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Abstract

Chromophores are fundamental tools for chemical and biological research and are
readily applied in many aspects of life and material science. Their applications are
broad and illustrate the diversity and importance of light-activated tools in a variety of
scientific fields. The applications of fluorophores include diagnostics, biological

discovery, biomedical research and as sensitizing dyes for photovoltaic devices.

There is increasing demand for chromophores with highly specific optical properties.
Meeting these demands can improve the performance of chromophores for a variety
of applications. A classic example of this is long wavelength photon absorption and
emission. This is predominantly due to the strong compatibility of infra-red light with
biological tissue. The intricacies of biological events can be monitored safely and
accurately using target specific fluorophores that are activate within the biological
optical window; this is typically above 600 nm. Other highly desirable characteristics
of long wavelength fluorophores include solvatochromism, environmentally
dependent fluorescence emission, target specificity and non-cytotoxicity. In addition,
sensitizing dyes active at longer wavelengths promote faster electronic
recombination, thus improving the power conversion efficiency of photovoltaic
devices. There is a consequential impetus to design chromophores with finely and
reliably tuneable photophysical properties that can be applied as specialized light-
activated tools. Designing chromophores with these desirable properties requires a
detailed understanding of the structure activity relationships (SAR) between

chromophore design and photophysical properties.

A series of 17 organic chromophores built around the BODIPY molecule have been

designed and synthesised to address these demands. Functionalisation has been



carried out at three different positions of the BODIPY molecule, with substituents
ranging in steric bulk, polarity and electronic effect. Photophysical profiles have been
determined including absorption and emission spectra, alongside computational
modelling to establish molecular orbital stabilities. From these data, correlation
between substituents and loci on the BODIPY construct, and resultant photophysical
properties and application potential has been established. Establishment of structural
activity relationships enables fine-tuning of spectral properties to facilitate the

development of specialised chromophores able to meet specific application demands.

Long wavelength chromophores with environmental sensitivity can be applied in
several applications. The designed BODIPY analogues have been successfully
applied for target-specific bio-imaging of lipophilic membranes. The “switch-on”
fluorescence enables visualization of lipid membranes with good signal-to-noise ratio,
with biocompatibility and low cytotoxicity. A fluorophore integrating all desirable
properties is expected to drive bio-imaging of cells, tissues and organisms to facilitate
detection, observation and control of biological systems, and promote research and
diagnostics. The photophysical profiles of some of the analogues also allows them to

perform as sensitizing dyes in dye sensitized solar cells (DSSCs). This has been

undertaken successfully using two of the generated analogues.



Impact statement

The research described in this thesis explores the potential of multifunctional
fluorophores for a range of applications in chemical and biological research. These
extend from fluorescence imaging and probing of biological environments to

sensitizing dyes for photovoltaic devices.

Designing chromophores for biological applications requires a fundamental
understanding of the relationship between chromophore structure and spectroscopic
properties. The insight from developing structure activity relationships will enable the
development of novel fluorophores with rationally designed photochemical properties,
including absorption towards the near infra-red. The impact of long wavelength
absorption facilitates in vivo application due to its inherent lower toxicity and deeper
reach into biological tissue. Further, implementing photocaging for accurately
controlled photorelease of drug molecules could reduce side effects during
applications such as disease treatment. In combination with other favourable
properties such as good target specificity and intense fluorescence emission, these
attributes could broaden applicability to encompass a wide range of biological targets
with excellent spatial and temporal control. Subsequent increased understanding of
biological structures using deep tissue imaging could lead to superior diagnostic

techniques, facilitate the development of novel drugs and improve public health.
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Chapter 1

Introduction

Light is a highly attractive candidate for chemical and biological research, primarily
because it can be applied both globally and locally with predictable orthogonality.*
With easily controlled direction, amplitude and time of exposure, light can be readily

manipulated to rapidly reach a target.?

Chromophores are regularly used as targets for a broad range of applications. To
achieve application specificity, fine-tuning of physical and chemical properties is
required. To understand this, correlation between photophysical profiles and
structural design must be established. By determining structure activity relationships
(SAR) between chemical structures and resultant properties, chromophores with
exact and accurately predictable properties can be developed. With this, light
responsive tools designed to address highly specific targets and functions can be
prepared for applications ranging from biological imaging and diagnostics to

photovoltaic devices.

Selective targeting in biomedicine becomes challenging when addressing disorders
not localised to a unique receptor. Diseases such as cancer require targeting of cells
that despite being oncogenic, often present as a biologically analogous to healthy
cells. The clear requirements for this involve selective targeting of cancerous cells

within the relevant areas of the body without damage to non-cancerous cells. With
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increasing development of DNA/RNA targeting treatments for cancer, the importance
of drug selectivity cannot be overstated, particularly given that a large majority of the
genome is not yet understood.?® The development of chromophores with highly
specific photophysical properties, such as activity at wavelengths towards the near
infra-red and solvatochromism, can be used to address these demands. As such,
establishing SAR for chromophores is vital for the successful design of highly effective

tools.

1.1 Long wavelength chromophores

There is increasing desire for chromophores that are active at long wavelengths,
particularly towards the near infra-red. Meeting these demands enables the use of
multiple chromophores in a singular system, each with unique photophysical triggers.
Without this it is difficult to selectively target individual chromophores, in part due to
spectral overlap. This does not only improve the variety of chromophores available,

but also facilitates biological compatibility.

The optical requirements for biological studies using light as an endogenous trigger
can be best understood by examining the paths of radiation upon interaction with
human skin.* The least problematic factor is reflection, which can occur directly at the
boundary between skin and the air, and also between the layers below the surface of

the skin. This has only a minor effect on the biological efficiency of light penetration.

Both the scattering and absorption of photons pose a threat to efficacy. Scattering
occurs as a result of collagen fibres, which in turn limit the depth to which photons
can penetrate biological tissue. This effect is minimised when wavelengths of light
within an optical window of 600-1300 nm are used. Here, maximum penetration of
tissues with minimal scattering is achieved, which ensures specific and efficient
targeting.® Use of these longer wavelengths also minimises damage to surrounding

healthy tissue, as short wavelengths of light can destroy biological material.®’
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Absorption of photons by cellular components also affects the availability of light in
vivo. The key chromophores present in biological systems are haemoglobin (Hb) and
melanin, which easily absorb light below ~600 nm. To improve the efficiency of photon
delivery, light of wavelengths above 600 nm should therefore be applied to minimise
absorption by melanin, Hb and oxygenated Hb (Figure 1). This absorption impedes
both the penetration depth and quantum yield of photon delivery for wavelengths
below 600 nm. Similarly, water significantly absorbs wavelengths of light above 1300
nm. This therefore limits desirable wavelengths to the optical window indicated in
Figure 1.8 Thus, there are increasing efforts to design and synthesise chromophores

that absorb light within this window.
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Figure 1: Graph to show the relative absorption spectra of the main chromophores in

biological tissue®

The design and development of novel chromophores is challenging. Accurate
prediction of absorption wavelengths mostly relies on Woodward-Fieser rules; this set
of empirically derived rules can guide predictions for maximum absorption
wavelengths for organic compounds. Briefly, this methodology correlates numerical
changes in maximum absorption wavelength with the addition of functional groups,
such as a diene. However, these can be unreliable, given the complexity of electron-
electron and electron-hole interactions within a chemical system. Moreover,

chromophores should be biocompatible which, beyond estimating lipophilicity based
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on molecular mass and the presence of hydrogen donors and acceptors using

Lipinski’s rules of 5, is difficult to accurately forecast.

One of the most regularly applied techniques to increase absorption wavelengths is
therefore the modification of existing chromophores, such as porphyrins, coumarins
or boron dipyrromethenes (BODIPYs). There are four key methods utilised to
increase maximum absorption wavelengths for chromophores: 1) extension of the
conjugated system; 2) addition of auxochromes; 3) inclusion of sulphur or heavy

atoms; 4) introducing strong electron withdrawing groups.®

Extension of the conjugated system increases maximum absorption wavelengths by
narrowing the gap between the HOMO and LUMO. Hence the energy required for
electron promotion is decreased, and the associated absorption wavelength

increases proportionally.

Auxochromes induce a similar effect on HOMO-LUMO gaps, changing the energy
difference and resultant wavelength of absorption for the chromophore. These are
normally small organic functional groups that can facilitate this effect due to their non-
bonding electrons. They are typically situated at the terminus of an unsaturated
carbon chain. Delocalisation of these non-bonding electrons within the conjugated
system of the chromophores simulates extension of the 11 system, typically inducing
a bathochromic shift. Auxochromes can be either acidic or basic, and include amines,
carboxylic acids and alcohols. The efficacy of these tools is therefore pH dependent;
for example, acidic environments will restrict the availability of the lone pair of an
amine, reducing the magnitude of the bathochromic shift. Sufficiently low pH could
therefore completely supress any changes in absorption wavelength that would

otherwise have been caused by auxochromes.

Figure 2 shows the effectiveness of increasing the size of conjugated systems and
including auxochromes, on the maximum wavelength of absorption. Here, extension
of the conjugated system of a BODIPY chromophore leads to a bathochromic shift of
125 nm between compounds 1 and 2. In addition, the addition of auxochromes, such

as methoxy groups, causes a further increase in the absorption maximum of 21 nm
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for compound 3. As expected, the effectiveness of the auxochromes is less than
conjugation size, given that the addition of the methoxy group is approximately
analogous to increasing the size of the conjugated system by one 1 bond. These
examples demonstrate the potency of these strategies to achieve longer wavelength

chromophores.

515 nm 640 nm 661 nm

Figure 2: BODIPY analogues indicating the effects of chemical modification on

maximum absorption wavelengths*®

The inclusion of sulphur or heavy atoms, often in place of oxygen atoms, have been
shown to increase absorption wavelengths. In the case of thiocarbonyls for example,
longer absorption wavelengths are caused by the energy mismatch between carbon
and sulphur orbitals in comparison to the overlap between carbon and oxygen
orbitals. This results in a longer and weaker C-S bond compared with a C-O bond,
narrowing the gap between the HOMO and LUMO and increasing the wavelength of
photons required for excitation between these two orbitals. This effect is magnified

with larger elements such as selenium or tellurium.!

Electron withdrawing groups provide a useful strategy for increasing absorption
wavelengths for chromophores. Their incorporation into conjugated systems can
induce large dipole moments which increase photoinduced intramolecular charge
transfer. The resultant shift in absorption is bathochromic, the extent of which is
limited by the size and design of the conjugated system. Larger linear systems

typically cause greater bathochromic shifts.*?
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Figure 3 shows three coumarin moieties, compounds 4, 5 and 6, that demonstrate
the efficacy of these modifications on the photophysical properties of coumarin
chromophores. Here, the simple substitution of a lactam for a thiolactam increases
the maximum absorption wavelength by 75 nm. In addition, introduction of a cyano
substituent within the conjugated system causes a further shift in absorption

wavelength of 45 nm in the bathochromic direction.®

o) o o)
o o o
= S = CN
o 0" Yo o 0 s o 0 s
323 nm 398 nm 443 nm
4 5 6

Figure 3: Coumarin analogues that show the effects of chemical modification on

maximum absorption wavelengths®

Typically, efforts to modify existing analogues combine multiple strategies to achieve
precisely designed chromophores with a range of wavelengths within the desirable
optical window of 600-1300 nm. The fine-tuning of molecules to achieve
photophysically unique profiles is fundamental to the use of chromophores as
specialised tools for chemical and biological research. This would allow multiple
chromophores to be used distinctly in a single system, without overlapping of

absorption wavelengths.
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1.2 Principles of fluorescence

Fluorescence was first observed, although most likely not fully understood, in the
sixteenth century.®® This phenomenon describes the process by which light is emitted
from a substance, referred to as a lumophore, which has absorbed either light or
electromagnetic radiation. Conceptually this is fairly simple; photons are absorbed
from an external source and the energy is subsequently released as light, normally of

lower energy.* This process is depicted in Figure 4.
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Figure 4: Jablonski diagram demonstrating the different decay pathways electrons

may take from the excited singlet and triplet states back to the ground state

The Jablonski diagram (Figure 4) shows the electronic transitions that occur during
excitation from an external source. Excitation occurs from various vibrational energy
levels as electrons within the ground state (So) are excited to the higher energy singlet

state (S1) upon absorption of light. Vibrational relaxation to the lowest vibrational
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energy level of the excited singlet state enables emission of fluorescence as electrons

subsequently relax and return to the lower energy ground state.

Other than fluorescence, there are two major alternative pathways for the transfer of
energy from the excited singlet state. The first of these occurs when light is absorbed
in the presence of quenching groups. Fluorescence quenching can be partial or
complete, taking place as a result of heavy metals,*® other fluorescence acceptor
molecules,'® or changes in the environment, including pH,'® temperature!’ and
oxygen concentration.® When this quenching takes place, photons are forced to
undergo non-radiative decay, during which the excited fluorophore transfers its
energy to the quenching species. This occurs because fluorescence quenchers, in
particular heavy atoms, can strengthen spin-orbital coupling; this increases the rate
of intersystem crossing to the excited triplet state. The resultant emission takes place

by phosphorescence instead, decreasing the yield of fluorescence emission.®

Non-radiative decay may also occur from both the singlet and triplet excited states.
This is shown in purple in Figure 4. Major processes by which this can occur include
bond rotation and vibration, molecular collision or photoinduced electron transfer.
Consequently, it is unusual for fluorescence quantum yields to be quantitative, as loss

of energy via non-radiative decay is inevitable in most cases.

Fluorescence emission from a material is theoretically continuous unless processes
such as photo-bleaching occur. This occurs during irreversible photolytically induced
molecular decay, often as a consequence of overexposure to a light source. This is
typically caused by an overproduction of reactive oxygen species, predominantly
singlet oxygen. It is possible to minimise this effect by reducing exposure to excitation
sources maximising emission detection efficiency or adding antifade reagents.
Although often unnecessary, antifade reagents are reactive oxygen species
scavengers and thus can mediate photo-bleaching. Examples of these reagents

include DABCO and PPD.
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1.3 Fluorophores

A number of different strategies are used to design fluorophores. There are three key
categories of fluorophores: fluorescent proteins, quantum dots, and synthetic organic

fluorophores.

1.3.1 Fluorescent proteins

Fluorescent proteins were first discovered during the 1960s when Shimomura et al.
observed the emission of blue light from bioluminescent protein Aequorin in
Jellyfish.?® This was discovered to work in tandem with another protein, later named
green fluorescent protein (GFP), to trigger a fluorescent response from the conversion
of Ca?" induced luminescence into green fluorescence emission upon illumination
with UV light. In 1992, Prasher et al. presented the full mechanism for this emission,
demonstrating how GFP could be used for a number of functions outside its native
Jellyfish host.?* The structure of fluorescent proteins consists of an intrinsic
chromophore that forms a central helix and is surrounded by an 11-stranded 3-barrel.
The nature of this structure shields the chromophore from biological metabolism,
maintaining its integrity and stabilising the structure.?? This insight opened the door to
the engineering of modified GFP analogues that are capable of emitting different
wavelengths of light, including blue, yellow and orange.?® These mutant proteins have
been employed for a variety of functions, for example, as a reporter gene,?* to monitor
environmental changes such as pH?® and for selective bio-imaging.?® Of particular
interest is the development of red fluorescent proteins (RFP). The significance of
these cannot be overstated, as the increase in fluorescence emission wavelength
broadens the application potential to in vivo studies where longer wavelengths of light
are required to maximise tissue penetration with minimal scattering of light. These
were not described until 2008, when Miyawaki et al. discussed the first successful
design of a fluorescent protein with fluorescence emission maxima above 529 nm.?22’
Here an emission maximum of 585 nm was achieved. Despite the marginal increase

in emission, this was significant, given that no progress had been made in the 15
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years since the structure of GFP was presented. More recently, efforts have moved
to alternative sources, the most consequential of which was extracted from reef-
building corals, Anthozoa Scleractinia. This protein has a fluorescence emission
maximum of over 600 nm and is currently paving the way for the use of fluorescent

proteins at wavelengths towards the infra-red.?226:2829

Fluorescent proteins are particularly advantageous as their structural complexity
permits targeting of a broad range of stimuli. These range from whole biological
systems to subcellular components, often targeted non-invasively with good spacial
and temporal precision. Their intrinsic biocompatibility enables facile use in a
biological setting with little chance of undesired toxicity.*° They are also much smaller
than traditionally used fluorescently tagged antibodies, making them easier to work
with in a biological environment. Despite this there are some drawbacks to fluorescent
proteins. Expression of mutant proteins often requires an artificial increase in protein
expression which can be expensive and disrupts cellular physiology. In addition, more
extreme modifications to the protein can result in fragility and a decrease in target

compatibility.
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1.3.2 Quantum dots

Quantum dots comprise the second class of fluorophores and were first documented
in 1981 by Ekimov et al.>* They are built from as few as 100 to as many as 100,000
atoms to form nanoscopic semiconductor particles normally ranging from 2 to 10 nm
in diameter.3* Exposing these particles to photons enables an excitation/emission
response comparable with that of a single molecule, despite the presence of multiple
particles.®> The region of activity within the electromagnetic spectrum is
predominantly dependent on the size of the quantum dot, with wavelength increasing
proportionally with size. Hence, controlling the spectroscopic profile is facile, with
minimal modification required to achieve tuneable emission within a range of a few
hundred nanometers.*? It is also possible to moderate these photophysical properties
by changing patrticle size and dispersity, or by chemically modifying the surface of the
material. Emission wavelengths of over 1000 nm have been achieved using quantum
dots, far superior to GFP or RFP. This has been realised using a combination of
cadmium, lead and tellurium to build the semiconductor surface.®® Therefore, this
nanotechnology provides a highly credible alternative to fluorescent proteins. In
comparison, quantum dots also tend to exhibit greater intensity fluorescence
emission that is easily detectable.®* In addition, they are highly photostable, have a
long fluorescence lifetime, provide a good signal-to-noise ratio and are mostly

resistant to photo-bleaching.*®

The main challenge for the application of quantum dots is their poor biocompatibility,
due to mostly being constructed from toxic heavy metals.*¢*” However, steps have
been taken to generate biocompatible quantum dots.*? These range from using living
organisms as bioreactors,®3° taking biomimetic approaches such as artificial cellular
structures or biomolecules,***? and chemically modifying the surface material.*® It is
projected that these advances will facilitate a broader range of applications to an

otherwise ideally designed fluorescent system.
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1.3.3 Organic fluorophores

The final class of fluorescent tools are organic fluorophores. Organic fluorophores
with spectroscopic activity in the near infra-red are regularly used in chemical and
biological research. Control of molecular structures at an atomic level enables highly
specific design of optical properties for specialised applications. For example,
aromatic hydrocarbons with high 11 electron densities inherently have high a molar
absorptivity and fluorescence emission that varies with polarity. This can be attributed
to narrowing of the gap between the 1 and 11* orbitals. Electron withdrawing groups
can also be used to increase quantum vyields of fluorescence. Control of spectral
properties helps with molecular design to meet specific applications. Furthermore,
organic fluorophores tend to have sharp absorption bands, making them ideal for use
in conjunction with other fluorophores that are active in different regions of the

electromagnetic spectrum.

The earliest well established example of a small molecule organic fluorophore was
the natural product quinine.** Although often overlooked due to its potent antimalarial
properties, quinine played a crucial role in our understanding of fluorescent
molecules.*® Since then a number of other endogenous fluorophores have been
utilised, including aromatic amino acids such as tryptophan, for applications ranging
from fluorescence quenching to ligand binding.* In a number of these cases,
environmentally dependent fluorescence emission proved extremely useful. Since,
there have been numerous synthetic organic fluorophores active towards the near
infra-red region that were designed to meet a variety of functions. The most commonly
used can be categorized into different classes: cyanines, squaraines, naphthalenes,
anthracenes, pyrenes, xanthenes, acridines, coumarins, oxazines, tetrapyrroles and
BODIPYs. The latter of these classes, BODIPY, are discussed in greater detail in

Section 1.6.

Cyanine dyes are organic molecules typically constructed from two nitrogen bearing
heteroaromatic rings conjoined via a polymethine bridge.*® This connecting bridge

varies in length, with longer absorption and emission wavelengths normally measured
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for longer bridges. Typically, most derivatives have spectroscopic profiles in the
visible region, however modification of the scaffold has enabled to significant
bathochromic shifts.*” A number of cyanines have achieved emission wavelengths
above 700 nm and have been applied commercially, with success, as fluorescent tags
and biomarkers. An example of this, Cy7 (compound 7, Figure 5) contains 7 methine

groups; it absorbs light at 755 nm and emits fluorescence at 788 nm.*’

Cyanine fluorophores are highly desirable not only due to their variety of absorption
wavelengths, but also because of their large molar extinction coefficients, tending
towards 10° M-*cm™. Their structural diversity also lends itself to conjugation to other
molecules, such as semiconductors and biological structures.“® They are cationic and
hence they have also been employed as fluorophores in biological probes,
semiconducting materials and even for monitoring blood flow. Cyanine fluorophores
were among the first to be approved by the FDA for use in medicine.*® Nevertheless,
many analogues suffer from poor fluorescence emission vyields in agueous
environments, aggregation, poor photostability and small stokes shifts. The latter of
these is particularly problematic as reabsorption of fluorescence emission due to
overlapping spectra, compromises the yield of detectable response. Typically, the R
group consists of a hydroxyl group or an NHS-ester to permit coupling to other

structures.

Figure 5: Example of a cyanine fluorophore, Cy5*’
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Recent developments have sought to overcome these insufficiencies, with particular
focus on instability. This was proposed by Nani et al. in 2015; they demonstrated that
increasing the rigidity of the polymethine linker not only improves photostability, but
also the quantum vyield of fluorescence emission.*® Hence, this class of organic
fluorophores has great scope for a range of applications, which are showing

increasing development and improvement.

Squaraine fluorophores are notable for their zwitterionic structure. Their design
focuses around an oxycyclobutenolate core with aromatic or heterocyclic components
at either ends of the molecule.*® A variety of structural designs are possible for these
dyes, resulting in a broad range of physical and chemical properties. It is hence
possible to construct fluorophores with high sensitivity and specificity with
photophysical properties that are heavily dependent on the external environment. An
example of this style of fluorophore (compound 8, Figure 6) demonstrates the highly
conjugated nature of these compounds.® This particular fluorophore has absorption
and emission wavelengths close to 700 nm, with significant environmentally
dependent fluorescence emission and solvatochromism. This dependency was
demonstrated using organic solvent MeOH, aqueous buffer and BSA. This study
shows the value of a fluorophore with a photophysical profile dependent on external
factors. This could be exploited to examine the hydrophobicity of biological systems,
for example. Hence, squaraines are ideally designed as responsive probes.*® Further,
squaraines possess high molar extinction coefficients in the same region as cyanine
dyes, towards 10° M*cm™. They rarely show photolytic instability and generally have

good fluorescence quantum yields.46:5°

Despite this, the agueous solubility of squaraines is poor, hindered by their large
planar conjugated 1T systems; therefore, biocompatibility is low. Of those that are
soluble in water, few emit fluorescence at wavelengths towards the near infra-red in
an aqueous environment. In light of this, synthetic modifications have been
undertaken to introduce substituents designed to increase surface polarity and
reduce aggregation.®®> This has been carried out successfully, by drastically
increasing the size of the structure and incorporating charged substituents. The

application potential of squaraines has improved with this development.“® However,
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the chemical composition of squaraines makes them reasonably reactive. This proves
increasingly problematic when these fluorophores are used in complex environments,
such as a biological system. This can result in aggregation and changes to the
expected fluorescence emission, potentially rendering the fluorophores useless.
Combined with the relatively small stokes shifts, accurately recording fluorescence

emission from these highly reactive fluorophores can be challenging.

Figure 6: Example of a squaraine fluorophore®?

Naphthalenes, anthracenes and pyrenes are structurally similar fluorophores. The
core characteristic of each revolves around a planar 1 system constructed from either
two (compound 9, Figure 7), three (linearly arranged, compound 10, Figure 7), or four
(stacked, compound 11, Figure 7), benzene rings respectively. Specific photophysical
properties are often achieved by extensive modification. Their inherent design with
densely conjugated rings lends itself to long absorption wavelengths. For this reason,
pyrenes are often selected as the most suitable long wavelength fluorophore.
Moreover, lifetimes of the excited states for pyrene have been recorded above 100
nanoseconds, which is particularly advantageous for efficient and reliable
fluorescence imaging.*® In comparison, the lifetime of the fluorescence excited state
for cyanine fluorophores has been measured as less than 1 nanosecond.®® Facile
functionalisation of the core structure enables conjugation to a range of target
structures, making fluorescence tagging relatively simple. Without the addition of

substituents however, these fluorophores alone offer little benefit in the efforts
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towards fluorophores that are biologically compatibility, with respect to solubility and

long absorption maxima.
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Figure 7: Examples of naphthalene, anthracene and pyrene fluorophores®+->¢

To combat this, efforts have been undertaken recently to develop napthalenes,
anthracenes and pyrenes with better water solubility. Techniques have ranged from
incorporating biologically relevant groups such as amino acid mimics®’ to the design
of amphiphilic structures.®® With these advances, it has been possible to use these
fluorophores for applications including the imaging of biological structures such as
proteins®®, detection of inorganic ions®®"%® pH responsivity®® and even to probe

macrocycles.®°

Two other classes of fluorophores are based on derivatives of the anthracene
structure. Xanthene and acridine are heterocyclic analogues with either an oxygen or
nitrogen atom in place of one of the central carbons, respectively (Figure 8). The most
well-known and widely used xanthene is Fluorescein (compound 12), a fluorophore
which has shown great longevity, having been first synthesised in 1871.% Since then,
the core structure of Fluorescein has been extensively modified to yield fluorophores
active in unique photophysical niches of the electromagnetic spectrum. Fluorescein
derivatives were also the first fluorophores to be successfully utilised in
immunofluorescence microscopy and are still regularly used in medicine today, most

commonly in optometric diagnostics.®!
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Figure 8: Examples of xanthene, acridine and rhodamine fluorophores®2-%4

Analogues of these fluorophores, referred to as Rhodamines (compound 14), also
have similar photophysical properties and are regularly used in similar applications,
depending on the photophysical requirements. The biological applications of these
fluorophore derivatives are extensive: ophthalmic imaging, analyte detection® and

even oncologic surgery.®®

These fluorophores are generally photostable, produce intense fluorescence
emission and have easily fine-tuned photophysical properties, which can afford a
broad range of fluorescent tools.®* Furthermore, as they are normally zwitterionic,
aqueous solubility is rarely a challenge.* Despite this, tautomerisation between the
lactone and quinoid forms of the structures of xanthene and rhodamine restricts their
use in less polar environments (Scheme 1). With the closed form favoured in a non-
aqueous environment, fluorescence emission is completely inhibited. As a result, they

are unsuitable for probing complex lipophilic environments.

12 12a

Scheme 1: Tautomerization between the lactone and quinoid forms of xanthene

fluorophore, fluorescein
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Coumarin dyes are based around a benzopyrone core; this structure lends itself to
photostability, low toxicity and intense fluorescence emission.®” These fluorophores
have fairly large stokes shifts®® (~30-60 nm), making them suitable for imaging with
other photophysically distinct fluorophores without the concern of optical overlap.®®
The applications of coumarins are very broad and they are widely used in cosmetics
and perfumes, as well as for biological imaging, fluorescent labelling and dye
sensitized solar cells.®”* The coumarin scaffold even forms the basis of fundamental
medicine, Warfarin.”® Analyte detection with these compounds can encompass a
broad range of anions and metal ions, often with multiple substrates detected using
the same analogue.’ "2 Despite these advantages, coumarins typically absorb below
500 nm, which limits their use in a biological setting. They are therefore unsuitable for

in vivo applications.®’

COOH

Figure 9: Example of a coumarin fluorophore

A less commonly used group of fluorophores are constructed from oxazine
heterocycles, each consisting of a doubly unsaturated six membered ring with an
oxygen and a nitrogen atom. Several isomers can be synthesised by changing the
relative positions of these heteroatoms and unsaturated carbons. Oxazine
fluorophores active towards the near infra-red often consist of multiple oxazine rings.
These compounds show good molar absorptivities and fluorescence emission
guantum yields. Although absorption wavelengths are typically not as long as for
some fluorophores, oxazines can be used in a biological setting for techniques such
as cell viability studies and ELISA assays**®, the staining of biological tissues
including specificity to nervous systems’7®, super-resolution microscopy’® and the
probing of biological targets such as esterases.’” Widely used fluorophores such as

Nile Red and Nile Blue (compound 16, Figure 10) are classed as oxazine dyes and
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are used often in biology and histology as lipophilic stains, and even as sensitizers in

photodynamic therapy (PDT)."®

0 0
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Figure 10: Example of an oxazine fluorophore, Nile Blue’

Tetrapyrroles are built from four pyrrole moieties that are interconnected to form a
macromolecule with high electron density. An example of a tetrapyrrole fluorophore,
naphthalocyanine, is presented in Figure 11, compound 17.7° These fluorophores are
normally intensely coloured and absorb light at long wavelengths, often above 600
nm.” However, the bulky aromaticity of many porphyrin analogues is incompatible
with aqueous solubility; this issue has been addressed by extensive structural
modification using, for example, PEG groups to form charged micelles and ensure
aqueous solubility.® These fluorophores are photostable and therefore regularly
employed in medical applications, such as photodynamic therapy. They have narrow
optical windows, normally less than 20 nm, which makes for an efficient fluorophore,
compatible with other fluorescence techniques without issues such as absorption and
emission spectral overlap.®! Increasing structural complexity, including the
introduction of coordinated metal ions, enables their use in diagnostics, permitting
visualisation of biological structures in the visible and near infra-red spectrum, of

malignant and other abnormal tissues.®?
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Figure 11: Example of a porphyrin fluorophore’

All these fluorophores have photophysical profiles that are promising for a range of
applications. However, each class of fluorophore presents some problems, limiting its
full application. These range from poor biocompatibility and photostability, to narrow
optical windows. Yet, with the great potential of these fluorophores, alongside the
need for their optimisation, it is expected that their development will remain an area

of intense focus in the near future.

