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Abstract

The subject of this thesis is the synthesis and characterization of composite materials
based on electroluminescent conjugated polymers in mesoporous hosts. These materials were
studied with the goal of producing a structure in which the electrical properties on encapsulated
conjugated polymer chains could be measured. Towards this goal, both the creation of thin film
hosts with oriented and ordered mesopores and new methods for the incorporation of polymers
into mesoﬁorous hosts are described, along with characterization techniques for showing the
polymer distribution on the nanometre scale.

The preparation of the conjugated polymer poly(1,4-phenylene vinylene) (PPV) inside
the 3.1 nm channels of a hexagonally ordered mesoporous silica materia, MCM-41, is
described. The MCM-41 surface was first derivatized with an organic base. Subsequent
introduction of monomer dissolved in ethanol resultéd in base-initiated ‘polymerization in the
pores of MCM-41. A pore size reduction of 0.3 nm was seen in the composite material by
nitrogen physisorption. Electron-energy loss spectroscopy (EELS) showed that the composite
had a distinct loss signai related to tﬁe m-electron system.on the polymer. Energy-filtered
transmission electron microscopy (EFTEM) with 200 keV electrons showed that the polymer
was evenly distributed throughout the composite material through mapping of the m-electron
losses near 6 eV. A polymer mass content of ~8 % indicated the presénce of approx. 6 polymer
chains in each pore. The photophysical properties of PPV inside the composite were found to be
similar to bulk PPV.

For the preparation of mesoporous thin films with channels oriented normally to the
surface, three literature approaches were investigated: the self-assembly of mesoporous silica
films with the SBA-2 structure, the thermal oxidation of FeO/SiO; films, and the anodic
oxidation of aluminum substrates. The latter approach, carried out at low temperature, is shown
to yield alumina films with the desired pore structure. Films with a pore size of 4 * 1 nm are
created with an applied potential of 15 V in 1.2 M sulfuric acid (in 1:1 water:methanol) at -39
°C.

EELS and EFTEM were applied to the analysis df composite materials created by the
adsorption of a thin layer of poly[2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylene vinylene]
(MEH-PPV) on the surface of porous alumina membrane with 60 nm pore diameter. The
measurements were carried out with a 200 keV electron beam travelling parallel to the pores of

the host membrane. The m-electron losses of the polymer could not be discerned in this
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geometry. Strong surface losses were present at 8, 13 and 18 eV. A long-range loss mode not
associated with bulk or surface losses appeared at 7.0 eV, up to 30 nm from the pore surface.
Both these loss modes interfered with the detection of the m-electron losses and the polymer
distribution could not be confirmed.

The origin of the long-range loss mode was identified as the Cherenkov effect. EELS
with 120 keV electrons shifted the peak energy of this loss mode to 8.3 eV, which indicated a
dependence on the electron speed. Samples with different pore diameters but a fixed interpore
spacing also showed shifts in the peak position. Theoretical modelling of the loss spectrum of a
cylindrical pore suggested that these observations arise from the interaction of the generated
Cherenkov radiation with the nearby pores in the membrane. This introduces the possibility of
studying photonic nanostructures by EELS.

Different methods for introducing the conjugated polymer into an oriented porous host
are explored. The idea of creating surface-grafted conjugated polymers on silicon substrates
through step polymerization is investigated; as proof of concept, a surface-grafted dimer is
synthesized through the Wadsworth-Horner-Emmons reaction. It is further shown that simple
centrifugation of a polymer solution, while allowing solvent evaporation, provides a sufficient
driving force for polymer insertion into the host. This composite is investigated by electron
microscopy. EELS and EFTEM analysis were also applied to ultramicrotomed thin sections of
this material, with the electron beam perpendicular to the pore axis. The results showed that
relativistic effects may also be important in this geometry, effectively masking the distribution of
the m-electron losses associated with the polymer.

Possible routes to the preparation of a light-emitting device (LED) based on porous
alumina films are described. The use of the underlying aluminum substrate as electron-injecting
electrode was investigated but devices prepared in this manner did not show
electroluminescence. The formation of porous alumina films on conductive substrates such as
silicon, indium tin oxide and gold was also investigated and the encountered experimental

difficulties are reported.
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CHAPTER 1 Introduction

The three challenges of materials chemistry are. synthesis, characterization and
understanding. Ali of these have seen rapid progreés in the past décades, largely due to advances
in experimental methods and instrumention for investigating materials on.the nanometre scale.
This follows from the importancé of interactions on this scale: the properties of all materials,
from atom clusters to the bulk, whether homogeneous or not, are governed by interactions on the
nanometre level. Understanding and exploiting these interactions has thus become centrally
important in materials chemistry. Consequently, the development of new tools for structural
characterization on this scale is of equal importance.

For crystalline materials, the tools for complete characterization on the atomic level have
been available for a long time through X-ray diffraction. Yet this technique only ﬁrovides an
average picture of the material and may overlook structural features which may dominate
material function, such as interfaces and defects. Furthermore, amorphous materials and
materials with structure on a different scale are also excluded from investigation by diffraction.
Structural analysis of such materials can only be done by high resolution microscopy, and this
area remains in development for organic materials. |

This thesis describes the preparation of composite materials consisting of conjugated
~ polymers within mesoporous hosts. In this case, the material properties of interest — charge

transport and luminescence in the conjugated polymer — could not be investigated further

without first establishing the detailed structure of the composite. As this structure varied on the
1




nanometre scale, the characterization was not trivial and the development of the appropriate
techniques became the focus of this work. In a larger context, this reflects the need for proper
material characterization before property studies can be undertaken. The methods followed in
this work should be readily applicable to other nanostructured systems with conjugated polymer
components.

In this chapter, the properties of conjugated polymers are introduced along with a
description of their main application in light-emitting devices. The motivation for introducing
such polymers into porous host materials is discussed, and the literature on this developing field
is reviewed. Finally, the scope of this thesis is presented along with a short summary of each

chapter.

1.1 Conjugated Polymers: Organic Conductors and Semiconductors

The optical and electrical properties of molecular crystals of conjugated molecules have
been the subject of study since the 1940’s,! while the study of conjugated polymers began in the
1970’s. Organic polymers with an electron system delocalized over the complete chain are of
interest for a number of reasons, including the novelty of charge transport in polymers,
theoretical interest in 1-D conductors, the useful mechanical properties of polymeric materials,
and their simple and inexpensive processing.

Very significant breakthroughs have occurred in the study of conjugated polymers over the
past 30 years. These polymers have been used as the active material in a number of applications,
including sensors,2-3 transistors,“‘v6 light-emitting devices,” photovoltaic devices,!0 and
lasers.1 1,12 Electroactive polymers are also playing a role!3 in the development of molecular

electronics. 14,15
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1.1.1 Organic Molecules with Conjugated n-Electron Systems

In many organic molecules, interesting and useful electrical properties arise from the
presence of delocalized m-electron systems. These systems are referred to as conjugated m-
electron systems. From the organic chemist’s point of view, such a system is recognized in a
chemical structure as a sequence of alternating single and double bonds between carbon atoms
(Figure 1.1(a)). Electrons on other atoms, such as oxygen, sulfur and nitrogen, can also
participate in a conjugated system. From the physical chemist’s point of view, a conjugated n-
electron system can be defined as a set of adjacent, parallel, half-filled p electron orbitals on a
molecule (Figure 1.1(b)). In the framework of molecular orbital theory, these p orbitals combine
to form molecular orbitals that are spread over the chain of interacting atoms (Figure 1.1(c)).
Aromatic molecules are a special case where 4N + 2 conjugated m-electrons form a ring, which
imparts additional stability to the molecule.

The highest occupied molecular orbital (HOMO) is a m bonding orbital, and the lowest
unoccupied molecular orbital (LUMO) is a 7 antibonding (or m') orbital. In large conjugated
electron systems, the bonding orbitals have a quasi-continuous set of energy levels, which is
referred to as the valence band. Analogously, the antibonding orbitals form the conduction band.

Most importantly, the electrons in the conjugated system are delocalized over the extent of the

H H
b b n
I e
| |
H H
A B C

Figure 1.1 Butadiene, a simple conjugated molecule: (a) chemical structure, (b) p-orbitals
forming conjugated system, (c) lowest energy (of four) © molecular orbital.
3



conjugated bonds. A conjugated molecule may therefore act as a pathway for charge transport if
a charge carrier is introduced into the HOMO or LUMO. This can be accomplished by either
oxidizing or reducing the molecule, either chemically (also known as doping) or

electrochemically.

1.1.2 Conjugated Molecules in the Solid State

The electrical properties of a material depend largely on the distribution of available
energy states above the highest occupied state. This is the energy difference between the
conduction band and the valence band, which determines the amount of energy required to
promote an electron from the HOMO to the LUMO. The size of the band gap is used to classify
a material as a conductor, semiconductor or insulator. In conjugated molecules, the band gap is
determined by the size of the conjugated system, and in most cases it falls in the range of
semiconductors.

The electronic properties of conjugated molecules in the solid state (i.e., as a material) are
altered by the effects of interactions between neigﬁbouring molecules. Electronic processes, such
as charge_: transport, are then a combination of intra- and intermolecular processes. For small
molecules, intermolecular processes are necessarily important. For larger molecules, in particular

polymers, the relative importance of these processes varies from material to material.

1.1.3 Organic Conjugated Polymers

Since the 1970’s, molecules with long extensions of conjugated m-electrons have been the

subject of scientific pursuit, as a result of interest in their electrical and optical properties. The

concept of organic molecules as molecular wires has seen significant development.!6:17 In
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Figure 1.2 Conjugated polymers: (a) polyacetylene, (b) polypyrrole, (c) polythiophene, (d)
polyaniline, (e) poly(1,4-phenylene), (f) poly(1,4-phenylene vinylene) (PPV), (g) poly[2-
methoxy,5-(2'-ethylhexyloxy)-1,4-phenylene vinylene] (R = Me, R’ = 2-ethylhexyl) (MEH-
PPV).
particular, polymers with conjugated m-electron systems extending along the whole leng’[h have
been investigated. These are semiconductors in the pristine state. The simplesf such polymer,
polyacetylene (Figure 1.2(a)), was reported to be a conductor when doped by Shirakawa, Heeger
and MacDiarmid in 1977.18 The doped polymer exhibits an electrical conductivity that can reach
metallic levels (Table 1.1). The conductivity of polyacetylene was an enormously important
scientific discovery that earned the Nobel Prize for chemistry in 2000. The physics associated
with the excited states on the polymer chain also proved to be very rich.1?

The incorporation of aromatic subunits (benzene, thiophene, pyrrole, etc. — see Figure 1.2)

allows control over the structure and properties of the polymer.' These aromatic subunits may be

chemically modified to adjust their electrical and optical properties,20 and to impart other
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Table 1.1 Electrical conductivity of polymers and some common materials.2!

Conductivity Polymer Other Materials
(S cm™)
10° doped polyacetylene, or copper, iron
1 doped polypyrrole, graphite,
polythiophene, etc. doped silicon
10° trans-polyacetylene indium,
tin, silicon
cis-polyacetylene water
107" diamond
polythiophene, polypyrrole
10" nylon
107 Teflon quartz

desirable properties such as solubility. The incorporation of metal centres into the polymer chain
is also an area of active reéearch but falls outside the scope of this thesis. In general, the
incorporation of functional units that interact with the conjugated n-system can be used to make
the conductivity sensitive to the presence of external stimuli.2.3,6

The structures of conjugated polymers in solution and in the bulk can vary significantly.
On short length scales, the chain structure is usually planar for optimal conjugation. On a longer
scale, the polymer may deviate significantly from the ideal of a molecular wire and exist in a
coiled-up configuration. This structure is difficult to determine in the solid state but may be
investigated in solution by dynamic light-scatterin‘g measurements.22

The conductivity of doped polymers was found to degrade significantly through

environmental exposure.23-24 As undoped semiconductors, they are somewhat more stable and

this area has become the main focus of work in the past decade.




1.2 Luminescence in Conjugated Molecules

The process of light emission by a molecule in an excited state is termed luminescence,
and many conjugated molecules are highly luminescent. The excited state may be a spin singlet
or a spin triplet, while the ground state is normally a singlet in organic molecules. The transition
from the excited state to the ground state can occur through both radiative and non-radiative
processes.

A radiative decay process in which spin angular momentum is conserved (.also called a
spin-allowed transition, e.g. between two singlet states or two ftriplet states) is termed
fluorescence. This is a rapid process, with a typical lifetime on the nanosecond scale. A spin-
forbidden radiative transition (e.g. from a triplet to a singlet state) is much slower (on the
microsecond scale) in organic molecules and is called phosphorescence. The singlet ground state
causes fluorescence to be the normal emission process in organic molecules.

A typical non-radiative decay process takes the molecule to a very highly excited
vibrational level of the ground state, and the excess vibrational energy is dissipated eventually as
heat. This mechanism may dominate if the radiative pathway is slow; for this reason,
phosphorescence is not usually observed in organic conjugated molecules.

The initial excited state can be generated in a number of different ways, and this is used to
distinguish different types of luminescence: photoluminescence from optical excitation,
electroluminescence from electric;al excitation, and chemiluminescence from chemical reaction.
These modes of expitation may eéch be important for differént applications; they may also differ

significantly in the number of singlet and triplet states that they initially create. For conjugated

polymers, the most important of these processes is electroluminescence.




1.3 Electroluminescence in Conjugated Polymers

Electroluminescent materials are of special importance in display technology.
Electroluminescence is described as the emission of light from condensed matter under the
action of an electric field.2> This phenomenon was reported for small conjugated organic
molecules in 1987.26 It was first reported for a conjugated polymer, poly(l,4-phenylene
vinylene) (PPV), in 1990 by Friend and co-workers.27 A simple polymer-based device is shown
in Figure 1.3: the active polymer layer is sandwiched between a metallic cathode and a

transparent anode.

While the performance of these devices has been continously improved, the main barrier to

commercialization has been device degradation.® Conjugated polymers are very susceptible to
photo-oxidation; the oxidized molecules then serve as low-energy traps for electrons, which

reduces the luminescence efficiency.2829 Other routes to device degradation also exist.30-31

1.3.1 Electroluminescence Processes in Conjugated Polymers

The technological importance of electroluminescence has made understanding the various
electronic processes in these devices an important objective. The mechanism of

electroluminescence in polymers has been widely investigated and reviewed in detail.%-19:25 The

Cathode: aluminum or calcium

e Polymer: ~100 nm thick

Anode: indium tin oxide
4~ on glass

ST 5

Light emission

Figure 1.3 Structure of a simple conjugated polymer-based electroluminescent device.
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Figure 1.4 Electroluminescence processes in a simple polymer device.

key processes, illustrated in Figure 1.4, are charge injection, transport, recombination and de-
excitation.

Under the action of the applied electric field, the polymer is oxidized at the anode (indium
tin oxide (ITO) or gold), which introduces a positive charge by removing an electron from the
HOMO (valence band). This species is referred to as a hole. At the cathode, the polymer is
reduced, which places an electron into the LUMO (conduction band). The work function of the
cathode material is chosen to match the polymer LUMO level as closely as possible; aluminum
and calcium are used commonly. If there is substantial mismatch, the injection process does not
proceed efficiently. It follows that the devices do not conduct under reverse bias.

These charges migrate towards each other through the material due to the applied field
through a combination of intrachain and interchain transport. When a hole and an electron meet
within the polymer, they may recombine to create either a singlet or triplet excited state. As

discussed above, the singlet state will usually decay radiatively, completing the

electroluminescence process. The triplet state usually decays non-radiatively; it may be




converted to a singlet state through the addition of a sensitizer;32-33 the triplet state energy may
also be converted to light through phosphorescence.34.35

The excited state may be localized on one polymer chain or spread over adjacent chains. In
the latter case, it has been found that the radiative lifetime is substantially longer,22:36 which can

then favour non-radiative processes.

1.3.2 Electroluminescence Efficiency

The power ‘efficiency of ‘an electrbluminesc’ent device is very important for many
applications, as it determines the brightness and power consumption of the device. Important
progress has been made in improving ‘this efficiency following the discovery of
electroluminescence in conjugated polymers.? Many factors affect the power efficiency, and here
only the internal quantum efficiency is discussed. This is defined as the number of photons
created per injected electron.? The overall internal quantum efficiency is determined principally
by the photoluminescence yield and the singlet yield.

The photoluminescence efficiency, which can be measured separately, places an upper
limit on electroluminescence efficiency. Optical excitation of the polymer creates an excited
state identical to the one produced by the charge recombination process. Since optical excitation
creates only singlet states, this allows the relative importance of radiative and non-radiative
processes to be investigated. The presence of interchain interactions is important in this respect,
as an excited state with a slow radiative decay can be more susceptible to non-radiative
quenching. In the device, the higher mobility of holes relative to electrons in the polymer causes
recombination to occur close to the cathode interface. This interface is known to have many
chemical defects at which non-radiative decay can occur,37-38 which reduces the

photoluminescence efficiency relative to the pristine material.
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In electroluminescence, the singlet yield corresponds to the fraction of excited states
generated as singlets. The creation of the non-radiative triplet states during recombination
reduces this yield. Based on simple spin statistics, the singlet spin fraction is expected to be one
quarter, and this was long believed to be the limiting factor of organic electroluminescent
devices. However, some recent experimental39-42 and theoretical43:44 results have indicated that
the probabilities of singlet and triplet formation may not be the same, and that singlet creation is
favoured in polymeric materials (as opposed to small molecules). Hence the singlet fraction may
approach unity in conjugated polymers.

More sophisticated device structures provide higher efficiency: multi-layer devices are
used to eliminate the problem of higher hole mobility*> and the injection processes can be
improved by optimizing the cathode material*¢ or by modification of the anode interface by
ultrathin polymer layers.#”7 The complex chemistry of evaporated metal contacts has limited the

understanding of processes at the cathode interface.46

1.3.3 An Ideal Device Structure

The electronic processes in conjugated polymer devices are difficult to study due to the
amorphous nature of the polymer film. The disorder in these films gives rise to complicated 2-
and 3-D phenomena despite the 1-D nature of the polymer chain. It is then of scientific interest
to develop systems whére interchain p'ro'ce'sées are eliminated, thereby allowing the intrachain
properties to dominate. This amounts to electrical isolation of individual polymer chains.

It is clear that complete isolation of each chain would éliminate all charge transport, and
therefore a functional device can only be achieved if each polymer chain is in electrical contact

with both electrodes (Figure 1.5). An ordered and oriented encapsulant is necessary to achieve

such a structure. An ideal device design would also include chemically well-defined interfaces to
11
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Figure 1.5 Ideal device structure consisting of oriented and isolated polymer chains.

the cathode and anode, such that the charge injection processes could be studied more
rigourously. This area has already seen important progress through the study of conjugated
molecules self-assembled on metal interfaces.!7-48

The goal of measuring single polymer chain electrical properties thus serves to introduce
the theme of encapsulation. A list of desirable properties may be generated based on the premise
that the host material should be present only to induce the desired ordering of the conjugated
polymer guest and otherwise not interfere with measurements being made on the guest (Table
1.2). In practice, it must be recognized that host-guest interactions cannot be entirely avoided,

and may be difficult to account for.
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1.4 Encapsulated Conjugated Polymers

Encapsulation can be generally defined as the preparation of materials in which there is a
reduced degree of interaction between the guest molecule and its surroundings. There are two
fundamental motivati-ons behind the goal of producing encapSuléted cbhjugated polymers. First,
as discussed above, the study of single polymer chains isolated in the solid state is expected to
reveal the fundamental photophysical and electrical behaviour of the conjugated polymer chain,
without any effects due to aggregation with other polymer chains.4? Second, a suitable
encapsulant would provide protection against environmental agents, most importantly oxygen,
which would allow devices to operate for longer periods of time under ambient conditions. In
this context, encapsulation implies the reduction of chemical and electrical interactions of the

polymer chains.

1.4.1 Approaches to Encapsulation

The photophysics of isolated chains can be studied by dispersing the polymer in an inert

Table 1.2 Properties of the ideal host material for conjugated polymers.

Property _ Basis
1. Aligned channels normal to the substrate Allow good electrical transport
2. Narrow pores (<5 nm) Minimize number of polymer chains per pore,

ideally only one per pore
(guaranteed if diameter is <2 nm)

3. Optical transparency Allow optical characterization of polymer
guest

4. Electrical insulator Measure only guest electrical properties,
Minimize interchain processes

5. Chemically inert Minimize interactions with the polymer guest

6. Easily prepared as thin film Allow light-emitting device fabrication

(controlled thickness, defect-free)
7. Good "analytical contrast" Ease of characterization

polymer matrix.>0-5! However, this approach does not preclude effects due to interactions among
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different segments of the same chain, if the polymer is in a coiled configuration. Possible phase
segregation of the polymer is also an issue in these materials, and cannot be excluded without
detailed microstructural analysis of the dispersed polymer. Similarly, dilute polymer solutions
can be studied. In this way, the intrachain hole mobility has been measured for isolated polymer
chains32 and the effect of interchain interactions on ph(_)tophysical behaviour has been
determined.22

These approaches to encapsulation are useful but afford a degree of encapsulation which
prevents direct electrical measurg:ments on the isolated chains. Furthermore, a degree of disorder
remains on the level of the polymer chain conformation. For this reason, novel approaches.to
encapsulation are desirable and one can look to ordered porous materials. Many of the

requirements of Table 1.2 can be satisfied by porous materials based on silica and alumina.

1.4.2 Ordered Porous Materials as Encapsulants

The synthesis of conjugated polymers within ordered host materials has been reviewed
extensively in recent years,21,53,54 and a brief overview is given here. Further details on various
host materials are given in chapters 3 and 4.

In the late 1980’s, the initial work on the synthesis of polyacetylene within the channels of
zeolites (crystalline, microporous aluminosilicate materials) was carried out by Bein and Enzel.
They incorporated polypyrrole,49 polythiophene,55 and polyaniline>® into different zeolites. This
work was then extended to produce conjugated polymers within the channels of a mesoporous
silica material.>7-59 These results provided the ﬁ_rst indications about the behaviour of
conjugated polymers in a confined environment: microwave conductivity measurements

indicated that the confined polymers could be more conductive than in the bulk.%9 The
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composite materials were in powder form, which precluded achieving any . macroscopic
orientation of the samples.

Martin et al. developed oriented, encapsulated materials based on porous alumina and
track-etch membranes.®1-63 The pore diameters in these membranes were in all cases larger than
10 nm, which allowed for convenient preparation of polymer microtubules but did not allow any
polymer confinement effects to be observed.

Substantial progress towards the goal of encapsulating conjugated polymer chains into
oriented hosts was reported in the literature during the course of this thesis. The work by the
groups of Tolbert and Schwarz at the University of California, Santa Barbara®4-68 and the work
by the group of Gin at the University of California, Berkeley®9-75 represent the most significant
developments in this field. They prepared host-guest systems where the conjugated polymer
guest was encapsulated in very narrow channels, and their evidence suggested that interactions
between different polymer chains were eliminated. This was accomplished through investigation
of the time-resolved optical properties of the composite material. However, the goal of
measuring the electrical properties of single conjugated polymer chains directly has not been
achieved to date; the nearest result describes the hole mobility on single conjugated polymer
chains in solution.>2

These and other relevant results are reviewed here to provide a perspective on the field of

encapsulated conjugated polymers.

1.4.3 Oriented Mesoporous Silica Encapsulant
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The use of a large external magnetic field to align the channels of a surfactant-templated

mesoporous silica material was pioneered by Firouzi er al.76 This method may be used to
produce solid samples with an overall channel orientation parallel to the applied magnetic field,
with a lattice spacing of 3.5 nm and a diameter of 2.2 nm.”” It was then shown that a soluble
PPV derivative, poly[2-methoxy,5-(2'-ethylhexyloxy)-1,4-phenylene vinylene] (MEH-PPV,
Figure 1.2(g)), could be introduced into the channels of such a host following proper chemical
functionalization of the channel surfaces (diameter reduced to ~ 1.7 nm).64 The polymer loading
was simply accomplished by placing the host in a heated polymer solution for some time (Figure
1.6), then following an optimized solvent washing sequence to maximize removal of external
polymer. The initial evidence for polymer incorporation was based on measurements of the
fluorescence polarization. It was recognized that at least some unencapsulated polymer was
present in larger cavities in the host material, but its effect could be minimized through selective
oxidation. It was further argued on geometrical considerations (the polymer packing radius is 0.8
- 0.9 nm in the solid state) that only one polymer chain could be present in each pore.
Investigation of the photoluminescence polarization dynamics indicated that initial

excitation energy localized on the unencapsulated polymer migrated quickly to the lower-energy

interacting polymer chains

Diameter = 1.7 nm P’

MEH-PPV
 —

80 °C

isolated polymer chains

Figure 1.6 Incorporation of MEH-PPV into oriented mesoporous silica.
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encapsulated chains.65:66 Further energy migration along the encapsulated chain was a slower
process. The measurement of transient absorption dynamics in the femtosecond regime allowed
the encapsulated ioolymer to be distinguished‘ Vefy clearly, based on éomparisbns with MEH-
PPV in dilute solution and as a thin film.

Overall, thése results provided very compelling arguments for the presence of isolated
MEH-PPV chains in the pores of the silica host. The single chains were not observed directly in
the host channels, but the photophysical behaviour 0f the composite indicated that chain isolation
had been achieved. The determination of the microwave conductivity of the sample, which
would give a value for the conductivity of a single conjugated polymer chain, was reportedly

under way®# but has not yet been published.

1.4.4 Liquid Crystal Encapsulant

The use of lyotropic liquid crystals as a host material was pursued by Smith ef al., using a
polymerizable mesogen to form an inverse hexagonal matrix (Figure 1.7).69 They initially used a
water-soluble PPV precursor (Figure 1.8), which was expected to segregate into the aqueous
phase of the liquid crystal. Cross-linking of the matrix stabilized the liquid crystal host, after
which the PPV precursor could be converted to the final form by heating under vacuum. The
interpore distance was 4.0 nm and the pore diameter ~1.5 nm. The resulting composite showed a
blue-shifted photoluminescence spectrum relative to bulk PPV. There was a large increase in the
photoluminescence intensity, and the absolute photoluminescence efficiency was reported as
30%, substantially larger than for other samples in the same study (5-20%)73 but comparable to

other values reported for bulk PPV (27%).78
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Figure 1.8 High-temperature conversion of a water-soluble precursor polymer to PPV.

The photoinduced absorption spectrum was also shifted to higher energy and showed an
excitation intensity dependence consistent with interchain energy transfer inhibition.”4
Photoluminescence-detected magnetic resonance measurements showed that the composite
material behaved similarly to conjugated polymer dispersed in an inert matrix.”2 The
femtosecond photoluminescence dynamics were not investigated, though this would have
provided the best evidence for polymer chain isolation. The difficulty with all the above
comparisons is that it is not known whether the polymer precursor conversion step proceeds in

the composite in the same manner as in the bulk.

