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Abstract

Mesoporous films are characterised by the presence of ordered porosity in the 2 to
50 nm range. These systems are extremely interesting from a technological view-
point due to the very high specific surface area (on the order of 1000 m?-g~') and
the possibility to tune important parameters such as chemical composition, pore
size and shape, pore accessibility. This doctorate work was aimed at the study on
mesoporous thin films, a goal that has been tackled following two directions. The
first goal was to promote a basic study on the synthetic and processing parame-
ters through which mesoporous films are obtained: for example, using different
precursors in order to vary the chemical composition of the films and modify phys-
ical parameters such as pore size and shape. The second direction followed in
this work was to pursue an explorative study regarding applications of mesoporous
coatings, for example for hierarchical multiscale porosity materials and in pattern-
ing of mesoporous thin films. Whilst dealing with these subjects, advanced char-
acterisation techniques using synchrotron radiation were developed for the basic
study of mesoporous films.

Riassunto

I film mesoporosi sono caratterizzati dalla presenza di pori ordinati di dimensioni
comprese tra 2 e 50 nm. Questi sistemi sono estremamente interessanti da un
punto di vista tecnologico poiché possiedono un’elevata area superficiale speci-
fica (dell’ordine di 1000 m*-g~!) e vi & la possibilitd di controllare importanti
parametri come la composizione chimica, la forma, la dimensione e I’accessibilita
dei pori. Questo lavoro di dottorato ¢ stato finalizzato allo studio sui film meso-
porosi, un compito che puo essere diviso in due parti. Il primo obiettivo € costi-
tuito da uno studio di base sui parametri di sintesi attraverso i quali si ottengono
film mesoporosi: ad esempio, cio include I'impiego di diversi precursori per vari-
are la composizione chimica dei film e per modificare parametri fisici come ad
esempio la forma e la dimensione dei pori. La seconda direzione seguita in questo
lavoro riguarda lo studio esplorativo di applicazioni di ricoprimenti mesoporosi,
ad esempio in materiali a porosita gerarchica multiscala e nel patterning di film
mesoporosi. Queste tematiche sono state affrontate anche attraverso lo sviluppo di
tecniche avanzate di caratterizzazione utilizzando radiazione di sincrotrone per lo
studio di base di film mesoporosi.






Preface

Writing this thesis has been both a challenge and a pleasure. The challenge ap-
peared early in the draft of the introductory chapter, when I had to do a thorough
literature search drawing on publications, books and the internet, retrieving old
documents and finding new ones. Writing the experimental part represented an-
other challenge in that I had to gather all the experimental data collected in three
years, which was mostly spread about in the hard drive of my laptop—and in the
old laptop, and in that CD forgotten under a pile of papers... Even though much
of that stuff had already been published, many concepts needed thorough revision.
I had to refresh my ideas and make them more accurate, adding detail to come
up with a comprehensive scientific dissertation, a text showing also some sort of
“soul” in order to catch the reader’s interest and keep it throughout the notions and
the experiments presented. This process was most instructive—and of course, a
valuable exercise in English language!

The pleasure of writing this thesis has come in small sips, originating from
the pattern that steadily unravels after the continuous work of organising thoughts
and data in a coherent framework, eventually giving meaning to three years of
doctorate. I compare this pleasure of writing, to the emotions arising in the author
that’s writing a novel, studying the characters, providing them with the right words
and actions, unveiling the plot little by little with careful timing. And still, scientific
writing and fiction writing couldn’t be more different both in style and purpose!

The experimental part of this thesis reflects my “learning curve” as a scientific
researcher. The goal of this work was to gain a better understanding of meso-
porous films in terms of physicochemical properties and processing parameters:
this is the starting point of a project with the final aim of developing functional
materials based on mesoporous systems. The strategy appears often to be that of a
“solution looking for a problem” rather than of a “problem looking for a solution”.
In other words, the method was, more often than not, to explore possibilities in a
creative and sometimes serendipic fashion. In fact, these two approaches are not
mutually exclusive, and it is often the case that a new unexpected property or idea
for an application emerges from a study that is being conducted with a different
goal. In writing this thesis I have tried to reflect both aspects, devising a logical
breakdown of the experimental work into chapters and sections, even if this does
not necessarily match the chronology of my research.

This thesis is divided into five chapters. Chapter 1 introduces the topic of
mesostructured materials, with particular attention to films. This part took shape
little by little, in a “successive approximations” fashion: at first it was based on
the notes that I had jotted down at different times in these three years; these were
then expanded and rearranged according to literature search, laboratory feedback
and discussion with fellow researchers. Chapter 2 deals with the characterisation
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techniques used in the experimental part. The two most used techniques, small-
angle X-ray scattering and Fourier-transform infrared spectroscopy, deserved de-
scription in full detail. Chapter 3 is the first of the three experimental chapters: it
revolves around mesoporous silica and hybrid organosilica films. Chapter 4 shows
a few prospected applications of these materials, such as hierarchical porosity and
a microfabrication technique for patterning mesoporous silica films utilising syn-
chrotron radiation. Chapter 5 describes an interesting study on the basic principles
of self-assembly, as well as a novel experimental technique for the simultaneous
structural and chemical study of mesostructured films. The appendices contain
further information which would have otherwise burdened the text.

Having said that, I believe that from the reader’s viewpoint this thesis should
be, first of all, useful. So, this is my hope: that this thesis will be of some interest to
the reader—be it as a simple instructive reading or as a help specific to the research
work on mesoporous materials—as it was useful for me to write it. I'll let you
judge, now read on. ..

November 2007
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Chapter 1

An overview on
mesoporous materials

Abstract

The importance of porous materials is testified to by their widespread use both in
industrial and in household products. Well-known applications include catalysis,
filtration, extraction, cleaning and sorption. In the past years, one of the major lim-
itations to overcome was the size and accessibility of pores, which were restrained
to the sub-nanometre scale in molecular sieves such as natural and synthetic zeo-
lites: this limited the application of these porous systems to small molecules. The
discovery of mesoporous silica and aluminosilicates with ordered pore arrange-
ment and tunable pore size ranging from 1 to tens of nanometres provided a solu-
tion and constituted a starting point for new porous materials for traditional (e.g.
catalytic and separation) and advanced (e.g. sensing, electronics) applications. The
synthesis of mesoporous materials in the form of homogeneous films was a very
important breakthrough because it allowed the development of materials for ad-
vanced applications, e.g. in optics, sensing and microelectronics.

Mesoporous films are obtained by templated self-assembly, which is a soft
chemistry synthetic approach involving organic and inorganic colloidal chemistry.
This process involves self-assembly of surfactants into ordered micellar aggre-
gates (mesostructure) and inorganic polycondensation reactions triggered by sol-
vent evaporation, in a technique called evaporation-induced self-assembly (EISA).
Different compositions of the inorganic framework can be obtained by this method,
most notably silica, transition metal oxides, mixed oxides, phosphates.

In this chapter we report on the basic concepts regarding the synthesis of meso-
porous materials, with particular attention to films. The models of mesostructure
formation are illustrated by selected models and examples taken from the litera-
ture, discussing concepts regarding sol-gel and surfactant chemistry and physics.
Particular attention is given to silica mesoporous films templated by amphiphilic
block copolymers, due to their major importance in this doctorate work.
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1.1 NANOSCIENCE: AN INTRODUCTION 3

1.1 Nanoscience: an introduction

1.1.1 Nanostructured materials

Nanotechnology can be thought as a new approach to scientific research spanning
and joining many branches of science. It consists essentially in the design, fab-
rication and application of structures with feature size defined on the nanometre
scale (roughly 1 to 100 nm), be it individual particle size or interparticle distance.
More precisely, the term “nanotechnology” implies two definitions: “nanoscience”
describes the study and the comprehension of phenomena and physicochemical
properties of matter at the nanoscale, whereas the term “nanotechnology” indicates
the fabrication, application and commercialisation of devices based on nano-sized
matter. Both terms encompass many different research areas, characterised by a
marked interdisciplinarity (e.g. nanobiotechnology, nanoelectronics, nanomateri-
als, etc.). In the scope of this thesis, when using the generic term of nanotechnol-
ogy or nanoscience we will refer mainly to the concept of nanoscience applied to
materials science.

In materials science and engineering, nanotechnology represents a new ap-
proach to research, in that it can offer concepts, tools and models for the prepa-
ration of nanomaterials with highly innovative properties. In other words, «the
nanoworld is a weird borderland between the realm of individual atoms and
molecules (where quantum mechanics rules) and the macroworld (where the bulk
properties of materials emerge from the collective behavior of trillions of atoms
[...]. At the bottom end, in the region of one nanometer, nanoland bumps up
against the basic building blocks of matter. As such, it defines the smallest nat-
ural structures and sets a hard limit to shrinkage: you just can’t build things any
smaller».! One could ask the simple question: “why should we be so interested
in nanoscience?”, or “why nano?”.? The answer lies in the fact that when at least
one characteristic length of a material is in the nanometre range, chemical and
physical properties can be profoundly different than at the macroscopic scale. This
gives rise to an ensemble of new functional properties upon which devices can be
built that have a potential to contribute to a high level of scientific and technolog-
ical development, and to dramatically improve the quality of life. Therefore, the
so-called nanostructured materials constitute a bridge between the atomic and the
macroscopic realms, a very promising and largely unexplored research area. The
reason for this interesting—and sometimes curious—behaviour at the nanometre
scale is twofold: increase in surface area and quantum size effects.

Surface area As the size of a material decreases, the ratio between the number of
atoms that lie on the surface (a5) and the total number of atoms (a,) increases. Let
us consider a cube of size / = 1 cm that has a volume density of ~10?* atoms-cm 3
and a surface density of ~1015 atoms-cm~2: the ratio f=as/aw is f=6- 10°8.
For smaller [ values, f is correspondingly larger, e.g. if / = 1 nm, we obtain f ~ 0.6,
that is to say 60% of the total atoms lies on the surface. Because the energy at the
surface of a material is different than in the bulk, the energy of a material on the
nanoscopic scale is different than at the macroscopic scale. This can be a very
important property for applications that involve chemical reactions at interfaces,
such as in catalysis: a nanomaterial, in fact, can account for catalytic properties
which may be negligible in its macroscopic form. This is why nanopowders are
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extremely reactive due to their high surface area and must be handled with care as
there is the risk of self-ignition and even explosion.

Quantum size effects In this intermediate size range between matter at the
molecular and at the macroscopic scale, individual energy states of molecules and
continuous energy bands of solids become discrete and their energy separations
display a dependence on the spatial dimension of the material, which in principle
can be calculated by solving the Schrodinger equation for an electron in a box that
has a size on the order of the Bohr radius of the electron. This causes particular
electronic and optical properties to emerge as a function of size, e.g. plasmonic
resonance frequency in metallic nanoparticles and tunable energy gap in semicon-
ductor nanoparticles (quantum dots). These properties are exploited for advanced
applications, e.g. in electronics, linear and non-linear optics.

Surface area and quantum size effects can explain a number of effects caused
or enhanced by small size, such as magnetic, mechanical, tribological properties.
The critical length below which matter shows interesting behaviour will obviously
depend on the material itself and on the particular property we are considering,
therefore one or more different critical lengths can be defined from case to case.
Some systems may also have more than one feature size: in the case of multifunc-
tional materials whose application requires a number n of properties, there may
exist n critical dimensions related to these properties, that is to say the material is
composed by elements with dimensions on # length scales. Sometimes these are ar-
ranged hierarchically, meaning that features of different length scales are arranged
according to a relationship of subordination.

In its broadest meaning, nanoscience applied to materials has been exploited
for decades, if not even for centuries. For example, the products of chemical in-
dustry may have nanometric size and be defined at the molecular level: this is the
case of polymers, which are essentially nanometric structures obtained by succes-
sive additions of isolated monomers. Ancient glass-makers were ante litteram nan-
otechnologists who exploited the quantum size effects of colloidal metal nanoparti-
cles (gold, silver) to obtain the colour red in glass, which was impossible to obtain
by any other known chemical compound. Considering this, a large part of less
recent science and technology could be considered as a part of nanoscience and
nanotechnology, and these terms might appear deprived of their meanings. In fact,
the key element that allows us to speak of “nano” as a new scientific/technological
approach is twofold: (1) the possibility to visualise and manipulate matter at the
nanoscale, even atom-by-atom, and (2) the understanding of the relationship be-
tween structure and property at the nanoscale, which was made possible by the
invention of suitable analytical instrumentation.

Two crucial inventions in the 1980s enabled researchers to investigate and ma-
nipulate matter at the atomic level: the scanning tunnelling microscope (STM) in
1982 and the atomic force microscope (AFM) in 1986. In Eigler and Schweizer’s
well-known experiment, single Xe atoms were literally lifted and moved around on
a Ni surface using an STM and were positioned to form the IBM logo.? Although
this technique was extremely limited (the experiment was performed at 4 K in ul-
trahigh vacuum on a conducting surface), it opened the way to new approaches
to manipulation of matter at the nanoscale. The invention of instruments which
were able to image and fabricate nanostructures defined at the atomic level led to
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a virtuous circle: new instrumentation permitted a more thorough comprehension
of phenomena occurring at the nanoscale, which constituted a motivation for a bet-
ter size and chemical control, which in turn was a stimulus to tweak the existing
analytical instruments and invent new ones. As research progressed in the course
of years, the field of nanoscience applied to materials thrived, catalysing the inter-
est of more and more researchers trained in diverse scientific branches. Materials
science could then develop as a discipline with a marked interdisciplinar charac-
ter, and synergies could be established between disciplines traditionally considered
separate, such as electronics, quantum mechanics, biochemistry.

From a historical viewpoint, the beginning of nanotechnology is generally con-
sidered to be the famous speech given by Richard P. Feynman in the annual meeting
of the American Physical Society at CalTech in 1959, “There’s plenty of room at
the bottom”.*# This started a series of debates trying to settle the innovation (and
the risks) that nanotechnology could bring about in the future. Some ideas appear
way too futuristic, like the construction of a “space elevator” in which the cables
are made of carbon nanotubes.>® Other applications are much more feasible in
the mid- or short term, e.g. a DNA sequencer composed of luminescent quantum
dots that are functionalised with specific oligonucleotide, binding to a particular
sequence of bases.” Important applications include, for example, battery-scale en-
ergy storage, nanostructured fuel cells, textiles (e.g. nanostructured fibers and fab-
rics), defense and security (e.g. surveillance, explosive detection and communica-
tions), medical research (e.g. scaled down gene and protein array-based diagnos-
tics).®

1.1.2 Synthesis: bottom-up and top-down sirategies

Though nanotechnology acquired strong elements of interdisciplinarity in the
course of years, there are at least two elements that make it a homogeneous en-
semble: (1) research is oriented towards the study of innovative properties which
are determined by small feature size, (2) all synthetic approaches fall into two
categories: top-down and bottom-up. Top-down techniques start from a bulk
material and reduce its dimensions—by chemical etching, mechanical grinding,
lithography—until a nanomaterial is obtained. Typical examples include the fabri-
cation of integrated circuits by lithography, by which it is now possible to obtain
structures smaller than 100 nm, and the production of nanopowders by ball milling.
Bottom-up syntheses involve the assembly of small (generally atomic or molecu-
lar) units into the desired structure. An example is the wet-chemical synthesis of
CdS quantum dots from a solution containing cadmium and sulphur ions, together
with a suitable capping agent to control growth and prevent aggregation of the
nanoparticles.’

Since both approaches have upsides and downsides, it is not possible to deter-
mine which is the best synthetic strategy regardless of the final structure that has to
be obtained. However, we can say that the possibility of building structures defined
at the atomic or molecular level is a prerogative of bottom-up syntheses, whereas
complex structures such as micro- and nanoscopic interconnects and circuits can be
obtained by top-down approaches. This consideration lets us grasp the potential of
hybrid bottom-up and top-down syntheses (Figure 1.1).'° For example, a photonic
crystal obtained by the self-assembly of latex spheres can be grown selectively on
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Figure 1.1. Convergence of top down and bottom up synthesis techniques as a function of
time.

defined regions of a pre-patterned substrate, e.g. by microcontact printing, in order
to fabricate an all-optical integrated circuit. !!

In general, it is worth mentioning that every synthetic strategy should exert a
fine control on chemical composition, spatial dimensions, nature of the interfaces,
morphology, orientation, stability (e.g. thermal, temporal, chemical, dimensional,
etc.). In addition, it is important to note that the industrial production of nanostruc-
tures requires low cost (in terms of chemical precursors, synthetic procedure and
time) and full reproducibility of the products in large quantities; this is true both in
the case the final product is a nanodevice, and in the case the product is a starting
material for another synthesis.

1.2 Self-assembly

1.2.1 What is self-assembly?

As described previously, the strategies for the synthesis of nanomaterials using
bottom-up approaches involve the assembly of small units, also called nano-
building blocks (NBBs) into a nanostructure, where the NBBs are arranged ac-
cording to a well-defined shape and architecture. Different bottom-up techniques
that enable production of nanostructures with different degrees of quality, speed
and cost have been devised. Here we will not make a list of all these techniques,
since this would be outside the scope of this thesis. Instead, we will outline the
synthetic approach of a bottom-up technique of outstanding interest, self-assembly
(SA), upon which the syntheses of mesoporous materials are based. The distinc-
tive aspect of SA is that the driving force that causes the NBBs to assemble into
the final structure is strictly local, and there is no intervention of external forces.
Starting from suitable NBBs with tailored size and shape, composition and sur-
face structure, charge and functionality, one can obtain various nanostructures by a
SA process which may be spontaneous, directed by templates or guided by chemi-
cally or lithographically defined surface patterns. These nanostructures are shaped
into architectures that perform a function. When structure-directing species (often
molecular and organic) are used that serve to fill space, balance charge and direct
the formation of a specific structure in addition to the self-assembling NBBs, the
process is referred to as templated self-assembly or co-assembly.
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Indeed, it is easy to come across the concept of SA in science. SA is a term used
to describe processes in which a disordered system of pre-existing components
forms an organised structure or pattern as a consequence of specific, local interac-
tions among the components themselves, without external direction.'? Throughout
this thesis we will use a connotation of SA that is often found in chemistry.

1.2.2 A definition of self-assembly

Self-assembly in chemistry can be defined as the spontaneous and reversible or-
ganisation of molecular units into ordered structures by non-covalent interac-
tions.'3 The first property of a self-assembled system that this definition points out
is the spontaneity of the self-assembly process: the interactions leading to the for-
mation of the self-assembled system act on a strictly local scale—in other words,
the nanostructure builds itself. At this point, one may argue that any chemical
reaction driving atoms and molecules to assemble into larger structures, such as
precipitation, could fall into the category of SA. However, there are at least three
aspects that make SA a distinct concept. First, the self-assembled structure must
have a higher order than the isolated components, be it a shape or a particular task
that the self-assembled entity may perform. This is generally not true in chemical
reactions, where an ordered state may proceed towards a disordered state depend-
ing on the thermodynamic parameters. The second important aspect of SA is the
key role of weak interactions (e.g. Van der Waals, capillary, 7-7, hydrogen bonds)
with respect to more “traditional” covalent, ionic or metallic bonds. Although typ-
ically less energetic of a factor of 10, these weak interactions play an important
role in materials synthesis. It can be instructive to note how weak interactions
hold a prominent place in materials, but especially in biological systems, although
they are often considered marginally with respect to “strong” (i.e. covalent, etc.)
interactions. For example, they determine the physical properties of liquids, the
solubility of solids, the organisation of molecules in biological membranes. The
third distinctive aspect of SA is that the building blocks are not only atoms and
molecules, but span a wide range of nano- and mesoscopic structures, with differ-
ent chemical compositions, shapes and functionalities. These NBBs can in turn
be synthesised through conventional chemical routes or by other SA strategies.
Important examples of SA in materials science include the formation of molecu-
lar crystals, colloids, lipid bilayers, phase-separated polymers, and self-assembled
monolayers. 415 The folding of polypeptide chains into proteins and the folding of
nucleic acids into their functional forms are examples of self-assembled biological
structures. '°

Therefore, we can say that SA extends the scope of chemistry aiming at synthe-
sising products with order and functionality properties, extending chemical bonds
to weak interactions and encompassing the self-assembly of NBBs on all length
scales.? In covalent synthesis and polymerisation, the scientist links atoms together
in any desired conformation, which does not necessarily have to be the energeti-
cally most favoured position; self-assembling molecules, on the other hand, adopt
a structure at the thermodynamic minimum, finding the best combination of inter-
actions between subunits but not forming covalent bonds between them. In self-
assembling structures, the scientist must predict this minimum, not merely place
the atoms in the desired location.

Another characteristic that is common to nearly all self-assembled systems is
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their thermodynamic stability: in order for SA to take place without the inter-
vention of external forces, the process must lead to a lower Gibbs free energy,
thus self-assembled structures are thermodynamically more stable than the sin-
gle, unassembled components. A direct consequence is the general tendency of
self-assembled structures to be relatively free of defects. An example is the for-
mation of two-dimensional superlattices composed of an orderly arrangement of
micron-sized poly-methyl-methacrylate (PMMA) spheres, starting from a solution
containing the microspheres, in which the solvent is allowed to evaporate slowly
in suitable conditions. In this case the driving force is capillary interaction, which
originates from the deformation of the surface of a liquid caused by the presence
of floating or submerged particles. !’

These two properties—weak interactions and thermodynamic stability—can
be recalled in order to rationalise another property which is often found in self-
assembled systems: the sensitivity to perturbations exerted by the external envi-
ronment: small fluctuations that alter the thermodynamic variables might lead to
marked changes in the structure and even compromise it, either during or after SA.
The weak nature of interactions accounts for the flexibility of the architecture and
allows for rearrangements of the structure in the direction determined by thermo-
dynamics. If fluctuations bring the thermodynamic variables back to the starting
condition, the structure is likely to go back to its initial configuration. This leads us
to identify one more property of SA, which is generally not observed in materials
synthesised by other techniques: reversibility. For example, the most interesting
example of reversibility in self-assembled mesostructured films is the so-called tun-
able steady state, a particular state of the as-deposited film that permits structural
rearrangements that may increase or decrease the internal degree of order, and even
change mesostructure symmetry (see page 49).

From what we have written so far, it should be evident that SA is a process
which is easily influenced by external parameters: if this can make synthesis more
problematic due to the many free parameters requiring control, on the other hand
it has the exciting advantage that a large variety of shapes and functions on many
length scales can be obtained. !

Generally speaking, the fundamental condition in order to have NBBs to self-
assemble into an ordered structure is the simultaneous presence of long-range re-
pulsive and short-range attractive forces.!® Figure 1.2 exemplifies SA occurring

[~ ] Il [~ =-EEE

long-range repulsive short-range attractive

periodic ordered structure

Figure 1.2. Scheme of long-range repulsive interactions and short-range attractive in-
teractions between two chemically different units A and B leading to a self-
assembled periodic ordered structure.
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Table 1.1. Examples of long-range repulsive and short-range attractive competing forces

giving self-assembled systems (adapted from Firster and Plantenberg 9 ).

Long range repulsion Short range attraction Example

Hydrophobic-hydrophilic Covalent binding Micelles, lyotropic liquid

interactions crystals

Coulomb repulsion Electroneutrality Tonic crystals

Excluded volume Minimum space required Thermotropic liquid
crystals

Electric dipole field Electric dipole interaction  Ferroelectric domains

Magnetic field Magnetic dipole Magnetic domains

interaction

from building blocks constituted by two different units (A and B) which are co-
valently linked (short-range attraction) and repel each other by long-range interac-
tions (e.g. because A is hydrophobic and B is hydrophilic). Since the energy of the
system will unfavour configurations where A is close to B, and still no macrophase
separation is possible due to the A—B covalent bonds, the system will adopt a con-
figuration where the contact area between A and B is minimised. This results in a
periodic ordered structure (in Figure 1.2 this is exemplified by a lamellar structure).
In Table 1.1 we give a few examples of repulsive-attractive competing forces that
can give rise to SA phenomena.

By choosing precursors with suitable physicochemical properties, it is possi-
ble to exert a fine control on the formation processes in order to obtain complex
nanoarchitectures. Clearly, the most important tool when it comes to designing
a synthesis strategy for a nanomaterial, is the knowledge of the chemistry of the
building units. This is why in this chapter we will deal with inorganic sol-gel
chemistry and macromolecular colloid chemistry and physics.

1.3 Templated self-assembly

Among the diversity of self-assembly processes, we concentrate on the so-called
self-assembly of templated inorganic materials. As mentioned previously (page 6),
a distinctive aspect of templated SA is that the resulting (typically inorganic)
structure is templated by another self-assembled structure (typically organic and
supramolecular) that serves to fill space or direct the formation of a specific struc-
ture as a scaffold, or balance charge. In the following of this thesis, when speaking
of SA we will always refer to templated SA.

In the case of mesoporous materials, the self-assembly of molecular inorganic
NBB:s is directed by the presence of a structure-directing agent, which serves as
a scaffold for the polycondensation of the inorganic NBBs (see Figure 1.3). The
structure-directing agents are essentially supramolecular structures formed by the
aggregation of amphiphilic molecules such as surfactants, which are molecules
containing both hydrophilic and hydrophobic groups. Surfactants exhibit a partic-
ular behaviour in solution: above a certain concentration (critical micellar concen-
tration, cmc) the surfactant molecules undergo a microphase segregation process in
order to minimise the free Gibbs energy, forming supramolecular aggregates (mi-
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L B

L 4
‘10.% + . —_—
.,
o P
surfactant  inorganic NBB mesostructure

Figure 1.3. Scheme of templated self-assembly. Surfactant molecules interact with inor-
ganic species and form hybrid organic-inorganic nano-building blocks, which
in turn self-assemble into an ordered mesostructure.

celles), whose shape is determined by the nature and the architecture of the organic
building units, as well as by other parameters such as nature of the solvent, pH and
presence of ions. Inorganic polycondensation reactions take place around the tem-
plating supramolecular units (mesophase) and yield a hybrid network, constituted
by a gel hydrated by solvent molecules.* A thermal treatment (calcination) is then
performed to remove the templating agent and stiffen the inorganic framework by
promoting further inorganic condensation obtaining a mesoporous material. Alter-
natively, the organic mesophase can be removed by solvent extraction.

The synthesis of mesoporous materials requires knowledge of the chemistry
and the physics of the inorganic and organic component units. In many cases in-
organic chemistry is that of sol-gel systems, since inorganic precursors are often
alkoxides, organoalkoxides and inorganic salts that undergo hydrolysis and con-
densation reactions. On the other hand, supramolecular self-assembly of organic
species borrows many concepts from colloidal and polymer chemistry and physics.
Therefore, we will now deal briefly with the general concepts of self-assembly and
sol-gel chemistry.

1.3.1 Supramolecular structures

In the synthesis of mesoporous materials, one exploits the self-assembly of am-
phiphilic molecules or macromolecules, which are constituted by a hydrophobic
region (typically an aliphatic chain) and a hydrophilic region (typically an ion or
a polar organic group). The most representative category goes under the name of
surfactants, a term referring to the property of lowering the interface energy be-
tween a hydrophobic and a hydrophilic phase (surface active agent). Their most
known application in household products is as detergents: when surfactants come
into contact with “dirt” organic particles, these are enclosed into a structure formed
by the hydrophobic portions of the surfactant, while the hydrophilic portions are in
contact with the hydrophilic medium (water). Therefore, surfactants can disperse
organic particles in polar media, which accounts for their cleaning properties.

In general, amphiphilic molecules and macromolecules show a tendency to
self-assemble forming micelles when their concentration in a polar solvent is
higher than a critical micellar concentration (¢ > cmc). Micelles in a polar solvent
are constituted by a finite number of amphiphilic units in which the hydrophobic
regions form the core of the micelle, whereas the hydrophilic ends point towards
the exterior and are swelled by solvent molecules (in an apolar medium it is the

*This process is similar to the biological process of biomineralisation. For further information
regarding the biomimetic aspects of the synthesis of mesoporous materials, see Appendix B.
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other way round: hydrophilic cores are surrounded by a hydrophobic corona).
An appealing vivid description pictures surfactant self-assembly as “‘chemical
schizophrenia”: «In water, the hydrophilic headgroups are solvated and extrovert
in character, whereas the hydrophobic chains become chemical introverts intent
on shielding themselves from the uncomfortable polar interactions. A free energy
compromise is attained by self-assembly, in which the hydrophobic residues be-
come internalised within a supramolecular aggregate such as a micelle».?’ As we
will see, micelle shape is determined by the interactions between the amphiphilic
units and the solvent molecules. For higher concentrations (¢ > cmc) micelles
can form lyotropic phases, where micelles form periodic ordered patterns.?! Some
examples of micellar aggregates are reported in Figure 1.4. We will discuss the
formation of supramolecular structures in more detail in Sections 1.5 and 1.6.

1.3.2 Inorganic polycondensation and sol-gel processes

Sol-gel processing is based on the controlled polymerisation of inorganic molec-
ular precursors in mild temperature conditions, organic solvents, and controlled
amounts of water. This technique is crucial in the development of synthesis routes
towards the inorganic NBBs.

Oxide formation by the sol-gel process implies connecting the metal centres
with oxo or hydroxo bridges, generating metal-oxo or metal-hydroxo polymers in
solution. A colloidal suspension (sol) evolves through polycondensation reactions
towards the formation of a continuous solid with the desired shape (e.g. monolith,
film, powder) in which a liquid phase is intercalated (ge/). Upon drying, a solid
is formed, next thermal treatment may then be performed in order to favour fur-
ther polycondensation reactions and enhance mechanical properties. The sol-gel
approach is particularly interesting in that it allows for the fine control on the final
chemical composition, as even small quantities of dopants, such as organic dyes
and rare earth metals, can be introduced in the sol ending up in the final product
finely dispersed.

The precursor is either an alkoxide, i.e. a compound where a metal (e.g. Ti, B,
Al, Ga, Zr, Y, Ca) or metalloid (Si, Ge) is chemically bonded to one or more or-
ganic groups through an oxygen atom, or an inorganic salt, generally a transition
metal chloride. Silicon alkoxides, such as tetraethoxysilane (TEOS) and tetram-

Figure 1.4. Examples of micellar structures: (A) sphere, (B) cylinder, (C) planar bilayer,
(D) reverse micelle, (E) bicontinuous phase, (F) liposomes. Reproduced from
Soler-1llia et al.?
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ethoxysilane (TMOS), are widely used in order to produce silicon oxide (silica).
TEOS is constituted by a Si atom bonded to 4 ethoxy groups (OCH,CHj;) which
are hydrolysed in the presence of water, an alcohol and a catalyst such as HCI to
give Si(OCH,CHj3) ,(OH),_, (0 < x < 3). These, in turn, condense with other hy-
drolysed species and with unhydrolysed TEOS molecules, forming a larger macro-
molecule and yielding smaller molecules such as water or ethanol. Therefore, Si
atoms end up linked by bridging oxygens or hydroxides in a SiO, network. Since
this condensation process results in the assembly of a macromolecule starting from
monomer units, freeing smaller molecules such as water and ethanol for each new
unit linked to the forming structure, it is similar to organic living polymerisation,
which somehow justifies the term “inorganic polymerisation” that is often used as
a synonym for polycondensation. The resulting material framework can be purely
inorganic (i.e. metal-oxo polymers) or hybrid organic-inorganic as in the case of
hybrid precursors (i.e. organo-substituted alkoxides bearing non-hydrolysable or-
ganic groups or dyes dissolved in the solution).

The effect of catalysis has a dramatic effect on the microstructure of the solid
that is obtained by hydrolysis and condensation reactions of the precursor sol. 2324
Let us consider the case of silica, as it is the most relevant in the scope of this thesis.
In acidic conditions an alkoxy group is protonated in a rapid first step; electron den-
sity is withdrawn from the Si atom, making it more electrophilic and thus more sus-
ceptible to attack from water: this results in the formation of a positively-charged
five-coordinate transition state which decays by displacement of an alcohol and
inversion of the silicon tetrahedron (Figure 1.5). Conversely, in basic conditions
an OH™ group directly attacks a Si atom forming a five-coordination, negatively-
charged transition state. Condensation reactions can involve elimination either of
a water or an alcohol molecule (Figure 1.6). Thus, condensation can lead to an
oxo bridge (oxolation), and water or alcohol is eliminated, whereas in the case of
olation an addition reaction takes place, and a hydroxo bridge is formed.

The rate of hydrolysis and condensation of the 4 alkoxy groups bonded to a
Si atom can be understood in terms of electronic effects, bearing in mind that
alkoxy groups (OR) are electron-donating groups, whereas hydroxy groups (OH)
are electron-withdrawing. Therefore, a substituting OH withdraws electron from
the central Si atom and the positively-charged transition state in acid-catalysed
hydrolysis becomes less stabilised as more alkoxy groups are substituted by hy-

H RO, . H RO, R OR
AN AN H - s AN %, MR s . ZWOR
/o o WSTTOR =—— +/o Si o\ + Ho—s|\

H ROY l H | H + ROH OR

RO OR
. +H*
Acid-catalysed
OR
RO Ro,% _SOR _4\\0,?
HO--------=3 S—OR = HO Si OR HO—Si
W — 5— \
RO +OR" OR
RO OR

Base-catalysed

Figure 1.5. Scheme of acid- and base-catalysed hydrolysis from silicon alkoxide.
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droxyl groups and the reaction rate decreases. Conversely, in base-catalysed hy-
drolysis the negatively-charged transition state becomes more stabilised as more
alkoxy groups are substituted by hydroxyl groups, thus more highly hydrolysed
silicones are more prone to attack and the reaction rate increases. This means that
in acidic conditions one molecule of silicon alkoxide is one- or two-substituted
by OH groups, whereas in basic conditions the silicate species will be almost
fully hydrolysed. Condensation reactions proceed according to the same princi-
ple. In acidic conditions the transition state is positively charged and stabilised by
electron-donating alkoxy groups, therefore less substituted (RO)3;SiOH condense
faster than (RO),Si(OH),, which condenses faster than ROSi(OH)3 and Si(OH),.
As a consequence, an open network forms initially, followed by further hydrolysis
and cross-condensation reactions. In contrast, in base-catalysed condensation fully
hydrolysed species condense and form branched clusters which eventually link to
form gels with large pores between the interconnected clusters. Acid-catalysed
sols are more suitable for depositing films by dip- or spin-coating, whereas base-
catalysed sols are used for the synthesis of silica nano- and micro-spheres.?’

The rate of reaction at different pH values shown in Figure 1.7 can be under-
stood in these terms, considering that the isoelectric point of silica (i.e. where the
equilibrium species have zero net charge) is pH,,, = 2.2. Below pH;,, the conden-
sation rates are proportional to [H]. Between pH 2 and pH 6 condensation rates
are proportional to [OH™]. Above pH 7 condensed species are ionised and there-
fore mutually repulsive: growth occurs primarily through the addition of monomers
to the more highly condensed particles rather then by particle aggregation. Due to
the higher solubility of silica above pH 7, the reaction rate decreases again.

Transition metal alkoxides are very reactive due to the high electrophilicity of
the metal atom that increases the rate of nucleophilic hydrolysis and condensation
reactions, therefore inorganic salts are often used as the precursors. For exam-
ple, titanium tetrachloride TiCly, which is widely used in the synthesis of titanium
dioxide, gives TiCl,_,(EtO), species in an ethanolic solution, which in turn are
hydrolysed by water.?® Besides, a certain amount of HCI is formed upon disso-
lution of tetrachloride, which tends to quench fast and inhomogeneous condensa-
tion by forming complexes with the inorganic hydrolysed species. Furthermore,
complexing agents such as acetyl acetone can be used in order to lower the poly-
condensation kinetics. Alternatively, non-hydrolytic routes can be used, especially

HO. H H OH
Fast AN /\\\OR Slow  \, (\\\OR
HY o+ Si— OH ——= Si—O0. ® + HO ! = $i—O0—s{
W \\\“l Ho™ l
HO i l HO . H OH o OH
0 0o + Hy0*

HO OH
HO. HO.
Fast AN Slow AN _.4\\0R
Si—OH =—= WSi—O + Si—OH =—7 \\\\\\\S'—O S\
\ \
HON l ( HO l HOY l HO l OH
RO OH RO RO RO ‘ol

Base-catalysed

Figure 1.6. Scheme of acid- and base-catalysed condensation from silicon alkoxide.
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for reactions which involve precursors of very different reactivity, e.g. in mixed
oxides.?’

Sol-gel methods allow creating nanometric inorganic and hybrid organic-
inorganic building blocks with great variety in their nature, structure and func-
tionality. The use of pre-formed species presents several advantages compared to
alkoxide precursors, because pre-formed species are less reactive towards hydrol-
ysis or attack of nucleophilic moieties. Furthermore, their size and composition
can be carefully pre-synthesised. Thus, they can be used as model systems to un-
derstand the construction of hybrid materials, particularly at the inorganic-organic
interface. For example, oligosilsesquioxanes can be used as building blocks for the
preparation of nanocomposite siliceous thin films by a self-assembly approach. 232
Titanium oxo clusters can be obtained by hydrolysis of Ti(OR)4 precursors in low
water conditions, these clusters can be used to prepare mesostructured hybrid tita-
nia films.°

In this doctorate work we have focused mainly on mesoporous silica films,
therefore we will discriminate between silica and non-silica systems. For a thor-
ough revision on sol-gel, we address the reader to Brinker and Scherer’s compre-
hensive text,?? where in-depth information on reaction and formation mechanisms
and applications of sol-gel derived materials can be found, as well as to other in-
teresting books and publications in the literature. 243!

1.4 Porous and mesoporous materials

1.4.1 Importance of porous materials: the case of zeolites

Porous materials containing cavities in the nanometre and micrometre range
(e.g. sponges, clay, zeolites) hold a significant position in industry owing to their
widespread use both in industrial and in household products. Well-known appli-
cations include catalysis, filtration, extraction, cleaning and sorption. In all these
cases, the synthesis of a porous material should allow for the control of the pore di-
mension and size distribution, which is generally required narrow and centred on a
given value. Advanced applications of materials containing porosity require pores
that may be either interconnected and open to the external environment, e.g. to al-
low for the diffusion of analytes in sensors, or isolated and inaccessible, e.g. in low
dielectric constant materials in microelectronics.3%33
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Figure 1.7. Gel time as a function of pH for HCl-catalysed TEOS ([H,0]/[Si] = 4).
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According to TUPAC classification,** porous solids fall into three categories ac-
cording to pore size (d): microporous (d <2 nm), mesoporous (2 nm < d < 50 nm)
and macroporous (d > 50 nm). Microporous and mesoporous materials are gener-
ally referred to as nanoporous materials, which fall into the general class of nanos-
tructured materials, since they possess features (pores) which are defined on the
nanoscale. A useful and detailed review on porous materials, especially addressed
to microporous and mesoporous systems, was written by Soler Illia et al.??

The distinction between the attributes mesoporous and mesostructured is not
univocal. Whereas in the literature “mesoporous material” refers univocally to the
presence of porosity in the 2-50 nm range, the term “mesostructured material” is
less clear, referring to either “a mesoporous material with ordered disposition of
pores” or “a material containing an organic mesophase in the 2-50 nm range”.
In the former case “mesostructured” is a special case of “mesoporous” where the
pores are ordered, whereas in the latter case “mesostructured” means “containing a
mesophase”. In this thesis we will follow the latter case, therefore we define a “me-
sostructured material” as a material containing a (organic) phase in the 2-50 nm
range. In this sense, the synthesis of a mesoporous film proceeds through the for-
mation of a mesostructured film, which is then submitted to a treatment in order to
remove the mesophase, yielding mesoporosity.

Zeolites were among the first porous materials with pores in the nanometre
range to be synthesised, and they certainly represent the most known class of mi-
croporous materials. Zeolites are available from natural resources but there exist
synthetic routes that permit obtaining zeolites with well-defined framework com-
position and pore size. Natural zeolites are hydrated aluminosilicates of alkali met-
als or alkaline earth metal ions, characterised by cavities and channels of molecular
dimension that permeate the whole structure. Alkaline and alkaline earth cations
are localised in the cavities and serve to maintain electroneutrality, so that the gen-
eral formula for zeolites may be written as M, /nO - Al,O3 - xSi0; - yH,O (where
M is a cation of valence n and x > 2). Albeit abundantly employed in catalysis (es-
pecially in the chemical and the oil industry), natural and synthetic zeolites have
applications in other products of more common usage, such as detergents and filters
for water purification. High surface area and mechanical strength make zeolites a
class of materials of high technological interest and a topic of intense scientific
research.

The synthetic strategy used in the industrial production of zeolites is based on
a templating approach. Typically, the synthesis is carried out in hydrothermal con-
ditions starting from a gel or a solution containing the aluminosilicate precursor
together with the templating agents, such as alkaline or alkaline earth cations or or-
ganic molecules. These structure-directing agents control growth and morphology
of the aluminosilicate phase. Pore size ranges from 2-3 A to 1 nm with a narrow
size distribution, and it reproduces the molecular templating units. >

1.4.2 A new class of materials: M41S

The motivation for research on mesoporous materials was the demand for porous
materials similar to zeolites (narrow pore size distribution, thermal, chemical and
mechanical properties), but with larger pores. In particular, larger pores could
afford catalysis of larger molecules, thus extending applications to chemical reac-
tions involving macromolecular reactants.
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(@) (b) (c)

Figure 1.8. The three structures of early M41S mesoporous materials. (a) MCM-41: 2d-
hexagonal pémm, (b) MCM-48: cubic bicontinuous Ia3d, (c) MCM-50 lamel-
lar.

The pioneering work of a Mobil Oil research group provided a first answer to
the need for larger pores in 1992, when the first family of mesoporous materials,
named M41S, was synthesised. The idea was to use a bundle of molecules as
the porogen template, instead of the single-molecule templating approach used in
zeolites. This new class of materials was based on silica or aluminosilicates, whose
hydrothermal synthesis was directed by an ionic surfactant and yielded nanometric
size-tunable pores. 3637

In a typical synthesis, an aqueous solution of an aluminosilicate or
a silicon precursor (e.g. TEOS, Ludox, fumed silica, sodium silicate), a
ionic surfactant (an alkyl trimethylammonium halogenide C,TA*X™, such as
cetyl-trimethylammonium bromide CTAB, C;cH33(CH3);N*tBr~) and a base
(e.g. NaOH) are heated to a temperature above 100°C for 24—144 hours (hydrother-
mal synthesis). The solid product is then washed, filtered and thermally treated at
~500°C.

The main aspect of M41S is ordered porosity with size ranging from 18 to
100 A. The pores are typically constituted by parallel channels, stacked with a
two-dimensional hexagonal (2d-hex) cross section, but other structures are possi-
ble (Figure 1.8). Pore size can be tuned by selecting a surfactant with a suitable
alkyl chain length. X-ray diffraction (XRD) performed on the products of syn-
theses carried out with surfactants having different alkyl chain lengths C,Hj,
(n=28,9,19,12,14,16) points out a direct proportion between »n and the d-spacing
values of the hexagonal mesostructure, which in turn are directly related to pore
size. Moreover, the introduction of a swelling agent in the reaction vessel leads
to a further increase in the d-spacing of the mesostructure. Different symmetries
of the ordered porous mesostructure can be attained by varying the synthesis pa-
rameters, so that a total of three materials are reported, with different symmetries
and pore shapes: MCM-41" has cylindrical pores packed in the 2d-hex stack of
symmetry group p6mm,* MCM-48 has spherical pores with cubic /a3d symme-
try (“cub”), and MCM-50 has a lamellar structure (“lam”) which is mechanically
unstable unless a post-synthesis treatment is performed, such as infiltration with
TEOS vapours.>® Other properties of M41S materials include thermal, mechanical
and chemical stability and a surface area above 700 m?-g~!.

1.4.3 Formation mechanism of MCM-41

The Mobil Oil scientists proposed two mechanistic pathways in the formation of
the ordered mesostructure in MCM-41, which were formulated based essentially

TFrom Mobil Composition of Matter
¥See Appendix A for an explanation of space group notation.
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on XRD and transmission electron microscopy (TEM) data.® There is a striking
similarity between the ordered porous structures obtained in M41S materials and
the liquid crystal structures that the surfactant used in the synthesis (CTAB) forms
in water solution. Furthermore, there is a precise relationship between the pore size
and the alkyl chain length.

The first proposed mechanism (path 1 in Figure 1.9) is called liquid crystal
templating (LCT). It is based on the formation of a 2d-hex lyotropic phase and the
subsequent diffusion of the inorganic precursors towards the micelle surface due
to their high mobility in the solvent. The driving force for diffusion is the electro-
static interaction between the negative charge on the siliceous species (which are
protonated at high pH values) and the positive charge on the surfactant’s quaternary
ammonium group R(CH3);N". According to this mechanism the lyotropic phase
serves as a scaffold for inorganic polycondensation, which plays no other role on
the structure that is being formed but to balance electrostatic charge and to ensure
electroneutrality. The second mechanism (path 2 in Figure 1.9) involves a coop-
erative process where the self-assembly of the organic phase is mediated by the
inorganic phase, which therefore plays an active role in the formation and ordering
of the mesostructure.

Further studies have excluded the possibility that a type-1 mechanism could
account for mesostructure formation in MCM-41.3° Considering a typical synthe-
sis, the concentration of CTAB in the solution turns out to be much lower than
the critical micelle concentration (cmc) for CTAB-water binary mixtures found in
the literature. Therefore, the formation of lyotropic structures appears to be very
unfavourable, and it is necessary to postulate some kind of interaction between the
organic and the inorganic precursors in the framework of a cooperative process, or
templated self-assembly mechanism. Consequently, the hybrid organic-inorganic
intermediates that are formed through this mechanism must be sufficiently compli-
ant in order to allow for the formation and the organisation of lyotropic ordered
phases. The fundamental role played by the inorganic precursors in this self-
assembly mechanism is underpinned by studies with 2H and 2°Si NMR (nuclear
magnetic resonance), which demonstrate that CTAB forms an ordered mesophase
at these low concentrations only when siliceous anions are added.*’

The correlation between alkyl chain length and pore size in the final product
can be readily explained by the formation of micellar supramolecular structures
composed of surfactant molecular units whose size scales with surfactant length.

Hexagonal
Array

Surfactant Micelle Micellar Rod

—— -4
RN

Figure 1.9. Possible mechanistic pathways for the formation of MCM-41: (1) liquid
crystal-phase initiated and (2) silicate-anion initiated. Reproduced from Beck
etal. %%

Silicate ﬁﬁr Y Calcination
G — A
; G




18 CHAPTER 1 AN OVERVIEW ON MESOPOROUS MATERIALS

¥

i
W

.;!
33
gb

i
it

£

T
i
: s

i

3

57
®
L
RE
7

%{#

5‘

o h
[
w.a.:,'
=23
“
]

B S0, [ Reacton coordinate |:E>

Figure 1.10. Schematic diagram of the mechanism proposed for the transformation of a
surfactant-silicate system from the lamellar to the hexagonal mesophase. On
the left, small silica oligomers (not shown explicitly in the grey SiO, region)
act as multidentate ligands, which have sufficiently high charge density to per-
mit a lamellar surfactant configuration. As silica polycondensation proceeds,
diminished charge density of larger silica polyanions increases the average
headgroup area of the surfactant assembly, driving the transformation into
the hexagonal mesophase. Reproduced from Monnier et al. *!

Micelles serve as the scaffold for polycondensation of the inorganic units, and their
removal upon solvent extraction and thermal treatment eventually yields pores re-
flecting the micelles in their size and shape. A suitable hydrophobic solvent may
selectively swell the hydrophobic micelle cores, thus increasing their size. There-
fore, the design of a mesoporous material with well-defined pore size is accom-
plished by choosing a surfactant with the appropriate alkyl chain length, and op-
tionally a swelling agent to get extra pore size.

