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Abstract

The advent of mesoporous silicas such as MCM-41 has provided new opportunities
for research into supported metal catalysis. The loading of metals into framework
structures and particularly into the pores of porous molecular sieves, has long been of
interest because of their potential catalytic activity. The larger pore sizes of
mesoporous silicas allow for the possibility of preparing dispersions of metal/metal
oxide particles within the pores while still allowing access by reagent molecule. In
standard fabrication processes, metal particle size is not well controlled. Most studies
of metal/metal oxide loaded mesoporous silicas report metal/metal oxide particles
larger than the pore diameter. In the present work, new methods of preparing metal
loaded systems have been developed to facilitate a more even dispersion of the metal.
The metals were loaded as readily decomposed organometallic complexes so the
chemistry involved in forming the metal/metal oxide particles minimized possible
sintering effects. New synthetic routes were developed to facilitate loading into the

pores or the framework of the silica matrix.

An optimised acid synthetic route for preparing MCM-41 was used throughout. The
acid concentration, surfactant concentration, reaction time and stirring rate, all of
which have strong influence on the morphology and structure of the mesoporous
materials under acidic synthetic conditions, were optimised to give systems of
maximum surface area while exhibiting regular pore structures and good stability. The
refined reaction conditions of high stirring speeds, low surfactant concentration, high
acid concentrations and short reactions times developed in the present work represent
important improvements in synthetic methodology giving stable, well ordered, small

pore, thick walled and high surface area products.

Single metal and mixed metal organometallic complexes were loaded into the

preformed mesoporous supports by a modified imbibing method and then



decomposed to prepare metal and mixed metal nanoparticles within the structures.
However, loading by this method caused disordering and destruction of the MCM-41
porous supports, the broadening of the XRD diffraction lines, and the significant

reduction of pore size, pore volume and specific surface area.

A major contribution of the current work has been the development of two methods
for controlling the loading of metals into the structures during synthesis. These
methods offer the significant advantages of loading without structural effects and
yielding producing systems where surface area increased rather than decreased with
loading. By the M method, a hydrophobic organometallic complex was incorporated
within the micelle system formed by the surfactant, cetyltrimethylammonium bromide.
This micelle system containing the organometallic complex forms the template for the
pores during the sol-gel formation of the mesoporous solids. Incorporation of the
metal within the micelle facilitates the dispersion of the metal throughout the
surfactant phase filling the pores of final precursor material. Calcining to remove the
organic material favours leaving the metal or metal oxide in the form of small
particles widely and uniformly dispersed in the mesoporous channels. By the T
method, organometallic molecules are dissolved in the Si(OEt), of the synthesis
mixture. Calcining the organic material from the resulting precursor favours leaving
the metal or metal oxide in a widely and uniformly dispersed state in the walls of

mesopores.

The synthetic methods developed were extended to prepare mixed metal nanoparticles
of defined composition using single-source mixed metal organometallic compounds.
In this way novel mixed metal (Mo/Fe and Mo/Co) phases with compositions
determined by the stoichiometry of the initial mixed metal complex were produced

and characterised.

The nature of the metal/metal oxide particles was studied by XRD and TEM. At the



metal loadings obtained (ranging up to 4%) crystalline metal and metal oxide particles
should be readily detected. The absence of well defined XRD peaks characteristic of
the metal or metal oxides in any of the samples provided evidence that the metals
after calcining were well dispersed, with particles sizes less than a few nm and too
small to give diffraction signals. TEM studies revealed a clearly defined hexagonal
pore structure with pore diameters of approximately 2 nm but gave no evidence of
metal particles larger than the resolving power of the instrument (approximately 1

nm).
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Chapter 1

Chapter 1 Introduction and literature survey

1.1 General Introduction

Porous materials have found widespread applications as adsorbents, ion exchangers,
molecular sieves and catalysts in a range of technologies including industrial processing,
water treatment and environmental protection. They are of two types: microporous (pores
<20 A) and mesoporous (pores~20-500 A). The utility of these materials is manifested
in their micro-/meso-structures, which allow molecules access to large internal surfaces
and cavities that enhance catalytic activity and adsorptive capacity. Microporous materials
are exemplified by the large family of aluminosilicates, known as zeolites in which the
pores are regular arrays of uniformly-sized cages and channels [1, 2]. Microporous
zeolites are some of the most widely used commercial catalysts in industry, finding
applications as catalysts for oil refining and organic synthesis, particularly when dealing

with molecules having kinetic diameters less than 10 A,

Despite these desirable catalytic properties of zeolites, they become inadequate when
reactants with sizes greater than the dimensions of the pores have to be processed. Also,
because of their strong acidic nature, H-zeolites are rapidly deactivated due to coke and
side product formation intrinsically limiting their applications. In addition, the narrow
pores and cavities of zeolites are too small to accommodate the metal, mixed metal and
metal/metal oxide nanoparticles that have shown much recent promise in low temperature
heterogeneous catalysis. Therefore, much effort has been focussed on the preparation of
zeolite-type materials with pore diameters larger than those of the traditional zeolites. One
of the most exciting discoveries in the field of materials synthesis in recent years has been
the discovery of mesoporous molecular sieves. This family of materials, generically
called M41S, have large channels from 1.5 to 10 nm ordered in hexagonal (Mobil

Composition of Matter-41 i.e. MCM-41), cubic (MCM-48), and laminar (MCM-50)
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arrays. MCM-41, one member of this family [3] exhibiting a regular hexagonal array of
uniform pore openings, high surface area and tuneable pore size which has attracted great
attention as a support for creating novel heterogeneous catalysts [4]. The porous silicas
themselves are not very active as catalysts due to their neutral frameworks. The
incorporation of trivalent cations like Al, Cr, V, Ti and B into the MCM-41 framework
generates additional moderate-to-strong acidity and hence enhanced catalytic activity

[5-7].

Perhaps even more importantly, the advent of MCM-41 type materials has opened up new
possibilities for preparing catalysts with uniform pores in the mesoporous region, which
allow access to the relatively large molecules present in, for example, crude oils and in
the production of fine chemicals. These large pores can also accommodate metal and
mixed metal nanoparticles and still allow access of smaller molecules. Whenever a new
type of material such MCM-41 is discovered, there is an explosion of scientific interest to
investigate novel aspects of its nature, synthesis procedures and mechanisms,
modification and commercial applications. However, in spite of such interest and the
outstanding progress made in producing large pore molecular sieves, few of the materials

so far synthesized have found commercial application in current catalytic processes [8].

The work described in this thesis was directed towards the general aim of developing
techniques for producing MCM-41 phases with metal, mixed metal and metal/metal oxide
nanoparticles of defined composition, oxidation state and particle size deposited in the
pores. It was postulated that in this way, mesoporous catalytic phases containing tailored
mono-disperse particles of controllable size and with resistance to sintering might be

prepared.

1.2 Literature Review
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1.2.1 Porous structures

According to the International Union of Pure and Applied Chemistry (IUPAC) rules,
porous materials are divided into three classes: microporous (<2 nm), mesoporous (2-50
nm) and macroporous (>50 nm). Well-known members of the microporous class are the
zeolites, which are the most widely used catalysts in industry due to their catalytic,
adsorptive and shape selective properties, but their applications are intrinsically limited
by their small channel diameters. Hence, there has been an ever growing interest in
expanding the pore sizes of zeolite-type materials from the microporous region to
mesoporous region to meet the increasing demands in both industrial and fundamental
studies. It was not until 1982 [9] that success was achieved by changing the synthesis gel
compositions when the first so-called ultra large pore molecular sieve, AIPO4-8 [10],
containing 14-membered rings, was discovered. Indeed, this not only broke the deadlock
of the traditional viewpoint that zeolite molecular sieves could not be constructed with
more than 12-membered rings, but also stimulated further investigations on other ultra
large pore molecular sieves, such as VVPI-5 [11], cloverite [12], and JDF-20 [13], However
up to now, these materials, as with the case of the mesoporous silicas, have not found any
significant applications because of either their inherently poor stability or their weak

acidity. As a consequence, they are inferior compared to pillared layered clays [14].

In 1990, Yanagisawa et al. [15] reported the synthesis of mesoporous materials by
intercalation of long-chain (typically Cie) alkyltrimethylammonium cations into the
layered silicate kanemite followed by calcining to remove the organic species.
Unfortunately, Yanagisawa et al.’s materials were not well characterised and their results

were largely ignored.

In 1992 Mobil researchers [3] reported the discovery of a novel family of silica-based

mesoporous molecular sieves, M41S, of which MCM-41 is an important member. Since
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then there has been a growing interest in synthesizing these materials with large internal
surface area, pore uniformity and easily controllable pore sizes. The M41S family
contains hexagonal MCM-41, cubic MCM-48 and unstable lamellar MCM-50 phases.
MCM-41 has a hexagonal arrangement of unidirectional pores; while MCM-48 has a
highly interwoven and branched pore structure. MCM-41 and MCM-48 have attracted
attention because they may find applications in catalysis, adsorption and guest-host
chemistry. Other types of mesoporous silicas have now been prepared and include for
example the “acid prepared mesostructures” materials (APM), that have been given the

class term SBA and are which discussed in more detail in Section 1.2.4.

1.2.2  Proposed mechanisms for mesotructure formation

There have been a number of models proposed to explain the formation of mesoporous
materials and to provide a rational basis for the various synthesis routes. Two typical
mechanisms have been proposed so far [3], accompanied by other modified routes [16,
17]. These models are predicated upon the role of surfactants guiding the formation of the
inorganic mesostructures from the dissolved inorganic precursors. Surfactants contain a
hydrophilic head group and a long hydrophobic tail group within the same molecule and
will self-organize in such a way as to minimize contact between the incompatible ends.
How the inorganic precursor interacts with the surfactant is the issue whereby models
diverge; the type of interaction between the surfactant and the inorganic precursor will be
seen as a significant difference occurring in the various synthesis routes, the formation

models, and the resulting classes of mesoporous materials.

Patarin et al. [18] recently concluded that the interaction between the inorganic precursor
and the organic template is the key factor in controlling mesoporous silica formation, but
noted that the mechanism appears to depend much on the experimental conditions of

synthesis. They found further that none of the proposed mechanisms provides an
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exclusive and definite answer.

From the literature it is obvious that the mechanisms involved in the formation of ordered
mesoporous materials depend not only on parameters related to the specific chemistry and
chemical interactions involved for any given system studied, but also on the physical
conditions employed. At least the following factors are of general importance: type of
inorganic material (metal, metal oxide or other) and its propensity to crystallise in the
walls; type of precursors used (alkoxides or salts) and the kinetics of their hydrolysis and
condensation; type of surface active molecules (cat-, an-, or non-ionic); the respective and
relative concentrations of surfactant (micellar or liquid crystal) and inorganic species; pH
(acidic or alkaline), temperature (low temperature or hydrothermal) and synthesis time;
additives (inorganic salts and organic molecules); order of mixing; type of solvent
(aqueous or non-aqueous) and solvent composition; types of synthesis (evaporation
induced self-assembly or precipitation); physical shape of product formed (monolith, film,
fibre or powder) [19]. Of these variables, pH has a dominant effect on the possible
mechanisms. For alkaline pH, liquid crystal templating, silicate layer puckering and
silicate rod assembly models have been proposed. The rod mechanism for acid solutions
differs from that proposed for alkaline conditions in that it is proposed that silica layers

are formed on the interior as well as exterior surface of the rods (see Figure 1.4).

Liquid crystal templating (LCT)

The liquid crystal templating (LCT) mechanism proposed by the Mobil researchers [3],
was based on the idea that surfactant liquid crystal structures serve as organic templates
for the formation of these materials. In support of this templating mechanism, the
structure and pore dimensions of MCM-41 materials are intimately linked to the
properties of the surfactant, including surfactant chain length and solution chemistry. The

whole process may be via two possible mechanistic pathways as schematically shown in
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Figure 1.1
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Figure 1.1 Two possible LCT mechanistic pathways for the formation of MCM-41: (1) liquid crystal

phase initiated and (2) silicate anion initiated [3].

(1) The silicate precursor species occupy the space between a pre-existing hexagonal

lyotropic liquid crystal (LC) phase and deposit on the micellar rods of the LC phase.

2) The inorganics mediate, in some manner, the ordering of the surfactants into the

hexagonal arrangement.

In either case, the inorganic components (which are negatively charged at the high pH
values used) preferentially interact with the positively charged ammonium head groups of
the surfactants and condense into a solid, continuous framework. The resulting
organic-inorganic mesostructure could be alternatively viewed as a hexagonal array of
surfactant micellar rods embedded in a silica matrix; removal of the surfactants produces
the open, mesoporous MCM-41 framework. It is now known that first mechanistic
pathway did not take place in early work because the surfactant concentrations used were
far below the critical micelle concentration (CMC) required for hexagonal LC formation

[20]. This mechanistic pathway may be possible under higher surfactant concentrations.

The second mechanistic pathway of LCT was postulated as a cooperative self-assembly of

the ammonium surfactant and the silicate precursor species below the CMC. No
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preformed LC phase is necessary for MCM-41 formation but, to date, the actual details of
MCM-41 formation have not yet been fully agreed upon. Several mechanistic models
have now been advanced which share the basic idea that the silicate species promote LC

phase formation below the CMC.

Silicate Layer Puckering

A formation mechanism proposed by Firouzi et al. [21] is the transformation from a
lamellar to hexagonal phase. The central tenet of their conclusion is that the mesophase
formed is governed by charge density, coordination state, and steric requirements of the
inorganic and organic species at the interface and not necessarily by a preformed liquid
crystal structure. In contrast, a micellar assembly of organic molecules will be broken up
and rearranged upon addition of inorganic species to form a new phase often with
lamellar morphologies. The lamellar phase was isolated in the reaction period between 1
and 20 min at 75°C. After 20 min the hexagonal mesostructures were detected. They
propose that when the lamellar phase was hydrothermally treated at 100°C, it was

converted to the hexagonal phase over 10 days according to Figure 1.2.
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Figure 1.2 Curvature induced by charge density matching. The arrow indicates the reaction coordinate

[21].
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Silicate rod assembly in alkaline systems

This is essentially a special case of path 2 of the LCT mechanism (see Figure 1.1). Chen
and co-workers [22] found, using in situ **N NMR spectroscopy, that the hexagonal LC
phase did not develop during MCM-41 synthesis. They proposed that, under the synthesis
conditions reported by Mobil, the formation of MCM-41 began with the deposition of two
to three monolayers of silicate precursor onto isolated surfactant micellar rods (Scheme 3).
The silicate-encapsulated rods were randomly ordered, eventually packing into a
hexagonal mesostructure. Heating and aging then completed the condensation of the

silicates into the as-synthesized MCM-41 mesostructure.

Figure 1.3 Assembly of silicate-encapsulated rods [22].

Silica rod assembly in acid solutions

Mesa and co-workers [23] proposed that the initial hydrochloric solution of
cetyltrimethylammonium bromide (CTAB) surfactant is a colloidal system containing
micelles of surfactant. The addition of Tetraethyl orthosilicate (TEOS), which is adsorbed
and hydrolyzed into siliceous species in the palisade layer of the micelles (Figure 1.3),
and polycondensation inside and outside of the palisade layer, which lead to increase of
the micelle size and the stiffness of the wormlike micelles (rodlike micelles). The micelles
are bound together by hydrogen bonds between silanol groups and water, which

corresponds to the transformation into the solid state.
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Figure 1.4 Schematic representation of cross section of micellar rod illustrating build up of silica at
both interior and exterior surfaces generating micron size particles of SBA-3 (Santa Barbara No. 3)
type silica [24].

1.2.3  Synthetic pathways for producing mesoporous silica

By 1999, only seven years after the discovery of the mesoporous silica, more than 4000
studies concerning their formation and properties had been published [26]. Their
synthesis is based on the use of surfactant micelles which act as templates for the silica
poly-condensation. Mesoporous molecular sieves normally are prepared by one of four
possible assembly pathways (Figure 1.5). A generalized mechanism of formation based on
the specific type of electrostatic interaction between a given inorganic precursor | and
surfactant head group S was proposed by Huo and co-workers [24]. The S*I" pathway
originally utilized by Mobil researchers involves electrostatic interactions and charge
matching between positively charged assemblies of rod-like micelles of quaternary
ammonium surfactants (S*) and anionic silicate species (I"). The second pathway proposes
that cooperative interactions between inorganic and organic species based on charge
interaction can also be achieved by using reverse charge matching (S7I*). The third and
fourth, so-called counterion-mediated pathways, are further extensions of the first and
second pathways, mediated by combinations of cationic or anionic surfactants and

corresponding inorganic species (S*X 1", X" = halides; or S M*I", M" = alkali metal ion)
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(see Figure 1.5).
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Figure 1.5 A general scheme for the self-assembly reaction of different surfactant and inorganic species:

electrostatic: (1) S*I', (2) S1%, (3) S™X'I*, and (4) SM'I". [25]

1.2.4  Electrostatic assembly pathways

Synthesis of M41S (basic conditions)

Reactions can be carried out either under hydrothermal conditions (above 100°C) or at
room temperature (up to 100°C). The methods at different temperatures differ in the
pressure and pH of the reaction mixture and in the reaction time [26]. The so-called room
temperature procedure differs from the hydrothermal procedure in that a stainless steel
autoclave is not required but only organic silica (TEOS) can be employed for the silica
source. Normally the concentration of surfactant is above 1 wt%. Cai et al. [27] described

a synthesis route where the concentration of the surfactant was much less than previously
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reported (between 0.5-0.1 wt %). With this method, MCM-41 samples with both highly
ordered nanometer-scale periodicity and micrometer-scale defined morphologies were
obtained. Silicate surfactant rod-like micelles were packed hexagonally. Slow reaction
rates were observed. This is an example of a kinetically controlled route rather than the
previously reported thermodynamically controlled route and more long-range order was

obtained.

Synthesis of SBA (acid conditions)

According to Huo et al. [24], the synthesis of siliceous mesophases from TEOS under
strongly acidic conditions can be performed at lower temperatures, within shorter
synthesis times and with lower surfactant concentrations than are needed for the basic
high-temperature synthesis. The resulting “acid prepared mesostructures” materials
(APM), have been given the class term SBA [28]. SBA-1 is cubic [29, 30], but unlike
MCM-48 is not bicontinuous (i.e. have parallel non intersecting pores), SBA-3 is the
APM mesostructural analogue of MCM-41. These acidic SBA products had smaller pore
diameters and thicker walls than the MCM-41 products hydrothermally synthesized in
basic media. Although high-quality hexagonal mesophases can be obtained from
extremely acidic to basic (0 < pH < 11) conditions, the superiority of extremely acidic
synthesis (pH<1) has been shown to give mesoporous silica materials with higher surface

areas and larger mesopore volumes [31].

The acid synthesis route is an important development because the synthesis is very simple
and the morphology is easy to control, compared to the basic synthesis route. The
materials have good structural (well ordered) and textural (narrow pore size distribution)

properties.
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1.2.5 Neutral assembly pathways

Synthesis of HMS

Tanev and co-workers [32] have demonstrated a neutral templating route for preparing the
mesoporous molecular sieve, HMS (Hexagonal Mesoporous Silica ) , which is formed by
hydrogen bonding interactions and self-assembly involving neutral amine surfactants (S
and neutral inorganic precursors (1. The electrically neutral (S<1<) assembly pathway is
complementary to the electrostatic pathways. There are significant structural differences
between MCM-41 and HMS silica materials. MCM-41 derivatives typically exhibit three
or more X-ray diffraction lines, indicative of long-range hexagonal channel packing. In
contrast, HMS silicas show one or, at most, two broad X-ray peaks as a consequence of a
small crystallite domain size and/or a much lower degree of channel packing order. These
materials had higher amounts of interparticle mesoporosity than MCM-41. Although they
are distinguishable with regard to structural ordering, MCM-41 and HMS molecular
sieves both exhibit a sharp step in their nitrogen adsorption isotherms, corresponding to
the presence of a regular mesoporous framework. Hence, it is thought that HMS silicas
are special members of the MCM-41 class [33]. The neutral templating route can be
expected to have advantages in loading the materials with metals during synthesis
because metal in the form of neutral complexes should be taken up by the neutral micellar
templates. The hydrogen-bonded route produces ordered mesoporous material with
thicker framework walls than the electrostatic LCT-derived silicates. The thicker pore
walls improve the thermal and hydrothermal stability of the mesoporous framework. The
silicate framework in the resulting mesophase was neutrally charged, so the surfactants
could be removed by simple solvent extraction, which can avoid some degradation of the

mesoporous framework caused by high temperature calcining [34-36].

Tanev and Pinnavaia [32] further exploited the S°I° route by the use of double-headed
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alkylamines (a, @ -dialkylamine) to create porous lamellar mesostructures.

Synthesis of MSU

In 1995, after the discovery of MCM-41 and HMS silica mesoporous materials, a new
mesoporous silica family, MSU-X (Michigan State University-X) was reported by
Bagshaw [33]. The hydrogen-bonding synthesis route used surfactants with a

polyethylene oxide head group.

Because the lengths of the head and tail groups could be adjusted, pores could be
synthesized without the use of swelling agents. The polyethylene oxide head group is
nonionic (N°), unlike the amine head group (S°) which while uncharged, can be ionized.
The nonionic route (N°I°) seemed to provide greater pore ordering than the neutral route
(S°1°), but still lacked long-range hexagonal packing order. The pores were more

“wormlike” than rodlike cylinders.

MSU-X has attracted considerable attention because the polyethylene oxide templates are
low cost, non-toxic, biodegradable and the products possess thicker framework walls and
thus improved thermal stability compared with MCM41 and HMS. Silica sources for
MSU-X are alkoxysilanes and sodium silicate solutions. The latter is inexpensive, and
makes large-scale preparation possible. However, synthesis of MSU-X using sodium
silicate solution as silica source has not been widely reported [23]. MSU-X is usually

prepared in neutral solution.

Boissiere and co-workers [37] reported production of MSU-X by a two-step synthesis,
giving very good reproducibility and high reaction yields. This reaction involved an initial

assembly step between silica oligomers and nonionic micelles, followed by a
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condensation step induced by the addition of sodium fluoride as catalyst.

1.2.6  Innovations in synthesis methodology

Mokaya and co-workers [38] reported that the preparation of large crystals MCM-41
could be achieved by using calcined small crystallites of MCM-41 as seeds in a
multistage synthesis method. They noted that the method should be useful for making

high quality thin films of mesoporous materials.

Park and co-workers [39] reported that MCM-41 was obtained by microwave treatment of
precursor gel at 100-120<C for 1 h or less, a very short period of time compared with the
hydrothermal method. In addition, microwave radiation provided a way to control product
crystallinity and morphology. The addition of a small amount of ethylene glycol in
synthetic mixture contributed to improving crystallinity, forming particles of MCM-41

that were homogeneous in shape with reduced particle size.

Khushalani and co-workers [40] demonstrated that the mesoporous silica materials can be
synthesized by using a mixture of two surfactants: cetylpyridinium chloride (CPCI) and
cetyltrimethylammonium chloride (CTACI). It is believed that increased cooperative
interactions between the pyridinium headgroup of the CPCI surfactant and silica
building blocks gives materials that display an enhanced degree of order of the

mesopores relative to those formed using CTACI) alone.

Blin and co-workers [41] reported that well-ordered spherical mesoporous materials with
a hexagonal arrangement of channels, analogous to MCM-41, have been directly
synthesized by varying the weight percentage of decaoxyethylene cetyl ether [C16(EO)10]

in aqueous solution. They proposed that the interactions of the silica source with
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hydrophilic chain heads of surfactant molecules should disturb the preformed hexagonal

micelle array to give disordered wormhole mesostructured materials, analogous to MSU.

Gruen and co-workers [42] reported that the use of ammonia as a catalyst and
tetra-alkoxysilanes as silica sources provided a fast and convenient method for the
preparation of high-quality MCM-41. They also reported the addition of an alcohol (e.g.
ethanol or isopropanol) leads to a homogeneous system which allows the formation of
spherical MCM-41 particles. These spherical MCM-41 particles can be used as a starting
material for spray drying to larger agglomerates. The main advantage of the method is

short reaction times, excellent reproducibility and easy preparation of large batches.

Mokaya and co-workers [38] reported that when the calcined MCM-41 crystallites were
used as seeds during the secondary synthesis, the template molecules attach themselves at
the mouth of the pore channels of the primary MCM-41 and encourage crystal growth
parallel to the channels and, consequently, growth of larger crystals becomes possible.
This method can be applied in future preparation of large single crystals and high quality

thin films of MCM-41.

1.2.7 Pore size control

Following the discovery of the M41S family of ordered silica materials, considerable
attention has been focused on tailoring their pore structures. For example, the diameter of
the hexagonally packed, one-dimensional channels in MCM-41 can be tailored from 15 to

over 100 A by a variety of methods [43-45].

Four ways have been demonstrated to tailor the pore sizes effectively. One has involved

increasing the length of the alkyl chain of the surfactant molecule which leads to a larger
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diameter of templating micelles. Another involves adding auxiliary organic molecules to
the synthesis mixture. Additives such as 1,3,5-trimethylbenzene dissolved in the
hydrophobic region of the micelles causing their swelling which leads to larger pore sizes
of the final products. The third technique involves changes in reaction conditions such as
the restructuring of the mesoporous under mild aqueous conditions, e.g. the pH of the
reaction mixture, the reaction temperature, and the reaction time. Finally the channel
diameter may be slightly modified post-synthesis by cation exchange, adsorption and
chemical treatments such as silanation, boronation and treatment with inorganic acids

[46].

(i) Choice of templates (surfactant)

The surfactant plays an extremely important role in the synthesis due to a self-assembly
process to form the precursor materials. Namba et al. [47] have succeeded in the
hydrothermal synthesis of highly ordered silica MCM-41 using n-cetyltrimethyl-
ammonium bromide (C1sTMABT) or nocosyltrimethylammonium chloride (C,,TMACI)
as templates by reducing the pH (pH=9) at the beginning of reaction. Moreover, the pore
size of MCM-41 has been finely controlled by using a mixture of C;sTMABI/C,,TMACI

template. In this case, the pore size obtained was from 1.8 to 4.2 nm.

(i) Addition of auxiliary organic chemicals

MCM-41 with various pore sizes was synthesized using different type of organic auxiliary
chemical. The auxiliary organic species added to the reaction gel can be solubilized inside
the hydrophobic regions of micelle, causing an increase in micelle diameter so as to
increase the pore size of MCM-41. Depending on the type and the amount of organic

auxiliary chemical, the pore diameter of mesoporous material can be enlarged and the size
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uniformity of the pores can be improved. Sayari and co-workers [45] have demonstrated
that careful addition of long chain primary alcohols during the synthesis of MCM-41 is an
excellent method for synthesizing and adjusting both the mesostructure and morphology

of mesoporous silicates produced from cationic surfactant (CnTMAX) silicate systems.

Variation of reaction parameters

Textural restructuring of MCM-41 can be achieved by providing longer crystallisation

times [44, 45] or via post-synthesis thermal treatments [46].

Cheng and co-workers [48] reported that highly crystalline MCM-41 with a very narrow
pore-size distribution, high surface area, large grain size and thick channel walls was
prepared in alkali-free media. The properties of the product depended on the source and
concentration of the reactants, the gel aging time, the temperature and the duration of the

synthesis.

Corma and co-workers [44] emphasized that swollen, uniform and well-crystallized
mesoporous MCM-41 type materials can be directly obtained without addition of
auxiliary organics by adjusting the surfactant CTAB concentration in the presence of
small cations such as TMA*, TEA", or Na" and controlling the crystallization variables.
These results not only have an important impact on the preparation of larger pore
mesoporous materials, but also open new insights into the mechanism of formation of

these materials.

Sayari and co-workers [45] reported that the periodic mesoporous silicates could be
synthesized using cetyltrimethylammonium bromide by a typical preparation

procedure and tailored by post-synthesis hydrothermal treatment method to give
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large-pore MCM-41 samples with a high degree of structural ordering. This confirmed
previous findings that the hydrothermal restructuring method is a convenient way to
synthesize high quality MCM-41 silicates with tailored pore sizes, but only up to 6.5

nm.

Kruk and co-workers [49] reported that the MCM-41 mesoporous molecular sieves could
be synthesized at low temperature in the presence of cetyltrimethylammonium bromide
and then subjected to post-synthesis hydrothermal treatment at elevated temperatures
(413 K and 423 K) to give good quality, large pore MCM-41 with hydrothermal stability

comparable with that for the most stable MCM-41 materials reported in the literature.

It was also shown that the hydrothermal treatment in water at 423 K led to initial
improvement of the ordering, but the pore size increase was relatively small (ca. 10%).
Extended treatments afforded materials with significantly enlarged unit cells, but with

lower degree of pore structure ordering.

Post-synthesis modification

Surface-modified mesoporous materials with various active sites have been extensively
investigated in recent years, because functional modification permits tailoring of the
surface properties for numerous potential applications in the fields of heterogeneous
catalysis and adsorption—separation. Generally, the modification of mesoporous materials
typically employs two approaches: (1) the direct synthesis wherein a silane containing the
desired functional group is added to the synthesis mixture and the functional group is
incorporated during synthesis, and (2) post-synthetic grafting, i.e. the functional group is

incorporated after the surfactant/polymer template is removed from the mesopores [50].
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The second method is post-treatment (e.g., grafting or silylation) of pore wall of the
preformed mesoporous molecular sieves. This method has flexibility to finely tune the
pore size of any kind of the pre-formed mesoporous molecular sieves. It has been
demonstrated in the case of MCM-41 by chemical vapour deposition (CVD) of
tetraalkoxysilanes. However, the CVD process appears to be self-limited, most likely due

to pore-blocking [51, 52].

Chen and co-workers [53] reported that SBA-3 with pore sizes of 22-25 A has been
successfully prepared by TEOS liquid phase deposition on the pristine SBA-3 with a pore
size of ca. 27 A After the first TEOS modification, the resulting sample shows obvious
changes in textural properties. Compared to SBA-3, the modified SBA-3 sample has
negligible micropores. The presence of ethoxysilyl groups on modified SBA-3 sample is
supported by FT-IR and carbon content measurement, and their loading amount is
estimated to be ca. 5.7 wt% by TGA. The second TEOS modification is less efficient to

change the textural properties of SBA-3 owing to its lower loading (ca. 1.3 wt %).

1.2.8  Morphology control

Fabrication of mesoporous materials with controlled morphologies has been one of the
main subjects in this rapidly developing research field. It is important to design the
morphology of mesoporous materials as well as the mesostructure for desired applications
where discrimination between molecules is required. It is therefore theoretically and

practically important to study in detail how these particles are grown from solutions [43].

Mesoporous silica can be synthesized by either an alkaline route or an acidic route. It has

been reported that the morphology is easier to control under acidic conditions because the
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interaction between surfactant and silica framework is weaker than the alkaline route.
Mesoporous silica films, hollow tubular, fibers, spiral and gyroid shapes have been

synthesized under acidic conditions [55-58].

Yang and co-workers [59] reported that a gyroid-to-sphere shape transition could be
performed in the growth of mesoporous silica morphologies that are synthesized under
quiescent acidic aqueous conditions. It appears that the gyroid shapes materials could be
obtained under high acidity condition. By contrast, low acidity circumstances favour a
spherical shape formation. And a synthesize 1-10 mm diameter mesoporous silica spheres
with a narrow sphere size and pore size distribution portends a myriad of applications in

large molecule catalysis, chromatographic separations and nanocomposites.

Jin and co-workers [60] reported that the highly ordered SBA-15-type mesoporous silicas
with various morphologies have been synthesized under different conditions, and their 2D
hexagonal mesostructures were confirmed by the XRD patterns and the TEM images. For
the materials synthesized through the one-step route, their morphologies are dependent on
the reaction temperatures, the concentration of inorganic salt and the acid species. The
short column-shaped particles, the finely defined hexagonal platelets and the spheres can
be obtained by means of adjusting these synthetic parameters. The morphologies of the
mesoporous materials synthesized through the two-step route can be controlled by the

acidity of the solution.

1.2.9 Hydrothermal stability

In spite of the generally satisfactory thermal stability of ordered mesoporous materials,
their hydrothermal stability is usually quite poor, both in steam at high temperatures and
in hot water. This deficiency is one of the major factors that hinder prospective

applications of mesoporous materials in petrochemical processing. Over the last several
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years, much research has been devoted to the identification of conditions suitable for the
direct synthesis of hydrothermally stable mesoporous materials and to the development of

methods for an effective post-synthesis stabilization of mesoporous materials.

The relatively low hydrothermal stability can be attributed to the amorphous nature of the
mesoporous walls. However, there are a number of examples of mesoporous materials
that have reasonably good hydrothermal stabilities. [61] In general, acidic synthetic

conditions produce more hydrothermally stable products than alkaline conditions.

Cheng and co-workers [48] described a straightforward method of controlling the channel
diameter of the mesoporous molecular sieve MCM-41 in the 26.1-36.5 A, range and the
wall thickness in the 13.4-26.8 A range while using a single gel mixture. Samples
synthesized at higher temperatures have higher thermal stability. The thick channel wall
leads to a greatly increased thermal stability of the product. The thickest-walled material
can withstand calcining at 900<C with little structural damage. The internal surface area
of the sample depends on its channel diameter and channel wall thickness. Because
samples of the same d spacing with thicker walls have smaller channel diameters, they

have lower surface areas.

1.2.10 Calcining

While variety of methods of template removal such as ion exchange [61], solvent
extraction [62] or chemical decomposition [63] have been demonstrated for different
systems, calcining remains the current best practice for removing templates from most

mesostructures and zeolites.

