25 Newcastle
University

New Host-Guest Materials for Light
Conversion

By

Umar Sani

A thesis submitted in partial fulfilment of the requirements for the
degree of

Doctor of Philosophy

School of Natural and Environmental Sciences

November 2022



Declaration

I hereby certify that this work is my own, except where otherwise acknowledged. Neither the thesis
nor any of the original work comprising it has been submitted previously for a degree at this or any

other University.



Dedication

This research is dedicated to my parents (Sani Adamu and Zulaihat Yunusa) and my late sister
(Raliya Sani Adamu). May the Jannatul Firdaus be her final abode.






Table of contents

F 1 ¢ T+ PSRRI IX
ACKNOWIEAZEMENTS. ...\ttt e e e e Xi
F N o) 03 ()4 T ) T xiii
Chapter 11 INtrOQUELION ..ottt ettt b et e b e b eanens 2
0 S 11 0o 104 £ o o USSR 3
1.1  General Features of PhOtOSYNTNESIS.......cc.oiiiiiiiiiiiieee e 4
1.2 Photophysical Transitions in MOIECUIES............ccoeviiiiiiiie e 6
1.3 Host Structures in Light-harvesting SYStEMS .........ccoceiriiineniiesiseseeee e 9
1.3.1  MESOPOIOUS SHHCALES. ......civiiiiiiiitieieie et 10
1.3.2  Strategies for Silica MOIfICAtION ..........ccooeiiiiiiiiei e 12

1.4 Light-aCtiVe MOIECUIES .......c.eeeeieieieee et 16
1.4.1  Dipyrromethenes and their COMPIEXES.........ccoveiriereiiieiesiseseeeee e 16
1.4.2  Quinolinolates and their COMPIEXES ........ooveririiiieiesie e 20

1.5 AIMS OF the THESIS ..cveeiiiie ittt re et esnee e 21
Chapter 2:  Instrumentation and Principles of Operation ..............ccoevveveeienieneeienceeeeeeenen 30
2.1 INEFOTUCTION ©eiiie bbbttt sb bbb be b 31
2.2 Structural CharaCteriSAtION ..........cooueiiiiieiiiie et 31
2.2.1  Nuclear Magnetic Resonance (NMR) .......cccoeiiiiiiiininesieseeee s 31
2.2.2  Transmission Electron Microscopy (TEM)......ccocoviriiiiininiinineeee e 33
2.2.3  X-ray DIffractometry (XRD) ....cooiiiiiiieiieiece et 34

2.3 Optical CharaCteriSAtION .........c.civerieiieieerie e see st e ettt e e e nae e e sneens 37
2.3.1  UV-visible AbSOrption SPECtrOSCOPY......ccvririerierierierieriesiisesieseeee e anas 37
2.3.2  Steady-state Photoluminescence SPECIrOSCOPY ......civururrerreriereerieeiesieesie e 39
2.3.3  Time-resolved Photoluminescence SPECIrOSCOPY.......ccvereririerereeiierieienee e 41
2.3.4  LUMINESCENCE ANISOIIOPY ..vvevveriiiiiisiestisiesieesieie e steste sttt sse e eee e see st sbesreenas 44

Chapter 3:  Turning weak emitters into outstanding luminescent materials using rigid host media

50
R 0 S 1010 11T [ o USSR OSRTRR 51
3.1.1  Dipyrromethenes (AIPYITINS) .....vcieierieriiiesisesieeeie e 51
3.1.2  ZINC dIPYITin COMPIEXES. ...c.viiiieiiieiiee ettt 52
3.1.3 0 AIMS OF thiS ChapLer ..c..oviiiiicee s 54



3.2 RESUILS AN DISCUSSION ...ttt et e e ettt e e e e e e e et e e e e e e e e e e enees 54

3.2.1  ADSOIDANCE SPECLIA ...cveiiieieeiie ittt sttt sae e 54
3.2.2  Synthetic strategy used for the host-guest materials...........c.ccoovrvvvvinieneniencnenn, 56
3.2.3  SErUCLUrAl @NAIYSIS ... 58
3.2.4  PhotophySiCal ANAIYSIS ........cciiiiiiiiieice s 59
3.3 CONCIUSION .ttt bbbttt bbbt bbb e b et bt be b 64
3.4 EXPEerimental SECLION.......cooi i 64
3.4.1  Materials and MethOdS .........ooiiiiiiiii e e 64
3.4.2  Synthesis of dipyrromethene 1igand (1) ........ccocervermreneniieniseeeeee s 65
3.4.3  Synthesis of dipyrromethene 1igand (2a) .........ccooeviiirniniiieie e 66
3.4.4  Complexation reaction of 1a With ZINC. .......ccccceviiiiiiiiiiii e 67
3.4.5  Complexation reaction of 2a With ZINC. .......cccoeviveiiiieiiee e 69
3.4.6  Synthesis of dye-doped COK-12 silica samples 1S and 2S...........cccocevveviiiennenn. 71
3.4.7  UV-VISIDIE SPECIIOSCOPY ..uveivieiieiiaiiesiiesieaiesieestieeesreesteetesseesseeseesseesseessesseesneeneas 72
3.4.8  FlUOreSCENCE SPECIIOSCOPY ...e.vvverreereerreteriesiesiesseeseeseeeestessesbesbesbe s e eseeseeseessesbeseesns 72
3.4.9  Film PreParation .........ccoiieiiiieiieiieie sttt sttt 73
Chapter4: A Comparative Study of Two Weakly Luminescent Zinc Quinolinolates via
Incorporation into PMOs: Routes to Improved Emission Efficiency and Charge-Recombination in
the SOTIA STALE.....eiueeiiesiceece ettt e e e e e st e s e e e e e s e e s e enn e seesaesnanseensen 78
o O 101 (0o 144 o] o TSSOSO PP 79
4.1.1  AIMS OF thiS CRAPLEN ..ot 81
4.2 RESUILS ANG DISCUSSION .....vveueiiiieiiieieeiiesieeieeeesee e eseesreesseeseesseesseassesseesseeseesseesseeneesseenns 81
42.1  Complex A: Synthesis and CharaCterisation ...........ccococeviieniinininieie e 81
4.2.2  Complex A: Silylation and PMO FOrmation............cccocvrenieieniieneene e 84
423 PMO Materials with Complex A: Structural and Optical Study..............ccccerenee. 85
424  Complex B: Synthesis and Characterisation ............cccoocevereninininieienese e 91
4.2.5 Complex B: Silylation and PMO FOrmation...........ccceceinninnenienene e 94
42.6 PMO Materials with Complex B: Structural and Optical Study............ccccecervenen 96
4.3 CONCIUSIONS ...ttt ettt bbbt r et e et st sbesbenre s 100
4.4 EXPerimental SECHION. ......ccoiiiiieie ettt nne e 102
4.4.1  Synthesis Of COMPIEX A ..o s 102
4.42  Silylation of COMPIEX A ...oeiiiiieee s 102
4.4.3  Synthesis of the PMO-A hybrids with 1%, 2%, 5%, 10% and 20% dye loading. 103
444  Synthesis of the PMO-A hybrids with 100% dye loading ..........ccccovvivevviviernenne. 104

Vi



4.4.5  Synthesis of Zn(Il) bis(5-chloromethyl-8-quinolinolate), complex B .................. 106

4.4.6  Silylation of COMPIEX B......oouviiiieiie s 107
4.4.7  Synthesis of the PMO-B hybrids with 1%, 2%, 5% and 10% dye loading........... 108
Chapter 5:  Monochromatic Light-Harvesting Antennae using BODIPY-doped MCM41 silica
117

0 S 111 oo L1 Tox £ [ o PP PRR P 118
51,1 AIM OF thiS CREPTET ...c.eiieiicieeee e 119
52 ReSUIS aNd DISCUSSION ....coviiuiiiiieiieiie ittt st 119
5.2.1  Synthesis and characterisation of MCM-41 doped with BPJ2..........c.ccccoceriiinnne 119
5.2.2  SErUCTUIAl ANAIYSIS ....cuiiiiiiiiiiiieiee s 121
e T O] o 1] o] oL PRSPPSO TP PR P 130
5.4 EXPErimental SECLION.........ccciiiiiiiiieiee et 132
5.4.1  Synthesis 0f BODIPY dye (BPJ2) .....cccccooiiiiiiinieienenee s 132

5.4.2  Synthesis of the MCM-41 with CTAB and BPJ2 (99:1, 90:10, 80:20, 70:30 and
50:50) 134

Chapter 6: New PMO Materials Built from BOPHY Dyes: A Structural and Optical

COMPATALIVE STUAY ...vveeiiieeeicceeeceee et e e e e e e s e e se e s e e seesasesaansesneessenneens 143
(ST S 101 1o o [N Tox £ o] o RSP R PR 144
6.1.1  AIMS OF thiS CRAPTEN .....eeieiiiecee e 145
6.2 RESUILS aNd DISCUSSION ......ecuieiieiieieiesie sttt sttt 146

6.2.1  The BOPHY precursor: synthesis and optical properties..........cccccovevvveiviveiiiniinnns 146
6.2.2  PMO materials With BOPHY L......ccccooiiiiiiiieie e 148
6.2.3  PMO materials With BOPHY 2......cccooiiiiiiiieieeee e 153
6.2.4  Fluorescence ANISOrOPY StUAIES........ccivveiiiiiiieiie et 159
(S T O] o 113 o] o1 PSSP 162
6.4 EXPErimental SECLION.........ccciiiiiiiiieiee ettt 163
6.4.1  Synthesis and Characterisation of the BOPHY dyes ........ccccoceriiiiiieniniienennn 163
6.4.2  Synthesis of the MCM-41 with CTAB and BOPHY 1 (99:1, 98:2 and 95:5) ...... 163
6.4.3  Synthesis of the MCM-41 with CTAB and BOPHY 2 (99:1, 98:2 and 95:5) ...... 163

Chapter 7:  SUMIMATY ..ottt ettt b et e et e beebe e bt aeseebaessenseaneas 175

SUMIMIANY .ttt ettt e e s e e st e e es b e e e aate e e aRb e e e sRbe e e sRbeeeabeeeenbeeaneeeennreeanneeeans 176

vii



Abstract

The studies reported in this PhD thesis describe the synthesis and optical properties of new light-
harvesting materials, built using organic and organometallic chromophores as guests in a rigid host.
Mesoporous silica was chosen as host because of its robustness, high chemical and thermal
stability. Different dyes were successfully incorporated within specific sites of the host, that is,
into micellar templates and inside the silica framework itself. To achieve such specific
functionalisation, new self-assembly strategies were developed, and the obtained materials possess

ordered structures and emergent optical properties.

Zinc and boron dipyrrins were inserted as guest dyes inside the micellar structures used to template
the formation of the silica host (Chapters 3 and 5). The combined host-guest materials showed
enhanced fluorescence efficiencies at low dye content, whereas at high concentrations in the

template structure inner-filter effects are found to prevail.

Mesoporous organosilica materials (PMOs) were made for the first time using zinc quinolinolates
and BOPHY dyes within the host structure (Chapters 4 and 6). The organometallic complexes
undergo a significant increase in fluorescence efficiency at high concentrations in the PMO
structure. Incorporation into the solid network also proved to induce charge-recombination
fluorescence. The same phenomenon was observed in the BOPHY-based PMOs. Additionally, the
latter materials showed fast energy migration between the single units of dye in the network. Such
properties make the materials promising for application in light-harvesting and sensitisation

technologies, as well as in lightings and the design of new OLEDs.
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Chapter 1: Introduction



1.1 Introduction

The life of humans on earth relies on energy consumption. It was reported in 2020 that 80% of this
energy is directly obtained from fossil fuels.? This remains the primary source for greenhouse
gases emission leading to global warming and ozone layer depletion.®>* Since the 1970s, there has
been an increasing concern about the limited availability of fossil fuels and, concomitantly, a keen
commitment in the scientific community to study the causes of climate change, particularly the
anthropogenic ones: rapid population growth, industrial revolutions for more than a century.® Ever
since the drive for moving towards a greener and more environmentally friendly energy resources
has grown significantly. Several technologies have been developed through which energy can be
captured, stored and converted for future usage, as the world proven reserves are at the peak of
declining.5® Some of these technologies are already available in the energy market, for example,
wind and solar electricity. The latter is particularly attractive, considering that the energy delivered
to the earth from sunlight is about 430 quintillion Joules per hour, which is more than the current
global energy demand (410 quintillion Joules of energy per year)® and even more than that
available from any other artificial or natural sources.'® Nevertheless, renewable technologies such
as solar, are still in a continuous development phase, as their performances present vast room for
improvement. That is the case for photovoltaic (PV) cells, dye-sensitised solar cells (DSSCs) and
photoelectrochemical cells, where progress needs to be made in regard to energy conversion
efficiency, long-term stability and the costs of sourcing and processing materials.

Photoelectrochemical cells are drawing constant interest and efforts in research, especially for the
prospect of fuels generation. An example of such type of device is a water-splitting cell, where
sunlight is used to trigger the production of oxygen and hydrogen from water, or when coupled
with a COz2 reduction system, can be used to produce syngas or methanol. However, the conversion
mechanisms responsible for producing hydrogen and methanol are quite complex, and the overall
fuel production efficiency is still low. Moreover, the highest performances of such devices are
generally obtained under intense illumination conditions, a situation far from the usual. Indeed,
sunlight exposure varies depending on the time of the day, the season and the geographical region
of the earth. In countries like the UK, for example, which sits at high latitudes and where sunlight
energy is diffused rather than concentrated, capturing and storing this energy is challenging. A

different situation is found at low latitudes, that is in the hot temperature regions, where



illumination is optimal, but solar technologies are not sufficiently developed or, in some cases, not
present. The above are just some of the big challenges that the modern research in photochemistry

is currently tackling.
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Figure 1.1: Alternative sources of energy and ways in which materials are used for energy capture

and storage.’
1.1 General Features of Photosynthesis

In the quest for alternative and renewable energy sources and technologies by the scientific
community, photocatalysis has always been looked at with interest, inspired by the use that plants
make of it in the form of photosynthesis, since even before the existence of humans. The natural
materials exhibited in plants and some organisms are complex and ordered structures made from
simple constituents that include polymers and minerals. Nature also makes its materials so that
they are highly organised, making it easy to adapt to environmental changes, repair for growth and
survival. The mechanism of these relationships in the highly organised natural system is directed

through energy transfers. Examples of this energy cascade in the biological system are the green



leaves; in these organisms, there is efficient light-harvesting and utilisation of sunlight to useful
energy at maximum. These organisms are good examples of nature’s design to capture, store and
converts energy into a useful form.** A simple example could be seen in the cell membranes of
Rhodopseudomonas acidophilia, a class of purple photosynthetic bacteria (see scheme in Figure
1.2).

Figure 1.2: A schematic diagram of how light is harvested, arranged and transformed in chemical
energy among the bacterio-chlorophyll units of Rhodopseudomonas acidophilia. High-energy
photons are absorbed by a light-harvesting ring structure (LHZ2), transferred to a low-energy

‘antenna’ (LH1) and finally delivered to a reaction centre.

In higher plants, they have a more complicated system that is located in the chloroplasts, but the
overall mechanism is the same.!>'* The cells of plants and bacteria have specialised light-
harvesting units through which photons are absorbed directly from the sunlight and stored in the
desired locations where they can be used for chemistry. As shown in Figure 1.2, organised systems
of chromophores absorb photons at different energies, transfer the excitation energy across the
organism, and then use it to activate reaction centres this is a typical example of an antenna system.
In the latter, the energy is used to catalyse the synthesis of glucose from COz2, while oxygen is
given up as a by-product. Nature has its way of simultaneously fixing carbon available in the

atmosphere and forming chemical feedstocks.™®



Within their complex light-converting architectures, molecules such as chlorophylls play a
fundamental role, and they usually represent the starting point for the construction of artificial
photosystems. The next section introduces the basic mechanisms of light absorption and

conversion by such molecules.

1.2 Photophysical Transitions in Molecules

The physical and chemical properties of a molecule are largely determined by the electronic
configuration. Therefore, knowing how electrons are distributed across chemical bonds within a
molecule, the type of bonds they form and the corresponding energy states is of fundamental
importance.'®1” This allows us to understand chemical reactivity and the ability of a molecule to

interact with light.

When light is irradiated on a molecule, the ground state electrons use energy from the light to
undergo transitions to higher-energy orbitals. This determines a change in electronic configuration,
which is then termed as an electronically excited state. Typically, the absorption of photons of
appropriate energy will cause the population of excited states by promoting electrons from the
highest occupied molecular orbital to the lowest unoccupied molecular orbital (HOMO — LUMO
transition). In the excited state, the orientation of the spin remains the same in most cases, and a

classical HOMO — LUMO transition is referred to as a spin-allowed transition.

Most ground state molecules have a closed shell structure, where the molecular orbitals contain
two paired electrons and define the electronic levels. The spin multiplicity of the electronic levels
can be determined by using the 2S+1 expression, where S is the sum of the total individual
electronic spins. Since most ground-state electrons are paired, the value of S = 0; therefore, the
spin multiplicity is 1, and the state is said to be a singlet. When an electronic transition such as
light absorption generates an excited state, normally the excited electron maintains its original spin,
and the excited state is a singlet too. In some exceptional cases, though, the electron might undergo
a spin change while transitioning and, from the expression above, S will be equal to 1 and the state
is said to be triplet (see Figure 1.3).
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Figure 1.3: Ground and electronically excited-state configurations of small organic compounds.
Readapted from reference 17.

A singlet-to-triplet transition is normally classed as a spin-forbidden transition, because of the spin
conservation rule, but it may be observed with a small intensity in an absorption spectrum due to

the so-called heavy-atom effect.'’

In small organic molecules, the lowest singlet state S1 and triplet state T1 are generated by the
promotion of electrons from the n molecular orbital to the ©* molecular orbital, while the Sz and
T2 excited states are the results of electron promotion from a m molecular orbital to the n* molecular
orbital. However, the situation depicted in Figure 1.3 is only applicable to organic molecules with
low electron density. Larger molecules such as metal complexes with high electron density have
molecular orbitals that are densely populated and hybridised or mixed across different atoms,
making it very difficult to draw a clear-cut distinction between metal-centred and ligand-centred

orbitals.1"18

Once electronically excited, all molecules reside for a very short time span in the excited state
before dissipating their excess energy and returning to the ground state configuration. The release
of the absorbed energy by the excited-state molecules can take different forms: it can be partly or
entirely in the form of heat, through intramolecular vibrations or collisions with other molecules
(e.g. solvent), and this is known as non-radiative decay; or it can take the form of photon emission,

which is a radiative transition. The latter is normally a fast spin-allowed transition (S1 — So) and



it is known as fluorescence, which has a lifetime in the ps-ns range. In the presence of heavy atoms
within the molecular structure (e.g. in transition metal complexes), though, the spin-orbit coupling
can induce a spin transition on the excited electron, turning the single state Si into a triplet state
T1. The excited triplet can then decay to the ground singlet state by light emission in the form of
phosphorescence, which, being a spin-forbidden process, takes longer than fluorescence to occur

(up to milliseconds or even seconds).

The processes of excitation, fluorescence and phosphorescence in both organic and inorganic

molecules are summarised using a Jablonski diagram in Figure 1.4.

V=4 \
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\Vibrational relaxation
\ Intersystem crossing ::
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S 5=
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Figurel.4: Jablonski diagram showing the photophysical processes occurring in molecules;

readapted from reference 17.

As shown in Figure 1.4, higher-lying excited states such as Sz undergo rapid internal conversion
to populate the lowest-lying S state. This is a non-radiative transition and it typically occurs from
the lowest vibrational sub-level of the Sz state to the iso-energetic vibrational sub-level of the S1
state. From the latter, fast vibrational relaxation brings the molecule down to the lowest vibrational

sub-level, a process often termed as state equilibration, where the molecular geometry slightly



rearranges to find its minimum energy configuration. The same kind of process might occur

concomitantly with a spin transition, and this takes the name of intersystem crossing.

The natural dye molecules or pigments present in photosynthetic organisms perform the processes
described above of light absorption and energy conversion between electronic states with minimal
non-radiative or thermal losses. Specific energy-harvesting units act as energy donors towards
other units and eventually reaction centres, and the overall efficiency of the conversion process is
guaranteed by the high organisation of pigments and enzymes within scaffold structures.

1.3 Host Structures in Light-harvesting Systems

Natural photosynthesis utilises protein membranes as scaffolds where molecules like chlorophylls
absorb and channel the excitation energy to suitable reaction sites, in a process that dampens
thermal losses and provides long-term stability.*°

Many artificial light-harvesting systems mimic the energy transfer cascades exhibited in nature by
using nanostructured materials; these are often assembled via non-covalent interactions as in the
chlorophyll-protein complexes present in green plants. Non-covalent chemistry has been used to
build supramolecular photosystems such as dendrimers, multi-porphyrin arrays, organo-gels,

polymers, etc., whereby chromophores can perform directional energy transfer.?

However, these examples usually operate in a solution phase or at liquid interfaces, which imply
high reorganisation energies and ultimately cause low conversion yields. Also, such systems tend
to photo-degrade over time upon exposure to light, and the lack of self-repairing mechanisms
makes them inadequate for industrial-scale applications. A strategy to circumvent this limitation
consists in using host materials such as nano-containers to form photosystems where molecular
dyes are highly organised in the available space.?* Host-guest chemistry offers a promising way to
achieve this, with many examples of light-harvesting systems reported in the literature, making use
of porous hosts such as zeolites, metal-organic frameworks and layered clays with pore sizes from

less than 2 nm up to half a micron.?-%3



1.3.1 Mesoporous Silicates

An appealing class of scaffold-like materials that can be considered for light-harvesting
applications is mesoporous silica. The development of porous silicates was aimed at tackling the

disadvantages and size limits of zeolites, which can not accommodate guest molecules larger than
4-7 A%

Research on porous silicates began in 1992 when Kresge’s group at the Mobil Oil Company
developed the first periodic mesoporous silica known today as the M41S phase.?® The synthesis
was based on a sol-gel synthetic route that uses a pre-assembled template to generate the porous
structure.?® The process is schematised in Figure 1.5. An amphiphilic surfactant is added in water
past its critical micellar concentration. It then self-assembles into spherical micelles, with the
hydrophilic and hydrophobic ends of the linear structure pointing, respectively, outwards to the
water interface and inwards to the centre of the micelles. The spherical micelles may merge into
rod-like structures under certain reaction conditions, such as a high concentration of surfactant or
the addition of ionic species that favour electrostatic binding. One of such species is often the silica
precursor itself, that is tetraethyl orthosilicate (TEOS) or sodium silicate; when this hydrolyses, it

starts polymerising around the micelles, keeping them arranged into a hexagonal columnar array.

composite: inorganic mesoporous material
lyotropic liquid-crystalline phase mesostructured solid/surfactant (shown MCM-41)
(shown 2D hexagonal)

spherical .
micelle rod-shaped micelle

W, 5 &

) ) ) :
o?.o o(‘):o oc‘).o silica
N \Sli ~~ N \SII ~~ N~ \SI‘I ~~ precursor
ro |/o ro (shown: TEQS)
b)

Figure 1.5: Formation of mesoporous materials by structure-directing agents: a) true liquid-crystal

removal of
the surfactant

template mechanism, b) cooperative liquid-crystal template mechanism.?®
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This is defined as a cooperative liquid-crystal templated mechanism. The silica growth is a multi-

step process triggered by the following reactions:

(RO)s-Si-OR + H20 & (RO)3-Si-OH + ROH (1.0)
(RO)3-Si-OH + HO-Si-(OR)s 5 (RO)3-Si-O-Si-(OR)s + H20 (1.1)
(RO)3-Si-OR + HO-Si-(OR)3 & (RO)s-Si-O-Si-(OR)s + ROH (1.2)

The -OR groups are turned into -OH group by hydrolysis; this step is achieved at a non-neutral pH,
in either acidic or basic conditions. The condensation reaction then proceeds by the formation of
an oxo-bridge between two silicon atoms, as in steps 1.1 and 1.2. The process continues as
polymerisation of successive orthosilicate unites until full consumption of the precursor and
formation of an extensive network of SiO2.26 As the final step, the micellar template is removed
after the silica synthesis, by either Soxhlet extraction or calcination. This will allow guest
molecules to be inserted into the pore spaces by diffusion or by covalent attachment using the

reactivity of the surface silanol groups.?’

