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Abstract

A series of structurally related BODIPY dyes were synthesised and characterised. Their
photophysical properties were studied in order to determine whether they would be suitable
candidates for use as photosensitisers in the photodynamic therapy (PDT) treatment of cancer.
The synthesis of two highly fluorescent BODIPY cores was achieved via the acid-catalysed
condensation of a pyrrole and a functionalised aldehyde. In order to promote intersystem
crossing, and hence improve the singlet oxygen generation of these dyes, bromine atoms were
added at the 2,6-positions of the BODIPY core. These dibrominated analogues showed good
singlet oxygen quantum vyields, and excellent photostability in ethanol. In order to red-shift the
main spectral bands of the BODIPY dyes towards the therapeutic window, vinyl/ styryl groups
were introduced at the 3-, 5-, and 7-positions via a modified Knoevengal condensation reaction.
The addition of vinyl/ styryl groups to the BODIPY core caused an increase in fluorescence
guantum vield as well as a decrease in singlet oxygen quantum yield with respect to the
dibrominated analogues. However, two of the red-shifted BODIPY dyes still showed moderate

singlet oxygen quantum vyields.

The use of BODIPY dyes in nonlinear optics (NLO) was explored. The nonlinear optical
characterisations and optical limiting properties of a series of 3,5-dithienylenevinylene BODIPY
dyes were studied, both in dimethylformamide (DMF) solution and when embedded in
poly(bisphenol A carbonate) (PBC) as thin films. The 3,5-dithienylenevinylene BODIPY dyes
showed typical nonlinear absorption behaviour, with reverse saturable absorption (RSA) profiles,
indicating that they have potential as optical limiters. The second-order hyperpolarizability (y),
and third-order nonlinear susceptibility (Im[)((3)]) values are also reported for these dyes. The
optical limiting values of one of the BODIPY dyes in solution, and two of the BODIPY-embedded

PBC films, were below the maximum threshold of 0.95 J-cm™.

The effect of addition of substituents on the electronic structure of the BODIPY dyes was
investigated using TD-DFT calculations. The calculated trends closely followed those determined

experimentally.
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Chapter 1:
Introduction



1.1 BODIPY dyes in photodynamic therapy (PDT)

Highly fluorescent 4,4'-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) dyes were first reported
by Treibs and Kreuzer in 1968 [1-3]. These dyes possess excellent thermal and photochemical
stability, high fluorescence quantum yield, negligible triplet-state formation, intense absorption
profile, good solubility, and negligible sensitivity to solvent polarity [2, 4]. However, BODIPYs
received relatively little attention until the end of the 1980s [4], when it was demonstrated that
they could be used for fluorescence imaging [5]. BODIPYs have also been used extensively as
tunable laser dyes [2, 4, 6]. While the strong fluorescence of BODIPY dyes in the visible region
makes them suitable for use in these applications, it also limits their efficacy in other applications,
such as photodynamic therapy. However, due to the versatility of the fluorophore [2, 4],
appropriate structural modifications to the BODIPY core may be employed to yield BODIPY dyes

that are suitable candidates for use in photodynamic therapy [2, 7, 8].

1.1.1 Background and working principle

The therapeutic properties of light have been known for thousands of years, with phototherapy
being used to treat ailments such as rickets, rheumatism, scurvy and muscle weakness [9, 10].
However, it was only in the last century that photodynamic therapy (PDT) was developed [9-11].
Phototherapy involves the use of light alone for therapeutic purposes [9]. In contrast, PDT
requires the presence of three factors: a chemical photosensitiser, light, and oxygen [9, 12, 13].
PDT is a non-invasive method for the treatment of, amongst other things, solid cancer tumours
[9-14]. Photosensitisers are typically introduced systemically, via injection into the bloodstream,
although some may be applied topically in the treatment of skin cancer [12]. After a period of
equilibration, the photosensitiser accumulates in the tumour cells. Thereafter, the tumour region
is irradiated with light, leading to excitation of the photosensitiser and the production of
cytotoxic singlet oxygen PO2). As the photosensitiser accumulates selectively in the tumour,
damage to healthy cells is minimised [9]. This is due to the fact that singlet *02can diffuse less

than 0.02 pm from the site of production [9, 15]. The localisation of the therapeutic effect makes



PDT very different from conventional cancer treatments such as chemotherapy, which involves

damaging both healthy and diseased cells [16].

The first study of the effect of porphyrin photosensitisers on humans was conducted by Meyer-
Betz, who injected himself intravenously with haematoporphyrin [9, 10]. Upon exposure to light,
a photosensitised reaction occurred, resulting in reddening and swelling of the areas of his body
that had been exposed to the light [17]. While considered foolhardy in terms of modern health
and safety, this experiment did demonstrate the photodynamic effect of porphyrin sensitisers in
human beings [17]. The first light sources used in PDT were noncoherent light sources (e.g.
conventional arc lamps) [11]. However, the disadvantages of using conventional lamps include
significant thermal effect, low light intensity and difficulty in controlling the light dose. Nowadays,
the most commonly used PDT light sources are lasers, which produce high energy

monochromatic light of a specific wavelength for a given photosensitiser [11].

PDT involves the use of light exposure to excite a photosensitiser from its ground state (So) to its
first excited state (S1). The photosensitiser then undergoes intersystem crossing (ISC) to the
triplet excited state (T1). The longer lifetime of the T state allows for the interaction of the
excited photosensitiser with the surrounding molecules [18]. At this stage, two reaction
processes involving molecular oxygen may occur. Type | processes result in the production of
radicals, which can react with ground state oxygen (30,) to produce reactive oxygen species (ROS)
such as superoxide anion (O’) and hydrogen peroxide (H,0,) [16, 18, 19]. In the second process,
Type Il, energy from T1 is transferred directly to 0, [18, 20], exciting it to singlet oxygen (10,), as
illustrated in Fig. 1 [13, 21]. The singlet oxygen then oxidises DNA in the cancer cell, or reacts with
water molecules to form highly reactive oxygen species which collide with the tumour cells,
resultingin cell death [22, 23]. Type |l is the dominant process in PDT [19] and hence the efficiency
of a photosensitiser may largely be determined by calculating its singlet oxygen quantum yield

(Da) [21, 24].



Figure 1. Jablonski diagram showing the mechanism of formation of singlet oxygen (102). When
a photosensitiser decays from the Tlexcited state to the SOground state, a quantum-forbidden
spin flip is required; spin is conserved by an energy transfer to molecular oxygen present in the

tissue, resulting in the production of highly reactive singlet oxygen [20].

1.1.2 Reported photosensitisers and their applications

PDT has been tested in the clinic for use in oncology to treat a variety of cancers [10] and has
now reached the level of being an acceptable form of treatment in many countries [9] (Table 1).
PDT studies have been done for cancers of the head and neck, brain, lung, pancreas,
intraperitoneal cavity, breast, prostate and skin [10], which are all - importantly - solid tumours.
As PDT requires the accumulation of a photosensitiser in a tumour, it cannot be used for cancers
of the blood or lymphatic system, or for cancers that have spread extensively; its primary use is
for the treatment of localised tumours [10]. Additionally, it can only be used to treat tumours
that can be reached using laser light, externally or internally (via endoscope or bronchoscope) as

a conventional argon laser can only penetrate about 1 cm into the skin [10].

Porfimer sodium (Photofrin®), a hemtoporphyrin derivative (HpD), was the first photosensitiser
to receive approval, and is now licenced for use in the treatment of a number of cancers (Table
1). However, it is only moderately active in tissue, as its absorption band in the red region of the

visible spectrum isvery weak. Photofrin® and other HpD are known as first generation sensitisers
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mainly because they exist as complex mixtures of monomeric, dimeric, and oligomeric structures,
and the intensity of light absorption at the maximum wavelength is low [19]. The long-term skin
phototoxicity lasts six to ten weeks, during which time sunlight and strong artificial light exposure

should be avoided [19].

Second-generation synthetic photosensitisers were developed to address the issues of
unfavourable skin phototoxicity, low absorption in the red region of the visible spectrum, as well
as the complex mixtures arising from synthetic methods. Second-generation photosensitisers
have shorter periods of photosensitivity, longer activation wavelengths that allow for deeper
penetration of tissue, higher singlet oxygen quantum yields, and better selectivity [12]. The
groups that have been most actively investigated are the chlorins, texaphyrins, purpurins, and
phthalocyanines. It is worth noting that as of 2013, no non-porphyrin sensitiser had been
approved for PDT applications [19]. Porphyrinoid compounds include chlorins, bacteriochlorins,

phthalocyanines, and other related structures [19].



Table 1. Properties of some photosensitiser dyes approved for PDT treatment and used in PDT-

related clinical trials.

Compound

Porfimer sodium

5-Aminolevulinic acid
(ALA)

Benzoporphyrin
derivative monoacid
ring A (BPD-MA)

N-aspartyl chlorin e6
(NPe6)

Silicon
phthalocyanine (Pc4)

Aluminium
phthalocyanine
tetrasulfonate
(AlPcS4)

Trademark

Photofrin®

Levulan®

Visudyne

Laserphyrin,

Litx

Photosens

Oa

0.89

0.56

0.78

0.77

0.43

0.43

Application

Canada (1993) - bladder cancer; USA
(1995) - oesophageal cancer; USA
(1998) - lung cancer; USA (2003) -
Barrett's Oesophagus; Japan -
cervical cancer; Europe, Canada,
Japan, USA, UK - endobronchial
cancer.

USA (1999) - actinic keratosis

USA (1999) - age-related macular
degeneration

Japan (2003) - lung cancer

Clinical trials - actinic keratosis,
Bowen's disease, skin cancer, mycosis
fungoides

Russia (2001) - stomach, skin, lips,
oral cavity, tongue, breast cancer

Ref

[8, 18,
25]

[16, 18,
19]

[26, 27]

[19, 28]

[16, 19,
29]

[18, 30]



1.1.3 Properties of agood photosensitiser

The ideal PDT photosensitiser has the following characteristics [2, 13, 18, 19]:

(a) available in pure form, of known chemical compaosition;

(b) synthesisable from available precursors and easily reproduced;

(c) high ISC to triplet state and low fluorescence, to allow for efficient energy transfer to
ground state oxygen, for a high singlet oxygen quantum yield (Oa);

(d) strong absorption in the biological window in the 650-1000 nm region, to allow for
deeper penetration of laser light;

(e) high photostability, so the photosensitiser does not degrade upon irradiation;

(f) effective accumulation in tumour tissue and possession of low dark toxicity for both
photosensitiser and its metabolites;

(g) stable and soluble in the body's tissue fluids, and easy delivery to the body via injection
or other methods;

(h) excreted from the body upon completion of treatment, to avoid long-term light

sensitivity.

1.2 4,4'-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) dyes

BODIPY dyes possess a number of the characteristics of a good photosensitiser: they are isolable
in pure form, show good photostability, and have reproducible synthesis. While BODIPY dyes
typically possess properties that make them unsuitable for use as photosensitisers, such as high
fluorescence quantum yields and spectral bands that lie outside of the therapeutic window, their

properties may be tuned by making relatively simple structural modifications.

1.2.1 History and structure

4,4'-difluoro-4-bora-3a,4a-diaza-s-indacene (also known as boron-dipyrromethene, BDP or
BODIPY) dyes are a class of fluorescent dyes closely related to the porphyrins [2]. The structure
of BODIPY dyes is in fact analogous to half a porphyrin molecule, which has resulted in them

being referred to as "porphyrin’s little sister” (Fig. 2) [4]. These highly coloured compounds often
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show high fluorescence, and are highly stable [31]. Additionally, their properties are largely

independent of solvent polarity [31].

The synthesis of BODIPY dyes was first described by Treibs and Kreuzer in 1968 [1-3]. Following
the attempted acylation of 2, 4-dimethyl pyrrole with acetic anhydride using BF3as a catalyst, a
highly fluorescent product was observed, rather than the desired pyrrole. This product, the
BODIPY, arose from the acid catalysed condensation of the two pyrrole units [3]. While the
dipyrromethene is not fluorescent, complexation with a boron difluoride unit results in a rigid

planar structure that is highly fluorescent due to the low rate of nonradiative decay [2, 32].

Figure 2. Comparison of the structures of (A) porphyrin and its structural analogue, (B) BODIPY,

highlighting the structural similarities.

In 1989, Monsma et al. demonstrated the potential use of BODIPYs dyes for fluorescence imaging
of cells [5], which spurred substantial interest in these dyes. Monsma was the first to abbreviate
"4,4-difluoro-4-bora-3a,4a-diaza-s-indacene"” to the now more familiar "BODIPY" [5]. While the
spectral properties of the classic BODIPY chromophore are typically limited to the 470-530 nm
region, significant red-shifts of the absorption and emission maxima are readily achieved via a
variety of structural modifications [2, 31]. The BODIPY core (Fig. 3) is particularly versatile [33],
and additional structural modifications may be employed to enhance the generation of singlet
oxygen, allowing for research into their potential as photosensitisers for photodynamic therapy

(PDT) [8, 34, 35].



Figure 3. The structure of the BODIPY core and its IUPAC numbering system. Delocalised

resonance structures of BODIPY are provided with the formal charges indicated.

1.2.2 Properties of BODIPY dyes

BODIPY dyes display properties similar to those of aromatic n-systems, despite the fact that they
do not obey Huckel's rule for aromaticity. This pseudo-aromatic behaviour is due to the fact that,
upon coordination of the boron atom, the dipyrromethene ligand is held in a rigid, planar
structure [2, 36]. The n-MOs associated with the indacene plane can be compared to those of an
aromatic C12H122 cyclic perimeter, which has MOs arranged in an M1 = 0, £1, +2, +3, 4, 5, 6
sequence in ascending energy terms [2, 37, 38]. As the magnetic quantum number (M1) describes
the number of nodal planes present in a given MO, and nodal planes, in turn, are representative
of destabilising antibonding character, MO energy increases with increasing Mi [39]. The C2V
symmetry of the boron-coordinated dipyrromethene results in a marked lifting of the
degeneracies of the MO energies, resulting in the HOMO and LUMO being well-separated from
the other n-system MOs [40]. Theoretical calculations predict that the lowest SO-> S1transition
is almost entirely associated with the HOMO -> LUMO transition. Experimentally, this results in
the absorption spectrum of a BODIPY dye being dominated by a single absorption band. A
shoulder is typically observed on the high-energy side of the main absorption band in the 475-

485 nm region due to a 01 vibrational transition [2].

The nodal patterns of the HOMO and LUMO of an unsubstituted BODIPY model compound are

shown in Fig. 4. In order to red-shift the main BODIPY spectral bands, structural changes that



result in the alteration of the energies of the two frontier n-MOs in such a way that the HOMO-
LUMO gap is narrowed [2]. If the MO coefficient at a given position is significantly different for
the HOMO and LUMO, this will result in the energies of these MOs being affected to different

extents upon substitution at this position, providing scope for narrowing the HOMO-LUMO gap.

BODIPY dyes are highly coloured and typically display narrow absorption bands. The intense
colour often seen for dilute solutions is because of the high Smex values that tend to be in the
range 12 000-110 000 M-1cm-1[33]. BODIPY dyes typically display a small Stokes shift as a result
of their rigid structure, which prevents non-radiative decay [32, 41]. The restricted flexibility of
the BODIPY core also leads to unusually high fluorescence quantum yields (Of) [31]. This does,
however, depend on the substituents present on the BODIPY core; O fvalues can vary from near
zero to almost 1.0 depending on the nature of the substituents on the core, and the chemical
environment [32]. The fluorescence lifetime of BODIPY dyes is typically in the single-digit

nanosecond (3-7 x 109s) range [42].

HOMO

Figure 4. Nodal patterns of the HOMO and LUMO of an unsubstituted BODIPY model compound
at an isosurface value of 0.07 a.u. Reprinted with permission from ref. 2. Copyright Royal Society
of Chemistry, 2014.
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1.2.3 Synthesis and functionalisation of the BODIPY core

BODIPYs are typically formed via condensation reactions between a highly electrophilic carbonyl
compound (for example, acid anhydride [1], acyl chloride [32, 43], or aldehyde [32, 44, 45]) and
two pyrrole units. The approach used in this work is the acid catalysed condensation of aldehydes
with a pyrrole, which is based on chemistry that has been studied extensively in the context of
porphyrins [4]. Synthesis of a BODIPY core requires several steps (Scheme 1). Initially, the acid-
catalysed condensation of an aldehyde and pyrrole results in the formation of a dipyrromethane
unit (Scheme 1 A). The dipyrromethane is then oxidised using 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) or p-chloranil to yield the corresponding dipyrromethene (Scheme 1 B). As
the dipyrromethene is unstable, it is quickly complexed with boron trifluoride diethyl etherate
(BF3-OEt2) in the presence of a tertiary amine, such as triethylamine [41], to give a simple BODIPY
core (Scheme 1 C) [44-48].

While the preparation of the dipyrromethene precursor may be performed in organic solvents
(typically DCM) [44, 45], an efficient synthesis of aryldipyrromethanes in water has been
described, which yields the aryldipyrromethane product as a precipitate which can then be
isolated from the reaction mixture by simple filtration [49]. Substituted pyrroles, such as the
dimethyl pyrrole shown in Scheme 1, allow for more selective formation of the BODIPY product,
as the substituents prevent the polymerisation of the pyrrole units that would result in the

formation of tripyrromethane or porphyrin [4].

Scheme 1. The acid catalysed condensation of aldehyde with pyrrole for the fabrication of a

BODIPY core.
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1.2.3.1 Functionalisation via the meso substituent

In addition to preventing polymerisation of the pyrrole units, the methyl substituents also
prevent rotation of phenyl rings at the meso-carbon. This restricts the rotation of aromatic groups
attached at the 8-position, and the resultant orthogonal geometry serves to minimise electronic
coupling between the dye and the meso-substituent [4]. Although substitution at the para-
position of the meso-substituent has little effect on the absorption properties of the dye [45], it
is ideal for linking with other macromolecules [50, 51], water solubilising groups or nanomaterials

[52-54].

The substituent at the 8-position may be readily varied by changing the substituent present on
the starting aldehyde [45]. Having a bromine atom at the para-position of the meso-substituent
enables functionalisation at a later stage [55], while in other cases, aldehydes containing the

desired functional groups may be used directly [45].

1.2.3.2 Halogenation

Unsubstituted BODIPYs tend to have high fluorescence quantum yields, which is undesirable for
PDT applications, as most of the energy absorbed on excitation does not undergo ISC to the triplet
state. Consequently, BODIPYs for PDT must be modified to reduce fluorescence and enhance ISC
[8]. It has been demonstrated that the spin-selection rule may be relaxed by attaching a halogen
atom to the BODIPY core, thus producing BODIPYs that undergo ISC and can generate singlet

oxygen [8, 34].

The addition of halogen atoms at the 2,6-positions has also been shown to cause a red shift of
the main spectral bands [34, 56]. Although halogen atoms are EWGs, they possess lone pairs of
electrons and thus act as resonance donators. When added at the 2,6-positions of the BODIPY
core, halogens cause destabilisation of the HOMO with respect to the LUMO, resulting in
narrowing of the HOMO-LUMO band gap. The LUMO is not affected by substitutions at these

positions due to the fact that they lie along an antinode (Fig. 4).
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Bromination has been shown to cause a red shift of the BODIPY absorption band, and results in
the quenching of fluorescence quantum yield via the heavy atom effect [32]. The heavy atom
effect may be enhanced by using larger halogen atoms (such as iodine [45, 57]), or by increasing
the number of halogen atoms attached to the BODIPY core [58]. However, it has been noted the
relationship between the number of halogen atoms and the corresponding effect is in fact
nonlinear, with the addition of more than four halogens resulting in no discernible change in the
photophysical properties of the BODIPY. [58]. In the absence of steric crowding, the 3,5-positions
have been identified as the favoured positions for halogenation, followed by the 2,6- and 1,7-
positions respectively. However, due to the blocking effects of 1,3,5,7-tetramethyl substituents,

the 2,6-positions are favoured for halogenation in the context of this study [58].
There are three common strategies to achieve the halogenation of a BODIPY core:

i. Incorporation of halogens onto the pyrrole starting material [59];
. Incorporation of halogen atoms onto the dipyrrin precursors (only for aza-BODIPYs,
whose meso-carbon is replaced by a nitrogen atom); and
iii. Direct electrophilic addition of halogen atoms to the BODIPY core via exploitation of its

electron deficient nature [60], which is the approach used in this work.