Calcining serves not only to remove water and the organic template from inside the
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porous network via high temperature oxidation, but also to consolidate the silicate
framework via thermal condensation. During calcining the organic template is oxidized to
CO, and H,0O thereby leaving the void space formed by the template micelles empty.
Simultaneously, thermal condensation of the silica structure causes bond rearrangements
through dehydration, dehydroxylation and siloxane bridge formation that lead to a more
condensed form of silica and a contraction of the mesostructure repeat unit. The calcining
of all mesoporous materials, such as MCM-41, SBA-15, and MSU-X, at high
temperatures continues to be a vital step in the synthesis of these types of materials.
However, it is a part of the synthesis process that has been the subject of limited study,
which has tended to focus on template decomposition pathways [64, 65] rather than
improving the process itself. In fact, early in the development of mesostructured materials
synthesis, most workers observed that low heating rates were required in order to avoid
collapse of the porous network [66]. However, long calcinations times at high
temperatures can result in pore structure collapse if the mesoporous silica sample is
poorly ordered. The use of slow heating rates became part of standard mesostructure

(M41S, HMS, MSU-X, SBA-15, etc.) calcining procedures.

Bagshaw co-workers [67] reported that rapid calcining of high quality silicate
mesostructures is possible at rates at least up to 100°C min™. Some “fine-tuning’ of the
mesopore structure is possible by controlling the rate of heating during the calcining
process and lower temperatures might be used to calcine the non-ionically templated
SBA-15 and MSU-X materials. Rapid calcining of mesoporous silica and silicate
materials is possible with generally minimal effect on the porous structure of siliceous

materials.

1.2.11 Encapsulation of metal particles

A major drawback of M41S-type materials lack of Al lies in their inherent low acidity and
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consequent inert nature toward various organic transformations. Surface modifications are
necessary to make then more active, especially in the field of catalysis. The incorporation
of transition metals into the mesoporous framework by direct hydrothermal synthesis
provides a technique for introducing active metal sites [68]. The advantages of M41S type
mesoporous materials (relative to microporous materials) for catalysed reactions result
from the narrow controlled pore size distribution and large regular pores openings, which
allow the diffusion of reactants into, as well as the fast diffusion of the products from the

pores [69, 70].

Because of the larger pore sizes available in mesoporous solids, one of their attractions is
the possibility of carrying out reactions involving molecules too large to penetrate the
pores of microporous materials. Reactions can take a number of forms. They may be
simple surface reactions that are facilitated by the large surface area provided. Further it is
possible to modify the surfaces by introducing acid species, by doping with trivalent
atoms (Al, Fe, or Ga) into the walls of the mesoporous silica which creates Brensted acid
sites and allows preparation of materials of various acidity, catalytic and adsorptive
properties [71]. On these sites, ion exchange can take place and the acidity or basicity of
the material can be controlled. It is also possible to introduce molecular catalytic species,
which may be tethered to the mesopore, to carry out reactions in confined environments.
Another avenue for catalytic functionalisation is the deposition of metal particles within
the pores. In the latter two approaches, it is necessary to perform the mesoporous solid
and then to introduce the catalyst. More recently, it has been shown possible to introduce

transition metal-based species into the pores during synthesis [72].

The incorporation of transition metals into the framework structures and particularly into
the pores of mesoporous molecular sieves is of interest because of their potential catalytic
activity and the fact that the well defined pores can accommodate only nanoparticles of
the metal as pure metals or mixed metals, as their oxides or other chemical forms [73].
Finding new ways for loading metals and mixtures of metal in to mesoporous phases in a

23



Chapter 1

controlled way is thus of continuing interest.

Encapsulation of iron nanoparticles

Iron (I11)-incorporation into MCM-41 has received much attention because of its redox
properties and thus its potential application in many oxidation processes [74], the
selective catalytic reduction of NOx with hydrocarbons [75] and in alkylation reactions. It
is understood that the reducibility of active iron species plays a key role in the oxidation
processes. Moreover, the use of iron as catalytically active species is attractive because

iron-containing compounds generally show low toxicity [76] and are readily available.

Although the trivalent iron-substituted mesoporous silica molecular sieves show much
promise for large molecules, they have the same disadvantages as the microporous
materials. A major problem with both microporous and mesoporous iron substituted
molecular materials is the instability of trivalent tetrahedral (framework) iron during heat
treatment. This problem is well documented in the literature and, hence the application of
iron-substituted molecular sieves has been limited, in contrast to many other transition

metal-containing molecular sieves [77].

Loading of immobilized metal chloride after synthesis provides an alternative way of
adding iron but has the disadvantages of either partially or fully blocking the pores
thereby reducing the specific surface area, pore volume, and pore diameter; loss by

leaching; obstructing the active sites and catalyst poisoning by the chloride [78].

Encapsulation of gold nanoparticles
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An example of this application is provided by the loading of gold nanoparticles into
MCM-41 and MCM-48. Prior to the early 1990’s, gold surfaces had been regarded as
being essentially inert and having little catalytic activity. Experimental observation of a
lack of dissociative activity during adsorption of hydrogen by the smooth surface of Au
was supported by theoretical calculation [79]. Since Haruta’s [80] discovery of the
catalytic activity of supported Au nanoparticles, this field has attracted rapidly growing
interest due to the potential applicability to various reactions of industrial and
environmental significance [81-85]. It has become clear that the catalytic system is
complex and is dependent upon catalyst preparation, pre-treatment method, nature of
support material, gold particle size and gold loading. The key requirement is to have
well-dispersed gold particles. The reasons for the unique behaviour of finely dispersed

gold, especially when compared to other noble metals, are still under debate [86-88].

Particle size and support material are also important. The optimum particle size of the Au
nanocatalyst seems to be around 3 nm and activity is reduced by sintering. Moisture may

also be important [89].

Encapsulation of preformed Au nanoparticles provides a possible way of protecting the
particles from sintering. For example, Tiemann and co-workers [90] used the strong
confinement of the uniform ordered pore system of mesoporous silica to restrict the
mobility of species that lead to thermal sintering. The particles are contained within the
pores and while accessible to gas phase reactants are protected from poisons larger than
the pore size. However, for gold/metal oxide catalytic systems, it is generally believed
that silica is a poor support, its use resulting in low catalytic activity [91]. It is not clear
whether the reason is because the size of Au nanoparticles tends to be bigger on a silica
surface or because the catalyst/support interaction is poor. It is not easy to separate these
roles in catalytic reactions in systems of gold nanoparticles supported on metal oxides.
Recently, K&nyam and co-workers [92] proposed a simple but very promising method for
synthesizing mesoporous materials containing controlled size and shape Au nanoparticles.
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They reported the results obtained for post synthesis insertion of gold nanoparticles into
mesoporous silica materials MCM-41 and MCM-48 by an imbibing method where the
preformed phase was treated with aqueous suspension of the gold particles. They claim
that two- and five-nanometer gold particles were encapsulated in both materials. However

when 20-nm gold particles were used, they were too large to be inserted into the pores.

Encapsulation of molybdenum nanoparticles

Oxidation is a core technology for converting petroleum-based materials to useful
chemicals of higher oxidation states. Catalytic olefin epoxidation in the liquid phase is an
important topic for the synthesis of fine chemicals, because epoxides are chemical
compounds of great importance as intermediate products in the preparation of a wide
variety of chemical products ranging from petrochemical compounds to fine chemicals

[93].

The generally good catalytic activities of several molybdenum complexes are applied as
versatile catalysts for the oxidation of organic substrates and therefore of significant
current interest. Molybdenum based catalysts are applied for the industrial epoxidation of
propylene with t-butyl hydroperoxide since the late 1960s. Thus, considerable efforts
were dedicated in the following decades to the understanding of the involved catalytic

reactions in order to reach even better yields and selectivities [94].

Barrio and co-workers reported that molybdenum-containing catalysts were prepared by
anchoring Mo(VI1) groups onto different aminofunctionalized silica surfaces and then
tested in the epoxidation reaction of 1-octene with ethylbenzene hydroperoxide (EBHP)
as an oxidant. Catalytic performance with selectivities as high as 80% could be obtained
at EBHP conversions of about 80% when the Mo complexes were immobilized on a silica

substrate functionalized with a diamino-containing moiety [93].
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Xie and co-workers introduced Mo into MCM-41 and used the Mo-MCM-41 mesoporous

molecular sieve as catalyst in the cracking of polypropylene [95].

Huong and co-workers prepared silicomolybdic acid supported on mesoporous MCM-41
catalyst by impregnation and found interesting partial oxidation of methane to

formaldehyde by molecular oxygen [96].

Mingjun and co-workers used two different mesoporous materials, Si-MCM-41 and
Al-MCM-41, to anchor catalytically active oxodiperoxo molybdenum sites via the
silylated ligand acetamide. Further surface silylation with Me3SiCl by a post synthetic

procedure improved the catalytic properties by changing the surface properties [97].

Mo-incorporated SBA-1 mesoporous molecular sieves, synthesized under acidic
condition using MoCl, and cetyltriethylammonium bromide, have been used as catalysts
for partial oxidation of methane with oxygen as an oxidant. It was found that the catalytic
performance of Mo-SBA-1 materials directly synthesized from the Mo-containing gel
were superior to those of Mo-impregnated pure siliceous SBA-1 and amorphous silica

[98].

Encapsulation of mixed metal and metal/metal oxide nanoparticles

The encapsulation of mixed metal and metal/metal oxide systems provides further options
for catalyst design. The catalytic properties of these systems is likely to be influenced by
the metal/metal and/or metal/metal oxide particle sizes due to changes in electronic
structure and the increased percentage of surface atoms as particle sizes decrease.
Chemisorption bond strength between the metal surface and the substrate also change
with particle size, leading to the appearance of strong metal support interactions. The
addition of a second metal can be used to control the metal/metal oxide dispersion due to

the formation of a mixed oxide phase or oxide interface between the support and the
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active metal. For example, in copper—iron-based materials the formation of alloys has
been established. The presence of Fe and Cu in the catalyst significantly influences the
sintering and carbidization and, improves catalytic activity and stability in the reverse

water gas shift reaction.

Significant progress towards catalyst design was made by Claus et al [99] who
investigated the requirements for an optimum ammonia synthesis catalyst. They showed
that a rational catalyst development strategy could be used to construct active sites with
the desired intermediate nitrogen interaction energy by combining two metals: one with a
high adsorption energy and one with a low adsorption energy. A combination of Mo
(which binds N too strongly) with Co (which binds N too weakly) allowed a catalyst to be
developed using this principle which had a low pressure ammonia synthesis activity much
better than that of that of the individual constituents They determined that a 1:1 mixed
metal cobalt/molybdenum compound provided catalytic activity comparable to the much
more expensive rhodium and much better than the iron catalyst used industrially. The
possibility exists that iron/molybdenum nano particles encapsulated in MCM-41 would

provide an effective ammonia synthesis catalyst.

Murid and co-workers reported that the sulphided Co-Mo-based catalysts have been
extensively used in industry for hydrodesulfurizatio reactions. Over the past few decades,
several different models have been proposed to explain the promotional effect of Co. The
addition of a small amount of Co to Mo/Al,O; dramatically improves the

hydridesulfurization activity of Mo [100].

Carlos and co-workers reported that Fe was combined with Ni as promoters using
Mo/MCM-41-type mesoporous support. The replacement of 35% of the atomic Ni in the
catalyst by Fe induces an increase in the hydrodesulfurization activity, indicating the Fe is
acting as an effective promoter. Possibly, Bronsted acidity induced by Fe incorporation is

playing an important role for this promotion [101].
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1.2.12 Methods of loading

Several methods have been developed for introducing metals, metal ions, metal oxides or
metal complexes into MCM-41 and other mesoporous materials. It can be expected that
different synthetic methods will lead to different locations and coordination environments
of metal species and thus different catalytic properties. The elucidation of the relationship
between the coordination structure and the catalytic property, viz., the structure—property
relationship of the metal species introduced into MCM-41 is crucial for the catalytic

applications of these materials. [102].

Metal species can be incorporated into mesoporous silicas by substitution into the
skeleton or insertion into the channels outside the skeleton. Incorporation strategies
include: (1) incorporation of metal into the silica structure during the synthesis, (2)
adsorption from aqueous solution, (3) aqueous solution impregnation and vaporisation, (4)
chemical vapour deposition (CVD), and (5) adsorption or impregnation using organic
solutions of organometallic complexes. These procedures can be divided into two groups:
a direct synthesis method (procedure 1) and a post-synthesis method (procedures 2, 3, 4,
5). The post-synthesis methods have the following advantages: (a) The structure of the
resultant mesoporous materials remains is ordered after incorporation of the metal; (b)
high flexibility in choice of metal to be loaded, (c) the materials obtained generally have
undiminished or even enhanced thermal and hydrothermal stability [103,104]. Compared
with post-synthesis incorporation methods, the direct synthesis method uses a two-step
synthesis procedure, which allows preparation of nanoporous organic—inorganic hybrid
materials in shorter times. However, the resultant materials usually show less structural
ordering, and the organosilane precursor must be chosen carefully to avoid phase

separation during both synthesis and the surfactant removal process.
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For both loading methods, the physical properties of the supported components may be
changed after loading due to the quantum size confinement effect of the ordered

nanopores in the host [105].

(1) Incorporation of metal into the silica structure during the synthesis

A wide variety of metal ions can be readily introduced directly during synthesis. This is
the most extensively studied method. By using the direct synthesis method, atomically
isolated metal species can be substituted isomorphously for silicon atoms into the
MCM-41 framework where they can act as catalytically active centres. Transition metals
such as Ti, Cr, Fe and Cu have been successfully incorporated into MCM-41 skeletons,

achieving high catalytic activity and selectivity for various oxidation reactions [106].

A typical procedure is illustrated by the preparation of Fe-MCM-41. The iron source
(ferric nitrate) was added into the synthesis gel containing the silica source (tetraethyl
orthosilicate) and the template (hexadecyltrimethylammonium bromide) before
hydrothermal synthesis. After hydrothermal synthesis at 393 K for 96 h, the resultant solid
was filtered, washed, dried, and finally calcined at 823 K in air for 6 h. Iron species
directly introduced into the synthesis of Si-MCM-41 have been used in the benzylation of
benzene [71]. The use of silatrane together with other metal atranes allows harmonization
of the hydrolysis rates of metals and silicon, which allows mixing at atomic level from the
very beginning of the reaction. Highly-doped new materials are attainable through atrane

chemistry [107].

Gu and co-workers [108] reported that highly dispersed and uniform Fe,O3 and palladium
nanoparticles can be incorporated into the pore channels of mesoporous thin films (MTFs)

through a newly developed strategy in which a molecular assembly template was used as
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a carrier to provide the compatible environment for the hydrophobic compounds. The
guest nanoparticles were strictly confined inside the pore channels of host MTFs due to
the molecular level dissolution of the precursor compounds into the hydrophobic core of
the surfactant template micelles. Since this method is a one-pot, one-step method, the
orientations of pores have no effect on the access of guest materials to the channels of
MTFs [109, 110]. The synthesized composite films may find applications in a variety of

fields such as nonlinear optics.

Ozin and co-workers [111] have successfully employed a liquid crystalline phase
composed of metal precursor and surfactant as a supermolecular template to synthesize
mesostructured silica films functionalized by noble metal nanoparticles. However, the

metallic nanoparticles seemed to have a broad size distribution.

The incorporation of metal ions into the framework of SBA-15 is very difficult because of
the strongly acidic synthesis conditions [109]. Several studies have dealt with
incorporation of metal ions into SBA-15 using solely post-synthetic grafting methods.
During preparation of the materials by these methods metal oxides are often formed in the
channels and this may reduce the specific surface area, pore volume, and pore diameter or

have a negative effect on the catalysis [110].

Vinu and co-workers [112] have proposed to incorporate iron atoms into SBA-15
materials by a simple adjustment of the pH of gel mixtures above the isoelectric point of
silica (pH < 2) so that negatively charged silica species can easily interact with the
positively charged iron hydroxo complexes [Fe(OH)?], resulting in incorporation of
larger quantities of Fe into the SBA-15 mesoporous silica matrix. They also found that the
pore diameter of the corresponding AI-SBA-15 materials can be easily controlled by

variation of the synthesis temperature.
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(2) Adsorption from aqueous solution

lon exchange

In this method, metal ions are generated adjacent to the ion exchange positions of the
framework and these ions subsequently form metal or metal oxide clusters while moving
toward the outer surface. As long as the size of the cluster is smaller than the pore, it may
be encapsulated in the pore system. However, the distribution of particles is generally not
uniform and the metal component can be found both inside the pores and on the outer
surface. The advantage of this method is that the amount of metal ions can be regulated

up to the ion exchange capacity of the silicate.

A typical synthesis method was performed by stirring solid MCM-41 in an aqueous
solution of Fe(NOs3); at 323 K. After this treatment, the samples were filtered, washed,

dried at 393 K, and calcined at 773 K.

The metals introduced via cation exchange procedure can be relatively easy incorporated
into the walls of MCM-41 and therefore can occupy both framework and extra framework

positions as was reported by Grubert et al. [113].

Template ion exchange

Unlike aluminosilicate zeolites, the purely silicious mesoporous materials do not possess
ion exchange ability. However, the cationic surfactants in the as-synthesized MCM-41 can
be replaced by other cations such as VO?*, Mn?*, Fe**, [Co(en),Cl,]* and other positively
charged complexes [102]. For example, Mokaya et al. [38] prepared Fe-MCM-41 by the

exchange of the template cations with the Fe*" ions in the ethanolic solution), followed by
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filtration, washing, drying, and calcining at 823 K.

(3) Aqueous solution impregnation and vaporisation

Wet preparation techniques such as incipient wetness and impregnation are generally used
for the preparation of supported metal catalysts. However, these methods only rarely (and
often accidentally) give uniform distributions of metal particles. This lack of control
ensures that the production of metal particles exclusively within the pores of a support

material is unlikely.

In a typical synthesis outgased silica or mesoporous material (673 K, 3 h in oven) was
saturated with an aqueous solution of iron (I11) nitrate and rotated with heating at 353 K
for 1 h in an evaporation flask. The impregnated powder was dried at 393 K for 12 h and

then calcined at 823 K for 4 h in oven [114].

Various Lewis acidic catalysts (AICIl3, ZnCl,, FeClz, GaCl; and InCl3) [115] and metal
oxides (Gay0s;, In,03, TI,03 and Fe,O3) [116] have been introduced into ordered
mesoporous Si-MCM-41 by incipient wetness technique. These studies indicated that
mesoporous materials containing iron species exhibited outstanding catalytic activity. In
the case of Fe-MCM-41 the one-dimensional pore structure might introduce a less than
optimal diffusion to and from the active centers. For Fe-MCM-41, the nature of the active
site could also be an issue, since completely isolated Fe-ions may not be the most
favourable site. Indeed, nano-sized Fe,O;3 clusters could prove much more reactive due to

their high degree of coordinative instauration.

Frcba et al. [117] have reported a series of researches on the synthesis of Fe,Os;

nanoparticles formed in the channels of the mesoporous materials by a wet impregnation
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technique followed by drying and calcining.

(4) Chemical vapour deposition

Chemical vapour deposition (CVD) can be used for both ion-exchanger and
non-ion-exchanger porous materials and has been used to deposit metal particles in and
on zeolites and mesoporous materials. Metal particles are formed by the attachment of the
metal precursor (generally a metal complex such as a carbonyl) to the surfaces of the
support material, where it subsequently decomposes. The amount of metal that can be
introduced by this procedure is limited by the pore volume of the support material. For
these catalysts, the metal particles are attached to both the interior and exterior surfaces of

the matrix.

The method is illustrated by the work of Decyk et al. [118]. FeCl; was sublimed onto
SiO, or mesoporous molecular sieves under anaerobic conditions at 603 K for 3 h. The
treated material was washed with distilled water to reduce the amount of chloride ions.

Finally, the catalyst was dried and calcined at 823 K in air flow for 4 h.

Oldroyd et al. have proposed that organometallic complexes can be grafted onto the
surface of mesoporous silica through surface silanol groups as anchor sites by chemical

vapour deposition under anhydrous conditions [119].

(5) Adsorption or impregnation using organic solutions of organometallic complexes

and preformed MCM-41

Transition metal complexes and organometallic compounds can be encapsulated in the

mesoporous MCM-41 supports by physical adsorption or covalent linkage. Sinclair [120]
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loaded the mesopores of MCM-41 microspheres with toluene solutions of iron
acetylacetonate as the iron sources. The hybrid microspheres were then calcined to obtain
iron-containing MCM-41 spheres. More recently the loading of metalloporphyrins in the

pores of MCM-41 has been achieved [121].

In a similar way, Decyk et al. introduced ferroceneacetic acid (FAA) by immersing the
solid material (1 g of silica or hydrogen form of mesoporous material) in 100 cm® of a
FAA solution in toluene. The mixture was stirred at room temperature for 6 h, separated
from the solution by filtration, washed with 200 cm? of toluene and finally dried at 353 K

for 10 h [122].

Thermal stability of ferrocene species immobilised on the solid surface is not significantly
influenced by the nature and composition of the matrix contrary to leaching behaviour.
The feature of these solids as catalysts has been estimated in the
hydroxylation/polymerisation of phenol and decomposition of isopropanol. In the latter
reaction the redox properties are slightly pointed out. All FAA modified solids exhibit
very high activity in the polymerisation of phenol, which dominates over the
hydroxylation activity. The nature of polymers formed is strongly dependent on the type

and composition of the matrix applied for FAA immobilization [123].

(6) Encapsulation of organometallic compounds during synthesis.

Grosshans and co-workers [124] describe the use of a simple long chain metal soap to
co-direct the synthesis of a metal-modified mesoporous material. It is expected with such
molecules, that mixed micelles can be formed between the soap and the surfactant due to
strong lipophilic interactions between the long alkyl chains of each component. The
procedure presented establishes a new route for the incorporation of transition metals into

MCM-41 together with a mechanism for tuning the porous structure.

35



Chapter 1

An alternative and potentially more general novel approach to loading metals into
MCM-41 has been reported by Michitaka [125] who added ferrocene to the synthetic
mixture and produced Fe loaded MCM-41. It can be reasoned that if the templating
micellar assemblies in the synthesis mixture incorporate another (secondary) substance
within their cores, they will carry the secondary substance selectively into the channels of
the resulting mesoporous structure. This procedure offers the interesting possibility of
incorporating a variety of metals and mixed metal compounds using their ferrocene or
other organometallic derivatives. The use of different ferrocene or organic moities also

allows the possibility of modifying the pore structure of the final MCM-41 product.

1.2.13 Comparison of activity of structural and non structural iron in Fe-MCM-41

A wide variety of metal ions can be readily introduced by the direct hydrothermal (DHT)
and the template ion exchange (TIE) methods. In the case of Fe-MCM-41, Qinghong and
co-workers [106] have found that the DHT method results in iron atoms mainly in
tetrahedral coordination and isolated from each other in the framework of MCM-41,
whereas, aggregated iron oxides with iron in octahedral coordination are mainly observed
in TIE samples. Especially, by using the DHT methods, atomically isolated metal species
can be substituted isomorphously for silicon atoms into the MCM-41 framework and act
as catalytically active centers. Up to now, some transition metals of Ti, V, Cr, Fe, Cu, and
have been successfully incorporated into MCM-41 skeletons, achieving high catalytic
activity and selectivity for various types of oxidation reactions. Fe-MCM-41 prepared by
the DHT method exhibited higher catalytic activity for the epoxidation of styrene with

H,0, than observed for the material prepared by the TIE method.

1.2.14 Characterisation of metal loaded mesoporous silica
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A variety of methods is available for the characterization of the lattice and the metal

particles loaded into it.

Characterisation of the lattice

Adsorptive methods can be used to determine specific surface areas. The BET model for
the determination of specific surface areas should be applied only for type Il and IV

isotherms; with other isotherm types the BET data should be treated with great care.

Micro- and mesopores can be determined from nitrogen or argon adsorption isotherms,
whereas meso- and macropores can be characterized by mercury porosimetry. In
amorphous porous solids, pores either are in the particles (micropores or mesopores) or
are the result of the structure of connected nanoparticles (meso- to macropores). In the
latter, the interparticle voids represent the pores, and the void size is a direct function of
particle sizes and shapes. In materials of extreme low density, one has to consider that
pore volume and diameter, may change during the measurement due to compression of
the network. Mesopores, especially those that are ordered or uniform, are often identified
by hysteresis between the adsorption and desorption isotherm, in which the form of the

hysteresis loop provides information about the pore shape.

For the pore size distribution of mesopores, the BJH model is commonly applied.
Micropores in the range of 1-2 nm have to be interpreted with great care because the BJH
model is based on the Kelvin equation, which is valid only for pore sizes from larger than

2.5 nm to approximately 100 nm [126].

It has been pointed out by Ghosh [127] that micropores cannot be identified reliably by a
type | isotherm; a reliable assignment of the presence of micropores is only possible if
there is a point of inflection in the low-pressure range (p/po < 10Y) of high-resolution

adsorption isotherms with argon as carrier gas.
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Characterisation of the encapsulated metal

Depending on the metal and the level of loading, a number of physical techniques may be
used to provide indirect information on aspects such as particle size and location and
valence state. These methods include TEM, SEM, XRF, XRD, XANES/EXAFS, EPR,
Mdssbauer and FTIR spectroscopy. Some of these techniques are not readily available
and research on such aspects is still insufficient to define even the location and the
coordination structure of the metal. In many cases, the content of metal atoms introduced
is very low and many characterization techniques cannot provide useful information.
X-ray absorption spectroscopy (XANES/EXAFS) is becoming a powerful technique to
determine the local structure around the excited atom. A few researchers have applied this
technique to study the coordination structure of hetero-atoms introduced to MCM-41 and
other mesoporous materials [102]. The use of electron microscopy has been far less
extensive. For iron loaded MCM-41, the use of bright field TEM has been used to infer
the presence of iron nanoparticles from changes in the contrast of the images [128].
Limitations in the application of the technique to MCM sieves mean that while it has been
suggested that these nanoparticles are embedded inside the mesopores (vastly increasing
the active surface area of the catalyst), there has been no direct evidence given that the

nanoparticles were indeed incorporated into the pore structure [129].

The colour of the metal-containing samples synthesized is often a simple indication of

whether the bulk oxide of the metal exists.

1.2.15 Application of organometallic compounds to catalytic systems

Organometallic complexes are of catalytic interest in their own right. As homogeneous
catalysts they can efficiently and selectively catalyze many reactions and are widely

applied in industrial processes. In terms of industrial applications, the heterogenization of
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homogeneous catalysts is of significant interest. A major drawback of homogeneous
catalysts is the difficulty of separating the products from the reaction solution and
recovering and recycling the catalyst. Mesoporous silicas offer the possibility to provide
support systems with tailored pores sizes for the heterogenization of small molecule

homogeneous catalysts [130].

Another useful feature of organometallic compounds in the context of heterogeneous
catalysts, is that in many cases they can be relatively easily decomposed, leaving only the
metal as a non volatile product. Thus they allow pure metal atoms to be introduced into a

catalytic system without the accompanying anion atoms that often act as catalytic poisons.

Supported transition metal catalysts continue to provide improved routes for a wide range
of industrial chemical processes. Metal and mixed metal/metal oxide feature strongly in
recent developments in this area. Mesoporous silicas provide ideal porous support
materials for such catalytic systems. They offer the advantages of easy access of reactant
gasses to the catalytic sites and by their restricted pore sizes, inhibit sintering effects that
potentially lead to loss of catalytic activity. The preparation of mesoporous silicas
containing metal and mixed metal species introduced via organometallic complexes,

principally various metal ferrocenes, will be the main focus of the present study.

1.3 Specific objectives of the present research

The motivation of the present investigation was the idea that MCM mesoporous silica
phases should provide ideal porous supports for catalytically active metal, mixed metal
and mixed metal metal/metal oxide nanoparticles. The pore sizes of M41S silicas are ideal
for the easy access of reagents and egress of products and highly dispersed nanoparticles
on the large internal surface areas of the pores should be protected against sintering by the
their separation, low mobility and the geometric restriction of the pore diameters. Further

it was postulated that if the metal species were added during the synthesis step, then
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uniform dispersion and monodispersity was more likely to be achieved. Thus we sought

to prepare systems of metal, mixed metal and metal/metal oxide nanoparticles of

controllable size and with resistance to sintering. Systems prepared with metal and metal

oxides know to be catalytically active may lead to the development of useful

heterogeneous catalysts.

Specific research questions we wished to address during the research include the

following:

1.

Which of the numerous methods that have been reported in the literature, is most
likely to produce mesoporous silicas compatible for use as catalysts? Will such a
method also provide a route for loading with metals? The literature review has
identified the acid route as being the most likely candidate. This needs to be

confirmed and the method optimised.

Can absorption/decomposition of appropriate organometallic compounds be used to
prepare metal and mixed metal nanoparticles of controllable composition
encapsulated within preformed mesoporous supports? Studies with a variety of single
metals (Mo, Co and Fe) and mixed metals (Mo and Fe, Mo and Co) organometallic
compounds are envisaged. The compounds need chosen to have low decomposition
temperatures and be free of elements that are known to act as catalytic poisons. We
believe that such compounds will allow us to produce porous materials containing
very small metallic particles that, because of low temperature preparation will have

undergone minimal sintering.

This work uses pre-formed mesoporous phases, such as M41S silica compounds. And
solutions of organometallic iron compounds such as ferrocene and molybdenum
compounds such as Mo,(CsHs),(CO)e (with differing sizes, stabilities, polarities etc)
will be used to load the solids with the molecular compounds. Rapid evaporation of

the solvents followed by calcining should deposit metal or metal oxide within the
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3.

pores of the solids as the organometallic molecules decompose.

Is it possible to develop a general method for loading mesoporous silicas with metal
nanoparticles by incorporating the metal in the form of an organometallic compound
into the structures during the synthesis step? One method could involve the loading
of the micellar phases of the reaction mixture with appropriate organometallic
compounds prior to the synthesis reaction. Important variables are likely to be the
size and shape of the organic moity, the organometallic compound concentration in
the micellar phase, the surfactant employed and the synthetic route used. The
proposed method will make use of the surfactant-templated synthesis of mesoporous
solids [3]. Hydrophobic organometallic molecules (e.g. ferrocene, Moy(CsHs)2(CO)e
and its analogues) will be encapsulated within the micelle system formed by a
suitable surfactant (e.g. cetyltrimethylammonium bromide). This micelle system will
be used as a template for the sol-gel formation of mesoporous solids which should
give rise to isolated molecules dispersed throughout the surfactant phase filling the
pores. Careful calcining, should remove all the organic material and leave the metal
or metal oxide in the form of small particles widely and uniformly dispersed. To our
knowledge, this approach to metal-loading of porous materials has been reported
only once and could find very wide application if the technique proves to be

successful.

4. As an alternative to loading the micelle, it is proposed to dissolve the organometallic

complex in the TEOS silica source. This may introduce the metal into different sites
within the silica. To our knowledge, this approach to metal-loading of porous
materials has been not reported and could find very wide application if the technique

proves to be successful.

5. Can we extend these synthetic methods to prepare mixed metal nanoparticles of

defined composition by using single-source mixed metal (e.g. Mo-Fe and Mo-Co)
organometallic ~ compounds.  The  single-source  precursors could be
Cp(CO)sMoFe(CO).Cp, or [Cp(CO),M0],Co(CO);CMe. This procedure could give

rise to novel mixed metal phases which could reveal synergistic catalytic effects.
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1.4 Outline of the thesis

The thesis is presented in 8 chapters. Chapter 1 is a general introduction and literature
review and sets out the objectives for the research. Chapter 2 describes the materials and
methods used in the work. Chapter 3 is concerned with the optimisation of the synthesis
of MCM-41 under the acid conditions that were judged to be most compatible to loading
during synthesis. Chapter 4 describes the preparation of metal loaded MCM-41 using
conventional immersion treatments, | method, of preformed phases in organometallic
complex solutions. In Chapter 5, novel methods for loading MCM-41 with organometallic
compounds during synthesis are developed. In the M method the complexes are
encapsulated in the micelles of the synthesis solution while in the T Method the
complexes are dissolved in the TEOS. Chapter 6 describes the loading of mixtures of
metal complexes and bimetallic complexes into mesoporous solids by the M, T and |
Methods to give mixed metal systems. A general discussion of the results given in

Chapter 7 and Chapter 8 summarises conclusions and makes suggestions for further work.
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Chapter 2 Materials and Methods

2.1 Chemicals

Speciality chemicals used during the project along with their suppliers, are listed
below:

Tetraethyl orthosilicate (TEOS) was used for the silica source in all syntheses. It was
supplied as a pure liquid by BDH Chemicals Ltd., Poole, England.

The cationic surfactant cetyltrimethylammonium bromide (CTAB) and hexadecyl-
pyridinium chloride (PD) were used as the structure directing agents and were
supplied by Sigma-Aldrich, Steinheim, Germany.

Ferrocene (Fc) was supplied by BDH Chemicals Ltd, Poole, England.
Cyclopentadienyl iron dicarbonyl dimer (Fy) and cyclopentadienyl molybdenum
tricarbonyl dimer (O-Mo) supplied by Strem Chemicals, Newburyport, U.S.A.