The inorganic precursors play a key role in the formation of lyotropic phases.
Electrostatic interactions between surfactant and inorganic NBBs are considered to
function as stabilising agents in the formation of micelles. According to the charge
matching model, supported by in situ XRD measurements, an initial lamellar phase
is formed, made of alternate silicate and surfactant layers. Upon inorganic conden-
sation, charge balance becomes altered since the negative charge on the inorganic
phase decreases, therefore the silica/surfactant ratio must increase in order to main-
tain electroneutrality. As an effect, the curvature at the organic-inorganic interface
increases, which results in the formation of cylindrical micelles packed according
to a 2d-hex symmetry (Figure 1.10).4*? However, Regev et al. have observed the
presence of intermediate structures made of cylindrical micelles bundled in clus-
ters, each cluster being covered by siliceous units which only at a second time
diffuse inside and eventually cover each single micelle.** Therefore, the presence
of clusters implies the achievement of short-range order before long-range order is
reached. This explains the existence in the final material of ordered mesoporous
domains which are randomly oriented with respect to one another, as typically ob-
served in TEM micrographs.
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1.5 Main concepts on the synthesis of mesoporous materials

The discovery of M41S had a profound impact on research on catalysis and sep-
aration. This discovery provided also important proof of concept evidence for
bio-inspired synthesis of organised matter by soft chemistry, i.e. chemistry at low
temperatures and pressures, from molecular or colloidal precursors.** Using this
approach, a new generation of advanced materials could be foreseen, obtained by
the self-assembly of organic, inorganic and hybrid NBBs interconnected by spe-
cific molecular and supramolecular interactions. Several publications reporting
new types of mesoporous materials and mechanisms of mesostructure formation
appeared in the following years. Since a key factor in the design of materials is the
understanding of the relation between the synthesis method and the final structure,
it is no surprise that many among these first works were devoted to the mecha-
nistic aspects of mesostructure formation. Another strong interest was obviously
to determine the synthesis conditions for a reproducible control of mesoporosity,
namely symmetry of the mesophase, pore size and size distribution. In 1994 a
general model describing cooperative synthesis was proposed by Huo et al.*> This
model takes into consideration chemical, thermodynamic and kinetic parameters
to explain the formation of an ordered mesostructure and guide the design of new
mesoporous materials of different compositions, beyond the early M41S family.
We will now tackle the main issues regarding the synthesis of mesoporous materi-
als, using this paper of central importance as a starting point and further expanding
our considerations to include more recent works.

1.5.1 Thermodynamic and kinetic considerations

The formation of an ordered mesostructure consists in the spatial organisation of
hydrophilic and hydrophobic species, which are separated by a so-called hybrid in-
terface (HI). Four different contributions to the Gibbs free energy of mesostructure
formation, AGpy, can be devised:

AGms = AGinter + AGorg + AGinorg + AGsol- (1 . 1)

The term AGijyer accounts for the Van der Waals and electrostatic interactions be-
tween the organic and the inorganic species at the HI. AG,, contains the electro-
static interactions between the hydrophilic groups, together with the Van der Waals
interactions and the conformational energy of the hydrophobic surfactant chains.
As the inorganic phase contains units that may undergo polycondensation, the term
AGinorg describes the energetics of the electrostatic and intermolecular interactions
of the inorganic units in the polycondensation process. The solution chemical po-
tential is given by AGy).

In cooperative pathways leading to the formation of a mesostructure, the sur-
factant concentration is much lower than in water-surfactant lyotropic phases. This
fact has been rationalised with the formation of hybrid intermediate states as NBBs
in the formation of the mesostructure, which results in a lower cmc. As a conse-
quence, the creation of a HI between the organic and inorganic species is a funda-
mental requisite for the formation of micelles with a well-defined curvature. This
leads us to conclude that the term AGjy; predominates over the other free energy
contributes, in particular: [AGorg| < |AGinter|-

This is evident in the syntheses of mesoporous silica performed at high pH val-
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ues (pH>13) where the formation of small oligomeric silica species prevails over
long-range condensation, i.e. extended silica polycondensation is “turned off”. In
such system, the process of mesostructure formation can be decoupled from in-
organic polycondensation and we can consider \AGinorg\ — 0. Since an ordered
mesophase appears at low surfactant concentrations, the free energy of HI forma-
tion is confirmed to be the most important term.*® On the other hand, in conditions
where inorganic condensation is not inhibited, further rearrangements of the me-
sostructure can take place through siliceous condensation, which can be brought
about by adjusting pH and temperature. In this case, inorganic condensation alters
the charge balance at the interface, therefore the system responds by adopting a new
morphology in order to re-establish electroneutrality. This accounts for rearrange-
ments in mesophase symmetry, i.e. mesophase transitions, which are commonly
observed in structural studies performed in situ, typically small-angle XRD using
synchrotron radiation.

The thermodynamic aspect on the formation of a mesostructure should be com-
bined with kinetic considerations. The formation of a well-ordered mesostructure
can be hindered if inorganic condensation is too fast, eventually leading to a prod-
uct with disordered or even absent porosity. No matter if the creation of an ordered
mesostructure is thermodynamically favoured: if inorganic polycondensation is too
fast, no order will be obtained. When inorganic condensation is slow, the kinetic
constants (k;) are ordered such that Kiyeer > korg > Kinorg. Therefore, mesostructure
formation is controlled by the formation of a HI: in such case we can speak of
“inorganic-templated self-assembly” with reason. On the other hand, if inorganic
condensation is too fast (Kinorg > Kinter OF Kinorg > Korg) the formation of a HI may be
inhibited even in favourable thermodynamic conditions.*® This is clear in reactive
systems involving fast sol-gel hydrolysis and condensation reactions, such as tran-
sition metal alkoxides. A complexing agent (e.g. acetyl acetone) may be used in
order to slow down inorganic condensation and permit the formation of an ordered
mesostructure.

To summarise, there are two aspects of thermodynamic and kinetic order which
are at play in the synthesis of mesostructured materials: interactions between in-
organic and organic precursors which cooperate in forming a well-defined hybrid
interface, and reactivity of inorganic precursors.

1.5.2 Self-assembled aggregates

It is a well-known fact that amphiphilic molecules in water solution can form a va-
riety of supramolecular aggregates (spherical, cylindrical, lamellar, etc.) arranged
in ordered structures with different symmetries (cubic, hexagonal, gyroid, etc.).
Their symmetries and morphologies show a strong dependence on solution param-
eters such as pH or electrolyte concentration. These self-assembly processes are
now well understood from the theoretical point of view, and there are several works
on this topic which researchers on mesoporous materials have taken advantage of
in order to rationalise the mesophase formation processes and design better syn-
theses.

At low concentration, amphiphilic molecules in an aqueous solvent are present
as free molecules, whose polar head is solvated. When the concentration is raised
above the cmc, the molecules self-assemble into micelles with a well-defined shape
and aggregation number (i.e. average number of molecules per aggregate). At
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higher concentrations a series of phase transformations may take place, related
to changes in the curvature radius of the micelles. This phase transitions follow
a general sequence with increasing concentration: direct spheres, direct cylinders,
lamellae, inverse cylinders and inverse spheres (see also Figure 1.4). It should
be noted how this sequence corresponds to a monotonic change in the curvature
at the interface. In order to rationalise this phase transition phenomenology, sev-
eral models have been proposed which take into consideration such parameters
as: hydrophobic interactions between organic chains, geometric constraints due
to molecular packing, molecular exchange between aggregates, repulsion between
polar heads.

Israelachvili et al. proposed a simple model based on thermodynamic and
geometric considerations, which predicts the shape of self-assembled structures
formed by surfactants in an aqueous solvent, as well as their aggregation num-
ber.2!*7 Essentially, equilibrium thermodynamics requires that in a system of
molecules that form aggregated structures in solution with aggregation number
N, the chemical potential of all identical molecules in different aggregates be the
same. Therefore, we may express the chemical potential of a molecule as:

MZ,LLN:,lij(\)/-l-Mlog(}Qv):const, N=1,273,..., (1.2)
N N

where Ly is the mean chemical potential of a molecule in an aggregate of aggrega-
tion number N, ‘LLJ(\), is the standard part of the chemical potential (i.e. the mean inter-
action free energy per molecule) and Xy is the concentration of molecules that are
part of aggregates with aggregation number N. We may define a dynamic equilib-
rium according to which the molecules that make up an aggregate with aggregation
number N constantly exchange with free molecules (N = 1 taken as the reference
state), with equilibrium constant K = exp[—N(uy — u)/kT] (Figure 1.11). Equa-
tion 1.2 can thus be written in the more useful form:

"

Xy = N [Xiexp[(u) — uy)] (1.3)

Aggregates form when there is a difference in the cohesive energies between the
molecules in the aggregated and the dispersed (N = 1) states. The necessary con-
dition for the formation of large stable aggregates is that ,LLI(\), < u? for some value
of N, for example when ,u,(\), progressively decreases as N increases, or when ,u](\),
has a minimum value at some finite value of N. The exact functional variation of
,uj?, with N determines many of the physical properties of aggregates, such as their
mean size and polydispersity.

For the simplest shaped structures (rods, sheets, spheres) the interaction free
energy of the molecules can be expressed as

okgT
NP

uy = pd+ (1.4)
where « is a positive constant which depends on the strength of the intermolec-
ular interactions and p is a number that depends on the shape of the aggregates.
Inserting this expression into Equation 1.3 gives:

1 N
XN:N[Xlexp <1_]VP>:| %N[Xlea]N. (15)
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We may note that for low monomer concentrations X;, such that X; exp[(u? —
ul?,)/kB T] < 1, we have X; > X, > X3 > ... for all a: thus, most of the molecules
in solution will be present as isolated monomers. However, once X; approaches
exp[(1 — ) /ksT], it can increase no further, since Xy can never exceed unity.
The monomer concentration (Xj)¢r; at which this occurs may be called critical
micellar concentration (cmc). Therefore,
0_ 0
(X1)erie = cme ~ exp [—HI_MN} ~e * Vp. (1.6)
ksT

This defines the concentration at which further addition of solute molecules results
in the formation of more aggregates while leaving the monomer concentration more
or less unchanged at the cmc value. Above cmc, free molecules will form aggre-
gated structures, whose shape and aggregation number N essentially depend on the
molecules we are considering. Note that this is true in general, both for hydro-
carbon and for amphiphilic molecules. For example, alkane molecules in water
form aggregates of infinite shape (N — oo) since & has typically high values (¢ is
related to the solubility of the alkane in water, and can be seen as the free energy
of transferring a molecule into the solvent phase). On the other hand, in the case
of surfactant molecules being transferred into micelles or bilayers (N finite), ¢ is
significantly lower. In other words, the important difference between alkanes and
amphiphilic molecules is not so much in their solubility or cmc values but in the
ability of amphiphiles to assemble into structures in which p) reaches a minimum
or constant value at some finite value of N, whereas in the case of alkanes ul?,
shows a monotonic decrease as N increases, therefore aggregates of infinite size
are formed.

The forces governing self-assembly into well-defined structures such as mi-
celles and bilayers are a consequence of several competing interactions: (1) hy-
drophobic attraction at the hydrocarbon-water interface which induces molecules
to aggregate, (2) hydrophilic attraction at the headgroup-water interface which im-
poses that headgroups remain in contact with water, (3) ionic or steric repulsion
of the headgroups. The balance between these opposing interactions determines
the stability range of a given micellar architecture. By simple considerations and
mathematical calculations, it is possibile to obtain a formula that gives the interfa-
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Figure 1.11. Association of N monomers into an aggregate (e.g. a micelle). The mean
lifetime of an amphiphilic molecule in a small micelle is very short, typically
107°-1073 seconds.
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cial free energy per molecule in an aggregate:

K
Wy =rya+—, (1.7)

where N is the average number of molecules in a micelle, ¥ is the surface energy
of the hydrophobic chain, a is the surface area per molecule and K is a constant.
The minimum energy can therefore be obtained by letting dp)/da = 0, that is
ap = \/K/7y. The term qy is referred to as the optimal surface area per molecule,
defined at the hydrocarbon-water interface. It follows that the interfacial energy
per molecule may now be expressed as:

‘11222’}/610—1—%/(61—610)2. (1.8)

We see therefore how the concept of opposing forces leads to the notion of an
optimal area per headgroup at which the total interaction energy per molecule has
a minimum (Figure 1.12).

Once the existence of an optimum surface that leads to micellar aggregates is
justified, we can derive the parameters that determine its shape. Simple geometric
parameters provide a description of the shape of the aggregates: optimal area of
the hydrophilic head ag, volume of the hydrophobic tail v (considered incompress-
ible for simplicity) and maximum length of the hydrophobic tail /. (Figure 1.13).
The latter represents the critical length whose further increase causes a net incre-
ment in energy, and can be thought as slightly shorter than a completely extended
chain. Once the three parameters ag, v, [, are known (by means of calculation or
measurement) it is possibile to predict which structure will form. This can be done
by calculating a packing factor (g), which correlates the structure of the surfactant
with the resulting aggregate morphology, defined as:*7*

v
g= T (1.9)
cado

One can also experimentally conclude that amphiphilic molecules with large po-
lar headgroups tend to form high-curvature spherical aggregates, which will pack
according to a cubic symmetry, whereas molecules with longer hydrocarbon tails
or smaller polar headgroups will give cylindrical structures packed in a 2d-hex
fashion, or lamellae. Surfactants with two hydrocarbon tails have a larger volume

minimum energy
a=dp

attractive energy ~ Vg

interaction free energy, 119,

repulsive energy ~ K/a

surface area per molecule, a

Figure 1.12. Optimal headgroup area agy at which the opposing forces of headgroup repul-
sion and interfacial (hydrophobic) attraction are balanced.
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g<1/3 g=1/3-1/2 g=1

single-chained with single-chained with double-chained with
large headgroup areas | small headgroup areas | small headgroup areas

9o
le '
v
cone truncated cone cylinder
spherical micelles cylindrical micelles planar bilayers

Figure 1.13. Examples of packing shapes and micellar aggregates formed by surfactants
(adapted from Israelachvili ! ).

(v), therefore they will tend to form bilayers or vescicles (e.g. cell membranes are
natural examples formed by the self-assembly of phospholipids, which have two
hydrophobic tails). Finally, for g > 1 inverse micelles are favoured, where the hy-
drophilic headgroups point inwards. Table 1.2 gives a guideline for the correlation
between the packing factor g and the resulting mesophase symmetry, whereas Fig-
ure 1.13 shows three examples of common packing shapes and micellar aggregates.

These considerations on surfactant-solvent systems come in handy when one
has to design a synthesis for a mesoporous material: it is evident that such fac-
tors as size, shape, charge of surfactant, have a key role in the formation of the
mesostructure. The packing factor has been shown to be a useful tool not only to
rationalise experimental data, but also to tailor the desired mesostructure, either by
selecting a suitable surfactant or even by synthesising molecules engineered ad hoc
with a given g.

The first appearance of the g parameter in the field of mesoporous materials ap-
peared in a work by Huo et al., where it was used to rationalise the symmetry of the
mesophase obtained.>*>! It has also been demonstrated that other synthesis param-
eters, such as chemical nature of the surfactant, pH, co-solvent and co-template,
have an impact on the packing factor.’>3 For example, in a work by Kim et al.
this approach permitted to synthesise mesoporous silica with different mesophase
symmetries (2d-hex p6mm, 3d-hex P63/mmc and cubic Im3m) by systematically
varying g by suitable mixtures of nonionic surfactants.>*
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Table 1.2. Ordered mesophases corresponding to different packing factor values.

g Symmetry

1/3 cubic Pm3n

172 2d-hex pbmm
1/2-2/3  cubic la3d

1 lamellar

1.6.3 Types of hybrid interfaces

Since the synthesis of M418S is performed in alkaline conditions, the surface of
the inorganic particles (denoted as I) bears a negative charge, which interacts with
the cationic surfactant (denoted as S) and gives a hybrid interface (HI), denoted as
St .8

It is also possible to obtain mesoporous silica working in acidic conditions,
below the isoelectric point (pH<2), for example by adding a hydrogen halide such
as HCI or HBr: in these conditions silica acquires a positive charge because the
silanols become protonated as =Si(OH,)".?? Because the surfactant’s cationic
headgroup is surrounded by halogenide ions, the hybrid interface that forms is
of type STX 1T, where the halogenide ions X~ form a negatively charged layer
around the surfactant’s headgroups S*, and the protonated silica I™ hydrogen
bonds to halogenide anions. Therefore, the latter serve as the mediating agents that
connect the inorganic and the organic cations. As inorganic condensation proceeds,
protons are expelled from the interface, together with halogenide ions, in order to
maintain electroneutrality. This process is underpinned by the following evidence:
(1) the pH does not vary during synthesis, (2) the surfactant/halogenide molar ra-
tio is equal to 1 in the final product, (3) the surfactant can be removed easily with
ethanol, (4) TEOS and SiCly give mesostructured products in acidic conditions,
whereas non-hydrolysable precursors (e.g. fumed silica) do not. Mesophase sym-
metries that can be obtained in acidic conditions are essentially the same as those
found in M41S. A well-known example is the SBA family (named after University
of California at Santa Barbara). SBA materials are strikingly similar to M41S in
their mesophase symmetries, but whereas the latter are obtained in alkaline media,
the former are obtained in acidic media according to the proposed mechanism via
a STXI" hybrid interface. The symmetries range from cubic Pm3n (SBA-1) to
3d hexagonal P63 /mmc (SBA-2) to 2d hexagonal p6mm (SBA-3)0-!

The advantage provided by this type of HI is outstanding if one considers the
formation of inorganic non-silica frameworks, where precursors are typically poly-
valent cations (e.g. salts and ionic metal compounds): in this case the formation of
a HI would be impossible without the use of mediating anions with bridging func-
tion between the inorganic phase and the surfactant. For example, mesoporous
ZnPO, was prepared by this approach starting from cationic precursors.*’

In another strategy for the synthesis of mesoporous materials starting from
cationic precursors, a reverse HI is built up, where the inorganic building blocks
I are connected to the anionic headgroups of the surfactant S~. For example,

$This notation was introduced in Huo et al.*’ to classify the interactions between inorganic phase
and surfactant. The signs + and — refer to the sign of the electric charge. X~ and M™ indicate
anions (typically halogenide) and cations (typically metallic), respectively.
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sulphonate surfactants such as C;gH33SO3H have been successfully used in the
synthesis of mesostructured Fe and Pb with hexagonal and lamellar phases. A
fourth pathway is also possible: a HI is set up where inorganic precursor and surfac-
tant are both anionic, and a cation mediates their interaction; this HThasa S™ M1~
structure. However, this route leads typically to unstable lamellar phases. Table 1.3
reports a few examples of ionic surfactants.

1.5.4 Non-ionic surfactants

Although the combination of different anionic or cationic precursors allows build-
ing up different hybrid interfaces, permitting the synthesis of mesoporous materials
of virtually any chemical composition, the products obtained using ionic surfac-
tants have several drawbacks. First, the thickness of the inorganic wall (i.e. the
distance between two adjacent pores) is so small (typically 8 to 13 A) that it poses
a serious limitation in terms of mechanical stability, especially for uses in catalysis.
Second, ionic surfactants allow obtaining limited porosity (roughly 15 to 100 A);
furthermore, the use of swelling agents is associated with irreproducible results
and poor quality, probably due to the formation of emulsion and phase separation.
Third, the strong electrostatic interactions between the surfactant and the inorganic
framework render surfactant extraction difficult: high calcination temperatures are
needed, which may cause chemical degradation or collapse of the mesostructure;
moreover, the counterions (e.g. Na™, K™, Br~, Cl™) are not completely removed
and remain as impurities in the final product.

In 1995 Pinnavaia et al. presented a new synthesis of mesoporous silica using
a non-ionic surfactant.> A mixture of TEOS and an alkylamine (C,Ha,;{NH>) in
water and ethanol is aged for 18 hours, the product is dried, and the surfactant is
removed by extraction with ethanol. This approach is based on the formation of
a HI through hydrogen bonds between the amino groups in the surfactant and the
silanols in partially hydrolysed TEOS. This HI is denoted as S°I° because there is
no net electrostatic charge on the two phases constituting the HI. The mesoporous
silica thus obtained is characterised by larger inorganic walls (around 1.7 nm),
which give better mechanical stability. Moreover, removal of surfactant is a less
critical step because hydrogen bonds are more easily cleaved than electrostatic
bonds. A major drawback of this first attempt is that the mesophase is not highly
ordered, but rather made of disordered tubular cavities, a structure called “worm-
like”.

Because amines are easily absorbed by skin, they are regarded as highly toxic
compounds. A family of more “green” surfactants are the alkyl-polyethylene ox-
ides (C,EO,,). The ethylene oxide group EO (OCH,CH,) is partially hydrophilic
due to the electronic doublets in the oxygen atoms which can interact with polar
or electron-attracting groups. Typical examples of this type of surfactants are oc-
taethylene glycol monodecyl ether, CH3(CH;)9(OCH,;CH;)3OH, and octaethylene
glycol monohexadecyl ether, CH3(CH;);5(OCH,CH;)3OH. %57

To date, amphiphilic block copolymers are the most important class of non-
ionic surfactants used in the synthesis of mesoporous materials. Amphiphilic block
copolymers are macromolecules constituted by two or more blocks having differ-
ent chemical compositions and hydrophilic-hydrophobic properties. Their main
advantages are: (1) they permit controlling the mesophase morphology easily, (2)
pore size may be extended up to several tens of nanometres due to the large di-
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mensions of macromolecules, (3) a wide variety of mesophase symmetries can be
obtained. Because the surfactants used in the experimental work presented in this
thesis are amphiphilic block copolymers, they will be addressed more thoroughly
in Section 1.6.

Table 1.3. lonic surfactants used in the synthesis of mesoporous materials.

Surfactant Chemical formula

Alkyl ammonium salts C,Ho, 1 1(CoH3)3NTX ™, C,Hz,41(CoHs)3N

(e.g. CTAB) (n=8,9,10,12,14,16,18,20,22, X=0OH, Cl, Br)

Geminal surfactants [C:H2m4-1(CH3)2N-CyHp-N(CH3),C,,Hy,0+1 1B
(m=16, s=2-12)

Sulphates C,H,+10S03 (n=12,14,16,18)

Sulphonates C,¢H;;SO3H, C,,H,sC,H,SO3Na*

Phosphates C,,H,;OPO;H,, C,,H,,OPO;K"

Carboxylic acids C17H35COOH (stearic acid), Ci4Hy9COOH

1.5.5 Other structure-directing agents

The range of structure-directing agents employed in the synthesis of mesostructu-
red materials are not limited to the templating units we have encountered so far
(ionic and non-ionic surfactants, block copolymers). Other types of templates are
dendrimers, colloidal crystals and certain biological systems.

Dendrimers Dendrimers are macromolecules made of monomers that are linked
in a branched structure around a central core. Contrary to structure-directing
agents, in this case there is no self-assembly of molecules into aggregated struc-
tures, but the dendrimer templates the polycondensation of the inorganic phase
with its structure. The high structural definition and the low polydispersity make
dendrimers good candidates in the synthesis of mesoporous materials.>® Functional
groups can be covalently grafted onto the branched organic chains in order to pro-
duce mesostructured materials for given applications: for example, the typically
low packing density of hydrocarbon chains can be suitably functionalised and serve
as a host for metal clusters, as in decontamination of heavy metal-polluted water,
while the inorganic framework ensures mechanical stability.

Colloidal crystals Colloidal suspensions of polymeric (e.g. PS, PMMA) or in-
organic (e.g. silica) spheres on a micron or sub-micron scale can sediment upon
slow solvent evaporation, obtaining an ordered structure. These systems, known as
colloidal crystals, are widely studied for example as photonic crystals>® and tem-
plates for the fabrication of macroporous materials. °>®! In this case, the interstices
between the spheres are impregnated with inorganic precursors that polycondense
into an interconnected phase. Next, the spheres are removed, either chemically
(e.g. utilising a specific solvent for polymer colloids, HF for silica) or thermally.
Colloidal spheres can be used as co-templates together with more conventional
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surfactants for the synthesis of porous materials with hierarchical macro-meso-
porosity.

Biological systems Proteins and other biological units showing self-assembly
behaviour, such as viruses and bacteria, may be used as templating agents. As the
different combinations of biological units are virtually unlimited, the complexity
of the structures that can be obtained is very high.??

Self-assembly with no templating agents The idea of obtaining a mesostructure
with no structure-directing agent seems counterintuitive. However, in this case the
templating agents are directly incorporated into the inorganic units, by covalent
bonds.%? The advantage is that no use of templates other than the inorganic NBBs
themselves is required and no extraction of the structure-directing agent is per-
formed on the final product. On the other hand, given the typical instability of
transition metal-carbon bonds, this is a method which can be applied almost exclu-
sively to siliceous systems.

1.5.6 Synthetic approaches

So far, we have described the synthetic pathways based on cooperative mecha-
nisms, where the formation of an ordered mesophase occurs via a hybrid interface
where inorganic and organic NBBs are linked by electrostatic interactions or hy-
drogen bonds, typically in hydrothermal conditions. Electroneutrality at this inter-
face accounts for its curvature and thus enables prediction of mesophase symmetry.
We have also considered this problem from thermodynamic and kinetic viewpoints,
concluding that a thermodynamically stable mesophase may be hindered by kinetic
factors, typically fast inorganic condensation. However, other synthetic techniques
that permit a more thermodynamic control are possible, in particular: true liquid
crystal templating (TLCT) and evaporation-induced self-assembly (EISA).

True liquid crystal templating (TLCT)

In cooperative pathways, self-assembly occurs at surfactant concentrations much
lower than those predicted for a surfactant-water mixture (cmc): this finds a jus-
tification assuming a charge-matching model in the formation of the hybrid inter-
face. However, one could carry out the synthesis at concentrations higher than
cme, in this case with a different mechanism: the mesophase is already formed
and constitutes a liquid crystal phase; next, the inorganic precursors are infiltrated
between the micelles, and inorganic condensation takes place via sol-gel or redox
reactions—hence the name, true liquid crystal templating (TLCT). This synthetic
technique is also known as nanocasting, in that it is similar to the macroscopic
process of shaping a material by casting a liquid phase into a mold. The most
important advantage of TLCT is the possibility to obtain the desired mesophase
symmetry based on the surfactant’s phase diagram: because the influence of the
synthetic parameters is not so crucial as in cooperative pathways, a higher ther-
modynamic control can be ensured. On the other hand, a major disadvantage of
this technique is the inhomogeneity that may result as a consequence of the poor
infiltration of the inorganic precursors into the liquid crystal phase. Moreover, the
introduction of the inorganic phase into the lyotropic phase may lead to uncon-
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trolled phase separation. Mesostructured materials can be obtained in the shape of
monoliths by the TLCT technique, whereas powders and films are more difficult to
prepare.

Attard’s research group was among the first to introduce the TLCT technique
in 19955793 obtaining mesoporous silica from tetramethoxysilane (TMOS) and an
alkyl-polyethylene oxide surfactant. This technique has shown to be effective also
in the synthesis of mesoporous metals and semiconductors. %+ As a matter of fact,
during this type of synthesis small quantities of methanol are formed as a prod-
uct of TMOS hydrolysis. Methanol temporarily disrupts the liquid crystal phase,
which forms again only after alcohol evaporation under vacuum conditions. % Be-
sides, variations in water quantity during synthesis are neglected, which makes the
proposed mechanisms questionable.

Evaporation-induced self assembly (EISA)

In methods based on precipitation, the self-assembly is chemically triggered dur-
ing inorganic polycondensation, whereas in TLCT the liquid crystal phase is al-
ready formed in solution and inorganic polycondensation takes place around the
organic domains after or during impregnation. Contrary to these approaches, in
evaporation-induced self-assembly (EISA) the alcoholic solution contains the sur-
factant at very low concentration (¢ < cmc). Such a high dilution inhibits for-
mation of a lyotropic phase as well as inorganic condensation. However, solvent
evaporation triggers the self-assembly of the NBBs into an ordered mesophase and
at the same time causes inorganic condensation. Thus self-assembly is induced by
the spatial gathering occurring during evaporation. The interplay between such
different factors as pH, precursor reactivity, time, etc. determines whether the syn-
thesis is displaced towards a more thermodynamic or kinetic control.

There is no doubt that the most important advantage brought about by EISA
is to enable the synthesis of mesoporous materials in the form of films. With pre-
cipitation based on cooperative pathways, almost exclusively powders could be
obtained, useful for applications like catalysis and sorption but mostly useless for
advanced applications (e.g. optics, sensing) where homogeneous films with optical
quality are required. Self-assembled mesoporous films can be obtained by TLCT,
but their quality cannot quite compare to that of films prepared by EISA. It is clear
that this opportunity resulted in a boost in the research on mesoporous materials.
In addition, EISA turns out to be very valuable in syntheses where highly reactive
precursors are used (e.g. transition metal alkoxides, important in advanced appli-
cations), because inorganic condensation can be more easily controlled by control-
ling the evaporation process. As a consequence, not only films, but also powders,
monoliths, nano- or microparticles (e.g. by aerosol) can be prepared. Since EISA
was used in this research work to prepare mesoporous films, it will be described in
detail in Section 1.7.

1.6 Maesostructures templated by amphiphilic block copolymers

1.6.1 Introduction

In a copolymer (or heteropolymer), two or more chemically different monomers are
covalently linked in the same macromolecule, as opposed to a homopolymer, where
only one type of monomer is used. In block copolymers (BC) the chemically dif-
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ferent monomers are grouped in blocks, thus monomers within one block are alike
and differ from the monomers belonging to the adjacent blocks (Figure 1.14).67
Block copolymers whose blocks have different hydrophilic-hydrophobic proper-
ties are called amphiphilic block copolymers (ABCs). These belong to a fam-
ily of macromolecular surfactants widely employed in industrial and households
products, e.g. as foaming and dispersing agents, coatings, detergents. Beside these
traditional applications, ABCs encompass uses in functional materials. Examples
include the synthesis of nanoparticles and nanorods, hierarchical porous structures,
biomaterials, drug release.'® There are well-established synthetic techniques that
permit preparing ABCs tailored with ad hoc architectures, chemical nature, func-
tionality, polymerisation degree and polydispersity. %3

Regarding their use in the synthesis of mesoporous materials, ABCs present
several advantages as compared to low molecular weight surfactants.®® A notable
benefit is that micelles are bigger and permit obtaining porous structures with pore
sizes up to several tens of nanometres. Another advantage is that mesophase sym-
metry can be controlled by such parameters as nature of copolymer, solvent and
cosolvent composition. In particular, many ABCs with different chemical compo-
sitions, molecular weights and architectures are commercially available, or alterna-
tively can be synthesised for specific purposes.’® Table 1.4 shows three examples
of ABCs used in the synthesis of mesoporous films, while Table 1.5 summarises
the main aspects of ABCs, as well as the main differences with low molecular
weight surfactants.

Considerations can be made on thermodynamic and kinetic factors on the syn-
thesis of mesoporous materials using ABCs, similar to those discussed previously.
Therefore, in this section we will respect the conceptual division between thermo-
dynamic and kinetic factors that concur in creating a mesostructured material, first
tackling the phenomenology and modelling of aggregated structures from ABCs
in an aqueous solvent (thermodynamic parameters) in Section 1.6.2, and then
introducing kinetic factors such as inorganic polycondensation and copolymer-
inorganic interactions in Sections 1.6.3 and 1.6.4.

OO0 OO0 O0aEE

block copolymer

EHE-O-O-OH-O-0-0-0m-O

random copolymer

o008 0808308080

alternating copolymer

graft copolymer ]

Figure 1.14. Scheme representing four typical structures in copolymers (in this case a di-
block copolymer): block, random, alternating and graft. The two chemically
different monomers are represented by circles and squares.
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Table 1.4. Examples of the main families of amphiphilic block copolymers commercially
available used in the synthesis of mesoporous materials.

Name Chemical formula

Brij C,EO,
H-(CH,),—(CH,CH,0),-H
x=12,16,18
y=12,4,10,20

Pluronic EO,PO,EO,
HO—(CH,CH,0),—~(CH(CH3)CH,0),~(CH,CH,0),~H
xand y =20—-100

HO(CH,CH,0),, (OCH,CH,),OH

CH(OCH,CH,),OH

CH,0O(CH,CH;0),_CH,CH,COOR
Tween
with x+y+z+w = 20.
Tween 80:
R = (CH,);CH=CH(CH,)7;CH3

1.6.2 Self-assembling block copolymers

The formation of aggregates from amphiphilic block copolymers in solution can
be understood using a simple model that takes into account thermodynamic pa-
rameters related to the solubility of the different blocks, such as entropy of mixing,
and structural parameters, such as polymerisation degree.’! Self-assembly can be
regarded as a phase separation whose driving force lies in the chemical incompati-
bility between the chemically different blocks (Figure 1.2).1 Contrary to mixtures
of low molecular weight homopolymers, the entropy of mixing per unit volume of
chemically different high molecular weight A, and B,, homopolymers is generally
small, and it scales inversely with molecular weight. In other words, even small
structural differences between A and B contribute to increasing the free energy
and result in phase separation. An extreme example is a mixture of polystyrene
and deuterated polystyrene, which are immiscible for sufficiently high molecu-
lar weights. The parameter used to estimate immiscibility is the so-called Flory-
Huggins interaction parameter,

Z 1
XAB = (M) |:€AB_2(8AA+8BB) ; (1.10)

T Amphiphilic block copolymers, unlike conventional nonionic surfactants, do not micellise at a
critical micelle concentration (cmc). Instead, aggregation occurs over a broad concentration range
that we refer to as the ACR (aggregation concentration range). The limiting aggregation concentra-
tion (LAC) is the point at which the surfactant reaches saturation, which would correspond to the
more conventional cme.’?> However, in all of the papers consulted for this thesis, cmc is reported
instead of ACR or LAC, therefore we will refer to cmc in block copolymers, in keeping with low
molecular weight surfactants.
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Table 1.5. Key aspects of low molecular weight surfactants and block copolymers. Repro-
duced from Soler-Illia et al. %’

Low MW surfactant Amphiphilic block copolymer

Solution and mesophase behaviour

Molecular / monodisperse Polymeric / can be polydisperse

Head + chain structure object shape Enormous range of architectures: linear,

controlled by the g packing parameter branched, star,... Shape controlled by y;;,
N, fij (i, j=1..n)

Simple micelle-like or bicontinuous Possibility of complex multiscale

mesostructure mesostructures

Micellisation driven by Micellisation driven by

hydrophilic-hydrophobic character hydrophilic-hydrophobic character, block
size and conformation

Cosolvent swelling modifies curvature Differential swelling of domains by
cosolvents

Use in the design of mesostructured materials

“Hard” well-defined hybrid interfaces “Blurry” interfaces, possibly swollen by
the inorganic phase

Thin walls (~ 1 nm) Thick walls (2—-10 nm)

Walls not entangled with the template Walls entangled with the template

(“multiphase’)

Pore size limited by micelle shape Pore size tailorable modifying
polymerisation degree, monomer
nature, polymer fraction

which gives an indication on the increase in the Gibbs free energy when two A
and B monomers are in contact, expressed in thermal energy units, kg 7. In Equa-
tion 1.10, Z is the number of nearest neighbour monomers and €45 is the interac-
tion energy between A and B monomers. Positive y4p values indicate a repulsion
between A and B, thus contributing to phase separation, whereas a negative g
indicates a favourable entropic term towards miscibility. When there are no sig-
nificant A-B interactions (as in the case of hydrogen or electrostatic interactions)
XaB 1s positive (a typical value is 0.1). yxap also scales inversely with temperature,
therefore higher temperatures favour mixing.

In amphiphilic block copolymers, the different A and B units are covalently
linked, therefore long-range hydrophobic-hydrophilic repulsion and short-range
covalent attraction coexist. Indeed, these are competitive forces that are the ba-
sis of the formation of aggregated self-assembled structures, as we have mentioned
previously (see page 8). Microphase separation theories make large use of a simple
parameter in order to quantify the driving force leading to ordered phases, that is
Ny, where N is the polymerisation degree and ¥ is the sum of y45 over all A and B
monomers. Ny gives an estimate of the segregation degree of the block copolymer:
when Ny < 10 the system is governed by entropic terms and a disordered phase is
formed; when Ny > 10, enthalpic terms prevail and a disorder-to-order transition
is observed.”?
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We also need a parameter to take into account geometric factors: for a diblock
A-B copolymer, the parameters f4 and fp describe the copolymer’s composition,
where fa = Na/N, fg = Ng/N, fa+ fg = 1. Perfectly symmetric architectures
(i.e. A and B blocks have the same molecular weight) will give alternate A and B
layers, that is to say a lamellar structure (lam). Slightly off-symmetric structures
will form layered structures where the low molecular weight components are inter-
rupted by channels, through which the high molecular weight components are in-
terconnected (perforated layer, pl). Further asymmetries will lead to bicontinuous
phases, where both blocks form interconnected phases with cubic /a3d symmetry
group (gyroid phase, gyr), whereas copolymers characterised by a very low block
symmetry form 2d hexagonal (p6mm) and cubic (Im3m) phases, associated with
cylindrical and spherical micelles, respectively.

Note that this description of self-assembly is consistent with the geometric con-
siderations that were discussed in Section 1.5.2, where geometric factors that ac-
count for the resulting mesophase symmetry are contained in the packing factor g.
Strictly speaking, in block copolymer-based systems the self-assembled mesophase
symmetry is not predictable on purely geometric grounds, in that one has to take
into account also chemical and structural factors, expressed by the terms y;;, N,
fij» where i and j vary with the number of blocks (for a diblock copolymer i=A,
j=B). Nevertheless, as we will see in the experimental part of this thesis, the geo-
metric prediction by g is a good rule of thumb to decide whether a block copolymer
will favour the formation of cylindrical or spherical micelles. For example, block
copolymers with large hydrophilic headgroups (large ag) tend to form spherical mi-
celles, whereas copolymers with small headgroups tend to give cylindrical micelles
or lamellar phases (the term v prevails).

Other effects must be considered in order to formulate a comprehensive pre-
dictive theory. For example, the driving force that leads to phase segregation is
countered by entropic forces within each single macromolecule: in order to max-
imise the distance between incompatible blocks, the organic chains adopt stretched
configurations, which generate a restoring force (analogous to Hooke’s law but
entropic in origin). For a block constituted by N monomers in a stretched configu-
ration and spaced by R, this force can be expressed as:

3kgTR?
F — B

o= SN (1.11)

where a is a characteristic length of the monomer which depends on the local chain
structure.

Finally, the aggregation number Z can be defined as the number of macro-
molecules that concur in micelle formation. Experimental results yield an empiri-
cal law:

Z=ZyNiNg P, (1.12)

where Zj is a constant depending on the type of copolymer, N4 e Np are the poly-
merisation degrees for blocks A and B, o and 3 are equal to 2 e 0.8 (with slight
variations according to the system). This equation describes the aggregation num-
ber in systems containing di- and triblock, graft and star copolymers. Besides, it
holds also for ionic and nonionic small molecular weight surfactants.

To summarise, the stability of different morphologies in a block copolymer so-
lution is the result of multiple enthalpic (interaction of incompatible blocks) and
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entropic (chain stretching, spatial frustration) contributions to the Gibbs free en-
ergy. It can be described by the parameters y N (tendency towards block segrega-
tion) and f (chemical composition). Simulations obtained by self-consistent field
theory allow calculating the free energy of block copolymer solutions according
to their composition, and they are generally in good agreement with experimental
data. Nevertheless, to a first approximation, simpler geometric parameters like the
packing factor g can be used in order to get a rough indication about which micelle
shape the system will preferentially form.

The degree of complexity of the structures formed by block copolymers in-
creases dramatically as the number of different blocks N increases. In diblock
copolymers, ¥ap, N and f are generally sufficient to univocally determine the phase
diagram, whereas in triblock copolymers a larger number of parameters must be
known: at least three interaction parameters (Xag, Xsc, Xac) and two composi-
tional parameters (fa, fg). Moreover, other factors are introduced, which depend
on the copolymer architecture, for example branching, side groups, etc. As a conse-
quence, whereas in diblock copolymers only hexagonal, cubic, lamellar structures
are typically observed, in triblock copolymers diverse and more exotic symme-
tries are experimentally found. As N is increased, the complexity of the struc-
ture increases exponentially. Examples of this exquisite diversity can be found
in nature, where one can observe the rich variety of biological systems such as
proteins, oligonucleotides, DNA and cell components, which can be described as
large-N block copolymer systems (proteins) assembled from biological monomers
(aminoacids). Synthetically, the wide range of block copolymers commercially
available is reflected by a large number of architectures that can be obtained.”3

The effect of solvent and cosolvent

The structures obtained by self-assembly depend on micelle curvature, which can
be predicted from the copolymer’s architecture and chemical composition through
N, x and f. Therefore, in order to obtain different structures, one should in prin-
ciple vary at least one of these three parameters. As a matter of fact, experimental
data show that a variety of structures that are not predicted by this model can be
obtained from the same copolymer. This observation requires the introduction of
a further parameter to account for the degree of freedom associated with the for-
mation of these unpredicted structures. Experimentally, a solvent having affinity
for one block can vary the range of stability of the predicted structures, or produce
new ones. This can be explained by the selective volume increase of one block
and the subsequent change in micelle curvature. For example, if we consider a tri-
block copolymer like polyethylene oxide-polypropylene oxide-polyethylene oxide
(PEO-PPO-PEO) and a polar solvent like water, we can note that increasing solvent
concentration leads to phase transitions following the order lam — hex — cub —
disordered. This fact can be explained by the selective solvation of the hydrophilic
PEO blocks by solvent molecules, whereas the hydrophobic PPO blocks remain
practically unaltered: thus the observed phase transitions can be explained in terms
of changes in micelle curvature.

Ivanova et al.”* present the study of Pluronic P105 block copolymer
(EO37-POsg-EO37) in the presence of selective solvents. This copolymer should
give lamellar structures, as the PEO:PPO weight ratio is 1:1. However, as water
concentration is raised, PEO blocks are selectively swelled, therefore a planar in-
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Table 1.6. Name, mesophase symmetry, structure-directing agent and pore size relative to
Sfour typical SBA materials.

Sample Symmetry Block copolymer Pore size
SBA-11 Pm3n C16EOj0 (Brij) 25 A
SBA-12 P63 /mmc C13EO 1o (Brij) 24 A
SBA-15 pbmm EO0PO79EO»¢ (Pluronic P123) 46-300 A
SBA-16 Im3m EO;0sPO70EO ¢ (Pluronic F127) 54 A

terface becomes unfavoured and micelles with finite curvature form: the system re-
sponds to progressively higher water concentration by forming cylindrical micelles
with 2d-hex packing (49—68 wt% P105), and spherical micelles with cubic symme-
try (25-46 wt% P105). A further degree of freedom can be provided by a selective
co-solvent. In the work cited, three cosolvents are chosen according to their differ-
ent polarity: ethanol (CH3CH,;OH), propylene glycol (CH,OH-CHOH-CH3) and
glycerol (CH,OH-CHOH-CH,;OH). Small-angle X-ray scattering (SAXS) mea-
surements point out that, although all three cosolvents are polar and are miscible
with water, they are localised in different domains in the mesophase: glycerol is lo-
calised in polar microdomains far from the PEO-PPO interface, whereas propylene
glycol and ethanol partially swell the PEO or PPO blocks. This causes a decrease
in lattice constant and a different micelle curvature.

Another example is provided by a study on a system of PEO-PPO-PEO in
water and xylene, where liquid crystal phases with nine different symmetries are
observed, seven of which are ordered and two disordered.”> Another interesting
case is reported by Holmqvist et al., regarding the effect of molecules like butanol,
xylene and butyl acetate that selectively swell the hydrophobic PPO micelle core
in systems based on block copolymer Pluronic F127 (EO¢s-PO79-EO1¢s). 76

1.6.3 The formation of a hybrid interface

Stucky’s research group at Santa Barbara, CA, was the first to report on the use
of nonionic triblock copolymers of poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) (PEO-PPO-PEO) as the templating agents in the synthesis of
mesoporous silica: 7’8 in 1998, a new family of mesoporous silica was reported,
among which the 2d-hexagonal (p6mm) SBA-15 and the cubic (Im3m) SBA-16.
Some of the amphiphilic block copolymers used in the syntheses are reported in
Table 1.6. This was an important development due to the fact that these copoly-
mers are inexpensive, environmentally benign, and commercially available with
many choices of hydrophilic and hydrophobic block lengths. The SBA materials
are synthesised in acidic conditions, as opposed to M41S which are obtained in
alkaline media. Pore sizes are as high as 30 nm when Pluronic surfactants are
employed. Since the pH is below the isoelectric point of silica (pH<2) the sil-
ica precursors are positively charged, and the hybrid interface can be described as
(S°H)(X~TT), where the water-surfactant interaction is due to hydrogen bonds
between the oxygen atoms in PEO blocks and the hydrogen atoms in water.

The interactions between block copolymers and inorganic precursor have a
central role in the formation of the hybrid NBBs that will self-assemble to form the
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ordered mesostructure.’” Hydrogen bonds between the polyether group -[CH,-O-
CH;],,- of the hydrophilic PEO blocks and the polar solvent molecules are respon-
sible for the attractive interactions between the copolymer and the polar solvent.
The hydrophobic character of PPO block can be explained by the presence of a
methyl side group, which prevents the formation of a PEO-water hydrogen bond
because of its steric hindrance. Thus, micelles have a central PPO hydrophobic
core and a hydrophilic corona made of PEO and inorganic species.

Melosh et al. have determined that in silica monoliths templated by Pluronic
F127 self-assembly occurs at F127 concentrations higher than 40 wt%. The lack of
order at lower concentrations leads to the conclusion that strong, hydrogen bond-
like interactions are formed between Si-O-Si oligomers and both PEO and PPO
polyethers, as pointed out by NMR data. As long as F127 concentration is low,
these interactions inhibit microphase separation and a nearly homogeneous mixture
of block copolymer in the silica network is observed. When surfactant concentra-
tion is raised, the PPO-PPO interactions prevail over the hydrophobic PPO-SiO,
interactions, resulting in phase separation and in the increase in the degree of order
with increasing surfactant content. 30

A well-defined hybrid interface can be designed by choosing a suitable copoly-
mer, whose blocks have a marked difference in solubility. Simon et al.”3
report on the synthesis of an aluminosilicate obtained from glycidoxypropyl-
trimethoxysilane (GLYMO) and aluminium butoxide templated by a polyethylene
oxide-polyisoprene (PEO-PI) block copolymer. This copolymer shows a high ten-
dency to form well defined mesostructures, because of the greater solubility differ-
ence between the PEO and PI blocks (i.e. high yN).

Besides playing a major role in determining the formation of the HI, the inter-
action between silica species and PEO blocks are responsible for the creation of
microporosity in the final mesoporous material. In fact, when the silica-PEO inter-
action is strong, the hydrophilic blocks will be partially or totally interpenetrated
with the inorganic phase. Thus, inorganic crosslinking and subsequent removal
of surfactant give rise to a range of voids having a size reflecting that of the single
macromolecules. 8! This single macromolecule-generated microporosity pervading
all mesoporous materials templated by block copolymers helps one to rationalise
the experimental finding that the specific surface area (SSA) of these materials is
typically larger than that estimated from geometrical assumptions considering the
mesopores as the only contributions to SSA.3? Quantitative XRD measurements
on mesoporous silica support a model where low density silica is localised on the
region of the inorganic framework that is closer to the pore, which is consistent
with a certain amount of microporosity surrounding each mesopore. 3

Considering a PEO-PPO block copolymer, three scenarios can be discerned
according to the entity of the interactions at the hybrid interface (Figure 1.15).
(1) PEO blocks form a layer interposed between the inorganic phase and the PPO
core (three-phase model). (2) PEO chains totally interpenetrate the inorganic phase
(two-phase model), where each single PEO chain acts as a single-macromolecule
template and yields a micropore upon calcination. (3) The PEO chains interpen-
etrate the inorganic network according to the three-phase model until saturation
is reached, and phase separation occurs according to the two-phase model; in this
case both microporosity and an increase in pore size are observed (mixed model).

De Paul et al. have performed NMR analyses on a mesostructured aluminosil-
icate templated by polyethylene oxide-polyisoprene (PEO-PI), which reveals an
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intermediate situation (point 3 in the previous description) where the hydrophilic
blocks interpenetrate the inorganic framework. Interpretation of NMR data shows
that the PEO blocks have much lower mobility with respect to the PI blocks. On the
other hand, the mobility of the PI blocks is comparable with that observed in the
absence of an inorganic phase. This can be justified admitting that the PEO blocks
are anchored to the inorganic structure, therefore a lower mobility is observed. 3+

Boissiere et al. compare the data obtained by dynamic light scattering (DLS)
and SAXS on mesostructured silica prepared with TEOS and diblock copolymer
Tergitol [C{5H31(EO);2].% The synthesis is carried out by a two-step mechanism:
first, an acidic solution is prepared (pH=:2), where silica is highly hydrolysed but
no significant condensation occurs; second, a catalyst (NaF) is introduced into the
solution, which causes extended silica polycondensation. DLS and SAXS mea-
surements allow calculating the size of the organic micelles in the silica framework.
Different results are obtained, according to the molar ratio r=[silica]/[surfactant].
In particular, for r < 4 both characterisation techniques yield the same micelle di-
mensions. For r > 4 the micelle sizes obtained with the two techniques differ:
DLS indicates increasing micelle size in direct proportion with r, whereas SAXS
shows that micelles do not vary in size when r is raised. This apparent contradic-
tion between the DLS and the SAXS results can be explained by observing that
the two techniques are based on different properties: DLS measures particle size
based on diffusion of the incident light, i.e. the hydrodynamic radius is obtained,
whereas SAXS is based on the electronic contrast of a material, which in this case
is provided by the different electronic density of silica and surfactant. In conclu-
sion, the silica oligomers that originate from TEOS condensation upon addition
of NaF penetrate into the external PEO corona of the micelle: for » < 4 the silica
oligomers can be accommodated in this region, whereas for r > 4 the PEO corona
is saturated with inorganic species, and the silica oligomers must be positioned in
the outer region, forming a layer surrounding the micelle (Figure 1.16). Therefore,
DLS “sees” the micelles as composed of copolymer aggregate and external silica
shell, whereas SAXS “sees” the micelles as composed of surfactant, regardless of
the presence of small quantities of silica between the PEO chains.

