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development of metal-loaded
mesoporous organosilicas as catalytic
nanoreactors†
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Ordered periodic mesoporous organosilicas have been widely applied in adsorption/separation/sensor

technologies and the fields of biomedicine/biotechnology as well as catalysis. Crucially, surface

modification with functional groups and metal complexes or nanoparticle loading has ensured high

efficacy and efficiency. This review will highlight the current state of design and catalytic application of

transition metal-loaded mesoporous organosilica nanoreactors. It will outline prominent synthesis

approaches for the grafting of metal complexes, metal salt adsorption and in situ preparation of metal

nanoparticles, and summarize the catalytic performance of the resulting mesoporous organosilica hybrid

materials. Finally, the potential prospects and challenges of metal-loaded mesoporous organosilica

nanoreactors are addressed.
1. Introduction

Periodic mesoporous organosilicas (PMOs) feature an exciting
class of nanoporous materials, which were rst reported in
1999, independently by three groups from Canada, the USA and
Japan.1–3 Accordingly, PMOs are accessible via a templating
approach using surfactants as structure-directing agents (SDAs)
and silsesquioxane of the type (EtO)3Si–R–Si-(OEt)3 (such as 1,2-
bis(triethoxysilyl)ethane, BTEE) as the sole organosilica
precursor under acidic or basic or even neutral conditions.
Therefore, the PMO framework consists of (R)CSiO3 tetrahedra
which are interlinked by the organic groups R. Naturally, the
silicon-bridging organic (functional) groups are uniformly
integrated into the framework, thus accomplishing a perfectly
ordered mesoporous inorganic–organic hybrid materials.4 The
PMO surface is terminated by the respective organic group R, as
well as siloxane and silanol sites. The fabrication of PMOs
avoids an inhomogeneous distribution of organic groups within
the framework as found in organic–inorganic hybrid meso-
porous silicas obtained via (i) post-synthesis strategies of mes-
oporous siliceous materials (e.g., graing of surface silylation)
or (ii) co-condensation methods involving mixed silica precur-
sors, such as R1Si(OR2)3 or (R2O)3SiRSi(OR2)3 with Si(OR2)4,
where R, R1 and R2 represent organic functional groups.
Moreover, PMOs are less prone to pore blockage caused by the
graed organic group protruding into the pore channels.
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Due to the diversity of organo-bridged trialkoxysilane
precursors, early investigations of PMOs mainly focused on the
preparation of PMOs with single/dual/multiple functional
organo-bridge groups,1–3,5–9 controllable pore size10–13 and
various mesoporous phases with hexagonal (p6mm) and cubic
(Pm�3m, Fm�3m, Im�3m, and Ia�3d) symmetries.1–3,14–17 But these
explorations barely considered effective approaches to improve
the inherent chemical properties of PMOs and their practical
applications in catalysis, as well as the impact of their crystal-
line structure and diverse shape and size on reactivity, akin to
their zeolite counterparts. Many efforts were then concentrated
on promoting the crystallinity and surface modication of
PMOs as well as the functionalization of the organo-bridge
groups R. These endeavors were facilitated by the semi-
crystalline structures reminiscent of zeolites and the natural
presence of organic groups as potential carriers of any desired
PMO functionality. In the aspect of the fabrication of a crystal-
line framework (“pore wall”) structure at the molecular level,
the rst crystal-like pore wall-structured PMO was reported by
Inagaki and co-workers in 2002 using 1,4-bis(triethoxysilyl)-
benzene (BTEB) as the organosilica precursor and
octadecyltri-methylammonium chloride (ODTMA) as the SDA.18

Aerwards, crystalline phenylene-bridged PMOs were widely
synthesized, but they didn't indicate special signicances and
practically improved applications in industry such as crystalline
zeolites. Hence, the objectives of PMO research were amended,
now focusing on the surface modication of PMOs. Surface-
tailoring chemistry included the graing of additional func-
tional organic groups and the incorporation of organo-bridge
groups with unsaturated carbon–carbon bonds, N/S-functional
groups, or even more sophisticated organometallic complexes.
Such functionalized PMOs revealed, e.g., enhanced catalytic
Nanoscale Adv., 2021, 3, 6827–6868 | 6827
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performances and high adsorption abilities for heavy metal
ions.19,20 In these PMOs, decaoctahedral, spherical, and trun-
cated rhombic dodecahedral shapes, and faceted rod-, platelet-,
pin-, syringe-, stick-, and bullet-like particle morphologies were
reported.21–23 However, the targeted development of mono-
disperse PMOs with a uniform size and regular morphology
hasn't attracted much attention.24–26 In contrast, monodisperse
mesoporous materials with a uniform size and regular shapes
indicated some outstanding advantages: (i) the uniform
composition/properties of individual particles make the prop-
erties of whole particles strictly controllable compared to bulk
materials, (ii) short channel pathways are benecial for
controllable mass transport in conned nanocatalysts, and (iii)
a low density, high surface area, well-dened mesoporous wall
structures and biocompatibility endow the carrier with high
permeability needed as an adsorbent, for targeted drug and
gene delivery, as well as for biomolecule encapsulation.

Moreover, the expansion of the pore size is very pivotal for
biomolecule adsorption and release in biomedical applications.
Very recently, by using silica colloidal crystals as the templates,
the PMO pore size could be signicantly increased to 47 nm.27

More recently, an increasing number of distinct morphol-
ogies have emerged, and different composites and various
mesophases were combined.28–32 These new advancements
include the anisotropic growth-induced synthesis of dual-
compartment Janus mesoporous silica and organosilica nano-
particles (NPs) with hexagonal and cubic symmetries,29 as well
as hierarchical mesoporous organosilica-silica core–shell NPs.30

Especially, hybrid multipodal PMO (mp-PMO) NPs with crystal-
like architectures were subtly designed and elaborated in a one-
pot two-step process, involving the condensation of phenylene-
based (B) spherical PMO cores followed by the condensation of
ethylene-based (E) rod-shaped PMO pods on these cores.31

Monodisperse hollow PMOs were prepared by so and hard
templating methods or by in situ dissolution and re-assembly
approaches.33 The corresponding synthesis and application of
hollow PMO nanoparticles were reviewed by Zhao and co-
workers.34 Recently, the ash-nano-precipitation technique was
successfully developed as a facile and efficient strategy for the
rapid fabrication of morphology-controlled nanosized organo-
silica particles.35 Due to their biocompatibility,36 PMO NPs have
been widely used as versatile platforms for the smart delivery of
therapeutics,37 photodynamic therapy of cancer,38 drug
delivery,39–41 chemo-immuno-therapy42 and oxygen-sensitized
radiotherapy.43 It is very obvious that at present the applica-
tion of PMO NPs mainly deals with the aspects of biomedicine
and biotechnology.

Although a great deal of effort has focused on the prepara-
tion, morphology and structure control of PMOs, their appli-
cations as supports or catalysts are becoming more important
and signicant.44,45 For PMOs, in terms of catalysis, the homo-
geneous incorporation of organic groups can effectively
enhance the surface hydrophobicity of the materials, which is
conducive to the adsorption, diffusion, and access of organic
reactants and more likely contact between reactants and cata-
lytically active sites.46 However, for PMO synthesis, a key issue is
the fabrication of a functional organic group-bridged
6828 | Nanoscale Adv., 2021, 3, 6827–6868
organosilane precursor and modication of the physical and
chemical properties of the nal PMO obtained. The capability of
terminal or bridging organosilane functional groups (carbox-
ylic, thio, nitrogenous, chelating, pyridine, amine etc.) in silica
frameworks to coordinate to metal species is of extraordinary
importance in many areas, especially, in catalysis.47 Although
many reviews have addressed the preparation, characterization
and applications of PMOs,48–53 a systematic review with focus on
the catalytic performance of metal-loaded PMO heterogeneous
catalysts is absent except for that reported by Corma and co-
workers in 2013.45 In 2013, nanostructured heterogeneous
catalysts prepared by the graing of metal-amide complexes
onto silica and organosilica were reviewed by us and the
respective catalytic reactions were pointed out.54 In 2016,
Copéret and co-workers systematically elucidated surface
organometallic and coordination chemistry toward single-site
heterogeneous catalysts including designable strategies, prep-
aration methods, surface structures and catalytic activities.55

In general, nanostructured materials with pore cavities or
pore channels are termed nanoreactors as they are a type of
chemical reactor, providing unique nanoscale chemical envi-
ronments compartmentalized by the surrounding bulk space
(such as the (organo)silica framework).56 Such nanoreactors are
crucial for maintaining a conned environment for
manufacturing products on a nanotechnological scale, and
have particularly proven themselves in the disciplines of
nanotechnology and nanobiotechnology. Hence, “small-scaled”
nanoreactors do have big implications for chemistry. In recent
years, chemists have tremendously improved their knowledge
about how fundamental chemical principles change when
systems are conned to spaces with nanoscale dimensions or
sub-microliter volumes.56 Metal-loaded PMOs contain not only
ordered nanospaces as the nanoreactors, but also conned
metal species of relevance for catalysis. It is for these reasons
that such metal-loaded PMOs were widely applied in catalytic
systems be it as nanoreactors and nanocatalysts.

In this review, we focus on the recent advancements in the
area of transition metal-loaded PMOs as nanoreactors in
catalysis. The contents include novel preparation strategies and
the catalytic activities of metal-loaded PMOs. Consideration is
also given to the inuence of the PMO mesopore structure on
catalytic performance. For the convenience of the reader, an
illustration of metal-loaded PMOs as nanoreactors is shown in
Scheme 1. Moreover, metal or metal-complex-supported PMO
heterogeneous catalysts are introduced according to their group
appearance in the periodic table of the elements. A key point of
this review is to emphasize the great variety of molecularly
dened heterogeneous catalysts made accessible via PMOs.
This could be achieved via the uniform incorporation of func-
tional organic groups, metal complexes or particles into PMO
frameworks. The successfully performed catalytic trans-
formations (addition reactions, coupling reactions, reduction
reactions, oxidation reactions, hydrogenation and hydrogen
production reactions) also benetted from the uniform pore
size, regular mesopore structure and high hydrophobicity of
PMOs. In addition, whether single-atom catalysis can be
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Illustration of metal-loaded PMOs used as nanoreactors
and nanocatalysts. Green ellipsoids represent the organo-bridge
groups which are integrated into the PMO framework. Red drops
represent the functional groups (or linkers) and grey balls represent
metal complexes or metal NPs that are stabilized by bonding to the
functional group or functionalized organo-bridge group or randomly
deposited onto the surface of the PMO. Mesopore channels act as the
nanoreactors and metal-loaded PMOs as the nanocatalysts.
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realized by the heterogenization of homogeneous molecules on
PMO carriers will be explored.

2. Transition metal-based PMO
heterogeneous catalysts and catalytic
activities

In general, metal-loaded PMO heterogeneous catalysts are
routinely fabricated by four different approaches. The rst
method utilizes a one-pot synthesis to directly integrate a metal
precursor into (organo)silica frameworks to form Si–O–M–O
entities, such as Ti-containing PMO heterogeneous catalysts.
Another approach features metal ions or metal complexes
linked to the surface of organosilica frameworks with functional
organic groups to form metal-loaded PMO catalysts. The third
route exploits the direct graing of a metal complex onto the
surface of organosilica frameworks via the surface-terminating
silanol/hydroxyl groups or functional groups integrated into
the PMO framework. Finally, incipient wetness impregnation
applies metal salts which are randomly adsorbed onto the
surface of organosilica frameworks by a simple physical
adsorption process, which, however, might involve hydrogen- or
p-bonding of the metal to the surface. Metal ions or complexes
are then reduced with a reductant or by calcination to obtain
metal nanoparticle (NP)-loaded PMO catalysts. Generally, the
nature of the metal precursors and the structural characteristics
of the support are critical for the preparation of different metal-
loaded PMO heterogeneous catalysts.

2.1. Group 4 (Ti, Zr, Hf)-based PMO nanoreactors and
catalyses

Ti-based materials are widely used as photocatalysts in organic
synthesis. Herein, we address the preparation and catalytic
© 2021 The Author(s). Published by the Royal Society of Chemistry
application of Ti-based mesoporous organosilica catalysts as
nanoreactors. Due to the facile hydrolysis of titanium sources
(TiCl4, Cl2TiCp2, Ti[OCH(CH3)2]4, etc.), Ti species can effectively
integrate into (organo)silica frameworks to form Si–O–Ti–O
connectivities. Hence, Ti-containing PMOs can be readily
fabricated by using single bis(trialkoxysilyl)alkylsilane [(R0O)3–
Si–R–Si–(OR0)3] or a mixture of bis(trialkoxysilyl)alkylsilane and
tetraalkoxysilane Si(OR00)4 as the organosilica source and Ti
complexes in the presence of a surfactant under acidic or basic
or neutral media. The composition, structure, morphology and
pore size can be well adjusted by changing synthetic parameters
such as the initial molar ratio, choice and concentration of the
surfactant(s), organic or inorganic additives, reaction tempera-
ture and time, and so on. As a result, the incorporation of Ti
species greatly improved the physical–chemical properties of
the PMO, especially, its catalytic activity, compared to pristine
PMO. Titanocene dichloride [Cl2TiCp2] was integrated into
inorganic-organic silica frameworks via the hydrolysis of
a mixture of BTEE and tetraethyl orthosilicate (TEOS) with
varying molar ratios ranging from 0 : 100 to 100 : 0 in the
presence of nonionic surfactant Pluronic P123 under acidic
conditions to form Ti-PMO materials with large channel-like
pores.46 With increasing BTEE, the hydrophobicity of the ob-
tained Ti-PMO gradually increased. Such obtained Ti-PMO was
further reacted with hexamethyldisilazane to form a surface-
silylated Ti-PMO. The latter increasingly hydrophobic Ti-PMO
exhibited the highest catalytic performance in the epoxidation
of 1-octene with tert-butyl hydroperoxide (TBHP). This shows
the importance of the hydrophobic microenvironment,
provided by both the organosilicon precursor and the surface
silanol silylation.46 In 2012, an organosilane compound con-
taining a bis(propyliminomethyl)-phloroglucinol moiety was
synthesized by the Vilsmeier–Haack formylation of phlor-
oglucinol followed by a Schiff base condensation with 3-
aminopropyl-triethoxysilane (APTES).57 The hydrothermal
reaction of such an organosilane with tetraethyl orthosilicate
and titanium isopropoxide (TIP) in the presence of cetylpyr-
idinium chloride (CPC) formed an inorganic–organic hybrid
titanosilicate composite. Aer removal of CPC, a hybrid Ti-
containing PMO catalyst was obtained and used in the epoxi-
dation of alkenes with TBHP under mild liquid phase reaction
conditions. The hybrid catalyst revealed excellent catalytic
activity, thanks to the existence of multiple active Ti sites,
derived from Ti centers simultaneously integrated into the silica
framework by strong coordination with the phenolic-OH and
imine-N donor atoms.57 A similar procedure was used to prepare
a Ti-incorporated phenylene-bridged PMO by the co-
condensation of tetrabutyl titanate (TBOT), BTEB and TEOS in
the presence of nonionic surfactant Pluronic P123 under acidic
conditions via one-pot synthesis. Aer removal of Pluronic P123
and surface silylation, the surface silylated Ti-PMO showed high
conversion and selectivity in cyclohexene epoxidation with
TBHP compared to non-silylated Ti-PMO and Ti-periodic mes-
oporous silica (Ti-PMS).58 By optimizing the ageing time, the Ti-
PMO catalyst showed the highest selectivity (97.7%) for cyclo-
hexene epoxidation.59 Furthermore, similarly structured Ti-
containing ethylene- or phenylene-bridged PMO catalysts were
Nanoscale Adv., 2021, 3, 6827–6868 | 6829
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Fig. 1 Preparation of the Ti@PMO-IL nanocatalyst and its application
in the synthesis of biologically active polyhydroquinolines.65 Repro-
duced with permission.65 Copyright 2018, Jon Wiley & Sons.

Fig. 2 Illustration of the P123-templated sol–gel co-condensation
route for the preparation of periodic mesoporous PrSO3H–SiCH2-
CH2Si–Ti hybrid catalysts.66 Reproduced with permission.66 Copyright
2019, Elsevier.
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applied to cyclohexene epoxidation with TBHP, but they
exhibited different conversions and selectivities, thanks to
different Ti contents and active sites.60 When mixtures of BTEB
and TEOS at various molar ratios were used as the silica source
and TIP as the Ti precursor, phenylene-bridged Ti-PMO spheres
with a wrinkled structure were generated in the presence of
cetyltrimethylammonium bromide (CTAB) under basic condi-
tions. The selectivity of Ti-PMO-catalyzed cyclohexene epoxida-
tion could reach 94%.61 However, mesoporous titania–
organosilica nanoparticles comprised of anatase nanocrystals
crosslinked with organosilica moieties indicated an excellent
photoactivity in the degradation of rhodamine 6G and the
partial oxidation of propene under UV irradiation, especially
calcined samples.62 These mesoporous titania-organosilica NPs
were prepared by direct co-condensation of TBOT and BTEB or
BTEE in the absence of SDA under mild conditions. Apart from
multiple functional bridged groups, an ionic liquid (IL) crystal
unit was incorporated into an organosilane to form a new
organosilica precursor63 for the preparation of PMO-IL with or
without metal content. Briey, the hydrolysis and (co-)conden-
sation of 1,3-bis(tri-methoxysilylpropyl)-imidazolium halide (Cl,
I) with or without tetramethoxysilane (TMOS) or TEOS formed
PMO-IL in the presence of SDA under acidic or basic condi-
tions.64 Aer removal of the SDA, the IL-based ordered PMO
material was used as the support. For some metal salts or
complexes, the IL fragment (integrated into (organo)silica
frameworks) is oen benecial for the physical adsorption of
the metal precursor via electrostatic interaction and for the
formation of a stable metal complex. In the presence of a metal
precursor, metal-containing PMO-ILs were readily accessible.
For example, titanium was incorporated into an IL-based PMO
to prepare a nanostructured titanium-containing ionic liquid-
based PMO catalyst (Ti@PMO-IL) by the hydrolysis and co-
condensation of TMOS, TBOT and 1,3-bis(3-
trimethoxysilylpropyl)-imidazolium chloride in the presence of
Pluronic P123 as the SDA under acidic conditions (Fig. 1).65 Aer
removal of the surfactant, such a Ti@PMO-IL material was
employed as a heterogeneous nanocatalyst for the one-pot
multi-component synthesis of biologically useful poly-
hydroquinoline derivatives. By optimizing the synthesis condi-
tions, the yield of a Ti@PMO-IL-catalyzed four-component
Hantzsch reaction to afford polyhydroquinoline could be
improved to 96%, while indicating high recyclability and
reusability.65

In addition, the incorporation of titanium into a sulfonic
acid or thiol group-functionalized PMO material afforded
a bifunctional nanocatalyst PrSO3H–SiCH2CH2Si–Ti (Fig. 2)
with both Brønsted and Lewis acid sites. It was found that the Ti
loading remarkably inuenced the catalytic performance in the
esterication of levulinic acid with ethanol to produce ethyl
levulinate (Scheme 2).66 In the presence of CTAB, the co-
condensation of BTEB, TMOS and TBOT on Fe3O4@SiO2 parti-
cles formed a core–shell structured magnetic Ti-loaded
phenylene-based nanoporous organosilica (Mag@Ti–NOS)
nanocomposite. Since the magnetic characteristic is conducive
to the separation of the catalyst, substrate and product,
Mag@Ti–NOS was employed as an effective, powerful and
6830 | Nanoscale Adv., 2021, 3, 6827–6868
recyclable catalyst in the synthesis of tetrahydrobenzo[b]pyrans
in water under ultrasonic conditions.67

Very recently, a novel hybrid core–shell structured TiO2–

SiO2-PMO composite (TS@PMO) with a Ti-surface-enriched
mesoporous TS core and an amphiphilic PMO shell was
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 PrSO3H–SiCH2CH2Si–Ti-catalyzed esterification of levu-
linic acid with ethanol.

Fig. 3 Synthetic process for the core–shell structured TS@PMO
microspheres.68 Reproduced with permission.68 Copyright 2021,
Elsevier.

Fig. 4 Illustration of TS and TS@PMO showing the merits of material
design with an amphiphilic shell and surface-Ti-enriched core ((a), (b),
and (c) indicate the skeleton structure of the TS core and PMO shell;
note: (b) is the outer layer of (a)).68 Reproduced with permission.68

Copyright 2021, Elsevier.

Scheme 3 TS@PMO-catalyzed solvent-free epoxidation of methyl
oleate with H2O2.
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reported by Li and co-workers (Fig. 3).68 In such a TS@PMO
composite, the active Ti sites were facilely enriched in near-
surface layers of the core and extra mesoporous cavities were
introduced for substrate reservation (Fig. 4).
© 2021 The Author(s). Published by the Royal Society of Chemistry
When TS@PMO was applied for the solvent-free epoxidation
of methyl oleate (MO) with H2O2 (Scheme 3), a remarkably
boosted catalytic activity with a conversion of 90.2% and
epoxide selectivity of 70.2% was found. This performance was
markedly superior to the conversion of 63.7% and selectivity of
49.2% of unmodied titanosilicate and the conversion of 39.8%
and selectivity of 25.0% of Ti-containing organosilica. This was
ascribed to enhanced interphase mass transfer and sufficiently
accessible active Ti sites in TS@PMO: (i) the hydrophobic
characteristics and pore channels of PMO are conducive to the
access and diffusion of hydrophobic substrates/hydrogen
peroxide, and (ii) an increased framework Ti(IV) density and
surface-enriched active Ti sites in the TS core are benecial to
the improvement of the utilization of active Ti sites. More
recently, self-assembled ionic liquid-based organosilica-titania
was reported and used as a novel and efficient catalyst for the
green epoxidation of alkenes with H2O2, showing high activity
and recoverable and reusable features.69 Furthermore, a TiO2

precursor was mixed with amine-functionalized mesoporous
organosilica particles in a mass ratio of 1 : 1, followed by
hydrothermal treatment to form water-oatable TiO2-loaded
cup-shaped organosilica particles. Aer calcination at 400 �C,
the specic surface area and the growth of anatase crystallites of
the material increased. Such a material was used as an active
photocatalyst for CO2 evolution from aqueous solutions of for-
mic acid and compared to the as-made TiO2-loaded
organosilica.70

The post-graing strategy is a vital approach to immobilize
homogeneous catalysts on solid supports to form heteroge-
neous catalysts. The subsequent multi-step graing can effec-
tively control the metal loading. Titanium tetraisopropoxide
Ti(OiPr)4 was graed onto surfactant-free PMO-ICS, prepared by
the hydrolysis and co-condensation of tris-[3-
methoxysilylpropyl]isocyanurate (ICS) and TEOS in the pres-
ence of Pluronic P123 as a SDA under acidic conditions, to form
a PICS-Ti heterogeneous catalyst.71 With the subsequent layer-
by-layer graing,72 a series of PICS-Ti catalysts with various Ti
contents as amorphous TiO2 layers coating the pore channels of
PMO-ICS were prepared. Such hybrid catalysts were applied to
the regeneration of carbonyl compounds from oximes under
sunlight irradiation (Fig. 5), indicating excellent photocatalytic
activity and high selectivity. This is due to a unique double
synergetic effect of the presence of isocyanuric groups in pris-
tine PMO-ICS and the photoactive titania inside the mesopore
channels of PMO-ICS with an appropriate Ti loading.71 When
titanium(IV) butoxide [Ti(n-OBu)4] was used as the Ti precursor,
layer-wise titania grown within a dimeric organic functional
group viologen-based PMO was employed as an efficient pho-
tocatalyst for oxidative formic acid decomposition.73
Nanoscale Adv., 2021, 3, 6827–6868 | 6831
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Fig. 5 Catalytic reaction illustration promoted by PICS-Ti.71 Repro-
duced from ref. 71 with permission from the Royal Society of
Chemistry.