Other organometallic complexes were prepared as required from readily available

laboratory chemicals

2.2 Preparation of substituted ferrocenes

Four substituted ferrocene compounds were successfully synthesised by the Friedel
Crafts reaction following the procedure of Main [1, 2]. The same mole ratios were
used throughout, except for di-acetyl ferrocene where the acid chloride and
aluminium chloride were doubled. All the compounds were red brown solids, except
butyl ferrocene, which formed an oily product. Percentage yields were all about 50%.
Acid chlorides were used in the reactions. Special care was taken to avoid contact of
the acid chloride with H,O. Glassware was oven dried, degreased with
dichloromethane and dried under vacuum. The synthetic work was carried out by
Gourdie as part of a related research programme [3]. Details of the syntheses are

given below.
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2.2.1 Preparation of acetyl-ferrocene (Fac)

O
e
Fe CHs
(C Y

The preparation instructions in section 2.2.1 to 2.2.4 are taken directly from the work
of Gourdie [3]. Acetyl chloride (4.3 g, 0.055 mol) was added to ferrocene (9.3 g, 0.05
mol) and dry dichloromethane (40 mL) in a three necked, round bottomed flask (500
mL). The flask was equipped with a drying tube and a large magnetic stirrer bar. The
flask was immersed into an ice bath. Anhydrous aluminum chloride (6.7 g, 0.05 mol)
was then added in 10 portions with =~ 1 minute between each addition. A watch glass
was kept over the beaker containing the AICI; between additions to prevent air from
reacting with the AICIs. The solution went from red brown to a deep wine red after
the first few additions. The mixture was then stirred in an ice bath for 2 hours until the
ice melted and the temperature rose to room temperature. The solution was returned to
an ice bath and hydrolyzed by gradual addition of water (10 mL). Further water
(10-15 mL) was then added more rapidly. The ice bath was removed and 10%
aqueous Na,S,0, solution (prepared and used on the same day) was added drop wise
with stirring until the upper layer turned from brown to a cream yellow. The solution
was left to stir for 10-20 minutes until the strong odour of sulfur dioxide was no
longer detectable. The reaction mixture was placed in a separation funnel and the
lower (organic phase) was separated. The remaining aqueous layer was extracted 3
times with dichloromethane (30 mL) and the organic extracts were combined and
washed first with 5% NaOH (10 mL) and then saturated NaCl (10 mL). The solution
was dried over CaCl, and the solvent evaporated by two thirds. The solution was
placed in a freezer (6°C) over night and allowed to crystallise. The supernatant was
decanted from the crystals into a dry, clean round bottomed flask which was put back
into the freezer for a further 24 hours. The first batch of red brown powder like
crystals of Fac were collected and dried on a rotary evaporator and the yield
determined (3.26 g). A second fraction of Fac crystals was collected and dried (0.56

g). The liquid was put back into the freezer to produce a third fraction of crystals
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(0.72 g). An overall yield of 35.7% was obtained.

2.2.2 Preparation of di-Acetylferrocene (Fd)

(u>
@—C—CH;

Fe
@—g—cm
Di-acetyl ferrocene was prepared using the method described above for acetyl
ferrocene. The quantities were: Acetyl chloride (8.6 g, 0.11 mol), ferrocene (9.3 g,
0.055 mol), dry dichloromethane (40 mL), anhydrous aluminium chloride (13.4 g, 0.1
mol), and water (10 mL). The first batch of brown powder like crystals was collected
and dried on the rotary evaporator (4.31 g). The liquid that was put back into the
freezer crystallized out over night and the second batch of crystals was collected and

dried on the rotary evaporator (4.07 g). An overall yield of 57.0% was obtained.

2.2.3 Preparation of Butyrylferrocene (Ft)
0

\/F:I'EXM\/" ~

Fe
|

@
Butyryl ferrocene was prepared using the acetyl ferrocene method. The reagents used
were: Butyryl chloride (5.86 g, 0.055 mol), ferrocene (9.3 g, 0.055 mol), dry
dichloromethane (40 mL), anhydrous aluminium chloride (6.7 g, 0.05 mol) and water
(10 mL). Since no crystals were formed, even after prolonged cooling in the freezer,
the solution was dried over CaCl, and the solvent evaporated off. This left the product
Ft as a red brown gel-like material. The purity of the material was unknown and no

yield was determined.

2.2.4 Preparation of Benzoylferrocene (Fb)

Benzoylferrocene was prepared in the same way as acetyl ferrocene. The quantities
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were: benzoyl chloride (7.73 g, 0.055 mol), ferrocene (9.3 g, 0.055 mol), dry
dichloromethane (40 mL), anhydrous aluminium chloride (6.7 g, 0.05 mol), and water
(20 mL). The solution went from red brown to an intense purple after the first addition
of AICI3. The first batch of brown powder like crystals was collected and dried on the
rotary evaporator (7.88 g). The liquid that was put back into the freezer crystallized
out over night and the second batch of Fb crystals was collected and dried on the

rotary evaporator (0.09 g). An overall yield of 52.7% was obtained.

2.3 Preparation of mixed metal complexes

2.3.1 Preparation of mixed Mo-Fe complex, Cp(CO);MoFe(CO),Cp

The compound was prepared by a two step reaction. Firstly Cp(CO),Fel was prepared
and then this was reacted with Na[Mo(CO)3;Cp]. The reactions are as follows;

[Cp(CO).Fe]2+1; — 2Cp(CO)Fel
[Cp(CO)sMo], + 2Na —  2Na[Mo(CO);Cp]
Cp(CO),Fel + Na[Mo(CO)3;Cp] — Cp(CO)sMoFe(CO),Cp + Nal

Preparation of Fe(CO).Cpl [2]

Fe(CO),Cpl was prepared in a nitrogen-flushed Schlenk flash to which was added
[Cp(CO),Fe] 2 (4.00g, 10 mmol), 1,(3.0g, 12 mmol) and CHCI3 (50mL), the solution
was refluxed for at least 30 minutes and left to cool. After evaporation of the solvent
on the rotary evaporator and drying the residue on the vacuum line, the product (5.9 g)
was a black powder, with carbonyl absorption bands v(CO) 2041 and 1996cm™
(CH,Cl, solution) c.f. lit. [2] 2044, 2000 cm™ (Hexane) indicating that the preparation

had been successful.

Preparation of Cp(CO)3;MoFe(CO).Cp

A 1% sodium amalgam was prepared in a Schlenk flask from 140 g of Hg (10mL) and
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about 1.4 g Na metal. 50 mL of THF was added and this was followed by purple
Cp(CO)sMo (2.4 g, 5 mmol) and the mixture was stirred until complete conversion to
the yellow Na[Mo(CO)sCp] reagent was achieved, (approximately 10 mmol). This
solution was transferred by syringe under nitrogen to a solution of Fe(CO).Cpl (3
g,10 mmol) in THF (20mL) in a N,-flushed Schlenk flask. The mixture was left to
react for a couple of hours. The THF was removed under vacuum and the residue
recrystallised from CH,CI,/Et,O. The powdered product was rinsed 5 times with

CHCI,/Et,0 by which time the rinsings were colourless.

2.3.2 Preparation of the mixed Mo-Co complex, [Cp(CO),Mo0],Co(CO);CMe and
Cp(CO),Mo[Co(CO)3].CMe

Preparation of MeCCo3(CO)q

MeCCo3(CO)y was prepared in a nitrogen-flushed Schlenk flash to which was added
C0,(CO)g (5.00g, 15 mmol), MeCCl3(1.3g, 10 mmol) and THF (50mL). The solution
was refluxed for at least 1-2 hours and left to cool. After evaporation of the solvent on
the rotary evaporator and drying the residue on the vacuum line, the product was
dissolved and recrystallised from petroleum spirits (60-80°C). The powdered product
was rinsed 5 times with petroleum spirits by which time the rinsings were colourless

and the product (1.7 g) was purple crystals. The reaction can be written are as follows;

9C0,(CO)s + 4MeCCl; — 4MeCCo3(CO)s + PhCCl; + 36CO + 6CoCl,

IR spectra (CH,Cl, solution) 2102w, 2051vs, 2038vs, 2017m cm™. c.f. lit.[2] (hexane)
2109w, 2063vs, 2046vs, 2030m cm™.

Preparation of [Cp(CO),Mo0],Co(CO);CMe and Cp(CO),Mo[Co(CO)3].CMe [4]

The reaction of MeCCo3(CO)g with commercially available [Cp(CO)sMo],, is
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reported to yield two compounds, the relative amounts of each depending upon

reaction conditions;

MeCCo3(CO)g + [Cp(CO)3Mo0],—Cp(CO),Mo[Co(CO)3].CMe +
[Cp(CO),M0],Co(CO)sCMe

1.1g (2.4 mmol) MeCCo3(CO)g, 0.8g (1.6 mmol) [Cp(CO)sMo], were dissolved in 50
mL benzene and refluxed under N, for about 4 days. The solvent was evaporated to
dryness on a rotary evaporator and the product was leached out of the residue by
rinsing with petroleum spirits until rinsings were no longer purple. The purple
solution was chromatographed on a silica column and the eluant passed to waste.
Product was then recovered using a petroleum spirits/benzene mixed solvent (5:1).to
recover green Cp(CO),Mo[Co(CO);],.CMe and pure benzene to recover the
Cp(C0O):M0],Co(CO);CMe. Under the condition described above 0.25 g of
Cp(CO),Mo[Co(CO);].CMe was obtained and only traces of
Cp(C0O)2M0],Co(CO)3CMe. The purity of the products were confirmed by their IR
spectra (CH,Cl, solution) 2081vw, 2070m, 2051s, 2030vs, 2013m, 2002vs, 1950m,
1894sm cm™. c.f. lit. [2] (hexane) 2086vw, 2072m, 2043s, 2032vs, 2016m, 2003vs,
1948m, 1890sm cm™.

2.4 Preparation of pure silica mesoporous MCM-41 materials

Mesoporous silica was synthesized using CTEABT as the surfactant and TEOS as the
silica source. 1.27 g of CTEABr was dissolved in 70 mL of 2.5 mol/L HCI in a
120mL beaker and 6.24 g TEOS was added with rapid stirring (1000 rpm, IKA®
stirrer fitted with a 4.5 cm diameter propeller). After stirring for 8 hours at room
temperature, the resultant white precipitate precursor phase was filtered, washed and
dried at room temperature for several hours and then stored in a sealed vial. This
material was calcined at 550°C to remove the template when required for loading by
the 1 Method. The final samples of precursor phases and calcined materials were
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characterized by low angle XRD and the calcined material was further characterized

by BET surface area determination and BJH pore size measurements.

2.5. Loading mesoporous MCM-41 materials with organometallic complexes

2.5.1 Imbibing method (I Method)

The usual route to metal loaded MCM41 materials has been by post synthesis loading
achieved by imbibing solutions of various metal compounds. This is sometimes called
the incipient wetness method and will be abbreviated as the | Method. A general
procedure for the |1 Method is as follows: 0.5 g of calcined mesoporous silica was
added to 10 mL of the organometallic compound in toluene. In a departure from the
normal imbibing procedure, the solution was stirred under partial vacuum for 24 h to
ensure filling of all the pores with the complex solution. The vacuum was achieved by
a water pump or a mechanical pump and was controlled to avoid excessive boiling
and evaporation. Uncontrolled mechanical pumping led to the loss of the toluene
solvent after approximately 15 min. The solid was filtered, washed until rinsings were
colourless (generally this took 5x10 mL rinses with dichloroethane). This step was
introduced to insure that all imbibed solution containing dissolved complex molecules
not associated with the matrix was removed. In this way precipitation of complex
aggregates when the solvent was evaporated was avoided. At the end of the rinsing
period the product remained coloured. Prolonged further rinsing had no effect on the
product colour indicating that the imbibed complex was not removed during

prolonged rinsing. The sample was then dried at room temperature for 1 day.

2.5.2 Micelle method (M Method)

The micelle method (M method) was developed as a method to encapsulate the
organometallic compound during synthesis. The compound (for example, ferrocene)
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and the surfactant CTEABr were dissolved in a mixture of methanol (MeOH) and
dichloromethane (CH,Cl,), from which the solvent was removed leaving an intimate
mixture of the surfactant and the organometallic complex. The details of a typical

preparation are summarised below.

Into a 50 mL round-bottom quickfit flask was added ferrocene (0.0575 g, 0.31 mol)
and CTEABr (5.014 g, 0.138 mol), CH,Cl, (6 mL) and MeOH (6 mL) and the flask
was swirled until all solid had dissolved. Most of the solvent was removed on a rotary
evaporator at 50°C. The remaining solvent was removed by connecting the flask to a
water pump and pumping until the sample solidified. After one hour most of the

product was recovered as a dry pale-yellow powder (4.51 g).

The dry pale-yellow powder prepared as described above was added into a 2.5 mol/L
HCI solution to give a clear yellow solution. There was no evidence of insoluble
ferrocene indicating that all the ferrocene had been solubilised in the CTEABr
micelles, TEOS was slowly dropped in the rapidly stirred solution. After 24 hours, a
yellow solid Metal-MCM-41 product and a pale blue supernatant containing oxidised
iron was obtained. The product was filtered, washed and dried in air at room

temperature, and then either stored in sealed vials or calcined for 4 h at 550°C.

2.5.3 TEOS method (T Method)

An alternative synthetic method for the preparation of metal loaded MCM-41 phases
using organometallic compounds was achieved by dissolving the compound directly
in the TEOS. This method is called the T Method. For example, Fc was dissolved in
TEOS, and the doped TEOS was then added to acid as described above for the
M-Method. The products were labelled as Metal-MCM-41. In cases where the
complex was only poorly soluble in TEOS, 25% by weight of EtOH was added to the
TEQOS to enhance complex solubility. The EtOH had no effect on the MCM-41 when
pure silica phases were prepared by the acid synthesis method. For those systems
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where EtOH was necessary (Cp(CO)sMoFe(CO),Cp  (Mo-Fe) and
Cp(CO)2Mo[Co(CO)3],.CMe (Mo-Co), (see Section 6.1) for the T method, the same
amount of EtOH in the TEOS was also used with the M method in order to allow

direct comparisons to be made of the products from the two synthetic routes.

2.6 Characterisation of Mesoporous Silicas

Many different solid-state techniques can be used to characterise the mesoporous
materials. Three broad categories are commonly used, diffraction, microscopic and

spectroscopies techniques. These were used in the present work as described below.

2.6.1 Powder X-ray Diffraction (XRD)

Powder X-ray Diffraction (XRD) has been used for nearly a century and is an
invaluable tool in solid state chemistry. It is primarily used for structure determination
and the fingerprint characterisation of crystalline materials. X-rays are especially
useful as the size of their wavelength is comparable to that of the distances between
atoms in most crystals. This means that crystals can act as a diffraction grating,
resulting in the scattered X-ray giving constructive and destructive interference
patterns. The regular and repeating arrangement of atoms in a crystalline material
create what is known as a Bragg angle when a crystal is subjected to X-rays, and then
using Bragg Law:[7]

SinG = nAf2d e 1)

where n is an integer, A is the wavelength considered, d is the inter-lattice spacing of
the crystal, and 0 is the angle of the incidence and of emergence of the radiation
considered. The interplanar distance can be calculated from equation (1). As a result,
highly crystalline materials generate XRD pattern with sharp and often distinct peaks
or reflections, whereas non-crystalline materials show only broad features. By
scanning through a series of incident angles, a diffraction trace can be obtained that is
unique for the sample composition under analysis. Computerized data acquisition
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allows the results to be compared with a library for rapid identification.

Crystalline materials are regularly analysed by X-ray diffraction, often with
comparison to literature or the JCPDS database diffraction patterns as a means of
identification. The JCPDS database contains over 60,000 entries, and many
accumulated scans may be used in conjunction with this database to show the
presence of small impurities. XRD can be very useful in the study of new materials as
it may help to elicit important information such as crystallinity, it can provide
information regarding the atomic constituents of the unit cell, and in some

circumstances provide an estimate of the size of the particles present.

M41S materials are not crystalline with a regular lattice structure. The silica lattice is
amorphous. However the regularity of the pore structure gives rise to diffraction
effects. Thus XRD is especially useful in the study of these materials as it provides
direct information about the arrangement of the pores. The order provided by the
pores is short range so that there is generally only one strong diffraction peak
corresponding to n =1 in the Bragg equation. The d spacing corresponds to the
diameter of the regularly arranged pores, typically giving a value of 20 less than 10°.
The combination of only these low angle reflections with no reflections in the higher

region indicates an ordered pore structure surrounded by amorphous pore walls.

The structures of both the as-synthesized and calcined samples were characterised by
small-angle powder XRD using a Philips X’PERT PW 3050/0-20 diffractometer.
Samples were prepared by filling the sample holder with a slight excess compressing
and leveling the sample with a microscope slide. While samples were not weighed
care was taken to ensure that samples were of similar size so that peak intensities
could be compared. Spectra were recorded using CuK, radiation and 26 sampling
technique. The voltage was set to 40 kV and the current to 40 mA. The scan was
performed between 1.5 and 10°, with a step size of 0.02°. The time per step was set at
1.0 seconds. The diffraction patterns were analyzed using PC-APD diffraction
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software.

Reproducibility of XRD results

The repeatability indicates the closeness of individual results obtained by the same
method under the same conditions and over a small time range. Reproducibility is
used to indicate the spreading of the results of replicate determinations; so a statement
such as “results are highly (poorly) reproducible” means that the scatter of the results
around the mean is low (high) so that a low (high) value of sample standard deviation

(s) is expected.

The closeness of the replicate measurement in a set, i.e., the spread of the data about
the central value (mean X) is defined as precision. The following measures of

precision within a small set of n measurements are widely used:

Sample arithmetic mean X =YiXi/n

Sample standard deviation s = [Y(Xi-X)% (n-1)]Y
Relative standard deviation RSD =s/X

Coefficient of variation (%) CV = (s/X) 100%

Experimentalists are aware that any measurement they make is affected by errors
which can seriously affect the way the experimental results can be interpreted. The
actions adopted to reduce these errors as much as possible will depend on the nature
of the errors themselves and the use to which the information is intended to be put. A
fundamental distinction can be made between random (statistical), and systematic
(determinant) errors. In this research, random errors were estimated by carrying out
replicate measurements. Systematic errors were checked for by periodically running

selected samples as reference materials.

The reproducibility of the XRD results was assessed by taking about 3.0 g of
uncalcined MCM-41-A pure silica (preparation 2.3) sample for XRD replicate
measurement. About 0.3 g sample was taken from the bulk sample as a first testing.
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After measuring, the tested sample was mixed with remaining bulk sample, and
another 0.3 g sample was taken and measured. This process was repeated six times,
and six results were obtained. The digo sSpacing and intensity of all samples are shown
in Table 2.1, where the sample mean (X), sample standard deviation (s) and

coefficient of variability (CV) are presented (CV = (s/X) 100%).

From the XRD patterns presented in Figure 2.1, it can be seen that the six XRD
patterns for an uncalcined pure silica MCM-41 sample look very similar and have one
sharp peak in the range of 26 = 2.5-2.6 and two additional weak peaks in the range of
3.5-6%

For the digo spacing, the CV was 0.72%, indicating that the results are highly
reproducible with low scatter of around the mean and a value of s of less than 0.02 °26.
However, for the intensity, the CV was 14.5% indicating that sample preparation,
without weighing, can introduce significant errors to the intensity results. For most

purposes it was felt that this reproducibility would be adequate.

.

15 35 55 75 9.5
2 Theta

Intensity

Figure 2.1 Replicate Powder XRD patterns of an as-synthesised MCM-41 sampled 6 times from a
single batch of MCM-41.
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Table 2.1 Data for XRD of the as synthesis samples with different time

Sample 1 2 3 4 5 6 X
2 Theta 2.57 2.54 2.58 2.53 2.54 2.54 2.55
d100 Spacing 34.36 3474 | 3424 | 3486 | 34.74 | 34.74 34.61
Intensity 2570 2321 | 3321 | 2315 | 2751 | 2447 2620

2 theta X=255 s$=0.018 CV =0.72%
d100 X=3461 s=0.25 CV=0.72%
Intensity X =2620 s=2380 CV=15%

Since no certified reference standard for MCM-41 has been made, the material used in

this experiment was used as substitute reference standard. Data for XRD patterns of

this sample measured over a period of 3 years are summarised in Figure 2.2 and Table

2.2. It can be seen from the five XRD patterns that while the djoo values are within £

0.25 A (0.72%), the intensities are much more variable than expected from the 15%

CV obtained from replicates measured at the same time. In addition to intensity

variation caused by sample preparation, we believe that further variation in samples

run at different times resulted from variation in primary beam intensity of the XRD

tube over the experimental period.

=) L 24 M
c
)
£

12 M

f/\ 6M

1.5 3.5 55 7.5 9.5

2 Theta

Figure 2.2 Powder of XRD patterns of the as-synthesis samples with different period
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Table 2.2 Data for XRD of the as synthesised samples measured after various aging times

Age/months 3 6 12 24 36

2 Theta 2.44 2.47 2.45 2.44 2.45
d100 Spacing (A) 36.2 35.9 36.1 36.2 36.1
Intensity 12700 | 490 12600 | 10910 | 890

2.6.2 Nitrogen adsorption

Surface area (BET)

A well established method for determining the surface area of a powdered material is
gas adsorption. The surface area is an important characteristic of a catalyst as it
represents the amount of space on the material that is available for reaction. The high
surface area of porous material results partly from both the external surface area of the
particles but mainly the internal surface area of the pores. One of the more commonly
used methods for measuring the total surface area of a material is the BET method,
named after the developers Brunaeur, Emmett Teller [5]. The most commonly used
gas in gas adsorption is nitrogen. Many other gases, such as argon, oxygen, water,
cyclopentane and benzene, have been used to characterise a variety of materials, but
nitrogen remains as the most commonly used, and the technique has become much
more widespread after the advent of user-friendly semi-automated commercial
equipment and its associated software. The basic assumption of the method is that at
the boiling point temperature of 77K, the amount of nitrogen that would be required
to form a close-packed monolayer can be determined from the isotherm. The
experimental method used to obtain the isotherm is generally a form of gas
manometry where the amount of gas adsorbed is measured by a change in the gas

pressure.

Pore size distribution

The distribution of pore volume with respect to pore size is called a pore size
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distribution. It is generally accepted that the desorption isotherm is more appropriate
than the adsorption isotherm for evaluating the pore size distribution of an adsorbent.
The desorption branch of the isotherm, for the same volume of gas, exhibits a lower
relative pressure, resulting in a lower free energy state. Thus, the desorption isotherm
is closer to true thermodynamic stability. Since nitrogen has been used extensively in
gas adsorption studies, it has been well-characterized and serves as the most common

adsorbate for pore size distribution.

It is assumed that all pores emptied of their condensate during a relative pressure
decrement have an average radius calculated from the Kelvin equation radii at the
upper and power values P/Py in the desorption step. The average capillary (core)
radius is then used with the volume of gas desorbed over the pressure increment to
determine the pore size distributions from the fraction of the pore volume that desorbs

over the given pressure increment.

The equipment used was NOVA-1000 supplied by Quantachrome. An important
feature of this instrument was that it allowed for the determination of a multipoint
isotherm extending up to atmospheric pressure. The software provided allowed this
information to be used to calculate porosity and pore size distribution according to the

method proposed by Barrett, Joyner and Halenda (BJH) [6].

In order to determine the specific surface area and pore characteristics of a MCM-41
sample, approximately 0.1 to 0.2 g of the freshly calcined material was placed in the
sample samples tube provided and the space filling rod was inserted into the neck of
the tube. A 2.14-cm® cell was used and was never filled more than to about one third
of its volume to prevent sample loss during evacuation. It was confirmed by
experiment that the degree of filling of the sample vessel did not affect final results.
The sample was out-gassed at 120°C for 2 hours and then transferred to the measuring
port. Depending upon sample weight the multipoint isotherm took between 30
minutes to 6 hours to run. Run time was the major reason why sample amounts had to
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be limited, particularly when multipoint measurements were made.

The precision of the surface area/porosity measurements for MCM-41 samples was
determined by taking about 3.0 g of freshly calcined MCM-41 and sampling about 0.1
g for testing. After the measurement the tested sample was mixed with the remainder
of the sample and a second 0.1 g sample was measured. This process was repeated six

times giving six replicate results. Data are summarised in Table 2.3 and Table 2.4.

Table 2.3 Data for replicate BET surface areas

Sample 1 2 3 4 5 6

Surface area (m%/g) | 1481 | 1582 | 1523 | 1377 | 1482 | 1436

Sample arithmetic mean X= 1480 m*/g
Sample standard deviation s=70 m?/g
Relative standard deviation RSD= 0.048
Coefficient of variation (%) CV=4.8%

The data give a CV of 4.8%, and a sample standard deviation of 70 m?/g.

The multipoint isotherm data was also used to determine the pore size distribution
according to the BJH method. According to this method, the pore size distribution is
divided into 10 pore size ranges and the surface area (or volume) associated with each
pore size range is determined. From the pore size distribution presented in Figure 2.3,
it can be seen that the six pore size distributions look very similar, with one sharp
peak in the range of 2.3 nm, indicating that the pore size distributions were also

highly repeatable.

Table 2.4 Data for pore area as a function of pore diameter (pore size distribution) for replicate
samples of calcined MCM-41.
Pore
size

133 | 157 183 [207 |[230 |255 |298 |3.68 |4.63]|6.11
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346.2 | 262.6 | 222.2 | 312.5 | 491.0 | 280.9 | 66.78 | 16.4 | 8.88 | 4.74
330.5 | 299.7 | 185.5 | 325.2 | 504.3 | 288.2 | 70.39 | 16.9 | 8.82 | 4.84
359.1|284.4 | 206.0 | 322.9 | 479.9 | 327.9 | 73.77 | 15.8 | 9.22 | 5.13
404.9 | 267.0 | 191.5 | 331.7 | 466.8 | 338.9 | 73.25 | 18.2 | 9.65 | 5.24
386.1 | 264.5 | 221.3 | 314.4 | 450.8 | 332.8 | 63.58 | 16.4 | 9.02 | 4.94
377.0 | 293.2 | 203.3 | 353.0 | 493.1 | 272.7 | 73.42 | 16.3 | 8.94 | 4.95
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Figure 2.3 The pore size distribution of replicates of calcined MCM41

Calculation of wall thickness

In the case of MCM-41 with its hexagonally packed array of pores, wall thickness can
be calculated from XRD and pore size data (Fig 2.4). The interplanar distance (unit
cell) is the repeating unit, which in the case of MCM-41 is the distance across the half
the face of the pore, the wall thickness and the other half of the face (see Figure 2.4).
An approximate method for determining wall thickness is to use the pore size
corresponding to the maximum in the pore size distribution determined by BJH
method for P and the a, value determined from XRD. A more accurate measurement

determination could be achieved by TEM.
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Wo--mmmmeee Wall thickness
= [P Pore size diameter
d1pg------ d spacing

- —— Unit cell a, =2d100/V3

Figure 2.4 The geometric relationship between d spacing, unit cell or interplanar distance, pore

size and wall thickness for MCM-41

From simple geometry it follows that;

W:ao'P

2.6.3  Electron microscopy

Abbe’s Law [8] dictates that the resolution of a microscope is:

d =0.6124/n sinB
Where d is the resolution, 4 wavelength of the radiation used to view the specimen, n
refraction index of the medium through which the radiation travels, and 6 is the

aperture angle.

This means that the resolution is approximately equal to 1/2 the wavelength of the
radiation used to view the specimen. The best possible resolution of an optical
microscope using visible light is therefore ~200 nm. Electrons have a much shorter
wavelength (~0.1nm) than light photons and are able to produce better resolution
images. This allows much greater magnifications to be achieved than for optical

systems.

Electron microscopy can be of two types: transmission electron microscopy (TEM)
and scanning electron microscopy (SEM). TEM is similar to light microscopy in that
the electrons pass through the sample. The sample has to be very thin to allow this. In

68



Chapter 2

TEM, scattered electrons are used.

Scanning electron microscopy (SEM) is useful in the characterisation of the
microscopic structure of materials with features of the order of 15 nm and above.
Electrons are generated, accelerated by voltages between 1 and 30 kV and then
directed towards a sample through the use of magnetic lenses. The primary beam of
electrons scans the specimen and the backscattered, reflected and emitted secondary
electrons are collected and focussed. As a result the technique is primarily used to
study the surface, or near surface, of a specimen. In addition to revealing surface
morphology, chemical analysis can be conducted by studying the X-ray fluorescence
that occurs as a result of electron bombardment of the sample. SEM studies are of
limited resolution and can also suffer from the fact that only a small percentage of the
specimen is studied. SEM studies can be used in the characterisation of the M41S

materials to determine surface properties and particle shape and morphology.

The instrument used for SEM was Hitachi S-4700. Dry powder samples were
sprinkled onto brass stubs, excess material was removed with a gentle air stream from
bellows and the sample was then coated with a carbon film to make it conducting.

Representative micrographs were recorded electronically.

TEM images were collected from thin edges of the sample particles with a Phillips
CM-30 electron microscope operating at 200 keV. TEM specimens were prepared by
dipping a perforated carbon film supported on a copper grid into a suspension of
mesoporous materials in ethanol that had been sonicated for 10 min and then left
standing until the majority of the sample had settled. This ensured that only very

small particles were captured onto the grid.

2.6.4 Fourier Transform Infra-Red Spectroscopy

Fourier Transform Infra-Red Spectroscopy (FT-IR spectroscopy) is a technique that is
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commonly used for structure determination. It is a powerful tool for the
characterization of specific function groups within a molecule (e.g. —-OH, -COOH,
-CH,, -CHgs, groups etc). Infrared radiation can cause the atoms of molecules to
vibrate. Each chemical bond in a molecule has a different strength and characteristic
vibration frequency, therefore absorption of radiation occurs over a characteristic
range of frequencies. Only a limited number of vibrational transitions are possible.
The fundamental modes of vibration are stretching and bending. The absorption
detected in an IR instrument gives rise to a spectrum that is unique for the specimen
being analysed. The parameters used to describe a spectrum included the peak
position (usually quoted as wave number of maximum absorption), and intensity

(peak height or area).

FTIR was used to examine the MCM-41 phases that had been treated or prepared to
incorporate organometallic complexes. The spectra obtained gave a quick indication
of the presence of the compounds in the samples and whether any chemical change
had occurred during encapsulation. For this work the instrument used was Spectrum
400 supplied by Perkin Elmer. Samples were prepared by KBr widow and scanning

the appropriate wavelength range.

2.6.5 ICP/OES chemical analysis

Inductively coupled plasma/optical emission spectroscopy (ICP/OES) was used in
initial studies of the metal content of the loaded samples. ICP/OES has revolutionized
elemental analysis in the last two decades. The technique is based on classical atomic
emission, except the atomization and excitation source is plasma. A plasma is an
electrically neutral, highly ionized gas, which has a significantly higher temperature
(5000-6000 K) and provides a less reactive chemical environment than a flame. The
plasma gas is usually a stream of argon which is energized with high frequency

electromagnetic field.
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The major advantages of the ICP/OES technique is its ability to perform simultaneous
multi-elemental analysis with a large liner dynamic range (determines a wide range of
element concentrations without dilution), as well as minimal chemical interference
and matrix effects. Spectral interference from complex samples may be overcome by

selecting appropriate spectral line combinations.

Extraction and analysis of metals in the presence of Si matrix.

Initial experiments were performed on the ferrocene loaded precursor compounds. A
20-50 mg sample was dissolved in 2 mL 10% NaOH solution and heated to 40°C until
the silica lattice had dissolved. Then 8 mL 40% HNO; was added to dissolve the
ferrocene released. Initially a pale yellow solution suitable for analysis was formed.
When the calcined samples were extracted, this way the iron oxide released upon
dissolution of the silica matrix did not completely dissolve, even when heated to 60 to
80°C for prolonged periods. When 20% HCI was used in the acidification step, the
iron oxide dissolved within 30 minutes. However, even when clear solutions were
produced, the formation of a gel was observed after standing for more that 2 hours.
This made analysis by ICP difficult because time delays between sample preparation
and analysis were invariably greater than 2 hours. Initial results were variable and

injection jet blockage was a major problem.

Atomic Absorption Spectroscopy

Atomic Absorption Spectroscopy (AAS) is based upon the absorption of radiation by
free atoms, usually in the ground state. By selecting a wavelength for a given element
that corresponds to an optical transition between atoms in the ground state and atoms
in an excited level, the absorption of the radiation leads to a depopulation of the
ground state. The value of the absorption is related to the concentration of the atoms
in the ground state, and therefore, to the concentration of the element. By measuring
the amount of radiation absorbed, a quantitative determination of the amount of
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analyte can be made.

AAS is used routinely for quantitative elemental analyses. In brief the solution to be
analysed is aspirated into the instrument where, it is drawn into the burner flame,
undergoing a conversion from salt particles to an atomic vapour. A process of
equilibrium between molecular, atomic and ionised atomic vapours then occurs. The
position of this equilibrium depends on such factors as flame temperature, flame

speed, solution composition and other factors.

The standard procedure for analysing samples generally involves the use of a standard
of accurately known concentration of the element to be analysed (e.g. Fe). The
solution with unknown concentration is then introduced and its concentration
determined by interpolation by the AAS software using results for the previously
determined standard. When the response is other than linear, it is necessary to plot a

calibration curve using standards that cover the concentration range of interest.

While, as with ICP/OES methods, solid samples need to be dissolved completely in
acid to yield homogeneous solution prior to analysis, AAS as an alternative to ICP/OE,
had the advantage that access to the instrument was immediate so that samples could
be analysed within 2 hours of their preparation. Thus the problem of gel formation

could be avoided.

Metal analysis was performed on a GBC 919 atomic absorption spectrometer supplied
by GBC Scientific Equipment Pty Ltd. For iron analysis, an iron lamp was used and
operated conditions were: 341.5nm wavelength, 0.2 nm slit width, air-acetylene flame

with flow rate set at 5.0.

Calibration curves for five Fe concentrations (from 10 to 50 mg/L) with matrices
consisting of:
1. Standard prepared from Fe(NOj3) 3 in 20% HNO3
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2. Standard prepared from Fe(NOs3) 3 in 20% HNO3 with 0.01 mg/L Si

3. Standard prepared from ferrocene in 20% HNO;3

4. Standard prepared from ferrocene in 20% HNO3 with 0.01mg/L Si

Data are summarised in Figure 2.5 and 2.6. While absorbance for a given

concentration of iron is systematically lower when the iron is in the form of ferrocene

than when the iron is in the form of Fe(NOs) 3, the presence of silica has a negligible

effect.
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Figure 2.5 AA calibration curve for determination of iron with and without the presence of Si and

using ferrocene solutions as standards.
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Figure 2.6 AA calibration curve for determination of iron with and without the presence of Si and
using ferric nitrate solutions as standards.
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Chapter 3 Optimisation of the synthesis of MCM-41

under acid conditions

3.1 Introduction

Mesoporous silica molecular sieves can be synthesized either in alkaline or acidic
conditions [1]. The acid-derived materials have thicker pore walls, more ordered
mesostructures, can be synthesized by less demanding conditions (room temperature and
short reaction times) and, because the interaction between surfactant and silica
framework is weaker, allow easier control over morphology [2]. Acidic products also
have smaller pore diameters than the MCM-41 products hydrothermally synthesized in
basic media. Although high-quality hexagonal mesophases can be obtained from
extremely acidic to basic (0 < pH < 11) conditions, the superiority in terms of higher
surface areas and larger mesopore volumes using extremely acidic synthesis conditions
(pH<1) has been demonstrated [3].