3
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Figure 1.15. Three possible structures of the hybrid interface in a mesostructured material
composed of an inorganic phase and a nonionic amphiphilic block copolymer
with PEO as the hydrophilic block. (a) Three-phase system (i.e. inorganic,
PEO, and hydrophobic block), (b) gradual transition from a two-phase to a
three-phase system, and (c) two-phase system (PEO/inorganic and hydropho-
bic block). Reproduced from Goltner et al. 5



38 CHAPTER 1 AN OVERVIEW ON MESOPOROUS MATERIALS

The block copolymer length and the resulting pore size can be related using a
three-phase model. For example, Smarsly et al. have obtained mesoporous silica
templated by C,EO,, in the form of powder using the TLCT technique. The length
of the hydrophobic and the hydrophilic blocks (N4 and Np, respectively) can be
used to determine the size of both micro- and mesopores through an empirical
relation. In this way, both porosities can be controlled independently by choosing
a suitable block copolymer. 8

From these examples it is straightforward to infer that the entity of inorganic-
organic interactions have a profound effect on the resulting mesophase, exerting
a key influence in terms of critical concentration and microstructure. Neverthe-
less, it has been demonstrated that mesophase symmetry can be predicted basing
on solvent-surfactant phase diagrams available in the literature. This offers an ad-
vantage in that the synthesis can be designed based upon surfactant/solvent rather
than on much more complicated surfactant/silica/solvent phase diagrams. The idea
behind this is surprisingly simple:3” the copolymer volume fraction with respect to
the non-volatile species (inorganic precursors and copolymer) is defined as:

oo Vo
s+ Vi

where V; and V; are the volumes of block copolymer and inorganic species, respec-
tively. The definition of Vj is straightforward:

Vs = %7

Ps

where myg and ps are the mass and density of the copolymer, respectively. The cal-
culation of V; involves some approximation, because the precise nature of the sol-
gel precursors present when the mesostructure is formed is not known, therefore
the volume of these species is assumed to be equal to that of the dense inorganic
compounds plus the water that is released during condensation, and hydrochloric
acid (especially if HCI is incorporated in the inorganic complexes as in the case of

DLS/SAXS DLS DLS
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Figure 1.16. Schematic drawing of the shape and evolution of the hybrid micellar objects,
as probed by dynamic light scattering (DLS) and small-angle X-ray scattering
(SAXS). Left: pure micelles, with hydrophobic core and hydrophilic shell. At
a silica/surfactant ratio of 4 (middle picture) a coating of PEO-penetrated
silica forms, whereas at silica/surfactant ratios larger than 4 an additional,
loosely crosslinked silica shell is formed.
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titania). In the case of a tetravalent metal (or metalloid) like Ti or Si:

_ Mm(OHy) | MuCl _ MmO, | MH,0 | MHCI

Vi= ~ .
PMm(oH,) PHCI  PMO, PH,0  PHCI

For calculation purposes, the authors of this work have assumed that the stoichiom-
etry of the silicate species in the coating solution was Si(OH)4. However, because
significant silica condensation may occur in solution prior to dip-coating, a bet-
ter way to estimate che chemical nature of the silicate species would be to use 2°Si
NMR data. This technique can give a quantitative estimate of the Q" species, where
Q¥ indicates a Si atom connected to x Si atoms through siloxane (Si-O-Si) bridges.

The parameter @ represents the volume fraction of block copolymer that should
be looked up in the water-copolymer phase diagram in order to obtain the cor-
rect predicted mesophase (P can be regarded as a sort of “effective copolymer
concentration” which takes into account the presence of the inorganic phase). To
summarise, one can design the synthesis of a mesostructured film by locating the
surfactant concentration for the desired mesophase in the surfactant/solvent phase
diagram (®) and calculating the quantity of surfactant to introduce in the coating
solution as ®

Vs = 7‘/1
1-®
Thus, V; is the amount of surfactant to add to the precursor solution.

Experimental results are in good agreement with this predictive theory, both for
mesoporous silica and titania. Many works on mesoporous materials make use of
this simple calculation as a starting point in order to design a mesoporous material
with a given mesophase symmetry.

The presence and type of solvent and cosolvent indeed influence the forma-
tion of the hybrid interface, affecting the resulting mesostructure. This has been
previously described for surfactant-solvent systems, where selective swelling of
one block is involved in the curvature change at the hybrid interface. The same
happens in the synthesis of a mesostructured material: for example, cubic phases
can be obtained whereas hexagonal or wormlike structures are predictable from
the starting components. In silica-based systems, the presence of silanols (Si-OH)
enhances the entity of the interactions at the hybrid interface, thus increasing its
curvature.®® Such an effect has been observed in mesoporous titania as well: in
this case the introduction of an acidic solution contributes to building up a more
defined hybrid interface, influencing both precursor hydrolysis and curvature. Ta-
ble 1.7 summarises the main factors influencing the formation of a hybrid interface
and determining the stability of a mesophase symmetry.

1.6.4 Inorganic condensation

As described previously, the formation of a mesostructure results from a delicate
balance between two competitive processes: creation of a hybrid interface and
inorganic polycondensation. As a consequence, the control of polycondensation
kinetics is of primary importance in the achievement of a good degree of order.
This can be accomplished in different ways: we have seen (page 28) how synthetic
techniques can slow down inorganic polycondensation (EISA) or modify the pro-
cessing conditions so that kinetics plays a less critical role (TLCT). Another pos-
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Table 1.7. Main factors influencing the formation of a hybrid interface and determining
the stability of a mesophase symmetry.

Parameter Meaning

Indicates the segregation degree between different blocks in an
amphiphilic block copolymer. Gives an indication on the driving
force that leads to the formation of ordered microphases.
Indicatively, if YN > 10 an ordered mesophase is favoured

XN

Polymer composition, indicates the ratio between the number of
monomers in a block and the total number of monomers in a
copolymer (degree of polymerisation). Concerns the copolymer
architecture and determines the stable mesophase together with y N

Packing factor, describes the geometry of a surfactant considering
the hydrophilic headgroup area, volume and length of hydrophobic
tail. Small values determine a higher interfacial curvature
(spherical micelles with cubic symmetry), larger values indicate a *
lower curvature (cylindrical micelles with hexagonal symmetry,
lamellar micelles)

Determines the microporosity of the inorganic walls. The presence
of hydrated inorganic species generally causes a higher interface
curvature

hydrophilic- Marked solubility difference between the blocks generate a
hydrophobic  well-defined HI

hydrophilic-
inorganic

Hydrophobic-hydrophobic interactions prevail over

hydrophobic- . .. . .
hydrophobic hydroph111§-hydr0phoblc interactions for higher surfactant
concentrations
Provides the range of stability of a given mesophase according to a
o>} surfactant-solvent phase diagram. Can be used in a predictive
synthesis

sibility is to make use of ionic species that influence the reactivity of the inorganic
precursors.

A study by Voegtlin et al.3® presents the synthesis of highly-ordered meso-
porous silica using amphiphilic block copolymers in the presence of F~ ions. In
syntheses based on the use of ionic surfactants and pH>2, the role of fluoride ions is
to stabilise the hybrid interface by restoring electroneutrality as the negative charge
on the inorganic phase decreases upon polycondensation, with an interface of type
ST(X~I°). The fluoride ions are also able to solubilise silica as SiFéi and act as
a catalyst in polycondensation reactions (in this hybrid interface, X:SiFé_ or F7).
Using nonionic surfactants, fluoride ions are incorporated into the hybrid interface
in a S'HT(F~1°) hybrid interface. Essentially, the surfactant’s hydrophilic head-
groups hydrogen bond with protons, while on the other side of the interface, the
F~ ions are electrostatically bound to silica and a hydrogen bond between F~ and
H™ is formed. This allows for the construction of a well-defined interface, with
the resulting mesostructure having a high degree of order (narrow Bragg X-ray
diffraction peaks).

The role of fluoride ions in syntheses using amphiphilic block copolymers as
the structure-directing agents is described also by Kim et al.,? who report on the
synthesis of ordered mesostructures obtained at pH values 0 to 9 with an accurate
control of hydrolysis and condensation kinetics of the silica precursors (tetram-
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ethoxysilane) using fluoride ions. At pH>4 ordered structures are obtained exclu-
sively upon addition of F~ ions, whereas at lower pH a good degree of order is
attained even without fluoride. In fact, at pH<4 hydrolysis reactions occur much
faster than condensation, therefore silica-surfactant structures are readily formed
and act as the NBBs in mesostructure formation. At pH>4 hydrolysis and conden-
sation start to have comparable kinetics and larger silica-surfactant aggregates are
formed, which lead to an ill-defined hybrid interface and a disordered mesophase
unless F~ is introduced into the precursor solution. This result suggests that small
hydrolysed silica oligomers are needed to interact with the surfactant and create
ordered mesostructures. Furthermore, the degree of order is higher in products ob-
tained starting from tetramethoxysilane [Si-(O-Me)4] rather than tetraethoxysilane
[Si-(O-Et)4]: this is because hydrolysis occurs much faster in the former than in
the latter, as ethoxy group is more sterically hindering than methoxy.

1.7 Mesostructured films

1.7.1 Technological importance

The first mesoporous materials were synthesised in the form of powders through
precipitation mechanisms. On the one hand, this was an adequate solution in
such applications as catalysis and sorption. On the other hand, further studies
rendered mesoporous materials a “solution looking for a problem™: other applica-
tions were devised, such as sensors and low dielectric constant interlayers, owing
to the ordered nanometric porosity and the high specific surface area of as much as
~1000 m?-g~!. Thus, the synthesis of mesoporous films opened the way to such
new advanced applications for which powders were unsuitable.

The first self-supporting mesoporous films appeared between 1994 and 1996.
These first syntheses consisted in the precipitation of the precursors at the solution-
air interface, involving transport of the precursors in the liquid phase towards the
interface. ! Supported mesoporous silica films were also grown on a substrate
immersed in a solution with high surfactant concentration by a TLCT approach
(co > cmc).”* Growth and coalescence of the solid phase on the substrate occurred
on a time scale varying between few hours and several weeks. However, the films
prepared according to these procedures are inhomogeneous even on a micron scale
and have a low optical quality, which makes them unsuitable for advanced appli-
cations. Mesoporous films were also obtained by spin-coating a solution based on
TMOS and an ionic surfactant, but the formation mechanisms are not clear.?® In
1997, Lu et al. obtained 2d-hexagonal and cubic phases in silica films prepared by
dip-coating.®* Here, surfactant concentration is lower than cmc, and self-assembly
occurs as a consequence of solvent evaporation which progressively increases the
non-volatile species concentration.

The idea of using a very dilute solution, where cq < cmc, was developed in the
same research group at the Sandia National Laboratories (US) and is the basis of
the most widely employed technique, to date, in the synthesis of mesoporous films:
evaporation-induced self assembly (EISA). This definition was coined by Brinker
and coworkers in 1999 to indicate a new synthesis process where mesophase for-
mation is triggered by solvent evaporation rather than precipitation reactions. °3

If one considers the publications on mesoporous films, one can note that
siliceous systems constitute the largest part. The reasons are manifold: first, there
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is a historical reason, as many researchers come from the zeolite world and as such
they are much more familiar with the silicon and the aluminium chemistry rather
than, say, transition metal chemistry. Second, silica films obtained by sol-gel routes
are less difficult to obtain with respect to other oxides, because the self-assembly
process can be controlled more easily due to low hydrolysis-condensation rates of
silicon alkoxides. Transition metal precursors are more prone to hydrolysis, re-
dox reactions or phase transitions involving thermal breakdown of the structure,
which makes it much more difficult to remove the template and create an ordered
mesoporosity maintaining the optical quality of the film.%® Third, the stability of
the Si-C bond opens several perspectives on hybrid organic-inorganic materials, as
well as on the possibility of grafting a number of chemical functionalities on the
mesopore surface due to the presence of Si-OH groups. The other side is that tran-
sition metal oxides find interesting applications due to their optical, electronic and
magnetic properties (e.g. high refractive index, semiconductivity, photocatalytic
properties). 7

1.7.2 Fundamentals of EISA

The starting point in the EISA technique is the preparation of a dilute solution
containing the inorganic precursors (generally a metal/metalloid alkoxide or salt)
and the organic templating agents (surfactant or macromolecular amphiphilic block
copolymers). The solvent is an alcohol (generally ethanol or methanol) and small
amounts of water may be added.

EISA is most often used in combination with the dip-coating deposition tech-
nique (or, less frequently, with spin-coating). In dip-coating, a substrate is dipped
into the solution and extracted at a constant speed (typically, few mm-s~!). Due to
the solution-substrate wettability, a liquid layer is formed on the substrate, whose
thickness depends on the extraction speed (pulling rate) and the viscosity of the
solution. As the solvent evaporates from the liquid layer, the inorganic precursors
undergo condensation and crosslinking processes, thus forming a gel, which can
be defined as a phase constituted by a more or less condensed inorganic network
within which residual solvent molecules form an interconnected liquid phase. In
spin-coating, few drops of the precursor solution are placed on a substrate, which
is then spinned at a constant angular speed (typical values: few thousands of rpm).
Thus, a homogeneous film is spread on the substrate due to the centrifugal force.
Because films are prepared exclusively by dip-coating in this doctorate work—as
in most works in the literature—we will refer to this deposition technique.

In EISA (see Figure 1.17), solvent evaporation occurring in the first seconds
after deposition causes an increase in the concentration of non-volatile (organic
and inorganic) species in the film. This triggers both self-assembly and inorganic
crosslinking, which therefore act concurrently. Thus, evaporation is not the driving
force for self-assembly as such, but rather keeps the system on a pathway where
self-assembly can occur during film formation. As we have seen, a more thermo-
dynamic synthetic control allows for the formation of well-orderer mesostructures,
whereas an increasing kinetic control leads to the formation of ill-defined or disor-
dered mesostructures. The complexity and the rapidity of the concurring phenom-
ena during solvent evaporation justify what is commonly known as race towards
order: indeed, it is a sort of challenge in that the organic phase must form an or-
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dered self-assembled mesophase before inorganic polycondensation stops it. (And
of course, to win this race is the researcher’s goal.)

That is why one needs to decrease inorganic reactivity, for example adjusting
the pH near to the isoelectric point (e.g. in the case of silica alkoxide precursors)
or using complexing agents (e.g. in the case of titania) and working in dilute con-
ditions. EISA is a technique that can be readily adapted to perform these tasks:
the chemical composition and the processing parameters can be adjusted in order
to form well-ordered mesostructures, as well as to obtain the properties that are
required for functional applications (i.e. homogeneity, transparency, etc.). Besides,
EISA can be used in such different preparation processes based on solvent evapo-
ration (e.g. dip- and spin-coating, > inkjet printing, *® aerosol®) and self-assembly
can be tuned by a careful control of the solvent evaporation process. '%° In this way,
mesoporous materials in forms other than films can be prepared (e.g. mesoporous
micro- and nano-spheres '°1192 monolayers 13194 nanoscale islands '°°). Thermal
treatments can follow the deposition step in order to promote further condensation,
mechanically stabilise the mesostructure and remove the surfactant. Further op-
erations that may be performed on films include chemical grafting of functional
groups or molecules on the mesopore surface in order to change the physicochem-
ical properties (e.g. grafting of organic groups in order to increase hydrophobicity)
or the functional properties (e.g. inclusion of metallic'% or semiconductor'07-108
nanoparticles within the mesopores for photocatalysis and sensing).

To summarise, mesoporous materials prepared by EISA require an adequate
composition of the initial solution (inorganic precursors, templating agents, volatile
media), the shape can be decided by selecting an evaporation method and the
physicochemical and functional properties can be created or tuned by a thermal
or chemical post-synthesis modification. As a consequence, a reproducible synthe-
sis of mesoporous materials via EISA requires control on three levels: (1) chemical
composition of the precursor solution, (2) deposition process, (3) post-treatments
performed on the film. The remainder of this section tackles these synthetic and
processing parameters.

1.7.3 Precursor solution

Solvent The choice of solvent must meet at least three requirements: the solu-
tion must completely wet the substrate in order to ensure good film homogeneity;
furthermore, the solvent must be volatile to promote a fast increase in concentra-
tion of the non-volatile species; and it must be a good solvent for the organic and
inorganic precursors. Generally, ethanol is the preferred choice, as it can wet both
hydrophilic and hydrophobic substrates, it is volatile, and it can easily dissolve
amphiphilic block copolymers as well as inorganic alkoxides and metal salts.

An organic additive can selectively swell a region of the block copolymer caus-
ing a change in micelle shape and volume. Mesoporous silica films with a rhom-
bohedral R3m symmetry have been obtained from a solution containing TEOS
and CTAB to which 1,3,5-triisopropylbenzene (TIPB) was added. !%° Notably, the
rhombohedral mesophase does not exist in the surfactant phase diagram and oc-
curs as a distortion of a hexagonal p6bmm mesophase via an intermediate cubic
Im3m mesophase. The transition from cylindrical micelles to spheroids that yields
the three-dimensional open mesostructure is driven by the requirement to cover an
increased volume of TIPB with CTAB. TIPB swells out the hydrocarbon chains
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Figure 1.17. Scheme of the formation of a mesostructured film by evaporation-induced self-
assembly. The arrow indicates the time line. Step 1: In the isotropic solution
condensation is slowed down and the nonvolatile precursors are free surfac-
tant molecules and inorganic oligomers. Step 2: Solvent evaporation trig-
gers the formation of surfactant-inorganic units. Step 3: Evaporation is com-
plete and the film equilibrates its water content with the environment (tunable
steady state, TSS). Step 4: The thermal treatment stabilises the mesostructure.

of the surfactant until saturation, then pure TIPB core is formed at the centre of
the micelle. To cover the TIPB molecules with CTAB the micelles become more
spherical, inducing the formation of three-dimensional open mesostructure.

Inorganic precursors In the synthesis of mesoporous silica, alkoxysilanes such
as TEOS are widely employed. Small quantities of an organically-substituted
alkoxysilane, called organo-alkoxysilane, may be added to TEOS. In organo-
alkoxysilanes one or more hydrolysable groups are substituted by organic groups
which are not hydrolysed due to the high stability of the Si-C bond. Therefore,
these organic groups eventually end up covalently linked to the final inorganic
framework, and a wide variety of mesoporous or mesostructured hybrid organosil-
ica products can be obtained. !'°

Inorganic reactivity can be controlled by varying the pH. In silicon alkoxides,
less ordered mesophases are obtained at high pH values (5-7), where condensa-
tion is fast and prevails over mesostructure formation (i.e. Kinorg > Korg, Kinter). A
pH close to the isoelectric point (pH~22) allows obtaining a better mesostructure
organisation. Working in high dilution conditions, silica condensation is further
inhibited and the solution is very stable in time (up to several months). Tran-
sition metal alkoxides are much more reactive, according to the series: Si(OR)4
< Sn(OR)4 ~ Ti(OR)4 < Zr(OR); ~ Ce(OR),.'!! This is because the reactivity
of transition metal precursors is strongly dependent on the electrophilicity of the
metal centre (hydrolysis and condensation proceed through nucleophilic attack by
water molecules), therefore the reactivity trend is Si<Ti<Zr<Hf.!'? Condensation



1.7 MESOSTRUCTURED FILMS 45

Table 1.8. Examples of organically modified Si alkoxides used in one-pot syntheses of hy-

brid films.
Name Chemical formula
Methyl-triethoxysilane (MTES) CH;3-Si(OCH,CH3)3
Dimethyl-diethoxysilane (DMDES) (CH3),-Si(OCH,;CH3),

Si(OC,Hs)3
Phenyl-triethoxysilane (PhTES)
Octadecyl-triethoxysilane (OTES) NN SH(0C, Hs )
3-Aminopropyl-triethoxysilane (APS) NH;-CH;CH,CH,-Si(OC,H5s)3

]

HiC O~
e 0 Si(0C,Hs)3
|

: . CH;3
Methacryloxypropyl-triethoxysilane

can be inhibited by introducing complexing agents, such as acetyl acetone, which
are effective in sequestering the transition metal ion.

Water This is truly a multipurpose component of the precursor solution. In
silica-based systems it takes part in alkoxide hydrolysis and condensation. For
small values of 4 =[H,O]/[Si], no mesostructure or a wormlike mesophase forms,
whereas too high 4 values may lead to uncontrolled condensation and poor order.
A typical value found in the synthesis of silica is & = 5-10, which is relatively in-
dependent of the type of inorganic precursor (a silicon alkoxide or a salt). Water
molecules are adsorbed on the hydrophilic crown of the micelles, increasing the
hydrophilic headgroup area ag and thus decreasing the geometric packing factor g.
In this way an increase in hybrid interface curvature is observed and the formation
of spherical micelles rather than cylindrical is favoured. Besides, water favours the
formation of silanols at the hybrid interface which contribute to strengthening the
interactions between the inorganic precursors and the surfactant. In general, the
role of water at the hybrid interface is of key importance in the synthesis of all
mesostructured films.

A notable example is mesostructured TiO, obtained from TiCly, where the
presence of significant amounts of water is essential in order to form an ordered
mesostructure. Here, water is supplied either in the precursor solution or treat-
ing the as-deposited films with high relative humidity for a couple of seconds
within a short time since solvent evaporation.3®!!3 At least three effects can be
discerned: (1) water promotes Ti(IV) hydrolysis and favours the formation of hy-
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drophilic species such as TiCly_(OEt),.'!* (2) Water favours phase separation by
increasing the entity of the interactions at the interface, swelling the hydrophilic
corona, thus increasing its curvature. (3) Water lowers viscosity acting as a lubri-
cant by forming a layer around each micelle, permitting structural rearrangements
in the mesophase which lead to a better degree of order.?%!14

Structure-directing agent The choice of type and quantity of surfactant has
been shown to be a key parameter in order to obtain a final mesostructure with
a given symmetry. Regarding the copolymer type, we have summarised in Sec-
tions 1.6.2 and 1.6.3 that size, architecture and chemical composition of the am-
phiphilic block copolymers deeply affect the final mesostructure. In particular, for
simple estimates one can use the geometric packing factor g to predict whether
high-curvature cubic or low-curvature 2d-hex mesostructures will form.

A calculation of the quantity to be introduced into the precursor solution can
be made by inspection of the surfactant/water phase diagram, considering the sur-
factant volume fraction ® = #“{jﬂm) As we have shown in Section 1.6.3, this
is a good predictive model that allows calculating the quantities of inorganic and
organic precursors to introduce into the precursor solution in order to attain a given
mesophase symmetry, similar to the phase diagram approach of TLCT.

However, a work on oriented silica membranes templated by Pluronic F127 13
has revealed that wormlike or hexagonal phases can be obtained in conditions
where cubic phases are expected (P < 70%). In these “silicatropic” hybrids, the
final mesostructure can be tailored by the water content in solution (%), keeping &
constant. The crucial role of /4 can be rationalised in this way: & is not the only
parameter that directs mesophase formation, as the extent of the silica-template in-
terface should be taken into account. Water helps to fold the hybrid interface with
a higher curvature radius,''* and also generates more hydrophilic silanol ends;
a more hydrophilic hybrid interface tends to maximise interactions with the hy-
drophilic block and enhancing curvature. Therefore, the final mesophase symme-
try cannot be predicted only on the grounds of the inorganic-template fraction (),
thus predictions made purely with phase diagrams may be misleading and care
should be exerted when using this model.

It has been demonstrated?® that in the case of films Vinorg should take into ac-
count also the presence of water as relative humidity in the deposition chamber,
beside water contained in the precursor solution. In fact, as we describe in Sec-
tion 1.7.4, the amount of relative humidity is crucial in determining mesostructure
formation, in that it can diffuse from the environment into the film, affecting the
interactions at the hybrid interface and exerting a critical role on micelle curvature.

Furthermore, the presence of solvents other than those reported in the phase
diagrams can influence the chemistry of these systems, and mesophase sym-
metries different than those reported in the phase diagram have been reported.
For example, R3m structures in mesoporous TiO, have been obtained using 1-
butanol as the solvent: this enhances microphase segregation increasing the cur-
vature at the hybrid interface, because the polar end of 1-butanol is localised
at the hydrophilic/hydrophobic interface between the poly(ethylene oxide) and
poly(propylene oxide) blocks, thereby helping to stabilise the mesophase with the
required surface curvature.!'® Another factor that must be kept in mind is that the
EISA synthesis conditions are dramatically affected by kinetic factors, whereas a
phase diagram refers to a system in its thermodynamic equilibrium. Polycondensa-



1.7 MESOSTRUCTURED FILMS 47

tion increases film viscosity and reduces micelle mobility, therefore the mesophase
in a film is typically in a metastable state, out of thermodynamic equilibrium.

To summarise, the synthesis parameters that are used to predict mesophase
symmetry can be overwhelmed by other factors (e.g. water content in solution,
relative humidity, evaporation rate, presence of a solvent with different polarity)
that force the structure into an unpredicted phase.'!” In practice, the molar ratio
s =[surfactant]/[inorganic] is generally reported in research works rather than the
surfactant/inorganic volume fraction. In fact, s is considered more as a heuristic
parameter, often determined through educated guesses in a trial-and-error fashion,
where different quantities of surfactant are systematically varied, and the charac-
terisation of the films thus obtained are used as a feedback to formulate a “working
recipe”. The s values are on the order of magnitude of 0.01 for ionic surfactants
(e.g. CTAB), whereas for high MW block copolymers (e.g. Pluronic type) they can
be as low as 1072 or 1074,

Catalyst When an alkoxide is used as the inorganic precursor, a catalyst in-
creases the kinetics of hydrolysis and condensation. There is a fundamental dif-
ference between basic and acid catalysts, in that the former favour hydrolysis and
inhibit condensation, whereas the latter favour condensation and inhibit hydroly-
sis.?3 In the synthesis of mesoporous films, an acid catalyst is generally used, as it
ensures good quality and homogeneity of the film. In particular, HCI is the choice
in most cases as its high volatility ensures full evaporation once its function is not
required any more and therefore it does not remain in the film as impurity. Further-
more, its evaporation causes the pH inside the film to increase, which favours con-
densation reactions, stiffening the mesostructure. When transition metal salts are
used as the inorganic precursors (e.g. TiCly), the presence of C1™ ions in the solu-
tion controls condensation kinetics by forming coordinated species TiCly_,(OEt),.
After deposition, hydrolysis and condensation are accelerated by HCI evapora-
tion. 14118 In the case of silica, the pH is generally set near the isoelectric point,
which is defined as the pH of a solution or dispersion at which the net charge on
the macromolecules or colloidal particles is zero (pHjep = 2 for silica, pHjep ~ 6
for titania): in this way, the inorganic colloids in the solution do not aggregate, and
the solution can be stable even for several months.

Ageing Hydrolysis and polycondensation reactions of inorganic precursors in
the coating solution cause the formation and growth of oligomeric species (nano-
building blocks, NBBs). In the case of silica, these can be constituted by cyclic,
linear or branched structures, depending on the composition and the pH. The size
of these oligomers increases as a function of time. Because the size of these NBBs
is critical in mesostructure formation, it is of crucial importance to control ageing
of the coating solution (at a first approximation, ageing can be identified as the time
interval between the preparation of the solution and its use in the dip-coating).
Experimental results have demonstrated that ageing is a critical parameter
which can affect deeply the degree of order of the final mesostructure. Structural
information on silica oligomers can be inferred from >°Si NMR measurements on
solutions containing the EISA precursors aged for different times, by relating the
observed chemical shift to the number of O atoms to which a Si atom is bonded.
The notation Q; is generally adopted, where i represents the number of O atoms
bonded to a single Si atom and 0 < i < 4. Grosso et al. have observed a trend in
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Figure 1.18. Ageing time dependence of the relative amounts of Q1, Q2, Q3 and Q4 silica
species in a solution containing CTAB/TEOS = 0.10. These evolutions were
deduced from the *Si liquid-phase NMR spectra by integrating and adding
Q; peaks. Reproduced from Grosso et al. '1°

Q; concentration depending on the solution (TEOS, CTAB, HCI, H,O in EtOH)
ageing time (Figure 1.18). This trend was compared to the degree of order of the
final mesostructure in films obtained by dip-coating with the aged solutions, which
was estimated by the intensity of the main small-angle diffraction peak. The most
ordered mesostructures are observed when the concentration of Q; and Qj3 is high-
est, corresponding to an ageing time of 67 days. '!” If ageing is either shortened or
protracted, the resulting mesostructure is less ordered or absent. Too long an ageing
leads to the formation of large silica oligomers that are not capable of accommo-
dating the curvature at the hybrid interface during mesophase formation, whereas
too short an ageing does not result in the formation of well-defined NBBs, which
again leads to poor order. Most likely, the NBBs cannot exceed the feature size
of a mesostructure, typically 1-20 nm. Optimal ageing times depend strongly on
solution composition as well as its temperature. For a similar TEOS/ CTAB/ EtOH
system but with a higher [H,O]/[Si] ratio and a lower [EtOH]/[Si] ratio, Klotz et
al. estimate an optimum ageing time of 200 minutes, which is lower of a factor of
50 than that reported by Grosso. 2%

In summary, controlling ageing permits controlling the size of the NBBs that
build up a hybrid interface, thus it turns out to be a key requisite in the design
of a synthesis process. For each system, an optimum ageing time must be deter-
mined, depending on the type and concentration of surfactant, water and inorganic
precursor.

1.7.4 Film deposition

Whereas control of the precursor solution requires understanding the chemistry of
the inorganic precursors and the self-assembly properties of the surfactant, in the
deposition process control is transferred to the external conditions. The deposition
step is no less critical than the preparation of the precursor solution, because in this
stage inorganic condensation and self-assembly take place, driven by the local ther-
modynamic and kinetic conditions and ultimately triggered by the fast evaporation
of the solvent.
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Solvent evaporation It has been suggested that the departure of solvent from
the film-air interface causes an increase in concentration of the inorganic and the
organic nonvolatile species, which undergo self-assembly and condensation reac-
tions and form a mesostructure. As the evaporation rate is faster at the film-air
than at the film-substrate interface, nonvolatile species become more concentrated
in the former than in the latter regions, triggering diffusive processes due to the
concentration gradient within the film. Therefore, while solvent evaporates, the
composition of the film is not univocally determined, but rather there exist several
compositions in different regions, which constantly evolve with time until most
solvent is evaporated (typically within 10-30 seconds).|

Though it is practically impossible to calculate the exact composition as a func-
tion of space and time, there is one phenomenon that can give insight on what
occurs within the film during the evaporation process: mesophase transition. Per-
forming in situ SAXS measurements during dip-coating, one can obtain a time-
resolved sequence of diffraction patterns which informs us on the structural evo-
lution of the forming mesophase. The sequence: lamellar phase — 3d hexagonal
— cubic is typically observed, corresponding to the sequence: isotropic — spher-
ical micelles — cylindrical micelles — lamellar phase observed in the surfactant-
solvent phase diagram for increasing concentrations. 2!

Different mesophases can be obtained by varying solvent evaporation rate: in
an interesting study, a vacuum pump is connected to a cylindrical pipe sitting at
given distances from a substrate covered with the desired solution, which is let to
evaporate. By varying the pipe-to-sample distance, it is possible to adjust the evap-
oration rate of the liquid film (this procedure is called “vacuum-assisted evapora-
tion”, VAE). '?? For high evaporation rates, the simultaneous presence of different
mesophases can be observed, an effect that can be ascribed to different composi-
tions at different depths caused by high concentration gradient: since evaporation
occurs at the film-air interface, nonvolatile concentration is higher in this region,
thus giving an ordered phase sooner than in the region close to the substrate. As
different compositions generally correspond to different stable symmetries in the
phase diagram, different or overlapped diffraction patterns are observed. Where
solvent is less present (close to the film-air interface) inorganic condensation may
form a solid barrier that prevents further evaporation, thus multiple mesostructures
are likely to be “frozen” in their metastable states. This can explain an aspect that
is sometimes observed in TEM cross-sectional images of mesoporous films, that is
an ordered structure near the surface and a wormlike or totally disordered region
within the film (see Figure 1.19).

Relative humidity and tunable steady state There is evidence for structural
rearrangements in the mesophase occurring even long after the solvent evapora-
tion step. Experimentally, in situ SAXS measurements point out that mesophase
transitions can be induced by the external environment well after solvent evapo-
ration, most typically by a variation in relative humidity. Mesophase transitions
reflect structural rearrangements in mesophase architecture, which are observed
to be reversible as long as the film viscosity is low (i.e. as long as the inorganic
network has a low degree of crosslinking). Therefore, we can identify a time inter-

IISolvent evaporation may be considered finished when the film thickness stops decreasing. This
can be measured, for example, by in situ optical interferometry.
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Figure 1.19. TEM cross-sectional image of a mesoporous silica film obtained from TEOS
and block copolymer Pluronic F127, showing a disordered region sandwiched
between the two ordered regions at the film-air and film-substrate interfaces.
Scale bar, 50 nm.

val between film deposition and when inorganic condensation hinders mesophase
rearrangements—this latter represents a broad time interval itself since inorganic
condensation is a continuous process, in which kinetics varies according to the sys-
tem in question. One of the most notable examples where this effect is reported is
a work by the research group led by David Grosso, who first demonstrated the very
important role of water originating from external humidity (relative humidity, RH)
in the texturation of the hybrid mesostructure. '?* In this work, the effect of relative
humidity during dip-coating is observed and mesostructure organisation is demon-
strated to be affected by the diffusion of volatile molecules equilibrating between
the environment and the film media. More precisely, high RH (70%) favours the
formation of a Pm3n cubic phase, whereas low RH (20%) leads to lower quantity of
water inside the film, which promotes the two-dimensional p6mm mesostructure.
Too low RH may lead to poorly-defined structures.

If RH is sufficiently high, water is encouraged to stay inside the film, or a diffu-
sive motion occurs from the environment into the coating. As we have said, water
is preferentially localised in the hydrophilic part of the film, i.e. on the hydrophilic
coronas of micelles and in between. During this dynamic equilibrium state, con-
densation progressively takes place, stabilising the inorganic framework around the
spherical micelles and avoiding further phase transitions when the viscosity is too
high. This state of as-deposited mesostructured films is called tunable steady state
(TSS).** This time interval depends on the chemical composition of the film and
may last up to few hours.

To sum up, we can identify a threefold role of RH. (1) It acts as a swelling agent
with respect to the hydrophilic headgroups, thus increasing the micelle curvature
and creating a well-defined hybrid interface. (2) It contributes to lowering the film
viscosity, acting as a lubricant and favouring mobility of NBBs and mesophase
rearrangements. This ultimately leads to a better degree of order and sometimes
to mesophase symmetries not immediately predicted by phase diagrams: different
symmetries can be obtained with different RH values, in particular cubic structures

**In the original work 123 it is “modulable steady state”. However, because the term “modulable”
does not exist in English language, this term has been replaced with “tunable”.
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are favoured for high RH. (3) In films obtained from inorganic salts (e.g. TiO, from
TiCly, the departure of water from the film allows for HCI evaporation through
diffusive motion, thus increasing inorganic polycondensation.

Because the amount of water in a film depends critically on RH, it is useful
to derive a relation between them, especially if an estimate of Vi, is needed in
order to calculate the copolymer volume fraction ® (page 46). This is often ac-
complished by resorting to experimental techniques; unfortunately, the quantity of
matter in films is too low, so determining the total volume fraction of water is a
difficult task and other systems than thin films are used. For example, Karl-Fischer
titration measurements have been performed on a small amount of solution let to
evaporate in the presence of an air flux with a preset RH. 23 Indicatively (and for
the system studied by the authors) a correspondence between RH and water con-
tent expressed as & =[H,O]/[Si] can be found, corresponding to 7 =0.5, 4, 7 for
RH =20%, 40%, 70%, respectively. Another way is to measure the film thickness
by ellipsometric spectroscopy at different RH values: the variation in thickness is
related to different concentrations of water in the film.'% Based on these consid-
erations, it is straightforward to conclude that one major key issue is to determine
the temporal extent of the TSS in order to understand and direct the physicochem-
ical phenomena occurring in this time frame. This is why dip-coaters are generally
enclosed in a cabinet or in a glove box, in which air with controlled RH can be
fluxed.

Dip-coating pulling rate The film thickness bears a direct proportion with the
speed at which the substrate is extracted from the solution (pulling rate) in the dip-
coating process (in spin-coating this parameter is rotation speed, usually expressed
in rpm). This well-known effect is due to surface tension effects occurring at the
solution-film-air interface, which become less critical when the pulling rate is in-
creased.?® In terms of mesostructure order, a lower degree of order is generally
observed when the pulling rate is increased. This can be explained considering that
condensation is fastest at the film-air interface (vide supra): a high concentration
gradient is set up and further evaporation from the bottom of the film is inhibited
if the topmost layer is too crosslinked. '

1.7.5 Post-treatments

Thermal treatment It has the double purpose of promoting inorganic conden-
sation and decomposing the organic phase in order to free the mesopores (calci-
nation). Generally, mild treatments with thermal ramps and steps are preferred:
abrupt treatments at high temperatures may cause mechanical stress in the sample
which can damage the mesostructure and lead to macroscopic cracking. A phe-
nomenon that is always observed is thermal shrinkage: because the film is pinned
to the substrate, the contraction occurs exclusively along the direction perpendicu-
lar to the substrate (out of plane), whereas the contraction parallel to the substrate
(in plane) is negligible. As a consequence, calcination somewhat alters the shape
of mesopores: this is evident in spherical pores, which become oblate spheroids.
Furthermore, the thermal treatment may lead to the fusion of pores along those
crystallographic directions where packing is most dense (e.g. [111] in cubic struc-
tures) forming structures that may resemble cylindrical pores when observed by
TEM (see for example Chapter 2, page 78).
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In transition metal oxides, thermal treatments may lead to phenomena related
to inorganic crystallisation. This is often a very critical step, in that crystallisation
and phase transitions can cause mesostructure collapse, especially if the surfactant
decomposes at a temperature below the temperature of crystallisation. In this case
the surfactant’s role as a “supramolecular scaffold”, ensuring stability while inor-
ganic condensation/crystallization are in progress, ceases. These phenomena can
be controlled by performing suitable thermal treatments, and mesoporous oxides
can be obtained with nanocrystalline inorganic walls,?® combining the physico-
chemical properties of crystalline metal oxides with a high specific surface area.

In situ simultaneous small- and wide- angle X-ray scattering (SAXS/WAXS)
experiments using synchrotron radiation have been performed on as-deposited me-
sostructured titania films. '?* In this way, the mechanisms involved during the ther-
mal crystallisation of mesoporous TiO; films have been elucidated casting light
on mesostructure formation and inorganic crystallisation. The growth of anatase
particles was shown to be controllable to prevent mesostructure collapse. In partic-
ular, a fast and short treatment at elevated temperature applied to the cubic initial
mesostructure allows rapid growing of the anatase particles up to the limit imposed
by the mesostructure. Furthermore, the disappearing of the in-plane reflections
and the simultaneous reinforcement of the out-of-plane reflection suggests that
pores merge along the directions where the mesopore density is highest, i.e. [111]
and [111], and large single crystallised particles are formed through epitaxial fu-
sion/nucleation.

Ageing at controlled RH Recent studies have emphasised the importance of
keeping the as-deposited mesostructured films (especially based on transition metal
oxides) in controlled humidity conditions for a few days before performing thermal
treatment.%® For example, mesoporous yttria-zirconia and ceria-zirconia films with
2d-hexagonal and cubic structures show a relation between mesostructure order
and humidity post-treatment.'?>> Mesoporous tin oxide films with an orthorhom-
bic Fmmm symmetry have been prepared by the Hillhouse research group. >6 The
as-deposited samples show no long-range order. However, if the films are aged at
high RH (=80%) for a time interval between 30 minutes and 48 hours, an ordered
mesophase appears (a treatment called delayed humidity treatment (DHT) by the
authors). The mechanisms leading to self-assembly have not been fully elucidated.
What is sure, is that in this case we cannot speak of EISA, in that solvent evapora-
tion is considered to have ceased when DHT begins, and self-assembly appears to
be triggered by some unclear process during DHT itself.

Post-functionalisation The mesopores can be used to chemically graft func-
tional (typically organic) groups on the inorganic walls, as well as to physically
adsorb ions. The functional properties of grafted chemical groups can be exploited
for particular applications and are enhanced by the high specific surface area exhib-
ited by mesoporous films. The natural candidate for chemical grafting is silica, due
to the high stability of the Si-C bond and the presence of reactive silanols, whereas
transition metal oxides are somewhat more difficult to functionalise. For example,
sensors with high sensitivity and selectivity towards uranyl cations have been pro-
duced by grafting sylilated B-diketone compounds in mesoporous silica. '’ Meso-
pores can also be exploited for the controlled growth of nanoclusters: this subject
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will be covered in Chapter 4, where the experimental results on this topic will be
presented.

1.7.6 Examples of prospected applications

The synthesis of mesoporous materials in the form of films enables us to devise
new functional applications. Many patents, aimed at protecting synthesis methods
and compositions of matter, have been deposited. As we have mentioned, the inter-
est in mesoporous film is motivated essentially by (1) the high specific surface area,
which may or may not be interconnected, (2) the possibility to introduce grafted or
co-condensed functional groups on the mesopore surface, (3) the particular physic-
ochemical properties, especially in transition metal oxides. We will now briefly
examine three selected examples in order to clarify the potentials of mesoporous
films in advanced applications: low-k interlayers, solar cells and sensors.

Low-k interlayers

A signal travelling in an integrated circuit is subject to a delay caused by resistance-
capacitance (RC) coupling between two adjacent conductors, related to power
dissipation as heat, and creates interference between the two adjacent circuits
(crosstalk). These negative effects become more intense as the feature size is de-
creased. Therefore, as smaller and smaller integrated circuits are built, new solu-
tions have to be looked for: one possibility is to insert a low dielectric constant
(k) layer between two conductors, thus decreasing C. 128-130° A further decrease in
k can be obtained by choosing a material with low polarisability, and mesoporous
silica seems to be a good choice since it contains a high volumetric fraction of air.
By substituting the Si-O bonds on the mesopore surface with species containing
Si-C or Si-F bonds, low dielectric constant values are obtained, due to the low po-
larisability of such bonds and because the hydrophobic environment inhibits water
(high k) uptake. This can be accomplished by the chemical modification of the
mesopore surface by a post-synthetic grafting or by co-condensing hybrid organic-
inorganic precursors during film synthesis. 1317133

Solar cells

Titania is one of the most studied systems in photovoltaic applications, in particu-
lar in dye-sensitised solar cells (DSSC), commonly known as Gritzel cells. DSSC
are made of nanocrystalline titania impregnated with an electrolyte and a suitable
dye. The mechanism of current photogeneration is: (1) the dye absorbs a photon
and creates an exciton, (2) the exciton is separated at the titania-dye interface, (3)
charge transport occurs in TiO, (electrons) and electrolytic solution (holes). The
formation of the exciton represents a critical step: because it can travel to a dis-
tance of d ~20 nm before radiative recombination, it is essential to have a nanoar-
chitecture with features smaller than d, so that the exciton can reach the interface
and yield the opposite charges before recombination occurs. Such a structure can
be obtained maximising the interfacial area, typically mixing the two phases on a
nanometric level. A marked increase in interfacial area can be obtained with meso-
porous titania with an accurate control on pore size and mesophase symmetry; the
interconnected inorganic structure ensures electron transport towards the electrodes
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and the interconnected mesopores are filled with a continuous electrolyte solution
that permits hole transport. 134133

Hybrid organic-inorganic DSSC can be obtained by impregnating mesoporous
titania with a semiconducting polymer (e.g. polythiophene) which acts both as the
light absorber and as the hole-transporting medium. !36-137

Humidity sensors

In this case, the principle is physisorption of HO molecules by the OH groups
present on the mesopore surface. If a water molecule forms two hydrogen bonds
with two hydroxyls, a proton can be transferred to water and form an hydronium
ion. Thus, a H30™ layer is formed on the mesopore surface, whose electrical con-
ductivity depends on relative humidity according to Grotthus’ model. Mesoporous
silica films have been shown to have sensing properties selective towards water

and ethanol, due to the high specific surface area that enhances protonic conduc-
tion. 138,139
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Chapter 2

Characterisation techniques

Abstract

The study of mesostructured films requires powerful characterisation techniques
able to detect multiple aspects such as mesostructure symmetry and degree of or-
der, inorganic crosslinking and presence of specific molecular species. The primary
experimental technique that can provide structural information on mesostructure is
small-angle X-ray scattering (SAXS). It is based on the diffraction of X-rays by
the ordered disposition of matter in a mesostructure and provides information re-
garding symmetry group, degree of order, cell parameter, micelle size. Because
mesostructure formation occurs during dip-coating in a short time, in situ exper-
iments are required, usually at synchrotron facilities utilising high-flux radiation.
Another powerful tool for investigating mesostructured materials is the transmis-
sion electron microscope (TEM), which provides direct images of the mesostruc-
ture with nanometric resolution. TEM can be regarded as a structural technique
complementary to SAXS, in that it describes the structure on a very local scale.
Fourier-transform infrared spectroscopy (FTIR) is related to the interaction of in-
frared radiation with matter and provides information on the presence of specific
chemical species within the film, as well as on the degree of inorganic crosslinking
and the chemical environment. Other techniques utilised in the experimental work
of this thesis, such as atomic force microscopy and nitrogen sorption, are outlined
in the present chapter.
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2.1 Introduction

The physics and the chemistry underlying templated self-assembly in mesostruc-
tured films have been understood in detail. Some characterisation techniques, such
as transmission electron microscopy and infrared spectroscopy, have been applied
to the study of mesoporous materials; other techniques, such as small-angle X-ray
scattering, were borrowed from other disciplines and successfully adapted to the
investigation of mesostructured films. These characterisation techniques have been
coupled in order to overcome the intrinsic complexity of mesostructured systems:
self-assembly and inorganic polycondensation occur at the same time, furthermore
the interactions between the organic and the inorganic species are highly coopera-
tive and the synthesis is very sensitive to initial conditions and external perturba-
tions.

The phenomena leading to the formation of a mesostructured film can be di-
vided into (1) chemical reactions and physical processes in the precursor solu-
tion, (2) intermediate liquid-solid state at the onset of polycondensation and self-
assembly, (3) tunable steady state, thermal treatment and final product. It is evident
that discontinuous ex situ techniques can be used to sample only a part of the global
self-assembly process. For example, dynamic light scattering can give information
on the size of the aggregates present in the precursor solution, transmission electron
microscopy gives structural information on thermally treated and mechanically sta-
ble samples. However, because mesostructure formation occurs during dip-coating
and is often a matter of seconds rather than minutes or hours, the study of this
part—which has obviously a central role—requires the use of in situ techniques
with special configurations, for example a high incident flux (e.g. synchrotron ra-
diation) and a specific dip-coating apparatus. As we will see, the primary in situ
experimental technique that can give highly instructive structural information on
mesostructure is small-angle X-ray diffraction utilising synchrotron radiation. This
can be coupled with other in situ techniques in order to get complementary infor-
mation, for example with interferometry in order to calculate film thickness. In
Chapter 3 we present the development of a new coupled structural-spectroscopic
technique providing simultaneous structural and spectroscopic information on the
self-assembly of mesostructured films.

Because a description of all characterisation techniques utilised in the research
on mesostructured materials falls outside the scope of this thesis, the present chap-
ter provides information on the techniques employed in the experimental work of
this doctorate. These can be classified into structural techniques, giving informa-
tion on the mesostructure (e.g. symmetry, degree of order, cell parameter, micelle
size), and spectroscopic techniques, yielding physicochemical information on the
film (e.g. presence of specific chemical species, degree of inorganic crosslinking).
Other techniques, such as ellipsometry, atomic force microscopy and nitrogen sorp-
tion, provide physical information on the films such as refractive index, thickness
and surface topology.
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2.2 Small-angle X-ray scattering (SAXS)

2.2.1 Physics of X-ray diffraction

One of the most used techniques to carry out structural characterisation of solid
materials is X-ray diffraction (XRD). This technique is based on the interaction be-
tween an incident electromagnetic wave in the X-ray range and the sample. When
an electromagnetic wave impinges on the sample, it interacts with the electron
cloud and undergoes elastic scattering phenomena. If the electron density is ar-
ranged periodically, as in a crystal lattice, the scattered waves add up and give
constructive and destructive interference, and their intensity is recorded by a detec-
tor as a function of the exit angle. These processes of scattering and interference
usually go under the name of diffraction. Diffraction occurs with any type of wave
other than electromagnetic waves, including sound and water waves, and also with
matter displaying wave-like properties such as electrons. Its effects are generally
only noticeable for waves whose wavelength is on the order of the feature size of
the diffracting objects or apertures, thus for crystal lattices with periodicity on the
order of the A, X-rays are used.

