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Abstract

This dissertation has been focused on the synthesis and characterization of 
novel functionalized SMCs by using cationic surfactant  and co–structure 
directing agents (CSDA), the central concept of the synthesis method is to 
build proper organic/inorganic interactions by introducing CSDA into the 
synthesis system.

By using cationic surfactant as template and anionic CSDA, carboxylic 
group functionalized mesoporous silicas were successfully synthesized. Well 
ordered 2D p6mm, cubic Fm3m, mixture of CCP (Fm3m) and HCP (P63/
mmc), and cubic Fd3m  with uniform carboxylic group distribution have 
been obtained. Besides, we have investigated the Fm3m–Fd3m  type 
intergrowth and new type defects observed in the Fd3m  structure using 
transmission electron microscopy (TEM) and proposed a “polyhedron 
packing” model.

New amphoteric, inorganic amino acid with highly ordered mesopores were 
synthesized. Uniform distribution of acid and base organic groups on the 
mesopore surfaces were formed by interactions between the counter charged 
surfactant head groups and ionic parts of CSDAs. It  has been demonstrated 
that organic (–NH2 and –COOH) pairs incorporated in the mesopore walls 
behave as natural amino acids, collectively exhibiting an isoelectric point  of 
∼6.0. Moreover, we have demonstrated that  the inorganic amino acid is an 
efficient catalyst for the reaction between aldehydes and carbon 
nucleophiles.

Keywords:  Mesoporous silica  ·  Template synthesis  ·  Functionalization  ·  
Electron microscopy  ·  Defects  ·  Crystal growth  ·  Catalysis
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1D One−dimensional
2D Two−dimensional
3D Three−dimensional
AMS Anionic surfactant−templated mesoporous silica
APS (3−aminopropyl)trimethoxysilane
BCC Body−centered cubic
BET Brunauer−Emmet−Teller
BJH Barrett−Joyner−Halenda
CCP Cubic close−packed
CES Carboxyethylsilanetriol sodium salt
CFMS Carboxylic group functionalized mesoporous silica
CMC Critical micelle concentration
CSDA Co−structure directing agent
EC Electron crystallography
ED Electron diffraction
EM Electron microscopy
FCC Face−centered cubic
FD Fourier diffractogram
HCP Hexagonal close−packed
HRTEM High−resolution transmission electron microscopy
IUPAC International Union of Pure and Applied Chemistry
MCM Mobil composition of matter
MTP Multiply twinned particle
SAED Selected area electron diffraction
SBA Santa Barbara amorphous
SDA Structure directing agent
SEM Scanning electron microscopy
SMC Silica mesoporous crystal
TCP Tetrahedrally close−packed
TEM Transmission electron microscopy
TEOS Tetraethylorthosilicate
TMAPS N−trimethoxysilylpropyl−N,N,N− trimethylammonium 

chloride
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1 Introduction

During the past two decades, the development of novel mesoporous 
materials have been at the forefront  of the development of materials science, 
and therefore they are expected to find  applications in fields of catalysis, 
separation, sensor, drug delivery, and electronics, etc. This chapter is aimed 
to give a brief introduction to the background of the present thesis work, the 
synthesis, characterization and functionalization of the silica mesoporous 
crystals.

1.1 Ordered Silica Mesoporous Crystals
A porous material is a solid permeated by an interconnected network of 
pores (voids), which can be classified into several kinds by the pore size. 
According to the International Union of Pure and Applied Chemistry 
(IUPAC) notation1, microporous materials have pore diameters of less than 2 
nm and macroporous materials have pore diameters of larger than 50 nm, 
with mesoporous materials lying in between. Mesoporous materials are a 
recent  development  in nanotechnology. Regarding the advanced potential 
applications in areas such as adsorption, separation, chromatography, sensor 
design, gas storage, etc. provided by the novel nano scale spaces that can not 
be supplied by microporous crystals like zeolites, the research of 
mesoporous materials with large specific surface areas, controllable structure 
and pore architecture is currently an area of extensive research.

Mesoporous materials were developed a couple of decades ago, however, the 
applications of these materials are limited because the pore size are widely 
distributed, and the arrangement of pores is disordered. An upsurge began in 
the early 1990s with the development of ordered mesoporous silica with a 
regularly ordered pore system in the range between 2 and 10 nm which were 
independently discovered by two groups, the group at  Waseda University 
headed by K. Kuroda2 and the group working at Mobil Oil Company headed 
by C.T. Kresge3, 4.

The earlier synthesis method reported by Kuroda et al. is based on the 
intercalation of a sheet silicate, kanemite, with cationic alkyltrimethyl–
ammonium surfactants, thus the folded sheet materials (FSM−n) can be 
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formed2. However, it is much easier and more convenient  to fabricate 
ordered mesoporous silica by the method reported by Mobil scientists, that 
is, the use of supramolecular self aggregates of cationic alkyltrimethyl–
ammonium surfactants as structure−directing agent (SDA) followed by 
condensation of silica precursors to form rigid inorganic frameworks. The 
organic surfactant of the as−synthesized SMCs can be removed by high 
temperature calcination or through solvent  extraction. It  can be said that this 
template synthesis method described by the Mobile company have opened a 
completely new field of research, a lot of efforts have been devoted to these 
new materials since then.

An ordered mesoporous silica consists of a skeletal wall, which often made 
up of amorphous silica, and do not  show long range ordering in atomic scale. 
However, the mesopores are often arranged in a magnificent order in one 
−dimensional (1D), two−dimensional (2D) or three−dimensional (3D) 
topological structure. Therefore, the ordered mesoporous silica can be also 
considered as a “cavity crystal” in mesoscale − the silica mesoporous crystal 
(SMC).

1.2 Synthesis Mechanism and Strategies of SMCs
Since the discovery of the SMCs, a large number of studies have been 
carried out to investigate the formation mechanism on the basis of the 
surfactant self−assembly.

Figure 1.1. A scheme for the synthesis mechanism of SMCs proposed by scientists 
of Mobil Company4.

Figure 1.1 shows the liquid−crystal templating mechanism proposed by 
Mobil’s scientists, where the concentration of the surfactant  is high enough 
that under the prevailing conditions a lyotropic liquid−crystalline phase is 
formed and act  as the template for the mesostructure (route 1). However, it 
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has been realized that such surfactant liquid−crystalline phase could be 
formed in the synthesis mixture as the surfactant concentration is very low, 
in which the lyotropic liquid−crystalline phase does not  exist. Scientists of 
Mobil Company further proposed another route called cooperative formation 
mechanism (route 2). In this mechanism, the surfactant  liquid crystalline 
phase is formed after the addition of the silica source. The inorganic 
precursors and the surfactants are considered to form an ordered 
mesostructure by reacting together.

Figure 1.2. A scheme for the cooperative formation mechanism8.

The cooperative formation mechanism of SMCs was further developed by 
Davis et al.5, 6  and Stucky et al.7, 8 . Stucky’s theory has been widely accepted, 
which was inspired by the lamellar−to−hexagonal phase transformation  9 . 
Figure 1.2 shows the formation mechanism of MCM−41 mesostructure from 
aqueous solution of the cationic surfactant CTAB and the silica source. In the 
early stage, an ion−exchange occurs preferentially between silicate 
oligomers and CTAB in the precursor solution, and a CTA−silica complex is 
thus formed. The self−assembly of CTA−silica then happens to form a 
silicatropic liquid crystal (SLC) phase. A low−curvature lamellar phase is 
formed first  because of the highly charged silica species and the charge 
density matching. Then the negative charge density of oligosilicate is 
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dramatically reduced, as a result, the mesostructure was transformed to a 
high−curvature hexagonal one with the condensation of silicate proceeds. 
The final phase is determined by the reaction coordinate when the 
solidification of the SLC is achieved.

1.2.1 Surfactants
Surfactants are chemicals that  lower the surface tension of a liquid, allowing 
easier spreading, and lower the interfacial tension between two liquids. A 
single molecule of a surfactant is typically composed of a hydrophilic part 
and a hydrophobic part, connected by a covalent bond. Many surfactants can 
assemble in the bulk solution into aggregates, i.e. vesicles and micelles. The 
concentration that  micelles could be formed in the solution is known as the 
critical micelle concentration (CMC). 

In general, the micellar types, such as bilayer (lamellar), cylindrical 
(columnar) and spherical (micellar cubic), are well described by packing 
parameter, g = V/a0l, which is a function of the total volume of the surfactant 
chains V, the effective head group area of the surfactant a0, and the kinetic 
surfactant tail length l (Figure 1.3)10. Based on this definition, bilayer 
(lamellar) has the value of 1/2 ≤ g  ≤ 1, cylindrical 1/3 < g ≤ 1/2, and 
spherical g ≤ 1/3, where the hydrophobic tail of the surfactant takes place 
inside micelle and it is separated by hydrophilic part  from water and silica 
oligomer region for a reduction of the surface tension.

Figure 1.3. Schematic drawing of a micelle.

Micelles in lyotropic system can produce mesoscopic phases depending on 
the concentration and temperature. A typical phase diagram above the Kraft 
temperature is shown in Figure 1.4. Monomer, isolated micelle, micellar 
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cubic phase, columnar phase, bi−continuous phase and lamellar phase are 
formed with increase of the surfactant concentration.

Figure 1.4. A schematic phase diagram in lyotropic system.

The synthesis of SMCs is on the basis of surfactant self−assembly and the 
formation of SMCs has been considered to be highly dependent on the 
interaction between organic (surfactants) and inorganic (silica oligomers) 
species. Different  surfactant with different synthesis strategies can be 
employed.

Generally speaking, the frequently used surfactants can be classified into 
three categories, the cationic, anionic, and nonionic surfactants. (i) The 
cationic surfactant (S+), including a positively charged head group, i.e. alkyl 
quaternary ammonium salt, etc., have been widely used. Besides, gemini 
surfactants (two conventional surfactants are connected at their head groups 
to form a dimeric surfactant) and other multi−head group surfactants can be 
also used for the synthesis. (ii) Anionic salt surfactants (S−), which have 
negatively charged head group, including carboxylates, sulphates, 
sulphonate, phosphates, sulfates, etc., are widely produced and used because 
of their high detergency and low price. (iii) The nonionic surfactants (S0) 
also have many different chemical structures, including ethyloxide/
propyloxide diblock or triblock copolymers, alkyl polyesters, alkyl amines, 
etc., are used in industry widely due to their properties like low cost, non 
toxicity, and biodegradability.
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By using these different surfactants, various SMCs have been synthesized 
via surfactant templating route. 2D hexagonal, cubic (including micellar 
cubic and bi−continuous cubic), and lamellar SMCs (M41S family and SBA
−1, −2, −3, −7, etc.) have been prepared by using cationic quaternary 
ammonium surfactant via  S+I− or S+X−I+ routes under basic or acidic 
conditions3, 4, 10 , 11 , 12 , 13 . Nonionic surfactant  were used as templates to 
prepare SMCs with large pores (HMS, MSU, SBA−11, −12, −15, −16, FDU
−1, −5, −12, KIT−5, −6, etc.) with the S0I0 or (S0H+)(X−I+) synthesis route14, 

15, 16 , 17 , 18 , 19 , 20 , 21 , 22 . However, only lamellar or disordered mesophases 
resulted from the use of anionic surfactants with the similar to the cationic 
and non−ionic surfactant templating routes of S−I+ or S−M+I−(metal 
counterion mediated). A possible reason is that under acidic condition 
anionic surfactant could be largely protonated, while under basic conditions 
the interaction of counter−cations with surfactant and silicate ions is too 
weak. These interactions are visualized in Figure 1.5.

Figure 1.5.  Interactions between inorganic species and different kinds of surfactants 
in the formation of SMCs 23.

In 2003, Che et al. first reported a new anionic surfactant templating route to 
highly ordered SMCs by introducing an additional co−structure directing 
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agent  (CSDA), and a family of highly ordered SMCs, named anionic 
surfactant templated mesoporous silicas (AMS), were synthesized under 
different  conditions24, 25 , 26 , 27 , 28 , 29 , 30 , 31 , 32 .  Figure 1.6 shows the schematic 
strategy of the synthesis of AMS materials. Amino silane, e.g. 
3−aminopropyltrimethoxysilane (APS), or quarternary ammonium silane, 
e.g. N−(trimethoxysilylpropyl)−N,N,N−trimethylammonium chloride 
(TMAPS), are two typical CSDAs. The negatively charged head groups of 
anionic surfactants interact electrostatically with the positively charged 
ammonium sites of the CSDAs, which acts as the driving force of the 
formation of highly ordered mesostructures. The alkoxysilane groups of the 
CSDA co−condense with tetraalkoxysilane and are subsequently assembled 
to form the silica framework. It is worth noting that that the alteration of the 
charge density of the anionic surfactant and/or CSDA is an effective strategy 
for controlling the mesostructure. Various mesostructures were successfully 
prepared on the basis of this synthesis route with different surfactants and 
under various synthesis conditions. Moreover, by using this method, the 
amino group or quaternary ammonium group functionalized SMCs can be 
simply obtained by solvent extraction.

Figure 1.6. The synthesis strategy of AMS materials by using CSDA24.
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1.2.2 Mesostructure Types
As can be seen in Figure 1.4, various mesophases can be formed depending 
on the concentration of surfactant  and the temperature. Diverse 
mesostructures have been disclosed to date, which can be divided into the 
following types according to the geometry of their porous systems.

Lamellar mesostructure
A typical example of lamellar phase is MCM−50. Sheets of silica held 
adjacent  to one another, with bi−layer composed of surfactants in between. 
The removal of surfactant easily leads to a collapse of the mesostructure. 

2D columnar mesostructure (p6mm, c2mm, p2gg, p4mm)
The columnar mesophase is built  by packing of the long cylindrical micelles 
or molecules. Figure 1.7 shows the symmetry elements and the schematic 
models of mesoporous crystals of plane groups p6mm, c2mm,  p2gg and 
p4mm.

In most cases, the cylindrical micelles have a circular cross section and 2D 
hexagonal arrangement was formed, the plane group is p6mm. Typical 
materials include MCM−41, SBA−15, SBA−3, AMS−3, etc. 2D rectangular 
lattice can be obtained by the rodlike micelles aggregates with elliptical 
cross section. Centered rectangular (plane group c2mm) and 2D primitive 
rectangular (plane group p2gg) have been synthesized by using a bola−form 
surfactants with rigid chain33 and a cationic surfactant  containing imidazole 
group34, respectively. Very recently, 2D square p4mm  mesostructure was 
synthesized by using DNA molecules as template depending on a specific 
azimuthal orientation for close DNA−DNA interaction35. 

Figure 1.7. Symmetry elements and schematic models of SMCs with plane groups 
p6mm, c2mm,  p2gg and p4mm.
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Bi−continuous mesostructure (Ia3d, Pn3m, Im3m)
At present, three families of bi−continuous cubic mesostructure have been 
discovered. In the bi−continuous structures there are two disconnected but 
interwoven mesoporous networks divided by a silica wall grown along a 
continuously curved surfaces. In this kind of mesostructure, the curvature of 
hydrophilic/hydrophobic interface is low and the mean curvature is zero.