O(CH,),,00CCH=CH,
+ -
A Na 00C O(CH,),,00CCH=CH,

O(CH,),;,00CCH=CH,

Polymer

Diameter = 1.5 nm

Figure 1.7 (a) Structure of liquid crystal mesogen, (b) structure of lyotropic liquid crystal with
polymer guest.
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Subsequent work with a water-soluble PPV derivative’ (Figure 1.9) allowed more
definitive experiments: the polymer could be extracted from the composite after synthesis and
the photophysical properties of the encapsulated and free polymer chains could be compared
directly.”> This showed that the local dielectric environment of the matrix, which is highly polar
due to the carboxylate groups of the mesogen, had little effect on the observed differences. It was
also argued (without direct evidence, due to low polymer content in the composite) that the
effective conjugation length of the polymer was unaffected by the encapsulation process. This
left the isolation of the polymer chains as the only remaining factor responsible for the observed
differences. However, it is not clear whether thevbehaviour of this PPV derivative can be
generalized to PPV itself.

The composite material could also be prepared as an oriented film, with the channels
reportedly running perpendicular to the substrate,”! by pressing the liquid crystal between two
glass plates. The alignment was induced by the interactions at the glass/liquid crystal interface.
However, no direct evidence of this alignment was provided. With such an oriented ﬁlm, it was
claimed that a nearly ideal device structure was produced. The electrical properties of this device
structure were investigated, and it was found that both the polymer and the stacked benzene rings
of the matrix conducted _yelectricity. Electroluminescence was detected and it was found to
originate from both the matrix and the polymer. Thus the electroluminescence behaviour of the

isolated chains could not be investigated by this approach.
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COO'Na® COO'Na

Figure 1.9 Water-soluble PPV derivative.”?

1.4.5 Clay Encapsulant

Recently, O. O. Park and co-workers reported the successful intercalation of MEH-PPV
between the layers of an organoclay material (Figure 1.10).80.81 The incorporation of some
polymer was evidenced by an increase in the spacing of the clay layers, as determined by X-ray
diffraction. No further details of the structure of the composite were reported. While the layered
structure of the organoclay does not allow full isolation of the polymer chains, the experimental
results seemed to indicate that there was a large enhancement of photoluminescence intensity

(18x; absolute efficiencies were not reported). The absolute photoluminescence efficiency of

MEH-PPV is known to be 10-15%;78 therefore the claimed increase may be considered
somewhat suspect.

Electroluminescent devices could be fabricated using this composite material as the active

&)

MEH-PPV
—_
sonication

NN

Figure 1.10 Preparation of MEH-PPV/Clay composite material.
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layer between ITO and aluminum electrodes. The electroluminesence efficiency of these devices
was enhanced. This increase was attriiauted to the confinement of the charged species. The hole
mobility in the composite was also reduced relative to bulk MEH-PPV, which may have led to a
better balancing of the hole and electron distribution. Surprisingly, the'devibe operated equally
well in reverse bias, indicating that the choice of electrode material was not affecting device
operation. However, this fact was not discussed in any detail. Clearly, this material exhibited
some very novel behaviour, but the limited charécterization did not allow the origin of this
behaviour to be identified. Some further work has been carried out on the incorporation of PPV

into layered host materials.82.83

1.4.6 Cyclodextrin Encapsulant

Anderson et al. have shown that luminescent conjugated molecules encapsulated in
cyclodextrin have substantially enhanced photostability.84.85 They have extended this approach
to polymers by synthesizing water-soluble conjugated polymer chains threaded inside stacked [3-
cyclodextrin rings (Figure 1.11).84 Sufficiently large capping groups at the end of the polymer
chain prevent dethreading. This produces polymer chains which are very tightly encapsulated.
Direct investigation of thin film morphology by atomic force microscopy allowed the
encapsulated polymer strands to be resolved, which indicated that there was substantial reduction
in interactions between chains. The absolute photoluminescence efficiency of the polymer chain
was shown to increallse86 by 3 - 4x but the photostability of these polymers was not discussed.

The encapsulation provided by these macrocycles is not complete, which still allows the
intermolecular charge transport necessary for device operation.86 Encapsulation was shown to

increase the electroluminescence efficiency by 2 - 5x. Again device stability was not discussed.
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Figure 1.11 Encapsulation of conjugated polymer chain with B-cyclodextrin.86

This approach to encapsulation appears very promising and will hopefully be subject to
further study. The current results clearly indicate that this approach is useful but have not yielded
any further insight into the electroluminescence processes themselves. As noted in the literature,
one limitation of this approach is the mobility of the macrocycle along the polymer chain, which
can cause a non-uniform distribution of the encapsulant.86 |

Short, encapsulated oligomers prepared in this fashion could also be grafted to a
conducting surface, and such a configuration would be ideal for electrical measurements on

single polymer chains. This has not been reported to date.
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1.4.7 Literature Summary

The work of Nguyen et al.65 provided the clearest results on the properties on encapsulated
conjugated polymers. The results on liquid crystal encapsulation’> were important but further
investigation of the encapsulated polymer would be needed to show the effect of chain isolation
on electronic excitations.

The work on clay encapsulation80-8! was interesting but did not provide much more
understanding of the electronic processes in conjugated polymers. The work on B-cyclodextrin
encapsulation86 is important because a functional device was demonstrated, and further insight
might be gained from photopﬁysical studies.

These works illustrate collectively that encapsulated conjugated pélymers exhibit novel
behaviour, in particular enhanced luminescence efficiencies. However, the cause of this
behaviour is difficult to identify without a detailed analysis of the nanostructure of the material —
and incorrect conclusions might be drawn if such analysis is neglected. It is also clear that the
ideal device structure, ‘consisting of aligned and isolated conjugated polymer chains, remains to

be reported.

1.5 Thesis Summary

This thesis describes the syﬁthes'is and characterization of conjugated polymer guests in
mesoporous host materials. The principal motivation of the work was to create materials and
device structures which would further the understanding of electronic processes within
conjugated polymers. waever, it was recognized early on that little understanding can be
gained from materials which are not fully characterized. A change in material properties cannot

be rationalized if the structure of the material is not known in detail, which is well illustrated by

the work on MEH-PPV/clay composites discussed above. This realization guided this work
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towards the application of high resolution characterization techniques to conjugated polymer
composite materials. The unifying theme of the final work is then characterization of such
composite materials on the nanometre scale.

In chapter 2, the main characterization techniques used for analysis of composite materials
are reviewed, with an emphasis on electron microscopy techniques. The most important of these
is electron energy-loss spectroscopy (EELS) and energy-filtered transmission electron
microscopy (EFTEM). The application of EELS to the analysis of organic materials is reviewed.

A general introduction to ordered porous host materials is presented in chapter 3, and the
literature on introduction of polymers into such hosts is reviewed. This is followed by a study of
the incorporation of PPV into a mesoporous silica composite material. Chemical analysis of the
composite material with nanometre resolution by EELS and EFTEM is used to show directly that
the conjugated polymer is present inside the pores of the host.

Chapter 4 is devoted to the preparation of oriented porous thin films towards the goal of
preparing an ideal electroluminescent device structure. Porous alumina membranes prepared at
low temperatures are presented as very good candidates for preparing such a structure.

The initial analysis of conjugated polymer/porous alumina composite materials is
described in chapter 5. The EELS and EFTEM measurements were carried out parallel to the
pores of the host. The anélysis was hindered by spectral features due td surface effects in EELS.
Furthermore, the samples showed a further loss at a large distance from the sample surface that
could not be associated with a surface plasmon. |

Chapter 6 deals with this unexpected loss at large distance from the sample surface. The
Cherenkov effect is identified as the source of this spectral feature. The experimental and
theoretical results show that the spectroscopy of the samples on the local scale was affected by

the large scale structure of the sample, due to the radiative nature of the Cherenkov effect.
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Chapter 7 discusses further ways of pfeparing polymer/porous alumina film composites
and their characterization. Initial work in the direction of preparing conjugated oligomers grafted
to a silicon surface is described. The use of different driving forces for corﬁposite preparation is
discussed, and the centrifugal force is investigated in detail. Thin sections of the samples are
investigated by EELS aﬁd EFTEM. Low-energy losses in the alumina host at 200 kV are found
to interfere with the polymer-specific losses. |

Chapter 8 discusses some of the possible approaches towards ideal device fabrication.
Although the overall goal of preparing an ideal device structure has not been realized, the
elements for preparing such a device and the tools for its structural characterization have been

developed.
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CHAPTER 2 Characterization of Nanocomposite Materials

The chemical anélysis of aperiodic structures at high spatial resolution is proving to be a
central challenge of nanoscience. As new methods are devised to assemble materials into
structures on the nanometre scale, it is becoming more important to show by means as direct as
possible that the desired physical and chemical structures are obtained. With the advent of
field-emission electron microscopes, the atomic forée microscope (AFM) and the scanning-
tunnelling microscope (STM), topographical characterization at nanometre resolution has
become a relatively ;outine experiment. However, chemical analysis at the nanometre scale is
still far from reaching the same leQel of sir‘npl.icity, and théré are instrumental limits on the
achievable resolution.!

The developmeht of characterization techniques for composite materials based on porous
inorganic hosts was an ongoing challenge within our resgarch group. The central goal was to
establish the polymer distribution within the composite material on the nanometre scale.

Optical techniques for characterization are pushed to their present-day limit by
confocal fluorescence microscopy, whiéh is a widely used tool for establishing the distribution of
fluorescent materials with 0.1 pum resolution in 3-D. This can b;e readily used for many
conjugated polymers in optically transparent hosts. A recéntly developed technique, near-field
scanning optical microscopy,? can be used to map fluorescence in 2-D with even higher

resolution. But for work at resolution better than 10 nm, electron microscopy is used for
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topographical and chemical analysis. This is introduced below and is followed by a review of
high resolution chemical analysis techniques.

Two forms of electron microscopy are most relevant to current research in materials.
science: scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
SEM is a more widely used technique due to its ever-improving simplicity, while TEM is often

necessary when details in the nanometre range are important.

2.1 Scanning Electron Microscopy

The SEM is a very versatile instrument for the characterization of surface topography and
material composition.3 An energetic beam of electrons (typically 1 to 30 kV) is rastered across
the surface of the specimen, and an image is constructed by detecting electrons emitted from the
surface. If an electron interacts elastically with an atomic nucleus in the sample and is returned
out, it is said to be backscattered. These electrons provide some sensitivity to the atomic number
of the sample but are emitted in relatively low yield. A backscattered electron detector may be
used to obtain some elemental contrast in a sample but with limited resolution.

If an electron undergoes a number of inelastic processes in the sample before being re-
emitted out, it is called a-secondary electron. These are emitted in a yield approaching unity and
are largely independent of material composition. The intensity of secondary electron emission
observed at each point is modulated by the local sample structure, as more electrons can escape
from protrusions than from depressions. This allows a topographical image to be formed. The
secondary electron detector normally used in SEM presents a surface image with a point
resolution of ~1.5 nm at accelerating voltages from 10 to 20 kV (Hitachi S-4700 field-emission
SEM, UBC Electron Microscopy Lab). Lower accelerating voltages may be used to reduce

charging effects and to increase surface detail, at the expense of resolution.
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For insulating samples, a coﬁdﬁctive coating' must be applied to prevent charge build-up
on the surface, as low-voltage imaging does not provide sufficient resolution. This is usually
accomplished by sputtering a thin coating of gold-palladium onto the sample. This coating is
adequate for most SEM work but begins to show some structure at higher magnifications (above
100,000x), which was the usual operating regime for this work. Other coating materials
(platinum, chromium) are smoother and are more suitable for high resolution work but were not
readily available for use at UBC.

In the SEM, the contrast between an inorganic host material and an organic guest is not
very large, especially with a conductive coating on the surface. Some inferences may be made

from changes in the geometry (e.g., complete filling of pores).

2.2 Transmission Electron Microscopy

In the TEM, electrons are transmitted through a very thin sample.# The contrast is
provided by the ability of the sample to scatter electrons, which is largely a product of thickness
and atomic number. The accelerating voltage (beam energy) is typically set at 200 kV for
materials science, in order to observe thicker specimens, with some loss of contrast over
operating at 80 kV (as used for biological samples).

In general, a TEM is required to investigate structures with detail below 5 - 10 nm. Sub-
nanometre resolution is readily achievable on standard TEM instruments. The achievable
information limit on a modern field-emission TEM at 200 kV is 0.12 nm (Tecnai F20 TEM,
Nano-Imaging Facility, SFU). A TEM can also be operated in scanning mode (STEM), where it
functions similarly to an SEM, but with a higher resolution and the choice of detecting
transmitted electrons (bright-field imaging for unscattered electrons, dark-field imaging for

strongly scattered electrons) or secondary electrons.

33




The large e]ectron-beam energy causes damage to the'sample‘ over time. Porous silica and
alumina films tend to be fairly sensitive to beam damage in the TEM, as has been observed for
the mesoporous material MCM-41.5:6 Organic materials are similarly sensitive.

Organic materials scatter electrons in the TEM only weakly, due to the low atomic
number of carbon. The simplest approach to improving the contrast of organic materials is
heavy-metal staining, which is widely used for biological specimens. The vinylic carbons in
poly(1,4-phenylene vinylene) (PPV) and its derivatives are readily stained by osmium tetroxide.
The phenyl group may also be stained by ruthenium tetroxide.” This should provide better
contrast in the TEM because of the increased electron scattering by the heavy nuclei. However,
in situations where the amount of polymer is limited, this may still not provide sufficient

analytical contrast, and the use of more specialized techniques for chemical analysis is required.

2.2.1 TEM Sample Preparation

The central drawback of the TEM is the need for electron-tfansparent samples. Small
particles may be investigated directly, but bulk samples must be thinned or sectioned to be
observed. The useful thickness range is a function of the accelerating voltage and composition;
for work at 200 kV, a thickness below 200 nm is usually required. While sample preparation
techniques are well established, they are generally time-consuming.

The observation of porous films in the plan geometry, that is looking down the channels,
is straightforward and not sensitive to film thickness, provided ﬁee-standing films can be
prepared. The film cross-sections are more difficult to image, as they must be prepared in the
form of thin sections less than 200 nm thick in order to be electron-transparent.

The preparation of these thin sections is not entirely trivial for hard materials. The

conventional technique for cross-section preparation of such materials is dimpling and ion-
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milling. Many samples are glued to form a sandwich structure, which is then sawed into 1 mm
slices. A 3 mm disk is cut from this slice, ground to 100 pum thickness, and then dimpled in the
centre until the sample is ~25 um thick at the centre. The sample is then ion-milled using an
argon ion beam until a small hole is formed. The cross-sections are finally observed in the TEM
along the edges of the milled hole. This process is evidently tedious and suffers from artifacts
introduced by the ion—milling process (amorphisation, preferential removal of elements).

The state-of-the-art in thin-section preparation involves the focused ion-beam (FIB)
technique. It is executed inside an SEM with a beam of gallium ions: the sample is milled away
at a precisely known location until the desired section is obtained. This approach is also prone to
producing damage artifacts. For the duration of most of this work, there was no ready access to
the proper instrument - only one existed in Canada outside of industrial research laboratories. In
late 2002, a new FIB instrument was installed at SFU.

As a simple-alterﬁativé, the sma‘lll-anglé" cleavage (SAC) technique was developed by
McCaffrey for routine cross-section preparation of thin films for TEM.8-10 There are two major
requirements for successful execution of the technique: a substrate that cleaves readily and a thin
film (< 300 nm) with good adhesion to the substrate. The sample is cleaved at a shallow angle (<
30°) to form a sharp wedge (Figure 2.2). The last micrometre of the wedge near the tip is then
sufficiently thin for observation in cross-section by TEM. With practice, SAC samples can be
produced within half a day, which is substantially faster than the dimpling technique. However,
the technique is less useful for films that are not homogeneous in the plane of the substrate, as
the gradual change in thickness of the wedge makes it difficult to visualize films with additional
structure in the depth of the cross-section. For such films, ultramicrotomy and focused-ion beam
milling are more suitable approaches to thin section preparation. Nevertheless, the SAC

technique is very useful for viewing cross-sections without artifacts from the sectioning process.
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Figure 2.2 The small angle cleavage (SAC) technique applied to a thin film: the tip of the final
specimen will often be thin enough over a sufficient length for TEM observation if o < 30°.

Ultramicrotomy is commonly used to prepare cross-sections of biological specimens. The
specimen is first embedded in epoxy resin, then trimmed with a razor blade or glass knife to
form a truncated pyramid around the area of interest (Figure 2.1). After careful cleaning and

washing to remove any small particles, the pyramid is sectioned from bottom to top using a

Thin film Substrate
Epoxy .
resin Thin
section
Sectioning >
direction
~0.1 mm

Figure 2.1 Truncated pyramid geometry of epoxy-embedded sample for sectioning by
ultramicrotomy. The resulting sections float into a water bath where they are collected with TEM

grids.
36




diamond knife; the resulting thin sections float into a water bath, where they may be collected
using a TEM grid. The sections are typically 20 to 60 nm thick.

This technique is most readily applicable to soft materials, but in fact can be used to
section even the hardest materials.11,12 Cross-sections of self-assembled mesoporous silica films
on mica and graphite were produced by ultramicrotomy.13,14 Furrieéux et al. successfully used

ultramicrotomy to obtain thin sections of porous alumina films for TEM.15

2.3 High Resolution Chemical Analysis

The different approaches to spatially resolved chemical analysis are reviewed here,
followed by a more detailed description of the technique that was used in this work, electron
energy-loss spectroscopy (EELS) within the TEM. The STM, which can give chemical
information at very high resolution, is not discussed here as it is not applicable to insulating
materials. These and other emerging techniques, especially scanning probe techniques, are
described in the proceedings of a recent workshop on nanoscale spectroscopy.?

Most of the techniques for chemical analysis rely on initially exciting inner-shell (core)
electrons by an energetic beam of electrons or X-rays (Figure 2.3) and then detecting the results
of the de-excitation process. The outer-shell electrons also provide less direct information for
chemical analysis under certain circumstances. The spatial resolution is limited, in all cases, by
the initial excitation volume. The resolution limits of the techniques discussed here are

summarized in Table 2.1.
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Figure 2.3 Electronic excitation and de-excitation mechanisms in a solid. (adapted from ref. 1)

Table 2.1 Current spatial resolution limits of chemical analysis techniques.

Technique Sampling Depth Lateral Resolution
(nm) (nm)
X-ray photoelectron spectroscopy ~1.0 10° (30*)
Scanning Auger microscopy ~1.0 > 10
Energy-dispersive X-ray spectroscopy in SEM 1000 1000
Energy-dispersive X-ray spectroscopy in TEM 100 10
Electron energy-loss spectroscopy in TEM 100 1

* for a synchrotron X-ray source

2.3.1 X-Ray Photoelectron Spectroscopy

Monochromatic X-rays are used as the excitation source for X-ray photoelectron
spectroscopy (XPS); these result in the emission of photoelectrons and Auger electrons from the
sample. The kinetic energy of the ejected electrons is measured, yielding the core electron
energies. The relative abundance of any element may be readily calculated, and some
information on the chemical state of the element may also be obtained. Although the lateral

resolution is limited by the beam diameter (~1 mm for conventional sources; ~30 nm for
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synchrotron sources!0), this technique is very surface-sensitive as a result of the limited mean
free path of the generated photoelectron, which is on the order of 1 nm. However, the adsorption
of atmospheric hydrocarbons on the surface can affect the analysis of carbon-containing
samples. With the development of more refined X-ray optics, this technique may come to be
very important for high resolution analysis, as it induces less sample damage than electron

microscopy.16

2.3.2 Energy-Dispersive X-Ray Spectroscopy and Scanning Auger Microscopy

The electron beam within an SEM can be used as a highly focused source of excitation
(down to ~1 nm diameter for a field emission source) for the generation of X-rays and Auger
electrons. These are collected and analysed to form the basis for energy-dispersive X-ray (EDX)
analysis and scanning Aﬁger microscopy (SAM), respectively. In the case of bulk samples, the
X-ray signal used for EDX originates from a relatively large domain surrounding the point
excited by the electron beam, due to the pénetration dépth of the energetic electrons and the low
absorption of X-rays. This large excitation volume effectively reduces the spatial resolution to 1
um but also allows for- a thin conductive film to be applied to the surface if the sample is
insulating. On the other hand, only Auger electrons released near the surface can escape and be
detected (as with photoelectrons), with the result of higher lateral resolution (~10 nm) than EDX
but with the requirement that the sample be conductive (or very thin with a conductive backing) |
to avoid charging effects.

When coupled to a STEM, EDX may also be used to quantify the composition of thin
film samples. Since the sample must be sufficiently thin to transmit electrons, the excitation

volume for X-rays is greatly reduced and the lateral resolution is limited by scattering of the

electron beam within the thin section, effectively reaching 10 nm. In practice, sufficient material
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must also be present to obtain reasonable counting statistics, which limits the minimum sample
thickness that may be used. Beam damage to the sample may also affect the results if a particular

component is being removed at a higher rate.

2.3.3 Electron Energy-Loss Spectroscopy

Finally, the distribution of energy losses incurred by the transmitted electron beam in a
TEM may also be measured to yield elemental composition. This approach belongs to a family
of techniques described generally as electron energy-loss spectroscopy. Although it is limited to
thin samples, it provides higher resolution (~1 nm) and sensitivity (as few as 1 to 10 atoms can
be detected!) than all the techniques listed above (see Table 2.1). It is ideally suited for the

analysis of nanocomposite materials and is described in more detail below.

2.4 General Principles of EELS

The standard reference for EELS in the TEM is the book by Egerton.! A more recent
publication by Brydson!”7 covers some new developments and focuses on the experimental
aspects of EELS. In general, the interactions between a travelling electron and the components of
a solid are termed scattering events (Figure 2.4). If the electron is scattered from an atomic
nucleus, the process occurs without the electron losing any significant amount of energy. This
elastic scattering can cause large deviations in the trajectory of the electron, to the extent where
it may be backscattered out of the solid, or smaller deviations (e.g., diffraction for crystalline
materials). Some electrons will also excite collective oscillations of the atoms in the solid
(phonons); these occur at low energies in the meV range and are not distinguishable from the

unscattered and elastically scattered electrons in the TEM (though they may be in other forms of
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Figure 2.4 Geometry of (a) elastic, (b) inelastic, inner-shell and (c) inelastic, outer-shell
scattering events involving an electron and a carbon atom. (adapted from ref. 1)

EELS with higher energy resolution). These electrons are detected by the spectromefer as the
zero-loss peak, the width of which gives the energy resolution of the instrument. A typical loss
spectrum is shown in Figure 2.5.

Inelastic scattering occurs when the electron interacts with either the inner-shell or outer-
shell electrons of an atom (Figure 2.4). The scattering from inner-shell électrons produces an
energy loss characteristic for each element, with a value typically between 50 and 2000 eV. In
the loss spectrum, these appear as an ionization edge (e.g., at 284 eV for carbon 1s electrons) and
are usually employed for elemental analysis. The fine structur.e' of the ionization edge is also
used to derive additional information about the chemical state of the element. There has been
~ extensive work on modelling these edges,!-!8 but since they play no role in this work they are
not discussed any further.

The excited state produced by inelastic scattering can also manifest itself as a collective
excitation of the outer-shell electrons, generally referred to as a plasmon. On longer time scales,
the energy of the plasmon is distributed over many electrons, but all the energy may be carried

by a single electron on short time scales, which makes such excitations possible even in
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Figure 2.5 Principal features of an EEL spectrum. (adapted from ref. 17)

insulators.! Typically, plasmons involving both ¢ and n electrons appear between 5 and 50 eV
for most materials. Aromatic organic materials also show a distinct 7= plasmon around 7 eV.
The outer-shell electrons that are excited in these bulk plasmons are difficult to model
from first principles, especially in non-metals. They may be more readily treated by considering
the response of the whole solid to the travelling electron, which is very similar to the response to
a passing photon. The latter is given by the complex dielectric function &(w). If the sample
thickness is known accurately, the low-loss spectrum may be vused to calculate £(w) for the
material and compare it to data from optical measurements.!? The correlation between the two is
sufficient to allow the use of either one to predict the other, and as such EELS complements and

extends optical techniques for determining & ().
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The bulk plasmons occur within the bulk of the matefial and must be distinguished from
excitations that appear at interfaces, which ar;: termed surface plasmons. Geometries where the
electron beam interacts extensively with the surface of the material can lead to important surface
plasmon effects, typically below 20 eV in energy. Together, the bulk and surface plasmons
dominate the low-loss spectrum (< 50 eV). Plasmons of both types can be excited from
substantial distances from the sample: up to 8.0 nm for the bulk plasmon and over 12 nm for
surface plasmons.20 The fall-off is however exponential and reasonable counting statistics are
obtained up to half these distances.

The intensity of the loss peaks relative to the total spectrum area is a function of sample
thickness. Fuﬁhemore, both types of plasmons can lead to multiple scattering events per
electron (plural scattering), leading to the appéarance of multiple peaks in the loss spectrum with
a Poisson distribution. In this case, the single scattering distribution can be recovered by
deconvoluting the spectrum (see chapter 5)..
| The beam energies typically used in TEM lead to electrons with relativistic speeds, which
may also lose energy through the Cherenkov effect. This loss mode proved to be very important

for the samples that were investigated here and is discussed in more detail in chapter 6.

2.5 EELS Instrumentation

The schematic of a modern TEM with EELS capabilities is shown in Figure 2.6. The type
of electron source determines the brightness, energy spread and STEM probe size; a field-
emission source is usually employed for materials science work. The beam is accelerated to the

-desired energy (usually 200 kV for materials science), and magnetic lenses are used to form the

probe. In TEM mode, the probe is diffuse and illuminates a large part of the sample; the

convergence semi-angle o is also small, which is equivalent to nearly parallel illumination. The
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Figure 2.6 Schematic of post-column Gatan Imaging Filter on a TEM.

transmitted electrons are transferred by further magnetic lenses to the Gatan imaging filter
(GIF).2! The GIF consists of a magnetic prism spectrometer coupled to a charge-coupled device
(CCD) detector by multipole magnetic lenses. In imaging mode, the TEM image is formed on
the CCD; if energy filtering is required, a slit is inserted after the spectrometer to select electrons
with the desired energy loss. In spectroscopy mode, the loss sbectrum is projected on the CCD.
In STEM mode, the probe is focused to a spot that can be as small as 0.2 nm in diameter.
This strong focusing entails a larger o (>10 mrad). The image is recorded using a dark-field
detector (which detects electrons that are strongly scattered by the sample), thereby allowing the
main electron beam to continue into the GIF where the loss spectrum is measured. Thus it is

straightforward to perform EELS experiments with the microscope in STEM mode: the electron
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probe is scanned across the sample to produce the image; the probe may then be reliably

positioned in the location of interest on the sample to record a loss spectrum.