A visual way to rationalise X-ray diffraction by an ordered crystal lattice is
provided by the so-called Bragg’s interpretation. A given crystal is constituted by
regular arrays of atoms spaced with fixed distances d. The crystal can be decom-
posed into any number of different planes, due to the periodicity of crystal lattice
(Figure 2.1 a). As the wave enters the crystal, some portion of the wave is reflected
by the first layer, while the rest continues through to the second layer, and so on. By
the definition of constructing interference, the separately reflected waves remain in
phase if the difference in the path length of each wave is equal to an integer multi-
ple of the wavelength. This happens only if 2x = nA, which gives the well-known
formula for Bragg diffraction conditions, or Bragg’s law (Figure 2.1 b):

Zdhkl sin@ = n?L, (2.1)

where dpy; is the periodicity of a given family Akl of planes (d-spacing), 6 is the
incidence and exit angle, n is an integer and A is the wavelength. Waves that
satisfy this condition interfere constructively and result in a reflected wave of sig-
nificant intensity. Therefore, according to Bragg’s interpretation one can imagine
diffraction as a reflection of the incident wave by a family of atomic planes, which
happens selectively for a finite number of incident angles 6.

Bragg’s interpretation of X-ray diffraction is an effective way of interpreting
diffraction. However, the physics of diffraction involves scattering of electromag-
netic waves and has nothing to do with “traditional” reflection of light on a sur-
face. Let us now examine in detail the physics of X-ray diffraction by a crystal.
The electron density in a periodic lattice p(r) is invariant under lattice translation,
so that p(r) = p(r+R), where R = uja; + upay + uza;z is a vector of the crystal
lattice which indicates the periodicity of crystallographic planes, a;,a,, a3 are the
base vectors in the direction of the three crystal axes, and u;,u;,u3 are integers.
The density function p(r) can be represented as a Fourier series:

n(r) =Y ng exp(iG-R). (2.2)
G
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(a)

(b)

Figure 2.1. Interpretation of diffraction according to Bragg: (a) the ordered arrangement
of repeating units in a lattice can be pictured as sets of parallel planes, which
(b) give diffraction when the scattered waves are in the condition of construc-
tive interference, i.e. the difference in their optical path is a multiple of the
wavelength.

It can be demonstrated that the set of Fourier coefficients ng is

ng=V.! dV n(r) exp(—iG-r), (2.3)
cell
where V. is the volume of a cell of the crystal. The vectors G of the Fourier sum in
Equation 2.2 are described by G = v{b; +v;bs +v3bs, where vy, v2, v3 are integers
and the axis vectors by, by, bs are expressed by:

ap X az

b} =21——FF—"—.
! ap '(az ><a3)

2.4)

Each vector defined by Equation 2.4 is orthogonal to two axis vectors of the
crystal lattice, thus b; -a; = 278;; The vector G is the reciprocal lattice vector:
every crystal structure has both a crystal lattice and a reciprocal lattice associated
with it, which describes the periodicity of matter according to a Fourier sum (Equa-
tion 2.2). The reciprocal lattice, therefore, can be seen as the lattice in the Fourier
space associated with the crystal, and each point in the reciprocal lattice corre-
sponds to a set of lattice planes (hk/) in the real space lattice. The reciprocal lattice
itself is a Bravais lattice: the direction of the reciprocal lattice vector corresponds
to the normal to the real space planes, and the magnitude of the reciprocal lattice
vector is equal to the reciprocal of the interplanar spacing of the real space planes.
Vectors in the direct lattice have the dimensions of [length], whereas vectors in the
reciprocal lattice have the dimensions of [1/length].

From Equation 2.2, and considering an invariant crystal translation R = uja; +
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upar + uzas it follows that

n(r)=n(r+R) = Z exp(iG -r) exp(iG -R) (2.5)
G

The exponential can be expressed using vectors of the direct (a;) and the reciprocal
lattice (b;):

exp(iG -r) = expli(vib; +v2by +v3b3) - (uja) + upa; + uzaz)| =

2.6
= exp[27i(vius + vaua + v3uz)l. 20

The argument of the exponential is 27i times an integer, being the sum of products
of integers, therefore:
exp(iG-r) = 1. 2.7

An incident wave exp(ik; - r) of wavevector K; is coherently scattered by a
diffusion centre (i.e. electron density) and the scattered wave exp(iks - r) emerges
with a wavevector K. The scattering vector, or momentum transfer, is defined as:

q=k;—k (2.8)

The amplitude F of the wave scattered from a volume element is proportional
to the integral over the crystal of n(r)dV times the phase factor exp[i(k; —ky) - r],
therefore:

F— / dV n(r) expli(ki —k;) 1] = / avn(r) expl—iq-t].  (2.9)

We introduce the Fourier components of n(r) (Equation 2.2) into Equation 2.9 to
obtain:

n(r)Z/dV ng expli(G —q) -r]. (2.10)
G

From Equation 2.10 it follows that the scattering amplitude is maximum when
q = G, in other words there is diffraction when the momentum transfer vector is a
vector of the reciprocal lattice. Therefore, a diffraction pattern of a crystal is a map
of the reciprocal lattice of the crystal, and by recording the diffracted intensity as a
function of the exit angle, we sample a region of the reciprocal lattice.

In elastic scattering the energy of the incident wave is conserved, so that the
magnitudes k; and ky are equal, thus k= k%. From this and from Equation 2.10 it
follows that (k +G)? = k%, or

2k-G =G, (2.11)

which is called the von Laue diffraction condition.
It can be demonstrated? that the vector G = hby + kb + Ibs is perpendicular
to (hkl) planes, and that dj;; = 27/|G|. As a consequence, and because k = 27/A,
Equation 2.11 may be written as:
. 2 27 . 21
2|k||G|cos(m — 0) =2kGsin® = G~ = 2—sinh = —, (2.12)
A ki
which is the Bragg condition for diffraction (Equation 2.1): A = 2dj; sin 6. This
can be considered an approach different from Bragg’s, in that no particular sec-
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Figure 2.2. Interpretation of diffraction according to Ewald: a sphere of radius equal to the
incident wavevector K; is built (Ewald sphere), such that the tip of k; is centred
on the sample, and k; and the origin of the reciprocal space lie on the same
line. Diffraction conditions are fulfilled when the Ewald sphere intersects a
point of the reciprocal lattice, thus the scattering vector q =Ky —K; is a vector
of the reciprocal lattice.

tioning of the crystal is singled out, and no assumption of specular reflection is
imposed. However, both approaches are based on the assumption that X-rays scat-
tered from individual scattering centres interfere constructively, therefore a math-
ematical equivalence descending from the common physical assumption was not
unexpected.

Let us now consider a sphere drawn in the reciprocal space, centred on the
origin of the incident wavevector k; of radius k = 27 /A, so that it passes through
the origin O of the reciprocal space (Figure 2.2). According to Equation 2.11, there
will be some wave vector k¢ satisfying the von Laue condition (q =Kk —k; = G) if
and only if some reciprocal lattice point (other than the origin O) lies on the surface
of the sphere. In this case we have diffraction, and we observe a Bragg reflection
from the family of direct lattice planes perpendicular to that reciprocal lattice vector
G. The sphere construction is called the Ewald construction, and the sphere is
called the Ewald sphere. It can be noted (Figure 2.2 b) that ¢/2 = ksin 6, therefore
q/2 =2m/A sin O, which, considering Equation 2.1, becomes g = 27 /d. The factor
27 is often dropped in the crystallographer’s notation, so that exp(2wiG -R) = 1,
and we have:

9= (2.13)
This is a simple relation between the scattering vector and the d-spacing of re-
flection hkl. As we will see in the experimental part of this thesis, the Ewald
construction will be of great use.

2.2.2 Diffraction on mesostructured films

The periodicity considered so far, described by the electron density function p(r),
was assumed to be due to the ordered disposition of atoms in a crystal lattice.
However, in principle nothing prohibits us from considering p(r) as any electron
density periodicity, invariant under a given lattice translation p(r) = p(r +R).
Mesostructured materials are no exception, in that the ordered arrangement of the
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mesophase provides an electron density contrast between the inorganic and the
organic phase which can be described by p(r). The same holds for mesoporosity,
where p(r) describes the periodicity of the inorganic walls. As a consequence,
the interaction of an electromagnetic wave with mesostructured and mesoporous
materials gives diffraction.

As we have seen, a diffraction experiment can be regarded as the sampling
of the reciprocal lattice, therefore information on the symmetry of the ordered
mesophase can be inferred by diffraction data. Since the feature size of a me-
sostructure is typically ~10 nm, using incident X-rays of wavelength ~1 A will
typically give diffraction at 20 angles in the range 0.5-2°. Because of these small
diffraction angles, the diffracted beams are only slightly separated from the inci-
dent beam, therefore the detector must be suitably shielded in order to avoid being
damaged by the direct beam.

On this principle are based small-angle X-ray scattering (SAXS) techniques.
The “small-angle” refers to the angular range of the scattered beams, containing
information on the structure in the reciprocal space in the nanometre range. Devia-
tions from average electron density must be present in the sample, therefore many
applications of small-angle X-ray scattering technique are found in structural biol-
ogy, polymer science, colloid chemistry and materials science.? In structural biol-
ogy this technique is used for crystallographic structural analysis and is one of a
few non-destructive structural techniques: it can be used also in situ for studying
proteins in solution, such as those in unfolded states or those whose crystallisation
conditions have not been determined. Biological fibers such as skeletal muscle are
quasi-crystalline but not as well ordered as crystals, thus giving relatively broad
diffraction peaks mostly at small angles. Many biological lipids exist as vesicles
or liquid crystals, physical states that are rather poorly ordered; micellar structures
and synthetic polymer materials are often studied with this technique.*

SAXS has been adapted to the study of mesoporous materials, mostly pow-
ders and films, becoming one of the most useful tools to investigate the ordered
mesostructure. The importance of real-time SAXS analysis has been fully under-
stood when the existence of a tunable condition in mesostructured materials, the
so-called “tunable steady state”, was observed: here, changes in the deposition
variables (e.g. relative humidity during dip-coating) can induce variations in the
mesophase even after solvent evaporation. Specially-designed dip-coaters for de-
position of films from liquid phase have been built by different groups to be used
at synchrotron facilities for time-resolved in situ SAXS analyses.

2.2.3 SAXS at synchroftron facilities

A synchrotron is a particular type of cyclic electron accelerator in which the mag-
netic and the electric fields are carefully synchronised with the travelling particle
beam. As the electrons, travelling at relativistic speed in the electron storage ring,
are deflected by devices such as undulators and wigglers, electromagnetic radiation
is emitted in a narrow cone in the forward direction at a tangent to the particle’s or-
bit. This light is channelled through beamlines to experimental workstations where
it is used for research (Figure 2.3). Electron storage rings provide radiation from
the infrared through the visible, near-ultraviolet, vacuum-ultraviolet, soft X-ray,
and hard X-ray parts of the electromagnetic spectrum, extending to 100 keV and
beyond.
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Figure 2.3. Scheme of a synchrotron: electrons are accelerated by a linear accelerator
(linac) and a booster, and injected into the circular storage ring, off which the
beamlines branch.

Synchrotron radiation thus emitted has many unique features that make it ideal
for a wide variety of applications in experimental science and technology. These
include: high flux [photons/(second, unit bandwidth)], high brightness [flux/(unit
source size, unit solid angle)], wide energy spectrum (from IR to hard X-rays),
tunability of wavelength with insertion devices, high polarisation, emission in short
pulses (typically ~1 ns). Synchrotron light is used in such diverse research fields as
biosciences (protein crystallography and cell biology), medical research (microbi-
ology, disease mechanisms, high resolution imaging and cancer radiation therapy),
environmental sciences (toxicology, atmospheric research, clean combustion and
cleaner industrial production technologies), minerals exploration (rapid analysis
of drill core samples, comprehensive characterisation of ores for ease of mineral
processing), advanced materials (nanostructured materials, intelligent polymers,
ceramics, light metals and alloys, electronic and magnetic materials), engineering
(imaging of industrial processes in real time, high resolution imaging of cracks and
defects in structures, the operation of catalysts in large chemical engineering pro-
cesses) and forensics (identification of suspects from extremely small and dilute
samples).

Regarding mesostructured films, there are a few aspects of synchrotron radi-
ation that have made small-angle scattering studies at synchrotron facilities very
effective. These are: very small beam divergence, high beam flux, and in some
cases energy tunability. It is crucial to have small beam divergence in order to
isolate weak scattering at very small angles from the direct beam which is orders
of magnitude stronger. The flux of a synchrotron source is usually several or-
ders of magnitude higher than those from conventional X-ray sources, therefore a
diffraction pattern can be acquired in short times, typically on the order of 500 ms,
making it possible to perform time-resolved in situ experiments during dip-coating.
When beam energy is tunable, it is possible to conduct anomalous small-angle X-
ray scattering. All SAXS experiments (in situ and ex situ) presented in this thesis
were conducted at the Austrian beamline at Elettra synchrotron facility in Trieste,
Italy.>® A more detailed description of Elettra synchrotron facility can be found
at Elettra’s website (http://www.elettra.trieste.it). The experimental setup at the
SAXS beamline at Elettra is the subject of the next subsection.
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Figure 2.4. Scheme of the Austrian SAXS beamline at Elettra: synchrotron radiation is
monochromated by a flat double crystal in optics hutch I and focused by a
toroidal mirror in optics hutch 2. Downstream of the optics hutches is the
experimental hutch.

2.2.4 SAXS measurements on mesostructured films at Elettra

The SAXS beamline at Elettra was built by the Institute of Biophysics and
Nanosystems Research (IBN), Austrian Academy of Sciences, Graz, and is op-
erative since September 1996. The photon source is the 57-pole NdFeB hybrid
wiggler, whose beam is shared with a macromolecular crystallography beamline.
The wiggler delivers a very intense radiation between 4 and 25 keV, of which 3
discrete energies (5.4, 8 and 16 keV) can be selected by a flat double crystal (111
Si) monochromator in optics hutch 1 and focused by a double focusing toroidal
mirror in optics hutch 2 (Figure 2.4). These can be controlled via a software in-
terface developed with LabView. The LabView software procedures also control
sample manipulation, beamline shutter control, gate valves, etc. Typically, for an
electron energy in the storage ring of 2 GeV, an intensity of 200 mA and a selected
energy of 8 keV, the flux density at the sample is 2.5-10'! photons - s~! - mm—2.
The optical table in the experimental hutch allows optimisation of the sample-to-
detector distance with respect to SAXS resolution and sample size setup, as well
as installation of specialised sample equipment, such as a dip-coater or a liquid
flow cell for in situ experiments (Figure 2.5 a). A two-dimensional CCD detec-
tor (Photonic Science, UK) is used for data acquisition. Optionally, an additional
one-dimensional wide angle X-ray scattering (WAXS) detector can be inserted for
acquiring diffraction data in the d-spacing range of 1 to 9 A

Before a measurement session, the equipment is set up, in particular the
sample-to-detector distance is adjusted in order to ensure that the diffracted beams
be well-separated from the direct beam, and a sufficiently large area of the recip-
rocal space be sampled by the CCD detector. The beam stop must be correctly
positioned in order to prevent the direct beam from hitting the detector, as this may
cause irreversible damage to the CCD array. In a typical collection of a SAXS
pattern, the sample is placed on a sample holder, which can be rotated via a servo
motor from the control room, so that the angle of incidence can be varied (Fig-
ure 2.5 b). After interlocking the experimental hutch prior to each measurement,
the main shutter is opened. Then, diffraction patterns are acquired using the CCD
detector provided with a software-triggered fast shutter positioned upstream of the
sample. Image-Pro® Plus is used as the CCD control software. At first, a low ac-
quisition time is selected (e.g. 100 ms) in order to avoid saturation which could
damage the detector. In the following measurements the acquisition time can be
increased so that less intense diffraction signal is acquired (e.g. from higher diffrac-
tion orders).
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Figure 2.5. (a) Experimental hutch with optical table: the incident and scattered waves
propagate in vacuum tubes with kapton windows; the camera length (sample-
to-detector distance) can be varied by moving the CCD detector and using
vacuum tubes with different length. (b) Side view of the optical table.

It is of utmost importance that a diffraction pattern of a calibration standard
be acquired for each setup of the optics. Diffraction standards provide a tool to
determine accurately the beam centre position and the sample-to-detector distance.
Without such a calibration it is not possible to perform quantitative data analysis
such as cell constant calculation. Calibration is done prior to each measurement
session, or in any case before modifying the beamline setup. We used a silver be-
henate powder standard (CH3(CH;)20COOAg, d-spacing: 58.38 A)ina capillary
glass: the ring-like diffraction pattern is used in the data analysis software as will
described later.

225 Grazing and transmission incidence

The diffraction pattern of a mesostructured film depends not only on the meso-
structure’s symmetry and orientation, but also on the experimental measurement
conditions, such as the angle of incidence. Let us first examine the diffraction of
an X-ray beam by an “ideal” monocrystal-like mesostructure, following Ewald’s
interpretation (Figure 2.6). Since the reciprocal lattice is a collection of points in
the reciprocal space, its intersection with the Ewald sphere is a set of points, and
we have a diffraction pattern made of spots (Figure 2.6).

In general, the model of the monocrystal-like mesostructure is not true for
“real” films. These are almost always composed of micron-sized mesostructured
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Figure 2.6. Ideal mesostructure with mesopores placed at the nodes of a “single-crystal”
lattice, and its reciprocal lattice. The intersection of the reciprocal lattice with
the Ewald sphere gives the directions of the diffracted beams.

domains which possess an orientational disorder around the axis perpendicular to
the substrate—this is a feature common to nearly all mesostructured films that is
also called planar disorder. Thus, mesostructured films typically have out-of-plane
order (i.e. related to diffraction planes parallel to the substrate) but lack in-plane
order (i.e. related to diffraction planes perpendicular to the substrate). This is true
if we consider a sufficiently large region investigated by the impinging beam: at the
SAXS beamline at Elettra this is typically on the order of the millimetre, therefore
~ 10° mesostructured domains are sampled.

There are essentially two configurations used in the acquisition of SAXS pat-
terns of mesostructured films: the angle of incidence of the X-ray beam impinging
on the sample may be set to either small angle (slightly above the critical angle,
1.e. 0.2-0.3°) or perpendicular to the film surface (90°). These two configurations
are referred to as grazing and transmission incidence, respectively, and yield infor-
mation on the out-of-plane and in-plane mesostructure order. When the sample is
in grazing incidence (GISAXS) the detector acquires out-of-plane reflections that
are not accessible by transmission mode, whereas in transmission mode in-plane
reflections are sampled which cannot be recorded in grazing incidence.

This can be understood by visualising the structure of the reciprocal lattice and
its intersection with the Ewald sphere (Figure 2.7). Due to the lack of global in-
plane order, the reciprocal lattice is a collection of concentric rings, centred on the
axis perpendicular to the substrate. These rings can be thought as the infinite repli-
cation of the spots around the axis perpendicular to the substrate and intersecting
the origin. Alternatively, one can visualise it as a breakdown of symmetry in the di-
rection perpendicular to the substrate, thus any n-fold rotation axis in the reciprocal
space perpendicular to the substrate is lost, and circular symmetry is obtained.

When the Ewald sphere slices the ring-like reciprocal lattice in grazing inci-
dence, the intersection is constituted by spots, whereas in transmission mode the
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intersection is constituted by rings (central part of Figure 2.7), thus the detectors
records spots in the former case and rings in the latter case. As a consequence,
grazing incidence patterns still give spots, but patterns in transmission incidence
are made of rings. Combined measurements in grazing and transmission incidence
help understand the symmetry of the ordered mesophase as well as the extent of
planar disorder.

The choice of the substrate depends on whether we are working in grazing
incidence or transmission mode. In transmission mode the diffracted beams must
travel through the substrate and towards the detector, therefore a thick substrate
(e.g. 400 pm Si wafer, soda-lime glass) cannot be used and thin substrates must
be resorted to (e.g. 50 um Si wafer). In fact, the transmitted intensity fraction
of a 8 keV radiation (corresponding to a wavelength of 1.54 A) on a 400 um Si
wafer is only ~ 1073.*8 Using a 50 um Si wafer however the transmitted intensity
fraction increases to 0.5. Alternatively, one can increase the incident energy: for
example a 16 keV radiation impinging on a 400 um Si wafer has a transmitted
intensity fraction of 0.47. However, a major disadvantage is that the scattering
yield at 16 keV is much lower than at 8 keV for the elements typically used in
mesostructured films (e.g. Si, Ti), therefore the diffracted signal is too weak than
at 8 keV. Furthermore, fluorescence effects at 16 keV contribute to increasing the
noise. In grazing incidence, substrate thickness is not an issue, as the diffracted
beams do not traverse the substrate, therefore either thick or thin substrates can be
used.

A third measurement mode can be set up by using a mixed grazing-
transmission configuration: the incoming X-ray beam is set to impinge on the
sample in grazing incidence, but a thin substrate is used instead of a thick one,
therefore part of the incoming radiation is transmitted. This configuration has a
few advantages with respect to grazing incidence using a thick substrate, especially
if thin microscope cover slides are used as the substrates, as they can be handled
more easily than thin Si wafers.

2.2.6 In situ measurements

One major advantage of using synchrotron light as the X-ray source is high bright-
ness, which is hundreds of thousands of times higher than a conventional X-ray
tube. Thus a diffraction pattern of a mesostructured film can be taken in a very
short time, typically less than 1 second, whereas in a conventional instrument this
would require hours of exposition. Together with the non-destructiveness of this
technique, this feature makes SAXS with synchrotron light the most important tool
for structural characterization of mesostructured films.

A dip-coater was specifically built by our research team in order to conduct in
situ experiments at the SAXS beamline of Elettra (Figure 2.8). The goal was to
investigate mesostructure formation upon solvent evaporation during dip-coating
and in the first seconds after film deposition. In standard laboratory dip-coaters,
the solution vessel is fixed and the substrate is dipped into and extracted from
the solution by a moveable sample holder. In our dip-coater it is the other way
round: the solution is moved by a linear guide and the sample is fixed. This is
to ensure that the probed region of the sample remains fixed during the whole ex-

*The transmitted intensity is given by T = Ipexp(—npl,d), where n is the number of atoms per
unit volume, L, is the atomic photoabsorption cross section and d is the thickness of the substrate.
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Figure 2.7. Real mesostructure with in-plane misorientation of ordered mesostructured do-
mains: the reciprocal lattice can be pictured as a collection of concentric rings,
whose intersection with the Ewald sphere gives either spots or rings depending
on whether the measurement is in grazing incidence or in transmission mode.
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Figure 2.8. Dip-coater in its in situ configuration at the SAXS beamline, Elettra.

periment. The linear guide is moved by a direct current motor which is remotely
controlled through a controller interfaced with a PC. A set of connector cables
ensures communication between the dip-coater in the optics hutch and the hard-
ware in the experimental hutch, so that it is possible to operate from the control
room, as entry in the experimental hutch is strictly forbidden when shutters are
open for obvious safety reasons. The linear guide provides micrometric control on
the movement and speed when raising and lowering the solution vessel, as well
as vibration damping. The dip-coater is enclosed in an airtight cabinet into which
dry or wet air can be pumped in order to control relative humidity (see Chapter 1,
page 48).

2.2.7 Data analysis

Diffraction patterns are stored in 12-bit TIFF files® which can readily manipulated
with software Fit2d. This is a general purpose and specialist data analysis pro-
gramme developed at the European Synchrotron Research Facility (ESRF), used
on most beamlines at ESRF and other synchrotron facilities, as well as by many
other crystallography groups throughout the world. '° Fit2d is used for both interac-
tive and batch data processing, and includes important image analysis tools such as
intensity scaling, one-click d-spacing calculation, 1-d integration, calibration and
correction for detector distortions.

The finite curvature of the CCD detector introduces a distortion on the im-
age, therefore it is necessary to recalculate the pixel matrix on the basis of a stan-
dard correction grid (previously determined by the Austrian SAXS group and valid
for all measurements with that CCD detector). Upon loading a diffraction im-
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age on the graphical interface, a macro corrects for space distortion. Other image
manipulations, such as dark current correction and background correction, were
not performed, as they did not result in a significant improve in image quality.
Furthermore, they were not strictly required in our data analysis which is based
on qualitative (e.g. distance between diffraction maxima) rather than quantitative
(e.g. absolute intensity) calculations.

The sample-to-detector distance and the beam centre position are calculated
using the silver behenate diffraction pattern. This pattern is loaded into the Fit2d
graphical interface, and the ring coordinates are input by clicking on the diffrac-
tion ring. A calibration routine fits the coordinates with the equation of a circle and
yields the beam centre position (in pixels) and the sample-to-detector distance (in
mm), as well as other parameters such as detector tilt angle (Figure 2.9). Subse-
quently, TIFF files of diffraction patterns of samples can be loaded into Fit2d for
analysis (Figure 2.10).

Diffraction patterns taken in grazing incidence and transmission mode give a
first indication on the presence of an ordered mesostructure and its planar disorder.
A first visual inspection may suggest the mesostructure symmetry group if this
is known from the literature or from previous data, especially for a trained eye:
for example, Im3m, p6mm, R3m patterns are very easily recognisable as they are
very recurrent in mesostructured films. The operation of associating a diffraction
pattern with a space group is often called attribution. A major advantage in using a
two-dimensional detector instead of a linear detector is that attribution is much less
ambiguous. With a linear detector, space group identification is often ambiguous,
since attribution is based on a small number of reflections. Conversely, a two-
dimensional detector can acquire a higher number of spots which can be used for
a more reliable attribution.

A more accurate attribution of the pattern to a space group can be performed
by software simulations, for example with CMPR, or with Nanocell. CMPR!! is
a multipurpose program that can be used for displaying diffraction data, as well as
manual auto-indexing and peak fitting. Nanocell 12 is an interesting code written for
Mathematica® by Prof. Hillhouse’s research group specifically for mesostructured
films, and which takes into account dynamical effects involving multiple reflection-
refraction effects in the film.

The diffraction pattern is then indexed according to its space group: indexation
is the process of assigning hkl indices to each spot in the pattern. After that, the d-
spacings of each spot are measured so that cell parameters can be calculated. The
cell parameter calculation can be automated: in the case of this doctorate work,
mathematical procedures have been implemented in Mathematica® 5.1. These cal-
culation methods will be addressed to in more detail in the experimental chapters.

2.3 Transmission Electron Microscopy (TEM)

2.3.1 Infroduction

One of the most powerful instruments for investigating the microstructure of ma-
terials is transmission electron microscope (TEM). TEM enables the fine-scale mi-
crostructure to be examined in specimens sufficiently thin to facilitate transmission
of a beam of electrons without a great loss of intensity. The schematic diagram
of a TEM is presented in Figure 2.11. Electrons are accelerated by a tungsten
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Figure 2.9. Fit2d graphical interface: (a) the silver behenate diffraction pattern is loaded
for calibration; (b) the calibration routine fits the rings and yields the calibra-
tion parameters, such as sample-to-detector distance and beam centre position.

filament or a LaBg crystal through an evacuated column containing an assembly
of condenser, objective and projector lenses.'> Alternatively, in high resolution
instruments a field emission (FE) electron source is used instead of conventional
sources based on the thermionic effect. The interaction of the electron beam with
the sample and the subsequent formation of an image can be treated with Abbe’s
theory of image formation. According to this theory, the incident electromagnetic
wave impinges on the grating object and is diffracted, a diffraction pattern then
forms in the back focal plane, which corresponds to the object’s Fourier transform.
The diffraction pattern is then reconverted into a real image in the image plane by
the objective lens through an inverse Fourier transform. The intermediate lens then
produces a second intermediate image which is magnified at the viewing screen by
the final projector lens.

The incident radiation is not an electromagnetic wave, but rather the particle
wave associated with the accelerated electrons:

A= h , (2.14)

2moE <1 + ZETO)

where my is the mass electron at rest, E = eV is the energy of the electron accel-
erated by the potential V, and the term Eq = mgc? accounts for the relativistic cor-
rection. For example, an electron of energy 100 keV has a wavelength of 3.7 pm.

Theoretically, very high resolution can be attained, but in practice this is lim-
ited by strong aberration effects, and resolutions on the order of the A are obtained
in high resolution instruments. Because electron are used instead of electromag-
netic radiation, electrostatic lenses are used, which deflect the electron trajectory.
Furthermore, the wavelength of the incident electron beam can be tuned by varying
the accelerating voltage.
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Figure 2.10. Examples of SAXS patterns of a mesoporous silica films loaded into Fit2d,
showing spots in grazing incidence (a) and rings in transmission mode (b).
The d-spacing value of a spot can be obtained by clicking on that spot with
the practical crosshair cursor visible in (a).

The resolution of the image depends on the number of grating orders that are
transmitted through the optical system. Interchangeable objective apertures, typi-
cally ~50 pm to ~200 um are positioned close to the back focal plane of the ob-
jective lens to enhance image contrast. If an objective aperture intercepts all the
diffracted beams and allows only the direct beam to pass, deficiency contrast oc-
curs and a bright field image is formed. Alternatively, the objective aperture can be
used to select a single diffracted beam to produce a dark field image.

2.3.2 Applications of TEM in mesoporous films

TEM in mesoporous films can give direct high quality images of the mesostruc-
ture. Typically, the film is cut into um-thick slices by a microtome, and further
thinned by Ar" ion beam milling, until a hole is dug at the centre of the sample.
Measurements are then carried out close to the edge of the hole, so that a region of
the sample with the desired thickness can be observed by moving the sample stage.
A more rapid but less effective method is to scratch a film from its substrate and
disperse the fragments in an organic solvent. Mesoporous films which have under-
gone full removal of the template generally give better quality images than samples
where the organic mesophase is still present within the film: this is because the for-
mer has a high electronic contrast (inorganic-void), whereas the latter provides a
lower electronic contrast (inorganic-organic). Furthermore, a mesostructured film
that has not undergone thermal treatment is mechanically unstable, and can col-
lapse when the film is cut and drilled before TEM measurements.

TEM can be regarded as a structural technique complementary to SAXS. In
fact, in SAXS the probed region extends on the volume of matter interested by the
interaction with the impinging X-ray beam, of characteristic length ranging from
500 pum to several mm. Conversely, TEM describes the structure on a very local
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Figure 2.11. Schematic diagram of a transmission electron microscope.

scale, typically few tens of nm to ~1 um. When determining the mesostructure
symmetry, TEM measurements may be misleading, in that only a localised area of
the specimen is sampled: this can be the case when the film is not homogeneous
(i.e. one can find a “lucky” ordered area when the rest of the sample is more or less
disordered, or the other way round). Furthermore, different planes merge due to
the depth of field of the electron microscope, so that three-dimensional structures
are necessarily collapsed into two-dimensional images, and this can lead to wrong
conclusions: for instance, cylindrical pores may be observed when in fact this is
the superposition of planes where the pores are most densely packed. This latter
case is exemplified in Figure 2.12, which shows the 100 and 110 projections of a
cubic Im3m structure: along the [110] direction the pores seem to fuse together
into parallel cylinders. However, SAXS measurements of the observed sample
were compatible only with an Im3m structure so we could get to the conclusion
that the cylinders are an artifact.

In order to have reliable information on mesostructure symmetry, different pro-
jection planes are accessed by multiple TEM observations, such as cross-section
and in-plane views. Thus, the right mesophase symmetry can be sorted out by care-
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Figure 2.12. TEM images may be misleading: a cubic mesostructure with spherical pores
may look like a two-dimensional hexagonal stack of cylindrical pores (top
right), and only SAXS (not shown in figure) can sort out the discrepancy.
Top: TEM images along the [100] (left) and [110] (right) directions. Bottom:
simulations of the respective projection planes with CaRlIne crystallography
software. '

ful inspection or software simulation. For example, if 6-fold symmetry axes are
observed in one image, a two-dimensional hexagonal symmetry is the first guess,
with ordered stacks of cylindrical pores. But if a 4-fold symmetry axis is observed
in the same sample, one has to call into question the previous guess and suppose
the presence of a cubic unit cell—unless we are in the presence of multiple phases,
in which case we may be observing different domains having different mesostruc-
tures. These observations underline, once again, the key importance of having the
support of SAXS measurements.

Mesoporous films can be investigated by acquiring TEM images in scanning
mode (Scanning Transmission Electron Microscopy, STEM) in which a small elec-
tron probe (about 1 nm FWHM) is rastered over the sample. In STEM, a bright
field detector is placed in a conjugate plane to the back focal plane to intercept the
direct beam while a concentric annular dark field detector intercepts the diffracted
electrons. In STEM images the image contrast is proportional to the local atomic
number, therefore the contrast between pores and inorganic framework is highly
enhanced with respect to conventional bright-field mode. Furthermore, this tech-
nique causes a lower radiation damage to the investigated sample, therefore sys-
tems that require special care can be studied (STEM is routinely used for biological
research). For example, TEM measurements performed on mesoporous films con-
taining Au nanoparticles led to aggregation of nanoparticles to large clusters, this
was avoided when TEM was performed in scanning mode. An important requisite
of STEM is that the electron spot be small (1 nm FWHM), therefore field emission
guns (FEG) must be employed as the electron sources.

2.4 Fourier Transform Infrared spectroscopy (FTIR)

Spectroscopic techniques are based on the interaction of electromagnetic waves
(most typically UV, visible, IR, MW, X-rays) with matter. The nature of the in-
teraction depends upon the properties of the substance. When radiation passes
through a sample (solid, liquid or gas), certain frequencies of the radiation are ab-
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sorbed, thus from the measurement of the intensity absorbed by the sample under
investigation at different incident energies it is possible to perform qualitative and
quantitative analysis.

The infrared (IR) portion of the electromagnetic spectrum ranges from 12800
to 10 cm™!, corresponding to wavelengths 0.78 to 1000 um.” The IR portion is
divided into three regions: the near-, mid- and far- infrared, named for their rela-
tion to the visible spectrum. The far-infrared, (400-10 cm™') lying adjacent to the
microwave region, has low energy and may be used for rotational spectroscopy.
The mid-IR region (4000—400 cm~!) may be used to study the fundamental vi-
brations and associated rotational-vibrational structure. The higher energy near-IR
(14000—4000 cm~!) can excite overtone or harmonic vibrations. The majority of
applications is restricted to the mid-IR region, especially in organic compounds
identification: in many cases the IR spectrum of an organic compound gives a
specific fingerprint which can be used to detect that particular substance.

2.4.1 Theoretical model for IR spectroscopy

Infrared spectroscopy is related to the interaction of IR radiation with matter. More
specifically, it is based on the coupling between the electromagnetic radiation and
the resonance frequencies of vibration of chemical bonds (vibrational modes). For
a molecule to show infrared absorption (IR active), its electric dipole moment must
change during the vibration (selection rule). For example, charge distribution in
a HCI molecule is not symmetric, in that Cl has a higher electronic density than
H, thus the molecule is said to be polar. As the HCI molecule starts to vibrate,
the dipole momentum changes and a restoring electric field is set up. If there is a
match between the incident electromagnetic radiation and the resonance frequency
of the HCI molecule, energy is transferred to the HCI molecule and a decrease
in the transmitted intensity is observed. By varying the incident energy in small
steps and recording the intensity transmitted through the sample, a wavenumber
vs. absorbed intensity spectrum can thus be obtained.

Let us consider a simple mechanical model where two masses m; and m; are
linked by a spring. A perturbation of one mass along the spring axis, such as a
movement of y from its equilibrium position, causes a restoring force F = —ky
which is proportional to the mass displacement, the proportionality constant being
the spring constant k. Thus a vibration is set up, called simple harmonic move-
ment. The vibrational energy can be expressed in classical mechanics as E = %kyz.
However, since we are dealing with atoms and chemical bonds instead of masses
and springs, we need to resort to quantum mechanics: here, the molecular Hamil-
tonian corresponding to the electronic ground state can be approximated by a har-
monic oscillator in the neighborhood of the equilibrium molecular geometry (Fig-
ure 2.13). Solving the Schrédinger equation for this system with the harmonic
potential V = %ky2 leads to the well-known effect of energy quantisation, which
can be expressed as:

1 k

where n is the vibrational quantum number, which is a positive integer, and U is

"The wavenumber, unit length cm~!, is defined as the reciprocal of the wavelength expressed in
cm, and is traditionally employed in infrared spectroscopies.



84 CHAPTER 2 CHARACTERISATION TECHNIQUES

the reduced mass p = L2, For n = 0 we have the zero-point energy £ = %,

where Vv, is the molecule’s resonance frequency. As a consequence, the allowed
vibrational transitions are quantised according to selection rule An = £1:

AE:hvm:ﬁ\/E, (2.16)

and we have a set of allowed energies:

1 3 5
Eg = 5V, Eo = SV, Eg = ShVi,... 2.17)

It is useful to express the transition energy as a wavenumber:

V:lnc 5:5.3-1012 k (2.18)
2 i u

According to the harmonic model, the transition energy from level 1 to level 2
is equal to the transition energy from level 2 to level 3, and so on (Equations 2.17
and 2.18). Thus, according to the selection rule Av = +£1 only one absorption
band should be observed for each molecular vibration, but this is in contrast with
experimental data. Therefore, we have to make some correction to the harmonic
model, introducing anharmonic terms: in particular, when the displacement of the
two atoms is not so small to be considered a perturbation, the harmonic approx-
imation does not hold. For example, when the atoms get too close, the potential
energy increases dramatically because of electrostatic repulsion; on the other hand,
when the atoms are too far away, the interatomic distance is so large that dissoci-
ation can occur. This can be solved analytically, however the solutions are quite
complicated and fall outside the scope of this description. In practice, there are
several factors increasing the number of absorption bands, such as: overtone bands
(absorption at frequencies representing the fundamental frequencies at the multi-
ples of the fundamentals), combination bands (two fundamental vibrations interact
and are influenced by radiation at the combined frequency), vibrational-rotational
bands (the single vibrational band is accompanied by a series of smaller bands
at lower and higher frequencies, especially in gas phase), and harmonic coupling
bands (interaction from adjacent groups of nearly identical oscillation frequencies
produces a series of bands quite apart from those normally expected).

The frequency of the vibrations can be associated with a particular bond type.
Simple diatomic molecules have only one bond, which may stretch. For example,
in a carboxyl group C=0, mc =2-107?° kg and mo = 2.7- 10726 kg, so the ap-
proximate wavenumber is V = 1600 cm~! and the wavenumber is experimentally
found to be between 1600 and 1800 cm~'. More complex molecules may have
many bonds, and vibrations can be conjugated, leading to infrared absorptions at
characteristic frequencies that are related to chemical groups.

Vibrational motions fall into two categories: strefching when there is a change
in the interatomic distance along the bond axis, and bending when there is a change
in the angle between two bonds. Stretching and bending modes can be further di-
vided into six types of vibration: symmetric and asymmetric stretching, scissoring,
rocking, wagging and twisting, as shown in Figure 2.14. In general, a molecule
consisting of n atoms has a total of 3n degrees of freedom, corresponding to the
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Figure 2.13. Left: Energy curve for a vibrating spring with quantum mechanical be-
haviour. Right: energy curve for an anharmonic oscillator, showing the vi-
brational levels for a vibrating bond.

Cartesian coordinates of each atom in the molecule. In a nonlinear molecule, 3 of
these degrees are rotational and 3 are translational and the remaining correspond
to fundamental vibrations; in a linear molecule, 2 degrees are rotational and 3 are
translational. The net number of fundamental vibrations is therefore 3n — 6 for
nonlinear molecules and 3n — 5 for linear molecules. For example, propane has
27 fundamental vibrations, therefore one can predict 27 absorption bands in an IR
spectrum. Water, which is a nonlinear molecule, has 3 fundamental vibrations:
symmetric stretching, asymmetric stretching and scissoring.

2.4.2 Fourier transform

In Fourier transform spectroscopy, spectra are collected based on measurements of
the temporal coherence of a radiative source, using time-domain measurements of
the electromagnetic radiation or other type of radiation. In other words, instead
of varying the energy of the electromagnetic radiation, Fourier transform spec-
troscopy exposes the sample to a single pulse of broad bandwidth radiation and
measures the response. The resulting signal, called a free induction decay, is a
direct measurement of the temporal coherence of the light and contains a rapidly
decaying composite of all possible frequencies. Using a Fourier transform of this,
the spectrum of the light can be calculated. In this way the Fourier transform spec-
trometer can produce the same kind of spectrum as a conventional spectrometer,
but in a much shorter time.

The principles of the Fourier transform approach can be compared to the be-
haviour of a musical tuning fork: if a tuning fork is exposed to sound waves of
many frequencies, it will vibrate only when the incident sound wave frequency is
in tune, i.e. equal to the characteristic vibration frequency of the tuning fork. This
is similar to conventional spectroscopic techniques, where the radiation frequency
is varied and absorption is detected at those frequencies where the sample is in tune
with the incoming radiation. However, if we strike the tuning fork or expose it to
many sound waves with broad bandwidth, the tuning fork will tend to vibrate at the
fork’s own characteristic resonance frequency. This is similar to Fourier transform
spectroscopy, where a broadband pulse of radiation excites the sample and a signal
consisting primarily of the characteristic frequencies for that sample is generated.

A conventional IR spectrometer records the amount of energy absorbed when
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Figure 2.14. Examples of vibrational modes: the first two are stretching modes (symmetric
and asymmetric), the others can be classified as bending modes (rocking,
scissoring, wagging, twisting).

the frequency of the IR light is varied by a monochromator. Conversely, in a Fourier
transform spectrometer a broadband IR light illuminates the sample, and the radi-
ation transmitted is guided through an interferometer. Performing a mathemati-
cal Fourier transform on this signal (interferogram) results in a spectrum identical
to that which would be obtained by conventional energy-dispersive infrared spec-
troscopy. FTIR spectrometers are cheaper than conventional spectrometers because
the fabrication of an interferometer is cheaper than a monochromator. In addition,
measurement of a single spectrum is faster for the FTIR technique because infor-
mation at all frequencies is collected simultaneously. This allows multiple samples
to be collected and averaged resulting in an improvement in sensitivity. Because
of its various advantages, virtually all modern infrared spectrometers are FTIR in-
struments.

The FTIR equipment used for the experimental work of this thesis was a
Thermo Nicolet Nexus FTIR spectrophotometer. We used a KBr-DTGS detector
and a KBr beamsplitter working in the mid-IR range (7400-350 cm~!). Spectra
were acquired with 4 cm ™! resolution, averaging 256 scans (which gives 16 times
more sensitivity with respect to 1 scan).

2.5 Nitrogen sorption

Adsorption-desorption of gas molecules (typically N») on surfaces of solid materi-
als is a commonly used method for characterization of porous materials. '>!® The
techniques based on gas sorption output adsorption-desorption isotherms obtained
from multiple gas adsorption and desorption cycles, from which information about
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Figure 2.15. The six adsorption-desorption isotherm types according to the IUPAC classi-
fication.

the porosity of the materials can be calculated, e.g. specific surface area of the
sample, size and shape of pores.

According to IUPAC, isotherms are classified into six types according to the
different shapes, and the different types of hysteresis loops are classified into four
types (Figure 2.15). Type I isotherms are typical for microporous materials such as
zeolites, where the steep slope of the curve at low partial pressures indicates a high
surface area. Type II isotherms are typical for aggregated powders such as clays,
pigments and cements, which have no ordered pore structure. Type III and Type
V isotherms are very rare, but may be seen in water/graphite systems. Type IV
isotherms are typical of materials containing mesopores. The distinctive form of
Type VI isotherms is due to a stepwise layer-by-layer adsorption process, usually
by non-polar molecules such as argon, krypton or xenon on uniform surfaces.

The specific surface area of porous materials may be estimated from the theory
by Brunauer, Emmett and Teller, which is expressed by the BET equation:

p/po 1 C-—1
n(1—p/po) - nijL n, C (P/po); (2.19)

where p/py is the relative pressure, n is the amount absorbed, n,, is the mono-
layer capacity, i.e. the maximum amount adsorbed, and C is a constant. The
plot of (p/po)/[n(1 — p/po)] versus p/po gives a straight line with the slope
s = (C—1)/n,C. The specific surface area a(BET) may then be calculated from
the relation: a(BET) = n,,Nyo, where N4 is Avogadro’s constant and o is the
average area occupied by one molecule.

2.6 Atomic Force Microscopy (AFM)

The atomic force microscope is based on the possibility of performing a surface
scan of the sample using a nanometre-sized tip positioned on a microscale can-
tilever. A laser light is shone onto the cantilever, off which it is reflected towards a
position-sensitive detector (typically an array of photodiodes), which gives a mea-
sure of the cantilever deflection. Therefore, the measure of the cantilever height
variation with the scan can be used to reconstruct the sample’s surface morphol-
ogy.

Forces that are measured in AFM include mechanical contact force, Van der
Waals forces, capillary forces, chemical bonding, electrostatic forces, magnetic
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forces. The modes of operation are contact and non-contact, depending on whether
the interatomic repulsion or attraction forces are measured. In dynamic mode,
the cantilever is oscillated at or close to its resonance frequency; the oscillation
amplitude, phase and resonance frequency are modified by tip-sample interaction
forces and provide information about the sample’s surface characteristics.
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Chapter 3

Mesoporous silica films

Abstract

This chapter presents the development of the research on mesoporous silica films.
As an introduction, we present the previous findings upon which the experimen-
tal work of this thesis is based on. The remainder of the chapter deals with the
physicochemical tuning of mesoporous silica films. In particular, different block
copolymers were used as the templating agents with the aim of tailoring pore size.
The inorganic framework was modified by a co-condensation synthesis employing
organo-substituted silicon alkoxides, leading to the inclusion of organic moieties
and a higher degree of order. Different hybrid precursors (organo-alkoxysilanes)
were also tested for the preparation of mesoporous materials in the form of mem-
branes. Eventually, a separate study on mesoporous silica and organosilica mem-
branes is presented, focusing on the mechanisms of water adsorption-desorption at
the mesopore surface.
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3.1 Introduction to experimental chapters

The following three chapters focus on the most significative experimental find-
ings of this doctorate work. Chapter 3 presents the research on mesoporous silica
films, which has been conducted with the twofold purpose of acquiring insight into
the basic self-assembly mechanisms and tuning the physicochemical properties of
such systems (e.g. pore size, inorganic framework composition). Chapter 4 re-
volves around the integration of mesoporous silica coatings in the fabrication of
other types of materials, with the purpose of exploring the possibilities and the ad-
vantages offered by mesoporosity in functional materials (e.g. high specific surface
area, nanometric pore size). In particular, in Chapter 4 three applications of meso-
porous silica are presented: (1) as nanoreactors for the growth of nanoparticles
inside the mesopores, (2) mesoporous coatings in macroporous ceramic foams for
the fabrication of ceramic bodies with hierarchical meso-macro-porosity, (3) pat-
terning with synchrotron radiation as an integration of nano- and micro-fabrication
techniques. Chapter 5 focuses on two studies on mesostructured materials using
advanced in situ characterisation techniques, with the aim of acquiring a better
understanding of the synthetic parameters and the physicochemical processes oc-
curring during film deposition. A novel in situ FTIR-SAXS combined technique
for the simultaneous detection of physicochemical-structural changes in a meso-
structured film is also presented.

This sectioning into three chapters does not strictly reflect the chronological
development of research, but rather constitutes a logical division according to dif-
ferent subjects. Temporally, the doctorate activity started with the study of meso-
porous silica films, extending the framework composition to organosilicas (hybrid
organic-inorganic) and varying the pore size utilising different block copolymers
as the structure-directing agents. Based on these findings, other applications were
developed involving the integration of mesoporous silica coatings into other sys-
tems of interest, such as the synthesis of ceramic bodies with hierarchical macro-
meso-porosity and the patterning of mesoporous films using X-ray lithography. At
the same time, the periodic SAXS beamtime shifts available at the Elettra syn-
chrotron throughout the doctorate were exploited for acquisition of experience on
the analysis of mesoporous films. On these occasions new analytical techniques
were developed in the framework of a collaboration with the beamline scientific
staff. These improvements supplied feedback which led to the discovery of new
applications and new synthesis protocols.

In the next section we outline the synthesis of mesoporous silica films and
their characterisation applying the concepts described in Chapters 1 and 2. The de-
velopments in mesoporous silica constitute the pathway towards the application of
mesoporous films in functional materials. Functional properties can be enhanced or
created in mesoporous silica films, for example by the modification of the frame-
work including chemical species exhibiting a functional property. Mesoporous
films can be integrated with other types of materials or other technologies and find
a place in advanced applications.