Kresge and co-workers developed different varieties of mesoporous silica, the very first one being
the hexagonal Mobil Composition of Matter (MCM). The surfactant used for MCM-41, the most
common silica material, is hexadecyltrimethylammonium bromide (CTAB), and the synthesis is
carried out at temperatures between 50° and 80° C, and a pH of 12. Silica materials of MCM type
have typical pore diameters between 30 and 40 A .28 The main advantage of the synthesis process
is that the pore sizes can be fine-tuned depending on the length of the surfactant used for the
template. Small pores can easily be produced by using tetradecyltrimethylammonium bromide
(TTAB), whereas large pores up to nearly 100 A can be obtained using surfactants like CTAB or
longer jointly with swelling agents such as 1,3,5-trimethyl benzene (TMB).?°

Another class of porous silicates was synthesised by Zhao and co-workers in 1998, and it is called
Santa Barbara Amorphous (SBA). The most common type, SBA-15, is made using gemini Pluronic
surfactants, which are triblock copolymers with polyethylene and polypropylene glycol units. This
type of silica is known to have larger pore diameters than the classical MCM-41, up to 90-95 A 3031
A silica type with a similar pore size to SBA but different and, to some extent, more convenient

synthetic process is COK. Made using the same Pluronic-based templates, it uses sodium silicate
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as precursor rather than TEOS. Sodium silicate is commonly available as a water solution,
containing 10% sodium hydroxide and 27% SiO2 in water, and it is also called water glass. Silica
formation using such precursor is rapid and occurs at very mild conditions such as room

temperature and pH around 6.5-6.8.3233

COK and MCM silica types are those explored in this thesis, which also presents new strategies to
modify or hybridise the structure of the materials via the incorporation of light-active molecules.
The advantage of the above two silica types is indeed the relative ease of modification and
functionalisation in comparison with other silicates. The most important modification routes are
described in the next section and have opened up the possibility of incorporating chromophores
within the silica scaffold itself, making it an optically active host. The resulting materials, the so-
called PMO (periodic mesoporous organosilica), are attracting increasing attention as potential

photocatalytic systems for water splitting and COz reduction.343°
1.3.2 Strategies for Silica Modification

The advantage of silica modification through the formation of hybrid organic/inorganic materials
is the possibility to obtain new materials with emergent properties, which can be different from

those of the individual organic and inorganic components.?

Mesoporous silicates can be chemically modified through various means, including post-synthetic
or in-situ strategies, which use precursors containing silane-reactive functional groups.?® There are
three main different pathways to silica modification: 1) post-synthetic functionalisation, through
the attachment of organic groups, which is also called “surface grafting” (Figure 1.6); 2) co-
condensation, where the usual silica precursor (TEOS or sodium silicate) is co-polymerised with
an organic molecule bearing one alkoxysilane group (Figure 1.7), and 3) PMO formation, which
uses bis-silylated organic/metalorganic molecules, to incorporate them as bridging units within the
siloxane network (Figure 1.8).%°

Surface grafting is carried out by reacting organosilanes ((R’0)3SiR), chlorosilanes (CISiR3s) or
silazanes (HN(SiRs3)3) with the terminal silanol groups present on the outer and inner (pores) silica
surface. A wide variety of organic molecules can be introduced by this method, by varying the

organic residue R. The main advantage of post-synthetic modification is that the regular
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mesoporous structure of the silica material is maintained. On the other hand, as the amount of
organic groups introduced increases, the lining of the inner surface makes the width of the pores
gradually shrink, especially if bulky R groups are used. Another, probably more severe
disadvantage of the grafting method is that it may cause the organosilanes to react rapidly as they
diffuse through the pore openings. This often results in a non-homogeneous distribution of
molecules, which would primarily be found near the pores aperture and could even block or hinder
the diffusion of guests further into the material. Where R groups are dye molecules, such an effect

can be responsible for intermolecular quenching of luminescence.®
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Figure 1.6: Post-synthetic functionalisation of mesoporous silica by surface grafting, where an
organic molecule (R) bearing an alkoxysilane group (Si(OR)s) is covalently attached on the silica

surface.

The second and the third modification methods are both one-pot strategies and see the
organosilanes react simultaneously with TEOS or sodium silicate to form the solid network around
the micellar template. However, the two methods differ in regards to their final outcomes. The co-
condensation with a mono-silylated R group yields a material with the organic residues attached
covalently to the pore surface (see Figure 1.7); the majority of them protrude from the inner
surface, as the internal surface of the pores is larger than the outer surface of a silica particle. The
key advantage of such a co-condensation method over the surface grafting is that the organic
groups are generally more homogeneously distributed over the entire material, which reduces
luminescence quenching between neighbouring dyes, and there are no such drawbacks as pore
blockage. On the other hand, though, the concentration of the organic groups added in the hybrid
material should not exceed a molar ratio of 40% in respect to TEOS or sodium silicate; beyond

such value, an ordered and non-amorphous silica material would hardly form. Another
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disadvantage of this method is that the organic functionality might be chemically damaged or even
cleaved in the process of template removal after synthesis. It is then always suitable to use only
extraction methods such as Soxhlet with non-aggressive solvents at mild pH and to avoid

calcination.?®
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Figure 1.7: Co-condensation of TEOS with a mono-silylated organic molecule R to make a

surface-modified mesoporous silica material.

Where co-condensation is carried out with a bis-silylated R molecule, this becomes an integral part
of the silica network during the growth process around the template. The resulting material would
no longer be regarded as classic mesoporous silica and take the form of a hybrid framework, which
iIs commonly referred to as PMO (see Figure 1.8). The synthesis of PMO materials expands the
range of functionalities that host scaffolds have and, where R is a light-active unit, it renders the
host no longer inert. The PMO method also provides a homogeneous distribution of dye molecules
within the solid structure, which is usually maintained regular and ordered over long scales, as long

as R groups are relatively small and reactive during the synthetic process.
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Figure 1.8: Synthesis of Periodic Mesoporous Organosilica (PMO) by direct co-condensation

with a bis-silylated organic bridge R.
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Removal of templates by calcination is the best common method of removing templates under air
at 550°C. This method has its drawbacks ranging from the shrinkage of the framework, and
distortion of the ordered porosity, to the generation of a large amount of CO2, etc. Due to the above
limitations that the calcination method portrays, new technologies are being studied to achieve
detemplating without pore shrinkage and destruction of the templates, which includes chemical
methods (ionic liquid, solvent extraction, and chemical oxidation) and physical methods
(microwave-assisted treatment, supercritical CO2, ozone treatment, plasma technology, etc.).*
The microwave-assisted treatment can be used to remove templates from MCM-41 and SBA-15.
It can be carried out by mixing samples with HNO3 and H20: at 200° C and a pressure of 1.3MPQ,
which can be created by microwave radiation. The templates can be removed within2-3munites in
both samples, and complete removal can be confirmed by Fourier transform infrared
spectroscopy.®

Ozone treatment can be carried out using low-pressure mercury lamps to generate ozone. The lamp
will emit ultraviolet light and show two peaks in the UV-light range (254nm and 185nm). The
energy values generated are usually higher than bonding energies in organic compounds. The
inorganic bond in the template is being broken down by the U-light and aids the removal of a
template.

lonic liquid treatment is aimed at increasing access of enzymes to cellulose and, at the same time,
improving the hydrolysis process.3” The removal of templates from P-123 can best be achieved by
this method at 120° C for 12 hours. It has advantages over calcination by causing less shrinkage of
the pores, and the regular arrays are maintained.>

Solvent extraction is common method of template removal by using different solvents such as
water, dichloromethane, acetonitrile, ethanol, methanol, acetone etc. Using water to remove
templates appears to be less effective, and methanol has the highest impact. The extraction time
with this method is usually 6 hours with methanol and 48 hours with water.*

Since their early development, small organic functionalities such as ethylene and phenylene
spacers have been gradually replaced by more complex units (e.g. metal complexes).®*! Inagaki’s
group is among the first reporting the synthesis of PMOs and their use as solid-state sensitisers and

lighting materials.*?43
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The major disadvantage in the chemistry of PMOs is that the organic or organometallic silylated
precursors are not commercially available, and they must be synthesised, often in-situ, using air-

sensitive conditions.

Some of the dyes used in the research work presented in this thesis have been modified with

alkoxysilane groups or surfactant chains and they are introduced in the next part.
1.4 Light-active Molecules
1.4.1 Dipyrromethenes and their Complexes

Half of the work described in this thesis is centred on dipyrromethenes, also called dipyrrins (see
Figure 1.9), and their organic and inorganic complexes. Their relative ease of synthesis and
modification, together with their excellent optical properties, have generated vast interest in the
scientific community since their discovery.** The synthetic strategy includes an acid-catalysed
reaction that involves condensation between an aldehyde and a pyrrole to form a saturated
dipyrromethane. This is usually unstable, even at low temperatures, and can form porphyrin if
excess pyrrole is not used. The dipyrromethane is then oxidised quickly after formation to give the
unsaturated dipyrromethene by using either 2,3-dichloro-5,6-dicyanoquinone (DDQ) or p-
chloranil. For this research, p-chloranil was always preferred, as it gives dipyrromethenes higher
yields than DDQ. The dipyrromethene is then deprotonated to form an anionic bidentate ligand
that can be used to coordinate a large variety of elements, such as B, Zn, Al and several transition

metals.*®

Figure 1.9: Structure of three common dipyrromethenes.

BODIPY dyes
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The most commonly studied among the dipyrromethene complexes are the boron dipyrromethenes
(BODIPYsSs). The central core is formed by a 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene structure,
where the dipyrrin coordinates a boron difluoride group (see Figure 1.10).6 They have numerous
applications, ranging from optics to biology, and their use is still growing. The first studies started
back in 1968 by Treibs and Kreuzer,>* but their applications as laser dyes and biological probes
began in the 1990s.

Figure 1.10: Typical structure of a BODIPY dye.

BODIPYs have ideal photophysical characteristics that includes well-defined absorption and
emission bands, high molar extinction coefficients (between 50,000 and 100,000 Mt cm™t), small
Stokes shifts, high fluorescence quantum yields (in some cases, approaching unity), and good

thermal and photochemical stability.*’

The ability to introduce different substituents in its core structure can result in variations of spectral
properties and improvement of the luminescence efficiency and photostability.*¥°° BODIPYs
made with both substituted and unsubstituted pyrrole rings usually display high fluorescence yields
in most solvents, whereas BODIPY's with substituents only at the meso-position are known to have
low quantum yields.>* Often aryl substituents are attached to that position, which can induce free
rotation around the bond and provide an efficient thermal pathway of excited-state deactivation.
Generally, though, all BODIPYs have optical properties that can be fine-tuned across the entire
visible spectrum, down to the near-infrared region (NIR). For example, when alkyl or other
electron-donating substituents are attached to the pyrrole positions, significant bathochromic shifts

can be obtained, although this would decrease the luminescence quantum yields.*64/

It is also possible to substitute the fluorides on the boron centre with carbon or oxygen. This can
be done using substituents such as methyl and methoxy, or even bulkier groups like aryl and

polyethylene glycol chains, to mention a few.>
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Metal dipyrromethenes

Dipyrromethene ligands are not only limited to complexation with boron; they can also coordinate
a variety of metal ions, although only very few are highly luminescent.>*>* The most common
examples of stable compounds are with first-row transition metal ions (e.g. Fe, Cu, Ni and Zn).
Their optical properties resemble those of boron dipyrrins, with intense absorption bands in the
blue-green region (¢ = 10° M cm™) and mirror-image emissions with small Stokes shifts.>®
Coordination to the metal ions, though, introduces vibrational deactivation channels to the excited
states, and light emission usually takes place with low quantum yields unless some structural
rigidity is enforced. Figure 1.11 shows a typical example of a weakly emissive metal complex in
the form of a zinc(l1) bis-dipyrromethene. The complex has a fluorescence quantum yield of 0.16

in toluene and it is the subject of the investigation presented in Chapter 3.

Figure 1.11: Structure of a bis-dipyrromethene complex with zinc(I1) as the central metal ion.

Since zinc(ll) possesses a full d-shell, it is optically inert and does not alter the absorption and
emission energy of the ligands significantly. In some cases, especially with heteroleptic complexes,
new types of optical transitions can be introduced, such as ligand-to-ligand charge transfer

(LL’CT), where an electron is formally transferred from one ligand to another.

Metal ions with unfilled d-shells would potentially enable the occurrence of metal-to-ligand charge
transfer (MLCT) transitions, but these are not commonly observed.> An interesting effect is the
activation of the triplet states of dipyrromethenes by means of the strong spin-orbit coupling
induced by coordination with heavy metal ions, such as iridium(l11). This has led to the detection
of room temperature phosphorescence, which is also red-shifted towards the NIR in comparison

with the usual green-yellow fluorescence.>®

BOPHY dyes
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This is a new family of chromophores derived from dipyrromethene-based structures. They show
some similarities with the BODIPY dyes described earlier in this chapter. The basic BOPHY
structure consists of two BF2 groups coordinated by a hydrazine Schiff base linked to two pyrrole
rings; the full name is (bis(difluoroboron)-1,2-bis((1H-pyrrol-2-yl)methylene)hydrazine), and the
structure is shown in Figure 1.12, next to a BODIPY for comparison. BOPHY dyes are rigidly
planar with an inversion centre (Czn symmetry); as in BODIPYs, the o, B and meso-positions can
be easily functionalised with a wide range of substituents in order to fine-tune the optical

properties.®’
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Figure 1.12: Structure of BODIPY (left) and BOPHY (right).

The first synthesised BOPHY chromophore was reported by two groups in 2014.58%° They were
able to confirm the structure by X-ray crystallography, which also showed the formation of
intramolecular C-H---F hydrogen bonds between the fluorine atoms and the hydrogens at the -
and meso-positions.®® The unfunctionalised BOPHY shown above possesses the typical optical
properties of organic fluorophores, that is, intense and structured absorption and emission bands,
high emission quantum yield (0.95) and a short excited-state lifetime (2 ns).>*°® The absorption
falls in the blue region of the visible spectrum, with two distinct vibronic peaks at 424 and 442 nm,
whereas the emission peaks at 465 and 518 nm, with a moderate Stokes shift from the lowest-

energy absorption peak.

Generally, BOPHY dyes have absorption and emission at higher energies (more blue-shifted) than
BODIPYs.%860-62 They also tend to be more stable to light exposure and air for some days, contrary
to BODIPYs.5® Moreover, most BOPHYSs exhibit good fluorescence properties in the solid-state
as well as in solution, whereas that is not the case for BODIPYs, which undergo fluorescence

quenching in the same state.®3
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1.4.2 Quinolinolates and their Complexes

Another class of conjugated ligands with appealing optical properties is that of quinolines.
Hydroxyquinolines, in particular, have been widely studied because of their ability to coordinate
various light metal ions such as aluminium(l11) and first-row transition metal ions like zinc(ll).
The first studies on metal quinolinolates were carried out with tris-chelated aluminium complexes,
often abbreviated as Algs. They quickly showed great potential for use in OLEDs due to their
electroluminescence, good electron transport properties and the ability to form stable thin films for
use in devices.%*®® Algs and analogous compounds such as Zng: display a green-yellow light
emission, originating from excited states localised on the ligand. This is typical of metal ions that
are optically inert or unable to induce the formation of luminescent excited states with at least
partial metal localisation, such as MLCT states. Instead, the metal ions play a structural role only,
holding multiple ligands to increase the light-absorption and conversion ability. Where metal
quinolinolates possess rigid structures, the vibrational deactivation pathways can be reduced,
leading to more efficient luminescence. The latter, as anticipated earlier, usually takes the form of
ligand-centred fluorescence with some charge-transfer character under ambient conditions, while

phosphorescence rarely appears.%6-58

Vogler’s group has extensively studied metal quinolinolates, also called metal oxinates, since the
late 1990s. They prepared the first zinc(I1) complexes and found that the central metal ion prefers
distorted tetrahedral coordination.®® Zng2 shows strong absorption bands in the UV region, around
260-270 nm (e = 39,000 M* cm™), due to © — n* intraligand transitions, and weak bands at 350-

410 nm (e = 4,500 M cm?), due to mixed n/n — 7* transitions.3>67:69

Despite their attractiveness for opto-electronic applications, metal oxinates have limited quantum
yields, between 0.12 for Algs and 0.26 for Zng2.%8%° They are still subject of ongoing
investigations, with the aim to develop new synthetic strategies for more efficient light-emitting
complexes.5>70.71 Zinc(11) quinolinolates were used for the studies presented in Chapter 4 of this
thesis (see also Figure 1.13), where the target is to design new solid-state materials with enhanced

fluorescence properties.
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Figure 1.13: Structures of the homoleptic bis-quinolinolate zinc(l1) complexes that are subject of

the studies presented in this thesis.

It will be expected that by attaching or incorporating each type of dye will bring about a different
photophysical characteristics. Some of the dyes will be added in the micellar template, added as
core-surfactants and or as bridging units in the mesoporous wall. The direction and orientation of
each molecule will determine the possibilities of energy transfer and enhanced luminescence

characteristics.

1.5 Aims of the Thesis

The overall target of the research work discussed in this thesis is to design new photo-active
materials using the host-guest chemistry of mesoporous silica and organosilica. A variety of
organic dyes and metal complexes is showcased in the following chapters, and their optical
properties will be compared with those of the solid-state materials prepared by using them as
building blocks. All such molecules are chromophores absorbing and emitting in the UV-visible
region of the spectrum, and for most of them the first objective is the successful synthesis,

purification and incorporation into porous materials.
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Chapter 3 and 4 present zinc(l1) bis-dipyrromethenes and bis-quinolinolates, respectively, whereas
Chapter 5 and 6 cover the use of organic BODIPY and BOPHY dyes. All solid-state materials will
be built using micellar templates consisting of CTAB and Pluronic surfactants, to generate
mesoporous MCM-41 and COK-12 silica, respectively. The zinc(Il) dipyrrins and the BODIPY's
are incorporated into the micellar templates at different concentrations to study the effect this has
on the luminescence efficiency and photostability. The zinc(l1) oxinates and the BOPHYs, instead,
are co-condensed with the silica precursors in order to make them an integral part of the materials
themselves. All new organic/inorganic hybrids are fully characterised structurally and optically,
with a special emphasis on the solid-state analysis. This included time-resolved luminescence
spectroscopy to elucidate the excited-state dynamics and determine the time scales of light-induced

phenomena such as energy migration within the materials.

The final aim of these studies is to identify the most convenient synthetic routes to prepare the best
performing antenna materials, with high luminescence quantum yields and the ability to act as
sensitisers. Such two characteristics are of key importance for the development of new materials

for OLEDs and photovoltaic devices.
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Chapter 2: Instrumentation and
Principles of Operation
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2.1 Introduction

This chapter will aim to describe various techniques used in the research work presented in this
thesis. The methods include structural analysis of molecules (NMR) and materials (XRD and
TEM), and photophysical characterisation of both, using UV-visible steady-state and time-resolved

spectroscopy.
2.2 Structural Characterisation
2.2.1  Nuclear Magnetic Resonance (NMR)

This is a simple technique used in analytical chemistry research and functions to determine a
compound's molecular structure. After successful synthesis of an organic molecule, the structural
elucidation of the synthesised compound can be elucidated using a variety of techniques, and the
first among is the NMR. The principle involves measuring the interaction between nuclei and
radio-frequency energy in a sample to generate a spectrum. Different sets of spectra can be
measured, and the most common is 1D. The 2D spectra consist of proton NMR or denoted as *H,
carbon (**C), and also fluorine (**F), silicon (*°Si) and phosphorus (*'P) are regarded as 2D NMR

spectra.t

Because of the nuclear spin that atomic nuclei possess, they can behave like bar magnets. Nuclear
magnets can arrange themselves in 2 | + 1 ways when exposed to a magnetic field, where | is the
nuclei spin quantum number.?2 When the mass number of nuclei is odd, their spin state becomes
1/2, 3/2, 5/2, and so on. Suppose the spin of a nuclei is 1/2. In that case, they can only take up to
two orientations: a high energy orientation, which is opposed to the applied magnetic field, and a
low energy orientation, which is aligned with the magnetic field. The following equation calculates
the difference in energy.

AE =B (2.1)

21

In the above equation, y and Bo are the magnetogyric ratios and the strength of the applied magnetic
field, respectively.
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To determine the difference in the number of nuclei having low (Ng) and high (N.) energy, we
used the Boltzmann distribution equation:
NE — exp(Z2E

The distribution changes if the radio-frequency equals that of the natural precession of the nuclear
magnets in the magnetic field, in which case Np will increase due to the promotion of the nuclei
from the o state to the P state.? The frequency of the magnet depends on the nature of the nucleus
and the applied field strength. The higher the field strength, the more significant the difference
would be between N and No. For such reason, high-field instruments with 200-750 MHz are

widely used, as they are found to be more sensitive.

Transmitter ¢ Printer

' Detecter —
. Absorption

Magnet Magnetic field

controller

Figure 2.1: Schematic diagram of the Nuclear Magnetic Resonance instrumentation adapted from

Byjus.com.?

The above Figure 2.1 shows a schematic representation of the NMR instrument.® In a typical
measurement, few milligrams of samples are dissolved in a deuterated solvent and transferred into
an NMR tube. The tubes are placed into a probe or sample holder that aids in positioning the sample
into a strong magnetic field, e.g. 300, 400, 500 or 700 MHz. The magnetic moment within the
nucleus then aligns with the static magnetic field from the instrument’s magnet.* The probe coils

generate the secondary moment that causes the nuclear magnetisation to rotate, eventually inducing
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the nuclei to be excited. At the end of the process, a resonance signal is generated by the net
magnetisation precession around the static magnetic field; such signal is then recorded as a function

of time.
2.2.2 Transmission Electron Microscopy (TEM)

TEM is a well-known technique for the morphological characterisation of silica materials.®

ELECTRON GUN

CONDENSER LENS 2
v
SAMPLE
ELECTROMAGNETIC
» a LENSES
OBJECTIVE LENS
|
INTERMEDIATE LENS &
v
» 4
PROJECTOR LENS
|4 |

IMAGE

FLUORESCENT SCREEN

Figure 2.2: Schematic diagram of a Transmission Electron Microscope.®

Figure 2.2 is a schematic representation of a conventional Transmission Electron Microscope
(TEM). The operation principle is by irradiating a thin specimen with an electron beam containing
the same current density. The electron energy ranges between 60-150 KeV. The electron gun emits
electrons in the form of a uniform beam; this passes through the sample and generates an image.
A condenser lens, made of iron, cobalt or nickel-cobalt alloys, is responsible for collimating the

beam onto the sample plane: the process uses the electromagnetic field generated by a current that
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is passed to the lens via a wire coil and the field is then used to deflect the electrons direct them
onto the sample in question.” Then, a certain number of electrons passes through the sample, each
at different angles in respect to the original incident angle, and are collected by the objective,
intermediate and projective lens, to be finally directed to a screen, where an image of the sample
is displayed. The number of electrons that pass through the sample depends on the density of the
material under investigation.® For the acquisition to be as accurate as possible, the measurement is
best carried out under vacuum, since collisions with particles present in air may affect the direction

of the electrons.

