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1-Introduction 

 

1.1- What are PMOs? 
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Periodic Mesoporous Organosilica (PMO) nanomaterials are envisioned to be one of the most prolific 

subjects of research in next decade. Alike mesoporous silica nanoparticles (MSN), PMO nanoparticles (NPs) 

prepared from organo-bridged alkoxysilanes have tunable mesopores that could be utilized for many 

applications such as gas and molecule adsorption, catalysis, drug and gene delivery, electronics, and sensing; 

but unlike MSN, the diversity in chemical nature of the pore walls of such nanomaterials is theoretically 

unlimited. Thus, we expect that PMO NPs will receive considerable interest over the next decade. In this 

review, we will present a comprehensive overview of the synthetic strategies for the preparation of 

nanoscaled PMO materials, and then describe their applications in catalysis and nanomedicine. The 

remarkable assets of the PMO structure are also detailed, and insights are provided for the preparation of 

more complex PMO nanoplatforms.  
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Figure 1 Schematic representation of MSN (a), organically-doped MSN (b), and PMO NPs (c), along with their typical precursors and 

resulting pore functionalities. The tetravalence of silicon atoms is omitted for clarity.

agents.1-24 Unlike MSN (see Figure 1a), the porous 
frameworks of PMOs are based on organic functional 
groups covalently linking siloxane domains.25-38 It is 
noteworthy that there is a common confusion in the 
scientific literature between PMO materials and organically-
modified mesoporous silicas (see Figure 1b-c).39-42 We 
adopt here the most restrictive definition of PMOs, which 
should satisfy following requirements: (1) a structure based 

only on silsesquioxanes, which implies that the synthesis 
must be performed in the absence of silica source (e.g. 
tetraethoxysilane), (2) a sufficient porosity to be considered 
a mesoporous material, which is often a major synthetic 
challenge.43-47 Among PMO materials, we may also 
emphasize crystal-like PMOs4, 48 which exhibit a periodic 
orientation of the organic moieties within the pore walls, as 
phenylene1, 27, 49, 50 and H-bonding-directed cyclohexane 
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triamide-bridged PMO compounds;51 whereas most PMOs 
contain randomly oriented organic functions. 

1.2- The Uniqueness of PMO material 

PMO materials are fundamentally unique thanks to the 
combination of all the advantages of a robust porous 
organic/inorganic framework, along with the intrinsic 
properties of the organic fragments.23, 52-64 On the one hand, 
PMO NPs thus share the numerous assets of mesoporous 
silca65-67 such as: (1) Porous channels for various 
applications in catalysis,68, 69 adsorption,70-73 drug 
delivery,74, 75 light-harvesting,21, 30, 76, electronics,20, 29, 77, etc. 
(2) Tunable pore size organization.4, 5 (3) Engineering of the 
NPs outer and inner surface via the well-known silicon 
chemistry, thus allowing the modulation of the NPs surface 
functionalities and charge, as well as its dispersability in 
aqueous or organic solvents.4, 70 (4) Biocompatibility, 
demonstrated for several types of PMO NPs.78 On the other 
hand, the organic moieties of PMO materials provide: (1) 
Virtually unlimited applications, according to the features of 
the organic groups selected to constitute the pores. (2) The 
highest organic content in the material, thus maximizing the 
influence of the organic group on the overall properties of 
the material. Note that, having the highest organic content 
along with a high and accessible porosity is neither 
achievable with doped MSN nor with post-grafted MSN, in 
which case the surface area lowers significantly after 
grafting. (3) The modulation of the 
hydrophilicity/hydrophobicity of the pores, which permitted 
for instance much higher drug loading capacities.2, 79, 80 (4) 
Additional features arising from crystal-like PMO materials, 
such as molecular rotors with phenylene81 and fluorinated p-

divinylphenylene bridges, the latter also displaying a 
dielectric response.50 (5) The PMOs may be degraded under 
certain conditions when specific functional groups sensitive 
to acid-basic, redox, photochemical, or biochemical 
reactions are present in the structure of the organic 
framework.2, 82 (6) Post-modification of the organic 
fragment by classical organic chemistry.4, 83, 84 

1.3- Pioneering Works 

In the year 1999, the research groups of Inagaki, Ozin, and 
Stein independently described the first PMO materials.85-87 
Inagaki and coworkers produced and investigated ethylene-
bridged (-CH2-CH2-) PMO bulk material using the 
octadecyltrimethylammonium surfactant. Structures with 2D 
and 3D hexagonal pore arrays of 2.7 and 3.1 nm were 
obtained depending on the surfactant concentration. Ozin et 
al. prepared ethylene-bridged PMO from CTAB,86 while 
Stein et al. synthesized both ethylene- and ethenylene-
bridged (-CH=CH-) PMOs with the first post-synthetic 
modification of the organic groups, turning ethenylene 
moieties into dibromo-ethylene ones.87 Besides, the group of 
Inagaki reported in 2002 a crystal-like architecture in a 
phenylene-bridged (-C6H4-) PMO material, as described in 
the molecular simulation in Figure 2.49 In 2010, the acronym 
“PMO” was coined by Ozin et al., and the functionalities of 
these materials were reviewed.88 

Since then, many groups have developed versatile bulk 
PMO materials from bridged organoalkoxysilane with 
organic fragments such as butylene (-CH2-CH2-CH2-CH2-),  
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Figure 2 Molecular simulation of the phenylene-bridged PMO 

pores. Copyright 2002, Nature Publishing Group.
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biphenylylene (-C6H4-C6H4-), thiophene (-C4H2S-), 
bithiophene (-C4H2S-C4H2S-), bipyridine (-C5H3N-C5H3N-), 
etc, and we refer readers to excellent reviews that have been 
published on the subject.4, 89, 90 Notably, PMOs were also 
reported as micron-size powders from organo-bridged 
alkoxysilanes with complex organic fragments: 
dendrimers,11 perylene bisimide,20 as well as in thin films 
(though TEOS was needed) via polyhedral oligomeric 
silsesquioxane blocks,91 prophyrins,92 and zinc 
phthalocyanine.93 

2- REACHING THE NANOSCALE 

Although a wide variety of bulk PMO materials has been 
reported, reaching the nanoscale for such material is much 
more challenging and has been less studied. In this section, 
the main soft and hard templating synthetic pathways for the 
construction of PMO NPs will respectively be classified by 
their morphology and template type, and discussed in 
chronological order. An aerosol-assisted approach will also 
be presented. 
 
