-formaldehyde =~ CSPTMS 2-(4-Chlorosulphonylphenyl)-
ethyltrimethoxysilane
MPTMS Mercaptopropyl PSS Polymer/silica/surfactant HMF Hydroxymethyl furfural
trimethoxysilane
BSFTA Bis(tri-methylsilyl)- PEO-b-PS Poly(ethylene oxide)-b- BPA Bisphenol A
trifluoroacetamide polystyrene
APT(M/E)S  Aminopropyl tri(m)- CMS Carbogenic molecular TEMPO 2,2,6,6-Tetramethyl-1-piperidinyloxy
ethoxysilane sieves
ATRP Atom transfer radical (M/D/T)MA  Mono-/di-/tri-methylamine TFHTFMESS 1,2,2-Trifluoro-2-hydroxy-1-tri-fluoromethyl-

polymerisation

Table 2 Overview of selected mesoporous silica and their physical properties

ethane sulphonic acid p-sultone

Ordering Morphology Wall thickness® Pore diameter” Ref.

SBA-15 Hexagonal Fibers 3.1-6.4 4.6-30.0 13a
Hexagonal Prism, sphere, donut, rod, rice shape 3.0-4.6 6.3-8.9 16
Hexagonal Platelets 3.0-5.1 6.5-22.0 10

COK-12 Hexagonal Platelets 4.2-4.4 5.5-6.0 11

FSM-16 Hexagonal Flakes 1.5-1.8 2.2-2.8 17

MCM-41 Hexagonal Prism — 1.6-10.0 9 and 18
Hexagonal Curved rod 1.5-1.7 2.7-3.3 19
Hexagonal-cubic Sphere 1.0-1.6 2.4-3.3 19b and 20

SBA-1 Cubic (Pm3n) (Truncated) cube, sphere, octahedron — 2.0-3.2 12a and 21

MCM-48 Cubic (Ia3d) Irregular, sphere ~1.0 1.9-4.1 18 and 22

KIT-1 Disordered Irregular — 3.4 23

MSU-1 Disordered Irregular — 2.0-5.8 24

TUD-1 Disordered Irregular 2.5-4.0 2.5-25 25

HMS Disordered Sphere 1.0-1.6 2.1-4.5 26

HMM Disordered Sphere — 4.0-15.0 27

“Expressed in nm.—: no information available.

available. Two types of pore interconnectivity can be distin-
guished in OMS. Meso-/mesopore connection appears in dis-
ordered silica and MCM-48, while micro-/mesopore
connection occurs in the structure of SBA-15. In addition,
mesoporous cage-like pores interconnected with smaller pores
exist in ordered silicas such as SBA-2'? or -16,"* KIT-5'* and
FDU-1." Such interconnections could prove beneficial in cata-
lysis by reducing mass transfer restrictions and pore blocking.

Structural integrity, on the other hand, is an issue during
the synthesis of the composite material, while the (hydro)
thermal stability is crucial during catalysis. Sufficient thick-
ness of the pore wall often is a prerequisite for the mechanical
stability of the materials, while hydrophobicity determines the
hydrothermal stability of OMS. Members of the SBA family,
TUD-1 and COK-12 materials, show thicker pore walls ranging
from 4 to 6 nm. FSM-16, MCM-41, MCM-48 and HMS have
wall thickness between 1 and 2 nm.

Several of the OMS members are useful in the design of
composite materials. As defined in the Introduction, the com-
posite materials were classified into two families depending on
the specific interactions between the organic and inorganic
components, viz. nanohybrids and nanocomposites (Scheme 1).

This journal is © The Royal Society of Chemistry 2013

The nanohybrids cover materials containing an organic phase
at the molecular level covalently attached to the OMS surface,
encompassing subfamilies of materials prepared either via
grafting or direct synthesis. A variety of organosilanes has been
used as organic building blocks in both synthesis strategies.
Grafting and direct co-condensation make use of terminal
organosilanes, while bridged organosilanes are condensed to
obtain the so-called periodic mesoporous organosilicas
(PMOs). Nanocomposites, at the nano-meter scale showing
distinct non-bonded silica and carbon domains, are obtained
either by pore filling via conventional impregnation of a
parent OMS with organic compounds, or via alternative OMS
synthesis recipes involving the use of an additional (hydro)
carbon source. Both procedures are known as hard and soft
templating synthesis procedures, respectively. The latter nano-
composite material thus contains mesopores with entangling
silica and carbon phases in the pore walls.

2.1. Silica-carbon nanohybrids

Two major synthesis strategies are reported to obtain a silica—
carbon nanohybrid: (i) grafting of a predefined OMS with
silane agents, or (ii) co-condensation of both inorganic and

Green Chem., 2013, 15, 1398-1430 | 1401
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organic building blocks, viz. tetra-alkoxysilanes (e.g. tetraethoxy-
silane, TEOS) with trialkoxyorganosilanes or bis-silylated
organic units, respectively, in the presence of a structure-
directing agent. The functional group of the organic com-
ponent serves as a catalyst, as an anchoring site for catalyti-
cally active sites or as a means to tune the surface polarity and
the pore size of the nanohybrid.

2.1.1. Grafting. Grafting is often the preferred synthesis
tool because of its versatility and ease of handling. Modifi-
cation of the silica surface involves reaction of a surface silanol
group with a silane coupling reagent, preferably being a term-
inal organosilane (Fig. 1, left). The chemical structure of the
organosilane comprises a Si atom covalently bound through a
Si-C with a (functionalised) hydrocarbon and attached to at
least one alkoxy-, halo-, acyloxy- or amino leaving group. A
wide range of organosilanes has been applied as a grafting
agent in the context of catalysis (Table 3). Catalytically active
functional groups introduced in OMS using the grafting syn-
thesis technique are, among others, thiols, cyanides, amines,
carboxylic acids and sulphonates. The chemical functionality
either forms the active site, sometimes after a preceding trans-
formation of an active site precursor, or the anchoring site
enabling to attach more complex catalytic centres such as
enzymes and organometallic complexes to OMS.

The efficiency of the grafting methodology is determined by
the number of reactive surface silanol groups on the OMS, the
accessibility of the OMS silanols for the grafting agent, the
reactivity of the grafting agent, and the efficiency of the precur-
sor transformation into a catalytic active site. Due to the
nature of the silylation (grafting) reaction, the presence of
sufficient silanol groups on the silica surface is required. OMS
have a high surface area with a silanol density of 1-3 silanols
per nm?>2?”2% Although this amount is somewhat lower than
on conventionally precipitated amorphous silica (4-6 silanols

.9

Si(OR);

View Article Online

2y 28b,29
per nm?),

it is sufficiently high to decorate the OMS
surface with an abundant number of organic functional
groups. MCM-41 with a surface of 800 m> ¢~! and 1 silanol
group for every 3 Si atoms holds about 4 silanols per nm?*°
which approaches the theoretical maximum silanol density on
silica.®® An additional hydrothermal treatment of the silica
was suggested as resulting in an increase of the amount of
silanols. Accordingly, nanohybrids have been reported with a
significant increase of the functional group density.
After additional refluxing of calcined MCM-41 in water for 3 h
prior to grafting, an increase of the organic functional
groups from 0.7 to 1.7 mmol g* has been reported.*” Alterna-
tively, if an extraction method replaces calcination as a pro-
cedure to surfactant molecules, the thermal
elimination of silanol groups is significantly suppressed. In
this way, upon grafting MCM-41 and MCM-48 with mercapto-
propyl-trimethoxysilane (MPTMS), the sulphur loading could
be increased from 3.5 to 7.8 wt% and from 4.8 to 15.6 wt%,
respectively.®?

Whereas the content of grafted organic species can further
be controlled by changing the concentration of the organosi-
lane in the grafting solution,*” its maximum yield is obtained
when an excess of the silylation agent is used. However, the
ultimate amount of grafted organic moieties present is gene-
rally lower than that expected based on the silanol content,
with typical variations between 0.5 and 1.5 mmol g~ depend-
ing on the nature of the silylation agent and OMS.>*

Grafting efficiency is another important concern. Ideally,
the silylation agent is volatile, allowing ready removal of excess
agent. Furthermore, the reactivity of the silylation agent is
determined by its leaving group. Reactive silanes mostly
contain halide, acyloxy or amino leaving groups, the less reac-
tive alkoxy and allylsilanes requiring a silylation procedure at
elevated temperature. Potential side reactions of the leaving

remove
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Fig. 1 Schematic presentation of various silica—carbon nanohybrid synthesis routes by organosilane modification of ordered mesoporous silica: grafting (A), co-con-
densation with terminal organosilanes (B) and (i) co-condensation or (ii) condensation with bis-silylated organic units (C).
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Table 3 Overview of a selection of recently reported organosilicas as obtained by grafting or (co-)condensation

Methodology Agent® Functionality” Reference

Post-synthesis

Grafting 3-Triethoxysilylpropylisocyanate Salen complex (anchoring) 39
3-Mercaptopropyl TMS Salen complex, pyridine (anchoring)/ 40, 41/28 and 38

sulphonic acid (oxidation)
3-(ChloroDMS)-propyl bromo-isobutyrate Sulphonic acid (ATRP)” 42
3-Aminopropyl TMS Amine/enzyme (anchoring) 43/44
3-Aminopropyl TES Sn/Pd/Zr/Ni/In Complex, Keggin 45 and 46
complex (anchoring)

3-(TES)propyltriphenyl phosponium bromide Phosponium bromide 47
N-Methyl-N-(TMS) trifluoroacetamide / 48
Triethoxyfluorosilane / 49

Direct synthesis

Co-condensation 3-Mercaptopropyl TMS Sulphonic acid (oxidation) 32 and 50

Terminal organosilane Phenyl TES Sulphonic acid (sulphonation) 50
Methyl TMS / 50
2-(4-Chlorosulphonylphenyl)-ethyl TMS Sulphonic acid (hydrolysis) 51
Benzyl methyl-(3-TMS-propyl)-amine// Amine//sulphonic acid (hydrolysis) 52
2-(4-chlorosulphonylphenyl)ethyl TMS

(Co-)condensation 1,4-Bis(triethoxysilyl)benzene Sulphonic acid (sulphonation) 53 and 54

Bridging organosilane Bis[3-(triethoxysilyl)propyl]disulphide Sulphonic acid (oxidation) 55
Bis(triethoxysilyl)ethylene Sulphonic acid (Diels-Alder/sulphonation) 56
1,2-Bis(trimethoxysilyl)ethane Perfluoroalkyl sulphonic acid (grafting) 57
Bis(trimethoxysilyl)trityl cation Triphenylmethylium cation 58

“TMS = trimethoxysil(yl)(ane), TES = triethoxysil(yl)(ane). ” Strategy applied for the acquirement of the specified functionality denoted in

parentheses. “ Atom transfer radical polymerisation (ATRP).

groups with the hydroxylated surface are to be avoided. As an
example, alkoxy and halide leaving groups are able to form
alcohols and alkylammonium halides which are hard to
remove.*® In addition, halides induce leaching of isomorphi-
cally substituted heteroatoms from the silica network.?® In this
regard, a wide range of trimethylsilylation agents has been
evaluated, such as trimethylsilylchloride,?”*®* hexamethyldisi-
loxane,?”*®  bis(tri-methylsilyl)trifluoroacetamide ~ (BSFTA)*®
and hexamethyldisilazane.>® The silazane silylation agent
reacts in less severe conditions and allows a slow monofunc-
tional surface reaction to occur, while the ammonia by-
product is easily removed by thermal desorption.>® Surface
reaction with highly reactive BSTFA happens under even
milder conditions, although sterical hindered silanols are not
modified by this bulky agent.>®

Recently, less moisture-sensitive alternatives such as aryl,**”
allyl,>® and methallyl®® organosilanes have been suggested to
improve the grafting efficiency. Such organosilanes benefit
from an easy chromatographic purification after synthesis.
They can be handled under hydrolytic conditions, resulting in
a simplified grafting procedure. Indeed, high grafting efficien-
cies have been reported even under conditions where water
was not completely removed.?*”*>®" If the more reactive
methallylsilane is used, the silylation can even be performed
at room temperature.®®

Moreover, the grafting efficiency also suffers from mass
transfer limitations or from low adsorption of the silylation
agent in the pores of OMS due to a mismatch in size and
polarity, respectively. Next to this match between OMS pores
size and the silylation agent size, also the presence of meso-
pore/mesopore interconnectivity can be beneficial. Diffusion

This journal is © The Royal Society of Chemistry 2013

limitations have been encountered with relatively large organo-
silanes, especially in small pore OMS, devoid of intersecting
channels, viz. MCM-41. Consequently, grafting of MCM-41
often yields functional groups that are concentrated at the
outer surface and pore mouths of the silica.®! Likewise, a mis-
match in polarity between the OMS surface and the silylation
agents will severely limit pore diffusion of the organosilanes,
preventing homogeneous chemical deposition of the organic
moiety inside the silica pores.

Finally, if the synthesis of the nanohybrids relies on the
introduction of an active site precursor, the efficiency of the
additional chemical or thermal transformation is super-
imposed on the initial grafting efficiency. For instance, sulpho-
nic acid groups are usually obtained after oxidation of grafted
thiols using H,0,. The oxidation is generally incomplete,
especially at high sulphur loadings because of the formation
of inactive disulphide species during oxidation.>***%

Control over the precise location of the grafted functional
groups is another key topic, especially when multifunctionality
and optionally compartmentalisation is of concern. Multifunc-
tionality has been obtained by mixing compatible silylation
agents in one pot, resulting in a random distribution of the
organic functions on the silica surface. A more precise control
of the position of multiple functions is accomplished by per-
forming two consecutive grafting procedures, one before and
one after the removal of the structure directing surfactant
molecules. As such, OMS are modified with two distinct
organic groups, which are located inside the silica pores and
on the external surface, respectively (Fig. 1A). In addition, the
introduction of multiple functional groups in OMS has been
demonstrated by grafting with complex organosilanes carrying
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both thiol and amine protecting groups and subsequent ther-
molysis.*> Neighbouring amine and thiol functional groups
were created at the silica surface.

Grafting is also accompanied by a change in pore volume
and pore size depending on the molecular size of the silylation
agent. It is of utmost importance to account for this parameter
with regard to catalytic applications. Irrespective of the intrin-
sic catalytic properties of the active site in the pore, mass
diffusion limitations can limit both the actual activity and
selectivity of the catalytic process. Grafting also affects the
polarity of the nanohybrid structure due to a decrease of
the number of free surface silanol groups and is related with
the chemical structure of the organic moiety. The polarity of
various organo-modified silicas and their hydrophobicity were
reported to increase according to the nature of the organic
group in the following order: cyanoethyl < aminopropyl < imi-
dazole < benzyl < chloropropyl < trimethyl-silyl.®* This order
corresponds well with the polarity values of the corresponding
liquids.®* Obviously, polarity of the grafted solid can also be
tuned by the amount of grafted species.