2.6 Approaches to EELS Data Acquisition

The optimal approach to chemical analysis by EELS depends on the complexity of the
loss spectrum. In TEM mode, the energy of the image-forming electron beam may be ﬁltered
using a slit of set width (energy-filtered TEM, EFTEM). Elemental distributions rhay be imaged
directly by filtering on the appropriate spectral feature (Figure 2.7). This approach is generally
useful when a limited number of well-understood components need to be mapped over a large
area. The energy resolution is set by the slit width and is usually 1 eV or greater. The spatial
resolution is essentially the same as the TEM, but the magnification is limited by the presence of
the slit to ~100,000x.

In STEM mode, loss spectra may be acquired at specific points, lines or areas (Figure
2.7). This allows detailed examination of specific areas on the sample. The spatial resolution is
limited to ~1 nm by the electron probe size and scattering within the sample; the effect of the
latter may be limited by restricting the collection angle. The energy resolution in STEM mode is
determined by the energy spread of the electron beam. With a field-emission electron source, this
spread is about 0.6 to 0.9 eV, depending on the current output of the electron source.

The process of acquiring a complete loss spectrum for each point in an area of interest is
called spectrum imaging. This allows detailed processing of the speptra over the whole image
and is useful in cases where it is not possible to separate the requisite spectral information by

EFTEM. However, this process can be fairly time-consuming.
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Figure 2.7 lllustration of chemical analysis of a two-component sample by STEM/EELS over a
set of points and EFTEM over the whole image.

2.7 Quantitative Analysis of EELS Spectra

EELS and EFTEM are most commonly used to provide qualitative analysis of material
composition. Quantification of the elemental or phase composition is less straightforward. An
accurate thickness map must be first generated, to correct for the thickness dependence of the
losses. Plural scattering effects must be also be eliminated. The scattering cross-section of each
component, at a specific ionization edge or plasmon, must be determined through calculation or
reference samples. A complete discussion of the quantification process is provided by Egerton.!

The focus of this work was on the qualitative level and no attempts were made to

quantify material composition by these techniques.
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2.8 Application of EELS to Organic Materials

Both EELS and EFTEM have been used to investigate many organic materials. In many
cases, special precautions are taken to limit the radiation damage to the samples, e.g., by using a
diffuse beam, collecting over many different areas, and keeping the sample at cryogenic
temperatures. There is also still debate over whether a diffuse beam (i.e., EFTEM) or a focused
probe (i.e., STEM) causes the least amount of damage to organic materials.22 It ha; become
evident that each material must be studied separately to understand its beam stability.

The first important study of organic materials by EELS, by Isaacson, investigated thin
films of the nucleic acid bases.23 The complex dielectric function &(w) was obtained with a
resolution of ~0.25 eVi. The derived absorpti(.)nncoefﬁcient showed very z;g,ood agreement with
UV absorption data, provided that the electron dose was carefully limited to minimize damage.
More recently, biological cell-staining chromophores have also been mapped at high resolution
by filtering on the low-loss peaks of the chromophores.24 The resolution limit of this technique
was estimated to be 1.6 nm, based on the edge sharpness of larger structures.?>

Carbon nanotubes have been extensively studied by EELS,26-28 as they are fairly stable
to the beam. The low-loss spectra show the expected n plasmon around 4 to 6 eV and the bulk
plasmon near 23 eV.

EFTEM has proved to be a very useful tool for the study of polymer blends.”-29 The
ionization edges of minor component elements (nitrogen for polyamides, oxygen for poly(methyl
methacrylate), sulfur for poly(phenylene sulfide)) may be used with some effectiveness to
determine polymer distributions.30-31 But certain phases can show trace oxygen contamination
(e.g., polybutadiene) that complicates the identification process. Polymers with aromatic groups,
such as polystyrene, can be readily identified in a blend due to the distinctive n-n plasmon at 7

eV.32 The polymers may also be stained in various ways to increase contrast; this comes with the
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advantage of phase stabilization by the cross-linking of chains and the disadvantage of altered
chemical states and possible shrinkage.32 |

These reports clearly indicate that conjugated polymers can be readily distinguished with
EELS and EFTEM by the distinctive 7 plasmon of aromatic rings; analysis using the carbon K-
edge is also possible when there is sufficient material present. The analysis of the low-loss
spectrum requires accurate removal of the zero-loss peak; this is discussed in more detail in

chapter 5.

2.9 Conclusion

EELS and EFTEM are both highly suited for high resolution characterization of
nanostructured conjugated polymers. This application is successfully demonstrated in chapter 3
on a conjugated polymer/mesoporous silica composite, and less successfully in chapters 5 and 7
on a conjugated polymer/porous alumina composite. These latter results showed how the sample
geometry and relativistic effects can play a large role in the low-loss spectrum, making chemical

analysis less straightforward.
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CHAPTER 3 A PPV/IMCM-41 Composite Material

Many of the host properties desired for optimal conjugated polymer encapsulation can be
found in self-assembled porous inorganic materials. These materials have been of longstanding
scientific and indus‘;rial interest, due to their large internal surface area, large sorption capacity,
thermal stability and catalytic activity towards small molecules.! More recently, as instruments
for structural and chemical analysis on the nanometre scale have become commonplace, porous
materials have been investigated as templates for novel nanostructured materials. A brief
overview of the properties and applications of self-assembled inorganic porous materials is given
here, with an emphasis on the mesoporous material MCM-41.

MCM-41, in its pure silica form, possesses many of the properties of an ideal host for
conjugated polymers: it has narrow and aligned channels, with optically transparent and
electrically insulating walls. This made it attractive to us for an initial study on polymer/host
composite material synthesis and characterization. The literature already contained important
work on the synthesis of polymer/MCM-41 composite materials, in particular with non-
luminescent conjugated polymers. The preparation and characterization of a new composite
material involving MCM-41 as a host for the luminescent conjugated polymer poly(1,4-

phenylene vinylene) (PPV, Figure 3.1) is described in this chapter.
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Figure 3.1 Chemical structure of poly(1,4-phenylene vinylene) (PPV).

3.1 Ordered Porous Host Materials

Porous materials are categorized according to their pore size into three classes:
microporous, mesoporous and macroporous (Table 3.1). For the purpose of polymer
encapsulation and orientation, the materials of interest would have an ordered pore structure with
a pore diametér being near the boﬁndafy bétWeen the micréporoﬁs and mesbpbrous classes (~2

nm).

Table 3.1 TUPAC classification of porous materials by pore size.!

Pore Diameter Designation
<2 nm microporous
2 —50 nm mesoporous
> 50 nm macroporous

3.1.1 Zeolites

The major class of ordered microp(;rous materials is the zeolite family.! Zeolites are
crystalline aluminosilicates possessing a wide variety of pore structures, including one, two and
three dimensional pore networks (Figure 3.2).2 A number of naturally occurring zeolites are
known but a large number of synthetic zeolites have been discovered since the 1940’s. The
synthesis usually consists of hydrothermal crystallization of a reactive gel at elevated
temperature in a sealed vessel.3 The inorgénic zeolite framework condenses into a structure

determined by the templating (or structure-directing) agents, which can include water molecules,
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A B C

Figure 3.2 Examples of pore topologies with (a) 1-D, (b) 2-D and (c) 3-D connectivity.

organic cations and salts. Following the synthesis, the trapped templating agent can be removed
by calcination or ion-exchange to expose the pore structure. The crystalline nature of zeolites
allows very precise structural characterization using X-ray diffraction and solid-state nuclear
magnetic resonance. The well-defined structure also leads to high selectivity in catalytic
reactions.

The largest pore size reported to date in zeolites is on the order of 1.2 nm in diameter.4
These zeolites can accommodate smaller polymers (e.g. polystyrene3) but not larger polymers
(in particular conjugated polymers with solubilizing side-chains). A further complication arises
from the small crystallite size exhibited by zeolites: the preparation of continuous thin films is
not readily possible, although recent results in this area appear promising.® For these reasons,

mesoporous materials are more useful as general hosts for conjugated polymers.

3.1.2 Mesoporous Materials
Mesoporous host materials are desirable for many applications, but were not available
with well-defined pore structures until 1992, when Beck et al. reported the discovery of the

M41S8 family of mesoporous aluminosilicate materials.”-8 Whereas zeolites are templated by
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small organic molecules, M41S materials were shown to be templated by liquid crystalline

phases formed by straight-chain surfactants (Figure 3.3). Of particular interest in this family was
the siliceous material MCM-41, which shows uniform 1-D channels packed in a 2-D hexagonal
array (Figure 3.4). This simultaneously endows the material with a large surface area (1000 m?
g, almost all internal) and a large pore volume (0.8 cm’ g™). The straight channels are ideal for
polymer guest accommodation, though 180° defects in channel direction are possible. The pore
walls usually consist of silica but other oxides can be readily incorporated into the framework
This general approach to templating has since been applied to the synthesis of many new porous
materials.?

The synthesis of MCM-41 proceeds from a mixture of water, surfactant, silica source and
an acid or base catalyst; this forms a gel that is then heated in a sealed container. The spacing of
the hexagonal phase can be readily altered by the choice of surfactant chain length and the
addition of organic swelling agents.8 Variations on the silica source,!! pH of the mixture,!2,
counter-ions8:13 and reaction temperature!4 also affect the final structure. Thus pore diameters

from 1.5 to 10 nm may be obtained; recent developments with polymeric templating agents have

A B C D E

Figure 3.3 Stages in the formation of MCM-41: (a) surfactant micelle with the hydrophobic
chains in the center and the polar head groups lining the outside, (b) cylindrical surfactant
micelle, (c) hexagonal array formed cooperatively by surfactant micelles and silicate species, (d)
condensed material (as-made MCM-41), (e) calcined material. (adapted from ref. 10)
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Figure 3.4 Transmission electron micrograph of MCM-41 material obtained using
Ci16H33(CH;3)3NCl surfactant, showing hexagonal lattice spacing and wall thickness. (courtesy of
G. Botton, CANMET/Natural Resources Canada)

extended this range to 50 nm. 13,16

At the completion of the synthesis, the organic templating agent is normally removed by
calcination, a process that also induces further condensation of the silica framework through
dehydration. Solvent extraction!7 and supercritical fluid extraction!8 have also been shown to be
effective in removing the templating agents. The final form of the material is then a powder with
a typical particle size of 1 pm. The formation of MCM-41 thin films has also been extensively
investigated; it is discussed in chapter 4.

The high degree of order in the M41S family of materials derives from the cooperative
arrangement of the cylindrical surfactant micelles and the silicate ions in the liquid crystalline
phase. This long-range order in the packing of the channels can be observed by X-ray
diffraction. However, the silica framework itself is amorphous and microporous, and its inner
surface has many slightly different chemical sites. Thus MCM-41 is referred as a zeolitic

material to reflect that is an aluminosilicate material with only long-range ordering. The loss of
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crystallinity, when compared to the zeolites, makes characterisation more difficult; this is offset,
in the context of guest incorporation, by the benefits of tunable pore diameters.

Mesoporous silica-based materials may be readily modified since there are many
accessible surface hydroxy groups: it has been found that 26-30% of all Si atoms in MCM-41
bear a surface hydroXy group.!9 The surface derivatization can proceed by well-developed silane
chemistry.8-20 Additional functionality can be achieved by substituting other elements into the
framework,2! and using organically-modified framework sources.22

This flexibility and the large internal surface area make MCM-41 an attractive host
material, and the creation éf composite materials baséd on MCM-41 has been reviewed
recently.22,23 in many studies, it has not always been evident that MCM-41 provides any
substantial advantage éver disordgred porous materials, except possibly in its somewhat larger
specific surface area. However, the well-defined channels are evidently necessary for the role of

template for nanometre-scale wires and ordered encapsulation.

3.2 Characterization of MCM-41 Materials

The characterization techniques described in chapter 2 are directly applicable to MCM-
41, especially high resolution transmission electron microscépy (TEM), electron energy-loss
spectroscopy (EELS) and energy-filtered transmission electron microscopy (EFTEM), which
allow local chemical characterization. A number of other techniques are used to measure
material-averaged properties.

While there is general agreement on the formation mechanism for MCM-41, there is
widespread disagreement on its exact structure. This seems to be due to the fact that the

mesoporous 2-D hexagonal phase can be readily made under a variety of different conditions

using different starting materials, and the exact characterization of the wall structure is difficult.
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3.2.1 Diffraction Techniques

Diffraction is used to identify the presence of an ordered phase. The interplanar spacing

dni associated with a plane identified by the Miller indices #k/ must satisfy the Bragg condition:

2d,, sinf=ni, n=1,2,3,... (Eq.3.1)

For a hexagonal system, diffraction cannot be observed between planes when / is odd, or
(h + 2k) = 3n, where n is an integer. However, / = 0 for a 2-D system, so peaks are expected for
all the planes (100), (110), (200), (210), etc. The 2-D interplanar spacing duo is related to the

lattice constant as:

a

Jg(h2 +hk+ k%)

dhkO =

(Eq. 3.2)

Powder X-ray diffraction is routinely used to characterize MCM-41 materials. Neutron
scattering has also been used to investigate the pore structure in more detail.24.25 While X-ray
powder diffraction data is usually plotted against diffraction angle (26), neutron scattering data is

presented as a function of the magnitude of the scattering vector, Q:

_ 4xsin @

0=

(Eq. 3.3)

Diffraction techniques may be used to investigate the presence of molecular guests within
the channels of MCM-41 if there is contrast matching between the guest and the host. In the case
of X-ray diffraction, sufficient electron density to match the pore walls is obtained for
halogenated organic compounds.2® For neutrbn scattering, contrast matcfl.ing has been reported
for 59% deuterated benzene in MCM-41.27 Therefore, not all guests can be readily detected

using diffraction techniques.
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3.2.2 Physisorption

Physisorption is widely used to characterize the surface and pore structure of mesporous

materials.28 Adsorbates of different size and chemical functionality are used to probe the

structure and reactivity of the material surface. Microporosity is generally probed using argon

while mesoporosity is investigated with nitrogen. The nitrogen adsorption isotherm can be

separated into three regimes: (1) micropore filling and monolayer formation, (2) multilayer

formation, and (3) capillary condensation and further superficial adsorption (Figure 3.5). Regime

(2) yields the total surface area of the sample, which is usually determined using the Brunauer-
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Figure 3.5 Nitrogen (©) adsorption and (o) desorption isotherms for MCM-41. The lack of
hysteresis is characteristic of MCM-41 materials. The points used for total surface area (BET)
and pore size distribution (BJH) analysis are indicated.
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Emmett-Teller (BET) approach.2® Regime (3) is usually analysed to determine the pore size
distribution, which is the most important and also most debated property of mesoporous
materials.

The classic determination of pore size distributions from adsorption isotherms is that of
Barrett, Joyner and Halenda (BJH analysis);30 recently more sophisticated approaches have been
shown to yield better absolute agreement with other techniques for determining size
distributions.31-32 In the BJH apprbach,'the thickness of the adsorbed nitrogen layer for a given
relative pfessure is given by the Harkins-Jura 'equation33 with the following empirical parameters

calibrated for MCM-41 materials: 34

0.3968

t(ﬁJ =0.1 60.65 +0.3nm
P 0.03071-log£- (Eq. 3.4)

Do

However, there is no single unambiguous technique for measuring this distribution for
mesoporous materials. The variations in the structure of MCM-41 due to differing synthesis
conditions make it difficult to compare results between different studies in the literature, and
lead to contradictory conclusions about the pore structure.l6.24,35.36 Nevertheless, MCM-41
behaves as an ideal adsorbent and can be used as a reference material.34 In this work, BJH
analysis is used to quantify the shift in the capillary condensation point in the nitrogen

adsorption isotherm.

3.2.3 Other Techniques

Thermogravimetfic analysis (TGA) is used to reveal the organic content of composite
materials based on MCM-41. The host itself shows no mass loss up to 1000 °C. The thermal

degradation processes for an organic material occur at specific temperatures and this may be
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used to determine the mass content of specific organic components in the composite. The
derivative of the TGA data is used to emphasize the presence of different degradation processes,
and these can be fitted satisfactorily by Gaussian functions. This allows the mass content of each
process to be determined more accurately.

Fourier-transform infrared spectroscopy (FT-IR) can be used to identify the organic
components through their characteristic molecular vibrations, as the silica matrix is mostly

transparent to infrared radiation.

3.3 Polymerization within MCM-41

Reports on polymer inclusion in MCM-41 abpeared in the mid 1990’s, involving both
conjugated and insulating polymers. In situ polymerization within the channels of MCM-41 was
reported initially by Wu and Bein.37 Oxidative polymerization of aniline was achieved by first
condensing the monomer from the vapour phase into the host channels. The loaded host was then
soaked in an aqueous solution of oxidant, which produced encapsulated polymer chains.
Acrylonitrile was polymerized similvarly, using instead a solution of radical initiator.38 Unger et
al. prepared other free-radical initiated polymers in MCM-41: polystyrene, poly(methyl
methacrylate) and polyvinylacetate.3® The monomers were loaded into MCM-41 through vapour
exchange, and the gas-phase radical initiator was subsequently diffused into the loaded MCM-

41.

3.3.1 PPV in MCM-41

The introduction of PPV into MCM-41 must also proceed through in situ synthesis

because of the insoluble and infusible nature of the polymer. The polymerization of PPV can be
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carried out by numerous routes,*0 the simplest being é base-initiated condensation known as the
Gilch route4! (Figure 3.6). However, this route was not exploitable within the MCM-41 host:
while the monomer could be readily loaded into MCM-41 through sublimation, the subsequent
introduction of a base of sufficient strength was not possible. Aqueous bases attacked and
dissolved the host, and non-aqueous bases solubilized the monomer and extracted it from the
pores before polymerization could occur. Other polymerization routes were investigated and an
elegant solution to this problem was found through the work of Kumar ef al.,42 who had
prepared PPV within the pores of Vycor, a disordered porous glass. This approach used a more
reactive monomer, xylyléne bis(tetrahydrothiophenium chloride), which could be polymerized
by deprotonated surface hydroxy groups.

In similar fashion, MCM-41 was converted to a basic form by deprotonating its surface
hydroxy groups with a non-aqueous base (tetrabutylammonium hydroxide (TBAOH) in
methanol) and isolated. This activated form of MCM-41 thus contained the initiating base within
its channels. Polymer confinement occured through the rapid polymerization of the monomers
within the host charinels (Figure 3.7).

The key evidence to each step in this process is based on FT-IR spectroscopy, TGA,
nitrogen physisorption, EELS and EFTEM. X-ray and neutron diffraction experiments provided

no additional information on the composite materials.

| -BuOK/THF
o R.T.
,-——< >—/ >
Cl '

Figuré 3.6 The Gilch route to PPV starting from dichloro-p-xylene.
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Figure 3.7 Synthetic scheme for the preparation of PPV/MCM-41 hybrid material. Only one
chain is shown in the pore for clarity.

3.4 Experimental Results

The pure silica MCM-41 host was synthesized following a literature procedure.3
Characterization with X-ray diffraction and nitrogen physisorption indicated substantial
variations from batch to batch in the lattice constant (4.3 to 4.5 nm) and BJH pore diameter (3.1
to 3.6 nm). Thus comparisons were only made with materials prepared in the same batch. The
BET surface area was (1.0 £ 0.1) x10° m? g, and the total pore volume was 0.8 em’® g, The FT-
IR spectrum of the empty host showed absorption bands for the surface hydroxy groups from
3700 to 3000 cm’, the silica framework from 1100 to 600 cm™, and adsorbed water at 1700

cm™.
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Following TBAOH treatment of MCM-41, TGA showed 10% water content and a 38%
mass loss between 100 and 300°C; this was ascribed to the decomposition of the TBA counter-
ion (Figure 3.8(a)). The mass content of TBA suggests that 15% of all Si atoms in MCM-41 had
an associated with a TBA counter-ion. The presence of the counter-ion reduced the BJH pore
diameter by 1.2 nm (Figure 3.8(b)). The polymerization step then yielded a bright green powder.
Excess monomer and possible side-pfoducts could be easily separated from the powder by
washing during filtration. Thermal conversion of the polymer undeI.' vacuum led to a fluorescent
yellow powder. |

X-ray diffraction of the resulting PPV/MCM-41 composite indicated that the sample
order remained (Figure 3.9(b)). The result of neutron scattering expériments carried out by L.
Fan, Z. Tun and J. Young on MCM-41 and two polymer-containing samples is shown in Figure
3.9(b). The strong scattering peak at Q ~ 0.16 is in agreement with the X-ray data. The presence

of polymer in the sample did not seem to alter this peak substantially.
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TGA of the composite material (Figure 3.10(a)) showed an initial water desorption at
40°C, followed by a 1% weight loss at 250°C, which is most likely due to residual TBA in the
material that did not decompose during the thermal conversion process. The polymer
degradation began at 350°C and showed at least two different decomposition processes, at 525°C
and 730°C. Safnples consistently showed a polymer content of 8 + 2 wt. %. Analysis of the
nitrogen adsorption isotherm (not shown) indicated a reduced BET surface area (8.5x10° m%g™)
and pore volume (0.51 + 0.04 cm’g™). The BJH pore diameter was observed to decrease by 0.3 £
0.1 nm (Figure 3.10(b)).

The FT-IR spectrum (Figure 3.11(a)) showed new bands characteristic of PPV. The band
at 3025 cm™ is associated with the C-H stretch in trans-vinylene, while the bands at 1517 and
1422 cm™ are due to 1,4-phenylene ring stretching modes.44 The distribution of polymer was
investigated by' EELS and EFTEM. The low loss spectra of the empty and polymer-filled MCM-
41 are compared in Figure 3.11(b). The zero-loss peak has been removed by careful subtraction
of a reference peak, revealing that only PPV/MCM-41 has losses below 8 eV. EFTEM images
acquired at 0, 6 and 12 eV with a 2 eV window were used to image the distribution of the losses
(Figure 3.12).

The UV/Vis absorbance spectrum of the composite showed an onset at 500 nm and a
peak at 420 nm, while the photoluminescence (PL) spectrum showed peaks at 517, 547 and 590
nm (Figure 3.13(a)). The temperature-dependent PL spectra of encapsulated PPV were measured
in collaboration with M. McCutcheon and J. Young, using an excitation wavelength of 386 nm

(Figure 3.13(b)).
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PPV/MCM-41

B

Figure 3.12 EFTEM images for (a) MCM-41 and (b) PPV/MCM-41, filtered with a 2 eV
window centered on the given energies. The 6 eV image reveals the polymer distribution in the
composite material; the contrast has been enhanced on the inset. Note the presence of the lacey
carbon support in (a), which also shows a strong 7-n~ plasmon. The main scale bar is 50 nm and
the inset scale bar is 20 nm.
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3.5 Discussion

The presence of PPV is clearly indicated by the UV/Vis absorbance, fluorescence and
FT-IR spectruquf the composite sample. The central issue. in the characterization of this
material is whether the polymer chains actually reside in the channels of MCM-41, or possibly

form a thin coat on the outside of the host particles.

3.5.1 Thermogravimetric Analysis

The TGA data for PPV/MCM-41 (Figure 3.10(a)) clearly indicate that the thermal
behaviour of the polymer is altered from its unencapsulated form, which shows only one
degradation process at 540°C.#> The higher température degradation process at 730°C has also
been observed for PPV encapsulated in montmorillonite.4¢ This strongly suggests the presence
of some encapsulatéd polymer. The lower degradation process might be associated with
unencapsulated polymer.

A simple model for the composite material can be used to determine the approximate
polymer mass content for a given number of polymer chains per channel in MCM-41. With the
assumptions that (1) the polymer chains have no conformational defects, (2) they are oriented
parallel to the channels, (3) the effect of end-groups can be ignored, and (4) the polymer on the
external surface is minimal, the mass fraction F of polymer in MCM-41 for a given number of

chains N per pore can be calculated, using parameters given in Table 3.2:

B N-2.57x107% (Eq. 3.5)
1.90x10°® + N-2.57x107%
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Table 3.2 Parameters for calculation of PPV mass fraction in MCM-41

Property Value Source

PPV repeat length 0.66 nm Ref. 47

PPV repeat unit mass 102.1 g mol’

MCM-41 wall density 22gem” ~ amorphous SiO,
MCM-41 lattice constant - 43nm X-ray diffraction
MCM-41 pore diameter 3.1 nm N, physisorption

Values of F for small values of N are given in Table 3.3. This clearly shows that even one
polymer chain per pore would represent a substantial mass loading of the sample. The
experimental mass content of 8% suggests that the pores of MCM-41 contain 6 polymer chains
each on average. If assumption (4) is invalid, and some of the polymer (~50%) is externally

located as suggested by the TGA, each channel contains 3 polymer chains on average.

Table 3.3 Polymer mass fraction F for N polymer chains per pore in MCM-41, using Eq. 3.5.

N 1 2 4 6 8 10

F(%)+ 1% 1 3 5 8 10 12

3.5.2 Physisorption Data

The reduction of the BJH pore diameter of the composite material, albeit small, was
observed reproducibly and is significant. The BJH method assumes a cylindrical geometry for
the pores and does not provide any information about the arrangement of the polymer chains
within the pores; one possible interpretation is that the polymer is present as a thin layer on the
walls of the pores. As the PPV backbone is planar, a polymer chain can lie flat against the pore
wall and produce a relatively small change in the BJH pore diameter. The observed differences
in pore diameter reduction could suggest differences in polymer conformation within the pores,

leading to a different effect on the isotherm. The small amount of residual TBA ions observed by
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TGA (1 wt. %) would be expected to reduced the BJH pore diameter by 0.03 nm, based on the
effect of 38 wt.. % TBA content.

If polymerization occurred strictly in solution, due to proton transfer from the solvent or
trace water and consequent migration of the basic species into the bulk solution, the polymer
might be present strictly as a layer coating the outside of the MCM-41 particles. The effect on
the nitrogen adsorption isotherm would then be very different: if the pores were fully blocked,
clearly no substantial adsorption would occur, which is not the case. Partial blockage of the
pores by a superficial layer would not alter the observed capillary condensation point, but would
introduce hysteresis into the isotherm, which was also not observed. An external layer that did
not impede the adsorption process would not reduce the observed pore diameter, but simply
reduce the specific surface area and pore volume due to the presence of additional, non-porous |
mass in the sample. The relative decrease in the specific surface area (15%) and pore volume
(36%) is greater than the additional mass (8%) and also in agreement with the relative decrease

expected for a cylindrical geometry (dV/V =2 dA/A).

3.5.3 X-ray and Neutron Diffraction

The X-ray diffraction data indicated that the polymerized sample retained the overall
order of the host material, with no substant.iali shift in the diffraction peak positions.'No attempt
was made to interpret the changes in the peak intensities.