1.4 Environmental sensitivity

Fluorophores with photophysical properties that are dependent on the surrounding
environment are valuable for probing biological systems. These sensitive probes
normally respond to environmental changes including, but not limited to, viscosity, pH
and polarity. Their environmental sensitivity is reflected in distinct detectable variation
in absorption and emission wavelengths (including solvatochromism) and/or
fluorescence emission intensity.®® In the most efficient environmentally dependent
fluorophores, environmental changes can result in complete quenching of
fluorescence emission, leading to “on/off” fluorescence. These probes are particularly
valuable in the investigation of biological systems. The conjugation of environmentally
sensitive fluorophores to relevant biomolecules such as nucleic acids or proteins can

facilitate drug delivery®*®®, bio-sensing®, diagnostics®’ and many other applications.
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Molecular sensitivity towards a specific biological target can thus enable a “light
switch” effect, by which fluorescence emission is only detectable upon the fluorophore

reaching the target.

Sensitivity to changes in pH is common, particularly for small organic fluorophores.®
A classic example of this is Fluorescein, which is highly sensitive to changes in pH
due to its structural rearrangement to a non-fluorescent state.*® This effect has also
be observed in oxazine fluorophores, such as resorufin, which can be used as
fluorescent labels.*® These techniques have been refined to improve sensitivity,
during which changes in pH across a range of only 1.28 have been successfully
monitored.>®# This is vital for biological applications as variation in pH tends to be

smaller due to the innate buffering nature of biological systems.

Although less common, sensitivity to changes in viscosity have also been explored
using sensitizing fluorophores. These are valuable in a biological setting as variation
in viscosity is common during intracellular reactions.®>°! In addition to exploration of
cellular processes, abnormal fluctuations in viscosity can identify a number of
diseases.®? Hence, fluorophores sensitive to moderations in viscosity can be
fundamental to early diagnostics. This field has included the introduction of a strategy
known as molecular rotors, whereby conformational changes of a fluorophore,
caused by changing viscosity, can induce variation in quantifiable fluorescence

emission.®°

Detection of polarity changes is one of the most valuable uses of environmentally
sensitive fluorophores.®® In a biological setting, especially at a cellular level, polarity
can affect the activity of many proteins, and also influence the permeability of cellular
membranes. This can directly affect the higher order functionality of a biological cell.
Therefore, understanding and monitoring of polarity changes in a biological setting is
an important strategy for exploration at a molecular level. This could ultimately lead
to a better understanding of the onset of diseases. Typically the most accessible
targets for these sensitive probes are lipophilic membranes.® These can vary from
large extracellular membranes to smaller lysosomes, which are fundamental to the

interactions between enzymes and substrates.®® Application of these probes can
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therefore provide insight into the complexities of chemical and biological

processes. %%

The conjugation of environmentally dependant fluorescent molecules to biologically
relevant substrates is increasing in importance. Macromolecules such as DNA have
been tagged with sensitive fluorophores to monitor DNA replication and protein
synthesis.®9" In 2013, Suzuki et al. attached solvatochromic fluorophores to
oligonucleotides in order to monitor DNA duplex formation. Here, they demonstrated
how stable base pairing within the duplex with concomitant localization of a
naphthalene fluorophore enabled “switch-on” fluorescence emission.® This illustrates
the relevance of environmentally sensitive fluorophores and indicates their potential

for biological investigation.

The design and application of fluorophores with environmentally sensitive
fluorescence emission is fundamental to the exploration of biological systems. The
optimisation of these probes could improve understanding of these systems with high
target specificity and accuracy. This could lead to improved strategies to address
biological abnormalities, particularly in medicine, potentially culminating in disease

management or treatment.

1.5 Organic fluorophores for near infra-red bio-imaging

Our understanding of biological processes is heavily dependent on our ability to
comprehend these complex systems on a microscopic level. As a result, there is an
increasing need to visualize biological components quantifiably in a biological context,
with good spatial and temporal accuracy. Advances in fluorescence microscopy have
led to a decrease in reliance on lower resolution optical microscopy, and facilitated
more complex and accurate biological exploration.®® Previously, due to the
undesirable random scattering of light, imaging was limited to surface observation,
restricting our understanding of in vivo systems. This progress in bio-imaging
technology has allowed much deeper biological visualization to take place.®® This

imaging is vital for diagnostics, biological discovery and biomedical research. For
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most bio-imaging applications, the fluorescent tools tend to show little to no biological
activity. This minimises disruption to natural biology and ensures an accurate insight

into a biological system.

Whilst fluorescent proteins?®*° and quantum dots**%® have been used for bio-imaging
with relative success, organic fluorophores are the most suited to this application.
This can be attributed to the high cost, complexity and biological activity of fluorescent
proteins, and poor biocompatibility and cytotoxicity of quantum dots.®” Moreover
organic fluorophores are relatively easy to produce on a large scale and can be
conjugated to other biomolecules such as DNA, proteins or antibodies.*® Easily
controlled spectroscopic profiles enable accurate design function for specific
biological targets. Variation in fluorescence spectra can predictably characterize
chemical and physical behaviour of organic molecules, permitting accurate SAR

driven design.

For organic fluorophores, there are some key requirements for below surface imaging
of biological systems. Most importantly, detectable fluorescence emission should take
place at long wavelength, ideally towards 700 nm to allow deep tissue imaging with
minimal photon scattering or phototoxicity. This also applies ideally to both absorption
and excitation wavelengths. Additionally, this takes advantage of the low endogenous
cellular optical activity for this wavelength region. This optical window can vary based
on the depth of penetration required to accurately image any given target.
Furthermore, molecular selectivity for specific biological structures is highly desirable
for accurate unperturbed imaging. Biocompatibility is essential to avoiding
aggregation and cytotoxicity. Compatibility with other biological exploration
techniques, such as cellular trafficking studies, is also desirable to permit the use of
organic fluorophores in a variety of applications without severe disruption of biological
systems. Fluorophores should also be sufficiently sensitive to respond to low light
intensity to reduce the chances of photo-bleaching or photolytic degradation of
samples. Similarly, the fluorescence emission should be easy to monitor and control,
with high spatial and temporal precision. A “switch on” effect, whereby fluorescence
emission increases upon binding to a target either automatically or after initiating with

an external trigger, is highly advantageous. This can help minimise background
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emission, improving signal-to-noise ratio to ensure highly accurate imaging of
biological structures. Normally this effect is achieved by solvatochromism and/or

environmentally dependent fluorescence emission.

Ideal fluorophores would possess all of these characteristics; however, it is possible
to optimise light conditions to compensate for any shortcomings. These can include

modification of detectors or filters to remove background signal, for example.

Many prevalent near infra-red fluorophores are cyanine based. The first of these used
for in vivo imaging was indocyanine green, which was approved for the monitoring of
cardiac output, retinal angiography and hepatic function.®% It was also shown to
rapidly accumulate in malignant tissues, permitting efficient imaging of solid tumours.
Moreover, indocyanine green has been employed for image guided surgery, which
has enabled a dramatic improvement in the precision of the surgical removal of
diseased tissue.'® Cyanines have also been conjugated to tumour seeking
antibodies and radioactive nucleotides. This has enabled facile fluorescence imaging
of cancer cell lines.** Combining cyanines with a variety of antibodies could therefore

open the door to the fluorescence imaging of a range of biological targets.

Porphyrins are some of the most favoured designs for near infra-red bio-imaging. This
is predominantly due to their excellent molar absorptivity and fluorescence emission
towards the near infra-red.'°? They are also photostable and are regularly used in
PDT.8" An example of this is Verteprofin, a PDT agent that is active at 690 nm.03
Similarly, squaraines and xanthenes have been used in bio-imaging. The former has
been shown to have excellent bio-compatibility, enabling highly efficient imaging of
cancer cells. They have even demonstrated the ability to target specific cellular
receptors with good selectivity.?%4-1% Xanthenes have more recently become some of
the most widely used fluorophores, despite their typically shorter emission
wavelengths relative to other dyes. Yet, efforts have achieved analogues active at
increasingly longer wavelengths.%” This, combined with unusually large stokes shifts

(up to ~200 nm), make xanthenes promising candidates for bio-imaging.®*
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Large stokes shifts have also been measured for other cell imaging fluorophores. In
2017, Abeywickrama et al. introduced a structurally simple pyrene based nuclear cell
stain with a stokes shift of 140 nm into the red region.® This was enabled by ICT that
occurred during excitation with an acceptor molecule conjugated to the pyrene core.
This approach was also utilised by Ryu et al. where the fluorescence of a
diketopyrrolopyrrole molecule was effectively controlled by a conjugated electron-rich
pyrrolopyrrole.®® This efficiently increased stokes shifts via charge transfer, with
nitrophenyl groups within the system enabling small solvatochromic shifts in
fluorescence. Polarity dependent fluorescence emission improves the suitability of a
fluorophore for bio-imaging, and hence these works can provide valuable insight into

the development of fluorophores for biological visualization.

There are many examples where the bio-imaging of specific cellular structures has
been achieved. These range from targeting lipophilic membranes to specific cellular
organelles such as lysosomes, endoplasmic reticulum or the golgi body.0%-112
This highly selective bio-imaging is fundamental to understanding chemistry at a
cellular level and has the potential to assist in the treatment and prevention of
diseases with hallmarks localized to cellular organelles. Most recently, a
multifunctional cinnamamide derivative was presented by Yang et al. with the ability
to selectively target mitochondria and function as an anti-cancer agent.'** This
enabled drug delivery with excellent spatial accuracy. Although photophysical activity
in the near infra-red was not employed here, this study demonstrates the importance
of fluorophores with highly specific targeting ability in chemical and biological

research.

A variety of other organic fluorophores have been used to monitor molecular activity
in the near infra-red region besides those described. Many of these are designed to
rely on the increased metabolic rate, and resultant increased cellular uptake, of
cancerous cells to enable specific visualization. Despite this, the scope of bio-imaging
towards the near infra-red is not limited to the detection and treatment of tumours.
Fluorescence technology has been used to image other diseases including
Alzheimer’s disease,'* optical abnormalities,*® arthritis*'® and even for the detection

of bacterial infections.'!” These works have led to increased understanding of disease
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progression, and provided new avenues for treatment potential. For example, with
respect to Alzheimer’'s disease, fluorescent dyes have been used in near-infrared
fluorescence tomography of hallmark B-amyloid plagues in live mouse models.*** This
was highly progressive, given that Alzheimer’s disease typically requires post-mortem
diagnosis.!'® These advances support the extensive potential for the development of

long wavelength fluorescent probes for biological imaging.
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1.6 Boron dipyrromethene

First defined in 1968 by Treibs and Kreuzer, boron dipyrromethene (BODIPY) was
originally reported as a small molecule that is distinguishable by its intense
fluorescence emission.!® Despite its apparent simplicity, it was not until 2009 that the
unsubstituted BODIPY moiety was synthesised and characterised.'®® The initially
described compounds were all substituted at four or more of the positions (as labelled

in Figure 11).119121.122
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Figure 11: The dipyrrin (left), BODIPY (centre) and dipyrromethene (right) cores 23

Although comparable in structure, the IUPAC numbering for the BODIPY core
(compound 19, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacen) is different to the dipyrrin
and dipyrromethene (compounds 18 and 20).12® Nevertheless, the labelling of the
alpha, beta and meso positions (the latter named as such due to analogy with
porphyrin) remains the same throughout all three compounds.*?®> The key attribute
unique to the first two of these classes is the complete aromaticity throughout the
BODIPY core. This complete conjugation throughout the central system accounts for
the intense colours displayed by these chromophores, which are often bright red or
orange.'?* Coordination of the boron difluoride to form BODIPY from the dipyrrin
induces rigidity in the structure. The unusually high fluorescence yields observed can

be accredited to the resultant restricted flexibility.*?®
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1.6.1 Use of BODIPY as a fluorophore

The BODIPY scaffold has been used for a variety of applications, ranging from
molecular probes and imaging agents, to dyes and lasers, and more recently in
PDT.123126-130 \When used as fluorophores, BODIPY analogues have superior
photophysical profiles compared with other long wavelength fluorophores such as
fluorescein or TRITC.'?* The key advantage of using BODIPY analogues is that they
can emit measurable emission that is close to 100% of the maximum fluorescence,
which is not a common characteristic.'?® Combined with design dependent photo and
chemical stability, BODIPY can be used for a range of applications.®® Compounds
containing BODIPY molecules often have small stokes shifts, and sharp excitation
and emission peaks. Therefore, they are easily detectable by analytical techniques
such as fluorescence spectroscopy. Moreover, these molecules are compatible with
biological media, facilitating extensive and varied application. Furthermore, BODIPY
groups are relatively non-polar, electrically neutral and often insensitive to changes
in pH and solvent polarity.??4125131 Thijs results in minimal interference with the
surrounding environment, making BODIPY a useful tools in a biological setting.
Although BODIPY fluorophores sometimes have low molar extinction coefficients, this
can be offset by other factors such as high target accuracy and good signal-to-noise

ratio. The result is clear and spatially distinct fluorescence emission.

Despite its biocompatibility, BODIPY is a known DNA duplex intercalator, which is an
undesirable property for an inert biological probe. Nonetheless, it is projected that
when used in a cellular or tissue-based environment, negligible interaction with
nuclear DNA is expected due to difficulty in penetrating the nuclear envelope.
Moreover, this could be addressed by reducing the planarity of the BODIPY

fluorophore, by introducing substituents, to reduce its intercalating ability.1?°

Typically, BODIPY dyes are not fluorescent in their solid state, which can be attributed
to the efficient fluorescence quenching power of -1 stacking interactions between
adjacent BODIPY molecules. However, this has been challenged, with limited

success, by the introduction of bulky substituents, reducing planarity and
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subsequently minimising these m-m stacking interactions.® More recently, this

quenching has been rectified by entrapment of BODIPY molecules within MOFs. 33

An emerging application of BODIPY constructs is as near infra-red absorbing
fluorophores for biochemical exploration. The core structure of the compound
remains mostly unchanged, yet diverse and extensive modification has provided a
range of analogues with a variety of beneficial properties. Although many BODIPY
based scaffolds show little sensitivity to environmental changes, this can be
successfully altered by promoting intermolecular charge transfer or photoinduced
electron transfer. The result of this is often solvatochromism and/or environmentally
dependent fluorescence emission. This improves the potential of BODIPY for bio-
imaging by ensuring that detectable fluorescence emission is highly specific and

dependent on, for example, changes in polarity or pH.32

BODIPY has shown significant environmental sensitivity. This has been
demonstrated by Barfuelos et al. and Hiruta et al. who presented a BODIPY
fluorophore substituted at the meso position, which had a strong fluorescence
emission response that was dependent on pH.*** In one example, the environmental
change resulted in almost complete quenching of emission.**® It was hypothesised
that this was a result of deprotonation induced movement of the enolate HOMO to sit
between the HOMO-LUMO gap of the BODIPY, facilitating a PET process. Similarly,
in 2011 they proposed further heavily meso modified BODIPY fluorophores. An
increase in polarity prompted population of the red-shifted ICT state, and thus photon

excitation took place from this energy level rather than the locally excited state.%®

The versatility of BODIPY has led to the development of a range of near infra-red
fluorophores, ranging from small molecules that obey Lipinski’s rules, to larger more
lipophilic structures.® Some of these have shown significant environmentally
dependent fluorescence emission, which has been put to effective use in bio-imaging.
In some cases, emission wavelengths of towards 800 nm have been measured.*®*” To
date, this has been exploited for accurate bio-imaging intracellularly, including

biological thiols, reactive oxygen/nitrogen species and other gaseous molecules.!3®
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Monitoring of cellular dynamics has played a significant role in furthering our

understanding of biological events at a molecular level. 139140

The BODIPY scaffold has proved to be versatile fluorescent tool for applications
including the diagnosis of cancer and heart disease. For example, in 2016, Nigam et
al. presented BODIPY derivatives that contained phosphonium ions. These BODIPY
analogues showed significant affinity for mitochondrial membranes. A hallmark of
cancerous and ischaemic heart cells is disruption of the mitochondrial membrane
potential. The prevalent localization of BODIPY in mitochondrial membranes,
combined with its environmentally sensitive fluorescence emission, permitted

detection and monitoring of both malignant cells and oxygen deficient heart cells.*

Therapeutic uses of BODIPY are not limited to cancer detection and eradication.
Rodriguez et al. proposed a method to track the biodistribution of the parasite
responsible for Chagas disease, a condition known to infect organs including, but not
limited to, the heart, oesophagus and secondary lymphoid organs.#> Known anti-
Chagas chemotypes, based on the 2,3-dihydrothiazole system, were covalently
bound to a BODIPY molecule. This enabled monitoring of the in vivo localization of
the Chagas parasite in mouse models. Hence, it was possible to further understand
the pharmacology of the parasite in mammalian systems. This demonstrates the

broad potential of the BODIPY fluorophore in diagnostics and medicine.#?

Since then some creative methods have been utilized to further control the
fluorescence emission of BODIPY molecules. Often these require in situ reactions to
take place. A good example of this is the work of Greene et al. who used nucleophiles
to liberate a BODIPY fluorophore from an emission quenching carbonyl substituent.4®
Perhaps one of the more innovative methods of inducing fluorescence was presented
by Lincoln et al.}** Here, they carried out nucleophilic addition to a non-fluorescent
BODIPY molecule inside a mitochondrial membrane using a native protein bearing a
thiol group. This caused a 350-fold increase in fluorescence emission response and
allowed clear visualization of the mitochondria. This proved a valuable tool for the
selective bio-imaging of mitochondria and verified the effectiveness of even a simple

BODIPY fluorophore in an intelligent context.
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With improvements to the design of BODIPY fluorophores, their application in vivo
has greatly increased. Li et al. described a BODIPY compound with a phenyl group
at the meso position with no detectable fluorescence emission. Upon exposure to
endogenous hypochlorite ions in live cells, enhancement of fluorescence emission
intensity was observed with significant hyperchromic shift.24> This detection was
particularly useful due to the known requirement for controlled hypochlorite levels in
vivo in zebrafish and mice.*®* BODIPY analogues have also shown promising results
when conjugated to thymidine analogues and incorporated enzymatically in vivo into
a DNA helix.'*® This enabled facile visualization and determination of the native shape
and intracellular distribution of newly synthesised DNA localized in Escherichia. Coli.
cells by high-resolution electron spectroscopic imaging. In addition to this, BODIPY
has been used to differentiate between different target amino acids by changing its
absorption maximum when reacting with each amino acid.*” Exposure of the probe
to different bithiol analogues exhibited a variety of photophysical changes unique to
each substrate. This illustrates the valuable high sensitivity shown by BODIPY
towards changes in the environment. An interesting application of this has been
molecular rotors, whereby changes in temperature and viscosity induce
conformational changes at the meso position of the BODIPY core, leading to

measurable deviations in fluorescence emission wavelength and intensity. %

Outside of a biological setting, BODIPY has been useful in the detection of harmful
substances. In 2012 Michel et al. presented a modified BODIPY structure capable of
detecting carbon monoxide.’® Relying on liberation of a metallic fluorescence
guenching palladium complex upon exposure to carbon monoxide, this probe was
capable of detecting CO concentrations towards 28 ppb. With such a low detection
limit, this probe had the potential to revolutionise the detection of harmful gases in a
commercial setting. This is not the only example of BODIPY’s ability to detect
dangerous substances. Sayar et al. demonstrated a method to detect phosgene gas
using a modified BODIPY scaffold.*® This again depended on the removal of a
fluorescence quenching substituent upon contact with the target gas, re-establishing
the detectable fluorescence emission of the system. These works portray the real-
world applications of a BODIPY fluorophore with photophysical sensitivity towards its

external environment.
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Modifications to the BODIPY structure can also involve the replacement of the meso
carbon atom with a nitrogen atom, which has been successfully carried out by a
number of different groups. Most interestingly, a number of these highlight the near
infra-red maximum absorption wavelengths displayed by these analogues, many of
which are above 700 nm.*#°-151 Whilst clearly the introduction of nitrogen into the
heterocycle contributes to this bathochromic shift, the extensively conjugated nature
beyond the aza-BODIPY core of the structures cannot be ignored given their known
ability to increase absorption wavelengths. Hence it is possible to conclude that both
the nitrogen and highly unsaturated substituents enable the shift in absorption

maxima towards the infra-red region.**°

Over the last few years, aza-BODIPYs have featured prominently in the literature as
highly functional fluorescent probes (Figure 12, compound 21).1441%2-154 Their
photostability, high fluorescence yields and long absorption wavelengths make them
ideal for bio-imaging.**® In the work of Strobl et al. in 2015, the authors are keen to
emphasise the excellent photostability of the aza-BODIPY analogues even “under
extreme illumination”.?*® They even claim to outperform well established long

wavelength chromophores, such as the cyanine dyes.'*°
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Figure 12: Structure of the aza-BODIPY with a nitrogen at the meso position

Bio-imaging using these fluorophores has been efficiently realised by Wu et al. with
the exploitation of automatic aggregation of an aza-BODIPY probe upon contact with
a lipid bilayer.*** This localized aggregation enabled visualization of lipophilic cell
membranes with good target selectivity. Although useful, this staining method is not
particularly biocompatible, given the obvious perturbation of the cellular membrane

that can accompany such extensive aggregation. Most recently, water soluble aza-

50



BODIPYs have been successfully used with a hydrosolubilizing group. Here, these
fluorophores were used to label tumours by conjugation to an antibody.'®® This
permitted successful and clearly detectable fluorescence imaging of tumours in mice,
with excellent spatial accuracy.*®® Detection with BODIPY fluorophores has not been
limited to cancer cells in vivo. Probing of 3-amyloid has also been achieved in mouse
models with “on/off” selectivity.?>” This is particularly exciting because it shows the
potential for BODIPY fluorophores to cross the notoriously troublesome blood brain
barrier. Hence BODIPY has clearly been shown to be a versatile chemical probe with

a range of exciting biomedical capabilities.

Outside of bio-imaging, in 2018 novel approaches to PDT using BODIPY were
presented. Dixit et al. showed how a series of BODIPY fluorophores with pyrrole and
thiophene substituents could be used as photosensitizers against pancreatic cancer
cells. Very low concentrations were required to achieve sufficient photocytotoxicity,
further improving the attractiveness of BODIPY as an in vivo tool.® Ram et al.
introduced a BODIPY scaffold covalently bonded to a platinum complex, ensuring the
imperative close proximity of both photosensitizer and chemotherapeutic agent. This
was able to facilitate PDT in vitro using near infra-red light against lung and breast
cancer cells with good photocytotoxicity.**® The modified BODIPY complex was prone
to localization with mitochondria, showing a preference for cancer cells over healthy
cells.’® This enabled selective targeting of malignant cells and provided good

progress towards specific cellular targeting in PDT.

Dipyrrin molecules are most commonly designed with a boron difluoride species
conjugated to the two nitrogen atoms, as in the traditional BODIPY molecule. More
recently however alternatives have appeared in the literature, notably incorporating
heavy metals into the structure, such as in Figure 13, compounds 22 and 23. The
generation of BODIPY mimics with lower symmetry, as indicated in Figure 12,
compounds 24 and 25, were termed BOIMPY when presented by Lee et al.*®® This
approach sought to remove the structural rigidity of the fluorophore and address the
issue of small stokes shifts that are often measured in BODIPY fluorophores. The
strategy successfully improved access to CT-type excited states, thus minimising

guenching and increasing stokes shifts to almost 200 nm in some cases. As
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anticipated however, this was at the expense of absorption wavelengths, with the
highest maximum reaching only 460 nm. These new structures also demonstrated

bio-imaging potential.
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Figure 13: The structures of compounds as alternatives to the traditional BODIPY

In 2010 Bronner et al. presented dipyrrin based scaffolds constructed by
amalgamation with palladium and platinum. For both of these metals complexes,
absorption maxima were measured at around 500 nm, comparable to that of
BODIPY.1®! Another example of a metal in place of boron was discussed in 2009 by
Kobayashi et al.’®? Here they used tin to complete the metallocycle (compound 23)
and, as in the case of palladium and platinum, the absorption maxima for these

compounds was cited as approximately 500 nm.62

Another approach to modification of the BODIPY core was introduced by Graser et
al. in 2013; this involved the exchange of dipyrrin for a quinolyl-enolato scaffold
(compound 25).1%%  The result of this was a hypsochromic shift in the maximum
absorption wavelength of almost 100 nm relative to the traditional BODIPY. Although
these works provide little positive contribution to near infra-red fluorophore design,

they reflect the innovative methods that can be used to develop this field further.

In 2011 Wu et al. introduced a novel application of BODIPY as a photosensitizer,
using an iodine substituent as the heavy atom to facilitate ISC as opposed to the
traditionally used metals.®* These molecules proved to be valuable tools due to their

intense absorption of light and long lived triplet states, allowing for efficient triplet
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triplet energy transfer, and high upconversion yields. As organic molecules they are
preferable to metal complexes for use in a biological setting. Their photophysical
profiles remove the need to expose cells/tissue to damaging UV light as these

BODIPY sensitizers were documented to absorb light between 510-629 nm. 16

53



1.7 Aims and objectives

The main aims of this project were to rationally design a series of fluorophores that
are capable of fulfilling a number of photophysical objectives. The principal focus was
to generate compounds with absorption/emission spectra towards the near infra-red.
Primary benefits of this include permitting the use of these photolytic tools at long
wavelength, opening the door to in vivo targets. The objective was to design
fluorophores with photophysical properties that could be fine-tuned to meet the
demands of specific biological applications; this was undertaken to target the unmet
need for organic fluorophores that combine all the key features that facilitate effective
bio-imaging. By doing this, SAR could be established to enable the highly specific

design of fluorophores to address real world applications.

There have been a number of hypotheses as to how these goals can be achieved.
With regards to shifting absorption wavelengths towards the infra-red region,
extension of conjugated systems has been postulated as the most promising strategy
to narrow the HOMO-LUMO gap. Furthermore, the introduction of heavy atoms such
as iodine, and substitution of bathochromic auxochromes could contribute to
increasing the wavelength of absorption maxima.*?>1%> To promote more intense
detectable fluorescence emission at long wavelength, electron withdrawing groups

and large conjugated systems will be used.

BODIPY is an ideal target fluorophore that can be used to determine the structural
activity relationship between molecular design and photophysical properties. They
are popular in bio-imaging and have desirable physical, chemical and spectroscopic
properties. These include: photostability, optical activity above 500 nm, sharp
absorption and fluorescence emission peaks, and good quantum yields of
fluorescence. BODIPY is also a small, planar and rigid molecules that typically has a
high extinction coefficient and intense fluorescence emission. These advantages
combine to produce fluorophores that can be easily and precisely detected using, for

example, confocal fluorescence microscopy.
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Upon successful synthesis of a library of BODIPY compounds, the absorption and
emission spectra for the developed compounds will be established in a range of
solvents to determine absorption/emission maxima and environmental sensitivity.
Establishing the relationship between chemical structures are photophysical
properties will provide an understanding of the outcome of synthetic modification of
BODIPY fluorophores. It has been postulated that significant solvatochromism and
environmentally dependent fluorescence could be observed for many compounds. It
is expected that auxochromes, such as dialkylamine substituents, will improve
environmental sensitivity.'®® This opens the door to bio-imaging potential, with the
possibility for detectable responses upon successful targeting of biological structures.
It would then be possible to use confocal fluorescence microscopy, to explore how
each fluorophore interacts with cellular structures. BODIPY has shown a strong
affinity for membrane interactions and hence provides a viable strategy for membrane
staining.'®” Success with a lipid bilayer mimic, such as a vesicle, will indicate the
plausibility of this. This will be explored further to optimise structural design and
promote affinity for lipophilic membranes. Success of all these factors could ultimately
provide a means to tether inactivated substrates to a vesicle or cell and release them
photolytically at a desired location. The successful synthesis of a range of different
BODIPY compounds will therefore enable accurate SAR determination, facilitating

the precise design of chromophores to fulfil highly specific functions.

Aside from bio-imaging, where suitable, further applications of the compounds will be
explored, for example in dye sensitized solar cells. It is projected however that any
drawbacks of BODIPY could be overcome by superb photophysical profiles, enabling
the production of compounds capable of undertaking a series of light-activated

functions with good spatial and temporal accuracy.
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Chapter 2

Synthesis and characterisation of

BODIPY analogues

2.1 Introduction

Fluorophores based around the BODIPY scaffold are common; however, there is a
distinct lack of understanding of how precise chemical modifications to BODIPY
fluorophores can influence their spectroscopic properties. Here, modification of the
core structure of BODIPY was carried out, with substitutions at various positions in
order to efficiently explore a large chemical space. This resulted in the development
of BODIPY fluorophores with a diverse range of properties and applications. This was
then used to facilitate fine-tuning of the spectral and biophysical properties of the
BODIPY fluorophore, which is essential for guiding an accurate structure to function

design process.

A range of known and novel analogues were designed in order to develop
understanding of the SAR between substituents and their location on a BODIPY
molecule. These involved a selection of modifications varying in polarity, steric bulk
and reactivity. The nature and positioning of substituents were projected to have a
correlated effect on the resultant photophysical and biophysical properties.

Modifications selected were predominantly small molecular changes, with the aim
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that this would allow highly specific fine-tuning of properties with excellent precision
and predictability. Particular focus was placed on molecules that are active in optical
windows towards the near infra-red, have solvatochromism and have environmentally
dependent fluorescence emission. This could hence be exploited to design specific
molecules that are optimised to carry out highly specialised functions, such as bio-

imaging, with good spatial and temporal accuracy.

