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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 itstnelss, 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 seHissenbly strategies werdevelopedand 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 (@pters 3 and 5). The combined hgsest materials showed
enhanced fluorescence efficiencies at low dye content, whereas at high concentrations in the

template structure inndilter effects are found to prevail.

Mesoporous organosilica materials (PMOs)yawmade 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. Incorporan into the solid network also proved to induce chasg®mbination
fluorescence. The same phenomenon was observed in the BB&ddd PMOs. Additionally, the

latter materials showed fast energy migration between the single units of dye in the netalork. Su
properties make the materials promising for application in -ligivesting and sensitisation

technologies, as well as in lightings and the design of new OLEDs

viii
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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 frofiossil fuels!? This remains the primary souréer greenhouse

gases emission leading to global warming and ozone layer degté@amce 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 chaagieularly the
anthropogenic ones: rapid population growth, industrial revolutions for more than a Cdntary.

since the drive for moving towards a greener and more environmentally friendly energy resources
has grown significantly. Several technologies have loeseloped through which energy can be
captured, stored and converted for future usage, as the world proven reserves are at the peak of
declining®® 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 dufion Joules per hour, which is more than the current
global energy demand (410 quintillion Joules of energy per Yaag even more than that
available from any other artificial or natural sourt&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-slgmsitised solar cells (DSSCs) and
photoelectrochemical cells, where progress needs to be made in regard to energy conversion
efficiency, longterm stability and the costs of sourcing and processaignmals.

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 aspéiteéng cell, where
sunlight is used to trigger the production ofyggn and hydrogen from water, or when coupled

with a CQ 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 efftiency 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 thehgeadgegion

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 latifkes, that is in the hot temperature regions, where

3



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 curently tackling.

Nanomaterlals

& for S '[. /
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Figure 1.1: Alternative sources of energy and ways in which materials are used for energy capture

and storagé.
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 lookedth 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 constituets 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! rsystean is directed

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



leaves; in these organisms, there is efficient {lgdrvesting and utilisation of sunlight to useful
energy at maximum. These organismsea good exampl es of natureds
converts energy into a useful fofmA simple example could be seen in the cell membranes of
Rhodopseudomonas acidophijleaclass of purple photosynthetic bacteria (see schefrigune

1.2).

Figure 1.2 A schematic diagram of how light is harvested, arranged and transformieehnical
energy among the bacterblorophyll units of Rhodopseudomonas acidophilia. Hagkrgy
photons are absorbed by a ligtarvesting ring structure (LH2), transferred to a-lenergy
6antennad (LH1) and finally delivered to a re

In higher plants, they have a more complicated system that is located in the chloroplasts, but the
overall mechanism is the sarfe®* The cells of plants and bacteria have specialised-light
harvesting units through which photons are absorlyedtty from the sunlight and stored in the
desired locations where they can be used for chemistry. As sh&igune 1.2 organised systems

of chromophores absorb photons at different energies, transfer the excitation energy across the
organism, and themse it to activate reaction centths is a typical example of an antenna system

In the latter, the energy is used to catalyse the synthesis of glucose frgrwi@® oxygen is

given up as a byproduct. Nature has its way of simultaneously fixing oarlvailable in the

atmosphere and forming chemical feedstdéks.



Within their complex lighiconverting architectures, molecules such as chlylts 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 Transitionsin 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 correspgnenergy states is of fundamental
importance'®’ 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 tagherenergy 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 promotingredetbm the

hi ghest occupied molecular orbital to the | ow:
transition). In the excited state, the orientation of the spin remains the same in most cases, and a

classical HOMO Y L UMO a&gpiaatiosvédttransition. i s ref erred

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 tB&+1 expression, where S is the sum of the total individual
electronic spins. Since most grousigte 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 transitias such
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, frora #éxpression above, S will be equal to 1 and the state

is said to be triplet (sdeigure 1.3).
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Figure 1.3: Ground and electronically excitesfate configurations of small organic compounds.

Readapted from reference 17.

A singletto-triplet transition is normally classed as a sfarbidden transition, because of the spin

conservation rule, but it may be obseahwith a small intensity in an absorption spectrum due to

the secalled heavyatom effect’

In small organic molecules, the lowest singlet statarfél triplet state Tare generated by the

pr omoti on
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orbital. However, the situation depictedrigure 1.3is 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 difficut to draw a cleacut distinction between metaéntred and ligardentred

orbitalsl’18

Once electronicallyexcited, 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 excistdte molecules can take different formigan 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 fradiative decay; or it can take the form of photon emission,

which is a radiative transitioThe latter is normally a fast spallowed transition (8Y dpand



it is known as fluorescence, which has a lifetime in thegpsange. In the presence of heavy atoms
within the molecular structure (e.g. in transition metal complexes), though, therisppicoupling

can induce a spin transition on the excited electron, turning the single siate & 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 dpifidden 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 diagr&migime 1.4.

V=4 \
\Vibrational relaxation
S, \
V=4
\ Internal conversion \
V=0 e~
\Vibrational relaxation
\ Intersystem crossing ::
V" = Qurmned- V=3
N
E\'ihmtional relaxation
E hy Absorption \
V=0
Fluorescence
Phosphorescence

V=4

V=3

SO V=2
V=1
V=0

Figurel.4 Jablonski diagram showing the photophysical processes occurring in molecules;

readapted from reference 17.

As shown inFigure 1.4, higherlying excited states such as$dergo rapid internal conversion
to populate the lowedying S state. Ths is a norradiative transition and it typically occurs from
the lowest vibrational sulevel of the S state to the isenergetic vibrational sulevel of the $
state. From the latter, fast vibrational relaxation brings the molecule down to the ldwetsbwal

sublevel, 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 thmenaf 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
nonradiative or thermal losses. &pfic energyharvesting 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 providesmg-term stability!®

Many artificial lightharvesting systems mimic the energy transfer cascades exhibited in nature by
using nanetructured materials; these are often assembled vi@aovaient interactions as in the
chlorophyltprotein complexes present in green plants.-Slovalent chemistry has been used to
build supramolecular photosystems such as dendrimers,-poutthyrin arays, organaels,

polymers, etc., whereby chromophores can perform directional energy téinsfer.

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 photedegrade over time upon exposure ight, and the lack of selepairing mechanisms
makes them inadequate for industsable applications. A strategy to circumvent this limitation
consists in using host materials such as r@omainers to form photosystems where molecular
dyes are highlprganised in the available spaééiostguestchemistry offers a promising way to
achieve this, with manexamples of lighharvesting systems reported in the literature, making use

of porous hosts such as zeolites, metglanic frameworks and layered clays with pore sizes from

less than 2 nm up to half a micréé3



1.3.1 Mesoporous Silicates

An appealing class of scaffelike materials that can be considered for kbhtvesting
applications is mesoporous siliCEhe development of porous silicates was aimed at tackling the

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

Research on porous silicates begarli® 92 when Kresgeds group at
developed the first periodic mesoporous silica known today as the M41S?piasesynthesis

was based on solgel synthetic route that uses a-4assembled template to generate the porous
structure?® The process is schematisedrigure 1.5 An amphiphilic surfactant is added in water

past its critical micellar concentration. It then sedSembles 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, suchhéghaconcentration 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 polyrerising 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

removal of
the surfactant

N0 -0~ \/o\(‘) O~ N0k O~ sllica
S §i $i precursor
ro ro ro (shown: TEQS)

b)

Figure 1.5:Formation of mesoporous materials by structlirecting agents: a) true liquicrystal

template mechanism, b) cooperative ligaigistal template mechanisth.
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This is defined as a cooperative liquaidystal templated mechanism. The silggawth is a mult

step process triggered by the following reactions:

(RO%-Si-OR + HO A (RO)-Si-OH + ROH (1.0)
(RO)-Si-OH + HO-Si-(OR% & (RO)-Si-O-Si-(OR)s + Hz20 (1.1)
(RO)-Si-OR +HO-Si-(ORs & (RO)-Si-O-Si-(OR)s + ROH (1.2)

The-OR groups are turned int®H group by hydrolysis; this step is achieved at ameutral pH,

in either acidic or basic conditions. The condensation reaction then proceeds by the formation of
an oxaebridge 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 Siy As the final stepthe micellar template is removed

after the silica synthesis, by either Soxhlet extraction or calcination. Thisallaiv guest
molecules to be inserted into the pore spaces by diffusion or by covalent attachment using the

reactivity of the surface silanol grouf's.

Kresge and covorkers developed different varieties of mesoporous silica, the very first one being
the hexagonal Mobil Composition of Matter (MCM). The surfactant used for MCMhe most
common silica material, is hexadecyltrimethytaomium 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 49 The main advantage of the synthesis process

is that the pore sizes can be fimemed depending on the length of the surfactant used for the
template. Small pores can easily be pmtliby 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;8jfethyl benzene (TMB3?

Another class of porous silicates was synthesised by Zhao amdrkers in 1998, and it is called
Santa Barbara Amorphous (SBA). The most common type; BBAs made usingsgnini 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 classicat41Ciyp to 9695 A 3031

A silica type with a similar pore size to SBA but different and, to some extent, more convenient

syntheic process is COK. Made using the same Plurbaiged 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% Si®water, and it is also callegater glass. Silica
formation using such precursor is rapid and occurs at very mild conditions such as room

temperature and pH around @B3233

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-bgtive 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 importantficetchn routes are
described in the next section ahave opened up the possibility iatorporating chromophores

within the silica scaffold itself, making it an optically active host. The resulting materials,-the so
called PMO (periodic mesoporous orgattioa), are attracting increasing attention as potential

photocatalytic systems for water splitting and-@&luction343°
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 théndividual organic and inorganic componeftts.

Mesoporous silicates cdoe chemically modiéd through various means, including psghthetic

or in-situ strategies, which use precursors containing sileaetive functional groupS.There are

three main different pathways to silica modification: 1) gysithetic functionalisation, through

the attachment of organic gr oupFgure WMehP)edh i s al
cordensation, where the usual silica precursor (TEOS or sodium silicatep@ycoerised with

an organic molecule bearing one alkoxysilane gréugufe 1.7), and 3) PMO formation, which

uses bissilylated organic/metalorganic molecules, to incorporate gebridging units within the

siloxane networkKigure 1.8).2°

Surface grafting i s carri esbiR)panlbosilangs (ClEBrart i ng o
silazanes (HN(Sigs) 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 postsynthetic modification is that the regular

12



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 shmk, 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 ahoomgeneous distrilion 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 quenchingiminescencé®

Tl
0, %0 ©
®_Sl(OR)5 oo °o°°o p
——— B, 00 05
or oz on Hiag/OHyg o4l 9 ) 3
— I I I o ©0 °ot“£f:___ D30 -0-30}._0'8'01—
%6 9 L1 ] e

Figure 1.6 Postsynthetic functionalisation of mesoporous silicadoyface grafting, where an
organic molecule (R) bearing an alkoxysilane group (SigPDR)covalently attached on the silica

surface.

The second and the third modification methods are bothponhestrategies and see the
organosilanes react simultaneousifhwf EOS 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 morsilylated R group yields a material with the organic residues attached
covalently to the pore surface (sEgure 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-condensation method over therfaige 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, thougle tdoncentration 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 ramorphous silica material would hardly form. Another
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disadvantage of thimethod 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 saggressive solvents at mild pH atal avoid

calcination?®

i o
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A : ol © o g0 oS Calcination 00 4° P8 ‘L% e
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Figure 1.7. Co-condensation of TEOS with a mosdylated organic rlecule R to make a

surfacemodified mesoporous silica material.

Where cecondensation is carried out with a-si/lated R molecule, this becomes an integral part

of the silica network during the growth process around the template. The resulting mateldal

no longer be regarded as classic mesoporous silica and take the form of a hybrid framework, which
Is commonly referred to as PMO (segure 1.8). The synthesis of PMO materials expands the
range of functionalities that host scaffolds have and, a&vReis a lightactive 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 anelatively small and reactive during the synthetic process.

,®_s —O—S/l\
0 ~®_§1 ?ﬂl’/
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Figure 1.8 Synthesis of Periodic Mesoporous Organosilica (PMO) by direcbndensation
with a bissilylated 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 amb@2) 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 extri@mn, and chemical oxidation) and physical methods
(microwaveassisted treatment, supercritical £ @zone treatment, plasma technology, éfc.).

