
1

Chapter 1:

Introduction

“The most important thing is not to stop questioning.  Curiosity has its own
reason for existing.  One cannot help but be in awe when he contemplates the
mysteries of eternity, of life, of the marvellous structure of reality.”

Albert Einstein

Porous materials have long been of interest in industrial fields as catalytic supports and
adsorbents.  Many different types of porous materials have been used in these
applications, ranging from activated carbons, to zeolites.  More specifically, silica based
systems such as clays, silica gels and zeolites have been used in many catalytic
processes and adsorption and separation applications.  ZSM-5 is used as a catalyst for
conversion of natural gas to motor fuel.1 Zeolites A and X are used in detergents to
soften water by removal of calcium and magnesium ions via ion exchange.1  Porous
silica gels have been used in filtration, chromatography, thermal/acoustic insulation, and
as desiccants.2  These, however, each have a range of practical use dictated by the size,
shape and selectivity of the pores in the material and each has a distinct manner of
preparation to produce the required pore structure.  The molecular sieve MCM-41 forms
a part of this spectrum of porous, silicate materials.  A short comparison with some of
these other materials follows.

Silicates are built up from [SiO4]2- tetrahedra.  Each tetrahedron is connected to other
tetrahedra to form a three dimensional network.  They may share from one, up to all
four of the oxygen atoms with adjacent tetrahedra.  Tetrahedra connected by two atoms
form a chain; by three atoms, a sheet; and by four atoms, a three dimensional network.3
Materials in which all four oxygen atoms in all tetrahedra are shared with other
tetrahedra form dense structures such as quartz and cristobalite.  In amorphous silica,
which is less dense, there is a random packing of tetrahedra in a non-periodic structure
in which at least two corners in each tetrahedron are shared.  The Si-O-Si angles in
these structures may vary, but the silicon-oxygen bond length is constant at around
0.162 nm.3
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1.1  Porous Silicates

Porous silica is generally discussed as a subsection of the larger group of porous
aluminosilicate materials.  These may be one of two general types.  The crystalline
form, zeolites, or the less ordered porous silicates and aluminosilicates which include
silica gels, and pillared clays.  Both contain pores within the bulk material which may
host other molecules, allowing interactions with the surface or with other molecules
trapped within the structure to take place.

Zeolites are crystalline aluminosilicates where the channel structure may be one or two
dimensional.  The channels in these materials are part of the crystal lattice of the
material, and so are highly monodisperse and have fixed directionality within the
crystal.  They have a pore size range1 between about 4 and 7 Å, since the size and shape
of these holes is determined by the stability of large rings made up of alternating silicon
and oxygen atoms.  The widest aperture in conventional aluminosilicate zeolites is a
ring of 12 tetrahedral atoms and is 7.4 Å in diameter.4,5  The uniformity of the channels
in zeolitic systems means they are extremely selective adsorbents for small molecules of
particular molecular geometries and sizes,1,6,7 and so make highly selective catalytic
supports, and adsorbents.  However the narrow range of pore sizes available and the
relatively small cross section of those pores restricts the size of molecules which may
escape from or enter the pores to access catalytic or adsorption sites.  This limits their
use in applications involving larger organic molecules.  Crystalline materials with larger
pores (8-14.5 Å) have been prepared in aluminophosphate systems,8-10 and are found in
the natural ferroaluminophosphate, cacoxenite (14 Å),11 but again, these materials are
apparently limited by the size of void which may be accommodated in a crystalline
system.

Porous silica gels are generally prepared via sol-gel methods, in which molecular or
colloidal silicate species are dispersed in a solvent, and then form a gel which may lose
solvent as the condensation of the silica proceeds.  The silica walls in these materials
are amorphous, showing no long-range order.  The pores in these materials are a result
of the process of gelation, which depends upon the reaction conditions (eg. temperature,
pH), and the solvents and reagents used.2  Other porous materials include modified
layered materials, such as pillared smectite clays and layered double hydroxides, as well
as porous glasses.  Generally these materials have larger pores than zeolites, but the
distribution of pore sizes is also larger, and the pores exist as a disordered network
throughout the solid.  This lack of uniformity is reflected in a corresponding lack of
selectivity in adsorption and catalysis applications.  They provide relatively high surface
area, inert supports for catalysts, and can be prepared at various densities.  Aerogel
materials prepared by supercritical drying of wet gels may have densities as low as
0.003 g cm-3 with porosities of 98%12 and surface areas of more than 1000 m2 g-1.2
They are used as Cherenkov detectors in particle physics applications and as window
and bulk insulation.  It has been suggested aerogels could be used as gas filters or that
metal-loaded aerogels could be used as catalyst beds in the petroleum industry.12  The
distribution of pore sizes in these materials is ca. 10-500 Å.  In xerogels, which are air-
dried gels with a surface area of 500-900 m2 g-1, the pore diameters can range from
10-200 Å within the one sample.2
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The pillaring of layered silicates, such as montmorillonite, hectorite and saponite with
intercalates, such as polyoxocations of aluminium, zirconium and chromium, results in
materials with Lewis acid sites, provided by coordinately unsaturated metal ions on the
pillars.13  These materials therefore have novel catalytic properties and void volumes
which are mostly within the nanoporous range (1.0-10 nm).  Layered double hydroxides
may be pillared with Keggin and other polyoxometallate ions, or metallo macrocyclic
anions.  Applications of these pillared materials focus on use as shape-selective
heterogeneous catalysts for petroleum cracking, and for use in the treatment of polluted
ground waters and industrial effluent.13  Porous silica glasses, made by etching phase-
separated borosilicate glasses prepared from high temperature melts,2 have been used to
measure the effects of confined spaces upon the collective behaviour of molecules
adsorbed in the pores,14 and to provide experimental observations whereby theories of
molecular adsorption may be tested.  Applications such as these would benefit from a
simplified analysis if a material with a monodisperse pore size distribution was used.

