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Preface

Nanoscience and nanotechnology are multidisciplinary fields of science where
traditional physics, chemistry, biology, medicine, engineering, and even social sciences meet
to create a crossover that will revolutionize industries, such as pharmacy, microelectronics
and optics, energy production, communications, and many others. The subject of this Thesis
is to understand nanoporous systems, learn to control their design, and to explore potential
functionality. It is aimed to show that such systems can serve as host matrixes for
incorporation of conducting materials at the nanometer scale. By designing nanoporous host
structures we are trying to manipulate the growth process and the properties of the embedded
conductive nanostructures.

The focus is on liquid-crystal templated silica-based mesoporous materials prepared
under different sol-gel synthetic conditions and characterized by a variety of physico-
chemical methods. Morphologies include bulk materials and thin mesoporous films on
different substrates; the latter may offer potential as components for the construction of
molecular electronic devices. It was aimed to gain knowledge of the physico-chemical
characteristics of the mesoporous solids and to access differences in their bulk and surface
properties that can be essential for further functionalization and modification (Chapters 5 and
6).

The encapsulation of conductive nanostructures in ordered mesoporous hosts is
exemplified with several distinct cases by developing new synthetic methods for selective
confinement of the guest structures. Namely, carbon filaments and nanotubes, metal
nanowires and nanoarrays, and semiconducting nanoparticles and wires (Chapters 7, 8, 9 and
10) are prepared in the mesoporous systems by selective functionalization of the host matrix

followed by restricted growth in the nanosized porous system.
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Chapter 1. Introduction to nanoscience and nanotechnology

Chapter 1. Introduction to nanoscience and nanotechnology.

1.1. Nanoscience and nanotechnology
1.2. Nanoelectronics
1.2.1 Top-down approach
1.2.2. Bottom-up approach

1.3. Perspectives

1.1. Nanoscience and nanotechnology

When it comes to nanoscience the scale matters. Prof. Richard Feynman, a Nobel
Prize-winning physicist, in his famous lecture in 1959 called “There is a plenty of room at the
bottom” gave the boundaries of the unexplored science at the smallest realm of physical
existence. At that time most scientists were thinking big about interplanetary space travel, but
Feynman awakened them to possibilities of controlling single molecules or even atoms and
creating machines with them. Talking about nanoscience we usually address to the area of
science where dimensions in the range of 0.1 nm to 100 nm play a critical role (we recognize
the overlap in dimensions with molecular chemistry). Nanoscience is based on the fact that
properties of materials change drastically as a function of the physical dimensions at the
length scales where the Newtonian and quantum physics coexist to some extent. Is
nanoscience a science fiction, a myth that is propagated to fascinate the academic, industrial
and some social circles? Is the prefix “nano” just a fashionable word nowadays? People

already imagine the future when the technology would be based on the word “nano”.

“ Imagine a technology so powerful that it will allow such feats as desktop manufacturing,
cellar repair, artificial intelligence, inexpensive space travel, clean and abundant energy, and
environmental restoration;, a technology so portable that everyone can reap its benefits, a
technology so fundamental that it will radically change our economic and political systems, a
technology so imminent that most of us will see its impact within our lifetimes. Such is the

promise of Nanotechnology.” Kai Wung
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This all seems very promising but let us take a look at the real “macroscopic” world.
Nanoscience and nanotechnology attracted considerable research and scientific attention
during the last ten years; more than 2000 publications containing as keywords “nanoscience”
and ‘“nanotechnology” were issued and cited in the scientific community (according to
SciFinder). Among them around 700 are review articles and only 35 patents. The distribution
of the published articles among the 10 years period clearly shows that the interest in
nanoscience is growing exponentially; only during the last year the number of the published

articles increased twice in comparison to the previous year (Figure 1.1).

800

600 —

Number of publications
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Figure 1.1. Published articles containing as keywords “nanoscience” and “nanotechnology”

for the last ten years (SciFinder).

The U.S. National Science Foundation (NSF) and other agencies, for a number of
years, have been funding a variety of programs in support of nanoscale science and
engineering. The goal of these programs is to catalyze synergistic science and engineering
research in emerging areas of nanoscale science and technology, including: bio-systems at
nanoscale; nanoscale structures, novel phenomena, and quantum control; device and system

architecture; design of tools and nanosystems specific software; nanoscale processes in the
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environment; multi-scale and multi-phenomena modeling and simulation at the nanoscale; and
studies on societal implications of nanoscale science and engineering. This in fact encircles
the whole field that could be referred to as nanoscience and that gives the birth of a new
technology called nanotechnology. The NSF project is alone supported by $600 million in
funding over five-year period and is estimated to create nanotechnology markets that will be
worth $ 1 trillion by 2015.

In the European community, through the 6™ Framework Programme, nanotechnology
is presented as the third thematic priority area called “Nanotechnologies and Nanosciences,
knowledge-based multifunctional materials and new production processes and devices”.
Funding for nanotechnology under this programme may be estimated to mobilize funds in the
range of € 1 billion over the next four-year period. Two global objectives are defined: first, to
stimulate the introduction of innovative nanotechnologies in existing industrial sectors;
second, to stimulate breakthroughs, which can lead to entirely new materials, new devices,
new products and finally new industries. The programme will cover essentially all
nanomaterials types and related devices as well as societal implications that were already
mentioned to be enclosed in the term nanoscience. Countries in Asia, South America and
Australia are also showing increased scientific and technological activity in the nanoscale field
by founding their own national nanotechnology projects and organizations.

It is clear that nanoscience and nanotechnology is a multidisciplinary field, an area of
science where traditional physics, chemistry, biology, medicine, engineering and even social
sciences meet to create a crossover that will revolutionize industries such as pharmaceutics,
microelectronics and optics, energy production, communications and many others. As a
multidisciplinary field, research in nanoscience is unified to share knowledge, tools and
techniques on atomic and molecular interactions. These will enable the researchers working in
nanoscience to expand their expertise into new application fields.

A typical example for cooperative research work in nanoscience is the Center for
NanoScience (CeNS) established in 1998 in our university; based at the beginning on the
department of physics, CeNS now consists of a large number of working groups from the
departments of physics, chemistry and biology of LMU.

We can clearly say that the word is moving steadily towards nanoscience, nevertheless

the boundaries and priorities of this field are still not fully defined and debatable, but it might
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be that this is inherent in its nature. Certainly it is an extremely broad field which makes it
necessary to divide the subject into suitable parts according to the applicational areas such as
nanobiology, nanomedicine, nanoelectronics or molecular electronics, nanomaterials,
nanomachinery and others. The topic of this Thesis is focused on nanostructured materials as
building units for molecular electronics and therefore the rest of this introductory Chapter will
provide an introduction to nanomaterials for molecular electronics, also called

nanoelectronics.

1.2. Nanoelectronics

Nowadays microelectronics is based, as the word suggests, on components roughly one
micron ( 10° m ) on a side. The relentless miniaturization of the microelectronic devices will
promote shrinkage of the components by a factor of 10 to 1000 and will lad us to the
nanoworld ( 10 m) which involves a paradigm shift to the question how to deal with these
“new” dimensions and to put everything together. Let us first explain the organization of the
components in the modern microelectronic and future nanoelectronic devices.

Microelectronics and nanoelectronics both entail three levels of organization'. The
basic building block is usually a transistor with its nanoequivalent — a switch that can turn an
electric current on or off as well as amplify signals. In microelectronics, transistors are made
of bulky semiconducting material. In nanoelectronics, transistors might be organic molecules
or nanoscale inorganic structures that can flip between conducting and nonconducting states.
A typical example is a molecular switch. The next level of organization is the interconnections
- the wires that link transistors together in order to perform arithmetic or logical operations. In
microelectronics, wires are metal lines typically hundreds of nanometers to tens of microns in
width deposited onto silicon. In nanoelectronics the wires might be nanotubes, such as carbon
nanotubes, or other wires prepared with nanodimensions. The top level of organization is the
integration of the electronic devices to the macro world — the overall way the transistors are
interconnected, so that the circuit can plug into a computer or other system and perform
logical operations. At this time, nanoelectronics have not gotten to the point where real testing
of different components can be achieved. There are several examples proposing different ways

for testing the components for nanoelectronics but still the boundaries and concepts at this
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level of organization are controversial. Nevertheless the general concept of microelectronics
and nanoelectronics might not be much different; one needs to find a way for miniaturization
of the electronic devices and integration of the components at different levels of organization.
Two fundamentally different approaches to nanoelectronics are graphically termed as
top-down and bottom-up (Figure 1.2). The next part of this introductory chapter will focus on
the basic principles of top-down and bottom-up approaches for the preparation of nanoscale

devices for electronics.

lem — Macroscopic
Collective behavior based on the whole atom population.
0.1 cm—
10pm — Top-down approach
1 pm |
Mesoscopic
In the nanometer region, materials properties are
0.1 pm — affected by both collective and individual atoms
behavior.
10 nm —|
Inm — Bottom-up approach
0.1nm — Quantum effects of individual atoms rule.

Figure 1.2. Schematic representation of the principles of top-down and bottom-up approaches.

In principle, the bottom-up approach could also be used to create macroscopic objects.

1.2.1. Top -down approach

It is convenient to start with the top-down approach because it is traditional for
microelectronics. To build a silicon chip today, fabrication plants start with a silicon crystal,
lay down a pattern using a photographic technique known as lithography, and etch away the

unwanted material using liquid etching or plasma treatment. Usually the top-down approach is
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defined as one in which macroscale components are utilized to create nanoscale structures. All
processes that include etching, molding or sculpting away material together with methods used
to design spatially defined patterns such as photolithography, microcontact printing and to
some extend dip-pen lithography fall into this category.

The need for miniaturization of the components for microelectronics is recognized by
the microelectronic industry itself’. Nowadays the rates of increase of devices per chip already
exceed Moore’s predictions wherein there is a doubling of devices per chip every 18 — 24
months. The state-of-the-art of the microprocessor industry today has advanced to the point
where engineers can now put on a sliver of silicon of just a few square centimeters some 100
million transistors, with key features measuring 0.18 micron’. Yet within the next two decades
this dramatic march will run up against scientific, technical and economic limits. The
application of lithographic processes to nanoscale electronics is limited simply because they
do not provide the precision for devices that are mere nanometers in width, nevertheless there
are examples where mask processes can now define components less than 100 nm on a side.
Indeed, various nagging (though not yet fundamental) problems in the fabrication of efficient
smaller silicon transistors and their interconnections are becoming increasingly bothersome.
Many experts expect these challenges to intensify dramatically as the transistors approach the
100 nm level. Because of these and other difficulties, the exponential increase in transistor
densities and processing rates of integrated circuits is being sustained only by a similar
exponential rise in the financial outlays necessary to build the facilities that produce these
chips. Eventually the drive to downscale will run headlong into these extreme facility costs,
and the market will reach equilibrium. Many experts project that this will happen around or
before 2015, when a fabrication facility is projected to cost nearly $200 billion. When that
happens, the long period of breathtaking advances in the processing power of computer chips
might have run its course. Further increases in the power of the chips will be prohibitively
costly. Certainly new approaches and ideas for achieving nanoscale devices for electronics

have to be discovered and applied.
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1.2.2 Bottom-up approach

As mentioned above, the simple shrinkage of the electronic components to meet the
demands of nanoscale electronics might not be feasible until a fundamental breakthrough into
the manner these systems are approached is discovered. Researchers use the methods of
synthetic chemistry to produce building blocks and assemble them into progressively larger
structures atom by atom, molecule by molecule. In other words, the fundamentals of the
bottom-up approach lie in the preparative materials chemistry and the principles of self-
assembly. It is clear that if the building blocks can be guided and self-assembled into desired
patterns, this will solve many manipulations and manufacture problems typical for the top-
down approach. As discussed earlier, the building blocks for nanoelectronics can be
considered to be every organic or inorganic molecular object with nanoscale dimensions that
can act as transistor — switching off and on the flow of electrons by flipping between
conductive and nonconductive state’. Typical examples are T-conjugated organic molecules,
semiconducting nanoparticles or wires, carbon nanotubes, metal nanowires, etc. An active
device such as a transistor, however, has to do more than merely allow electrons to flow - it
has to somehow control that flow. Thus, the task of the molecular device engineer is to exploit
the quantum world's discrete energy levels, specifically, by designing molecules whose orbital
characteristics achieve the desired kind of electronic control.

Building up an arsenal of molecular and nanoscale devices by self-assembly is just the
first step in the organization of the components for nanoelectronics. Interconnecting and
integrating these devices is perhaps the much greater challenge. To date, molecular switches
or inorganic solids that can as transistors have been hooked to conventional wires created by
lithography. In many cases, the molecular “glue” is represented by thiol-terminated organic
molecules attached to gold electrodes forming self-assembled monolayers (SAM)’. Thinking
about wiring of the components for molecular electronics, we should not neglect carbon
nanotubes that are believed to play in principle the same role as silicon does in electronic
circuits, but at a molecular scale where silicon and other standard semiconductors cease to
work®. A more detailed discussion on the synthesis and properties of the building blocks for
nanoelectronics - carbon nanotubes, semiconductor and metal nanoparticles and nanowires

that are the objects of this Thesis, will be given in Chapter 3.
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Once the components for molecular electronics are connected to nanowires, the wires
themselves must be organized into multidimensional arrays and integrated to the macro
environment for testing. This seems to be the most difficult task to solve for the construction
of molecular electronic devices. The first successful demonstration of the testing of
components of nanoelectronic systems occurred just several years ago, in 1996, when Paul S.
Weiss's group at Pennsylvania State University started from self-assembled conductive
molecules that were sparsely dispersed among insulating ones, and by positioning an STM tip
directly over one of the isolated conducting molecules, they could qualitatively measure the
conductivity’. As expected, the conductivity was significantly greater than that of the
surrounding molecules. Research groups in the University of California — Los Angelos and at
Hewlett Packard are using more deterministic way; they are trying to create arrays of the
elements for nanoelectronics with a certain predictable behavior. Similar results were also
obtained by the group of Prof. Charles M. Lieber at Harvard University, where they were able
to create interconnections of semiconducting wires in the direction of a fluid flow®. These
examples and some more show that we are approaching the ability to create reliable
nanoelectronic building blocks; nevertheless, real molecular computing is still a vision rather
than reality.

It is clear that there are a lot of challenging problems to be overcome till first examples
of molecular electronic devices are realized. Among them, the addressability of the conductive
structures, the arrangement of the conductive molecules in a three-dimensional array and the
encapsulation of the conductive structures in a way to be easily accessible and isolated from
each other are of special interest to nanotechnology. Another challenge is to develop a method
for rapid screening and electrical characterization of new candidates for molecular electronic
devices. This requires special techniques that can link the nanoscale world of molecular
devices to the macroscopic world of conventional electronic circuits.

An assembly of molecular wires, switches or connections could be addressed by
constructing an ordered channel matrix of insulating material of metal oxide in which these
structures are encapsulated and therefore isolated” '°. On the other hand, solid supports with
ordered porosity can offer a template matrix for the guided growth for a variety of conductive
structures, giving patterned arrays of aligned nanowires and connections. Such solid supports

with ordered porosity ranging from several Angstroms to several nanometers can be silica-
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based micro- or mesoporous materials, also called molecular sieves. Sol-gel chemistry
provides different approaches for the preparation of such structures in a variety of special
morphologies ranging from bulky materials to thin films and fibers. A detailed discussion on
the nanoporous materials, specifically molecular sieves that can be used as building units in
molecular electronics, will be given in Chapter 2.

Although, the two concepts for “making-things-smaller”, the top-down and bottom-up
approaches, are inherently opposing it seems that there might be important common ground.
In particular, top-down structures and methods might help with the interfacing of bottom-up
structures into a system. Useful means of positioning and interconnecting molecular structures
might be created in the near term that could serve as a proof-of-principle, showing that more
ambitious molecular manufacturing may be possible. The current development of micro-
electromechanical systems (MEMs) for nanoscience (e.g. in the AFM) may open avenues for
incorporating molecular nanoelectronic components into widely used systems. The MEMs
themselves can also have a nanometer-sized component, e.g., a sharp tip in the case of the
scanning probe microscopes. A good example is the Millipede storage device of IBM
(Vettiger et al., 1999) where a whole array of 32 x 32 cantilevers with small tips is used to

write pits 40 nm in size into a polymer'".

1.3. Perspectives

Nanoscience and nanotechnology are undergoing a rapid development. Past experience
with translating science into practical technology provides cautionary examples as well as
successes. In principle, civilization could make use of controlled nuclear fusion as an immense
source of energy in analogy with nature’s application of various fusion reactions to power
stars. However, in reality achieving this has been much more difficult than originally
anticipated. Similarly, achieving the manufacture and control of sophisticated molecular
nanodevices based on current conceptual designs may be much more difficult than anticipated.
Looking at the problem more optimistically we can say that there has been much encouraging
theoretical and conceptional study as foundation for achieving nanoscale manufacturing. It

might be that broader pool of ideas and concepts coming from different fields of natural
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sciences is essential for the fulfillment of the tasks of nanotechnology, but certainly the first
steps are made starting from known concepts in physics, chemistry and biology.

The aim of the project that inspired this Thesis was to understand nanoporous systems,
learn to control their design, and to explore potential functionality. It has been outlined that
such systems can serve as host matrixes for the incorporation of conducting materials at the
nanometer scale. By designing nanoporous host structures, we are trying to manipulate the
growth process and the properties of embedded conductive nanostructures. The next Chapter

will focus on the basic properties and characteristics of the nanoporous materials.

References

'C. M. Lieber, Scientific American 2001, 285, 58-64.

2P. A. Packan, Science 1999, 285, 2079.

M. A. Reed, and J. M. Tour, Scientific American; 2000, 282, 86-93.

‘7. M. Tour, Acc. Chem. Res. 2000, 33, 791-804

> D. S Everhart, Handbook of Applied Surface and Colloid Chemistry 2002, 2, 99-116.
°H. Dai, Acc. Chem. Res. 2002, 35, 1035-1044.

"G.S. McCarty, P. S. Weiss, Chemical Reviews 1999, 99, 1983-1990.

y. Huang, X. Duan, Q. Wei, C. M. Lieber, Science 2001 26, 291, 630-633.

?T. Bein, Stud. Surf. Sci. Catal. 1996, 101, 1303.

"D, J. Cardin, Adv. Mater. 2002, 14, 553.

" G. K. Binnig, W. Haeberle, P. Vettiger, In PCT Int. Appl.; (International Business Machines
Corporation, USA).: Wo, 2002.

10



Chapter 2. Introduction to nanoporous materials

Chapter 2. Introduction to nanoporous materials.

2.1. Introduction

2.2. Surfactant-templated mesoporous materials
2.2.1. Definition, nomenclature, and structure
2.2.2. Mechanism of formation, properties, and applications
2.2.3. Functionalized ordered mesoporous materials

2.2.4. Ordered mesoporous films

2.1. Introduction

Nanostructured materials play a central role in nanoscale science and technology.
Among them, nanoporous materials have attracted considerable attention within the last few
years as building units for designing molecular architectures by applying bottom-up strategies.
There are a variety of nanoporous solids, such as porous carbons, porous inorganic oxides,
zeolites and zeolite-like materials, pillared clays, porous polymeric materials, and others, that
possess high surface areas as a common feature. High surface areas in all these materials can
be attained either by fabricating small particles and clusters where the surface-to-volume ratio
of each particle is high, or by creating materials where the void surface area (pores) is high
compared to the amount of bulk support material.

Let us define the term nanoporous materials. The pore systems of solids can be of
many different kinds. The individual pores may vary both in size and in shape within a given
solid, and between one solid and another. A feature of special interest for many purposes is the
width of the pores, e.g., the diameter of a cylindrical pore or the distance between the walls of
a slit-shape pore. A convenient classification of pores according to their average width
originally proposed by Dubinin' and now officially accepted by the [IUPAC? is summarized in
Table 2.1. As can be seen from this classification, the term nanoporous materials does not
exist. Nevertheless, here we define all materials with pores in the nanometer range as
nanoporous.

Associated with the porosity of solids is the term “molecular sieve”. In 1932 McBain

proposed the term “molecular sieve” to describe a class of materials that exhibited selective

11
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sorption properties®. He proposed that for a solid to be a molecular sieve it must separate
components of a mixture on the basis of molecular shape and size. Chart 2.1 represents all
materials that are considered to have molecular sieve properties. Among those of special
interest to this work are peri-crystalline MS41 materials (surfactant-templated mesoporous

molecular sieves) that are described in the next parts of this introductory Chapter.

Table 2.1. Classification of the pores according to the pore width.
Width

Micropores  Less than 2 nm
Mesopores Between 2 and 50 nm

Macropores  More than 50 nm

Another important classification that should be considered refers to the dimensions of
the particles. In this work we will discuss particles (for example semiconducting or noble
metal particles) that have strictly nanometer-range diameters. They will be referred to as

nanosized materials.

2.2. Surfactant-templated mesoporous materials

2.2.1. Definition, nomenclature, synthesis, and structure

In 1992, researchers of the Mobil Corporation discovered a new class of inorganic
porous solids called M41S family of mesoporous materials and since then considerable
research and characterization effort has been devoted to this class of solids*. According to the
IUPAC nomenclature this class of materials belongs to the porous solids that have pore sizes
in the mesoporous region. Mesoporosity is not something new. There is a large number of
porous solids, such as mesoporous silica, alumina, and polymeric materials, that show
mesoporosity; the unique feature of the aforementioned class of porous solids is that they all
show ordered mesoporosity with narrow pore-size distribution, and sometimes they are more
correctly referred to as mesostructured materials. Ordered mesoporosity of this class of solids
i1s given by the specific mechanism of formation that employs the intriguing interaction of

liquid-crystal templating and the cooperative self-assembly of inorganic and organic (micellar)
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species. This is the reason why some authors prefer to use the term surfactant-templated
mesoporous materials when they are referring to this class of solids.

Mesoporous materials with ordered porosity were first prepared as pure silicates or
aluminosilicates™®’, but now a large number of metal oxides are readily synthesizedg’g.
Recently, mesostructured carbons (CMK) were also prepared as replicas of the silica-based
mesoporous materials'’. In this Thesis silica-based mesostructured materials will be discussed
in more detail.

The common features that distinguish this class of nanoporous solids from zeolites and
other mesoporous supports are the long-range order of mesopores with defined and
controllable pore sizes, extremely high surface areas obtained after removal of the template
molecules, and various types of mesophase structures that could be obtained by simply
choosing proper structure directing agents (surfactant) and/or co-surfactant molecules. In
contrast to the zeolites, the wall structure of these materials is essentially amorphous; this is
expected to limit some of the potential industrial applications. Only recently, it has been
claimed that the wall structure of this materials may be made zeolitic'"*'%.

A strict nomenclature has not been adopted for the mesoporous materials. The
literature on mesoporous materials is replete with acronyms, such as MCM-41, SBA-15, FSM-
16, FDU, MSU-X, and many others, that are usually associated with specific mesophase
structures. The first to be discovered was the MCM family of materials by the researchers at
the Mobil Corporation®. Later on, researchers from Santa Barbara prepared a broad class of
materials made under acidic conditions, so-called SBA familyB.

At present, periodic mesoporous materials can be readily synthesized in a wide range
of pH, at temperatures ranging from ambient to approximately 150°C, and using a variety of
surfactants and polymers as structure directing agents, thus leading to different mesophase
structures and morphologies. Usually in the literature five different synthetic pathways are
outlined (Scheme 2.1)'*". Route 1 involves the direct co-condensation of anionic inorganic
species with a cationic surfactant (S'T), the synthesis of the M41S family is a prototypic
example. A similar route to ordered non-silica mesoporous structures has been found
involving the cooperative condensation of a cationic inorganic species with an anionic
surfactant (ST'), route 2. In contrast, routes 3 and 4 involve the condensation of ionic

inorganic molecules in the presence of similarly charged surfactant molecules. These
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pathways are mediated by counter-ions of opposite charge (to that of the surfactant head
group) thus giving rise to completely new pathways schematically represented as (S'XT"),
where X =CI', Br’; or (SM'T) where M'=Na"K'. Routes 1 and 3 are most often used to
prepare silica-based mesoporous materials. The fifth synthetic route employs hydrogen
bonding between non-ionic surfactants and neutral inorganic precursors (S'I°) to prepare
ordered mesoporous materials and is a good alternative to electrostatic charge - matching
routes 1 to 4. Applying the last synthesis route, a large number of ordered and disordered

. 16,17
mesoporous materials were prepared .

Surfactants Inorganic Examples

solution species
Direct _-VY D @ +

T

951

MCM-41, MCM-48,
Antimony oxide

v

athways
P g Sa ST _ ,
2) + ) Aluminum oxide,
Iron oxide
SXT
Mediated ¥ 3) (Cationic)  + "y SBA-LSBAZ,
pathways . Zinc phosphate
Sa sSMT
4) n I Zinc oxide
Neutral 5 S0
pathway ) + . SBA-15,MSU-X
Surfactants
I|{ I§ / \O 0?
R @) ’
S+ _ R\ +/R R\ +/\/\N+/ S = \(]53 / SO _ Cll-lS(EO)x
(PEO)«(PPO),(PEO)«
Cs.
v di- and tri-block
copolymers
EO = [-(CH,CH,0)-]
R = CH;, C,Hs gemini PO = [-(CH,(CH3)CH,0)-]

Scheme 2.1. A general scheme for the self-assembly reaction of different surfactant
and inorganic species. Some surfactants, other than alkyltrimethylammonium ions, such as

gemini surfactants or block copolymers, are also good templates for mesoporous materials.
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Most often cited and certainly well-known is the two-dimensional hexagonal
mesophase structure with (p6m) space group symmetry that is typical for MCM-41 and SBA-
15 materials. The structure resembles mesoporous tubes (channels) that are assembled in
hexagonal order and indexed in the (p6m) space group. These tubes are not always straight but
can wind like a bunch of ropes. The structure viewed by electron microscopy in the direction
along the tubes (in a narrow section where the tubes are essentially straight) resembles an

image of a honeycomb net (Figure 2.1C).

Figure 2.1. (A) Schematic representation of the hexagonally ordered mesoporous material, (B)
TEM image of MCM-41 material with the electron beam perpendicular to the direction of the
main channels (reprinted from Ref. 20), (C) TEM image of the SBA-15 material with the

electron beam parallel to the direction of the main channels (reprinted from Ref. 24).

Nevertheless, the difference between MCM-41 and SBA-15 materials, having one and
the same overall mesophase structure, is profound. For example, MCM-41 materials are
synthesized with cationic surfactants (most commonly cetyltrimethylammonium cationic
surfactant, following the first synthetic route) under basic conditions, and commonly have
d(100) spacing of about 4 nm, which after calcination yield a hexagonally ordered porous solid

18,19,20

with uniform pore sizes of 2 to 3 nm . Using different swelling agents, such as

trimethylbenzene or co-surfactants, the pore size can be expanded up to 10 nm; this is usually

21,22

associated with a considerable decrease of the mesostructural order . In contrast, the SBA-

15 material is synthesized under acidic conditions by use of amphiphilic tri-block copolymers

as an organic structure directing agentszl24

. The pore size is usually 6 nm after calcination and
can be tuned up to 30 nm. In contrast to MCM-41 materials, SBA-15 posses thicker uniform

walls (3 to 6 nm) with disordered microporosity that is attributed to the specific interaction of
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the amphiphilic copolymer molecules and the silica wall*>. The connectivity between the
channels of the SBA-15 material is identified by TEM measurements of platinum replicas
prepared in the channels. The thicker silica walls of the SBA-15 material provide an
explanation for the increased hydrothermal stability of this material in comparison to MCM-
41. Another feature that is worth mentioning here is the difference in the surface area and pore
volume of the MCM-41 and SBA-15 materials. Despite of the bigger pore size of the SBA-15
material it usually shows lower surface area and pore volume. This fact is explained and
modeled by the increased wall thickness of the SBA-15 material®.

Three-dimensional cubic mesophase structures showing a variety of space group
symmetries are gaining much attention due to the increased diffusion and pore accessibility.
Among them the first to be prepared was the MCM-48 mesophase structure, a member of the
M41S family discovered by the scientists of the Mobil Corporation®. MCM-48 has a cubic

27,28

structure with space group (la3d)”"~". It is a bicontinuous mesoporous net of two channel

systems that are interwoven (Figure 2.2A).

A

Figure 2.2. (A) Schematic representation of the cubic MCM-48 mesoporous material,
(B) TEM image of MCM-48 material with the electron beam parallel to the (110) cubic plane
(reprinted from Ref. 27).

It has been shown that the structure of MCM-48 fits very well with the gyroid minimal
surface as evidenced from a comparison of experimental transmission electron micrographs
with simulations based on the gyroid surface?~° Recently a mesophase structure showing the
same (/a3d) bicontinuous symmetry has been observed for a material prepared under acidic
conditions with tri-block copolymer as the structure directing agent’’. The structure was

deduced from careful electron microscopy imaging although the X-ray diffraction results do
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not correspond to the one expected for the traditional (/a3d) mesophase structure of MCM-48
material.
A large group of cubic phase mesoporous materials having different space group

3233 The space group of some of them

symmetries have been prepared under acidic conditions
is easily deduced by a large number of diffraction peaks’. For some of them, recently,
electron diffraction was used to clarify the real three-dimensional structure®=°. A common
feature for all of them is that the three-dimensional mesophase order is obtained by self-
assembly of spherical micelles rather than micellar rods that are typical for hexagonally
ordered MCM-41 materials or cubic MCM-48 material. For example, SBA-1 and SBA-6
materials have a cubic mesophase structure with space group (Pm3n) that is suggested to be of

a cage type with open windows connecting the cavities, thus giving a bimodal pore size

distribution (Figure 3A).

A

Figure 2.3. (A) Schematic representation of the SBA-6 cubic mesoporous material with
(Pm3n) symmetry, (B) TEM image of SBA-6 material with the electron beam parallel to the
[100] plane (reprinted from Ref. 35).

The synthesis of those mesoporous materials employs acidic conditions and cationic
surfactant with bigger head groups (alkyltriethylammonium surfactant). Other cubic
mesoporous structures were obtained using di- and triblock copolymer structure directing
agents in acidic media, such as SBA-16 (Im3m), SBA-11 (Pm3m), or FDU-1 (Im3m), that
reached pore sizes of more than 10 nm®” .

Similar to the cubic mesoporous materials prepared under acidic conditions is a group

of acidic materials that show three-dimensional order of hexagonally packed spherical cages
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(P6/mmc); these are prepared with gemini cationic surfactants or di-block copolymers. These
are SBA-2 and SBA-12 materials showing pore sizes of 3 and 4.5 nm, respectively. As for the
SBA-15 material, this group of acidic materials when prepared with non-ionic surfactants such
as block copolymers shows increased wall thickness and thermal stability in comparison to the
M41S group.

There is a group of mesoporous molecular sieves that does not show diffraction
patterns that can be attributed to any of the foresaid mesophase configurations®*. They are
prepared under slightly acidic conditions with neutral surfactants and identified by only one
single, broad reflection but still showing all other typical characteristics of ordered
mesoporous materials. These materials are not always correctly referred to as disordered
mesoporous materials and a typical example is the MSU-X group of materials. The mesophase
structure is usually presented as worm- or spaghetti-type, and the lack of higher order
reflections is explained by smaller scattering-domain sizes (Figure 2.4). As typical for the
acidic materials prepared with non-ionic surfactants, MSU-X materials show thicker pore

walls and improved thermal stability.

Figure 2.4. TEM image of disordered MSU-X material with worm-like structure.

Finally, it should be mentioned just for consistency that layered mesophase structure
can also be prepared. A typical example is the MCM-50 lamellar mesophase that is not

thermally stable and collapses under the calcination conditions®,

2.2.2. Mechanism of formation, properties, and applications
The formation mechanism of mesoporous materials relies on the concepts of

supramolecular chemistry where self-assembly, electrostatic interactions, or hydrogen-
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bonding play decisive roles. Much of the interest, beauty, and potential in this field comes
from the motivation provided by the many intricate architectures of organic/inorganic bi-
phasic structures that exist in nature. A biomimetic approach relies on the existence or
construction of an organized organic surface that controls the subsequent nucleation and
growth of the inorganic species around it*'. Following these analogies, the scientists of the
Mobil Corporation in their early article on the M41S mesoporous family outlined two possible
mechanisms for the formation of this class of inorganic solids*. The first model assumes the
central theme of biomimetics and postulates that the primary structure-directing element is the
water-surfactant liquid-crystal mesophase around which the inorganic framework is formed.
The second one suggests that addition of the silicate orders the subsequent silicate-encased
surfactant micelles. These general models can be used as a foundation to understand the
formation mechanism of the surfactant-templated mesoporous inorganic solids. At the same
time they are not sufficient for establishing a mechanistic understanding needed for better
control of the synthesis process where the specific features of the surfactant molecules,
inorganic species, and solvents, and the interactions between them could be crucial for the
final mesophase structure.

Lately, the cooperative formation mechanism of inorganic-organic interfaces was
accepted. In this mechanism the multidentate charge density matching between soluble
inorganic species and surfactant molecules determines the initial interaction between them™
#_ Within this charge density matching constraint, hydrophobic parts of the surfactant
molecules reorganize (form micelles) by minimizing the van der Waals interaction and
inorganic/organic charge energies to form final hybrid organic/inorganic mesophase
structures. It should be recognized that phase transitions can take place that are associated with
changes in the curvature of the organic/inorganic interface. Hence, the size, charge, and shape
of surfactants are important structure-directing parameters. The surfactant organization in
amphiphilic liquid-crystal arrays is described in terms of the local effective surfactant packing
parameter,

g=V/a,l (2.1)

where V is the total volume of the surfactant chains plus any co-solvent organic molecules, a,

is the effective head group area at the micelle surface, and 1 is the kinetic surfactant tail length.
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The expected mesophase sequence as a function of the packing parameter is shown in the
Table 2.2.

The value of g increases as: a, or 1 decreases or V increases. These transitions reflect a
decrease in surface curvature from cubic (Pm3n) through vesicular (p6m) and lamellar. For
surfactants to associate in a spherical structure such as (Pm3n) the surface area occupied by
the surfactants polar group should be large, as for example in C,H»,+1(C,Hs)3;NBr, or gemini

surfactants.

Table 2.2. Mesophase structures as a function of the surfactant packing parameter.

g mesophase
1/3 Cubic (Pm3n)
1/2 Hexagonal (p6m)

1/2- 2/3 Cubic (la3d)

1 lamellar

However, the formation of the final mesophase structure under the charge-density
matching constraint is strictly affected not only by the character of the surfactant molecules
but also by the nature of the silica precursors44. The nature of the silica species that are
presented and participate in the multidentate bonding with the surfactant molecules depends
on various synthesis conditions, such as pH, dilution, silica source, etc. In many cases, metal
alkoxides are popular precursors because they react readily in the acid- or base-catalyzed

process of hydrolysis-condensation.

Si(OR)4 + nH,O — Si(OR)4.4(OH), + nROH hydrolysis
(OR)3Si(OH) + (OH)Si(OR); — (OR)3Si-O-Si(OR); + H;O condensation
or (OR)3Si(OR) + (OH)Si(OR); - (OR);Si-O-Si(OR); +ROH

The hydrolysis-condensation of silica precursors coming from different silica sources was
thoroughly studied with in-situ NMR, Raman, and mass spectrometry and the precursors were

identified to be various silica oligomers (cyclic rings, branched silica species, etc.)”. The
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charge, geometry, and association of the molecular silica species in solution can be adjusted
through the choice of pH, co-solvent, counter ions, and temperature.

The model of charge-density matching has been shown to be successful in explaining
the formation mechanism of mesophase structures prepared by the first four synthetic
pathways. The fifth synthetic pathway is explained by hydrogen-bonding between the neutral
surfactant molecules and neutral inorganic species, and it seems that the inorganic structure
fully mimics the organized liquid-crystalline mesophase. Because of the weaker repulsive
interactions between the metal oxide precursors at the surfactant-solution interface, compared
to those between charged metal oxide precursors, this synthetic pathway usually affords
thicker framework walls as outlined before.

The unusual properties of the ordered mesoporous materials have intrigued the zeolite
community for more than ten years and have opened avenues to many desirable applications.
Nevertheless, it should be noted that to date no real industrial application of mesoporous
materials has been recorded. Obvious applications of ordered mesoporous materials were seen
first in catalysis, where a need for zeolite-like materials with bigger pore sizes was identified

46,47 . 1
. However, since the acidity of ordered

in order to process heavier residues more efficiently
mesoporous materials does so far not substantially exceed that of amorphous aluminosilicates,
the high expectations could not be met. Many authors point out that the other basic problem
for applications of ordered aluminosilicate mesoporous materials as catalysts lies in the low
hydrothermal stability of the materials. Recently much effort has been extended to improve
the hydrothermal stability of these materials, for example, by applying colloidal zeolite seeds
as precursors for the synthesis (recrystallization) of ordered mesoporous materials*>*’. These
materials possess remarkable hydrothermal properties and in some cases they show
advantageous performance in a number of catalytic reactions".

Recently ordered mesoporous materials were targeted as supports for organic-inorganic

>192 Much is known about organic catalysts working in solution and the

hybrid catalysts
immobilization of these entities into solids creates organic-inorganic hybrid catalysts where
the organic moiety works as an active site and the solid provides avenues to recovery of the
organic active sites. In other words, the ordered mesoporous structure can be used as a

nanoreactor for interesting catalytic reactions.

21



Chapter 2. Introduction to nanoporous materials

In addition to the catalyst field, other novel applications seem to be coming of age.
Thiol-, amino-, or benzoylthiourea-functionalized ordered mesoporous materials have been
shown to have excellent sorption properties for heavy metals, which by far exceed those of
commercial adsorbents®~*>>. Ammonium-functionalized mesoporous silica was also used as
sorbent for dangerous pollutants such as arsenate and chromate anions®. The usage of such
modified mesoporous silica sorbents in “green” chemistry has been recently reviewed”’.

A more recent development is the employment of the ordered mesoporous materials in

- . 58,59,60
optics and electronics™

. These novel applications are the basic topic of this Thesis and
will be discussed in details in Chapter 3. Recently synthetic methods were suggested for
preparation of macrostructures as fibers, rods, thin films, self-standing membranes, and
spheres of highly ordered mesoporous materials, some of these morphologies are of interest
for applications in optics and electronics.

Another potential application in future microelectronics is the usage of mesoporous
thin films as low-k dielectric coatings. It is desirable to produce materials that possess good
mechanical strength, large break-down voltage, small leakage current, and a dielectric
constant (k) as low as 2. First reports on the dielectric constant of ordered mesoporous silica
films by Zhao et al. gave values between 1.45 and 2.1 depending on the exact nature of the
film®'. This is smaller than values that can be obtained with many organic films. It is expected
that modifying the internal surface of the mesoporous films with proper molecular
functionality can make them highly hydrophobic, thus reaching even lower dielectric
constants®®. However, the ability to precisely control pore architecture and orientation in the
mesoporous films might be the significant advantage in the construction of low dielectric
constant films. There are strong indications that this will be the first real industrial implication
of this class of porous solids.

Mesoporous materials are considered to be very promising materials for sensing
applications because they permit the confinement of different molecular functionalities and
active molecules that can operate as sensors. Optical sensing techniques have been used that
rely on the ability to incorporate dye molecules in the mesoporous hosts. The detection is done
by a change in fluorescence or coloration of a dye in the presence of the species to be detected.
Thus pH sensors were developed by inclusion of pH-sensitive dyes in the mesoporous films®.

Mesoporous layers prepared over carbon paste electrodes and modified with amine
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functionality have been used for sensing heavy metals such as Cu(Il) and Hg(ID)*.
Mesoporous films prepared on surface photo-voltage semiconductor devices have been used
as NO and NO, gas sensors®. The sensing is possible due to physical adsorption of the target
gases in the porous system that causes a shift of the bias-voltage dependent characteristics. It
has been shown that the sensor properties are dependent on the structure and pore accessibility
of the mesoporous films. Another approach is to prepare the mesostructured film itself as a
electrochemically active material®®. This led to the synthesis of a tin oxide mesoporous

material that was used as hydrogen gas sensor””.

