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Popular Science Summary 

This thesis is focused on the detail process of formation of mesoporous silica materials. 

Mesoporous silica materials are one type of porous materials with a pore size between 2 
and 5 nm (1 nm=0.000 000 001 m). The pore walls consist of silicon dioxide – silica 
(sand also consists of silica). The mesoporous silica materials are formed by amphiphilic 
molecules, a kind of molecule with one part that loves water and one part that hates 
water, and a silica source. Within the group of amphiphilic molecules, surfactants are 
mostly used. Surfactants are molecules that can have positively or negatively charged 
head groups, which attract water, and long organic tails, that repel water. Examples of 
surfactants in our daily life are shampoos and detergents. When surfactants are dissolved 
in water, the organic tails will cluster together and only leave the charged head groups 
outside in contact with the water. In this case, the aggregated surfactants can form 
different shapes with the tails inside and the head groups on the surface of the aggregate. 
The silica components will decorate these aggregates and give rise to an attraction that 
draws the aggregates together. Accordingly, the “mesopores” of the materials are filled 
with surfactants during their creation. When the surfactants are removed, the mesopores 
arise, and the mesoporous materials with silica walls are formed. The networks of 
mesopores are often well ordered in various structures. When we add acid or salt into the 
formation mixture of mesoporous silica materials, the structure of the materials can 
sometimes be changed. The process is like baking, where by adding different ingredients, 
such as baking powder or salt, the shape or texture of the pastries can be changed. 

In the work of this thesis, two recipes were used. We call them two synthesis systems. 
Both systems contain a molecule that eventually gives rise to the creation of the silica 
wall. We call this molecule the silica source. In system 1, a surfactant with a large 
positively charged head group was used, while in system 2, a surfactant with a negatively 
charged head group was used. Moreover, a molecule consisting of a charged part and a 
silica part was added in the mixture. In this thesis, the latter type of molecule is called 
CSDA. In system 1, the charged part of the CSDA is negative, and is called the 
carboxylate group, in vinegar there is a lot of carboxylic groups. In system 2, the charged 



vi 

part is positive, with the chemical name quaternary ammonium group, which is a 
common component used in softeners. In the mixture, the CSDA will be in contact with 
the surfactant head group via the charged part and with the silica source via the silica 
part. After the formation, when the surfactants are removed, the charged groups of the 
CSDA will remain within the pores, therefore, the materials are functionalized with the 
charged groups of the CSDA directly in the synthesis.  

In system 1, addition of acid can change the structures of the materials. In this work we 
aim to find reasons for the structural change. We found that addition of acid will change 
the building-up of the silica source. With low acid addition, the silica sources build up 
walls around the surfactant head groups very fast, whereas with a higher amount of acid, 
the silica walls build slower. If salt is added in the slower system, a different structure 
will be formed. This is because the added salt makes the building work even slower. 

In system 2, we used a special type of instrument, called cryo-EM, to look at the system. 
This instrument allows us to visualize very small things (hundreds of nm in size) in 
frozen samples. So we can freeze samples after different formation times, and check what 
has been built up at these specific times. We found that in this system, the material first 
forms fibers, and then the fibers grow in width and form ribbons. The ribbons then twist 
and, with time, grow in width to eventually become helical ribbons that later merge into 
tubes. We also found that a mathematical model can be used to explain this shapechange 
process. 
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 Introduction1

Porous materials are frequently used in our daily life, for example, the sponge we use for 
cleaning the dishes and the filter paper to make coffee. We get benefits from their porous 
network for separation and from their large total surface area for adsorption. The study of 
porous materials has been an interesting field for a long time because the materials can be 
used in many applications. On the other hand, considering the numerous porous materials 
in nature, for instance honeycomb, wood, and bone, the studies of porous materials are 
also very helpful for us to understand how materials in nature function. 

If the porous material has an organized porous network and a porous diameter 
sufficiently small to form a so-called nanoporous material, it can be used for applications 
directed at molecular scale processes due to its large surface area and pore volume. These 
applications include catalysis, drug delivery, and energy storage. Because of the 
promising perspective of all these applications, the research and design of nanoporous 
materials are becoming more and more interesting and important. 

Nanoporous materials consist of a regular organic or inorganic framework that 
generates a porous structure. According to the definition by IUPAC (the International 
Union of Pure and Applied Chemistry),1 nanoporous materials are classified by the size 
of their pores: microporous (less than 2 nm), mesoporous (2–50 nm) and macroporous 
(larger than 50 nm). In the family of nanoporous materials, the silica materials are the 
largest group. They are also the ones that are most amenable for design and synthesis. 
Well-known examples of silica-based porous materials are zeolites that are microporous, 
opals that are macroporous and mesoporous silicas.  

Zeolites are crystalline aluminosilicates, which consist of a framework built up by Si 
(or Al) tetrahedrally coordinated to O, with uniform pore sizes less than 2 nm.2 Zeolites 
occur naturally and are also produced industrially on a large scale with higher purity and 
more diverse structures than the ones found in nature.3 They are commonly used as 
commercial adsorbents and in catalysis and are also an important constituent in washing 
powder where they function as ion-exchangers.4 Moreover, since zeolites have uniform 
pore size, they have the ability to selectively sort molecules. Hence, zeolites are also 
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known as “molecular sieves”. However, limited by the restricted pore size, zeolitic 
molecular sieves can only be applied for small molecules. 

Opal is a hydrated amorphous form of silica, which is different from the crystalline 
forms of silica. It occurs in fissures of rock, and is known as precious opal. Opals are 
composed of silica spheres with sizes from 150 to 300 nm in diameter.5-6 Opals can also 
be synthesized, however with lower density.7-8 Although macroporous materials have a 
larger pore size, they also generally have a wide pore size distribution. Therefore they 
have limited use in adsorption and separation applications. The macroporous opaline 
materials are usually used in the photonic fields.8-9 

Mesoporous silica materials are, as mentioned above, materials having an 
interconnected network of pores with pore sizes between 2 and 50 nm. They are typically 
ordered but mesoporous materials with disordered pore systems also exist, for instance 
aerogels or pillared clays.10 They not only have the pore size region between zeolites and 
macroporous opal, but also have characteristics in between these two types of materials; 
the pores have long-range-ordering while the framework is amorphous. Mesoporous 
silica materials are considered “cavity crystals” and are synthetic materials. The typical 
method of synthesis is to use amphiphiles as templates and let silica oligomers aggregate 
around the amphiphilic aggregates. This process eventually leads to the formation of an 
inorganic/organic composite material that has a mesostructure. Thanks to the various 
amphiphiles, mesoporous silica materials can be synthesized with diverse structures. 
Because of the highly ordered mesostructures, good surface properties, and appropriate 
pore size, applications of mesoporous silica materials range from use as drug carrier, to 
catalysis and to separation for large molecules. However, the amorphous silica 
framework of mesoporous materials is typically not as strong as the crystalline 
framework of, for instance, zeolites, which makes the materials more vulnerable to 
experimental conditions, such as high temperatures. This is a limitation for the use of 
mesoporous silica materials in catalysis, where re/use of the material is an essential 
factor.  

It is important to understand the formation mechanism of the materials because it can 
allow us to rationally design new materials to meet the specific demands of the broad 
range of applications, to develop environmentally friendly materials and synthesis 
methods, and it can provide insight into the formation procedures of the analogous 
materials in nature. The aim of this thesis is to expand the understanding of the formation 
mechanism of the syntheses of mesoporous silica materials. Two specific systems are 
selected in this study, both being based on the so-called co-structure directing agent 
approach, which is explained in more detail in Chapter 3. 

This book is divided into sections, starting with the introduction part including 
background (Chapter 2 and 3) and experimental techniques (Chapter 4), followed by the 
results part where the key results are summarized (Chapter 5 and 6) and finally the 
conclusion and future perspectives are stated (Chapter 7). The scientific papers are 
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included at the end of this thesis. Two synthesis systems are considered in this work; the 
main part of the thesis, paper I to paper IV, are related to system 1, and paper V is related 
to system 2. 
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 Mesoporous Silica Materials2

Mesoporous materials were first developed more than 20 years ago. In the early 1990s, 
mesoporous silica materials (MSMs) were synthesized by two groups: Kuroda’s group at 
Waseda University, Japan, and Kresge’s group at the Mobil Company, USA.11-13 The 
MSMs synthesized by Mobil's researchers are named the M41S series,12-16 which 
includes three types of structures, MCM-41 with a two-dimensional (2D) hexagonal 
structure,14 MCM-48 with a bicontinuous cubic porous network,15 and MCM-50 with a 
layered structure. Later on, with the developments of new synthesis systems, a lot of new 
structures of mesoporous materials with different characteristics were discovered. There 
were other families of mesoporous silicas appearing, for example the SBA series17-22 and 
the AMS series.23 

So far, just after two decades, scientists have developed a large number of 
mesoporous materials with different compositions, structures, morphologies and 
functions. The study of the formation mechanism of mesoporous materials has become 
more and more important in order to find ways to rationally design materials and to meet 
the demands for the varying types of applications, such as catalysis, chemical separation, 
hard template, functional adsorption, and drug delivery. 

This chapter gives a brief introduction to the synthetic route, the proposed formation 
mechanism, and the mesostructure control of MSMs. 

 Synthesis of mesoporous silicas 2.1

The typical synthesis strategy of MSMs is to use amphiphiles as structure-directing 
agents in an aqueous solution. The formation is based on the amphiphile self-assembly. 
Polymerization of a silica source builds up the walls around and in between the 
amphiphilic aggregates. The driving force for formation relies on an attractive interaction 
between the hydrophilic part of the amphiphile and the inorganic silica source.24 During 
the synthesis step the material forms the structure. After completion of the synthesis step, 
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and under hydrothermal condition, the silica is further condensed. Removal of the 
amphiphiles after completed synthesis establishes the porous network.  

Overall, the syntheses can be designed by using different amphiphiles and controlling 
the reaction conditions, such as temperature, pressure and solution conditions. For 
example, in the M41S series of materials, a cationic surfactant is used as a template and 
the syntheses are performed under strongly basic conditions,12-13 whereas in the SBA 
series of materials, the syntheses are mostly performed under strong acidic conditions. 
For the SBA family, SBA-1, 2 and 3 are based on cationic surfactants templating,19-20 
SBA-11, 12 and 14 are synthesized using nonionic surfactants and SBA-15 and 16 are 
made using triblock copolymers, such as polyethylene oxide-polypropylene oxide-
polyethylene oxide (PEO-PPO-PEO), as the structure-directing agent.21-22 In the AMS 
series, anionic surfactants and an additional synthesis component, a so-called co-structure 
directing agent, are used in the synthesis. This latter synthesis strategy is described 
further and in more detail in Chapter 3. 

The mechanisms of the syntheses of MSMs generally rely on two chemical processes 
working hand in hand: self-assembly of the structure directing agent and the reactions of 
the silica source, i.e. hydrolysis and condensation reactions.25 The synthesis mainly 
involves four types of substances: the inorganic species, the template, the solvent, and the 
ions in the solution. The inorganic species is the silica source. The most popularly used 
silica sources are alkoxysilanes. In this thesis work, tetraethyl orthosilicate (TEOS) is 
used. As explained above, the amphiphilic molecules act as structure directing agents, or 
templates. They can be classified as surfactants or amphiphilic block copolymers. Here, 
mainly surfactants are discussed. The most frequently used solvent is water, but a less 
polar solvent like alcohol can also be used.26 The ions in the solution are the surfactant 
counterions, ions from the base or acid added, or additional ions from added salts. Both 
the identities and the concentrations of the various ions play an important role in the 
synthesis. Both the identities and the concentrations of the various ions play an important 
role in the synthesis.17, 24 Among these four substances, the structure directing agent 
(surfactant) and the silica source are believed to have key roles in the formation of 
MSMs. However, the detailed interactions between the components has yet to be 
clarified. 

Next, the properties of surfactants and the silica chemistry is introduced. 

2.1.1 Structure directing agent – Surfactants  

Molecules that are widely used as templates in the synthesis of MSMs are amphiphilic 
surface-active agents, surfactants, which consist of at least two parts, a water-soluble 
hydrophilic head group and a water-insoluble hydrophobic tail. Surfactants can be 
grouped into two types, ionic surfactants and nonionic surfactants. Ionic surfactants are: 
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cationic, with positively charged head groups, such as CTAB; anionic, with negatively 
charged head groups, such as carboxylate and sulfate head groups; or zwitterionic 
surfactants, containing both cationic and anionic centers. The nonionic surfactants are 
mostly alkyl polyethylene oxides, where the alkyl chain (Cn, containing n carbons) is the 
hydrophobic part and the chain of ethylene oxide (EOm, containing m EO groups) is the 
hydrophilic part. 

When surfactants dissolve in water, they will adsorb at the water-air interface or at the 
interface between water and other hydrophobic compounds. The hydrophobic tail of the 
surfactant will extend out of the bulk water phase, towards air or towards a hydrophobic 
component, while the hydrophilic head group remains in the water phase. In the bulk 
aqueous phase, when surfactants exceed the critical micelle concentration (CMC), they 
aggregate to form micelles, where the hydrophobic tails form the core of the micelle and 
the hydrophilic heads are in contact with the surrounding liquids, forming a corona. 
Besides the surfactants’ own characteristics, the CMC can be influenced for instance by 
addition of salt or by temperature. 