While hydrothermal synthesis does lead to the production of high quality mesoporous
materials, it has several disadvantages. The size of the bomb leads to a limited amount of
silicate produced each time, and often there is slight variation between different batches.
This is presumably due to slightly different circumstances each time; caused by slight
changes in temperature, or the level to which the bomb is filled.

In Section 1.3 the desired properties of the materials to be used in the present studies
were specified to be: regular pore structure, large specific surface areas and good thermal
stability. The literature review identified the acid route as being the most likely candidate.
The purpose of this chapter is to optimize the conditions of the acid synthesis route with

these desired properties in mind.
The formation of mesoporous structures under acid conditions is strongly influenced by
acid concentration. This may be because of the known fact that liquid—crystal phases of

surfactants are heavily dependent on acidity [3]. The fact that the kinetics of the
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hydrolysis of TEOS followed by condensation/polymerization are also highly dependent
on acidity [4] is a further reason why the acid concentration of the reaction system is a
key factor in determining the structure and morphology of mesoporous materials

produced.

3.2 Effect of acid concentration on mesoporous structures

The effect of acid concentration on the synthesis of mesoporous silica was investigated
using CTAB as the surfactant and TEOS as the silica source. 1.27 g of CTAB was
dissolved in the 70 mL of acidic solution with concentrations ranging from 0.5 to 7 mol/L
HCI. 6.24 g TEOS was added under two stirring regimes: moderate magnetic stirring
and rapid mechanical propeller (4.5 mm) stirring at 1000 rpm. The magnetically stirred
solution remained as a fairly clear, two phase system and product was formed at the
interface between the phases, whereas the system stirred at 1000 rpm immediately
formed an opaque emulsion. After stirring for 8 hours at room temperature, the resultant
white precipitate formed with both stirring regimes was filtered, washed and dried at
room temperature for several hours and calcined at 550°C to remove the template. The
final samples were characterized by low angle XRD, BET surface area determination and

BJH pore size measurements.

It is well known that the silicate solution is stable in basic media but that polymerization
and precipitation occur in acidic media. In the present synthetic method, a white solid
product was formed sometime after the first droplet of the TEOS solution as Si source
was added into the acidic surfactant solution. TG analysis showed that the precipitates
contained a substantial amount of surfactant molecules. In contrast, rather than a white
precipitate, a transparent gel was formed when the TEOS solution was added into the
surfactant-free acidic solution. These results indicate that the precipitation is not due to
the self-polymerization of silicate species but to the interaction between the silicate

species and surfactant molecules.
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3.2.1 XRD characterisation of MCM-41 phases from at different acid concentrations

The mesoporous structures of the materials produced at different acid concentrations was
investigated using XRD. Data for the uncalcined materials produced at acid
concentrations ranging from 0.5 to 7.0 mol/L and for a stirring speed of 1000 rpm are
summarized in Figure 3.1. The data for magnetically stirred systems were essentially the

same. Data for the same materials after calcining are given in Figure 3.2

The intensity of the XRD peak (dip0) for both the precursor and calcined materials
increased with increased acid concentration in the range of 0.5-2 mol/L indicating an
increase in order of the structures over that acid concentration range. The reverse effect
was observed in the concentration range of 4-7 mol/L. The optimum acid concentration
for synthesis of highly ordered MCM-41 phases appeared to be from 2 to 4 mol/L, but
highly ordered mesophases can be synthesised at acid concentrations ranging for 1 to 6
mol/L. These results differ significantly from the 0.4 mol/L optimum acid concentration
reported by Zhao [5]

The sharp XRD peaks in the range of 26=2.1 to 2.6 °were indexed as 100 diffractions and

the two additional weak peaks in the range of 3.5 to 6°were indexed as 110 and 200

diffractions, characteristic of a one-dimensional hexagonal mesophase.
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Figure 3. 1 XRD powder patterns for MCM-41 samples synthesised at different acid concentration.
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Figure 3.2 Powder of XRD patterns of the calcined MCM-41 samples synthesised at different acid

concentrations.
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The effect of acid concentration on the dio spacing of both the as-synthesis and calcined
samples are shown in Figure 3.3 and Table 3.1, where the djo Spacing values were
calculated by means of d =2 sind/nl, where 6 was the Bragg angle of the lowest angle
peak and the value n = 1 was used.

dioo spacing (A)

30 ' ' '
0 2 4 6 8

Acid concentration (mol/L)

—— Ag-gynthesized ——Calcined

Figure 3.3 The change of dio spacing for as-synthesised and calcined samples with the acid
concentration from 0.5 to 7 mol/L. Error bars for the samples prepared at 0.5 mol/L acid are probably
underestimates because peaks were poorly resolved and errors were expected to be much larger than
for the other data plotted.

Table 3.1 dyq data for the as-synthesised and calcined samples for acid concentrations ranging from
0.5to 7 mol/L

Acid conc.(mol/L) 0.5 1 2 3 4 5 6 7

d100 as syn.(20.3, A) 43.1 | 404 | 391 | 371 | 359 | 359 | 352 | ----
d100 calc.(20.3, A) 346 | 369 | 359 | 346 | 334 | 335 | 329 (34.2
Contraction(20.5, A) 8.5 3.5 3.2 2.5 2.5 2.4 2.3 | -

For as-synthesised samples, the digo spacing decreased from 43.05 to 35.24 (Table 3.1)
with increasing acid concentration, indicating that the unit cell decreased with increasing

acid concentration.
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The data also show that extremes of high and low acid concentration favoured the
formation of disordered amorphous phases. At low HCI concentration (0.5 m/L), the
hydrolysis of TEOS was slow, taking about 90 min. to produce insoluble Si. Presumably
the low [H'] concentration did not have ability to protonate or hydrolyze the silanol
group. A glassy product was obtained giving only one broad XRD peak at about 2°26.
When TEOS was added to the surfactant solution at acid concentrations above 1.0 mol/L,
a rapid exothermic reaction occurred at the organic and inorganic interface. Flake-like
precipitates appeared on the interface, after times that decreased from 30 min to 1 min

with increasing acid concentrations over the range 1.0 mol/L to 7.0 mol/L

The decrease in dyoo Spacing upon calcining from 8.5 to 2.4 (20.5) A (20 to 7% reduction)
with acid concentration indicated that shrinkage of the lattice was much greater for the
poorly ordered phases formed at low acid concentrations. Shrinkage could occur because
removal of the surfactant results in exposure of residual hydroxyl groups which
undergoing condensation polymerization leading to a contraction of the pore
center-to-center distance. The fact that this shrinkage decreased with increased acid
concentration in the range 0.5 to 3 mol/L, might be explained by the observation that the
higher acid concentration formed products with greater wall thicknesses. When acid

concentration was above 3 mol/L, essentially constant contraction was observed.

A notable feature of the XRD data was the decrease in the intensity of the peaks at high
and low acid concentrations. XRD intensity data for the as-synthesised and calcined

samples are summarised in Figure 3.4 and Table 3.2 below.

Table 3.2 dyq intensities for the as-synthesised and calcined samples at acid concentrations from 0.5 to
7 mol/L.

Acid conc. (mol/L) 0.5 1 2 3 4 5 6 7
Intensity as syn.(2140) 1170 | 1760 | 1940 | 1480 | 1700 | 1370 | 1140
Intensity calc. (#240) 5030 | 5750 | 7150 | 7430 | 8340 | 7220 | 4280 | 3310
FWHH 056 | 053 | 045 | 044 | 04 | 042 | 047 | 0.84
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Figure 3.4 The change of intensity of dio the as-synthesised and calcined samples with the acid

concentration from 0.5 to 7 mol/L

The considerable increase in intensity and narrowing of the XRD peaks observed for the
calcined samples indicates an improvement of the mesoporous order induced by the
combined effects of the removal of the surfactant and the ensuing condensation
polymerization reaction. The intensity of the dioo XRD peak increased with increased
acid concentration in the range of 0.5-4 mol/L, and vise versa in the range of 4-7 mol/L.
Another indicator of structural ordering is the full width at half height (FWHH) of XRD
peaks. The FWHH of the djo reflection decreased with increased acid concentration in
the range of 0.5-4 mol/L, and vise versa in the range of 4-7 mol/L, giving further

evidence for an optimum acid concentration for high ordering of approximately 4 mol/L.

A feature of the more highly ordered phases formed at intermediate acid concentrations
was the appearance of more than a single XRD peak. Three peaks have been indexed as
(100), (110) and (200). The d values for these peaks are summarized in Tables 3.3 and

3.4, along with the d]_oo: d]_]_o and d]_]_oZ d200 ratios.
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Table 3.3 digo, d110, and dygo data for the as synthesised samples at acid concentration from 2 to 5

mol/L.

HCI  Conc. | digp Spacing | di;p  Spacing | d2go  Spacing dre/d dr/d
(mOl/L) (A) (A) (A) 100/4Y110 110/4200
2 39.1 22.7 19.8 1.72 1.15
3 37.1 21.8 19.1 1.7 1.14
4 35.9 20.9 18.1 1.72 1.15
5 35.9 20.7 18.0 1.73 1.15

For the materials to be of a hexagonal arrangement, the ratio of digo/d110 should be V3 =
1.732 (as for the hexagonal system dng = 1/3(4/3a2)(h*+k*+hk)+(1%/c?)).[6] Similarly, the
ratio of di10/dago should be 2/43=1.155. Both of the digo/di10 and di10/dago ratios for the
as-synthesised and calcined materials are close to the expected values, providing further

evidence of the hexagonal arrangement.

Table 3.4 Data for XRD of the calcined samples acid concentration from acid concentration 2 to 5

mol/L

HCI Conc. digo Spacing | di1o Spacing | d2go  Spacing e/ dor/d
(moI/L) (A) (A) (A) 10074110 110/Y200
2 35.9 20.7 18.2 1.74 1.14
3 34.6 20.0 17.3 1.73 1.15
4 33.4 194 16.8 1.73 1.15
5 33.5 19.3 16.9 1.73 1.15

3.2.2 N, adsorption—desorption isotherm of MCM-41

The specific surface area and pore structures of the MCM material formed at different
acid concentrations were characterized by multi-point adsorption desorption studies using
the NOVA instrument (See Section 2.5.2). Isotherms are presented in Figure 3.5 and

surface areas and pore characteristics are summarised in Table 3.5
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Figure 3.5 The effect of synthesis solution acid concentration on multi-point N, adsorption-desorption

isotherms of calcined MCM-41 phases [ad.(adsorption), de.(desorption)]

Table 3.5 The effect of synthesis solution acid concentration on structural properties of calcined

MCM-41 phases.

HCI Unit cell Pore size Wall Surface Total pore
conc. o diameter thickness area volume
(mol/L) nm (#0.03) | nm (20.1 nm (20.04) m?/g (270) | cclg (28)
0.5 3.98 2.55 1.43 1540 872
1 4.25 2.98 1.27 1460 1000
2 4.13 2.80 1.33 1460 943
3 3.98 2.55 1.43 1570 914
4 3.84 2.40 1.44 1340 735
5 3.85 2.31 1.54 1340 725
6 3.78 2.10 1.68 1170 628
7 3.93 2.10 1.83 843 458

The effect of synthesis acid concentration on the surface areas of the calcined products
was greatest at acid concentrations greater than 3 mol/L where a significant decrease in
surface area was observed. Total pore volumes showed a similar decline with acid

concentration above 3 mol/L.

The acid content of the synthesis solution also had a large effect on the pore size
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distributions. This is illustrated in Figure 3.6.
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Figure 3.6 The effect of synthesis solution acid concentration on the pore size distribution of calcined
MCM-41 samples.

The pore size distribution was analyzed using N, multi-point adsorption-desorption data
following the BJH method. The pore size corresponding to the maximum in the pore size
distribution curve (tabulated in Table 3.6 ) was then used with the unit cell parameters a,
obtained from the XRD data (using the formula a,= 2d100/\/3, to estimate wall thickness
according to the procedure outlined in Section 2.5.2 where (wall thickness = a,— pore

size diameter). Data are summarized in Table 3.5.

In contrast to the surface area, pore size distribution for the MCM-41 samples varied
much more widely with acid concentration, decreasing from 2.98 to 2.1 nm with
increasing acid concentration. Increased acid concentration in the synthesis solution can
be expected to compress the double layer thickness of the outer surface of the micelle,
reducing the effective template diameter and hence the pore size. However, the unit cell
parameter was much less affected by the acid concentration so thicker pore walls resulted.
Thicker pore walls offer the potential advantage of enhanced thermal stability of the

calcined materials.
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3.2.3 Effect of acid concentration on Si yield

The Si % yield was determined from the ratio of the silica added to the synthesis mixture
to the silica content of the final product. The as-synthesized product consisted of silica,
surfactant and water. The water is evaporated and the surfactant is decomposed during
the calcining, so that the final product after calcining consists of silica alone. Hence the
final weight of the calcined product divided by the weight of silica expected from the
weighed amount of TEOS added allows the % yield to be determined. Data for % yield as

a function of acid concentration are summarized in Figure 3.7.
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Figure 3.7 Silica yield as a function of synthesis solution acid concentration

The data show that the Si yield increases with acid concentration from 43% to 94%.

3.2.4 Effect of acid concentration on the Si/CTAB ratio in MCM-41 precursor

The weight loss of the dry precursor phase allowed an estimation of the amount of

surfactant encapsulated in the precursor phase. Data are summarized in Figure 3.8
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Figure 3.8 Effect of acid concentration on the Si/CTAB ratio in MCM-41 precursor

The Si/Surfactant ratio of precursor products increased fairly linearly with increasing acid
concentration with a much steeper rate of increase above an acid concentration 4 mol/L.
At the highest acid concentration used, more that two silica atoms were on average

associated with each surfactant molecule.

3.3 The effect of reactant concentration

Mesoporous silica was synthesized using CTAB as the surfactant and TEOS as the silica
source following the general procedure described in Section 2.4. Amounts of CTAB and
TEOS (1.27 and 6.24 g respectively) were added to varying amounts of 2.5 mol/L acid to
give surfactant concentrations ranging from 1.27 to 4.23 wt% (0.035 to 0.12 mol/L) for a
constant Surfactant:Siratio of 0.12. The surfactant was added to the acid and the TEOS
was then added slowly with magnetic stirring. After stirring for 8 hours at room
temperature, the resultant white precipitate was filtered, washed and dried at room
temperature for several hours, followed by calcining at 550°C to remove the template.
The finial samples were characterized by low angle XRD, BET surface area

determination and BJH pore size measurements.
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3.3.1 Effect of reactant concentration on mesoporous structures

Representative XRD data for the precursor phases formed are given in Figure 3.11. Data
for the calcined phases are given in Figure 3.12. The low intensities of the calcined
phases can be attributed to deterioration of instrument beam intensity between
preparation and calcining. This was indicated by much reduced intensity of the digo line
of a MCM-41 standard that was routinely run with experimental samples. Thus a direct
comparison cannot be made between the intensities of the as synthesised and calcined
materials. Trends in the position and intensity of the dioo peak however do reflect changes

that occur upon calcining.

The XRD data indicate that MCM-41 phases were formed for all the surfactant

concentrations used and that the structure remained intact after calcining.

0.035 mol/L

Intensity

0.06 mol/L

\//LWM 0.12 mol/L
15 35 55 75 9.5
2 Theta

Figure 3.11 XRD patterns of the as synthesis samples synthesised with different surfactant

concentrations.
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Figure 3.12 XRD patterns of the calcined samples synthesised with different surfactant concentrations.

The XRD data were used to determine digo Spacing (Figure 3.13) and relative intensities

(Figure 3.14).
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Figure 3.13 Variation of dioo spacing with surfactant concentration (0.035 to 0.12 mol/L) for as

synthesised and calcined samples.
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Figure 3.14 Variation of dygo spacing relative intensity with surfactant concentration (0.035 to 0.12

mol/L) for as synthesised and calcined samples.

Samples synthesised in the surfactant concentration range of 0.045 to 0.07 mol/L show
well-resolved XRD patterns with one major peak (in the range of 26 = 2.1-2.6<indexed
to 100 diffractions) and two weak peaks (in the range of 3.5-6<indexed to 110 and 200
diffractions in the range of 0.5-3). These are characteristic of a one-dimensional

hexagonal structure, identical to that of MCM-41.

Figures 3.13 and 3.14 indicate that variations of the structure determined by XRD with
surfactant concentration can be divided into two steps. Firstly, for the as-synthesised
samples, the intensity of the dioo peak increased, and di10, d2oo peaks gradually appeared
with increased surfactant concentration in the range from 0.035 to 0.05 mol/L. This
indicated an ordering effect of the increased concentrations. The digo Spacing decreased
from 38.2 to 36.5 A over the same concentration range, indicating a slight contraction of

the unit cell.
Over the concentration range from 0.06 to 0.12 mol/L, the relative intensity of the digo
peak decreased, and the dijo, Oy peaks gradually disappeared with decreasing the

surfactant concentration. These trends indicated a lessening of the ordering within the
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product. The d,oo peak disappeared completely at surfactant concentration of 0.12 mol/L,
suggesting a loss of the hexagonal symmetry. The digo Spacings increased from 36.2 to
38.6 with increasing surfactant concentration. The above results demonstrate that the
optimum surfactant concentration for synthesis of highly ordered MCM-41 phases was
from 0.05 to 0.06 mol/L, but ordered mesophases can be synthesised at surfactant

concentrations ranging for 0.045 to 0.07 mol/L.

The optimum surfactant concentration determined for the as-synthesised materials was
confirmed by XRD data for the calcined samples (see Figure 3.14). Tables 3.6 and 3.7
summarise digo spacings and relative intensity data for the as-synthesised and calcined
samples.

Table 3.6 digo data the as-synthesised and calcined samples prepared at surfactant concentrations from
0.035 to 0.12 mol/L

Conc. (mol/L) 0.035] 0.04 | 0.045| 0.05 | 0.06 | 0.07 | 0.09 |0.12
digo as synth.(20.25A) 38.2 | 376 | 375 | 365 | 36.2 | 371 | 38.3 |38.6
digo calcined (%0.25A) | 35.8 | 36.6 | 36.4 | 36.2 | 359 | 359 | 355 |354
Contraction(£0.5A) 24 | 10 | 11 0.3 0.3 1.2 28 | 3.2

Table 3.7 The relative intensity of the d;o0 XRD peaks of the as synthesis and calcined samples

prepared at surfactant concentrations from 0.035 to 0.12 mol/L

Surf. conc.(mol/L) | 0.035 | 0.04 0.045 | 0.05 | 0.06 0.07 ]0.09 |0.12

Intensity (#130) 1800 | 2200 |260 |2900 | 2700 | 2600 |1700 |940

Intensity C (#50) 390 530 550 [ 630 | 560 560 490 340

The increase in the low angle reflection for the calcined silica samples corresponds to a
decrease in the dygo Spacing ranging from. 3.23 to 0.29 A. This decrease is consistent with
condensation polymerization of residual hydroxyl groups and concomitant contraction of
the pore center-to-center distance. The shrinkage was least at 0.06 mol/L surfactant

concentration.
The trends indicated in the data given above may result from changes in concentrations of

both the surfactant and the TEOS starting materials and the alcohol formed as a
by-product of the reaction. Even at the highest surfactant concentration, rod shaped
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micelles would not be formed in a simple aqueous solution. In the mixed
surfactant-TEOS system the intensity and contraction data are consistent with micelle
formation being most favoured at a surfactant concentration of approximately 0.06 mol/L
(and a TEOS concentration of 0.5 mol/L). Conditions favouring micelle formation can be

expected to give more ordered products that will be less affected by calcining.

A complicating feature of the experiment as performed was the increasing concentration
of alcohol produced by the hydrolysis of the increasing concentrations of TEOS used
(one molecule TEOS produces 4 molecules of ethanol during hydrolysis). The presence
of alcohol can be expected to disturb micelle characteristics. The organic component of
the alcohol is likely to favour absorption within the hydrophobic micelle core increasing
the rod diameters and possibly destabilizing the micelle structure. The observed result is
that beyond the optimum composition of reaction solution, the pore size increases and
order decreases with the increasing concentration of by-product alcohol in the synthesis

system.

3.3.2 Effect of reactant concentration on N, adsorption—desorption isotherms

Nitrogen adsorption isotherms for the calcined material are given in Figure 3.15 and
structural properties derived from the isotherms and the XRD data are summarised in
Table 3.8. The calcined materials synthesised from surfactant concentrations in the range
of 0.035 to 0.12 mol/L surfactant exhibit typical type IV isotherm behavior (See Figure
3.15). The steep capillary condensation step for these samples is characteristic of a high

uniform mesoporous structure.
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Figure 3.15 The effect of surfactant concentration on multi-point N, adsorption-desorption isotherms
of calcined MCM-41 phases

Table 3.8 summaries the structural features obtained from analysis of the XRD data and

the isotherm data and includes the unit cell a,, mean pore diameter, wall thickness, total

surface area and total pore volume calculated by the procedures described in Sections 2.5.

Table 3.8 The effect of surfactant concentration on structural properties determined from XRD
diffraction and N, adsorption—desorption isotherms of calcined MCM-41

Surfactant Unit cell Pore size | Wall Surface Total pore
concentration diameter | thickness area volume
(mol/L) nm(=20.025) | nm(20.01) | nm(20.035) | m%g (270) | cc/g (48.6)
0.035 4.14 2.57 1.57 1230 480
0.04 4.21 2.55 1.66 1400 510
0.045 4.19 2.75 1.44 1430 530
0.05 4.18 2.98 1.20 1520 580
0.06 4.15 2.99 1.16 1420 580
0.07 4.13 2.57 1.56 1290 460
0.09 4.10 2.44 1.66 1290 440
0.12 4.09 2.19 1.90 1100 370
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The BET specific surface areas range from 1098 to 1521m?/g increasing with surfactant
concentration from 0.035 to 0.05 mol/L, and then decreasing from 1521 to 1098 m?/g
with concentrations increasing from 0.05 to 0.12 mol/L. The optimum surfactant

concentration for achieving maximum surface area is approximately 0.05 mol/L.

Pore volume trends (Table 3.8) are similar to those of specific surface areas.

The trends in unit cell dimension, pore size diameter and wall thickness are shown in
Figure 3.16.
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Figure 3.16 Trends in unit cell dimension, pore size diameter and wall thickness

Surfactant concentration appears to have little effect on the unit cell dimension of the
calcined product but there are significant changes in pore diameter and wall thickness.
The wall thicknesses are least and the pore diameters are largest at the optimum
surfactant concentrations of 0.05 to 0.06 mol/L. The thicknesses increase and the pore

diameters decrease on either side of this optimum.

It is reasonable to suppose that the unit cell parameter (ap) of the as-prepared MCM-41,
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which passes through a minimum at the optimum concentration between 0.05 to 0.06
mol/L., reflects micelle geometry in the synthesis solution. This will be affected by the
presence of both the surfactant and silica components. The cell parameter of the calcined
material will be determined solely by the packing of the silica. The larger size of the cell
parameter of the as-synthesised material is consistent with a larger micelle in the
synthesis solution which would favour the incorporation of more silica into the micelle.
After calcining, this extra silica contributes to the greater wall thickness and smaller pore
diameter of those materials prepared at other than the optimum concentrations.

The increased micelle size at the higher synthesis concentrations might be explained by
the role of the alcohol released during the reaction. [7] The expanded micelle resulting
from the absorption of the alcohol would have greater surface film volume and hence a
greater volume for silica incorporation. It is less obvious why the micelles should be
larger at composition less than the optimum. It may be that at lower surfactant
concentrations, relatively More silica is incorporated into fewer micelles making the

moiclles larger overall. Pore size distribution curves are shown in Figure 3.17

Pore size distribution
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@ 035 ——0.12 mol/L
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S 01
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0 e — 0.04 mol/L
1.3 2.3 3.3 4. 3 53 £.3 0.035 mol/L
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Figure 3.17 BJH-derived pore size distribution curves for MCM-41 prepared at various reagent

concentrations
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It is apparent that while the pore sizes and volumes are much larger at the optimum

synthesis concentrations, the pore size distributions are similar.
3.3.3 Effect of reactant concentration on Si based yield
The MCM-41 yields calculated from the weight of calcined product compared with the Si

content of the TEOS starting material, for the varying synthesis mixtures are given in
Figure 3.18
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Figure 3.18 The Si yield for various synthesis compositions

Yields for the optimum product were approximately 85% and while yields increased to

100% when the reagent compositions were increased, the product formed was inferior.

3.4 The effect of reaction time

Mesoporous silica was synthesized using CTAB as the surfactant and TEOS as the silica
source following the general procedure described in Section 2.3, for reaction times
ranging up to 72 hours. After magnetic stirring (approximately 300 rpm) at room
temperature, the resultant white precipitate was filtered, washed and dried at room
temperature for several hours, followed by calcining at 550°C to remove the template.
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Both the as synthesized and calcined MCM-41 mesophases were characterized, where
appropriate, by low angle XRD, BET surface area, BJH pore size distribution and Si
based yields of products.

3.4.1 Effect of reaction time on mesoporous structures

It was found that with stirring at 300 rpm, an induction time of 30 minutes from addition
of TEOS was necessary before white precipitates were observed. At times between 30
minutes and three hours the semi opaque product obtained gave only one broad XRD
peak at about 2° 20, indicating a disordered amorphous phase. Evidence for composite
mesophases was obtained only after 3 hours of reaction. Thus the first sample for detailed
characterization was taken from the reaction mixture after 3 hours. A further 7 seven

samples were taken over the subsequent 69 hours.

XRD data for the synthesised and calcined samples are given in Figures 3.19 and 3.20.
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Figure 3.19 XRD patterns of the as synthesised samples after reaction times ranging from 3 to 72
hours.
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Figure 3.20 XRD patterns of the calcined samples after reaction times ranging from 3 to 72 hours.

The XRD data confirmed that MCM-41 was the only product formed for reaction times
varying from 3 to 72 hours and the structure remained intact after calcining. There was no

evidence for the growth of impurity phases. The assignment of the three main peaks was

as discussed in Section 3.

Some variation in djgo spacing and line intensity for both as synthesized and calcined

samples was observed. The variation with reaction time of dioo Spacing is shown Figure

3.21 and Table 3.9 and variation in line intensity is shown in Figure 3.22 and Table 3.10.
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Figure 3.21 Variation of dygo Spacing with reaction time (3 to 72 h) for as synthesised and calcined

samples.
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Figure 3.22 Variation of d,q, intensity with reaction time (3 to 72 h) for as synthesised and calcined

samples.
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Table 3.9 XRD d,q, data for the as-synthesised and calcined samples reacted for times varying from 3
to 72 h.

Reaction time (hours) 3 5 8 16 24 48 72

d1o as syn.(20.3, A) 384 | 390 | 379 | 377 | 364 | 358 | 355
d100 C.(20.3, A) 346 | 340 | 325 | 327 | 330 | 330 | 34.0
Contraction(%0.4, A) 3.8 5.0 54 5.0 3.4 2.8 1.5

Table 3.10 Relative intensity data for the digo XRD peaks of the as synthesis and calcined samples

reacted for times varying from 3 to 72 h.

Reaction time (hours) 3 5 8 16 24 48 72

Intensity as syn.(#140) | 1200 | 1320 | 1120 980 910 790 680
Intensity C. (2240) 1720 | 3860 | 1780 | 1340 | 1200 | 1090 | 1160
Alntensity (2280) 520 2540 660 460 390 300 480

The variation of structural characteristics of the as synthesized and calcined materials
showed significant differences as reaction time increased. The as synthesised material
gave dioo peak intensities that increased with reaction time over the first 5 hours of
reaction and then decreased indicating that the product achieved maximum order after 5
hours reaction time. The maximum in peak intensity correlated with a maximum in digo
spacing. Beyond five hours reaction time peak intensities and digo Spacings both
decreased. In the case of the calcined materials, the same trend in peak intensities
occurred, a maximum being observed after 5 hours reaction time. However the digo
spacings initially decreased with reaction time rather than increasing and were minimum

at a reaction time of 8 h.

Tables 3.9 and 3.10 summarise the effects of calcinations on the structural properties. The
lattice contraction, as indicated by the decrease in the djoo Spacing, went through a
maximum for the synthesis time of 8 h. Whereas peak intensities went through a sharp
maximum at 5 hours synthesis time. The facts that the as synthesised and calcined
materials both had maximum dioo peak intensities and the increase in peak intensity
increase upon calcinations was greatest at a reaction time of 5 hours, is evidence that the

optimum reaction time for the synthesis of ordered MCM-41 phases was 5 h. However,
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ordered mesophases can be synthesised at reaction times ranging from 3 to 72 h.

The considerable increase in intensity and narrowing of the djgo XRD peaks observed for
all calcined sample indicates an improvement of the mesoporous order induced by the
combined effects of the removal of the surfactant and the condensation polymerization
reaction. At longer reaction times, the contraction was smaller which might be explained
by a higher degree of polymerization of the silicate and a thickening of the pore walls.
Longer reaction times might thus offer the advantage of enhanced thermal stability of the

calcined materials.

3.4.2 N2 adsorption—desorption isotherms

Multi-point adsorption desorption studies were carried out using the NOVA instrument
(See Section 2.5.2). Isotherms of the calcined samples are presented in Figure 3.23. In all
cases, the calcined materials exhibited typical type IV isotherm behavior. The steep
capillary condensation step for these samples is characteristic of well ordered and

uniform mesoporous structure.
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Figure 3.23. Effect of synthesis time on nitrogen adsorption isotherms for calcined MCM-41
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Table 3.11 summarises the structural features obtained from analysis of the XRD data
and the isotherm data, and includes the unit cell a,, mean pore diameter, wall thickness,
total surface area and total pore volume calculated by the procedures described in Section
2.5.

Table 3.11. Effect of synthesis time on unit cell and pore characteristics.

Reaction | Unit cell Poresize | Wall Surface Total pore
Time o diameter thickness | area volume
Hours nm (20.03) | nm (20.01) | nm (20.04) | m%/g (270) | cc/g (28)
3 3.98 2.30 1.68 1520 517
5 3.90 2.44 1.46 1510 531
8 3.74 2.57 1.17 1270 488
16 3.75 2.57 1.18 1010 387
24 3.80 2.32 1.48 960 341
48 3.80 2.18 1.62 870 278
72 4.02 2.07 1.95 730 256

The BET specific surface area decreased from 1510 to 730 m%g with the increasing
reaction time from 3 to 72 h. The total pore volumes increased slightly from 517 to 531
cc/g with the increasing reaction time from 3 to 5 h and then decreased from 531 to 256
cc/g with reaction times from 5 to 72 h. The pore size increased slightly from 2.30 to 2.57
nm with increasing reaction time from 3 to 8 h, and then decreasing from 2.57 to 2.07 nm
with reaction times from 16 to 72 h. In contrast, the pore size decreased from 1.68 to 1.17
nm with increasing reaction time from 3 to 8 h, and then increased from 1.18 to 1.95 nm
with increasing reaction time from 16 to 72 h. However, the unit cell parameter was

much less affected by the reaction time so thicker pore walls resulted.

The pore size distribution was analyzed using N, multi-point adsorption-desorption data
following the BJH method. Results are summarised Figure 3.24. It is apparent that the
pore diameter of the maximum in the distribution curve for the MCM-41 samples

increased with reaction time reaching a maximum after 8 hours and then decreased.

102



Chapter 3

0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

Pore volume {cm3/g)

Pore size distribution

| — m

2 3 4 5 5

Pore size {nm)

—+—3h
—m—5h
—4—8h
—=—16h
——=24h

48 h

72h

Figure 3.24 The effect of reaction time on the pore size distribution of calcined MCM-41 samples.

3.4.3 Effect of reaction time on Si yield

The MCM-41 yields calculated from the weight of calcined product compared with the Si

content of the TEOS starting material, for the varying synthesis times are given in Figure
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Figure 3.25 The effect of reaction time on the silica yield.

The yield of silica base, i.e. mesoporous silica materials, increased with the increasing
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reaction time. This can be explained by the increased silicate polymerization,
transportation into the channels from the mother liquor and continued wall building. The
siliceous species may use the free space at the silicate/surfactant interface for further
polymerization, so that the contraction of the unit cell upon calcination decreased, the

wall thickness increased, and the yield of silica increased with increasing reaction time.

3.5 The effect of stirring rate

3.5.1 Introduction

It has been reported [8] that stirring rate can be used to tune the morphology of MCM-41,
particularly to increase surface area and wall thickness. The different shear rates
associated with different stirring conditions influence the shape and aggregation of
micelles, as well as the interfacial growth of the silica-surfactant mesophase, resulting in
distinct morphologies. This knowledge not only promotes an understanding mesoporous
materials formation, but also enables the flexible design and construction of new
functional the mesoporous materials As part of the program to optimize synthesis
conditions, a range of stirring rates were used in conjunction with the previously
optimized reaction time of 8 hours and other synthesis conditions described in Section
2.3.