The neutron scattering results showed only small differences between the empty
MCM-41 and the PPV/MCM-41 composite. Modelling of MCM-41 coated with a 0.1 nm-thick
coating of material contrast-matched to the pore walls has been shown to decrease the amplitude
of the main scattering peak and shift the relative position of the smaller peak.#® The small

difference observed in the main peak (Q = 0.16) between the two PPV/MCM-41 samples does
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not correlate with the BJH pore diameters, and the smaller peak (Q =~ 0.28) is not sufficiently
resolved on all samples to determine any shift relative to the main peak. The difference in
scattering cross-section between PPV and MCM-41 cannot be determined without further
modelling and it is not possible to state what the effect of a small amount of PPV in the pores
would have on the diffraction pattern. As they stand, these results are not in disagreement with -

the hypothesis of a small number of chains present in the pores.

3.54 EELS and EFTEM

Normal TEM investigation of the MCM-41 and PPV/MCM-41 particles revealed no
readily visible differences. A substantial surface layer of polymer would have been visible as an
amorphous (structure-free) layer at the particle edges. For 1 um particles, an external polymer
mass content of 4% would give rise to a uniform external layer of ~7 nm (assuming a polymer
density of 1 g cm™) Also, no bulk polymer particles were observed.

The electron energy-loss spectrum of PPV/MCM-41 particles clearly showed the loss
attributable to the n-n plasmon at 6-7 eV, which was absent from the empty MCM-41 sample.
Losses below 5 eV were due to the optical absorption of PPV, which has an onset at 2.5 eV and a
peak near 3 eV.49 At energies above 8 eV, the spectra are dominated by the broad bulk plasmon
of the silica matrix centered at 22 eV, in agreement with the value observed for a form of
mesoporous silica.50 The polymer bulk plasmon would be expected to appear at a similar
energy’! and could not be distinguished. The shoulders visible betweén 10 and 20 eV are most
likely due to weak surface plasmons. The stability of the material seemed very good under a
diffuse beam without any special measures to limit beam damage.

Energy filtering on the n-n plasmon is experimentally most practical as the tail of the

zero-loss peak is substantial below 5 eV. The 6 eV energy-filtered images of MCM-41 and
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PPV/MCM-41 may be compared to determine the polymer distribution in the composite. Empty
MCM-41 does not show any substantial losses at 6 eV, and the filtered image is correspondingly
dark. PPV/MCM-41, on the other hénd, shows 6 eV losses disfributed throughout the particle.
Intensity variations are seen, and these are due to thigkness variations of the sample, as seen in

the 0 eV image. There is no indication of edge brightness, which would have suggested the

presence of a thin polymer coating on the outside of the particles. The periodicity of the host

material is also visible in the 6 eV image of PPV/MCM-41. While this structure is not fully
resolved, it strongly suggests that the polymer is confined in the channels.

These results corroborate the physisorption and TGA data in suggesting that the polymer
chains are incorporated into the channels of MCM-41. While the presence of some external
polymer may be indicated by the TGA data, the EFTEM results indicate that this can only be in
the form of a very thin layer (< 2 nm), corresponding to < 1 wt. % external polymer. The
measurements were carried out on the same samples that were used for neutron scattering,
further indicating that neutron scattering was not particularly suited for investigating these
samples without resorting to deuteration to match the scattering cross-section of the host and
guest.

This demonstrates the ability of EFTEM to reveal directly the presence of conjugated
polymer at very high resolution. The previous estimate of the resolution li‘mi‘t for mapping small
conjugated molecules was based on the edge sharpness of a molecular crystal,>2 whereas these
results show directly that such high resolution is achievable.

Furthermore, EFTEM was used to image directly the presence of an organic guest in the
channels of MCM-41 for the first time. The low number of polymer chains per pore also
suggests that it may be possible to image a single isolated conjugated polymer chain (perhaps

dispersed in a non-conjugated polymeric matrix) by this technique.
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3.5.5 UV/Vis Absorbance and Photoluminescence

The UV/Vis absorbance spectrum of the composite is very similar to that of PPV,
indicating a substantial degree of polymerization. However, it did not show any of the structure
observed in ‘the. absorbance spectrum of stretch-ordered PPV.53 The PL spectrum at room
temperature is in close agreement with literature reports. The structure observed in the spectrum
is similar to that of unencapsulated PPV. The peaks are red-shifted with decreasing temperature;
this effect has been attributed in bulk PPV to the reduction of torsional modes in the polymer
chain that affect the effective conjugation length.53

The optical measurements did not reveal any substantially new behaviour in the
composite material. Initial attempts at measuring PL dynamics were unsuccessful, as the sample

rapidly bleached under laser excitation at 386 nm.

3.6 Conclusion

The experimental evidence showed that a PPV/MCM-41 composite was successfully
synthesized. Chemical analysis by EELS and EFTEM allowed the presence of PPV inside the
channels to be established unambiguously. The polymer mass content suggested that 3 to 6
polymer chains resided in each pore.

However, this material is less than ideal for property comparisons for a number of
reasons. The in situ synthesis leads to a polymer that cannot be fully characterized due to its
insolubility. Comparison of the PL dynamics with normal PPV would be difficult, due to the
simultaneous change in structure and environment, which has also been an issue in the work of
Gin et al. on PPV in a lyotropic liquid crystal host.>4 There is most likely some polymer coating

the outside of the MCM-41 particles, which would further complicate the analysis. This was also

found in the work of Tolbert et al. on MEH-PPV in an oriented mesoporous silica host, and the
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energy migration between polymer outside and inside the channels was studied.>> Such studies
are not possible on the composite prepared here because of the lack of macroscopic orientation.
These complications can be eliminated if the host is prepared in the form of an oriented
thin film, and if a soluble form of PPV is used instead. This allows a fully characterized polymer
to be used and more meaningful comparisons to be made. Therefore further effbrts were directed

towards the creation of an appropriate thin film host.
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Experimental Details

MCM-41 was synthesized according to a literature procedure using
hexadecyltrimethylahmonium chloride as the surfactant.#3 The synthesis was carried out at 80
°C for 2 days in a Teflon-lined stainless steel bomb for most samples. One large batch was
synthesized in a polypropylene bottle to provide enough sample for neutron scattering. After
washing with methanol and water, the collected poWder was calcined under air with a heating
rate of 1°C min”! to 540°C and held at that temperature for 6 hours. Nitrogen adsorption analysis
was performed on a Micromeritics ASAP 2010 instrument.

Thermogravimetric analysis was carried out using a TA Instruments TGA 51 under N;
flow and a heating rate of 10 °C min™'. Infrared spectra were obtained from KBr pellets using a
BOMEM MBI155S FT-IR spectrometer. Powder X-ray patterns were collected on a Rigaku
Rotaflex rotating-anode diffractometer.

Chemicals were obtained from Aldrich Inc. Xylylene bis(tetrahydrothiophenium
chloride) was purified by recrystallization from water. Ethanol was dried over 4A molecular
sieves.

Adapting the work of Kumar et al.,42 the calcined MCM-41 was dried under vacuum at
100 °C and then treated with 1 M tetrabutylammonium hydroxide in methanol under dry
conditions. This mixture was left to stand for 4 h at room temperature, after which the basic
MCM-41 was filtered off and dried Underive;cuum'. The resultirig solid was pléced in a 10-20%
w/w solution of xylylene bis(tetrahydrothiophenium chloride) in dry ethanol at 50 °C for 24 h,
and then washed with ethanol and water to remove excess monomer and base. The bright
yellow-green powder was dried under vacuum at room temperature; subsequent heating to 200°C

under vacuum (10 Torr) for 6 h resulted in the powder turning bright yellow in color.
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For TEM analysis, samples were deposited on lacey carbon-coated Cu grids (Ted Pella,
Inc.) from a suspension vin nﬁethanol.ﬂ Electlron energy-loss spectroscopy and energy-filtered
transmission electron microscopy were carried out on a Tecnai F20 TEM equipped with a Gatan
Imaging Filter. The accelerating voltage was 197 kV (200 kV nominally, offset by 3 kV by the
GIF). Loss spectra were recorded in TEM mode by placing the particle of interest above the GIF
entrance aperture (diameter 2.0 mm). The zero-loss peak was recorded separately for subtraction
by moving to an empty area on the grid. The system energy resolution, given by the FWHM of
the zero-loss peak, was 0.9 eV. The energy dispersion of the spectrometer was 0.10 éV/pixel,
which was calibrated using a 50 eV wobble on the drift tube. EFTEM images were acquired with
a?2eVslit.

The UV/Vis absorbance spectrum was rheasured for PPV/MCM-41 as a nujol mull, using
a Unicam UV-2 spectrometer. Low-temperature PL spectra were obtained by pressing the
samples between quartz plates in a cryostat and using the frequency-doubled output of a
Ti:Sapphire laser (386 nm) to excite the sample. The luminescence was passed through a
Czerny-Turner scanning monochromator (Digikrom 242 from CVI Laser Corporation, using
only one 600 grooves mm™ grating) and collected with a Hamamatsu R2257 photomultiplier
tube. The spectra were corrected for the response of the grating and the photofnultiplier tube by
measuring the spectrum of a quartz tungsten halogen lamp (Oriel 77501 Illuminator) of known

output.
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CHAPTER 4 Preparation of Mesoporous Thin Film Host

Microporous and mesoporous materials often have anisotropic pore structures. A good
example is the mesoporous material MCM-41, discussed in the previous chapter: it has straight
1-D channels arranged in a 2-D hexagonal lattice. This anisotropy can only be exploited,
however, if the macroscopié orientation of the material can be controlled either during or after
synthesis. Such control over the orientation is necessary for a number of applications, including
photonic materials, membranes and sensors. It is also key to fabricating the ideal device where
only intrachain processes can occur: proper channel orientation will allow good charge transport
along the conjugated polymer chains in the device, and a narrow pore diameter will favour the
isolation of the polymer chains (Figure 1.5; Table 1.2). The development of a porous thin film
host with oriented 1-D channels was thus of central importance to this research effort.

Notwithstanding all the requirements expressed in Table 1.2, the central challenge is the
fabrication of porous thin films with 1-D channels aligned in the direction of the substrate
normal. The synthesis of films and membranes with such oriented porous structures has been the
subject of continuous scientific pursuit.!-5 Impressive progress has been made in many areas but
the goal of fabricating uniform defect-free membranes with very small pores remains elusive.
Membranes with pores down to 10 nm diameter are readily available, but the size regime below
that is not well developed. As the membranes of interest for this work lie in this uncharted

territory, it was clear at the outset that substantial effort would be required to develop the desired

thin film host. However, a number of promising first reports were present in the literature, which
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suggested that the goal was within reach. These reports are reviewed here and the investigations
into the more promising routes discussed. .

Many of the characterization techniques applicable to analysing bulk mesoporous samples
can also be applied to thin films. X-ray diffraction can be used to evaluate the orientation of the
film.6 Physisorption measurements are 4not straightforward, due to.the limited total surface area
of the films. The most important techniques are based on electron microscopy: scanning electron
microscopy (SEM) aﬁd transmission electron microscépy (TEM) allow high resolution

inspection of the film structure on the local level, as reviewed in chapter 2.

4.1 Alignment of Porous Thin Films

Self-assembly is an attractive route for materials synthesis because of the inherent order of
the resulting materials. Once the appropriate conditions for self-assembly are known, the
synthesis is usually ‘straightforward. Thus a lot of effort has been devoted to the pursuit of
systems which self-assemble into porous thin films and membranes with various geometries.

For self-assembled mesoporous materials, the methods used to achieve alignment fall into
two general categories: interface-induced alignment and field-induced alignment (including
electric, magnetic and flow fields). These various methods are reviewed here, and it will become
obvious that no ideal approach to the fabrication of the desired membrane via self-assembly
exists as of yet. Some very recent work on solvent evaporation-induced alignment does appear

very promising in creating mesoporous thin films with channels normal to the substrate.”
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4.1.1 Interface-Induced Alignment

Surfactant-templated materials, including the members of the M41S family (MCM-41,
MCM-48), have been found to align themselves in specific ways on a number of interfaces. It is
thought that the arrangement of the initial layer of surfactant micelles on the interface largely
determines the alignment of the growing film. Mica and graphite induce a parallel alignment of
cylindrical micelles (Figure 4.1) through fairly weak electrostatic and van der Waals interactions
respectively.8:9 The resulting films still have substantial in-plane disorder (direction of channels,
180° defects), which limits their usefulness. The air-water interface has also been shown to
favour a similar type of ordering.!0 Films grown on Si (100) and (111) show no preferential
ordering, but Si (110) does induce alignment parallel to the [001] direction,® indicating that
proper registry of the templating mesophases with the interface is necessary to achieve ordering.
However, a straightforward approach to predicting which surfaces will produce proper registry
has not been found yet.

It is also possible to modify a surface to induce alignment in a preferred direction, as
shown by the rubbing method,!! which is commonly used to align liquid crystalline materials for
display applications. A thin polyimide film is coated on the substrate and then rubbed in a

particular direction, which aligns the channels of the mesoporous material parallel to the rubbing

Figure 4.1 2-D hexagonal packing of surfactant micelles in aqueous solution onto a graphite
surface, after ref. 8.
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direction. In-plane X-ray diffraction shows that the distribution of channel directions has a
FWHM of 29°.

The orientation of the initial template layer on the surface can also be controlled by
modifying the chemiéal structure of the templating agent (Figure 4.2). This has been shown
throﬁgh the use of a two-headed quarternary ammonium salt to form a structure designated SBA-
2.12 The initial reports on the structure of SBA-2 films, based on TEM studies, suggested that
there was a continuous channel normal to the interface. A later study using high-resolution TEM
showed that the initialb structure assignment was erroneous and that there was a higher degree of
connectivity in the porous structure than originally identified.13

It is therefore still difficult to self-assemble a film with oriented channels normal to the
interface. One plausible approach around this problem is the use of a substrate that presents
vertically-oriented interfaces, i.e., by using a larger porous support to nucleate the film. Porous
aluminal4-17 (see below) and capillaries'8 have been used as substrates for the growth of zeolites
and mesoporous silicates. These oriented supports present interfaces oriented parallel to the

substrate normal (Figure 4.3). This has been recently used to prepare membranes of MCM-48,

X\
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Figure 4.2 Surfactant templates for (a) MCM-41 and MCM-48 structures (Ci6H33N(CHj3)3X) and
(b) SBA-2 structure (C16H33N(CH3)2(CH2)3N(CH3)3X2), where X = Br or Cl.
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which has an isotropic cubic structure, and therefore cannot show a preferred orientation. A
supported MCM-41 structure has not been reported to date, perhaps because the desired
orientation is not achieved. Nevertheless, one would expect that the surface curvature of the
porous support (i.e., the inverse of the channel radius) would have a significant effect in

favouring alignment of the channels in the axial direction over the circumferential direction.

TN /

A B

Figure 4.3 The two extreme possibilities for surfactant micelle alignment in a porous support:
(a) in the axial direction and (b) in the circumferential direction. A smaller radius of curvature R
would be expected to favour the axial orientation.

4.1.2 Field-Induced Alignment

Externally applied fields offer an attractive approach to obtaining the desired channel
alignment in porous materials. In many cases, the product material is only partially aligned with
the applied field, as only an average alignment is achieved, with substantial deviations
presumably due to thermal disorder of the templates.

It has been shown that the application of a large magnetic field (~12 T) can be used to

align the channels in a mesoporous material.!9 This results from anisotropy in the diamagnetic
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susceptibilities of the templating agents. Once the template micelles reach equilibrium with the
magnetic field (with 60% of the domains aligned with the magnetic field, as seen by solid-state
NMR), condensation of the silica framework is achieved by allowing gaseo;ls HCl to diffuse in.
The resulting material was che;racterize’d by X-ray diffraction, which suggésted that 78% of the
pores were aligned in the desired direction.20

Hillhouse et al. have used a flow field to induce preferential alignment of a mesoporous
silica film grown in a capillary tube.2! The channels were found to be oriented in the direction of
the external flow for thin films (< 200 nm), based on observation of the macroscopic
morphology of the film by SEM. Thicker films tended to lose this preferred alignment and
became similar to films grown under static conditions. More work in this direction was carried
out by Kim and Yang.22

The flow field provided by laser-induced ablation has also been used to generate aligned
structures.23.24 The laser was used to create a seed film of material oriented by the ablation of a
guest moiecule, ferrocene. Further treatment with the synthesis mixture then formed a
continuous film with an orientation derived from the seed film.

The use of both an interface and an applied electric field to fully control aligﬁment has also
been demonstrated.?> An elastomeric mold was used to create micron-scale channels on a
substrate between two electrodes (Figure 4.4). The electric field creates an electro-osmotic flow
between the two electrodes, which is further guided by the channels. Thus both the flow and the
presence of the interfaces contribute to aligning the template micelles, leading to a very high
degree of alignment parallel to the flow direction. Localized Joule heating then induces
condensation of the silica framework. While this approach created high quality alignment of the
channels (X-ray diffraction indicated that the directional spread was 1.7°, substantially better

than other methods for aligning the micelles), it would not be straightforward to fabricate thin
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Figure 4.4 Orientation of mesoporous channels by electro-osmotic flow, after ref. 25.

films (i.e., with channel lengths from 100 to 200 nm) using this technique. One possibility may

be to combine it with a porous support of the type discussed above.

4.1.3 Oriented Porous Thin Films by Other Approaches

Track-etch membranes26 are prepared by exposing a polycarbonate or polyester film to a
beam of energetic heavy ions in a linear accelerator. The ions leave damage tracks that are
roughly normal to the film surface, and which are then etched chemically to the desired
diameter. The obtainable diameters range from 10 nm to several microns. These are available
commercially from Whatman, Inc. under the Nucleopore trademark. While the technology
behind these membranes is fairly well developed, it is unclear if they can be prepared in the form

of thin films, or obtained with smaller pore diameters.
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Kondoh et al. reported an almost .ideal porous film structure, attained by oxidizing
FeO:SiO; thin films with a specific stoichiometry at 600 °C.27 The alignment was thought to be
induced by the direction of oxygen flow, as the oxidized Fe precipitated out (as Fe;Os3) in
columns perpendicular to the film surface. The Fe;O3 columns could be conveniently etched out,
leaving behind a porous silica.matrix. The resulting film had an average pore size of 4 nm, as
determined by nitrogen physisorption and supported by TEM studies.

Porous alumina (anodic aluminum oxide) is also commercially important, especially for
microfiltration.28 It is produced by anodizing aluminum samples in aqueous electrolytes. Under
the appropriate conditions, the resulting oxide has vertical pores running through it, and the pore
spacing can be controlled by the applied potential. The exact cause of the alignment of the
channels is still unclear but 'appears to be related to both the applied potential and the strain
created by the expansion of the lattice from aluminum to aluminum oxide. The alignment of the
channels is almost perfect after extended growth and published reports indicated that the
diameter may be adjusted from 20 to S00 nm. Thick membranes are commercially available
from Whatman, Inc. under the Anopore trademark.

It may be possible to prepare similar structures by electron-beam lithography and chemical
etching of an appropriate substrate. At the early stages of this thesis, the feature size for this
technique was on the order of 50 nm, and thus too large for the purpose of this project. Direct
electron-bevam drilling of alumina or silica films using a field-emission TEM in scanning mode is
a very promising approach for creating a small number of very small diameter holes.2?

Porous thin films based on the self-assembled SBA-2 structure, the FeO/SiO; system and
porous alumina were initially judged to be promising thin film hosts. Their synthesis and
characterization was undertaken to investigate further their suitability as oriented thin film hosts

for conjugated polymers.
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4.2  Further Investigation of SBA-2 Mesoporous Silica Films

Self-assembled films are attractive candidates for study as they are often highly ordered
and uniform. Assuming that the chemistry to yield the correct geometry can be found, these
films would be ideal host materials for conjugated polymers. As stated above (section 4.1), the
geometry of a film nucleated on an interface is thought to depend on the arrangement of the very
first layer of templating agent on the interface. As such, control of the template-interface
interactions should in principle allow the preparation of films with the desired pore orientation.
Most of the work reported in the literature has focused on thin films related to the MCM-41
structure and based on straight-chain alkyl ammonium surfactants. These adopt the well-
established parallel alignment with the interface in a hexagonal structure. A different orientation
can only be expected from films with substantially different structures.

The structure type is controlled by the choice of surfactant and pH. A small number of
geometrical parameters have been found to govern the type of structure produced by a given
surfactant. The hydrophobic tail length, hydrophilic head size and charge can all be adjusted to
yield fairly predictable structures.30 Tolbert ef al. found that the use of a two-headed surfactant
(Figure 4.2(b)), which templates the 3-D hexagonal SBA-2 structure, allowed the synthesis of
thin films with a possible channel normal to the interface. In this case the initial layer on the
surface was found to consist of packed hemispheres, representing the higher symmetry of SBA-
2. The proposed structure consisted of large cages, the connectivity of which would determine

the form of the channels through the material.

92




As such, the material appeared promising and was investigated in more depth. The
reported SBA-2 structure was synthesized on freshly-cleaved mica substrates. The presence of
the SBA-2 phase was confirmed by X-ray diffraction (Figure 4.5). The (002) peak appears
strongly, indicating that the film is aligned with the ¢ axis perpendicular to the film. The (112)
and (004) peaks appear weakly. The calcined sample showed a shift in the (002) peak to higher
angle, indicating that the framework size had decreased during calcination.

In order to investigate the microstructure of SBA-2 films, the samples grown on mica were
embedded in epoxy resin and sectioned using a diamond knife. However, the film did not

survive the sectioning process and thus no further information on the pore structure was obtained
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Figure 4.5 X-ray diffraction pattern of SBA-2 film grown on mica (—) before and (—) after
calcination.
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in this fashion. A report appearing at this time indicated that SBA-2 did not have the desired
connectivity, based on high resolution TEM imaging.!3 This study of bulk SBA-2 indicated that
the structure grown as a film would have straight 1-D channels parallel to the interface and
zigzag channels running perpendicularly to the interface, a geometry not conducive to
conjugated polymer inclusion. In view of this information, and promising developments with

porous alumina films, no further characterization was attempted.

4.3 Further Investigation of the FeO/SiO; System

The FeO/SiO; system is the subject of one report in the literature.2’ The inspiration for
this approach reportedly comes from the observation of elongated Fe,Oj3 structures in natural
samples. In this material, the ordering is determined by the direction of oxygen diffusion as FeO
is oxidized to Fe,Oz within the SiO, matrix. The morphology of the resultant materials depends
strongly on the relative concentration of FeO and SiO,. At compositions between 70:30 and
60:40 FeO:SiO,, it is reported that columns of Fe,Os; grow perpendicularly to the substrate
within the SiO, matrix (Figure 4.6). These columns can then be etched out by aqueous HCI,
leaving behind the SiO, matrix. The resulting 1-D channels in SiO, have a diameter of 4 nm, as
determined by a Barrett-Joyner-Halenda (BJH) analysis of the nitrogen physisorption isotherm.

When the FeO:SiO; ratio is lower than 60:40, the resulting Fe,Os particles are trapped in
the SiO; matrix and cannot be etched out. Higher FeO levels lead to an oxidized film with larger,
disordered Fe,O; structures. Use of the correct FeO:SiO; ratio should produce a thin film host
with nearly ideal characteristics: porous SiO, films with vertical 4 nm channels with easily
controlled thickness. The slight drawback of this process is the rather high processing

temperature (600°C).
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Figure 4.6 Preparation of thin film with oriented channels from a FeO:SiO; film.

The duplication of these published results was attempted. Using a 65:35 FeO:Si0, target,
thin films were sputtered unto glass and silicon substrates using radio-frequency (RF) sputtering.
Freshly-sputtered films were initially transparent with a deep green colour. Following oxidation
at 600 °C, the films turned red in appearance, indicating the formation of Fe,Os. This colour
disappeared completely upon etching with 1:1 HCI:H,O, suggesting that most of the Fe;O3 had
been removed from the thin film. These observations were in agreement with the chemistry
suggested by the initial reference.

The microstructure of the films at different stages of processing was investigated by TEM.
Cross-sections of the thin films were readily obtainable by the small-angle cleavage (SAC)

technique.
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The cross-section of the oxidized, unetched film is shown in Figure 4.7 (a). Very little
structure is apparent, in contrast with the published micrographs, where columnar structures
were visible. The energy-dispersive X-ray (EDX) analysis of the thin film with a STEM (Figure
4.8(a)) yielded a Fe:Si atomic ratio of 2.1 + 0.2, which was within the range deemed optimal (1.9
— 2.3). XPS analysis, on the other hand, yielded a Fe:Si ratio of 0.9, suggesting the surface FeO
content was well below the desired level. The etched film is shown in Figure 4.7 (b), and there is
insufficient contrast to observe the pore structure. The EDX spectrum showed that the Fe,O; had
been fully removed (Figure 4.8(b)), indicating that there were no isolated Fe>Os particles. This
suggested that the Fe:Si ratio was near or above optimal. The XPS results, which reflect the
composition at the surface, may indicate that the film had a lower concentration of Fe near the
surface.

Heavy-element staining of the pore surface was attempted to improve the contrast between

Figure 4.7 TEM image of cross-section of FeO:SiO, film on glass (a) after oxidation, before
etching, (b) after etching and Pb-staining. The cross-section was prepared by the SAC technique.
The scale bars are 50 nm long.
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the pores and the surrounding matrix. Lead acetate is known to bind to surface hydroxy groups,
but it did not improve the contrast of the pores, despite clear indication of the presence of Pb by
the EDX spectrum (Figure 4.8(c)).

The nitrogen adsorption isotherm on a 200-nm thick sample (anticipated total surface area
~0.5 m?) did not show a clear condensation step, suggesting a wide distribution of pore sizes.
The measurements were also limited in accuracy by instrumental drift. This stood in contrast
with the reported adsorption isotherm, which showed a clear capillary condensation step
corresponding to a 4 nm BJH diameter. While the thin films were porous, as evidenced by the
complete removal of the Fe;O3 by etching, no well-defined channels could be detected by
electron microscopy or nitrogen physisorption. Attempts to contact the authors to discuss
possible processing issues were unsuccessful. Further efforts to reproduce this work were

abandoned since porous alumina showed more promise.
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Figure 4.8 EDX spectrum obtained from cross-sections of FeO:SiO2 films: (a) oxidized (some
Au contamination is apparent), (b) etched to remove Fe,03, (c) Pb-stained.
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4.4 Porous Alumina Films (Anodic Aluminum Oxide)

Anodic films on aluminum have a long history of industrial application as cosmetic and
protective layers. The choice of anodization conditions (electrolyte, temperature, potential) has a
dramatic effect on the structure of the resulting alumina film. The porous films obtained under
the appropriate conditions were found to exhibit a structure which fitted the requirements
expressed in Table 1.2 very closely.