Figure 14 and compound 26 depict the intended modifications to the BODIPY
scaffold, with the intention to determine the SAR of the modifications on the

photophysical profile of BODIPY.

Bromine, hydroxyl, esters, alkyls, carboxylic acids, amines and

A

nucleosides
B lodine, extended alkynes, benzylic acyls, auxochromes
C Extended alkenes, auxochromes

Figure 14: Diagram to show the planned substituents with which to modify the

BODIPY core to establish photophysical profile SAR

The meso position (A, figure 14) is readily functionalised and can be modified using
a variety of facile synthetic processes. It has also been noted that this position is
particularly useful for promoting charge or electron transfer processes. Chemical
modifications here could favour the population of ICT states and hence enable the
generation of chromophores with environmental sensitivity. These include a variety

of substituents capable of changing chemical properties such as the polarity and

57



electronic density of molecules. The intention was not to extend the conjugated
system at the meso position, as poor electron overlap with the BODIPY core was
unlikely to yield longer wavelengths with this strategy. Furthermore, there was also
particular emphasis on reactive substituents such as bromine or hydroxyl groups
because these are simple to synthesise, and their reactivity could facilitate fluorescent

tagging applications.

Figure 15 (overleaf) presents compounds 27-37, which were the target molecules
with madifications at the meso position. These substituents were chosen due to their
variation in steric bulk and polarity; however, meso-aryl substituents were not
included here, as they are reported more extensively in the literature.'®8% The
introduction of a variety of different substituents was planned, and different synthetic
groups were to be incorporated with or without electronic conjugation to the BODIPY

core.

Many compounds with simple synthetic modifications at the meso position are known,
however their photophysical and biophysical properties have not been examined in
detail, or used in the exploration of the SAR of BODIPY. Compounds 27 and 30 in
particular were selected due to their high reactivity, which could ultimately lead to
conjugation to larger molecules in fluorescent tagging applications. In addition,
compound 29 is also a known photocage,*®® which indicates the diverse application
potential of these molecules. Therefore, this was selected as an interesting target. It
was hypothesised that this modification would also be favourable due to the
introduction of an electron withdrawing group. The resultant stabilisation was
expected to induce a noticeable bathochromic shift as well as a potential increase in
fluorescence emission intensity. Compound 31 was the simplest proposed BODIPY
fluorophore, and thus was constructed to act as a “control” molecule and provide
context for any photophysical changes that occurred as a result of synthetic
modifications.*”® Compounds 32-34 had ester groups installed adjacent to the meso
carbon. This method aimed to introduce electron withdrawing groups closer to the
BODIPY core to examine the effect on the spectroscopic properties. The outcome
was expected to be a small increase in absorption wavelength, accompanied by an

increase in extinction coefficient as the size of the conjugated system increased.

58



The structures of compounds 32-34 were very similar and the reasons for this were
two-fold. The intention was to examine how minor adjustments such as the addition
of a carbon atom could affect the spectroscopic profile of BODIPY; secondly, the aim
was to provide multiple synthetic options to reach compound 35. Compound 35 was
designed to be analogous to compound 32 to enable direct assessment of how an
increase in the polarity of the meso position of BODIPY could affect spectroscopic
properties. Similarly, compounds 36 and 37 were targeted in order to examine the
effects of distance on the impact of polar carboxylic acid groups on the photophysical
profile of BODIPY. Ideally, direct comparison with compound 35 would establish the
effect that proximity has on the influence of a carboxylic acid group on spectroscopic
properties. With such long alkyl chains separating the carboxylic acid groups from the
BODIPY core, it was not expected that the molar absorptivity or absorption
wavelength would increase significantly for these compounds in comparison to other
modifications. These substituents were also not conjugated to the 1T system and were

expected to be too far from the BODIPY core to have significant inductive effects.
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Figure 15: Planned synthetic targets with modifications at the meso position of the

BODIPY core

For these meso modified fluorophores, it was predicted that absorption maxima would
be ~500 nm.136165170-174 This can be explained by the fact that conjugation size
remains fairly constant across these molecules. In addition, no auxochromes are
incorporated onto the BODIPY skeleton that could interact with the conjugated
system, thus solvatochromism and environmentally dependent fluorescence
emission were not expected. Their main function was to provide insight into how minor
changes to the structure, steric bulk and polarity of BODIPY at the meso position
could assist in the specific design function process to achieve precise spectroscopic

properties for a specialised, pre-defined application.
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Functionalisation to explore the 2 and 6 positions of BODIPY was also explored
(Figure 16). Here, as the BODIPY core is symmetrical, this normally permits
substitution at both of these positions, which subsequently can magnify any resultant
changes in the photophysical profile of the fluorophores. The most logical and
simplest modification at the 2 and 6 positions of BODIPY was to introduce a halide
such as iodine atom. The aim of this was to probe the effect of adding substituents at
this position without an initial dramatic change to the polarity or sterics of the
compound. lodine was selected for a number of reasons: 1) the substitution of iodine
onto the structure is facile and reliable, 2) iodine is electron withdrawing and relatively
large, which could cause a bathochromic shift in absorption wavelength as well as an
increase in fluorescence emission; Goswami et al. reported that an increase in
absorption wavelength of almost 50 nm was observed when installing iodine atoms
at the 2 and 6 positions of BODIPY.®® 3) iodine is readily exchanged for other, more
complex substituents. This opens the door to molecules that are highly specific and
well optimised. Further, substituents such as iodine offer pathways to other more
complex molecules. They permit reactions such as the Sonogashira coupling to
expand the conjugated system and introduce other substituents with potentially

favourable effects on photophysical profiles.

Compounds 42-44 were driven by a desire to increase the size of conjugated systems
at the 2 and 6 positions of BODIPY, which has been noted as the most important
factor in increasing the absorption wavelengths of BODIPY,”® and also to explore the
effects of carbonyl groups on the photophysical profile of BOIDPY. Anderson et al.
proposed that carbonyl groups adjacent to aromatic rings could quench fluorescence
emission responses in protic solvents.'’® The aim of compounds 42-44 was therefore
to examine the spectroscopic profiles of these compounds in protic and aprotic
solvents of varying polarity, to determine whether this effect could be applied to
BODIPY. The resultant environmentally dependent fluorescence emission could be a

useful tool in the quest for fluorescence imaging and biological applications.

An increase in absorption maxima was also expected for compounds 43 and 44.
Incorporating an alkyne bearing either a methylbenzoate or dimethylaminobenzyl

moiety was expected to also induce solvatochromism and environmentally dependent
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fluorescence emission. The increased size of the conjugated system was also
anticipated to increase the relative molar absorptivities of the compounds. The
availability of the non-bonding electrons enables extension of the conjugated system
much further than with alternative substituents without lone pairs. It was therefore
expected that compound 44 would have a higher maximum absorption wavelength
than compound 43. This theory was also supported by Woodward-Fieser rules, which
proposes that the addition of extra pi bonds to a conjugated system causes a

correlated increase in absorption wavelength.

Figure 16: Planned synthetic targets with modifications at the 2 and 6 positions of the

BODIPY core. R = CH.Br, CH,OAc or CH,COEt
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Many BODIPY analogues with near infra-red absorption maxima are large conjugated
structures.'® Substitution at the 3 and 5 positions of BODIPY is reliably selective, due
to the significant difference in proton acidity between the 3,5 and 1,7 positions (Figure
17).1%¢ Hence the theory behind substitution at the 3 and 5 positions of BODIPY was
twofold. Primarily the aim was to mimic these more extensively conjugated structures
to potentially stabilise a carboxylic acid moiety at the meso position. By doing this,
another of the aims would be achieved. It was hypothesised that extending the system
of conjugation would increase the maximum absorption wavelength for the
compound. Further, the development of a compound with both hydrophilic and
hydrophobic poles has the potential to mimic phospholipids. This combined with
useful properties such as solvatochromism could provide a highly specific tool with
multifunctionality. In lieu of this, Knoevenagel condensations were employed to
introduce linkers bearing benzylic groups with the intention to also introduce
bathochromic auxochromes. It was anticipated that this strategy had excellent

potential to achieve multifunctional BODIPY fluorophores with in vivo potential.

Compounds 45 and 47 were expected to permit chemical conjugation to other
molecules in the quest for fluorescent tags, due to the carboxylic acid and bromine
meso substituents. Furthermore, the diethylamino auxochromes in compounds 47
and 48 were expected to introduce solvatochromism and environmentally dependent
fluorescence emission.!”” Introducing a single modification on only the 3 position of
BODIPY (compound 48) could provide insight into the extent of which each additional
“tail” changes the spectroscopic properties of BODIPY. This would complement the
work carried out by Tao et al., who explored the cumulative effects of styrene
substituents at the 1,3,5 and 7 positions of BODIPY on the resultant spectroscopic
properties of BODIPY.1"® Here, they discovered that further additions to the 1 and 7
positions (in addition to the 3 and 5 positions) of BODIPY did not further enhance the
photophysical profile of BODIPY, with no significant further bathochromic shift in
absorption maxima measured with increasing numbers of styrene substituents. As a
result, no synthetic routes were undertaken to add further “tails” to the 1 and 7
positions of BODIPY; this was also because the resultant increase in lipophilicity

would likely compromise bioavailability.
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Figure 17: Planned synthetic targets with modifications at the 3 and 5 positions of the

BODIPY core

Figure 18 presents the other BODIPY variations that were proposed during the design
process. A series of fluorophores containing heavy metal platinum complexes were
introduced. It has been documented that heavy metals can quench fluorescence
emission, and this has been demonstrated in a fluorescent probe, COP-1, which had
a palladium complex adjacent to the BODIPY core.'® The aim of compounds 49-52
was to build on this work and explore the effects of a heavy metal, platinum, in place

of the boron of BODIPY, on the photophysical profile of the fluorophore.

The majority of molecules resembling BODIPY scaffolds are constructed from pyrrole
rings. More recently there have been exceptions, making use of similar heterocycles
such as isoindole.?”®1® However, there are very few that have tried to use indole as
a building block; there is a particular lack of work that uses indole in the BODIPY core.
Although BODIPY fluorophores have been described containing indole heterocycles,
these are normally separate to the core.'®18 |n light of this, with the aim to expand
the conjugated system of the BODIPY core and increase the potential maximum
absorption wavelength, attempts were made to synthesise an indole-BODIPY
fluorophore (compound 53). It was anticipated to achieve increased absorption
maxima without significantly compromising the feasibility of further reactions, such as

the introduction of other substituents.
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The use of BODIPY fluorophores as fluorescent tags is predominantly carried out
using stable, reliable reactions such as the Sonogashira coupling to introduce
fluorophores onto the nucleobase, normally at the 5 position.'® To expand on this,
efforts were made to use biological substrates such as nucleosides to prove the
suitability of long wavelength BODIPY scaffolds for biological applications (Figure 18).
The aim of compounds 54 and 55 was also to evaluate the effect of adjacent
molecules on the spectroscopic profile. Nguyen et al. demonstrated that conjugation
of chromophores to nucleosides did not significantly influence absorption or

fluorescence profiles, and thus the same results were anticipated for BODIPY. 8

54 55

Figure 18: Planned synthetic targets with alternative structural modifications

The synthetic routes towards the successfully synthesised BODIPY analogue targets
are described herein. All compounds were analysed using UV/Vis spectroscopy,

followed by fluorescence spectroscopy with electronic absorption spectra measured
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between 200-800 nm wavelengths. These were carried out in both polar and apolar
media to monitor the effects of environmental polarity on photophysical profiles. It was
anticipated that solvatochromism and environmentally dependent fluorescence
emission would be observed for many compounds, particularly those with larger and
more complex conjugated structures, and those containing auxochromes. The
spectroscopic data for all successfully synthesised compounds are summarized in

Table 5.

Understanding the highly specific design to function relationship of fluorophores is
vital to the specificity of many applications, such as fluorophore sensing and bio-
imaging. Molecules that absorb longer wavelengths of light are particularly important
as they are highly compatible with in vivo studies — a desirable characteristic for cross
disciplinary research. Often a balance must be struck between long absorption
wavelength and molar absorptivity. Chromophores absorbing towards the near infra-
red can also be prone to weak fluorescence emission. Hence, understanding
photophysical trends resulting from small molecule design and modification can

enable highly efficient and accurate SAR.

66



2.2 Meso - substitution of BODIPY analogues

The first series of compounds involved the synthesis of BODIPY analogues with a
range of meso substituents. During preparation, all compounds were protected from

the light to avoid unwanted photolytic decomposition.%°

The first of these synthesised, compound 27, was derived using the one pot multi-
step process described by Xie et al. in 2013 (Scheme 2).1"* This route began with the
construction of a substituted intermediate using bromoacetyl bromide and two
equivalents of 2,4-dimethylpyrrole at room temperature under argon. Following the
acylation of each pyrrole moiety selectively at the C2 positions, re-aromatisation of
the core with a condensation reaction yielded the intermediate dipyrromethene in situ.
TEA and BF3;Et,O were added in excess, with the latter acting as the source of the
coordinated boron difluoride. Subsequent coordination of the boron species with

concomitant formation of HF afforded compound 27 in moderate yield.

Compound 27 was subsequently used to generate compound 28, using a Finkelstein
assisted nucleophilic substitution to introduce an alternative meso substituent,

methylamine.

Asbslem[DMS O] = 525/523 nm Azbelem[DMS O] = 509/531 nm
£ [DMSO] = 5010 M-'cm! £ [DMSO] = 18030 M-'cm-!
Asbsi=m[NEXane] = 530/516 nm Aabsiem[MECN] = 505/528 nm
€ [hexane] = 9570 M-'cm-! € [MeCN] = 19830 M-'cm-!

Scheme 2: Synthetic routes towards compounds 27 and 281'%172; i) DCM 3h; TEA 15
min; BFs-Et,O 3h; ii) MeNH: (3 eq. 2M in THF), KI, K.COs, THF, 16h
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In addition to these, a similar synthesis was used to obtain compounds 29 and 31,
influenced by the work of Goswami et al.'®® Acetoxyacetyl chloride was reacted with
two equivalents of 2,4-dimethylpyrrole, followed by basification and coordination to

the boron difluoride moiety in a one pot synthesis.

This was followed by removal of the acetyl group from compound 29 to afford
compound 30. Following this, the simplest of the BODIPY compounds was generated

with only a single methyl group at the meso position, compound 31, using analogous

methodology (Scheme 3).
29 30
i)
; 78%
i)
53%
Aabsiem[DMSO] = 504/569 nm Aabsem[DMSO] = 509/522 nm
= Cl € [DMSO] = 8250 M-cm-t € [DMSO] = 225370 M-'cm?
2 \ NH >=O Aabsiem[hexane]= 511/558 nm Azbsiem[ether] = 505/517 nm
R € [hexane] = 3250 M-'cm'! € [ether] = 99470 M-'cm"

Aabsiem[DMSO] = 509/507 nm
€ [DMSO] = 132610 M-'em™!
Aavsiem[ether] = 511/501 nm
€ [ether] = 649010 M'cm?

Scheme 3: Synthetic routes towards compounds 29, 30 and 31'7%1"3: i) DCM reflux
2h; DIPEA 15 min; BF3-Et.O 30 min; R = CH20AC; ii) LIOH, THF/H-0 (50:50), 4h; iii)
DCM reflux 16h; TEA, BF3-Et,0 4h; R = CH3

The next class of meso substituents reversed the ester group of compound 29
(Scheme 4) to move the carbonyl closer to the BODIPY core. The first of these,
compound 32 was comprised of a methyl ester group and was built using the

traditional one-pot substitution with methyl chlorooxoacetate. For compounds 33 and
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34 however, an alternative method was used, employing oxalyl chloride as a starting
material and treating the resultant acid chloride with the relevant alcohol. This was

followed by basification with TEA and coordination to BF. using BF3-Et;O.

Cl Cl
= ) i) = o
2 + +
N\_-NH o) 53% N\_NH 0
OMe 40% Cl
R = Me Et Pr
i

32 (Me) 33 (EY) 34 (Pr)
Aaberem[DMSO] = 509/511 nm Aabsrem[DMSO] = 509/537 nm Aabstem[DMSQ] = 512/537 nm
€ [DMSO] = 5000 M-em-! € [DMSO] = 33340 Miem! € [PMSO] = 39790 M'emt
Aassiemlnexane] = 511/527 nm Aasiem[ether] = 511/541 nm Aassraml&ther] = 511/534 nm
€ [hexane] = 3250 M-'cm! £ [ether] = 37850 M-'cm! € [ether] = 47270 M-'cm?

Scheme 4: Synthetic routes towards compounds 32, 33, and 34: i) DCM, -78°C,
4h; TEA, BFs-Et,0, 2h; i) DCM, EtOH (33) or 'PrOH (34), 1h; TEA, BFs-Et,0, 3h

Alternative methods were employed to synthesised compound 36 and 37, deviating
slightly from the previously reliable acid halide starting material.'® Instead, cyclic
anhydrides were used for the electrophilic aromatic substitution onto 2,4-
dimethylpyrrole, facilitated by BFs-Et.O via the Lewis acid adduct. Two different
analogues were made, differing in carbon chain length, using glutaric and succinic

acid respectively. The resultant compounds, 36 and 37, can be seen in Scheme 5.
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Aabsem[DMSO] = 499/- nm
€ [DMSO] = 1550 M-'cm""
Aabsiem[MeCN] = 496/520 nm
€ [MeCN] = 1620 M-'cm-"

Aabsem[DMSO] = 499/514 nm
€ [DMSO] = 5650 M-'cm’
Aabsiem[MECN] = 495/511 nm
€ [MeCN] = 5230 M-'cm"!

Scheme 5: Synthetic routes towards compounds 36 and 3774 i) succinic anhydride,
DCM, BFs3-Et:0, reflux; 5h, BFs-Et,O, TEA, 16h; ii) glutaric anhydride, DCM,
BFs-Et,0, reflux; 5h, BFs-Et,0, TEA, 16h

Unfortunately, efforts to synthesise compound 35 were unsuccessful; the reaction

conditions and outcomes are briefly summarized in Table 1.

Compound Reaction conditions Outcome
35 Compounds 32-34, Lil, EtOAc, reflux Decomposition (TLC)
35 Compounds 32-34, conc. HCI Decomposition (TLC)

Table 1: Reaction conditions for compound 35 that was not successfully synthesised

The range of pre-designed analogues that were successfully synthesised for this
series was broad enough to provide insight into the SAR arising from modification at
the meso position. In addition, the functional groups installed have potential
applications in a range of areas from conjugation to biomolecules, to dye sensitized

solar cells. The resultant absorption and fluorescence spectra are presented in
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Figures 19 and 20 and discussed relative to all successfully synthesised compounds

in Section 2.5.
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Figure 19: UV/Vis spectra of compounds 27-37: a) polar solvent; b) apolar solvent.
All data normalised to 100 uM for ease of comparison with exception of compounds

30 (polar, 5 uM) and 31 (polar, 5 yM and apolar, 20 pM)
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Figure 20: Fluorescence emission spectra of compounds 27-37: a) polar solvent; b)

apolar solvent. All data normalised to 100 uM for ease of comparison with exception

of compound compound 27 (polar and apolar, 50 uM), compound 30 (polar, 0.2 uM

and apolar, 2 uM) and compound 5 (polar, 0.5 uM and apolar, 0.1 pM)
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2.3 Substitution at the 2,6 - position of BODIPY

With the meso position explored, attention was turned to decoration of the BODIPY
scaffold at the 2 and 6 positions. Compound 32 was selected for the first reaction as
this was anticipated to be the most stable, and no photolytic decay was expected from
the methyl ester meso group. The iodine substituent was introduced using N-
iodosuccinimide in THF at -78°C, which was allowed to reach room temperature

overnight. This achieved compound 38 in moderate yield (Scheme 6).

Asbs/em[DMSO] = 555/590 nm
€ [DMSO] = 17550 M-'cm™!
Asbsem[ether] = 549/576 nm
€ [ether] = 31280 M-'ecm’’

Scheme 6: Synthesis of compound 38%: i) NIS, THF, -78°C — RT, 16h

Next, compound 29 was treated using the same iodinating procedure to afford
compound 39 (Scheme 7). During this reaction the acetyl group remained intact, with

care taken to avoid excess exposure to the light and prevent photolytic decay.

Two further compounds with modifications at positions 2 and 6 of the BODIPY
scaffold were achieved. These were obtained using Sonogashira couplings with
methyl 4-ethynyl benzoate and 4-ethynyl-N,N-dimethylaniline to afford compounds
43a and 44a respectively, as opposed to compounds 43 and 44 (Scheme 7). The
couplings were carried out using catalytic Pd(PPhs)s, facilitated by Cul in the presence
of TEA overnight. Although the yields were relatively low, sufficient compound was

achieved for photophysical analysis in both cases. Both compounds were purple in
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colour, supporting the measured maximum absorption wavelength which was higher

than those of the previous compounds, most of which were red or orange.

i)
AcO 15%

Aavsiem[DMSO] = 535/583 nm
€ [DMSO] = 2420 M-em- 43a
Aavsiem[DCM] = 547/589 nm

€ [DCM] = 43640 M- cm®

i)
Aavsiem[DMSO] = 554/591 nm 1294

€ [DMSO] = 17540 M-'cm!

Aabsiem[ether] = 555/571 nm

€ [ether] = 2190 M-'cm!

Aapsiem[MeCN] = 559/528 nm
€ [MeCN] = 980 M-'cm"? 44a
Aapsiem[DCM] = 580/~ nm

€ [DCM] = 21280 M-'cm"!

Scheme 7: Synthetic routes towards compounds 39, 43a and 44a'®: i) NIS, THF, -
78°C — RT, 16h; ii) methyl 4-ethynyl benzoate, Pd(Phs)s, Cul, TEA, toluene, 15h; iii)
4-ethynyl-N,N-dimethylaniline, Pd(Phs)., Cul, TEA, toluene, 15h

As expected, molecular symmetry resulted in the substitution of two aromatic groups,
one at the 2 position and the other the 6 position of BODIPY. In the case of compound
43a, methyl ester groups were positioned on the phenyl rings, which were expected
to significantly influence the spectroscopic properties of the molecule. With compound

44a however, bathochromic auxochromes were situated on the phenyl rings: NMe..

Of particular note during these reactions was the loss of the acetoxy group from the

meso position, and thus compounds 43a and 44a were synthesised rather than
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compounds 43 and 44. This took place completely each time the reaction was carried
out. It was not assumed that this was a result of photo-uncaging upon undesired
exposure to light. If this were the case, a hydroxyl group would most likely have been
present or, if exposed to MeOH as in the work of Goswami et al.,, an ether

substituent.'®® An alternative mechanism is proposed in Scheme 8.

The mechanism begins with ligand dissociation to facilitate oxidative insertion of Pd
adjacent to the acetoxy group of compound 39. This is followed by displacement of
the acetoxy moiety with a hydrogen atom, most likely sourced from the alpha position
of the abundant TEA. Finally, reductive elimination liberates the free BODIPY with

installed methyl group at the meso position.

For proof of concept of this mechanism, this reaction could be carried out in
deuterated TEA, with concomitant NMR analysis revealing the origin of the hydrogen

atom.
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PdiL,

Pd°L,

Scheme 8: Proposed mechanism for the reduction of the meso substituent during the

synthesis of compounds 43a and 44a

Despite the unintentional modification to the meso position, the achieved compounds
43a and 44a were still extremely useful in exploring the effects of substituents on the
photophysical properties of BODIPY. Instead, good comparisons can be made with

control compound 31.

Efforts to synthesise compounds 40-42 were unfortunately unsuccessful; therefore, it
was not possible to explore the fluorescence quenching potential of carbonyl groups
in close proximity to the BODIPY skeleton. The reaction conditions attempted are

briefly summarized in Table 2 (overleaf).
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PH
Compound Reaction conditions Outcome
R- ‘(13?4380 gcl)urgggtj?gﬂﬁz, benzoyl chloride, DBN (15 mol%), Starting material (TLC)
(R= ‘(1:%350 %%rl%?ltjglﬂézr?é,bri?liiyl chloride, pyridine (15 Starting material (TLC)
(R = é?ﬂsBr) r%%rl%?ltjgﬂsgé,bri?ﬁiyl chloride, DABCO (15 Starting material (TLC)
® zéclt?-lsBr) gf)cmpound 27, benzoyl chloride, BF3-Et,O, DCM, Starting material (TLC)
® zécli?-lsBr) gr?lcr::%oeund 27, BulLi, -78°C, 15 min; benzoyl Decomposition (TLC)
R- é(())OEt) g?gﬁgfj?gﬂﬁi benzoyl chloride, DBN (15 mol%), Starting material (TLC)

R- C4|-?20Ac) E)?L:r;ﬁgwgﬂﬁg, benzoyl chloride, DBN (15 mol%), Starting material (TLC)
(= Chon) | o 28 veruon chioie pyiane (45| sarng matena 1L
(= o) | by e 10108, DARCO (15| g matera 1)
R- C;ll—?zOAc) E?L:gggfj?gﬂig, benzoyl chloride, DMAP (15 mol%), | . rting material (TLC)
R= ‘Cll?ﬂsBr) ﬁzrg&og&%é? benzoyl chloride, In(OTf)s (1 mol%), Starting material (TLC)
(R= g*aBr) ggg%iu(gdnﬂb/?fnﬁl%yéﬁﬁlgg"dce' INOTh: (L moPA: | starting material (TLC)
(R= ‘(1;?4350 Compound 27, In(OTf)s (1 mol%), MeCN, 50°C Starting material (TLC)
(R= ‘Cltcl)ﬂaBr) %%%oﬂgczg 5'858-”)3 (1 mol%), AgCIOs (3 Starting material (TLC)
R= ‘Cl:?ﬂaBr) %%%oﬂgéj 5'858-”)3 (1 mol%), LICIO4 (4 Starting material (TLC)
(R= ‘Cltcl)ﬂsBr) %%%omggg 5'858-”)3 (1 mol%), AgSbFe (3 Starting material (TLC)
(R :‘(13?4350 Compound 27, InCl; (1 mol%), MeCN, 50°C Starting material (TLC)
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Compound Reaction conditions Outcome

40 0 o

(R = CHsBN) ﬁzrg&ou&cjé?, InCl3 (1 mol%), AgCIO4 (3 mol%), Starting material (TLC)
40 0 ; o

(R = CHsBI) SAZ?RIOL%%(ZC?Z INClz (1 mol%), LiClO4 (4 mol%), Starting material (TLC)
40

Compound 27, InClz (1 mol%), AgSbFe (3 mol%),

(R=CHsBr) | mecCN, 50°C Starting material (TLC)

40 %) Li 9
(R = CHBr) ﬁ%mgzungo%é In(OTf)3 (1 mol%), LiClO4 (4 mol%), Starting material (TLC)
41 Oxalyl chloride, 3-benzoylpyrrole, DCM, EtOH, 1h; .
(R = H) TEA. BFs-Et,0 Decomposition (TLC)
42 Compound 27, 4-dimethylaminobenzyl chloride,

(R=CHsBr) | DACBO (15 mol%), toluene, reflux Starting material (TLC)

42 Compound 27, 4-dimethylaminobenzyl chloride, . .
(R =CH3Br) | DBN (15 mol%), toluene, reflux Starting material (TLC)
42 Compound 27, BuLi, -78°C, 15 min; 4-

(R =CHsBr) | dimethylaminobenzyl chloride Decomposition (TLC)

Table 2: Reaction conditions for compounds 40, 41 and 42 that were not successfully

synthesised

Unfortunately, it was not possible to synthesise and isolate any further analogues of
BODIPY with modifications at the 2 and 6 positions. There are of course a number of
other different approaches that could have been used to introduce different
substituents at these positions, such as metal catalysed couplings or a variety of
nucleophilic or electrophilic substitutions, to name a few. The full breadth for
substitution at the 2 and 6 positions of BODIPY was therefore not explored. The
compounds successfully constructed would however still provide a useful insight into
the effects of modifying the BODIPY core at the 2 and 6 positions. The absorption
and fluorescence spectra are summarized in Figure 21 and discussed relative to all

successfully synthesised compounds in Section 2.5.
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Figure 21: a) UV/Vis spectra of compounds 38-44a in polar (left) and apolar (right)
solvent. Data normalised to 100 uM with exception of compounds 39 (apolar, 400
UM), 43a (polar, 400 uM) and 44a (polar, 400 uM); b) fluorescence emission spectra
of compounds 38-44a in polar (left) and apolar (right) solvent. Data normalised to 100

UM with exception of compounds 43a (apolar, 25 uM) and 44a (200 uM)
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2.4 Substitution at the 3,5 - position of BODIPY

The next series of compounds was focused on the 3 and 5 positions of the BODIPY
core. It has been noted that these are relatively reliable for selective modification due
to the significant proton acidity difference between positions 3 and 5, and positions 1
and 7.1% This series promised long absorption wavelengths and the potential for

phospholipid imitation, a useful characteristic for bio-imaging applications.

Compound 32 was selected as the starting material for this test reaction, partly
because it was expected to be the most stable to the reaction conditions, but also
because it offered the potential of a carboxylic acid meso substituent. The synthetic
route consisted of a Knoevenagel condensation with 2.2 equivalents of benzaldehyde
to maximise the chances of substitution of both methyl groups at the 3 and 5 positions.
This reaction was facilitated by piperidine in the presence of acetic acid under reflux
to achieve compound 46. The synthetic route for these can be seen in Scheme 9.
The synthesis of compound 46 sought to extend the size of the conjugated system

for BODIPY, and hence increase the wavelength of absorption.