2.1- Soft templating strategies 

 

Spherical NPs. In 2006, the first PMO NPs were reported 
with a hollow spherical morphology, thanks to the use of the 
FC-4 fluorocarbon surfactant [C3F7O(CFCF3CF2O)2-
CFCF3CONH(CH2)3-N

+(C2H5)2CH3, I-] and the 

cetyltrimethyl-ammonium bromide (CTAB) cationic 
surfactant as co-structure directing agents. Ethylene-bridged 
hollow PMO (HPMO) NPs were prepared from 1,2-
bis(trimethoxysilyl)ethane (see Figure 3),94 with sodium 
hydroxide catalysed sol-gel reaction at 80°C. This approach 
led for the first time to PMO nanomaterials, with sizes 
ranging from 100 to 400 nm in diameter. Moreover, by 
varying the FC-4 over CTAB ratio the shell thickness of the 
HPMO NPs could be tuned, while non-hollow PMO 
microspheres were obtained by using only the CTAB 
surfactant. Later on, hydrophobic iron oxide (Fe3O4) NPs 
and silica-covered barium ferrite (BaFe12O19) NPs could be 
embedded within HPMO NPs after CTAB stabilization 
before the formation of the FC-4 vesicles.95, 96 Furthermore, 
functional, mixed HPMO NPs could be obtained by co-
condensation of the ethane precursor with 
propyltriethoxysilanes (X-(CH2)3-Si(OEt)3, with X = SH, 
NH2, C≡N, C=CH, C6H5).

97  
Phenylene-bridged PMO nanospheres were then reported 

in 2009, with a diameters ranging from 50 to 1000 nm, and a 
worm-like porosity.98 The procedure was based on a co-
templating by a poly(ethylene oxide)-poly(DL-lactic acid-
co-glycolic acid)-poly(ethylene oxide) triblock copolymer 
and the FC-4 surfactant in water/ethanol under acidic 
conditions. Interestingly, a core-shell structure with a porous 
core and a thin, less porous shell was observed, which 
suggests that both surfactants were immiscible, the shell 
being templated by FC-4 and the core by the poly-lactic acid 
based polymer. Using the well-known P123 block co-
polymer, but without FC-4, ethylene- or phenylene-bridged 
hollow organosilica nanospheres of 12 to 25 nm were 
obtained, instead of the expected PMO materials.99 The size 
and textural properties of these materials could be easily 
tuned by adding trimethylbenzene. In 2011, colloidal 
solutions of monodisperse PMO nanospheres of 20 nm in 
diameter were reported, for simple organic bridges such as 
methylene, ethylene and ethenylene, but not for the larger 
phenylene linker.100 These nanoparticles, which feature a 
worm-like porosity, were obtained from a basic aqueous 
mixture of CTAB and triethanolamine at 80ºC for 6 h, 
followed by dialysis. 

Until that point, PMO NPs were limited in the organic 
group constituting the pore walls, the size, and the 
monodispersity of the nanomaterials. In 2012 a remarkable 
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Figure 3 Schematic representation of the FC-4 vesicle and CTAB dual templating strategy for the preparation of HPMO NPs (a), and a 
Transmission Electron Microscopy (TEM) image of a resulting nanomaterial (b). Micrograph reproduced with permission, copyright 
2006, American Chemical Society.

94
  

synthetic process was reported for the preparation of 
monodisperse methylene-, ethylene-, ethenylene-, and 
phenylene-bridged PMO NPs with highly ordered pore 
structures and typical NPs diameters of 100 to 200 nm 
(Figure 4).101 These NPs were produced using CTAB as 
structure-directing agent at 50°C for 6 h with ammonia as 
catalyst. 
 
Nanorods and nanofibers. Jaroniec et al. first described in 
2008 the controlled synthesis of ethylene-phenylene 200 nm 
wide microrods with coil-like morphology.102 In 2009, using 
the trisilylated octaethoxy-1,3,5-trisilapentane precursor, 
among different nano-objects PMO nanorods (700 × 200 
nm2) and nanofibers (100 × 2000 nm2) were obtained with 
adjustable aspect ratio from 2:1 to 20:1 by varying the 
concentration of the precursor.103, 104 They also obtained 
PMO nanofibers of 100 nm in diameter and tens of microns 
in length at low precursor concentration, and one-
dimensional nanostructures were not observed for 
tetraethoxysilane or bis(triethoxysilyl)-methane.104 The use 
of the pluronic P123 triblock copolymer structure-directing 
agent under acidic conditions resulted in an average pore 
diameter of 4.3 nm. Later on, methylene-, ethenylene, and 
phenylene-bridged PMO helical fibers were reported using 
CTAB and (S)-β-citronellol as templating agents.105 The 
fibers were100 to 300 nm wide and up to micron length, 
however their sizes could be tuned to obtain nanorods 
depending on the precursor used. 