1.2  MCM-41

The mesoporous molecular sieve, MCM-41 shares characteristics of both types of
porous silica.  The wall structure of this material appears to be amorphous, with
densities close to those of colloidal silica.15  In X-ray diffraction patterns, no sharp
Bragg peaks are seen at angles corresponding to the silicon-oxygen distances observed
in crystalline silicates.  Instead, a broad hump of scattering is observed, more
characteristic of a glass or amorphous silica system.16,17
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Figure 1.1  Powder diffraction pattern, showing the intensity versus the scattering
angle, 2θ, for a pure silica MCM-41 material.  The inset is the pattern for the last four
peaks multiplied by a factor of ten so that they could be shown on the same scale as the
first three peaks.  The peaks are indexed on a hexagonal lattice in two dimensions, and
the d-spacing for each peak are given.

The pore system of MCM-41 within this amorphous framework is, however, very well
ordered.  The long, cylindrical channels in this material are in a hexagonally close
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packed arrangement, which is sufficiently organised for a diffraction pattern to arise
from the arrangement of these pores.  The pores are large (15-100 Å18), in the mesopore
range (which is defined as between 20 - 500 Å19) which is two to three times those
found in crystalline zeolitic systems, and so the repeat distance between channels is
much greater than the distances between diffracting layers in crystals.

The X-ray diffraction pattern derives from this large channel repeat distance, rather than
any crystalline order in the atoms comprising the walls, and is therefore seen at low
angles.  The inherent disorder in such an amorphous system may be seen in the rapid
decrease in diffraction peak intensity as higher orders of diffraction, at larger angles, are
reached.  An indexed diffraction pattern  of a well-ordered MCM-41 material taken at a
high intensity synchrotron X-ray source is shown in Figure 1.1 above.  Further
discussion of the diffraction methods and instrumentation may be found in Chapter 3.

1.3  Templated Systems

Zeolitic materials, with their pores incorporated in a crystalline framework, may occur
naturally, but are more often made synthetically by hydrothermal processes.  The
synthetic methods usually involve the addition of silicate monomers or polymers to pre-
existing “seed” crystals,20 or a nucleation process around an organic template
molecule.21  The presence of a molecular template determines to some extent the size
and shape of the pore created in the zeolite, but it forms part of the crystal lattice of the
growing zeolite, and so is encapsulated only in certain sites in the crystal.  Some
zeolites form in the absence of these template molecules, and whether the template has
a structure-directing, or merely a space-filling role is dependant upon the particular
zeolite and template molecule concerned.21,22

There are several competing pathways proposed for the mechanism of zeolite synthesis,
which allow for the presence of the template molecule in the condensing silica
framework.  In all of these however, the driving force for the observed ordering is the
condensation of the silica framework.  The liquid-phase-ion-transport mechanism23-25

proposes the formation of composite species in solution, made up of the template
molecule surrounded by a loose shell of silica polyanions and water molecules.  The
structure of these nuclei has been described as clathrate-like,26 but is probably not
sufficiently ordered so as to resemble crystal fragments.  Secondary building units
comprised of silicon-oxygen rings of various sizes and connectivities, as seen in the
structures of fully formed zeolites, have been proposed as one pathway for structure
development.20,27  There is some debate over whether such structures in fact exist in
solution, and their role in zeolite nucleation.28  Knight29 has described such secondary
building units as “red herrings”, preferring to describe the process as the displacement
of the ordered sheath of water molecules present around a template molecule by small
silicate oligomers.  These less ordered oligomers are held in place long enough to allow
condensation into partially ordered structures around the template, which then continue
condensation with further oligomers in order to nucleate the zeolite.