In conclusion, by applying the grafting procedure, a limited
control of the amount, the physico-chemical properties (in
terms of functionality, hydrophilicity balance, etc.) and the
positioning of the organic groups can be obtained.

2.1.2. (Co-)condensation. Co-condensation is a direct syn-
thesis method comprising the condensation of tetra-alkoxy-
silanes as the main Si-source with end-group (terminal)
organosilanes as the C-source under acid, basic or nucleophi-
lic conditions. Addition of a surfactant to the synthesis gel has
been reported to yield an ordered mesoporous hybrid organo-
silica material with covalently linked phenyl, n-octyl, 3-amino-
propyl and 2-cyanoethyl groups (Fig. 1, middle).®> In general,
this method results in a more uniform distribution and a
higher loading of the functional groups compared to the graft-
ing procedure.’®*® Loadings up to 3 mmol g~ of organic moi-
eties seem possible via condensation with 3-aminopropyltri-
methoxysilane (APTMS).°® Positioning of an increasing
number of pendent groups in the pore voids of the organosi-
lica results in a reduction of the unit cell dimensions and the
pore size (section 3.1). Pore ordering often deteriorates due to
the disturbed interaction between the different Si sources and
the structure directing surfactant. The use of mixed surfactants
has been suggested to improve the packing of the surfactants
as the short chain surfactants compensate the space occupied
by the pending organic moieties of the organosilanes.®” The
use of alternative short-chain alkylamines in addition to
alkylthiol functionalities beneficially influences the pore size
and surface area.>

The type of organosilane regulates the final organic func-
tionalities inside the silica pores, while the tetra-alkoxysilanes
are at the origin of the surface silanol groups. Polarity studies
using Reichardt’s dye demonstrated that, for organic contents
up to 1.1 mmol g, the nanohybrids show a limited decrease
in hydrophilicity compared to pure porous siliceous materials.
The use of propylamine pendent groups results in a hydrophi-
licity decrease as the value of EY, indicative of hydrophilicity
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and measured by the absorbed energy for the n-n* transition
of the adsorbed dye molecules,* drops by 9%. This obser-
vation contrasts with the steep reduction of hydrophilicity
after grafting: propylamine grafting results in a 42% decrease
of the EY value.®® Such polarity differences for the same func-
tionality are interesting when a basic catalyst is required in
either a polar or apolar environment. Tuning of the final
material properties of the porous co-condensate nanohybrid is
achieved by controlling the ratio of the two silica precursors in
the reaction mixture. If a further transformation of the func-
tional group into a catalytic active site is required, the
efficiency of this transformation is crucial for the catalytic per-
formance. Similar to grafting (section 2.1.1), the conversion of
thiol functions can be accomplished by a post-synthetic oxi-
dation with HNO;%® or H,0,.°° The post-treatment slightly
decreases the mesoscopic ordering, while the oxidation is
incomplete.®“®*”% The oxidation degree brought to com-
pletion by prolonging the duration of the oxidation is not poss-
ible without further deterioration of the ordering.®® Pore size
and surface area after such treatment are significantly redu-
ced.®>%8%%% Alternatively, H,O, can be added to the synthesis
2el.>7° The efficiency of the thiol to sulphonate conversion is
essentially complete with an appropriate amount of oxidant
even at high thiol loadings. The observed coincident increase
of the mesoscopic ordering was explained by the alteration of
solvent and hydrophilic-hydrophobic interphase conditions,
promoting the nanophase separation of the triblock co-
polymer template.®®

Next to terminal organosilane building blocks, organosilica
gels were synthesized by condensating bis-silylated organic
agents, also referred to as silsesquioxanes or bridging
silanes.”* With the appropriate surfactant in the synthesis gel,
ultimately PMOs could be obtained (Fig. 1C). Pioneering work
on bridged organosilanes is available.”>”® As the organic
groups belong to the nanohybrid silica wall, they represent a
structural component imparting unique chemical and physical
properties to the material. The use of ethylene or phenylene
bridged organosilanes yields amorphous or crystalline organo-
silica pore walls, respectively. The latter provides an additional
robustness that can be exploited in catalysis (vide infra).”* If
only bridged organosilanes undergo condensation, a nanohy-
brid material with periodically alternating organic and silica
surroundings is obtained. So far only a limited amount of
organic moieties has been successfully incorporated into a
PMO framework, viz. ethane,”>”> ethylene,”*’®> benzene,”®
biphenylene and thiophene.”®® Alkyl bridging units generally
decrease the pore ordering and nanohybrid porosity, while
incorporation of aromatic functionalities provides highly
ordered and porous PMO.

Next to the bridge type, the stability of the C-Si bond is one
of the main parameters to achieve high pore ordering in the
hybrid material, obviously because the organic component is
part of the structural framework. The importance of the silses-
quioxane type has been demonstrated by the incorporation of
ethylene bridged organosilanes which, at slightly elevated
temperatures (i.e. 300 °C), are able to react with surface
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silanols or with atmospheric oxygen. The bridging groups were
transformed into terminal vinyl groups before being released
as gaseous ethene and ethane. At 900 °C all organic groups
were removed and a mesoporous silica was obtained with
reduced unit cell size.”” The synthesis of PMOs has been
reported with (i) non-ionic, non-toxic, biodegradable and
cheap alkylethylene oxide surfactants such as P123 and Brij-
56/76 in acidic media®"’® and (ii) cationic surfactants like
CTAB in alkaline media.”>”>7"7® The harsh hydrolysis con-
ditions can become problematic. Although ethylene, methyl-
ene and ethane in acidic media represent stable bridging
organosilanes, more complex bridging organic precursors
such as bridging benzene and thiophene proved instable. Clea-
vage of the Si-C bond is prevented by aging at room tempera-
ture or decreasing the acid concentration, as ascertained by
solid state *°Si NMR,”® but not without lowering the structural
ordering. A decreased hydrolysis of the siloxane source during
synthesis in a less acidified medium causes a reduced inter-
action of the ionic surfactant with the silicate species. Accord-
ingly, a drop in degree of polymerisation and thus synthesis
yield has been observed. In an alternative PMO synthesis
route, the silicate source with cetylpyridinium chloride is
mixed in an aqueous solution with a subsequent neutralis-
ation step with NaHCO;. After the addition of NH,F and aging,
ordered nanohybrids with stable Si-C bonds have been repor-
ted.”®® Despite the careful adjustment of synthesis conditions,
attempts using acetylene or bulkier bis-thiophene silsesquioxa-
nes’®® keep suffering from a highly instable Si-C bond or from
disordered structures, demonstrating the importance of select-
ing a proper silsesquioxane precursor.

Various research groups demonstrated the successful syn-
thesis of a highly ordered PMO with conservation of high
surface area and porosity following a microwave-assisted syn-
thesis procedure. Synthesis times were significantly reduced
and a strict and better control of the synthesis was claimed.®°

PMOs typically require an additional step in the synthesis
procedure to introduce functional groups of use in catalysis.
First a highly reactive yet catalytically inactive organic moiety is
incorporated into the nanohybrid pore wall, followed by an
activation treatment (Fig. 6). Aromatic moieties like benzyl
groups have been activated by electrophilic aromatic substi-
tution (EAS) such as nitration,”* sulphonation,’>”? alkylation,
acylation, halogenation and hydroxylation or were exploited as
a metal ligand.>* Remarkably, in contrast to alkylthiol derived
sulphonic acids using grafting or co-condensation, these sul-
phonic acid groups were claimed to be thermally stable up to
500 °C. Such a thermal stability is certainly of importance in
catalytic applications in the gas phase.”®” Olefin moieties were
also activated. The procedures involve electrophilic addition
like bromination,”® arylation,®* amination,®* hydroxylation,®®
or they include sequential reactions such as hydroboration-
alcoholysis,®* epoxidation-ring opening reaction,®* or Diels-
Alder-EAS-like reactions.>®®® Due to the instable nature of
some Si-C bonds (vide supra), careful handling during the
post-synthesis treatments is a prerequisite. Si-C bonds under-
went cleavage after hydroboration of vinyl organosilanes and
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subsequently applying an excess of alcoholysis reagent or mild
oxidant, viz. NaOH-H,0, or NaBO;-4H,0.%*

Multiple functionalisation and tuning of the functions has
been realised by adding a second organosilane into the syn-
thesis solution next to the bridged siloxane. Accordingly, dis-
tinct terminal or bridged organosilanes were mixed in a co-
condensation solution, the balance between the two types of
sites being controlled by their relative concentration. A con-
trolled positioning of the respective functionalities is possible
by integrating the organic moiety of the bridging organosilane
in the pore wall and that of the terminal organosilane in the
pore voids. The simultaneous introduction of bridging ethyl
groups in the pore walls and protruding vinyl groups by co-
condensation of bis(triethoxysilyl)ethylene and trimethoxy-
vinylsilane has already been reported in an early work.”” Since
then analoguous materials with an organic moiety inside the
pore walls (e.g. as a bridging ethyl group) and another organic
functionality protruding into the pore voids (e.g. amine, thiol,
diamine, imidazole, pyridine, benzyl, phenyl ethyl groups, etc.)
have been developed.**®” These bifunctional nanohybrids
have been investigated for use in adsorption and separation.®®
In line with the co-condensation of end-group organosilanes
and tetra-alkoxysilanes, the unit cell dimensions and pore size
decrease with the loading of pendent organic groups.

The organic groups in the pores are more reactive in chemi-
cal reactions due to their better accessibility, while those in
the pore wall exhibit exceptional physical, mechanical and
hydrophobic/hydrophilic properties (vide infra).

2.2. Nanocomposites

The commercial implementation of nanohybrids is hampered
by the cost of the organosiloxanes. The development of
cheaper organosilanes should be helpful, but is challenging.
Nanocomposites are often somewhat less defined materials
that can be obtained from less expensive carbon sources such
as existing resins and polymers like carbohydrates. Optional
carbonisation of the nanocomposites, but also of the above-
mentioned nanohybrids, yields special nanocomposites with
pyrolytic carbon rather than with hydrocarbons next to silica.
2.2.1. Polymer based nanocomposites. In Fig. 2 the most
successful strategies to introduce a polymer either in the pores
(Fig. 2a and b) or in the pore wall (Fig. 2c) of OMS are summar-
ised. One method leading to nanocomposites involves the

&

Fig. 2 Positioning of (functionalised) polymers in a nano-(hybrid)(composite);
[a] inside the pore voids via covalent linking by polymerisation on a grafted
linker/ initiator (top) or via immobilisation of a pre-synthesized polymer to a
linker (bottom); [b] impregnation of monomers joint with an initiator (top) or a
polymer (bottom); [c] in the pore wall via addition of the polymer (or monomers
+ initiator) to the synthesis gel. L = linker; Star = initiator.
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impregnation with a prepared polymer (Fig. 2b, bottom) or
with a monomer that is polymerised in situ using heat or an
initiator (Fig. 2b, top). Covalent linkage is achieved by impreg-
nation of a nanohybrid with immobilised monomer units or
an anchored initiator (Fig. 2a, top). In agreement with the
earlier definition, the latter materials are nanohybrids,
although for the sake of clarity, they will be discussed in this
section. Once the polymer is present in the OMS, it can be
used directly in catalytic reactions if the polymer is functiona-
lised or the polymer/silica composite serves as a precursor to
form carbon/silica composites upon pyrolysis.

Impregnation of silica. The preparation of nanocomposites
by impregnation of silica with polymers has received increased
attention because of their potential use in catalysis. Early
reports discuss the immobilisation of catalytically active in-
organic polymers like heteropolyacids on silica gels,* as well
as on OMS.”° Likewise, organic polymers have been introduced
via impregnation in various porous silica materials like OMS.
With the impregnation technique, the organic polymer mainly
resides on the internal and/or external surface of the silica
rather than in the pore wall. Occasionally, OMS can be co-
valently bound to the polymer, provided the latter is carrying a
coupling agent (Fig. 2a, bottom).”" Alternatively, a nanohybrid
decorated with an active polymerisation precursor - i.e. radical
generator, monomer or transfer agent - can be used to induce
polymerisation onto the OMS (Fig. 2a, top).*

Various methods consisting of one- or two-step procedures
have been reported. The former synthesis involves an impreg-
nation of OMS with the polymer, or an adsorption of the
polymer (Fig. 2b, bottom). Deposition of DNA has been
described.”® A more detailed analysis of the location of the
polymer reveals mainly deposition at the external surface,
most probably because of the problematic diffusion of the
macromolecules inside the pores.”® The second method
involves an impregnation, or an adsorption of the corres-
ponding monomer, followed by a polymerisation triggered by
heat or an initiator (Fig. 2b, top). Several silica materials like
zeolites and OMS have been impregnated with aniline,”®
phenol/formaldehyde,’®  styrene,””  vinylacetate,””  acrylo-
nitrile,”® ethylene,’® (methyl)methacrylate,””** acrylamide,'’
furfuryl alcohol (FA),'°>'%* and 4-vinyl pyridine,'®* followed by
in situ polymerisation. The two-step approach is usually men-
tioned for the formation of nanowires and polymers with a
controlled size, which find application in electronic nano-
devices and meso-fiber synthesis, respectively. Catalytic appli-
cations with these polymer-based nanowires have not been
reported at this moment.

Direct synthesis with polymers. Polymers may also be intro-
duced directly in the initial synthesis gel. Mixing a polymer
with TEOS, an ionic surfactant and NaOH results in a meso-
porous nanocomposite with an entangled polymer/silica
framework (Fig. 2¢).'®® Isolated functional polymers have excel-
lent catalytic properties, but suffer from a low surface area and
thus limited accessibility. It was suggested that the spreading
of the polymer over the inner pore surface area of silica could
greatly enhance its effective surface area.'’® Accordingly, an
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increase of surface area of Nafion from 0.02 m* g~ up to
50-153 m” g~ was reported.'®® The choice of the silica source
during synthesis influences the final polymer dispersion as
well.”* High ionic strength Na-silicate induces aggregation of
Nafion polymer, while its dispersion is gradually improved by
switching to Si-alkoxides. A recent successful synthesis with a
non-ionic surfactant in acidic medium in the presence of poly-
acrylic acid enables the engineering of similar nanocomposites
with larger pores up to 10 nm. With a classic ionic surfactant
such as myristyltrimethylammonium bromide, only pores up
to 2.5 nm can be achieved.'%?

The as-prepared nanocomposites combine the catalytic pro-
perties of the organic polymer with the high surface area and
the mechanical stability of the inorganic OMS. The obtained
catalysts are highly stable in most common solvents, as leach-
ing of the polymer is limited due to the strong entanglement
in the framework.”® To prevent decomposition of the polymer
during synthesis — Nafion decomposes starting from 280 °C'%” -
template removal is carried out by extraction rather than calci-
nation. The use of an acidic extraction solution (e.g. 0.1 M
H,SO, in EtOH) not only allows retention of the pore ordering
of OMS, but also regenerates the sulphonic acid groups attached
to the polymer. To date, the successful incorporation of sodium
poly(4-styrenesulphonate),'®>*  Nafion,”*'°** and polyacrylic
acid'®? into the silica pore walls has been reported.