3.1.1 Mesoporous silica films

The synthesis protocol of mesoporous silica films was the subject of a previous
work, consisting in the optimisation of a precursor solution and the processing
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parameters for the synthesis of inorganic mesoporous films. This protocol was
obtained after optimisation of the type and quantity of precursors in the initial sol
(quantity and type of solvent, organic and inorganic precursors, quantity of water,
ageing), as well as processing parameters (relative humidity, dip-coating pulling
rate, thermal treatment). -2

The inorganic precursor is tetraethoxysilane (TEOS), which was chosen be-
cause of its low kinetics of hydrolysis and condensation. Ethanol was selected
as the solvent because of good wettability with the substrates (either Si wafers or
glass slides) and compatibility with TEOS. Hydrochloric acid was selected as the
catalyst in a concentration such that the solution’s pH was set near to the isoelec-
tric point of SiO, (pHjep & 2) in order to ensure stability of the sol increasing shelf
life. A poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene ox-
ide) amphiphilic block copolymer, commercially available from Sigma-Aldrich as
Pluronic™ F127 (BASF) was selected as the templating agent (or porogen agent)
due to its optimal self-assembly properties.

The precursor solution is prepared in two step: a first solution (mother solution)
is prepared mixing 3.08 mL of EtOH and 4.26 mL of TEOS, and adding 0.355 mL
of a 0.768 M HCI solution. This sol is stirred for 60 minutes, then a templating
solution is added, which is obtained by mixing 15 mL of EtOH, 1.3 g of Pluronic
F127 and 1.5 mL of a 0.057 M HCI solution. The molar ratios are reported in
Table 3.1.

This solution is aged for ~7 days to allow for a slight pre-condensation of the
silane units (formation of the inorganic nano building blocks, NBBs), after which
it is ready to be deposited. This period of time was chosen after films obtained
from precursor solutions aged at different times were tested by SAXS experiments,
which showed that the degree of order has a maximum when the precursor solution
is aged for one week at room temperature. This phenomenon can be explained with
the formation of NBBs with suitable size (see Chapter 1, page 47).

The common choice for the substrates is Si wafers (typically 100-oriented, p-
type B-doped, thickness 400 um) because they are suitable for SAXS, TEM and
FTIR measurements. Regarding the use of the substrates for SAXS measurements,
either thick or thin Si substrates may be chosen (page 75); in TEM measurements,
Si ensure thermal dispersion and mechanical robustness; when FTIR spectra are
acquired, a crystalline Si substrate allows transmission of the incident radiation
due to its transparency in the mid-IR region.

Dip-coating at low relative humidity (RH~20%) yields mesostructured films
with optical quality. This was determined by in situ SAXS experiments on me-
sostructured silica films: in particular, faster pulling rates yield thicker and less
ordered films, and vice versa (see page 51). Therefore, in order to maximise the

Table 3.1. Molar ratios of the mother, templating and final solutions used in the prepara-
tion of mesoporous silica.

TEOS EtOH H,0 HCI F127
Mother 1 2.78 1.04 1431072 -
Templating - 1 0.32 332107 3.76-107*

Final 1 16.32 5.42 0.019 51073
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degree of order a low pulling rate is selected, in this case the minimum speed al-
lowed by the dip-coater: 2.3 mm-s~ .

Two structural characterisation techniques are usually employed for the study
of the ordered mesostructure, SAXS and TEM. Whereas SAXS yields a more aver-
aged information, extending to several domains in the millimetre range, TEM pro-
vides localised information. In addition, by SAXS measurements one can univo-
cally determine the symmetry group to which a mesostructure belongs (see Chap-
ter 2).

SAXS experiments showed that the as-deposited films are well organised into
a cubic phase with spherical micelles when deposition is carried out at RH around
20%, whereas a two-dimensional hexagonal symmetry with cylindrical micelles is
formed at higher RH. For RH values different than these, wormlike (disordered)
phases are formed. SAXS measurements in both grazing incidence (GISAXS, Fig-
ure 3.1) and transmission (not shown in figure) were interpreted in order to obtain
an unambiguous attribution of the ordered mesophase.

Crystallography software CMPR ? was employed to analyse the SAXS patterns
in transmission mode. The SAXS pattern of a sample treated at 60°C, acquired in
transmission mode, presented diffraction rings (not shown in figure). This pattern
was integrated radially from the beam centre in order to obtain a 1-dimensional
plot of intensity vs. 2 theta. We used the “HKLGEN” function of CMPR which
generates a list of the allowed reflections for a given set of unit cell constants and
extinction conditions. It is possible to specify symmetry by space group and spec-
ify preferential orientation with respect to a substrate. A sample treated at 60°C
was chosen because the structure at this temperature is assumed to be undistorted.
Inspection of the intensity vs. 2 theta plot obtained by radial integration of the
SAXS pattern revealed that the interplanar distances dgg, and dpgy were represen-
tative of a cubic cell, because the ratio between the two d-spacings was found to be
dooa:da02=1:1/3.

Next, the patterns taken in grazing incidence were taken into consideration for
simulations using CMPR, analysing the samples treated at different thermal treat-
ments. The best fit for the undistorted structure observed at 60°C corresponded to
a body-centred cubic lattice having Im3m symmetry group oriented with the (110)
plane parallel to the substrate, i.e. the direction [110] of the unit cells is normal
to the film surface (Figure 3.2 a). The Im3m unit cells form domains which are
randomly oriented around the axis perpendicular to the substrate. This common
feature of mesostructured films is commonly known as planar disorder and con-
sists in the presence of out of plane order (i.e. order in the directions perpendicular
to the film surface) and absence of in plane order (i.e. lack of order in the direction
parallel to the film surface).

The GISAXS patterns of samples treated at increasing temperatures show the
increase of the out of plane spots, whereas the in plane spots remain substantially
unaltered. This corresponds to the uniaxial contraction of the mesostructure in
the out of plane direction. This feature is commonly observed in mesostructured
films*> and is also known as thermal shrinkage. In this case, a “distorted Im3m”
mesophase symmetry can be detected. This smooth transition to a distorted me-
sostructure is generally reflected in a loss of symmetry, so the mesostructure sym-
metry at high temperature can be classified according to a symmetry group having
lower symmetry. In the present case, two different symmetries that can originate
from the uniaxial distortion of an Im3m structure along [110], namely Fmmm and
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Figure 3.1. Comparison between a computer-simulated image utilising the CMPR pro-
gramme, of an Fmmm structure (a), and the GISAXS pattern of a mesoporous
silica film synthesised at RH=20% and treated at 250°C with the Fmmm in-
dexing (b).

Figure 3.2. (a) Body-centred cubic unit cell (Im3m symmetry) with the (110) face oriented
parallel to the substrate ([110] direction normal to the substrate). (b) The
shrinkage occurring upon thermal treatment causes a phase transition from
cubic Im3m to face centred orthorhombic Fmmm.

Fddd which are both orthorhombic structures. These were taken into consider-
ation for simulations utilising CMPR using the same procedure described above.
The only symmetry that gave results matching the experimental SAXS patterns
corresponded to the Fmmm symmetry group oriented with the (100) face parallel
to the substrate.

A list of the allowed Akl Miller indices and the corresponding coordinates (d-
space and 2-theta) were obtained as the best fit for the FFmmm cell. These reflection
coordinates were transferred to the cylindrical coordinates observed in the GISAXS
diffraction experiments (s, and s,). This was done by preparing a worksheet with
the coordinates given by the hkl values and the relative s, and s, values (scattering
vectors in the reciprocal space) according tho the cell parameters which gave the

best fit:
h? 12 k
Sx = _— + _— sy = E’

a’> %’
with the constraint ¢ = a\@. Two-dimensional plots of s, and s, were thus ob-
tained from the worksheet for each pattern. Figure 3.1 shows the experimental
GISAXS pattern superimposed with the simulation output by CMPR referring to a
film treated at 200°C.
Considering the SAXS patterns at 200°C, it can be noted that the Im3m to
Fmmm transition is not yet marked, likely because the surfactant has not been re-

(3.1)
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moved (vide infra) and hinders shrinkage acting as a scaffold for the inorganic
framework. The calculated cell parameters are a=13 nm for the Im3m cell and
a=21nm, b=18 nm and ¢ =29.7 nm. Simple geometric considerations and in-
spection of Figure 3.2 allow establishing the correspondence between the distorted
Im3m and the orthorhombic Fmmm structures: in the Fmmm cell the ¢ parameter
corresponds to /a, this clearly indicates that the ¢ parameter of the orthorhombic
Fmmm cell corresponds to the diagonal of the cubic Im3m face. This can be ex-
plained admitting that a is unaltered in both symmetries (in plane cell parameter).

Transmission electron microscopy (TEM) cross-sectional pictures reveal the
ordered arrays of mesopores in the films. In Figure 3.3 it is possible to discern
the 100 projection of the cubic Im3m structure and the 4-fold symmetry axis. It
can be noted that two ordered zones are located at the film-air and film-substrate
interfaces, but at the centre of the film the mesopores become less defined and
give rise to a wormlike or disordered region. As described in Chapter 1, this is
due to inorganic condensation which may form a solid barrier that prevents fur-
ther evaporation at the film-air interface, thus multiple mesostructures are likely
to be “frozen” in their metastable states. The disordered central region does not
affect deeply the GISAXS patterns (only a diffuse ring passing through the spots
is visible, indicating a disordered region) because of the small penetration depth
of X-rays in this configuration (the angle of incidence is slightly above the critical
angle of the film). Due to the reason that only the first arrays of mesopores are
probed, disordered regions or mesophases with different symmetries that might be
embedded in the bulk of the film are difficult to detect. On the other hand, TEM
images of different mesoporous silica samples often give the same results, which
rules out the statistical case of sampling a disordered zone.

A line profile analysis was conducted on the ordered region of the film (cubic
region at the film-air interface). A representative TEM image was loaded in the
image manipulation software (open source software “Image)” was used)® and the
“plot profile” tool was used to display a two-dimensional graph of the intensities
of pixels along a line passing through the centres of 10 pores, where the x axis
represents distance along the line and the y axis is the pixel intensity (see Figure
3.4 for an example). The pore width was calculated as the FWHM of the curves
in the plot and the pixel width was converted into nm using the scale bar. This
analysis gave an estimated pore size of 5x3 nm (the pores have an elliptical cross
section due to uniaxial shrinkage), with an error of 0.7 nm

The mesoporous silica films thus obtained exhibit an excellent thermal sta-
bility in a wide range of temperatures and it has been shown that the mesostruc-
ture remains ordered up to the temperature of 950°C.? Fourier transform infrared
spectroscopy (FTIR) showed that this high thermal stability is correlated with a
progressive strengthening of the SiO, framework during thermally-induced poly-
condensation reactions and structural rearrangements of 4-fold rings present in the
silica walls. The mesostructure after annealing at 850°C is free from silanols and
maintains a high degree of order. Refractive index, volume porosity, and shrinkage
have also been studied by ellipsometry, as a function of the thermal treatment up
to 1050°C (Figure 3.5). The refractive index shows an interesting variation with
the thermal treatment: a decrease in refractive index from 1.37 to 1.32 is observed
upon full removal of the organic template; after this decrease n remains constant in
the 350-750 °C range and increases again from 850°C because of pore shrinkage
and inorganic framework collapse. At 1050°C the refractive index is 1.46, corre-
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Figure 3.3. Transmission electron microscopy image in cross-section of a mesoporous sil-
ica film calcined at 350°C. Note the presence of a well-ordered phase at the
film-air interface, a wormlike region at the centre of the film and a layered
zone at the film-substrate interface.
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Figure 3.4. Example of a line profile analysis using ImageJ.

sponding to the value of dense silica: this is an indication of pore collapse and
complete densification of the film.

The synthesis protocol of mesoporous silica films described above allows ob-
taining mesoporous films with framework composition of silica or hydrated silica,
possessing a content of hydroxyl groups which can be roughly tuned with the ther-
mal treatment. However, one can see from the TEM image reported in Figure 3.3
that the film is not well ordered: a wormlike zone is sandwiched between the two
ordered interface regions. Therefore, an important step in the research work of this
doctorate was to increase the degree of order. The choice was between working on
synthesis parameters (e.g. pH, ageing, type of precursor) and working on deposi-
tion parameters (e.g. RH, thermal treatment). Because the deposition parameters
had already been optimised in previous work, we chose to tackle this problem at a
molecular level, working on the precursor solution and aiming at obtaining differ-
ent NBBs with which to build up a more defined mesostructure.
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Figure 3.5. Volume fraction of residual pores, V,,, and refractive index, n, at A =632.8 nm,
as a function of the calcination temperature.

3.2 Hybrid organosilica mesoporous films

3.2.1 Methyl-functionalised mesoporous silica films

In order to improve the quality of the films by increasing the degree of order, we
decided to modify the precursor solution by replacing part of TEOS with a hybrid
precursor, that is methyl-triethoxysilane (MTES). MTES has three hydrolysable
ethoxy (OCH,CHj3) groups and a non-hydrolysable CHz group which is cova-
lently bonded to the central Si atom. The synthetic strategy that led us to use
organically-modified alkoxysilanes in the synthesis of mesoporous silica films was
the hypothesis that such precursor would allow for a better compatibility with the
organic surfactant by lowering the interfacial energy at the silica-surfactant inter-
face. MTES was chosen instead of other precursors because methyl groups are the
smallest modifying organic chemical unit: this provides the advantage of keeping
the perturbation to the initial (non-hybrid) system to the minimum extent possible.

Samples with variable MTES:TEOS volume ratios were synthesised, using the
protocol described in the previous paragraph. The volume ratios were chosen in
order to cover a range of values around what was considered the optimum molar
ratio according to an educated guess: on the one hand a larger quantity of MTES
would result in a high degree of order; on the other hand, because MTES contains
a non-hydrolysable methyl group, the resulting silica network would be less inter-
linked, therefore mechanically more unstable. In the remainder of this section we
present a detailed study on the MTES:TEOS=0.56:1 volume ratio, which gave the
best results in terms of mesostructural degree of order.

3.2.2 Synthesis protocol

The precursor solution is similar to the one reported for silica mesoporous films
(TEOS-Pluronic F127 system), except that a part of TEOS is replaced by the same
volume of MTES. The mother solution is prepared mixing 3.08 mL of EtOH, 2.84
mL of TEOS, 1.42 mL of MTES and 0.355 mL of a 0.768 M HCI solution. This
sol is stirred for 60 minutes, then a templating solution with 15 mL of EtOH, 1.3
g of Pluronic F127 and 1.5 mL of a 0.057 M HCI solution, is added. The final
molar ratios are: TEOS : MTES : EtOH : H,O : HCI : Pluronic F127 = 1: 0.56
: 15.56 : 5.20 : 0.018 : 5-103. Mesoporous organosilica films were synthesised
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Figure 3.6. GISAXS images of the mesostructured films upon thermal calcination at (a) 60
°C, (b) 200 °C, (c) 400 °C and (d) 600 °C

by dip-coating and treated at 60°C for 1 hour. Subsequently, they were treated at
temperatures ranging from 60 to 1000°C, with 1 hour dwell time at the final tem-
perature, in order to study the evolution of mesophase symmetry and framework
chemistry with temperature.

3.2.3 Structural characterisation (mesophase symmetry)

All of the SAXS experiments reported here were conducted at the Austrian SAXS
beamline of Elettra synchrotron facility, using an incident energy of 8 keV (corre-
sponding to a wavelength of A=1.54 A)in grazing incidence mode (GISAXS).

The GISAXS data of films treated at 60, 200, 400, 600°C are reported in Fig-
ure 3.6. A large number of spots is clearly visible in the thermally treated films,
extending to the second and third order, while no diffuse ring (as that observed
in TEOS-Pluronic F127 films) is present. This is an indication that the films pos-
sess a high degree of order. The film treated at 60°C shows only spots belonging
to the first order, probably because the electron contrast between the framework
and the block copolymer phase is not large enough, whereas at 200°C part of the
templating agent has already been removed thus increasing contrast and diffraction
signal.

In order to identify the mesostructure we used the GISAXS pattern of the film
treated at 200°C because the presence of a large number of diffraction spots allows
an accurate attribution of the mesophase. The spots were obtained from images
taken with different exposition times (from 200 ms to 2 s), which were merged into
a low-saturation level diffraction image keeping their original positions in the de-
tector. A support to start the identification of the mesophase was given by the TEM
cross-sectional images of a film thermally treated at 200°C, which shows a 2-fold
symmetry axis, probably originating from a 4-fold axis in the as-deposited film
which is then broken by the thermal shrinkage (Figure 3.7 a and d). This observa-
tion suggested a cubic, tetragonal or orthorhombic symmetry. We then analysed the
fast-Fourier transforms (FFT) of the cross-sectional STEM images of the sample
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Figure 3.7. (a) Bright-field cross-section TEM image, (b) its Fourier transform, and (c)
the correspondent indexation along the [110] direction. (d) Dark-field cross-
section TEM image that is rotated 90° with respect to the image in subfigure a,
(e) its Fourier transform, and (f) the correspondent indexation along the [110]
direction.

calcined at 200°C, finding that the patterns are compatible with a 14 /mmm body-
centred tetragonal (BCT) structure (Figure 3.7 b, ¢, e and f). The next step was to
perform a simulation of the GISAXS diffraction spots by constructing a data sheet
which output the s, and s, positions of the spots according to the input cell parame-
ters of the 14 /mmm symmetry, X-ray wavelength and sample-to-detector distance.
This was done with an electronic worksheet (MS Excel), by which a graph could be
output and superimposed to the experimental GISAXS pattern (Figure 3.8). The
details of pattern simulation using the 74/mmm space group are reported in Ap-
pendix A.

Figure 3.8 a shows that there is good agreement between the simulated (yellow
circles) and the experimental data. Some spots appear to match precisely with the
simulated data (red hollow circles) whereas other spots appear shifted with respect
to the predicted positions (green hollow circles). It can be noted that this discrep-
ancy affects the spots which are closer to the s, axis, i.e. spots generated by small-
angle reflections. At first we attributed this discrepancy to a secondary phase in a
region of the film, however TEM micrographs reveal a homogeneous mesophase
symmetry, therefore we concluded that these shifts are caused by the impinging
X-ray and outgoing diffracted beam which undergo multiple refraction-reflection
events inside the film. This causes an alteration in the exit angle oy which appears
to be closer to the s, axis (green hollow circle in Figure 3.8 a) than it actually is
(red hollow circle). These so-called dynamical effects are attributed to multiple re-
flection events at the film-air and film-substrate interfaces and refraction inside the
film, resulting in the appearance of double or triple spots in the GISAXS pattern,
shifted with respect to the “real” value. The position in the detector of these spu-
rious spots can be calculated according to the distorted wave Born approximation
(DWBA) theory. Here we will not discuss about these dynamical effects, which
are described in full detail elsewhere.’

A more accurate method for the evaluation of the experimental data and the
comparison with simulated data was performed using a code for Mathematica,
which calculates the spot positions on the detector for a given /4 /mmm mesophase
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Figure 3.8. (a) GISAXS image of a sample calcined at 200 °C and superimposed simulated
spots obtained by an Excel worksheet. (b) Output of the Mathematica code that
calculates the cell parameters by a best-fit function.

symmetry and given cell constants. The experimental data was loaded from a .csv
(comma-separated values) file and superimposed to the simulated data. In order
to calculate the cell parameters, an error function was defined as the standard de-
viation of the difference between the calculated and the experimental s,,s, values
divided by the number of spots; this error function was minimised varying the cell
parameters, which were eventually output together with the estimated errors. An
output image is given as an example in Figure 3.8 b, while the Mathematica code
used for this calculation is reported in Appendix A.

The GISAXS data of the films treated at temperatures higher than 200°C
present similar patterns, with a decrease in the d-spacing values of the out-of-plane
spots (i.e. along the s, axis) and no variation in the in-plane spot positions (i.e.
along the s, axis). All of the patterns (60, 200, 400 and 600°C) were analysed with
the Mathematica code presented above, and the cell parameters were calculated
for the corresponding 14 /mmm structures. Plotting the cell constants as a func-
tion of temperature (Figure 3.9) we noted that the in-plane a cell parameter did not
vary significantly upon thermal treatment, whereas the out-of-plane ¢ parameter
decreased markedly. More in detail, the c cell parameter varied from 23 to 14 nm,
whereas a =19 nm was unaffected within the error bar. Therefore, we concluded
that a phase transition occurred during thermal treatment between two tetragonal
14 /mmm symmetries, that is a < c to a > c, the transition temperature being around
450°C (Figure 3.10).

This BCT structure can also be described by a distorted face-centred cubic
(FCC) cell oriented with its (100) face parallel to the substrate, the in-plane cell
constant being a diagonal of the BCT (001) face and the out-of-plane cell constant
shrunk by thermal treatment (Figure 3.11). From a simple analysis of the BCT
cell parameters of the films treated at 60°C (¢ =18 nm, ¢ =23 nm) we concluded
that the out-of-plane cell constant of the distorted FCC cell was V218 =255
nm, slightly greater than the ¢ parameter of the BCT cell. Therefore the tetragonal
structure of the sample treated at 60°C appears to be already slightly shrunk if we
assume that it originates from an FCC cell, i.e. the symmetry is already broken
from cubic to tetragonal when the film has been treated at 60°C.

The thermal shrinkage perpendicular to the film surface can be observed in
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Figure 3.9. Variation of a (circles) and c (squares) cell parameters in mesoporous
organosilica films as a function of the thermal treatment.
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Figure 3.10. Symmetry transition due to thermal shrinkage. Left: tetragonal 14/mmm
space group with the out of plane cell constant changing fromc > atoc <ain
hybrid organosilica mesoporous films (the c axis is normal to the substrate).
Right: body-centred cubic Im3m space group becomes orthorhombic Fmmm
in mesoporous silica films.

Figure 3.11. Alternative description of the BCT ordered mesostructure as a vertically-
shrunk FCC cell, whose in-plane cell parameter is represented by a diagonal
of the (001) BCT face, whereas the out-of-plane cell constant is the BCT ¢
constant along the [001] direction.



3.2 HYBRID ORGANOSILICA MESOPOROUS FILMS 101

TEM images: a deformation of the spherical pores is clearly visible, and the shape
of mesopores in calcined samples becomes ellipsoidal. With reference to Fig-
ure 3.7, the major axis (parallel to the substrate) is (8.240.8) nm, the minor axis
(perpendicular to the substrate) is (4.84+0.5) nm, with a ratio between the two axes
of 1.8+0.3.

3.2.4 Spectroscopic characterisation

Information on the presence of specific chemical species in the films was provided
by Fourier-transform infrared (FTIR) spectroscopy. This technique gives important
insight on the chemical nature of the film and on the self-assembly process. FTIR
spectra have been analysed according to the main vibrational modes of interest,
reported in Table 3.2.

Table 3.2. Assignments of the IR vibrational modes belonging to different chemical species
in mesostructured and mesoporous thin films. WN=wavenumber.

WN (cm™ ") Vibrational mode
Si0,
460 TO; (transverse-optical) rocking motion of the O atoms perpendic-
ular to the Si-O-Si plane
800 TO, symmetric stretching of Si-O-Si
1070 TO3 asymmetric stretching of Si-O-Si
1250 LO3 (longitudinal-optical) higher-frequency shoulder of TO3
930 Si-OH stretching
550-640 Broad band associated with residual cyclic structures, mainly 4-fold
and 6-fold siloxane rings
Alkoxide
2976 Asymmetric stretching v,(CH3z)
2929 Asymmetric stretching v,(CHy)
2890 Symmetric stretching v;(CHj3)
1365 Rocking p(HCH)
1296 Twisting T7(CHy)
1168 Rocking p(CH3)

1106, 1103 Asymmetric stretching v,(C-C + C-O)
1082, 1080 Asymmetric stretching v,(SiO-CO)

965 Rocking p(H3CO + COC)
793 Stretching v(Si-O + C-0O)
670 Symmetric stretching v(SiO4)
481 Rocking p(CCO)
EtOH
3380 Stretching v(OH) of H-bonded hydroxyls
2975 Asymmetric stretching v,(CHz)
2894 Symmetric stretching v,(CH3)
1457 Rocking p(HCH)
1274 Twisting 7(CHy)
1090 Asymmetric stretching v,(C-C + C-0), rocking p(COH)

(Continued on next page)
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(Table 3.2 — Continued from previous page)

WN (cm™1) Vibrational mode
1049 Rocking p(CCH3 + COH)
880 Symmetric stretching v;(C-C + C-O)
442 Rocking p(CCO)
OH

3600-3300 H-bonded OH vibrations of alcohol (O-H stretching)
3500-3300 H-bonded H,O (O-H stretching)

3800-3650 Stretching modes of OH groups not involved in H bonding (isolated
and terminal OH)

3750 Isolated surface OH

3690 Terminal OH, or partially involved in H bonding
3650-3200 H-bonded silanols in chain (OH stretching)

1640 Scissor bending of molecular H,O v,(H,0) or §(H,0)
3250 First overtone, bending of molecular H,O 2v,(H;0)

Organic template

3000-2800 Stretching C-H

2971 Asymmetric stretching C-H in CHj3

2930 Asymmetric stretching C-H in CH, groups, symmetric stretching
C-H in CH3 groups

2930-2900 CH; (methylene) chain symmetric stretching

2871 Symmetric stretching vs(C-H) in CH;
1710 stretching v(C=0)

1500-1300 C-H bending

1374 Symmetric stretching vy(CH3)

1350 Wagging w(CH>), stretching v(C-C) in PEO chains
1343 Wagging w(CH>)

1281, 1242 Twisting T(CHy)

1160 Rocking 6(CHj3)

1149 Stretching v(C-C)

1113 Stretching v(C-O-C)

1060 Stretching v(C-O-C), rocking p(CHj)
963 Rocking p(CH)

947 Rocking p(CHy), stretching v(C-O-C)

FTIR absorption spectra of films treated at 60, 200, 400 and 600°C are shown in
Figure 3.12. The presence of methyl groups is revealed by the absorption peaks at
1276 cm™! attributed to the C-H symmetric stretching in CH3, and 2977 cm~! at-
tributed to asymmetric stretching.® The intensity of these bands decreases at higher
temperatures, indicating a removal of methyl groups from the mesostructure, at
600°C only ~20% of the methyl groups remain in the films due to Si-C cleav-
age.” The calcination of the films is accompanied by a decrease in intensity of the
Si-OH stretching band around 950 cm~! and the shift to lower wavenumbers of the
Si-O-Si asymmetric stretching mode around 1070 cm~', indicating strengthening
of the silica network due to polycondensation. !* The latter band is composed of
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Figure 3.12. FTIR absorption spectra, collected in air, of films treated at 60, 200, 400 and
600 °C.

several overlapped contributions and is generally very difficult to deconvolute. !!
In the present case a clear attribution is more complicated by the overlapping with
the absorption bands in the 1050-1175 cm™! interval, which are the most intense
modes observed in a pure Pluronic F127 spectrum, ' (in particular, C-O-C stretch-
ing at 1110 cm~ !, C-C stretching at 1150 cm~ !, CH, rocking at 1160 cm !, see
Figure 3.13).

The presence of a weak and broad absorption band around 600 cm~!, which is
assigned to vibrations of four-member rings within the ring plane (Si-O stretching
vibrations coupled with O-Si-O and Si-O-Si bending vibrations), 13 indicates that
fourfold cyclic species are present in the silica framework. We suppose that the
vibrational mode at 1135 cm™! is mostly due to asymmetric stretching (Si-O-Si)
in strained 4-fold siloxane rings '* because Pluronic is nearly completely removed
upon calcination at 400°C, as shown by the disappearing C-H stretching bands in
the 2700-3000 cm~! region. The formation of 4-fold rings in gels prepared in
acidic conditions from MTES is well documented both for powders '3 and films®
and has been also observed in silica mesostructured films prepared from CTAB!!
and block copolymers.?

Calcination of the films causes dehydroxylation and a change in the amount
of methyl groups present in the mesopores. These two processes are simultaneous
and affect the hydrophobicity of the system and, hence, the ability to absorb wa-
ter. To evaluate how the calcination is affecting this process we have performed a
deconvolution of the FTIR spectra in the range ~3000-3800 cm~! (Figure 3.14).
To deconvolute the FTIR spectrum of the sample treated at 60°C we selected three
components: (1) at the highest wavenumber assigned to terminal silanols, (2) at
~3350 cm~!due to hydrogen-bonded silanols in chains that contain more than one
pair of mutually H-bonded OH groups, and (3) at ~23250 cm ™! attributed to the first
overtone of the 1640 cm™! bending mode of molecular water 2v,(H,0). 10.16-18 1
the fit of the samples treated at higher temperatures (200, 400 and 600°C) we in-
troduced another component due to the isolated silanols that are formed during
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Figure 3.13. FTIR absorption spectrum of block copolymer Pluronic F127 in a KBr pellet.

dehydroxylation (=3650 cm™!). The deconvolution shows a decrease in intensity
of all the components after calcination at 200°C. The dehydroxylation is practically
complete at 400°C, because only weak traces of terminal and isolated silanols are
observed, without residual water. If the sample is treated at higher temperatures
new silanols are formed and a small amount of water is absorbed (600°C).

This trend can be explained as follows. At 60°C the pores are filled with the
block copolymer whose hydrophilic chains are able to absorb and retain water,
at the same time the pore walls are covered with hydrophilic silanols. In these
conditions, the hydrophobicity of methyl groups is largely shadowed. When the
surfactant is completely removed upon calcination at 400°C, the pores are covered
only by methyl groups and the absorption of water is inhibited. At 600°C the
methyl groups are removed forming silanols. !°

The curve obtained from the deconvolution that is assigned to the 2v,(H,O)
contribution (overtone of the bending mode of molecular water at ~3200 cm™!)
was used to qualitatively investigate the change in water absorption during calci-
nation. A plot of the peak area vs. temperature shows that the presence of H,O
has a minimum at 400°C (Figure 3.15). The data obtained from the v;(H,0O) at
1640 cm~! are in agreement with those calculated from the deconvolution, sup-
porting the choice done for the fit.

The transversal vibrational TO3; mode (Si-O-Si asymmetric stretching) at
~1070 cm~! has a shoulder at ~1200 cm™! (longitudinal LO3 mode). With in-
creasing temperature, the intensity of TOj3 shifts towards higher wavenumbers,
indicating higher degree of silica polycondensation. This shift can be observed
also in films obtained without MTES (i.e. where TEOS is the only silica source).
However, the two shifts have a different trend, which can give insight into the poly-
condensation process.

Figure 3.16 shows the wavenumber peak of the TO3 mode for mesostructured
silica (TEOS) and organosilica (TEOS-MTES) films. The slope of the organosil-
ica films is steeper for temperatures below 700°C with respect to the silica films,
whereas for temperatures above 700°C the two wavenumbers become similar. The
shift of the TO3 mode towards higher wavenumbers is related to the higher degree
of crosslinking of the inorganic network. The central force model by Galeener?’
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Figure 3.14. Deconvolution of the FTIR spectra in the range 3000-3800 cm™" for films
treated at 60, 200, 400 and 600°C.

(Figure 3.17) describes the frequency @ of the TO3 mode as:

, k 4 k
0 = o (1 —cosB)+ 3ms”
where mg and mg; are the O and Si masses, k is the constant of the stretching in
Si-O-Si and 0 is the angle formed by the Si-O-Si bond. Increasing polycondensa-
tion degree, the average Si-O bond distance decreases and k increases; at the same
time, the average 0 increases. This causes ® to increase, thus explaining the shift
observed in the TO3 peaks for increasing temperatures.

This observation suggests that the presence of non-hydrolysable methyl groups
in the organosilica films is associated with a lower polycondensation degree than
in silica films (for the same thermal treatment). The methyl groups inhibit further
polycondensation until they are fully removed between 600 and 700°C: then the Si
atoms can bond to 4 bridging oxygens thus increasing the overall polycondensation
degree. The peak positions shift to a limit value of 1085 cm~! (at 950-1000°C),
when silica densification is complete and the mesopores collapse due to silica vis-
cous flow. Note that temperatures below 400°C (removal of organic template)
were not considered in this analysis, as the overlap of the bands arising from the
copolymer are superimposed to the TO3 mode causing the wavenumber shift to be
uncorrelated to the polycondensation degree.

Methyl groups perform an important role to help self-assembly, in that they
affect the micelle-silica interface and the kinetics of the reactions of the species
involved in EISA. The strong electrostatic and hydrophilic interactions between
the silica and the PEO blocks are reduced by the presence of CHj in the silica
oligomers. At the same time, Kiyore results smaller due to the presence of the non-
hydrolysable Si-CHj3 groups, allowing for a high degree of organisation. In these
conditions, organisation of the micelles is not hindered by a more condensed in-
organic network and a faster organisation occurs. In other words, we observe a
twofold effect in mesostructured organosilica films: (1) the inorganic condensa-
tion rate and condensation degree are lowered by the presence of non-hydrolysable
units, so that only 3 bridging oxygens per Si atom can form a network instead of 4
as in TEOS; (2) the hydrophobic methyl units act as a “cosurfactant” between the
inorganic units and the organic micelles. These two factors explain why a higher
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Figure 3.16. Trend of the TO3 peak position as a function of temperature for mesoporous
silica (TEOS) and organosilica (TEOS-MTES) films.

Figure 3.17. Scheme of local order in Galeener’s model.
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Figure 3.18. Different hydrophobicity of an organosilica (left) and an inorganic silica
mesoporous film (right). Note the different contact angle, higher in the hy-
brid film and lower in the inorganic one.

degree of order (virtually “defect-free” at least in the micrometre range) is obtained
in this new class of hybrid mesoporous films.

These films are highly hygroscopic due to the high amount of hydroxyl groups
and extremely high surface area. Contact angle measurements have not been per-
formed, however Figure 3.18 gives a hint about the hydrophobicity of a hybrid
(TEOS-MTES) mesoporous silica film (left) compared to a silica (TEOS) meso-
porous film (right).

In mesoporous films with silica framework, we expect that the presence of hy-
droxyl groups causes a dramatic increase of the dielectric constant because of both
the presence of highly polarisable O-H bonds and the presence of physisorbed
water on the pore surface.!®?! One way to decrease the dielectric constant is the
substitution of highly polarisable and hydrophilic Si-O and O-H groups with less
polarisable and more hydrophobic Si-C and C-H groups in a strategy similar to this
one-pot synthesis of mesoporous hybrid films. Therefore, we expect that important
properties such as the dielectric constant k can be controlled, possibly bringing
these materials into the field of such applications as low-k dielectrics in micro-
electronic packaging. In addition, the introduction of organic methyl groups into
the inorganic framework decreases mechanical stress in the silica gel during sol-
vent evaporation and densification: this reduces the probability of cracking and
increases the critical thickness of the film (i.e. the maximum thickness that can be
obtained without crack formation) to thicknesses grater than 1 um.

3.2.5 Preliminary study on different hybrid mesoporous films

This co-condensation synthetic approach was extended to other systems: different
hybrid precursors were employed as the silicon source together with TEOS, and
different [hybrid]/[TEOS] molar ratios were used in order to evaluate the degree
of order of the mesostructure, whereas the [surfactant]/[Si] molar ratio was kept
constant. The organo-alkoxysilanes co-hydrolysed with TEOS in the precursor
solutions are listed in Table 3.3.

Since DMDES has two hydrolysable groups, the network formed by a TEOS-
DMDES system is less condensed than one formed by an ETES-TEOS system (at
constant [TEOS]/[hybrid] molar ratios), which in turn forms a less condensed net-
work than a TEOS-only system. While a lower degree of crosslinking favours me-
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Table 3.3. Hybrid precursors (organo-alkoxysilanes) used in the co-condensation synthe-
sis of mesostructured films.

Hybrid precursor Full name Chemical formula

ETES ethyltrimethoxysilane CH;3;CH,Si(OCH,CH3)3

DMDES dimethyldiethoxysilane (CH3),Si(OCH,CH3),

OTES octadecyltriethoxysilane CigH37Si(OCH,CHj3)3

APTES (3-aminopropyl) H,N(CH3)3Si(OC,Hs)3
triethoxysilane

sostructure formation, too low a condensation degree could cause the mesostruc-
ture to collapse during thermal treatment after deposition. Therefore, an optimum
concentration of the hybrid species constitutes a balance between mesostructural
degree of order and stiffness of inorganic network. OTES has a long hydropho-
bic chain (18 carbon atoms), therefore it was chosen to study whether a more hy-
drophobic nature of the sol-gel precursor could influence the self-assembly process.
The amine-functionalised precursor (APTES) is an interesting precursor because it
bears a functional amino group which can be exploited for example in biosensors,
due to the affinity of NH; groups for biological species such as proteins. Further-
more, amino groups can form strong bonds with heavy metal cations, so they can
be used in gas filters, pollutant removal and nanoreactors.

ETES and DMDES The organo-alkoxysilane concentration in the so-
lution was varied in the range e=[ETES]/[TEOS]=(0-2) for ETES and
d=[DMDES]/[TEOS]=(0.04-0.19) for DMDES. The two different concentration
ranges are justified by the different chemistry of inorganic network formation,
given by the different condensation conditions of these two precursors. Since a
DMDES-TEOS system forms a less condensed structure than an ETES-TEOS sys-
tem, the optimum concentration of organo-substituted alkoxysilane in the former
case must be somewhat smaller than in the latter case.

Selected GISAXS diffraction patterns of films obtained from solutions con-
taining different precursor compositions and treated at 150°C can be seen in Fig-
ure 3.19, the complete indexation is given in Figure 3.20. The degree of order
can be estimated examining the number of diffraction spots in the GISAXS pat-
terns at constant experimental parameters (exposition time, glancing angle, etc.).
In Figure 3.19 it can clearly be seen that the highest degree of order is obtained
for concentrations ¢ = 0.2 in ETES-TEOS films and d = 0.11 in DMDES-TEOS
films. The films with the highest degree of order were found to have a body centred
tetragonal unit cell belonging to the /4 /mmm space group, which is the same as that
found in hybrid mesostructured silica films obtained from TEOS-MTES precursor
solutions. The cell parameters are a = (15.7£0.9) nm, ¢ = (17.8 £ 1.1) nm for
ETES-TEOS films and @ = (13.9£0.8) nm ¢ = (20.2 £ 1.2) nm for DMDES-
TEOS films.

OTES Films prepared using OTES and TEOS as the silicon source appeared
opaque soon after dip-coating. Optical microscope observations revealed the pres-
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Figure 3.19. Selected GISAXS diffraction patterns of films obtained from solutions con-
taining different precursor compositions and treated at 150°C. Top: films
obtained with DMDES-TEOS as the Si source, bottom: films obtained with
ETES-TEOS as the Si source.

Figure 3.20. Indexation of GISAXS patterns of films obtained with ETES (a) and DMDES
(b).
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ence of phase separation. As a consequence, the films were not submitted for
further characterisation.

APTES The main issue in films obtained from an APTES-TEOS mixture was to
obtain a precursor sol in acidic conditions: the amino group in APTES is weakly
basic (pK, ~10), therefore addition of water to the mixture causes uncontrolled
hydrolysis and polycondensation (self-catalysis by the amino groups) leading to
branched structures, unsuitable for coating. In order to protonate the amino groups,
concentrated HCI was added to the precursor sol, therefore the standard synthesis
was adjusted to meet this requirement. TEOS (3.24 mL) and APTES (0.55 mL)
were added to ethanol (15 mL). Next, 0.4 mL of 12M HCI were added under
stirring and a clear solution was obtained with pH~2. Eventually, Pluronic F127
(1.3 g) was added as the templating agent. GISAXS measurements showed the
presence of an ordered mesostructure with a tetragonal symmetry (not shown in
figure).

3.3 Tailoring pore size

Mesopores size can be increased by adding co-solvents which selectively swell a
portion of the surfactant, so as to tailor pore size and residual microporosity. Alter-
natively, a range of surfactants or amphiphilic block copolymers can be explored in
order to obtain larger or smaller mesopore size. We followed this latter path, using
four amphiphilic block copolymers for the synthesis of films with cubic phases:
this strategy is known to have the advantage of getting more ordered mesostruc-
tures and more reproducible syntheses if compared with the use of swelling agents.
Three templating agents other than Pluronic F127 were tested in order to get pores
with different size: Pluronic F68, Pluronic P123 and Brij-58. Pluronic F68 and
P123 are three-block copolymers of the PEO,-PPO,-PEO, type, similar to F127
but with different x and y values, whereas Brij-58 is a two-block copolymer con-
taining a PEO block and an alkyl chain.?? Table 3.4 shows the chemical formula
and the molecular weights of these templating agents.

The nomenclature for Pluronic surfactants gives information on the physical
state and the composition of the macromolecule. The first letter refers to the
physical state of the product: F is for solid, P is for paste, L is for liquid (e.g.
F127 is a powder, P123 is a paste, L121 is a liquid). The first or first two num-

Table 3.4. Block copolymers used as templating agents in the synthesis of mesoporous
silica films. The out-of-plane cell parameters at 100°C (GISAXS) and the pore
sizes obtained at 300°C (TEM) are reported.

Cell Pore
. MW .
Block copolymer Chemical formula (¢/mol) param size
& (100°C) _ (300°C)
Pluronic F127 EO;06-PO79-EO1 06 12600 18 nm 7 nm
Pluronic F68 EOgo-PO30-E080 8400 14 nm 4 nm
Pluronic P123 EO,0-PO79-EO»g 5800 14 nm 4 nm

Brij-58 C16H33EO20OH 1125 8 nm 2nm
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(a) F68, s=0.003, partially assembled (b) F68, s=0.006, cubic mesophase

(c) Brij-58, s=0.02, not assembled (d) Brij-58, 5s=0.06, cubic mesophase

(e) P123, RH=10%, wormlike (f) P123, RH=40%, cubic mesophase

Figure 3.21. GISAXS patterns of Pluronic F68-templated mesostructured silica films syn-
thesised with different s=[surfactant]/[silica] ratios, treated at 100°C.
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bers must be multiplied by 300 to get the PPO molecular weight (e.g. in F68,
MW (PPO)=6-300=1200 g-mol~'). The last numbers refer to the PEO percentage
with respect to the entire polymer chain (e.g. in F68 8-10=80%). Note that F68
has a structure similar to F127 in that the PEO chain is much larger than the PPO
chain (70% in weight in F127 and 80% in F68). On the contrary, P123 has a much
smaller PPO chain (30% in weight). This can be readily inferred also from Ta-
ble 3.4, where the ratio between EO and PO constituents x and y is larger than 1
in F127 and F68, whereas it is smaller than 1 in P123. We can draw some con-
clusions regarding the packing factor g (see Chapter 1, page 23): both F127 and
F68 are expected to form high-curvature spherical micelles, whereas P123 is ex-
pected to form low-curvature cylindrical micelles or lamellar structures. Regarding
Brij-58, the MW of the PEO chain is 900 g-mol~', whereas the alkyl chain has a
molecular weight of 225 g-mol~!, which means that the percent weight of the hy-
drophilic alkyl chain with respect to the total weight of the molecule is 80%, the
same value found in Pluronic F127. Therefore, films templated by Brij-58 are
expected to show high-curvatures micelles.

The preparation of the coating sols with these templating agents is similar to
that reported previously. Different [surfactant]/[Si] ratios were tested in order to
investigate the optimum surfactant concentration to have the maximum degree of
order. The s=[surfactant]/[Si] molar ratios ranges were 3—15 - 1073 with 3 - 1073
steps for Pluronic F68 and P123, and 2-10 - 1072 with 2 - 102 steps for Brij-
58. The films were deposited at different RH (10, 40, 70%) in order to assess
the influence of water vapour on self-assembly. In films templated by Pluronic
F68 and Brij-58, ordered mesostructures were found to form at low RH (around
10%), whereas higher RH led to hexagonal (40% RH, not shown in figure) or no
mesophases. Figure 3.21 a and b shows the GISAXS pattern of a Pluronic F68-
templated mesostructured film, thermally treated at 100°C for 2 hours in order to
stabilise the inorganic framework. Films templated by Brij-58 gave cubic phases in
accordance with our expectation, as shown in Figure 3.21 ¢ and d. In both Pluronic
F68- and Brij-58-templated films, the scattering angles were found to be higher
than in films templated by Pluronic F127, associated with smaller cell constant
parameters. This is not unexpected, because both block copolymers have shorter
chains with respect to Pluronic F127 and form smaller micelles. The cell parameter
a for films templated by Pluronic F68 and thermally treated at 100°C was found to
be a=14 nm, whereas films templated with Brij-58 gave =8 nm. Films templated
by Pluronic F127 yielded a=18 nm at 100°C.

When Pluronic P123 was used as the templating agent, the mesostructure was
found to respond to RH in a different way than in Pluronic- and Brij-templated
films. Dip-coating at low RH (10%) resulted in no mesostructure formation (Fig-
ure 3.21 e), whereas higher RH (40%) favoured ordered cubic structures (Fig-
ure 3.21 f). This is likely due to swelling of the copolymer’s hydrophilic end blocks
by water molecules, which increases the volume of the hydrophilic headgroup in-
creasing the packing parameter g and forming a well-defined hybrid interface be-
tween the organic and the inorganic phases. In this way, spherical micelles packing
in cubic symmetries are favoured.?® The cell parameter for mesostructured films
templated by Pluronic P123 was a=14 nm.
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3.4 Hybrid mesoporous membranes

3.4.1 Mesoporous membranes

Membranes are defined as thin physical barriers allowing selective transport of
mass species. Thin films can be deposited on any support (substrate), whereas
membranes must be prepared either on a porous support allowing transport of mass
species, or as self-standing objects. Mesoporous and macroporous films and mem-
branes have been studied extensively in the past decades and many of them have
found commercial applications. Examples include a large number of inorganic
membranes for microfiltration and ultrafiltration processes used in industry, for ex-
ample in drinking water purification and wastewater treatment. The majority of
these materials are made by compacting nano- or micron-sized dense crystallites
(such as y- or a-alumina crystals).>*

Whereas there are many publications on mesoporous films and powders, only a
small number of papers deal with mesoporous membranes, foams and bulk mono-
liths. Soler-Illia et al.?> report on the preparation of membranes synthesised start-
ing from an acidic solution of alkoxysilane and an amphiphilic block copolymer
(Pluronic F127 or P123). After slow evaporation of the solvent in the contain-
ers, disks of 0.1-0.2 mm thickness and 2—-3 cm diameter are obtained. The meso-
structure presents /m3m cubic or p6mm hexagonal domains, extending up to the
centimetre scale. Recently, the possibility of synthesising hierarchically structured
transparent hybrid membranes by in situ growth of mesostructured organosilica in
a host polymer has been demonstrated by Vallé et al.®

In this section we describe the study on silica and hybrid organosilica self-
standing mesostructured and mesoporous membranes. We have concentrated on
structural characterisation by SAXS and on the study of physicochemical prop-
erties of the pore surface and the mechanism of water adsorption-desorption by
Fourier-transform infrared spectroscopy analysis in vacuum at different partial
pressures. As the membrane is not supported by any substrate, it can be studied by
SAXS in grazing and transmission mode, as well as any other angle of incidence,
permitting a whole sampling of the reciprocal lattice.

Self-standing mesoporous silica membranes are synthesised by the EISA route.
In a typical preparation, a precursor solution containing the silicon source and the
templating agent (the same used in the preparation of silica and hybrid films) is
poured into a container (e.g. a Petri dish) and the solvent is allowed to evaporate
slowly in a controlled RH environment (RH~30%) for approximately 60 days.
After drying, the membranes can be detached from the bottom of the container
using tweezers, then they are submitted to thermal treatment for surfactant removal.
The membranes are calcined in a furnace, which must be located under a chemical
hood in order to remove the vapours originating from template decomposition, with
a heating ramp of 1°C-min~! from room temperature to 350°C with a dwell time
at 350°C of 12 hours. After calcination, the membranes become brittle and prone
to breaking into fragments of several cm, partially losing their transparency.

3.4.2 Structural characterisation of hybrid mesostructured membranes
GISAXS

As-prepared and thermally treated silica and hybrid organosilica membranes were
broken into fragments so that they could be investigated by grazing incidence and
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Figure 3.22. GISAXS diffraction pattern of the as-prepared organosilica membrane ob-
tained from a solution containing TEOS and MTES as the Si source, and its
full indexation according to the cubic Im3m symmetry.

transmission SAXS. Figure 3.22 shows a representative GISAXS pattern of an un-
calcined organosilica membrane. This GISAXS pattern was attributed to the cubic
Im3m symmetry group as the result of simulations using the Nanocell software for
Mathematica (see page 2.2.7) and the indexation was done according to the Im3m
symmetry. Inorganic silica membranes yield the same diffraction pattern, with a
slight difference in the cell constant values.