2.2.3. Functionalized ordered mesoporous materials

Incorporation of organic functionalities, either on the silicate surface, as part of the
silicate walls, or trapped within the channels, gives opportunities for modifying the physical
and chemical properties of the ordered mesoporous materials. The inorganic component of
such hybrid inorganic/organic structures can provide mechanical, thermal, or structural
stability, whereas the organic features can introduce flexibility into the framework, increase
hydrothermal stability, or change the optical properties. The topic of modification of the
ordered mesoporous materials with organic functionalities has been reviewed in a number of
publications®® ¢’

It is well-known that ordered mesoporous materials possess hydroxyl-covered surfaces
that can be exposed to reactive silane coupling agents that will provide a variety of organic
functionalities on the mesoporous surface or will be intermediate for further attachments. Post-
synthesis inclusion of molecular functionalities through covalent bonding to the surface silanol

groups is referred to as grafting. This process is most commonly carried out by silylation by

one of the following procedures.
=Si-OH + CI-SiR; — =Si-OSiR; + HCI

=Si-OH + R’0O-SiR; - =Si-OSiR; + HOR’
=Si-OH + HN(SiR3); - =Si-OSiR3; + NH;
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Silylation can occur on terminal (£Si-OH) and geminal (= Si-(OH),) silanol groups,
but it is well known that only silanol groups that are not hydrogen-bonded are accessible to
modification, otherwise they form hydrophilic networks among themselves and are not
reactive to silane coupling’’. In this respect surface pre-treatments like template removal by
solvent extraction, rehydratation in boiling water, or rehydroxylation by acid hydrolysis can
minimize loss of surface silanols’".

The second alternative for the preparation of hybrid organic/inorganic mesoporous
structures is a co-condensation reaction of the tetralkoxysilane and an organosilane with
hydrolizable groups and Si-C bonds. The process is performed by applying the sol-gel reaction
conditions and following the synthesis pathways for preparation of surfactant-templated
mesoporous silica. The template removal is usually done by solvent extraction under acidic
conditions.

A difficult problem to be answered in many surface modifications of mesoporous
solids is whether the functional groups are located on the internal pore surface, the external
particle surface, or within the walls. Attempts have been made to selectively modify only the
internal surface of the mesoporous materials by passivation of the external surface but the

selectivity of such strategies is difficult to ascertain.

2.2.4. Ordered mesoporous films

Originally synthesized as powders that have no alignment of the pores over a
macroscopic length scale, mesoporous materials can now be prepared as film architectures on
a variety of substrates in a thickness range of nanometers to micrometers. The inspiration for
creating such architectures comes from the fact that many of the envisioned industrial
applications of the mesoporous materials, such as separation membranes, chemical sensors,
surfaces for heterogeneous catalysis, optoelectronic devices, or low dielectric constant layers,
could benefit from growing thin films of mesoporous silicates at surfaces or interfaces. A
promising issue is the formation of mesoporous silica films that possess accessible pores with
preferable orientation that allows direct interaction with a substrate. Ordered mesoporous
films are characterized by the same properties typical for the powdered mesoporous materials,

such as mesophase structure, pore diameter, surface area, and stability, as well as parameters
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that are relevant in the thin film geometry. These include pore alignment with respect to the
interfacial plane, film thickness, continuity, pore accessibility, and surface roughness.

Ordered mesoporous films have been prepared as free-standing membranes on the
air/liquid interface or as supported layers on a variety of substrates such as silicon wafers,
glass, mica, stainless steel, etc. In the first case, the films were observed to grow by transport
of material from the homogeneous solution prepared under acidic conditions in the presence of
a cationic surfactant towards the air/liquid interface. The mesophase structure, homogeneity,
and the thickness of the free-standing films depends on the growth period, surface-to-volume
ratio of the reaction vessel, acidity, and silica-to-surfactant ratio in the synthetic mixture’ =",
For example, free-standing films prepared from tetramethoxysilane (TMOS) and
cethyltrimethylammonium bromide (CTABr) showed that the formation mechanism is
concentration- and time-dependent’””. By the use of gemini surfactants a three-dimensional
hexagonal mesophase structure (P63/mm) has been obtained similar to that observed for the
bulk SBA-2 material’®. That kind of a structure when prepared as a thin interfacial layer is
assumed to enhance pore accessibility and give an opportunity for the incorporation of guest
molecules.

Relatively more research effort has been devoted to mesoporous films prepared on
solid supports. Generally, two preparation methods can be recognized for the synthesis of
supported ordered mesoporous films according to the role played by the solid surface in the
growth process. Thus, we distinguish between surfaces that nucleate mesoporous film growth
and surfaces that are coated with the film.

The first process uses heterogeneous nucleation at the solid - liquid interface during the
course of the direct mesoporous film growth on the substrate surface. In this approach, silica
precursor concentrations are purposefully kept dilute in order to decrease the rate of
homogeneous nucleation to such an extent that the heterogeneous nucleation is predominant.
The structure of the resulting film is found to depend on the specific interactions of the
substrate with the organic surfactant molecules from the silica-surfactant solution’”’*"”. Of
primary concern here is the structure of the first adsorbed layer at each surface. Preferred
orientation of the mesoporous films was observed on the (110) plane of single crystal silicon
wafers®. Besides the ability of the substrate to guide the orientation of the grown mesoporous

films, other macroscopic actions, such as a shear flow field together with topological defects
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in the grown film, or covering the original substrate with polymer film and one-directional
rubbing have been tried to align the mesochannels in the surface plane®'. These and several
more examples show that in most of the cases the grown mesoporous films have been
successfully prepared as continuous (although sometimes uneven and granular) layers with a
thickness of more than 0.5 pm, exhibiting hexagonal order of channels aligned parallel to the
interface surface. A considerable disadvantage of this deposition method is the slow rate of the
process and dependence on the specific hydrothermal conditions applied for silica
condensation.

The spin- or dip-coating technique is a well-developed method for the formation of
thin films and is widely used in the industry for preparation of polymeric thin films. Recently,
dip- and spin-coating techniques have been developed for the preparation of continuous thin
mesoporous films by applying an elegant and simple evaporation-induced self assembly
(EISA) process*™®. This approach employs homogeneous silica/surfactant/alcohol/water
coating solutions with surfactant concentrations below the critical micellar concentration (cg
<< cmc) and silica precursors obtained by acid-catalyzed hydrolysis of TEOS that are spin- or
dip-coated to give preferential evaporation of the co-solvent (alcohol). The dynamic
conditions concentrate the depositing film in water and the non-volatile components
surfactant, silica species, and acid. The progressively increasing surfactant concentration
drives the self-assembly process towards the critical micellar concentration and the formation
of the liquid-crystal mesophase. On the other hand, the rapid solvent evaporation induces
silica condensation through the increased concentration of the silica oligomers that are
simultaneously self-assembled in the final mesophase structure (Figure 2.5). The result is the
rapid formation of thin mesophase films that are highly oriented with respect to the substrate
surface.

Having in mind these specific features of the mesoporous films prepared by EISA, we
can summarize that this method is strongly dependent on parameters, such as initial silica-to-
surfactant ratio, nature of the prehydrolyzed silica species, type of surfactant used, dilution of
the initial solution, humidity in the deposition chamber, deposition speed, and post synthesis
treatments, that can influence the mesophase structure, pore size and accessibility, stability of

the films, and film thickness and roughness. For example, the pore size of the mesoporous
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films and the mesophase structure can be controlled by using different structure-directing
agents as templates - cationic surfactants or amphiphilic di- or tri-block copolymers. Thus,
mesoporous films showing two-dimensional hexagonal arrangement of the channels oriented
parallel to the interface surface have been prepared but three-dimensional hexagonal or cubic

mesophase structures were also obtained with mesophase structures similar to SBA-1 and

SBA-2 powdered materials®**>¢%,
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Figure 2.5. Formation of the mesoporous thin film via dip-coating of a mixture
containing silica/CTABr/alcohol/water. The initial surfactant concentration is ¢y << cmc; it

increases with the distance above the reservoir surface (reprinted from Ref. 80.).

The nature of the prehydrolysed silica species, easily changed by the conditions of the
hydrolysis of TEOS, also plays a dramatic role in the final order and the thickness of the
mesoporous films®. Nevertheless, the most extensively studied parameter that influences the
final mesophase structure is the surfactant-to-silica ratio. For the CTABr-templated
mesoporous films it has been shown that by increasing the silica-to-surfactant ratio three-
dimensional hexagonal (P6/mm), three-dimensional cubic (Pm3n), two-dimensional hexagonal
(p6m), and lamellar phases can be prepared®. Phase diagrams for CTABr-silica mesoporous

film have been prepared and thoroughly examined by plan-view or cross-section TEM images
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and SAXS measurements. Relatively less characterization effort has been devoted to the di- or
tri-block copolymer-templated mesoporous films. Nevertheless, it has been outlined that by
changing the tri-block copolymer (Pluronic 123)-to-silica ratio, a three-dimensional cubic
(Im3m) mesophase, similar to SBA-16 powder material, one-dimensional hexagonal (p6m),
and lamellar phases can be prepared in the forms of films®’. Recently, it has been shown that
one very important parameter that influences the structure and order of the mesoporous films
prepared by EISA is the relative humidity during the deposition process. Humidity-controlled
mesostructuration in the CTABr-templated mesoporous silica films showed that the water
content is a critical parameter, as poorly ordered, two-dimensional hexagonal, or three-
dimensional cubic structures can be obtained, depending on the relative humidity””. Another
critical factor that can change the final mesophase structure of the mesoporous films is the
post-synthetic treatment. As-deposited films show less condensation of the silica framework,
therefore processes that increase cross-linking of the silica, such as basic- or acid-catalyzed
silica condensation or thermal treatment, can stabilize the final mesophase structure’’.

The dynamic conditions for the preparation of mesoporous films by the EISA method
imply difficulties with respect to mechanistic studies because the film deposition proceeds for
no more than about one minute. Nevertheless, by applying time-resolved SAXS measurements
using a two-dimensional CCD camera, high-flux synchrotron radiation, and in-situ
interferometry measurements, it was possible to follow the formation mechanism and the
kinetics of film formation’****. A model has been proposed for the CTABr-templated
mesoporous films, postulating that the organization at the mesoscale takes place at the final
stage of liquid-phase evaporation and involves formation of micelles at both film/air and
substrate/film interfaces in the early stages of the film formation. In some cases, the formation
of intermediate phases or a mixture of phases existing at the same time can be observed. Here
it should be noted that such kind of investigation was done only for dip-coated films for a
couple of surfactant/silica/solvent systems and no systematic examination of the formation
mechanism of spin-coated films was performed so far. Certainly the explanation of the
formation mechanism of these systems lacks additional characterization and we are just in the
beginning of the understanding and controlling the formation of the mesoporous films by

EISA.
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The EISA method was also used for the preparation of a variety of transition metal
oxide mesoporous films, such as titania, alumina, ziconia, vanadium oxide films, having in
most cases two-dimesional (p6m) hexagonal mesophase structure’*"’. Furthermore, different
organosiloxane precursors were mixed with the silica source to give organically functionalized
mesoporous films”™. Another advantage of the EISA method is the facile introduction of
molecular functionality in the mesoporous channels by simply dissolving the organic
molecules into the surfactant part of the hybrid organic/inorganic composite film. Thus dye
molecules or photo-acid generator molecules have been introduced in the liquid-crystal
interiors””

The application of the EISA process in the rapid fabrication of hierarchical structures
exhibiting form and function on multiple length scales and at multiple locations can be
performed by soft lithography techniques such as pen printing or microcontact

100,,101,102

printing . Here the rapid patterning is done using stable homogeneous ink in the form

of a surfactant/silica/solvent coating mixture used for dip- or spin-coating.
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3.3. General properties of one-dimensional nanostructures

3.4. Synthesis and properties of carbon nanotubes

3.1. Introduction

Nanostructures — structures that are defined as having at least one dimension between
1 and 100 nm — have received steadily growing interest as a result of their peculiar and
fascinating properties that often differ substantially from their bulk counterparts. The
necessity and ability to fabricate such structures is essential to much of modern science and
technology, and has resulted in the establishment of a separate scientific field called
nanoscience (see Chapter 1).

Two-dimensional nanostructures (quantum wells) have been extensively studied by
the semiconductor community and their manufacture is already mature technology.
Considerable research effort has also been dedicated to quantum dots in the past two decades.
For example, a rich variety of chemical methods have already been developed for generating
quantum dots with well-controlled dimensions and from a broad range of materials.
Recently, one-dimensional nanostructures, such as wires, rods, and tubes, have also become
the focus of intensive research owing to their unique potential applications in mesoscopic
physics and the fabrication of nanoscale devices'*. They are also expected to play an
important role as both interconnections and functional units in fabricating electronic,

. . . . 4.5
optoelectronic, electrochemical, and electromechanical devices™.

3.2. General synthetic routes for the preparation of one-dimensional nanostructures

The methods for the manufacture of one-dimensional nanostructures can be divided
into two basic groups. The first group of methods relies on fabrication processes typical for
the top-down approaches (Figure 1A), such as electron-beam writing, proximal-probe

patterning, X-ray or extreme-UV lithography, etc. In contrast, the second group of methods
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based on bottom-up approaches provides an alternative and intriguing strategy because of the
versatility of the chemical synthesis methods applied therein. Figure 3.1 summarizes the
different possible synthetic strategies for achieving one-dimensional growth of
nanostructures.

Some solids naturally grow as one-dimensional nanostructures, and this habit is
determined by the highly anisotropic bonding in the crystallographic structure (Figure 3.1.B).
Typical examples are carbon nanotubes, molybdenum chalcogenides, selenium, and
tellurium nanowires. The growth and properties of carbon nanotubes will be discussed in a
separate part of this Chapter. For many solids that are characterized by isotropic crystal
structures symmetry breaking is required in the nucleation step to induce anisotropic growth.
Many strategies have been explored to produce nanostructures with one-dimensional
morphologies. Methods that are relevant to this work are shown in Figure 3.1.C and D, and
will be discussed in more detail. Another possible strategy is a vapor-liquid-solid process in
which the symmetry is broken through the introduction of a flat solid-liquid interface, or
vapor-phase methods where supersaturation of the system can be controlled below a certain

level to effectively induce and maintain one-dimensional growth.
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Figure 3.1. Schematic illustration of different approaches that have been applied for
one-dimensional growth of solids: A) size reduction achieved by different top-down
strategies, B) growth dictated by the anisotropic crystallographic structure, C) assembly of
nanoparticles, D) directed growth through the use of a template.
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Monodispersed colloids have been pursued as building blocks for the formation of
wire-like structures through self- or externally manipulated assembly (Figure 1C). Most often
metallic nanoparticles have been used to assemble continuous one-dimensional
nanostructures. For example, it has been demonstrated that gold clusters such as
Auss(PPh;3);,Clg can assemble into chains at the water-dichloromethane interface as induced
by poly(p-phenyleneethynylene) dissolved in the liquid phase’. Another group has
investigated the selective self-assembly of metal nanoparticles on the surfaces of thin films
formed from diblock co-polymers and found that gold nanoparticles aggregate into chains
inside the polystyrene block with a selectivity approaching 100%’. In addition to self-
assembly, external manipulation with a field or a mechanical probe has also been explored to
induce or direct the organization of nanoparticles into arrayed structures. Velev and co-
workers have shown that metallic nanoparticles suspended in a liquid assembled into
microwires under dielectrophoresis®. Here an alternating electric field was used to induce the
mobility and attractive interaction of the nanoparticles. In another approach, a scanning force
microscope was used to assemble linear chains and other structures from individual gold
nanoparticles’. A variety of other examples using capillary forces'®, magnetic fields'', or
electrostatic interactions'* can be found in the literature.

Template-directed growth is another possibility for the synthesis of one-dimensional
nanostructures (Figure 1D). In this approach, the template simply serves as a scaffold within
or around which different material is generated. A variety of templates have been
successfully demonstrated with notable examples including step edges on solid surfaces,
mesoscale structures self-assembled from organic surfactants or block copolymers, biological
macromolecules, such as DNA strands or rod-shaped viruses, existing nanostructures
synthesized using other approaches, and lastly channels of porous materials (the last
approach will be exemplified and discussed in detail in the next parts of the Thesis).

The nature of the one-dimensional materials prepared by this approach is versatile
ranging from conductive metal nanowires and semiconductor structures to conductive
polymers For example, electrochemical step-edge metal decoration employs selective

13,14,15

deposition of a metal at atomic step edges of a single crystal surface . The wire-

thickness in the direction normal to the substrate is only several atomic layers. The
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electrochemical template synthesis of metal nanowires in porous materials, established by
Martin, Moskovits, and Searson, involves electrochemical deposition of metal into
cylindrical pores of an inert, nonconductive host material - usually porous alumina or
polycarbonate membranes with pore sizes ranging from tens of nanometers to several

16,17,18,19,20
hundred nanometers .

Electroless reduction methods wuse metal catalyst
nanoparticles to nucleate and guide the growth of continuous metal nanowires. It has been
shown that chiral lipid tubules can be metallized by electroless reduction giving nanometer
thin metal wires.”! Metallized DNA molecules were also subjected to electroless reduction
resulting in a metal nanowire between two metal electrodes®”. Mesophase structures self-
assembled from surfactants can be directly used as soft templates to promote the formation of
nanorods when coupled with an appropriate chemical or electrochemical reaction. Using this
approach, the synthesis of gold nanorods by templating against rod-like micelles® or
semiconductor nanowires by use of mixed surfactants has been demonstrated™. Existing
nanostructures such as carbon nanotubes have also been used as hard templates to generate

. 105 . . . .
nanorodos or tubes of many materials™. More details on nanowires in mesoporous hosts will

be covered in later Chapters dealing with specific systems.

3.3. General properties of one-dimensional nanostructures

It is generally accepted that low-dimensional nanoscale structures in comparison with
the bulk materials show interesting quantum confinement effects with distinct electronic,
optical, chemical, and thermal properties. It is obvious that one-dimensional nanostructures
with well-controlled dimension, composition, and crystallinity represent a new class of
intriguing systems for the investigation of structure-property relations and related
applications. The properties that are attractive and dependent on the nanosized dimensions
are: thermal, mechanical, phonon transport, optical, field emission, and, of primary interest
for this work, electronic properties.

The thermal stability of the one-dimensional nanostructures is of critical importance
for their implementation as building units in nanoelectronics. The melting point of a solid

formed as a nanostructure is significantly reduced in comparison to the bulk materials®**’. It
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was found that the lowering of the melting point is inversely proportional to the diameter of
the nanowire **.

The investigation of the mechanical properties of nanstructures is essential for the
atomic-scale manipulation of these materials in constructing composites with improved
mechanical properties. Single-crystalline, one-dimensional nanostructures are expected to be
significantly stronger than their bulky counterparts. This is explained by the reduction in the
number of the defect sites per unit length as a result of decreased lateral dimensions.
Measurements of the mechanical properties of one-dimensional nanostructures were
preformed by attaching the nanowires to STM tips™. This approach can be further extended
to examine the atomic events during the mechanical deformations of nanosized structures.

As for quantum dots, size-confinement also plays an important role in determining the
energy levels of a nanowire once its diameter has been reduced below a critical value (the
Bohr radius)*’. In this way, one-dimensional nanosized semiconductor structures usually
exhibit a so-called blue-shift of the absorption or photoluminescent spectra as compared to
the bulk materials. In contrast to quantum dots, light emitted from nanowires is highly
polarized along their longitudinal axes®'. For nanorods of noble metals, their surface plasmon
resonance (SPR) properties are shown to be different from those of the corresponding
spherical nanoparticles®>. The one-dimensional noble-metal nanowires show two SPR modes,
corresponding to the transverse and longitudinal excitations. Nonlinear optical properties and
lasing properties of one-dimensional nanostructures have also been studied intensively in the
last few years because of the possibility to integrate them as logic/routing elements in
optoelectronic circuits™.

Nanowires with sharp tips are promising candidates for applications related to cold
cathode, field emission of electrons. Carbon nanotubes, Si and SiC nanowires have been
shown to possess promising field-emission properties™”.

Electronic properties of one-dimensional nanowires are of primary interest nowadays
because it is believed that there is a potential to go beyond the traditional microelectronic
approaches. As the critical dimensions of an individual device become smaller and smaller,
the electron transport properties of their components become an important issue to study.

Quantization due to the transverse confinement and the resulting finite level spacing of
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electronic and phononic states are responsible for some novel effects. When a nanowire or
nanotube diameter becomes small, singularities in the electronic density of states develop at
special energies, called van Hove singularities, where the electronic density of states
becomes very large resembling more closely the case of molecules and atoms but appearing
to be very different from the case of crystalline solids or even two-dimensional systems
(Figure 3.2). Among one-dimensional nanowires, carbon nanotubes exhibit remarkable
electronic properties and will be discussed separately.

The electron transport properties of metalic or semiconductor nanowires prepared
have been studied by measuring the current/voltage characteristics at different temperatures
and show that some metal nanowires can become semiconducting as their diameters are
reduced to below certain values. For semiconductor nanowires such as GaN it has been
shown that they still could function properly as a semiconductor as their dimensions are

decreased to several nanometers™.

%] % o o
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Figure 3.2. Electronic density of states for a) 3-D crystalline semiconductor, b) 2-D

quantum well, ¢) 1-D nanowire or nanorod, ¢) 0-D quantum dot.

3.4. Synthesis and properties of carbon nanotubes

During the last decade, carbon nanotubes have attracted considerable attention due to
their unique electronic properties’®*’>*. As far as theoretical calculations are concerned, a
carbon nanotube is assumed to be an infinitely long cylinder with a monolayer of
hexagonally ordered carbon atoms in the tube wall’’. One could start with a sheet of
graphene (single layer of graphite) and fold it into a cylinder such that the open edges match
perfectly to form a seamless structure. This operation will result in an open ended tube

(Figure 3.3.). The tubes have to be closed at the both ends, which means that at some stage in
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the growth process pentagons are nucleated to initiate the closure mechanism. Thus, in a
general nanotube structure, on the curved surface of the tube, the hexagonal arrays of carbon

atoms wind around in a helical fashion introducing helicity to the structure (Figure 3.3A).

B P B GO DWBOGO®w
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Figure 3.3. Schematic representation of a single-walled carbon nanotube.

It is convenient to specify a general carbon nanotube in terms of the tubule diameter
d; and the chiral angle 6. The chiral vector R is defined in terms of the integers (m, n) and the
basis vectors a; and a, of the honeycomb lattice (Figure 3.4.). The integers (m, n) uniquely
determine tube diameter and the chiral angle. In general the (m, 0) nanotubes are called
zigzag nanotubes, all (m, m) are called armchair and all others will be helical. This scheme of
indexing the symmetry of carbon nanotubes is very important because it relates directly the
diameter of individual nanotube to its helicity and expected properties. For example,
calculations predict that carbon nanotubes are either semiconducting or metallic depending
on their diameter and helicity’®. Concerning the electronic properties of carbon nanotubes it
has been found by theoretical predictions that for all armchair and for all nanotubes with m —
n multiple of 3, the nanotubes will be metallic, otherwise they will exhibit semiconducting

behavior.
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Figure 3.4. Indexing scheme that shows the folding procedure to create nanotube cylinders
from planar graphene sheets by rolling in perpendicular direction to the chiral vector R (0 <

R <30°).

It should be outlined that till now there is no evidence that the helicity of the
nanotubes can be controlled systematically by the synthetic procedure used for their growth.
Recently, clear images by scanning tunneling microscopy (STM) of atomically resolved
structures of the nanotube surface have revealed the helicity and simultaneously gave
information about the electronic properties of these structures*’. It was possible to record
well-spaced and symmetric structures in the local density of states called van Hove
singularities that arise, as depicted before, from the one-dimensional nature of the conduction
electron states in nanotubes.

Nanotubes of carbon are synthesized in two categories — single-walled carbon
nanotubes (SWNT) and multiwalled carbon nanotubes (MWNT). The latter consist of
concentric cylinders placed around a hollow center, with spacing between the layers close to
that in graphite. Carbon nanotubes are prepared by arc-discharge, catalytic decomposition of
hydrocarbons, or laser-assisted methods, and today’s synthetic strategies permit the
preparation of three-dimensionally organized arrays of carbon nanotubes’ #4344,

Generally, all methods for the synthesis of carbon nanotubes suffer from one big
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disadvantage — usually a mixture of carbon material is obtained including carbon
nanoparticles, carbon rods, graphite, glassy carbon, and in many cases a mixture of SWNT
and MWNT. This is true to a large extent for arc-discharge and laser ablation methods. In the
laser ablation technique, a metal containing graphite sample is placed in an oven and ablated
with strong laser pulses under inert atmosphere. Catalytic vapor deposition at relatively lower
temperatures has also been used for the synthesis of carbon nanotubes. In general, catalytic
metal nanoparticles are exposed to a medium containing gaseous hydrocarbon species. Clear
evidence for the formation mechanism during this process is not available but it is believed
that the size of the catalyst seed particles and their distribution controls the uniformity and
size of the resulting carbon nanotubes.

Another interesting characteristic of carbon nanotubes are the vibrational modes since
the spectrum varies as a function of the nanotube diameter and the number of atoms in the
unit cell. The so-called radial breathing mode associated with a radial vibration of the carbon
atoms is very sensitive to the tube diameter. The frequency of the radial breathing mode is
independent of the integers (m,n) and is roughly inversely proportional to the tube radius.

The electronic conduction process in carbon nanotubes is unique since the radial
direction of the electrons is confined in the singular plane of the graphene sheet. The
conduction occurs in the metallic tubes through gapless modes as the valence and conduction
bands always cross each other at the Fermi energy. In most helical nanotubes that contain
large numbers of atoms in their unit cell, the one-dimensional band structure shows an
opening of the gap at the Fermi level and this leads to semiconducting properties. In a
MWNT, the electronic structure of the smallest inner tubes is superimposed by the outer,
larger planar graphene-like tubes. This has been substantiated by experiments where the band
structure obtained from individual MWNT resembles that of graphite46’ .

The topic of synthesis and characterization of carbon nanotubes is well studied and
attracts enormous scientific interest reflected in more than 5000 publications to date and
many reviews. Since the aim of this Thesis is not solely restricted to carbon nanotube
synthesis and application, a full coverage of this field will not be given here. Nevertheless, it
should be emphasized that most of the nanotechnology applications of carbon nanotubes will

require a fabrication method capable of producing uniform carbon nanotubes with well-
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defined and controllable properties. In addition, electronic and photonic devices such as field
emission displays and data storage devices would need high density, well-ordered nanotube
arrays. Certainly, the incorporation of the carbon nanotubes with their remarkable one-
dimensional electronic properties in an insulating matrix can open new opportunities for
investigation of isolated carbon nanotubes and for the construction of novel composite

materials.
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4.6.1. Dynamic light scattering (DLS)
4.6.2. Thermogravimetric analysis (TGA)

4.1. Introduction

Nanostructured materials are characterized by a variety of instrumental methods. No
single technique is capable of providing complete characterization of a specific material.
There are three main categories of physical techniques that may be used to characterize
nanostructured materials; these are diffraction, microscopic, and spectroscopic techniques. In
addition others, such as sorption of gases, thermal analysis, or physical property
measurements, may give valuable information.

The purpose of this Chapter is to summarize different characterization techniques that
have been used in this study with emphasis on the characterization methods used for thin
films and nanostructured materials. It is assumed that the fundamental knowledge behind all

the methods is well known.

4.2. X-ray diffraction (XRD)

An X-ray powder diffraction pattern of a crystalline substance is a set of lines, each of
different intensity and position (d-spacing or Bragg angle, 8). For a given substance the line
positions and intensities are fixed and characteristic and can be used as a finger print to
identify that substance. The basic equation of the X-ray diffraction is the Bragg law. It is
defined as:

nA = 2dsin@ 4.1)
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where A is the wavelength of the X-rays, n is an integer number, d is the distance between the
adjusted crystal planes and 0 the Bragg angle. At the Bragg conditions (conditions satisfying
the Bragg law), a constructive interference occurs between the reflected incoming X-ray
beams, which results in an increase in the intensity called reflection.

In a common powder set up with the diffractometer (in 6 — 6 geometry), the source of
monochromatic X-rays (usually X-ray tube) and the detector (scintillator or semiconductor
detector) will scan along 0 degrees (giving a plot of intensities against 26°) to record the so-
called XRD pattern (Figure 4.1). Because a powder is usually randomly oriented and the
various lattice planes are also presented in every possible orientation, cones of diffraction are
created rather than “spots”. Nevertheless, with the usage of the diffractometer, because of the
one-dimensional detection, only well resolved lines (Bragg peaks, reflections) are recorded

when the Bragg conditions are fulfilled.

X-ray tube ) o ] o detector
scanning direction scanning direction

incident beam diffracted beam

\ 8 Id

Sample holder

Figure 4.1. Schematic representation of the reflection XRD experiment (6 - ©

geometry).

All powder diffraction studies in the course of this work were obtained using a

Scintag XDS 2000 reflection (0 - 8) diffractometer with a Cu Kq source, a stationary sample
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positioned horizontally, and a solid-state, liquid-nitrogen-cooled germanium semiconductor
detector. The powder XRD pattern was used to identify the structure of powdered
mesoporous materials and crystalline nanostructured materials prepared in the course of this
study. The XRD patterns of mesoporous thin films positioned horizontally were also
measured with the same set-up, and are referred to films measured in reflection-XRD
(RXRD) geometry.

The X-ray powder diffraction data may be used to calculate the average crystal size in
a powder sample provided that the average diameter is less than about 200 nm. The lines in
the powder diffraction pattern are of finite width; additional broadening of the diffracted X-
ray beams occurs when the particle size approaches the nanometer region. The commonly
accepted equation to calculate particle sizes from the X-ray diffraction data is Scherrer’s
formula:

T=0.9\/BcosBs (4.2.)

T is the thickness of the crystal in Angstrom, A the X-ray wavelength, g the Bragg angle.
The line broadening, B, is measured from the extra peak width at the half peak height and is
obtained from the formula:

B’=B%,—-B% (4.3)

where B, is the measured peak width in radians at the half peak height and Bs is the
corresponding width of the peak of a standard material of high crystallinity and micron
crystal size. The lower limit of detection with XRD occurs when the peaks become so broad
that they disappear in the background radiation.

It is necessary to make an important comment about the evaluation of the diffraction
data from the RXRD experiment for thin mesoporous films. The RXRD geometry in many
cases is not useful to directly identify the mesophase structure because only the structural
information in the direction perpendicular to the film plane (in the direction of the specularly
reflected X-ray beam, see below) can be obtained. For example, in numerous publications it
has been shown that the two-dimensional hexagonally ordered mesoporous films with

channels aligned parallel to the film surface show only two reflections (first and second order
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peaks of the 100 planes) instead of three reflections typical for the hexagonally ordered
MCM-41 or SBA-15 materials (see Chapter 2.2. and references therein). The absence of the
(110) reflection in the RXRD comes from the orientational alignment of the mesoporous
channels'. Only the (100) face is parallel to the surface and can therefore be recorded in
reflection geometry, and the (110) face in this case does not contribute to the observed
diffraction pattern (see Figure 4.2b). The (110) reflection could be observed if a different
arrangement of the mesoporous channels in respect to the substrate surface is obtained (see
Figure 4.2¢). Full disappearance of any structural information in the RXRD experiment
would correspond to complete alignment of the mesoporous channels perpendicular to the
substrate surface (see Figure 4.2a). Of course, in many cases the lack of structural
information cannot be directly accepted as proof for the mesochannel-alignment; other
reasons, such as distortion of the mesophase structure or complete loss of mesophase order,
are also possible. Similar problems hinder the direct identification of the mesophase structure
for other known structural configurations. For example, the three-dimensional hexagonal
(similar to SBA-2 material, see Chapter 2.2.) structure or several different three-dimensional
cubic mesophase structures could be indexed because usually only one or several (not well-

resolved) reflections were obtained in the RXRD geometry”.

fa)

Inbensiy

28 20 20

Figure 4.2. Schematic representation of the alignment of the channels in the two-dimensional

hexagonally ordered (p6m) mesoporous film with the corresponding RXRD patterns'.
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Summarizing, the need to use diffraction measurements in other geometries (for
example, grazing-incidence) instead of conventional reflection-mode X-ray diffraction to
determine the mesophase structure of the films is important because in oriented films all the
crystallographic planes may not be oriented in a way that the diffracted beam is detectable in
the RXRD experiment. In this study, grazing-incident diffraction (GID) with 2D detection
(CCD camera) was used to identify the mesophase structure and to determine the orientation
of the mesoporous channel system.

Grazing-incidence diffraction (GID) is a scattering geometry combining the Bragg
condition with the conditions for X-ray total external reflection from surfaces when the
incident angle of the X-rays is small enough (typically 0.05 — 3°, depending on the substrate
electron density and the X-ray energy), close to the so called critical angle .. At this point
the surface is not entirely invisible to the X-rays, but only an evanescent wave penetrates and
scatters from it’. Let some set of crystallographic planes be oriented perpendicular to the
substrate surface and fulfill the Bragg condition (forming a Bragg angle 6 between the plane
of the incident beam and the crystallographic planes), thus preserving the small grazing-exit
angle Oy this will generate a diffraction wave in the plane of the substrate. These conditions
provide superior characteristics of GID as compared to other diffraction schemes in the

#>6 n order to perform grazing-incidence diffraction, a highly

studies of thin surface layers
intense, parallel, and stable X-ray beam is desirable that can be obtained only by using
Synchrotron radiation.

The geometry of the GID experiment with 2D detection is shown in Figure 4.3. The
6-circle diffractometer at beam-line IDO1 at the ESRF (www.esrf.fr) in Grenoble, France,
was used for all GID experiments. The X-ray beam is focused on the film surface with the
help of the single crystal monochromator at an incident-angle of a; = 0.3 degrees, which is
higher than the critical angle for silica (a. = 0.1). where the total external reflection is
observed. The structural information as a function of the film thickness depends on the
penetration depth of the X-rays at constant incidence angle. It was calculated that at this

incident angle the whole film thickness was scanned. In forward direction the specularly

reflected beam is observed at the grazing exit angle Oy, together with the diffracted wave (out
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of plane diffraction) coming from the planes that are parallel to the substrate surface (as in

the RXRD experiment where the speculary reflected and diffracted beams are overlapping).

qz

out of plane diffraction

Jx
specularly reflected
beam \
dy
beam stop

mesoporous film

incident beam

ear&

primary b
sample horizon

in plane diffraction

Figure 4.3. Schematic representation of the scattering geometry of GID in real space.

As explained earlier at these incident angles it is possible to have total external
reflection and to obtain in-plane diffraction from planes oriented perpendicular to the
substrate surface (grazing-incident diffraction). With the help of a 2D detector (CCD camera)
set perpendicular to the incident beam and the grazing incident geometry, it was possible to
obtain structural information from both the q, and qy, components of the structural vector Q at
the same time. Thus, correct indexing of the mesophase structure and determination of the
orientation of the mesoporous system is possible. The distance between the sample and the
recording plane was 650 mm. The resolution of the measurement is given by the number of
pixels of the CCD camera per degree, which was 0.005 degree per pixel. Alignment of the X-
ray beam to the sample surface was performed before every measurement. The specular
reflectivity was masked with a circular beam stop to avoid saturation of the detector. The
positions of the Bragg spots were calculated from the position of the primary beam in the

CCD camera taking into account that one pixel corresponds to 0.005 26 degrees.
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4.3. Infrared and Raman spectroscopy

FT-IR and FT-Raman spectroscopies can be used to investigate solid materials by
excitation of the vibrational modes, involving pairs or groups of bonded atoms, to higher
energy states by absorption of radiation of appropriate frequency. In order to absorb infrared
radiation, a molecule must undergo a net change in dipole moment as a consequence of its
vibration or rotation, while in Raman spectroscopy the molecules undergo a change in the
bond polarizabilty. In Raman spectroscopy the sample is illuminated with monochromatic
light, usually generated by a laser. Two types of scattered light are produced from the
sample: elastically scattered light (Rayleigh scattering) and Raman-scattered light (inelastic
scattering), which is much less intense than the incident light.

IR and Raman spectra of solids are complex with a large number of peaks, each
corresponding to particular vibrational transitions. Both techniques are much used for the
straightforward identification of specific functional groups, especially in organic molecules.
In inorganic solids, species, such as hydroxyl groups, trapped water, or grafted molecular
functionalities, can be successfully studied. Furthermore, solid state spectroscopy has been
effectively used for the determination of the degree of crystallisation, geometry of the
dominant structural species in the crystalline inorganic solids, small-scale defects, and the
degree of disorder”®.

Most often FT-IR and Raman spectroscopies are used to investigate powdered
materials pressed in pallets in transmission and backscattering geometry, respectively. An
alternative set-up that allows examination of thin layers of organic or inorganic matter on
metal surfaces was developed, i.e., reflection-adsorption IR spectroscopy (RA-IR)’. The
application of this technique for the characterization of the surface modifications with
molecular functionalities of the thin mesoporous films is presented in this Thesis. Figure 4.4
shows the geometry of the reflection-absorption FT-IR experiment. Infrared (IR) radiation is
directed onto the sample and reflected from an underlying reflective surface. The signal is
modulated by the mesoporous film where absorption of the IR radiation occurs and further
reflected from the underlying surface. If the reflection layer is a noble metal, only those
vibrations whose dipole moments lie perpendicular to the reflection surface can be observed.

This i1s because the incident and reflected p-polarised components of the radiation
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superimpose constructively (add together), enhancing the signal, whereas the s-polarised
components cancel each other out, (as they undergo a phase change on reflection from the
reflection surface). This technique was successfully applied to study monomolecular layers
and thin films up to 2 pm thickness on gold surfaces. As a reflection surface in this study,
sputtered gold or polished silicon were used with incident angles of 75° and 45° to the
surface normal, respectively. In the latter case in the region of about 1100 cm an artefect

appeared due to the absorption of the signal on the thin oxidized silicon layer.

Mirror

Mirror
| IR out

'/- Mesoporous film

Reflection plate

Figure 4.4. Schematic representation of the geometry of the reflection-absorption FT-IR

measurement.

4.4. Nitrogen-sorption measurements

Nitrogen sorption is commonly used in the characterization of porous solids, allowing
one to determine the specific surface area, pore volume, and pore size distribution'’. With the
discovery of the ordered mesoporous materials, the theoretical models for estimation of the
aforementioned parameters have been successfully proven''. A result of the gas sorption
measurement is a plot of the volume of gas absorbed/desorbed vs relative pressure P/P, (P is
the absolute pressure, P, is the saturation vapor pressure) at constant temperature, called
sorption isotherm. Nitrogen-sorption instruments present an important characterization tool
for many laboratories dealing with nanoporous materials.

Experimental gas-adsorption isotherms usually fall into six categories according to
the TUPAC classification'* (Figure 4.5.A). The most important for gas absorption in
mesoporous solids are Type IV, V, and IV, isotherms. The gas absorption proceeds via

multiplayer adsorption followed by capillary condensation (steep steps in the isotherms).
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Capillary condensation and capillary evaporation often do not take place at the same relative
pressures, which leads to the appearance of hysteresis loops. This phenomenon is usually
attributed to thermodynamic or pore connectivity problems; the latter may be more

. 10, 1
prominent 013,

A) B)

Mesoprous film

Amount Adsorbed

e

Quartz crystal Gold surface

Felative Pressurs

Figure 4.5. (A) Classification of gas adsorption isotherms and (B) schematic representation

of the QCM device with a mesoporous film.

The thermodynamic effects are related to the metastability of adsorption or desorption
(or both) branches of the isotherm. Namely, the capillary condensation or evaporation may
be delayed and take place at higher or lower pressures, respectively, in comparison to the
pressure of coexistence between the gas-like or liquid-like phases in the pore. Pore-
connectivity (network) effects play an important role when, for example, larger pores have
access to the surrounding only through narrower pores, the former cannot be emptied at the
relative pressures corresponding to their capillary evaporation since the latter are still filled
with the condensed adsorbate. So the larger pores may actually be emptied at a relative
pressure corresponding to the capillary evaporation in the smaller pores (or at the relative

pressure corresponding to the lower limit of adsorption-desorption). However, it was
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confirmed many times that capillary condensation/evaporation can also be reversible as in
Type IV, isotherms'*.