Introduction 5

In the liquid-phase-ion-transport mechanism, these zeolite nuclei both agglomerate
during the synthesis process, and draw further silicate species from the reaction
solution, or from any precipitated silica gel in the system to assemble the crystalline
silica/organic lattice.  The solid-hydrogel-reconstruction model30,31 instead suggests
that the template molecule is precipitated along with amorphous silica into a silica gel
phase.  Within this gel, local re-ordering around each template molecule occurs, with
atoms diffusing into place on the crystal lattice.  Composite models have also been put
forward, in which the zeolite nuclei form in solution and then adhere to the gel phase
where further crystal growth occurs.32-34

In MCM-41 syntheses, by contrast, the template role is taken not by a single molecule
but by an array of molecules, self-organised into a liquid crystalline phase.  The liquid
crystal template mechanism differs from that of zeolite formation in that it is not the
silicate condensation which is the dominant factor in the formation of the structure.
Instead it is the organisation of the surfactant molecules into micellar phases which
defines the structure.18  In support of this mechanism it has been found that in regions
of the phase diagram where a surfactant does not form liquid crystal phases, ie. for very
high temperatures,35,36 or at concentrations below the critical micelle concentration5,37

(cmc), addition of silicate does not result in mesoscale structures.  At high temperatures
porous materials such as ZSM-48, which are templated around a single surfactant
molecule are formed, rather than structures based on liquid crystal arrays.35

The species first used in mesophase syntheses were quaternary amine surfactants.
These are known to form a variety of liquid crystal phases in water by virtue of the
interaction of their hydrophilic headgroups and hydrophobic hydrocarbon tails with the
polar water phase.38,39  The surfactant phase which forms in an aqueous solution is
dependant upon the surfactant concentration and its counterion.  It may be determined
by the packing parameter v/al where v is the volume of the hydrocarbon chain, a the
headgroup area and l the maximum effective chain length (somewhat less than the fully
extended molecular length of the chain, typically l=1.5+1.265n Å where n is the number
of carbon atoms in the chain or one less).40-42  For cylindrical micelles 1/3<v/al <1/2,
whereas for spherical micelles v/al  <1/3.  The parameter, a, is known to be sensitive to
the surfactant counterion.  The packing parameter is essentially a measure of the
curvature of the structure formed.  Generally, at the lowest concentrations, the
surfactant will exist as monomers in solution.  With increasing surfactant concentration
(for the same counterion) it becomes more energetically favourable to form micelles,
which initially are spherical.  Spherical micelles contain the largest area per headgroup
for any of the surfactant micelle phases.  Increasing concentration further raises the
aggregation number in the micelle, reduces the area per headgroup, and may result in
elongation of the micelle to form a rod in solution.  Still further increases in surfactant
concentration leads to agglomeration of the micelles, whether spherical or cylindrical,
into a close packed phases, which, in the case of rod-like micelles is a hexagonal phase.
The next level of concentration gives a cubic phase in which there is one continuous
bilayer of surfactant separating two distinct water regions in which the surfactant forms
a cubic gyroid minimal surface.  The final phase transition is to a lamellar phase,
composed of bilayers of surfactant, separated by a water phase.  This phase has the least
curvature and the smallest area per surfactant headgroup.  Figure 1.2 illustrates the
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surfactant liquid crystal phases and shows a phase diagram for pure
cetyltrimethylammonium bromide, the surfactant used as the template molecule in this
work.
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Figure 1.2  A phase diagram43 and schematics of the corresponding surfactant liquid
crystal phases for the surfactant used as template in this work.  Cmc1 is the critical
micelle concentration for the formation of spherical micelles, which has been
exaggerated to higher concentrations for the purposes of the illustration.  Cmc2 is the
critical micelle concentration for the formation of rod-like micelles.

The MCM-41 material discussed in this work has the same overall structure as the
surfactant hexagonal liquid crystal phase.  Considerable work has also been carried out
on silica/surfactant systems which mimic the other concentrated surfactant liquid crystal
phases.44  Lamellar phases were synthesised by Bull et al.45 and by Dubois et al.,46 who
used a double chain surfactant.  The lamellar silica/surfactant phase has also been
observed as a precursor phase to the formation of the hexagonal phase.47  The cubic
phase was also reported by Beck et al.18 and interconversions between the hexagonal
and cubic phase have been observed.48  More complex systems with multiwalled
surfactant vesicles have also formed templates for the formation of patterned
spheres,49,50 and other structures strongly suggestive of silica frameworks formed by
diatoms.51,52  Combinations of the mesoporous system with other structure directing
systems has given discrete, large mesoporous silica spheres, grown in an oil-water
emulsion53 and ordered macroporous fibres of mesoporous silica templated around a
thread of co-aligned multicellular filaments of Bacillus subtilis.54  The surfactants used
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to create mesophase silicates have covered the full range of micelle forming species;
cationic, anionic55 and neutral molecules56,57 have been used.