All TEM images presented in this thesis were obtained from a JEOL JEM 1400 microscope, using
an acceleration voltage of 120 kV), a JEOL JEM 2100 (acceleration voltage 200 kV) and a Hitachi
HT7800 (acceleration voltage 120 kV).

The diameter of pore spaces in all the silica samples were measured using the same equation

below:

Length of a measured pore (cm) x length of a pore from the instrument (nm) (2 3)

length of a scale bar on the TEM image
The diameter of a pore can be obtained by picking at random any pore from the image and using
any scale bar to measure, and the length of a measured pore and scale bar can be obtained by using
a ruler (cm) to measure their lengths respectively. Example: for a silica sample with 200 nm from
the machine, a measured pore length of 0.05 cm and the length of a scale bar is 1.9 cm. The actual

pore diameter will be:

0.05cm x 200 nm

19cm

5.26 nm

2.2.3 X-ray Diffractometry (XRD)

X-ray diffraction (XRD) is a characterisation technique which can help determine a molecules
structure. Upon elastic scattering of a plane wave of X-rays (all photons are travelling parallel to
one another), spherical waves move outwards from the sample. These waves interfere

constructively and destructively giving high intensities of X-rays seen in specific directions or
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more commonly known as reflections. Through computer software, it is possible to examine the
reflections to determine the positions of atoms. However, this analysis can only be performed if
the sample being used is a perfect single crystal. Bragg reflection planes are formed from the
translational symmetry in the arrangement of the atoms of a single crystal. The space between these

planes, d, can be determined using the equation below:
nA = 2d-sinf (2.4)

Where n is the number of Bragg planes passed through before reflection takes place, A is the
wavelength of the X-rays and 0 is the angle of scattering from the Bragg plane.

For solid-state samples that are larger in scale than molecules, such as bulk materials (e.g., metal
oxides, silica), another technique must be used. Powder X-ray diffractometry (PXRD) is the

technique of choice and it was used to characterise all mesoporous silica and organo-silica
materials in this thesis. PXRD samples consist of ordered materials with a periodic arrangement
over specific dimensions in space. An example is given by mesoporous silicates and
aluminosilicates, where ordered one-dimensional pores run through the entire material and are
spaced at regular intervals. When subjected to X-ray analysis, they give rise to a diffraction pattern,
seen as peaks at specific scattering angles. In a typical experiment, X-rays are generated and sent
towards the surface of a flattened sample at a variable angle with 20 values. The scattered X-rays
are then collected by a detector which is again at a variable angle, with the resultant X-ray intensity
being plotted against 20. Powder X-ray diffractograms in this thesis were obtained with an ARL
XTRA48 diffractometer using Cu Ko, radiation (A = 1.54062 A).
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Figure 2.3: Schematic diagram of an X-ray diffractometry tube.®
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2.3 Optical Characterisation
2.3.1 UV-visible Absorption Spectroscopy

The principles of photochemistry involve the study of chemical and physical behaviours that a
molecule undergoes that result from the interactions with visible light.2° When matter interacts
with UV-visible light, the valence electrons are promoted from the ground to the excited state. This
is also referred to as an electronic transition from the highest occupied molecular orbital (HOMO)
to the lowest unoccupied molecular orbital (LUMO).

From the quantum theory, we know that light is quantised. Absorption and emission of light by
matter involve the transfer of energy in the form of photons. These photons are known to have
wave-like and particle-like properties, and each has specific energy, given by Planck's law that
explains the direct relationship between frequency and energy as follows:

E=hv (2.5)

Where E is the specific energy of the photon measured in Joules (J), h is Planck's constant (6.63 x
103*J/s), and v stands for the frequency of oscillation of the electromagnetic field carried by the
photon, measured in Hertz (Hz) or s It is scientifically more conventional to use the speed of
light in relation to the path length of the photons, as expressed in the equation below:

_ he
E == (2.6)

Where A is the wavelength measured in meters and c is the speed of light (3 x 108 m/s).

When a molecule is exposed to light, a fraction of it will be absorbed, causing electronic transitions
in the molecule, whereas the remaining part will be transmitted. A typical UV-visible absorption
spectrometer detects the fraction of transmitted light intensity (I) in respect to the incident light

intensity (lo), as expressed by equation 2.6:
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T=L (2.7)

Io

Where T is defined as transmittance. The most commonly used property is absorbance (A), which

is connected with transmittance and is expressed by the Beer-Lambert's law
A =log(*%) = ecl (2.8)

Where c (in units of molarity) is the concentration of the molecule in the sample, | is the path length
that light traverses (in cm) and ¢ is the molar extinction coefficient (in M cm™), which is an

expression of the absorption probability for a molecule at a specific wavelength.!*
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Figure 2.4: The Schematic diagram of a double beam UV-vis spectrometer.*?

The principle of operation of UV-visible spectrometers depends on the type of instrumental setup
(single- or double-beamed). For the single-beamed, two measurements are carried out, the first one
being the reference (typically the sole solvent) and the second being the sample. The above
schematic diagram 2.4 is for the double beam UV-visible spectrometer. It consists of three main
components: light source, monochromator and detector.!2 A Xenon arc lamp is largely employed
as the main light source and covers the range of 200 — 700 nm; another common light source is a
tungsten-halogen lamp that covers the range of 200 — 1000 nm. The monochromator is the second
component and is made up of three parts: an entrance slit, a dispersion device and an exit slit. The
dispersion device functions to produce an angular light dispersion, typically through a prism, which

yields the desired range of wavelengths, with the exit slit that allows them to pass through the
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sample. The excitation light is then passed down to two paths via a beam splitter: one path leads
to the reference and the other to the sample. The detector records the intensity of the transmitted

light over the wavelength range, by transforming the light intensity signal into an electrical signal.
2.3.2 Steady-state Photoluminescence Spectroscopy

Upon light absorption, several processes take place immediately, including the reverse quantum
transition from the excited state back to the ground state. Such process, where energy is released
in the form of photons, is generally termed photoluminescence and it occurs either in the form of

fluorescence or phosphorescence (see Chapter 1, section 1.3).

A fluorimeter, or photoluminescence spectrometer, is used to detect and study light emission, and

the working scheme of such instrument is shown in Figure 2.5.

I— MONOCHROMATOR —I o

LIGHT SOURCE DISPERSION DEVICE
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DETECTOR

Figure 2.5: Schematic diagram of a fluorimeter.™®

As in UV-visible absorption spectrometry, a Xenon arc lamp is used as the light source. A beam
of light from the lamp is sent to the monochromator that selects or differentiates the exact

wavelength at which the molecule of study absorbs. There are also entrance and exit slits whose

39



width can be varied and adjusted to obtain an optimum signal. This, in turn, affects the intensity of
luminescence recorded by the detector as well as the spectral resolution. The lamp and the detector
are angled at 90 degrees to each other, to avoid that the excitation beam reaches the detector and
to reduce scattering effects caused by the sample and the sample cell (usually a quartz cuvette)

upon excitation.*

Before measuring the emission spectra, an excitation wavelength is defined where the molecule
absorbs. By measuring emission spectra, it is possible to determine the emission efficiency, which
is quantified with the photoluminescence quantum yield (®pL). The definition of absolute ®pL is

given as the ratio between the number of photons emitted and the number of photons absorbed.*

__ Dphotons emitted (2.9)

b, =
PL photons absorbed

Direct measurements of both photon numbers may be performed by using an integrating sphere
device, where the intensity of the emitted light is recorded at all directions from the sample. The
most common measurement of ®pL, which is also more accurate for solution samples, is by the
relative method. A standard or reference sample, with a known ®rL, is chosen and compared with
the sample under study. The standard is expected to emit over the same wavelength range as the
unknown sample and both should have the same absorbance (typically 0.1 or below) at the same
excitation wavelength. The following formula is then used to obtain the quantum yield of the
unknown sample (®s) in the comparison with that of the reference (®r):*®
—_10-4R 2
:;;=;—:x%x2—§ (2.10)

where Ir and Is are the emission intensities of the reference and the sample, respectively, Ar and
As are the absorbance of the reference and the sample, respectively, and nr and ns are the refractive
indexes of reference's solvent and sample's solvent, respectively. To determine the quantum yield
of the sample with high precision and accuracy, the emission spectra of both the reference and the
sample are measured at the same excitation wavelength, and all other parameters are kept equal,

such as the width of the excitation and emission slits, and the use of filters).
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The above formula has been used to calculate all the quantum yields reported in the following
chapters of this thesis. For all dye-doped silica materials described here, the free dyes in solution
were used as the respective references and the measurements of the materials were carried out from
diluted suspensions of 50 nm sized nanoparticles. Such fine suspensions were made iso-absorptive
with the relative standards, by working in equimolar conditions and has a known quantum yield
for our samples, where the dyes are attached to the silica or within the micelles. The quantum yield
of the free dye in the solution is used as the standard and compared with that of the hybrid.

All the steady-state measurements presented in this thesis were performed using an Edinburgh
FLS980 photoluminescence spectrometer. The instrument is equipped with a 450 Watt Xenon arc
lamp, Czerny Turner monochromators (1.8 nm/mm™ dispersion; 1800 grooves/mm™) and a
Hamamatsu photomultiplier tube (in fan associated TE cooling housing, at a -20° C operating

temperature).
2.3.3 Time-resolved Photoluminescence spectroscopy

The steady-state spectroscopy only gives information on a molecule's photoluminescence
properties, which can be considered fundamental. However, it does not provide details on the
kinetics of deactivation of the excited state. Time-resolved measurements are then required, in that
they enable detection of the excited state lifetime and help determining whether the emission
mechanism is by fluorescence or phosphorescence. The most common technique used for
measuring the excited state decay of a molecule is called time-correlated single-photon counting
(TCSPC).
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DETECTOR

Figure 2.6: Schematic diagram of a TCSPC spectrometer adapted from Prashant Kamat

Laboratory.!®

Figure 2.6 shows a working scheme of a typical TCSPC spectrometer. In our instrument, we have
two different sets of lasers, 372 nm and 475 nm. The pulse from the laser is used to irradiate the
sample at a specific emission wavelength, and this will send a signal to start a timer. At 90° to the
monochromator, the sample will emit through the filter and then the emission light intensity is
recorded by the detector. The timer will automatically stop immediately after the emitted photons
reach the detector. To determine a molecule's decay profile, the time difference between sample
excitation and photon emission is recorded by the detector. Rather than time directly, the
instrument measures an electrical property that depends on it. In the process, an electrical pulse
accompanying laser excitation is directed to the timer, setting the start input of a time-to-amplitude
(TAC) converter. An electrical response relative to the sample luminescence is used as the stop.
The function of the start and the stop pulses is to initiate and stop the charging of a capacitor,
respectively. The time between the two pulses is directly proportional to the final voltage and can
then be determined. A different number of photons will be emitted at different time delays after
excitation and the overall trend is typically a gradual decrease in photons per time from the

excitation time until the end of the decay process. Several repetitions of start-stop measurements
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are then carried out at different time delays upon excitation, resulting in the generation of a
histogram of emission intensities per time, which gives a decay curve. Statistically, each emitted
photon will take a different time to reach the detector. That is equivalent to say that there will be a
different number of molecules in the excited state at different time delays after excitation. We can
define n(t) the number of excited molecules at a time t and no the initial population of molecules

in the excited state. Being luminescence a first-order process, the decay function of n(t) is given

by:
t
n(t) = nye’s (2.11)

Where t is the lifetime of the excited state. This indicates that the probability of the excited state
decay decreases exponentially with time and a typical determination of an accurate lifetime value
consists in running several thousands of measurement cycles over a wide time scale, followed by
an exponential fitting of the decay curve. In some samples, the decay profile may give a multi-

exponential trend, indicating two or more decay processes occurring in the sample.’

To ensure acquisition of an accurate decay profile, the emission rate from the sample must be kept
low compared to the excitation rate (typically, up to 4% of the laser rate), as this enables the
detector to differentiate between the emission and the excitation signals.’® For all measurements
reported in this thesis, the fitting analysis was performed on the fluorimeter software F980, with

numerical data reconvolution based on Marquardt-Levenberg algorithm.

The Edinburgh FLS980 spectrometer was used for all the time-resolved measurements reported in
this thesis. The instrument has a built-in time-correlated single photon counting (TCSPC) module
and two sets of lasers: an EPL_375 (exciting at 370.8 nm) and an EPL_475 (471.8 nm), both
featuring a 61.1 ps pulse width.

The actual measured lifetime can be determined by multiplying each lifetime with its relative
percentage and sum it all, which is then divided by the total sum of relative percentage obtained

from the fittings. If we use figure x as an example, the average lifetime will be:
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Figure 2.7: Example of a measured lifetime from TCSPC instrument showing the
lifetimes and relative percentages after fittings.

If we select two lifetimes with high relative percentages, it will be:

_ (0.77x0.37) + (2.58 x 0.54)
B (0.37 + 0.54)

Tr =5.08 ns

KR this can be determined using equation Xx:

Ky = —2F
R T, x10-9

While KNR can be calculated using equation x as follows:

(2.12)

1_CDF

Kygp = ————— 2.1
NR = T, x10-° (2.13)

2.3.4 Luminescence Anisotropy

The origin of anisotropy in fluorescence spectroscopy is found in the existence of transition

moments for absorption and emission that lie along specific directions within the structure of a

fluorophore. When fluorophores are excited with polarised light, only those having their absorption

transition moments oriented along the electric field vector of the incident light are preferentially

excited and would subsequently emit light. In homogeneous solutions with low viscosity,

fluorophores are randomly oriented at all directions and the rate of rotational diffusion is typically

faster than the rate of emission. Under these conditions, the final emission is depolarized and the
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anisotropy of the solution close to zero.*? On the contrary, high-viscosity solutions and solid-state
samples may have non-zero anisotropy and show polarised emission. In cases where rotational
diffusion is hindered or even suppressed, the only way emission can become depolarized is by
resonance energy transfer (RET) of energy among fluorophores. Such type of RET between
chemically identical molecules is termed homotransfer and typically occurs for fluorophores which
display small Stokes shifts. In fact, homotransfer among fluorescent molecules was one of the
earliest observations in fluorescence and it was detected by a decrease in the anisotropy of

fluorophores at higher concentrations.'4

Typical fluorescence anisotropy measurements begin with steady-state emission and excitation
spectra. Linearly polarised light beams of vertical (V = 0°) and horizontal (H = 90°) orientation

are used to excite the sample and detect the sample emission, as shown in Figure 2.7.

Horizontal
- Excitation

Vertical
Excitation

Figure 2.7: Scheme showing the measurement of fluorescence anisotropy for vertical and

horizontal orientations; MC indicates a monochromator.'*

Normally, four emission anisotropy spectra are recorded (lvv, lvn, Inv and Inn), after which an
emission wavelength is selected, where the intensity difference is the largest. Two anisotropy
excitation scans are then taken and a correction factor, called G-factor, is obtained at the selected
emission wavelength:

— Igy (Aem) (214)

Iy (Aem)
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The G-factor is an experimental correction for the polarization bias of the detection system rather
than a factor related to the physical properties of the sample. For example, G = 2 means that the
detection system detects horizontally polarised light “twice as good™ as vertically polarised light.
The difference between the two steady-state measurements is in term of G-factor correction: in the
excitation anisotropy, only one G-factor is needed as the emission wavelength is fixed, whereas in
emission the whole curve of the G-factor is necessary and each emission wavelength has a specific
G-factor value.*?

The G-factor is then used to carry out time-resolved anisotropy measurements. The sample is
excited using vertically polarized light pulses while the intensity decay of the sample is measured
through a polarizer oriented vertically, VV, and horizontally, VH, to the sample. The anisotropy

decay, r(t), is then calculated as:

_ Ipolarised(t) _ G'IVV(t)_IVH(t)
r(®) = Itotat(t)  Gelyy(®©)+2Iyp(t) (2.15)
The acquisition process is in TCSPC mode and it yields two curves of polarised time-resolved
intensity decay. At the end of the measurement, the anisotropy function, also termed anisotropy
profile, is calculated from the two anisotropy decay curves and displayed separately, to then be
numerically analysed using an exponential tail fit.}* The latter gives a value that can be interpreted

as the fluorescence depolarisation time, or polarisation transfer time.
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Chapter 3: Turning weak emitters into
outstanding luminescent materials
using rigid host media
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3.1 Introduction

The search for ever more efficient and sustainable energy solutions requires the development of
new materials that are capable of high conversion rates with the least possible energy losses. Such
target is desirable and currently tackled for different types of conversion processes, e.g. light-to-
electricity and electricity-to-light, and the primary step typically undertaken is the design of
molecular dyes with controlled light absorption and emission bandwidths alongside high transition

efficiencies.!

3.1.1 Dipyrromethenes (dipyrrins)

Dipyrromethane ° n Dipyrrin 6

Figure 3.1: Left; structure of a typical dipyrromethane from unsubstituted pyrrole and Right; the

structure of dipyrrin/dipyrromethene after oxidation with p-chloranil or DDQ.

Dipyrrins belong to the class of m-conjugated molecules having one or two degrees of unsaturation
with intense absorption in the visible region.?® The structure of these compounds consists of two
pyrrole rings bridged by an sp? carbon (see Figure 3.1) and resembles half of a porphyrin ring.
The most common dipyrrins have substituents at the a-, B- and meso-position (5-position), with
the latter, considered as the point of introduction of important substituents in the synthetic routes.??
The nitrogen atoms in the structure provides the coordinating ability, and therefore they are termed
ligands. Among the various classes of ligands studied so far, dipyrrins present attractive advantages
over others, such as simple, high-yielding and cheap synthetic routes, wide coordinative versatility
towards semi-metals like boron and several metal ions, and finely tuneable optical activity through
structural modification on the pyrrole rings by the introduction of specific substituents.?*°
Alongside boron dipyrrins (known as BODIPY), the most extensively studied dipyrrin-based dyes
so far, metal dipyrrins have recently gained attention. They have been the subject of a growing

number of studies on the application of their optical properties for energy conversion.®° Examples
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of metals used for complexation with dipyrrins include copper, nickel, cobalt and iridium. After
successful complexation with any of the metals mentioned above, the resulting complexes can be

used as luminescent dyes.12"

3.1.2  Zinc dipyrrin complexes

Figure 3.2: The complexes (1 and 2) used in this chapter were obtained from our research

collaborators at KIT.

The search for luminescence properties in new metal dipyrrins has recently intensified in the field
of photochemistry, as such complexes find use as probes to sense metal ions in living systems and
as light-absorbing and light-emitting dyes in optoelectronic devices.'%! Generally, metal dipyrrins
are emissive, with few exceptions that show low quantum yields.?®>!2 Within this class of
compounds, zinc(ll) dipyrrins are particularly attractive because of the presence of an earth-
abundant central ion and the ability to form supramolecular structures and coordination
polymers,*1® commonly exhibiting a linear geometry, due to the easy functionalisation on the
meso- position of the dipyrrin. Despite their strong absorption in the blue-green region, though,
with molar extinction coefficients above 300,000 M cm™, they are typically weak emitters
because of the strongly competitive non-radiative deactivation pathways introduced by the
distorted tetrahedral coordination and a certain structural flexibility.® Two examples are
represented by the zinc(Il) dipyrrins that were investigated for this study: they are homoleptic
complexes and possess anthracene and mesitylene groups as substituents on the meso-position of
the dipyrrin core (see Figure 3.2). As will be discussed in the next section, they have intense

absorption in the visible region, although fluorescence is barely observable.'’
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One of the possible solutions that have been recently adopted to improve the emission quantum
yields of such zinc complexes is the use of bulky coordinating ligands that are able to impose a
high structural rigidity to the whole complexes. This strategy involves the design of suitable multi-
step synthetic routes, with the aim of expanding the dipyrrin core from the a- or the B-positions,
so as to introduce sterically hindering groups.®!® An alternative solution, which we used in this
chapter, for increasing the luminescence efficiency without having to introduce lengthy synthetic
modifications is to impart the desired rigidity by encapsulation of the complexes into a spatially
constraining host structure. This may, in principle, also help circumvent another strict limitation to
fluorescence efficiencies that homoleptic bis(dipyrrinato) zinc complexes suffer from the presence
of symmetry-breaking charge-transfer excited states, which become the lowest-lying states in polar
solvents and, being prone to non-radiative decay, lead to fluorescence quenching.’
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3.1.3 Aims of this Chapter

The aim of the research studies presented in this chapter is to demonstrate how the
photoluminescence properties of the two weakly emissive zinc(Il) dipyrrins mentioned above can
be improved by encapsulation into a rigid host material. For this purpose, we adapted a synthetic
methodology that is used to prepare a mesoporous silica material named COK-12. The use of
ordered mesoporous silica as a rigid host for dye molecules has been attracting great interest in the
field of photochemistry in recent years,'*?° due to a series of multiple advantages. These include:
design of bifunctional host-guest materials, enhanced chemical stability and protection to the guest
molecule, homogeneous dispersion of guest dyes, rigid pore spaces that can be tailored to adapt

towards different sizes of guests.'9%!22

The next section will show that the luminescence properties of the target dyes can effectively be
manipulated and improved, owing to the spatial and environmental constraints imposed by the

insertion into mesoporous silica.
3.2 Results and Discussion
3.2.1 Absorbance spectra

Complexes 1 and 2 were first synthesised and reported, respectively, by Nishihara’s and
Thompson’s groups.”® Figure 3 shows the steady-state absorbance spectra of the two free dyes

from dichloromethane solutions at 4x10® M concentration.
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Figure 3.3: Absorption spectra of 1 and 2 recorded from 10 M dichloromethane solutions.

Both complexes show similar absorbance bands, which are typical of BODIPY chromophores. The
maximum absorbance for 1 and 2 was observed at 488 nm, and it corresponds to the lowest-energy
n — w* singlet transition, as illustrated in the Jablonski diagram in Figure 3.4. The complexes
exhibit a high degree of light absorption, as can be noticed from the large molar extinction
coefficients, above 100,000 Mt cm™, which is the typical range for dipyrrins. Complex 1 shows
an additional absorption band around 350 — 390 nm due to the 7 — x* transition within the
anthracene moiety. A Jablonski diagram summarising all-optical transitions in 1 is shown in
Figure 3.4. Both complexes show fluorescence quantum yields below 1% in mildly polar solvents,
such as chloroform and dichloromethane, whereas the values are 2% (complex 1)!8 and 16%

(complex 2) in cyclohexane, the least polar solvents used by the above groups (see also Table 3.1).
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Figure 3.4: Jablonski diagram showing the optical transitions of excitation and emission for
complexes 1 and 2 at their respective wavelengths. E = Energy, S = singlet state, v = vibrational

levels and IC = internal conversion.
3.2.2 Synthetic strategy used for the host-guest materials

The experimental approach we used for improving the fluorescence yields of the complexes further
above the values obtained in the solution takes advantage of the well-established soft-template
route used for all types of mesoporous silica materials. A micellar template is made by using
amphiphilic surfactants able to self-assemble in water and form rod-like micelles; after this first
step, a suitable silica precursor is added, which hydrolyses and polymerise around the template,
forming the final silica network.?® Due to the insolubility of the zinc dipyrrins in water, their
addition during the self-assembly process leads to their spontaneous diffusion and encapsulation
into the solvent-free, rigidified, hydrophobic core of the micelles. In order to prepare the
mesoporous silica used in this study, COK-12, the micelles are built using the Gemini surfactant
Pluronic-P123. To enable a homogeneous dispersion of the dyes, minimise intermolecular
aggregation, quenching effects and prevent structural disruption of the micelles and, consequently,

of the silica particles, we applied a recent strategy established in our group,?* using a low loading
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of complexes, at a 99:1 molar ratio of Pluronic-P123:complex for each of the host-guest systems,

hereafter named 1S and 2S.

monomer micelle COK-12

Figure 3.5: The synthetic route for the preparation of the two host-guest silica materials 1S and
2S.