)\absﬁem[DMSO] = 657/672 nm
€ [DMSO] = 8910 M-'cm’’
Aabsiem[ether] = 642/658 nm
€ [ether] = 14440 M-'cm""

Scheme 9: Synthesis of compound 46: i) benzaldehyde (2.2 eq.), AcOH, piperidine,
toluene, reflux, 16h; ii) Lil, EtOAc, reflux, 16h
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Most notable about compound 46 was that in contrast to many of the previous
BODIPYs synthesised, most of which had been red, pink or purple, this compound
was bright blue. This was of course promising given that this indicated optical activity

at much longer wavelengths of light, towards the near infra-red.

Again, the Knoevenagel condensation reaction was used, this time reacting
compound 27 with diethylaminobenzaldehyde. This successfully achieved compound
47, once again yielding a promising blue coloured compound. As with compound 46,

both the 3 and 5 positions were successfully substituted.

Next, compound 29 was treated under the same reaction conditions of refluxing with
2.2 equivalents of diethylaminobenzaldehyde in the presence of piperidine (Scheme
10). Unfortunately, the acetoxy group proved unstable under these conditions, in a
similar manner to that of compounds 43a and 44a. Therefore, the methyl group was

instead present at the meso position, compound 48a.
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Asbslem[DMS O] = 734/768 nm
£ [DMSQO] = 16130 M-"cm!
Asbsiem[ether] = 699/738 nm
£ [ether] = 17850 M-'cm-

NEt,

Azbzem[DMS O] = 704/738 nm
£ [DMSO] = 14980 M-"cm
Asbsem[ether] = 679/696 nm
€ [ether] = 3740 M-'cm’

Scheme 10: Synthetic routes towards compounds 47 and 48a: i)
diethylaminobenzaldehyde (2.2 eq.), AcOH, piperidine, toluene, reflux, 16h; ii)
diethylaminobenzaldehyde (1.1 eq.), AcOH, piperidine, toluene, reflux, 16h

For the reaction that occurs to generate compound 48a, a palladium/Cu(l) reaction
cannot be used to explain this effect. The simplest explanation for this is photolytic
decomposition. Heterolytic photolysis of the carbon-oxygen bond leaves a cationic
carbon, which was suggested by Goswami et al.'®® They proposed that in the

presence of an alcohol such as methanol, a hydroxyl group would be substituted onto
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the carbocation.*® It is possible that this reaction took place as a result of undesired
exposure to light, with the photolability of the acetoxy group increased by the
modification of the BODIPY core. This would however require the presence of a
hydride species. Alternatively, were it to be proposed that bond fission is homolytic
rather than forming a tight ion pair, hydrogen abstraction from a source such as the
toluene solvent could be used to explain this side reaction. Confirmation of the
hydrogen atom source could be established using deuterated solvents and/or

reagents alternately.

The introduction of the first diethylvinylaniline moiety contributes to the increasing
electron density throughout the structure, weakening the reactivity of the other proton
further. Furthermore, the loss of the acetyl group, replaced by the methyl, does not
improve the acidity of the proton given its electron donating ability, which is similar to

that of the acetoxy.

Unfortunately, it was not possible to synthesise compound 45. This is most likely due
to the instability of the carboxylic acid at the meso position, which was also observed

in compound 35. The reaction conditions are summarized in Table 3.
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Compound Reaction conditions Outcome

45 Compound 46, Lil, EtOAc, reflux Decomposition (TLC)

Table 3: Reaction conditions for compound 45 that was not successfully synthesised

Overall three compounds with substitutions at the 3 and 5 positions were generated.
Of particular use is the fact that not all contained auxochromes, allowing a clearer
idea of the extent of the effect these groups have on the photophysical and
biophysical properties of BODIPY. The construction of compound 48a could be
particularly useful for analysing the effects of a smaller extension to the conjugated
system with only a single auxochrome and conjugated “tail”. With respect to long
absorption wavelengths, these initially appeared the most promising, based on their
colour. The configuration of this series of compounds also lends itself to a
phospholipid mimic, in particular compounds 47 and 48a with their diethylamino

groups.

The absorption and fluorescence spectra are summarized in Figure 22 and discussed

relative to all successfully synthesised compounds in Section 2.5.
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Figure 22: a) UV/Vis spectra of compounds 46-48a in polar (left) and apolar (right)
solvent; b) fluorescence emission spectra of compounds 46-48a in polar (left) and

apolar (right) solvent. All data normalised to 100 uM.

Synthetic efforts towards compounds 49-55 were unfortunately unsuccessful. The
reaction conditions used for each attempt to synthesize these compounds are

summarized in Table 4.
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54 55
Compound Reaction conditions Outcome

2,4-dimethylpyrrole, methyl chlorooxoacetate, .

49 ) Decomposition (TLC)
DCM, -78°C, 4h; TEA, 15min; PtCl,
2,4-dimethylpyrrole, methyl chlorooxoacetate, B

49 ) Decomposition (TLC)
DCM, -78°C, 4h; TEA, 15min; K,PtCl,
2,4-dimethylpyrrole, acetoxyacetyl chloride, DCM, .

50 Decomposition (TLC)
reflux
2,4-dimethylpyrrole, bromoacetyl bromide, DCM, N

51 ) Decomposition (TLC)
reflux, 3h; DIPEA, 15min; PtClx(Py)-

- 1) 2,4-dimethylpyrrole, HCI (0.18 M), First reaction failed
benzaldehyde,H20; 2) PtXy (decomposition, TLC)
3-methylindole, acetoxyacetyl chloride, DCM, 3h; . )

53 ) Starting material (TLC)
TEA, 30min; BFs-Et,O

54 Compound 27, uridine, CssCO3, MeCN, DCM Starting material (TLC)
1) Compound 30, BPFPC, DIPEA/TEA, THF; 2) . .

54/55 Starting material (TLC)

uridine or 2’-deoxythymidine

86




Compound Reaction conditions Outcome

1) Compound 30, CDI, DIPEA/TEA, THF; 2) ) ]
54/55 o o Starting material (TLC)
uridine or 2’-deoxythymidine

Compound 27, 2’-deoxythymidine, CssCO3, MeCN,

55 Starting material (TLC)
DCM
Compound 27, 2’-deoxythymidine, Nal, CssCOs, ) )

55 Starting material (TLC)
MeCN, DCM

55 Compound 27, 2’-deoxythymidine, NaH, DMF Starting material (TLC)

Compound 27, 2’-deoxythymidine, NaH, ultra- ) ]
55 o Starting material (TLC)
sonication, THF

Table 4: Reaction conditions for compounds 49-55 that were not successfully

synthesised
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2.5 Summary and discussion

In summary, 17 analogues were successfully synthesised in the efforts to establish
trends between substituents and loci on the photophysical properties of BODIPY.
With respect to the meso position of BODIPY, these ranged from alcohols and esters
to amines, halogens and carboxylic acids. Although unlikely to contribute to large
increases in absorption wavelength, the varying polarities and steric bulks of these
substituents will enable insight into fine-tuning of photophysical properties. The
reactive nature of some moieties, such as compounds 27, 30, 36 and 37 could allow

the combination of these tools to larger structures, for example a protein.

27 29 31 32 33 34
Ry = CH,Br CH,0Ac CH; COOCH; COOEt COOPr
R, = CH;Br CH»0Ac CHj COOMe COOC| COOCI
X = Br Cl Cl o]] Cl o]]
@]
= Rz).l\x
_—

2\

NH

Scheme 11: Summary of BODIPY analogues achieved with varied meso substituents

Although fewer compounds were generated with modifications at the 2, 3, 5 and 6

positions, the achieved designs had desirable photophysical profiles.
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Scheme 12: Summary of BODIPY analogues achieved with varied substitution and

the 2, 3, 5 and 6 positions of the BODIPY core

Compounds 43a, 44a, 46, 47 and 48a were anticipated to be the most useful for
establishing photophysical SAR. The presence of larger conjugated groups is

potentially beneficial due to the expected inherent increase in absorption maxima
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whilst the effect of auxochromes such as amines in different positions could also be
determined. Furthermore, comparison between substituents at different loci will

enlighten as to the most efficient strategy to achieve specific photophysical properties.

Unfortunately, not all synthetic routes were successful. It was not possible to install a
carboxylic acid moiety adjacent to the BODIPY core, a difficulty that was encountered
using multiple different approaches and analogues. It was therefore not possible to
determine using these compounds, the effect of such close proximity of carboxylic
acids or carbonyls to the BODIPY core on photophysical properties. Furthermore, it
was not possible to conjugate the BODIPY analogues to species such as nucleosides,
thus the effect of conjugation on the spectroscopic properties of BODIPY could not

be examined.
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Figure 23: Summary of modifications to the BODIPY core that were successful

(compounds 27-48a) or unsuccessful
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Figure 23: Summary of modifications to the BODIPY core that were successful

(compounds 27-48a) or unsuccessful (cont.)

The generation of expanded scaffolds using indole as a building block was also not
realised. Although disappointing, this strategy was not expected to be the most
efficient at improving the photophysical profile of BODIPY for biological studies. This
is primarily due to only minor expansion of the conjugated system. Introducing metals
such as platinum in place of boron was also not possible. The complete spectroscopic

profiles of the successfully synthesised compounds are summarized in Table 5.
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Amaxabs  Ext. Coeff.  Aexflu  Aemflu Fluorescence
Compound Solvent
(nm) Micm?t)  (nm) (nm) Intensity (a.u.)
27 DMSO 525 5,010 470 523 2,595
Hexane 530 9,570 470 516 1,347
28 DMSO 509 18,030 500 531 53
MeCN 505 19,890 500 528 107
29 DMSO 504 8,250 490 569 26
Hexane 511 3,250 490 558 776
30 DMSO 509 225,370 512 522 314,500
Pet. ether 505 99,470 513 517 16,450
31 DMSO 509 132,610 495 507 42030
Pet. ether 511 649,010 498 501 367010
32 DMSO 509 5,000 500 511 10
Hexane 511 3,250 500 527 3
33 DMSO 509 33,340 509 537 170
Pet. ether 511 37,850 511 541 167
34 DMSO 512 39,790 511 537 217
Pet. ether 511 42,270 512 534 96
36 DMSO 499 5,650 450 514 422
MeCN 495 5,230 450 511 500
37 DMSO 499 1,550 450 n/a n/a
MeCN 496 1,620 450 520 278
38 DMSO 555 17,550 554 590 78.12
Pet. ether 549 31,280 549 576 66.98
39 DMSO 554 17,540 555 591 154
Pet. ether 555 2,190 553 571 154
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Amax @bs  Ext. Coeff. Aexflu Aem flu Fluorescence
Compound Solvent

(nm) Micm?t)  (nm) (nm) Intensity (a.u.)

43a DMSO 535 2,420 535 583 149
DCM 547 43,640 544 589 2,716

44a DMSO 559 980 516 528 24

DCM 590 21,283 580 592 22

46 DMSO 657 8,910 600 672 189

Pet. ether 642 14,440 600 658 47

47 DMSO 734 16,130 700 768 16
Pet. ether 699 17,880 700 738 564

48a DMSO 704 14,980 650 738 421
Pet. ether 679 3,740 650 696 657

Table 5: Summary of the photophysical parameters for compounds 27-48a.

Fluorescence emission are normalised to 100 uM solutions

Compounds 27-37 explore the extent to which the meso group of a BODIPY scaffold
can influence photophysical properties. Previous studies suggest that only small
variation in spectroscopic properties is observed when modifying non-aromatic meso
substituents. 123125165178 The data acquired here indicated that amine, hydroxyl and
methyl groups at the meso position gave the greatest potential for high molar
absorptivity. This is most clearly indicated by the absorptivities of 649,010 Mtcm™?
and 225,370 M*cm™ for compounds 31 and 30 respectively, in DMSO. Compounds
33 and 34 with ethyl and isopropy! esters also demonstrated promising absorption
efficiencies in both polar and apolar solvent (33; DMSO = 33,340 Mlcm™, Pet. Ether
= 37,850 Micm™: 34; DMSO = 39,790 Micm?, Pet. Ether = 42,270 M'cm™).
Compounds 29, 30 and 31 showed interesting properties, by which extinction
coefficients dramatically varied with environmental polarity. For example, for
compounds 29 and 30, extinction coefficients increased by 2.5 and 2.3 times,
respectively, when moving from apolar to polar solvent. Conversely, the extinction

coefficient of compound 31 increased almost 5-fold when moving from polar to apolar
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solvent. This indicates that acetyl and hydroxyl groups promote absorption of light in
a more polar solvent, whereas the simple methyl group increases absorption in a less

polar solvent.

Substitution at the meso position was also shown to have dramatic consequences for
fluorescence emission. Amine and ester substituents (compounds 28, 29, and 32-34)
showed significant perturbation of fluorescence responses, irrespective of
environmental polarity. This is clear from comparison with compound 31; for example,
in the case of compound 32, the emission intensity was 3 arb. u. in apolar solvent,
compared with 367,010 arb. u. in compound 31. This was apparent for all carbonyl
variants, with little correlation between emission response and proximity to the
BODIPY core. This is clearly apparent from comparison between compounds 43a
and 32. Compound 43a had a decrease in fluorescence intensity of 41,881 arb. u. in
polar solvent compared with unsubstituted compound 31; similarly, compound 32 had
a decrease in fluorescence intensity of 42,020 arb. u. relative to compound 31. With
respect to amine bearing compounds, compound 44a had a significantly lower
fluorescence emission intensity than compound 43a (149 and 2,716 arb. u. for
compound 43a compared with 24 and 22 arb. u. for compound 44a in polar versus
apolar solvent). This does however support the hypothesis that both amines and
carbonyls are capable of impeding fluorescence emission responses. Compounds 29
and 31 also presented environmentally dependent fluorescence emission with
substantially increased responses when moving from polar to apolar solvent. In
comparison, for the meso methyl substituent (compound 31), this was recorded as
almost a 30-fold improvement. Conversely, introduction of a hydroxyl group caused
the inverse effect, with substantially magnified emission of more than 19 times in

DMSO versus petroleum ether.

Solvatochromism is a desirable characteristic for a highly specialised probe; however,
the constructed analogues 27-37 did not offer bathochromic or hypsochromic shifts
above ~10 nm. The largest solvatochromic shift was detected for compound 27 in the
bathochromic direction of only 5 nm. A shift of this magnitude is arguably negligible
and hence indicates that the nature of substitution carried out at the meso position is

incompatible with inducing solvatochromism. This was expected as none of the
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compounds contained heteroatomic lone pairs within conjugative reach of the

chromophore’s delocalised system.

Despite having little impact on absorption wavelength, carboxylic acids 36 and 37
showed dramatic differences in photophysical profiles. With increasing alkyl chain
length, here of only one carbon, there occurred an increase in extinction coefficient
of 3-3.5 times (1,620 M*cm™ versus 5,230 M?*cm™? for compound 37 versus
compound 36 in MeCN). Comparison of these two fluorophores also demonstrated
the limitations of carboxylic acid fluorescence emission quenching in this context. In
apolar solvent, little difference in detectable emission was observed between the two
carboxylic acids, however in a polar environment, shifting the carboxylic acid one
atom closer to the BODIPY core, as in compound 37, effected dramatic fluorescence
guenching. Although partial in an apolar environment (~ 50% decrease relative to
compound 36), this fluorescence inhibition was complete in DMSO, and no detectable
fluorescence response was present. This phenomenon is most likely a result of
dipole-dipole electronic energy transfer between the conjugated system and
carboxylic acid, restricting available energy for fluorescence emission. It is not
possible to determine from this data whether this occurs via empty or molecularly
occupied space, yet this could be rectified using time resolved spectroscopy. The
environmental dependence for compound 37 can be explained by the proclivity for
larger dipoles in a polar environment, promoting interaction of the electric fields to
exacerbate fluorescence guenching. This finding was particularly exciting given the
dramatic control over photophysical properties with minimal synthetic modification
and little impact on the other spectroscopic properties of the core, such as absorption

wavelength.

The effect of substitution at the 2 and 6 positions on fluorescence emission was clear.
lodine molecules generally reduced the emission intensity, whilst the more complex
alkyne extensions caused, in most cases, a drastic perturbation of fluorescence
emission. For example, emission intensity was reduced to 24 arb. u. for compound
44a relative to 42,030 arb. u. for unsubstituted compound 31. The only exception to
this was compound 43a in apolar solvent. This deviation from the pattern could be

justified by the superior fluorescence acceptor ability of DMSO by Foérster energy
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transfer from the fluorophore. Regarding compound 44a, as this environmental
dependency is not observed, it can be postulated that dimethylamine substituents
conjugated within the extended BODIPY molecule at these positions have a
fluorescence quenching side effect, perhaps by the same electronic energy transfer
mechanism as for carboxylic acids 36 and 37. Due to conformational restrictions it is

most probable that this would occur through molecularly occupied space.

For the four compounds synthesised with modifications at the 2 and 6 positions, only
compound 44a showed any discernible solvatochromism: a bathochromic shift of
almost 30 nm when moving from a polar to an apolar environment. Again, this was
as anticipated as this was the only compound that contained auxochromes. It was
thus established that the effects of the dimethylamine auxochromes at the 2 and 6
positions were three-fold: increased absorption wavelength, decreased fluorescence
emission response and bathochromic solvatochromism when moving from a polar to
an apolar environment. In the case of compound 44a, a solvatochromic shift of 31 nm
was measured when moving from polar to apolar solvent; this would be useful in
applications to probe the polarities of different environments, as a shift in absorption

wavelength of this magnitude is distinct enough for detection.

Compounds 46, 47 and 48a were the most successful with respect to achieving
favourable properties for biological applications. Extension of the conjugated system
from positions 3 and 5 achieved absorption maxima increases of at least 150 nm
relative to unmodified comparatives, such as compounds 27 and 31. These trends
are similar to those presented by Tao et al. where increasing conjugated system size
increased absorption wavelengths and extinction coefficients.*”® This was supported
by the clear trend in increasing wavelength with the addition of further conjugate
branches. This conclusion is most succinctly derived from comparison of compounds
47 and 48a. These structures also indicated the distinct effect of the tertiary amines.
The addition of one more conjugated “tail” at the 3,5 position of BODIPY leads to an
increase in absorption wavelength of 30 nm and an increase in extinction coefficient
of 1150 Mcm™in DMSO. Whilst providing a bathochromic shift for the absorption
maxima, these results showed that auxochromes incorporated into BODIPY in this

way have a greater effect on absorption wavelength than increasing the size of the
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conjugated system. Furthermore, environmentally dependent fluorescence emission
was more significant in compound 47 than compound 48a. The percentage decrease
in fluorescence for compound 48a versus compound 47 when moving from apolar to
polar solvent was 36% versus 97%. This demonstrates that compound 47 is a more
sensitive fluorophore for detecting changes in polarity. Moreover, significantly higher
absorption maxima of compounds 47 and 48a compared with compound 46 in both
polar and apolar solvent (differences ranging from 32 nm to 77 nm for like
comparisons) reinforce that large conjugated systems with bathochromic
auxochromes at the 3 and 5 position of BODIPY are effective methods to increase
absorption wavelength and introduce solvatochromism and environmentally
dependent fluorescence emission. Here, despite a smaller conjugated system,
compound 48a absorbed light at a wavelength almost 50 nm longer than compound
46. This suggests that auxochromes have a more dramatic effect on absorption
wavelength than adding a styrene substituent and the 3,5 position. In comparison to
compound 44a, this indicates that the induced solvatochromic effect from
alkylaminophenyl substituents is reliable and irrespective of location or conjugative

linker, providing there is sufficient conjugation within the electronic 1 system.

Molar extinction coefficients mostly showed an increase compared with unmodified
BODIPYs, with the exception of compound 48a. This could be accredited to
conjugation size affording a greater affinity for the absorption of photons. Notably, the
calculated coefficients for these analogues in apolar solvent were significantly lower

than for compounds 43a and 44a.

In general, modification of BODIPY at the 3 and 5 positions effected a decrease in
fluorescence response. This can be justified by the theory that increasing absorption
wavelengths can compromise fluorescence emission, a difficult side effect to
moderate given the extensive bathochromic shifts observed for these analogues. Yet
for those containing auxochromes, overall this modification led to an increase in
fluorescence response relative to simple phenyl groups, such as in compound 46.
Moreover, significant environmentally dependent fluorescence emission was present
in compound 47. This effect could be explained by twisted intramolecular charge-

transfer, a phenomenon also observed in compounds such as Nile Red. ¢ Although
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typically prevalent in structures with long alkyl chains between donor and acceptor
species, it has been noted that a special type of twisted intramolecular charge transfer
state can be formed, enabling orthogonal interaction between the electronic systems
of acceptor and donor molecules. This is reliant upon the successful twist around the
essential single bond separating the BODIPY core from the diethylaminophenyl
substituents. Twisting of the molecule away from the planar state in a polar solvent
such as DMSO causes a two-fold effect. Primarily, the twisted state possesses a
smaller band gap between the ground and excited states, enabling longer wavelength
emission and causing the bathochromic shift. Secondly, the intensity of fluorescence
emission is compromised. In a similar way to compounds 36 and 37, this could be
justified by the fluorescence quenching ability of the acceptor molecule reducing
fluorescence quantum yield and installing environmentally dependent fluorescence
emission properties. The variation in emission wavelengths that occurs with changing

solvent polarity are also likely a result of this charge transfer.8’

Figure 24 provides a visual representation of the photophysical trends observed

based on SAR as a summary of the acquired spectroscopic data.

No major strategies were developed to increase absorption wavelengths via the meso
position, with alkyl chains causing hypsochromic shifts. Most notably were the high
extinction coefficients achieved by methyl and hydroxyl groups whilst bulkier groups
such as carbonyls appeared to inhibit absorption efficiency, irrespective of substituent
polarity. Although bulkier groups effected small bathochromic shifts, this was regularly
at the expense of fluorescence emission intensity. Little solvatochromism was
achieved; however, methyl and hydroxyl groups also provided the most intense
fluorescence emission with most other substituents compromising the response.
Significantly, it was established that incorporating carboxylic acid groups less than
three carbons away from the BODIPY core at this position quenched fluorescence

emission.
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A Methyl and hydroxyl groups - 7 T -
Long alkyl chains ! - - -
Bulky groups - l l -
Carbonyl/amine groups - - l -
B Extended conjugation 7 ! ! T
Heavy atoms 1 T - -
Auxochromes T - l T
C Extended conjugation TT T l T
Auxochromes T T T T

Figure 24: Visual representation of the photophysical trends established based on

modification of the BODIPY scaffold

For substitution onto the BODIPY core, many modifications here achieved an
increase in absorption maxima, relative to compound 31. In general, a larger increase
was achieved via the 3 and 5 positions. Extension of the conjugated system proved
the least effective method compared with the incorporation of auxochromes such as
alkylamines, which efficiently induced bathochromic shifts. A similar trend was
observed for extinction coefficients, by which greater improvement in molar
absorptivities were observed via 3,5 modification; this was particularly poor for alkyne-

based conjugation relative to unmodified BODIPY.
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With the exception of heavy iodine atoms, all modifications induced a degree of
solvatochromism. This was most pronounced for compounds containing
auxochromes, irrespective of locus. Fluorescence profiles gave more interesting
results. These larger, long wavelength chromophores presented compromised
fluorescence emission without correlation to location on the BODIPY scaffold, as is
often observed with such strategies. However, in compound 47, this was offset by the
presence of multiple auxochromes at the 3 and 5 positions, relative to compound 46.
These data highlight the importance of auxochromic substituents in the quest for fine-

tuned photophysical profiles.

The results indicate that the most effective methods to fine-tune highly specific
photophysical properties are via the 3 and 5 positions of the BODIPY core. This,
combined with other modifications throughout the structure, could afford a broad
spectrum of photolytic tools with desirable photophysical profiles for highly
specialised applications. With respect to achieving long absorption maxima,
reasonable extinction coefficient and solvent dependent fluorescence emission,
compound 47 provided the most favourable profile. Thus, this compound has the

greatest potential to be a valuable photophysical tool.
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Chapter 3

Photophysical analyses

3.1 Density functional theory

Density functional theory (DFT) calculations were carried out using computational
modelling to determine the HOMO and LUMO energies for each of the seventeen
successfully synthesised compounds (27-48a). The obtained data are summarised in
Figure 25 in order of compound number. Tabulated data for the obtained HOMO and
LUMO energies and data organised by ascending HOMO and LUMO can be seen in

the appendix (Section 6.3) for clarity of comparison and to indicate trends.

Good correlation was established between relative HOMO and LUMO energies, and
UV/Vis and fluorescence spectroscopy data (Chapter 2). As expected, maximum
absorption wavelength generally increased with decreasing HOMO-LUMO energy
differences, due to the requirement for lower energy illumination to initiate molecular
orbital transitions. Molecular orbital electron density maps for compounds 27-48a can

be found in the appendix (Section 7.3).

Clear trends were established between the nature and location of many substituents,
and stabilisation (or destabilisation) of the HOMO and LUMO of the BODIPY
analogues. Halogens were shown to be most successful at stabilising the HOMO.
This was most evident for compounds 38 and 39 which contained two iodine atoms

each, where the HOMO was lowered by more than 0.3 eV relative to BODIPY
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analogues without iodine substituents (compounds 29 and 32). Compound 27, with a
meso methyl bromine group also significantly stabilised the HOMO, here by 0.17 eV,
compared with compound 31, which had only a meso methyl group. This indicates
that the effect of halogens on HOMO and LUMO energies is independent of locus on

the BODIPY core.

eV

-1 _ ___ _

27 28 29 30 31 32 33 34 36 37 38 39 43a 44a 46 47 48a

Figure 25: Representation to show the relative energies of HOMOs and LUMOs for

compounds 27-48a

The data in Figure 25 indicated that introduction of ester groups at the meso position
(compounds 32-34) caused partial stabilisation of the HOMO of between 0.09 and
0.13 eV, compared with compound 31 which had only a methyl group at the meso
position. Compounds 33, 34, 36 and 37 contained meso groups comprised of a simple
methyl, or alkyl groups bearing carboxylic acids respectively, yet the modifications in
compounds 36 and 37 caused only partially stabilisation of the HOMO energy level
(~0.09 eV). This suggested that the carboxylic acid groups in these compounds were
physically too far from the conjugated 1 system to effect significant changes to
molecular orbital stability. Furthermore, including electron accepting groups on the
BODIPY core stabilised the HOMO. Conversely, the introduction of amine and
hydroxyl species universally destabilised the HOMO of BODIPY, by an average of

~0.1 eV, with no significant correlation between location and efficacy.

Extension of the conjugated system destabilised the HOMO in almost all the
compounds, which was intensified for extension at the 3 and 5 positions over the 2

and 6 positions. The presence of amine groups in these more complex structures also
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caused dramatic increases in HOMO energies. This is most strikingly shown by
comparison between compounds 43a and 44a, the former of which only caused a
fractional HOMO destabilisation of 0.036 eV compared with compound 31. Here, the
introduction of amine substituents in place of methyl esters, as in compound 44a,
destabilised the HOMO by a further ~1 eV. This trend was also observed for
compounds 46, 48a and 47 with HOMO energy levels tending to increase with the
incorporation of additional amines. For example, comparison between compounds 46
and 47 indicates that the HOMO is destabilised by 0.65 eV when two additional amine
groups are added. Although this appears to suggest that amine destabilisation is more
significant via the 2 and 6 positions of the BODIPY scaffold, it must be acknowledged
that the larger difference between compounds 43a and 44a (~0.4 eV greater
compared to 46 and 47) could be a result of the stabilising influence of the ester
group. This makes the reasonable assumption, based on other BODIPY compounds
with ester substituents, that the HOMO stabilising effect of esters at the meso position
is similar to when they are located at the 2 and 6 positions. With respect to compound
47, the stabilising effect of the meso methyl bromine substituent was insufficient to
overcome destabilisation from the amine bearing conjugated extensions. This
suggests that not only is HOMO stability compromised by 3,5 substitution, but that

this effect cannot be overcome by the presence of stabilising halogens.

In general, weak correlation was established between calculated LUMO energies and
the type and location of substituents on the BODIPY core. This is demonstrated by a
variation in the LUMO energies of 0.6 eV compared to HOMO energies, which
spanned over 1.4 eV. As with the HOMO energies, destabilisation of the LUMO
occurred when substituents such as amines, hydroxyl groups and carboxylic acids
were incorporated, whilst stabilisation was achieved with halogen atoms. Stabilisation
of the LUMO with iodine substituents, as in compounds 38 and 39, was ~0.2 eV,
despite molecular orbital depictions indicating a lack of electron density localized over
these atoms (appendix, Section 7.3). Electronic distribution of the LUMO for these
two analogues was similar to un-iodinated compounds, despite the variation in orbital

energies.
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LUMO energy levels appeared predominantly dependent on the size of the
conjugated system. For example, enlargement of the conjugated system resulted in
stabilisation of the LUMO, an effect that was realised to a greater degree for
compound 47, which was substituted at the 3 and 5 positions; the energy of the LUMO
was stabilised by 0.27 eV here. However, this stabilisation was partially hindered by
the presence of electron donating groups, as was observed in compounds 44a and
46, whereby little conjugation to the phenyl group occurred. Furthermore, as with the
HOMOs, incorporation of amine substituents, irrespective of loci, destabilised the
molecular orbitals. This was however, to a much lesser extent than for the HOMOs.
Consideration of compounds 47 and 48a suggests that this could be overcome by a
larger conjugation system, particularly as the LUMO of compound 47 is more stable
than that of 48a. This suggests that the size of a conjugated system is a more
significant factor in determining LUMO energy levels than amine groups in these

BODIPY fluorophores.

Overall, the greatest destabilisation of the HOMO was achieved by substitution at the
3 and 5 positions of BODIPY and the inclusion of amines, whereas the inclusion of
halogen species universally improved HOMO stability. With respect to the LUMO,
there was only small variation in stability; however similar trends were measured with
respect to amine and halogen groups, with conjugated systems conversely providing
partial stabilisation. In general, with narrowing of the HOMO-LUMO gap there was
more significant destabilisation of the HOMO rather than stabilisation of the LUMO.
This was exacerbated by the presence of amine groups, supported by the observation
that compounds 44a and 46, which did not contain amine groups, experienced this

effect to a lesser degree.