Fig. 6 Preparation of the organosilica precursor and V-incorporated
PMOs, VO(salen)fPMO and VO(salen)fChiMO.78 Reproduced with
permission.78 Copyright 2004, Elsevier.
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In addition, titanocene dichloride was directly graed onto
ethylene-bridged PMO, followed by the substitution of the
surface cyclopentadienyl ligands with ethoxy groups in ethanol
to afford Ti-PMO.46 Although such Ti-PMO contained a high Ti
content, its catalytic activity per titanium site in the epoxidation
of 1-octene with TBHP was much lower than that of the corre-
sponding Ti-PMO material synthesized by a one-pot synthesis
procedure and even lower than that of pure silica Ti-SBA-15
having a similar titanium content, due to the low dispersion
of Ti species.46 Moreover, Ti species can also be graed onto
PMO or ionic liquid-based nanoporous organosilica (ILNOS)
prepared by surfactant-directed simultaneous hydrolysis and
condensation of alkyl-imidazolium ionic liquids (such as 1,3-
bis(3-trimethoxysilyl-propyl)imidazolium chloride) and tetra-
methoxysilane. For example, TBOT was initially reacted with
ILNOS in anhydrous toluene under reux for the expected time
to generate Ti(OtBu)4@ILNOS, followed by treatment with
a solvent mixture of ethanol and water to form ordered meso-
porous organosilica-titania with an ionic liquid framework
(ILNOS-Ti). In this case, the active Ti species were located on the
surface of ILNOS. Such ILNOS-Ti with an enhanced number of
active sites was used as an efficient nanocatalyst for the green
oxidation of various primary and second alcohols (benzylic and
aliphatic alcohols, 1-phenylethanol, 1-phenyl-1-propanol etc.)
with hydrogen peroxide (H2O2) to the corresponding aldehydes
or ketones under mild conditions. The results indicated high
catalytic activity, high stability, recoverability and reusability.74

Zirconium can also be integrated into PMO to adjust the
chemical and physical properties of Zr-PMO. In general, zirco-
nium n-butoxide [Zr(OnBu)4] was used as a Zr precursor and co-
condensed with BTEB under acidic conditions in the presence
of Pluronic P123 to form as-made Zr-PMO.75 Aer removal of
P123, surfactant-free Zr-PMO was treated with chlorosulfonic
acid to generate sulfonic acid-functionalized ZrO2/organosilica
bifunctional catalysts (SO4

2�/ZrO2-PMO-SO3H) for direct cata-
lytic conversion of glucose to ethyl levulinate. With alteration of
the initial Si/Zr molar ratio, catalysts SO4

2�/ZrO2-PMO-SO3H
showed various catalytic activities, revealing the synergistic
effect of super strong Brønsted acidic and moderate Lewis
acidic sites. Especially, SO4

2�/ZrO2-PMO-SO3H with an initial Si/
Zr molar ratio of 1 exhibited the highest yield of ethyl levulinate.
The co-hydrolysis and -condensation of 1,2-bis(trimethoxy-silyl)
ethane (BTME) with Zr(OnBu)4 in the presence of H3PW12O40,
6832 | Nanoscale Adv., 2021, 3, 6827–6868
triblock copolymer surfactant F127 and 1,3,5-trimethylbenzene
(TMB) formed heteropolyacid and ZrO2 bifunctionalized orga-
nosilica hollow nanospheres (H3PW12O40/ZrO2-PMO). Through
adjusting the molar ratios of Si/Zr in the initial gel mixture, the
morphology transformed from a 3D interconnected meso-
structure into a hollow spherical nanostructure. TMB as an
expander could effectively tune the inner diameter range of the
H3PW12O40/ZrO2-PMOmaterials from 6 to 12 nm.76 Owing to its
strong Brønsted and Lewis acidity, unique hollow nano-
spherical morphology and hydrophobic surface, H3PW12O40/
ZrO2-PMO showed an excellent heterogeneous acid catalytic
activity for the esterication of levulinic acid (LA) withmethanol
to methyl levulinate and transesterication of yellow horn oil
with methanol to biodiesel. Similarly, H3PW12O40/ZrO2-PMO
nanotubes were shown to efficiently catalyze the esterication
of levulinic acid or ethanolysis of furfuryl alcohol to alkyl lev-
ulinates with a high yield.77
2.2. Group 5 (V, Nb, Ta)-based PMO nanoreactors and
catalyses

In 2004, Corma and co-workers prepared a vanadyl Schiff base
complex with two terminal trimethoxysilyl groups and
combined this complex with TEOS as a co-organosilica
precursor in the presence of CTAB as a SDA to obtain a MCM-
41-like mesoporous organosilica.78 Aer removal of the SDA,
VO(salen)fPMO or VO(salen)fChiMO was obtained and used
as an efficient heterogeneous catalyst (Fig. 6) for the cyanosily-
lation of aldehydes showing good activity and high selectivity
(Scheme 4). Vanadyl sulfate was immobilized on Schiff base-
modied PMO to form an efficient and recyclable oxo-
vanadium Schiff base-modied PMO for the selective oxida-
tion of alcohols to carbonyl compounds by using TBHP as the
oxidant under mild reaction conditions.79 The resulting
heterogeneous catalyst showed high catalytic activity with good
to excellent product yields, convenient recoverability by
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Cyanosilylation of aldehydes mediated by VO(salen)fPMO
or VO(salen)fChiMO.
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ltration and very good reusability for at least 8 recycles without
any signicant decrease in catalytic activity and leaching of the
metal or ligand. Moreover, vanadyl(IV) acetylacetonate,
VO(acac)2, reacted with (3-aminopropyl)triethoxysilane (APTES)
via Schiff base condensation to form a vanadyl complex-
incorporated organosilica precursor (SB–V) (Fig. 7). The co-
condensation of SB-V and TEOS in the presence of CTAB
under basic conditions generated a novel V-PMO. Aer removal
of CTAB, a vanadyl complex-incorporated PMO nanocatalyst
was obtained (Fig. 7) and used for the hydroxylation of benzene
to phenol, showing 100% selectivity and high conversion
(>51%) compared to V(acac)2.80 A similar method was applied to
the preparation of a mesoporous SiO2-Pro-Sal-VO catalyst,
showing even higher selectivity (>95%) and excellent recycla-
bility but low conversion (11.3%) for the hydroxylation of
benzene to phenol.81 Moreover, a Schiff base ligand protruding
into the mesopore channels of SiO2-Pro-Sal could also coordi-
nate to metal salts (Co, Cu, Fe, Zn, and Mn) to form a metal-
Schiff base complex. Such a type of metal-bearing mesoporous
composite also showed considerable catalytic activity for the
hydroxylation of benzene.81 Additionally, reacting VOSO4$5H2O,
TEOS and N-[3-(trimethoxysilyl)propyl]ethylenediamine in
a one-pot synthesis in the presence of CTAB under basic
conditions generated a V complex-incorporated PMO (V-PMO),
Fig. 7 The synthesis of SB-V and periodic mesoporous organosilica
materials (PMOs).80 Reproduced with permission.80 Copyright 2012,
John Wiley & Sons.

© 2021 The Author(s). Published by the Royal Society of Chemistry
in which vanadium contents could be adjusted by changing
the initial vanadium salt content and vanadium existed in these
V-PMO materials in the form of V]O and V–N bonds. Aer
removal of the template, the V-PMO was used in styrene
oxidation, showing a high yield and excellent selectivity for
benzaldehyde. This was ascribed to the advanced structure of V-
PMO and well-dispersed and highly stable oxovanadium(IV)
species in the inorganic frameworks.82

Nb species were integrated into ethylene- or octane-bridged
PMO frameworks via a one-pot synthetic sol–gel technique to
fabricate Nb-PMO catalysts. With an adjustable molar ratio of
Nb/Si, the obtained Nb-PMO catalysts indicated high catalytic
activities with a conversion of 89–99% and selectivity of 100%
for the epoxidation of methyl oleate, a conversion of 86–96%
and a monoepoxy derivative selectivity of 70–79% for the
epoxidation of sunower oil as well as a conversion of 93–99%
and u-hydroxy acid selectivity of 75–88% for the oxidation of
stearic acid.83 Moreover, H3PW12O40/Nb2O5-co-integrated
phenylene-bridged PMO catalysts [H3PW12O40/Nb2O5–Si(Ph)Si]
with different molar ratios of Nb/Si were obtained by co-
condensation of NbCl6, H3PW12O40 and BTEB in the presence
of Pluronic P123 under acidic conditions and template removal
(Fig. 8). Such ordered pore-structured nanocatalysts displayed
high catalytic activity compared to their disordered counter-
parts in the esterication of biomass-derived levulinic acid with
methanol to produce methy levulinate. It was revealed that the
pore morphologies and porosity properties of the catalysts
readily inuenced their catalytic activity except for the Brønsted
and Lewis acidity as well as surface hydrophobicity.84

For tantalum, its oxide combines with heteropoly acids as
robust and strong Brønsted acids to form a three dimensional
(3D) interconnected composite catalyst with improved acid
strength, which applies to a wide variety of acid-catalyzed
reactions. For example, the acid strength of the Ta2O5–

H3PW12O40 composite was much higher than that of pure Ta2O5

or H3PW12O40 as revealed by esterication and trans-
esterication reactions.85 Due to the pronounced hydrophilicity
of Ta2O5–H3PW12O40, hydrophilic products formed during the
catalytic process get easily adsorbed and thereby deactivate the
catalyst or inhibit the catalytic transformation. Hence, hydro-
philic Ta2O5–H3PW12O40 was incorporated into hydrophobic
alkyl-/phenylene-bridged PMO to form Ta2O5–H3PW12O40–PMO
with Ta–O–Si–C bonds. Such composite catalysts could mark-
edly improve the catalytic performance, stability and
Fig. 8 Preparation route for phenylene-bridged 2D ordered meso-
porous PW12/Nb2O5–Si(Ph)Si and the catalytic reaction.84 Reproduced
with permission.84 Copyright 2016, Elsevier.
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Fig. 9 Schematic illustration of the preparation of the catalyst
MoO(O2)2@Bipy-PMO-IL.92 Reproduced with permission.92 Copyright
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reusability. In 2009, the material Ta2O5/Si(R)Siy/(H3PW12O40)x
(R ¼ ethylene or phenylene; x and y represent the H3PW12O40

loading (wt%) and mole percentage (mol%) of Si in the product,
respectively) was successfully prepared by effectively tuning the
ratio of Si/W via a one-pot co-condensation method in the
presence of Pluronic P123. The obtained composite catalysts
were applied to the transesterication of soybean oil to bio-
diesel, exhibiting excellent catalytic activity, thanks to the
improved acid strength, increased hydrophobicity and textural
properties of the mesoporous material.86
2020, Elsevier.

Fig. 10 (a) Molecular structure drawing of the complex [SiW11O39{-
O(SiC2H4Si(OH)3)2}]

4� (O: red, C: black, Si: blue and {WO6}: green). (b)
Proposed structure of the as-made mesoporous SiW11-modified
ethylene-bridged PMO-surfactant composite. (c) Surfactant-free
mesoporous SiW11-PMO.95 Reproduced from ref. 95 with permission
from the Royal Society of Chemistry.
2.3. Group 6 (Cr, Mo, W)-based PMO nanoreactors and
catalyses

Chromium as a heavy metal element is not considered as
environmentally benign, neither are Cr-PMO-type catalysts.
Notwithstanding, Cr salts such as chromium nitrate were
incorporated into mesoporous organosilica via one-pot
synthesis to prepare a Cr-PMO catalyst. Aer removal of the
surfactant template by solvent extraction, the obtained Cr-
incorporated PMO catalyst did not show any catalytic activity
for the oxidation of cyclohexane. However, upon calcination,
the organic fragment was removed and Cr(III) species were
converted into Cr(VI) species. Due to the presence of highly
dispersed active chromium sites available for the substrate
molecules, the calcined Cr-PMO exhibited an improved catalytic
activity in the aerobic oxidation of cyclohexane and ethyl
benzene compared to its parent, but conversion was low.87,88

Incipient wetness impregnation and post-calcination is
a traditional strategy to prepare metal-based catalysts on
supports such as oxides and carbon. Chromium(III) nitrate
nonahydrate was impregnated into the as-made and calcined
mesoporous organosilica (MOS) prepared with TEOS and BTEE,
followed by calcination to generate two different catalysts, Cr/
MOS and Cr/MOS-cal.89 Both catalysts promote the partial
oxidation of cyclohexane with high selectivity (>86%). Cr/MOS-
cal synthesized with 10% BTEE displayed a higher surface
hydrophobicity, which accelerated the access of cyclohexane to
chromate species and thereby showed the highest catalytic
activity.

Oxido-peroxido molybdenum compounds (MoOx) have
attracted great interest due to their catalytic properties.90

Molecular Mo-based complex catalysts oen encounter the
problems of separation and reusability as well as insufficient
stability. The heterogenization of homogeneous Mo catalysts is
a potential strategy to ensure that active Mo species are stable
enough toward the substrate. In 2002, the oxodiperoxo molyb-
denum compound MoO(O2)2$(DMF)2 was linked to pyrazolyl
pyridine-functionalized mesoporous silica MCM-41 to form
a heterogeneous catalyst for the epoxidation of cyclooctene,
showing good catalytic activity and reusability.91 Compared to
mesoporous silica, organo-bridged PMO possesses a stronger
hydrophobicity, which is greatly conducive to the access and
diffusion of organic substrate molecules. MoO(O2)2$(DMF)2 was
immobilized on Bipy-PMO-IL to generate MoO(O2)2@Bipy-
PMO-IL (Fig. 9) for the oxidation of organic suldes, such as
methyl phenyl sulde, showing a high recyclability and an
6834 | Nanoscale Adv., 2021, 3, 6827–6868
excellent catalytic activity with a conversion of up to 100% and
a yield of up to 90%.92

A molecular catalyst [MoX2(CO)3(NCCH3)2] (X ¼ I, Br) was
immobilized onto pyca-integrated periodic mesoporous silica
PMO-pycaSi (pycaSi ¼ C5H4NCH]N(CH2)2CH2Si(OEt)3),
prepared by co-condensation of TEOS and pycaSi through the
sol–gel method, to form a hybrid heterogeneous catalyst PMO-
pycaSi-MoX2 with 2.72 wt% Mo (X ¼ I) and 3.90 wt% (X ¼ Br).93

Owing to a better-controlled quantity and distribution of the
active sites, PMO-pycaSi-MoX2 catalyzed the epoxidation of
cyclohexyne (Cy6), cis-cyclooctene (Cy8) and styrene (Sty) and
showed a good catalytic performance with conversions of 72%
for Cy6, 82% for Cy8 and 100% for Sty, when X ¼ I, and
conversions of 75% for Cy6, 100% for Cy8 and 98% for Sty when
X ¼ Br.

In 2010, MoO2Cl2 was linked to a phosphanyl-functionalized
phenylene-bridged hybrid PMO, which was synthesized via the
co-condensation of BTEB and (diphenyl-phosphanyl)
propyltriethoxy-silane (TEPPP) in the presence of Pluronic
P123 (EO20PO70EO20) under acidic conditions. Surfactant
removal and oxidation of the surface phosphane groups with
H2O2 afforded a Mo-linked hybrid PMO (Mo-HPMO) heteroge-
neous catalyst containing surface Mo species [MoCl2(O)2{O]
P(Ph)2CH2CH2CH2Si–}2] with 0.47 mmol g�1 of Mo and a P/Mo
molar ratio of 1.8.94 The catalyst was used for the solvent-free
epoxidation of cis-cyclooctene and different olens with
TBHP,94 with both conversion and selectivity up to 100%.

In 2015, mesoporous polyoxometalate cluster–crosslinked
organosilica frameworks were rst prepared using a surfactant-
assisted co-polymerization of organically modied
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00488c


Fig. 12 (a) CG image of the direct Ru-complex formation on the pore
surface of BPy-PMO. Green, ruthenium; silicon, yellow; oxygen, red;
carbon, gray; nitrogen, pink; hydrogen, white. (b) Chemical structures
of metal complexes prepared using BPy-PMO as a solid chelating
ligand in this study.98 Reproduced with permission.98 Copyright 2014,
American Chemical Society.
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polyoxometalate cluster (NMe4)4[SiW11O39{O–(SiC2H4-
Si(OH)3)2}] (Fig. 10a) building blocks and ethylene-bridged sil-
sesquioxane BTEE under acidic conditions.95 The structures of
the as-made mesoporous surfactant-SiW11O39-ethane-silica
composite and mesoporous surfactant-free SiW11O39-ethane-
silica (SiW11/MES) are shown in Fig. 10b and c. The SiW11O39

species are located near the edge area of the pore wall or
protrude into the pore channels. These new hybrid
polyoxometalate-organosilica materials possess an ordered
pore structure, a large surface area and a high density of cata-
lytic sites, which should be highly effective in the photocatalytic
oxidation of aryl alcohols with molecular oxygen. As a result,
15%SiW11/MES exhibited high catalytic activities in the aerobic
oxidation of various para-substituted aryl alcohols with
conversions ranging from 41% to 98% in dependency of the
substrate. Subsequently, a series of XM11/MES (X ¼ Si, P; M ¼
Mo, W) composites were reported, accessible by a similar
approach to SiW11/MES.96 Thus the obtained PW11/MES, SiW11/
MES and PMo11/MES had large surface areas, pore volumes and
considerable pore diameters ranging from 890 to 930 m2 g�1,
from 1.1 to 1.3 cm3 g�1 and from 4.9 to 5.2 nm, respectively. The
results of the XM11/MES-promoted photocatalysis for the
hydrogen evolution reaction (HER) indicated that the pore
surface of XM11/MES was catalytically active and accessible to
electrolytes, contributing to a high HER performance. SiW11/
MES had a higher HER activity with a H2 evolution rate of
about 6.3 mmol h�1 under UV/vis light irradiation and with
good reusability. Note that the photocatalytic activity for H2

production occurred at neutral pH in the absence of a precious
metal or any co-catalysts and photosensitizers, indicating
a promising candidate for water-splitting applications.

In 2011, a novel PMO containing phenylpyridine (PPy)
moieties (PPy-PMO) was synthesized by the hydrolysis and
condensation of 2-(4-triethoxysilylphenyl)-5-
triethoxysilylpyridine via a sol–gel process and used for the
fabrication of Ru or Ir polypyridine complexes on the pore
surfaces.97 In 2014, bipyridine-bridged PMO (BPy-PMO) with
a crystalline pore wall was successfully prepared by the hydro-
lysis and condensation of 5,50-bis(triisopropoxysilyl)-2,20-bipyr-
idine in the presence of SDA octadecyltrimethylammonium
chloride (C18TMACl) under basic conditions (Fig. 11).98 The
surfactant-free BPy-PMO had a specic surface area of 739 m2

g�1, a uniform pore diameter of 3.8 nm and a crystalline pore
wall with a 1.4 nm thickness. BPy-PMOs display a very strong
Fig. 11 Synthesis of 5,50-bis(triisopropoxysilyl)-2,20-bipyridine and
preparation of BPy-PMO through hydrolysis and polycondensation
under basic conditions.98 Reproduced with permission.98 Copyright
2014, American Chemical Society.

© 2021 The Author(s). Published by the Royal Society of Chemistry
coordination ability with different metals to form surface metal
complexes, and hence attracted considerable attention as
excellent supports for the preparation of heterogeneous cata-
lysts. For example, metal compounds from groups 6–10,
MoO2Cl2, Re(CO)5Cl, Ru(bpy)2Cl2$2H2O, [Ir(ppy)2Cl]2,
[Ir(OMe)(cod)]2 and Pd(OAc)2 readily react with the chelating
ligand incorporated into BPy-PMO to form a variety of
bipyridine-based metal complexes on the pore surface of BPy-
PMO (Fig. 12), exhibiting distinct optical properties and cata-
lytic activities.98,99

BPy-PMO reacted with hexamethyldisilazane in dry organic
solvent to form trimethylsilyl (TMS) group-caped BPy-PMO (BPy-
PMO-TMS) with improved hydrophobicity. MoO2Cl2 reacted
with BPy-PMO-TMS in acetonitrile to afford materials Mo-BPy-
PMO-TMS with different Mo contents (Fig. 13a).99 Mo-BPy-
PMO-TMS included two different Mo species, MoO2Cl2(bpy)
and MoO2Cl(OH)(bpy), which were conrmed by FT-IR and
Raman spectroscopy as well as XAFS analysis. Mo-BPy-PMO-
Fig. 13 (a) Schematic for direct Mo-complex formation on the pore
surface of BPy-PMO-TMS. (b) Illustration of the catalytic epoxidation
of cis-cyclooctene.99 Reproduced with permission.99 Copyright 2018,
American Chemical Society.
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TMS showed high catalytic performance in the epoxidation of
cis-cyclooctene with TBHP under ambient and anhydrous
conditions (Fig. 13b). Upon optimizing the reaction conditions,
10%Mo-BPy-PMO-TMS exhibited the highest TOF at 90 �C. The
immobilized Mo catalyst could be applied in the epoxidation of
a variety of aliphatic and aromatic olens showing yields up to
100% and good recyclability for at least three reuse cycles in the
epoxidation of cis-cyclooctene.

More recently, a BPy-PMO thin lm was fabricated on the
inner wall of a microreactor by an evaporation-induced self-
assembly approach.100 The obtained BPy-PMO thin lms
exhibited open mesopores with a diameter of 8–12 nm on the
outermost surfaces and a thickness of approximately 50 nm.
MoO2Cl2 could be immobilized into BPy-PMO thin lm layers to
form Mo-BPy-PMO inside the microreactor for the epoxidation
of cis-cyclooctene with TBHP in a continuous ow manner. The
resulting immobilized catalysts showed an excellent catalytic
performance with TOFs > 3000 h�1 and TONs > 66 000 at 80 �C,
while maintaining catalytic activity over 26 h. This corresponds
to a considerably higher stability compared to conventional
methods.

For tungsten, previous studies have shown that silica-based
tungstate interphase catalysts could effectively promote the
selective oxidation of suldes to sulfoxides101,102 and the oxida-
tion of primary and second alcohols103 with 30% hydrogen
peroxide, while exhibiting a high recoverability and high reus-
ability. In 2014, tungstate ions (WO4

2�) were successfully sup-
ported on a PMO with an imidazolium framework (PMO-IL) to
form WO4

2�@PMO-IL for the oxidation of alcohols.104 The
oxidation of benzyl alcohol with 30% H2O2 was markedly
affected by solvent effects as seen in the composition of the nal
product. Note that when a 1 : 1 mixture of H2O/CH3CN at 90 �C
was used, benzyl alcohol was selectively converted into the
corresponding benzaldehyde. Benzoic acid and other products
were not detected. Under these optimized conditions,
substituted benzyl alcohols bearing either electron-releasing or
electron-withdrawing groups were also oxidized selectively and
afforded the corresponding aldehydes in good to excellent
yields. Primary and second alcohols were oxidized to the cor-
responding aldehydes and ketones (Scheme 5a) with moderate
to excellent yields and 100% selectivity. Moreover, under such
conditions, WO4

2�@PMO-IL as a supported phase transfer
catalyst indicated a high stability and high reusability, due to
the imidazolium unit stabilized WO4

2� which inhibited the
leaching of the active species. Similarly, WO4

2�@PMO-IL cata-
lyzed the oxidation of various suldes to the corresponding
sulfones in H2O/CH3CN (1 : 1), achieving 100% selectivity and
moderate to excellent yields.105 When H2O/CH3OH (1 : 10) was
Scheme 5 WO4
2�@PMO-IL-catalyzed oxidation of various alcohols

(a) and sulfides (b).

6836 | Nanoscale Adv., 2021, 3, 6827–6868
used as a solvent mixture, WO4
2�@PMO-IL also exhibited

a considerable catalytic performance (Scheme 5b). For such
highly efficient catalysts WO4

2�@PMO-IL, a possible mecha-
nism for the catalytic oxidation of sulde in H2O/CH3CN and
H2O/CH3OH solvent was suggested (Fig. 14).
2.4. Group 7 (Mn, Re)-based PMO nanoreactors and catalytic
applications

In recent years, the heterogenization of homogeneous catalysts
has attracted increasing attention due to the ease of separation
and reusability of catalysts. Heterogeneous catalysts based on
active metals incorporated into/graed onto supports (carbon,
porous materials, metal oxides etc.) with a high surface area are
in high demand for industrial applications. A previous review by
Li and co-workers has focused on chiral metal complexes,
conned in the pore channels of mesoporous (organo)silica
nanoreactors, as heterogeneous catalysts for asymmetric reac-
tions and emphasized the pore connement effect and coop-
erative activation effect of the nanoreactor.106 At present, the
heterogenization of homogeneous metal-based catalysts can be
performed by trapping molecular catalyst into support, direct
graing of molecular catalyst onto support and immobilization
of molecular catalyst linked by functional group on support.

The epoxidation of olens is an important reaction to
produce chemical intermediates for industrial-scale
syntheses.107 Metal–salen complex-based homogeneous or
heterogeneous catalysts are very versatile and efficient catalysts
for alkene epoxidation,108 especially Mn-based catalysts.109 In
2011, a monomeric or dimeric Mn(salen) complex was trapped
into the nanocages of a 3D ethylene-bridged PMO with body-
centered cubic symmetry. Subsequent surface silylation with
organosilane was conducted to prevent the leakage of the
composite (Fig. 15).110 The Mn(salen) complexes trapped inside
the PMO pore system remained intact and no structural alter-
ation was observed. Such immobilized catalysts were probed in
the catalytic epoxidation of olens. The results indicated that
Fig. 14 A possible mechanism for the WO4
2�@PMO-IL-catalyzed

oxidation of sulfides.105 Reproduced with permission.105 Copyright
2015, John Wiley & Sons.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 (a) Synthesis of diamine-bridged dimeric Mn(salen) complexes
and (b) their corresponding structures. (c) Synthesis of heterogeneous
diamine-bridged dimeric Mn(salen) complexes (3a is a representative
example).110 Reproduced with permission.110 Copyright 2011, John
Wiley & Sons.