The adsorption isotherm may be used to calculate the surface area of the sample. The
procedure known as the BET model was introduced by Brunauer, Emmett, and Teller'’. It is
based on the evaluation of the monolayer capacity (the number of the absorbed molecules in
the monolayer on the surface of a material). The monolayer capacity is multiplied by the
cross-sectional area of the absorbed molecules in the monolayer formed on a given surface.
The derivation of the BET model is based on the Langmuir equation relating the number of
molecules adsorbing on the surface with the number of molecules evaporating (desorbing)
from the sample, involving several assumptions, such as a flat surface, equivalence of all the
adsorption sites, and the absence of lateral interactions between absorbed molecules. In the
case of adsorption on real solids, these assumptions often do not hold. Therefore caution
must by exercised regarding the interpretation of the specific surface area of the solids
derived from the BET model. Despite all of these issues, the BET model is currently a
standard method for the specific surface area evaluation, and relative comparisons provide
valuable information.

For the evaluation of the pore size distribution, a number of models have been
suggested that are usually based on the Kelvin equation. Assuming that the vapor side of the
meniscus formed in a pore behaves as an ideal gas at constant temperature, the general form
of the Kelvin equation for the determination of the radius of the hemispherical meniscus may
be derived

In[P/P,] =-20VL / R{RT (4.4.)

where VL is the molar volume, R is the gas constant, T is the temperature, Ry is Kelvin
radius (the mean radius of curvature of the meniscus at which capillary condensation occurs).
The most commonly used model to calculate pore size distribution that is often integrated in
the sorption apparatus software is the BJH model (Barett, Joyner, Halenda method)". It has
recently been confirmed using MCM-41 with approximately cylindrical pore geometry that
this model reflects the actual nature of adsorption in mesopores'®. More theory on the

. : 10, 1
sorption of gases in porous hosts can be found elsewhere'™ '’
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In this thesis, the nitrogen-sorption measurements on powdered mesoporous materials
were performed with a NOVA 4000e Surface area & Pore Size Analyser after evacuation of
the samples at 120°C. Unfortunately, nitrogen-sorption experiments on thin films are very
difficult or even impossible to obtain with this technique because of the small amount of the
adsorbent (less than 0.1 pg/cm’ of the film surface). Here, an alternative technique to
estimate the amount of the sorbed gas that relies on the high gravimetric sensitivity of the
quartz crystal microbalance (QCM) is described.

The QCM detection is a variant of acoustic wave microsenseors that is capable of
ultrasensitive mass measurements. Under favorable conditions, a typical QCM can measure a
mass change of 1-10 ng/cm’. The QCM oscillates in a mechanically resonant shear mode
under the influence of a high-frequency AC electric field that is applied across the thickness
of the crystal. The central portions of the top and bottom sides of the crystal are coated with
thin films of gold or other metals that are typically of disk shape. The mass sensitivity of the
QCM originates from the relationship between the oscillation frequency on the total mass of
the crystal and the adlayers of material residing on the metal-coated crystal faces, the

Sauerbrey equation, as shown below.

Af = -2f°Am / [A sqrt(up)]  (4.5.)

where fj is the resonant frequency of the fundamental mode of the crystal, A is the area of the
gold disk coated onto the crystal, p is the density of the crystal (= 2.684 g/cm’), and p is the
shear modulus of quartz (= 2.947 x 10" g/cm’s®). Using a crystal with a 10 MHz fundamental
frequency (as used in our measurements), a net change of 1 Hz corresponds to 26.4 ng of
materials adsorbed or desorbed onto a crystal surface of 1 cm’.

In a typical measurement, the gold surface of the QCMs modified with linking
molecules (see Chapter 6.2.) were covered with mesoporous film (Figure 4.5B) and after
calcination the mass of the film was measured by recording the frequency of the QCM before
and after deposition of the film. The mesoporous film was dehydrated in flowing helium at
120°C for 24 h and the measurement chamber was cooled to liquid-nitrogen temperature. A

gas flow of water-free nitrogen in helium was conducted by a computer-controlled gas-flow
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system (MKS Instruments) in the range of 0 — 95 %. Using digital mass-flow controllers and
a calibrated gas-flow system it was possible to finely control the partial pressure of the
sorbed gas (N;) at every sorption step. The nitrogen adsorption/desorption isotherm was
obtained by measuring the frequency of the QCM at every adsorption/desorption step (every
partial pressure of N;) and recalculating the amount of the nitrogen adsorped by using the

Sauerbrey equation.

4.5. Electron microscopy

Exceeding the resolution limits given by the wavelength of light that restricted the
applicability of optical microscopy to objects smaller than about 1-2 um, electron
microscopy offers extremely versatile structural information over a broad range of
magnifications using a beam of accelerated electrons. Electrons emitted from a filament
(electron gun) are accelerated through high voltage. Their wavelength is related to the
accelerating voltage, V by the equation:

A=hC2meV)'"? (4.6.)

where m and e are the mass and charge of the electron. In order to be able to focus the
electron beam, electromagnetic lenses are used. For example, the condenser lens in the TEM
is used to control the size and the angular spread of the electron beam that is incident on the
sample.

Electron microscopy is used basically in reflection (SEM) or transmission (TEM)
mode. The first one relies on the reflected (or backscattered) electrons that are used to build
up a three-dimensional image of the sample surface giving information on the sample
texture, topography, and surface features. This type of electron microscopy covers the
magnification range between the lower resolution limit of optical microscopy (~1um) and the
upper practical limit of TEM. At the other extreme, high-resolution transmission electron
microscopy (HREM) is capable of giving information on an atomic scale, by direct lattice
imaging. The TEM gives information on the crystallographic arrangement of atoms in the
specimen and their degree of order, detection of atomic-scale defects in areas a few

nanometers in diameter, and indexing crystalline materials. In principle, the resolution in the
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TEM is given by the ability to accelerate electrons. The higher the voltage to accelerate
electrons the greater the resolving power of the TEM. Nevertheless, the practical resolving
limit is governed by the imperfection of the lenses and for the current microscopes is in the
of range 0.1 - 0.2 nm (Figure 4.6). The contrast in electron microscopy is given by the
relative difference in the observed intensities between atoms with different scattering
behavior. For example, heavy elements are good electron scatterers and appear darker in the
TEM bright-field image (image taken when the directly transmitted electron beam is
recorded).

TEM offers another possibility when the diffracted rather than transmitted beam is
selected to be recorded. The electron wavelengths are much smaller than the X-ray
wavelengths used in typical diffraction experiments, as a result the diffracted beams are

concentrated into a narrow cone centered on the non-diffracted beam.
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Figure 4.6. Schematic representation of the basic components of a TEM.

59

spot size and brightness



Chapter 4. Characterization techniques for nanostructured materials

The region of illumination that is chosen for diffraction can be selected by appropriate lenses
giving rise to the so-called selected-area diffraction that is very important for polycrystalline
materials.

Some SEM or TEM instruments have a very valuable additional feature providing the
elemental analysis of sample composition. It takes advantage of the fact that when a sample
is placed in the microscope and bombarded with high energy electrons, electronic transitions
can occur that result in the generation of X-rays. These X-rays are characteristic emission
spectra of the elements present in the sample. By scanning the energy (energy dispersive,
ED) of the emitted X-rays it is possible to identify the elements. If a suitable calibration is
carried out, a quantitative elemental analysis can be performed. With this technique, only
elements heavier than including sodium can be detected. In this Thesis, SEM investigations
were performed with the Philips XL 40 microscope and with the field emission JEOL, JSM
65007 microscope. The TEM images were obtained with the JEM 2010 transmission electron
microscope operating at 200 kV. The elemental analysis was performed with the JSM 65007,
field emission SEM equipped with an Oxford EDX detector.

4.6. Other characterization techniques

4.6.1. Dynamic light scattering (DLS)

In the DLS measurement, the rate of the intensity fluctuations in the light caused by
the random movement (Brownian motion) of particles are detected after illuminating
colloidal particles in liquid with known viscosity. An important feature of Brownian motion
for DLS is that small particles move quickly and large particles move more slowly. The
relationship between the size of the particle and its speed due to the Brownian motion is
defined in the Stokes-Einstein equation.

In a real measurement, this will mean that the rate of the intensity fluctuations will be
low if large particles are measured and high if bigger particles are detected. By extracting
different decay rates, distribution of particle classes are formed (autocorrelation function). A
typical size distribution graph shows on the X-axis a distribution of size classes and on the

Y-axis the intensity of the scattered light.
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4.6.2. Thermogravimetric analysis (TGA)

Thermogravimetry is a technique for measuring the change in weight of a substance
as a function of temperature or time. The sample is usually heated at a constant rate and has a
constant weight until it begins to decompose at a certain temperature. The difference in the
weights and the slopes of the decomposition steps are characteristic for the decomposition

process and can be used for quantitative calculations of compositional changes.

References

"H. W. Hillhouse, J. W. van Engmond, M. Tsapatsis, J. C. Hanson, J. Z. Larese, Micropor.
Mesopor. Mater., 2001, 44-45, 639.

23, Besson, T. Gacoin, C. Jacquiod, C. Ricolleau, D. Babonneau, J.-P. Boilot, J. Mater.
Chem., 2000, 10, 1331.

> P. Dutta, Curr. Sci. 2000, 78, 1478.

‘T.H. Metzger, 1. Kegel, R. Paniago, A. Lorke, J. Peisl, J. Schulze, I. Eisele, P.
Schittenhelm, G. Abstreiter, Thin Solid Films, 1998, 336, 1.

>T. H. Metzger, S. Mintova, T. Bein, Micropor. Mesopor. Mater., 2001, 43, 191.

% N. Petkov, S. Mintova, B. Jean, T. H. Metzger, T. Bein, Chem. Mater., 2003, 15, 2240.

7 S.K. Sharma, J.F. Mammone, M.F. Nicol, Nature, 1981, 292, 140.

8s. Mintova, B. Mihailova, V. Valtchev and L. Konstantinov, J. Chem. Soc., Chem.
Commun., 1994, 1791.

° T. Michael, Annual Review of Physical Chemistry 2000, 51, 381.

F. Rouquerol, J. Rouquerol, K. Sing, Adsorption by Powders and Porous Solids; Academic
Press: San Diego, 1999.

"' M: Kruk and M. Jaroniec, Chem. Mater., 2001, 13, 3169.

PK.S.W. Sing, D. H. Everett, R. A. W. Haul, L. Moscou, R. A. Pierotti, J. Rouquerol, T.
Siemieniewska, Pure Appl. Chem., 1985, 57, 603.

3 p. C. Ball, R. Evans, Langmuir, 1989, 5, 714.

61



Chapter 4. Characterization techniques for nanostructured materials

0. Franke, G. Schulz-Ekloff, J. Ratousky, J. Starek, A. Zukal, J. Chem. Soc., Chem.
Commun., 1993, 724.

SE. P Barrett, L. G. Joyner, P. P. Halenda, J. Am . Chem. Soc., 1951, 73, 373.

'* M. Kurk, M. Jaroniec, Chem. Mater., 2000, 12, 222.

7M. Jaroniec and R. Madey, Physical Adsorption on Heterogeneous Solids, Elsevier,
Amsterdam, 1988.

62



Chapter 5. Synthesis and characterization of mesoporous powders with different
morphologies

Chapter 5. Synthesis and characterization of mesoporous powders with different
morphologies.

5.1. Introduction
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and DLS studies

5.4. Conclusions and perspectives

5.1. Introduction

A general introduction to the periodic mesoporous materials was given in Chapter 2.
Although all ordered mesoporous materials prepared as powders are relatively well studied
and characterized, there are still distinct differences in their bulk synthesis, structure, and
surface chemistry that are reflected in their chemical behavior, thermal stability, surface
properties, and morphology. The goal of this Chapter is to present synthetic methods for the
preparation of two well-known powdered mesoporous materials, such as MCM-48 and
SBA-15, with emphasis on their surface morphology and thermal stability, and to use
different physico-chemical methods to characterize those solids. It was intended to gain
basic knowledge of the physico-chemical characteristics of the mesoporous solids and to
access differences in their bulk and surface properties that can be essential for further
functionalization and modification. Bridging powder mesoporous materials to mesoporous
films, mesostructured monoliths have also been prepared and their characterization is

presented in this Chapter.
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The synthesis of MCM-48 materials has been a matter of debate for some time.
Essentially, it utilizes the same synthetic conditions as for the hexagonal member of the
MCM-family of mesoporous solids, basic media and cationic surfactant under room or
elevated temperatures. Unfortunately, sometimes it is just “synthetic luck™ that one is able
to observe this phase (see Chapter 2.2.1.). Various synthesis routes to MCM-48 mesophase

12345 1t has been shown

were developed in order to overcome those synthetic shortcomings
that the MCM-48 phase can be obtained as an intermediate in the process of transformation
from a hexagonally-ordered or disordered (spaghetti-like) silica mesophase to a more
thermodynamically favorable lamellar mesophase. Those difficulties in the synthesis of
MCM-48 material motivate the establishment of a reliable preparation procedure for MCM-
48 material. Furthermore, MCM-48 solids prepared as uniform spheres are intriguing
candidates for adsorbents in separation techniques, e.g., column chromatography, or as a
catalyst supports®. It is believed that due to its interwoven and branched pore structure (see
Chapter 2.2.1), which provides more facile mass transfer than in the one-dimensional
hexagonal structure of MCM-41 material, the catalytic and separation applications would be
facilitated.

Here, a modification of the synthetic method for the preparation of MCM-48
spheres’ is presented, aiming to find optimal synthesis conditions for high quality (best
mesostructural order) of the MCM-48 solid, high reliability of the synthetic procedure, and
spherical particle morphology with a sharp particle-size distribution.

Mesoporous materials templated by nonionic amphiphilic surfactants, such as di- or
tri-block copolymers, have attracted considerable attention during the last few years
because of their structural properties that can be easily tuned by adjusting the molecular
weight of the copolymer, hydrophobic to hydrophilic molar ratios of the copolymer blocks
and copolymer molecular architecture. The discovery of the SBA-type materials templated
by tri-block copolymers led to a new class of acidic materials (materials synthesized
through acid-catalyzed hydrolysis-condensation of TEOS) with remarkably increased pore
sizes and thermal properties (see Chapter 2.2.1. and references therein). The SBA-15
material with its one-dimensional hexagonally ordered channel structure provides an ideal

host system for the incorporation of nanometer-sized wires and tubes (see Chapter 3.1.1).
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Here, the preparation of SBA-15 mesoporous rods with channels oriented parallel to
the long axis of the rod is presented®. The aim was to investigate the thermal stability of this
material and to find a thermal procedure for the stabilization of the mesoporous host that
makes the material suitable for high-temperature manipulations, e.g., growth of carbon
nanotubes by catalytic decomposition of hydrocarbons at 700 °C or by pyrolysis of
hydrocarbons at 850 °C (see Chapters 7 and 8).

Mesoporous free-standing monoliths are host materials for optical devices and other
potential applications’. Monolithic mesoporous silica has been prepared through complete
removal of the residual solvent of silica/surfactant containing sols. The synthesis procedure
adopted in this work for the preparation of mesoporous monoliths uses similar conditions as
those used for deposition of thin mesoporous films by the EISA method (see Chapter 2.2.4.)
and therefore the obtained powder material is considered to have comparable physico-

chemical properties as the mesoporous films.

5.2. Experimental

5.2.1. Synthesis of MCM-48 spheres

The preparation of MCM-48 spheres employs a synthetic approach that is based on a
Stober synthesis of non-porous silica spheres'® combined with the room-temperature
synthesis of mesoporous materials'’. In a typical synthesis batch 0217 g of
cetyltrimethylammonium bromide (CTABr — Aldrich) was dissolved in 30 mL of double
distilled water and 12.5 mL of technical ethanol (98%), and 3 mL of 26 wt% aqueous
ammonia was added to the surfactant solution. The solution was stirred (250 rpm) for
5 min, and 0.45 g of tetraethoxy orthosilicate (TEOS - Aldrich) was added at one time.
Finally the gel was stirred (200 rpm) for 5 h at room temperature and the product was
recovered by centrifugation. Dry mesoporous material was obtained by freeze drying. In
order to investigate the influence of the silica to surfactant ratio on the final mesophase
structure, different gel compositions were prepared. The final molar ratios of the gels are

shown in Table 5.1.

65



Chapter 5. Synthesis and characterization of mesoporous powders with different
morphologies

Table 5.1. Molar ratio of the synthesis gels used for the preparation for MCM-48.

Sample TEOS CTABr EtOH NH; H,O
MCM-48-1 1 0.1 54 12.5 410
MCM-48-2 1 0.13 54 12.5 410
MCM-48-3 1 0.2 54 12.5 410
MCM-48-4 1 0.4 54 12.5. 410

5.2.2. Synthesis of SBA-15 rods

Mesoporous SBA-15 rods were prepared according to the methods described in the
literature®. In a typical synthesis 2.0 g of PEO-PPO-PEO Pluronic 123 triblock copolymer
(BASF) was dissolved under stirring in 30 g of 4 M HCI and 45.0 g water, followed by
addition of 3.1 g tetramethoxy silane (TMOS - Aldrich). This mixture was homogenized
and stirred at 40 °C for 20 h and than kept at 100 °C for an additional 24 h without stirring.
The final product was recovered by filtration and dried at room temperature without

washing.

5.2.3. Synthesis of mesostructured monoliths

Clear precursor solutions were prepared by addition of ethanol solutions of PEO-
PPO-PEO triblock copolymer (Pluronic 123 - BASF) or ethanol solutions of CTABr to
polymeric silica sols in a two step process. First acid-hydrolyzed silica was prepared by
mixing of 2.08 g TEOS (Aldrich), 3 g 0.2 M HCL, 1.8 g H,0O, and 5 mL EtOH at room
temperature and heated at 60°C for 1 h. For the preparation of MM1 solution, 15 mL of 5%
Pluronic 123 were added to the silica solution and diluted with 10 mL EtOH. Similarly,
0.682 g of CTABr were dissolved in 25 mL EtOH and added to the prehydrolyzed silica

solution (MM?2). The molar ratios of the solutions that were used to prepare monoliths are:

MM1: 1 TEOS: 0.013 Pluronic 123: 0.06 HCI: 48.8 EtOH: 26.6 H20.

MM2: 1 TEOS: 0.18 CTABr: 0.06 HCI: 48.8 EtOH: 26.6 H20.
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Mesostructured monoliths were prepared by slow evaporation of the solvent in a
Teflon holder or glass petri-dishes at room temperature for 24 h. The samples were calcined

following the procedure described in Figure 5.1B.

5.2.4. Calcination procedures
In order to investigate the thermal stability of the mesoporous powder materials, the
template removal was done following four different calcination procedures shown

schematically in Figure 5.1.

2h, 500°C B 2h, 500°C
12h

5h, 120°C

2h, 700°C

2h, 700°C 2h, 700°C

6h

f

Vacuum (1.10" mbar)

Figure 5.1. Schematic representation of the calcination procedures used in the study.
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5.2.5. Characterization

The mesophase structure of all the samples was determined by powder X-ray
diffraction with a Scintag XDS 2000 instrument (CuK, radiation). TEM images of the
mesoporous solids were obtained with a JEM 2010 TEM operating at 200 kV. Nitrogen
adsorption-desorption isotherms of the mesoporous solids were measured with a NOVA
4000e Surface area & Pore Size Analyser after evacuation of the samples at 120 °C. The
calcination process was followed by FT-IR spectroscopy with Bruker Equinox 55 - 106v/S
spectrometer. The powder was molded in KBr-supported disks and measured in
transmission mode. Thermogravimetric analysis of the as-prepared samples was performed
with a thermal analyzer (DuPont Instruments — 951 TA). The surface morphology of the

mesoporous materials was determined with scanning electron microscopy (Philips XL 40).

5.3. Results and discussion

5.3.1. Mesophase structure and thermal stability - XRD, FT-IR, and TG studies

Figure 5.2 shows the XRD patterns of the mesoporous material prepared from
different synthesis gels as depicted in Table 5.1. The XRD pattern of the mesoporous
material prepared using synthesis gel MCM-48-1 (Figure 5.2.a) shows one broad reflection
at 2.42° 20 with relatively small intensity that cannot be assigned to any particular type of
ordered mesophase structure. Usually the broadening of the XRD reflections in the pattern
of the mesoporous materials is attributed to the decreased mesostructural order and comes
from the scattering of the micelles that have characteristic dimensions but are not ordered in
any known liquid-crystal mesophase structure. It is usually accepted to call this type of
mesophase structure spaghetti- or worm-like mesophase structure. The XRD pattern that
corresponds to the material obtained from the MCM-48-2 synthesis gel (Figure 5.2.b)
shows two reflections at 2.34° and 2.72° 20 that are indexed as (211) and (220) reflections
of the cubic (la3d) mesophase structure. The expected higher order reflections appear as an
unresolved increase in the diffraction intensity, which is an indication of low quality MCM-
48 material with a short range of mesoporous order. The sample prepared from the MCM-
48-3 synthesis gel shows six distinct reflections at 2.42, 2.82, 3.68, 3.94, 4.4 and 4.6
degrees 20 that are indexed as (211), (220), (321), (400), (420) and (332) reflections of the

68



Chapter 5. Synthesis and characterization of mesoporous powders with different
morphologies

cubic (la3d) symmetry of the MCM-48 structure®. The appearances of well-resolved higher
order reflections indicate high-quality MCM-48 material with long range mesophase order.
The product obtained after synthesis using MCM-48-4 gel shows an XRD pattern that
possesses several reflections at 4.42, 2.88, 4.38, 4.6 and 5.74 degrees 20 that come from a
mixture of two phases, MCM-48 and lamellar mesophase (Figure 5.2.d)'. A strong
indication for this interpretation is the superposition of the (220) reflection of the MCM-48
phase with the (100) reflection of the lamellar phase and the appearance of the second-order

reflection of the lamellar phase at 5.74° 26.
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Figure 5.2. XRD patterns of mesoporous powders prepared from different synthesis gels; a)
MCM-48-1, b) MCM-48-2, ¢) MCM-48-3, and d) MCM-48-4 (the diffraction patterns are
offset with 500 cps).
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Apparently, there is a profound influence of the surfactant-to-silica ratio on the
mesophase structure for this sequence of synthesis gels. The change of the mesophase
structure is explained by the effect of the surfactant concentration, where the increased
surfactant concentration drives the structure form disordered through cubic MCM-48 to
bilayered lamellar. This is in agreement with the water-CTABr phase diagrams at room
temperatures where the general tendency of the H - Q — L phase transitions is observed
with decreasing surface curvature around the surfactant micelles (H, Q, L refer to the
hexagonal (p6m), cubic (la3d), and lamellar mesophases, respectively). The absence of the
hexagonal (p6m) mesophase structure in the sequence of the synthesis gels used here is
explained by the high ethanol concentration in the synthesis sols. Usually synthetic
mixtures giving hexagonal (p6m) mesophase do not require additional co-solvent apart from
water. Taking into account the cooperative self-assembly mechanism and the surface charge
matching constraint it can be argued that the ethanol molecules increase the effective
surfactant parameter g by enlarging the total volume of the surfactant chains V (g = V/a,l,
see Chapter 2.2.2.) due to the swelling effect, and thus induce formation of mesophase
structures with decreased curvature such as cubic (la3d) structure. The possibility to tune
the mesophase structure through phase transitions and the role of the ethanol to
preferentially promote formation of the cubic (la3d) mesophase suggest that the cooperative
self-assembly mechanism is leading the formation process of the mesoporous materials
synthesized with the examined gels.

The effect of the calcination process on the mesophase structure is examined using
two different calcination procedures shown on Figure 5.1.A and B. The XRD patterns of the
as-prepared MCM-48-3 sample and the samples calcined according to procedures A and B
are shown on Figure 5.3. The XRD patterns of the MCM-48-3 samples calcined following
procedures A and B show that the mesophase structure is preserved after the template

removal. The corresponding cubic unit cell calculated from the equation:

a= 61/2.(1211 (51)
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1S Qas-deposited = 8.96 NM, Acalcined A = 7.42 nm, and acaicined 8 = 8.06 nm. The position of the
(211) reflection for the calcined samples is shifted to higher 20 values; a fact that is
explained by the increased siloxane condensation at the high calcination temperatures that
induces shrinkage of the mesophase structure. Calcination procedure A gives higher
shrinkage of the silica framework. The shrinkage calculated from the equation:
OH = (Qas —deposited - Acalcined)/Aas —deposited 1 00 (5.2)

is 17.2% for the sample calcined with calcination procedure A and 10.1% for the sample
calcined with calcination procedure B. The decreased shrinkage of the mesophase structure
following calcination procedure B is explained by the additional thermal step at 120 °C that
stabilizes the structure and prevents rapid template removal. Furthermore, the sample
calcined with calcination procedure B suggests higher mesostructural order based on the
presence of well-resolved higher order peaks. These results support the fact that the choice
of an accurate calcination procedure for template removal is essential for the preparation of

mesoporous solids with improved mesostructural order and thermal stability.
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Figure 5.3. XRD patterns of a) as-prepared MCM-48-3, calcined with b) procedure A and c)
procedure B (the diffraction patterns are offset with 1200 cps).
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In order to prove full template removal after calcination, FT-IR spectra of the as-
synthesized and calcined samples were compared. Figure 5.4 shows the FT-IR spectra of
the as-synthesized and calcined (procedure B) mesoporous MCM-48-3 samples. The peak
assignment of the FT-IR spectra of the as-synthesized and calcined MCM-48 can be made
based on literature results and is as following'>. The broad band between 3700 and 3100
cm’ is attributed to the hydrogen-bonded silanol groups with adsorbed molecular water
(note that the spectra are taken in air at room temperature, H,O bending at 1660cm™ is also
to be noted)"’. The nature of this broad band comes from geminal and vicinal silanols,
which participate in H-bonding among themselves, and molecularly adsorbed water, and are
not accessible for further chemical modification'*. The strong and narrow peaks at 2920 and
2850 cm™ in the spectrum of the as-synthesized sample are characteristic for the aliphatic

symmetric and anti-symmetric stretching vibrations of CTABr surfactant molecules.
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Figure 5.4. FT-IR spectra of a) as-synthesized and b) calcined MCM-48-3 mesoporous

powder.
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After calcination the characteristic bands for the organic template almost disappear,
indicating complete removal of the surfactant (Figure 5.4.b). At lower frequencies two
broad bands at 1240 and 1100 cm™ are observed and assigned to the Si-O-Si asymmetric
stretching vibrations'. The band at 1480 cm™ is attributed to the C-H banding vibrations and
is also not seen in the spectrum of the calcined sample. The band at 810 cmis attributed to
the Si-O-Si symmetric stretching vibrations, while the band at 980 cm™ is ascribed to the
Si-OH stretch. The band at 450cm™ is assigned to the SiO4 non-structural banding vibration
and is typical for amorphous silica materials. As expected, bands around 550 cm™ that are
ascribed to the structural vibrations in zeolites are not observed confirming the amorphous
character of the material"”.

As discussed in Chapter 2.2., the preparation of the ordered mesoporous materials
can be controlled by choosing specific surfactant or co-surfactant agents. In order to explore
the formation of large pore size mesoporous material, SBA-15 (see Chapter 2.2.1.)
mesoporous solid was prepared. Figure 5.5 shows the XRD patterns of the as-synthesized
and calcined (procedure B) SBA-15 mesoporous material prepared with tri-block
copolymer surfactant under acidic conditions. The as-synthesized sample shows a first order
reflection at 0.81° 28 and two very low-intensity second-order reflections at 1.37 and 1.63°
20 that are indexed as (100), (110), and (200) reflections of the (p6m) hexagonal mesophase
structure with a unit cell of a = 12.6 nm'®. The unit cell of the one-dimensional hexagonal
mesophase structure is calculated from the position of the (100) reflection according to the
following formula:

a=2/3"dnp (5.3)
After calcination following procedure B the mesophase structure is preserved and the
diffraction peaks appear with increased intensity and at higher 20 values. The increased
intensity of the reflections after calcination is explained by the increased mesostructural
order and higher X-ray contrast due to template removal while the shift in the position of
the diffraction peaks to higher 20 values is due to the shrinkage of the silica framework.
The hexagonal unit cell of the calcined sample is a = 11.5 nm; this corresponds to 8.7%

shrinkage of the mesophase structure.
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Figure 5.5. XRD patterns of a) as-synthesized and b) calcined (procedure B) SBA-15

mesoporous material (diffraction patterns are offset with 500 cps).

The temperature stability of the SBA-15 mesoporous support was further investigated
aiming to prepare host structures that can withstand relatively high temperatures of about
700 — 900 °C desirable for a variety of catalytic applications, including the growth of
carbon nanotubes. Two types of calcination procedures (Figure 1C and D) were applied and
the corresponding XRD patterns are shown in Figure 5.6. Both calcination procedures give
hexagonally ordered SBA-15 material even after calcination at 700 °C. The material
obtained after calcination procedure C shows one, low-intensity first-order diffraction peak,
while the material calcined following procedure D (with additional temperature stabilization
step - see Figure 1D) possesses several well-resolved high-intensity reflections indicative
for highly ordered SBA-15 material. The hexagonal unit cell is a = 11.2 nm in both cases.
Apparently, the more complicated two-step calcination procedure D does not cause any

additional shrinkage of the silica framework.
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Figure 5.6. XRD patterns of a) calcined (procedure C) and b) calcined (procedure D) SBA-

15 mesoporous material.

Attempts to stabilize the MCM-48-3 material using calcination procedure D gave
poorly ordered mesoporous material with one very broad diffraction peak. The higher
thermal stability of the SBA-15 material in comparison to the MCM-48 solid is explained
by the thicker mesoporous walls (see Chapter 2.2.1. and references therein). The SBA-15
material obtained following calcination procedure D shows promising thermal stability and
is a good candidate for a host support that can be used for templated growth of carbon
materials at high temperatures, such as carbon nanotubes or carbon filaments.

Figure 5.7. shows the FT-IR spectra of the as-synthesized and calcined (procedure D)
mesoporous SBA-15 samples. The assignment of the bands is similar to that in the FT-IR
spectra of the MCM-48 material with some differences in the aliphatic stretching vibration
region that come from the different templating agent, namely Pluronius 123. Most
importantly, after calcination the C-H stretching vibrations completely disappear, thus

confirming the removal of all template from the mesoporous material.
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Figure 5.7 The FT-IR spectra of the as-synthesized and calcined (procedure D) mesoporous
SBA-15 samples is shown.

Mesostructured monoliths have been prepared using synthesis solutions MM1 and
MM?2 (see above) with different structure directing agents (CTABr and Pluronic123). The
XRD patterns of the as-prepared and calcined (procedure B) CTABr-templated
mesostructured monoliths are shown in Figure 5.8. The pattern of the as-prepared monolith
(Figure 5.8a) shows two reflections at 2.6 and 5.1° 26 that are assigned to the (100) and
(200) reflections of the one-dimensional hexagonal mesophase structure with mesoporous
channels oriented parallel to the plane surface of the monolith'”'®. The hexagonal unit cell
of the as-deposited sample is 3.91 nm (calculated from 5.3.). After calcination the
mesophase structure is preserved and the Bragg peaks appear at higher 20 values (Figure
5.8.b) in correspondence with the shrinkage of the silica framework at the high calcination
temperatures. The calculated contraction of the silica framework is 4%. The first-order
reflection (100) of the calcined sample shows considerable broadening, probably due to the

decreased size of the ordered domains.
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Figure 5.8. XRD patterns of a) as-prepared and b) calcined (procedure B) CTABr-templated

mesostructured monoliths.

The XRD patterns of the as-prepared and calcined mesostructured monoliths
deposited from coating solution MM2 are shown in Figure 5.9. The templating agent in the
coating solution MM2 is a tri-block copolymer (Pluronic123) that gave a highly ordered
mesophase structure as seen from the very intense first-order reflection at 1.05° 20 with its
less intense second-order reflection at 1.97° 26. These two diffraction peaks in the XRD
pattern of the as-deposited sample are assigned to the one-dimensional hexagonal (p6m)
mesophase structure with unit cell parameter of a = 9.8 nm (5.3). After calcination
(procedure B) the hexagonally ordered mesophase structure is preserved as indicated by the
well-resolved first- and second-order diffraction peaks (Figure 5.9.b). The contraction of the
silica framework is estimated to be around 14% (5.2). The absence of the (110) reflection,
typical for the hexagonally ordered mesophase powders like SBA-15 material (see above),
in the XRD patterns of the MM1 and MM2 mesostructured monoliths is due to the

preferential alignment of the mesoporous channels parallel to the surface of the monolith.

77



Chapter 5. Synthesis and characterization of mesoporous powders with different
morphologies

Further discussion of the preferred alignment and orientation of the mesophase
channels will be given in the part covering mesostructured films (Chapter 6). By applying
different synthesis solutions and under the conditions of the slow evaporation of the solvent,
mesostructured monoliths having a one-dimensional hexagonal mesophase structure were
prepared. The difference in the hexagonal unit cell of the as-deposited samples, namely 3.9
and 9.8 nm for the MMI1 and MM?2 materials, respectively, suggest that mesoporous
monoliths with different pore sizes can be synthesized under conditions similar to those

used by the EISA method.
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Figure 5.9. XRD patterns of a) as-prepared and b) calcined (procedure B) mesostructured
silica monoliths prepared with coating solution MM2 (diffraction patterns are offset with

35000 cps).

Figure 5.10 shows the TG curves of MCM-48-3, SBA-15, as well as CTABr- and
Pluronic123-templated monoliths. In all of them three distinct regions of weight loss can be
distinguished. The first one (I) starts at about 50 °C up to 160 °C, and is associated with the
desorption of physically adsorbed water'. It accounts for a weight loss of 2 - 5% depending
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on the type of the mesoporous material. The highest weight loss in this region is observed
for the CTABr-templated materials such as MCM-48 (see Figure 5.10.a). The second region
(IT) in the TG curves is associated with the desorption, combustion, and decomposition of
the organic template'. The shape and position of this region strongly depend on the type of
organic template. For example, SBA-15 (Figure 5.10.b) and Pluronic-123-templated
monoliths (Figure 5.10.d) show a steep weight loss step between 160 and 220 °C that
accounts for about 44% weight loss. The MCM-48-3 sample shows a weight loss of 31% in
the interval 140 — 240 °C, while CTABr-templated monoliths show only 28% weight loss
starting at a much higher temperature of about 235 °C. The third region (III) in the TG
curves is related to water loss via condensation of silanol groups to form siloxane bonds and
continuing loss of hydrocarbons. It starts at considerably higher temperatures and gives a

weight loss between 10 — 15%.
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Figure 5.10. TG curves of a) MCM-48-3, b) SBA-15, c) CTABr-templated, and d)

Pluronic123-templated mesoporous materials ( the curves are offset with 50%).
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Summing the weight loss from the second and third region, the overall weight loss is
obtained, which stands for 43% in MCM-48-3, 56% in SBA-15, 40% in CTABr-templated
monoliths, and 55% in Pluronic123-templated monoliths. The difference in the shape of the
TG curves for CTABr and Pluronic123-templated materials may be related to the different
behavior of the organic templates towards desorption and combustion, and the different
type of the silica mesophase. Most importantly, in all cases, inorganic materials showing
high weight loss during calcination were prepared that can provide high porosity suitable

for a variety of applications in the field of inclusion chemistry.

5.3.2. Sorption properties and surface morphology — N>-sorption, SEM, DLS, and TEM
studies

Ny-sorption measurements were performed to determine specific surface areas
(Sger), pore-size distributions (Dgjy), and total pore volumes (V) of the calcined
mesoporous solids (Table 5.2.). The application of the BET model for the calculation of the
specific surface area and the BJH model for the calculation of the pore-size distribution was
discussed in Chapter 4. Figure 5.11 presents N,-sorption isotherms of the calcined
(procedure B) CTABr-templated monoliths, MCM-48-3, and SBA-15 materials.

The isotherm obtained for the CTABr-templated monolith and MCM-48-3 material
show distinct adsorption/desorption steps (capillary condensation in mesopores, see Chapter
4) between relative pressures of 0.1 and 0.3 with no hysteresis loop. Both are type IV
isotherms showing ordered mesoporosity'”. The adsorption/desorption step in the MCM-48-
3 isotherm is steeper than that of the CTABr templated monolith; this can be explained by
the existence of more uniform mesopores in the MCM-48-3 material. The obtained specific
surface areas (Sggr) for both samples are more than 1200 m?/ g (see Table 5.2.), which is in
a good agreement with the published results for the MCM-type materials'. Pore-size-
distribution curves calculated from the BJH model from the desorption branch of the
isotherms are shown in Figure 5.12. Calculated mean pore size for the CTABr-templated
monolith and MCM-48-3 material are 2.13 and 2.19 nm, respectively, which corresponds to

the values obtained for the CTABr-templated mesoporous materials'”.
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Figure 5.11. N,-sorption isotherms of the calcined a) CTABr-templated monolith, b) MCM-

48-3, and c) SBA-15 materials (the isotherms are offset with 200 cm’/g).

Table 5.2. N, sorption data for different mesoporous solids

Sample a(nm) SBET(m2 g'l) Vt(cm3 g'l) Dgjua(nm)
CTABr-templated monolith 3.83 1291 0.724 2.13
MCM-48-3 8.06 1574 0.963 2.19
SBA-15 11.5 856 1.17 5.74

The unit cell parameter is calculated from the XRD experiments, the surface area is calculated from the BET
model, the total volume adsorbed is calculated form single point measurement at P/P, = 0.994, and the pore
size is determined by the BJH model applied to the desorption branch of the isotherm.

The N, sorption isotherm of the SBA-15 material shows a sharp
adsorption/desorption step between relative pressures of 0.6 and 0.8 with a distinct
hysteresis loop. This kind of isotherm is again considered a type IV isotherm; as expected
the desorption branch of the isotherm lies above the adsorption branch at the capillary
condensation step (at any given relative pressure the amount adsorbed is always greater
along the desorption branch than along the adsorption branch).® The reasons for this
phenomenon are discussed in Chapter 4. The specific surface area (Sggr) for the SBA-15
material is much lower than that of the CTABr-templated materials (see Table 5.2.). This

result is explained by the thicker walls of the SBA-15 material compared with those of the
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CTABr-templated materials.”' The calculated mean pore size for the SBA-15 material is
5.74 nm; this is higher than that of the CTABr-templated materials in agreement with the

literature results (see Chapter 2.2.1. and references therein).
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Figure 5.12. Pore size distribution curves for different mesoporous solids.

Knowing the pore size estimated from the BJH model and the hexagonal unit-cell
size calculated from the XRD measurements, it is possible to calculate the wall thickness of
the mesoporous materials. For example, the CTABr-templated hexagonally ordered
mesoporous monolith with unit cell size of 3.83 nm and mean pore size of 2.13 nm will
have a wall thickness of about 1.7 nm calculated using the formula:

T = AXRD — DBJH (54)

In comparison, the SBA-15 material shows wall thickness of about 5.76 nm.

Figure 5.13 shows an SEM image of the uniform spheres of MCM-48-3 material
having a diameter of about 300 nm. The spheres are not completely isolated and form
bigger aggregates. No special crystallographic planes or facets (typical, for example, for

crystalline zeolites) can be observed, as MCM-48 is amorphous silica material.
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The particle size distribution of the as-synthesized and washed suspensions of
MCM-48-3 material was examined by DLS. Figure 5.14 shows the DLS data of the 3 wt%
suspension of washed MCM-48 spheres. The mean particle radius is 250 nm with a broad

particle size distribution of about 200 to 500 nm.
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Figure 5.13. SEM image of calcined MCM-48-3 material.
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Figure 5.14. DLS data of a 3% water suspension of MCM-48 spheres.
The bigger particle size detected with DLS in comparison to SEM results is

explained by the formation of bigger aggregates of MCM-48 particles as opposed to
isolated and strictly monodisperse MCM-48 spheres. Attempts to obtain isolated MCM-48
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spheres by repeated centrifugation and re-dispersion in water or other solvents were not
successful.

Figure 5.15 shows the TEM images of the MCM-48-3 materials. The spherical
morphology of 300 nm particles is confirmed from the low-resolution TEM image. The
cubic (la3d) structure of the mesoporous materials is seen in Figure 5.15.b, c, and d and

corresponds to the structure observed during TEM investigations of the MCM-48 material.

Figure 5.15. TEM images of MCM-48-3 material a) along the [110] direction and b) along
the [311] direction.
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The high degree of mesostructural ordered is clearly visible in Figure 5.15.b where it
is seen that the whole particle is “crystalline” (better expression would be: well organized in
a periodic silica/surfactant mesophase). The following images show the particles viewed
along the [110] and [311] directions of the MCM-48 mesophase. The TEM results are in
good agreement with the literature results’’. These results together with the XRD
measurements confirm the cubic (/a3d) mesophase structure of the MCM-48-3 material and
prove its excellent mesostructural order.