MCM−48 is the first  mesoporous solids with bi−continuous cubic structure, 
the space group is Ia3d. Typical SMCs having such structure are MCM−48, 
KIT−6, FDU−5, AMS−6, etc. The silica wall follows a gyroid minimal 
surface (G−surface). A typical mesoporous silica with bi−continuous cubic 
Pn3m  structure is AMS−1029,  following a typical diamond minimal surface 
(D−surface) in analogy to the G−surface of MCM−48. Bi−continuous cubic 
Im3m  structure was prepared by Wiesner et al,  which has a primitive 
minimal surface (P−surface)36. Figure 1.8 shows the schematic structures of 
these mesostructures.

Figure 1.8. Scheme drawing of three bi−continuous cubic phases.

Tri−continuous mesostructure (P63/mcm)
Very recently, a 3D hexagonal SMC, with a tri−continuous pore structure 
was synthesized using a specially designed cationic surfactant template. It 
consists of three identical continuous interpenetrating channels, which are 
separated by a silica wall that follows a hexagonal minimal surface (Figure 
1.9)37.

Figure 1.9. Representations of the 3D tri−continues mesoporous structure37.
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Cage−type mesostructure  (Fm3m, P63/mmc, Im3m, Pm3n, Fd3m, 
P42/mnm, etc.)
This mesostructure contains regular (or disordered) packing of the spherical 
(or ellipsoidal) micelles, the mesophase can be either isotropic micellar or 
micellar cubic. 

There are two simple regular lattices that  achieve the highest packing density 
of ~0.74 to minimize the total energy by maximizing the total packing 
entropy. They are cubic close−packed (CCP) and hexagonal close−packed 
(HCP) structures. The CCP structure can be described as A B C stacking of 
2D hexagonal close−packed layer of sphere along <111> direction of cubic 
system, and HCP is also described as A B stacking of the layer along [001] 
direction of hexagonal system (Figure 1.10). The CCP/HCP structure 
produces two kinds of space at  the interstices of the spheres. One is 
octahedrally surrounded by six spheres and the other is tetrahedrally 
surrounded by four spheres. There are one octahedral space and two 
tetrahedral spaces per sphere in CCP/HCP structure. 

Figure 1.10. Schematic drawing of the HCP lattice (left) and the CCP lattice (right). 

In the case of SMCs, these spheres (micelle) is considered as hard sphere 
with a packing parameter g  of 1/3, and the interstices of the spheres are 
occupied by silica wall, the pores are connected by small windows. The 
SMC SBA−12 has a CCP structure of the spherical micelle arranged in face
−centered cubic (FCC) symmetry (space group Fm3m). While HCP 
structure with space group P63/mmc easily makes an intergrowth with CCP 
structure, which is often observed in SBA−12 structure. Figure 1.11 shows 
the 3D representation of one unit cell of the crystal with Fm3m symmetry.
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Figure 1.11. Schematic drawing and 3D representation of the Fm3m structure.

SBA−16 has a body−centered cubic (BCC) structure, the space group is 
Im3m. The BCC structure has one lattice point in the center of the unit cell 
in addition to the eight corner points. The micelles of cage type Im3m 
structure is considered as hard spheres. Figure 1.12 shows the 3D 
representation of one unit cell of the crystal with Im3m symmetry.

Figure 1.12. Schematic drawing and the 3D representation of the Im3m structure.

On the other hand, SBA−1 (space group Pm3n) and AMS−8 (space group 
Fd3m) have bimodal cages, and the interstices of the spheres is only 
tetrahedrally surrounded, which is known as a tetrahedrally close−packed 
(TCP) structure. The TCP structure is governed by area−minimizing effect 
rather than total packing entropy of CCP/HCP structure. It  has been assessed 
that the curvature of the structures of SMCs obtained by electron 
crystallography and found that  the Gaussian curvature of the silica wall
−except  in proximity to pore openings where the curvature is always 
negative−is positive (parabolic surface) for CCP/HCP structure, and negative 
(hyperbolic surface) for Pm3n and Fd3m type structures38. Figure 1.13 
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shows the schematic drawing and 3D reconstruction results of the Pm3n 
and Fd3m type structures.

Figure 1.13.  Scheme drawing and 3D representation of the Pm3n structure and the 
Fd3m structure.

AMS−9 is another cage type SMC with multimodal cages. The structure 
follows a tetragonal symmetry and the space group is P42/mnm, there are 
five different crystallographic sites, three different cages and thirty cages in 
one unit cell (Figure 1.14)25.

Figure 1.14. Model of the arrangement of cages in AMS−925.
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Chiral mesoporous silica
The chiral mesoporous silica has been discovered in AMS system, by using 
chiral anionic surfactant as template and TMAPS as CSDA, which shows a 
chiral arrangement of 2D−hexagonally packed mesostructure and helical rod
−like morphology (Figure 1.15)28. The asymmetric molecular shape of the 
surfactant has been believed to induce the helical supermolecular 
arrangement of the surfactant, which accounts for the helicity of the 
mesopores and the morphology39, 40.

Figure 1.15. SEM image and schematic drawings of a structural model of chiral 
mesoporous silica28.

Other low symmetry mesostructures (P4/mmm, Pmmm)
P4/mmm  was synthesized by Zhao et al. by using a four−headed rigid bola
−form surfactant  as the template. By using this method they also synthesized 
mesoporous silicas of Pmmm symmetry41.

1.3 Functionalized SMCs
The combination of the organic reactions and stable inorganic substrate 
within one single material is particularly attractive and many research efforts 
have focused on synthesis such hybrid SMCs with functionalization of the 
exterior and/or interior surfaces aiming for applications in separation, 
adsorption, catalysis, sensor design, drug delivery and nanotechnology. For 
modifying the SMCs by organic groups, grafting, co−condensation and 
periodic mesoporous organosilicas (PMOs) methods have been widely used 
(Figure 1.16).

Grafting (also called post  synthesis) refers to the subsequent  modification of 
the surfactant−free SMCs by organosilanes. This process is carried out by 
reaction of  the free silanol groups on the pore surfaces with organosilanes of 
RSi(OR’)3 type in organic solvent such as toluene. In principle, by using 
different  R group, a variety of organic groups can be introduced. This 
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method of modification has the advantage that, the grafting process does not 
destroy the pore structure, the mesostructure of the starting silica phase is 
usually retained, and the amount of organic groups can be easily controlled. 
However, the organosilanes react preferentially at  the pore openings during 
the initial stages of the synthetic process, the diffusion of further molecules 
into the center of the pores could be very difficult, leading to a non
−homogeneous distribution of the organic groups within the pores and a 
lower degree of occupation. In some cases this can cause an obstruction.

Figure 1.16. Three method for synthesizing the functionalized SMCs. 

Co−condensation method (also called one−pot  synthesis) is another option. 
The functionalized SMCs can be obtained by adding silica source (such as 
TEOS) with RSi(OR’)3 type organosilanes together in the presence of 
surfactant, the organosilanes would undergo co−condensation with TEOS 
and anchor covalently in the materials. In this case, the pore blocking is not  a 
problem and the organic groups are generally more homogeneously 
distributed than that in the materials synthesized by the grafting process. 
However, the co−condensation method also has a number of disadvantages: 
the ordering of the mesostructure would be decreased with increasing 
concentration of RSi(OR’)3 in the reaction mixture, which ultimately leads to 
products with disordered channels. Normally, the content  of organic 
functionalities in the modified silica phases are always less than 40 mol%, 
and among these functional groups loaded in the materials, not all the 
functional groups are located in the surface of the pores, thus, the functional 
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groups available for the reaction is even less. Furthermore, there’s different 
hydrolysis and condensation rates of the silica sources and the organosilans, 
which is also a problem in co−condensation because the homogeneous 
distribution of different  organic functionalities in the framework cannot  be 
guaranteed. Moreover, an increase in loading of the incorporated organic 
groups can lead to a reduction in the pore diameter, pore volume, and 
specific surface areas. In addition, one must  be very careful with the co
−condensation method not to destroy the organic functionality during the 
synthesis and removal of the surfactant, which means, extraction process 
with proper solvent is needed.

Another major method, periodic mesoporous organosilicas (PMOs) have 
been synthesized by hydrolysis and condensation reactions of bissilylated 
organic precursors of the type (R’O)3SiRSi(OR’)3. Thus the organic units in 
this case are incorporated in the 3D network structure of the silica matrix 
through two covalent bonds and distributed homogeneously in the pore 
walls.

Figure 1.17.  Schematic illustration of the interactions between CSDA and head 
group of surfactant in the co−structure−directing synthesis of SMCs.

As mentioned above, Che et al. proposed a new co−structure directing 
method for synthesizing the AMS materials. Amino group or quaternary 
ammonium group functionalized AMS materials can be simply obtained by 
solvent  extraction. This method provides a wonderful way for synthesizing 
functionalized SMCs. Structurally, CSDA contains two parts, an 
alkoxysilane site that is capable of being co–condensed with a silica source, 
e.g. tetraethyl orthosilicate (TEOS), and an organic site that  is capable of 
forming electrostatic, covalent, hydrogen bonding or π−π interactions, etc., 
with the head groups of the surfactant. The interaction between the surfactant 
and the CSDA of the organosilane produces a uniform distribution of organic 
groups, and a regular array of the organic groups will be formed following 
the arrangement of the surfactant. This enables the functional groups to be 
condensed onto the pore surface in the expected ratios based on the 
stoichiometry and the geometrical arrangement of the surfactant. Compared 
to the conventional methods, the co−structure directing route shows unique 
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features in that the functional groups not only have a relatively high loading 
on the pore surface but  also homogeneously distributed without  pore
−blocking or without  being significantly buried within the silica wall. 
(Figure 1.17).

1.4 Characterization Techniques for SMCs
The SMCs are considered as “cavity crystals”, where the pores have long
−range−ordering while the frameworks are amorphous silicas. It  is very hard 
to determine the structure of the SMCs only by X−ray diffraction (XRD) 
analysis, as there are only a few broad peaks because the ordering of the 
material is very sensitive and could have various fluctuations, and sometimes 
the peaks can overlap. Besides, the SMCs are always too small to perform 
the single−crystal XRD analysis. It is very difficult  to solve mesostructure by 
the conventional characterizations for atomistic crystals. Thus the structural 
characterization of SMCs is also combined with gas adsorption technique 
and transmission electron microscopy (TEM).

1.4.1 X−ray Diffraction
The XRD technique can provide the information about the crystallographic 
structure, chemical composition and physical properties of materials using X
−rays. It is based on an interference of the elastically scattered X−rays from 
structures which have long range order. A regular array of scatterer, i.e. 
crystal or cavity, produces a regular array of spherical waves. They interfere 
with each other, and the interference can be destructive or constructive, 
determined by Bragg’s law, 2dsinθ = nλ. As the SMCs are too small to 
perform a single−crystal XRD experiment, powder XRD is usually used for 
determining the possible structure as the first step. However, the unit cells of 
mesoporous crystals are very large, the reflections appear at  very low 
scattering angles.

1.4.2 Gas Adsorption
Physical adsorption is the accumulation of molecules of a gas to form a thin 
film on the surface of a solid. SMCs are frequently characterized by 
Nitrogen adsorption−desorption method. The adsorption is usually described 
by isotherms. The amount of adsorbate on the adsorbent  is measured as a 
function of its pressure at constant temperature. Isotherm shapes can be 
classified into six types as shown in Figure 1.18. The different types show 
the microporous (type I), nonporous or macroporous (type II and III), 
mesoporous (type IV and V), while the type VI shows the step by step 
adsorption of layers. The specific surface areas is mostly measured by BET 
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(Brunauer−Emmett−Teller) model, the pore size distribution and pore 
volume of the materials are often obtained by the BJH (Barrett−Joyner
−Halenda) model.

Figure 1.18. Classification of the different types of isotherms42.

1.4.3 Transmission Electron Microscopy
The optical microscope is an instrument that  can produce enlarged images of 
small objects using lenses, so people can check the objects which are too 
small to be seen by naked eyes. The transmission electron microscope 
(TEM) is a microscope, of which the photons are replaced by electrons and  
electromagnetic lenses are used to focus electron beam on a specimen. Since 
electrons have much shorter wavelength than light, TEM can achieve much 
higher magnification and resolution. 

Figure 1.19. Ray diagram with an objective lens showing the principle of the 
imaging process of TEM.
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TEM observation is a powerful tool to get internal structure information of 
different  materials at length scales from several microns to a few ångstroms. 
Uniform electron intensity in the incident  beam is transformed into a non
−uniform intensity after scattering by the specimen. By TEM, two kinds of 
information can be obtained, one is the electron diffraction (ED), which is 
reciprocal space information, at  the back−focal plane of the objective lens, 
the other is the image, which is real space information,  at  the image plane of 
the objective lens (Figure 1.19). 

In imaging mode, high−resolution transmission electron microscopy 
(HRTEM), electron crystallography (EC), electron tomography, scanning 
transmission electron microscopy (STEM), Z contrast, etc. can be used. By 
using diffraction, select  area electron diffraction (SAED), convergent  beam 
electron diffraction (CBED), Kikuchi line, etc. can be obtained. TEM can 
also use spectroscopy techniques such as energy dispersive spectroscopy 
(EDS), electron energy loss spectroscopy (EELS), etc.

High−Resolution Transmission Electron Microscopy (HRTEM)
HRTEM is an imaging mode of TEM that  can have the resolution of atomic 
scale. The HRTEM uses phase contrast for the image formation. A phase 
contrast  image is formed from the interference of the diffracted beams with 
the direct  beam in the image plane. The incident parallel electron beam 
interacts elastically while passing through the specimen, thus the structural 
information of the specimen, both phase and amplitude, are present  in the 
exit wave. However, for TEM, the resolution is limited not  only by the 
wavelength, which is the limit of the optical microscope, but also the 
aberration of the objective lens. Unfortunately, the objective lens is not  an 
ideal one but has a lot  of aberrations such as astigmatisms, spherical 
aberrations (Cs), chromatic aberrations (Cc), which can reduce the quality of 
the images through the contrast  transfer function (CTF). If we take the weak 
phase object approximation (WPOA), the amplitude of a transmitted wave 
function will be linearly related to the projected potential of the specimen, 
the amplitudes of the crystal structure factors are proportional to the 
amplitudes of the reflections in the Fourier transform Iim(u) of the image. So 
the image intensity in real space is

Iim(xy) = 1+2σNzT(xy)*Φ(xy)

The Fourier transform of image intensity in reciprocal space is

Iim(u) = δ(u)+2σNzT(u)Φ(u)=2(λt/Ω)T(u)F(u)
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where Φ(xy) or Φ(u) is the projected potential in real or reciprocal space, T
(xy) or T(u) is the CTF in real or reciprocal space, F(u) is the structure 
factor, Nz is the number of periods in projection, σ is interaction constant. 
The CTF can be expressed as

T(u) = A(u)E(u)sin(χ(u))

where A(u) is the aperture function, E(u) is an envelope function, which 
describes the attenuation of the wave for higher spatial frequency 
components of u, χ(u) is a function of the aberrations of the electron optical 
system. 