1.4  The Synthesis of MCM-41

MCM-41 was first reported by researchers from Mobil Oil in 1992.18,58-61  They
reported the formation of the hexagonal phase mesoporous material under a wide range
of synthetic conditions.  They used temperatures for the hydrothermal synthesis ranging
from 25˚C to 175˚C61 for periods from 5 minutes to 14 days, at initial pH values of
1-14.60  Quaternary ammonium surfactants with chain lengths ranging from 8 carbon
atoms to 16 were used, and other organic molecules, such as mesitylene, were used to
swell the surfactant phases to allow templating of larger pores.18  A variety of silica
sources, from monomeric to highly condensed, and a corresponding variety of alumina
sources were investigated.

Since this early work, other authors have commonly used tetraethylothosilicate (TEOS)
as the silica source, and the n-C16 quaternary ammonium chloride or hydroxide
surfactant, although there have also been many other reagents reported in the literature.
Notably, a highly ordered hexagonal MCM-41 material has recently been reported by
Khushalani et al.62 which was prepared using TEOS and a cetylpyridinium chloride
surfactant.  Generally it has been found that increasing the degree of condensation of the
silica source favours hexagonal phase formation while increasing the initial pH of the
synthesis gel favours the lamellar phase.63  Various post-synthesis treatments have also
been applied to increase the long-range order and stability of this material.  These
include continued heating at 100˚C in a water solution with a range of pH values,48,64 or
impregnating with 20% nitric acid at room temperature overnight.65

In this work, a relatively simple system was chosen, in order to reduce the number of
possible variables.  The set of reagents selected (see Chapter 2), and their concentrations
(based on a preparation initially published by Beck et al.18) were taken as standard, and
optimisation and investigation of the synthesis restricted to that context only.  The
factors investigated were: heating/aging time in the gel, the presence or absence of
stirring, the pH of the preparation during synthesis, and the effect of the type of acid
used to maintain a selected pH.  The effect of these factors throughout the synthesis
process was examined as well as the structure and stability of the final products.

1.5  Mechanism of MCM-41 Formation

The molecular interaction between an inorganic material and a surfactant headgroup can
be understood using conventional reaction schemes.  Six different possible molecular
reaction pathways57,66,67 which use the principle of liquid crystal templating have been
identified: S+I-, S-I+, S+X-I+, S-X+I-, S–I and S˚I˚, where S is the surfactant, I is the
inorganic phase, and X is a mediating ion.  S–I indicates systems where the inorganic
precursor is covalently bonded to the template throughout synthesis, an approach which
has been used for some transition metal oxide analogues of MCM-41.68-70  The pathway
applicable to a particular synthesis will be dictated by the reagents and synthetic
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conditions and can influence the physical and chemical properties of the product.  In
this work, the S+I- reaction mechanism is used since the pH used (7 to 12) ensures
negatively charged silicate ions, although mesoporous silicates may also be formed via
S˚I˚ (pH ≈ 7) and S+X-I+ (pH ≈ 2) pathways.43,55  The way in which these silica-
surfactant composites form the mesophase structures, and the stage in the reaction
where the silica-surfactant molecular interactions become important are, however, not
yet fully understood.

The mechanism suggested by the inventors of MCM-41 and related phases for their
formation is the liquid crystal templating (LCT) mechanism.18  This proposes that the
structure of the channel systems in these mesoporous materials is determined by the
surfactant aggregation behaviour, rather than the condensation of the silica around the
template molecule, as occurs for zeolites.  Exactly how the silica and surfactant interact
in the system is still, however, under debate.  Beck et al.18 proposed two alternate
mechanisms in which the surfactant might self-assemble into the observed silica-
surfactant composite structures.

The first mechanism (Figure 1.3(a)) posited the existence of a hexagonally ordered,
concentrated surfactant phase, prior to the addition of the silicate to the system.  Upon
silicate addition, the anions entered the water regions between adjacent micelles in this
pre-existing phase and condensed in these interstitial sites without greatly perturbing the
surfactant structure.  The second mechanism (Figure 1.3(b)) required only that some
surfactant micelles be present in the solution prior to the addition of the silicate anions.
It was not necessary that the surfactant already exist in the hexagonal liquid crystal
phase observed in the final product.  In this case, upon the addition of silica to the
system, silicate anions coated the surface of the surfactant micelles by some form of
ion-exchange with the surfactant counterion.  These silica encased micelles then self-
ordered to form the hexagonal phase observed in the final product, and condensation of
the silicate occurred to freeze in this structure.