In a concentrated surfactant aqueous solution, typically well above CMC, the 
surfactant self-assembles into liquid crystalline phases. The structure of the liquid 
crystalline phase depends on the packing of the surfactant molecules into the micelles. 
The packing parameter of the molecules relies on their effective head group area ( ), the 
volume ( ) of their hydrocarbon chain and the length of their hydrocarbon chain ( ), 
which gives the dimensionless number,  – the packing parameter. When  
increases, the surfactant has a propensity to form structures, from spherical micelles 
( ) to non-spherical or ellipsoidal micelles ( ) to 
cylindrical or rod-like micelles ( ) to bicontinuous structures (

) to vesicles and bilayers ( ) with a lamellar structure, and finally 
to a group of “inverted” micelles ( ).27 This transformation is illustrated in 
Figure 2.1. 

The packing parameter varies not only with the shape of the surfactant molecule but is 
also sensitive to the conditions of the solutions as mentioned above. For example, 
addition of salt is expected to have an influence on structures formed in ionic surfactant 
water solutions.28 The additional counterions screen the repulsion between the head 
groups leading to a decrease in the head group area. With the length and volume of the 
surfactant tail unchanged, the surfactant packing parameter will hence increase, favoring 
structures with lower curvature. This typically results in an increase of the surfactant 
aggregation number and a decrease of CMC.28 

In a simple surfactant/water system, the self-assembly usually begins with spherical 
micelles, randomly distributed in an isotropic dilute solution. As the surfactant 
concentration increases, the micelles first organize into a micellar cubic phase, then the 
aggregate shape changes resulting in hexagonal, bicontinuous cubic and lamellar 
structures (Figure 2.1). A typical well-known example is the phase behavior of DTAC.29 
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Figure 2.1. Critical packing parameters of surfactant molecules and preferred aggregate structures 
for geometrical packing reasons and “mesophases” formed by surfactants in aqueous solutions. 
 
 

Compared to the surfactant/water liquid crystal system, ordered mesoporous silica has 
a skeletal wall made up of amorphous silica instead of water. The surfactants act as the 
structure directing agent during the synthesis and silica condenses in the vicinity of the 
head groups. The “mesopores” are filled with surfactants during synthesis. It is only after 
removal of the surfactant that the porous structure arises. 

2.1.2  Reaction of silica 

The synthesis of MSMs is based on the following reactions of siliceous species. For the 
alkoxysilanes that are normally used as a silica source, the reactions are based on 
hydrolysis and polymerization (or condensation). In solution, the alkoxysilanes are 
hydrolyzed and condensed to form polymeric species composed of Si-O-Si bonds. 
Generally, three reactions can be used to describe the process: hydrolysis (eq. 2.1), 
alcohol condensation (eq. 2.2) and water condensation (eq. 2.3). 

 ≡Si−OR+ O  ≡Si−OH+ROH (2.1) 

  (2.2) 

  (2.3) 
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At the beginning of the reaction, the silica source hydrolyzes and then polymerizes to 
water-soluble silicate oligomers, then, the polysilicates further condense and form three-
dimensional networks. The hydrolysis occurs by nucleophilic attack of the oxygen 
contained in water on the silicon atom;30 and the polymerization to form siloxane bonds 
occurs by either an alcohol-producing condensation reaction (eq. 2.2) or a water-
producing condensation reaction (eq. 2.3).31 Knowledge of the mechanisms and kinetics 
of these reactions provides insight into the structural formation of the mesoporous silica 
materials. 

The hydrolysis and polymerization rates are highly dependent on pH. Figure 2.2 
shows a schematic representation of the pH dependencies of the hydrolysis, 
condensation, and depolymerization rates as summarized by Brinker in 1988.30 
According to Figure 2.2, if we use TEOS as an example, the hydrolysis rate of TEOS 
reaches a minimum at a pH around 7. The condensation on the other hand shows a 
reverse behavior with the highest rate just around pH 8.30, 32 Hence, control of pH plays a 
significant role in the reaction rates of silica and is an important parameter in the 
synthesis of MSMs.  

 

Figure 2.2. Schematic representation of the pH dependences of the hydrolysis, condensation, and 
dissolution rates. After Refs. 30, 32.* 

                                                 
* Reprinted from Journal of Asian Ceramic Societies, Vol. 1, Koichi Kajihara, Recent advances in sol–gel 
synthesis of monolithic silica and silica-based glasses, Page 125, Open Access funded by Ceramic Society of 
Japan and Korean Ceramic Society Under a Creative Commons license. The original figure is from Journal of 
Non-Crystalline Solids, Vol. 100, C.J. Brinker, Hydrolysis and condensation of silicates: Effects on structure, 
Pages 47, Copyright (1988), with permission from Elsevier. 
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Besides pH, the reaction of silica also depends strongly on the temperature, the 
concentration of the inorganic species, and the reaction time. Addition of salt also has an 
influence. For example, a solution of silicates can precipitate in the presence of NaCl. 
The precipitate is readily re-dissolved if the system is diluted with water.31 

As explained above, the syntheses of mesoporous silica materials are related to the 
structure promoter (surfactant) and the inorganic species (silica). But more knowledge is 
needed in order to understand the mechanism of the entire synthesis process, for example 
the self-assembly of surfactants under the synthesis conditions, the kinetics of the silica 
reactions, the interactions between surfactants and silica, and their mutual temporal 
evolution (the dynamics).  

Many different mechanisms have been suggested in previous studies. They all 
provided the knowledge only to explain certain specific systems. However, no general 
understanding of the accurate synthesis process has been discovered for MSMs. In the 
other words, more specific investigations are needed. 

 Meso-structure types 2.2

A simple inorganic crystal has a structure with a repeated lattice of atoms or molecules, 
but liquid crystal structures and mesoporous materials have a repeated packing of 
micelles and ordered pores. The order is on a different length scale than in a simple 
inorganic crystal; it is structured on the mesoscale, and hence we call it mesostructure. 
There are different types of mesostructures: micellar cubic, 2D columnar, bicontinues, 
and lamellar structures.  

Like the simple inorganic crystalline structures, mesostructures can be described by 
the lattice parameter of the unit cell and the symmetry of the ordering. Unit cells are basic 
building blocks of the crystals that pack together to fill space. A unit cell of a 3D lattice is 
a parallelepiped defined by three edge lengths a, b, and c, and three angles !, !, and !, as 
shown in Figure 2.3. There are seven possible unit cell shapes that can fulfill the space 
filling – they are known as the seven crystal systems and their specifications are listed in 
Table 2.1. In addition, the 3D unit cell includes four different lattice types: the primitive 
unit cell (symbol P), the body-centered unit cell (symbol I), the face-centered unit cell 
(symbol F) that has lattice points in the center of each face, and the other face-centered 
unit cell (symbol A, B, or C) that has lattice points in the centers of one pair of opposite 
faces. When these four types of lattice are combined with the 7 possible unit cell shapes, 
14 permissible Bravais lattices (Table 2.1) are produced.  

The symmetry of a crystal is a point group taken from a point at the center of a perfect 
crystal. Each single crystal system has its own symmetry elements. The combination of 
rotation, inversion, mirror and rotation inversion gives 32 crystallographic point groups. 
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By the combination of the 32 crystal point groups and the 14 Bravais lattices, 230 
different space-filling patterns exist that crystal structures can adopt. They are the 230 
space groups, which are all collected in the International Tables for Crystallography.33 

 
Figure 2.3. Definition of axes, dimensions and angles for a general unit cell. 

 
 
 

Table 2.1. Bravais lattices 
Crystal systems Unit cell Lattice types 

Cubic 
 

 
P, I, F 

Tetragonal 
 

 
P, I 

Hexagonal 
, 

 
 

P 

Trigonal/rhombohedr
al 

 
 

P/R* 

Orthorhombic 
 

 
P, C, I, F 

Monoclinic 
, 

 
 

P, C 

Triclinic 
 

 
P 

* The primitive description of the rhombohedral lattice is normally given the symbol R. 
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2.2.1 Micellar cubic structures 

In the surfactant/water liquid crystal system, the micellar cubic phase appears at 
concentrations between micellar solution and hexagonal phase: the structure is typically 
described as 3D ordered packing of spherical micelles. In the case of MSMs with 
micellar cubic structures, the micelles are usually considered as spheres organized in a 
silica matrix. The pores are connected by small windows believed to arise from the 
contact area of the spherical micelles. 

One of the most common micellar cubic structures is defined by the Pm3�n space 
group, which has been observed in numerous amphiphilic systems.29, 34-37 The Pm3�n 
structure for the liquid crystalline phase contains 2 sites of in total 8 micelles. As 
summarized by Liu et al.,38 three explanations have been proposed explaining the packing 
of the Pm3�n structure. One suggestion is that there are two shapes of micelles in the unit 
cell;39 a second one is that all the micelles have the same non-spherical, or rice-type, 
shapes, rotated in two different ways;40-41 the third explanation is that the packing follows 
a minimal-area rule between the neighbors.42 Pm3�n is also synthesized in the MSMs, as 
for instance SBA-1.20 The structure has been explained to be based on polyhedron 
packing, similar to the third suggestion just mentioned. The spherical micelle is 
considered to make an interface with the next micelles forming a polyhedron instead of 
perfect sphere. This packing structure is called cage-type mesoporous structure. In the 
cage-type MSMs, each polyhedron consists of both surfactant micelle and part of the 
silica wall (Figure 2.4, f). The Pm3�n structure as shown in Figure 2.4 (d) is the packing 
of four 12-hedra (Figure 2.4, a) and six 14-hedra (Figure 2.4, b).43  

Another cage-type mesoporous structure is the Fd3�m structure, which can also be 
described as a stacking of two different types of polyhedra. As shown by Sakamoto and 
Han et al. in Figure 2.4,43 the unit cell of the Fd3�m structure (Figure 2.4, e) consists of 
sixteen 12-hedra (Figure 2.4, a) and eight 16-hedra (12 pentagons and 4 hexagons) 
(Figure 2.4, c). In amphiphilic systems, several examples of the Fd3�m structure are 
encountered in inverted micellar phases of surfactants and lipids.44-45 It has been 
described that there are 24 micelles in the unit cell of this micellar cubic phase.  

In addition, there are two types of spherical close packing structures; the cubic close 
packed (CCP) structure, defined by the Fm3�m space group, and the hexagonal close 
packed (HCP) structure, with the P63/mmc space group. Figure 2.5 shows the stacking of 
the two lattice forms. If the spheres (spherical micelles) in the bottom layer are in 
position A, and the second layer is in position B, the third layer can be either in position 
C or A. If the progression of stacking is ABC, the structure is CCP. If the stacking is 
ABA, the structure is HCP.  
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Figure 2.4. Schematic drawing of three types of polyhedra, (a) 12-hedron (512-hedron), (b) 14-hedron 
(51262-hedron) and (c) 16-hedron (51264-hedron); and representation of the Pm3�n structure (d) and the 
Fd3�m structure (e). The polyhedra occupied by micelles (white) and silica wall (gray) (f). Adapted 
after Ref. 43.* 
 
 

 

Figure 2.5. Schematic of the HCP lattice (left) and the CCP lattice (right). 

                                                 
*  Adapted with permission from Chemistry of Materials, Vol. 21, Yasuhiro Sakamoto, Lu Han, Shunai Che, et 
al, Structural Analyses of Intergrowth and Stacking Fault in Cage-Type Mesoporous Crystals, Page 224, 
Copyright (2016), with permission from American Chemical Society. 
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In the case of MSMs, the interstices of the packed spherical micelles are occupied by 
the silica wall, and the pores are connected by small windows. Both the Fm3�m structure 
and the P63/mmc structure have been reported for mesoporous materials,20, 46-47 and they 
have also been found as intergrowths in, for example, the SBA-12 material formed with 
nonionic surfactants.22, 48  

However, in the amphiphilic/water system, the CCP and HCP structures are rarely 
reported. Only a few examples of the HCP structure are known. It has been observed in 
three types of binary systems, for a nonionic surfactant (C12EO8) water system,42, 49-50 an 
anionic choline carboxylate surfactant-water system,51 and recently for the cationic 
alkyltrimethylammonium surfactant-water system with strongly hydrated counterions.38 
The HCP structure has also been identified in other multicomponent systems, for 
example, for the triblock copolymer (P123) water-ethanol system,37 in the inversed 
micellar lyotropic phase diagram of a mixture of different lipids in water system,52 and in 
the polyion-surfactant ion complex salts in water system.53-54 For the CCP structure, the 
C12EO12/water phase diagram exhibits an Fm 3� m phase.55 Additionally, in the 
P123/water/ethanol phase diagram,37 a mixture of CCP and HCP phases, or the only HCP 
phases, are observed depending on the amount of ethanol.  

It has been reported that the difference of the stacking entropy of the CCP phase and 
the HCP phase is very weak.56 As shown above, the experimental results confirm that 
these two structures are indeed related. In many reports, the CCP (Fm3�m) structure and 
the HCP (P63/mmc) structure in the phase diagram of the amphiphilic system appear 
between the isotropic micellar solution and the Pm3�n structure phase.50, 55 

2.2.2 2D columnar and lamellar structures 

The 2D columnar mesostructure consists of rod-packing of long cylindrical micelles. The 
2D hexagonal structure, with the plane group p6mm, is a very typical arrangement in the 
amphiphilic/water systems, and also very common in mesoporous silica materials, such 
as the well known MCM-4114 and SBA-15.21 In addition, there are other 2D columnar 
structures reported for mesoporous materials, for example, the centered rectangular 
structure, with the plane group c2mm,57 and the 2D square structure with the plane group 
p4mm 58.  