1.2.3.3 Substitution of active methyl groups

In order for BODIPYs to be used in biological and medical applications, it is necessary to shift the
BODIPY absorbance to the red/NIR region of the spectrum - the "biological window" - where
absorption by water, cells and tissues is minimised. Obtaining BODIPY dyes that fluoresce in this
region of the spectrum requires the presence of an extended delocalisation pathway [4, 61],

which occurs in a highly conjugated system [31, 33, 62].

Due to the presence of unevenly distributed MO coefficients at the 3,5-positions (Fig. 4),
substitution at these positions has a larger effect on the energy of the HOMO than that of the
LUMO. Extending the n-conjugation at these positions causes a net destabilisation of the HOMO
with respect to the LUMO, resulting in narrowing of the HOMO-LUMO gap and hence a red-shift

of the main absorption band.
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The most direct method to extend the delocalisation pathway is to synthesise pyrrole derivatives
bearing phenyl, vinyl, or thiophene groups at the 3-position [4, 62, 63]. However, it is also possible
to add one or more styryl groups to 1,3,5,7-tetramethyl-BODIPY due to the acidity of the methyl
groups [4, 62, 64]. This is achieved by condensation of 3,5-dimethyl-BODIPYs with aromatic
aldehydes [32, 62], using a modified Knoevenagel condensation reaction [7, 61, 64]. These
reactions normally take place under basic conditions, and require the removal of water from the
mixture. This can be done by azeotropic removal of the water by a Dean-Stark apparatus, or by
using molecular sieves [64, 65]. This condensation process provides direct access to BODIPY

derivatives that have red-shifted fluorescence properties [32, 65].

Substitution at the 3,5-positions is of further interest in this work in terms of providing
functionality [32]. The inclusion of functional groups at these positions allows for the possibility
of conjugation to nanoparticles [66, 67], which may be exploited for drug delivery. In particular,
BODIPYs with sulfur-containing substituents at the 3,5-positions have been used to form BODIPY-
gold nanoparticle conjugates, as sulfur and gold have a great affinity for each other based on the

HSAB theory [66].

1.2.4 BODIPY dyes synthesised in this work

A series of increasingly complex BODIPY dyes were synthesised from two parent BODIPY cores,
(1) and (5). BODIPYs (2) and (6) are substituted at the 2,6-positions with bromine; the presence
of these heavy atoms promotes intersystem crossing from the singlet to the triplet excited state
by enhanced spin-orbit coupling. The ~-conjugation of these dyes was then extended by the
inclusion of vinyl/ styryl groups at the 3-, 5-, and 7-positions. Scheme 2 and Scheme 3 summarise

the structures of the BODIPY dyes synthesised in this work.
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Scheme 2. A series of increasingly complex BODIPY dyes synthesised by first preparing BODIPY
(1) using 2,4-dimethylpyrrole and 4-bromobenzaldehyde.

Scheme 3. A series of increasingly complex BODIPY dyes synthesised by first preparing BODIPY
(5) using 2,4-dimethylpyrrole and 4-(methylthio)benzaldehyde.
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1.3 BODIPY dyes in nonlinear optics (NLO)

Nonlinear optics (NLO) is a branch of physics that is concerned with changes in the optical
properties of materials upon irradiation with light of varying intensities. Optical limiting (OL) is a
research area of applied NLO, intended for the development of techniques to protect human
eyes and other optical sensors from high-intensity laser irradiation [68, 69]. Optical limiters
exhibit decreasing transmittance as a function of intensity and so, upon exposure to high
intensity light such as that from a laser, attenuate the intensity, allowing only a beam of safe
intensity to pass through (Fig. 5) [69]. Hence, optical limiting devices can be used to protect

human eyes and other optical sensors from high-intensity laser irradiation [68-71].

Coloured safety goggles used for laser safety in laboratories act as filters, completely blocking
out all light of a certain wavelength. An ideal optical limiter differs from a filter in that is
transparent to normal, safe intensity light and only restricts high-intensity light that may cause
damage. An ideal optical limiter allows for the linear transmittance of low-intensity light up to a
limiting intensity, lum, but thereafter serves to attenuate the intensity (Fig. 6) via a number of
NLO mechanisms. Hence, only a reduced intensity is successfully transmitted. An ideal optical
limiter would have some critical intensity or threshold at which the transmittance changes
abruptly, effectively clamping the output at some value that would presumably be less than the
amount required to damage the sensor [72]. However, in most cases, the limiting does not occur
with asharp threshold as indicated by Fig. 6 but changes gradually from high to low transmittance

[70, 72].
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Figure 5. Schematic representation of the ideal functioning of an optical limiting material under

normal and high-intensity light.

Figure 6. The response of an ideal optical limiter. The point at which the transmittance deviates
from linearity is known as the limiting intensity (dashed red line). | In and | out are incident and

transmitted intensities, respectively.
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Optical limiting devices fall into one of two general categories: active or passive. Active OL devices
often involve the use of moving parts in order to regulate the amount of light. Typically, active
optical limiters rely on an internal feedback mechanism: an increase in intensity is detected,
triggering a response which then results in physical changes that result in regulation of the
intensity [70]. In these types of devices, the thermally-induced change in refractive index often
plays a major role [68]. However, a system that relies on heating to change the optical properties
is problematic, as the heat generated may cause irreparable damage before the optical change

has become effective [68].

Passive optical limiters, on the other hand, rely on the nonlinear absorption properties of a given
material. This mechanism does not involve the use of any feedback systems and is instead reliant
on the fact that some nonlinearly absorbing materials respond by decreasing transmissivity when
input laser intensity is increased [68]. Hence, passive OL devices have the advantage of an
extremely fast response time, as the OL response is dependent on the physical properties of a
material and not on the response time of moving parts [70]. This making passive optical limiters

more suitable for the purpose of protecting sensitive detectors and eyes.

A number of organic dyes, including phthalocyanines (Pcs), have been investigated for use in
optical limiting due to their inherent nonlinear absorption properties [73—76]. Macrocyclic
complexes such as Pcs and their derivatives have been of interestin NLO applications due to their
extended m-electron systems, which allow for delocalisation of electrons and hence polarisation
[77]. Strong nonlinearities in organic molecules usually arise from highly delocalised m-electron
systems [77, 78], and the highly conjugated structures of Pcs and their analogues allow for rapid
charge redistribution upon interaction with intense laser radiation [75]. Furthermore,
modifications of the Pc that reduce the symmetry serve to increase the polarizability of the
compound [78]. Phthalocyanines containing metal centres with higher oxidation numbers can be
axially substituted with a range of ligands; the axial group induces asymmetry, providing the
molecule with an axial dipole moment [78]. A similar effect is observed for Pcs with large central
metals that exist in a shuttlecock arrangement, as the metal is too large to fit in the cavity [74].

These axially-substituted, and shuttlecock Pcs have reduced symmetry (C4,) compared to Pcs with

18



smaller metal centres that lie in the plane (D4hfor symmetrically substituted Pcs) (Fig. 7) [79]. It
would then seem that using an organic dye with even lower symmetry might result in enhanced
nonlinear absorption. As BODIPYs have a C2Vsymmetry and are hence intrinsically lower in
symmetry than Pc, they might prove to be strong candidates for use in optical limiting. However,
comparatively little research has been done regarding the nonlinear optical behaviour of BODIPY

dyes (Table 2).

Figure 7. Structures and symmetries of a planar phthalocyanine (D4h), a phthalocyanine in

shuttlecock arrangement (C4v) and a BODIPY (C2v).
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Table 2. BODIPY dyes whose nonlinear properties have been reported in the literature.

BODIPY

0

p,'F

Method

Z-scan

Second harmonic
generation response:
Rotational Maker fringe
technique

Third harmonic response:
Comparative model

Z-scan

Second harmonic
generation response:
Rotational Maker fringe
technique

Third harmonic response:
Comparative model

Direct nonlinear
transmission method
(NTM) in femto-second
(fs) regime

Optical and photoacoustic
Z-scan

Solvent/
matrix

THF

Polymethyl-

methacrylate
(PMMA) thin
film

THF
Polymethyl-
methacrylate

(PMMA) thin
film

DCM

Acetonitrile

NLO
behaviour

RSA

RSA

RSA

RSA

/nm

532

1064

532

1064

1310

532
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(80]

(81]

(80]

(81]

(82]
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fs-Z-scan

fs-Z-scan

Z-scan

Z-scan

Z-scan

Z-scan

DCM

DCM

DCM

DCM

DCM

Toluene

No TPA
response

RSA, TPA

Saturable
absorption
(SA)

SA

SA

RSA

1200

1600

1200

1600

532,
1064

532,
1064

532,
1064

532
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1.3.1 Mechanisms in optical limiting

Nonlinear absorption, nonlinear scattering and nonlinear refraction (Fig. 8) are the main
processes that contribute to passive optical limiting, with most OL devices generally employing a
combination thereof. Nonlinear refraction occurs due to several diverse physical effects,
including thermal lensing, while nonlinear scattering may play the biggest role for optical
phenomena involving nanomaterials [87]. This study focuses on determining OL activity due to
nonlinear absorption. Nonlinear absorption itself can occur due to a combination of processes,

including two-photon absorption (2PA) and excited state absorption (ESA) (Fig. 9).

Nonlinear absorption refers to the change in transmittance of a material as a function of intensity
or fluence. At sufficiently high intensities, the probability of a material absorbing more than one
photon before relaxing to the ground state can be significantly enhanced, resulting in population
redistribution [72]. This is manifested optically in a reduced (saturable) or increased (reverse
saturable) absorption [72]. RSA describes materials that behave as optical limiters, and occurs
when the excited state absorption cross section of a material is greater than its ground state

absorption cross section [88].

Two photon absorption (2PA) occurs when 2 photons are absorbed simultaneously by a molecule
(Fig. 9). The use of a femtosecond laser pulse would allow for specific determination of the 2PA
but because a longer pulse was used (t = 10 ns), there could technically be more than 2 photons
involved. Hence, multiphoton absorption is considered; multiphoton absorption refers to the
simultaneous absorption of n photons [72]. On the other hand, excited state absorption (ESA)
occurs when an excited electron is promoted to a higher-lying state before relaxing back to the
ground state (Fig. 9) [72]. For BODIPYs that undergo intersystem crossing (ISC) to the triplet
excited state, ESA may occur in the triplet manifold (Fig. 9 A). However, this cannot be the optical
limiting mechanism for BODIPYs without halogen substituents to promote ISC. For these

unhalogenated BODIPYs, OL activity is likely due to ESA in the singlet manifold (Fig. 9 B).
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Figure 8. The nonlinear processes which result in OL activity: (A) nonlinear absorption, (B)

nonlinear scattering and (C) nonlinear refraction.
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Figure 9. Jablonski diagrams showing potential mechanisms for (A) BODIPYs with halogens at the
2,6-positions that are likely to have a populated triplet excited state and (B) non-halogenated

BODIPYs that do not undergo intersystem crossing to the triplet excited state.
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1.3.2 Optical limiting parameters (z-scan technique)

Optical limiting (OL) parameters can be determined using simple and sensitive single-beam z-
scan experiments according to the methods described by Sheik-Bahae [89-91]. Using a closed-
aperture setup, as shown in Fig. 10, information about the nonlinear refractive and nonlinear
absorptive properties of a material can be extracted. In short, the sample is moved along the z
direction of a focussed Gaussian beam while the pulsed laser is held fixed (Fig. 10). The resultant
plot of transmittance through an aperture in the far field yields a dispersion-shaped curve from
which the nonlinear refractive index is easily calculated [90]. The nonlinear absorption may be
separately evaluated by performing a second z-scan with the aperture removed [70, 90]. In this
work, only the nonlinear absorptive properties were under consideration and hence an open

aperture setup was employed.

Figure 10. Schematic diagram of z-scan experimental apparatus in which the transmittance ratio

D2/D1is recorded as a function of the sample position, z
The measured quantity in an open-aperture z-scan experiment is the normalised transmittance,
given by Equation 1 [90, 92] for a Gaussian pulse.

r(z) = C In[1 + ?»(z) e~-"]dT (1)

where g0(z) is a parameter characterising the strength of the nonlinearity and is given by

Equation 2 when using a circular Gaussian beam [90, 92].
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2BPoL,
qo(z) = L2kt )

w2 (z)

where [ is the nonlinear absorption coefficient of the material, P, is the peak power of the pulses

and L.sy is the effective path length in the sample of length L, given by Equation 3:

1_e—lXL

Lesr = (3)

where « is the linear absorption coefficient (cm™). For applications of these materials, a should
always be measured at the intended wavelength [93]: in this case, 532 nm. In Equation 2, w(z)
is the beam width as a function of the sample position, and is given by [69]

w(z) =w, - _[1+ (5)2 (4)

Zo

where wy is the beam waist at the focus (z = 0), defined as the distance from the beam centre
to the point where the intensity reduces to 1/e? of its axis value; while z and z, are the
translation distance of the sample relative to the focus, and Rayleigh length, respectively. The
Rayleigh length is defined as mw?2/ A where 1 is the wavelength of the laser. Equations 1-4 are
used to determine the nonlinear absorption coefficient () from experimentally measured
normalised transmittance. Tsigaridas et al. [92] have produced an analytical formula given by

Equation 5:

ag + a,;T(z) + a,T?(2) + a3T3(z) for T(z) < 0.75
qo(2) = (5)

co +c1[T(2)] for T(z) = 0.75
where the coefficients ag, a4, a,, as, ¢y, ¢, and ¢, for Gaussian pulses are given as 15.66, -37.45,
30.76, -8.97, -2.301, 2.156 and -1.563 respectively [92]. Equation 5 provides values of gqdirectly
from the normalised transmittance T(z). Substituting Equation 4 into Equation 2 gives g, (z) as

follows:

Go(2) = —2 (6)

1+ (%)

where
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_ Z,BPOLeff _ ZﬁPOLeff
T onw?(z) Az,

Qo (7)

Equation 5 gives a Gaussian plot with @, as the maximum value at the beam waist (z = 0). The
peak value and the FWHM of the plot give values of @, and z, respectively. The nonlinear
absorption coefficient () may then be calculated using Equation 8 [92].
— AZOQO (8)
ZPOLeff
The imaginary component of the third order susceptibility, Im[)((3)], is directly proportional to
B, as seen in Equation 9:

Im[y®)] = Teectd (9)

27

where 17 and ¢ are the linear refractive index and speed of light, respectively, and ¢&; is the
permittivity of free space. The terms A and f are described above. The third-order nonlinear
optical susceptibility is used to describe ultrafast responses [70], with nonlinear absorption being
described by the imaginary component, while the real component is representative of the
nonlinear refraction of the material. Values of Im[)((3)] reported for BODIPYs in literature range
from 101 — 10°%3 esu [85], which is comparable to those reported for Pcs [94]. While Im[)((3)]
describes the response of the material, the behaviour at a molecular level may be described using
hyperpolarizability (y), which describes the nonlinear absorption per mole of the OL compound,
and is useful when comparing efficiencies of different optical limiters. The correlation between
Im[x®] and y is shown in Equation 10:

_ Im[x®]

- f4CmolNA (10)

where N, is Avogadro’s constant, C,,,,; is the concentration of the active species in the triplet
state per mole, and f is the Lorentz local field factor, f = (n? + 2)/ 3 [95]. Values of y reported

in literature for organic molecules are on the scale of 10-2° — 10-3* esu [85, 96].

The limiting intensity (I;;,, ) is a threshold intensity/ fluence at which the transmittance is 50 %

of the linear transmittance [75, 97]. It is possible to approximate the value of [;;;,, experimentally,
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using a plot of output fluence (I,,; ) vs input fluence (I;;; ). While there is currently no defined
optimal range for [}, values, it makes sense that a good optical limiter would be those
compounds exhibiting lower [;;;,, values, as this means that the limiting would occur at a lower
intensity, allowing for more cautious protection of sensors. As a guideline on limits of exposure
to radiation, the International Commission on Non-lonising Radiation Protection has published a
guideline [98] giving insight into exposure limits for a variety of lasers. This work deals with 10 ns
laser pulses from the second harmonic of an Nd:YAG laser at 532 nm and, as such, its exposure

limit can be determined from Equation 11, which gives the exposure limit as a function of time.
2.7 C4t%7% ] /cm? (11)

C, is a correction factor (= 1 for lasers with wavelengths of 400-700 nm). For this work, the
exposure limit was determined to be 0.95 J/cm? assuming a 0.25 s exposure time. This exposure
time was selected as it is the average human response time (blink reflex) to a sudden flux of light

into the eye [76].
Fluence has units of W/cm?, with the maximum fluence occurring at the focus (z = 0). The
maximum fluence may be calculated using Equation 12.

E

T Wy 2

Ipo = (12)

where E is maximum laser energy ( /), T is the length of the laser pulse (s) and wy is beam waist

(cm). Note that rtis unitless. As 1 /s = 1 W, the maximum fluence has units of For any

cm?’

given z-scan experiment, the laser energy ( /) remains constant. Hence, the overall laser power

(J/s = W) remains constant. However, the fluence ( d ) will vary with z, as the beam width

cm?

depends on the distance from the focus. The cross-sectional area of the beam is circular and
hence equal to 7 - w(z)2. Multiplying the fluence by the corresponding beam area gives the laser

power, P. At the focus (z = 0), P is given by Equation 13.

At any other z position, P is given by Equation 14.
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P = lin(z) *nw (z)2 (14)

As P remains constant throughout any given z-scan run, Eq. 13 and Eq. 14 may be combined and

simplified as shown in Equation 15:

2
lin(z) = 100 (15)

As the transmittance gives the percentage of light that passes through a material, the output
fluence (l10ut(z)) may be calculated by finding the product of lin(z) and the transmittance

corresponding to each z position (T(z)) (Equation 16).

[0ut(z) = lin(z) =T(z) (16)

1.3.3 BODIPY dyes used in this work for NLO studies

The NLO properties of four 3,5-dithienylenevinylene BODIPY dyes were investigated. These dyes
have increased "-conjugation due to substitution with thiophene-containing groups at the 3,5-
positions. BODIPY (3) was synthesised in this work, while purified samples of BODIPYs (8-10)
were provided by Dr. Lizhi Gai and Prof. Zhen Shen of Nanjing University. BODIPYs (3) and (10)
are substituted at the 2,6-positions with bromine and iodine, respectively. The presence of these
heavy atoms promotes intersystem crossing from the singlet to the triplet excited state by
enhanced spin-orbit coupling. BODIPY (3) is substituted with 3-thiophene groups at the 3,5-
positions of the BODIPY core, while BODIPYs (8-10) are substituted with 2-thiophene groups at
these positions. Fig. 11 summarises the structures of the 3,5-dithienylenevinylene BODIPY dyes

employed in this study.
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Figure 11. BODIPY dyes used in this work for NLO studies.

