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Abstract
Periodic mesoporous organosilicas (PMOs) are of scientific and technological
interest because of their tunable pore structures as well as their tailored catalytic,
sorption and gas storage properties. PMOs therefore present one of the most important
families of organic-inorganic functional materials that are hybridized at molecular
scale. The last few decades have witnessed extensive research efforts devoted to
generating ordered PMOs with different mesostructures, pore sizes, and morphologies
by template-directed assembly methods. In order to expand applications of PMOs into
the above areas, especially sorption, it is highly desirable to develop porous materials
with different compositions, adjustable pore systems and novel properties in versatile
synthesis methods.
The current research project is mainly concerned with this issue. In this thesis, we
focused on the synthesis of PMOs with different components, structures and pore
sizes by using nonionic surfactants as the structure-directing agents. Such materials
obtained showed efficient adsorption capacities in different systems, and are of great
theoretical and practical significance with potential applications to adsorption.
The thesis is arranged as follows:
Chapters 1 and 2 provide an introduction to the field of mesoporous materials and a
detailed literative review on past and present work related to synthesis and
characterisation of PMOs. Chapter 3 details the experimental synthesis and
characterisation methods employed in this project.
Chapter 4 presents the results from synthesis of large-pore phenyl-bridged PMOs.
These materials were facilely synthesized by evaporation-induced self-assembly
(EISA) of 1,4-bis(triethoxysily)benzene (BTEB) and triblock copolymer Pluronic
F127 (EO106PO70EO106) as a template under acid conditions combined with a mixedsolvothermal treatment. The hexagonal ordered PMOs exhibit large uniform
mesopores of ~ 9.9 nm in diameter after calcination at 350 °C in a nitrogen
atmosphere. N2 adsorption/desorption isotherms reveal imperfect mesopore channels
with high surface areas (up to 1150 m2·g-1) and thick pore walls (up to 7.7 nm). The
mesopores can be expanded with a decrease of acidity, as well as an increase of
Pluronic F127 content. A mixed-solvothermal treatment in N,N-dimethylformamide
(DMF) and water at 100 °C was first used to improve the periodicity of the mesopore
walls, as well as increase the wall thickness. The composites exhibit efficient
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adsorption capacities (2.06 mmol·g-1) for benzene, suggesting a potential adsorbent
for removal of volatile organic compounds.
Inorganic salts were recognized to play an important role in triggering the
formation of highly ordered mesostructure. In Chapter 5, we present results from the
preparation of well-ordered two-dimensional (2D) hexagonal PMOs with a high
content of disulfide groups. These materials were successfully prepared by a simple
metal-ion assisted amphiphilic surfactant templating process under strong acid
conditions. Long-chain organic bridge silane, bis(triethoxysilylpropyl)disulfide
(BTSPDS) was used as a precursor which was co-condensed with tetraethoxysilane
(TEOS) to assemble with the triblock copolymer Pluronic P123 (EO20PO70EO20)
template and construct the mesostructured organic-inorganic frameworks. The content
of disulfide functional groups as high as 20 % was incorporated into the framework.
The ordered mesoporous DS-PMO materials obtained have relatively high BrunauerEmmett-Teller (BET) surface area (~ 580 m2·g-1), large uniform pore size (up to 6.3
nm) and thick pore walls (thickness up to 7.1 nm), because of the long-chain disulfide
bridges. The metal ions such as Zn2+ formed four-coordination with two sulfides of
BTSPDS and ethylene oxide moieties of P123 template, which could enhance the
interaction between “soft” long disulfide groups and P123 template, thus improving
the mesostructural regularity correspondingly. The disulfide-bridged PMO materials
exhibit excellent hydrothermal stability in boiling water for 5 days, probably due to
the thick pore walls. Excellent adsorption efficiency (~ 716 mg·g-1) for Hg2+ ions is
observed, suggesting a potential application in removal of heavy metal ions in
wastewater.
In chapter 6 we present our results on formation of PMO hollow spheres. Largepore PMO hollow spheres with controllable pore size and high pore volume (~ 2.5
cm3·g-1) were successfully synthesized at low temperature (~ 15 °C) by using the
triblock copolymer Pluronic F127 as a template and 1, 3, 5-trimethylbenzene (TMB)
as a swelling agent in the presence of inorganic salt (KCl). The PMO hollow spheres
are uniform and well dispersed, and have a large wall thickness. The pore size (9.8 ~
15.1 nm) of the hollow spheres can be gradually expanded by increasing the TMB
content together with a relatively high acidity. By controlling the content of
hexadecyltrimethylammonium bromide (CTAB), successive structural transformation
from hollow sphere to wormlike mesostructure and eventually to ordered bodycentered cubic (space group of Im3m) mesostructure is observed. Our results reveal
vi

that the hydrophobicity of bis(triethoxysilyl)ethane (BTSE) and a low temperature
approach lead to the slow hydrolysis rate of silica precursors, which in turn leads to
the weak interaction between individual TMB/F127 micelles and silicate oligomers.
Furthermore, the salting-out effect of KCl may influence the swelling capacity of
individual micelles as well as decrease the critical micelle concentration and critical
micelle temperature, resulting in the formation of PMO hollow spheres from the
assembly of individual TMB/F127 micelles with silicate oligomers. The composites
exhibit efficient adsorption capacity (703 mg·g-1) for toluene, suggesting that they are
a potentially useful adsorbent for removal of volatile organic compounds. The PMO
hollow spheres allow biomolecules with large molecular weight to diffuse in, and
showing a superior encapsulation capacity of bovine serum albumin (BSA) molecules
(~ 585 mg·g-1) over other porous materials.
In chapter 7, ordered mesoporous polymer-organosilica and carbon-silica
nanocomposites were synthesized through a triconstituent co-assembly strategy
wherein the soluble resol polymer was used as an organic precursor, prehydrolyzed
BTSE as another organic precursor, and triblock copolymer F127 as a template. After
thermal curing of the resin polymer, the triblock copolymer F127 was removed by
calcination at 350 ºC in N2 atmosphere. The results of characterisations show that the
polymer-organosilica nanocomposites have ordered 2D hexagonal mesostructures
with uniform pore size (6.2 ~ 7.3 nm), suitable surface areas (619 ~ 794 m2·g-1) and
pore volumes (0.61 ~ 0.88 cm3·g-1). With increasing BTSE content, the BET surface
area and pore volume reduce for the polymer-organosilica composites. The
mesoporous

polymer-organosilica

nanocomposites

have

homogeneous

interpenetrating frameworks, in which both polymer and organosilica synergistically
support the ordered mesostructure. Combustion in air or etching in HF solution can
remove carbon or silica from the carbon-silica nanocomposites and yield mesoporous
pure silica or carbon frameworks. The adsorption performance of the polymerorganosilica hybrid materials for benzene was also measured. Because of the
hydrophobic property of phenyl-bridging groups from resin polymer and ethylene
groups in the framework, the polymer-organosilica nanocomposite shows adsorption
capacity of benzene up to 2.0 mmol·g-1, which suggests that they are a potential
candidate for adsorption of organic compounds.
Chapter 8 provides the conclusions of this project and gives an outlook for PMOs
in some key areas.
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CHAPTER 1 Introduction
1.1 Introduction to Mesoporous Materials
Porous materials are classified into several kinds by their size. According to the
International Union of Pure and Applied Chemistry (IUPAC) notation [1],
microporous materials have pore diameters of less than 2 nm, mesoporous materials
has pores of size 2 ~ 50 nm, and macroporous materials have pore diameters of
greater than 50 nm Typical mesoporous materials include some types of silica and
alumina that have similarly-sized fine mesopores. Mesoporous oxides of niobium,
tantalum, titanium, and zirconium have also been reported. According to the IUPAC,
a mesoporous material can be disordered or ordered in a structure. Much effort has
been put into not only the synthesis, but also the applications of these ordered
mesoporous materials in catalysis [2-4], drug delivery [5-9], adsorption and separation
[10, 11], and biosensors [12, 13].
The first mesoporous material with long range order was reported in the open
literature in 1992, by the group of the former Mobil Oil Company [14, 15]. Around
that time, the group filed a patent related to these materials [16]. Since then, research
in this field has steadily grown.

1.2 Synthesis Mechanism and Pathways of Mesoporous Materials
1.2.1 Synthesis Mechanism of Mesoporous Materials
Ordered mesoporous materials possess large uniform pore sizes (1.5 ~ 10 nm),
highly ordered nanochannels, large surface areas (~ 1500 m2·g-1), attractive liquidcrystal structures and also periodic arrangements of inorganic-organic composite
nanoarrays [17].
Several questions arise during the design of mesoporous materials, such as: How
can a liquid-crystal structure be formed? What is the role of a “template” in the
formation of mesoprous materials? How are the components of a material integrated
into an ordered mesostructure? These questions are attractive for researchers, and a
large number of studies have been carried out to investigate the formation and
assembly of mesostructures. Initially, on the basis of different reaction systems, many
modern characterization technologies were applied to study the formation of ordered
mesoporous materials, including magic angle spinning nuclear magnetic resonance
(MAS-NMR), Electronic spin resonance (EPR), Transition electron microscopy
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(TEM), Scanning electron microscopy (SEM), Thermogravimetric analysis (TGA)
and N2 adsorption/desorption etc. [18, 19].

1.2.1.1 Liquid-Crystal Templating Mechanism (LCT)
The initial LCT mechanism was first proposed by Mobil’s scientists, where an
organic surfactant species functions as a central structure, surrounded by inorganic
oxides forming a mesopore framework. The two pathways, that is, cooperative selfassembly and “true” liquid-crystal templating processes, play an important role in the
synthesis of ordered meostructures, as shown in Figure 1.1 [14, 15, 18-21].

Figure 1.1. Two synthetic strategies of mesoporous materials: (A) cooperative selfassembly; (B) “true” liquid-crystal templating processes, as ref [17].
1.2.1.1A Cooperative Self-Assembly Process
On the one hand, it is impossible for liquid-crystalline phases to form at lower
concentrations of surfactant molecules, for example, when there is cooperative selfassembly of the surfactant and the already added inorganic silica species, in which
case an organic-inorganic micelle network forms. After hydrothermal treatment of
these hybrid ‘rods’, an organic-inorganic liquid-crystalline phase with hexagonal
arrangement can develop (Figure 1.1A) [22]. After the removal of surfactant
templates by calcination, extraction, etc., an ordered mesoporous silica material is
obtained.
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1.2.1.1B “True” Liquid-Crystal Templating Mechanism (TLCT)
On the other hand, as illustrated in Figure 1.1B, the surfactant molecules with long
chains arrange themselves anisotropically in water solution, forming a hexagonal
liquid-crystalline phase through a micelle self-assembly. The inorganic silicate
species hydrolysize and deposite between surfactant ‘rods’, then condense to form an
inorganic-organic network. After removal of the surfactant templates, a mesoporous
silica material is obtained from this liquid-crystal scaffold. In this pathway, Attard and
co-workers prepared mesoporous silicas by using a high concentration of nonionic
surfactants as a template [23].
It should be pointed out that two factors affect the LCT mechanism: (i) the
dynamics of surfactant molecules to form assemblies, micelles, and final liquidcrystal structure; and (ii) the ability of the inorganic oxide to hydrolyse and
polycondense leading to a network surrounding the surfactant templates [18, 24, 25].
However, the current LCT mechanism does not provide any explanation about the
interaction between organic surfactants and inorganic silica species. In general, the
LCT mechanism is limited in the synthesis of mesoporous materials.

1.2.1.2 ‘Silicate Rod Assembly’ Mechanism (SRA)
Davis and coworkers [26] proposed the ‘silicate rod assembly’ mechanism, as they
found that the liquid-crystalline phase with hexagonal ordering didn’t form during the
synthesis process of MCM-41. In this mechanism, the surfactant molecules initially
form disordered micellar ‘rods’, then the micellar ‘rods’ interact with the inorganic
silicate species by Coulomb forces, and the condensed two or three monolayers of
silicate species deposit around the isolated micellar ‘rods’. Finally these rods
aggregate and pack into the ordered hexagonal mesostructure. It is noted that the
assembling of such long organic-inorganic rods is difficult so that this mechanism is
debatable.
Furthermore, Steel etc. [27] pointed out that during the hexagonal mesostructure
formation process of MCM-41, it is possibly the silicate species that induce the
transformation of the organic-inorganic composite from layer to hexagonal phase,
which is called as a ‘layer-to-hexagonal’ mechanism. It is also known as a ‘folded
sheets mechanism’. However, it is found that the layered intermediate is unnecessary
during the formation of hexagonal mesostructure MCM-41 [17, 28].
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1.2.1.3 Cooperative Formation Mechanism (CFM)
The most convincing formation mechanism proposed to date is the cooperative
formation mechanism (CFM), which was first proposed by Stucky and co-workers
[29-31]. During the formation process of the mesoporous silica, silicate polyanions
initially interact with positively charged groups in cationic surfactants driven by
Coulomb forces. The silicate species at the interface then polymerize, cross-link and
further change the charge density of the inorganic layers. Through the process of
nucleation and rapid precipitation of organized arrays by cooperative interactions, the
arrangements of surfactants and the charge density between inorganic and organic
species influence each other. With the increase of time and temperature, the
condensation of the silicate phase proceeds, the silicate framework charge decreases
during this process and may lead to liquid-crystal-like phase transitions as the
surfactant phase tries to reorganize the changing interface charge density. It is noted
that the matching of charge density at the surfactant/inorganic species interfaces
governs the assembly process. The cooperative formation mechanism can explain
many experimental phenomena in the synthesis of mesoporous materials and also
apply in some syntheses of non-silica mesoporous materials. The CFM is therefore
widely accepted by most researchers.

1.2.2 Synthesis Pathways of Mesoporous Materials
During the synthesis of mesoporous materials, the interaction between organic and
inorganic species is considered to be very important [18, 29, 32]. Adjusting the
chemistry of the surfactant headgroups may yield different mesoporous materials. The
main synthesis routes are listed as follows:
(1) Four general synthetic routes were proposed by Stucky and co-workers [17, 29,
30]. The routes are S+I-, S-I+, S+X-I+, and S-X+I-, where S+ = surfactant cations, S- =
surfactant anions, I+ = inorganic precursor cations, I- = inorganic precursor anions, X+
= cationic counterions, and X- = anionic counterions. By Coulomb forces, surfactant
cations (S+) match with silicate anions (I-) as S+I- under basic conditions [14, 33, 34].
The S-I+ interaction, by comparision, occurs between cationic Keggin ion (Al137+) and
anionic surfactants, such as dodecyl benzenesulfonate salt [29]. The S+X-I+ interaction
applies in the syntheses of mesoporous silicates under acidic conditions, where
counterions are required [29, 35]. The S-N+I- route can be explained by the successful
synthesis of a family of mesoporous silica structures (AMS-n) under basic conditions
4

by using anionic surfactants as structure-directing agents (SDAs) and 3aminopropyltrimethoxysilane

(APS)

or

N-trimethoxylsilypropyl-N,

N,

N-

trimehylammonium chloride (TMAPS) as co-structure-directing agents (CSDAs) [36].
In this pathway, N+ are cationic amino groups of organoalkoxysilanes. The negatively
charged headgroups of the anionic surfactants (S-) can interact with the positively
charged ammonium sites (N+) of APS or TMAPS by neutralization [37, 38].
(2) A hydrogen-bonding interaction mechanism for synthesising mesoporous
silicates under neutral conditions was reported by Pinnavaia and co-workers. The
routes are S0I0 or N0I0, where S0 as neutral amines, N0 as nonionic surfactants, and I0
as hydrated silicate oligomers from tetraethyl orthosilicate (TEOS) [39-41].
(3) It should be noted that a double-layer hydrogenbonding S0H+X-I+ interaction
[42, 43] may lead to the synthesis of mesoporous silica SBA-15 carried out under a
strong acidic condition with triblock copolymer P123 (EO20PO70EO20) as a template.
(4) The interaction between organic and inorganic species, such as coordination
bonds [18, 29] and covalent bonds [44, 45] can also be important for the preparation
of mesoporous materials with different mesostructures.

1.3 Mesophases
1.3.1 Mesophases
Till now, various mesoporous silicate structures with different symmetries have
been obtained, indicating the synthesis is controllable. The ordered mesophases are
included as follows:

1.3.1.1 One-dimensional (1D) Lamellar Mesostructures (p2 symmetry)
The lamellar mesostructures can be templated by doublechain surfactants, such as
C20H41N(CH3)3Br [35] and nonionic surfactants with low hydrophilic EO groups as
C12H25EO3 [46]. The lamellar mesostructure is important for the study of the synthesis
mechanism or phase transformation of mesoporous materials, although most lamellar
mesostructures are not stable.

1.3.1.2 Two-dimensional (2D) Hexagonal Mesostructures (Straight channel,
p6mm symmetry)
The classical products of 2D mesostructured materials with hexagonal symmetry
are MCM-41, SBA-15, SBA-3, KSW-2 etc. The features for these mesostructures are
5

hexagonally close packed cylindrical pore channels (p6mm space group) and parallel
stripes if viewed perpendicular to the channel directions.
MCM-41 is the most extensively investigated mesoporous silica, and can be
synthesized with using hexadecyltrimethylammonium bromide (CTAB) as a SDA in a
basic solution [47].
The second most widely studied mesoporous silica material is SBA-15, which is
prepared using PEO-PPO-PEO triblock copolymer P123 as a SDA under acidic
conditions. SBA-15 materials have uniform pore sizes from ~ 6.5 to 10 nm and thick
pore walls from 3.1 to 4.8 nm, which results in higher thermal stability and
hydrothermal stability. The disordered micropore system exists in the silicate walls
[48-50]. The above important features enable the use of SBA-15 for separation and
nanocasting, etc [51-55].
1.3.1.3 Three-dimensional (3D) Mesostructures
Many cubic mesostructures have been synthesized, such as MCM-48 mesostructure
[22], SBA-n [56-59], FDU-n [34, 60-62] KIT-n [63-65], AMS-n, and IBN-n [66, 67]
series of silicas.

1.3.1.3.1 3D Cubic Mesostructure (Bicontinuous channels, Ia3d symmetry)
MCM-48 is defined by a so-called minimal surface, which divides the space into
two enantiomeric separated 3D helical pore systems, forming a cubic uniform
bicontinuous structure (Ia3d) [22].
The large-pore mesoporous silicas with cubic bicontinuous structure (Ia3d) can be
obtained in the presence of some additives when triblock copolymers are used as
templates under acidic conditions, such as using a mixture of triblock copolymer F127
and an anionic surfactant or P123 and sodium dodecyl sulfonate (SDS) as templates
[68, 69].

1.3.1.3.2 3D Cubic Mesostructure (Cage-like pore, Pm3n symmetry)
The most studied product with cubic Pm3n mesostructure is SBA-6, in which a Bcage is surrounded by 12 A-cages that are connected through mesopore openings of ~
2 nm. It can be considered as a packing of spherical cages, distinguished by two
kinds of cages with ordered arrangements.
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Cubic mesostructures SBA-6 and SBA-1 [56-58] with Pm3n symmetry can be
synthesized using cationic surfactants, for example CnH2n+1N(CH2CH3)3Br (n = 16,
C16TEABr), Gemini and bolaform surfactants as SDAs under acidic and basic
conditions, respectively [29, 70-72]. However, such a cubic Pm3n mesostructure has
not been prepared by using triblock copolymers (PEO-PPO-PEO) as templates so far.

1.3.1.3.3 3D Cubic Mesostructure (Cage-like pore, Im3m symmetry)
The SBA-16 mesostructure (Im3m) has a body-centered cubic symmetrical packing
of spherical cages [70, 73], and was obtained under acidic conditions [43, 66, 74].

1.3.1.3.4 3D Cubic Mesostructure (Cage-like pore, Fd3m symmetry)
AMS-8 was described as a face-centered cubic structure with Fd3m symmetry, and
is composed of a bimodal arrangement of cages, 16 small (5.6 nm) and 8 large (7.6
nm) cages in the unit cell. They are built up via the cage windows of 1.4 ~ 2.5 nm (for
connectivity between large cages) and the small windows of less than 5 Å (for largesmall and small-small connections) [38].

1.3.1.3.5 3D Cubic Mesostructure (Cage-like pore, Fm3m symmetry)
The representive product FDU-12 has a cubic (Fm3m) mesostructure, which can be
thought as a face-centered cubic (fcc) close-packing of spherical cages, each
connected to 12 nearest neighboring cages [75-77]. The addition of 1,3,5trimethylenebenzene (TMB) and potassium chloride (KCl) are critical for enlarging
the pore sizes during the synthesis of FDU-12 at lower temperatures.

1.3.1.3.6 3D Hexagonal Mesostructure (Cage-like pore, P63/mmc and P63/mcm
symmetry)
SBA-2 may have a 3D hexagonal mesostructure with the space group of P63/mmc
symmetry [35]. SBA-2 was observed as an intergrowth of hcp with ccp
mesostructures viewed along the [110] direction of the cubic phase or the [100]
direction of the hexagonal phase from TEM images [72, 78].
IBN-9 presents the first tri-continuous mesoporous silica structure with 3D
hexagonal symmetry P63/mcm symmetry [67]. IBN-9 is an intermediate phase
between the cubic bi-continuous phase and the 2D hexagonal phase, and has the most
complex pore structure amongst all reported mesoporous materials. It shows a unique
7

tri-continuous structure with three congruent interwoven mesoporous channel systems
separated by a single continuous silica wall.

1.3.1.4 Disordered Mesostructures
The disordered mesostructures include MSU [39], HMS [40], KIT-1 [79], TUD-1
[80] and Al-MMS [81] mesoporous silicates, which are aften referred to as “foamlike” or “worm-like” mesoporous molecular sieves [82]. The uniform pores and high
surface areas favour the use of these materials in adsorption and catalysis. It is not
clear whether ordered or disordered structures are beneficial for each application

1.4 Organic-Inorganic Hybrid Mesoporous Silica Materials
Mesoporous organic-inorganic hybrid materials have been obtained through the
interaction of inorganic and organic components by surfactant templating. The
framework properties can be influenced by the inorganic and organic moieties in the
mesostructures. The inorganic components can provide mechanical, thermal, or
structural stability, whereas the organic ones can introduce flexibility into the
framework, or change the properties of the framework. One pathway to synthesis of
functional mesoporous silicates is the incorporation of organic components in the pure
silica matrix, either on the surface, or within the channels by grafting or cocondensation method. The disadvantage of the grafting method is that it often leads to
nonhomogeneous distribution of the organic groups within the pore walls or pore
blocking [83-86].
By comparison, pore blocking is not a problem in the co-condensation method as
the organic groups are the direct components of the silica matrix. Furthermore, the
organic units are generally more homogeneously distributed in the framework than
the materials synthesized by the grafting method. However, the co-condensation
method can also lead to the synthesis of disordered products, as the degree of order of
the final materials decreases with increasing concentration of organic components
(R’O)3SiR in the reaction mixture. Furthermore, the calcination method is not
appropriate for the removal of surfactant as the organic groups will occasionally be
broken at high calcination temperatures [83].
In contrast to the two kinds of organic-inorganic hybrid materials described above,
which are obtained by grafting or co-condensation methods, the organic units can be
incorporated in the silica framework through two covalent bonds with silica atoms
8

and thus distributed homogeneously in the pore walls. Thus, a new class of
mesostructured

organic-inorganic

hybrid

materials

-

periodic

mesoporous

organosilicas (PMOs) came into being by self-assembly of surfactants and bissilylated
organosilica precursors (R’O)3Si-R-Si(OR’)3.
The first PMO was synthesized in 1999 by three research groups independently
[87-89]. The double trialkoxysilyl precursors are hydrolyzed and condensed in the
presence of amphiphilic surfactant micelles. Then the mesostructured framework can
be obtained by removing the surfactant by solvent extraction. Thus, the different
organic groups are incorporated in the silicate networks, resulting in higher loadings
of organic functional groups and decreasing the possibilities of pore blockage
compared with the grafting or co-condensation method. Now, PMOs with a multitude
of bridge-bonded organic groups are considered as highly promising candidates for
the application of catalysis, adsorption, chromatography, and nanoelectronics [90, 91].
Although much work has been done in the synthesis of PMOs, the adsorption
research of large-pore PMO materials is relatively limited. Design of PMOs to make
useful adsorbents is therefore unknown. Therefore, one of the challenges undertaken
in this project was to extend the adsorption application of the PMO materials.