3.5.2 Experimental

Mesoporous silica was synthesized using CTAB and PD respectively as the surfactant
and TEOS as the silica source following the general procedure described in Section 2.3.
An IKA® stirrer fitted with a 4.5 cm diameter propeller was used to achieve controlled
stirring conditions with stirring speed ranging from 50 to 1000 rpm

3.5.3 Effect of stirring rate on induction times

The induction time for the formation of white precipitates decreased from 2 to 15 minutes
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when the stirring rate was increased from 50 to 1000 rpm. In addition, three different
product morphologies were observed, depending upon stirring rate. In the first, the
inorganic phase (lower) and organic phase (upper) ware completely separated when the
stirring rate was less that 50 rpm. Flake-like white precipitates which fell into the
inorganic phase, were observed to form at the inorganic-organic (TEOS) interface. The
induction time was short, (about 2 min). The second morphology was observed when the
stirring rate was increased from 50 to 200 rpm. Ribbon-like precipitation occurred at the
inorganic-organic (TEOS) interface and diffused into the inorganic phase. At stirring
rates between 200 and 1000 rpm, the TEOS immediately dissolved to generate a
homogeneous and transparent solution with an induction time of about 15 min before the

solution turned cloudy with the formation of colloidal white precipitates.

3.5.4 Effect of stirring rate on structural features

XRD data for the as synthesized and calcined MCM-41 materials prepared at different
stirring speeds are given in Figures 3.26 to 3.29. All materials gave typical MCM-41
diffraction patterns consistent with one sharp peak in the range of 26=2.1-2.6 <indexed to
d10o diffractions and two additional weak peaks in the range of 3.5-6< indexed to dijpand
daoodiffractions, which are characteristic of the one-dimensional hexagonal mesophase. In
all cases the ratio of djpo:di10 is 1.732 and di10:d200 is 1.155 indicating highly ordered
hexagonal mesoporous structures. Stirring rate did not significantly affect the internal

structure of the mesoporous product.
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Figure 3.26 Effect of stirring rate on powder XRD patterns of the as-synthesised samples (CTAB

template).
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Figure 3.27 Effect of stirring rate on powder XRD patterns of the calcined samples (CTAB template).
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Figure 3.8 Effect of stirring rate on powder XRD patterns of the as-synthesised samples (PD template)
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Figure 3.29 Effect of stirring rate on powder XRD patterns of the calcined samples (PD template)

107



Chapter 3

The effect of stirring rate on the digo Spacing and XRD intensities for the as synthesised

and calcined samples are summarized in Figures 3.30 and 3.31.
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Figure 3.30 Effect of stirring rate on dyqo spacing of the as-synthesis samples (CTAB template)
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Figure 3.31 Effect of stirring rate on dyqo intensity of the as-synthesis samples (CTAB template)
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Table 3.12 Effect of stirring rate on dyo Spacing of the as-synthesis samples (CTAB template)

Stirring rate(rpm) 50 | 100 | 150 | 200 | 250 | 300 | 400 | 500 | 750 | 1000

digo as syn.(#0.3,A) | 37.1 | 37.2|37.5|37.8(37.4|38.2|38.7(38.4|37.4] 389

digo C.(£0.3, A) 325 |338| 35 |353|34.5|359|35.7|36.7|352| 353

Contraction 46 | 34 | 25| 25|29 | 23 3 1.7 | 22 | 3.6
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Figure 3.32 Effect of stirring rate on dyqo Spacing of the as-synthesis samples (PD template)
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Figure 3.33 Effect of stirring rate on dyqo intensity of the calcined samples (PD template)
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Table 3.13 Effect of stirring rate on d;o Spacing of the as-synthesis samples (PD template)

Stirring rate r/m 50 | 100 | 150 | 200 | 250 | 300 | 400 | 500 | 750 | 1000
d100 as syn.(+0.3,A) [36.5/36.9(36.9(37.8/36.9(369| 37 |36.3[365| 37
100 C.(£0.3, A) 30.4 317319329 (327327329324 |326| 33.2
Contraction 6.1 | 5.2 5 49 | 42 | 42 | 41 | 39| 39| 38

Figures 3.30, 3.31, 3.32 and 3.33 show that stirring rate has little effect on the structure of
the as-prepared MCM-41 derived from both CTAB and PD templates. XRD intensities

and d1g0 Spacings show slight increases over the stirring speed range.

After calcining, there is a decrease in the value of dioo spacing for all calcined samples,
but the contraction varied with the stirring rate used in the preparative step. Over the
stirring rate range from 50 to 200 rpm, the d; ¢ ¢ Spacing contraction decreased from 4.6 to
3.5 A for the CTAB template and from 6.1 to 4.9 for the PD template (Tables 3.12 and
3.13). The intensity of the dioo XRD peaks of the calcined materials increased with the
stirring rate used in the preparative step. It appears that higher stirring rates, while not
significantly affecting the structure of the as-prepared materials, do favour the formation
of more robust phases able to better maintain their structures when the template is

removed.

3.5.5 Effect of stirring speed on particle morphology

Particle morphology of the as-synthesised material was studied by SEM to determine
whether stirring speed had any affects on particle size and shape. Data for the MCM-41

phases formed using both CTAB and PD templates and prepared at stirring speeds

ranging from 50 to 1000 rpm are summarized in Figures 3.34 to 3.41
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Figure 3.34 SEM Image CTAB as template stirring rate 50 rpm

P

Figure 3.35 SEM Image CTAB as tmplatstirring rate 200 rpm
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Figure 3.36 SEM Image CTAB as template stirring rate 400 rpm

Figure 3.37 SEM Image CTAB as template stirring rate 1000 rpm
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,,,,

Figure 3.38 SEM Image PD as template stirring rate 50 rm

Figure 3.39 SEM Image PD as template stirring rate 200 rpm
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Figure 3.41 SEM Image PD as template stirring rate 1000 rpm
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SEM images of the exterior surfaces of the samples prepared at the lowest stirring speed
showed relatively smooth small particles with distinct growth step edges of about 300 nm
height. At the higher stirring speeds, the particles tended to have rougher outlines and in
most cases appeared to consist of inter grown particles made up of flake-like layers
approximately 300 nm thick. Surfaces were generally rough and covered by small

particlespossibly indicating nucleation and growth on the surfaces.

3.5.6 Effect of stirring speed on N, adsorption-desorption characteristics

The nitrogen isotherms and their BJH PSD curves for the samples prepared at different
stirring speeds are presented in Figure 3.4-17. All isotherms were type 1V isotherms and

showed a sharp increase in N adsorption at P/P, of ca. 0.2~0.3, consistent with capillary

condensation of N in uniform, sinzed mesopores.
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Figure 3.42 The effect of stirring on N, adsorption-desorption isotherms (CTAB as template)
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Figure 3.43 The effect of stirring on N, adsorption-desorption isotherms (PD as template)

The specific surface area values (Sget) and the pore volume of samples based on the BET
method are summarized in Tables 3.15 and 3.16 and plotted in Fig 3.44 and 3.45. Very
high Sget values of more than 1000 m?/g were obtained for all samples except the sample
prepared at a stirring rate 50 rpm. The surface area increased steadily from 845 to 1572
m?/g as the stirring speed was increased from 50 to 200 rpm. From 200 rpm to 300 rpm
there was no further positive effect (a small negative effect is indicated by the data).
Above 300 rpm, increasing the stirring rate produced a further increase in surface area of
the calcined products. T he increases in surface area of calcined products formed at
increasing stirring rates are mirrored by increases in XRD dio intensities (See figures
3.32 and 3.33).
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Figure 3.44 The surface area CTAB as template at different stirring rate
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Figure 3.45 The surface area PD as template at different stirring rate

The effect of stirring on pore size distribution is plotted in Figure 3.46 and 3.47. The
isotherms and the corresponding pore size distributions show a narrow pore size
distribution for the all samples. Samples synthesised at high stirring rates had larger

meso pore areas. Although not resolved, micro pore area is indicated by pore area below
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1.5 nm. Micro pore area increased with stirring rate for the CTAB surfactant but much

less so with the PD surfactant.
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Figure 3.46 The effect of stirring rate on the pore size distribution (CTAB as template
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Figure 3.47 The effect of stirring rate on the pore size distribution (PD as template)

A summary of structural parameters, including calculation of wall thickness is presented
in Table 3.15 and 3.16
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Table 3.15 The effect of the stirring rate on structural properties of calcined MCM-41 phases (PD as

template

Stirring | Unit cell Pore size | Wall Surface Total pore
rate o diameter thickness | area volume
(rpm) nm (#0.03) | nm (20.01) | nm (20.04) | m?%/g (270) | cc/g (28)
50 3.04 2.08 0.96 1000 312
100 3.17 2.08 1.09 1230 385
150 3.19 2.07 1.12 1340 437
200 3.29 2.07 1.22 1460 483
250 3.27 2.07 1.20 1400 446
300 3.27 2.07 1.20 1430 444
400 3.29 2.06 1.23 1390 475
500 3.24 2.06 1.18 1410 503
750 3.26 2.06 1.20 1490 523
1000 3.32 2.07 1.25 1600 492

Table 3.16 The effect of stirring rate on the structural properties of calcined MCM-41 phases (CTAB
as template)

Stirring Unit cell Pore size Wall Surface Total pore
rate Ao diameter thickness | area volume
(rpm) nm (20.03) | nm (20.01) | nm (20.04) | m%g (270) | cc/g (28)
50 3.25 2.32 0.93 850 174
100 3.38 2.31 1.07 1130 181
150 3.50 2.32 1.18 1390 269
200 3.53 2.30 1.20 1570 349
250 3.45 2.31 1.14 1490 395
300 3.59 2.34 1.25 1350 369
400 3.57 2.34 1.23 1760 464
500 3.67 2.32 1.35 1830 477
750 3.58 2.30 1.28 1790 575
1000 3.53 2.30 1.23 1660 530

Although the unit cell dimension increased with increasing stirring rate in the range from
50 to 200 rpm, the mean pore size diameter remained the same. The increased unit cell
dimension is reflected in increased wall thickness. When the stirring rate was higher than
200 rpm, all samples have a similar unit cell, pore size and wall thickness, indicating that
the stirring rate had little effect on the final calcined structures. These trends are

summarized in Figures 3.48 and 3.49
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Figure 3.48 Effect of stirring speed on structural properties (CTAB as template)
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Figure 3.49 Effect of stirring rate on structural properties (PD as template)

3.5.7 Effect of stirring rate on Si yield

The percentage of silica recovered as MCM-41 product (i.e. yield) as a function of
stirring rate are shown in Figures 3.50 and 3.51. They show that there is a significant
decrease in the yield of the product with an increase in stirring rate. While the yield is
lower, the XRD and nitrogen adsorption data point to the products formed at higher

stirring rates as being more ordered and having greater specific surface area.
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Figure 3.50 The effect of stirring rate on yield (CTAB as template)
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Figure 3.51 The effect of stirring rate on yield (PD as template)
3.5.8 Conclusion
It has been demonstrated that stirring can be used as a convenient tool for controlling

aspects of the structure of MCM-41 synthesised from TEOS under acid conditions. To

achieve well ordered phases with maximum specific surface areas, narrow pore size
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distributions and thick walls, stirring speeds greater than 500 rpm should be used.

3.6 Studies of product stability

Applications envisaged for the mesoporous silicas studied in the work include their use as
absorbents and catalysts. These applications may involve a variety of thermal and
hydrothermal conditions. It is thus of interest to determine how stable the phases prepared

by the acid hydrolysis method were under such conditions.

Mesoporous silica was synthesized following the general procedure described in Section
2.3. The as-synthesized and calcined samples were then subjected to a variety of stability
tests including: aging, thermal stability, resistance to acids and bases and hydrothermal
stability. XRD and nitrogen adsorption experiments were used to assess the changes

brought about by these treatments.

3.6.1 Effect of aging

As synthesized and calcined samples were stored in air tight vials and sampled
periodically for XRD and adsorption analysis. XRD data for the as synthesised and
calcined MCM-41 materials after varying periods of aging are summarised in Figures

3.52 and 3.53 and in Tables 3.17 and 3.18 respectively.

Table 3.17 The effect of aging on d;qg spacing of as-synthesised MCM-41

Aging period (Month) 3 6 12 24 36

2 Theta 2.44 2.47 2.45 244 2.45
d10o Spacing (0.3, A) 36.2 35.9 36.1 36.2 36.1
Intensity (£140) 1274 489 1260 1089 894
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Figure 3.52 The effect of aging on XRD powder patterns for as-synthesised MCM-41.
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Figure 3.53 The effect of aging on XRD powder patterns for calcined MCM-41

Table 3.18 The effect of aging on diqo Spacing and intensity of calcined samples

Aging period (Months) |1 6 12 36

2 Theta 2.49 255 |2.49 2.83
d1o0 Spacing (£0.3, A) 35.3 346 |353 31.2
Intensity (+140) 2329 | 827 992 358
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While the variation of dioo line intensities for the as synthesized samples was greater than
experimental error, the digo Spacing remained constant. The variation in the intensities
was probably due to variation in beam intensity and beam alignment rather than
deterioration of the mesophase ordering. The peak sharpness does not change and the d110
and dago peaks remain well resolved. Furthermore, a calcined material prepared from the
three year old as-synthesized material produced XRD patterns very similar to the calcined
product prepared from freshly synthesized material. It can be expected that the template

will preserve the structure of the as—synthesized material indefinitely.

In contrast, the calcined samples showed significant changes upon aging. From the XRD
patterns presented in Figure 3.53, it is clear that, even allowing for changes in beam
intensity, the dioo peak intensity decreased with sample age, the digo Spacing changed, the
peaks broadened and the diip and dyg0 peaks became less obvious. These changes all
indicate a deterioration of structural ordering with time. After three years, only a single
weak broad peak was observed, the di1p and dyoo peaks having completely disappeared.
The decrease in the unit cell from 35.3 to 31.2 A and the decrease in specific surface area

both indicate a gradual collapse with age of the mesoporous structure.

Further evidence of the collapse of the pore structure of the calcined samples with age is
provided by the pore size distribution (Figure 3.54). The isotherms and the corresponding
pore size distributions show a narrow pore size distribution for the freshly calcined
sample whereas the sample aged for 3 years under ambient conditions gave no peak in
the pore distribution.

The surface area decreased from 1423 to 474 m?/g over the 3 year aging period. The
remaining surface area was associated with the pores in the micropore region below
about 2 nm, presumably in the remnants of the mesopore walls. The mesoporous

structure had almost completely degraded.
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Figure 3.54 The effect of sample age on pore size distribution for calcined samples

It is clear from these results that the mesoporous structure deteriorates with time.
However, after 12 months the calcined material still exhibited the characteristic XRD
diffraction pattern of MCM-41. Thus while applications based upon the mesoporosity of
calcined material can not rely indefinitely on the structural integrity, useful lifetimes of

up to 12 months can be anticipated.

While the mesoporous structure deteriorates with time, the materials still retain their
relatively large surface area because of the microporous structure associated with the pore
walls. This appears to remain intact even after the pores themselves have collapsed. Far
fewer Si-O-Si bond rearrangements would be required for the collapse of the mesopore

structure than for the collapse of the micro pore structure.
3.6.2 The thermal stability of calcined product
Calcined samples were heated at temperatures ranging from 100 to 700°C for 24 hours

and then characterized by low angle XRD, BET surface area determination and BJH pore

size measurements.

125



Chapter 3

XRD data for the calcined MCM-41 materials heated at different temperatures are
summarized in Table 3.19. Below 500°C, the diog Spacing decreased from 33.5 to 32.5 A
(contraction of approximately 3%), but the peak intensity was not significant changed. At
550 °C, the digo spacing decreased significantly (from 33.5 to 30.7 A or about 9%) and
the intensity increased to a value approximately twice that of the original calcined
material. At temperatures of 600°C and above, large decreases in digo Spacing occurred
(from 33.5 to 27.8 A, or about 20%) and the diqo intensity decreased indicating collapse

of the mesoporous structure.

Table 3.19 The effect of thermal treatment on d,qq spacing of calcined samples

Temperature (°C) Original | 100 | 500 550 | 600 | 700
2 Theta 2.63 2.67 2.72 2.88 3.00 | 3.18
d100 Spacing (£0.3, A) 335 | 331 | 325 | 30.7 | 294 | 27.8
Intensity (£140) 960 819 1205 1812 968 575

A summary of structural parameters derived from adsorption measurements, including
wall thickness is presented in Table 3.20. The unit cell parameter decreased with the
increasing temperature, the mean pore size diameter remained the same, indicating that
the wall thickness decreased with increasing temperature. This implies that the density of
wall increased with increasing heat temperature. At 550°C and below, the surface area
was not obviously changed with increasing temperature. Above 550°C, the surface area

decreased from 1350 to 474 m?/g as the temperature was increased from 550 to 700°C.

Table 3.20 The effect of the thermal treatment on structural properties of calcined MCM-41 phases

Unit cell Pore size Wall Surface Total pore
N diameter thickness | area volume
nm (#0.03) | nm (20.01) | nm (20.04) | m%/g (270) | cc/g (28.6)
Original 3.58 2.08 1.5 1430 518
100 3.54 2.08 1.46 1396 498
500 3.48 2.06 1.42 1363 475
550 3.28 2.06 1.22 1350 438
600 3.15 2.08 1.07 746 341
700 2.97 474 209

3.6.3 The effect of acid and base on product stability
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In order to evaluate the stability of MCM-41 material in the presence of acid or base, the
calcined samples was immersed in 10% HCI and 5% potassium hydroxide and heated at
75°C for 3 h. The treated samples were filtered and dried at room temperature and
characterized by low angle XRD, BET surface area determination and BJH pore size

measurements.

No data was obtained for the base treatments. The MCM-41 completely dissolved at 10%
KOH and even in 5% KOH, an amorphous powder was produced giving only a broad

XRD diffraction peak.

XRD data for the MCM-41 materials treated by HCI are summarized in Tables 3.21 and
3.22 and Figures 3.55, 3.56. The material treated by HCI exhibited sharper XRD peaks
with higher intensities indicating that there was an improvement of structural ordering
after HCI treatment. The fact there was no significant loss of silica indicated that the

change was not due to the removal of disordered material.
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Figure 3.55 The effect of HCI treatment on N, adsorption-desorption isotherms

127



Chapter 3

0.3

0.25
C
g 02
(5]
£ 015
o
>
[«5)
s 01
o

0.05

O 1 1 1 I 1 4‘ 1
1.3 2.3 3.3 4.3 5.3 6.3
Pore size (nm)
—— Original —#— HCI rt —— HCI heat

Figure 3.56 The effect of HCI treatment on the pore size distribution

Table 3.21 Effect of HCI treatment on d1qo Spacings and intensity of the calcined samples

Original | HCI (20°C) | HCI (75°C)
d100 Spacing (0.3, A) 34.9 33.7 33.4
Intensity (+140) 1230 1500 1570

The nitrogen adsorption measurements confirmed a slight increase in uniformity of pore

structure by the sharpness of the step of capillary condensation at P/P;=0.2 (Figure 3.55

and 3.56), a slight narrowing of the pore size distribution and a slight increase in the

mean pore diameter. These changes are consistent with the removal of small amounts of

free silica from the pore walls but no significant structural change.

Table 3.22 The effect of HCI treated on structural properties of calcined MCM-41 phases

Unit cell Pore size Wall Surface Total pore

ao diameter thickness | area volume

nm (#0.03) | nm (20.01) | nm (20.04) | m%/g (270) | cc/g (48.6)
Original 4.01 2.19 1.82 1362 468
HCI rt 3.87 2.30 1.57 1270 447
HCI heat 3.84 2.30 1.54 1383 490

The XRD and the nitrogen adsorption data presented above indicate that

while the
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specific surface area remained essentially constant, the mesoporous pore size increased

and unit cell decreased., These effects are consistent with shrinkage of the microporous

silica wall material leading to larger pores, thinner walls and decreased unit cell.

3.6.4 The effect of the stirring rate on the age stability

It has been previously observed that increased stirring speed during synthesis produced

MCM-41 phases of greater wall thicknesses. It is of interest to determine whether the

increased wall thickness imparts greater resistance to aging. Samples prepared at 1000

and 200 rpm were calcined and sealed in vials at room temperature for 2 years. The initial

and aged samples were characterized by low angle XRD. Data are presented in Figures

3.57 and 3.58 and summarized in Table 3.23.
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Figure 3.57 XRD patterns of the freshly calcined samples prepared at 200 and 1000 rpm
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Figure 3.58 XRD patterns of the calcined samples prepared at 200 and 10000 rpm and aged for 2 years

Table 3.23 dygo spacing and intensity of freshly prepared and aged calcined samples prepared at 200

and 1000 rpm

Stirring rate (rpm) 1000 fresh 1000 aged 2y | 200 fresh 200 aged 2y
Intensity +140 2083 827 1316 89
d100 Spacings (0.3, A) 35.3 34.6 35.3 31.4
Contraction (£0.6, A) 0.7 3.9

It is clear that preparation at the higher stirring speed has produced a product, which upon

calcining, displays superior resistance to aging. This is likely to result from the fact that

the higher stirring speed leads to the formation of a product with thicker pore walls. The

higher peak intensity of dioo peak of the original 1000 rpm sample was most likely to

have been caused by variation of instrument beam intensity rather than structural change

of the sample. Although the noise on the trace for the aged material is greater, the full
width at half height (FWHH) of the dioo reflection, and the presence of diig and dago

peaks and absence of significant contraction, point to a product of superior stability.
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3.6.5 Hydrothermal stability

An indication of the hydrothermal stability of MCM-41 prepared according to Section 2.3
and calcined at 500°C was obtained by immersing the product in boiling water for times
varying from 3 to 24 hours.. The treated samples were filtered, dried at room temperature
and characterized by low angle XRD, BET surface area determination and BJH pore size

measurements. Data are given in Figures 3.59 and Table 3.24

Original
3h

5
M
et N 240

15 35 5.5 7.5 9.5
2 Theta

Intensity

Figure 3.59 The effect of treatment by boiling water on Powder XRD patterns for the calcined
MCM-41.

The XRD data (Figure 3.59) show a progressive deterioration of mesoporous structure
with prolonged boiling water treatment. The d;po peak intensity is decreased, and other
peaks due to diip and dygo gradually disappear. After 24 hours, only a single broad peak
remained indicating the almost complete destruction of the mesoporous structure. It is
likely that the siloxane bridges of the walls had been broken under these conditions.
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Table 3.24 The effect of varying boiling times on the powder XRD patterns Of the calcined MCM-41

Original | 3 h 5h 8h 24 h
2 Theta 2.73 2.89 2.93 2.89 2.93
d100 Spacing (0.3, A) | 32.3 30.5 30.1 30.5 30.1
Intensity (+140) 1027 688 647 327 111

The nitrogen isotherms and their BJH PSD curves for the calcined samples heated in
boiling water for different periods of time are summarized in Figure 3.60 and 3.61. It can
be seen that the capillary condensation step became broader with increasing boiling time

and completely disappeared after 24 h.
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Figure 3.60 N, adsorption-desorption isotherms of the calcined samples after exposure to boiling

water for different periods of time.

There was an associated gradual broadening of pore size distributions, a movement
towards smaller pore size and eventually disappearance of peaks on the PSDs consistent

with structure collapse.
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Figure 3.61 The effect of heated water on the pore size distribution

A summary of structural parameters, including calculation of wall thickness is presented
in Table 3.25

Table 3.25 The effect of boiling water treatment on structural properties of calcined MCM-41

Refluxing | Unit cell Poresize | Wall Surface Total pore
Time Ao diameter thickness area volume
Hours nm (20.03) | nm (20.01) | nm (20.04) | m%/g (270) | cc/g (28.6)
0 3.43 2.56 0.87 1236 475

3 3.26 2.08 1.18 801 268

5 3.22 1.58 1.64 439 144

8 3.26 1.58 1.68 402 128
24 322 | e | e 162 101

There is a large and progressive decrease in the surface area with boiling water treatment.
However some surface area still remains even after 24 hours treatment. This surface area

appears to be associated with a broad distribution of pore sizes.

3.7 Mechanism of MCM-41 precursor formation

Mesa [9] has recently proposed a revised mechanism for the formation of MCM-41 silica.

This is based upon the belief that at the surfactant concentrations employed, the micelles
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in the synthesis system would be spherical rather than rod shaped as used in earlier
explanations. When the surfactant CTAB is used for the synthesis of MCM-41
mesoporous silica, a concentration of 2.0% is typically used. Rod shaped micelles
typically are formed in the concentration range of 11-20.5 wt%. [9] The initial size of
these spherical micelles can be expected to vary with temperature and acid concentration.
Mesa [9] suggests that TEOS molecules are absorbed into the micelles and the siliceous
species formed by hydrolysis, migrate into and are adsorbed on the outside surface of a
palisade layer of the hydrocarbon tails of the surfactant molecules forming the spherical
micelle. The acid induced poly-condensation of these TEOS molecules contributes to an
increase in micelle size with reaction time. The negative charges of the anions in double
layer adjacent to the spherical micelle surface become screened by the silica polymers
thus reducing repulsions between the micelles. When enough silica condensation has
occurred, and as the inter-micellar repulsive interactions diminish, the elongated
polycondensed silicate species act as a bridge to link the spherical micelles which
restructure to form the rod-like micellar mesophase. Further coating with the
polycondensed silica reinforces the cohesion, and increases the stiffness of the rod-like

micelles which then aggregate to form the mesoporous precursor phase.
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Figure 3.62 Schematic representation of the interaction between the siliceous species and the micelle
of surfactant (Mesa) [9]

The diameter of a spherical micelle of CTAB can be expected to be determined by the
length of the hydrocarbon chain and the ionic environment that determines electrostatic
repulsion of the positively charged head groups. Other factors that contribute to micellar
size include the hydrophobic, hydrophilic and electrostatic interactions between the

hydrocarbon tail groups, charged head groups and the ions in the suspending solution.
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In the acid synthesis route, the acid concentration is the main factor which controls the
geometrical packing of the surfactant micelle. At 25°C, the value of the CMC (critical
micelle concentration) of the surfactant CTAB is around 10 mol/L or 0.032 wt.%, the
mean aggregation number N is around 80 (function of the concentration). While Mesa
argues that increased acid concentration causes greater electrostatic repulsion between
polar head groups resulting in decreased mean aggregation number [10], we believe that
the increased ionic strength of the higher acid concentration would cause a compression
of the double layer and a reduction in micelle size. We extend this reasoning by noting
that the penetration into the micelle of the silica polymers and the condensation of the
spherical micelles to form rod shaped micelles would result in rod shaped micelles with a
silica skin.  This silica skin would exert a compressive force due to surface tension and
would result in folding of the hydrocarbon chain in the central core and reduction of
micelle diameter. This explanation is consistent with the pore diameter being much less
than the unmodified micelle diameter and the observations that pore size decreases with
acid concentration and wall thickness increases with acid concentration. If silica
condensed on the outside of a preformed rod shaped micelle, the pore diameter would be
expected to have a diameter close to that of an unmodified micelle (6.4 nm). The Mesa
model also accounts for microporosity. Because the silica condenses around the
hydrocarbon tails of the monomer units of the surfactant palisade, when these monomers
are removed by calcining the molecular imprints left remaining will provide pores of

sub-nanometer dimensions.
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Chapter 4 Preparation of metal loaded MCM-41

by immersion treatment of preformed phases

4.1 Introduction

In Chapter 3, the optimum reaction conditions to produce pure silica MCM-41 with
high surface area and well ordered pore structures were investigated. In the present
chapter conventional loading by immersion was used to load organometallic
complexes into the calcined silica phases prepared as described in Section 2.3.
Typically previous workers have used toluene and THF as the solvent in immersion
loading studies involving organic or organometallic compounds and have used limited
rinsing to remove excess. In the present study we were concerned about the possibility
of solvent effects. We also wished to load the organometallic compound into the pores
in such a way so to minimize the size of the metal particles that would be formed
upon calcining. Thorough rinsing was used to remove free complex that would
otherwise precipitate when the solvent was evaporated. Precipitated complex was
considered likely to sinter during calcining to form the larger particles that have been
observed in previous studies of this sort. It was considered that by removing all except
the complex adsorbed onto the walls of the mesopores, aggregation and sintering
effects would be minimized and the formation of metal particles smaller than pore

dimensions would be favoured.

4.2 The effect of solvent immersion on the preformed MCM-41 structure

In many cases reported in the literature, the loading of MCM-41 by imbibing has
resulted in modification of the MCM-41 structure (see Section 1.2.12). It was of
interest to determine whether it was the metal loading or the solvent that caused this
modification and if the solvent was responsible, to find a solvent for which the effect

was minimal.
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Dry calcined MCM-41 (0.5 g) was suspended in 10 mL of a range of dry solvents
(THF, toluene, ethyl acetate, and dioxane) stirred in an ice bath for 24 h under partial
vacuum. The solid was recovered by filtration, washed with dichloromethane, dried
under high vacuum for 3 hours and then calcined at 550°C for 5 h in air. The solvent
treated samples were characterized by low angle XRD, BET surface area
determination and BJH pore size measurements after the air drying and calcining
steps. Preliminary experiments (data not reported) had shown that rinsing with

dichlormethane had no effect on pore structure.

4.2.1 Effect of solvent on mesoporous structure

XRD data for the original calcined materials, solvent treated samples after vacuum
drying and solvent treated samples after calcining are presented in Figures 4.1 to 4.4
and Tables 4.1 and 4.2. All materials gave typical MCM-41 diffraction patterns,
indicating ordered hexagonal mesoporous structures but some were significantly

modified by solvent treatment.
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Figure 4.1 The effect of THF on XRD pattern of MCM-41.
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Figure 4.2 The effect of toluene on XRD pattern of MCM-41.
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Figure 4.3 The effect of dioxane on XRD pattern of MCM-41.
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Figure 4.4 The effect of ethyl acetate on XRD pattern of MCM-41.
139



Chapter 4

Table 4.1 The effect of solvent treatment on XRD d;qo spacings (C = calcined).

Original | THF Dioxane | Toluene | Ester
d100 Spacing Dry (0.3 A) | 34.9 33.0 33.0 33.7 36.5
Change -1.9 -1.9 -1.2 +1.6
d100 Spacings C (+0.3 A) 34.9 30 32.1 33.2 35.8
Change -4.9 -2.8 -1.7 +0.9

Table 4.2 The effect of solvent treatment on XRD dyqq intensity.

Original | THF Dioxane | Toluene | Ester
Intensity Dry (0.3 A) 2080 1540 1610 1820 2080
Intensity C (0.3 A) 2080 850 1840 1910 1820

All solvent treated samples were slightly affected. Effects on XRD intensity were

greatest for THF, both after air drying and after subsequent calcining. The effect of

the other solvents on intensities were minor. THF also had greatest effect on digo

spacing, causing a massive 4.9 A contraction upon calcining. Both toluene and

dioxane produced more modest contractions both at the air dried and calcined stages.

In contrast ethyl acetate treatment lead to slight expansion of the djqo Spacing.

4.2.2 Effect of solvent on nitrogen adsorption

The effect of the various solvent treatments on the nitrogen adsorption/desorption

isotherms and BJH pore sizes is more revealing. Data are summarized in Figures 4.5

t0 4.8
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Figure 4.5 The effect of THF on N, adsorption-desorption isotherms (V = vacuum dried).
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Figure 4.6 The effect of dioxane on N, adsorption-desorption isotherms.
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Figure 4.7 The effect of toluene on N, adsorption-desorption isotherms.
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Figure 4.8 The effect of ethyl acetate on N, adsorption-desorption isotherms.

All the materials exhibit type 1V isotherms, typical for mesoporous materials. After
the THF, dioxane and toluene treatments, the plateaus of the N, sorption curves were
displaced to lower adsorption values relative to the original MCM-41, indicating
decreases in pore volumes. However, after calcining of the dioxane and toluene
treated materials, plateau adsorption values were increased, indicating partial recovery
of the pore volumes. For the THF treated materials however, the plateau values of the
N, sorption curves decreased further upon calcining, indicating further loss of the
pore volume. Only for ethyl acetate treated systems was there little effect on nitrogen

adsorption.
Pore size distribution curves (see Figures 4.9 to 4.12) provide further evidence for

solvent effects on MCM-41 structure. Only for the ethyl acetate treated system did the

pore structures remain relatively unaffected.
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Figure 4.9 Pore size distribution for the solvent THF
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Figure 4.10 Pore size distribution for the solvent toluene.
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Figure 4.11 Pore size distribution for the solvent dioxane.
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Figure 4.12 Pore size distribution for the solvent ethyl acetate

Tables 4.3 and 4.4 summarize details of the pore structures of the solvent treated

materials and allow comparison with the parent material.

Table 4.3 The effect of the solvent treatment on structural properties of calcined MCM-41 phases

after drying.
Unit cell Pore size Wall Surface Total pore
Ao diameter thickness | area volume
nm (20.03) | nm (20.01) | nm (20.04) | m%g (#70) | cc/g (28)
Parent 3.94 2.76 1.18 1362 468
THF Dry 3.80 1.58 2.22 820 354
Dioxane Dry | 3.80 2.07 1.73 1050 365
Toluene Dry | 3.88 2.31 1.57 1010 344
Ester Dry 4.20 2.98 1.22 1220 491

Table 4.4 The effect of the solvent treatment on structural properties of calcined MCM-41 phases
after drying and subsequent calcining.

Unit cell Pore size Wall Surface Total pore
o diameter thickness area volume
nm (20.03) | nm (20.01) | nm (20.04) | m?/g (¥70) | cc/g (28)
THF C 3.45 1.59 1.86 420 148
Dioxane C 3.69 2.07 1.62 1130 387
Toluene C 3.82 2.18 1.64 1158 401
Ester C 4,12 3.01 1.11 1220 492
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Consistent with earlier results, the vacuum dried, THF treated, system showed the
largest pore size contraction (from 2.76 nm to 1.58 nm, i.e. about 43% contraction).
The pore wall thickness showed a significant increase (from 1.18 nm to 2.22 nm). The
surface area was significantly decreased from 1362 to 820 m?/g after THF treatment

and decreased still further to 420 m?/g after calcining.

4.2 .3 Discussion of solvent effects on the MCM-41 structure

The studies reported in the previous section indicate that solvents can have major
effects on the MCM-41 mesoporous structure. Of the solvents studied, the magnitude
of the effects were generally in the order THF>Dioxane>Toluene> Ethyl acetate.

