LONDON'’S GLOBAL UNIVERSITY

Fabrication and characterization of direct
and inverse opals for the manipulation of
spontaneous emission in conjugated

polymers

Tecla Arcidiacono

A dissertation submitted for the degree of Doctor in Philosophy

Department of Physics and Astronomy
London Centre for Nanotechnology

University College London



I, Tecla Arcidiacono, confirm that the work presented in this thesis is my own.
Where information has been derived from other sources and work which has formed

part of jointly-authored publications has been used | confirm that this has been
indicated in the thesis.

August, 2020

Supervisor: Prof Franco Cacialli

Department of Physics and Astronomy and London Centre for
Nanotechnology, University College London

Second Supervisor: Dr. Tracey Clarke,

Department of Chemistry, University College London



To my brother,

My strength and my love.

To my family.



Acknowledgments

First and foremost | would like to thank Prof. Franco Cacialli for the opportunity
to work on this interesting project, for inspiration and guidance throughout my PhD. |
would also like to express my gratitude to my second supervisor, Dr. Tracey Clarke,

for her support and advices.

A special thanks goes to Prof. Davide Comoretto for his excellent guidance and
mentorship throughout my secondment at University of Genova. He has been a
constant source of motivation and encouragement for me. My sincere thanks goes also
to Dr. Roman Kranhe for all the fruitful discussions | had with him, which always gave

me a sense of direction in my research.

Another big thanks to Prof. Giuseppe Barillaro, Dr.Stefano Mariani, Prof. Harry
L. Anderson, and all the people involved in the SYNCHRONICS project for the
collaborations that made this project possible. In particular, | would like to thank my F9
mates Dr. Giovanni Cotella, Dr. Alex Rapidis, Dr. Alessandro Minotto, Dr. Giuseppe
Carnicella, Dr. Andrea Zampetti, Dr. Giuseppe Paternd, Dr. Luca Santarelli, and Dr.

Valentina Robbiano for the good time | had at UCL.

A special thanks goes to Dr. Bruno Tomasello for inspiring scientific

discussions, for his support and friendship along the way.

Last but certainly not least, | thank my family for their continuous love and

encouragement, and for their immense support during all of my life.



Research institutions & funding bodies

This thesis is based on the work carried out at the Organic Semiconductor and
Nanostructures group, Department of Physics and Astronomy and London Centre for

Nanotechnology, University College London.

This research is funded by the European Union’s Framework Programme for
Research and Innovation Horizon 2020 as a Marie Sklodowska-Curie Action European

Training Network under the Grant Agreement No. 643238 (SYNCHRONICS).



Abstract

In this work | investigated and improved a technique, known as vertical method,
for growing synthetic opals by means of colloidal self-assembly of polymeric
microparticles. This enables an unprecedentedly easy tuning of the opal photonic
bands and thus enhanced control of the radiative properties of conjugated polymers

after their infiltration into such photonic structures.

The first part of the thesis is dedicated to direct opals defined as a close-packed
array of spherical particles. In particular, | present a study of the optical response of
polystyrene opals across an extended energy range (0.8 < a/A < 1.8, where a is the
lattice parameter and A is the wavelength of light), which | achieved by adopting the
aforementioned vertical method technique. Furthermore, in addition to discussing the
conventional photonic stop band (PSB), | highlight the high-energy photonic bands
associated to the Van Hove singularities which demonstrate the fcc arrangement of

the micropatrticles signalling the high-quality standard of fabricated opals.

The second part of the work is focused on inverse opals, namely a close-
packed array of spherical voids. This is formed by co-growing a sacrificial opal template
with a material of high refractive index (i.e. silica) and the removal of the spheres by
calcination. Typically, the central frequency of the PSB is tuned by changing the sphere
diameters of the opal template. In contrast, when keeping the sphere diameters fixed,

| found that | could blue-shift the PSB by ~100 nm by varying the SiO/colloidal ratio.

To verify the performance of the photonic crystals obtained, | studied the
spontaneous emission of luminescent organic polymers (i.e. PDPV, and the
conjugated polyrotaxane PDViolLi B-CD) after their infiltration into the opals. | achieved,
respectively for direct and inverse opals, a strong reshaping of the photoluminescence

and a modification on the value of the radiative constant.



Impact statement

Photonic crystals (PhCs) are materials with highly ordered structures whose
colours depend on the angle of observation. The angle-dependent coloration does not
result from pigmentation but it is rather due to the interaction between light and
micro/nanostructures with a periodicity similar to the wavelength of the light. This
phenomenon is known as iridescence. Iridescent materials, ubiquitous in nature, can
be found in gemstones, butterflies, and in many other creatures. PhCs are
characterised by their dielectric periodicity, which determines the modes of
propagation of photons. The ability of manipulating light by means of PhCs results from
the occurrence of a photonic stop band (PSB), which, because of Bragg diffraction,
inhibits light propagation. The majority of PhCs has a pseudo PSB capable of
preventing the flow of photons along only specific directions. However, by increasing
the dielectric contrast of the PhCs, the PSB can evolve into a full PSB that forbids light

propagation in all directions.

The presence of the PSB and the possibility to tune its position in the visible
spectrum, as well as the advantage of inhibiting or enhancing spontaneous emission,
make PhCs good candidates for several technological applications such as
optoelectronics and telecommunications, but also for storing and generating energy.
For these reasons they are extensively used as optical devices including waveguides,
lasers, light emitting diodes and filters, and also as dye sensitized solar cells and Li-
ion batteries. Moreover, thanks to their interconnected porosity, PhCs are exploited as
sensors and bio-sensors, as well as drug deliverers and scaffolds for tissue

regeneration.

The attractive potentialities of photonic crystals stimulated the development of
several bottom-up and top-down fabrication methods, including sophisticated and

expensive lithography techniques. Self-assembly methods are still intensively studied,



however, because of their affordable costs and the natural tendency of particles to self-
assemble. Among these, the vertical deposition method via evaporation leads to
structures of very high quality compared to other self-assembled strategies. It relies on
capillarity forces for driving particles on a substrate that is vertically removed from a
colloidal solution. This is how synthetic opals are made: three-dimensional photonic
crystals generated by vertical deposition of micro-particles, for example silica, or
polymeric, as later discussed in this thesis. Synthetic opals are widespread in the study
of spontaneous emission manipulation. This is mostly due to their ability to
straightforwardly incorporate active materials (e.g. metal nanopatrticles, semiconductor
nanocrystals, conjugated polymers) by means of infiltration, co-growth or evaporation

techniques.

Depending on their structure, synthetic opals can be generally classified as
direct or inverse. The former refers to an ensemble of closely packed solid spheres,
whilst the latter to an ensemble of closely empty spheres. In this thesis, the optical
response of fluorescent direct opals is investigated across an energy range that
includes the PSB, as well as photonic bands of more complex diffraction phenomena.
On the other hand, inverse opals are tackled by studying the correlation between the
modulation of their lattice constant and the position of the photonic stop band in the
spectrum. The results obtained demonstrate the strength of self-assemble techniques

for manipulating the optical properties of photonic crystals.
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List of figures

Figure 1.1. Rainbow (Turin, July 2020).

Figure 1.2. Assortment of pigment powders on sale (Medina of Chefchaouen,

Morocco, February 2015).

Figure 1.3. Examples of structural colours in nature. (a) Bright irridescence of
Morpho rhetenor butterfly due to alternated lamellar structure of its wings. (b) The blue
area of peacock feathers displays a periodic structure of melanin rods. (c) Natural opal
gemstones is characterised by an array of silica spheres. Pictures (a), (b), and (c) are

adapted with permission of ref 72.

Figure 2.1. Schematic representation of one-dimensional (left), two-

dimensional (centre), and three-dimensional (right) photonic crystals.

Figure 2.2. Dispersion relations for free electrons and inside a periodic

potential (top) and for photons in vacuum and inside a periodic dielectric (bottom)?.

Figure 2.3. Photonic band structure for three different multilayer film
characterized by different dielectric contrast. The plot on the left is for homogeneous
mediums, the central plot is for low dielectric contrast structures, and the bands on the

right is for high dielectric contrast multilayers *.

Figure 2.4. Left - The photonic band structure for the lowest-frequency
electromagnetic modes of an opal: face-centred cubic (fcc) lattice of close-packed
dielectric spheres in air (inset). Note the absence of a complete photonic band gap.
Right — The photonic band structure for the lowest bands of an inverse opal: fcc lattice
of close-packed air sphere in dielectric (insert). Note the presence of a complete

photonic band gap (yellow)?.

Figure 2.5. Scheme of the diffraction process of two incident beams in a one-

dimensional crystal.
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Figure 2.6. Schematic representation of ray diffraction.

Figure 2.7. Scheme of the diffraction model of one-dimensional photonic

crystal (a), and geometric representation of the ray diffraction (b).

Figure 3.1. Chemical structure of trans-polyacetylene, the simplest conjugated

polymer.

Figure 3.2. (a) In the sp® hybridisation, 4 atomic orbital are combined, one s
(red) and three p (green), to give 4 hybridised molecular orbitals sp® (blue) which are
arranged in a tetrahedral geometry. (b) In the sp? hybridisation, 3 atomic orbital are
combined, one s (red) and two p (green), to give 3 hybridised molecular orbitals sp?
(blue) arranged in a triangular planar geometry. The p; orbital does not take part in the
hybridisation and it stays perpendicular to the sp? plane. (c) In the sp hybridisation, 2
atomic orbital are combined, one s (red) and one p (green), to give 2 hybridised
molecular orbitals sp (blue) arranged in a linear geometry. Both p, and py orbitals do
not take part in the hybridisation and they stay perpendicular to the sp? plane and to

each other.

Figure 3.3. Schematic representation of energy levels and molecular orbitals
of ethylene. The p. orbitals of neighbouring carbons overlap to form new and extended
orbitals with an energy splitting, namely 1r-bonds and 1r*-anti-bonds. (b) Increasing the
conjugation length has the effect of broadening the ensemble of hybrid states into a

quasi-continuous ‘band’ and narrowing the energy gap, Eg. Adapted from ref. 2.

Figure 3.4. Schematic representation of inter-band states called polarons
levels which are formed by the distortion of the structure of organic molecules after the

molecular polarization due to a net charge (adapted from ref. 18).

Figure 3.5. Schematic representation of a Wannier-Mott exciton (a), charge-

transfer exciton (b) and Frenkel exciton (c).
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Figure 3.6. Schematic representation of the diffusion of an exited state

between adjacent molecules via (a) Forster and (b) Dexter mechanism.

Figure 3.7. Jablonski diagram. Schematic representation of the molecular
energy levels and of the possible transitions between them. On the right, the speed of

the radiative e non-radiative relaxation process is illustrated.

Figure 3.8. The diagram shows the Franck-Condon principle. The absorption
transitions are represented by vertical orange arrows from the ground state, So, to the
exited state, Si, potential energy curve, while the emission transition by vertical green
arrows from the S; to the So energy level. The vibrational wave functions for each state

are depicted in grey. Adapted from ref. 2.

Figure 3.9. Chemical structure of PDPV, poly(4-4’-diphenylene

diphenylvinylene).

Figure 4.1. Schematic representation of molecular recognition due to hydrogen

bonding N-H---O and N-H---N 0,

Figure 4.2. Representation of two supramolecular systems: (a) a molecular
tweezer made of two rings (i.e. crown ether) connected by a central unit -N=N-. If
irradiated by light, the molecule changes structure, passing from trans to cis. This
allows the two rings to get closer and therefore act as a trap for potassium ion; (b) a
catenane made of two interlocked macrocycles, A and B having two sites of bonding
for the cupper ion Cu*, Al and B1. If the Cu*is electrochemical oxidised, the ring A will
rotate by 180° so that the Cu** will interact with A2 and B1. The reduction of the Cu**

into Cu*leads to the initial structure of the catenane. .

Figure 4.3. Schematic representation of rotaxane (a) and polyrotaxane (b)

structures 3+ .

Figure 4.4. Schematic representation of linear (a) and rotating (b) movement

of polyrotaxane .
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Figure 4.5. chemical structure of the PDV Li c B — CD (a); Time-integrated
emission spectra of PDV Li solution at 5x102 mgml* (open circle) 1x10“ mgml* (open
triangles) and of all the solutions of the unthreaded polymer (b); time-dependent
decays of solutions of PDVLi ¢ B — CD (top panel), and of unthreaded polymers
(bottom panel). Insert: evolution of the photoluminescence quantum efficiency ¢ (%)

as a function of concentration #’.

Figure 4.6. Time-integrated emission spectra of PDV Li solution (5x102 mgml-

1) depending on TR. Insert: average emission energy extracted from the spectra 8.

Figure 4.7. Absorption and photoluminescence spectra of thin film of the
polyrotaxane (solid lines) and of the non-threaded chain (dashed lines), spun-coated

on spectrosil substrate. Adapted from ref. 49

Figure 5.1. Schematic representation of an fcc lattice (left), the two planes
(111) within the fcc cell (centre), and the Brillion zone (right) associated to the fcc

structure.

Figure 5.2. Band structure calculated along the 'L direction in reciprocal space
for an artificial opal consisting of polystyrene spheres (top). 'L bands are highlighted
with thick lines. Transmission (middle) and reflection (bottom) spectra at normal

incidence for an artificial opal (ref. 62).

Figure 5.3. (a) Schematic representation of the vertical method. The PS-NPs
self-assemble in a face-cantered-cubic array at the interface between the water
meniscus and the glass substrate. (b) Experimental set-up for opal fabrication (photo
by Dr. Valentina Robbiano). (c) AFM image of opals based on PS-NPs with a diameter

of 260 nm.

Figure 5.4. Molecular structure of the polyrotaxane PDV,Li B — CD, average of
repeat unit n = 10, and threading ratio = 2 (top). Absorption (black line), and emission

(red line) spectra of a spin-coated film of PDV1oLi p — CD (bottom).
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Figure 5.5. Schematic representation of the polystyrene sphere/polyrotaxane
co-growth. The PS-NPs self-assemble at the interface between the meniscus of the
agueous solution and the glass substrate, while the PDVioLi B — CD macromolecules
fill the fcc voids (a). AFM image of luminescent opals based on PS-NPs with a diameter

of 200 nm (b).

Figure 5.6. Microscope images (magnification 10 x) of bare and loaded opal

by dip coating (a), drop casting (b) and femtojet methods (c)

Figure 5.7. (a) Schematic representation of the bifurcated fibre used for normal
reflection, and (b) the set-up used for angle-dependent transmission. The grey circle

represent a large-area rotating breadboards (goniometers).

Figure 5.8. Schematic representation (left) and photo (right) of the set-up used
for angle dependent PL. The grey circle represent the goniometers, the sample (S)
and the laser (L) are placed on the optical table, while the detector (Fq) is placed on

the goniometers, so it can rotate..

Figure 5.9. Normal reflectance spectra of polystyrene opals made with different
sphere diameters (d = 220, 260, 300 and 340 nm) (a); plot of the PSB and high-energy

bands peaks as a function of the sphere diameters (b).

Figure 5.10. Legend of the opal region analysed by reflectance measurement
(a), normal-reflectance spectra of opals base on polystyrene nanoparticles with

diameters of 220 nm (b), 260 (c), 300 nm (d) and 340 nm (e).

Figure 5.11. Angle-dependent transmission spectra of 260 nm (left), 300 nm
(centre), and 340 nm (right) opals. The black arrows show the PSB trend by changing
the angles of the incidence light, while the red arrows are representative of the high-

energy band tendency.
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Figure 5.12. Emission spectra of a PDVioli B — CD spin-coated film (black
curve) with, superimposed, the normal reflectance spectra (red curve) of a bare opal

with nanopatrticles of 200 nm of diameters.

Figure 5.13. (a) Normal reflectance of bare (red curve) and rotaxinated opal
(black curve). (b) Normal reflectance collected in different spot of the rotaxinated opal

surface.

Figure 5.14. Emission spectra of the spin-coated pure polyrotaxane (black
curve) and of the rotaxinated melted opal, i.e. reference (blue curve) collected at 0°
(normal incidence) (a); spectral overlap between the emission and the normal
reflectance curves for co-growth opal made with spheres having diameter 200 nm,

black and red curves, respectively (b).

Figure 5.15. Left: PL spectra of the rotaxinated opal before (solid line) and after
(dashed line) the thermal treatment, at different angles of light collection; Right: Ratio
between the angle-dependent emission of the co-growth opal (PhC) and the reference

opal (Ref).

Figure 5.16. Legend of the analysed rotaxinated opal regions (a-i) by
reflectance measurement (a), normal-reflectance spectra of opals base on polystyrene

nanoparticles with diameters of 260 nm (b), 300 nm (c), and 340 nm (d).

Figure 5.17. Reflectance spectra collected at normal incidence to respect the
(111) plane (top graph) of rotaxinated opals made with spheres having a diameter of
260 nm (red line), 300 nm (black line), and 340 nm (blue line). Normal reflectance
peaks as a function of the sphere diameters (bottom graph). The spectra are reduced
to the dimensionless unit a/A(where a is the lattice parameter proportional to the

spheres diameters, and A is the wavelength of light).

Figure 5.18. Transmittance contour maps of three rotaxinated opals prepared

with spheres having diameters of 260 nm (left), 300 nm (centre), and 340 nm (right)
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respectively, as a function of both wavelength and incidence angle. The emission
spectrum of the polyrotaxane in a melted opal is also shown as a white line. The blue
and the black stars indicate respectively the peak of the PSB and the high energy

bands as a function of the angle of the incidence of light.

Figure 5.19. Angle-dependent PL spectra (black curves) of rotaxinated opals
based on different sphere diameters, 260 nm (left), 300 nm (centre), and 340 nm
(right), overlapped with their angle-dependent transmission curves (red lines). At 0° of
incident light the reflectance spectra (blue lines) have been added to better visualise

the photonic high-energy bands.