The calcined SBA-15 material contains rods with a typical diameter of 10-30 pm
and lengths of up to 150 um (Figure 5.16). The rods are assembled from small (several
micrometer long) worm-like structures that are running or curling along the long axes of the
rod (inset in Figure 5.16). The diameter of the worm-like structures is less than 1 um. It has
been observed by TEM investigations that the hexagonally ordered channels of the SBA-15
material are preferentially aligned with the long axes of the worm-like structures (Figure
5.17). Thus SBA-15 rods can be considered as coaxial cables showing a hierarchical

structure with more than 100 um length.

.
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Figure 5.16. SEM image of calcined SBA-15 rods (inset: higher-magnification SEM image

- scale bar 2 um).
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The TEM images of the calcined SBA-15 material are shown in Figure 5.17. Figure
5.17.a shows a TEM image in the direction parallel to the hexagonally ordered channels

with the typical well-ordered honeycomb structure.

Figure 5.17. TEM images of SBA-15 material a) along the channels direction and b)

perpendicular to the channel direction.

Well-ordered mesoporous channels running parallel to the long axes of the worm-
like structures are seen in the high-resolution TEM image (Figure 5.17.b). The pore-to-pore
distance calculated from the high-resolution TEM image is around 11.7 nm with a pore
diameter of about 6.2 nm and is in a good agreement with that determined from the BJH
analysis of the Ny-sorption data (5.74 nm). The wall thickness is estimated to be 5.5 nm and
corresponds to that determined from the XRD and N;-sorption results.

Figure 5.18 shows a side-view SEM image of the calcined Pluronicl123-templated
monolith. The thickness of the monolith is about 25 pum and can be tuned by changing the
amount of the deposited synthesis sols and by controlling the solvent evaporation rate.
Before calcination, deposited monoliths show homogeneity and uniformity over centimeter
ranges. After calcination, micrometer-long scratches were observed in the monoliths giving
delaminated pieces with different dimensions. Further synthetic effort is needed to obtain

homogeneous, free of template, centimeter-sized mesostructured monoliths.
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Figure 5.18. Side-view SEM image of the calcined Pluronic123-templated mesostructured

monolith deposited on Si wafer.

5.4. Conclusions and Perspectives

The structural analysis of different examples of powdered mesoporous materials
prepared in the course of this study shows that in most cases highly ordered mesoporous
solids can be prepared using different surfactants, cationic or nonionic, under basic or acidic
conditions. Two different types of mesophase structure have been prepared showing three-
dimensional cubic or two-dimensional hexagonal structures that were characterized by
powder XRD, FT-IR, Nj-sorption, and SEM measurements. For all materials it was
demonstrated that the calcination procedure used to obtain template-free porous supports is
critical for the preservation of the mesophase structure.

It has been shown that the preparation of MCM-48 material is very sensitive and
depends on a variety of synthetic parameters. Among them, the silica-to-surfactant ratio is
critical and determines the final mesophase structure. Applying the proposed procedure for
the preparation of MCM-48 material, spherical particles with several hundred nanometers in
diameter can be prepared. SBA-15 rods having hierarchical structure composed of
nanometer-sized worm-like structures have also been prepared. Applying an additional
thermal curing step during the calcination process, SBA-15 rods with improved thermal

stability were obtained. Mesostructured monoliths showing two-dimensional hexagonal
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structures have been deposited by using a simple solvent-evaporation method. The
characterization of the mesostructured monoliths gave additional information that was very
useful as starting point for the characterization of thin mesoporous films.

Calcined MCM-48 mesoporous spheres can be used as supports for a variety of
catalytic and chromatographic applications after introduction of desirable surface
modifications with molecular functionality or transition metal nanoparticles. Additionally,
the uniform MCM-48 spheres showing mono-dispersed particle size distribution and
dimensions around 300 nm can be used to prepare uniform monolayers of nanoparticles by
applying spin-coating or pen-printing techniques. In the latter case, hierarchically patterned
nanostructures can be prepared.

Thermally stable SBA-15 material is suitable for variety of catalytic applications
that require extremely high temperatures. Furthermore, when loaded with conductive
nanostructures SBA-15 rods can be contacted to gold electrodes and can serve as coaxial

cables to study the electrical properties of different conductive nanostructures.
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6.4. Conclusions and Perspectives

6.1. Introduction

The methods for the preparation and the techniques for characterization of ordered
mesoporous films were discussed in Chapter 2.2.4 and Chapter 4. The evaporation-induced
self-assembly (EISA) method performed by spin- or dip-coating has been proven to be
advantageous when smooth and continuous films with nanometer thickness are desirable. It
has been shown in the literature that this method is strongly dependent on the initial silica to
surfactant ratio, the nature of the prehydrolyzed silica species, type of surfactant, dilution of
the initial solution, humidity in the deposition chamber, deposition speed and post-synthesis
treatments (see Chapter 2.2.4 and references therein). These parameters can influence the
mesophase structure, pore size and pore accessibility, the stability of the films, film thickness
and roughness. The goal was to find optimum preparation conditions for the deposition of
mesoporous films by the EISA method. This includes investigation of the composition of the
precursor solutions (silica/surfactant ratio, pH, solvent, etc), coating conditions, humidity in

the deposition chamber, and post-synthesis thermal treatments. At the same time the
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techniques that can be used to characterize thin mesoporous films are very limited and in
many cases give only partial characterization information (see Chapter 4. and references
therein). Therefore surface sensitive techniques, such as grazing-incidence diffraction (GID),
absorption-reflection FT-IR, cross-sectional TEM, gravimetric measurements with a QCM
device, AFM, and SEM, should be used to characterize the structure and surface morphology
of the mesoporous films. Here the application of these techniques to mesoporous thin films is
shown.

The dynamic conditions for the preparation of mesoporous films by the EISA method
made it difficult to predict and follow the formation mechanism since the synthesis proceeds
for no more than about one minute. It has been shown in several publications that the
formation of mesostructured silica/surfactant films is a delicate and complex process that
involves several intermediate phases and competing processes leading to a variety of
mesophase structures (see Chapter 2.2.4 and references therein). Certainly the three-
dimensional cubic or hexagonal mesophase structures assembled in thin-film architectures
are preferable for our purposes because of the accessible porosity that can be further
functionalized and used for surface-confined chemistry. Another structure that can give easy
accessibility to the mesophase system is the hexagonal arrangement of mesoporous channels,
aligned perpendicular to the substrate surface. Unfortunately, up to this point it is not clear if
such a structure can be made over extended areas. There are promising initial results
suggesting that an electric field applied perpendicular to the sample surface can be used to
macroscopically align the hexagonal mesophase structure with its c-axis normal to the

substrate surface.

6.2. Experimental

6.2.1. Preparation of ordered mesoporous films

Coating solutions were prepared by applying a two step synthesis procedure. First,
2.08 g tetraethoxy orthosilicate (TEOS - Aldrich) was mixed with 3 g 0.2 M HCI, 1.8 g H,O
and 5 mL EtOH and heated at 60 °C for 1h. In the second step, ethanol solutions of
cethyltrimethylammonium bromide (CTABr - Aldrich) or PEO-PPO-PEO tri-block
copolymer (Pluronic 123 - BASF) were added to the prehydrolyzed silica sols and stirred for
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2 h. Namely, NPF1 and NPF2 coating solutions were prepared by addition of 0.546 g and
0.655 g CTABr each dissolved in 25 ml EtOH, to the as-prepared prehydrolyzed TEOS.
Similarly, 15 mL and 20 mL 5 % Pluronic 123 solutions in EtOH were added to the
prehydrolyzed silica and diluted with 10 ml and 5 ml of EtOH, respectively.

The final molar ratios of the coating solutions were:

NPF1: 1 TEOS: 0.15 CTABr: 0.06 HCI: 48.8 EtOH: 26.6 H2O
NPF2: 1 TEOS: 0.18 CTABr: 0.06 HCI: 48.8 EtOH: 26.6 H20
NPF3: 1 TEOS: 0.013 Pluronic123: 0.06 HCI: 48.8 EtOH: 26.6 H20
NPF4: 1 TEOS: 0.017 Pluronic 123: 0.06 HCI: 48.8 EtOH: 26.6 H20

The mesoporous films were deposited on acetone pre-cleaned silicon wafers (25 x 25
mm) with a SCS P6700 spin coater at a rotation speed of 2000 rpm at room temperature.
Similarly, mesoporous films were deposited on the gold surface of the QCM device after
modification of the gold surface with 17 nug 3-mercaptopropyltrimethoxy silane (MPS -
Fluka) dissolved in 10 ml toluene for 6 h under nitrogen atmosphere. The relative humidity
in spin-coating the deposition chamber was a controlled with calibrated gas-flow system and
was checked with a portable gas-chromatograph (Agilent 3000A Micro GC). Films were
deposited at different relative humidity ranging from 20% to 80%. Finally, the films were
thermally stabilized at 120 °C for 6 h and calcined at 500 °C for 2 h (0.5 °C/min ramping)
following calcination procedure B (Figure 1, Chapter 5.3.2.). In order to obtain thermally
stable mesoporous films that can be used for high temperature growth of carbon materials,

calcination procedure D (Figure 1, Chapter 5.3.2.) was applied.

6.2.2. Characterization of the mesoporous films

The mesophase structure of the as-synthesized and calcined films was determined by
X-ray diffraction in the 8 - 8 scan mode (Scintag XDS 2000 cooled Ge detector, Cu Ka
radiation). Grazing-incidence diffraction experiments were performed at beam-line IDO1 at
the ESRF (www.esrf.fr) in Grenoble, France. The geometry of the two XRD experiments and

the comparison between them is given in Chapter 4.2. Further structural information was
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obtained by TEM images taken as plan views. Samples for plan-view TEM investigations
were obtained by thinning the Si-wafer or glass substrate till the sample is transparent for
TEM measurements or by delaminating the film from the substrate and depositing the
scratches directly on carbon coated copper grids. The thinning process is performed by
applying Gatan instruments that include: disk cutter, disk grinder and dimple grinder. Finally,
in order to obtain samples several hundred nanometer thin an Ar-ion milling was used (Gatan
— Precision lon Polishing System 691).

The calcination of the mesoporous films was followed by reflection-absorption FT-IR
spectroscopy. The measurements were carried out at an incidence angle of 55 degrees on
silicon supported samples after collecting the background with a Bruker IFS 66v/S
spectrometer equipped with a grazing-incidence module.

Quartz crystal microbalance devices (10 MHz QCM, Cold Springs R&D, Marcellus,
NY) were used to monitor the sorption properties of the mesoporous films. The mass changes
of the films caused by sorption of gas were recorded as a frequency change of the QCM
devices (1 Hz correlates to 26.4 ng/cmz). Typically, the calcined mesoporous films were
outgassed at 120 °C for 48 h and then the mass of the deposited film was measured at room
temperature. Nitrogen sorption isotherms of the calcined films were obtained at —196 °C by
recording the change in the frequency at every sorption step. The nitrogen partial pressure in
helium was regulated by a computer controlled gas flow system (MKS Instruments) in the

range of 0 — 95%.

6.3. Results and discussion

6.3.1. Mesophase structure - influence of the relative humidity, composition of the coating

solution, and post-synthesis thermal treatments

6.3.1.1. CTABr-templated mesoporous film.
The structure of the mesoporous films was determined using X-ray diffraction in two
different geometries — reflection (0 - 6) and grazing-incidence geometry. As outlined before,

grazing-incidence geometry gives much more structural information but requires use of
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Synchrotron radiation (see Chapter 4.1). Here the results of both techniques will be
presented.

Figure 6.1. shows the GID pattern of the as-deposited cubic mesoporous film
prepared with coating solution NPF1 at a relative humidity in the deposition chamber of
70%. The Bragg spots on the pattern can be indexed in the cubic (Pm3n) symmetry as
previously proposed by Grosso'. The most intensive spots in the GID pattern are due to
{210} and {211} planes parallel to the substrate surface (diffraction intensity along the g,
vector, see Chapter 4.1). The cubic (Pm3n) films have a structure that is similar to powder
SBA-1 material where the extended three-dimensional order is obtained by close packing of
spherical and cylindrical micellar structures®. The fact that we observe diffraction spots
rather than continuous diffraction rings indicates that the mesoporous films have preferential
orientation, or so-called single-crystal orientation. The initial micellar cubic structure has a
unit cell parameter of ap = 9.1 nm calculated based on the position of the (211) reflection (a =
6" 2.dsp(211)). The diffraction spots are localized on three ellipses that are found to result from
one-dimensional contraction occurring during the drying process in the direction normal to
the substrate surface. This phenomenon has been well studied and explained by the slow and
continuous condensation of the inorganic network.?

The degree of distortion dH calculated using formula:
OH = dsp211) - dsp21)/dsp(-121) (6.1,

is found to be 22% for the as-deposited sample. It has also been suggested that the (Pm3n)
cubic mesoporous films are mono-oriented with the {211} lattice planes parallel to the
substrate surface and that they show only one diffraction peak in the direction of the out-of-
plane diffraction’. The intensity profile corresponding to the out-of-plane diffraction (similar
to the diffraction patterns obtained in RXRD) shows two distinct reflections that correspond
to (210) and (211) diffraction peaks and indicate that the texture along the direction of the
[211] zone axis is not extended along the whole film (Figure 6.1 inset). Therefore other
domains should co-exist that show orientations with {210} lattice planes parallel to the

substrate surface. This fact suggests that mesoporous films showing a mosaic structure with
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two different orientations of domains having (Pm3n) cubic mesostructure are formed during

the coating process.

Figure 6.1. GID pattern of as deposited cubic (Pm3nr) mesoporous film prepared at relative

humidity of 70% from coating solution NPF1 (inset: intensity distribution along q, vector).

In order to further characterize the mesophase structure of the as-deposited cubic
(Pm3n) films, TEM measurements were undertaken. Figure 6.2. shows the TEM image of the
NPF1 sample taken as a plan-view (incident electron beam perpendicular to the film surface)
at two different magnifications.

The models of the two possible orientation of the (Pm3n) cubic domains in respect to
the substrate surface are shown in Figure 6.3.a and b with the corresponding plan-views in
directions of the [210] and [211] zone axes (Figure 6.3.c and d). Two distinct domain
structures with different orientation towards the electron beam (shown with arrows) are seen
in Figure 6.2.a. Taking into account the models shown in Figure 6.3. these domains are
assigned to cubic (Pm3n) mesophase structures oriented with the {210} and {211} lattice

planes perpendicular to the electron beam (parallel to the substrate surface). Figure 2b shows
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a magnified domain having (Pm3n) mesophase structure imaged along the [211] zone axes
and confirms the excellent order of the (Pm3n) cubic mesoporous film. It was also observed

that in plane the domains are not preferentially oriented as shown schematically in Figure 3e.

Figure 6.2. a) Plan-view TEM image of NPF1 mesoporous film showing two different
domains of the (Pm3n) cubic mesophase (shown with arrows) and b) higher resolution TEM

image of a domain imaged along the [211] zone axes (inset: corresponding power spectrum).
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Figure 6.3. Schematic representation of the (Pm3n) cubic mesophase oriented with a) [210]

and b) [211] zone axes perpendicular to the substrate, ¢) and d) corresponding plan-views

parallel to the substrate surface, and €) mosaic structure of the mesoporous film showing no

in-plane orientation.
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It is suggested that the disorder-to-order transformation (nucleation of the ordered
mesoporous domains) is completely random and is not affected by the shear forces (in-plane
forces) developed during the spin-coating process. It is suggested that the film/surface and
the film/air interfaces are the driving force governing the alignment of the most densely
packed {210} and {211} planes in the cubic lattice. This is supported by the fact that the
mesostructuration process of the mesoporous films deposited by EISA takes place slightly

after the drying of the film and enables alignment of the porous system to both interfaces.'

Figure 6.4. GID pattern of calcined cubic (Pm3n) mesoporous film prepared at a relative

humidity of 70% from coating solution NPF1 (inset: intensity distribution along q, vector).

The GID pattern of the cubic mesoporous film treated following calcination
procedure B (Figure B, Chapter 4.3.2.) is shown in Figure 6.4. The mesophase structure is
preserved upon calcination as seen from the large number of diffraction spots typical for the
cubic (Pm3n) mesophase. The cubic unit cell size as calculated from the position of the (211)
reflection is 6.6 nm. The diffraction spots are again localized on three ellipses, and the

distortion of the structure in the direction perpendicular to the surface is estimated to be 6H =
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38% (6.1.). The structural changes before and after calcination are attributed to the increased
shrinkage of the structure upon template removal and increased siloxane condensation after
thermal treatment. The diffraction spots appear attenuated and show lower intensity that may
be attributed to decreased mesostructural order. The intensity profile corresponding to the
out-of-plane diffraction (inset in Figure 6.4.) shows two reflection indexed in (Pm3n)
mesophase that are coming from two different domain orientations with [210] and [211] zone
axis perpendicular to the substrate surface.

When the deposition of the mesoporous film is performed at different relative
humidity the mesophase structure is expected to change because of the different
concentration of water molecules in the condensing film during the evaporation. This will
influence the mesophase structure because of the i) swelling effects (changing surfactant
packing parameter g) and ii) the changed silica hydrolysis/condensation process.

Figure 6.5. shows the GID pattern of a mesoporous film deposited with the same

coating solution NPF1 at a relative humidity of 40%.

Figure 6.5. GID pattern of mesoporous film prepared at relative humidity of 40% from

coating solution NPF1 (inset: intensity distribution along q, vector).
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The pattern shows three diffraction spots that are indexed in the hexagonally ordered
(p6m) mesophase structure.! The diffraction spots are superimposed over a diffraction ellipse
showing weak intensity. The real structure of these films has already been evaluated
assuming the one-directional contraction in the direction normal to the substrate during the
rapid evaporation of the solvent. As a result a two-dimensional centered rectangular structure
showing (c2m) space group, textured with the b-axis perpendicular to the film surface is
formed (see below). The unit cell size of the initial hexagonal mesophase structure calculated
from the position of the (010) reflection is 5.17 nm.

The distortion of the initial hexagonal mesophase structure calculated according to
the equation (6.2) is 12%.

OH = dsp(100) - dsp(010y/dsp(100) (6.2)

Additionally, continuous ellipsoidal diffraction with lower intensity is observed. This
fact is attributed to the existence of disordered domains corresponding to worm-like
structure. The vague intensity of the diffraction ring comes from the scattering from micellar
structures with the same characteristic dimensions as those forming the hexagonally ordered

structure:

Figure 6.6. a) TEM image of the worm-like-(p6m) mesophase films prepared from coating

solution NPFO1 at relative humidity of 40% and b) schematic representation showing the
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existence of two types of mesoporous domains — hexagonally ordered and worm-like shown
with arrows in the TEM image.

Additional, TEM investigations suggest that such kind of domains co-exist with well
ordered hexagonal structures that are localized at the two interfaces of the film'. Figure 6.6
shows that different domain structures can be observed in the plan-view image (shown with
arrows).

It is clear that the relative humidity during the deposition plays a decisive role for the
mesostructurization process. For CTABr-templated mesoporous films prepared by dip-
coating with similar coating mixtures it was recognized that a modulable steady state exists
that is highly influenced by the humidity conditions.* It has been observed that relative
humidity in the range 70 — 80% favor formation of the cubic (Pm3n) mesophase even if a
hexagonal (p6m) mesophase is first formed. Our results also suggest that by changing
humidity in the atmosphere, water is encouraged to stay inside the coating favoring
formation of micelles of high curvature (Pm3n cubic mesophase); during this dynamic
equilibrium state silica condensation takes place (probably also influenced by the higher
water content), stabilizing the inorganic framework around the spherical (or semi-spherical)
micelles. At the same time this local dilution at high humidity allows for viscosity to be
lowered, resulting in greater mobility of non-volatile silica species and facile supramolecular
self-assembly. Further time-resolved XRD experiments using CCD detection and
Synchrotron radiation that follow the formation mechanism of CTABr-templated
mesoporous films prepared by spin-coating are planned, these will help with the full
characterization and understanding of the mesostructurization process at different humidities.

Another possibility to gain control over the mesostructurization process during the
deposition of mesoporous films is to use different surfactant/silica ratios in the coating
solutions. It is excepted that in this way it could be possible to move along the
CTABr/water/ethanol phase diagram and observe different liquid-crystal like mesophases.
Figure 6.7 shows the GID pattern of the mesoporous film deposited from coating solution
NPF2 (CTAB#u/silica = 0.18) at a relative humidity of 70%. The pattern is indexed in the

hexagonal (p6m) mesophase structure with tubular channels running parallel to the sample
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surface.” A hexagonal unit cell of 4.3 nm is calculated from the position of the (100)
reflection (a = 2/31/2-dsp(100))

In contrast to the mesoporous films deposited with the NPFI1 coating solution
(CTABr/silica = 0.15) at a relative humidity of 40% the three reflections typical for the
(p6m) mesophase structure appear at higher intensities (see inset Figure 6.7). Barely any
ellipsoidal diffraction ring showing disordered domains is observed. This suggests that a
highly ordered mono-oriented hexagonal mesophase structure is formed. As for the NPF1
film deposited at a relative humidity of 40% the diffraction spots are localized on an ellipse
associated with the one-dimensional contraction in the direction normal to the substrate and

giving rise to a centered rectangular (c2m) mesophase structure.

Figure 6.7. GID pattern of mesoporous film prepared at relative humidity of 70% from

coating solution NPF2 (inset: intensity distribution along q, vector).

The relationship between hexagonal (p6m) and center-rectangular (c2m) structures is
given in Figure 6.8. The indexation of the structure can be done in center-rectangular (c2m)
symmetry assuming that a, = 3"?b, for the thermally not contracted structure. After one-

dimensional contraction there is deviation of the shown relation due to the contraction of a;.
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Contraction
- dn(d10) ~drt)

Figure 6.8. Schematic representation of the relationship between hexagonal (p6m) and
center-rectangular (c2m) structures. The latter is considered to adequately describe the one-

dimensional contraction.

For clarity the description “distorted hexagonal” (p6m) will be used for this structure
in all cases when one-dimensional contraction normal to the substrate is evident. The
distortion from the hexagonal mesophase structure is calculated to be 20% (6.2.) and is
similar to that of the highly textured cubic (Pm3n) mesophase structure (22%). The
organization of the mesophase structure after calcination (procedure B) is generally not
preserved. In order to retain the mesostructural order after calcination the samples were
additionally stabilized in vapor of 0.2M HCI at 60 °C for 6 h. Thus the silica framework is
additionally condensed and therefore more thermally stable.

Figure 6.9. shows the plan-view TEM images of the NPF2 mesoporous films
deposited at a relative humidity of 70%. Tubular mesopores aligned with the c-axis parallel
to the surface (perpendicular to the electron beam) with pore-to-pore distance of about 4 nm
are visible. This is in a good agreement with the d-spacing of 4.68 nm of the {010} planes
observed in the GID experiment (see above). The deviation in the results can come from the
focusing conditions in the TEM, and the errors associated with the microscope optics
(usually around 10%). More importantly, the TEM shows that different domain structures are
formed with different in-plan orientation of the mesoporous channels (see Figure 6.7.a). The
accepted mechanism of formation is similar to those proposed for the cubic (Pm3n)
mesoporous films where the mosaic structure of domains with different in-plan orientations

is observed (see Figure 6.3.¢).
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Figure 6.9. Plan-view TEM images taken at different magnifications of the NPF2
mesoporous film deposited at 70% relative humidity. Domains with different in-plane

orientations are shown with arrows.

In contrast to the hybrid hexagonal-worm-like mesoporous film (NPF1 film deposited
at 40% RH), here it is evident that the excellent out-of-plane (along the film thickness)
hexagonal order is obtained. This is attributed to the increased surfactant concentration in the
coating solution that drives the mesophase structure along the phase diagram from cubic
(spherical micelles) to hexagonal (tubular micelles).

The structural information for the CTABr-templated mesoporous films based on the
RXRD is summarized in Figure 6.10. It shows the RXRD patterns of the mesoporous films
prepared from two different coating solutions, NPF1 (CTABr/silica = 0.15) and NPF2
(CTAB#/silica = 0.18) at relative humidity of 40 and 70%, respectively. It should be noted
that the scans in the RXRD experiment correspond to the intensity distributions along the q,
vector (see Chapter 4.1.) in the GID measurements. The RXRD pattern in Figure 6.10.a
corresponds to the cubic (Pm3n) mesophase structure prepared with CTAB#/silica ratio of
0.15 at relative humidity of 70%. Using the same coating solution at relative humidity of
40% one-dimensional hexagonal + worm-like structure is formed (Figure 6.10.b). By
increasing the CTABr/silica ratio to 0.18 highly ordered two-dimensional hexagonal

mesophase structure is obtained in the whole interval of relative humidity 40 - 70%. By
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increasing the relative humidity in the deposition chamber a small decrease in the d-spacing
of the first-order reflection is observed. This is attributed to swelling effects due to the

increased water content in the films.
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Figure 6.10. shows the RXRD patterns of the mesoporous films prepared from NPF1 coating
solution (CTABr/silica = 0.15) at a) 70% and b) 40%, relative humidity and NPF2 coating
solution (CTABt/silica = 0.18) at ¢) 70% and d) 40% relative humidity.

It has been shown that the structure of the CTABr-templated mesoporous films can be
controlled by varying the relative humidity in the deposition chamber and CTABz/silica
ratios in the coating solutions. Thus, three types of mesophase structures were obtained,
namely three-dimensional (Pm3n) cubic consisting of close-packed spherical and elliptical
micelles, two-dimensional (p6m) hexagonal + worm-like structure and highly ordered two-
dimensional (p6m) hexagonal structure with tubular channels aligned parallel to the substrate
surface. Due to the successive drying and calcination process, these phases exhibit one-
dimensional contraction in the direction normal to the substrate resulting in distortion of the
initial liquid-crystalline structure. It is worth to mention that the immobilization of silica

networks by the self-assembly mechanism resulting from rapid solvent evaporation of
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CTAB#/silica/ethanol/water coating solutions is a promising way to obtain mesophase
structures like cubic (Pm3n) that have not been observed with CTABr using synthetic
approaches other than EISA.

6.3.1.2. Pluronicl23 - templated mesoporous films

As shown in Chapter 5, nonionic amphiphilic triblock copolymers like Pluronic123
can be used to direct the formation of mesostructures with larger pore sizes, thicker walls,
and superior thermal stability. Mesostructured silica films prepared with nonionic surfactants
have been less well studied but showed interesting structural characteristics’. Here the
structural characterization of the Pluronic123-templated films is given combining the results
of RXRD, GID and TEM measurements.

Figure 6.11. shows the GID patterns of a mesoporous film prepared from coating
solution NPF3 at a relative humidity of 40%. The patterns are taken in the low 260 region
(close to the specularly reflected beam indicated with an arrow) without a beam stop for a

very short exposition time in order not to saturate the CCD detector ( Figure 6.11.a) and in

the higher 260 region (Figure 6.11.b) using the usual set-up.

Figure 6.11. GID patterns of the as-deposited mesoporous film prepared at a relative
humidity of 40% from coating solution NPF2 taken in a) low 20 and b) high 26 regions

(inset: intensity distribution along q, vector).
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The pattern in Figure 6.11a shows only one reflection at dg, = 11 nm, the next order
reflections of the same film show several diffraction spots that can be indexed in the (p6m)
mesophase structure with unit cell of 12.6 nm calculated from the position of the 100
reflection (a = 2/3" 2.dsp(1oo))5 . As expected, the unit cell size is considerably larger than that
of the CTABr-templated hexagonal films (4.3 nm). The absence of the (010) reflection in the
pattern shown on Figure 6.11.a is a result of the short exposure time. This fact hinders the
evaluation of the degree of one-dimensional contraction normal to the substrate during the
deposition. Most importantly, highly ordered two-dimensional hexagonal mesophase
structure with larger mesoporous channels running parallel to the substrate surface is
obtained as evidenced from the large number of high-order reflections (Figure 6.11.b).

Further characterization of the as-deposited NPF3 mesoporous film was obtained by
TEM investigations. Figure 6.12. shows plan-view TEM images taken at two different

magnifications.

Figure 6.12. Plan-view TEM images taken at different magnifications of the NPF2
mesoporous film deposited at 40% relative humidity. Domains with different in-plane

orientations having finger-print structure are shown with arrows.
Meandering channels oriented parallel to the substrate surface (perpendicular to the

electron beam) forming finger-print structures can be observed. As for the CTABr-templated

samples, it is suggested that disorder-to-order transformation is randomly initiated and is not
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affected by the forces induced from the spin-coating process. It is accepted that a mosaic
structure with hexagonally ordered domains having different in-plan orientations are formed.
The pore-to-pore distance measured from Figure 6.12.b is 8.3 nm and corresponds to a
hexagonal unit cell of 9.6 nm that is smaller than that calculated from the GID experiment.
(about 12% deviation). Additionally, the mesopore walls of the as-deposited NPF3 film
appear thicker in comparison to the hexagonal CTABr-templated film (NPF2).

After calcination (procedure B, Chapter 5.3.2) the mesophase structure is preserved
(Figure 6.13.). The reflections are clearly localized on ellipses explained again by the one-
directional contraction during the template removal resulting in the centered-rectangular
mesophase structure. The comparison of the initial hexagonal (p6m) structure and resulting

(c6m) center-rectangular structures is given in Figure 6.8.
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Figure 6.13. GID patterns of a calcined mesoporous film prepared at a relative humidity of
40% from coating solution NPF3 taken in a) low 20 and b) high 26 regions (inset: intensity

distribution along q, vector).

The distortion of the hexagonal mesophase structure calculated from 8H = dgp(i00) -
dsp010y/dsp(100) 15 34% and is much higher than that of CTABr-templated films calcined at the
same conditions. The diffraction spots appear attenuated, broader, and show lower intensity
that may be attributed to decreased mesostructural order. The intensity distribution along the

g. vector (out-of-plane diffraction) show only two diffraction peaks (for comparison, the as-
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deposited sample showed reflections till the fourth order) that are indexed as the first and
second order reflections of the hexagonal structure.

Mesoporous films deposited with the same coating solution (NPF3) at different
relative humidities of 40 — 70% show similar diffraction patterns with sharp and very
intensive first-order reflections with its second and third order harmonics typical for highly
ordered hexagonal mesophase structures. After calcination the mesophase structures were
preserved for all samples.

The self-assembly process for the formation of surfactant/silica mesophases can be
controlled, as shown for the CTABr-templated mesoporous films, by changing the
surfactant/silica ratio in the coating solutions. In order to examine the effect of the
Pluronic123/silica ratio on the mesophase structure, films were prepared from coating
solution NPF4 (higher Pluronic123/silica ratio). Figure 6.14. shows the RXRD pattern of the
as-deposited mesoporous film prepared from NPF4 coating solution at a relative humidity of

40%.
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Figure 6.14. RXRD pattern of the as-deposited mesoporous film prepared from NPF4 coating
solution at a relative humidity of 40% (inset: 20 values of the calculated and measured Bragg

peaks).
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The pattern can be indexed in a cubic (Im3m) mesophase structure as first proposed
by Stucky and co-workers’. It is assumed that this structure is equivalent to the SBA-16
powder mesoporous material. It consists of close-packed spherical micelles and is templated
by Pluronic F127 surfactant (tri-block copolymer with increased molar ratio of the
hydrophilic blocks). Here, for the first time, cubic (Im3m) mesoporous films templated with
Pluronic123 and prepared via spin-coating are observed. The table of the observed and
calculated 20 values is shown as an inset in Figure 6.14. The calculated cubic unit cell is 18.7
nm and corresponds to that observed by Stucky and co-workers. Having in mind that in the
RXRD experiment only the lattice planes oriented parallel to the substrate surface can be
detected (see Chapter 4.1.) it is suggested that the (Im3m) mesoporous film is oriented with
the (200) planes parallel to the substrate surface. The appearance of the (211) Bragg peak in
the pattern of the NPF4 sample suggests that domains with (211) lattice planes parallel to the
substrate surface may also co-exist. Figure 6.15. shows a schematic representation of the
possible orientations of the body-centered cubic (Im3m) mesophase structure and the

corresponding two-dimensional plan views parallel to the substrate surface.

H OO0
0G0 0O
Q0

c)

Figure 6.15. Schematic representation of the (/m3m) cubic mesophase oriented with a) [200]
and b) [211] zone axes perpendicular to the substrate, ¢) and d) corresponding plan-views
parallel to the substrate surface and e) mosaic structure of the mesoporous film showing no

in-plane orientation.
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The TEM images of the NPF4 mesoporous film taken at two different magnifications
are shown in Figure 6.16. It can be seen that the structure is extended in two different
domains (shown with arrows) corresponding to two different orientations with respect to the
film surface as shown in Figure 6.15. The pore-to-pore distance (see Figure 6.16.b) is about 5
nm. The existence of different domain structures is explained by the appearance of different
nucleation centers giving disorder-to-order transition during the film preparation that are

unaffected from the shear forces induced during spin-coating.

Figure 6.16. TEM images of NPF4 mesoporous film at two different magnifications. The

arrows show two different domains of the (/m3m) cubic mesophase.

After calcination the mesophase structure is preserved only in cases when calcination
procedures with additional thermal stabilization steps are applied. Figure 6.17. shows the
RXRD pattern of the calcined cubic (Im3m) mesoporous film with a unit cell of 11.6 nm. The
calculated one-dimensional contraction normal to the substrate plane is 37%. The results are
consistent with the observed contraction of the mesophase structure for the hexagonally
ordered film deposited from the NPF3 coating solution (see above).

Generally, it seems that the external conditions, especially the relative humidity is
likely to be “the missing link” to the reproducible, controlled formation of mesostructured
thin films that has been a challenge in the last few years. Therefore, the approach based on

fixing the silica/surfactant ratio and the hydrolysis-condensation process of the silica source
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should be complemented by a series of other variables such as relative humidity, and post-
synthesis thermal and stabilization treatments in order to obtain reproducible results,

independent of operational, geographical, or seasonal features.
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Figure 6.17. RXRD pattern of calcined mesoporous film prepared from NPF4 coating

solution at relative humidity of 40%.

6.3.2. Sorption properties of the mesoporous films — N, sorption studies with a QCM device.
Pore accessibility of the ordered mesoporous films has long been a matter of debate
due to the lack of a facile method for the characterization of the pore accessibility. Usually it
is accepted that the mesoporous films having three-dimensional porous systems should give
easy access to the internal surface®. In order to probe pore accessibility of the calcined
mesoporous films and to obtain information on the specific surface area, pore size and total
pore volume, N, sorption measurements were performed. The principle of the N, sorption
experiments with the QCM device was explained in Chapter 4.4. The raw data (Figure 6.18.)
are collected as frequency changes with time at liquid nitrogen temperature while by
introducing small amounts of sorptive. At every relative pressure 300 s equilibration time is
given resulting in the steps shown in Figure 6.18. After applying the Sauerbrey equation
(Chapter 4.4.) the change in mass is calculated at every equilibration step, resulting in an

isotherm as the one shown in Figure 6.19. Here, the N, sorption isotherm taken at —196 °C of
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the calcined cubic (Pm3n) mesoporous film prepared from NPF1 coating solution is shown.
The sorption isotherm shows strong adsorption between N, relative pressures of 0.0 and 0.4
and no significant sorption at higher relative pressures indicating no interparticle meso- or

macroporosity.
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Figure 6.18. N, sorption raw data taken at different relative pressures at —196°C with the

QCM device.

The lack of hysteresis and absence of any appreciable sorption at relative pressures
above 0.4 is consistent with other sorption data of thin mesoporous films prepared with
CTABEr as a structure directing agent®. Using the BET and BJH models, the specific surface
area and pore size distribution of the mesoporous film is calculated (see Chapter 4.4.). The
total pore volume adsorbed is calculated from the sorption point at about 0.98 relative
pressure. The calculated values are shown in Table 6.1. The pore size distribution of the
CTABr-templated film is in agreement with that obtained for CTABr-templated
mesostructured monoliths (Chapter 5.4.2.). The total pore volume adsorbed is slightly lower
than that observed for the CTABr-templated mesostructured monoliths and MCM-48

material. This can be explained by the partial inaccessibility of the porous system due to the
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preferred orientation of the mesoporous film. Most importantly, the cubic (Pm3n)
mesoporous film shows considerable N, sorption capacity close to that of the powdered

mesoporous materials that is due to the easy pore accessibility.
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Figure 6.19. N, sorption isotherms of the (Pm3n) cubic mesoporous film deposited from

NPF1 coating solution at 70% relative humidity measured with the QCM device at —196°C.

Table 6.1. Specific surface area (Sggr), total pore volume adsorbed (Vt), and pore size

distribution (Dgyn) of different types of mesoporous materials prepared as powders and thin

films.

Type of mesoporous material ~ Sger(m’g”’)  Vt(cm’g')  Dgyy (nm)
CTABr-templated film 1462 0.94 2.1
MCM-48 1574 0.96 2.19
Pluronic123-templated film 174 0.57 4.5
SBA-15 845 1.42 6.3

Figure 6.20. shows the N, sorption isotherm of the calcined (p6m) hexagonal

mesoporous film prepared from coating solution NPF3. The sorption isotherm shows
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adsorption and desorption steps in the region 0.5 — 0.9 relative pressures characteristic for the
capillary condensation in larger mesopores. Clear hysteresis between the adsorption and
desorption branch of the isotherm is observed. This phenomenon is well known for the SBA-
type powder materials templated with triblock polymers and is explained by the bottle-
shaped tubular mesopores (see Chapter 4.4 and references therein). Apparently, the shape of
the isotherm is typical for Pluronic123-templated mesoporous material. The calculated BET
surface area, pore size distribution (BJH), and total pore volume adsorbed are shown in Table
6.1. Comparing the data in Table 6.1. to that for SBA-15 material, it is clear that BET and the
total pore volume adsorbed are considerably decreased. This fact is explained by the
decreased pore accessibility due to the preferential orientation of the mesoporous channels
parallel to the substrate surface. In this case sorption is possible only through the interface
between the ordered domains. The observed sorption step is evidence that such sorption is
only feasible in a part of the film structure (smaller accessible volume) as compared to the
three-dimensional mesoporous system. Till now no sorption isotherm of Pluronicl23-

templated films was discussed in the literature.
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Figure 6.20. N, sorption isotherms of the (Pm3n) cubic mesoporous film deposited from

NPF3 coating solution at 70% relative humidity measured with a QCM device.
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6.3.3. Surface morphology and thickness of the mesoporous films — AFM and SEM studies.
Many nanotechnological applications require smooth and homogeneous film surfaces.
In order to estimate the surface roughness and homogeneity of the deposited mesoporous

films, an AFM investigation in contact mode was undertaken.

100 nm
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Figure 6.21. AFM image (contact mode) of the calcined mesoporous film deposited from

NPF1 coating solution.
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Figure 6.22. Side-view SEM image of the calcined mesoporous film deposited from NPF1

coating solution.
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Figure 6.21. shows the AFM image of the calcined CTABr-templated mesoporous
film prepared from the NPF1 coating solution. The calculated surface roughness from the
whole image frame shown in Figure 6.21 is about 11 nm. The film surface shows spherical
objects with diameters of less than 500 nm. The shape and form of these objects might be
explained by the existence of a mosaic structure of the film composed of ordered domains
(see above).

The corresponding side-view SEM image taken at a scratched part of the film is
shown in Figure 6.22. The thickness is estimated to be around 120 nm. The film appears
homogeneous and continuous over millimeter scale; no bumpy or uneven structures were
observed.

The AFM image of the calcined Pluronic123-templated film prepared from coating
solution NPF3 is shown in Figure 6.23. The surface roughness is about 9 nm. Cleary seen are
worm-like type of surface objects curling over several micrometers. This kind of morphology
is typical for the SBA-15 material and comes from hexagonally ordered domains that have
worm-like shapes (see Chapter 5). Furthermore, the TEM images of the same sample showed
curling, worm-like domains with characteristic dimensions of more than several microns in
length. The thickness of the NPF3 film is around 100 nm as seen from the side-view SEM
image (Figure 6.24.).