1.5 Research Motivations and Objectives
PMOs are synthesized by silsesquioxane precursors with organic bridging groups
and supermolecules as a template. These materials have attracted much interest in the
last decade. Until now, PMOs with different mesostructures, pore sizes and
morphologies have been successfully synthesized. The diversity of organic spacers
enables modification of bulk properties such as the porosity, thermal stability, optical
clarity, refractive index, chemical resistance, hydrophobicity, and dielectric constant.
Through these properties, PMOs show great potential in adsorption, catalysis and
sensors applications, compared with inorganic mesoporous silica materials.
At present, the synthesis and application of PMOs materials are still at early stage.
One important scientific issue in this field is the control of the constitution and pore
size of PMOs materials to improve the adsorption properties. As mentioned above, a
great deal of study has been carried out in the synthesis of PMOs as M41S structures
with small pore sizes. However, the limited pore size of PMOs with functional
organic groups may restrict their applications in some areas where large pore PMOs
are in demand as substrates from the point of view of sorption, immobilization and
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encapsulation of large molecules. Up to now, it is desirable to synthesize PMO
materials with a pore size larger than that of M41S structures such as SBA-15, a
mesoporous material with pore size in the range of 6 ~ 30 nm. Therefore, the
synthesis of large-pore PMOs with functional groups templated by triblock
copolymers under acidic conditions via the (S°H+)(X-I+) pathway continues to be a
challenging objective in this area. On the other hand, inorganic salts have been used to
improve the hydrothermal stability, control the morphology, extend the synthesis
domain, and tailor the framework porosity during the formation of mesoporous
materials. These results can be attributed to the specific effect of inorganic salts on
the self-assembly interaction between surfactant headgroups and silica precursors.
Therefore, it is important for both academic investigation and adsorption
applications to synthesize large pore PMOs with functional groups and the present
work is focused on this project. Much work should be done in two aspects, synthesis
and adsorption. To understand the relationship between the properties and the
structures of mesoporous organosilica materials, from a synthetic viewpoint, a
precondition that should be achieved is that ordered large pore PMOs be synthesized
and their structural information clearly identified. Changing reactive systems should
be exploited to prepare large-pore PMOs, such as using different surfactants as
templates, non-aqueous synthesis conditions etc.; at the same time, functional organic
groups should be selected as suitable for further modification, or has interaction with
target molecules by forming covalent bond, or π-π interaction etc., which will be of
benefit for adsorption. Finally, we investigate large-pore PMOs materials with
functional groups in targeted areas of sorption application, such as waste water, and
air containing toxic constitutents.
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CHAPTER 2 Literature Review on Periodic Mesoporous Organosilicas
2.1 Introduction
Periodic mesoporous organosilicas (PMOs) represent an exciting new class of
organic-inorganic nanocomposites targeted for a broad range of applications such as
catalysis [1-5], adsorption [6-10], and high-performance liquid chromatography [11].
The organic bridging groups in the PMOs framework can tune the chemical and
physical properties of the mesostructured materials, such as the porosity, thermal
stability, optical clarity, refractive index, hydrophobicity, and dielectric constant [1215].

Figure 2.1. General synthetic pathway to PMOs that are from an organic-bridged
silsesquioxane precursor, as ref [22].
The ordered mesoporous organosilicas have been prepared from 100 %
silsesquioxane organic precursors by the surfactant-mediated synthesis strategy, with
no cleavage of the C-Si bonds [16-19]. Therefore, PMOs can be produced with
organic groups distributed totally homogeneously in the pore walls at a molecular
level (Figure 2.1) [15, 20, 21].
In the present chapter, we review the history of the discovery and development of
the PMOs emphasizing the most important advancements regarding composition,
formation of large pores, and applications.

2.2 PMOs with Variable Organic Composition and its Derivatives
2.2.1 PMOs with Aliphatic Organic Groups
The hallmark of PMO was in 1999. In that year, for the first time, three different
research groups successfully synthesized PMOs by assembling bridged organic
precursors with supermolecules as templates. Some aliphatic organic groups
successfully incorporated into PMOs are listed in Scheme 2.1.
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Scheme 2.1. Some silica precursors with aliphatic organic groups. (Note: OEt can be
replaced by OMe)
The first of these groups was Inagaki and co-workers [16] who adopted cationic
surfactant octadecyltrimethyl-ammonium chloride (OTAC) as a template, successfully
synthesized ordered mesoporous organosilica hybrid phases, by assembling bridged
dipodal alkoxysilane (MeO)3Si-CH2CH2-Si(OMe)3 (BTME) precursors under basic
conditions. The two-dimensional (2D) and three-dimensional (3D) hexagonal
mesostructures were produced by tuning the mixture ratios of the components in the
reaction mixture. The corresponding pore size is 3.1 and 2.7 nm, surface area is 750
and 1170 m2·g-1, respectively. The methyl group is relatively stable, as confirmed by
thermogravimetric analysis (TGA). It was shown that the Si-C bond can be cleaved
above 400 °C. Furthermore, X-ray diffractometer (XRD) patterns confirmed that
these materials had good hydrothermal stability after boiling at 100 °C for 8 hrs.
In 1999, Ozin and workers [17] prepared a series of PMOs with (EtO)3Si-CH=CHSi(OEt)3 (BTE) as an organic precursor and cetyltrimethyl ammonium bromide
(CTAB) as structure-directing agent (SDA) under basic conditions. The ethylene
bonds are cleaved partly between 150 and 350 °C confirmed by TGA, which showed
that the bromide reaction has occurred on double bond. Bromination reaction occurred
on the C=C bonds with a degree of 10 %.
In the same year, the group of Stein [18] reported the synthesis of an ethenebridged PMO material which was prepared with the same precursor and surfactant
under basic conditions. The surface area of the wormlike material is approximately
1200 m2·g-1.
In a further study, Sayari and co-workers [23] investigated the influence of the
chain length (carbon atoms varing from 10 to 18) of the surfactant on the synthesis of
ethane-bridged PMOs. It was found that the pore diameter increased with increasing
length of the surfactant, while the specific surface areas didn’t show a clear trend.
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An ethane-bridged PMO material with cubic symmetry (Pm3n) similar to SBA-1
was synthesized for the first time by using BTME as an organosilica precursor and
hexadecyltrimethylammonium chloride (CTAC) as SDA in basic media [24, 25].
Under acidic conditions, the ethane-bridged PMOs could also be prepared. Zhao’s
group [26] obtained ethane-bridged PMOs by using triblock copolymer P123
(EO20PO70EO20, EO = ethylene oxide, PO = propylene oxide) as a template under an
acid condition. It was found that BTME is a better organosilica precursor than 1,2bis(triethoxysilyl)ethane (BTSE). After that, they also investigated the influence of
parameters on the final mesoporous structure, and finally got a series of SBA15/PMO with interconnected micropores and mesopores.
The common organic precursors were mostly with short aliphatic chains, such as
ethane and ethylene, because they are widely available, and with good physical
geometrical stress [27-29]. However, the inherent hydrophobic character and steric
structure may lead to a phase separation, poor organization of mesostructures, or
disordered mesoporous materials. It is believed that alkyl chains should not be longer
than six carbons. The ability to maintain the mesostructured frameworks is a concern
with flexible organic bridges. Long chain bridged organic groups or large oligomeric
building units easily form layered mesostructures rather than stable PMOs mainly due
to the intramolecular cross-linkages. The hydrolysis of these organosilica precursors
is difficult to control in solution. The layered materials with space 1.2 nm were
successfully synthesized with organosilica precursor (MeO)3Si-(CH2)8-Si(OMe)3 by
sol-gel method. It is necessary to employ templates with sufficient diameters to allow
uniform encapsulation by the polymerizing bridge-bonded silsesquioxanes. It is
obvious that the relationship between structure, function and application is very
important, therefore, the selection and protection of functional organic groups should
be considered in the synthesis process.

2.2.2 PMOs with Aromatic Organic Groups
By contrast with the PMOs described above containing only saturated aliphatic or
ethene organic groups, much effort was put into the preparation of PMO materials
with aromatic bridges, as more functionality can be introduced into the framework of
PMOs. Some aromatic organic groups are listed in Scheme 2.2.
The first phenylene-bridged PMO material was reported by Ozin et al. [19] in 1999.
The synthesis was performed with using 1,4-bis(triethoxysilyl)benzene (BTEB) and
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2,5-bis(triethoxysilyl)thiophene (BTET) as precursors in the presence of CTAB as a
SDA. It was noted that the well-ordered mesoporous material without Si-C bond
cleavage could be achieved by using hexadecylpyridinium chloride (CPC) as SDA
under a mild acidic condition, whereas all the organic groups were broken in the
presence of ammonia.
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Si(OEt)3

Si(OEt)3

(EtO)3Si
(EtO)3Si

Si(OEt)3

R'

(EtO)3Si
(EtO)3Si

Si(OEt)3

Si(OEt)3

R'

S

(EtO)3Si

(EtO)3Si

R' = H, CH2, OCH3

Si(OEt)3

Si(OEt)3

(EtO)3Si

S

S
Si(OEt)3

Scheme 2.2. Some orgainosilica precursors with aromatic organic groups. (Note: OEt
can be replaced by OMe)
Ozin also [30] successfully synthesised 2D hexagonal PMO materials by using labmade precursors (1,4-bis(triethoxysilyl)-2-methylbenzene, 1,4-bis(triethoxysilyl)-2,5dimethylbenzene, and 1,4-bis (triethoxysilyl)-2,5-dimethoxybenzene) and CPC as a
SDA under acidic conditions. The pore diameter was 2.3 nm and specific surface
areas varied between 560 and 1100 m2·g-1. The aryl bridges could be stable below 360
°C detected by TGA.
In addition, some aromatic groups containing sulfide bridges were also used as
precursors to prepare 4-phenyl ether and 4-phenyl sulfide bridged PMOs using Brij76 (C18EO10) as a template [31]. The pore diameter and specific surface area were
about 3 nm and 630 m2·g-1, respectively. The wall thickness of this wormlike material
was about 3.0 nm.
Ozin’s group synthesized thiophene-bridged PMOs by using the BTET precursor
and CTAB as a template [19]. It was found that mild acidic condition was better for
avoiding the cleavage of Si-C bonds, compared with that under basic conditions.
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Furthermore, highly ordered bifunctional PMOs containing aromatic thiophene and
benzene groups were successfully synthesized using BTET and BTEB as organosilica
precursors and the triblock copolymer Pluronic P123 and the oligomeric surfactant
Brij-76 as surfactants under acidic conditions [32]. The 2D hexagonal PMO material
has a pore size of 5.4 nm.

2.2.2.1 PMOs with Crystal-Like Pore Walls
Ordered PMO materials with crystal-like pore walls were produced by several
groups. The molecular periodicity in the pore walls could enhance the functionalities
of PMOs in electronic, optical, and sensors. In this section, we discuss some ordered
PMO mesostructures with molecular periodicity in the pore walls.
The first ordered benzene-bridged PMOs with crystal-like pore walls was
synthesized by using BTEB in the presence of OTAC as SDA under basic conditions
[33]. The Brunauer-Emmett-Teller (BET) specific surface area and pore size of the
hexagonal benzene-bridged PMO were 818 m2·g-1 and 3.8 nm, respectively. Due to
the π-π stacking of benzene bridging groups, the molecular periodicity in the pore
walls along the channel directions was observed. The spacing of 7.6 Å along the
channel direction detected by transmission electrons microscopy (TEM) confirmed
the atomic-scale periodicity in the pore walls. Furthermore, TGA results showed that
benzene groups were kept in the walls up to 500 °C in air or nitrogen, and the mesoand molecular-scale periodicity was completely preserved even after boiling the
material in water for 8 hrs.
In a further study, 1,4-benzene-bridged PMO materials having crystal-like pore
walls were prepared by using C14 to C18 trimethylammonium halide surfactants
under basic conditions. The pore diameter increased with the increasing of the length
of the hydrocarbon chain (C14 to C18) of the surfactant [34].
Later, Inagaki and his co-workers reported the post-synthesis treatment with basic
solution to form molecular-scale periodicity within the pore walls of phenyl-bridged
PMOs by using the triblock copolymer P123 as a template [35]. The mesopore
structural arrangement and wall thickness appeared to decrease with the increase of
basic concentration.
Interestingly, a nonlinear symmetrically bridged organosilica precursor, 1,3bis(triethoxysilyl)benzene, was also used to prepare the crystal-like PMO material
reported by Kapoor et al. [36]. The molecular spacing of phenyl group is 7.6 Å too.
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Inagaki and co-workers demonstrated the synthesis of ordered PMO with
molecular-scale periodicity prepared by using 4,4’-bis(triethoxysilyl)biphenyl
(BTEBP) as the organosilica precursor in the presence of OTAC under basic
conditions [37]. The BET specific surface area and pore size were 869 m2·g-1 and 3.5
nm, respectively. Hydrophobic biphenyl layers and hydrophilic silicate layers are
arranged alternately at an interval of 11.6 Å along the channel direction. It should be
pointed out that the ordered PMOs with crystal-like walls can also be obtained with
other organic precursors, including BTSEB, bis(triethoxysilylethen-2-yl)benzene
((C2H5O)3Si-CH=CH-C6H4-CH=CH-Si(OC2H5)3) [28]. It was found that carboncarbon double bonds and phenylene groups of BTSEB enable PMO materials with
more chemical modifications. Fröba et al. synthesized the same vinylbenzene-bridged
PMO with a pore size of 2.7 nm and a specific surface area of 800 m2·g-1 [38].
Therefore, the selection of organosilica precursors was a key issue identified by
researchers.
In addition, Moyaka et al. synthesized ethylene-bridged PMO with crystal-like
pore walls using BTE and CTAB as a template under basic conditions [39]. The BET
specific surface area and pore size were 1300 m2·g-1 and 4 nm, respectively. The basal
spacing between ethylene groups was 5.6 Å.

Figure 2.2. Alternate route for the synthesis of mesoporous phenylene-silicas from
allylorganosilane precursors, as ref [40].
In another attempt, the ordered PMO materials with crystal-like pore walls were
prepared by using the new bridged allylorganosilane precursors under basic
conditions upon surfactant-assisted assembly (Figure 2.2) [40]. The BET specific
surface area and pore size were 744 m2·g-1 and 2.4 nm, respectively. This work
showed that the synthesis could be performed using alternative organosilane
precursors, other than the existing ones that are difficult to obtain in high purity.
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2.2.3 PMOs with Special Organic Groups
As mentioned above, the PMOs prepared with relatively small aromatic organic
groups are constructed from bissilylated precursors, and the corresponding large-pore
PMOs with ordered mesostructures can be prepared with non-ionic block polymers.
By comparison, some special organosilica precursors are introduced into the PMO
framework, thus a new kind of PMO material is formed.
It is worth mentioning that one hexagonal PMO structure was prepared with tris[3(trimethoxysilyl)propyl]isocyanurate (ICS) and tetraethyl orthosilicate (TEOS) as
precursors [41]. The pore size was less than 5 nm. This material has potential
applications in adsorption of heavy metal ions.
Corriu’s group synthesized functional mesoporous organosilicas containing
chelating groups in the framework and reactive functional groups in the pores [42].
This material was obtained in one step by direct synthesis using co-condensation of
TEOS and a organosilica precursor, 1,4,8,11-tetrakis[(triethoxysilyl)propyl]-1,4,8,11tetraazacyclotetradecane, in the presence of the triblock copolymer P123 as a template.
The content of the organic component in the framework was up to 33 wt %. A highly
ordered mesostructure was not obtained, but monodisperse channel pores (pore size of
11 nm) with no long-range order formed.
In addition, the vanadyl Schiff bases with catalysis activity, such as Co(II) salen
and VO(salen) [43, 44], were introduced into the PMOs framework, thus increases the
PMO diversity and application in catalysis. Therefore, the constituent of organosilica
precursor has a strong relationship with the potential application of PMO products,
and should be considered in future work.
As the organic groups endow PMOs with the desired properties, it is necessary to
find new organic precursors, which are different from silsesquioxanes of the type
(RO)3Si-R’-Si(OR)3. That is to say, a high replacement of bridging O atoms by
organic groups needs to be developed, so that the physical and chemical properties
could be improved. Such nanocomposites consisting of SiO2R2, SiOR3, or SiR4
building units are called “high organic group content PMOs” [15].
Ozin’s group took a lead in this aspect. A three-ring precursor was used and
successfully self-assembled into a family of novel PMOs, which has a higher
percentage of organic groups [27]. This kind of PMO has a uniform and highly
ordered mesostructure and a high surface area of around 1700 m2·g-1. The PMO also
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shows excellent thermal stability. No loss of organic groups occurs up to 500 °C in a
nitrogen atmosphere, and the mesostructure does not change in terms of pore size and
regularity. Interestingly, this PMO undergoes a similar distinctive thermal
transformation as the methane-bridged PMOs, transforming CH2 groups into CH3
groups through the elimination of silanols between 300 and 500 °C.
To further improve the content of organic groups in the framework, Ozin and his
co-workers [45] adopted a chemical reaction to make two separated [Si(CH2)]3 ring
connected together, thus forming one kind of hybrid organosilicas with aliphatic and
aromatic groups. The BET specific surface area and pore size are 967 m2·g-1 and 6.9
nm, respectively. The organic groups are stable at 400 °C in nitrogen atmosphere.
These kinds of materials enrich the PMO structures and provide more opportunity for
applications.

2.2.4 Carbon/Silica Nanocomposites Converted from PMOs
Pang et al. developed benzene-bridged PMO to other mesoporous materials [46].
They treated the PMO with crystal-like pore walls for 4 h at 900 ºC in nitrogen, and
obtained ordered mesoporous carbon/silica nanocomposite materials with pore walls
uniformly constructed from carbon and silica units, but without crystal-like pore walls
The benzene units in the pore walls were pyrolysized into carbon after carbonization.
The pore size was decreased from 2.5 to 2.0 nm by thermal treatment. By a further
removal of the silica components from carbon/silica composites, disordered
mesoporous carbon was obtained. This was a significant step in carbon synthesis
since mesostructured carbon could be directly prepared through one-step compared
with the two-step nanocasting method.

2.2.5 Nonsilica-based Nanocomposites Similar to PMOs
A new kind of inorganic-organic hybrid framework, called nonsilica-based
mesoporous material was successfully synthesized using phosphonic acid by the
surfactant templating similar to the synthesis of silica-based PMO materials [47-49].
Kimura reported a hexagonal mesoporous aluminum organophosphonate (AOP-2) by
using a diphosphonic acid ((HO)2OPCH2PO(OH)2) as a precursor and OTAC as a
surfactant [47]. The mesostructure of AOP-2 is composed of alternative
aluminophosphate-like domains and the bridged organic groups through Al-O-P
bonds. Furthermore, Mutin et al. [50] also synthesised ordered mesoporous aluminum
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organophosphonates by using aluminum chloride, methylene, ethylene, and propylene
phosphonates as precursors, and the triblock copolymers P123, F68 (EO80PO27EO80),
and F127 (EO106PO70EO106) as surfactants. The synthesis of non-siliceous
nanocomposites not only enrich the applications of such materials in electronics,
optics, but also provide opportunities for the preparation of nonsilica-based hybrid
frameworks, as a variety of components could be introduced into the framework
through metal-P bonds.

2.3 PMOs with Large Pores
2.3.1 Large-Pore PMOs with Ethane Bridging Groups
Much effort was put into the synthesis of enlarging the pore size of PMOs, as largepore PMO materials have potential applications in catalysis, adsorption and separation.
The pore sizes of the PMOs prepared with cationic alkyl ammonium surfactants (with
chain lengths from C12 to C20) were from 2 to 5 nm. By contrast, large-pore PMO
materials were obtained by using different triblock copolymers such as P123, F127, or
B50-6600 (EO39BO47EO39, BO = butyleneoxide) under acidic conditions by the S+XI+ pathway [26, 51-60].
The first 2D hexagonal large-pore PMOs was synthesized with BTME as a
precursor and P123 as a template under an acidic condition in 2001 [55]. The BET
specific surface area and pore size were 913 m2·g-1 and 6.5 nm, respectively.
The pore size expanding methods that are efficient for MPS materials have been
utilized in an attempt to prepare large-pore PMOs. The use of 1,3,5-trimethylbenzene
(TMB) in a triblock copolymer F127 templating synthesis resulted in a pore size of 8
nm, but the PMO mesostructural regularity could not be maintained [54]. In addition,
the TMB amount had an effect on the mesostructure. A worm-like PMO composite
was prepared without TMB, while the pore size could be enlarged from 6 to 20 nm by
increasing the TMB amount in the reaction mixture of BTSE and P123. Moreover, a
mesostructure transformation occurred from hexagonal arrays to spherical pores [61].
The effect of reaction parameters, such as the ratio of the organosilica precursor
and P123 in the reaction mixture, acid concentration and addition of inorganic salts on
the final mesostructure of ethane-bridged PMOs was also studied by researchers [26,
57, 59, 62]. The pore size and morphologies of the ethane-bridged PMO materials
could be tuned by adjusting the acid concentrations without the aid of inorganic salts.
It is also interesting to find that inorganic salts, such as sodium chloride (NaCl) could
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improve the degree of order of large-pore PMO materials, as the inorganic salts
enhanced the interaction between the positively charged head group of the surfactant
and the inorganic silica species [57].
The triblock copolymer P123 usually leads to the 2D hexagonal phase in the
synthesis of large-pore PMOs. By comparasion, large-pore PMOs with cubic structure
are obtained under acidic conditions by using F127 or B50-6600 as a template. Thus,
Cho et al. [63] prepared a large-pore ethane-bridged PMO by co-condensation of
BTSE (<10 % by weight) and TEOS in the presence of the triblock copolymer F127.
The cubic mesostructure is similar to that of SBA-16. Another large-pore ethanebridged PMO with cubic symmetry (Im3m) were obtained with BTME (100 % by
weight) as an organosilica precursor and F127 as a template under acidic conditions
with the addition of K2SO4 [51]. The BET specific surface area and pore size were
989 m2·g-1 and 9.8 nm, respectively. Followed these, a highly ordered ethane-bridged
PMO material was reported to exhibit an Fm3m-symmetric cage-like pore system [54].
It was synthesized by using BTME (100 % by weight) and F127 under acidic
conditions and with the addition of potassium chloride (KCl). The BET specific
surface area and pore size were 796 m2·g-1 and 5.6 nm, respectively.
More recently, combined with CFM pathway and low temperature (~ 10 – 15 ºC)
synthesis method, a highly ordered ethane-bridged PMO material with a cage-like
pore system (Fm3m) was obtained with the use of BTME as an organosilica precursor,
triblock copolymer F127 as the template and TMB as the swelling agent under acidic
conditions [64]. The pore size was up to 14.7 nm, an ultralarge one till now.
Using the more hydrophobic triblock copolymer B50-6600 as a template, a cubic
ethane-bridged PMO composite was synthesized under acidic conditions with
cagelike pores (pore size up to 10 nm) [65].
The PMO materials mentioned above were synthesized by a cooperative formation
mechanism. By constrast, by the TLCT pathway, a large-pore ethane-bridged PMO
composite was prepared by using a liquid-crystalline phase as templates [56]. This
PMO material exhibited ordered 2D hexagonal mesostructure. The BET specific
surface area and pore size were 957 m2·g-1 and 7.7 nm, respectively.
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2.3.2 Large-Pore PMOs with Functional Groups
In comparison with large-pore ethane-bridged PMO materials synthesized with
BTME and BTSE precursors, the PMO composites with large pores and complex
organic groups offer more opportunities for chemical modification.
The first 2D hexagonal benzene-bridged PMO with large pores was synthesized
under an acidic condition [66]. However, unlike the corresponding benzene-bridged
silicas synthesized under a basic condition in the presence of alkylammonium
surfactants, this material has no crystal-like pore walls. The BET specific surface area
and pore size are 1029 m2·g-1 and 7.4 nm, respectively. The framework was stable up
to 550 °C.
The ordered ethene-bridged PMO material with pore size up to 8.0 nm was
obtained by the addition of butanol to the polymeric reaction solution [67]. About 30
% of the ethene bridging groups took the bromination reaction. Moreover, thiophene
organic groups were introduced into the PMO framework [68]. The thiophene-bridged
PMO had 2D hexagonal mesostructure which was analogous to that of SBA-15. The
BET specific surface area and pore size were 550 m2·g-1 and 5 ~ 6 nm, respectively.
The solid could be stable up to 400 ºC in air within less than 4 % cleavage of the Si-C
bonds.
At present, enlarging the pore size of ordered PMO materials is still a significant
challenge, as reports on large-pore PMOs with complex organic groups are rare.
Much effort was therefore devoted in this project to the synthesis of large-pore PMO
materials with the aid of triblock copolymers.