Despite conservation of the polymer functionality, the
amount that can be added to the synthesis gel, preserving the
ordered pore structure and ensuring removal of excess of
polymer, is limited.'® The maximum incorporation of the
polymer depends on its nature. In this respect, up to 20 wt%
of Nafion has been occluded in MCM-41."%*° The formation of
a well ordered nanocomposite also depends on the chemical
and structural properties of the polymer. Polystyrene sulphate
strongly interacts with the ionic surfactant CTAB, as it forms a
layered structure. As a consequence, the gradual transition of
the layered to the hexagonal phase during the formation of
siloxane bonds by condensation is hampered and the final pore
ordering disturbed.'® Likewise, the homogeneous mixing of
polymers in a hydrophilic solution with silica remains challen-
ging. It was suggested that the presence of alkali ions enables
the full miscibility of sodium polyacrylate in water,'°*” and that
a strong ionic interaction of the cationic surfactant head and
the anionic sulphate groups on the hydrophobic Nafion forces
the polymer to reside in the aqueous phase.'*° Moreover, the
C-F bonds in Nafion are cleaved in the alkaline medium thus
contributing to an increased hydrophilicity of the Nafion frag-
ments.'” The catalytic applications of these porous nanocom-
posites with silica/polymer entanglement have been reported
and will be further discussed in this review.

2.2.2. Pyrolytic carbon. Once an organic moiety is incor-
porated into the pore voids or framework of a mesoporous
silica, carbonisation can be performed. Whereas all of the
aforementioned nanohybrids and nanocomposites could be
potential precursors, most research efforts have focused on the
transformation of phenol resins,'”® or more recently on
biomass derived organics like sucrose®”'*® and FA'%%97 111 a5
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sustainable, cheap and abundant carbon precursors. The
carbon precursor is introduced in the silica pore voids or silica
pore wall by hard and soft templating techniques, respectively.
Although polysaccharides such as starch have been used to
prepare mesoporous carbons ie. Starbon®''* their synthesis
relies on self-assembly properties and the formation of meso-
scopic metastable gel solutions. Tuning of the textural pro-
perties is obtained via a controlled gelatinisation (e.g. via
temperature) of the polysaccharide.'"® Nevertheless their use
as a carbon precursor in soft- or hard templated method-
ologies is yet to be reported. Both synthesis pathways have
mainly been investigated in the search for novel ordered meso-
porous carbon materials by removing the silica framework in
HF solution.! Papers on the usage of (templated) mesoporous
carbons in catalysis are numerous. Although a discussion on
(ordered) mesoporous pure carbons is outside of the scope of
this review, we want to stress their importance as closely
related to the herein described nanocomposite catalysts, and
therefore want to refer to relevant and high-impact reviews and
articles offering a more in-depth discussion on the matter.>”
In contrast, reports covering the characterisation and catalytic
application of the precursor composite material are scarce and
thus this is the main subject of this review.

Depending on the nature of the organic carbon precursor,
carbonisation is performed by heat treatment in an inert
atmosphere, viz. pyrolysis of polyfurfuryl alcohol (PFA),"** or
under mild conditions at low temperature by chemical viz.
H,S0,,"" or hydrothermal treatment (e.g. sucrose).''® Both
thermosetting polymers, saccharides and even the structure
directing surfactant’'” have been proposed as carbon precur-
sor materials. In fact, all non-thermally decomposable
organic components are good candidates to be tested as a pre-
cursor. The final fraction of the carbon phase retained in the
nanocomposite is determined by the carbon yield of the pre-
cursor. This value is highly dependent on the chemical nature
of the organic precursor, such as the degree of volatile product
formation, and its spatial environment during carbonis-
ation.™® Most block-copolymers have a very low carbon
yield.* For example P123 has a limited carbon yield of 25 wt%,
and is therefore not suitable for the formation of a silica/
carbon nanocomposite.**®

During carbonisation, heteroatoms are gradually expelled
as CO, H,O and CO, in the case of oxygen. The remaining poly-
cyclic (hydro)carbon, carrying surface oxygen groups such as
phenol and carboxyl groups, is gradually transformed into
pure carbon material with only traces of oxygen and hydrogen
(Fig. 3a). The extent of this transformation process and the
degree of graphitisation depend on the chemical structure of
the precursor and the thermal history such as the final pyro-
lysis temperature, the heating rate, etc. Polymers exhibiting a
high degree of cross-linking like PFA have an increased resist-
ance to graphitisation. Pyrolysis of these carbon precursors
that are difficult to graphitise results in the formation of nano-
porous carbon.'®>912% [n other words, the careful selection
of the carbon precursor and the carbonisation conditions
enable a robust control of the physical (e.g. graphitisation
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Fig. 3 Possible functional groups on a pyrolytic carbon surface as related to
the presence of a heteroatom: (a) oxygen, (b) nitrogen and (c) sulphur. Basic
and acid functionalities are indicated in blue and red, respectively.

degree, porosity) and chemical properties (e.g. functional
groups) of the carbon component.

In the previous polymer-based nanocomposites, the in-
organic silica is responsible for the structural stability (vide
supra). The pyrolysed carbon in the nanocomposite is very
rigid and also contributes to the (hydro)thermal stability.
Weakly bonded species like the unstable Si-C bonds, as in the
nanohybrids, are absent. Hence these materials could find
application in hot liquid water applications, in gas phase cata-
lysis or other applications requiring harsh conditions.

As pyrolysis removes most of the oxygen atoms, there is a
limited amount of surface oxygen containing functional
groups that can be exploited as an anchoring or active site in
catalysis. Many research groups therefore suggested an
additional post-synthetic oxidation treatment. In general,
these methodologies include a chemical oxidation agent such
as HNO; or Ca(OCl),."*" An alternative cheap and practical
post-synthetic oxidation with air was found to increase readily
the amount of surface oxygen groups.''® Therefore, control of
the treatment conditions - i.e. duration and temperature - is
of utmost importance to avoid the extensive removal of
carbon. In contrast, if partial carbonisation is chosen at pyro-
lysis temperatures ranging from 300 to 500 °C, a highly poly-
cyclic aromatic carbon phase, containing multiple oxygen
surface groups, rather than pure carbon is obtained. Further
functionalisation of the aromatic rings can be accomplished
by sulphonation (Fig. 3c). Starch is often preferred as the
carbon precursor due to its high amylopectin content, giving a
high yield of the required polycyclic aromatic rings.'** In combi-
nation with the ability to adjust the carbon loading in the syn-
thesis/impregnation solution, these tools enable control over
the functional group density. Pure acidic carbons obtained from
naphthalene, sucrose and starch demonstrate an improvement
of the hydrothermal stability and a sulphonic acid group
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density of 0.37 up to 1.34 mmol g~ in comparison with mer-
captopropyl derived sulphonic acids obtained by grafting (vide
supra).'*® Contacting the aromatic rings with SO; vapour from
fuming sulphuric acid'** proved more efficient than chlorosul-
phonic acid,®® or treatment with liquid concentrated
H,S0,,”"'?>12¢ a5 the final acid densities were much higher.

The introduction of nitrogen atoms and functional groups
in the carbon framework is of much interest for the develop-
ment of base catalysts. Post-synthetic functionalisation pro-
cedures, viz. N, and NH; cold plasma treatment or high
temperature NH; handling, decorate the carbon component
with a wide range of nitrogen functional groups (Fig. 3b),
mainly as a result of the reaction with surface oxygen
groups.'?” Pyrolysis of these carbons loaded with nitrogen
functional groups or various nitrogen containing carbon pre-
cursors™®® results in nitrogen species incorporated into the
carbon network as: (i) pyridine, (ii) quaternary nitrogen or (iii)
nitrile functional groups.'*® The amounts of introduced nitro-
gen species are generally low as nitrogen-to-carbon ratios
mostly reach up to 0.2.*°

Hard templating. As the carbon precursor infiltrates the
mesopores and consequently gets pyrolysed, the porosity can
be readily tuned by varying the amount of carbon deposition
as demonstrated for FA and sugars.'?>'1%12%130 1t wag further
demonstrated that by incipient wetness impregnation of FA a
homogeneous carbon deposition occurs inside the silica meso-
pores. The subtle matching of the pore volume with the
volume of the impregnation solution is key to direct the intra-
porous carbon deposition.'”*''® Moreover, the introduction of
acid sites in the pore wall, e.g. via the isomorphous substi-
tution of Si** by AI**, assists the in situ polymerisation inside
the silica pores. This synthesis exemplifies the versatility of
OMS for synthesizing new nanocomposites. Addition of a non-
thermosetting solvent in the carbon precursor solution like
mesitylene further controls the ultimate porosity of the
materials. Mesoporous, biporous and microporous nanocom-
posite materials could be obtained from OMS."** The origin of
microporosity was assigned to the formation of stacked graphi-
tic nanocrystals, which are formed after high temperature
pyrolysis and occluded in the matrix mesopores. Interestingly,
the microporous structure induces shape-selective properties
that can be exploited for the separation of linear and branched
aliphatic isomers.'””> While microporosity is immediately gen-
erated even at low carbon loadings, its fraction gradually
increases at the expense of mesoporosity.'®> Moreover, the
pore size of the OMS template determines the final pore size
distribution, influencing the shape selective behaviour, poss-
ibly through growth control of the size of the nanocrystals in
the pore confinements of the OMS.*%??

Sucrose is also used as a carbon source and tends to dis-
perse homogeneously over the silica surface. Composites were
obtained with pore sizes decreasing from 2.7 nm for parent
MCM-48 down to 1.5 nm for a loading of 1.6 g sucrose g~
MCM-48."%° Whereas carbon is preferentially deposited inside
the pores by capillary action, deposition on the external
surface was avoided by controlling the carbon loading via the
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impregnation solution. If an excessive carbon loading is used,
viz. above 50 wt% carbon in the nanocomposite, carbon is also
deposited on the external surface of SBA-15."*' Nitrogen
adsorption experiments indicated preserved mesoporosity and
a uniform coating of the inner silica wall at carbon loadings
below 35 wt%. At higher sucrose loadings a gradual pore plug-
ging occurred with a concomitant increase of the microporos-
ity.”"3" At high carbon loadings a high surface area was
retained, which was assigned to the shrinkage of the carbon
network during carbonisation due to the creation of voids
between the mesopore walls and the carbon.'?* The gradual
decrease in porosity also influences the functionalisation as
high carbon deposition finally results in diffusion limitation
of reagents during the activation process, reducing the total
amount of active sites per unit weight of material."**

Recently ionic liquids have been examined as a carbon
source in hard templating synthesis strategies. Their low
vapour pressure enables cross-linking into a char without the
loss of precursor molecules due to evaporation. Consequently
ionic liquids have been transformed into carbons with a con-
trolled, via specific cation-anion pairing interactions, poro-
sity."®® Accordingly, the bulk anions have been assigned a
templating role in the creation of microporosity."** The
addition of cross-linking functional groups combined with an
increased thermal stability is crucial for the successful syn-
thesis of porous carbons. Thermolysis properties are highly
dependent on the chosen precursor.'** The presence of nitriles
in the anion or the usage of a N-based cation results in poly-
merisation after thermal decomposition.'®® The char forming
nitrile not only allows the formation of a thermosetting
polymer but also enables the direct synthesis of nitrogen func-
tionalised carbon materials.’*® Confined carbonisation
removes the restriction of the required cross-linking capability
with regard to char formation by increasing the thermal stabi-
lity of the ionic liquid."®” Ionic liquids were introduced into
the pore system of an inorganic oxide, viz. silica or titania, via
a non-hydrolytic sol-gel synthesis procedure. Hard templating
not only allows the synthesis of functionalised carbons via
heteroatom containing ionic liquids but, in addition, enables
tuning of the porous structure, as micro-, meso- or macropor-
ous carbon(composites)s are obtained by varying the amount
of ionic liquid trapped into the voids of the porous oxide."*’

In order to produce mesoporous nanocomposites with
carbon-like surface properties such as high hydrophobicity
and an improved hydrothermal stability, mesoporous silicas
have been coated with carbon after pyrolysis of: (i) the non-
ionic surfactant,"'®'*® (ii) benzene vapour,’*® (iii) grafted
organic groups,"*° and (iv) low concentrations of sugar'®*’ (see
section 3.1.2). In addition, pyrolysis of the surfactant signifi-
cantly influences the final pore size of the mesoporous compo-
site as the carbon avoids shrinkage of the silica framework.
SBA-15 shows pore sizes of 6.8 nm, while the carbon filled ana-
logue, viz. SBA-15/C, has pore diameters ranging from 7.3 to
7.9 nm. The extent of shrinkage ultimately depends on the
rigidity of the carbon skeleton, which is determined by the
pyrolysis temperature."*® In contrast to the mesostructured
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carbon synthesis strategy,»"'” removal of silica is not necessary

to obtain structurally stable mesoporous materials with carbon
properties.

Soft templating. Although highly successful in certain cases,
the hard templating method often suffers from a random dis-
tribution of the carbon constituent, pore blockage, phase sep-
aration and a disordered pore architecture. Furthermore, the
nanocasting strategy is an expensive and time-consuming
multi-step process. Finally, the mesoporous structure is often
damaged during post-synthesis treatments.

Soft templating has been suggested as a valuable alternative
method for the preparation of silica-carbon nanocomposites.
Soft templating is commonly used for the synthesis of both
OMS and ordered mesoporous carbons (OMC). While the use
of OMS was discussed in the beginning of this section, the
reader is referred to the reviews of Liang et al. and Chuenchom
et al. for more details and an overview of recent progress
regarding the synthesis of the OMC.*"*" The first soft templat-
ing strategies used a bi-constituent synthesis solution compris-
ing a surfactant and either a silica or carbon source to prepare
OMS or OMC, respectively.