1.3.4 Thin films

Although the use of solutions is convenient for investigating the optical limiting properties of
compounds, for the purpose of application it is necessary for the OL materials to be cast in the
solid state [99]. Practically, these compounds will have to be incorporated into safety visors or
Perspex™ windshields in order to be applicable in real world situations. Hence, BODIPYs (3), (8),
(9) and (10) were embedded in polymer thin films for NLO studies [74, 100]. In this work, the
polymer chosen was poly(bisphenol carbonate A) (PBC) (Fig. 12). Polycarbonates have been used
for making safety visors [101], as well as in the manufacture of eyewear, protective sportswear

and other safety products [74].

H;C CHj

,J\ o1

o

Figure 12. The structure of a unit of poly(bisphenol carbonate A) (PBC).
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1.4 Summary of aims

The aim of this work is the synthesis of red-shifted, singlet oxygen-producing BODIPY dyes that
have the potential to be used in PDT applications. However, unsubstituted BODIPY dyes are
typically highly fluorescent, and have main spectral bands in the region of ca. 500 nm. Hence,
some structural modifications must be implemented in order to produce BODIPY dyes that are
suitable for use in PDT: firstly, the addition of bromine atoms at the 2,6-positions of the BODIPY
core reduces the fluorescence quantum yield of the BODIPY and increases its ability to generate
singlet oxygen. Secondly, the n-delocalisation must be extended by substitution at the acidic
methyl groups present at the 1-,3-,5-,7-positions of the BODIPY core, causing a red-shift of the
main spectral bands of the BODIPY dye to within the biological window. BODIPYs with sulfur-
containing substituents may be used for attachment to gold nanoparticle drug carriers. Hence,

4-(methylthio) or 3-thiophene groups were included in the structures of the target BODIPYs.

The use of BODIPYs in nonlinear optics is also investigated, as an alternative application for these
dyes. As BODIPY dyes have an inherently lower symmetry than their porphyrin and
phthalocyanine counterparts and can, with suitable modification, possess a highly-conjugated n-

electron system, they could be strong candidates for use in optical limiting.
The aims of this thesis are summarised below:

1. Synthesis, characterisation and photophysicochemical studies of a series of BODIPY dyes
with increasing complexity, with a special focus on the position of their absorption

maxima, and their ability to generate singlet oxygen.

2. A study of the nonlinear optical behaviour of four 3,5-dithienylenevinylene BODIPYs in

solution and embedded in PBC as thin films.

3. Modelling of BODIPYs for (i) PDT and (ii) NLO to better understand the structure-property

relationships of these compounds.
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Chapter 2.
Experimental

Equipment, Materials, Synthesis and Methods
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2.1

Equipment

Ground state electronic absorption spectra were performed on a Shimadzu UV-2550
spectrophotometer.

Fluorescence excitation and emission spectra were recorded on a Varian Eclipse
fluorescence spectrofluorimeter.

Elemental analyses for CHNS were done using a Vario-Elementar Microcube ELIIl Series.
Mass spectral data were collected with a Bruker AutoFLEX Il Smartbeam TOF/TOF Mass
spectrometer. The instrument was operated in positive ion mode using an m/z range of
400 - 3000 amu. The voltage of the ion sources was set at 19 and 16.7 kV for ion sources
1and 2 respectively, while the lens was set at 8.50 kV. The reflector 1 and 2 voltages were
set at 21 and 9.7 kV respectively. The spectra were acquired using a-cyano-4-
hydroxycinnamic acid as the MALDI matrix and a 354 nm nitrogen laser as the ionising
source.

1H-nuclear magnetic resonance spectra (1H -NMR) were recorded in deuterated solvents
(CDCI3 Acetone-d6or THF-d8) using Bruker AMX600 MHz spectrometer.

Fourier Transform Infrared (FT-IR) spectra were recorded on a Perkin Elmer Spectrum 100
FT-IR spectrometer.

Fluorescence lifetimes were measured using a FluoTime 300 'EasyTau' spectrometer
(PicoQuant GmbH) using a time-correlated single photon counting (TCSPC) technique.
BODIPYs (1), (2), (5), and (6) were excited at 485 nm using a LDH-P-C-485 laser head driven
by PDL 800-B single channel driver (10 MHz repetition rate), while red-shifted BODIPYs
(3), (4), (7a) and (7b) were excited at 670 nm with a diode laser (LDH-P-670, 20 MHz
repetition rate, 44 ps pulse width, PicoQuant GmbH). A monochromator with a spectral
width of about 8 nm was used to select the required emission wavelength band. The
response function of the system, which was measured with a scattering Ludox solution
(DuPont), had a full width at half-maximum (FWHM) of about 300 ps. All luminescence

decay curves were measured at the maximum of the emission peak. The fluorescence
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10.

lifetimes were obtained by deconvolution of the decay curves using the FluoFit Software
program (PicoQuant GmbH, Germany).

Photo-irradiation for determination of singlet oxygen quantum yields (Da) was done using
a tunable laser system consisting of a Quanta-Ray Nd:YAG laser {532 nm, 400 mJ, 9 ns
pulses at 10 Hz) pumping an Ekspla NT-342B-20-AW laser equipped with an optical
parametric oscillator (OPQO) system (0—7 mJ), with a wavelength range of 420-2300 nm.
Solutions of sensitiser {absorbance of ca. 0.5 at the irradiation wavelength) containing
DPBF were prepared in the dark and irradiated using the setup described above.
Degradation of the DPBF peak was monitored. For red-shifted samples whose crossover
with the standard occurred at wavelengths above 660 nm, the laser setup used for singlet
oxygen determination was a Nd:YAG laser pumping a Lambda-Physik FL3002 dye laser
(Pyridin 1 dye in methanol), with a pulse period of 7 ns and repetition rate of 10 Hz.

The film thickness and morphology were determined by the TESCAN Vega TS 5136LM
scahning electron microscopy (SEM) instrument.

All Z-scan experiments described in this study were performed using a frequency-doubled
Nd:YAG laser (Quanta-Ray, 1.5 J /10 ns FWHM pulse duration) as the excitation source.
The laser was operated in a hear Gaussian transverse mode at 532 hm (second harmonic),
with a pulse repetition rate of 10 Hz and energy range of 0.1 pJ — 0.1 mJ, limited by the
energy detectors (Coherent J5-09). The low repetition rate of the laser prevents
cumulative thermal nonlinearities. The beam was spatially filtered to remove the higher
order modes and tightly focused with a 15 cm focal length lens. No damage was detected

between runs since the sample was moved or replaced (Fig. 13).
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Figure 13. Schematic diagram of laser setup for z-scan.

11. The Gaussian 09 software package [102] running on an Intel/Linux cluster was used to
perform all calculations. Geometry optimisations were carried out at the B3LYP level of
theory with SDD basis sets. TD-DFT calculations employed the CAM-B3LYP level of theory

with SDD basis sets. Avogadro [103, 104] was used for all visualisations of molecular

orbitals.

2.2 Materials

Benzaldehyde, trifluoroacetic acid (TFA), triethylamine (TEA), boron trifluoride diethyl etherate
(BF3-Et20), N-bromosuccinimide (NBS), 4-(methylthio)benzaldehyde, 3-
thiophenecarboxaldehyde, benzene, Rhodamine 6G and zinc phthalocyanine were purchased from
Sigma Aldrich. 4-Bromobenzaldehyde, 2, 4-dimethylpyrrole and p-chloranil (tetrachloro-1,4-
benzoquinone) were obtained from Aldrich. Piperidine was purchased from Riedel-de Haen AG.
Poly(bisphenol A carbonate) (PBC) and Bengal Rose B were obtained from Fluka Chemika.
Hydrochloric acid (HCI, 32 %), glacial acetic acid, DCM, ethyl acetate, petroleum ether and hexane

were obtained from local suppliers.
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2.3 Photophysical and Photochemical Methods

2.3.1 Fluorescence quantum yield (Of)
Fluorescence quantum yield (Of) is defined as the number of photons emitted relative to the
number of photons absorbed. The fluorescence quantum yield of the BODIPY dyes and their

conjugates were obtained using the comparative method, using Eq. 17 [105]:

Of = A(Std)rhasd vita (17)

where F and Fstd are the integrated fluorescence intensities of the BODIPY dye and the standard,
respectively. The integrated fluorescence intensity is equal to the area beneath a fluorescence
emission curve. A and Astd are the absorbances of the samples and standard respectively. ZnPc
(Ofin DMSO = 0.20 [106]; O fin DMF = 0.28 [107, 108]), and Rhodamine (Ofin EtOH = 0.95 [109,
110]) were used as standards. The standard and samples were both excited at the same
wavelength and the maximum absorbances of the solutions were kept below 0.05 to avoid any

filter effects.

2.3.2 Fluorescence lifetime (tf)

Fluorescence lifetime (tf) is the time a molecule spends in the excited singlet state (S1) before
returning to the SO state via fluorescence. A time-correlated single photon counting (TCSPC)
technique is used to calculate the fluorescence lifetime of a sample [111]. This is achieved by
measuring the time-dependent fluorescence intensity profile of emitted light upon excitation by
a pulsed laser [112]. However, as the intensity of the light is very low, the probability of detecting
one photon in a single period is consequently also very low. Hence, periods in which more than
one photon is observed are very rare. The time elapsed between excitation by the laser pulse
and the detection of a fluorescence photon is measured and is referred to as the 'start-stop’ time
or the time delay (t). With many repetitions, a distribution of time differences may be acquired,
with events being binned based on their respective time differences [113, 114]. Fitting an
exponential curve to this distribution can be used to calculate tf, the time it takes for the intensity

to fall to /e of its initial value [112].
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Highly dilute solutions are used in order to prevent fluorescence being reabsorbed by
neighbouring molecules. However, it is also necessary as this technique relies on the detection
of single photons [112]. It is necessary, from a detection standpoint, to maintain a low probability
of registering more than one photon per cycle. This is because detectors, and the associated
electronics, have a "dead" time [114, 115], which lasts a number of nanoseconds following a
photon event. During this time, another event cannot be processed. Hence, if the number of
photons per cycle was to exceed 1, the system would register the first event but miss any
subsequent ones, leading to an over-representation of early photons in the histogram, an effect

referred to as "pile-up” [111, 112].

2.3.3 Singlet oxygen quantum yield (Oa)

As the mechanism for PDT depends upon the formation of singlet oxygen (102) in order to achieve
cell death, it is necessary to quantify the amount of singlet oxygen that can be produced by a
compound in order to determine its efficacy as a photosensitiser. The singlet oxygen quantum
yield (Oa) is typically described as the number of singlet oxygen molecules generated for every
photon absorbed by a photosensitiser (Eq. 18). In an ideal situation, the absorption of a single
photon has the capacity to generate only one molecule of singlet oxygen. Hence, the Oa of a
photosensitiser, which can be determined using a relative method by comparison with a standard

whose Oais known [21, 24, 116], is avalue between zero and one.

number of molecules of singlet oxygen formed

$a= number of photons absorbed (18)

The singlet oxygen quantum yield (Oa) of BODIPY dyes was studied in a spectrophotometric cell
of 1 cm pathlength. Quantum vyields of singlet oxygen photogeneration were determined in
solution (in air without bubbling oxygen) using the relative method with zinc Pc (ZnPc) or Rose
Bengal as a reference, and DPBF (1,3-diphenylisobenzofuran) as a chemical quencher for singlet
oxygen [117, 118]. Solutions of the sample and reference sensitisers (absorbance below 0.5 at
irradiation wavelength) containing DPBF were prepared in the dark and irradiated at the

crossover wavelength - the wavelength at which the absorbances of the sample and standard
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solutions are equal — using a laser. The decay of the DPBF absorption peak was monitored
spectroscopically with time of irradiation [119]. The values of ®a were calculated using Equation
19[120]:

Ia S
Pr = >0 —2s (19)

Iaps

where (],')AStd is the singlet oxygen quantum yield of the standard. /5 and IabSStdare the rates of
light absorption by the sample and standard, respectively. The initial DPBF concentrations were
kept the same for both the reference and the sample. Zinc phthalocyanine (®a in DMSO = 0.67
[121]; ®ain EtOH = 0.53 [27, 121]; @4 in DMF = 0.56 [27, 107, 122, 123]) and Rose Bengal (D4 in
DMSO = 0.76 [13, 124]; ®a in EtOH = 0.86 [27, 125]) were used as standards.

38



2.4 Synthesis and characterisation of BODIPYs

2.4.1 4,4'-Difluoro-8-(4-bromophenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-
indacene (1)

The synthesis followed a one-pot reaction procedure adapted from literature [44, 46]. Despite
the apparent step-wise nature of these reactions, only the final product was isolated and

characterised.

4-Bromobenzaldehyde (0.648 g, 3.5 mmol, 1 mole eq.) and 2, 4-dimethylpyrrole (2 mole eq., p =
0.924 g.mol-1) were added to DCM (50 mL) under Ar/N2with stirring. TFA (2-3 drops) was slowly
added to the solution. The reaction was carried out at room temperature for 3 h under Ar/N2
with vigorous stirring in the dark. Thin layer chromatography (TLC) confirmed the absence of the
aldehyde and the formation of the appropriate dipyrromethane. The mixture was cooled to 0°C
after which a solution of p-chloranil (1.2 mole eq.) in DCM (10 mL) was added dropwise. The
solution was allowed to warm up to room temperature and the reaction was left to proceed for
30 min under Ar/N2with stirring. A deep purple colour was observed and TLC confirmed the
synthesis of the dipyrromethene. The mixture was again cooled to 0°C. TEA (7 mole eq.) and
BF3-Et20 (11 mole eq.) were cooled to 0°C and added dropwise into the dipyrromethene solution.
The mixture was left to stir under Ar/N2at room temperature for 12 h. The resulting mixture was
washed twice with water (2 x 30 mL) and once with brine (30 mL). The organic phase was then
dried and separated via column chromatography with ethyl acetate and hexane (1:4) as the

eluent.
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Scheme 4. The acid catalysed synthesis of 4,4'-difluoro-8-(4-bromophenyl)-1,3,5,7-tetramethyl-
4-bora-3a,4a-diaza-s-indacene (1) via the classic "one-pot three-step” method, highlighting the

structural changes that occur at each step.

(1) Eluent: ethyl acetate/hexane (1:4). Obtained: Orange crystalline powder. Yield: 409 mg
(29 %). 1H-NMR (600 MHz, CDG3)5 7.67 (d, J = 8.4 Hz, 2H), 7.21 (d, J = 8.4 Hz, 2H), 6.02 (s,
2H), 2.58 (s, 6H), 1.44 (s, 6H). FT-IR (cm-1): 1500 (C-C in ring stretch), 1300 (C-N stretch),
1183 (C-N stretch), 1061 (C-N stretch), 969 (=C-H bend), 816, 751, 688 (C-Br stretch), 463.
Calc. for C19H18BBrF2N2: Expected: C, 56.62; H, 4.50; N, 6.95. Found: C, 56.98; H, 5.00; N,
6.78.
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2.4.2 4,4'-Difluoro-8-(4-bromophenyl)-1,3,5,7-tetramethyl-2,6-dibromo-4-bora-3a,4a-
diaza-s-indacene (2)

(1) (409 mg) and N-bromosuccinimide (NBS) (2.5 mole eq.) were dissolved in DCM (100 mL). The
mixture was left to stir under Ar/N2at room temperature for 2 h. The reaction was quenched
with water and the organic phase was dried and separated via column chromatography using

silica gel with ethyl acetate/petroleum ether (1:4) as the eluent.

Scheme 5. Synthesis of 4,4'-Difluoro-8-(4-bromophenyl)-1,3,5,7-tetramethyl-2,6-dibromo-4-

bora-3a,4a-diaza-s-indacene (2) via nucleophilic addition of bromine to BODIPY (1).

(2) Eluent: ethyl acetate/petroleum ether (1:4). Obtained: deep red crystalline powder. Yield:
465 mg (82.2 %). JH NMR (600 MHz, CDCb) 5 7.71 (d, J = 8.5 Hz, 2H), 7.18 (d, ] = 8.4 Hz,
2H), 2.63 (s, 6H), 1.43 (s, 6H). FT-IR (cm-1): 1534 (C-C in ring stretch), 1342 (C-N stretch),
1175 (C-N stretch), 1069 (C-N stretch), 993 (=C-H bend), 746, 683, 585, 522 (C-Br stretch).
Calc. for C1H16BBr3F2N2: Expected: C, 40.69; H, 2.88; N, 4.99. Found: C, 40.29; H, 3.07; N,
4.75. MALDI-TOF MS: m/z calc. for C*H ~B B~ ~: 559.89; found: 560.52 [M]+.
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2.4.3 4,4'-Difluoro-8-(4-bromophenyl)-1,7-dimethyl-2,6-dibromo-3,5-di(thiophen-3-
ylvinyl-4-bora-3a,4a-diaza-s-indacene (3)

(2) (370 mg, 1 mole eq.), 3-thiophenecarboxaldehyde (3 mole eq.) and glacial acetic acid (0.4 mL)
were dissolved in dry benzene (20 mL) under Ar with stirring. Piperidine (0.4 mL) was added
slowly and the solution was heated to reflux for 3 h under Ar. A Dean-Stark trap was employed
for the azeotropic removal of water formed during the condensation reaction. The reaction was
qguenched with water and the organic phase was dried and separated using column

chromatography with silica gel and ethyl acetate/petroleum ether (1:9) as the eluent.

Scheme 6. Synthesis of 4,4'-Difluoro-8-(4-bromophenyl)-1,7-dimethyl-2,6-dibromo-3,5-
di(thiophen-3-yl)vinyl-4-bora-3a,4a-diaza-s-indacene (3) via Knoevenagel condensation of 3-

thiophenecarboxaldehyde and (2).

(3) Eluent: ethyl acetate/petroleum ether (1:9). Obtained: blue powder. Yield: (55 mg, 11.2
%). 1H NMR (600 MHz, THF-d8) 5 8.31 (d, J = 16.6 Hz, 2H), 7.92 (d, J = 6.6 Hz, 2H), 7.81 (s,
2H), 7.73 (d, J = 16.7 Hz, 2H), 7.62 (d, J = 2.0 Hz, 4H), 7.51 (d, J = 8.3 Hz, 2H), 1.62 (s, 6H).
Calc. for C20H20BBr3F2N252: Expected: C, 46.50; H, 2.69; N, 3.74; S, 8.56. Found: C, 45.97;
H, 2.88; N, 3.44; S, 7.48. MALDI-TOF MS: m/z calc. for C20H20BBr3F2N252: 747.87; found:
749.41 [M+H]+.
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2.4.4 4.4'-Difluoro-8-(4-bromophenyl)-1-methyl-2,6-dibromo-3,5,7-tri-styryl-(4'-
methylthio)-4-bora-3a,4a-diaza-s-indacene (4)

(2) (0.178 mmol, 1 mole eq.), 4-(methylthio)benzaldehyde (0.535 mmol, 3 mole eq.) and glacial
acetic acid (0.4 mL) were dissolved in dry benzene (20 mL) under Ar with stirring. Piperidine (0.4
mL) was added slowly and the solution was heated to reflux for 2 h under Ar. A Dean-Stark trap
was employed for the azeotropic removal of water formed during the condensation reaction. The
reaction was quenched with water and the organic phase was dried and separated using column

chromatography with silica gel and ethyl acetate/hexane (1:4).

Scheme 7. Knoevenagel condensation of 4-(methylthio)benzaldehyde and (2) resulting in the

synthesis of tri-(4-methylthio)styryl BODIPY (4).