Much work was then carried out to distinguish these mechanisms.  In the form of the
preparation frequently used to obtain hexagonal phase composite silica-surfactant
material, the concentration of the surfactant used (10-26 wt%) is far below the
concentration where the hexagonal phase would normally form, even at room
temperature.  Addition of the silicate anion to the system appears to move the phases
which occur normally for the templating surfactant to lower concentrations,43 despite
the fact that the cmc would usually increase for increasing counterion radius and pH.
The cmc would however be expected to decrease with increases in the valency of the
counterions and the ionic strength of the solution.65  Evidence from small angle neutron
scattering,71,72 X-ray scattering,73 scanning and transmission electron microscopy74 and
2H, 29Si75 and 14N37 nmr also show that no hexagonal phase surfactant structures exist
prior to the addition of the silicate, favouring the second mechanism suggested above.
It has also been shown that varying the silicate concentration at constant surfactant
concentration will result in the formation of hexagonal, lamellar and cubic phases,
implying a prominent structure directing role for the inorganic silicate anions in this
system.44
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There are, however a few examples in the literature where very high concentrations of
surfactant have been used to create a surfactant liquid crystal phase,43,76 into which
monomeric silicate anions were then introduced.  Condensation of the silica in these
phases led to the formation of monolithic rigid silica-surfactant composites with
structures the same as those of the original surfactant phase.  This approach however,
appears only to work with very high concentration surfactant systems under conditions
where the silicate condensation and consequent release of small molecules do not
greatly perturb the existing surfactant structure.

(a)

(b)

(c)
(d)

Figure 1.3  Schematic showing various suggested mechanisms for the formation of
MCM-41 as referred to in the text.  The change in micelle colour from white to grey
indicates the coating of the micelle headgroups with silicate oligomers which results in
either (a) an unperturbed cast of the pre-existing surfactant liquid crystal phase, (b) the
formation of silica coated surfactant species which form either (c) micelles which then
agglomerate to form ordered and disordered arrays or (d) a lamellar phase when
converts into the final hexagonal phase material.  The final step, calcination results in
an array of hollow, hexagonally packed tubes.

In preparations using lower surfactant concentrations, two further refinements of the
second micellar-assembly mechanism have been suggested.  Several groups have
observed the formation of a lamellar silica-surfactant phase in the early stages of
preparations which subsequently formed hexagonal phase MCM-41.37,47,63,77  This
observation, led them to propose a “charge density matching” reaction scheme,37,63
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(Figure 1.3(c)) in which surfactant monomers or micelles in solution become coated
with silica oligomers, which act as multidentate ligands for the headgroups of the
surfactant.  The charge on these oligomers will probably cause the surfactant micelle to
alter shape during the ion-exchange process.  The screening of the electrostatic double-
layer repulsion among the aggregates, by the silicate coating, then induces self-assembly
of the ordered mesophases.  The mesophase formed, by analogy with the surfactant
packing parameter discussed in section 1.2 above, will be that with the least curvature
which is consistent with the surfactant, pH and silicate concentration.  These two
processes - the coating of the micelle and the self-assembly of the mesophase occur on a
similar time scale.  With the subsequent condensation of the silicate, the inorganic
charge density decreases, and lower surfactant charge densities are needed to stabilise
the structure, and so the headgroup area per surfactant molecule increases.  This
increase in headgroup area drives a phase change, for example from lamellar to
hexagonal, which is possible since the incompletely condensed silicate walls are still
sufficiently flexible to under go the thinning which this entails.  In this model, the wall
thickness is determined by the double-layer potential - silica is only accumulated at the
interface to the extent necessary for charge compensation.  This results in wall
thicknesses of 10-11 Å for lamellar phases, and 8-9 Å for hexagonal phases, as
observed.47  Post-synthesis treatment in water at 100˚C with pH = 7-10 of various
silica-surfactant phases, made with different surfactants, also show phase changes
consistent with changes in charge density due to increasing silica condensation and wall
reconstruction.48  A detailed scheme based on the free energy of the various interactions
contributing to the synthesis process in this reaction scheme has been proposed.47,55,63

Other workers however, do not observe the formation of a lamellar phase as a precursor
to hexagonal phase formation.78-80  In fact, at room temperature in one preparation
where a lamellar phase is initially present, the subsequent formation of the hexagonal
phase does not occur as a direct transformation but proceeds via the dissolution of the
lamellar phase followed by crystallisation of the hexagonal phase.81  Evidence from
transmission electron microscopy, which shows hexagonal phase MCM-41 where a
significant proportion of the crystal edges meet at 120˚, led Cheng et al.74 to propose a
different pathway (Figure 1.3(d)).  In this mechanism, the silicate anion first reacts with
the pre-existing surfactant micelle, enabling formation of rods of silicated surfactant
species.  These then self-assemble directly into the hexagonal phase, via the formation
of small hexagonal clusters.  These clusters are enormous molecular groups which have
faces that may grow at different rates, due to inhomogeneities in concentration in the
surrounding synthesis gel.  Adjacent faces are however more likely to be in the same
solution environment, allowing the 120˚ angle between the neighbouring edges of the
resultant crystal to be preserved.  This mechanism allows for the formation of both
perfect and imperfect crystal shapes, depending on the homogeneity of the reaction
medium.  Formation of the hexagonal phase via a lamellar phase is unlikely to produce
120˚ angles between crystal faces.  The formation of a wide range of macroscopic
morphologies made up from mesoporous silica in a silica/surfactant system seen using
scanning electron microscopy has also been explained by an accretion of silicated
micelles mechanism.52  It is suggested that the growth patterns observed are
characteristic of a system which is far from equilibrium and not necessarily described by
a free energy function.