 

 

Figure 4 TEM images of ethylene- (a,b), methylene- (c,d), 

ethenylene- (e,f), and phenylene-bridged PMO NPs (g,h) at low 

and high magnifications. Reproduced with permission of the Royal 

Society of Chemistry.
101

 

 

PMO rods (70–150 × 1000–5000 nm) with clickable 
functions were obtained by the hydrolysis-condensation of 
precursors of the general formula (EtO)3Si-(CH2)3-NR-
(CH2)3-Si(OEt)3 with R = -CH2-C≡CH; -(CH2)2-N3; -
(CH2)3-N3, using cetyl stearyl sulfate (SHS) in acidic 
medium.83 Though these rods were quantitatively 
functionalized by the so-called CuAAC click reaction, their 
2D-hexagonal mesostructure collapsed upon outgassing. 
Monodisperse ethenylene-bridged PMO nanorods (450±100 
× 200±50 nm2) were also prepared using CTAB in basic 
aqueous solution. Moreover, mixed PMO NPs were 
obtained from the co-condensation of 
bis(triethoxysilyl)ethane (E) with bis(3-
triethoxysilylpropyl)-disulfide) (DIS), leading to porous 
nanorods with various aspect ratios, whereas the hydrolysis-
condensation of DIS alone yielded dense nanospheres (see 
Figure 5). The resulting mixed PMO NPs displayed highly 
ordered 2 nm pores. Furthermore, the good mixing of the 
two precursors resulted in an efficient degradation upon 
disulfide cleavage by mercaptans.2 

Nanotubes. Though nanotubes cannot really be considered as 
PMOs as no organized porosity is present in the walls, these 
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nanoscaled, highly porous bridged silsesquioxanes deserve 
particular attention. Using P123 in acidic medium, ethylene- 
and phenylene-bridged organosilicas could be produced on 
large scale as nanotubes (100 to 600 nm long, with 6 nm of 
inner diameter and thickness of 3 nm).106 This enabled the 
generation of palladium NPs within the nanotubes via 
impregnation of palladium dichloride and subsequent 
reduction. Interestingly, ethylene-bridged organosilica 
nanotubes generated bigger Pd NPs (4.8 nm) than the benzene 
ones (1.8 nm). In 2012, the transition of ethylene-bridged 
organosilica hollow nanospheres to nanotubes was studied 
through adjustment of the surfactant.107 Indeed, P123 is known 
to afford easily cylindrical micelles, and led to nanospheres, 
whereas F127, which features a higher hydrophilicity, led to 
hollow nanospheres. Finally, mixed phenylene-bipyridine-
bridged organosilica nanotubes with 7.8 nm inner diameter 
were obtained by the co-condensation method using the P123 

surfactant.108 Interestingly, the absence of spatial segregation 
between the phenylene and bipyridine moieties was evidenced 
by electron microscopies. 
 

Metal or metal oxide core PMO shell NPs. Co3O4 core 
ethenylene-bridged PMO shell nanospheres were also 
developed through CTAB micellar stabilization of the cobalt 
oxide cores.109 The resulting NPs were of 130 nm with a 
spherical morphology and had 240 to 480 m2/g of surface area. 
This platform was studied for as model for biocatalytic 
processes. In parallel with the design of ethenylene- and 
phenylene-bridged PMO NPs, we recently described a versatile 
strategy for the preparation of core-shell PMO NPs through a 
soft templating method.110 Our aim was to incorporate within 
an organized PMO framework a bulky organic fragment 
containing four  
 

  
 

Figure 5 Schematic representation of the size and morphology control in ethenylene-bridged PMO (a), ethenylene-bis(propyl)disulfide-

bridged PMO (b-d), and bis(propyl)disulfide non-porous bridged silsesquioxane NPs (e) by the variation of the E/DIS precursor ratio in the 

reaction media. TEM images of NPs obtained from E/DIS ratios of 100/0, 90/10, 75/25, 50/50, and 0/100 (a-e respectively). Adapted with 

permission, copyright 2014, Wiley.
2
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trialkoxysilyl groups, which acted as a two-photon 
photosensitizer (see “2PS” precursors in Figure 6).111 Hence 
we decided to co-condense the ethenylene (E) or the 
phenylene (B)-based precursors with 2PS molecules and we 
obtained two-photon-sensitive E2 or B2 mixed PMO NPs 
respectively (see Figure 6a). Then, according to a modified 
one-pot synthesis of gold core mesoporous silica shell in an 
aqueous CTAB template,112 we constructed gold core 
ethenylene- or phenylene-bridged PMO shell NPs (AE and 
AB NPs respectively, Figure 6b). Moreover, by co-
condensing the 2PS with E or B precursors along with the in-
situ generation of gold nanocrystals we could also 
respectively obtain the two-photon-sensitive AE2 and AB2 
core-shell NPs (Figure 6c). 
Multipodal NPs. We also recently designed unique 
multipodal PMO NPs with phenylene-bridged cores and 

ethenylene-bridged pods prepared in a one-pot two-steps 
process via NaOH catalysis in CTAB-templated aqueous 
media. While the sole condensation of 1,4-
bis(triethoxysilyl)benzene or 1,2-bis(triethoxysilyl)-ethylene 
precursor, respectively produced phenylene- and ethenylene-
bridged PMO nanospheres and nanorods (Figure 7a and b), 
the subsequent addition of the ethenylene precursor in a 
solution of freshly-prepared phenylene-bridged NPs 
generated multipodal nano-objects (Figure 7c). Note that, the 
reverse addition of 1,2-bis(triethoxysilyl)ethylene followed 
by bis(triethoxysilyl)-benzene produced phase-segregated 
nanomaterials. In the multipodal NPs, phenylene-bridged 
cores were of spherical morphology with diameters of 
130±20 nm and displayed a radial porosity. Besides, a 
crystal-like architecture within the pores walls was clearly 
deduced from the X-ray  

 
 

Figure 6 Design of E2 or B2 Mixed PMO NPs, obtained from the 2PS and either bis(triethoxysilyl)ethylene (E), or bis(triethoxysilyl)benzene 

(B), respectively (a). One-pot synthesis of AE or AB gold core PMO shell NPs, respectively composed of either the E or the B moieties (b). 