In 2019, Tao et al. reported on efforts to fine-tune the electrochemical properties of
BODIPY compounds, and thus presented a series of analogues similar to compound
47, but with a phenyl group at the meso position.!”® Here, they found that, as
expected, the HOMO-LUMO energy gap decreased with the addition of styryl groups
at the 3 and 5 positions of the BODIPY core. However, they observed that the
progressive addition of a third and fourth styryl group did not decrease the size of the

HOMO-LUMO gap to the same extent as the addition of the first and second styryl
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groups at the 3 and 5 positions. This suggests that the substitution carried out to
achieve compound 47 is the most efficient for achieving a narrow HOMO-LUMO gap,
and that further substitution would not theoretically achieve a molecule with an
absorption maximum closer to the near infra-red. In addition to this, Xuan et al.
reported that adding substituents such as thiophene or phenyl groups could
destabilise both the HOMO and LUMO, as was seen in particular in compound 44a.188
Here, they found that the HOMO of BODIPY was destabilised by ~0.65 eV, and the
LUMO destabilised by ~0.5 eV. This supports the observations from compounds 43a
and 44a, and further emphasises the stabilising effect of ester groups of the molecular

orbitals of BODIPY.

Compound 47 demonstrated a photophysical profile that was the most promising.
Favourable properties for biological probing combined with in vivo compatibility
potential, facilitate a light-activated tool that could be applied to a variety of strategies.
Thus, this compound was selected for more in depth DFT studies, accounting for the
effects of external solvents on the molecular orbital arrangements and relative
energies of the HOMO and LUMO. The oscillation strengths were also established
with corresponding primary coefficients for each of the orbital transitions for
compound 47 in different solvents. The obtained data are summarized in Tables 6

and 7.

Solvent Polarity (arb. u.) HOMO (eV) LUMO (eV)
None n/a -5.253 -1.780
Ether 0.11 -5.377 -2.007
MeCN 0.46 -5.460 -2.145
MeOH 0.76 -5.458 -2.143a

Table 6: HOMO and LUMO energies for compound 47 in different solvents with

varying associated polarities
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Approximation to account for the global presence of solvent molecules around the
BODIPY analogue, as anticipated, caused stabilisation of both the HOMO and LUMO
energies by at least 0.3 eV (Table 6). The results also showed a correlation between
solvent polarity and molecular orbital energies. As solvent polarity increases, both the
HOMO and LUMO of compound 47 undergo minor stabilisation of less than 0.1 eV,
with energy differences between the two molecular orbitals remaining negligibly
constant with changing environmental polarity. Interestingly, increasing solvent
polarity from MeCN to MeOH, a significant increase comparable to that from ether to
MeCN, did not enable a similar improvement in molecular orbital stability for either

the HOMO or LUMO.

Transition Oscillator Molecular Orbital Primary
Solvent

Energy (eV) Strength (f) Transition Coeff.
3.8260 1.15 HOMO — LUMO+1 0.52
None 2.9530 0.86 HOMO-1 — LUMO 0.69
1.8926 0.97 HOMO — LUMO (- 0.69
3.5812 1.23 HOMO — LUMO+1 -0.67
Ether 2.7099 1.51 HOMO-1 — LUMO 0.68
1.5868 1.19 HOMO — LUMO (- 0.69
3.4733 1.08 HOMO — LUMO+1 -0.66
MeCN 2.5809 1.81 HOMO-1 — LUMO 0.68
1.44a07 1.27 HOMO — LUMO (- 0.69
3.4749 1.08 HOMO — LUMO+1 -0.66
MeOH 2.5829 1.81 HOMO-1 — LUMO 0.68
1.44a3a0 1.27 HOMO — LUMO (- 0.69

Table 7: Energies of quantum mechanical transitions to singlet excited states with

corresponding oscillator strengths and molecular orbital transitions for compound 47
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Computational modelling of compound 47 using DFT suggested that significant
redistribution of electron density takes place during m-11* transitions. Oscillator
strength can be understood as the probability that a quantum mechanical transition
will occur. Exploration of transition energies with corresponding oscillator strengths
indicated the potential for electronic transitions and clarified the effects of solvent
polarity on these transitions. This provided insight into the feasibility of electronic

excitations in compound 47 with respect to environmental polarity.

Figures 26-33 present the molecular orbital diagrams, orbital energies (LUMO+2,
LUMO+1, LUMO, HOMO, HOMO-1 and HOMO-2), the orbital transition energies and,
where applicable, the UV/Vis spectra for compound 47 in the absence of solvent, and

in the presence of ether, MeCN and MeOH.

The results showed that with increasing polarity, the potential for quantum mechanical
TI-TT* transitions improves, whilst the more polar solvents more effectively stabilise the
excited singlet state. This is shown by the increase in oscillator strengths from 1.19
in ether to 1.27 in MeCN and MeOH. This is also supported by the decrease in the
energy of the 1T-17* state that is seen with increasing solvent polarity when moving
from ether to MeOH (1.59 eV to 1.44 eV). Furthermore, obtained molecular orbital
depictions indicate increased localization of electron density across the conjugated 1
system in MeOH compared with ether (Figures 32 and 28). This suggests that the -
* transition is more favourable in polar environments, supporting the parameters
derived in Table 7. These predictions support the UV/Vis spectra measured for
compound 47 (Figures 29, 31 and 33, overleaf), which clearly demonstrate the
relative intensities of the different absorption peaks (with corresponding molecular
orbital transitions). These relative intensities match the oscillator strengths indicated
for each transition, and thus provide an explanation for the pattern of absorption

peaks observed on UV/Vis spectroscopy.

In the absence of solvent, the largest transition energy (HOMO — LUMO+1) was the
most favourable, with an oscillator strength of 1.15. For models accounting for

external solvent molecules, the m-Tm* transition was not calculated to be the most

108



favourable molecular orbital transition. There is a greater probability of quantum
mechanical transition for HOMO-1 — LUMO compared with the 1-11*, suggested by
this increase in oscillator strength. The difference between these two transitions was
0.54 for MeCN and MeOH, and 0.33 for ether; this demonstrates that the HOMO-1 —
LUMO is more favourable to an even greater extent in polar solvents than apolar
solvents. This also justifies the ratios of transition states observed in the UV/Vis
spectra, where an absorption peak of shorter wavelength is also detected with a
greater absorption intensity (Figures 27, 29 and 31). Despite this, the relative
transition energies show that the HOMO-1 — LUMO transition, as expected, is less
stable, with values more than 1.1 eV larger than the 1r-11* transition, making these two

singlet state excitations more comparable in proclivity.

The m-1* transition is the most valuable molecular orbital transition in the pursuit of
fluorophores active towards the near infra-red. This is because excitation from the
LUMO to the HOMO requires the longest wavelength of light compared with other
molecular orbital transitions. In the case of compound 47, in polar and apolar solvents,
the -1 transition represents absorption wavelengths of 734 and 699 nm,
respectively. Here, the oscillator strengths for 1-1r* transition in ether and MeOH was
measured as 1.27 and 1.19, respectively. Although the TT-1T* transition is not the most
favoured, an oscillator strength of 1.19 is high for a BODIPY fluorophore. In
comparison to other BODIPY compounds, Bafiuelos et al. reported that the simple
BODIPY core (compound 31) had an oscillator strength of 0.53, most likely such as
low value because of poor HOMO-LUMO orbital overlap.!®® Shao et al. in 2011 and
Chen et al. in 2019 presented BODIPY molecules with similar structures to compound
47, with conjugated substituents at the 3,5 positions of the BODIPY core. Here
however, much weaker oscillator strengths were reported of less than 1.1%%°! This
suggests that despite the 1-r* transition not being the most favourable transition, it
is still highly likely to occur compared with other BODIPY fluorophores. The oscillator
strengths measured here are also significantly stronger than for similar fluorophores,
such as those presented by Ksenofontova et al.'®? In comparison to compound 47
which has an oscillator strength of 0.97 for the m-m* transition in the absence of
solvent, the highest oscillator strength presented by Ksenofontova et al. was 0.609

(also a m-1* transition). This indicates that the photolysical profile of compound 47 is
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stronger than these other BODIPYs, and that excitation to the HOMO prior to
fluorescence emission is more favourable in compound 47. Most significantly,
however, was the fact that the HOMO-1 — LUMO and HOMO — LUMO oscillator
strengths were very similar (0.605 versus 0.600) for the compounds presented by
Ksenofontova et al. This is in stark contrast to the values reported for compound 47,
where a difference in oscillator strength of 0.11 was measured between these two

molecular orbital transitions.

The data suggest that not only is compound 47 is a viable candidate for a long
wavelength fluorophore, but it is optically active at more than one wavelength. This
could be a valuable characteristic in a biological application where, for example,
triggering a fluorescence response in different areas of the body in vivo would require
the use of different wavelengths of length as a result of varied depth of penetration

requirements.
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LUMO+2 (0.608 eV) LUMO+1 (0.379 eV)

LUMO (-1.780 eV) HOMO (-5.253 eV)

HOMO-1 (-6.129 eV) HOMO-2 (-6.850 eV)

Figure 26: Molecular orbital diagrams and energies for compound 47 without solvent
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Figure 27: Orbital transition energies of compound 47 without solvent
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LUMO+2 (0.381 eV) LUMO+1 (0.124 eV)

LUMO (-2.007 eV) HOMO (-5.377 eV)

HOMO-1 (-6.231 eV) HOMO-2 (-6.989 eV)

Figure 28: Molecular orbital diagrams and energies for compound 47 in ether
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Figure 29: Molecular orbital transitions energies of compound 47 in ether with

assignment of transitions to absorption spectrum
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175. LUMO+2 (0.241 eV) 174. LUMO+1 (-0.032 eV)

173. LUMO (-2.145 eV) 172. HOMO (-5.460 eV)

171. HOMO-1 (-6.309 eV) 170. HOMO-2 (-7.087 eV)

Figure 30: Molecular orbital diagrams and energies for compound 47 in MeCN
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Figure 31: Molecular orbital transitions energies of compound 47 in MeCN with

assignment of transitions to absorption spectrum
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LUMO+2 (0.243a eV) LUMO+1 (-0.030 eV)

LUMO (-2.143a eV) HOMO (-5.458 eV)

HOMO-1 (-6.307 eV) HOMO-2 (-7.085 eV)

Figure 32: Molecular orbital diagrams and energies for compound 47 in MeOH

117




A
3.47 eV
LUMO
Al
1.44 eV
V e HOMO
2.58 eV
v —
0.20 4
§ 0.15 4
E 0.10 4
<

0.05

T T T T T T
500 600 700 800
Wavelength(nm)

Figure 33: Molecular orbital transitions energies of compound 47 in MeOH with

assignment of transitions to absorption spectrum
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3.2 Transient absorption spectroscopy

Transient absorption spectroscopy (TAS) was utilised to monitor the dynamics of
transient changes in absorption upon excitation using a pulsed laser. During this
technique, an initial laser pulse is followed by a probe pulse after a time delay, by
which a fraction of the molecules are promoted to their excited state. The resultant
absorption profile, upon removing ground state absorption spectra as a background
trace, indicates the nature of the photoexcited charges. The location of excited
electrons (either in the singlet or triplet state) could suggest the potential fluorescence
emission yield after excitation, with fluorescence emission favoured by increased
maintenance of electrons in the singlet prior to relaxation. Here, absorption is
monitored over time to track any changes until complete relaxation of electrons to the
ground state. Significant variation of absorption response over time can indicate both
the presence and electronic properties of intermediate excited states, such as triplet
state occupation as a result of intersystem crossing. Tracking and recording of the
absorption dynamics multiple times before averaging of the signal provides a
representative depiction of the electronic kinetics under photoexcitation. Modification
of the probe pump enables spectra to be collected over a range of wavelengths,
providing insight into the effects of excitation wavelength on the nature of excited
states. This method was selected to improve the potential to detect dark, or non-

emissive, states.

TAS was carried out on compound 47 in MeCN and DMSO at room temperature
(~298 K) using a Xe lamp (75 W) for sample illumination. An Si PIN photodiode was
used to measure fluctuations in transmitted light after application of the UV laser pulse
with intensity 0.5-36 pJ cm. Excitation was carried out at 700 and 630 nm for MeCN

and DMSO respectively.

In both solvents, compound 47 did not suggest the detectable occupation of an
excited triplet state. The spectra (Figure 34) effectively show background “noise” with
little evidence of intersystem crossing. The range of wavelengths recorded at, from

650 to 1600 nm, demonstrates no detectable emission in the vis-IR region that would
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indicate alternative transient changes. This suggests that undetectable numbers of
photons are being lost to phosphorescence, and therefore more excited photons are

available for fluorescence emission.
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Figure 34: Transient absorption spectra for compound 47 in MeCN (a) and DMSO (b)

indicating that little intersystem crossing to the triplet excited state is occuring

The results here were not unexpected. There have been reports of very poor triplet
state population and little detectable intersystem crossing ocurring in BODIPY
compounds.'? Further, the majority of work that addresses population of the triplet
state of BODIPY does so in compounds containing heavy atoms or heavy metals,
which are known to promote intersystem crossing.'%1% The lack of heavy atoms or

metals in compound 47 therefore, could explain the undetectable levels of ISC.
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3.3 Time correlated single photon counting and

photoluminescence quantum yield

Monitoring of the excited states was not successful using transient absorption
spectroscopy; therefore, alternative strategies were employed to provide a clearer
picture of the excited states. Time correlated single photon counting (TCSPC) was
utilised as a method to detect single photons of light initiated by a pulsed laser.
Excitation of a sample enables detection of these photons by measuring their arrival
times with respect to a reference signal in order to determine the relative lifetimes of
a fluorescent response. Repetition of this stimulus allows construction of fluorescence

decay curves based on the arrival time of photons at a detector.

Compound 47 was hence analysed using TCSPC in three different solvents: MeOH,
MeCN and petroleum ether. The aim was to determine the effect of solvent polarity
on emission decay pathways upon excitation and subsequent detection with multiple
wavelength tuned emission probes. The employment of multiple probes enables
monitoring of more than one molecular orbital transition. The obtained data are
summarized in Table 8. The profiles demonstrate that whilst all decays occur on a
nanosecond time scale, a clear trend was established whereby increasing
environmental polarity increases photoluminescent decay. Rise times were shown to
be less dependent on environmental polarity with slight decreases in time taken for
excimer formation. However, these are restricted by the detection limits of the
spectrometer with rise times defined as time taken for photon detection to reach 1000
(arb. u.) for ease of comparison. Thus, they are not perfectly reliable and do not
provide valuable insight into the excited states of compound 47. With respect to decay
times, significant variation was established in timescale/half-life as a result of global
solvent. In apolar solvent petroleum ether, decay lifetimes of 2.04 and 2.76
nanoseconds were recorded with detection wavelengths of 720 and 640 nm
respectively. However, increasing the polarity of the solvent dramatically reduced the
decay lifetime; in MeCN, recuperation of electrons to the ground state was achieved
in 1.00 nanoseconds or less. This decreased even further in the most polar solvent

MeOH, where the average decay time was 4.97 nanoseconds.
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Solvent Adetection (NM) Tiise (NS) Tiecay (NS)

Ether 640 5.13 2.76 +0.39
720 5.32 2.04 +0.38
MeCN 730 5.02 0.78 +0.10
792 5.01 1.00 +0.09
MeOH 660 4.97 0.57 +£0.15
760 5.03 0.64 +0.12

Table 8: Fluorescence lifetime measurements for compound 47 in three solvents with

different detection wavelengths

Correlation of transition states showing HOMO-1 — LUMO, as calculated from DFT
modelling, supports the conclusion that absorption peaks at 630 and 612 nm for
DMSO and Pet. ether respectively are a result of this quantum mechanical transition.
It was established that excitation using wavelengths at 630 nm and below excited
electrons from the HOMO-1 to the LUMO, whereas illumination above this wavelength
stimulated the m-1* transition. This is supported by the relative transition energy

calculations (Figure 35b-d).

The measured fluorescence lifetimes were shorter than for some of the compounds
previously reported in the literature. Large conjugated systems similar to, but slightly
larger than, compound 47 have reported fluorescence lifetimes of between 3.2 and
4.3 ns. These are significantly larger than those measured here, which are less than
1 ns for similar solvent polarities. This suggests that, although compound 47 has a
strong photophysical profile when it comes to probability of molecular orbital
transitions, the fluorescence emission is short lived relative to other BODIPY
compounds.'® In contrast, the fluorescence lifetimes of the simplest BODIPY
compound (comparable to compound 31 without the methyl group at the meso
position) have been explored in multiple solvents.’®® The results indicate that the
fluorescence lifetime increases in a less complex and less conjugated structure. For

example, decay lifetimes were measured as 7.48a and 7.58 ns in MeCN and MeOH
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respectively, significantly higher than for compounds 47, which had an average

florescence lifetime of ~5 ns in MeCN and MeOH.
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Figure 35: a) Time correlated single photon counting decays of compound 47 in three

different solvents, excited at 44a3a nm and measured at various wavelengths (see

Figure legend); b)-d) Photoluminescence spectra of compound 47 with excitation

wavelengths from 550-700 nm in ether (b), MeCN (c¢) and MeOH (d) with

corresponding absorption spectra and transition energies. All obtained PL data has

been normalised.
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Photoluminescence spectra were used to calculate photoluminescence quantum
yields (PLQY) for compound 47 in the three solvents. The data were extracted using
Excel Macro software by taking the quantity of photons emitted by the sample as a
proportion of the photons used during excitation. This was carried out using data
obtained with and without fluorophore sample to provide controls. Yields were derived
using the closest detection probe to the emission wavelength for each excitation

profile. The data are shown in Table 9.

As anticipated based on previously acquired data, yields of emission were poorer in
more polar solvents. This was particularly striking upon comparison between
petroleum ether and MeOH, where PLQY dropped more than 13 times with increasing
solvent polarity. Similarly to the molecular orbital energies, linear correlation in line
with polarity indexes was not observed, with MeCN achieving a much poorer PLQY,
closer to MeOH, despite polarity being approximately between MeOH and ether. This
can also account for the poorer fluorescence emission yields observed during

fluorescence spectrometry.

Ether MeCN MeOH
635 nm = 9.4% 616 nm = 1.9% 720 nm = 0.6%
725 nm =7.9% 716 nm = 1.5% 786 nm = 0.6%

Table 9: Photoluminescence quantum yield (PLQY) for compound 47 in three

solvents: ether, MeCN and MeOH using detection probes of varying wavelengths

Despite little difference between the molecular orbital transitions in MeCN and MeOH,
PLQY still varies between 1.5% and 9.4%, indicating that this photon deficit after
excitation is not only a result of transition energies but also some interaction with the
environment. A possible explanation for this is Forster electron transfer to solvent
molecules, or by collisional or static interactions between the BODIPY analogue and
the solvent molecules. It is expected that Forster electron transfer would be more

prevalent in polar solvents given the inherent stronger dipoles within the system.
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In 2015, Sajjad et al. presented a series of BODIPY compounds with polymeric
chains, all of which had PLQYs of between 55-75%.1% In comparison, the PLQY of
compound 47 is low, with a maximum of 9.4% measured in ether. Furthermore,
PLQYs of 50% and above have been reported in BODIPY fluorophores with large
bulky structures that are comparable to compound 47.2°" This demonstrates that the
PL profile of compound 47 is weak compared with other BODIPY fluorophores in the
literature; this could be attributed to low favourability of the 1T-1m* transition that was

calculated using DFT (Table 7).

Overall, it has been possible to establish trends in spectroscopic properties, both
absorption and fluorescence, based on nature and loci of substituents on the BODIPY
scaffold. In addition, the effect of these varied substitutions on the HOMO and LUMO
energies has been determined, enabling compound design with the aim of
stabilisation or destabilisation of molecular probes as required. Further, the most
promising compound (47) has been explored more thoroughly to establish the effects
of environmental polarity on the probability and quantum efficiencies of molecular
orbital transitions, with correlation to spectroscopic data. The results indicate that with
increasing polarity comes greater stability of the molecular orbitals; however, with this
occurs faster decay of photon emission and loss of quantum efficiency. This
information will assist with highly specific design to function strategy for the
development of light-activated molecular probes with precisely tuneable properties to

meet selective application demands.

DFT, TAS, TCSPC and PLQY calculations were carried out in collaboration with Dr
José Marin Beloqui. DFT, TAS, TCSPC and PLQY experiments and data extraction

carried out by Dr José Marin Beloqui
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Chapter 4

Lipid membrane interactions

4.1 Introduction

With the photophysical characteristics of the BODIPY compounds established, their
potential as probes for biological environments was explored. The most logical
approach for these experiments was to generate a series of lipid vesicles with which
the BODIPY analogues could be incubated. The estimated TPSA values (calculated
using ChemBioDraw Ultra) suggested that the structures would be significantly more
inclined to associate with apolar environments. This was supported by predications
of logP values using of ALOGPS 2.1, which suggested ranges of 5.11-6.76. Although
the high lipophilicity of these compounds has the potential to compromise
bioavailability, it indicates that BODIPY compounds will preferentially associate with
lipid membranes. Hence, it was hypothesised that when in the presence of lipophilic
membranes in aqueous media, these BODIPY analogues would favourably situate
within the lipid bilayer. Previous work showed that the intensity of fluorescence
emission is dependent on environmental polarity (Chapter 2). Therefore, in the case
of these some BODIPY analogues, fluorescence emission was only observed in a
sufficiently apolar environment. It was postulated that these BODIPY fluorophores
would experience fluorescence quenching in agueous solution (as was observed in
polar solvents such as DMSO), with the re-establishment of fluorescence emission

upon insertion into an apolar lipid membrane. It is therefore possible that exposing
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these BODIPY analogues to biological systems in vitro could enable precise staining

of cellular components, a useful outcome for bio-sensing.

4.2 Insertion of BODIPY fluorophores into synthetic lipid

membranes

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was selected as the most
suitable synthetic model for lipophilic membrane interactions, as this lipid is known to
form relatively rigid vesicles in comparison to other lipids analogues.'® Small
unilamellar vesicles (SUVs) were prepared by concentration of the lipid solution and
re-suspension under sonication in buffer (1 x PBS). Two approaches were used for
the insertion of the compounds into the synthetic membranes: the first involved
incubation with the fluorophore for one hour after vesicle formation and the second
involved the addition of the compound prior to vesicle preparation. Giant unilamellar
vesicles (GUVs) were also prepared by electroformation. As with the SUVs, the
BODIPY fluorophore was introduced using two different methods, the first prior
vesicle preparation in the sucrose buffer, and the second after electroformation.
Samples were prepared containing a high fluorophore concentration of 800 uM; this
was for initial proof of concept. The aim was to saturate the lipid membranes with
fluorophore, maximising fluorescence emission and ensuring a detectable

fluorescence response.

The fluorescence response for these samples was monitored using bulk
measurements in buffer (1 x PBS) against a control of POPC GUVs and SUVs that
had not been treated with any fluorophore. For both SUVs and GUVs, no detectable
fluorescence emission was measured using this method. Therefore, it was also not
possible to determine whether adding the compound pre or post vesicle formation
had a significant impact on membrane insertion. This method was hence determined

as unsuitable for measuring fluorophore-membrane interactions.
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4.2.1 Confocal fluorescence microscopy with GUVs

As an alternative, confocal fluorescence microscopy was used to monitor the
presence of fluorophores in membranes. Preliminary experiments were carried out
using synthetic lipophilic stain, Nile Red (Figure 36, compound 56). This fluorophore
is part of the oxazine family of fluorophores; its extended conjugated structure permits
a long maximum absorption wavelength of ~571 nm. Diethlyamine groups (similar to
those used in compounds 44a, 47 and 48a) are bathochromic auxochromes, capable
of increasing absorption wavelengths. Further, the lone pair of the nitrogen atoms
induces solvatochromism as well as environmentally dependent fluorescence
emission. This fluorophore is known to interact with lipid membranes and therefore
Nile Red therefore provided an appropriate control molecule for membrane bio-

imaging studies using confocal fluorescence microscopy.%®

Figure 36: Confocal microscopy image of POPC GUV after incubation with Nile Red

(56) showing insertion into the lipid membrane. Excitation using 532 nm laser

Nile Red was clearly detectable after incubation with POPC GUVs. This method was

therefore employed for the synthesised BODIPY analogues.
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4.2.2 Insertion of BODIPY fluorophores into synthetic

lipophilic membranes

Eight of the analogues previously synthesised (Figure 36) showed significant
environmentally dependent fluorescence emission. These were selected for

membrane insertion experiments.

Figure 37: BODIPY analogues chosen for lipid membrane insertions, selected based

on their environmentally dependent fluorescence emission profiles

129



Based on the photophysical profiles for each compound, it was anticipated that in all
cases apart from compound 46, measurable fluorescence emission would be
detected upon insertion into the lipid membrane. For the case of compound 46,
fluorescence emission intensity decreased significantly (189 arb.u. to 47 arb.u.) when
moving from polar to apolar environments, and this was expected to be reflected in

the microscopy images.

All compounds were incubated with POPC GUVs for five minutes at a concentration
of 100 uM prior to visualization by confocal fluorescence microscopy. Compounds 28,
29, 31, 43a and 44a were excited using a 532 nm laser and compounds 46, 47 and
48a were excited using a 635 nm laser. For most compounds, imaging was achieved
within the five minutes without the need for washing to remove the excess dye to
reduce background fluorescence. Good signal-to-noise ratio enabled clear
visualization of the vesicles with little background interference. This demonstrates the
efficient staining power of BODIPY for visualizing lipophilic environments. The

resultant images are illustrated in Figure 38.

Images are false coloured green and red respectively to indicate wavelengths of light
emitted (Figure 38). In the case of compounds 31 and 46, no fluorescence emission
was detected, hence these images have not been included but are available, with all

full overlaid images, in the appendix (Figures A1-A3).
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Figure 38: Confocal microscopy images of POPC GUVs incubated with 100 uM

solutions of each compound. Compounds 28-44a excited with 532 nm laser and
compounds 46-48a a 635 nm laser. Top row L — R: compound 28, compound 29,
compound 43a; Bottom row L — R: compound 44a, compound 47, compound 48a.

Scale bar 8 uM

Due to the differences in fluorescence emission intensity during fluorescence
spectroscopy measurements, direct comparison between the membrane-inserting
ability of the compounds is difficult. This is exacerbated by the fact that two different
lasers were required as a result of the varied photophysical profiles. Attempts to
normalise these data have been carried out by dividing the emission intensities of the
membrane insertions by the intensities from the fluorescence spectroscopy. This
allows a more direct comparison between membrane inserting affinity of the different
BODIPY fluorophores. The results of these membrane insertion experiments are
guantified in Table 10 to enable clearer comparison between the BODIPY analogues

and to determine the suitability of each for the staining of membranes.
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Figure 39: Relative fluorescence emission intensity produced by BODIPY analogues
upon incubation with POPC GUVs using 100 uM solutions of dyes for five minutes.

a) Compounds 28-44a all excited at 532 nm; b) Compounds 46-48a all excited at 635

nm
)\abs/em Inﬂu |nmem
~103
Compound (arb.u)® (arb.u.)’ Norm. (+10° arb. u.)

(nm)
28 505/528 107 10.26 95.89
29 511/558 776 28.33 36.51
43a 547/589 2,716 10.86 4.00
44a 590/592 5 31.96 6.39
47 699/738 564 36.28 64.33
48a 679/696 657 31.62 48a.13

Table 10: Comparison of fluorescence intensities for compounds 28-48a and
normalized to allow more accurate comparison. 2emission intensity measured using
fluorescence spectrometry and normalised to 100 UM solutions, Pemission intensity

measured using confocal fluorescence microscopy images (Figure 38)
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The easiest to analyse are compounds 31 and 46. The former of these was
anticipated to enact a strong response due to its excellent emission intensity in apolar
conditions under fluorescence spectrometry (emission intensity of 367010 arb. u.).
However, no detectable fluorescence emission was observed on confocal
microscopy, indicating that compound 31 interacts weakly with lipid membranes.
Compound 46 also did not permit membrane visualization, which could be also
explained firstly by poor membrane insertion. In addition to this, compound 46 showed
a significant decrease in fluorescence emission when moving from polar to apolar
environments of 189 to 47 arb.u., and hence at least a poor signal-to-noise ratio was
expected. For both compounds, even increasing the laser intensity and

signal/background contrast failed to reveal the vesicles.

Compounds 28 and 29 both provided a facile means to visualize the GUVs using
green light. The confocal microscopy results in Figure 38 and Table 10 indicated that
compound 29 has ~2.8 times greater fluorescence emission intensity upon insertion
into the lipid membrane compared with compound 28. However, it is inconclusive as
to whether this is due to greater localization within the membrane. Fluorescence
spectroscopy (Chapter 2) showed that compound 29 has an emission response in
apolar solution that is over seven times more intense than that of compound 28.
Despite this, the detectable emission for compound 29 upon insertion into the
membrane was only ~2.8 times more than compound 28. It could hence be argued
that an amine group at the meso position of BODIPY, despite decreasing
fluorescence emission intensity, leads to an increased affinity for lipid membrane

localization.