Some clues as to what may be involved in causing these effects can be gained by a

consideration of the molecular properties of the solvents summarized in Table 4.5

Table 4.5 Summary of some important solvent properties [3]

Name

THF

Dioxane

Toluene

Ethyl acetate

Molecular structure

9

9

J

J

Ay

Molecular Weight

72.10572 [g/mol]

88.10512 [g/mol]

92.13842 [g/mol]

88.10512 [g/mol]

Molecular Formula

C4HgO

C4HgO,

C/Hs

C4HgO,

Density 0.8892 g/cm® 1.033 g/lcm3 0.8669 g/mL 0.897 g/cm3
Melting point -108.4 € 118 < —93 C —83.6 C
Boiling point 66 € 1011 < 110.6 T 771 <C
Solubility in water Miscible Miscible 0.47 g/l 83 g/l
\/iscosity 0.48cPat25 T 1.54 cP at20C 0590 cP at20C  |0.426cPat25 T
Topological Polar

9.2 18.5 0 26.3
Surface Area [2]
Complexity [3] 22.8 26.5 42 49.5
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It is proposed that for the solvent to have an effect on the mesoporous structure, it is
necessary for the solvent to penetrate the silica matrix beyond the mesopores i.e. to
penetrate the micropores of the silica cell walls. Having penetrated the cell wall, it
would be further necessary for the solvent to interact strongly with the lattice in such
a way that disruption of the Si-O-Si framework is induced. One possibility is that the
polar portions of oxygen containing solvents interact with surface hydroxyl groups of
MCM-41. However, other factors must be involved because ethyl acetate, which has
two oxygen atoms has very little effect whereas toluene which has no oxygen, has an
appreciable effect while the largest effect is observed for THF which has only one
oxygen atom. Further, the effects for ethyl acetate and dioxane are different even

though they have same molecular formula and contain two oxygen atoms.

Reference to Table 4.5 suggests that the best correlations between solvent molecular
property and their effect on mesoporous structure is obtained for the parameters called

complexity and polar surface area.

The topological Polar Surface Area (PSA), defined as the sum of surface contributions
of polar atoms (usually oxygens, nitrogens and attached hydrogens) in a molecule [2],
has been shown to correlate well with drug transport properties, such as intestinal
absorption, or blood-brain barrier penetration. Of the three oxygen containing solvents,
THF has the lowest PSA and thus will penetrate most readily what is likely to be the
mainly hydrophobic environment of the micropores. Having penetrated the pores,
strong hydrogen bonds can be formed with the surface hydroxyl groups of the silica
matrix causing structural disruption. Most of the effect is thus likely to occur during
the initial contact with the solvent rather than any possible surface tension effects as
the sample is subsequently dried. There is no correlation between the magnitude of
the solvent effects and surface tension. At the other extreme, according to this
explanation, ethyl acetate, while containing two oxygen atoms and having the same

molecular formula as dioxane has a much lesser effect on mesostructure because its
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larger effective size prevents access into the micropores. Toluene, which has no
oxygen atoms so as PSA value is zero, will readily penetrate the pores, but because it

will not strongly interact with the wall, its structure modifying effect is limited.

A parameter that correlates well with the structure modifying effect of the solvents is
their molecular complexity. Molecular complexity takes into account the connectivity
and closely related structural features of a molecule such as branching, cyclicity and
symmetry [3]. The small, compact cyclic and symmetric THF and dioxane molecules
have low values of complexity which may facilitate their ready penetration into the

micropores.

In addition to the effect of initial exposure to the solvents, further changes in structure
occur upon calcining. Again the order is THF>dioxane>toluene>ethyl acetate. The
fact that post drying effects occur is evidence for strongly bound solvent causing
disruption during their release during calcining. The THF and dioxane are likely to be
hydrogen bonded to the surface hydroxyl groups whereas the toluene is likely to be
strongly bound to the hydrophobic environment of the silicon micropore walls. The
sample exposed to ethyl acetate showed little effect even upon calcining after drying,

presumably because the solvent hadn’t penetrated the micropores.

4.2.4 Summary

The results of this investigation have demonstrated that solvents used in the imbibing
of organometallic compounds into MCM-41 can have a significant effect on the
mesoporous structure. Solvents that interact strongly with silanol groups, for example
THF, can result in large decreases in porosity, surface area and structural stability.

Suitable solvents for immersion studies are ethyl acetate and toluene.
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4.3 The loading of Fc and substituted Fc (S-Fc) complexes into MCM-41 by the |
method

According to the I method, the calcined material is exposed to a solution of the metal
containing species, the solution is imbibed into the pores under vacuum and the

solvent is then evaporated leaving behind a deposit of the metal species.

For this work the solvent toluene was chosen because it has a relatively high boiling
point and is a good solvent for all the complexes of interest. While having some effect
on mesoporous structure (see section 4.2) its effect is much less than THF, the other
high boiling point solvent typically used for work of this type. Ethyl acetate, while
having less effect on mesoporous structure was judged to be unsuitable because it low
boiling point would preclude the vacuum step needed to fill the mesopores (see

Section 2.4) and its poor solvent properties for the complexes of interest.

Six organometallic compounds were used to explore aspects of loading by the I
Method. They were Ferrocene (Fc), Acetyl ferrocene (Fac), Butyrylferrocene (Ft),
Benzoylferrocene (Fb), di-Acetylferrocene (Fd), Iron acetylacetonate (Fa),
Cyclopentadienyl iron dicarbonyl dimer (Fy). Structural formulae are summarized in

Table 4.6.

The Fc, Fac and Fy are ferrocene type compounds. Fac is of interest because it should
indicate the effect on loading of substitution on the pentanyl ring. Fy is of interest
because it contains two metal atoms and should produce higher Fe loadings for a
given complex mol/L concentration. It is also of interest because if rather than having
the two metal atoms of the same element, different metals were incorporated, this may
provide a means of loading mixed metal particles of defined chemical
composition into the pores. Fy is also a bulky molecule with high polarity resulting

from the 4 oxygen atoms and so that structural effects on the silica matrix may result.
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Table 4.6. Molecular properties of ferrocene and substituted ferrocene complexes.

Acetyl Benzoyl Butyryl Diacetyl
Ferrocene
Molecular name (Fo) ferrocene  [ferrocene  |[ferrocene ferrocene
(Fac) (Fb) (FY (Fd)
Molecular Formula CioHioFe CoH1,0OFe |Ci7H14,OFe [Ci4HigFeO  |C4H14O5Fe
@) j Q
2 = 7
.@ <> "“CH - @/\ N~ @—c c
Molecular structure Fe _Ff_ a0 Fle @g_c_c
.j (T - /E“;) g
187.97
Molar mass g/mol 228.07g/mol [290.14g/mol |256.12 g/mol |270.1 g/mol
Metal content 29.23 % 24.09 % 18.94 % 21.45% 20.34 %
Molecular volume 198 A3 252 A3 342 A3 288 A3 306 A3
Topological Polar Surface
Polog 0 A2 23.1 A? 17.1 A? 17.1 A? 46.1 A?
Area
Complexity 11.6 170 242 176 159

Experiments were performed to determine the effect of concentration upon loading.

4.3.1 The effect of Fc and S-Fc complexes concentration on the metal loading

Varying amounts of substituted ferrocene (S-Fc) were dissolved into 10 mL toluene to

give S-Fc concentrations ranging from 1 to 100g/L. Dry calcined MCM-41 (0.5 g)

was suspended in this solution under vacuum for 24 hours as described in Section 2.4.

The material was thoroughly rinsed until rinsing were colourless and then dried under

vacuum. The dried, as immersed, material was analyzed for iron according to Section

2.3. Data for Fe loadings (wt% of as-immersed product) achieved are summarised in

Figure 4.13 and Table 4.7.
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Figure 4.13 The effect of complex concentration on Fe loading by the I-Method (24 hour

exposure)

Table 4.7 Relative loadings of MCM-41 by the | method for different organometallic complexes at

a single concentration (S-Fc concentration = 0.15 mol/L).

Fc Fac Ft Fb Fd Fa Fy
Fe content (wt%) 0.06 | 0.67 110 | 099 | 222 | 196 | 3.89

Also shown in the figure is the uptake that would be expected if all the pore volume
was filled with complex solution and all the complex was retained during the
exhaustive rinsing. It is clear that processes occur during the experiment that
profoundly modified this expected result. Much less Fc than expected is taken up and
at concentrations above 0.06 mol/L and increased concentration has no effect on final
loading. In contrast, much more Fy and Fa is taken up than can be accounted for by
the volume of solution expected to be imbibed into the pores. The Langmuirian shape
of the plot of amount loaded versus concentration is typical of an adsorption process
with uptake increasing with concentration up to a saturation limit. Fac uptake also
shows adsorption characteristics, with saturation adsorption being achieved at 0.15

mol/L.
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The low uptake of Fc is puzzling. It may be that this complex is only weakly adsorbed
onto the pore walls so that most of the imbibed complex was lost during the rinsing.
The results clearly indicate that the silica matrix of the pores has different affinities
for the various complexes used. The order of loading obtained by the I method was
Fy>Fa, Fd >Ft, Fb, Fac>Fc. This order is consistent with the number of S-Fc
containing C=0 groups (4 C=0 groups for Fy, 3 for Fa, 2 for Fd, 1 for Fac, Ft and Fb,
and O for Fc). The increasing affinity of the silica matrix for molecules containing
polar C=0 groups follows the trend of greater matrix interaction previously observed

for solvents containing C=0 groups (see Section 4.2).

4.3.2 Effect of loading S-Fc complexes on mesoporous structures

XRD powder patterns were determined for the dried as-immersed samples prepared

by imbibing 0.15 mol/L S-Fc solutions. Results are given in Figure 4.14.

™ Fy

Intensity
(

15 3.5 55 75 95
2 Theta

Figure 4.14 The effect of loading different S-Fc complexes on XRD patterns of MCM-41.

All materials gave only one main peak in the range of 26=2.90 to 2.97< which was
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indexed as a 100 diffraction. The peaks expected in the range of 3.5 to 6°due 110 and
200 diffractions were not present. The diffracted intensities decreased significantly
after the imbibing of S-Fc (see table 4.8), indicating that while the ordered hexagonal
mesoporous structures were maintained, they were significantly modified by S-Fc

treatment.

Table 4.8 The effect of loading different S-Fc complexes on dyqg intensity of MCM-41.

Fc Fac Ft Fb Fd Fa Fy
di0o Intensity 480 470 390 260 | 290 | 240 260

4.3.3 Effect of loading S-Fc complexes on N, adsorption-desorption

characteristics

Nitrogen adsorption data, including nitrogen adsorption/desorption isotherms and
BJH pore sizes, for samples described in section 4.3.2, are presented in Figures 4.15
and 4.16. In all cases, the loaded samples were vacuum dried before nitrogen
adsorption experiments. All but the Fy loaded complex exhibited typical type IV
isotherms and all except the Fc loaded product showed decreased plateau values
relative to the parent material after saturation with pure toluene and vacuum drying
(see Figure 4.17). The plateau values and capillary condensation decrease with
increased loading of the S-Fc. Capillary condensation is almost entirely absent for the
highly loaded Fy system, which when taken with the XRD data, indicate blocking of
mesopores and disruption of mesoporous structure by the imbibed complex. However,

micropore condensation at low nitrogen pressures is little affected by the loading.

The corresponding BJH desorption pore diameter distribution patterns (see Figure
4.19) reflect the above trends. The pore diameter decreased with increasing the
amount of loading organometallic complex, indicating that the loading of S-Fc into
the structure has filled the pore structure, reducing the pore volumes and pore

diameters.
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Figure 4.15 The effect of different organometallic complexes loading on N, adsorption-desorption

isotherms.
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Figure 4.16 The effect of different organometallic complexes loading on the pore size distribution

4.3.4 Kinetic effects during loading

The possibility of increased loading resulting from a sorption process was tested by a

kinetic experiment. MCM-41 was exposed to the most strongly adsorbed complex (Fy)
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for various adsorption times. Results are shown in Fig 4.17.

Fe content(wt %)
O N W > O

0 10 20 30 40 50
Time (h)

—e— [e content

Figure 4.17 Kinetics of Fy uptake by the I-method

Figure 4.17 shows that the iron content in final sample increased to a maximum with
increasing immersion time over the range 0 to 24 hours. The fraction of maximum
uptake (Fy) was used to construct Fy vs Vt and In (1- Fy) vs t plots (see figures 4.18
and 4.19). The linearity of both plots meant it was not possible to discriminate
between a simple first order adsorption process or a diffusion controlled mechanism

as being responsible for the adsorption kinetics.
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Figure 4.18 Plot of adsorption fraction (Ft) versus square root of time
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Figure 4.19 Plot of log of adsorption sites remaining [log(1-Ft)] versus time

Diminished loading beyond the first 24 hours was probably caused by degradation of
the mesoporous structure, which had previously been observed in studies of solvent
effects (see Section 4.2) and was further indicated by decreased plateau gas
adsorption and reduced XRD intensities. The fact that uptake over the first 24 hours is

kinetically controlled is evidence that uptake is an adsorption process.

4.3.5 Effect of immersion time loading on mesoporous structure

Effect of immersion loading time on XRD

XRD powder patterns were measured for the dried as-immersed samples. Results for
Fy treated MCM-41 are given in Figure 4.20. Loading with Fy caused a systematic
decrease over time of the diffracted intensities. The djgo Spacing also decreased with

time. While the contraction of the digo Spacing could have been a solvent effect (see

Section 4.2), the effect on intensity could only have been caused by the loading.
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Figure 4.20 The effect of Fy immersion time on XRD pattern of MCM-41.

Effect of immersion loading time on nitrogen adsorption.

Data for the effect of the Fy immersion time on the nitrogen adsorption/desorption
isotherms and BJH pore sizes are summarized in Figures 4.21 and 4.22. The
interpretation of this data is complicated by the previous observation that changes in
the adsorption /desorption isotherms and BJH pore sizes were also brought about by
contact with the solvent alone (see Figures 4.7 and 4.10). The trends were all in the
same direction i.e. towards lower adsorption and smaller pore sizes but were much

greater after the same exposure time for the loading experiment.

After short immersion times the materials exhibited typical type IV isotherms. The
plateau values decreased with loading time and the capillary condensation stage
decreased and disappeared after 48 hours indicating the disappearance of the

mesopores.
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Figure 4.21 The effect of Fy solution immersion time on N, adsorption-desorption isotherms.
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Figure 4.22 The effect of immersion time of Fy solution on the pore size distribution

The corresponding BJH desorption pore diameter distribution patterns (see Figure

4.22) reflect these trends showing. The loading of Fy into the structure has
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significantly destroyed the pore structure reducing the pore volumes and pore

diameters consistent with structural shrinkage and pore filling.

These changes follow decreases in specific surface area as shown in Figures 4.23.
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Figure 4.23. The effect of Fy loading on specific surface area

Loading of the iron complexes has had a significant effect on the specific surface
areas and pore volume of the loaded materials. For Fy, increased loading achieved by
increased immersion times led to reduced specific surface areas and pore volumes and
increased structural changes indicated by reduced XRD intensities and shorter digo

spacings.

It is likely that at least some of these changes, for example decreased specific surface
area and pore volume, are due to the physical filling of the pores with the complex
molecules leaving less area and volume for nitrogen uptake. Calcining the material to
decompose the complex might be expected to at least partially regenerate the specific
surface area and pore volumes of the highly loaded materials. This is discussed further

in Section 4.4.
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4.3.6 Summary

Loading MCM-41 phases with organometallic compounds by the | Method produces
at least two effects depending on the solvent used and the complex loaded. It is clear
from the results for the four complexes used to investigate the | Method that uptake
results from interactions within the pore walls and is not merely passive trapping of
the solution within the pores. The order of uptake was Fy>Fa, Fd>Fac, Ft, Fb>Fc.
This order follows the order of the polar surface areas and molecular complexities of
these molecules. Only for Fc can the amount taken up be explained by physical
imbibing of the solution with no concentrating effect. The imbibed complex was

weakly bound and much was lost during rinsing

4.4 The calcining of S-Fc loaded MCM-41 (I method)

In order to investigate the thermal properties of Fy loaded MCM-41, the material of
maximum loading (24 hours at 0.15 mol/L) was calcined at 500°C for times ranging
from 2 to 8 hours. The calcined samples were characterized by low angle XRD, BET

surface area determination and BJH pore size measurements.

4.4.1 The effect of calcining time on S-Fc MCM-41 (I method)

XRD data for the effect of calcining time on Fy MCM-41 materials is given in Figure
4.24.

The data show an initial increase in XRD intensities over the first 4 hours of calcining,
indicating that an increase in the order of mesoporous structure is associated with the
decomposition of organometallic compound. After prolonged calcining from 4 to 8
hours, decreased intensities indicate partial collapse of the ordered structure without

significant change in d1o Spacing.
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Figure 4.24 Effect of calcining time on XRD patterns of Fy loaded MCM-41

4.4.2 Effect of calcining time on nitrogen adsorption of S-Fc loaded MCM-41

Data for the effect of the calcining time on the nitrogen adsorption/desorption

isotherms and BJH pore sizes are presented in Figures 4.25 and 4.26.
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Figure 4.25 The effect of calcining time on N, adsorption-desorption isotherms of Fy loaded
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MCM-41.

After the calcining, some recovery of specific surface area and mesoporous pore
volume was indicated by increases in plateau adsorption and the reappearance of the
capillary condensation stages in the N, sorption curves. It is likely that the recoveries
were due to the decomposition of the Fy in the mesopores, releasing the spaces

previously occupied by the large molecules of the iron complexes.
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Figure 4.26. The effect of calcining time on the pore size distribution of Fy loaded MCM-41.

Data for the effect of the calcining time on the structure properties are presented in

Table 4.9.
Compared with the parent (2.98 nm), pore sizes of the calcined Fy-MCM-41 were

significantly smaller (2.07nm), indicating that the effect of the ferric oxide deposited

with in the pores was to occupy pore space thus reducing effective pore size.
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Table 4.9 The effect of calcination time on structural properties

Calcining | Unit cell Pore size Wall Surface Total pore
Time o diameter thickness | area volume
Hours nm (20.03) | nm (20.01) | nm (20.04) | m%g (270) | cc/g (28.6)
V Dry 3.76 2.98 0.78 564 340

2 3.76 2.07 1.69 1030 520

4 3.68 2.07 1.61 1140 575

6 3.71 2.07 1.64 910 460

8 3.65 2.08 1.57 1050 532

4.4.3 Thermal studies of S-Fc MCM-41

DTA and TGA data for air dried Fy MCM-41 are presented in Figure 4.25. Results

for air dried solvent treated MCM-41 are included in Figure 4.24 for comparison
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Figure 4.24. Thermal analysis curves for toluene saturated MCM-41
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Figure 4.25. Thermal analysis curves for Fy MCM-41

The weight loss curve for Fy MCM-41 indicates a weight loss in two steps. The first
step from 50 t0120°C can be assigned to release of small amounts of toluene solvent,
while the second step from 200 to 400°C corresponds to the strongly exothermic
decomposition of Fy. The thermal analysis curves for the toluene saturated system

showed only one endothermic weight loss step.

4.4.4 XRD evidence for the formation of iron oxide in the calcined S-Fc MCM-41

All of the calcined ferrocene loaded MCM-41 materials were reddish brown in colour
with intensities that roughly corresponded to the Fe loading. This indicates that
calcinations led to the decomposition of the organometallic complexes and the
formation of iron oxide. An experiment was performed to investigate the crystallinity
of this oxide. First a sample of ferrocene was heated at 500°C for 4 hours to produce a
reddish brown iron oxide. This was mixed with pure silica to give a 2 % mixture of
iron oxide dispersed in mesoporous silica. XRD powder patterns of the pure iron

oxide, the physical mixture of iron oxide and pure silica and the calcined Fy MCM-41
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containing initially 3.89% iron which upon decomposition and oxidation would

produce 5.6% iron oxide. Data are presented in Figure 4.26.
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Figure 4.26 XRD powder patterns of the iron oxide formed by the decomposition of ferrocene, a

physical mixture of this oxide with pure silica and calcined Fy loaded MCM-41.

Data for the three samples over the 26 range from 32 to 37 degrees are shown in
Figure 4.26. Though the iron concentration is much higher in the calcined Fy loaded
MCM-41, the intensity of the diffraction lines at 31.2 and 35.5° 20 are lower and
much broader than the lines for the lower iron content physical mixture. Both of these
effects are consistent with the particles of oxide formed in the mesopores being of

much smaller particle size.

4.4.5 Summary

The principal results gained from the experiments described in this section are that
upon calcining, some recovery of surface and pore volume lost by loading is achieved
but prolonged heat treatment then leads to a reversal of this trend and results in final
surface areas and pore volumes even lower than those resulting after loading. The
Thermal analysis results indicated that for the heavily loaded Fy MCM-41, the Fy
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species displaced most of the solvent from the pores. XRD of the highly loaded
calcined Fy loaded MCM-41 indicated that the iron oxide formed by decomposition
of the Fy species was more amorphous (smaller particle size) that the oxide formed by

decomposing pure ferrocene.

4.5 The loading of other organometallic complexes into MCM-41 by | Method

Studies up to this time have focused on iron complexes. It was of interest to confirm
that other metals can be loaded into the MCM-41 by the | method already used for
iron complexes. The organometallic compounds of Mn, Mo and Co used were
methylcyclopentadienyl  manganese  tricarbonyl  (O-Mn), cyclopentadienyl-
molybdenum tricarbonyl dimer (O-Mo) and 3-methylidyne-tricobalt nonacarbonyl
(O-Co). Loading was performed by the | method. A summary of molecular properties
is given below:

Table 4.10 Summary of some important properties of the organometallic compounds [4]

Abbreviation Fy O-Mn O-Mo 0-Co
Molecular formula |Fe,(CsHs),(CO)4 |Mn(CsHs)CH3(CO)3 [M0,(CsHs)2(CO)g  |CH3CCo3(CO)qg
Molar mass 353.925 g/mol 218.09 g/mol 489.96 g/mol 455.07 g/mol
Metal content 31.05% 25.6% 39.16% 38.68%
Molecular size 360A° 288 A® 432 A

Dark purple ale yellow liquid dark red
Appearance crysrjtals[,J Fr)lerbz);llceous ojour crystalline solid
Density 1.77 glem?®, solid 1.38 glcm=
Melting point 194 <C -1 T (272 K) 222 C
Boiling point decomposition 232-233 C decomposition
Solubility in water insoluble low insoluble
Solubility in benzene, THF,
other solz//ents chlorocarbons alkane (petrol)
Complexity 21.6 43.3 21.6 218

The O-Mo, O-Mn, and Co are of interest because they provide examples of

organometallic complexes containing other catalytically interesting metals. O-Mo is
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of particular interest because it has a structure similar to that of Fy but contains more

polar carbonyl groups.

In the all cases, concentrations close to the saturation limit of the organometallic
compounds were used. For Fy, O-Mn and O-Mo the concentrations used were 0.15,
0.5 and 0.1 mol/L, respectively. Dry calcined MCM-41 (0.5 g) was suspended in these
solutions under vacuum for 24 hours as described in Section 2.3. The material was
rinsed until risings were colourless and dried under vacuum. The dried as immersed

material was analyzed for metal according to Section 2.3

4.5.1 Results for the loading with other organometallic complexes into MCM-41

Data for metal loadings (wt% of as-immersed product) achieved are summarised in

Table 4.11 The table also includes data for Fy loading reported in Section 4.3 for

comparison

Table 4.11 Metal contents for metal loadings (I-Method)

Fy O-Mn O-Mo 0-Co
Concentration(mol/L) | 0.15 0.5 0.1 0.1
Metal content (%owt) | 3.89 (Fe) | 2.65 (Mn) | 5.05 (Mo) | 0.59 (Co)

4.5.2 The effect of loading other organometallic complexes into MCM-41 on

XRD

XRD powder patterns were measured for the dried as-immersed samples. Results for
Fy, O-Mn, O-Mo and O-Co treated MCM-41 are given in Figure 4.27. There was a
significant decrease in the diffracted intensities for all metal loaded samples,
indicating that loading process disrupted the MCM-41 structure. The digo Spacing also
decreased after loading. These effects are much greater than the effects observed with

the solvent alone (see Section 4.2) and indicate disruption of the lattice by the
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adsorbed metal complexes.
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Figure 4.27 The effect of loading with Mo, Mn, Co and Fe on XRD patterns of MCM-41.

4.5.3 The effect of loading other organometallic complexes into MCM-41 on

nitrogen adsorption

Data for the effect of loading with the O-Mn, O-Mo, and Fy on the nitrogen

adsorption/desorption isotherms and BJH pore sizes are shown in Figures 4.28, 4.29

and 4.30.
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Figure 4.29 The effect of loading with O-Mo on N, adsorption-desorption isotherms.
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Figure 4.30 The effect of loading with O-Mn on N, adsorption-desorption isotherms.

After immersion, all the materials exhibited very similar nitrogen adsorption
isotherms with considerably lower plateaus adsorptions than the original calcined
material. After the loaded materials were calcined to decompose the metal complex
there were large increases in the amount of capillary condensation. It likely that the
recoveries were due to the free volume produced in the pores by the decomposition of

the bulky organic components of the organometallic compounds.

Pore size distributions calculate from the adsorption data are summarised in Figures

4.31,4.32,4.33.
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Figure 4.32. The effect of loading O-Mo on the pore size distribution.
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Figure 4.33. The effect of O-Mn on the pore size distribution

The XRD data and the BJH desorption pore diameter distribution patterns show that

the loading of metal into the structure significantly reduced the pore volumes and pore

diameters consistent with pore filling and also caused lattice disruption and structural

shrinkage.

Data for the effect of the O-Mn, O-Mo and Fy on specific surface areas and pore

volume are summarized in Table 4.9. They show that surface areas and pore volumes

are decreased by loading the pore with metals.

Table 4.9 The effect of loading and calcining on specific surface area and pore volume.

Parent Fy O-Mn 0O-Mo
Surface area (m%/g) Vacuum dry 1342 564 597 609
Surface area (m”g) Calcined 1140 985 1080
Total volume (cc/g) Vacuum dry 735 340 305 329
Total volume (cc/g) Calcined 575 504 595

4.5.4 The infrared spectrum

Infra red absorption data for the pure silica, the pure metal complexes and the metal
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complex loaded silicas are shown in Figures 5.34, 5.35 and 5.36. The infrared spectra
of both Mo-MCM-41 and Mn-MCM-41 exhibit the characteristic strong terminal
metal carbonyl bands in the range from 2000 to at 1900 cm™ (1955 and 1940 cm™ for
Mo MCM-41 and 2023 and 1939 cm™*for Mn MCM-41 characteristic of the pure

material.

The IR spectrum for Sample Fy-MCM-41 provided very little evidence of
encapsulated Fy. Fy is soluble in organic solvents giving deep-red solutions and these
oxidize gradually in air and precipitate brown iron (Il1l) oxide. The absence of IR
absorbance and the brownish colour of the product indicated that decomposition to the

oxide had occurred.

The IR spectra for all calcined samples were identical to the spectrum for pure silica
MCM-41 indicating complex decomposition to metal or metal oxide. While there was
no IR evidence for the formation of oxides, concentrations were probably too low for

them to be seen.
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Chapter 5 The loading of MCM-41 by organometallic compounds

during synthesis by the M and T Methods

5.1 Introduction: Loading of metals in MCM-41 during synthesis

Chapter 3 has described how MCM-41 phases can be loaded post synthesis by the
I-Method where an organometallic complex is introduced into the structure by
imbibing the complex dissolved in an appropriate solvent. A major objective of the
present study was to explore other methods of introducing the metal into the
structures. Two novel possibilities were loading the structures during synthesis by the
incorporation of the organometallic complex into the core of the micelle and
dissolution of the complex into the TEOS. These methods have been called the
M-Method and T-Method. The procedures have been described in Chapter 2 and

results using these synthetic procedures will be described in this chapter.

5.2 The effect of reaction conditions on the Fc-MCM-41

In Chapter 3, the optimum reaction conditions to produce pure silica MCM-41 with
high surface area and well ordered pore structures were found be 2.5 mol/L HIt was of
interest to determine whether these conditions were also optimum for the loading of
ferrocene into the structures by the T and M methods. The two variables having most
effect in the pure silica syntheses were reaction time and acid concentration. These
variables were investigated in conjunction with a constant loading concentration of

ferrocene.

5.2.1 The effect of reaction time on loading and structural properties of

Fc-MCM-41

Fc-MCM-41 mesoporous silica was synthesized using CTAB as the surfactant and
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TEOS as the silica source following the general procedures for the M Method and the
T Method as described in Section 2.3. The amount of Fc in the synthesis mixture was
fixed at 2.5% by wt of surfactant, and 2.5 mol/L HCI solution was used for all
reactions. Reaction times with magnetic stirring (approximately 300 rpm) ranged
from 3 to 72 hours at room temperature. The resultant precipitate was filtered, washed
and dried at room temperature for several hours. The final samples Fc-MCM-41(T)
and Fc-MCM-41 (M) were characterized by low angle XRD, BET and Fe content as
determined by AA (see Section 2.5)

Data for Fe loadings (wt% of as-synthesised product) prepared according to the T

method and the M method for different reaction times are summarized in Figure 5.1
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0.2
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\E, 0.15
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Reaction time (hours)
’+T Method —e— M Method ‘

Figure 5.1 Fe content for the as-synthesised samples prepared by T and M methods for reaction

times varying from 3to 72 h.

The Fe content of the as synthesized materials decreased steadily with increasing
reaction time over the period from 3 to 16 hours and then remained fairly constant.
Similar loading was achieved by both methods although in most cases loading by the

T method was slightly higher than the M method.

XRD data for the as-synthesized MCM-41 materials loaded with Fc for varying
reaction times are given in Figures 5.2 and 5.3. All materials gave typical MCM-41

diffraction patterns, consistent with a regular hexagonal pore structure.
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Figure 5.2 The effect of reaction time on the XRD patterns of as synthesized Fc loaded MCM-41
(T Method)
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Figure 5.3 The effect of reaction time on the XRD patterns of as synthesized Fc loaded MCM-41
(M Method)
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Systematic trends in the digo Spacing and line intensity were observed. These are

shown in Figure 5.4 and 5.5

385
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375 r
37 r
36.5

d100 spacings
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355
35

0 20 40 60 80

Reaction time (hours)

| —=—d100 Fc (T) (£0.3, A) ——d100 Fc (M) (+0.3, A) |

Figure 5.4 The effect of reaction time on the XRD do Spacings of as synthesized Fc loaded

MCM-41 (T and M Methods)

The effect of reaction time on the structural characteristics of the loading Fc materials
was very similar to that of the pure silica material (see Section 3.1) except that the
d100 Spacing maxima occurred after somewhat longer reaction times (8 hours rather

than 5 hours).
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Figure 5.5 The effect of reaction time on the XRD do intensities of as synthesized Fc loaded

MCM-41 (T and M Methods)
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Line intensities also peaked at longer reaction times for the Fc loaded materials (16

hours for the Fc loaded materials compared with 5 hours for the pure silicas).

Data for the specific surface areas of the Fc loaded materials after calcining are shown

in Figure 5.5
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Figure 5.5 The effect of reaction time on the specific surface area of calcined Fc loaded MCM-41

(T and M Methods)

The BET specific surface areas of Fc-MCM-41 (T) increased from 800 to 1580 m*/g
with the increasing reaction time from 3 to 16 hours, and then decreased from 1580 to
900 m?/g with reaction times from 16 to 72 h. A very similar trend was observed for
Fc-MCM-41 (M). This trend in surface area correlated roughly with the trend in XRD
intensities. These trends are similar to those observed with the pure silicas except the

maxima occurred earlier times.

It appears that the effect of the Fc in the reaction mixture is to initially inhibit the
formation of well ordered high surface area phases. As the structures subsequently
become more ordered, Fc is excluded. Finally, the tendency towards less ordered,
lower surface area systems after prolonged reaction times, observed in the pure silica
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systems, dominates to produce materials that have both lower Fc loadings and

reduced order and surface area.

5.2.2 The effect of acid concentration on Fc loading and MCM-41 mesoporous

structures

The effect of acid concentration on Fc loading of MCM-41 by the M and T methods
was investigated following the procedures described in Section 2.3. The amount of Fc
in the synthesis solution was fixed at 2.5% by wt of surfactant (CTAB), and HCI
concentrations ranging from 1 to 4 mol/L were used. After magnetic stirring
(approximately 300 rpm) at room temperature for 8 hours, the resultant white
precipitate was filtered, washed and dried at room temperature for several hours. The
samples Fc-MCM-41(T) and Fc-MCM-41(M) were characterized by low angle XRD,

and the Fe content was determined by AA.

Data for Fe loadings (wt% of as-synthesised product) prepared according to the T

method and the S method for different acid concentration are presented in Figure 5.6
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Figure 5.6 The effect of acid concentration on Fe content for the as-synthesised samples (T and M

methods).
The Fe content in product increased with increasing acid concentration from 1 to 2.5
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mol/L, and then remained essentially constant with further increases in acid
concentration. As was the case for increased reaction times, Fe loadings obtained by

the T method were higher than those obtained by the M method.

5.3 The effect of Fc concentration on the loading of MCM-41 by the M and T
Methods

The effect of Fc concentration on loading was determined at Fc concentrations
ranging from 0.5 to 3% by wt of surfactant (where the surfactant content was kept
constant). After magnetic stirring (approximately 300 rpm) at room temperature, the
resultant precipitate was filtered, washed and dried at room temperature for several
hours, followed by calcining at 550°C to remove the template. Both the as-synthesized
and calcined MCM-41 materials were characterized by low angle XRD, BET surface

area, BJH pore size distribution.

The maximum Fc loading of the surfactant micelles using the M method was 3.0 wt %
(where the weight of Fc is expressed as a percentage of the weight of surfactant).
Beyond this limit, excess red solid Fc precipitated when the
surfactant/Fc/dichloromethane solution was added to acid synthesis solution. By the T
Method, the limit of Fc loading was 25 wt % of the surfactant used in the synthesis.
Beyond this limit no further Fc could be dissolved in the TEOS. In order to compare
the efficiency of loading by the two methods, Fc loadings from 0.5 to 3 wt% of the

surfactant were used in both preparative methods.