One-pot synthesis of AE2 or AB2 gold core Mixed PMO shell NPs, composed of either 2PS and E (AE2), or 2PS and B (AB2) (c). Adapted 

with permission, copyright 2014, American Chemical Society.
110
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diffractograms.1 Ethenylene-bridged PMO pods were 100-
150 nm long and 100 nm in diameter, and displayed 2-D 
hexagonal periodic structure with very high surface areas and 
pore volumes in the order of 1500 m2/g and 1.2 cm3/g. 
Recently D. Zhao’s group reported Janus NPs which were 
constituted of up-conversion core MSN shell onto which 
ethenylene-bridged cubic pods grew.113 Such NPs were used 
for dual cargo delivery via temperature and light triggers.  

2.2- Hard templating strategies 

As an alternative to the soft templates such as FC-4 vesicles 
to form hollow PMO spheres, the use of hard templates such 
as silica or metal oxide has emerged. The synthesis of these 
NPs with controlled sizes is well mastered. Furthermore the 
differential reactivity towards acids or bases allows etching 
the core template without degrading the PMO shell. 

Silica sphere template. Dense silica NPs can be easily 
prepared by the Stöber method or using reverse 
microemulsions, with narrow size distribution. Typically, 
dense silica spheres are first prepared, then PMO shells are 
grown on such NPs (Figure 8a-b). Finally, the silica core is 
partially or fully degraded in order to obtain PMO nanorattles 
or HPMO NPs, respectively (Figure 8c and d). Such a 
strategy was reported for the first time in 2010114 for the 
formation of core-shell nano-objects with dense silica cores 
of 400 nm in diameter, surrounded by 75 nm thick 
phenylene-bridged PMO shells. The PMO synthesis was 
performed using CTAB under basic catalysis. Interestingly, 
raising the temperature of the  

 

Figure 7 TEM images of phenylene-bridged PMO nanospheres (a) and E PMO nanorods (b) obtained solely from the 

bis(triethoxysilyl)benzene or bis(triethoxysilyl)ethylene precursors. TEM micrograph of a multipodal phenylene-ethenylene-bridged PMO 

NP designed from a one-pot two steps condensation process. Adapted with permission, copyright 2014, Wiley.
1
 

shell synthesis from 25 to 100°C induced a shrinkage or 
partial dissolution of the core, which led to ‘nanorattles’, or 
yolk-shell NPs.  

Another strategy to form such SiO2@PMO nanorattles 
consists in surrounding dense silica NPs with a FC-4 vesicle, 
then condensing ethane-silica around it. After extraction, 
yolk-shell NPs (ca 200 nm), with perpendicularly aligned 
mesopores and tunable void (4 to 52 nm) and shell thickness 
(16 to 34 nm) were obtained. Interestingly, metal NPs such as 
gold, platinum, and palladium could be formed in the void 
space between the core and the shell using impregnation and 
reduction of specific metal precursors (see Figure 9).115 The 

complete dissolution of the silica cores in SiO2@ethylene-
bridged organosilica was achieved in 2013, with the 
formation of 50 nm porous organosilica hollow-spheres upon 
selective dissolution with sodium hydroxide at pH 13.116 
During the same year, various HPMO NPs with ethylene, 
ethenylene, and phenylene organic linkers (see phenylene-
bridged NPs in Figure 8c-d) were obtained by dissolution of 
silica from larger SiO2@PMO core-shell NPs.3 Depending on 
the dissolution protocol used, nanorattles (using hydrofluoric 
acid) or HPMO NPs (using sodium carbonate) could be 
obtained. Mixed HPMOs incorporating up to five different, 
miscible bridged organoalkoxysilanes (R = -CH2-CH2-, -
CH=CH-, -C6H4-, C6H4-C6H4-, -(CH2)3-S4-(CH2)3-) were 
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prepared through the same strategy.78 Notably, TEM imaging 
showed a homogeneous dispersion of the sulfur atoms 
throughout the structure.  

Core-shell iron oxide-MSN (Fe3O4@MSN) and Au@MSN 
nanoparticles were also used as hard templates for the 
preparation of Fe3O4@HPMO and Au@HPMO nanorattles. 
Mechanistic investigations showed that the formation of the 
PMO shell occurred concomitantly with the dissolution of the 
MSN core within minutes. However, the silicon 
environments were equally distributed between T (C-SiO3) 
and Q environments (SiO4), which means that the silicates 
were partially redistributed and co-condensed with the 
organosilica.117 Nonetheless, the aforementioned NPs, of a 
hundred nanometer in diameter, were aggregated in the 
micron range.  

Iron oxide sphere template. Another hard templating 
strategy involves the use of hematite (Fe2O3) NPs. Phenylene-
bridged HPMO NPs, incorporating clickable azidopropyl 
groups were prepared by condensation of BTEB around 
hematite NPs with CTAB under basic conditions for 2 h at 
80°C. Surfactant removal and etching were performed in two 
steps using hydrochloric acid (see Figure 11 in the catalysis 
section).118 

Polystyrene template. A very simple strategy to prepare 
large HPMO NPs (350 nm) involves the use of polystyrene 
beads, which are available with very low size dispersity. This 
template is easily removed by THF extractions.119

 

Figure 8 Schematic representation of the silica spheres hard templating strategy for the design of HPMO NPs (a). TEM images of 

SiO2@HPMO NPs before etching (b), SiO2@HPMO nanorattles after partial etching (c), and HPMO NPs after complete etching (d). 