2.4 Applications of PMOs
2.4.1 Chromatography
For chromatographic applications such as high-performance liquid chromatography
(HPLC), spherical particles with an average size of about 5 ~ 10 μm and a very
narrow size distribution are preferred. The benzene-bridged PMO particles with
tunable diameters between 3 and 15 μm have been synthesized, and this material
could separate three different mixtures containing up to four components with
different polarities [11]. Moreover, the spherical PMO particles with ethane bridging
groups in the framework has a diameter between 1.4 and 2.5 μm, which can be used
for HPLC applications [69]. By using this composite, eight components were
separated within both columns.
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2.4.2 Adsorbents
The flexibility of the organic bridging groups and large surface area of PMO
composites provide good opportunities for the application of PMO materials applying
to the sorption area. The 2D tetrasulfide-bridged PMO materials were synthesized
with organic precursor (EtO)3Si(CH2)3S-S-S-S (CH2)3Si(OEt)3 and TEOS by the cocondensation method [8]. This material could remove several different kinds of metal
cations from aqueous solution. However, it especially showed a high affinity for Hg2+
cations with a loading of 2710 mg·g-1. Meanwhile, another hexagonal PMO structure
with pore size less than 5 nm was prepared with ICS and TEOS as precursors [41].
This material also exhibited high affinity to Hg (II) ions with 1.8 g of Hg2+/g of
adsorbent.

2.4.3 Low-k Materials
The PMO thin-films are important as they can be used in the applications of sensors,
and microelectronics. Using the evaporation induced self assembly (EISA) method,
ethane-bridged PMO films were prepared with different amount of TEOS during the
synthesis process [70]. It was found that the dielectric values increased with
decreasing the amount of organic moieties in the framework. Furthermore, by
employing the spin-coating method, PMO films with different organic bridging
groups were obtained and their low dielectric constant properties were also studied
[71].

2.4.4 Catalysis
It was noted that much effort was put into the catalysis studies of PMO materials in
the past years.
PMOs with sulfonic acid groups, PMO-SO3H was the most studied one. Yuan et al.
[72] synthesized ethane-bridged PMO-SO3H exhibiting an acid capacity up to 0.93
mmol·g-1. Its activity could be retained for more than 25 h, which was higher than that
of MCM-41-SO3H.
In a further study, PMO-SO3H with ethane- or benzene-bridging groups in the
framework was prepared by co-condensation method under acidic conditions [1]. This
material showed high catalytic ability for the condensation of phenol and acetone to
form bisphenol A, which is an important precursor in resin and polymer chemistry. It
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was interesting that the ethane-bridged PMO-SO3H material showed higher catalytic
activity than the corresponding benzene-bridged PMO one. Similarly, in another study,
Yang et al. provided some explaination for the higher activity of ethane organic
groups, where its pore surface structures could enhance the selectivity and activity
during esterification [73].
Furthermore, heteroatoms were introduced into the PMO framework to improve the
catalytic properties of the materials. The ethane-bridged titanium-incorporated PMO
material with gold nanoparticles could enhance vapor-phase epoxidation of propene
using H2 and O2 [74]. And the ethane-bridged aluminum-incorporated PMO material
showed superiority in acid catalysis [75]. Meanwhile, the PMO with palladium
nanowires inside exhibited better catalysis ability for detecting the reaction rate of CO
oxidation in the presence of excess O2 [76]. Based on the above mentioned, it is
proposed that PMO materials could be a basis for creation of efficient catalysts in
future.

2.4.5 Photochemistry
Photochemical PMOs were also studied by some researchers. Garcia et al.
synthesized a PMO containing 4,4′-bipyridinium units, which could be used as
electron-acceptor termini in photochemical and thermal activation [77]. The
azobenzene-bridged PMO was synthesized by using 4,4′-[[(triisopropoxysilyl)
propyl]oxy]azobenzene as the precursor, which showed photoresponsive properties
[78]. Moreover, the polydiacetylene-bridged PMO material was obtained by using
diacetylene-bridged silsesquioxane as organic precursor and CTAB as a template,
which was reported by Peng and co-workers [79]. This composite exhibited 2D
hexagonal mesostructure with p6mm symmetry. The reversible chromatic rapid
responses to external stimuli were demonstrated by subjecting this material to thermal
cycles between 20 and 103 °C.
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CHAPTER 3 Experimental Methods and Characterisation

3.1 Chemicals
All chemicals were used as received without any further purification. Millipore
water was used in all studies.

Chemicals Used in Experiments and Corresponding Abbreviations:
Benzene-----Analysis grade, anhydrous, 99.8 %, Aldrich Company
BSA-----Bovine serum albumin, 98%, molecular weight in solution is 66400, Aldrich
Company
BTEB-----(C2H5O)3Si-C6H4-Si(OC2H5)3, 1,4-bis(triethoxysily)benzene, 90 %, Gelest
Company
BTSE-----(C2H5O)3Si-CH2-CH2-Si(OC2H5)3, 1,2-bis(triethoxysilyl)ethane, 96 %,
Aldrich Company
BTSPDS-----(C2H5O)3Si-(CH2)3-S-S-(CH2)3-Si(OC2H5)3, bis(triethoxysilylpropyl)disulfide, 90 %, Gelest Company
C2H5OH----- Ethanol, Aldrich Company
CTAB-----C16H33N(CH3)3Br,

hexadecyltrimethylammonium

bromide,

Aldrich

Company
DMF-----N,N-dimethylformamide, Aldrich Company
EOn-----(CH2CH2O)n, poly(ethylene oxide)
HCl-----Hydrochloride acid, Aldrich Company
Hg(NO3)2-----Mercury(II) nitrate, Aldrich Company
HF-----Hydrofluoric acid, 48 wt % in H2O, Aldrich Company
KCl-----Potassium chloride, Aldrich Company
NaOH-----Sodium hydroxide, Aldrich Company
PEO-PPO-PEO-----Poly(ethylene

oxide)-b-poly(propylene

oxide)-b-poly(ethylene

oxide)
Phenol, formalin solution (37 wt %)-----Aldrich Company
Pluronic F127-----EO106PO70EO106, Mn = 13400, Aldrich Company
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Pluronic P123-----EO20PO70EO20, Mw = 5,800, Aldrich Company
POn-----(CH(CH3)CH2O)n, poly(propylene oxide)
TEOS-----Si(OC2H5)4, tetraethyl orthosilicate, 99%, Aldrich Company
TMB-----1,3,5-trimethylenebenzene, Aldrich Company
Zn(NO3)2⋅6H2O----- Zinc nitrate hexahydrate, Aldrich Company

3.2 Experimental Methods
3.2.1 Evaporation-Induced Self-Assembly (EISA) Method
It is the nonaqueous synthesis that makes the preparation of ordered mesoporous
materials easier and more convenient. The EISA process is the mostly popular
pathway among the nonaqueous synthesis. EISA does not have strict requirements for
SDAs, which avoids the cooperative self-assembling process between the precursor
and surfactant template. It is found that the ordered mesostructures are difficult to
obtain

using

the

triblock

copolymers

F108

(EO132PO50EO132)

and

F98

(EO123PO47EO123) as templates under aqueous conditions, while such templates could
lead to the successful synthesis of the ordered composites through the EISA process.
Furthermore, three-dimensional (3D) cubic silica mesophase (Im3m) is easy to
prepare in the EISA pathway [1-3].
Mostly solvents with weak polarity are used, while nonpolar and oily solvents are
seldom adopted. In the EISA process, the surfactant self-assembly would be difficult
as the surfactants lose the hydrophilic/hydrophobic properties in weak polarity
solvents. However, the assembly can be induced as the solvent evaporation proceeded
[4, 5].
The final mesoporous materials prepared by EISA approach usually have low
surface areas and dense inorganic framework, which results in the lack of
microporosity [6-11]. The nonaqueous solvents with weak polarity may screen the
charge coupling or other interactions between the inorganic species and the
hydrophilic corona. This fact may also lead to dense inorganic frameworks [2].
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3.2.2 Co-Condensation Method
The co-condensation method is the process in which tetraalkoxysilanes (TEOS or
TMOS) and organosilica ((R’O)3Si-R-Si(OR’)3 or (R’O)3Si-R) precursors condense
simultaneously in the presence of SDAs, by the surfactant self-assembly approach, the
mesoporous materials, such as mesostructured silica, PMOs, or functional
mesoporous silicas, could be synthesized.
The advantages of the co-condensation method are as follows: (1) The organic
groups are usually distributed homogeneously in the framework; (2) The problem of
pore blocking is avoided. However, this method also has some disadvantages: (1) The
degree of order of the composites generally decreases with increasing the amount of
organosilica precursor in the reaction mixture, so more disordered materials are
finally obtained; (2) As the silica and organosilica precursors have different
hydrolysis and condensation rates, the proportion of “soft” organic bridging groups
introduced into the framework is still a challenge in the synthesis process; (3) A
relatively low specific surface areas, small pore diameter of the final products could
be obtained with more organic groups incorporated into the framework; (4) The
removal of the surfactant should be considered, as calcination at high temperature
could lead to the cleavage of the organic bridging groups [12].

3.2.3 Postsynthesis Treatment
3.2.3.1 Secondary Synthesis
The secondary synthesis is generally employed to increase the pore wall thickness,
improve the mesostructured ordering or thermal stability. The hydrothermal stability
of MCM-41 materials is enhanced by treating the MCM-41 with AlCl3 vapor or AlCl3
solution. The increased pore wall thickness after treatment could lead to better
hydrothermal stability [13]. Moreover, the treatment with ammonia gas improves the
thermal stability of the mesoporous silicate thin films [14]. It is found that the
secondary synthesis is more effective for as-made materials than the final products.
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3.2.3.2. Recrystallization
Recrystallization is the process in which as-made samples without washing are put
into deionized water at 100 ~ 150 ºC, and kept for several days, which is effective to
improve the regularity or thermal stability of mesoporous materials [15, 16]. For the
recrystallization process, it is preferred to use samples without washing. And
dissolution and crystallization of silicate species and reorganization of mesostructures
may take place. The solvents without polarity as the heating media are the key for the
phase transformation of mesostructure [6]. It should be mentioned that
recrystallization process is different from the hydrothermal treatment.

3.3 Characterisation
In order to understand the properties and the characteristics of the samples prepared,
different characterisation techniques were employed and will be discussed here in
detail.

3.3.1 Mesostructure and Framework Analysis
3.3.1.1 Small-angle X-ray Scattering (SAXS) and X-ray Diffraction (XRD)
Analysis
The SAXS measurements were made on a NanoStar small-angle X-ray scattering
system (Bruker, Germany) using Cu Kα radiation at 40 kV and 35 mA. The d-spacing
values were calculated by the formula d = 2π/q. The low- and wide-angle XRD was
performed on a German Bruker D4 X-ray diffractometer with Ni-filtered Cu Kα
radiation (40 kV, 40 mA).

3.3.1.2 Scanning Electrons Microscopy (SEM) and Transmission Electrons
Microscopy (TEM)
SEM images were recorded on a JEOL 6400 scanning electron microscope
operated at 10 kV. The samples were coated with about 3 nm gold.
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TEM images were obtained with a JEOL 2011 electron microscope operated at 200
kV. Before TEM measurements, the powder samples were dispersed in ethanol,
ground in a mortar and then dipped and dried on Cu grids.

3.3.1.3 Nitrogen Adsorption/Desorption Measurements (Surface area and pore
properties)
Nitrogen adsorption/desorption isotherms of samples were measured by a
Micromeritics ASAP 2010 system at 77 K. The samples were degassed at 120 °C
overnight on a vacuum line before measurements. The Brunauer-Emmett-Teller (BET)
method was utilized to calculate the specific surface areas (SBET) using adsorption
data in a relative pressure range from 0.04 to 0.2. The total pore volume was
calculated by the N2 amount adsorbed at the highest P/P0. The pore size distributions
the surfactant-free composites were derived from the adsorption branches of the
isotherms based on the Barrett-Joyner-Halenda (BJH) method.

3.3.1.4 29Si and 13C Solid-State NMR Spectra
The cross-polarization magic angle spinning (CP-MAS)
spectra with proton decoupling and

13

29

Si NMR solid-state

C CP-MAS NMR spectra were acquired on a

Bruker DSX 300 NMR spectrometer. The

29

Si NMR spectra were collected at room

temperature with a frequency of 59.6 MHz, a recycling delay of 600 s, a radiation
frequency

intensity

([(CH3)3SiO]8Si8O12).

of

62.5

kHz,

and

a

reference

sample

of

Q8M8

13

C NMR spectra were collected at room temperature with a

frequency of 75.5 MHz (2 s recycle, 3 ms contact time) using adamantane as a
reference.

3.3.1.5 Fourier Transform Infrared (FT-IR) Spectra
FT-IR spectra were collected on a FT-IR 360 spectrometer with a resolution of 2
cm-1 in the wavelength range of 400 ~ 4000 cm-1 using KBr pallet.
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3.3.1.6 Thermogravimetric Analysis (TGA)
Weight changes of the products were monitored using a Mettler Toledo TGASDTA851 analyzer (Switzerland) from 25 to 900 °C under nitrogen or 25 to 800 °C in
air with a heating rate of 5 °C/min, respectively.

3.3.1.7 Inductively Coupled Plasma (ICP) Spectrometry
The residue mercury (II) in the solution was measured by inductively coupled
plasma (ICP) spectrometry (Model-IRIS Intrepid) from English Thermo Elemental
Company.

3.3.1.8 Element Analysis
The S and Zn contents were measured using a Vario EL III elemental analyzer
(Germany).

3. 3.1.9 Ultra-Visible (UV) Spectra
UV-vis (Ultraviolet-visible spectrophotometry) spectra were collected on a
SHIMADZU-UV-2450 UV-vis spectrophotometer.

Characterisation Abbreviations:
BET-----Brunauer-Emmett-Teller
BJH-----Barrett-Joyner-Halenda
CP-MAS NMR cross-polarization magic angle spinning nuclear magnetic resonance
EPR-----Electronic spin resonance
FT-IR-----Fourier transform infrared
HPLC-----High-performance liquid chromatography
HRTEM-----High-resolution transition electron microscopy
ICP----- Inductively coupled plasma
SAXS-----Small-angle X-ray scattering
SBET-----Specific BET surface area
SEM-----Scanning electron microscopy
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TEM-----Transition electron microscopy
TGA-----Thermogravimetric analysis
UV-vis-----Ultraviolet-visible spectrophotometry
XRD-----X-ray diffraction

3.3.2 Adsorption Equilibrium Measurements
3.3.2.1 Toluene Adsorption Equilibrium Measurement
Toluene adsorption equilibrium measurements at 25 °C were carried out using a
digital microbalance (Hiden Isochema Instrument, Model IGA-002) connected to a
high-vacuum system. In the first step, 10 – 20 mg of the powder sample was loaded
on a small pan. The sample was heated to 180 °C for at least 6 h under a high-vacuum
of 5 − 10 mbar to remove all adsorbed impurities. Then the sample was cooled to the
required temperature. Isothermal measurements were carried out by introducing a
dose amount of toluene vapor directly to the sample chamber, and recording the
weight change after reaching a stable equilibrium pressure. Further consecutive
measurements were taken by increasing the vapor pressure by steps.

3.3.2.2 Benzene Adsorption Equilibrium Measurement
The vapor benzene was used as a probe for the adsorption experiments. Adsorption
equilibrium measurements were carried out using a digital microbalance (IGA
Instrument, Model 001) connected to a high-vacuum system. In the first step, 10 – 20
mg of the powder sample was loaded on a small pan. The sample was heated to 180
°C for at least 6 h under a high-vacuum of 5 − 10 mbar to remove all adsorbed
impurities. Then the sample was cooled to the required temperature. Isotherm
measurements were carried out by introducing a dose amount of benzene vapor
directly to the sample chamber, and recording the weight change after reaching a
stable equilibrium pressure. Further consecutive measurements were taken by
increasing the vapor pressure by steps. The vapor-saturated pressure of benzene at 25
°C was about 125 mbar.
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3.3.2.3. BSA Adsorption Equilibrium Measurement
BSA adsorption was measured by the classical batch equilibration method with
acetate buffer (pH 4.7) and sodium phosphate buffer (pH 7.8), respectively. Typically,
BSA was dissolved in acetate buffer (pH 4.7) to get a stock solution (2.0 mg·mL-1).
The adsorption rate measurements were performed to determine the adsorbed amount
of BSA as a function of contact time by mixing 20 mL of (2.0 mg·mL-1) BSA solution
with 10 mg of PMO-F composites and stirring at 25 °C. The sample was then
centrifuged and withdrawn periodically for immediate analysis and then returned to
the mixture. The equilibrium concentration of BSA was analyzed by a UV-vis
spectrophotometer at 280 nm. The adsorbed amount of BSA was calculated from the
BSA concentrations before and after adsorption at different times.

3.3.2.4 Mercury (II) Adsorption Measurement
Mercury (II) adsorption capacities for the disulfide-bridged mesoporous
organosilicas were measured using a batch adsorption process. Typically, 100 mg of
the PMO adsorbent was stirred at room temperature for 12 h in 50 mL of Hg(NO3)2
aqueous solution (6630 ppm of Hg2+). To prevent the precipitation of the metal ions
during the adsorption experiment, the pH of Hg(NO3)2 solution was adjusted to 2.0 by
HCl. The mixture was then filtered and the residue mercury (II) in the solution was
measured by inductively coupled plasma (ICP) spectrometry (Model-IRIS Intrepid)
from English Thermo Elemental Company. Each measurement was repeated three
times.

Other Abbreviations in the Thesis:
AMS-----Anionic mesoporous silica
AOP-----Aluminum organophosphonate
APS-----3-aminopropyltrimethoxysilane
BTE-----1,2-bis(triethoxysilyl)ethylene, (EtO)3Si-CH=CH-Si(OEt)3
BTEBP-----4,4’-bis(triethoxysilyl)biphenyl
BTET-----2,5-bis(triethoxysilyl)thiophene
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BTME-----1,2-bis(trimethoxysilyl)ethane
B50-6600-----EO39BO47EO39, BO = butylene oxide
Brij76----- C18H37(OCH2CH2)10OH, C18EO10
CFM-----Cooperative Formation Mechanism
CPC-----Hexadecylpyridinium chloride
CSDAs-----Co-structure directing agents
CTAC-----Hexadecyltrimethylammonium chloride
C16TEABr-----CnH2n+1N(CH2CH3)3Br (n = 16)
EISA-----Evaporation induced self assembly
FDU-----Fudan University
FSM-----Folded sheet mechanism
F108-----EO132PO50EO132
F98-----EO123PO47EO123
F68-----EO80PO27EO80
HMS-----Hexagonal Mesoporous Silica
I-----Inorganic precursor
IBN-----Institute of Bioengineering and Nanotechnology
ICS-----Tris[3-(trimethoxysilyl)propyl]isocyanurate
IUPAC-----International Union of Pure and Applied Chemistry
KIT-----Korea Advanced Institute of Science and Technology
KSW-----Kagami Memorial Lab. for Materials science and technology, Waseda
University (Japan)
LCT-----Liquid crystal templating
MCM-----Mobil’s Composition of Matter
MSU-----Michigan State University
OTAC-----Octadecyltrimethylammonium chloride
PMO-----Periodic mesoporous organosilica
S-----Surfactant headgroup
SBA-----Santa Barbara Amorphous
SDAs-----Structure-directing agents
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SDS-----Sodium dodecyl sulfonate
SRA-----Silicate Rod Assembly
TLCT-----True liquid-crystal templating
TMAPS-----N-trimethoxylsilypropyl-N, N, N-trimehylammonium chloride
TMOS-----Tetramethoxysilane (tetramethylorthosilica)
TUD-----Delft University of Technology
X-----Counteranion
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CHAPTER 4 Synthesis of Large Pore Phenyl-Bridged Mesoporous Organosilica
with Thick Walls by EISA for Efficient Benzene Adsorption

4.1 Introduction
In the past few years, periodic mesoporous organosilicas (PMOs) have received
considerable attention in materials science owing to their homogeneous distribution of
organic groups in the framework as well as unique surface properties imparted from
different functional groups [1]. They have various potential applications in catalysis
[2-6], adsorption [7-11], and high-performance liquid chromatography [12]. PMOs
were first reported independently by several research groups in 1999 [13-15].
Following the hydrothermal synthesis method, a variety of PMOs with different
organic bridges, mesostructures [16-20], pore sizes [21-24], and morphologies [25-31]
have been successfully prepared. However, the limited pore size of PMO materials
restricts their applications in some areas where large-pores are in demand as
substrates, such as the adsorption and immobilization of large biomolecules. It is
known that nonionic and triblock copolymers in aqueous solution have an advantage
of preparing mesoporous silica materials with large-pores and thick walls [32, 33].
Recently, using a low-temperature approach, Zhou et al. [34] reported the synthesis of
ordered ethylene-bridged PMOs with large-pore sizes up to 14.7 nm by using triblock
copolymer Pluronic F127 as a structure-directing agent and 1,3,5-trimethylbenzene
(TMB) as a pore expander. However, functional groups of bridging ethylene in the
large-pore mesoporous PMO materials are not suitable for further modification.
Phenyl-bridged PMOs are good candidates for functionality, as the groups can be
modified through chemical reactions, as well as form molecular periodicity in the
framework walls by the π-π interaction between benzene rings. To date, most ordered
phenyl-bridged PMOs have been successfully synthesized under basic conditions,
using cationic alkyltrimethylammonium as templates [35-37]. The pore size is limited
to 4.0 nm because of the relatively short chain lengths of the templates. In contrast,
few studies have been reported on the synthesis of large-pore phenyl-bridged PMOs
under acidic conditions. To the best of our knowledge, the largest pore sizes of
phenyl-bridged PMOs are up to 7.4 and 8.4 nm when prepared with EO20(PO70)EO20
(P123) and EO16(L29G7)EO16 (LGE538), respectively [38, 39]. On the other hand,
Inagaki and his co-workers treated phenyl-bridged materials with basic solution to
form periodicity within the pore walls of PMOs [32]. The mesopore structural
51

arrangement and wall thickness appeared to decrease with the increase of basic
concentration. Therefore, the design and synthesis of large-pore phenyl-bridged PMO
materials with thick walls are valuable for further modification and adsorption.
Nonaqueous synthesis is an easy and convenient method for preparing ordered
mesoporous materials especially for films, membranes, monoliths, and spheres [4042]. This method has become more and more powerful. Most of the syntheses
conducted in organic solvent adopt the well-known evaporation-induced selfassembly
(EISA) approach [43]. The EISA method avoids the cooperative assembling process
which requires strong interaction between the precursor and the surfactant template,
and facilitates the liquid–crystal-templating assembly of long-chain organosilanes to
form ordered PMOs [44, 45]. The phenyl-bridged PMOs prepared by EISA using
alkyltrimethylammonium surfactants displayed small pores (< 4 nm) and thin pore
walls [46], however, using triblock polymer as a template to obtain the large-pore and
thick wall materials has not been reported.
In this chapter, we report the synthesis of large-pore phenyl-bridged mesoporous
materials with thick walls under acidic conditions through the EISA approach by
using triblock polymer Pluronic F127 as a template. The obtained materials have the
largest pore size (up to 9.9 nm) and pore walls (up to 6.9 nm) reported for ordered
phenyl-bridged PMOs. It is found that the pore size can be gradually expanded with
the decrease of acidity and increase of F127 content. The further mixed-solvothermal
treatment can increase the pore wall thickness to 7.7 nm and improve the periodicity
in the walls. Most importantly, mesostructures with large-pores and thick walls can be
obtained directly after calcination at 350 °C in a nitrogen atmosphere. Compared to
the hydrothermal synthesis method under acidic conditions, our results show that the
EISA method is more facile in the formation of large-pores and thick walls of PMO
materials. The adsorption capacity of the composites was tested using volatile
benzene as a probe molecule at 25 °C.