The microwaveassisted treatment can be used to remove templates from-A1Givid SBA15.

It can be carried out by mixing samples with HiNMd HO2 at 200 C and a pressure of 1.3MPQ,

which can be created by microwave radiation. The templates can bea@mithin23munites in

both samples, and complete removal can be confirmed by Fourier transform infrared
spectroscopy®

Ozone treatment cde carried out using loyressure mercury lamps to generate ozone. The lamp

will emit ultraviolet light and show two peaks in the Uight range (254nm and 185nm). The
energy values generated are usually higher than bonding energies in organic comploends. T
inorganic bond in the template is being broken down by thighl 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 proceg5The removal of templates fromI23 can best be achieved by

this method at 120C for 12 hours. It has advantages over calcination by causing less shrofkag

the pores, and the regular arrays are maintafed.

Solvent extraction is common method of template removal by using different solvehtasu

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<hwith water®

Since their early development, small organic functionalities such as ethylene and phenylene
spacers have been gradually repthiog more complex units (e.g. metal complexX88}.l nagaki 6s
group is among the first reporting the synthesis of PMOs and their use astatidenssers and

lighting materialg'?43
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The major disadvantage in the chemistry of PMOs is that the organic or organiorsiyédited
precursors are not commercially available, and they must be synthesised, -sftanusing aw

sensitive conditions.

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

alkoxysilane groups or surfactachains 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 inorgantomplexes. Their relative ease of synthesis and
modification, together with their excellent optical properties, have generated vast interest in the
scientific community since their discove¥yThe synthetic strategy includes an acadalysed
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-di¢Bloro-5,6-dicyanoquinone (DDQ) or -p
chloranil. For this research;ghloranil was always preferred, as ives 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 amedhéipyrromethenes
(BODIPYs). The central core is formed by a-djduoro-4-bora3a,4adiazas-indacene structure,
where the dipyrrin coordinates a boron difluoride group Fsgere 1.10.*6 They have numerous
applications, ranging from optics to biology, andittuse is still growing. The first studies started
back in 1968 by Treibs and KreuZéf*but their applications as laser dyes and biological probes
began in the 1990s.

Figure 1.1Q Typical structure of a BODIPY dye.

BODIPYs have ideal photophysical characteristics that includesdegtied absorption and
emission bands, high molar extinction coefficients (between 50,000 and 100006 small
Stokes shifts, high fluorescence quantum yields (in some casesaempop unity), and good

thermal and photochemical stabilfty.

The ability to introduce different substituents in its core structure can result in variatiorstodlsp
properties and improvement of the luminescence efficiency and photost&8oifitBODIPYs

made with both substituted and unsubstituted pyrrole rings usually display high fluorescence yields
in most solvents, whereas BODIPY's with substituents only at the-posstion 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 extitddeacotation.
Generally, though, all BODIPYs have optical properties that can beuinmezl across the entire
visible spectrum, down to the neafrared region (NIR). For example, when alkyl or other
electrondonating substituents are attached to the pyrmdéipns, significant bathochromic shifts

can be obtained, although this would decrease the luminescence quanturi?§ields.

It is also possible to substitute the flisles 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 f&w.

17



Metal dipyrromethenes

Dipyrromethene ligands are not only limited to complexation with boron; they can also coordinate
a variety of metal ions, although only very fane highly luminescent:> The most common
examples of stable compounds are with ficst/ transition metal ions (e.g. Fe, Cu, Ni and Zn).
Their optical properties resemble those of boron dipyrrins, with intense absorption bands in the
bluegr een r e g%iMtremY) did ndirro-imdge 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 yieldssusdene structural
rigidity is enforcedFigure 1.11shows a typical example of a weakly emissive metal complex in
the form of a zinc(ll) bisdipyrromethene. The complex has a fluorescence quantum yield of 0.16

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

Figure 1.11 Structure of a bislipyrromethene complex with zinc(ll) as the central metal ion.

Since zinc(ll) possesses a fubsdell, it is optically inert and does not alter the absonp&nd

emission energy of the ligands significantly. In some cases, especially with heteroleptic complexes,

new types of optical transitions can be introduced, such as ligdighnd charge transfer
(LL6CT), where an el ectoneligandtsanftter mal |y transf

Metal ions with unfilled eshells would potentially enable the occurrence of rtetafjand charge
transfer (MLCT) transitions, but these are not commonly obséPud.interesting effect is the
activation of the triplet states of dipyrromethenes by means of the strorgrbpircoupling
induced by coordination with heavy metal ions, such as iridium(lIl). This has led to the detection
of room temperature phosphorescence, which is alsehi#i@dtowards the NIR in comparison

with the usual greegellow fluorescencé®

BOPHY dyes
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This is a new family of chromophores derived from dipyrrometimsed structures. They show

some similaries with the BODIPY dyes described earlier in this chapter. The basic BOPHY
structure consists of two Bigroups coordinated by a hydrazine Schiff base linked to two pyrrole

rings; the full name is (bis(difluobmron)-1,2-bis((1Hpyrrol-2-yl)methylenehydrazine), and the

structure is shown ifigure 1.12 next to a BODIPY for comparison. BOPHY dyes are rigidly

planar with an inversion centr€4s y mmet ry) ; as i n BO-PpdsifoNsscan t he |
be easily functionalised with a wide range of substituents in order tetuiree the optical

properties’
F\B/F
\ NS \ IS
e \F e \F

Figure 1.12 Structure of BODIPY (left) and BOPHY (right).

The first synthesised BOPHY chromophore was reported by two groups irt®?8They were

able to confirm the structure by-pay crystallography, which also showed the formation of
intramolecular €H---F hydrogen bonds beeen the fluorine atoms and the hydrogens atkhe

and mesepositions®® The unfunctionalised BOPHY shown above possesses the typical optical
properties of organic fluorophores, that is, intense and strdctdorsorption and emission bands,
high emission quantum yield (0.95) and a short extate lifetime (2 ns)*°® The absorption

falls in the blue region of the visible spectrum, with two distinct vibronic peaks at 424 and 442 nm,
whereashe 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 (mesieifbdud than
BODIPYs86062They alsdend to be more stable to light exposure and air for some days, contrary
to BODIPYs>® Moreover, most BOPHYs exhibit good fluorescence properties in the statie
as wellas in solution, whereas that is not the case for BODIPYs, which undergo fluorescence

quenching in the same st&te.
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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 ionsuch as aluminium(lIl) and firsbw transition metal ions like zinc(ll).

The first studies on metal quinolinolates were carried out witlthrgated aluminium complexes,
often abbreviated as AdgThey quickly showed great potential for use in OLEDs thutheir
electroluminescence, good electron transport properties and the ability to form stable thin films for
use in device&® Algs and analogous compounds such asqAtigplay a greetyellow light
emission, originating from excitiestates 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. Instéedmetal ions play a structlrale only,

holding multiple ligands to increase the ligifisorption and conversion ability. Where metal
qguinolinolates possess rigid structures, the vibrational deactivation pathways can be reduced,
leading to more efficient luminescence. The lattegrdagipated earlier, usually takes the form of
ligand-centred fluorescence with some chatgasfer character under ambient conditions, while

phosphorescence rarely appe&rE

Vogl erds group has extensively studied met al
late 1990s. They prepared the first zinc(ll) complexes and found that the central metal ion prefers
distorted tetrahedral coordinati®hZnge shows strong absorption bands in the UV region, around
260270 nm (e =39,000Mcm?) , due to ~ Y “~* intraligand tr a

410 nm (e = 4,500 Mcm?), duetom xed ~/ n Y 3 t ransitions.

Despite their attractiveness for opétectronic applications, metal oxinates have limited quantum
yields, between 0.12 for Adgand 0.26 for Zng®®® They are still subject of ongoing
investigations, with the aim to develop new synthetic strategies for more efficierérigfiting
complexe$45°70717inc(I1) quinolinolates were used for the studies presented in Chapter 4 of this
thesis (see aldéigure 1.13, where the target is to design new sdlidte materials with enhanced

fluorescene properties.
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Figure 1.13 Structures of the homoleptic bigiinolinolate zinc(ll) complexes that are subject of

the studies presented in this thesis.

It will be expected that by attaching or incorporating each typly®iwill bring about a different
photophysical characteristics. Some of the dyes will be added in the micellar template, added as
coresurfactants and or as bridging units in the mesoporous wall. The direction and orientation of
each molecule will determenthe 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 nevaqbiveto
materials using the heguest chemistry of mesoporous @liand 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 ssligte materials prepared by using them as
building blocks. All such moleculeseachromophores absorbing and emitting in the\dBible

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(Il)oigpyrrometheng and bisguinolinolates, respectively, whereas
Chapter 5 and 6 cover the use of organic BODIPY and BOPHY dyes. Alstatelmaterials will

be built using micellar templates consisting of CTAB and Pluronic surfactants, to generate
mesoporous MCM}1 andCOK-12 silica, respectively. The zinc(ll) dipyrrins and the BODIPYs

are incorporated into the micellar templates at different concentrations to study the effect this has
on the luminescence efficiency and photostability. The zinc(ll) oxinates and the BORIstéad,

are cecondensed 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 seltdte anigsis. This included timeesolved luminescence
spectroscopy to elucidate the excitstdte dynamics and determine the time scales ofilghiced

phenomena such as energy migration within the materials.

The final aim of these studies is to identify thestnconvenient 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 andphotovoltaic devices.
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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, usingvi$ible steadystate and timeesolved

spectroscopy.
2.2 Structural Characterisation
2.2.1 Nuclear MagneticResonance (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 canlbedated 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 masimmonis 1D. The 2D spectra consist of proton NMR or denotetHas

carbon t3C), and also fluorine{F), silicon €°Si) and phosphorusp) are regarded as 2D NMR
spectral

Because of the nuclear spin that atomic nuclei possess, they can behave like bar magnets. Nuclear
magnets can arrange themselves in+2L ways when exposed to a magnetic field, whésehe

nudei spin quantum numbé&nWhen the mass number of nuclei is odd, tsgin 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 isighed with the magnetic field. The following equation calculates

the difference in energy.
w0 — (2.7

In the above equatioh,and B are the magnetogyrratios and the strength of the applied magnetic
field, respectively.
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To determine the difference in the number of nuclei having loyy &Nd high (M) energy, we

used the Boltzmann distribution equation:
— Agg- 2.2

The distributimn changes if the radifsequency equals that of the natural precession of the nuclear
magnets in the magnetic field, in which casgwhll increase due to the promotion of the nuclei
from thea state to thé state? The frequency of the magnet depends on the nature of the nucleus
and the applied field strength. The highlee field strength, the more significant the difference
would be between Nand Ni. For such reason, higield instruments with 20050 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 aboveFigure 2.1 shows a schematic representation of the NMR instrufnenta typical
measurement, few milligrams of samples are dissolved in a deuterated solvent and trangferred in
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 fromthe it r u me n t* Bhe prabamils e t .

generate the secondary moment thaseauhe nuclear magnetisation to rotate, eventually inducing

32



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 functi

of time.
2.2.2 Transmission Electron Microscopy (TEM)

TEM is a weltknown technique for the morphological characterisation of silica materials.

ELECTRON GU
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v
SAMPLE
ELECTROMAGNET
o LENSES
OBJECTIVE LE;
\ |
INTERMEDIATE LE} 2
v
» a
PROJECTOR LE
|_4 w

IMAGE

FLUORESCENT SCRE

Figure 2.2 Schematic diagram @ Transmission Electron Microscope.