Introduction 11

Packing arguments have also been put forwards for this direct assembly of silicated rods
mechanism.82  They suggest that it is difficult to see how a transformation from a
lamellar phase to a multidimensional phase like the cubic phase would occur.  All of the
mesophases can, however, be considered as various forms of packing of silicated rods -
the lamellar phase being caused by packing rods directly on top of each other, and the
cubic by intertwined rods.  Other evidence for the direct formation of hexagonal phase
material from silicated rod structures is given by transmission electron microscopy.
Micrographs show areas of randomly oriented tubes of the same dimensions as those in
hexagonally packed areas within the same MCM-41 crystal.  In this case, imperfect
packing of the silica-coated rod-like micelles leads to the formation of the randomly
oriented phase.78  Also, work done using cryo-TEM at very early stages of the MCM-41
preparation has detected clusters of highly elongated, partially silicated micelles with
dimensions similar to the correlation lengths seen in small angle X-ray scattering from
the same solution.73  As the reaction proceeds, silica covers more of each micelle and
penetrates into them, causing the decrease in intermicellar distance from ca. 50 Å to that
observed in hexagonal phase MCM-41, ca. 40 Å.  The formation of these micelles from
the pre-existing spherical surfactant micelles in solution is explained using curvature
arguments, as were used above.  The headgroup repulsion between surfactant molecules
is decreased by the presence of silica anions, which increases the curvature of the
micelle by decreasing the headgroup area, and promotes formation of longer micelles,
which then form clusters.

In this mechanism the driving force for the reaction is both the energetically favourable
organic-inorganic interactions and entropic gain from binding of the silicate anions to
the micelles, which displaces a layer of ordered water surrounding the micelle.  It has
been predicted that organic species which do not cause the organisation of water will
not act as templates in this system.35  In situ 14N nmr has shown no evidence of
hexagonal surfactant phases in the synthesis media during MCM-41 formation.  Rather,
the results were consistent with randomly ordered rod-like micelles coated with a silica
sheath which did not perturb the motion of the nitrogen containing surfactant
headgroups.78  This result also favours the direct formation of the hexagonal phase from
these silicated micelles.  Work on the catalytic effect of the surfactant micelles upon
silica condensation also suggests the direct assembly of silicated rod-like micelles into
the hexagonal phase when monomeric silica at ambient temperatures is used in the
preparation.  It was, however, also acknowledged that the precise mechanism might
strongly depend upon the silica source or reaction conditions (particularly
temperature).5

As an interesting comparison, the mechanism of formation of the other hexagonally
ordered mesoporous silicate is noted.  This material is formed by the intercalation of a
surfactant into the layered polysilicate kanemite and is called FSM-16 (from Folded
Sheet Mechanism, where the number refers to the length of the carbon chain used in the
intercalating surfactant).83  Kanemite consists of single layered silica sheets of linked
silica tetrahedra with hydrated sodium ions in the interlayers.84  The first step in
FSM-16 formation is the ion-exchange of a cationic surfactant ion for the Na+ between
the layers.  The second step is the folding and condensation of the silicate into a three-
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dimensional silicate framework through an interlayer cross-linking process.85  There
may be some breaking up of the layers of kanemite at this stage with local reordering of
the silica tetrahedra within the layer occurring.86  The synthetic conditions for formation
of FSM-16 are milder than those for MCM-41, occurring at 70˚C and requiring only
low surfactant concentrations (3.2 wt%).  The silicate walls are more condensed in these
materials than in MCM-41 and they retain the particle morphology of the initial
polysilicate, indicating substantial differences from the LCT materials.86  Much greater
disorder has been seen in the packing of channels in FSM-16, by electron microscopy,
than in MCM-41 materials.  It has been suggested that FSM-16 may contain pores
which are not straight or long, but are likely to be interconnected in a three dimensional
network.86  No cubic phase has been synthesised from these materials.  However, the
mechanism is still driven by the aggregation of surfactant ions which is induced by the
higher concentration of ions between the silicate layers.  This is similar to the
lamellar → hexagonal phase mechanism described above.