4.2 Experimental
4.2.1 Synthesis of phenyl-bridged PMOs
Ordered PMO materials with phenylene groups were prepared through an EISA
strategy by using Pluronic F127 as a template and BTEB as a silica source in ethanol
solution at 40 °C. Different amounts of F127 and concentrations of hydrochloride acid
were adopted in the batch experiments. A typical synthesis was carried out as follows:
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0.40 g of Pluronic F127 was completely dissolved in 0.37 g of 0.2 M HCl and 2.0 g of
ethanol, and then stirred for 1 h at 40 °C to produce a clear solution. The amount of
0.30 g of BTEB was added to the above solution under vigorous stirring for 2 h at the
same temperature. The solution was then transferred to Petri dishes to evaporate
ethanol over 24 h at room temperature (22 °C). The as-made products, flaxen and
transparent membranes, were scraped from the petri dishes and ground into fine
powder. The mixed-solvothermal treatment of the as-made powder samples (300 mg)
was carried out in a mixture solvent (50 mL) of DMF and water (V:V = 1:1) at 100 °C
for 3 days. After cooling to room temperature, the solid powder was filtered, washed
with water, and dried. Calcination was carried out in a tubular furnace at 350 °C for 3
h under N2 flow to remove the copolymer templates [25, 47, 48]. The resulting
samples were denoted as Ph-PMO-x-y and T-Ph-PMO-x-y without and with mixedsolvothermal treatment respectively, x refers to the Pluronic F127 content (g) in the
initial mixture, and y represents the concentration of hydrochloride acid (mol/L).

4.3 Results and discussion
4.3.1 Mesostructure
Small-angle XRD patterns (Figure 4.1A) of the template-free phenylbridged
mesoporous material Ph-PMO-0.4-0.2 prepared by the EISA approach with high F127
content and high HCl concentration exhibit one intense and two poorly resolved
diffraction peaks with d-value ratios of 1: 3 : 2. These diffractions can be indexed as
the 100, 110, and 200 reflections, respectively, for the two-dimensional (2D)
hexagonal mesostructure with space group of p6mm. The corresponding unit cell
parameter a0 is calculated to be as large as 16.2 nm. The results clearly suggest that
using the EISA approach can simply prepare ordered PMO mesostructures with large
cells from long-chain phenyl-bridged silanes. Similarly, all Ph-PMO samples
prepared with different F127 contents and HCl concentration show similar XRD
patterns, demonstrating that ordered hexagonal phenyl-bridged PMO composites are
obtained by the EISA approach. With decreasing F127 content, the 100 diffraction
peak shifts to a higher angle, suggesting a decrease of the mesostructural cell
parameter (Table 4.1) [49]. In addition, wide-angle XRD patterns of all Ph-PMO
samples prepared from the EISA approach by using Pluronic F127 show no obvious
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diffraction peak at 2 θ angles of 7 ~ 70 º (Figure 4.1B). One broad diffraction with a
shoulder is observed, indicating no periodicity of the mesopore walls.
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Figure 4.1. (A) Low- and (B) high-angle XRD patterns of the template-free phenylbridged PMOs synthesized by EISA approach with different F127 content and HCl
concentrations: Ph-PMO-0.4-0.2 (a), Ph-PMO-0.3-0.2 (b), Ph-PMO-0.2-0.2 (c), PhPMO-0.3-0.1 (d) and Ph-PMO-0.2-0.1 (e), (C) Low- and (D) high-angle XRD
patterns of the template-free phenyl-bridged PMOs after the mixed-solvothermal
treatment at 100 °C for 3 days in the mixture of DMF and water (V: V = 1: 1): T-PhPMO-0.4-0.2 (a), T-Ph-PMO-0.3-0.2 (b) and T-Ph-PMO-0.2-0.2 (c).
TEM images of the template-free mesoporous Ph-PMO-0.4-0.2 material show large
domains of ordered hexagonal and stripe-like arranged arrays (Figure 4.2a and b),
clearly indicating an ordered 2D hexagonal mesostructure with 1D pore channels. The
unit cell parameter (a0) is estimated from TEM images to be approximately 17.0 nm,
which is in good agreement with the value calculated from the XRD data. The above
observations clearly demonstrate that the assembly between the silicate precursors and
F127 does not easily form the cubic mesostructure, as the synthesis is performed in
the nonaqueous solution by the EISA approach [51]. In our case, 100 % silane (BTEB)
is used as a silica source, which contains a hydrophobic organic group and makes the
assembly much different from that in the TEOS case. Therefore, it is reasonable that a
2D hexagonal mesostructure is formed by using BTEB as a silica source and F127 as
a template via an EISA method.
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Table 4.1
Structural textural properties of the phenyl-bridged mesoporous organosilicas (PhPMO) synthesized by EISA approach with different F127 content and HCl
concentration. And comparison with T-Ph-PMO-x-0.2 composites after mixedsolvothermal treatment at 100 °C for 3 days in mixture of DMF and water (V: V = 1:1)
(x = 0.4, 0.3 and 0.2).

Vmicro

a0
(nm)

Pore
size
(D)
(nm)

Wall
Thicknessa
(nm)

(m ·g )

(cm ·g )

(cm ·g )

d100
Spacing
(nm)

Ph-PMO-0.4-0.2

1150

1.39

0.09

14.0

16.2

9.9

6.3

Ph-PMO-0.3-0.2

643

1.03

-

13.6

15.7

8.8

6.9

Ph-PMO-0.2-0.2

796

0.79

0.07

12.6

14.5

8.2

6.3

Ph-PMO-0.4-0.1

868

1.50

0.05

-

-

Ph-PMO-0.3-0.1
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0.96

0.02

13.8

Ph-PMO-0.2-0.1

663

0.73

0.07
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1.16
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13.6

15.7

8.1

7.6
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0.04

12.8
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7.8

7.0

a

-

Wall thickness = a0 – D
d100: the interplanar spacing, was calculated by the formula of 2dsinθ = λ (λ=
0.15418 nm).
a0: the unit cell parameter, was determined from the interplanar spacing of the (100)
plane using the formula of a0 = 2 d100/ 3 .
Vmicro: the micropore volume, was calculated by t-plot method using experimental
points at relative pressure of P/P0 = 0.10 - 0.20.
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Figure 4.2. TEM and HRTEM images (a-d) of the template-free Ph-PMO-0.4-0.2
composites synthesized by the EISA approach, and HRTEM images (e, f) for the
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template-free T-Ph-PMO-0.3-0.2 composite synthesized by the EISA approach after
the mixed-solvothermal treatment at 100 °C for 3 days in mixture solvent of DMF and
water (V: V = 1: 1) and intensity across parallel fringes (g) along the white line.
However, HRTEM images (Figure 4.2c and d) do not provide any evidence of
molecular scale periodicity, suggesting that it is difficult to form the periodicity in the
pore walls with triblock copolymer as a template, though the calcination process can
retain the overall mesostructure. The absence of molecular periodicity in the pore
walls could be related to the penetration of the PEO moieties of Pluronic F127 into
the walls, which may break the π-π interaction between phenyl-bridging groups.
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Figure 4.3. N2 adsorption/desorption isotherms (A) and pore size distributions (B) for
the phenyl-bridged mesoporous Ph-PMOs composites synthesized with different F127
content (0.2 ~ 0.4 g) and HCl concentration (0.1 and 0.2 M): Ph-PMO-0.4-0.2 (a), PhPMO-0.3-0.2 (b), Ph-PMO-0.2-0.2 (c), Ph-PMO-0.3-0.1 (d) and Ph-PMO-0.2-0.1 (e).
The isotherms are offset vertically by 800 (a), 700 (b), 600 (c), and 200 cm3·g-1 (d),
respectively; (C) and (D) for the phenyl-bridged mesoporous T-Ph-PMOs composites
after mixed-solvothermal treatment at 100 °C for 3 days in the mixture of DMF and
water (V: V = 1: 1): T-Ph-PMO-0.4-0.2 (a), T-Ph-PMO-0.3-0.2 (b) and T-Ph-PMO0.2-0.2 (c). The isotherms are offset vertically by 200 (a), and 50 cm3·g-1 (b),
respectively.

57

Nitrogen sorption isotherms (Figure 4.3A) of the template-free mesoporous PhPMO-0.4-0.2 composites exhibit representative type IV curves with a sharp capillary
condensation step at a relative pressure range of 0.7 ~ 0.8, indicative of a large
uniform mesopore. A large H2-type-like hysteresis loop at a relative pressure of 0.4 ~
0.5 is observed, implying a cage-like mesostructure with imperfect cylinder channels
and a window size smaller than 5.0 nm. It may be caused by the different shrinkage
between organosilica and F127 template [50, 51], which is in agreement with the
poorly resolved XRD patterns (Figure 4.1A). The phenyl-bridged mesoporous PhPMO-0.4-0.2 material has a BET surface area of 1150 m2·g-1, a pore volume of 1.39
cm3·g-1. The pore diameter is calculated according to the BJH model to be 9.9 nm
(Figure 4.3B), which is the largest ever reported for ordered phenyl-bridged PMO
materials. Based on N2 sorption and XRD results, the pore wall thickness is calculated
to be as large as 6.3 nm, which is larger than that reported previously [32, 39, 46].
Similarly, all template-free mesoporous samples Ph-PMO exhibit typical type IV
isotherms with imperfect pores larger than 6 nm. With decreasing the F127 content or
increasing HCl concentration, the nitrogen condensation shifts to low relative pressure
(P/P0), indicating a decrease of mesopore size. These results are consistent with the
decrease of unit cell parameters calculated from the XRD data, which could suggest
that increasing the F127 contents or lowering the HCl concentration is of benefit in
producing ordered 2D hexagonal PMOs with large-pores in our case. It should be
noted that the HCl concentration has a greater effect than F127 content on the
formation of the thick pore wall. When the acid concentration increases, the pore wall
thickness shows an increased tendency from 5.8 to 6.9 nm, while the wall thickness
does not appear to be correlated with the increase of F127 content. The thick pore
wall is therefore possibly related to the thickness of silicate layers (SiO2), because
high acid concentration yields fast condensation of silica oligomers and thick layers.

4.3.2 Mesopore frameworks
29

Si MAS NMR spectrum (Figure 4.4a) of the template-free Ph-PMO-0.4-0.2

sample show two signals at -68.0, and -75.0 ppm, which can be assigned to T2 [CSi(OH)(OSi)2] and T3 [C-Si(OSi)3] sites, respectively. It suggests an incorporation of
the phenyl-bridged groups into the pore walls. Two other resonances around -90.9 and
-100.0 ppm ascribed to Q2 (OH)2Si(OSi)2, and Q3 (OH)Si(OSi)3 sites of silicates are
also observed [52, 53]. The T3/T2 ratio is about 0.77, which is lower than that for Ph58

PMOs prepared from alkyltrimethylammonium under basic conditions [35], and
comparable to that from Pluronic P123 and the hydrothermal approach under acid
conditions [38], further suggesting a full incorporation of phenyl-bridged groups. The
ratio of Q/(T + Q) is about 0.25, suggesting that a partial cleavage of the Si-C bonds
occurs during the calcination. The 13C CP-MAS NMR NMR spectrum (Figure 4.4b)
of the template-free sample Ph-PMO-0.4-0.2 further reveal that the silica framework
is bonded covalently through the phenyl-bridging groups. The occurrence of a strong
signal at about 133.2 ppm along with sidebands (denoted with asterisks) is attributed
to the carbons in the phenyl group connected to Si atoms. Additionally, no signal is
observed for Pluronic F127, suggesting that the template is completely removed after
the calcination.
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Figure 4.4. 29Si-NMR and 13C-NMR MAS NMR spectra (a, b) for the template-free
mesoporous Ph-PMO-0.4-0.2 composite synthesized by the EISA approach and (c, d)
for the template-free T-Ph-PMO-0.4-0.2 composite after the mixed-solvothermal
treatment at 100 °C for 3 days in DMF and water (V: V = 1: 1).
FTIR spectra (Figure 4.5) of the template-free Ph-PMO samples prepared with
different F127 contents and HCl concentrations show two intense bands at 525 and
1648 cm-1, which are attributed to the Si-C and asymmetric phenylene (C=C)
stretching modes, respectively. The peaks at 1159 and 2891 cm-1 are attributed to the
bridging phenyl C-H vibration and stretching, respectively. These findings indicate
the Si-C stability and the integrity of phenyl groups within the silica matrix in the
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synthetic and calcinations process. Furthermore, the sharp band at 1075 cm-1 from SiO stretching confirms the formation of siloxane bonds. The band at 3435 cm-1 is from
the Si-OH groups [54]. These results further reveal that the frameworks are inorganicorganic hybrid composites of the phenyl-bridging groups and silicates.
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Figure 4.5. FT-IR spectra of the template-free phenyl-bridged PMOs synthesized by
the EISA approach with different Pluronic F127 content and HCl concentration: PhPMO-0.2-0.1 (a), Ph-PMO-0.3-0.1 (b), Ph-PMO-0.2-0.2 (c), Ph-PMO-0.3-0.2 (d) and
Ph-PMO-0.4-0.2 (e).
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Figure 4.6. TGA and corresponding differential thermogravimetric (DTG) curves (A)
in nitrogen of the template-free Ph-PMOs composites synthesized by the EISA
approach with different F127 content and HCl concentration. (B) in air of the
template-free Ph-PMOs composites synthesized by the EISA approach with different
F127 content and HCl concentration.
Thermogravimetric analyses (TGA) of the template-free Ph-PMO materials show
three major weight losses at 25 ~ 900 °C in a nitrogen atmosphere (Figure 4.6A). A
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weight loss of less than 3 % below 150 °C is observed, probably due to physical
absorbed water. The absence of a major weight loss between 250 ~ 400 °C suggests
the successful removal of triblock copolymer F127 by calcination. The sharp weight
loss from 400 to 800 °C results from the decomposition of the phenyl-bridging groups,
suggesting a stable organic–inorganic composite framework. During this period, it is
noted that the weight loss follows the order: Ph-PMO-0.3-0.2 > Ph-PMO-0.3-0.1 >
Ph-PMO-0.2-0.2 ≈ Ph-PMO-0.4-0.2 > Ph-PMO-0.2-0.1, which suggests that the
higher the acid concentration, the more phenyl groups are incorporated into the
framework. It is related to a fast condensation and cross-linking of silicates.
Comparatively, TGA in air of template-free Ph–PMO materials (Figure 4.6B)
displays a weight loss between 250 ~ 400 °C, which could be assigned to the
decomposition of a small amount of bridged phenyl groups or a small portion of
residual template. The weight loss from 400 to 800 °C mainly results from the
decomposition of phenyl moieties or oxidation of carbon in air. The weight loss (22 ~
30 %) of samples from 400 to 800 °C is less than the theoretical values of carbon
content (37.5 %), assuming that much of the phenyl groups is incorporated into the
framework during the synthesis process.
4.3.3 Mixed-solvothermal treatment
It is well-known that hydrothermal treatment is usually adopted for the assynthesized powder samples or after the solution reaction, which is one of the most
efficient methods for improving the regularity of products where the mesostructures
undergo reorganization, growth, and crystallization [44]. The hydrolysis, cross-linking,
and recrystallization of silicate species can further proceed during the hydrothermal
process [45]. Based on our results, the mesoporous Ph-PMO materials have no
periodicity in the pore walls by using Pluronic triblock polymer as a template, which
may be related to the penetration of the PEO moieties and breakage of the π-π
interaction between phenyl-bridging groups. Taking advantage of hydrothermal
treatment and recrystallization, the arrangement of the phenyl groups and the
periodicity in the pore walls could be improved, because of the reorganization. We
treated the Ph-PMO samples under a mixed-solvothermal condition in water and
DMF solvents at 100 °C for 3 days. The water may interact with silicate species and
DMF molecules interact with phenyl groups, which would retract Pluronic F127
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molecules from the pore walls and reorganize the π-π stacking of the phenyl groups,
probably improving the periodicity.
In our case, the as-made Ph-PMO-x-0.2 materials prepared from the EISA
approach mixed solvothermally were treated in a solution of water and DMF (V:V =
1:1) at 100 °C for 3 days. Low-angle XRD patterns of the template-free T-Ph-PMO-x0.2 materials after the treatment are still resolved, suggesting that the ordered
hexagonal p6mm mesostructures are well retained (Figure 4.1C). Moreover, the
intensity and d100 spacing increase a little after the mixed-solvothermal treatment,
implying a slight improvement of mesotructure and enlargement of unit cell
parameter. The high-angle XRD patterns of the template-free products display two
broad diffraction peaks at 2 θ = 11.5 and 23.2 ° (Figure 4.1D), which corresponds to
the d-spacing of about 0.76 and 0.38 nm. After the DMF-water mixed-solvothermal
treatment, diffraction intensity for both diffraction peaks obviously increase, clearly
suggesting an improvement of the molecular periodicity of the mesopore walls.
However, the diffractions are too broad and their intensity is too weak to assign a
periodicity at the molecular level. HRTEM images of the template-free T-Ph-PMO0.3-0.2 material after the mixed-solvothermal treatment (Figure 4.2e and f) show
some weak lattice fringes stacked along the channel axes. The intensity across parallel
fringes along the white line in Figure 4.2f reveals the lattice fringes with about 0.75
nm spacing between two adjacent peaks (Figure 4.2g), which is close to the length of
phenyl-bridging group. This further implies that the mixed-solvothermal treatment
can improve the regularity of the lamellar structure in the pore walls.
N2 sorption measurements (Figure 4.3C, D) show that all template-free mesoporous
T-Ph-PMO-x-0.2 composites after the mixed-solvothermal treatment at 100 °C for 3
days also exhibit typical type-IV isotherms with large H2-type-like hysteresis loops,
indicating imperfect cylinder mesopores similar to that before the treatment. The
nitrogen condensation shifts to a lower relative pressure, suggesting a decrease of
mesopore sizes from 9.0 to 7.8 nm (Table 4.1). The wall thicknesses are calculated to
increase up to 7.7 nm (Table 4.1). The pore volume also decreases from 1.39 to 0.50
cm3·g-1, whereas the surface area decreases slightly. These results further confirm that
a reorganization occurs during the mixed-solvothermal treatment.

29

Si MAS NMR

spectrum (Figure 4.4c) of the template-free T-Ph-PMO-0.4-0.2 composite after the
mixed-solvothermal treatment also show two signals at -69.4 and -76.1 ppm for T2
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and T3 sites, respectively. Two other resonances around -91.0 and -99.0 ppm from Q2
and Q3 sites of silicates are also observed. The T3/T2 ratio increases to about 0.92,
which is slightly higher than that without solvothemal treatment. The ratio of Q/(T +
Q) is about 0.27, close to that before the treatment, suggesting that the Si-C bond
cleavage does not occur during the treatment. The

13

C CP-MAS NMR spectrum

(Figure 4.4d) of the template-free T-Ph-PMO-0.4-0.2 sample after the mixedsolvothermal treatment further reveals that the framework is bonded covalently
through the phenyl-bridging groups.
On the basis of the above observations, we postulate that unlike the cationic
surfactant, Pluronic triblock copolymers interact with silicate species via hydrogen
bonding to assemble the ordered mesostructure. The long PEO moieties possibly
penetrate into the silica pore walls, thereby breaking the π-π interaction between
phenyl groups. This induces a collapse of the molecular periodicity in the pore walls.
During the mixed-solvothermal treatment, the water can retract Pluronic F127
molecules from the pore walls and enlarge the wall thickness. Simultaneously, DMF,
a strong polar solvent, can dissolve in water completely and may help to reorganize
the π-π stacking of the phenyl groups to some extent, improving the molecular
periodicity on the walls. Therefore, water-DMF mixed-solvothermal treatment
proposed here may provide a proper micro-environment to improve the structural
arrangement of organic-inorganic composites.