Figure 2.2is 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 currenlensity. The electron energy ranges betweeb3DKeV. 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 nigt@balt alloys, is responsiblerfoollimating 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 questidihen, a certain number of electrons passes through the sample, each
at different angles in respect to the original incident angle, andddlexted 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 investigatidhFor the acquisition to be as accurate as pasdie 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 vaige 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:

CH

Thediameterof a porecan beobtained by picking at random any pdrem the imagend 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 #@dnm

the machine, a measurpdre length of 0.05 cm and the length of a scale bar is 1.9 cm. The actual

pore diameter will be:

5.26 nm

2.2.3 X-ray Diffractometry (XRD)

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

constructively and destructively giving high intensities ofrXys 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 anabsisnly 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 usimg ¢quation below:
€ =204 Q¢ — (2.4)

Whereni s t he number of Bragg planes passed thr

wavelength oftheX ays and d i s the angle of scattering

For solidstate samples that dagger in scale than molecules, such as bulk materials (e.g., metal
oxides, silica), another technique must be used. Powday ®iffractometry (PXRD) is the

technique of choice and it was used to characterise all mesoporous silica andsgigano
materals 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 edienensional pores run through the entire mateand are

spaced at regular intervals. When subjected-tayanalysis, they give rise to a diffraction pattern,

seen as peaks at specific scattering angles. In a typical experirmys Xre generated and sent

towards the surface of a flattened saenplat a vari abl e angl e-rays th 2d
are then collected by a detector which is again at a variable angle, with the resu#tgimnsity

being pl otted argydifraceogram? id this tResisvwleesrobtaihed with a AR
XTRA48 diffractometer using Cu KU radiation (.

35



Figure 2.3 Schematic diagram of an-bay diffractometry tubé.
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2.3 Optical Characterisation
2.3.1 UV-visible Absorption Spectroscopy

The principles of photochemistry involtke study of chemical and physical behaviours that a
molecule undergoes that result from the interactions with visible fighMhen matter interacts

with UV-visible light, the valence electne 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 lighgjisantised. Absorption and emission of light by
matter involve the transfer of energy in the form of photons. These photons are known to have
wavelike and particldike properties, and each has specific energy, given by Planck's law that
explains the diret 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
1034J/s), anch stands for the frequency of oscillation of the electromagnetic field carried by the
photon, measured in Hertz (Hz) ot. st is scientifically more conventional to use the speed of

light in relation to the path length of the photons, as expressed éqjtia¢ion below:

o — (2.6)
Where & is the wavelength measur ém/s)in meters
When a molecule is exposed to light, a fraction of it will be absorbed, causing electronic transitions
in the molecule, wheredle remaining part will be transmitted. A typical Wéible absorption

spectrometer detects the fraction of transmitted light intensity (I) in respect to the incident light

intensity (b), as expressed by equation 2.6:
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Y — (2.7)

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

is connected with transmittance and is expressed by thel Bedvert's law
6 11€ - da (2.8)

Where c (in units of molarity) is the concentratadthe molecule in the sample, | is the path length
that light traverses (in cm) ardis the molar extinction coefficient (in #cm?), which is an

expression of the absorption probability for a molecule at a specific waveléngth
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Figure 2.4 The Schematic diagram of a double beam\i/spectrometel?

The principle of operation of UVisible spectrometers depends on the type of instrumental setup
(single or doublebeamed). For the singleeamed, two measurements are carried out, the first one
being the reference (typically the sa$olvent) and the second being the sample. The above
schematic diagram 2.4 is for the double beamvibible spectrometer. It consists of three main
components: light source, monochromator and detécforXenon arc lamp is largely employed

as the main light source and covers the range of 2D nm; another common light source is a
tungsterhalogen lamp that covers the range of Q@O0 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 deviceuhctions 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 betier.gplie 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 Steadystate Photoluminescencepctroscopy

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 phatoinescence and it occurs either in the form of

fluorescence or phosphorescence Gkapter 1, sectionl.3).

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

the working scheme of such instrument is shawigure 2.5

l— MONOCHROMATOR —I T

LIGHT SOURCI DISPERSION DEVIC

SAMPLE

ENTRANCE EXIT SLIT i
SLIT

SLIT

MONOCHROMATO

i

DETECTO

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 differentiatexabe

wavelength at which the molecule of study absorbs. There are also entrance and exit slits whose
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width can be varied and adjusted to obtain an optimum signal. This, in turn, affects the intensity of
luminescence recorded by the detector as welleasgactral 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 excittion !4

Before measuring the emission spectra, ant&en wavelength is defined where the molecule
absorbs. By measuring emission spectra, it is possible to determine the emission efficiency, which
i's quantified with the ph)otoTheni chefsicrimidseo g ua@am

given as theatio between the number of photons emitted and the number of photons ab$orbed.

(2.9)

Direct measurements of both photon numbers may be performed by using an integrating sphere
device, where the intensity of the emitted light is reedrdt all directions from the sample. The

most common measurementfL, which is also more accurate for solution samples, is by the
relative method. A standard or reference sample, with a kdewris 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 followingofmula is then used to obtain the quantum yieldhef

unknown s)inihp comparisdn with that of the referenge)(*®

— o (2.10)

where k and k are the emission intensities of the reference and the sample, respectivahd A

Asare the absorbance of the reference and the sample, respectivelyaaddware 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 exmitaravelength, 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 thesigor all dyedoped 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 geersa@iasorptive

with the relative standards, by working in equimolar conditeams 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 usedfas standard and compared with that of the hybrid.

All the steadystate 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 Turnemonochromators (1.8 nm/mindispersion; 1800 grooves/minand a
Hamamatsu photomultiplier tube (in fan associated TE cooling housing;28f & operating

temperature).
2.3.3 Time-resolved Photoluminescence spectroscopy

The steadystate 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. Tirasolved measurements are then requireithat

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 calleecomeldaed singlephoton counting
(TCSPC).
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Figure 2.6 Schematic diagram of a TCSPC spectrometer adapted from Prashant Kamat
Laboratory:®

Figure 2.6shows 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 sigstatta timer. At 90to 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 determimenolecule’'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
acmmpanying laser excitation is directed to the timer, setting the start input oftotanelitude

(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 iaitatd 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 theoverall trend is typically a gradual decrease in photons per time from the

excitation time until the end of the decay process. Several repetitions eftsfarheasurements

42



are then carried out at different time delays upon excitation, resulting in tieeatjen 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 theabed state at different time delays after excitation. We can
define n(t) the number of excited molecules at a time t arideninitial population of molecules

in the excited state. Being luminescence a-birsier process, the decay function of n(t) iseeg

by:
€0 € Q° (2.12)

Wheret 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 runmig 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 $ample.

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 eraitsignals For all measurements
reported in this thesithe fitting analysis was performed on the fluorimeter software F980, with

numerical data reconvolution based on Marquamltenberg algorithm.

The Edinburgh FLS980 spectrometer was used for all thereswved measurements reported in
this thesis. The instrument has a binltime-correlated single photon counting (TCSPC) module
and two sets of lasers: an EPL_375 (ergitat 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 relatenfege obtained

from the fittings. If we use figure x as an example, the average lifetime will be:

43



Fix Value /ns Std. Dev/ ns Fix  Value Std. Dey Rel %

T, (/07674 0.00254 B, |752060875 | 16140457 | (372
T, | 25797 0.00765 B, |327262969 | [1675755 | [man
Ty []/102635 004927 By |14667857 | (1736645 958
Ty [ By

A []]353.940

%% :3.320

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:

T T X & yord 1
™Y T T
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Yoou8tg i

Krthis can be determined using equation x:
0 —~
~p T QNG
While KNR can be calculated using equation x as follows:

2.3.4 Luminescence Anisotropy

The origin of anisotropyn fluorescence specsoopy isfound inthe existenceof transition
moments for absorption and emissibiat lie along specific directions within tiséructure of a
fluorophore When fluorophores are excited with polarised ligily those haing their absorption
transition moments oriented along the eledietd vector of theincident light are preferentially
excited and would subsequently emit lightn homogeneous solutisnwith low viscosity
fluorophores areandomly orienteat all directons andhe rate of rotationaliffusion is typically

faster than the rate of emission. Under these condjtibefinal emission is depolarized and the
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anisotropyof the solutiorclose to zerd? On the contrary, highiscosity solutions and sokstate
samples may have naero anisotropy andhow polarised emission. In cases where rotational
diffusion is hindered or even suppressdu dnly way emission can become depolariaedy
resonancesnergy transfer (RET) of energy among fluorophofasch type ofRET between
chemically identtal molesulesis termechomotransfeandtypically occurs for fluorophores which
display small Stokes shiftén fact, homotransfer among fluorescent molecuwkes one of the
earliest observations in fluorescence anavas detected by a decrease in #msotropy of

fluorophoresat higher concentratiort4

Typical fluorescence anisotropy measurements begin with staty emission and excitation
spectralinearly polarised lighbeamsof vertical (V = 0) and horizontal (H = R) orientation

are used to excite the sample and detect the sample emassbown inFigure 2.7.

Horizontal
- Excitation

Vertical
Excitation

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

horizontal orientationdVIC indicates a monochromattr

Normally, four emission anisotropy spectra are recoftied v, Ihv andlun), after which an
emission wavelength is selected, where the intensity difference is the largest. Two anisotropy
excitation scans are then taken ancbrrection factor, calle@-factor, is obtained at the selected

emissiorwavelength:

0 — (2.14)
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The Gfactor isanexperimental correction for the polarization bias of the detestistenrather

than a factorelated tathe physicaproperties of the sampl&or exampleG = 2 means that the
detection system detedtsrizontaly polarised light "twice as good" agertically polarised light

The difference between the twteadystatemeasurements is in term off@ctor correctionin the
excitation anisotropygnly one Gfactor is neededsthe emission wavelength is fixaghereasn
emissiorthe whole curve of the @ctor is necessary and each emission wavelength has a specific

G-factorvalue®?

The Gfactoris thenused to carry out timeesolved anisotropy measuremenfthe sample is
excitedusing vertically ptarized light pulses while the intensity decay of the sanspigeasured
through a polarizer oriented vertically, VV, and horizontallif, to the sample. The anisotropy
decy, r(t), isthen calculated as

i o (2.15)

The acquisition process is in TCSPC mode and it yields two cofvpslarised timeesolved
intensity decayAt the end of the measuremetiite anisotropy functigralso termed anisotropy
profile, is calculatedfrom the two anisotropy decay curvasd displayedeparately, to then be
numerically analysedsinganexponential tail fit* The latter gives a value that can be interpreted

as the fluorescence depolarisation time, or polarisatiosfgatime.
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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, eg. light
electricity and electricityto-light, and the primary step typically undertaken is the design of
molecular dyes with controlled light absorption and emisbandwidths 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 @yrrin/dipyrromethene after oxidation withghloranil or DDQ.

Di pyrrins bel oconugated maetukes having e or tvd dedgrees of unsaturation
with intense absorption in the visible regfotiThe structure of these compounds consists of two
pyrrole rings bridged by an $parbon (sedigure 3.1) and resembles half of a porphyrin ring.

The most common dipyrrins have substituents agathe - @md meseposition (5position), with

the latter, considered as the point of introduction of important sussts in the synthetic routés.

The nitrogen atoms in ¢ghstructure 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, higlelding and cheap synthetic routes, wideminative versatility
towards semimetals like boron and several metal ions, and finely tuneable optical activity through
structural modification on the pyrrole rings by the introduction of specific substittfehts.
Alongside boron dipyrrins (known as BODIPY), the most extensively studied dippased 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 propeiiesnergy conversiofi® 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 dye%®

3.1.2  Zinc dipyrrin complexes

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

collaborators at KIT.

The search foluminescence 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 lightabsorbing and ligheémitting dyes in optoelectronic devic€s!Generally, metal dipyrrins

are emissive, with few exceptions that show low quantum yfelélsWithin this class of
compounds, zinc(ll) dipyrrins are particularly attractive because of the presence of an earth
abundant central ion and the ability torrh supramolecular structures and coordination
polymerst¥16 comnonly exhibiting a linear geometry, due to the easy functionalisation on the
mesae position of the dipyrrin. Despite their strong absorption in the-ghaen region, though,

with molar extinction coefficients above 300,000*Mm?, they are typically wealemitters
because of the strongly competitive naliative deactivation pathways introduced by the
distorted tetrahedral coordination and a certain structural flexibilifyvo examples are
represented by the zinc(ll) dipyrrins that were investigated for this study: thdyom@eptic
complexes and possess anthracene and mesitylene groups as substituents onpbsitroasaf

the dipyrrin core (se€igure 3.2. As will be discussed in the next section, they have intense

absorption in the visible region, although fluoreseeis barely observabté.
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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 tolte whole complexes. This strategy involves the design of suitable multi
step synthetic routes, with the-oari ntpbedionfe x pand
so as to introduce sterically hindering grofp%An alternative solution, which we used in this
chapter, for increasing the luminescence efficiency without having to introduce lengthy synthetic
modifications is tampart 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 compkXés from the presence

of symmetrybreaking chargéransfer excited states, which become the louy@sg states in polar
solvents and, being prone to Raiative decay, lead to fluorescence quenching.
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3.1.3 Aims of this Chapter

The aim of the researclstudies presented in this chapter is to demonstrate how the
photoluminescence properties of the two weakly emissive zinc(ll) 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 ZdlKe use of
ordered mesoporous silica as a rigid host for dye molecules has been attracting great interest in the
field of photochemistry in recent yedf’due to a series of multiple advantages. These include:
design of bifunctional hosjuest materials, enhanced chemical stability and protection to the guest
molecule, homogeneous dispersion of guest dyes, rigid paces that can be tailored to adapt

towards different sizes of guests!??