Scheme 6 BPMO@ISB/Mn-catalyzed multicomponent reaction of an
aldehyde, malononitrile and 4-hydroxycoumarin to dihydro-pyrano
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the catalysts derived from dimeric Mn(salen) complexes trap-
ped inside PMOs showed considerably higher catalytic activity
and stability towards the epoxidation of alkenes than homoge-
neous molecular catalysts. The implications of the electron-
donating effects of the substituents on the Mn(salen)
complexes and steric hindrance for the catalytic activity of both
the homogeneous and heterogeneous Mn(salen) complexes
were discussed.110 Note that the type of solvent, ratio of oxidant
to substrate, and textural structure and morphology of the
supports110,111 signicantly inuenced the catalytic activity of
the heterogeneous dimeric Mn(salen) complexes. Compared to
the corresponding parent homogeneous catalysts, the immo-
bilized catalysts could be recovered and reused at least three
times without obvious loss of activity.110

The compound Mn(OAc)3$2H2O, when directly reacted with
PMO-IL in dimethyl sulfoxide, produced the nanocatalyst
Mn@PMO-IL,112 with Mn–IL surface complexes as active species
located on pore walls. Mn@PMO-IL catalyzed the one-pot
Biginelli condensation of various aldehydes with urea and
alkyl acetoacetates under solvent-free conditions. High activity
and high to excellent yields and selectivities as well as high
© 2021 The Author(s). Published by the Royal Society of Chemistry
recoverability and reusability were achieved with short reaction
times for the corresponding dihydropyrimidone derivatives. It
was pointed out that a large pore diameter, high pore volume
and hydrophobic nanopore channels of the nanocatalyst are
greatly conducive to the access and diffusion of substrates and
products. Moreover, Mn@PMO-IL can also be used as an effi-
cient and recyclable nanocatalyst for the unsymmetric Hantzsch
reaction.113

In order to improve catalyst separation, IL-modied
magnetic mesoporous organosilica Fe3O4@OS/IL was
prepared and used as the support for the immobilization of
Mn(OAc)3$2H2O to generate Fe3O4@OS/IL–Mn with Mn(OAc)3
species.114 The Mn loading reached 0.44 mmol g�1. Nano-
structured Fe3O4@OS/IL–Mn effectively catalyzed the multi-
component reaction of benzaldehyde, dimedone and
phthalhydrazide to 2-H-indazolo[2,1-b]phthalazines or its
derivatives, in a short time under ultrasonic irradiation,
exhibiting a high yield, high recoverability and an excellent
reusability at least 12 times (last recycle reaction for 13 min,
76% yield). In addition, a 3-aminopropyltrimethoxysilane
(APTS)-modied phenylene-bridged PMO (APTS-BPMO or
BPMO-Pr-NH2) was prepared by the reaction of APTS with
BPMO in toluene. Subsequently, BPMO-Pr-NH2 was reacted
with isatin in toluene to form a BPMO-supported isatin-Schiff-
base (BPMO@ISB). Finally, Mn(NO3)2$4H2O was immobilized
onto BPMO@ISB to obtain the nanostructured mesoporous
catalyst BPMO@ISB/Mn for the multicomponent reaction of
aldehyde, malononitrile and 4-hydroxycoumarin to dihydro-
pyrano[3,2-c]chromenes (Scheme 6). Also this transformation
exhibited very good catalytic activity, recoverability and high
reusability at least six times (6th recycle, 85% yield).115

Additionally, Mn(CO)5Br was immobilized on BPy-PMO,
prepared by hydrolysis and condensation of 5,50-
bis(triisopropoxysilyl)-2,20-bipyridine in the presence of the
SDA trimethylstearylammonium iodide under basic conditions.
The resulting hybrid material [Mn(bpyPMO)(CO)3Br] contained
fac-[Mn(bpyPMO)(CO)3Br] as the major and mer-[Mn(bpyPMO)
(CO)3Br] as a minor component (Fig. 16).116 By changing the
initial amount of Mn(CO)5Br, the Mn content in
[Mn(bpyPMO)(CO)3Br] could be adjusted from 1.41 wt% (Mn/bpy
¼ 0.09) to 1.22 wt% (Mn/bpy ¼ 0.08), and to 0.41 wt% (Mn/bpy
¼ 0.09).

The components fac-[Mn(bpyPMO)(CO)3Br] and mer-
[Mn(bpyPMO)(CO)3Br] were conrmed by FT-IR and UV-diffuse
reectance spectroscopy (UV-DRS). Under light irradiation,
UV-DRS veried the formation of ½Mnþðbpy$�PMOÞðCOÞ3�; while
electron paramagnetic resonance (EPR) measurements further
[3,2-c]chromenes.

Nanoscale Adv., 2021, 3, 6827–6868 | 6837
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Scheme 7 Synthesis process of BPy-PMO-NT by a template-directed
sol–gel technique.

Fig. 16 Synthesis pathway to [Mn(bpyPMO) (CO)3Br].116 Reproduced
from ref. 116 with permission from the Royal Society of Chemistry.

Fig. 17 Proposed mechanisms for the formation of HCO2H and CO
from the photocatalytic reaction with [Mn(bpyPMO)(CO)3Br].116 Repro-
duced from ref. 116 with permission from the Royal Society of
Chemistry.
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supported the presence of bpy$� and the assignment of
½Mnþðbpy$�PMOÞðCOÞ3�: The existence of ½Mnþðbpy$�PMOÞðCOÞ3� in
[Mn(bpyPMO)(CO)3Br] likely initiated the catalytic reaction
under light irradiation. Previous investigations have conrmed
that radicals play a pivotal role in Mn-bpy complex-catalyzed
CO2 reduction.117,118 This result inspired the authors to utilize
[Mn(bpyPMO)(CO)3Br] as a catalyst for photocatalytic CO2

reduction to CO and HCOOH in the presence of 1,3-dimethyl-2-
phenyl-2,3-dihydro-1H-benzoimidazole as the electron donor,
indicating a high activity up to ca. 720 TON. Site-isolated
manganese carbonyl on BPy-PMO inhibited bimolecular
processes such as dimerisation and disproportionation and
thus allowed the spectroscopic observation of key reaction
intermediates, two meridional isomers of the carbonyl
complexes and the bipyridine radical anion species.116 The
proposed mechanism for the formation of HCO2H and CO from
the photocatalytic reaction with [Mn(bpyPMO)(CO)3Br] is shown
in Fig. 17.

Re(bpy)(CO)3X (X¼ Cl, Br) showed a strong ability for the
photochemical reduction of CO2 to CO under visible light irra-
diation.119,120 When molecular Re(CO)5Cl similar to
Re(bpy)(CO)3X was immobilized on ordered bipyridine-bridged
mesoporous organosilica BPy-PMO, the Re complex was directly
formed on the pore surface to afford Re(CO)3Cl@BPy-PMO.98

The textural structure and chemical composite of Re(CO)3-
Cl@BPy-PMO were characterized by X-ray diffraction (XRD),
physisorption, FT-IR, ultraviolet–visible (UV–vis) spectroscopy,
X-ray absorption near edge structure (XANES) spectroscopy,
extended X-ray absorption ne structure (EXAFS) spectroscopy,
X-ray photoelectron spectroscopy and nuclear magnetic reso-
nance (NMR) spectroscopy, but its physicochemical properties
were not explored aer preparation. Until 2018, Re(bpy)(CO)3Cl
similar to Re(CO)5Cl was immobilized on the pore surface of
6838 | Nanoscale Adv., 2021, 3, 6827–6868
BPy-PMO to obtain Re(bpy)(CO)3Cl@BPy-PMO (Re-BPy-PMO)
(Fig. 18).121

Note that the metal-to-ligand charge transfer (MLCT)
absorption band of solid Re-BPy-PMO appeared at almost the
same wavelength (actually a slight blue shi) as that of molec-
ular Re(bpy)(CO)3Cl in toluene. However, the phosphorescence
lifetime of Re-BPy-PMO was shorter than that of molecular
Re(bpy)(CO)3Cl, hence directly resulting in a low photocatalytic
performance for CO2 photoreduction. Apparently, the reaction
of Re(bpy)(CO)3Cl with solid BPy-PMO completely took place
under unusual pore environmental conditions compared to
conventionally the bulk liquid–liquid and solid–liquid reac-
tions. The Re-complex in Re-BPy-PMO interacted not only with
water molecules adsorbed on the pore surfaces, but also with
SiOH groups of the silica framework. Both interactions were
responsible for the unexpectedly short MLCT absorption
wavelength of Re-BPy-PMO.122 This result was corroborated by
a red shi in the in situ UV–vis spectra of Re-BPy-PMO and
surface silylated Re-BPy-PMO aer vacuum heating, revealing
the effects of pore surfaces on the electronic states of metal
complexes formed on BPy-PMO. Moreover, it was very inter-
esting to nd that when ruthenium photosensitizers like
[Ru(bpy)3]

2+ and Re(bpy)(CO)3Cl were co-immobilized on BPy-
PMO, the photocatalytic activity greatly enhanced. This was
ascribed to an efficient transfer of photoinduced electrons from
the Ru photosensitizer to the Re catalyst on the BPy-PMO, which
was also veried by quantum chemical calculations. Further-
more, BPy-PMO nanotubes (BPy-PMO-NT) were successfully
synthesized by the co-condensation of 2,20-bipyridine-bridged
organosilane [(iPrO)3Si–C10H6N2–Si(OiPr)3] and phenylene-
bridged organosilane [(EtO)3Si–C6H4–Si(OEt)3] with a suitable
ratio in the presence of Pluronic P123 and KCl under acidic
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Immobilization of the rhenium catalyst Re(bpy)(CO)3Cl on
BPy-PMO.121 Reproduced with permission.121 Copyright 2018, John
Wiley & Sons.

Fig. 19 (a) Synthetic routes for the design of heterogeneous molec-
ular Re-based catalysts on organosilica nanotubes (Re-BPy0.3-NT-
Me). (b) Possible photocatalytic CO2 reduction mechanism. DFT
calculations: (c) the binding energy of H2O onto Re-BPy0.3-NT and Re-
BPy0.3-NT-Me and (d) free energy evolution of the reduction of CO2 to
CO on Re-BPy0.3-NT-Me.124 Reproduced with permission.124 Copy-
right 2019, Elsevier.
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conditions, followed by HCl-acidized EtOH solvent extraction
(Scheme 7).123 BPy-PMO-NT displayed a high surface area of 961
m2 g�1, pore volume of 0.9 cm3 g�1 and pore diameter of
7.8 nm.

Such a state-of-the-art BPy-PMO-NT material with a high
surface area, large pore size and pore volume can be used as an
ideal support for the immobilization of molecular catalysts. For
example, the reaction of Re(CO)5Cl with BPy0.3-PMO-NT (0.3
represents the mole content of BPy-bridged organosilane in
1 mol total organosilane) gave a heterogenized molecular Re-
based catalyst on BPy0.3-PMO-NT (Re-BPy0.3-PMO-NT).124 A
high surface area, large pore size and hydrophobic pore channel
are conducive to the access and diffusion of reactant(s) and
product(s) as well as adsorption of CO2. Meanwhile, in order to
further improve the hydrophobicity of the heterogeneous cata-
lyst, the silanol groups on the Re-BPy0.3-PMO-NT surface were
passivated with hexamethyldisilazane to form trimethylsilyl-
capped Re-BPy0.3-PMO-NT (Re-BPy0.3-PMO-NT-Me) (Fig. 19a).
Such a state-of-the-art heterogeneous catalyst Re-BPy0.3-PMO-
NT-Me was applied to CO2 photoreduction with high activity
(the turnover number (TON) of CO2 reached 30.6 per Re) and
tailored selectivity (max. 94%) in an aqueous solution, which
was much higher than that from Re-BPy-PMO.121 The Re-BPy0.3-
PMO-NT-Me-catalyzed CO2 photo-reduction mechanism was
proposed and veried by density functional theory (DFT)
calculations (Fig. 19b).124 Very recently, the material resulting
from the immobilization of Re(bpy)(CO)3Cl on BPyx-PMO-NT
was further investigated for photocatalytic CO2 reduction by
adjusting the contents of bpy-bridged organosilane and Re as
well as by adding a photosensitizer [Ru(bpy)3]

2+, exhibiting an
improved catalytic activity.125
2.5. Group 8 (Fe, Ru)-based PMO nanoreactors and catalytic
applications

Iron especially iron oxides were oen used as a magnetic
separator to integrate into mesoporous materials and fabricate
core–shell or yolk–shell structured materials or magnetic
materials.126 The integration of magnetic iron oxides is greatly
benecial to the convenient separation of the product and
catalyst aer utilization.127 In general, iron oxide itself did not
participate the catalytic reaction. Herein, the cases where iron
or iron oxide or iron complexes in PMO directly participated in
or catalyzed the chemical reaction are focused on. In 2013,
© 2021 The Author(s). Published by the Royal Society of Chemistry
(C5H5)Fe(C5H4)Si(CH3)2Cl was anchored on phenylene-bridged
PMO (PMO-Ph) to form a heterogeneous catalyst PMO-
Si(CH3)2(C5H4)-Fe(C5H5) which was used in the catalytic oxida-
tion of styrene with H2O2 as the oxidant under mild condi-
tions.128 The results showed a considerable conversion and
good selectivity for benzaldehyde in comparison with molecular
ferrocene. During the catalytic reaction, although active species
leaked into the solution, benzaldehyde selectivity was improved
up to 100% by using acetonitrile as a solvent and adjusting the
molar ratio of the catalyst and substrate.129 Moreover, the
organic compound can react with functionalized PMO to form
a solid ligand with a strong coordination ability on the surface.
For example, the reaction of 2-hydroxybenzaldehyde with the
–NH2 group of APTES-modied PMO-IL with the ion liquid unit
(PMO-IL-NH2) produced the Schiff base and ionic liquid-based
bifunctional PMO (SBIL-BPMO). Finally, SBIL-BPMO further
interacted with iron(III) nitrate to yield a novel solid iron-Schiff
base nanocatalyst Fe@SBIL-BPMO (Fig. 20).130 This nano-
structured catalyst with a high surface area and large pores
effectively catalyzed the one-pot, three-component Biginelli
condensation of aldehydes, urea/thiourea, and alkyl acetoace-
tate under solvent-free conditions to 3,4-dihydropyrimidinones/
thiones.

By optimizing the reaction conditions, the high catalytic
activity gave good to excellent yields (83–97%). In addition, aer
Nanoscale Adv., 2021, 3, 6827–6868 | 6839
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Fig. 20 Preparation of the Fe@SBIL-BPMO nanocatalyst and its
application in the synthesis of 3,4-dihydropyrimidinones/thiones.130

Reproduced with permission.130 Copyright 2015, John Wiley & Sons.

Scheme 9 Ru/5%(R)-BINAP-PMO-catalyzed asymmetric catalytic
hydrogenation of methylacetoacetate with different substitutes under
high-pressure hydrogen gas (a) and asymmetric transfer hydrogena-
tion of 4-methoxyacetophenone (b).
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9 recycles, the Fe@SBIL-BPMO nanocatalyst in the reaction of
benzaldehyde, methyl acetoacetate and urea still retained 94%
yield, strongly conrming the powerful reactivity, reusability
and durability of the catalyst under the applied conditions. This
high catalytic performance is directly related to a regular and
uniform pore structure and structure-supported stability of the
catalyst. In addition, iron(III) complex-incorporated mesoporous
organosilicas with various iron contents were synthesized by the
hydrolysis and co-condensation of TEOS and iron(III) complexes
with multidentate pyridinyl ligands containing propyl-
trimethoxysilane via a sol–gel method. These materials were
used in the direct hydroxylation of benzene to phenol, showing
a considerable conversion, yield and selectivity as well as an
excellent recyclability compared to molecular Fe precursors.131

More recently, FeCl2$4H2O and FeCl3$6H2O were immersed
into PMO-ICS in the presence of ammonia solution, followed by
drying at 100 �C, graing of [(trimethoxysilyl)propyl]thiol in
toluene and H2O2 oxidation, to obtain magnetic propylsulfonic
acid-anchored isocyanurate-based PMO (iron oxide@PMO-ICS-
PrSO3H).132 Such a novel and readily recoverable magnetic
nanocomposite could be utilized as a nanoreactor for the
sustainable heteroannulation synthesis of imidazopyrimidine
derivatives through the Traube-Schwarz multicomponent reac-
tion of 2-aminobenzo-imidazole, C–H acids and diverse
aromatic aldehydes (Scheme 8). The results indicated that iron
Scheme 8 Iron oxide@PMO-ICS-PrSO3H-catalyzed Traube-Schwarz
multicomponent reaction of 2-aminobenzo-imidazole, C–H acids
and diverse aromatic aldehydes to imidazopyrimidine derivatives.

6840 | Nanoscale Adv., 2021, 3, 6827–6868
oxide@PMO-ICS-PrSO3H hadmuch high catalytic activity under
various conditions (temperature, solvent, no solvent, time etc.)
compared to those of catalysts, iron oxide, PMO-ICS, iron oxi-
de@PMO and iron oxide@PMO-PrSH, clearly revealing that the
high catalytic activity of iron oxide@PMO-ICS-PrSO3H was
contributed to the signicant synergic effect of sulfonic acid
groups (–SO3H) along with iron oxide in this mesoporous
catalyst. Moreover, iron oxide@PMO-ICS-PrSO3H also exhibited
some excellent advantages of a low catalyst loading, low cost,
short reaction time, high yield, recoverability and reusability.

Ru- or Rh-based complexes are very vital in the enantiose-
lective hydrogenation of alkenes and carbonyl compounds in
chemistry. The heterogenization of molecular Ru or Rh
complexes on supports is an efficient strategy to extend the
applications of homogeneous catalysts. In 2012, benzener-
uthenium(II) chloride dimer Ru2(C6H6)2Cl4 was immobilized on
TMS-capped BINAP-PMO with a high surface area and good
pore volume to form the catalyst Ru/5%(R)-BINAP-PMO. This
TMS-capped BINAP-PMO support was prepared via several
steps: (i) the hydrolysis and co-condensation of TEOS and 2,20-
bis(diphenyl-phosphinyl)-5,50-bis(triethoxysilyl)-1,10-binaphthyl
(BINAPO) in the presence of SDA, (ii) template removal (5%
BINAPO-PMO), (iii) surface silylation with hexamethyldisilazane
to generate TMS-capped 5%BINAPO-PMO (TMS-5%BINAPO-
PMO) and (iv) the reduction of phosphine oxides. Such a cata-
lyst was applied in asymmetric catalytic hydrogenation
methylaceto-acetate with different substitutes in the presence of
high-pressure hydrogen gas, and in asymmetric transfer
hydrogenation of 4-methoxyaceto-phenone (Scheme 9). This
catalyst showed an excellent catalytic efficiency with >99 yield
and enantioselectivity >99% enantiomeric excess (ee).133 The Ru
complex (h6-p-cymene)RuCl2[4-diphenylphos-
phinylbenzenecarboxylic acid-4N-(3-trimethoxysilypropyl)
amide] was covalently anchored on the PMO surface to form
a heterogeneous catalyst Ru-PMO.134 Owing to the pore
connement effect and high hydrophobicity of the inside pore
channel of PMO, Ru-PMO indicated higher catalytic activity and
selectivity in the hydrogenation of olen compared with those
of homogeneous molecular catalysts and Ru-MCM-41 (an
ordered periodic mesoporous pure siliceous material with a 2D
hexagonal symmetry).

Note that if two or more active species are incorporated into
a PMO to generate a heterogeneous catalyst with partitioned
sites, perhaps, this special catalyst exhibits multi-step catalytic
properties from the substrate to the product. In 2014, Liu and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 (a) Synthesis of catalyst and (b) the expected multiple-steps
catalytic reactions.135 Reproduced with permission.135 Copyright 2014,
John Wiley & Sons.

Fig. 22 Schematic representation of the synthesis of Ru-POS.141

Reproduced from ref. 141 with permission from the Royal Society of
Chemistry.
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co-workers rationally designed and successfully prepared a site-
isolated organoruthenium-/organopalladium-bifunctionalized
PMO catalyst (Fig. 21a). This catalyst was used in Suzuki
cross-coupling and cascade asymmetric transfer hydrogenation
(ATH) (Fig. 21b).135 Such a structural catalyst indicated three
aspects of advantages: (i) an isolated and well-dened single
molecular characteristic with different catalytic behaviors, (ii)
the active sites located inside pore channels or on the surface,
and (iii) high hydrophobicity of PMO and uniformly large pore
size (benecial to the access and diffusion of the substrate). As
a result, when the substrate passed through or diffused into
pore channels, different active species simultaneously promote
the occurrence of different reactions in nanopore reactors. By
optimizing reaction times, the desirable product with a high
yield could be obtained in one-pot synthesis. For example, site-
© 2021 The Author(s). Published by the Royal Society of Chemistry
isolated Ru-/Pd-bifunctionalized PMO was used in one-pot
cascade ATH/Suzuki cross-coupling of haloacetophenones and
arylboronic acids, and a one-pot cascade ATH/Heck reaction.
The resulting catalyst exhibited a high catalytic activity with
a high yield and a very nice enantioselectivity (ee). Moreover,
such a catalyst also showed an excellent recoverability and
reusability. As a model reaction, one-pot relay-catalysis of 4-
iodoacetophenone and phenylboronic acid still afforded
a desired product with a conversion of 95% and 94% ee value
for at least 8 recycles.

Similarly, the hydrolysis and self-assembly co-condensation
of (S,S)-4-((trimethoxysilyl)ethyl)phenylsulfonyl-1,2-
diphenylethylene-diamine (ArDPEN), 3-mercaptopropyl trie-
thoxysilane and BTEE generated SH@ArDPEN@PMO.136 Pd NPs
were loaded onto SH@ArDPEN@PMO by immobilization of
PdCl2 and reduction with NaBH4 to afford Pd@ArDPEN@PMO.
Aerwards, [RuCl2(mesty-lene)]2 reacted with Pd@ArD-
PEN@PMO to yield Pd(0)-Ru(III)-/diamine-bifunctionalized
PMO (Pd@mestyleneRuArDPEN@PMO). This catalyst can
effectively promote an ATH-Sonogashira coupling one-pot
enantioselective tandem reaction and indicated an excellent
catalytic activity with a high yield and a high ee value as well as
high reusability.136

To conrm the role of the hydrophilic/hydrophobic nature of
organosilica/silica as supports in heterogeneous catalysis, Ru(II)
and Rh(II)-supported aminofunctionalized-organosilica/silica
catalysts were prepared by immobilization of
RuHCl(CO)(PPh3)3, RuCl2(PPh3)3 and RhCl(PPh3)3 onto amino-
functionalized ethylene(E)-/phenylene (B)-bridged PMO (PrNH2-
PMOE/PMOB)/silica (PrNH2MCM-41/SBA-15) to generate
RuHCl(CO)(PPh3)3-PrNH2PMOE/PMOB/MCM-41/SBA-15, RuCl2
(PPh3)3-PrNH2PMOE/PMOB/MCM-41/SBA-15 and RhCl(PPh3)3-
PrNH2PMOE/PMOB/MCM-41/SBA-15, respectively.137 RuHCl(CO)-
(PPh3)3-PrNH2PMOE/PMOB/MCM-41/SBA-15 and RhCl(PPh3)3-
PrNH2PMOE/PMOB/MCM-41/SBA-15 were used for the hydroge-
nation of olens (cyclohexene, styrene and a-methyl styrene), and
RuCl2(PPh3)3-PrNH2PMOE/PMOB/MCM-41/SBA-15 for the oxida-
tion reaction of mixed suldes (thioanisole, ethyl methylsulde
and diethyl sulde), to evaluate their catalytic activities and roles
of hydrophobicity and hydrophilicity. By comparing the catalytic
results of both hydrogenation and sulfoxidation reactions, Ru(II)
and Rh(I) complex-immobilized PrNH2PMOB catalysts exhibited
higher activities and selectivities than PrNH2MCM-41/SBA-15/
PMOE supported catalysts, neat homogeneous complexes and
without catalysts, clearly conrming a key role of the hydrophobic
nature and high surface area of PMOB. Similarly, a [Ru(II)Cl2(p-
cymene)]2 complex was anchored on PrNH2PMOB to form
a heterogeneous catalyst Ru(II)Cym@PMOB. This catalyst was
used in transfer hydrogenation of ketones and showed a consid-
erable catalytic activity with up to �97% conversion compared
with conventional hydrogenation reactions (�5%) by using H2

and the molecular complex [Ru(II)Cl2(p-cymene)]2.138

A Rh complex-PMO composite could be directly synthesized
by (i) the co-condensation of BTEB and RuCl2[PPh2(CH2)2-
Si(OEt3)3]3 in the presence of Pluronic P123 under acidic
conditions and (ii) removal of P123, to afford organometal-/
phenylene-bridged PMO with the [RuCl2(PPh2(CH2)2)3] unit,
Nanoscale Adv., 2021, 3, 6827–6868 | 6841
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located on the surface of the pore wall.139 Such an intact
organometal-bridged integrated PMO could be used in water-
medium isomerization of 1-(4-methylphenyl)-3-buten-1-ol and
showed a yield of 77%, slightly higher than 75% that of the
homogeneous molecular catalyst RuCl2(PPh3)3. Note that such
a heterogeneous catalyst was readily recoverable and could be
reused several times.