The porous nature of some of these films has been reviewed in depth by Thompson and
Wood.3! Due to their industrial importance, these films have been extensively studied since the
1930's. Many characteristics of the films were well understood by the 1980's, and it was
recognized that very ordered films could be produced under certain conditions. The self-ordering
phenomenon was not fully exploited until the 1990's: in 1993, Masuda et al. reported a simple

technique for the production of porous anodic alumina with highly ordered pores and a

Figure 4.9 SEM images of porous alumina film produced at 40 V in 0.3 M oxalic acid, using
Masuda's two-step approach: (a) top view, (b) cross-section. The scale bars are 100 nm long.
Images courtesy of Dr. K. Rademacher.
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corresponding narrow pore size distribution (Figure 4.9).32 This development led to the
widespread application of porous alumina membranes both as hosts for other materials33-36 and
as templates37 for the synthesis of tubules3® and wires39:40 with uniform diameters in the 30 to
100 nm regime. The development of well-ordered large pore samples allowed the fabrication of
photonic crystals either directly using patterned porous alumina films#1:42 or by transferring the
pattern to another substrate by dry chemical etching.43-46 The anodization of other materials,
most notably silicon, also produces very useful porous structures.’

Porous alumina is prepared by anodizing aluminum in an acidic electrolyte, typically
phosphoric, sulfuric or oxalic acid. The anode is attached to the aluminum substrate, while the
cathode usually consists of a platinum mesh electrode (Figure 4.10). Under the appropriate
conditions, the pores are straight and hexagonally packed,*849 as shown in Figure 4.9. The

structural parameters are shown in Figure 4.11: the pore diameter is D and the lattice spacing is

Glass cell with O-ring
joint

Pt mesh cathode

Electrolyte
Power
Supply

NN

O-ring seal

Al substrate (anode)

<

A

Figure 4.10 A simple electrochemical cell for anodization of aluminum substrates.
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L. The oxide growih process leaves a barrier layer at the bottom of the pores with a thickness on

the order of L/2.

Anion-contaminated layer

Barrier layer
A B

Figure 4.11 Structure of porous alumina films grown on aluminum: (a) geometry of pore packing,
(b) cross-section showing barrier layer of thickness ~L/2 at bottom of pores.

4.4.1 Pore Wall Structure

The nature of the pore walls has been studied extensively. The results of many early
studies have been reviewed by Thomson and Wood.3! The pore walls consist of a relatively
thick, amorphous, anion-contaminated surface layer over a more dense core of pure alumina. The
two different zones of alumina can b.e readily distinguished in TEM micrographs of the
material. 31,4950 There exists considerable variation in anion incorporation among the different
films prepared using sulfuric, oxalic, and phosphoric acids.5! Using TEM and EDX,30 the anion
distribution has been shown to be uniform through the less dense layer. After washing, the
distribution of anions in the cell wall is lowest in the pure alumina core, reaches a maximum
within the less dense layer and falls off near the pore surface. This distribution can be the result

of an initially uniform anion contamination, which is altered during the post-synthesis water
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rinse by preferential removal of anions near the pore surface.52:53 The nature of the anion
contamination may be very important for electric device applications of porous alumina, as the
anions may become mobile under high electric fields, causing electrical short-circuits or
affecting the electrical properties of the polymer host. These anions may be removed completely
by thermal treatment of the free-standing membrane.34-59 Membranes prepared using oxalic acid
as the electrolyte show the removal of oxalate ion over 200-400°C, with crystallization of the
pore walls occurring at 820-840°C. When sulfuric acid is used as electrolyte, the contaminating

anions are removed at 970°C.

4.4.2 Pore Growth Processes

A number of empirical relationships have been established for porous alumina growth:
(1) the spacin‘g of the pores is proporﬁonai to the applied potential (2.5 £o 2.8 nm V)49,
(2) the pores form an ordered lattice at certain potentials for each electrolyte;
(3) the pore depth (film thickness) is proportional to the total charge passed (proportional to
time under galvanostatic anodization).

While these empirical relationships have been thoroughly investigated, the processes
which govern the growth of the péres are not fully understood. A qualitative analysis has been
presented by Thompson and Wood.3! In acidic electrolytes, pore formation must be the result of
the concurrent oxidation of the aluminum to alumina and dissolution of the alumina by the
electrolyte, along with a higher alumina dissolution rate in depressions. This suggests that field-
assisted dissolution is a key driving force behind pore growth. A localized temperature increase
at the metal-oxide interface due to Joule heating may also play a role in the process. The larger
effect of electrolyte temperature on the film parameters indicates that local temperature

variations do not have a dominating role in the process.
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The pore structure may be further altered by etching with phosphoric acid, which attacks

the alumina much faster than sulfuric acid or oxalic acid. The anion-contaminated layer is also

attacked faster than the the more dense cell boundary. Typically, the pore walls are etched in 5

wt. % phosphoric acid at a rate of 8 nm h™' at room temperature.60

4.43 Pore Lattice Formation

For a given electrolyte, self-ordering may be obtained over a range of applied potentials.
Published values are shown in Table 4.1. Under these conditions, the pore lattice becomes
ordered with a domain size between 1 and 4 um. Below this range of potentials, there is
considerable pore branching during the growth process. Thus not all pore sizes are readily
accessible if an ordered pore lattice is desired.

The method for obtaining fully ordered structures consists of a two-step anodization
process.32:48,61 An initial long anodization period is carried out, until the pores are growing in
the ideal arrangement at the metal/oxide interface. The oxide is then stripped using a phosphoric
acid/chromic acid solution, where the chromic acid protects the aluminum substrate from

dissolution once the oxide is removed (Figure 4.12). This leaves a scalloped surface that is

Table 4.1 Published parameters for self-ordered porous alumina growth.

Electrolyte Concentration  Potential Temperature Spacing Reference
V) O (nm)

Oxalic acid 03 M 40 1 105 49,61
Sulfuric acid 20 wt % 18.7 1 50 62
Sulfuric acid 03M 25 not reported 66.3 49
Sulfuric acid 20 wt % 15-25 1 4] - 68 63

Phosphoric acid 1 wt % 195 not reported 501 49
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5.8 wt% H3PO4 +

1.5 wt% CrO; Anodize
—_—) —_— >
12 h, 60°C

Figure 4.12 Preparation of fully-ordered porous alumina film by a two-step anodization
process.The initial oxide layer is stripped, followed by further anodization of the substrate.

anodized in a second step for the desired duration, yielding a fully ordered film of the
appropriate thickness. Masuda has elegantly shown that ordered pore growth is initiated by the
scalloped surface by preparing similar nanoindentations on aluminum surfaces with a patterned
SiC wafert! and with an atomic force microscope.®4 This nanoidentation technique allowed the
fabrication of defect-free lattices on the mm scale. Masuda also reported that electrolyte
concentration and temperature have no significant effect on the formation of the lattice.

The self-ordering of the pore lattice has also been the subject of several investigations but
still remains to be understood.#7-49:62,65 It has been shown through computer simulation that
ordered lattices can arise from initial pore formation on isolated defects,5! given a fixed
interpore spacing. However, the origin of the fixed lattice spacing remains unclear. The
mechanical stress of expansion from aluminum to alumina has been suggested as a source of
repulsive interaction between growing pores.62 Nielsch ef al. pointed out that all ordered porous
alumina films have a 10% porosity (ratio of pore area to unit cell area) independent of the

electrolyte and potential. 4% These points are discussed further below.
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4.4.4 Preparation of Optimal Host from Porous Alumina

Porous alumina is evidently a very versatile materiél, as the pore size and spacing can be
easily adjusted over a wide range and the thickness of the porous film is simple to control. Thin
films may be prepared on various substrates by anodizing evaporated aluminum films of the
correct thickness.50 This also allows cross-sections for SEM to be prepared in a convenient
manner. |

The smaliest pore size reported in the literature is 20 nm, obtained using 20 wt % sulfuric
acid at 15 V.63 There is a recent report of a membrane with 5 nm pore sizeb6 but it was simply
obtained at a low potential without any ordering, and characterized indirectly by gas diffusion
measurements. The conditions for the preparation of films with an ordered lattice of pores with
diameters below 20 nm are not established in the literature. However, Moskovits reported
unpublished results at a conference showing that the pore diameter could be very effectively
reduced through manipulation of the electrolyte temperature.67 In order to reach temperatures
well below 0 °C, a mixture of methanol and water was used as the solvent.%® Using 1.2 M
sulfuric acid in a 3:1 mixture of methanol and water, pore sizes down to 4 nm could be reached
at anodization temperatures of -40 °C.

In our hands, this approach was also successful. It was found that a 1:1 methanol:water
mixture was effective as the solvent down to -50 °C. While keeping the anodization potential and
electrolyte concentration constant, films were anodized at 20°C, -8°C and -'40°C (Figure 4.13).
The films anodized at 20°C and -8°C were observed by SEM, whereas the film obtained at
-40 °C required a TEM to distinguish the pores. It can be seen that while the ordering is not
perfect, the pore spacing does not vary significantly from 40 nm - the spacing is clearly fixed by
the applied potential. The pore diameter, on the other hand, changes dramatically with

temperature: from 21 nm at 20 °C to 4 nm at -40 °C (Figure 4.14).
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Figure 4.13 Porous alumina samples anodized at (a) 20 °C, (b) -8 °C and (c) -40 °C at 15.0 V in
1.2 M H,SO4 (1:1 H;O:MeOH), with resulting pore size distributions. The scale bar is 20 nm.
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Figure 4.14 Effect of temperature on pore diameter for samples anodized at 15.0 Vin 1.2 M
sulfuric acid.

The effect of electrolyte concentration was also investigated by raising the concentration of
sulfuric acid to 5.0 M. However, there was no effect on the pore size at fixed potential and
temperature. This stands in contrast with the results of Patermarakis et al., who reported that the
square of the pore base diameter is inversely proportional to the proton activity at the base of the
pore, based on room temperature data obtained galvanostatically with different concentrations of
sulfuric acid.53

The samples anodized at -40°C clearly show some ordering. This fact allows some
comment to be made on the proposal that the ordering of the pore lattice is driven by mechanical
stress in the aluminum to alumina transformation. Their coefficients of thermal expansion are
23.1x10° K" and 8.4x10° K', respectively.69 This difference in expansion coefficients would

suggest that any effects due to the stress of expansion would be very different at lower
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temperatures, and any process dependent on this stress would be altered. The fact that the lattice
spacing remains the same despite the change in temperature would argue against any dominating
role for mechanical stress in the ordering process. Further experiments would be required to
validate this hypothesis fully.

The (irawback of anodizing at lower temperatures is that the anodization rate is reduced
drastically. The current density declines to 10 pA cm™ at -40 °C and the oxide growth rate
becomes ~200 nm/24 h. While this is much slower than normal anodization, it is not
unreasonable for obtaining a film with a pore size that is otherwise difficult to fabricate.
Moreover, since the spacing of the pores is the same at room temperature, the initial anodization
of the two-step process for preparing highly-ordered films can be carried out at room

temperature.

4.4.5 Barrier Layer Thinning

The barrier layer created during the anodization process (Figure 4.9) must be removed to
allow electrical contact to the conjugated polymer guest. The aluminum substrate for the porous
alumina film may itself be used as the cathode material. The requirement then is for a method to
remove, or at least to thin significantly, the barrier layer present between the pores and the
aluminum.

Phosphoric acid etching is the simplest approach to barrier layer removal, provided the
aluminum substrate is removed and the film etched from the bottom.32 Otherwise, ion milling
with an argon-ion beam may be employed.”® The practical limitation of this method is the
diameter of the beam in the ion mill, which is on the order of 1 mm on the instrument available
at UBC (VCR ion mill, Metals and Materials Engineering). This restricted the sample area which

could be processed easily, making it impractical for device fabrication.
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Reactive ion etching (RIE) may be used attack the alumina selectively and directionally,
and this approach was investigated by Dr. K. Rademacher in our research group. In this
approach, a boron trichloride/argon plasma is used to etch away the alumina. A carbon
tetrafluoride/oxygen mixture can also be used to etch alumina,’! but these gases were not readily
available on the etcher at UBC. Applied from the bottom of the sample (with the aluminum
removed by saturated HgCly), this method was found to open some pOres. However, the
conditions for opening the pores from the top of the sample were not found.

Barrier layer thinning may also be achieved by reducing the potential at the end of the
anodization step. This can be executed either stepwise or gradually. If this is carried out
stepwise,’2 pore-branching occurs as smaller pores nucleate at the bottom of the original pores;
the branching leads to an inverted tree structure at the bottom of the anodized layer. This is used
in the commercially-available Anodisc membranes to obtain 20 nm pore sizes. Better control of
the rate of potential reduction leads to a small hole at the bottom of each pore.”3 It should be
noted that extended anodization at very low potential (< 1 V) eventually leads to the separation

of the alumina membrane from the aluminum substrate.

4.5 Conclusion

It was shown that a porous alumina host for conjugated polymers can be readily prepared
with the desired properties. The formation of small diameter films was achieved using the low-
temperature anodization method reported by Moskovits. The résulting films show aligned 1-D
channels with a diameter of 4 = 1 nm, and the barrier layer could be effectively thinned by a
simple potential reduction method. However, many aspects of porous alumina film formation are -

still poorly understood, and it may be possible to improve the low temperature film growth rate

by further exploring different combinations of electrolyte, temperature and anodization potential.
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Experimental Details

1. SBA-2 Films8.12
The 16-3-1 gemini surfactant was synthesized according to the literature procedure’4. Thin
films with the SBA-2 structure were then grown on mica substrates. The reaction mixture was of
the following molar composition: 1.0 H,O: 0.076 HCI: 9.5x10* 16-3-1: 1.8x10>
tetraethylorthosilicate. After 5 minutes of stirring, this mixture was transferred to a Teflon-lined
stainless steel bomb. A freshly cleaved mica substrate was then floated upside down on the
solution, and the sealed ’bomb was placed in an oven at 80°C for 1l6 h. After cooling to room
temperature, the mica substrate was retrieved and rinsed with distilled water and dried in air. The
surfactant was removed by calcination in' air: the temperature was slowly -faised to 540 °C over
18 h to avoid cracking the film, and held at 540°C for 6 h.
X-ray diffraction patterns were obtained on a Rigaku 6 kW powder diffractometer.
Nitrogen physisorption measurements were carried out on a Micromeritics ASAP 2010
instrument at 77 K. Samples were embedded in EPON resin for ultramicrotomy with a diamond

knife (Microstar).

2. FeO:SiO; System

A 3" sputtering target with a composition of 65:35 FeO:SiO, by powder mixing volume
(Pure Tech) was used to prepare tﬁin films on glass and silicon substrates by RF sputtering. This
process produces a plasma in the working gas (argon), which then strips material from the target
and deposits it on the substrate. It is an efficient way to deposit dielectric materials. The RF
power was set to literature value, 200 W, while the argon pressure was 10 mTorr, the highest

obtainable on the sputtering system being used. A sputtering time of 4 h yielded 200 nm-thick
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films. The films were dark green in colour. The oxidation of the films was carried out at 600°C
in air, resulting in a change of colour to red. Etching with 1:1 HCl:H,O overnight produced a
clear film. When cross-sections were required, 0.1 mm-thick coverslips (#0, E.M. Sciences) were
used as the substrate. The cross-sections prepared by SAC were observed with a Hitachi H-800
TEM equipped with an X-ray detector for EDX analysis. The analysis area for EDX was selected
by using the microscope in STEM mode and scanning over the area of interest only. Quantitative
analysis of the EDX spectra was carried out using the ZAPTEM program, yielding a
composition of 25% Fe, 12% Si and 63% O.

XPS analysis was performed on a Leybold MAX200 system using monochromated Al
K, radiation as the excitation source. The peaks were fitted using the XPSPEAK computer
program (R. W. M. Kwok, Chinese University of Hong Kong). The Fe 2p, Si 2p and O 1s peaks
were used to calculate atomic percentages: 12 % Fe, 13 % Si, 74 % O.

Nitrogen physisorption measurements were carried out on a Micromeritics ASAP 2010
instrument at 77 K. A 200 nm film was deposited onto coverslips with a total projected area of
60 c¢m?. The approximate total surface area was 0.5 m?, using an estimated porosity of 25% and

the reported specific surface area of 800 m* g™,

3. Porous alumina

Aluminum foil (99.99+%, Aldrich) was degreased in acetone, then rinsed with distilled
water. No electropolishing was done. Aluminum thin films were prepared on n-type silicon
substrates by electron-beam evaporation (with a base pressure of 2x10° Torr) from aluminum
slugs (99.999%, Alfa Aesar) in a graphite crucible or RF sputtering (3" target, 99.99% purity,

300 W with 6 mTorr argon).
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Anodization was caﬁied out under the conditions given in the text. Most samples were anodized
without any stirring of the eléétrolyte, although stirring will improve the ordering of the pore
lattice. For the two-step process, the initially grown oxide layer was stripped by immersing the
substrate in 5.8 wt. % H3;PO,4 + 1.5 wt. % CrOs at 50 to 60 °C overnight. Anodization was then
continued at the initial conditions. Pore-widening was effected by 5% H3PO4 at 20 °C for the
given periods. Low temperature anodization was carried out in a FTS Systems (Stone Ridge,
N.Y.) Multi-Cool chiller.

Samples were coated with a thin layer of Au/Pd for SEM (Hitachi S-4700), typically with
an accelerating voltége between 10 and 20 kV and a 6 mm working distance. Free-standing films
and ultramicrotomed cross-sections were observed by TEM (Hitachi H-800 at 200 kV, Hitachi
H-7600 at 80 kV). Pore size distributions were determined using the Scion Image computer
program (Scion Corp., MD, www.scioncorp.com) or the equivalent ImageJ] program (National
Institute of Health, www.nih.gov). The pore diameters were calculated for a circle of area
equivalent to the imaged pores.

Ar ion milling was done using a VCR Ion mill with 5 kV ion energy, 40 LA beam current
and 90° angle of incidence. Reactive ion etching was done with a PlasmaQuest ECR etcher. To
open a majority of pores from the bottom of the sample, the RF power was 150 W, the

microwave power 300 W, and the substrate temperature was 48 °C. The gas flow rates for

Ar/BCls/Cl, were 20.5/20.1/2.8 sccm, respectively. The etching time was 480 s.
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CHAPTER 5 Characterization of a Porous Alumina/MEH-PPV

Composite Material

Composite materials based on porous alumina and conjugated polymers have been
extensively investigated in our research group. A full characterization of these materials was
important for understanding their properties, and the central goal was to establish the polymer
distribution within the composite material on the nanometre scale. The initial experiments were
aimed at investigating samples prepared by adsorbing the conjugated polymer poly[2-
methoxy,5-(2'-ethylhexyloxy)1,4-phenylene vinylene) (MEH-PPV) from solution onto poroﬁs
alumina (Figure 5.1).

This straightforward procedure yiélded samples in which the presence of polymer was
evidenced by the colour and fluorescent emission of the porous alumina layer (Figure 5.2).
Confocal fluorescence microscopy was used to establish that MEH-PPV was distributed
throughout the thickness of the porous alumina host with 0.1 pm resolution. Howe\./er, the
conjugated polymer could not be located with higher spatial resolution by either scanning
electron microscopy (SEM) or transmission electron microscopy (TEM), owing to the poor beam
contrast of the polymer guest. The vinylic carbons in MEH-PPV were readily stained by osmium
tetroxide, as evidenced by the disappearance of the red-orange colour of the sample, but this did
not improve the contrast in TEM or SEM, most likely due to the limited amount of polymer on

the porous alumina surface.
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MEH-PPV/THF

@ Q 0.038 wt %

Figure 5.1 Adsorption of thin layer of MEH-PPV onto porous alumina host, showing (a) empty
host, and polymer-coated host in (b) plan view and (c) as thin section for TEM.

alumina

aluminum

Figure 5.2 Porous alumina film after soaking in MEH-PPV solution, seen in cross-section, as

shown by (a) light microscopy (b) fluorescence microscopy. The scale bar is 10 um. Samples
and images prepared by Dr. K. Rademacher.
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There were no previously published studies of porous alurﬁina films by EELS at the outset
of this work; subsequently, a very relevant study of epoxy infiltration into porous alumina
appeared in the literature.! In that work, the distribution of carbon, aluminum and oxygen was
mapped by STEM/EELS using the corresponding ionization edges. The samplés were also held
at -134 °C using a cryogenic holder to minimize beam damage to the sample.

In principle, the porous alumina/MEH-PPV sample could have been mapped in the same
manner as PPV/MCM-41 (chapter 3) through the use of the 7 eV = plasmon. The carbon K-edge
could also have been used. Neither of these methods was successful but the experiments did

produce some interesting results for further investigation.

5.1 EELS Samples

Two geometries are possible for investigating the porous alumina/MEH-PPV composite
materials by EELS: the plan geometry (Figure 5.1(b)) and the cross-section (Figure 5.1(c)). The
cross-sections may be prepared by ultramicrotomy, yielding thin sections (~30 nm thick) of the
material. As the samples were known to con‘pain very little polymer —‘}possibly as little as a
‘monolayer on the surface of the pores — this geometry would present a very small amount of
polymer fo the electron beam. In chapter 7, this geometry is investigated for samples with larger
amounts of polymer.

It was deemed advantageous to investigate these particular samples in the plan geometry
initially, such that the electron beam would pass down the pores and interact with all the polymer
distributed along the length of the pores.

A number of samples were prepared for EELS measurements. In order to obtain the clean

loss spectrum of MEH-PPV, thin film samples were prepared by casting from THF over water
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and collecting the resulting film with a lacey carbon grid. The empty host material consisted of
porous alumina membranes (0.2 and 1.4 pum thick), and the composite material investigated was

a 1.4 um porous alumina membrane which had been soaked in MEH-PPV.

Figure 5.3 SEM image of cross-section of sample for EELS experiments. The scale bar is 1.0 um.

5.2 MEH-PPV Low-Loss Spectra and Zero-Loss Peak Removal

The initial investigation of MEH-PPV focused on the low-loss spectrum and the distinctive
n-m plasmon of conjugated organic materials. The bright field TEM image of the MEH-PPV
film is shown in Figure 5.4, and the collected loss spectrum is in Figure 5.5. The n-n" plasmon
was seen clearly at 6.4 eV, whereas the bulk plasmon appeared at 22 eV, as anticipated for an
aromatic material. However, there were no initially discernible features associated with the onset
of optical absorption of the polymer chain at ~3 eV, largely due to the tail of the zero-loss peak.
For these experiments, a clean zero-loss peak was not recorded immediately, and later
acquisition yielded a peak with a signiﬁcantb; different shape. Hence a number of different
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Figure 5.4 TEM image of MEH-PPV film supported by a lacey carbon grid. The scale bar is 100
nm.

approaches to removing the zero-loss peak from the spectrum were evaluated, as the tail of the
zero-loss peak affects most of the features below 10 eV. The possible approaches include
Fourier-log deconvolution,? matrix deconvolution,3 extrapolation of the tail by a power-law fit
and direct subtraction of the zero-loss peak.* These procedures were implemented as Visual
Basic for Excel® scripts. Fourier-log and matrix deconvolution were based on FORTRAN
programs presented by Egerton,2 while the power-law fit was a simple linear least-squares
regression procedure.

Fourier-log deconvolution was found to remove the effect of plural scattering very well,
but it did introduce some artefacts near 4 eV, where the routine chooses the separation point
between the zero-loss peak and the remainder of the spectrum. The algorithm was not designed
to deal with spectra showing substantial losses on the tail of the zero-loss peak. This could have
also been avoided by acquiring a clean zero-loss spectrum separately.

Matrix deconvolution did not remove the zero-loss peak very effectively but did remove
the plural scattering smearing out the bulk plasmon peak. As such it was not very useful for

examination of the spectrum over the 2 to 5 eV range.
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Figure 5.5 Low-loss spectrum of MEH-PPV thin film, also showing various approaches to
removing the zero-loss peak: (m) raw data, (0) matrix deconvolution, (A) Fourier-log
deconvolution, (©) power law fit over 1.3 - 2.0 eV. The inset shows the detail over 0 - 10 eV.

Direct subtraction of the zero-loss peak can be applied in a very accurate way by the use of
spline interpolation and curve-fitting techniques, as has been reported recently.4 This method
seemed to be the most reliable for revealing weak spectral features in the 2 to 5 eV range.
However, it again required an accurate spectrum of the clean zero-loss peak; the lack of this
information made it impossible to apply to the data presented here.

Finally, the power-law fit does not address plural scattering but does remove the tail of the
zero-loss peak fairly smoothly, with minimal artefacts in the 2-5 eV range. The possibility of a

weak shoulder feature being fitted out by this procedure cannot be ruled out, however (later
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experiments showed that such a shoulder was present in some of the spectra — see section 6.5).
Nevertheless, this approach seemed the most reliable one and as such, the power-law fit was
used to process all the spectra, using least-squares linear regression to calculate the curve
parameters. The implementation as a script allowed large numbers of spectra to be processed

easily.

5.3 Porous Alumina Low-Loss Spectra

The low-loss spectrum of porous alumina (Figure 5.6) showed a bulk plasmon at 23 eV,
which is in agreement with the literature value for amorphous alumina.® Crystalline alumina
presents a plasmon at a slightly higher energy (26 €V).2 This confirmed the amorphous nature of
the pore walls, as reported in the literature from TEM observations.”8 Additional loss modes
appear below the bulk plasmon: one or two below 10 eV, and one at 13 eV. The nature of these
additional modes has not been fully established in the literature; it has been suggested that they
are due to an aluminum(0) surface plasmon which would arise from a deviation from the ideal
alumina stoichiometry,® but this is very unlikely for porous alumiha. Reduction of alumina to
aluminum by the electron beam is not observed in amorphou;s alumina,.as aluminum atoms are
removed preferentially over oxygen atoms.?

The presence of these additional loss modes, especially the ones below 10 eV, presents a
difficulty as they would possibly mask the conjugated polymer n-n’ plasmon near 6 eV. Under

these circumstances, it was necessary to study these additional loss modes in more detail.
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Figure 5.6 Low-loss spectrum of pore in porous alumina film, showing (m) collected data and
(o) data with zero-loss peak removed by a power law fit over 1.3 to 2.0 eV.

The distribution of all the loss modes in a pore was determined by acquiring loss spectra at
regular intervals over a line crossing a pore in STEM mode (Figure 5.7). This revealed a strong
loss mode near the pore wall, some additional loss modes at intermediate distances from the
wall, and one loss mode which extended at nearly constant level throughout the pore. Typical
spectra for these three regimes are shown in Figure 5.8:

(a) at the wall, the alumina bulk plasmon is seen at ~22 eV, with a strong tail due to plural

scattering;

(b) at ~7 nm from the wall, three surface plasmons at 8, 13 and 18 eV appear, with an
additional shoulder at 7 eV; the shoulder at 3 eV is probably an artifact due to zero-loss
peak subtraction;

(c) at ~ 23 nm from the wall, a strong peak at 7 eV is seen, and the surface plasmons are

still seen as weaker shoulders.
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These peak positions are most likely only accurate to about 1 eV, due to the presence of
overlapping peaks aﬁd a substantial backgrdund due to plural scattering.