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

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

Compl exes 1 and 2 were first synthesised an
Thomp s on d%Figue 3shopwssthe steadstate absorbance spectratiogé two free dyes
from dichloromethane solutions at 4Bl concentration.
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Figure 3.3 Absorption spectra of 1 and 2 recorded fror? Mdichloromethane 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 thenlenggst

Y “* singlet transition, aFgurd 3.4l Thescomplexese d i n
exhibit a high degree of light absorption, as can be noticed from the large molar extinction
coefficients, above 100,000-Mcm?, which is the typical range for dipyrrins. Complex 1 shows
an additional absorption band around 35890 nm duetothé¢ Y ~* transiti on
anthracene moiety. A Jablonski diagram summarisinggital transitions in 1 is shown in
Figure 3.4.Both complexeshow fluorescence quantum yields below 1% in mildly polar solvents,
such as chlorofornand dichloromethane, whereas the values are 2% (compf&arl) 16%

(compkex 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 statlerational

levels and IC = internal conversion.
3.2.2 Synthetic strategy used for the hosguest 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 thestadllished softemplate

route used for all types of mesoporous silicaanals. A micellar template is made by using
amphiphilic surfactants able to selésemble in water and form rbke micelles; after this first

step, a suitable silica precursor is added, which hydrolyses and polymerise around the template,
forming the fhal silica network2 Due to the insolubility of the zinc dipyrrins in water, their
addition during the sefissembly process leads to their spontanddfission and encapsulation

into the solventree, rigidified, hydrophobic core of the micelles. In order to prepare the
mesoporous silica used in this study, GOK the micelles are built using the Gemini surfactant
PluronicP123. To enable a homogeneadispersion 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?§tmimg a low loading
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of complexes, at a 99:1 molar ratioRIfironicP123:complex for each of the hagiest systems,

hereafter named 1S and 2S.

monomer micelle COK-12

Figure 3.5 The synthetic route for the preparation of the twogostst silica material$S and
2S.

Pluronic P123

o) 0
~S = Hof\/ l:b/\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 1?0 1.K5
afnm’]
Figure 3.6 1. SAXS profiles of the ge-loaded silica materials, as compared with standard-COK
12 silica. 2, 3 and 4: TEM micrographs of the standard A@KLS and 2S, respectively.

The final samples were characterised by smadjle Xxray scattering (SAXS, Fig. 3.6(1)) and
transnition electon microscopy (TEM, Fig. 3.6(3) and 3.6(4)), which confirm that the structural
order and the morphology of the CAR silica particles are essentially preserved after dye
loading. The SAXS data are reportedfigure 3.6(1) show that the most intense psdbr the

silica materials occur at q values of 0.8466 degrees, and the g ratios of the main peak to the
much weaker additional peaks at higher g values conform, within experimental error, to the
t heoretical g rati os 02D héxagaralrellectors oft(18)a(il), @D r r e s |
and (21), respectively. The structures are, thus, consistent with literature values fa2GMEe®

and prove that the dydoped P123 micelles maintain the same structural order of plain silica, that

is, the hexagonal columnarder. 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 diséortion (
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. U\visible spectroscopy studies were then earmut on the samples to evaluate the
effects that such a structural rigidity exerts on the optical properties of the compleagsore

diameter was calculated using equation 2.3 (chapter 2, page 34).
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3.2.4 Photophysical Analysis

1,0
—— inDCM —— inDCM
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T T T T T T
300 400 500 300 400 500
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Figure 3.7 Excitation spectra of the complexes 1 (left) and 2 (right) from 4 % ND
dichloromethane solutions (black lines), compared with equimolar suspensions of tgadsbst
silica samples in water (red lines). All speatrere recorded dtem = 550 nm, with both excitation

and emission slits at 5 nm.

The excitation spectra of the dyes within the silica materials are showigime 3.7, in
comparison with the spectra recorded from the free dyes in dichloromethane soBititns
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 48&muore 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
ovelap 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 & MO
dichloromethane solutions (black lines), compared with equimolar suspensions of tgadsbst
silica systems in water (red lineg)ll spectra were recorded laixc = 450 nm, with both excitation

and emission slits at 5 nm.

The photoluminescence specwf the samples 1S and 2S are reporteféigare 3.8 and show
enormous differences in comparison with the spectra from the free dyes in solution. First, the
fluorescence intensities at 5520 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 halfmaxima (FWHM) reducing from values that exceed 4300 ,cwhich are hardly
measurable with absolute precision in solution due to the extremely wetdkaad emission, to
values in silica of ~2300 ctrfor 1 and ~1200 crhfor 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 emissiband of 2 becomes close to the value in excitation,
~1100 ct, 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
wererecorded, and all data, including exchstdte lifetimes and rate constants, are displayed in
Table 3.1.
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Table 3.1.Photophysical properties of the zinc complexes.

Sample Fe telel / ns kr /st knr/ St

12 0.003 1.75 1.71 - 16 5.70 - 16
0.024

19 0.035 0.43 8.14 - 10 2.24 - 16

22 0.005 1.40 3.57 - 16 7.11 - 168
0.164 2.44 3.41 - 164

7.5 - 10U
2 0.550 1.34 4.10 - 16 3.36 - 16

From the table: a = free complex inM dichloromethane solutions; b = from equimolar
water suspensions and confirmed by sgligte measurements using an integrated sphere;

c = laser excitation at 475 nm, pulse width 62 ps, recorded at 530 nm; d = in cyclolfexane.

A comparative analysis of the quantum yields allows us to make some immirsanvations: 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 gieland lifetimes on solvent polarity deserves further
clarification here in light of previous research. As it was demonstrated by Nishihara and
Thompson;®homoleptic zinc biglipyrrins undergo photoinduced charge transfer from one ligand

to the second one, which breaks the symmetry of the excited statatt€hés indeed defined as

a symmetnybreaking chargéransfer (SBCT) state and becomes the lowest state even in mildly
polar solvents such as dichloromethane. Since SBCT states are typicadynizsive in nature,

this leads to a total emission quemghin 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 18%uch trend reaches its extreme in the sokrest and apolar

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

Tr, Kr and Kur were obtained through using different equations in chapter (see page 34.and 4

il
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Figure 3.9 Excitedstate decay profiles of the complexes 1 (left) and 2 (right) from 4%M.0
dichloromethane solutions (black lines), compared to the profiles recorded from equimolar water

suspensions of 1S and 2S (red lines), all measured aind3Mder 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 aaically, nearly 5&old for 1 and over 10@old 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 FranCkndon form. Sut 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 radiati¥°rate.

On the other hand, the noadiative rate almost quadruples for 1, wiasrgé halves for 2, showing

that 1 is more affected by neadiative 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 fromtheethdency of t he ant hr stackimen amnwmreet i e s
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 eatrlier.

%)

PLIimensty
-

--------------------------

Figure 3.1Q Left: Photoluminescence stability tests performed on thin polymer films doped with
the free complex 2 (black circleand 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 néwminescensolar concentratord:2For this purpose, thin films

were prepared by dispersion of the luminescent silica particles in a tramsgalymer,
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 comelexusing the same concentration of complexes
present in the films containing the silica particles. The results are shdiigurie 3.10, which

reports the observed trend in photoluminescence intensity, together with photographs of the
polymeric films expsed 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 intém$itys than two hours

of irradiation and photbleaches 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 fyrrinato zinc(ll) complexes through incorporation into
mesoporous silica. The two dyes (1 and 2) were embedded kgssethly within the micelles
formed by the Pluroni®123 surfactant in water. Such eiyeped micelles were subsequently used
as a template for the growth of a silica network, enabling the formation of robussteddidight

active materials. The TEM and SAX8aysis presented here confirms the retention of the pore
spaces even after the insertion processes. Theitible spectroscopy analysis, carried out using
both steadystate and timeesolved techniques, shows that both complexes become intensely
lumines@nt 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-BolDincrease in fluorescence quantum
yield for complex 1 and a 160@ld increase for complex. Zhe 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
servesas 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 watersensitive experiments were performed under a nitrogen atmosphere by using
standard vacuurtine techniques. All chemicals were obtained commercially (Sigma Aldrich,
Acros organics and Honeywel | )H@o dr eufseerds wti d hloiuc
water with a conductivity of 0.04 uS cinobtained from a MilkQ purification system. Thitayer
chromatography (TLC) was carried out on silica plates (silica gel 60 F254, Merck 5554) and

visualised by a UV lamp (254 nm). Pregtive column chromatography was carried out using
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silica gel (Merck Silica Gel 60, 230:400 mesh)-poaked in the starting elueitl and**C NMR

spectra were recorded with either Bruker Ascend 300 or Bruker 500 Ascend spectrometers
operating at 25 °CCDClk was used as internal standard for b#iNMR ( GH = 7. 26 pp
BC NMR (UC = 77.16 ppm) spectra. Fluorescence
Edinburgh FLS980 photoluminescence spectrometer, equipped with a 450 W Xenon arc lamp,
Czerny Turner excitation and emission monochromators (1.8 nmmm@1 dispersion; 1800
groovesmm@1), timeorrelated single photon counting (TCSPC) module and a Hamamatsu
R928P photomultiplier tube (in fan assisted TE cooled housing, operating temp&@fi€g. Fo

lifetime measurements, samples were excited with an4&BL(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 Marqguaggenberg algorithmLuminescence

quantum yields 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 oflipyrromethene ligand from anthrace®veabaldehyde as starting

materials.

To 20 mL of dry DCM, 2,4imethylpyrrole (1 mL, 9.71 mmol, 2,3 equiv.) was added, followed

by the addition of the -@nthracenecarboxaldehyde (866 mg, 4.20 mmol, 1 equiv.). 2 dfops o
trifluoromethylacetic acid (TFA) were added, and the reaction mixture was stirred at room
temperature and in the dark. The reaction was monitored byaferchromatography (TLC).

After the indicated time,4Chloranil (1032 mg, 4.20 mmol, 1 equiv.) wadded 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 3@ 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 (CDCk, 300 MHz)(i8.52 (s, 1H), 8.0.98 (m, 4H), 7.49.34 (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
+
Y

Figure 3.12: Synthetic route of dipyrromethene ligand from-8jtethyl1H-pyrrole and 2,4,6

trimethylbenzaldehyde asasting materials.

To 25 mL of 0.2 M aqueous HCI, 2dimethylpyrrole (1 mL, 9.71 mmol, 2.1 equivalence) was
added, followed by the 2,4t18methylbenzaldehyde (0.67 mL, 4.56 mmol, 1 equiv.). The reaction
mixture was stirred at room temperature in the dafter 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 Nz5Qs and filtered.The amount of solvent was reduced to 20 mL, a@hjoranil

(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 (10mL), dried over anhydrous NaQ: and processed through alumina gel
(Cyclohexane/Ethylacetate 95:5). A large orange fraction was collected, concentrated and
recrystallised from DCM/CEDH, obtaining an orange crystalline solid (525 mg; 36% yiéH).

NMR (CDCls, 300 MHZz)1 6.90 (s, 2H), 5.85 (S, 2H), 2.34 (&H), 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.