Lamellar mesostructured mesoporous silica materials, for instance MCM-50, consist 
of layers of silica sheets with bilayers of amphiphiles in between. However, after removal 
of the surfactants, the layered structure is destroyed, and hence the lamellar structure of 
mesoporous materials is not as interesting as the other structures. 
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2.2.3 Bicontinuous structures 

In the amphiphilic/water system, the bicontinuous phase occurs between the hexagonal 
and the lamellar phases. The term bicontinuous structure is used because it is continuous 
not only in the solvent but also in the surfactant arrangement. In the bicontinuous phase, 
the amphiphilic molecules form a porous connected structure in three dimensions. The 
bicontinuous cubic structures can be seen as either the connecting of rod-like micelles, 
similar to branched micelles, or bilayer structures. In the bicontinuous structures, the 
curvatures of the interface on the opposite sides are equal and with an opposite sign, 
leading to a small mean curvature. 

In the MSMs, the bicontinuous cubic mesostructures have two disconnected but 
interwoven mesoporous networks divided by a silica wall. The silica wall lies on a 
minimal, continuously curved surface.  

Three families of bicontinuous cubic structures have been discovered to date. They 
are the gyroid structure Ia3�d, the double diamond structure Pn3�m and the primitive 
structure Im3�m. All of these three structures have been synthesized as MSMs. For 
example, MCM-48 is defined by the Ia3�d structure.15  

As introduced previously, MSMs are not just simply reproducing the structures 
formed by surfactants, i. e. liquid crystal structures. The structures found in mesoporous 
silicas not only reproduce the liquid crystals but also other structures, not previously 
found in liquid crystals. The synthesis not only relies on the reactants and additions 
present in the reaction mixtures, but is also highly dependent on the dynamics of the 
formation and the kinetics of the reactions.   
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  The Co-Structure Directing Agent 3
(CSDA) approach

As was introduced in Chapter 2, MSMs with different structures are generally 
synthesized relying on three steps/processes: the self-assembly of amphiphilic molecules 
that serve as structure directing agents, the chemical reactions of the silica source, and the 
attractive interactions between the amphiphilic aggregates and the silica species. In early 
works on MSMs, cationic surfactants,11, 13 nonionic surfactants,22 and block-
copolymers21-22 were employed as structure directing agents. The syntheses typically 
relied on choosing the right pH for the respective system. As an example, for cationic 
surfactants, the interaction between the head groups and the silica species was described 
as based on electrostatic interactions, and under basic conditions, the positively charged 
surfactant head groups interact strongly with the silica species that under those conditions 
are negatively charged.17 However, anionic surfactants as structure directing molecules 
only resulted in lamellar and disordered mesostructures when relying on pH. This was a 
disappointment, as anionic surfactants are used in large volumes in industry due to their 
environmental friendliness and low cost; they would have been desirable in the 
production of MSMs. The probable reason that anionic surfactants did not work properly 
was suggested to be a consequence of anionic surfactants typically being weak acids or 
their conjugated salts, which would cause them to be protonated under acidic conditions, 
while under basic conditions the negatively charged surfactant head group would not be 
prone to bind to the negatively charged silica species. Hence no (electrostatic) attractions 
could be formed between the surfactant head groups and the silica source, which is 
necessary to form MSMs.23, 59 

In 2003, Che and co-workers proposed a new synthesis methodology to promote 
interactions between the surfactants and the inorganic species, which demonstrated that 
anionic surfactants could also function as versatile structure promoters.60 This method 
relies on introducing an additional molecule in the synthesis, an organosilane molecule 
that contains a charged group, typically from an acid, or a base, and a silicate group. The 
molecule acts as a so-called co-structure directing agent (CSDA). For syntheses that 
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involve anionic surfactants, the most commonly used CSDAs are 3-
aminopropyltrimethoxylsilane (APS) and N-trimethoxysilylpropyl-N,N,N-
trimethylammonium chloride (TMAPS). Their molecular structures are shown in Figure 
3.1. In a normal synthesis, the CSDA is added together with the silica source to a 
surfactant aqueous solution under specific pH conditions. It has been suggested that the 
CSDA forms a “bridge” between the charged head group of the surfactant and the silica 
wall. The amino or quaternary ammonium site of the CSDA is described to interact 
electrostatically with the negatively charged head group of the anionic surfactant, while 
the alkoxysilane site co-condenses with the silica source to form a silica framework.59 
This strategy allows anionic surfactants to act as structure directors and form highly 
ordered MSMs; the CSDA generates the strong connection needed between silica and 
surfactant. 

Following the CSDA route, highly ordered MSMs with various structures have been 
developed not only by using anionic surfactants as the template and cationic organosilane 
as the CSDA, but also cationic surfactants and anionic organosilane. 
Carboxyethylsilanetriol sodium salt (CES) is the CSDA typically applied in systems of 
cationic surfactant. The molecular structure of CES is also shown in Figure 3.1. 

 

Figure 3.1. Molecular structures of CSDAs. 
 

 
The CSDA interacts with the head groups of the surfactant and is co-condensed onto 

the silica framework. After removing the surfactant by ion-exchange extraction,61 the 
non-silica part of the CSDA remains in the pores. Hence, functionalized MSMs can be 
achieved by a one-pot synthesis through the CSDA route. Furthermore, chiral 
mesoporous silicas (CMSs) have been produced via the CSDA approach by using a chiral 
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anionic surfactant. The CMSs usually have a helical rod-like morphology with twisted, 
2D-hexagonal mesochannels. A series of CMSs have been synthesized using various 
chiral and achiral surfactants and CSDAs, which opens up an extensive area for 
research.23, 62 

MSMs synthesized using anionic surfactant as structure directing agents through the 
CSDA route are named AMS. Until now, various AMS materials, AMS-1 to AMS-10, 
have been synthesized using different anionic surfactants and CSDAs under appropriate 
synthesis conditions. Table 3.1 summarizes the synthesis and structural information for 
typical AMS materials.  

Table 3.1. Structural and synthesis information for AMS-n materials.60, 63-65 
 Structure Surfactant* CSDA Example Conditions 

AMS-1 60 3D-hexagonal 
P63/mmc 

C14GluS TMAPS 
Molar ratio TMAPS/C14GluS=2,  
TEOS/C14GluS=12–15 
pH around 9 

AMS-2 60 Modulated  
Pm3�n C12GluA APS 

Molar ratio APS/C12GluA=2–8,  
TEOS/C12GluA=15–21 
pH around 9 

AMS-3 60 2D-hexagonal  
p6mm C16AS TMAPS 

Molar ratio TMAPS/C16AS=1,  
TEOS/C16AS=7.5–10 
pH around 9 

AMS-4 60 Cubic and hexagonal C12AlaA APS 
Molar ratio APS/C12AlaA=0.75–1, 
TEOS/C12AlaA=6–7.5 
pH around 9 

AMS-5 60 Lamellar C12AlaA APS 
Molar ratio APS/C12AlaA=1, 
TEOS/C12AlaA=3–5 
pH = 9.4 

AMS-6 63 Bicontinuous cubic  
Ia3�d C12AlaA APS 

Molar ratio APS/C12AlaA=0.75, 
TEOS/C12AlaA=6.75 
pH = 5 

AMS-7 63 3D-disordered C14GluSA TMAPS 
Molar ratio APS/C14GluSA=1.5, 
TEOS/C14GluSA=16.5 
pH around 9 

AMS-8 63 Cubic  
Fd3�m C12GlyS TMAPS 

Molar ratio APS/C12GlyS=1, 
TEOS/C12GlyS=10 
pH = 8.8 

AMS-9 64 Tetragonal  
P42/mnm C12GluA APS 

Molar ratio APS/C12GluA=2.5,  
TEOS/C12GluA=11.8 
pH = 9.3, time dependence 

AMS-10 65 Bicontinuous cubic  
Pn3�m C12GluA TMAPS 

Molar ratio TMAPS/C12GluA=1.5,  
TEOS/C12GluA=15 
pH around 5 

* A: Free acid, S: Sodium salt, Glu: L-glutamic acid, Ala: L-alanine, Gly: glycine 
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Mesostructures of AMS have been described as being easily controlled by varying the 
ionization degree of the anionic surfactant, for instance by simply controlling pH. One 
example is the materials synthesized using N-myristoyl-L-glutamic acid (C14GluA) as the 
template and TMAPS as the CSDA, published by Gao et al. in 2008.66 A full-scale 
synthesis-field diagram was obtained by varying the C14GluA-NaOH-TMAPS 
composition ratios. Using a molar ratio of TMAPS to C14GluA as 1.5:1, the 
mesostructures were changed from Pn3�m structure (AMS-10) to p6mm structure (AMS-
3), to Fd3�m structure (AMS-8) and then to tetragonal P42/mnm structure (AMS-9) 
through the successive addition of NaOH.65 With the molar ratio of TMAPS to C14GluA 
being 2:1, and as the concentration of NaOH increases, the structure changes from the 
Pn3�m structure, to the p6mm structure, to the Fd3�m structure, and finally to the Fm3�m 
structure.66 In the reported synthesis system, the concentration of C14GluA, a weak acid, 
was a fixed parameter, and the quaternary ammonium site in TMAPS is pH independent, 
thus controlling the pH is directly related to addition of NaOH. Figure 3.2 shows a 
structure diagram for this system depending on pH and addition of TMAPS (reproduced 
from Gao’s work).66 

 

Figure 3.2. Synthesis structure diagram of the C14GluA/NaOH/TMAPS system, pH vs. molar ratio 
TMAPS/C14GluA (reproduced from ref. 66). 
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The control of the organic/inorganic interface curvature has been suggested as an 
explanation of the structural variation influenced by pH in this system. It was explained 
that the interface curvature could be influenced by the ionization degree of the anionic 
surfactant that will affect the electrostatic interactions between the surfactant head group 
and the CSDA. Gao et al. have summarized the influence of the properties of the 
surfactant and the CSDA in the CSDA approach.59 They have investigated the syntheses 
of AMS by changing the geometry of the surfactant itself, such as different chain length 
and/or changing head groups.67 It has been observed that the final structures and the pore 
characteristics can be understood from the architecture of the surfactant. Additionally, 
CSDAs with different sizes of the non-silica part, for instance from the amino group to 
the methylamino group, the dimethylamino group and the trimethylammonium group, 
have been introduced to the synthesis as well. It was concluded that CSDA is present on 
the outside of the micelles serving as a counterion that affects the interface curvature, 
since the structure of the final product changes towards lower packing parameters when 
the size of the non-silica group of CSDA increases.67 Moreover, the kinetics of formation 
of MSMs using the CSDA method is suggested to play a very important role in the 
synthesis.59 

The formation mechanism of mesoporous silica is a topic of on-going discussion. For 
instance, the structure variation reported in one synthesis system can be simply controlled 
by pH but still require further investigation for a complete understanding. Most of the 
studies have been performed by investigating the properties of the final MSM products, 
however more investigations need to be conducted to understand the mechanisms of the 
CSDA strategy during the synthesis, from the starting solution to the final product, which 
should involve more detailed and systematic analysis of the intermediate products in the 
synthesis. 

We are interested in shedding more light on the mechanism of the formation process 
used in the CSDA approach, and, in this thesis work, two synthesis systems are 
investigated: system 1, synthesis of carboxylic group functionalized MSM using a 
divalent cationic surfactant as template and CES as CSDA, and system 2, synthesis of 
CMS using a surfactant with an alanine head group as template and APES as CSDA. 

 System 1: synthesis of MSM using cationic 3.1
surfactant and anionic CSDA 

As introduced above, the CSDA method that was designed for the synthesis using anionic 
surfactants can also be applied to synthesis using cationic surfactants. If the anionic 
surfactant and the CSDA used in the synthesis of AMS, reverse the sign of the respective 
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charges, corresponding cationic-surfactant templated MSMs are produced. The feasibility 
of this approach was first demonstrated by Han and co-workers, in 2007, using CES 
(Figure 3.1) as the CSDA.68 The CSDA in these cationic-surfactant-templating systems is 
somehow indispensable even though MSMs can be formed through the common, and 
simple, strategy without addition of CSDA. Compared to conventional synthesis, the 
mesostructures of those materials prepared by the CSDA route are diverse, and can be 
easily changed and controlled by adjusting pH. Highly ordered mesostructures can be 
formed even under neutral or weakly acidic pH (= 5–8) conditions when following the 
CSDA route. Under these conditions no mesostructure could be achieved conventionally. 
Additionally, functionalized MSMs with anionic functional groups can be obtained in a 
one-step synthesis using the CSDA route. 

Han et al., using this one-pot CSDA approach, synthesized carboxylic group 
functionalized mesoporous silica using different types of cationic surfactants.68 One of 
the cationic surfactants was a divalent surfactant, octadecylpentamethyl-1,3-propylenebis 
(ammonium bromide), C18H37N+(CH3)2(CH2)3N+(CH3)3Br2 (designated as C18-3-1, Figure 
3.4). It was observed that, with increasing concentration of HCl, a mesostructure 
transformation took place. Low concentration of HCl (synthesis at high pH, above 8.5) 
resulted in a material consisting of a mixture of CCP, Fm3�m structure, and HCP, 
P63/mmc structure. High concentration of HCl (synthesis at pH below 7.5) resulted in the 
Fd 3� m structure. An intermediate concentration of HCl resulted in a gradual 
transformation from the Fm3�m (mixed with P63/mmc) to the Fd3�m structure.43 The 
material with HCP or CCP structure contains spherical cavities, whereas those with the 
Fd3�m structure have polyhedral cavities.43, 69 Figure 3.3 shows the SAXD patterns of as-
synthesized materials reproduced from Han’s work including the pH conditions of the 
syntheses.  