Micrographs reproduced with permission, copyright 2014, Wiley.
3
 

Comparing soft and hard templating strategies, we may 
generally conclude that: (1) soft templating methods are more 
simple and faster since they do not require the preparation 
and removal of a hard template. (2) Both soft and hard 
templating strategies could be used to design HPMO NPs. 
However, hard templating strategies often (though not 
always) provide more monodisperse and controlled NPs, but, 
the size of the resulting HPMO is generally (though not 
necessarily) higher than 200 nm, which is not ideal for 
biomedical applications. (3) Hard templating strategies 
enable the preparation of silica@HPMO nanorattles, as well 

as the presence of metal and metal oxide NPs within HPMO 
NPs, which is of particular interest for catalysis as we shall 
see in the application section. (4) To date only soft 
templating approaches produced the long range molecular 
periodicity of organic fragments, required for specific 
properties and applications of PMOs.  

2.3- Aerosol-assisted strategy 

An original approach consisting in an aerosol-assisted 
nanomaterial synthesis was first described in 1999 by Brinker 
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et al. for MSN,120 and PMO NPs with phenylene and 
butylene bridging groups in 2000.121 The recent work of 
Sebastian Polarz et al.122 illustrates the principle of this 
technique (see Figure 10a) which consists in the continual 
nurrishing of an aerosol 

 

Figure 9 TEM and High-Resolution TEM images of ethylene-bridged 

PMO nanorattles with SiO2@Au (a,b), SiO2@Pt (c,d), and SiO2@Pd 

cores (e,f). Reproduced with permission, copyright 2012, Wiley.
115

 

generator from an aged sol containing a non-ionic copolymer 
(typically pluronic F127 or P123) an organo-bridged 
alkoxysilane, water and ethanol in acidic conditions. The 
mixture is then nebulized as droplets and dried through a tube 
oven which leads to polydisperse, non-aggregated PMO 
nanospheres of 100 to 1000 nm in diameter (Figure 10b). 
PMO NPs based on Br-, CO2H-, NH2-, and SO3H- ortho-
functionalized phenylene groups (see Figure 9a), with worm-
like porosity and variable surface areas (270-720 m2/g) can 
be obtained on large scale by this method. Besides, PMO 
NPs containing SO3H groups possessed super acidic 
properties and were applied for antifouling applications.122 
They also reported thiol ortho-functionalized phenylene-
bridged  

 

 

Figure 10 Schematic representation of the setup used for the 

preparation of PMO NPs via the aerosol-assisted process (a), and 

scanning electron micrograph of the resulting NPs (b). Scale bar of 

2 μm. Adapted with permission, copyright 2014, Wiley.
122

 

 

PMO nanospheres which they encapsulated and covered with 
silver nanoparticles for antibacterial activity.123 PMO NPs 
obtained via aerosol were also designed with ethylene 
bridging groups though with low surface area (140 m2/g).124 
It is noteworthy that this technique generally leads to limited 
surface areas (for such NPs) in the order of 400-500 m2/g, 
due to non accessible pores. 

 

3- APPLICATIONS OF PMO NPs 

Thanks to the rich chemistry available in the pores of PMO 
nanomaterials, various applications have been carried out in 
the past few years such as carbon dioxide capture,125 lithium 
ion batteries,126 and cell adhesion with PMO NPs-hydrogel to 
name a few.127 Here, we will briefly describe all the studies 
reported in catalysis and nanomedicine. 

 

3.1- PMO NPs in Catalysis 

PMO materials are increasingly studied to catalyze organic 
reactions.128, 129 However, nanosized catalyst are more 
efficient than bulk catalyst for four main reasons: (1) The 
smaller the catalyst material is, the higher the outer surface 
area to volume ratio, thus producing higher catalytic 
efficacies, (2) the smaller a porous material is, the smaller 
diffusion pathways for reactants and products, (3) PMO NPs 
can possess a hollow structure to become nanoreactors. 
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Various types of catalysts can be supported on PMOs, such 
as metallic salts, metal NPs, or organocatalysts, for acid/base 
catalysis, oxidation and reduction, or carbon-carbon bond 
forming reactions. 

Organocatalysis on PMOs. In a first example, 20 nm acidic 
HPMO spheres consisting of ethenylene-bridged 
silsesquioxanes and sulfonic acid groups have been used to 
support enantiomerically pure trans N,N’ 
dipropylcyclohexane-1,2-diamine through electrostatic 
interactions with 91% yield and enantiomeric excess (ee) of 
96%.130 Excellent activities and stereoselectivities were 
obtained for the solvent-free aldol reaction between 
cyclohexanone and 4-nitrobenzaldehyde thanks to a dual 
activation, the amine groups enabling the formation of 
nucleophilic enamines by reaction with the ketone, and the 
acidic groups promoting the electrophilic activation of the 
aldehyde. Unfortunately, the catalytic activity strongly 
decreased upon recycling, though no sign of catalyst leaching 
could be evidenced. A MacMillan catalyst could also be 
anchored on 100-200 nm phenylene-bridged HPMO NPs 
using the CuAAC click reaction (see path B Figure 11).118 
Excellent catalytic activities were reported for the Diels-
Alder reaction of cinnamaldehyde with cyclopentadiene in 
water (see Table 1), with a good reusability (up to 7 runs), 
but slightly lower enantioselectivities than the homogeneous 
catalyst. Moreover, the superior activity of the hollow PMO 
NPs compared to the analogous full PMO NPs was 
evidenced, as well as the improved catalytic activities and 
enantioselectivities with materials obtained by click grafting 
vs the ones formed by conventional grafting, which is related 
with a more regular spatial distribution of the organic 
catalytic fragments. 