The distribution of these low-loss modes can also be visualized by EFTEM, as shown in
Figure 5.9 for a thinner (0.2 pm) porous alumina film. The filtered images confirm that the 7 eV
mode is weaker but evenly distributed throughout the hole. The losses at 13 eV are seen to be
confined to the neighbourhood of the surface, and the bulk plasmon can be seen throughout the
film and just outside the surface. The distribution of the 22 eV losses also shows the areas of
lower and higher wall density: the material mostly consists of low density alumina with a higher

density core forming a lattice between the pores.8
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Figure 5.7 (a) STEM dark-field image of 1.4 pum thick porous alumina film, showing the
location of line along which loss spectra were acquired at 2 nm intervals. The scale bar is 100
nm.

Energy (eV)

Figure 5.7 (b) Detail of analysis line and spatially-resolved low-loss spectra of porous alumina
film. The zero-loss peak was removed by a power-law fit.
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Figure 5.8 Representative low-loss spectra for porous alumina film: (w) near pore centre, (©)~7 nm from
pore wall, and (A) at wall.

Figure 5.9 Energy-filtered images of 0.2 um porous alumina film, using a 2 eV window: (a) 0
eV,(b)6¢eV,(c) 13 eV, (d) 22 eV. The scale bar is 100 nm.
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5.4 Porous Alumina/MEH-PPV Composite Spectra

The spatial distribution of the low-loss spectra in a porous alumina/MEH-PPV composite
material was obtained in the same manner, as shown in Figure 5.10. The distribution of loss
modes was very similar to that of empty porous alumina host. The same strong peak at 7 eV was
observed over the centre of the pore, but with no shoulder peaks at higher energies. At
intermediate distances, the surface plasmons were identical to those of the empty porous
alumina. The small differences observed in these modes may reflect the presence of polymer;
detailed modelling of these effects would however require knowing the dielectric function of
MEH-PPV to at least 10 eV, and at present it is only known to 5 eV.10 In principle, this could be
determined from a carefully measured MEH-PPV loss spectrum; however that was deemed
beyond the scope of this thesis.

The near-wall spectra are shown in more detail in Figure 5.12. The low signal-to-noise
level does not allow any significant conclusions to be made about the presence of the polymer
through the n plasmon. |

Some attempts were made to find the carbon K-edge loss near 280 eV but without any
success. This approach has been shown to be successful for mapping epoxy penetration into
poroﬁs alumina;! therefore the absence of the signal near 280 éV can be ascribed to the low

amount or rapid degradation of the polymer in the samples investigated.
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Figure 5.10 (a) STEM dark-field image of porous alumina/MEH-PPV composite, showing the
line along which EEL spectra were acquired. The scale bar is 100 nm.

Energy (eV)

Figure 5.10 (b) Detail of analysis line and spatially-resolved low-loss spectra of porous
alumina/MEH-PPV composite film. The zero-loss peak was removed by a power-law fit from
1.3 to 2.0 eV.
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Figure 5.11 Comparison of low-loss spectra (o,®) near pore axis and (o,m) at ~7 nm from the
pore wall, for porous alumina and porous alumina/MEH-PPV composite, respectively.
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Figure 5.12 Comparison of low-loss spectra of empty (¢) and MEH-PPV-treated (a) gorous

alumina, nearest to pore wall.
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5.5 Conclusion

Although the use of the n-n" plasmon to identify conjugated organic molecules by EELS
and EFTEM is well established, its application to the porous alumina/MEH-PPV composite in
the plan geometry was not successful. Low-energy surface plasmons and an unexpected long-
range interaction at 7 eV effectively masked the region of interest; the difficulty was
compounded by the small amount of polymer present in the composite.

The effect of surface plasmons would have been minimized by employing a cross-sectional
geometry instead. A larger polymer content in the composite would have also provided a
stronger plasmon loss peak. Such samples are investigated by the same methods in chapter 7.

However, the most interesting feature arising from these results is indeed the loss peak at 7
eV. The nature of this interaction was studied in more detail and is the subject of the following

chapter.

Experimental Details

Porous alumina thin films were prepared by anodizing 0.2 and 1.0 pmﬁthick aluminum
films evaporated onto n-type silicon(111) wafers by e-beam evaporation.!! The anodization was
carried out in 0.3 M oxalic acid at 20 °C with an applied potential of 40.0 V, using é glass cell
with an O-ring seal to the.‘sample. Upon completion of the anodization, the porous alumina film
(1.4 um thick) had detached from the substrate, but was still attached to the surrounding
aluminium film. The barrier layer was removed by etching in 5 wt. % phosphoric acid for 40
min. The film was rinsed with distilled water, followed by ethanol and then dried. Some films
were soaked in a solution of MEH-PPV (0.038 wt. % in THF) for 48 h. A diamond scribe was

used to cut the porous alumina film to fit a 3mm Cu TEM grid, to which it was fixed using a
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small amount of epoxy glue. MEH-PPV films were cast over water from a 0.05 wt % solution in
THF and collected with a holey carbon grid (Ted Pella Inc.).

Osmium tetroxide staining was carried out before embedding the samples epoxy for
ultramicrotomy. Samples were exposed to osmium tetroxide vapour by placing them next to a
drop of 4% aqueous solution in a covered dish for 30 min. Direct immersion in this solution was
also used.

Thin sections were obtained by ultramicrotomy. The samples were first sputter-coated with
Au/Pd to prevent epoxy penetration into the porous alumina. The embedding medium was either
EPON epoxy (various suppliers) or 302-3M epoxy (Epotek, Inc.). Sectioning was then carried
out using a diamond knife with a 45° edge set with a 4 to 6° clearance angle, using water as the
section collecting liquid.

Electron energy-loss spectroscopy was carried out on a Philips CM 20 TEM at
CANMET/Natural Resources Canada equipped with a Schottky field-emission electron gun
operated nominally at 200 kV, but lowered to 197 kV for spectroscopy. Measurements were
made with a Gatan Imaging Filter using a dispersion of 0.05 eV/channel on a 1024-channel
detector, covering -5 to 45 eV losses. Spatially-resolved spectra were collected at regular
intervals with an estimated probe size of < 1 nm and an energy resolution of 1.0 eV (FWHM of

zero-loss peak).
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CHAPTER 6 Aloof Cherenkov Effect in Porous Alumina

The unexpected low-loss spectral feature observed by electron energy-loss spectroscopy
(EELS) in the centre of the pores of porous alumina films, as described in chapter 5, warranted
further investigation. Several aspects of this feature Were unusual: the lack of plural scattering,
the rather large distances — up to 30 nm — from the pore wall at which it was still present without
very much decay in intensity, and the fact that it appeared. in the spectral region usually
dominated by the .optical properties of the material undergoing analysis. These characteristics
suggested that the observed feature was not a surface plasmon. Preliminary discussions with
theoreticians experienced with modelling EELS suggested that the most plausible hypothesis for
its origin was rooted in the Cherenkov effect. A collaborative effort was then undertaken to
validate this hypothesis. This chapter describes the further experimental‘ and theoretical results
that were used to show that the Cherenkov effect is responsible for these losses.

In this chapter, the energy of the electron beam in the transmission electron microscope
(TEM) is given in units of keV, which is preferred from the theoretical standpoint. This is

equivalent to the experimental accelerating voltage in the TEM.

6.1 The Cherenkov Effect

The Cherenkov effect is described as the emission of radiation when a charged particle

moves through a medium at a speed greater than the speed of light in that particular medium.!
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The effect was observed by Cherenkov in 1934,2 in the form of a glow in fluids exposed to a
radioactive source. The addition of quenching agents did not alter the luminescence, suggesting

that the radiation was extraordinary in nature, and a full explanation of the effect was provided
by Tamm and Frank in 1937.3

The complex dielectric function &(w) = &(o) + ie(w) defines the interactions between a
medium and electromagnetic radiation. The real part alters the wavelength of the propagating
radiation, thus reducing the speed of propagation of the radiation at an energy @ to ¢/ \/g,(—a)) ,
where c¢ is the speed of light in vacuum. The imaginary part of the dielectfic function describes
the attenuation at a given energy .

Thus the Cherenkov condition is satisfied for electron velocities v when &, (@) > ¢/ v?,
which results in the emission of radiation with frequency @ in a hollow cone with half-angle
given by cosé., =c/ vJ?(aT) (Figure 6.1). This radiation is analogous to the shockwave
produced by objects travelliné faster than the speed of sound in air. For 200 keV electrons, the
Cherenkov condition is & (w) > 2.1, which is amply satisfied for energies up to 12 eV for
alumina (Figure 6.2). The thresholds for other electron energies commonly used in TEM are
shown in Table 6.1.

Cherenkov radiation can be produced by electrons travelling in vacﬁum but passing near a
material, provided the Cherenkov condition is satisfied within the material. The radiation is then
produced by the induced polarization in the material and it is expected to be important up to
electron-surface separations of the order of the range of the evanescent field of the electron in
vacuum. For a given frequency component o, the decay constant is ~v/@ = Av/2m, where A is

the wavelength of the Cherenkov radiation.# For 7 eV radiation, this is approximately 20 nm. It
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will be shown below that the Cherenkov losses are actually sensitive to the sample structure up

to much larger distances, due to the radiative nature of the Cherenkov effect.

A B

Figure 6.1 Geometry of Cherenkov radiation due to an electron travelling (a) through a medium
and (b) near a medium with dielectric function &@): light is emitted in the forward direction in a
hollow cone.
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Figure 6.2 Dielectric function of alumina, after data from ref. 5. The Cherenkov condition is
satisfied up to 12 eV for 200 keV electrons. Figure courtesy of A. Rivacoba.




Table 6.1 Cherenkov condition for common TEM beam energies.

Beam Energy B Minimum &(®)
(keV) (v/c)
80 0.50 4.0
100 0.55 33
120 0.59 2.9
200 0.70 2.1

Using EELS, losses due to the Cherenkov effect have been observed in dielectrics® and
semiconductors®’ with the electron beam passing through the material, and the accompanying
optical emissions have been recently measured.8 It is only recently that the “aloof”, or “near-
field” Cherenkov effect has been considered, in a report on the loss spectra of alumina
nanoparticles.? These results showed loss features below 10 eV for non-penetrating trajectories
which could not be simulated with a non-relativistic model, but a relativistic model was not
presented. Porous silicon also shows unusual spectral features at large beam-surface separations
which may be due to the Cherenkov effect.10 As such, the aloof Cherenkov effect had not been
fully validated in the literature and merited further experimental and theoretical investigation.

As a point of interest, the microscopic nature of Cherenkov radiation is still the subject of
debate. The long-standing viewpoint has been that the radiation is not emitted by the charged
particle itself, rather by oscillations in the medium.!1,12 However, it has been recently suggested
that the radiation is in fact better described as originating from the travelling charge.!3 This
debate may be purely academic, as certainly both the medium and the travelling charge are
required for the phenomenon. In the theoretical models presented below, the Cherenkov

emission clearly arises from the response of the medium to the passing external electron.
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6.2 Further Measurements

A number of variables could affect the 7 eV peak: pore diameter, lattice spacing, sample
thickness, and primary electron beam energy. The primary beam energy was chosen as being the
most indicative factor for the Cherenkov effect, as it would alter the Cherenkov condition, thus
inducing a change in any loss features associated with Cherenkov radiation. It also addresses the
concern that the observed peak is due to a finite pore length effect in the sample or an
unexpected surface plasmon. The effect of varying the pore diameter with a fixed lattice spacing

was also investigated.

6.3 Effect of Primary Béam Eﬁergy

The effect of primary beam energy was investigated by recording loss spectra with a lower
primary beam energy. Measurements at 50 keV would have been the most revealing, since the
Cherenkov condition would no longer have been satisfied and any associated losses would have
disappeared altogether. This was not possible due to instrumental limitations, as the available
Gatan Imaging Filter (GIF) was set up for operation at 117 and 197 keV. The measurements
were carried out dn the sample used earlier (chapter 4), a 1.4 um porous alumiﬁa membrane. The
microscope camera length and GIF entrance aperture were varied to investigate the effect of the
spectrometer collection angle (8) on the collected spectra.

The new measurements at 197 keV confirmed the reproducibility of the peak at 7 eV in a
60 nm pore (Figure 6.3). The results of the measurements at 117 keV on the 1.4 um film are
shown in Figure 6.4: the general form of the loss spectra was very similar to those taken at 197
keV, but certain subtle differences were apparent when the spectra were compared (Figure 6.5).

There is a small blue-shift of the loss peaks to higher energies (from 7 to 8 eV), both at the

centre of the pore and at intermediate distances. The surface plaémon peaks are seen to be at the
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same energies, indicating that the shift is not due to calibration error or to a change in geometry.
Near the pore wall, the bulk plasmons are also seen to be in agreement at the two beam energies,
again confirming that the shift observed in the axial lqss peak is real and caused by the change ih
beam energy.

The collection angle was varied from 0.34 mrad to 6.0 mrad, which had very little effect on
the form of the spectrum. This is in agreement with the small scattering angles for electrons
interacting with surface plasmons. The scattering angle of the Cherenkov effect is also very

small.14
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Figure 6.3 (a) STEM dark-field image, showing pore used for EELS analysis at 197 keV (scale

bar is 100 nm). (b) EELS spectra acquired over the pore diameter with B = 0.34 mrad. The zero-
loss peak has been removed using a power law fit over 1.3 - 2.0 eV.
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Figure 6.4 (a) STEM dark-field image, showing pore used for EELS analysis at 117 keV (scale
bar is 100 nm). (b) EELS spectra acquired over the pore diameter with B = 1.5 mrad. The zero-
loss peak has been removed using a power law fit over 1.3 - 2.0 eV.
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Figure 6.5 Comparison of low-loss spectra at 197 and 117 keV primary beam energies: (a) axial

(s = 0 nm) and intermediate (s = 22 nm) spectra, and (b) wall-grazing (s = 28 nm) spectra.

143




6.4 Modelling of the Aloof Cherenkov Effect

The energy loss spectra were modelled by N. Zabala, A. Rivacoba and F. J. Garcia de
Abajo at the Basque Country University in Spain. The details of the mathematical models are not
presented here but they can be found in the literature.15.16

As mentioned in chapter 2, the low energy (< 50 eV) interactions between an electron
beam and a material can be described by dielectric theory, where the dielectric function
&(w) defines the response of the material to the electric field of the travelling electrons. The
electrons experience energy losses due to the potential induced on the medium: the electric field
of the electron beam polarizes the medium, and this induced polarization creates an electric field
which acts to slow the electron beam.. The losses are first calculated in the form of the
distribution of energy loss probabilities per unit length, dP(w)/dz. This would represent the form
of the loss spectrum with perfect energy resolution and without any plural scattering, allowing
the expected losses to be seen in detail.

The finite energy distribution of the electron beam (i.e., the shape of the zero-loss peak) is
then taken into account through a convolution process, along with the effect of multiple
scattering, to yield a direct comparison with the experimental spectrum. The finite size of the
electron beam is not taken into account, and only trajectories parallel to the pore axis are
considered. |

The spatial dependence of the energy losses is described in terms of the impact parameter
s, which is the distance between the electron beam and the centre of the pore (Figure 6.6). The
effect of finite beam convergence angle in STEM mode leads to a substantial spread of the beam

when thick membranes are considered — a typical value of o = 10 mrad leads to a total spread of

20 nm over 1 um.
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Figure 6.6 Comparison of (a) experimental electron beam with convergence angle a and (b)
theoretical model.

6.4.1 Modelling of 197 keV Data

The energy loss probability distribution for relativistic electrons travelling paraxially to an
infinite cylindrical hole in a dielectric medium was first described by Zabala et al.!7 This model
allows the calculation of the losses associated with a single hole (radius a = 29 nm) in bulk
alumina (Figure 6.7, Model A). Near the pore wall (s = 27 nm), surface plasmons between 10
and 25 eV dominate the loss function. This is in reasonable agreement with the experimentally
observed spectrum. Near the pore centre (s = 0 nm), the loss probability is a monotonically
decaying curve, falling to zero at 30 eV. This represents losses due to the Cherenkov effect, as
no surface plasmons are excited at this distance. This simple model thus fails to describe the
experimental spectrum near the pore centre: the asymmetrical peak at 7 eV observed for porous
alumina differs substantially from the monotonically decaying curve.

The observed difference suggests that the Cherenkov losses are cut off at 7 eV. This

discrepancy was assumed to arise from the effect of neighbouring pores, which alters the
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dielectric function on a local level. Although these pores lie beyond the range of the evanescent
field of the electron beam, they alter the medium through which the Cherenkov radiation
propagates and directly affect the loss spectrum.

The effect of the neighbouring pores can be modelled in a number of ways. The simplest
approach is to consider cylindrical shells of alumina with different outer radii, as shown in
Figure 6.7 (Model B). This model for the porous alumina introduces two peaks into the
distribution in the region of interest. Changes in the shell thickness shift the position of the
dominant loss peak. This gives an indication of why the Cherenkov losses are cut off at 7 eV:
only the Cherenkov radiation which can be transmitted by the membrane gives rise to associated
electron energy losses. The Cherenkov radiation is confined within the cylindrical shell, due to
total internal reflection at the vacuum interfaces (the condition for total internal reflection is
guaranteed by the Cherenkov condition).16 The cylindrical shell geometry leads to a quantization
rule for the tré.nsmitted radiation, cutting out much of the low-energy Cherenkov radiation and
the losses which would have been associated with it.16 The basic physics behind the observed
loss peak is therefore fairly clearly represented by this simple shell model.

"~ More refined representations of theh dielectric properties of porous alumina were also
investigated, by modelling the nearest neighbouring pores directly, either with six or twelve
cylindrical nearest neighbours (1+6 or 1+12 pores). The resulting loss distributions for electrons
with axial paths (s = 0 nm) and near wall paths (s = 20 nm) are shown in Figure 6.8. The model
with 146 pores clearly provides a peak at 7 eV. The 1+12 model, which would be expected to be
more accurate than the 1+6 model, deviates substantially by presenting a second peak at ~8 eV.
However, the subtle differences between these models would not be discernible experimentally,
due to the limited energy resolution (~0.9 eV) of EELS in a TEM. Losses below 7 €V are also

present in these models and this is discussed further below.
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Figure 6.7 Theoretical loss distribution for 200 keV electrons travelling (Model A) down a
single pore in alumina, and (Model B) down a cylindrical pore of outer radii 61, 94 and 127 nm.

The inner pore radius is 29 nm. Figures courtesy of N. Zabala, F. J. Garcia de Abajo and A.
Rivacoba.
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Figure 6.8 Theoretical loss distribution for 200 keV electrons travelling down a cylindrical hole
with 0, 6 and 12 neighbouring pores (Model C), showing the loss probability for (a) axial (s =0
nm) and (b) near-wall (s = 27 nm) trajectories. The pore radius is 29 nm and the spacing is 90
nm. Figures courtesy of N. Zabala, F. J. Garcia de Abajo and A. Rivacoba.
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6.4.2 Modelling of 117 keV Data

At the lower primary beam energy, the electron velocity has decreased to v/c = 0.6. The
Cherenkov condition is thus & (@) > 2.8, which is also satisfied up to ~11 eV for alumina (Figure
6.2). The energy loss probability does depend directly on v/c, and the theoretical spectra reflect
this (Figure 6.9). At s = 0 nm, the loss peak shifts to higher energy by ~1.5 eV, in qualitative

agreement with the experimental result.

6.4.3 Comparison with Experiment

The loss probability of the 1+6 cylinder model was convoluted with the experimental zero-
loss peak to yield a direct comparison with experiment at three representative impact parameters.
(Figure 6.10). The quantitative agreement at s = 22 nm and s = 28 nm is quite good. At s =0 nm,
the magnitude of the Cherenkov peak is overestimated by a factor of 2 at 200 keV; at 120 keV
the agreement is improved. This indicates that some effects may still not be fully understood,
either experimentally or theoretically. One possibility is the effect of finite beam convergence
angle in STEM mode, which leads to a substantial sp'read of the beam when thick membranes are
considered. However, a comparison of the spatial distribution of losses as revealed by EFTEM
(oo small) and STEM/EELS indicates that the difference is not very pronounced. Overall, the
agreement between theory and experiment is satisfactory, and shows that the origin of the léss

peaks is well represented by the models presented here.
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6.5 Effect of Pore Diameter on the Cherenkov Peak

The cylindrical shell model indicated that fhe Cherenkov loss peak shifts with the thickness
of the shell, which is equivalent to changing the pore diameter while keeping a fixed pore
spacing. This effect was investigated in more detail by preparing ordered porous alumina
membranes through a two-step anodization process (chapter 4). The lattice spacing was fixed by
the anodization potential (105 nm at 40 V), while the pore diameter weis altered by etching the
samples with phosphoric aéid. In this manner, well-ordered domains of about 800 nm diameter
were obtained, with average pore diameters of 62, 74 and 82 nm (Figure 6.11). The SEM image
of the cross-section showed that the pores were straight (Figure 6.12). The channel diameters did
not appear to be uniform throughout the thickness of the membrane. This may have been an
artifact due to a slight tilt in the cleavage plane or it may a consequence of the fabrication
process (see the experimental details), which fnight have been avoided through further
optimization. The sample would still be expected to show the loss spectrum of the smaller pore
diameter with less intensity.

The loss peak was recorded at the centre of the pore for each ordered membrane (Figure
6.13(a)). The loss peak is shifted to higher energy as the pore diameter is increased, from 6.7 eV
at 62 nm to 7.9 eV at 82 nm. Thié is in qualitative agreement with the prediction that a thicker
alumina shell will lead to a lower energy cutoff, as more of the Cherenkov radiation is able to
propagate in the membrane. Changing the primary beam energy to 117 keV again shifted the lossb
peak to higher energies. The intensity of the loss peak diminishes with pore diameter due to the
larger distance to the pore wall, resulting in a smaller interaction between the electron beam and
the membrane (the membrane thickness difference also has an effect, but not as substantial, see

Table 6.2). The loss intensity may also decrease due to the reduced wall thickness (Figure 6.7).
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Table 6.2 Cherenkov loss peak parameters for ordered samples.

Pore Diameter Membrane Thickness Peak Position
(nm) (um) (eV)
62 2.1+0.3 6.7 (197 keV)
59 2.1 %03 7.8 (117 keV)
74 2.1+0.3 7.5
82 0.85+0.05 7.9
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Figure 6.11 STEM dark field images showing geometry of ordered porous alumina membranes
produced by a two-step anodization at 40 V in 0.3 M oxalic acid: (a) 62 nm, (b) 74 nm, (c) 84

nm diameters; (d) lower magnification image showing size of ordered domains. The scale bars
are 100 nm.
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Figure 6.12 Cross-section of ordered porous alumina membrane. Note the pore diameters appear
larger at the bottom. The scale bar is 1 pum.

More careful measurement of the zero-loss peak also allowed the examination of losses
down to 2 eV. This revealed that there was no sharp cut-off at the low energy side of the
Cherenkov loss peak (Figure 6.13(b)). Instead, the losses extend at least to 2 eV at a roughly
constant value. The zero-loss peak subtraction was not sufficiently good between -2 and 2 eV to
extract any further information. The precision of the result is affected by noise in the spectra.
The uncertainty in the calculated spectrum may be determined from the counting statistics: the
CCD detector is susceptible to shot noise, which is a Poisson process with an uncertainty of JN
for N counts.!® The uncertainty in the dark current, which is subtracted from each collected
spectrum, may be estimated from the noise in the spectrum of the zero-loss peak, well away from
the peak itself. These calculations suggested a noise level of ~200 counts at 1 eV and ~1000
counts at 0 eV, which would not account for the large fluctuations observed in the calculated

spectrum. Changes in experimental conditions (e.g., stray fields) may then be the cause of the
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imperfect subtraction of the zero-loss peak, and the range of validity of the subtraction can only
be estimated frorﬁ the quality of fit at the left-hand side of the zero-loss peak.

Overall, the observed beam energy and pore radius dependence agrees with the predictions
of the shell model. It does not clarify the extent of the long range interaction with the pore
lattice, for which further measurements at different energies and on different samples would be
necessary. As this pore lattice effectively forms a 2-D photonic crystal, these results introduce
the possibility that EELS could be used to extract useful information from 2-D photonic
nanostructures through the Cherenkov effect.19 The possibility of obsefving novel Cherenkov

radiation effects in photonic crystals has also been the subject of theoretical discussion.20

154




S - - R

. 4000} < : 1
@© P -4

S o . %

> % o ¥V

= :"{' ° S

@ R s TosrE

..q_Jo ’AO o’ \%

E 2000 I x& oe " —_—

0
0
6000F p 1 T M T T T T T
: . . 3
A. * Am ;. "
—~ 4000 z £ & 4 -
- f A% =
o 7 S H -
‘; g . 2 \
22000F 7 .v ANUE ;
= . g |
(O] .
s/
Om -
“w O
4 -2 0 2 4 6 8 10
Energy (eV)

Figure 6.13 (a) Cherenkov peak shift for a fixed lattice spacing (105 nm) with different
diameters: (m) 62 nm, (®) 74 nm, and (A) 82 nm at 197 keV and (0) 62 nm at 117 keV; (b) (e)
losses down to 2 eV revealed by subtraction of the (A) zero-loss peak (diameter 62 nm, 197

keV). The losses between —2 and 2 eV are not meaningful.
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6.6 Conclusion

The 7 eV loss peak observed by EELS in the centre of the pores of porous alumina films
was found to be most likely due to the Cherenkov effect. The clearest evidence is the shift in the
loss peak to higher energy with decreasing accelerating voltage. A number of models were
investigated, and it was found that the local loss spectrum is affected by the sample structure on
a much larger scale, due to the radiative nature of the Cherenkov losses. The theoretical model of
the loss peak at different primary beam energies matched the experimental data reasonably well.
Certain aspects of the material and geometry were not modelled, and could account for the small
discrepancies observed: the anion contamination of the porous alumina, and the exact geometry
of the pores neighbouring the pore being inveStigated.

More direct evidence for the Cherenkov effect could be obtained by detecting the
generated radiation8 but the systéms in existence today detect luminescence below 6 eV only.
The nature of these losses could be further studied by fabricating and studying single pores, pore
clusters and pore lattices with exactly defined geometries, such that a closer match to the
theoretical models could be obtained. However, the aspect ratios seen in porous alumina are not
readily achieved using other fabrication approaches. Further measurements on an instrument
equipped with an electron monochromator (zero-loss peak FWHM ~0.1 eV) would be needed to
establish the experimental loss spectrum with sufficient detail to choose the correct theoretical
representation of the pore lattice.