Pluronic P123

o) o)
~S = Hof\/ tb/\ojfh/ J[H 99:1 molar ratio P123:Zn complex
7 0 0
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3.2.3 Structural analysis

1

— COK-12

28

I(q) [a.u]

0,|5 1f0 1.K5

afnm’]
Figure 3.6: 1. SAXS profiles of the dye-loaded silica materials, as compared with standard COK-
12 silica. 2, 3 and 4: TEM micrographs of the standard COK-12, 1S and 2S, respectively.

The final samples were characterised by small-angle X-ray scattering (SAXS, Fig. 3.6(1)) and
transmition electron microscopy (TEM, Fig. 3.6(3) and 3.6(4)), which confirm that the structural
order and the morphology of the COK-12 silica particles are essentially preserved after dye-
loading. The SAXS data are reported in figure 3.6(1) show that the most intense peaks for the
silica materials occur at q values of 0.64- 0.66 degrees, and the q ratios of the main peak to the
much weaker additional peaks at higher g values conform, within experimental error, to the
theoretical q ratios of 1:13:2:V7 that correspond to the 2D hexagonal reflections of (10), (11), (20)
and (21), respectively. The structures are, thus, consistent with literature values for COK-12 silica®
and prove that the dye-doped P-123 micelles maintain the same structural order of plain silica, that
is, the hexagonal columnar order. This can be indeed visualised from the TEM micrographs in
figure 3.6(2), where the silica particles show a highly ordered morphology with well visible
parallel channels. Therefore, as the pore channels do not undergo a detectable distortion (i.e.
expansion), following encapsulation of the complexes, we can infer that the latter must experience
considerably strong spatial constraints once entrapped into the hydrophobic core of the cylindrical
micelles. UV-visible spectroscopy studies were then carried out on the samples to evaluate the
effects that such a structural rigidity exerts on the optical properties of the complexes. The pore

diameter was calculated using equation 2.3 (chapter 2, page 34).
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3.2.4 Photophysical Analysis
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Figure 3.7: Excitation spectra of the complexes 1 (left) and 2 (right) from 4 x 10° M
dichloromethane solutions (black lines), compared with equimolar suspensions of the host-guest

silica samples in water (red lines). All spectra were recorded at Aem = 550 nm, with both excitation

and emission slits at 5 nm.

The excitation spectra of the dyes within the silica materials are shown in Figure 3.7, in
comparison with the spectra recorded from the free dyes in dichloromethane solutions. Both
samples show nearly identical excitation profiles, indicating that the optical properties of the dyes
are preserved upon encapsulation in the silica. An interesting difference can be observed in the
case of complex 1, whose excitation peak at 488 nm is more intense in silica than in solution. This
could be a first indication from the spectroscopy analysis that the complex experiences a high

structural rigidity within the silica/micellar matrix and that such rigidity reflects into a larger spatial

PL excitation [a.u.]

overlap between the ground and the excited state.
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Figure 3.8: Emission spectra of the complexes 1 (left) and 2 (right) from 4 x 10® M
dichloromethane solutions (black lines), compared with equimolar suspensions of the host-guest
silica systems in water (red lines). All spectra were recorded at Aexc = 450 nm, with both excitation

and emission slits at 5 nm.

The photoluminescence spectra of the samples 1S and 2S are reported in Figure 3.8 and show
enormous differences in comparison with the spectra from the free dyes in solution. First, the
fluorescence intensities at 510-520 nm are impressively enhanced in silica. Second, the emission
bandwidth becomes much narrower in silica than in solution for both complexes, with the full
width at half-maxima (FWHM) reducing from values that exceed 4300 cm™, which are hardly
measurable with absolute precision in solution due to the extremely weak and broad emission, to
values in silica of ~2300 cm™ for 1 and ~1200 cm* for 2. Such an effect is indicative of restricted
vibrational freedom of the complexes within the constrained micellar environment; moreover,
considering that the FWHM in the emission band of 2 becomes close to the value in excitation,
~1100 cm'?, it suggests that the structural rigidification forces the geometries of the ground and the
excited state to be more similar to one another. The fluorescence quantum yields of all samples
were recorded, and all data, including excited-state lifetimes and rate constants, are displayed in
Table 3.1.
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Table 3.1. Photophysical properties of the zinc complexes.

Sample Or el / ns kr/s? knr /st

12 0.003 1.75 1.71 - 106 5.70 - 108
0.02M

1sP 0.035 0.43 8.14 - 10’ 2.24 - 10°

28 0.005 1.40 3.57 - 10° 7.11 - 108
0.16M 2.41] 3.41 - 108

7.5 - 1070l
2SP 0.550 1.34 4.10 - 108 3.36 - 108

From the table: a = free complex in10® M dichloromethane solutions; b = from equimolar
water suspensions and confirmed by solid-state measurements using an integrated sphere;

¢ = laser excitation at 475 nm, pulse width 62 ps, recorded at 530 nm; d = in cyclohexane.®

A comparative analysis of the quantum yields allows us to make some important observations: a
10-fold increase in the emission of 1 occurs upon incorporation, and the enhancement is even 100-
fold in the case of 2 (see Table 3.1, comparing with the values in dichloromethane solution). The
high sensitivity of luminescence quantum yields and lifetimes on solvent polarity deserves further
clarification here in light of previous research. As it was demonstrated by Nishihara and
Thompson,”® homoleptic zinc bis-dipyrrins undergo photoinduced charge transfer from one ligand
to the second one, which breaks the symmetry of the excited state. The latter is indeed defined as
a symmetry-breaking charge-transfer (SBCT) state and becomes the lowest state even in mildly
polar solvents such as dichloromethane. Since SBCT states are typically non-emissive in nature,
this leads to a total emission quenching in dichloromethane, with fluorescence yields of 0.3% and
0.5% for 1 and 2, respectively, whereas in relatively apolar solvents such as cyclohexane, the above
values increase up to 2% and 16%.8 Such trend reaches its extreme in the solvent-free and apolar

environment of the micellar structures within the silica channels: therein, the absence of solvent
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stabilisation and the rigid environment further reduce the non-radiative deactivation pathways and
lead to emission quantum vyields of 3.5% and 55%, respectively, for 1 and 2. The excited-state
lifetimes were also measured and showed relatively milder effects from solution to solid state: a
reduction by a factor of four for 1, whereas no significant change for 2. All the different values of

Tr, Kr and Knr were obtained through using different equations in chapter (see page 34 and 44).
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Figure 3.9: Excited-state decay profiles of the complexes 1 (left) and 2 (right) from 4 x 10° M
dichloromethane solutions (black lines), compared to the profiles recorded from equimolar water

suspensions of 1S and 2S (red lines), all measured at 530 nm under laser excitation at 472 nm.

Figure 3.9 shows the comparison between the excited decay profiles of the two free dyes in
solutions and when encapsulated in silica, which is summarised in Table 1. For both complexes,
the radiative rates increase dramatically, nearly 50-fold for 1 and over 100-fold for 2, and we
consider this a further effect of the encapsulation of the complexes. Considering the restricted
vibrational and rotational degrees of freedom within the silica host, significant geometrical
distortions in the complexes from the ground to the excited state are energetically unfavoured; this
may translate in an increased probability of radiative deactivation taking place from an excited
state conformation near the initial Franck-Condon form. Such a situation has also been
demonstrated in previous examples of dipyrromethene complexes, where rigidification of the

organic backbones with sterically hindered groups proved to increase the radiative rate.182

On the other hand, the non-radiative rate almost quadruples for 1, whereas it halves for 2, showing

that 1 is more affected by non-radiative quenching than 2, once it is encapsulated inside the silica
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template. We ascribe this behaviour to the effect that a partial intermolecular aggregation may have
on 1, resulting from the tendency of the anthracene moieties to undergo m-stacking in a more
constrained environment than in fluid solution. Such an effect could not be observed for 2, where
the sterically hindered mesityl group prevents aggregation. Indeed, the reduced vibrational
deactivation pathways in 2 contribute to a much larger increase in emission quantum yield than for

1, as discussed earlier.
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Figure 3.10: Left: Photoluminescence stability tests performed on thin polymer films doped with
the free complex 2 (black circles) and with silica particles embedding the complex (white circles);
irradiation wavelength = 450 nm; detection wavelength = 520 nm. Right: Photographs of the 2-
doped (middle) and the 2S doped PMMA films (further right), under UV light (365 nm), before

(top pictures) and after (bottom pictures) the irradiation tests.

Since the 2S sample shows a promising photoluminescence efficiency, we tried to further exploit
its properties for the design of new luminescent solar concentrators.?”28 For this purpose, thin films
were prepared by dispersion of the luminescent silica particles in a transparent polymer,
polymethyl methacrylate (PMMA), and the photostability of such films was tested against steady
UV light irradiation over the course of twelve hours. For comparison, the tests were carried out
also on polymeric films doped with the free complexes, using the same concentration of complexes
present in the films containing the silica particles. The results are shown in figure 3.10, which
reports the observed trend in photoluminescence intensity, together with photographs of the
polymeric films exposed to UV light before and after the stability tests. It is evident that complex

2, once incorporated into the silica, retains its luminescence intensity throughout the test, whereas
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the emission from the free complex dispersed in PMMA halves its intensity in less than two hours

of irradiation and photo-bleaches almost completely after twelve hours.
3.3 Conclusion

This chapter presented the results of the strategy employed to successfully improve the poor
luminescence properties of two bis-dipyrrinato zinc(ll) complexes through incorporation into
mesoporous silica. The two dyes (1 and 2) were embedded by self-assembly within the micelles
formed by the Pluronic-P123 surfactant in water. Such dye-doped micelles were subsequently used
as a template for the growth of a silica network, enabling the formation of robust solid-state light-
active materials. The TEM and SAXS analysis presented here confirms the retention of the pore
spaces even after the insertion processes. The UV-visible spectroscopy analysis, carried out using
both steady-state and time-resolved techniques, shows that both complexes become intensely
luminescent once trapped into the silica/micellar matrix. This is attributed to the effects of the high
structural rigidity on the radiative rates and results into a 10-fold increase in fluorescence quantum
yield for complex 1 and a 100-fold increase for complex 2. The latter also showed an enhanced
photostability when inserted into silica, as confirmed from the irradiation tests from thin

transparent films.

It can then be concluded that the assembly strategy used in this study proved effective, and it also
serves as a means to suppress photoinduced degradation of the complexes. This may anticipate the
potential use of these systems for applications in sensitisation (e.g. solar concentrators) and light-

emission technologies.
3.4 Experimental Section
3.4.1 Materials and Methods

All air- and water-sensitive experiments were performed under a nitrogen atmosphere by using
standard vacuum-line techniques. All chemicals were obtained commercially (Sigma Aldrich,
Acros organics and Honeywell) and used without further purification. “H20” refers to high purity
water with a conductivity of 0.04 uS cm, obtained from a Milli-Q purification system. Thin-layer
chromatography (TLC) was carried out on silica plates (silica gel 60 F254, Merck 5554) and

visualised by a UV lamp (254 nm). Preparative column chromatography was carried out using
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silica gel (Merck Silica Gel 60, 230:400 mesh) pre-soaked in the starting eluent. *H and *C NMR
spectra were recorded with either Bruker Ascend 300 or Bruker 500 Ascend spectrometers
operating at 25 °C. CDCIz was used as internal standard for both 'HNMR (8H = 7.26 ppm) and
13C NMR (8C = 77.16 ppm) spectra. Fluorescence spectra and lifetimes were measured using an
Edinburgh FLS980 photoluminescence spectrometer, equipped with a 450 W Xenon arc lamp,
Czerny Turner excitation and emission monochromators (1.8 nmmm@21 dispersion; 1800
groovesmm@1), time-correlated single photon counting (TCSPC) module and a Hamamatsu
R928P photomultiplier tube (in fan assisted TE cooled housing, operating temperature -20 °C). For
lifetime measurements, samples were excited with an EPL-475 (471.8 nm; 62.6 ps pulse width)
picosecond pulsed diode laser, and data analysis was performed on the F980 software with
numerical data reconvolution based on the Marquardt-Levenberg algorithm. Luminescence
quantum vyields were measured using as reference a basic ethanol solution of fluorescein.

Transmission electron microscopy images were taken on a 100 kV CM100 TEM (FEI).
3.4.2 Synthesis of dipyrromethene ligand (1a)

) TFA,
DCM
rt, overnight

\ZI

) p-Chloranil
DCM
rt, 2h

Figure 3.11: Synthetic route of dipyrromethene ligand from anthracene-9-cabaldehyde as starting

materials.

To 20 mL of dry DCM, 2,4-dimethylpyrrole (1 mL, 9.71 mmol, 2,3 equiv.) was added, followed
by the addition of the 9-anthracenecarboxaldehyde (866 mg, 4.20 mmol, 1 equiv.). 2 drops of
trifluoromethylacetic acid (TFA) were added, and the reaction mixture was stirred at room
temperature and in the dark. The reaction was monitored by thin-layer-chromatography (TLC).
After the indicated time, p-Chloranil (1032 mg, 4.20 mmol, 1 equiv.) was added for oxidation at
the meso position. The reaction mixture was stirred at room temperature for 2 more hours. Distilled
water (20 mL) was added, and the mixture was extracted with DCM 3 times (10 mL). The organic

phases were dried over anhydrous Na2SOs and purified through alumina gel
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(Cyclohexane/Ethylacetate 95:5). A large orange fraction was collected, concentrated and
recrystallised from DCM/MeOH. A brownish crystalline solid was obtained as the product (632
mg; 40% yield). *H NMR (CDCls, 300 MHz) § 8.52 (s, 1H), 8.02-7.98 (m, 4H), 7.49-7.34 (m, 4H),
5.77 (s, 2H), 2.41 (s, 6H), 0.51 (s, 2H).

3.4.3 Synthesis of dipyrromethene ligand (2a)

o) H 1) HCI 0,2M
rt, overnight

2) p-Chloranil
DCM
rt, 2h

Z\ ZTI
+
\

Figure 3.12: Synthetic route of dipyrromethene ligand from 2,4-dimethyl-1H-pyrrole and 2,4,6-

trimethylbenzaldehyde as starting materials.

To 25 mL of 0.2 M aqueous HCI, 2,4-dimethylpyrrole (1 mL, 9.71 mmol, 2.1 equivalence) was
added, followed by the 2,4,6-trimethylbenzaldehyde (0.67 mL, 4.56 mmol, 1 equiv.). The reaction
mixture was stirred at room temperature in the dark. After 12 hours, a sticky solid was formed. 10
mL of dichloromethane (DCM) was added. The organic phase was separated, and the water phase
was extracted 3 times (10 mL) with DCM. The organic layers were combined, dried over
anhydrous Na2SOas and filtered. The amount of solvent was reduced to 20 mL, and p-Chloranil
(1121 mg, 4.56 mmol, 1 equivalence) was added. The reaction mixture was stirred at room
temperature for 2 more hours. 20 mL of water were added, and the mixture was extracted with
DCM 3 times (10 mL), dried over anhydrous Na:SOs and processed through alumina gel
(Cyclohexane/Ethylacetate 95:5). A large orange fraction was collected, concentrated and
recrystallised from DCM/CHsOH, obtaining an orange crystalline solid (525 mg; 36% yield). *H
NMR (CDCls, 300 MHz) 6 6.90 (s, 2H), 5.85 (S, 2H), 2.34 (s, 12H), 2.32 (s, 3H), 2.09 (s, 6H),
1.29 (s, 6H).
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3.4.4 Complexation reaction of 1a with zinc.

+ Zn(OAc),

Figure 3.13: Complexation reaction using dipyrromethene ligand (1a) and zinc acetate dihydrate

as starting materials to obtain complex 1.

Following the general procedure, the reaction of 1a (150 mg, 0.40 mmol, 2 equiv.) with zinc acetate
(36 mg, 0.20 mmol, 1 equiv.) in a 2:1 mixture of DCM and Methanol gave 1 as an orange powder
(146 mg; yield 89%). *H NMR (CDCls, 300 MHz) § 8.57 (s, 2H), 8.02 (t, J = 7.4 Hz, 8H), 7.43
(dt, J = 26.0, 6.8 Hz, 8H), 5.89 (s, 4H), 2.34 (s, 12H), 0.48 (s, 12H). *3C NMR (CDClIs, 75 MHz) §
156.79, 143.88, 140.78, 136.50, 131.60, 130.87, 126.32, 125.39, 120.35, 120.27, 16.55, 14.95. HR-

DCM/MeOH

rt, overnight

ESI-MS: calcd for CsaHasN4Zn (M*): 814.301, found: 814.299.
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Figure 3.14: *H NMR Spectrum of 1 in CDCla.
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Figure 3.15: 1C NMR Spectrum of 1 in CDCls.
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Figure 3.16: Mass spectra of 1 calculated for CsaHssNaZn (M*): 814.301, found: 814.299.
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3.4.5 Complexation reaction of 2a with zinc.

XN N

DCM/MeOH NN N=
+ Zn(OAc), \Zn/
rt, overnight / \

=N N \

N\ Al

Figure 3.17: Complexation reaction using dipyrromethene ligand (2a) and zinc acetate dihydrate
as starting materials to obtain complex 2.

To a DCM solution (10 mL) of 2a (105 mg, 0.32 mmol, 2 equiv.), was added a methanol (5 mL)
solution of zinc acetate (30 mg, 0.16 mmol, 1 equiv.). After stirring overnight the solvent was
reduced by a rotary evaporator. The orange precipitate was filtered and rinsed with cold methanol
(105 mg; 91% yield). *H NMR (CDCls, 300 MHz) § 6.93 (s, 4H), 5.91 (s, 4H), 2.34 (s, 6H), 2.11
(s, 12H), 2.03 (s, 12H), 1.30 (s, 12H). $3C NMR (CDCls, 75 MHz) § 155.90, 143.64, 143.16,
137.35, 136.22, 135.56, 134.54, 128.73, 119.59, 119.52, 21.28, 19.31, 19.24, 16.16, 16.11, 14.88,
14.81.
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Figure 3.18: 'H NMR Spectrum of 2 in CDCla.
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Figure 3.19: 1C NMR Spectrum of 2 in CDCls.
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Figure 3.20: HR-ESI mass of 2 calculated for C44Hs1N4Zn (MH™ ): 699.340, found: 699.338.
3.4.6 Synthesis of dye-doped COK-12 silica samples 1S and 2S.

Citric acid monohydrate (954 mg, 4.97 mmol) and trisodium citrate dihydrate (793.5 mg, 3.07
mmol) were dissolved in 27 ml of H20. To this solution, Pluronic-P123 and the dye 1 or 2 were
added in a 99:1 ratio (0.169 mmol P123, 1.71 mmol 1 or 2), and the resulting suspension was left
stirring at room temperature overnight, during which time it turned into a clear solution with a
slight orange tint. A sodium silicate water solution (1.8 mL, 21.97 mmol) was diluted with H20
(7.5 mL) and added dropwise to the reaction mixture. The mixture was then stirred for 10 min,
turning cloudy, and left undisturbed for 24 h, during which a white precipitate formed. Finally, the
mixture was filtered under vacuum, the solid residue washed with H20 repeatedly, until the
foaming from the physisorbed surfactant ceased, and then dried in a vacuum desiccator overnight,
leading to a light pink powdery solid, which photoluminescenced bright green under UV-visible
light.
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(b)

Figure 3.21: The scheme used in the preparation route for the silica hybrids: Pluronic-P123 and
dye 1 (a) formation of micelles (b) micellar transition from sphere-to-rod (c) silica

polycondensation and (d) TEM image showing the pore spaces.
3.4.7 UV-Visible spectroscopy

10 mg each of 1 and 2 were dissolved in 10 mL DCM (spectroscopic grade) as stock solutions, and
two each portion; four different concentrations of 10° M (2, 4, 6 and 8) were prepared from the
stock and measured the absorbance for each. The relative absorbance were used to determine the

molar extinction coefficients.
3.4.8 Fluorescence spectroscopy

2.4 mg each of 1S and 2S were dissolved in 8 mL cyclohexane (spectroscopic grade), and
fluorescein was used as a reference for both complexes. The samples’ excitation, emission, lifetime
and anisotropic measurements were recorded using the same conditions each with the reference

sample. The data from the emission spectra was used to find the quantum yields.
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3.4.9 Film preparation

Polymethyl methacrylate (PMMA) films with an average thickness of 3 mm were prepared

according to the following procedures:

1. A control film containing the polymer only was made by dissolving 45 mg of PMMA in 5 ml of
HPLC grade toluene, followed by slow solvent evaporation until the solution was reduced to 2 ml;
the solution was then drop casted onto a microscopy glass slide (1 x 4 cm?) inserted into a Teflon

support of matching size and left to dry at room temperature.

2. The polymer film containing the free complex 2 was made by dissolving 45 mg of PMMA in 5
ml of HPLC grade toluene, to which were added 10 pl of a dichloromethane solution of 2 (1 mg /
10 ml); the solution was left stirring and allowed to reduce to 2 ml, and the following steps were
carried out as above. The polymer film containing the 2S particles was made by dissolving 45 mg
of PMMA in 5 ml of HPLC grade toluene, to which were added 0.9 mg of 2S, corresponding to an
equimolar amount of 2 in respect to the film containing the free complex; the subsequent steps

followed the same route as above.
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Chapter 4: A Comparative Study of
Two Weakly Luminescent Zinc
Quinolinolates via Incorporation into
PMOs: Routes to Improved Emission

Efficiency and Charge-Recombination
In the Solid State.
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4.1 Introduction

As reported in the previous chapter, most zinc(ll) based dyes show weak fluorescent properties,
especially in solution. Such limitation was successfully overcome in zinc(ll) dipyrrins by
rigidifying the environment around the dyes through encapsulation into a host-guest silica
structure. The present chapter discusses a similar approach but makes use of an alternative
encapsulation strategy and a different class of dye molecules. Still based on zinc(l1) as the central
metal ion, the complexes are built using quinolinolates as bidentate ligands.

Zinc(1l) quinolinolates have been used as both light-emitters and charge-transport materials in
recent years, and several studies focused on the effects of the substituents on their emissive
properties.!** For example, research on the electroluminescence properties of complexes where
the quinolinolate ligand bears halogens (Cl, I or Br) at either 5 or 5,7 positions showed a red-shifted

emission (563 nm) as opposed to that of the unsubstituted complex (464 nm).}41°

For the purpose of the studies presented in this chapter, though, the electronic effects arising from
the substituents on the ligands are of minor importance. That is because the main focus is the
incorporation of the complexes into a mesoporous silica structure by co-condensation with a
silicate reagent. The process is shown schematically in Figure 4.1, and the detailed description of

the condensation strategy and mechanism can be found in Chapter 1.

Figure 4.1: General synthetic route of Periodic Mesoporous Organosilica (PMOs) using bis-
silylated dyes. R = Organic/organometallic dye.*®

The choice of the substituents on the complex is then solely dictated by the need for converting

them into trialkoxysilane groups, indicated as —Si(OR )z in Figure 4.1. Thus, the focus was placed
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on two zinc(ll) quinolinolate structures, which are shown in Figure 4.2: A, a complex with

dibrominated ligands, and B, one with chloromethylated ligands.