Figure 6.1. Schematic representation of the evaporative co-assembly
technique for inverse opals preparation. The PS-NPs self-assemble in a face-centred-
cubic array at the interface between the colloidal/TEOS meniscus and the glass
substrate. The silica precursor fill the voids between the spheres generating the
inorganic matrix. The inverse opals structure are obtained after sample calcination at
500°C for 2 hours (a). SEM image of an inverse opal prepared by vertical deposition

(b). The thickness of the resulted structure is 5.5 pm.

Figure 6.2. Reflectance curves of silica inverse opals prepared by varying the
volume of the silica precursor, TEOS (a). Peak of the photonic band gap as a function

of the TEOS contents (b).

Figure 6.3. Curves of normal reflectance collected in different spots of two
inverse opals prepared using a colloidal solution containing 90 uL and 35 L of silica
precursor (TEOS), respectively. The inserts are a schematic representation of the
samples investigated, the letters identify the area of the inverse opals undergo

examination.
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Figure 6.4. SEM images of inverse opals prepared by colloidal solution
containing 15 pL (a), 25 uL (b), 35 uL (c), and 45 pL (d) of silica precursor (TEOS). For

each structure the average diameter of the voids, <d>, has been measured.

Figure 6.5. Schematic representation of the infiltration method used to fill the
voids of the silica inverse opal. The picture shows also the chemical structure of the

conjugated active polymer, PDPV.

Figure 6.6. Normal reflection spectra of tuned and detuned inverse opal plotted
together with the PL curve of a spin-coated film of PDPV (a); Comparison between the
PL spectra of the PDPV into the inverse opals and of a PDPV spin-coated film of PDPV

(b). The spectra are normalised.

Figure 6.7. PL spectra of tuned (black curve) and detuned (blue curve) opals
together with the transmittance (red curve) of the luminescent tuned opal. The PL
spectra were collected by increasing the collection angle from 0° to 30°, while the

transmittance spectra by increasing the angle of the incidence beam.

Figure 6.8. Ratio between the angle-dependent emission of the infiltrated

tuned inverse opal (PhC) and the infiltrated detuned opal (reference).

Figure 6.9. Schematic representation of the set-up used to infiltrate and
characterised invers opals. The sample is located in a flow-cell connected with the
reflectance probe and with a syringe pump for the flowing of the buffer and the analytes
(a). Reflectance spectra of the inverse opals in air (blue line) and of the same sample
into the flow-cell and infiltrated with the acetate buffer (green line) and with 1000 ppm

of BSA (yellow line).

Figure 6.10. Time resolved IAW- IAWO signal upon injection of BSA 1000 ppm.
The signal-to-noise ratio is 83 (a). Time resolved IAW- IAWO value for different

concentration of BSA, 100 ppm (green sector), 200 ppm (yellow sector), 500 ppm (blue
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sector), and 1000 (ppm pink sector) (b). Fitting of the IAW- IAWO values as a function

of the BSA concentrations (c).
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Chapter 1. Introduction

The rainbow is a quite common and yet
very spectacular phenomenon in nature: a
beautiful arc in the sky, displaying all colours of
the visible spectrum of electromagnetic waves.
Our chance to appreciate red fading into

orange, orange fading into yellow, and so on,

all the way down to violet, is possible from the
combination of reflection, refraction and Figure 1.1. Rainbow (Turin, July
dispersion of light occurring in water droplets in 2020).

the atmosphere. Prior to beauty and pleasure themselves, colouration is a precious
resource of the universe, which conveys, by means of electromagnetic waves, crucial
information for creatures in our planet. Animals, for example, utilize colours to
accomplish vital functions, such as identification, mating, environmental camouflage,

defence and much more 3.

The sensation of colours arises from the combination of two main phenomena:
(1) the interaction between light and matter and (2) the vision mechanisms of the eye.
The material, the structure and the orientation of illuminated objects basically
determine the frequencies of electromagnetic waves. These are then collected by the
eyes, which, acting as a natural detector, decode the information about the frequencies
and encode it for the brain in the perception of coloration. Depending on how light
interacts with matter, colours in nature can be produced by pigments,
photoluminescence and structural colours. Pigments are materials, which, because of

selective quantum absorption, reflect only specific wavelengths of light, i.e. specific
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colours. Photoluminescence (PL) results from the quantum-optical transition of a
system (atoms, molecules, polymers or nanocrystals) which relaxes from an excited
state to its ground state; the relaxation consist in emitting a photon whose wavelength
corresponds to the energy difference between the initial and the final state. Structural
colours differ profoundly from pigments or luminescent dyes. They are brighter, higher
saturated, not affected by photobleaching and they result from complex interactions
between visible light and micro/nano-structures. The optical processes originating in
this unique colouration span from thin-layer and multi-layer interference to diffraction
grating and scattering. Moreover, depending on the regularity of the structure,
structural colours can be categorized as either iridescent or non-iridescent. Ordered
structures generate iridescence, meaning that the perception of their colour changes
depending on the angle of observation. On the other hand, disordered structures are
non-iridescent, i.e. the appearance remains the same regardless of the angle of

observation *°.

Figure 1.2. Assortment of pigment powders on sale (Medina of Chefchaouen, Morocco,
February 2015).

In nature, an important source of iridescence is represented by Photonic
crystals (PhCs), periodic structures of materials with different refractive index (see for
example figure 1.3). Among all, opals are widespread PhCs in which refractive indexes
are periodically ordered in the three spatial dimensions (3D). Depending on their
structure, they can be defined as direct or inverse. Direct opals are ordered arrays of

dielectric spheres, where air fills the voids in between them. Vice versa, inverse opals
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are structures in which spherical voids are periodically arranged in a dielectric medium.

An illustrative example is given at page 68 and 95.

Figure 1.3. Examples of structural colours in nature. (a) Bright irridescence of Morpho
rhetenor butterfly due to alternated lamellar structure of its wings. (b) The blue area of peacock
feathers displays a periodic structure of melanin rods. (¢) Natural opal gemstones is
characterised by an array of silica spheres. Pictures (a), (b), and (c) are adapted with

permission of ref 72.

Discovered in 1987 by Eli Yablonovitch and Sajeev John, respectively in ref. ©
and ref. 7, PhCs are characterised by very unique properties of light manipulation.
When the dielectric periodicity is comparable to the wavelength of incident photons,
light interacting with such structures is transmitted into the medium only for certain
bands of frequency. The others frequencies are instead scattered outside the medium.
If the scattered waves are in phase with each other, constructive interference is
responsible for the “emergence” of a specific colour. On the contrary, if the waves are
not in phase with each other, destructive interferences do not give colours. The
wavelength of the scattered light can be estimated by using the Bragg-Snell law

thoroughly explained at page 35 of this thesis.

The control of the propagation of light by photonic crystals is analogous to the
control of the propagation of electrons by atomic crystals. Photonic band-gaps —

frequency windows in which the propagation of photons through the crystal is forbidden
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— are generated by the refractive index periodicity, similarly to how, in semiconductors,
the electronic bands are generated by the electrical potential of the crystalline ions.
The propagation of photons can be tuned by the “design” of the photonic band gap,
hence by accurate engineering of the structural materials, by means of both their
crystalline structure and their dielectric contrast. The efficiency of PhCs therefore
depends on the materials themselves and on the fabrication methods for their

crystalline arrangement.

Several studies demonstrate that PhCs are ideal candidates for providing
control of photoluminescence of embedded materials 2°. For example, the
photoluminescence can be completely suppressed by 3D photonic crystals if the
frequencies of the incoming light beam is in resonance with the photonic band gaps “.
In addition to suppression of light, PhCs are used to enhance the emission of dyes
1011 - Among all, luminescent conjugated polymers are emitters that thanks to their
optical and electronic properties can be used for different devices such as lasers,
OLEDS, photovoltaic cells, and many more technological applications. Hence the
control over their emission, for either suppression or enhancement, can importantly
improve the performance of the photonic device. A class of conjugated polymers
possessing high-performance optical and electrical properties is polyrotaxanes,
supramolecular systems in which the conjugated chain is thread through cyclodextrin
rings. These rings act as spacer between the chains, reducing or even completely

inhibiting the quenching of the luminescence.

In this thesis, direct and inverse opals are studied as light manipulators of
luminescent conjugated systems. The content of the remaining six chapters is
summarised in the following. In chapter 2, I introduce the structure and the optical
properties of photonic crystals, with particular emphasis on the generation of the
photonic bands. By means of Maxwell’s equations and Bragg-Snell law | expose the

theories for the propagation of light in photonic crystals. In chapter 3, | discuss the
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optical and electrical properties of conjugated polymers, as well as their applications.
Additionally, | present previous works on the photophysics of the luminescent Poly(4-
4’-diphenylene diphenylvinylene). In chapter 4, | study the chemical structures and the
technological applications of supramolecular systems. | focus the attention on
polyrotaxanes and on poly(4,4’-diphenylene vinylene) threaded through cyclodextrin

rings, PDVioLi 8 — CD. In chapter 5, | give a description of the vertical deposition

technique for the fabrication of direct opals. | also study the optical properties of bare
and luminescent opals, focusing on the effect of photonic bands on the emission of
PDViLi 8 — CD. In chapter 6, | present a new strategy for the tuning of the photonic
bands of inverse opals. The results demonstrate the strong efficiency of such strategy
for employing inverse opals as light manipulators for conjugated polymers (i.e. PDPV),
and as bio-sensors for the monitoring of bovine serum albumin (BSA). In the

conclusions, chapter 7, | comprehensively discuss all the results obtained.
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Chapter 2. Photonic crystals: ordered

structures for manipulating light

This chapter gives an overview of the structure and of the optical properties of
photonic crystals (PhCs). Their ability to control the radiative properties of luminescent
materials is discussed, and the manipulation of Maxwell's equations is presented to
understand how light propagate into the crystal array. Moreover, the Bragg-Snell law

is studied for the case of 3D PhCs.

2.1 Introduction to photonic crystals

Photonic crystals (PhCs) are structures in which materials with different
dielectric permittivity (¢) or refractive index, are periodically ordered in 1, 2, or 3
dimensions (see for example Figure 2.1). Due to the periodic modulation of €, PhCs
can completely control the radiative properties of luminescent materials and
consequently manipulate the propagation of light %2, In particular, PhCs with
periodicity on the scale of visible light or near-infrared are of particular interest due to
their technological applications such as optoelectronics, telecommunications, and

biomedicine.

1D 2D 3D

Figure 2.1. Schematic representation of one-dimensional (left), two-dimensional (centre),

and three-dimensional (right) photonic crystals.
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In order to understand how PhCs can afford control over the optical properties
of materials, it is useful to exploit the analogy between photons inside a photonic
crystal and the charge carriers inside a periodic (electronic) potential. The crystalline
structure of electronic materials presents a lattice potential due to the periodical
arrangement of atoms or molecules within the structure. The geometry of the lattice
and the nature of the atoms set the conduction properties of the crystal. More in detail,
the electrons, being quantum mechanical bodies, propagate as waves through the
structure and occupy allowed energy levels, En(k), which are characterised by two

guantum numbers, n and k, where n is an integer number defined as band index (n =

T

1, 2, 3, ...), while k can assume any value inside the range — (E) <k< + (Z) (where

a is the lattice constant) depending on the crystal lattice. For each value of n, electrons
can move in a continuum of energies between a maximum and a minimum value that
are a function of k. The energies allowed for electron propagation are called the
allowed band and the difference between the maximum and the minimum value of k is
the bandwidth. Two consecutive bands can be totally or partially overlapped, and, more
importantly, if the lattice potential is strong enough, they can be separated by a range

of energy levels not allowed for electron propagation, the band gap.

Photonic crystals are the optical analogue of electronic materials, in which
atoms or molecules are replaced by macroscopic media with different dielectric
constants, and the periodic potential is replaced by a periodic index of refraction. If the
dielectric constants are sufficiently different, and the light absorbed by the materials is
minimal, then periodic modulation of € can generate allowed and forbidden bands for
the propagation of photons. Furthermore, as we will see in the next sections the range
of allowed frequencies, wn(k), is labelled by a band index n and it is characterised by
specific values of k, as in the case of electronic materials. Figure 2.2 shows how gaps
open in both an electronic crystal (upper graphs) and a photonic material (lower

graphs). The energy dispersion relation for an electron in vacuum is parabolic with no
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gaps. When a periodic potential is present, gaps (see grey stripes in Figure 2.2) open
creating forbidden energy levels for electrons propagation. Similarly, a periodic
dielectric medium will present frequency regions where photons propagation is not
allowed. The analogy between PhCs and electronic materials is possible by
manipulating and casting the Maxwell’'s equations, which govern the photon
propagation, in a single master equation that has a mathematical structure similar to

the Schrodinger equation for electrons.
Free Electron Crystal Periodicity: a
E E E

ARZAN

K k
n/a 7/Q
Photon in vacuum Photon in Periodic Dielectric

r o 0]

%
A TR

/Q n/aQ

AN

Figure 2.2. Dispersion relations for free electrons and inside a periodic potential (top) and for
photons in vacuum and inside a periodic dielectric (bottom)?.

Since the formation of forbidden and allowed bands is essentially caused by
the refractions and reflections of light from all of the various interfaces of the PhCs, the
Bragg-Snell law can be an advantageous method to understand the effect of the ¢
periodicity to the light propagation within PhCs (an accurate description can be found
in section 2.3). However, in order to understand how the light propagates into a
photonic crystal, the resolution of the master equation becomes essential. The next
section explains how to use the Maxwell equations to obtain and solve the master

equation useful to the work of the present thesis.
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2.2 The master equation

The optical properties of photonic crystals can be described through the
resolution of the macroscopic Maxwell Equations for a mixed dielectric medium.
Assuming (i) a dielectric medium as composed of homogeneous dielectric regions as
a function of the (Cartesian) position vector r, (ii) a small field strength in order to be in
a linear regime, (iii) a macroscopic, isotropic and transparent material, so that the
permittivity € (r, w) is the product between the vacuum permittivity (o = 8.854 x 1012
Farad / m) and a scalar, real and positive dielectric function & (r, w), and that (iv) the
dielectric constant is independent of frequency, € (r) = o0& (r), the Maxwell Equations

could be written as

p

V -E(r,t) = oS

V -H(r,t) =0, (2.1)

aH(r,t) _ 6E(r,t)
T VxH(r,t) =]+ £,.(g T (2.2)

VXE(r,t) = — puou(r)

where E and H are the macroscopic electric and magnetic fields, p and J are the charge
and current density, and po = 41 x 107 Henry / m and y are the vacuum and the
magnetic permeability, respectively. The V- symbol denotes the divergence operator
and it can be defined as the ratio between the net field flux (¢), which pass through a
closed surface, and an infinitesimal and arbitrary volume, while the Vx symbol denotes
the curl operator which express the ratio between the circulation (field magnitude per
circular distance) and the area enclosed by the distance travelled by the field. In the
assumptions listed above, linear and lossless materials are considered in order to use
the simplest form of Maxwell's equations, however, no materials are perfectly linear
and transparent. In ref. 1, perturbation theory is used to analyse the effect of small
changes in the dielectric function on the modes and their frequencies, and it was found

that for many realistic problems, the error in this approximation is negligible.
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Maxwell’s equations can be rewritten in a simple form if other restrictions for
the mixed dielectric medium are considered, such as (i) it does not vary with time, (i)
it can be crossed by light but there are no sources of light inside it, (iii) it does not
contain free charges or current, p = 0 andjJ = 0, and that (iv) for most dielectric

materials of interest u(r) ~ 1,
V- -E(rt)=0 V- -H(r,t)=0 (2.3)

OH(r,t) U H(r ) = OE(r, t)
ot xH(r,t) = (e, —

VxE(rt) = — (2.4)

E(r, t) and H(r, t) are functions of both time and space but due to the linearity of
Maxwell’'s equations, the time dependence can be separated from the spatial
dependence by using Fourier analysis, and E(r) and H(r) can consequently be written

as harmonic modes
H(r,t) = H(r)e "¢, (2.5)

E(r,t) = E(r)e ¢, (2.6)

where w is the angular frequency.

Therefore, by substituting the expressions of E(r, w) and H(r, w) of equations
2.5 and 2.6 into 2.3 and 2.4, the equation governing the mode profile for a given
frequency can be found. In particular, by inserting the equations 2.5 and 2.6 into the
divergence equations 2.3 we obtain that the electromagnetic waves are transverse.

On the other hand, from the two curl equations 2.4 we can write
VxE(r) — iwpuoH(r) =0, (2.7)

VxH(r) + iwe,(r)ey E(r) = 0. (2.8)

30



By dividing equation 2.8 by &(r), and then taking the curl and then using
equation 2.7 to eliminate E(r), we can obtain a differential equation for H(r) called the

Master equation or Helmholtz’s equation:

1 N
Vx <ﬁ Vx H(r)) = (?) H(D), (2.9)

where ¢ =

1
v €okto

The master equation, together with the transversality requirement, gives us all
the information about H(r) and E(r) as modes and frequencies, and consequently, it

describes how the light propagates in a medium with a dielectric constant € (r).