 

Table 1 Comparison of catalytic performances of the homogeneous 

and supported MacMillan catalysts. 

 

Compound Yield (%) endo ee 

(%) 

exo ee (%) 

Homogenous 

Catalyst 

80 93 91 

HPMO-Mac NPs 98 81 81 

PMO-Mac NPs 84 79 78 

 

Metal NPs-supported on PMO nanoreactors. The 
formation of methyl isobutyl ketone (MIBK) from acetone 
and dihydrogen on hollow nanospheres composed either of 
silica or of ethylene-bridged PMO functionalized with 
sulfonic acid fragments and Pd NPs was investigated.131 This 
reaction proceeds in two steps, the first one involving an 
aldolization-crotonization reaction yielding methyl 
isobutylene ketone, which is then catalytically reduced by 
hydrogen on Pd NPs. One of the challenges for this reaction 
is to control the extent of by-products formation resulting 
from further aldol reactions. Though the organosilica 
nanospheres gave good conversions and selectivities, better 
results were obtained with the analogous sulfonic acid-silica 
hollow nanospheres.130 These results were corroborated by 
water and acetone sorption experiments, which showed a 
higher hydrophilicity and affinity towards acetone for the 
silica NPs with respect to PMO NPs. This study confirms that 
a fine tuning of the PMO surface properties should enable 
improved catalytic properties. The hydrogenation reaction 
was also studied on Pd NPs forms within organosilica 
nanotubes.106 Ethylene- and phenylene-bridged organosilica 
nanotubes of similar diameter induced very different Pd NP 
sizes (4.8 nm for E vs 1.8 nm for B), as a result of a strong 
NP stabilization by the phenylene groups. This promoted a 
faster catalytic reduction of cyclohexene by hydrogen for 
phenylene-bridged nanotubes. 

Palladium NPs formed within the voids of SiO2@PMO 
nanorattles (Figure 9e-f) were used for the oxidation of 
various benzylic and allylic alcohols using molecular oxygen 
(see Table 2).115 Interestingly, a full selectivity towards the 
aldehydes was observed. 

Au@HPMO yolk-shell structures are also very interesting 
in catalysis. This type of NPs has been applied for the 
selective reduction of nitroarenes, such as 2-nitroaniline117 or 
4-aminophenol with sodium borohydride.132

 Yang and co-
workers however reported that a single gold NPs anchored 
inside a porous shell of HPMO NPs was better than 
Au@HPMO nanorattles, showing higher catalytic efficiency 
for 4-nitrophenol reduction.133
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Figure 11 Schematic representation of hard template preparation of phenylene-bridged HPMO NPs (path A), and their clickable equivalent 

(path B), for the MacMillan catalyst covalent post-grafting. Adapted with permission, copyright 2011, Wiley.
118

Table 2 Selective oxidation of various alcohols into aldehydes via 

ethylene-bridged HPMO nanorattles with SiO2@Pd cores. 

            Reagent Yield Product 

 

 

Metal complexes-supported on PMO nanoreactors. A very 
interesting feature of PMO materials is the virtually infinite 
possible variations of the organic bridging group of the 
structure. Whereas most studies have dealt with benzene- or 
ethane-silica co-condensed with a catalytic precursor, Inagaki 
et al very recently managed to prepare large PMO NPs (300-
500 nm) based only on the 2,2’-bipyridine fragment.134 The 
bipyridine ligand is able to strongly bind to a wide variety of 
transition metals (Ru, Ir, Re, Pd…), which enables its 
application for many catalytic reactions. High metal loading 
capacities were demonstrated, in particular for Re(I) and 

Pd(II) (1.12 and 0.74 mmol g-1, respectively). Theses PMO 
NPs were tested as ligands in the catalytic borylation of 
arenes by Ir(I), and also proved to be efficient for the 
photocatalytic hydrogen formation from water. For this 
transformation, Ru(bpy)2(BPy-PMO) complexes and Pt NPs 
were formed within the pores, the Ru PMO acting as 
photosensitizer while the Pt catalyzed the water reduction. 
Bipyridine ligands were also incorporated within phenylene-
bridged organosilica nanotubes. Once complexed with the 
Cp*IrCl fragments, these NPs were used for the oxidation of 
water with Ce4+.108 Palladium-doped SO3H-functionalized 
ethylene-bridged HPMO NPs were found to be more efficient 
than bulk mesoporous silica, but lower than organically doped 
HMSN for the catalysis of methyl isobutyl ketone from 
acetone.131 

3.2- PMO NPs in Nanomedicine 

Another area of great interest for PMO NPs concerns 
biomedical applications. Once again, the nanosized of PMO is 
crucial for applications, since the size of nanoparticles 
governs their biological interactions and lifespan with 
parameters such as the cellular uptake, blood circulation, 
tumor accumulation, etc. Besides, the introduction of 
particular organic groups in the PMO matrix greatly modify 
the biodegradability of NPs. Additionally, the organic nature 
of the pores enables the modulation of their hydrophobicity 
and host–guest interactions for high loading capacities.  
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Figure 12 Percentage of hemolysis of RBCs after incubation of silica NPs, MSN, and ethylene-bridged PMO NPs at different concentrations 

(a). Each data point represents the mean (standard deviation of three independent experiments). Adapted with permission, copyright 