Two precautions were necessary for preparations according to the M method. Firstly,
because of the tendency for the Fc to be extracted into the organic TEOS phase, it was
necessary to add the TEOS to the Fc loaded surfactant slowly and with rapid stirring
to ensure that product was formed before significant transfer of the Fc to the TEOS
phase occurred. Secondly, because the Fc was rapidly oxidized from the yellow (zero
valent Fe) to a blue (divalent Fe) form, it was necessary to prepare the acid Fc loaded
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micelle solutions immediately before the reaction.

5.3.1 Determination of ferrocene content

The color of the Fe-containing samples provided a simple indication of Fc loading in
the final product. Colours from a pale yellow to deep yellow indicated increased

loadings of Fc.

A more accurate estimation of metal loading was obtained by AA (See section 2.3).
Data for Fe loadings (wt% of as-synthesised product) achieved according to the T
method and the S method for different Fc wt% relative to the surfactant are given in
Figure 5.7. The results show that approximately 60% and 83% respectively of the Fc

was encapsulated using the M method and T methods.

1.4
12 L Expected

1 T Method
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Figure 5.7 The Fc content of MCM-41 loaded by the M and T Methods. The expected line

represents the loading that would be obtained if all the Fc added to the synthesis was retained.

5.3.2 Effect of Fc loading on structural features

The X-ray diffraction patterns of the MCM-41 loaded by the T method
(Fc-MCM-41(T)) and the MCM-41 loaded by the M method (Fc-MCM-41(M)) are
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given in Figures 5.8-5.12. XRD patterns of all samples correspond to the regular
hexagonal pore structure of Fc-MCM-41 and were not affected by Fc loading. The

MCM-41 structure was maintained after calcining although some peaks were slightly

weaker and broader.
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Figure 5.8 The effect of Fc loading on XRD powder patterns for as-synthesised MCM-41 (M

Method). The Fc/surfactant weight ratio is given for each set of data.
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Figure 5.9 The effect of Fc loading on XRD powder patterns for as-synthesised MCM-41 (T

Method). The Fc/surfactant weight ratio is given for each set of data.
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Figure 5.10 The effect of Fc loading on XRD powder patterns for calcined MCM-41 (M Method)

where Fc content expressed as a % of surfactant content was 0.5, 1.0, 1.5, 2.5 and 3.0 %
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Figure 5.11 The effect of Fc loading on XRD powder patterns for calcined MCM-41 (T Method)

where Fc content expressed as a % of surfactant content was 0.5, 1.0, 1.5, 2.5 and 3.0 %.
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Data for digo spacings for the as-synthesised and calcined materials are given in

Figures 4.12 and 4.13 and summarized Tables 4.1 and 4.2.
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Figure 5.12 The effect of Fc reaction mixture concentration on dyqo Spacing of as-synthesized and

calcined samples (T Method)

Table 5.1 The effect of Fc reaction mixture concentration on d;o spacing of as-synthesized and

calcined samples (T Method)

Fc (wt% surfactant) 0.5 1.0 15 2.0 25 3.0
digo as syn.(x0.3, A) 375 37.2 37.8 37.0 37.2 37.0
dioo calc.(2£0.3, A) 348 |347 |351 |[342 [339 |340
Contraction A 2.7 25 2.7 2.8 3.3 3.0

40

39

as

o

[FS Y]

—_ D ) It O -

d100spacing

L) 1 1D

4

As-synthesised

Calcining

[’y

| 2

Fc content (wt%o)

Figure 5.13 The effect of Fc reaction mixture concentration on diqo spacing of as-synthesized and

calcined samples (M Method)
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Table 5.2 The effect of Fc reaction mixture concentration on d;o spacing of as-synthesized and
calcined samples (M Method)

Fc (wt% surfactant) 0.5 1.0 15 2.0 2.5 3.0
digo as syn.(x0.3, A) 36.6 36.2 35.3 35.7 36.1 37.2
dygo calc.(20.3, A) 33.4 32.6 324 31.9 32.1 33.7
Contraction 3.2 3.6 29 3.8 4.0 3.5

In the case of MCMA41 loaded by the T method, lattice parameters were essentially
unaffected by metal loading. For the systems loaded by the M method, there is some
evidence that the digo Spacing went through a minimum at approximately 1.5 wt% Fc
for both the as synthesized and calcined samples. However, the effect is small and not
much greater than the error in the measurements. The contraction of digo Spacing upon

calcining for the M method was larger than that for T method.

For Fc-MCM-41-T there is no obvious change in the unit cell parameter (ao) with the
increased ratio of ferrocene to surfactant. This is consistent with the Fc in the
synthesis mixture not being held the micelles micelles whose size was thus largely
unaffected by the Fc associated with the TEOS i.e. the Fc did not enter the cores of
the preformed micelles. This implies that the hexagonal pore structure would not be
affected and the lattice parameters d;oo of Fc-MCM-41-T would be independent of Fc
loading. According to this interpretation, it is expected that Fc will be incorporated
into mesoporous structure during the hydrolysis of the TEOS. Rather than the pore
walls being built up by polymerization of TEOS they are formed by aggregation of
the TEOS/Fc “complex”. Because the micelle core structure is not affected, the lattice
parameters dipp of Fc-MCM-41(T) will not be affected by Fc loading, and this was

observed.

For Fc-MCM-41-M the unit cell parameter (ag) first decreased from 36.6 to 35.3 A
with increasing Fc/surfactant wt% ratio and then increased to 37.2 at weight ratio of
3%. During the M method, the Fc is loaded into the micelle before the addition of

TEOS and so it can be assumed to be contained within the micelle core where the
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hydrophobic environment of the surfactant tails provide a compatible environment for
the hydrophobic Fc molecules. When lightly loaded with ferrocence, the strong
interactions between Fc and the hydrocarbon tails are likely to lead to a contraction of
the micelle size. As more Fc is loaded into the micelles, the core will need to expand
to accommodate them. Thus the lattice parameters digp of Fc-MCM-41 can be

expected to decrease with initial Fc loading, go through a minimum and then increase.

5.3.3 Effect of Fc loading on N, adsorption-desorption characteristics

Multi-point adsorption desorption studies were carried out using the NOVA
instrument (See Section 2.3). A representative isotherm of the calcined samples is
presented in Figure 5.14. In all cases, the calcined materials exhibited typical type IV
isotherm behaviour. The steep capillary condensation step, characteristic of a highly
uniform mesoporous structures, indicated that the mesoporous structures of

Fc-MCM-41 (T) and Fc-MCM-41 (M) were well preserved.
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Figure 5.14 Representative N, adsorption /desorption curve

The pore size distribution was analyzed using N, multi-point adsorption-desorption

data following the BJH method. Results are presented in Figures 5.15 and 5.16. It is
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apparent that the all samples have a similar shape of pore size distribution pattern.
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Figure 5.15 The effect of Fc loading on pore size distribution (T method).
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Figure 5.16 The effect of Fc loading on pore size distribution (M method)

A summary of structural parameters of the MCM-41(T) and MCM-41(M) derived
from the XRD data and the isotherm data, including the unit cell a,, mean pore

diameter, wall thickness, total surface area and total pore volume is presented in

Tables5.3and 5.4
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Table 5.3 The effect of Fc loading on structural properties of calcined MCM-41(T)

T Unit cell Pore size Wall Surface Total pore
method | 2 diameter nm | thickness area volume
nm (20.03) | (20.01) nm (20.04) | m?/g (270) | cc/g (28)
0.5 4.00 2.30 1.7 1398 645
1.0 3.99 2.30 1.69 1480 691
1.5 4.04 2.38 1.66 1550 713
2.0 3.93 2.30 1.63 1548 729
2.5 3.90 2.30 1.60 1550 712
3.0 3.91 2.30 1.61 1439 698

Table 5.4 The effect of Fc loading on structural properties of calcined MCM-41(M)

M Unit cell Pore size Wall Surface Total pore
method | 2 diameter nm | thickness area volume
nm (20.03) | (#0.01) nm (20.04) | m?/g (270) | cc/g (28)
0.5 3.84 2.40 1.64 1590 732
1.0 3.75 2.35 1.40 1560 698
1.5 3.73 2.42 1.31 1560 715
2.0 3.67 2.30 1.37 1470 682
2.5 3.69 2.30 1.39 1600 756
3.0 3.88 2.30 1.53 1630 763

For the T Method, the pore size and the wall thickness were largely unaffected by Fc
loading. However for the M Method, the wall thickness initially decreased from 1.64
to 1.31 nm with increasing Fc content over the range from 0.5 to 1.5 wt% (relative to
surfactant), and then increased from 1.31 to 1.53 nm with increasing Fc content from

1.5 to 3 wt%.

It is clear from the gas adsorption studies, as was observed with the XRD studies, that
the Fc-MCM-41(T) and Fc-MCM-41(M) products, while they were very similar,
never-the less exhibited significant structural differences that pointed to the likelihood
that the Fc was encapsulated in the pores of the Fc-MCM-41(M) material, and into the
walls of the Fc-MCM-41(T) material. These differences could be reflected in the
nature and distribution of metal nanoparticles formed when the loaded materials are

calcined. The potential advantage of incorporating the metal during synthesis rather
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than by post synthesis imbibing is that the metal could be expected to be more

homogeneously distributed.

5.4 Preparation and properties of metal loaded MCM-41 by the M and T

methods using substituted ferrocenes (S-Fc)

In section 5.2, the loading of MCM-41 by the organometallic compound ferrocene (Fc)
was described and it was found that the ferrocene loaded by the M method caused
small changes in the d spacing of the product formed. It was of interest to determine
whether ferrocene molecules containing bulky substituted group would produce larger
structural effects and whether loading would be affected by molecular bulk. In order
to test this idea, a series of substituted ferrocenes were used in the T and M synthetic

methods.

The ferrocene and the substituted ferrocenes (S-Fc) used were: ferrocene (Fc), acetyl
ferrocene (Fac), diacetyl ferrocene (Fd), butyryl ferrocene (Ft), benzoyl ferrocene

(Fb), and were synthesised as described in Section 2.2

The reaction conditions for loading substituted ferrocenes (S-Fc) into MCM-41 by the
M Method and the T Method have been described in Section 2.3. CTAB was the
surfactant and TEOS was the silica source. The amount of S-Fc added was varied to
give S-Fc concentrations ranging from 0.5 to 20 by wt% of surfactant. 2.5 mol/L HCI
acid solution was used for all reactions. After magnetic stirring (approximately 300
rpm) for 8 hours at room temperature, the resultant precipitate was filtered, washed
and dried at room temperature for several hours, and calcining at 550°C to remove the
template. The as synthesized and calcined MCM-41 mesophases were characterized
by low angle XRD, and the calcined material were characterised by low angle XRD,

BET surface area and BJH pore size distribution.

Again it was necessary during M method preparations to add the TEOS to the S-Fc
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loaded surfactant slowly and with rapid stirring to avoid the tendency for the S-Fc to
be extracted into the organic TEOS phase. No problems with ferrocene oxidation were

observed for the substituted ferrocenes.

5.4.1 Determination of organometallic content

As with preparation of the Fc derivatives, the colour of the Fe-containing samples
synthesized gave a qualitative indication of S-Fc loading. The samples exhibited
colours from white to pale yellow to brown with the increasing incorporation of the
S-Fc compounds. After calcining, the samples ranged in colour from white to brown

with the increasing of iron content.

A more accurate estimation of metal loading was obtained by extraction and analysis
using AA (See section 2.5). Data for Fe loadings (wt% of as-synthesised product)
achieved according to the T method and the S method for different S-Fc to surfactant
ratios are summarised in Figure 5.17 to 5.21. Also shown are the theoretical loadings

that would be expected if all the S-Fc was retained by the product formed.

3
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E —— M Method
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Fc content (wt%)

Figure 5.17 The Fc content of MCM-41 loaded by the M and T Methods. Data for the M method
were limited to 3% Fc content by the solubility of Fc in water. The results obtained were the same
as those for the T Method.
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Figure 5.18 The Fac content of MCM-41 loaded by the M and T Methods.

1.6
14
1.2

1
0.8
0.6
0.4
0.2

0

Fe contant (wt %)

—e— Expected
—o— M Method
—— T Method

10 15 20 25
Fb content (wt%)

Figure 5.19 The Fb content of MCM-41 loaded by the M and T Methods.
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Figure 5.20 The Ft content of MCM-41 loaded by the M and T Methods
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Figure 5.21 The Fd content of MCM-41 loaded by the M and T Method

In all cases, the iron content in final sample increased with the increasing
concentration of S-Fc in the reaction mixture. The amount of iron loaded at a given
concentration appeared to be affected by two molecular properties of the S-Fc species:
its molecular volume and shape and its polar surface area. Molecular volume and
shape will affect the ability of the molecule to pack into the micelle core. More
hydrophobic compounds (i.e. with lower polar surface areas). will tend to be
preferentially partitioned into the organic phases of the synthesis mixture. These
phases are the core of the micelle and the TEOS reactant phase. The highest complex
uptake by the M Method for a ferrocene to surfactant ratio of 0.02 was the 0.12% by
weight obtained for the unsubstituted Fc, the smallest species. The lowest complex
uptake under the same conditions was the 0.01% by weight uptake obtained for Fd,
the ferrocene which has the highest polar surface area and hence the lowest
hydrophobicity. Loadings achieved by the T Method were in the order
Fc>Fac=Fb=Ft>>Fd. Again the loading was greatest for the smallest molecule and
least for the least hydrophobic molecule. For the Fac, Fb and Ft the trend towards
lower loading for higher molecular weight appeared to compensate for the trend
towards higher loading at higher hydrophobicity in such a way that the loading of the

three species is about the same.
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5.4.2 Effect of S-Fc loading on structural features

XRD data for the as synthesized and calcined MCM-41 materials loaded with the
various S-Fc compounds are given in Figures 5.22 to 5.29. All materials gave typical
MCM-41 diffraction patterns with one sharp peak in the range of 26 = 2.1-2.6°
indexed to 100 diffraction and two additional weak peaks in the range of 3.5-6°
indexed to 110 and 200 diffractions, consistent with a regular hexagonal pore

structure.

For the purposes of comparing the effect molecular properties of the S-Fc species on
the structural properties of the MCM-41 phases prepared, structural data for the Fc,
Fac and Fd experiments (where the ferrocenes contained 0, 1 and 2 methyl ester
groups) were compared to illustrate the effect of increasing carbonyl group
substitution and data for the Fac, Fb and Ft experiments were compared to illustrate
the effect of increasing the size of the a single ester group (methyl, propyl and

benzoyl esters)

The M Method

Data for djoo spacings for first group (showing the effect of increasing C=0 content)

of the as-synthesised and calcined materials are given in Figures 5.22 and 5.23.

Comparison of the unit cell parameter (a,) indicates that increasing C=0 content of
S-Fc from 0 to 2 causes a significant increase of the unit cell. The effect is consistent
with the decreasing hydrophobicity of the S-Fc as the C=0 content increases. The less
hydrophobic S-Fc molecules will be more disruptive of the structure of the micelle
core, cancelling out any tendency to contract (as was the case for FcO at low loadings)
and causing it to expand at higher loadings. The decrease in unit cell above a S-Fc

loading of approximately 5% is not easily explained.
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Figure 5.22 The effect of C=0 substitution of S-Fc (Fc, Fac and Fd) on diy spacing of
as-synthesized samples (M Method). S-Fc content is the S-Fc/surfactant weight ratio expressed as

a % in the synthesis mixture.
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Figure 5.23 The effect of C=0 content of S-Fc (Fc, Fac and Fd) on diqo spacing of calcined
samples (M Method)

Data for djop spacings for the second group of MCM-41 phases with encapsulated

S-Fc species (all with one C=0 group but of increasing size) are given in Figures 5.24

and 5.25.
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Figure 5.24 The effect of molecular weight of S-FcC species each containing one C=0 group (Fac,
Fb and Ft) on dygo Spacing of as-synthesized samples (M Method).

37

d100 spacing

31 t
30

0 5 10 15 20

S-Fc content (wt%)

| ——d100 Fac M —=—d100 Fb M —&— d100 FtM |

Figure 5.25 The effect of molecular weight of S-FcC species each containing one C=0 group (Fac,

Fb and Ft) on dyq Spacing of calcined samples (M Method)

While the unit cell parameter (a,) appeared to increase with increasing S-Fc
concentration from 0.5 to 5 wt%, there was no significant difference in the a, values

for the Fac, Ft and Fb loaded materials. The bulkiness of the substituted group does

not appear to have much effect on the mesoporous structure.
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The T Method

The effect of C=0 content of S-Fc (Fc, Fac and Fd) on d;oo spacing of as synthesised

and calcined samples (T Method) is illustrated by data summarized in Figures 5.26

and 5.27.
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Figure 5.26 The effect of C=0 content of S-Fc (Fc, Fac and Fd) on d;o Spacing of as synthesised
samples (T Method)
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Figure 5.27 The effect of C=O content of S-Fc (Fc, Fac and Fd) on di spacing of calcined
samples (T Method)

While the expected contraction of the lattice occurred upon calcining, the data of

Figures 5.26 and 5.27 indicate that the C=0 content of the S-Fc had little effect on the
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d100 parameter. The digo Values for the Fc are slightly larger in the as prepared material

possibly reflecting the higher loading of Fc in the material. However this difference

disappears upon calcining.

The effect of molecular weight of S-Fc species each containing one C=0 group (Fac,

Fb and Ft) on dio spacing of the as synthesised and calcined samples (T Method) are

given in Figures 5.28 and 5.29.
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Figure 5.28 The effect of molecular weight of S-Fc species each containing one C=0 group (Fac,
Fb and Ft) on dygo Spacing of as synthesised samples (T Method)
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Figure 5.29 The effect of molecular weight of S-Fc species each containing one C=0 group (Fac,
Fb and Ft) on dyq0 Spacing of calcined samples (T Method)

Molecular weight appears to have no discernable effect on the djp parameter.

Comparison of the results for the M and T methods reveals that the materials prepared
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by the M method have significantly larger dioo parameters for both the as prepared
and calcined materials when Fd, the S-Fc molecule containing two C=0 groups, is
used in the synthesis procedure. For all the other systems investigated, molecular

weight and C=0 content had little effect on the MCM-41 structures

5.4.3 Effect of S-Fc loading on N, adsorption-desorption characteristics

The BET surface area for the calcined materials are presented Figures 5.30 to 5.33
Loading with the various S-Fc species had significant effects (mainly increases) on
the BET surfaces areas. Normally, the purely silicious MCM-41 synthesized
according to the procedure of Section 2.4 had a specific surface area of about

1300m?/g.
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Figure 5.30 The effect of C=0 content of S-Fc (Fc, Fac and Fd) on specific surface area of
calcined samples (M Method)
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Figure 5.31 The effect of molecular weight of S-Fc species each containing one C=0 group (Fac,
Fb and Ft) on specific surface area of calcined samples (M Method)
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Figure 5.32 The effect of C=0 content of S-Fc (Fc, Fac and Fd) on specific surface area of
calcined samples (T Method)
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Figure 5.33 The effect of molecular weight of S-Fc species each containing one C=0 group (Fac,
Fb and Ft) on specific surface area of calcined samples (T Method)

For all samples there appeared to be an increase in specific surface are with increased
loading of S-Fc (i.e. higher S-Fc concentrations used in the synthesis mixture). This
was correlated with greater XRD intensities indicating that the increase in specific
surface area was associated with more highly ordered MCM-41 phases stabilized by
S-Fc loading. At higher loading, a reverse trend was observed where XRD intensities
and specific surface area decreased with increased loading. Apparently there is an

optimum loading for maximum order and specific surface area.

Superimposed upon this trend were molecular effects associated with the specific
S-Fc species used to load the MCM-41 and the method of loading used. Molecular
effects were most pronounced when Fd was used and were common to both the M
and T synthetic routes. For loadings of Fd in the range of 2.5 to 10%, surface area of

up to 1800 m?/g were observed.

The high surface areas obtained for the S-Fc materials are of interest for two reasons:
they appear to higher than the 1500 m?g surface area upper limit for MCM type
material normally recorded in the literature, and in contrast to the normal significant
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decrease in area with loading, show a pronounced increase in area with loading.

5.5 The loading of other organometallic compounds into MCM-41 by T and M
Method

In section 5.3, the loading of MCM-41 by the different molecular size and shape
substituted ferrocene compound was described and it was found that the different
molecular size and shape loaded by the M method and T method caused some
structural changes in the product formed. In this section, while the primary interest
was to investigate the loading of different metals into MCM-41 phases, it was still of
interest to determine whether other metal complexes would produce structural effects.
The organometallic compounds of Mn, Mo and Co used were methylcyclopentadienyl
manganese tricarbonyl (O-Mn), cyclopentadienyl molybdenum tricarbonyl dimer
(O-Mo) and 3-methylidyne-tricobalt nonacarbonyl (O-Co). Loading was performed
by the M method and T method.

The O-Mo, O-Mn and O-Co are of special interest because they provide examples of
organometallic complexes containing other catalytically interesting metals. O-Mo is
of particular interest because it has a structure similar to that of Fy but contains more

polar carbonyl groups.

Metal-MCM-41 mesoporous silica was synthesized using CTAB as the surfactant and
TEQOS as the silica source following the general procedure the M Method and the T
Method as described in Section 2.3. In the all cases, concentrations close to the
saturation limit of the organometallic compounds were used. For Fy, O-Mo, O-Co and
O-Mn, the concentrations used were 10, 10, 10 and 20 % relative to the weight of
surfactant, respectively. 2.5 mol/L HCI solution was used for all reactions. Reaction
time was 5 hours under stirring (1000 rpm) at room temperature. The resultant white
precipitate was filtered, washed and dried at room temperature for several hours. The

final samples Metal-MCM-41(T), Metal-MCM-41 (M) were characterized by low
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angle XRD, BET and metal content as determined by AA (see Section 2.5)

5.5.1 Determination of metal content

The color of the metal-containing samples provided a visual clue as to the level of
organometallic complexes loading in the final product. All the as synthesised samples
were coloured suggesting the organometallic complexes had been incorporated. After
calcined, in most case the colour changed to white for Mo-MCM-41 materials, light

grey for Co-MCM-41 and light red for Fe-MCM-41.

Quantitative data for metal loading was obtained by AA (See section 2.6). Data for
metal loadings (wt% of as-synthesised product) achieved according to the T method
and the M method for different organometallic complexes wt% relative to the

surfactant are summarized in table 5.7 and 5.8.

Table 5.7 Metal contents for single metal loadings (M-Method)

M Method Mn Mo Fy Co
Colour as syn. brown pink yellow blue
Colour calc. brown white Light red Light-grey
Metal content C. (wt%) 1.32 1.15 0.34 0.09

Table 5.8 Metal contents for single metal loadings (T-Method)

T Method Mn Mo Fy Co
Colour as synthesised brown pink yellow light blue
Colour C dark brown white light brown | light grey
Metal content C. (wt%). 2.48 1.26 0.1 0.21

5.5.2 Effect of organometallic complex loading on structural features

The X-ray diffraction patterns of the Metal-MCM-41 loaded by the T method and the
M method are summarized in Figures 5.34 to 5.37. XRD patterns of all samples
corresponded to the regular hexagonal pore structure of Metal-MCM-41 and was not

affected by organometallic complex loading. The Metal-MCM-41 structure was
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maintained after calcining with peak positions indicating lattice contraction and peak
intensities revealing dramatic increases in structure ordering. The ordering effect upon

calcining suggests that accommodation of the bulky organometallic complexes is

structure disrupting and that upon their decomposition during calcining, the silica

structure is able to revert to a more ordered form irrespective of whether the material

was synthesised by the T or M method.
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3.5 5.5 7.5 9.5
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Figures 5.34 The effect of O-Mn loading on XRD powder patterns for as synthesized and calcined

MCM-41.
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Figures 5.35 The effect of O-Mo loading on XRD powder patterns for as synthesized and calcined

MCM-41.
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Figures 5.36 The effect of Fy loading on XRD powder patterns for as synthesized and calcined
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MCM-41.
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Figures 5.37 The effect of O-Co loading on XRD powder patterns for as synthesized and calcined

MCM-41.

Values of dioo for the as synthesised material and calcined material and the contraction

upon calcining are given in Tables 4.7 and 4.8.

Table 5.7 dyqq data for the as-synthesised and calcined samples for M Method

M Method Fe Mn Mo Co
d1go as syn.(£0.3, A) 37.2 385 37.2 36.9
dygo calc.(20.3, A) 34.1 34.6 31.9 34.3
Contraction 3.1 3.9 5.3 2.6

Table 5.8 djqq data for the as-synthesised and calcined samples for T Method

T Method Fy Mn Mo Co
0100 as syn.(0.3, A) 37.6 39.6 38.5 38.5
0100 calc.(0.3, A) 34.9 36 33.1 34.9
Contraction 2.7 3.6 54 3.6
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There was a significant difference in djgo spacing contraction upon calcining for the
different organometallic complexes loaded. The digo Spacing contraction can result
from two causes. A general contraction will occur due to the loss of the surfactant,
exposing lattice hydroxyl which undergo condensation polymerisation causing a
general shrinking of the product. Another contraction mechanism could result from
decomposition of the loaded organometallic complexes releasing space and resulting
in a contraction of the pore center-to-center distance. The fact that all samples
contained the same surfactant, lends weight to the explanation that it was the
decomposition of the different organometallic complexes that resulted in different diog
spacing contractions. The larger the molecule size and the higher the loaded amount,
the larger the expected contraction. O-Mo has the largest molecular size and the
second highest loading so it is not surprising that the contraction was greatest for this
system for both the M and T synthetic methods. Although O-Mn has smallest
molecule size of all organometallic complexes used, it had the highest loading and
consequently gave the second highest contraction. The sample O-Fe has a larger
molecule size than O-Mn, but a much lower loading and this resulted in a lower

contraction.

5.5.3 The effect of loading with organometallic complexes on nitrogen adsorption

Data for the effect of loading with the O-Mn, O-Mo, Fy and O-Co on the nitrogen
adsorption/desorption isotherms and BJH pore sizes are summarized in Figures 5.38

to 5.39 and 5.40.

All calcined materials exhibited typical type IV isotherm behaviour. The steep
capillary condensation step, characteristic of a highly uniform mesoporous structures,
indicated that the mesoporous structures of Metal-MCM-41 (T) and Metal-MCM-41

(M) were well preserved upon calcining.
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Figure 5.38 The effect of loading organometallic complex O-Mn on nitrogen adsorption
desorption isotherms.
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Figure 5.39 The effect of loading organometallic complex O-Mo on nitrogen adsorption
desorption isotherms.
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Figure 5.40 The effect of loading organometallic complex Fy on nitrogen adsorption desorption

isotherms
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Figure 5.41 The effect of O-Mn loading on the pore size distribution
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Figure 5.42 The effect of O-Mo loading on the pore size distribution
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Figure 5.43 The effect of Fy loading on the pore size distribution
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The differing effects of loading of metal into the mesoporous structures by T and M
method are revealed by the different BJH desorption pore diameter distribution
patterns. For the highest loaded O-Mn system the much broader pore diameter
distribution for T Method product relative to the M Method product indicates that
more variable wall thicknesses result when the complex encapsulated within the wall
decomposes (T method) relative the effect on wall thickness resulting from

decomposition of complex in the pores (M method).

A summary of structural parameters of the Metal-MCM-41(T) and Metal-MCM-41(M)
derived from the XRD data and the isotherm data, including the unit cell a,, mean
pore diameter, wall thickness, total surface area and total pore volume is presented in

Tables 5.9

Tables 5.9 The effect of organometallic complex loading on structural properties of calcined

Organometallic | Unit cell Pore size Wall Surface Total pore
Compounds o diameter thickness | area volume
nm (20.03) | nm(20.01) | nm(20.04) | m%g(270) | cc/g (8)
O-FyT 4.03 2.55 1.48 1340 0.76
O-FyM 3.94 2.35 1.59 1440 0.77
O-MnT 4.14 2.70 1.44 1240 0.78
O-Mn M 3.98 2.27 1.71 1290 0.72
O-MoT 3.95 2.79 1.16 1390 0.76
O-Mo M 3.76 2.56 1.20 1330 0.76

The effects of loading the metal into the mesoporous structures by organometallic
complexes of different sizes are reflected by the different structural properties of the
final products. For the system prepared from the largest complex (O-Mo), the largest
pore size and smallest wall thickness was obtained indicating that the larger molecules

release more space during calcining.
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5.6 Summary

Loading by the T and M methods provides some significant differences compared
with loading by the I method. Generally less complex is taken up by the T and M
methods and the effect of loading on the silica structure and specific surface area in
much less even before calcining to decompose complex. After calcining surface area
are always increased relative the area expected for pure silica. The increase in area
could be the result of the formation of small metal particles that contribute surface

area.
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Chapter 6 The loading of mixed metal and bimetallic complexes into

mesoporous solids by the M, T and | Methods

6.1 Introduction

In Chapters 4 and 5, the loading of MCM-41 phases with single metal complexes
during synthesis and immersion was described. It was of interest to use the M, T and |
methods to prepare mixed metal systems from mixtures of metal complexes and
bimetallic complexes. Moreover, it can be expected that different synthetic methods
will lead to different locations and coordination environments of metal species which
could lead to different properties. In order to demonstrate this possibility, the mixture
of metal complexes O-Mo and Fy (Mo+Fe), the mixture of metal complexes O-Mo
and O-Co (Mo+Co), and the bimetallic complexes Cp(CO)s;MoFe(CO),Cp (Mo-Fe)
and Cp(CO),Mo[Co(C0O)3],CMe (Mo-Co) were used in the T, M and | synthetic

methods.

Metal-MCM-41 mesoporous silica was synthesized using CTAB as the surfactant and
TEQOS as the silica source following the general procedure the M Method and the T
Method as described in Section 2.3. In the all cases, concentrations close to the
saturation limit of the organometallic compounds were used. For Mo-Fe and Mo-Co,
the concentrations used were 10 % relative to the weight of surfactant. For Mo+Fe
and Mo+Co, the concentrations used were 5%+5% relative to the weight of surfactant.
A 2.5 mol/L HCI solution was used for all reactions. Reaction time was 5 hours under
stirring (1000 rpm) at room temperature. The resultant colour precipitate was filtered,

washed and dried at room temperature for several hours.

For the I method, concentrations close to the saturation limit of the organometallic
compounds were used. In the case of the metal complex mixtures, the concentrations

in the for Mo+Fe mixture were 0.05 mol/L O-Mo and 0.075 mol/L Fy; for the Mo+Co
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mixture the concentrations were 0.05 mol/L O-Mo and 0.05 mol/L O-Co and for the
bimetallic complexes, Mo-Fe and Mo-Co, the concentrations used were both 0.1
mol/L. Dry calcined MCM-41 (0.5 g) was suspended in this solution under vacuum
for 24 hours as described in Section 2.3. The material was rinsed until risings were
colourless and dried under vacuum. The dried as immersed material was analyzed for
metal according to Section 2.3. All the final samples Metal-MCM-41(T),
Metal-MCM-41 (M) and Metal-MCM-41 (I) were characterized by low angle XRD
and metal content as determined by AA (see Section 2.5), and the sample Mo+Fe was

further characterized by gas adsorption.

6.2 Determination of metal content

The color of the metal-containing samples provided a simple indication of
organometallic complexes loading in the final product. All the as synthesised samples
were coloured suggesting the organometallic complexes had been incorporated. After

calcining, the colour of the samples changed to black in the most case.

Quantitative data for metal loading was obtained by AA (See section 2.6). Data for
metal loadings (wt% of calcined product) achieved according to the T method, the M
method and the | method for different organometallic complexes wt% relative to the

surfactant are summarized in Table 6.1 to 6.3.

For the samples Mo-Fe and Mo-Co, the final product exhibited a very similar mol
ratio to the original bimetallic complex. For the samples Mo+Fe and Mo+Co, the final
product exhibited significantly different mole ratios relative the 1:1 mole ratios in the
preparative mixtures. This may have resulted from preferential interactions with the
silica matrix in the case of the | method and preferential interactions within the core

of the micelle or the TEOS solution respectively for the M and T methods.
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Table 6.1 Metal contents for the mixed metal and bimetallic complexes loadings (I-Method)

| Method Mo+Fe Mo-Fe Mo+Co Mo-Co
Colour as synthesised pink pink blue blue
Colour calcined red brown-red | dark grey | dark grey
Metal content (wt%) 1.98/1.72 1.65/0.98 | 1.29/0.41 | 0.45/0.53

Table 6.2 Metal contents for the mixed metal and bimetallic complexes loadings (M Method)

M Method Mo+Fe Mo-Fe Mo+Co Mo-Co
Colour as synthesised pink pink blue-grey | blue
Colour calcined Very lightred | light-red | dark grey | dark grey
Expected wt% metal ratio | 0.51/0.42 0.79/0.47 | 0.51/0.34 | 0.97/1.2
Actual wt% metal ratio 0.43/0.06 0.53/0.28 | 0.46/0.13 | 0.62/0.73

Table 6.3 Metal contents for the mixed metal and bimetallic complexes loadings (T Method)

T Method Mo+Fe Mo-Fe Mo+Co Mo-Co
Colour as synthesised light pink yellow Blue blue
Colour calcined very lightred | light-red [ dark grey | dark grey
Expected metal content (wt%) | 0.51/0.42 0.79/0.47 |0.51/0.34 |0.97/1.2
Metal content (wt%) 0.42/0.03 0.46/0.21 | 0.48/0.09 | 0.57/0.62

The total loading of metals for samples for prepared by the T and M methods was
higher when the bimetallic complexes were used. In contrast, the metal loading for
samples prepared by the I method was higher when mixtures of monometallic

complexes were employed.