Generally, the thickness, surface roughness and homogeneity of the mesoporous films
can be controlled by changing the deposition speed and the relative humidity in the
deposition chamber. Films as thin as 60 — 70 nm can be prepared by increasing the deposition
speed during the spin-coating to more than 4000 rpm (note that usually the films in this study
are prepared at deposition speeds of 2000 rpm). Usually films deposited at higher relative
humidities showed inferior optical quality with an uneven and inhomogeneous surface.
Another possibility to change the thickness of the mesoporous films is to use different
dilutions of the coating solutions or by altering the hydrolysis-condensation of TEOS in the
first synthesis step. These parameters will change the viscosity of the coating solution and

will affect the mesoporous film thickness.
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100 nm

0 nm

Figure 6.23. AFM image (contact mode) of the calcined mesoporous film deposited from
NPF3 coating solution

Figure 6.24. Side-view SEM image of the calcined mesoporous film deposited from NPF3

coating solution.
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6.4.Conclusions and Perspectives

Thin mesoporous films have been prepared on different substrates (silicon wafer,
glass, gold) by applying spin-coating of silica/surfactant/water/ethanol coating solutions
under the conditions of the evaporation-induced self assembly method (EISA). Two types of
established structure directing agents for bulk mesoporous phases, cationic CTABr surfactant
and amphiphilic tri-block copolymer Pluronic123, have been applied. In both cases, well-
ordered and stable silica mesoporous films have been obtained showing three-dimensional
cubic or two-dimensional hexagonal structures. Typical for the mesoporous films is the
preferred orientation (single-crystal orientation) of the domains that are arranged in a mosaic
structure. It is shown that many different parameters, not only those based on the
composition of the coating solution but also “external” parameters such as relative humidity
are very important for the reproducible preparation of different mesophase structures.
Furthermore, these “external” parameters can be used to tailor the mesophase symmetry and
structure. A combination of GID, RXRD, and TEM analysis enabled rather complete
structural characterization of the mesoporous films. N, sorption measurements with a QCM
device were used to explore the pore accessibility of the mesoporous films. Certainly,
additional structural in-situ studies such as in-situ GID measurements at different “external”
parameters and specific compositions of the coating solution should be performed in the
future. In this respect, it will be desirable to control the alignment of tubular mesophase
structures (for example, hexagonal p6m structure) in orientations that allows easy access to
the porous system (c-axis perpendicular to the substrate). For example, such an alignment
may be possible in an electric field, assuming a re-orientation, can be caused by the
differences in the dielectric constant at the silica/surfactant interface. Unfortunately, many
other parameters (many of them discussed in this Chapter) are also playing an important role
in the disorder-to-order transition and the exact experimental conditions for such an

alignment may be still difficult to find.
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7.4. Conclusions and Perspectives

7.1. Introduction.

The necessity of miniaturization of electronic devices motivates the development of
new synthetic strategies for the construction of materials suitable for molecular electronics (see
Chapter 1). The properties of carbon nanotubes and their fundamental importance as potential
basic structural units for future nanotechnology have been covered in Chapter 3. An assembly
of one-dimensional molecular wires such as carbon nanotubes with their unique electronic
properties, embedded in an ordered channel matrix of an insulating material such as
mesoporous silica represents an interesting architecture for nanoelectronics'. Molecular sieves
loaded with transition metals have been used as catalytic supports to prepare quasi-aligned
carbon nanotubes by thermal decomposition of hydrocarbons™*>°. Depending on the type of
catalytic metal center, carbon source, and molecular sieve used as a catalytic support, carbon
nanotubes with different diameter and nanotube alignment were prepared. In this system, the
templating role of the porous system is not yet understood in detail. It is should be noted that
all these structures were prepared as powders which limits the addressability and hinders the

orientational alignment of the encapsulated nanostructures. Recently, aligned carbon nanotube

120



Chapter 7. Growth of carbon nanotubes by catalytic decomposition of acetylene on Fe-

containing mesoporous films

patterns were prepared on cubic mesoporous films by decomposition of acetylene’. In this
study, patterned mesoporous films were deposited using the micromolding-in-capillaries
technique (MIMIC) combined with preformed Fe-containing silica/surfactant solutions.

In this Chapter a synthetic approach that applies the conditions of the EISA method for
the preparation of Fe-loaded mesoporous films and Fe-containing monoliths is presented
together with other approaches for the introduction of the catalytically active Fe species such
as wet impregnation or Fe-sputtering. The aim was to show that these supports are suitable for
the growth of carbon nanotubes by catalytic decomposition of acetylene. In most cases, the
preparation of the catalytic Fe-containing mesoporous support was performed by direct coating
of preformed acidic silica/surfactant/ethanol/iron nitrate solutions following the conditions of
the evaporation-induce self-assembly method. Important aspects addressed in this Chapter are:
the nature of the coating solutions, structure and stability of the Fe-containing mesoporous
films, different ways for the incorporation of Fe species, and optimal conditions for the growth

of carbon nanotubes by decomposition of acetylene at 700°C.

7.2. Experimental

7.2.1. Preparation of Fe-containing mesoporous films and monoliths

Clear precursor silica/surfactant assemblies were prepared by mixing acid hydrolyzed
tetraethoxy silane (TEOS 98%, Aldrich) at 60 °C with an ethanolic solution of PEO-PPO-PEO
tri-block copolymer (Pluronic 123 - BASF) as described for pure silica mesoporous films (see
Chapter 6.2.1.). Iron was introduced during the mixing of the two solutions as Fe(NO;);.9H,0,
and resulted in formation of a yellow transparent sol. The final molar ratio of the coating

solutions were:

NPFel: 1ITEOS: 0.017Pluronic 123: 0.06HCI: 48.8EtOH: 26.6H20: 0.1Fe(NO;);.9H20
NPFe2: 1TEOS: 0.017Pluronic 123: 0.06HCI: 48.8EtOH: 26.6H20: 0.2Fe(NO;),.9H20

The coating solutions were aged at least 2 h prior to the preparation of the thin films.
The mesoporous films were deposited on acetone cleaned silicon wafers (25 x 25 mm) by spin-

coating (SCS P6700) at a rotation speed of 2000 rpm at room temperature and relative
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humidity of 40%. For comparison, monoliths were also prepared by slow evaporation of the
same coating solutions (deposited drop-wise on silicon wafers or glass petri-dishes and dried at
room temperature for 24 h). To obtain thermally stable mesoporous films and monoliths that
can be used for high temperature growth of carbon nanotubes calcination procedure D (Figure
5.1., Chapter 5.3.2.) was applied.

Other approaches for the incorporation of catalytically active Fe species are as follows.
An Fe-layer was deposited on pre-cleaned silicon wafers by sputtering, using modular high
vacuum coating system (BAL-TEC MCS 010). The thickness of the Fe layer (2 — 4 nm) was
measured in-situ with a QCM device coupled to the coating system. Pure silica mesoporous
films were deposited on this support by spin-coating employing the coating solutions NPF3
(two-dimensional hexagonally ordered films) and NPF4 (three-dimensional cubic films) (see
Chapter 6.2.1.). The structural properties and surface morphology of these films do not differ
from those reported in Chapter 6.3.

Fe species were also introduced by an incipient wetness impregnation technique. In a
standard impregnation procedure, Fe(NO,);.9H20 was dissolved in technical ethanol resulting
in a 3 wt% Fe(NO;);.9H20 solution and acidified with 2 M HCI till pH 1. Calcined pure silica
mesoporous films (calcination procedure D, Figure 5.1., Chapter 5.3.2.) prepared from coating
solutions NPF3 and NPF4 (see Chapter 6.2.1.) were impregnated for 24 h at room temperature.

Finally the films were washed with ethanol and dried at room temperature.

Fe-containing mesoporous support

Nz /w

Hy /N, —

C,H,/N
22 tubular furnance flow meter

Figure 7.1. Set-up for the growth of carbon nanotubes by catalytic decomposition of acetylene

at 700 °C.
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7.2.2. Growth of carbon nanotubes.

The Fe-containing mesoporous films were reduced in a 5% H; in nitrogen flow in the
temperature interval of 550 - 700 °C (0.5 °C/min ramping) for 4 h and were directly used for
the carbon nanotube synthesis. The carbon nanotubes were grown from the Fe-loaded
mesoporous films by catalytic decomposition of 10% acetylene in nitrogen in a tubular reactor
(Figure 7.1.). The carbon nanotube growth was conducted at 700 °C for times ranging from 10

to 60 min at different flow rates of the hydrocarbon source (see below).

7.2.3. Characterization

The silica/Pluronic123/ethanol/Fe(NO;);.9H20 precursor solutions were investigated
with liquid °C and **Si NMR spectroscopy prior to the film deposition. The particle size
distribution in the coating solutions was followed with dynamic light scattering (DLS). The
structure of the as-prepared and calcined mesoporous films and monoliths was determined by
X-ray diffraction in the 0 - 8 scan mode (Scintag XDS 2000). The surface morphology and the
thickness of the mesoporous films were determined from the scratched parts of the films by
scanning electron microscopy (SEM) (Philips XL 40). The growth of the carbon nanotubes was
followed by SEM (Philips XL 40) and Raman spectroscopy (Bruker Equinox 55 - 106v/S
spectrometer equipped with a Raman module - 9395 cm™ laser, 4 cm™ resolution, 10 mW laser
power, 2000 scans). The structure of isolated carbon nanotubes was investigated with

transmission electron microscopy TEM (JEM 2010 TEM operating at 200 kV).

7.3. Results and Discussion.

7.3.1. Nature of precursor species in Fe-containing coating solutions

The *’Si NMR spectrum (Figure 7.2.) of the NPFe2 coating solution aged for 5 days is
compared to the that of the silica/Pluronic123/ethanol coating solution (NPF4, Chapter 5.2.1.)
aged for the same time. The two signals at -90 ppm and -100 ppm in Figure 7.2.a are assigned
to the Q* and Q’ silicon atoms of branched silica oligomers obtained after acidic hydrolysis-
condensation of TEOS. The Fe-containing solution shows only one signal at -98 ppm of the Q*

silicon atoms that are usually associated with more condensed silica species (Figure 7.2.b).
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Nevertheless, gelation of the precursor sols was not observed, thus enabling the formation of

continuous mesoporous films by spin-coating.
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Figure 7.2. **Si NMR spectra of coating solutions a) NPF4 and b) NPFe2 coating solutions (at
79.42 MHz, 27°C, 15000 scans, pulse width 45°, relaxation delay 4 s, total time for each

experiment 19 h).

In addition, the >C NMR spectra of the Pluronic123 in ethanol, pure silica NPF4 and
NPFe2 solutions are shown in Figure 7.3. The signals of the surfactant in the spectrum of the
NPF4 coating solution are shifted in comparison to the signals of the pure surfactant because of
the interactions of the surfactant molecules with the components of the coating mixture: silica
species, HCI and water. More importantly, after the introduction of the Fe species in the
coating solution, the Fe(Ill) cations readily coordinate to the OH functions of the surfactant
molecules indicated by the large broadening of the signal of the -CH,-OH carbon atom. The
spectrum is shifted due to introduction of the paramagnetic Fe species. In this way, coordinated
Fe(Ill) ions can be incorporated in the tri-block copolymer interiors of the amphiphilic
template and can further self-assemble in liquid-crystal mesophase upon spin-coating..

Figure 7.4. shows the distribution of the particles radii in the coating solutions NPFel
and NPFe2 aged for 5 days compared to those in coating solution NPF4. For the three coating

solutions, a broad range of precursor species was detected, which implies diverse silica
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precursor species with different degrees of condensation. The pure silica sample that was aged

for 5 days showed particle radii in the range of 1 — 8 nm with a maximum population at 3 nm.
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Figure 7.3. *C{1H} NMR spectra of a) Pluronic123 in ethanol, b) NPF4 and c) NPFe2 coating

solutions.
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Figure 7.4. DLS data for pure silica NPF4, and Fe-containing NPFel and NPFe2 coating

solutions.
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Addition of Fe(NO,);.9H20 leads to a broader distribution of precursor species with the
maximum of the population shifted to larger condensation products. Apparently, the
concentration of different silica products resulting from the acid-catalyzed hydrolysis-
condensation of TEOS was influenced by the addition of the Fe source. Due to highly diluted
conditions and high acidity (pH = 2) bigger (more than 20 nm) condensation products have
been not observed; this is essential for the formation of homogeneous and smooth thin

mesoporous films by the EISA method.

7.3.2. Mesophase structure and surface morphology of Fe-containing mesoporous films and
monoliths

The structure of the Fe—containing mesoporous films (Figure 7.5.) deposited on Si
wafers was determined by reflection X-ray diffraction (see Chapter 4). The as-deposited
NPFel film shows three reflections with decreasing intensity that can be indexed as (100),
(200) and (300) reflections of a highly ordered one-dimensional hexagonal (p6m) mesophase
structure with channels oriented parallel to the substrate surface (Figure 7.5.a). The unit cell (a
= d(loo)-2/3l/2) of the corresponding as-deposited one-dimensional hexagonal structure is a =
10.8 nm. Upon thermal treatment at 700°C in vacuum and followed by calcination at the same
temperature (calcination procedure D, Chapter 5.3.2.) several reflections are observed that can
be indexed in cubic (Im3m) mesophase symmetry ( Figure 7.6.a). The cubic unit cell of the
calcined NPFel film is a = 11.5 nm, similar to that of the pure silica NPF4 sample (see Chapter
5.3.1.2). The as-deposited NPFe2 film shows one intensive and two low-intensity reflections
that are consistent with a one-dimensional (p6m) hexagonal mesophase structure with unit cell
size of a = 9.6 nm (Figure 7.5.b). In comparison to the NPFel film the unit cell is decreased,
probably due to the introduction of a higher amount of Fe salt in the coating mixture that
influences the self-assembly process during the formation of the mesoporous film. The
calcined NPFe2 film shows only two very broad and low-intensity (200) and (210) reflections
of the cubic (Im3m) mesophase structure (Figure 7.6.b).
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Figure 7.5. RXRD patterns of the as-deposited a) NPFel and b) NPFe2 Fe-containing

mesoporous films.
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Figure 7.6. RXRD patterns of the calcined a) NPFel and b) NPFe2 Fe-containing mesoporous

films.
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In contrast to the pure silica mesoporous films prepared with the same
Pluronic123/silica ratio of 0.017 (NPF4, Chapter 6.3.1.2), the as-deposited Fe-containing films
show a one-dimensional hexagonal (p6m) mesophase structure that is transformed into a three-
dimensional cubic (Im3m) structure after calcination. The introduction of the Fe-source in the
synthetic mixture apparently changes the self-assembly process by influencing the surfactant
packing parameter g and thus manipulating the final curvature of the mesophase structure.
Most probably, the Fe (III) cations (which are present in the stoichiometeric excess) are
coordinated to the ethylene oxide terminal OH groups of the hydrophilic blocks of the
amphiphilic copolymer. In this way, the Fe (III) cations are participating actively in the surface
charge matching process between the inorganic silica species and the templating copolymer
molecules.

Apparently, the introduction of the Fe-source in the synthetic mixture provokes the
formation of a one-dimensional hexagonal mesophase structure (as-deposited samples) in
comparison to the three-dimensional cubic structures of the pure silica films prepared with the
same silica/surfactant ratio. Due to the thermal transformation during the calcination process,
formation of a three-dimensional cubic mesophase structure is possible. Similar mesophase
transformation processes have been observed for the cubic mesoporous films prepared from
silica/cationic surfactant solutions by dip-coating®.

Figure 7.7. shows the side-view SEM image of the Fe-containing mesoporous film
deposited from NPFel coating solution. Similarly to the pure silica mesoporous films, the Fe-
containing film shows homogeneous and very smooth surface morphology. The film thickness
i1s estimated to be about 100 nm, similar to the pure silica films deposited at the same
conditions with coating solution NPF4. The mesoporous film deposited from the coating
solution with increased Fe content (NPFe2) again shows a continuous and even surface with no
bumps or corrugations (Figure 7.8.). The increased size of the precursor species in the Fe-
containing coating solutions (see above) does not influence dramatically the surface

morphology and thickness of the deposited films.
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Figure 7.7. Side-view SEM image of the calcined mesoporous film prepared from NPFel

coating solution.
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Figure 7.8. Side-view SEM image of the calcined mesoporous film prepared from NPFe2

coating solution.

Fe-containing mesoporous monoliths were also prepared by slow evaporation of the
same coating solutions, by drop-wise deposition on silicon wafers at room temperature. The

XRD patterns of the as-deposited films are presented in Figure 7.9.
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Figure 7.9. RXRD patterns of the as-deposited a) NPFel and b) NPFe2 Fe-containing

mesoporous monoliths.
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Figure 7.10. RXRD patterns of the calcined a) NPFel and b) NPFe2 Fe-containing mesoporous

monoliths.
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The results show that one-dimensional hexagonal (p6m) mesophase structures with
channels running parallel to the substrate surface are formed from the two coating solutions.
The corresponding unit cell size of the one-dimensional hexagonal mesophase structures are:
anpre1= 10.8 nm and anpreo= 10.3 nm. The observed decrease in the hexagonal unit cell (as for
the spin-coated samples) is attributed to the introduction of Fe salt in the synthetic mixture.
The calcined NPFel film shows two reflections that are indexed as (200) and (210) reflections
of the cubic (Im3m) symmetry (Figure 7.10.). Similarly to the thin mesoporous films,
mesophase transformation process takes also place in the monoliths during the calcination. The
cubic unit cell of the NPFel monolith is a= 8.1 nm. The calcined NPFe2 monolith shows two
broad reflections shifted to higher 26 values that are assigned to the same cubic mesophase
structure (Figure 7.10.b)

Figure 7.11. shows the side-view SEM image of a calcined NPFel mesoporous
monolith deposited on a silicon wafer. The thickness of the monolith is about 40 pum and can
be tuned by changing the amount of the deposited synthesis sols and by controlling the solvent
evaporation rate. Before calcination, deposited monoliths show homogeneity and uniformity
over centimeter ranges. After calcination micrometer long cracks were observed in the

monoliths giving delaminated pieces with different dimensions.
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Figure 7.11. Side-view SEM image of calcined Fe-containing mesoporous monolith prepared

from NPFel coating solution.
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7.3.3. Growth of carbon nanotubes
The carbon nanotubes were prepared on the Fe-containing mesoporous films by thermal
decomposition of acetylene in a flow reactor at 700 °C, and the growth was followed by SEM,

TEM and Raman spectroscopy.

Table 7.1. Summary of the SEM and TEM results for the carbon nanotubes grown by

thermal decomposition of acetylene at 700 °C.

Mesoporous Flow rate  of | Contact time | SEM and TEM results
sample C,Hy/N; (mL/min) | (min)
NPFel 120 10 highly covered surface, high
30 density CNT layer
highly covered surface, high
density CNT layer
NPFel 60 10 sparsely  covered  surface,
medium density CNT layer
30 sparsely  covered  surface,
medium CNT layer
NPFe2 120 10 highly covered surface, high
density CNT layer
30 fully covered surface, high
density CNT layer
NPFe2 60 10 sparsely  covered  surface,
medium density CNT layer
30 sparsely  covered  surface,
medium CNT layer
NPF4Fe-imp 120 10 sparsely  covered  surface,
groups of CNT
NPF4Fe-imp 60 10 groups of several nanotubes
NPF4Fe-sp 120 10 sparsely  covered  surface,
randomly distributed CNT
NPF4Fe-sp 60 10 several CNT

The mesoporous films used for the carbon nanotube growth were those obtained from

coating solutions NPFel and NPFe2, and pure silica films prepared from coating solution
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NPF4 on Fe sputtered supports or Fe-impregnated as explained above. Table 7.1. summarizes
the type of Fe-containing mesoporous supports, conditions for carbon nanotube growth and the
results obtained from SEM and TEM analysis.

Figure 7.12. represents the carbon nanotubes prepared at different flow rates of

acetylene at 700 °C over NPFel mesoporous film.

Figure 7.12. SEM images of carbon nanotubes grown at 700 °C on NPFel
mesoporous film for 10 min with a flow rate of a) 120 mL/min (top-view), b) 120 mL/min

(side-view), ¢) 60 mL/min (top-view) and d) 60 mL/min (side-view).

The micrographs show that carbon nanotubes grow on the Fe-loaded mesoporous film
surface in a hairy fashion. In all cases carbon nanotubes curling up, several hundreds of

nanometers long were obtained, no carbon fibers or other deposits including amorphous
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carbon particles were monitored. The optimum conditions for the preparation of high
coverage of carbon nanotubes without additional carbon nanoparticles or bigger carbon
products were confirm to be 10% acetylene in nitrogen at a flow rate of 120 mL/min for 10
min at 700 °C.

It has been observed that changing the flow rate of the carbon source different surface
coverage with carbon nanotubes can be obtained (see Table 7.1.). At flow rates of acetylene
as small as 40 mL/min, no carbon nanotubes were observed after the time given on the
mesoporous film surface. In addition to the flow rate of the carbon source, the catalytic metal
loading plays also an important role for controlling the growth of carbon nanotubes. For
example, when the deposition is performed over NPFe2 mesoporous film at flow rates of 120
mL/min for 10 min or longer a very dense layer of carbon nanotubes is formed together with

some carbon particles (Figure 7.13).

NSF1-1.TIF

Figure 7.13. SEM images of carbon nanotubes grown at 700 °C on NPFe2 mesoporous film

for 10 min with a flow rate of a) 120 mL/min (top-view) and b) 120 mL/min (side-view).

When the catalytic Fe species were introduced by impregnation into mesoporous
films prepared form NPF4 coating solution, the growth of carbon nanotubes was again
observed to proceed in a hairy fashion but the tubes were only sparsely distributed on the

film surface and grouped together (Figure 7.14.).
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Figure 7.14. SEM images of carbon nanotubes grown at 700 °C on NPF4Fe-imp
mesoporous film for 10 min with a flow rate of 120 mL/min; a) and b) different

magnifications.
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Figure 7.15. SEM images of carbon nanotubes grown at 700 °C on NPF4Fe-sp mesoporous

film for 10 min with a flow rate of 120 mL/min; a) and b) different magnifications.

Growth of carbon nanotubes was also observed for the mesoporous films deposited
on sputtered Fe surfaces. Since the catalytically active Fe species are positioned at the bottom
of the film, the diffusion of the carbon source into the porous system of the mesoporous film
is necessary in order to obtain carbon nanotube growth. Apparently, the three-dimensional

cubic mesophase structure of the NPF4 film facilitates this process and allows the growth of
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the carbon nanotubes to proceed (Figure 7.15.). The growth is again in a hairy fashion; the
carbon nanotubes appear to be randomly distributed.

The SEM results show that carbon nanotubes can be grown on Fe-containing
mesoporous films in a controlled fashion. In all cases, curling up, long carbon nanotubes
were obtained, growing in a hairy fashion to several hundred nanometers. The growth
process can be controlled by the deposition conditions such as hydrocarbon flow and
exposure time.

The nature of the carbon nanotubes was further investigated by Raman spectroscopy
and transmission electron microscopy. The Raman spectrum of the carbon nanotubes
prepared on NPFel mesoporous film at a flow rate of 120 mL/min of acetylene for 10 min
shows two bands at about 1614 cm™ and 1345 cm™ (Figure 7.16.). The first one at 1614 cm’™'
corresponds to the Raman — active E,; mode characteristic of single crystal graphite, while
the second one at 1345 cm’ shows the disorder in the graphitic sheets of the carbon
nanotubes. The degree of the disorder affects the position, intensity and line-width of this
peak. The Raman spectrum corresponds to the spectra of multiwalled carbon nanotubes

(MWCNs) published in the literature'~.
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Figure 7.16. Raman spectrum of carbon nanotubes prepared on NPFel mesoporous film at

700 °C for 10 min with a flow rate of acetylene of 120 mL/min.
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Carbon nanotubes from the NPFel sample were examined with transmission electron
microscopy. The TEM image demonstrates that multiwalled carbon nanotubes with
diameters in the range 15 — 20 nm were formed (Figure 7.17.a). The catalytic Fe
nanoparticles are often integrated in the carbon nanotubes usually at the tips of the nanotubes
(also seen in the SEM images) suggesting that they serve as a catalytic centers for the growth
of the nanotubes. No amorphous carbon or other carbon products were observed on the
carbon nanotube surface. The diameter of more than 15 nm of the nanotubes seen on the
surface of the mesoporous films is far greater than that of the pore size in the film. (the pore
size of Pluronic123-templated films does not exceed 5 nm). Furthermore, after the deposition
of the carbon nanotubes at 700 °C no ordered mesophase structure was observed.

However, carbon nanotubes extracted from the film (Figure 7.17.b) reveal structures
that have different diameters at the both ends; the larger diameter is around 15 nm, the same
as the diameter of the nanotubes seen on the surface of the mesoporous film. The thinner part
has a diameter of around 5 nm and a length of not more than several tens of nanometers. We
argue that this part had been grown inside the porous system of the mesoporous film before

the carbon nanotube started growing out of the porous support.

Figure 7.17. TEM image of a) carbon nanotubes prepared on NPFel mesoporous film at 700
°C for 10 min with a flow rate of acetylene of 120 mL/min and b) extracted carbon nanotube

prepared at the same conditions.
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The growth process could be such that the growth of a carbon nanotube starts in the
catalytically loaded mesoporous structure where it is confined by the mesoporous walls, later
it continues to grow out of the porous system and is no more restricted. The latter results in
an increased wall thickness of the carbon nanotubes outside of the interior of the film.

Figure 7. 18. shows the TEM images of the carbon nanotubes prepared over NPF4Fe-
imp mesoporous films. The diameter of the obtained carbon nanotubes is about 30 — 40 nm
which is even larger than that of the carbon nanotubes grown over NPFel mesoporous film.
Other structures besides nanotubes, such as carbon particles (Figure 7.18.a) were also
observed. Figure 7.18.b shows that the same growth phenomenon was detected as before,
with different diameters of the carbon nanotubes at both ends. Note that the diameter of the
smaller part of the nanotube is again around 5 nm, similar to the pore diameter of the
mesoporous system that, in this case, is preserved after the growth process of the carbon
nanotubes. It is suggested that the same growth mechanism as above is involved in the

formation of the carbon nanotubes over Fe-impregnated mesoporous films.

Dewi
Bea n

Figure 7.18. TEM image of a) carbon nanotubes prepared on NPFe4-imp mesoporous film
at 700 °C for 10 min with a flow rate of acetylene of 120 mL/min and b) extracted carbon

nanotubes prepared at the same conditions.

The lower number of the nanotubes (see SEM images) on the film surface and the

larger tube diameter can be explained by the decreased number of catalytically active Fe
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centers (usually the Fe content in the impregnated samples can not exceed that of the Fe
species incorporated in-situ by direct synthesis). The unusual two-diameters morphology of
the extracted carbon nanotubes suggests catalytic growth of carbon nanotubes in the

interior of the channel system of the mesoporous films.

7.4. Conclusions and Perspectives

Evaporation induced self-assembly via spin-coating has been employed for the
formation of Fe-loaded mesoporous films from Fe-containing silica/triblock
copolymer/ethanol coating solutions. The rapid solvent evaporation of the coating mixture
induces the formation of three-dimensional micellar interiors containing coordinated Fe (III)
ions, which self-assemble in the hexagonal (p6m) mesophase structure (in comparison, at the
same conditions with the same silica/Pluronic123 ratio, the pure silica films show cubic
(Im3m) structure). The RXRD results reveal a transformation from one-dimensional
hexagonal to the three-dimensional cubic mesophase structure during the calcination process.

The growth of carbon nanotubes on the Fe-containing mesoporous silica films was
conducted by thermal decomposition of acetylene at 700 °C and resulted in multiwalled
carbon nanotubes. The carbon nanotube growth rate was controlled by changing the
hydrocarbon flow rate, exposure time and catalytic metal loading of the mesoporous support.
Usually curling up, long carbon nanotubes protruding out of the film were obtained, growing
in a hairy fashion. TEM studies of the isolated carbon nanotubes show the templating role of
the mesoporous support for the formation of the carbon nanotubes.

Future work should be conducted on investigations of other transition metals as
catalytically active centers for the growth of carbon nanotubes on mesoporous films prepared
from silica/surfactant/ethanol/metal salt coating solutions. The influence of the mesophase
structure on the growth process should be further examined by using thin films having
different mesostructred configurations and loaded with transition metals. Oriented thin
zeolite films prepared under hydrothermal conditions and loaded with transition metals can
also be explored as catalytic supports for carbon nanotube growth. The reduced pore
dimensions and high thermal stability of these supports may be advantageous when the

synthesis of single-walled carbon nanotubes is targeted.
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On the other hand, another type of hydrocarbon source such as methane or a mixture
of several hydrocarbon sources at higher temperatures (around 1000 °C) are necessary if the
growth of single walled-carbon nanotubes is desirable. At those temperatures the thermal

stability of the porous host becomes an important issue.
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8.4. Conclusions and Perspectives

8.1. Introduction

Solid supports with ordered porosity offer potential as template-matrices for guided
growth of a variety of conductive structures, resulting in patterned arrays of aligned
nanowires (see Chapter 3). Among the nanowires, carbon nanotubes (CNs) have attracted
considerable attention during the last few years because of their remarkable electronic
properties; they are recognized to be some of the most promising materials to impact future
nanotechnologies'. The preparation of carbon nanotubes via catalytic decomposition of
hydrocarbons over transition metal-loaded porous supports has been accomplished over
molecular sieves including both mesoporous silica and zeolites (Chapter 7 and references
therein). It has been shown in this Thesis that mesostructured Fe-containing silica films
prepared by the evaporation-induced self-assembly method on silicon substrates can be used
to grow multiwalled carbon nanotubes (MWCNs) by the catalytic decomposition of
acetylene (Chapter 7). Unfortunately, in these systems, the templating role of the porous
substrates is not yet understood in detail, and usually the growth process results in quasi-
aligned arrays of MWCNs growing out of the templating support in a hairy fashion.

Most of the nanotechnological applications of carbon nanotubes will require a
fabrication method capable of producing uniform carbon nanotubes with well-defined and

controllable properties. In addition, electronic and photonic devices, such as field emission
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displays and data storage devices, will require high-density and well ordered nanotube
arraysz. Highly ordered MWCN have been previously prepared by the catalytic
decomposition of hydrocarbons using anodic alumina as a support that contains hexagonally
close-packed nanochannels™*. Following a related template approach for growing carbon
nanotubes, Tang et al. prepared the smallest possible 0.4 nm single-walled carbon nanotubes
(SWCNs) by simply pyrolyzing organic template molecules employed in the synthesis of the
microporous aluminophosphate molecular sieve AIPO4-5 with one-dimensional 0.73 nm
channels™®. Mesoporous silica template material has also been used as a host matrix to grow
conductive carbon wires in ordered nanometer-sized channels by pyrolysis of
polyacrylonitrile filaments prepared in the MCM-41 host’. For the bulk synthesis of
MWCNSs, pyrolysis has been used, using a so-called flow-catalysis method®. For example,
pyrolysis of ferrocene/hydrocarbon mixtures at high temperatures resulted in the controllable
synthesis of well aligned carbon nanotubes’'°.

In this Chapter a new synthetic approach is presented for the preparation of carbon
filaments by vacuum pyrolysis of ferrocene-modified mesoporous silica (SBA-15) rods and
thin mesoporous films. Our approach relies on a selective functionalization with ferrocene of
the inner surface of the highly ordered nanometer-sized channels of mesoporous material and
subsequent pyrolysis under dynamic vacuum conditions. The ferrocene moieties were
introduced through covalent bonding to the amino-functionalized walls of mesoporous

materials (see Scheme 8.1.).

8.2. Experimental

8.2.1 Modification of the SBA-15 rods and mesoporous films

SBA-15 rods were synthesized as explained in Chapter 5.3.2. CTABr- and
Pluronic123-templated mesoporous films were prepared following the conditions of the
EISA method (Chapter 6.2.1.). Template removal was achieved by first treating the sample at
700°C under vacuum (107 mbar) for 1 h followed by calcination in flowing air at the same
temperature for 1 h (ramping 0.75 deg/min) as explained before (see Figure 5.1.D, Chapter
5.3.4). Conventional calcination at 700°C without additional thermal treatment in non-

oxidative atmosphere usually resulted in a considerable loss of the mesostructural order. A
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high thermal stability of the host is necessary for the subsequent growth of carbon filaments

at temperatures as high as 850°C.
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Scheme 8.1. Graphical representation of the modification steps of the mesoporous materials

and growth of carbon filaments.

Calcined SBA-15 rods and mesoporous films were modified with 3-
aminopropyltriethoxysilane (APES - Fluka) in order to introduce amino functionalities on the
silica walls (Scheme 8.1, step I). A sample of 50 mg of mesoporous silica SBA-15 material
was dehydrated at 120°C in vacuum to remove water molecules absorbed on the surface and
then stirred in 10 mL dry toluene (Fluka) containing 700 pL (0.003 mol) of APES under

refluxing conditions applying standard Schlenk-line techniques. The reaction time was varied
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from 6 to 22 h. The sample reacted for 22 h was designated SBA-15-APES. The powder was
collected by filtration, washed with excess amounts of the solvent, and dried at 60°C for at
least 24 h. 40 mg of amino-functionalized SBA-15-APES material was further reacted with 5
mg (0.003 mol) ferrocene aldehyde in 10 mL THF at 60 °C for 3 h under inert conditions
resulting in imine-coupled ferrocene functionalities (Scheme 8.1, step II). The resulting
orange composite SBA-15-APES-FeCp, material was separated by filtration, washed with
THF, and dried at 60°C overnight. The identification of the samples used in this Chapter is

shown in Table 8.1.

Table 8.1. SBA-15 samples with codes used in the study.

Sample names Manipulation

SBA-15 thermally treated and calcined
SBA-15-APES modified with APES
SBA-15-APES-FeCp, modified with ferrocene aldehyde

SBA-15-APES-FeCp, — 850°C  pyrolysed at 850°C

Table 8.2. Modified mesoporous film samples with codes used in the study.

Manipulation NPF1 NPF3

CTABr-templated  Pluronic 123-templated

Cubic hexagonal
Thermally  treated NPF1-calc NPF3-calc
and calcined
APES-modified NPF1-APES NPF3-APES
Ferrocene-modified = NPF1-APES-FeCp, NPF3-APES-FeCp,
Pyrolysed at 850°C ~ NPFI1-APES- NPF3-APES-FeCpy—
FeCp>—850°C 850°C

Similarly, calcined mesoporous films showing different mesophase structures (see
Table 8.2) were dehydrated at 120°C in vacuum to remove water molecules absorbed on the
surface, and then stirred in 10 mL dry toluene (Fluka) containing 700uL (3 pmol) of APES
under refluxing conditions applying standard Schlenk-line techniques under N,. After 20 h
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the functionalized mesoporous films were washed with excess amounts of the solvent and
dried at 60°C for at least 24 h. Finally, amino-modified mesoporous films were reacted with

5 mg (0.03 mmol) ferrocene aldehyde in 10 mL THF at 60°C for 3 h (Scheme 8.1, step II).

8.2.2. Growth of carbon filaments

The SBA-15-APES-FeCp, sample and ferrocene-modified mesoporous films were
evacuated in a tubular furnace and subjected to vacuum pyrolysis (10~ mbar) at temperatures
between 750 and 900°C (Scheme 8.1, step III). Heating and cooling rates of 4.5 deg/min
were used. Based on Raman-spectroscopic data a treatment temperature of 850 °C was
selected for further studies. Free-standing carbon filaments were obtained by dissolving the

silica matrix in 4% HF and washing in H,O.

8.2.3. Characterization

The periodic structure of the parent SBA-15 mesoporous material and modified
samples was confirmed with X-ray diffraction measurements (Scintag XDS 2000, CuK,
radiation). Nitrogen adsorption-desorption isotherms of the host structure and modified
samples were recorded using a Micromeritcs ASAP2010 instrument after evacuation of the
samples at 120°C. The functionalization process of the SBA-15 material was followed by
FT-IR spectroscopy using a Nicolet Avatar-360 FTIR spectrometer with a spectral resolution
of 4 cm™. The powder was pressed in self-supporting disks (ca. 15-20 mg/cm™) that were
directly mounted in a sample cell. Measurements were performed in transmission mode at
room temperature after evacuation. FT-Raman spectra were recorded with a Bruker Equinox
55-106v/S spectrometer equipped with a Raman module (9395 cm™ laser, 4 cm™ resolution,
80 mW laser power, 2000 scans). Proton decoupled *C and *’Si solid-state NMR spectra
were recorded on a Bruker DSX Avance spectrometer. The loading of the host support with
organic functionality was followed by thermogravimetric analysis (TGA) (Du Pont 951,
Thermal Analyzer). The surface morphology of the SBA-15 material was deduced from
electron microscopy images taken on a Philips XL 40 microscope. The elemental
composition was measured by EDX analysis (JEOL, JSM 65007, field emission SEM
equipped with Oxford EDX detector). The growth process of the carbon filaments was
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examined by FT-Raman spectroscopy (10 mW, 2000 scans) and compared to the spectrum of
multiwalled carbon nanotubes MWCNs obtained by thermal decomposition of acetylene on
Fe-loaded mesoporous silica at 700°C. TEM measurements were performed with a JEM
2010 transmission electron microscope operating at 200 kV. Samples for TEM were prepared
by depositing a drop of a suspension of the solid in acetone on carbon-coated copper grids.
The mesophase structure of the calcined and modified mesoporous films was
determined by X-ray diffraction in the © - 8 scan mode (Scintag XDS 2000 cooled Ge
detector, Cu Ko radiation). Grazing-incidence diffraction experiments were performed at
beam-line IDO1 at the ESRF (www.esrf.fr) in Grenoble, France. The modification process of
the mesoporous films was followed by reflection-absorption FT-IR spectroscopy. The
measurements were carried out at an incidence angle of 55 degrees on silicon-supported
samples after collecting the background with a Bruker IFS 66v/S spectrometer equipped with
a grazing-incidence module. Quartz crystal microbalance devices (10 MHz QCM, Cold
Springs R&D, Marcellus, NY) were used to monitor the loading with molecular functionality
and the Ny-sorption properties of the modified mesoporous films (Chapter 4). The
measurements were performed as explained in Chapter 5.2.1. Further structural information
concerning the mesoporous films and the grown carbon filaments was obtained by TEM
images taken as plan views. Samples for plan views were obtained as described in Chapter

5.2.1.

8.3. Results and Discussion

8.3.1. Amino- and ferrocene-modified SBA-15 rods

The XRD analysis of the SBA-15 material confirms the preservation of the hexagonal
structure after calcination, and of the amino- and ferrocene-modified samples (Figure 8.1.a,
b, ¢). One very intensive and two weak reflections are recorded that correspond to the (100),
(110), and (200) diffraction peaks of the two dimensional (p6m) mesophase structure. The
corresponding unit cell (a= 2/3" z.dloo) of the calcined and modified samples was calculated
to be 11.6 nm. A slight decrease of the intensity of the (100) peak upon post-synthesis

modification is observed and can be explained by the decreased scattering contrast between
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the pores and the walls of the functionalized mesoporous material. Nevertheless, the (110)

and (200) reflections are still observed.
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Figure 8.1. XRD patterns of a) calcined SBA-15, b) SBA-15-APES, and c) SBA-15-APES-
FeCp, samples ( the patterns are offset with 500 cps).

In Figure 8.2 the nitrogen-sorption isotherms of the calcined SBA-15, the amino-
modified SBA-15-APES and ferrocene-modified SBA-15-APES-FeCp, samples are shown.
Typical type IV nitrogen-sorption isotherms with distinct hysteresis loops and steep
adsorption and desorption steps are recorded that indicate a narrow pore-size distribution.

These results together with the XRD data confirm the preservation of the
mesostructural order of the samples after the modification steps. Table 8.3. summarizes the
data form the nitrogen-sorption measurements and XRD analysis. After grafting the calcined
SBA-15 material with amino-functionality, the BET surface area, the total pore volume (V;),
and the pore size (Dgju) decreased, which is in agreement with the pore filling effect'"
However, the resulting surface area and the pore volume are still sufficient for a subsequent
modification step with ferrocene aldehyde. The SBA-15-APES-FeCp, sample shows a
further decrease in the aforementioned parameters as expected after the reaction of the
ferrocene aldehyde with the amino groups in the mesoporous channels of the SBA-15

material.
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Figure 8.2. Nj-sorption isotherms of a) calcined SBA-15, b) SBA-15-APES, and c¢) SBA-15-
APES- FeCp, materials (the isotherms are offset with 200 cm’/g).

Table 8.3. Ny-sorption data for the calcined SBA-15 and modified samples.