(4) Eluent: Ethyl acetate/hexane (1:4). Obtained: green powder. Yield: 21.6 mg (8.5 %). XH
NMR (600 MHz, CDCU) 5 8.18 (d, J = 16.6 Hz, 1H), 8.06 (d, J = 16.6 Hz, 1H), 7.69 (dd, J =
16.5 Hz, 2H), 7.55 (dd, J = 8.1, 1.8 Hz, 1H), 7.36 (dd, J = 8.0, 1.8 Hz, 1H), 7.30 (dd, J = 8.4,
3.5 Hz, 5H), 7.21 (dd, ] = 8.1, 2.0 Hz, 1H), 7.05 (dd, J = 8.0, 2.0 Hz, 1H), 6.82 (d,J = 8.1 Hz,
2H), 2.56 (s, 9H), 2.50 (s, 3H). MALDI-TOF MS: m/z calc. for C43H34B B ~ N 253: 963.95;
found: 963.69 [M]+.
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2.45 4,4'-Difluoro-8-(4-methylthiophenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-
indacene (5)

Initially, a method described in the literature for the synthesis of aryldipyrromethanes in an
aqueous medium by acid-catalysed (HCI) condensation of aromatic aldehydes with pyrrole at
room temperature was used to form (4-methylthio)aryldipyrromethane (5a) [49]. The
aryldipyrromethane is afforded as a precipitate, which may then be filtered and washed, and
used in a subsequent one-pot synthesis adapted from literature [44, 46] to afford the

corresponding BODIPY dye.

4-(Methylthio)benzaldehyde (1.142 g, 1 mole eq.) and 2,4-dimethylpyrrole (3 mole eq., p=0.924
g.mol-1) were added to a stirred 0.18 M HCI solution (50 mL) under Ar. The reaction was carried
out at room temperature for 4 h under Ar with vigorous stirring, and the reaction progress was
followed by thin layer chromatography (TLC). The precipitated dipyrromethane product (5a) was

filtered off and washed with water and petroleum ether.

The dipyrromethane product (1.46 g, 6.55 mmol, 1 mole eqg.) was then dissolved in DCM (40 mL)
and cooled to 0°C before addition of p-chloranil (1.2 mole eq.) in DCM (10 mL). The solution was
allowed to warm up to room temperature and the reaction was left to proceed for 20 min under
Ar/N2with stirring. A deep purple colour was observed and TLC confirmed the synthesis of the
dipyrromethene. The mixture was again cooled to 0°C. TEA (7 mole eq.) and BF3-Et20 (11 mole
eq.) were cooled to 0°C and added dropwise into the dipyrromethene solution. The mixture was
left to stir under Ar at room temperature for 12 h. The resulting mixture was washed twice with
water (2 x 30 mL) and once with brine (30 mL). The organic phase was then dried and separated

via column chromatography with ethyl acetate and hexane (1:4) as the eluent, yielding BODIPY

).



Scheme 8. Synthesis of 4,4'-Difluoro-8-(4-methylthiophenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-

diaza-s-indacene (5) via the water method synthesis of (5a) and subsequent one-pot reaction.

(5a) Obtained: dark brown solid. Yield: 2.28 g (93.7 %). *H NMR (600 MHz, CDCU) 5 7.21 (d, J
= 8.4 Hz, 2H), 7.09 (d, J = 8.4 Hz, 2H), 5.73 (s, 2H), 5.42 (s, 1H), 2.57 (s, 1H), 2.50 (s, 3H), 2.18
(s, 6H), 1.84 (s, 6H). FT-IR (cm-1): 3419 (pyrrole N-H), 2915, 2858, 1665, 1587, 1489, 1433,
1389, 1389, 1289, 1219, 1088, 1015, 959, 787, 636 (C-S stretch), 505. Calc. for C20H2ANZS:
Expected: C, 74.03; H, 7.46; N, 8.63; S, 9.88. Found: C, 73.89; H, 7.22; N, 7.63; S, 9.83.

(5) Eluent: ethyl acetate/hexane (1:4) Obtained: Bright orange crystalline powder. Yield: (374
mg, 21 % based on (5a); 13.5 % based on starting aldehyde). 1H NMR (600 MHz, CDCU) 5 7.37
(d,J = 8.4 Hz, 2H), 7.21 (d, ) = 8.4 Hz, 2H), 6.00 (s, 2H), 2.58 (s, 6H), 2.57 (s, 3H), 1.46 (s, 6H).
FT-IR (cm-1): 2918 (C-H stretch), 1500 (C-C in ring stretch), 1297 (C-N stretch), 1059 (C-N
stretch), 967 (=C-H bend), 817, 750, 691 (C-S stretch), 466. Calc. for C20H21BF2NZS: Expected:
C, 64.88; H, 5.72; N, 7.57; S, 8.66. Found: C, 65.69; H, 6.46; N, 7.26; S, 8.02.
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2.4.6 4,4'-Difluoro-8-(4-methylthiophenyl)-1,3,5,7-tetramethyl-2,6-dibromo-4-bora-
3a,4a-diaza-s-indacene (6)

BODIPY (6) was synthesised according to the same method as (2), using (5) (100 mg, 1 mole eq.)
as the BODIPY core starting material. BODIPY (6) was separated via column chromatography

using silica gel with DCM as the eluent.

Scheme 9. Synthesis of 4,4'-Difluoro-8-(4-methylthiophenyl)-1,3,5,7-tetramethyl-2,6-dibromo-4-

bora-3a,4a-diaza-s-indacene (6) via nucleophilic addition of bromine to BODIPY (5).

(6) Eluent: DCM. Obtained: red powder. Yield: 119 mg (76.8 %). 1H NMR (600 MHz, CDCls) 5
7.39 (d,J = 8.4 Hz, 2H), 7.18 (d, J = 8.4 Hz, 2H), 2.62 (s, 6H), 2.58 (s, 3H), 1.45 (s, 6H). FT-IR
(cm-1): 2916 (C-H stretch), 2850 (C-H stretch), 1532 (C-C in ring stretch), 1456, 1396, 1345,
1305, 1175 (C-N stretch), 1080 (C-N stretch), 998 (=C-H bend), 821, 744, 691 (C-Br
stretch), 587, 523 (C-Br stretch). Calc. for C20H1BBr2F2N2S: Expected: C, 45.49; H, 3.63; N,
5.30; S, 6.07. Found: C, 45.47; H, 3.59; N, 5.03; S, 5.52. MALDI-TOF MS: m/z calc. for
C20H19BBr2F2N2S: 527.97; found: 528.64 [M]+.
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2.4.7 4,4'-Difluoro-8-(4-methylthiophenyl)-1-methyl-2,6-dibromo-3,5,7-tri-styryl-4-bora-
3a,4a-diaza-s-indacene (7)

The synthesis of BODIPYs (7a) and (7b) was synthesised following the same method as (4), using
(6) (100 mg, 1 mole eq.) as the starting material. Both the di-(7a) and tri-(7b) styryl fractions were
isolated via column chromatography using silica gel, with ethyl acetate/petroleum ether (1:9) as

the eluent.

Scheme 10. Knoevenagel condensation of benzaldehyde and (6) resulting in the synthesis of di-

(7a) and tri-(7b) styryl BODIPY dyes.

(7a) Eluent: Ethyl acetate/ petroleum ether (1:9). Obtained: blue powder. Yield: 7 mg (5.3
%). 1H NMR (600 MHz, CDCU) 5 7.78-7.64 (m, 7H), 7.48-7.41 (m, 5H), 7.41-7.35 (m, 3H),
7.27-7.17 (m, 6H), 7.07 (s, 2H), 6.92 (d, J = 7.0 Hz, 2H), 2.43 (s, 3H), 1.39 (s, 3H). MALDI-
TOF MS: m/z calc. for CHAH2BBr2Fr2"S: 704.03; found: 704.74 [M]+.

(7b) Eluent: ethyl acetate/ petroleum ether (1:9). Obtained: Green-blue powder. Yield: 16
mg (10.7 %). 1H NMR (600 MHz, CDCU) 5 8.15 (d, J = 16.8 Hz, 1H), 8.08 (d,J = 16.7 Hz, 1H),
7.74 (dd, J = 16.6, 12.2 Hz, 2H), 7.71-7.67 (m, 4H), 7.47-7.42 (m, 5H), 7.38 (dd, J = 11.7,
7.2 Hz, 3H), 7.26-7.19 (m, 5H), 7.07 (s, 2H), 6.92 (d, J = 7.0 Hz, 2H), 2.43 (s, 3H), 1.39 (s,
3H). MALDI-TOF MS: m/z calc. for C41H31BBr2F2N2S: 792.06; found: 792.74 [M]+.
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2.4.8 3,5-Dithienylenevinylene BODIPYs (8), (9), and (10)
4,4'-Difluoro-8-phenyl-1,7-dimethyl-3,5-di(thiophen-2-yl)vinyl-4-bora-3a,4a-diaza-s-indacene
(8); 4,4'-difluoro-8-(4-carbomethoxyphenyl)-1,7-dimethyl-3,5-di(thiophen-2-yl)vinyl-4-bora-
3a,4a-diaza-s-indacene (9); and 4,4'-difluoro-8-phenyl-1,7-dimethyl-2,6-diiodo-3,5-di(thiophen-
2-yl)vinyl-4-bora-3a,4a-diaza-s-indacene (10) (Fig. 14) were synthesised and purified by Dr. Lizhi
Gai [126].

Figure 14. Structures of BODIPYs (8), (9), and (10).

(8) 1H NMR (600 MHz, Acetone) 5 7.73 (d, J = 16.1 Hz, 2H), 7.67-7.58 (m, 5H), 7.51 (dd, J =
21.4, 11.5 Hz, 4H), 7.35 (d, ] = 3.4 Hz, 2H), 7.20-7.14 (m, 2H), 6.89 (s, 2H), 1.48 (s, 6H).
MALDI-TOF MS: m/z calc. for C2H23BF2N252: 512.14; found: 511.96 [M]+.

(9) *H NMR (600 MHz, Acetone) 5 8.26 (d, J = 8.0 Hz, 2H), 7.76 (s, 1H), 7.74 (s, 1H), 7.69 (d, J
=8.1 Hz, 2H), 7.61 (d,J = 5.0 Hz, 2H), 7.53 (d, J = 16.2 Hz, 2H), 7.36 (d, ] = 3.4 Hz, 2H), 7.18-
7.15 (m, 2H), 6.91 (s, 2H), 3.98 (s, 3H), 1.48 (s, 6H). MALDI-TOF MS: m/z calc. for
C3IH25BF2N20252: 570.14; found: 570.10 [M]+.

(10) *H NMR (600 MHz, THF) 5 8.44 (d, J = 16.4 Hz, 2H), 7.62 (dd, J = 8.2, 6.7 Hz, 4H), 7.59-

7.55 (m, 3H), 7.47-7.44 (m, 2H), 7.37 (d, ] = 3.5 Hz, 2H), 7.13 (dd, J =5.0, 3.7 Hz, 2H), 1.51
(s, 6H). MALDI-TOF MS: m/z calc. for C2H2IBF212N252: 763.93; found: 764.45 [M]+.
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2.5 Preparation of thin films

Poly(bisphenol A carbonate) (PBC) (110 mg) and 0.1 mg of 3,5-dithienylenevinylene BODIPYs (3),
(8), (9), and (10) were respectively dissolved in DCM (1.5 mL) and sonicated until a homogeneous
mixture of BODIPY-polymer solution was obtained. The BODIPY-PBC solutions were dropped on
glass substrates placed in a Petri dish and the solvent was allowed to evaporate at room
temperature. The average film thickness was determined to be ca. 17, 21, 21 and 17 |am for

BODIPY (3)-, (8)-, (9)-, and (10)-PBC respectively, using SEM.
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Chapter 3:

Synthesis and Spectroscopic
Characterisation of BODIPY Dyes

50



Introduction

This chapter explores the synthesis of two BODIPY dyes; their 2,6-dibrominated analogues; and

their 3,5- or 3,5,7-substituted, red-shifted analogues.

BODIPY (1) has a poro-bromo substituent on the meso-phenyl group of the BODIPY core and has
been reported [45]. Its 2,6-dibrominated analogue, BODIPY (2), has also been reported [127,
128]. However, its 3,5-di(thiophen-3-yl)vinyl (3) and 3, 5, 7-tri (4-methylthio)styryl (4) derivatives

have not been reported to date.

To the best of our knowledge, neither BODIPY (5), which has a poro-methylthio substituent on
the meso-phenyl group of the BODIPY core, nor its corresponding aryldipyrromethane (5a) has
been reported to date. Its 2,6-dibrominated analogue, BODIPY (6); and 3,5-distyryl (7a) and 3,5,7-

tristyryl (7b) derivatives have also not been reported.

BODIPY (1) was synthesised according to the classic "one-pot three-step” acid catalysed
condensation reaction, while BODIPY (5) was prepared via the synthesis of the relevant
aryldipyrromethane in an agueous medium by acid-catalysed (HCI) condensation of aromatic
aldehydes. In the case of the latter, the aryldipyrromethane precipitate was filtered and washed,

and used in subsequent one-pot synthesis adapted from literature, as per BODIPY (1).

The BODIPY cores, (1) and (5), were prepared for use in further reactions, to produce BODIPY
dyes with increasingly complex structures. Bromination of these two BODIPYs at the 2,6-positions
yielded BODIPYs (2) and (6), respectively. Thereafter, the acidic methyl groups at the 3,5,7-
positions of BODIPYs (2) and (6) were exploited for the attachment of groups intended to extend
the n-conjugation of the BODIPY dyes, resulting in BODIPYs (3), (4), (7a) and (7b), whose main
spectral bands are red-shifted. The photophysical properties of the 2,6-dibrominated BODIPY
dyes, and their red-shifted analogues, were investigated with a special focus on their singlet

oxygen-generating capability.
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3.1 4,4'-Difluoro-8-(4-bromophenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-
diaza-s-indacene (1)

3.1.1 Synthesis of BODIPY (1)

Although previously reported, BODIPY (1) was synthesised as a precursor for a more complex
BODIPY dye intended for use in PDT. Additionally, it was used for comparison purposes. BODIPY
(1) was synthesised via the "one-pot three-step™ trifluoroacetic acid-catalysed condensation of
2,4-dimethylpyrrole and 4-bromobenzaldehyde in DCM (Scheme 11). The methyl groups on the
pyrrole served to sterically block the 2,4-position carbons, reducing unwanted polymerisation of

the pyrrole unit and hence improving the overall yield of the reaction.

Scheme 11. The acid catalysed synthesis of 4,4'-difluoro-8-(4-bromophenyl)-1,3,5,7-tetramethyl-
4-bora-3a,4a-diaza-s-indacene (1) via the classic "one-pot" method, highlighting the structural

changes that occur at each step.

3.1.2 Structural analysis of BODIPY (1)

All eighteen protons can be readily identified in the *H NMR spectrum of BODIPY (1) (Fig. 15). The
two doublets between 7.21-7.67 ppm each integrate as two protons and can hence be attributed
to the four phenyl protons. The singlet at 6.02 ppm, integrating to two protons, was attributed
to the protons at the 2,6-positions of the BODIPY core. The singlets at 2.58 and 1.44 ppm each
integrate to 6 protons. The singlet at 2.58 ppm may be attributed to the methyl groups positioned
adjacent to the meso-phenyl, while the singlet occurring upfield at 1.44 ppm is attributed to the

methyl groups at the 3,5-positions, which experience shielding due to their proximity to the
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pyrrolic nitrogens, which carry a partial positive charge due to the delocalised resonance
structure (Fig. 15). The solvent residual peak of CDCl3occurs at 7.26 ppm while H2 peak is visible
at 1.56 ppm [129].

CHNS elemental analysis for this compound was in good agreement with expected values. FT-IR
analysis of BODIPY (1) showed peaks that are in good agreement with the vibrations of the
BODIPY skeleton that have been reported in the literature [61]. A number of C-N stretch bands,
attributed to the pyrrolic nitrogen atoms, lie in the 1060-1300 cm-1 region, while a C-Br stretch

is visible at 688 cm-1 (Fig. 16).

Small orange crystals of BODIPY (1) were obtained. Even under ambient light, some yellow-green

solid state fluorescence may be observed (Fig. 17).

Figure 15. 1H NMR spectrum of BODIPY (1) in CDCI3. The stars indicate the solvent and water

peaks, respectively.
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Figure 16. The FT-IR spectrum of BODIPY (1), highlighting the BODIPY vibrational skeleton.

Figure 17. Orange crystals of BODIPY (1) under ambient light.



3.1.3 Spectroscopic properties of BODIPY (1)

The electronic absorption spectrum for BODIPY (1) is typical of that of a meso-substituted
BODIPY, with an absorbance maximum at 503 nm in DMSO (Fig. 18) that similar to that which
has been previously reported [127]. The emission spectrum is typical for a tetra-methyl BODIPY
(Fig. 18) [2]. Table 3 summarises the absorption, excitation and emission band wavelength
maxima for BODIPY (1) in a number of different solvents. BODIPY (1) is highly soluble in a range
of solvents, and did not show signs of aggregation. BODIPY (1) is highly fluorescent due to its lack
of ISC and its rigid n-system, which limits the rate of nonradiative decay [2]. The low rate of ISC
also results in very low singlet oxygen quantum vyields (Table 3). Singlet oxygen quantum yields
(Oa) were determined using the comparative method, using DPBF as a chemical trap for singlet
oxygen. The rate at which DPBF is decreased in the presence of BODIPY (1) was compared to that
of a standard - Rose Bengal - in order to determine its Oa. BODIPY (1) shows no measurable

decrease in the main absorption band upon irradiation, indicating good photostability.

The log s value of 4.83 obtained for BODIPY (1) in DMF corresponds closely with the reported
values of 4.84 (in DCM) and 4.90 (in THF) [45]. The fluorescence quantum yield (Of) of 0.82 in

DMSO was comparable to the literature value of 0.84, recorded in DCM [45].
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Table 3. Photophysical data for BODIPY (1) in a number of different solvents.

Solvent Solvent log £ Aabs Aexc  Aem A Of+ Tf O.
polarity /nm  /nm /nm Stokes 0.01 /ns
/nm

DMSO 7.2 - 503 503 517 14 0.82 346 0.06
DMF 6.4 4.83 503 503 514 11 - - -
Ethanol 5.2 - 501 501 511 10 - - -
THF a 4.0 4.90 502 - 511 9 053 - -
DCM a 3.1 4.84 503 - 513 10 0.84 - -

aValues reported in the literature [45]

Figure 18. Normalised absorption (black), excitation (red) and emission (blue) spectra of BODIPY

(1) in DMSO.
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3.2 4,4'-Difluoro-8-(4-bromophenyl)-1,3,5,7-tetramethyl-2,6-dibromo-
4-bora-3a,4a-diaza-s-indacene (2)

3.2.1 Synthesis of BODIPY (2)

Halogenation of the BODIPY core is a simple method whereby the spectroscopic properties of
the molecule may be tuned. However, the primary motivation for bromination, in this work, is to
promote ISC, thereby increasing the ability of the BODIPY to produce singlet oxygen. The 2,6-
positions of a tetramethyl BODIPY have been shown to be the most vulnerable to nucleophilic
attack [58]. Hence, BODIPY (2), a compound that has been reported in the literature [127, 128],

was synthesised via bromination of (1) using N-bromosuccinimide (NBS).

Scheme 12. Synthesis of 4,4'-Difluoro-8-(4-bromophenyl)-1,3,5,7-tetramethyl-2,6-dibromo-4-

bora-3a,4a-diaza-s-indacene (2) via nucleophilic addition of bromine to BODIPY (1).