6.3 Effect of mixed metal and bimetallic complexes loading on structural features

The X-ray diffraction patterns of the Metal-MCM-41 loaded by the T method and the
M method are given in Figures 6.1 to 6.6. XRD patterns of the T and M method
samples corresponded to the regular hexagonal pore structure of Metal-MCM-41 and
were not affected by mixed metal and bimetallic complex loading. The
Metal-MCM-41 structure was maintained after calcining with peak positions

indicating lattice contraction and peak intensities revealing dramatic increases in
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structure ordering.

There was a significant decrease in the diffracted intensities for the | method samples,

indicating that the quality of Metal-MCM-41 decreased. The dioo Spacing also

decreased after loading. In most cases, two peaks appeared in digo position, indicating

the possibility of pore modification into a regular array of pores with differing wall

thicknesses resulting from deposition of the metal complex and/or calcined metal

species.
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Figures 6.1 The effect of the Mo+Co and Mo-Co on XRD powder patterns for as synthesized and

calcined MCM-41 for the M method.
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Figures 6.2 The effect of the Mo+Fe and Mo-Fe on XRD powder patterns for as synthesized and

calcined MCM-41 for the M method.
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Figures 6.3 The effect of the Mo+Co and Mo-Co on XRD powder patterns for as synthesized and

calcined MCM-41 for the T method.
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Figures 6.4 The effect of the Mo+Fe and Mo-Fe on XRD powder patterns for as synthesized and

calcined MCM-41 for the T method
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Figures 6.5 The effect of the Mo+Co and Mo-Co on XRD powder patterns for as synthesized and

calcined MCM-41 for the | method.
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Figures 6.6 The effect of the Mo+Fe and Mo-Fe on XRD powder patterns for as synthesized and

calcined MCM-41 for the | method.

6.4 The effect of loading mixed metal complexes on nitrogen adsorption

Data for the effect of loading with Mo+Fe by the | method on the nitrogen

adsorption/desorption isotherms and BJH pore sizes are given in Figures 6.7 and 6.8
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Figure 6.7 The effect of Fe+Mo mixed metal loading on nitrogen adsorption desorption isotherms

(V = vacuumed dried, C = calcined).

215



Chapter 6

After imbibing the materials exhibited very similar nitrogen adsorption isotherms with
considerably lower plateaus adsorptions than the original calcined material. After the
loaded materials were calcined to decompose the metal complex there were increases
in the amount of sorption due to capillary condensation. It is likely that the recoveries
were due to the free volume produced in the pores by the decomposition of the bulky

organic components of the organometallic compounds.
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Figure 6.8. The effect of Fe+Mo mixed metal loading on the pore size distribution (V = vacuumed

dried, C = calcined).

The BJH desorption pore diameter distribution patterns show that the loading of metal
into the structure significantly destroyed the pore structure reducing the pore volumes

and pore diameters consistent with structural shrinkage and pore filling.

6.5 The infrared spectrum

Infra red data for the samples Mo+Fe(T), Mo+Fe(M), Mo-Fe(T), Mo-Fe(M),
Mo+Co(T), Mo+Co(M), Mo-Co(T) and Mo-Co(M) are given in 6.9 to 6.16 . The
infrared spectra of the Mo+Fe(M), Mo-Fe(M), Mo+Co(M) and Mo-Co(M) exhibited
the characteristic strong terminal metal carbonyl bands in the range from 2000 to at
1900 cm™ indicating that the metal complexes had remained unaltered by
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Figure 6.13 IR spectrum of M Mo+Co
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encapsulation. However the metal carbonyl bands of the Mo+Fe(T), Mo-Fe(T),
Mo+Co(T), and Mo-Co(T), for similar loadings were weak or absent indicating that
chemical reaction, possibly involving the silica matrix, occurred during the synthesis.
After calcining, the characteristic strong terminal metal carbonyl bands of the all
samples had disappeared, indicating that all the organometallic complexes had been
decomposed, but there was no observable differences in the vibrations due to the
silica matrix. In particular there was no evidence of the presence of oxide phases that

might be observed in the wavelength regions:

6.6 TEM

TEM images of the incorporated nanoparticles into MCM-41 by the three methods are
shown in Fig. 6.17 to 6.19. The images show uniform, well-defined structures.
Hexagonal channels of approximately 2 nm in diameter, characteristic of well-ordered
MCM-41 are clearly visible. There were no obvious metal particles, either on the
sufaces of the MCM-41 particles or within the pores indicating that the metal species

were present had particle sizes less than the resolution of the micrographs.
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Figure 6.17 TEM image of Mo-Fe (I). The pore structure is just discernable but there is no

evidence of particles large enough to be resolved.
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Figure 6.18 TEM image of Mo-Fe (T). The pore structure is clearly resolved. There is no evidence

of particles greater than the pore size.
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Figure 6.19 TEM image of Mo-Fe (M). The pore structure is resolved and there is no evidence of

particles larger than the pore size.

The appearance of large and non porous particles of between 40 and 60 nm diameter
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in the micrograph for the sample prepared by the I method is possible evidence that
large aggregates of the metal species were formed by this loading method. The pore
structure also appears to be less well defined which is consistent with the lower

surface area and porosity of | method samples.

6.7 XRD evidence for the absence of crystalline iron oxide in the calcined iron

loaded phases

XRD data for the calcined MCM-41 phases loaded by the mixed metal complexes
over the 26 range from 32 to 37 degrees are shown in Figure 4.26 along with data for

a physical 2% mixture of iron oxide in pure silica.
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Figure 6.20 XRD powder patterns of the iron oxide physical mixture with pure silica and calcined
MCM-41 loaded with Fy by three methods.

Although the iron oxide content of the loaded MCM-41 phases is lower than iron
content of the physical mixture, the intensity at 33.2 and 35.5° 20 for the 2% mixture

is sufficiently high that peaks should be easily detected for the loaded samples if
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crystalline iron oxide was present. The absence of peaks is thus evidence that any iron

oxide present is of very small particle size or amorphous.

6.8 Discussion and conclusions

The synthetic methods used to prepare monometallic phases can be extended to
prepare mixed metal systems. However different complexes have different affinities
for sites within the structures and when loaded from simple physical mixtures will
load in ratios different from the ratio in the mixture. Thus it is not easy to load the
metals in predetermined compositions by this approach. The problem can be
overcome by loading a single bimetallic complex of defined composition (e.g. Mo-Fe
and Mo-Co) into the structures. It has been confirmed that the metal ratio of the

loaded product is the same as the metal ratio in the complex.

The ability to load MCM-41 phases with highly dispersed mixed metal particles of
predetermined composition has relevance to much current work on heterogeneous
catalysis where size-, shape-, structure- and composition dependent behavior of
catalyst nanoparticles are employed in alkylation, dehydrogenation, hydrogenation,
and selective oxidation reactions for the conversion of hydrocarbons to commodity
chemicals. Innovation in these areas is largely driven by novel synthesis of
nanoporous and nanostructured catalytic materials. Noble metal nanoparticles such as
Pt, Pd, Rh, Au and their alloys with other metals have been extensively employed to
catalyze a wide range of dehydrogenation, hydrogenation, and selective oxidation
reactions of organic molecules. Novel approaches are still required to synthesize and
characterize stable gold and other metal nanoparticles with tightly controlled sizes to
further advance the knowledge of their unique size-dependent catalytic behavior. The
bulk mixed metal oxides of vanadium, molybdenum, and other transition metals have

shown great promise as highly active and selective oxidation catalysts. [1, 2]
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Chapter 7 Discussion

Addressing the specific research questions posed at the beginning of this thesis has
led to the gaining of new information about the preparation of mesoporous silicas and
their loading with single and mixed metal particles. In particular it has been found

that:

1. An optimised acid route provides a suitable method for the preparation of
MCM-41 mesoporous silica systems compatible for use as catalysts and which
also provides routes for loading with metals during synthesis. Detailed studies of
reaction conditions have allowed mesoporous silicas to be synthesised at room

temperature that have thicker walls and larger surface areas than usually reported.

2. A modified imbibing method has been developed to allow the preparation of
metal loaded systems containing metal and mixtures of metal of defined
composition from preformed calcined phases and appropriate organometallic
complexes. The method has advantages over previously reported work in that by
rigorous rinsing after imbibing, only adsorbed metal complexes remain. Less

sintering and smaller particles should thus be favoured.

3. Two new general methods for loading mesoporous silicas with metal
nanoparticles by incorporating the metal, in the form of an organometallic
compound, into the structures during the synthesis step have been developed. The
M method incorporates the metal complex into the micellar phase and the T
method incorporated the complex into the TEOS solution. Other workers [1] have

now adopted the M method but none have yet reported the T method.

4. The loading methods have been extended to prepare mixed metal systems of
defined composition by using single-source mixed metal (e.g. Mo-Fe and Mo-Co)
organometallic compounds such as Cp(CO)sMoFe(C0O),Cp, or
[Cp(CO).M0],Co(CO)3CMe.
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5. Microscopic and other methods of characterisation have provided evidence that
upon calcining the loaded metal complexes from particles that are smaller than
the resolving power of the microscope (1.5 nm) and consistent with being formed

within the regular mesoporous structure.

7.1 Optimisation of the acid route for the preparation of stable MCM-41

A very large number of different synthesis approaches for the preparation of
mesoporous materials has been reported in literature since the first development of
ordered mesoporous materials in the 1990s. The synthesis methods and parameters
that influence the final material will allow pore size engineering and control of the
morphology and structural properties of the obtained material [2]. Of particular
relevance to the present studies is the work that has reported for synthesis under acid
conditions. Acid conditions provide a much more favourable environment for metal
loading during synthesis because many of the metal complexes of interest as proposed

as metal carriers are stable in acid but unstable in alkaline solution.

A new room temperature synthetic route using acid conditions, cationic surfactants
(CTAB and PD), and an organic Si source (TEOS) has been developed and optimised.
It has many advantages over other commonly reported procedures in the acidic
conditions are favorable to the loading of metal salts and organometallic complex
during synthesis. The compounds are generally not stable in basic conditions. Room
temperature preparation is convenient and is an advantage from a complex stability
perspective. The organic TEOS phase also provides a solvent for loading

organometallic compounds during synthesis.

The optimum conditions were found to be: 2.5 mol/L HCL, 5 hrs, 500 rpm, 20°C, 2.0
wt% CTAB, mole ratio of CTAB/TEOS = 0.12. Under these conditions, MCM-41

with specific surface area of 1500 m%/g and greater and with high degree of structural
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order can be routinely prepared.

During the optimization of the synthetic method, numerous small but useful effects of
preparation parameters on the characteristics of the MCM-41 mesoporous silica were
observed. The synthesis of mesoporous MCM-41 under strongly acidic conditions can
be performed at lower temperatures, within shorter synthesis times and with lower
surfactant concentrations than is possible for synthesis under basic conditions. Acid
concentration had great influence on the structure of the product. With increasing acid
concentration, the digo spacing decreased, the pore size decreased and the wall
thickness increased. The results (Section 3.2) also showed that extremes of high and
low acid concentration favoured the formation of disordered amorphous phases. It has
been determined that the optimum HCI acid concentration to obtain high quality

MCM-41 material was 2.5 mol L.

While it has been found that highly ordered MCM-41 can be successfully prepared at
an extremely low surfactant concentration (0.035 mol L), the optimum surfactant
concentration determined for the synthesis of MCM-41 in this work was found to be
0.05 mol L™ The ordered mesophases were synthesised at reaction times ranging
from 3 to 72 h. The most ordered MCM-41 materials, as indicated by the XRD
intensities, were formed at 5 h, and the quality decreased with increasing reaction

time.

It has been demonstrated (Section 3.5) that stirring rate can be used as a convenient
tool for controlling not only the size and shape of particles but also their
mesostructure. SEM images of the exterior surfaces of the samples prepared at the
lowest stirring speed showed relatively smooth small particles. At the higher stirring
speeds the particles tended to have rougher outlines and in most cases appeared to
consist of inter grown particles made up of flake-like layers approximately 300 nm

thick. Surfaces were generally rough and covered by small particles.
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High stirring rates favoured a narrow pore size distribution, thick walls and high
density products. These materials contracted less upon calcining and formed products
that had higher thermal stability. The specific surface areas of MCM-41 formed in this
way were amongst the highest that have been reported in the literature reaching areas
as large as 1830 m? g™ prepared at a stirring rate of 500 rpm. Che and co-workers
have reported MCM-41 phases with surface areas of up to 1500 mg™ prepared under

similar conditions but with less vigorous stirring [3].

The as-synthesized MCM-41 materials were very stable and showed no detectable
change in structure after long term (>4 years) ambient storage. The product calcined
at 500°C had high-thermal stability, withstanding temperatures of 700°C for 24h.
Calcined materials were stable for at least 6 months when stored dry. However, when
treated with neutral aqueous solution at 100 °C, structural collapse occurred after
between 5 and 8 hours. The material will have limited usefulness in neutral and

alkaline solutions.

Post synthesis treatment with 4 mol/L HCI solution at 75°C for 2 hours led to an
improvement of the ordering, and adsorption measurements revealed a limited pore
size enlargement, the digo spacing. Thus while the systems are not appropriate for use

in neutral or basic solutions they should be usable in acid solution.

Removal of the templating molecules by calcination in air resulted in further ordering
of the mesostructure as indicated by the improved sharpness of XRD lines. It has been
confirmed (Section 3.2) that the products from acid synthesis have smaller pore
diameters, thicker walls, higher surface areas and larger mesopore volumes than the

products hydrothermally synthesized in basic media.

The materials produced under optimum conditions were well ordered, hexagonally
arranged structures, giving (211) and (220) as well as the characteristic (100) XRD

reflections, regular hexagonal pores as shown by TEM images, and BET surface area
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of 1500 m? g™ and greater.

The refined reaction conditions including high stirring speeds, low surfactant
concentration, high acid concentrations and short reactions times developed in the
present work represent important improvements in the synthetic methodology giving
stable, well ordered and high surface area products. The method is very simple and
the morphology is easy to control compared to the alkaline synthesis route. The small
scale laboratory preparation of the as-synthesized product and the calcined product
could easily be scaled up for large-scale production should the product or any of its

modifications become important for industrial applications.

7.2 Loading of Preformed Calcined MCM-41 with transition metals by imbibing

organmetallic complexes (I method)

While several methods [4] have been developed for introducing metals, metal ions,
metal oxides or metal complexes into MCM-41 or other mesoporous materials, the
usual route [5] to metal loaded MCM-41 materials depends on immersing the calcined
material in an appropriate aqueous salt solution containing the desired, metal atom.
No reference is made to measure taken to ensure that the mesopores are filled with
treatment solution. Also the treated materials were not rinsed. Thus although imbibing
method has been widely used, it is characterized by producing metal particles much
larger than the pore size indicating likely agglomeration on the exterior surfaces.
Access of treatment solution to the channels of mesopores can only occur if air is

displaced but no reference is made to applying vacuum to achieve this.

In the present work two innovations were adopted in an attempt to have better control
of the loading and to ensure that uptake of the metal species was limited to the pores.

Firstly the after the MCM-41 was immersed in the treatment solution, a vacuum was
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applied to withdraw all the air and force the solution into the pores. Secondly after
such treatment the sample was thoroughly rinsed with dichloromethane to ensure that
treatment solution adhering to external surface was removed and free solution within
the pores was also had a chance to diffuse out and be removed. The purpose of this
procedure was to ensure that the solute remaining was strongly adsorbed to pore walls.
Further the use of organometallic compounds dissolved in a suitable organic solvent
avoiding the possibility of the simultaneous loading with the atom of the anions when

metal salts are used [6].

Toluene and THF are commonly used organic solvents for organometallic compounds.
The effect of the solvent on the MCM-41 structure seems to have been largely
neglected. The results of this investigation have demonstrated that solvents used in the
imbibing of organometallic compounds into MCM-41 can have a significant effect on
the mesoporous structure. For example, THF treatment decreases the dio Spacing,
pore size and specific surface area, but ethyl acetate treatment results in a minor
increase in the digo spacing and pore sizes without appreciable effect on specific
surface area. While the use of appropriate organic solvents might be used as tool for
modifying the structure of MCM-41, in most cases solvent treatment causes
deterioration of structural features. The solvent chosen for the imbibing work was
toluene because it had modest effect on MCM structure, has good solvent properties

for organometallic compounds and has a relatively high vapour pressure.

Loading of organometallic compounds using the | method produced structural
changes over and above the effects of the toluene solvent after loading and further
effects after calcining to decompose the complexes and deposit the metal species
usually as the oxide. The changes resulted in lower ordering and less well resolved
XRD patterns. The pore sizes and the surface areas were significantly decreased upon
loading of organometallic complexes but increased after calcining. This may have

been due to unblocking of pores and releasing of space occupied by the bulky
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organometallic complexes. However pore volumes and surface areas were still

significantly reduced relative to the starting materials.

Loading of the complexes varied with the nature of the complex. Although in each
case the same amount of organometallic solution was imbibed under vacuum, the
amount of complex remaining in the structure after rinsing excess varied dramatically.
The rinsing was to ensure complex was dispersed at a molecular level and that
aggregates did not precipitate from the free complex remaining dissolved in solution
filling the pores as the solvent evaporated. The amount of organometallic complex
retained within the structure appeared to correlate with the polar surface area of the
complex which generally reflected the carbonyl content and was a measure of the
polar nature of the molecule. The different organometallic complexes have different
ability to react with Si—OH groups of the pore walls. In a pure silica MCM-41 both
internal and external surfaces terminate in a layer of silanol groups (Si—OH) pointing
into the mesopores. These silanol groups provide adsorption sites for hydrogen
bonding with polar organometallic complexes. The adsorbed complexes can be
expected to be retained during rinsing of excess imbibed solution from the structures.
The amount of complex retained should reflect the strength of the adsorption
interaction. The metal content retained in MCM-41 phases loaded by the I method
was in the order:
Fc < Fac, Ft, Fb < Fd, < Fa, O-Mn, Fy, O-Mo

This is also the order of the number of C=0 groups in the respective compound
groups. Fc has no C=0; Fac, Ft and Fb have one C=0; Fd has two C=0s; Fa and
O-Mn have three C=0s and Fy and O-Mo have more than three C=0s. The number of

C=0 groups also reflects the polar surface areas (See Section 4.3).
The absence in the XRD results of the calcined materials of peaks characteristic of the
metal oxides provides evidence that the metal after calcining remains well dispersed

in particles too small to give diffraction signals.
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Although the organometallic complexes can be effectively incorporated into MCM-41
in a highly dispersed state by the | method, invariably it was found that the structure
of MCM-41 was significantly destroyed and the pore size and the surface area was
significantly decreased. Other workers have also observed these effects [7] which tend
to be greater as loading increases. These changes are likely to compromise the
usefulness of the metal loaded phases in catalytic applications. These problems are

avoided when the metal is incorporated into the pores during synthesis.

7.3 Loading during synthesis

Much of the new work described in this thesis was concerned establishing two novel
routes for introducing metal species as isolated metal atoms or small particles into the
pores of the MCM-41 structure during synthesis. These are the M method, where the
complex in incorporated into the surfactant micelle and the T method where the
complex is dissolved in the TEOS of the synthesis mixture. The amount of metal that
can be incorporated into MCM-41 is controlled by the solubility of the organometallic
compounds in the micellar solution or the TEOS. The location of the metal species in

the structure is also likely to be controlled by the choice of the synthetic method.

The two synthetic routes are illustrated diagrammatically in Fig 7.1 for the M method

and Figure 7.2 for the T method.

According to the M method metal complex loaded micelles are first formed by adding
a dry mixture of the metal complex and surfactant (formed from evaporating a
solution of the two components in a mixed solvent of dichloromethane/methanol) to
the acid synthesis solution. Upon the addition of TEOS the micelles become coated
with silica. The silica coated rods condense into the hexagonal array of a metal loaded
precursor phase. Upon calcining, the surfactant is removed and the metal complex
decomposed. Because the loading of metal into the micelles is quite low, aggregation
and sintering can be expected to be limited favouring the formation of surface atoms
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Fig 7.1. Schematic of loading by the M method.

or small metal aggregates easily accommodated within the pore structure. This
procedure, which was first published in 2006 [8,9,10] differs from the micelle loading
route used by Xue who used an ambient temperature alkaline route based upon TEOS
as the silica source and also from work done more recently [12] where the metal
complex dissolved in non polar solvent was loaded into aqueous micelles and the
MCM-41 was produced by the hydrothermal route in alkaline solution at elevated
temperature using silica fume as the silica source. For example, Ohtaki et al. [13]
prepared small Fe particles located in mesopores of MCM-41 using a chloroform
solution of ferrocene as the source of metal. In contrast, when [Pd(acac);] was
employed as another inorganic precursor the process was less successful. This has
been attributed to the low decomposition temperature of precursor (ca. 130°C) which
caused severe decrease of pore ordering as compared to the ferrocene system. In a
similar manner, Kaskel and coworkers [14] incorporated platinum and palladium
particles into channels of MCM-41 using a toluene solution of [Pt(acac);] and

[Pd(acac),], respectively.

The clear advantage of the M method used in the present work is that a greater range
of metal complexes are stable in acid conditions used and the reaction can be carried
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out at ambient temperatures allowing incorporation of less thermally stable

complexes.

The second synthetic route for loading metal into the MCM-41 structure that has been
explored in the present work and does not appear to have been attempted elsewhere, is

the T method. This is illustrated diagrammatically in Fig 7.2.
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Fig 7.2. Schematic of loading by the T method.

According to this method the metal complex is added to the liquid TEOS before it in
turn is added to the acid micellar solution. As the diagram suggests, loading by the T
method is likely to incorporate metal atoms into the walls of the product. While this
may be of advantage to inhibit sintering during calcining, it may also isolate the metal
from the pores. Alternatively it is possible that the metal species could migrate from
the walls into the pores at any stage of the synthesis and/or calcining processes. A
further synthetic strategy analogous to the T method, that also does not seem to have
been investigated, is to add the metal species to the acid micellar solution. This

method might be called an A method where a metal salt is added to the acid solution
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of an anionic surfactant. The metal cations might be expected to associate with the
negative anionic head groups of the surfactant and thus be fixed in the walls on the

surfaces of the pores. This is a possible area for further investigation.

The amount of metal that can be incorporated into MCM-41 by the M and T method
is controlled by the solubility of the organometallic compounds in the micellar
solution or the TEOS. The location of the metal species in the structure is also likely

to be controlled by the choice of the synthetic method.

The XRD patterns of all samples exhibited an intense low angle reflection. The
excellent regular mesostructure of MCM-41 was sustained and the materials
possessed high surface area, large pore volume and uniform pore size. The intensity
was not significantly changed with the increasing amounts of the metal incorporated.
One inherent advantage of the loading during synthesis strategy is the likelihood that
the organometallic complex can be selectively loaded into the channels (M method) or
walls (T method). Since loading during synthesis is a one-step loading method, better
control of the amounts and location of the loaded materials can in principle be
maintained. In addition, the metal will be uniformly distributed as molecular entities
due to the molecular level dissolution of the loading compounds in the hydrophobic
core of the surfactant template (for the M method) or the TEOS liquid (for the T
method). The loading during synthesis routes offer the further advantage that they
offer general routes for any loading compound, the only requirement being that the
compound is either soluble in the core of the micelle or soluble in TEOS. No post
synthesis exposure to solvents is involved so the solvent induced structural changes

inherent with the | method should be absent.

For the T and M methods, large variations in the amounts of the different
organometallic complexes loaded were observed. The mesoporous structure and
amount of metal complex loaded at a given complex to surfactant mole ratio was
affected by molecular structure and correlated with topological polar surface area.
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Molecular structure affects the ability of the molecule to pack into the micelle core

and thus the amount of organometallic complex loaded.

The topological polar surface area (see section 5.4) of a molecular is an inverse
measure of its hydrophobicity, and thus lower topological polar surface areas indicate
greater hydrophobicity. More hydrophobic compounds will tend to be preferentially
partitioned into the initial hydrophobic organic phases (micelle core in the M method)
and hydrophobic polymeric silica phases formed during synthesis (T method).This
reasoning can account for the greater loading by both synthetic routes of those

complexes with lower topological polar surface areas.

Evidence to support the expectation that the metal complexes and their decomposition
products will be widely and uniformly dispersed throughout the structures came from
TEM which indicated that particles were smaller than the 1 nm resolving power of the
instrument used. The absence of XRD lines characteristic of the oxides after calcining
was also evidence that particles formed by calcining were sufficiently small to be

X-ray amorphous.

7.4 Preparation of MCM-41 with encapsulated mixed metal phases

The synthetic methods used to prepare monometallic phases can be extended to
prepare mixed metal systems. However, different complexes have different affinities
for sites within the structures and when loaded from simple physical mixtures on
mono-metallic compounds, will load in ratios different from the ratio in the mixture.
Thus it is not easy to load the metals in predetermined compositions by this approach.
The problem can be overcome by synthetic loading single source bimetallic
complexes of defined composition (e.g. Mo-Fe and Mo-Co) into the structures. It has
been confirmed that the loaded metal ratio is the same as the metal ratio in the

complex.
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The capability to load MCM-41 phases with highly dispersed mixed metal particles of
predetermined composition has relevance to much current work on heterogeneous
catalysis where size-, shape-, structure- and composition dependent behavior of
catalyst nanoparticles are employed in alkylation, dehydrogenation, hydrogenation,
and selective oxidation reactions for the conversion of hydrocarbons to commodity
chemicals. Innovation in these areas is largely driven by the need to synthesise novel
nanoporous and nanostructured catalytic materials with encapsulated metal and noble
metal nanoparticles and their alloys. Nobel metals in particular have been extensively
employed to catalyze a wide range of dehydrogenation, hydrogenation, and selective
oxidation reactions of organic molecules [15]. Novel approaches are still required to
synthesize and characterize stable metal nanoparticles with tightly controlled sizes to
further advance the knowledge of their unique size-dependent catalytic behavior.
Metal and mixed metal oxides of vanadium, molybdenum, and other transition metals
have shown great promise as highly active and selective oxidation catalysts [3,16].
Their activities may be both enhanced and made more selective by encapsulation as

nanoparticles using the procedures developed in the present study.

7.5 Catalysis by MCM-41 with encapsulated mixed metal nanoparticles

There are many strategies [17] for the design and the preparation of mesoporous
catalysts. The well ordered mesoporous materials synthesized by the T and M method
with extremely high surface area hold much promise for the development of novel

solid catalysts.

One example one reaction where the systems studied might find application is the
ammonia synthesis reaction. Kojima and Aika [18] have found that Co/Mo
nanoparticles provide an optimum ammonia synthesis catalyst. They determined that
a 1:1 mixed metal cobalt/ molybdenum compound provided catalytic activity for low
pressure ammonia synthesis comparable to the much more expensive rhodium and
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much better than the iron catalyst used industrially. The possibility exists that 1:1
cobalt-molybdenum nanoparticles encapsulated in MCM-41 could provide an
effective ammonia synthesis catalyst. In the case of ammonia synthesis, the chemical
form of the mixed metal system was CosMosN. Formation of CozMosN from the
Co/Mo mixed metal MCM-41 system by reaction of the calcined material with
ammonia at approximately 900 K should lead to CosMosN nanoparticles of much
smaller size and greater activity than those produced by the conventional cobalt

molybdate route [19].

The gold system provides [20] another example where the procedures developed in
the current work might find application. Systems loaded with mixed metal complexes
containing Au could be expected, upon calcining, to produce Au metal/metal oxide
systems of the type that have been the centre of much interest for reactions such as the
low temperature oxidation of carbon monoxide. If the mixed metal complexes of the
required stability cannot be obtained for loading by a one step process, a combination
of the I, T and/or M methods could be used. For example, one metallic substrate could
be loaded during synthesis using the M or T method with a stable monometal
complexes and other metal loaded subsequent to calcination by post synthesis

treatment using the | method followed by a second calcination.
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Chapter 8 Conclusion and further work

8.1 Summary and conclusions

The studies presented in the current thesis have contributed to our understanding of
the synthesis of mesoporous solids and how they can be loaded metal with potential

catalytic activity. The following general conclusion have been drawn:

1. The acid synthetic route has been proven to be a suitable route for synthesis of
MCM-41 systems. The refined reaction conditions including high stirring speeds,
low surfactant concentration, high acid concentrations and short reactions times
developed in the present work represent important improvements in the synthetic
methodology giving stable, well ordered, small pore diameters, thick walls and

high surface area products.

2. Mesoporous MCM-41 prepared by calcining precursor products prepared by the
acid route are good candidates for support materials for the preparation by an
imbibing method (I method), of metal and mixed metal nanoparticles catalyst
systems for dry gas reactions. New information about the role of the solvent in
the imbibing process has been discovered. Solvents with low polar surface areas
and complexity (more hydrophobic) such as THF interact strongly with the silica
lattice and cause structural breakdown. Toluene on the other hand, having a
higher polar surface area (less hydrophobic) has much less effect on the lattice

and is thus a better solvent for imbibing metals

3. Single metal (Mo, Co, Mn and Fe, with differing sizes, stabilities, polarities) and
mixed metal (Mo/Fe, Mo/Co) organometallic complexes can be effectively
loaded into the preformed mesoporous supports by the | method and then
decomposed to prepare metal and mixed metal nanoparticles within the structures.

It has been found that filling pores with metal or/or metal oxide species by this
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method causes disordering and destruction of the MCM-41 porous supports,
broadening of the XRD diffraction lines, and a significant reduction of pore size,

pore volume and specific surface area.

. A major contribution of the current work has been the development of methods
for controlling the loading of metals into the structures during synthesis. In the M
method, single and mixed metal organometallic complexes are loaded into the
micellar phase of the synthetic solution and could favour the uptake of the metal
into the pores. In a second synthetic loading route, the T method, the
organometallic complexes are dissolved into the TEOS the synthesis system
which could favour uptake of the metal species into the silica framework. The M
and T methods allow loading without significant disruption of the lattice or

reduction of surface area.

. All loading methods can be used to prepare mixed metal systems of defined
composition where the metals are introduced as single-source mixed metal (e.g.
Cp(CO)3MoFe(CO),Cp and [Cp(CO),M0],Co(CO);CMe) organometallic
compounds. Encapsulated metal compositions after calcining were determined by
the stoichiometry of the initial mixed metal complex. The way has been made
possible to load mixed metal nanoparticles designed to have synergistic catalytic

effects.

The metal loading obtained according to the three methods typically ranged up to
4%. At these levels, crystalline metal and metal oxide phases can be routinely
determined by XRD. The absence of XRD peaks characteristic of the metal or
metal oxides in any of the samples provides evidence that the metals after
calcining were well dispersed in particles of size less than a few nm, and too
small to give diffraction signals. TEM evidence also supports the conclusion that

the encapsulated particles formed after calcining were smaller than the nanometer
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resolution of the instrument.

8.2 Suggestions for further work

8.2.1 Characterizations of encapsulated nanoparticles

The metal or metal oxide MCM-41 systems prepared according to the three methods
were characterized with XRD, nitrogen sorption, TEM and FTIR. Differences in the
XRD data before and after calcining and in the FTIR data before calcining for the
products formed by the T and M methods point to different mechanisms of
encapsulation and point to the likelihood that the metal species were loaded into the
pores (for the M method) and the walls (for the T method). Although during the
synthesis and calcining agglomeration of the particles did not take place, no direct
evidence for the location or of the size of the nanoparticles has been obtained. It is
possible that X-ray absorption spectroscopy (XANES/EXAFS) determination of the
local structure around the metal atom will be of use. XANES/EXAFS has recently
been used to provide a powerful technique to study the coordination structure of
hetero-atoms introduced to MCM-41 [1]. For iron loaded MCM-41, the use of bright
field TEM high resolution has been used to infer the presence of the iron

nanoparticles from changes in the contrast of the images [2].

8.2.2  Chemistry of encapsulated complexes

In all the work presented in this thesis, the organometallic complexes loaded into
MCM-41 were decomposed by calcining in the air. For the metals involved this would
lead to the formation of nanoparticles of oxides. Many catalytic systems are based
upon other chemical forms of metals, either the metals themselves or in combination
with other elements. Studies of calcining under reducing or reactive atmospheres to

produce pure metal particles and metal compound particles are thus of interest. For
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example, the thermal stability of the MCM-41 matrix offers the possibility of reaction

with ammonia at elevated temperatures to produce metal nitride catalysts (see below).

8.2.3  Catalysts based upon Co/Mo MCM-41 systems

In chapter 7 the activity of Co/Mo mixed metal systems in the ammonia synthesis
reaction was discussed as a possible application of MCM-41 systems loaded with Co

and Mo mixed metal nanoparticles. This is suggested as an area for further studies.

8.2.4  Catalysts based upon mixed metal Au MCM-41 systems

Another catalytic system of continuing interest is the metal/metal oxide supported
gold nanoparticle systems. While the stabilities of available gold complexes may be
inadequate to allow direct mixed metal loading, the two step strategy discussed in

section 7.5 would be worthy of investigation.

8.25 Improvement of hydrothermal stability

While the synthetic method developed in this work has produced materials of
excellent thermal stability, their hydrothermal stability is quite poor. Pore walls of 1
to 2 nm thickness are obtained. Microporosity and low wall density is believed to be a
major reason for low hydrothermal stability. Post calcining acid treatment was
observed to cause increased pore size, decreased cell parameter and reduced wall
thickness implying a tighter packing of the silica chains in the framework consistent
with a decrease in microporosity and increase in wall density. This should be
investigated further. The fact that it was shown that the systems were stable in acid
environments and acid treatment was shown to improve resistance to hydrolytic
structural collapse means that providing an acid environment can be maintained,
stability in aqueous systems should not be a problem. Whether volatile acid can
impart similar stability in gas applications needs to be investigated.
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Others have attempted to improve the stability of these materials by a variety of
techniques. Some of these methods include in-situ techniques like the addition of
various salts. Other methods are post-modification methods such as ion exchange,
grafting of organosilane functional groups to produce hydrophobic organic chains on

the surface [3].
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