Compound 43a demonstrated excellent potential on fluorescence spectroscopy, with
intense environmentally dependent fluorescence emission (Chapter 2, 2716 arb. u. in
apolar solvent and 149 arb. u. in polar solvent). Compound 44a on the other hand
had a weak fluorescence response in both a polar and apolar environment (24 and
22 arb.u., respectively). However, compound 44a showed superior vesicle staining,
with more than a three-fold increase compared with compound 43a (Figure 38, Table
10). This indicates that the affinity for membrane insertion is improved by the

presence of dimethylamine groups compared with ester groups. In addition,
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auxochromic substituents have shown capability to improve the binding of dyes to
structures by electrolytic dissociation throughout the molecule, further supporting this
hypothesis. Although confocal microscopic images showed some evidence of weak
signal-to-noise ratios, it can be concluded that compound 44a shows promise as a
building block for a biological membrane stain. Despite this, compounds 43a and 44a
were not selected for biological studies due to their poor solubility in apolar solutions;
as a result, fluorescence spectroscopy in an apolar solvent (Chapter 2) was carried
outin DCM and compared with DMSO as the polar solvent. It was feared that the low
lipophilicity of compounds 43a and 44a could result in intracellular aggregation and
subsequently, cytotoxicity. However, these compounds provide a basis for the future
design of more biologically compatible fluorophores as well as an insight into methods
that can be used to improve the lipophilic membrane affinity of BODIPY fluorophores.
With careful modification to increase hydrophilicity, compound 44a could be a

promising membrane specific stain.

Compounds 47 and 48a showed strong staining of the lipid membranes compared
with compound 46. Given that fluorescence emission intensity tends to decrease with
increasing wavelength, the intense fluorescence emission on confocal microscopy for
compounds 47 and 48a (36.28 and 31.62 arb. u., respectively) were amongst the
highest for the fluorophores examined (Figure 38). These data demonstrate the
membrane staining efficiency of these longer wavelength BODIPY fluorophores.
Their large lipophilic design lends itself to effective membrane insertion with intense
fluorescence emission upon reaching a target. These results support the theory,
suggested by the confocal microscopy images from compounds 43a and 44a, that
dialkylamine groups promote anchoring of BODIPY fluorophores within a membrane.
This is further reinforced by the slightly lower emission intensity measured using
spectrometry for compound 48a (Chapter 2), suggesting that membrane uptake is
higher for compound 47 (compound 47, 564 arb. u.; compound 48a, 657 arb. u.). In
addition, areas of greater fluorescence emission observed within the membrane for
compound 48a could indicate increased membrane localization, potentially as a result
of aggregation. It is possible that this event could artificially influence the fluorescence
emission response, depending on the density of aggregation and resultant

fluorescence quenching from any -1 stacking interactions.

134



It was projected therefore that compound 47 provided a more desirable bio- and
photophysical profile than compound 48a, due to it having the highest fluorescence
emission intensity upon membrane insertion out of all the compounds (Table 10). The
other key reason for this is the greater environmentally dependent fluorescence
shown by compound 47, whereby moving from polar to apolar solvent evokes a more
than 35-fold increase in emission intensity. This increase is less than 1.5 for
compound 48a. Additionally, in apolar solution, the emission wavelength for
compound 47 is ~20 nm higher, permitting its use towards the infra-red. Compound
47 also boasts a higher extinction coefficient in an apolar environment (more than five
times that of compound 48a). The bromine meso group also gives potential for
chemical conjugation to other species, such as small molecules or proteins. This
could broaden the use of compound 47 for a wide variety of procedures from

fluorescent tagging to bio-modification.

Overall, compound 47 gave the most favourable profile with respect to long
absorption wavelength, high intensity fluorescence emission, strong specific
association with lipid membranes, good solubility in polar and apolar extremes, and
low signal-to-noise ratio upon imaging. These characteristics are fundamental for a
successful fluorescent membrane probe.*® The compact amphiphilic design also
counters common issues of long wavelength fluorophores of large and predominantly
lipophilic structures. Common issues can include poor biological compatibility, low
intensity fluorescence emission and limited retention within lipophilic membranes.“® It
was expected that compound 47 could offer a means to combat these and provide an
alternative tool for biological membrane visualization. Furthermore, the 13-fold
increase in PLQY for compound 47 in apolar environments relative to polar
environments (Chapter 3, Table 9) further supports the hypothesis that this analogue
could allow excellent signal-to-noise ratios upon target binding. Hence, compound 47

was selected as the lead structure for more in-depth biological studies in vitro.
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4.3 Visualization of cytoplasmic membranes with BODIPY

compound 47

4.3.1 Staining of live cells

The suitability of these BODIPY analogues to selectively visualize lipophilic
membranes was confirmed for compounds 28-48a using vesicles as biological
membrane mimics. As the best candidate, compound 47 was used to visualize lipid
bilayers in biological cells in vitro. Hypopharyngeal squamous carcinoma cells (FaDu)
were selected given their slow growth rate, versatility and stability.?® Initial
experiments in live cells used compound 47 at a concentration of 10 uM. This low
concentration was selected as it is suspected that BODIPY could be toxic to cells
above this.?°! For each plate, co-staining was carried out using nuclear stain DAPI in
order to precisely determine the location of cells whilst minimising background noise.
This stain was selected as it does not possess a fluorescence profile that overlaps
with compound 47. It is therefore possible to use separate lasers to achieve a
fluorescence response for the different stains. All experiments were carried out in
triplicate with incubation periods of either five, seven, thirty or sixty minutes. Images
were achieved using 633 nm and 405 nm lasers for BODIPY and DAPI respectively.

The results are shown in Figure 40.

The resultant confocal microscopy images clearly indicate that sufficient and selective
visualization of cell membranes was achieved within an incubation time of five
minutes (Figure 40). Compound 47 provided clear and specific staining of the
extracellular membrane of the cells. The overlaid images supported this with little
localized overlap between the nuclear and BODIPY stains. The increased incubation
periods demonstrated a clear correlation between increasing detectable fluorescence
emission and incubation time. With live cells, it was clear that for incubation periods
above thirty minutes, localization of compound 47 was achieved to an extent that
oversaturated detection of the fluorescence response. This could have the potential
to perturb the detection of other fluorophores if used in multi-channel experiments.

Hence, it was clear that long incubation times were not required for the visualization
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of live cell membranes with compound 47. This is particularly beneficial not just for
staining efficiency, but it also increases compatibility with other time sensitive

protocols.

| . | -
| - | -
Figure 40: Confocal microscopy images of live FaDu cells after incubation with 10 uM
solution of compound 47 for 5 (a), 7 (b), 30 (c) and 60 (d) min. Excitation using 633
nm laser beam for red channel and 405 nm laser beam for blue channel. Single

channel images available in the appendix. Scale bar 10 uM. for all except 60 min, 8

UM
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4.3.2 Cell viability studies using MTT assays

MTT assays were carried out to confirm the non-toxicity of the dye towards FaDu
cells. This was done using concentrations of compound 47 of up to 50 uM, five times
the concentration which was shown to be required for the sufficient staining of live
cells. The assays were incubated for 24 hours and carried out in duodecuplicate.
From baseline up to 24 hours, cells treated with up to 50 puM solutions of compound
47 showed little sign of metabolic stress or change in percentage proliferation in
comparison to untreated control cells (0 mM). This study demonstrates the suitability
of compound 47 as a non-cytotoxic in vitro probe due to no evidence of impacted cell

viability. A summary of the assay readout can be seen in Figure 41.

Cell proliferation / %

1h 3h 6h 24h
Time /h

Figure 41: MTT assay readout for the treatment of FaDu cells with compound 47 over
24 hours. Cells showed little increase in proliferation at up to five times the
concentration used for live cell staining in comparison to untreated cells. The data
represent averages and standard deviations from duodecuplicate repetition of the

experiment
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4.3.3 Interaction of compound 47 with FaDu cells pre and post

fixation

To explore the potential of membrane visualization with compound 47, the robustness
and limitations of its staining ability were explored further. This initially involved
determining whether staining of the lipid membrane was retained during the fixation
process. Live FaDu cells were treated with compound 47 (10 uM solution in 1 x PBS)
for 5, 30 and 60 minutes before fixation with para-formaldehyde (3.75%). The results

are shown in Figure 42.

Figure 42: Confocal microscopy images of FaDu cells after incubation with 10 uM
solution of compound 47 for 5 (a), 30 (b) and 60 (c) min followed by immediate fixation
with paraformaldehyde (3.75%). Excitation using 633 nm laser beam for red channel
and 405 nm laser beam for blue channel. Single channel images available in the

appendix. Scale bar for 5 and 30 min images, 10 pm. For 60 min image, 8 pm
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For all samples, excellent retention of the BODIPY dye in the membrane was
observed, with detectable fluorescence emission in all cases. With this success,
efforts were turned to the staining of cells after fixation. Here, para-formaldehyde
(3.75%) was used to fix FaDu cells, which were subsequently treated with compound

47 (10 uM solution in 1 x PBS) for 5, 30 and 60 minutes (Figure 43).

Figure 43: Confocal microscopy images of FaDu cells after fixation with
paraformaldehyde (3.75%) followed by incubation with 10 uM solution of compound
47 for 5 (a), 30 (b) and 60 (c) min. Excitation using a 633 nm laser beam. Single
channel images only have been included to aid visualization. Full single channel and

overlaid images available in the appendix. Scale bar, 25 pm

Single channel images are shown here for clarity. For the five minute incubation
period, the detection of the fixed cells using compound 47, was significantly less

successful than for live cells. However, although detection of the fixed cells was
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possible, it could be improved by increasing incubation times, increasing fluorophore
concentration, or altering the confocal microscope settings to increase contrast or
fluorescence intensity. This was not carried out here in order to permit reliable
comparisons of fluorescence emission intensity between the cells undergoing each
treatment. After 30 minutes however, staining of the fixed FaDu cells was clear,

permitting visualization of the cell membranes.

The comparative fluorescence emission intensity between live FaDu cells and cells
stained pre and post fixation is quantified in Figure 44. In all three of the experimental
conditions, an increase in detectable fluorescence emission took place with

increasing incubation time, as anticipated.

150+ BlLive
I staining + Fixation
Fixation + Staining
>
.“é
g 100+
=
— 3
[«}]
2L
o ©
% = 501
]
=]
: J’T
O_
5min 30 min 60 min
Time / min

Figure 44: Effect of incubation time on fluorescence intensity in live cells, cells fixed
post-staining (staining + fixation) and cells fixed pre-staining (fixation + staining). All
incubations carried out using 10 uM solutions of compound 47 in 1 x PBS buffer. The
data represent averages and standard deviations from quadruple repetition of

experiment

Of particular interest is the increased fluorescence intensity for FaDu cells fixed after
incubation (staining + fixation) relative to the live cells. This was most apparent for
samples incubated for 5 and 30 minutes. The most logical explanation for this is a
side effect of molecular retention of the fluorophore within the lipid bilayer. Despite

multiple washes, it is possible that unbound BODIPY dye was present during the
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fixation process, artificially amplifying the fluorescence response by the increasing

the incubation time unintentionally.

Although staining after fixation permitted visualization of the cytoplasmic membrane
and intracellular compartments, the intensity was significantly lower. This can be
attributed to reduced accessibility to the membrane for the dye, caused by the cross-

linked bilayer structure.

Although fast and efficient staining of fixed cells (fixation + staining) is desirable for
many biological applications, it is not essential. The excellent staining of live FaDu
cells and the clear retention of compound 47 within the membrane during subsequent
exposure to para-formaldehyde support the desirability of this probe. Thus, the data
suggests that this BODIPY compound is compatible with the sensitive staining of

bilayers in both live and fixed cells, and is retained during the fixation process.

4.3.4 Permeabilization studies

A fundamental aspect of many cellular assays requires the permeabilization of the
cell membrane, normally with detergent, to facilitate the movement of larger
molecules into the cell. This is vital particularly for larger substrates such as
antibodies during immunofluorescence microscopy that are too large for passive
diffusion through an intact lipid bilayer. Hence it is beneficial for a membrane stain to
be sufficiently resistant to detergent induced lipid bilayer disruption. Typical
permeabilizing detergent, Triton X, was used for this study. Cells were first incubated
with compound 47 under the previously used conditions (10 uM solution in 1 x PBS)
for 30 minutes, followed by fixation with para-formaldehyde (3.75%). Treatment of the
cells was carried out during visualization in order to monitor the effects of
permeabilization over time. A 0.2% solution of Triton X was used, twice the
concentration normally required for this protocol. This was done to fully realise the
effects of membrane perturbation on the detection of cellular membranes using
compound 47. Data was collected using continuous scanning and response detection

over the course of 10 minutes. This long time period was selected as sufficient
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permeabilization of the extracellular membrane for studies such as biological

trafficking is typically achieved in much shorter time frames.

30
oll.
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Figure 45: Confocal microscopy images of FaDu cells before treatment (a) and after
treatment with 0.2% Triton X for 5 (b) and 10 min (c), after staining with compound 47
for 30 min. A concentration of 0.2% Triton-X is higher than 0.1% usually used for
permeabilization. Scale bar 50 um; d) effect of permeabilization on fluorescence
intensity over time. The data represent averages and standard deviations from

guadruple repetition of sampling

Over the course of the 10 minutes (Figure 45), the images clearly indicated a
decrease in fluorescence emission intensity over ten minutes. Despite this small
decrease in intensity (less than 50%), the cell membranes were still clearly visible
under the confocal microscopy. This resistance to permeabilization is unusual for

membrane dyes, which are often not retained in the lipid bilayer during lipid
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perturbation. Notably, during the continuous scanning, depletion of the DAPI nuclear
stain response was also observed. It is possible that loss of fluorescence response
was exacerbated by the continuous excitation with the laser. This could have caused
photo-bleaching of the fluorophores and, with the lack of antifade agents to reduce

this effect, could explain the decrease in emission intensity in response.

As an alternative, stained and fixed FaDu cells (under the same staining conditions
as previously described) were treated with Triton X and visualized after 10 minutes
without continuous exposure to the laser. This proved much more successful; the

results of this are shown in Figure 46.

Figure 46: Confocal microscopy images of cells fixed with para-formaldehyde
(3.75%), incubated for 60 min with compound 47 and treated with 0.1% Triton X.
Imaging was carried out after 10 minutes. The images show a) DAPI (blue channel)

and compound 47 (red channel); b) compound 47 (red channel) only

These confocal images taken without continuous excitation/scanning with the laser
gave a clearer picture of effect of permeabilization on the retention of compound 47
in the membrane. Very little fluorescence emission was lost during this protocol
despite perturbation of the membrane. Hence it was determined that compound 47

was a suitable tool for more advanced cell biological studies.
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4.3.5 Cell membrane trafficking with immunofluorescence

microscopy

After establishing compatibility with permeabilization methods, the suitability of
compound 47 for use in combination with other cellular exploratory tools was
established. The BODIPY dye was therefore used in an immunofluorescence
microscopy assay to explore the compatibility of compound 47 with other cell
biological techniques. Live FaDu cells were first incubated with a 10 pM solution of
compound 47 in PBS (1x solution) for one hour to ensure maximized detectable
insertion of the fluorophore into the lipid bilayer. This was followed by a complete
immunofluorescence preparatory protocol, including fixation with paraformaldehyde
(3.75% solution), permeabilization with Triton X (0.1% solution) and blocking with
BSA. The latter process was undertaken to minimize non-specific binding of
antibodies and ensure that any positive immunofluorescence responses were
genuine. The chosen primary antibody was LAMP1-H483 from rabbit, active against
lysosomal membranes. This was used in conjugation with secondary antibody
Donkey A488 anti-rabbit, which contained the Alexa488 fluorophore. This particular
fluorophore was selected due to lack of overlap between nuclear stain DAPI and
compound 47, permitting the use of three individual channels on the confocal

fluorescence microscope.
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The resultant images (Figure 47) indicated that despite a reduction in fluorescence
emission intensity, compound 47 was clearly retained within the cell membrane during
this procedure. Visualization of the membrane was therefore still possible during
immunofluorescence microscopy. The results also demonstrated that the trafficking
of antibodies into the cell is unperturbed by the presence of BODIPY fluorophore 47.
This shows the excellent biocompatibility and promising application of this

fluorophore.
| . | -
| . | -

Figure 47: Immunofluorescence microscopy. Confocal microscopy images of FaDu
cells fixed with paraformaldehyde (3.75%) before 60 min incubation with compound
47, treatment with 0.1% Triton X, blocking with BSA (5% in PBS) and incubation with
LAMP1-H48a3 antibody followed by Donkey A48a8 anti-rabbit secondary antibody.
The colour channels are 405 nm for DAPI (blue), 532 nm for A48a8 (green) and 633
nm for compound 47 (red). Single-channel images are included to show sufficient
retention of the fluorophore in the membrane after permeabilization and successful
antibody trafficking. a) all channels; b) compound x (red); c) A48a8 (green); d) DAPI
(blue). Scale bar 5 pm.
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Further to this, the nature of immunofluorescence microscopy protocols requires
experiment lengths of at least a few days. Typically, staining of the membrane would
need to be carried out during the earliest stages of the protocol. The retention of
BODIPY fluorophore 47 within the membrane during this time demonstrates the
longevity of staining, which is not eradicated over time. This further supports the

suitability of compound 47 as a versatile cell biological stain.

The secondary intention of this cell trafficking was to establish an explanation for the
increased localization of compound 47 in particular areas of the lipid bilayer. This was
consistently observed in all staining experiments and showed a significant increase
with increasing incubation times. It was hypothesized that co-localization with
lysosomes within the extracellular membrane could indicate a more highly specialized
and facile alternative to fluorophore-labelled antibodies. The overlaid images from the
immunofluorescence however do not indicate a correlation between lysosomal
membranes active towards LAMP1-H483 antibodies and the BODIPY dye. This
suggests that compound 47 is not preferentially staining these particular targets.
Although it must be acknowledged that the root cause of this accumulation could be
aggregation within the membrane, it could be possible to determine an alternative
cause for this increased localization by carrying out immunofluorescence microscopy
with a range of different antibodies until a “match” is detected. Despite this, if
aggregation is the cause, the MTT studies indicate that this is not accompanied by
cytotoxicity, due to the lack of metabolic disruption suggested by the MTT assay
readout. Hence, compound 47 retains its status as a smart switchable near infra-red

fluorophore for the specific and sensitive imaging of membranes.
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4.4 Discussion

Compound 47 has proven to be a smart, switchable near infra-red fluorophore that
has been successfully used for the sensitive and target specific bio-imaging of cells
in vitro at low concentrations. Staining of synthetic membranes (GUVs) and live and
fixed cancer cells (FaDu) has been achieved with excellent signal-to-noise ratio, with
compound 47 retained in the lipid membrane for 72 hours. This is vital in the accurate
visualization of cellular structures to reduce the chances of “false positives” or off-
target staining. Compound 47 also survives both the fixation and permeabilization
processes; the low cytotoxicity, as determined using MTT assays, furthers the value
of this BODIPY fluorophore. Its compatibility with cell biological studies, such as
immunofluorescence microscopy, with minimal interference to antibody trafficking,

has not been demonstrated for many cell biological stains.?*

Other BODIPY fluorophores that have been used for bio-imaging have often required
extensive washing to remove all traces of fluorophore to prevent background
fluorescence emission.??? This is vital to ensure high target accuracy and prevent off-
target visualization. In contrast to this, the high signal-to-noise ratio of compound 47
means that membrane staining can be carried out without the risk of background
fluorescence emission. In addition to this, many other BODIPY fluorophores have
required longer than 5 minutes for visualization to occur, sometimes up to 30 minutes
to achieve sufficient detectable fluorescence emission.?°?-2%* Furthermore, resistance
to fixation is not a characteristic seen in all BODIPY membrane fluorophores; for
example in 2016, Hirata et al. presented a promising near infra-red BODIPY

fluorophore, however it did not survive the fixation or even the washing process.202205

A key commercial competitor for compound 47 is currently marketed as CellBrite 640
and is a fluorophore from the cyanine family that is active at 640 nm.?% Figure 48
provides a direct comparison between CellBrite 640 and compound 47. Some key

characteristics of CellBrite 640 are similar to those of compound 47: long absorption
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wavelengths, biological compatibility and fast incubation times, which are all crucial

to a successful fluorescent probe used for bio-imaging.

CellBrite 640 47

Long absorption

Yes Yes
wavelength
Compatible with cells Yes Yes
Fast incubation (<

Yes Yes
5mins)
Survives fixation Yes Yes
Survives

Yes Yes
permeabilization
Live and fixed cells No Yes
Specific extracellular

No Yes

localisation

Figure 48: Comparison of the fluorophore profiles of CellBrite 640 (pictured) and

compound 47

However, a key shortcoming of CellBrite 640 is that it cannot be used to stain fixed
cells. In addition to this, the dye becomes internalized into the cell if used to stain live

cells for more than 24 hours.?®® In contrast, compound 47 was retained in the
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membrane for up to 72 hours and has a longer absorption wavelength in apolar
solvent of 699 nm. Moreover, the specific localization of compound 47 within certain
components of the cellular membrane is not observed in CellBrite. In the future, if this
increased localization was found to be a co-localization with a specific cellular
component, this could dramatically improve the value of compound 47. This would be
particularly notable if the increased staining affinity were to be to a cellular component
that is a hallmark of a certain disease or cellular process. This could therefore open
the door to a diagnostic application for compound 47. Despite this, at present,
compound 47 does not have the capacity to significantly challenge the commercial
market as a superior bio-imaging agent for cell membranes. It does however provide
a platform for the development of membrane targeting fluorophores that are based
around the BODIPY scaffold. The SAR developed during this work will therefore
assist in the intelligent design of fluorophores with properties optimized for

applications including, but not limited to, biological imaging.

Cell biological studies were carried out with the support of Dr Loris Rizello
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Chapter 5

Conclusions and further work

5.1 Summary

The aim of this work was to develop a series of small molecules capable of performing
as long wavelength fluorophores with a range of applications. A series of seventeen
analogues based on the BODIPY scaffold were successfully synthesised and
characterised to develop photophysical profiles. This involved UV/Vis spectroscopy,
fluorescence spectroscopy and DFT modelling to establish HOMO/LUMO energies
and electronic distributions. Correlation between nature and loci of substituents and

resultant photophysical properties was established.

In summary, increasing the size of the conjugated system, as anticipated, effected an
increase in maximum absorption wavelength. This was achieved at both the 2,6 and
3,5 positions of BODIPY, but was most efficiently carried out at the 3 and 5 positions.
The increases in absorption wavelengths ranged from 35 nm at the 2 and 6 positions,
to 209 nm at the 3 and 5 positions of the BODIPY core. A significant improvement
was observed when auxochromes such as dialkylamine groups were introduced.
Here, an increase in absorption wavelength of 77 nm was measured when two
diethlyamine groups were incorporated into the conjugated system. An improvement
in molar absorptivity was also observed with methyl or hydroxyl groups at the meso
positions and by heavy atoms such as iodine at the 2 and 6 positions. With respect

to fluorescence emission, increases in emission intensity were observed with methyl
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and hydroxyl meso groups. Auxochromes also caused an intensity increase;
however, this was mostly measured when substituents were located at the 3 and 5
positions. With increasing conjugation size and number of amine groups also
occurred environmentally dependent fluorescence emission, where a more intense
response was measured in an apolar solvent, sometimes with complete fluorescence

guenching in a polar environment.

Overall, the greatest destabilisation of the HOMO was achieved by substitution at the
3 and 5 positions of BODIPY and incorporation of amines, whereas the inclusion of
halogen species universally improved HOMO stability. LUMO energies varied to a
lesser degree; however, similar trends were established with respect to amine and
halogen groups, with conjugated systems conversely providing partial stabilisation. In
general, narrowing of HOMO-LUMO gaps was typically a destabilisation of the

HOMO, and seemed particularly exacerbated by amine groups.

Eight of the analogues that showed environmentally dependent fluorescence
emission were used to image lipid bilayer mimics. These GUVs were characterised
using confocal fluorescence microscopy and it was determined that amine groups

significantly improved the proclivity of BODIPY compounds for membrane insertion.

The most spectroscopically promising compound (47) was used for more extensive
studies. These involved measuring HOMO and LUMO energy levels in different
solvents using DFT. Moreover, the probability of molecular orbital transitions, the
fluorescence decay lifetimes, and PLQY were determined using DFT and TCSPC/PL
respectively. Increasing the polarity of the global solvent was shown to have key
impacts on the photophysics of compound 47: the probability of TT-m* transitions
improved by 20%, decay lifetimes were shortened by 3% when moving from ether to
MeOH and photoluminescence yields were lowered by almost 9%. The latter two
factors suggest that compound 47 would possess a more useful photophysical profile
in an apolar environment, supporting its use as a probe for lipophilic environments.
Unfortunately, it was not possible to detect the presence of excited triplet states for
compound 47 using TAS; however, this indicates that photons are not significantly

lost to phosphorescence and are instead available for fluorescence emission.
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In light of these results, cell biological membrane staining was carried out. This was
successful typically within five minutes in live cells and when staining cells pre and
post fixation, although the latter showed a marked decrease in fluorescence emission
intensity. The BODIPY fluorophore also showed little cytotoxicity and was stable to
membrane permeabilization. It also demonstrated good compatibility with other cell
biological techniques, and when immunofluorescence microscopy was used to
monitor cellular trafficking of antibodies, this was unperturbed by the presence of the
fluorophore in the membrane. Furthermore, visualization of compound 47 was still
possible after the study, over the course of three days, indicating the robust nature of
the cell staining which has the potential to challenge commercially available near
infra-red membrane stains. These factors overall demonstrate the versatility and
suitability of compound 47 as a long wavelength probe for the selective staining of

cell membranes.

5.2 Future outlook

Although many aims were achieved during this work, it was unfortunately not possible
to synthetically achieve all designed analogues. Further work in this area would
primarily strive towards the achieving BODIPY fluorophores with carbonyls adjacent
to the BODIPY core. This could enable exploration into the fluorescence quenching
ability of carbonyl groups on BODIPY. Furthermore, conjugation of nucleosides to the
longer wavelength BODIPY moieties such as compound 47 could be explored in more
detail. This would not only improve our understanding of fluorophores, but also

demonstrate their suitability as fluorescent tags on biological molecules.

Expansion of synthetic designs based on photophysical profiles could also be
achieved. For biological membrane targeting, this could include for example, even
larger conjugated systems at the 3 and 5 positions of the BODIPY core with the
incorporation of auxochromes such as amine groups. Both of these would be
expected to contribute to increasing maximum absorption wavelength and improving

in vivo potential. Moreover, the dialkylamine auxochromes, as established here,
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would also be anticipated to improve membrane affinity, allowing greater targeting

efficiency.

Further exploration of the potential of compound 47 would also be valuable. Ideally,
biological membrane staining could be expanded to include other cell lines. This could
also permit establishment of concentration limits, to monitor the minimum
concentration required for sufficient bio-imaging. These studies could be carried out
in tandem with determining the longevity of membrane retention of compound 24,
which here was determined to be at least three days. Whilst showing compatibility
with cell biological technigues such as immunofluorescence microscopy, the limits of
this could be investigated. This would include use of the fluorophore with, for example,
radioactive tracing or enzyme immunoassays. Finally, a full comprehensive study into
the precise localization of compound 47 within lipophilic membranes could be carried
out. This would establish the reasons, if more complex than aggregation, behind the
increased localization of the BODIPY fluorophore in particular portions of the

membrane.

With these future works, it could be possible to ultimately produce a long wavelength
multi-functional fluorescent probe that is able to precisely target specific cellular
components. This could lead to specialised drug delivery that could be easily

monitored with excellent spatial and temporal control.

In addition, a project exploring the synthetic methodology could be undertaken,
particularly for compounds 43a, 44a and 48a in order to determine and rationalise the

mechanisms occurring during loss of the acetoxy group from the meso position.

Further to this, compounds 36 and 37 have been successfully used as sensitizing
dyes in dye sensitized solar cells (DSSCs).2°” BODIPY compounds 36 and 37 have
both been successfully employed in the clean conversion of light to electricity within
a DSSC. Although efficiencies were not as high as other sensitizing dyes in the
literature, it has proved the potential for BODIPY analogues active towards the near
infra-red for use in DSSCs. Ideally a dye used in these photoelectrodes would also

absorb light at even longer wavelengths, in order to promote the most efficient light
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harvesting. However, this set-up is still useful, and provides a means to generate

power.

Whilst power conversion efficiencies were fairly low (~0.05%), the fill factor readings
suggest that these dyes are promising. In order to improve solar cell efficiency and
maximise the harvesting of light, steps could be taken to reduce electron
recombination within the cell. These could include incorporating additional
photoelectron trapping centres (such as AuNPs), reducing the incidence of Is-
reaching the TiO, surface using a molecular monolayer such as polphenylene, or

modifying protocols to minimise the occurrence of dye aggregation.

To improve efficiencies further, longer wavelength BODIPY analogues could be
generated by further modifications to compounds 36 and 37, or adapting compounds
47 or 48a to allow them to be used in DSSCs by adding carboxylic acid groups. In
addition to this, incorporating a range of dyes and additives with a variety of
absorption wavelengths could in fact create a wider range over which light is
absorbed. This could in turn improve the efficiency of light harvesting, and thus
demonstrates that even chromophores active under green light can be a beneficial

addition to DSSCs.
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Chapter 7

Appendix

7.1 General Experimental

Chemicals and solvents

All solvents and reagents were obtained from Sigma Aldrich, Acros Organics, Alfa
Aesar or Thermo Fischer Scientific. Values are reported to three significant figures

and all materials were used as received unless otherwise stated.
Chromatography

Monitoring of all reactions was achieved using 60 F254 silica coated aluminium TLC
plates by Merck. Visualisation of these was carried out using UV light of wavelength
of 254 and/or 365 nm. Purification was achieved by flash column chromatography

using silica gel (43-60 um) from Merck.
LCMS/HRMS

All reverse phase UPLC-MS measurements were carried out using an Acquity Ultra
Performance LC Waters system equipped with a UPLC BEH C18 column (50 x 2.1

mm, 1,7 mm beads). Gradient conditions were run using two mobile phases; maobile
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phase A: 0.1% formic acid in water; mobile phase B: 95% acetonitrile-5% water.
Sample injections of 1 uL were used. Flow from the column immediately entered a
mass spectrometer, the Waters SQ Detector, which was configured with an
electrospray ionisation source with nitrogen used as the nebuliser gas. Mass spectra
were obtained by scanning at a speed of 10,000 Da/sec up to 2,000 Da. The Waters
MassLynx Mass Spectrometry Software was used for data acquisition post analysis.
All El and CI mass spectrometry was carried out using the Thermo Finnigan MAT900
magnetic sector. ESI was carried out using the Waters Autosampler Manager 2777C
with Waters LCT Premier Q-TOF. Where relevant, ammonia was used as the reagent

gas prior to analysis.