For reasons of mathematical convenience, working with the magnetic field
instead of the electric field is preferred for numerical calculations, and the most
convenient methods to solve the master equation 2.9 is to consider this problem as an
eigenvalue one. Consequently, we can define the left side of the master equation as

an operator © acting on H(r), so that the master equation will be:

2

® H(r) = (%) H(r). (2.10)

The eigenvectors H(r) are the spatial patterns of the harmonic modes, and the
2
eigenvalues (%) are proportional to the squared frequencies of those modes. The

operator 0 is linear and it can be written as:

~ 1
OH() 2 Vx <ﬁ vXH(r)>. (2.11)

Since the operator is linear, any linear combination of solutions must also be a
solution. In addition, since ® is a Hermitian operator the eigenfunctions (i) have real

and nonnegative eigenvalues for € > 0, (ii) they are orthogonal, that means two
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harmonic modes with different frequencies have an inner product of zero, (iii) they can
be obtained by a variational principle, which state that a mode concentrates its electric-
field energy in regions of high dielectric constant, and (iv) they may be catalogued by
its symmetry properties. An accurate description and analysis of the Hermitian

properties can be found in ref. 1.

An important feature of the master equation is the scale invariance. In other
words, the electromagnetic field in dielectric media does not have a fundamental
length, as it is for the Bohr radius in the electronic states. Consequently, unlike systems
that show very different physical properties only for variation in their overall spatial
scale, for photonic crystals, there is no fundamental constant with the dimensions of
length. By considering two systems with a dielectric configuration that differs only for
some scale parameter s(e’(r) = g(r/s)), the harmonic modes and frequency also differ
for the scale parameter s(H'(r) = H(r’/s), ' = %). This mean that the scale invariance
permits to study structures in any convenient scale and then extend the results in every
other region of interest.

Another interesting property linked to the invariance of scale is the lack of
fundamental value for the dielectric constant. By considering two systems with a
dielectric configuration that differs by a constant factor everywhere (¢'(r) = %), the

harmonic modes H(r) are the same for the two systems, but the frequencies are all
scaled by a factor s (w = sw). Furthermore, by scaling € by s? and also rescale
coordinates by s, the w is unchanged. In other words, using the same form of the

Maxwell’s equations it is possible to study warped and distorted structure.

2.3 Symmetries and photonic band structure

In a dielectric structure, the existence of symmetry provides a convenient

method to classify the electromagnetic modes of that system. Photonic Crystals are
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characterized by both continuous and discrete translational symmetry in the direction

in which the medium is homogeneous and periodic, respectively.

Along the direction in which the medium is homogeneous, the system remains
unchanged when everything is translated by the same distance d. For each d, we can
associate a translation operator T; which acts on a generic function f(r) shifting its

argument by d.

Te(r) = e(r—d) = (r). (2.12)

Systems with a continuous translation symmetry in the z-direction (the dielectric
function is constant in the z-direction) are invariant under all of the T;’s for that
direction. The eigenfunctions of the translation operator are plane waves and the
corresponding eigenvalue is e~ | where k = k& + k¥ + k,Z is the wave vector

from which is possible to classify the modes

Taeikz — eik(z—d) — e—ikdeikz_ (213)

Extending the argument to 3D-homogeneous systems (¢ (r) = constant in all

directions), the modes will have the form

Hy (r) = H, e, (2.14)

where Hp is any constant vector. These plane waves polarized in the direction of Ho

2 k2
&

are solutions of the master equation with eigenvalues (%) and for the

transversality requirement we have that k- Hy = 0.

On the other hand, where the PhCs have a discrete translational symmetry, the
system remains unchanged only for a distance that is multiple of some fixed step

length. The dielectric unit that is repeated is known as the unit cell and its width is the
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lattice constant, a. The linked step vector is the primitive lattice vectora = a,X + a,y +

a,Z. Because of this discrete symmetry in three dimensions, we have

e(r)=e(r+R), (2.15)

where R is an integer multiple of a (R = fa where ( is an integer), and the

electromagnetic modes of a PhCs can be written as a Bloch state 11314

Hy (r) = e®Tu, (1), (2.16)

where u(r) is a periodic function on the lattice uy(r) = u,(r+ R), and again k

identifies the modes. However, all of the modes characterised by wave vectors of the

21

formk +m (7) (where mis an integer), have the same eigenvalues and consequently

they form a degenerate set of periodic frequencies where k can be selected within the

i

range — (—) <k< + (g) called the Brillouin zone.

a

Inserting the Block state 2.16 into the master equation 2.10, all the information

about the modes can be obtained.

OH, = (w(k))z H,, (2.17)

2
sy« () eru, @am

However, due to the transversality and the periodic boundary condition, it is
enough to solve the eigenvalue problem just for a single unit cell of the PhCs. The
result is a family of continuous functions, wn(k), labelled by a band index n which
indicates the discretely spaced frequencies. By studying these functions, known as
band structure of the photonic crystals, it is possible to predict the optical (transmission

and reflection) properties of such structures.
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Figure 2.3. Photonic band structure for three different multilayer film characterized by
different dielectric contrast. The plot on the left is for homogeneous mediums, the central
plot is for low dielectric contrast structures, and the bands on the right is for high dielectric

contrast multilayers 2.

In figure 2.3, wn(k) for three simplest photonic crystals (multilayer film) are
plotted. All media are characterised by a periodicity of a, but present a different
dielectric contrast. The plot “a” is for a homogeneous dielectric medium that is all the

layers have the same ¢, the plot “b” is for a structure with very low & contrast

((M) ~ 1), and the plot “c” is for a structure with a much higher dielectric contrast

Elower

(i) > 10).

Elower

Ehigher

It is clear that the presence of a dielectric contrast (( ) # 1) generates a

Elower

gap in frequencies at either the Brillouin zone’s edge or its centre. In that gap, there is
no allowed modes for the photonic crystals. This frequencies gap is called “photonic
band gap” and it enlarges considerably as the dielectric contrast increases. The bands
above (n = 2) and below (n = 1) the gap can be distinguished by where the energy of
their mode is concentrated, indeed the study of the electromagnetic variational
theorem suggests that low-frequency modes concentrate their energy in the high-¢
regions, while the high-frequency modes in the low- ¢ regions. Often, in photonic

crystals the low- € regions are made by ambient air, consequently, the band above the
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photonic band is called air band, and the band below the gap is known as dielectric

Frequency ma/2nc

band.
1
1 =
0.9 09 é
: i /\.
08 ‘__ i Photonic |Band Gap .
. (8]
o2 W <
~
0.6 g os L T i
 E—
05 (Z,' 05 é’\-\ S—
0.4 S oat 8
o
03 D o3t} 4
02 02 i
0.1 01 J
0 0
X U L r X W K X U L K

Figure 2.4. Left - The photonic band structure for the lowest-frequency electromagnetic modes
of an opal: face-centred cubic (fcc) lattice of close-packed dielectric spheres in air (inset). Note
the absence of a complete photonic band gap. Right — The photonic band structure for the lowest
bands of an inverse opal: fcc lattice of close-packed air sphere in dielectric (insert). Note the

presence of a complete photonic band gap (yellow)?!.

The appearance of the photonic band gap is also related to the light
polarization. If the photonic band gap exists for all the light polarization and in all the k
directions then it is called a “complete-photonic band gap” or just PBG. On the other
hand, we call “pseudo-photonic stop band” or just PSB the band gap opened in only
one crystallographic direction. For a higher dielectric contrast (i.e. > 10) in at least one
polarization, 1D and 2D PhCs always display a PBG, whereas for 3D structures
obtaining a complete gap is more challenging, unless they present structures like face-
centred cubic (fcc), diamond, Yablonovite or woodpile. For example, the left graph of
figure 2.4 shows the band structure for an fcc lattice of close-packed high-dielectric
spheres (¢ =13) in air. Although the dielectric contrast is very large, there is no PBG,
but only a PSB between the first and the second bands, along the I'L direction of the
Brillouin zone. On the other hand, in the right graph of figure 2.4 the PBG gap of an

fcc inverse opal structure can be observed.
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The next section explains why and how Bragg-Snell law is an easy and direct
method to estimate the photonic band gap position in the transmission and reflectance
spectra. First, the ray reflection and the ray diffraction are considered as isolated
events and Bragg’s and Snell’s equations are illustrated separately. Then, Bragg-Snell
equation is obtained by combining the diffraction and reflection phenomena and by

adapting them to the case of the photonic crystals.

2.4 Bragg-Snell Law

By considering PhCs as one-dimensional planar structures, it is possible to use
Bragg-Snell law for incident light as a simple model to describe the optical phenomena

due to the € modulation.

In 1912, Max von Laue suggested that a crystal lattice composed of atoms
might have a spacing small enough to create a diffraction pattern using x-ray. Since
the interspace distance between atomic planes (D) is on the order of the x-ray (10°
m), two incident x-rays parallel to each other will be reflected by the atoms of the crystal
lattice and they will interfere constructively when they travel the total distance that
differs by an integer number multiple of their wavelength, that is when the two waves

are fully in-phase.

Figure 2.5. Scheme of the diffraction process of two incident beams in a one-dimensional

crystal.

37



In figure 2.5, two parallel and in-phase X-rays (red arrows) hit a crystal lattice
forming an incident angle, 6;, and then they are reflected out of the surface at an angle
6: = 8. The wave on the bottom travels a greater distance compared to the wave on

top. The extra distance that it travels is equal to

AO' +0'A' = m), (2.19)

where A is the wavelength of the X-ray and m is a multiple of the wavelength A(m =1
for first-order diffraction, m = 2 for second-order diffraction and so forth). This means
that there are constructive interferences between two beams when their optical path
difference is equal to an integer number of wavelengths. Looking at the right triangles
that the rays form with the normal line (dashed line), OAO’ and OO’A’, the hypotenuse

of both triangles corresponds to the inter-planar distance D. Consequently, for the

triangle OAO’
p A0’
cosl; = —,
b (2.20)
AO'" = D cos 6;,
and for the triangle OO’A
0 0'A’
cos 8, = ,
b (2.21)
0'A" = D cos 0,

Remembering that 8, = 6;, Bragg’s law is then obtained by rewriting equation

2.19 by substituting AO’ and O’A’ with the solution of the equations 2.20 and 2.21
D cos8; + D cos 8, = mA, (2.22)

2D cos6; = mA. (2.23)
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Bragg’s law is used to calculate the distance between atoms (D) based on the
wavelength of X-ray (A) and the angle of incidence of the X-ray (6;). This equation is
valid for A < D and if the incident light undergoes specular reflection. Since PhCs
possess a periodicity similar or smaller than the wavelength of the incident light (A ~
D), the refractive indices of the media should be considered and Snell’s law has to be

applied.
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Figure 2.6. Schematic representation of ray diffraction.

When light passes from one transparent medium to a different transparent
medium, light refraction occurs. This phenomenon is a result of the fact that light travels
with different speeds in different media. Figure 2.6 shows a schematic representation
of wave refraction when an incidence ray travel from air to glass. The ray enters a
medium (glass) in which the speed of light is lower compared to the light speed on air,
then the ray bends towards the normal line. This means that the angle of the incidence

light (6)) is bigger than the angle of refraction (6,).

Snell’'s Law gives a relationship between the angle of incidence, the angle of

refraction and the index refraction of both media (n1 and ny):

n, sin; = n, sin 6. (2.24)

If n1 < nathen 6;> 6, and if ny > n>then 6; < 6.
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For structure made by i non-interacting materials as PhCs, n, can be
approximated by an effective refractive index nes calculated as the weighted average
of refractive indices with weights given by the volume fraction of the different
components (e.g. air and polystyrene for a PhC made of polymer spheres and air) 4.

Therefore, if n1= nar=1 (air), the Snell’s Law can be written as

NgirSin0; = Ngsrsinfy. (2.25)

By taking into account this refraction occurring when light crosses the interface
from air to the photonic crystal, the correct optical path can be calculated from figure
2.7. i.e., considering that AO’ = O’'A’ and BO = OB’ (figure 2.7-a), the optical path can

be written as

2(nerA0" — ng;BO) = ma. (2.26)

(b)

_.--A O __.

Y

° ° ® 0,

Figure 2.7. Scheme of the diffraction model of one-dimensional photonic crystal (a), and

geometric representation of the ray diffraction (b).

Figure 2.7-b shows a zoom of the triangles, AOB and AOOQO’ (figure 2.7-a), that
the light forms with the normal line (dashed line) and the crystal planes. The
geometrical representation of the incident and refracted rays allows one to express

AQO’ and BO as a function of sin6; and sin 6,, respectively. From the triangles AOC,
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AOB and BOC (figure 2.7-b), we can easily assume that a + f =90° and a + 6; =

90°, so that 8 = 8;. Moreover, trigonometric relationships suggest that

00’ D
cosf, = /1 — sin?6, = 0= 0" (2.27)

BO
ing, = — 2.28
sin 6; 10 ( )
A0
ing, = —. 2.29
sin 6; 10 ( )
Therefore,
A0’ D D
= = ) 2.30
cosO: /1 - sin20, (2.30)
BO = AO sin6; = (AO' sin6,) sin 6. (2.31)

From equation 2.25, Snell’s law, and considering that nar = 1

sin 6;

: 2.32
nur; (2.32)

sinf; =

Then we can combine Snell’s law with Bragg’s law by rewriting equations 2.30

and 2.31 with the help of 2.32. AO’ and BO can be expressed in terms of sin 6; and nes

as follows:
D D D
AOI = — = =
\/1 — sin“6, L sinZBi ngff — Sinzé’i
— =
Nefr nggs
(2.33)

_ D _ Dneff

/ngff — sin?6; /ngff — sin?6;
Nery
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Dn sin?6; Dsin?6;
BO = (A0'sin8,)sin6; = eff i ;
Nefs

2.34
nZp; — sin?6; (2.34)

nZ; — sin?6;
Bragg-Snell law is then obtained by rewriting equation 2.26 with the help of the
expression for AO’ and BO given in 2.33 and 2.34:

Dn; Dsin?6;
= 2y 40" ~ gy BO) =2 | 22 )z

\/ngff — sin26; \/ngff — sin?6;

(2.35)

2 o2
Ngrr — Dsin“6;

=2p | L ‘l=2p /n'g’ff — sin20;.
fngff — sin?6;

Bragg-Snell law allows one to estimate the spectral position of the photonic
band gap (A) depending on the angle of the incident light (6i), the interplanar spacing

between the media (D), the refractive indices and volume fraction of the media (ne).
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Chapter 3. Luminescent conjugated-

polymers

Organic semiconductors are a class of organic materials which includes
conjugated small molecules and conjugated polymers characterised by interesting
electrical and optical properties for photonic and optoelectronic applications, such as
organic light-emitting diodes (OLEDSs) 518, organic photovoltaic cells #1°, organic field-
effect transistors (OFETSs) 2%2! and lasers. This chapter gives a brief overview of the
electronic and optical properties of organic semiconductors, and in particular on
conjugated polymer. Furthermore, the structure and the main photophysical properties

of poly(4-4’-diphenylene diphenylvinylene), or briefly PDPV, are also presented.

3.1 Introduction to organic semiconductors

Compared with inorganic materials, carbon-based materials offer a variety of
advantages in terms of synthesis and processability. By tailoring certain structural
parameters (e.g. side chain length, interlocked architectures, degree of polarization,
etc.), as well as substituent groups, it is in fact possible to finely tune the chemical
structure of conjugated macromolecules in order to obtain desirable physical and
optical properties of the semiconductor 2. Furthermore, since conjugated small
molecules and polymers can be designed so as to be soluble in either water or organic
solvents, solution-processing techniques (i.e. drop-casting, spin-casting, layer-by-
layer deposition, roll-to-roll processing, etc.) can be used for a low-cost fabrication of
large area devices on a variety of different substrates, including flexible ones.
Consequently, the goals of organic-based devices is not that of overcoming the

inorganic technologies performance, but of cutting fabrication costs, and introducing
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new mechanical properties for the final device as flexibility and mechanical resistance.
For the discovery and development of conductive polymers the Nobel Prize in
Chemistry 2000 was awarded jointly to Alan J. Heeger, Alan G. MacDiarmid and Hideki

Shirakawa 3.

3.2 Electronic properties

Semiconducting polymers are sp?-hybridised carbon-based chains
characterised by the alternation of single (o) and double (o and 1) bonds along the

main chain (see for example the structure of polyacetylene in Fig. 3.1).

Figure 3.1. Chemical structure of trans-polyacetylene, the simplest conjugated polymer.

The molecular orbital structure resulting from the linear combination of the
orbitals of the carbon atoms determines the electrical properties of organic
semiconductors. By considering that the electronic configuration of the carbon atoms
is 1s2 2s? 2p?, in the ground state, and by applying the hybridisation theory of atomic

orbitals, we can better describe carbon bonds and understand their properties.