One report has been made concerning the heterogenous nucleation of MCM-41.  In that
work, the presence of colloidal particles was shown to promote the formation of
hexagonal phase mesopores in a system which otherwise produced amorphous silica.87

When colloidal silica was used, the colloidal particles formed sites for initial
aggregation of silica-surfactant composites.  The particle then slowly dissolved and was
converted into well ordered, hexagonal phase material, growing in towards the centre of
the particle.  The presence of more colloidal material induced greater long range order
in the product.  When colloidal titania which did not dissolve during the reaction, was
used, well ordered mesoporous silicates again nucleated on the surface.  This ordering is
probably due to the adsorption of the surfactant species on the particle surface and
probably shares some features with the mechanisms of formation of thin films of MCM-
41 on mica,88 and at the air-water interface.89,90

In the present work, aging experiments and in situ heating experiments on synthesis gels
were carried, out in order to determine the evolution of the formation of MCM-41 in the
particular system under study.  Investigation of the silica-surfactant species, under
conditions where micelles were not present, was done using monomolecular films of
surfactant on a Langmuir trough.  The ability of the silica-surfactant hexagonal phase to
align under shear or to decompose into silica coated rod-like micelles which would
align was also investigated.  Some conclusions concerning the mechanism of hexagonal
phase MCM-41 formation were drawn from this work, described in Chapter 4.
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1.6  Applications of MCM-41

Applications of MCM-41 largely turn on its large, monodisperse and adjustable pore
sizes, and its high surface areas and pore volumes.  In its aluminosilicate form it has
been shown to be mildly acidic,91 and its hydrophobicity can be altered by changing the
Si/Al ratio.  Materials containing more silica are more hydrophobic.92,93  It is relatively
thermally stable, however in the presence of moisture may undergo hydrolysis causing
breakdown of the pore structure on time scales of 6 to 18 months (see Chapter 4).

Many suggestions have been made for possible uses of MCM-41.18,61,65  Catalytic
processes such as the processing of high distillates of crude oils into more valuable
products,60 and the synthesis of large molecules are frequently mentioned.  The
MCM-41 materials in this case would be either substituted with various catalytically
active transition metal oxides, either in whole or in part, or else would act as inert, high
surface area supports for catalytic entities bound to the walls of the channels.  Some
shape-selection may possibly arise from the shape of the pores by analogy with zeolites.
It has been shown that the narrow pore size distribution of these materials promotes
catalytic activity for the production of dimethylacetals, over materials with broader pore
size distributions.94

Aluminosilicate MCM-41 materials have been shown to be moderately good catalysts
for the cracking of large organic molecules to smaller ones.  The activity generally
increases with increasing aluminium content.91  Comparisons with commercial fluid
catalytic cracking catalysts has shown that AlMCM-41, for a given conversion, gives
higher amounts of gaseous products, indicating more severe cracking, and yields more
olefins and lower amounts of branched hydrocarbons.95  Many patents and papers
mention the catalytic use of AlMCM-41 for acid catalysis, and TiMCM-41 and VMCM-
41 for liquid redox catalysis, and these have been reviewed.65,95  These conclude that
the improvement observed over conventional catalysts is often due to higher surface
areas and increased accessibility of active sites, although much work still is required on
regeneration, and behaviour under realistic working conditions before industrial usage
will be feasible.95

Some workers have reported incorporation of catalysts such as 2,4,6-
triphenylpyrylium96 (for isomerisation of cis-stilbene) and [Pt15(CO)30]2- (in FSM-16
channels for catalysis in the water gas shift reaction)97 via ship-in-a-bottle syntheses
inside mesoporous silica channels.  Molecules of titanocene dichloride have been
diffused into the MCM-41 pores and grafted to the walls via reactions with the pendant
silanol groups.  These were then converted to isolated titania species by calcination,
with the resulting materials proving to have a very high turnover frequency for the
epoxidation of alkenes.98  Many other molecules especially organometallics have been
directly adsorbed into the MCM-41 pores and anchored, by various methods of grafting,
to the walls.96,99-104  These often prove to have good catalytic activity for various
reactions including the production of highly isotactic polypropene,100 the conversion of
low-density polyethylene into hydrocarbon feedstocks,105 alkene oxidation101,103 and
the formation of fine chemicals which involve bulky reactants or products.94,104

Catalytic activity has also been observed for aluminosilicate MCM-41 ion-exchanged
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with sodium and caesium cations.106  Organically modified MCM-41 materials with
possible catalytic applications have also been directly prepared in one-step syntheses by
neutral templating routes which allow the template to be removed by washing rather
than by calcination.107

The channels of MCM-41 have also been used to create nanosized metal clusters of
platinum by various methods,108,109 NiMo oxides,110 caesium-lanthanum oxides111 and
Fe2O3

112 by incipient wetness techniques.  The materials containing platinum
nanocrystals were shown to be good catalysts for the oxidation of CO, with samples
prepared using the incipient wetness method showing the best performance.108  They
also show high catalytic activity for the hydrogenolysis of ethane,109 and of branched
alkanes.113  The NiMo impregnated material showed good performance as a catalyst for
cracking vacuum gasoil under mild operating conditions.110  Iron (II) impregnated
MCM-41 materials loaded with palladium amine clusters showed some activity in an
oxygen-rich environment for breakdown of NOx and hydrocarbons present in exhaust
gases.114