In general, the strategy relies on the self-assembly of tem-
plate molecules such as amphiphilic surfactants or block co-
polymers, and the organic or inorganic building blocks. OMC
have been prepared using polystyrene-poly(4-vinylpyridine),**>
polystyrene-poly(ethylene oxide),"** or poly(ethylene oxide)-
poly(propylene oxide) triblock copolymers (Pluronic family)***
as the surfactant molecule and resol (phenol-formaldehyde,
PF),"*? resorcinol-formaldehyde (RF),"**'***'%> and phloroglu-
cinol-formaldehyde (PGF)"*** resins as the carbon precursor.
To obtain a porous solid, the carbon precursor should be ther-
mally more stable in comparison with the surfactant. Cross-
linking of the carbon precursor is crucial for a successful OMC
synthesis, as a rigid and stable carbon network is needed to
endure surfactant removal and prevent pore collapse.'*! Phe-
nolic resins thus greatly depend on the OH-content and the
amount of formaldehyde which determine the degree of cross-
linking and hence their final thermal stability."*' Toward
nanocomposite synthesis the presence of an additional in-
organic component (e.g. silica) can overtake this framework
supporting role (vide infra). The interaction between the tem-
plate molecules and the carbon precursor (e.g. between OH
groups in resins and PEO-chains in surfactant) is key for the
successful synthesis of OMC by self-assembly. In this regard
mono-, di- and tri-hydroxybenzene have been examined for the
preparation of OMC, as they interact well with the PEO chains
of the selected F127 block copolymer.'** If a carbon source
with more hydroxylic groups was used, the mesoscopic order-
ing and surface area were significantly enhanced because of
the enhanced hydrogen-bonding (S°I° mechanism). Dai et al.
demonstrated that successful OMC synthesis can also be
accomplished under highly acidic conditions. As such, self-
assembly is governed by electrostatic interactions of both the
protonated OH groups of the C-precursor (I') and the proto-
nated PEO blocks of the surfactant (S”) with a counterion (X7),
thus allowing a S'X7I' self-assembly mechanism using
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polymeric resins while simultaneously accelerating the resin
formation.'*® The final pore structure can be controlled via
modifying the C-precursor to template ratio,"*>'*” changing
the fraction of hydrophilic PEO blocks in the surfactant,'*’
using mixtures of surfactant molecules,'*® the cross-linking
degree of the carbon precursor,'*® or by modifying the compo-
sition of the solution."®® Accordingly, OMC with lamellar, hex-
agonal, cubic and disordered pore structures have been
obtained. Similar to OMS synthesis strategies pore tuning can
be accomplished via the usage of swelling agents such as
homo-polystyrene as an expander molecule for micelles of
polystyrene-poly(ethylene oxide),>! or by increasing the size of
the surfactant."**'** Increasing of the pore size goes together
with a decrease of the thickness of the pore wall. OMC with
pores up to 90 nm have been obtained but such an extensive
enlarging of the pore size simultaneously results in multi-
modal pore size distributions and disordering of the pores.

The soft templating synthesis methodology has been
extended to the synthesis of mesoscopically ordered nanocom-
posites by means of a tri-constituent co-assembly using a tem-
plate molecule in combination with both the carbon and silica
precursor. This approach enables the formation of meso-
porous binary carbon-silica systems. While several of these
nanocomposite materials have been synthesized, their use in
catalysis remains unexplored, although their structural behav-
iour upon removing carbon or silica has been investigated.
The role of the silica component is mostly limited to the pre-
vention of framework shrinkage during pyrolysis. A drop in the
mesopore size from 6.7 down to 6.0 nm was observed by
decreasing the relative silica content in the pore wall. In the
first report on the synthesis strategy using three distinct con-
stituents, an organic carbon source, viz. PF, was added to a
sodium silicate solution in the presence of a F127 template
molecule.'”

Using similar constituents such as resol precursor, TEOS
and F127, mesoporous silica-carbon nanocomposites with
large pores ranging from 6.0 to 6.7 nm, were prepared.'>* The
self-assembly of the reagents was induced by an evaporation
technique. This evaporation induced self-assembly (EISA)
method is often preferred because it avoids the time-consum-
ing hydrothermal processing involved in the templating syn-
thesis."> Besides, the EISA synthesis strategy opens new
pathways toward the synthesis of thin porous films. A variation
on this strategy using an aerosol process with a silicate and
phenolic oligomer in the presence of F127 was reported
later.">® Surfactant removal at 350 °C, optionally followed by a
subsequent pyrolysis at 900 °C, resulted in silica/polymer and
silica/carbon nano-composites, respectively. Carbonisation
slightly increased the surface area due to the creation of micro-
pores, while the mesopore size was reduced from 8 to 7 nm by
framework shrinkage. A soft templated Si-C nanocomposite
was first obtained by the EISA methodology using sucrose as
the carbon source.’*>'*° It demonstrates the high potential of
the use of cheap and abundant biomass-derived carbon
sources such as carbohydrates to produce mesoporous nano-
composites. Sucrose emerged as an ideal carbon source
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because of its selective hydrogen bonding interactions with
the polar EO blocks of the F127 triblock co-polymer.'**™'?¢ As
a result, a nanocomposite could be formed having entangled
carbon and silica in the pore wall. The material has a hexagon-
ally ordered pore structure with mesopores of 6.7-7.6 nm
diameter.

Mesoporosity can only be created if thermally-degradable
surfactants such as block copolymers F127 or P123 are used.”
The final pore size is controlled by the length of the oligomer
blocks in the surfactant and by the thermal conditions. Conse-
quently these surfactants are often preferred over alkyl-chain-
based ionic surfactants which have thermosetting properties,*
unless the template is removed prior to pyrolysis.

In contrast, it was recently demonstrated that alkyl-chain-
based ionic surfactants can be used successfully. Due to the
similarity of the synthesis mechanism between RF and col-
loidal silica, a modified Stober method was examined by repla-
cing the common silica source by RF. This allowed for the
synthesis of RF-derived carbon nanospheres from a solution
comprising a basic catalyst, water/alcohol solvent in the pres-
ence of an ionic surfactant.'” A polymer/silica/surfactant
(PSS) composite was first prepared by a co-sol gel process of
TEOS and RF in the presence of CTAB."*® The morphology of
the PSS could be modified by changing the ethanol-to-water
ratio, resulting in the formation of rods and small and big
spheres. As both RF and CTAB are thermosetting carbon pre-
cursors, remarkable hierarchical structures were obtained.

3. Catalytic exploitation of carbon
properties

In the following section, the use of nanohybrids and nano-
composites in catalysis is discussed. The focus is on the impor-
tance of the carbon phase in the composite material in order to
allow tuning of the physico-chemical properties towards per-
forming catalysts. Each property will be discussed individually
and its effect on catalysis will be illustrated with recent examples.
Special attention is devoted to green and sustainable aspects of
catalysis, such as immobilisation of catalysts, development of
catalysts for aqueous reaction media,"”® synthesis of fine chemi-
cals and catalytic conversion of bio-derived feedstocks.

3.1. Tuning of the catalyst pore size

The ability to control the pore size of a porous material is of
high importance to ensure a high activity and selectivity in a
catalytic reaction and to induce steric effects providing sub-
strate specificity. For both PMO hybrids (Fig. 44, i) and soft
templated silica-carbon nanocomposites (Fig. 4C, ii) the
organic moiety resides inside the silica wall, thus preserving
the large mesopores, as provided by the OMS.

In contrast, for nanohybrid catalysts obtained by grafting
(Fig. 4B) or co-condensation (Fig. 4A, ii) with terminal-end
organo-silanes, and hard templated silica-carbon nanocompo-
sites (Fig. 4C, i), the organic functionalities are positioned inside
the pore voids, thereby inducing a reduction of the pore size.
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Fig. 4 Influence of the position of carbon components on the pore size of
composite catalysts: (A) (i) condensation of bridging silsesquioxanes (PMO), (ii)
co-condensation with terminal organosilane; (B) grafted OMS; (C) (i) hard and
(ii) soft templated silica—carbon nanocomposites. F = organic functional group;
C = organic moiety.

As the parent OMS template determines the upper limit of
the pore size, its selection is crucial to guarantee satisfactory
accessibility of the reagents to the catalytic sites. A large port-
folio of ordered and disordered mesoporous silica is available,
while various modifications of the synthesis procedures
further extend the range of available pore sizes and
morphologies (section 2). Even the disordered forms of OMS
contain fairly uniform pores. The overall accessibility of
OMS particles is determined by the mesopores size, the pres-
ence of interconnecting pores and the pore length (Table 2).
Examples have been published showing their effect on the
efficiency of the catalyst. A comparative study of the
influence of the channel interconnectivity on mass transfer
restrictions was performed for the selective oxidation of benzyl
alcohol with molecular oxygen.'®® It was shown that the 3D
sponge-like pore structure of TUD-1 suppresses mass transfer
limitations that occur in the 1D and 2D pore structure of
MCM-41 and SBA-15, respectively. Accordingly, the TUD-1
catalyst was most effective in the oxidation of benzyl
alcohol. The particle morphology and the orientation of the
mesopores towards the external particle surface determine the
diffusion path length of reactants from the particle surface to
the active sites.

Recently, attempts were made to prepare silica particles
with a platelet morphology in which the mesopores are orien-
tated perpendicularly to the external surface. The limited
thickness of the platelets reduces the distance for molecules to
reach the particle interior."®" Variation of the Zr:TEOS and
NaCl: TEOS ratios in a co-condensation with MPTMS yielded
fibre, rod and platelet-like morphologies of amine functiona-
lised SBA-15 with pore lengths of 10 pm, 600 and 200 nm,
respectively.’®*” The as-prepared catalysts were examined in
Henry reactions, Knoevenagel, and Claisen-Schmidt conden-
sations (Fig. 5).'°" In the reaction of benzaldehyde with 2"
hydroxyacetophenone to form flavanone, the decreased
diffusion distance significantly increased the observed initial
TOF of the amine groups from 0.2 up to 8.3 h™", while the fla-
vanone yield after 10 h of reaction at 140 °C increased from 48
to 72%. Alternatively, a reduction of the particle size is
attempted, as in the Stober method, allowing synthesis of
nanospherical particles.?® Such nanospheres of MCM-41 have
been used as a hard template for the synthesis of a PFA
derived nanocomposite.'*’
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Fig. 5 Catalytic reactions as examined using various SBA-15 catalysts as reported by Sujandi et al. (2008)."®"? Basic amine functionalities were introduced by graft-
ing or co-condensation with APTES. The influence of the particle morphology was examined as fibrous (long diffusion distance) and platelet morphologies (short
diffusion distance) were examined; reaction conversions for: (A) Henry reaction, (B) Knoevenagel condensation, and (C) Claisen-Schmidt reaction are given in the

table.

Next to the unique incorporation and tuning of the bi-func-
tionality and their cooperative effect (vide infra section 3.4),
the short diffusion path in the small spherical particles was at
the origin of the superior activity.'*

3.1.1. Preservation of (meso)porosity. The preparation of
silica-carbon composites by modifying an as-synthesized OMS
can cause a reduction of the pore volume and diameter (vide
infra, section 3.1.2). If the presence of larger pore sizes is a cri-
terion for the absence of diffusion limitation in a catalytic
reaction, the use of direct synthesis methods with bridging
organosilanes leading to PMO (Fig. 4A, i) or of the soft tem-
plating method (Fig. 4C, ii) are recommended since these syn-
thesis methods preserve the large pore dimensions, because
the organic moiety is incorporated into the silica pore wall.

In view of catalytic applications, the chemical activation of
PMOs was first reported by Nakajima et al® Sulphonic acid
groups residing in the silica wall were obtained after the
attachment of aromatic groups to the ethylene bridging moiety
via a Diels-Alder reaction and subsequent sulphonation
(Fig. 62).°*%> The obtained PMO catalysts proved highly stable,
as leaching of the sulphonate groups was limited when com-
pared to those derived from thiol containing organosilanes.
More interestingly, the pore diameter was only slightly reduced
from 6.8 to 6.0 nm upon functionalisation,®® hence providing
sufficient accessibility of the catalytic sites. These PMO cata-
lysts showed a high activity in the esterification of acetic acid
and ethanol, as well as the Beckmann and pinacol rearrange-
ment (Fig. 7).>**> On the other hand, benzyl-PMOs decorated
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Fig. 6 Strategies for the indirect incorporation of functionalities in PMOs con-
taining aromatic bridged organosilanes as applied for catalyst preparation.

with sulphonates (Fig. 6b),”®” amines (Fig. 6b),’* and metal

complexes (Fig. 6¢),°*'°*> have been evaluated in various cataly-
tic applications. However, next to the minimal reduction of the
pore size, the specificity of these materials is based on the
remarkable physical properties of their crystalline pore walls,
which will be discussed in more detail in section 3.6.

Another remarkable PMO was obtained by co-condensation
of bis[3-(triethoxysilyl)propyl]-disulphide and TMOS. The as-
synthesized material presents a unique pore system. With an
increase in the content of the silsesquioxane precursor, the
2D-hexagonal structure is gradually transformed into a cellular
foam structure with large pores of 80 nm. Such pores allow
fast diffusion of large reactants and products in the interior of
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H-ZSM-5 - 3.0 % (79 %) -
H-Beta - 8.8 % (77 %) -
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Fig. 7 Catalytic reactions examined using sulphonated PMO ca‘(alys‘(s.‘r’&85 Reaction conversions, selectivities and rates for: (A) pinacol rearrangement, (B) Beckmann

rearrangement of cyclohexane oxime, and (C) esterification of acetic acid are provided in the table.

the catalyst. Oxidation of the disulphide moiety resulted in a
catalyst decorated with sulphonic acid groups in the pore
wall.>® As a consequence, high activities in the esterification of
lauric acid could be achieved, attributable to the improved
accessibility. Nonetheless, high organic moiety loadings
strongly affected the mesostructure as the disulphide bonds
constituting the pore wall were broken upon oxidation.

Soft templating avoids pore blocking and maximises the
pore diameter created by surfactant template molecules since
the latter are only removed after the introduction of the
carbon.''”'?%1% The additional mixing of a carbon source in
the synthesis gel allows excellent control of the final carbon
fraction. Alternatively, the addition of an extra carbon source
can be avoided by using a thermosetting surfactant. For
instance, poly(ethylene oxide)-b-polystyrene (PEO-b-PS) was
reported to function as a structure directing agent and a
carbon source."'” After hydrothermal aging, pyrolysis and sul-
phonation, a monohybrid catalyst with ultralarge pores up to
15 nm was obtained. Despite the limited acid densities of
0.03 mmol g7, in the condensation with ethylene glycol 93%
of benzaldehyde was converted to 2-phenyl-1,3-dioxolane.