The hybridisation theory considers three different hybrid states, i.e. sp®, sp?,
and sp, coming from the linear combination of s and p atomic orbitals. Figure 3.2
schematically explains all these possible configurations. In the sp® hybridisation (see
for example Figure 3.2-a) the 2s orbital is mixed with three 2p orbitals generating four
new atomic orbitals having the same energy and pointing toward the vertices of a
tetrahedron, with an angle of 109,5°. Each orbital has one electron and interacts with
closed atoms by generating o (bonding) and ¢* (anti-bonding) orbitals. Since the
promotion of an electron from the o to the o* orbital requires an energy E ~ 10 eV, the

polymers obtained by sp® interaction are considered insulators (i.e. polyethylene).
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On the other hand, the mixing of the 2s orbital with two 2p orbitals, out of the
three available, leads to the sp? hybridisation (see for example Figure 3.2-b). In this
configuration, the new three sp?-atomic orbitals are arranged in a trigonal planar
geometry, with an angle of 120° between one another, and they are able to form strong,
highly directional o-bonds with neighbouring atoms. The third 2p orbital does not take
part in the hybridization and can interact with an adjacent carbon to form so-called 1
(bonding) or 1 (anti-bonding) orbitals. The choice of the Greek letter is suggestive of
the fact that these molecular orbitals derive only from p atomic orbitals, without the
contribution from s orbitals, and the “*” is usually take to indicate the excited orbital of
this type. Since the r-orbital is lower in energy that the 1*-orbital, in a simple two-sp?-
carbon system (i.e. CoH,) at the ground state the two electrons coming from the p;
orbitals will occupy the bonding orbital leaving unoccupied the 1 orbitals. The highest
occupied molecular orbital is called HOMO, while the lowest unoccupied molecular
orbital is called LUMO. The energy separation between HOMO and LUMO is a
forbidden energy gap, Eg, which correspond to the bandgap of crystalline (extended)
materials (see for example Figure 3.3-a). Finally, the sp hybridisation (see for example
Figure 3.2-c) is originated by the combination of the 2s orbital and one 2p orbital, out
of three 2p orbital available, forming a total of two sp orbitals oriented at 180° from one
other. This type of hybridisation allows formation of one o-bond and two 1r-bonds. The
delocalisation of Tr/m*-states in between neighbouring sp?-carbon atoms allows
electrons to move along the carbon backbone giving rise to electrical conductivity. The
conjugation length, or in other words the extension of the T-electron delocalization,
also affects the electrical and optical properties of conjugated polymers. As the number
of 1 (") molecular orbitals increase, the m (*) levels take the form of quasi-
continuous bands and the HOMO/LUMO gap decrease, i.e. by varying from 6.7 eV for

ethylene to 1.5 eV for stretch-oriented polyacetylene?, as illustrated in figure 3.3-b.
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Figure 3.2. (a) In the sp? hybridisation, 4 atomic orbital are combined, one s (red) and three p
(green), to give 4 hybridised molecular orbitals sp? (blue) which are arranged in a tetrahedral
geometry. (b) In the sp? hybridisation, 3 atomic orbital are combined, one s (red) and two p
(green), to give 3 hybridised molecular orbitals sp? (blue) arranged in a triangular planar
geometry. The p; orbital does not take part in the hybridisation and it stays perpendicular to the
sp? plane. (c) In the sp hybridisation, 2 atomic orbital are combined, one s (red) and one p
(green), to give 2 hybridised molecular orbitals sp (blue) arranged in a linear geometry. Both p:
and py orbitals do not take part in the hybridisation and they stay perpendicular to the sp? plane

and to each other.
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Figure 3.3. Schematic representation of energy levels and molecular orbitals of ethylene. The p:
orbitals of neighbouring carbons overlap to form new and extended orbitals with an energy
splitting, namely -bonds and m*-anti-bonds. (b) Increasing the conjugation length has the effect
of broadening the ensemble of hybrid states into a quasi-continuous ‘band’ and narrowing the

energy gap, Eg. Adapted from ref. 2.

3.2.1 Polarons

The presence of an extra charge resulting by either charge injection or a
chemical reaction tend to polarises the surrounding atoms of a conjugated polymers.
This polarization leads to structural relaxations of the molecule toward a new
equilibrium causing the appearance of inter-band state between the 1 and ™ bands
(see for example figure 3.4). The extra charge together with the polarization effect form
a quasi-particle state that is referred to as a “polaron”. Polarons can be either negative
or positive. “Bipolarons”, instead, are formed when two polarons of the same sign

interact via lattice deformation>%7,
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Figure 3.4. Schematic representation of inter-band states called polarons levels which are
formed by the distortion of the structure of organic molecules after the molecular polarization

due to a net charge (adapted from ref. 18).

In the solid state (relevant to optoelectronic applications) polymer chains are
close to each other allowing the interaction between molecular orbitals of neighbouring
molecules. Consequently, charge transport is not limited along the chain, but it can
occurs also between adjacent molecules via hopping mechanism upon thermal
activation or phonon-assisted tunnelling 2. However, intermolecular interactions are
typically much smaller than inorganic semiconductors. The distances between
conjugated molecules negatively affect the intermolecular delocalization and
consequently reduces the electrons tendency to be delocalized over the complete
active layer. This clearly indicates that the optimisation of the film morphology becomes

essential to obtain efficient charge transport 28-°,

3.2.2 Excitons and energy transfer

The formation of excited species resulting from photoexcitation also leads to
structural modifications of the conjugated chain, and to polarization of the surrounding
atoms. Considering that organic molecules have a relatively low dielectric constant (e
~ 1.8 - 6) compared to inorganic compounds, the transition of an electron from the

HOMO to the LUMO orbital generates “excitons”. Excitons are bound hole-electron
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pair, and can be classified in three different types depending on their binding energy,

i.e. Wannier-Mott, Frenkel, and charge-transfer excitons.

(a) Wannier-Mott exciton (b) Charge-transfer exciton (c) Frenkel exciton
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Figure 3.5. Schematic representation of a Wannier-Mott exciton (a), charge-transfer exciton

(b) and Frenkel exciton (c).

The Wannier-Mott excitons or long-radius excitons are characterised by a
radius (i.e. distance between electrons and holes) bigger than the lattice parameter
and by a binding energy less than 0.1 eV. They are usually found in inorganic
semiconductors where the dielectric constant is large (see for example figure 3.5-a).
Frenkel excitons or small-radius excitons are characterised by a binding energy
between 0.2 eV and 1 eV, i.e. their energy lies inside the energy gap. The spatial
extension of the excitation is restricted to a single unit cell, and excitons are, to a large
extent, localised at a specific atom or molecule. They are usually found in insulating
materials or in organic semiconductors where the dielectric constant is small (see for
example figure 3.5-c). Charge-transfer excitons represent an intermediate condition
between the Wannier-Mott and the Frenkel excitons. They can be found in organic

semiconductors as well (see for example figure 3.5-b).

Transfer of excited states between adjacent molecules occurs via energy
transfer. The molecule which donates the exciton is called donor, D*, and it is in the
electronic excited state, while the molecule which accepts the exciton is referred as an
acceptor, A, and it is in its ground state. The energy transfer mechanism can be
explained using two models which consider transport as a non-radiative process:

Forster and Dexter. The general energy transfer process can be written as
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D*+A—D+A*

where * indicate the electronic excited state.
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Figure 3.6. Schematic representation of the diffusion of an exited state between adjacent

molecules via (a) Forster and (b) Dexter mechanism.

In the Forster model, known as Forster fluorescence resonance energy transfer
(FRET), the energy transfer occurs as a consequence of a resonant dipole-dipole
interaction between the dipole transition moments of the donor and the acceptor. From
the figure 3.6-a is easy to understand that the relaxation process of the donor toward
its ground state involves a release of energy that excites the acceptor via a non-
radiative resonance energy transfer. The FRET efficiency increases together with the
overlap of the emission spectra of the donor with the absorption spectra of the acceptor
and it is inversely proportional to ré, where r is the distance between D* and A. On the
other hand, the Dexter mechanism is based on electron exchange interaction. In
particular, the electron in the LUMO of the donor is transferred to the LUMO of the
acceptor while an electron of the HOMO of the acceptor is transferred to the HOMO of

the donor (see for example Figure 3.6-b). The efficiency of the Dexter process

50



increases together with the overlap between the wave functions of the involved

orbitals, and decrease exponentially when the distance between D* and A increase.

3.3 Optical properties

As explained in the previous section, an exciton is a bound hole-electron pair
generated also from photo-stimulation of polymers. Consequently, it is defined as an
unstable state that can decay to the ground state releasing energy. In particular, the

exciton can relax either via radiative, i.e. a photon is emitted, or non-radiative transition.

To better understand all the possible transition in a molecule, the Jablonski
diagram is used. The latter describes the different energy levels of a molecule (i.e.
electronic, vibrational, rotational and translational levels), the optical transitions
between them, and consequently the optical properties of organic semiconductors. In
the Jablonski diagram of figure 3.7 the molecular electronic states are presented as a
set of lines grouped depending on their multiplicity. The singlet and triplet states are
named S: and T, respectively, while the ground state is named So. Each electronic
levels are associated with vibrational levels (thin lines labelled by 0, 1, 2, 3) having a
smaller spacing in energy (~0.1-0.2 eV) than electronics levels. The vibrational ground
states of each electronic state are marked with thicker lines. Usually, the radiative
process (i.e. light absorption, fluorescence, and phosphorescence) are indicated with
solid lines, whereas non-radiative (i.e. vibronic relaxation, internal conversion, and

inter-system crossing) processes with dashed lines.
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Figure 3.7. Jablonski diagram. Schematic representation of the molecular energy levels and of
the possible transitions between them. On the right, the speed of the radiative e non-radiative
relaxation process is illustrated.

At room temperature the thermal energy is ~ 26 meV and only the fundamental
vibrational state is populated. The process that generates the exciton is the vertical
absorption of a photon from the ground state Sy to an excited state S; or Sz (hvaps in
Fig. 3.7). These excited state tends to release the energy in excess by a radiative or
non-radiative mechanism. The non-radiative mechanism does not involve photons
emission, but the energy is released as thermal energy. In the vibronic relaxation (VR)
process, an excited state relaxes to its vibrational ground state by realising thermal
energy to the environment. Other types of non-radiative decay can involve electronic
states having the same spin multiplicity, this is the case of internal conversion, IC, or

with different spin multiplicity as the intersystem crossing, ISC. On the other hand, the
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radiative relaxation involves the emission of photons from an excited state to the
ground state. Depending on the spin multiplicity of the emission level, the radiative
relaxation can be classified in fluorescence and phosphorescence emission. If the
photons are emitted from an excited state having the same spin multiplicity that the
ground state (i.e. S; — Sp), the process is known as fluorescence. Fluorescence is a
rapid radiative process, the photon is emitted in a range of time of 10° — 107 s.
Phosphorescence, instead, release photons from T: excited state to the ground state
So. Since the transition T1 — S is spin-forbidden, the phosphorescent mechanism is

very long, up to ms or even s.

According to the Born-Oppenheimer approximation, the optical transitions
occur on a shorter time scale compared to molecular vibration. Consequently, the
probability of a transition is proportional to the overlap between the vibrational wave
functions of the initial and final states. Figure 3.8 illustrates the molecular potential
energy curve as a function of the nuclear coordinates. Since in the Frank-Condon
approximation, the nuclei are considered fixed during electronic transitions, the latter
can be considered as vertical transitions, orange arrows for absorption and green
arrows for emission. Since the equilibrium geometry of the molecule in the ground
state is different from that on the excited state, the Spo-S19 transition is characterised
by a small overlap between the initial and final wave function, while the transition with
the higher probability is the Sg-S11 as shown from the solid orange arrow. Similarly,
the emission transition with a higher probability is the Si0-So1 as indicated by the
vertical solid green arrow. The different transition probability between absorption and
fluorescence explains why the absorption and emission peaks do not spectrally overlap

(Stokes’ shift).
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Figure 3.8. The diagram shows the Franck-Condon principle. The absorption transitions are
represented by vertical orange arrows from the ground state, So, to the exited state, Si,
potential energy curve, while the emission transition by vertical green arrows from the Sz to the
So energy level. The vibrational wave functions for each state are depicted in grey. Adapted

from ref. 2.

The ratio between the number of photons emitted relative to the number of
photons absorbed represent one of the most important parameters used to determine
the photophysics of a fluorophore, and it is defined as “photoluminescence quantum

efficiency”, ¢p;.

ker

¢prL = Kt ko (3.1)
where k, is the radiative rate for the decay to So, and k., is the non-radiative decay
rate. Furthermore, to investigate the dynamics of the exited state, another parameter
needs to be considered, i.e. the “photoluminescent lifetime”, T, which gives information
about the average time a molecule stays in the exited state before decaying to the

ground state.
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T=—— (3.2)

The photoluminescent lifetime is very sensitive to the environment surrounding
and it can be used to evaluate the mechanism and the efficiency of the fluorescence

guenching.

3.3.1 Photoluminescence quenching

The photoluminescence quenching is the reduction of the photoluminescence
(PL) intensity due to alternative paths of decay. The fluorescence intensity can be
reduced by two types of quenching mechanisms, static and collisional (or dynamic)

guenching. Both of them require that the fluorophore come into contact with a quencher

31

In the static quenching the drop in fluorescence results from the formation of a
non-radiative complex between the fluorophore in its ground state and a quencher.
The type of process is defined static since it does not depend on the molecular diffusion
or on the exited state life time of the fluorophore. Furthermore, the static quenching
can be easily detected from the absorption spectrum of the fluorophore-quencher
complex, which presents a shift with respect to the fluorophore absorption curve. On
the other hand, collisional guenching take place when the fluorophore in its excited
state comes into contact with a quencher. Consequently, the decrease of the
fluorescence intensity depends on the molecule diffusion and on the fluorophore
lifetime. Additionally, the dynamic quenching mechanism varies with the nature of the

quencher %,

A form of static quenching is the quenching by aggregation. Indeed, depending
on the chain structure of the polymers, they can interact with each other by
intermolecular Van Der Waals-like forces and generate H- or J-aggregates, which

exhibit discrepancies in the absorption and emission spectra with respect to the
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isolated polymer 2. J-aggregates come from the head-to-tail arrangement of the
polymer chains. They are characterised by a red-shift of the absorption curve and by
high PL gquantum yield. On the contrary, H-aggregates consist of co-facial aggregation
of the conjugated polymer chain typically observed on polymer thin-films. They present

a blue-shift of the optical absorption and low or absent photoluminescence.

A possible way to avoid the formation of aggregates and consequently the
decrease of the PL quantum yield is the control of the intermolecular interactions like
in supramolecular structures. The general characteristics of supramolecular materials,
and a discussion on a particular classes of supramolecular structure, i.e. polyrotaxane,

it will be presented in the next chapter.
3.4 Poly(4,4’-diphenylene diphenylvinylene)

Poly(4-4’-diphenylene diphenylvinylene), or briefly PDPV, is a conjugated
polymer which has been studied as active materials for organic optoelectronics due to
the promising optical and electrical properties. It has been demonstrated that the
interesting radiative properties of PDPV, such as photostability and high
photoluminescent efficiency, derive from its own chemical structure. Indeed, PDPV
consist of a poly(para-biphenylene vinylene) chain where the hydrogen atoms on the

vinylene singularity are substituted with phenyl rings (see for example Figure 3.9) 4.

()
nYava

“J |n

Figure 3.9. Chemical structure of PDPV, poly(4-4’-diphenylene diphenylvinylene).

The replacement of the vinylene hydrogens by phenyls leads to reduced photo-

oxidative degradation and consequently promotes the photostability of the material.
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The good solubility of the PDPV in common organic solvent (i.e. chloroform or toluene),
and the high PL quantum efficiency are other interesting properties resulting from this
chemical modification along with the disorder induced by cis/trans isomerism and the
reduced m-Tm aggregation in solid-state. In support of this Winroth et al. have
demonstrated the stability of the optical and electroluminescence properties over a
period of time of at least one decade 3%, Furthermore, the conformational relaxation
in the excited state of the rings, lead to a large Stokes’ shift between absorption and

emission spectra which can be exploit for the production of white-emitting LEDs *'.
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Chapter 4. Supramolecular structures

This chapter gives a brief introduction on supramolecular systems, on their
structure, and properties. Furthermore, the structure of polyrotaxane and in particular
the main photophysical properties of the polyrotaxane named PDV.Li c B — CD

(Poly(4,4’-diphenylene vinylene) threated through B-cyclodextrins) are discussed.

4.1 Introduction to supramolecular systems

Supramolecular systems are defined as large molecules in which smaller
molecules interact by noncovalent interactions, in some cases even leading to
molecular recognition by so-called lock and key model (see for example Figure 4.1).
In particular, the building blocks of such supramolecular system can be linked by
hydrogen bonding, metal coordination, hydrophobic forces, van der Waals forces, -1
interactions and electrostatic effects *%. Those types of weak bonds generates new

entities possessing unique properties, different from the starting molecules 3°4°,

Figure 4.1. Schematic representation of molecular recognition due to hydrogen bonding N-
H---O and N-H---N 0.



The design of highly interactive molecules, and the possibility to control the

intermolecular interactions lead to a novel organic engineered materials suitable for

optoelectronics and photonics, such as light-emitting diodes 4142, and optically pumped

lasers*, but also for nanomachines able to reproduce a wide range of movements

distinctive of natural machines, i.e. linear, rotating, and tweezer like movements (see

for example Fig. 4.2).
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Figure 4.2. Representation of two supramolecular systems: (a) a molecular tweezer made

of two rings (i.e. crown ether) connected by a central unit -N=N-. If irradiated by light, the

molecule changes structure, passing from trans to cis. This allows the two rings to get

closer and therefore act as a trap for potassium ion; (b) a catenane made of two interlocked

macrocycles, A and B having two sites of bonding for the cupper ion Cu*, A1 and BL1. If the

Cuis electrochemical oxidised, the ring A will rotate by 180° so that the Cu** will interact

with A2 and B1. The reduction of the Cu* into Cu* leads to the initial structure of the

catenane. 30,
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4.2 Polyrotaxanes

In contrast to the common supramolecular bonds, rotaxanes are characterised
by components linked by stronger but still non-covalent interactions. This means that
rotaxane components cannot dissociate despite their high degree of mobility and

freedom.

As showed in figure 4.3-a, rotaxanes consist of a linear moiety mechanically
strung into molecular rings (i.e. cyclodextrin macrocycles). If the ring can be easily
disassociated from the linear molecule by external forces, then the structure is called
“pseudorotaxane”. On the other hand, it is defined “true rotaxane” a supramolecular
system in which two stoppers (represented by two balls) are connected to the terminal
sides of the linear moiety to prevent unthreading. Figure 4.3-a also shows the first and

the highest level of rotaxane structure, [2] and [5]Rotaxane, respectively 4.