3.2.2 Structural analysis of BODIPY (2)

All sixteen protons can be readily identified in the *H NMR spectrum of BODIPY (2). The two
doublets between 7.18-7.71 ppm each integrate as two protons and can hence be attributed to
the four phenyl protons. The singlets at 2.63 and 1.43 ppm each integrate to 6 protons. The
singlet at 2.63 ppm may be attributed to the methyl groups positioned adjacent to the meso-
phenyl, while the singlet occurring upfield at 1.43 ppm is attributed to the methyl groups at the

3,5-positions, which experience shielding due to their proximity to the pyrrolic nitrogens. The
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absence of the singlet at 6.02 ppm confirms that the hydrogen atoms present at the 2,6-positions

of BODIPY (1) have been replaced with bromine atoms.
CHNS elemental analysis for this compound was in good agreement with expected values.

The FT-IR spectrum for BODIPY (2) shows broadly similar vibrations to that of BODIPY (1),

confirming that the BODIPY core remains intact upon bromination.

The predicted molecular mass of 560.86 for BODIPY (2) was confirmed by MALDI-TOF mass

spectrometry as the primary peak occurred at 560.52.

3.2.3 Spectroscopic properties of BODIPY (2)

The electronic absorption spectrum for BODIPY (2) is typical of a BODIPY dye, with the
absorbance maximum occurring at 530 nm in DMSO (Fig. 19): a red-shift of ca. 30 nm with respect
to its parent dye, BODIPY (1). Attachment of bromine atoms at the 2,6-positions causes a
destabilisation of the HOMO with respect to the LUMO, resulting in a reduced HOMO-LUMO
gap, and hence a red shift of the main spectral bands. Table 4 summarises the absorption,
excitation and emission band wavelength maxima for BODIPY (2) in a number of different
solvents. BODIPY (2) is highly soluble in a range of solvents, and did not show signs of aggregation.
A small blue shift of the main spectral bands was observed when moving from DMSO (polarity
index = 7.2) to the less polar ethanol (polarity index =5.2). The presence of bromine atoms at the
2,6-positions of BODIPY (2) increases the rate of ISC by relaxation of the spin-selection rule due
to the heavy atom effect. This, in turn, increases the ability of the BODIPY dye to produce singlet

oxygen. Hence, BODIPY (2) shows a significantly higher O avalue than BODIPY (1) (Table 4).

58



Table 4. Photophysical data for BODIPY (2).

Solvent log £ Ads

/nm
DMSO - 530
DMF 499 529
Ethanol - 528
DCM b 4.76 528

aAbundances in brackets, bValues reported in the literature [128]

Aexc
/nm

529

528

528

Aem
/nm

547

545

543

551

A Stokes
/nm

18

17

15

23

Ofzt
0.01

0.14

0.08

Tf/nsa

1.26 (0.98)
7.06 (0.02)

0.76

Figure 19. Normalised absorption (black), excitation (red) and emission (blue) spectra of BODIPY

(2) in DMSO.
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3.3 4,4'-Difluoro-8-(4-bromophenyl)-1,7-dimethyl-2,6-dibromo-3,5-
di(thiophen-3-yl)vinyl-4-bora-3a,4a-diaza-s-indacene (3)

3.3.1 Synthesis of BODIPY (3)

BODIPY (3) was synthesised using a modified Knoevenagel condensation reaction [7, 61, 64].
Substitution at the acidic methyl groups served a twofold purpose in the context of this work.
Firstly, the main absorption bands of the BODIPY can be red-shifted due to the extension of the
delocalisation pathway. Secondly, substitution at these positions served as a means for providing
functionality. In this case, the incorporation of the thiophene groups introduced sulfur atoms,

which could potentially be used for conjugation to gold nanoparticles for drug delivery.

BODIPY (3) was obtained by column chromatography using ethyl acetate/ petroleum ether (1:9)

as eluent (Fig. 20). The product was afforded as a blue powder.

Scheme 13. Knoevenagel condensation of 3-thiophenecarboxaldehyde and (2) resulting in the

synthesis of BODIPY (3).
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Figure 20. The reaction mixture of BODIPY (3) was blue in colour (A), and was purified by column
chromatography using silica gel, with ethyl acetate/ petroleum ether (1:9) as eluent (B). TLC was

used to identify fractions containing BODIPY (3) (C).

3.3.2 Structural analysis of BODIPY (3)

All twenty protons can be identified in the *H NMR spectrum of BODIPY (3) (Fig. 21). In the
aromatic region, in the range of 8.5-7.5 ppm, there are a number of peaks that integrate to 14
protons - the expected number of protons for this region. The singlet at 1.62 ppm integrates to

6 protons and is attributed to the two methyl groups present at the 1, 7-positions of the BODIPY

61



core. The solvent residual peaks of THF occur at 1.72 and 3.58 ppm, while the H20 peak is typically
seen at 2.46 ppm [130].

The predicted molecular mass of 749.13 for BODIPY (3) was confirmed by MALDI-TOF mass
spectrometry. Although the primary peak occurred at 752.92 [M+4H]+ (Fig. 22), there was a peak
at 749.41, corresponding [M+H]+. As the structure of BODIPY (3) has multiple points at which
fragmentation can occur, it is not unexpected that the mass spectrum shows several different

peaks. CHNS elemental analysis for this compound was in good agreement with expected values.

BrThio- 15-10-16 ir0-007'v-01i0i0
BrThio- 15-10- 16- ASSo2KVA 24000

23000
22000
21000
20000
19000
18000
17000

15000
14000
13000
12000
11000
10000

fl ppm

Figure 21. *H NMR spectrum of BODIPY (3) in THF.

62



Figure 22. Mass spectrum of BODIPY (3). The primary peak was observed at 752.92 [M+4H]+.
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3.3.3 Spectroscopic properties of BODIPY (3)

BODIPY (3) is a blue dye (Fig. 23) with an electronic absorption spectrum that is typical of a
BODIPY dye, with the absorbance maximum occurring at 650 nm in DMF (Fig. 24). The absorption
maximum of BODIPY (3) is red-shifted by ca. 147 nm when compared to its parent dye, BODIPY
(1), and by 121 nm with respect to BODIPY (2). As the main spectral bands of BODIPY (3) are red-

shifted to the edge of the therapeutic window, it has potential for use in PDT.

Table 5 summarises the absorption, excitation and emission band wavelength maxima for
BODIPY (3) in DMSO, DMF and ethanol. The position of the spectral maxima of BODIPY (3) were

not particularly affected by the change in solvent, with variations of only 3 nm occurring.

The singlet oxygen quantum vyield of BODIPY (3) was determined by monitoring the
photocatalytic degradation of DPBF using ZnPc as standard. Although the presence of bromine
atoms at the 2,6-positions of BODIPY (3) increases the rate of ISC by relaxation of the spin-
selection rule, the singlet oxygen quantum yield of BODIPY (3) (Table 5) is not as high as that of
BODIPY (2) due to the increased molecular flexibility, which provides pathways for nonradiative

decay.

Table 5. Photophysical data for BODIPY (3).

Solvent log £ Aabs  Aexe Aem A Stokes Oft Tf/ns O.
/nm  /nm  /nm /nm 0.01

DMSO - 652 652 673 21 - - -

DMF 4.92 650 650 670 20 0.44 4.00 0.28

Ethanol - 650 650 670 20 - - -



Figure 23. BODIPY (3) under ambient light.

Figure 24. Normalised absorption (black), excitation (red) and emission (blue) spectra of BODIPY

(3) in DMF.
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3.4 4,4'-Difluoro-8-(4-bromophenyl)-1-methyl-2,6-dibromo-3,5,7-tn-
styryl-(4'-methylthio)-4-bora-3a,4a-diaza-s-indacene (4)

3.4.1 Synthesis of BODIPY (4)
BODIPY (4) was synthesised using a modified Knoevenagel condensation reaction [7, 61, 64], in a

similar manner to that described for BODIPY (3).

BODIPY (4) was obtained by column chromatography using ethyl acetate/ petroleum ether (1:9)

as eluent (Fig. 25). The product was afforded as a green powder.

Scheme 14. Knoevenagel condensation of 4-(methylthio)benzaldehyde and (2) resulting in the

synthesis of tri-(4-methylthio)styryl BODIPY (4).
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Figure 25. BODIPY (4) was purified by column chromatography using silica gel, with ethyl acetate/

petroleum ether (1:9) as eluent.
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3.4.2 Structural analysis of BODIPY (4)

All thirty-four protons can be identified in the *H NMR spectrum of BODIPY (4) (Fig. 26 A). In the
aromatic region, in the range of 8.2-6.5 ppm, there are a number of doublets and doublets of
doublets that all integrate to give 22 protons - the expected number of protons for this region.
In circumstances where a proton may be coupled to two protons by different coupling constants,
adoublet of doublets is observed (Fig. 26 B). This is particularly common in aromatic compounds,
where both the ortho- and meta- couplings are large enough to see. The remaining protons are
accounted for by singlets at 1.35 and 2.56 ppm. The singlet at 2.56 ppm integrates to 9 protons
and is attributed to the three S-methyl groups, while the singlet further upfield at 1.35 ppm,
integrating to 3 protons, is assigned to the 1-methyl group. The intense TMS peak is visible at

0.09, the solvent residual peak of CDCI3occurs at 7.28 ppm, and the H20 peak is visible at 1.61
ppm.

The predicted molecular mass of 963.46 for BODIPY (4) was confirmed by MALDI-TOF mass
spectrometry, as the primary peak occurred at 963.69. The structure of BODIPY (4) has multiple
points at which fragmentation can occur and hence it is not unexpected that the mass spectrum
should show a fairly large number of peaks. Additional peaks correspond to [(4)-Br] and [(4)+Br],

for example.
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Figure 26. (A) *H NMR spectrum of BODIPY (4) in CDCU with (B) expansion of the aromatic region.
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3.4.3 Spectroscopic properties of BODIPY (4)

The electronic absorption spectrum for BODIPY (4) is typical of a BODIPY dye, with the
absorbance maximum occurring at 681 nm in DMSO (Fig. 27). The absorption maximum of
BODIPY (4) is red-shifted by ca. 175 nm when compared to its parent dye, BODIPY (1), and by 151
nm with respect to BODIPY (2). As the main spectral bands of BODIPY (4) are red-shifted to within

the therapeutic window, it has potential for use in PDT.

Table 6 summarises the absorption, excitation and emission band wavelength maxima for
BODIPY (4) in DMSO, DMF and ethanol. It also shows the log s value for BODIPY (4) in DMF, which
was calculated from the increase in absorbance with concentration, using the Beer-Lambert law
(Fig. 28). The spectral maxima of BODIPY (4) varied by up to 14 nm, depending on the solvent

used.

The singlet oxygen quantum vyield of BODIPY (4) was determined by monitoring the
photocatalytic degradation of DPBF (Fig. 29), using ZnPc as standard. Although the presence of
bromine atoms at the 2,6-positions of BODIPY (4) increases the rate of ISC by relaxation of the
spin-selection rule, the singlet oxygen quantum yield of BODIPY (4) (Table 6) is not as high as that
of BODIPY (2) due to the increased molecular flexibility, which allows for more nonradiative
decay. BODIPY (4) showed good photostability, with its absorption band remaining reasonably

constant throughout the experiment (Fig. 29).

Table 6. Photophysical data for BODIPY (4).

Solvent log £ Ads  Aexc  Aem A Stokes Oft Tf/nsa Oa
/nm /nm /nm /nm 0.01
DMSO - 681 682 723 41 0.06 3.02 (0.89) -
0.47 (0.11)
DMF 3.99 678 678 716 38 - - -
Ethanol - 673 671 709 38 - - 0.30

aAbundances in brackets

70



Figure 27. Normalised absorption (black), excitation (red) and emission (blue) spectra of BODIPY

(4) in ethanol.

Figure 28. UV-visible absorption spectral changes with concentration for BODIPY (4) from 0.100-
0.126 mM in DMF. The inset shows the increase of the BODIPY main spectral band intensity with

concentration, and is used to calculate log s for (4).
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DPBF y= 0.0006x- 0.0005

=0.9985

300 y =0.0003x-0.0025
BOD PY (4) R =0.9954
DPBF Absorbance
for BODIPY (4)
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Wavelength /nm Time /s

Figure 29. Photocatalytic degradation of DPBF (Amex =410 nm) in EtOH by BODIPY (4) (Amax= 673
nm) at 60 s intervals, indicative of singlet oxygen generation (left). The Oa value for (4) is

determined using the comparative method with ZnPc in EtOH (Oa= 0.53 [27, 121]) as standard
(right).
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3.5 4,4'-Difluoro-8-(4-methylthiophenyl)-1,3,5,7-tetramethyl-4-bora-
3a,4a-diaza-s-indacene (5)

3.5.1 Synthesis of BODIPY (5)

The aryldipyrromethane precursor to BODIPY (5), (4-methylthio)aryldipyrromethane (5a), was
synthesised invery high yield using a method described by Rohand et. al. [49]. This acid-catalysed
condensation reaction of aromatic aldehyde and dimethylpyrrole utilises HCl in an aqueous
medium, and the product may be obtained by simple filtration due to selective precipitation of
the aryldipyrromethane. In a subsequent one-pot reaction, the aryldipyrromethane was oxidised,
forming the corresponding dipyrromethene, which was then complexed with BF3-Et20 in a basic

environment (as per BODIPY (1)), to yield BODIPY (5).

Scheme 15. Synthesis of 4,4'-Difluoro-8-(4-methylthiophenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-
diaza-s-indacene (5) via the water method synthesis of the corresponding aryldipyrromethane

(5a) and subsequent one-pot reaction.

3.5.2 Structural analysis of (4-methylthio)aryldipyrromethane (5a)

Twenty-two of the twenty-four protons can be readily identified in the 1IH NMR spectrum of (5a)
in CDCI3(Fig. 30). The missing protons are those belonging to the NH groups. The position of NMR
signals of the protons of NH groups is strongly dependent upon concentration, temperature and
the solvent employed [131]. If two or more NH groups are present on a molecule, the NMR

spectrum will show a single signal at an average chemical shift due to rapid proton exchange
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[132]. Additionally, NH groups show broad resonance signals that are sometimes hidden in the
noise [131, 133, 134], which appears to be the case in Fig. 30. The two doublets between 7.09-
7.21 ppm each integrate as two protons and can hence be attributed to the four phenyl protons.
The singlet at 5.73 ppm, integrating to two protons, was attributed to the protons positioned at
what would become the 2,6-positions on the BODIPY core. The singlet at 5.42 pm integrates to
ohe proton and was attributed to the proton at the meso-position. The singlet at 2.50 ppm,
integrating to 3 protons, is attributed to the methyl group attached to sulphur at the para-
position of the meso-phenyl. The singlets at 2.18 and 1.84 ppm each integrate to 6 protons. The
singlet at 2.18 ppm may be attributed to the methyl groups positioned adjacent to the meso-
phenyl, while the singlet occurring upfield at 1.84 ppm is attributed to the methyl groups at the
3,5-positions. The solvent residual peak of CDCl; occurs at 7.29 ppm while H,O peak is visible at
1.57 ppm [129]. Rotation around the single bonds allows for lower-energy conformers.
Consequently, the chemical shifts may differ slightly from those observed for their rigid BODIPY

counterparts.
CHNS elemental analysis for this compound was in good agreement with expected values.

FT-IR confirms the presence of pyrrolic nitrogen, with an N-H stretch observed at 3419 cm™, while

a C=S stretch is visible at 636 cm™.
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Figure 30. XH NMR spectrum of (4-methylthio)aryldipyrromethane (5a) in CDCI3. The stars

indicate the solvent and water peaks, respectively.

3.5.3 Structural analysis of BODIPY (5)

All twenty-one protons could be readily identified in the XH NMR spectrum of BODIPY (5) (Fig.
31). The two doublets between 7.21-7.37 ppm each integrate as two protons and can hence be
attributed to the four phenyl protons. The singlet at 6.00 ppm, integrating to two protons, was
attributed to the protons at the 2,6-positions of the BODIPY core. The singlets at 2.58 and 1.46
ppm each integrate to 6 protons. The singlet at 2.58 ppm may be attributed to the methyl groups
positioned adjacent to the meso-phenyl, while the singlet occurring upfield at 1.46 ppm is
attributed to the methyl groups at the 3,5-positions, which experience shielding due to their
proximity to the pyrrolic nitrogens. The singlet at 2.57 ppm, integrating to 3 protons (see inset,

Fig. 31), is attributed to the methyl group attached to sulphur at the para-position of the meso-
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phenyl. The solvent residual peak of CDCU occurs at 7.26 ppm while H20 peak is visible at 1.56
ppm [129].

CHNS elemental analysis for this compound was in good agreement with expected values. FT-IR
analysis of BODIPY (5) showed peaks that are in good agreement with the vibrations of the
BODIPY skeleton that have been reported in the literature [61]. Two C-N stretch bands,
attributed to the pyrrolic nitrogen atoms, lie in the 1059-1297 cm-1region, while a C-S stretch is

visible at 691 cm-1 (Fig. 32).

Figure 31. *H NMR spectrum of BODIPY (5) in CDCU with an expansion (inset), showing peak

assignments. The stars indicate the solvent and water peaks, respectively.
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Figure 32. The FT-IR spectrum of BODIPY (5), highlighting the BODIPY vibrational skeleton.

3.5.4 Spectroscopic properties of BODIPY (5)

The electronic absorption spectrum for BODIPY (5) is typical of that of a meso-substituted
BODIPY, with an absorbance maximum at 502 nm in DMSO (Fig. 33). Table 7 summarises the
absorption, excitation and emission band wavelength maxima for BODIPY (5) in three different
solvents. BODIPY (5) is highly soluble in a range of solvents, and did not show signs of aggregation.
A small blue shift of the main spectral bands was observed when moving from DMSO (polarity
index = 7.2) to the less polar ethanol (polarity index =5.2). The emission spectrum of (5) is typical
for a tetra-methyl BODIPY (Fig. 33) [2]. BODIPY (5) is highly fluorescent due to its rigid n-system,
which limits the rate of nonradiative decay, and its lack of ISC [2]. The low rate of ISC also results
in a very low singlet oxygen quantum vyield (Table 7), which is typical of non-halogenated

BODIPYs.

Table 7 also shows the log s value for BODIPY (5) in DMF, which was calculated from the increase

in absorbance with concentration, using the Beer-Lambert law (Fig. 34).
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Table 7. Photophysical data for BODIPY (5).

Solvent log £ Aas

/nm
DMSO - 502
DMF 4.88 501
Ethanol - 500

aAbundances in brackets

Aexc/nm  Aem/nm A Stokes

501

501

500

515

512

510

/nm

14

11

10

Ofzt
0.01

0.61

Tf/nsa

2.18 (0.97)
13.62 (0.03)

O.

0.08

Figure 33. Normalised absorption (black), excitation (red) and emission (blue) spectra of BODIPY

(5) in DMSO.
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Figure 34. UV-visible absorption spectral changes with concentration for BODIPY (5) from 11.2-
14.2 |aM in DMF. The inset shows the increase of the BODIPY main spectral band intensity with

concentration, and is used to calculate log s for (5).
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3.6 4,4'-Difluoro-8-(4-methylthiophenyl)-1,3,57-tetramethyl-2,6-
dibromo-4-bora-3a,4a-diaza-s-indacene (6)

3.6.1 Synthesis of BODIPY (6)

Halogenation of the BODIPY core is a simple method whereby the spectroscopic properties of
the molecule may be tuned, and the ability to generate singlet oxygen may be introduced. The
2,6-positions of atetramethyl BODIPY have been shown to be the most vulnerable to nucleophilic
attack [58]. Hence, BODIPY (6), a novel compound, was synthesised via bromination of (5) using
N-bromosuccinimide (NBS), according to the same procedure employed in the formation of

BODIPY (2).

Scheme 16. Synthesis of 4,4'-Difluoro-8-(4-methylthiophenyl)-1,3,5,7-tetramethyl-2,6-dibromo-

4-bora-3a,4a-diaza-s-indacene (6) via nucleophilic addition of bromine to BODIPY (5).