3.1.2. Reduction of pore size

Grafting. In the case of grafting, part of the internal voids
are filled with organic moieties (Fig. 4B). Inherent to the pro-
cedure and in accord with the decrease in pore diameter, a
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concurrent drop in pore volume and surface area is generally
observed upon grafting.>”'®* A careful selection of the size of
the silylation agent permits fine tuning of the pore diameter,
while occasionally the induction of shape selectivity has been
reported. Next to reduction of the pore volume (size), conven-
tional grafting sometimes results in a high packing density of
the functionalities at the silica pore mouths. Sulphonic acid
functionalised MCM-41 obtained by the grafting procedure
showed significant lower activity in esterification of glycerol
with lauric acid in comparison with catalysts obtained by co-
condensation.?> The hypothesis behind the reduced activity
was pore blocking. In fact, increasing the acid content by
coating instead of grafting did not increase the reaction rate.
However, the reaction rate increased 3-fold at equal acid
content by grafting a classic amorphous silica-gel instead of
OMS.*

Grafting may thus inhibit efficient pore diffusion. While
usually being a disadvantage for enhanced catalytic conver-
sion, diffusion limitation may be exploited to immobilise very
large active catalysts via non-covalent immobilisation strat-
egies, for which otherwise the catalytic activity will be lost
upon covalently linking the active site.*””*®® Therefore, Ven-
turello-like peroxophospho-tungstate anions, electrostatically
attached to long chain alkyl chain cations in the inner voids of
OMS, were found to be entrapped more -effectively by
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subsequent silylation and pore mouth size reduction, as no
leaching was observed after washing of the catalyst."®® The
catalyst was active for the epoxidation of styrene and methyl
oleate, showing epoxide selectivities up to 50%."°°

Hard templating. Similar to grafting, hard templating com-
prises filling the OMS pore system with organics (Fig. 4C, i).
Despite the reduction in pore size, the properties of the carbon
fraction are highly advantageous for the stability and density
of the acid groups. However, the activity of hard templated sul-
phonated composites presents a trade-off between porosity
and acid density if bulkier substrates are involved in the
chemical reactions. This issue has been demonstrated in the
esterification of fatty acids and transesterification of
triglycerides.">**3°

Carefully controlling the amount of carbon deposition
enables the conservation of an open pore system,'>*10:124130
As a result, removal of the silica, required for the synthesis of
mesoporous sulphonated carbon via hard template synthesis,
can be avoided as it is time consuming, expensive and not
environmentally benign. Moderate loadings of FA in MCM-41
and of sucrose in SBA-15 improved the activity of nanocompo-
site catalysts in the conversion of dihydroxyacetone into long
chain alkyl lactates (Scheme 3),"'* and the transesterification
of soy bean oil, respectively (Fig. 8)."** Decreasing the sucrose
loading from 35 to 25 wt% improved the conversion from 90
up to 99%, despite the lower acid site density.>* The catalyst
was further tested in the one-pot esterification/transesterifica-
tion of industrial feeds containing fatty acids and vegetable oil
from biodiesel production waste. Activities were barely
affected, while a >98% ester yield was demonstrated for
various palmitic acid concentrations."** The high concen-
tration and the increased impurity degree of the fatty acid

i

A HC-OH + HO B = = He O™+ o
1t o

R, ) - HO/\H + o)\o,cm
B. o)\o/\H + 3MeOH — = OH

O__R, R, O__R

BE + HCOY

o HiC. oK T

K: -(CH2)14-CH3
L: -(CH2)7-CH=CH-(CHz)7-CH3

M: -(CHz)7-CH=CH-(CH2)-CH=CH-(CH2)4-CH3
N: -(CHz)7-CH=CH-(CH)-CH=CH-(CH2)-CH=CH-CH2.CH3

A: Esterification B. Transesterification

conversion (TOF) Yield
Amberlyst-15 38.7 % (2.3) 409 %
Sugar-SO3H 80.4 % (22.3) 88.9 %
CS-SO3H (5%) - 19.1%
CS-S0O3H (15%) - 85.0 %
CS-SO3H (25%) 98,0 % (52.4) 99.0 %
CS-SO3H (45%) - 75%

Fig. 8 (A) Esterification of palmitic acid (R; = K), and (B) transesterification of
soy bean oil (R, = L, R3 = M and R4 = N), using a sulphonated hard-templated
silica—carbon nanocomposite catalyst, i.e. CS-SOsH (x) with various carbon load-
ings x (in wt%) demonstrating the influence of the pore size on the catalytic
activity.'>*
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resulted only in a slightly decreased activity. The inhibiting
effect of water is limited due to the hydrophobic microenviron-
ment surrounding the sulphonic acid sites (see section 3.3.2).

3.1.3. Carbon induced (shape) selectivity. Grafting meso-
porous silica generally reduces the average pore diameter
according to the size of the organic moiety. In the case of
mesoporous silica with relatively small pores, shape selectivity
may be induced using sufficiently large silylating agents. Graft-
ing presents a controlled method for engineering and tailoring
pore sizes. Differences in the intraporous diffusion or size
exclusion effects can appear after an additional decoration of
the original OMS with active sites. Accordingly, a shape selec-
tive catalyst was prepared from small pore SBA-1 after a two-
step grafting with triethyl aluminium and distinct long-chain
alkyl dimethyl-aminosilanes, activating the OMS and tuning
the pore size, respectively. The as-synthesized catalysts with
pore sizes lower than 1.4 nm allowed discriminating between
differently sized substrates in the Meerwein-Ponndorf-Verley
reduction of aromatic aldehydes with 2-propanol.*®”

During a high temperature pyrolysis of a polymer filled
OMS, amorphous carbon is formed which is gradually trans-
formed further into graphite. The extent of this transformation
relies on the degree of cross-linking in the polymer carbon pre-
cursor. In fact, highly cross-linked polymers are transformed
into aromatic micro-domains that are connected by amor-
phous carbon. This misalignment of the graphitic domains
induces microporosity with shape selective properties. Poly-
mers such as PFA, polyvinyl(idene) chloride and polyacryloni-
trile have been widely reported in the development of the so-
called carbogenic molecular sieves (CMS)."®® Encapsulation
and dispersion within the CMS matrix of catalytically active
mesoporous  silica/alumina has been reported.'®>*?°’ The
resulting composite showed reactant and product selectivity in
the reduction of alkenes and Fischer-Tropsch catalysis, respecti-
vely.'2°71%° In another example, dispersion of SiO,-Al,O; par-
ticles in a CMS matrix was used in the conversion of ammonia
with methanol. A selectivity of 70% towards mono (MMA)- and
dimethylamine (DMA) was reported, while the equilibrium
selectivity in the applied conditions was predicted at 38%
MMA-DMA selectivity. Clearly, the formation of trimethy-
lamine (TMA) was delayed as a result of slow diffusion of TMA
in the micropores of the carbon network (Fig. 9).'”° Moreover,
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Fig. 9 lllustration of a microporous carbon (CMS) framework as a shape selec-
tive screen in the alkyl amine synthesis by acidic-CMS-silica/alumina nanocom-

posites. CMS induces the preferred synthesis of monomethylamine (MMA). The
figure shows a cartoon of the catalyst pore.
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the decrease of the acid site density is due to (i) the dissolution
of the acid functionalities in the CMS matrix, and (ii) poisoning
or decomposition of acidic sites during carbonisation. The cata-
lyst was working much more slowly as compared with non-dis-
persed SiO,-Al, O3, although its selectivity was significantly
higher. High SiO,-Al,0; contents in the carbon matrix, viz. up to
80 wt%, resulted in a significant increase of the TMA yield due
to the presence of acidic groups in those parts of the composite
that are insufficiently covered with CMS. At high carbon contents
(~45 wt%, obtained after two successive PFA/pyrolysis steps),
MMA formation was in line with complete coverage of the cataly-
tic sites with CMS, thus fully exploiting shape selectivity.

In the framework of adsorption experiments, additives like
ethylene glycol have been added to bulk CMS materials to
open the carbon framework with large transport channels.'***
Application in catalysis and effects on the shape selective be-
haviour remain to be explored. Two research groups indepen-
dently reported to have acquired CMS-like materials inside the
pores of OMS using the hard templating technique. The aim
was to keep the microporous properties of the carbon but to
seriously reduce the diffusion distances as experienced in bulk
CMS."*>"" Actually, in commercial microporous carbon too
slow transport of molecules occurs. Careful control of the con-
centration of FA in the impregnation solution, followed by a
pyrolysis treatment, produces either mesoporous, combined
micro- and mesoporous, or exclusively microporous composite
systems.'®> The microporous materials were shown to exhibit
unique shape selective properties in the separation of light
gases and of linear and branched paraffins.'®* The bi-porous
materials were chosen as a filler in the design of CO, reverse
selective mixed matrix membranes because the outer silica
phase optimises its dispersion in the polymer matrix. The
high free-volume of the nanocomposite and the increased CO,
affinity of the carbon surface resulted in superior flux/selecti-
vity combinations in separating CO,~H, gas mixtures."”*

The presence of carbon in nanocomposites controls the
access to the active site, not only for steric reasons related to
the size of the reagents, but also due to the affinity of the
support for the reagent molecules. Carbon-coated catalysts
were obtained by contacting aggregates of small SiO, and TiO,
particles, decorated with Pt nanoparticles (2-3 nm) and
impregnated in a sulphuric acid solution, with FA vapour. The
selectivity for CO in the oxidation of CO- H, mixtures (H,-O,-
CO = 98:1:1) in excess of H, was significantly improved
because of the preferential adsorption of CO by the carbon
layer."”” In addition, aggregation of Pt, sintering of the individ-
ual SiO,/TiO, particles and phase transition of anatase to
rutile were suppressed by the carbon coating, while the macro-
and micropores were not eliminated during pyrolysis. As full
carbon covering is crucial for selectivity, cracks were prevented
by adding an organic template like tetrapropylammonium
bromide to the impregnation mixture. The effect of the full
carbon coating was illustrated for the oxidation at 125 °C. In
comparison with non-carbon coated SiO,-TiO, catalyst par-
ticles, the CO selectivity and conversion increased from 8 and
20% to 48 and 95%, respectively.'”?
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3.2. Tuning of the surface area

Functional polymers greatly benefit from their incorporation
in OMS. Indeed, despite the high activity of genuine polymers,
they present low surface areas, especially when compared to
OMS. Nafion, a perfluorinated sulphonic acid polymer, is
often selected for exhibiting superacidic properties in combi-
nation with chemical and thermal stability. Attempts to
impregnate the polymer on pre-formed OMS supports were
unsuccessful due to the restricted accessibility of the interior
for the macromolecules (Fig. 2b, bottom).

Polymer incorporation in the pore wall via sol-gel synthesis
constitutes a preferred synthesis strategy. The resulting
materials present a novel class of functional solid materials
with sometimes drastically increased activity in catalytic con-
versions (Fig. 2c). Compared to impregnated and bulk
polymer, Nafion/silica nanocomposites demonstrate up to
1000-fold increased activity (per unit weight of Nafion) as
reported in various acid-catalysed reactions such as olefin iso-
merisation,'”® Friedel-Crafts benzylation,"”* a-methylstyrene
(AMS) dimerisation,'*>>'”> Fries rearrangement,"’®* esterifica-
tion,'”®? acylation,'”® and alkylation.'®® Pure Nafion is prefer-
ably used in polar solvents as it needs to swell to ascertain the
accessibility of sulphonated groups. In contrast, the activity of
a Nafion/silica composite is independent of the type of solvent
due to the high dispersion of the sulphonic acid groups into
the OMS framework.'”>* Consequently, the Nafion based com-
posite catalyst may not only be applicable in non-polar sol-
vents, but also under gas phase conditions.

Nafion/silica has been used in the dimerisation of AMS,
resulting in the formation of the valuable unsaturated dimer
products, viz. 4-methyl-2,4-diphenyl-1-pentene (molecular
weight regulator) and 4-methyl-2,4-diphenyl-2-pentene (tetra-
chloromethane substitute), which may be transformed via an
intramolecular Friedel-Crafts alkylation in the less valued
bicyclic saturated dimer (Scheme 2). Nafion in amorphous
silica gave relatively poor results toward the unsaturated

H*

O
c H
H:C, — HaC, "
CH, CHs

l intramolecular

4-methyl-2 4-diphenyl-1-pentene 4-methyl-2.4-diphenyl-2-pentene

Friedel-Crafts
alkylation

| 9

bicyclic AMS dimer

Scheme 2 Reaction scheme for the dimerisation of a-methylstyrene with an
acid catalyst.
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dimers. Modification of the reaction parameters, such as
contact time and substrate concentration, increased the
selectivity to the unsaturated dimer products up to 86% at
95% conversion.’””” The use of the Nafion/MCM-41 catalyst
yielded high amounts of the unsaturated dimer with negligible
formation of the bicyclic saturated dimer (~4%).'%>*'%¢ This
was explained by the performance of Nafion/MCM-41 in
Friedel-Crafts (FC) reactions, which is highly dependent on
the reaction temperature and substrate reactivity. At higher
temperatures, FC reactions are possible as illustrated by the
selective formation of the saturated dimer at 100 °C and by the
competitive alkylations of benzyl alcohol with toluene/benze-
ne'®® or toluene/p-xylene.'® At lower temperature, viz. 70 °C,
the activity and selectivity of Nafion/MCM-41 depends on the
reactivity of the substrates. This was demonstrated by the respect-
ive yields of 1-methyl-2-(phenylmethyl)-benzene (37%) and 1,4-
dimethyl-2-( phenylmethyl)-benzene (63%) that were obtained by
the competitive FC reaction of benzyl alcohol with toluene and
pxylene, respectively, contrasting the equimolar product (50%
yield) that was obtained using the Nafion/amorphous silica cata-
lyst.’®¢ Accordingly, the benzene ring of the unsaturated dimers
is not reactive enough to Nafion/MCM-41 to complete the intra-
molecular Friedel-Crafts reaction, as it carries only one electron
donating group to stabilise the carbocation intermediate, thus
explaining the superior selectivity (Scheme 2).'%>

Nanocomposites obtained through hard templating were
shown to exhibit superior catalytic activities when compared to
non-ordered carbon materials. This is due to the increase of
the carbon surface area and accessibility of the active sites.
Partially carbonised and sulphonated nanocomposite catalysts,
obtained from SBA-15 filled with sucrose, showed a strongly
increased activity and selectivity for the dimerisation of
AMS."*! The nanocomposite material was even more active in
identical conditions (vide supra) than the catalyst comprising
polymers inside the OMS pore wall. The authors suggested
that a high carbon surface area is present since aggregation of
the small individual carbon particles only occurs to a small
extent. Enlargement of the carbon particle size, e.g. by using
higher sucrose loadings, resulted in lowering of the catalytic
turnover number. The authors assigned the efficient and selec-
tive production of the unsaturated dimeric pentenes from AMS
to a synergistic effect of the sulphonic acid groups and the co-
existent phenolic and carboxylic groups.”*" They found that
the presence of silica, although important for its synthesis, is
not crucial for the catalytic properties: after removing the
silica, the remaining modified carbon retained the original
high selectivity to the unsaturated dimeric pentenes. A sulpho-
nated active carbon without phenolic and carboxylic acid
groups was tested as a benchmark catalyst, showing poor cata-
lytic activity and selectivity.

3.3. Tuning hydrophobicity

The degree of hydrophobicity of the catalyst surface is critical
for the adsorption and desorption behaviour of substrates and
(side)products. The latter two steps could affect in their turn
the selectivity and activity of the overall catalytic process.
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Although dependent on the conditions of the template
removal, i.e. extraction or calcination temperature, OMS are in
general considered hydrophilic due to the presence of surface
silanols (Fig. 10a)."”” Removal or partial replacement of these
silanols by grafting (Fig. 10c), or the addition of hydrophobic
organic moieties inside the pore voids, i.e. by hard templating
(Fig. 10h), or into the pore wall via direct synthesis i.e. co-con-
densation (Fig. 10b and d-f) or soft templating (Fig. 10i),
induces a dramatic effect, as the hydrophilic silica can be
switched into a highly hydrophobic composite catalyst.