@ N NN M
4 &
Pseudorotaxane [3]Rotaxane

5o SHHG
[2]Rotaxane [5]Rotaxane

(b)

M A A & A S N O G g

Main Chain-Type Polyrotaxane

R T

Side Chain-Type Polyrotaxane

Poly[2]Rotaxane Poly[3]Rotaxane

Figure 4.3. Schematic representation of rotaxane (a) and polyrotaxane (b) structures 34 3,
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The polymeric analogue of the low molar-mass rotaxane is the “polyrotaxane”,
which is characterised by a polymeric linear moiety. Depending on how the ring and
the polymer chain are connected, polyrotaxanes can be grouped into different
categories, (see for example Figure 4.3-b). In addition to the type of structure and
chemical composition, the properties of polyrotaxanes are determined by the size of
the macrocycle, the freedom of the components and by the “threading ratio” (TR) which
is defined as the average number of rings per repeated unit. Additionally, such
systems, can reproduce linear or rotating movements if carefully designed and

adequately stimulated (see for example Figure 4.4) %,

(b)

90—0 00

N

)—00 | -0

Figure 4.4. Schematic representation of linear (a) and rotating (b) movement of polyrotaxane 3°,

4.3 Poly(4,4’-diphenylene vinylene) c B - CD)

Polyrotaxanes have a chemical structure suitable for studying fundamental
physical properties of conjugated semiconductors. Indeed, the macrocycle units can
act as no-conjugated “spacer” between the conjugated chains consequently

suppressing the intermolecular interaction. Therefore, they prevent intermolecular
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guenching of the spontaneous emission and, by increasing the threading ratio, they do

not suppress the charge transport in solid films “¢.
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Figure 4.5. chemical structure of the PDV Li c B — CD (a); Time-integrated emission spectra of
PDV Li solution at 5x102 mgml! (open circle) 1x10* mgml? (open triangles) and of all the
solutions of the unthreaded polymer (b); time-dependent decays of solutions of PDV.Li c B —
CD (top panel), and of unthreaded polymers (bottom panel). Insert: evolution of the

photoluminescence quantum efficiency ¢ (%) as a function of concentration 47.

Poly(4,4’-diphenylene vinylene) threated through [-cyclodextrins, or briefly
PDV.Li c B — CD (see Figure 4.5-a for the chemical structure), faithfully represents the
polyrotaxane characteristics. M. Petrozza et al. have compared the optical properties
of unthreaded and threated poly(4,4’ — diphenylene vinylene), PDV.Li, in solution.
Figure 4.5-b-c shows that the unthreaded PDV.Li is characterized by a long-lived non
exponential decay strongly dependent on concentration and by a red-shifted emission
typical of interchain species. On the contrary, the emission spectra of threaded PDV Li
c B — CD (TR = 2) is independent of the solution concentration. That means, the

cyclodextrin rings controls the formation of interchain radiative states in solution #’.
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Figure 4.6. Time-integrated emission spectra of PDV Li solution (5x10-2 mgml1) depending on

TR. Insert: average emission energy extracted from the spectra 48,

S. Brovelli et al. have demonstrated that the control of the threading degree of
polyrotaxanes influences the formation of interchain aggregates and consequently the
related physical properties. Figure 4.6 shows the time-integrated photoluminescence
of PDV.Li solutions depending on the TR. By increasing TR from 0 to 2.3 the red tail
of the emission curve, which is characteristic of intrachain aggregates, is reduced; in
the meantime, the blue region of the spectra, resulting from the intrachain exciton,
becomes predominant. In support of those results, the time-resolved PL
measurements show that the long-lived component, which is dominant for the

unthreaded polymer, drops by increasing the TR 48,
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Additionally, the results showed by F. Cacialli et al. (see ref. 49), highlight the
polyrotaxane ability to reduce intermolecular interactions and photoluminescence
guenching, while still allowing charge-transport, in the solid state. According to such
previous works, the photoluminescence spectra of thin solid film of PDV Li c  — CD
blue-shifted with respect to those of the analogous non-rotaxinated PDV Li (see for
example Figure 4.7), and the value of the photoluminescence efficiency increasing for
the rotaxinated polymer #°. To verify the presence of charge transport in this class of
supramolecular materials, Cacialli et al. have fabricated standard polymer LEDs also
using PDV Li c a — CD. The results obtained by testing the devices show that the LED

functions are achieved “°.
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Figure 4.7. Absorption and photoluminescence spectra of thin film of the polyrotaxane (solid
lines) and of the non-threaded chain (dashed lines), spun-coated on spectrosil substrate.
Adapted from ref. 49

Last but not least, the presence of sulfonated sidegroups (-SO*) balanced by
Li* ions in the PDV Li c¢ B — CD, allows the polyrotaxane to be solubilised in polar
solvents, such as H2O. Since in this work | use water-based colloidal solution, the

rotaxane solubility in water is essential for the success of my experiments.
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Chapter 5. Manipulation of
polyrotaxane emission by opal high-

energy bands

Opals are close-packed arrays of spherical particles capable to control the
spontaneous emission of chromophores embedded between the spheres. This chapter
gives an overview of the photonic effect of direct opals on the emission of a
supramolecular conjugated polymer, i.e. PDVioLi € B — CD. Firstly, the fabrication
method for preparing bare and luminescent opals is explained. Secondly, the tuning of
their photonic bands obtained in experiments of normal reflection, angle-dependent
transmission and photoluminescence, is discussed across an enlarged energy range.
The last section of this chapter focuses on the optical influence of the high-energy

bands of the direct opals on the luminescence of PDViolLi c f — CD.

5.1 Introduction to opals

Opals are probably the most popular 3D photonic crystals. This is mainly due
to the effectiveness of the vertical deposition method, based on the natural tendency
of the dielectric microsphere to self-assemble into face-centred-cubic arrays 7051,
Besides, opals also represent a versatile system for the investigation of the photonic
effects, an example being the fine-tuning of optical properties °2 including the
modification of the emission spectra > and radiative rates *. In addition, the study of
the photonic effect on the photoluminescence is simplified by the easy incorporation of
active materials such as metal nanoparticles °°, semiconductor nanocrystals °¢ or

conjugated polymers 7 by infiltration, co-growth or evaporation.
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All synthetic opals were prepared by using polystyrene microparticles, PS —
NPs, (e = 2.4-2.7) >, which constitute the filled volume fraction in the fcc structure,
whereas air (¢ = 1) is the component of the fcc voids. More precisely, opals are
characterized by a rotated fcc lattice where the exposed direction is the (111), i.e. the
'L direction in the corresponding Brillion zone. Thus, the 'L direction is the direction
usually investigated in reflection and transmission experiments, as discussed in figure

5.1.

Figure 5.1. Schematic representation of an fcc lattice (left), the two planes (111) within the

fce cell (centre), and the Brillion zone (right) associated to the fcc structure.
Considering that the distance between the (111) plane reads

L 2
Di11 = E =d 5, (5-1)

where d is the sphere diameter used to prepare opals, we can express the Bragg-Snell

law (see equation 2.35, page 42) as a function of the sphere diameters:
A=2d |2 2, — sin2 (5.2)
mA = 3 Ngrp — Sin“0. .

We conclude that the PSB position depends on both the incidence angle and d. Due
to the small difference between ¢ of the two photonic components, i.e. polystyrene and
air, the polystyrene direct opals are classified as low-dielectric contrast media. They
cannot display a complete-photonic band gap and rather feature only a pseudo-

photonic stop band along the crystallographic direction (111).
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5.1.1 High-energy bands

Although synthetic opals have been extensively investigated, the majority of
experimental studies concerns the behaviour of the main PSB resulting from the Bragg
diffraction by the (111) planes. Consequently, the investigated energy region is
between a/A ~ 0.4 and a/\ ~ 0.8 535759 (see for example the graph at the bottom of
Figure 5.2). However, the optical situation at higher energy (a/A > 1) could be of
considerable interest. Besides the expected second and third order Bragg diffraction
associated with the (111) planes, opals present additional bands with small splitting,
which result from light diffraction by planes different from the (111), and which are
associated to so-called Van Hove singularities %93, In three dimensions, Van Hove
singularities correspond to a divergence of the slope of the density of states in
correspondence to a critical point of the Brillouin zone. The appearance of those bands
at high frequencies does not allow a straightforward understanding of the photonic
band structure, and the Bragg-Snell law is no longer sufficient to describe the optical
properties of opals 4.

Figure 5.2 shows the experimental reflection and transmission spectra (bottom
and middle graph, respectively) at normal incidence for a polystyrene-based opal, and
its band structures (top graph) calculated by C. Lépez and co-workers 62, The solid
bold curves of the top graph correspond to the 'L bands arising from the dispersion of
the wave-vectors (k) parallel to the 'L direction, whereas the thin lines represent the
bands due to diffractions coming from planes different from the (111). In the energy
range where the band structure displays a linear trend with a constant slope (see the
top graph at a/A < 1) the opals result transparent in both transmission and reflection
spectra, while in correspondence to the stop band (a/A ~ 0.6) the reflection spectrum
shows a peak accompanied by a dip in transmission. On the other hand, in the high-
energy region (a/A > 1) the number of energy bands increases and the complexity of

the latter reflects the features in the transmission and reflectance spectra.
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Furthermore, as D. Comoretto and co-workers explained !, the PSB and the high
energy bands display an opposite trend as a function of the incidence angle of light
(6). Indeed, by increasing 8, the PSB shifts to higher energies whereas the Van Hove
singularities move to lower energies.
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Figure 5.2. Band structure calculated along the I'L direction in reciprocal space for an artificial
opal consisting of polystyrene spheres (top). 'L bands are highlighted with thick lines.
Transmission (middle) and reflection (bottom) spectra at normal incidence for an artificial opal
(ref. 62).

5.1.2 Density of states

The optical properties of atoms and molecules strongly depend on the density
of states (DOS) >*%°, which is defined as the number of possible modes per unit

frequency, w, and it is expressed as 13

w?V

m2c3

where V is the volume of the region considered when there is no material in it (e.g. an
empty or “free space” cavity) and c is the vacuum speed of light. When the free-space

is replaced by a uniform material, c is replaced by v = ¢/,,, with n being the refractive
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index of the medium. Femi’s golden rule states that the transition probability (R) from

an initial state i to a final state f depends on the density of the final state p.

2
Riop(@) = == [fIH'1Dp(w) 5.6

The matrix element (f|H'|i) represents the perturbation between the final and
the initial state.

Previous studies report that the spontaneous emission of a PhCs-embedded
material is redistributed over the whole spectrum. More specifically, in correspondence
of the PSB, depending on whether the DOS decreases or entirely vanishes the PL is
partially or completely suppressed. In contrast, at the edge of the PSB, the DOS
increases allowing an enhancement of the spontaneous emission®,

As discussed in the previous section, opals show a variation of DOS also at
high frequencies (1 < a/A < 1.8). Therefore, a modification of the infiltrated opals
emission is expected not only where the PSB appears, but even where the overlap
between PL spectra and high-energy bands occurs. Consequently, photonic crystals
can be used as a convenient tool to design and modify D(w) and change the optical
properties of luminescent materials.

Experiments have focused so far on studying the modification of emission
intensity, directionality, and polarization which is induced by the existence of high-order
photonic bands. These, however, concern mostly inverse opal structures where the
higher dielectric contrast facilitates the observation of such effects. This thesis
complements such studies by promoting direct opals at the forefront of research on
light manipulation, and it sheds light on the relationship between the modification of
the spontaneous emission and high-energy bands, as well as the diameter of the

polystyrene microparticles.
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5.2 Experimental methods

5.2.1 Bare opals preparation

Synthetic bare opals were prepared by using the vertical deposition technigue
9, The dielectric microparticles self-assemble in a stable and well-defined structure by
exploiting the capillary action induced on the water surface. More in detail, a glass
substrate was slowly extracted from an aqueous suspension of polystyrene
monodispersed microspheres so that an fcc photonic array is gradually built at the
interface between the water meniscus and the substrate (see for example figure 5.3-

a).
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Figure 5.3. (a) Schematic representation of the vertical method. The PS-NPs self-assemble in
a face-cantered-cubic array at the interface between the water meniscus and the glass
substrate. (b) Experimental set-up for opal fabrication (photo by Dr. Valentina Robbiano). (c)
AFM image of opals based on PS-NPs with a diameter of 260 nm.

In order to guarantee a high order degree of the photonic array and a good
compromise between transmission and reflection measurements, an opal thickness
between 3 um and 4 uym is required. Hence, a commercial colloidal suspension (Duke
Scientific polystyrene microparticles, 10% in volume having diameter of 220, 260, 300
and 340 nm, standard deviation 5%, refractive index 1.59) diluted to 0.2% in volume
(100 pL of microparticles 10% in volume were added on 4900 uL of distilled water) was

used.
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The substrates adopted for growing opals are nothing more that commercial
soda-lime glass microscope slides (original dimension 25x75x1 mm; final dimension
obtained by cutting the slides using a diamante tip ~ 10x30x1 mm). Once cleaned in a
bath of basic piranha (3:1:1 mixture of ammonia, water and hydrogen peroxide) °, the
slides were immersed perpendicularly into the colloidal suspension and were extracted
at constant speed of 6.5 x 10° mm/s at 45°C + 1°C by using a home-made dip coater
with a motorized translation stage (by Thorlabs) (see for example figure 5.3-b). The
obtained synthetic opals have an area of 1.5 x 1,0 cm. The opals growth took place
into a BF53 Binder incubator located on an optical table to minimise vibrations

deleterious for the opal periodicity.
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5.2.2 Fluorescent opals preparation

The fabrication of the fluorescent opals consists in the co-growth of the

polystyrene microparticles with the emitted material onto glass substrates, exploiting

the advantages of the vertical method. More precisely, a glass substrate was slowly

extracted (extraction speed of 6.5 x 10° mm/s at 45°C + 1°C) from an aqueous

suspension of polystyrene monodispersed microspheres (Duke Scientific 10% in

volume diluted at 0.2% in volume; sphere diameters 200, 260, 300 and 340 nm,

standard deviation 5%, refractive index 1.59), also containing 16 x 102 mg/ml of a

water-soluble polyrotaxane as dye, i.e. poly(4,4’-diphenylene vinylene) threaded

through cyclodextrin rings (PDViolLi B — CD). Figure 5.4 shows the chemical structure

and the optical properties of a spin-coated film of PDV1oLi B — CD. This polyrotaxane

were synthesised by Dr. Shane O. McDonnel and Prof. Harry L. Anderson (Chemistry

Research Laboratory, Department of Chemistry, University of Oxford).
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Figure 5.4. Molecular structure of the polyrotaxane PDV.Li B — CD, average of repeat unit n

=10, and threading ratio = 2 (top). Absorption (black line), and emission (red line) spectra of

a spin-coated film of PDViolLi § — CD (bottom).
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The obtained synthetic opals are characterised by an fcc array of polystyrene
spheres in which the voids are partially filled by PDV1oLi 3 — CD (see for example figure
5.5). Since the reflectance spectra of rotaxinated opals match the reflectance spectra
of bare opals (see for example figure 5.13), | suppose that the PDVioLi f — CD does
not expand the photonic structure during the co-growth, it fits the fcc voids, instead. As
for the bare opals, the substrates used to fabricate fluorescent PhCs are commercial

soda-lime glass microscope slides previously cleaned by a basic piranha solution.

(a) . (b)
PDV,,Li B-CD
221 nm
@® PS-NPs 200
180
160
140
120
100
80
60
40

Figure 5.5. Schematic representation of the polystyrene sphere/polyrotaxane co-growth. The
PS-NPs self-assemble at the interface between the meniscus of the aqueous solution and the
glass substrate, while the PDV1oLi f — CD macromolecules fill the fcc voids (a). AFM image of

luminescent opals based on PS-NPs with a diameter of 200 nm (b).

In order to study the photonic effect on the spontaneous emission of the
polyrotaxane embedded into opal, a reference sample was used. The latter is the very
same opal under investigation but thermally annealed at 75°C for 5 minutes. Such
thermal annealing is enough to melt the polystyrene spheres destroying the photonic
properties of the structure but preserving the PL properties of the emitter, due to the
higher thermal stability of this class of supramolecular system. To demonstrate the
melting effect on the photonic optical properties, | collect the emission spectra of the
melted rotaxinated opal changing the angle of incident light. The emission curves are

the same for all the detected angle (dashed line in figure 5.15).
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5.2.3 Behind the scene of opal fabrication

Although direct opals are deeply studied and the vertical deposition method is

well known, | would like to point out some issues | came across during my experiments.

1. The vertical deposition technique is a slow fabrication method (opal fabrication
take up to 5 days), and it is highly sensitive to environmental conditions, such
as humidity, temperature, and external vibrations. | did not have a humidity
sensor, but | used to perform experiments under controlled external (room
19°C) and internal (incubator 45°C) temperature. Furthermore, the opals
growth took place on an optical table to minimise vibrations deleterious for the
opal periodicity.

2. The nanoparticle concentration of the colloidal suspension needs to be
carefully calculated in relation to the substrate dimensions. For high
concentrations, the long-range order of the final structure is not guaranteed,
the thickness of the sample increase making transmittance experiments
impossible to perform. Furthermore, opals result incredibly fragile. On the other
hand, if the nanoparticle concentration is low the nanoparticles do not arrange
as an fcc array, and the thickness of the structure will be not enough for
reflectance measurements.

3. The polyrotaxane was successfully incorporated after a careful investigation of
the infiltration methods, and calculation of the concentration of the polyrotaxane
solution. Before choosing the co-growth technique, | attempt different methods
for incorporating the PDV1oLi B — CD into the direct opals, examples are drop-
casting, dip coating, and femtojet. As it is clear from figure 5.6, all these

methods destroyed the sample. On the contrary, as discussed in this chapter,
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the co-growth method allows the incorporation of the polyrotaxane into the

direct opal, without deforming the fcc structure.