4.3.4 Adsorption of volatile benzene
All the benzene isotherms of the large-pore Ph-PMO composites prepared with
different F127 contents and HCl concentrations show similar curves, which are nearly
type IV isotherms (Figure 4.7). A steep increase at low relative pressure (< 0.04),
corresponding to micropore filling, is observed. After the micropores are partially
saturated, it exhibits a sharp uptake at a relative pressure of 0.24 ~ 0.36 due to
capillary condensation of benzene in the mesopores. The mesopores can gradually
take up gas molecules with the increase of pressure, thus showing the gradual
adsorption increase in the isotherms. This may be because the silicate layers of the
PMO frameworks are hydrophilic, while the phenyl groups inside the pore walls are
hydrophobic. When the pressure is high, the interaction of benzene molecules with the
phenyl-bridging groups is dominant, which contributes to an increase of the
adsorption. The mesoporous phenyl-bridged Ph-PMO-0.4-0.2 material exhibits a high
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adsorption capability of volatile benzene up to 2.06 mmol·g-1 at high pressure (P/P0 ~
0.90), due to its large surface area. With the increase of surface area, the adsorption
capacity increases. Comparatively, the Ph-PMO-0.3-0.2 composite shows the lowest
benzene adsorption of 0.86 mmol·g-1, suggesting that the capability is also related to
wall thickness as well as the low surface area. As the pore wall thickness increases,
the packing of phenyl-bridging groups in the walls tends to be denser and disordered,
which does not favor interaction with benzene rings by the π-π stacking, resulting in a
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Figure 4.7. Adsorption isotherms of volatile benzene on the obtained Ph-PMO
materials at 25 °C.
4.4 Conclusions
Phenyl-bridged PMOs with ordered hexagonal mesostructures and imperfect
cylinder pores have been synthesized via simple EISA approach by using Pluronic
F127 as a template. By adjusting the F127 content and HCl concentration, the pore
size and wall thickness can be simply tuned. The obtained organic-functional
materials show a high BET surface area (~ 1150 m2·g-1), and a large uniform pore size
(up to 9.9 nm). The increased wall thickness from 5.8 to 6.9 nm is in proportion to the
thickness of silicate layers in the framework during the synthesis process. The mixedsolvothermal treatment is first demonstrated to improve the periodicity in the pore
walls somewhat, as well as increase the wall thickness up to 7.7 nm. The presence of
phenyl functional groups in the framework endows these materials with the
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adsorption capacity of benzene up to 2.06 mmol·g-1, which suggests that they are a
potential candidates for adsorption of organic compounds.
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CHAPTER 5 A Metal-Ion-Assisted Assembly Approach to Synthesize DisulfideBridged PMOs with High Sulfide Contents and Efficient Adsorption

5.1 Introduction
One of the significant breakthroughs in the area of nanostructured organicinorganic hybrid materials was the discovery of periodic mesoporous organosilicas
(PMOs), which contain organic groups instead of oxygen in siloxane bridges of the
silica framework [1-3]. This discovery opened almost unlimited possibilities to design
novel PMOs with uniformly distributed organic and organometallic groups within
silica framework and to tailor their chemical reactivity in catalysis [4-8], and
adsorption performance [9-14] as well as their electronic, and optical properties [1518]. It has been known that ordered PMOs can be synthesized by using silesquioxane
precursors with organic bridging groups as a silica precursor and amphiphilic
surfactants as a template via the self-assembly method, similar to that for mesoporous
silicates [1-3]. However, compared with the mesoporous silicas or/and functional
mesoporous silicas with terminally bonded organic groups, many advantages of
PMOs are evident, such as (a) up to 100 % of Si atoms can be connected to organic
functional groups; (b) the organic groups are homogeneously distributed in the
frameworks to form organic–inorganic composites; (c) the organic groups inside the
silicate frameworks impart characteristics or various surface polarity, thus endowing
PMOs a wide range of opportunities for designing materials with unique properties.
So far, “rigid” organic chain bridging groups originating from methane, ethane,
ethylene, as well as small organic aromatic ones such as thiophene, xylene, benzene
and biphenylene have successfully been incorporated into the ordered PMO
frameworks by amphiphilic-surfactant-assembly synthesis approaches [17, 19-30].
However, PMOs with long chain silesquioxane functional moieties are not easily
synthesized, because the large molecular size or complexity of bridging organic
groups could not benefit the self-assembly of mesostructures with surfactant to be
immobilized in a 3D continuous framework [9, 31, 32]. The utilization of 100 %
“soft” bridging organic silanes as a silica precursor usually leads to disordered or
worm-like mesostructures.
Much effort has been made by previous researchers but without success. A possible
but undesirable method is to incorporate a certain amount of fully hydrolysible silanes
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such as TMOS, TEOS in the co-condensation process to help construction of the
ordered mesostructural framework [12]. However, the incorporated amount of “soft”
bridging organic silane precursors is quite low (normally < 5 %). Therefore, it
remains a challenge to enhance the content of the functional organic moieties with
ordered mesostructures and open frameworks.
Thiother groups show strong affinity for metal ions and ideal functional sites on
mesoporous materials as an efficient adsorbent to remove heavy metal ions in
wastewaters. Furthermore, thioether can be oxidized to sulfonic acid groups
functioning as an acid catalyst. Much attention has been paid to the synthesis of
ordered mesoporous materials with high loading of thioether groups. Shi and coworkers have synthesized thioether functionalized mesoporous silicas by the one-pot
co-condensation method of TEOS and tetrasulfidesilane (BTESPTS). However, when
the thiother content was higher than 10 %, the obtained functional mesoporous silica
became a wormlike disordered structure [12]. Recently, Jaroniec and co-workers have
reported a synthesis of ordered large-pore PMO materials with disulfide bridging
groups via a co-condensation method by using the mixture of BTSPDS and TEOS as
silica precursors and triblock copolymers as a template [33]. However, the disulfide
content was as low as 3.0 % (molar ratio) in the framework. With the increasing
disulfide content, disordered mesostructured PMOs are obtained. In order to improve
the mesostructural regularity, they demonstrated a microwaveassisted approach and
obtained ordered hexagonal disulfidebridged PMOs. Unfortunately, the disulfide
content was as low as 2.5 % [34]. Yang and co-workers conducted the synthesis in a
buffer solution by using Pluronic P123 as a template, however, the ordered disulfidebridged PMOs could not be obtained when the disulfide content is higher than ~ 5.0
% [35].
In this chapter, a novel and simple metal-ion-assisted approach to synthesize wellordered hexagonal disulfide-bridged PMOs by using BTSPDS as a precursor and
Pluronic P123 as a template is reported. The BTSPDS content in the 3D open
frameworks is as high as 20 %, while the ordered mesostructure is maintained. Our
results clearly show that the metal ions play an important role in the formation of
regular mesostructure and incorporation of the long chain disulfide groups into the
framework. Furthermore, the adsorption properties for the removal of heavy metal
mercury ions from wastewaters were also investigated.
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5.2 Experimental
5.2.1 Synthesis of disulfide-bridged PMOs
The ordered mesoporous organosilicas materials with the disulfide groups were
hydrothermally prepared by using Pluronic P123 as a template and a blend of
BTSPDS and TEOS as a silica source in the 2 M HCl aqueous solution at 35 °C.
Different BTSPDS/TEOS molar ratios of 5: 95, 10: 90, 15: 85 and 20: 80 were
adopted in the batch experiments. A typical synthesis was carried out as follows: 0.50
g of Pluronic P123 was completely dissolved in 15.0 g of 2.0 M HCl and 3.8 g of H2O
at 35 °C. To this solution, 0.905 g of TEOS was added under vigorous stirring. Then
0.056 g (0.19 mmol) of Zn(NO3)2⋅6H2O was added into the above mixture. After
stirring for about 10 min, 0.369 g of BTSPDS with the molar ratio of BTSPDS/TEOS
= 15: 85 was added to the above solution. The reaction mixture was stirred at the
same temperature for 24 h, and then transferred into Teflon-lined autoclaves and
heated at 100 °C without stirring for another 24 h. After filtering, the sample was
washed by water, and dried in air at 40 °C. The solid products were collected and then
solvent-extracted with 80 mL of (99.0 %) ethanol and 2.0 mL of (37 wt %) HCl at 60
°C for 24 h in air to remove the copolymer templates. The final mesoporous
organosilica materials were obtained after filtration, water washing and air drying at
40 °C. The resultant samples were denoted as DSPMO-x and DS-PMO-NM-x and
PMS, where DS-PMO denotes the disulfide-bridged PMO products and PMS
represents the periodic mesoporous silica; x refers to the BTSPDS molar contents in
the initial silane mixture, and NM represents the synthesis without metal-ion addition.

5.3 Results and discussion
5.3.1 Mesostructure
Small-angle XRD patterns (Figure 5.1a) of the surfactant-free sulphur-containing
mesoporous material DS-PMO-15 prepared by the metal-ion (Zn2+) assisted triblockcopolymer assembly approach with BTSPDS molar content of 15 % exhibits three
resolved diffraction peaks with d-value ratios of 1: 3 : 2,which can be indexed as the
100, 110 and 200 reflections, respectively, for the 2D ordered hexagonal
mesostructure with space group p6mm. The corresponding unit cell parameter a0 is
calculated to be 10.8 nm. Similarly, all the DS-PMO samples with different BTSPDS
contents of 5 ~ 20 % prepared by the metal-ionassisted assembly approach show
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resolved three-peak XRD patterns, clearly demonstrating that highly ordered
hexagonal disulfide-bridged PMO composites are obtained. With the increase of
BTSPDS/TEOS ratio, the 100 diffraction peak shifts to a higher angle and the
mesostructure regularity gradually degenerates to some extent. The result is related to
the incorporation of the long hydrophobic disulfide-bridged groups. Compared with
that of the tetrasulfide-bridged PMOs prepared under a basic condition [13] and
disulfide-bridged one obtained under a buffer solution [35], our 2D hexagonal
mesostructure is well retained by the metal-ion assisted with a larger incorporated
amount of disulfide groups. By contrast, in the absence of metal ions (Zn2+), XRD
patterns (Figure 5.1b) of the DS-PMO-NM-x materials prepared by using mixed
BTSPDS and TEOS as a silica source and Pluronic P123 as a template under similar
conditions show one broad diffraction peak at a low ratio of BTSPDS/TEOS,
suggesting that disordered PMO mesostructures are formed. As the ratio increases, the
diffraction peak becomes broader, and disappears when the ratio is higher than 20 %,
suggesting a complete collapse of the mesostructure. These results clearly indicate
that the incorporation of metal ions into disulfide functional silane precursors can
improve the mesostructural regularity during the assembly.
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Figure 5.1. XRD patterns of (a) surfactant-free periodic mesoporous silica (PMS),
organosilicas (DS-PMO-x) synthesized by the metal-ion (Zn2+) assisted assembly
approach with different content of disulfide-bridged group; x = 0, 5; 10; 15; 20 and (b)
surfactant-free periodic organosilicas (DS-PMO-x) prepared without adding metal-ion
DS-PMO-NW-x (x = 5, 10, 15, and 20).
TEM images reveal more detailed structural information, as shown in Figure 5.2.
The surfactant-free mesoporous DS-PMO-15 material prepared with 15 % disulfidebridged groups show large domains of ordered hexagonal and stripe-like
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Figure 5.2. TEM images of surfactant-free mesoporous organosilicas synthesized by
metal-ion (Zn2+) assisted assembly approach with different content of disulfidebridged group; (a, b) DS-PMO-5; (c, d) DS-PMO-10; (e, f) DS-PMO-15 and (g, h)
DS-PMO-20.
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Figure 5.3. N2 adsorption/desorption isotherm (left) and pore size distributions (right)
for disulfide-bridged mesoporous DS-PMO-x synthesized with adding of Zn2+ ions
and DS-PMO-NW-x without adding of metal Zn2+ ions (x = 5, 10, 15 and 20).
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arranged arrays. It clearly indicates a well-ordered hexagonal mesostructure with 1D
pore channels. The unit cell parameter (a0) estimated from the TEM images is
approximately 11.0 nm, which is in good agreement with the value calculated from
the XRD data. Similarly, well-ordered hexagonal and stripe-like arrangements are
also observed for the DS-PMO samples prepared with the BTSPDS contents from 5 to
20 %, confirming that the disulfide-bridged PMO mesostructure templated by P123
possesses ordered hexagonal p6mm symmetry. In contrast, the DS-PMO-NM
materials prepared without metal-ion addition display a worm-like mesostructure (not
shown here), further suggesting that the metal ions can assist the self-assembly
process involved by the “soft” disulfide silane precursor.
The nitrogen sorption isotherms (Figure 5.3) of the surfactant-free mesoporous
material DS-PMO-15 exhibit representative type-IV curves with a sharp capillary
condensation step in the relative pressure range of 0.45 ~ 0.55, indicative of uniform
mesopores. An H4-type-like hysteresis loop is observed, implying some structural
defects in the frameworks [13]. The sample DS-PMO-15 has a BET surface area of
382 m2·g-1, a pore volume of 0.40 cm3·g-1, and a narrow pore distribution at about 4.0
nm. Similarly, all the surfactant-free mesoporous samples DS-PMO-x (x = 5 - 20)
exhibit typical type-IV isotherms. With the increase of the disulfide contents, the
nitrogen condensation shifts to low relative pressure (P/P0), indicating the decrease of
mesopore size. These results are consistent with the decrease of unit cell parameters
calculated from the XRD data. This could be attributed to the geometrical
constrictions of the triblock copolymer template to accommodate a high content of
disulfide bridging groups in the pore walls [36]. The surface area and pore volume
also decreases with the disulfide contents, due to the mesostructural degeneration. It
should be noted that the mesoporous materials (DS-PMO-5 and DS-PMO-10) with
low BTSPDS contents (5 - 10 %) show an H1-type hysteresis loop in the isotherms
(Figure 5.3), suggesting uniform cylindrical mesopores. These results further confirm
that the mesoporous materials obtained with a low amount of disulfidged groups have
a high degree of structural regularity and narrow pore size distribution. Comparatively,
mesoporous materials (DS-PMO-NM) prepared without adding metal-ion display
irregular nitrogen sorption isotherms, suggesting a disordered and wormlike
mesostructure. The pore sizes are a little smaller than that with the addition of metal
ions (Table 5.1), which is related to the salt effect of surfactant. Based on the N2
sorption and XRD results, the pore wall thickness of DS-PMO-15 material is
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calculated to be as large as 6.8 nm, which is larger than that reported previously. The
value is even larger than its mesopore diameter (4.0 nm). With the increase of the
disulfide content, the pore wall thickness increases from 5.0 to 7.1 nm. The thick pore
wall is possibly attributed to the large incorporation of long disulfide groups in the
frameworks.
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Figure 5.4. MAS NMR spectra of surfactant-free mesoporous DS-PMO-15 composite
synthesized by metal-ion assisted assembly approach with 15% of disulfide-bridged
group: (a) 13C-NMR and (b) 29 Si-NMR spectra.
The

13

C CP-MAS NMR spectrum (Figure 5.4a) of the surfactant-free sample DS-

PMO-15 shows seven obvious peaks. The signals at about 11.5, 22.8 and 41.8 ppm
are assigned to the 1C, 2C and 3C of Si-1CH22CH23CH2 -S-S-3CH22CH21CH2-Si,
respectively [35, 37], suggesting that the framework is hybrid and bonded covalently
with the disulfide bridging groups. The peak centered at 17.0 ppm is attributed to the
side-chain carbons of methyl groups of Pluronic P123. Additionally, it could also be
assigned to the carbons of ethoxy groups formed during surfactant extraction [38].
The signals at about 70.5 and 75.6 ppm are due to the main-chain carbons of ethylene
oxide (EO) and propylene oxide segments of Pluronic P123 respectively, suggesting a
partial residue of the surfactant template [39]. 29Si MAS NMR spectrum (Figure 5.4b)
of the surfactant-free sample DS-PMO-15 prepared with the BTSPDS contents of 15
% show two signals at at -57.0, and -65.0 ppm, which can be assigned to T2 [CSi(OH)(OSi)2] and T3 [C-Si(OSi)3] sites, respectively. It suggests incorporation of the
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disulfide-bridged groups into the pore walls. Three other resonances around -90.9, 100.1 and -108.7 ppm which can be assigned as Q2 (OH)2Si(OSi)2, Q3 (OH)Si(OSi)3
and Q4 Si(OSi)4 sites of silicates are also observed [38]. The ratio of T/(T + Q) is
calculated as high as ~ 0.33. According to the silicon molar percentage of
2BTSPDS/[2BTSPDS + TEOS], the BTSPDS concentration in the initial gel mixture
is ~ 16.5 %, which is consistent with the initial high BTSPDS content of 15 %. These
results also confirm that no significant Si-C bond cleavage occurs during the synthesis
or solvent extraction. The elemental analysis results reveal that the surfactant-free
disulfide-bridged DS-PMO products contain about 1.25 ~ 3.37 mmol·g-1 of sulfur
(Table 5.2), which increases with the BTSPDS/TEOS ratio.
Table 5.1. Structural textural properties of the mesoporous organosilicas synthesized
by with and without adding metal Zn2+ ions and functioned with different content of
disulfide-bridged group, DS-PMO-x and DS-PMO-NW-x (x = 5, 10, 15 and 20).
Surface
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FT-IR spectra (Figure 5.5) of the surfactant-free DS-PMO samples with different
BTSPDS/TEOS ratios show intense bands at 698 and 2931 cm-1, which are attributed
to the C-S and asymmetric methylene (-CH2CH2-) stretching modes. These findings
indicate that the C-S and C-C bonds are stable in the synthetic process. However, the
band at 2931 cm-1 could arise from asymmetric methylene (-CH2CH2-) stretching
modes from Pluronic P123, implying that the partial template may not be removed by
the use of ethanol/HCl extraction. Furthermore, the vibrations at 952, and 798 cm-1,
and the sharp bands at 952 and 1089 cm-1 from Si-O stretching confirm the formation
of siloxane bonds. The signal at 1635 cm-1 suggests a little bit amount of water (H2O)
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physically adsorbed in the final products. These results further reveal that the
frameworks are inorganic-organic hybrid composites composed of the disulfidebridged groups and silicates.
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Figure 5.5. FT-IR spectra of surfactant-free mesoporous organosilicas synthesized by
metal-ion (Zn2+) assisted assembly approach with different content of disulfidebridged group: DS-PMO-5 (a) DS-PMO-10 (b) DS-PMO-15 (c) and DS-PMO-20 (d).
5.3.3 Stability
Thermogravimetric analyses (Figure 5.6) of the surfactant-free DSPMO materials
show three major weight losses at 25 - 700 °C in air atmosphere. A weight loss of less
than 8 % below 150 °C is observed, probably due to desorption of physisorbed water
[40]. Also, the lack of the characteristic peak for template P123 removal at ~ 170 °C
in the DTG curves demonstrates that most of the template was removed by the
ethanol/HCl extraction [9]. Moreover, a gradual weight loss in the range of 250 - 450
°C is proportional to the content of the disulfide groups incorporated in the framework.
The result implies that the disulfide-bridged groups can be stable up to 300 °C in air.
The hydrothermal stability of the DS-PMO materials prepared from the metal-ionassisted assembly approach was investigated in boiling water for 5 days. The XRD
patterns of the template-free DS-PMO materials after the treatment are still resolved,
suggesting that the ordered hexagonal p6mm mesostructures are well retained (Figure
5.7). The intensity and d100 spacing reduce a little, suggesting a slight degeneration of
the mesostructure. These results clearly demonstrate that the disulfide-bridged PMO
materials have an excellent hydrothermal stability. With the increase of
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BTSPDS/TEOS ratio, the XRD intensity is reduced and d100 spacing decreased,
suggesting that the hydrothermal stability probably increases and has a relationship
with the thickness of the pore walls. The hydrophobic groups in the framework
probably repel the action of water molecules, resulting in an improvement of the
hydrothermal stability.

B

A
(a)

90
80
(a)

70

(c)

(b)

60
50
40

(b)

DTG (a.u.)

Weight loss (wt, %)

100

(c)

100

200

300 400 500 600
o
Temperature ( C)

700

100 200 300 400 500 600 700
o
Temperature ( C)

Intensity (a.u.)

Figure 5.6. (A) TGA and (B) corresponding differential thermogravimetric (DTG)
curves of surfactant-free mesoporous organosilicas synthesized by metal-ion (Zn2+)assisted assembly approach with different content of disulfide-bridged groups: DSPMO-5 (a) DS-PMO-10 (b) and DS-PMO-15 (c).
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Figure 5.7. Powder XRD patterns of surfactant-free mesoporous organosilicas DSPMO materials after boiling water treatment for 5 days.
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Figure 5.8. SEM images of disulfide-bridged mesoporous organosilicas synthesized
with different BTSPDS/TEOS ratio DS-PMO-5, DS-PMO-10 and DS-PMO-15
materials before (a, c, e) and after (b, d, f) boiling water treatment for 5 days,
respectively.
The SEM images show similar rope-like morphology before and after the boiling
water treatment (Figure 5.8), further implying a good hydrothermal stability. Similar
to that for mesoporous silica SBA-15, all the mesoporous DS-PMO materials
prepared

from

the

metal-ion-assisted

assembly

approach

with

different

BTSPDS/TEOS ratios show wheat-shaped macrostructures aggregated into rope-like
particles. The size of the ropes appears to slightly decrease from 0.7 to 0.4 μm in a
diameter with the increase of the disulfide group content. It is interesting to note that
the wheat-shaped fibers almost disappear when the BTSPDS molar content increases
to 15 %. Instead, uniform rods with a diameter of ~ 0.4 μm are formed. This
phenomenon may be related to the change of the interfacial tension driven from
hydrophobic disulfide organic groups.
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5.3.4 Formation of mesostructures
Our results show that the addition of the metal-ion greatly influences the formation
of the disulfide-bridged DW-PMO mesostructure. With the increased addition of zinc
ions, the XRD patterns (Figure 5.9) become more resolved and the d100 spacing
increases slightly, suggesting an improvement of mesostructural regularity. Therefore,
it is clear that metal ion addition can assist the self-assembly of mesostructures. Our
results show that not all metal ions (such as Mg2+) can improve the assembly, some
heavy metal ions such as Zn2+ and Cd2+ do assist the incorporation of the disulfidebridged groups, probably implying that the salt effect may not improve the assembly.
Elemental analysis reveals that no zinc is contained in the final as-made DS-PMO
materials.

B
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Intensity (a.u.)

Intensity (a.u.)
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Figure 5.9. XRD patterns of surfactant-free mesoporous organosilicas DS-PMO-15
(A) and DS-PMO-20 (B) synthesized with different contents of Zn2+: (a) 0.10 mmol,
(b) 0.19 mmol, and (c) 0.28 mmol.
On the basis of the above observations, we speculate that the formation of ordered
mesostructure with “soft” disulfide organic groups undergoes a metal-ion-assisted
process. First, the metal ion (Zn2+) can interact with disulfide groups of the organicbridged silane by coordination bonds, reducing the mobility and hydrophobicity of the
silicate precursors. Therefore, it results in more incorporation of disulfide groups. On
the other hand, during the self-assembly process, the Zn2+ ions in the complexes with
the disulfide groups could also coordinate with ethylene oxide of Pluronic P123
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template, which benefits the co-assembly of silicate and organic silicate oligomers
with surfactants, improving the mesostructural regularity [41, 42]. Finally, the zinc
ions could be etched off in strongly acidic solution because of the weak coordination
interaction. As a result, no zinc ion is contained in the final PMO products.
5.3.5 Adsorption of mercury (II)
Table 5.2. Adsorption capacity of Hg2+ for different mesoporous materials
synthesized by metal-ion (Zn2+) assisted assembly approach and comparison of
reported thiol-functionalized mesoporous materials.
Sample
PMS
DS-PMO-5
DS-PMO-10
DS-PMO-15
DS-PMO-20
FMMS [45]
MP(2)-MSU-2 [46]
MP-MCM-41 [47]

S content (mmol·g-1)
0
1.25
2.03
2.72
3.37
3.20
2.30
0.57

Hg2+ adsorption capability (mg·g-1)
0
230
428
577
716
502
461
118

Hg/S
0
0.92
1.05
1.06
1.06
0.78
1.00
1.03

The mesoporous DS-PMO materials exhibit a high adsorption capability of heavy
metal Hg2+ ions up to 716 mg·g-1 (Table 5.2), due to large incorporation of disulfidebridged groups. Remarkably, the mesoporous silica PMS without the organic group
shows no obvious adsorption of Hg2+ ions, similar to the result of unmodified SBA-15
[43], suggesting that the capability is mainly related to the disulfide groups. With the
increase of the sulfide content, the adsorption capacity increases, which is in
proportion to the sulfur content (Table 5.2). Approximately one incorporated disulfide
group in each DS-PMO adsorbent is accessible for the mercury ions binding with the
Hg/S molar ratio ≈ 1, which is slightly larger than the values reported previously for
the functionalized mercaptopropylsilyl mesoporous silica (Table 5.2) [44-46]. It
implies that the DS-PMO materials are a potential adsorbent for heavy metal-ion
removal from waste waters.
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5.4 Conclusions
Disulfide-bridged PMOs with the ordered hexagonal mesostructure have been
synthesized by the metal-ion-assisted assembly approach with co-condensation of
BTSPDS and TEOS. By adding Zn2+ ions, which can coordinate either with the
dsulfide-bridged groups or ethylene oxide moieties of P123 template, the interaction
between silicate species and P123 template can be enhanced, therefore high disulfide
groups incorporation (~ 20 %) into the framework can be achieved and the
mesostructural ordering and pore size can be improved, compared to that in the
absence of metal-ion during the self-assembly process. The increased wall thickness
from 5.0 to 7.1 nm is in proportion to the content of disulfide groups incorporated in
the framework. The obtained organic-functional materials show a high BET surface
area (~ 580 m2·g-1), a large uniform pore size (up to 6.3 nm) and an excellent
hydrothermal stability in boiling water for 5 days, which could be attributed to thick
pore walls and hydrophobicity of disulfide groups. The presence of disulfide
functional groups in the framework endows these materials with the adsorption
capacity of up to716 mg Hg2+/g, which indicates that it is a potential candidate for
heavy metal adsorption. The metal-ion-assistant approach demonstrated here be
applied for preparation of PMOs containing other new “soft” organic groups.
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CHAPTER 6 Synthesis of Uniform PMO Hollow Spheres with Large-Pore Size
and Efficient Encapsulation Capacity for Toluene and Large Biomolecules
Bovine Serum Albumin