The structural transformation has been suggested to occur as a consequence of the 
ionization degree of the CSDA.68, 70 The CSDA contains a carboxylic group, which 
typically has a pKa in the range of 1–5. Avariation in pH was therefore suggested to 
influence the strength of the electrostatic interaction between the surfactant head group 
and the carboxylic group of the CSDA, as a consequence of the varying ionization degree 
of the CSDA. It was also suggested that the formation of Fm3�m and P63/mmc structures 
is based on packing of hard spheres, whereas a weak interaction between the CSDA and 
the surfactants at near-neutral pH conditions, results in packing of “soft-cages”,70 the 
Fd3�m structure. The concept of soft cages was introduced to describe that the system was 
flexible, allowing the spheres to rearrange into polyhedra. 

However, as stated in chapter 2, the rate of the TEOS reactions varies to a great extent 
in this pH range (Figure 2.2). The hydrolysis rate of TEOS reaches a minimum at a pH 
around 7. The condensation on the other hand shows a reverse behavior with the highest 
rate just around pH 8.30, 32 It is important to note that at a pH around 7, where the 
hydrolysis rate of TEOS is low, the Fd3�m structure is formed. Hence, a complicating 
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aspect in this system is the variation in kinetics of the reactions involving the silica 
source. 

 

Figure 3.3. SAXD patterns of carboxylic group functionalized MSMs with the final composition, C18-3-1: 
2CSDA: xHCl: 15TEOS: 2000H2O (x = 0.0–2.4), along with the corresponding pH values. 
 
 

In order to understand the origin of the structural control in the formation of this 
synthesis, detailed investigations have been done both on the surfactant in pure water 
solution (summarized in Paper I), and on the synthesis process (summarized in Paper II, 
III and IV).  

In the study of the synthesis process, the effects of kinetics on the formation and 
cross-linking of silica of the Fm3�m (intergrown with P63/mmc) structure and the Fd3�m 
structure have been investigated and summarized in Paper II. In paper III, sodium 
chloride is added into the same system and its influence on the materials is explored.  
Finally in Paper IV, the role of CSDA is discussed and the understanding of the 
formation mechanism for this synthesis system is further related to a reversed AMS 
system. The surfactants and the CSDAs involved in these two systems are shown in 
Figure 3.4. The main results and conclusions for the synthesis of carboxylic group 
functionalized mesoporous silica are discussed in chapter 5. 
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Figure 3.4. The surfactants and CSDAs of two revised synthesis systems. 

 System 2: synthesis of chiral mesoporous silicas 3.2

Chirality is commonly found in nature. It is an inherent feature of the molecular and 
macromolecular components in organisms. Producing chiral materials, and understanding 
the rules that govern their formation, are important endeavors in scientific research 
especially since chiral molecules contribute greatly to the fields of pharmacy, 
biochemistry, optical devices, etc.  

Compared with chiral structures occurring in organisms, chirality is harder to impose 
on inorganic materials.62 A facile approach to solving this problem is to involve organic 
chiral elements in inorganic systems, such as using organics as templates. Hence, by 
using chiral molecules, the strategy of synthesizing MSMs can be used to produce chiral 
inorganic materials with highly ordered mesostructures. Among them, chiral mesoporous 
silicas (CMSs) have been produced by Che et al. since 2004.62, 71  

CMS typically exhibits a novel helical mesostructure with hierarchical chirality 
transcribed from the organic templates and represents a new fashion for the design and 
application of inorganic chiral materials. Like MSMs, CMSs have been synthesized by 
cooperative self-assembly of chiral amphiphiles (resulting in one chirality) and the silica 
species.62 In fact, even achiral amphiphiles have been found to produce CMSs, but the 
morphology then as a "racemic" mixture. For cationic surfactants, the formation is based 
on the positive interactions between the head groups of surfactants and the inorganic 
reagents as mentioned in previous chapters. For anionic surfactants, CSDAs are applied 
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to induce favorable interface interactions; for instance, the positively charged ammonium 
ion of a CSDA, such as APS or TMAPS, interacting with the negatively charged head 
group of anionic surfactants. 

In the family of anionic surfactants, a chiral surfactant is normally an amino acid-
derived surfactant. Amino acid-derived surfactants are readily obtained by reactions of 
amino acids with alkyl acyl chloride under basic conditions in aqueous solutions, 
followed by acidification and recrystallization.72 Some amino acid-derived surfactants 
have been commercialized and can be purchased from chemical suppliers. 

Morphology control of CMS is also a widespread topic of research, as the chirality 
within the individual molecules can be expressed in larger-scale structures. Materials 
with different morphologies can have different properties and be applicable for different 
uses. CMSs do not always have a helical rod-like morphology, but can also have other 
morphologies such as helical ribbons or helical tubes. Different morphologies of 
mesoporous silica have been obtained when using the same chiral surfactant as the 
structure directing agent, under different synthesis conditions. In other words, the 
formation of CMS is extremely sensitive to the synthesis conditions. CMSs of diverse 
sizes and shapes have been synthesized by precise control of the reaction composition 
and experimental parameters, such as temperature, pH and even stirring rate.73 

It was found that, by using N-myristoyl alanine (C14-Ala) as structure directing agent 
and 3-aminopropyltriethoxysilane (APES) as CSDA (Figure 3.5), mesoporous silica with 
four different morphologies can be synthesized just by controlling the synthesis 
temperature to 0, 10, 15, and 20˚C respectively. The morphologies obtained were helical 
ribbons, hollow spheres, circular disks, and helical rods.  

 

Figure 3.5. Chemical structures of N-myristoyl alanine surfactant and APES. 
 

C13H27 N
H

O H

OH

O

C13H27 N
H

O H

OH

O

SiNH2

OC2H5

OC2H5

OC2H5

APES 

C14-L-Ala 

   N-myristoyl alanine (C14-Ala)        CSDA 

C14-D-Ala 



 Introduction 

 

28 

 

 

Figure 3.6. TEM (left) and SEM (right) images of mesoporous silicas synthesized at 0 ˚C and 20 ˚C. 
 

 
The mesoporous silica helical ribbons are uniform in handedness, i.e., completely 

right-handed when the L-form N-acyl amino acid (C14-L-Ala) is used. However, the 
corresponding helical rods that are synthesized using the same surfactant are 
predominantly left-handed.74 SEM images of these two types of materials are shown in 
Figure 3.6. The materials are reproduced according to reference 74. These findings give 
important hints for the understanding of the formation of chiral materials at the molecular 
level. For instance, the chiral senses of the N-acyl-amino acid molecules in the lamellar 
structure of the helical ribbon may be expressed differently than in the rod-like helical 
channels, and thus result in different chiral assemblies. Nevertheless the mechanistic 
details are not yet fully understood. 

The formation of helical ribbons at 0˚C is a slow process, which makes it possible for 
us to follow the synthesis more or less continuously. Paper V summaries the investigation 
on the synthesis of helical ribbons using the N-myristoyl-L-alanine (C14-L-Ala) surfactant 
as structure directing agent and APES as CSDA. The main results of this investigation 
are summarized in Chapter 6. 

0 ̊ C 0 ̊ C 

20 ̊ C 20 ̊ C 



!

29 

 

 

 

  Main Methodology4

In order to analyze the morphology, porosity and structure of mesoporous materials, the 
following experimental techniques are used in this PhD project: scanning electron 
microscopy (SEM) is used to get information about the morphology and the size of the 
mesoporous silica particles;75 gas adsorption measurements are used to obtain the surface 
area and the pore size distribution of the materials;76 small angle X-ray diffraction 
(SAXD) and transmission electron microscopy (TEM) are used to identify the meso-
structures of the materials.77 Further, addition techniques that provide information on the 
characteristics of the ongoing synthesis, such as NMR and cryo-TEM are also used. In 
the work presented in this thesis, SAXD is the most commonly used technique to 
determine the structures of the materials. Electron microscopy is used to provide 
additional structural information. 29Si NMR was used to investigate the silica cross-
linking degree and 13C NMR was used to study the behavior of the surfactants and the 
CSDAs during the synthesis. Furthermore, in order to understand the formation of the 
MSMs, the binary surfactant/water system has been investigated using small angle X-ray 
scattering (SAXS), dynamic light scattering (DLS), and conductivity measurements. 

In this Chapter, overviews of the main techniques used in this thesis work are 
provided.  

 Small Angle X-ray Scattering (SAXS) 4.1

SAXS is generally used as an analytical method to investigate particle systems in terms 
of averaged particle sizes and shapes. Normally, when X-rays penetrate the sample, the 
particles located inside the volume that the beam passes through will produce scattering, 
as they have different electron density from the solvent, and their size are in the range of 
the X-ray wavelength. The outgoing scattering rays produce interference patterns that are 
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recorded by a detector. As shown in Figure 4.1, the interferences depend on the 

observation angle , the orientation and the distance r between two particles.  

 

Figure 4.1. The detected waves depend on the distance r between the particles and on their 
orientations with regard to the directions of incidence and observation. 
 
 

The distance r is measured relative to the wavelength  of the applied X-ray. An 

identical value of  ratio gives rise to the same interference pattern. Hence the 

scattering pattern is usually presented as a function of the length of the scattering vector, 

, 

   (4.1) 

The dimension of q is one over length (i.e. Å
-1

). 

In order to observe a SAXS signal of the particles, the electron density of the particles 

must be different from their environment, which for instance can be the solvent of a 

solution. The signal visibility increases with the difference in electron density between 

the solvent (environment) and the solute (particle). This is the so-called contrast. When a 

particle with the electron density of  is in an environment having the electron density 

, then the scattered intensity of the particle is 

   (4.2) 

where  is the particle volume, and  is the form factor of the particle, which bears 

the shape and the internal density distribution of the particles. Additionally, an ensemble 

of many identical particles causes an intensity of  

  (4.3) 

where  is the number of particles, and  is the structure factor, which carries 

information about the particle to particle interactions.  

Incident direc on 

2

Detector 

�
Incident direction

2Ʌ

Detector



4. Main Methodology 

 

31 

When equation 4.2 and equation 4.3 are combined, it results in: 

  (4.4) 

This equation (eq. 4.4) presents the information that can be obtained after background 
subtraction of the recorded intensity. All the constant terms are lumped together into , 
which consists of the contrast, the volume, and the concentration of the particle. The 
other factors,  and , have values that depend on the angle. They are introduced 
below. 

4.1.1 The form factor 

The scattering of one particle, consisting of many atoms, can be explained as the 
interference pattern produced by all the waves that are scattered from every electron/atom 
in the particle. This scattering pattern is characteristic for the shape of the particle, and is 
therefore called “the form factor”, . 

Generally, in a dilute sample, where the particles are far away from each other, and 
the particles are all identical in shape and size, the experimental scattering pattern is the 
form factor multiplied by the number of particles that happen to be in the X-ray beam. 
Every particle produces a form factor that is characteristic of its shape. At small angles 
(low q), the character of the form factor is determined by the overall size. At large angles, 
the character of the form factor gives information about the surface. In the middle part, 
which is also the oscillation part, the shape, such as globular (spherical), cylindrical and 
lamellar shape, and the internal density distribution of the particles are displayed. 

The oscillating part of the form factor is described by transforming it into real space, 

  (4.5) 

This equation is based on a so-called “pair-distance distribution function” (PDDF), p(r).78 
This function provides a histogram of distances that can be observed inside the particle, 
and it can have different profiles depending on the particle’s architecture. It is also 
possible to detect a difference in electron density within a particle, for example in a core-
shell particle (Figure 4.2). The contrast in ordinate is presented by . If the contrast of 
the environment is subtracted as 0, when the contrast of the core is smaller than that of 
the environment, the  of the core is negative. 

It is worth mentioning that in SAXS experiments, the shape of the form factor is the 
average of all the illuminated particles in the sample. The  is therefore typically the 
sum of particles with different shapes (polymorphous) and different sizes (polydisperse), 
weighted with the respective contrast and volume. Hence, polydispersity should be taken 
into consideration during the data analysis. 
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Figure 4.2. Electron desity profile of a core-shell particle. 
 
 

4.1.2 The structure factor 

When particle systems are densely packed, for instance in a concentrated surfactant/water 
system, the distances between particles is close to the same value as the size of the 
particles. The interference pattern will therefore contain contributions from neighboring 
particles as well. This additional interference pattern is called “the structure factor”, . 

The structure factor multiplied with the form factor of the single particle provides the 
overall interference pattern. In the case of a dilute system, where only  is involved 
(eq. 4.2), the approximation  holds. In systems where the particle shape can 
change with the concentration, for instance for surfactants in aqueous solution, the 
structure factor  cannot be neglected. Including the structure factor means that the 
inter-particle forces are taken into account, and they affect mainly the low-q region of the 
scattering pattern. The strength of the interaction depends on the concentration of the 
particles and the force they exert on each other. The well-known interaction (force) types 
are hard-sphere interaction, coulomb interaction and van-der-waals interaction. Typically, 
a repulsive interaction leads to a decrease in intensity, and attractive interaction results in 
an intensity increase. 

When the particles align into a highly ordered and periodic arrangement, the SAXS 
pattern will give rise to peaks. The peaks are called Bragg peaks. The peak positions give 
a fingerprint of the structure. This crystalline case is introduced more in the next SAXD 
section. 
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4.1.3 Data analysis 

Before the data analysis, the measured SAXS pattern needs to be brought to absolute 
scale by subtracting the background. This is done in three parts: (1) clean the data from 
the dark-count rate of the detector, ; (2) scale the curves by their respective 
transmittance values, ; and (3) subtract the environment (solvent and sample holder) 
from the sample (particle). These three steps can be summarized in one equation: 

  (4.6) 

In addition, in order to calculate the absolute intensity,  needs to be related to a 
reference absolute intensity, for example, water at 20˚C has  cm-1. Hence 
in aqueous solution, the absolute intensity is described as 

  (4.7) 

In this thesis work, SAXS is used to investigate the divalent ionic surfactant (C18-3-

1)/water system. After the data are brought to absolute scale by subtracting solvent and 
capillary contributions, they are fitted by SasView79 3.1.2. Since surfactant’s counterion 
Br- has a high electron density, and they condensed on the micellar surface, the form 
factor was fitted using the core shell model described with the following equation,80 

3

3  

where scale is a scale factor,  is the volume of the core,  is the volume of the shell,  
is the radius of the core,  is the outermost radius of the micelle (  shell thickness), 

,  and  are the scattering length density (SLD) of the core, the shell, and the 
solvent, respectively. 