(a)

Before

Drop-casting

(b)

Before

Dip coating

(c)

Before

Femtojet

Figure 5.6. Microscope images (magnification 10 x) of bare and loaded opal by dip

coating (a), drop casting (b) and femtojet methods (c)

For high concentrations of polyrotaxane, the excess will deposit on top of the

sample avoiding the detection of the photonic effect on the spontaneous

emission. The polyrotaxane emission coming from the top layer will cover the

emission of the polyrotaxane infiltrated in the opal voids. However, If the

concentration is low the emission intensity will be not strong enough to be

detected.

In conclusion, it is important to consider different aspects of the experimental

parameters to obtain high quality opals for light manipulation.
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5.2.4 Optical measurements

Bare and fluorescent opals were investigated by normal reflection and angle-
resolved transmittance measurements. In addition, the photoluminescence spectra

were collected for the optical study of fluorescent opals.

D = Detector @ |_
L = White lamp . . {@
S = Sample E @ @
F4 = Fiber to detector D
F, = Fiber to white lamp
Lens Lens
] g
F, |<E F,
Pinhole

Figure 5.7. (a) Schematic representation of the bifurcated fibre used for normal reflection, and
(b) the set-up used for angle-dependent transmission. The grey circle represent a large-area

rotating breadboards (goniometers).

Figure 5.7 shows a schematic representation of the home-made optical set-up
used to perform reflection and transmission measurements. For the reflection
measurements (see for example figure 5.7-a), | used an Ocean Optics bifurcated fibre
together with the HL-2000 tungsten halogen lamp, as light source (L). The sample (S)
were fixed horizontally on a black sample holder. On the contrary, for the transmission
measurements (see for example figure 5.7-b), the sample (S) were free to rotate. The
opals were mounted on a rotating stage (big grey circle) allowing the transmission
collection at different incidence angles (0), in the range 0°-70°. The large-area rotating
breadboards is a goniometer (by Thorlabs) having a diameter of 18 inch and a scale
from 0° to 360° with steps of 1°. The detector and the lamp (Ocean Optics HL-2000
tungsten halogen source) were fixed on an optical table and connected towards the

sample by two optical fibres, Fq and F,, respectively. Normal reflection and angle-
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dependent transmission setups are based on an Avantes 2048 compact fibre optic

spectrometer working in the range 250-1100 nm with a resolution of ~1.5 nm (D).

F4 = fiber to detector
L = fiber to laser A, = 375 nm
S = sample

Detector .
N

o,
Yoo,

Figure 5.8. Schematic representation (left) and photo (right) of the set-up used for angle
dependent PL. The grey circle represent the goniometers, the sample (S) and the laser (L) are

placed on the optical table, while the detector (Fd) is placed on the goniometers, so it can rotate..

PL measurements were realized in the dark and in backscattering geometry
recording emitted light coming out from the opal side (not from the slide side). The
excitation light used for the PL experiment was the pulsed laser diode (Aex = 375 nm,
pulse width ~ 60 ps). For angle resolved PL measurements (see for example figure 5.8
for the schematic representation and the picture of the home-made set-up), the laser
(L) and the sample (S) were kept fixed on the optic table, whereas the collection fiber
(Fg) connected to the Andor Shamrock 163i spectrometer (coupled with an Andor

Newton CCD camera cooled at -50 °C) was rotated between 0° and 80°.

5.3 Results and discussion

5.3.1 Optical properties of bare opals

In order to verify the efficacy of the vertical method, | studied the direct opals
by normal reflectance and angle resolved transmittance measurements. Figure 5.9-a
shows the normal reflectance spectra related to polystyrene opals made with different

spheres diameters (i.e. d = 220, 260, 300 and 340 nm). In agreement with the
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theoretical works discussed in the section 5.1 52, the spectra display an intense peak
corresponding to the PSB, and a group of bands at shorter-wavelengths due to
diffractions from planes different from the (111) and which strongly depend on the
internal fcc order ®1. For example, opals made by sphere of 340 nm (blue curve) have
the PSB centred at 765 nm and the high-energy bands between 390 nm and 440 nm.
The 300 nm-opals (green curve), are characterised by a PSB at 680 nm and by the
high-energy bands centred between 350 nm and 385 nm. The 260 nm- (red curve) and
the 220 nm-opals (black curve) present the PSB at 575 nm and 507 nm, respectively,
while the high-energy bands are between 278 and 340 nm. Furthermore, as expected
from the Bragg-Snell law (see equation 5.2, page 65), the PSB position depends also
on the sphere diameter, d, used to prepare opals. Precisely, the maximum of the
wavelength of the PSB red-shifts by increasing the diameter d. This trend is clearly
visible in table 5.1 and in figure 5.9-b. Figure 5.9-b displays a linear and ascending
trend of the experimental PSB peak (from A = 507 nm to A = 765 nm) (black dots) by
increasing the sphere diameters (from d = 220 nm to d = 340 nm) and according to the
calculated PSB peaks in table 5.1. In addition, the peaks of the high-energy bands
present the same behaviour compared to the PSB peaks. By increasing the sphere
diameters from 220 nm to 340 nm, the appearance of the high-energy bands is red-
shifted by 150 nm (red dots in figure 5.9-b). In table 5.1, the PSB position calculated
by using the Bragg-Snell law for each sphere “nominal” diameter was compared with
the experimental reflectance peaks showed in figure 5.9-b.

Since the PSB corresponds to the first Bragg peak (m = 1) observed along the

L direction (8 = 0, sin?8 = 0), the Bragg-Snell law can be written as

2

where nett for polystyrene opals is ~1.46. This is estimated by means of the following

expression
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nZer = 0.74nps +0.26 ngy, 5.4
where nps and na;r are, respectively, the refractive indexes of polystyrene particles (nps
= 1.59) and air voids (na:= 1), whereas 0.74 and 0.26 are their associated theoretical
volume filling fractions. The refractive index value of the polystyrene nanoparticles was

given by the nanoparticle supplier, Duke Scientific.
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Figure 5.9. Normal reflectance spectra of polystyrene opals made with different sphere
diameters (d = 220, 260, 300 and 340 nm) (a); plot of the PSB and high-energy bands peaks as

a function of the sphere diameters (b).

Sphere diameter (nm) Calculated PSB peak (nm) Experim::at:I(I:emf;ectance
220 + 11 524 £ 25 507 £1.5
260+ 13 620 + 30 575+1.5
300+ 15 715 £ 35 680+1.5
340 £ 17 810 £ 40 765+ 1.5

Table 5.1. Comparison between the calculated PSB peak using the Bragg-Snell law, and the
experimental PSB position in the normal reflectance spectra. The values of the sphere diameter

and their value are given by the nanopatrticle supplier, Duke Scientific.

Considering the 5% standard deviation of the nominal sphere diameters (data
given by the nanopatrticle supplier, Duke Scientific), can be concluded that there is a
good agreement between the theoretical and the experimental PSB peaks. Such
agreement shows how vertical method techniques deliver top-quality polystyrene

arrays for optical performances of direct opals.
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Figure 5.10. Legend of the opal region analysed by reflectance measurement (a), normal-
reflectance spectra of opals base on polystyrene nanoparticles with diameters of 220 nm (b),
260 (c), 300 nm (d) and 340 nm (e).

Further indication of the excellent quality of the microstructure array is given
by the agreement between the normal reflectance spectra collected in different spots
of the same sample. To this aim it is worth discussing figure 5.10. Its panel “a” is a
schematic representation of the sample of interest: marked in blue, and by letters “a”

“w

to “i” to indicate the zone where the reflectance spectra are collected, is the glass slide
covered by the photonic array; in white colour is the glass substrate. The remaining “b”
— “e” panels show the reflectance spectra collected along the 'L direction for the 220
nm-, 260 nm-, 300 nm- and 430 nm-opals, respectively. The spectral position of the
PSB is unchanged for all samples, and it has its maximum for each respective sample

at the following values: 507 nm for the 220 nm-opal, 575 nm for the 260 nm-opal, 680

nm for the 300 nm-opal and 765 nm for the 340 nm-opal. Moreover, the ordered
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arrangement of spheres in photonic crystals is underlined by the consistency of the

spectral position and shape of the high-energy bands, all over the sample.
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Figure 5.11. Angle-dependent transmission spectra of 260 nm (left), 300 nm (centre), and 340
nm (right) opals. The black arrows show the PSB trend by changing the angles of the incidence

light, while the red arrows are representative of the high-energy band tendency.

In order to investigate the dispersion of the photonic bands, | collected the
transmittance spectra at different angles of the incidence light, from 0° to 80° with a
step of 10°. The angle-dependent transmittance is reported in figure 5.11 for the 260
nm- (left panel), the 300 nm- (central panel) and for the 340 nm-opals (right panel).
Coloured arrows are used to facilitate the identification of both the PSB and the high-
energy bands, otherwise ambiguous. The PSB produced by the (111) planes (black
arrows) presents a blue-shift of 50 nm, 80 nm, and 100 nm, for the 260nm-, 300nm-,
and 340nm-opal, respectively, at low angles 0°< 6 < 50°. Conversely, the high-energy
bands (red arrows) shift to higher wavelength until the PSB is reached at 50°. At this
angle, the PSB and the high-energy bands display an anticrossing so that at higher
angles (60°< B < 80°), the transmittance bands display the opposite behaviour. The
PSBs evolve towards higher wavelength whereas the high-energy bands shift to lower

values of A 3. The angle-dependent transmission spectra in fig 5.11 are in agreement
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with the photonic band study of D. Comoretto in ref 61. The observation of several

photonic bands having a well-defined trend is a proof of the high quality of my crystals.

The results discussed prove that the vertical method used for opals preparation
brings to high ordered photonic structures without implementing expensive fabrication
techniques. Therefore, | made full use and | derived all benefit of the vertical method
in order to incorporate a polyrotaxane dye within opals and to study its emission in

correspondence of the PSB and of the high-energy bands.

5.3.2 The effect of the PSB on polyrotaxane

emission

F——PDV.Li B - CD Emission .
Mormal Reflectance d =200 nm
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Figure 5.12. Emission spectra of a PDVioLi B — CD spin-coated film (black curve) with,
superimposed, the normal reflectance spectra (red curve) of a bare opal with nanoparticles of

200 nm of diameters.

As discussed before, the existence of the spectral overlap between the PSB
and the polyrotaxane emission is crucial to observe the PL modification caused by
photonic effects. Figure 5.12 shows in red the curve for the normal reflectance of a
bare 200 nm-opals and in black the emission curve of the polyrotaxane. The spectral
overlap occurs between the high-energy side of the polyrotaxane emission and the

200 nm-opal PSB. This means that the suppression/enhancement of the
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photoluminescence of PDVioLi B — CD is expected in the range between 420 nm and
490 nm. In order to ensure this spectral overlap, | prepared fluorescence opals of

polystyrene spheres with a diameter of 200 nm (see section 5.2.2 for the preparation

method).
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Figure 5.13. (a) Normal reflectance of bare (red curve) and rotaxinated opal (black curve).
(b) Normal reflectance collected in different spot of the rotaxinated opal surface.

To verify the quality of the co-growth opals, the reflectance spectra of the
fluorescent opal is compared to the one of the bare opals. Figure 5.13-a shows a good
agreement between the two spectra in terms of peak energy (Amax = 455 nm) and
intensity of reflectance (R ~ 60%). Furthermore, the reflectance percentages collected
in different regions of the sample slightly change so that its variation can be negligible
(see for example figure 5.13-b). These results prove the preservation of the fcc
structure of the opals even after rotaxane incorporation.

Looking at the figure 5.14-a and —b, | would like to note that the PDVicLi B —
CD emission is strongly maodified by the photonic band structure. First of all, by
comparing the emission of the fluorescent opal to the emission of the rotaxane neat-
film (figure 5.14-a), a 30 nm blue-shift is observed (from ~ 450 nm to ~ 440 nm).
Moreover, an increase of the PL quantum yield is also measured, from ¢p =18 £ 2%
for the neat-film rotaxane to ¢p =35 *+ 3% for the rotaxinated opal. Such blue-shift and
¢pL are probably due to the electrostatic interactions of the Li* cations of the PDV1oLi

— CD with the negatively charged surface of the polystyrene microspheres. In addition,
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due to the preparation method, that induces strong capillary forces ¢, and to the
internal geometry of the crystal, the polymers may undergo structural constraints. This
leads to a modification of the PL dynamics of the polyrotaxane compared to that
observed in a neat-polymer film 48, More importantly, the PL of the rotaxinated opal
presents a partial suppression exactly in correspondence of the maximum in
reflectance at 0° incidence (from ~ 443 nm to ~ 465 nm) of the opal (figure 5.14-b).
This evidence confirms what predicted in section 5.1.2: in correspondence of the
photonic stop band, which is defined by a depression in the DOS, the PL can be

partially or completely suppressed.
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Figure 5.14. Emission spectra of the spin-coated pure polyrotaxane (black curve) and of the
rotaxinated melted opal, i.e. reference (blue curve) collected at 0° (normal incidence) (a);
spectral overlap between the emission and the normal reflectance curves for co-growth opal

made with spheres having diameter 200 nm, black and red curves, respectively (b).

In order to appreciate the effect of the PhCs on the spontaneous emission of
the rotaxane, the angle-resolved PL spectra for the infiltrated opal (red curves) are
reported in figure 5.15-a together with the PL curves of the reference sample (black
dashed). In order to compare the emission curves, both the PL measurements were
executed in the same area of the sample and the PL spectra were normalized. The
emission of the rotaxinated opal is partially suppressed in correspondence of the stop-
band, for all the incidence angles (from 0° to 40° with a step of 5°). Moreover, there is
an enhancement of the PL intensity at the high-energy edge of the stop-band. Both

enhancement and suppression have the same dispersion as the stop-band, thus

84



suggesting that both effects are connected to a directional redistribution of the photonic
density of states %8, The enhancement/suppression effects are better appreciated in
the ratio between the two PL spectra in figure 5.15-b. In correspondence of the PSB,
between A ~ 443 nm and A ~ 465 nm, the ratio is < 1, whereas it is > 1 at the short-

wavelength edge of the PSB (below 450 nm).
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Figure 5.15. Left: PL spectra of the rotaxinated opal before (solid line) and after (dashed line)
the thermal treatment, at different angles of light collection; Right: Ratio between the angle-

dependent emission of the co-growth opal (PhC) and the reference opal (Ref).

The results in this section are in agreement with the ones obtained by former
members of the group of Franco Cacialli *°. The strong match of the experimental
evidence between the work of F. Di Stasio and the present one validate the vertical

methods as a reliable technique also for the preparation of fluorescent opals.
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5.3.3 The effect of the high-energy bands on

polyrotaxane emission

This section is focused on the effect of the direct opals high-energy bands on
the emission of PDVioLi B — CD. The samples studied are co-grown rotaxinated opals
made with spheres having a diameter of 260 nm, 300 nm, and 340 nm (the preparation

method is explained in section 5.2.2).
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Figure 5.16. Legend of the analysed rotaxinated opal regions (a-i) by reflectance measurement
(a), normal-reflectance spectra of opals base on polystyrene nanoparticles with diameters of
260 nm (b), 300 nm (c), and 340 nm (d).

In order to analyse the quality of the photonic structure, the obtained
rotaxinated opals were characterized by normal reflectance measurements in different
regions of the sample (see for example Fig. 5.16). Figure 5.16-a displays a schematic

representation of the sample (the grey part is the glass slide covered by the co-growth
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luminescent PhCs, while the white part is the glass slide alone) marked by letters from
“a” to “i” to indicate the regions where the reflectance spectra were collected. Figure
5.16 from “a” to “d” shows the reflectance spectra collected along the 'L direction for
the 260 nm-, 300 nm-, and 430 nm-opals, respectively. In all the opals the PSB and
the high-energy bands are consistent in terms of wavelength value, across the whole
sample. In particular, the spectral position of the high-energy bands cover the range
from 283 nm to 389 nm for the 260 nm-opal, from 351 nm to 386 nm for the 300 nm-

opal and from 397 nm to 435 nm for the 340 nm-opal. Furthermore, the small variation

of the reflectance intensity is negligible for the scope of this thesis.
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Figure 5.17. Reflectance spectra collected at normal incidence to respect the (111) plane (top
graph) of rotaxinated opals made with spheres having a diameter of 260 nm (red line), 300 nm
(black line), and 340 nm (blue line). Normal reflectance peaks as a function of the sphere
diameters (bottom graph). The spectra are reduced to the dimensionless unit a/A(where a is

the lattice parameter proportional to the spheres diameters, and A is the wavelength of light).
To demonstrate the photonic nature of the curves in figure 5.16, in addition to
the reflectance spectra collected along the 'L direction of the first Brillouin zone, |

investigated the spectral position of the photonic bands as a function of the sphere
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diameters. The results are displayed in figure 5.17. Normal reflectance spectra are
typical of fcc uninfiltrated opals, demonstrating a good preservation of the photonic
properties of the opal, even after polyrotaxane incorporation. Since the spectra are
reduced to the dimensionless quantity a/A, where a is the lattice parameter proportional
to the spheres diameters and A is the wavelength of light, can be conclude that the
observed peaks are caused by intrinsic properties of the photonic crystals and the band
at a/A ~ 0.6 can be associate to the PSB caused by the (111) planes, whereas the
multiple diffraction peaks between a/A ~ 1.1 and a/A ~ 1.8 to the Van Hove singularities
which correspond to the diffraction along directions different from the direction of the

incidence light.
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Figure 5.18. Transmittance contour maps of three rotaxinated opals prepared with spheres
having diameters of 260 nm (left), 300 nm (centre), and 340 nm (right) respectively, as a
function of both wavelength and incidence angle. The emission spectrum of the polyrotaxane
in a melted opal is also shown as a white line. The blue and the black stars indicate respectively
the peak of the PSB and the high energy bands as a function of the angle of the incidence of
light.