6.1 Introduction
Spheres with hollow interiors have attracted considerable attention over the past
few years, as they can be used for immobilization and adsorption of large molecules
by controlling framework properties [1-3]. Inorganic silica hollow spheres are
interesting as host materials, and great efforts have been focused on the synthesis of
hollow nanospheres [4, 5]. These include efforts to prepare mesocellular siliceous
foams with continuous 3D pore system, by using new methods to synthesize siliceous
foams with high pore volume. In this regard, Stucky and his co-workers [6] have
synthesized mesoporous siliceous foams with uniformly sized cells and windows by
using a sol–gel synthesis that involved a surfactant and an organic cosolvent. By
using block-copolymer cooperative vesicle templating method, siliceous unilamellar
vesicles and foams were prepared [7]. These nanofoams are proved to be useful in the
immobilization of biomolecules, however, some inherent limitations exist in these
materials: silica is the sole component and their adsorption capacity for biomolecules
is not as high as expected. There is thus a need to further modify the material by
introducing different functional groups [8].
PMO materials have attracted increasing research attention in materials science [911]. The high loading rate and uniform dispersion of organic moieties in the
framework, as well as various surface properties imparted from different functional
groups endow the PMO materials with unique advantages over mesoporous silica
(MPS) and even their functionalized products [12]. PMOs with different
morphologies [13-19] have been successfully synthesized. Among them, PMOs with
hollow sphere morphology have been demonstrated to be good candidates for the
immobilization of biomolecules and for efficient adsorption of small molecules
through microwindows on the shell [20, 21]. Inspired by the synthesis of large-pore
mesoporous organosilica using block copolymers as structure-directing agents, the
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pore size was expanded which may be due to the increasing self-assembly interaction
between the headgroups of triblock copolymer surfactant and the organosilane species
by addition of inorganic salt [22, 23]. Park et al. [24] reported on the effect of
inorganic salts on the synthesis of PMOs with hollow sphere morphology. More
recently, Ha and co-workers synthesized PMOs with three different types of bridging
organic groups in the framework by the co-condensation method, and examined the
adsorption of lysozyme at different pH values [20]. Based on the co-condensation
method, Liu et al. prepared organic-inorganic hybrid hollow nanospheres with
microwindows, and used them for diffusion of small guest molecules into the hollow
cavities [21]. It is noted that the limited microwindows of PMO hollow spheres may
restrict their application in some areas where relatively large window sizes are in
demand as for adsorption and immobilization of large biomolecules. Furthermore,
there is no report on the synthesis of PMO hollow spheres via the low-temperature
approach. Finally, the structure transformation from PMO hollow spheres to a cubic
phase with the aid of cationic template has not been studied systematically.
Herein, we adopted a low-temperature approach to successfully prepare ethylenebridged PMO hollow spheres with high pore volume (up to 2.5 cm3·g-1) by using
triblock copolymer F127 as a template and 1,3,5-trimethylbenzene (TMB) as a
swelling agent in the presence of inorganic salt [12, 25]. Further adjustment of the
media acidity can increase the pore size to 15.1 nm. Most importantly, mesostructures
can be tuned from hollow sphere to 3D cubic structure by adding cationic surfactant.
It was found that these PMO hollow spheres show a strong affinity for toluene with a
high adsorption capacity (703 mg·g-1). Using the protein bovine serum albumin (BSA)
as a large probe molecule, an efficient adsorption of ~ 585 mg·g-1 and fast adsorption
equilibrium were achieved, which shows promising properties for encapsulation or
drug delivery.
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6.2. Experimental
6.2.1 Synthesis of PMO hollow spheres
Large-pore PMO hollow spheres were prepared through a low temperature
approach using Pluronic F127 as a template and BTSE as a silica source under acid
conditions at 15 °C. Different contents of TMB, KCl and concentration of
hydrochloric acid were adopted in batch experiments. A typical synthesis was carried
out as follows: 0.335 g of Pluronic F127 and 0.88 g of KCl were dissolved in 20 mL
of HCl (1.0 M). Then 0.40 g of TMB was added to the solution and the mixture stirred
for 3 h at 15 °C. Then, 1.0 mL of BTSE was added to the solution and stirred for 24 h
at the same temperature. The molar ratio of the reactants is F127 : BTSE : TMB :
KCl : HCl : H2O = 9.2×10-3 : 1 : 1.23 : 4.4 : 7.4 : 408. The solution along with the
precipitate was then removed to an autoclave and put in the oven at 140 °C for 24 h
and at 120 °C for another 24 h. After filtering, the sample was washed with water, and
dried in air at 40 °C. The solid products were collected and then extracted with 80 mL
of (99.0 %) ethanol and 2 mL of (37 wt %) HCl at 60 °C for 24 h in air to remove the
F127 template. The final PMO products were collected after filtration, water washed
and air dried at 40 °C. The resultant composites were denoted as PMO-F for PMO
samples synthesized with only F127 template, and as PMO-F-C for PMO samples
prepared with F127 and CTAB templates together.
In the syntheses using a mixture of F127 and CTAB as templates, four groups of
template sources with different content of CTAB (0.02 ~ 0.16 g) were used, while
keeping other conditions constant.

6.3 Results and discussion
6.3.1 Mesostructure
TEM images of the template-free PMO-F composites show uniform hollow spheres
(Figure 6.1a and b). All the spheres are well dispersed. The diameters of the hollow
interior measured from careful TEM measurements, are about ~ 13 nm. With an
increase of the medium acidity, the diameter of the PMO hollow spheres increases
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Figure 6.1. TEM images of the hollow spherical PMO-F composites synthesized by
the low-temperature approach with 0.4 g of TMB, 0.88 g of KCl, 0.335 g of F127 and
0.958 g of BTSE at different HCl concentration: 1.0 M (a, b), 1.3 M (c, d) and 2.0 M
(e, f).
-(Figure 6.1c and d). When the acidity of the solution increases to 2.0 M, uniform
hollow spheres are also observed, and the diameter of the hollow mesopores is
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roughly 14 ~ 16 nm (Figure 6.1e and f). These results clearly demonstrate that
uniform and well dispersed PMO hollow spheres with large-pores can be synthesized
by this low-temperature approach.
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Figure 6.2. XRD patterns (A) of the template-free PMO-F composites synthesized
from the low-temperature approach with different content of TMB at 1.0 M HCl: 0.1
g (a), 0.2 g (b), 0.3 g (c) and 0.4 g (d). The SAXS pattern (B) of the (d) sample is also
provided.
Small-angle XRD patterns (Figure 6.2A) of the template-free PMO-F hollow
spheres prepared with a high content of TMB under a low acid concentration (1.0 M)
exhibit one broad diffraction peak (2θ = 0.88 °) with d-spacing value of 10.0 nm.
Although the diffraction peak cannot be indexed into any plane of the known
mesostructures, it is related to the scattering of monodispersed spheres [6]. The SAXS
pattern shows more resolved scattering peaks (Figure 6.2B), which is very similar to
the uniform mesoporous siliceous foams [6]. At least five resolved scattering peaks
can be observed, the corresponding d-spacing values for the two higher order peaks
are calculated to be 17.3 and 9.9 nm, where the latter is in agreement with that from
the XRD pattern. According to the model and approximate simulation from the
previous report [6], the d-spacing value of 17.3 nm for first order scattering
corresponds to the cell diameter of the uniform spheres and 10.0 nm may be ascribed
to the interior diameter. These values are similar to those (16 nm in diameter and 10
nm in pore size) from TEM and N2 sorption measurements. So, the results clearly
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indicate that the short-range periodicity of the closely packed hollow spheres is
attributed to the small-angle XRD (SAXS) peak, further confirming that the particle
size distribution is uniform based on the TEM images [21].
The nitrogen sorption isotherms (Figure 6.3A(a) and (b)) of the template-free
PMO-F hollow spheres exhibit representative type-IV curves with two capillary
condensation steps occurring in the high relative pressure range of 0.7 ~ 0.95,
indicative of bimodal large nanopores. One condensation step occurs at a relative
pressure of 0.7 ~ 0.8 and is not sharp. This corresponds to the pore diameter of the
hollow interior after the removal of the template. Another condensation step at
relative pressure range of 0.9 ~ 0.95 is sharp, which may be attributed to the voids
from the aggregation or random packing of hollow spheres. Accordingly, a bimodal
pore size distribution centered at 12.3 and 61.4 nm can be determined according to the
BJH model, which coincides with the estimated size from TEM images. A large H2type-hysteresis loop with delayed capillary evaporation at a relative pressure of 0.4 ~
0.5 is observed, implying a cage-like mesopore with a window size smaller than 5.0
nm. The PMO-F hollow spheres prepared with a high content of TMB and a low acid
concentration (1.0 M) has a BET surface area of 648 m2·g-1, and a pore volume of
2.50 cm3·g-1.
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Figure 6.3. N2 adsorption/desorption isotherms (A) and pore size distributions (B) for
the template-free PMO-F composites synthesized by the low-temperature approach
with different HCl concentration: 1.0 M (a), 1.3 M (b) and 2.0 M (c).
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It is noted that upon increasing the HCl concentration (2.0 M), the nitrogen
condensation in the adsorption branch shifts to higher relative pressure, indicating an
increase of mesopore size (Figure 6.3). However, the pore volume decreases from
2.50 to 1.21 cm3·g-1, while the BET surface area shows no clear tendency when the
acidity increases (Table 6.1). Thus increasing the HCl concentration has an effect on
the pore diameter (increasing) and pore volume (decreasing) of PMO-F hollow
spheres.

5.0

3

(a)

T

(b)

2

T

* Side band
**
100

0
-100
-200
Chemical Shift, ppm

300

200
100
0
Chemical Shift, ppm

-100

Figure 6.4. 29Si-NMR (a) and 13C-NMR (b) MAS NMR spectra for the template-free
PMO-F composites synthesized by the low-temperature approach with 0.4 g of TMB,
0.88 g of KCl, 0.335 g of F127 and 0.958 g of BTSE at 1.0 M HCl.

6.3.2 Mesopore frameworks
29

Si MAS NMR spectrum (Figure 6.4a) of the template-free PMO-F hollow spheres

prepared under the media acidity of 1.0 M shows two signals at -58.5, and -64.2 ppm,
which can be assigned to T2 [C-Si(OH)(OSi)2] and T3 [C-Si(OSi)3] sites, respectively.
The strong intensity for the T2 and T3 signals indicates an incorporation of the
ethylene bridging groups into the pore walls, and the formation of highly condensed
organosilicate hybrid frameworks [20]. The other two weak resonances around -90.9
and -99.5 ppm ascribed to Q2 (OH)2Si(OSi)2, and Q3 (OH)Si(OSi)3 sites of silicates
are also observed [26, 27], further suggesting that Si-C bonds are well-retained during
the synthesis process. The 13C CP-MAS NMR spectrum (Figure 6.4b) of the templatefree sample PMO-F reveals a strong signal at about 5.0 ppm along with sidebands
(denoted with asterisks), which is attributed to the carbons in the ethylene group
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connected to Si atoms. It suggests that the silica framework is bonded covalently
through the ethylene bridging groups. Additionally, no signal is observed for Pluronic
F127, confirming that the template is completely removed by the organic solvent-
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Figure 6.5. FT-IR spectrum of the template-free PMO-F composite synthesized by
the low-temperature approach with 0.4 g of TMB, 0.88 g of KCl, 0.335 g of F127 and
0.958 g of BTSE at 1.0 M HCl.
The FT-IR spectrum (Figure 6.5) of the template-free PMO-F hollow spheres
shows one intense band at 1646 cm-1, which is attributed to the asymmetric ethylene
(C-C) stretching modes. The peaks at 1275, 1415 and 2902 cm-1 are attributed to the
bridging ethylene C-H vibration and stretching, respectively. These findings indicate
the Si-C stability and the integrity of ethylene groups within the silica matrix during
the synthesis and the solvent-extraction process. Furthermore, the sharp band at 1039
cm-1 from Si-O stretching confirms the formation of siloxane bonds. The band at 3452
cm-1 is from the Si-OH groups [28]. These results further reveal that the frameworks
are inorganic-organic hybrid composites and composed of the ethylene bridging
groups and silicate.
It is also worth mentioning that adding TMB into the F127 solution leads to hollow
nanospheres with large-pores. All PMO-F composites prepared with different TMB
contents (0.1 ~ 0.4 g) show similar broad XRD patterns (Figure 6.2). With decreasing
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TMB content, the intensity of the diffraction peak tends to decrease, and the 2θ shifts
to higher angle, indicating a decrease of the mesostructural diameter and periodicity,
as listed in Table 6.1. Upon decreasing the TMB content, the nitrogen condensation
shifts to lower relative pressure (P/P0), indicating a decrease of the diameter of hollow
spheres from 12.3 to 9.8 nm (Figure 6.6 and Table 6.1). However, the expansion of
the pore size by the swelling of TMB is limited. These results are consistent with the
decrease of intensity from the XRD data.
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Figure 6.6. N2 adsorption/desorption isotherms (A) and pore size distributions (B) for
the PMO-F composites synthesized by the low-temperature approach with different
content of TMB at 1.0 M HCl: 0.1 g (a), 0.2 g (b) and 0.3 g (c).
Similarly, all template-free PMO-F hollow spheres exhibit typical type-IV
isotherms with pores larger than 6 nm synthesized with different KCl contents. Upon
decreasing the KCl content, the nitrogen condensation varies a little at the relative
pressure of 0.7 ~ 0.95, indicating no change of the diameter of hollow spheres of ~ 12
nm. In this work, the formation of large-pore hollow spheres can partly be attributed
to the low solubility of micelles’s solution by the addition of inorganic salt [24, 29].
Interestingly, when the content of CTAB was low, the TEM images of PMO-F-C
composite (Figure 6.7a and b) also showed uniform and well dispersed hollow
spheres. The diameter of the hollow pore was estimated to be about 10 nm. As CTAB
content increases (to 0.10 g), wormlike disordered mesostructures are observed as a
dominant phase throughout the sample (Figure 6.7c and d), suggesting the
aggregation of the individual micelles, then cross-linking and self-assembly of
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Figure 6.7. TEM images of the PMO-F-C composites synthesized by the lowtemperature approach with different content of CTAB at 1.0 M HCl: 0.02 g (a, b),
0.10 g (c, d), 0.14 g (e, f), and 0.16 g (g, h), viewed along the [100] and [111]
directions, respectively.
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-hydrolyzed organosilica species. It implies that the structural transition from hollow
spheres to wormlike structures occurs during this stage. When the content of CTAB is
further increased, wormlike morphologies still exist (Figure 6.7e and f), indicating the
further cross-linking of organosilica species. When the CTAB content is increased up
to 0.16 g, an ordered mesostructure is obtained. Furthermore, the images exhibit
typical [100] and [111] projection planes corresponding to the cubic Im3m
mesostructue (Figure 6.7g and h). The pore size is ca. 8.0 nm. From these TEM
results, the structural transformation as a function of CTAB content is apparent, i.e.
the mesostructure of PMO-F-C composites gradually changes from a mesostructured
hollow sphere via a wormlike structure to an ordered cubic mesophase with increasing
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Figure 6.8. XRD patterns of the template-free PMO-F-C composites synthesized by
the low-temperature approach with different content of CTAB at 1.0 M HCl: 0.02 g
(a), 0.10 g (b), 0.14 g (c) and 0.16 g (d).
Small-angle XRD pattern (Figure 6.8a) of the template-free PMO-F-C composites
prepared with a low CTAB content exhibits two broad diffraction peaks, suggesting a
poor mesostructural regularity (worklike disordered mesostructure). When CTAB
content increases (Figure 6.8b), one diffraction peak is observed. Although the peaks
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cannot be indexed, it implies the appearance of organized mesostructures to some
extent and the cross-linking occurs between individual micelles. With further
increasing the CTAB content, more diffraction peaks are observed though they are
quite broad and difficult to be indexed, which indicates the assembly of micelles and
further cross-linking of organosilica species (Figure 6.8c). Finally, at least three
resolved diffraction peaks can be observed with a high content of CTAB (Figure 6.8d).
The four poorly-resolved diffraction peaks can be indexed to 110, 200, 211 and 220
reflections of the cubic mesostructure (space group Im3m), further confirmed by
careful TEM observations (Figure 6.7g and h), implying that the structural
transformations from hollow sphere via a wormlike mesostrucutre to a cubic
mesostructure occurs with introducing CTAB into the synthesis system.
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Figure 6.9. N2 adsorption/desorption isotherms (A) and pore size distributions (B) for
the PMO-F-C composites synthesized by the low-temperature approach with different
content of CTAB at 1.0 M HCl: 0.02 g (a), 0.10 g (b), 0.14 g (c) and 0.16 g (d).
With increasing CTAB content (from 0.02 to 0.10 g), the sharp uptake of nitrogen
by the PMO-F-C composite at a relative pressure at 0.80 ~ 0.99 shifts to lower
relative pressures (P/P0), which could be attributed to the decrease in particle packed
pores, suggesting further cross-linking and assembly of organosilica species (Figure
6.9A(a)-(c)). The adsorption isotherms of the PMO-F-C composite prepared with a
high content of CTAB (0.16 g) exhibit a typical type-IV with a H2 hysteresis loop,
implying a large caged cubic mesostructure (Figure 6.9A(d)). The PMO-F-C
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composite has a narrow pore size distribution, mainly centered at 7.3 nm. With
increasing CTAB content, the total pore volume decreases from 2.50 to 0.97 cm3·g-1,
while the BET surface area changes irregularly from 648 to 430 m2·g-1 (Table 6.1).
These results suggest that the mesophase transformation occurs with increasing
CTAB content.

6.3.3 Formation of mesostructures
Based on the above observations, we propose the formation of the PMO hollow
spheres from an assembly of individual spherical micelles. At a low-temperature, as
TMB is added to the F127 solution, the uniform droplets of TMB/F127 in water
disperse and lead to the individual micelles. Subsequently, the added BTSE molecules
hydrolyze and cross-link at the surface of the TMB/F127 micelle and then give the
composite with spherical morphology. The salting-out effect also favours the
formation of individual micelles, which could be attributed to the lower solubility of
micelles’s solution [24, 29]. As the hydrothermal temperature increases, the
crosslinking and condensation of the organosilica species enhance, resulting in the
formation of uniform PMO hollow spheres [6, 21]. Because of the individual micelle
assembly, the obtained hollow spheres are well dispersed in the solution. However, it
is expected that the dispersed spherical composites collide with each other in the
solution, which induces silicate cross-linking on the interface between the colloidal
spheres and results in the window-size pores of 3 ~ 4 nm observed from N2 sorption
isotherms (Table 6.1). The effects of low-temperature, inorganic salt and higher
hydrothermal temperatures leading to large-pore and well dispersed PMO hollow
spheres. The addition of cationic surfactant CTAB which has strong interaction with
negative silicate oligomers can enhance crosslinking and condensation of interface
silicates between individual spheres, further inducing packing and assembly of the
PMO hollow spheres. Therefore, the successive mesophase transformation from
hollow spheres via a wormlike mesostructure to cubic symmetry is achieved by
increasing the content of cationic CTAB.
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6.3.4 Adsorption of Toluene and large biomolecule BSA
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Figure 6.10. Adsorption isotherms of toluene vapour on the obtained PMO-F hollow
spheres prepared with different content of KCl at 1.0 M HCl: 0.88 g (a) and 0.30 g (b)
at 25 °C.
Toluene adsorption isotherms of the large-pore PMO-F hollow spheres with
different pore volume show similar curves, which are nearly type-IV isotherms
(Figure 6.10). A steep increase at a low relative pressure (< 0.04), corresponding to
micropore filling, is observed. In the case of the PMO-F composite prepared with a
high KCl content in a low acid medium (Figure 6.10a), after the micropores are
partially saturated, a distinct increase is observed in the adsorption at relative pressure
of 0.65 ~ 0.75 due to the filling of toluene in the mesopores. The mesopores can
gradually take up gas molecules with the increase of pressure, thus showing a gradual
adsorption increase in the isotherms. The large-pore PMO-F hollow spheres exhibit a
high adsorption capability of volatile toluene up to 7.65 mmol·g-1 (703 mg·g-1) at high
pressure (P/P0 ~ 0.97), due to its large-pore volume and pore size. It is clearly seen
that the adsorbed amount of toluene over the PMO-F composite synthesized with low
KCl content (Figure 6.10b) is significantly less than that of PMO-F composite
prepared with high KCl content in the same acid medium, with toluene adsorption
capacity amounting to 3.95 mmol·g-1 (363 mg·g-1). With the decrease of pore volume,
the adsorption capacity decreases. The high adsorption capacity for toluene could be
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attributed to the hydrophobicity of the ethylene groups embedded inside the silica
walls, which improves the affinity for toluene to a larger extent.
Table 6.1. Structure textural parameters of the mesoporous PMO-F and PMO-F-C
composites synthesized by the low-temperature approach at different conditions.
HCl
(M)

CTAB TMB KCl F127 BTSE Pore sizea1
(nm)
(g)
(g)
(g) (g) (g)

Pore
Micropore Micropore
Window Surface
b
c
a2
volume
volumed aread (m2·garea
size
1
(nm) (m2·g-1) (cm3·g-1) (cm3·g-1)
)

1.0

0

0.1

0.88 0.335 0.958 9.8/61.1

3.8

544

2.24

0.04

94

1.0

0

0.2

0.88 0.335 0.958 11.1/60.4

3.9

594

2.37

0.06

137

1.0

0

0.3

0.88 0.335 0.958 12.7/66.8

3.6

519

2.51

0.03

83

1.0

0

0.4

0.30 0.335 0.958 12.0/60.0

3.9

575

1.87

0.04

93

1.0

0

0.4

0.70 0.335 0.958 12.4/65.0

3.7

525

2.26

0.04

106

1.0

0

0.4

0.88 0.335 0.958 12.3/61.4

3.4

648

2.50

0.06

141

1.0

0

0.4

1.00 0.335 0.958 12.5/51.8

3.7

482

2.19

0.02

72

1.0

0.02

0.4

0.88 0.335 0.958 7.9/40.2

3.6

527

2.24

0

0

1.0

0.10

0.4

0.88 0.335 0.958 8.7/43.6

3.9

430

1.45

0.02

62

1.0

0.14

0.4

0.88 0.335 0.958 8.1/54.2

3.9

449

0.97

0.05

113

1.0

0.16

0.4

0.88 0.335 0.958

3.9

652

0.92

0.10

204

1.3

0

0.4

0.88 0.335 0.958 15.1/74.0

3.9

468

1.56

0.04

106

2.0

0

0.4

0.88 0.335 0.958 15.0/73.5

3.9

723

1.21

0.15

351

7.3

a1 derived from the adsorption branches of the isotherms based on the BJH model.
a2 derived from the desorption branches of the isotherms based on the BJH model.
b BET surface area calculated using experimental points at relative pressure of P/P0 = 0.05 - 0.25.
c calculated by the N2 amount adsorbed at the highest P/P0 (~ 0.99).
d calculated by t-plot method using experimental points at relative pressure of P/P0 = 0.10 - 0.20.

The encapsulation capacity for the large biomolecule BSA of the above two
composites was further studied (Figure 6.11). The dimensions of BSA are 5.0 x 5.0 x
7.0 nm, whose cross section is close to the window size (~ 4.0 nm) of PMO-F hollow
spheres [1]. It is noted that the adsorption equilibrium amount is significantly affected
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by pH value of the buffer solution. The PMO-F composite prepared with high KCl
content in a low acid medium exhibits a high adsorption capability of BSA up to 585
mg·g-1 at pH 4.7 buffer solution (same as the isoelectric point (pI) of BSA) [1], which
is higher than the values reported previously [7]. Upon increasing the pH of the
solution to 7.8, the adsorption capacity decreases to 290 mg·g-1. In contrast, the PMOF composite synthesized with a low KCl content in the same acid medium shows
lower BSA adsorption of 320 and 170 mg·g-1 at pH 4.7 and 7.8 buffer solution,
respectively. Apparently the BSA adsorbed amount on the PMO-F hollow spheres is
related with pore volume, surface area and the solution pH [1]. Though the cross
section of BSAs dimensions is close to the window size, a fairly rapid adsorption was
observed at 25 °C These results suggest that the large-pore PMO-F hollow spheres
with high pore volume are good candidates for encapsulation and delivery of large
biomolecules.
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Figure 6.11. Adsorption amount of bovine serum albumin (BSA) in the PMO-F
hollow spheres prepared with different content of KCl at 1.0 M HCl: 0.88 g (a) and
0.30 g (b) at 25 °C as a function of time in different pH value media (buffer).
6.4 Conclusions
Uniform PMO hollow spheres with large-pore sizes have been synthesized via a
low-temperature approach by using Pluronic F127 as the template in the presence of
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TMB and inorganic salt (KCl) at 15 °C. The obtained hollow spheres with
controllable diameters of ~ 12-16 nm can be well dispersed in solution and a little
aggregated in powder. By adjusting synthetic parameters, the pore size and structure
can be simply tuned. The obtained PMO hollow spheres show a high pore volume (~
2.5 cm3·g-1) and a large-pore size (up to 15.1 nm). The mesophase transformation
from hollow sphere to wormlike disordered mesostructure to ordered cubic symmetry
was achieved by the interaction of TMB/F127 micelles with a cationic template
(CTAB). The presence of ethylene functional groups in the framework endows these
materials with adsorption capacities of toluene up to 703 mg·g-1, and of protein BSA
up to 585 mg·g-1, which indicates that the PMO hollow spheres are potential
candidates for adsorption of organic compounds and biomolecules.
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CHAPTER 7

Synthesis of Ordered Meosporous Polymer-Organosilica and

Carbon-Silica Nanocomposites by the Triconstituent Co-Assembly Method

7.1 Introduction
Much progress has been made in the preparation of a new class of organicinorganic hybrid materials called periodic mesoporous organosilicas (PMOs) through
surfactant-mediated

synthesis

by

hydrolysis

and

condensation

of

bridged

silsesquinoxanes (RO)3-Si-R’-Si-(RO)3 in the last decade [1-3]. The presence of
organic functional groups in the framework is achieved in one step, which leaves pore
voids, improves the smooth accessibility of functional sites [4], and thus promotes the
use of PMOs for various potential applications such as catalysis [5-9], adsorption [1014]

and

high-performance

liquid

chromatography

[15].