Finally, it should be pointed out that the identification of this phenomenon was mostly due
to several serendipitous choices of experimental factors: the measurement geometry, which in
truth was not really useful for chemical analysis, a thick membrane which maximized the loss
probability, and a pore diameter which was sufficiently large to avoid surface plasmon losses

near the centre.
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Experimental Details

Porous alumina thin films were prepared by anodizing 0.2 and 1.0 pm thick Al films

evaporated onto n-type silicon wafers by e-beam evaporation?!. The anodization was carried out
in 0.3 M oxalic acid at 20°C with an applied potential of 40.0 V, using a glass cell with an O-
ring seal to the sample. Upon completion of the anodization, the porous alumina film had
detached from the substrate, but was still attached to the surrounding aluminium film. The
barrier layer was removed by etching in 5 wt. % phosphoric acid for 40 min. The film was rinsed
with distilled water, followed by ethanol and then dried.

Using the same samples (chapter 5), electron energy-loss spectroscopy was carried out on
a Tecnai F20 (Medical Imaging Facility, University of Calgary) TEM with a Schottky field
emission electron gun operated at ﬁominally at 120 and 200 kV. The primary beam energy used
for spectroscopy was 117 and 197 keV. Measprements were made with a Gatan Imaging Filter
(GIF) using a dispersion of 0.05 eV/channel bn a 1024-channel detector, covering -5 to 45 eV
losses. The collection semi-angle was between 0.34 and 6.0 mrad; the convergence angle was
not determined. The probe size was estimated to be < 1 nm while the energy resolution was 0.9
eV (FWHM of zero-loss peak).

Méasurements on ordered samples were carried out on Tecnai F20 (Nano-imaging Facility,
Simon Fraser University) equipped with a GIF. The dispersion was set to 0.10 eV/channel. The
FWHM of the electron probe was measufed to be 0.6 nm. The energy resolution was 0.90 eV af
197 keV and 0.87 eV at 117 keV.

Ordered samples were prepared by anodizing 99.99+% aluminum foil (Aldrich) for 2-3
hours at 40 V in 0.3 M oxalic acid for the first step, with stirring. The anodized layer was

stripped overnight by immersing in 5.8 wt. % H3PO4 + 1.5 wt. % CrOs at 50 to 60°C overnight.

A second anodization step was carried out for 10-20 min under the same conditions. The
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resulting film was washed with water and dried, then glued to a glass slide (membrane down)
with CrystalBond, a thermopolymer adhesive. The aluminum susbtrate was removed by etching
with a saturated HgCl, solution, leaving the alumina membrane attached to the glass slide with
the barrier layer facing up. This layer was etched for 120 min in 5% H3;PO4 with stirring. After
washing with water and drying, the adhesive was removed by soaking in acetone, and the
membrane inspected by TEM. The pore walls could be further etched to increase the diameter as
desired. Film thicknesses were determined by SEM; in some cases there was substantial

variation over the whole film, leading to some uncertainty in the thickness.
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CHAPTER 7 Polymer Guest Incorporation

Porous alumina ﬁlms were shown to be a very close approximation to an ideal host
material in chapter 4: they have 4 nm pores running perpendicular to the film normal, and the
film thickness can be easily controlled. The introduction of thé conjugated polymer guest into
the porous alumina host must be considered within the constraints imposed by the desired light-
emitting device structure and the properties of the polymer guest.

The introduction of the polymer guest into the porous thin film host can be accomplished
first through in situ synthesis. In this direction, some initial work on the surface-graft
polymerization of poly(1,4-phenylene vinylene) (PPV) on a silicon surface is presented in this
chapter. Secondly, bulk-synthesized polymer may be introduced into the host through a variety
of methods. A novel approach, centrifugal loading, is investigated and used to prepare samples
for in-depth characterization, in particular high-resolution chemical analysis by electron energy-

loss spectroscopy (EELS) and energy-filtered transmission electron microscopy (EFTEM).

7.1 Internal Polymer Synthesis

In situ synthesis of the polymer guest is attractive due to the relatively rapid diffusion of
monomers into the host material. Many conjugated polymers, such as PPV, polythiophene and
polyacetylene, can only be introduced into the host in this manner, due to their insoluble and

infusible nature. The groups of Martin and Bein separately carried out pioneering work on
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conjugated polymer synthesis in porous aluminal! and mesoporous silica,2 respectively. This
approach was also exploited in the creation of the PPV/MCM-41 composite discussed in chapter
3. Recent reports describe the formation of poly(l,4-phenylene)> and poly(2,5-
diethoxyphenylene)* by oxidative coupling in porous alumina membranes. Chemical vapour
deposition of a polymer precursor has been shown to introduce PPV into porous alumina as
well.3

The two difficulties that face this approach is control over the degree of polymerization
and confinement of the polymerization to the pore volume. The degree of in situ polymerization
may differ significantly from the bulk-synthesized polymer. This may be especially relevant in
pores which approach molecular dimensions (< 2 nm). This difference can make meaningful
property comparisons more difficult. Nevertheless, materials prepared in this manner may have
useful applications in devices. Polymerization confinement may be achieved by first loading one
of the reactants into the porous host. This is exemplified in the synthesis of confined polyaniline,
where aniline is first diffused into the pores.2 The synthesis of PPV/MCM-41 discussed in
chapter 3 relied on the ability of the MCM-41 surface to act as an initiating base when monomer
was subsequently introduced. However, if the pre-loaded species can diffuse out of the pores,
bulk polymerization cannot be prevented entirely. A better approach is to initiate the
polymerization from a substrate supporting the porous film on one side, which is known as
surface-graft polymerization. This last approach appears very promising ahd some preliminary

work has been carried out in this direction.

7.1.1 Surface-Graft Polymerization of Conjugated Polymers

Surface-graft polymerization is a route to polymer confinement by virtue of polymer

growth being localized to the end of chains initiated from the surface. The use of a suitable
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surface-bound initiator is key to this route. If the initiator is bound to a material suitable for use
as an electrode, it can be guaranteed that each polymer chain is attached to the electrode interface
in a chemically well-defined manner. The presence of a porous host on top of this electrode
would then yield a device with surface-grafted polymer chains separated by the walls of host. In
this manner, only continuous polymer ;hains would exist in each channel of the host. The
problem of bulk polymerization is eliminated entirely.

Living polymerization is the method of choice for preparing surface-grafted polymers.
This usually involves an anionic or radical polymerization mechanism. There are two established
living polymerization routes to conjugated polymers: ring-opening metathesis polymerization
(ROMP)%,7 and electropolymerization.8 ROMP may be used to prepare very well defined
polymers, and it has been demonstrated to create surface-grafted polymers from a surface
initiator.9-10 However, the preparation of the required monomer, catalyst and surface initiator
were beyond the scope of the present work. The use of electropolymerization to prepare surface-
grafted conjugated polymers has been demonstrated for polyaniline!1:12 and polythiophene.!3 In
practice, electropolymerization has the disadvantage of _broducing chains with many chemical
defects and was not explored further for this reason. One further possibility is the Gilch route: it
has been reported that it proceeds by an anionic mechanism!4 and could therefore also be
initiated from a surface (Figure 7.1). Preliminary efforts in this direction did not yield any
grafted polymer, presumably because the surface initiation group was not in sufficient
concentration to compete with the. bulk polymerization process. It is also possible that the

surface initiator group reacts with neighbouring initiators to deactivate the surface.
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Figure 7.1 Surface-initiated anionic polymerization of MEH-PPV.

Step (or condensation) polymerization was explored as an alternative route to the
preparation of surface-grafted polymers. Condensation reactions have been used to make well-
defined conjugated oligo(phenylene vinylene)s in high yield.3 Poly(phenylene ethynylene)
derivatives of substantial length have been prepared in this manner through repeated coupling of
oligomers. !5

This approach was conceived to be applicable to -the preparation of PPV chains bound to a
conductive substrate. An example of a synthetic route is shown in Figure 7.2, based on the
Wadsworth-Horner-Emmons (WHE) synthesis of aromatic olefins from aldehydes and
phosphonate esters. This reaction is known to produce trans conjugated olefins in high yield and
has been applied to the synthesis of PPV derivatives.16-19 It has also been demonstrated on a
solid support.20-22

The hydrogen-terminated silicon surface is a convenient substrate for evaluating this route
due to its well known chemistry.23:24 Porous silicon substrates2> are particularly useful as their
high surface area allows the use of transmission FT-IR for characterization. The most relevant
reactions on this surface have been developed by the groups of Sailor26-28, Buriak29-32 and
Wayner.33-35 Among these, cathodic electrografting has been used to graft functionalized

alkynes and alkenes to the silicon surface (Figure 7.3).30 Of particular interest was the grafting
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Figure 7.2 Step polymerization of surface-grafted PPV by the WHE reaction.

of phenylacetylene and 4-bromophenylacetylene through the acetylene carbon, which suggested
that a fully conjugated bond to the silicon surface could be formed. Most importantly, the
presence of the aromatic halogen allows the use of well known chemistry to further derivatize
the surface: the brominated phenyl ring could be used to form grafted oligo(phenylene) chains
through the Suzuki coupling.8 As PPV derivatives were of interest in this work, a grafted
aromatic aldehyde was pursued to create surface-bound oligo(1,4-phenylene vinylene) chains
through the WHE reaction discussed above.

The actual encapsulation of polymer by such surface chemistry would be accomplished by

R R
H H H H H & o H
—Si—Si—Si—Si— I —Si—Si—Si—S8si—
-9 mA cm™ '
Figure 7.3 Porous silicon derivatization by cathodic electrografting (R = phenyl, 4-

bromophenyl, etc.).30
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the preparation of porous alumina films on a silicon substrate.36 The key step in the process
would be the successful preparation of the hydrogen-terminated silicon surface, which requires
removal of the native silicon dioxide film. This is usually accomplished with aqueous hydrogen
fluoride or ammonium fluoride. Initial tests indicated that porous alumina was stable to the latter
solution. Reactive ion etching, commonly used in the semiconductor industry, can also be used
to remove the native oxide layer in the presence of porous alumina36 but this may not work well

with all pore sizes.

V7.1.2 Derivatization of Porous Silicon Surfaces

The functionalization of porous silicon substrates by cathodic electrografting was studied.
4-ethynylbenzaldehyde has the two desired functional groups: an alkyne for binding to silicon
and an aldehyde for further chemistry by the WHE reaction. As the grafting process is reductive
at the silicon surface, the aldehyde group was protected by conversion to the cyclic acetal
(Figure 7.4).

A porous silicon substrate was then derivatized by cathodic electrograﬁing of this
protected aldehyde (Figure 7.5), using tetrabutylammonium hexafluorophosphate in methylene
chloride as the electrolyte. The chemical changes were followed by FT-IR spectroscopy. New C-

H stretches and aromatic bands appeared after electrografting (Figure 7.6(a)); the cyclic acetal

/O HO/——\OH O
= _ > =
=)=

AlLOs
CCly
reflux

Figure 7.4 Protection of aldehyde in 4-ethynylbenzaldehyde.
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band at 943 c¢m™ could also be distinguished. The alkyne stretch was expected to appear near
2100 cm™ but could not be confirmed due to the overlapping H-Si stretches. The strong Si-O
framework stretch at 1100 cm™ indicated the presence of substantial surface oxide.

Following deprotection of the aldehyde, a strong C=O stretch peak appeared at 1700 cm’
along with a weaker H-C=0 peak at 2733 cm™ (Figure 7.6(b)). The aromaﬁc bands were also
enhanced, while the cyclic acetal band disappeared. The aliphatic C-H stretches remaining at
2969 and 2930 cm™ may be due to chemi- or physisorbed electrolyte.30 Although the structure of
the surface-grafied species could not be fully established, it was clear that a surface-bound

aldehyde was present.
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Figure 7.5 Synthetic route to conjugated dimer on porous silicon surface.
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7.1.3 Wadswbrth-Horner—Emmons Reaction__on Siliconi Surface

The terminal aldehyde on the silicon surface was reacted with 1,4-
xylylenebis(diethylphosphoﬁate). The FT-IR spectrum of the resulting surface (Figure 7.6(c))
showed that the C=0 stretch at 1700 cm™ was completely removed and a new shoulder assigned
to a P=0 stretch had appeared at 1260 cm”. The aliphatic C-H stretches around 2969 and 2933
cm™ were in agreement with the C-H stretches observed in the phosponate ester, although they
may still be due to the electrolyte. This surface also exhibited blue photoluminescence, as shown
in Figure 7.7. The emission maximum was observed at 400 nm. The excitation spectrum,
detected at 400 nm, had a maximum at 322 nm. This is in agreement with the literature value of
4-ethynylstilbene37 and would suggest that the interaction of the m electron system with the
silicon substrate is weak.

These initial results strongly suggest that the desired surface-grafted species was obtained.
However, more detailed analysis with model compounds would be required to fully confirm this.

While this chemistry was carried out on porous silicon substrates, it should be readily
applicable to hydrogen-terminated silicon wafers as well. Short oligomers grafted to silicon
would then represent a very well defined junction between an organic and an inorganic
semiconductor. The rate of polymer growth can be increased by synthesizing appropriate dimers

or trimers in bulk, then using them to grow the surface-grafted polymer.!5
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Figure 7.6 FT-IR spectra after (a) cathodic electrografting, (b) deprotection of aldehyde and (c)

WHE reaction on porous silicon substrate.
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Figure 7.7 Photoluminescence of derivatized porous silicon: (A) excitation spectrum (detected
at 400 nm) and (®) emission spectrum (excited at 300 nm) of WHE reaction product; (o)

emission of deprotected aldehyde.
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7.2 External Polymer Synthesis

Soluble conjugated polymers and precursor polymers are readily prepared through bulk
synthesis. Such polymers may then be inserted into the pores of the host material in a number of
ways. This process allows the use of known bulk synthetic routes to control the properties of the
polymer, and direct characterization of the polymer properties before encapsulation. Purification
could then remove possible undesirable by-products. This is also the best approach for definite
comparisons between the encapsulated and bulk polymer, as ambiguity relating to differences in
the chemical structure is eliminated.

The central challenge lies in finding a suitable driving force for polymer insertion into the
host material. One key example in the literature in the work of Tolbert et al., where the MEH-
PPV polymer (Figure 7.8) was shown to insert itself into a derivatized mesoporous silica
material through diffusion and adsorption.38 A second example is the use of a pressure
difference (vacuum or filtration loading).3%40 A third novel example, to date unexplored in the
literature, is the use of centrifugal forces to drive the polymer into the host membrane. These

latter two approaches are more useful when the host pore size is larger than a few nm.

Figure 7.8 Chemical structure of poly[2-methoxy,5-(2'-ethylhexyloxy)-1,4-phenylene vinylene)
(MEH-PPV).
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7.2.1 Polymer Adsorption Loading

Direct adsorption is a very simple method for incorporating polymer into mesoporous
hosts. The MEH-PPV/porous alumina composite studied in chapter 5 was prepared by this
approach.

The process is driven by the favourable interactions between the polymer and the pore
surface. In the case of alumina, both the electron-rich phenyl rings and the pendant ether
oxygens can interact with surface hydroxy groups.#1:42 However, it is not clear if such an
approach can be used to introduce more than a monolayer of polymer. It is most likely that this
process can only achieve high loading of the host when the ratio of pore surface area to pore
volume is high, i.e., when the pore diameter is small. The pore density must be high as well.
These conditions are met by mesoporous silica materials; on the other hand, porous alumina can
be made with small pore diameters only with a low pore density, due to the fixed pore spacing at
the anodization potential for ordered pore growth (see chapter 4).

Since high polymer loading was desired for- evaluation of the high resolution

characterization techniques, polymer loading by adsorption was not investigated further.

7.2.2 Vacuum (Filtration) Loading

This approach is very useful for introduciné materiél into porous membranes, as has been
reported recently for gold nanoparticles.3%40 The polymer solution is drawn through the porous
membrane, andvrapid solvent evaporation deposits polymer into the pores. Due to the large
pressure difference exerted on the membrane, it must either be very thick or supported in some
form. It was found that polymer could be readily introduced into thick porous alumina

membranes (60 um thick Anopore commercial membranes with 200 nm pore size) by simply

filtering a polymer solution (Figure 7.9(a)). The substantial polymer loading afforded by this
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Figure 7.9 (a) Vacuum-driven polymer infiltration into a porous membrane, (b) SEM image of
polymer in 200 nm pores of Anopore membrane. The scale bar is 500 nm.

approach allowed the polymer to be seen directly in the pores of the membrane by SEM (Figure
7.9(b)). These thicker membranes could also be used as a support for vacuum loading polymer
into thinner membranes. Nevertheless, this approach was not pursued further owing to its

requirement of a free-standing membrane and the relative fragility of such membranes.

7.2.3 Centrifugal Loading

The centrifugal force may be used to drive polymer into the pores of the alumina host.
Centrifugation is generally used as a separation technique for small particles in solution, but can
also be used to create density gradients in polymer solutions.#3 Two loading processes may be
possible, depending on the speed of the centrifuge. Direct sedimentation of the polymer may be
achieved at very high speeds (150 000 RPM), where the forces are on the order of 9x10° N.43
Such centrifuges were available for use but could not be readily modified to incorporate a

vertically oriented substrate. Preliminary experiments were carried out on a typical chemistry
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Figure 7.10 Centrifugal polymer loading into a porous alumina film.

laboratory centrifuge, in which the speeds are on the order of a few thousand RPM. It was
realized that this speed may be sufficient if the centrifugal force is applied while allowing
solvent evaporation, as depicted in Figure 7.10. This second approach was investigated initially,

using MEH-PPV dissolved in tetrahydrofuran (THF), and was found to be effective.

7.3 Preparation of Centrifuged Samples

The experimental setup for polymer loading is shown in Figure 7.11: a simple laboratory
centrifuge has been modified with a holder for flat substrates. The holder consisted of a threaded
stainless steel barrel which could be sealed to the vertically oriented substrate. The seal between
the barrel of the holder and the substrate was chosen to be a Viton O-ring, as rubber O-rings are
sensitive to many common solvents and Teflon O-rings were found not to provide reproducible
seals. The solvent evaporation rate could be controlled to some extent by capping the end of the
barrel with a rubber septum.

Although porous alumina membranes with 4 nm pore diameter were available for study,
membranes with larger pore sizes (typically ~20 nm) were used. These were more easily

fabricated in large numbers for different studies, and the larger amount of polymer which could
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Substrate

Figure 7.11 (a) Centrifuge rotor assembly with two substrate holders, (b) detail of substrate
holder from above and (c¢) from inside, showing O-ring seal.

be introduced into these pores was important for the development of the characterization
techniques for composite samples in general.

The pore volume in a porous alumina film can be calculated from the exposed substrate
area (0.28 cm?) and the approximate porosity (30%). For a 1 pm-thick film, this amounts to ~8
nL. Complete pore filling would then require a polymer mass in the tens of pg. For a polymer
solution of 0.038 wt % MEH-PPV in THF, the corresponding volume is on the order of tens of
uL.

Consistent results were obtained by using three consecutive centrifuging steps:

(1) MEH-PPV solution, without capping the barrel, ~2 min
(2) additional solvent only, with a capped barrel, ~15 min
(3) barrel cap removed, ~5 min

The first step deposits a small amount of polymer onto the substrate, and the second step

serves to drive it further into the pores and distribute it uniformly. The last step, with the cap

removed, ensures that the solvent is fully evaporated.
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7.4 Characterization of Centrifuged Samples

The MEH-PPV distribution in the centrifuged samples was investigated using a number of
different techniques. Visually, the samples showed a thicker ring of polymer deposited at the
edge of the exposed area; in some cases, small polymer particles were visible on the surface. The

polymer distribution in the centre of the sample was usually even.

7.4.1 Scanning Electron Microscopy

With larger pore sarﬁples, the SEM may be ﬁéed to determine the polymer distribution.
The backscattered electron detector was not useful at the magnifications of interest (> 50 000x)
and the scattering difference between the carbon-based polymer and the alumina host is not
sufficient for useful contrast. The secondary-electron detector, which provides topographical
information at high resolution, was used for this study.

When cross-sections of the host material are observed by SEM, a partially filled pore may
not stand out evidently. A completely filled pore would eliminate most of the visible structure in
the porous film. In many cases, a superficial polymer layer could be readily distinguished
(Figure 7.12). Part of this polymer layer could also be seen penetrating into the pores, which
indicated some pore filling.

In the case of substantial pore filling, the polymer acts as a replica of the pore space. This
can be visualized by etching away the aluminum substrate and the alumina host, as shown in
Figure 7.13. The result of this process is shown in Figure 7.14: elongated polymer tubules are
visible, indicating substantial penetration of the polymer into the porous alumina host. When
thicker polymer-loaded samples were investigated in this fashion, the polymer tubules were

observed to have collapsed into bundles (Figure 7.14(b)).

174




Figure 7.12 SEM image of cross-sections of centrifuged samples, showing (a) polymer
overlayer and (b) some polymer penetration into pores. The scale bars are 200 and 100 nm.
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Figure 7.13 Analysis of polymer penetration into porous alumina by XPS and SEM.
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Figure 7.14 SEM images of centrifuged samples, observed from bottom with the host etched
away. The scale bars are (a) 200 nm and (b) 1.0 um (200 nm in the inset).
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7.4.2 X-ray Photoelectron Spectroscopy

For the purpose of device preparation, it is necessary to create composite films in which
the polymer penetrates the depth of the membrane. Otherwise, electrical contact to the polymer
is not possible. This cannot be determined reliably from the SEM images, but may be obtained
by X-ray photoelectron spectroscopy (XPS). This is a very surface-sensitive technique, because
of the limited mean free path of the generated photoelectrons. The sampling depth is effectively
on the order of 1 nm. By analysing the bottom interface of the composite, it may be used to
establish whether polymer has penetrated to the bottom of the pores (Figure 7.13). The presence
of a carbon signal on this surface, after argon-ion sputtering to remove any adsorbed atmospheric
hydrocarbons, would indicate complete polymer penetration to the bottoms of pores. The argon
spuﬁering also served to thin the barrier layer at the bottom of the pores.

The result of this experiment is shown in Figure 7.15. The aluminum 2p (74.7 eV) and

oxygen 1s (532 eV) signals are present in both the empty and centrifuged samples. Their
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Figure 7.15 XPS results from bottom of (o) empty porous alumina and (m) centrifuged sample.
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positions are very close to the expected energies for aluminum oxide (74.3 and 531.1 eV,
respectively)#4:4> However, the carbon 1s signal is only present in the centrifuged sample. The
main carbon peak, at 280.4 eV, was substantially below the normal range (from 288 eV for
oxides to 281 eV for carbides) and this was assigned to sputtering damage.*¢ Quantification of
the amount of polymer present at the bottom of the pore was not attempted. The results clearly

indicate that this loading approach is effective at producing fully penetrated composite materials.

7.43 Transmission Electron Microscopy

Thin sections for TEM investigation were prepared by ultramicrotomy of epoxy-embedded
samples. Prior to embedding, a thin layer of Au/Pd was deposited by DC sputtering on top of the
samples. For the empty host, this pfevented epoxy infusion into the porés. For the centrifuged
- samples, this layer prevented dissolution of MEH-PPV into the epoxy. The thickness of the
Au/Pd layer was between 20 and 50 nm.

Sections were cut to thicknesses between 20 and 80 nm. As the pore spacing is 40 nm for
porous alumina prepared at 15 V, section thicknesses on that- same order will contain not more
than one pore. Substantially thinner sections were more difficult to prepare without inducing
substantial deformation to the porous alumina film. Nevertheless, good quality sections as thin as
20 nm were obtained for some samples.

Beam damage to the pbrous alumina host was evident in the appearance of circular defects
in the alumina. The stability could be improved substantially by the use of a diffuse electron
beam. Under such conditions, the sensitivity of a charge-coupled device (CCD) detector was
necessary to capture images within a reasonable amouﬁt of time (< 10 s) to avoid any sample

drift.
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Polymer

Figure 7.16 TEM images of thin sections of (a) empty porous alumina host and (b) centrifuged
sample (beam damage to the host is apparent). The scale bars are 100 nm, and the accelerating
voltage was 80 kV.

The cross-section of the empty porous alumina host is shown in Figure 7.16(a). The Au/Pd
layer is clearly visible. TEM images of a centrifuged samples are shown in Figure 7.16(b). In
this case a polymer overlayer was visible, and the Au/Pd layer was attached to the embedding
epoxy, which usually separated away during the sectioning process.

In order to establish the polymer distribution, pores that could be distinguished clearly in
the sections were examined. In the empty film, a thin alumina film was associated with many
pores, corresponding simply to a section which cut through part of the pore wall. As such, in the
centrifuged sample, the presence of polymer could not be distinguished from a pore with a
partially sectioned wall. Although in many cases the polymer overlayer seemed to be connected
continuously with the material filling the pore, the MEH-PPV distribution could not be
established unambiguously by simple examination of the TEM images. The samples were

investigated further by EELS and EFTEM.
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7.4.4 Energy-filtered Transmission Electron Microscopy

The approach demonstrated in chapter 3 on PPV/MCM-41 samples was applied to the
analysis of the centrifuged MEH-PPV/porous alumina composite. It was again anticipated that
the aromatic 7-n~ plasmon in the low-loss spectrum would reveal the polymer distribution in the
composite material. Due to time constraints, only one sample was investigated at an accelerating
voltage of 200 kV.

A 2 um-thick porous alumina film was used to prepare a centrifuged sample. Both the
empty host and the centrifuged sample were ultramicrotomed to produce sections ~50 nm thick.
The TEM image of an empty host section is shown in Figure 7.17(a); low-loss spectra acquired
on the host and on the aluminum substrate are shown in Figure 7.17(b). The alumina bulk
plasmon loss had a maximum at 23 eV, in agreement with a previously reported value for

amorphous alumina.*’ The aluminum substrate showed a surface plasmon loss at 7 eV and bulk
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Figure 7.17 (a) TEM image (scale bar is 2 um) and (b) EELS of thin section of empty porous
alumina host: (m) zero-loss peak, porous alumina (o) before and (o) after zero-loss peak

subtraction, (A ) aluminum.
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plasmon losses at multiples of 15 eV, in agreement with the known aluminum plasmons.48

The minimum in the alumina spectrum occurred near 5 eV; an attempt was therefore made
to filter on this energy with a 2 eV slit. The energy-filtered images of the empty and centriﬁjged
sample are compared in Figure 7.18: both samples show substantial losses at 5 V. The presence
of small tubules of ~20 nm diameter in defect areas showéd that some polymer was present, but
the alumina losses at 5 eV appear to mask the polymer distribution in the host. Other areas on the
section were similar. Subtraction of the 25 éV image (due mostly to the alumina bulk plasmon)
from the 5 eV image did not provide any improvement.

There are two possible causes. First, it is possible that the sectioning process has altered
the centrifuged sample: the polymer may have been displaced from the pores in the observed
sections. Thus the empty and centrifuged samples appear identical.