2011, American Chemical Society.
100

 Percentage of hemolysis of RBCs after incubation with benzene-bridged HPMO NPs and HMSN at 

different concentrations (b). Adapted with permission, copyright 2013, Wiley.
3
 

Biocompatibility studies. The interactions between this new 
kind of NPs and the biological media might thus drastically 
change compared to MSN. The first studies carried out 
showed that ethenylene-bridged PMO colloids were very low 
hemolytic materials in comparison with MSN and non-porous 
silica NPs (see Figure 12a). After 2 h incubation of NPs at 
different concentrations in PBS solution against human red 
blood cells (RBCs), almost no hemolytic effect was observed 
by the PMO NPs. This fact has been generalized for 
phenylene, ethylene and ethenylene HPMOs, and is related to 
the low amount of silanol groups present on the surface, by 
contrast to silica NPs (Figure 12b).3 In fact, the hemolytic 
behaviour of phenylene-bridged HPMO NPs was much lower 
than hollow MSN (HMSN) prepared in similar conditions 
(Figure 12b). Furthermore, the in-vivo histocompatibility of 
HPMOs for up to two months was tested at 100 mg kg-1 on 
mice with no tissue degradation or abnormal behaviour of the 
animals. A good biocompatibility was also shown for 
methylene-bridged PMO NPs with HeLa cells, with less than 
25% cell death at 125 µg mL-1.101 These PMO NPs were 
easily internalized within HeLa cells, as revealed by confocal 
microscopy. Very recently, large pores (4.6 and 7.6 nm) PMO 
NPs were also found to be internalized in MCF-7 cells, of low 
cytotoxicity (less than 20% after 72 h of incubation), and 
dissolving at very slow rates (1-2 wt% in 6 days).135 In 
conclusion, these first studies suggest that PMO 
nanomaterials can be considered as highly biocompatible thus 
promising for nanomedical applications, though the 

cytotoxicity may vary significantly for different organic 
bridging groups. 

Drug delivery. Preliminary studies in 2010, showed that 
rhodamine B loaded ethylene-bridged HPMO NPs 
functionalized with pH-responsive supramolecular 
nanovalves enabled tunable release at pH 4 or 10 in water and 
or in acetonitrile.119 The first in-vitro studies for the delivery 
of drugs were only published in 2013.3 A payload of 14 wt% 
of silibinin was reached in phenylene-bridged HPMO NPs, 
with a reduction by 88% of the invasiveness of the highly 
metastatic MDA-MB-231 cells. PMO nanospheres and 
nanorods based on ethenylene and bis(propyl)disulfide 
fragments were also applied for doxorubicin (DOX) release. 
A high drug payload (22 wt%) could also be charged within 
these PMO NPs, which is twice higher than MSNs in similar 
conditions, thanks to specific interactions between organic 
fragments and drug molecules.2 Unlike mesoporous silica, 
which isoelectric point is situated from 2 to 3, various PMO 
NPs were reported with an isoelectric point between 4.5 and 
5.5,2, 78, 136, 137 which accounts for the pH-sensitive loading 
and release observed in such materials.2, 137 The endocytosis 
of these PMO nanospheres and nanorods was demonstrated 
by propidium iodide transportation within the pores of the 
NPs, and conversely to MSN,138 PMO nanospheres were 
more uptaken than nanorods after 24 h (Figure 13g). The 
efficient DOX delivery via pH variation was demonstrated in 
MCF-7 breast cancer cells, with a cell death of 85-90% at 
only 1 µg.mL-1 of NPs (Figure 13h). An important feature of 
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these mixed PMO NPs is the biodegradability brought by the 
disulfide functions. Indeed, in simulated biological media the 
biodegradation of the NPs was observed within 48 h: when 
the NPs were mixed with the intra (2 mM) and extracellular 
(6 µM) mercaptoethanol (ME) equivalent of the glutathione 
reducer, the degradation occurred as clearly showed by TEM 
images (Figure 13a-f).2 In these two examples, the drug 
delivery was induced by an internal stimuli, ie the higher 
acidity of the lysosomes vs the cell culture medium. However, 
no external stimulus has been used until now to controllably 
trigger the delivery of the drugs from the PMO NPs. We will 
see in the two following sections that drug delivery can be 
combined with other therapeutic techniques to induce cell 
killing. Another study reported self-assembled monolayers of 
enantiomerically-functionalized PMO nanocontainers 
designed for the modification of the cell adhesion behaviour. 
They also performed the delivery of Hoechst 33342 via these 
PMO NPs as proof-of-principle for drug delivery 
applications.139 Bein et al. reported rhodamine B-loaded 
fluorescent ethylene-coumarin-bridged PMO NPs coated with 
a lipid layer for cargo delivery in HeLa cells.136

 

High intensity focused ultrasound (HIFU) combined 

medicine. The HIFU energy is locally used in biomedical 

applications to heat and destroy diseased or damaged tissues, 
which causes ablation. Recently, DOX-loaded phenylene-
bridged HPMO NPs were used for in-vivo HIFU-actuated 
drug delivery via a photothermal mechanism.140 They 
demonstrated the synergistic effect of HIFU hyperthermia and 
HIFU-triggered drug delivery with down to 72% of tumor 
inhibition rate with significant tumor weight loss (mass in 
control: 2.34 ± 0.88 g, mass after synergistic therapy: 0.63 ± 
0.24 g). Accordingly, the delivery process resulted from 
disruption of the hydrophobic interactions between DOX 
drugs and the pores of the PMO shell, but no capsule damage 
was observed. Besides, Paclitaxel-loaded HPMO NPs were 
used for efficient in-vivo HIFU-actuated imaging thanks to 
the contrast enhancement in ultrasonography image observed 
after the administration of the NPs.141 Phenylene-bridged 
HPMO NPs were then described for the co-delivery of DOX 
and genes to fight multidrug resistance of cancer cells.142 A 
power-dependant HIFU-enhanced release of DOX was also 
obtained with HPMO NPs designed by co-condensation of 
phenylene and tetrasulfide based organo-bridged 
alkoxysilanes.78 The use of glutathione could also enhance the 
release of the drug in solution, and in-vitro and in-vivo 
studies showed high anti-cancer efficiencies via HIFU-
combined therapy.  
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Figure 13 TEM images of ethenylene-bis(propyl)disulfide-bridged PMO nanospheres before (a) and after 48 h of degradability control 

in physiological conditions (b–f). Cellular uptake quantitative analysis of ethenylene-bis(propyl)disulfide-bridged PMO nanospheres and 

nanorods determined via flow cytometry after 4, 18, and 24 h of incubation (g), and the in-vitro cytotoxicity studies of the DOX-loaded 