Br
Cl
N eNTe
Zn Zn
AN asa'e
Cl
Br
A

B

Figure 4.2: Structures of the two homoleptic zinc(1l) bis-quinolinolates.
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4.1.1 Aims of this Chapter

The primary targets are to assess the impact of rigidification on the optical properties of the dye
and to explore the effects of different dye loadings. It is hypothesised that an increase in the amount
of dye that the silica framework is doped with will reduce the intermolecular distances, such that
luminescence quenching may occur at a certain critical concentration. On the other hand, since
zinc(I1) quinolinolates show luminescence with a strong charge-transfer (CT) character, it is also
reasonable to expect that the close proximity of dye units within the PMO network would enhance

such character and may promote charge-recombination phenomena.

The following section describes the synthesis route for both complexes, the incorporation into
silica and the analysis of the final materials. The ultimate target is to establish an efficient method
to optimise the fluorescence yields and to explore the luminescence mechanism of the dyes in the
PMO materials.

4.2 Results and Discussion

A common synthetic strategy was pursued in order to obtain antenna materials containing the
zinc(11) quinolinates as building blocks, which consisted of three main steps: synthesis of the
complexes, silylation and co-polymerisation into silica hybrids, or simply PMOs. In all cases, the

starting point was to use a zinc(l1) salt and an 8-hydroxyquinoline as precursors.
4.2.1 Complex A: Synthesis and Characterisation

The dibrominated 8-hydroxyquinoline needed to make complex A is commercially available and
used in a 2:1 ratio with zinc(l1) acetate dehydrate. The complexation reaction (see Figure 4.3) is
relatively straightforward, owing to the following advantages: (i) it does not require dry conditions,
(ii) it is carried out in ethanol below its boiling point, (iii) it reaches completion within 4.5 hours
and (iv) it leads to the formation of a yellow precipitate that needs no column purification (see *H
NMR spectrum in Figure 4.17).
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Figure 4.3: Synthesis of complex A.

The optical properties of this complex were then studied by means of steady-state and time-
resolved UV-visible spectroscopy and used as a reference to make a comparison with the final
PMO hybrids. This is because of the instability of the silylated derivative of A, which is the actual
precursor used for the synthesis of silica materials. Indeed, previous studies have shown that the
alkoxysilanes may easily hydrolyse and polycondense over short times upon exposure to air
moisture. On the other hand, the effects of the bromide and alkoxysilane substituents on the

photophysical properties are minimal, which makes complex A a valid reference.®

The UV-visible absorption and emission spectra are shown in Figure 4.4 and exhibit profiles that
are very similar to those reported for the unsubstituted zinc(I1) bis-quinolinolate, ZnQ..1? A strong
absorption peak is observed at 265 nm with a molar extinction coefficient of 141,361 M cm™,

followed by two less intense and broader peaks at 345 nm and 405 nm (g ~ 30,000 Mt cm™).
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Figure 4.4: Absorption (red), emission (blue) and excitation (dashed black) spectra of complex
A, recorded from a 10 M ethanol solution; emission was measured at hexc = 265 nm, whereas

excitation was measured at Aem = 550 nm.

The first peak is assigned to an LC n—7* transition, as it is also seen in the spectrum of the free
ligand (see Appendix 3),}* whereas the longer wavelength peaks are attributed to spin-allowed
transitions of mixed nw*/nt*, or intraligand charge transfer (ILCT) character. The lowest-energy
band, in particular, is structureless and known to be metal-dependent, and it is typically considered
a CT band originating from a shift of electron density from the lone pairs of the phenolic oxygen
to the nitrogen atom of the quinoline system.>? The broad emission band at 563 nm is due to a
fluorescence transition originating from the above mentioned CT singlet state, and a confirmation
of such an assignment is found from the very small overlap between absorption and emission.>21’
This is typical of charge-transfer excited states, which undergo large geometrical changes before

the light is emitted and give rise to large Stokes shifts.
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The luminescence quantum yield of A is 26% in ethanol, and the time-resolved measurements
further confirmed the fluorescence, as the excited-state lifetime is 4.4 ns. Using these data, the rate
constants for radiative and non-radiative decay are calculated as, respectively, 5.9 x 10’ s* and 1.7
x 108 st (see also Table 4.1).

4.2.2 Complex A: Silylation and PMO Formation

Following the synthesis of A, the next step is an alkoxysilylation reaction to convert the four
bromide groups into trialkoxysilane groups. The procedure reported by DeShong’s group was
employed,*® which uses n-butyllithium (n-BuLi) to produce an aryllithium intermediate and, in the

following step, tetraethyl orthosilicate (TEOS) to obtain the final product (see Figure 4.5).
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N X x
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Figure 4.5: Scheme of the attempted alkoxysilylation of complex A.

Both steps were initially carried out in a dry ice bath due to the usually high reactivity of
butyllithium and the intermediates involved in its reactions. However, reaction temperatures and
times had to be varied in order to obtain a product and were finally adjusted to 78°C and two hours

for both steps. Only partial silylation was achieved, though.

From the NMR spectrum of the crude (see Experimental section, Figure 4.18), there is no
conclusive evidence that one product only was obtained. Deducing from the proton count of the
aromatic and the ethyl groups, it is possible that the crude contains a mixture of mono- and bis-
silylated products, at the 5 and 5’ positions of the ligands, with the disubstituted one being

predominant. Purification was not pursued, though, because typically, it is a very challenging
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process for alkoxysilanes due to their high affinity for the silica used in column chromatography.
It was then decided to carry on with the silica formation by using the crude product, considering
that any partially silylated derivatives would react during the co-condensation and so will

effectively become part of the final PMO.

The co-condensation method used for the formation of the silica hybrids was based on the synthesis
of COK-12,2° which is presented in Chapter 1 and is also employed in the studies discussed in
Chapter 3. The first step of such synthesis, involving the preparation of a micellar template, was
maintained unaltered, whereas the second step was modified: to sodium silicate, the typical
precursor of the polymerisation, the crude obtained from the alkoxysilylation reaction was added
as a co-reactant. The relative amount of complex in respect to sodium silicate was estimated, for
simplicity, assuming that the product was pure bis-silylated. Six different materials were then
prepared, where the molar ratio of the zinc complex vs sodium silicate was varied between 1%,
2%, 5%, 10%, 20% and 100% (see Experimental sections 4.4.4 and 4.4.5 for the detailed
procedure). The dye was pre-dissolved in the required volume of water, added into the reaction
mixture together with the sodium silicate solution and stirred for additional ten minutes. Previous
work in the group involved pre-dissolving dyes in minimum amounts of dimethyl sulphoxide
where solubility in water was an issue, but the relatively high quantity of zinc complex employed
here would have required such large amounts of co-solvent that it could disrupt the micellar
templates and yield amorphous silica. For this reason, only water was used, and the dissolution of
the complex was facilitated with the aid of an ultrasonic bath. The final work-up, through washing,
of the solid obtained after the co-condensation was also used to remove any unreacted precursor A

or other non-silylated intermediates that were carried over from the previous reaction.
4.2.3 PMO Materials with Complex A: Structural and Optical Study

The synthesised hybrid materials were analysed by TEM and powder XRD in order to verify
whether the porous arrangement of the silica was maintained. The TEM images reported in Figure
4.6 show that, at different loadings of the silylated complex, a mesoporous material was obtained,
with ordered uniform pore sizes (ranging between 5.2 to 7.9 nm). It is also possible to notice that
the parallel porous structure was preserved, except for the sample with 100% loading, in which it

is very difficult to identify the pores.
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Figure 4.6: TEM images of the PMO materials with six different loadings of complex A,
between 1 and 100%.

Confirmation of the structural order, at least in the samples up to 20% loading, was sought through
powder XRD analysis. However, this proved inconclusive, as the main features expected for

86




mesoporous silica of COK-12 type could not be captured in the 20 regions of access, which is from
1° on (see Figure 4.7). The pore diameter was calculated using equation 2.3 (chapter 2, page 34).

The pore diameters calculated does not fall within the typical range of a COK-12 silica.
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Figure 4.7: Powder XRD profiles of the PMO materials made using complex A at different

loadings, compared with plain COK-12 silica.

The powder X-ray diffractograms only show the decreasing part of the main signal typically
recorded for COK-12, which falls at 0.9° and corresponds to the (100) crystallographic plane.?
The secondary low-intensity peaks, usually found at 1.7° (110) and 2.3° (210), are not clearly
distinguishable within the broad signal between 1.5° and 3°, except for the plain silica sample,
where the 210 reflection emerges as a shoulder peak. This indicates that the PMO hybrids have a

low degree of order on the long-range scale.
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The photoluminescence studies were carried out from 0.3 mg/ml suspensions of the materials in

cyclohexane, as this was found to be the optimal trade-off between signal intensity and light

scattering induced by the particles.®
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Figure 4.8: Excitation spectra (left) and emission spectra (right) of the hybrid PMO-A materials,
recorded from 0.3 mg/mL cyclohexane suspensions; excitation spectra were measured at Aem = 520

nm and emission spectra were measured Aexc = 265 nm.

The emission spectra (Figure 4.8, right) were measured at the same excitation wavelength of 265
nm and show some differences in the photophysical properties as the dye loading increases. In
terms of emission intensity, there seems to be no linear correlation with the dye loading, which can
be interpreted by considering that the effects of intermolecular aggregation and light scattering are
random throughout the series. The PMO-A with 1% dye loading shows the lowest emission
intensity among all samples, and this can well be a result of the lowest concentration of the dye
within the silica. As the loading progressively increases, the emission intensity oscillates above the
value of the 1% sample until it reaches the highest value at 100% dye loading. On the other hand,
by comparing the emission energies, it is possible to notice a more coherent trend. Indeed, the
emission maximum gradually red-shifts with increasing loading, from 480 nm at 1% to 553 nm at
100%.

Such trends are also reflected in the photoluminescence excitation spectra (Figure 4.8, left). They
were all recorded at an emission wavelength of 520 nm and confirmed that the signal intensity

does not increase proportionally with the dye loading. For all samples but 100%, maxima in
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intensity are observed at 267 nm and, more weakly, at 300 nm, 335 nm and 400 nm. This is in
good agreement with the absorption spectrum of the free complex A (see Figure 4.4), confirming
that the complex maintains its structural integrity and the typical LC and CT transitions once part
of the silica framework. Interestingly, the peaks mentioned above broaden and red-shift in the
100% sample. Such an effect can be attributed to the intermolecular interactions that arise between
the complexes at the maximum loading; the latter may even induce the formation of ground state
dimers within the solid-state structure. Such species typically show a larger delocalisation of the
excitation energy over the m-orbitals than in monomers, which ultimately leads to a progressive
reduction of the HOMO-LUMO gap.1%-%

normalised In(PL)

0 . I . PO L
150
time (ns)

Figure 4.9: Excited-state decays of the PMO-A hybrids recorded at Aem = 520 nm.

The excited-state lifetimes are shown in Figure 4.9 and have a common characteristic: they are bi-
exponential decays. The single decay traces are reported in Table 4.1, together with the weighted

averages, and the data seem to indicate a certain trend within the sample series: the short decay
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component in each sample resembles the free dye’s lifetime; also, all values show an overall
reduction as the dye-loading increases, with the average lifetimes ranging from 11.7 ns (1% PMO)
to 5.3 ns (100% PMO). Such a decrease might be attributed to the fact that, at high concentrations,
self-quenching between neighbouring A units becomes more likely to occur. This is in accordance
with a previous study by Vu and co-workers, who investigated aggregation processes occurring
among fluorescent dyes embedded in polymeric matrices.?? It was found that, at increasing
concentrations, additional pathways of excited-state deactivation arise, including fluorescence
quenching by aggregated species, such as ground state dimers, excimers and so-called statistical
pairs of dyes,?>?* which act as non-fluorescent traps of the excitation energy. In our case, the
formation of dimers and excimers agrees with the steady-state results since a progressive red-shift
of the emission maximum is observed with increasing dye loading. Within this picture, the lack of

complete consistency in the 2-20% range may reflect the inability of the single A units to disperse

within the solid matrix in a perfectly homogeneous manner.

Sample | Decay Traces (Relative Weight)* | Average te | ®pL Kr Knr

[ns] [ns] [s7] [s*]
A 4.4 - 026 | 59x10" | 1.7x 108
1% 5.9 (36%) — 14.9 (64%) 11.7 0.04 3.4 x 10° 8.2 x 107
2% 5.4 (48%) — 13.4 (52%) 9.6 0.05 | 52x10° | 9.9x 10’
5% 4.7 (57%) — 13.2 (43%) 8.4 017 | 2.0x10” | 9.9 x 10
10% 4.5 (56%) — 12.7 (44%) 8.1 0.12 1.5 x 107 1.1 x 108
20% 5.2 (57%) — 15.9 (43%) 9.7 014 | 1.4x10" | 8.9x10
100% 4.2 (76%) — 8.6 (24%) 5.3 056 | 1.1x10° | 8.3x 107

Table 4.1: Excited-state lifetimes, fluorescence quantum yields, radiative rate constants (kr) and
non-radiative rate constants (knr) of the PMO-A materials, in comparison with complex A (shown
in grey).
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*Recorded at 520 nm from 0.3 mg/ml cyclohexane suspensions, using a 375 nm laser excitation.
All the different values of Tr, Kr and Knr were obtained through using different equations in
chapter (see page 34 and 44).

On the other hand, while the short decay (4-6 ns) can be associated with the lifetime of single A
units within the materials, the presence of an unusually long decay trace (~ 9-16 ns) with a
significant relative weight must have a different origin. This may well be a case of charge-
recombination fluorescence, which is more commonly shown in the solid-state than in dilute
solutions. Charge-transfer excited states are particularly prone to show such type of delayed
fluorescence; indeed, the phenomenon has been previously observed in crystalline solids of CT
dyes.? It must also be considered that the electroluminescent properties ZnQz2 is known for arising
from the occurrence of recombination emission in highly aggregated states. The construction of a

solid network where ZnQ2-like units are brought in close proximity would favour the phenomenon.

Such behaviour is further investigated in the following section, which describes an analogous
complex and a synthetic route that allows more reliable silylation and control over the
concentration of complex into the PMO materials.

4.2.4 Complex B: Synthesis and Characterisation

The chloromethylated 8-hydroxyquinoline required to make complex B is not commercially
available and was synthesised in house. The procedure is based on Blanc chloromethylation*42
and is shown in Figure 4.10. The original conditions, which require bubbling HCI gas through the
reaction solution, were changed in favour of a safer procedure that uses a Lewis acid catalyst in
aqueous concentrated HCI. The first attempts used the original room temperature conditions, at
which the 8-hydroxyquinoline starting material was reacted with formaldehyde and zinc chloride
in 12 M HCI for 12 hours. However, it was found that such conditions were not sufficiently
effective to produce the desired product in appreciable yields, as demonstrated by NMR and LC-
MS (see Figure 4.19 and Appendix 2). The latter showed the presence of the starting material as
a major product and, after a repeat at 30 °C yielded the same result, and it was decided to push the
temperature further in order to overcome the activation barrier for the chloromethylation. Indeed,
it was finally found that increasing the temperature up to 55 °C grants the final product with a 95%

yield and no need for column chromatography (see Experimental section 4.4.5 and Figure 4.20).
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Figure 4.10: Synthesis of complex B.

Once the synthesis of the ligand was optimised, complexation with zinc(l1) acetate was carried out
in analogous conditions as for complex A. To improve the product yield, the reaction was repeated
with the addition of a mild base to ensure deprotonation of the hydroxyl group on the
chloromethylated ligand. Triethylamine was found to be the best choice, as other bases like sodium
hydroxide tend to deprotonate at a very fast rate and on multiple sites, causing the formation of
unwanted by-products such as 5-hydroxymethyl-8-hydroxyquinoline.?® Complex B was finally
obtained with 84% vyield, in the form of yellow fibrous crystalline strands that would dissolve

readily in D20, where NMR analysis was conducted (see Figure 4.21).

The UV-visible spectroscopy analysis was then carried out and showed that complex B possesses
similar optical properties to complex A. The data shown in Figure 4.11 are obtained from
dimethylformamide solutions, because the complex, contrary to A, is not fully soluble in ethanol.
Incomplete solubility would undermine the full reliability of the data, particularly the molar
extinction coefficient, the luminescence quantum yield and the excited-state lifetimes. From a
qualitative viewpoint, though, absorption and emission bands are not expected to be dramatically
affected by solubility issues and are shown in the Appendix for the sake of comparison, also in
respect to the free ligand (see Appendix 3). The absorption spectrum in dimethylformamide shows
the same three transitions observed from complex A: the intense n—n* LC transition at 270 nm
(55,134 Mt cm™) and the two weak ILCT bands (& ~ 4,700 Mt cm™) at 344 nm and 410 nm. The
free chloromethylated hydroxyquinoline, on the other hand, only shows the two high-energy bands,
the LC at 244 nm and the ILCT at 320 nm, blue-shifted as compared with the complex, while the
third band is absent since it arises as a consequence of coordination with the metal ion. This further

confirms the successful complex formation.
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Figure 4.11: Absorption (red), emission (blue) and excitation (dashed black) spectra of complex
B, recorded from a 10 M dimethylformamide solution; emission was measured at Aexc = 265 nm,

whereas excitation at Aem = 560 nm.

The emission spectrum shows the broad CT band centred at 600 nm, red-shifted compared to the
emission in ethanol (587 nm) and the emission of complex A in ethanol (563 nm). It can be deduced
that the excited state of complex B has a more pronounced charge-transfer character than A, which
makes it more sensitive to solvent polarity. Should this be the case, the enhanced sensitivity to the
medium might be the reason behind the fast excited-state deactivation in dimethylformamide, as
the fluorescence lifetime is 2.2 ns (see Table 4.2), half of that recorded for A. Also, the very low
fluorescence quantum yield of 0.3% would indicate that the deactivation of the excited state is

predominantly non-radiative.
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Figure 4.12: Jablonski diagram showing the photophysical processes and electron transfer

occurring in molecules.
4.2.5 Complex B: Silylation and PMO Formation

Silylation of complex B (see Figure 4.12) was achieved via a substitution reaction with 3-
mercaptopropyl-trimethoxysilane (3-MPTMS). Using two equivalents of it, the two chloride
groups on the ligands are subjected to a nucleophilic attack by the terminal thiols of 3-MPTMS

and become leaving groups.

Si(OCH3),
am o Cl
N\Z;
n
/N ) S
Cl 0 \ dry THF, N, atm 4 N_ =
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Si(OCH3),

Figure 4.12: Silylation reaction on complex B.
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The same procedure reported in reference 27 was used, where dry conditions are employed, and
the final product is stored in a dried and sealed vial, and used within 12 hours from the synthesis,
owing to the strong tendency of alkoxysilanes to hydrolyse. As for complex A and its silylated
derivative, it can be assumed that the optical properties of B remain mostly unaltered upon
silylation; therefore, the precursor complex B is used as a reference in the spectroscopy analysis
of the PMO-B materials.

The latter were synthesised through the same co-condensation route used for complex A, but with
tetraethoxy-orthosilicate (TEOS) instead of sodium silicate and using CTAB micelles as a template
rather than Pluronic P-123 (see Experimental section 4.4.8). The procedure resembles the synthesis
of mesoporous silica of MCM-41 type, and it was applied here to provide a comparison with the
COK-12 route described previously. It was also planned to test whether the MCM-41 route could
lead to more ordered materials than the COK-12 ones and in a shorter time, as reported by Inagaki’s
group in their works on PMOs built with organic bridges.?®-3° Although the original target was to
prepare and analyse six materials with the same molar ratios used for complex A, and it was only
possible to synthesise up to four hybrids (1%, 2%, 5% and 10%), due to time constraints dictated
by the health emergency.
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4.2.6 PMO Materials with Complex B: Structural and Optical Study

= A% Am %
Figure 4.13: TEM images of PMO materials with four different loadings of complex B, between
1 and 10%.

The structure and the morphology of the hybrid materials synthesised at different loadings were
analysed using TEM and powder XRD. The TEM images obtained (see Figure 4.13) show that
the porosity and the uniform hexagonal structure of the material is maintained even at the highest
loading (10%). All samples possess well-defined pore spaces (with an average size of 4.6 nm),
which suggests that the framework of the hybrid material is more resilient to the higher loadings

of complex B. The pore diameter was calculated using equation 2.3 (chapter 2, page 34).
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Figure 4.14: Powder XRD profiles of the PMO materials made using complex B at different
loadings, compared with plain MCM-41 silica.

This is confirmed by the XRD profiles, shown in Figure 4.14. The typical pattern from the
hexagonal arrangement of pores shown by the sample of plain MCM-41 silica is seen with little
variation in the 1%, 2% and 10% samples. The main reflection from the (100) plane dominates at
1.97 — 2.02°, which gives a d-spacing of 4.3 — 4.4 nm.®3 |t is also possible to observe the higher-
order secondary peak at 3.6 — 3.7° (110) and even the (200) reflection at 4.1° in the 10% sample.
The 5% material represents the exception in this sample series and we ascribed that to be due to
experimental error in the synthesis. The hexagonal pattern is maintained, but all reflections are
shifted to lower 20 values: 1.38° (100), 2.89° (110) and 3.32° (200). The d-spacing obtained from
the main reflection is 6.4 nm, which indicates an increased pore spacing compared to the other
samples. While such an effect could be rationalised as a consequence of the increased dye content
within the silica framework in respect to the 1% and 2% materials, it seems counter-intuitive that

the 10% should not follow the same trend and give an even larger d-spacing. It could be
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hypothesised that units of complex start packing more tightly beyond 5% loadings, but this would

need further investigation.
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Figure 4.15: Excitation (left) and emission spectra (right) of the hybrid PMO-B materials,
recorded from 0.3 mg/mL cyclohexane suspensions; excitation spectra were measured at Aem = 540

nm and emission spectra were measured Aexc = 265 nm.

The steady-state photoluminescence spectra of the samples at different loadings of complex B are
shown in Figure 4.15 and share some similarities with the PMO-A materials. The emission
intensity increases with the dye loading up to 5%, to then drop at 10%, possibly as a result of
intermolecular quenching at such high concentrations of dye within the network. Interestingly, all
samples give higher emission yields than the free complex B in solution, with the highest
enhancement factor of 16 seen in the 5% sample; this is accompanied by lower non-radiative rates
and slightly larger radiative ones, except for the 10% material (see Table 4.2). This is interpreted
by considering the enhanced rigidity that units of complex experience inside the solid framework.
Most vibrational and rotational degrees of freedom are reduced to a great extent, at least up to 5%
loading. Beyond that, it is possible that the closer proximity between neighbouring chromophores
opens up new pathways for energy dissipation by aggregation and =-stacking, thus reducing the
efficiency of fluorescence. As stated earlier, in the analysis of the steady-state data, such a

possibility should be verified in future studies.
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Table 4.2. Excited-state lifetimes, fluorescence quantum yields, radiative rate constants (k) and
non-radiative rate constants (knr) of the hybrid PMO-B materials, in comparison with complex B

(shown in grey).

Sample | Decay Traces (Relative Weight)* | Average tr. | ®pL kr Knr
[ns] [ns] [s7] [s*]
B 2.2 - 0.003 | 1.4x10° | 45x 108

1% | 1.1 (14%) 5.3 (49%) — 19.9 (37%) 10.1 0.015 | 1.5x 10° | 9.7 x 107

2% | 0.8 (31%) — 3.6 (45%) — 17.5 (23%) 5.9 0.033 | 5.6x 10° | 1.6 x 10°
5% | 1.1 (11%) - 5.5 (48%) — 18.1 (41%) 10.2 0.048 | 4.7x10° | 9.3 x 107
10% | 1.3 (14%) — 4.8 (55%) — 20.4 (31%) 9.2 0.008 | 8.7 x10° | 1.1 x 108

*Recorded at 540 nm from 0.3 mg/ml cyclohexane suspensions, using a 375 nm laser excitation.