X7 XN\
DCM/MeOH VN N=
+ Zn(OAc), \Zn/
rt, overnight / \
=N N N\
N\ Al A

Figure 3.13: Complexation reaction using dipyrromethene ligand (1a) andaziette 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 (CDCk, 300 MHz){i 8.57 (s, 2H), 8.02 (] = 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, IPEINMR (CDCE, 75 MHz)ii

156.79, 143.88, 140.78, 136.50, 131.60, 130.87, 126.32, 125.39512P0.27, 16.55, 14.95. HR
ESIMS: calcd for G4HaeNaZn (M™): 814.301, found: 814.299.
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Figure 3.14 *H NMR Spectrum ofl in CDCl.
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Figure 3.15 1C NMR Spectrum ol in CDCl.
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Figure 3.16 Mass spectra df calculated for €&HssNaZn (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 compkex

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 wiml 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 (CDCk, 300 MHz)(i6.93 (s, 4H), 5.91 (s, 4H), 2.34 (s, 6H), 2.11

(s, 12H) 2.03 (s, 12H), 1.30 (s, 12HC NMR (CDCE, 75 MHz) 4 155. 90,
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 3.2Q0 HR-ESI mass of calculated for @Hs:N4Zn (MH"): 699.340, found: 699.338.
3.4.6 Synthesis ofdye-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 of2B. To this solution, Pluroni®123 and the dy& or 2 were

added in a 99:1 ratio (0.26nmol P123, 1.71 mmdlor 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 dilutbdHa@

(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 residush&d with HO 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 undeisiblé

light.

71



(b)

Figure 3.21 The stieme used in the preparation route for the silica hybrids: PluR#&#8 and
dye 1 (a) formation of micelles (b) micellar transition from sphened (c) silica

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

10 mg eah of 1 and 2 were dissolved in 10 mL DCM (spectroscopic grade) as stock solutions, and
two each portion; four different concentrations oM\ (2, 4, 6 and 8) were prepared from the
stock and measured the absorbance for each. The relative absorbanosetieto 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 <c
and anisotropic measurements were recorded using the same coradittnsith 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 cortrol 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 mi;
the solution was then drop casted onto a microscopy glass slide (1% ihsented into a Teflon

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

2. The polymer film containing the free comp@was made by dissolving 45 mg of PMMA in 5

ml of HPLC grade toluene, to which were added 10 pl of a dichloromethante®sadf2 (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 containingaBgarticles was made by dissolving 45 mg

of PMMA in 5 ml of HPLC grade toluene, which were added 0.9 mg 2§, corresponding to an
equimolar amount o2 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 ChargeRecombination
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 encapsulatian anhostguest 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(ll) as the central
metal ion, the complexes are built usgugnolinolates as bidentate ligands.

Zinc(ll) quinolinolates have been used as both lghitters and charggansport materials in
recent years, and several studies focused on the effects of the substituents on their emissive
propertiest 13 For example, research on the electroluminescence propertiempfexes where
the quinolinolate ligand bears halogens (ClI, | or Br) at either 5 or 5,7 positions showesthiiteed

emission (563 nm) as opposed to that of the unsubstituted complex (464Hhm).

For the purpose of the studies presented in this chapter, thtbegtlectronic 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 -bgnetensation with a
silicate reagent. The processshown schematically figure 4.1,and the detailed description of

the condensation strategy and mechanism can be foithioter 1.

Figure 4.1 General synthetic route of Periodic Mesoporous Organosilica (PMOs) using bis
silylated dyes. R = Organiaiganometallic dyé?>

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

them into trialkoxysilane groups)dicated a$S i ( @iREgure 4.1 Thus, the focus was placed
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on two zinc(ll) quinolinolate structures, which are showrFigure 4.2 A, a complex with

dibrominated ligands, ari8l, one with chloromethylated ligands.

Br
Cl
W ONEW,
Zn Zn
) O™
Cl
Br
A

B

Figure 4.2 Structures of the two homoleptic zinc(ll) fisiinolinolates.
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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 wétuce the intermolecular distances, such that
luminescence quenching may occur at a certain critical concentration. On the other hand, since
zinc(ll) quinolinolates show luminescence with a strong chamagesfer (CT) character, it is also
reasonable toxpect that the close proximity of dye units within the PMO network would enhance

such character and may promote chasmmbination phenomena.

The following section describes the synthesis route for both complexes, the incorporation into
silica and the aatlysis 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 wasrpued in order to obtain antenna materials containing the
zinc(Il) quinolinates as building blocks, which consisted of three main steps: synthesis of the
complexes, silylation and gaolymerisation into silica hybrids, or simply PMOs. In all cases, the

stating point was to use a zinc(ll) salt and ahy&Iroxyquinoline as precursors.
4.2.1 Complex A: Synthesis and Characterisation

The dibrominated -Biydroxyquinoline needed to make compkexs commercially available and
used in a 2:1 ratio with zinc(ll) acetatelydrate. The complexation reaction (5égure 4.3) is
relatively straightforward, owing to the following advantages: (i) it does not require dry conditions,
(i) it is carried out in ethanol below its boiling point, (iii) it reaches completion withirhduss

and (iv) it leads to the formation of a yellow precipitate that needs no column purificatidhl (see
NMR spectrum irFigure 4.17).
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Br
Zn(CH5C00), - 2H,0 7 . o Br
U
bz > ;n
Br N 60°C, EtOH Br 0
OH

Figure 4.3 Synthesis of comple&.

The optical properties of this complex wererthstudied by means of steastate and time
resolved U\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 derivati®e which is the actual
precursor usedof 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 alkdxysilane substitués on the

photophysical properties are minimal, which makes complaxvalid referencé®

The UV-visible absorption and emission spectra are showv#ngiare 4.4and exhibit profiles that
are very similar to those reported for theulstituted zinc(Il) bisjuinolinolate, ZnQ@.? A strong

absorption peak is observed at 265 nm with a molar extinction coefficient of 141,36k

followed by two |l ess intense and brod)der peak
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Figure 4.4 Absorption (red), emission (blue) and excitation (dashed black) spectra of complex
A, recorded from a 1M ethanol solution; emission was measuresgeat= 265 nm, whereas

excitation was measureda = 550 nm.

The first peak is assigned to an LC Y * trans
ligand (seeAppendix 3),'* whereas the longer wavelength peaks are attributed tealipimed

transitions of mixegp*/np*, or intraligand charge transfer @T) character. The lowesnhergy

band, in particular, is structureless and known to be rdefandent, 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 dhe quinoline systerh? The broad emission band at 563 nm is due to a
fluorescence transon 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 érhiésion.

This is typical of chargéransfer 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 Afis 26% in ethanol, and the temesolved measurements
further confirmed the fluorescence, as the exestiade lifetime is 4.4 ns. Using these data, the rate
constants for radiative and noadiative decay are calculated as, respectively, 5.9 g44nd 1.7

x 10* st (see alsdable 4.1).

4.2.2 Complex A: Silylation and PMO Formation

Following the synthesis oA, the next step is an alkoxysilylation reaction to convert the four
de

employedt® which uses-butyllithium (n-BuLi) to produce an aryllithium intermediate and, in the

br omi groups into trialkoxysilane groups.

following step, tetraethyl orthosilicate (TEOS) to obtain the final productHigeee 4.5).

Br Li Si(OEt),
X X X
pZ ) pZ pZ
Br N _ Li N (EtO)Si N
n-BulLi, dry THF TEOS, dry THF
o, . 0.,/ — Oz
n, . ‘
/ © -78°C, 1-2h / © -78°C, 1-2h /(9
N Br N Li N Si(OEt),
-~ -
N X x
& B i Si(OEt),

Figure 4.5 Scheme of the attempted alkoxysilylatimihcomplexA.

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 prodad were finally adjusted #8°C and two hours

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

From the NMR spectrum of the crude (see Experimental sedtignye 4.18, there is no
conclusive evidence that one product only was obtaideducing from the proton count of the
aromatic and the ethyl groups, it is possible that the crude contains a mixture efamdrimns
the 5 56

predominant. Purificationvas not pursued, though, because typically, it is a very challenging

silylated product s, at and
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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 prochgijerong
that any partially silylated derivatives would react during thecamdensation and so will

effectively become part of the final PMO.

The cecondensation method used for the formation of the silica hybrids was based on the synthesis
of COK-122° 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: itonssiicate, the typical
precursor of the polymerisation, the crude obtained from the alkoxysilylation reaction was added
as a cereactant. The relative amount of complex in respect to sodium silicate was estimated, for
simplicity, assuming that the prociuwas pure bisilylated. 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 sectdofgl and 4.4.5 for the detailed
procedure). Thelye was pralissolved 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 prdissolving dyes in minimum amounts of dimdtisylphoxide

where solubility in water was an issue, but the relatively high quantity of zinc complex employed
here would have required such large amounts edoteent that it could disrupt the micellar
templates and yield amorphous silica. For this neagnly water was used, and the dissolution of

the complex was facilitated with the aid of an ultrasonic bath. The finalumrthrough washing,

of the solid obtained after the-condensation was also used to remove any unreacted pre&ursor

or other no-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 arrangemehthe silica was maintained. The TEM images reportédguare
4.6show 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 edirattic

the parallel porous structure was preserved, except for the sample with 100% loading, in which it

is very difficult to identify the pores.

85



Figure 4.6. TEM images of the PMO materials with six different loadings of complex
between 1 and00%.

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
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mesoporous silica of COK2 type could not be captured irethy regions of access, which is from
1° on (sed-igure 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 al2GHica.
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Figure 4.7. Powder XRD profiles of the PMO materials made using complekdifferent

loadings, compared with plain COR silica.

The powder Xray diffractograms only show the decreasing part of the main signal typically
recorded for COKL2, whichfalls at 0.9° and corresponds to the (100) crystallographic pfane.

The secondary lowntensity 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 siljge,sam
where the 210 reflection emerges as a shoulder peak. This indicates that the PMO hybrids have a

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

cyclohexane, ashis was found to be the optimal trad# between signal intensity and light

scattering induced by the particfés.
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Figure 4.8 Excitation spectra (left) and emission spectra (right) of the hybrid AM@aterials,
recorded from 0.3 mg/mL cyclohexane suspensions; excitation spectra were measudie®20

nm andemission spectra were measused= 265 nm.

The emission spectr&igure 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 tensity, 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 PMQwith 1% dye loading shows the l@st 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 ttighest 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 resthifts with increasing loading, from 480 nm at 1% to 553 nm at

100%.

Suchtrends are also reflected in the photoluminescence excitation spgegtree(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 alpksrbut 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 corleeFigure 4.4), confirming

that the complex maintains its structurakigrity and the typical LC and CT transitions once part

of the silica framework. Interestingly, the peaks mentioned above broaden astiifred the

100% sampleSuch an effect can be attributed to the intermolecular interactions that arise between
the @mmplexes at the maximum loading; the latter may even induce the formation of ground state
dimers within the soligstate structure. Such species typically show a larger delocalisation of the
excitation energy over the-orbitals than in monomers, which ultately leads to a progressive
reduction of the HOM@.UMO gap¥2!

normalised In(PL)

0 . I . PO L
150
time (ns)

Figure 4.9 Excitedstate decays of the PM® hybrids recorded aem= 520 nm.

The excitedstate lifetimes are shown kigure 4.9and have a common characteristic: they are bi
exponential decays. The single decay traces are reporietbii@ 4.1, together with the weighted

averages, and the data seem to indicate a certain trerd thighsample series: the short decay
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component in each sample resembles the free

reduction as the dyl@ading increases, with the average lifetimes ranging from 11.7 ns (1% PMO)
to 5.3 ns (100% PMO). Sucldacrease might be attributed to the fact that, at high concentrations,
self-quenching between neighbouriAgunits becomes more likely to occur. This is in accordance
with a previous study by Vu and -eworkers, who investigated aggregation processes megur
among fluorescent dyes embedded in polymeric matffciiswas found that, at increasing
concentrations, additional pathways of excistate deactivation arise, including fluorescence
guenching by aggregated species, such as ground state dixecarsere and sealled statistical

pairs of dyeg??*which act as nofluorescent traps of the excitation energy. In our case, the
formation of dimers and excimers agrees with the stsgatg esults since a progressive 1&ift

of the emission maximum is observed with increasing dye loading. Within this picture, the lack of

complete consistency in theZ®% range may reflect the inability of the singl@nits to disperse

within the solid matrix in a perfectly homogeneous manner.