Clearly, in order to observe a modification of the emission spectrum of a
luminophore embedded in a photonic structure, a spectral overlap is needed between
the emission of such luminophore and the relevant photonic band, in this case the opal
high-energy bands. For this reason, | prepared rotaxinated opals with spheres of
diameter of 260 nm, 300 nm, and 340 nm, respectively, and | am presenting in figure
5.18 the contour maps of their transmittance (presented also in figure 5.19 together

with the rotaxinated opal emission) as a function of both wavelength and incidence
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angle, as well as the emission of the PDVioLi f — CD embedded into the melted opal

(see section 5.2.2 for the reference preparation).

Looking first into the sphere size dependence, | would like to note, as expected,
that both the PSB (blue stars) and the high-energy bands (black stars) shift to higher
wavelength with increasing sphere diameters until the spectral overlap between the
PL and PSB disappears. At the same time, the overlap between the PL and the high-
energy bands reaches its maximum for opals made with spheres of diameter of 340
nm. At 0° of incidence light, respectively for the 260 nm-, 300 nm- and 340 nm-opal,
the PSB has a peak at 590 nm, 680 nm, 775 nm, while the high energy bands have
the first peak at 339 nm, 386 nm and 435 nm. Hence, for opals made with spheres of
300 and 340 nm, the PSB-dependence of the emission is expected to decrease in

favour of high-energy bands influence.
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Figure 5.19. Angle-dependent PL spectra (black curves) of rotaxinated opals based on different
sphere diameters, 260 nm (left), 300 nm (centre), and 340 nm (right), overlapped with their
angle-dependent transmission curves (red lines). At 0° of incident light the reflectance spectra

(blue lines) have been added to better visualise the photonic high-energy bands.
In order to demonstrate the dependence of the emission on the high-energy
bands, the PL spectra of the rotaxinated opals were collect in overlap with the
transmittance spectra as a function of the incidence light. The opal reflectance curves

(blue lines) have been added in the graphs to better display the spectral position of the
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high-energy bands at 0° of incidence light, otherwise covered by scattering effects. As
illustrated in figure 5.19, the PL (black spectra) of the 260 nm-opal is slightly affected
by the PSB (red curve) only between 0° and 30°, leading to modifications only of the
lower-energy edge of the PL curve. By increasing the angle of the incident light up to
50° the contribution of the high-energy bands emerges, and, in good agreement with
the transmission measurements, the emission alteration follows the anti-crossing path
of the photonic bands, i.e. a second and a third peak appear at a/A = 0.7 and a/A = 0.74
for, respectively, 40° and 50°, together with a spectral broadening. For angles higher
than 50°, the splitting of the transmission characteristics decreases the maodification
effect on the PL. The photoluminescence of 300 nm-opal displays a different
dependency on transmission: the related emission spectra are not affected by photonic
bands until the PSB meets the high-energy bands at 50°. At this angle, a shoulder
emerges on the PL spectrum at a/A = 0.75, which corresponds to the photonic bands
crossing-energies. By increasing the incidence angle up to 80°, according to the Bragg-
Snell law, the PSB moves towards lower energies decreasing the overlap with the PL,
while the high-energy bands delineate the emission peak at a/A ~ 0.8. Regarding the
340 nm-opal, the PSB effect vanishes due to the zero-spectral overlap between the
PL and the transmittance measurements. This occurs over the whole range of
incidence angles investigated. Indeed, the suppression of the PL follows the trend of
high-energy bands. Their influence starts at 30° and it becomes stronger for higher
angles (40° and 50°) where a greater spectral overlap appears, resulting in a well
visible second PL peak at a/A = 0.95. It is clear that for the rotaxane embedded into
opals with a PSB totally overlapped with the PL spectra (260 nm spheres), the
modulation of its emission is affected mostly from the PSB in all the angles spanned.
On the other hand, when the PSB is out of the rotaxane PL wavelengths, the emission
(for 300 and 340 nm sphere diameters) is controlled mainly by the higher energy
bands. The PBG contributes to the spectra modification at higher angles (50° < 6 <

60°), only in the case of opals made with 300 nm sphere diameters. Moreover, the
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evidence of the photonic effect on the rotaxane emission is given by the increase of
the PL efficiency from 18 + 2% for the neat spin-coated film, to 33 + 3 % for the

fluorescent opals.

This work demonstrates how the photonic properties of direct opals affect the
emission of the rotaxane PDV1oLi B — CD when the sphere diameters used to fabricate
the photonic crystals are modified. The interplay between the opposite angular
dispersion of photonic bands and the diameter-depending spectral overlap is crucial
for the modification of the PL spectra of the embedded material. In particular, |
fabricated high-quality photonic crystals and | observed for the first time the complex

influence of the photonic high-energy bands on polyrotaxane spontaneous emission.
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Chapter 6. Tuning of the photonic stop

bands in silica inverse opals

Inverse opals are ordered 3D porous structures in which spherical cavities are
close-packed in an fcc array of high refractive index material. The large refractive index
contrast has the potential to produce a full photonic band gap useful to a variety of
applications in different fields running from light manipulation to (bio)sensing. This
chapter introduces a new method for preparing silica inverse opals able to tune the
photonic band gap by simply controlling the contents of the silica precursor.
Furthermore, two applications of such structure are presented in order to demonstrate
the efficiency of the fabrication technique. Firstly, an overview of the photonic effect on
the radiative properties of a conjugated polymer (i.e. PDPV) highlights the potential of
inverse opals as light manipulators. Secondly, the same opals were exploited as bio-
sensor for bovine serum albumin (BSA) monitoring in collaboration with Prof. Giuseppe

Barillaro from University of Pisa.

6.1 Introduction to inverse opals

The preparation of inverse opals consists on the infiltration of the interparticle
voids of synthetic opals with materials of high refractive index, followed by removal of
the opal template. Three steps are generally considered for the preparation of the
inverse opals: (1) the fabrication of the opal template, for example via sedimentation,
spin-coating and evaporative deposition, (2) the infiltration of high refractive index
materials, i.e. SiO2, TiO2 and Al.Os precursors, respectively, and (3) the removal of the
spheres, for example by calcination or chemical etching. However, it has been

demonstrated that a single step fabrication is possible by co-assembling polymeric
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spheres with a matrix materials (i.e. silica precursor), followed by removal of colloidal
template >"1, This methods generates large-area and crack-free inverse opals. The
co-assembly of the spheres with the silica precursor implies the ability of the spheres
to self-assemble onto a substrate, and simultaneously the ability of the silica precursor
to fill the voids. The fabrication methods based on colloidal self-assembly are various
and each one is based on different forces as gravitational and capillary force or electric
and magnetic fields 74, Among the simplest methods, the vertical deposition via
evaporation leads to high quality ordered structure by the exploitation of capillary
interactions. More in details, an fcc array is created at the interface between the
solution meniscus and a substrate vertically removed from a mixture of silica precursor
and colloidal spheres. Opal templates can be made by silica, polystyrene (PS) or
polymethylmethacrylate spheres. However, in this thesis only inverse opals prepared
by PS templates are presented. In contrast to silica spheres, polymeric one are easily
removed by solvents, plasma treatment, or calcination at temperatures above their

glass transition.

The fabrication technique, the lattice constant, the refractive index contrast,
and the degree of filling fraction can produce a full or incomplete photonic band gap in
the near infrared and visible range 7. Up to now, the tuning of the photonic band gap
has been realized by implementing the best infiltration method for opal template (i.e.
impregnation with liquid precursor or sol—-gel, chemical vapour deposition, atomic layer
deposition, electrochemical deposition) or by changing the spheres diameters of the
opals template for the one-step fabrication technique °. The work discussed in this
chapter completes these studies by promoting a new method for controlling the
photonic band gap position in a single step fabrication without changing the spheres
diameters of the opal template. By adjusting the content of the silica precursor, the
refractive peak of inverse opals shifts toward lower wavelengths without decreasing

the PhCs ability to efficiently manipulate light. Hence, after the infiltration of a polymeric
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dye into the photonic structure, | observed a significant photonic control of the radiative
properties (PL quantum efficiency, lifetime and radiative rate) of the polymer.
Moreover, in order to highlight the effectiveness of this fabrication method, inverse
opals were used as porous scaffold bio-sensor for the detection of bovine serum
albumin (BSA) by using a technique namely interferogram average over wavelength

reflectance spectroscopy (IAWRS).

6.2 Experimental methods

6.2.1 Inverse opal preparation

Silica inverse opals were prepared by the evaporative co-assembly of
polystyrene microparticles with a sol-gel solution contain the silica precursor. The
inverse opal is obtained in a single step, avoiding cracks caused by the liquid infiltration
on prefabricate porous structures. More specifically, a glass substrate is slowly
extracted from 5 mL of an aqueous suspension of polystyrene monodispersed
microsphere (Duke Scientific polystyrene microparticles, 10% in volume having
diameter of 370 nm, standard deviation 5%, refractive index 1.59), diluted to 2% in
volume, also containing x mL of hydrolyzed tetraethoxy silane (TEOS) solution, where
x was varied from 15 L to 90 yL. The standard TEOS solution consists of 1:1:1.5 ratio
by weight of TEOS (98% Aldrich), 0.10 M HCI, and EtOH (100%), respectively, stirred
at room temperature for 1 h prior to use. The substrates adopted for growing opals are
commercial soda-lime glass microscope slides (original dimension 25x75x1 mm; final
dimension obtained by cutting the slides using a diamante tip ~ 10x30x1 mm). Once
cleaned in a bath of basic piranha (3:1:1 mixture of ammonia, water and hydrogen
peroxide) ®, the slides were immersed perpendicularly into the colloidal/TEOS
suspension and were extracted at constant speed of 6.5 x 10° mm/s at 45°C + 1°C by

using a home-made dip coater with a motorized translation stage (by Thorlabs) (see
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figure 6.1 for the scheme of evaporative co-assembly technique). The opals growth
took place into a BF53 Binder incubator located in an optical table to minimise
vibrations deleterious for the opal periodicity. The samples was then fired at 500°C for
2 hours, with a 4 hours ramp in order to remove the polymer template and partially

sinter the silica structure. The obtained synthetic opals have an area of 1.5 x 1.0 cm

and a thickness off ~ 5 ym (see SEM image in figure 6.1).

® PS-NPs

Aqueous colloidal suspension : m
+ TEOS solution 0, ai v |

PaPb = 5.5 um

Figure 6.1. Schematic representation of the evaporative co-assembly technique for inverse
opals preparation. The PS-NPs self-assemble in a face-centred-cubic array at the interface
between the colloidal/TEOS meniscus and the glass substrate. The silica precursor fill the voids
between the spheres generating the inorganic matrix. The inverse opals structure are obtained
after sample calcination at 500°C for 2 hours (a). SEM image of an inverse opal prepared by

vertical deposition (b). The thickness of the resulted structure is 5.5 um.

The preparation of the samples for PDPV optical study and for bovine serum

albumin detection are described in details in section 6.3.

6.2.2 Characterisation techniques

Bare inverse opals were characterised by normal reflectance and scanning
electron microscopy. The study of the PDPV emission when infiltrated into the inverse
opals were carried out by measuring the normal reflectance, the angle-dependent
transmission and photoluminescence, the PL efficiency, and the PL-decay. The bovine
serum albumin (BSA) were monitored by using a technique namely interferogram
average over wavelength reflectance spectroscopy (IAWRS) that is discussed on

section 6.3.
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The set-ups for normal reflectance, angle-dependent transmittance and
photoluminescence measurements are extensively described in chapter 5, section
5.2.3. PL efficiency were measured by using a 405 nm Oxxius diode laser (model LBX-
405-100-CSB-PP) with a maximum power of 50 mW and an integrate sphere as
explained by J. C. de Mello "®. The Radiative decay of the photoluminescence of the
PDPV were measured by time-correlated single-photon counting, TCSPC. The system
used in this thesis was an Edinburg Instruments F900-red TCSPC, with the Oxxius
diode laser (405 nm excitation) and a cooled photomultiplier tube coupled with a
monochromator as detector. Images of inverse opals were collected by using the SEM

mode of a dual beam Carl Zeiss XB1540 Cross-Beam focussed-ion-beam microscope.

6.3 Result and discussion

Silica inverse opals were prepared by varying the contents of TEOS solution
that was added to the colloidal suspension of polystyrene microparticles. The photonic
structure obtained after calcination of the polystyrene spheres were then characterised
by normal reflectance measurements, and the experimental reflectance peak were
compared with the calculated one. For the inverse opals, the peak of the photonic band

gap can be estimated by the Bragg-Snell law written as

mA = 2d \/% [fvn% + (1- fv)ng] (6.1)

where d is the spherical void diameters, n; is the refractive index of the void and, n; is
the refractive index of the filled space, f,is the void fraction, and (1 —f,) is the volume-
filling fraction. Considering that n; = 1 and n, = 1.47 are the refractive index for air and
silica, respectively, and that for an ideal fcc-lattice fy = 0.74 and (1 —f,) = 0.26, the peak
of the photonic band gap is estimated to be 688 nm, for inverse opals made using

spheres with a diameter of 370 nm. However, the reflectance spectrum in figure 6.2-a
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shows a peak at 584 nm (black curve) for the inverse opal prepared using 15 L of
silica precursor (the smallest amount of TEOS useful to obtain a good-quality array).
The blue-shift of 114 nm compared to the calculated one is probably related with a
reduction of the opal lattice period during dray. This conclusion can be deduced by
looking at the SEM images in figure 6.4-a. For the inverse opal prepared using 15 uL
of silica precursor, the average diameter of the voids is 312 + 11 nm, 58 nm smaller
with respect to the sphere diameter used for preparing the opal template. Hence, by
substituting d with 312 nm, into equation 6.1, a photonic band gap peak of 581 nm is

obtained, very close to the experimental one, which is 584 nm.
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Figure 6.2. Reflectance curves of silica inverse opals prepared by varying the volume of the

silica precursor, TEOS (a). Peak of the photonic band gap as a function of the TEOS contents

(b).

More important, the amount of TEOS has a significant influence on the
photonic band gab position. Increasing the TEOS contents from 15 pL to 45 uL, the
photonic band gap shifts towards lower wavelengths by 114 nm. However, by
increasing the TEOS volume over 45 L, the refractive peak moves back to higher
wavelengths compared to that of samples made with low content of TEOS. The
overturning trend of the refractive peak as a function of the volume of TEOS is better
appreciated in figure 6.2-b. Indeed, for colloidal solutions containing 75 pL and 90 pL
of silica precursor, the photonic band gap moves to higher wavelengths reaching its

peak at 483 nm and at 511 nm, respectively. The red-shift is probably due to a non-
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periodic arrangement of the polystyrene spheres during the vertical deposition. In this
regard, | collected the normal reflectance spectra of the inverse opals in different spots
of the sample. Figure 6.3 compares the reflectance curves of two inverse opals made
with 90 uL and 45 L of silica precursor, respectively. The reflectance curves resulting
from the study of the inverse opal made with 90 uL of TEOS have a profile that depends
on the detected area of the sample. First of all, the photonic band gap peaks present
a mismatch in wavelengths (A;) covering a range of 50 nm, from 470 nm to 520 nm.
Additionally, the values of the intensity of reflection are strongly different, running from
45% (red curve) to 75% (orange curve). On the contrary, the inverse opal prepared
with 35 uL of silica precursor have congruent reflectance curves regardless of the spot
of the sample investigated. Those results prove that an excess of TEOS is deleterious

for the quality of the photonic array.
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Figure 6.3. Curves of normal reflectance collected in different spots of two inverse opals
prepared using a colloidal solution containing 90 yL and 35 pL of silica precursor (TEOS),
respectively. The inserts are a schematic representation of the samples investigated, the letters

identify the area of the inverse opals undergo examination.

Figure 6.4 compares the diameters size of the voids of inverse opals prepared
with 15 L (panel “a@”), 25 uL (panel “b”), 35 yL (panel “c”), and 45 yL (panel “d”). The
size of the voids (<d>) were calculated by averaging the voids diameters of the cross

section of the samples visible on the SEM images in figure 6.4. It was found that the
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void size of the inverse opals decrease with increasing the TEOS contents of the

colloidal solution. Considering that the constant lattice a for an fcc array is:

a=2\/§§ (6.2)

(where dis the void diameter), the lattice period for the inverse opals can be compared.
As expected, replacing d with the values measured in figure 6.4, | found that the lattice
constant a decrease as the TEOS volume is increased. More precisely, inverse opals
prepared by colloidal solutions of polystyrene microparticle of 370 nm and 15 L, 25
ML, 35 uL, and 45 L of TEOS are characterised by an fcc array having a lattice
constant of 441 nm, 407 nm, 388 nm and 371 nm, respectively (see table 6.1).
Furthermore, inserting the diameter values found in figure 6.4 (considering their error)
into the Bragg-Snell law (equation 6.1) the theoretical PSB peaks fit very well the
experimental one (see table 6.2). This leads to the conclusion that changing the TEOS
content, the PSB still follow the trend of the Bragg-Snell law.

eJegel
s ec® Lot r Tt sy
..3:,' atatale
-

el -
aleTese S® she2ats
S csssssasssissassss

Figure 6.4. SEM images of inverse opals prepared by colloidal solution containing 15 yL (a),
25 pL (b), 35 pL (c), and 45 pL (d) of silica precursor (TEOS). For each structure the average
diameter of the voids, <d>, has been measured.
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TEOS contents (um) | Voids diameter (nm) | fcc lattice constant (nm)
15 +1 312 + 12 441 + 12
25+1 288 + 9.0 407 +9.0
35 +1 274 + 11 388 + 11
45 +1 262 + 10 371+ 10

Table 6.1. Variation of the fcc lattice constant as a function of the contents of the silica precursor

(TEOS) on the colloidal solution used for preparing inverse opals.