The cell constants of the ordered mesostructure were calculated using a
Mathematica code developed for the Im3m cubic cell, which is reported in Ap-
pendix A. They are a = (16.3 £ 1.1) nm for the as-prepared hybrid membrane and
a = (11.8 £ 1.0) nm for the calcined hybrid membrane. This corresponds to a con-
traction in the cell parameter of 28% upon calcination. In the silica membranes the
cell constants are = (18.0 £ 1.0) nm and a = (14.2+ 1.0) nm for the as prepared
and the calcined membranes, respectively, with a contraction of 22% induced by
calcination. Note that the shrinkage is isotropic, contrary to films, where uniaxial
contraction perpendicular to the substrate is always observed.

In another experiment we have tried to increase the evaporation rate by placing
the Petri dishes containing the precursor solutions under a chemical hood. In a few
days the membranes dried, however they gave no appreciable signal in GISAXS
measurements. This indicates that there is no ordered mesostructure in the mem-
brane (in this case a diffuse ring should be visible in the pattern, corresponding
to a wormlike mesophase), suggesting that evaporation must be slow in order for
self-assembly to occur and create an ordered pore array, and that objects thicker
than films require slower solvent evaporation.

It should also be noted that both the inorganic silica and the organosilica mem-
branes show the same mesophase symmetry with a high degree of order and only
a slight difference in the cell parameters. On the other hand, it has previously been
shown that hybrid films prepared from a mixture of TEOS and MTES are more or-
dered with respect to films prepared from TEOS. In the corresponding membranes
the role of the methyl groups does not seem to be so critical to affect the final
structure. This is probably due to the particular synthesis conditions: in particu-
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Figure 3.23. SAXS sampling (transmission mode) of the inorganic mesostructured mem-
brane with steps of 10 mm (a) and drawing of the corresponding positions
along the membrane diameter (b). Picture of the rotation of the mesostruc-
ture from the centre of the membranes (snapshot 5) towards the outer regions

(c).

lar, a slow solvent evaporation may favour a more thermodynamic and less kinetic
control on the formation of the mesostructure.

SAXS membrane mapping

The use of a sample holder equipped with an x-y stage system (parallel to the
membrane surface) allowed the sampling of the T membrane along two orthogo-
nal directions with steps of 10 mm (see Figure 3.23). With this system different
portions of the membranes were sampled by SAXS to probe the extension of the
ordered mesophase in the membrane. Nine different SAXS diffraction patterns,
recorded in transmission mode, are shown in Figure 3.23 a, and the corresponding
positions in the membrane are reported in Figure 3.23 b. Comparing the SAXS
patterns taken starting from the centre of the membranes towards the outer region,
it is possible to detect the presence of the ordered mesophase in the central region
of the membrane within a radius of 30 mm Figure 3.23 b. The presence of spots
both in the transmission and grazing diffraction patterns relative to this inner region
shows that the mesostructure has both in-plane and out-of-plane order. This is a
feature not commonly observed in mesoporous materials, which are characterised
by planar disorder. The SAXS patterns show only a small rotation (around 3—4°)
from the centre of the membranes (snapshot 5) to the external areas, corresponding
to an in-plane rotation of the mesostructure (see Figure 3.23 ¢). In the outer region
of the membrane (indicatively beyond the zone delimited by the 30 mm radius), the
in-plane order is lost but the out-of-plane order of the mesostructure is retained, as
confirmed by the presence of diffraction rings in transmission mode (not shown
in figure). This phenomenon is probably caused by an increase in the radius of
curvature of the membrane surface, affecting the peripheral regions of the samples.
Because the precursor sol wets the container’s walls creating a meniscus, the fi-
nal membrane thickness rises from 30 um in the membrane centre to 48 pum at the
edges and the radius of curvature of the air-sample interface is smaller in the region
closer to the edge of the container than in the central region. As already reported, >’
the self-assembly of micelles starts from the interfaces, therefore the smaller radius
of curvature can determine a gradient in the evaporation rate of solvent and, in turn,
the loss of order.
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Figure 3.24. Bright field TEM images for samples calcined at 350°C. Four different im-
ages of inorganic (a and b) and hybrid (¢ and d) membranes are shown. In
particular (a), (c) and (d) show the {100} faces, (b) shows the {110} face.
(e) represents the line profile analysis (right side) to evaluate pore and walls
dimensions. The TEM image on the bottom left refers to a hybrid membrane.

Transmission electron microscopy

TEM images were collected to support the information provided by SAXS data.
Bright field TEM images for mesoporous silica and organosilica membranes ther-
mally treated at 350°C are reported in Figure 3.24, whereas the uncalcined sam-
ples did not give significant images due to the small electronic contrast between
the framework and the templating phase, and due to electron beam damage on the
weakly condensed membrane framework during observation. Figure 3.24 shows
four representative images of the silica (a and b) and organosilica (c and d) mem-
branes. The presence of 4-fold symmetry axes suggests that the structure is cubic.
In both membranes an Im3m body-centred cubic mesostructure is compatible with
the TEM images, which refer to different sample orientations corresponding to dif-
ferent projection planes of the mesostructure. In particular, Figure 3.24 a, c and
d show the (100) face and Figure 3.24 b shows the (110) face. The (110) face
appears as a sequence of channels because the depth of field of the electron mi-
croscopy merges different mesopores located on different levels.

By a line profile analysis on a representative TEM image showing the (100)
projection plane (Figure 3.24 e) we estimated pore diameter and wall thickness
as the average FWHM of the intensity distribution along a line passing through
the pore centres (red line in figure). Pore diameter in organosilica membranes is
(6£1) nm and wall thickness is (3.3 £0.5) nm. Thus the average centre-to-centre
distance of two adjacent pores is ~=4.5 nm. Due to the merging of planes, the (100)
projection plane shows the pores both at the cube vertices and at the centre of the
unit cell. Therefore, the interpore distance represents half the diagonal of a face of
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the cubic unit cell and must be multiplied by 2+/2 in order to get the cell parameter
a, which gives a =~ 12 nm, a value in agreement with SAXS data. Similar results
were obtained for the inorganic silica membranes.

3.4.3 Spectroscopic analysis at low pressure

Fourier-transform infrared analysis was performed at the synchrotron infrared
beamline SINBAD at the INFN Laboratori Nazionali at Frascati (Rome). The
equipment used was a Bruker Equinox 55 spectrophotometer with a conventional
Globar source. To investigate the desorption kinetics of chemical moieties physi-
cally adsorbed on the pore surface, the spectrophotometer was equipped to work in
vacuum down to 10~2 mbar. Measurements were carried out at different pressures
in transmission mode using the interferometer working in the 500-6000 cm™!
range at a resolution of 4 cm~!. A nitrogen-cooled MCT detector cooled with
liquid nitrogen and a KBr beam splitter were used.

Figure 3.25 shows the 2800-3800 cm~! portion of a FTIR absorption spectra
of the inorganic membrane calcined at 350°C, as a function of the pressure within
the vacuum chamber. At atmospheric pressure the spectra are saturated, so the first
significative spectrum was collected at 0.5 mbar. The relative intensities of the
main vibrational modes %! observed around 3500, 3650 and 3750 cm™~' appear
to be affected by pressure.

The broad band peaking around 3500 cm~! decreases in intensity and shifts to
higher wavenumbers as pressure decreases. In particular, the maximum shifts from
3494 cm™! in the spectrum recorded at 0.5 mbar to 3547 cm~! in the spectrum
measured at 0.001 mbar. Moreover, the shape of this band and its changes versus
pressure suggest that different contributions are responsible for these variations. At
~3500 cm~! there is a contribution from OH stretching of silanols that are hydro-
gen bonded to the oxygen of neighbouring silanols (vs (OH---HOSi)), !¢ whereas
the presence of adsorbed atmospheric water vapors gives rise to two contributions
in the 3000-3500 cm™~! region, overlapping with the v;(OH) band of silanols.

A first water band falls at higher energies around 3450 cm~! and is assigned
to molecular water that is chemically bonded to the silica network (v,s(H>O)) or
hydrogen-bonded to the silanol groups (vs(H;0O)). The second contribution due
to molecular water that is assigned to the first overtone of the bending mode of
H-bonded water (2v,,), falls at lower energy, around 3200 cm~!. The changes ob-
served in the low-wavenumber tail of the 3500 cm~! band (the band shrinks and
the tail disappears in the spectra from 0.5 to 0.06 mbar) indicate water removal at
lower pressures (Figure 3.25). In accordance, the intensity decrease and shift of
the 3500 cm~! band is also attributed to removal of residual H-bonded water.

We used the band at 1628 cm™! (v}, water bending) 28 to follow the desorp-
tion of water induced by the pressure changes (Figure 3.26 a). This band is not
overlapped to other species and can give a direct semiquantitative indication of
water desorption. The asymmetric shape of the band suggests that different types
of water are present within the membrane pores at ambient pressure. Follow-
ing the literature, three different vibrational components due to molecular water
can be observed: water molecules that aggregate with strong hydrogen bonding
(~1676 cm™1) (type I), water molecule clusters with moderate intensity of hydro-
gen bonding (1654 cm™") (type II) and water molecules that interact with each
other with weak hydrogen bonding (=1592 cm™") (type III).?’ Generally, a lower
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Figure 3.27. Surface species detected by FTIR: water molecules bridge two adjacent
silanols, which become either isolated silanols or geminal silanols upon wa-
ter departure and condensation.

wavenumber is an indication of a decrease in the strength of the hydrogen bonding,
and type-III hydrogen bond is so weak that the water involved can be considered as
“free” water. Figure 3.26 b shows a deconvolution of the water band and the three
components of water bending modes were resolved by Gaussian curves. Only two
components are resolved with a significant intensity (I and II). The component II1
is very weak, which is an indication that almost no “free” water is present within
the pores. Whereas at ambient pressure the sample adsorbs water that is hydro-
gen bonded on the pore surface through the silanols, at 0.06 mbar the water is
completely removed, in accordance with the spectra in Figure 3.25 (3200 cm™!
component). Furthermore, because most water is easily desorbed at 0.5 mbar (Fig-
ure 3.25), the amount of water directly bonded to the silica network is negligible.

At higher wavenumbers, in the 3800-2800 cm ™! region, the FTIR spectra show
three other vibrational modes, which change in intensity with the variation of
the pressure: at 3670, at 3708 (shoulder) and at 3737 cm~! (Figure 3.25). The
3670 cm~! band is assigned to OH stretching of SiOH with a contribution from
asymmetric stretching of hydrogen bonded molecular water (V,5(H,0)).'® The de-
crease in intensity of this band at higher vacuum pressures indicates that the con-
tribution from molecular water is predominant. On the other hand, the intensity
decrease of this mode is accompanied by a simultaneous increase of the 3708 and
3737 cm™! bands. We attribute the 3708 cm~! band to geminal silanols and the
3737 cm™! to isolated silanols.!! The removal of the bridging water can induce
a condensation between adjacent silanols that will form twin species or will give
new isolated silanols. Figure 3.27 shows the picture of the different silanol species
and their changes activated by water desorption, as previously described.

The FTIR measurements performed in vacuum vs. pressure confirm that the
pores of the membranes are fully accessible from the external environment, as
shown by the full removal of the adsorbed atmospheric water. The process of
adsorption-desorption is also reversible and it appears related to the nature of the
pore surface. On the basis of FTIR data it should be noted that at ambient pres-
sure the pore surface, in silica-based mesoporous materials, is in any case covered
by at least one layer of hydrogen-bonded atmospheric water linked to the resid-
ual silanols. Such layer is responsible for the high protonic conductivity of silica
mesoporous materials and their application as electrochemical sensors. 303!
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Chapter 4

Applications of
mesoporous silica films

Abstract

In this chapter three applications of mesoporous silica films are presented. The
first application revolves around the deposition of a mesoporous coating on macro-
porous silicon oxycarbide foams. In this way, ceramic bodies with hierarchical
meso-macro-porosity can be obtained, which can be used for example in removal of
pollutants and organic compounds. The second application consists in the pattern-
ing of mesoporous thin films by deep X-rays using synchrotron radiation. Meso-
porous structures with feature size of around 30 um can be fabricated using this
lithographic technique, prospecting a possibile use in microarray spotting. The
third application makes use of mesoporous silica films as nanoreactors: the meso-
pores are used for the in situ growth of magnetic FeCo nanoparticles by an impreg-
nation technique followed by a reduction treatment. The FeCo-SiO; nanocompos-
ites thus obtained can be used for the preparation of nanoparticles, for example for
magnetic resonance imaging.
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4.1 Hierarchical porosity by infiltration of a ceramic foam

4.1.1 Introduction

Porous materials containing cavities in the nanometre to millimetre size range (e.g.
zeolites, M41S, honeycombs, foams) hold a significant position in industry ow-
ing to their widespread use in several industrial processes and household prod-
ucts. Applications include catalysis, filtration (of liquids or gases), extraction, sep-
aration, sorption, thermal management, scaffolds for biological applications and
low-specific gravity components for structural applications. ' In all these cases, the
synthesis procedure of a porous material must allow for the control of both pore
dimension and pore size distribution, which are generally required to be narrowly
centred on a specific value. Advanced applications may require pores that are either
interconnected and open to the external environment in order to allow for diffusing
species to flow through the porous material, or isolated and not accessible from the
outside, e.g. in low dielectric constant materials in microelectronics. Graded or ori-
ented porosity is also sometimes required for specialised applications.! As we have
seen, according to TUPAC classification? porous solids fall into three categories ac-
cording to pore size (d): microporous (d < 2 nm), mesoporous (2 nm < d < 50 nm)
and macroporous (d > 50 nm).

A special category of macroporous solids is that of cellular materials (foams,
honeycombs, fiber mats), which are defined as materials possessing high porosity
(typically >70 vol%), in which the morphology of the pores is mostly regular and
the overall three-dimensional architecture of the body derives from the superposi-
tion of polyhedral voids (cells), packed to efficiently fill space. Roughly speaking,
cell size typically varies from ~1 to ~50 um for the so-called microcellular ma-
terials, while it ranges from ~50 um to a few mm for macrocellular materials.
In particular, ceramic foams possess a unique combination of different properties,
such as low density, thermal conductivity, dielectric constant, thermal mass and
high geometric surface area, thermal shock resistance, permeability (if open cells),
dimensional stability, resistance to wear and chemical corrosion, and tortuosity of
flow paths, which permits them to satisfy specific functional purposes of significant
industrial interest.>

A porous material containing porosity on two or more length scales is referred
to as a material with hierarchical porosity. Here, the term “hierarchical” refers
to n length scales which are arranged according to a relationship of subordina-
tion. Different types of hierarchical porosity may exist according to the pore sizes
d that are involved in the porous structure, i.e. bimodal size distribution micro-
meso, meso-macro, micro-macro, or trimodal micro-meso-macro. When porous
materials are required to perform multiple functions (multifunctional materials),
hierarchical porosity is a way to accomplish these multiple tasks. For example,
micro-macro-porosity can highly improve the performance of microporous mate-
rials in applications where a material with both catalytic function and high me-
chanical strength is required.*> In this case the catalytic function is performed by
the microporous material such as a zeolite, which contains cavities at the molec-
ular scale acting as the catalytic sites. Zeolites can be fabricated in packed beds
and inserted on the flow path of a fluid, but a significant improvement is attained
by either supporting the zeolitic material on a macroporous material or using a
macroporous material with micropores embedded in its structure. In this way, a
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higher mechanical strength is ensured by the macroporous structure (e.g. a ceramic
foam); moreover, the resistance to the flow provided by the macroporous mate-
rial is lower than the zeolitic packed bed, thus increasing efficiency. In general,
the macroporous framework ensures chemical and mechanical stability, as well as
mass transport properties due to interconnections between the macropores, while
the microporous system provides the functionality for a given application. When
adsorption of larger molecules is involved, meso-macro-porous materials come into
play, for example in the case of catalysis of large hydrocarbon macromolecules or
devices for biosensing of large-molecular weight biomolecules such as proteins.

One-pot strategies for the synthesis of materials with this type of hierarchical
porosity have been devised: for instance, Danumah et al. obtained silica powders
showing high surface area with a bimodal meso- and macro-porosity by a dual
templating approach, ® while the synthesis of trimodal (micro-meso-macro-porous)
silica using an ionic liquid, KLE block copolymer* and polystyrene (PS) spheres as
the templating agents was reported. Another interesting approach is to infiltrate a
template made of colloidal PS spheres with a gel containing the silica source and a
block copolymer: thus, a macroporous material with mesoporous walls is obtained
after calcination.” Moreover, if suitable precursors are used in the infiltration step,
other chemical compositions of the walls can be obtained, such as TiO,, ZrO, and
aluminophosphates.

The use of one-pot synthetic strategies leads to the presence of porosity in
the whole macroporous framework, which may impair the mechanical strength of
the final material. An alternative is the separate synthesis of the porous compo-
nents according to pore size. This modular approach involves the synthesis of the
macroporous scaffold and its functionalisation with the mesoporous or microp-
orous system, for example by impregnation. The synthetic strategy of depositing
a meso- or micro-porous coating on the macroporous structure is best suited when
the function involves either chemical reactions at the very surface of the macro-
pores such as in catalysis, or rapid adsorption-desorption of analytes such as in
sensing. Another advantage of this modular approach is that the materials con-
stituting the macroporous scaffold and the coating can be selected independently,
therefore a wide range of chemical compositions (e.g. oxides, aluminophosphates,
carbides, nitrides) enables flexible design of multifunctional porous materials.

Ceramic foams are optimal candidates as the substrates for the development of
porous bodies with hierarchical porosity. Their very large geometric surface area
(on the order of a few m-cm™> for micro-cellular foams) provides a large area for
the deposition of coatings of suitable materials possessing micro-/meso-porosity.
The complete interconnection of the porosity provides easy access to the precur-
sors for obtaining such coatings and their chemical inertness allows processing and
use in harsh environments. Furthermore, in comparison to the conventional packed
beds used as catalyst support in chemical engineering applications, these cellular
macro-porous materials afford a lower pressure drop, a higher external mass trans-
fer rate, greater turbulence and increased convective heat transfer. °~12

*KLE is a [poly(ethylene-co-butylene)-block-poly(ethylene oxide)] block copolymer, with the
chemical formula [H(CH2CH2)0.67(CH2(CH)CH2CH3)0'33] 100(0CH2CH2)86-OH.
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4.1.2 Preparation of a meso-/macro-porous foam

In the recent past, the research group led by prof. Paolo Colombo at the Univer-
sity of Padova has been pursuing the development of ceramic bodies possessing
hierarchical porosity either by a controlled thermal treatment and/or the addition
of suitable fillers® or by depositing zeolites onto the cell walls of SiOC microcel-
lular foams.* We decided to follow this approach to prepare a silicon oxycarbide
(§10C) macroporous (microcellular) foam, which has good mechanical properties
and high chemical durability, !> and deposit a mesoporous SiO, coating on the cell
walls through impregnation.

SiOC ceramic foams belong to the class of materials called cellular solids.
The properties of this class of materials are deeply influenced by the morphology
(porosity percentage, cell size, cell size distribution, degree of interconnectivity)
and by the relative density of the foam, defined as the ratio between the apparent
density (given by the ratio between the weight and the size of the sample) of the
foam and that of the solid from which it is made.> It is possible to produce SiOC
microcellular ceramics possessing a high degree of interconnectivity and a wide
range of cell sizes, just by varying the size and amount of the PMMA sacrificial
microbeads. 314

Since the goal of the present work was to verify the feasibility of the pro-
posed method, foams with the largest cell and cell-window size ((135 &+ 57) um
and (20 =% 8) um, respectively) were chosen in order to favour the impregnation
step, because smaller macropores could lead to a more difficult uptake of the
mesoporous silica precursor solution. On the other hand, mechanical strength
scales with the inverse of pore size; therefore the choice of a PMMA size of
185 um (measured compression strength: o = (1.8 & 0.2) MPa, for a bulk density
p =0.24 g-cm™?) is a trade-off between the two issues. The SiOC foam was syn-
thesised from preceramic polymers using PMMA spheres as the macropore form-
ers, while the mesoporous silica coating was obtained by a templated self-assembly
strategy using tetraethoxysilane as the silicon source and block copolymer Pluronic
F127 as the structure-directing agent.

SiOC microcellular foams were prepared using a preceramic polymer (MK
Wacker-Chemie GmbH, Germany) and poly-methylmetacrylate (PMMA) mi-
crobeads (Altuglas BS) of nominal size 185 um acting as the sacrificial filler. 3
The powders were mixed at a constant weight ratio (20 wt% MK, 80 wt% PMMA)
by ball milling for 1 hour and then warm pressed (130°C, 20 MPa). The warm
pressing temperature was adjusted as a function of PMMA microbead size, in or-
der to optimise the viscous flow of the molten polymer through the beads and the
degree of crosslinking of the preceramic polymer. The green samples were then
treated in air at 300°C for 2 h (heating rate = 0.5°C-min~") in order to burn out
the PMMA microbeads and allow for further preceramic polymer crosslinking.
The foams, still in their polymeric stage, were then pyrolysed under nitrogen flow
at 1200°C for 2 hours (heating rate = 2°C-min~'). During pyrolysis, the prece-
ramic polymer samples were subjected to a large volume shrinkage (/=50%; about
23% linear shrinkage) due to the polymer-to-ceramic transformation, occurring
with the elimination of organic moieties and leading to the formation of an amor-
phous SiOC ceramic. Cylindrical samples of 30 mm diameter and 4 mm thickness
(after pyrolysis) were prepared. The SiOC samples were then cut in smaller pieces
for characterisation.
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Figure 4.1. a) Low magnification image of the S185 sample after calcination in air at
350°C. b) Detail of the film thickness on the strut surface.

The mesoporous silica precursor solution was prepared as described on
page 90. Several impregnation procedures were tested, in particular: (1) impreg-
nation time was varied, (2) different thermal treatments were done, (3) drying was
done either by spinning the sample at different rotation speeds, in air or in vacuum,
(4) impregnation was carried out in a vessel with reduced atmospheric pressure
by a water aspirator based on the Venturi effect. The procedure that gave the best
results was the following: SiOC foams were soaked in the silica solution and with-
drawn after 1 minute, excess solution was then removed from the samples with a
paper towel. The impregnated samples were dried in air at ambient temperature for
20 days. A thermal treatment was then performed on the impregnated samples in
order to remove the surfactant from the mesopores and promote further condensa-
tion of the silica framework. Calcination was carried out in air at 350°C for 1 hour
(heating rate = 1°C-min~ ).

4.1.3 Resulfs and discussion

SEM (Scanning Electron Microscopy) investigations reveal the presence of a coat-
ing on the foam surface (Figure 4.1). Few cracks can be detected at the surface
curvatures, where stresses concentrate preferentially during drying. The coating
appears to be delaminated in some areas; however, this could likely have been in-
duced by sample cutting before SEM analysis. The film thickness ranges from
1 um to 5 pm in correspondence of the struts (Figure 4.1 b). From TEM images,
the coating appears to be ordered throughout the whole thickness, with less ordered
regions located close to the coating-foam interface (Figure 4.2). In few cases, poor
order is observed at the coating-foam interface. There is a good agreement between
thickness values measured by TEM (thickness ~700 nm, Figure 4.2) and SEM im-
ages (um range, Figure 4.1), even though the latter gives more reliable information
revealing that the film is somewhat inhomogeneous in thickness depending on the
macropore region considered. TEM images of mesoporous coatings in samples
treated at 350°C, taken at different projection planes, show 6-fold (Figure 4.3 a)
and 4-fold (Figure 4.3 b) symmetry axes: this is compatible with a cubic lattice,
based on the assumption that the symmetry of the mesostructure is constant in the
whole material.

As TEM gives information about the ordered mesostructure on a strictly local
scale (a few hundred of nanometres), SAXS measurements were performed in or-
der to obtain structural information averaged on a larger volume of sample. SAXS
was performed in transmission mode: a slice of the sample was placed in the beam
path at a given distance from the CCD detector. The lateral dimension of the X-ray
beam was ~3 mm? so that the volume probed by SAXS was ~10 mm>. SAXS
patterns of foams impregnated with the mesoporous silica solution display a ring,
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Figure 4.2. Cross sectional TEM image showing a regular pore arrangement in the coating
on the foam.

.
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.
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-
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50 nm

Figure 4.3. TEM images of selected pore arrangements in the coating (inset: calculated
FFT diffraction pattern demonstrating the well-arranged pores with individual
lattice orientations).

both for thermally treated and untreated samples (Figure 4.4 a). As a matter of
fact, these SAXS patterns can be considered to be the intersection of the Ewald
sphere with the reciprocal lattice, which describes the periodic modulations in the
electronic density of matter (here, the periodicity of the silica mesoporous coat-
ing) in the reciprocal space (see Chapter 2). Since the structure is made of ordered
domains lying on curved polyoriented surfaces, the reciprocal lattice appears as a
set of concentric spheres, and its intersection with the Ewald sphere yields a set
of concentric rings. On the other hand, SAXS patterns of foams that were not im-
pregnated do not show any feature, which is a further confirmation that the ring is
related to the ordered mesoporous silica coating.

The concentric rings in the SAXS patterns can be thought as the d-spacings
relative to the hkl family planes in the mesostructure. Thus, a radial integration,
which can be defined as the integration of the pattern intensity along a line passing
through the beam centre coordinates, yields a 1-dimensional diffractogram. The
radial integration of the SAXS patterns, starting from the beam centre towards the
outer region, yields an intensity vs. 2-theta curve which is reported in Figure 4.4 b.
This plot shows the presence of three additional peaks that are not immediately
visible in the patterns. The d-spacings relative to these three smaller peaks can be
related to the d-spacing of the most intense, with ratios v/2, /3 and 2 (Figure 4.4.
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Figure 4.4. Diffraction patterns of impregnated samples: with no thermal treatment (a)
and after calcination (b); the scattering vector axes sx and sy are reported,
with the scale bar corresponding to 0.007 A~'. The radial integration of the
diffraction pattern in (a) is reported in (c), where each peak shows its Im3m
Miller index and its d-spacing relative to the main peak position.

In the thermally-treated samples the d-spacings were found to be smaller than in
the untreated samples, but the ratios between the 2-theta values remained constant.
These ratios are consistent with a BCC unit cell with /m3m space group having
no preferential orientation with respect to the laboratory frame (“powder-like”).
Simulations were performed using the software CMPR (see page 92) to reproduce
diffraction data, selecting different space groups according to those most often
observed in mesoporous silica, !> especially cubic phases because TEM images
suggested a cubic symmetry. The best fit was obtained with a cubic Im3m unit cell
with lattice parameter a = 18 nm in untreated samples, and a = 14 nm in thermally-
treated samples. The peaks were thus assigned to the 110, 200, 211, 220 reflections.

Based on these results, TEM representative images relative to different projec-
tion planes were selected and the BCC cell parameter was calculated from their
FFT by from simple geometric considerations, assuming that planes merge due to
the depth of field of the electron microscopy (see Figure 4.3). Due to the merging
of planes, the (111) and (100) projection planes (Figures 4.4 a and b, respectively)
show the pores at the cube vertices as well as the pores located in the centre of
the unit cell. Therefore, the (100) interpore distance represents half diagonal of a
face of the cubic unit cell, and must be multiplied by v/2 in order to get the cell
parameter a, while the (111) interpore distance must be multiplied by m . This
calculation yields a = (13 £ 1) nm, which is in agreement with the present SAXS
data, as well as with previously reported data relative to mesoporous silica films
and membranes. The average diameter of mesopores was estimated with a line pro-
file analysis of representative TEM images, as the average FWHM of the intensity
distribution along a line passing through the centres of the pores, obtaining a value
of (4.5 + 0.8) nm.

The nitrogen adsorption-desorption isotherms for coated samples are reported
in Figure 4.5 a. Specific surface area (SSA) was determined from a Brunauer-
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Emmet-Teller (BET) analysis '® in the P/P, range of 0.05-0.2 with a correlation
coefficient of 0.999, using a molecular cross-sectional area for N, of 0.162 nm?
and a minimum of 5 data points. The pore size distributions were obtained from
the desorption branch of the isotherm through the Barret-Joyner-Halenda (BJH)
analysis, !7 which takes into account the KJS equation for the calculation of the
layer thickness and Faas correction.'® The micropore size distribution was cal-
culated using the improved Horvath-Kawazoe equation'® for cylindrical pore ge-
ometry. The uncoated SiOC foams have a SSA of 3.4 m?>-g~!, and pores having
size <100 nm were not detected. Regarding the coated samples, the isotherm fol-
lows the typical behaviour of mesoporous materials. The fast rise at low relative
pressure values reflects the presence of micropores (<2 nm). The hysteresis loop
shape is typical for interconnected pores that give rise to a three-dimensional net-
work.2? BJH desorption cumulative pore volume as a function of the pore size is
reported in Figure 4.5 b. The pore size distribution is narrow and the main pore
diameter measures (3.2 + 0.3) nm, in reasonable agreement with the data obtained
using image analysis on the TEM micrographs (4.5 + 0.8 nm). The underestima-
tion of pore size compared to the values measured from TEM investigations is a
typical inconvenience of the method, even after the introduction of the Faas cor-
rection for layer thickness.? Micropores volume and median size were calculated
using the Horwath-Kawazoe method. The volume of micropores and their median
size were calculated using the Horwath-Kawazoe method, extended to cylindrical
pores geometry by Saito and Foley, obtaining values of 0.01 cm3-g~! and 1.3 nm,
respectively.

The SSA measured by the BET method gave a value of (60.2 + 0.3) m?-g~!.
However, considering that the effective weight of the mesoporous material is
the weight of the mesoporous silica film coating the macroporous SiOC foam,
the SSA value was recalculated considering the weight difference of the sam-
ple before and after impregnation and calcination. This gave a SSA value of
(564.9 & 2.5) m?-g~!, which is two orders of magnitude higher than that of SiOC
foams with the same macropore size (3.4 m?-g~!), and is comparable to the typical
SSA values of mesoporous silica powders found in the literature. >!

Selected tests on the meso-macro-porous material demonstrated that the com-
pression strength of the material was the same as that of the ceramic foam before
impregnation, that is the deposition of a mesoporous coating does not affect the
properties of the component.

To sum up, a ceramic component with hierarchical meso- and macro-porosity
was obtained by depositing a mesoporous silica coating on the surface of an open-
cell SiOC foam. The walls of the macropore substrate were found to be covered
uniformly by a mesoporous silica layer having a thickness ranging from <1 to
~5 um. The mesostructure has a high degree of order almost everywhere in the
coating, and it can be described by a body-centred cubic cell (Im3m space group)
having no preferential orientation with respect to the macropore curved surface.
The mesopores exhibit a narrow size distribution and appear to be interconnected
through micropores, giving rise to an interconnected three-dimensional porous net-
work in the coating. The SSA of the component increased by one order of mag-
nitude due to the presence of the meso-porosity in the coating. This material with
a hierarchical porosity can be of use in applications where a high SSA as well as
a high permeability are required, for examples in catalysis and sorption. The pos-
sibility of functionalising the pore surface with species bearing specific chemical
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Figure 4.5. Adsorption-desorption isotherm for the coated sample (measured after calci-
nation in air at 350°C). b) BJH desorption cumulative pore volume and BJH
desorption dV /d(log D). ¢) H-K micropore cumulative pore size.

units opens the way to more functional applications, for example as sensors or se-
lective filters for removing pollutants,?? or as a scaffold for the immobilisation of
biological species.

4.2 Patterning of mesoporous silica films with synchrotron radiation

4.2.1 Introduction

Combined bottom-up and top-down approaches to the synthesis of organised mat-
ter are attracting much interest due to the possibility of fabricating complex func-
tional nano- and micro-structures for advanced applications.?>?* Typically, the
possibility of building structures defined at the atomic or molecular level is a pre-
rogative of bottom-up syntheses, whereas complex structures such as micro- and
nanoscopic interconnects and circuits can be obtained by top-down approaches,
which also are suited for industrial scale-up. Therefore, the development of spe-
cific technologies based on combinations of both types of synthetic approaches is
an important goal for basic and applied research.

Self-assembled mesoporous thin films are a notable example of materials syn-
thesised by a bottom-up approach, "> whose integration in devices requires, how-
ever, top-down processing. Specific patterning of mesoporous films aimed at ob-
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taining circuits or dot arrays is a task that cannot be fulfilled by merely dip-coating
or spin-coating the precursor solution on a substrate without further processing.
In particular, the bottom-up EISA technique used in the synthesis of mesoporous
films needs coupling with top-down processing such as substrate pre-patterning
or film lithography.?> In this way, hierarchically-structured porous materials can
be obtained, where self-assembly is locally directed and organisation resides on
multiple length scales: porosity (typically 2—10 nm), film thickness (50-500 nm)
and pattern size (150 nm to 1.3 um). The ordered mesopores constitute an ideal
host for guest functional organic molecules or nanoparticles,?® while the patterns,
from the nano- to the micro-scale, allow designing devices for different advanced
applications,?” for example as DNA nanoarrays or lab-on-a-chip devices.

The possibility of patterning mesoporous films was first demonstrated by
Brinker et al.,?%?° who applied several lithographic techniques to fabricate pat-
terned mesoporous films. These techniques are based either on mesophase change
or on mesostructure disruption occurring upon irradiation with deep UV radiation
(A=256 nm). Thin (max thickness 360 nm) films were patterned with a lateral res-
olution of 10 um. Using an excimer laser (wavelength A=248 nm) coupled with a
phase mask, a resolution of around 560 nm could be attained. However, the use of
a phase mask is restricted to the patterning of periodic objects and is not suited for
the fabrication of nonperiodic structures. Alternatively, DPN (dip-pen nanolithog-
raphy) or ink-jet printing using a “self-assembling ink”, dip-coating and selective
de-wetting were used to obtain patterned mesoporous arrays with high resolution
(150 nm) and microfluidic devices.3* Photopatternable cyclic silsesquioxane com-
positions containing a photoacid generator were prepared, with the goal of achiev-
ing a photoresist-free porous low-dielectric constant (k) layer.3! The films were
patterned with a standard UV lamp (A=350 nm), reaching a lateral resolution on
the micrometre scale (=2 pum) with the possibility of patterning thick (1.3 pm)
films. A spatially-directed impingement of UV light (A=187-254 nm) was demon-
strated to be effective in selectively removing surfactant molecules from meso-
structured thin films, generating patterns as small as 3 um.3> However, only thin
(300 nm) films could be obtained. Immersion in a NaOH solution preferentially
and completely etched the mesostructured material from the surface, leaving pat-
terned mesoporous islands. This process was studied using optical microscopy,
spatially resolved FTIR and spatially resolved ellipsometry.

The need for hi-tech integrated components requires more and more sophisti-
cated lithographic techniques to achieve higher aspect-ratios, a higher definition,
the capability to pattern thick structures, higher resolution (depending on film
thickness, down to few tens of nanometres) and the capability to define patterns
of complex non-periodic shapes. Several of the possible applications that are en-
visioned for mesoporous materials, such as nano-micro arrays and lab-on-a-chip
devices, have exactly these stringent requirements. At the moment there is a gap
between the material development and the available technologies. With the aim
of providing knowledge to cover this gap we have developed an integrated fabri-
cation patterning process which is based on deep X-ray lithography33 and dip-pen
writing >3 of the mesoporous patterned arrays.

Deep X-ray lithography (DXRL) has never been used to obtain patterned meso-
porous films. This is surprising, because the development of a technology for pat-
terning mesoporous coatings based on X-rays has several advantages compared to
other techniques such as DPN and UV lithography: for example, integration with
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the current fabrication techniques for electronic devices, high aspect ratio, better
lateral resolution (depending on film thickness, down to few tens of nanometres),
possibility of patterning thick coatings and complex non-periodic structures, or
periodic objects using the phase mask technology.

It has been demonstrated that a peculiar property of mesoporous materials, the
presence of a tunable steady state after film deposition, can be exploited for induc-
ing reversible phase changes by X-rays (see Chapter 5). These experiments were
conducted on mesostructured hafnia films, but this processing can be generalised
to develop a technology based on X-ray lithography on mesoporous films of dif-
ferent compositions, for instance silica and titania. In the work presented in this
section we have strived to develop a patterning technology based on this meso-
porous response to X-ray radiation. We have used deep X-ray lithography (DXRL)
to pattern mesostructured silica thin films. DXRL is a manufacturing process by
which a material that is exposed to high-resolution, high-intensity and extremely
collimated synchrotron radiation through an X-ray mask changes its dissolution
rate in a liquid solvent (developer). By this lithographic method, the mask pattern
is, therefore, transferred to the material.3® In our case, this lithographic approach is
based on selective template removal and silica polycondensation induced by syn-
chrotron radiation. The areas of the film that are not exposed to radiation can be
selectively etched due to a lower crosslinking degree of the inorganic network.
An important advantage of this method is the possibility of simultaneously remov-
ing the surfactant and inducing condensation of the silica network in a single-step
process. Several patterned objects, not limited to periodic structures, have been
obtained. By this approach, we have patterned several objects with different sizes
and shapes on mesostructured silica films.

4.2.2 Experimental

Mesostructured silica films were prepared as described on page 90, using
block copolymer Pluronic F127 as the structure-directing agent and TEOS as
the silicon source. An amount of 0.6 g of photoacid generator bis(4-fert-
butylphenyl)iodonium p-toluenesulfonate (see Figure 4.6) was added to the fi-
nal solution. The substrates chosen for deposition were p-type boron-doped,
(100)-oriented, 400 um-thick silicon wafers. The silicon substrates, previously
cleaned with water, EtOH and rinsed with acetone, were dip-coated in the pre-
cursor sol at the pulling rate of 2.3 mm-s~! at the relative humidity (RH) of 40%.
The as-deposited mesostructured silica films were patterned at the DXRL
beamline at Elettra synchrotron’ 3 hours after deposition. The samples were ex-
posed through X-ray masks containing test patterns of different size, shape and
geometry (5 to 500 um). The masks had a gold absorber with thickness of 20 um
and a titanium transparent membrane with thickness of 2.2 um. The deposited dose
on the bottom of the film was 3 kJ-cm 3. After 12-24 hours from X-ray exposure,
the films were rinsed in a developing solution to remove the unirradiated parts of
the mesostructure. The developing solution was optimised in order to obtain the
etching in a time scale of seconds and the maximum aspect ratio for the patterened
structures. This solution was prepared by mixing 35 mL of ethylene glycol with
10 mL of ethanol. The samples were sonicated for 20-30 seconds in the solution,
then they were dried under an air flow. The films, after the lithographic process,
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Figure 4.6. Photoacid generator used in the fabrication of patterned mesostructured silica
films: bis(4-tert-butylphenyl)iodonium p-toluenesulfonate.

were thermally treated at 150°C for 1 hour in order to stabilise the inorganic net-
work.

The mesostructure was investigated by GISAXS with an incident wavelength
of 1.54 A. TEM images were obtained in bright field mode on a JEOL 200CX
microscope equipped with a tungsten cathode operating at 200 kV. Samples were
prepared evaporating on a carbon-coated copper grid one drop of a suspension
containing scratched fragments of the films in n-octane

FTIR microscopy was performed at the SISSI beamline of the synchrotron
Elettra. IR spectra were collected using a Bruker Hyperion 3000 microscope at-
tached to a Bruker Vertex 70 interferometer working in the mid-IR range with a
conventional Globar source and a KBr beamsplitter. The microscope was equipped
with a liquid nitrogen-cooled MCT (Mercury-Cadmium-Telluride) detector and a
motorised sample stage that allowed mapping of the samples using a rectangular
aperture of 15x30 um?. Each spectrum was obtained in transmission mode aver-
aging 700 interferograms at a resolution of 8 cm™!.

The samples were observed by an optical microscope Nikon Optiphot 500 both
before and after the development. A white-light optical profiler (ADE-Shift Mi-
croXAM) with a 50x objective was employed for the three-dimensional mapping
of different patterned zones.

An NT-MDT Ntegra Atomic Force Microscope (AFM) was used to analyse
the topography of the samples. Surfaces were measured at 0.5-1 Hz scan speed
in semicontact mode, using a silicon tip with nominal resonance frequency of
150 kHz, 5 N-m~! force constant, and 10 nm typical curvature radius. The same
AFM was used to perform a Dip Pen Nanolithography (DPN) experiment in the
following way. We have prepared a solution containing Rhodamine 6G 8-1073 M
and deposited a small volume (a droplet of 2 uL) on a Si surface. The AFM tip was
then dipped into the droplet and subsequently moved above the patterned sample.
The position was chosen by observation with the optical microscope and then the
tip was approached onto the surface in contact mode. A square was drawn per-
forming a 5x5 pm scan at 1 Hz. Another experiment was conducted leaving the
whole sample in a diluted solution (3- 1073 wt% of Rhodamine 6G in ethanol) for 2
min. The sample was then extracted at controlled speed (140 mm-s~ 1) and rinsed
3 times with pure ethanol. The result of the DPN and dipping experiments was
investigated by a confocal fluorescence microscope (Witec CRM 200), equipped
with an Ar-Ton Laser (514 nm excitation line) and with a 200x200 pum? piezoelec-
tric scanner. The spatial distribution of Rhodamine 6G has been detected mapping
the fluorescence excited on the surface after the deposition process.
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Figure 4.7. Optical micrograph of a patterned mesostructured silica film. The patterned
objects can be discerned by their colour, due to the difference in refractive
index between the masked and the unmasked regions.

4.2.3 Resulfs and discussion

The patterned films were first observed by optical microscopy in order to assess
the quality of the lithographic process. Figure 4.7 shows a few optical micrographs
of a patterned sample, in which patterned objects are discernible due to the dif-
ference in refractive index between the masked and the unmasked regions: the
patterned areas appear either white (Figure 4.7 a), light blue (Figure 4.7 b and c) or
red (Figure 4.7 d). This observation suggested that physical or chemical changes
took place in the unmasked areas of the films. Therefore we used GISAXS and
TEM to detect the mesophase variations in the films upon X-ray irradiation, while
infrared microscopy was employed to investigate the chemical changes induced on
the mesoporous materials by the patterning process.

In order to perform GISAXS tests, as-deposited mesostructured films were ex-
posed to DXRL synchrotron radiation through a mask that covered half of the
film, so that a large area of the sample could be investigated by the probing beam.
GISAXS experiments showed that in both the irradiated and the masked regions,
the mesostructure has two-dimensional hexagonal symmetry (space group p6mm),
which is composed by a stack of tubular micelles packed in structures with hexag-
onal cross section.>® TEM measurements confirmed a p6mm mesostructure with
cylindrical micelles: cross-sectional images revealed the presence of either hexago-
nal stacking (front view, Figure 4.8 a) or tubular structures (side view, Figure 4.8 b).
A comparison between the masked and the unmasked GISAXS patterns showed
that no substantial change in spot position and sharpness occurred, leading to con-
clude that no change in mesostructure symmetry took place upon deep X-ray pat-
terning.

The exposure of the films to X-rays did not cause any change in the mesophase
but the regions that were not exposed to X-rays could be easily etched as described
in the Experimental section. This developing process is fast and effective: op-
tical profilometry measurements revealed that the masked areas of the samples
were completely removed by the etching. Figure 4.9 a and b show portions of a
mesoporous film patterned with circular pillars 50 um in diameter and subsequently
etched, whereas Figure 4.9 ¢ shows the results of a partial etching leading to low
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Figure 4.8. Transmission electron microscopy images showing the shape of the cylindri-
cal mesopores (a and b), which are disposed according to a two-dimensional
hexagonal cross section (c). The grazing incidence small-angle X-ray scatter-
ing pattern reveals a pbmm symmetry group.

aspect ratio. We also evaluated whether the etching process affects the mesostruc-
ture, because in the etching procedure the whole film is soaked in the solution:
this could cause a partial degradation of the Si-O-Si network resulting in loss of
order or collapse of the inorganic walls with mesostructure disruption. However,
an etched film presenting a large exposed area was investigated by GISAXS and
no change in the diffraction patterns of the etched film was detected (not shown in
figure), indicating that the mesostructure was retained upon etching. Mesostructure
preservation is very important from the viewpoint of applications, in that the prop-
erties associated with the ordered mesostructure (e.g. high specific surface area,
pore accessibility) must be retained in order to ensure functionality.

Regarding the physicochemical phenomena occurring during the lithographic
process, the most likely hypothesis, supported by the literature, is that silica poly-
condensation reactions are induced by the acid photocatalyst upon activation by the
X-rays.?° However, only indirect evidence has been reported on this point, there-
fore one of our goals was to elucidate this important aspect by infrared microscopy,
which is a very useful tool to obtain a chemical mapping of an object on a microme-
tre scale. We have chosen this imaging technique to study the chemical changes
induced by the synchrotron radiation on the samples because it readily correlates
the distribution of the chemical species by a three-dimensional mapping of the sam-
ple, providing a “chemical picture” of a selected area. This picture is composed of
a fixed number of pixels, each containing an interferogram associated with a FTIR
spectrum. The integrated areas of the spectra in a selected wavenumber interval
are associated with a colour according to an intensity scale, therefore an image is
obtained showing the presence of the chemical species relative to that wavenum-
ber interval.>® The IR microscope used in this work can perform measurements in
transmission mode if the substrate transmits IR radiation, Alternatively, measure-
ments either in reflection or in ATR mode (attenuated total reflection) can overcome
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Figure 4.9. Optical profilometry of etched patterned mesoporous silica films relative to
different objects: hollow pillars (a and b) and partial etching leading to low
aspect ratio (c).

the limitation of a substrate opaque in the IR range. In this case we have conducted
the experiments in transmission mode because Si substrates allow transmission of
the incident IR radiation.

The visible image taken by the integrated optical microscope (Figure 4.10 a)
refers to a 200200 um? portion of a sample which was patterned but not etched.
It shows a purple-pink ring corresponding to the irradiated region, whereas the
light-blue portion corresponds to the unirradiated region. The same area was ob-
served by infrared microscopy, by which an image was obtained (Figure 4.10 b)
by calculating the absorbance intensity of the FTIR spectrum at 2891 cm™! (sym-
metric C-H stretching of CH; in Pluronic F127) after a baseline subtraction in the
3030-2840 cm~! region. The different colours, corresponding to different inten-
sities in a linear intensity scale, point out that a sharp decrease in intensity of the
CH, stretching mode (2891 cm~ 1) occurred in the ring area. This effect was in-
duced by exposure to X-rays and can be quantified calculating the ratio between
the maximum and the minimum band intensities along a diameter of the circular
pillar reported in Figure 4.10 a. In this case the reduction of the CH, stretching
band between the points A and B (see Figure 4.10 a) is around 38%. This indicates
a partial removal of the surfactant by the incident radiation.

Another chemical map was obtained from the data collected in the same exper-
iment by integrating the Si-OH stretching band around 930 cm~! (Figure 4.10 c).
These data show a strong decrease of silanols in the exposed areas, which is associ-
ated with higher silica degree of polycondensation. The mechanism, supported by
other works, is the decrease of pH upon X-ray irradiation due to photodecom-
position of the photoacid, which yields aryliodo radical-cation and aryl-radical
species.*? The decrease of pH from ~2 to ~0 leads to acid-catalysed inorganic
polycondensation.?® De-polymerisation in the organic phase is likely to be caused
by the radicalic species generated upon irradiation from the photoacid molecules. *°
As reported in the literature, X-rays can induce a radicalic de-polymerisation in
the organic phase which may be caused by OH. free radicals created from water
molecules by high-flux radiation, either via direct homolysis or via photoelectric
effect. 14> Because this phenomenon is not detected in films prepared without pho-
toacid initiator, a leading role should be attributed to the photoinitiator molecules.



138 CHAPTER 4  APPLICATIONS OF MESOPOROUS SILICA FILMS

3leas Ajsuajy|

Figure 4.10. Visible image (a) and infrared microscopy images relative to template (b and
d) and silanols (c).

As a crosscheck, we have exposed mesostructured silica films that did not contain
the photonitiator: no difference in silica condensation between the irradiated and
the unirradiated regions of the film was detected as well as no difference in or-
ganic removal (not shown in figure). The observation that the irradiated areas of
the patterned films containing the photoinitiator were preserved after the exposure
and the developing process, whereas the unexposed areas were easily dissolved,
confirms the increased degree of polycondensation of the silica network induced
by the photoacid.

One of the aims of this work was to test integration of top-down techniques with
the bottom-up self-assembly pathway leading to mesostructure formation. The
lithographic approach by DXRL enabled the fabrication of isolated mesoporous
pillars; another top-down technique was chosen to chemically functionalise the
pillars by means of a controlled writing process using an atomic force microscope
(AFM). In a proof-of-concept experiment, the AFM cantilever tip was used as a dip
pen using rhodamine 6G as the ink in order to functionalise selected mesoporous
pillars. The AFM cantilever tip was dipped into the rhodamine solution so that it
took up a drop of solution, then it was approached to its destination pillar. When
the cantilever landed on the pillar and the solution came into contact with the film,
capillary forces drove the solution from the cantilever tip into the pillar, so that the
mesopores became filled with the rhodamine solution.