The Ru(bpy)3
2+ complex is a very useful and vital photosen-

sitizer in photoredox catalysis and photophysics.140 Ru(bpy)3
2+

incorporated into PMO probably exhibits more stable photo-
catalytic properties. Zhao and co-workers synthesized 2,20-
bipyridine-amido-bridged organosilane via a reaction of
triethoxy(3-isocyanatopropyl)silane with [2,20-bipyridine]-4,40-
diyldimethanol, and further made it coordinate to ruthenium
trichloride RuCl3 in the presence of sodium hypophosphite, to
form a Ru(bpy)3 unit-based organosilica precursor. Under basic
conditions, the hydrolysis and co-condensation of Ru(bpy)3
unit-based organosilane with TEOS as the silica source in the
presence of CTAB generated an as-made ruthenium-bipyridyl-
tethered porous organosilica (as-made Ru-POS) (Fig. 22).141

Aer removal of the template reagent CTAB, the obtained Ru-
POS was a characteristic mesoporous material with a high
surface area of 620 m2 g�1 and pore diameter of about 3–4 nm
(the large Ru-bipyridyl complex between the repeating units).
The pore volume of 0.77 cm3 g�1 was large enough for the access
and diffusion of organic compounds. Under the optimized
photocatalytic conditions, the catalytic activity of the catalyst
Ru-POS was evaluated by (i) a three component Hantzsch
reaction of ethyl acetoacetate, ammonium acetate and aromatic
aldehydes to the corresponding highly substituted pyridine
derivatives by both usual and unusual paths, (ii) reductive
dehalogenation of alkyl halides, and (iii) functional group
interconversion of alcohols to alkyl halides. The three different
types of reactions conrmed the high catalytic performances of
newly developed Ru-POS photocatalysts in yield, durability and
reusability.

In 2016, bipyrindine-based Ru complexes Ru(BpyC4SC3-
Si)3(PF6)2, Ru(BpyC4Si)3(PF6)2 and Ru(BpyC3Si)3(PF6)2 were
synthesized and used as metal complex-based organosilica
precursors.142 Such a bipyridine–Ru complex precursor co-
condensed with the BTEB (the original proportion of Ru-
precursors was 20 or 50 wt% [Ru-precursor/(Ru-precursor +
BTEB)]) in the presence of Pluronic P123 as a SDA under acidic
conditions to form a surfactant-Ru-PMO composite. Aer
removal of the template Pluronic P123, a Ru-PMO material was
obtained and characterized by X-ray diffraction analysis, N2

physisorption and scanning/transmission electron microscopy
(S/TEM) to conrm a characteristic mesoporous structure. Note
that 20 wt% Ru-PMO was a highly ordered PMO, while 50 wt%
Ru-PMO with an ordered pore structure was only gained in the
presence of polyacrylic acid. For 20 wt% Ru-PMO and 50 wt%
Ru-PMO, the Ru contents were 0.15–0.16 mmol g�1 and 0.35–
0.36 mmol g�1, respectively. All the Ru complex moieties in Ru-
PMO were embedded in the pore walls at high density and
showed characteristically photo- and electro-chemical proper-
ties as Ru(dmb)3(PF6)2, and hence, such Ru-PMO was used as
a photo-sensitizer in heterogeneous photocatalytic systems for
6842 | Nanoscale Adv., 2021, 3, 6827–6868
hydrogen evolution and water oxidation by respectively loading
metal platinum (Pt) and iridium oxide (IrOx) onto the pore
surface of Ru-PMO.142

Moreover, other Ru complexes [RuCl2(CO)3]2, RuCl3$xH2O
and [RuCl2(bpy)2]$2H2O were immobilized directly on
bipyridylene-bridged PMO (BPy-PMO)98 to produce single-site
heterogeneous solid molecular catalysts [RuCl2(CO)3]2@BPy-
PMO, RuCl3$xH2O@BPy-PMO and [RuCl2(bpy)2]$2H2O@BPy-
PMO, respectively. In those catalysts, the coordination struc-
ture of Ru species in a single-isolated form was similar to that of
the molecular complex RuCl2(bpy)(CO)2.143 Those single-site
heterogeneous Ru catalysts were used in the oxidation of
tertiary C–H bonds of adamantine with NaClO as an oxidant to
the corresponding alcohols and showed 57 times faster than the
secondary C–H bonds, thereby exhibiting remarkably high
regioselectivity. Using the oxidation of cis-decalin to cis-9-dec-
alol to evaluate the stereospecicity of the catalytic system, the
Ru-immobilized catalyst also showed a considerable conversion
(70%) and yield of cis-9-decalol (63%) with complete retention
of the substrate conguration. This catalyst was easily recover-
able by ltration and showed the same catalytic activity with
respect to yield and selectivity as the original one, conrming
the recoverability and reusability of Ru-immobilized catalysts.

It is interesting to nd that two different ruthenium
complexes, cis-[Ru(bpy)2(DMSO)Cl]Cl and [Ru(CO)2Cl2]n, were
immobilized stepwise (rst [Ru(bpy)2(DMSO)Cl]Cl, and then
[Ru(CO)2Cl2]n) on BPy-PMO to form two different single-site
ruthenium complexes as photosensitizing (PS)x and catalytic
(Cat)y sites, respectively, in which [Ru(bpy)2(DMSO)Cl]Cl was
used as a precursor of the PS center and [Ru(CO)2Cl2]n as the
catalytic precursor.144 In this case, a novel photocatalyst Ru(PS)x-
Ru(Cat)y-BPy-PMO was fabricated and used in photocatalytic
CO2 reduction to CO and HCOO�. The total turnover frequency
of CO and HCOO� strongly depended upon the molar ratio of
PS and Cat in the photocatalyst. The product selectivity (CO/
HCOO�) became large with increasing the ratio of Ru(PS)-to-
Ru(Cat) (x/y). More recently, [Ru(dmbpy)2(dmso)Cl]Cl,
Ru(dtbbpy)2Cl2 and Ru(dmcbpy)2Cl2-supported BPy-PMO cata-
lysts were prepared and respectively applied in water oxidation,
indicating a considerable catalytic behavior.145

Apart from Ru coordination complexes, KRuO4 salt could
also be incorporated into PMOs with an imidazolium ionic
liquid network (PMO-IL) to form Ru-PMO-IL catalysts with a Ru
content of 0.3 mmol g�1.146 Ru-PMO-IL-catalyzed aerobic
oxidation of benzyl alcohol was performed under various
conditions including catalyst loading, reaction time, solvent
and temperature to investigate the inuence of experimental
conditions for catalytic activity and further optimize the cata-
lytic reaction conditions. The highest conversion (>99%) and
TOF (8.8 h�1) could be reached at 70 �C for 4.5 h for aerobic
oxidation of benzyl alcohol with a 2.5 mol% Ru-PMO-IL catalyst
in triuorotoluene (TFT). Under the optimized conditions, the
Ru-PMO-IL catalyst was applied in aerobic oxidation of alcohols
and showed different catalytic performances due to the differ-
ence of substituted groups on the substrate.

Ru-PMO-IL-catalyzed aerobic oxidation was further extended
to the oxidation of benzylamine.147 By optimizing reaction
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00488c


Review Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
sp

al
io

 2
02

1.
 D

ow
nl

oa
de

d 
on

 2
02

6-
01

-2
5 

22
:4

2:
56

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
conditions including the catalyst dose, reaction time, solvent
and temperature, for 2.5 mol% Ru-PMO-IL-promoted aerobic
oxidation of benzylamine in anhydrous toluene, the conversion
of benzylamine and selectivity of benzonitrile respectively
reached >99% and 94% at 85 �C for 6 h. Under optimized
conditions, Ru-PMO-IL could effectively catalyze the aerobic
oxidation of amines and exhibited various catalytic activities in
good to excellent yields (70–99%) for substrates with different
substituted groups. Furthermore, ruthenium oxide hydrate
(RuO2$xH2O) was impregnated into magnetic ethylene-bridged
PMO nanospheres (M-Et-PMO NPs) to form a readily recover-
able Rh-M-Et-PMO NPs. This catalyst was used in the hydroge-
nation of aromatic compounds with H2.148 The results showed
an excellent catalytic activity with >99% yield at 80–120 �C for 1–
12 h.

Apart from the aforementioned Ru complex-supported PMO
with/without functional groups for catalysis, Ru nanoparticles
could be dispersed on magnetic yolk–shell nanoarchitectures
with an Fe3O4 core and sulfoacid-containing PMO shell (Fe3-
O4@void@PMO-SO3H) to form bifunctional nanocatalysts Ru/
Fe3O4@void@PMO-SO3H with a pore diameter of 4 nm. Such
a catalyst promoted the direct conversion of cellulose to iso-
sorbide (Scheme 10).149 In this case, Ru nanoparticle sizes and
–SO3H group contents (–SO3H group derived from the oxidation
of the thiol group in 3-mercaptopropyltrimethoxysilane
Scheme 10 (a) Illustration of the synthesis of Ru–SO3H nanoreactors.
(b) Schematic illustration of the cascade reactions in an Ru–SO3H
nanoreactor.149 Reproduced from ref. 149 with permission from the
Royal Society of Chemistry.

© 2021 The Author(s). Published by the Royal Society of Chemistry
(MPTMS) during the preparation of Fe3O4@void@PMO-SO3H)
could be adjusted in the range of 0.9–8.8 nm and the MPTMS
molar ratio of 0.14–0.50, respectively. The Ru/Fe3O4@-
void@PMO-SO3H-catalyzed reaction of cellulose to isosorbide at
high temperature under high H2 pressure was carried out. The
size effect of Ru particles and inuence of –SO3H group
contents on the yield for isosorbide were investigated in detail.
The results showed that with increasing Ru particle size from
0.9 to 8.8 nm the yield for isosorbide decreased. Especially,
when the Ru particle size was higher than 4 nm, Ru nano-
particles were mainly located on the external surface and readily
aggregated together and became unstable. With gradually
increasing –SO3H content, the yield for isosorbide originally
increased and then decreased, but cellulose conversion still
remained almost constant (98–99%), implying that a suitable
size of Ru NPs and an appropriate –SO3H content were neces-
sary for the improvement of the yield for isosorbide (max. 58.1%
in this case). In addition, due to the magnetic properties of the
nanocatalyst, it was easily separated and reused and showed
a stable catalytic activity.
2.6. Group 9 (Co, Rh, Ir)-based PMO nanoreactors and
catalytic applications

The study of Co nanoparticle-, Co complex-immobilized or
impregnated or anchored on PMO was almost neglected. Only
a few explorations were reported. Lu and co-workers graed an
ion liquid organic compound triethoxysilylpropyl-3-butanol-
benzotriazolium chloride onto PMO to form benzotriazolium-
butanol-based PMO (PMO-IL).150 Different IL contents (x) were
used to obtain PMO-IL(x) with various IL contents. Aerwards,
cobalt acetate was impregnated into PMO-IL(x) to produce Co-
PMO-IL(x) materials, which were used as heterogeneous cata-
lysts in the catalytic transformation of carbon dioxide to cyclic
carbonates. The Co-PMO-IL(x)-catalyzed cycloaddition reaction
of CO2 with various epoxides was performed in a stainless-steel
autoclave at the desired temperature under a xed pressure. The
cycloaddition of propylene oxide with CO2 to propylene
carbonate was chosen as a model reaction to evaluate the
catalytic performance of Co-PMO-IL(x). By investigating the
inuence of the catalyst loading, IL content, reaction tempera-
ture and pressure on the catalytic activity, optimized reaction
conditions were obtained and applied in the cycloaddition of
CO2 with various epoxides. The results showed catalytic activity
with good to excellent yield (88–97%) and very high selectivity
(98.5–99.8%), while Co-PMO-IL could be recycled and reused in
the cycloaddition of propylene oxide with CO2 for at least ve
consecutive runs without signicant losses in its catalytic
activity, showing an excellent stability and recyclability. Due to
the inuences of IL loadings and Co active sites, the high
catalytic activity could be attributed to the synergistic effects
from the cobalt active sites and active hydroxyl group of the IL.
Moreover, CoCl2 salt was impregnated into the
cyclohexanediamine-urea derivative-bridged-functionalized
PMO to form a Co2+-loaded hybrid organosilica material,
which was further pyrolyzed at the desired temperature under
N2 protection to afford metallic Co-supported ordered
Nanoscale Adv., 2021, 3, 6827–6868 | 6843
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mesoporous silica containing metallic Co and carbonyl oxygen-
coordinated Co2+ species.151 Note that carbonyl group contents
increased with increasing pyrolysis temperature. The hydroge-
nation of 4-nitrophenol to 4-aminophenol was chosen as
a model reaction to evaluate the catalytic activity of such Co-
integrated mesoporous silica with the carbonyl group. The
results showed a high catalytic activity with a high TOF, high
stability and high reusability, compared to those of Co-loaded
pure siliceous materials. In addition, catalytic activity
increased with increasing carbonyl group content, clearly con-
rming that the oxygen-coordinated cobalt played a crucial role
in enhancing catalytic performance in the hydrogenation of 4-
nitrophenol.

As the above-mentioned Ru complex-immobilized chiral
TsDPEN-functionalized PMO (TsDPEN ¼ 4-methyl-
phenylsulfonyl-1,2-diphenylethylenediamine),135 [Cp*RhCl2]2 was
also anchored to a similar support with different organo-bridge
groups (ethylene –CH2CH2–, ethyne –CH]CH– and phenylene
–C6H4–) to afford Cp*RhTsDPEN-PMO.152 Owing to the superior
hydrophobicity, Cp*RhTsDPEN-PMOwas used as a catalyst in the
ATH of aromatic ketones in aqueous solution to the corre-
sponding chiral alcohols. By comparing their catalytic results, the
ethylene-bridged chiral Cp*RhTsDPEN-PMO was found to be the
best chiral promoter among the three PMOs, thereby showing an
excellent catalytic activity in conversion and comparable enan-
tioselectivity to its homogeneous molecular precursor, and
meanwhile exhibited an excellent recoverability and reusability in
the ATH of acetophenone, which was conrmed by the retained
99.9% conversion and 92.2% ee value aer at least 12 recycles (1st
run with 95.0% ee). Similarly, the co-condensation of chiral
molecular functional organosilane, ion liquid imidazolium-
bridged organosilane and BTME with a SDA under acidic condi-
tions formed Imidazolium@ArDPEN@PMO aer removal of the
Fig. 23 Preparation of Imidazolium@Cp*RhArDPEN@PMO and
asymmetric transfer hydrogenation of aryl-substituted a-hal-
oketones.153 Reproduced from ref. 153 with permission from the Royal
Society of Chemistry.

6844 | Nanoscale Adv., 2021, 3, 6827–6868
SDA (Fig. 23).153 [Cp*RhCl2]2 was then coordinated with the chiral
functional group in Imidazolium@ArDPEN@PMO to afford Imi-
dazolium@Cp*RhArDPEN@PMO. This chiral catalyst was used
in the ATH of aryl-substituted a-haloketones or benzils with
sodium formate in water to the corresponding chiral alcohols
(Fig. 23). The results exhibited catalytic activity with good to
excellent yields (83–96% and enantioselectivities (93–99% ee), as
well as a good recoverability and reusability in the transfer
hydrogenation of 2-bromo-phenylethanone for at least 8 recycles
(from 99% to 85% yields and 99% to 91% ee during rst run to 9
runs).153

As shown in Fig. 24, [Cp*RhCl2]2 was immobilized on BPy-
PMO to generate Rh@BPy-PMO with Rh active species
[Cp*Rh(bpy)Cl]Cl.154 Such a single-site solid heterogeneous
catalyst was used in the transfer hydrogenation of unsaturated
nitrogen heterocycles to the corresponding products. The case
of transfer hydrogenation of 3-methylquinoxalinone was used
to optimize catalytic conditions (Fig. 24). Under the optimized
conditions, the transfer hydrogenation of all kinds of unsatu-
rated heterocycles to desirable products was performed. The
results gave catalytic activity with good to excellent yields (70–
99%). In addition, to conrm Rh species as active sites, a hot
reactant suspension was ltrated to remove the solid catalyst
and obtain a clear ltrate, and then the substrate was added
into the ltrate to further perform a catalytic reaction for
a desirable time under identical conditions. The analytic results
showed that no noticeable increase in the product yield was
detected, clearly corroborating the role of the immobilized Rh
Fig. 24 Immobilization of [Cp*RhCl2]2 on the pore surface of BPy-
PMO and transfer hydrogenation of 3-methylquinoxalinone.154

Reproduced from Ref. 154 with permission from the Royal Society of
Chemistry.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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complex species on the pore surface of Rh@BPy-PMOT. In
addition, for such a solid molecule-like heterogeneous catalyst,
a low degree of leaching of the Rh species was detected,
reecting the decline in the yield from 99% in the rst run to
71% in the 5th.154 Furthermore, when the Rh@BPy-PMO cata-
lyst was used in the transfer hydrogenation of 2-cyclohexen-1-
one to cyclohexanone, a good catalytic activity was obtained,
but the reaction rate was lower than that of the molecular
catalyst [RhCp*(bpy)Cl]Cl.155 However, when such a heteroge-
neous catalytic reaction was performed in the presence of
bovine serum albumin (BSA), the catalytic activity of Rh-PBy-
PMO still remained the same as that in the case without BSA.
Oppositely, the [RhCp*(bpy)Cl]Cl-catalyzed reaction of 2-
cyclohexen-1-one to form cyclohexanone in the presence of BSA
drastically declined due to the quick deactivation of the
molecular catalyst. Hence, the preservation of the catalytic
activity of Rh-BPy-PMO was attributed to the pore size-sieving
effect (the Rh catalyst in the pore channel was protected by
the pore structure, which prevented it from directly interacting
with proteins), due to the fact that the size (14 � 4 � 4 nm, 66
kDa) of the BSA is bigger than the pore size (3.7 nm) of the
catalyst. When small proteins (myoglobin with a molecular size
of 2 � 3 � 4 nm, an amino acid histidine) were used, the
heterogeneous and homogeneous reactions of 2-cyclohexen-1-
one to cyclohexanone were partly or completely inhibited, due
to the fact that the access of proteins into pore channels made
Rh active species deactivate. Hence, Rh-immobilized BPy-PMO
could be applied to a metal complex-catalyzed and enzyme-
presented reaction system; for example, Rh-immobilized BPy-
PMO combined with an enzyme (horse liver alcohol dehydro-
genase; HLADH) promoted sequential reactions involving the
transfer hydrogenation of NAD+ to NADH followed by the
asymmetric hydrogenation of 4-phenyl-2-butanone to (S)-4-
phenyl-2-butanol using DADH.155 This reaction gave high
conversion and enantioselectivity, thanks to the compatibility
of the two materials. In addition, the Rh complex could be
directly integrated into the PMO framework by a co-
condensation approach to produce Rh-PPh2-PMO with the
RhCl(PPh2CH2CH2)3 unit.139 This catalyst Rh-PPh2-PMO cata-
lyzed a Heck-type reaction between phenylboronic acid and
butyl acrylate in water and exhibited a considerable catalytic
activity with a yield of 84%, comparable to the homogeneous
catalyst Rh(PPh3)3Cl, but higher than that of the graed Rh-
PPh2-PMO (71%) by direct graing of Rh(PPh3)3Cl onto PPh2-
PMO.

In addition, Rh/Pd@PMO-Ph bifunctional catalysts with an
adjustable molar ratio of Rh to Pd were successfully synthesized
Scheme 11 Rh/Pd@PMO-Ph-cocatalyzed one-pot cascade reaction
of cinnamaldehyde, trimethylsilyldiazomethane, PPh3, NEt3 and
iodobenzene to 1,4-diphenyl-1,3-butadiene at 60 �C in a mixture of
isopropanol and tetrahydrofuran.

© 2021 The Author(s). Published by the Royal Society of Chemistry
by surfactant-directing co-condensation of BTEB and organo-
metal silanes RhCl[PPh2(CH2)2Si(EtO)3]3 and PdCl2[PPh2(-
CH2)2Si(EtO)3]2, where PMO-Ph refers to the phenylene (Ph)-
bridged PMO.156 Such a heterobimetal catalyst could be used
in one-pot cascade reactions including Rh(I)-catalyzed cinna-
maldehyde methylenation and Pd(II)-catalyzed Heck reactions
(Scheme 11). The results showed that Rh/Pd@PMO-Ph gave
a high catalytic activity with 91% conversion and 71% selectivity
for 1,4-diphenyl-1,3-butadiene, which was comparable with
those of homogeneous molecular catalysts, RhCl(PPh3)3 and
PdCl2(PPh3)2, but the heterogeneous catalyst Rh/Pd@PMO-Ph
could be easily recycled and reused. As a result, Rh/Pd@PMO-
Ph could greatly reduce the cost and diminish the environ-
mental pollution from heavy metal ions.

As above-mentioned Re-BPy-PMO and Re-BPy-PMO-NT,
molecular complexes, Ru(bpy)2Cl2$2H2O, [Ir(ppy)2Cl]2 and
[Ir(OMe)(cod)]2, have been successfully immobilized on BPy-
PMO to form heterogeneous catalysts, Ru(bpy)2(BPy-PMO)
(Ru-BPy-PMO), Ir(ppy)2(BPy-PMO) and Ir(OMe)(cod)(BPy-PMO)
(Ir-BPy-PMo), respectively.98 As a heterogeneous catalyst, Ir-
BPy-PMO showed the highest catalytic performance (94%
yield) in C–H borylation of benzene with B2pin2 compared to
those (80%, 33%, 63%, and 0) of the homogeneous molecular
catalyst Ir(OMe)(cod)(bpy) and heterogeneous catalysts
[Ir(OMe)(cod)]2@silica gel, [Ir(OMe)(cod)]2@mesoporous silica
and [Ir(OMe)-(cod)]2@polystyrene, respectively, due to the fact
that the isolates binding of metals on the well-dened surface in
Ir-BPy-PMO suppressed the aggregation and undesired inter-
actions of the metal center. For various types of substrates
(arenes), Ir-BPy-PMO catalyzed the C–Hborylation of arenes and
showed different catalytic activities, due to the steric hindrance
of the substituents or pore limitation effect of the catalyst itself.
Similarly, Ir-BPy-PMO can also effectively catalyze the C–H
borylation of arenes and heteroarenes with HBpin or B2pin2 and
multiple borylation of heteroarenes with HBpin. The results
gave a high activity with up to 99% yield.157 When dimeric
[IrCp*Cl(m-Cl)]2 (Cp* ¼ h5-pentamethylcyclopentadienyl) reac-
ted with BPy-PMO, a recyclable single-site solid catalyst
[IrCp*Cl(BPy-PMO)]Cl was prepared and used as a heteroge-
neous catalyst for water oxidation.158 By changing the initial
content of the Ir complex, a series of heterogeneous catalysts
[IrCp*Cl(BPy-PMO)]Cl (Irx-BPy-PMO, x¼ Ir/bpy molar ratio of Ir/
bpy, x ¼ 0.03, 0.07, 0.16) were obtained with various Ir contents
(0.10, 0.22, and 0.51 mmol g�1). [IrCp*Cl(BPy-PMO)]Cl-
catalyzed water oxidation was performed with cerium(IV)
ammonium nitrate (CAN) as an oxidant at room temperature.
Based on the amounts of O2 produced per unit of iridium in the
rst 15 min, the initial turnover frequency values (TOFs) were
2.8, 2.5, and 2.1 min�1 for Irx-BPy-PMOs with x¼ 0.03, 0.07, and
0.16, respectively,158 showing that the initial TOF for Ir0.03-BPy-
PMO was comparable to 3.0 min�1 of the homogeneous cata-
lyst [IrCp*Cl(bpy)]Cl, and was one order of magnitude higher
than those of conventional heterogeneous iridium catalysts.
The nal O2 yield reached 85%. With increasing Ir contents in
the mesoporous channel of BPy-PMO, TOFs decreased,
implying that water oxidation mainly occurred in mesoporous
channels and the limited diffusion had a dominant inuence
Nanoscale Adv., 2021, 3, 6827–6868 | 6845
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Fig. 25 Synthesis of Ir@BPyOH-BP-PMO-SO4 and Ir@BPyOH-BP-
PMO-OTf.164 Reproduced with permission.164 Copyright 2020, Amer-
ican Chemical Society.
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when active sites were located in mesoporous channels. In
comparison to other support mesoporous silicas with the same
or similar iridium loading, Irx-BPy-PMO exhibited a superior
advantage, further corroborating that the uniform distribution
of bpy in BPy-PMO ensured the stable existence of single-site
metal centers and effectively suppressed the aggregation of
active species and the occurrence of undesirable interactions
between the iridium active center and support. These results
directly veried that BPy-PMO was a unique solid support for
the efficient preparation of heterogeneous catalysts Irx-BPy-
PMO applied to iridium-catalyzed water oxidation. Addition-
ally, Irx-BPy-PMO also indicated a high stability and reusability
compared to homogeneous catalysts. Similarly, [IrCp*Cl(m-Cl)]2
was immobilized on bpy-/phenylene-bridged PMO nanotubes
(BPy-PMO-NT) to afford Ir-BPy-PMO. This catalyst can also be
used in water oxidation.159 The results showed that the
enhanced durability and high reaction activity were attributed
to the stable nanotube structures and the isolated metal active
sites as well as the unique one-dimensional nanotubes with
large pore diameters. In fact, IrOx-loaded and [Ru(bpy)3]

2+-
attached acridone-bridged PMO used as a photocatalyst has
been explored for water oxidation in the presence of Na2S2O8 in
2014.160

In 2014, Copéret and co-workers used a mixture of bis(-
triethoxy-silyl)-2,20-bipyridine (1.0 equiv.) and 5,50-4,40-bis(tri-
ethoxysilyl)-1,10-biphenyl (10 equiv.) as the organosilica
precursor in the presence of the SDA trimethylstear-
ylammonium chloride under basic conditions to successfully
prepare bipyridylene-/biphenylene-bridged PMO (BPy0.1-BP-
PMO) aer removal of the template. Aer BPy0.1-BP-PMO was
treated with chlorotrimethylsilane in a solvent mixture of N,N-
diisopropylethylamine and tetrahydrofuran to afford TMS-
capped BPy0.1-BP-PMO(TMS-BPy0.1-BP-PMO), dimeric
[{IrCl(COD)}2] was immobilized on TMS-BPy0.1-BP-PMO to
generate Ir-BPy0.1-BP-PMO.161 This catalyst was applied to C–H
activation and borylation. The results exhibited that Ir-BPy0.1-
BP-PMO catalyzed the direct C–H borylation of arenes to the
corresponding boronic esters with various conversions and
yields, which depended upon the types of substrates. In addi-
tion, Ir-BPy0.1-BP-PMO also displayed a high reusability without
signicant loss of activity.