Surfactant-directed

organosilica mesophases are unique in that they can be used as a precursor to fabricate
a wide range of mesostructured materials. A possibility for the transformation of
PMOs into other mesoporous materials has been first reported by Pang et al. [16]. By
heating a mesostructured phenyl-bridged PMO with crystal-like pore walls at 900 ºC
in

an

atomosphere

of

nitrogen,

they

obtained

mesoporous

carbon/silica

nanocomposites with pores walls uniformly constructed from carbon and silica units.
Mesoporous carbon could be obtained via direct carbonation of phenyl-bridged
organosilica/surfactant mesophases followed by removal of the silica components
from the carbon/silica composites. However, the regular degree of mesoporous carbon
was significantly lower, and no description on mesoporous silica fabricated from the
carbon/silica composites. Following this work, Mokaya and co-workers [17] made
some attempts to prepare mesoporous silica/carbon composites via carbonization of
ethyl-bridged organosilica/surfactant mesophases. The well ordered mesoporous silica
can be obtained by pyrolysis of the silica/carbon composites, while porous carbons
with graphitic characteristics may be generated via silica etching of the composites. It
is further demonstrated that PMO/surfactant mesophases can be used as a suitable
precursor for the direct fabrication of versatile mesoporous silica/carbon composites,
silica and carbon.
Recently, highly ordered mesoporous polymers have been reported by several
research groups, which were synthesized from organic-organic assembly of block
polymers and phenolic resins [18-22]. However, serious skeleton shrinkage arises
during the high-temperature carbonization procedure. The incorporation of a rigid
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constituent, for example silica, into organic polymeric networks can assist the organic
polymers to organize into ordered mesostructures, which is an effective way for
reduction of framework shrinkage [4, 23]. It is further shown that two or more phases
can be combined together that historically have been viewed as very different and
even incompatible. The resulting materials are more homogeneous than conventional
hybrid materials and generate remarkable and complementary properties, which
cannot be obtained in a single component [24-28]. For example, the mesoporous
polymer-silica composites are considered as innovative materials, as the composites
take advantage of the properties of both organic polymers and inorganic silica
components. Similarly, mesoporous carbon/silica nanocomposites can also improve
thermal, chemical, conductive, and mechanical properties [4].
Inspired by such one-pot fabrication of ordered mesoporous polymer-silica
composites, it would be worthwhile to devote much effort to the synthesis of organic
polymer frameworks with mesoporous organosilica/surfactant phases by manipulating
polymerization [29], as the full potential of the mesophases as ‘precursors’ for the
formation of these mesostructured materials with phenolic resins has not been fully
explored. In particular, the preparation of mesoporous silica and carbon from assynthesised mesoporous organosilica-polymer mesophases would offer a more direct
route to these materials with a reduced number of synthesis steps compared to hard
templating [17].
In this chapter, we report a triconstituent co-assembly approach to synthesize
ordered

hexagonal

mesoporous

polymer-organosilica

and

carbon-silica

nanocomposites by using resols as a polymer precursor, BTSE as an organic silicate
precursor, and triblock copolymer F127 as a template. The ordered 2D p6mm
mesostructures of hybrid polymer-organosilica nanocomposites can be maintained,
even when the BTSE content increases in the synthesis process. Our results clearly
show that the organosilicates plays an important role in the reducing structural
shrinkage during the calcination. After the removal of carbon by simple combustion
or removal of silica by HF etching from carbon-silica composites, ordered
mesoporous pure silica or carbon frameworks can be obtained. The ordered silica
products have ordered 2D mesostructures with uniform pore sizes (5.6 ~ 8.8 nm).
Furthermore, the adsorption properties of the obtained polymer-organosilica
composite for benzene were also investigated.
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7.2 Experimental
7.2.1 Preparation of resol precursors
The resol precursor (Mw < 500) was prepared according to the literature method
[19]. In a typical procedure, 0.61 g of phenol was melted at 40 ~ 42 °C in a flask and
mixed with 0.13 g of 20 wt % NaOH aqueous solution under stirring. After 10 min,
1.05 g of formalin (37 wt % formaldehyde) was added dropwise below 50 °C. Upon
further stirring for 1 h at 70 ~ 75 °C, the mixture was cooled to room temperature and
the pH value was adjusted to about 7.0 by HCl solution. After water was removed by
vacuum evaporation below 50 °C, the final product was dissolved in ethanol (20 wt %
ethanolic solution).

7.2.2 Synthesis of ordered mesoporous polymer-organosilica and carbon-silica
nanocomposites
Mesoporous polymer-organosilica and carbon-silica nanocomposites were prepared
by triconstituent coassembly of resols, oligomer silicates from BTSE, and triblock
copolymer F127 template. In a typical preparation, 0.4 g of triblock copolymer F127
was dissolved in 2.0 g of ethanol with 0.037 g of 0.2 M HCl and stirred for 1 h at 40
°C to afford a clear solution. Next, 0.44 g of BTSE and 1.25 g of 20 wt % resols’
ethanolic solution were added in sequence. After being stirred for 2 h, the mixture was
transferred into dishes. It took 5 h at room temperature to evaporate ethanol and 24 h
at 90 °C in an oven to thermopolymerize. The as-made products, flaxen and
transparent films, were scraped from the dishes and ground into fine powders.
Calcination was carried out in a tubular furnace at 350 °C for 3 h and at 900 °C for 2
h under N2 flow to get mesoporous polymer-organosilica and carbon-silica
composites, respectively, named as MP-COS-0.44BTSE and MP-CS-0.44BTSE.
“MP-COS-xBTSE” and “MP-CS-xBTSE” denote the mesoporous polymerorganosilica and carbon-silica nanocomposite samples respectively, wherein x
represents the weight of BTSE precursor during synthetics process. The heating rate
was 1 °C/min for polymer-organosilica and 2 °C/min for carbon-silica nanocomposite,
respectively.
Nanocomposites with different compositions (the mass ratios of polymer/BTSE)
could be synthesized by adjusting the content of BTSE, while keeping the other
parameters same during the synthesis. The typical samples denoted as MP-COS0.22BTSE, -0.44BTSE, and -0.55BTSE are listed in Table 7.1.
113

7.2.3 Synthesis of ordered mesoporous carbon and silica from carbon-silica
nanocomposites
After carbon-silica nanocomposites were immersed in 10 wt % HF solutions for 24
h, silicas were removed and mesoporous carbons were left. Calcination at 550 °C for
5 h in air could burn off carbons and generate mesoporous silica materials. The
mesoporous pure carbon products were named as MP-C-0.22BTSE, -0.44BTSE, and 0.55BTSE respectively, and the mesoporous pure silica products were named as MPSi-0.22BTSE, -0.44BTSE, and -0.55BTSE respectively, corresponding to their
mother composites.

7.3 Results and discussion
7.3.1

Ordered

mesostructured

polymer-organosilica

and

carbon-silica

nanocomposites
Mesostructured polymer-organosilica composites were prepared by triconstituent
co-assembly of preformed resols, organosilica oligomers from acid-catalyzed
hydrolysis of BTSE, and triblock copolymers F127 via the EISA approach [30] in
ethanol solution. Here, we take the mesoporous nanocomposite MP-COS-0.44BTSE
with the BTSE weight content of 0.44 g as an example. The as-made products are
flaxen membranes without obvious macrophase separation.
The XRD pattern for as-made polymer-organosilica composite MP-COS-0.44BTSE
(Figure 7.1a) shows one sharp diffraction peak, which is difficult to index. However,
after calcination at 350 °C in nitrogen, the product turns brown and yields three wellresolved diffraction peaks (Figure 7.1b), associated with the 100, 110, and 200
reflections of 2D hexagonal symmetry with the space group of p6mm [31]. The unit
cell parameter (a0) is reduced from 15.4 to 13.4 nm upon the calcination (Table 7.1),
reflecting a 13.0 % framework shrinkage. After being heated at 900 °C in nitrogen,
the composite becomes black. The one diffraction peak indexed to the 100 reflection
is still observed (Figure 7.1c), indicating that the ordered 2D hexagonal
mesostructured composite is thermally stable. The a0 is calculated to be 11.0 nm,
reflecting minor framework shrinkage of 28.6 %. It is much smaller than that of CFDU-15 (41.2 %) with the same p6mm symmetry but without silicates inside the
framework after heating treatment at 900 °C. This phenomenon clearly demonstrates
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that the presence of organosilica in the composite can efficiently reduce framework
shrinkage as compared to pure polymer [4, 23, 31].
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Figure 7,1. XRD patterns of mesoporous polymer-organosilica nanocomposites MPCOS-0.44BTSE: (a) as-made, (b) calcined at 350 °C, and (c) calcined at 900 °C in N2.
TEM images of the template-free mesoporous MP-COS-0.44BTSE material
calcined at 350 and 900 °C in N2 show large domains of ordered hexagonal and
stripe-like arranged arrays (Figure 7.2), clearly indicating an ordered 2D hexagaonal
mesostructure with 1D pore channels, which can be retained after calcination at 900
°C. The unit cell parameter (a0) is estimated from TEM images to be approximately
14.0 and 10.0 nm for the nanocomposites calcined at 350 and 900 °C, respectively,
which is in good agreement with the values calculated from the XRD data.
Nitrogen sorption isotherms (Figure 7.3) of the mesoporous MP-COS-0.44BTSE
composite calcined at 350 °C in N2 exhibit representative type-IV curves with a sharp
capillary condensation step at relative pressure range of 0.7 ~ 0.8, indicative of a large
uniform mesopore. A H2-type-like hysteresis loop at a relative pressure of 0.4 ~ 0.5 is
observed, implying imperfect cylinder mesochannels with a window size smaller than
5.0 nm. It may be caused by asymmetric shrinkage [32]. The polymer-organosilica
composite MP-COS-0.44BTSE has a BET surface area of 696 m2·g-1, a pore volume
of 0.67 cm3·g-1. The pore diameter is calculated according to the BJH model to be 6.9
nm. The above observations clearly demonstrates that the assembly between resol,
organosilicates precursor and F127 is not easy to form the cubic mesostructure, as
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synthesis is performed in non-aqueous solution by the EISA approach [4]. In our case,
BTSE and resol are used as the silica and carbon sources, which contain hydrophobic
organic group and makes the assembly of the organosilicate, resol species and F127
template different from that for TEOS or resol case. Therefore, it is reasonable that
2D hexagonal mesostructure is formed by using BTSE as a silica source, resol as
carbon source and F127 as a template via an EISA method.

Figure 7.2. TEM images of mesoporous polymer-organosilica nanocomposites MPCOS-0.44BTSE calcined at 350 °C (A and B) and 900 °C (C and D) in N2, viewed
from the [001] (A and C) and [110] (B and D) directions.
Similarly, the composite MP-CS-0.44BTSE after calcination at 900 °C in N2 also
exhibits typical type-IV isotherms, but displays an H1-type hysteresis loop that is
typical of mesoporous materials with cylindrical channels. The nitrogen condensation
shifts to low relative pressure (P/P0), indicating a decrease of mesopore size. These
results are consistent with the decrease of unit cell parameters calculated from the
XRD data. This phenomenon is accompanied by the change of cell unit parameters on
account of framework shrinkage during the calcination. The pore size is 3.7 nm
heated at 900 °C in N2. The BET surface area and pore volume of the MP-CS-
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0.44BTSE composite calcined at 900 °C are calculated to be 348 m2·g-1 and 0.29
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Figure 7.3. N2 adsorption/desorption isotherm (A) and pore size distributions (B) for
mesoporous composites (a) MP-COS-0.44BTSE calcined at 350 °C and (b) at 900 °C
in N2.
Table 7.1. Physicochemical properties of the mesoporous polymer-organosilica and
carbon-silica nanocomposites prepared with different content of BTSE from
triconstituent co-assembly via EISA Method.
a0

Sample

(nm)

Pore Surface

Pore

sizea areab volumec

Micropore Micropore
aread

(nm) (m2·g-1) (cm3·g-1) (m2·g-1)

volumed
(cm3·g-1)

MP-COS-0.22BTSE

polymer-organosilica

11.7 6.2

794

0.88

138

0.06

MP-COS-0.44BTSE

polymer-organosilica

13.4 6.9

696

0.67

245

0.10

MP-COS-0.55BTSE

polymer-organosilica

14.0 7.3

619

0.61

209

0.09

MP-CS-0.22BTSE

carbon-silica

9.6 5.4

1417

1.39

622

0.28

MP-CS-0.44BTSE

carbon-silica

11.1 3.7

348

0.29

30

0.01

MP-CS-0.55BTSE

carbon-silica

10.1 5.1

288

0.29

56

0.02

MP-C-0.22BTSE

carbon

5.3

1423

1.01

310

0.12

MP-C-0.44BTSE

carbon

6.3 2.5

1398

1.13

0

0

MP-C-0.55BTSE

carbon

4.9

1491

1.02

102

0.03

MP-Si-0.22BTSE

silica

13.2 8.8

218

0.55

34

0.01

MP-Si-0.44BTSE

silica

9.9 5.9

350

0.58

7

0

MP-Si-0.55BTSE

silica

9.8 5.6

411

0.54

9

0

-

a derived from the desorption branches of the isotherms based on the BJH model.
b BET surface area calculated using experimental points at relative pressure of P/P0 = 0.05 - 0.25.
c calculated by the N2 amount adsorbed at the highest P/P0 (~ 0.99).
d calculated by t-plot method using experimental points at relative pressure of P/P0 = 0.10 - 0.20.

117

29

Si MAS NMR spectrum (Figure 7.4a) of the template-free mesoporous polymer-

organosilica MP-COS-0.44BTSE composite calcined at 350 °C shows one signal at 61.8 ppm, which can be assigned to T3 [C-Si(OSi)3] site. The strong intensity for T3
signal indicates a corporation of the ethylene bridged groups into the pore walls, and
the formation of highly condensed organosilicate frameworks [33]. Another weak
resonance around -101.0 ppm ascribed to Q3 (OH)Si(OSi)3 sites of silicate is also
observed [34, 35], further suggesting that Si-C bonds are well-retained during the
synthesis process. The

13

C CP-MAS NMR spectrum (Figure 7.4b) of the template-

free sample MP-COS-0.44BTSE further reveal that the polymer-organosilica
framework is bonded covalently through the ethylene and resin polymer. The
occurrence of a strong signal at about 5 ppm is attributed to the carbons in the
ethylene group connected to Si atoms. The signals at 15, 34, 63, 129 and 151 ppm are
assigned to the polymer phenolic resins, except the weak signal at ~ 63 ppm is related
to Si-O-C bonds, suggesting the presence of resin polymeric frameworks in the
polymer-organosilica nanocomposite [36]. The signal at about 71 ppm is due to the
main-chain carbons of ethylene oxide (EO) and propylene oxide segments of Pluronic
F127, suggesting a partial residue of the surfactant template, which gives evidence on
almost complete decomposition of F127 template during reaction process [37].
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Figure 7.4. 29Si-NMR (a) and 13C-NMR (b) MAS NMR spectra for template-free
mesoporous polymer-organsilica nanocomposite MP-COS-0.44BTSE calcined at 350
°C in N2.
FT-IR spectra (Figure 7.5a) of the MP-COS-0.44BTSE composite calcined at 350
°C under nitrogen shows one intense band 1623 cm-1, which is attributed to the
asymmetric ethylene (C-C) stretching modes. The bands at 1270, 1480 and 2931 cm-1
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are attributed to the bridging ethylene C-H vibration and stretching, respectively.
These findings indicate that Si-C stability and the integrity of ethylene groups within
the silica matrix in the synthetic and calcination process. Furthermore, the sharp band
at 1098 cm-1 from Si-O-Si vibration confirms the formation of siloxane bonds. The
bands at 2931 and 1098 cm-1 are also attributed to the C-H and C-O stretching of
triblock copolymer F127 [37] and the overlap with Si-O-Si vibration [38]. The band at
3446 cm-1 is from the Si-OH groups [39]. A broad band at 3446 cm-1 and one at 1623
cm-1 are assigned to the characteristic stretching modes of phenolic resins [40, 41],
indicating that highly cross-linking phenol resin polymer networks are preserved well.
And the absorbance at 803 cm-1 ascribed to Si-OH vibration is observed. These results
further reveal the coexistence of polymer and silicate solids with ethylene bridging
groups. After calcination at 900 °C in N2, the characteristic vibration bands of
phenolic resins disappear and those of silicates are retained as shown in Figure 7.5b.
The decreasing intensity of bands at around 2931 cm-1 for the composite calcined at
900 °C under nitrogen further suggests completely decomposition of F127 template
[37].
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Figure 7.5. FT-IR spectra of the mesoporous nanocomposites: (a) MP-COS0.44BTSE calcined at 350 °C in N2 and (b) MP-CS-0.44BTSE calcined at 900 °C in
N2, respectively.
The TGA curve of the composite MP-COS-0.44BTSE after calcination at 350 °C in
N2 (Figure 7.6A(b)) displays an obvious weight loss of 40 wt % in the temperature
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range of 300 to 400 °C under nitrogen for as-made MP-COS-0.44BTSE composite.
Correspondingly, 98.5 wt % loss of pure triblock copolymer F127 occurs at the same
temperature range (Figure 7.6A(a)), which suggests that most templates can be
removed at 350 °C in N2. A weight loss of 22 wt % can be observed at 400 ~ 900 °C,
corresponding to dehydrogenation and polymerization of phenolic resins and silicate
species in the composite. Similarly, the TGA curve of the MP-COS-0.44BTSE
composite after calcination at 350 °C in N2 (Figure 7.6B(c)) shows a weight loss of 55
wt % in air between 350 and 600 °C, which is attributed to the combustion of organic
phenolic resins and ethylene bridging groups. The composition can then be given as
organics of 55 wt % and silica of 45 wt %. It may fluctuate a bit because condensation
of silicate species may also contribute to the weight loss [31]. After the calcination at
900 °C in N2, the characteristic weight loss of the MP-COS-0.44BTSE composite in
the temperature range from 500 to 600 °C is 45 wt %, and the weight residue is 55 wt
% (Figure 7.6B(d)). They are attributed to carbon compound and silica, respectively.
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Figure 7.6. TG and DTG curves (inset) recorded in N2 (A) and air (B) of triblock
copolymer F127 (a), the as-made mesoporous nanocomposite MP-COS-0.44BTSE,
(b), MP-COS-0.44BTSE calcined at 350 °C (c) and 900 °C in N2 (d).
The ratios of polymer/organosilica in the polymer-organosilica composites can be
tuned by varying the mass of BTSE in tri-constituent co-assembling process, while
keeping the other synthetic parameters unchanged. Compartively, the other two
composites with different content of BTSE after calcination at 350 and 900 °C in N2
show one sharp diffraction peak, which could be attributed to 2D hexagonal
mesostructure (Figure 7.7). As BTSE contents increases, the mesostructure regularity
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varies a little to some extent. These results also suggest that the mesoporous polymerorganosilica and carbon-silica composites are thermally stable.
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Figure 7.7. XRD patterns of the mesoporous nanocomposites prepared with different
contents of BTSE calcined at 350 °C (A) and 900 °C in N2 (B). In both (A) and (B), (a)
MP-COS-0.22BTSE, (b) MP-COS-0.44BTSE and (c) MP-COS-0.55BTSE.
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Figure 7.8. N2 sorption isotherms (A and C) and pore size distribution curves (B and
D) of the mesoporous nanocomposites calcined at 350 °C (A and B) and 900 °C in N2
(C and D). In all figures, a, b, and c correspond to the polymer-organosilica and
carbon-silica nanocomposites of MP-COS-0.22BTSE, (b) MP-COS-0.44BTSE, and (c)
MP-COS-0.55BTSE, respectively.
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All composites exhibit type-IV curves with distinct capillary condensation steps,
suggesting narrow mesopore size distributions. It is coincident with their ordered
mesostructures, confirmed by the XRD results. When BTSE contents are low, ideal
H1 hysteresis can be observed for polymer-organosilica composites (Figure 7.8A(a)),
suggesting well-ordered cylinder mesopore channels [31]. When BTSE contents are
high, obvious H2 hysteresis can be seen for the polymer-organosilica composites
(Figure 7.8A(b, c)) after calcination at 350 °C in N2, suggesting caged pore
mesostructure. It further suggests that the composites have roughly cylindrical pore
channels, probably resulting from the different shrinkage between organosilicates and
phenolic polymer resins [32]. This implies local component nonuniformity.
The BET surface area decreases with increasing the content of BTSE in the
synthesis of polymer-organosilica composites, while the mean pore sizes are similar at
range of 6 ~ 7 nm regardless of BTSE contents (Figure 7.8B). All carbon-silica
nanocomposites after calcination at 900 °C in N2 show H1 hysteresis (Figure 7.8C),
suggesting uniform mesopore channels. As BTSE contents increase in carbon-silica
composites, both BET surface areas and pore volumes decrease sharply. And the
mean pore sizes also decrease from 5.4 to 3.7 nm (Figure 7.8D).

7.3.2 Mesoporous carbon and silica materials from carbon-silica nanocomposites
The integrated frameworks with ordered 2D hexagonal mesostructure have been
synthesized by triconstituent co-assembly via the one-step EISA approach, composed
of organosilicas and polymer resins or silicas and carbons. Some interactions may
occur on the interface between the polymer and organosilica or carbon and silica, and
affect the structures and networks. To understand the structures of carbon (polymer)
and organosilica in the composites is critical for the control of triconstituent coassembly, and thus it is necessary to investigate the resultants of carbon and silica
separately. Carbon-silica composites are used as the parents. Etching with HF solution
or combustion of composites in air can remove silica or carbon, leaving carbon or
silica phases [4].