The optimal focus is given by the condition when the first cross over and sin
(χ(u)) values have maximum values in the widest  region for the u, and it is 
known as the Scherzer focus, defined as

∆f = −(Csλ)1/2

For obtaining better resolution in HRTEM, the astigmatism, spherical 
aberrations and the chromatic aberrations should be reduced and the image 
should be taken under the Scherzer defocus, besides, CTF should be also 
corrected to get the right contrast.

Electron crystallography
Electron crystallography is a method to determine the arrangement of atoms 
or scatterers (crystal or cavity) using electron microscopy. Compare to 
conventional X−ray crystallography, electron crystallography has some 
advantages, which electrons interact  more strongly with matter, even very 
small crystal such as 2D crystals like sheets or helices, dispersed individual 
proteins, can be applied for the determination. Besides, both phase and 
amplitude information can be obtained from the electron crystallography, 
because no X−ray lens exists and X−rays cannot  be used to form an image, 
so the phase information is always lost in X−ray crystallography.

The structure factor F(hkl) may be expressed by the formula

F(hkl) = ∑ fr (hkl) e2πi(hxr+kyr+lzr)

and it is therefore a complex quantity, introducing both amplitude and phase 
of the scattered wave, it is the sum of all vector for all the atoms in the unit 
cell. The crystal potential can be calculated from the structure factor by 
inverse Fourier transformation. If both the amplitudes and phases of the 
structure factors for all reflections are known, the potential can be obtained 
by summing up a series of such cosine waves. For the SMCs, after the space 
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group was determined by taking a series of ED patterns from one crystal and 
decided by the reflection conditions, a list of the reflections needed is made 
and the directions from which the reflections can be observed are determined 
and several images are taken from these directions from the thin areas. The 
HRTEM images represents the projections of the 3D electrostatic potential 
onto a 2D plane, we can obtain the phase and amplitudes from calculating 
the Fourier transform of the HRTEM images after CTF correction. Finally by 
combining all structure factor F(hkl) from different directions, a complete 
structure factor table is made. By inverse Fourier transformation of the 
structure factors, a 3D electrostatic potential map in real space is obtained. 
The threshold value for the total pore volume of the mesoporous can be get 
from the N2 adsorption−desorption experiment.

HRTEM image simulation
HRTEM images can be calculated based on defined structural models and 
imaging conditions. The idea of simulating HRTEM images arose due to that 
sometimes we could not  go back from image to structure itself because of 
the loss of phase information or we cannot  determine the defect structure by 
images because the defects were often too small to use electron 
crystallography method. Instead, we can assume a perfect  structure, simulate 
the HRTEM image, and compare how close the simulated image resembles 
the experimental one. In this thesis, HRTEM image simulations of the 
idealized mesoporous structures were performed using dedicated software of 
MesoPoreImage43. The MesoPoreImage provides the image calculated from 
a 3D continuum model of mesoporous crystal structure. In order to adjust the 
image contrast of the simulated to that  of the observed, a parameter 
representing surface roughness44 on the pore surface was introduced.

1.5 The Aim of the Work
Nowadays, many research efforts have focused on synthesis of 
functionalized SMCs with various organic groups modifying the exterior 
and/or interior surfaces aiming for applications in separation, adsorption, 
catalysis, drug delivery, etc. It  is very important to control not only the type 
of functionality but  also the mesostructure and the arrangement  of the 
functional groups.

The co−structure directing method reported by Che et al. has opened up a 
new forefront, which can make the synthesis simple and efficient  in 
producing functionalized SMCs with a uniform distribution of the organic 
groups by the interaction between the surfactant and the CSDA.
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As the general interaction provided by the co–structure directing method, it 
is facile to generate many other systems by using different types of organic 
self–assemblies as well as different  types of CSDAs. The effective organic/
inorganic interaction could be achieved by using a negatively–charged silane 
as the CSDA, which could make it possible to produce diverse cationic 
surfactant templated mesoporous silicas. The aim of this work is synthesis 
and characterization of the SMCs by applying the co−structure directing 
method to the cationic surfactant system.
  
In chapter 2, we employed the co−structure directing method for synthesis 
carboxylic group functionalized mesoporous silicas (CFMS) by choosing the 
cationic surfactant and the negatively charged CSDA. Here, we have 
synthesized CFMSs with various mesostructures, the intergrowth and defect 
structures were studied by TEM in detail.

In chapter 3, an inorganic amino acid with highly ordered mesostructure 
were formed by co−structure directing method, choosing cationic surfactant, 
anionic surfactant or the mixture surfactants as template and two kinds of 
CSDAs. In this chapter, the synthesis, characterization and the catalytic 
performance of the material were discussed.
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2 Carboxylic Group Functionalized 
Mesoporous Silicas (CFMSs)

2.1 Introduction
SMCs functionalized with carboxylic group has a negatively charged surface 
in neutral to basic environments. The carboxylic group functionalization is  
capable of removing cationic species from aqueous solution, in addition, the 
carboxylic groups in the pore structure may serve as anchor sites for 
biomolecules and for polypeptide syntheses. Thus the carboxylic group is a 
particularly useful functionality for many applications especially in life 
sciences.

The carboxylic group functionalization was normally achieved via a co
−condensation method, the introduction of −CN groups was followed by an 
oxidation process which converted the −CN groups to −COOH groups1, 2 , 3, 4 . 
Recently, Lin et al. have reported a direct  synthetic method that  can fine tune 
the amount of carboxyl groups on the pore surface of MCM−41 type SMC 
by using organotrimethoxysilane which contains carboxylic group5.

However, only 2D hexagonal p6mm  mesostructure was obtained so far, 
while the 3D channel network of SMCs is much more desirable for catalytic 
applications than 2D channel materials.

As the anionic surfactant used in the synthesis of AMS may reverse its sign, 
and the effective organic/inorganic interaction could be achieved by using 
cationic surfactant and negatively−charged organosilane as the CSDA. 

Herein, we successfully synthesized CFMSs with various mesostructures by 
using co−structure directing method. The traditional cationic surfactant 
cetyltrimethylammonium bromide (CTAB) and gemini cationic surfactant 
with two head groups [C18H37N(CH3)2(CH2)3N(CH3)3]Br2 (C18−3−1) were 
used as template, carboxyethylsilanetriol sodium salt (CES) was used as 
CSDA. Besides, the structural intergrowth, stacking faults and defect 
structures were studied in detail by HRTEM.
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2.2 Experimental Section

2.2.1 Synthesis

Chemicals
All materials were used as purchased without  further purification. Tetraethyl 
orthosilicate (TEOS; from SCRC, China), cetyltrimethylammonium bromide 
(CTAB; from SCRC, China), N,N−dimethyl−n−octadecylamine (from TCI, 
Japan), (3−bromopropyl) trimethylammonium bromide (from Aldrich, 
USA), carboxyethylsilanetriol sodium salt (CES; from Gelest, UK).

Surfactant Preparation
The Gemini surfactant [C18H37N(CH3)2(CH2)3N(CH3)3]Br2 (C18−3−1) was 
synthesized by the reaction of N,N−dimethyl−n−octadecylamine with 
(3−bromopropyl) trimethylammonium bromide, N,N−dimethyl−n−octa
−decylamine (0.5 mol) was added to (3−bromopropyl) trimethylammonium 
bromide (0.75 mol) in acetone (400 mL). The reaction mixture was stirred 
for 7 days under reflux condition. The product  was decanted and purified by 
recrystallization from an acetone solution. The resulting product  was 
separated by filtration and dried under vacuum for several hours at 60 °C.

Synthesis of CFMSs
CFMSs were synthesized under various conditions using CTAB or C18−3−1 as 
template, TEOS as silica source and CES as CSDA. The synthesis was 
performed as follows: the cationic surfactant, distilled water and HCl were 
mixed to give a homogeneous solution at room temperature. A designed 
amount of CES and TEOS were added at room temperature and stirred for 2 
h and then allowed to react at 100 °C under static conditions for designed 
times. The resultant white precipitates were filtered and dried overnight 
under vacuum at room temperature. Surfactant molecules were extracted 
without  losing the functionality using a tetrahydrofuran (THF) solution of 
HCl (0.5 g of as−synthesized material in 100 mL THF solution of 1 M HCl) 
for 12 hours at boiling temperature.

2.2.2 Characterization

Powder X−ray Diffraction
Powder XRD patterns were recorded on a Rigaku X−ray diffractometer D/
MAX−2200/PC equipped with Cu Kα radiation (40 kV, 20 mA) at a 
scanning rate of 0.1 deg. min−1 over the range of 1−6o (2θ). 
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Scanning Electron Microscopy (SEM)
The microscopic features of the sample were observed with a JEOL JSM
−7401F instrument  without  metal coating. Negative bias was applied on the 
sample stage in order to reduce the interaction volume and charge up effect 
(Gentle Beam mode). 

Transmission Electron Microscopy (TEM)
For TEM observations, the sample was crushed in an agate mortar, dispersed 
in ethanol, and dropped onto a thin carbon film on a Cu grid. HRTEM 
analyses were performed with a JEOL JEM−3010 microscope operating at 
300 kV (Cs = 0.6 mm, point resolution 1.7 Å) and a JEOL JEM−2100 
microscope operating at  200kV (Cs=1.4mm, point  resolution 2.5 Å). Images 
were recorded with a charge−coupled device (CCD) camera (Gatan 
MultiScan CCD camera model 794, 1024×1024 pixels, pixel size 24 mm) at 
50000−80000 times magnification under low−dose conditions. 

Nitrogen Adsorption−Desorption
The nitrogen adsorption−desorption isotherms were measured at 77 K with 
Quantachrome Nova 4200E. The surface area was calculated by the 
Brunauer−Emmett−Teller (BET) method and the pore size was obtained 
from the pore size distribution curve calculated by the Barett−Joyner
−Halenda (BJH) method using the desorption branch of the isotherm.

Fourier Transform Infrared Spectroscopy
Fourier transform infrared (FTIR) spectra were recorded on Perkin−Elmer 
Paragon 1000 spectrometer with a resolution of 2 cm−1 using the KBr 
method.

Solid−State NMR Spectroscopy
The direct information of the functional group was obtained by 13C CP/MAS 
NMR spectrum. The NMR spectrum was measured on a MERCURYplus 
400 spectrometer at 100 MHz and a sample spinning frequency of 3 kHz. 

Elemental Analysis
The loading of the functional groups were characterized by the elemental 
analysis of the materials, obtained from a Perkin−Elmer Series II CHNS/O 
Analyzer 2400.

2.3 Synthesis of CFMSs
The synthesis of CFMSs is based on the co−structure directing effect 
imparted by a commercially available organosilane with carboxylate groups 
(Si(OH)2(ONa)CH2CH2COONa, CES), as described in Paper II. The 
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positively charged head group of the cationic surfactant interacts 
electrostatically with the negatively charged carboxylate site of CES, 
through double decomposition of the cationic surfactant salt and the CES 
carboxylate salt. The triol site of CES is co−condensed with the silica source 
TEOS, to be assembled subsequently to form the silica network. Since CES 
is a strong base for the sodium alcoholate group that  is favorable for the 
condensation of alkoxysilane without any addition of base. After removal of 
the cationic surfactant by exhaustive solid−liquid extraction using HCl, the 
carboxylic groups will remain on the surface of the mesopore.

2.3.1 CFMSs Synthesized with CTAB
The 2D hexagonal p6mm mesostructure was obtained by using CTAB as 
template. The XRD patterns of the extracted CFMSs synthesized with 
different  CES/CTAB molar ratios are shown in Figure 2.1. The diffraction 
pattern of the materials synthesized with CES/CTAB molar ratios of 1 shows 
highly ordered 2D hexagonal mesostructure, the three well−resolved peaks  
with a 1 : √3 : 2 d−spacing ratio can be indexed to the 10, 11 and 20 
reflections of a hexagonal structure with unit  cell parameter a = 43 Å. The 
samples synthesized with CES/CTAB molar ratio of 2 and 3 show similar d 
spacing, however, the intensity of the peaks were slightly decreased. When 
the proportion CES/CTAB was increased to 4, the patterns exhibited only a 
single broad peak, suggesting the decrease in the order of mesostructure.

Figure 2.1. XRD pattern of extracted CFMSs by using CTAB as template. The 
reaction molar composition was CTAB : CES : TEOS : H2O 1 : x : 7 : 2000, where x 
= (a) 1, (b) 2, (c) 3 and (d) 4.
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Figure 2.2 shows HRTEM images and correspond Fourier diffractogram 
(FD) of the sample synthesized with CES/CTAB = 1, clearly revealing the 
2D hexagonal pore arrangement and the long−range mesopore architecture. 

Figure 2.2. HRTEM images and FD of the extracted CFMSs by using CTAB as 
template, the molar composition of this sample was CTAB : CES : TEOS : H2O 1 : 
1 : 7 : 2000. (a) top view and (b) side view.

Figure 2.3. Nitrogen adsorption−desorption isotherms and corresponding pore size 
distribution curves of the extracted samples shown in Figure 2.1.

Nitrogen adsorption−desorption isotherms of CFMSs synthesized by CTAB 
show typical type IV isotherms with an evident hysteresis loop in the range 
of P/P0 = 0.35 − 0.45 (Figure 2.3). The specific surface area, pore volume 
and pore diameters of the CFMSs are listed in Table 2.1. The samples 
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exhibited high BET specific surface area (~1000 m2g−1), high total pore 
volume (~1.0 cm3g−1) and pore diameter of ~3 nm.

Table 2.1. Porous properties of CFMSs synthesized with CTAB.

CES/CTAB
(mol)

SBET
(m2 g−1)

Pore Volume
(cm3 g−1)

Pore Size
(nm)

1 973.98 1.08 3.23

2 1014.82 1.03 2.92

3 976.88 0.99 2.96

2.3.2 CFMSs Synthesized with C18−3−1

The Gemini surfactant  C18−3−1, which has two head groups and one tail, 
makes the effective area of the critical packing parameter larger than normal 
surfactants such as CTAB, leading to the formation of the 3D structures.

Figure 2.4. XRD pattern of extracted CFMSs by using C18−3−1 as template. The 
reaction molar composition was C18−3−1 : CES : TEOS : H2O 1 : x : 15 : 2000, where 
x = (a) 1, (b) 2, (c) 4, (d) 8, (e) 10 and (d) 14.