Spectroscopy

All *H, 3C, B and °F nuclear magnetic resonance spectra were recorded at 600
MHz using the Bruker Avance Ill 600 Cryo or at 700 MHz the Bruker Avance Neo
700. Instruments are clearly indicated for each spectra. Chemical shifts are reported
in ppm relative to the internal standard TMS as follows: chemical shift, multiplicity (s
= singlet, d = doublet, t = triplet, q = quartet, sep = septet, m = multiplet), coupling
constant(s), integration and assignment using either CDCl; or DMSO-d® as a solvent
and TMS as an internal standard. Infrared spectra were obtained using the FT-IR
(Shimadzu 8700) in the ATR mode, with a range of 7800 - 350 cm™, and resolution
of up to 0.5 cm™. All UV-vis spectra were obtained using the Cary 100 UV/Vis
spectrophotometer between 800-200 nm. Data was analysed using the Agilent Cary

WinUV software.

Fluorescence spectroscopy
All fluorescence spectroscopy was measured using the Agilent Cary Eclipse

Fluorescence Spectrophotometer with emission measured between 1000-200 nm.

Data was analysed using the Agilent Cary WinFLR software.

168



Vesicle procedures

General procedure for the formation of SUVs

A solution of POPC with a concentration of 20 mg/mL (5 puL) was added to an oven
dried round bottomed flask (5 mL). The solvent was removed in vacuo until complete
dryness, allowing a thin film to form. 1 x PBS buffer (1 mL) was added and the lipid
re-suspended, sonicated for 10 minutes at room temperature and used as such in

subsequent experiments.

Insertion of compounds into the lipid bilayers of SUVs

Two methods were used to incorporate compounds into lipid bilayers: a) after thin film
formation, an 800 uM solution of test compound (in 1 x PBS buffer) was added prior
to sonication and then incubated at room temperature for one hour. b) 0.8 umol of

compound was added to the cholesterol solution prior to drying and vesicle formation.

General procedure for the formation of GUVs

All giant unilamellar vesicles (GUVs) were prepared by electroformation. Two aliquots
of POPC (6 pL, 25.4 mM in CHCIs) were deposited on an indium tin oxide glass plate
inside two rubber rings and the solvent was left to evaporate. The rings were flooded
with sucrose (600 L, 1 M in water) and another indium tin oxide glass plate placed
on top. The protocol for the electroformation involved a 3 minute rise time to a
frequency of 10 Hz and amplitude of 3 mV in a sinusoidal fashion, which was held for
120 minutes. A fall time of 5 minutes returned the GUVs to conditions to be removed.
This was done using the Nanion Vesicle Prep Pro electroformation equipment and

generated vesicles of between 1-30 um.
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Insertion of compounds into the lipid bilayers of GUVs

Two methods were used to incorporate compounds into lipid bilayer: a) the compound
was dissolved in the sucrose buffer used prior to electroformation. b) the compound
was added to the solution of GUVs after electroformation. Concentrations from 100
UM (method a) to 800 uM (method b only) were used. Successful experiments were

carried out using method a.

Cell culture of mammalian cells

Pharynx squamous carcinoma cell lines (FaDu) obtained from the American Type
Culture Collection (ATCC HTB-43) were grown in DMEM with 10% fetal bovine serum
(FBS). Growth media was supplemented with 2 mM L-glutamine, 1 mM sodium
pyruvate, 100 U/mL penicillin and 100 g/mL streptomycin. Cell lines were sub-
cultured, or seeded, for further analyses by incubation with trypsin-EDTA solution.
Cell fixation was carried out by incubation with para-formaldehyde (3.75%) in PBS

(1 x solution) for seven minutes, followed by extensive washing (1 x PBS).

MTT cell viability assays

Assay based MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
was used to determine cell viability upon exposure to compound 47. Samples of 8 x
104 cells/well were seeded overnight on 96 well plates before incubation with
compound 47 at final concentrations of 0, 6, 12.5 and 50 uM. Batches were incubated
for 1, 3, 6 and 24 hours in octuplicate. The plates were scanned using a well-plate
spectrophotometer with reading at wavelength of 570 nm. Data were normalized to
account for control (untreated) cells. T-test was used for statistical analyses to

compare groups with control samples.
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Confocal microscopy

Confocal fluorescence microscopic analyses were carried out using the SPEinv
(inverted SPE) microscopy (for vesicle experiments) or the Leica TCS SP8 (for cell
experiments), using single photon irradiation with sequential scanning. Visualization
of giant unilamellar vesicles was carried out in buffer (0.5% TAE, 500 mM NaCl).
Visualization of cells was carried out in PBS (1 x solution). Images were taken using
samples on fluorodish cell culture dishes, purchased from World Precision
Instruments. Images were taken using excitation wavelengths of 532 or 635 nm
(vesicles), or 405, 532 and 633 nm (cells). Data were analysed using LAS-X (Leica

Application Suite X) software.

Density functional theory (DFT)

Computational modelling carried out with optimisation of molecular geometry using
CAM-B3LYP/6-31G software with application of the SCRF method and the PCM
(polarizable continuum model) with adjustment for the relevant solvents where
appropriate. Excitation energies for ground state to singlet transitions with
corresponding oscillator strengths were acquired using time dependent DFT (with
CAM-B3LYP/6-31G software) and accounting for DMSO, acetonitrile or petroleum

ether solvents where necessary.

Transient absorption spectroscopy (TAS)

Transient absorption spectra were obtained using a HELIOS (Ultrafast systems)
transient absorption spectrometer equipped Xe lamp (75 W) with integrated
monochromator to enable wavelength selection. Laser pulses were used with a width
of 6 ns at an excitation wavelength of 700 nm. Data was obtained using an Nd: YAG
laser with intensity of ~500 pJ cm pulse. Changes in transmitted light were

monitored using a Si PIN photodiode upon excitation.
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Time correlated single photon counting (TCSPC)

Decay lifetimes were established using TCSPC with a photoluminescence
spectrometer equipped with a CCD. Excitation was carried out at 443 nm (1 mHz
repetition rate, 80 yWcm=2 average intensity) and high pass emission detection at 660

and 760 nm (MeOH), 792 and 730 nm (MeCN) and 720 and 640 nm (ether).

Photoluminescence measurements and photoluminescence

guantum yield (PLQY)

Photoluminescence spectra were achieved using a photoluminescence spectrometer
with excitation wavelengths between 550 and 700 nm in ether, MeCN and MeOH with

PLQY established using Excel Macro software.
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7.2 Synthetic experimental details

Compound 27"

Dry DCM (150 mL) was evacuated with argon. Bromoacetyl bromide (0.170 mL, 1.90
mmol, 1.00 eq.) and 2,4-dimethylpyrrole (0.400 mL, 3.90 mmol, 2.00 eq.) were added
dropwise and the dark red reaction mixture was stirred at room temperature under
argon and protected from the light for three hours. The solvent was reduced to ~50
mL under vacuum and TEA (4.00 mL, 29.0 mmol, 15.0 eq.) was added. After 15
minutes of stirring under argon, BF3-Et,O (8.00 mL, 65.0 mmol, 33.0 eq.) was added
dropwise. The reaction mixture was stirred for a further three hours under argon and
protected from the light. DCM was used to extract the organic material, which was
washed with distilled water, dried over MgSQs, filtered and concentrated in vacuo.
The crude red product was purified by flash column chromatography on silica gel;
eluent: hexane/DCM from a ratio of 80/20 to 50/50. The fractions containing product
were combined and concentrated by evaporation to afford 10-(bromomethyl)-5,5-
difluoro-1,3,7,9-tetramethyl-5H-4A% 5A*-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine
(224 mg, 0.660 mmol, 35%) as a red amorphous solid. *H-NMR (600 MHz, CDCls)
Sn 6.09 (s, 2H, ArH), 4.69 (s, 2H, CH:Br), 2.54 (s, 12H, 4CHs) ppm; *C-NMR (151
MHz, CDCls) d¢ 156.6, 141.0, 137.3, 131.1, 122.4, 24.7, 16.1, 14.8 ppm; 'B-NMR
(224 MHz, CDCls) 85 0.62 (t, J = 32.5 Hz) ppm; °F-NMR (658 MHz, CDCls) 8¢ -146.7
(g, J = 33.1 Hz) ppm MS (EI) C14H16BBrF2N2 (m/z 340.1, [M{"°Br}+H]"; m/z 342.1,
[MBr}+H]*; m/z 261.1, [M-Br+H]"); UV/Vis Amax (DMSO) = 525 nm, Amax (hexane) =
530 nm; Rt (hexane/DCM:50/50) = 0.4
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Compound 282

10-(bromomethyl)-5,5-difluoro-1,3,7,9-tetramethyl-5H-4A* 5A\*-dipyrrolo[1,2-c:2',1'-
f][1,3,2]diazaborinine (70.0 mg, 0.200 mmol), KI (58.0 mg, 0.348 mmol, 1.70 eq.) and
K-COs (160 mg, 1.10 mmol, 5.80 eq.) were dissolved in dry THF (15.0 mL) and
flushed with argon. Methylamine (0.300 mL, 1M in THF, 3.00 eq.) was added
dropwise. The reaction mixture was stirred overnight. The solvent was removed in
vacuo and the crude purified by flash column chromatography on silica gel; eluent:
hexane/EtOAc:10/90. The fractions containing product were combined and
concentrated to afford 1-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4A% 5A*-dipyrrolo[1,2-
c:2',1'-f][1,3,2]diazaborinin-10-yl)-N-methylmethanamine as a purple solid (34.0 mg,
0.117 mmol, 57%). *H NMR (600.130 MHz, CDCls) 811 6.07 (s, 2H, ArH), 3.90 (s, 2H,
CHy), 2.56 (s, 3H, CHg), 2.52, (s, 6H, 2CHj3), 2.47 (s, 6H, 2CHs) ppm; 'B-NMR (224
MHz, CDCl3) 85 0.56 (t, J = 33.3 Hz) ppm; **F-NMR (658 MHz, CDCls) dr-146.6 (g, J
= 32.5 Hz) ppm; UV/Vis Anax (DMSO) = 509 nm, Amax (MeCN) = 505 nm; IR (N-H) =
2921.98 cm; R¢ (hexane/DCM:20/80) = 0.1

174



Compound 297

A solution of dry DCM (30 mL) was degassed using argon for 10 minutes before 2,4-
dimethylpyrrole (0.220 mL, 2.10 mmol, 2.00 eq.) was added followed by acetoxyacetyl
chloride (0.140 mL, 1.30 mmol, 1.20 eq.). The reaction mixture was left to reflux for
two hours under argon, after which it was cooled to room temperature. DIPEA (0.730
mL, 4.20 mmol, 4.00 eq.) was added dropwise prior to stirring for 15 minutes under
argon. Finally BF3.Et,O (0.530 mL, 4.20 mmol, 4.00 eg.) was added and the reaction
mixture was stirred for 30 minutes under a flow of argon and protected from the light.
The solvent was removed in vacuo to yield a dark red solid which was purified by
flash column chromatography on silica gel; eluent: hexane/DCM from a ratio of 70/30
to 30/70 to afford (5,5-difluoro-1,3,7,9-tetramethyl-5H-4A* 5A*-dipyrrolo[1,2-c:2',1'-
f][1,3,2]diazaborinin-10-yl)methyl acetate (182 mg, 0.570 mmol, 53%) as a red solid.
'H-NMR (600 MHz, CDCls) 4 6.09 (s, 2H, ArH), 5.30 (s, 2H, CHy), 2.54 (s, 6H, 2CHj3),
2.36 (s, 6H, 2CHs), 2.14 (s, 3H, CHs) ppm; *B-NMR (224 MHz, CDCls) 85 0.56 (t, J =
33.3 Hz) ppm; **F-NMR (658 MHz, CDCls) 8¢-146.4 (q, J = 32.5 Hz) ppm; UV/Vis Amax
(DMSO) = 504 nm, Amax (hexane) = 506 nm; IR (C=0) = 1738.72 cm?; R:
(hexane/DCM:20/80) = 0.5.
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Compound 30"

A solution of compound 3 (255 mg, 0.800 mmol, 1.00 eq.) in THF (8.00 mL) was
flushed with argon for 10 minutes. LiOH (95.0 mg, 4.00 mmol, 5.00 eq.) was dissolved
in distilled water (8.00 mL) and the two solutions were combined and stirred at room
temperature under argon and protected from the light for four hours. The organic
material was extracted using EtOAc and the organic layers were washed with brine
(3 x 20.0 mL) and saturated NH4CI (1 x 20.0 mL) before being dried over MgSOa.,
filtered under vacuum and the solvent removed in vacuo. The crude red solid was
purified by flash column chromatography on silica gel; eluent: hexane/DCM from a
ratio of 20/80 to 0/100. The fractions containing product were combined and
concentrated under vacuum to yield (5,5-difluoro-1,3,7,9-tetramethyl-5H-4\* 5\*-
dipyrrolo[1,2-c:2',1'f][1,3,2]diazaborinin-10-yl)methanol (172 mg, 0.620 mmol, 78%)
as a red solid. *H NMR (600 MHz, d5-DMSO) 84 6.24 (s, 2H, ArH), 5.56 (t, J = 5.2 Hz,
1H, OH), 4.71 (d, J = 5.2 Hz, 2H, CHy), 2.49 (s, 6H, 2CHs), 2.41 (s, 6H, 2CHs) ppm;
1B.NMR (224 MHz, CDCls) 85 -1.66 ppm; *°F-NMR (658 MHz, CDCl5) 8¢ -146.4 (q, J
= 32.2 Hz) ppm; UV/VIiS Anax (DMSO) = 512 nm, Amax (Pet. ether) =513 nm; IR (O-H)
= 3548.59 cm; R¢ (hexane/DCM:20/80) = 0.1.
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Compound 3117

Acetyl chloride (0.700 mL, 9.75 mmol) and 2,4-dimethylpyrrole (2.00 mL, 19.5 mmol,
2.00 eq.) were dissolved in dry DCM (30.0 mL) under argon. The reaction mixture
was heated under reflux overnight. BF3-Et,O (8.00 mL, 65.0 mmol, 33.0 eq.) and TEA
(4.00 mL, 29.0 mmol, 15.0 eq.) were added and the reaction stirred for a further four
hours. The solvent was removed under vacuum and the crude was purified by flash
column chromatography on silica gel; eluent: hexane/DCM(60/40). The fractions
containing product were combined and concentrated in vacuo to afford 5,5-difluoro-
1,3,7,9,10-pentamethyl-5H-4A* 5A\*-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (1.06 g,
4.04 mmol, 41%). *H NMR (700 MHz, CDCls) 5146.05 (s, 2H, ArH), 2.58 (s, 3H, CHa),
2.52 (s, 6H, 2CHs), 2.42 (s, 6H, 2CHs) ppm; *B-NMR (224 MHz, CDCls) 55 0.62 (t, J
= 33.3 Hz) ppm; **F-NMR (658 MHz, CDCls) d¢-146.7 (g, J = 33.1 Hz) ppm; UV/Vis
Amax (DMSO) = 495 nm, Amax (Pet. ether) = 498 nm; Rs (hexane/DCM:70/30) = 0.1.

Compound 32136

Compound 32: Dry DCM (60.0 mL) which was flushed with argon for 10 minutes. The
reaction flask was cooled to -78°C and to the solution was added methyl
chlorooxoacetate (0.180 mL, 1.90 mmol, 1.00 eq.) and 2,4-dimethylpyrrole (0.400 mL,

3.90 mmol, 2.50 eq.). The reaction was stirred at this temperature for four hours
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before TEA (1.08 mL, 7.76 mmol, 4.00 eq.) was added, followed by BFs-Et,O (3.00
mL, 24.0 mmol, 12.5 eq., excess). The reaction mixture was allowed to reach room
temperature and stir for a further two hours prior to the removal of solvent in vacuo.
The crude product was purified by flash column chromatography on silica gel; eluent:
hexane/DCM:50/50 and the fractions containing product were combined and
concentrated by evaporation to afford methyl 5,5-difluoro-1,3,7,9-tetramethyl-5H-
4\* 5\*-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine-10-carboxylate (309 mg, 1.00
mmol, 53%) as a red solid. *H NMR (600 MHz, CDClz) 84 6.07 (s, 2H, ArH), 3.97 (s,
3H, OCHs), 2.53 (s, 6H, 2CHs), 2.12 (s, 6H, 2CHs) ppm; C NMR (151 MHz, CDCls)
Oc 165.9, 157.8, 141.2, 128.7, 128.7, 121.3, 53.3, 14.9, 12.7 ppm; !B-NMR (224
MHz, CDClz) 85 0.55 (t, J = 33.3 Hz) ppm; *°F-NMR (658 MHz, CDCls) 8¢-146.3 ppm;
UV/Vis Amax (DMSO) = 509 nm, Amax (nexane) = 511 nm; IR (C=0) = 1737.61 cm™ ;R
(hexane/DCM:50/50) = 0.2.

Compounds 33 and 3413

2,4-dimethylpyrrole (0.500 mL, 5.00 mmol, 2.00 eg.) and oxalyl chloride (0.220 mL,
2.50 mmol, 1.00 eq.) were dissolved in dry DCM (20.0 mL) and degassed with argon.
Dry alcohol (2.50 mmol, 1.00 eq.) was added and the reaction mixture was stirred at
room temperature for one hour. TEA (2.00 mL) and BFzEt,0 (3.00 mL) were added
dropwise and the reaction was stirred at room temperature under argon for three
hours. The solvent was subsequently removed under vacuum and the crude was

purified by flash column chromatography on silica gel; eluent: hexane/DCM:50/50.

Compound 33: ethyl 5,5-difluoro-1,3,7,9-tetramethyl-5H-4A* 5A*-dipyrrolo[1,2-c:2',1'-
f][1,3,2]diazaborinine-10-carboxylate (309 mg, 1.00 mmol, 53%) as an amorphous
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red solid. *H NMR (600 MHz, CDCls) 81 6.07 (s, 2H, ArH), 4.43 (q, J = 7.2 Hz, 2H,
CHy), 2.54 (s, 6H, 2CHs), 2.14 (s, 6H, 2CHs), 1.43 (t, J = 7.2 Hz, 6H, CH3) ppm; B-
NMR (224 MHz, CDCls) 85 0.27 (t, J = 33.8 Hz) ppm; UV/Vis Anax (DMSO) = 509 nm,
Amax (Pet. ether) = 511 nm; IR (C=0) = 1737.70 cm™; R¢ (hexane/DCM:50/50) = 0.2.

Compound 34: isopropyl 5,5-difluoro-1,3,7,9-tetramethyl-5H-4A* 5A\*-dipyrrolo[1,2-
c:2',1'-f][1,3,2]diazaborinine-10-carboxylate (322 mg, 1.00 mmol, 40%) as an
amorphous red solid. *H NMR (600 MHz, CDCls) 84 6.08 (s, 2H, ArH), 5.25 (spt, J =
6.3 Hz, 1H, CH), 2.54 (s, 6H, 2CHs), 2.19 (s, 6H, 2CHs), 1.43 (t, J = 7.2 Hz, 6H, 2CHa)
ppm; *B-NMR (224 MHz, CDCls3) 85 0.27 (t, J = 33.8 Hz) ppm; IR (C=0) = 1737.68
cm?; UVIViS Amax (DMSO) = 511 nm, Amax (Pet. ether) = 512 nm; Ry
(hexane/DCM:50/50) = 0.2.

Compounds 36 and 37174

2,4-dimethylpyrrole (0.120 mL, 1.20 mmol, 2 eq.) and glutaric or succinic anhydride
(0.600 mmol, 1 eq.) were dissolved in dry DCM (10.0 mL) under argon. BFs-Et,O
(0.500 mL, 4.00 mmol) and TEA (0.420 mL, 3.00 mmol) were added and the reaction
was heated under reflux for five hours. The organic material was washed with water,
dried over MgSO., filtered and concentrated in vacuo before purification by flash

column chromatography on silica gel; eluent: hexane/EtOAc/AcOH:50/50/0 to 0/97/3.

Compound 36: 4-(5,5-difluoro-1,3,7,9-tetramethyl-5H-414,5l4-dipyrrolo[1,2-c:2',1'-
f][1,3,2]diazaborinin-10-yl)butanoic acid (22.0 mg, 0.066 mmol, 11%).'H NMR
(600.130 MHz, CDClIs) &4 6.06 (s, 2H, ArH), 2.82-2.78 (m, 2H, CHy), 2.57-2.54 (m,
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2H, CHy), 2.52 (s, 6H, 2CHj3), 2.43 (s, 6H, 2CHj3), 2.04-1.99 (m, 2H, CH>) ppm; UV/Vis
Amax (DMSO) = 499 nm, Amax (MeCN) = 495 nm; IR (C=0) = 1687.50 cm?, (O-H) =
3266.48 cm™; Rf (EtOAc) = 0.3 (stained with bromocresol green).

Compound 37: 3-(5,5-difluoro-1,3,7,9-tetramethyl-5H-414,514-dipyrrolo[1,2-c:2',1'-
f][1,3,2]diazaborinin-10-yl)propanoic acid (27.0 mg, 0.084 mmol, 14%).'*H NMR
(600.130 MHz, CDCls) 3+ 6.06 (s, 2H, ArH), 3.36-3.33 (m, 2H, CH,), 2.71-2.69 (m,
2H, CHy), 2.52 (s, 6H, 2CHs), 2.45 (s, 6H, 2CHzs) ppm; UV/ViS Amax (DMSQO) = 499 nm,
Amax (MeCN) = 496 nm; IR (C=0) = 1688.71 cm™, (O-H) = 3266.60 cm™; R; (EtOAc) =

0.3 (stained with bromocresol green).

Compounds 38 and 39165

Compound 32 or 29 was dissolved in dry THF (10.0 mL) under argon and cooled to -
78°C. NIS (3.90 eq.) was added and the reaction warmed to room temperature
overnight. The solvent was evaporated, and the crude purified by flash column

chromatography on silica gel; eluent: hexane/DCM:50/50.

Compound 38: (5,5-difluoro-2,8-diiodo-1,3,7,9-tetramethyl-5H-4A% 5A\*-dipyrrolo[1,2-
c:2',1'-f][1,3,2]diazaborinin-10-yl)methyl acetate (61.0 mg, 0.109 mmol, 33%) *H NMR
(600.130 MHz, CDCls) 8+4.01(s, 3H, OCHs), 2.64 (s, 6H, 2CHs), 2.14 (s, 6H, 2CHs)
ppm; B-NMR (224 MHz, CDCls) 8 0.38 (t, J = 30.5 Hz) ppm; °F-NMR (658 MHz,
CDCls) 6¢-145.7 (q, J = 31.6 Hz) ppm; UV/Vis Amax (DMSO) = 554 nm, Amax (Pet. ether)
=549 nm; IR (C=0) = 1737.11 cm™*; Ry (hexane/DCM:50/50) = 0.2.

Compound 39: methyl 5,5-difluoro-2,8-diiodo-1,3,7,9-tetramethyl-5H-4A% 5\*-
dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine-10-carboxylate (52.0 mg, 0.091 mmol,
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29%) 'H NMR (600.130 MHz, CDCls) 54 5.32 (s, 2H, CHy), 2.63 (s, 6H, 2CHs), 2.40
(s, 6H, 2CHs), 2.15 (s, 3H CHs) ppm; 3C NMR (151 MHz, CDCls) 8¢ 170.4, 158.1,
143.6, 132.9, 132.7, 87.4, 58.4, 20.7, 18.3, 16.5 ppm; *'B-NMR (224 MHz, CDCl3) &g
0.36 (t, J = 33.3 Hz) ppm; °F-NMR (658 MHz, CDCls) 8 -145.6 (q, J = 31.6 Hz) ppm;
UV/Vis Amax (DMSO) = 555 nm, Amax (Pet. ether) = 553 nm; IR (C=0) = 1740.76 cm?;
R¢ (hexane/DCM:50/50) = 0.4.

Compound 43a

A solution of compound 3 (100 mg, 0.310 mmol) was prepared in dry toluene (300
mL). Methyl 4-ethynyl benzoate (124 mg, 0.775 mmol, 2.50 eq.), Pd(Phs)s (10.4 mg,
0.00900 mmol, 3.00 mol%), Cul (3.00 mg, 0.0160 mmol, 5.00 mol%) and TEA (3.00
mL) were added and the reaction mixture stirred under reflux overnight. The reaction
mixture was filtered through a plug of celite using EtOAc and the crude product dried
under vacuum. The material was purified using flash column chromatography on silica
gel; eluent: hexane/EtOAc:10/90. The fractions containing product were combined
and concentrated in vacuo to afford 4,4'-((5,5-difluoro-1,3,7,9,10-pentamethyl-5H-
4\*5N*-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine-2,8-diyl)bis(ethyne-2,1-
diyl))dibenzoate as an amorphous purple solid (27.0 mg, 0.0467 mmol, 15%). H-
NMR (700 MHz, CDCls) 84 8.03 (d, 4H, J = 8.5 Hz, PhH), 7.57 (d, 4H, J = 8.5 Hz,
PhH), 3.94 (s, 6H, COOCHs), 2.71 (s, 3H, CHs), 2.70 (s, 6H, 2CHs), 2.60 (s, 6H, 2CHs)
ppm; 1B-NMR (224 MHz, CDCls) 88 0.59 (t, J = 30.5 Hz) ppm; °F-NMR (658 MHz,
CDCls) 8¢ -146.6 (g, J = 31.6 Hz) ppm; UV/ViS Amax (DMSO) = 535 nm, Amax (DCM) =
544 nm; IR (C=0) = 1719.33 cm; R (hexane/EtOAc:20/80) = 0.1
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Compound 44a

A solution of compound 3 (100 mg, 0.310 mmol) was prepared in dry toluene (30 mL).
4-ethynyl-N,N-dimethylaniline (113 mg, 0.775 mmol, 2.50 eq.), Pd(Phs)s (10.4 mg,
0.009 mmol, 3.0 mol%), Cul (3.00 mg, 0.0160 mmol, 5.00 mol%) and TEA (3.00 mL)
were added and the reaction mixture stirred under reflux overnight. The reaction
mixture was filtered through a plug of celite using EtOAc and the crude product dried
under vacuum. The material was purified using flash column chromatography on silica
gel; eluent: hexane/EtOAc:50/50. The fractions containing product were combined
and concentrated by evaporation to yield 4,4'-((5,5-difluoro-1,3,7,9,10-pentamethyl-
5H-4A* 5\*-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine-2,8-diyl)bis(ethyne-2,1-
diyl))bis(N,N-dimethylaniline) as an amorphous purple solid (21.0 mg, 0.0383 mmaol,
12%). *H-NMR (700 MHz, CDCls) 81 7.40 (d, 4H, J = 8.9 Hz, PhH), 6.67 (d, 4H, J =
8.7 Hz, PhH), 3.00 (s, 12H, 2N(CHs)2), 2.68 (s, 6H, 2CHs), 2.67 (s, 3H, CHa), 2.56 (s,
6H, 2CHs) ppm; *B-NMR (224 MHz, CDCl3) 85 0.46 (t, J = 33.3 Hz) ppm; °*F-NMR
(658 MHz, CDCls) 6r— 146.9 (q, J = 31.9 Hz) ppm; UV/Vis Amax (DMSO) = 561 nm,
Amax (DCM) = 590 nm; Rt (hexane/EtOACc:50/50) = 0.2
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Compound 46

An oven dried round bottomed flask was equipped with a Dean-Stark trap and
charged with benzaldehyde (0.110 mL, 1.10 mmol, 2.20 eq.), piperidine (2.00 mL)
and AcOH (2.00 mL). The flask was flushed with argon before compound 32 (150
mg, 0.490 mmol, 1.00 eq.) in dry toluene (20.0 mL) was added. The flask was
equipped with a Dean and Stark trap and the reaction mixture was heated under reflux
for 16 hours. After cooling to room temperature, the reaction mixture was washed
with distilled water (3 x 20.0 mL) and the organic material was extracted with DCM,
dried over MgSOQ., filtered and concentrated in vacuo. The residue was purified by
flash column chromatography on silica gel; eluent: DCM/MeOH from a ratio of 100/0
to 90/10. The fractions containing product were combined and concentrated by
evaporation to afford methyl 5,5-difluoro-1,9-dimethyl-3,7-di((E)-styryl)-5H-4A% 5\%-
dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine-10-carboxylate as a blue solid (140 mg,
0.290 mmol, 59%). *H-NMR (700 MHz, CDCls) 84 7.70 (d, J = 16.4 Hz, 2H, C=CH),
7.53 (d, J = 16.3 Hz, 4H, PhH), 7.42 (m, 6H, PhH), 7.10 (d, J = 16.4 Hz, 2H, C=CH),
6.72 (s, 2H, ArH), 4.01 (s, 3H, CHs), 2.20 (s, 6H, 2CHs) ppm; B-NMR (224 MHz,
CDCl3) 850.98 (t, J = 33.3 Hz) ppm; **F-NMR (658 MHz, CDCl3) 8¢-138.3 ppm; (MS
(ESI) CaoH25BF2N20, (M/z 483.2, [M+H]*); UVIViS Anax (DMSO) = 656 nm, Amax (Pet.
ether) = 642 nm; IR (C=0) = 1735.80 cm'%; R; (DCM) = 0.2
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Compound 47