In terms of emission energy, all samples display a blue shift compared to the free complex, as
observed in the PMO-A materials, with fluorescence maxima between 530 and 560 nm. This may
well be another consequence of the incorporation into the hybrid silica framework and the nearly
total absence of solvent interaction. This reduces the stabilisation of the excited CT state, which
emits at shorter wavelengths. The same effect might also explain the apparent hypsochromic shift
of the excitation peaks, particularly the highest-energy transition in the 1%, 5% and 10% samples,
and the CT broadband at 370 nm in the 2% sample. This was not seen in the PMO-A hybrids and
could be taken as a confirmation of the enhanced rigidity effect imposed by a solid structure.
However, the strong scattering caused by the PMO particles in the suspension at short wavelengths

must also be taken into account, as it would alter the excitation profiles and the relative maxima.

To gain more insights on the deactivation dynamics of the excited-states in the materials, a time-
resolved analysis was performed. The emission decay profiles (Figure 4.16) show that all four
samples have a relatively long fluorescence lifetime and a multiple-exponential trend, compared
to complex B in solution (2.2 ns, see also Table 4.2). As observed for the PMO-A hybrids, the
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main decay component resembles the lifetime of the free complex and is generally longer (3.6 —
5.5 ns).

1.0 +

e 1%

normalised In(PL)

time / ns

Figure 4.16: Excited-state decays of the PMO-B hybrids recorded at Aem = 540 nm.

In addition to this, a shorter decay trace is found (0.8 — 1.1 ns) and attributed to a small fraction of
dye units that are partially quenched by neighbouring units or the solid matrix. A long decay trace
(17.5 - 20.4 ns) is also recorded, as in the PMO-A hybrids and would confirm the occurrence of
charge-recombination in the materials. To test the hypothesis further, UV-vis spectroscopy was
run on a thin solid-state film of complex B, and the decay profile indeed shows a much longer
lifetime than in solution (see Appendix 4 and 5). Data analysis showed a multi-exponential decay

as well, with an average excited state decay time of 1.92 pus.
4.3 Conclusions

Two zinc(ll) bis-quinolinolate complexes have been synthesised and characterised
spectroscopically. They show light emission in the green region of the visible spectrum from a
charge-transfer excited state localised over the organic ligands. Their fluorescence quantum yields

are rather low in solution (0.26 for complex A and 0.003 for complex B) and, as an attempt to
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improve them, incorporation into a rigid host was pursued. The complexes were functionalised
with alkoxysilane groups on both ligands and co-polymerised with a silicate source to make new
PMO materials. Although alkoxysilylation proved to be difficult in terms of granting a pure final
product, the PMO synthesis was successful and mesoporous material with ordered structures were
obtained, as confirmed by powder XRD and TEM. The materials also revealed some interesting
optical properties. The PMOs built from complex A show an increase in quantum yields with the
concentration of complex, reaching a value of 0.56 at 100% dye-loading. On the other hand, the
PMOs built using complex B have the highest quantum yield, 0.05, at 5% loading, beyond which
the value drops. This could be due to the presence of the longer alkyl side groups in B as opposed
to A, which could provide vibrational deactivation routes from the excited state and make the non-
radiative decay rates relatively higher in comparison with the PMO-A series. Both types of
materials, though, have an emerging property in common: the presence of a long-lived fluorescence
decay component, up to 20 ns. This could be evidence of charge-recombination luminescence and
would fit well with the electroluminescence properties that the zinc(Il) quinolinolates are known
for. Further research on the new PMO materials is headed towards tests in light-emitting devices.
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4.4 Experimental Section
4.4.1 Synthesis of complex A

Zinc acetate dihydrate (281 mg, 1.5 mmol) and 5,7-dibromo-8-hydroxyquinoline (909 mg, 3
mmol) were dissolved in 100 mL ethanol and stirred under reflux (78°C) for 4.5 hours a bright
yellow precipitate formed. The residue was cooled to room temperature, filtered and washed with
ethanol. Yield = 908 mg (91%). 'H NMR &1 (300 MHz, d6-DMSO): 8.48 (d, 2H), 8.43 (d, 2H),
7.94 (s, 2H), 7.77 (dd, 2H).

c+C

A+A’ B+B

I

[l

|
.‘I"Llll II
[V \

IR [
I M _ I N L Me—

T T
i E )
e E 2
% = 3

T T T T T T T T T T T T T T T T T T T T
.0 8.9 8.8 87 8.6 8.5 8.4 8.3 82 8.1 8.0 7.9 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6 6

" (o)
Figure 4.17: *H NMR spectrum of complex A in DMSO.
4.4.2 Silylation of complex A

Complex A (100 mg, 0.15 mmol) was dissolved under a nitrogen atmosphere in anhydrous THF
(20 mL) at -78° C. "BuLi (2.5 in hexane, 270 uL, 0.0042 mmol) was added dropwise in excess to
the solution. The solution turned dark orange and stirred for 2 hours at the same temperature. To
another flask containing TEOS (450 uL, 2.02 mmol) and 20 mL anhydrous THF, the solution of
flask one was added dropwise and stirred at -78° C for 2 hours. The mixture was quenched with 2

mL water and allowed to cool up to room temperature. The solvent (THF) was removed under
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reduced pressure, and an orange-yellow solid was obtained. Yield = 1278.5 mg (85%). *H NMR
OH (400MHz, d6-DMSO0): 8.60 (2H, d), 8.27 (2H, d), 7.63 (2H, d), 7.45 (2H, d), 6.65 (2H, d), 3.75
(12H, s), 1.25 (14H, s).
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Figure 4.18: *'H NMR spectrum of complex A after silylation, recorded in DMSO.
4.4.3 Synthesis of the PMO-A hybrids with 1%, 2%, 5%, 10% and 20% dye loading

Citric acid monohydrate (91 mg, 0.472 mmol), trisodium citrate dihydrate (86 mg, 0.293 mmol)
and Pluronic-P123 (95 mg, 0.0163 mmol) were dissolved in water (2.5 mL). The mixture was
stirred for 1 hour at room temperature. The silylated complex Zn(Si(OEts)2q)2 was dissolved in
water (1.1 mL) and added dropwise in the solution, which turned pale yellow. After 30 minutes,
sodium silicate/H20 solution was added dropwise, and a cloudy grey mixture formed. The stirring
bar was removed after 30 minutes, and a stopper was used to cover the flask. The mixture was left
resting at room temperature for 24 hours. It was then filtered and washed with water and left to dry

for two days. The solution was stirred for 10 minutes. The addition of Zn(Si(OEts)2q)2 and sodium
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silicate/H20 solution was performed in the following ratios: 99:1 (0.0206 mmol, 2.02 mmol), 98:2
(0.0412 mmol, 2.02 mmol), 95:5 (0.103 mmol, 1.96 mmol), 90:10 (0.206 mmol, 1.86 mmol) and
80:20 (0.412 mmol, 1.66 mmol).

4.4.4 Synthesis of the PMO-A hybrids with 100% dye loading

Citric acid monohydrate (91 mg, 0.472 mmol), trisodium citrate dihydrate (86 mg, 0.293 mmol)
and Pluronic-123 (95 mg, 0.0163 mmol) were dissolved in water (2.5 mL). The mixture was stirred
for 1 hour at room temperature. Zn(Si(OEts)2q)2 (207 mg, 2.06 mmol) was dissolved in water (1.1
mL) and added dropwise, which turned pale yellow. The solution was stirred for 17 days, the
formation of silica started after two weeks and was completed on the 17" day. The completion of
the synthesis was confirmed by washing the filtrate with ethanol and the washing was clear and
does not fluoresce under UV-lamp. To confirm this further, we measured the absorbance of the

washing and it appeared like a blank measurement.
Synthesis of 5-chloromethyl-8-quinolinol (CMQ)

8-quinolinol (5.76 g, 40 mmol) and 37% formaldehyde (6.4 mL) were dissolved in concentrated
HCI (50.00 mL) with ultrasound bath and stirred for 5 minutes each, and the mixture turned
transparent brown solution. Zinc chloride (0.6 g, 6.50 mmol) was then added. The solution was
stirred at 55° C for 12 hours and turned cloudy yellow. The solution was filtered and washed with
excess acetone (150 mL) and air-dried in the fume hood. *H NMR (400 MHz, Deuterium Oxide)
89.09 (dd, J=8.6, 1.3 Hz, 1H), 8.87 (dd, J=5.4, 1.3 Hz, 1H), 7.97 (dd, J = 8.7, 5.4 Hz, 1H), 7.54
(d, J=8.0 Hz, 1H), 7.17 (d, J = 8.0 Hz, 1H), 4.91 (s, 2H).
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Figure 4.19: *H NMR spectrum, recorded in D20, of the product from the first attempt to

synthesise the ligand CMQ at room temperature.
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Figure 4.20: *H NMR spectrum of the ligand CMQ, recorded in D20.

4.4.5 Synthesis of Zn(I1) bis(5-chloromethyl-8-quinolinolate), complex B

CMQ (0.842 g, 4.35 mmol) and zinc acetate (0.477 g, 2.175 mmol) were dissolved in ethanol (40
mL). Triethylamine was added (100 pl), and the solution was refluxed to 78° C for 3 hours, after
which the solution turned transparent yellow. It was then rotary evaporated and gave a thick
orange-brown oil, and was further dried under nitrogen to give fibrous yellow crystalline strands.
Yield = 0.8257 g (84.27%) *H NMR (700 MHz, Deuterium Oxide) § 9.30 (d, J = 8.5 Hz, 1H), 9.12

(dd, J = 5.4, 1H), 8.20 (dd, J = 8.6, 5.3 Hz, 1H), 7.80 (d, J = 7.9 Hz, 1H), 3.60 (s, 2H).

106



ALM_RP_ZnCMQ F1 5 700 D20.1.1.1r 7500000
F1,5_70
R LN e LR e narnnapRRRITRAY 4
o) o ~~ ~

— — o O O
D205, 5o o e i oo

700Nz
1H

""" o 1

7000000
6500000

! ( 16000000
Iy J / ) B & | 1 I

H.. /3%9)\3/5—; 15500000
15000000

‘C(m) B(dd)‘ ‘A(dd)‘ Al 4500000

8.02 | 7.61 7.24

4000000

3500000

3000000

2500000

2000000

1500000

1000000

“ ﬁ i UW 500000
rjlu\ W LN il RN Lo

oo T i T T

g 4 = g & 500000

- — = =

92 90 88 86 84 82 80 7.8 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46
f1 (ppm)

Figure 4.21: *H NMR spectrum of complex B in D20.
4.4.6 Silylation of complex B

Complex B (1.00 g, 2.22 mmol) was dissolved in THF (20 mL) under a nitrogen atmosphere. The
sample was stirred and heated to 65° C. 3-mercaptopropyltrimethoxysilane 93-MPTMS) (0.80 mL,
4.44 mmol) was added and refluxed for 30 hours under nitrogen. The solution was filtered under
vacuum, washed with excess THF (40 mL) and dried overnight in the air. A dark orange solid was
obtained. Yield = 0.7546 g (44.02%).
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Figure 4.22: *H NMR spectrum, recorded in D20, of complex B after silylation.
4.4.7 Synthesis of the PMO-B hybrids with 1%, 2%, 5% and 10% dye loading

Cetyltrimethylammonium bromide was dissolved in 30 mL of water using an ultrasound bath. This
is then followed by the addition of 2 molar NaOH (0.13 mL, 0.26 mmol). The solution was heated
to 80° C. Complex 2 was dissolved in a minimal amount of water (6 mL) and added dropwise
concurrently with TEOS (360 pL), forming a homogeneous turbid orange mixture. The mixture
was refluxed for 2 hours, stopped and allowed to cool down to room temperature. The mixture was
filtered under the vacuum and washed with water. The filtrate was dried in the desiccator, and a
pink solid product was obtained that fluoresced lightly under a UV lamp. The CTAB and BOPHY
2 were added for each reaction in the following ratios; 99:1 (69.3 mg, 0.198 mmol and 1.54 mg,
2.00 umol), 98:2 (68.6 mg, 0.196 mmol and 3.08 mg, 4.00 umol) 95:5 (66.5 mg, 0.190 mmol and
5.14 mg, 10.00 pmol) and 90:10 (63.00 mg, 0.18 mmol and 10.28 mg, 20.00 umol).
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Appendix 1: Mass spectrum of the silylated complex A.
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Appendix 2: LC-MS results for the identification of a sample of Batch C (5-chloromethyl 8-
quinolinol), showing its two highest intensity peaks as the starting material (Mr = 146.1 gmol™)
and the desired product (194.1 gmol™).
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Appendix 3: Normalised excitation (solid lines) and emission spectra (dashed lines) of the free
ligand 5-chloromethyl-8hydroxyquinoline in ethanol (CMQ, black), complex B in ethanol (red)
and complex B in dimethylformamide (blue), all recorded from micromolar solutions; emission

was measured at Aexc = 265 nm, whereas excitation at Aem = 460 nm for CMQ and 560 nm for B.
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Appendix 4: Excitation (red) and emission spectra (blue) of complex B, recorded from a solid

thin film; emission was measured at Aexc = 265 nm, whereas excitation at Aem = 600 nm.
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Appendix 5: Excited-state decay of complex B in the solid-state, recorded at Aem = 600 nm.
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Chapter 5: Monochromatic Light-
Harvesting Antennae using BODIPY -
doped MCM41 silica
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5.1 Introduction

This chapter presents a new series of optical materials built using the host-guest chemistry of
mesoporous silica, whereby the guests are dye molecules with structural similarities with those
presented in Chapter 3. Therein, zinc bis-dipyrromethenes were encapsulated into the micellar
template of COK-12 silica. In the present chapter, the guest dyes are boron dipyrromethenes
(BODIPY), and they are used to build the template itself when making the silica materials. The
dye used in this study termed BPJ2 (see Figure 5.1), is a BODIPY dye that has been previously
synthesised in the group. BODIPY dyes and many of their derivatives display attractive optical
properties, such as high molar absorption coefficients and high fluorescence quantum yields; they
are also relatively easy to synthesise, and it is possible to tune their spectroscopic properties across
the whole UV/visible/NIR region via chemical functionalisation.* Such properties have granted
them a wide variety of applications as laser dyes, fluorescent biosensors and light-harvesting arrays

for use in solar energy collection devices.*®

Figure 5.1: Structure of the BODIPY dye BPJ2.

Previous work in the group utilised the BODIPY dye BPJ2 as an additive to the micellar template
employed for the synthesis of MCM-41 silica.” The procedure that was followed to prepare the
dye-doped materials included a final drying step in an oven set at 80 °C, and such thermal treatment
was found to be responsible for the formation of a new chemical species, tracked by optical
spectroscopy and showing blue-shifted absorption and emission bands compared with BPJ2. This
caused the formation of a donor-acceptor pair within the silica template, which engaged in energy
transfer over a time range between 20 and 80 ps. Also, preliminary experiments on a different

synthetic route using a room temperature drying step indicated that no new species were formed
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and that only the BPJ2 dye was present in the final materials. It was then decided to carry out
further investigations into such single-dye doped materials by exploiting the room temperature
synthesis.

5.1.1 Aim of this chapter

This chapter shows the synthesis and the optical properties of a new series of monochromatic
antenna materials. These are prepared by constructing a micellar template for mesoporous silica
with a green-yellow emitting BODIPY dye as a co-surfactant. Moreover, the content of the dye in
the template was varied in order to explore the effects of the different concentrations on the
structural and optical properties of the materials. The overall purpose is to obtain light-harvesting
silica particles and investigate whether energy migration between dye molecules can be observed
and luminescence yields could be maximised. Proving that would enable further exploitation of

the materials as solid-state sensitisers to use in solar energy conversion devices.

To make sure that only one chromophore is responsible for light absorption and emission within
the silica particles, these were dried at room temperature using a vacuum desiccator instead of a
high-temperature oven typically used after silica synthesis. The photophysical properties of the
silica materials were then studied in different environments, i.e. as a suspension and in the solid-
state; the latter is important as it enables the detection of anisotropic luminescence and polarisation
transfer which can be taken as a measure of the energy migration rate in the materials. This kind
of analysis was performed for the first time in the group on the materials presented in this chapter.

5.2 Results and Discussion

5.2.1 Synthesis and characterisation of MCM-41 doped with BPJ2

Normally, BODIPY dyes are chemically stable at ambient temperature. However, looking at how
BPJ2 will be incorporated into MCM-41 at high temperature (80 °C) and high pH (~12),8 we would
expect structural degradation of the complex. Not only the structure of the complex could be
affected during the synthesis of silica, also the close-packing of the dyes can alter the design of the
micelles and the photoluminescence properties of the final materials.'®* Previous reports have
shown that self-assembly of BODIPY dyes induces the formation of H- or J-aggregates, the latter
being the most common and showing red-shifted fluorescence.® 1!
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Despite the relatively harsh temperature and pH used in the silica synthesis, the BPJ2 dye studied
in the group has shown some excellent chemical stability.” The synthetic route for the preparation
of dye-doped silica is schematised in Figure 5.2, which shows that the dye is added to the
cetyltrimethylammonium bromide (CTAB) surfactant to form a micellar template with the
hexagonal arrangement in water. This first step is followed by the base-catalysed hydrolysis and
poly-condensation of tetraethyl orthosilicate (TEOS), which forms a silica network around the

template.
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Figure 5.2: The synthetic routes of the dye-doped MCM-41 built from a mixture of surfactant
(CTAB, light violet) and co-surfactant (BPJ2, orange) at different loadings; the R group at the
meso position of the BODIPY is a phenyl ring bearing a -OCsH17 chain. From a previous paper in

the group.’

The addition of the dye was done at different BPJ2:CTAB molar ratios, namely 1:99, 10:90, 20:80,
30:70 and 50:50. The silica samples obtained from such additions are labelled after the dye content,
e.g. 1%, 10% etc. As mentioned earlier, the synthesis conditions did not affect the stability of the
dye during the two hours of the reaction. Also, it was found that the use of increasing amounts of
BPJ2 in the micellar template did not cause major deviations from the classical silica structure and

morphology, as it will be explained in the next section.
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5.2.2 Structural Analysis

Structure and morphology of the materials were analysed using powder XRD and TEM. The
diffractograms shown in Figure 5.3 are compared against that obtained for standard MCM-41,
synthesised using plain CTAB micelles.
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Figure 5.3: X-ray diffractograms (top left) and TEM images of the hybrid silica samples at
different loadings (1-50%).
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The samples with 10% and 20% of dye loading show a similar profile to that of classical MCM-
41, with the main reflection from the (100) plane visible at 26 values of 1.91° and 1.87°,
respectively. Such values give a d-spacing of 4.6 — 4.7 nm, which is only slightly larger than the
4.5 nm obtained from plain silica. This can be taken as an indication that replacing CTAB
molecules with BPJ2 does not alter the shape of the cylindrical micelles and their mutual
arrangement, which generates the typical hexagonal pattern in silica.”® It is also possible to observe

the higher-order secondary peak (110) at 3.3 — 3.5° in the two samples.

On the other hand, the pore spacing is found to increase up to 6.2 nm, 7.1 nm and 8 nm at 1%, 30%
and 50% dye loading, respectively, as indicated by the downshift of the 26 values. This is also
accompanied by a signal broadening, particularly evident in the 50% sample, which may well
reflect a loss of regularity in the hexagonal arrangement. Previous studies in our group indicated
that such an effect may be expected at high loadings, where the large dye content could cause an
expansion of the template and, in turn, the whole structure.”!® It is rather surprising, though, that
such an expansion would occur at 1% loading. A tentative explanation is that the dispersion of the
dye molecules within the template is not homogenous; it could also be possible that the relatively
few dye molecules in the 1% sample cluster up at the hydrophobic core of the micelles, causing

the overall structure to swell, but further investigation is needed to verify such hypothesis.

The TEM images indicate that the inner structure of the silica is maintained across all samples, so
as the overall near-spherical morphology of the MCM-41 particles. The parallel arrangement of
the template is only visible from the 1% sample, though, and the particle size appears to increase
at the highest loading of 50%.
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5.2.3 Photophysical Analysis

UV-visible luminescence studies were carried out on the five silica materials using the same
conditions described in the previous chapters for similar samples; that is, by preparing 0.3 mg/ml
suspensions in cyclohexane, which is found to limit the intense scattering normally observed from

silica particles.*>*

Excitation and emission spectra are reported in Figure 5.4 and show a trend that is consistent with
the presence of only one chromophore, the BPJ2 dye, whose light-absorbing and emitting
properties are preserved once incorporated in the micelle/silica systems (see also Appendix 5.1).
Looking at the 1% sample, it is possible to note the typical optical profile of the dye, with the
excitation maximum at 526 nm and the emission at 536 nm, corresponding to the So—S1 and the
S1—So transitions, respectively. This is quite different in comparison with the BPJ2-silica materials
previously studied in the group, which were dried in an oven at 80 °C and showed the appearance

of additional excitation and emission peaks, blue-shifted in respect to the BPJ2 bands.®
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Figure 5.4: Excitation (left) and emission spectra (right) of the hybrid silica materials, recorded
from 0.3 mg/mL cyclohexane suspensions; excitation spectra are measured at Aem = 580 nm and

emission spectra at Aexc = 350 nm.

With excitation and emission slits being equal across all samples, the 10% dye-loaded silica shows
the highest photoluminescence intensity in the series. Above such loading, an interesting effect can

be noted in the samples: the emission bands appear as though they were red-shifted, and the
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excitation shows a depletion region in the 500-540 nm range. This can be explained as an inner-
filter effect caused by the high concentration of dye in the micelles. Beyond 10% loading, light
emitted by the dye in the region of overlap with the absorption spectrum (see Appendix 5.1) is re-
absorbed by neighbouring molecules before it can exit the cuvette to be detected. Such an effect
can be appreciated more evidently in Figure 5.5, where the excitation and the emission spectra of
the 30% sample are shown normalised, and the net cut-off in both profiles is clearly visible.'8-%
As a result, the emission intensity is depleted at low wavelengths, rather than actual red-shifted;
for a red-shift to take place, the second vibronic transition, traceable around 575 nm, would have

to fall at longer wavelengths as well as the first, but this is not the case here.

Normalised PL intensity

T T T T T T T T T
300 400 500 600 700
wavelength / nm

Figure 5.5: Normalized excitation (black) and emission (red) spectra of the 30% dye-loaded silica,

recorded at Aem = 580 nm and Aexc = 350 nm, respectively.

Because of such an effect, the quantum yields of all samples are underestimated, especially at 20%,
30% and 50% dye-loading (Table 5.1). The most emissive sample appears to be the 10%, with a
fluorescence yield of 62%, which is higher than that of the free BPJ2 dye in solution (48%).”
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Table 5.1: Excited-state lifetimes (t), fluorescence quantum yields (®), radiative rate constants

(kr) and non-radiative rate constants (knr) of the silica samples.

sample t/ns (0} ki /st Knr / st
1% 4.71 0.16 3.40 x 10° 2.09 x 108
10% 4.65 0.62 1.33x 107 2.02 x 108
20% 5.27 0.28 5.31 x 108 1.84 x 108
30% 5.50 0.38 6.91 x 106 1.75 x 108
50% 6.29 0.33 5.25 x 106 1.54 x 108

The table also reports the results of the fitting of the excited-state decay curves, which are shown
in Figure 5.6. The decays are mono-exponential, and all but the 50% sample show values in good
accordance with those recorded from the free dye and the dye-loaded silica in the previous study,
being all in the 4.7 — 5.5 ns range. The sample with the highest concentration of BPJ2 has an
excited-state lifetime of about 6.3 ns, which is not unusual for a BODIPY dye!?122 and might
reflect the fact that the dye molecules are exposed to a particularly rigid local environment within

the micelles, which lowers the knr.
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Figure 5.6: Excited-state decay profiles of the silica hybrids, recorded from 0.3 mg/ml

cyclohexane suspensions at Aem = 540 nm, using a 371.8 nm laser excitation.