7.3.2.1 Mesoporous carbon materials
The XRD pattern (Figure 7.9A) of the mesoporous carbon material (MP-C0.44BTSE) shows one diffraction peak with unit cell parameters of about 6.3 nm,
indicative of a disordered mesostructure. Only one weak diffraction peak or none can
122

be detected in the XRD pattern (Figure 7.9A). There are two possible reasons. One is
that the carbon mesostructure has been destroyed during a large amount of silica
removal. The other may be a low XRD contrast due to voids caused by copious silica
removal and small residue of carbon.
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Figure 7.9. XRD patterns of the mesoporous carbon (A) and silica (B) samples
obtained from the corresponding omposites with different contents of BTSE calcined
at 900 °C in N2 (B). In both (A) and (B), (a) MP-CS-0.22BTSE, (b) MP-CS-0.44
BTSE, and (c) MP-CS-0.55 BTSE.
Representative TEM images of the mesoporous carbon (MP-C-0.44BTSE) derived
from the mother ocomposite MP-CS-0.44BTSE viewed from the [001] and [110]
directions, respectively (Figure 7.10A, B), further confirm a 2D hexagonal p6mm
mesostructure.
N2 sorption isotherms were measured on the mesoporous carbon materials to
evaluate their textural properties, as shown in Figure 7.11A. Mesoporous carbons
exhibit similar type-IV isotherms with distinct capillary condensation steps occurring
at relative pressures of 0.5 ~ 0.7, corresponding to narrow pore size distributions of
mesopores at range of 2.5 ~ 5.3 nm. The pore sizes are close to those of their mother
composites. These mesopores are, therefore, inherited from carbon-silica composites
due to the degradation of triblock copolymer F127 and can retain comparative large
values due to small contraction. Remarkably, a distinctly increased sorption in the
isotherm curves at relative pressure of P/Po of 0.1 ~ 0.3 is observed for mesoporous
carbons (Figure 7.11B), suggesting smaller pores with a wide distribution near 2.5 nm
(Figure 7.11B). The smaller pores are inside the pore walls caused by the removal of
silicas from the carbon-silica composites. It implies that carbon and silica phases are
separated and “homogeneously” distributed inside pore walls on nanoscale.
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Figure 7.10. TEM images of the products from the MP-COS-0.44BTSE
nanocomposite calcined at 900 °C in N2: mesoporous carbon MP-C-0.44BTSE (A and
B) and mesoporous silica MP-Si-0.44BTSE (C and D). The TEM images were
recorded along the [001] (A and C) and [110] (B and D) directions.
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Figure 7.11. N2 adsorption/desorption isotherms (A) and The pore-size distribution
(B) of the mesoporous carbon from the carbon-silica composite: (a) MP-C-0.22BTSE,
(b) MP-C-0.44BTSE, and (c) MP-C-0.55BTSE obtained after the removal of silica.
The isotherms (A) of MP-C-0.44BTSE and MP-C-0.55BTSE composites are offset
vertically by 100 and 300 cm3/g, respectively.

124

The wide-angle XRD patterns (Figure 7.12) for all mesoporous carbon-silica
composites show a broad amorphous silica peak at 2θ of about 23 °, together with a
broad diffraction peak at ~ 43 °, corresponding to the 101 reflection of graphitic
carbon materials. These results give evidence for amorphous carbon frameworks,
which may be related to the carbon precursors of phenolic resins and the low

Intensity (a.u.)

calcination temperature [4, 18].
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Figure 7.12. XRD patterns of mesoporous carbon-silica nanocomposites after
calcination at 900 °C in N2 of (a) MP-CS-0.22BTSE, (b) MP-CS-0.44BTSE, and (c)
MP-CS-0.55BTSE, respectively.
7.3.2.2 Ordered mesoporous silica materials
Burning the carbon-silica composite MP-CS-0.44BTSE at 550 °C in air brings
about the corresponding ordered mesoporous silica materials, as evidenced by
characteristics of one sharp diffraction peak in the XRD pattern (Figure 7.9B(b)) and
typical TEM images (Figure 7.10C, D) with 2D hexagonal p6mm symmetry. The unit
cell parameters of the ordered mesoporous silicas is higher than that of the
mesoporous carbons, and decreases a little as BTSE contents increase in their mother
composites (Figure 7.9B and Table 7.1). Similarly, as BTSE content increases, only
one diffraction peak can be detected for the mesoporous silica composites (Figure
7.9B). It is analogous to their mother carbon-silica nanocomposites (Table 7.1).
Type-IV N2 sorption isotherms with capillary condensation steps at a relative
pressure of 0.55 – 0.75 are observed for all mesoporous silica materials derived from
the carbon-silica composites by simple combustion at 550 °C in air (Figure 7.13A),
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suggesting a uniform pore size distribution. On comparison with their mother carbonsilica nanocomposites, the pore sizes calculated from adsorption branches for ordered
mesoporous silicas are a little larger (Table 7.1). These mesoporous silica materials
have BET specific surface areas and pore volumes ranging from 218 to 411 m2·g-1
and from 0.54 to 0.58 cm3·g-1 (Table 7.1), respectively, which are much lower than
their mesoporous carbon counterparts. The low BET surface areas may be related to
the preparation method. The removal of carbon in the carbon-silica composite was
rigorous by calcination at 550 °C in air. It may eliminate the small pores in silica
walls left by removal of carbons and condense silica frameworks [4].
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Figure 7.13. N2 adsorption/desorption isotherms (A) and the pore-size distribution (B)
of Mesoporous silica from carbon-silica composite: (a) MP-Si-0.22BTSE, (b) MP-Si0.44BTSE, and (c) MP-Si-0.55BTSE obtained after the removal of carbon. The
isotherm (c) of MP-Si-0.55BTSE composite is offset vertically by 200 cm3·g-1.
7.3.3 Adsorption of volatile benzene
All the benzene isotherms of the mesoporous polymer-organosilica composites
prepared with different BTSE contents show similar curves, which are nearly type IV
isotherms (Figure 7.14). A steep increase at low relative pressure (< 0.05),
corresponding to micropore filling, is observed. After the micropores are partially
saturated, it exhibits a sharp uptake at a relative pressure of 0.25 ~ 0.40 due to
capillary condensation of benzene in the mesopores. The mesopores can gradually
take up gas molecules with the increase of pressure, thus showing the gradual
adsorption increase in the isotherms. This may be due to the silicate layers of the
organosilicate frameworks are hydrophilic, while the polymer and ethylene groups
inside the pore walls are hydrophobic in the polymer-organosilica composite. When
the pressure is high, the interaction of benzene molecules with the ethylene- and
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phenyl- bridging groups in the polymer-organosilica framework is dominant in the
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adsorption, which attributes to an increase of the adsorption.
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Figure 7.14. Adsorption isotherms of volatile benzene on the obtained polymerorganosilica composites (a) MP-COS-0.22BTSE, (b) MP-COS-0.44BTSE and (c)
MP-COS-0.55BTSE at 25 °C.
The mesoporous MP-COS-0.22BTSE material exhibits a high adsorption capability
of volatile benzene up to 2.0 mmol·g-1 at a high relative pressure (P/P0 ~ 0.90), due to
its large surface area. With the decrease of surface area, the adsorption capacity
decreases. The mesoporous polymer-organosilica MP-COS-0.55BTSE composite
shows the lowest benzene adsorption of 1.28 mmol·g-1, suggesting that the capability
is also related to BTSE content as well as the low surface area. As more BTSE
introduced, the packing of ethylene- and phenyl- bridging groups in the polymerorganosilica framework tends to be denser and disordered, which does not favor
interaction with benzene rings by the π-π stacking, resulting in a decrease of the
amount of adsorption. It is found that there is a little fluctuation of adsorption curves
at a high relative pressure for the MP-COS-0.22BTSE and MP-COS-0.44BTSE
composites, which may arise from the equipment errors.

7.4 Conclusions
Ordered mesoporous polymer-organosilica and carbon-silica nanocomposites have
been synthesized through a triconstituent co-assembly strategy using resols and
prehydrolyzed BTSE as two organic precursors and triblock copolymer F127 as
templates via the EISA approach. The resultant polymer-organosilica nanocomposites
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show ordered 2D hexagonal mesostructures with uniform pore size (6.2 ~ 7.3 nm),
suitable surface areas (619 ~ 794 m2·g-1) and pore volumes (0.61 ~ 0.88 cm3·g-1).
With increasing BTSE content, the BET surface area and pore volume reduce for the
polymer-organosilica composites. The mesoporous polymer-organosilica nanocomposites have homogeneous interpenetrating frameworks, in which both polymer
and organosilica synergistically support the ordered mesostructure. After burning out
the carbon in the carbon-silica nanocomposites, resultant mesoporous silicas have
ordered 2D hexagonal mesostructures. The presence of phenyl-bridging groups from
resin polymer and ethylene groups in the framework endows these materials with the
adsorption capacity of benzene up to 2.0 mmol·g-1, which suggests that they are a
potential candidates for adsorption of organic compounds.
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CHAPTER 8 Conclusions and Outlook

8.1 Conclusions
As stated in the research motivation above, one important scientific issue in this
field is the control of the constitution and pore size for PMOs materials to improve the
adsorption performance of these mesoporous materials. This research project
therefore mainly consists of two parts, one is the synthesis and characterization of
large-pore PMOs with functional organic groups, and another part is the testing and
understanding of their performances on adsorption with different adsorbent. Therefore,
the conclusions are centred on these two aspects.
(1)

The large-pore (~ 9.9 nm) phenyl-bridged PMOs were facilely synthesized
by evaporation-induced self-assembly of 1, 4-bis(triethoxysily)benzene and
triblock copolymer Pluronic F127 as a template under acid conditions
combined with a mixed-solvothermal treatment. N2 adsorption/desorption
isotherms reveal imperfect mesopore channels with high surface areas (up to
1150 m2·g-1) and thick pore walls (up to 7.7 nm). The mesopores can be
expanded with the decrease of acidity, as well as the increase of F127
content. A mixed-solvothermal treatment in N, N-dimethylformamide
(DMF) and water at 100 °C was first used to improve the periodicity of the
mesopore walls, as well as increase the wall thickness. The composites
exhibit efficient adsorption capacities (2.06 mmol·g-1) for benzene,
suggesting a potential adsorbent for removal of volatile organic compounds.

(2)

The well-ordered 2D hexagonal PMOs with high content of disulfide groups
have been successfully prepared by a simple metal-ion assisted amphiphilic
surfactant P123 templating process under a strong acid condition. The
content of disulfide functional groups is up to 20 % (BTSPDS molar content
in the initial silane mixture) incorporated into the framework. The obtained
ordered mesoporous DS-PMO materials have relatively high BET surface
area (~ 580 m2·g-1), large uniform pore size (up to 6.3 nm) and thick pore
walls (thickness up to 7.1 nm), because of the long-chain disulfide bridges.
The disulfide-bridged PMO materials exhibit excellent hydrothermal
stability in boiling water for 5 days, probably due to the thick pore walls.
Excellent adsorption efficiency (~ 716 mg·g-1) for Hg2+ ions is observed,
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suggesting a potential application in removal of heavy metal ions in
wastewater.
(3)

The large-pore PMO hollow spheres with controllable pore size and high
pore volume (2.5 cm3·g-1) were successfully synthesized at a low
temperature (~ 15 °C) in the presence of inorganic salt (KCl). The PMO
hollow spheres are uniform and well dispersed, and the composites have a
large wall thickness. The pore size (9.8 ~ 15.1 nm) of the hollow spheres
can be gradually expanded by increasing TMB content together with a
relatively high acidity. By controlling the content of CTAB, successive
structural transformation from hollow sphere to wormlike mesostructure and
eventually to ordered body-centered cubic (Im3m) mesostructure is
observed. The composites exhibit efficient adsorption capacity (703 mg·g-1)
for toluene, suggesting they are a potentially useful adsorbent for removal of
volatile organic compounds. The PMO hollow spheres also show superior
encapsulation capacity (~ 585 mg·g-1) of bovine serum albumin (BSA)
molecules over other porous materials.

(4)

Ordered

mesoporous

polymer-organosilica

and

carbon-silica

nanocomposites have been synthesized through a triconstituent co-assembly
strategy using resols and prehydrolyzed BTSE as two organic precursors
and triblock copolymer F127 as templates via the EISA approach. The
resultant polymer-organosilica nanocomposites show ordered 2D hexagonal
mesostructures with uniform pore size (6.2 ~ 7.3 nm), suitable surface areas
(619 ~ 794 m2·g-1) and pore volumes (0.61 ~ 0.88 cm3·g-1). With increasing
BTSE content, the BET surface area and pore volume reduce for the
polymer-organosilica composites. The mesoporous polymer-organosilica
nanocomposites have homogeneous interpenetrating frameworks, in which
both polymer and organosilica synergistically support the ordered
mesostructure. After burning out the carbon in the carbon-silica
nanocomposites,

resultant

mesoporous

silicas

have

ordered

2D

mesostructures. The presence of phenyl-bridging groups from resin polymer
and ethylene groups in the framework endows these materials with the
adsorption capacity of benzene up to 2.0 mmol·g-1, which suggests that they
are a potential candidates for adsorption of organic compounds.
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8.2 Outlook
Since its first synthesis, PMO materials have attracted increasing research attention
in materials science because these materials can organize a wide number of chemical
units inside silica matrices with almost no limitation. The high loading rate and
uniform dispersion of a broad spectrum of organic and organometallic groups in their
frameworks endow PMO materials with unique advantages over pure mesoporous
silica, thus new materials with potential applications in non-linear optics, chemical
sensing, electro- and photocatalysis, chemical delivery, filtration, and chromatography
may arise.
There are a few key areas that should be pursued in order to expand upon and
enrich what we currently know about PMOs. A goal in the coming years will be to
convert the acquired knowledge into technical applications.
From the point of syntheses, four aspects should be considered as follows:
(1)

Expanding the synthetic approach to elemental compositions beyond
organosilicas, for example, semiconductiong mesoporous organotin sulfides
could arise from the condensation of (EtO)3Sn-R-Sn(OEt)3 precursors with
sulfide-based reagents.

(2)

The pore size effects on the adsorption should be investigated for PMOs
with different functional groups, which will provide more information about
the possibility of large molecule adsorption.

(3)

Morphology control of PMOs as fibers, films, spheres, monoliths and
patterns.

(4)

Measuring the mechanical and physical properties of the PMOs as a
function of their organic components. Further investigations of the reactivity,
chemistry, thermal stability, and transformations of PMO materials.

From the point of applications, six aspects should be considered as follows:
(1)

One of the interesting characteristics of PMOs is that their polarity, that is,
their hydrophobicity or hydrophilicity, can be tuned within a certain range by
the choice of the organic component, and hence their ability to adsorb other
materials can at least be partly controlled. The adsorption systems and
conditions should be considered according to the functional groups of
obtained PMOs materials. As the phenyl-bridged PMOs materials exhibit
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hydrophobic properties, the simulation test may be conducted in atmosphere
or water, which is an important real system.
(2)

It is possible to use chiral organic bridges. Thus, it is conceivable that new
materials based on PMOs for enantioselective chromatography and new
catalysts for heterogeneous catalysis will be developed.

(3)

The formation of PMOs with molecular periodicity in their walls advances
the development of molecular nanotechnology and nanoscience. Pioneering
research in controlling molecular self-organization would allow the use of
nanostructured materials in diverse applications and nanodevices.

(4)

If host-guest interactions based on organically functionalized mesoporous
silica phases are considered, the possibility arises to construct anisotropic
systems with interesting properties, especially with PMOs-their ability to
adsorb host-guest species that impart interesting properties should be
exploited: If organic bridges with a permanent dipole are used and care taken
that they are anchored within the pore walls with uniform orientation, they
could be the basis of quite novel materials with NLO properties. In a broad
sense, the functionalized PMOs are promising candidates as molecular
switchable porous materials and optical-electro transformers.

(5)

Particularly promising is the work of drug delivery systems that react to an
external stimulus by releasing an active compound (stimulus-response
behavior).

(6)

Investigation on the adsorption mechanism of PMOs materials with functional
groups could be considered so as to finely control the preparation of these
materials which in turn would give controlled adsorption capacity. The
mechanisms could be used to instruct the preparation of adsorbents. That
may be why even the same materials from different sources do not give even
similar adsorption performance. And it could be useful to understand the
relationship between structure, function and application.

Certainly, research on PMOs is still in its early stages. In view of the
interdisciplinary nature of the topics, the growing number of research groups involved,
and the diversity of the building blocks deployed, it is difficult to predict which
expansions of this field must be reckoned with. A fundamental question that regards
to PMOs, it must not be forgotten that the synthesis of the precursors and SDAs is
laborious and costly, in particular on an industrial scale.
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These are just a few of many topics that could play a role in the future. Finally,
various challenges still remain; however, we look ahead with excitement on the
further development of this field of research and will endeavor to make a contribution
to this development.
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ADDENDUM
p 5 line 23: Insert “One cartoon illustration of the different porous structures”:

Figure 1.2. Pore models of mesostructures with symmetries of (A) p6mm, (B) Ia3d, (C) Pm3n, (D)
Im3m, (E) Fd3m, and (F) Fm3m, as ref [17, 38, 42, 60, 61, 70, 76].
p 43 and p 44: Add “The detailed sample preparation procedures for SAXS, XRD and NMR” at
the end of line 23 and line 24, respectively:
“Prior to the experiments, the samples were grinded to fine powder, and placed into a holder.
Care must be taken to create a flat upper surface”.
“Before NMR measurements, the ground powder sample was put into a rotor”.
p 54 Figure 4.1D: “theat” for “theta”.
p 55: Add “the methods for calculating the structure parameters, such as d100, a0, and Vmicro” as
footnotes at the end of Table 4.1:
d100: the interplanar spacing, was calculated by the formula of 2dsinθ = λ (λ = 0.15418 nm).
a0: the unit cell parameter, was determined from the interplanar spacing of the (100) plane using
the formula of a0 = 2 d100/ 3 .
Vmicro: the micropore volume, was calculated by t-plot method using experimental points at
relative pressure of P/P0 = 0.10 - 0.20.
p 57, Figure 4.3, p 97 Figure 6.4, p 106 Figure 6.11: The figure captions with units blocked are
corrected without blockage.
p 58 line 24 ~ 26: Add “However, the surface area and pore volume nearly follow the decreasing
tendency with lowering F127 content.”
p 60 Figure 4.6: Cause of “the oddity for Ph-PMO-0.3-0.2 composite” in TGA:
Firstly, this oddity is due to the acid concentration. It is related to a fast condensation and crosslinking of silicates. The phenyl-bridging organosilica has a faster rate of condensation at higher
acid concentration, and accelerate cross-linking of silicates, which could lead to the more phenyl
groups incorporated into the framework.
Secondly, the stability of mesoporous materials depends on their inherent wall properties. The
oddity of Ph-PMO-0.3-0.2 composite could be attributed to the thick pore walls and the
hydrophobic surface of the framework.
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p 61 para 3: Comment on “the benefit of the mixed-solvothermal treatment”: In our case, the
water-DMF mixed-solvothermal treatment may provide a proper micro-environment to improve
the structural arrangement of organic-inorganic composites.
Comment on “the improved molecular periodicity”: In the point of phenyl-bridged
PMOs, the molecular periodicity is important to be mentioned. The molecular periodicity in the
pore walls could enhance the functionalities of PMOs in electronic, optical, and sensors.
p 61 para 3: Comparison of “benzene adsorption capacity of Ph-PMO with other available VOC
adsorbing materials”:
As reference “Res. Chem. Intermed., 2008, 34, 743-753.” reported, the benzene adsorption
amount at 30 °C for SBA-15 was ~ 0.13 mmol·g-1, titanium addition into SBA-15 resulted in the
enhancement of benzene adsorption capacity, up to ~ 0.19 mmol·g-1; As reference “Energy &
Fuels, 1998, 12, 1051-1054.” stated, the adsorption capacity of benzene on MCM-41 was ~ 2.5
mmol·g-1 at P/P0 = 0.10 and 22 °C.
So based on the above mentions, the phenyl-bridged PMO materials with the adsorption capacity
of benzene up to 2.06 mmol·g-1 could be a potential candidate for adsorption of organic
compounds.
p 63: Comment on “the difference of using benzene and N2 as the probe molecules to investigate
the adsorption properties of the Ph-PMO samples”: (1) the molecular size of benzene and N2 is
different. (2) the characterization temperature for adsorption capacity is different, with using
benzene performed at 298 K (25 °C) and N2 tested at 77 K. (3) The N2 sorption isotherms exhibit
typical type IV curves with a sharp capillary condensation step at a relative pressure range of 0.6
~ 0.8, while the benzene isotherms show nearly type IV curves with a steep increase at a low
relative pressure (< 0.04) and a sharp uptake at a relative pressure of 0.24 ~ 0.36 due to
capillary condensation of benzene molecules in the mesopores. At high relative pressure, as
benzene molecules have interaction with the phenyl-bridging groups, so an increase of the
adsorption occurs, on the contrary, N2 molecules have no interaction as that of benzene, so it
exhibits even lines at a high relative pressure.
p 72 para 2: Comment: The content of S (%) in the mesoporous framework here means the
molar ratio of thioether organic groups to TEOS, so the content of S (%) has no unit, and it was
already mentioned in line 18 on page 72.
p 74: Comment: In our case, the upper limit of the amount of disulfide incorporated for ordered
mesostructures is about 20 %, and disordered disulfide-bridged PMO materials structures
(Figure attached below) containing nearly 25 % BTSPDS could be obtained by this metal-ion
assisted method.
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p 79 line 9: “4.0 ~ 8.7 wt %” for “1.25 ~ 3.37 mmol·g-1” which is consistent with that in Table 5.2
on p 79.
p 80: Reason for “DS-PMO-20 not included in the stability study”: In this chapter, the main target
is to increase the content of disulfide organic groups in the framework as well as keep the
ordered mesostructures. The XRD results showed that up to 20 % of organic groups could be
introduced by metal-ion assistant method. That was the key point of this chapter. So not all the
samples, three of four were selected for the stability study, which could have a general idea of
the stability of the disulfide-bridged PMO materials.
p 84: Comment on “comparison of different porous materials for Hg2+ adsorbing”: As listed in
Table 5.2, the DS-PMO materials exhibit a high adsorption capability of heavy metal Hg2+ ions up
to 716 mg·g-1, compared with other mesoporous materials listed in reference [45-47].
Comment on “the advantage of the ordered porous structure in terms of adsorption”: In the
case of disulfide-bridged PMOs with long alkyl chains, with more organic groups introduced into
the framework, the ordered porous structure could provide more space or extra binding sites for
the adsorbates. On the contrary, the disordered or wormlike pores could be blocked, which is not
benefit for the adsorption of large guest molecules. Therefore, it is important to develop the new
pathway to synthesize ordered porous mesostructure with long-chain organic groups.
p 93: Comment on “characterization of the dispersity of the hollow spheres”: Dispersity means
the state or the degree of materials’ dispersion, which could be characterised by TEM technique.
And one should measure the particle size distribution by DLS (dynamic light scattering)
technique, and compare the results with TEM images.
p 95, line 1: “Figure 6.11e and f” for “Figure 6.1 e and f”.
p 103: Comment on “the existence of ‘windows’ around the hollow spheres”: The speculation on
the existence of “windows” around the hollow spheres was based on three references [20], [21],
[24] in Chapter 6, although not many data were provided to confirm the existence of “window” on
the shell of the hollow spheres. Such “windows” could also be called “smaller mesopores or
micrpores” or “secondary pores” of the hollow spheres, which can be confirmed sufficiently by N2
adsorption-desorption, TEM, HRTEM, 129Xe NMR, adsorption of guest molecules with different
molecular sizes on hollow spheres.
p 106: Comment on “the BSA adsorption, how can we tell the proteins are not just adsorbed on
the outer surface of the hollow spheres”: Currently, it is not confirmed that the guest molecules
have been loaded in the hollow cores or only in the pore channels. The adsorption capacity on
PMO hollow spheres is determined by several factors, such as pore volume, surface area, the
solution pH and electrostatic interaction between PMO surface and guest molecules. In our work,
some primary adsorption results of PMO hollow spheres were presented, and the detailed
research should be done in future.
p 126: Comment on “the VOC adsorption capacity of the mesoporous carbon materials”: As
reference “Adsorption, 2009, 15, 123-132.” reported, the adsorption capacity of xylene isomers
on FDU-15-900 carbon is up to 2.40 mmol·g-1 at 25 °C. The carbon adsorbent has a non polar
surface and the polarity of the adsorbate may play an important role for such high adsorption
capacity. In our study, the samples MP-C-0.22BTSE and MP-C-0.44BTSE have much higher
surface area compared to that of FDU-15-900 carbon composite. It is a very interesting. So the
further study for the adsorption comparison of the mesoporous carbon materials would be done
in future.
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