Figure 2.4 shows the XRD patterns of the extracted CFMSs synthesized by 
using C18−3−1. Well ordered mesostructures were obtained at a large scale of 
CES/C18−3−1 molar ratio. It  can be observed that the d111 spacing of the 
samples was slightly decreased with an increase in the proportion of CES. 
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The mesostructures were a mixture of CCP (space group Fm3m) and HCP 
(space group P63/mmc), the three well−resolved peaks can be indexed to the 
111, 220 and 311 reflections. When the molar ratio of CES/C18−3−1 was over 
10, the ordered mesostructure was destroyed.

Figure 2.5. Nitrogen adsorption−desorption isotherms and corresponding pore size 
distribution curves of the extracted samples shown in Figure 2.4.

Table 2.2. Porous properties of CFMSs synthesized with C18-3-1.

CES/C18−3−1
(mol)

SBET
(m2 g−1)

Pore Volume
(cm3 g−1)

Pore Size
(nm)

1 622.86 0.65 3.24

2 635.71 0.69 3.21

4 790.16 0.80 3.24

8 1043.53 1.19 3.24

Nitrogen adsorption−desorption isotherms of CFMSs synthesized by C18−3−1 
show typical type IV isotherm with hysteresis loop in the range of P/P0 = 
0.35 − 0.5 (Figure 2.5). The samples exhibited high BET specific surface 
area (600−1000 m2g−1), total pore volume (0.6−1.2 cm3g−1) and pore 
diameter of ~3.2 nm. It is worth noting that the samples synthesized at 
higher CES/C18−3−1 show larger surface area and pore volume, considering 
the d111 spacing decreasing and the similar pore diameter, suggesting the 
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formation of thinner framework wall.  The specific surface area, pore volume 
and pore diameters of the CFMSs are listed in Table 2.2.

2.3.3 Acid Triggered Mesostructure Transformation
In the AMS synthesis system, It has been well recognized that  the 
mesostructure could be controlled of organic/inorganic interface curvature 
by ionization degree of anionic surfactant. For the CFMSs system, the 
packing of cationic surfactant  could be alternated through the charge density 
control of the carboxylate site of CES on the wall surface. The carboxylic 
acids are weak acids, with a pKa of about 1–5. Therefore, the equilibrium 
can usually be reached between the uncharged and the negatively charged 
carboxylate molecules in the solution. The ionization of CSDA can be easily 
controlled by an amount of additional acid (e.g. HCl), which causes 
differences in the charge density of the wall surface and alters the 
arrangement  of the surfactant. The XRD patterns of the extracted 
mesoporous silicas synthesized using different HCl/CES molar ratios are 
shown in Figure 2.6.

Figure 2.6. XRD pattern of extracted CFMSs by using C18−3−1 as template. The 
reaction molar composition was C18−3−1 : CES : HCl : TEOS : H2O 1 : 2 : x : 15 : 
2000, where x = (a) 0, (b) 1.2, (c) 1.9, (d) 2.0, (e) 2.1, and (f) 2.4.

With increasing the amount  of HCl in the synthesis system, structural change 
from a mixture of CCP(Fm3m) and HCP(P63/mmc) (HCl = 0−1.9) to 
Fd3m  (HCl = 2.1−2.4) structure occurs. Figure 2.7 shows HRTEM images 
of the CFMSs synthesized at HCl = 1.2, 1.9, 2.1 and 2.4. Figure 2.7a and 
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2.7b show intergrowth of CCP (Fm3m) and HCP  (P63/mmc), where both A 
B C (for CCP) and A B (for HCP) stacking sequences were observed. The 
stacking faults make streaks along the [111] stacking direction in the FDs. 
Figure 2.7c shows the [110] direction of Fd3m  structure with several 
stacking faults. Figure 2.7d shows the TEM image of the sample synthesized 
at HCl= 2.4, where small domain  Fd3m structure was observed.

Figure 2.7.  HRTEM images and their FDs of the (a) Fm3m structure ([110] 
direction), (b) Fm3m structure ([110] direction), (c) Fd3m structure ([110] 
direction) and (d) small domain Fd3m structure.  The reaction molar composition 
was C18−3−1 : CES : HCl : TEOS : H2O 1 : 2 : x : 15 : 2000, where x = (a) 1.2, (b) 
1.9, (c) 2.1 and (d) 2.4.

Interestingly, we found the intergrowth of the Fm3m  and Fd3m  structure 
in the intermediate phase (HCl = 2.0) with stacking faults and defects, which 
will be discussed later in Section 2.4.

2.3.4 The Effect of Surfactant Concentration
As shown in Figure 2.4, the mixture mesostructure of CCP (Fm3m) and 
HCP (P63/mmc) were formed by using C18−3−1 as template. However, the 
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pure Fm3m mesostructure was achieved under extremely low reactant 
concentration, starting with a clear solution. Figure 2.8 shows the XRD 
patterns of the extracted CFMSs synthesized under different  concentration of 
C18−3−1. The XRD pattern of sample synthesized at  H2O = 8000 shows two 
well−resolved peaks in the region of 2h = 1.5−2.0o, which were indexed as 
111 and 200 reflections of Fm3m symmetry, and three additional weak 
peaks in the range of 2.0–3.5o were indexed as 220, 311 and 222 reflections.

Figure 2.8. XRD pattern of extracted CFMSs by using C18−3−1 as template under 
different concentration.  The reaction molar composition was C18−3−1 : CES : TEOS : 
H2O 1 : 1 : 15 : x, where x = (a) 2000, (b) 4000, (c) 8000 and (d) 12000.

Figure 2.9 shows HRTEM images of the extracted material synthesized at 
H2O = 8000 with their FDs, taken along the [100], [100] and [111] direction 
of the Fm3m structure, respectively.

Figure 2.9. HRTEM images and their FDs of the Fm3m structure,  (a) [100] 
direction, (b), [110] direction and (c) [111] direction.
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It  is known that  HCP structure has the same packing density and easily 
makes an intergrowth with CCP structure, and the HCP domain is often 
found in HRTEM images in the literature as random mixtures of both SBA
−2 and SBA−12. In comparison with these, our sample synthesized showed 
overwhelming CCP over HCP stacking.

2.3.5 Characterization of the Typical CFMSs
It  has been found that the traditional Ethanol−HCl solution was not 
appropriate for the removal of the cationic surfactant from CFMSs, because 
an esterification reaction easily occurs when the carboxylic groups of CSDA 
are refluxed with HCl at  the boiling point of EtOH. In particular, a 
tetrahydrofuran(THF)−HCl solution has been chosen for the extraction. 
Figure 2.10 shows the  13C MAS NMR spectra of the CFMSs after extraction 
by Ethanol−HCl and THF−HCl, respectively. As shown in Figure 2.10a, 
ester was formed and the surfactant cannot be completely removed (marked 
with *), however, the surfactant  molecules were totally removed and 
carboxylic groups were present on the surface of the mesopores by using 
THF−HCl method (Figure 2.10b). All the CFMS samples reveal similar  
NMR spectra.

Figure 2.10. 13C MAS NMR spectra of the CFMSs extracted by (a) Ethanol−HCl 
and (b) THF−HCl. The molar composition was CTAB : CES : TEOS : H2O 1 : 1 : 7 : 
2000.

The existence of  the functional group can be further confirmed by the FTIR 
spectrum (Figure 2.11). The band appearing at 1720 cm−1 corresponding to 
the C=O stretching vibration, which demonstrates the existence of the 
carboxylic acid. All the CFMSs reveal similar  IR spectra.
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Figure 2.11.  FTIR spectrum of the CFMS extracted by THF−HCl. The molar 
composition was CTAB : CES : TEOS : H2O 1 : 1 : 7 : 2000.

Figure 2.12. Nitrogen adsorption−desorption isotherm and corresponding pore size 
distribution curves of the typical extracted CFMSs. The reaction molar composition 
was (a) C18−3−1 : CES :  TEOS : H2O 1 : 1 : 15 : 8000, (b) C18−3−1 : CES :  HCl : 
TEOS : H2O 1 : 2 : 1.2 : 15 : 2000 and (c) C18−3−1 : CES :  HCl : TEOS : H2O 1 : 2 : 
2.1 : 15 : 2000.

Nitrogen adsorption−desorption isotherms of three typical CFMSs (Fm3m, 
Mixture of Fm3m  and P63/mmc, Fd3m) are shown in Figure 2.12. All the 
samples show type IV isotherm with an evident  hysteresis loop in the range 
of P/P0 = 0.35–0.5. The samples exhibited high BET specific surface areas 

!
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(640−700 m2 g−1), total pore volumes (0.63−0.71 cm3 g−1) and pore 
diameters (~3.23 nm).

Quantitative determination of the functional groups was carried out  by CHN 
elemental chemical analysis. The loading level of carboxylic group was 
calculated by the carbon content.

In Table 2.3 are listed the porous properties and carboxylic group loading of 
the typical CFMSs. However, we made a mistake on calculating the loading 
of carboxylic group in Paper II, the correct data are listed in Table 2.3.

Table 2.3. Typical synthesis conditions, porous properties and carboxylic group 
loadings of various CFMSs.

Surfactant Mesostructure
(space group)

SBET
(m2 g−1)

Pore Volume
(cm3 g−1)

Pore Size
(nm)

COOH Loading
(mmol m−2)

a Fm3m 693.82 0.72 3.23 0.00070

b C18−3−1 Fm3m & P63/mmc 645.34 0.63 3.23 0.00146

c Fd3m 660.60 0.65 3.23 0.00183

d CTAB p6mm 973.98 1.08 3.23 0.00101

2.4 Structural Study of CFMSs

2.4.1 Morphological Study of Fm3m Structure.
Interestingly, SEM images of the CFMSs synthesized under low surfactant 
concentration showed unusual morphologies from the point−group 
symmetry m3m  expected from the space−group symmetry Fm3m (Figure 
2.13). 

Such morphologies can be categorized into two types: “plate” and 
“polyhedron”. The “plate” type normally showed a triangular shape 
truncated at  its vertices. For the “polyhedron” type, icosahedral was typically 
observed. The morphologies are known as the remarkable feature of FCC 
crystals. A “plate” can be the presence of single twinning of tetrahedral/
octahedral single FCC crystal (Figure 2.14a), whilst  particular “polyhedrons” 
can be multiply−twinned particles (MTPs), shown in Figure 2.14b, c and d 
(Paper I). 
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Figure 2.13.  SEM images of the sample synthesized from the molar composition of 
C18−3−1 : CES :  TEOS : H2O 1 : 1 : 15 : 8000.

Figure 2.14. Schematic representations with Miller indices for the morphologies 
discussed. a) Triangular plate type; the dotted line represents a twin boundary. b)  
The MTP model A. c) The MTP model B which is a part of model A. d) The MTP 
model C, where the numbers specify the multiplicity of the twinning starting with 
the tetrahedron at the bottom6.

The MTP model was first  proposed by Ino in the 1960s for abnormal 
particles which were observed in thin gold films formed by evaporation on 
sodium chloride and potassium chloride in ultrahigh vacuum6. In the models, 
tetrahedra surrounded by four (111) faces are accumulated one after another 
on a growth nucleus with (111). Three types of model were proposed for the 
observed morphologies, respectively. Figure 2.14b shows the MTP model A, 
the tetrahedron OABC, which is surrounded by four (111) surface, acts as a 
nucleus with ABC face parallels to the substrate surface. The tetrahedrons 
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LOCA, FOAB and IOBC are piled up on the OCA, OAB and OBC faces of 
the tetrahedron OABC, respectively. These three tetrahedron piled up 
directly on the nucleus tetrahedron OABC by twinning relationships, so they 
are “primary twins”. Another six tetrahedrons DOLA, EOAF, GOFB, 
LOKC, JOIC and IOBH, are piled up on the (111) faces of the primary twins, 
so they can form “secondary twins”. So the MTP with hexagonal 
morphology can be observed. The MTP model B is shown in Figure 2.14c. 
Five tetrahedrons OABC, OABF, OAEF, OADL and OACL are forming one 
twinned crystal. These five tetrahedrons arranged to an incomplete particle 
with five−fold symmetry about the OA axis. By tetrahedron stacking, there 
must be a gap between EAO and DAO, because 70.5o × 5 = 352.5o. 
However, this gap could be equally shard to other four twin boundaries, so 
the uniformly distributed five tetrahedrons can form a pentagon like particle 
with five−fold symmetry. Figure 2.14d illustrates the MTP model C. After 
the MTP model A is formed, six tetrahedrons are piled up on the (111) faces 
of the secondary twins in the model A, forming “tertiary twins”. In addition, 
three tetrahedrons can be further piled up on the three (111) faces of tertiary 
twinned tetrahedrons, forming the “quartic twins”, and at last one 
tetrahedron can be piled up on the (111) faces of the quartic twins, forming  a 
“quintic twin”. Thus, twenty tetrahedrons, including one nucleus, three 
primary, six secondary, six tertiary, three quartic and one quintic twins will 
nearly form an icosahedron shape particle.

Additionally, we have obtained the HRTEM image from a particle of MTP 
model C, which has a five rotational symmetry, at the vertex of a decahedron 
particle composed of five tetrahedrons synthesized by slightly adjusting the 
CES/surfactant  ratio, to 0.8 (Figure 2.15). Each domain is aligned along one 
of the [110] directions sharing {111} planes with each other. The particle 
gives 10−fold symmetry in the diffraction pattern like quasi−crystal.

Figure 2.15. HRTEM and the schematic drawing of the sample synthesized from the 
molar composition of C18−3−1 : CES : HCl : TEOS : H2O 1 : 0.8 : 0 : 15 : 8000.
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Synthesis under low concentration conditions would make micelles in the 
solution more diffusive, and crystallization more kinetically controlled. 
Although the formation energy of CCP stacking would be expected to be 
close to that  of HCP stacking, our results suggested that  micelles prefer to 
stack not by HCP but by CCP.

2.4.2 Polyhedron Model of Fd3m
As discussed in Section 1.2.2, the Fm3m is a hard sphere packing structure 
that achieves the highest average density by minimizing the total energy by 
maximizing the total packing entropy. While the Fd3m  is a TCP structure 
formed by soft sphere packing, the spheres make interface with adjacent 
spheres and become polyhedra, which is governed by area−minimizing 
effect.

Figure 2.16 shows HRTEM images and FDs of Fd3m  type structure along 
the [100], [110], [211], and [111] directions.

Figure 2.16. HRTEM images and FDs of the Fd3m type structure, the image was 
taken from (a) [001] direction, (b) [110] direction, (c) [211] direction and (d) [111] 
direction. The material was synthesized as described in Paper V.
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A 3D reconstruction of the structure was conducted on the basis of the 
analysis of FDs taken from TEM images. The electrostatic potential density 
map of Fd3m  was obtained by taking inverse Fourier summation of these 
crystal structure factors (Figure 2.17). The Fd3m has a bimodal structure, 
containing eight  large cages and sixteen small cages in one unit  cell. The 
large cages are arranged in a diamond structure 8b site (Wyckoff position 
with site symmetry43m) and the small cages are in between the small 
cages, that is, in a 16c site (Wyckoff position with site symmetry3m).