If the bridged organosilane BTEE replaced BTEB during BPy-
PMO synthesis, a mixed ethylene-/bipyridylene-bridged PMO
(Et-BPy-PMO) was obtained and showed a 2D hexagonal meso-
porous structure with an amorphous pore wall.162 An Ir complex
was immobilized on Et-BPy-PMO or BPy-PMO to form Ir-Et-BPy-
PMO or Ir-BPy-PMO. Such solid molecular materials could be
applied to the disproportionation of formic acid to methanol.
The results showed a high selectivity for methanol and high
reusability compared to homogeneous Ir-BPy complexes having
a similarly effective structure to Ir-Et-BPy-PMO, due to the
unique pore connement effect and high aspect ratio for the
retention of generated H2/CO2.162 A detailed reaction mecha-
nism of disproportionation of formic acid catalyzed by Ir-BPy-
PMO was elucidated based on kinetics analysis.163

Recently, a new dihydroxybipyridine(BPyOH)-/BP-bridged
PMO (BPyOH-BP-PMO) was prepared (Fig. 25). Complexes
6846 | Nanoscale Adv., 2021, 3, 6827–6868
[Cp*Ir(H2O)3]X [X ¼ 2OTf, SO4] reacted with BPyOH-BP-PMO in
water to respectively afford Ir@BPyOH-BP-PMO-OTf and Ir@B-
PyOH-BP-PMO-SO4.164 Ir@BPyOH-BP-PMO-X can effectively
catalyze the dehydrogenative oxidation of 1-phenylethanol to
acetophenone in different solvents. The results exhibited that
the catalytic activities of Ir@BPyOH-BP-PMO-OTf and Ir@B-
PyOH-BP-PMO-SO4 (in toluene) were much superior to that of
the homogeneous molecular catalyst Cp*Ir(BPyOH)(H2O)(OTf)2,
due to the hydrophobicity of the BPyOH-BP-PMO framework
and cooperativity between the iridium atom and the BPyOH-BP-
PMO support. The cooperativity was conrmed by almost no
catalytic activity of Ir@BPy-BP-PMO-SO4 for the dehydrogen-
ative oxidation of 1-phenylethanol to acetophenone. In addi-
tion, Ir@BPyOH-BP-PMO-OTf-catalyzed dehydrogenative
oxidation could also be extended to primary and second alco-
hols to the corresponding aldehyde and ketones in good to
excellent yields. Note that the solid catalyst Ir@BPyOH-BP-PMO-
OTf indicated an excellent reusability for at least 10 cycles
without any signicant decrease in the product yield. Very
recently, [Cp*Ir(H2O)3](OTf)2 was immobilized on more
complicate organo-bridged PMO to form a heterogeneous
catalyst, which was applied to methanol steam reforming.165

Apart from the aforementioned, an Ir complex-anchored
diphenylethylene–diamine-functionalized PMO could also be
used for enantioselective reduction of a-cyano and a-
nitroacetophenones.166,167

In 2017, phenylene/bipyridylene-based mesoporous organo-
silica nanotubes (BPyx-NT, x represents the molar ratio of
phenylene-bridged and bipyridylene-bridged organosilica
precursors) were synthesized by a sol–gel method and the
bipyridylene unit was hung at the external surface of the pore
channel/wall (Fig. 26).168 Such a functional group could coor-
dinate with metal atoms to fabricate molecular heterogeneous
catalysts. When [IrCp*Cl(m-Cl)]2 was directly immobilized on
BPyx-NT to form a heterogeneous catalyst IrCp*-BPyx-NT. In this
case, the formed surface Ir species [IrCp*Cl(bpy)]+ on BPyx-NT
were conned inside the pore channel or located on the external
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 26 Synthetic routes for the bipyridylene-based organosilica
nanotubes (BPy-NT).168 Reproduced from ref. 168 with permission
from the Royal Society of Chemistry.

Fig. 27 Synthetic route for the molecular heterogeneous solid cata-
lysts (a) IrCp*-BPyx-NT and (b) Ir(cod)-BPy0.3-NT.168 Reproduced from
ref. 168 with permission from the Royal Society of Chemistry.

Fig. 28 Preparation of the DACH-functionalized PMO and hetero-
geneous Ni catalyst DACH-Ni-PMO.174 Reproduced with permis-
sion.174 Copyright 2012, John Wiley & Sons.
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surface of the pore wall (Fig. 27a). The pore connement effect
is very conducive to the stability of [IrCp*Cl(bpy)]+ species.
[Ir(cod)(OMe)]2 (cod ¼ 1,5-cyclooctadiene) was immobilized on
BPy0.3-NT to afford Ir(cod)-BPy0.3-NT with Ir(cod)(OMe) surface
species (Fig. 27b). Both catalysts IrCp*-BPyx-NT and IrCp*-BPyx-
NT showed high catalytic activities in C–H bond activation, such
as IrCp*-BPyx-NT-catalyzed C–H oxidation of different
substrates (tetrahydrofuran, cyclohexane, ethylbenzene etc.)
and Ir(cod)-BPy0.3-NT-catalyzed C–H borylation of arenes.
Catalytic performance strongly depended upon the length of
tubes and substrate molecules. IrCp*-BPyx-NT with shorter
tubes was benecial to the diffusion and transport of the reac-
tant and products and thereby showed high catalytic activity.
Note that the catalytic activity, stability and reusability of both
heterogeneous catalysts IrCp*-BPyx-NT and Ir(cod)-BPy0.3-NT
were superior to those of the corresponding homogeneous
catalysts and [IrCp*Cl(m-Cl)]2– or [Ir(cod)(OMe)]2-immobilized
bipyridine-graed phenylene-bridged NT catalysts, revealing
© 2021 The Author(s). Published by the Royal Society of Chemistry
the pore connement effect and the importance of uniform
distribution of active surface species. Moreover, a molecular
iridium complex [Cp*Ir(H2O)3]SO4 was immobilized on BPy-NT
to form a heterogeneous catalyst Cp*Ir-BPy-NT. Such a catalyst
can be applied to the hydrogenation of formic acid to meth-
anol.169 The addition of a strong acid (such as triic acid) at low
temperature was conducive to methanol selectivity in a hetero-
geneous catalytic system, while weakened the conversion of
formic acid. Note that selectivity for methanol and conversion
of formic acid markedly depended upon acidity, reaction time,
H2 pressure and temperature in the reaction system. Under
suitable conditions with good HCOOH conversion and meth-
anol selectivity, such a heterogeneous catalyst showed an
excellent reusability over four consecutive cycles without any
signicant loss in activity and still maintained its heteroge-
neous nature in an extremely high acidic environment.169

Similarly, a molecular complex [IrCp*Cl(m-Cl)]2 was
anchored on bipyridylene-/ethylene-bridged organosilica
nanotubes (Bpy-ENT) to generate an Ir-BPy-ENT heterogeneous
catalyst, which was rst used as a photocatalyst in hydrogen
evolution from formate and aldehyde, showing an enhanced
activity and stability compared to homogeneous catalysts.170
2.7. Groups 10 (Ni, Pd, Pt)-based PMO nanoreactors and
catalytic applications

2.7.1. Ni-loaded PMO nanoreactors and catalytic applica-
tions. Ni-based complexes and Ni NPs as potential catalysts are
oen used in different organic synthesis reactions.171,172 Chiral
bis(cyclohexyldiamine)-based Ni(II) complexes are one class of
highly effective catalysts for asymmetric Michael addition of
1,3-dicarbonyl compounds to nitroalkenes.173 The hetero-
genization of a molecular Ni complex on a solid (such as mes-
oporous (organo)silica) is a potential strategy to extend the
applications of molecular catalysts to different reaction
systems, while preserving the high activity, high stability and
reusability of active species of homogeneous molecular cata-
lysts. In 2012, Li and coworkers synthesized a chiral (1R, 2R)-1,2-
Nanoscale Adv., 2021, 3, 6827–6868 | 6847

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00488c


Scheme 12 DACH-Ni-PMO-catalyzed asymmetric Michael addition
of malonates to nitroalkenes, where R0 ¼ R00 ¼ Et and Ar ¼ Ph.174

Reproduced with permission.174 Copyright 2012, John Wiley & Sons.
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diaminocyclohexane (DACH)-derived organosilane precursor
and combined it with BTEB together for the preparation of
DACH-functionalized PMO (DACH-PMO) via a sol–gel method.
Aerwards, NiBr2 reacted with DACH-PMO in the presence of
(1R,2R)-N,N0-dibenzyl-1,2-cyclohexanediamine (DBCHDA) to
produce a DACH-Ni-PMO catalyst containing Ni active species
NiBr2(DBCHDA)2 (Fig. 28).174 The catalytic activity and enan-
tioselectivity of DACH-Ni-PMO were evaluated in the asym-
metric Michael addition of malonates to nitrostyrenes (Scheme
12). As a result, under the optimized conditions, a 2.0 mol%
DACH-Ni-PMO-catalyzed addition reaction of diethyl malonate
to nitrostyrene gave a chiral product with more than 99%
conversion and 94% ee values, comparable to those of the
homogeneous catalyst. The high catalytic performance should
be ascribed to the good hydrophobicity of the nanopores, which
was conrmed by the catalytic result of the prepared DACH-Ni-
mesoporous silica with a pure –Si–O–Si inner wall. Hence, the
DACH-Ni-PMO catalyst effectively catalyzed the asymmetric
Michael addition of malonates to nitroalkenes and exhibited
high catalytic activities. In addition, to investigate the stability
and reusability of DACH-NI-PMO, the catalyst separated by
simple ltration was reused 10 times in the asymmetric Michael
addition of dimethyl malonate to nitrostyrene. The results
exhibited that the DACH-Ni-PMO catalyst retained a high
conversion of 89.9% and 92.4% ee value for enantioselectivity in
the 10th run, showing a high stability and reusability.174

An alkyl-imidazolium ionic liquid-bridged PMO (PMO-IL)
has been used as the support to load metal species, and the
role of the IL itself wasn't addressed except for the benzo-
triazolium ionic liquid containing the substitute group n-
butanol.150 NiCl2 was impregnated into PMO-IL to afford
a Ni@IL-PMO nanocatalyst with IL+ cation and NiCl3

� anion
coupling units (Fig. 29).175 A Ni@IL-PMO-catalyzed four-
Fig. 29 Preparation of Ni@IL-PMO and Hantzsch reaction of ethyl/
methylacetoacetate, dimedone, aldehyde and ammonium acetate.175

Reproduced from ref. 175 with permission from the Royal Society of
Chemistry.

6848 | Nanoscale Adv., 2021, 3, 6827–6868
component Hantzsch reaction of ethyl/methylacetoacetate,
dimedone, aldehyde and ammonium acetate was performed
at 70 �C for the desired time under solvent-free conditions.
Under the optimized reaction conditions, polyhydroquinolines
were obtained in high to excellent yields and selectivities in the
presence of a low loading of Ni@IL-OMO with short reaction
times, while Ni@IL-PMO still retained efficient catalytic activity
aer the 9th run.

In addition, as the aforementioned Co-PMO-IL(x),150 NiCl2(-
DME) (DME ¼ 1,2-dimethoxyethane) reacted with PMO-IL to
form NiCl3(DME)� anionic benzotriazolium ionic liquid-
functionalized periodic mesoporous organosilicas PMO@ILC4-
H10O2NiCl3 with various IL contents.176 The catalytic activity was
evaluated by the cycloaddition of CO2 with epoxides (Scheme
13). The results showed that catalysts PMO@ILC4H10O2NiCl3
with various IL contents were effective and practical heteroge-
neous catalysts in the synthesis of cyclic carbonates with high
yields (89.5–97.6%) and selectivities (>99%) under solvent- and
cocatalyst-free conditions. The hydroxyl group of the IL and
silanol groups of PMO signicantly inuenced the catalytic
activity, demonstrating an intensication of the intramolecular
synergistic effect. The catalyst also showed a good recoverability
and reusability for at least ve times without signicant loss of
the catalytic activity.

In fact, in 2009, a Ni(II) a-diimine complex has been
successfully tethered to the pore wall of PMO by one-pot
synthesis to get a spherical PMO-supported Ni(II) a-diimine
catalyst for ethylene polymerization.177 Moreover, a Ni NP-
loaded TiO2-integrated ethylene-bridged PMO catalyst (Ni/
TiO2-PMO-Et) was prepared by the impregnation of nickel
nitrate into TiO2-PMO-Et, and then by H2 reduction.178 The
average size of Ni NPs was about 15 nm in Ni/TiO2-PMO-Et. The
hydrogenation of nitrobenzene with H2 was selected to test the
catalytic activity of Ni/TiO2-PMO-Et. The results showed that Ni/
TiO2-PMO-Et had a high activity in the hydrogenation of nitro-
benzene in water; meanwhile, it was a highly recoverable and
recyclable catalyst for several cycles with a constant activity and
selectivity, due to the fact that the high hydrophobicity of the
pore wall composed of ethylene-bridged units greatly protected
Ni nanoparticles inside the pore channel from deactivation
contacted with water.

2.7.2. Pd-loaded PMO nanoreactors and catalytic applica-
tions. It is well known that noble metal palladium is a very
pivotal catalyst and oen loaded onto carbon, metal oxides and
oxides to maintain high dispersion and stability in organic
reactions including the C–C coupling reaction, oxidation, and
hydrogenation in homogeneous and heterogeneous systems.
Recently, applications for Suzuki, Heck, and Sonogashira cross-
coupling reactions of palladium NPs on assorted
Scheme 13 PMO@ILC4H10O2NiCl3-catalyzed cycloaddition of CO2

with epoxides to cyclic carbonates.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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nanostructured supports have been addressed.179 According to
heterogeneous reaction types, palladium-supported PMO will
be elucidated as follows.

2.7.2.1. Pd-catalyzed Suzuki and Suzuki–Miyaura coupling
reactions. Due to the functional difference of organo-bridge
groups in PMO, Pd salt will interact with these functional
groups by forming a Pd(II) coordination complex or random
physical adsorption. Aer being reduced with a reductant, the
formed Pd NPs will be stabilized by the functional group to
preserve the small size or randomly deposit and aggregate
together to form large particles. As a result, their catalytic
activity will be strongly inuenced. In general, alkyl- and
phenylene-bridged groups in the PMO framework did not show
any coordination ability. In this case, metal ions are randomly
adsorbed on the surface. Only the organo-bridge group
containing N, O, and S heteroatoms displays a strong coordi-
nation advantage with the metal center. All the above-
mentioned organo-bridge groups in PMO frameworks, such as
bipyridine, benzotriazolium, imidazolium, thiourea, urea,
pyridine Schiff base and so on, can coordinate with metal ions
or ensure that metal NPs become more stable in the pore
channel. In 2008, Jin and co-workers graed Pd(OAc)2 on
a silica-supported imidazolium-based ionic liquid material
(SiO2-IL) to form active N-heterocyclic carbene-Pd species,
which could be used in the Suzuki–Miyaura coupling reaction,
showing a high catalytic performance.180 Similarly, Pd(OAc)2
was immobilized on an imidazolium-based PMO (PMO-IL) to
fabricate a Pd(II)@PMO-IL catalyst with active carbene-Pd
species (Fig. 30).181 This catalyst promoted the Suzuki–
Miyaura coupling of aryl halides with arylboronic acids in water
and showed catalytic activity with moderate to excellent yields
(55 � >99%). The soluble Pd species were reserved in the PMO-
IL nanostructure. During the catalytic C–C coupling reaction,
the nanochannels of PMO-IL as a nanoscaffold recaptured the
Pd NPs into the nanoreservoir, thus preventing extensive
agglomeration of Pd NPs. As a result, Pd(II)@PMO-IL showed
a high catalytic activity, high stability and recyclability.

Na2PdCl4 reacted with 4,40-bipyridinium-bridged PMO (Bipy-
PMO) in MeOH to form Pd(II)@Bipy-PMO with the (Bipy)2+-
PdCl4

2� cation–anion coupling unit in the PMO framework.182

This solid ion-type heterogeneous catalyst exhibited an efficient
catalytic activity (98% yield) in a model C–C cross-coupling
reaction of 4-bromoaceto-phenone with phenylboronic acid in
water. When various aryl halides and arylboronic acids were
Fig. 30 The preparation of the Pd@PMO-IL catalyst.181 Reproduced
with permission.181 Copyright 2010, John Wiley & Sons.

© 2021 The Author(s). Published by the Royal Society of Chemistry
used, the catalytic performance strongly depended upon the
various substitute groups of both substrates.

Moreover, as the above-mentioned contents, many func-
tional organo-bridged PMOs have been used as supports for
immobilizing metal complexes to fabricate catalysts. A carba-
palladacycle complex-bridged PMO (PdLfPMO) in 2005 has
been prepared and used as a solid molecular catalyst in the
Suzuki–Miyaura cross-coupling reaction of p-bromoacetophe-
none and phenylboronic acid in the presence of K2CO3.183 The
catalytic activity altered with the differences of substitute
groups of both substrates.

The complex Na2PdCl4 was immobilized on thiourea-
bridged PMO (TU-PMO), followed by reduction to form
PdNP@TU-PMO (Fig. 31),184 in which Pd NPs with an average
size of 1.8 nm were uniformly distributed inside the pore wall.
Such small-sized Pd NPs on TU-PMO catalyzed the Suzuki
coupling reaction of aryl halides and arylboronic acids in the
presence of K2CO3 and showed an excellent catalytic activity
with up to 100% yield and high reusability over several
consecutive runs with minimal loss of catalytic activity.

Pd(OAc)2 was coordinated with a functional group from
melamine (M, 1,3,5-triazine)-functionalized PMO (M-PMO)
prepared by the self-assembly co-condensation of N2,N4,N6-
tris(3-(triethoxy-silyl)propyl)-1,3,5-triazine-2,4,6-triamine
(TTET) with TEOS, to form a Pd-coordination complex-
integrated melamine-functionalized PMO (Pd-M-PMO)
(Fig. 32), which was used in Suzuki-coupling reactions of bro-
mobenzene and aryl boronic acids in water.185

2.7.2.2. Pd-catalyzed Heck coupling reactions. Palladium
acetate was graed on bis(propyliminomethyl)phloroglucinol-
bridged PMO (LHMS-3) to form Pd-LHMS-3 (Fig. 33) with
a proposed Schiff based-chelated dimeric Pd2(m-O2CCH3)2
unit,186,187 which meant that every Pd(II) atom was chelated with
the N atom of the imine, and the O atom of OH of the phenolic
unit from the pore wall of LHMS-3 to form a stable six-
Fig. 31 General pathway for the synthesis of Pd@TU-PMO and Heck
reaction of aryl halides and arylboronic acids in the presence of
K2CO3.184 Reproduced from ref. 184 with permission from the Royal
Society of Chemistry.
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Fig. 32 The synthesis of the catalyst Pd-M-PMO for the Suzuki–
Miyaura coupling reaction.185 Reproduced with permission.185 Copy-
right 2019, Elsevier.

Fig. 33 The preparation of the heterogeneous catalyst Pd-LHMS-3
and the Heck C–C bond formation reaction catalyzed by Pd-LHMS-
3.186,187 Reproduced from refs 186 and 187 with permission from the
Royal Society of Chemistry.

Scheme 14 (a) Hiyama cross couplings of aryl halides with aryl tri-
methoxysilane promoted by Pd-LHMS-3 in basic aqueous media. (b)
Cu-free Sonogashira cross-coupling reactions of aryl-iodides over the
Pd-LHMS-3 catalyst in water. (c) Cu-free Sonogashira cross-coupling
reaction of aryl bromides over the Pd-LHMS-3 catalyst in DMF. (d) KCN
free cyanation of aryl iodides with Pd-LHMS-3. (e) Cyanation of aryl
bromides with Pd-LHMS-3.187 Reproduced from ref. 187 with
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membered rings,186 while every Pd was coordinated to two O
atoms from two acetates, ensuring intact incorporation of the
Pd unit into PMO frameworks with uniform distribution. Pd-
LHMS-3 catalyzed the Heck reactions of aryl halides with
aromatic (styrene) or aliphatic olens (acrylic acid) and showed
a good catalytic activity with yields from 75 to 85% (Fig. 33).
Catalyst Pd-LHMS-3 was recycled four times in the Heck reac-
tion of iodobenzene and styrene, and remained 82.1% yield,
verifying good reusability.186

Despite the high activity and stability of Pd-carbene in the
imidazolium-based PMO framework, the catalytic activity of
Pd@PMO-IL was inuenced not only by the Pd loading, reaction
temperature, base and solvent, but also by the pore size of the
support. In general, a large pore size of the support is conducive
to the access and the diffusion of the substrate, while also
accompanied by the possibility of leakage of active species
without strong interaction between the active species and
functional ligand inside the pore channel. Pd@PMO-IL with
a large pore (11 nm) catalyzed the Heck coupling reaction of
bromobenzene and ethyl acrylate in N-methylpyrolidone under
6850 | Nanoscale Adv., 2021, 3, 6827–6868
basic conditions. The results showed an excellent activity with
>99% yield.188 Meanwhile for various substrates (aryl halides
with olens), under the optimized conditions, the yields ranged
from 85% to 96%, mainly depending upon the substitute
groups on substrates. Note that Pd@PMO-IL showed an excel-
lent recoverability and reusability for at least 10 runs with >99%
yield, but longer reaction times were needed.

2.7.2.3. Pd-catalyzed Hiyama and Sonogashira couplings and
cyanation reactions. The above-mentioned Pd-LHMS-3 could
also be used in different C–C coupling reactions,187 including (i)
the uoride-free Hiyama coupling reaction of aryl halides with
aryl trimethoxysilane in basic conditions (Scheme 14a), Pd-
LHMS-3 showed catalytic activity with good to excellent yields
(70–95%), (ii) the Sonogashira cross-coupling reactions of aryl
halides with terminal alkynes in water or DMF and with hex-
amine as a base under copper-free conditions, Pd-LHMS-3
exhibited catalytic activity with moderate to good yields (72–
90%, Scheme 14b and c), (iii) KCN free cyanation of aryl iodides
in good to excellent yields (84–95%, Scheme 14d), and (iv) KCN
free cyanation of aryl bromides in moderate to good yields (68–
85%, Scheme 14e).