Since the system of divalent ionic surfactant is highly charged, the Hayter structure 
factor model, which is based on coulomb interaction, was used.81-82 The parameters 
involved in the structure factor fitting are effective radius (the outermost radius), charge, 
volume fraction, temperature, and dielectric constant. 
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 Small Angle X-ray Diffraction (SAXD) 4.2

The SAXD technique can be used to obtain structural information about ordered 
materials with a structural order in the size region of 1–100 nm. Typically, since crystals 
are ordered 3-D periodic structures, the interaction between an X-ray beam and an array 
of planes of atoms will give rise to diffraction. The diffraction pattern is the characteristic 
of the structure in the crystal. 

The X-ray diffraction is based on the interference of the X-ray beams being reflected 
from the planes of atoms within the crystal at specific orientations. Depending on 
structure and orientation the reflected beams may reinforce, giving rise to constructive 
orientation, or cancel out. By recording the reflected beams, a “fingerprint” of the 
structure is obtained. SAXD generally relies on powder pattern of the sample, just like 
XRD, which means that a large number of particles or ordered domains contribute to the 
scattering pattern. The scattering gives rise to a ring pattern, which is typically presented 
in a diagram where the intensity is shown as a function of 2θ (or 1/! or !). 

 

Figure 4.3. Schematic illustration of the reflection of X-rays from a set of crystal planes. 
 
 

Figure 4.3 is a simple schematic explaining the reflection of X-rays by planes of 
atoms in a crystal. In the figure, the array of atoms (black dots) represents a section 
through a crystal. The lines that link the dots mark one set of parallel planes with an 
interplanar spacing !. The X-rays with a wavelength !, marked as 1, 2, 3, hit the planes 
at an angle !. Ray 1 is scattered by the atom at A and ray 3 is scattered by the atom at B. 
For constructive interference to occur of the reflected beams, the path length difference of 
the interfering beams, here for example ray 1 and ray 3, must be equal to an integral 
number of wavelengths. If AC and AD are drawn at right angles to ray 3, the difference 
in path length between the two beams, ray 1 and ray 3, is given by: 
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difference in path length = CB + BD 
here 

CB = BD =  

As explained above, the difference in path length must be equal to an integer number, n, 
of wavelength λ in order for constructive interference to occur. The 

difference in path length =  =  

This condition is summarized in Bragg’s equation:  

  (4.8) 

Equation 4.8 with different values of  specifies the same group of crystal lattice 
planes. So the Bragg’s equation can be simplified without  as 

  (4.9) 

In this thesis the SAXD results are presented as a figure of the intensity as a function 
of the scattering vector . The relation between  and  is shown in equation 4.10. 

  (4.10) 

In order to define the different sets of parallel lattice planes, Miller indices ( ) are 
used for the description of the planes and directions.83 The triplet Miller indices, , , and 
, are three integer components without any common denominator.  can be seen as a 

vector perpendicular to a plane in the lattice space, and this set of planes can be 
characterized as ( ). The Miller indices are related to the interplanar spacing , but the 
relationship is different in different crystal systems. For instance, the relation between  
and the Miller indices for a cubic crystal system is 

  (4.11) 

and for a hexagonal crystal system: 

  (4.12) 

where  and  are the unit cell parameters. 
The measured SAXD patterns, based on the scattering vector , can be indexed with 

the Miller indices, , by the relations, for example, 

   (4.13) 

for a cubic crystal system. The lattice spacing can be calculated when  is determined.  
In this thesis work, when the SAXD pattern is complicated, analytical softwares are 

used to help index the pattern. These softwares are Jana2006,84 WinXPOW,85 and GSAS 
II.86 



 Introduction 

 

36 

 Electron Microscopy 

Microscopy is a technique that makes it possible to see objects, which are too small to 
be seen by the naked eye. The well-known optical microscope uses visible light and a 
system of optical lenses to enlarge images of small objects. Unlike the optical 
microscope, an electron microscope instead uses a beam of accelerated electrons as a 
light source and a system of electromagnetic lenses. Thanks to the fact that electrons can 
be deflected in a magnetic field, an electron microscope can enlarge small objects with a 
higher resolution than the light microscope.  

Imaging with electron microscopy is based on the interactions between the electron 
beam and the atoms of the specimen. As shown in Figure 4.4, when the accelerated 
electrons hit a sample, various reactions can happen, such as electrons being scattered 
either as elastic scattering or inelastic scattering. The elastic scattering of the incident 
beam causes diffraction and can generate backscattered electrons. The inelastic scattering 
results in the emitting of secondary electrons, auger electrons, characteristic X-rays, 
diffraction and visible light from the target sample. The secondary and backscattered 
electrons, recorded on the topside of the specimen, are utilized in Scanning Electron 
Microscopy (SEM), where the electron beam is scanned over the specimen providing 
information on the surface. In Transmission Electron Microscopy (TEM), the electrons 
pass through a thin sample and are recorded in the bottom of the microscope. 

 

Figure 4.4. Different types of resulting interactions when the electron beam hits a sample. 
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4.3.1 Transmission Electron Microscopy (TEM) 

As mentioned above, TEM is used to investigate a thin specimen by detecting the 
electron beam that is transmitted through the specimen. The electrons transmitted through 
the specimen – elastically scattered, inelastically scattered and unscattered (i.e. the 
primary beam) electrons – can form a diffraction pattern or an image, depending on what 
the operator chooses. Typically the elastically scattered electrons carry the most easily 
interpretable information of the sample. The image is magnified, focused and recorded 
onto an imaging device.  

Figure 4.5 shows the basic optical components in a TEM. A TEM instrument can be 
described as being partitioned into three systems: illumination system, objective 
lens/stage system, and imaging system. The illumination system is used to produce, 
accelerate and focus the incident energetic electron beam onto the sample. The sample 
holder is involved in the second system, where the interactions between the incident 
electrons and the specimen take place, and the diffraction and image are formed. The 
objective lens is the heart of the microscope and forms the image. In the imaging system, 
the strength of the intermediate and projector lenses is controlled, whereby the 
magnification of the diffraction pattern or the image can be chosen. The image or 
diffraction pattern is projected onto the screen or recorded with the camera. 

 

Figure 4.5. Schematic of basic optical components in a TEM. 
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In this thesis, we use TEM to ascertain particle size and morphology of the materials. 
We also obtain structural information. The contrast in a TEM can simply be described as 
caused by either amplitude contrast or phase contrast. Amplitude contrast, or mass-
thickness contrast, arises as the extent of transmission of unscattered electrons. Areas of 
the specimen that are thicker or contain heavy elements will have fewer transmitted 
electrons and will appear darker, and, conversely, the thinner areas will have more 
transmitted beams and will thus appear lighter. Phase contrast is created as the 
unscattered beam interferes with the scattered beams, in the same way as the interference 
pattern caused X-rays. One important difference between X-rays and electrons is that 
electrons are scattered much more easily than X-rays, which can complicate the 
interpretation of an electron diffraction pattern. A big advantage to electrons however is 
that they can be deflected inwards by an electromagnetic lens and an image can be 
formed. The phase contrast is most easily interpreted when the scattering object is thin. 
The materials investigated in this thesis consist of SiO2 and the contrast variation is 
generated by the fluctuating mass-thickness contrast of the pore system but also form 
phase contrast due to the ordered structure. 

4.3.2 Cryogenic Transmission Electron Microscopy (Cryo-TEM) 

A normal TEM has the disadvantage of being limited to dry solid samples. However, a 
TEM can also be equipped with additional features allowing it to work under cryogenic 
conditions, i.e. temperatures below -150˚C. Such a microscope is called a cryogenic TEM 
or cryo-TEM. Cryo-TEM makes it possible to do TEM measurements on soft matters, 
liquid systems and in our case, the synthesis solution of mesoporous silicas.87-88  

In order to investigate liquid samples in a cryo-TEM, the sample must be rapidly 
vitrified to produce a thin film of vitreous ice on the carbon-coated copper grid. This is 
usually done by taking a 5 μL droplet of the sample solution and placing it on the grid 
under controlled environmental conditions using a vitrification system,89 then blotting the 
grid with filter paper to remove excess fluid and to get a homogenous liquid film 
coverage of the grid, and finally rapidly plunging the grid into liquid ethane (at -180˚C) 
to ensure rapid vitrification of water. The carbon grid can then be stored in liquid 
nitrogen before insertion into the electron microscope. The cryo-TEM contains a 
cryogenic specimen holder that maintains the sample at liquid nitrogen temperatures. It is 
important to keep the temperature below -160˚C in order to prevent the formation of 
cubic and hexagonal ice.90  

During a synthesis of mesoporous silica material, when we freeze the synthesis 
solution to prepare the grid for cryo-TEM measurements, the reaction is stopped, which 
provides the opportunity for us to investigate the solution at different synthesis stages. 
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We hence obtain snap-shots of the synthesis solution providing information on the state 
of the reaction/formation at that particular time. 

  Nuclear Magnetic Resonance (NMR) 4.4

Nuclear magnetic resonance spectroscopy, known as NMR spectroscopy, is a technique 
that can elucidate the chemical structure of compounds and assess their quantity. It can 
determine the physical and chemical properties of atoms or molecules, and hence provide 
detailed information about the structure, dynamics, reaction state, and chemical 
environment of the molecules. It is also routinely used in advanced medical imaging 
techniques, such as magnetic resonance imaging (MRI).  
NMR is a physical phenomenon that nuclei in a magnetic field absorb energy and give 
rise to electromagnetic radiation. This energy is at a specific resonance frequency and 
depends on the strength of the magnetic field and the magnetic properties of the 
nucleus,91 according to the Bohr frequency condition: 

 ∆! = ℎ! (4.14) 

where !  is frequency of electromagnetic radiation and ℎ  is Planck’s constant. ∆! 
describes the energy difference between the energy levels. 

NMR uses a property of the atomic nuclei called the nuclear spin, which is equivalent 
to small magnetic fields. Nuclei that contain an odd number of protons and/or neutrons 
have a nonzero spin, whereas with even numbers of both they have a total spin of zero. If 
the sum of spins from an individual nucleus is nonzero, the nucleus will behave as a weak 
magnet when placed in a magnetic field. The most commonly studied nuclei are 1H and 
13C. They both have a spin of −1/2 and a natural abundance of ~99% for 1H and ~1% for 
13C. Furthermore, nuclei from isotopes of many other elements, such as 17O, 23Na and 
29Si, can also be studied by NMR. 

Because of the spin property, a nucleus can be considered a small compass needle. In 
a strong magnetic field (!!) the nucleus will experience a shift of energy. A low energy 
conforms when its spin is aligned to the field. However, as soon as a spin is not perfectly 
aligned along the field, a precession about the direction of magnetic field takes place. The 
overall magnetization can be visualized as a processing vector around the field with a 
frequency of !!. This frequency is defined by the gyromagnetic ratio of a nucleus, !, and 
the strength of the external magnetic field, !!, and is called the larmor frequency: 

 !! = !!! (4.15)!
where the gyromagnetic ratio,  !, is an inherent property of the nucleus. 
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Different types of spins of nuclei give rise to different magnetic moments, and they 
differ depending on the type of element. Thus, given external field strength, it is possible 
to distinguish between different types of atoms.  

Moreover, the electron distribution around a nucleus can screen the nuclei from the 
external magnetic field, which results in a slightly different resonance frequency 
depending on the position of an atom in a molecule. This latter effect is called chemical 
shift, and it enables NMR to distinguish nuclei in different chemical environments.91 For 
instance, since hydrogen situated at different positions within a molecule have different 

, the NMR measurement gives rise to different signals. The chemical shift is normally 
not assigned an absolute value but is quantified relative to a reference frequency: 

  (4.16) 

where  is the frequency of the measured nucleus and  is a reference frequency. The 
chemical shift is usually expressed in parts per million (ppm). 

Here we give an overall introduction of the usage of analysis of 13C PT ssNMR and 

29Si NMR measurements. 

4.4.1 13C Polarization Transfer solid-state NMR (13C PT ssNMR) 

In this thesis work, we have used 13C Polarization Transfer solid-state NMR (13C PT 
ssNMR)92-93 to investigate the mobility of the surfactants and the CSDAs during the 
synthesis of MSMs. This natural-abundance 13C NMR methodology was developed by 
Nowacka and co-workers, and it has been used previously to characterize the molecular 
dynamics with atomic resolution of surfactants92-93 and lipids.94  

PT ssNMR measurement is a combination of three separate experiments: direct 
polarization (DP), cross polarization (CP),95 and refocused insensitive nuclei enhanced by 
polarization transfer (INEPT)96-99 equipped with high-power proton decoupling and 
magic-angle spinning (MAS). CP is based on the polarization that is transferred from 
1H 13C by using heteronuclear through-space dipolar couplings,95 while INEPT is based 
on polarization transferred through-bond.96 The DP experiment does not involve 
polarization transfer. The DP spectrum generally shows resonances from all carbons in 
the sample and acts as a reference. Information on the molecular dynamics is given by 
comparing the signal intensities acquired in the INEPT and CP pulse sequences, relative 
to the signal obtained from the DP experiment.93 In other words, the DP spectra give 
semi-quantitative information about the 13C present in the sample, while the CP and 
INEPT spectra indicate the mobility of the C-H bonds in the molecules. A high CP signal 
is obtained with a rigid 13C and a high INEPT signal is attained from a mobile or 
isotropic 13C.  
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A theoretical model for calculating the CP and INEPT intensities as a function of 
rotational correlation time  and 13C–1H bond order parameter  has been developed 
by Nowacka et al.93 From this model, it is possible to distinguish different dynamic 
regimes.  measures the rate of the 13C–1H bond reorientations, while | | is the 
measure of the anisotropy of the 13C–1H bond reorientation. | | ranges from 1 for 
ordered and rigid segments to 0 for segments with isotropic reorientation. Figure 4.6 
(left) illustrates the calculated signal intensities for a 13C1H2 segment, adopted from 93.  