Figure 2.17. 3D reconstruction of the unit cell of Fd3m type structure viewed in 
perspective along the [100] (top left), [110] (top right) and [111] (bottom) directions.

In Fd3m type structure, the spherical micelle makes an interface with the 
next  micelles and becomes a polyhedron instead of the perfect  sphere. Figure 
2.18 shows four types of polyhedra, 512, 51262, 51263, and 51264, which 
construct TCP structures, introduced for intermetallic compounds by Frank 
and Kasper7, 8 .
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The structure of SBA−1 or SBA−6 (Pm3n) is isostructure as clathrate type I 
(A3B) with 512 and 51262 building units9. As shown in Figure 2.19a, Pm3n 
consists of four 512 polyhedra arranged in BCC (Wyckoff 2a site), and six 
51262 polyhedra form three sets of interlocking columns (Wyckoff 6c site). 
The Fd3m  type structure is the structural analogue of clathrate type II. The 
structure is also described by polyhedron model, which comprises sixteen 
small 512 polyhedra and eight  large 51264 polyhedra in a unit cell. The 51264 
polyhedra correspond to the large cages and the 512 polyhedra correspond to 
the small cages. The 51264 polyhedra connect  to four 51264 polyhedra and 
twelve 512 polyhedra, and the 512 polyhedra connect to six 51264 polyhedra 
and six 512 polyhedra (Figure 2.19b). It is generally accepted clathrate type I 
and II are stabilized by minimizing boundary energy between silica and gas 
or water molecules.

Figure 2.18. The four types of polyhedron that can form the TCP structures.

Figure 2.19. Representations of (a) the Pm3n structure and (b) the Fd3m structure 
by polyhedron model.

The structure of Fd3m  is also described as a stacking of two kinds of layer 
made of these two polyhedra along the <111> direction. One layer is made 
up of only 512 polyhedra arranged in a Kagomé net, which are typical in 
Laves phases (we will call the layer A, B, or C). The other has 512 and 51264 
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polyhedra (we will call the layer α, β, or γ and their mirrors are denoted by 
α’, β’, or γ’). 

Figure 2.20. HRTEM image taken from the [110] direction and the structural 
description of the Fd3m type structure with polyhedra.

The magnified HRTEM image of the Fd3m  type structure is shown in 
Figure 2.20. From the HRTEM image, an A α B β C γ stacking sequence with 
several stacking faults can be observed. TEM image simulations of the 
idealized mesoporous structures were performed by using the dedicated 
software MesoPoreImage10. MesoPoreImage provides images calculated 
from a 3D continuum model of mesoporous crystal structures. To adjust the 
image contrast of the simulated to that  of the observed, a parameter 
representing surface roughness11  on the pore surface was introduced. The 
simulated TEM image for a twin, which is shown in a white rectangle in 
Figure 2.20a, agrees very well with the observed HRTEM image. The 
position and size of each cage used for image simulation are listed in Table 
2.4, in which a cage corresponds to a mesopore that  is occupied by the 
surfactant before calcination. For simplification, all cages were assumed to 
be perfect  spheres instead of polyhedra, and each sphere can overlap 
neighboring spheres if necessary. The model of the Fd3m  type structure 
made up of polyhedra is overwritten onto the image. The contrast of the 
model dovetailed nicely with the observed HRTEM image. Figure 2.20b−d 
show the structure models of the two types of layers from the [110] (Figure 
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2.20b) and [111] directions (Figure 2.20c and d), respectively. If the voids 
(hexagonal part) in layers A, B, and C are marked by letters A, B, and C, 
from the [111] direction (Figure 2.20e), the voids clearly have the A B C 
stacking and the same contrast  should be found from all the <110> directions 
and all the <211> directions.

Table 2.4. The position and size of each cage for image simulation of the Fd3m 
type structure. 

a b c Radius
(nm) a b c Radius

(nm)

0 0 0 2.8 0 1 0 2.8
0 0.5 0.5 2.8 0.5 1 0.5 2.8

0.5 0.5 0 2.8 0.25 1 0.25 2.8
0.5 0 0.5 2.8 0.75 1 0.75 2.8
0 0.25 0.25 2.8 1 1 0 2.8
0 0.75 0.75 2.8 0 0 1 2.8

0.5 0.75 0.25 2.8 0.5 0.5 1 2.8
0.5 0.25 0.75 2.8 0.25 0.25 1 2.8
0.25 0 0.25 2.8 0.75 0.75 1 2.8
0.25 0.5 0.75 2.8 1 0 1 2.8
0.75 0.5 0.25 2.8 0 1 1 2.8
0.75 0 0.75 2.8 1 1 1 2.8
0.25 0.75 0.5 2.8 0.375 0.375 0.375 3.53
0.25 0.25 0 2.8 0.375 0.875 0.875 3.53
0.75 0.25 0.5 2.8 0.875 0.875 0.375 3.53
0.75 0.75 0 2.8 0.875 0.375 0.875 3.53

1 0 0 2.8 0.625 0.625 0.625 3.53
1 0.5 0.5 2.8 0.625 0.125 0.125 3.53
1 0.25 0.25 2.8 0.125 0.125 0.625 3.53
1 0.75 0.75 2.8 0.125 0.625 0.125 3.53

2.4.3 Intergrowth of Fm3m and Fd3m
With increasing the amount  of HCl in the synthesis of CFMSs, structural 
change from the Fm3m (also contains HCP, HCl = 0−1.9) to Fd3m (HCl = 
2.1−2.4) occurs (Figure 2.6). In the intermediate phase (HCl = 2.0), we 
found the intergrowth of the Fm3m  and Fd3m  (Paper IV). Figure 2.21 
shows the HRTEM images of two successive tilt  series along the [111] 
direction (30º between them) of the sample. It  is clear from the HRTEM 
images and FDs of both domains that the [110] direction of the Fm3m 
structure (top and bottom domains) corresponds with the [211] of the 
Fd3m  structure (middle domain) with common [111] axis in Figure 2.21a 
and the [211] of the Fm3m  structure corresponds with the [101] of the 
Fd3m  structure in Figure 2.21b as well. It is concluded that the Fm3m 
structure and the Fd3m  structure can grow epitaxially with 30° rotation 
along common [111] axis. They have a relationship of aFd3m/aFm3m = √3 ≈ 
1.73.

44



Figure 2.21. HRTEM images of the intergrowth of the Fm3m  and Fd3m 
structures. Each domain is taken along (a) [211]Fd3m and [110]Fm3m 
directions  and (b) [101]Fd3m and [211]Fm3m directions.

Based on the HRTEM images, the intergrowth model from the Fd3m 
structure to the Fm3m  structure can be described by introducing an 
intermediate layer (termed layer λ) between the Fd3m structure and the 
Fm3m  structure. Figure 2.22 shows the new layer λ  on the layer A of 
Fd3m structure. The layer λ consists of two kinds of spheres, where a small 
sphere occupies the lattice point of the triangular net  as shown in orange 
color, and a large sphere sits on the center of hexagon of the Kagomé net  as 
shown in blue. The layer λ  results in the base layer (e.g., layer a) for the 
successive Fm3m structure. The hard sphere close−packed layer can be 
placed on layer λ  for the CCP (λ  (=a) b c a b c...) or HCP (λ  (=a) b a b...) 
structures. TEM images of the boundary are simulated based on the model. 
A good agreement between observed and simulated HRTEM images is 
shown in Figure 2.23. Sizes for different cages for the image simulation are 
listed in Table 2.5, where the cages were occupied by the surfactant before 
calcination. The small sphere has the same size as the 512 polyhedron of layer 
A and layer α, and the large sphere has the same size as the 51264 polyhedron 
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of layer α. Therefore, two kinds of micelles may keep their size during 
structural change whereas they change their arrangements and characteristics 
in the layer λ  for the successive hexagonal close−packed layer of the Fm3m 
structure. It  is worth noting that  the volume of the large sphere (51264 
polyhedron) is twice of the small sphere (512 polyhedron) whereas that  of the 
sphere of the Fm3m structure is between the small and large spheres.

Figure 2.22. Schematic drawings of the boundary layer (layer λ) on layer A along (a) 
[110] and (b) [111] directions.

Figure 2.23. Magnified HRTEM images of the intergrowth of the Fm3m and 
Fd3m structures with simulated TEM images.

Table 2.5. The type and size of each cage for image simulation of layer λ.
Cage type Cage size (radius) Relatively Volume

small sphere (layer λ)
   12–hedron (layer A and layer α) 2.75 nm 1.00

large sphere (layer λ), 
   16–hedron (layer α) 3.50 nm 2.06

Fm3m structure hard sphere
   (layer a) 3.10 nm 1.43
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2.4.4 Defect Structures of Fd3m
In Paper V, SMCs were synthesized by using gemini surfactant  C18−3−1 as 
template and CES as CSDA, the mesostructure was changed from Fm3m 
(HCl = 0−1.5) to  Fd3m  (HCl = 1.55−2.0) with the addition of HCl. As 
described in Paper II and Paper IV, the structural change from the Fm3m 
to Fd3m structures occurs at  higher HCl amount  of ~2.0. The difference is 
due to the different CES we used. The CES we used in Paper II and Paper 
IV is Si(OH)2(ONa)CH2CH2COONa, containing two Na+, however, the CES 
employed in Paper V is Si(OH)3CH2CH2COONa, containing only one Na+, 
the lower alkaline of which makes the structural change occurred at lower 
HCl/CES ratio.

Figure 2.24 shows HRTEM images taken from a tilt  series along the [111] 
direction (30º between them) of the sample synthesized by HCl/CES = 0.775 
(HCl = 1.55), as described in Paper V. From the images taken along [110] 
(Figure 2.24a) and [121] (Figure 2.24b) directions, several twin structures 
(marked with white arrow) and three kinds of defect  (marked with blue, 
yellow and red arrows) are observed.

Figure 2.24. HRTEM images of the sample synthesized with HCl/CES molar ratio 
of 0.775. The images were (a) the [110] direction and (b) the crystal was tilted to 
[121] direction by 30 degrees.

The defect layer marked by blue arrow in Figure 2.24 can be well explained 
by introduction of the other two types of polyhedron suggested by Frank and 
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Kasper. The new layer between two 512 polyhedron layers (layer A or B or C) 
is termed layer z, which consists of two types of polyhedra. One is 51263 
polyhedron, which arranged in the triangular net, the other is 51262 
polyhedron, occupies the center of the triangular net, shown in Figure 2.25. 
The space group of the defect  layer is P6/mmm  and the corresponding unit 
cell parameter can be given by a = 115 Å, c = 115 Å.

Figure 2.25.  Polyhedron model of the stacking defect, (a) [110] and (b) [111] 
direction of layer z and (c) [111] direction of layer B,  the red dots marked in (b) and 
(c) are overlap from [111] direction, and the schematic drawing of the the layer z 
from (d) [110] and (e) [121] direction.
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Figure 2.26 shows the HRTEM images taken with [110]c and [121]c  
incidences including the defect marked by blue arrow in Figure 2.24. The 
layer z lies between the two 512 polyhedron layer, so the defect  layer has the 
A α B z B α’ A stacking sequence. The schematic figures of the layers and 
simulated TEM images of layer z are inserted in observed HRTEM images. 
They agree each other very well. The position and size of each cage are 
shown in Table 2.7, where 51263 was assumed as spheroid by overlapping of  
three spheres because the simulated image was far from the observed image 
by using perfect spherical shape. 

Figure 2.26. HRTEM images with simulated TEM images of the defect layer z.

Table 2.7. The position and size of each cage for image simulation of the defect 
layer z in Figure 2.26.

a b c Radius
(nm)

0.500 0.000 0.000 2.800
0.000 0.500 0.000 2.800
0.500 0.500 0.000 2.800
0.000 0.000 0.250 3.300
0.000 0.000 0.750 3.300
0.667 0.333 0.500 3.600
0.667 0.333 0.450 3.200
0.667 0.333 0.550 3.200
0.333 0.667 0.500 3.600
0.333 0.667 0.450 3.200
0.333 0.667 0.550 3.200

Other two kinds of defects (marked with yellow and red arrows in Figure 
2.24) have different  contrast  from the typical Fd3m  type structure, which 
have not been reported in mesoporous silica structure. However, after tilted 
to [121]c direction by 30 degrees, the two defects show the same contrast. 
Therefore, there is possibility that the two HRTEM images are taken from 
the same defect. Contrast from [211]c, [110]c, [121]c, [011]c, [112]c 
and [101]c incidences are shown in Figure 2.27, which obtained by tilting 
the crystal along the [111]c direction (30º between each other) and comparing 
different tilting series.
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Figure 2.27. HRTEM images of the sample synthesized with HCl/CES molar ratio 
of 0.775.  Each mesoporous crystal was tilted with ±30 degrees to see the contrast 
from <110> and <211> directions.
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According to the cage positions and the contrast  from the HRTEM images,  
the defect doesn’t  keep the three fold symmetry. However, the layers next  to 
the defect  still keep the same contrast as layer A (or B or C, 512 polyhedra) 
from both <110>c and <211>c direction, suggesting that the defect doesn’t 
affect  the structure of this two layers, so we call them layer A and A’. The 
relative position of layer A and A’ is shown in Figure 2.28, where the 
hexagonal voids in layer A and A’ are marked the same way as in Figure 
2.20e.

Figure 2.28. Schematic model of the defect along [111]c direction.

As the defect cannot be built  only by using four polyhedra (512, 51262, 51263 
and 51264), three new types of polyhedra (4151062, 425865 and 4151064 
polyhedra, respectively) were employed to interpret  the defect structure 
(Figure 2.29). All of the polyhedra have been discovered in Matzke’s 
experiment on the random foam structure12, 13.

Figure 2.29. Three new polyhedra for building the defect structure.

Figure 2.30 shows the schematic drawings of the defect  layer, named layer χ, 
which has a monoclinic unit cell. The space group of layer χ is C2/m  and the 
corresponding unit cell parameters are a = 200 Å, b = 115 Å, c = 180 Å, β = 
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123o. Thus the [110]c, [121]c, [011]c and [112]c directions of the defect 
structure become [010]m, [130]m, [110]m and [100]m direction of the 
monoclinic unit cell.

Figure 2.30. Polyhedron model and schematic drawing of stacking layers χ from 
different directions.

The HRTEM images taken from [110]c ([010]m), [121]c ([130]m), [011]c  
([110]m) and [112]c ([100]m) directions of the defect  structure are shown in 
Figure 2.31. Simulated TEM images and the structure models are also 
inserted. They have a good agreement with observed HRTEM images, which 
support  the faithfulness of the structural model. The position and size of each 
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cage are shown in Table 2.6. In order to have a similar contrast of the 
experimental images and the simulated ones, the three new polyhedra were 
assumed as spheroid by overlapping of several perfect spheres, and 48 
spheres were used in one unit cell for the simulation.