The second possible cause may be related to Cherenkov effect in the loss spectrum, as
discussed in chapter 6. It‘app‘ears that there are sufﬁcieﬁt losses in alumina below 10 eV such
that the presence of polymer is masked by thickness variations in the alurﬁina host. A previous
literature report has shown by EELS measurements at 100 kV that losses in amorphous alumina
thin films are negligible below 8 ev, in aéreement with optical measurements of the dielectric
function.4” The results obtained here differ from this markedly since measurable losses can be
observed even below 4 eV (Figure 7.17(b)).

For a 100 kV electron travelling through alumina, the real part of the dielectric function
(&1(w)) must be above 3.3 (Table 6.1). For alumina, the value of &(w) is below this threshold up
to 5 eV (Figure 6.2). This suggests that the use of an accelerating voltage of 100 kV or lower is
more suitable for the investigation of alumina-based composite materials by low-loss EELS and

EFTEM, especially for small amounts of conjugated material.
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Figure 7.18 Unfiltered (TEM) and energy-filtered (5, 25 eV) images of empty porous alumina
and centrifuged MEH-PPV/porous alumina composite. The scale bars are 100 and 200 nm,
respectively.
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However, it cannbt be excluded that some of the features in the low-loss spectrum of
porous alumina are‘due to anion-contamination of the pore walls. Fu_rthef study at different
accelerating voltages would establish which effect is predominant.

For silica-based composite materials (e.g. PPV/MCM-41), there is more flexibility in the
choice of accelerating voltage. The dielectric function of an all-silica zeolite, silicalite, has been
reported.49 These results show that & (@) is below 2 up to 5 eV for silicalite and has a maximum
value of 3. This suggests the losses due to the Cherenkov effect will be less prominent for silica-
based materials even at 200 kV, in égreement with the observed loss spectrum of empty MCM-
41 (Figure 3.11).

These issues associated with the low-loss spectrum might have been avoided altogether by
filtering on carbon ionization edge at 284 eV instead. This was not attempted bécause of time-
constraints. This signal is also expected to be weaker than the plasmon losé, which would entail .

longer collection times and the associated beam damage to the specimen.

7.45 STEM/EELS

Attempts to measure the loss spectrum distribution on thin sections in STEM mode
resulted in substantial damage to the alumina host. The image in Figure 7.19(a) shows the
damage associated with earlier spectrum acquisitions. The loss spectra recorded in this way
showed a new peak near 9 eV (Figure 7.19(b)). Such a feature has been observed previously in a
study on electron-beam hole drilling in alumina.50 It was assigned to molecular oxygen trapped
in the material, as drilling proceeds by preferential removal of aluminum atoms.

The loss spectrum acquired directly on a tubule showed substantial losses below 10 eV,

suggesting that it was composed of conjugated polymer.
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Figure 7.19 (a) STEM image of thin section of centrifuged sample. The contrast has been
increased in the inset to show the polymer tubules. (b) EELS associated with (m) drilling in
alumina and (©) a polymer tubule. The zero-loss peak has been subtracted.

Nevertheless, it may still be possible to determine the polymer distribution in STEM mode.
This has certainly been demonstrated in the core-loss regime>! and may also be possible in the
low-loss regime with careful analysis of the spectra. Such an approach would require a cryogenic
sample holder to minimize beam damage to the alumina host, and this was not available for this

study.

7.5 Conclusion

Two general approaches to polymer introduction into a porous host were described. The
surface-grafted synthesis of conjugated oligomers appears to be a promising route and should be
explored in more detail. The synthetic approach described here should be readily applicable to
the preparation of larger conjugated molecules on the silicon surface. However, its usefulness

can only be confirmed once the structure of the surface-grafted species is established in more
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detail, possibly through scanning tunnelling microscopy. These structures would represent a
junction between a molecular semiconductor and a bulk semiconductor; the electrical behaviour
of such a junction is of fundamental interest.

The use of centrifugal force in conjunction with solvent evaporation -has also been
explored as a method to introduce a soluble conjugated polymer in porous alumina films.
Characterization of the resulting composite clearly showed polymer penetration. However, the
polymer could not be located with high resolution by EELS and EFTEM, possibly due to
interference from Cherenkov losses in the alumina host. Further experiments at different

accelerating voltages would also be required in this direction.

Experimental Details

1. Surface Chemistry

Surface derivatization of porous silicon substrates followed a literature procedure.30 As
silicon is transp‘arent to IR, FT-IR spectra were acquired in transmission. Chemicals were
purchased from Sigma-Aldrich, Inc. and used as-received. Carbon tetrachloride and ethylene
glycol were dried over molecular sieves. Methylene chloride was dried by passing through
activated alumina. NMR spectra were acquired on a Bruker AC-200 at 200 MHz. FT-IR spectra
were recorded on a BOMEM MB 1558 spectrometer. Photoluminescence spectra were acquired
on a Cary spectrophotometer.

2-(4-ethynylphenyl) 1, 3-dioxolane: Starting from 4-[(trimethylsiﬂlyl)ethynyl]benzaldehyde,
the ethynyl group was first deprotected following a literature procedure.52 The aldehyde was
then protected by refluxing with excess .ethylene glycol in carbon tetrachloride over acidic

alumina for 24 h.53 TLC in 6:1 hexanes/ethyl acetate indicated a single product. The mixture

was washed twice with water and dried over magnesium sulfate. Solvent removal under reduced
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pressure yielded a 1ight> orange solid. After purification by sublimation, a white product was
obtained.
FT-IR (KBr): 3270, 3241 (H-C=C), 2890 (HCOO), 2103 (C=C), 1424, 1384, 1222, 1074, 941
(1,3-dioxolane), 836 cm™. "HNMR (acetone-d°): 87.4 (g, 4 H, aromatic), 5.6 (s, 1 H, benzylic),
3.9 (m, 4 H, OCH,CH,0), 3.5 (s, 1 H, C=CH). Mass spectroscopy indicated a parent M/z of 173
M- - H).

1,4-xylylenebis(diethylphosphonate):  o,a’-dichloro-p-xylene was reacted with 2.1
equivalents of triethylphosphite at 140 °C for 5 h. Excess triethylphosphite was removed under
reduced pressure. The remaining white powder was purified by recrystallization from methylene
chloride/hexanes at -20 °C to form white needle-like crystals. 'H NMR (acetone-d®): 87.2 (s, 4 H,
aromatic), 4.0 (p, 8 H, MeCH,OP), 3.1 (d, 4 H, CH,P), 1.2 (t, 12 H, CH;); ’>'P NMR: 26.2. FT-
IR (KBr) : 2963, 2907 (CH), 1514, 1480, 1439, 1391 (aromatic), 1261 cm™ (P=0).

Porous silicon: substrates were prepared from n-type silicon wafers as reported in the
literature and stored under nitrogen. FT-IR: 1100 cm™ (Si-O framework), 2240 and 2090 cm”
(Si-H). These were present through all the surface modifications below.

Cathodic electrografting on pérous silicon: fhe electrografting cell consisted of a porous
silicon substrate clamped down to an aluminum support with a #9 glass joint, and capped with a
rubber septum. A Viton O-ring was used to form the seal to the substrate. A platinum mesh
counter-electrode was inserted through the septum. A syringe needle was also inserted through
the septum to allow evacuation of the cell. The electrografting was carried out under nitrogen
atmosphere. The electrolyte, consisting of 0.1 M tetrabutylammonium hexafluorophosphate and
0.2 M protected aldehyde in methylene chloride, was prepared separately under nitrogen and
introduced into the cell through the septum. A current density of ~4 mA cm was passed through

the cell for 3 min. The substrate was then washed with methylene chloride, acetone, water and
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ethanol, then dried under a stream of nitrogen. FT-IR (not including silicon surface bands): 2968,
2930, 2884 (C-H), 1606, 1388, 1510 (aromatic), 943 cm™ (1,3-dioxolane).

Aldehyde deprotection on surface: The aldehyde was deprotected by soaking in dilute HCI
for 30 min. The substrate was washed with water and dried. FT-IR (not including silicon surface
bands): 2969, 2933, 2874 (C-H), 2732 (H-CO), 1700 (C=0), 1603, 1510 (aromatic), 1307 cm™
(aromatic).

WHE reaction on surface: The substrate, 55 mg bis(diethyl phosphonate ester) (0.15
mmol) and a stir bar were added to a round bottom flask and placed under nitrogen. This was
followed by the addition of 2.0 mL THF and 0.13 mL of 1.0 M potassium tert-butoxide/THF
(0.13 mmol). A yellow colour first developed then changed to deép orange. The mixture was
refluxed for 5 h. The substrate was then washed with ethanol and acetone, followed by drying
under streaming nitrogen. FT-IR (not including silicon surface bands): 2969, 2930, 2869 (C-H),
1510 (aromatic), 1260 cm™ (P=0). Photoluminescence: Emission maximum at 400 nm and a
shoulder at 370 nm with excitation at 300 nm; excitation maximum at 322 nm with detection at

400 nm.

2. Vacuum Loading

MEH-PPV was prepared according to a literature procedure.l4 Commercial porous
alumina membranes (Anopore by Whatman, Inc.) with a nominal pore diameter of 200 nm on
one side and 20 nm on the other side were used. The membrane thickness was 60 um. It was
placed on top of a stainless steel tube, through which vacuum was applied. MEH-PPV polymer
solution drops (0.038 to 0.8 wt % in THF) were placed on top of the membrane. Once the
solution was drawn through, the membrane was removed for analysis. A Hitachi S-4100 field-

emission SEM was used for observation of the composite structure.
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3. Centrifuged Samples

Porous alumina hosts were prepared by anodizing aluminum foil samples in 1.2 M sulfuric
acid at 15.0 V or in 0.3 M oxalic acid at 40.0 V at room temperature, as described in chapter 4.
Some films were also prepared on silicon substrates by anodizing electron-beam evaporated
aluminum films. These allowed convenient cross-section preparation by cleavage of the silicon
substrate. The anodization time was generally between 2 min and 8 min, resulting in film
thicknesses of 0.5 to 2 um. The pore walls were etched for 5 to 10 m‘in in 5% H3PO,, then
soaked in distilled H>O. The samples were then rinsed with ethanol, dried with a heat gun and
further dried under vacuum.

Centrifugation was carried out in a standard laboratory centrifuge with a speed of 1700
RPM, using a substrate holder described above. The approximate centrifugal force at the
substrate was 3x10° N.

MEH-PPV was prepared according to a literature procedure.!4 A 0.038 wt % solution of
MEH-PPV in THF (typically 15 — 20 pL) was deposited into the holder by syringe and spun for
5 min. Pure THF was then added (again ~20 pL) and the holder sealed to reduce the evaporation
rate. After 15 min of spinning, the seal was removed and the uncovered holder spun again for 5
min.

A Hitachi S-4700 field emission SEM was used to observe the samples, typically with an
accelerating voltage of 20 kV for high resolution work.

For XPS analysis of the pore bottoms, a layer of Au/Pd was first deposited onto the top
surface. This prevented epoxy penetration into the sample during embedding of the top surface.
Due to the need for conductivity, a silver-filled epoxy was used as the embedding medium

(Epotek, Inc.). The remaining aluminum substrate was removed by treatment with HgCly(sa.
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Analysis was carried out on a Leybold MAX200 using the Al K, radiation as the excitation
source. |

Thin sections were obtained by ultramicrotomy of samples embedded in epoxy (302-3M,
Inc.). A diamond knife (Microstar, Inc.) with a 45° included angle was used. The knife clearance
angle was set to 4°, and sectioning speeds as low as 0.2 mm s were used. The thin sections were
floated in a water bath and collected either with lacey carbon-coated Cu grids (Ted Pella, Inc.) or
similar Quantifoil-coated Cu grids (Qantifoil Micro Tools GmbH). These grids allowed
investigation of the sections by EELS without any interference from a support film, due to the
presence of holes in the coatings.

Initial sample observation was carried out on a Hitachi H-7600 TEM at an accelerating
voltage of 80 kV. EELS and EFTEM were carried out on a Tecnai F20 TEM equipped with a
Gatan Imaging Filter. The accelerating voltage was 197 kV (200 kV nominavilly, offset by 3 kV
by the GIF). Loss spectra were recorded in TEM mode by placing the particle of interest above
the GIF entrance aperture (diameter 2.0 mm). The zero-loss peak was recorded separately by
moving to an empty area on the grid, immediately before or after spectrum collection..
A collection time of 5 s was used. Subtraction was carried out by shifting and scaling the zero-'
loss peak. EFTEM images were acquired with a 2 eV slit. In STEM mode, a camera length of
150 mm was used, and spectra were collected using a 50 ms dwell time.

The system energy resolution, given by the FWHM of the zero-loss peak, was 0.96 eV.

The energy dispersion of the spectrometer was 0.10 eV/pixel.
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CHAPTER 8 Comments on Device Fabrication

A substantial amount of effort was directed at fabricating a functioning light-emitting
device (LED) based on the composite materials described in this thesis. The preparation of an
LED based on conjugated polymer inside a porous alumina host involves three kéy steps: (1)
preparation of porous thin film host, (2) introduction of the conjugated polymer guest, and (3)
application of electrodés..The first s%ep was the subject of chapter 4 and will be elaborated upon
here in consideration of the third step, the need for electrodes to make an electrical device. The
processes described here also assume that the conjugated polyfner insertion proceeds by
centrifugation (chapter 7), which requires a host film with a supporting sﬁbstrate.

The devices prepared in this work either did not show any electrical conductivity or failed
rapidly because of electrical short circuits. There were no substantially new results in these
endeavours but many processing issues were recognized. This chapter is intended to summarize
these results and discuss possible routes to the creation of devices based on the porous alumina

host.

8.1 Device Structure

The structure of a polymer-based (LED) is constrained by the requirements of two key
processes: the field-assisted injection of charges at the polymer-electrode interfaces, and the

recombination of charges within the polymer (Figure 1.4). The high electric fields required for
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charge injectionl-2 can be obtained at moderate applied potentials (< 50 V) by minimizing the
thickness of the polymer layer between the electrodes. The higher hole mobility causes charge
recombination to occur close to the electron-injecting electrode. Non-radiative quenching of the
excited state has been found to be important near this electrode, which effectively enforces a
minimum device thickness of ~90 nm.3 Above this threshold, the efficiency of a polymer LED
remains effectively constant with thickness, up to several hundred nanometres.3

The ideal structure is shown in Figure 8.1: the central requirement for a functional device
is the existence of the contact surfaces to the anode and cathode materials. Indium tin oxide
(ITO) and gold are commonly used as anode materials for MEH-PPV-based devices, whereas a
number of different low-workfunction metals (calcium, silver, aluminum) may be applied as the
cathode.

The anodization procedure for porous alumina hosts leaves one surface immediately
accessible for the application of an electrode. The second surface is usually capped by the

alumina barrier layer, which may be over 20 nm thick (Figure 4.11). This barrier layer must be
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Figure 8.1 Ideal conjugated polymer device components and their assembly: (a) polymer
insertion into host, (b) cathode evaporation and (c) anode deposition.
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removed in all cases to create functional devices.

8.2 Devices from Porous Alumina Films on Aluminum Foil

A device fabrication sequence utilizing a porous alumina film grown on an aluminum foil
is shown in Figure 8.2. Equivalent structures may be produced by partially anodizing thick
aluminum films on suitable substrates (silicon wafer, glass slide). These substrates can be
cleaved easily, which provides a convenient method for obtaining cross-sections for SEM. The
barrier layer is thinned by reducing the potential at the end of the anodization process (Figures
8.3 and 8.4).

After polymer introduction, an ITO anode is deposited on the polymer by RF sputtering. A
lead is attached to the ITO layer with silver epoxy, and the top surface is embedded in epoxy to
provide support for the device.

At this stage, the aluminum substrate can conceivably act as the electron-injecting contact
for the device. This was tested on several different devices but no electroluminescence was
observed. All devices eventually failed under fhe applied potential. The obstacle to device
operation in this form is probably the remaining barrier layer at the bottom of the pores.

Further processing to remove this barrier layer was not possible, as the structure proved too
fragile for removal of the aluminum substrate: the host film readily separated from the deposited
ITO layer during the HgClysay etching step (Figure 8.2(f)). A solution to this problem was not

found
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Figure 8.2 Device fabrication sequence from porous alumina film on aluminum foil: (a)
anodization of aluminum foil, (b) barrier layer thinning by potential reduction, (c) polymer
introduction by centrifugation, (d) ITO deposition by RF sputtering, (e) contact lead bonding
with silver epoxy and epoxy embedding of upper surface, (f) aluminum foil removal by chemical
etching, (g) aluminum cathode deposition by thermal evaporation.
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« Porous alumina

Figure 8.3 SEM images of porous alumina film on a n-type silicon wafer with the barrier layer
eliminated by the potential reduction method. The film was anodized at 15 V in 1.2 M sulfuric
acid at 20°C followed by a potential reduction to 9 V over 30 s, then a reduction to 0 V over 5 s.
The scale bars are 200 nm and 100 nm, respectively.

Figure 8.4 SEM images of porous alumina film, showing elimination of barrier layer by rapid
potential reduction (from 15 V to 0 V over 8 s). The scale bars are 200 nm and 100 nm,
respectively.
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8.3 Devices from Thin Films on Conducting Substrates

The integrity of the polymer/porous alumina composite film may be better retained if the
porous alumina host is formed directly from an aluminum film on a conductive substrate.
Substrates of interest would include any material that can serve as anode in an LED: silicon, ITO
and gold. The device fabrication sequence is illustrated in Figure 8.5.

The initial step involves deposition of aluminum thin films. The different physical vapour
deposition methods are reviewed below. The anodization step proceeds normally until the
substrate interface is reached, at which point the electrolyte may or may not react with the
substrate material. Aluminum films on silicon, ITO and gold were investigated, but no suitable

structures could be produced. The results and difficulties encountered are described below.

UUUU =

Figure 8.5 Device fabrication sequence from an aluminum film on a conductive substrate: (a)
initial aluminum film on substrate, (b) porous alumina film growth, (c) final porous alumina film
with barrier layer removed, (d) complete device with conjugated polymer sandwiched between
cathode and anode.
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8.3.1 Aluminum Film Deposition

The aluminum deposition step must also be carefully controlled for the preparation of
defect-free films. Proper cleaning of the substrate was necessary to obtain good adhesion. A
simple protocol consisting.of two 10 min sonication steps (detergent solution, methanol) was
found to be suitable for most substrates.

A number of different film deposition methods available at UBC were investigated. RF
sputtering and electron-beam evaporation were available in the AMPEL cleanroom. DC
sputtering was available in the Department of Physics, while thermal evaporation was available
in the Department of Electrical Engineering.

DC sputtering of aluminum allows convenient deposition of thicker films (> 1 um, rate >
0.5 nm s). However, the setup available at UBC was found to produce contaminated films, as
evidenced by gas evolution during the anodization process. It was not used for any further work.

RF sputtering is normally used for the deposition of dielectric materials. It may also be
used to deposit aluminum, however hillock formation is known to occur (Figure 8.6). The

resulting surface roughness lowers the reflectivity of the aluminum film. The addition of a small

Figure 8.6 SEM images of hillocks on porous alumina films prepared from RF sputtered
aluminum films, showing (a) top surface and (b) cross-section. The scale bars are 200 nm.
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amount of copper (~1%) is used in the semiconductor industry to prevent hillock formation. This
was not attempted here, as the effect of copper impurities on the anodization step was not
known. Nevertheless, RF sputtering produced continuous films with good adhesion. The
deposition rate Was typically 0.2 nm s™.

Electron-beam evaporation is also commonly used to deposit aluminum. The only
difficulty was the presence of pinholes in the resulting film if the deposition process is too rapid.
The associated surface roughness again causes a lower reflectivity in the deposited films. The
anodized films then contain defects as shown in Figure 8.7. Defect-free films were achievable by
keeping the deposition rate below 0.5 nm s™.

Thermal evaporation wés found to produce films with pinholes as well. In this case, the
effect of deposition rate was not investigated in more detail. Since the physical process is almost
identical to electron-beam evaporation, it is expected that control of the deposition rate would

produce similar pinhole-free films.

8.3.2 Porous Alumina/Silicon

The possibility of directly using silicon wafers as an electrode for an organic
electroluminescent device has been explored in the literature.4-6 Parker and Kim showed that
both degeneratively doped n- and p-type silicon wafers can be used as anode or cathode in
devices made with MEH-PPV.# Wunsch et al. found that p-type silicon was a better hole-
injecting material than either gold or ITO.% |

Crouse et al. investigated the fabrication of porous.alumina films on silicon wafers for the
purpose of hexagonal pattern transfer to the wafer.” They found that n-type silicon could be used
readily as a substrate, as there were no unfavourable reactions with oxalic, sulfuric or phosphoric

acid up to potentials of 110 V. It was observed that the barrier layer could be readily removed by
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Figure 8.7 Defects in porous alumina films anodized from electron-beam evaporated aluminum
film, showing (a) SEM image of cross-section of a film anodized at 20 °C in 1.2 M sulfuric acid
and (b) TEM image in plan view of a film anodized at -39 °C. The scale bars are 200 nm long.

a short etching step with 5% phosphoric acid. On the other hand, p-type silicon was not suitable
without an insulating coating of silicon dioxide.
As degeneratively doped silicon wafers were not readily available, this approach was not

pursued any further but may be a promising avenue for future work.

8.3.3 Porous Alumina/ITO

The preparation of porous alumina films on ITO-coated glass substrates has been reported
by Chu ef al.8 The anodization process normally consumes the ITO layer if it is not halted once
the aluminum layer is fully oxidized. If anodization is halted at the right point, the ITO layer is
preserved and the desired structure is obtained. These results were obtained with a 10 vol. %
phosphoric acid electrolyte and 130 V. The pore size in the resulting film was 80-100 nm.

Protection of the ITO layer by deposition of a thin layer of silicon dioxide or aluminum
oxide between the ITO and aluminum layers is also possible. One literature report indicated that

a thin silicon dioxide layer above the ITO layer was even beneficial to LED efficiency, through a
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better balance of the hole and electron injection rates.? An optimal thickness near 2 nm was
reported.

Attempts were made to reproduce these results with aluminum deposited on ITO-coated
glass and poly(ethylene terephthalate) substrates. The latter is advantageous for obtaining cross-
sections by ultramicrotomy. However, pinholes were always present in the aluminum film, as
evidenced by immediate gas evolution (i.e., reaction of the ITO) at the beginning of the
anodization process. It is believed that deformation of the plastic substrate under the thermal
load of the evaporation process was the cause of the pinholes.

On ITO-coated glass substrates, both sulfuric and oxalic acid electrolytes (for pore sizes of
~21 and 60 nm respectively; see chapter 4) were used to anodize the deposited aluminum film.
However, the anodization process, using the cell depicted in Figure 4.10, did not proceed
uniformly across the substrate, with the outer edge being anodized faster. This produced
structures in which the ITO layer was consumed at the edges (Figure 8.8), and aluminum
remained in the centre.

The deposition of thin silicon dioxide and alumina layers (up to 4 nm in thickness) was not

Figure 8.8 SEM image of porous alumina film on ITO-coated glass substrate, showing an area
where most of the ITO was consumed. The scale bar is 200 nm.
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found to provide any significant protection to the ITO layer during anodization. Thicker layers
may have provided more protection but would then have réquired removal by a different process
(e.g., reactive-ion etching). It is also possible that stirring of the electrolyte would have created a
more uniform anodization on the substrate. Lowering the electrolyte temperature would reduce
the anodization rate, which may allow better control over the end point. As these difficulties

were not resolved, this approach did not provide any suitable host films for further processing.

8.3.4 Porous Alumina/Gold

Gold is also commonly used as hole-injecting electrode in polymer-based devices.
However, there are two difficulties associated with fabricating porous alumina films over gold.
First, aluminum and gold interdiffuse readily to create an intermetallic compound.l0 This
proceeds rapidly at 100 °C, with films deteriorating within 1 h. Room-temperature degradation
proceeds at a slower rate, which necessitates immediate processing of deposited films. The
second difficulty, as with ITO, is in the anodization process: gas evolution occurs at the gold
interface once the aluminum is consumed. A literature report indicated that it was again possible
to obtain useful structures by stopping the anodization at the correct time.!! Efforts to reproduce
this result were unsuccessful due to immediate reaction evolution of gas from the substrate,
which suggested that pinholes were present in the aluminum film. No further attempts were

made to prepare porous alumina hosts in this manner.

8.4 Conclusion

The fabrication of a device based on the cdnjugated polymer/porous alumina composite

material revealed a large number of processing issues. The current results indicate that some of
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these may be overcome with further effort. In the case of films on aluminum foil, more careful
processing to remove the aluminum substrate is necessary to preserve the integrity of the
structure. As for films on silicon, ITO and gold, control of the deposited aluminum morphology
appears to be key for obtaining the desired structure without causing gas evolution from the
underlying substrate during anodization. Devices on n-type silicon should still be investigated in
more detail, as it is known that it shows no reaction with the electrolyte.

The efforts described here were aimed at relatively crude devices in which conjugated
polymer chain confinement was not really possible. However, once the obstacles identified here
are resolved, the use of low température anodization should produce the desired structure for

such confinement and allow the study of single chain electrical properties.

Experimental Details

ITO-coated glass and poly(ethylene terephthalate) substrates were obtained from Delta
Technologies, Inc. Silicon wafers (n-type) were obtained from Monsanto, Inc.

Substrates were cleaned prior to deposition by sonicating for 10 min in a detergent solution
(10% FL-70, Fisher Scientific) and for 10 min in methanol, which was followed by drying in
streaming nitrogen.

Gold substrates were prepared by thermal evaporation on silicon with a thin chromium
adhesion layer (~10 nm). Aluminum thin films on silicon, gold and ITO were prepared as
described in chapter 4. SEM images were acquired on a Hitachi S-4700 field-emission SﬁM.

ITO films were prepared by RF sputtering at 100 W with 6 mTorr argon (120 sccm flow).
Some film darkeriing was observed due to reduction of metallic impurities. This may be avoided

by mixing a small oxygen flow (< 0.1 sccm) to the chamber during deposition. Silicon dioxide
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and aluminum oxide protective films were prepared by electron-beam evaporation in the same
process as aluminum evaporation.

For device test}ng, electrical contacts were attached to the ITO layer using silver epoxy
(Epotek, Inc.) The ITO layer was further embedded in opticél epoxy (302-3M, Epotek, Inc.).
Direct contact was made to the aluminum substrate by an alligator clip. Current-voltage
characteristics were investigated with a DC power supply and a multimeter. The measurements
were in general difficult to reproduce, presumably due to the presence of electrical short circuits
in thé device that would degrade with time. Conditioning ét high voltage (>50 V) improved the

stability somewhat but all devices eventually burned out. -
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