80



3.6.2 Structural analysis of BODIPY (6)

All nineteen protons can be readily identified in the XH NMR spectrum of BODIPY (6) (Fig. 35).
The singlet at 2.57 ppm, integrating to 3 protons, is attributed to the methyl group attached to
sulphur at the para-position of the meso-phenyl. The two doublets between 7.18-7.39 ppm each
integrate as two protons and can hence be attributed to the four phenyl protons. The singlets at
2.62 and 1.45 ppm each integrate to 6 protons. The singlet at 2.62 ppm may be attributed to the
methyl groups positioned adjacent to the meso-phenyl, while the singlet occurring upfield at 1.45
ppm is attributed to the methyl groups at the 3,5-positions, which experience shielding due to
their proximity to the pyrrolic nitrogens. The absence of the singlet at 6.00 ppm confirms that
the hydrogen atoms present at the 2,6-positions of BODIPY (5) have been replaced with bromine
atoms (Fig. 35). The peak at 5.32 ppm integrates to a mere 0.18 and is likely due to some small

impurity.

Red crystals of BODIPY (6) were obtained (Fig. 36). CHNS elemental analysis for this compound
was in good agreement with expected values. The FT-IR spectrum for BODIPY (6) shows two C-
Br stretch bands in the 523-691 cm-1region, confirming incorporation of bromine atoms into the
BODIPY core. However, BODIPY (6) displays broadly similar vibrations to that of BODIPY (5),
confirming that the BODIPY core remains intact upon bromination. The predicted molecular mass
of 528.06 for BODIPY (6) was confirmed by MALDI-TOF mass spectrometry as the primary peak
occurred at 528.64.
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Figure 35. *H NMR spectrum of BODIPY (6) in CDCI3 highlighting the disappearance of the peak

at a chemical shift of 6.00 ppm. The stars indicate the solvent and water peaks, respectively.

Figure 36. Red crystals of BODIPY (6) under ambient light.

82



3.6.3 Spectroscopic properties of BODIPY (6)

The electronic absorption spectrum for BODIPY (6) is typical of a BODIPY dye, with the
absorbance maximum occurring at528 nm in DM SO (Flg 37) However, the absorption maximum
is red-shifted by ca. 30 nm when compared to its parent dye, BODIPY (5).Attachment of bromine
atoms at the 2,6-positions causes a destabilisation of the HOMO with respect to the LUMO,
resulting in a reduced HOM O-LUM O gap, and hence a red shift of the main spectral bands. Table
8summarises the absorption, excitation and emission band wavelength maxima for BODIPY (6)
in three different solvents. Italso shows the log s value for BODIPY (6),which was calculated from
the increase in absorbance with concentration, using the Beer-Lambert law (Flg 38) BODIPY (6)
is highly soluble in a range of solvents, and did not show signs of aggregation. A small blue shift

of the main spectral bands was observed when moving to less polar solvents.

The presence of bromine atoms at the 2,6-positions of BODIPY (6) increases the rate of ISC by
relaxation of the spin-selection rule due to the heavy atom effect. This, in turn, increases the
ability of the BODIPY dye to produce singlet oxygen. Hence, BODIPY (6) shows a significantly
higher O avalue than BODIPY (5) (Table 8). The singlet oxygen quantum yield of BODIPY (6)was
determined by monitoring the photocatalytic degradation of DPBF in the presence of BODIPY (6)
in ethanol (Flg 39) BODIPY (6) showed excellent photostability (Flg 39) which was even better
than that of the standard, Rose Bengal. Due to the very low fluorescence quantum vyield of

BODIPY (6) in DM SO, the fluorescence lifetime was not determined.

Table 8. photophysical data for Bopipy (6).

Solvent log £ Aabs Aexc Aem /nm A Stokes Ofzt Tf/ns  Oa
/nm /nm /nm 0.01

DMSO 5.03 528 528 547 19 0.03 n.da -

DMF 5.04 527 527 543 16 - - -

Ethanol - 526 526 540 14 - - 0.79

aNot determined
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Figure 37. Normalised absorption (black), excitation (red) and emission (blue) spectra of BODIPY

(6) in DMSO.

Figure 38. UV-visible absorption spectral changes with concentration for BODIPY (6) from 8.58-
10.17 |aMin DMF. The inset shows the increase of the BODIPY main spectral band intensity with
concentration.
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DPBF

Wavelength /nm

" BODIPY 6

D.0049X +0.0154
R =0,9889

0.0045x+0.0081
R =0.9954

DPBF Absorbance

for Rose Bengal

DPBF Absorbance
for BODIPY (6

Time /s

Figure 39. Photocatalytic degradation of DPBF (Amex =410 nm) in EtOH by BODIPY (6) (Arex =526

nm) at 10 s intervals, indicative of singlet oxygen generation (left). The Oa value for (6) is

determined using the comparative method with Rose Bengal (Oa = 0.86 [27, 125]) as standard

(right).
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3.7 4,4'-Difluoro-8-(4-methylthiophenyl)-1-Tiethyl-2,6-dibroTio-3,5,7-
tri-styryl-4-bora-3a,4a-diaza-s-indacene (7b)

3.7.1 Synthesis of BODIPYs (7a) and (7b)

BODIPY (7) was synthesised using a modified Knoevenagel condensation reaction [7, 61, 64]
(Scheme 17), as a potential candidate for use in PDT. The reaction is conducted in dry conditions.
However, as water is formed as a by-product of the reaction, a Dean-Stark trap was used for the
azeotropic removal of water. The reaction yielded a number of distinct, brightly coloured
fractions (Fig. 40 and Fig. 41). BODIPYs (7a) and (7b) were obtained by column chromatography
using ethyl acetate/ petroleum ether (1:9) as eluent. BODIPY (7a) was afforded as a blue powder,

while BODIPY (7b) was obtained as a green-blue powder.

Scheme 17. Knoevenagel condensation of benzaldehyde and (6) resulting in the synthesis of di-

(7a) and tri-(7b) styryl BODIPY dyes.
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Figure 40. Fractions of the reaction mixture (top) and corresponding TLC plates (bottom) of
BODIPY (7). The fractions containing the leading blue spots were further purified to yield BODIPY
(7a), while the lagging green-blue spots were further purified to yield BODIPY (7b).
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Figure 41. The fractions containing the leading blue spots highlighted in Fig. 40 were further
purified by column chromatography using silica gel, with ethyl acetate/ petroleum ether (1:9) as

eluent to yield BODIPY (7a).
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3.7.2 Structural analysis of BODIPY (7a)
All twenty-seven protons can be readily identified in the *H NMR spectrum of BODIPY (7a). In the
aromatic region, in the range of 8.2-7.2 ppm, there are five doublets and one multiplet, which

all integrate to give 18 protons - the expected number of protons for this region.

The remaining protons are accounted for by singlets at 2.60 and 1.52 ppm. The singlet at 2.60
ppm integrates to 3 protons and is attributed to the S-methyl group present at the para-position
of the meso-phenyl, while the singlet at 1.52 ppm, integrating to 6 protons, is assigned to the 1,
7-methyl groups. The solvent residual peak of CDCU occurs at 7.28 ppm, and the H20 peak is
visible at 1.60 ppm.

The predicted molecular mass of 704.27 for BODIPY (7a) was confirmed by MALDI-TOF mass
spectrometry, as the primary peak occurred at 704.51. As there are multiple points at which
fragmentation can occur, it is not unexpected that the mass spectrum shows a fairly large number

of peaks.

3.7.3 Spectroscopic properties of BODIPY (7a)

The electronic absorption spectrum for BODIPY (7a) is typical of a BODIPY dye, with the
absorbance maximum occurring at 641 nm in DMSO (Fig. 42). The absorption maximum of
BODIPY (7a) is red-shifted by ca. 139 nm when compared to its parent dye, BODIPY (5), and by
113 nm with respect to BODIPY (6). As the main spectral bands of BODIPY (6) are red-shifted to
the edge of the therapeutic window, it was thought to have potential for use in PDT. However,
BODIPY (7a) displayed a very low singlet oxygen quantum yield (Table 9), which was unexpected

based on the promising Oavalue obtained for its precursor, BODIPY (6).

Table 9 summarises the absorption, excitation and emission band wavelength maxima for
BODIPY (7a) in DMSO, DMF and ethanol. The spectral maxima of BODIPY (7a) varied by up to 9

nm, depending on the solvent used.
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Table 9. Photophysical data for BODIPY (7a).

Solvent log £

DMSO
DMF 3.99

Ethanol

Aabs
/nm

641

640

637

Aexc
/nm

641

640

636

Aem
/nm

659

656

650

A Stokes
/nm

18

16

14

Ofzt
0.01

0.47

Tf/ns

3.40

O.

0.03

Figure 42. Normalised absorption (black), excitation (red) and emission (blue) spectra of BODIPY

(7a) in DMSO.

90



3.7.4 Structural analysis of BODIPY (7b)

All thirty-one protons can be readily identified in the 1H NMR spectrum of BODIPY (7b) (Fig. 43).
The peaks present in the aromatic region, in the range of 8.2-6.8 ppm, integrate to give 18
protons - the expected number of protons for this region. The remaining protons are accounted
for by singlets at 2.43 and 1.39 ppm. The singlet at 2.43 ppm integrates to 3 protons and is
attributed to the S-methyl group present at the para-position of the meso-phenyl, while the
singlet at 1.39 ppm, also integrating to 3 protons, is assigned to the 1-methyl group. The solvent

residual peak of CDCU occurs at 7.28 ppm, and the H20 peak is visible at 1.60 ppm.

The predicted molecular mass of 792.38 for BODIPY (7b) was confirmed by MALDI-TOF mass
spectrometry. Although the primary peak occurred at 794.76 [(7b)+2H], there was a peak at
792.74, corresponding to (7b) alone. As the structure of BODIPY (7b) has multiple points at which
fragmentation can occur, the mass spectrum shows several different peaks. Additional peaks

correspond to [(7b)+Br], for example.
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Figure 43. (A) *H NMR spectrum of BODIPY (7b) in CDCI3 with (B) expansion of the aromatic

region.
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3.7.5 Spectroscopic properties of BODIPY (7b)

The electronic absorption spectrum for BODIPY (7b) is typical of a BODIPY dye, with the
absorbance maximum occurring at 647 nm in DMSO (Fig. 44). The absorption maximum of
BODIPY (7a) is red-shifted by ca. 145 nm when compared to its parent dye, BODIPY (5), and by
119 nm with respect to BODIPY (6). As the main spectral bands of BODIPY (7b) are red-shifted to

the edge of the biological window, it has potential for use in PDT.

Table 10 summarises the absorption, excitation and emission band wavelength maxima for
BODIPY (7b) in DMSO, DMF and ethanol. It also shows the log s value for BODIPY (7b) in DMF,
which was calculated from the increase in absorbance with concentration, using the Beer-
Lambert law (Fig. 45). The spectral maxima of BODIPY (7b) varied by up to 6 nm, depending on

the solvent used.

The singlet oxygen quantum vyield of BODIPY (7b) was determined by monitoring the
photocatalytic degradation of DPBF (Fig. 46), using Rose Bengal in EtOH as standard. Although
the presence of bromine atoms at the 2,6-positions of BODIPY (7b) increases the rate of ISC by
relaxation of the spin-selection rule, the singlet oxygen quantum yield of BODIPY (7b) (Table 10)
is not as high as that of BODIPY (6) due to the increased molecular flexibility, which allows for
more nonradiative decay. However, the Oavalue obtained for (7b) was better than that obtained

for BODIPY (7a).

Table 10. Photophysical data for BODIPY (7Db).

Solvent log £ Aabs Aexc Aem A Stokes Of+ Tf/nsa Oa
/nm /nm /nm /nm 0.01
DMSO - 647 646 665 19 0.14 3.28 (0.99) -
0.20 (0.01)
DMF 4.25 644 643 665 22 - - -
Ethanol - 641 640 659 19 - - 0.17

aAbundances in brackets
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Figure 44. Normalised absorption (black), excitation (red) and emission (blue) spectra of BODIPY

(7b) in DMF.

Figure 45. UV-visible absorption spectral changes with concentration for BODIPY (7b) from
0.055-0.070 mM in DMF. The inset shows the increase of the BODIPY main spectral band

intensity with concentration, and is used to calculate log s for (7b).
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Figure 46. The O avalue for (7b) was determined using the comparative method with Rose Bengal

in EtOH (Oa=0.86 [27, 125]) as the standard.
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3.8 3,5-Dithienylenevinylene BODIPYs: (8), (9), and (10)

3.8.1 Synthesis of BODIPYs (8), (9), and (10)

BODIPYs (8-10) were synthesised by Dr. Lizhi Gai as reported [126].

3.8.2 Structural analysis of BODIPYs (8), (9), and (10)

BODIPYs (8-10) were characterised using *H NMR and MALDI-TOF MS. All twenty-three protons
are accounted for in the *H NMR spectrum of BODIPY (8) (Fig. 47). In the aromatic region, in the
range of 8.5-7.0 ppm, there are two multiplets, two doublets, and one doublet of doublets, which
together integrate to give 15 protons - the expected number of protons for this region. The
singlet at 6.89 ppm integrates to 2 protons and is attributed to the protons at the 2,6-positions,
while the singlet at 1.48 ppm, integrating to 6 protons, is attributed to the methyl groups at the
1,7-positions of the BODIPY core. The solvent residual peak of acetone occurs at 2.05 ppm, and

the H20 peak is visible at 2.84 ppm [129, 130].

Similarly, all twenty-five protons of BODIPY (9) can be readily identified in its *H NMR spectrum
(Fig. 48). In the aromatic region, in the range of 8.5-7.0 ppm, there are a number of peaks, which
together integrate to give 14 protons - the expected number of protons for this region. The
singlet at 6.91 ppm integrates to 2 protons and is attributed to the protons at the 2,6-positions
of the BODIPY core. The appearance of a singlet at 3.98 ppm, integrating to 3 protons, is
attributed to the methyl in the -COOMe group present at the para-position of the meso-phenyl.
The remaining singlet, at 1.48 ppm, which integrates to 6 protons, is attributed to the methyl
groups at the 1,7-positions of the BODIPY core. The solvent residual peak of acetone occurs at

2.07 ppm, and the H20 peak is visible at 2.88 ppm [129, 130].

The *H NMR spectrum of BODIPY (10) was obtained in THF due to insufficient solubility in
acetone. In the aromatic region, in the range of 8.5-7.0 ppm, there are a number of peaks, which
together integrate to give 15 protons - the expected number of protons for this region. The
absence of asinglet below 7.0 ppm that integrates to 2 protons confirms that the hydrogen atoms
at the 2,6-positions have been replaced. The solvent residual peaks of THF occur at 1.72 and 3.58,

while the H20 peak is visible at 2.54 ppm [130].
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The predicted molecular masses of BODIPYs (8-10) were confirmed by MALDI-TOF mass

spectrometry (Fig. 49). The primary peak, in each case, corresponded closely with the expected

mass.

Chemical shift (ppm)

Figure 47. (A) *H NMR spectrum of BODIPY (8) in acetone with (B) expansion of the aromatic

region.
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Figure 48. (A) 1H NMR spectrum of BODIPY (9) in acetone with (B) expansion of the aromatic

region.
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Figure 49. Mass spectra of BODIPYs (A) (8), (B) (9), and (C) (10). The main peaks correspond very

closely with the expected masses for each compound.
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3.8.3 Spectroscopic properties of BODIPYs (8), (9), and (10)

The electronic absorption spectra for BODIPYs (8-10) are typical of a BODIPY dye (Fig. 50). Table

11 summarises the absorption, excitation and emission band wavelength maxima for BODIPYs

(8-10) in DMF. It also shows their log s values, which were calculated from the increase in

absorbance with concentration, using the Beer-Lambert law.

The fluorescence quantum yield of BODIPY (10) was significantly lower than those of BODIPYs (8)

and (9). This is due to the presence of iodine atoms at the 2,6-positions of BODIPY (10), which

increases the rate of ISC by relaxation of the spin-selection rule.

Table 11. Photophysical data for 3,5-dithienylenevinylene BODIPYs (8), (9), and (10) in DMF.

BODIPY log £ Aabs

/nm
(8) 5.00 651
9) 5.05 656
(10) 4.73 670

aAbundances in brackets

Aexc
/nm

651

656

670

Aem
/nm

663

671

695

A Stokes
/nm

12

15

25

Ofzt
0.01

0.33

0.40

0.11

Tf/ns a

2.89
2.87

1.62 (0.95)
3.92 (0.05)
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Figure 50. Emission, excitation and absorption spectra of BODIPYs (A) (8), (B) (9), and (C) (10).
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3.9 Concluding remarks

Two BODIPY cores, (1) and (5) were synthesised and characterised using 1H-NMR, CHNS
elemental analysis and FT-IR. BODIPY (1) was synthesised using the classic "one-pot-three-step”
acid catalysed condensation reaction, while BODIPY (5) was synthesised via the water-method
preparation of the corresponding aryldipyrromethane (5a). The only structural difference
between these two BODIPYs is that (1) has a bromine atom at the 4-position of the meso-phenyl,
whereas (5) has a 4-(methylthio) group at this position. Both (1) and (5) had high a fluorescence
guantum yield, good photostability and negligible singlet oxygen generation capacity. Changing

the solvent had very little effect on the main spectral bands of these BODIPY dyes.

Both (1) and (5) were brominated at the 2,6-positions, yielding BODIPYs (2) and (6) respectively.
BODIPYs (2) and (6) are red shifted by ca. 30 nm with respect to their parent dyes. BODIPYs (2)
and (6) displayed large singlet oxygen quantum yields that equalled that of the standard, Rose
Bengal. Additionally, these BODIPYs showed better photostability than the standard in ethanol,

suggesting that they might be useful standards for O a measurements.

BODIPYs (2) and (6) were further modified by substitution at the 3,5-positions, via a modified
version of the Knoevenagel condensation reaction. BODIPY (2) was reacted with 3-
thiophenecarboxaldehyde to form (3) and with 4-(methylthio)benzaldehyde to yield (4), while
BODIPY (6) was reacted with benzaldehyde to form BODIPYs (7a) and (7b). BODIPY (3) was
characterised using IH-NMR, MALDI-TOF mass spectrometry and CHNS elemental analysis while

BODIPYs (4), (7a) and (7b) were characterised using 1H-NMR and MALDI-TOF mass spectrometry.

The addition of vinyl/ styryl groups to the BODIPY core causes an increase in fluorescence
quantum yield as well as a decrease in singlet oxygen quantum yield with respect to the
dibrominated analogues, which was expected - to some degree - as the inclusion of styryl groups

introduces pathways for nonradiative decay.

BODIPY (3) was red-shifted to the edge of the therapeutic window, at 650 nm, and showed a
moderate singlet oxygen quantum vyield of 0.28. BODIPY (4) was red-shifted to well within the
therapeutic window, at 681 nm, and had a Oavalue of 0.30. Both BODIPY (3) and (4) could be of
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interest as photosensitisers in PDT, especially if conjugated to gold nanoparticles, which would
cause an external heavy atom effect, potentially increasing the @, of these compounds. BODIPY
(4) would be better suited for use in PDT, as its main spectral band is more red-shifted than that

of BODIPY (3).

BODIPYs (7a) and (7b) were red-shifted to the edge of the therapeutic window, at 640 and 641
nm, respectively. Based on the high ®x values obtained for BODIPY (6), it was thought that its
styryl-substituted derivatives might also display high singlet oxygen quantum yields. However,
BODIPY (7a) showed negligible singlet oxygen production, while BODIPY (7b) was marginally

better, at 0.17.