3.3.1. Hydrophilic catalysts. Functionalisation of OMS can
be beneficial for the conversion of large hydrophilic (bio)mole-
cules. In fact, synchronizing the hydrophilicity of the catalyst
and the reactants facilitates the adsorption of reactants on the
catalytic surface. As a consequence, an increase of the conver-
sion rate may be expected. Glycerol and hexitols such as sorbitol
(p-glucitol) are of interest for further conversion into bio-derived
chemical commodities.'”®"”® Esterification of glycerol,***** and
sorbitol,*>"** with fatty acids under mild conditions proceeds
rapidly with sulphonated hydrophilic nanohybrid catalysts. The
highest conversion rates were obtained with co-condensed
instead of grafted nanohybrids (Fig. 7b), due to the higher
loading, slightly increased hydrophilicity and better dispersion
of the sulphonic acid active sites.>**

Next to the conversion rate, the catalyst polarity may also
influence the reaction selectivity. Not taking into account
other determining parameters such as pore size, it can be
stated that the concentration of a hydrophilic substrate in the
pores should be higher for a hydrophilic catalyst. Accordingly,
a difference in the hydrophilicity of two reactants could affect
the reaction selectivity. Monoglycerides and glycerol mono-
ethers present value-added chemicals. A complete esterifica-
tion of glycerol with the fatty acids is undesired. In the bipha-
sic reaction medium, a hydrophilic catalyst will reside in the
polar glycerol phase, making the accessibility of the hydro-
phobic fatty acids to the catalytic sites problematic (Fig. 11A).
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Fig. 11 Schematic representation of the use of organosilane-modified silica for
esterification of glycerol (G) and fatty acids (F) to monoesters (ME): hydrophilic
(A) and hydrophobic (B) organosilica nanohybrids; DE = di-ester and TE = tri-
ester. Using strategy A, high yields were obtained for alcohol etherification (F =
alcohol e.g. 1-phenyl-1-propanol) and esterification of hydroxylated fatty acids
(e.g. F =juniperic acid).

Hence, poly-esterification will be reduced and monoglyceride
formation preferred. In addition, undesired reactions of the
fatty acids like dehydration and self-polymerisation, in the
case of the usage of (hydroxylated) fatty acids such as juniperic
acid, will be prevented. In addition, self-polymerisation is also
avoided by the steric constraints at the active acid site.'®* The
use of ionic surfactants with alkyl chains of various lengths
during the nanohybrid synthesis (see section 2.1.2) further
improved the monoglyceride selectivity of the co-condensated
organosilica, demonstrating the importance of the pore order-
ing on the reaction selectivity.'®! In analogy, the etherification
of glycerol with alcohols'®* or olefins'®® using hydrophilic
nanohybrid catalysts was more selective towards mono-ether
as compared to the more hydrophobic catalysts such as Amber-
lyst, sulphonated carbon, or the soluble p-toluene sulphonic
acid (pTSA).

Selective monoglyceride synthesis is also achieved by a
base-catalysed transesterification. The autocatalytic reaction of
the fatty acid is now avoided, resulting in improved product
selectivities with the basic nanohybrid catalysts compared to
the acidic counterparts. As for the esterification reaction, the
hydrophilicity of the catalyst controls the final product selecti-
vity. In this regard, incorporation of an anchoring site for the
basic active group such as 1,5,7-triazobicyclo[4.4.0]-dec-5-ene
by co-condensation was suggested (Fig. 10b). Similarly, graft-
ing of the anchoring group or applying an additional tri-
methylsilylation significantly reduces the monoester yield due
to the increased hydrophobicity of the catalyst surface.'®*

3.3.2. Hydrophobic catalysts. Hydrophobic composite
catalysts are preferred for reactions involving hydrophobic sub-
strates, especially for the production of hydrophilic com-
pounds. The concentration of the hydrophobic substrate in the
catalyst pores will be high, while hydrophilic products like
water will be expelled. Such sorption phenomena could be
helpful in the case of equilibrium reactions such as esterifica-
tion. It prevents catalyst deactivation due to strong interaction
of the active site with water. The mesoporosity of the compo-
sites originating from OMS has also the advantage of rapid
clearance and supply of chemicals in contrast to non-porous
hydrophobic resins like Amberlyst-15.%”

Grafting presents a common technique for increasing the
hydrophobicity as it can replace the silanol groups by (apolar)
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organic functions (Fig. 10c and 1A). Next to the nature of the
organic moiety, control over the grafting density enables
tuning of the hydrophobicity (section 2.1.1). OMS catalysts
grafted with MPTMS were more selective for the condensation
of 2-methylfuran and acetone to 2,2-bis-(5-methylfuryl)-
propane. Superior yields of 85% were obtained in comparison
with more hydrophilic catalysts such as zeolites and co-con-
densed nanohybrids, because the oligomerisation of 2-methyl-
furan was depreciated.® If the active acid site is incorporated
in the silica framework such as by isomorphous substitution
of AI’* for Si**, inactive hydrophobic silanes can be used. In
the case of inactive OMS, grafting enables introduction of
active acid sites, while a second grafting will allow altering the
polarity of the catalyst. This dual grafting can even be per-
formed simultaneously. So, SBA-15 was concurrently grafted
with 3-aminopropyltriethoxysilane (APTES) and n-octyl silane.
This nanohybrid catalyst was highly active in the hydrolysis of
ethyl acetate after anchoring an acidic Keggin structure like
H;PW;,0,, to the amino group.*® Alternatively, a subsequent
grafting with organosilanes - ie. MPTMS and methyltri-
methoxysilane - was performed to obtain a nanohybrid deco-
rated with catalytically active sulphonic acid groups and
methyl groups inducing hydrophobicity. The hydrophobicity of
the catalyst has been demonstrated to improve the activity in
the esterification of glycerol and lauric acid.'®® Finally, hydro-
phobic ionic liquids, viz. 1-methyl-3-octylimidazolium trifl-
imide, have been adsorbed on sulphonic acid grafted silica
gels."®® The improved hydrophobicity was found beneficial in
a Michael reaction,'®®* a Prins cyclisation, a cycloaddition and
a dehydrative etherification.'®®?

Despite the presence of surface silanols, the direct synthesis
of organosilica nanohybrids allows the development of hydro-
phobic catalysts by carefully choosing the organic moieties
(Fig. 10d-f). Addition of propyltrimethoxysilane in a co-con-
densation with MPTMS or a perfluoroalkyl sulphonic acid
silane improved the conversion rate in FC acylation reactions
and the esterification of glycerol (affinity increase for the
rather hydrophobic fatty acid, i.e., lauric acid and expelling
water) without loss of selectivity.®”'®® The effect of bridging
organosilanes on the hydrophobicity of the catalyst has also
been evidenced.'®” After replacing TEOS with 1,2-bis(tri-
methoxysilyl)ethane in a co-condensation with 2-(4-chlorosul-
phonylphenyl)-ethyltrimethoxysilane (CSPTMS),'®” enhanced
dibutylether yields were obtained for the condensation of
butanol. It was demonstrated that in this way the deactivation
of the catalyst by water was significantly reduced. A similar
approach for the synthesis of sulphonic acid ethane bridged
PMOs catalysts was performed using either MPTMS or
CSPTMS.*”? The contribution of catalyst hydrophobicity to the
acetalisation reaction rate of heptanal with 1-butanol was sig-
nificantly larger compared to that of the acid strength. Analo-
gous nanohybrid catalysts were prepared by co-condensation
of MPTMS and 1,2-bis(triethoxysilyl)benzene. They were used
in numerous organic transformations, viz. reaction of indole
with benzaldehyde,'®® etherification of glycerol with 1-phenyl-
1-propanol,’® condensation of acetone and phenol,®”*
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hydrolysis of sucrose or starch,?”” and esterification of acetic
acid with ethanol.*”® The improved activity and recyclability
was assigned to a reduced solvation of the sulphonic acid
groups in the hydrophobic environment. The use of an aro-
matic bridging group allows for the direct functionalisation of
the PMO and makes the use of an additional organosilane in
the synthesis gel obsolete. In this way, ethylene PMOs were
developed and subsequently functionalised after arylation and
sulphonation (Fig. 10e). The dual effect of retained mesoporo-
sity (see section 3.1.1) and generated hydrophobicity resulted
in very high activities for the self-condensation of heptanal.®!
Although the creation of surface silanol groups using the
direct synthesis procedure counteracts hydrophobisation, they
can be used during an additional grafting step to tune the
hydrophobicity (Fig. 10g). A hydrophobic PMO, viz. ethane
silica, was grafted with 1,2,2-trifluoro-2-hydroxy-1-tri-fluoro-
methyl-ethane sulphonic acid p-sultone (TFHTFMESS).>” The
final material is more hydrophobic compared to the original
PMO and to the organosilane grafted OMS."®® The grafting
efficiency of PMO is often superior compared to that of pure
silica, due to the improved diffusion of the silylation agent
into the hydrophobic ethane silica.”” Combining the improved
hydrophobicity and the higher acid density results in a
superior activity for the self-condensation of heptanal and its
acetalisation with 1-butanol.””

Epoxidation presents an example of how a catalyst may
benefit from an enhanced hydrophobic surface when hydro-
phobic substrates are converted into more hydrophilic pro-
ducts. In addition, hydrogen peroxide is the preferred oxidant
as it is relatively cheap, readily available and produces only
water as product."®® Thus decomposition of H,0, (by surface
hydroxyl groups) is prevented and H,0, selectivity improved.?”
The choice of the solvent (protic vs. aprotic or polar vs. apolar)
or the oxidation agent (hydrogen vs. organic peroxide) strongly
depends on the hydrophobicity of the catalyst surface.'
Hydrophobic grafted Ti-silica catalysts were highly stable and
demonstrated improved activities in polar protic solvents such
as water and alcohol.>*?”*® Alcohol or water can stabilise the
active Ti-peroxo complex, rendering it more active as the elec-
tronegativity of the solvent decreases. Careful selection of the
silylation agent is thus crucial as more efficient or less bulky
silylation agents such as N-methyl-N-(trimethylsilyl) trifluoro-
acetamide*® or trimethoxy-fluorosilane optimise the hydropho-
bicity and further improve the activity and selectivity.*’

In accordance with hydrophilic nanohybrid catalysts, selec-
tive conversion of reagents can also be achieved with hydro-
phobic catalysts. The only prerequisite is that the reagents
have largely distinct polarities such as in the etherification
and esterification of glycerol with fatty acids. However, since
these reactions involve water production and glycerol of the
industrial grade contains a significant amount of water, hydro-
phobic catalysts are generally preferred. Selectivity is preserved
if the fatty acids mainly reside in the catalyst and their self-
polymerisation is hindered by pore confinement (Fig. 11B).
Moreover, mono-functionalisation dominates because of the
slow supply of glycerol. As it has been suggested that the
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organosilica catalysts are mainly active at the hydrophilic-
hydrophobic interphase,®® it is not surprising to see, after an
initial conversion of glycerol, a steep catalytic activity boost as
a result of the surfactant properties of the monoglyceride
product, because the interphase area is strongly increased
after reaching the critical micellar concentration.

The choice of a suitable organosilane is crucial for the
selectivity and activity of the reaction and should not only be
based on its hydrophobicity. An OMS grafted with TFHTFMESS
showed superior esterification activities due to the higher acid
strength.'®*” Nanohybrid catalysts obtained by direct synthesis
of an alkyl organosilane and MPTMS demonstrated parallel
steric constraints and activity drops, when the alkyl chain of
the terminal organosilane is longer, especially for the larger
substrates such as oleic acid vs. lauric acid (section 3.1.2). Fur-
thermore, because of the decreased accessibility, most of the
reactions occurred on the outer surface without steric con-
straints thus enabling multiple functionalisation and decreas-
ing the selectivity.'® The relative amounts of the
organosilanes appeared to be crucial as high methyl tri-
methoxysilane contents next to MPTMS resulted in distinct
thiol and methyl regions in the final catalyst.>'®® Due to the
close vicinity of the thiol groups, inactive disulphide species
were preferentially formed,®” and as a consequence the TONs
dropped. To overcome this issue, the replacement of MPTMS
by phenyl trimethoxysilane,>® or 3-mercaptopropyl-(methyl)-
dimethoxy-silane,'®* has been suggested.

3.3.3. Combined hydrophilic and hydrophobic catalysts.
Soft templated silica-carbon nanocomposites comprise highly
entangled silica and carbon phases inside their pore wall
(Fig. 10i and 13, left). Accordingly, an alternation of hydro-
phobic and hydrophilic regions may exist at the catalyst
surface. Activation of the polyaromatic carbon fraction allows
the positioning of a catalytic function in a hydrophobic
environment, while partially retaining a hydrophilic surface.
This synthesis strategy is especially appealing for reactions
with large hydrophilic substrates and a catalyst in which the
catalytic sites are deactivated by a hydrophilic compound such
as commonly occurs in acid-catalysed water mediated reac-
tions. In this regard, sulphonated soft templated nanocompo-
sites were used for the hydrolysis of cellulose to glucose
(Fig. 12), yielding more than 50% glucose.'**'?* Adjacent
hydrophilic regions stimulate the adsorption of p-1,4-glucan
thus enhancing the hydrolytic activity."*® The presence of
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Fig. 12 Hydrolysis of cellulose to glucose using a sulphonated soft templated
Si—-C nanocomposite catalyst.'2:
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carbon in the structure allows the formation of sulphonic
groups at the outside of the nanocomposite particle, rather
than exclusively inside the pores of nanocomposites as is the
case with hard templating. These sites allow step-wise hydro-
lysis of large polysaccharide molecules into smaller sugars.

3.4. Multifunctionality

This section focuses on the use of nanocomposites (Fig. 13)
and nanohybrids (Fig. 14) having multiple functional groups.
Such multifunctional materials enable the development of
cooperative effects in catalysis. For instance, tackling one-pot
multi-step reactions requiring two chemically different active
sites is made possible. The various synthetic strategies not
only decorate the catalyst with multiple active sites, but also
attempt a precise positioning of these active sites, leading to
site compartmentalisation. The spatial resolution of the site
control is important for the catalytic performance, as func-
tional groups either need to be in close proximity, need to be
separated to avoid a detrimental disturbance of the individual
catalytic activities, or require positioning in an environment
with distinct polarity.
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Fig. 13 Positioning of various catalytic sites (F) in a soft [left] and hard [right]
templated silica—carbon nano-composite by component selective activation of
the carbon fraction (e.g. AES) and/or silica (e.g. grafting). (a) Sol-gel synthesis,
(b) extraction of template, (c) carbonisation, (d) functionalisation, (e) silica graft-
ing; (a') impregnation, (b’) carbonisation and (c) carbon functionalisation.
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Fig. 14 Schematic overview of the positioning of multiple organic functional
groups (A and B) in nanohybrids by: [a, c] co-condensation and [b] grafting of a
pre-activated silica e.g. after decoration with metals (M). Tetra-alkoxysilanes
(black), bridged silsesquioxane (white) and trialkoxyorganosilanes (full colour)
are used as the (organo)-silane building blocks.
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3.4.1. Spatial resolving of active sites

Compartmentalisation. Compartmentalisation involves the
physical separation of different types of catalytically active
sites. Such multifunctional systems are interesting in cascade
reactions to obtain the maximum of each set of sites. In con-
trast, a cooperation effect is enabled when both types of active
sites are homogeneously distributed over the catalyst surface.