Another interesting feature is observed at high loadings, above 20%, from the excitation spectra.
If the emission wavelength is set at 720 nm, which is in the descending part of the fluorescence
curve, it is possible to scan a wide area of excitation and notice an additional band around 625 nm
(see Figure 5.7 and also Appendix 5.2). The band reaches the highest intensity at 50% loading
and slightly red-shifts to 634 nm.
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Figure 5.7: Excitation spectra of the 20%, 30% and 50% samples, recorded from 0.3 mg/mL

cyclohexane suspensions at Aem = 720 nm; excitation and emission slits = 5 nm.

This behaviour is attributed to the formation of ground-state dimers and J-aggregates within the
micelles where the BPJ2 dye is dispersed; such species typically absorb and emit light at longer
wavelengths than the respective monomers, and previous studies on BODIPY dyes have shown

that their formation is a common occurrence at high concentrations.®2123

Further time-resolved analysis was carried out in light of the above findings. An excited-state
lifetime was recorded for the 50% dye-doped silica, and the decay profile is shown in Figure 5.8.
A bi-exponential fitting of the decay curve yielded two-time traces: 6.40 ns, with a relative weight
of 77%, and 0.78 ns, with a 13% weight. The first trace matches with that obtained at 540 nm and
can be confirmed as the decay of single units of BPJ2 within the template; the second and short
trace, instead, can be attributed to dimeric/aggregated species, whose emission cannot be isolated

because of the overlap with the monomer emission band.
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Figure 5.8: The time-resolved analysis of the luminescence at long wavelengths of 50% silica
hybrids, recorded from 0.3 mg/ml cyclohexane suspensions at Aem = 750 nm, using 371.8 nm laser
excitation.

5.2.4 Fluorescence Anisotropy Studies

The BODIPY-doped silica samples were analysed in the solid-state, from thin powder films and
by using excitation and emission polarisers during steady-state and time-resolved measurements.
The use of polariser filters, as explained in Chapter 2, allows analysis of the sample response to
vertically and horizontally polarised light. The materials that showed a significant response and
measurable kinetic traces were the 1% and the 10% dye-doped samples. Excitation and emission
spectra from the two materials (see Appendix 5.3 and 5.4) indicate that there is a preferred
orientation of dye molecules within the template, as the detected fluorescence intensity is the
highest when the emission polariser is set to the horizontal orientation. The G-factor, which
measures the extent of anisotropy and is obtained from the excitation spectra, is 1.69 at 580 nm for
the 1% sample and 4.12 at 730 nm for the 10% sample. Excited-state anisotropy decays were then
measured by recording the fluorescence lifetimes of the samples at the above emission wavelengths

and at both vertical and horizontal polarisations (see Figure 5.9).
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Figure 5.9: Fluorescence anisotropy decay profiles (black and red) of the 1% (top) and 10%
(bottom) samples, recorded at 580 nm and 730 nm, respectively. The blue profile is the anisotropy

curve generated from the two decays.

The decay profiles indicate a difference in intensity at the two polarisations of emitted light and
the anisotropy curve, which is generated from a combination of the decays, shows a slight
difference between the decay times. From the point of maximum intensity, which corresponds to
the moment the laser pulse goes off, there is a small mismatch in the decay trend at the two different

orientations. The anisotropy profile measured such mismatch and generated a differential kinetic
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trace; this was then fitted in the region indicated with the dotted squares, and the values obtained
were 404 ps for the 1% and 705 ps for the 10% sample. Such time traces are indicative of the
polarisation transfer times, which is the time that it takes for the emission light to change its
orientation from V to H. In our case, this can be interpreted as the transfer time or energy migration
time, assuming that the transfer of excitation energy between neighbouring dye molecules with
slightly different orientations is the phenomenon responsible for the changes in the direction of the
emitted light. The shorter transfer time at 1% loading appears to confirm the hypothesis made from
the XRD analysis that, at such low loading, the dye molecules are not evenly dispersed and might
cluster up within small domains of the template. Further analysis would be required, though, for
example, to test whether a templated synthesis at different experimental conditions yielded the

same result.

It was generally noted that the measurements required several repeats and long acquisition times
in order to yield reproducible and significant kinetic traces. Also, all such traces were found
to drop rapidly at greater dye concentrations than 10%. This was expected because of the
increasingly small distances between dye units within the template, which would make the transfer
faster and fall below the time detection limit of the instrument (~70 ps). The same trend was
observed in the previous work of the group, where energy transfer times between a donor and an
acceptor species dropped below 100 ps as the dye loading increased and could only be measured
by femtosecond transient absorption spectroscopy.’

5.3 Conclusions

The studies presented in this chapter show that it is possible to design light-harvesting materials
using BODIPY dyes assembled within host-guest silica materials. By attaching a C8 alkyl chain
on one of such dyes (BPJ2), this was co-assembled with a surfactant in a micellar template, which,
in turn, was used to synthesise an MCM41-like silica network around it. The TEM and XRD
diffractograms showed that the regular porosity of the MCM41 silica is maintained even at high
concentrations, or loadings, of dye in the template, although from 50% on the structure of the
materials appears to lose uniformity. The highest fluorescence quantum yield (0.62) was obtained
for the 10% dye-doped sample, whereas at higher concentrations, an inner-filter effect was

observed, along with the emergence of ground-state dimers or aggregates. It was also possible to
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measure the time traces of energy migration between units of dye molecules at low loadings of 1%
and 10%. This was done by using time-resolved fluorescence anisotropy for the first time in the
group and showed that the transfer dynamics across the materials upon light absorption is very fast,

from 700 ps and decreasing with the dye loading.
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5.4 Experimental Section
5.4.1 Synthesis of BODIPY dye (BPJ2)

Octyloxybenzaldehyde (720 pL, 3.3 mmol) was dissolved in anhydrous DCM (60 mL). 2-Ethyl-
1,3-dimethylpyrrole (810 pL, 6.6 mmol) was added, and the mixture was stirred for 30 minutes.
TFA (45 pL, 0.6 mmol) was added under a nitrogen atmosphere, the mixture turned red, and it was
left stirring overnight at room temperature. The complete consumption of the aldehyde was
confirmed using TLC plates (silica, eluent: DCM). The oxidation reaction was proceeded by the
use of DDQ (700 mg, 3 mmol), which was added to the dark red reaction mixture and stirred for
3.5 hours. Anhydrous triethylamine (3.3 mL, 21 mmol) was added, immediately followed by the
addition of BFs.OEts dropwise. The mixture turned quickly yellow and dark green, respectively,
and it was stirred overnight under a nitrogen atmosphere. The resulting product was washed with
water (3 x 30 mL), dried over Na2SQO4, and finally rotary evaporated to give a viscous purple oil
with green tints. The crude was purified by column chromatography (eluent; Petrol:DCM (1:1). H
NMR (400 MHz, CDCI13): & = 7.08 (d, J = 9 Hz, 2H, CHar), 6.92 (d, J = 9 Hz, 2H, CHar), 3.94 (t,
J=6Hz, 2H, OCH>), 2.45 (s, 6H, pyrrole —CHs3), 2.24 (q, J = 7 Hz, 4H, pyrrole -CH>—CH3s), 1.76—
1.70 (m, 2H, OCH2-CHy), 1.46-1.39 (m, OCH2CH2—CH2), 1.33-1.15 (m, 8H, -CH2-), 1.26 (s,
6H, pyrrole —CHzs), 0.92 (t, J = 7.5 Hz, 6H, pyrrole -CH2—-CHzs), 0.83 (t, J = 6 Hz, 3H, —CH3).
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Figure 5.10: *H NMR spectrum of BPJ2, recorded with Bruker 400 MHz in CDCls.
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Figure 5.11: ¥C NMR spectrum of BPJ2, recorded with Bruker 400 MHz in CDCla.

5.4.2 Synthesis of the MCM-41 with CTAB and BPJ2 (99:1, 90:10, 80:20, 70:30 and
50:50)

Cetyltrimethylammonium bromide was dissolved in 100 mL of water using an ultrasound bath.
BPJ2 was dissolved in a minimal amount of acetonitrile and transferred into 80 mL of water that
forms a homogeneous turbid pink-orange mixture. This was then added into the CTAB solution
and stirred, followed by the addition of 2 M aqueous NaOH (1.3 mL, 2.6 mmol). The mixture was
heated to 80 °C, and the silica precursor tetraethylorthosilicate (1.7g, 1.8 mL. 8.2 mmol) was added,
at which point silica started to form quickly. It was then refluxed for 2 hours, stopped and allowed
to cool down to room temperature. The mixture was filtered under the vacuum and washed with
water. The filtrate was dried in the desiccator, and a pink solid product was obtained that fluoresced
lightly under a UV lamp. The CTAB and BPJ2 were added for each reaction in the following ratios;
99:1 (346 mg, 0.949 mmol CTAB and 4.88 mg, 9.6 umol BPJ2), 90:10 (315 mg, 0.863 mmol and

134



48.8 mg, 0.096 mmol), 80:20 (280 mg, 0.8 mmol and 97.6 mg, 0.192 mmol), 70:30 (245 mg, 0.7
mmol and 146.4 mg, 0.288 mmol) and 50:50 (175 mg, 0.5 mmol and 244 mg, 0.48 mmol).
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Appendix
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Appendix 5.1: UV-vis absorption (red), fluorescence (blue) and excitation (dashed black)
spectra of BPJ2, recorded in a 10® M acetonitrile solution. Emission was recorded at dexc = 490

nm, whereas excitation at Aem = 575 nm. From reference 16.
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Appendix 5.2: Excitation spectra of the 20% BPJ2-MCM41 sample, recorded at different

emission wavelengths, from 0.3 mg/ml cyclohexane suspensions.
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Appendix 5.3: Excitation (left) and emission (right) anisotropy spectra of the 1% dye-loaded silica
sample, recorded at em = 580 nm and Aexc = 350 nm, respectively, from a powder thin film; the

notation in the legend indicates the plane-polarisation of the excitation and the emission light beam.
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Appendix 5.4: Excitation (left) and emission (right) anisotropy spectra of the 10% dye-loaded
silica sample, recorded at em = 730 nm and Aexc = 350 nm, respectively, from a powder thin film;

the notation in the legend indicates the plane-polarisation of the excitation and the emission light

beam.
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Chapter 6: New PMO Materials Built
from BOPHY Dyes: A Structural and
Optical Comparative Study
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6.1 Introduction

Studies have shown that the structure and properties of low molecular weight organic
chromophores such as BODIPY can be modified or fine-tuned, and this has proven to be an
effective strategy to improve light absorption and emission.? Typically, the core structure of such
organic dyes is relatively easy to modify through the introduction of specific functional groups at
a variety of different positions, allowing fine changes into absorption and emission wavelengths,
which opens the way to several applications in various scientific fields.>* Among them, small
organic dyes find use as biological probes, molecular sensors, light-harvesting agents, fluorescent

makers and active components in optoelectronic devices such as OLEDs."*

A similar class of molecules that has recently attracted a great deal of attention is that of BOPHYSs,
which are synthesised from a subset of the dipyrromethene group. As briefly explained in Chapter
1, a BOPHY dye comprises two pyrrole rings, with one at either side of a two-centred six-

membered ring (four 5,6,6,5-tetracyclic rings) containing a BF2 moiety.*°

Figure 6.1: Core structure of BOPHY dyes.

This gives BOPHY's a very stable n-conjugated core structure and desirable optical properties, such
as high molar extinction coefficients (80,000-100,000 M* cm™) and quantum yields (around 70-
80%). Also, BOPHY's can easily be prepared via a two-step one-pot synthesis in water or common
organic solvents, much alike BODIPYs. In recent years, BOPHY's have been tested in photonics,
molecular machines, OLEDs, digital technologies and biological probes.!*13 One of the earliest
applications of BOPHY was given by Jiang and co-workers'*, who showed that the fluorescence
behaviour is pH-dependent and therefore the dye could be used as a sensor.®*® Later, Mirloup and
co-workers®® developed bulk heterojunction solar cells based on thienyl-BOPHY's exhibiting broad

absorption in the visible spectrum (400-800 nm). A further application of BOPHY's was achieved
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by Sola-Llano and co-workers, who tested the dyes as singlet oxygen photosensitisers in

photodynamic therapy (PDT) and more generally in diagnostics.!’

Moreover, both BOPHY's and BODIPY's have been utilised in the construction of macromolecular
architectures, where covalent attachment or self-assembly was pursued to achieve multi-dye
systems with even broader applications than the aforementioned single dye cases. However, they
both have limited photochemical stability, a drawback that has prompted research into effective
strategies for improvements.® One of such strategies involves the use of macromolecular structures,
where dyes are embedded into hosts. The latter could be organic or inorganic materials, the
common trait being the ability to encapsulate small guests into suitable confined spaces. This is
the strategy employed for BODIPY dyes that has been described in the previous chapter. Therein,
the results showed that new host-guest antenna materials can be made by introducing the dyes from
the start of the assembly process and, in particular, by trapping them inside the templates used for

making mesoporous silica.
6.1.1 Aims of this chapter

This chapter will present new silica-based optical antennae, obtained from a different assembly
strategy than that used in Chapter 5: here, BOPHY dyes are incorporated into the m-SiO:
framework itself rather than in the micellar template. The structural and light absorption/emission
properties will also be discussed and compared with those of the free dye, in order to evaluate
whether the new materials possess improved optical properties.

Two BOPHY derivatives have been used for this study, as shown in Figure 6.2. BOPHY 1 bears
an alkoxysilane side group, whereas BOPHY 2 possesses two of them. The use of each dye was
expected to have a different impact on the structure of the PMO materials built from them and also

on their luminescence behaviour.
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Figure 6.2: Structure of BOPHY 1 (top) and BOPHY 2 (bottom).
6.2 Results and Discussion
6.2.1 The BOPHY precursor: synthesis and optical properties

The dyes used in this chapter, including the precursor OA185 (Figure 6.3), were obtained from
our research collaborator (Omar Al-Atawi) working with Dr Julian Knight, Newcastle University.

The synthesis was carried out according to published literature procedures.3#1011

Figure 6.3: Structure of the reference BOPHY dye (OA185).

The structural manipulations of the BOPHY dye through the extension of the n-conjugation using
either commercially available or synthesised pyrrole has been reported to fine-tune the optical

properties of this complex.® The UV-visible spectra presented here (Figure 6.4) are measured from
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a diluted solution of the free precursor OA185, and they are used as a reference for the PMO

materials discussed later.
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Figure 6.4: Normalised UV-visible absorption (red), excitation (dotted black) and emission (blue)
spectra of OA185, recorded from 10°® M THF solutions; excitation was measured at Aem = 540 nm,

and emission was measured using Aexc = 440 nm.

The reference BOPHY in tetrahydrofuran (THF) shows two distinct absorption peaks with Amax at
467 nm and 487 nm, with a molar extinction coefficient of 44,264 Mt cm™. The absorption appears
to be slightly red-shifted as compared with the unfunctionalised BOPHY (see Figure 6.1), and it
is in good agreement with a previous study by Boodts and co-workers.>*! The structured shape of
the absorption reveals the vibronic progression within the So — Si1 electronic transition and it

confirms the rigidity of the dye.

The photoluminescence emission spectrum also exhibits a structured profile, with peaks at 506 nm
and 539 nm and a small Stokes shift of 19 nm with the lowest-energy absorption peak. This
confirms that the molecule undergoes small geometric changes between absorption and emission,
with little energy lost through vibration at the excited state.'® Indeed, the fluorescence quantum
yield is high (0.86). The excited state lifetime was also measured (see Appendix 6.1) and its value

of 2.8 ns is in line with typical singlet decays from organic fluorophores.
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Dye Silylation

As most BOPHY dyes, OA185 can be functionalised at the o,  and meso positions. In order to
incorporate the dye inside the silica framework, alkoxysilane groups were introduced at the g
position only (BOPHY 1) and at both B, p' positions (BOPHY 2). The alkoxysilylation was
achieved in two steps: first, by reaction of OA185 with propargyl alcohol (1 equivalent to make
BOPHY 1 or 2 equivalents for BOPHY 2), using
[1,1bis(diphenylphosphino)ferrocene]dichloropalladium(Il) as a catalyst, all under reflux in dry
THF; as a second step, the hydroxyl derivative is reacted with 3-(triethoxysilane)propyl isocyanate,
in dry THF with trimethylamine as a base. The product obtained was not purified by column
chromatography due to the strong affinity of the alkoxysilane group towards silica and was used
straight away to avoid the decomposition of the final product, since most silylated dyes easily

decompose, as reported in the literature.?
6.2.2 PMO materials with BOPHY 1

We adapted the templated synthetic procedure for MCM-41 silica described by Hoffman and co-
workers (see also Chapter 1)*° and loaded the two different silylated BOPHY into silica separately.
As described earlier, BOPHY 1 and 2 are, respectively, mono and bis-silylated. They both undergo
hydrolysis and poly-condensation jointly with TEOS,?° but leading to different outcomes. The
PMO materials made using BOPHY 1 have the chromophoric units dispersed through the solid
network at the silica interface with the template (see Figure 6.5).
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Figure 6.5: General synthetic route for the PMOs made using BOPHY 1; R= BOPHY core

structure. Scheme from reference 19.

In order to obtain a homogeneous dispersion of the dye, the addition into the reaction mixture was
made simultaneously with TEOS and it was facilitated by dissolving BOPHY 1 in the minimum
amount of water with the aid of ultra-sounds. Co-condensation of both dye and TEOS was then

allowed to proceed at 100° C for 24 hours (see Experimental 6.5.2 for the detailed procedure).
Structural Analysis

As reported in the previous chapters, the structure and the morphology of silica are often disrupted
with the increase in the dye concentration, particularly in those cases where the dyes are bulky.
BOPHY dyes are relatively small, instead, and we would not expect significant disruptions upon
incorporation within the silica structure. Nevertheless, to avoid heavy structural deformations, low

dye concentrations were used, with relative ratios BOPHY1: TEOS of 1%, 2% and 5%.
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Figure 6.6: Powder X-ray diffraction patterns of the BOPHY 1-PMO materials (top left); TEM
images of 1% (top right), 2% (bottom left) and 5% (bottom right).

Powder XRD was then performed on the three PMO materials (see Figure 6.6) and revealed no
changes in structure as compared with plain MCM-41 silica. All three PMOs have the main
reflection from the (100) plane around the same 26 values of 1.97°, which gives a d-spacing of
4.48 nm. It is even possible to observe the (110) reflection, although broad and weak, around 3.8°.

This would indicate a certain degree of order in the long range.

The TEM images confirm that the porous structure remains unaltered, with only a slight reduction
of the pores diameter, from about 5 nm in the 1% material to 4 nm in the 5%. Also, it can be

observed that the particles morphology does not change with dye loading.
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Photophysical Properties

The photoluminescence spectra of the three PMO materials were measured from 0.3 mg/mL
suspensions in cyclohexane and are shown in Figure 6.7. No considerable changes were observed

when compared with the free complex, except for an apparent blue-shift of the excitation peaks.
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Figure 6.7: Normalised excitation (left) and emission (right) spetra of the BOPHY1-PMO
samples, recorded from 0.3 mg mL* cyclohexane suspensions at Aem = 540 nm and Aexc = 420 nm,

respectively.

This is particularly noticeable in the 1% sample, where the excitation maxima lie at 456 nm and
478 nm, about 10 nm blue-shifted in comparison with the free dye. As the loading increases, the
excitation band broadens and this might be due to the closer proximity between single dye units,
which causes aggregation. Such an effect is not as much pronounced in the emission spectra, which
are very similar and match with that of the free dye. The fluorescence quantum yields, though,
seem to indicate that the molecules do engage in some intermolecular processes of non-radiative
deactivation, such as quenching, when the loading increases: the yields are reduced by a factor of

10 from a value of 0.3 at 1% loading (see also Table 6.1).
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Table 6.1. Excited-state lifetimes, fluorescence quantum yields, radiative rate constants (k) and
non-radiative rate constants (knr) of the BOPHY1-PMOs.

Sample Decay Traces Average DpL kr Knr
) ) TPL
(Relative Weight)* [sY] [sY]
[ns]
[ns]

OA185 2.8 2.8 0.86 3.1x10% | 5.2x10’
1% 2.6 (73%) — 11.3 (27%) 4.9 0.3 6.1x10" | 1.4x10°8
2% 2.7 (76%) — 12.6 (24%) 5.1 0.03 5.9x10° | 1.9x108
5% 2.3 (77%) — 10.5 (23%) 4.2 0.02 48x10°| 2.3x108

*Recorded at 540 nm for all samples, using a 475 nm laser excitation.

Vu and co-workers have previously reported a similar trend when studying the aggregation of
BODIPY dyes in rigid matrices.?! Aggregation between single units of dye can easily produce

dimers or excimers, with partially overlapped spectra and shorter fluorescence lifetimes.

We then studied the deactivation dynamics occurring at the excited states via time-resolved
fluorescence. The decay profiles are shown in Figure 6.8 and are all fitted with biexponential
functions. The overall trend sees the average lifetime decreasing with the loading and the short
trace component is in good agreement with the decay of the free dye. Such trace undergoes a slight
reduction to 2.3 ns in the 5% sample and this would be in line with previous findings on aggregated
dyes mentioned above. It is worth mentioning also that other factors behind the lifetime decrease,
besides aggregation, include the dye's environment, which in this case is a silica matrix and might

cause the formation of non-fluorescent trap sites.?>2*
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Figure 6.8: Excited state decay profiles of the BOPHY1-PMO samples, recorded at Aem = 540

nm, using a 472 nm laser excitation.

Interestingly, a second, long decay trace emerges in the PMO materials, about 10-12 ns, which is
not found when the dye is in diluted solution. This will be discussed in a broader context in the

following section.
6.2.3 PMO materials with BOPHY 2

Differently from BOPHY 1, BOPHY 2 possesses two alkoxysilane side groups and its
polycondensation with TEOS is expected to make the chromophoric core a bridging unit between
the siloxanes (see Figure 6.9). This results in the dye becoming an integral part of the silica

framework.*®

The synthesis procedure for the BOPHY2-PMO materials was identical to that described in the
previous section and, analogously, three samples were prepared, with 1%, 2% and 5% dye loading
(see Experimental 6.5.3 for the detailed procedure).
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Figure 6.9: General synthetic route for the PMOs made using BOPHY 2; R= BOPHY core

structure. Scheme from reference 19.
Structural Analysis

The powder XRD profiles of the three BOPHY2-PMO samples are shown in Figure 6.10 (top
left), in comparison with plain MCM-41 silica. Monitoring the (100) reflection at 1.97°, it is
possible to notice a shift towards lower angles as the dye content in the material increases. From
1.97° at 1%, like in plain silica, the peak is observed at 1.92° in the 2% sample and at 1.71° in the
5%. This corresponds to a gradual increase in the d-spacing, from 4.48 to 4.60 nm, up to 5.16 nm
at the highest content of dye. This is a remarkable difference in comparison with the BOPHY 1-
PMOs and it must be correlated to the silica formation mechanism. The trend with the d-spacing
can be rationalised as a consequence of the expansion of the silica network during its formation
and growth around the micellar template. The introduction into the reaction mixture of an
increasing quantity of bis-silylated dye, which is bulkier than TEQS, forces the growing dye-silica

network to swell and wrap less tightly around the template than when only TEOS is used.
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Figure 6.10: Powder X-ray diffraction patterns of the BOPHY2-PMO materials (top left); TEM
images of 1% (top right), 2% (bottom left) and 5% (bottom right).