Sample| Decay Trace¢Relative Weight)*| Averagete. | FrpL Kr Knr
[ns] [ns] [s7] [s7]

A 4.4 - 026 | 59x10 | 1.7 x 16
1% 5.9 (36%)i 14.9 (64%) 11.7 0.04 34x16 | 8.2x10
2% 5.4 (48%)i 13.4 (52%) 9.6 0.05 | 5.2x1C° | 9.9x10
5% 4.7 (57%)i 13.2 (43%) 8.4 0.17 | 2.0x10° | 9.9x 10/
10% 4.5 (56%)i 12.7 (44%) 8.1 0.12 1.5%x 10’ 1.1x1C°
20% 5.2 (57%)i 15.9 (43%) 9.7 0.14 | 1.4x10° | 8.9x 10

100% 4.2 (76%)i 8.6 (24%) 5.3 056 | 1.1x1CF | 8.3x 10

Table 41: Excitedstate lifetimes, fluorescence quantum yields, radiative rate constgrasdk
nonradiative rate constantsn(kof the PMGA materials, in comparison with complex A (shown
in grey).
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*Recorded at 520 nm from 0.3 mg/ml cyclohexane suspensising, a 375 nm laser excitation.

All the different values of A, Kr and Knr were obtained through using different equations in

chapter (see page 34 and 44).

On the other hand, while the short decay (ds) can be associated with the lifetime of sigle

units within the materials, the presence of an unusually long decay tracég-ng® 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-sat&l than in dilute
solutions. Chargéransfer 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 propertiesszk@wn for arising

from the occurrence of recombination emission in highly aggregated states. The construction of a

solid network where Znglike units are brought in cloggoximity 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 inthe PMO materials.

4.2.4 Complex B: Synthesis and Characterisation

The chloromethylated -Bydroxyquinoline required to make compl&is not commercially
available and was synthesised in house. The procedure is based on Blanc chlorométiylation
and is showrn Figure 4.1Q 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 aunperonditions, at

which the 8hydroxyquinoline 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 apjatae yields, as demonstrated by NMR and LC

MS (seeFigure 4.19andAppendix 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 futher 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 séetibandFigure 4.20.
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Figure 4.1Q Synthesis of complek.

Once the synthesis of the ligand was optimised, complexation withlyexxétate was carried out

in analogous conditions as for compkexTo 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 wasihd to be the best choice, as other basesdérim
hydroxide tend to deprotonate at a very fast rate and on multiple sites, causing the formation of
unwanted byproducts such as-Bydroxymethyd8-hydroxyquinoline?® ComplexB was finally
obtained with 84% yield, in the form gkllow fibrous crystalline strads that would dissolve

readily in DO, where NMR analysis was conducteddFigure 4.21).

The UV-visible spectroscopy analysis was then carried out and showed that c@gusgesses

similar optical properties to compleX. The data shown ifrigure 4.11 are obtained from
dimethylformamide solutions, because the complex, contraty t® not fully soluble in ethanol.
Incomplete solubility would undermine the full reliability of the data, particularly the molar
extinction coefficient, the luminescence quam yield and the excitestate 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 tohe free ligand (se&ppendix 3). The absorption spectrum in dimethylformamide shows

the same three transitions observed fromcompllex t he i ntense ~ Y * LC tr
(55,134 Mcm?) and the two weak *tn')@MB44mm addts0 nh.The~ 4, 7 (
free chloromethylated hydroxyquinoline, on the other hand, only shows the twerteghy bands,

the LC at 244 nm and the ILCT at 320 nm, béirfted as compared with the complex, while the

third band is absent since it arises as a consegudrtoordination 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 I®M dimethylformamide solution; emission was measureshat 265 nm,

whereas excitation &m= 560 nm.

The emission spectrum shows the broad @idocentred at 600 nm, rstlifted compared to the
emission in ethanol (587 nm) and the emission of compiexethanol (563 nm). It can be deduced

that the excited state of complBxhas a more pronounced chatgensfer character thak, which

makes itmore sensitive to solvent polarity. Should this be the case, the enhanced sensitivity to the
medium might be the reason behind the fast exataté deactivation in dimethylformamide, as

the fluorescence lifetime is 2.2 ns (Sesble 4.2, half of that reorded forA. Also, the very low
fluorescence quantum yield of 0.3% would indicate that the deactivation of the excited state is

predominantly nowradiative.
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Figure 4.12 Jablonski diagram showing the photophysical processek dectron transfer

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

Silylation of complexB (seeFigure 4.12 was achieved via a substitution reaction with 3
mercaptopropytrimethoxyslane (3IMPTMS). Using two equivalents of it, the two chloride
groups on the ligands are subjected to a nucleophilic attack by the terminal thig\$R3fN3S

and become leaving groups.

Si(OCH3),
am o Cl

N\Z;

n

/N ) S

Cl 0 \ dry THF, N, atm 4 N_ =
> ;n‘N
¥ 65 °C, 30 h S 0 \
Si(OCH3),

Figure 4.12 Silylation reaction ona@mplexB.
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The same procedure reported in refere2icevas 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 alkoxgsies tohydrolyse. As for compleXA and its silylated
derivative, it can be assumed that the optical propertieB @main mostly unaltered upon
silylation; therefore, the precursor compBxs used as a reference in the spectroscopy analysis

of the PMQOB materials.

The latter were synthesised through the samepodensation route used for compkexbut with
tetraehoxy-orthosilicate (TEOS) instead of sodium silicate and using CTAB micelles as a template
rather than Pluronic-B23 (see Experimental sectid.§. The procedure resembles the synthesis

of mesoporous silica of MCM1 type, and it was applied here t@yde a comparison with the

COK-12 route described previously. It was also planned to test whether theACdlite could

lead to more ordered materialsthanthe GOR ones and i n a shorter tin
group in their works on PMOs buiktith organic bridges$® 2° Although the omjinal target was to

prepare and analysexsnaterials with the same molar ratios used for compleand it was only

possible to synthesise up to four hybrids (1%, 2%, 5% and 10%), dugetodnstraints dictated

by the health emergency.
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4.2.6 PMO Materials with Complex B: Structural and Optical Study

Figure 4.13 TEM images of PMO materials with four different loadings of compleketween
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-(gaee 4.13 show that

the porosity and the uniform hexagonal structure of the material isaimadteven at the highest
loading (10%). All samples possess wadfined 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 complexB. The pore diameter waslcalated using equation 2.3 (chapter 2, page 34).

96



MCM-41
1%

2%

5%
— 10%

ﬁ%ﬁ

— T T T T T T T T T T T T

T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
2theta /°

Figure 4.14 Powder XRD profiles of the PMO materials made using complakdifferent

loadings, compared with plain MGHIL silica.

This is confirmed by the XRD profiles, shown kigure 4.14 The typical pattern from the
hexagonal arrangement of pores shown by the sample of plain-MiCéflica is seen with little
variation inthe 1%, 2% and 10% samples. The main reflection from the (100) plane dominates at
1.971 2.02°, which gives a-dpacing of 4.3 4.4 nm3¥ 33|t is also possible to observe the higher
order secondary peak at 3.8.7° (110) and even the (200flestion at 4.1° in the 10% sample.

The 5% material represents the exception in this sample sedese ascribed that to be due to
experimental error in the synthesiEhe hexagonal pattern is maintained, but all reflections are
shifted to lower g values: 1.38° (100), 2.89° (110) and 3.32° (200). Trepdcing 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 inceeasatedy
within the silica framework in respect to the 1% and 2% materials, it seems emtuntere that

the 10% should not follow the same trend and give an even largpacihg. It could be
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hypothesised that units of complex start packing morelyidetyond 5% loadings, but this would

need further investigation.

1%

60000 1 1% 150000 -
2%
5%
— 10% 120000
40000 -

90000

60000

PL intensity / cps
PL intensity / cps

20000 A

30000

T T T T T T T
350 400 450 450 500 550 600 650 700 750

wavelength / nm wavelength / nm

T
250 300

Figure 4.15 Excitation (left) and emission spectra (right) of the hybrid PBl@naterials,
recorded from 0.3 mg/mL cyclohexane suspensions; excitation spectra were measure 40

nm andemission spectra were measused= 265 nm.

The steadystate photoluminesnice spectra of the samples at different loadings of corBpdes

shown inFigure 4.15and share some similarities with tRMO-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 complem solution, with the highest
enhancement factor of 16 seen in the 5% sample; this is accompaneeebybnrradiative rates

and slightly larger radiative ones, except for the 10% materiall@gle 4.2. This is interpreted

by considering the enhanced rigidity that units of complex experience inside the solid framework.
Most vibrational and rotationalegrees 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 aggregatiop-staaking, thus reducindne
efficiency of fluorescence. As stated earlier, in the analysis of the stémdydata, such a

possibility should be verified in future studies.
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Table 4.2.Excitedstate lifetimes, fluorescence quantum yields, radiative rate constgraadk

nonradiative rate constantsHkof the hybrid PMGB materials, in comparison with complex B

(shown in grey).

Sample| Decay Traces (Relative Weight)* Averagetr. | FrpL ke Knr
[ns] [ns] [s7] [s7]

B 2.2 - 0.003| 1.4x16 | 45x 16
1% | 1.1 (14%)i 5.3 (49%)i 19.9 (37%) 10.1 0.015| 1.5x16 | 9.7 x 14
2% | 0.8 (31%)i 3.6 (45%)i 17.5 (23%) 5.9 0.033| 5.6x10° | 1.6x10°
5% | 1.1 (11%)i 5.5 (48%)i 18.1 (41%) 10.2 0.048| 4.7x10¢° | 9.3x 10
10% | 1.3 (14%)i 4.8 (55%)i 20.4 (31%) 9.2 0.008| 8.7x1C° | 1.1x 10®

*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 PM@ materials, with fluorescence maxirbatween 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 wavelergt. The same effect might also explain the apparent hypsochromic shift

of the excitation peaks, particularly the highesergy transition in the 1%, 5% and 10% samples,

and the CT broadband at 370 nm in the 2% sample. This was not seen in thé& RN@ds 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 patrticles in the suspension at short wavelengths
must also be taken into account, as it would alter thizgagdon profiles and the relative maxima.

To gain more insights on the deactivation dynamics of the exsittds in the materials, a time
resolved analysis was performed. The emission decay prdfigsré 4.16 show that all four
samples have a relaglly long fluorescence lifetime and a multj@gponential trend, compared
to complexB in solution (2.2 ns, see ald@able 4.2. As observed for the PM@ hybrids, the
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main decay component resembles the lifetime of the free complex and is generally3ahger
5.5 ns).

1.0 +

e 1%

normalised In(PL)

time / ns

Figure 4.16 Excitedstate decays of the PMB hybrids recorded am= 540 nm.

In addition to this, a shorter decay trace is foundi({@8 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
(17.57 20.4 ns) is also recorded, as in the RM®@ybrids and would confirm the occurrence of
chargerecombination in the materials. To test the hypothesis furthetyis'¢pectroscopy was

run on a thin soligtate film of complexB, and the decay profile indeed shows a much longer
lifetime than in solubn (seeAppendix 4and5). Data analysis showed a medtxponential decay

as well, with an average excited state decay time ofris92
4.3 Conclusions

Two zinc(ll) bisquinolinolate complexes have been synthesised and characterised
spectroscopically. They stwlight emission in the green region of the visible spectrum from a
chargetransfer 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 amptattbem
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improve them, incorporation into a rigid host was pursued. The complexes were functionalised
with alkoxysilane groups on both ligands andpodymerised with a silicate source to make new
PMO materials. Although alkoxysilylation proved to be difftaal 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 buitbom complex A show an increase in quantum yields with the
concentration of complex, reaching a value of 0.56 at 100%odykng. On the other hand, the
PMOs built using complex B have the highest quantum yield, 0.05, at 5% loading, beyond which
the valie 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 AMV&&ries. Both types of
materials, though, have an emerging property in common: the presence oefieddriigiorescence

decay component, up to 20 ns. This could be evidence of efexgmbination luminescence and
would fit well with the electroluminesoee properties that the zinc(ll) quinolinolates are known

for. Further research on the new PMO materials is headed towards testsemlijimy devices.
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4.4 Experimental Section
4.4.1 Synthesis of complex A

Zinc acetate dihydrate (281 mg, 1.5 mmol) anddbromo-8-hydroxyquinoline (909 mg, 3
mmol) were dissolved in 100 mL ethanol and stirred under refl8Cj7®r 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 N MR (3(G0 MHz, d6DMSO): 8.48 (d, 2H), 8.43 (d, 2H),

7.94 (s, 2H), 7.77 (dd, 2H).