Both soft (Fig. 13, left) and hard (Fig. 13, right) templated
nanocomposites possess larger individual domains of each of
the components, thus increasing their spatial distance in com-
parison with nanohybrid synthesis methods. Especially hard
templated materials demonstrate a clear physical separation of
the constituent phases in contrast to soft templated materials
that still show entangling of the silica and carbon phases. As
reports on soft templated materials in catalysis are rare, discus-
sions are focussing on hard templated nanocomposites. As a
result of incorporation of Al, Ti or Sn in the silica matrix, such
materials are able to use catalytically active template material.

A bifunctional silica-carbon nanocomposite catalyst is pro-
duced after introducing an active organic component. In
addition, if pyrolysed at high temperature, these catalysts are
more thermally stable as compared to nanohybrid catalysts.
Selective post-synthetic functionalisation of hard templated
composites is hindered because either the silica surface is
shielded by the carbon fraction or procedures like silylation
cannot distinguish between the weakly acidic hydroxyl groups
on both the silica and carbon surface. The carbon component
is activated either by the presence of residual heteroatoms
such as O and N or by additional functionalisation of the poly-
cyclic aromatic carbon network (see sections 2.2.2 and 3.5.2).
In order to obtain a catalyst consisting of a silica component
decorated with Lewis acid sites at the inner pore wall, covered
by a polycyclic aromatic carbon network comprising a high
Bronsted acid density, the impregnation with FA of meso-
porous silica grafted with well-dispersed Sn sites according to
the strategy illustrated in Fig. 13 (right) has been suggested.'"’

The resulting multifunctional nanocomposite catalyst was
highly active for the conversion of common sugars such as
trioses and hexoses to added-value alkyl lactates or lactic
acid,"* in alcoholic and water medium, respectively. The high
selectivity relies on the presence of Lewis acid sites, while
weak Brensted acidic sites improve the activity and TON of the
Sn catalyst by assisting the transformation of trioses, viz. gly-
ceraldehyde, into pyruvic aldehyde, a key intermediate.
Optimisation of the content of weak Brensted acid sites by
changing the carbon deposition and applying a post-synthesis
oxidation treatment further maximises the activity. The
absence of strong Brensted acids is crucial for selectivity
reasons as they favour the formation of unwanted acetal pro-
ducts (Scheme 3). Isomerisation capacity of the nanocompo-
site catalyst proved rather low, which is a prerequisite to
maximise lactate yields, when hexose substrates are envi-
sioned. The additional retro-aldol reaction of the hexose
governs the pathway for its further transformation via C; or
C4/C, fragments,'®® if performed on the ketose or aldose,
respectively.
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In accordance with microporous CMS,**® decreased activi-
ties attributed to steric constraints were shown for longer
alcohol substrates, to directly obtain long chain amphiphilic
lactates, especially at high carbon loading.'®® The selective
transformation of common sugars like glucose and sucrose
were proven more sensitive to the balance of the acidic func-
tionalities, because side-reactions such as dehydration and
sugar methoxylation are abundant in the presence of Brgnsted
acids. They result in unwanted by-products like 5-hydroxy-
methyl furfural (HMF) and methyl glucose derivatives
(Scheme 3). By altering the carbon deposition, pyrolysis temp-
erature or by applying a simple post-synthetic oxidation, the
previous example illustrates the ability to tune the catalytic site
that is attached to the carbon fraction, independently of the
active site located in the silica component.'*°

Spatial isolation of active groups. Alternatively, nanohybrids
obtained by co-condensation of trialkoxy organosilanes and
bridged silsesquioxanes contain functional groups at distinct
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sites, viz. in the pore voids and in the pore wall (Fig. 14a). This
has been demonstrated using bistrimethoxysilyl-4,5-dithiooc-
tane and APTMS."*® Sulphonic acid groups were obtained after
a consecutive reduction and oxidation of the disulphide
moiety. Application of a similar strategy in catalysis showed
that co-condensing a bridged silsesquioxane precursor such as
1,4-bis-(triethoxysilyl)-benzene and a trialkyl organosilane like
aminopropyl trimethoxysilane (APTMS) results in sufficiently
separated acid and basic functionalities, hence preventing
their mutual deactivation.’®” The catalyst synthesis uses di-
tert-butyl-dicarbonate protected amino groups, followed by sul-
phonation of the benzene linkers and amine deprotection. The
acids and bases are located at distinct locations: the end group
amine containing groups are directed in the pore, while the
sulphonic acid groups are positioned in the pore wall
(Fig. 14a).

In addition, the polarity of the nano-environments differs.
The sulphonic acid groups reside in the hydrophobic part,
while the amine functions are present in the hydrophilic part.
The material was tested in a cascade deacetalisation—-nitroaldol
reaction to prove its ability for enzyme mimicking (Scheme 4).
The benzaldehyde dimethyl acetal could be quantitatively con-
verted into the nitrostyrene end product.*®’

Prior to a post-synthetic organo-functionalisation, OMS
may be activated by isomorphous substitution or metal (ion)
grafting. Grafting with metal ions instead of organosilanes pre-
serves the presence of surface silanols, allowing further modi-
fication of the activated silica by silylation (Fig. 14b).
Accordingly, the dual activation of SBA-15 was reported by sub-
sequent grafting with Lewis acidic Ti'" via reaction with tetra-
butyl orthotitanate and various basic amines."”® Alkylamine
silanes were grafted directly on the Ti-silica surface, while
guanine, imidazole and adenine required anchoring to a pri-
marily grafted alkylchloride. The acid-base nanohybrid cata-
lysts demonstrated a synergistic effect in the cycloaddition of
CO, to epoxides because of the simultaneous activation of CO,
and the epoxide by base and acid sites, respectively. Superior
conversions and carbonate selectivities were obtained for the
adenine grafted Ti-SBA in comparison with analogous cata-
lysts prepared by avoiding the additional Ti-grafting step. Next
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to the main product, ie. the chloropropene carbonate, a
minimal formation of diols or ethers was observed. Carbon
dioxide, which is known to be activated by a solid base, could
thus be exploited as a renewable raw material. An optimal CO,
binding strength exists as stronger primary and weaker tertiary
amines proved less active, compared to the secondary amine
anchored to Ti-SBA.

3.4.2. Neighbouring active sites. The simple synthesis pro-
cedure of silylation allows the introduction of multiple func-
tionalities in the final nanohybrid material. In its simplest
form, two terminal organosilanes can be added in the desired
amounts and ratios to fine tune the physico-chemical pro-
perties of the bifunctional nanohybrid catalyst (Fig. 14c).
Various examples of such bifunctional catalysts have been
reported such as thiols in combination with sulphonic
acids,”"'*? or amine functional groups,*°° and sulphonic acids
or weak acid silanols in combination with amines.>**9%197:201

The simultaneous immobilisation of acidic and basic func-
tionalities challenges chemical transformations, requiring
both basic and acidic catalysis. Such a combination is difficult
to achieve in one-pot homogeneous catalysis. But even for
heterogeneous catalysts, the possibility of mutual site neutra-
lisation needs to be circumvented. Such bifunctional
organosilicas were obtained via co-condensation of APTMS
and 2-(4-chlorosulphonylphenyl)-trimethoxysilane with
TEOS.?°'* The final nanohybrid catalyst comprised alternating
acid and basic groups protruding in the pore voids. Its activity
was examined for the aldol condensation of nitrobenzaldehyde
and acetone. The reaction showed a fairly high conversion of
62% for the bifunctional catalysts, while the conversion rate
was significantly lower for the analoguous monofunctional
acid and base catalysts, yielding 16 and 33% conversion,
respectively, after the same reaction time.*°’® The reaction
mechanism comprises the formation of an electrophilic
enolate by deprotonation of acetone, which then attacks the
electron deficient aldehyde (Scheme 5). Hence the activity was
correlated to the electronegativity of the aldehyde (Cl < F <

—< —C
CH.
! 3 N

4-hydroxy-4-(4-nitrophenyl)-2-butanone

Scheme 5 Reaction scheme for the condensation of nitro-benzaldehyde and
acetone by a bi-functional acid-base catalyst.
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NO, < CF3) and the positioning (steric constraints) of the elec-
tron withdrawing group.?”'” Unfortunately, the authors
noticed that the acidic and basic functions are transformed
into ions during the enolate formation leading to mutual
attraction and deactivation of the catalytic sites. Catalyst
regeneration relies on the proton exchange between acid and
basic groups. The importance of this exchange and the vicinity
of both functions were illustrated by the addition of a co-
solvent: apolar non-protic solvents such as hexane acquire a
conversion of 88%, while only 23% conversion was observed in
methanol. The limited formation of inactive ion pairs in
hexane and the close association of the active sites are at the
origin of the excellent conversion.?*'* A combination of weaker
acidic organosilane such as a carboxyl group (with a pK, of ~5)
or a phosphoric acid (with a pK, of ~3) with a strong primary
amine base reveals complete conversion, because the reduced
ionisation provides more active free acids and amines in com-
parison with the use of a sulphonic acid group (with a pK, ~
_2).20117

Based on steric hindrance of one of the active groups, an
alternative method to prevent ion neutralisation has been
developed.®® Inspired by earlier work that demonstrated the
superior activity of secondary amines for the condensation
reaction,?” a bifunctional organosilica catalyst was prepared
carrying bulky secondary amine groups in combination with
sulphonic acids.”® A careful selection of bulky organosilanes is
important to isolate incompatible active sites. The monofunc-
tional hybrid catalyst decorated with secondary amines
showed an increased conversion of 79% in comparison with
primary amine attaining only 33%. A further conversion
increase up to 94% for the bifunctional catalyst prepared with
an anthracene moiety was assigned to the steric hindrance,
preventing ion paring of the active groups.

Since aldol condensations preferentially proceed in the
presence of weak acidity,?°**?%* one of the most straightfor-
ward synthesis strategies exploits the presence of the weakly
acidic surface silanol groups of the silica component. Non-acti-
vated silica has proven to increase the catalytic activity of
homogeneous amine catalysts in the aldol reaction of 4-nitro-
benzaldehyde with acetone.””> Heterogenisation of the amine
catalyst was obtained by grafting the amino-containing silane
onto the silica support. An increase of the catalytic activity was
only noticed at low loading of the organic groups, which is in
agreement with the preservation of residual silanol groups and
their importance in the catalytic transformation.?** Hence, for
the formation of condensation catalysts, partial grafting at low
temperature and in polar solvents should be considered to
retain enough surface silanols. Similar nanohybrid synthesis
strategies have been used to develop catalysts showing an
improvement of the reaction rate in various other prototypical
base-catalysed coupling reactions such as Henry**> and
Michael reactions.’*®” Interestingly, the length of the alkyl
chain of the amino-containing silane determines the mobility
of the amine group. If an alkyl chain of 3 or more carbon
atoms is chosen, the mobility of the primary amines will be
sufficient to approach the surface silanol, thus maximizing the
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cooperative effect, as quenching of the active sites does not
occur, in contrast to similar experiments with more reactive
carboxylic acids.>*®

In summary, in order to exploit the cooperative effects of
two incompatible functionalities either a physical separation
or a minimal interaction is required.

Approximation of active sites. Sometimes, cooperative effects
among catalytically active sites only appear when the two func-
tional groups are brought in close proximity. The necessity for
such a direct interaction has been encountered in the bifunc-
tional condensation of acetone and phenol to bisphenol A
(BPA) in the presence of both thiol and sulphonic acid groups.
Mechanistically, the reaction comprises the activation of
acetone by protonation prior to its attack by the thiol group, as
the sulphur is highly nucleophilic. An electrophilic sulpho-
nium intermediate is thus formed, which is more prone to
attack the nucleophilic phenol. Experiments with homo-
geneous catalysts elucidated that, while mercaptopropane
alone is not active, its addition to a sulphonic acid, viz. 1-pro-
panesulphonic acid, is significantly increasing the BPA yield
(based on total acetone conversion) from 11 to 44%, while the
p,p-isomer selectivity is being improved from 58 to 87%.>"
Catalyst heterogenisation was first attempted by a condensed
monofunctional heterogeneous sulphonic acid catalyst in the
absence of thiol functionalities. The nanohybrid catalyst
showed a BPA yield of only 3.3%, while the addition of the
soluble mercaptopropane improved the yield up to 13%
(Fig. 15A). The importance of the neighbouring sites effect
follows from the low BPA yield for a physical mixture of thiol
and sulphonic acid functionalised SBA-15.%! Bringing the thiol
and sulphonic acid sites in close proximity was achieved by co-
condensation as it ensures, in contrast to grafting (illustrated
in Fig. 15B), a quasi-homogeneous distribution of the active
sites (section 2.1.2)."°° Balancing of the thiol and sulphonic
acid sites was done using various ratios of TEOS and/or 2-(4-
chlorosulphonyl-phenyl)ethyltrimethoxysilane and MPTMS.>"
A maximal BPA yield of 74% and a superior selectivity of 95%
(pp' :p,p' + o,p") were obtained at a 1:2 acid: thiol surface
ratio (Fig. 15C), illustrating the importance of the close proxi-
mity of the thiol and sulphonic acid functional groups for the
conversion and selectivity in BPA synthesis.”® Analogous
results were recently reported regarding the synthesis of
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diphenolic acid by the condensation of levulinic acid and
phenol using sulphonated hyperbranched polymers in the
presence of soluble thiols. Mechanistic investigations allowed
us to conclude that the smallest thiol is most beneficial for the
rate increase, while the isomerisation between the regio-
isomers of diphenolic acid should be avoided in order not to
shift the p,p’ to o,p ratio towards the thermodynamic value.*"”

Site pairing presents a strategy to acquire the regular and
close positioning of distinct active sites at the molecular
level.>°® The strategy comprises grafting or condensation with
a nano-engineered organosilane that, after its decomposition
by thermal*®® or chemical modification,?*® comprises multiple
organic functions. This way, SBA-15 was grafted with either an
asymmetric or symmetric disulphide or disulphonate ester."®’
After oxidation, the symmetric disulphide (Fig. 16A) proved
most active even compared to the stronger aryl sulphonic
acids, as the incomplete oxidation of the mercapto functional-
ities (section 2.1.1) results in the close positioning of thiols
and sulphonic acid groups.'® Since the partial oxidation
cannot be controlled, a sultone group was grafted on a silica
substrate.”