It is also worth mentioning that the secondary (110) reflection is visible around 3.8° and it appears
to shift slightly to lower angles in the 5% sample. This would confirm that the network expansion

reflects at all dimensions to a certain extent.

The TEM images are in line with the structure and the morphology typically observed for plain
silica, with particle size in the 200-300 nm range. A close inspection of the pore size, although
limited in accuracy by the relatively small dimensions, reveal a gradual increase in the average

diameter, from 4.2 nm in the 1% sample, to 4.7 nm in the 2% and up to 6.7 nm in the 5%.
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Photophysical Properties

The photoluminescence spectra of the BOPHY2-PMOs were recorded from diluted suspensions,
as for the BOPHY1-PMOs and are shown in Figure 6.11. At 1% dye loading, both the excitation

and the emission profiles, resemble those of the free dye, with the typical vibronic progression well

visible.
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Figure 6.11: Normalised excitation (left) and emission (right) spetra of the BOPHY2-PMO
samples, recorded from 0.3 mg mL™ cyclohexane suspensions at Aem = 540 nm and Aexc = 420 nm,

respectively.

As the dye loading doubles, one first change can be noticed, as the spectra broaden, particularly
the emission. This could be due to the reduction in intensity of the first and the second vibronic
transitions, at 505 and 540 nm in emission, respectively. A tight close-packing between dye units
within the PMO framework is likely to affect the vibrational degrees of freedom of the
chromophores and will hinder some. The effect is even more pronounced at 5% loading and the
vibronic progression is almost lost. It should be noted that the sharp, symmetrical peak at 456 nm
(blue line in Figure 6.11, left side) may well be due to light scattering from the particles and it

masks the 0-0 transition.

The increasing concentration of dye units, which reduces the mutual distances, should be the reason
for the reduction in fluorescence quantum yields from 22% to 4% (see Table 6.2). An interesting
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trend is observed, instead, from the time-resolved measurements, so as in the BOPHY1-PMO
samples. The excited-state lifetimes were recorded at the emission wavelenegth of 540 nm (Figure
6.12) and two decay traces were obtained, the shorter of which matches with the lifetime of the
free BOPHY.

Normalised In(PL)

time / ns

Figure 6.12: Excited state decay profiles of the BOPHY2-PMO samples, recorded at Aem = 540

nm, using a 472 nm laser excitation.
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Table 6.2. Excited-state lifetimes, fluorescence quantum yields, radiative rate constants (k) and
non-radiative rate constants (knr) of the BOPHY2-PMOs.

Sample Decay Traces Average | ®pL kr Knr
. . TPL
(Relative Weight)* [s] [sY]
[ns]
[ns]

OA185 2.8 2.8 0.86 | 3.1x10%® |5.2x10’
1% 2.5 (80%) — 13.0 (20%) 4.6 0.22 | 4.8x10" | 1.7x108
2% 2.7 (75%) — 12.6 (25%) 4.9 0.07 | 1.4x10" | 1.9x108
5% 2.9 (48%) — 14.0 (52%) 8.6 0.04 | 4.7x10° | 1.1x108

*Recorded at 540 nm from 0.3 mg/ml cyclohexane suspensions, using a 375 nm laser excitation.

The second component is longer than 12 ns and could hardly be justified as prompt fluorescence
from isolated units of dyes. Excluding any impurities after repeated synthesis and measurements
in water suspensions, it was then hypothesised that a form of delayed fluorescence may originate
within the hybrid dye-silica structure. Such behaviour is similar to that reported in Chapter 4, where
PMO materials built from zinc(I1) quinolinolates showed charge-recombination luminescence. The
phenomenon was ascribed to the strong charge-transfer character of the quinolinolates and the
preliminary findings on the BOPHY-PMOs presented in this chapter seem to point at an analogous
trend. Further investigation would be required to confirm the hypothesis, by means of

electrochemical studies.

In addition to this, it is possible to observe the emergence of a low-energy shoulder band in the 5%
sample, both in excitation, around 517 nm, and in emission, at 650 nm. To investigate this further,
an excitation spectrum at 2em = 650 nm was recorded, together with an excited state lifetime at the
same wavelength (see Appendix 6.6 and 6.7). The excitation profile does not provide conclusive
evidence of a clear peak a long wavelengths and only few weak side bands can be noted up to 570

nm. Whether they could be a sign of ground state aggregates or an effect of scattering it is difficult
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to state. The fluorescence lifetime of the 5% sample, though, gives an indication of a short decay
at 650 nm. Along with the traces shown in Table 6.2, a third component was detected, which fits
with a 0.8 ns lifetime. This can be tentatively attributed to an aggregated species, most likely a
ground-state aggregate of J-type. Such species typically show red-shifted spectral features

compared to the monomers and their formation is favoured in planar conjugated molecules.?
6.2.4 Fluorescence Anisotropy Studies

It was precisely because the chromophores in question have a conjugated linear structure, along
which the dipole moment is oriented, that it was decided to investigate the PMOs further, using

fluorescence anisotropy.

As for the materials discussed in the previous chapter, the BOPHY-PMO samples were analysed
in the solid state, from thin powder films. As the starting point, the emission and excitation spectra
at different orientations (vertical and horizontal) were first measured, to determine the G-factor
and evaluate the anisotropic photoresponse of the molecules in the PMOs. All three BOPHY 2-
PMOs showed such a response and measurable kinetic traces, whereas among the BOPHY1-PMOs
only the 1% yielded some evidence of polarisation transfer. Two of the four samples also show
different spectral features at each orientation; the 5% BOPHY?2-PMO is shown in Figure 6.13 as
the most representative, while the spectra from the other samples can be found in Appendix 6.8-
6.10.
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Figure 6.13: Emission (left) and excitation (right) anisotropy spectra of the 5% BOPHY2-PMO,
recorded at Aexc = 470 nm and Aem = 620 nm, respectively, from a powder thin film; the notation in
the legend indicates the plane-polarisation of the excitation and the emission light beam. G-factor
= 2.45 at 620 nm.

A predominant fraction of dye units seems to be aligned in a preferred orientation, especially in
the BOPHY2-PMOs, where the chromophores are an integral part of the framework and are
arranged more rigidly than in the BOPHY1-PMOs, where the dyes are still part of the silica
material but relatively less rigid, as they are located on the PMO surface. Nevertheless, it was
possible to detect anisotropic emission for one of such samples, the 1% BOPHY1-PMO, and a

polarisation transfer trace, of about 812 ps (see Appendix 6.11).

The excited-state anisotropy decays of the BOPHY?2-PMOs are shown in Figure 6.14.
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Figure 6.14: Fluorescence anisotropy decay profiles (black and red) of the 1% (top), 2% (middle)
and 5% (bottom) BOPHY2-PMO, recorded at 560 nm. The blue profiles are the anisotropy curves
generated from the respective decays.
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The polarisation transfer time in the 1% BOPHY2-PMO sample is the longest (783 ps) in the series.
As the dye loading increases, the transfer time decreases, to 448 ps in the 2% and to 395 ps in the
5% sample. This can be ascribed as an effect of the decreasing distance between units of BOPHY

dyes within the PMO framework.

The above time traces are interpreted as the times of excitation energy migration between
neighbouring BOPHY units. As the excitation energy is transferred across the material, the emitted
light gradually changes its orientation in comparison with the excitation direction and the recorded

kinetic profile accounts for the overall timescale of such process.?®2°
6.3 Conclusions

The synthesis of new PMO materials containing a novel BOPHY dye was successfully achieved.
Two different derivatives were used as precursor, one bearing an alkoxysilane group and one
bearing two of them, and they were incorporated within the walls of mesoporous silica at relatively

low concentrations, up to 5% dye loading.

The structure and the morphology of the new PMQOs was analysed using powder XRD and TEM,
which proved they are ordered materials, featuring the hexagonal pore arrangement and pore size
of a typical MCM-41. The optical study on the materials shows that the fluorescence quantum
yields decrease with the dye content within the solid structure, which is attributed to an enhanced
non-radiative decay deactivation. The fluorescence anisotropy experiments revealed that all
materials show polarised light emission, and, for most samples, it was also possible to determine
the polarisation transfer time. This appeared as a very short Kkinetic trace, decreasing from around
800 to 400 ps as the dye loading increases. This can be attribued to the decreasing distances
between single units of BOPHY dyes in the materials, which causes the excitation energy to
migrate at an increasingly faster rate. Such property makes the new PMOs very interesting
candidates for use as solid-state light-harvesters and sensitisers, although their fluorescence yields
require further optimisation. Moreover, the emergence of charge-recombination luminescence in
the materials opens the way to future studies on electroluminescence and to develop new hybrid
OLED:s.
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6.4 Experimental Section
6.4.1 Synthesis and Characterisation of the BOPHY dyes

As stated in section 6.2.1, the BOPHY precursor OA185 and the two silylated dyes BOPHY 1 amd
BOPHY 2 were synthesised and characterised by a postgraduate student, Omar Alatawi, from Dr

Julian Knight’s group.
6.4.2 Synthesis of the MCM-41 with CTAB and BOPHY 1 (99:1, 98:2 and 95:5)

Cetyltrimethylammonium bromide was dissolved in 30 mL of water using an ultrasound bath. This
is then followed by the addition of 2 molar NaOH (0.13 mL, 0.26 mmol). The solution was heated
to 100° C. BOPHY 1 was dissolved in a minimal amount of water (6 mL) and added dropwise
concurrently with TEOS (360 pL), forming a homogeneous turbid orange mixture. The mixture
was refluxed for 2 hours, stopped and allowed to cool down to room temperature. The mixture was
filtered under the vacuum and washed with water. The filtrate was dried in the desiccator, and a
pink solid product was obtained that fluoresced lightly under a UV lamp. The CTAB and BOPHY
1 were added for each reaction in the following ratios; 99:1 (69.3 mg, 0.198 mmol and 1.39 mg,
2.00 pumol), 98:2 (68.6 mg, 0.196 mmol and 2.77 mg, 4.00 umol) and 95:5 (66.5 mg, 0.190 mmol
and 6.93 mg, 10.00 pmol).

6.4.3 Synthesis of the MCM-41 with CTAB and BOPHY 2 (99:1, 98:2 and 95:5)

Cetyltrimethylammonium bromide was dissolved in 30 mL of water using an ultrasound bath. This
is then followed by the addition of 2 molar NaOH (0.13 mL, 0.26 mmol). The solution was heated
to 100° C. BOPHY 2 was dissolved in a minimal amount of water (6 mL) and added dropwise
concurrently with TEOS (360 pL), forming a homogeneous turbid orange mixture. The mixture
was refluxed for 2 hours, stopped and allowed to cool down to room temperature. The mixture was
filtered under the vacuum and washed with water. The filtrate was dried in the desiccator, and a
pink solid product was obtained that fluoresced lightly under a UV lamp. The CTAB and BOPHY
2 were added for each reaction in the following ratios; 99:1 (69.3 mg, 0.198 mmol and 1.88 mg,
2.00 umol), 98:2 (68.6 mg, 0.196 mmol and 3.76 mg, 4.00 umol) and 95:5 (66.5 mg, 0.190 mmol
and 9.4 mg, 10.00 pmol).
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Appendix
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Appendix 6.1: Excited state decay of the BOPHY dye OA185, recorded at 540 nm from a 10°®

M THF solution, using a 472 nm laser excitation.
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Appendix 6.2: Excitation spectra of the BOPHY1-PMO materials, recorded from 0.3 mg mL™*
cyclohexane suspensions at Aem = 540 nm.
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Appendix 6.3: Emission spectra of the BOPHY1-PMO materials, recorded from 0.3 mg mL*

cyclohexane suspensions at Aexc = 420 nm,
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Appendix 6.4: Excitation spectra of the BOPHY2-PMO materials, recorded from 0.3 mg mL™*

cyclohexane suspensions at Aem = 540 nm.
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Appendix 6.5: Emission spectra of the BOPHY2-PMO materials, recorded from 0.3 mg mL™*

cyclohexane suspensions at Aexc = 420 nm.
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Appendix 6.6: Emission spectra of the BOPHY 2-PMO material at 5% dye loading, recorded from

a 0.3 mg mL* cyclohexane suspension at Aem = 620 nm.
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Appendix 6.7: Excited state decay profiles of the BOPHY2-PMO with 5% dye loading, recorded
at Aem =540 nm and at 650 nm, using a 472 nm laser excitation.
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Appendix 6.8: Emission (left) and excitation (right) anisotropy spectra of the 1% BOPHY1-PMO,
recorded at Aexc = 480 nm and Aem = 560 nm, respectively, from a powder thin film; the notation in

the legend indicates the plane-polarisation of the excitation and the emission light beam. G-factor
=1.81 at 560 nm.

170



2000000 4 3000000 -
& w 2500000 +
a o
o 1500000 4 __‘-3
= 2 2000000 4
z =
= 5
Q i —
E 1000000 £ 1500000 -
g o
500000 4 1000000 -
500000 4
0 T T T T T T T T T T
500 550 600 650 700 750 250 300 380 400 450 500 550 600

wavelength / nm wavelength / nm

Appendix 6.9: Emission (left) and excitation (right) anisotropy spectra of the 1% BOPHY2-PMO,
recorded at Aexc = 440 nm and Aem = 620 nm, respectively, from a powder thin film; the notation in
the legend indicates the plane-polarisation of the excitation and the emission light beam. G-factor

= 2.41 at 620 nm.
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Appendix 6.10: Emission (left) and excitation (right) anisotropy spectra of the 2% BOPHY2-
PMO, recorded at Aexc = 470 nm and Aem = 620 nm, respectively, from a powder thin film; the
notation in the legend indicates the plane-polarisation of the excitation and the emission light beam.

G-factor = 2.45 at 620 nm.
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Appendix 6.11: Top: Fluorescence anisotropy decay profiles (black and red) of the 1% BOPHY1-
PMO, recorded at 560 nm. The blue profile is the anisotropy curve generated from the two decays.
Bottom: fitted time trace from the anisotropy profile, obtained in the range indicated by the dotted

square in the top part.

172



Fi< Walue /ps Std Dev/ ps Fix  Walue Sid Dev Rel %

Ty [ 7833103 4265389 By 0022 0,0004 100.00
0O By
O By
Ty By
A[] o207
2 0.857
Fix Vale /p: Std. Dev / ps Fix Value Std Dev Rel %
T, [ 4484824 538190 By 0,038 0.0011
T, 0 By
o By
Ty By
A[] 019
%0855
Fix Value /ps Std Dev / ps Fix  Walue Std Dev Rel %
Ty [J 3945233 24 55005 By 0.021 0.0005
T [ B,
T30 B3
Ty By
A[] ooet
% = 1.005

Appendix 6.12: Fitted time traces from the anisotropy profiles shown in Figure 6.14, obtained in
the ranges indicated by the dotted squares. Top: 1% BOPHY2-PMO; middle: 2% BOPHY2-PMO;
bottom: 5% BOPHY2-PMO.
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Chapter 7: Summary
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Summary

This research thesis presented the use of mesoporous silica to develop new light-harvesting
antennae using host-guest chemistry. The rigid host with in-built micellar templates has been used
to control the spatial arrangement of the guest dyes and improve their optical properties. The work
started with the study of new organic and organometallic dye molecules, which were characterised
structurally by NMR and optically with a fluorimeter. Following such first step, new silica-based
hybrid materials were built using the above dyes and then characterised both structurally, by TEM
and powder XRD, and optically, in order to evaluate whether emergent properties could be

observed, such as energy transfer.

Chapter one introduced the general concepts about the search for new light-harvesting materials,
considering the broad context of the current global energy challenges and making reference to
natural and artificial photosystems. Both systems depend on the successful collection and
conversion of sunlight energy, which is granted by the high level of organisation of multiple donor
and acceptor molecules. In artificial antennae, the arrangement of dye molecules can be achieved
with different types of host materials, such as zeolites and mesoporous silica. The latter was used
in the research work presented in this thesis, which focused on mesoporous MCM-41 and COK-
12 silica materials, owing to their large surface areas available to guest molecules, ease of
synthesis, relatively cheap precursors, high structural rigidity, and high chemical and thermal
stability. The chapter also presented some different strategies for synthesising mesoporous silica
with a guest molecule. The choice of surfactant and molecular precursors for the solid network
determine the final structures and parameters like the pore size, which are peculiar for each of the
two types of silica used in this thesis. For MCM-41, the surfactant is cetyltrimethylammonium
bromide, with tetraethyl orthosilicate as the precursor, and the resulting pore diameter is between
3 and 4 nm. On the other hand, polypropylene-polyethene glycol (PPG-PEG) and sodium silicate
are the surfactant and the precursor of choice for COK-12, respectively, with final pore diameters
ranging between 6 and 8 nm. Four new light-harvesting materials have been made and studied in
this thesis; two were derived from zinc(ll) complexes and the other two from boron-based organic
dyes, such as BODIPYs and BOPHYs. We limited our research to the choice of two organic

ligands: dipyrromethenes and quinolinolates.
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Cetyltrimethylammonium bromide (CTAB)

TPy

Polyethylene glycol (PEQG)

Figure 7.1: Chemical structures of the surfactants used in the synthesis of mesoporous silica:

CTAB (top) and PEG (bottom), a polymer with an average of 110 repeating units.

In chapter two, we described all the techniques used for the experimental analyses in this thesis

and their principles of operation. They include NMR, TEM, powder XRD, UV-vis spectroscopy

and time-resolved fluorimetry.

Complex 2

Complex 1
Figure 7.2: Chemical structures of Complex 1 (left) and Complex 2 (right).

Chapter three presented two weakly-emitting zinc complexes (1 and 2), bearing the
dipyrromethene ligand. Both complexes were successfully added into the micellar template of the
COK-12 at a very low loading (1%). TEM and SAXS studies showed that the structure and

morphology of the final materials were retained. The quantum yields of both complexes, when
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incorporated into the micelles, improved significantly from less than 0.001 and 0.16 when free in
solution to 0.35 and 0.55, respectively, for 1 and 2. It was also found that the type of substituent
attached at the meso-position of the ligand has an overall effect on the optical properties and, in
the case of complex 1, may promote intermolecular aggregation. Furthermore, complex 2, when
incorporated into silica, shows promising photostability and retains its emission intensity compared
with the free complex that can easily photo-bleach in less than 2 hours. The hybrid materials built

with such complex are good candidates for use as solid-state sensitisers in solar concentrators.

Si(OMe);
Si(OEt),
A
(EtO);Si N7 VA S
0. NP
/Zn 0 /Zn\
0 N
_N Si(OEt), g N/
\ z;
Si(OEt), Si(OMe);
Complex A Complex B

Figure 7.3: Chemical structures of Complex A (left) and Complex B (right).

We also studied two more zinc(ll) complexes in chapter four, both bearing quinolinolate ligands
and used to synthesise new PMO materials. The first target in this chapter was the synthesis of
both complexes and the encapsulation within the silica wall. The complexes absorb and emit
around 265 nm and 550 nm, respectively, and they are also weak emitters in the solution. Complex
A was successfully encapsulated on the silica wall at up to 100% loadings, and the resulting
quantum yield increased significantly, from 0.26 in solution to 0.56. The TEM images show regular
hexagonal arrays of channel-like pores, which are typical of COK-12 and confirm that the structure
of the material is retained; the only exception appears to be the PMO with the highest loading. The
same structural information showed with complex B, which was made using MCM-41 instead.
However, as opposed to the former, the quantum yields do not increase consistently with an
increase in loading, and the best performing material is the PMO with 5% loading; this showed a

quantum yield of almost 0.05, whereas the value for the free dye in solution is 0.003. Upon
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comparison, both PMOs exhibit long excited-state decay traces, indicating charge recombination
fluorescence when in the silica framework. Complex A, which showed the highest emission
efficiency inside the silica, is a promising material for developing new organic light-emitting

diodes.

BPJ2

Figure 7.4: Chemical structure BPJ2 synthesised from BODIPY

Chapter five presents detailed research carried out on the photophysical properties of mesoporous
silica with a BODIPY dye (BPJ2) loaded in the micellar template. The optimum time for the
complete incorporation reaction and to achieve uniform distribution of the guest was found to be
2 hours under reflux. The advantage of the optimal dye dispersion is that it prevents intermolecular
aggregation, which causes quenching of the excited states. High loadings, up to 50%, do not alter
the structure and the morphology of the final silica materials. Previous findings on this type of
material in the group showed that certain factors in the synthesis process, such as the addition of
NaOH and TEOS, and oven-drying, induce the formation of a new blue-emitting chemical species.
The new findings reported in this chapter helped determine that the drying conditions are playing
the crucial role; indeed, by drying the samples in a desiccator at room temperature, no additional
chemical species is observed, which confirmed that its formation is triggered by high temperatures
(80 °C). The optical properties of the dye-doped silica sample with 10% loading are the best among
the sample series, with a fluorescence quantum yield of 0.62. Furthermore, as the loading increases
above 20%, dimers are formed, and an inner-filter effect is observed. Both phenomena are caused
by the high concentration of dye molecules within the silica template. One more interesting result
was the detection of a short energy migration trace that has been observed with 1% and 10%

loadings; this was found to be between 400 and 700 ps, whereas it was impossible to determine
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the transfer time accurately for samples with higher concentrations of dye, due to the time
resolution of our instrument being limited to 60-80 ps. It is worth recommending further analyses
with a technique suitable for sub-picosecond spectroscopy, such as femtosecond transient

absorption.

(EtO);Si

(Et0);Si

Si(OEt),

BOPHY 2

Figure 7.5: Chemical structures of BOPHY 1 (top) and BOPHY 2 (bottom).

The final experimental chapter describes how two different BOPHY dyes with one and two
alkoxysilanes were attached to the silica walls to synthesise new PMOs. The free dye has a high
quantum yield of 0.86. The fluorescence yield was found to decrease as the loading in the silica
walls increases from 1% to 5%. This could be due to the fact that above 1% loading, the distance
between single units of dye is reduced, resulting in dyes quenching each other. It was also observed
a dual excited-state decay in all PMO materials: a short component (about 2 ns), which matches
the typical singlet lifetime of BOPHY dyes, and a long component (up to 20 ns), attributed to
delayed fluorescence, which most likely occurs via charge recombination. Moreover, the majority
of the samples show a very fast decay trace (from 400 to 800 ps) when analysed by fluorescence
anisotropy. This is similar to what was observed from the dye-doped silica materials in chapter 5,

and it is ascribed to the occurrence of energy migration between dye units.
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In conclusion, the research conducted over the last four years has allowed us to develop new light-
harvesting materials using some of the available strategies of incorporating dyes into mesoporous
silica. The most promising materials are those built by encapsulation of guest dyes into the micellar
template of mesoporous silica. The high rigidity imposed on the dyes and the effective shielding
from solvent- and oxygen-induced degradation are the two crucial factors behind the excellent
photostability of the materials. The organosilica systems, where the dyes are an integral part of the
solid-state structure, need further optimisation in order to increase the luminescence efficiency.
Nevertheless, they exhibit interesting properties, such as charge-recombination fluorescence,
which is suitable for use in light-emitting devices, and fast energy migration, which can be
exploited to design new solid-state photosensitisers. One more area of future expansion for this
research is the synthesis of new organometallic dyes, where a central metal ion such as zin(ll) is
coordinated to two different bidentate ligands, that is, a quinolinolate and a dipyrromethene. It is
expected that such heteroleptic complexes will have more pronounced charge-transfer character
than the homoleptic ones, a property that can be used to design new artificial photosystems capable

of more efficient energy and electron transport.
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