Sample a(nm)  Sper(m’g’) Viem’g') Dgju(nm)
SBA-15 11.6 926 1.42 5.4
SBA-15-APES 11.5 754 0.67 5.3
SBA-15-APES-FeCp, 11.5 290 0.43 5.0
SBA-15-APES-FeCp, — 850°C  10.5 285 0.42 4.8

The surface area is calculated from the BET model, the total volume adsorbed is calculated form single point
measurement at P/P, = 0.994, and the pore size is determined by the BJH model applied to the desorption
branch of the isotherm.

The degree of loading of the mesoporous material with amino-functionalized
organosilane was followed by TGA as a function of the reaction time of the silane grafting
process. The loading is increased from 0.18 mmol/g for the sample reacted for only 6 h to
0.32 mmol/g for the sample reacted for 22 h. The latter corresponds to weight loss of 7 wt%
(or about 17 wt% loading with APES, assuming that the weight loss is only due to the

combustion of the organic part of the silane and that siloxane bonds are formed). The final

148



Chapter 8. Growth of carbon filaments in ferrocene-modified SBA-15 rods and mesoporous
thin films

value corresponds to 0.76 mmol/g or 0.5 APES molecules per nm’ of the mesoporous surface

calculated from the following formula:
S = W%.Na/M.Sger.107° (8.1)

where W% represents the weight loss after silylation obtained from TGA, N, is Avogadro’s
number, M is the molar mass of the silane molecules, and Sggr is the specific surface area of
the parent material. No further increase in the loading level was observed with prolonged
time of silane grafting. The calculated number of the APES molecules on the SBA-15 surface

1'? material (0.93 molecules per nm?).

is lower than that observed for amino-modified SBA-

Assuming full coverage with APES molecules (with length of the APES molecule of
about 0.41 nm, calculated from geometrical considerations) of the cylindrical mesopores with
average diameter of 5.4 nm and specific surface area of 926 m’g”, the total decrease of
mesoporous volume is estimated to be 0.41 cm’g”. This is less than the decrease of the total
pore volume (V) measured by N, sorption (0.75 cm3g'1). Possibly, the calculated decrease in
the pore volume (after formation of a silane monolayer) is exceeded because of the existing
microporosity in the walls that is more difficult to be functionalized with large silane
molecules but is taken into account in the model calculations (contributing to the BET
surface area).

The SBA-15-APES-FeCp, shows an increased TGA weight loss of about 5 wt% (or
about 7 wt%, assuming that the weight loss is due only to the combustion of the organic part)
in comparison to the SBA-15-APES sample that corresponds to 0.36 mmol/g of FeCp,. This
value corresponds to about 50% yield of the Schiff-base reaction (see Scheme 8.1, II).
Furthermore, the calculated full coverage of the cylindrical mesoporous channels with a
monolayer of ferrocene moieties linked to the APES molecules resulted in an expected
decrease in the total pore volume of about 0.33 cm’g” (at 100% yield of the Shiff-base
reaction), which is higher than that measured by N, sorption (0.24 cm’g”). The latter
corresponds to 72% of the theoretical full coverage with ferrocene molecules of the whole

mesophase surface.
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The modification steps of the SBA-15 material were followed by FT-IR and FT-
Raman spectroscopies. Selected regions of interest of the FT-IR spectra of the calcined and
the amino-modified samples are shown in Figure 8.3. The isolated Si-OH groups in the
spectra of the calcined sample that are accessible for further functionalization give a sharp
signal at 3750 cm™ (Figure 8.3.a)". In the high-frequency region, a broad envelope band
between 3700 — 3000 cm™ is recorded for the calcined and amino-modified samples that is
assigned to residual silanol-bonded water'?. The removal of the template after the thermal
treatment and the calcination step at 700°C is confirmed by the strong reduction of the C-H
stretching vibrations (Figure 8.3.a). The amino-modified sample does not show any signal
typical for the isolated Si-OH groups. In addition, vibrational bands at 2935, 2866, 1560, and
1493 cm™ are observed that are characteristic for -CH,- asymmetric and symmetric
stretching, -NH, bending, and -CH, scissoring vibrations, respectively. The band positions
are similar to those reported in the literature for amino-functionalized mesoporous

materials'>!*.
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Figure 8.3. FT-IR spectra of a) calcined SBA-15 and b) SBA-15-APES samples.

The reaction of ferrocene aldehyde with primary amino groups leads to the formation
of imines in the course of the well-known Schiff-base reaction'>. In analogy, the
heterogeneous reaction of ferrocene aldehyde with the covalently-grafted APES linker

attached to the silica walls is expected. This is confirmed by the appearance of a sharp and
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intense band at 1644 cm™ assigned to the imine groups in the FT-Raman spectra (see below).
The FT-Raman spectra of the calcined, the amino-, and the ferrocene-modified samples in
the high- and low-frequency regions are shown in Figure 8.4. The calcined sample (Figure
8.4.A, a) did not show any Raman active modes in the region between 2500-3000 cm™, in
agreement with the complete removal of the surfactant. One intensive band recorded for the
amino-modified sample in the high-frequency region at 2900 cm™ is assigned to the -CHo-
stretching vibrations. After covalent linking of the ferrocene functionality, a new band
appeared at 3104 cm™, which is characteristic for the C-H stretching vibrations of the Cp-
rings (Figure 8.4.A, c). The corresponding -CH,- scissoring vibrations are visible in the
region between 1410-1470 cm™ together with the C=C stretching vibration modes of the Cp-
rings (Figure 8.4.B, c). The band at 1312 cm™ in the spectrum of the amino-modified SBA-
15 material (Figure 8.4.B, b) is likely to be assigned to the Si-C bond. A prominent band in
the Raman spectra of the ferrocene-modified material (Figure 8.4.B, c) is the Cp-breathing

mode that is recorded at 1107 cm™.
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Figure 8.4. FT-Raman spectra of a) calcined SBA-15, b) SBA-15-APES, and ¢) SBA-15-
APES- FeCp, samples recorded in the A) high- and B) low-frequency regions.

In addition, in the region around 1000 cm™ Raman active C-H in-plane bending

modes associated with the Cp-rings are observed. The C-H out-of-plane bending modes show

low Raman intensity at 920-900 cm™. The other vibration modes typical for metallocenes are
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skeletal vibrations, namely Cp — tilt, Cp — Fe stretching, and Cp-Fe-Cp deformation bands.
The Cp — tilt skeletal vibrations show a weak Raman band at 390 cm’! accompanied by a
more intensive Cp — Fe stretching mode at 316 cm™ (Figure 8.4B, c). The positions of the
Raman shifts measured for our samples are similar to those already published in the literature
for ferrocene derivatives'>'*!".

A direct confirmation of the covalent linking of the ferrocene aldehyde to the amino
groups attached to the mesoporous walls is obtained through the observation of the Raman-
active imine band at 1644 cm™ (Figure 8.4.B.c and Figure 8.5.a). The comparison of the
Raman spectra of neat ferrocene aldehyde with that of SBA-15-APES-FeCp, material
(Figure 8.5.) shows that the high-intensity carbonyl band at 1671 cm™ vanishes while the
imine band at 1644 cm™ appears.

In addition to vibrational studies, '*C solid-state NMR measurements were performed
with sample SBA-15-APES-FeCp;, in order to prove the successful modification of the
mesoporous silica surface with ferrocene moieties (Figure 8.6.). The most prominent *C
NMR signal at 69.5 ppm in the spectrum is associated with the carbon atoms in the Cp

rings'®.
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Figure 8.5. FT-Raman spectra of a) ferrocene aldehyde and b) SBA-15-APES-FeCp,

material.
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The chemical shifts that appear at 10.9, 24.9, and 43.6 ppm are not found in the °C
NMR spectrum of pure ferrocene aldehyde and are assigned to the typical resonances of the
carbon atoms in amino-modified mesoporous materials. The signal at 10.9 ppm is ascribed to
the C' carbon atoms of the methylene groups, which are directly bonded to the silicon
atom'®. The other two signals are assigned to carbon atoms C” and C* of the propyl chain as

shown in Figure 8.6.

=Si-C'H,C*H,C*H,-N=C*H-Cp,Fe
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Figure 8.6. 3C NMR spectrum of SBA-15-APES-FeCp, sample.

The nature of the molecular functionalities and the chemical bonding to the silica
surface of the mesoporous material was studied with *’Si solid-state NMR spectroscopy and
compared with previously published results'®'?. The *Si spectra with peak assignments for
the calcined SBA-15 and SBA-15-APES samples are shown in Figure 8.7. In the *Si NMR
spectrum of the calcined SBA-15 material two distinct chemical shifts were recorded at —90.8
and —99.8 ppm, which are attributed to silicon in the siloxane binding environment with
geminal silanol groups [(SiO),Si-(OH),] (Q” silicon atoms) and to isolated silanol groups
[(Si0)3Si-(OH)] (Q’ silicon atoms). Only a shoulder of low intensity was detected at —110
ppm that is due to silicon atoms in a siloxane environment with no silanol groups [(S10)4S51]

(Q* silicon atoms)'®. The predominant appearance of Q* and Q’ silicon atoms even after
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treatment at 700°C suggests a high degree of coverage of silanol groups on the pore surface
of the calcined SBA-15 material (having well known additional microporosity). It may be
speculated that the former observation is due to a stabilizing effect of carbonized
ethyleneoxide segments of the tri-block co-polymer on the silica walls during the first
thermal stabilization step. The *’Si NMR spectrum of the amino-modified SBA-15 material
shows chemical shifts typical for Q* and Q* silicon atoms at —100.3 and —107.8 ppm,
respectively, which are in agreement with a decreased population density of the silanol
groups on the mesoporous silica surface and increased siloxane condensation via reaction of
the organosilane with the surface silanols''. In addition to the peaks of Q* and Q" silicon
atoms, the spectrum of the SBA-15-APES sample also shows two resonances at —60 and —
68.9 ppm that correspond to two different environments of the silicon atoms in the
organosilane molecules'"*'®. Specifically, T* silicon atoms are bound to one hydroxyl and one
organic residue and form two siloxane bridges [(Si0),Si-(OH)R], while T° silicon atoms form
three siloxane bonds [(SiO);Si-R]. The population of the T? species is larger than that of T°
species, which implies that the organosiloxane molecules are more randomly distributed on

the porous surface rather than being directly linked with each other in a continuous layer".
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Figure 8.7. *Si NMR spectra of a) calcined SBA-15 and b) SBA-15-APES samples.
The relative integrated intensities of the NMR signals of the organosiloxanes (T™) and

siloxane species (Q") can be employed to estimate the incorporated amount of functional

groups'”. The percentage of the reacted surface silanol groups with organosilane molecules
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can be roughly estimated by taking into account the ratio of the integrated intensities of the
NMR signals for T2+ T and those of Q° + Q*. The calculated (T + T*)/(Q* +Q%) ratio is
0.36. Taking into account the density of the silica, ~0.2 g/cm’, and the wall thickness of the
silica walls of about 5 nm (typical for SBA-15 material, see Chapter 5.3.2), the number of
Si0, molecules per nm? is calculated to be 4. The density of silane molecules on the SBA-15
surface calculated from the TGA is 0.5 molecules per nm” (see before); the corresponding
ratio of Si atoms in the silane and in the silica walls is 0.13. That is less than calculated from
the Si NMR data. It should be noted that the relative peak intensities in the ’Si NMR
spectra are not strictly quantifiable due to possible differences in the relaxation behavior.

The population density and the quality of the molecular functionality grafted on the
surface of the mesoporous materials are generally affected by the nature of the silanol groups
available on the surface. It is well known that free silanol groups are necessary to anchor the
organic molecules to the silica surface by siloxane bonding. Although the mesoporous silica
surface could have a significant population of silanols, most of them are hydrogen bonded to
each other forming a hydrophilic net and are in this way non-reactive toward silane
modification””. A considerable increase in the number of free silanols that are reactive
towards silane modification is obtained by evacuation at temperatures as high as 400°C".
The density of free hydroxyl groups on mesoporous silica depends on the type of mesoporous
material, synthesis route, and template-removal procedure. The density of free silanol groups
on MCM-41, MCM-48, and amorphous silica has been reportedzl, and it is assumed that the
density of the silanols on the surface of these materials is not high enough to fix silanes with
more than two Si-O-Si bonds. That is in agreement with the preferential formation of
randomly distributed organosiloxane molecules (high concentration of T) rather than a
continuous layer of fully cross-linked organosiloxane molecules (T signal) on the surface of
the SBA-15-APES sample.

The morphology of the calcined and modified SBA-15 material was examined by
scanning electron microscopy (Figure 8.8.). The calcined SBA-15 material contains rods with
a typical diameter of 10 - 30 um and lengths of up to 150 um. The rods are assembled from
worm-like structures (several micrometers long) that are running or curling along the long

axis of the rod. It has been observed in TEM investigations that the hexagonally ordered
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channels of the SBA-15 material are preferentially aligned with the long axes of the worm-
like structures (see below). After several steps of modification the worm-like structure of the

rods is essentially preserved although breakage leads to shorter lengths.
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Figure 8.8. SEM images of A) calcined SBA-15 rods (inset shows the worm-like structure of
the rods, scale bar 20 pm) and B) SBA-15-APES-FeCp; (inset shows small micrometer-sized

rods, scale bar 1 um).

8.3.2. Carbon filaments in ferrocene-modified SBA-15 rods

The mesostructural order of a ferrocene-modified sample that was subjected to
vacuum pyrolysis for 1 h at 850°C (ramping rate 4.5 deg/min, 10~ mbar) is still intact based
on the first-order reflection in the X-ray diffractogram. The peak position is shifted to higher
20 values (Figure 8.9.). The calculated cell parameter is 10.5 nm and corresponds to a
shrinkage of 10% of the mesoporous structure due to the increased siloxane condensation and
cross-linking in the mesoporous walls at higher temperatures. Vacuum pyrolysis at
temperatures as high as 950°C with the same heating rate still showed retention of the
mesostructural order, thus confirming the extreme thermal stability of the ferrocene-modified
sample. This is notable since purely siliceous SBA-15 materials prepared by conventional
routes (hydrolysis-condensation of TEOS) show low structural stability at those high
temperatures and high heating rates. We suggest that the formation of the carbon filaments

during the pyrolysis step serves as additional structure-stabilizing effect that prevents the
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mesophase structure from collapsing. The as-synthesized SBA-15 sample that was treated in

flowing air at 900°C (heating rate of 4.5 deg/min) did not show any mesophase structure.
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Figure 8.9. XRD patterns of SBA-15-APES-FeCp, material before and after pyrolysis at
850°C.

The Raman modes of carbon nanotubes and other sp” carbons, including carbon
nanoparticles, disordered carbon, and graphite, have been studied in detail; they present an
important tool for the characterization and prediction of the electronic properties of those

. 1,22,2
materials'*>%

. Figure 8.10 shows Raman spectra of the carbon filaments prepared by
pyrolysis of the ferrocene-modified SBA-15 material at 750 and 850°C, and the spectrum of
the MWCNs obtained by catalytic decomposition of acetylene over Fe-loaded mesoporous
films at 700°C (see Chapter 7). A Raman-active E;, mode at 1606 cm’ characteristic for
graphite is observed in CVD-processed MWCNs and in the pyrolysed SBA-15-APES-FeCp,
material (with increasing intensity at higher pyrolysis temperature) (Figure 8.10). A similar
band, but at different position and line-width®*, is also found in the Raman spectra of sp’-
carbons, such as boron doped pyrolytic graphite, carbon nanoparticles, and even in glassy

carbon. Since the line-width and the position of the E,, mode in the sample pyrolysed at

850°C and that of the CVD-processed MWCNs are very similar it is suggested that the
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obtained carbon filaments in the SBA-15 material have similar properties to multiwalled
carbon nanotubes or pyrolytic graphite. Nevertheless, a considerable disorder in the graphene
sheets is present as indicated by the D-band at 1330 cm™. The degree of the disorder affects
the position, intensity, and line-width of this peak®”. As can be seen for the sample pyrolysed
at 750°C, the D-band is broader, more intense than the E», mode, and is shifted to lower
frequencies. This indicates that at a lower pyrolysis temperature carbon material similar to

glassy carbon is formed.

Raman intensity (a.u.)
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Figure 8.10. FT-Raman spectra of SBA-15-APES-FeCp, sample pyrolysed at a) 750°C and

b) 850°C in vacuum, and c) MWCNs prepared by catalytic decomposition of acetylene at

700°C in a flow reactor.

EDX analysis was performed in order to probe the iron content in the samples before
and after pyrolysis and to examine possible sublimation of ferrocene into the gas phase. A
similar Fe/Si atomic ratio of 0.06 was found in both cases that corresponds to ferrocene
loading of the mesoporous silica material of about 7 wt% (for comparison, the TGA also
showed loading of about 7 wt%, see above). Furthermore, the thermogravimetric data of the
ferrocene-modified SBA-15 material in inert gas atmosphere showed no significant weight
loss up to temperatures as high as 600°C. The synthesis of carbon nanotubes by pyrolysis of

ferrocene/hydrocarbon mixtures is already an established technique for the mass production
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of MWCNs’. The role of ferrocene in the production of the MWCNs by pyrolysis of
ferrocene/hydrocarbon mixtures is to act as a floating catalyst in the gas phase and to
nucleate the growth of carbon nanotubes on porous surfaces®. The necessity of introducing an
additional hydrocarbon source instead of using only ferrocene is based on the low carbon-to-
iron content in the ferrocene. Nevertheless, pyrolysis of ferrocene in a flow reactor without
additional hydrocarbon flow was shown to give small amounts of single-walled nanotubes
and carbon particles'’. In this study the carbon content is enhanced by the selective
functionalization of the silica walls of the SBA-15 material with organosilane; the latter also
serves as a coupling agent for the ferrocene moieties. It appears that the selective inclusion of
ferrocene through covalent bonding to the organosilane linker molecules, and the precise
tuning of the vacuum-pyrolysis conditions are critical for the production of carbon filaments
by the method described here.

Pure carbon material was obtained by dissolving the templating SBA-15 matrix in 4%
hydrofluoric acid at room temperature for 12 h. The complete dissolution of the silica matrix
was confirmed by EDX analysis (removal of the Si signal). SEM images of the pyrolysed
SBA-15-APES-FeCp, material before and after HF treatment are shown in Figure 8.11.

MNOME

Figure 8.11. SEM images of pyrolysed ferrocene-modified SBA-15 material A) before (scale

bar 1pum) and B) after removal of silica matrix (scale bar 100 nm).

Ferrocene-modified SBA-15 material subjected to pyrolysis shows the same worm-

like morphology as that observed for the SBA-15-APES-FeCp, material. The preservation of
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the morphology of the carbon material after removal of the silica matrix suggests that the
carbon filaments are interconnected. Similar results have already been observed for Pt wires
prepared in SBA-15 host and have served as an indirect proof for the suggested
microporosity in the SBA-15 walls**.

The synthesis of ordered mesoporous carbons (CMK-materials) by carbonization of
an infiltrated carbon precursor (sucrose) in the pores of mesoporous silica and subsequent
removal of the silica template is already a well established technique®. The carbon filaments
prepared by the method proposed here are obtained due to the selective introduction of
ferrocene functionalities in the mesoporous channels combined with the ferrocene-based
catalytic method for the production of bulk amounts of carbon nanotubes. Since the Raman
spectrum of the SBA-15-APES-FeCp, sample pyrolysed at 850°C is very similar to that of
the MWCNs we suggest that the carbon filaments have analogous properties to the MWCNs

or nanosized graphite.

Figure 8.12. TEM images of a) pyrolysed SBA-15-APES-FeCp,-850°C (inset: scale bar 10
nm) and b) isolated carbon filaments after removal of the silica matrix (inset: showing

graphitic parts of the carbon filaments, scale bar 5 nm).
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Additional TEM investigations were undertaken to probe the structure of the included
carbon filaments. Figure 8.12 shows the TEM images of SBA-15-APES-FeCp, sample
pyrolysed at 850°C and extracted carbon filaments after dissolving the silica matrix. Figure
8.12.a confirms the excellent mesostructural order of the host material. The mesoporous
channels with diameter of about 5 nm are oriented parallel to the long axis of the worm-like
structures. After modification with APES-FeCp, and pyrolysis at 850°C the mesostructural
order is still intact (Figure 8.12.a). After extraction from the host silica matrix, continuous
carbon filaments were observed showing a one-dimensional tubular structure with diameters
of about 5 nm and lengths of more than 100 nm. Removal of the silica framework distorts the
alignment of the carbon filaments but they still show quasi-parallel arrangement similar to
that of the channels in the parent SBA-15 matrix (Figure 8.12.b). The HRTEM images of the

carbon filaments showed small domains with a graphite-like structure (inset Figure 8.12.b).

8.3.3. Growth of carbon filaments in mesoporous films

The functionalization steps described in Scheme 8.1 were applied to mesostructured
thin films prepared by the EISA method. Two types of mesoporous films showing three-
dimensional cubic (Pm3n) (templated by CTABr surfactant) and two-dimensional (p6m)
mesophase structure (templated by tri-block copolymer Pluronic123) were modified with
APES (see Table 8.2.), reacted with ferrocene aldehyde, and subjected to vacuum pyrolysis.
It is expected that a three-dimensional array of carbon filaments with diameters of less than 2
nm will form due to the confinement in the cubic silica mesoporous film (see Figure 8.13.).
Furthermore, due to the pore accessibility offered by the three-dimensional cubic structure it
is assumed that the inclusion chemistry in this porous system is much facilitated, and easy
access of reagents would be allowed at every modification step. Oppositely, if the two-
dimensional channel system of the (p6m) mesoporous films is used as a template, nanometer-
sized carbon wires oriented parallel to the substrate surface would be expected (see Figure
8.13.). The orientation of the mesoporous channels parallel to the substrate surface would
probably restrict the access of the reagents to the host, except by using the boundaries

between the mesostructured domains (see Chapter 6.3.1.1).
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Figure 8.13. Schematic representation of the conductive nanostructures prepared in the thin
mesoporous films having A) three-dimensional cubic and B) two-dimensional hexagonally

ordered mesoporous systems.

Figure 8.14 shows the RXRD patterns for the cubic (Pm3n) mesoporous film (NPF1
sample) subjected to different modification steps. It can be seen that the cubic (Pm3n)
mesophase structure is preserved at every modification step. The indexing of the mesophase

structure is done as described in Chapter 6.3.1.1.
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Figure 8.14. RXRD patterns of a) NPF1-calc, b) NPF1-calc-APES, ¢) NPF1-calc-APES-
FeCp,, and d) NPF1-calc- APES-FeCp,-850°C.
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The cubic unit-cell parameter of the NPF1-calc, NPF1-APES, NPF1-APES-FeCp; is
5.5 nm calculated from the position of the (211) reflection. The cubic unit cell of the NPF1-
APES-FeCp,-850°C sample decreases to 4.3 nm due to the increased condensation of the
silica framework at the high pyrolysis temperature.

The GID pattern of the NPF1-APES-FeCp,-850°C sample shown in Figure 8.15 gives
additional information about the three-dimensional cubic structure of the sample. As for the
as-deposited NPF1 and NPF1-calcined samples, the diffraction spots in the pattern of the
NPF1-APES-FeCp,-850°C sample are localized on three diffraction ellipses rather than
rings, indicative for the one-dimensional contraction of the silica framework. At the pyrolysis
temperature of 850°C the contraction calculated from eqn. 6.1. (Chapter 6.3.1.1.) is
OH =49% (in comparison OHas.deposited = 22% and OHcae = 38%). The intensity distribution in
the direction of the out-of-plane diffraction (inset in Figure 8.14.) similar to the RXRD
experiment, shows two reflections indexed as (210) and (211) reflections of the (Pm3n) cubic

mesophase. For additional discussion on the mesophase structure see Chapter 6.3.1.1.

Figure 8.15. GID pattern of the NPF1-APES-FeCp,-850°C sample (inset: intensity

distribution in the direction of the out-of-plane diffraction).
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The functionalization process with APES and ferrocene aldehyde of the NPF1 film
was followed with reflection-absorption FT-IR spectroscopy. Figure 8.16. shows the
reflection-absorption FT-IR spectra of NPFl-calc, NPFI1-APES, NPF1-APES-FeCp,
samples, respectively. In the high-frequency region a broad envelope band between 3700 —
3000 cm™ is recorded for the calcined and amino- and ferrocene-modified samples that is
assigned to residual silanol-bonded water. Note that the experiments were performed in an
evacuated sample chamber at room temperature. As shown before high-temperature
activation of the mesoporous material is needed to remove all silanol-bonded water.
Nevertheless, it was possible to record the signal at 3750 cm™ in the spectra of the calcined

sample that is assigned to isolated Si-OH groups that are accessible for further

functionalization.
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Figure 8.16. Reflection-absorption FTIR spectra of a) NPF1-calc, b) NPF1-APES, and c)
NPF1-APES-FeCp, samples.

After modification with silane molecules and due to the covalent bonding to the free
Si-OH groups of the mesoporous silica walls, the band at 3750 cm™ disappears (see Figure
16b). Additional bands typical for the grafted silane molecules appear at 2925, 2860, and
1655 cm™!, which are attributed to -CH,- asymmetric and symmetric stretching of the propyl

chains and -NH; bending vibrations, respectively. Besides the -CHj- stretching vibrations the
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ferrocene-modified sample shows also a band at 1647 cm™ that is assigned to the imine
groups formed after Schiff-base reaction (see Scheme 1, III). The results are in good
correspondence with the FT-IR and FT-Raman spectroscopy data obtained for the
functionalized powder SBA-15 material.

In order to further characterize the mesoporous films and to follow the modification
of the mesoporous surface with molecular functionality, measurements with QCM devices
covered with the cubic mesoporous films were performed. The XRD patterns of the films
deposited on the MPS-functionalized gold surface show the pattern characteristics similar to
those of the cubic (Pm3n) mesoporous films prepared on silicon wafers (see Chapter 6.3.1.1).
After functionalization of the calcined mesoporous films and full removal of the solvent, a
drop of the frequency was measured by the QCM device. This is related to the effective mass

loading of the mesoporous film due to the covalently grafted organosilane molecules.

MPS — modified QCM

3.38g - mass of the film
calcined film

APES — modified film

APES-FeCpy—
modified film

1.62 mmol/g APES

b) } 0.38 mmol/g FeCp,

Frequency of the QCM (MHz)

Time
Figure 8.17. QCM gravimetric data for the modification of the NPF1-calc film with a) APES
and b) FeCp,

For example, it was calculated (using the Sauerbrey equation, for details see Chapter
4.4) that APES-modified films show a loading of about 1.62 mmol/g (see Figure 8.17.a).
This value is higher than that obtained for the SBA-15-APES material (0.76 mmol/g)
calculated from the TGA data. After modification with ferrocene aldehyde an additional drop
in the frequency of the QCM device is observed (see Figure 8.17.b) that corresponds to an
additional 0.38 mmol/g of FeCp,. This value results in 24% yield of the Schiff-base reaction.

Lower reaction yield in comparison to the SBA-15 material may be due to the partial
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blockage and pore clogging in the porous system of NPF1-APES (see below). These results
show that careful gravimetric-QCM measurements can be used to follow the modification
process of thin mesoporous films.

Additionally, nitrogen-sorption measurements of the calcined and APES-modified
sample were performed at liquid-nitrogen temperature. Nj-sorption data for the NPF1-calc
and NPF1-APES are shown in Figure 8.18. The isotherm of the NPF1-calc film was already
discussed in Chapter 6.3.2. The nitrogen-sorption data for the APES modified film shows
considerable reduction of the amount of the adsorbed nitrogen (figure 8.18.b). This result can
be attributed to the blockage of the porous system by introduction of molecular functionality.
Nevertheless, drastically decreased accessibility of the porous system is higher than that
found in the organically modified powder mesoporous materials. This lower sorption could
be associated with partial blocking of the porous system by the thin organosilica overlayer

plus a loss of flexibility of the organic groups at the liquid-nitrogen temperature.
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Figure 8.18. Nj-sorption isotherms measured with QCM device of a) NPF1-calc and b)

NPF1-APES mesoporous films.

Similarly, hexagonally ordered mesoporous films prepared with Pluronic123 as a
structure directing agent were subjected to modification with APES and FeCp, (see Table

8.2.). The RXRD patterns taken at different modification steps are shown in Figure 8.19. The
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ordered mesostructure of the NPF3-calc sample was preserved at every modification step as
confirmed from the appearance of the first-order (100) reflection in the RXRD patterns of the
modified films shown in Figure 8.19. The shift in the position of the (100) reflection in the
pattern of the pyrolyzed NPFI1-calc-APES-FeCp, sample (Figure 8.19.d) is due to the

increased siloxane condensation in the silica walls at the high pyrolysis temperature.
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Figure 8.19. RXRD patterns of a) NPF3-calc, b) NPF3-calc-APES, ¢) NPF3-calc-APES-
FeCp,, and d) NPF3-calc-APES-FeCp,-850°C.

The modification of the mesophase surface with APES-silane molecules and
subsequent reaction with ferrocene aldehyde was proven by reflection-absorption FT-IR
spectroscopy (see Figure 8.20.). The band at 3750 cm™ in the spectrum of NPF3-calc sample
is assigned to free silanol groups and disappears in the spectrum of the APES-modified
sample due to the silylation of the silica surface. Additionally, the -CH, stretching vibrations
at 2935 and 2870 cm™ were recorded in the spectra of the NPF3-calc-APES and NPF3-calc-
APES-FeCp, samples. The imine band at 1648 cm™ is evident in the spectrum of the NPF3-
calc-APES-FeCp, sample proving successful modification of the silica surface with ferrocene
functionality. Similar results have been obtained for the cubic NPF-1 film and SBA-15 rods

(see above).
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Figure 8.20. Reflection-absorption FTIR spectra of a) NPF3-calc, b) NPF3-APES, and c)
NPF3-APES-FeCp, samples.

The formation of the carbon filaments in mesoporous films was followed by TEM
measurements. Because of the low contrast between the carbon material and the mesoporous
silica material direct visualization of the carbon filaments in the mesoporous channel system
is difficult. Figure 8.21 shows the TEM images of the NPF1-APES-FeCp,—850°C and NPF3-
APES-FeCp,-850°C samples. It is seen that the excellent cubic (Pm3n) order and the
hexagonal order of the mesoporous channels is preserved after pyrolysis at high temperature.
Usually unmodified silica films treated at those high temperatures (with high heating rates)
result in full loss of the mesostructural order. It is difficult to resolve the carbon material
deposited in the channel system of the mesoporous films. Attempts to isolate carbon material
for imaging with TEM by dissolving the silica host were not yet successful.

The functionalization steps described in Scheme 8.1 were successfully applied to
mesostructured thin films prepared by EISA method. After the final pyrolysis step at 850°C,
the mesostructural order of the films was preserved. Unfortunately, the lack of
characterization methods, such as Raman and NMR spectroscopies, or standard TGA and N,-
sorption measurements, makes it very difficult to fully follow the modification process of the

films and to get more knowledge of the carbon material prepared in these hosts.
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Figure 8.21. a) and b) TEM images of the NPF1-APES-FeCp,—850°C at two different
magnifications, and c¢) and d) TEM images of the NPF3-APES-FeCp,—850°C at two different

magnifications.

8.4. Conclusions and Perspectives

A new method for the growth of carbon filaments in ferrocene-modified SBA-15 rods
and thin mesoporous films by vacuum pyrolysis at elevated temperatures is reported. The
synthesis of carbon filaments is possible by the selective inclusion of the ferrocene through
covalent bonding to organosilane molecules that serve as linking functionality to the silica

walls and by the precise tuning of the vacuum-pyrolysis conditions. The mesophase structure
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of the host/guest system was retained after pyrolysis at 850°C. Upon pyrolysis, 5 nm thin
carbon filaments with tubular morphology generated within the channels of the SBA-15 host
were extracted.

In this study, surface-sensitive techniques, such as GID, reflection-adsorption FT-IR
spectroscopy, and QCMs measurements, were applied together in order to follow the post-
synthesis functionalization process of thin mesostructured films. The vacuum-pyrolysis
conditions and the selective inclusion of the catalytic ferrocene functionalities are critical for
the growth of the carbon filaments in ferrocene-modified mesoporous films by the method
described here.

Nevertheless, further characterization studies, such as Raman spectroscopy or GID
measurements of the carbon filaments in the thin mesoporous films, could be conducted in
order to gain more knowledge about the nature of the carbon material obtained. Most
importantly, it is desirable to find synthetic methods to prepare hexagonally ordered
mesoporous films that will facilitate the transport of reagents to the mesophase surface. Such
approaches are discussed in the Outlook. Conductivity measurements performed with an
STM of the hybrid carbon filaments/mesostructured silica material prepared as thin films are

also envisioned, which will increase our knowledge about their electrical properties.
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9.4. Conclusions and Perspectives

9.1. Introduction

Nobel-metal nanostructures prepared as one-dimensional nanowires or arrays of
ordered nanosized particles are considered to be key elements for the development of
bottom-up technology in nanoscience (see Chapter 1). Among these, considerable attention
has been paid to gold nanostructures because of their appealing electrical properties that are
essential when the preparation of interconnections and functional units for electronic,
optoelectronic, electrochemical, and electromechanical devices is required”. The
preparation of metal nanostructures applying templating methods within the confined
spaces of host materials, such as anodic alumina, carbon nanotubes, or mesoporous solids is
an attractive opportunity (see Chapter 3.1. and references therein).

Metal infiltration through wet impregnation or metalorganic chemical vapor

deposition in the hollow channels of different porous supports are popular techniques used
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to load porous materials with metallic particles for different catalytic applications®”. This
approach has been expanded to the preparation of continuous metal wires. Stucky and co-
workers demonstrate a general synthetic route for the preparation of noble metal nanowires
(Au, Ag, Pt) encapsulated in SBA-15 materials’. In order to incorporate the metal
precursors inside the mesoporous channels, calcined mesoporous SBA-15 was impregnated
with aqueous solutions containing noble metal salts, such as Pt(NH;3)4(NO3),, HAuCly, and
AgNOs. The average length of a single nanowire was 500 nm with a uniform diameter of 6
nm, consistent with the channel dimensions. Chemical vapor infiltration is another approach
used to prepare metal nanowires inside the mesoporous host matrix. Cheon and co-workers
demonstrated the synthesis of Pd-nanoballs and nanowires in MCM-48, MCM-41, and
SBA-15 materials, respectively, by chemical vapor infiltration with the organometallic
precursor Pd(hfac), (hfac = l,1,1,5,5,5-hexaﬂuoroacetylacetonate)6’7.

Unfortunately, electrical conductivity measurements were not performed in any of
the studies discussed here, but potential applications of the metal nanostructures as
conductive devices suitable for molecular electronics are occasionally mentioned. Recently,
the preparation of RuO, nanowires in disordered mesoporous silica acrogels by cryogenic
decomposition of RuO, was reported®. Two-point probe conductivity tests between various
points in the center and on the outer surfaces of the loaded aerogel show metallic
conductivity after annealing the composite material at 150 °C.

Gold nanostructures, nanowires, or nanoarrays can be prepared in mesoporous hosts
by applying a direct wet impregnation technique with H{AuCly], or in situ by complexation

of the gold precursor on the organically modified mesoporous surface®”'*!"1?

. Recently,
co-assembly one-pot synthesis of ordered mesoporous material with gold nanoparticles was
reported where the H{AuCly] was directly added to the initial synthesis sol". In these cases
it is expected that mesoporous hosts with tubular mesoporous system (MCM-41, MCM-48,
or SBA-15) will template gold nanowires whereas three-dimensional cubic mesoporous
materials with spherical porous system can give templated growth of ordered gold
nanoarrays. Usually the gold reduction was preformed in hydrogen flow at elevated

5,9,10 . . : . 11,12
temperatures™ "~ or by using chemical reducing agents, such as NaBHy4 or citrate "' ~. A

prerequisite for the successful impregnation of the H[AuCly] in the mesoporous solid is to
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adjust the isoelectric point of the host matrix so that anionic Au(OH)xClsx complexes are
coordinated on the mesoporous surface. For example, at pH 6-10 where the usual wet
impregnation is done, the mesoporous silica surface is negatively charged (isoelectric point
of silica is around 2) and no coordination of the gold precursors is expected. A useful
strategy is to modify the mesoporous surface with cationic functional groups that will
enhance the interaction between the anionic gold complex and the silica surface”'. On the
other hand, thiol-functionalized mesoporous materials were used to directly assemble gold
nanoarrays by size-selective extraction of gold nanoparticles from nanosized colloidal gold
suspensions'*.

An important factor that influences the synthesis of gold nanostructures in host
matrices is the choice of the reducing agent. When high temperature reduction in hydrogen
is used the mobility of gold is usually high enough to form bigger clusters on the outer
surface of the host matrix’. To overcome this problem mild chemical reduction conditions
were suggested that make the final size of the gold nanostructures only dependent on the
pore size of the host matrix'".

For the future applications in nanotechnology it is desirable that the metal
nanostructures are encapsulated in host templates prepared on a variety of substrates, such
as thin layers or films. Recently, Ag nanoparticles assembled in nanosized arrays in the
three-dimensional hexagonally ordered films have been made by wet impregnation of the
mesoporous film with AgNO;, followed by hydrogen reduction'. Similarly, Au
nanoparticles were prepared in hexagonally-ordered CTAC-templated films'®.

A significant disadvantage of all these strategies is the low continuity of the final
gold nanowires or nanoarrays. Usually only several tens of nanometers of gold nanowires or
a mesoporous surface sparsely covered with gold nanoparticles is obtained. A promising
approach to obtain continuous metal nanowires is electroless reduction. The electroless
reduction methods use metal ions or catalyst nanoparticles to nucleate and guide the growth
of continuous metal nanowires. It has been shown that chiral lipid tubules can be metallized
by electroless reduction giving nanometer thin metal wires'’. Metallized DNA molecules
were also subjected to electroless reduction, resulting in a metal nanowire between two

18,1
metal electrodes'®"’.
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In this Chapter, a two-step procedure for the preparation of gold nanostructures in
SBA-15 hosts and mesoporous films is demonstrated. First, the assembly of catalytically
active gold nanoparticles is achieved followed by electroless reduction in a gold plating
bath to obtain continuous gold nanostructures. Different methods for the preparation of the
catalytically active gold nanoparticles were explored, namely direct assembly of gold
particles on thiol-modified mesoporous materials from different gold colloids (5 - 6 nm and
1.5 - 3 nm gold particles) and impregnation-complexation of H{AuCls] on ethylenediamino-
modified mesoporous materials (see below). The aim was to find optimal synthetic
conditions for selective loading of the inner surface of the mesoporous materials with gold
nanoparticles and to use these supports for catalytic electroless reduction. The methods
investigated for the inclusion of gold nanostructures in SBA-15 material were extended to

mesostructured films prepared by the EISA method.

9.2. Experimental

9.2.1. Modification of the SBA-15 rods and mesoporous films

SBA-15 rods were synthesized as explained in Chapter 5.3.2. CTABr- and
Pluronic123-templated mesoporous films were prepared following the conditions of the
EISA method (Chapter 6.2.1.). Template removal was achieved by first treating the sample
at 120 °C for 6 h in air followed by calcination in flowing air at 500°C for 4 h (ramping at
0.75 deg/min), calcination procedure B (Chapter 5.3.2.).

Calcined SBA-15 rods and mesoporous films were modified with thiol groups. A
sample of 50 mg of mesoporous silica SBA-15 material was dehydrated at 120 °C in
vacuum to remove water molecules absorbed on the surface, and then stirred in 10 mL dry
toluene (Fluka) containing 500 pL (0.003 mol) of 3-marcaptopropyltrimethoxysilane (MPS
— Fluka) (Scheme 9.1., step IA) under refluxing conditions applying standard Schlenk-line
techniques for 20 h. Similarly, 50 mg of dehydrated SBA-15 material in 10 ml dry toluene
(Fluka) was reacted with 700 pL (0.003 mol) of 3-(2-aminoethylamino)
propyltrimethoxysilane (AEPMS - Fluka) under N, for 20 h in order to introduce

ethylenediamino functionalities on the silica walls (Scheme 9.1., step IB). The powder was
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collected by filtration, washed with excess amounts of the solvent, and dried at 60 °C for at
least 24 h. The identification of the samples used in this Chapter is shown in Table 9.1.
Calcined mesoporous films showing different mesophase structures (see Table 9.2.)
were dehydrated at 120 °C in vacuum to remove water molecules absorbed on the surface,
and then stirred in 10 mL dry toluene (Fluka) containing 500 pL (3umol) MPS under
refluxing conditions applying standard Schlenk-line techniques under N,. After 20 h the
functionalized mesoporous films were washed with excess amounts of the solvent and dried

at 60 °C for at least 24 h. The identification of the samples is given in Table 9.2.