Dry toluene (30.0 mL) was degassed with argon for 30 minutes. 10-(bromomethyl)-
5,5-difluoro-1,3,7,9-tetramethyl-5H-4A* 5A*-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine
(80.0 mg, 0.235 mmol) was added followed by diethylaminobenzaldehyde (92.0 mg,
0.517 mmol, 2.20 eq.). AcOH (2.00 mL) and piperidine (2.00 mL) were added and the
reaction mixture was stirred under reflux and under argon overnight. The organic
material was extracted using DCM and the organic layers washed with water, dried
over MgSOQy, filtered and concentrated by evaporation. The crude solid was purified
by flash column chromatography on silica gel; eluent: hexane/DCM. The fractions
containing product were combined and concentrated under vacuum to afford 4,4'-
((1E,1'E)-(10-(bromomethyl)-5,5-difluoro-1,9-dimethyl-5H-4A* 5A*-dipyrrolo[1,2-
c:2',1'-f][1,3,2]diazaborinine-3,7-diyl)bis(ethene-2,1-diyl))bis(N,N-diethylaniline) as a
green/blue solid (10.0 mg, 0.0160 mmol, 7%). *H-NMR (700 MHz, CDCls) & 7.47 (d,
J = 8.8 Hz, 4H, PhH), 7.45 (d, J = 16.7 Hz, 2H, C=CH), 7.20 (d, J = 16.1 Hz, 2H,
C=CH), 6.67 (s, 2H, CH), 6.64 (d, J = 8.8 Hz, 4H, PhH) 3.72 (s, 2H CH.Br), 3.40 (q,
J =7.1 Hz, 8H, CH2CHs), 2.51 (s, 6H, CHa), 1.19 (t, J = 7.1 Hz, 12H, CH,CHs3) ppm;
11B_.NMR (224 MHz, CDCls) 85 0.86 (t, J = 33.3 Hz) ppm; °F-NMR (658 MHz, CDCls)
Or -142.5 ppm; UV/NVis Anax (DMSO) = 734 nm, Amax (Pet. ether) = 699 nm; Rs
(hexane/EtOACc:60/40) = 0.3.
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Compound 48a

NEt,

Dry toluene (30.0 mL) was degassed with argon for 30 minutes. Compound 3 (50.0
mg, 0.156 mmol) was added followed by diethylaminobenzaldehyde (30.5 mg, 0.172
mmol, 1.10 eq.). AcOH (2.00 mL) and piperidine (2.00 mL) were added and the
reaction mixture was stirred under reflux and under argon overnight. The organic
material was extracted using DCM and the organic layers washed with water, dried
over MgSQy, filtered and concentrated by evaporation. The crude solid was purified
by flash column chromatography on silica gel; eluent: hexane/DCM from a ratio of
10/90 to 40/60. The fractions containing product were combined and concentrated
under vacuum to afford (E)-4-(2-(5,5-difluoro-1,7,9,10-tetramethyl-5H-5A\* 6A%-
dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-3-yl)vinyl)-N,N-diethylaniline as a blue gum
(7.00 mg, 0.0166 mmol, 11%). *H-NMR (700 MHz, CDCl3) 64 7.46 (d, J = 8.9 Hz, 2H,
PhH), 7.42 (d, J = 16.1 Hz, 1H, C=CH), 7.18 (d, J = 16.3 Hz, 1H, C=CH), 6.67 (s, 1H,
ArH), 6.63 (d, J = 8.9 Hz, 2H, PhH), 6.03 (s, 1H, ArH), 3.40 (g, J = 7.1 Hz, 4H, 2CH>),
2.59 (s, 3H, CHa), 2.55 (s, 3H, CHa), 2.46 (s, 3H, CHs), 2.42 (s, 3H, CHas), 1.19 (t, J =
7.0 Hz, 6H, 2CHs) ppm; B-NMR (224 MHz, CDCls) 850.87 (g, J = 33.29 Hz) ppm;
E-NMR (658 MHz, CDCls) 8¢ - 143.0 ppm (q, J = 31.9 Hz); UV/ViS Anax (DMSO) =
704 nm, Amax (Pet. ether) = 679 nm; Rt (hexane/DCM:50/50) = 0.3
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7.3 Density functional theory

HOMO/LUMO representations arranged by ascending HOMO

38 39 27 32 33 29 37 34 36 43a 31 28 30 46 44a 48a 47

HUMO/LUMO representations arranged by ascending LUMO

38 39

27 46 43a 32 33 34 47 29 30 44a 37 36 28 48a 31
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Compound HOMO (eV) LUMO (eV)

27 -6.637 -2.028
28 -6.453 -1.421
29 -6.576 -1.681
30 -6.442 -1.526
31 -6.467 -1.334
32 -6.594 -1.841
33 -6.578 -1.806
34 -6.554 -1.778
36 -6.552 -1.427
37 -6.559 -1.428
38 -6.917 -2.209
39 -6.889 -2.101
43a -6.503 -1.892
44a -5.644 -1.441
46 -5.911 -1.969
a7 -5.257 -1.762
48a -5.530 -1.335

Table Al: HOMO and LUMO energies for compounds 27-48a
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Molecular orbitals of compounds 27-48

HOMO LUMO

Compound
27

Compound
28

Compound
30

Compound :
29

HOMO | LUMO

188




Compound 31

Compound 32

Compound 33

Compound 34

189




Compound
36

Compound
37

Compound
38

Compound
39

190




HOMO

Compound
43a
LUMO
HOMO
Compound
44a

LUMO

191




HOMO

LUMO

Compound
46

Compound
47

Compound
48a

192




7.4 Confocal fluorescence microscopy

Vesicle staining

Figure Al: Confocal microscopy images; top to bottom: compounds 28, 29, 43a, and
44a. L — R: Single channel (632 nm excitation), single channel (visible), overlaid

images. Scale bar 8 uM.
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Figure A2: Confocal microscopy images for compounds 47 (top) and 48a (bottom). L

— R: Single channel (635 nm excitation), single channel (visible), overlaid images.

Scale bar 8 uM
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Figure A3: Confocal microscopy images for compounds 31 (top) and 46 (bottom). L
— R: Single channel (532 nm (a) or 635 nm (b) excitation), single channel (visible),

overlaid images. Scale bar 8 uM
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Live cells

Figure A4: Confocal microscopy images of live FaDu cells after incubation with 10 uM

20 min

€0 min

solution of compound 47 for 5, 7, 30 and 60 min. Excitation using 633 nm laser beam.
Left to right: overlay, single 633 nm laser channel, DAPI channel. Scale bar 10 pm for

all except 60 min, 8 pm
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Staining + fixation

...5mn
-..30mn
...60rnr|

Figure A5: Confocal microscopy images of FaDu cells after incubation with 10 uM

solution of compound 47 for 5, 7, 30 and 60 min followed by immediate fixation with
paraformaldehyde. Excitation using 633 nm laser beam. Left to right: overlay, single

633 nm laser channel, DAPI channel. Scale bar 10 um for all except 60 min, 8 um.
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Fixation + staining

. . . B
. . . -
. . . -

Figure A6: Confocal microscopy images of FaDu cells after fixation with

paraformaldehyde followed by incubation with 10 uM solution of compound 47 for 5,
7, 30 and 60 min. Excitation using a 633 nm laser beam. Left to right: overlay, single

633 nm laser channel, DAPI channel. Scale bar 25 pym.
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Abstract: Two bodipy dyes with different carboxylic acids on the meso-position of the bodipy
core were prepared and used to sensitize TiO, photoelectrodes. On the basis of spectroscopic
characterization, the photoelectrodes were used to fabricate photoelectrochemical cells (PECs) for
solar light harvesting. Photovoltaic measurements showed that both bodipy dyes successfully
sensitized PECs with short-circuit current densities (Jsc) two-fold higher compared to the control.
The increase in generated current was attributed to the gain in spectral absorbance due to the presence
of bodipy. Finally, the influence of co-sensitization of bodipy and N719 dye was also investigated and
photovoltaic device performance discussed.

Keywords: Dye-sensitized solar cells; bodipy dye; co-sensitization; N719 dye; photoelectrochemical cells

1. Introduction

Over the last few decades numerous types of photoelectrochemical cells (PECs) that convert
sunlight to electricity have been extensively explored as an alternative photovoltaic technology to
silicon [1,2]. The most promising include, dye-sensitized solar cells (DSSCs) [3,4], metal chalcogenide
solar cells [5,6], organic/polymer solar cells [7-9], and perovskite solar cells [10,11]. While significant
research has been conducted for their progress, they all have drawbacks in certain aspects that
hinder large scale market employment [12]. For DSSCs in particular, the main efforts have been
related to improving cell efficiencies where investigations have focused on two main components,
such as the dye sensitizer and semiconducting electrode [13,14]. The foremost step in achieving high
efficiencies is the light absorption by the dye molecules that should ideally cover as much of the visible
spectrum as possible. To complement this, ruthenium-based dyes such as Di-tetrabutylammonium
cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato)ruthenium(Il) (best known as N719) and
other ruthenium-based derivatives have been the most successful candidates thus far [15-17]. While
N719 dye has been extensively used in DSSCs research since it shows promise of high efficiency,
the limited supply, fluctuation in price, and environmental impact of ruthenium have all prompted
investigations into other alternatives [18] Possible choices to replace ruthenium-based dyes include
porphyrin [19,20], squaraine [21,22], and boron dipyrromethene (bodipy) dye complexes [23,24]. As a
result of many unique features that bodipy dyes possess, they have emerged as an attractive class
of functional dyes that can be used for a variety of applications [25,26]. They are known to exhibit
characteristics such as ease of structural modification, minimum triplet state formation, photostability,
low rates of intersystem crossing, and more [27], which renders them promising for use in the
future [28]. In the past decade, a variety of bodipy dyes have been synthesized for use in solar cell
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applications, however most attempts were not prosperous since the efficiencies were shown to be
poor [29]. This was mostly a result of insufficient light harvesting since efforts to design a metal
free organic dye that would achieve panchromatic absorption proved to be rather ambitious [30].
Therefore, bodipy dyes were separately engineered to cover a particular absorption spectral range
and co-sensitized together in a PEC with the aim to obtain high efficiency [31]. In addition, structural
modifications and functionalization of the bodipy core was also shown to have a notable influence on
the photovoltaic performance of PECs. For instance, by replacing fluorine on the bodipy core with
long alkoxy groups, losses due to charge recombination can be minimized resulting in efficiencies in
the range of 5.75% as reported by Ziessel et al [32].

Herein, we report the details of the synthesis and characterization of two bodipy sensitizers with
different carboxylic acids at the meso-position [29] of the bodipy core. In addition, spectroscopy results of
bodipy-sensitized TiO, photoelectrodes are discussed followed by PEC fabrication and characterization
using simulated sunlight. Finally, the influence of bodipy and N719 dye co-sensitization on the
performance of PECs is also investigated.

2. Experimental Section

2.1. Materials

All chemicals used in this study were obtained from Sigma Aldrich (St. Louis, MO, USA), Acros
Organics (Geel, Belgium), Alfa Aesar (Haverhill, MA, USA) or Thermo Fischer Scientific (Waltham,
MA, USA). They were used as received unless otherwise stated.

2.2. Synthesis of Bodipy Dye 1 and 2

2,4-dimethylpyrrole (0.120 mL, 1.20 mmol, 2 eq.) and glutaric or succinic anhydride (0.600 mmol,
1 eq.) were dissolved in dry dichloromethane (DCM, 10.0 mL) under argon. BF3-Et;O (0.500 mL,
4.00 mmol) and TEA (0.420 mL, 3.00 mmol) were added and the reaction was heated under reflux
for five hours. The organic material was washed with water, dried over MgSQO;, filtered and
concentrated in vacuo before purification by flash column chromatography on silica gel; eluent:
Hexane/EtOAc/AcOH:50/50/0 to 0/97/3.

2.2.1. Bodipy Dye 1

4-(5,5-difluoro-1,3,7 9-tetramethyl-5H-414,514-dipyrrolo[1,,2-c:2’,1’-f][1,3,2]diazaborinin-10-yl)
butanoic acid (22.0 mg, 0.066 mmol, 11%).!H NMR (600.130 MHz, CDCl3) &y 6.06 (s, 2H, ArH),
2.82-2.78 (m, 2H, CH,), 2.57-2.54 (m, 2H, CH,), 2.52 (s, 6H, 2CH3), 2.43 (s, 6H, 2CHj3), 2.04-1.99 (m, 2H,
CHy) ppm; R¢ (EtOAc) = 0.1 (stained with bromocresol green).

2.2.2. Bodipy Dye 2

3-(5,5-difluoro-1,3,7,9-tetramethyl-5H-414,514-dipyrrolo[1,2-c:2’,1’-f][1,3,2]diazaborinin-10-y1)
propanoic acid (27.0 mg, 0.084 mmol, 14%)."H NMR (600.130 MHz, CDCl3) &5 6.06 (s, 2H, ArH),
3.36-3.33 (m, 2H, CHy), 2.71-2.69 (m, 2H, CH;), 2.52 (s, 6H, 2CH3), 2.45 (s, 6H, 2CH3) ppm;
R¢ (EtOACc) = 0.1 (stained with bromocresol green).

2.3. Preparation of Photoelectrochemical Cells (PECs)

PEC fabrication followed the procedures already reported in our previous work [14]. Briefly,
TiO; photoelectrodes were prepared by doctor blading commercially available TiO, paste (GreatCell
Solar, DSL-18NRT, Queanbeyan, Australia) onto pre-cleaned fluorine-doped tin oxide (FTO) glass
followed by sintering at 500 °C for 30 min which resulted in a uniform layer of anatase TiO, nanoparticles
(NPs) labelled as a transparent layer. On this layer, an additional layer of bigger-sized TiO, NPs
(WER2-0 paste, GreatCell Solar, Queanbeyan, Australia) was deposited (doctor blading technique)
followed by another sintering at 500 °C for 30 min. The second layer was labelled as light-scattering
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layer. The photoelectrodes were then subject to treatment with an aqueous solution of titanium
tetrachloride (TiCly, 40 mM) for 30 min at = 70 °C followed by another sintering at 500 °C for 30 min.
It should be noted that the active solar cell area of the photoelectrodes was 0.1256 cm?. Control
(unsensitized) PECs (see procedures below for dye sensitization), were directly eclipsed with counter
electrodes (Pt-coated FTO glass, GreatCell Solar, Queanbeyan, Australia) with a thermoplastic sealant
(GreatCell Solar, MS004610, Queanbeyan, Australia) following by heating at ~ 100 °C for 10 min to seal
the sealant. An electrolyte consisting of iodine (I, 0.05 M), 1,2-dimethyl-3-propylimidazolium iodide
(DMPII, 0.6 M), guanidium thiocyanate (0.10 M) and 4-tert-Butylpyridine (TBP, 0.5 M) in a mixture
of acetonitrile and valeronitrile (volume ratio, 85:15) was injected between the sealed electrode via
vacuum filling.

2.4. Dye Sensitization

Bodipy dye 1 and 2 sensitized photoelectrodes underwent dye sensitization with a solution of a
relevant dye (0.5 mM) in acetonitrile for 20 h in the dark.

Control (sensitized only with N719) photoelectrodes underwent dye sensitization with a solution
of ruthenizer 535-bisTBA (Solaronix 0.5 mM, Aubonne, Switzerland) in absolute ethanol for 20 h in
the dark.

Bodipy dye 1 and 2 co-sensitized photoelectrodes underwent dye sensitization with a solution
that was a mixture of bodipy dye 1 or 2 solution in absolute ethanol (0.5 mM)—5 vol% and a solution
of ruthenizer 535-bisTBA (0.5 mM, Solaronix, Aubonne, Switzerland) in absolute ethanol for 20 h in
the dark.

3. Characterisation

Monitoring of all reactions was achieved using 60 F254 silica coated aluminium TLC plates by
Merck. Visualisation of these was carried out using UV light of wavelength of 254 and/or 365 nm.
Purification was achieved by flash column chromatography using silica gel (43-60 um) from Merck.

All 'H, 13C, "B and '°F nuclear magnetic resonance spectra were recorded at 600 MHz using
the Bruker Avance III 600 Cryo or at 700 MHz with the Bruker Avance Neo 700. Instruments clearly
indicated for each spectra. Chemical shifts are reported in ppm relative to the internal standard TMS
as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, sep = septet,
m = multiplet), coupling constant(s), integration, and assignment using either CDCl3 or DMSO-d° as a
solvent and TMS as an internal standard.

X-Ray photoelectron spectroscopy (XPS) analysis was carried out using a Thermo Scientific
K-alpha photoelectron spectrometer with monochromatic Al-K radiation. Peak positions were
calibrated to carbon (284.8 eV) and plotted using the CasaXPS software. The measurements were
performed on control and sensitized photoelectrodes. X-Ray diffraction (XRD) analysis was performed
with a Bruker D8 discovery X-Ray diffractometer using monochromatic Cu K4 and Cu K, radiation
of wavelengths 1.54056 and 1.54439 A, respectively.

The UV/Vis absorption spectra were taken on a Perkin Elmer Lambda 950 instrument with a
measurement interval of 1 nm.

The photoluminescence (PL) spectra were recorded using Horiba FluoroMax-4 spectrofluorometer
equipped with a PMT detector.

Fourier-transform infrared (FTIR) spectra were recorded with a Bruker FTIR Spectrometer Alpha
II with an attenuated total reflection (ATR) attachment. Measurements were performed in the mid-IR
region (4000-400 cm™1).

J-V measurements were performed under one-sun (AM 1.5G) illumination using a LOT calibrated
solar simulator with a Xenon lamp. Devices were connected to a Keithley 2400 source meter to output
the data. Photocurrent measurements were obtained with a halogen lamp chopped to a frequency of
188 Hz through a Newport monochromator; a 4-point probe in connection with a lock-in amplifier is
used to collect data. The monochromatic beam is calibrated using a Silicon photo-diode.
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4. Results and Discussion

4.1. Synthesis

The synthesis of bodipy dye 1 and 2 is depicted in Scheme 1 and is based on previously reported
synthetic strategies [33,34]. (See Supplementary Materials for more details) Molecular structures of the
obtained compounds were characterized by spectroscopic methods, such as NMR which is shown in
Supplementary Materials Figure S1 and S2. Singlet peaks integrating to two protons at 6.06 ppm for
both compounds confirm the successful construction of the BODIPY scaffold.

O

Scheme 1. Synthetic routes towards bodipy dyes 1 and 2. (1) Succinic anhydride, dichloromethane
(DCM), BF3-Et;O, reflux 5h, BF3-Et,O, TEA, 16 h. (2) Glutaric anhydride, DCM, BF;-Et,O, reflux 5h,
BF;-Et,O, TEA, 16 h.

4.2. Optical Properties

The absorption and PL emission spectra of solutions of bodipy dyes 1 and 2 are illustrated in
Figure 1a,b. Both dyes exhibit three absorption features (more pronounced for dye 1 due to higher molar
attenuation coefficients (¢) at those particular wavelengths—Table 1) with two located in the UV region
and one in the visible (green) portion of the electromagnetic spectrum. From the absorption onset of
the dyes, their band gap values were determined to be ~ 2.4 eV (Table 1). Due to Stokes shift, where the
position of the band maxima of the absorption was at ~ 495 nm, the emission of the dyes resulted to be
514 nm for dye 1 and 520 nm for dye 2. The bodipy dyes were then used for PECs, by sensitizing TiO,
photoelectrodes in a dye solution and their corresponding UV/Vis spectra are shown in Figure 1c,d.
To evaluate if the TiO, photoelectrodes successfully absorbed the dyes, comparison was made to the
untreated (unsensitized) TiO, photoelectrodes. As can be seen in Figure 1c,d, both sensitized TiO,
photoelectrodes exhibited a broad absorption feature in the visible spectrum allowing the harvesting
of more energy from photons. This can be attributed to the dye absorption (Amax at 502 and 504 nm for
bodipy dyes 1 and 2, respectively). Compared to the bodipy solutions, sensitized TiO, photoelectrodes
exhibited a bathochromic shift that occurred as a result of the interaction, between the dye and TiO;
nanoparticles (suppression of H-aggregation). [35] Moreover, to investigate the molecular packing of
dye molecules [36] X-Ray diffraction (XRD) was also performed. Supplementary Materials Figure 54
shows the XRD diffraction patterns for unsensitized and sensitized TiO, photoelectrodes where no
difference between the samples was observed.
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Figure 1. UV/Vis absorption (solid line) and photoluminescence (PL) emission (dotted lines) spectra
of bodipy (a) dye 1 and (b) dye 2 solutions. (Excitation wavelength for PL emission was 400 nm)
UV/Vis absorption spectra of TiO, sensitized photoelectrodes of bodipy (c) dye 1 and (d) dye 2,

respectively. Black lines represent untreated TiO, photoelectrodes where green (dye 1) and red (dye 2)
lines correspond to TiO, sensitized photoelectrodes.

Table 1. Summary of spectral properties of bodipy dye 1 and 2 in ethanol solution (0.5 mM) and
on photoelectrodes. The band gap values (Eg) were determined following the procedure reported

elsewhere [37] and also from the Tauc plots (Supplementary Materials Figure S3) where the obtained
values were comparable.

. Solution Abs Solution PL  Photoelectrode 1o
Sensitizer Amax () Amax (M) AbS Apax (nm) Eg (eV) eM1em1)

Dye1l 232,295, 495 514 502 2.39 6124 (at 495 nm)

Dye 2 232,295, 496 520 504 2.38 1350 (at 496 nm)

4.3. Spectroscopy Characterization

FTIR spectroscopy was used to obtain infrared spectra (% transmittance) of synthesized bodipy
dyes which can be seen in Figure 2. A broad band in the region of around 3500-2500 cm™! can be
observed (Figure 2a) which is a typical characteristic for compounds containing a carboxyl group (O-H
stretch) [38]. Since this band is in the same region as the C-H stretching bands, a slightly distorted
absorption pattern is observed where the former band is superimposed on the sharp C-H stretching
bands. Furthermore, a strong peak appeared around 1700 cm™ for both dyes which was assigned to
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C=0 stretching of the carbonyl group [35]. Additional peaks that were identified for both spectra were
located in the regions of around 1400, 1200, and 910 cm™! (see Supplementary Materials Table S1 for
the exact values) and were assigned to O-H bend, C-O stretch, and O-H bend, respectively.
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Figure 2. Fourier-transform infrared (FTIR) spectra of bodipy (a) dye 1 (green curve) and dye 2
(red curve) in a powder form along with the inset (b) of untreated (black curve) and sensitized TiO,
photoelectrodes on glass substrate. The whole range for the FTIR spectra of TiO, photoelectrodes
can be seen in Supplementary Materials Figure S5. The high-resolution (c) N 1s and (d) F 1s X-ray
photoelectron spectroscopy (XPS) spectra for sensitized TiO, photoelectrodes.

FTIR measurements were also performed with the intention to investigate interaction of individual
dyes on sensitized TiO; electrodes. However, our results showed that the substrates used for TiO,
deposition strongly absorbed below 2500 cm~! which prevented characterization in this region
(Supplementary Materials Figure S5). Despite this, by comparing regions of around 3000 cm™! between
sensitized and untreated TiO, photoelectrodes, a slight increase in absorbance was observed for both
sensitized TiO, photoelectrodes. (Figure 2b) These bands were assigned to C-H stretching of the
dye compounds.

X-Ray photoelectron spectroscopy (XPS) was carried out to identify relevant elements present
on the surface of untreated and sensitized TiO, photoelectrodes. Elements (N and F) associated to
the compounds of the dyes were identified on both sensitized TiO, photoelectrodes (Figure 2c) while
only noise was observed in the same binding energy regions for the untreated TiO, photoelectrode.
(Figure S6). It is noteworthy that efforts related to the detection of boron resulted to be negative.
However, such results are not surprising since it is notoriously difficult to detect B1’s peak due to its
very low sensitivity.
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4.4. Photoelectrochemical Properties

Photoelectrochemical cells (PECs) were fabricated using bodipy dyes 1 and 2 as photosensitizers
for nanocrystalline TiO, photoelectrodes. Figure 3a shows the photocurrent—voltage (J-V) curves of
PECs and the photovoltaic parameters are summarized in Table 2. Compared to control (unsensitized),
PECs sensitized with bodipy dyes showed a significant increase in Jgc values (~2.5-fold increase for
dye 1 and = 2-fold increase for dye 2). Such a phenomenon is primarily attributed to the improved
light harvesting due to the presence of the bodipy dyes. Moreover, the fill factor (FF) also increased
for sensitized PECs while Vo decreased. The latter can be related to the changes in the band gap
energy (Eg) where an Eg decrease results in higher Jsc and lower Voc. Nevertheless, the overall power
conversion efficiency (PCE) of bodipy sensitized PECs doubled compared to the control. On the other
hand, the results indicate that the proximity of the carboxylic acid group to the bodipy core notably
influenced the photovoltaic parameters for PECs. Specifically, PECs sensitized with a bodipy dye 1
(distance of three carbons) were shown to exhibit better Jsc as opposed to the bodipy dye 2 (distance
of two carbons) sensitized PECs that had higher V¢ and FE. Nevertheless, the overall PCE was not
influenced by such changes (Table 2). It is noteworthy that the average values of the photovoltaic
parameters for different batches of devices, shown in Figure 57, did not show a change in the trends,
as discussed herein. Furthermore, the values of PV parameters for bodipy sensitized PECs were low
where one of the reasons together with the nature of the absorption onset of the dyes can be related to
their aggregation on the TiO, photoelectrodes, thus increasing charge recombination and reducing
electron injection to the n-type layer of the photoelectrode [39,40].
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Figure 3. Photocurrent—voltage (J-V) characteristics of photoelectrochemical cells (PECs) sensitized
only with (a) dye 1 and 2 including a control (unsensitized) together with (b) N719 co-sensitized.
The control PEC in (b) was sensitized only with a dye N719.

Table 2. Summary of photovoltaic parameters for different PECs sensitized with bodipy dye 1 or 2 and
co-sensitized with dye 1 + N719 or dye 2 + N719 including the corresponding control (unsensitized
and N719 sensitized) PECs.

PEC Jsc (uA cm~2) Voc (mV) FF (%) PCE (%)
Control (unsensitized) 78.2 579.6 56.3 0.025
Dye 1l 192.6 461.3 58.0 0.051
Dye 2 154.8 501.0 66.4 0.051
Control (N719 sensitized) 13.2 704.7 59.2 55
Dye 1+ N719 12.7 681.3 61.6 53

Dye 2 + N719 12.8 673.1 55.5 4.8
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Previous reports have shown that the performance of DSSCs containing co-adsorbents, bodipy
and N719 can be improved compared to a single sensitizer [35]. Therefore, in an attempt to improve
PV parameters bodipy dyes in this study were used and co-sensitized with N719 to investigate if
the same conclusions can also be extended to the other combinations of sensitizers. In comparison
with the control (sensitized only with N719), both Jsc and Voc diminished for bodipy (dye 1 and
2) co-sensitized (5 vol%) [35] PECs (Figure 3b and Table 2). A particularly noticeable decrease was
observed for Voc where the parameter is influenced by the recombination rate and adsorption mode
of the sensitizer [41] that when compared to the control, negatively influenced the co-sensitized
PECs. Therefore, the bodipy dyes used in this study were shown to have a negative effect when
implemented together with a N719 dye. We postulate that such an outcome was as a result of an
increase in recombination centers which can be attributed to either a mismatch in energy levels or
unsuitable molar absorption coefficient. Despite this, the bodipy dyes were shown to successfully
sensitize TiO, photoelectrodes, and further work into modifying the functional groups could lead to
improved single sensitized, and co-sensitized PV performance. Specifically, efforts should be made into
replacing electronegative elements, for example fluorine, with other functional groups that do not have
such tendency to attract a bonding pair of electrons since this characteristic negatively affects the PV
performance. In addition, other methods that aim to extend the absorption onset include attachments
of an electron donor or acceptor to the C2 and C6 positions [29].

5. Conclusions

Two bodipy dyes with different carboxylic acids on the meso-position of the bodipy core have been
synthesized. The bodipy dyes were used to sensitize TiO, photoelectrodes which were characterized
using spectroscopic techniques (UV/Vis absorption, FTIR and XPS). On the basis of these results,
the TiO, photoelectrodes were used to fabricate PECs. Their PV parameters were analyzed, and the
results showed superior light harvesting and thus higher power conversion efficiencies compared to
the control (unsensitized) PECs. Furthermore, the bodipy dyes were co-sensitized (5 vol%) with a N719
dye to investigate their interactions in a PEC. The results showed a decrease in efficiencies indicating
co-sensitization had a negative effect on the photovoltaic performance parameters of co-sensitized
PECs. Further improvements in efficiencies are possible by designing/modifying bodipy dyes with
different light absorbing groups within the organic framework to tune the absorption spectral range
with high molar extinction coefficients and use them as co-sensitizers for solar cell devices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/10/1346/s1,

Figure S1: 'H-NMR of bodipy dye 1, Figure S2: 'H-NMR of bodipy dye 2, Figure S3: Tauc plots for solutions
of bodipy (a) dye 1 and (b) dye 2, Figure S4: XRD patterns for TiO, photoelectrodes, Figure S5: FTIR spectra of
untreated and sensitized TiO2 photoelectrodes, Figure S6: The high-resolution (a) N 1s and (b) F 1s XPS spectra for
control (unsensitized) TiO2 photoelectrode, Figure S7: Average (a) Jsc, (b) Voc, (c) FF and (d) power conversion
efficiency (PCE) of the fabricated PECs sensitized only with bodipy dye 1 or 2 including a control (unsensitized),
Table S1: FTIR peak wavenumbers and assignments for bodipy dye 1 and 2.
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