NPs after 72 h incubation time at various concentrations of NPs (h). Adapted with permission, copyright 2014, Wiley.
2
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Protein Delivery. The delivery of proteins was recently 
achieved by Chengzhong Yu and co-workers with large pore 
phenylene-bridged PMO NPs.135 Monodisperse 50 nm 
spherical particles with 4.6 and 7.6 nm pores were loaded with 
the RNase a membrane impermeable protein (4.7 nm of 
hydrodynamic diameter). NPs with smaller pores were only 
surface-coated with proteins, while NPs composed of 7.6 nm 
pores adsorbed proteins on both their internal and external 
surfaces. Passive release profiles were obtained for both NPs 
in PBS at 37ºC, with a more sustained release profile with 
large pore PMO NPs. Nanomaterials with 7.6 nm pores were 
applied on MCF-7 cells and induced a significant time-
dependant cell inhibition of 40, 56, and 64% after 24, 48, and 
72h of incubation respectively, while free RNase A did not 
induce any effect. Compared with silica NPs, PMO NPs 
exhibited a much lower effective RNase A dosage (4 µg mL−1) 
to cancer cells without the need of hydrophobic group post-
functionalization to efficiently load a high amount of proteins 
(144.5 µg mg-1). 

 

 

Figure 14 Schematic representation of gold core ethenylene-2PS-

bridged PMO shell NPs (a) for spatiotemporal two-photon-triggered 

PDT (b), and the equivalent drug-loaded NPs (c) for PDT and drug-

delivery (d). Adapted with permission, copyright 2014, American 

Chemical Society.
143

  

 

Two-photon-actuated spatiotemporal medicine. Two-
photon excitation has many key advantages over conventional 
light irradiation for effective spatiotemporal nanomedicine 
such as 3-dimensional spatial resolution of the excitation at 
the focal point of the laser, deep and safe tissue penetration by 
the near-infra-red (NIR) photons, and time-controlled 

actuation.40, 144-146 Hence, gold NPs embedded within an 
ethenylene-2PS-bridged PMO shell (AE2) NPs (see Figure 7c) 
were applied for two-photon-triggered theranostic 
nanomedicine (Figure 14a). 111, 143 Incubated in MCF-7 cancer 
cells, AE2 NPs were tracked in the cell interior via two-
photon imaging through the plasmon-enhanced fluorescence 
of incorporated 2PS molecules. Upon laser irradiation in the 
NIR (750 nm), 40% of selective cell killing was induced with 
AE2 NPs via photodynamic therapy (PDT, see Figure 14b). 
Additionally, DOX-loaded AE2 NPs (Figure 14c) produced a 
synergistic cell killing through PDT and drug delivery with up 
to 75% of cell death (Figure 14d). A library of PMO NPs was 
also studied with ethenylene-, 2PS-, and phenylene-mixed 
bridges with or without gold core in the framework to 
optimize the anticancer therapy.143 Very recently we also 
reported ethenylene-porphyrin-based mesoporous 
silsesquioxane NPs for autonomous drug delivery and NIR 
TPE-imaging in cancer cells.137 

 

4- CONCLUSIONS AND ONGOING CHALLENGES 

PMO nanomaterials constitute a very promising new area of 
research that attracts more and more scientists interested in 
porous materials. The unique properties available and 
envisioned in the pores of PMO NPs open virtually unlimited 
applications that will only be restrained by the imagination of 
the scientist and its ability to synthesis challenging novel 
PMO NPs with more complex frameworks. Recently, the 
synthesis of PMO nanomaterials has been controlled via 
various soft and hard templating strategies to produced PMO 
and HPMO NPs, nanorattles, as well as multipodal PMO NPs 
with small organic repetitive units (ethylene, ethenylene, 
phenylene). PMO NPs have been applied for various 
biomedical applications such as drug and protein delivery and 
photodynamic therapy, and have been found to be even more 
biocompatible than MSN. Moreover, metal core PMO shell 
NPs as well as post-functionalized PMO NPs have been 
successfully utilized for various catalytic applications.  

The main challenge for the chemist is now to synthesize 
nanoscaled PMO with larger functional groups. We have 
shown that a way of incorporating larger organic groups in 
PMO NPs was to design so-called mixed PMO NPs, 
combining a small organic group to generate the porous 
organized framework with a larger and more functional group, 
specifically used in our studies for enhanced biodegradability 
and two-photon nanomedicine. The most interesting and 
challenging prospect is however to synthesize PMO NPs with 
100% of larger functional groups, which can only be done if 
larger functional organoalkoxysilane precursors are also 
prepared in large quantity. The difficulty of this task lies in the 
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fact that large organoalkoxysilanes have unknown behaviours 
in a given micellar template, solvent mixture, pH, etc, and 
often lead to non-porous silsesquioxane bulk materials. 
Computational simulation may provide useful insights in that 
regard.147 Nonetheless, designing novel crystal-like PMO 
nanomaterials based on large organic groups that could garner 
fascinating electronic, photonic, or mechanical properties is a 
sufficient motivation for the synthetic screening race that 
awaits chemists around the world. 
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