3,5-Dithienylenevinylene BODIPYs (8-10) were characterised using 'H-NMR and MALDI-TOF
mass spectrometry, and their spectroscopic properties were investigated. BODIPY (10) has a
lower fluorescence quantum yield than BODIPYs (8) and (9) due to the presence of iodine atoms
at the 2,6-positions of the BODIPY core, which promote ISC to the triplet state. The nonlinear

absorption properties of BODIPYs (3) and (8—10) are studied in Chapter 4.
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Chapter 4:

Nonlinear optical (NLO)
parameters of BODIPY dyes in
solution and embedded in
polymer thin films
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4.1 BODIPYs for NLO studies

It has been demonstrated that n-conjugated systems possess large electronic polarizabilities [77,
135]. Therefore, it is reasonable to expect conjugated molecules to possess substantial second-
order hyperpolarizabilities [75, 136, 137]. Additionally, molecules with donor and acceptor
moieties that are separated by a n-conjugation system (D-n-A) are known to exhibit large third
order susceptibility values [138, 139]. In this work, 3,5-dithienylenevinylene BODIPY dyes (3) and
(8-10) were studied to evaluate their potential for optical limiting applications. The electron
donating thiophene groups present in BODIPYs (3) and (8-10) are separated from the BODIPY
core (acceptor) via a conjugated system. Hence, it was expected that these dyes should show
enhanced third order susceptibility values. Extension of the n-conjugation system also shifts the
main spectral bands of these BODIPYs to longer wavelengths. As this results in weak absorption
at 532 nm, BODIPYs (3) and (8-10) could potentially be suitable for OL applications where the

second harmonic of Nd/YAG lasers is concerned.
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4.2 BODIPY-PBC thin films

The ground state absorption spectra of the thin films were obtained in order to visualise the
effect of a solid support. Fig. 51 shows the absorption spectra of BODIPYs (3), (8), (9) and (10) in
DMF and embedded in poly(bisphenol A carbonate) (PBC) as thin films. The DMF spectra show
the main absorption bands of the BODIPYs are well defined and do not show signs of aggregation.
For BODIPY (8), the DMF spectrum is well-defined but the (8)-PBC spectrum shows significant
aggregation. The BODIPY-PBC spectra of BODIPYs (3), (9) and (10) are slightly red-shifted but
show that the BODIPYs maintain their electronic character. The red shift is likely as a result of
aggregation in the solid support. The average film thickness of the BODIPY-embedded PBC films
was determined using SEM (Fig. 52).

Figure 51. Ground state absorption spectra for BODIPYs (3), (8-10) in DMF (blue) and when
embedded in PBC thin film (red).
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Figure 52. Scanning electron microscopy images of the PBC thin films embedded with BODIPYs.
A corner of the 10-PBC thin film is shown, indicating where the film thickness/ width is measured
(top). PBC thin films (side view) embedded with BODIPYs (A) (3) (average thickness of ca. 17 ~m);
(B) (8) (average thickness of ca. 21 Jam); (C) (9) (average thickness of ca. 21 |am); and (D) (10)

(average thickness of ca. 17 Jam) (bottom).
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4.3 Nonlinear optical parameters

Nonlinear optical parameters were determined using the open aperture z-scan setup described
in Chapter 2. All studies were carried out in solution as well as in solid state for BODIPYs (3) and
(8-10). Solution studies were conducted in DMF, which has a high boiling point that allows it to
resist differential temperature effects due to the incident laser. For practical optical limiting
applications, it is necessary for the BODIPYs to be cast in the solid state. Hence, solid state studies
were conducted with BODIPYs embedded in PBC thin films. The optical limiting parameters of
BODIPYs (3) and (8-10) are summarised in Table 12. The parameters reported in this work are
the nonlinear absorption coefficient (fi), the second-order hyperpolarizability (7) and imaginary
third-order susceptibility (/m[/(3)]); and the optical limiting threshold (lum). While the efficacy
of an optical limiter cannot be determined from a single parameter, 7 is particularly useful as it

is independent of concentration and can hence be used for meaningful comparison of samples.

4.3.1 Nonlinear absorption coefficient (fi)

The nonlinear absorption coefficient (fi) measures the degree of nonlinear absorptivity. In
molecules where the linear absorption at the laser wavelength of 532 nm is zero, all absorption
at that wavelength must be due to 2PA. However, this may be due to sequential ground and
excited state absorption (as opposed to concerted 2 photon absorption) [83]. Additionally, as 3,5-
dithienylenevinylene BODIPYs (3) and (8-10) have a small amount of linear absorbance occurring
at 532 nm, the Slstate will be populated. Excited state absorption initiated by linear absorption
and 2PA will give nearly identical results for loss as a function of input energy [91]. Thus, there
are evidently a number of processes that could be contributing to the nonlinear absorptive
properties of these compounds. For example, a styryl-substituted BODIPY in literature [83], has
reportedly shown strong RSA behaviour consistent with sequential absorption from its longer

lived Slexcited state [83].

The z-scan plots for BODIPYs (3) and (8-10) in solution are shown in Fig. 53. The z-scan plots show
a typical nonlinear absorption behaviour, with reverse saturable absorption (RSA) profiles. Egs.
1-4 were used to determine the nonlinear absorption coefficient (fi) for each sample, and the

results are summarised in Table 12. The experimental values for BODIPYs (3), (8), (9) and (10)
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in DMF solution were found to be 3.63 x 10°, 1.40 x 10, 1.35 x 10, and 1.62 x 10° m-W!
respectively. This suggests that BODIPY (3) (substituted with 3-thiophene) showed a better
value compared to BODIPYs (8), (9) and (10), which are substituted with 2-thiophene. The
magnitude of the 8 values for BODIPYs (3) and (8-10) lie within the range of values previously

reported for other organic compounds [74].

BODIPYs (3) and (8-10) were embedded in PBC as thin films and their 8 values measured. Z-scan
plots for BODIPYs (3) and (8—10) embedded in PBC are shown in Fig. 54. Once again, BODIPY (3)
had a better f§ value compared to BODIPYs (8), (9) and (10). The £ values of BODIPY thin films
(3)-PBC, (8)-PBC, (9)-PBC and (10)—-PBC were found to be 21.35 x 10, 21.10 x 10, 13.00 x 10-
9,and 11.50 x 10 m-W-1, respectively. The f values of BODIPYs (3) and (8—10) were significantly
improved when embedded in PBC as a thin film —a phenomenon that may primarily be attributed
to aggregation of the molecules [140]. This was especially noticeable for BODIPY (8) embedded
in PBC (8—PBC), which had a higher BODIPY concentration than the other films. Fig. 55 and Fig.
56 show open aperture z-scan profiles of BODIPYs (3) and (8—10) in solution and thin film at laser

energies of E = 15 W and E = 25 pJ, respectively.
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Figure 53. Z-scan (a) and nonlinear fit (q O(Z)) curves (b) for BODIPYs (A) (3), (B) (8), (C) (9) and

(D) (10) in DM F solution.
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Figure 54. z-scan (a) and nonlinear fit (QO(Z)) curves (b) for BODIPYs (A) (3) (B) (8) (C) (9) and

(0) (10)when embedded in PBC thin films.
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Figure 55. Open aperture z-scan profiles of BODIPYs (3), (8), (9), and (10) in DMF (red) and when
embedded in PBC thin films (blue) at E= 15

Figure 56. Open aperture z-scan profiles of BODIPYs (3), (8), (9), and (10) in DMF (red) and when
embedded in PBC thin films (blue) at E= 25
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4.3.2 Second-order hyperpolarizability (7) and third-order nonlinear susceptibility
(/rn[j(3)))

The second-order hyperpolarizability, 7, measures the interaction of an incident photon with the
permanent dipole moment of the BODIPY dyes at a molecular level, while the third-order
nonlinear susceptibility, /m [/(3)], isa measure of the ultra-fast response of a nonlinear optical
material. Both values are required to be sufficiently large; reported values for /m [j(3)] and 7 are
typically in the range of 10-9 10-15and 10-29 10-3 respectively [96]. Table 12 summarises the
/rn[j(3)] and 7 values of BODIPYs (3) (8) (9) and (10) in solution and as thin films. The
concentrations of BODIPYs (3) (8) (9),and (10)were determined to be in the order of 104 M.

The thickness of the films was determined to be 21 pm for (8)-PBC and (9)-PBC,and 17 pm for

(3)-PBC and (10)-PBC using SEM .

The /m [j(3)]values obtained for both solutions and thin films fall into the aforementioned range.
The 7 values of BODIPYs (8) and (9) in thin films (8-PBC and 9-PBC)aIso fell within the literature
range, while 7 values of the 2,6-halogenated BODIPYs (3) and (10) in thin films (3-PBC and 10-
PBC) were even better. In general, the /m [/ (3)] and 7 values are much larger in thin films
compared to the corresponding solution (Table 12) BODIPY (3)showed a higher /m [/(3)] value
compared to BODIPYs (8) (9) and (10) both in solution and thin film. BODIPY (8),which showed
a particularly high value in thin film (8-PBC), aiso had a high value for /m [/(3)], as the two
quantities are directly proportional. As 7 describes the nonlinear absorption P€r mole of the oL
compound, it is useful when comparing efficiencies of different optical limiters. It is here that it
can be seen that although BODIPY (8) shows comparatively high and /m [/(3)] values when
embedded in PBC, this is primarily due to the higher concentration of BODIPY dye in (8)-PBC

compared to the other films.
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Table 12. n1o parameters for 3,5-dithienylenevinylene BODIPYs (3) (8) (9),and (10) in DM F and

embedded

Complex

(3)

(8)

(9)

(10)
(3)-PBC
(8)-PBC
(9)-PBC

(10)-PBC

dConcentration

4.3.3 Optical limiting threshold (/~m)

The limiting threshold intensity or fluence, /jjm,

in PBC thin films.

2 [C]x10-5 M

b Film-thickness
(pm)

11.67

18.10
17
21
21

17

P (m/W)

x 109

21.

21.

13

11

.63

.40

.35

.62

.00

.50

in DM F solution bAverage thickness

/m[*@3)]

(x 10-10
esu)

3.76

1.20

1.12

y
(esu)

10-30
10-0
10-0
10-3L
10-28
10-29
10-29

10-28

(J-cm2)

0.96

of BODIPY-embedded PBC films

lout % at
50% lin

65

80

78

71

40

39

25

38

isdefined as the input fluence at which nonlinear

transmittance is50 % ofthe linear transmittance [75, 97]. The value of/jjm was determined using

plots of input fluence vs. output fluence (Flg 57) and transmittance vs. input fluence (Flg 58)

The f~m values of BODIPYs (8) and (9) in solution could not be estimated, as the transmittance

did not drop below 50 % (Flg 58,. Table 12 shows the 7~m values of BODIPYs (3) and (10) to be

0.50 and 1.63 J-cm-2respective|y, in solution. The /*m values of BODIPYs (3) (8) (9) and (10) in

thin films were 1.18, 0.61, 0.40, and 0.96 J-cm-2respective|y. Hence, BODIPY (3) (in solution) and

BODIPYs (8)and (9) (in thin films) fall below the damage threshold of 0.95 J-cm -2.
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A logarithmic plot of loutversus ||n may also be used for a rough comparison of different optical
limiting materials. Flg 59 shows the logarithmic plot of |OUt versus [in for BoDIPYS (3) (8) (9)
and (10) in DMF and as films. Table 12 records the lOut percentage at 50 % of lin.In solution, the
|0Ut percentage values suggest that the responses of BODIPYs (8)and (g)are very similar (80 and
78 % respectively), while BODIPY (10) is better (at 71 %) and BODIPY (3) performs the best (with
65 %). However, as a film, BODIPY (9) shows a significantly better response of 25 %, while

BODIPYs (3), (8) and (10) have |0Ut percentage values of 39, 40, and 38 %, respectively.

Since the concentration was not held constant, one cannot fully conclude which of the four 3,5-
dithienylenevinylene BODIPY dyes showed the best NLO properties. However, they all showed
some degree of nonlinear optical behaviour and, due to the RSA profiles obtained, warrant

further investigation for optical limiting.

Figure 57. piots of lOUtvs liNfor BODIPYS (3) (8) (9),and (10) (A) in DMF and (B) when embedded

in PBC thin films. The solid black line represents linear transmittance.
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Figure 58. Normalised transmittance vs input fluence curves for BODIPYs (A) (3) (B) (8) (c) (9)
and (D) (10) in DMF (a) and when embedded in PBC thin films (b). Grey dotted line indicates 50

% transmittance and is used to determine the |Umvalue.
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Figure 59. Logarithmic plot of |OUEversus 1IN for BODIPYs (A) (3), (B) (8), (C) (9) and (D) (10) in

DMF (a) and when embedded in PBC thin films (b).
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4.4 Concluding remarks

Substitution with thiophene groups at the 3,5-positions of the BODIPY core red-shifted the main
spectral bands of BODIPYs (3) (8) (9) and (10) to 650-670 nm. Hence, there is only limited
absorption at 532 nm. All the compounds studied exhibited RSA behaviour, both in solution and
when embedded in PBC thin films. As BODIPYs (3) and (10) possess halogen atoms at the 2,6-
positions, which enhance ISC via the heavy atom effect, their OL activity may arise from either
2PA or sequential photon absorption in the singlet manifold. BODIPYs (8) and (9) also showed
RSA behaviour, despite the fact they do not contain any heavy atoms, and are therefore unable
to undergo ISC to the triplet state. Hence, any OL behaviour displayed by (8)and (9) is likely due

to sequential photon absorption in the singlet manifold.

BODIPY (3) showed the best OL activity in solution, with an IlUMvalue of 0.50 J-cm -2, which is
lower than the threshold value of 0.95 J-cm-2.The |lUMvalues of (8)-PBC and (9)-PBC were also

below the threshold, at 0.61 and 0.40 J-cm -2, respectively.
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Chapter 5:

Molecular Modelling
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5.1 Geometry optimisations and TD-DFT calculations

Molecular modelling may be used to investigate the spectral trends and structure-property
relationships of a series of related BODIPY dyes. Gaussian09 software was used to perform
geometry optimisations for a number of BODIPY dyes using the B3LYP functional with SDD basis
sets. The SDD basis set, while not particularly suited to handling a specific range of atoms, offers
reasonable approximations for all atoms, including the heavy bromine and iodine atoms used in
this study. The B3LYP functional does not take charge transfer into account sufficiently and as
there is likely to be significant charge transfer in the electronic excited states of the TBC
complexes, the Coulomb-attenuating method — Becke 3-Parameter, Lee, Yang and Parr (CAM -
B3LYP) was used for the TD-DFT calculations that are used to predict the electronic absorption
properties of the compounds. The CAM-B3LYP functional was used as it includes a long-range
correction of the exchange potential, which incorporates an increasing fraction of Hartree-Fock

(HF) exchange as the interelectronic separation increases [141].

5.2 BODIPYs for PDT

This section addresses the structural modifications made to the BODIPY cores, (1) and (5) and
serves to explain why these changes influence their absorption properties, ultimately resulting in

BODIPYs that are better suited for use in PDT-related applications.

Changing the para-substituent on the meso-phenyl of the BODIPY does not affect the HOM O -
LUMO band gap, as evidenced by the similarities between BDP, (1) and (5) (Table 13). As the
meso-phenyl group is oriented perpendicular to the plane of the BODIPY core, due to the steric
hindrance of the methyl groups at the 1- and 7-postions, there is poor conjugation with the
BODIPY n-system and, as such, changes at the para-position on the meso-phenyl have little

impact on the predicted MO energies. This observation is consistent with experimental data

(Table 13).
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While BODIPYs are not formally aromatic, as they do not obey Huckel’s rule for aromaticity, they
display properties similar to aromatic systems due to the rigidity of the indacene plane upon
complexation with boron difluoride. Hence, the indacene plane can be compared to those of an
aromatic C12H1,?% cyclic perimeter corresponding to the inner ligand perimeter, which can be used
for describing and rationalising the optical properties, according to the principles of Michl’s
perimeter model [142, 143]. The TD-DFT calculations predict that the lowest lying So & S1
transition is almost entirely associated with the HOMO - LUMO one-electron transition (Table
13), as the Cov symmetry acquired by BODIPY dyes upon complexation with a boron difluoride
ligand results in the HOMO and LUMO being energetically well-separated from other MOs (Fig.
60). Thus, when considering the impact of structural changes, it is the HOMO and LUMO which
should be considered, with the other MOs remaining largely uninvolved. A red-shift of the
BODIPY main spectral band arises when structural alterations change the energies of the HOMO

and LUMO in such a way that the HOMO-LUMO band gap is harrowed.

Two major modifications are made to the BODIPY core in this work. To increase singlet oxygen
generating capacity, bromine atoms are added at the 2,6-positions, promoting ISC to the triplet
state. Thereafter, vinyl/ styryl moieties are added at the 3,5-positions to red-shift the main
spectral band of the BODIPY towards the biological window. Molecular modelling allows for
better understanding of these phenomena. The calculated oscillator strengths and corresponding
wavenumbers of BODIPY (1), its 2,6-dibrominated analogue (2), and its 3,5,7-di(4-
methylthio)styryl substituted counterpart (Fig. 61) indicate the predicted changes of the spectral
bands upon modification. The addition of bromine groups at the 2,6-positions results in a red-
shift of ca. 30 nm. Although the addition of bromine atoms at these positions results in the
stabilisation of the whole stack of MOs (Fig. 60), halogens are able to donate a pair of electrons
in resonance forms, which leads to some degree of destabilisation. At the 2,6-positions, there are
sighificant MO coefficients in the HOMO, but only small MO coefficients in the LUMO (Fig. 61 A).
Hence, when bromine atoms are added at the 2,6-positions, they cause a net destabilisation of
the HOMO relative to the LUMO, resulting in the narrowing of the HOMO-LUMO band gap, which
leads to the red-shifting of the observed spectral bands of the BODIPY. The same is observed for
BODIPY (5) and its 2,6-dibrominated analogue (6) (Fig. 62).
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In can be seen in Fig. 61 and Fig. 62 that the MO coefficients at the 3,5-positions are unevenly
distributed in the HOMO and LUMO of the brominated compounds. A larger MO coefficient in
the HOMO suggests that any structural alterations at this position should affect the HOMO to a
greater extent than the LUMO, and can thus result in a change in magnitude of the HOMO-LUMO
band gap. The inclusion of vinyl/ styryl moieties at the 3,5-positions results in a further red-shift
between 115-150 nm, depending on the functional groups present on the styryl moiety, which
is consistent with experimental data (Table 13). The HOMO-LUMO one-electron transitions
remain the dominant transition for the main absorption band of the styryl-substituted BODIPY
dyes but other one-electron transitions are calculated for HOMO-1 - LUMO, and HOMO -
LUMO+1 (Table 13). These transitions are primarily associated with the styryl substituents and

result in absorption bands observed over the 300-450 nm region.
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Figure 60. MO energies in TD-DFT calculations in vacuo at the CAM -B3LYP/SDD level of theory

for the B3LYP/SDD optimised geometries of 1,3,5,7-tetramethyl-meso-phenyl-BODIPY (BDP),and

BODIPYs (1-7).The HOMO and LUMO for each compound are highlighted with thick black lines.

The calculated HOMO-LUMO gaps and energies for the main BODIPY absorption bands are

plotted against a secondary axis.

123



Table 13. Calculated and observed electronic excitation wavelengths of 1,3,5,7-tetramethyl-

meso-phenyl-BODIPY (BDP) and BODIPYs (1-7), and their calculated oscillator strengths and

wavefunctions.