Figure 2.31. HRTEM images with simulated TEM images of the defect layer χ.

Table 2.6. The position and size of each cage for image simulation of the defect 
layer χ in Figure 2.31.

a b c Radius
(nm) a b c Radius

(nm)

0.000 0.750 0.000 2.800 0.560 0.490 0.300 2.820
1.000 0.750 0.000 2.800 0.560 0.510 0.300 2.820
0.000 0.250 0.000 2.800 0.910 0.490 0.700 2.820
1.000 0.250 0.000 2.800 0.910 0.510 0.700 2.820
0.500 0.750 0.000 2.800 0.090 –0.02 0.350 2.850
0.500 0.250 0.000 2.800 0.090 0.020 0.350 2.850
0.250 0.500 0.000 2.800 0.440 –0.02 0.650 2.850
0.750 0.000 0.000 2.800 0.440 0.020 0.650 2.850
0.720 –0.015 0.310 2.780 0.560 0.480 0.350 2.850
0.720 0.015 0.310 2.780 0.560 0.520 0.350 2.850
0.780 –0.015 0.690 2.780 0.910 0.480 0.650 2.850
0.780 0.015 0.690 2.780 0.910 0.520 0.650 2.850
0.220 0.485 0.310 2.780 0.090 0.000 0.740 2.860
0.220 0.515 0.310 2.780 0.180 –0.02 0.790 2.920
0.280 0.485 0.690 2.780 0.180 0.020 0.790 2.920
0.280 0.515 0.690 2.780 0.320 0.000 0.210 2.860
0.800 0.000 0.350 2.760 0.410 –0.02 0.260 2.920
0.700 0.000 0.650 2.760 0.410 0.020 0.260 2.920
0.300 0.500 0.350 2.760 0.590 0.500 0.790 2.860
0.200 0.500 0.650 2.760 0.680 0.480 0.740 2.920
0.090 –0.01 0.300 2.820 0.680 0.520 0.740 2.920
0.090 0.010 0.300 2.820 0.820 0.500 0.210 2.860
0.440 –0.01 0.700 2.820 0.910 0.480 0.260 2.920
0.440 0.010 0.700 2.820 0.910 0.520 0.260 2.920
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In Fd3m type structure, the contrast changes from typical [110] direction to 
[114] direction through an intermediate part  was often observed. This can be 
explained by the existence of the twin structure which is not parallel to the 
zone axis [110]. Figure 2.32b shows the structure model from [110] 
direction with a twin. The stacking sequence is A B C B A, where C is the 
mirror plane. The [110], [111] and [114] directions are in the same plane 
perpendicular to the [110] direction, and they are differ by 35.3o each other. 
From the figure, it  is clear that  the [110] direction of the blue part  is parallel 
to the [114] direction of the red part. The mirror plane C is 54.7o from the 
[110] direction, so the image contrast  gradually changes. Figure 2.32c and d 
show the schematic drawing and the simulated TEM images, which have a 
good agreement with observed HRTEM images.

Figure 2.32.  HRTEM image taken from [110] direction of the Fd3m type structure 
(a), the contrast is changing from the typical [110] to [114] direction. The schematic 
drawing of the twin plane (b,  c) and simulated TEM image (d), where the 
transparency of the [114] domain and the [110] domain was set to 50%.

For most of the FCC crystals including Fd3m  type structure, the crystal 
growth occurs via a layer−by−layer growth at  {111} plane14. The defect 
could be formed as a result  of mismatching of the layer growth, such as C A 
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B C A C B A C A B C A and C B C A B C B A C B C A B, as shown in Figure 
2.33. The similar defect caused by mismatching of the stacking sequence 
was observed in the ETS−10 structure15.

Figure 2.33. Formation of the defect structure via a layer−by−layer growth at {111} 
plane.

2.4.5 Mechanism of the Mesostructure Transformation
The mesostructure transformation from the CCP/HCP structure formed by 
hard sphere close−packing to Fd3m  type structure made by the minimum
−area rule can be explained in terms of the interaction between the surfactant 
and CSDA (Figure 2.34). 

Figure 2.34. The ionization of CSDA is controlled by the addition of HCl, which 
caused different interactions between the surfactant and CSDA and different packing 
manners.
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CES is a kind of silicic acid sodium salt  bearing a carboxylate group. 
Therefore, in the aqueous synthesis system there are ionization equilibriums 
due to the presence of silicic acid (≡Si−OH) and carboxylate (−COONa). 
When the alkalinity is high (pH 9.4−11.8, comparable with the pKa of silicic 
acid, ≈ 9.8)16, CES is multivalent  and interacts electrostatically with the 
cationic ammonium groups of the surfactants and attached on the surface of 
the micelle. The strong interaction between the cationic surfactant and 
anionic carboxylate of CSDA would drive the silica close to the micelle 
surface and result  in the dense packing of silica, leading the micelle/CSDA/
silica composite to be hard. On the other hand, with the addition of HCl, the 
alkalinity is reduced to near−neutral conditions by the addition of HCl (pH 
5.7−8.8, larger than but comparable with the pKa of carboxylic acid, ≈ 5), 
CES becomes monovalent  or neutral, the ionization of CSDA decreases, and 
the interaction between carboxylate of CSDA and surfactant weakens, 
resulting the long distance (i.e. the large vacancy) between the micelle and 
silica wall, resulting to form loose packing of transformable soft cages.
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3 Inorganic Amino Acid

3.1 Introduction
The design of SMCs with multiple types of functionality have received 
substantial attention due to the multiple types of active center are capable of 
cooperative catalysis or work in a cooperative manner to alter the 
characteristics of a single reaction. Huh  et al. have synthesized bifunctional 
mesoporous materials with ureidopropyl groups in cooperation with 
3−[2−(2−aminoethylamino)ethylamino]−propyl groups to catalyze various 
reactions that involve carbonyl activation1. Zeidan et al. have functionalized 
the SBA−15 with sulfonic acid and amino groups − these have proven to be 
highly efficient  catalysts in aldol reaction as compared with materials only 
carrying one of the two functions2. 

An amino acid, which contain both the carboxylic and amino groups, is one 
of the essential biomolecules and is of central importance in biochemistry 
and pharmacology. There is a great interest  in techniques for immobilizing 
amino acids on the surface of porous materials. 

In Paper III, we report  the synthesize of an inorganic amino acid 
bifunctionalized SMC by the co−structure directing method, using two 
CSDAs, i.e. carboxyethylsilanetriol sodium salt (CES) and 3−aminopropyl
−trimethoxysilane (APS), respectively. The amphoteric amino acid moiety 
behave as a natural amino acid. Besides, this inorganic amino acid can act as 
catalysts of the reaction between aldehydes and carbon nucleophiles.

3.2 Experimental Section

3.2.1 Synthesis

Chemicals
All materials, tetraethyl orthosilicate (TEOS; from SCRC, China), N,N
−dimethyl−n−octadecylamine (from TCI, Japan), (3−bromopropyl) 
trimethylammonium bromide (from Aldrich, USA), carboxyethylsilanetriol 
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sodium salt  (CES; from Gelest, UK), 3−aminopropyltrimethoxysilane (APS; 
from TCI, Japan), dicyclohexyl carbodiimide (DCC; from SCRC, China) 
triethylamine (from SCRC, China),  were used as purchased without further 
purification. Anionic surfactant derived from amino acids (glutamic acid) 
was synthesized.

Surfactant Preparation
The Gemini surfactant [C18H37N(CH3)2(CH2)3N(CH3)3]Br2 (C18−3−1) was 
synthesized as described in Section 2.2.1.
The anionic surfactant N−myristoyl−l−glutamic acid (C14GluA) and N
−stearoyl−l−glutamic acid (C18GluA) were synthesized as described 
previously3, 4 . C14GluA was used as the anionic surfactant  for the mixed 
surfactants synthesis. Therefore, one of the carboxylic group of C14GluA was 
neutralized by an equivalent molar amount  of KOH to form N−myristoyl−l
−glutamic acid−potassium salt (C14GluAP), which will be active with NH2 
group of the CSDA (in this case − APS), and another carboxylic group was 
kept for the function of anionic surfactant.

Cationic surfactant templating route
In a typical synthesis of cationic surfactant  templated inorganic amino acid, 
surfactant was dissolved in deionized water at room temperature, then CES, 
APS and TEOS were simultaneously added and the mixture was stirred for 2 
h. The resultant solution was transferred to a Teflon bottle and heated at  100 
°C for 2 days. Finally the products were filtered and dried overnight under 
vacuum at room temperature. The cationic surfactant  was removed by 
refluxing 0.5 g of as−synthesized material in 100 mL tetrahydrofuran (THF) 
with 1 M HCl solution for 12 h.

Anionic surfactant templating route
In the case of anionic surfactant  templating system, C18GluA was dissolved 
in deionized water at 80 °C. After the surfactant  solution was cooled to 60 
°C, CES, APS and TEOS was added with stirring. After 10 min the stirring 
was stopped, and the reaction mixture was aged at 60 °C for 2 days. The 
precipitate was filtered and dried overnight  under vacuum at room 
temperature. The as−made sample was extracted with an ethanolic solution 
of ethanolamine (17 vol %) for 12−24 h at its boiling temperature.

Mixture surfactants templating route
The synthesis of the mixture surfactants templated inorganic amino acid is 
similar to the cationic surfactant templating route. C18−3−1 and C14GluAP 
were dissolved in deionized water at  80 °C. After the surfactant  solution was 
cooled to room temperature, the mixture of CES, APS and TEOS was added 
simultaneously and then stirred for 2 h. Then the mixture was transferred to a 
Teflon bottle and heated at 100 °C for 2 days. To obtain surfactant free 
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mesoporous silica functionalized with amino and carboxylic groups, the as
−made sample was treated in the HCl/THF solution at first to remove the 
cationic surfactant, then in ethanolamine/ethanolic solution to remove the 
anionic surfactant, consecutively.

Acid−base switch process
In the acid−base switch process, the acid−form or base−form inorganic 
amino acid was suspended in an excess of 20 % NH2C2H4OH−H2O (v/v) (or 
alkyl amine e.g. ethylamine, propylamine) solution or 1 M HCl−H2O (or 
H2SO4−H2O) solution for the basification or the acidification process, 
respectively. After the mixture was stirred at  room temperature for 1 min, the 
resulting base−form or acid−form sample was filtered and dried overnight 
under vacuum at  room temperature. The switching process from acid to base 
and then from base to acid can be repeated several times.

Peptide coupling reaction
In a typical peptide coupling reaction, 0.1 g acid−form inorganic amino acid 
was suspended in 20 ml dichloromethlane, then 0.15 mmol DCC and 0.25 
mmol triethylamine were added with stirring at room temperature. After 12 
h, the product was separated by filtration and dried over night under vacuum 
at  room temperature. The formation of amide was confirmed by (i) treating 
the sample with 1M HCl at  room temperature to confirm if the sample was 
basified by triethylamine, and (ii) refluxing the sample in 35 % HCl at 100 
°C for hydrolysis of amide.

3.2.2 Characterization

Powder X−ray Diffraction
Powder XRD patterns were recorded on a Rigaku X−ray diffractometer D/
MAX−2200/PC equipped with Cu Kα radiation (40 kV, 20 mA) at a 
scanning rate of 0.1 deg. min−1 over the range of 1−6o (2θ). 

Transmission Electron Microscopy (TEM)
HRTEM analyses were performed with a JEOL JEM−3010 microscope 
operating at  300 kV (Cs = 0.6 mm, point  resolution 1.7 Å). Images were 
recorded with a charge−coupled device (CCD) camera (Gatan MultiScan 
CCD camera model 794, 1024×1024 pixels, pixel size 24mm) at 
50000−80000 times magnification under low−dose conditions. 

Nitrogen Adsorption−Desorption
The nitrogen adsorption−desorption isotherms were measured at 77 K with 
Quantachrome Nova 4200E. The surface area was calculated by the 
Brunauer−Emmett−Teller (BET) method and the pore size was obtained 
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from the pore size distribution curve calculated by the Barett−Joyner
−Halenda (BJH) method using the adsorption branch of the isotherm.

Fourier Transform Infrared Spectroscopy
Fourier transform infrared (FTIR) spectra were recorded on Perkin−Elmer 
Paragon 1000 spectrometer with a resolution of 2 cm−1 using the KBr 
method.

Solid−State NMR Spectroscopy
The direct information of the functional group was obtained by 13C CP/MAS 
NMR spectrum. The NMR spectrum was measured on a MERCURYplus 
400 spectrometer at 100 MHz and a sample spinning frequency of 3 kHz. 

Elemental Analysis
The loading of the functional groups were characterized by the elemental 
analysis of the materials, obtained from a Perkin−Elmer Series II CHNS/O 
Analyzer 2400.

3.3 Synthesis of Inorganic Amino Acid
The synthesis of the inorganic amino acid is based on the co−structure 
directing method. The interaction between the surfactant  and the CSDA of 
the organosilane produces a uniform distribution of organic groups, and a 
regular array of the organic groups will be formed following the arrangement 
of the surfactant. This enables the functional groups to be condensed onto the 
pore surface in the expected ratios based on the stoichiometry and the 
geometrical arrangement of the surfactant. It is worth noting that multiple 
organosilane could be introduced by the interaction with corresponding 
surfactants (Figure 3.1).

3.3.1 Synthesis Strategy
The formation of inorganic amino acid SMC is based on self−assembly in 
the system of surfactant, CSDAs (APS and CES) and TEOS. For the 
surfactant, we can choose three different  tempates, (i) a cationic, (ii) an 
anionic or (iii) a mixture of cationic and anionic surfactants. Figure 3.2 
shows the synthesis pathways.

As shown in Figure 3.2a, the cationic surfactant templating route is similar to 
the synthesis of CFMSs, however, two kinds of organosilanes were used. 
With addition of APS, CES and TEOS, the positively charged head group of 
C18−3−1 interacts electrostatically with the negatively charged carboxylate site 
of CES, the hydrophobic alkoxysilane part  of APS can play a role in its 
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uniform dispersion in the hydrophobic part  of C18−3−1 in the beginning of the 
reaction, which would be distributed on the pore surface uniformly during 
the synthesis via co−condensation with the silica source. After removal of 
the cationic surfactant by exhaustive solid−liquid extraction using HCl/THF, 
the carboxylic and protonated ammonium groups remain on the surface of 
the mesopores.

Figure 3.1. Schematic illustration of the interactions between CSDA and head group 
of surfactant in the co−structure directing synthesis of mesoporous silicas.