The use of nanoscale fabrication technology within the large pores of these materials
has also been suggested, in order to form many other types of composite material.
These include the formation of quantum wires through the polymerisation of conducting
polymers, or metal complexes encapsulated in the silicate frameworks.  Previously
quantum wires have been formed by molecular beam epitaxy and atomic layer epitaxy
but it is difficult to make structures below diameters of about 100 Å using these
methods.  Wu and Bein115,116 have already shown that it is possible to polymerise
monomers for conducting polymers, such as polyaniline, within the MCM-41 channels,
resulting in conducting filaments lining the mesopores.117  They have also produced
conducting carbon wires inside MCM-41 channels by pyrolysing polyacrylonitrile
polymerised inside the pores.  Previous work with zeolites had resulted in filaments too
small to carry charge, but inside the larger MCM-41 channels, interchain and transverse
interactions are permitted, allowing significant conductivity to be observed.118  Other
workers report the polymerisation of styrene,119 methyl methacrylate, and vinyl
acetate120 within the silica based mesopores.  Properties of the encapsulated polymers
were different to those in the bulk.  Specifically the glass transition temperature was
reduced and the molecular weight was inversely dependant on pore size.  Ko and
Ryoo121 have manufactured platinum wires within the pore system of MCM-41 by
repeated soaking in Pt(NH3)4(NO3)2 solutions, followed by drying and reduction to
metallic platinum.  These wires were used to image individual channels via
transmission electron microscopy.

Separation and adsorption applications such as protein separations and the selective
adsorption of large organic molecules from waste water are also frequently proposed.
Pure silica zeolite analogues exhibit a high efficiency in selectively adsorbing organic
pollutants from waste waters.  Increased pore sizes might extend this usage of pure
silica frameworks, to filter out larger molecules such as polychlorinated biphenyls or
herbicide and pesticide molecules in drinking water.122   MCM-41 with its
monodisperse, ordered pores which may be varied in size, has been put forward as a
model mesoporous adsorbent for the testing of theories of adsorption of small
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molecules such as nitrogen, argon, oxygen and water in porous systems.123-127  MCM-
41 materials with varied pore sizes have been used to test models for the diffusion of
glucose and glucitol in water.128

The steep rise in adsorption at certain value of P/P0, caused by the sudden filling of
mesopores with water vapour, in a pure silica MCM-41 has been shown to be function
of the pore size.  This effect is reproducible, and reversible and the MCM-41 substrate
is stable over several cycles.  This has led to the suggestion that such mesoporous
materials be used in the design and fabrication of humidity sensors.93

The structuring observed in these mesoporous materials is of a length scale where
quantum confinement of the electronic states, related to the pore size, could be
expected, and so porous metal oxides made in this fashion should also posses altered
electronic properties.  Porous materials made from semiconducting metal oxides may be
able to be used as sensors, if their electronic surface states react to the adsorption of the
substance to be detected.66  Use of porous transition-metal oxide systems for
applications in non-linear optics, such as molecular sieves for electronic and optical
applications,65 and as thermal or acoustic insulation have also been suggested.68

In the early literature, including patents, MCM-41 has been put forward as having
possible uses in drug delivery systems,61 and as even being able to encapsulate proteins
in ultra-large pore materials.  Confining such difficult to crystallise molecules in a rigid
lattice may create an ordering matrix to allow structure determination by X-ray
diffraction.129  The large number of pendant hydroxyl groups lining the inside surface of
MCM-41 also suggests the possibility of anchoring enzymes to the interior surfaces.
These enzymes would then be situated in precisely defined chemical environments, and
could be used for the commercial production of biological molecules.130  Surfactant
templating techniques have been used to create porous calcium oxide (aragonite) and
calcium phosphate structures similar to those found in the skeletons of marine
algae.131,132  This points to the possibility of considerable application of such
techniques in the field of biomineralisation, to create artificial bone, or shell or to mimic
the structure of natural organic-inorganic composites optimised for a particular task.

Since many of these applications utilise the high surface area and relative stability of
MCM-41 materials, it becomes important to have a detailed knowledge of the structure
of the material in order that its properties may be optimised for various applications.
Uses such as the testing of theoretical models of adsorption require a good model of the
molecular potentials which make up the wall surfaces.  The optimisation of binding of
catalytically active complexes, or the formation of molecular wires or nanosize particles
of other materials within the channels will benefit greatly from a molecular level
structure.  Work on the structure and wall characteristics of pure silica MCM-41 is
reported in Chapters 5 and 5.  Data from a number of techniques, small angle X-ray and
neutron scattering, quasielastic neutron scattering from molecules adsorbed in the
MCM-41 channels, gas adsorption isotherms, and X-ray and neutron diffraction have
been combined to determine a detailed model of the wall structure of these materials.
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