The results of this controlled writing process were observed by confocal fluo-
rescence microscopy. Figure 4.11 a shows the mapping of the fluorescence signal
integrated in the spectral range 530-580 nm. The two regions where the dip-pen
functionalisation was performed are characterised by a high fluorescence intensity
and can be clearly distinguished on two separate pillars. Here, the signal due to
rhodamine is two orders of magnitude higher than the background, which might
be due to the slight fluorescence effect typically found in sol-gel derived materials.
This experiment demonstrates that, using this method, it is possible to fabricate
highly fluorescent mesoporous microstructures by the functionalisation of micro-
metric mesoporous objects with different guest molecules (for example, oligonu-
cleotide strands can be attached to the pillars in the fabrication of microarrays for
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Figure 4.11. Results of the dip-pen functionalisation process showing fluorescence inte-
grated in the spectral range 530-580 nm (a).

DNA spotting). The lateral feature size of the patterned pillars corresponds to the
conditions for microarray deposition, which are typically around 30 um.** The
lateral resolution of AFM enables functionalisation of sub-micron mesoporous ob-
jects using small amounts of analytes; in addition, the patterned mesoporous sup-
port maximises the adsorption of guest molecules due to the high specific surface
area of mesoporosity. Furthermore, the hexagonal p6mm mesostructure allows ac-
cessibility of the material from the outside and diffusion of analytical species into
the material, opening the route for efficient immobilisation of biological species in
analytical applications.

Another experiment was performed with the aim of testing the fluorescence ef-
ficiency of the patterned structure. A patterned mesoporous film was impregnated
with a 3-107 wt% rhodamine 6G solution in ethanol: the sample was soaked in
this solution for 2 min, then it was rinsed with ethanol to ensure that no excess
solution was left on the film surface. Confocal fluorescence microscopy (Fig-
ure 4.11 b) revealed the presence of rhodamine 6G on the mesoporous patterned
areas, whereas the etched regions of the film showed no fluorescence, with around
one order of magnitude between the fluorescence intensity in the etched (dark ar-
eas) and unetched (bright areas) regions. This also demonstrated that the etching
process completely removes the unexposed region of the film, leaving no residue
of the film on the substrate.

To summarise, ordered mesoporous silica films were patterned by means of
deep X-ray lithography using synchrotron radiation, obtaining mesoporous objects
with controlled size and shape. The mesostructure was investigated by GISAXS
and TEM, revealing an ordered two-dimensional hexagonal p6mm structure. The
patterning mechanism was studied by infrared imaging, which provided evidence
for the selective increase of silica polycondensation and the partial removal of the
templating agent. A dip-pen approach using an atomic force microscope enabled
selective functionalisation of the mesoporous objects with rhodamine 6G. This ex-
periment allows envisioning new fabrication technologies of functional materials
for applications such as, for example, DNA nano-spotting or lab-on-a-chip devices.

4.3 FeCo-SiO, nanocomposites: working with nanoreactors

4.3.1 Introduction

Bulk FeCo alloys are soft ferromagnets whose magnetic properties have been
widely investigated as a function of composition and temperature, owing to their
technological importance. The major field of application of FeCo alloys is in the
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technology of transformer cores and electrical generators because of their soft
ferromagnetic behaviour combined with high Curie temperatures and large sat-
uration inductions, about 15% larger than pure iron.** The preparation of iron-
cobalt alloy nanoparticles is usually approached by the use of a coating in order
to avoid agglomeration and coalescence between the nanoparticles. For exam-
ple, radio frequency plasma torch was used to produce C-coated FeCo nanopar-
ticles of about 50 nm.*> Serna et al. made use of hydrolytic routes to produce
anisotropic alloy nanoparticles in order to increase the magnetic coercivity: needle-
like alumina- and yttria-coated FeCo nanoparticles were prepared by annealing
of YCo-FeOOH nanoparticles obtained by oxidation-precipitation.*® Recently,
monodisperse 15-nm nanoparticles were obtained by co-decomposition in toluene
at 150°C under H, of appropriate organometallic precursors.*’

An alternative approach lies in embedding the iron-cobalt nanoparticles in an
insulating matrix, which acts as a dispersing medium. Sol-gel processing is very
suitable for the preparation of such nanocomposites as it offers unique advantages
in terms of compositional homogeneity, dispersion of the nanophase within the
matrix and purity of the resulting material.

Recently, co-gelation sol-gel routes have been successfully exploited for the
preparation of FeCo-SiO, and FeCo-Al,O3 nanocomposite materials.*3*° The
main advantage of this method is the compositional control of the nanocompos-
ite and the high distributional homogeneity of the nanoparticles within the matrix,
because the mixing of the precursors occurs at the molecular level in the initial
stages of sol preparation. A major drawback of this preparation route is that the
microstructure—and, in turn, the magnetic properties—are related to many inde-
pendent processing parameters. For example, an increase in the loading of the
nanophase in the composite will increase the average size of the nanocrystals,
broaden the size distribution and decrease the interparticle distance.

Alternatively, if the nanocrystals are grown within a pre-formed matrix with
a controlled texture, the size, size distribution and dispersion of the nanocrystals
will be dictated by the porous structure of the host matrix. In principle, the growth
of magnetic nanoparticles in a host matrix with controlled pore architecture allows
the fine-tuning of the nanocomposite microstructure. Ordered mesoporous matri-
ces prepared by template-assisted sol-gel techniques are particularly suited to this
end in that they exhibit narrow pore size distribution together with pore diameter
tunability, well-defined porous structure and high specific surface areas. The major
drawback of this approach is that the nanophase is added to the matrix by diffu-
sion and therefore the overall composition and homogeneity are more difficult to
control.

Mesoporous silicas have been shown to constitute a versatile material to pro-
duce nanocomposites with interesting properties. For example, nanocomposites
prepared by introducing pre-formed Co nanocrystals of suitable diameter into the
pore channels of SBA15 mesoporous matrix have been used to form Co chains
within the pore channels; this resulted in magnetic coupling giving rise to a transi-
tion from soft to hard magnetic behaviour.*® In this case, the magnetic behaviour
of the Co-SBA15 nanocomposite is directed by the ordered porous structure of the
host matrix despite the intrinsic magnetic properties of the individual nanoparti-
cles. Moreover, dissolution of the silica matrix in FeCo-SiO; nanocomposites has
been shown to be an effective way to fabricate FeCo graphitic nanoparticles to be
used as MRI (magnetic resonance imaging) contrast agents.>!
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If we now turn to mesoporous films, the presence of an ordered porous struc-
ture that can be tailored through the control of the synthesis parameters suggests
the employment of mesoporous films as nanoreactors for the controlled bottom-up
synthesis of nanostructured materials. Basically, the mesopores can be filled with
suitable liquid or gaseous precursors which subsequently form nucleation seeds,
for example by precititation or oxidation reactions. The growth of the solid phase
is controlled by the chemical and the physical properties of the mesostructure (pore
size, hydrophobicity, etc.). With spherical mesopores of the order of few nm, one
can obtain quantum dots or metal nanoparticles with controlled size and compo-
sition. There is a large number of publications revolving on this synthetic ap-
proach: just to cite a few examples, CdS,>>>* CdSe,>> and Cd;_Mn,S® were
grown in mesoporous silica. Techniques other than impregnation can be used to
grow nanoparticles inside mesopores: for example, CdS and CulnS; were grown
by CVD (chemical vapour deposition) inside mesoporous titania.>’

In a previous study conducted by the Author, CdS nanoparticles were grown by
precipitation through a two-step impregnation process by immersing mesoporous
silica films in solutions containing Cd?>* and S?>~ species.”® The films thus ob-
tained contain CdS nanoparticles with size roughly tunable by the immersion time
in the Cd or S precursor solutions. Different particle sizes can be obtained, as re-
vealed by photoluminescence at different wavelengths under a standard UV lamp
(Figure 4.12) and XRD data (not shown in figure).

The inclusion of nanoparticles in mesoporous films presents at least three ad-
vantages in comparison with other systems (e.g. in a dense sol-gel silica film). First,
the size of the nanostructure is controlled by the size of the mesopores, which in
turn can be precisely controlled in the synthesis process of the mesoporous film;
therefore, it is possible to obtain highly monodisperse particles. Second, the peri-
odicity of the mesopores allows a more efficient packing, which results in a higher
nanoparticle density assuming that (almost) every pore is filled. Third, the presence
of micropores in the inorganic walls of the mesoporous films ensures interconnec-
tion between the mesopores, which is an essential condition for a complete impreg-
nation of the film in the nanoparticle growth process, as well as for permeability
in the application of the final product for example as a sensor. Previously, we have
observed that in block copolymer-templated mesoporous silica films the ordered
mesoporosity is maintained even at temperatures higher than 800°C (page 94). This
property makes the mesoporous films an interesting host material for nanoparticles
whose preparation requires high temperatures. Furthermore, mesoporous films ful-

Figure 4.12. Mesoporous silica films containing CdS nanoparticles with different sizes.
A UV lamp (wavelength 365 nm) reveals photoluminescence effects due to
particle size.
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fil the requirement of having good chemical stability to undergo an impregnation
process.

Mesoporous silica films with different mesopore size have been used as the host
and the template to prepare FeCo-SiO; nanocomposites through an impregnation
process followed by a reduction treatment under H, flow. As we will see, FeCo
nanocrystals grow inside the mesopores and their monodisperse size is dictated
only by the size of the mesopores.

4.3.2 Experimental

Mesoporous silica thin films were prepared as described on page 90. Silicon sub-
strates (thickness 400 um) were dip-coated at constant relative humidity (=40%),
the pulling rate was set to 2.5 mm-s~!. The films were calcined at 350°C for
2 hours. The mesoporous silica films were impregnated with an aqueous solution
of Fe(NO3)3-9H,0 (Aldrich, 98%) and Co(NO3),-6H,O (Carlo Erba, 95%) having
an overall metal molar concentration of 0.4 M. The Co:Fe ratio was set to 1:2 in
order to obtain a FeCo alloy with the desired composition in the final composite
(Feg7Co33). Impregnation was carried out for 30 min under stirring. Afterwards
the samples were treated at 450°C for 1 hour in air to remove residual nitrate ions
and solvent. The samples were finally reduced at 600°C for 2 hours under a hydro-
gen flow (80 mL-min~') in a quartz tubular reactor in order to promote formation
of the metal phase.

X-ray diffraction (XRD) patterns were recorded on a X3000 Seifert powder
diffractometer equipped with Cu K, radiation and with a graphite monochromator
on the diffracted beam. XRD patterns at small 26 values (0.5-3.0°) were acquired
in Bragg-Brentano geometry in order to monitor the ordered mesostructure. Pat-
terns at wide 260 values (20-50°) were acquired to investigate the FeCo alloy for-
mation; in this case a grazing incidence diffraction (GID) attachment was used in
order to minimise the contribution of the substrate and the incident angle was set
to 1°. TEM images were obtained on a JEOL 200CX microscope equipped with
a tungsten cathode operating at 200 kV. Finely ground films scratched from the
silicon substrate were dispersed in n-octane by sonication, then they were dropped
on a carbon-coated copper grid and allowed to dry for TEM observations. The
mesostructure of the films was investigated by GISAXS at the Austrian SAXS
beamline of the Elettra synchrotron. The incident energy was set to 8 keV (wave-
length 1.54 A). The instrumental glancing angle between the incident radiation and
the sample was set slightly above the critical angle (grazing incidence). Each mea-
surement consisted typically in the average of 10 acquisitions with integration time
of 500 ms.

4.3.3 Results and discussion

The mesoporous films were investigated after the thermal treatment at 600°C. This
study was carried out both on films that had been previously impregnated with the
Fe and Co precursor solution and on films that had not undergone impregnation.
The effects induced by the impregnation process on the silica matrix were evaluated
on the basis of XRD, TEM and GISAXS measurements.
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Figure 4.13. Selected angular regions XRD patterns of the FeCo-F68 (solid line) and the
FeCo-F127 (dotted line) nanocomposites, indicating the presence of the me-
sostructure at small angles (a) and of the FeCo alloy at high angles (b).

X-ray diffraction A standard powder diffractometer was used to gather a first
rough indication on the presence of an ordered mesostructure in the silica films and
its modification with impregnation and reduction treatment by collecting patterns
at small angles (0.5 to 3°, SA-XRD). X-ray diffraction experiments also provided
evidence on the formation of FeCo nanocrystals by collecting patterns at wide an-
gles (WA-XRD). In Figure 4.13 a the SA-XRD patterns of samples F68 and F127
after impregnation and reduction at 600°C show an intense peak around 2°, indi-
cating the presence of an ordered mesostructure. The peak is centred around 1.9°
in the F68-templated films and around 1.2° in the F127-templated films, indicating
a larger cell constant in the latter case. In Figure 4.13 b the WA-XRD patterns are
also shown, indicating that in both the F68-templated and the F127-templated films
a peak around 44° is present, corresponding to the most intense peak of BCC FeCo
due to the (110) reflection.

In Figure 4.14 a we compare the SA-XRD patterns of F68-templated unim-
pregnated and untreated films, the F68-templated film reduced at 600°C without
impregnation and the F68-templated film reduced at 600°C after being impreg-
nated. The position of the peak is centred around 1.7° in the unimpregnated and
untreated film, 2.2° in the film reduced at 600°C without impregnation and around
1.9° in the film reduced at 600°C after impregnation. These results indicate that the
mesoporous structure is affected by the thermal treatment, which induces a shrink-
age of the mesoporous structure. However, the presence of the FeCo nanocrys-
tals hinders the shrinkage, which is much less evident in the sample which has
been reduced after impregnation. This suggests that the nanocrystals are inside the
mesopores: the presence of nanocrystals inside the mesopores reduces the uniax-
ial shrinkage, most likely due to a steric effect: the mesopores are supported by
the nanocrystals which act as a scaffold, therefore the mesostructure is less prone
to contract upon thermal treatment. The same results were also obtained for the
samples templated by F127. Figure 4.14 b shows that the porous structure of the
FeCo-F127 sample is more shrunk with respect to the parent F127 silica matrix;
however, the contraction of the pore structure is more pronounced when the pure
silica film undergoes thermal treatment at the same temperature.

Grazing-incidence small-angle X-ray scattering The SA-XRD patterns gave
a first indication on the presence of an ordered mesostructure and its behaviour
upon impregnation and thermal treatment. However, the presence of a single peak
indicates the existence of order in the out-of-plane direction, but it does not al-
low determining the symmetry group of the mesostructure. Therefore, a detailed
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Figure 4.14. XRD patterns in the low angular range of the F68-templated (a) and the
F127-templated films (b). The data refer to mesoporous silica films treated at
350°C before impregnation (solid line), FeCo-SiO> nanocomposites treated
at 600°C after impregnation (dotted line) and mesoporous silica films treated
at 600°C with no impregnation (dashed line).

characterisation of the ordered mesoporosity was performed by collecting two-
dimensional GISAXS patterns. Silica films prepared utilising Pluronic F68 as the
templating agent prior to impregnation and reduction gave GISAXS patterns pre-
senting well-defined spots, which indicates high degree of order of the mesostruc-
ture (Figure 4.15 a and b). The patterns were assigned to a cubic symmetry me-
sostructure (body-centred cubic, space group Im3m) with the (110) plane oriented
perpendicular to the substrate (z direction), uniaxially distorted in the z axis.>%-6°
The cell parameter a was calculated according to each single Akl reflection from
its d-spacing dj; using the formula ayy = dpiy Vb2 + k* +12. The distorted cubic
mesostructure symmetry can also be described as an orthorhombic space group, as
reported in Chapter 3. However, for practical purposes here we consider the ob-
served mesostructure as a slightly z-distorted /m3m rather than a lower symmetry
orthorhombic structure, and calculate the cell constants accordingly. The distortion
is thus a contraction of the unit cell in the out-of-plane [110] direction (normal to
the substrate), which is hereafter referred to as dq10 ;, whereas the in-plane (parallel
to the substrate) cell constant a is referred to as dy1q x.

The cell parameters of the distorted cubic Im3m structure in Pluronic F68-
templated films treated at 350°C that did not undergo any impregnation and re-
duction treatment are djjo, = (14.0£1.4) nm and dyjo, = (7.8+£0.8) nm. The
GISAXS patterns of the films templated by Pluronic F68 that were impregnated
with the Fe/Co solution and subsequently reduced at 600°C, showed that no me-
sostructure symmetry change occurred upon impregnation; in this case the cell
parameters are djj9 = (14.1£1.4) nm and d;9, = (7.1+0.7) nm. We can note
that the in-plane cell constant is substantially unaltered, whereas the out-of-plane
cell constant is smaller in impregnated films treated at 600°C.

Films templated by Pluronic F127 have a two-dimensional hexagonal p6mm
symmetry composed of ordered arrays of tubular micelles with hexagonal cross
section (Figure 4.15 c). The cell parameters of the 2d-hexagonal p6mm mesophase
templated by Pluronic F127 are (11.0£1.1) nm and (7.9£0.8) nm in the in-
plane (x) and out-of-plane (z) directions, respectively. The presence of a dis-
torted ring intersecting the spots indicates that the mesophase is not well-ordered
and reveals the presence of disordered or wormlike regions in the mesostructure.
The cell constants of the nanocomposite (i.e. impregnated and reduced) films are
(10.4+1.0) nm and (7.2£0.7) nm, in the x and z direction, respectively.
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Figure 4.15. GISAXS patterns of F68-templated mesoporous silica films treated at 350°C
(a) and after impregnation and reduction at 600°C (b). F127-templated meso-
porous silica films treated at 350°C (c) and after impregnation and reduction
at 600°C (d).

Transmission electron microscopy Transmission electron microscopy images
were acquired in order to evaluate local order as well as pore size and shape. The
samples investigated by TEM were the starting mesoporous silica films and the
final nanocomposite obtained by the impregnation process and annealing at 600°C.
Figure 4.16 b shows the ordered arrays of pores in the 100 projection plane of
the Im3m cubic structure. A line profile analysis was conducted on the image
shown in Figure 4.16 c: the pore diameter and the wall thickness were calculated
as the average FWHM of the intensity distribution along a line intersecting the
pore centres. This analysis revealed that the pore-to-pore distance is different in
the two orthogonal directions, which indicates the presence of a 2-fold symmetry
axis, probably originating from the thermal contraction along the [110] direction of
the Im3m cell (z axis). The average centre-to-centre distance between two adjacent
pores is (8.6+1.0) nm in the x (in-plane) direction and (6.3 +1.0) nm in the z
(out-of-plane) direction, while the average pore diameter is (4.0 + 1.0) nm and the
inorganic pore wall thickness is (2.3 +1.0) nm.

Mesoporous films templated by Pluronic F127 show a short-range order, where
the hexagonal packing extends only to the nearest neighbour pores, as shown in
Figure 4.16 a. The line profile analysis showed that the average pore diameter is
(7.4+1.0) nm, which is almost double of a Pluronic F68-templated mesopore.

Figure 4.17 reports representative TEM images of the FeCo-F68 and
FeCo-F127 samples obtained in bright field and dark field mode, which show the
formation of the FeCo-SiO; nanocomposite. Due to small nanocrystal size, the
alloy nanoparticles are barely detectable as darker spots in the bright field image
FeCo-F68 nanocomposite (Figure 4.17 a), whereas they are more evident in the
FeCo-F127 sample (Figure 4.17 d) where larger nanocrystals can be imaged.

This is even more evident in the dark field images, reported in Figure 4.17 b
and e for the FeCo-F68 and FeCo-F127 samples respectively, which also show
that the nanoparticles are single crystals. In fact, the dark spots in the bright field
images correspond to the bright spots in the dark field images, indicating that the
whole nanoparticle corresponds to a single crystalline domain. The size distribu-
tion as obtained from dark field images analysis shows that the nanocrystal size is
monodisperse in both samples and is centred at 5 and 7 nm in the FeCo-F68 and
FeCo-F127 samples, respectively. In both samples no aggregated nanoparticles or
nanoparticles outside the mesopores of the silica matrix are observed.
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Figure 4.16. Bright-field TEM images of mesoporous silica films templated by F127 (a)
and F68 (b). Line profile analysis of a F68-templated film conducted on a

representative area with higher magnification (¢ and d).
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Figure 4.17. TEM representative bright field and dark field images of the FeCo-F68 (a,b)
and FeCo-F127 (d,e) nanocomposites. Nanoparticle size distribution analy-
sis plot are shown in ¢ and f for the FeCo-F68 and FeCo-F127 nanocompos-
ites, respectively.
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4.3.4 Conclusions

We have shown the preparation of iron cobalt-mesoporous silica nanocomposites
obtained by the impregnation of the silica mesoporous films with a precursor solu-
tion containing the Fe and Co precursors, followed by heat treatment at 600°C un-
der a H, flow. Silica mesoporous films have shown to be an effective matrix for the
preparation of nanoparticles requiring high crystallisation temperatures (>600°C).
The films maintain their porosity even after thermal treatment at 600°C and show
only a slight shrinkage after the impregnation process. The mesoporous silica
films used as the matrix have either spherical or cylindrical pores, depending on
the templating agent used in the synthesis, as determined by TEM and GISAXS.
The growth of the FeCo nanocrystals in the silica films was confirmed by X-ray
diffraction and transmission electron microscopy, showing that nanocrystal growth
took place inside the mesopores. As the mesopores represent a spatial confinement
for the growth of the nanocrystals, we have shown that the mesopore diameter
constitutes an upper limit for the nanocrystal size, therefore nanocomposites with
different FeCo sizes can be obtained by choosing the appropriate host matrix.

This synthetic approach represents a method for obtaining magnetic nanocom-
posites in the form of thin films, which is desirable for perspective integration
in technological devices: tuning the magnetic properties of the nanocrystals can
be accomplished by selecting the mesopore size of the host mesoporous matrix,
which in turn can be accomplished by utilising a suitable templating agent. Our
approach also represents a method for obtaining monodisperse FeCo nanocrystals:
for example, dissolution of the silica matrix from a FeCo-SiO; nanocomposite has
been shown to be an effective way to fabricate FeCo graphitic nanoparticles to be
used as MRI (magnetic resonance imaging) contrast agents.
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Chapter 5

Advanced characterisation by
synchrotron radiation

Abstract

Synchrotron radiation is a powerful tool to investigate the ordered mesophase of
mesostructured films, in particular when in situ small-angle X-ray scattering exper-
iments are performed during dip-coating. The first part of this chapter deals with
mesostructured hafnium oxide films, showing a tunable steady state which was
very sensitive to relative humidity changes in the deposition chamber. Experiments
on this tunable state allowed to draw important conclusions on the self-organisation
process of micelles as an entropy-driven process towards order. Moreover, the syn-
chrotron X-rays used for these experiments were used to selectively disrupt the
mesostructure, providing a means to write a pattern on mesostructured hafnium
oxide films. In the second part of the chapter an in situ experiment involving simul-
taneous small-angle X-ray scattering and infrared spectroscopy established a new
technique capable of providing both structural (mesophase symmetry and degree
of order) and spectroscopic (solvent evaporation, polycondensation) information
on self-assembling mesostructured silica films. This technique can be adapted also
to the study of biological systems involving simultaneous chemical and structural
evolution.
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5.1 Mesostructured hafnium oxide

The synthesis of mesoporous films is generally regarded as a combination of in-
organic sol-gel and colloidal chemistry, consisting in the so-called templated self-
assembly of organised matter. Due to the many factors cooperating during the
short time of a typical synthesis (usually a few seconds or minutes by dip- or
spin-coating), it is difficult to sort out the role of each synthesis and processing
parameter. This requires characterisation techniques which are not always read-
ily available, such as synchrotron facilities for in situ studies.! To date, the main
phenomenology of the self-assembly process can be considered to be well under-
stood, and the term “evaporation-induced self-assembly”? is now commonly used
to describe the triggering of self-assembly by the process of solvent evaporation,
eventually leading to the formation of organised porous materials.>

Nevertheless, how organic micelles self-organise into a periodical array and
why some ordered structures are obtained instead of others within the same chem-
ical system are still open questions to which a satisfying answer has not yet been
provided. Different unit cells and symmetry groups are reported in the literature,
the most common being cubic Im3m, Fm3m, Pm3n, la3d, 2d-hexagonal p6mm,
3d-hexagonal P63/mmc and rhombohedral R3m. In our case, we obtained either
orthorhombic Fmmm or very ordered tetragonal 14 /mmm symmetries simply vary-
ing the chemical composition of the inorganic framework, adding methyl groups
(Chapter 3), but no answer could be provided as to why one structure is obtained
instead of other possible structures. Whereas the difference between cylindrical
micelles packing into hexagonally-arranged bundles and spherical micelles pack-
ing into three-dimensional structures can be explained by simple geometric factors
such as the packing factor g (see Chapter 1, from page 23 onwards), the factors
influencing the final symmetry group of micelle packing remain largely unknown.

We found ourselves to cope with this issue when we endeavoured to synthesise
mesoporous hafnium oxide (hafnia) films, due to the interesting findings during in
situ experiments conducted at the SAXS beamline at the Elettra synchrotron fa-
cility. In particular, as-deposited mesostructured hafnia films showed to be highly
sensitive, in terms of self-organisation of micelles and degree of order, to pro-
cessing parameters such as relative humidity (RH) and external factors such as
the synchrotron high-flux X-rays used in the in situ experiments. In particular,
in a first set of experiments, mesostructured hafnia films were found to be highly
sensitive to relative humidity changes in the deposition chamber, in the so-called
tunable steady state. Changes in the relative humidity resulted in mesostructure
assembly and de-assembly, observing order-to-disorder reversible transitions. Fur-
thermore, a second set of experiments revealed the local mesostructure disruption
and restoration, induced by changes in the X-ray incident beam. These phenomena
were observed for the first time and were explained by entropic effects.

5.1.1 Experimental setup

Synthesis of mesostructured hafnia films Mesoporous hafnia films can be syn-
thesised starting from chloride precursors as the Hf source. Generally, the syn-
thetic strategies to mesoporous transition metal oxides do not make use of alkox-
ides because of their high reactivity, which hinders the formation of an ordered
mesostructure. Therefore, metal chlorides are often used as the precursors either
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in hydrolytic or in non-hydrolytic synthetic pathways (see page 13). In the present
case, the templating agent was triblock copolymer Pluronic F127 and the Hf source
was anhydrous hafnium chloride (HfCly). A solution was prepared by the slow ad-
dition of HfCl4 to an ethanol-surfactant mixture, water was then added to this sol
under stirring. The molar ratios were:

HfCl, : EtOH : Pluronic F127 : HbO =1 : 40 : 0.005 : 20.

The substrates, previously cleaned with hydrofluoric acid, water, EtOH, and ace-
tone, were dip-coated in the fresh solution (no ageing). The films were prepared by
dip-coating in a controlled-humidity environment at the pulling rate of 2.3 mm-s~!
at room temperature. The RH during deposition was set to ~20%. After depo-
sition, the film were allowed to dry for about 1 minute, until the drying line dis-
appeared. Soon afterwards, the films were exposed to high RH (/=80-90%) for
around 5 seconds, after which they were aged for 24 hours in a controlled humid-
ity environment (RH=50%) In previous experiments on mesostructured transition
metal oxides (titania, zirconia, hafnia), exposure to high RH was found to affect
critically both the optical quality of the films and the degree of order of the re-
sulting mesostructure. This fact has been explained by the extended inorganic
polycondensation induced by water which ensures homogeneity of the inorganic
framework, resulting in less optical scattering and better optical quality. The high
degree of order observed in films treated with high RH has been attributed to the
creation of a well-defined “hybrid interface” between the organic (template) and
the inorganic (framework) phases (see from page 45 onwards for details).

Experimental set-up at the SAXS beamline The dip-coating system was a
home-made device customised for in situ experiments (see Chapter 2, page 75
for a detailed description of the dip-coater used, and see page 72 for the SAXS
beamline). In this dip-coater, the substrate is mounted on a fixed sample holder,
whereas the beaker containing the solution is moved using a linear guide which
is remotely controlled from the experimental hutch. Using this configuration, the
sample remains in a fixed position to ensure that the selected area of the film is ir-
radiated during the whole experiment, while the solution can be raised and lowered
for the dip-coating process. The dip-coating apparatus is provided with a closed
deposition chamber so that RH can be maintained constant during film deposition
or varied through an air flow.

Because the deposition process requires RH to be varied in a wide range (20%
to ~80% to 50%) the dip-coating chamber needs to be connected with a system
flowing air with controlled RH. This is accomplished connecting a tube from an air
compressor (dry air, RH~0%) to a bubbler containing hot water: in this way the
air flow becomes saturated with water vapour (see Figure 5.1). In order to control
RH, the tube with saturated water vapour is connected by means of a T-connector
with a dry-air tube originating from the air compressor: the two air flows (high-RH
and low-RH) are mixed and a tube carries the mixed flow from the T-connector to
the dip-coating chamber. Two valves control the high-RH (through the bubbler)
and low-RH (from compressor) air flows, so that humidity can be readily varied by
opening or closing the two “wet air” and “dry air” valves. A humidity probe inside
the deposition chamber is connected to a hygrometer in the control room, therefore
an accurate readout of RH can be provided throughout the whole experiment.
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dip-coater

air compressor

control room experimental hutch

Figure 5.1. Scheme of the mass flow controller used to vary RH in the deposition chamber
during the in situ experiments on mesostructured hafnia films.

Humidity increase 3 min

Start self-assembly 8 min

Figure 5.2. Self-organisation induced by water adsorption and micelle swelling. The SAXS
patterns are recorded at different times after dip-coating. The increase in hu-
midity (a) causes the micelles to swell (b) and after 8 minutes self-organisation
into an ordered mesophase is observed (c). In subfigure (d) the first order of
diffraction spots is saturated and appears as a bright ring.

5.1.2 In situ SAXS measurements

After preliminary experiments conducted to test the dip-coating and the controlled
RH flow apparatus, we chose to work in transmission mode (incident X-ray im-
pinging at 90° on the film), therefore we chose a thin substrate, i.e. a 50 pm-thick
Si wafer. A Si substrate with this thickness is difficult to work with because it is
very fragile and even the small pressure of tweezers can break it into fragments.
However, thin Si substrates provide better conditions than cover microscope slide
glass, in terms of signal-to-noise ratio.

Acquisition of SAXS diffraction patterns was started during dip-coating, as
soon as the substrate was outside the solution vessel, with an integration time of
500 ms and a delay time of 1s between two acquisitions. Because the storage
time of a TIFF image file containing the two-dimensional scattering pattern to the
computer hard drive is 500 ms, the total time between two acquisition was 2 s.

Figure 5.2 contains four selected diffraction patterns showing the different de-
grees of organisation in the mesostructured hafnia film. Figure 5.2 a shows the
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as-deposited film: a diffraction ring appeared a few seconds after dip-coating, indi-
cating the presence of disordered micellar structures with monodisperse size in the
meso range. This phase is stable because in other experiments we have kept this
disordered state by simply keeping low RH inside the deposition chamber. When
high-RH air was pumped inside the deposition chamber (“dry air” valve close and
“wet air” valve fully open) a sudden increase in the RH in the deposition chamber
was displayed in the hygrometer readout (from 20% to ~80% in a few seconds).
At the same time, a marked shrinkage in the diffraction ring could be observed
(Figure 5.2 b). This ring shrinkage was attributed to the increase in the size of the
disordered micelles in the film (as the micelles swell, the diffraction ring decreases
its diameter), which was attributed to water adsorption in the hydrophilic crown at
the organic-inorganic hybrid interface.*> It is interesting to note that this structural
change took place exactly when humidity increase was recorded by the hygrom-
eter. The duration of the “wet air” flow was approximately 5 seconds and both
valves were closed soon after the diffraction ring shrinkage was observed.

A few minutes later, diffraction spots appeared, accompanied by a decrease
in RH (Figure 5.2 ¢). This decrease in RH was likely caused by the diffusion of
vapours out of the deposition chamber: because the deposition chamber is not air-
tight, the system equilibrates with the external environment in the absence of a
controlled air flow. After a few minutes we observed the presence of well-defined
spots and no diffraction ring (Figure 5.2 d). This indicates a high degree of self-
organisation if we consider that the setup is in transmission mode: the mesostruc-
ture not only has out-of-plane order, commonly observed in mesostructured films,
but it also shows high in-plane order.

This experiment was repeated few times in order to ensure reproducibility, each
time obtaining the same results. Interestingly, we noted that the disorder-order tran-
sition induced by RH changes is reversible: changing the humidity inside the depo-
sition chamber from low to high RH (and vice versa) resulted in self-organisation
and loss of order. These changes could be repeated a few times (at least 5 cycles)
with little or no apparent loss of degree of order in the resulting mesostructure at
high RH.

These experimental results show that micelle swelling is directly related to or-
ganisation and rearrangement of the mesophase. The overall process is shown in
Figure 5.3: the precursor solution is an isotropic sol in which block copolymer
concentration c is lower than the critical micelle concentration cmc. When the sol-
vent evaporates, ¢ becomes greater than cmc and micelles self-assemble. At this
stage, when a weakly condensed film is formed, a disordered array of micelles can
self-organise upon increase of the external humidity. Water absorption by the mi-
celles causes their swelling and this effect pushes the system to self-organise. This
phenomenon can be related to the funable steady state (TSS), a particular state of
as-deposited mesostructured films that allows for micellar reorganisation by ex-
ternal sources (such as RH, as in this case).® The system can therefore be driven
towards order as long as the flexibility of the oxide network allows a rearrangement
of the templating micelles when their size increases. When inorganic condensation
leads to the formation of large oxo or hydroxo clusters, the TSS ends. The pos-
sibility of rearranging (order-disorder transitions) was observed for up to 5 hours
since film deposition, which indicates a much longer TSS than that observed in sil-
ica (lasting approximately a few minutes). This is due to much faster condensation
rate in TEOS than in chloride precursors.’
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Time line

Isotropic _Formation of Solvent evaporation  Humidity swelling
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Figure 5.3. Scheme of the self-organisation process taking place during the experiments
on a mesostructured hafnia film.

5.1.3 Mesophase symmetry

After these in situ experiments, mesostructured hafnia films were synthesised of-
fline following the same experimental procedure, including the treatment at high
RH leading to self-organisation as observed in the in situ experiments, and were
thermally treated at 150°C for 1 hour in order to stabilise the inorganic framework
and inhibit further mesophase rearrangements (i.e. suppress the TSS). These films
were studied by grazing incidence SAXS (GISAXS). The grazing incidence con-
figuration was chosen because the films were deposited on thick substrates (500
um-thick Si wafers). The GISAXS pattern of a mesostructured hafnia film treated
at 150°C is shown in Figure 5.4 c.

The diffraction patterns were simulated with the software Nanocell, a code
written for Mathematica® which outputs the simulated SAXS pattern of a meso-
structure given initial parameters such as mesophase symmetry, d-spacings and
experimental setup (see Chapter 2 on page 78). Different space groups were con-
sidered for the simulations, varying systematically the orientation of the unit cell
with respect to the substrate. The only matching simulated patterns were found
to be (1) a rhombohedral unit cell with R3m symmetry, oriented with the [111]
3-fold axis perpendicular to the substrate, (2) a face-centred cubic cell with Fm3m
symmetry having the same orientation with respect to the substrate as the rhom-
bohedral cell (Figure 5.5). In fact, these two descriptions are fully compatible,
because a thombohedral unit is the primitive cell of a FCC cell, provided that the
angle between the axes of the rhombohedral cell o is 60°.8

The thermal shrinkage perpendicular to the substrate causes the variation of
the cell parameters (axis a and angle ) if we consider the rhombohedral R3m cell;
alternatively, if we consider the cubic Fm3m cell, a contraction along the [111]
direction (i.e. 3-fold axis) is observed. These two descriptions can be considered
equivalent, although the most correct choice from a crystallographic viewpoint is
considered the rhombohedral R3m symmetry. The ordered mesophase can also be
thought as composed of three different micelle planes in a close-packing stack with
packing factor f=0.74 (see Figure 5.5).

The calculation of cell parameters for both as-deposited and thermally treated
mesostructured hafnia films was done utilising a Mathematica® code writ-
ten for the rhombohedral R3m symmetry, which is reported in detail in Ap-
pendix A. The cell parameters for the as-deposited film were a = (20.8 +2.0) nm
and o =(62.0+6.2)°. The constants for the film treated at 150°C were
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Figure 5.4. Transmission mode SAXS pattern of an as-deposited hafnia film (a) and results
of a Nanocell simulation using a R3m rhombohedral unit cell (b). Grazing
incidence SAXS (GISAXS) pattern of a hafnia film treated at 150°C (c) and its
Nanocell simulation for the same R3m unit cell (d).

a=(143+1.4) nm and o = (83.2+8.3)°. This confirmed that a uniaxial shrink-
age occurred during thermal treatment along the [111] direction. Even after a weak
thermal treatment, the mesophase retained the same symmetry: this is in agreement
with our findings because a uniaxial contraction of a thombohedral cell along the
[111] direction does not reduce the symmetry operations of this type of structure.
Considering the reported error bar, the angle o¢ = 62° calculated for the rhombohe-
dral cell of the as-deposited film is close to that of the undistorted Fm3m cell, that
is @ = 60°. This confirms that the rhombohedral structure of the as-deposited film
can be described by a cubic Fm3m cell.

5.1.4 Self-organisation as an entropy-driven process

Self-assembly and self-organisation The synthesis of mesoporous films utilised
in these experiments is known as evaporation-induced self-assembly (EISA). The
underlying concept is that solvent evaporation causes an increase in the nonvolatile
(inorganic and organic) species. This triggers both self-assembly because of the
increase in surfactant concentration above the critical micellar concentration, and
formation of bridged oxo or hydroxo species by the metal centres. However, this is
in partial disagreement with our findings: the TSS duration is on the order of hours
because the formation of an ordered structure can be observed even minutes after
dip-coating. At the same time, we can reasonably assume that all solvent evapo-
rated in the first minutes after dip-coating; therefore, the formation of an ordered
mesostructure might appear uncorrelated to solvent evaporation. A solution to this
contrast can be found in the fact that self-assembly describes the formation of mi-
cellar structures by the aggregation of surfactant molecules when ¢ > cmc: this is
observed in the first seconds after deposition, when solvent evaporation takes place



1568 CHAPTER 5 ADVANCED CHARACTERISATION BY SYNCHROTRON RADIATION

Fm3m R3m

Figure 5.5. Scheme of the mesostructure symmetry in a mesostructured hafnia film. Mi-
celles are represented by the yellow spheres, the face-centred cubic Fm3m cell
is drawn in green and the primitive rhombohedral R3m cell is drawn in red.
Micelle layers (A, B, C) are shown on the left of the image.

and can be considered to cause the self-assembly of disordered micelles (formation
of a ring, Figure 5.2 a). We now consider another phenomenon, self-organisation,
as separate from self-assembly, in that it involves the formation of ordered arrays
of pre-formed micelles. Therefore a first conclusion is: self-assembly is triggered
by solvent evaporation, but self-organisation is not, as we observe self-organisation
even hours after solvent evaporation.

Another case where self-organisation is observed as a distinct phenomenon
from self-assembly can be found in the synthesis of mesoporous tin oxide reported
by Hillhouse’s research group (see Chapter 1, page 52).° In this work, a meso-
structure in tin oxide films is formed upon ageing at high RH for hours (delayed
humidity treatment, DHT). In the cited publication the authors state “it is clear that
the self-assembly process reported here is not EISA [...] The mesostructure is
formed while the films are still in the high-humidity environment, in the presence
of excess water incorporated during the DHT”. However, no structural information
on self-assembly regarding the first seconds and minutes after dip-coating is re-
ported (interestingly, the authors state that in situ studies were planned at the time
of writing).

Our experiments suggest a thermodynamic interpretation of the self-
organisation of the process (self-assembly is still assumed to be driven by solvent
evaporation). The film in its TSS is in a temporal window in which randomly dis-
tributed micelles can self-organise in ordered arrays in the absence of solvent evap-
oration. If we model the micelles as spheres in which interpenetration is forbidden
and the interaction energy is zero, the enthalpy variation of the system during self-
assembly can be neglected. This is a reasonable assumption because the spheres
are not in contact due to inorganic species which condense on micellar hydrophilic
surfaces. ! It is important to stress that even if enthalpy plays an important role
during solvent evaporation, once the micelles and the solid inorganic network are
formed, we assume that it does not change significantly. As a consequence, only
the entropic term in AG = AH — T AS should be responsible for the decrease in AG
that pushes the system to self-organisation.

The counterintuitive idea that entropy is the source of order can be used to
explain the experimental findings in the tunable state of self-organisation. In fact,
the loss in entropy with ordering is more than compensated for by the gain in



5.1 MESOSTRUCTURED HAFNIUM OXIDE 159

entropy due to the increase in free volume* of the ordered films.'!!? The swelling
of micelles increases the volumetric fraction of the organic mesophase within the
film, so that the micelles have lower translational entropy. In these conditions, the
only way to maximise the entropy of the whole system is to increase free volume by
packing the micelles in an ordered structure. Self-organisation is thus an entropy-
driven process, provided that the inorganic framework is flexible enough to allow
micelle self-organisation.

Degree of order In mesostructured films the complexity of self-assembly and
self-organisation is increased by the presence of inorganic NBBs that condense on
the micelle surface to form a solid network. Self-organisation can be achieved pro-
vided that the condensation rate of the building units (inorganic or hybrid organic-
inorganic) is much slower than the kinetics of micelle formation and ordering. > To
date, the strong tendency for condensation of non-siliceous systems has been con-
sidered as the main obstacle to obtain highly ordered self-assembled mesostruc-
tured thin films.'* The high reactivity of transition metal oxide precursors toward
hydrolysis and condensation increases the extent of uncontrolled phase separation
between the organic and the inorganic components. The tendency for condensation
in sol-gel systems is a function of the atomic number of elements with the same
valence, for instance, Si < Ti < Zr < Hf.7-15-16 According to this theory, mesostruc-
tured hafnium oxide films should possess a lower degree of order than titanium
or zirconium oxide mesostructured films. In a work by Brezesinski et al. the high
reactivity of hafnia was identified as the cause of the lack in mesostructural order
of the mesostructured hafnia films.!” On the contrary, our findings show that self-
assembled mesoporous hafnium oxide films have been reproducibly synthesised
showing an unexpected high degree of order—even in-plane order was observed,
which is a notable exception in the field of mesostructured films. Therefore our
results suggest that other parameters than metal centre reactivity should be taken
into account when predicting the degree of order in a mesostructured film.

5.1.5 Mesostructure damage induced by synchrotron radiation

During the in situ experiments on mesostructured hafnia, an interesting phe-
nomenon was observed whilst the preview of SAXS acquisition was operating.
The preview system allows to continuously capture and display SAXS patterns on
the computer monitor, so as to follow structural evolutions in real-time. The inter-
esting observation was that the mesostructure degree of order seemed to decrease
with time: at first this was related to a change in RH that caused a mesophase transi-
tion towards a disordered state. A few adjustments were made to the experiments,
for example RH was controlled more carefully, the solution vessel was removed
from the chamber in order to prevent solvent and HCI vapours to come into contact
with the film. However, the disordering phenomena remained and no satisfying
explanation was provided. We had a clue of what was happening when we moved
the sample a few mm to one of its sides, so that the incident beam probed a differ-
ent region of the film: the mesostructure in this “new region” had a much higher
degree of order with respect to the “old region”, comparable to the degree of order
of the “old region” before observing mesostructure degradation. We found that this

*The free volume is defined as the volume within which a given hard sphere centre can move
without requiring alteration of the other sphere positions.
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degradation was fully reproducible in mesostructured hafnia films: mesostructure
degradation took place only in the irradiated area and did not affect the adjacent
regions, so that after observing mesostructure degradation an ordered region could
be detected simply by shifting the sample.

The most likely reason of this local mesostructure disruption phenomenon was
assumed to be radiation damage induced by the incident X-rays. The preview sys-
tem requires that a X-ray beam impinge on the sample continuously—typical val-
ues are 500 ms acquisition and 1500 ms delay, controlled by a fast shutter, therefore
the sample was continuously irradiated with the incident X-ray beam. Furthermore,
the effect was not observed when few acquisitions were made instead of many con-
tinuous acquisitions in preview mode. Another effect was visible in the irradiated
samples: at the end of the experiments the films presented a change in colour in
the irradiated region. In transmission mode, this was a spot having the same shape
of the incident X-ray beam, whereas in grazing incidence configuration this was a
stripe extending on the whole film.

We can formulate two hypotheses: (1) The block copolymer backbones are
chemically broken by the incident X-rays, so that the micelles are disrupted. (2)
A local increase in temperature causes micelles to de-assemble: cmc is highly sen-
sitive to temperature and even a slight increase in temperature may cause the loss
of self-assembly conditions, favouring the “single-chain state” of the unassembled
molecules of surfactant. A number of publications support the first conclusion.
In particular, damage to biological structures is often induced by high-flux syn-
chrotron radiation due to the formation of free radicals from water molecules. The
free radicals act as initiators for the de-polymerisation of these biological species
(e.g. lipids, proteins). 829 Experiments are planned to elucidate the origin of this
radiation damage.

To check whether the radiation affects the surface roughness or the total thick-
ness of the film, we compared the morphology of both the irradiated and the unirra-
diated areas, finding that the roughness increases after X-ray irradiation (sampled
on 10 different points on the surface). We related such difference with a loss of mi-
cellar organisation, which takes place without any crack or damage to the sample.
Also, thickness is not affected by radiation: an atomic force microscopy (AFM)
image was taken close to the border between the irradiated and unirradiated re-
gions (Figure 5.7) showing no substantial difference on the average height of the
surface. This provided evidence that the observed disordering phenomenon can be
related to mesostructure de-assembly and does not consist in a mere ablation of the
film from the substrate.

Even more surprisingly, we found that this mesostructure deformation was re-
versible. An experiment, the results of which are reported in Figure 5.6, showed
that after mesostructure disruption, if the film was let at controlled RH for a certain
amount of time with no irradiation, the mesostructure recovered a high degree of
order. In other words, the mesostructure underwent a process of re-organisation.

The possibility of cycling between ordered and disordered states was confirmed
by further experiments, although some hysteresis was observed, so that the phe-
nomenon cannot be said to be fully reversible. This is caused by the stiffening of
the inorganic network (polycondensation) which puts a time limit on the TSS and
inhibits further micellar rearrangements. The mesostructure disruption-restoration
phenomenon is of particular importance because—as in the previous case when
mesophase changes were induced by RH variations—the self-organisation pro-
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Figure 5.6. Mesostructure disruption observed by SAXS in transmission mode. A high flux
radiation causes a highly-organised hafnia film with a R3m symmetry (a) to
lose partially the degree of order (b). After a few minutes of irradiation the
order is almost completely lost (c) but an ordered mesostructure is observed
again after switching off the X-ray flux and maintaining the film in stationary
humidity and temperature conditions for some time (d).
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Figure 5.7. AFM image of a mesostructured hafnia film after X-ray irradiation taken in
contact mode on a film treated at 60°C for 40 min. Plane (a) and perspective
(c) views of the boundary region between irradiated and unirradiated areas.

The depth profile of the hafnia film across the irradiation boundary is also
shown (b).
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cess is never pushed by solvent evaporation but it appears another entropy-driven
process. If we admit that mesostructure disruption is caused by cleavage of the
copolymer backbones, mesostructure restoration can be thought of involving the
diffusion of undamaged block copolymer molecules and the self-assembly and
self-organisation of new supramolecular structures. This is the most reasonable
assumption but to date no experimental data have been acquired to provide support
to this hypothesis, and further experiments are planned. In any case, self-assembly
and self-organisation appear as separate mechanisms leading to different phenom-
ena: formation of micelles and formation of order, respectively.

To sum up, self-assembly and self-organisation in mesostructured films appear
as highly tunable processes: evaporation-induced self-assembly drives the templat-
ing species toward a first intermediate stage when micelles are formed upon solvent
evaporation and increase of nonvolatile media. The flexible nature of the inorganic
network, which is composed of oxo and hydroxo bridges and has a low degree of
condensation, allows for micellar self-organisation driven by external parameters.
These can be changes in relative humidity of high-flux X-rays, and they lead to
entropic effects.

A direct application of this phenomenon is the possibility of inducing disor-
dered regions into the mesostructured film with the aim, for example, to produce
materials with a gap in the refractive index (after calcination, the mesoporous unir-
radiated region is expected to have a lower refractive index than the irradiated non-
porous region). It is also possible to perform several write-erase cycles as long
as the degree of condensation of the film allows mobility of the micelles. These
changes in the mesophase become permanent once the mesostructure is thermally
stabilised.

5.2 A novel simultaneous FTIR-SAXS in situ technique

5.2.1 Introduction

As we have seen, the formation of an ordered mesophase is a process resulting from
a delicate balance between kinetic and thermodynamic effects. In the synthesis of
mesoporous silica films, the ageing of the precursor solution affects the size of the
inorganic starting units, resulting in higher or lower degrees of order. We have also
shown that using hybrid silica precursors (organo-alkoxysilanes) it is possible to
modify both the thermodynamics and the kinetics in mesostructure organisation,
obtaining a mesophase with a higher degree of order.