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 otomplex Ain DMSO.
4.4.2 Silylation of complex A

Complex A (100 mg, 0.15 mmol) wasssolved under a nitrogen atmosphere in anhydrous THF
(20 mL) at-78° C. "BuLi (2.5 in hexane, 270 pL, 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 fask containing TEOS (450 uL, 2.02 mmol) and 20 mL anhydrous THF, the solution of
flask one was added dropwise and stirred? &t C for 2 hours. The mixture was quenched with 2

mL water and allowed to cool up to room temperature. The solvent (THF) wasadmnder
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reduced pressure, and an oragglow solid was obtained. Yield = 1278.5 mg (85%).NMR
U+ (400MHz, d6DMSO): 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).

1300
(E10)5Si _
| I
7 e 0 SHOEt)s | 1200
In | |
(E10)s5i S | I L1100
SiOEN), ‘
.
I o000
|
900
800
700
re00
200
400
‘ ‘ 300
| | 200
\ ‘ |
| ﬁl | | | }l N ! 100
[ i | (YL |
N 1A | A J l ‘| v W I\
L PV WAV L n RS P ) R .
L T T T
2 = R 5 z 2 100
8.5 8.0 7.3 7.0 6.5 6.0 3.3 5.0 4.5 4.0 3.3 3.0 2.5 2.0 1.5 1.0

1 (ppm)
Figure 4.18 *H NMR spectrum bcomplex A after silylation, recordéd DMSO.
4.4.3 Synthesis of the PMGA 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 PluronieP123 (95 mg, 0.0163 mmol) wedissolved in water (2.5 mL). The mixture was
stirred for 1 hour at room temperature. The silylated complex Zn(S)Qktwas dissolved in

water (1.1 mL) and added dropwise in the solution, which turned pale yellow. After 30 minutes,
sodium silicate/kHO 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 veittancteft to dry

for two days. The solution was stirred for 10 minutes. The addition of Zn(S)¢@kand sodium
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silicate/HO 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 (0.203 mmdl96 mmol), 90:10 (0.206 mmol, 1.86 mmol) and
80:20 (0.412 mmol, 1.66 mmol).

4.4.4 Synthesis of the PMGA hybrids with 100% dye loading

Citric acid monohydrate (91 mg, 0.472 mmol), trisodium citrate dihydrate (86 mg, 0.293 mmol)
and Pluroniel23 (95 mg, 0.01%mmol) were dissolved in water (2.5 mL). The mixture was stirred

for 1 hour at room temperature. Zn(Si(G)&d)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 theay7The completion of

the synthesis was confirmed by washing the filtrate with ethanol and the washing was clear and
does not fluoresce under mp. To confirm this further, wmeasured the absorbance of the

washing and it appeared like a blank measurement.
Synthesis of &£hloromethyi8-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 bathnd 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 58 C for 12 hours and turned cloudy yellow. The solution was filtered and washed with
excess agtone (150 mL) and adtried in the fume hoodH NMR (400 MHz, Deuterium Oxide)

a 9.09 (dd, J = 8.6, 1.3 Hz, 1H), 8.87 (dd,
(d, J=8.0 Hz, 1H), 7.17 (d, J = 8.0 Hz, 1H), 4.91 (s, 2H).
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Figure 4.12 'H NMR spectrumrecordedn D20, of the product from the first attempt to

synthesise the ligand CMQ at room temperature.
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Figure 4.2Q *H NMR spectrum of the ligand CM@ecordedn D20.
4.4.5 Synthesis of Zn(Il) bis(5chloromethyl-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 (10d), and the solution was refluxed to%a8 for 3 hours, after

which the solution turned transparent yellow. It wasn rotary evaporated and gave a thick
orangebrown 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) U
(dd, J =5.4, 1H), 8.2@d, J = 8.6, 5.3 Hz, 1H), 7.80 (d, J = 7.9 Hz, 1H), 3.60 (s, 2H).
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Figure 4.21 *H NMR spectrum otomplex Bin 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 stirrechd heated to 65C. 3-mercaptopropyltrimethoxysilane 98PTMS) (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 oradgeesol
obtained. Yield = 0.7546 g (44.02%).
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Figure 4.22 *H NMR spectrum, recorded in2D, of complex B after silylation
4.4.7 Synthesis of the PMGB hybrids with 1%, 2%, 5% and 10% dye loading

Cetyltrimethylammonium bromide was dissolved in 30 mivafer 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 uL), foming 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 sold 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 pumol), 98:2 (68.6 mg, 0.196 mmol and 3.08 mg, 4.00 umol) 95:5 (66.6.18§ mmol and

5.14 mg, 10.00 pumol) and 90:10 (63.00 mg, 0.18 mmol and 10.28 mg, 20.00 pumol).
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Appendix 1: Mass spectrum of thalylated complex A.
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Appendix 2: LC-MS results for the identification of a sample of Batch €lfromethyl 8
quinolinol), showing its two highest intensity peaks as the starting material (Mr = 146.3)gmol
and the desired product (194.1 grjol
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Appendix 3: Normalised excitation (solid lines) and emission spectra (dashed lines) of the free
ligand 5chloromethyl8hydroxyquinoline in ethanol (CMQ, black), compBxn ethanol (red)
and complexB in dimethylformamide (blue), all recorded from micromolar solgj@mission
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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 thgulesstchemistry of
mesoporous silica, whereby the guests are dye molecules with structural similarities with those
presented in Chapter 3. Therein, zinc-diigyrromethenes were encapsulated into the micellar
template of COK12 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 studermed BPJ2 (sefeigure 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 dggh molar absorption coefficients and high fluorescence quantunsyibky

are also relatively easy to synthesise, and it is possible to tune their spectroscopic properties across
the whole UV/visible/NIR region via chemical functionalisatitthSuch properties have granted
them a wide variety of applications as laser dyes, fluorescent biosensors ahdgdsting arrays

for use insolar energy collection devicé$

Figure 5.1 Structure of the BODIPY dye BPJ2.

Previous work in the group utilised the BODIPY dye BPJ2 as an additive noicb#ar template
employed for the synthesis of MGMIL silica’ The procedure that was followed to prepare the
dye-doped materialincluded 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 blahifted absorption and emission bands comparedB#tI2. This
caused the formation of a doracceptor 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 stéjgated that no new species were formed

118



and that only the BPJ2 dye was present in the final materials. It was then decided to carry out
further investigations into such singlge 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 greeryellow emitting BODIPY dye as a esurfactantMoreover, 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 obtahmaligbsting

silica particles anthvestigate 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 sokstate 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. Tlm¢ophysical 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 beken 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 MCM41 doped with BRI2

Normally, BODIPY dyes are chemically stable at ambient temperature. However, looking at how
BPJ2 will be incorporated into MCML1 at high temperature (80 °C) and high pH (M2, would

expect structural degradation of the complex. Not only the structure of the complex could be
affected during the synthesis of silica, also the efzmeking of the dyes can alter theseyn of the
micelles and the photoluminescence properties of the final matéri&Brevious reports have
shown that selassembly of BODIPY dyes induces the formation ebHJ}aggregates, the latter

being the most common and showing-shifted fluorescenc&!!
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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 stabilihe synthetic route for the preparation

of dyedoped silica is schematised Kigure 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 thedasslysed hydrolysis and
poly-condensation of tetraethyl ortsibcate (TEOS), which forms a silica network around the
template.
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Figure 5.2 The synthetic routes of the dgeped MCMA41 built from a mixture of surfactant
(CTAB, light violet) and cesurfactant (BPJ2, orange) at different loadings; the R group at the
meso position of the BODIPY is a phenyl ring bearin@@&sH17 chain. From a @vious 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 wasitbthat 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 andnorphology of the materials were analysed using powder 4R® TEM. The
diffractograms shown ifrigure 5.3 are compared against that obtained for standard MCM
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 (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 gtv&ues of 1.91° and 1.87°,
respectively. Such values give splacing 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 tbleape of the cylindrical micelles and their mutual
arrangement, which generates the typical hexagonal pattern in3litisaalso possible to observe

the higherorder secondary peak (110) at 8.3.5° 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 ofjtkial@es. This is also
accompanied by a signal broadening, particularly evident in the 50% sample, which may well
reflect a loss of regularity in theexagonal arrangement. Previous studies in our group indicated
thatsuch an effect may be expected at Hagdings, where the large dye content could cause an
expansion of the template and, in turn, the whole struét§iéis 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 alsodsébfe 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 inrs#ructure of the silica is maintained across all samples, so

as the overall neapherical morphology of the MCML1 particles. The parallel arrangement of

the template is only visible from the 1% sample, though, and the patrticle 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
sugensions in cyclohexane, which is found to limit the intense scattering normally observed from

silica particles>1®

Excitation and emission sptra are reported fgure 5.4and show a trend that is consistent with

the presence of only one chromophore, the BPJ2 dye, whoseallightbing and emitting
properties are preserved once incorporated in the micelle/silica systems (S&gpaisdix 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 ¥ tBea®d the

SiY Setransitions, respectively. This is quite different in gamson with the BPJgilica 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, kbéted in respect to the BPJ2 banfls.
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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 measagieet &80 nm and

emi ssi on «s98B0M.r a at o

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

be noted in the samples: the emission bands appeapaghtithey were redhifted, and the
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excitation shows a depletion region in the 2@ 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 theg®mn of overlap with the absorption spectrum (Bppendix 5.1) is re
absorbed by neighbouring molecules before it can exit the cuvette to be detected. Such an effect
can be appreciated more evidentlyFigure 5.5 where the excitation and the emissioada of

the 30% sample are shown normalised, and the netfcint both profiles is clearly visibl& 2°

As a result, the emission intensity is depleted at low wavelengths, rather thalnredshifted;

for a redshift 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 excitatin (black) and emission (red) spectra of the 30%ldgéded silica,

recorded abem= 58 0 nxeF 380mm, respectively.

Because of such an effect, the quantum yields of all samples are underestimated, especially at 20%,
30% and 50% dypading [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: Excitedstate lifetimest(), fluorescence quantum yields ), radiative rate constants

(kr) and nonradiative rate constantsnfkof the silica samples.

sample t/ns F ki / st Knr / st
1% 4.71 0.16 3.40x 16 2.09 x 16
10% 4.65 0.62 1.33x 10 2.02 x 16
20% 5.27 0.28 5.31x 16 1.84 x 16
30% 5.50 0.38 6.91 x 16 1.75x 16
50% 6.29 0.33 5.25x 16 1.54 x 16

The table also reports the results of the fitting of the exsitat® decay curves, which are shown

in Figure 5.6 The decays are morexponential, and all but the 50% sample show values in good
accordance with those recorded from the free dye and thiaged 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
excitedstate lifetime of about 6.3 ns, which is not unusual for a BODIPY-4dyéand might
reflect the fact that the dye molecules are exposed to a particularly rigid local environment within

the micdles, which lowers therk
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Figure 5.6 Excitedstate decay profiles of the silica hybrids, recorded from 0.3 mg/ml

cycl ohexane eauaz@mnusingaB874.8 @t 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
(seeFigure 5.7 and alsoAppendix 5.2). The band reaches the hast intensity at 50% loading

and slightly reeshifts 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 suspensionsaath= 720 nm; excitation and emission slits =5 nm.

This behaviour is attributed to the formation of growtate dimers andaggregates 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 concentrdtféas.