TEOS contents (um) | Voids diameter (nm) Calculat(e:n;SB peak Reﬂei:;)ﬁgtn:::zl(nm)
15+ 1 312 +12 581 + 13 584 +1.5
25+ 1 288+ 9.0 536 + 10 554+ 1.5
3541 274 + 11 510 + 12 500 + 1.1
45 + 1 262 +10 487 + 11 470 +1.5

Table 6.2. Comparison between the calculated PSB peak using the Bragg-Snell, and the
experimental PSB position in the normal reflectance spectra. The diameter values used were

measured from the SEM images in fig. 6.4

To conclude, by simply controlling the amount of silica precursor in the vertical
deposition technigue it is possible to tune the photonic band gap wavelengths by over
100 nm, in SiO, — inverse opals. The fcc photonic structure is still highly ordered and

presents different lattice constant depending on the TEOS contents.
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6.4 Applications

6.4.1 Manipulation of radiative rate in silica inverse
opals

The inverse opal prepared by using the vertical deposition technique were
infiltrated with the green conjugated polymer Poly(4-4’-diphenylene diphenylvinylene),
or briefly PDPV (see section 2.4 for further details) by drop-casting as shown in figure
6.5. More in detail, 500 puL of PDPV 5 mg/mL in toluene was dropped on top of the

inverse opal and were let them infiltrate into the pours until the solvent was evaporated.

air SIiO,

Figure 6.5. Schematic representation of the infiltration method used to fill the voids of the silica
inverse opal. The picture shows also the chemical structure of the conjugated active polymer,
PDPV.

In order to select the appropriate inverse opals to infiltrate, the reflectance
spectra of two bare opals were plotted together with the PL spectra of a spin-coated
film of PDPV, as showed in figure 6.6-a. The tuned opal has the reflectance peak at
500 nm and its curve is contained within the emission spectra of the thin-film of PDPV,
orange and purple curve, respectively. On the contrary, the detuned opal (reference)
is characterised by a photonic band gap peak (green curve) at 400 nm, generously
distant in wavelength with respect to the PDPV emission so that it cannot affect the

PDPV radiative properties. The tuned opal was prepared from a colloidal/TEOS
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solution of polystyrene spheres with a diameters of 370 nm and 35 uL of silica
precursor, while the detuned opal was fabricated using polystyrene spheres with a

diameters of 300 nm and 45 uL of TEOS.
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Figure 6.6. Normal reflection spectra of tuned and detuned inverse opal plotted together with
the PL curve of a spin-coated film of PDPV (a); Comparison between the PL spectra of the

PDPV into the inverse opals and of a PDPV spin-coated film of PDPV (b). The spectra are
normalised.

Figure 6.6-b demonstrates that the PDPV infiltrated in the reference opal
preserves its emission. Indeed, the photoluminescence spectrum of the infiltrated
detuned opal (blue curve) overlaps with that of the PDPV spin-coated film (blue curve)
all over the detected wavelengths. On the contrary, the infiltrated tuned opal has a PL
spectrum (black curve) dissimilar with respect to the detuned one. Its peak is 10 nm
lower in wavelengths compared to that of the reference opal, and it does not show the
shoulder at 450 nm, feature of the PDPV emission. Those results prove that the
variation of the PDPV spontaneous emission is not due to simple interactions between

the polymer and the surface of the porous scaffold, but photonic effects take part on

such modification.
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Figure 6.7. PL spectra of tuned (black curve) and detuned (blue curve) opals together with the
transmittance (red curve) of the luminescent tuned opal. The PL spectra were collected by
increasing the collection angle from 0° to 30°, while the transmittance spectra by increasing the

angle of the incidence beam.

Figure 6.7 shows the angle-dependent PL spectra of the tuned (black curve)
and detuned (blue curve) opals together with the angle-dependent transmittance (red
curve) of the luminescent tuned opal. As expected, the PL of the detuned opal doesn’t
show any spectral modification throughout the detected angle (from 5° to 30°), while

the tuned opal is characterized by a strong spectral modification especially where the
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high-energy band overlaps the PL, at 20°, 25° and 30°. Photonic properties of the
inverse opal induces the intensity modification of the PL spectra. More in details, the
PL intensity is enhanced in correspondence to the high-wavelength edge of the
photonic bands, while it is partially suppressed within the photonic band gap. The ratio
between the PL spectra of tuned and detuned opals, in figure 6.8, better emphasize
the enhancement and suppression effect. According to the dispersion of the photonic
band structure, both the enhancement and the suppression effects depend on the
detection angle inducing a directionality to the observed effect. Increasing the
collection angle, the enhancement red-shift from 480 nm to 550 nm and rise in intensity

up to 40 % as the high-energy band better overlap the PL spectra.
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Figure 6.8. Ratio between the angle-dependent emission of the infiltrated tuned inverse opal

(PhC) and the infiltrated detuned opal (reference).

To get further proofs of the photonic effect of these inverse opals on the PDPV
radiative properties (i.e. radiative rate modification), | measured the PL efficiency and
time-resolved PL measurements at 480 nm (where the PL enhancement is observed).
There is a slight but clear increase of the PL efficiency with respect to detuned opal, In
fact, the PL efficiency were measured to be 48.0 + 0.7% for the detune opal, and 53.0

+ 2.4% for the tuned opal, (table 6.3). The PL efficiency of the detuned opal is in
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agreement with the PL efficiency of PDPV solid films found in previous studies (~45%)

35,36

Turning on the analysis of the PL-decay, both infiltrated and bare opals show
bi-exponential kinetics with characteristic lifetime as reported in table 6.2. At 480 nm
where the enhancement of the photoluminescence takes place, the lifetime values, 11,
of both the detuned and tuned opals are almost the same, 0.47 ns and 0.42 ns,
respectively. On the other hand, the long decay, t», for the tuned opal, is sufficiently
shorter compared to the t» of the Ref, so that a variation of the radiative rate is
observed going from detuned to tuned opals. As expected, considering the average
lifetime and the PL efficiency, a modification of the radiative rate k; from 2.30 (for the
detuned opal) to 2.83 (for the tuned opal) is calculated, whereas the ki does not
change significantly, which strongly support the observation of the Purcell effect. k.and
knr were calculated by using the equation 2.1 and 2.2. This effect is assigned to the
variation of the density of photonic state in correspondence of the photonic band gap,

as previously explained (see section 5.1.2).

A =480 nm - PL enhancement
Opal ”
1,(ns) % 1, (ns) ° <t> (ns)
Detuned (Ref) 0.47 £ 0.01 34.69 2.90+£0.02 65.31 2.06 £0.01
Tuned 0.42 +0.01 32.96 259+0.02 67.04 1.87 £ 0.01

Table 6.3. Lifetime (11 and 12) and the average value <t> for PDPV infiltrated into tuned and

detuned silica inverse opals. The contribution for each lifetime is reported in percentage (%).

A =480 nm - PL enhancement
Opal e (%)
k. (s) x 108 k. (s) x 108
Detuned (Ref) 2.30+£0.07 2.55+0.09 48.0+0.7
Tuned 283+0.15 252+0.21 53.0+24

Table 6.4. Values of the PL quantum efficiency (¢rL), and of the radiative (kr) and non-

radiative (knr) constants of PDPV infiltrated into tuned and detuned inverse opals. K: and Knr

were calculated by using equation 2.1 and 2.2.
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6.4.2 Silicainverse opals for bio-sensing applications

3D photonic crystals and above all inverse opals span different area of
technological application, such as optoelectronics, energy storage, and tissue
engineering. Among others, a fashionable field of application where inverse opals are
preferred with respect to other porous scaffold is sensors and bio-sensors. In this
regard, my silica inverse opals where exploited as bio-sensor for monitoring bovine
serum albumin (BSA) by using a technique namely interferogram average over
wavelength reflectance spectroscopy (IAWRS). The experiments were carried out in
the group of Prof. Barillaro in Pisa (Dipartimento di Ingegneria dell’'Informazione,
Universita di Pisa, Italy), and the results where kindly shared with us giving the

permission to report them on this chapter.

The popularity of inverse opals is due to their uniform and interconnected pores
together with the reproducibility of their physical properties across different batches.
Moreover, the dependence of the reflectance peak on the refractive index contrast
between the PhCs materials (generally the porous matrix and the voids) makes inverse
opals easy bio-sensors to monitor. However, most of the measurements performed in
bio-sensing require water-based media which dramatically reduce the refractive index
contrast and consequently decrease the ability to detect low concentration of analyte
by tracking the reflection peak. Hence, to get all the best from inverse opals the
alternative technique IAWRS come into play. This strategy of signal processing is
based on the calculation of the average value over wavelength of spectral
interferograms, obtained by subtracting (wavelength by wavelength) the reflection
spectra of BSA infiltrated into the inverse opal from a reference reflection spectrum
recorded in solely buffer (i.e. Acetate). In addition, IAWRS allows to reliably detect

down to 100 pM of BSA without any label or signal amplification ’.
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Figure 6.9. Schematic representation of the set-up used to infiltrate and characterised invers
opals. The sample is located in a flow-cell connected with the reflectance probe and with a
syringe pump for the flowing of the buffer and the analytes (a). Reflectance spectra of the
inverse opals in air (blue line) and of the same sample into the flow-cell and infiltrated with

the acetate buffer (green line) and with 1000 ppm of BSA (yellow line).

Silica inverse opals (see session 6.2.1 for the preparation technique), were first
infiltrated with an acetate buffer (10 MM CH3COONa/CH3COOH and 100 mM NacCl in
DI water, pH=4.7) and then with a BSA solution at rate of 20 yL/min for 30 minutes.
After that the reference spectra were collected to verify the presence of the BSA in the
scaffold. The solutions of bovine serum albumin was prepared in acetate buffer in
different concentration, from 100 ppm (1.5 pM) to 1000 ppm (15 uM). Figure 6.9-a
show the set-up used to perform the optical measurement. The reflectance probes
connected to the lamp and the detector converge into a flow-cell that contain the

sample and that is connected to a syringe pump for the injection of the analyte.

Figure 6.9-b shows the optical behaviour of inverse opals in air and into the
flow-cell. The blue curve centred at 710 nm correspond to the photonic band gap of
the bare PhC collected in air, while the green and the yellow curve are the reflection
spectra of the inverse opal after the injection of acetate (reference) and the BSA
(analyte), respectively. The reference spectrum has a photonic band gap higher in
wavelength (at 853 nm) with respect to that of the bare opal due to a decreased

refractive index contrast. This result is supported by the wavelength value calculated
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by using the Bragg-Snell law (see equation 6.1). Considering the void diameters d =
380 nm, the refractive index for acetate and silica n; = 1.34 and n, = 1.47, respectively,
and f, = 0.74 and (1 —f,) = 0.26 for an ideal fcc-lattice, the peak of the photonic band
gap is estimated to be 851 nm, only 2 nm lower with respect to the measured one. On
the other hand, the BSA reflection spectra shows a slight but clear red-shift in
wavelengths (reflectance peak at 857 nm) and increase in intensity with respect to the

reference spectra. Those change is due to the BSA accumulation on the inverse opals

microporous.
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Figure 6.10. Time resolved IAW- IAWO signal upon injection of BSA 1000 ppm. The signal-
to-noise ratio is 83 (a). Time resolved IAW- IAWO value for different concentration of BSA,
100 ppm (green sector), 200 ppm (yellow sector), 500 ppm (blue sector), and 1000 (ppm pink
sector) (b). Fitting of the IAW- IAWO0 values as a function of the BSA concentrations (c).

In order to bring to light the potential of inverse opals as efficient biosensors,
the IAWRS signal processing strategy were used to evaluate the infiltration of the BSA
inside the PhC. In figure 6.10 is reported the signal of BSA-infiltrated opal subtracted
the signal of the reference (IAW- IAWo) as a function of the injection time. The signal

from 0 to 20 minutes is referred to the acetate buffer before the injection, the signal
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from 20 to 60 minutes is referred to the injection of the BSA solution (solution
concentration: 1000 ppm, rate of injection: 20 yL/min), and the signal between and 60
and 80 minutes is due to the rising step (acetate buffer was injected at a rate of 100
ML/min to remove any excess of analyte). Additionally, in figure 6.10-b the IAW- 1AW,
signal for different BSA concentration (from 100 ppm to 1000 ppm) is reported. In the
grey sector the inverse opal were filtered with the acetate buffer until the collected
signal was stable. Hence, the BSA solution was injected with a concentration of 100
ppm (green sector), 200 ppm (yellow sector), 500 ppm (blue sector) and 1000 ppm
(pink sector), followed by a rising step with acetate buffer. For each BSA injection
correspond a step in the signal demonstrating a fast response (10-20 min) of inverse
opals to the presence of the analyte. Finally, the IAW- 1AW, data were plotted in figure
6.10-c as a function of the BSA concentration and fitted with a sigmoidal function which

match with the curves found in other experiments of bio-accumulation sensing.

The reported results confirm that inverse opals are competitive platform for bio-
sensing, compared to other porous system. Thanks to their robust and well-defined
porosity, inverse opals show a fast response in detecting analyte typical of biological
systems. In conclusion, it has been demonstrate, once again, the efficiency of the
developed vertical deposition as a technique used for the fabrication of silica inverse

opals.
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Chapter 7. Conclusions

In photonic crystals a complete understanding of the density of quantum states
is the key for an accurate control of the optical properties of fluorescent molecules they
host. The spontaneous emission of active materials can be in fact completely or
partially suppressed by tailoring the density of states in correspondence of the photonic
stop band of self-assembled structures 671278 Typically, in addition to the photonic
stop band, face-centred cubic (fcc) photonic crystals also show photonic bands that
result from the combination of complex diffraction phenomena %2, Those are called
high-energy photonic bands because of their position in the reflectance spectra with
respect to the photonic stop band. Both photonic stop band and high-energy bands
influence the emission of embedded active materials. However, the latter are expected
to have a much higher impact due to a stronger variation of their density of states. An
even better control of the spontaneous emission requires a high degree of order of the
photonic structure. This is why the scientific community has intensively studied various
self-assemble techniques for realising fluorescent photonic crystals with structural
long-range order 374" The co-growth of active materials and colloidal microparticles
via vertical deposition is the self-assembly approach that guarantees superior
crystalline quality of 3D photonic structures 72. In the research project presented in this
thesis, such technique is applied for achieving state of the art crystalline qualities of

both direct and inverse opals.

In the first part of the thesis, | presented the benefits of the vertical deposition
for the incorporation of a water-soluble polyrotaxane dye (PDVioli € B — CD) inside
opals. The photoluminescence properties of this combined system are studied in

correspondence of the photonic stop band and of the high-energy bands. The full
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overlap of photonic bands in the reflectance spectra of the bare and luminescent opals
proves that the fcc structure are preserved even after the incorporation of
polyrotaxane. Since polyrotaxanes are sizeable molecules, their inclusion within the
small voids of opals can be challenging %°. In this context the results here presented
demonstrate the power of the vertical deposition as a method for preparing fluorescent
opals. The efficiency of this fabrication technique is underlined by the strong angle-
dependent spontaneous emission of polyrotaxane. In particular the
photoluminescence is suppressed within both the photonic stop band and the photonic

high-energy bands, while it is enhanced at high-energy edge of the photonic stop band.

Self-assembling methods are the most affordable and they offer useful
properties for various technological applications. However, the use of direct opals is
limited by the small photonic interaction strength (only a pseudo photonic stop band is
available). The most significant application of self-assembled structures is in the
production of templates for high-refractive index materials, namely inverse opals,
which have the potential to produce a full photonic stop band ™. In this work, silica
inverse opals are prepared firstly by incorporating the silica precursor TEOS
(tetraethoxy silane) between the interparticle voids of the direct opals, and secondly
by the thermal removal of the sacrificial template. More specifically, the TEOS
incorporation takes place simultaneously to the growth of the direct opal. This method
allows to tune the photonic band gap wavelengths up to 100 nm in silica inverse opals
by simply controlling the amount of the silica precursor. The obtained fcc photonic
structure is still highly ordered with the advantage of presenting different lattice
constants depending on the TEOS amount. Additionally, in order to verify the
effectiveness of such new method in tailoring the position of the photonic stop band, |
implemented inverse opals as light manipulators and bio-sensors. After infiltration by
dip-coating of the polymeric dye PDPV into the photonic structure, | observed a

significant photonic control of the radiative rate and lifetime of the polymer in
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correspondence of an enhancement of the photoluminescence. Moreover, inverse
opals show a fast response in detecting analyte as bovine serum albumin. This

confirms that co-growth inverse opals are also competitive for bio-sensing.

The results presented in this thesis demonstrate the resourceful versatility of
the vertical deposition technique for producing infiltrated opals. This very same
technique is indeed suitable both for direct opals fabrication and for inverse opals
preparation. In the former for incorporating the luminescent materials *°, in the latter
for the incorporation of high-refractive index materials . All this achieved in just a
single step of fabrication of the final structure, with the advantage of avoiding defects
which could arise in multi-steps fabrication techniques. This is well known. The novelty
of the work presented in this thesis can be summarised by the following distinct
manners for exploiting such single-step co-growth technique: (i) for direct opals, |
investigated the effect of the high-energy bands, which signal the high degree of order
of the opal, on the spontaneous emission of polyrotaxane; (ii) for inverse opals,
benefitting of the co-growth methods in ref. 7, | discovered that it is possible to tune
the position of the photonic stop band by varying the lattice constant of the opal. The
results achieved in controlling the optical properties of the photonic crystals promise to
have important implications in light engineering and telecommunications ®72. This can
deliver a widespread technological impact on optoelectronics, (bio)sensors and much
more. The advantage of this technique is also likely to impact the new frontier of
biopolymer-based photonic structures which are extensively implemented in the

biomedical industry 8081,
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