In the anionic surfactant templating route (Figure 3.2b), C18GluA was used. 
In a manner opposite to the cationic surfactant  templating route, the 
negatively charged head group of the anionic surfactant  interacts with the 
positively charged ammonium site of APS through a neutralization reaction. 
However, the negatively charged carboxylate site of CES would repel each 
other with negatively charged silica wall, could not  be interacted with any 
site in the micelle and might distort the micelle formation of the surfactant 
and lead to disordered mesostructure. The as−made sample can be treated in 
ethanolamine/ethanolic solution to remove the surfactant, leaving the 
carboxylate and amino groups on the surface of the mesopores.

In Figure 3.2c, the mixture of the anionic surfactant C14GluAP (with one 
carboxylic and one carboxylate group) and cationic surfactant C18−3−1 (with 
two quaternary ammonium groups) were employed. After the two surfactants 
were mixed 1:1, the negatively charged carboxylate group of C14GluAP can 
electrostatically interact with the positive charge in the head group of C18−3−1, 
while the carboxylic acid head group of the C14GluAP and the other 
quaternary ammonium group of C18−3−1 remain unreacted. Thus, the anionic 
surfactant and cationic surfactant  self−assemble to form a micelle with both 
carboxylic acid and quaternary ammonium groups on the surface. When the 
mixture of the CSDAs is added to the surfactant solution, the negatively 
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charged carboxylate site of CES interacts with the positively charged 
quaternary ammonium head group of C18−3−1 and the amino group of APS 
interacts with the negatively charged carboxyl group of G14GluAP 
electrostatically. In this mixed surfactant  templating route, the anionic 
surfactant and the cationic surfactant can be removed by a two−step 
extraction method by using HCl/THF solution and ethanolamine/ethanolic 
solution, consecutively.

Figure 3.2. Schematic illustration of the synthesis of inorganic amino acid.

Theoretically, the mixture surfactants templating route is the perfect one to 
form a uniform distribution of organic groups. However, the solution of 
single surfactant  is optically clear and have a water−like viscosity, upon 
mixing the cationic surfactant and the anionic surfactant  solution lead to a 
highly viscoelastic system. The new solution has single phase character and 
optically clear. The elasticity of the system was so high that  the bubbles were 
trapped in the solution.

The solutions of single surfactant  exhibits normal behavior, as globular 
micelles are present, the mean distance between neighboring micelles is 
much greater than their size and the solutions are in this sense dilute and 
behave as a Newtonian solution. As surfactants with opposite charge were 
added, the cationic surfactant  head group and the anionic surfactant  head 
group would bind more strongly to the micellar interface than the original 
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counterions and displace the latter from the micellar interface. As a 
consequence, the surfactant  head groups can pack more tightly and form 
rodlike micelles. These rodlike micelles can form long chain, even form a 
3D network, behaving like polymer solution with viscoelasticity5. This 
behavior of the surfactant  made the synthesis incompatible for the formation 
of ordered mesostructure by the 1:1 mixture of the surfactants. We reduced 
the amount of the anionic surfactant, however, only disordered mesostructure 
was obtained.

3.3.2 Characterization of the Mesostructure
The XRD patterns of the inorganic amino acids synthesized by using cationic 
surfactant are shown in Figure 3.3. The diffraction pattern of the sample 
synthesized with C18−3−1 : CES : APS molar ratios of 1 : 1 : 1 shows a well
−resolved peak in the region of 2 θ = 1.5−2.0° and two additional weak 
peaks in the region of 2 θ = 2−3.5°. They were indexed to the 111, 220 and 
311 reflections based on the CCP structure, which will be confirmed later by 
HRTEM, with the unit  cell parameter a = 90.7 Å. The sample synthesized 
with C18−3−1 : CES : APS molar ratios of 1 : 2 : 2 exhibits similar diffraction 
pattern with smaller d−spacing.

Figure 3.3.  Powder XRD patterns of the inorganic amino acids synthesized by 
cationic surfactant, (a) as−made and (b) extracted samples synthesized by the molar 
composition C18−3−1 : APS : CES : TEOS : H2O 1 : 1 : 1 : 15 : 2000, (c) as−made and 
(d) extracted samples synthesized by the molar composition C18−3−1 : APS : CES : 
TEOS : H2O 1 : 2 : 2 : 15 : 2000.
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The existence of the functional groups was confirmed by the solid−state 13C 
MAS NMR spectrum after extraction (Figure 3.4). The resonance signals at 
8.3, 20.5 and 41.8 ppm correspond to CI, CII and CIII of APS 6, 7 , and those at 
6.5, 26.2 and 176.5 ppm correspond to CIV, CV and CVI of CES 8 , 
respectively. These peaks reveal that both CES and APS were incorporated 
in the material. However, the sample synthesized with C18−3−1 : CES : APS= 
1 : 2 : 2 shows weaker signal of CV, indicating the loading of −COOH was 
decreased with the increase of CES in the synthesis solution. It  can be 
concluded that the inorganic amino acid synthesized by C18−3−1 : CES : APS 
= 1 : 1 : 1 was superior in obtaining the equal amount  of −COOH and −NH2 
functionalization.

Figure 3.4. 13C MAS NMR spectra of the extracted inorganic amino acid 
synthesized by cationic surfactant. The molar composition was (a) C18−3−1 : APS : 
CES : TEOS : H2O 1 : 1 : 1 : 15 : 2000 and (b) C18−3−1 : APS : CES : TEOS : H2O 1 : 
2 : 2 : 15 : 2000.

Quantitative determination of the functional groups was carried out  by CHN 
elemental chemical analysis. The loading level of −NH2, and the carbon 
content sourced from APS were calculated by the nitrogen content  of the 
analytic result, and the loading level of −COOH was calculated by the 
residual carbon content. The analytical results show that the loading amount 
of the −NH2 and –COOH organic groups were 1.0 and 0.9 mmol/g SiO2, 
respectively, indicating that  the amino and carboxylic groups were co–
condensed with TEOS and introduces as initially loaded. The theoretical 
loading of both functional groups is ~1.0 mmol/g SiO2.
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The HRTEM images and the corresponding FDs of the sample taken along 
the [110] and [211] directions are shown in Figure 3.5, respectively. From 
the HRTEM image, both CCP (Fm3m) and HCP (P63/mmc) stacking 
sequences were observed. The stacking faults make streaks along the [111] 
stacking direction in the FDs.

Figure 3.5. TEM images of the extracted inorganic amino acid synthesized by 
C18−3−1 : APS : CES : TEOS : H2O 1 : 1 : 1 : 15 : 2000.

Figure 3.6. Nitrogen adsorption-desorption isotherms and corresponding pore size 
distribution curves of the inorganic amino acid synthesized by cationic surfactant.

The N2 adsorption−desorption analysis of the extracted inorganic amino acid 
revealed typical type IV isotherm (Figure 3.6). The measured BET surface 
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area was 558.12 m2/g. The corresponding BJH average pore diameter of the 
material was 3.78 nm and the pore volume was 0.48 cm3/g.

Compare to the inorganic amino acid synthesized by using anionic surfactant 
and the mixture of surfactants, which only show disordered mesostructure， 
as shown in Paper III, the cationic surfactant templated inorganic amino 
acid has the best mesostructure. According to the best  structure and the 
possibility of the uniform distribution of the organic groups, the cationic 
surfactant templated inorganic amino acid was chosen for the characterizing 
of amphoteric properties.

3.3.3 The Amphoteric Properties
The inorganic amino acid behaves as an acid or base depending on the 
different  conditions. After removing the surfactant, various RNH2 and strong 
mineral acids with high concentrations could be used as basifying and 
acidifying agents to obtain the base– and acid–form amphoteric materials, 
respectively. 

Obviously, (i) at  high pH, carboxylic and protonated ammonium groups can 
release a proton and become carboxylate and amino groups, respectively; 
and (ii) at  low pH, the carboxylate and amino groups can accept a proton and 
become carboxylic acid and protonated ammonium groups, respectively; via 
the zwitterionic state. Due to both the acid and base groups on the wall, the 
mesoporous silica thus formed can be amphoteric. 

As expected, the amphoteric acid–base switching occurred in several 
seconds, which has been tested more than ten times. All samples displayed 
an intense XRD peak in the region of 2 θ = 1.5–2.0° and two additional weak 
peaks in the region of 2 θ close to 2.6° and 3.2°. Judging from the intensity 
of the samples, it can be considered that the ordering of the pore arrangement 
was improved by the removal of the surfactant, and retained even after the 
switching was repeated twenty times.

The N2 adsorption–desorption analysis of these samples revealed similar 
type–IV isotherms. However, the pore volume and the surface area of the 
samples switched twenty times were slightly increased because of the thinner 
silica wall caused by hydrolysis during the basification process.

The isoelectric point of the inorganic amino acid has been obtained by 
measuring the pH changes upon titration of basic solution as shown in Figure 
3.7, The isoelectric point of this material was estimated to be ~6.0, which is 
similar to that of the natural amino acid.
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Figure 3.7. The pH of the inorganic amino acid dispersion titrated with a strong base 
of NaOH.

The adjoining presence of amino–acid pairs has been confirmed by the 
formation of amide. It  is reasonable that amide can be prepared from the 
carboxylic acid and the protonated ammonium groups neighboring each 
other on the pore surface in the presence of DCC as peptide coupling reagent 
under basic conditions. 

Figure 3.8. FTIR spectrum of the (a) extracted sample, (b) DCC–promoted amide 
containing material by reacting the carboxylic acid with the protonated ammonium 
groups on the pore surface, (c) the amide containing sample was treated with 1M 
HCl at room temperature for 4h and (d) refluxing in 35 % HCl at 100 °C for 4 h (d).

Figure 3.8 shows IR spectra of samples before and after amide formation. 
After the amide formation reaction, the band at  1718 cm–1 (corresponding to 
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C=O of –COOH) disappeared without destruction of the mesostructure 
(FIgure 3.9). However, the band corresponding to carbonyl of the amide 
which appear at  ~1680 cm–1 is indiscernible, largely because of the 
overlapping with the band at ~1630cm–1 attributed to the vibration of 
adsorbed water and others from the frame symmetric and antisymmetric 
flexible vibration of Si groups9. However, an amide band was observed at 
1568 cm–1. From these observations, two reactions, i.e., the neutralization 
with triethylamine or the amide formation, may happen. Therefore amide 
formation has been confirmed by neutralization and hydrolysis. The amide 
sample did not  show the band of –COOH at 1718 cm–1, even after reacting in 
1M HCl–H2O solution for several hours while the band at 1568 cm–1 could 
still be observed. On the other hand, the –COOH band at 1718 cm–1 
appeared in the hydrolyzed sample and the band at 1568 cm–1 disappeared, 
indicating that such material can consist of uniformly distributed amino–acid 
pairs.

Figure 3.9. Powder XRD pattern of the DCC–promoted amide containing material 
obtained by coupling reaction of the carboxylic acid and the protonated ammonium 
groups on the surface of the mesopores.

3.4 Catalytic Properties of the Inorganic Amino Acid
Reports on the synthesis of various bifunctional materials, and their use as 
catalysts, have recently been published. Lin et al. reported the catalysis of 
the aldol, Henry and cyanosilylation reactions by using a bifunctional 
catalyst  with an ureido–propyl group as a general acid and an amino group 
as base1, 10 . Katz et al. investigated catalysis of the Michael, Henry and 
Knoevenagel reactions by a bifunctional catalyst  with acidic silanol and 
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basic amino groups11. Zeidan et al. have reported the synthesis of a material 
containing amine bases and various acids, including carboxylic acids2, 12 . 
They investigated the reaction between acetone and aldehydes, and they 
found that  it  was necessary to use aldehydes activated by strongly electron–
withdrawing groups, such as NO2 or CF312. Moreover, they found that  the 
reaction was sensitive towards steric hindrance, as shown by the sluggish 
reaction when using aldehydes substituted in the ortho–position. In another 
report by Zeidan et al., the authors investigated the importance of solvent 
effects, and they found that  the use of non–polar co–solvents, such as 
hexane, is beneficial2.

3.4.1 Comparison of Different Catalysts
In the report by Zeidan et al., a cooperative catalytic behavior was proposed 
in the aldol condensation2, 12. Acetone, which bears an acidic alpha proton, 
deprotonated to generate a nucleophilic enolate, which attacks the electron–
deficient aldehyde to produce the aldol product. It  could be predicted that the 
regeneration of the active catalyst  depends on the proton exchange between 
the acid and base groups, thus the adjacent pairing effect  of the acid and base 
groups in the material could be very important in its catalytic behavior.

Figure 3.10. Catalytic cycle by using inorganic amino acid12.

In Paper VI, The amphoteric inorganic amino acid containing both 
carboxylic acid and amino groups, as well as the corresponding mono–
functionalized SMCs (AMS and CFMS), acts as catalysts for the reaction 
between aldehydes and carbon nucleophiles. The schematic drawing of the 
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catalysts 1–3 is shown in Figure 3.11 and the synthesis and physical data of 
catalysts are summarized in Table 3.1.

Figure 3.11. Schematic drawing of materials, inorganic amino acid 1,  AMS material 
2 and CFMS material 3.

Table 3.1. Selected physical data for materials 1–3.

Sample Mesostructure SBET
(m2 g−1)

Pore Volume
(cm3 g−1)

Pore Size
(nm)

Loading
(mmol/g)

1 Fm3m 558 0.48 3.8 1.0 (–NH2)
0.9 (–COOH)

2 Fm3m 491 0.42 3.2 4.3 (–NH2)

3 Fm3m 636 0.69 3.2 0.9 (–COOH)

We started out by investigating the catalytic efficiency of materials 1–3, by 
trying the reaction between 4–nitrobenzaldehyde and acetone with different 
materials as catalyst  (corresponding to ~10 mol% of acid and/or base). We 
tested reactions using: inorganic amino acid 1, AMS material 2, CFMS 
material 3 and finally a mixture of the two mono–functionalized materials 2 
and 3 corresponding to 10 mol% acid and 10 mol% base (Table 3.2).

The inorganic amino acid 1  showed the highest  catalytic activity, and the 
reaction went  to 95% conversion (Table 3.2, entry 1). The major product was 
the alcohol, which was obtained in 70%. As a minor product, the olefin, 
obtained by the dehydration of the alcohol, was obtained in 25%. When 
changing the catalyst  to AMS material 2, containing only amino group, the 
conversion dropped dramatically to 39% (entry 2); when the catalyst  CFMS 
material 3, containing only carboxylic acids, was used, no reaction took 
place at all (entry 3). When using a mixture of the two mono–functionalized 
materials 2 and 3 (10 mol% acid and 10 mol% amine), the reaction 
proceeded to 49% conversion (entry 4), which is significantly lower than the 
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95% obtained using the inorganic amino acid 1, thus clearly demonstrating 
the superior catalytic properties. The high reactivity of the catalyst  1 can be 
explained by the synergistic interaction between neighboring acid and basic 
sites2, 12. It should be noted, however, that  the wider pore size of the catalyst 
1 relative to the other catalysts, as well as the higher density of the organic 
functional group in catalyst  2, may influence the activity of the catalysts, and 
therefore also contribute to the observed difference in reactivity.