Pd@PMO-IL with a Pd-carbene unit could also be used as
a catalyst for the Sonogashira cross-coupling reaction of iodo-
benzene and phenylacetylene in the presence of piperidine as
a base in DMF at 70 �C, and the yield reached 94%. When
various aryl halides as substrates were used under the opti-
mized conditions, Pd@PMO-IL still exhibited catalytic activity
with considerable to excellent yields (54–95%).189 Pd(OAc)2
reacted with BPy-PMO containing 2,20-BPy bridging groups in
the framework to form Pd(OAc)2(BPy-PMO), which was used as
an efficient heterogeneous catalyst for the Sonogashira–
permission from the Royal Society of Chemistry.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Hagihara coupling reaction of aryl iodides and acetylene in the
presence of CuI, diisopropylamine and tetrahydrofuran.190 The
results indicated that the catalytic activity strongly depended
upon the substitute of substrates under the optimized condi-
tions, and the catalyst could be easily separated and reused.

2.7.2.4. Pd-catalyzed oxidation reactions. Palladium
complexes, [trans-PdCl2L2] (L ¼ 4-C5H4N-(CH2)2Si(OEt)3 (PETS)
and PPh2(CH2)2Si(OEt)3 (PPETS)), were directly integrated into
ethylene-bridged PMO via the co-condensation of palladium(II)
complexes with BTEE in the presence of a SDA and NH4F to
form a Pd complex-incorporated PMO-surfactant composite.
Aer removal of the surfactant, Pd complex-integrated PMOs
were obtained with various Pd loadings, which depended upon
the utilization of the Pd precursor.191 The obtained pyridine–Pd
complex (which stemmed from [trans-PdCl2(PETS)2 precursor])-
integrated PMO catalyzed the aerobic oxidation of styrene in
acetonitrile and showed a low conversion and high selectivity
for benzaldehyde. Without solvent, a high conversion could be
detected, but the selectivity for the desired product was very low.
Diphenylphosphine-based Pd complex-integrated PMO also
showed a low conversion and considerable yields for benzal-
dehyde and benzoic acid in the aerobic oxidation of styrene.
Without solvent, high conversion accompanied by very low
selectivity for desired benzaldehyde and benzoic acid was
found.191 Selective aerobic oxidation of alcohols to the corre-
sponding carbonyl compounds is a very attractive, important
and challenging transformation in both academic research and
the chemical industry. Different catalysts can effectively control
the development of the reaction stage, especially, for primary
alcohols. In 2012, Qiao and co-workers successfully synthesized
yolk–shell structured silica-PMO spheres with silica as the core
and PMO as the shell (YS-PMO), and subtly made Au, Pt and Pd
nanoparticles deposit inside the yolk–shell structure to form M-
Fig. 34 TEM images (a, d, and g), HRTEM images (b, e, and h) and
HAADF-STEM images (c, f, and i) of Au–YS-PMO (a–c), Pt–YS-PMO
(d–f) and Pd–YS-PMO (g–i).192 Reproduced with permission.192

Copyright 2012, John Wiley & Sons.

© 2021 The Author(s). Published by the Royal Society of Chemistry
YS-PMO (M ¼ Au, Pt, Pd) (Fig. 34).192 Such a state-of-the-art
nanostructured hybrid composite could be used as a catalyst
for selectively controlling the development of the reaction stage.
For example, Pd-YS-PMO efficiently catalyzed and controlled the
selective aerobic oxidation of primary alcohols to aldehydes,
showing catalytic activity with moderate to excellent conver-
sions of 53–100% and an excellent selectivity of >99% for
aldehydes.

Pd NPs from the reduction of Pd(NO3)2 with NaBH4 were in
situ immobilized on imine-bridged PMO with a SBA-15-like
structure (PMO-SBA-15) to form Pd/PMO-SBA-15 with a mean
size of Pd NPs (inside the pore channel) of 1.8 nm. This catalyst
was used in the selective oxidation of benzyl alcohol with H2O2

as the oxidant in water. The results exhibited a high conversion
of 97.1% and selectivity of 100% for benzaldehyde, as well as
a conveniently recoverable and recyclable feature.193

In 2015, Karimi and co-workers successfully prepared novel
heterogeneous catalyst systems, which were comprised of Pd
NPs immobilized into the nanospaces of imidazolium-based
bifunctional plugged and unplugged periodic mesoporous
organosilicas (BFPMO) (Fig. 35).194 In the unplugged Pd catalyst,
the corresponding phenylene-/ethylene-/IL-bridged framework
regions were a highly hydrophobic microenvironment
(Fig. 36a). In the plugged catalyst, plugs mainly consisted of
amorphous silica nanocapsules likely originating from the
hydrolysis and condensation of TEOS, and contained more
silanol groups, and thereby showing strongly hydrophilic
nanoregions inside the hydrophobic mesochannels of the
BFPMO-IL (Fig. 36b).

This kind of adjustable hydrophobic–hydrophilic balance
with concomitant control of plugs in the interior of the meso-
channels enabled such a type of catalyst to show different
catalytic activities and selectivities and therefore enabled the
controllable development of different reaction stages. As
a result, the unplugged catalysts exhibited much better activity
for the selective oxidation of benzyl alcohol to benzaldehyde,
while the plugged catalyst showed a high yield and high selec-
tivity for benzoic acid under the exact same reaction conditions
Fig. 35 Schematic of plugged (a) and unplugged (b) Pd catalysts.194

Reproduced with permission.194 Copyright 2015, American Chemical
Society.
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Fig. 36 Hydrophilic and hydrophobic regions of IL/ethylene bridge-
unplugged (a) and plugged (b) BFPMO-IL catalysts.194 Reproduced with
permission.194 Copyright 2015, American Chemical Society.

Fig. 37 Illustration of selective oxidation of benzyl alcohol catalyzed
by the Pd-loaded plugged and unplugged catalysts.194 Reproduced
with permission.194 Copyright 2015, American Chemical Society.

Fig. 38 Synthesis of the thiazoline-silyl precursor, thiazoline bridged
periodic mesoporous organosilica (TPMO) and Pd NP entrapped
TPMO (Pd-TPMO).199 Reproduced with permission.199 Copyright 2012,
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(Fig. 37). Both catalysts efficiently controlled the development of
oxidation of benzyl alcohol to aldehyde or benzoic acid.

According to a reported method,181 Na2PdCl4 was immobi-
lized on PMO-IL to form an efficient and recyclable Pd@PMO-IL
heterogeneous catalyst. Such Pd@PMO-IL can effectively apply
to the selective aerobic oxidation of a wide variety of different
primary and secondary alcohols in a,a,a-triuorotoluene under
normal pressure of oxygen and air atmospheres to the corre-
sponding aldehydes or ketones. The results showed a high
catalytic activity with good to excellent yields (65–99%).195

Furthermore, Pd-anchored IL-modied magnetic methylene-
bridged PMO (Fe3O4@Me-PMO-IL/Pd) also showed an efficient
catalytic activity in the oxidative coupling of various phenols to
2-naphthols under aerobic conditions.196

2.7.2.5. Pd-catalyzed hydrogenation reactions. Pd(OAc)2 was
immobilized on ionic liquid imidazolium-bridged PMO (PMO-
IL), followed by reduction with NaBH4 to afford Pd NP-loaded
PMO-IL (Pd-PMO-IL) with IL contents of 1.0 and 1.7 mmol
g�1.64 All Pd NPs were located inside pore channels or well
dispersed over the surface of the support. Mesoporous struc-
tured Pd-PMO-IL with 1.0 mmol g�1 IL showed an excellent
catalytic performance with >99% yield and >99% selectivity in
a model hydrogenation reaction of cyclohex-2-enone to
6852 | Nanoscale Adv., 2021, 3, 6827–6868
cyclohexanone under ambient conditions within 40 min. Aer
the catalyst was separated by ltration or centrifugation, the
recoverable catalyst was recycled for at least ve runs without
any signicant loss of activity, verifying an excellent recover-
ability and reusability. However, microstructured Pd-PMO-IL
containing 1.7 mmol g�1 IL gave a similar yield and selec-
tivity, but it must be taken 3 h, clearly demonstrating the very
importance of the synergistic effect of the well-dened meso-
porous structure and IL sites as a nanoreactor. Pd NPs in the
size range of 1.8–2.1 nm deposited by the sputtering technique
onto mesoporous silica containing 1-n-butyl-3-(3-
trimethoxysilyl-propyl)-imidazolium cations with anions (Cl,
NO3, PF6, and NTf2) showed a high selectivity in the selective
hydrogenation of dienes and the a, b-unsaturated carbonyl
complex to the corresponding monoenes or aldehydes or
ketones. The excellent conversion was up to 100% and selec-
tivity was up to 99% for monoenes, aldehydes and ketones,
attributed to the intrinsically electron decient Pd-metallic
surfaces and the distinct affinity/diffusion of the diene and
monoenes in this IL hybrid organosilica environment.197,198 Pd-
PMO-IL could efficiently catalyze the selective hydrogenation of
the C]C double bonds adjacent to an aromatic ring or
a heteroatom and no byproducts were detected under identical
conditions. Na2PdCl4 was loaded on the thiazoline functional-
ized PMO (TPMO), followed by reduction with NaBH4 to obtain
Pd-TPMO (Fig. 38) and Pd NPs inside the pore channel were
stabilized by the functional group and pore connement
effect.199 Such a heterogeneous catalyst indicated an efficient
catalytic activity in the selective hydrogenation of styrene oxide
and styrene & Csp

2–Csp
2 bond formation reactions for the

synthesis of unsymmetrically substituted biaryl ketones and
unsymmetrical biaryls as well as the cross-coupling reaction
between aryl bromide and phenylboronic acids, while exhibit-
ing high reusability.

Moreover, except from that the aforementioned the differ-
ence of IL functional group from oragnosilica as the support
inuenced Pd loading, Pd particle size and catalytic activity of
catalyst, the inactive organic composite in the support also
affected the immobilization of Pd NPs and the resulting cata-
lytic activity. For example, one-pot synthesized Pd-loaded
ethylene-bridged hybrid mesoporous silica yolk–shell NPs
John Wiley & Sons.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 39 Illustration of the synthetic procedure for hollowmesoporous
organosilica spheres encapsulating PdAg NPs and PEI (PdAg +
PEI@HMOS).207 Reproduced with permission.207 Copyright 2020,
American Chemical Society.

Fig. 40 (a) FE-SEM image, (b and c) TEM images (inset in (c) shows the
HAADF-SETM image of an aggregated metal particle), (d) STEM image,
(e) HAADF-STEM image, and (f–k) the corresponding STEM elemental
maps of (f) Si, (g) O, (h) C, (i) N, (j) Pd, and (k) Ag of PdAg + PEI@HMOS
(once used in the CO2 hydrogenation for 22 h). (l) Illustration of PdAg +
PEI@HMOS particle and (m) EDX line scanning profile for different
elements across the PdAg + PEI@HMOS particle in the direction
shown in (e).207 Reproduced with permission.207 Copyright 2020,
American Chemical Society.
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(Pd@mHSiO2 YSNPs) displayed a markedly higher catalytic
activity and hydrothermal stability than Pd-loaded mesoporous
silica core–shell NPs (Pd@mSiO2 CSNPs) or Pd-loaded ethylene-
bridged hybrid mesoporous silica nanospheres (Pd/mHSiO2

NSs) in the conversion of levulinic acid (LA) into g-valerolactone
(GVL),200 while Pd@mHSiO2 YSNPs also showed highly recov-
erable and reusable properties without a signicant decrease in
the catalytic activity for at least 5 runs. The high catalytic activity
was attributed to the fact that the hollow cavity greatly
decreased mass-transfer resistance and remarkably enhanced
the accessibility of the catalytic sites. In addition, the incorpo-
ration of organic groups enhanced the hydrophobicity of the
pore structure of the support, thereby resulting in a high
hydrothermal stability of the outer shell. Pd NPs were immo-
bilized on phenylene-bridged PMO nanotubes (B-PMO-NT) with
an inner diameter of �7 nm and wall thickness of �3 nm to
fabricate the Pd@B-PMO-NT catalyst, in which the mean size of
Pd NPs located inside pore channels was 1.8 nm. Such a Pd@B-
PMO-NT catalyst was used in cyclohexene hydrogenation to
cyclohexane. The results showed a 100% conversion.201

However, Pd NPs were immobilized on ethylene-bridged PMO
nanotubes (E-PMO-NT) with an inner diameter of �6 nm and
wall thickness of �3 nm to afford Pd@E-PMO-NT, in which the
mean size of Pd NPs located inside the pore channel was
4.8 nm. This catalyst exhibited a conversion of 92.3% for the
same catalytic reaction. These two results clearly revealed that
the well-dispersed small particle size and high hydrophobicity
of the catalyst are conducive to the improvement of catalytic
activity, such as Pd@B-PMO-NT with high hydrophobicity and
small sized Pd NPs compared to that of Pd@E-PMO-NT with
relatively low hydrophobicity and large sized Pd NPs. Moreover,
both Pd@B-PMO-NT and Pd@E-PMO-NT were used in the
catalytic enantioselective hydrogenation of a, b-unsaturated
carboxylic acid. The results showed a conversion of >99%, but
with different enantioselectivities (48% ee for Pd@B-PMO-NT
and 40% ee for Pd@E-PMO-NT).202 Meanwhile, due to one-
dimensional nanotube structure and characteristic hydropho-
bicity, Pd@B-PMO-NT- and Pd@E-PMO-NT-catalyzed oxidation
of benzyl alcohol showed a high conversion up to 98% with
>85% selectivity for benzaldehyde, which is higher than those of
Pd/SBA-15 and Pd/CMK-3 (conversion: 92% for Pd/SBA-15; 55%
for Pd/CMK-3; selectivity for benzaldehyde: 70% for Pd/SBA-15;
44% for Pd/CMK-3).202

2.7.2.6. Pd-catalyzed CO2 hydrogenation to formate. CO2 is
a main contributor to the greenhouse effect. Transforming CO2

into a storable and sustainable liquid or solid material for
energy is still an enormous challenge. At present, CO2 hydro-
genation to formic acid as a renewable hydrogen storage
compound is considered as an efficient and pivotal reaction to
realize hydrogen energy cycles. However, nding and preparing
an efficient catalyst to perform this transformation represent
a key issue. Pd NPs have been discovered as effective catalysts
for this reaction.203 Recent studies manifested that Pd NPs or
PdAg NPs immobilized on N-containing mesoporous silica204 or
hollow mesoporous carbon spheres205,206 were efficient catalysts
for the hydrogenation of CO2 to formate. However, it is inter-
esting to nd that hollow mesoporous organosilica spheres
© 2021 The Author(s). Published by the Royal Society of Chemistry
(HMOSs) encapsulating PdAg nanoparticles and poly(-
ethyleneimine) (PEI) as reusable catalysts also showed a high
catalytic activity in CO2 hydrogenation to formate.207 Such
a state-of-the-art heterogeneous catalyst PdAg + PEI@HMOS
was prepared via a multistep process (Fig. 39): (i) adsorption of
metal ions into the poly(ethyleneimine) network, (ii) reduction
of metal ions by NaBH4, (iii) the formation of a template-
directed mesoporous organosilica shell and (iv) ageing and
removal of the template agent.

The structure and morphology as well as elemental distri-
bution of PdAg + PEI@HMOS were well characterized by S/TEM
and elemental mapping (Fig. 40), clearly verifying the formation
of a hollowmesoporous organosilica structure, the uniform and
homogeneous distribution of elements Si, O, N, C, Pd and Ag,
and PEI and PdAg NPs located in both shell and hollow cavity
regions. PdAg + PEI@HMOS promoted the CO2 hydrogenation
to formate and showed a very high formate yield with a turnover
Nanoscale Adv., 2021, 3, 6827–6868 | 6853
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Fig. 41 Plausible reaction mechanism for the CO2 hydrogenation to
produce formate over the PdAg + PEI@HMOS catalyst.207 Reproduced
with permission.207 Copyright 2020, American Chemical Society.
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number (TON) of over 2754 and high reusability under mild
reaction conditions, thanks to the cooperative action of PEI and
PdAg NPs conned in a nanospace from direct capture, activa-
tion and hydrogenation of the CO2 molecule. In addition, an
understandable mechanism of PdAg + PEI@HMOS-catalyzed
CO2 hydrogenation to formate was proposed (Fig. 41).

Moreover, Na2PdCl4 immobilized on ketone-Schiff base-
bridged N-containing PMO spheres (NPMO) was reduced by
NaBH4 to afford Pd@NPMO (Fig. 42).208 Uniform sized NPMO
spheres were synthesized by (i) the hydrolysis and self-assembly
co-condensation of ketone-Schiff base-based organosilane and
TEOS in the presence of CTAB under basic conditions and (ii)
removal of CTAB. Aer Pd particles were loaded, it was clearly
observed that Pd NPs with an average size range of 3–5 nm were
well dispersed inside the pore channel or on the surface of
NPMO spheres. Due to the fact that the role of the N-containing
functional group as a stabilizer and pore connement effect
could efficiently stabilize Pd NPs, Pd@NPMO-catalyzed CO2

hydrogenation showed a superior catalytic activity with a TOF of
108 h�1 compared to 9.4 h�1 of Pd-SBA-15, clearly corroborating
the vital role of nitrogen sites on the NPMO support in boosting
the CO2 reduction with complete selectivity to formate under
mild reaction conditions.

2.7.2.7. Pd-catalyzed H2 production. H2 is a very clean energy
for the environment and mankind. Pd-based PMO catalysts can
be used for H2 generation. The above-mentioned PdNP@TU-
Fig. 42 (a) Ketone-Schiff base-based organosilane. (b) TEM image of
NPMO. (c) TEM image of Pd@NPMO.208 Reproduced with permis-
sion.208 Copyright 2020, American Chemical Society.

6854 | Nanoscale Adv., 2021, 3, 6827–6868
PMO with well-dispersed small Pd NPs inside the pore channel
was an efficient catalyst in the Suzuki coupling reaction.184

Furthermore, PdNP@TU-PMO could also be applied to H2

generation from the decomposition of formic acid in water. The
results showed a superior catalytic activity and revealed that the
H2 production rate increased with increasing temperature and
metallic Pd NPs were more active than Pd2+ ions.209 The
PdNP@TU-PMO catalyst was recyclable while maintaining a good
catalytic performance. Furthermore, the Pd NP-immobilized
urea-bridged PMO catalyst was also used in the dehydrogena-
tion of formic acid. The results showed that the temperature-
dependent effect, catalyst dose effect and solvent effect remark-
ably inuenced the H2 production rate.210 Moreover, it is noted
that the formation of Pd NPs on PMO was oen reduced by H2,
NaBH4 or ammonia borane or a mixture of NaBH4 and ammonia
borane. It is interesting to nd that the Pd-immobilized carbox-
ylic acid-functionalized PMO could efficiently catalyze hydrogen
generation from ammonia borane. The high catalytic activity
strongly depended upon the textural properties, intrinsic hydro-
phobicity of the pore cavity of the PMO and well-dispersed small
sized Pd NPs stabilized by the strong electrostatic interactions
between the negatively charged carboxylate groups on the
support and the positively charged Pd2+.211

2.7.2.8. Pd-catalyzed reduction reactions. Pd-immobilized
support catalysts were also used for the reduction reaction. Pd
NP-immobilized urea-bridged PMO could be used in the
reduction of 4-nitrophenol with NaBH4 to 4-aminophenol. The
results indicated a high catalytic activity compared with that of
Pd@SAB-15.210 In addition, Pd@PMO-ISO containing the 1,3,5-
triazinane-2,4,6-trione-based organo-bridge group was also an
efficient catalyst in the reduction of 4-nitrophenol with NaBH4

to 4-aminophenol.212

2.7.2.9. Pd-catalyzed chemoenzymatic asymmetric synthesis of
chiral amines and alcohols. The morphology and structure of
PMO as a support probably inuence the immobilization of
metals or metal complexes. Dendritic organosilica nano-
particles (DON) with a large specic surface area and pore
volume should be conducive to the subsequent formation of
monodisperse, well-separated Pd NPs. Pd NPs by in situ
reducing Na2PdCl4 with NaBH4 were successfully immobilized
onto the hydrophobic pore channels of DON to afford Pd-loaded
DON (DON@Pd). Enzymes were then loaded into the pore
channel of DON@Pd via physical adsorption to fabricate che-
moenzymatic catalysts with hydrophobic nanopores (DON@Pd-
enzymes). Finally, polydopamine (PDA) was coated onto the
surface of DON@Pd-enzymes to afford DON@Pd-
enzymes@PDA (Fig. 43a).213 When Candida Antarctica lipase B
(CALB) as an enzyme was used, a chemoenzymatic catalyst with
a polymer shell layer DON@Pd-CALB@PDA was obtained,
where DON was prepared by using a mixture of BTEE and TEOS
as the silica source, and surfactant CTAB as a SDA under basic
conditions via a continuous phase microemulsion method in
a mixed n-butanol-cyclohexane-water solvent system. As
a result, DON@Pd-CALB@PDA catalyzed one-pot asymmetric
synthesis of chiral amines from various amines and ethyl-
methoxyacetate in the presence of H2 and Na2CO3 and achieved
complete racemization within 4 h as well as performed dynamic
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 43 (a) Formation mechanism and process of amphiphilic che-
moenzymatic nanocatalysts. (b) Chemoenzymatic asymmetric
synthesis of chiral amines by combining Pd-catalyzed racemization
and CALB-catalyzed KR. (c) Chemoenzymatic synthesis of chiral
alcohols by combining Pd-catalyzed L–S coupling and ADH-catalyzed
asymmetric reduction.213 Reproduced from ref. 213 with permission
from the Royal Society of Chemistry.

Scheme 15 Structures of model complexes 1–5 and immobilized
complexes 1–53PMO.215 Reproduced with permission.215 Copyright
2018, Elsevier.
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kinetic resolution of chiral amines, corroborating that the
catalytic activity of hydrophobic DON@Pd was much better
than that of hydrophilic dendritic silica nanoparticle-supported
Pd NPs (DSN@Pd), further verifying the enhanced effect of the
hydrophobic microenvironment on catalytic activities (yields of
85–99%) and selectivities (enantioselectivities of 93–99% ee)
(Fig. 43b).

In addition, it is noted that the synthesis of enantiomerically
pure chiral benzyl alcohols was performed through two steps by
coupling a Pd/Cu-catalyzed Liebeskind–Srogl (L–S) reaction
with asymmetric reduction catalyzed by alcohol dehydrogenase
(ADH) from Rhodococcus ruber (Fig. 43c). During the prepara-
tion of DON@Pd-CALB@PDA, if CALB was replaced by ADH,
DON@Pd-ADH@PDA was obtained, which could briefy above-
mentioned two-step reactions as one-pot synthesis to prepare
chiral benzyl alcohols in Fig. 43c. DON@Pd-ADH@PDA effec-
tively catalyzed the reaction of S-(tert-butyl) ethanethioate and
phenylboronic acid with various substitute groups to the cor-
responding chiral alcohols. The results showed catalytic activity
with moderate to high yields (61–86%) and excellent enantio-
selectivities with 97–99% ee values, clearly conrming that
DON@Pd-ADH@PDA was markedly superior to DSN@Pd-
ADH@PDA, and revealing that the hydrophobic microenviron-
ment was very critical for the enhancement of stability, activity
and cascade efficiency. Moreover, both DON@Pd-CALB@PDA
and DON@Pd-ADH@PDA could be easily recovered by centri-
fugation and reused, and the high catalytic performance was
retained without a signicant decrease and leaching of the Pd
NPs and enzyme.