9.2.2. Preparation of gold nanoparticles

Three types of gold colloids were prepared in this study that are referred to as Aul,
Au2, and Au3. Special attention was paid that clean glassware (aqua-regia) is used in all
synthesis.

Aul colloidal gold was synthesized according to literature methods and is expected
to give 4 - 5 nm gold nanoparticles®’. 1.5 mL (0.045 mmol) of a 30 mM aqueous solution of
hydrogen tetrachloroaurate H{AuCl4].3H,0 (Aldrich) were mixed with 4 mL (0.2 mmol) of
a 50 mM solution of tetraoctylammonium bromide TOAB (Aldrich) in toluene and shaken
vigorously in a separation funnel. After quantitative transfer of the tetrachloroaurate to the
organic phase, 1.75 mL (0.875 mmol) of freshly prepared 0.5 M sodium borhydride NaBH4
(Aldrich) was added at once under stirring and reacted for 15 min. Finally, the ruby-colored
organic phase was separated carefully, washed once with 0.1 M sulphuric acid to remove
access of borhydride, and used for further studies.

Au2 solution was prepared similar to Au2 but the NaBH4 reduction step was
omitted. The final orange-brown toluene solution was further used to directly assemble gold
precursors in the MPS-modified mesoporous hosts.

Au3 colloidal gold with 1.5 - 3 nm gold particles was prepared following literature
methods®'. To 45.5 ml distilled water were added in the following order: 1.5 mL (0.3 mmol)
of 0.2 M NaOH, 1 mL of 0.96% tetrakis(hydroxymethyl)phosphonium chloride THPC (1.2
mL of 80% THPC diluted to 100 mL with distilled water), and 1 mL (0.03 mmol)of 30 mM

hydrogen tetrachloroaurate H[AuCl4].3H,O. Two minutes were allowed between the

176



Chapter 9. Gold nanostructures in mesoporous SBA-15 rods and mesoporous films

prepared by electroless reduction

addition of the THPC and that of the tetracholoroauric acid. The final orange-brown

hydrosols were used for further experiments.
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Scheme 9.1. Graphical representation of the synthetic steps to obtain gold nanostructures in

the mesoporous materials.
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9.2.3. Assembly of gold nanoparticles on MPS- and AEPMS-modified mesoporous
materials and electroless reduction

Usually, a sample of 40 mg of MPS-modified SBA-15 material (SBA-15-MPS)
were stirred for 20 h at room temperature with 5 mL of Aul, Au2, and Au3 gold colloids,
respectively (see Scheme 9.1., IIA). After the assembly of the gold nanoparticles the
powder was collected by filtration, washed with excess amounts of solvent, and dried at 60
°C for at least 24 h. The identification of the samples is given in Table 9.1. Similarly, 40 mg
AEPMS-modified SBA-15 material (SBA-15-AEPMS) was stirred with 5 mL (0.15 mmol)
of 30 mM H[AuCl,].3H,0 at room temperature for 24 h (see Scheme 9.1., I1IB). Finally, the
SBA-15-AEPMS-Au sample was separated by filtration, washed with water, and dried at 60
°C.

In the same way, MPS-modified mesoporous films were immersed up-side down for
24 h at room temperature in 5 mL of Au2 gold solution. After washing with access amounts
of solvent, the films were dried and used for further studies. The identification of the

samples is given in Table 9.2.

Table 1. SBA-15 samples with codes used in the study.

Sample name Manipulation

SBA-15-calc Calcined SBA-15

SBA-15-MPS MPS-modified SBA-15
SBA-15-MPS-Aul Assembly of Aul in SBA-15-MPS
SBA-15-MPS-Au2 Assembly of Au2 in SBA-15-MPS
SBA-15-MPS-Au3 Assembly of Au3 in SBA-15-MPS

SBA-15-MPS-Aul-red Subjected to electroless reduction
SBA-15-MPS-Au2-red Subjected to electroless reduction
SBA-15-MPS-Au3-red Subjected to electroless reduction
SBA-15-AEPMS AEPMS-modified SBA-15
SBA-15-AEPMS-Au Complexing of H[AuCly]
SBA-15-AEPMS-Au-red Subjected to electroless reduction

The third step of the synthetic procedure involves electroless reduction (see Scheme
9.1., III). 30 mg of SBA-15 material modified with gold precursors were immersed in gold
electroless reduction bath®” consisting of 3 mL (0.016 mmol), 4 mM NH,OH.HCI, and 3
mL (0.09 mmol), 30 mM H[AuCl4].3H,O for 10 min (see Table 9.1.). Similarly, Au-
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modified mesoporous films were reacted in an electroless reduction bath consisting of 1.5
mL 0.4 mM NH,OH.HCI and 1.5 mL 3 mM H[AuCl4].3H,O (electroless reduction 1) for 6h
followed by repeated electroless reduction in a plating bath consisting of 3 mL 4 mM
NH,OH.HCI and 3 mL 30 mM H[AuCl4].3H,O (electroless reduction 2) for 30 min. Finally

all samples were washed with water and dried at 60°C overnight.

Table 9.2. Modified mesoporous film samples with codes used in the study.

Manipulation NPF1 NPF3

CTABr-templated Pluronic 123-templated

cubic hexagonal
Thermally treated and NPF1-calc NPF3-calc
calcined
MPS-modified NPFI1-MPS NPF3calc-MPS
Assembly of Au2 NPF1-MPS-Au2 NPF3-MPS-Au2
Subjected to NPF1-MPS-Au2-redl ~ NPF3-MPS-Au2-redl
electroless reduction 1
Subjected to NPF1-MPS-Au2-red2  NPF3-MPS-Au2-red2

electroless reduction 2

9.2.4. Characterization

The mesophase structure of the host materials and the samples loaded with gold
nanostructures were confirmed by X-ray diffraction measurements (Scintag XDS 2000,
CuK, radiation). Nitrogen adsorption-desorption isotherms were recorded using a NOVA
4000e Surface Area & Pore Size Analyser after evacuation of the samples at 120 °C. The
functionalization process of the SBA-15 material was followed by FT-IR spectroscopy
using a Nicolet Avatar-360 FTIR spectrometer with a spectral resolution of 4 cm™. The
powder was pressed into self-supporting disks (ca. 15 - 20 mg/cm™), that were directly
mounted in a sample cell. Measurements were performed in transmission mode at room

temperature after evacuation. FT-Raman spectra were recorded with a Bruker Equinox 55 -
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106v/S spectrometer equipped with a Raman module (9395 cm™ laser, 4 cm™ resolution, 80
mW laser power, 2000 scans). The modification processes of the mesoporous films were
followed by reflection-absorption FT-IR spectroscopy. Proton-decoupled "*C and *’Si solid-
state NMR spectra were recorded on a Bruker DSX Avance spectrometer. The loading of
the host support with organic functionality was followed by thermogravimetric analysis
(TGA; Du Pont 951, Thermal Analyzer). The elemental composition and surface
morphology of the powder and film samples were determined with SEM (JEOL, JSM
65007, field emission SEM equipped with Oxford EDX detector). TEM measurements were
performed with a JEOL JEM 2010 transmission electron microscope operating at 200 kV.
Samples for TEM were prepared by depositing a drop of a suspension of the solid in
acetone on carbon-coated copper grids. Samples for plan views of the mesoporous films

were obtained as described in Chapter 5.2.1.

9.3. Results and Discussion

9.3.1. MPS- and AEPMS-modified SBA-15

The XRD patterns of the calcined, MPS- and AEPMS-modified SBA-15 samples
show that the mesophase structure is preserved after the silylation of the mesophase surface.
As discussed earlier, this pattern corresponds to (p6m) hexagonal mesophase structure with
highly intense first-order (100) reflections and second-order (110) and (200) reflections (see
Figure 9.1.). After post-synthesis modification, the intensity of all reflections decreases due
to the decreased scattering contrast between the silica wall and the porous system; this is
typical for the pore filling of porous materials.

The nitrogen-sorption isotherms of the calcined, MPS- and AEPMS-modified
samples are shown in Figure 9.2. This type of isotherms has already been discussed in
Chapter 8.3.1. Most importantly, after post-synthesis silylation the type of the isotherms is
preserved; no pore blocking or mesophase distortion is observed. The specific surface area,
Sger, total pore volume, Vi, and mean pore size calculated from the BJH model, Dgju, show
decreased values for silane-grafted samples in comparison to the parent SBA-15 materials

in correspondence to the pore-filling effect (see Table 9.3.).
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Figure 9.1. XRD patterns of a) calcined SBA-15, b) SBA-15-MPS, and c) SBA-15-AEPMS

samples (the patterns are offset with 7000 cps).
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Figure 9.2. Np-sorption isotherms of a) calcined SBA-15, b) SBA-15-MPS, and c) SBA-15-
AEPMS samples (the isotherms are offset with 100 cm’/g).
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Table 9.3. N,-sorption data for the calcined SBA-15 and modified samples.

Sample a(nm) SBET(m2 g'l) Vt(cm3 g'l) Dg;jp(nm)
SBA-15-calc 11.6 887 1.17 5.4
SBA-15-MPS 11.5 468 0.62 53
SBA-15-AEPMS 11.5 382 0.44 4.5

The surface area is calculated from the BET model, the total volume adsorbed is calculated form single point
measurement at P/P, = 0.994, and the pore size is determined by the BJH model applied to the desorption
branch of the isotherm.

Thermal analysis was used to evaluate the degree of loading with molecular
functionality. The SBA-15-MPS sample shows a weight loss of 7 wt% (or about 14 wt%
loading with MPS, assuming that the weight loss is only due to the combustion of the
organic part of the silane and that siloxane bonds are formed) that corresponds to 0.63
mmol/g. This value stands for 0.45 MPS molecules per one nm” of mesoporous surface
calculated from eqn. 8.1. (Chapter 8.3.1.) A fully dense monolayer of MPS molecules on an
MCM-41 surface (Sger~900 mz/g) has been evaluated to be 5 molecules per one nm’
3 Assuming full coverage with MPS molecules (with length of the MPS molecule of about
0.42 nm, calculated from geometrical considerations) of the cylindrical mesopores with
average diameter of 5.4 nm and specific surface area of 887 m’g”, the total decrease of
mesoporous volume is estimated to be about 0.68 cm’g™. This is more than the decrease of
the total pore volume (V) measured by N, sorption (0.55 cm’g") and suggests sparsely
covered mesoporous surface with MPS molecules. These results are in accordance with the
*Si NMR data shown below.

The SBA-15-AEPMS sample shows a thermal weight loss of 10% (or about 17 wt%
loading with AEPMS, assuming that the weight loss is only due to the combustion of the
organic part of the silane, and that siloxane bonds are formed) equivalent to about 0.77
mmol/g of silane molecules grafted on the mesoporous surface. This value corresponds to
0.5 AEPMS molecules per one nm? calculated from eqn. 8.1. (Chapter 8.3.1.). This value is
lower than that obtained for AEPMS molecules grafted on MCM-41 and SBA-1 materials™.
Assuming full coverage with AEPMS molecules (with length of the AEPMS molecule of
about 0.44 nm, calculated from geometrical considerations) of the cylindrical mesopores

with average diameter of 5.4 nm and specific surface area of 887 m’g™, the total decrease of

182



Chapter 9. Gold nanostructures in mesoporous SBA-15 rods and mesoporous films

prepared by electroless reduction

mesoporous volume is estimated to be about 0.75 cm’g™”. This is slightly more than the
decrease of the total pore volume (V;) measured by N, sorption (0.73 cm’g™). The results
are similar to those obtained for the APES modified SBA-15 material (Chapter 8.3.1).

Here we obtain a lower surface coverage of MPS and AEPMS molecules on the
SBA-15 surface than theoretically estimated. On the other hand, as discussed in Chapter
8.3.1., the population density and the quality of the functionalized monolayers on the
mesoporous materials is strongly affected by the population of the surface silanol groups
that can participate in the silylation reaction. The type and density of the silanol groups on
the mesoporous surface is influenced by the synthesis mechanism (type of surfactant, pH,
etc.), post-synthesis treatments, and calcination procedure that are different for every type
of mesoporous material.

Further characterization of the modification process with MPS and AEPMS
functionalities was obtained with FT-IR and FT-Raman spectroscopy. The selected regions
of interest in the FT-IR spectra of the SBA-15-calc and SBA-15-MPS samples are shown in
Figure 9.3. The band positions in the spectrum of the calcined SBA-15 material and their
assignment was already discussed in Chapter 8.3.1. Briefly, the sharp signal at 3750 cm™ in
the spectrum of the calcined SBA-15 is due to the free Si-OH that are accessible for
silylation (see Figure 9.3.a). After MPS-modification, the intensity of this band is
considerably decreased confirming silane grafting on the mesoporous surface through
covalent bonding to the Si-OH groups. In comparison to the APES-modified (see Chapter
8.3.1) and AEPMS-modified samples (see below), the band at 3750 cm™ of the MPS-
modified sample is still evident. This can be explained by the less than complete siloxane
linking of the organosilane molecules to the free Si-OH groups of the mesoporous surface.
The bands at 2950 and 2855 cm™ in Figure 9.3.b are characteristic for -CH,- asymmetric
and symmetric stretching vibrations of the organosilane molecules.

The FT-IR spectra of the SBA-15-AEPMS sample are shown in Figure 9.5.b. The
full disappearance of the band at 3750 cm™ and the appearance of the bands at 2940, 2880,
and 1657 cm™ that are characteristic for -CH,- asymmetric and symmetric stretching and

-NH, bending, respectively, prove the successful post-synthesis grafting of AEPMS
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molecules on the mesoporous surface. The band positions are similar to those reported in

the literature for thiol- and amino-functionalized mesoporous materials®>*%.
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Figure 9.3. FT-IR spectra of a) calcined SBA-15 and b) SBA-15-MPS samples.
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Figure 9.4. FT-IR spectra of a) calcined SBA-15 and b) SBA-15-AEPMS samples.
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Additional evidence for the covalent bonding of the silane molecules is obtained by
FT-Raman measurements. Figure 9.5 shows the Raman spectra of the SBA-15-calc, SBA-
15-MPS, and SBA-15-AEPMS samples. As expected, the spectrum of the SBA-15-calc
does not show any Raman peaks in the examined region in correspondence with the full
template removal during the calcination process. In the high-frequency region, the bands
that are typical for the -CH,- asymmetric- and symmetric-stretching vibrations are seen in
the spectra of the SBA-15-MPS and SBA-15-AEPMS samples. The band at 2584 cm™ in
the spectrum of the MPS-modified sample (Figure 9.5.b) is assigned to the S-H stretching
vibrations. The bands that are typical for the -CH; scissoring vibrations and Si-C bonds are

seen at 1462 and 1307 cm™, respectively (Figure 9.5.b and c).
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Figure 9.5. FT-Raman spectra of a) calcined SBA-15, b) SBA-15-MPS, and ¢) SBA-15-
AEPMS samples.

PC NMR solid-state NMR studies were preformed to further identify organic
functionality grafted to the mesoporous surface. Figure 9.6.a shows the ?C NMR spectra of
the SBA-15-MPS sample. The peak at 9.3 ppm was attributed to the C' carbon atoms (see
inset Figure 9.7.a) of the methylene groups that are directly bonded to the Si atoms. The

signals at about 27.2 and 49.1 ppm were assigned to the other two carbon atoms (C* and C°)
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from the propyl chain. The identification of the carbon atoms for the SBA-15-AEPMS
sample is shown in the inset in Figure 9.7.b. Analogously, the signal at 9.5 ppm is attributed
to C' carbon atoms from the methylene groups directly bonded to the silicon atoms, and the
signals at about 21.8, 41.1 and 51.1 ppm are assigned to the carbon atoms in the propylene
and ethylene chains, as shown in the inset. The assignments correspond to other results
shown in the literature®>>%.

Additionally, the nature of the molecular functionalities and the chemical bonding to
the silica surface of the mesoporous material can by studied by solid-state ’Si NMR
experiments. The peak assignment and the indexation of the silicon atoms according to their

chemical environment in the amino-modified sample SBA-15-APES were shown in

Chapter 8.3.1.

=Si-C'H,-C*H,-C*H,-SH

=Si-C'H,-C*H,-C*H,-NH-C*H,-C*H,-NH,

I T T T T 1
-60 -40 -20 O 20 40 60 80 100 120

ppm
Figure 9.6. C NMR spectra of a) SBA-15-MPS and b) SBA-15-AEPMS samples.

Similarly, in the spectra of the SBA-15-calc, SBA-15-MPS, and SBA-15-AEPMS
samples (Figure 9.7) the peaks at about —101 ppm and —109.7 are assigned to the Q® and Q*
silicon atoms (see Chapter 8.3.1 for assignments) that are representative for the cross-linked
silica framework. In the spectrum of the SBA-15-calc and SBA-15-MPS sample, a
resonance at about —91.5 ppm is observed that is assigned to Q* silicon atoms. In

comparison to the *’Si NMR spectra of the calcined SBA-15 material (Figure 9.7.a), the
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appearance of fully cross-linked Si atoms (Q*) and the disappearance of the Q” silicon
atoms in the spectrum of the SBA-15-AEPMS material, and the considerable decrease of
the Q° species in the spectrum of the SBA-15-MPS material is indicative for the increased
siloxane condensation via reaction of the organosilane with the surface silanols. The
appearance of the residual Q” species in the spectrum of the MPS-modified sample suggests
the existence of Si bearing OH groups that did not participate in the cross-linking of the
organosilane molecules, in agreement with residual free silanols observed in the FT-IR
spectra (see above).

Signals from the T" silicon atoms (silicon atoms in the organosilane molecules, see
Chapter 8.3.1) were also detected in the SBA-15-MPS and SBA-15-AEPMS samples.
Figure 9.7.b shows signals at about 49.1, 56.7, and 65.5 ppm that are attributed to the T'
(silicon atoms that are bound to two hydroxyl, one organic residue, and one siloxane bridge
[(Si0)Si-(OH),R], T> and T’ silicon atoms (for assignments see Chapter 8.3.1). The
predominant appearance of the T' and T? silicon atoms suggests the formation of a sparsely
covered mesoporous surface with mostly isolated MPS molecules (Figure 9.7.b).
Oppositely, the SBA-15-AEPMS sample shows only signals of the T* and T° silicon atoms
(Figure 9.7.c) with a major contribution of the T° silicon atoms, which implies that more
fully cross-linked siloxane networks are formed resulting in a denser organosilane layer on
the mesoporous surface.

As explained in Chapter 8.3.1., the quantification of the degree of surface coverage
with organosilane molecules in the course of the grafting process based on the NMR data is
difficult. It is controlled by the surface coverage with reactive (non-hydrogen bonded)
silanols and the conditions of the post-synthesis condensation process. Nevertheless, the
relative integrated intensity of the signals for the T" = (T'+T*T%) and Q" = (Q° + Q%
silicon atoms, the T"/Q" ratio, can give a good estimate of the percentage of reacted silanols
and thus give the loading with silane molecules. For example, for the SBA-15-MPS and
SBA-15-AEPMS samples the T"/Q" ratio is 0.27 and 0.52, respectively. In comparison, the
calculated ratios of silicon atoms in the silane layers and in the silica walls taking into
account TGA results (for details see Chapter 8.3.1) are 0.12 and 0.13, respectively. That is
less than calculated from the *’Si NMR data. It should be noted that the relative peak
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intensities in the 2?Si NMR spectra are not strictly quantifiable due to possible differences in

the relaxation behavior.

— —
0 20 40 -60 -80 -100 -120 -140 -160 -180

ppm

Figure 9.7. *’Si NMR spectra of a) calcined SBA-15, b) SBA-15-MPS, and ¢) SBA-15-
AEPMS samples.

9.3.2. Preparation of gold nanoparticles

The synthesis of the gold colloids was followed with DLS and TEM measurements.
The Aul colloid was prepared in a reverse micellar solution formed by extraction of the
H[AuCl], into an organic phase with tetraoctylammonium bromide followed by reduction
with NaBHy. This is already a well established technique for the preparation of 4 - 5 nm
gold nanoparticles®. The growth of the crystalline gold nanoparticles is controlled by the
reverse tetraoctylammonium bromide micelles and the growth of large gold crystals is
prevented by the repulsive forces between the alkyl chains of the surfactant. The particle-
size distribution in the Aul colloid is shown in Figure 9.8. The distribution shows an
approximately Gaussian shape for particles with monomodal size distribution. The mean
particle radius is estimated to be about 2.6 nm. Additionally, TEM measurements were
performed to investigate the particle sizes and crystallinity of the Aul particles. Figure 9.9
shows TEM images of the Aul colloid taken at two different magnifications. It is seen that

the Au particles are almost monodispersed with mean diameter of about 4.5 - 5 nm that is in
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a good agreement with the DLS data. HRTEM shows fringes typical for crystalline gold

nanoparticles (Figure 9.8.b). The results obtained for the Aul colloid agree with those

reported in the literature™.
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Figure 9.8. Particle size distribution in Au;, Auy, and Auj gold colloids determined from

DLS data.

Figure 9.9. TEM images of Aul nanoparticles at two different magnifications a) and b).
The Au2 gold solution was obtained by extraction of the H[AuCl]4 into the organic

phase by the tetraoctylammonium bromide. This resulted in a change of the color of the
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solution from yellow to orange-brown that is probably due to the partial reduction of the
H[AuCl]; to Au’ in the organic phase. The organic phase was subjected to DLS
measurements and the results show that particles with a radius of about 2 nm were formed
showing monomodal size distribution (Figure 9.8.). It should be noted that the gold
precursors prepared with these two synthesis methods are dispersed in organic solvent
(toluene) and are used for further assembly.

The third preparation procedure used to obtain colloidal gold nanoparticles is based
on the method that uses formaldehyde-substituted phosphine of the formula P(CH,OH)4Cl
(THPC) as a reducing agent in basic media. Duff et al. first reported the synthesis and
characterization of the tris(hyroxymethyl)phosphine-capped gold nanoparticles (THPC-
Au)*'. Tt was observed that the gold nanoparticles are negatively charged and can be
absorbed easily to positively charged surfaces”’. Amino- and to a smaller extent thiol-
functionalized silica particles were successfully modified with THPC-Au colloids™.
Furthermore, assembled THPC-Au were used as active catalysts for the metallization of
DNA molecules”. The mechanism of the Au reduction with this method is still not clear but
the known chemistry of the THPC*® would suggest that the first step is the generation of an

active reducing agent by the alkaline elimination of one formaldehyde molecule as shown:

P(CH,OH),” + OH - P(CH,OH); + CH,0 + H,0

Formaldehyde, which is liberated by the reaction of THPC, is a well-known
reducing agent for gold ions. Figure 9.8 shows the DLS data for the Au3 sol. Particles with
a mean radius of about 1.1 nm showing a monomodal size distribution were detected in the
aqueous solution. The TEM image of the particles deposited on the carbon-covered copper
grids are shown in Figure 9.10. The images show particles with diameters of about 1.5 — 2
nm in accord with the DLS results. The gold nanoparticles obtained here have the same

. . . . 21
dimensions as those reported in literature” .
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Figure 9.10. TEM images of Au3 nanoparticles at two different magnifications a) and b).

9.3.3. Assembly of gold nanoparticles and electroless reduction of gold in SBA-15 rods

Figure 9.11 shows small-angle and wide-angle (inset in Figure 9.11) XRD patterns
of the MPS-modified SBA-15 sample subjected to co-assembly with the Aul colloid in
toluene followed by electroless reduction of gold. The mesophase structure is preserved at
every modification step as seen from the small-angle XRD patterns. The decrease in the
intensity of the first order reflection is attributed to the decreased scattering contrast due to
the pore filling effect. The wide-angle XRD patterns show that after the co-assembly of the
small gold nanoparticles (~5 nm) very low intensity, broad diffraction peak at about 38.1°
20 is recorded that can be assigned to (111) reflection of the crystalline gold. The particle
size of the gold nanostructures assembled from Aul colloidal gold suspension, calculated
from the Scherrer equation, is 5.7 nm (see Table 9.3.). After electroless reduction the wide-
angle XRD pattern shows distinct (111) and (200) reflections of crystalline gold that
correspond to particles with more than 20 nm in diameter calculated using the Scherrer
equation.

To further confirm the pore-filling effect due to the incorporation of gold
nanostructures in the mesoporous host N,-sorption measurements were undertaken. Figure
9.12 shows N-sorption isotherms for the SBA-15-MPS, SBA-15-MPS-Aul, SBA-15-MPS-

Aul-red materials.
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Figure 9.11. XRD patterns of a) SBA-15-MPS, b) SBA-15-MPS-Aul, and c) SBA-15-
MPS-Aul-red materials (inset shows the wide-angle XRD patterns of SBA-15-MPS-Aul

and SBA-15-MPS-Aul-red samples).
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Figure 9.12. N-sorption isotherms of a) SBA-15-MPS, b) SBA-15-MPS-Aul, and ¢) SBA-

15-MPS-Aul-red materials (the isotherms are offset with 200 cm®/g).
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Generally, the shape of the isotherm is preserved after every modification step in
agreement with the preserved mesostructural order of the samples. Hysteresis loops with
similar shapes were obtained for all samples showing absence of pore clogging. Most
importantly, the calculated surface area (Sggr), mean pore size diameter (Dgjy), and total
pore volume (V) show a continuous decrease from the values obtained for the SBA-15-
MPS sample to the sample subjected to electroless reduction (see Table 9.3). The decrease
of the aforementioned parameters is very small in comparison to the increased dimensions
of the gold nanostructures after electroless reduction calculated from the XRD experiment.
Therefore, direct confirmation for the templating role of the SBA-15 host material for the
preparation of the gold nanostructures can be obtained only by applying transmission

electron microscopy.

Table 9.3. N,-sorption data and Au particle size for the gold-modified SBA-15 samples.

Sample SBET Vi Dgjy  Size of Au Size of Au
(m’g") (cm’g) (nm) (nm)’ (nm)"
SBA-15-MPS-Aul 266 0.42 4.4 spheres: 3 — 7 nm 5.7
SBA-15-MPS-Aul-red 168 0.27 4.1 spheres: 20— 70 nm  20.8
SBA-15-MPS-Au2 328 0.48 4.5 - -
SBA-15-MPS-Au2-red 191 0.32 4.2 wires: 5 nm thick, 22.7

several microns long
SBA-15-MPS-Au3 - - - -
SBA-15-MPS-Au3-red - - - spheres 5 — 30 nm 14.5
SBA-15-AEPMS-Au 310 0.56 53 nanometer long wires; 14.1

5-30 nm spheres
SBA-15-AEPMS-Au-red 290 0.5 5.2 nanometer long wires; 14.5

5-30 nm spheres

The surface area is calculated from the BET model, the total volume adsorbed is calculated form single point
measurement at P/P, = 0.994, and the pore size is determined by the BJH model applied to the desorption
branch of the isotherm. * Au particle size is determined by TEM measurements, # Au particle size is
determined from Scherrer equation (see Chapter 4).

Figure 9.13 shows the TEM images of the SBA-15-MPS-Aul and SBA-15-MPS-
Aul-red samples. After assembly of the Aul colloid the mesophase structure is preserved
(in agreement with the XRD results) and gold nanoparticles (shown with arrows in the
image) are visible on the mesophase surface (may be only on the outer surface). Usually

isolated gold nanoparticles with diameters corresponding to those observed in the initial
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Aul colloid were observed (see above). In some cases, gold aggregates were also seen (see
Figure 9.13.b), which could be responsible for the increased particle size determined with
the Scherrer equation. The number density of the gold nanoparticles in the mesoporous host

is low.

Figure 9.13. TEM images of a) and b) sample SBA-15-MPS-Aul, c) sample SBA-15-MPS-
Aul-red, and d) FE-SEM of sample SBA-15-MPS-Aul-red.

After the electroless reduction of gold (Figure 9.13.c) the TEM images show the

formation of bigger gold nanoparticles with diameters of more than 30 nm, in
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correspondence with the XRD results. It appears that the growth of the gold nanoparticles is
not templated by the mesophase structure. The particles are randomly distributed over the
whole outer surface of the mesoporous material (Figure 9.13.d). The density of the gold
nanoparticles seems to be similar to that before electroless reduction suggesting that the 5
nm gold nanoparticles served as nucleation centers for the further growth of bigger gold
nanoparticles. The gold loading before and after electroless reduction was determined with
EDX (Figure 9.14.). The gold loading in the SBA-15-MPS-Aul was below the detection
limit of EDX at the experimental conditions used in this study. The signals of the Si and S
atoms appear with a S/Si atom ratio of 0.05. After electroless reduction the signal of the Au
atoms was detected with a Au/Si atom ratio of 0.07. The estimated loadings of Au, based on
the EDX results, before and after the electroless reduction is about 1.5 wt% and about 2.1

wt%, respectively.
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Figure 9.14. EDX analysis of a) SBA-15-MPS-Aul and b) SBA-15-MPS-Aul-red samples.
The second synthetic approach to assemble gold nanostructures in the SBA-15-MPS

material relies on the impregnation with the Au2 solution in toluene followed by electroless

reduction with the same gold plating bath. The small-angle XRD patterns, taken after these
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modification steps, show that the mesophase structure is preserved (Figure 9.15.). The
decreased intensity of the Bragg peaks is indicative of the pore filling effect due to the
decreased scattering contrast between the walls and the pores of the SBA-15 material. In the
wide-angle XRD patterns of the SBA-15-MPS-Au2 sample no crystalline gold was detected
suggesting that very small (less than 1 nm) gold species are present. After electroless
reduction, the wide-angle XRD pattern shows the appearance of crystalline gold with an

average particle size determined from the Scherrer equation of about 22 nm.

15000 601
& 40
= c)
2 10000 5
-1 <-n20<
& = WWWWWWWWWMM
=y
% 0 T T T T T : : .
B3, 36 38 40 42 44 46 48 50
=i
=

5000 — 2 Theta (degrees) a)

c)
, . .
3 4 5
2 Theta (degrees)

—_
\S]

Figure 9.15. XRD patterns of a) SBA-15-MPS, b) SBA-15-MPS-Au2, and ¢) SBA-15-
MPS-Au2-red materials (inset shows the wide-angle XRD patterns of SBA-15-MPS-Au2
and SBA-15-MPS-Au2-red samples).

Nitrogen sorption measurements were performed to further examine the pore filling
effect after the assembly of the gold nanostructures. The shape of the sorption isotherms
typical for the SBA-15 material is preserved after every modification step showing that the
mesophase structure is retained (Figure 9.16.). The specific surface area (Sggr), total pore
volume (V;), and the pore size (Dgjy) decrease after assembly of the Au2 structures and

gold electroless reduction in agreement with the pore-filling effect (see Table 9.3.). The
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degree of decrease of the aforementioned parameters is similar to that observed for the
samples modified with Aul colloid followed by electroless reduction. As discussed earlier,
the XRD and Nj-sorption results alone do not give a definite conclusion about the
templating role of the mesoporous support in the growth of the gold nanostructures.
Furthermore, the particle size calculated from the XRD experiment and the similarity
between the Nj-sorption data for the structures prepared with Aul and Au2 solutions
followed by electroless reduction suggest that similar results are to be expected from the

latter synthetic approach.
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Figure 9.16. Ny-sorption isotherms of a) SBA-15-MPS, b) SBA-15-MPS-Au2, and ¢) SBA-
15-MPS-Au2-red materials (the isotherms are offset with 200 cm’/g).

Surprisingly, the TEM results show completely different gold nanostructures (Figure
9.17.). The TEM results for the SBA-15-MPS-Au2 show that no crystalline gold
nanostructures can be observed at the used magnification (Figure 9.17.a) in agreement with
the XRD results (inset Figure 9.15.b). Probably, a very thin gold layer of several tens of
nanometer was formed on the internal mesophase surface (see Nj-sorption results). After
electroless reduction continues, several micrometer long gold nanowires with a diameter of

about 5 nm were observed. Very few other gold nanostructures, such as gold spheres or
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agglomerates, were observed. These are not templated by the host matrix and might be the
reason for the bigger average particle size determined from the Scherrer equation (see Table
9.3.). Figure 9.17.c clearly shows that the growth of the gold nanowires is templated by the
channel structure of the SBA-15 material. The FE-SEM image shows that no gold
nanoparticles can be observed on the outer surface of the mesoporous material (Figure
9.17.d). To the best of our knowledge these are the longest continuous gold nanowires

prepared with mesoporous material as solid template.

0 100nm WD

Figure 9.17. TEM images of a) sample SBA-15-MPS-Au2, b) and c¢) sample SBA-15-MPS-
Au2-red at two different magnifications, and d) FE-SEM of sample SBA-15-MPS-Au2-red.
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The loading with gold nanowires was estimated from the EDX analysis (Figure
9.18). Before electroless reduction no gold was detected (close to the detection limit of the
EDX), whereas afterwards the Au/Si atom ratio was measured to be 0.05 corresponding to

about 1.5 wt%. This is less than that observed for the SBA-15-MPS-Aul-red sample.
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Figure 9.18. EDX analysis of SBA-15-MPS-Au2-red sample.

Comparing the results from the first synthetic approach (with Aul as a precursor for
the electroless reduction) and the second synthetic approach (with Au2 as a precursor for
the electroless reduction) it is clear that the first step, namely the assembly of the gold
precursors, is critical for the further growth of continuous gold nanowires. In the first case 3
— 5 nm gold nanoparticles were assembled preferentially on the outer surface of the MPS-
modified mesoporous material and gave rise to the growth of 20 — 70 nm gold spheres
where no templating role of the mesoporous support could be observed. It can be argued
that the diffusion of these 3 — 5 nm gold precursors into the channel system of the SBA-15
material is hindered because of the almost equal pore size of the host matrix. Even if some
of the Aul nanoparticles gain access to the channel system of the SBA-15 material, the
necessary diffusion of the AuCly precursors during the electroless reduction would be
considerably restricted. Thus, the nucleation sites for the electroless reduction are

preferentially formed on the outer surface of the mesoporous material and result in
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unrestricted growth of bigger gold particles. In contrast, during the assembly of the Au2
solution into the MPS-modified SBA-15 material a very thin layer of gold precursors is
formed on the mesoporous surface that allows easy diffusion of the AuCls and the reducing
agent into the channel system of the host material and results in the formation of continuous
gold nanowires after the electroless reduction, templated by the mesoporous support.

The similarity of the XRD and Nj-sorption results for both synthetic approaches
shows that often in inclusion chemistry such results must be interpreted with great care
because alternative models or explanations might provide different conclusions. For
example, the decreased intensity of the mesoporous Bragg peaks is in most cases explained
by the decreased scattering contrast between the pores and the walls due to the pore filling
effect, but another reasonable explanation could be the decreased structural order in the
mesoporous material. It seems that TEM measurements are essential for such investigations
although in many cases TEM is considered to be a local probe measurement.

In order to overcome the problems with the diffusion of the 3 — 5 nm gold
nanoparticles into the mesoporous host, gold nanoparticles with smaller diameters, i.e. 1.5 —
3 nm were prepared (Au3 solution). It is worth mentioning here that those gold
nanoparticles are prepared in aqueous media and are negatively charged (see above).

The small-angle XRD results show that the mesophase structure is preserved after
adsorption of the Au3 colloid and after the subsequent electroless reduction (Figure 9.19.).
The wide-angle XRD pattern of the SBA-15-MPS-Au3 sample shows that no crystalline
gold can be detected probably because of the very small gold particle size. Nevertheless,
after electroless reduction gold nanostructures are formed as shown by the appearance of
the (111) and (200) reflections of crystalline gold. The particle size calculated from the
Scherrer equation is about 14 nm.

The TEM images of the SBA-15-MPS-Au3 sample show that the mesophase surface
is sparsely covered with 1 — 3 nm gold nanoparticles (Figure 9.20.a). This is in agreement
with the literature results where poor or no coverage of the MPS-modified silica surface
was observed in comparison to an amino-modified silica surface. In comparison to the
coverage of the SBA-15-MPS material with Aul nanoparticles, it is clear the Au3 precursor

gives considerably decreased mesoporous surface coverage. This can be explained by the
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negative charge of the Au3 nanoparticles that are difficult to assemble to the negatively
charged mesoporous silica surface (at the pH = 8 the silica surface is negatively charged)
due to repulsive electrostatic forces. Nevertheless, after electroless reduction, 5 nm gold
nanoparticles were formed in the channels of the mesoporous material (shown with arrows,
Figure 9.20.b), accompanied by bigger 20 nm gold structures on the outer surface of the
mesoporous material. The latter can explain the bigger particle size calculated from the

XRD data (see Table 9.3.).
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Figure 9.19. XRD patterns of a) SBA-15-MPS, b) SBA-15-MPS-Au3, and ¢) SBA-15-
MPS-Au3-red materials (inset shows the wide-angle XRD patterns of SBA-15-MPS-Au3
and SBA-15-MPS-Au3-red samples).

No extended one-dimensional gold nanostructures were observed. The loading of
the mesoporous surface with gold nanoparticles is smaller than that obtained with the
previous two approaches (close to the detection limit in the EDX). The formation of gold
nanoparticles that are sparsely distributed on the outer and inner mesoporous surface after
electroless reduction is associated with the poor coverage of SBA-15 material with the 1 —3

nm gold precursors. Apparently, a modification of the first gold assembly step is necessary
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in order to obtain higher surface coverage with gold nanostructures. For example, assembly
of the 1 —3-nm Au3 nanoparticles conducted at different pH into the amino-modified

mesoporous material might be an interesting approach?®.

Figure 9.20. TEM images of a) SBA-15-MPS-Au3 and b) SBA-15-MPS-Au3-red samples.

The fourth approach to prepare Au nanostructures in SBA-15 material relies on the
modification of the mesoporous surface with ethylenediamine groups followed by selective
coordination of [AuCls]” to the protonated amino groups in acidic media (see Scheme
9.1.B). Subsequently, Au electroless reduction was performed following the same
conditions as in the first three cases. It has been reported that Pt and PtAu nanostructures
can be prepared in MCM-41 and MCM-48 hosts by complexing [PtCls]* and [AuCL] to
the mesoporous surface modified with ammonium groups”™'® and subsequent reduction in
flowing hydrogen at elevated temperatures.

Figure 9.21 shows the small-angle XRD patterns of the SBA-15-AEPMS, SBA-15-
AEPMS-Au, and SBA-15-AEPMS-Au-red samples together with the wide-angle XRD
patterns (see inset). The mesophase structure is preserved at every modification step and the
decrease in the intensity of the first order reflection is attributed to the decreased scattering
contrast between the walls and the filled pores of the mesoporous material. The presence of
gold nanostructures was verified from the wide-angle XRD patterns where (111) and (200)

reflections were detected. The average particle size determined based on the Scherrer
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equation is 14 and 15 nm for the SBA-15-AEPMS-Au and SBA-15-AEPMS-Au-red,
respectively (see Table 9.3.). The XRD results show that small nanometer-sized Au
particles have been formed on the mesophase surface without further reduction after the
first complexing step. It is assumed that spontaneous in-situ reduction takes places on the
amino-modified mesoporous surface. These Au nanoparticles were than directly used for
additional electroless reduction. We note that no dramatic increase in the size of the Au
nanoparticles was observed after electroless reduction based on X-ray line broadening (see

inset in Figure 9.21.).

20000 110
18000 4
16000 - %
14000 -
12000 4
10000 -
8000 -

6000

4000 1

2000 4

0]

Intensity (cps)

_.
o 4
w
N
w

2 Theta (degrees)

Figure 9.21. XRD patterns of a) SBA-15-AEPMS, b) SBA-15-AEPMS-Au, and ¢) SBA-15-
AEPMS-Au-red materials (inset shows the wide-angle XRD patterns of SBA-15-AEPMS-
Au and SBA-15-AEPMS-Au-red).

The nitrogen-sorption measurements (Figure 9.22.) with the corresponding data for
the specific surface area (Sggr), pore size distribution (Dgjy), and total pore volume (Vi)
(see Table 9.3.) show that the mesoporous character of the samples is preserved at every
modification step, and that the above parameters decrease with every modification step in

agreement with the pore filling effect. However, the decrease in the Sggr, Dy, and V; for
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the SBA-15-AEPMS-Au-red samples in comparison to the SBA-15-AEPMS-Au sample is
smaller than that observed for the samples prepared with the first two approaches after the
electroless reduction step. A possible explanation might be reduced access of the H[AuCl,]
to the inner mesoporous surface during the electroless reduction due to the formation of
bigger Au nanoparticles in the mesoporous channels during the initial

coordination/reduction step.