The sultone-ring opens upon attack by a nucleophilic agent
such as a thiol anion. Consequently, both a thiol and sulpho-
nic acid are formed. The choice of the nucleophile, i.e. a thiol
anion or a monoanionic dithiol with various chain lengths,
provides a lever to subtly tune the distance between the thiol
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Fig. 16 Strategies for site-pairing of thiol and sulphonic acid groups to opti-
mise BPA synthesis using nanoengineered organosilanes. (A) Symmetric disul-
phide, (B) sultone.

i SHID $H SHD $H

SO3H SOzH S03H
SOzH SO3H @ @
SH ) sH sH () sH sH fo OH

O C

Fig. 15 Effect of the cooperation of thiol- and sulphonic acid groups on the bisphenol-A yield (indicated in %) based on full acetone conversion, using: (A) a mono-
functional (sulphonic acid) acidic organosilica (in parentheses the effect of the addition of homogeneous mercaptopropane on the conversion) or a bifunctional (sul-
phonic acid and thiol) organosilica obtained by (B) grafting or (C) co-condensation.
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and sulphonic acid functional groups. The thiol anion
(Fig. 16B, i) is superior, resulting in a per site yield of 83%,
which is in the same range as that of the optimised co-conden-
sation procedure (82%) (vide supra). The dithiol nucleophile
(Fig. 16B, ii) appeared less efficient, resulting in a gradual
decrease of BPA yield when the dithiol monoanion chain
length is extended.””

3.5. Metal active sites

3.5.1. Metal impregnation. Acquiring a high metal dis-
persion on OMS using conventional impregnation of metal
salts proves challenging (Fig. 17a).>'®*'' As a consequence,
various carbon-based solutions have been suggested in the lit-
erature to reduce metal migration and sintering effects.

For instance, the creation of an interruption of the silica
pore wall with hydrophobic carbon zones improves the metal
dispersion, since the metal ions are adsorbed on the silica
component, while the hydrophobic carbon conserves their
separation (Fig. 17b). Transport of metal precursors is thereby
reduced and aggregation is prevented, when compared to
impregnation of a bare OMS material. Such an alteration of
hydrophilic and more hydrophobic regions in the silica wall
was obtained for soft templated nanocomposites after high
temperature pyrolysis of a carbon precursor such as phenolic
resin (Fig. 13, left)."®® The average nanoparticle size can be
minimised (3.5 nm) in comparison with the pure silica
(10.6 nm) and polymer (8.2 nm) supports. In combination
with mesoporosity and increased hydrophobicity, a highly
active catalyst for C-C coupling reactions such as Heck and
Ulmann reactions in water was obtained.*®* Next to the compo-
sites, pure carbon materials such as activated mesoporous
carbon could present an alternative as a support material, and
in fact, even smaller metal particles (2.1 nm) were acquired
using CMK materials. This is due to the presence of micro-
pores in which the metal can nucleate after intrusion of the
metal salt solution, induced by capillary forces (Fig. 17d)."®*
However, because of the decreased accessibility of the metal
particle, such carbon catalysts have a lower activity, while acti-
vated carbons suffer from a broad pore size distribution,
hence inducing heterogeneity of the size of the metal clusters.
One may conclude that composites are useful support
materials to obtain high metal dispersions via impregnation
techniques.

Fig. 17 Schematic presentation of the metal (Me) dispersion on various sup-
ports after impregnation with a metal salt solution and its subsequent chemical
(H, or hydride) (a—d) or thermal reduction (e-f).
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The reduction step for impregnated OMS usually results in
weakly bound metal species with an enhanced mobility, thus
promoting sintering. Alternatively, metal precursors deposited
on a carbon surface can be reduced by a thermal reduction
method under an inert atmosphere as the reduction involves
an interaction between the carbon and metal.*'* Metal par-
ticles are obtained semi-embedded in a concave carbon
surface. The latter is electron poor due to the coincidental elec-
tron density shift after a configuration change of part of the
carbon atoms from sp” to sp®.>'* Such a unique nano-environ-
ment was reported for Ru deposited on carbon coated silica
(Fig. 17f).>'> A strong interaction, related to the electron
donation of Ru to the carbon surface, prevented oxidation,
leaching and aggregation of the metal nanoparticles. In con-
trast, Fe>* could not be reduced by the thermal treatment
using a similar approach.*'*

The presence of an electrically highly conductive carbon
component as support could prove beneficial as illustrated in
various redox reactions. Thus, NH; decomposition was signifi-
cantly enhanced using Fe,O; particles deposited on carbon
coated SBA-15 because of the improved electron transfer from
the active site to the reactant, hence facilitating the recombina-
tion and desorption of N,.*'* Likewise, Ru deposited on
carbon coated OMS showed a high activity toward the hydro-
genation of benzene and toluene.*'* The authors claimed that
after H, chemisorption on Ru, a hydrogen spill-over effect
from Ru to the carbon phase, where the hydrophobic olefins
are expected to be adsorbed, occurs. The embedding of Ru
induced by thermal reduction, as described above, further
increases the interphase interaction between metal and
carbon. More hydrogen transport channels are present in
accord with the superior activity. When the composite is
treated in the presence of hydrogen or when only the silica
part is used, a decrease of catalytic activity was observed due
to a reduction in interphase contact.>'*> Extensive embedding
should be avoided since it will lead to accessibility issues
(Fig. 17e).

3.5.2. Anchoring metal complexes. Many strategies have
been proposed for the covalent anchoring of complex active
species to a wide range of support materials. The anchoring
sites are commonly constituted by amines, thiols, cyanides or
carboxylic groups. Often OMS is chosen as a support because
of its large mesopores and high surface area.'”® Examples are
countless and outside of the scope of this review. For instance,
over the past two years, the anchoring of various metal com-
plexes (Sn, Pd, Zr, Ni, In, etc.) on silica gel grafted with APTES
has been reported. The catalytic performance of these nanohy-
brids was examined in distinct organic transformations such
as the Mannich reaction, Suzuki-Miyaura coupling and
Pechman condensation.*® More details of this strategy can be
found in an extensive review of immobilisation of homo-
geneous catalysts.'®>%*"

In general the alteration of the chemical environment of
the active complex upon immobilisation is undesired because
of a potential drop in the catalytic activity in comparison with
the native active complex. Nevertheless, encouraging effects on
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the catalytic activity have also been reported. For instance, the
TOFs of a Mn-salen complex immobilised on SBA-15, grafted
with either alkyl thiols or sulphonic acids, increased for the
selective oxidation of terpenes with air in comparison with the
free complex.'®® This was assigned to a lowering of the oxi-
dation state of Mn (from 3+ to 2+) due to the immobilisation
procedure. The increased stereoselectivity for the oxidation of
the olefinic bond of limonene followed the variation in elec-
tron density and oxidizability of the Mn ions, which seem to
be related to the nature of the anchoring site. Hence immobil-
isation of the complex on thiol or sulphonic anchoring groups
resulted in 1,2-epoxide selectivities of 100 and 82%,
respectively.'®

3.6. Physico-chemical stability

Although being highly versatile and promising catalytic
support materials, amorphous OMS catalysts suffer from a low
thermal and mechanical stability, particularly when exposed to
moisture (Fig. 18A). Structural collapse occurs when contacted
with water at elevated temperature or after compression.*'®
Next to thickening of the silica wall,"***'” or an increase of the
framework condensation,>'® hydrophobisation is a well-known
tool to improve the preservation of the silica integrity: water is
repelled avoiding hydrolysis of Si-O-Si bonds.*®°1¢217219 The
low mechanical stability involves a mechano-chemical process
in which adsorbed water molecules affect the structure on
impact of pressure.”* Composites of OMS show an increased
thermo-mechanical stability. They can be obtained by co-con-
densation (Fig. 18B, i), grafting (Fig. 18B, ii), condensation
(Fig. 18C) organosilica synthesis procedures using hydro-
phobic organosilanes or via hard templating of OMS (Fig. 18D)
performed at sufficiently high pyrolysis temperatures (section
2.2.2).

Post-synthetic hydrophobisation of OMS was achieved by
grafting.>® Replacement of surface silanols by trimethylsilyl
groups on e.g. MCM-41 and MCM-48 greatly increased the
overall stability against moisture or external pressure (Fig. 18B,
ii). The stability increase strongly depends on the nature of the
silylation agent. The persistence of the organosilica in
aqueous solutions improved using hexamethyldisilazane
instead of trichloromethylsilane.”’* Remarkably, after
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calcination of the trimethylsilylated silica, the stability was
still improved, thus suggesting the formation of various types
of siloxane bonds with distinct stabilities.*® Incorporation of
identical trialkoxy-organosilanes via the direct synthesis
method showed lower hydrothermal stabilities compared to
grafting. The lower stability was ascribed to the less condensed
silica wall and the presence of hydrophilic surface silanols in
the case of the direct synthesis method (Fig. 18B, i).°*¢
Although grafting and co-condensation might be effective in
improving stability, they also affect the porosity and chemical
surface properties of the material.*!”

Next to the polarity issue, also the degree of crystallinity
plays a role in the stability of nanocomposites and nano-
hybrids. By condensation of a proper bifunctionalised silses-
quioxane such as 1,2-bis(triethoxysilyl)benzene, a very stable
PMO is formed with a highly crystalline pore wall (Fig. 18C).
The as-synthesized PMO nanohybrid material presents a
unique surface structure as hydrophilic and hydrophobic pro-
perties, originating from the silicate and benzene layers,
respectively, are periodically arranged.”®” Taking into account
the stability and the presence of mesopores, these phenyl-PMO
are highly interesting materials for catalytic applications.
Although most reports focus on the regular ordering, pore size
and hydrophobicity with regard to their performance, one
should bear in mind that also the stability will contribute to
their industrial processing potential. Various functionalisa-
tions have been suggested to acquire ordered mesoporous
organosilica catalysts, while retaining the crystalline pore wall,
AES being such a flexible functionalisation tool. Both basic
and acidic functions have been attached to the phenyl moiety
with this technique.”*’®” Amine decorated phenyl PMOs,
obtained by a two-step nitration/reduction protocol (Fig. 6c),
proved highly stable and selective in Knoevenagel conden-
sation, as malononitrile and benzaldehyde were quantitatively
converted into 1,1-dicyanophenyl-ethylene.”* The phenyl
moiety has also been partially complexed with carbonyl ligated
Cr or Mo after chemical vapour deposition,® or liquid phase
contacting (Fig. 6d)**' using the corresponding hexacarbonyl
metal complexes. Polymerisation of phenylacetylene and de-
hydrochlorination of 2-chloro-2-methylbutane show that the
catalytic activity of the immobilised complexes strongly

- P
-

Fig. 18 Influence of the organic component on the stability of an OMS-based catalyst: (A) OMS, (B) organosilica obtained by (i) co-condensation or (i) grafting
with a hydrophobic organic moiety, (C) phenyl-PMO, and (D) hard template silica—carbon nanocomposite. Shown is a detail of the (modified) silica pore. P =
Pressure; T = temperature. Green/red colour and +/—: The colour code indicates whether the composite is stable (green) or not (red). An arbitrary indication of the

degree of its stability (+/-) is given as well.
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depends on the bond strength between the metal centre and
the phenylene ligand. In contrast to Cr, Mo binds relatively
weakly with the phenylene moiety, enhancing its partial dis-
sociation and thus resulting in a superior activity.>*

Despite its higher stability, nanohybrids or nanocomposites
remain sensitive to thermal treatment. The instability of the
Si-O-C bond or even the more stable Si-C bond poses great
challenges to the regeneration of the catalyst. Removal of
unwanted side-products inhibiting the active sites without
altering or destroying the active organic function proves chal-
lenging. For instance, the nanohybrid - ie. perfluoromethyl
B-sulphone grafted OMS - esterification catalysts could easily
be regenerated by washing with ethanol. However, the acyla-
tion activity of the catalyst is inhibited by the adsorption of
carbocationic intermediates. Regeneration by high tempera-
ture desorption is blocked as, despite being more stable as
compared to sulphonic acid groups obtained after oxidation of
thiols (300-350 °C), the silyloxy bond proves instable at temp-
eratures above 350 °C.'"%” Alternative silylation agents have
been suggested to allow the synthesis of more stable organosi-
lica catalysts decorated with perfluorinated sulphonic acids.>*?

The absence of the Si-O-C or even Si-C bonds and the
harsh synthesis conditions render silica-carbon nanocompo-
sites more stable (Fig. 18D). Nonetheless, the carbon structure
is also altered by thermal treatment under inert conditions
such as desorption of CO and CO, due to decomposition of
functional groups or oxidative environments.'*® Therefore the
thermal regeneration of the catalyst needs to be precisely
controlled.

In addition, the chemical stability of the active function
could depend on its position within the pore system. The
metal-free oxidation of glycerol to ketomalonic acid after
immobilisation of 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO) on an amino-functionalised silica has been
reported.>*® Incorporation of the amino groups by co-conden-
sation allows for the anchoring of the TEMPO complexes
deeply within the pore system due to the homogeneous intro-
duction of the organic moiety (vide supra). The authors
suggested that the positioning of the complex within the sol-
gel cages of the silica could be attributed to the improved
stability of the solid catalyst using the co-condensation
method®*? instead of grafting.

4. Conclusions and outlook

Because of the ever increasing economic and environmental
demands, the necessity of complex multi-step reaction
schemes requiring the contribution of multiple active sites has
become a topical research area. Moreover, many current cata-
lysts are instable in hot water. Mixing homogeneous or hetero-
geneous catalysts is not feasible as the ecological requirements
are not met or because harmful interactions and long
diffusion distances between the active sites restrict the overall
catalytic performance. Although intelligent heterogeneous
catalyst design, involving nano-engineering of support and
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active sites, presents a profound solution to tackle these chal-
lenges, it requires an expansion of the current catalyst design
tools.

In this review various examples are discussed illustrating
the wide range of synthesis and modification tools offered by
inorganic-organic nanocomposites and nanohybrids, and the
impact of such modifications on their catalytic performance.
These composites comprise two chemically different phases
which are adaptable with many nano-engineering techniques
to introduce active sites, to control their position and to tune
the chemical and physical properties of the micro-
environment.

The physico-chemical properties of the nanohybrids, com-
prising a covalent bond between the inorganic and organic
phase and obtained by direct or grafting methodologies, are
mainly determined by the selection of the organosilane and
the way it is incorporated into the final material. Changing its
amount or nature enables tuning of hydrophobicity, active site
strength, pore sizes and crystallinity and makes possible the
introduction of multiple active sites, either well-dispersed or
isolated in compartments. Recent advances of such an organo-
modification consist of the development of more complex
designs such as the use of multifunctional organosilanes by
thorough pre-synthesis engineering. The potential of such
organosilanes lies in the control of a precise positioning of the
active sites at a molecular scale resulting in optimisation of
cooperative effects in catalysis.

Research on the catalytic performance of hard and soft tem-
plated nanocomposites is mostly related to the hydrophobicity
and size effects, but also to site location, demonstrated with
some catalytic examples. Although somewhat less advanced in
their molecular design, these catalysts could present a more
cost-effective alternative to the nanohybrids. Selective functio-
nalisation techniques in combination with the spatial resolu-
tion of both phases in hard templated composites offer new
possibilities to deal with cascade reactions, for which avoid-
ance of unfavourable interactions between the different active
sites is crucial. Soft-templated nanocomposites show pore
walls with entangling of silica and carbon. Such a composition
allows exploitation of the approximation concept of distinct
catalytic sites, possibly inducing cooperative effects. As discov-
ered in nanohybrid research, transfer of the multifunctionality
concepts to nanocomposite design could be inspiring for the
design of future nanocomposite catalysts.
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