2.7.2.10. Pd-catalyzed S-arylation coupling reaction of thiols
or benzylthiols with arylhalides. It is interesting that Pd@PMO-IL
can also be applied to different reactions. A Pd@PMO-IL cata-
lyzed C–S coupling reaction of thiols with arylhalides exhibited
excellent activity with the yields of 88–95%. For the reaction of
© 2021 The Author(s). Published by the Royal Society of Chemistry
benzylthiol with arylhalides, the yields reached 86–98%. In
addition, the recoverable catalyst by ltration could be further
used at least 10 times without a signicant decline in the yield.
The high activity and reusability were mainly attributed to
highly active Pd-carbene species and the vital role of the
nanopore structure of PMO.214

2.7.3. Pt-supported PMO nanoreactors and catalysis. Pt, as
an important member of noble metals, can be immobilized on
PMO to fabricate a Pt-supported heterogeneous catalyst in the
Pt complex or metal Pt form. PMO containing functional groups
as a support can be regarded as the solid ligand to coordinate
with metal ions to afford metal complex-loaded PMO materials.
BPy-PMO was a bipyridine(bpy)-bridged PMO with functional
group bpy,98 Pt ion could be readily coordinated with bpy to
form a chelated Pt complex as a single site and exist into BPy-
PMO. For example, complexes [PtCl2(bpy)] (1, bpy ¼ 2,20-bipyr-
idine), [Pt(pip)(bpy)]Cl (2, pip ¼ DL-pipecolate), [Pt(ppy)(bpy)]Cl3
(3, ppy ¼ 2-phenylpyridinate), [Pt(CN)2(bpy)] (4) and
[Pt(bdt)(bpy)] (5, bdt ¼ 1,2-benzenedithiolate) were successfully
immobilized on BPy-PMO to form Pt-BPy-PMO denoted as 1–
53PMO (Scheme 15).215 The absorption and luminescence
properties of 1–53PMO largely depend on the origin of the
emission. In addition, the photocatalytic water reductions of
Pt(0)/1–33PMO prepared by the co-immobilization of Pt(II)
complexes and the Pt(0) catalyst on BPy-PMO were investigated.
The results indicated a lower photocatalytic activity compared
to previously reported Pt(0)/Ru(II)-co-immobilized BPy-PMO
(TON ¼ 184).98 Although the photocatalytic activity of Pt(0)/1–
33PMO was still low for water reduction, the single composite
Pt(0)3PMO or 1–33PMO didn't show any photocatalytic
activity, revealing the importance of the integration of photo-
sensitizers and catalysts on the PMO for enhancing intermo-
lecular electron-transfer processes.

The [PtMe2(m-SMe2)]2 complex could also be immobilized on
BPy-PMO without or with surface silylation by using hexame-
thyldisilazane to form catalysts PtMe2(BPy-PMO) or PtMe2(BPy-
PMO-TMS).216 Both heterogeneous catalysts catalyzed the
hydrosilylation of phenylacetylene with trimethoxysilane. The
results exhibited that PtMe2(BPy-PMO) showed a moderate
catalytic activity, due to the partial formation of an undesired Pt
complex coordinated with free silanol moieties. PtMe2(BPy-
PMO-TMS) showed an improved catalytic behavior due to the
high hydrophobicity of TMS-capped BPy-PMO and the passiv-
ation of siloxane with Pt species. In addition, owing to the
Nanoscale Adv., 2021, 3, 6827–6868 | 6855
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hydrophobic structure of PtMe2(BPy-PMO-TMS) and the dense
arrays of the bpy unit on the pore surface/wall, PtMe2(BPy-PMO-
TMS) showed good reusability for at least ve recycles without
the decline of catalytic activity in hydrosilylation. Most recently,
the Pt(bpy)Cl2 complex was immobilized on BPy-PMO-NT to
afford PtCl2@BPy-PMO-NTs with a homogeneous distribution
of Pt species on the pore wall.217 Such PtCl2@BPy-PMO-NTs
indicated a highly efficient photocatalytic behavior for H2

evolution under visible light irradiation compared with the
pristine molecular Pt complex. The photocatalytic activity
increased with increasing loadings of the Pt complex on the
BPy-PMO-NTs. Meanwhile, investigations found that the
formation of a small number of metal Pt particles on the BPy-
NTs was conducive to the enhancement of the H2 evolution
reaction during the photoreaction.

Apart from the aforementioned Pt complex-supported PMO
materials, Pt NP-immobilized PMOs have also attracted much
attention. In 2014, Chen and co-workers reported that plati-
num(II) salt Pt(NH3)4(NO3)2 and AgNO3 were attached readily to
the surface of carboxylic acid-functionalized ethylene-bridged
PMO (HOOC-PMO) by electrostatic interaction, and then these
metallic ions could be reduced by H2 in Ar to afford Pt- or Ag-
loaded HOOC-PMO with a relatively uniform particle distribu-
tion on the surface or inside the pore channel.218 Note that the
sizes of Pt and Ag NPs reduced with increasing carboxylic acid
groups, from 3.6 to 2.5 nm for Pt NPs and from 5.3 to 3.4 nm for
Ag NPs. But no catalytic activity was explored for these NPs.

It is noted that small pore space on the PMO is probably
benecial to the stability of metal NPs. The imidazolium-
Fig. 44 Synthetic routes to various types of Pt-supported PMO-IL.219

Reproduced with permission.219 Copyright 2018, John Wiley & Sons.

6856 | Nanoscale Adv., 2021, 3, 6827–6868
bridged PMO (PMO-IL) prepared under basic conditions oen
showed a small pore diameter, which probably provided an
excellent environment for the stabilization of ultrasmall metal
NPs. In 2015, Karimi and co-workers used three different
methods to immobilize Na2PtCl4 on PMO-IL to generate Pt salt
or Pt NP-loaded PMO-IL catalysts, Pt(II)@PMO-IL, Ptnp@PMO-IL-
1 and Ptnp@PMO-IL-2 (Fig. 44).219

N2 physisorption analysis indicated that Pt(II)@PMO-IL,
Ptnp@PMO-IL-1 and Ptnp@PMO-IL-2 had different pore diame-
ters, implying different pore structures of materials and the
existence of Pt ions or metal Pt particles in different forms.
Pt(II)@PMO-IL prepared by simple impregnation of PMO-IL with
Na2PtCl4 in water showed a poor activity and selectivity with
a very low yield in the aerobic oxidation of benzyl alcohol to
benzaldehyde and benzoic acid. PtNP@PMO-IL-1, prepared by
impregnation, followed by the reduction of Pt species with
NaBH4, only exhibited a signicantly improved catalytic activity
for benzaldehyde and benzoic acid, demonstrating the catalytic
role of Pt NPs located on/inside pore channels. PtNP@PMO-IL-2,
synthesized by reuxing an aqueous solution of Na2PtCl4 in the
presence of benzyl alcohol (BnOH), gave a high yield for benzoic
acid, revealing a strong electrostatic interaction between the IL
cation in the PMO-IL framework and [PtCl4]

2� before reduction.
During reux, BnOH slowly reduced Pt(II) ions to ultra-small
sized metallic Pt NPs and made Pt NPs homogeneously
distribute in the entire nanospace of PMO-IL, while the bridged
ionic liquids would most likely prevent the agglomeration of the
Pt NPs. As a result, ultrasmall Pt particles with 1–1.4 nm were
obtained under the reaction conditions. Hence, a heteroge-
neous catalyst PtNP@PMO-IL-2 with an ultra-small size of Pt NPs
was widely applied to the aerobic oxidation of primary and
secondary alcohols as well as 5-hydroxymethylfurfural with
a high yield.219

Furthermore, Na2PtCl4-bound magnetic PMO-IL via IL+-
PtCl4

2�-IL+ electrostatic interaction was reduced with NaBH4 to
form magnetic Pt-PMO-IL, which was used as a heterogeneous
catalyst for the carbon sequestration reaction.220 Pt NP-loaded
imidazolyl Schiff base (IMIS)-containing PMO (Pt0-IMIS-PMO),
which stemmed from the reduction of H2PtCl6$H2O-
immobilized IMISPMO with NaBH4, could be used as a hetero-
geneous catalyst for a hydrosilylation reaction between 1-octene
and triethoxylsilane.221 Pt0-loaded thiourea-bridged PMO was
used for the reduction of 4-nitrophenol to 4-aminophenol.222 In
addition, the highly dispersed bimetallic Pt–Pd NPs were
captured and stabilized by imine-bridged PMO with a SBA-15-
like structure to form Pt–Pd-PMO-SBA-15. This catalyst was
used in the hydrogenation of nitrobenzene. The results showed
an excellent catalytic activity compared with monometallic Pt-
PMO-SBA-15 and Pd-PMO-SBA-15, thanks to the synergetic
effect and the segregation behavior between Pt and Pd
interaction.223
2.8. Groups 11, 12 (Cu, Ag, Au, Zn)-based PMO nanoreactors
and catalytic applications

Copper atoms are readily coordinated with N and O atoms from
the solid surface to form Cu complexes containing Cu–N or Cu–
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 17 Copper(II) complexes with bis(oxazoline) ligands; OTf ¼
trifluoromethylsulfonyl.
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O bonds and thereby anchored on the solid surface. Copper
acetate reacted with furfural-imine functionalized mesoporous
silica MCM-41/SBA-15 (F-MCM-41/SBA-15) with different pore
sizes to form heterogeneous Cu–F-MCM-41/SBA-15 containing
a dimeric copper-furfural-imine complex unit. This process
enabled the heterogenization of the molecular Cu complex on
MCM-41/SBA-15.224 In this case, the pore wall was composed of
hydrophilic Si–O–Si frameworks and dinuclear copper species.
It is noted that dinuclear copper units were only hung inside the
pore channel. Substrates could readily access and diffuse into
nanopores and enabled a multicomponent catalytic reaction in
the presence of dimeric Cu active units; for example, Cu-F-
MCM-41 catalyzed the coupling of aryl bromides and thio-
phenol under aerobic conditions to afford different thioethers
and showed very good catalytic efficiency. Cu-F-SBA-15 catalyzed
a one-pot three component coupling reaction of different aryl
halides with thiourea and benzyl bromide in aqueous medium
to produce different aryl alkyl thioethers (Scheme 16) in very
good yields. Note that both catalysts could be reused several
times aer being collected by ltration.224

Copper(II) triuoromethanosulfonate [Cu(OTf)2] reacted
with the functional organic group from 2,20-methylene bis[(4S)-
4-phenyl-2-oxazoline](MB4SPO)-functionalized phenylene-
bridged PMO, which was prepared by (i) co-condensation of
2,20-bispropyltrimethoxysilane-2,20-bis[(4S)-4-phenyl-2-
oxazoline]methane and BTEB in the presence of a SDA under
basic conditions and (ii) removal of the SDA, to produce Cu-
MB4SPO-Ph-PMO containing Cu(MB4SPO)-(OTf)2 units.225 Cu-
MB4SPO-Ph-PMO catalyzed the asymmetric benzoylation of
hydrobenzoin and exhibited an extremely high efficiency on the
kinetic resolution of 1,2-diphenylethane-1,2-diol with persistent
high enantioselectivities (91 - > 99%) and yields (46–43% in
maximum 50% resolution) for at least ve consecutive cycles,
thanks to the high bis(oxazoline) density-ensured high metal
density and highly stable chemical and structural integrity of
the mesoporous material.225

Similarly, chiral Cu complexes, CuMe2PhBox(OTf)2,
CuPhBoxCl2 and CuPhBox(OTf)2 (Scheme 17), were directly
graed onto amine-functionalized phenylene- or biphenylene-
bridged PMO (NH2PhPMO or NH2BphPMO) to produce
CuMe2PhBox(OTf)2@NH2PhPMO, CuPhBoxCl2@NH2PhPMO
and CuPhBox(OTf)2@NH2Bph-PMO, respectively.226 Their cata-
lytic activities were evaluated in the kinetic resolution of
hydrobenzoin.226 The results exhibited that all the graed
catalysts were active, selective and enantioselective, but
Scheme 16 Nanocatalyst Cu-F-SBA15-catalyzed three component
C–S coupling reactions (a) and (b).

© 2021 The Author(s). Published by the Royal Society of Chemistry
different ligands had a signicant inuence on the yield and
enantioselectivity.

As the aforementioned PMO@ILC4H10O2NiCl3,176 copper oxy-
chloride (Cu2(OH)3Cl) was linked to benzotriazolium ionic liquid-
modied PMO (PMO-IL) to afford PMO@ILCu2(OH)3Cl2(x) (x
represents the amount of IL used in preparation) with ion-type unit
–IL+[Cu2(OH)3Cl2]

�. These catalysts were used for the cycloaddition
of CO2 with epoxides. The results showed excellent yields and
selectivities under solvent- and cocatalyst-free conditions.227Copper
acetate was linked to imidazolium ionic liquid-modied
phenylene-bridged PMO to form copper-loaded bifunctional PMO
(Cu@BPMO-Ph-IL). As Ni@IL-PMO,175 catalyst Cu@BPMO-Ph-IL
promoted the four-component Hantzsch reaction of ethyl/
methylacetoacetate, dimedone, aldehyde and ammonium acetate
to polyhydroquinolines denoted as Ni@IL-PMO,175 and gave a good
catalytic activity, easy separation and reusability, due to the high
stability of the mesoporous structure.228 Furthermore, copper
nitrate was anchored to alkyl imidazolium-bridged PMO (PMO-IL)
to afford a copper-bonded PMO-IL nanocatalyst (Cu@PMO-IL). Due
to its highly stable mesoporous structure, Cu@PMO-IL catalyzed
solvent-free one-pot three-component Biginelli condensation of
aldehydes, urea/thiourea, and alkyl acetoacetate to 3,4-
dihydropyrimidinones/thiones under the optimized reaction
conditions, showing catalytic activity with good to excellent yields
(80–97%), high recoverability and reusability (1st run with 97%
yield; 16th run with 87% yield).229 Similarly, a simple Cu salt, such
as CuCl2, could also be bound to the bridged IL unit to form
a Cu@PMO-IL nanocatalyst with the possible IL+(CuCl3)

� unit
located in PMO frameworks and the pore wall surface. Such
a heterogeneous catalyst was used for the three-component
coupling reaction of aldehydes, alkynes and amines to propargyl-
amines under the optimized conditions. The results showed high
catalytic performance with a high yield and reusability for at least 7
recycles.230 In fact, CuCl2-bound bisimidazolium ionic liquid-
bridged PMO with CuCl4

2� species for catalytic decomposition of
cyclohexyl hydroperoxide has been investigated in 2012.231 A
conversion of 99% could be reached for cyclohexanol with a selec-
tivity of 55% and for cyclohexanone with a selectivity of 29%. In
addition, copper-imprinted functionalized mesoporous organo-
silica nanocomposites (Cu@PMO NCs) could also be used as
a heterogeneous catalyst for the synthesis of b-hydroxy-1,2,3-
triazoles from styrene oxide, NaN3 and alkyne, and the prepara-
tion of b-hydroxytriazoles from epoxides, phenylacetylene and
NaN3 in water.232,233 Recently, CuCl2 was immobilized on highly
hydrophobic TMS-caped BPy-PMO (BPy-PMO-TMS) to form Cu-
BPy-PMO-TMS with single-site CuCl2(bpy) species.234 Cu-BPy-
PMO-TMS catalyzed Mukaiyama epoxidation at a low substrate
Nanoscale Adv., 2021, 3, 6827–6868 | 6857
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concentration, but free radical auto-oxidation also occurred at
a high substrate concentration. Both reactions simultaneously
occurred inside and outside pore channels, but the addition of
a solid scavenger only quenched the epoxidation outside the pore
channel not inside the pore channel, due to the pore size effect.
Hence, the combination of a mesoporous catalyst with a solid
radical scavenger would offer a new promising strategy tomake the
free radical reaction only occur inside the pore channel and prob-
ably lead to high selectivity for products. Most recently, Cu-
coordinated tris(triazolylmethyl)amine (TTA)-bridged organosilica
could be used as a small-molecule-selective organosilica nano-
reactor for copper-catalyzed azide–alkyne cycloaddition reactions in
cellular and living systems (Fig. 45), further extending the appli-
cation of Cu-PMO catalysts.235

Noble metal-based nanostructured catalysts have attracted
much attention. As a member of noble metal elements, the
immobilization of Ag on PMO oen adopts different
approaches, such as in situ photo-reduced deposition, chemical
reduction, ultrasound dispersion, polymer-assisted Ag salt
adsorption and reduction and so on. For example, a silver
mirror reaction was used as a versatile approach to immobilize
Ag NPs on hierarchically mesoporous/macroporous organo-
silica (HMMO) microspheres. Fresh Ag(NH3)2OH solution was
poured into a mixture of HMMO microspheres and glucose for
a desired time to obtain an Ag-loaded hierarchically structured
hybrid material Ag/HMMO.236 Ag particles were uniformly
dispersed on HMMO. Such a Ag/HMMO effectively catalyzed the
reduction of 4-nitrophenol or 4-nitrophenolate with NaBH4 to 4-
aminophenol or 4-aminophenolate, respectively, and showed
a high catalytic activity and high reusability. Ag was immobi-
lized on polyacrylic acid-coated hollow mesoporous organo-
silica spheres (PAA@HMOS) to form Ag@PAA@HMOS. Ag NPs
with a size of about �3 nm were located in the cavity or on the
Fig. 45 (a) Cu-TTASi nanoreactors and the detailed coordination
relations of CuII and N(C3N3)3 ligands and (b) CuII-TTASi-catalyzed
CuAAC reactions in the presence of sodium ascorbate. mPEG-silane:
PEGylation triethoxysilane; NaAsc: sodium ascorbate.235 Reproduced
with permission.235 Copyright 2021, American Chemical Society.

6858 | Nanoscale Adv., 2021, 3, 6827–6868
shell. Such a composite was used in 4-nitrophenol reduction
with NaBH4 to 4-aminophenol, and Congo red (CR) and
Rhodamine B (RhB) reduction with NaBH4 in water.237

Furthermore, Ag NPs were immobilized onto hydrophobic and
highly interconnected macro-mesopore structured multi-
compartment (HIMC) vinyl organosilica microspheres to fabri-
cate Ag/HIMC vinyl organosilica microspheres. Such micro-
spheres could be used as an efficient catalytic microreactor to
perform the complete degradation of methylene blue to leuco-
methylene blue by using NaBH4 in a short time.238 In addition,
Ag-loaded PMO could effectively catalyze the photodegradation
of methylene blue and reached an efficient degradation of about
81% within 1 h.239

Au as a vital noble metal can be immobilized on PMO with or
with surface modication. Au can exist in PMO as an Au
complex or Au particle form. But examples of anchored gold(I)
complexes on PMO for catalytic applications are rather very
scarce. In 2010, Li and coworkers synthesized a novel organo-
silazane AuCl[PPh2CH2–CH2Si(OEt)3]2 containing Au complex-
based bridged unit.139 The co-condensation of BTEB and AuCl
[PPh2CH2CH2Si(OEt)3]2 in the presence of Pluronic P123 under
acidic conditions generated organogold complex-/phenylene-
bridged PMO aer removal of P123 (Au-PPh2-PMO). As
a heterogeneous catalyst with considerably uniform homoge-
neous Au(I) distribution, Au-PPh2-PMO catalyzed the hydration
of phenylacetylene and showed a high yield of 91%, much
higher than those of the molecular catalyst AuCl(PPh3) (26%)
and graed Au(I)-PPh2-PMO (24%).139 In 2018, gold(I)–NHC
complexes, [Au(OH)(IPr)] (IPr ¼ N,N0-bis[2,6-(di-isopropyl)
phenyl] imidazole-2-ylidene) and [Au(OH)(IPr*)] (IPr* ¼ N,N0-
1,3-bis[2,6-bis(diphenylmethyl)-4-methylphenyl]imidazole-2-
ylidene), were immobilized on sulfonic acid-based ethylene-
bridged PMO (PMO-SO3H) and TMS-capped PMO-SO3H
(cPMO-SO3H) via an acid–base reaction to afford PMO-SO3-
Au(IPr), cPMO-SO3-Au(IPr) and cPMO-SO3-Au(IPr*), respective-
ly(Fig. 46).240 The catalytic activities of PMO-SO3-Au(IPr), cPMO-
SO3-Au(IPr) and cPMO-SO3-Au(IPr*) were evaluated by the
hydration of diphenylacetylene in a mixture of dioxane and
water. 10 mol% of PMO-SO3-Au(IPr) was used in the hydration
of diphenylacetylene, and the yield reached 91% aer reaction
for 5 h. When PMO-SO3H was used, no catalytic activity was
observed. When 7.5 mol% of cPMO-SO3-Au(IPr) and cPMO-SO3-
Au(IPr*) were used, the yields of the product reached >99% aer
reaction for 3 h. In addition, for the reusability of catalysts, an
acid work-up was necessary aer each cycle in order to reac-
tivate the catalyst and obtain high yields in the subsequent
cycles.240

Note that NaAuCl4 was directly impregnated into ionic
liquid-bridged PMO (PMO-IL) to form Au(III)@PMO-IL with the
electrostatic interaction between IL+ and Au(III)Cl4

�. Without
further reduction, Au(III)@PMO-IL catalyzed the aerobic oxida-
tion of benzyl alcohol to benzaldehyde in the presence of
Cs2CO3 and showed a wonderful catalytic activity with 99%
conversion and >99% selectivity for benzaldehyde.241 The high
catalytic activity was attributed to the fact that alkyl imidazo-
lium groups in the interior of mesochannels of Au@PMO-IL not
only served as a handle for in situ generation and stabilization of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 46 Synthesis of the PMO-based gold(I)–NHC catalysts PMO-
SO3-Au(IPr), cPMO-SO3-Au(IPr) and cPMO-SO3-Au(IPr*).240 Repro-
duced with permission.240 Copyright 2018, John Wiley & Sons.

Scheme 18 Illustration of the preparation of Au-SH/SO3H-PMO(Et)
and the corresponding catalytic organic reactions.245 Reproduced with
permission.245 Copyright 2011, American Chemical Society.

Fig. 47 The synthesis illustration of Au&PMO Janus, Au@PMO yolk–
shell, and Au@PMO/mSiO2 yolk-double shell nanostructures.248

Reproduced from ref. 248 with permission from the Royal Society of
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gold nanoparticles from AuCl4
� but also effectively prevented

the leaching of Au species into solution during the reaction
process. Hence, during catalysis, in situ formed Au NPs as the
active species played a vital role in driving the reaction. More
interestingly, Au(III)@PMO-IL could catalyze various types of
alcohols including activated benzylic, primary and secondary
aliphatic, heterocyclic, and challenging cyclic aliphatic alcohols
to the expected carbonyl compounds in good to excellent yields
and selectivities. The catalyst was also recovered and reused for
at least seven runs. However, when Au(III)@PMO-IL was reduced
by NaBH4 to produce Au(0)@PMO-IL, its catalytic activity was
lower than that of Au(III)@PMO-IL and took a long reaction time
for the aerobic oxidation of benzylalcohol under identical
conditions. But Au(0)@PMO-IL could effectively catalyze the
three-component coupling reaction of aldehydes, alkynes and
amines to the corresponding propargylamine in good to excel-
lent yields.242 However, NaAuCl4 was directly adsorbed onto the
mixed ethylene-/phenylene-bridged PMO and was reduced by
NaBH4 to afford the Au@PMO catalyst. This catalyst could
catalyze not only Ullmann coupling of iodobenzene under basic
conditions, showing catalytic activity with up to 95% yield,243

but also room-temperature aerobic oxidation of benzyl alcohol
and various alcohols to the corresponding aldehydes or ketones
in good to excellent yields depending upon the substitute
group.244.

Thiol(HS)-functionalized ethylene-bridged PMO (HS-
PMO(Et)) was synthesized and used as a support for the
immobilization of HAuCl4 (Scheme 18). HS-PMO(Et) was briey
suspended in HAuCl4 ethanol solution at room temperature for
24 h to prepare Au-HS/SO3H-PMO(Et) with 0.1 mmol g�1 Au.245

During this period, three processes including in situ reduction
of Au3+ to Au NPs, the oxidation of HS to SO3H, and coordina-
tion of the Au NPs with the unreacted HS ligand occurred
simultaneously, leading to covalent bonding of Au NPs to HS/
SO3H-functionalized PMO to form a metal–organic group
bifunctional catalyst Au-HS/SO3H-PMO(Et). The catalytic
activity of Au-HS/SO3H-PMO(Et) was evaluated in water-medium
and solvent-free phenylacetylene hydration, alkyne hydration,
© 2021 The Author(s). Published by the Royal Society of Chemistry
intramolecular hydroamination, styrene oxidation reactions
and three-component coupling reactions (Scheme 18).245 The
catalytic results showed that Au-HS/SO3H-PMO(Et) had a high
catalytic activity for these organic reactions compared with
homogeneous catalysts and heterogeneous catalysts Au/HS-
PMO and Au/SO3H-PMO, which was mainly attributable to (i)
the uniform and narrow size distribution of Au NPs with a size
of about 1–2 nm located inside the pore surface not on the
external surface, ensuring maximal exposure to reaction
substrates and minimization of Au NP leaching, (ii) the unique
amphiphilic compartment of Au-HS/SO3H-PMO(Et), conducive
to the access of the substrate, and (iii) the synergistic effect of
bifunctional roles of Au and HS/SO3H groups.

Moreover, selective alkaline etching of core–shell structure
Au@SiO2@PMO led to the formation of Au@Void@PMO with
empty cavities and Au NPs were anchored on the surface of the
shell, which ensured the maximal exposure of active sites to
substrates. Au@Void@PMO catalyzed 4-nitrophenol reduction
with NaBH4 to 4-aminophenol and showed high catalytic activity.246
Chemistry.