1000 :
—=&— adsorption
|1 —o— desorption o
a 200 rp OOO@?Q[DCDOIQ
; g I./
J O gl
b a e ok
MQD 6004 ) W GO @ c/zacD
()
E O/ /I
8 i O/O/ ../l
- mEE
o
é 400 b) M S
@]
—c‘(g 1 ] dgmwgmmaxmp
(o u
9 200 o
g Gasammnn
S 1¢) WEWWWQ
> od &
T T T T T T T T T T T
0,0 0,2 0,4 0,6 0,8 1,0

Relative Pressure P/PO

Figure 9.22. N, sorption isotherms of a) SBA-15-AEPMS, b) SBA-15-AEPMS-Au and c¢)
SBA-15-AEPMS-Au-red materials (the isotherms are offset with 220 cm’/ g).

The TEM images of the SBA-15-AEPMS-Au and SBA-15-AEPMS-Au-red samples
are shown in Figure 9.23. After complexation/autoreduction of H[AuCly] on the AEPMS-
modified mesoporous channel surface, nanometer long wires (ellipsoids) confined in the
mesoporous channels are formed accompanied by small, about 5 nm in diameter, spheres
(shown with arrows) and bigger, about 30 nm in diameter, particles on the outer surface of
the mesoporous host. The observed loading with Au nanostructures is higher than that
obtained for the MPS-modified samples treated with Aul, Au2, Au3 colloids (see above).
This can be explained by the easy diffusion of H[AuCls] in the mesoporous channels

coupled with the higher complexing capacity of the ethylenediamino groups. After
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electroless reduction a slight increase in the dimensions of the observed Au nanostructures

was detected.
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Figure 9.23. TEM images of a) sample SBA-15-AEPMS-Au, b) and c) sample SBA-15-
AEPMS-Au-red at two different magnifications, and d) FE-SEM of sample SBA-15-
AEPMS-Au-red.

The highest increase was registered for the non-confined bigger Au spheres (shown

with arrows, Figure 9.23.b), whereas Au nanowires and small spheres where not affected
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drastically. No Au nanowires longer than 80-100 nm were observed. This is in agreement
with the XRD and sorption measurements and supports the claim that the diffusion of the
reagents for the Au electroless reduction is hindered by the high loading of the mesoporous
channels with Au nanostructures before the electroless reduction.

The loading of the mesoporous support with Au nanostructures was investigated
with EDX. Figure 9.24 shows the EDX analysis of the SBA-15-AEPMS-Au before and
after electroless reduction. The calculated Au/Si atom ratios are 0.07 and 0.08, which
corresponds to about 2.1 and 2.4 wt%, respectively. The difference in the Au loading is
negligible and supports the fact that the Au electroless reduction does not substantially
increase the Au loading. It may be concluded that the fourth synthetic approach results in
both, 80-100 nm long Au nanowires included in the SBA-15 support that are grown in-situ
during the coordination/reduction of AuCly to the ammonium modified mesoporous
surface, and larger Au spheres on the outer mesoporous surface. Further Au electroless
reduction does not promote the formation of longer Au nanowires but leads to growth of the

non-confined Au spheres on the mesoporous surface.
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Figure 9.24. EDX analysis of a) SBA-15-AEPMS-Au and b) SBA-15-AEPMS-Au-red
samples (Al signals are due to the glass supports).
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9.3.4. Au nanostructures in MPS-modified mesoporous films

The second synthetic approach for the incorporation of Au nanostructures in
mesoporous hosts, utilizing the Au2 solution as precursor for electroless reduction, was also
extended to thin mesoporous films. Two types of mesoporous films, showing the three-
dimensional cubic (Pm3n) (templated by CTABr surfactant) and two-dimensional (p6m)
mesophase structure (templated by tri-block copolymer Pluronic 123), were modified with
MPS (see Table 9.2.), treated with Au2, and subjected to electroless reduction. As shown in
Figure 8.13, Chapter 8.3.3. in the first case a three-dimensional array of gold spheres with
diameters of less than 2 nm would be expected. The increased pore accessibility offered by
the three-dimensional cubic structure should offer fast transport of the reagents and facile
inclusion chemistry. In contrast, Pluronic123-templated films with channels oriented
parallel to the substrate surface are expected to template nanometer-sized gold wires (see
Figure 8.13, Chapter 8.3.3.). The boundaries between the mesostructured domains forming
the mosaic structure of the films should provide access for the incorporation of the Au
nanostructures (see Chapter 6.3.1.1.).

The reflection-absorption FTIR spectra of the NPFlcalc and NPFlcale-MPS

samples are shown in Figure 9.25. The assignment of the peaks is given in Chapter 6.3.1.1.
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Figure 9.25. Reflection-absorption FTIR spectra of a) NPF1-calc and b) NPF1-MPS films.
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Briefly, the peak at about 3750 cm™ in the spectrum of the calcined sample is due to
isolated Si-OH groups that are accessible for further functionalization. As discussed before
the degree of surface coverage of those groups determines the density and nature of the
molecular layers formed in subsequent molecular modification from reaction with
organosilane molecules. After reaction of the mesoporous film with the MPS molecules the
band at 3750 cm™ disappears due to the condensation process between the free silanols and
organosilane molecules. Additionally, in the -CH; stretching region two bands appear that
are indicative for the organic functionality grafted to the mesoporous film surface. These
results are in a good agreement with data obtained for the MPS-functionalized SBA-15
material and confirmed the successful modification of the mesoporous film surface with
MPS molecules.

The small-angle RXRD patterns of the NPFlcalc-MPS, NPFlcalc-MPS-Au2,
NPFlcalc-MPS-Au2-redl, NPF1calc-MPS-Au2-red2, are shown in Figure 9.26 together
with the wide-angle RXRD patterns.
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Figure 9.26. RXRD patterns of film samples a) NPF1-calc-MPS, b) NPF1-calc-MPS-Au2,
c) NPF1-calc-MPS-Au2-red1, and d) NPFI1-calc-MPS-Au2-red2 (inset wide-angle RXRD

patterns).
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The mesostructural order of the NPFlcalc sample is preserved after subsequent
modification with MPS, assembly of Au2 colloid, and subsequent Au electroless reduction,
shown by the presence of the two Bragg peaks indexed as (210) and (211) reflections
typical for cubic (Pm3n) films (see Chapter 6.3.1.1.). In the wide-angle XRD pattern of the
NPF1calc-MPS-Au2 sample no crystalline gold was detected in agreement with the results
obtained for the SBA-15-MPS-Au2 material (see above). After electroless reduction with
plating baths with two different concentrations the Bragg reflection typical for the (111)
planes of crystalline gold appears. The peak width at half maximum was used to estimate
the size of Au crystallites using the Scherrer equation and found to correspond to 59 and 60
nm, respectively. These values are much higher than that expected for nanocrystalline gold
in mesoporous channels. A possible explanation could be that large micrometer-size
particles of gold are formed on the film surface during the electroless reduction. The
absence of the (200) reflection can be explained by the preferred orientation of the Au
particles on the film surface with the (111) planes parallel the substrate surface.

To further characterize the nature of the gold structures prepared on NPF1calc-MPS
films, TEM studies were performed on samples that were directly scratched from the
substrate surface. Figures 9.27.a and b show the images taken at two different
magnifications form the sample NPFlcalc-MPS-Au2-redl. The images indicate excellent
cubic mesostructural order of the template matrix that serves as host to accommodate 1.5 —
2 nm gold particles (shown with arrows). The arrangement of the gold nanoparticles follows
the cubic arrangement of the spherical pores of the NPF1 film. However, the high-
magnification TEM image clearly shows that the loading of the film with gold
nanostructures is quite low (Figure 9.27.b), suggesting that an effective transport of the
reagents for the electroless reduction in the mesoporous film was not possible. To enhance
the loading with gold nanoparticles, a successive reaction in the electroless bath with higher
concentration of the reagents was conducted (see Experimental part). This resulted in the
formation of a higher number of large micron-sized gold particles on the film surface such
as those shown in Figure 9.30.a (see also XRD results), and also promoted a higher loading
of nanometer gold particles in the pores of the mesoporous film (Figure 9.27.d). There are

areas clearly visible with a cubic arrangement of gold nanoparticles, forming a three-
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dimensional array of 2 nm gold nanocrystals encapsulated in an isolating silica matrix.

However, the filling is far from being complete.

Figure 9.27. TEM images of scratched parts of sample NPFI1calc-MPS-Au2-red] at two
different magnifications a) and b), and of sample NPF1calc-MPS-Au2-red2 at two different

magnifications c¢) and d).
Hexagonally ordered mesoporous films prepared with Pluronic123 were subjected to

the same sequence of modification processes as described above. The reflection-absorption

FT-IR spectra of the calcined and MPS-modified samples are shown in Figure 9.28. The
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assignment of the vibrational bands is similar to that shown for the NPFlcalc and
NPFlcalc-MPS samples. Again the disappearance of the band at 3750 cm™ can be used as
an indirect indication for the covalent bonding of the organosilane molecules to the
mesoporous surface in the course of the siloxane condensation. This result is further
supported by the detection of the -CH, stretching vibrations at about 2935 and 2870 cm™
and the -NH, bending vibrations at 1680 em’™l.

The RXRD patterns taken in the small-angle region show the retention of the highly
ordered hexagonal mesophase structure as confirmed by the presence of the intense first-
order and the much less intense second-order diffraction peaks (Figure 9.29.). The
formation of the gold structures was followed with RXRD in the wide-angle region and
showed that no crystalline Au can be detected after neither the assembly process with Au2
solution nor after the first gold reduction step. After the second electroless reduction at
higher concentrations of the plating bath, a highly intense Bragg reflection was recorded
corresponding to gold particles with average dimensions of about 60 nm (Scherrer formula)
that are grown on the film surface. These results can be explained by the restricted access of
reagents into the two-dimensional mesoporous system due to its preferred orientation with

the channels parallel to the substrate surface.
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Figure 9.28. Reflection-absorption FTIR spectra of a) NPF3-calc and b) NPF3-MPS films.
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Further TEM measurements provided detailed information of the gold structures on
sample NPF3calc-MPS after electroless reduction. Figure 9.30.a shows the gold particles
together with the mesoporous silica host (shown with arrow) imaged at low magnification.
Gold particles greater than one micron are seen that are nucleated on the film surface (the

same are seen on the NPF1calc-MPS-Au2-red1 film surface).
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Figure 9.29. RXRD patterns of a) NPF3-calc-MPS, b) NPF3-calc-MPS-Au2, ¢) NPF3-calc-
MPS-Au2-red1, and d) NPF3-calc-MPS-Au2-red2 (inset wide-angle RXRD patterns).

The images taken of the silica host films showed gold nanowire structures templated
in the mesoporous channels (gold nanostructures are shown with arrows in Figures 9.30.b,
¢, and d). The gold nanowires are less than 100 nm long with about 5 nm in diameter
corresponding to the dimensions of the mesoporous channels. It is clear that the loading is
very low and the wires are usually distributed at the ends of the mesostructured domains. It
is suggested that the growth of these wires is conducted through the transfer of reagents
(nuclei for electroless reduction and the components of the plating bath themselves) through
the domain boundaries into the porous system. Such a mechanism of Au growth is fairly
restricted and will not allow for the formation of densely packed metal nanowires (at least
at the conditions used in this study). Further improvement would be expected in the re-

orientation of the porous system with hexagonally ordered channels having the long axis
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perpendicular to the substrate surface or finding another deposition procedure that allows
higher loading with the gold nanostructures without formation of bulky gold particles on the

film surface.

Figure 9.30. TEM images of scratched parts of sample NPF3calc-MPS-Au2-red2 at a) low
and b), ¢), and d) high magnifications.

9.4. Conclusions and Perspectives

A novel synthetic method for the preparation of Au nanostructures in mesoporous
hosts relaying on the electroless reduction of gold was developed. Particularly, systematic

investigation of the inclusion of Au nanostructures by electroless reduction in
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functionalized SBA-15 material is presented. Four different approaches for the introduction
of the seed species for the electroless reduction were investigated with emphasis on the
different modification of the mesoporous surface with organic functionality (thiol- and
ethylenediamino functional groups), different particle size of the Au precursors (raging
from 5-6 gold nanoparticles to ionic AuCly precursor) and Au particles with different
surface charge. It has been shown that Au nanostructures stabilized in tetraoctylammonium
bromide in toluene, assembled in MPS-modified mesoporous support are the best
precursors for subsequent gold electroless reduction and resulted in formation of several
micrometer long gold nanowires with diameter of about 5 nm. The experimental results
clearly show that the growth of the gold nanowires is templated from the channel structure
of the SBA-15 material. To the best of our knowledge these are the longest continuous gold
nanowires prepared with mesoporous material as solid template. The coordination/reduction
of aqueous AuCly on AEPMS-modified SBA-15 host resulted in in-situ formation of
nanometer long Au nanowires accompanied by the larger Au particles on the mesoporous
surface. Further electroless reduction does not increase substantially the dimensions of the
Au nanostructures. A variety of characterization methods were applied to get information
on the inclusion of Au nanostructures in SBA-15 mesoporous host. It is proven that TEM
measurements are essential for such investigations; nevertheless, in many cases TEM is
considered to be a local probe measurement.

Two types of thin mesoporous films, showing three-dimensional cubic (Pm3n)
(templated by CTABr surfactant) and two-dimensional (p6m) mesophase structure
(templated by tri-block copolymer Pluronic123), were modified with MPS, treated with Au
nanostructures stabilized in tetraoctylammonium bromide in toluene and subjected to
electroless reduction. Due to the templating effect of the host support three-dimensional
array of less than 2 nm Au particles were obtained in the first case and several nanometer
long Au nanowires with low density in the second case. To the best of our knowledge these
are the first examples of Au nanostructures prepared in thin mesoporous films by an
electroless reduction method.

Nevertheless, further characterization studies, such as GID or GI-SAXS

measurements, of the Au structures imbedded in the thin mesoporous films can be
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performed aiming to gain more knowledge of their microstructural order. On the other
hand, methods for construction of hexagonally ordered mesoporous films that allow easy
access to the channel system are desirable in order to obtain higher loading of the
encapsulated material. Different approaches to achieve this are discussed in the Outlook.
Conductive measurements performed with a STM of the those conductive structures in an
isolating ceramics are also envisioned. This will open new avenues to real examples of

nanoscale electronic devices.
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Chapter 10. Preparation of semiconductor PbS nanostructures in functionalized
mesoporous SBA-15 rods and mesoporous thin films.

10.1. Introduction

10.2. Experimental
10.2.1. Synthesis of PbS nanostructures in functionalized mesoporous materials
10.2.2. Characterization

10.3. Results and Discussion
10.3.1. PbS nanostructures in SBA-15 rods
10.3.2. PbS nanostructures in mesoporous films

10.4. Conclusions and Perspectives

10.1. Introduction

The minituarization of devices for the semiconductor industry applying bottom-up
approaches is a promising avenue to nanoscaled electronics (see Chapter 1). Different types
of one-dimensional semiconductor nanostructures have been prepared by templating using
existing nanoporous solids (see Chapter 3).

Two main synthetic strategies toward templated growth of semiconductors into
mesoporous materials have been explored: metalorganic chemical vapor deposition
(MOCVD) or wet chemical loading. For example, InP and GaAs direct-gap semiconductors
were prepared in MCM-41 material from trimethylindium and phosphine, and
trimethylgallium and tert-butylarsine, respectively, in continuous flow MOCVD reactors.'”
In both cases a broad size-distribution of semiconductor particles grown on the internal and
external surfaces of the MCM-41 material was obtained. Recently, several different wet
chemical techniques were applied for the preparation of semiconductor heterostructures in
mesoporous hosts. GaN was synthesized in a boron-doped MCM-41 mesoporous host by
first impregnating the support with triazido(trimethylamine)gallium followed by heating in
ammonia at 500°C.°> CdSe quantum dots were confined in an MCM-41 host by wet
impregnation of dimethyl cadmium and Se dissolved in tributylphosphine under vacuum,

followed by heating at 325°C in trioctylphosphine oxide to initiate growth of CdSe
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nanoparticles.” CdS semiconductor nanoparticles were incorporated into a thiol-modified
MCM-41 matrix by immersion of the mesoporous support in a reactive solution that gave
nanosized CdS particles’ The wide-band semiconductor ZnO was prepared in
ethylenediamine-functionalized MCM-41 by wet impregnation-complexing of Zn(II) to the
ethylenediamine groups of the mesoporous support.’ Subsequent calcination led to ZnO
nanoparticles encapsulated in the mesoporous host, the former showing a blue shift in their
absorption spectra. Optical absorption spectra provide evidence for the nanoscale
encapsulation of the semiconductor particles inside the mesoporous channels. However, in
many cases bulk growth of semiconductor particles on the outer surface was observed.
Aiming to overcome these problems selective functionalization of the mesoporous surface
was applied.” Furthermore, approaching nanoscale functional materials for device
applications, CdS quantum dots were prepared for the first time in the three-dimensional
hexagonal channel structure of mesoporous silica films prepared by EISA.* The
incorporation of the CdS nanoparticles was achieved by repeated wet impregnation with Cd
salt, followed by reaction with gaseous H,S. TEM images and UV-Vis absorption
measurements demonstrate that the size confinement and the three-dimensional
arrangement of the ordered porous structure (prepared as a 300 nm film) both control the
growth of a CdS superlattice.

As one of the IV-VI semiconductors, PbS in its bulk form has a near-infrared band
gap of 0.41 eV. Its band gap can be widened to the visible region by forming nanoclusters.
Consequently, PbS nanocrystals and nanowires are potentially useful in electroluminescent
devices, such as light-emitting diodes. In the limit of strong confinement, the third-order
non-linear optical response of PbS nanocrystals is expected to be huge, thus making PbS
highly desirable for photonic and optical switching devices. The templating approach for
the growth of PbS nanostructures was applied by using polymers”™'’, glasses'', block
copolymer nanoreactors'?, and in Langmuir-Blodgett matrices'>. PbS-nanowires with a
uniform diameter of 6 nm were prepared in a thiol-functionalized SBA-15 host. A structural
transition from nanocrystals to nanowires was achieved by increasing the loading of the

inorganic compound in the host through —SH functionalization of the walls of the
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mesoporous material. TEM images show that PbS nanowires are incorporated preferentially
inside the channel system of the SBA-15 mesoporous host’.

These and other examples show that in most cases nanoscale semiconductor
particles were prepared in powder mesoporous materials showing interesting optical
properties. Size-quantization in three-dimensional space controlled by a mesoporous host
system may lead to different optoelectronic effects, such as shifting of the semiconductor
band gap, enhanced nonlinear optical properties, etc. The preparation of these nanoscale
composite structures in the form of thin films on appropriate substrates is expected to offer
added functionality. Nevertheless, a number of shortcomings, such as the lack of continuity
of the nanoscale semiconductor structures and the restricted loading of the mesoporous
host, are still to be overcome.

The aim of this Chapter is to show a new synthetic approach for the preparation of
continuous PbS semiconductor nanostructures confined in a mesoporous matrix by applying
surface modification of the mesoporous support and chemical wet impregnation technique.
In contrast to the approach presented by Gao et al., here we use the good complexing
properties of ethylenediamino functionalities towards Pb(II) cations that are further reacted
with excess of S* to obtain the PbS material (see Scheme 10.1.). This approach is extended
to the synthesis of thin film architectures consisting of hybrid semiconductor/mesoporous

silica structures.

10.2. Experimental

10.2.1. Synthesis of PbS nanostructures in functionalized mesoporous materials

SBA-15 rods were synthesized as explained in Chapter 5.3.2. CTABr- and Pluronic
123-templated mesoporous films were prepared following the conditions of the EISA
method (Chapter 6.2.1.). Template removal was achieved by first treating the sample at
120°C for 6 h in air followed by calcination in flowing air at 500°C for 4 h (ramping 0.75
deg/min), with the calcination procedure B (Chapter 5.3.2.)
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Scheme 10.1. Graphical representation of the reaction steps used to prepare PbS
nanostructures in mesoporous materials.

Calcined SBA-15 rods were modified with 3-(2-
aminoethylamino)propyltrimethoxysilane (AEPMS - Fluka) as described in Chapter 9.2.

(Scheme 10.1., step I). The identification of the samples is given in Table 10.1. After
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silylation, 50 mg of the AEPMS-modified SBA-15 was impregnated with 10 mL (0.9
mmol) of an aqueous 3 wt% solution of (Pb(NOs3), for 12 h in order to form a complex of
the Pb(Il) with the ethylenediamine groups grafted to the mesoporous silica surface (see
Scheme 10.1., step II). After washing with excess amounts of water and drying at 60°C for
at least 24 h, the Pb-loaded mesoporous material was reacted with 10 mL of 0.5 wt% (0.6
mmol) Na,S for 10 min (see Scheme 10.1., step III). Finally, the product was washed with

excess amounts of water and dried at 60°C over night.

Table 10.1. SBA-15 samples with codes used in the study.

Sample names Manipulation

SBA-15 thermally treated and calcined
SBA-15-AEPMS modified with AEPMS
SBA-15-AEPMS-PbS growth of PbS

Similarly, two types of mesoporous films (see Table 10.2.) were modified with
AEPMS, treated with Pb(NOs),, and subjected to the growth of PbS structures. The
mesoporous films were dehydrated at 120°C in vacuum to remove water molecules
absorbed on the surface, and then stirred in 10 mL dry toluene (Fluka) containing 700 uL (3
umol) AEPMS under refluxing conditions applying standard Schlenk-line techniques. After
20 h the functionalized mesoporous films were washed with excess amounts of the solvent
and dried at 60°C for at least 24 h. The films were impregnated with SmL (0.45 mmol) of
an aqueous 3 wt% solution of Pb(NOs), for 24 h, followed by treatment with 5 mL (0.3
mmol) of 0.5 wt% Na,S for 24 h. The identification of the samples is given in Table 10.2.

10.2.2. Characterization
The methods used for characterization of the PbS nanostructures prepared in powder
SBA-15 material and different types of mesoporous films are already discussed in the

previous chapters (see Chapter 4, 8 and 9).
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Table 10.2. Modified mesoporous film samples with codes used in the study.

Manipulation NPF1 NPF3
CTABr-templated  Pluronic 123-templated
cubic hexagonal
Thermally treated NPF1-cale NPF3-calc
and calcined
AEPMS-modified NPF1-AEPMS NPF3-AEPMS
Growth of PbS NPF1-AEPMS-PbS NPF3-AEPMS-PbS

10.3. Results and Discussion

10.3.1. PbS nanostructures in SBA-15 material

The modification of the SBA-15 material with AEPMS was already discussed in
Chapter 9.3.1. Here, only the results from modification steps II and III (Scheme 1) will be
considered.

Figure 10.1. shows the small-angle and wide-angle XRD patterns (inset in Figure
10.1.) of the SBA-15-AEPMS and SBA-15-AEPMS-PbS samples. The mesophase structure
is preserved after forming a complex with the Pb(Il) and growth of PbS. The decreased
intensity of the Bragg peaks in the small-angle region after growth of the PbS is assigned to
the pore filling effect due to the decreased scattering contrast between the walls and the
pores of the templating SBA-15 material. The wide-angle XRD shows several reflections
that are typical for the crystalline cubic (Fm3n) PbS material. The particle size of the grown
PbS structures can be estimated using the Scherrer equation (see Chapter 4.4.). For
example, fitting a Lorentzian function to the (220) reflection and calculating the full width
at half maximum, it is estimated that the average size of the PbS structures is about 6 nm.

Figure 10.2. shows the TEM images of the SBA-15-AEPMS-PbS sample taken at
different magnifications. It was observed that PbS nanowires, more than several

micrometers long, were templated in the channel system of the SBA-15-AEPMS material.
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Note that the PbS nanowires are following the curvature of the worm-like morphology of
the SBA-15 material.
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Figure 10.1. XRD patterns of a) SBA-15-AEPMS and b) SBA-15-AEPMS-PbS samples
(inset shows the wide-angle XRD pattern of the SBA-15-AEPMS-PbS sample).

Figure 10.2. TEM images of the SBA-15-AEPMS-PbS material at two different

magnifications a) and b).
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The high-magnification image (Figure 10.2.b) provided direct proof of the
templating role of the host structure; the diameter of the encapsulated wires is about 5 nm.
It is seen that several nanowires are aligned parallel in the mesoporous channel. No big,
micron-sized PbS particles were observed on the outer surface of the mesoporous material.
This result is in an agreement with the particle size calculated from the XRD experiment.
Nevertheless, the loading with PbS wires is still not complete. However, to the best of our
knowledge these are the longest nanowires of semiconductor structures produced in
mesoporous hosts. A few small particles of PbS encapsulated in the SBA-15 were also
observed.

The loading with PbS was examined with EDX. The resulting signals are shown in
Fugure 10.3. The Pb/Si and S/Si atomic ratios are 1.1 and 0.9, respectively. The Pb/S
atomic ratio is 1.2., close to the expected stoichiometry and imply that not all coordinated
Pb™* are consumed during the reaction with S*. The estimated loading of PbS in the SBA-
15 mesoporous silica based on the EDX results is about 25 wt%. Repeated treatment with

Na,S would possibly increase the loading with PbS nanostructures in the SBA-material.
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Figure 10.3. EDX analysis of the SBA-15-AEPMS-PbS material.
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10.3.2. PbS nanostructures in mesoporous films

Two types of mesoporous films were investigated as host for the encapsulation of
PbS nanostructures following the synthetic scheme applied to SBA-15 rods (see Table
10.2.). As already pointed out, in the first case an array of semiconductor particles forming
a three-dimensional superlattice is to be expected whereas in the latter case one-dimensional
nanostructures similar to those in the SBA-15 material are anticipated (see Figure 8.13.,
Chapter 8).

The modification with molecular functionality of the thin mesoporous films was
followed by reflection-adsorption FT-IR spectroscopy. Figure 10.4. shows the spectra of the
NPFlcalc and NPF1-AEPMS samples. The peak assignment is similar to those already

discussed in previous Chapters.
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Figure 10.4. Reflection-absorption FT-IR spectra of a) NPFl-calc and b) NPFI-calc-
AEPMS samples.

Briefly, the band at 3750 cm™ in the spectrum of the calcined sample is due to
isolated Si-OH groups that are accessible for further functionalization and is absent in the
spectrum of the AEPMS modified sample. This result comes from the silylation process

between the free surface silanols and organosilane molecules and is used as confirmation of

225



Chapter 10. Preparation of semiconductor PbS nanostructures in functionalized

mesoporous SBA-15 rods and mesoporous thin films

the successful grafting of the mesoporous silica surface with AEPMS molecules.
Additionally, the bands typical for the CH, stretching vibrations (symmetric and
asymmetric) and NH, banding are recorded at 2932, 2875, and 1590 cm™, respectively.
Similar results were obtained for the NPF3-calc and NPF3-AEPMS samples (Figure 10.5.)
proving the successful modification of the mesoporous film with AEPMS functionality.
Unfortunately, the lack of characterization techniques, such as solid-state °C and *’Si

NMR, Raman spectroscopy, or TG analysis, limit the full characterization of the film

samples.
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Figure 10.5. Reflection-absorption FT-IR spectra of a) NPF3-calc and b) NPF3-calc-
AEPMS samples.

The growth of PbS nanostructures in NPF3-calc-AEPMS was followed with RXRD
and TEM measurements. It was observed that the mesophase structure of the NPF1-calc-
AEPMS sample is destroyed after treatment with Pb(NO3), and N,S even for long contact
times (more than 12 h). It is suggested that the lower stability of the cubic mesophase

structure is due to the small domain sizes that are distorted at the low acidity.
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The small- and wide-angle RXRD patterns of the NPF3-calc-AEPMS and NPF3-
calc-AEPMS-PbS samples are shown in Figure 10.6. The two-dimensional hexagonal
mesophase structure is preserved after the modification of the AEPMS, coordination of the
Pb(II), and subsequent growth of the PbS naostructures evidenced from the (100) reflection.
It can be suggested that partial mesophase disordering was observed after the growth of the
PbS nanocrystals indicated by the increased broadening of the (100) reflection. The wide-
angle RXRD pattern of the NPF3-calc-AEPMS-PbS sample does not show any reflections
of the PbS nanocrystals. It is suggested that the PbS nanoparticles are too small to be
detected. The possible reflections are very broad and disappear in the signal noise.
Apparently, the loading of the hexagonally ordered NPF3-calc-AEPMS film with PbS

structures is very low in contrast to the SBA-15 material.
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Figure 10.6. RXRD patterns of a) NPF3-calc-AEPMS and b) NPF3-calc-AEPMS-PbS
samples (inset: wide-angle RXRD pattern of NPF3-calc-AEPMS-PbS sample).

Further insight on the PbS nanostructures in NPF3 films was obtained by TEM
images of the scratched parts of the films (Figure 10.7). No dense arrays of nanowires were
observed. It is clear that the loading with PbS nanostructures is very low; probably very

small 1 — 2 nm clusters were formed on the mesoporous surface. These results correspond
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to the RXRD data and suggest that, due to the poor diffusion of the reagents in the porous
system with channels oriented parallel to the substrate surface, the growth of continuous
PbS nanowires is considerably limited. Further increase in the reaction time or the
concentration of the Na,S in the last reaction step resulted in almost full mesostructural
disordering due to high acidity of the solution.

No signals of Pb or S were detected in the EDX spectra, confirming that the amount

of PbS is lower than the detection limit of the EDX.

Figure 10.7. TEM images of the scratched parts of the NPF3-calc-AEPMS-PbS sample at

two different magnifications a) and b).

These results can be related to the nitrogen sorption measurements where it has been
shown that the adsorption of nitrogen is significantly lowered after silylation (Chapter 8). It
is suggested that a very thin silane layer is formed that limits further diffusion of reagents.
This is even more important for films that show orientation of the mesoporous channels
parallel to the surface and where access to the channel system is only possible through the

domain boundaries.
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10.4. Conclusions and Perspectives

A novel synthetic method for preparation of one-dimensional nanostructures of PbS
semiconductor in an isolating mesoporous silica matrix has been developed. Due to the
selective modification of the mesoporous surface with ethylenediamino functionality,
followed by coordination of Pb(Il) and reaction with Na,S, it was possible to obtain
micrometer long nanowires in hexagonally ordered SBA-15 material. To the best of our
knowledge these are the longest nanowires of semiconductor structures produced in the
pore system of mesostructured hosts. Further characterization applying absorption
spectroscopy or conductive measurements will facilitate the understanding of the physical
properties of these and related semiconductor nanostructures encapsulated in the
mesoporous silica matrix. CdS or ZnO nanowires are planned to be prepared in the SBA-15
following similar methods.

Approaching the creation of the nanostructured materials for device applications,
PbS nanocrystals were also tried to be prepared in thin mesoporous films synthesized with
the EISA method. Unfortunately, due to the lower stability of the cubic films (NPF1-calc-
AEPMS sample) at high acidity and restricted diffusion of reagents in the hexagonally
ordered films (NPF3-calc-AEPMS sample) no confined growth of PbS was observed. To
over come these problems it is envisioned to use different thiol sources at mild reaction
conditions, but most importantly it is needed to allow easy access to the channel system of
the hexagonally ordered mesoporous films to obtain higher loading of the encapsulated

material. Different approaches to achieve this are discussed in the Outlook.
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Conclusions and Outlook

An assembly of nanosized wires, switches, or connections could be addressed by
constructing an ordered channel matrix of insulating material of metal oxide in which these
structures are encapsulated and therefore isolated. On the other hand, solid supports with
ordered porosity can offer a template matrix for guided growth of a variety of conductive
structures, giving patterned arrays of aligned nanowires and connections. Such solid supports
with ordered porosity ranging from several Angstroms to several nanometers are silica-based
micro- or mesoporous materials, also called molecular sieves. Sol-gel chemistry provides
different approaches for preparation of such structures in a variety of special morphologies
ranging from bulky materials to thin films and fibers.

The topic of this Thesis is the design of nanoporous solids prepared by liquid-crystal
templating in form of thin films, rods, or spheres that are used for growth of carbon
nanotubes, metal and semiconductor nanowires, and nanoparticle arrays.

In the course of this work, powder mesoporous materials such as three-dimensional
cubic (la3d) MCM-48 spheres, two-dimensional hexagonally ordered (p6m) SBA-15 rods,
and surfactant-templated mesostructured monoliths were prepared (Chapter 5). It was aimed
to gain basic knowledge of the physico-chemical characteristics of the mesoporous solids and
to access differences in their bulk and surface properties that can be essential for further
functionalization and modification. It has been shown that the preparation of MCM-48
material is very sensitive and depends on variety of synthetic parameters. Among them silica-
to-surfactant ratio is critical and determines the final mesophase structure. Applying the
proposed procedure for the preparation of MCM-48 material, spherical particles with several
hundreds nanometer in diameter can be prepared. SBA-15 rods having hierarchical structure
composed of nanometer-sized worm-like structures have also been prepared. Applying an
additional thermal curing step during the calcination process, SBA-15 rods with improved
thermal stability were obtained. Mesostructured monoliths showing two-dimensional
hexagonal structures have been deposited by using a simple solvent-evaporation method. The
characterization of the mesostructured monoliths gave additional information that was very

useful as starting point for the characterization of thin mesoporous films.
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Thin mesoporous films have been prepared on different substrates (silicon wafer,
glass, gold) by applying spin-coating of silica/surfactant/water/ethanol coating solutions
under the conditions of the evaporation-induced self-assembly method (EISA) (Chapter 6). A
combination of grazing-incidence diffraction (GID), reflection XRD, and TEM analysis
enabled rather complete structural characterization of the mesoporous films. Nj-sorption
measurements with quartz-crystal microbalances (QCMs) were used to explore the pore
accessibility of the mesoporous films. Two types of structure directing agents, cationic
CTABr surfactant and amphiphilic tri-block copolymer Pluronic123, which are well-
established for the synthesis of powdered mesoporous materials, have been applied. In both
cases, well ordered and stable silica mesoporous films have been obtained showing three-
dimensional cubic or two-dimensional hexagonal structures. Typical for the mesoporous
films is the preferred orientation (single-crystal orientation) of the domains that are arranged
in a mosaic structure. It is shown that many different parameters, not only those coming from
the composition of the coating solution but also “external” parameters, such as, for example,
relative humidity, are very important for reproducible preparation of different mesophase
structures.

Growth of carbon nanotubes on the Fe-containing mesoporous silica films was
conducted by thermal decomposition of acetylene at 700 °C and resulted in multiwalled
carbon nanotubes (Chapter 7). Evaporation-induced self-assembly via spin-coating has been
employed for the formation of Fe-loaded mesoporous films from Fe-containing silica/triblock
copolymer/ethanol coating solutions. The carbon nanotubes growth rate was controlled by
changing the hydrocarbon flow rate, exposure time, and catalytic metal loading of the
mesoporous support. Usually curling up, long carbon nanotubes protruding out of the film,
growing in a hairy fashion were obtained.

A new synthetic approach is presented for the preparation of carbon filaments by
vacuum pyrolysis of ferrocene-modified mesoporous silica SBA-15 rods and thin
mesoporous films (Chapter 8). This approach relies on a selective functionalization with
ferrocene of the inner surface of the highly ordered nanometer-sized channels of mesoporous
material and subsequent pyrolysis under dynamic vacuum conditions. The ferrocene moieties

were introduced through covalent bonding to the amino-functionalized walls of the
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mesoporous materials through the Schiff-base reaction. Upon pyrolysis, 5 nm thin carbon
filaments with tubular morphology generated within the channels of the SBA-15 host were
extracted. HRTEM results showed that the carbon filaments have nanometer-sized domains
with graphite-like structure. Surface-sensitive techniques, such as GID, reflection-adsorption
FT-IR spectroscopy, and gravimetric QCMs measurements, were applied together in order to
follow the post synthesis functionalization process of thin mesostructured films.

A novel two-step procedure for the preparation of gold nanostructures in SBA-15 host
and mesoporous films is demonstrated (Chapter 9). First, the assembly of catalytically active
gold nanoparticles is achieved followed by electroless reduction in a gold plating bath to
obtain continuous gold nanostructures. Four different approaches for the introduction of the
seed species for the electroless reduction were investigated with emphasis on the different
modification of the mesoporous surface with organic functionality (thiol- and
ethylenediamino functional groups), different particle size of the Au precursors (raging from
5-6 gold nanoparticles to ionic AuCly precursor) and Au particles with different surface
charge. It has been shown that Au nanostructures stabilized in tetraoctylammonium bromide
in toluene, assembled on MPS-modified SBA-15 mesoporous support are the best precursors
for subsequent gold electroless reduction and resulted in formation of several micrometer
long gold nanowires with a diameter of about 5 nm. The experimental results clearly show
that the growth of the gold nanowires is templated from the channel structure of the SBA-15
material. To the best of our knowledge these are the longest continuous gold nanowires
prepared with mesoporous material as the solid template. Two types of thin mesoporous
films showing three-dimensional cubic (Pm3n) (templated by CTABr surfactant) and two-
dimensional (p6m) (templated by tri-block copolymer Pluronic123) mesophase structure
were modified with MPS, treated with Au nanostructures stabilized in tetraoctylammonium
bromide in toluene and subjected to electroless reduction. Due to the templating effect of the
host support three-dimensional arrays of less than 2 nm large Au particles were obtained in
the first case and several nanometer long Au nanowires with low density in the second case.
A considerable decrease in the loading with Au nanostructures in the case of hexagonally

ordered films was observed. Nevertheless, to the best of our knowledge these are the first
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examples of Au nanostructures prepared in thin mesoporous films by electroless reduction
method.

A new synthetic approach for preparation of continuous PbS semiconductor
nanostructures confined in the mesoporous matrix by applying surface modification of the
mesoporous support and chemical wet-impregnation technique (Chapter 10). There, we use
the good complexing properties of ethylenediamino functionalities towards Pb(II) cations
that are further reacted with excess of S to obtain the PbS material. XRD and TEM results
showed that it is possible to obtain micrometer long PbS nanowires in hexagonally ordered
SBA-15 material. To the best of our knowledge these are the longest nanowires of
semiconductor structures produced in the pores system of mesostructured hosts. It was
attempted to extend this approach to thin film architectures. It was observed that due to the
lower stability of the cubic films and restricted diffusion of reagents in the hexagonally
ordered films the growth of continuous PbS nanostructures was not possible.

Approaching the creation of the nanostructured materials for device applications, the
preparation of conductive nanostructures will require fabrication methods capable of
producing uniform nanostructures with well defined and controllable properties. The
templating approach described in this Thesis, takes advantage of the high density, continuity,
and uniformity of nanochannels. The potential of using uniform nanochannels in device
applications is given from the ability for preparation of thin-film architectures. At this point,
the desirable alignment of nanochannels with long axis perpendicular to the surface of the
film is not achieved. Alignment in an electric field, assuming a re-orientation caused by the
differences in the dielectric constant at the silica/surfactant interface, has been tried in our
group (see Diploma Theses of Martin Kuba and Barbara Fieres). Unfortunately, many other
parameters (many of them discussed in Chapter 6) are also playing an important role in the
disorder-to-order transition and the exact experimental conditions for such an alignment may
still be difficult to find. Another possible approach is to use already existing one-dimensional
macroporous templates (anodic alumina membrane, Anodisc™™) to cast/extrude mesoporous
material that can possibly show aligned nanochannels parallel to the long axis of the
membrane. Other possibility is to interrupt the preferred alignment of the mesoporous

channels parallel to film surface by introduction of nanosized silica particles during the
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coating process or to cut fine grooves in the film by ion bombardment that will be used as
entrances for inclusion chemistry.

The encapsulation methods for incorporation of conductive structures used in this
study are in most cases proof-of-principle methods. The detailed problems and possible
solutions regarding every synthetic method are discussed separately in the preceding
Chapters. Generally, the electroless reduction method, impregnation/complexing approach
and selective modification with desirable molecular functionality can be further extended to
other metal nanostructures, conductive polymers, semiconductor nanocrystals, optically
active molecules, etc.

Finally, when the desired nanoscale architecture is achieved (Figure 1), the aim is to
probe the electrical properties of an individual conducting entity, assumed to be isolated from

its neighbors by the silica walls, by approaching the surface with an STM tip.

STM probe

Vertically aligned
mesoporous channels with
conductive nanowires

«—

Figure 1. Schematic representation of the addressing of a single conductive nanowire.
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