 

Figure 4.6. Theoretical 13C–1H polarization transfer efficiency as a function of rotational correlation 
time  and C–H bond order parameter  for a 13C1H2 segment (right). The map is color-coded 
according to the calculated CP (blue) and INEPT (red) intensities. White represents inefficient CP and 
INEPT polarization transfer. The general division of dynamic regimes is based on the tabulated 
values for  and  (right). Adopted from 93. 
 
 

By comparing the signal intensities acquired from CP and INEPT, the anisotropy and 
the dynamics of a carbon segment can be distinguished according to the values for  and 
| | (Figure 4.6, right). The signal enhancement is related to how the magnetization is 
transferred from 1H nuclei to neighboring 13C. When the segment has a fast isotropic 
reorientation ( and ), CP signals are averaged to zero. Therefore, 
CP is efficient in promoting signals for segments with slow ( ) and/or 
anisotropic motions. However, since non-averaged 1H–1H and 1H–13C dipolar interactions 
result in fast relaxation rate, INEPT will yield no signal for rigid segments with slow 
motion ( ) and/or highly anisotropic reorientation ( ). On the other 
hand, as long as the 1H and 13C transverse relaxation times are longer than the time 
required for 1H–13C polarization transfer (typically in scale of ms), INEPT gives signal 
enhancement. Hence, spectra with high intensity of INEPT signals represent mobile 
segments ( ). Furthermore, for the white region in Figure 4.6 left, neither CP 
nor INEPT provides signal. It represents an intermediate dynamic regime with . 
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4.4.2 Solid-state 29Si NMR 

We have also used solid-state 
29

Si NMR to investigate the extent of crosslinking of silica 

and CSDA in the as-synthesized MSMs. A typical resulting 
29

Si NMR spectrum is shown 

in Figure 4.7. The silicon environment Q
4
 appears around -110 ppm, Q

3
 around -100 

ppm, and Q
2
 around -90 ppm.

100
 It is also possible to determine the silica cross-linking of 

the CSDA. T
3
, T

2
 and T

1
 are used to represent the cross-linking environment of CSDA: 

T
3
 appears around -66 ppm, T

2
 around -57 ppm, and T

1
 around -47 ppm.

100-101
 The data 

obtained were treated in ACD/NMR Processor Academic Edition,
102

 and a Lorentzian 

lineshape was used to fit the peaks. 

 

Figure 4. . Example of 29Si MAS NMR spectrum. 
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  System 1: synthesis of MSM 5
using cationic surfactant and 
anionic CSDA

As mentioned in Chapter 3, carboxylic group functionalized MSMs can be synthesized 
using C18-3-1 as structure directing agent, CES as CSDA, and TEOS as silica source. A 
structural transformation has been reported to occur as a consequence of pH. In this 
Chapter, we provide an insight into the structural formation and aim to understand the 
origin of the structural control mechanism. The results presented here are a compilation 
of the principal results reported in papers I–IV. 

In Chapter 2, a general synthesis mechanism has been introduced. Typically, a 
synthesis of MSM is based on three aspect: surfactant self-assembly, silica reactions and 
electrostatic interaction in general. When a CSDA is introduced to the synthesis system, 
the synthesis environment becomes more complicated. Hence, our investigation for this 
synthesis system is focused on: (1) self-assembly of C18-3-1 surfactant (Papers I and III); 
(2) siliceous reactions influenced by silica kinetics (Paper II); (3) investigation of 
electrostatic interactions by adding salt (Paper III); and (4) the role that is played by the 
CSDA (Paper IV). During these investigations, three structures are mainly synthesized. 
They are the CCP Fm3m structure, the cage-type Fd3m structure and Pm3n structure. 
With the aid of SAXD and PT ssNMR, a detailed investigation of the formation of these 
three structures from starting solution to final product has been conducted (Papers II and 
III). Furthermore, the mechanism concluded from this synthesis system is related to a 
reversed AMS synthesis system (Paper IV). 
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 Self-assembly of C18-3-1 surfactant in pure water 5.1
and salt solutions 

In order to understand the self-assembly of the C18-3-1 surfactant in the synthesis, the 
simpler binary system of surfactant/water solution is studied. The results are reported in 
Paper I. In addition, since the electrostatic interaction is an important aspect in the 
synthesis of MSM, the influence of high ionic strength on the micellar architecture in a 
pure surfactant/salt aqueous solution is also investigated as supplemental information 
concerning the synthesis system of MSM. 

5.1.1 C18-3-1 surfactant in pure water 

At 20˚C, C18-3-1 is measured to have a CMC in water of 1.5 mmol/L, and a molecular 
volume including counterions of 829.4 Å3 (Paper I). The SAXS patterns of the phase 
behavior of the C18-3-1/water system are shown in Figure 5.1. The corresponding volume 
fractions are calculated and also shown in Figure 5.1. 

 
Figure 5.1. SAXS patterns of C18-3-1 in H2O solution at different concentrations (weight percentage 
and volume fraction) of C18-3-1. The curve of 45 wt% of C18-3-1 is indexed with the P63/mmc structure 
and the curve of 50 wt% of C18-3-1 is indexed with the Pm3n structure. 
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When the concentration of C18-3-1 is low and up to 40 wt%, the SAXS patterns show 
the characteristic of a micellar solution, and could be fitted with the core-shell model for 
the micelles. As the concentration of C18-3-1 increases, an intensity increase is observed for 
the peak with a  value around 0.1 Å-1 that is caused by a structure factor. The d-spacing 
calculated from the  value of this structure factor peak decreases when the concentration 
increases. When the concentration reaches 40 wt%, the micelles are random close packed.   

At 45 wt%, the diffraction pattern can be indexed to the P63/mmc structure. While the 
concentration of C18-3-1 in water is in the range of 50 to 60 wt%, the Pm3�n structure is 
observed. When the concentration of C18-3-1 increases above 60 wt%, the diffraction peaks 
of the micellar cubic phase are not well resolved. Based on a calculation of micellar 
properties in the HCP P63/mmc structure and the Pm3�n structure, a rational for the 
occurrence of the HCP can be suggested.  

The close packing (HCP and/or CCP) structures that have been observed, for instance, 
the HCP in the cationic alkyltrimethylammonium surfactant – water system with strongly 
hydrated counterions,38 and the CCP in the C12EO12 – water system,21 have been 
described as close packing of spherical aggregates. These structures are generally found 
in systems where the surfactant has a large head group, or where the surfactant is 
associated to strongly hydrated counterions. In both cases the micellar shell will contain a 
substantial amount of water. For comparison, in our system with the divalent head group, 
the micelles will not elongate and, further, the micellar shell contains 73 vol% of water 
(Paper I). Such micelles with a lot of water in the micellar shell, will be easily 
deformable, and would have the possibility to interact via faces instead of points. This 
would cause spherical micelles to form a more polyhedral like shape. The point group 
symmetry of this polyhedral like micelle may direct the packing of the third close packed 
layer, i.e. ABA or ABC, hence determining whether the structure is HCP or CCP. The 
Pm3�n structure is explained by 2 of the 8 micelles in the unit cell retaining the same size 
as in the P63/mmc structure while 6 of the 8 micelles adopt a larger size. The respective 
micelles have dodecahedral and 14-hedral shapes and thereby fill space. 

5.1.2 C18-3-1 surfactant in sodium chloride solutions 

The CMC of C18-3-1 is expected to decrease as the concentration of salt increases. The 
concentration of C18-3-1 is selected to 0.025 mol/L as it is the concentration used in 
synthesis of the silica materials. The concentration is well above the CMC.  

With an increase in the ionic strength of the solution, the micellar size does not 
change to any significant degree. The value of the effective hydrodynamic radius 
obtained by DLS (Figure 5.2, left) under concentrated salt conditions is in good 
agreement with the overall radius obtained by SAXS (Figure 5.2, right). The micellar size 
of the surfactant aggregates is around 6.5 nm in diameter. 



 Results 

 

48 

 

Figure 5.2. Dynamic Light Scattering (DLS) results (left) and SAXS patterns (right) of the micellar 
architectures of C18-3-1 in different solutions. Sodium cloride was added in the C18-3-1 solution with the 
concentration of 0.025 mol/L. Among the plots are (O) pure water, (A) [NaCl] = 0.05 mol/L, (B) [NaCl] 
= 0.1 mol/L, (C) [NaCl] = 0.3 mol/L and (D) [NaCl] = 1 mol/L. Right: the SAXS data (circles) are in 
absolute scale. The fittings were done using SasView (solid curves). The core-shell form factor and 
the Hayter structure factor are introduced to fit the data. The curves are shifted in y-axis, but kept in 
the same scale. The ticks on the y-axis are with respect to curve O. 
 
 

The collective diffusion coefficient ( ) measured by DLS is significantly dependent 

on interactions.
103

  is approximately related to , where  is the structure 

factor value at q=0 and proportional to the effective osmotic compressibility. In pure 

water there is a strong electrostatic repulsion between the micelles and . With 

increasing salt concentration, this interaction is screened and  approaches 1, and the 

collective diffusion coefficient can be used to evaluate the micellar size (Figure 5.2, left). 

The changes observed in the SAXS patterns (Figure 5.2, right) are mainly an effect of 

changes in contrast caused by the presence of NaCl. In addition, it was found that the 

micellar size reached a similar size regardless of the type of ions present, when the ionic 

strength of the solution was above 0.12 mol/L. 

These results indicate that addition of NaCl in the synthesis does not change the 

micellar size as the synthesis solution originally has a very high ionic strength. 

Furthermore, the presence of carboxylic entities will not lead to any drastic changes in 

the micellar size. We thus expect that micelles are robust and retain their size under all 

the synthesis conditions used in this system. All structures should hence be formed 

around the same initial structure directing aggregates. 
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 Kinetic influence of siliceous reactions 5.2

The structural transformation from Fm3m to Fd3m in this synthesis system has been 
suggested to occur as an influence of the strength of the electrostatic interaction between 
the surfactant head group and the carboxylic group of the CSDA depending on pH, as a 
consequence of the varying ionization degree of the CSDA.68, 70 However, our studies 
show that the pH dependence of the hydrolysis rate of TEOS is the origin of the structural 
change between Fm3m and Fd3m, rather than the previously suggested ionization degree 
mechanism.68, 70 This kinetic effect is generally overlooked in mechanistic discussions. 

As stated in Chapter 2, the rate of the TEOS reactions (i.e. the hydrolysis and 
subsequent silica polymerization) varies to a great extent with the pH.30, 32 The hydrolysis 
rate of TEOS reaches a minimum at a pH around 7, where the Fd3m structure is formed. 
Hence, the effects of the kinetics of the hydrolysis on the structural transformation 
between the Fm3m structure and the Fd3m structure have been investigated. 

 
Figure 5.3. SAXD patterns of as-synthesized carboxylic group functionalized MSMs, synthesized at 
different pH, a) pH=9, b) pH=8, c) pH=6, and using, A) normal synthesis, and B) with pre-hydrolysis of 
TEOS. The chemical molar composition of the reaction mixture was C18-3-1: 2CSDA: xHCl: 15TEOS: 
2000H2O, a) x=1.4, b) x=1.6, c) x=1.8. The SAXD patterns are indexed with the Fm3m space group 
(A-a and B-a) and the Fd3m space group (A-c). 
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As the SAXD patterns show in Figure 5.3, in a normal synthesis (Fig. 5.3–A), at three 
different pH values the Fm3�m (curve a), Fd3�m (curve c) or an intergrowth of these 
structures (curve b) are produced. When the influence of TEOS hydrolysis is removed by 
hydrolyzing the TEOS prior to addition to the synthesis (Fig. 5.3–B), materials with 
Fm3�m structure are formed regardless of the pH of the solution. Therefore, the Fd3�m 
structure has a slower formation process than the Fm3�m structure. Possibly formation of 
Fm 3� m relies on a system that arrives at a dynamical arrest induced by silica 
condensation. 

Solid-state 29Si NMR was used on as-synthesized materials to investigate if the 
kinetics of TEOS hydrolysis was reflected in the extent of cross-linking of silica. 

Products from four syntheses were investigated. They were under conditions 
producing the Fm3�m structure, at pH 9, and the Fd3�m structure, at pH 6, as well as the 
corresponding conditions with the pre-hydrolysis step, i.e. producing the Fm3�m structure 
in both cases. Peaks from 29Si NMR spectra were fitted and integrated as described in the 
experimental section and the resulting values are shown in Table 5.1. Based on Q3/Q4, the 
extent of condensation of the two structures from normal syntheses is comparable. 
Moreover, Q(sum) represents the entire amount of silica originating from TEOS, and T(sum) 
is the amount originating from CSDA. In the Fm3�m structure, the ratio of T(sum)/Q(sum) is 
0.11, while for the Fd3�m structure, this ratio is slightly larger, i.e. 0.13. This suggests that 
formation of the Fd3�m structure is characterized by more CSDA than does the Fm3�m 
structure. The molar ratio of CSDA to TEOS in the synthesis mixture is 0.13, 
demonstrating that both structures require a large uptake of CSDA. The T2 to T3 ratio in 
the Fd3�m structure is higher than in the Fm3�m structure, suggesting that the CSDA in the 
Fd3�m structure is less cross-linked. 
 