Several new techniques have been developed with the purpose of studying the
phenomena occurring during self-assembly. The most popular among these tech-
niques is in situ SAXS using synchrotron radiation, which is used to assess struc-
tural changes and rearrangements in the mesostructure. However, this technique
yields only structural information such as presence of an ordered mesostructure
and the degree of order, but it does not allow collecting time-resolved data about
the chemistry of the process. Spectroscopic information can be obtained only ex-
situ in as-prepared films, but in this case the chemical information regarding the
phenomena occurring during the dip-coating stage is lost. The self-assembly of the
inorganic units is guided by the self-assembly of the amphiphilic block copolymer;
this process is triggered by the fast solvent (water, ethanol) evaporation, which
also pushes the inorganic oligomers close together and favours polycondensation.
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Therefore, the lack of a spectroscopic in situ technique appears to be a weak point
in the understanding of the process that leads to the formation of a mesostructure.

Several groups have successfully coupled SAXS with other in situ techniques
to correlate the structural data and the chemical processes that occur during dip-
coating. An interesting example is reported by Grosso and coworkers who per-
formed time-resolved in situ GISAXS using synchrotron light combined with inter-
ferometry measurements on a mesostructured silica film templated by cetyltriethy-
lammonium bromide (CTAB).?! This combined interferometry-SAXS technique
allowed correlating mesophase organisation occurring during dip-coating with film
thickness. Here, the evolution of thickness with time follows a triple regime, where
a first rapid evaporation step is attributed to the evaporation of (mainly) ethanol;
the second step is slower, due essentially to the departure of water, and a third
regime involves the loss of residual water and ethanol molecules. However, the
departure of solvent molecules is just an educated guess which is not supported by
experimental data.

Another example of a combined technique was reported by Doshi et al. who
performed time-resolved in situ GISAXS using synchrotron light combined with
gravimetric analysis to study the self-assembly of a slowly evaporating cast film.??

In another work, in situ Karl Fischer titration measurements were used to esti-
mate the content of water in as-deposited silica films as a function of RH, obtaining
increasing i = [H>O]/[Si] values with increasing RH values, even though titrations
were not made on films but on solutions, which were assumed to be representative
of the corresponding films.

Mass spectrometry of vapour fraction, Karl Fischer titration, ellipsometry and
interferometry data acquired in situ on mesostructured titania thick films were used
to follow the evolution of volatile species and film composition.?* Crossing these
data led to the comprehension of the role of each variable involved in the self-
organisation. Thanks to these central works, fundamental solution and processing
parameters, such as the manifold role of water and the importance of the modulable
steady state, could be sorted out.

Time-resolved Fourier transform infrared spectroscopy (FTIR) can be used to
monitor the chemical processes during self-assembly in cast films.?* The FTIR
technique is very effective to monitor the evaporation of water and ethanol and the
polycondensation reactions in silica mesostructured materials, and it can be ex-
tended to the in situ analysis of mesostructured films during dip-coating, provided
that the infrared spectrometer can be coupled with the dip-coater. In order to obtain
structural and chemical information on the physicochemical processes occurring
during dip-coating, we decided to couple the FTIR and the SAXS techniques at the
synchrotron facility.

In this section we show the results of a preliminary experiment at the Elet-
tra synchrotron, in which simultaneous in situ FTIR and SAXS experiments were
conducted in order to study and correlate the structural and the chemical processes
occurring during dip-coating of mesostructured silica films. The purpose of this
section is to illustrate the potential of this technique in the study of mesostructured
films, therefore we have selected as an example an experiment conducted on meso-
structured organosilica films obtained from MTES-TEOS solutions (see page 96).
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5.2.2 Experimental setup

The experimental setup is shown in Figure 5.8. FTIR measurements were per-
formed using the optical system of the IRCube™ interferometer.?> This is a very
compact commercial spectrometer working in the middle infrared (mid-IR) spec-
troscopy produced by Bruker Optics, a Ge/KBr beamsplitter and a Globar source.
The setup was designed so that simultaneous FTIR and SAXS measurements could
be performed on the film, using the conventional Globar source and the synchrotron
radiation, respectively. The optical components of the FTIR spectrometer were set
up in a way that a parallel IR beam was focused by an additional external parabolic
mirror onto the sample in transmission mode at normal incidence. The transmitted
signal was reflected by a flat mirror towards another elliptical mirror focusing the
signal onto the liquid nitrogen-cooled PC-MCT detector.

A GISAXS configuration requires that the correct angle of incidence be set
carefully: the optimum angle of incidence ¢; is slightly above the critical angle of a
mesostructured film (=0.2°), and small variation off this optimum angle can deeply
affect the GISAXS measurements, because too small ¢; can cause total reflection,
whereas too large ; can cause insufficient scattering. The dip-coater’s sample
holder can be rotated so that the angle of incidence of the impinging X-ray can
be readily varied. However, because accessing the experimental hutch during the
experiment is forbidden, the sample holder rotation must be performed before the
experiment is started. Therefore, we used a freshly-coated mesostructured silica
sample for the adjustment of ¢;, which was then left unaltered during the whole
experiment by fixing the sample holder.

Following this experimental configuration, the incident IR and X-ray beams
probe the very same region of the sample. The interval between successive ac-
quisitions was set to 2 seconds, since from preliminary tests we evaluated that
the time scale of these processes is on the order of seconds both in terms of self-
assembly and chemical processes. The sequence of GISAXS and FTIR spectra ac-
quisitions was simultaneously launched immediately after the solution vessel was
lowered. FTIR data were collected using the Bruker OPUS™ software, and each
FTIR spectrum was obtained by averaging 16 interferograms collected at a resolu-
tion of 8 cm~!. Background was collected prior to each measurement session as
the average of 100 spectra on a bare silicon substrate. The procedure followed in
GISAXS data acquisition was the same used for the in situ experiments conducted
on mesostructured hafnia films described in the previous section.

Here we present an in situ FTIR-SAXS experiment using the hybrid silica pre-
cursor solution described in Chapter 3. These hybrid systems are synthesised from
a precursor solution where the Si source is a mixture of tetraethoxysilane (TEOS)
and methoxy-triethoxysilane (MTES), and the templating agent is block copoly-
mer Pluronic F127. The precursor solution was prepared as described previously:
a solution containing 3.08 mL of EtOH, 2.84 mL of TEOS, 1.42 mL of MTES and
0.355 mL of HCI1 0.768 M was stirred for 45 minutes, then added to a solution
containing 15 mL of EtOH, 1.3 mL of HCI 0.057 M and 1.3 g of F127. The final
solution was stirred for 10 minutes and used for dip-coating. The substrate was a
400 um-thick, p-type B-doped (100) Si wafer. This substrate was chosen because
it ensures transparency in the mid-IR range. Simultaneous FTIR and SAXS acqui-
sitions were launched after lowering the solution vessel (pulling rate 2.3 mm-s ™),
as soon as the silicon substrate was fully coated. The relative humidity in the de-
position chamber was set to ~10% and kept throughout the whole experiment.
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Figure 5.8. (a) Photograph of the experimental simultaneous FTIR-SAXS apparatus at the
Austrian SAXS beamline at the Elettra synchrotron. (b) Scheme of the experi-
mental setup used for the experiments.

5.2.3 Results

GISAXS results Figure 5.9 shows the time-resolved GISAXS two-dimensional
patterns recorded at intervals of two seconds. The first significant snapshots are
shown, from ¢ = 0 (acquisition start) to t = 20 sec. Another GISAXS snapshot,
recorded at ¢+ = 20 min, is also reported. The GISAXS and FTIR spectra were
recorded for times as long as 40 minutes from dip-coating. Within this time frame
the RH inside the deposition chamber was maintained constant at (10+5)%. The
GISAXS patterns show that in the first 8 seconds no organisation of the mesophase
takes place, and after 10 seconds the presence of a ring (dotted line in the fig-
ure) indicates that organisation is starting, even though a mesophase is still not
well defined. At 12 seconds the detection of well-defined spots reveals the pres-
ence of an ordered mesostructure. Whereas these spots increase in sharpness and
intensity with time, negligible changes are observed at times longer than 20 sec-
onds. These in situ GISAXS data show only two diffraction spots, which makes
the unambiguous identification of the space group impossible. This is because
the integration time for each GISAXS pattern was limited to 500 ms in order to
have good time resolution, and higher-order diffraction spots requiring longer in-
tegration times could not be recorded. Nevertheless, these spots could be used to
quantify the degree of order of the mesophase.

FTIR results Figure 5.10 shows the FTIR spectra recorded simultaneously with
the GISAXS patterns shown in Figure 5.9. What was expected to be detected in
this experiment was the kinetics of solvent and water evaporation. The raw spectra
shown in Figure 5.10 appear well resolved and exhibit good signal-to-noise ratio
even if they have not been smoothed and the baseline was not corrected. We can
recognise two main regions, at high wavenumbers (3700-2800 cm™!) and at low
wavenumbers (1700-800 cm~') where different chemical species overlap. The
first stages of the FTIR spectra are dominated by the vibrational modes attributed to
ethanol. Its intense signals at 2973, 2927, 2885 cm™!, at 1460—1270 cm™", at 1088
and 1050 cm™!, and at 880 cm™~! allow following solvent evaporation with time.
After about 8 seconds this process is completed (the residual signal after 10 seconds
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Figure 5.10. Transmission FTIR absorption spectra recorded at different times after the

Figure 5.9. GISAXS images recorded at different times after the dip-coating.
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observed in the C-H stretching region around 2700-3000 cm ! was assigned to the
surfactant). The decrease in intensity of the 1640 cm~! vibrational mode attributed
to water (V,(H0)) indicates that evaporation of water is also observed in the first
seconds of dip-coating, but after this fast initial stage, a slower evaporation rate
follows.

5.2.4 Comparison between SAXS and FTIR data

Figure 5.11 shows the content of ethanol and water in the film as a function of
time (dip-coating was set as t = 0). The content of ethanol and water was esti-
mated considering the areas subtended by two specific absorption bands that are
well resolved and not overlapped with other vibrational modes, that is around 880
and 1640 cm™! for ethanol and water, respectively. The area of the two bands was
plotted as a function of time, assuming that the areas at ¢t = O correspond to 100%
water and 100% ethanol in the film (Figure 5.11). From this graph, the evapora-
tion of ethanol appears fast, following a linear trend: after 10 seconds the residual
ethanol in the film can be approximated to 0%, so that the process can be consid-
ered to be complete. The evaporation of water has a more complex trend: (1) a
fast initial evaporation in the first 2-3 seconds, similar to ethanol, is followed by
(2) a slower intermediate stage between 3 and 6 sec, (3) then a third phase of water
enrichment between 6 and 10 sec is followed by (4) another evaporation stage from
16 sec onwards. More specifically, at ¢t = 10 sec, around 30% of the initial water is
present in the film, whereas all ethanol is evaporated. At ¢ = 20 sec, around 20%
of the initial water is still detected in the film. The water enrichment stage (third
point in the above description) is attributed to the polycondensation reactions that
occur after ethanol evaporation.

From SAXS data, we observe that the organisation into an ordered mesophase
starts only after ~10 seconds. Comparing these structural data with the spectro-
scopic data from FTIR measurements, we infer that an ordered mesostructure is
formed after ethanol evaporation is complete and 70% water has departed from
the film: at this stage the SAXS diffraction spot intensity increases showing a sig-
moidal trend with time (Figure 5.12). This graph shows the change in the average
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Figure 5.11. Change in the area of the 1640 cm™" band attributed to water and of the

880 cm™' band attributed to ethanol as a function of time after dip-coating
(compare with Figure 5.12).
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Figure 5.12. Average intensity of a GISAXS diffraction spot as a function of time (compare
with Figure 5.11).

intensity of a SAXS diffraction spot (upper spot in the snapshots of Figure 5.9) as a
function of time. To obtain these data, the intensity of a selected diffraction spot in
a SAXS pattern was calculated as the average intensity calculated in a rectangular
area around the spot, composed of 1148 pixels. These data were used for a semi-
quantitative evaluation, in that they could not be normalised with respect to the
intensity of the background. Nevertheless, this gave a reliable indication on how
the mesophase evolves with time. The appearance of the asymmetric stretching
V,5(Si-O-Si) band at around 1100 cm™! in the FTIR spectra after 10-12 seconds
indicates that at this time polycondensation reactions are almost complete and an
interconnected silica network is formed. However, at this stage the silica network
is still flexible enough to allow spatial reorganisation of micelles.

It is worth to underline that mesophase organisation starts only after ethanol
evaporation. This is in agreement with the well-known role of ethanol evaporation
as the trigger to mesophase formation. However, as described in the introduction,
there is no direct evidence of this, as there is no in situ experiment in the litera-
ture capable of providing simultaneous unambiguous spectroscopic and structural
information on mesophase organisation. Therefore, this is the first time that evi-
dence is provided regarding the time correlation between ethanol evaporation and
mesophase formation. This is the most exciting finding of this FTIR-SAXS in situ
technique.

The major advantage of this simultaneous FTIR and SAXS analysis is the pos-
sibility to discriminate between the evaporation rates of ethanol (or any other sol-
vent) and water, as well as to obtain semiquantitative data that can be examined in
the light of the structural data provided by SAXS. The discrimination between dif-
ferent chemical species can be readily attained by FTIR spectra, in that vibrational
modes are attributed to different chemical species (e.g. the amount of free water,
the degree of condensation of the inorganic walls).

In this case, it has been proved that the formation of an organised mesophase
occurs after all ethanol and 70% of water have evaporated. At this stage, the pres-
ence of water in the film can be estimated as 4 = [H,O]/[Si] = 1.56 (i.e. 30% of
h in the precursor solution), which is close to the values obtained through other in
situ experimental techniques such as Karl-Fischer titration (see 5.2.1). This leads
us to identify another application of the present technique, in that the water content
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(expressed as h) can be simply calculated from FTIR data, and correlated quantita-
tively with RH. As we have said, this has been done previously by means of rough
estimates from Karl-Fischer titrations on cast films rather on dip-coated films, but
the FTIR-SAXS technique can be considered to be more accurate.

Other advantages of this FTIR-SAXS combined technique are that it is not
invasive, can be applied to thin films instead of thick films, cast drops or solutions,
and does not require altering the chemistry of the self-assembling system. It also
takes into account the presence of atmospheric water, as a reference background is
taken prior to each FTIR measurement session.

5.2.5 Conclusions and future perspectives

To summarise, in this section we have presented a new combined FTIR-SAXS
technique, where the IR source is a conventional Globar lamp, and monochromated
synchrotron light is used as the X-ray source. This technique has been applied to
the study of mesostructured silica films with an experiment providing insight on
basic structural and chemical aspects of self-assembly. In particular, the formation
of an ordered mesostructure was correlated with ethanol and water evaporation
from the film; the amount of residual water within the film was estimated to be
30% in correspondence to the onset of self-assembly, whereas all ethanol had al-
ready departed from the film. This opens a new affordable route to calculate the
amount of residual solvent in the films. Besides, the presence of water vapour in
the environment is accounted for by the background spectrum, acquired prior to
each measurement session. This is important because a direct correlation can be
established between the RH value in the deposition chamber and the quantity of
water present in the film: this correlation was previously studied in the literature,
but using experimental techniques based on thick films or cast films, whose be-
haviour is quite different from thin films obtained by dip-coating and studied by in
situ SAXS. Recently, we have reproduced the same triple regime in the in situ FTIR
study on a ethanol or water-ethanol evaporating cast droplet.® In this work, mul-
tiple evaporation steps were associated to water adsorption from the atmosphere,
and water and ethanol evaporation from the droplet. It will be interesting to com-
pare the data obtained in this study with those provided by FTIR-SAXS in situ
measurements and those found in the literature.

More in general, the simultaneous recording of different types of information
allows correlating different phenomena that contribute to a complex process such
as self-assembly in mesostructured films. This is particularly relevant when the ki-
netics of some chemical processes can affect other chemical or physical processes
involved in the phenomenon.

Another main advantage provided by the in situ FTIR-SAXS technique is that
different vibrational modes can be attributed to different species in the FTIR spec-
tra (provided that they do not overlap). Therefore, different chemical information
can be obtained, for example on water content, ethanol content, inorganic con-
densation, copolymer content, etc. This experiment also opens many important
perspectives in other research areas, for example the real-time and in situ detection
of the radiation damage induced in biological systems and tissues.
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Appendix A

Mesophase symmetry and cell
parameter calculation

A.1 Description of symmetry in mesoporous materials

Ordered mesoporous and mesostructured materials are characterised by the spatial
periodicity of matter (inorganic walls, mesopores) similar to periodicity of atoms
in a crystalline material. As a consequence, a notation already in use in crystal-
lography was adopted to classify the periodicity of mesostructure. In this section
we give a brief overview on the concepts revolving around symmetry in crystalline
materials, introducing the Hermann-Mauguin notation of space groups which is
used in the description of mesostructure.

Crystalline materials are characterised by a repetition in space of identical unit
cells. Each unit cell exists in an identical orientation and is related to the next one
by translation along one of three crystallographic axes. We can choose any point
in this pattern and then proceed to mark all other points which have an identical
environment: this geometrical array of points defines a lattice. There are 14 lat-
tice types in three-dimensional space (Bravais lattice types), which are P triclinic,
P,C monoclinic, P,C,ILF orthorhombic, Pl tetragonal, P,LF cubic, rhombohedral,
P hexagonal. The capital letters describe centring of the lattice. P: primitive, F:
face-centred, I: body-centred, C: base-centred.

However, the complete symmetry of a structure is not defined by the lattice
alone, since the arrangement of the atoms around each lattice point may also
be symmetric. Therefore, each set of symmetry operations (or symmetry ele-
ments) about a point, without translational repetition, defines a point group. In
other words, a unit cell is invariant under the operations that describe its point
group. These point symmetry elements are n-fold rotational axes, reflection (mir-
ror) planes, glide planes, inversion and screw operation. In three-dimensional space
there are 32 point groups. Combined with the 14 translational elements (i.e. the
Bravais lattice types), they give 230 space groups.

Different notations are possible to indicate the 230 space groups. The most
commonly used in crystallography is the Hermann-Mauguin notation, which is
also the most used in the structural description of mesoporous materials. The
Hermann-Mauguin notation consists of a set of symbols. The first symbol de-
scribes the centring of the Bravais lattice (P, A, B, C, I, R or F). The next symbols
describe the mirror perpendicular and the axes parallel to each symmetry direc-
tion. In case a mirror coexists with a symmetry axis in the same direction, the
two symbols are separated by a fractional (/) sign. For example, 2/m describes a
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monoclinic lattice with a two-fold rotational axis parallel to a mirror plane. The
inversion operation, when present, is never indicated in the notation (except in the
triclinic system, where it is the only symmetry element), but it is indicated by the
combination of an axis and a mirror, as in this case. The Hermann-Mauguin sym-
bols are in most cases written in their short form, for example mmm is written in
place of 2/m 2/m 2/m. Another example of a space group notation that we have
encountered in this work is Fm3m, which corresponds to a face-centred (F) cubic
lattice with a 3-fold rotoinversion axis (3), where a rotoinversion axis corresponds
to a n-fold rotation operation followed by inversion.

A.2 Cell parameter calculation

This section provides detail on the methods adopted for cell parameter calculation
in the study of a mesostructure with SAXS data. The starting point of such analysis
is the attribution of a SAXS pattern to a symmetry group with /k/ indexation of the
diffraction spot. Next, the d-spacing values can be calculated by directly clicking
on the diffraction pattern in the Fit2d GUI once the sample-to-detector distance is
known (this is done in the calibration step, see Chapter 2).

If needed, the s, and s, coordinates of the spots in a SAXS pattern are also
calculated. This is also accomplished with Fit2d: the x,y coordinates of each spot
on the detector (expressed in pixels) are easily output by the software by direct
clicking on the image in the GUI, and the s,,s, values are calculated with the
calibration ring of the silver behenate standard (which is measured in each session).
The ring corresponds to a known lattice constant, therefore the corresponding s,
and s, values can be obtained by the fitting of the calibration ring with the equation
of a circumference:

1 1
Asy V d?
where the values of As, and As, are the free parameters which are varied in the

curve fitting. This is performed using Origin’s “Advanced fitting tool” function
with two free parameters (P1 and P2) using the expression:

y= —x2As2, (A.1)

y=(1/P2)*sqrt(drs-(x*P1)"2),

where drs is the squared reciprocal of the silver behenate d-spacing 1/ digBeh, or
2.934079E-4. Figure A.1 shows the results of such fitting procedure.

Once these values have been obtained, they can be loaded in Mathematica®
from a CSV (comma-separated values) file and analysed. The following equation
is used:

1 kP

=T A2
d,%kl az—l_bz—i_c2 (A-2)

where h, k, [ are the Miller indexes relative to one spot, d is the d-spacing relative
to that spot and a, b, c are the cell constant that have to be calculated. For each
symmetry group, simpler equations can be derived (e.g. in cubic systems a = b =c,
so that Equation A.2 can be simplified by a = dvh? + k% + [2).

In the following pages we report on the codes developed for Mathematica,
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Figure A.1. Output of an Origin calibration procedure for the calculation of Asy and As,

describing examples of calculations for the cubic Im3m, tetragonal I4/mmm and
rhombohedral R3m symmetries.

Cubic Regarding the Im3m cell, the cell parameter a is calculated as the average
of the a values, calculated according to each experimental spot. In this case the
only input values needed are the Miller indices and the d-spacing values for each
spot:

n
Agvg = Z Z ai (A.3)
i=1

where a,, is the average value of the cell constant a calculated according to every
spot, n is the number of experimental spot in the pattern and q; is the cell constant
value calculated according to the i-th spot. The error is calculated as the standard
deviation:

T \/Zl (af —ai™")’® (A4

where o is the standard deviation, a" is the cell constant calculated for a spot simu-
lated using the equation a = dv/h> +k* + (% and a; " is the cell constant calculated
for the experimental spot.

Tetragonal In the /4 /mmm case, the input values are x, y, d, h, k, [, AS,, AS, (the
last two are needed to convert the spot positions in the detector to the corresponding
sy and s, values. Once these values are loaded, a simulated diffraction pattern is
created using Equation A.2. In the tetragonal case, ¢ = b, so there are only two cell
constant, @ and c. We can therefore decouple the two a and ¢ values and use the
following equations:
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n 2 " . . 2
= Y [k — sk ki) |+ Y [si? = sl | = 8 @)+ S ),
i=1 i=1

e h,-2+ki27 o

c
(A.S5)
where S?(a,c) = S?(a) + S*(c) is an error function which quantifies the difference
between the experimental spots s;, s;“” and the simulated spots 5., 55", Dif-

ferent spot patterns are simulated according to different cell parameter values a and
¢ which are varied in a given range. Thus, the error function S?(a, c) is sampled in
this range and its minimum gives the best fit of the cell parameters. The difference
with the previous case (cubic cell) is substantial: whereas in the Im3m case the
cell parameter a was calculated from the single d-spacing values of each spot, in
the 14 /mmm case the cell constants are calculated from the spot positions in the
reciprocal space s, and s,.

Rhombohedral The approach used for the R3m cell is similar: the cell parame-
ters a and o are varied in the d-spacing equation valid for the rhombohedral system,
which can be derived from Equation A.2:

1 (K4 k> +1%)sin? o + 2(hk + kI + Lh) (cos? (x—cosoc)

[ A.6
d, a*(1+2cos® o0 —3cos? ) (&.6)

An error function fe(a;, @;)is defined as the difference between the theoretical and
the experimental d-spacings calculated for each spot. This error function is then
passed to a global error function fyjopai(a, @), which is defined as:

fglobal (Cl Ol \ | — Zferr ai, az (A7)

and which is minimised to find the best fit of the cell parameters a and «.



A.2 CELL PARAMETER CALCULATION 177

Cubic Im3m

Input from file

Off[General: :spell]

= Import data as list into variable ImportedData

ImportedData = Import["C:\SAXS\dati.csv", "CSV"]

({22, ,,}, {1, 1, 0, 107.62}, {3, 2, 1, 41.43},

{1, 3, 0, 49.42}, {1, 2, 1, 63.96}, {2, 0, 0, 80.98}, {1, 0, 1, 119.05},
(-1, 1, 0, 119.37}, {2, 2, 2, 46.02}, {1, 1, 2, 67.78}, {0, 0, 2, 67.78},
{1, 3, 2, 42.82}, {0, 3, 1, 51.43}, {0, 2, 2, 51.43}, {2, -1, 1, 68.91},
(-1, 1, 2, 69.97}, {-1, 3, 0, 52.34}, {1, 2, 3, 52.34}, {-1, 3, 2, 44.56},
{0, 1, 3, 53.76}, {-2, 2, 0, 59.56}, {-2, 2, 2, 48.73}, {2, -1, 3, 45.33}}

= Moves values from ImportedData into variables Spots, h, k, |, dExp

Spots = ImportedData[[1]][[1]];
(* Assign first number of list to variable Spots (n. of spots in the .csv file) =*)
For[i =2, i <Spots+1,
(* Start "for" cycle from second line, end at line Spots+l *)
h[i-1] = ImportedData[[i]][[1]]; (* Assign Miller indexes values: h, k, 1 %)
k[i-1] = ImportedData[[i]][[2]];
1[i-1] = ImportedData[[i]][[3]];
dExp[i - 1] = ImportedData[[i]][[4]];
(* Assign experimental d-spacing values relative to each spot =*)
i++]
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= Show data in matrix form

MatrixForm[ImportedData]

N
N

107.62
41.43
49.42
63.96
80.98
119.05
119.37
46.02
67.78
67.78
42.82
51.43
51.43
68.91
69.97
52.34
52.34
44.56
53.76
59.56
48.73
45.33

N OO R ORNI RENRERFE W
[
NWWOoO R NREOONWNR

[
=
-

=

(@]

| |
N =
NN WD W

|
N

W DN O WNDWwONMRENMNEDNMDNDMNDMNDMORE ORFR ORF O

N
|
Ja

Cell parameter calculation

= Calculate a as the average of the single a values which are calculated from the
d-spacing relative to each spot

For[i=1, i < Spots,

a[i] = dExp[i] Vh[i]*2+k[i]*2+1[i]*2;

i++ ]
1 Spots
aAverage := a[i]
Spots ;‘

= Calculate the error on a as standard deviation of the single calculated a values

1 Spots
StdDev = >, (a[i] - aAverage) *2
Spots i-1

11.2323
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Output solutions

Print["Solution: a = (", aAverage, "+", StdDev, ")A"]

Solution: a = (163.353+11.2323)A

Tetragonal 14/mmm

Input from file

Off [General: :spell]

= Import data as list into variable ImportedData

ImportedData = Import["C:\SAXS\inputtetra.csv", "CSV"]

({15, 506, 186, 0.000053, 0.0000532}, {0, 0, 2, 498, 395},
{0, 0, 4, 501, 603}, {0, 0, 6, 498, 812}, {1, 0, 1, 625, 376},
{1, o, 1, 385, 371}, {1, 0, 3, 623, 503}, {1, 0, 3, 385, 500},
{1, 0, 5, 617, 712}, {1, 0, 5, 377, 704}, {2, 0, 4, 739, 606}, {2, 0, 4, 261, 601},
{2, 0, 2, 742, 408}, {2, 0, 2, 266, 397}, {3, 0, 3, 871, 495}, {3, 0, 3, 144, 500}}

= Move values from ImportedData into variables Spots, h, k, |, dExp

Spots = ImportedData[[1]][[1]];
(* First number of list is assigned to variable Spots (total n. of spots) x)
BCx = ImportedData[[1]][[2]];
BCy = ImportedData[[1]][[3]];
ASx = ImportedData[[1]][[4]];
ASy = ImportedData[[1]][[5]];
For[i =1, i< Spots,
(* Begin "for" cycle at second line, end at line Spots+l =*)
h[i] = ImportedData[[i +1]][[1]]; (* Assign values to Miller indexes h, k, 1 %)
k[i] = ImportedData[[i+1]][[2]];
1[i] = ImportedData[[i+1]]1[[3]];
xExp[i] = (ImportedData[[i+1]][[4]] - BCx) % ASx;
yExp[i] = (ImportedData[[i +1]][[5]] - BCy) * ASy;

i++]
Table[{xExp[i], yExp[i]}, {i, Spots}] (* Plot experimental data in a sx, sy graph x)

{{-0.000424, 0.0111188}, {-0.000265, 0.0221844}, {-0.000424, 0.0333032},
{0.006307, 0.010108}, {-0.006413, 0.009842}, {0.006201, 0.0168644},
{-0.006413, 0.0167048}, {0.005883, 0.0279832}, {-0.006837, 0.0275576},
{0.012349, 0.022344}, {-0.012985, 0.022078}, {0.012508, 0.0118104},
{-0.01272, 0.0112252}, {0.019345, 0.0164388}, {-0.019186, 0.0167048}}
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ListPlot[Table[{xExp[i], yExp[i]}, {i, Spots}], PlotStyle » PointSize[0.02]]

]
0.03
° [ ]
0.025
[ ] [ [ ]
0.02
[ ] [ ] [ ] )
0.015¢}
[ ]
‘ LS. S ‘
-0.02 -0.01 0.01 0.02

- Graphics =

m Show data in matrix form

MatrixForm[ImportedData]

15 506 186 0.000053 0.0000532
0 0 2 498 395
0 0 4 501 603
0 0 6 498 812
1 0 1 625 376
1 0 1 385 371
1 0 3 623 503
1 0 3 385 500
1 0 5 617 712
1 0 5 377 704
2 0 4 739 606
2 0 4 261 601
2 0 2 742 408
2 0 2 266 397
3 0 3 871 495
3 0 3 144 500
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Generic functions

= Define an error function Sq[a_,c_] (actually its square) given by the quadratic
difference between experimental d-spacing and theoretical d-spacing

Clear[i]
h[i]? +k[i]?

a

xTh[i_]
1[i]
C

yTh[i_]
Spots

Lo\ 2
(yExp[i] _ 1L

Spots

Sqla_, c_] = Z [Abs[xExp[i]] -

+
a

i=1

2 2

2 2
4.29777x10’7+(0.019186—2) +(o.0193457§) +(o.0123497%) +(0.012508—g

22 22 1,2 1,2 1
(0.01272-— +(o.012985—— +(0.005883- =) +(0.006201- =) +{0.006307- =
a a a a a
1,2 1,2 6\ 2 5,2
2(0.006413——) +(0.006837——) +(o.0333o327f) +(0.0275576——) +
a a C C
5 2 4 2 4 2 4 2
(0.0279832-— +[0.022078 - 2) 4 (0.0221844- =) 4 [0.022344- 2| .
C C C C
3,2 3,2 32 22
(0.0164388—3) +2(0.0l67048—€) +(0.0l68644—€) +(0.0111188—€) .
242 242 1,42 172
(0-0112252‘3 +(0.0118104- =] + (0.009842- =] + 0.010108—3)

2

]+

2

+
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Plot3D[Sq[a, c], {a, 100, 300}, {c, 100, 300}]
(* Plot Sg[a_,c_] with variable a and c *)

- SurfaceGraphics =

1
ErrorFunction[a_, ¢_] = ,| —— Sq[a, c]
Spots

(* Returns the error function given by the quadratic average of Sq[a_,c_] x)

2 2
N (\/ 4.29777%x10°7 + (0.019186—3 +(0.019345- 2) 4
/15 a a
22 272 22 22
0.0123497A) +(O.0125O8—A) +(o.012727A) +(O.Ol2985—A) +
a a a a
1,2 1,2 1,2 1,2
0.005883- —| +(0.006201- —) + (0.006307- = +2(o.006413-E N

1,2 6\?2 5,2 5
0.006837—A) +(o.o333o327€) +(0.0275576—€) +(0.0279832—€) .

a
4,2 4,7 4 3,2
0.022078- —| + (0.0221844- —) +(0.022344- —| +(0.0164388- =] +
C C C C
3,2 3,2 22
2(0.0167048-— +(0.0l68644—— +(0.0111188 - =] +
C C C

2 2 2

(0.01122527%) +(0.0118104—%) +(0.009842—%) +(o.0101087%)2)]
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Plot3D[ErrorFunction[a, c], {a, 100, 300}, {c, 100, 300}]
(* Plot the error function and find a minimum in a,c by visual inspection =)

100

300

- SurfaceGraphics =

Find and output solutions

Solutions = FindMinimum[ErrorFunction[a, ¢], {{a, 200, 100, 300}, {c, 200, 100, 300}}]
(* Minimise error function to find best fit of a and c %)

{0.00164348, {a—>157.004, c > 178.235}}

aMinimum = a /. Solutions[[2, 1]]
cMinimum = ¢ /. Solutions[[2, 2]]

157.004
178.235

ErrorMinimum = Solutions|[[1]]

0.00164348
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Errors

= ErrorFunction represents the standard deviation calculated as quadratic sum of
the differences between theoretical Sx and calculated Sx, and theoretical Sy and
calculated Sy, divided by the number of spot, square root. Therefore its minimum
represents the standard deviation of the distances in the reciprocal space
between calculated and experimental spots.

m This returns a value in the reciprocal space. We can imagine this value as the
radius of a circle representing the indetermination around the coordinates a, c.
Therefore we calculate a, ¢ corresponding to this error.

aWorst =1/ (1 /aMinimum + ErrorMinimum)

124.801

aMinimum

157.004

aError = Abs[aWorst - aMinimum] (* Error on a %)

32.2027

cWorst =1/ (1 / cMinimum + ErrorMinimum)
cMinimum

cError = Abs[cWorst - cMinimum] (* Error on c *)

137.854
178.235

40.3809
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Some graphs

= Simulated data from the best fit of (a,c)

Vhli]% + k[i]2 1[i]
aMinimum ! cMinimum
PlotStyle » {PointSize[0.02], Red}]

pl = ListPlot [Table [ {

}, {i, Spots}] ,

0.025

0.015

0.005 o

0.005 0.01 0.015

- Graphics =

= Simulated and experimental data are superimposed in a single graph

Show[pl, p2]

0.03
° [ ]
0.025
[ ®
0.02
° ° e °®
0.015
° e 0.01 ° b
0.005 L4
-0.02 -0.01 0.01 0.02

- Graphics =



186 APPENDIX A MESOPHASE SYMMETRY AND CELL PARAMETER CALCULATION

Rhombohedral R3m

Input from file

Off[General: :spell]

= Import data as list into variable ImportedData

ImportedData = Import["C:\SAXS\R3m.csv", "CSV"]

({3, » 1}, {1, 0, 0, 165}, {1, 1, 1, 145}, {2, 1, 0, 90}}

= Move values from ImportedData into variables Spots, h, k, |, dExp

Spots = ImportedData[[1]][[1]];
(» First of list is assigned to variable Spots (n. of spots in input CSV file) «x)
For[i =1, i< Spots,

(* Cycle "for" from second to Spots+l line =*)

h[i] = ImportedData[[i+1]][[1]]; (* Assign h, k, 1 *)

k[i] = ImportedData[[i+1]][[2]];

1[i] = ImportedData[[i+1]]1[[3]];

dExp[h[i], k[i], 1[i]] = ImportedData[[i+1]][[4]];

(* Assign values of experimental d values relative to each spot =)

i++4]

m Show data in matrix form

MatrixForm[ImportedData]

3

1 0 0 165
1 1 1 145
2 1 0 90

Generic functions

= Function d? for rombohedral unit cell

dSquare[a_, a_, h_, k_, 1 _]=(a”*2 (1+2Cos[a]*3-3Cos[a]*2))/
((h*2+k”*2+172) *Sin[a]*2+2 (hk+k1l+1h) (Cos[a] *2-Cos[a]))

a? (1-3Cos[al?+2cCos[a]?)
2 (hk+hl+k1l) (-Cos[a] +Cos[a]?) + (h2+k2+12) Sin[a]?
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= Define an error function Sq[a_,c_] (actually its square) given by the quadratic
difference between experimental d-spacing and theoretical d-spacing as
calculated from the previous equation

Err[a_, a_, h_, k_, 1_] =dExp[h, k, 1] - Sqrt[dSquare[a, a, h, k, 1]]

dExplh, k, 1] - a2 (1-3Cos[a]?+2Cos[a]?)
PLh 2 (hk+hl+k1) (-Cos[a] +Cos[a]?) + (h2 +k2 +12) Sin[a]?

Cell parameter calculation

= Assign an error function to each spot based on the previous definition

For[i =1, i < Spots,
SpotErrorFunctionf[a_, a_][i] = (Err[a, a, h[i], k[i], 1[i]]);

i++4]

= Define a global error function (ErrorFunction) given by the quadratic sum of the
single-spot error functions (SpotErrorFunction) divided by the number of spots

(std. deviation)

ErrF =0;
Temp = 0;
For[i =1, i< Spots,
Temp = ErrF;
ErrF = Temp + SpotErrorFunction[a, a] [i] *2;

i++4]

ErrF

ErrorFunction[a_, a_] =
Spots

1 (165—\/&12 (173COS[O(12+2COS[O(13)CSC[O{}2)2+
NE)

2

|

2 _ 2 3
145J6a (1-3Cos[a) + 2Cos(al’)

(-Cos[a] + Cos [Ot}z) +3Sin[a]

2

50 a2 (1-3Cos[al?+2cCos[a]?)
4 (-Cos[a] +Cos[a]?) +5sin[a]
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= Plot ErrorFunction

Plot3D[ErrorFunction[a, a Degree], {a, 100, 300},
{a, 30, 120}, AxesLabel » {"a (A)", "a (°)", ""}]

- SurfaceGraphics =

ContourPlot [ErrorFunction[a, a°], {a, 100, 300}, {a, 30, 120}, Contours -» 15]

120+

80

60 f

40+

100 150 200 250 300

= ContourGraphics =
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= Find a minimum in ErrorFunction varying a and « in a specified range
{start,min,max}. Variables aMinimum and aMinimum contain the values of a, a
corresponding to the minimum of ErrorFunction. Variabile ErrorMinimum contains
the value of ErrorFunction calculated for aMinimum and aMinimum

Minimum = FindMinimum[ErrorFunction[a, a], {{a, 160, 150, 250}, {a, 60°, 30°, 90°}}]
(* position "2" is that of {a,a} =*)

{3.22744, {a—>189.058, a— 1.16948}}

aMinimum = a /. Minimum[[2, 1]]
oMinimum = a /. Minimum[[2, 2]]

189.058

1.16948

ErrorMinimum = Minimum[[1]]
(* this minimum is the std deviation in d-spacing, threfore in REAL space x*)

3.22744

Intersection method for error calculation

» This method calculates the standard deviation as the differences between the
single and the global error functions. The differences are summed quadratically
and then divided by the number of spots. The result is a value 6z that is summed
to the minimum of ErrorFunction and gives zintersec. A plane parallel to xy,
z=zIntersec, intersecates the curve of ErrorFunction and defines a curve parallel
to xy (see last graph): this curve represents the maximum variations of
parameters a ed a that determine the error.

m Calculate the differences between the global and the single error functions

Deviation = Range[Spots] ; (* creates and initialise list Deviation %)

For[i =1, i< Spots,
Deviation[[i]] =

Abs[SpotErrorFunction[aMinimum, aMinimum] [i] - ErrorFunction[aMinimum, aMinimum]];
(¥Print[i," ",Deviation[[i]]]%*)

i++]



190 APPENDIX A MESOPHASE SYMMETRY AND CELL PARAMETER CALCULATION

m Quadratic sum of the deviations

1 Spots
6z = >, Deviation[[i]]*2
Spots i-1

3.94362

= Intersecate curve ErrorFunction with a plane parallel to xy passing by a distance
equal to Delta from the bottom of the curve. Intersectionin the two points

corresponding to aMinimum and aMinimum.

zIntersec = ErrorMinimum + 6z;
aMax = a /. FindRoot [ErrorFunction[a, aMinimum]
aMax = a /. FindRoot [ErrorFunction[aMinimum, a]

== zIntersec, {a, aMinimum}];
== zIntersec, {a, aMinimum}];

aError = Abs[aMinimum - aMax] ;
aError = Abs[aMinimum - aMax] / °;

Solutions and graphs: ErrorFunction, zintersec, intersection of the two

pl = Plot3D[ErrorFunction[a, aDegree], {a, 170, 205}, {a, 60, 80},
AxesLabel » {"a (A)", "a (°)", ""}], (* First graph is EfforFunction x)

p2 =Plot3D[zIntersec, {a, 170, 210}, {a, 50, 100}, ColorOutput -» RGBColor];

(* second graph is zIntersec x)
Show|[pl, p2, ViewPoint » {1, -2, 0.3}, BoxRatios-» {1, 1, 1}]
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Appendix B

Materials, self-assembly
and biology

B.1 Better materials through biology

A notable example of a self-assembled biological system which is often addressed
to when considering the synthesis of porous materials is diatom, a photosynthetic
unicellular species of alga enclosed by a shell of silica (Figure B.1 a). The outer
shell is made of porous silica: this architecture provides structural stiffness and
permits the intake of nourishment through the interconnections between the pores.
These siliceous architectures form through the self-assembly of proteins, which
act as the structuring agents that regulate nucleation, growth, morphology and ori-
entation of the inorganic silica particles from dilute solutions of silicic acid. In
this case, the self-assembled structure serves as a template for the construction of
a rigid inorganic framework with protective function. The skeleton that consti-
tuted the mineral framework of such living species sedimented at the bottom of
the sea in the course of millions of years, and large deposits of diatomaceous earth
emerged after geologic turmoil. This chalk-like sedimentary rock is now widely
used in industry owing to its filtering properties, for example in sugar refining and
in purification of water in swimming pools. !

In general, the formation of inorganic structures (oxides, sulfides, silica, car-
bonates and phosphates) that is directed by organic species in living organisms
is called biomineralisation. This term includes all biochemical processes lead-
ing to the formation of mineralised parts in living organisms.? Although the start-
ing point for the concentration and transformation of components in an aqueous
medium to form crystals is generally assumed to be an aqueous solution contain-
ing dissolved ions, there is increasing evidence that clusters, nanoscale amorphous
precipitates, and other complex precursors in the aqueous phase may play an im-
portant role in crystallisation.® Notable examples are the formation of skeleton,
teeth, bones: all of these biological inorganic structures can be considered to form
through self-assembly processes involving the assembly of inorganic precursors
guided by macromolecules such as collagen, glycoproteins, chitin and polysaccha-
rides.

Nature abounds in biomineralised self-assembled systems, whose architectures
have been optimised in millions of years in order to ensure the best functional (e.g.
optical and chemical sensing) and structural (e.g. housing, motion) properties, with
the least expenditure in terms of biological raw materials. Essentially, the optimi-
sation of these properties served to enhance the chances of survival, therefore they
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were slowly refined by evolution. An interesting example is nacre (mother-of-
pearl), whose shells are made of hard thick plates of aragonite and calcite interca-
lated with thin and soft stress-dissipating protein 3-sheets. This particular “brick
and mortar” composite structure renders fracture toughness 1000 times higher than
regular calcite crystals (Figure B.1 b) and can be exploited for anything that needs
to be lightweight and fracture-resistant. Since organisms have spent millions of
years optimising structural materials for better performances, materials scientists
interested in the design of functional materials should be curious about the smart
solutions that nature provided to problems which are similar to those they have to
cope with daily.

Nature can thus drive inspiration for the synthesis of new materials. Given the
countless range of existing biological architectures, it should be clear that the study
of biomineralisation and other self-assembly processes in nature could enable us
to formulate new strategies towards the synthesis of novel structural and functional
materials.

Because biological processes occur generally in very mild conditions (i.e. in
aqueous solvents, at ambient temperature and pressure and with low precursor con-
centrations) they can be imported into the chemistry lab in what is commonly re-
ferred to as soft chemistry, i.e. involving chemical reactions at ambient temperature
and pressure, starting from molecular or colloidal precursors. Such an approach to
synthesis, inspired by the study of natural phenomena and taking advantage of nat-
ural principles, goes under the name of biomimetic approach.>® In fact, the aim
of biomimicry is not quite to copy a process or an architecture already existing in
nature or merely synthesise a material from biological templates, but to get inspi-
ration and to use the knowledge derived from the study of natural systems as a
guide for the design of new syntheses, materials, architectures. Inspiration arises
from recognising the analogies between the way biology assembles materials with
a particular function, as in the case of the nacre mentioned previously, and the way
we can portend to similar things through materials chemistry in order to fabricate
materials with well-designed structures, properties and functions. In this sense, it
would be more correct to speak of bio-inspired materials chemistry, rather than
biomimetic.’

Being inspired by the study of nature is not a new concept. Leonardo da Vinci

Figure B.1. (a) SEM image of a diatom. (b) SEM image of the brick-and-mortar structure
of a nacre.
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used to study natural phenomena and animal anatomy, upon which he based the
construction of his machines and engineering works. However, it is only in the last
decades that a deep awareness has arisen, that nature can offer countless models
which we can turn to for inspiration. The pioneering works by Pieter Harting in
18738 and D. W. Thompson in 1917° are generally considered to be the first works
where biomineralisation processes were described in detail and direct observations
were reported on the shape of microscopic organisms in the successful attempt
to explain the morphogenesis of biominerals. In particular, Dutch zoologist and
microscopist Pieter Harting succeeded in making perfect replicas of some natural
calcareous forms by reacting calcium and carbonate salts in biological media like
albumen and gelatin, thus discovering that natural architectures were not merely
inorganic in their origin. Thanks to the discovery that these structures could be
synthesised in the laboratory, Harting’s work is considered to mark the beginning
of biomimetic inorganic chemistry.

B.2 Self-assembly in biology

Self-assembly is a process of paramount importance in biological systems, because
it lies at the basis of the formation and the evolution of biological systems. For ex-
ample, cell walls are bilayer membranes built by the self-assembly of biological
amphiphilic polymers called phospholipids. Another remarkable example is the
synthesis of proteins within the cell: ribosomes are synthesising units that build
different types of proteins (multi-purpose elements that serve as structural units,
signalling agents, enzymes, etc.) in a self-assembling process encoded in the dif-
ferent portions of DNA. In its essence, a DNA code is transcribed into RNA, then
RNA is decoded by transfer RNA (‘RNA) molecules, which bear conjugate amino
acids. These loaded ‘RNA molecules dock into the ribosome, and add their amino
acid molecules one by one to the growing polypeptide chain which constitutes the
protein. These can be considered self-assembly processes in that they are not driven
by external forces and lead to an ordered functional structure.

In Chapter 5 we have described two phenomena occurring during the synthesis
of mesostructured HfO; films: (1) a disorder-to-order transition of the mesophase
induced by atmospheric humidity, (2) mesostructure disruption upon exposure to
X-rays. These two phenomena are reversibile as long as inorganic condensation
does not hinder mesophase rearrangements: changing relative humidity to high
and low values in the deposition chamber causes the mesostructure to self-organise
and disrupt, respectively; X-rays cause the disruption of the ordered mesostructure,
which is restored when the radiation is turned off. These properties can be thought
as a (much simpler) synthetic equivalent of the reversibility property of a living
organism: once the external perturbation is over, the system returns to the initial
equilibrium state. Even if these restoration phenomena are much more complex
in living systems than in the mentioned experiments, it is interesting to compare
the self-organisation behaviours in these two systems. After all, an outlook on the
properties of self-organising systems can drive inspiration for new materials.

Many properties of biological systems (e.g. adaptability, reproduction, nour-
ishing) are possible due to the labile character of the bonds in self-assembled units
(typically, weak interactions such as electrostatic forces and Van der Waals inter-
actions). Weak bonds can be broken with little energetic expenditure and reform
with as little amount of energy, in order to adapt to the new thermodynamic equilib-
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rium conditions. As a consequence, several properties of biological systems can be
traced back to the general properties of self-assembled systems. Let us consider as
an example the self-healing property of a living organism that intervenes when its
internal organisation is somehow disrupted by an external agent. Self-healing cor-
responds to the reversibility property of a self-assembled system, which shows the
tendency to return to its original state once the perturbation from the environment
has ceased.

A living system is clearly much more complex than a self-assembled system
obtained in the laboratory. Furthermore, a living structure is always far from ther-
modynamic equilibrium. This apparent contradiction can be solved considering
self-assembly as a dynamic process, where a metastable ordered state is main-
tained through the supply of energy from the environment in the form of food and
the elimination of metabolic products. Therefore, self-assembly can be classified
as either static or dynamic. In static self-assembly the ordered state forms as the
system approaches equilibrium, reducing its free energy, whereas in dynamic self-
assembly forming and maintaining the ordered state requires dissipation of free
energy but not an approach to equilibrium.

Stretching this definition of dynamic self-assembly to include the phenomena
related to self-organisation, we get to the bottom line: what are we, if not dynamic
self-assembled and self-organised systems, striving to stay out of thermodynamic
equilibrium as long as we can?
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