Table 3.2. Test of catalysts 1–3a.

 

Entry Catalyst Ratio 5 : 6 Conversionb (%)

1 1 70 : 25 95

2 2 29 : 10 39

3 3 0 : 0 0

4 2+3 38 : 11 49

a 0.13 mmol aldehyde in 1.0 ml acetone stirred at 50 °C for 20 h; 10 mol% of amine 
and/or acid. 
b Conversion calculated by 1H NMR spectroscopy analysis.

3.4.2 Co–solvent Effect
We then decided to investigate the effect of co–solvents on the reaction 
catalyzed by 1  (Table 3.3). The use of polar co–solvents, such as ethanol or 
THF (Table 3.3, entry 1 and 2) resulted in 77% and 83% conversion, 
respectively. On the other hand, co–solvents of low polarity, such as 
chloroform (entry 3), or hexane (entry 4) resulted in higher conversion 
(95%). We thus decided to use a non–polar alkane as co–solvent for the 
investigation of reaction conditions. In order for the reactions to proceed 
smoothly when carried out  at  50 °C, we found that it was necessary to have a 
strongly electron–withdrawing nitro group on the aldehyde coupling partner; 
a result that is similar to the findings of Zeidan et al.2, 12. Moreover, the 
reaction between 4–nitrobenzaldehyde and other nucleophiles than acetone, 
such as acetophenone were sluggish at 50 °C. We therefore decided to 
replace hexane by a solvent with a higher boiling point, in order to be able to 
carry out  the reaction at higher temperature. Accordingly, we tried to carry 
out more challenging reactions in a screw–cap vial at  80 °C (temperature of 
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oil bath) in a mixture of nonane and the nucleophile (acetone, ethyl methyl 
ketone, or acetophenone). In a typical procedure, the aldehyde (0.39 mmol) 
and the catalyst  1  (40.8 mg) was weighted into a screw–cap vial. To this 
mixture was added 1.5 ml acetone and 1.5 ml nonane, and the vial was 
capped and inserted into a preheated oil bath. After being stirred for the 
allotted time and temperature (see Table 3.4), the catalyst  was removed by 
filtration through a plug of silica, which was rinsed with CH2Cl2.

Table 3.3. Test of the effect of co–solventa.

Entry Co–solvent Ratio 5 : 6 Conversionb (%)

1 EtOH 53 : 14 77

2 THF 65 : 18 83

3 CHCl3 70 : 25 95

4 hexane 65 : 30 95

a 0.13 mmol aldehyde in 0.5 ml acetone and 0.5 ml co–solvent stirred at 50 °C for 20 
h; 10 mol% of amine and 9 mol% of acid. 
b Conversion calculated by 1H NMR spectroscopy analysis.

After concentration under reduced pressure, the crude reaction mixture was 
purified by silica–gel chromatography using CH2Cl2 as eluent.

When 4–nitrobenzaldehyde was reacted with acetone at 50 °C, we obtained a 
76 : 20 mixture of the alcohol and dehydrated product, respectively (Table 
3.4, entry 1). As indicated above, when attempting to use aldehydes without 
electron withdrawing groups such as benzaldehyde and 4–methoxybenz–
aldehyde, the reaction was too sluggish at  50 °C, and we therefore performed 
these reactions at 80 °C. The reaction between acetone and benzaldehyde at 
80 °C for 26 h afforded an 7 : 90 mixture of the alcohol and the dehydrated 
product, respectively (entry 2) in 97% overall yield. Even 4–methoxybenz–
aldehyde, containing a strongly electron donating group, underwent the 
reaction, and after stirring for 44 h at  80 °C we could obtain the dehydrated 
product  in 73% yield (entry 3). We then shifted our attention to the reaction 
between acetone and aldehydes with sterically demanding groups, such as 2–
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nitrobenzaldehyde or 2–naphtylaldehyde. Gratifyingly, we found that  2–
naphtylaldehyde underwent  reaction smoothly when stirred at  80 °C for 26 h, 
affording the dehydrated product  in 90% yield (entry 4). In the case of 2–
nitrobenzaldehyde the dehydration process was slower, and we obtained the 
alcohol and the dehydrated product  in a 46 : 43 ratio, respectively, in an 
overall yield of 89% (entry 5).

Table 3.4. Reactions between acetonea or acetophenoneb and various aldehydes.

Entry Ar R Conditions
(h/ °C) Ratio 5 : 6 Yieldc (%)

1a 4–NO2–Ph Me 20 / 50 76 : 20 96

2a Ph Me 26 / 80 7 : 90 97

3a 4–MeO–Ph Me 44 / 80 0 : 73 73

4a 2–naphtyl Me 26 / 80 0 : 90 90

5a 2–NO2–Ph Me 20 / 80 46 : 43 89

6a 4–NO2–Ph Ph 30 / 80 8 : 84 92

a 0.39 mmol aldehyde in 1.5 ml acetone and 1.5 ml nonane; 10 mol% of amine and 9 
mol% of acid.
b 0.39 mmol 4–nitrobenzaldehyde in 2.7 ml nonane and 0.3 ml acetophenone; 10 mol
% of amine and 9 mol% of acid.
c Isolated yields, compounds were characterized by 1H and 13C NMR.

Furthermore, we tried to replace acetone in the reaction with 4–
nitrobenzaldehyde with other carbon nucleophiles, such as acetophenone and 
ethylmethylketone. In these cases, again the reaction was sluggish at  50 °C, 
and we therefore performed them at 80 °C. In the reaction between 4–
nitrobenzaldehyde and acetophenone (Table 3.4 entry 6), we obtained the 
dehydrated product in 84% yield, along with a small amount of the alcohol 
(8% yield). The overall yield was 92%. In order to investigate the selectivity 
issues associated with using an unsymmetrical ketone, containing two 
different  nucleophilic sites, we tried the highly challenging substrate ethyl 
methyl ketone; however, as seen in Figure 3.12, selectivity was low and the 
result was a mixture of the three possible alcohols (71% overall yield), as 
well as the two possible dehydrated products (25% overall yield). The 
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alcohols and the unsaturated products were separated by silica–gel 
chromatography, and the relative amounts of the various products where then 
estimated by 1H NMR.

Figure 3.12.  Reaction between 4–nitrobenzaldehyde and ethyl metyl ketone (0.39 
mmol 4–nitrobenzaldehyde in 1.5 ml nonane and 1.5 ml ethyl methyl ketone stirred 
at 80 °C for 30h; 10 mol% of amine and 9 mol% of acid). The ratio of the products 
were estimated by 1H NMR spectroscopy analysis.

3.4.3 Recycling of the Catalyst
Besides, we decided to investigate the recycling behavior of catalyst 1 (Table 
3.5). For the reaction between 4–nitrobenzaldehyde and acetone, the first  run 
(Table 3.5, entry 1) resulted in a conversion of 97% (product  ratio 75 : 22). 
When the catalyst was recycled (entry 2), the conversion dropped to 88% 
(product ratio 68 : 20). Upon one more recycling cycle (entry 3) the 
conversion dropped even further to 72% (product ratio 58 : 14). These results 
show that the catalyst is slowly deactivated under the reaction conditions. 
One possible explanation for the deactivation process is the formation of 
carboxylic acid by aldehyde oxidation, which could neutralize the amine 
groups in the catalyst. That addition of acids leads to deactivation of the 
catalysts has been demonstrated by Zeidan et al.12. Another possible 
deactivation process would be the esterification reaction between the 
carboxylic acid groups of catalyst 1 and the product alcohol of the reaction, 
which would reduce the amount  of free carboxylic acids in the catalyst.  
Moreover, there is also the possibility that the silica support suffers some 
degradation process under the reaction conditions, which could lead to 
collapse or obstruction of the mesopores of the catalyst, thereby permanently 
lowering the catalytic activity of the material.
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Table 3.5. Test of recycling of catalyst 1a.

Entry Recycling run Ratio 5 : 6 Conversionb (%)

1 1 75 : 22 97

2 2 68 : 20 88

3 3 58 : 14 72

a0.13 mmol aldehyde in 0.5 ml acetone and 0.5 ml nonane and 10 mol% of amine 
and 9 mol% of acid. Stirred for 20 h at 50 °C .
bConversion calculated by 1H NMR spectroscopy analysis.
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4 Summary

This dissertation has been focused on the synthesis, characterization and 
applications of novel functionalized SMCs by using co–structure directing 
method. A family of AMS materials have been developed by this method, 
which give rise to diverse mesostructure, controllable porous properties and 
various morphologies. The arrangement  of the organic groups may follow 
the arrangement  of the head groups of the surfactant, which could be 
retained after removal of the surfactant by extraction.

The central concept of the method is to build proper organic/inorganic 
interactions by introducing a co–structure directing agent (CSDA) into the 
synthesis system. Therefore, CSDA bridges the organic and inorganic 
species to favor their self–organization into ordered assemblies. The co–
structure directing route is a distinct  strategy with relation to conventional 
ones to achieve critical organic/inorganic interactions, which makes it 
possible for successful preparation of mesoporous materials in systems that 
are difficult  or impossible to achieve by conventional strategies. Here, we 
defined CSDA from the viewpoint of the indispensability and dominating 
effect  of CSDA for the formation of mesostructure, the “co–” in “co–
structure directing” means the indispensability of CSDA, i.e. the SMCs can 
be formed only in the presence of CSDA. 

Although the alteration of the micelle structure has been an effective strategy 
for controlling the mesostructure, we have proven that the CSDA produces a 
dominating effect on the type of mesostructure prepared under different 
synthesis conditions by controlling the charge density due to the charge 
matching between the surfactant and CSDA. 

As the general interaction provided by the co–structure directing method, it 
is easy to generate many other systems by using different types of organic 
self assemblies as well as different types of CSDAs. Following the co–
structure directing route, highly ordered SMCs can been developed by using 
cationic surfactants, non–surfactants, even biomolecules, e.g., DNA, as 
template, and cationic or anionic organosilane as the CSDA, indicating the 
versatility of this route. This kind of material could find broad applications in 
catalysis, drug delivery and sensing.
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Carboxylic group functionalized SMCs
The effective organic/inorganic interaction could be achieved by using 
cationic surfactant and a negatively charged silane as the CSDA.

By using cationic surfactants as templates and CES as CSDA, CFMSs were 
successfully synthesized. Well ordered 2D p6mm, cubic Fm3m, mixture of 
CCP (Fm3m) and HCP (P63/mmc), and cubic Fd3m  with uniform carboxyl 
group distributions have been synthesized with increasing of HCl. This will 
provide new families of SMCs from a variety of cationic surfactants and 
synthesis conditions, and open up new routes for the synthesis of 
mesoporous silicas with applications in catalysis, adsorption, separations, 
biosensors and nanomaterials.

In the CFMS synthesis system, intergrowth of two typical structures was 
observed. In the intergrowth, the structure changes the packing of spherical 
micelles between the hard sphere packing with the Fm3m  (or P63/mmc) 
structure and the soft sphere packing with the Fd3m  structure. Direct 
observation by TEM clearly shows the epitaxial relationship between the two 
cubic structures with 30° rotation along the common [111] axis. In the 
structural study, the structure of a crystal with Fd3m  symmetry is described 
as one of the TCP structures consisting of 512 and 51264 polyhedra. In the 
Fd3m  structure, the new types of planar defect  layer were observed. These 
defects were explained well through use of simulated TEM images by 
introducing new 13–15 polyhedra comprising 51262, 51263, 4151062, 425865, 
and 4151064 polyhedra, which have been observed in bubble structure by 
Matzke. The mesostructural changes and defect formation are discussed in 
terms of the hardness of micelles composed of surfactant/CSDA/silica 
species that  have formed through a change of the interaction between the 
surfactant and CSDA, which causes the micelles to change from a regime of 
close–packing to one of minimum–area packing. This work shows the 
possibility of identifying the structure type or defect  structure of mesoporous 
crystals by using TEM image simulation. To study the precise size, shape, 
and surface area of the each sphere will be very important  not only to 
understand these structural changes quantitatively but also to get deep 
knowledge of how they stabilize their structures and how the synthesis 
conditions affect their structures.

Inorganic amino acid
New amphoteric inorganic amino acid with highly ordered mesopores were 
synthesized via the co–structure directing method. Uniform distributions of 
acid and base organic groups on the mesopore surfaces were formed by 
interactions between the counter charged surfactant head groups and ionic 
parts of CSDAs. It  has been demonstrated that  organic (–NH2 and –COOH) 
pairs incorporated in the framework walls behave as amino acids, 
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collectively exhibiting an isoelectric point, pI, of ∼6.0, a value close to that 
of a natural amino acid. Furthermore, the amphoteric amino acid moiety can 
be switched readily in a moment  from net cationic and acidic to net  anionic 
and basic by simply increasing the pH of the solution. Loading of the –NH2 
and –COOH groups was controlled at an almost  equal basis of ~1.0 and 0.9 
mmol/g SiO2, respectively. Close adjacency of organic –NH2 and –COOH 
groups was confirmed by the formation of amide moieties. The basic idea 
employed here will be easily and widely applicable to the design of relevant 
mesoporous materials.

Besides, we have demonstrated that  the inorganic amino acid was an 
efficient catalyst for the reaction between aldehydes and carbon 
nucleophiles, such as acetone. The use of nonane as co–solvent enables us to 
perform the reaction at  higher temperature, we demonstrate reaction 
conditions under which even aldehydes containing deactivating electron 
donating groups, or sterically demanding substituents, undergo the catalyzed 
reaction with acetone, affording primarily the condensation products. 
Moreover, we found that  acetophenone and ethylmethylketone can replace 
acetone as nucleophile. The inorganic amino acid is a convenient  catalyst, as 
it is simple to remove from the reaction media, thereby facilitating workup.

Prospects

However, challenges still remain in the research of co–structure directing 
systems. Up to now, AMS system have been widely explored, while only a 
few research in our group have focused on the cationic co–structure directing 
system, detailed investigation needs to be conducted to further understand 
the synthesis system and the formation mechanism. Furthermore, the 
functionalized SMCs produced by co–structure directing method may find 
advantages in applications compared to conventional SMCs. Very recently, 
the helical arrangement  of functional groups on the surface of the mesopores 
has been proved by investigating typical AMS chiral mesoporous silicas. The 
cationic quaternary ammonium groups of CSDA were proved to be helically 
aligned on the mesopore surface surrounding the helical propeller−like 
micelle, which may be due to the paired electrostatic interactions with the 
anionic head groups of chiral amphiphiles. The novel supramolecular chiral 
memorization and recognition revealed in the present study not  only further 
promote our deeper understanding of the creation of chirality in nature but 
may also find practical applications in chiral recognition and separation, 
asymmetric catalysis and chiral materials preparation. This would further 
promote our research work not only in creating novel functional materials by 
the co–structure directing method but  also in indicating the practical 
applications of the SMCs.
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