Table 5.1. Silica cross-linking values based on solid-state 29Si NMR results. Q refers to the silica and 
T to the CSDA. 

Synthesis 
method 

Synthesis 
pH Structure        

Normal 
Synthesis 

9 Fm3�m 3 3
6 Fd3�m 33 3

Pre-
hydrolysis 
of TEOS 

9 Fm3�m 3

6 Fm3�m 
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 Influence of salt in the syntheses 5.3

In order to observe the effect of the strength of the electrostatic interaction, NaCl (from 0 
to 2 mol/L) was added to syntheses performed at specific acid concentrations. These acid 
concentrations were chosen based on where the different structures were obtained as a 
function of the amount of added HCl, as shown in Chapter 3. Figure 5.4 shows a diagram 
of the structures obtained depending on concentration of NaCl and the pH measured after 
completed synthesis.  

The bottom row in Figure 5.4, corresponding to no salt addition, represents the 
original structures as expected. A low concentration of NaCl, less than 0.05 mol/L, does 
not influence the structure formation – the same structures are obtained as when no NaCl 
was added. At a very high concentration of NaCl, above 0.5 mol/L, no well-defined 
structures were obtained.  
 

 

Figure 5.4. Structure Diagram of the synthesis system; concentration of NaCl vs. pH. 
 
 

At high pH (above 9), a series was done using the synthesis system without HCl, 
which typically result in the Fm3m structure. The resulting SAXD patterns of the as-
synthesized materials are shown in Figure 5.5, A. When the concentration of NaCl is 
below 0.5 mol/L, the structure is clearly resolved as the Fm3m structure from the SAXD 
data. At higher NaCl concentrations, even though the synthesis did not result in well-
defined structures, the materials are probably still based on the Fm3m structure, as some 
of the broad peaks remain in the expected position range. Therefore the formation under 
these conditions is quite resilient to changes in the ionic strength – the driving force to 
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form the Fm3�m structure is substantial. Only at very high ionic strength, i.e. at 2 mol/L 
NaCl, does the SAXD pattern lack observable peaks or shoulders. 

At pH 6 the normal synthesis results in the Fd 3� m structure, but when the 
concentration of NaCl was between 0.3 mol/L and 0.5 mol/L, the Pm3�n structure was 
obtained. The SAXD patterns of the resulting structures formed at pH 6, with increasing 
amount of salt, are shown in Figure 5.5, B. Hence addition of NaCl at low pH drives the 
structure towards the Pm3�n structure.  

As discussed above, the kinetics of the system is responsible for the structural 
variation with pH. From the results of Figure 5.4 the influence of the kinetics is still 
apparent. A synthesis relying on fast kinetics (pH above 8) is generally not greatly 
influenced by the ionic strength (Figure 5.5, A). The same structure is obtained regardless 
of the amount of salt added. On the other hand, when the dynamics of the system is slow 
a structural transition from the Fd3�m structure to the Pm3�n structure, is observed with 
increasing ionic strength (Figure 5.5, B). 

 

Figure 5.5. SAXD patterns of carboxylic group functionalized MSMs under high pH (above 9) 
conditions without addition of HCl (A), and under pH=6 conditions with 0.0425 mol/L of HCl (B), with 
addition of NaCl. The chemical molar composition of the reaction mixture was C18-3-1: 2CSDA: 0 (or 
1.7) HCl: 15TEOS: 2000H2O: x NaCl, (a) [NaCl] = 0 (x=0), (b) [NaCl] = 0.05 mol/L (x=2), (c) [NaCl] = 
0.1 mol/L (x=4), (d) [NaCl] = 0.3 mol/L (x=12), (e) [NaCl] = 0.5 mol/L (x=20), (f) [NaCl] = 1.0 mol/L 
(x=40), and (g) [NaCl] = 2.0 mol/L (x=80). Curve left–a is indexed with the Fm3�m structure, curve 
right–a is indexed with the Fd3�m structure, and curve right–d is indexed with the Pm3�n structure. 

A B 
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Syntheses under conditions that form the Fd3m structure and the Pm3n structure were 
also performed with investigation of the effect of kinetics of TEOS hydrolysis, as 
introduced previously. The results show the same phenomenon that materials formed 
when TEOS was pre-hydrolyzed can be indexed with the Fm3m space group, whereas 
when a large amount of NaCl is added the structure becomes less defined. From the 
discussion above combined with the pre-hydrolysis results, the formation of the Pm3n 
structure requires even slower kinetics of the TEOS reactions, which can be achieved at 
high concentration of NaCl. 

 Insight into the formation of Fm3m, Fd3m and 5.4
Pm3n structures 

In an effort to have a deep insight into the synthesis processes that form different 
structures, 13C PT ssNMR and SAXD measurements were used to investigate the as-
synthesized samples at different synthesis stages: after 2 hours of reaction and after 2 
days of hydrothermal treatment. In addition, as results in the Fd3m and Pm3n structures 
were significantly different at these points in time, these structures were also investigated 
in the interim window, after 1.5 and 7 hours of hydrothermal treatment, respectively. 

As mentioned in Chapter 4, among the PT ssNMR measurements, the CP and INEPT 
signals provide information about the rigidity and mobility coupled with the isotropic and 
anisotropic C-H bond reorientation. Information for each segment of the molecules can 
be explored.  

As shown in Figure 5.6, it is clear that the Fm3m, Fd3m and Pm3n structures give 
rise to very different CP and INEPT signals after 2 hours of synthesis (spectra a). In the 
Fm3m structure, the spectra were dominated by a CP signal, except for a few segments in 
the chain. This indicates that the head group and the carbon chain are quite rigid and 
show anisotropic behavior. On the other hand, in the Fd3m and the Pm3n structures, all 
segments in the surfactant and the CSDA have very high INEPT intensity and almost no 
CP signal, which corresponds to fast and isotropic mobile behavior. However, for the 
Pm3n structure, the methylene group (IV) and the methyl groups (V) in TEOS and/or 
ethanol shows a CP signal. As both ethanol molecules and TEOS monomers should show 
a fast and isotropic behavior, this CP signal is somewhat surprising. Possibly it arises 
from large silica oligomers that are not fully hydrolysed and, as a consequence of the 
high concentration of Na+ present,31 which was discussed in Chapter 2. Such aggregates 
are expected to have slower mobility than ethanol or TEOS molecules and would hence 
give rise to a stronger CP signal. This signal later disappears, possibly as a consequence 
of continued hydrolysis. 
 



!Results!

!

54 

 
 

B.!Fd$3m
!

A.!Fm
%3m

&

III"

IV"

23"
I"

18" 21" 24)26"

19,20"
3" 4)15"17"

1"
2,16"

22,II,V"

a""""""""""

""""""d""""""""""

C.!Pm
$3n!

Figure 5.6. 13C
 M

A
S

 N
M

R
 spectra (D

P
 - grey, C

P
 - blue, and IN

E
P

T - red) of (A
) Fm3 !m

, (B
) Fd3 !m

 and (C
) P
m
3 !n, at different stages of 

synthesis, (a) after tw
o hours of synthesis (before hydrotherm

al treatm
ent), (b) after 1.5 hours of hydrotherm

al treatm
ent, (c) after 7 hours of 

hydrotherm
al treatm

ent, and (d) dry sam
ple after 48 h hydrotherm

al treatm
ent The chem

ical m
olar com

position of the reaction m
ixture w

as C
18-

3-1 : 2C
S

D
A

: xH
C

l: 15TE
O

S
: yN

aC
l: 2000H

2 O
, (A

) x=1.4, y=0, (B
) x=1.7, y=0, (C

) x=1.7, y=12. The chem
ical structures of the surfactant and the 

C
S

D
A

 are depicted w
ith respect to the different m

obility of the carbon segm
ents, illustrated as circles. The segm

ents are num
bered w

ith A
rabic 

num
bers (1-26) in the surfactant m

olecule and w
ith R

om
an num

erals in the C
S

D
A

 (I-III). The m
ethylene and m

ethyl groups, in ethanol or 
TE

O
S

, are num
bered IV

 and V
 respectively. The colors of the circles illustrate the dynam

ics and anisotropy: fast isotropic (red), fast anisotropic 
(purple), rigid (blue), and slow

 m
otion w

ith !!  betw
een 0.1 and 10 us (grey). B

lack circles are used for segm
ents that cannot be distinguished 

due to overlap, such as 22, II, and V
. The intensities in the sam

e set of D
P-C

P
-IN

E
P

T experim
ents w

ere norm
alized against the D

P
 intensity of 

the –C
H

3 group in the tail (1). A
ll spectra are plotted at the sam

e scale. 
 



5.#System#1#

#

55 

After 1.5 hours of hydrothermal treatment, in both the Fd3m and Pm3n structures, the 
–CH2 groups (17, 18, 21, 23), close to the nitrogen in the surfactant, only give rise to a 
DP signal, signifying that they are in very slow movement (correlation time between 0.1-
10 !s). The segment I in the CSDA shows only a CP signal, which means that the CSDA 
is fixed. In the Fd3m structure, all the other segments in the surfactant have a high 
INEPT signal (correlation time < 0.1 !s). In the Pm3n structure on the other hand, the –
CH3 in the head group and the –CH2 in the carbon chain show similar intensity for both 
CP and INEPT, indicating that these segments have a fast but anisotropic behavior. In 
brief, at 1.5 hours of hydrothermal treatment, the CSDA is fixed in both structures: in the 
Fd3m structure, the surfactant head group starts to become fixed, while in the Pm3n 
structure, the surfactant is more fixed than in the Fd3m structure. 

From 7 hours of hydrothermal treatment until the synthesis is complete after 2 days, 
the products of the three structures give rise to similar NMR spectra. The CSDA is fixed. 
The carbons in the surfactant are mostly rigid, except for the ones in the surfactant’s very 
tail. This confirms that all these three structures are fixed.  

In addition, the synthesis process of the Fm3m, Fd3m and Pm3n structures was also 
followed by SAXD (Figure 5.7), complementary to the 13C PT ssNMR measurements. 
These SAXD patterns, in Figure 5.7, yield structure information about the products 
depending on time. 2 hours into the reaction (a curves), the SAXD pattern of the Fm3m 
synthesis is dominated by peaks that correspond to this space group. However at this 
time, the Fd3m and Pm3n structures are not well developed and show similar SAXD 
patterns. The lattice spacing in the synthesis of the Pm3n structure is larger than in the 
synthesis of the Fd3m structure. After 1.5 h under hydrothermal treatment (b curves), 
both the Fd3m and Pm3n structures give rise to SAXD peaks consistent with the space 
groups corresponding to the final materials. However, the pattern for the Pm3n structure 
is not as well defined as the Fd3m structure at this time, and can be indexed by both the 
Pm3n and the Fd3m space groups. From 7 hours of hydrothermal treatment (c curves) 
until the synthesis is completed after 2 days (d curves), the peaks of the final structures 
clearly dominate the diffraction patterns, and with time, the lattice parameter decreases. 
The decrease is consistent with the expected silica condensation during the synthesis.  

The NMR combined with the SAXD results is in agreement with the findings 
presented above; the Fm3m structure, formed at a pH where the kinetics of the silica 
condensation is fast, contains surfactant and CSDA that quickly get stuck in the structure 
(low INEPT signal already after 2 h), whereas the Fd3m structure and Pm3n structure, 
whose formations rely on slow condensation, contains surfactant and CSDA molecules 
that are still flexible after 2 hours of reaction. In addition, the Pm3n structure, formed in 
the presence of high concentration of NaCl, is synthesized through a slower process than 
the Fd3m structure. This was clear from the SAXD results (Figure 5.7). The NMR 
investigation (Figure 5.6), however, points in another direction. It is in the synthesis of 
the Pm3n structure that the surfactant becomes rigid earlier. This could be the result of 



#Results!

#

56 

aggregation of silica oligomers that have not been fully hydrolyzed caused by 
aggregation induced by the presence of salt, not via covalent bonding. The SAXD result 
(Figure 5.7, curve C-b) indicates that Fd3m is a transient phase during the formation of 
Pm3n. As the micelles are more or less of similar size, the changes in structures cannot 
be a consequence of difference in the micellar aggregates. Possibly the presence of salt 
promotes aggregation of silica species, which induces a flexibility of the system that 
allows the mesostructure to develop further.  

Therefore these three main structures formed in this synthesis system are a result of 
the extent of rearrangement possible after the aggregation. The driving force for the 
system is to arrive at the densest structure possible, which could be a consequence of the 
smallest interface area. In this study, the structure gets denser in the order of Fm3m, 
Fd3m to Pm3n.  
 

 

Figure 5.7. SAXD patterns of of (A) Fm3m, (B) Fd3m and (C) Pm3n, at different stages of synthesis: 
(a) after two hours of synthesis (before hydrothermal treatment), (b) after 1.5 hours of hydrothermal 
treatment, (c) after 7 hours of hydrothermal treatment, and (d) dry sample after 48 h hydrothermal 
treatment The chemical molar composition of the reaction mixture was C18-3-1: 2CSDA: xHCl: 
15TEOS: yNaCl: 2000H2O, (A) x=1.4, y=0, (B) x=1.7, y=0, (C) x=1.7, y=12.  
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 The role of CSDA 5.5

In order to observe the influence of only CSDA, different concentrations of CES were 
added in the typical synthesis without addition of HCl. The addition of CES results in a 
pH above 8.5. The molar ratio of CES/C18-3-1 is varied from 0.1 to 2.  