Further timeresolved analysis was carried out in light of the above findings. An exstiiéel

lifetime was recorded for the 50% dgeped silica, and the decay profile is showFigure 5.8

A bi-exponential fitting of the decay clweyielded twetime 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 timeresolved analysis of the luminescence at long wavelemdtb8% silica
hybrids, recorded from 0. 3em=7§0/nm,lusing $7¢.8 ronHasex a n e

excitation.
5.2.4 Fluorescence Anisotropy Studies

The BODIPY-doped silica samples were analysed in the silte, from thin powder films and

by using excitation and emission polarisers during stesdie and timeesolved 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 theiweed a significant response and
measurable kinetic traces were the 1% and the 10%lolyed samples. Excitation and emission
spectra from the two materials (sAppendix 5.3 and 5.4) indicate that there is a preferred
orientation of dye molecules withimé template, as the detected fluorescence intensity is the
highest when the emission polariser is set to the horizontal orientation. -fé&toG 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. Exatdgzlanisotropy decays were then
measured by recording the fluorescence lifetimes of the samples at the above emission wavelengths

and at both vertical and horizontal polarisations (&gare 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 maximumsitiewhich 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 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 ngecita
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 phenomenesgponsible 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 yp 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 requiredasegpeats and long acquisition times

in order to yield reproducible and significant kinetic traces. Also, all such traces were found
todroprapidly at greater dye concentrations than 10%. This was expected because of the
increasingly small distances beten dye units within the template, which would make the transfer
faster and fall below the time detection limit of the instrument (~70Tb®).same trend was
observed in the previous work of the group, where energy transfer times between a donor and an
aaceptor species dropped below 100 ps as the dye loading increased and could only be measured
by femtosecond transient absorption spectroséopy.

5.3 Conclusions

The studies presented in this chapter show that it is possible to desigmaligbsting materials

using BODIPY dyes assembled within hgstest silica materials. By attaching a C8 alkyl chain

on one of such dyes (BPJ2), this wasassembled with a surfactant in a micellar template, which,

in turn, was used to synthesise an MCMik#g silica network around itThe TEM and XRD
diffractograms showed that the regular porosity of the MCM41 silica is maintained even at high
concentrabns, 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% dyedoped sample, whereas at higher concentrations, an-filieereffect was

observed, along with the emergence of grestade 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 tinesolvedfluorescence 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 uL, 3.3 mmol) was dissolved in anhydrous DCM (60 riithyR
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 mixtued ted, 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 wdhrk red reaction mixture and stirred for

3.5 hours. Anhydrous triethylamine (3.3 mL, 21 mmol) was added, immediately followed by the
addition of BE.OE® dropwise. The mixture turned quickly yellow and dark green, respectively,
and it was stirred overgint under a nitrogen atmosphere. The resulting product was washed with
water (3 x 30 mL), dried over N8Oy, and finally rotary evaporated to give a viscous purple oil
with green tints. The crude was purified by column chromatography (eluent; Petrol:DOMH1

NMR (400 MHz, CDCI 3): #a)=5927(d, 089 Hz,2H, i), 3.84(t19 Hz,
J =6 Hz, 2H, O€l2), 2.45 (s, 6H, pyrroléeCHs), 2.24 (q, J = 7 Hz, 4H, pyrrol€CHzi CHs), 1.76

1.70 (m, 2H, O@i2i CH2), 1.46 1.39 (m, OG2CH2i CH2), 1.331.15 (m, 8H,i CH2i'), 1.26 (s,

6H, pyrrolei CH3), 0.92 (t, J = 7.5 Hz, 6H, pyrroleCH2i CH3), 0.83 (t, J = 6 Hz, 3H,CH3).
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Figure 5.1Q *H NMR spectrum of BPJ2, recorded with Bruker 400 MHz in CDCI
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Figure 5.11: 3C NMR spectrum of BPJ2, recaed with Bruker 400 MHz in CDGI

5.4.2 Synthesis of the MCM41 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 piokange mixture. This was then addetbithe CTAB solution

and stirred, followed by the addition of 2 M aqueous NaOH (1.3 mL, 2.6 mmol). The mixture was
heated to 86C, and the silica precursor tetraethylorthosilicate (1.7g, 1.8 mL. 8.2 mmol) was added,
at which point silica started to fornuigkly. 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
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48.8 mg, 0.096 mmol), 80:20 (280 mg, 0.8 mmol and 97.6 mg, 0.192)nirOAB0 (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®1d acetonitrile solution. Emission was recordedi &t = 490

nm, whereas excitation btm= 575 nm. From reference 16.
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Appendix 5.2 Excitation spectra of the 20% BRVECM41 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%ahaed silica
sample, recorded &tm = 580 nm and exc = 350 nm, respectively, from a powder thin film; the

notation in the legend indicates the pla@arisation 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%ahoed
silica sample, recorded bém= 730 nm and exc= 350 nm, respectively, from a powder thin film;

the notation in the legend indicates the plap&arisation 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-timed, and this has proven to be an
effective strategy tanprove light absorption and emissibfTypically, 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 severalptipations in various scientific fields* Among them, small
organic dyes find usesaiological probes, molecular sensors, Hghtvesting agents, fluorescent

makers and active components in optoelectronic devices such as OLEDs.

A similar class of molecules that hasestly 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 @damtced six

membereding (four 5,6,6,5tetracyclic rings) containing a Bfoiety1°

Figure 6.1 Core structure of BOPHY dyes.

This gives BOPHYs a very stableconjugated core structure and desirable optical properties, such
as high molar extinction coefficients (80,6000,000 M' cm) and quantum yields (around-70
80%). Also, BOPHY's can easily be prepared via astep onepot synthesis in water or common
organic solvents, much alike BODIPYs. In recent years, BOPHYs have been tested in photonics,
molecular machines, OLEDs, digital technologies and biological pfddé©ne of the earliest
applications of BOPHY was given by Jiang anewaarkers# who showed that the fluorescence
behaviour is pHependent and therefore the dye could be used as a $&tsater, Mirloup and
co-workers® developed bulk heterojunction solar cells based on thiB@®BHY's exhibiting broad

absorption in the visible spectrum (4800 nm). A further application of BOPHYs was achieved
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by SolalLlano and ceworkers, who tested the dyes as singlet oxygen photosensitisers in

photodynamic therapy (PDT) and more generally in diagnostics.

Moreover, both BOPHYs and BODIPYs have been utilised in the constructmaasdmolecular
architectures, where covalent attachment or-asdbembly was pursued to achieve radye

systems with even broader applications than the aforementioned siegtashs. However, they

both have limited photochemical stability, a drawback that has prompted research into effective
strategies for improvement©ne of such strategies involves the usaatranolecular structures,

where dyes are embedded into hosts. The latter could be organic or inorganic materials, the
common trait being the ability to eapsulate 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 hgstest 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 silicmsed optical antennae, obtained from a different assembly
strategy tha that used in Chapter 5: here, BOPHY dyes are incorporated into -8i€m
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 dydeirtmevaluate
whether the new materials possess improved optical properties.

Two BOPHY derivatives have been used for this study, as shofigune 6.2 BOPHY 1 bears
an alkoxysilane side group, whereas BOPHY 2 possesses two of them. The use of ez dye
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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(EtO),Si

Si(OEt),
Figure 6.2 Structure of BOPHY 1 (top) and BOPHY(Rottom).
6.2 Results and Discussion
6.2.1 The BOPHY precursor: synthesis and optical properties

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

The synthesis was carried out according to published literature procéétités.

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

The structur al mani pul ati ons of -tohuwati8@QsngyY dye
either commercially available or synthesised pyrrole has been reported-tarfatae optical

properties of this compleXThe UV-visible spectra presented heFégure 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 emisgitue)
spectra of OA185, recorded from®@™M THF sol uti ons; ex&#3@anm, on wa

and emission waxs=—4#em.sur ed using &

The reference BOPHW tetrahydrofuran (THF$hows two distinct absorption peaks wathix at
467 nm and 487 nm, with a molar extinction coefficient of 44,264M*. The absorption appears
to be slightly reeshifted as compared with the unfunctionalised BOPHY Fsgere 6.1), and it
is in good ageement with a previous study by Boodts anavookers®!! The structured shape of
the absorption reveals the vibronic progressigthin the S Y  :Selectronic transition and it

confirms the rigidityof 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 leamstgy absorption peak. This
confirms that the molecule undergoes small geometricggsabetween absorption and emission,

with little energy lost through vibration at the excited st&tedeed, the fluorescence quantum

yield is high (0.86). The excited state lifetime was also measuredgpeadix 6.1) and its value

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

As most BOPHY dyes, OA185 can be functionali s
incorporate the dye inside the silica framework, alkoxysilane groups were introducedbat the
position only (BOPHY 1) and at both , ' pdsitions (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, I1Njbi s(di phenyl phosphi no) f st allouoderredlyxdnidey h | or o
THF; as a second step, the hydroxyl derivative is reacted vitlethoxysilane)propyl isocyanate,

in dry THF with trimethylamine as a base. The product obtainednetpurified by column
chromatographylue to the strong ity of the alkoxysilane group towards silieadwasused

straight away to avoid the decomposition of the final product, since most silylated dyes easily

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

We adapted the templated synthetic procedure for MMilica described by Hoffman and-co
workers (see also Chaptet¥and loaded the two different silylated BOPHY into silica separately.

As described earlier, BOPHY 1 and 2 are, respectively, mono asdyéded. They both undergo
hydrolysis andpoly-condensation jointly with TEOS, but leadng 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 Seere 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 faaiétd by dissolving BOPHY 1 in the minimum
amount of water with the aid of ultssounds. Caondensation of both dye and TEOS was then

allowed to proceed at 10Q for 24 hours (see Experimen€ab.2for the detailed procedure).
Structural Analysis

As repated 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 éxspgaificant 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 Xray diffraction pagrns of the BOPHY-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 materiald-{geee 6.6) and revealed no

changes in structure as compared with pli@M-41 silica. All three PMOs have the main

reflection from the (100) plane around the sam&dues of 1.97°, which gives aspacing of

4.48 nm. It is even possible to observe the (110) reflection, although broad and weak, around 3.8°.

This would indicée a certain degree of order in the loagce.

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

observed thathe 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 showigare 6.7. No considerable changes were ohed

when compared with the free complex, except for an apparenshifi®f the excitation peaks.
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Figure 6.7 Normalised excitation (left) and emission (right) spetra of the BORAMD
samples, recoed! from 0.3 mg mtt cyclohexane suspensionssab= 5 4 0 nxw 420mm, o

respectively.

This is particularly noticeable in the 1% sample, where the excitation maxima lie at 456 nm and
478 nm, about 10 nm bleghifted in comparison with the free dye. As the loading increases, the
excitation band broadens and this might be due to the closemitsobetween 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 moldes do engage in some intermolecular processes eafadidative
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 dlable 6.7).

151



Table 6.1.Excitedstate lifetmes, fluorescence quantum yields, radiative rate constangsck
nonradiative rate constantsn(kof the BOPHY1PMOs.

Sample Decay Traces Average FrL kr Knr
_ ] trL
(Relative Weight)* [s™] [s7]
[ns]
[ns]

OA185 2.8 2.8 0.86 3.1x10°| 5.2x 10
1% 2.6 (73%)i 11.3 (27%) 4.9 0.3 6.1x10 | 1.4x106
2% 2.7 (76%)i 12.6 (24%) 5.1 0.03 |59x10°| 1.9x1C
5% 2.3 (77%)i 10.5 (23%) 4.2 0.02 |48x10°| 2.3x1C°

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

Vu andco-workers have previously reported a similar trend when studying the aggregation of
BODIPY dyes in rigid matrice. Aggregaton 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 vie@soived
fluorescence. The decgyofiles are shown ifrigure 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 aradgiigbe
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 enwamt, which in this case is a silica matrix and might

cause the formation of nedftuorescent trap site’€.24
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Figure 6.8 Excited state decay profiles of the BOPHFMO samples, recorded adm = 540

nm, using a 472 nm laser excitation.

Interestingly, a second, long decay trace emerges in the PMO materials, att@utslGvhich 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 expectednake the chromophoric core a bridging unit between
the siloxanes (seEigure 6.9). This results in the dye becoming an integral part of the silica

framework!®

The synthesis procedure for the BOPHFRIO materials was identical to that described in the
previous section and, analogously, three samples were prepared, with 1%, 2% and 5% dye loadin
(see Experimentd.5.3for 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 BOPHPMO samples are shown kgure 6.10 (top

left), in comparison with plain MCM1 slica. 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 thpating, 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 BOPHY1
PMOs and it must be correlated to the silica formation mechanisentr&nd with the -¢pacing

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 bisilylated dyewhich is bulkier than TEOS, forces the growing -dyleca

network to swell and wrap less tightly around the template than when only TEOS is used.
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