Nanoscale Adv., 2021, 3, 6827–6868 | 6859
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Fig. 48 (a) Synthetic routes of amine-incorporated organosilica
nanotubes. (b) Synthetic routes and photocatalytic hydrogen evolution
of amino-functionalized organosilica nanotube supported AuPd alloy
nanoparticles.254 Reproduced with permission.254 Copyright 2018,
Elsevier.
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By the reduction of Au(III) ions with NaBH4 or an in situ
hydrothermal reaction, Au NPs were immobilized onto different
structured and morphological PMOs to afford Au-PMOs for the
reduction of 4-nitrophenol to 4-aminophenol with NaBH4, such
as, highly hydrophobic yolk–shell Au@Ph-PMO,247 Au&PMO
Junas NPs, Au@PMO yolk–shell NPs, Au@PMO@mSiO2 yolk–
shell double shell NPs (Fig. 47),248 and Au NPs conned into the
pore walls of morphology-controlled PMO, and so on.249 Poly-
vinylpyrrolidone (PVP)-protected ultrasmall Au NPs conned in
mesoporous silica-ethylene-bridged PMO yolk–shell nano-
spheres through a ‘‘one-pot’’ method were also addressed and
used as a nanocatalytic reactor for the aerobic oxidation of
styrene.250 HAuCl4 was immobilized on BPy-PMO to form solid
molecular single-site AuCl3-BPy-PMO, followed by reduction
with H2, to afford Au NP-supported BPy-PMO (AuNPs/BPy-
PMO). Au NPs with an average size of 3.8 nm were homoge-
neously distributed inside and outside the mesopore channels
of BPy-PMO, while some large Au NPs with sizes of 6–8 nm were
located on the external surface.251 As a heterogeneous catalyst,
AuNPs/BPy-PMO showed a high catalytic activity with 91%
conversion and 87% yield in the aerobic oxidation of benzal-
dehyde to benzoic acid, compared with 39% conversion and
22% yield of Au/MCM-41, due to the highly hydrophobic mes-
opore structure and ultrasmall Au nanoparticle. Additionally,
Au was immobilized on (1-hydroxyl-2-ethylenediamine)-
ethylene-bridged PMO to form a bifunctional Au-loaded PMO
heterogeneous catalyst. Such a catalyst was used in Knoevenagel
condensation and one-pot tandem alcohol oxidation. The
results showed catalytic activity with considerable to excellent
conversions and yields.252

More recently, gold-loaded mesoporous organosilica-silica
core–shell NPs as catalytic nanoreactors were rationally
designed and successfully synthesized (Scheme 19).253 A thiol-
functionalized mesoporous organosilica nanosphere (MON) as
the core and as the capturing center for Au(III) ions and pure
mesoporous silica (MS) as the shell formed core–shell struc-
tured SH-MON@MS. The distinct core/shell composition
enabled selective loading of Au NPs into the core domain
affording hierarchically structured materials Au/SH-MON-
n@MS for the reduction of 4-nitrophenol to 4-aminophenol
with NaBH4.253 The larger mesopore sizes of the shell layer
facilitate easy access and diffusion of reactants and products,
while the inner organosilica pores provide a hydrophobic
microenvironment. Due to the superior structural properties,
the materials Au/SH-MON-n@MS (n ¼ 1, 2, 3, 4) exhibited an
excellent catalytic performance in the reduction of 4-
Scheme 19 Schematic illustration of the preparation process of core-
shell-structured Au/SH-MON@MS by controlling the functional group
content.253 Reproduced with permission.253 Copyright 2020, John
Wiley & Sons.

6860 | Nanoscale Adv., 2021, 3, 6827–6868
nitrophenol to 4-aminophenol and considerable conversions
and excellent selectivities for benzaldehyde in the aerobic
oxidation of benzyl alcohol to benzaldehyde.

Except from studies on Au-based PMO catalysis, in fact, the
catalytic activity of Au alloy-based PMO was also investigated. In
2018, Liu and co-workers prepared short aminopropyl-
functionalized phenylene-bridged PMO nanotubes (AMx-PMO)
with various aminopropyl group contents (x ¼ 0.1, 0.2, 0.4,
corresponding to a 1 mol total initial silica precursor). HAuCl4
(y) and H2PdCl4 (z) with different molar ratios (molar ratio of
y : z ¼ 1 : 0, 4 : 1, 1 : 1, 1 : 4, 0 : 1) were co-reduced with NaBH4

and co-immobilized on AMx-PMO to afford AuyPdz@AMx-PMO
(Fig. 48).254 The resulting AuPd@AM0.4-PMO was used as
a catalyst to investigate its catalytic activity in visible light-
driven hydrogen evolution from formaldehyde. The experi-
mental results exhibited a superior hydrogen evolution perfor-
mance from formaldehyde aqueous solution under visible light
illumination, due to the strong interactions and the alloying
synergistic effect between ultrasmall Au and Pd nanoparticle in
the ultrane AuPd alloy nanostructures and the efficient elec-
tron transfer from Au with a localized surface plasmon reso-
nance effect to active Pd sites.

Furthermore, more interestingly, a very sophisticated
composite material, ultrasmall Au-loaded in situ polymerized
functionalized polymer-conned hollow mesoporous organo-
silica nanoparticle (HMON)-combined collagenase (Col)
enzyme-supported PVP-encapsulated Cu-tannic acid (TA)
composite (HMON-Au-Col@Cu-TA-PVP), was used as a bio-
catalytic nanoreactor for enhancing reactive oxygen species
(ROS)-mediated anticancer therapy.255 In this complicated
composite, the hollow cavity of HMONs was exploited as
a nanoreactor for in situ polymerization of a polymer containing
thiol groups, which was further used to immobilize glucose
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 49 Schematic showing the process of preparing an in situ poly-
merized hollow mesoporous organosilica biocatalytic nanoreactor for
synergistic photodynamic (PDT)/chemo-dynamic (CDT) therapy.255

Reproduced with permission.255 Copyright 2020, John Wiley & Sons.
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oxidase (GOx)-like ultrasmall Au NPs to obtain HMON-Au. Col
and Cu-TA complexes were then deposited onto the surface of
HMONs-Au, followed by coating of PVP to fabricate HMON-Au-
Col@Cu-TA-PVP (Fig. 49). The ultrasmall Au NPs, which behave
like glucose oxidase-like nanozym, could catalyze glucose into
H2O2 and gluconic acid with high efficiency. H2O2 was further
converted into $OH by a Cu-TA-catalyzed Fenton-like reaction.
The enhanced ROS generation aer the combination of che-
modynamic therapy (CDT) and photodynamic therapy (PDT) led
to an effective antitumor therapeutic efficacy, while Col in the
composite enhanced tumor accumulation of nanoparticles and
alleviated the hypoxia of the tumor tissues, thereby further
enhancing the antitumor efficacy.

Moreover, the highly dispersed gold NPs were deposited on
Ti-incorporated mesoporous organosilica (Ti-MO) to afford Au/
Ti-MO. This material was used for hydrophobicity-induced
vapor-phase propene epoxidation to propene oxide using O2

and H2. The results showed an excellent catalytic
performance.256

For zinc-immobilized PMO materials, only a few investigations
are shown. Zinc acetate Zn(OAc)2 could be immobilized on IL-
bridged PMO (PMO-IL) to afford Zn(II)@PMO-IL, which was used
in a three-component coupling reaction of various aldehydes,
amines and arylacetylene to the corresponding propargylamines.
The results exhibited a high efficiency and reusability.257 Further-
more, zinc acetate could also be successfully coordinatedwith TMS-
capped bipyridylene-bridged PMO (BPy-PMO-TMS) to form an
immobilized Zn complex, Zn(OAc)2(BPy-PMO-TMS), which was
used as a heterogeneous catalyst for the N-formylations of amines
and amides with CO2 and PhSiH3 to produce the corresponding
formamides. The result showed that Zn(OAc)2(BPy-PMO-TMS) with
a lower Zn loading exhibited a high catalytic activity.258 Moreover,
the active zinc-substituted polyoxotungstate [PW11Zn(H2O)39]

5�

(PW11Zn) was immobilized into amine-functionalized ethylene (E)-
or phenylene (B)-bridged PMO to form PW11Zn@NH2-PMO-E or
B.259 Their catalytic activities were investigated under an oxidative
desulfurization system (CODS) and a biphasic (diesel/extraction
solvent) oxidative desulfurization system (ECODS). The results
© 2021 The Author(s). Published by the Royal Society of Chemistry
conrmed the high desulfurization efficiency of both PW11Zn-
based NH2-PMO-E and NH2-PMO-B, and more stable PW11-
Zn@NH2-PMO-E. In addition, PW11Zn@NH2-PMO-E could effi-
ciently catalyze the desulfurization of real diesel, and the yield
reached 75.9% aer 2 h, while this catalyst could be easily recov-
ered by centrifugation and reused for the treatment of real diesel,
implying that it is a promising candidate for practical applications.

2.9. Group 3 and lanthanide-based PMO nanoreactors and
catalyses

Sodium benzenesulfonate group-modied phenylene-bridged
PMO (NaSO3Ph-PMO) was used as a support to gra scan-
dium triate and generate a mesoporous Lewis acid catalyst
(Sc(OTf)2-SO3Ph-PMO). This catalyst promoted the Barbier–
Grignard and Mukaiyama–Aldol reactions and exhibited supe-
rior catalytic reactivity compared to those of homogeneous
catalysts scandium triate and Sc(OTf)2-SO3Ph-SBA-15, thanks
to the fact that the ordered mesoporous channel and highly
hydrophobic microenvironment stabilized and concentrated
the substrates, and weakened intrinsic mass transfer resistance
inside nanochannels.260 In addition, for lanthanide-based PMO
materials, the main applications were focused on optic prop-
erties, which are beyond the scope of this review.

3. Main influence factors on the
catalytic performance of metal-loaded
PMO heterogeneous catalysts

Heterogeneous catalysis is a relatively complex process and the
heterocatalytic reaction oen takes place at the liquid–solid
interface. Once the heterocatalytic reaction only occurs at the
liquid–liquid interface, active species can quickly leach into
solution and thereby lead to the deactivation of the catalyst. In
fact, for a heterocatalytic reaction, many factors strongly inu-
ence the catalytic performance of catalysts, such as the
composite and structure of the heterogeneous catalyst, catalyst
dose, solvent, reaction temperature and time. For metal-loaded
PMO heterogeneous catalysts as nanoreactors, the catalytic
reaction is becoming more complicated, due to the intricate
structure of the catalyst itself including the pore size, amount
and size of active metal particles, hydrophobic or hydrophilic
environment of the support surface, nature of the substrate and
so on. On the basis of the above-mentioned investigations of
metal-loaded PMO heterogeneous catalysts, the results showed
that the catalytic performance of the heterogeneous catalyst in
different chemical reactions was strongly inuenced by the
loading of metal species,66,71,86,149,191,217 particle size of metal
NPs,64,149,201 hydrophobic microenvironment of PMO,46,99,124 and
size of the available microenvironment such as the pore size or
cavity size.106,134,192 In terms of the preparation of the heteroge-
neous catalyst itself, it is obvious that the amount of loaded
metal species of metal complex-graed PMO heterogeneous
catalysts mainly depended upon the reaction of the metal
complex with silanol/hydroxyl groups and the populations of
surface silanol/hydroxyl groups on PMOs.71,72 A previous review
by Anwander has outlined the advanced synthesis concepts of
Nanoscale Adv., 2021, 3, 6827–6868 | 6861
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organometallic complex-modied inorganic–organic hybrid
PMS to optimize local-, micro- and mesoenvironments for
catalytic performance.261 For metal-graed PMO heterogeneous
catalysts, the graing reaction relies on (i) whether the ligands
of the metal complex precursor can be easily displaced, e.g., by
protonolysis with the hydroxyl group on PMO to form alkanes,
(silyl)amines or alcohols as a byproduct aer graing alkyl,
(silyl)amide, and alkoxide reagents, and (ii) the molecular size
of the ligands in the metal complex or actual molecular size of
the metal complex itself. In the case of (i), metal-loaded PMOs
probably contain a high metal loading. In the case of (ii),
ligands or metal complex precursors of small molecular size can
readily access the pore surface and external surface of PMO to
react with the silanol groups and form metal species by –Si–O–
M– bonds. For ligands or metal complexes of large molecular
size, the metal loading on PMO mainly depends not only upon
the pore size and regular shape of the pore channels of the PMO
support, but also upon the efficacy of the ligand to act as
a leaving group. Hence, for heterogeneous catalysts prepared by
the graing strategy, an optimal support with a high surface
area, suitable pore size, regular pore shape and structure, as
well as an appropriate metal complex precursor are pivotal for
the fabrication and improvement of the catalytic performance
of heterogeneous catalysts.

For the preparation of metal complex-bearing PMO hetero-
geneous catalysts, metal loading mainly relies on the number of
functional groups on PMO.146,175,192,253 The distribution of metal
species on the PMO is governed by the distribution of functional
groups on PMO. Only functional groups uniformly distributed
over the mesopore surface or the external surface are available
to coordinate with metal complexes and to form active metal
sites for catalysis. All catalytic performances will strongly rely on
the available metal active sites loaded on PMO.

For metal-loaded PMO catalysts prepared by the incipient
wetness impregnation method or one-pot co-assembly synthetic
approach, metal loadings on PMO are up to the initial metal
amount used. In this case, the aggregation of metal species is
unavoidable. The amount of initial metal precursor needs to be
controlled and a uniform dispersion of active metal species with
a small particle size on the support is necessary in order to
improve the catalytic activity. Low loading or overloading of
metal species cannot sufficiently exert maximal catalytic effi-
ciency of heterogeneous catalysts.

In addition, for metal-loaded PMO heterogeneous catalysts,
pore connement effects also strongly affect the activity of
heterogeneous catalysts in organic synthesis.106,134,162,168,199,208

Finally, it is necessary to emphasize that the hydrophobic
microenvironment of PMOs also has an important inuence on the
catalytic performance. For example, the Ti-PMO-catalyzed oxidation
of 1-octene with TBHP indicated a remarkably different catalytic
performance.46 With increasing initial BTEE contents in the
mixture of TEOS and BTEE (from 0 to 33%, to 100%) in Ti-PMO, the
catalytic activity correspondingly increased (TOF changed from65.5
to 83.9, to 104.4 h�1). Especially, upon silylation of the PMO with
hexamethyldisilazane, the TOF markedly enhanced from 83.9 to
143.2 h�1, although the active Ti content was lower in this case,
clearly conrming the key role of the hydrophobic
6862 | Nanoscale Adv., 2021, 3, 6827–6868
microenvironment. Similarly, 10%Mo-BPy-PMO-TMS (Mo loading
of 0.30 g) showed an improved catalytic activity compared to 11%
Mo-BPy-PMO (Mo loading of 0.35 g) for the epoxidation of cis-
cyclooctene with TBHP, verifying that the hydrophobic environ-
ment is conducive to the improvement of catalytic performance.99

Surface silylated Re-BPy0.3-NT-Me exhibited a high catalytic activity
in the photochemical reduction of CO2 in comparison with Re-
BPy0.3-NT.124 Overall, many metal-loaded PMO heterogeneous
catalysts surveyed in this article showed a strong hydrophobicity
effect on catalytic performance.164,178,194,202,211,216,234,256,260

4. Conclusions and prospects

In this review, the rational design, successful fabrication and
catalytic activity of transition metal-based complexes or
particle-supported PMO materials were summarized. At the
beginning of this review, in describing the development of PMO
materials, it was pointed out that the integration of any non-
functional organic bridge group couldn't intrinsically alter the
physicochemical properties except for their adsorption ability.
However, PMO materials indicated some remarkable advan-
tages regarding the hydrophobicity and uniform distribution of
bridging groups in the whole framework compared to PMS.
Hence, the rational design and successful integration of
a functional organic group (carboxylic, thio, amine, chelating,
pyridine etc.) into a bridged organosilane and the introduction
of active metal species are the key and extraordinarily pivotal
issues to modify the physical and chemical properties of PMOs.
In terms of catalytic applications, perfect combinations of
a high surface area, uniform pore structure, high hydropho-
bicity, uniformly distributed and intact integrated functional
group and catalytically active species in composite catalysts
have to be found. The preparation of some important func-
tionalized bridging groups and the corresponding integrated
PMO was elucidated. The immobilization of total 24 transition
metal elements on PMOs to afford the corresponding metal NP
or metal complex-loaded PMO materials as nanoreactors has
been reviewed. Consideration has been given to synthesis
approaches, surface active species, catalytic activities in selec-
tive oxidation reactions, reduction reactions, hydrogenation,
chiral organic compound synthesis, coupling reactions, CO2

reduction, addition reactions, desulfurization, catalytic reac-
tions in biosystems, H2 production and so on. Such metal-
loaded PMO-catalyzed organic reactions revealed that the
catalytic activity of the nanocatalyst was strongly inuenced by
pore connement effects, the hydrophobicity of the pore
channels, particle size, uniform or inhomogeneous distribution
of active species, the stability of active species, the role of
functional groups, catalyst dose, the synthetic method of the
nanocatalyst and reaction conditions. Especially, the key role of
functional groups, the unique structure of PMOs and syner-
gistic effects of the PMO and active species, and between active
species, was elucidated.

Although functionalized PMOs showed some important
advantages compared with PMSs, the functionalized bridging
organic groups still can be an issue regarding their uniform
distribution in the respective PMO. On the one hand, a bulky
© 2021 The Author(s). Published by the Royal Society of Chemistry
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functionalized bridged organosilane as a single organosilica
source will hardly produce highly ordered PMOs. On the other
hand, the presence/co-condensation of TEOS or TMOS leads to
an inhomogeneous distribution of the bridging organic group
in the PMO frameworks. Also, the stability of the functional
group itself needs to be considered. At present, bipyridine- and
IL-bridged functional groups are considered very stable. In the
future, an advanced PMO support must possess a highly stable
functional group and mesopore structure, and a readily
adjustable pore size. Moreover, how to perform the hetero-
genization of molecular catalysts on PMO to draw near the level
of single-atom molecular catalysis? At present, single-atom
catalysis is an optimal state for catalytic reactions due to an
outstanding activity and selectivity in chemical catalysis caused
by a unique electronic structure and unsaturated coordination
environment. If every dispersed metal species immobilized on
the support can serve as a catalytic center to achieve maximum
atomic utilization efficiency, heterogeneous catalysts can reach
the level of single-atom catalysis. At present, lots of studies are
focusing on this aspect, including the applications of noble-
metal single atoms in thermocatalysis, electrocatalysis, and
photocatalysis,262 cooperativity in supported metal single atom
catalysis,263 synthesis of oxygen defect-stabilized heterogeneous
single atom catalysts,264 and transformation of heterogeneous
catalysts from the nanoscale to single atoms for CO2 hydroge-
nation to formic acid/formate.265 All these investigations have
clearly indicated that single-atom catalysis is becoming
a sustainable pathway for advanced catalytic applications.266

Hence in order to richly utilize the catalytic efficiency of metal
species on PMO, the preparation of a metal-based PMO nano-
catalyst must consider the transformation of a metal loaded
catalyst from the nanoscale to single atoms, especially, metal
nanoparticles on PMO. In fact, bipyridylene-bridged PMO can
probably show a certain potential in the fabrication of a single
atom catalyst. Many advanced synthesis strategies need to be
developed for the preparation of a great number of atom-
controllable precise heterogeneous catalysts including the
design of novel PMO supports.
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and J. Garćıa-Mart́ınez, Chem.–Eur. J., 2015, 21, 18338–
18344.

63 C. S. J. Cazin, M. Veith, P. Braunstein and R. B. Bedford,
Synthesis, 2005, 622–626.

64 L. Wang, S. Shylesh, D. Dehe, T. Philippi, G. Dörr, A. Seifert,
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Langmuir, 2017, 33, 5223–5235.
Nanoscale Adv., 2021, 3, 6827–6868 | 6867

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00488c


Nanoscale Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
sp

al
io

 2
02

1.
 D

ow
nl

oa
de

d 
on

 2
02

6-
01

-2
5 

22
:4

2:
56

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
239 K. Shahzad, T. Najam, M. S. Bashir, M. A. Nazir, A. ur
Rehman, M. A. Bashir and S. S. A. Shah, Inorg. Chem.
Commun., 2021, 123, 108357.

240 E. De Canck, F. Nahra, K. Bevernaege, S. V. Broeck,
J. Ouwehand, D. Maes, S. P. Nolan and P. Van Der Voort,
ChemPhysChem, 2018, 19, 430–436.

241 B. Karimi, A. Bigdeli, A. A. Safari, M. Khorasani, H. Vali and
S. K. Karimvand, ACS Comb. Sci., 2020, 22, 70–79.

242 B. Karimi, M. Gholinejad and M. Khorasani, Chem.
Commun., 2012, 48, 8961–8963.

243 B. Karimi and F. K. Esfahani, Chem. Commun., 2011, 47,
10452–10454.

244 B. Karimi and F. K. Esfahani, Adv. Synth. Catal., 2012, 354,
1319–1326.

245 F.-X. Zhu, W. Wang and H.-X. Li, J. Am. Chem. Soc., 2011,
133, 11632–11640.

246 Y. Yang, W. Zhang, Y. Zhang, A. Zheng, H. Sun, X. Li, S. Liu,
P. Zhang and X. Zhang, Nano Res., 2015, 8, 3404–3411.

247 H. Zou, R. Wang, X. Li, X. Wang, S. Zeng, S. Ding, L. Li,
Z. Zhang and S. Qiu, J. Mater. Chem. A, 2014, 2, 12403–
12412.

248 X. Wang, Y. He, C. Liu, Y. Liu, Z.-A. Qiao and Q. Huo,
Nanoscale, 2016, 8, 13581–13588.

249 X. Huang, M. Zhang, M. Wang, W. Li, C. Wang, X. Hou,
S. Luan and Q. Wang, Langmuir, 2018, 34, 3642–3653.

250 Y. Yao, X. Zhang, J. Peng and Q. Yang, Chem. Commun.,
2015, 51, 3750–3753.

251 N. Ishito, K. Nakajima, Y. Maegawa, S. Inagaki and
A. Fukuoka, Catal. Today, 2017, 298, 258–262.

252 Y. Horiuchi, D. D. Van, Y. Yonezawa, M. Saito, S. Dohshi,
T.-H. Kim and M. Matsuoka, RSC Adv., 2015, 5, 72653–
72658.
6868 | Nanoscale Adv., 2021, 3, 6827–6868
253 L. Luo, L. Bock, Y. Liang and R. Anwander, Eur. J. Inorg.
Chem., 2020, 3967–3976.

254 S. Zhang, H. Wang, L. Tang, M. Li, J. Tian, Y. Cui, J. Han,
X. Zhu and X. Liu, Appl. Catal., B, 2018, 220, 303–313.

255 L. Li, Z. Yang, W. Fan, L. He, C. Cui, J. Zou, W. Tang,
O. Jacobson, Z. Wang, G. Niu, S. Hu and X. Chen, Adv.
Funct. Mater., 2020, 30, 1907716.

256 M. P. Kapoor, A. K. Sinha, S. Seelan, S. Inagaki, S. Tsubota,
H. Yoshida and M. Haruta, Chem. Commun., 2002, 2902–
2903.

257 S. L. Allahgholipour and R. Baharfar,Monatsh. Chem., 2020,
151, 991–997.

258 X.-T. Lin, K. Matsumoto, Y. Maegawa, K. Takeuchi,
N. Fukaya, K. Sato, S. Inagaki and J.-C. Choi, New J.
Chem., 2021, 45, 9501–9505.

259 S. O. Ribeiro, P. L. Almeida, J. Pires, B. de Castro and
S. S. Balula, Microporous Mesoporous Mater., 2020, 302,
110193.

260 M. Chen, C. Liang, F. Zhang and H. Li, ACS Sustainable
Chem. Eng., 2014, 2, 486–492.

261 R. Anwander, Chem. Mater., 2001, 13, 4419–4438.
262 F. Zhang, Y. Zhu, Q. Lin, L. Zhang, X. Zhang and H. Wang,

Energy Environ. Sci., 2021, 14, 2954–3009.
263 P. Serp, Nanoscale, 2021, 13, 5985–6004.
264 L. Zhang, X. Zhao, Z. Yuan, M. Wu and H. Zhou, J. Mater.

Chem. A, 2021, 9, 3855–3879.
265 R. Sun, Y. Liao, S.-T. Bai, M. Zheng, C. Zhou, T. Zhang and

B. F. Sels, Energy Environ. Sci., 2021, 14, 1247–1285.
266 B. Singh, V. Sharma, R. P. Gaikwad, P. Fornasiero, R. Zbořil
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