The resulting SAXD patterns of the as-synthesized materials are shown in Figure 5.8. 
The Fm3m structure is obtained when the molar ratio of CES/C18-3-1 is above 0.75. The 
lattice parameter decreases as concentration of CES decreases. This phenomenon was 
also obtained by Han et al. when they controlled the CES/C18-3-1 ratio higher than 2.70 
When the concentration of CES decreases with molar ratio CES/C18-3-1 below 0.75, it has 
a big influence on the structure formation. For this divalent cationic surfactant, it needed 
at least a 0.3:1 ratio of CES to surfactant to form well-defined structures, and at least a 
1:1 ratio to form the Fm3m structure.  

 

Figure 5.8. SAXD patterns of carboxylic group functionalized mesoporous silica materials with the 
final composition, C18-3-1: xCSDA: 15TEOS: 2000H2O, (a) x=0.1, (b) x=0.3, (c) x=0.5, (d) x=0.75, (e) 
x=1.0, (f) x=1.2, and (g) x=2.0. 
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CES in different concentrations was added to syntheses performed at specific acid 
concentrations. SAXD was done to the as-synthesized products of these syntheses. A 
structure diagram showing the composition of CES vs. pH based on the SAXD 
measurements was produced and is shown in Figure 5.9. As above, when CES/C18-3-1 is 
higher than 1.0, this molar ratio does not influence the structure formation. It is the pH 
value of the synthesis solution that determines which structure is formed. As the pH 
increases above 4, the Ia3�d structure, the Fd3�m structure, the intergrowth structure of 
Fd3�m and Fm3�m, and the Fm3�m structure are formed, respectively.  

This pH dependent structural transformation presents a similar trend as the structure 
diagram show in Figure 3.2, from the reversed system. Therefore, our investigation on 
the structural formation mechanism may apply in both of these reversed systems. It 
indicates that the structure formation of Fm3�m relies on fast kinetics of silica reactions. 
However, this requires a contribution of CSDA with molar ratio of CSDA/divalent 
surfactant higher than 1.0.  

 

Figure 5.9. Structure Diagram of the synthesis system; composition of CES vs. pH; the molar 
composition is C18-3-1: xCSDA: yHCl: 15TEOS: 2000H2O (x=1–2, y=0–3.2). 
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 System 2: synthesis of chiral 6
mesoporous silicas

Cryo-TEM and cryo-SEM were used to investigate the formation processes of helical 
ribbons of MSMs synthesized under 0˚C using C14-L-Ala as structure directing agent, 
APES as CSDA, and TEOS as silica source. Since the cryogenic electron microscopies 
allow us to have an obvious view of things happening in the synthesis solution, for this 
study, the aim is to have a deep insight into the formation process of the helical ribbons. 
The results presented here include the principal results reported in paper V. 

Cryo-TEM and cryo-SEM measurements were done in parallel for the synthesis 
solution at different reaction times. Time 0 is defined as the time when TEOS and CSDA 
are added. The cryo-TEM measurements provide interesting information on several 
different objects/morphologies. As shown in Figure 6.1, the images show the presence of 
spherical particles, fibers, twisted ribbons, helical ribbons, tubes and species without 
distinct morphology (amorphous aggregate) as well as ethane contamination. Some of 
these morphologies appear or disappear with time, while others are always present but 
with different characteristics. The cryo-SEM images do not provide reliable information 
during the early synthesis stages. However, after 30 min, the ribbons and tubes are 
obvious. The presence of these morphologies agrees very well with the corresponding 
cryo-TEM images.  

Fiber morphologies were detected from 3 min to 15 min. The widths of the fibers 
increase with time. When the widths of the fibers are above 14 nm, they become twisted 
ribbons. From 3 min to 10 min, the ribbons are mainly twisted, while from 23 min, 
mainly helical ribbons were obtained. This is in accordance with the suggestion that 
ribbons go from twisted to helical form as the width increases.74 The widths and pitches 
of the ribbons increase as a function of time. Furthermore, tubes can be observed after 27 
min. In short, the ribbons twist, and with time grow in width, eventually forming helical 
ribbons, and later merge into tubes (see Figure 6.2).  
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Figure 6.1. cryo-TEM images with different morphologies investigated in the helical ribbon synthesis 
process. (A) spherical particles, (B) fibers, (C) twisted ribbons, (D) helical ribbons, (E) tubes, (F) 
species without distinct morphology (marked with a “s”) and ethane contamination (marked with a “*”). 
 
 

 
Figure 6.2. cryo-TEM images with twisted ribbons and helical ribbons. 
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A geometric-mechanical model has been reported by Sharon et al. to explain the 
mechanism of the configuration evolutionary process of helical ribbons. It was first used 
to study the mechanical process of seedpods opening into chiral structures, i.e. from flat 
to helix. The theory is based on a mathematical framework of “incompatible elasticity”. 
The pod can be modelled as a thin strip with a flat intrinsic metric and a saddle-like 
intrinsic curvature.104 Obviously the bending of an initially flat strip into a saddle-like 
configuration cannot be achieved without stretching the sheet, which means that elastic 
energy is stored in the system. Hence the general mathematical framework is developed 
that the configuration of the strip is fully characterized by two two-dimensional tensors: a 
curvature tensor describing the local curvature of the sheet, and a metric tensor describing 
the distance between points on the surface of the strip. They then minimize the total 
elastic energy of the strip, that is, the sum of bending and stretching energy.105 

 � 3 �  (6.1) 

As shown in Figure 6.3, a quantitative study of strips cut out from latex sheets at an 
angle of  exhibits two different regimes: wide strips adopt a configuration of 
cylindrical helices, whereas narrow strips exhibit as twisted helices, where the strip’s 
centerline is straight.  

 

Figure 6.3. Two planar latex sheets are stretched uniaxially along perpendicular directions and then 
glued together, forming a residually stressed compound sheet. A strip is then cut from this sheet 
along a direction that forms an angle  with one of the stretching directions. The configuration of the 
strips changes from twisted and helical as the width increases. They are cut from the latex sheets at 
angles  = 45° (the grids are parallel to the directions of principal curvature). 
 
 

At the coarsest level, the shape of the strips can be characterized by the radius (r) and 
the pitch of the strip’s midcurve (p). Figure 6.4 shows the plot of the dimensionless pitch 
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 and the dimensionless radius  as functions of the dimensionless width 
, where t is the thickness of the strip, and  is estimated by measuring the 

curvature of very thin strips cut along principal directions. From the plot, there is a 
critical transition between the two regimes: cylindrical helices and twisted helices. Below 
the critical width, the radius  is nearly 0, whereas it increases above the critical width 
and reaches a constant value as the width increases. The pitch  attains a maximum at a 
value of about the critical width. The theoretical study consists of minimizing the energy 
(Eq. 1) of a strip with reference tensors � and � (as shown in Figure 6.3). The energy 
consists of the stretching energy and the bending energy. The stretching-dominated 
regime occurs with large  and the bending-dominated regime occurs with small . The 
transition between the two regimes is expected to occur when the two energies are of 
comparable magnitude.  

 

Figure 6.4. Dimensionless radius, , and pitch, , versus dimensionless width,
, for various strips cut from latex sheets at q = 45° (open symbols); different samples differ in 

k0 and t (legend to right).The solid lines are the theoretical predictions, and the dotted lines are the 
asymptotic limiting values (Eq. 4). Insets show equilibrium configurations of (middle) latex strips along 
with (right) the theoretical prediction in both (left inset) narrow and (right inset) wide regimes. From 
ref. 104.* 
 
 

                                                 
* From Armon, S.; Efrati, E.; Kupferman, R.; Sharon, E., Geometry and Mechanics in the Opening of Chiral 
Seed Pods. Science 2011, 333, 1726-1730. Reprinted with permission from American Association for the 
Advancement of Science. 
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By measuring the width, pitch, and diameter of the ribbons obtained in this synthesis, 
a similar plot has been produced (see Figure 6.5). The curve is comparable to Figure 6.4, 
hence the characteristics of the twisted ribbons and helical ribbons are similar to the 
configurations of twisted helices and cylindrical helices observed in strips with a single 
intrinsic curvature. However, there is a fundamental difference between these two cases 
because in the case of a single curvature, the two tensors  and  are compatible and 
there is no mechanical frustration. In our case,  and  are incompatible, resulting in 
stored mechanical energy. Hence there is a configuration transformation based on time. 
Moreover, the ribbons are found to have 4 or 5 layers in the final products. The energy 
that is described in Sharon’s theory could be an explanation for this phenomenon. 

 

Figure 6.5. The samples synthesized at 0°C with different reaction times; the plot show 
measurements of diameter (in red) and pitch (in blue) as a function of width. The empty shapes 
represent the twisted ribbons, and the solid shapes are helical ribbons. 
 
 

Furthermore, at the initial stages of the synthesis many spherical objects were present. 
They were detected from 3 min up to 23 min of reaction. At 27 min, some images 
showed “destroyed spheres”. Additionally, almost all the spheres appeared in the vicinity 
of the carbon film, which indicate that the spheres are hydrophobic. At 0˚C, TEOS 
hydrolysis and condensation are slow. It is possible that at the early stage of the synthesis, 
after TEOS is added, it is predominantly present as oil droplets, or spheres. Possibly the 
“destroyed spheres” are remnants of these, caught just when the hydrolysis is done.  
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  Summary and Outlook7

In this thesis work, detailed investigations of the formation of mesoporous silicas 
following the CSDA approach, from the starting solution to final product, have been 
performed for two synthesis systems: System 1) Synthesis of carboxylic group 
functionalized MSMs using C18-3-1 as structure directing agent and CES as CSDA; and 
System 2) Synthesis of chiral MSMs with helical ribbon morphology. 

In System 1, the investigation was focused on four interrelated parts. (1) C18-3-1 in pure 
water has a CMC of 1.5 mmol/L. Self-assembly of C18-3-1 forms two types of liquid-
crystalline micellar phases, P63/mmc and Pm3n. The HCP structure is suggested to be 
due to the micelles being non-spherical and carrying a symmetry that dictates the 
P63/mmc phase. At a concentration of 0.025 mol/L, the same as in the synthesis of MSM, 
the micellar size of C18-3-1 is independent of the concentration of salt, which indicates the 
same micellar size in the formations of different structures. (2) The pH dependence of the 
hydrolysis rate of TEOS is the origin of the structural change between Fm3m and Fd3m. 
Both the Fm3m and the Fd3m structures have a similar extent of cross-linking of silica, 
and for the formation of the Fd3m structure, the cross-linking of CSDA is lower than that 
of the Fm3m structure. (3) Salt plays a role by screening the charges, increasing the 
lattice parameter, as well as influencing the aggregation of silica oligomers. At high pH, 
when the kinetics of silica reaction is fast, a large amount of salt (0.5 mol/L) is required 
in order to influence the structure formation. At low pH, where the formation of the 
Fd3m structure relies on the slow kinetics of the reactions of the silica source, with 
presence of salt (0.3 mol/L), the Pm3n structure is obtained. (4) A CSDA/C18-3-1 molar 
ratio of at least 0.5 is required to synthesize well-defined MSMs. The structural diagram 
that results from varying the C18-3-1-HCl-CES composition ratios is comparable to the 
synthesis-field diagram of the reversed system, using C14Glu, NaOH and TMAPS. As a 
short-term outlook for System 1, some the materials synthesized for the synthesis-field 
diagram need to be identified. Moreover, a p6mm structure is expected to exist in this 
system. 

PT ssNMR and SAXD (ex-situ) measurements give an insight into the synthesis 
process of the Fm3m, Fd3m and Pm3n structures that are formed in this system. The 
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Fm3�m structure is a result of fast kinetics, while the Fd3�m and Pm3�n structures rely on 
slow processes, and between them, the Pm3�n structure process is slower. The structure 
formed in this synthesis system is a result of the extent of rearrangement possible after 
the aggregation. The structure gets denser in the order Fm3�m < Fd3�m < Pm3�n. The 
driving force for the system is to arrive at the densest structure possible. 

In System 2, the cryo-TEM and cryo-SEM images provide detailed information about 
the formation process of the synthesis. A formation mechanism could be suggested. First, 
the formation is possibly dependent on the slow hydrolysis rate of TEOS. The initial 
objects observed are fibers, twisted ribbons, helical ribbons and tubes. The fibers grow in 
width, or alternatively assemble into ribbons. They mainly appear at an early synthesis 
stage. With time the twisted ribbons grow in width and pitch. From 23 min, mainly 
helical ribbons were obtained. The twisted ribbons eventually form helical ribbons. Some 
of them later on merge into tubes. The evolution of the configurations could be explained 
by the incompatible elastic sheet theory. Further work is needed to complete this model, 
which accounts for a wider range of intrinsic geometries, and to collect digital 
information and describe configurations of chiral materials that are currently not well 
understood. 

The CSDA method is a versatile way to synthesize MSMs with novel structures and 
diverse properties. This one-pot synthesis of functionalized MSMs also has good 
prospects for different applications. Especially, the chiral mesoporous materials are 
expected to make important contributions in life science. A deep understanding of the 
mechanism using the CSDA approach will open up the route to a more precise control of 
the structure, morphology, and properties of the mesoporous materials. Hence, a 
“cookbook” for directing the synthesis using the CSDA method will be very useful not 
only in designing novel surfactants and CSDAs that produce MSMs with unique 
characteristics, but also for synthesizing useful MSMs using environmentally friendly 
and inexpensive compounds. On the other hand, in order to draw firm conclusions 
regarding general mechanism of the CSDA route, a larger range of systems has to be 
investigated in detail. 
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