BODIPY #9 E(eV)® Aexp® Acalc? vea® ff  Wavefunction?
BDP 1 3.02 498" 411 24.3 055 H->L(96%); ...
[32]
(1) 1 301 503 412 243 055 H-L(97%); ..
(2) 1 289 530 429 233 062 H-L(96%); ..
(3) 1 227 650 546 183  1.00 H-L(97%); ..
2 3.46 - 358 27.9 0.69 H-1->L(94%); ...
4 4.27 - 290 345 1.11 H-> L+1 (90 %); ...
(3) 1 207 681 600 167 112 H->L(95%); ..
2 277 - 448 223 049 H-1-L(70%); H-4 > L (13 %); ...
3 310 - 400 250  0.80 H-2->L(75%); H-1-> L (16 %); ...
6 393 - 316 317  0.63 H->L+1(44%); H4 > L(17 %); ...
7 3.98 - 311 321 0.81 H->L+1(30%); H-4 > L(20 %); ...
(5) 1 3.01 502 411 243 054 H-L(96%); ..
(6) 1 2.90 528 428 23.4 062 H->L(97%); ...
(7a) 1 225 641 550 182 094 H-L(97%); ..
2 3.46 - 358 27.9 0.79 H-1->L(94%); ...
5 4.14 - 300 334 1.04 H-> L+1(81%); ...
(7b) 1 218 647 568 176 105 H-L(97%); ..
3 3.37 - 368 27.2 0.73 H-2 > L(85%); ...
7 412 - 301 333 1.08 H->L+1(60%); H-7 > L(11%); ...

9 — Excited state number assigned in increasing energy in the TD-DFT calculations. Only states located
below 35000 cm™ resulting from allowed electronic transitions with an oscillator strength greater than

0.5 are consistently included.

b

— Calculated band energies in eV. ¢ — Experimental wavelengths in nm,

recorded in DMSO. ¢ — Calculated wavelengths in nm. ¢ — Calculated band energy (10° cm™). f — Calculated
oscillator strengths. ¢ — Wavefunctions of MOs involved in the transition, and their respective
contributions, based on eigenvectors predicted by TD-DFT. H and L refer to the HOMO and LUMO

respectively. " — Literature value, recorded in MeOH.
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Figure 61. Nodal patterns (at an isosurface value of 0.02 a.u.) and MO energies of BODIPYs (A)
(1), (B) (2), and (C) their di(4-methylthio)styryl analogue in the TD-DFT calculations carried out

using the CAM -B3LYP functionals with SDD basis sets.
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Figure 62. Nodal patterns (at an isosurface value of 0.02 a.u.) and MO energies of BODIPYs (A)
(5), (B) (6), (C) (7a), and (D) (7b) in the TD-DFT calculations carried out using the CAM-B3LYP

functionals with SDD basis sets.
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52.1 BODIPY (4)

As the mono-, di- and tetra-styryl analogues of BODIPY (4) were not isolated in this work,
molecular modelling was employed to investigate the structure-property relationships of this
series, to better understand the spectroscopic properties of BODIPY (4) and to determine if any

of the other derivatives might be a better candidate for use in PDT applications.

Geometry optimisations were performed at a B3LYP level of theory, with SDD basis sets. The
precursor, the 2,6-dibrominated BODIPY (2) showed a highly planar structure (Fig. 63 A). The
sequential addition of (4-methylthio)styryl groups at the 3,5-positions, gave the mono- and di-
styryl derivatives of BODIPY (4) In both cases, the BODIPYs retained their planar structure to a
large extent (Fig. 63 Band Fig. 63 C). However, the introduction of (4-methylthio)styryl groups at
the 1- (Fig. 63 D)and 1,7-positions (Fig. 63 E), requires that the styryl moieties twist out of plane.
This twisting results in poorer conjugation of the 1,7-styryl groups with the BODIPY core [144].
Hence, although these styryl groups extend the n-system, which typically results in a red-shift of
the main absorption bands, the magnitude of the red-shift is significantly smaller than that

observed for the mono- and di-styryl derivatives (Fig. 64).

Although the (4-methylthio)styryl groups at the 1, 7-positions cannot be accommodated in a
planar fashion, the bromine at the para-position of the meso-phenyl is a single-atom group, and

the meso-phenyl retains its original orientation, perpendicular to the indacene plane (Fig. 63 E).
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Figure 63. view along the boron-meso-carbon axis of (A) the 2,6-dibrominated BODIPY (2) and
its (B) mono-, (C) di-, (D) tri-(4), and (E) tetra-styryl derivatives. The indacene plane is

perpendicular to the page.
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Figure 64. TD-DFT calculated oscillator strengths for (A) BODIPY core (1), (B) its 2,6-dibrominated
analogue (2) and its (C) mono-, (D) di-, (C) tri-(4), and (D) tetra-(4-methylthio)styryl derivatives.
Only oscillator strengths corresponding to wavenumbers in the range of 15000-35000 cem-lwere

considered.
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5.2.2 BODIPYs (7a) and (7b)

Both the di-(7a) and tri-styryl (7b) BODIPY derivatives were isolated and characterised in this
work. However, their absorption maxima occurred at very similar wavelengths, which was not
expected due to the large red-shift observed for the di-styryl derivative. Hence, molecular
modelling was employed to investigate the structure-property relationships of this series, to

better understand the spectroscopic properties of (7a) and (7b)

The TD-DFT calculated oscillator strengths of this series are shown in Fig. 65. Bromination of
BODIPY (5) to yield the 2,6-dibrominated derivative, BODIPY (6) results in a red-shift of ca. 925
cm —1(Table 13, Fig 63 B). Introduction of a single styryl group at the 3-position of the BODIPY core
results in a large red-shift of ca. 2800 cm -1 while the sequential addition of another styryl group
at the 5-position (giving the 3,5-distyryl derivative, BODIPY (78) (Fig. 65 D)) results in a further

red-shift, with a magnitude of ca. 2300 cm -1

However, when a third styryl group is introduced at the 1-position, giving (7b),the magnitude of
the red-shift ismuch smaller, at only 578 cm -1(Fig. 65 E). Interestingly, when a fourth styryl group
is introduced at the 7-position (giving the 1,3,5,7-tetrastyryl derivative), the main absorption
band is blue-shifted by ca. 5000 cem -1l with respect to the tri-styryl derivative (Fig. 65 E). These
observations may be explained by observing the geometry-optimised structures for this series of

BODIPYs.

The precursor, the 2,6-dibrominated BODIPY (5) showed a highly planar structure (Fig. 66 A).
The sequential addition of styryl groups at the 3,5-positions, gave the mono- and di-styryl
derivatives of BODIPY (7) In both cases, the BODIPYs retained their planar structure to a large
extent (Fig. 66 Band Fig. 66 C), as there isvery little steric hindrance at these positions. However,
the introduction of additional styryl groups at the 1-position (Fig. 66 D) requires the twisting of
the styryl moiety. This twisting results in poorer conjugation of the 1-styrylgroup with the BODIPY
core. Hence, although this styryl group extends the n-system of the BODIPY, the magnitude of

the red-shift is significantly smaller than that observed for the mono- and di-styryl derivatives.

The addition of a fourth styryl group (giving the 1,3,5,7-styryl derivative (Fig. 65 F)) requires

twisting of the styryl groups in order to achieve incorporation, in a similar manner as to that
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observed for BODIPY (4). While the para-position of the meso-phenyl does not typically affect
the spectroscopic properties of the BODIPY, as the ring is perpendicular to the indacene plane,
when the substituent at the para-position is relatively bulky, it compromises the ability to
substitute with styryl groups at the 1,7-positions. In this case, there is increased steric hindrance
due to the bulky (4-methylthio) group present on the meso-phenyl. In Fig. 66 E, it is evident that
the meso-phenyl of the tetra-styryl derivative is no longer perpendicular to the BODIPY core. The
meso-phenyl and the styryl groups are twisted in order to sterically accommodate each other,
which compromises the conjugation of the styryl moieties. Hence, the tetra-styryl derivative is
blue-shifted compared to the tri-styryl (7b) derivative. Additionally, a blue-shift may arise from
destabilisation of the LUMO relative to the HOMO, due to asymmetric MO coefficients present
at the 1,7-positions of the BODIPY core (Fig. 62). As there are larger MO coefficients present on
these positions in the LUMO, substitution at these positions will affect the LUMO to a greater
extent than the HOMO.
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Figure 65. TD-DFT calculated oscillator strengths for (A) BODIPY core (5), (B) its 2,6-dibrominated
analogue (6) and its (C) mono-, (D) di-(7a), (C) tri-(7b), and (D) tetra-styryl derivatives. Only
oscillator strengths corresponding to wavenumbers in the range of 15000-35000 em -l were

considered.
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Figure 66.view along the boron-meso-carbon axis of (A) the 2,6-dibrominated BODIPY (6), and

its (B) mono-, (C) di-(7a), (D) tri-(7b), and (E) tetra-styryl derivatives, showing the loss of planarity

upon inclusion of styryl moieties at the 1, 7-positions of the BODIPY core. The indacene plane is

perpendicular to the page.
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5.3 3,5-Dithienylenevinylene BODIPYs (3) and (8-10) for optical limiting

This section investigates the properties of a series of 3,5-dithienylenevinylene BODIPYs: (3), (8),
(9) and (10), whose nonlinear optical properties were investigated in Chapter 4. TD-DFT
calculations were performed on B3LYP geometry optimised structures using CAM-B3LYP and SDD
basis sets. A MO energy diagram (Fig. 67) was then plotted to compare the characteristics of
these compounds. 1,3,5,7-tetramethyl-meso-phenyl-BODIPY (BDP) was also modelled to allow

for more meaningful comparison.

The TD-DFT calculations predict that the lowest lying SO -> S1 transition is almost entirely
associated with the HOMO -> LUMO one-electron transition (Table 14). The C2V symmetry
possessed by BODIPYs as a result of complexation with a boron difluoride ligand results in the

HOMO and LUMO being well-separated from other MOs.

BODIPYs (8) and (9) are very similar, differing only in that BODIPY (8) has no para-substituent
present on the meso-phenyl, whereas BODIPY (9) has a -COOMe group attached at this point.
The meso-phenyl group is oriented perpendicular to the plane of the BODIPY core, due to the
steric hindrance of the methyl groups at the 1- and 7-postions. This results in poor conjugation
with the BODIPY n-system and as such, changes at the para-position on the meso-phenyl have
little impact on the predicted MO energies. This observation is consistent with experimental data

(Table 14).

BODIPY (3) is brominated at the 2,6-positions, while BODIPY (10) has iodine atoms substituted at
these positions. Halogens are electronegative and thus act as electron withdrawing groups
(EWG). However, they have the ability to donate a pair of electrons in resonance forms. At the
2,6-positions, there are significant MO coefficients in the HOMO, but only small MO coefficients
in the LUMO (Fig. 68). Thus, any structural modifications at these positions will affect the energy
of the HOMO more than that of the LUMO. When halogens are added at the 2,6-positions, they
cause a net destabilisation of the HOMO relative to the LUMO, resulting in the narrowing of the
HOMO-LUMO band gap, which leads to the red-shifting of the observed spectral bands of the
BODIPY.
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Although there are no nodal planes at the 3,5-positions in either the HOMO or LUMO of the
BODIPY dyes, the MO coefficients at these positions are larger in the HOMO than in the LUMO.
This means that any substitutions at these positions will have a greater effect on the HOMO than
the LUMO, resulting in a net change in the HOMO-LUMO band gap. Substitution with conjugated
moieties at the 3,5-positions extends the m-system of the BODIPY core and has a destabilising
effect. As the HOMO is more affected, it will experience greater destabilisation than the LUMO,
resulting in the narrowing of the HOMO-LUMO band gap and hence red-shifting of the main

spectral band.

It may be observed in Fig. 67 that both the HOMO and LUMO of BODIPY (3) are stabilised with
respect to those of BODIPYs (8), (9), and (10). This is likely due to the fact that BODIPY (3) contains
3-thiophene substituents whereas BODIPYs (8), (9) and (10) contain 2-thiophene substituents at
the 3,5-positions. The stabilising effect must have had a greater effect on the HOMO than the
LUMO, resulting in a net blue shift in comparison to BODIPYs (8), (9) and (10). Stabilisation of the

HOMO means that the complex is more stable to oxidative attack.
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Figure 67. MO energies in TD-DFT calculations in vacuo at the CAM -B3LYP/SDD level of theory

for the B3LYP/SDD optimised geometries of 1,3,5,7-tetramethyl-meso-phenyl-BODIPY (BDP),and

BODIPYs (3) (8) (9) and (10).The HOMO and LUMO for each compound are highlighted with

thick black lines. The calculated HOM O-LUM O gaps and energies for the main BODIPY absorption

bands are plotted against a secondary axis.

136



Table 14. Calculated and observed electronic excitation wavelengths of 1,3,5,7-tetramethyl-

meso-phenyl-BODIPY (BDP) and BODIPYs (3), (8), (9), and (10), and their calculated oscillator

strengths and wavefunctions.

BODIPY #°¢ E(eV)?  Acac® Aexp? fe Wavefunction
BDP 1 3.02 411 4989[32] 0.55 H->L(96 %); ...
(3) 1 2.27 546 650 1.00 H-> L(97 %); ...

2 3.46 358 - 0.69 H-1 > L (94 %); ...

7 4.27 290 - 1.11 H > L+1 (90 %); ...
(8) 1 2.24 554 652 1.02 H - L(97 %); ...

2 3.45 360 - 0.64 H-1 > L (94 %); ...

4 3.79 327 - 1.06 H-> L+1 (91 %); ...
(9) 1 2.23 557 656 1.02 H - L(97 %); ...

2 3.42 362 - 0.71 H-1 > L (94 %); ...

4 3.79 327 - 1.11 H-> L+2 (91 %); ...
(10) 1 2.16 574 669 0.93 H - L(97 %); ...

2 3.26 380 - 0.74 H-1 > L (95 %); ...

5 3.84 323 - 1.01 H-> L+1 (91 %); ...

9 — Excited state number assigned in increasing energy in the TD-DFT calculations. Only states resulting
from allowed electronic transitions with oscillator strength greater than 0.5 are consistently included. ® -
Calculated band energies in eV. ¢ — Calculated wavelengths in nm. ¢ — Experimental wavelengths in nm,
recorded in DMF. ¢ — Calculated oscillator strengths.  — Wavefunctions of MOs involved in the transition,
and their respective contributions, based on eigenvectors predicted by TD-DFT. H and L refer to the HOMO
and LUMO respectively. ¢ — Literature value, recorded in MeOH.
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Figure 68. Nodal patterns (at an isosurface value of 0.02 a.u.) and MO energies ofthe HOM O and
LUMO of 1,3,5,7-tetramethyl-meso-phenyl-BODIPY (BDP) and BODIPYs (3), (8), (9), and (10),

obtained by TD-DFT calculations using the CAM-B3LYP functional with SDD basis sets.
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5.4 Concluding remarks

The TD-DFT calculations are a useful tool for establishing the structure-property relationships of
a series of related BODIPY dyes, in order to better understand their spectroscopic properties. The
properties of the modelled dyes closely followed the trends observed for the synthesised dyes.
As the same trends may be observed for the calculated values, and the corresponding
experimental electronic absorption (Table 13 and Table 14), it is evident that the spectral shifts
may be rationalised based on calculated HOM O and LUMO values. Visualisation ofthe optimised
geometries, and of the nodal patterns, of these BODIPYs offered possible explanations for the

spectral phenomena observed.

Molecular modelling helps to provide an enhanced understanding ofthe trends that are observed
experimentally, allowing for rational design of BODIPY dyes for use in applications such as PDT

and NLO.
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Chapter 6:

Conclusions, Limitations and
Future Work
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6.1 Conclusions

Two BODIPY dyes, (1) and (5), were synthesised and fully characterised. BODIPY (1), which has a
bromine atom at the 4-position of the meso-phenyl, was synthesised using the classic "one-pot-
three-step"” acid catalysed condensation reaction, while the novel (4-methylthio) meso-phenyl
BODIPY (5) was synthesised via the water-method preparation of the corresponding novel
aryldipyrromethane (5a). The spectroscopic properties of (1) and (5) were very similar,
confirming that substitution at the para-position ofthe meso-phenyl does not have a large effect
on the spectral properties of a BODIPY dye. This is due to the perpendicular orientation of the
meso-phenyl, resulting in poor conjugation of the meso-phenyl with the BODIPY n-system.
BODIPYs (1) and (5) were synthesised to serve as the core for a series of increasingly complex

BODIPY dyes. BODIPYs (1) and (5) both had negligible singlet oxygen quantum vyields.

In order to produce BODIPY dyes capable of generating singlet oxygen, BODIPYs (1) and (5) were
brominated at the 2,6-positions, yielding BODIPYs (2) and (6) respectively. The attachment of
bromine atoms to the BODIPY cores resulted in a red shift ofca. 30 nm with respect to the parent
dyes. BODIPYs (2) and (6) displayed large singlet oxygen quantum yields that equalled that of the
standard, Rose Bengal, and showed remarkable photostability, suggesting that they might be
useful standards for O a measurements. They may also be of use in singlet oxygen applications

where a red-shifted photosensitiser is not required.

In order to red-shift the main spectral bands of the BODIPY dyes, BODIPYs (2) and (6) were
modified by substitution at the 3,5-positions, via a modified version of the Knoevenagel
condensation reaction. BODIPY (2) was reacted with 3-thiophenecarboxaldehyde to form (3) and
with 4-(methylthio)benzaldehyde to yield (4). BODIPYs (3) and (4) were red-shifted to the
therapeutic window and showed moderate fluorescence and singlet oxygen quantum yields.
BODIPY (6) was reacted with benzaldehyde to form BODIPYs (7a) and (7b). BODIPYs (7a) and (7b)
were red-shifted to the edge of the therapeutic window but showed poor singlet oxygen

generation capability.

The nonlinear optical properties of BODIPY (3), together with a number of other 3,5-

dithienylenevinylene BODIPYs, (8), (9) and (10), was also investigated. All the 3,5-



dithienylenevinylene BODIPY dyes showed some optical limiting response at 532 nm in solution

but better results were obtained when the dyes were embedded in PBC as thin films.

Molecular modelling was wused to investigate the spectral trends and structure-property
relationships of the BODIPY dyes intended for use in PDT and NLO, and helped to explain why the
main absorbance band of the synthesised tri-styryl BODIPY dye (7b) was not significantly red-

shifted with respect to its di-styryl analogue (7a).

6.2 Limitations

. W ater solubility is an important requirement for the application of photosensitisers in
PDT. While itis possible to conjugate the BODIPY photosensitisers to drug carriers inorder
to achieve water solubility, another approach could be to introduce water-solubilising
groups to the BODIPY dyes.

. Using tri- and tetra-styryl substitution as a method for red-shifting the main spectral
bands of BODIPY dyes is limited due to the increased steric effects. Hence, it would be
preferable to focus on di-styryl derivatives for PDT applications, with a focus on inclusion
of moieties, such as fused-ring groups, that will maximise the red-shift of the main

spectral band.

6.3 Future Work

. Conjugation of BODIPYs (3) and (4) to gold nanoparticles could be used to render the
BODIPYs water soluble, and could increase the singlet oxygen quantum vyields of these
compounds Viathe external heavy atom effect.

. The inclusion of iodine atoms at the 2,6-positions, instead of bromine, could improve the
singlet oxygen production of the BODIPY dyes.

. BODIPY (6) could be conjugated to water-soluble gold nanoparticles, via the (4-
methylthio) group present on the meso-phenyl, for use in antimicrobial PDT (APDT).
BODIPY (6) is a good candidate for application in APDT due to its high singlet oxygen
guantum yield. Additionally, APDT does not require photosensitisers that are red-shifted

to within the therapeutic window.
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