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Abstract 

A series of structurally diverse novel and previously synthesized BODIPY core dyes are 

synthesized and characterized in this thesis. These BODIPYs were synthesized using 2-

methylpyrrole, 2-ethylpyrrole, 2,4-dimethylpyrrole and 3-ethyl-2,4-dimethylpyrrole as the 

starting pyrroles. The combination of different pyrroles with the same aldehyde results in 

BODIPY core dyes that are structural analogues. These core dyes were used as precursors to 

synthesise halogenated BODIPYs and novel styrylBODIPY dyes, which were successfully 

characterized using FT-IR and 1H NMR spectroscopy. The halogenated BODIPY core dyes and 

the styrylBODIPY dyes were also characterized using MALDI-TOF mass spectrometry.  

The introduction of heavy atoms on the BODIPY core leads to a red shift of the main spectral. 

In the presence of styryl groups, the main spectral band red shifts to the far red end of the 

visible region. As expected, the halogenated BODIPY core dyes also had moderate singlet 

oxygen quantum yields. These halogenated core dyes were found to be suitable as 

photosensitizers as all the dyes reduced bacterial viability to below 50% during photodynamic 

antimicrobial chemotherapy (PACT) studies against Staphylococcus aureus. The structure-

property relationships studied demonstrate that the presence of protons rather than methyls 

at the 1,7-positions or iodines at the 2,6-positions results in more favorable PACT activity. This 

is likely to be related to the greater ability of the meso-aryl to rotate into the plane of the 

dipyrromethene ligand and suggests that there should be a stronger focus on dyes of this type 

in future studies in this field. 

During nonlinear optical (NLO) studies, all the styrylBODIPYs exhibited favorable reverse 

saturable absorption (RSA) responses. In the absence of methyl groups at the 1,7-positions, 
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the meso-aryl ring lies closer to the π-system of the BODIPY core, enhancing donor (D)–π–

acceptor (A) properties and resulting in slightly enhanced optical limiting (OL) parameters. 

Additionally, there is no evidence that the introduction of heavy atoms at the 2,6-positions 

significantly enhances OL properties. In a similar manner, alkyl substituents at these positions 

also do not significantly enhance OL properties; this was studied for the first time using 15 

with ethyl groups at the 2,6-positions. The combination of z-scan data and transient 

spectroscopy for 16 demonstrated that the main mechanism responsible for the NLO 

properties of nonhalogenated BODIPY dyes is one-photon absorption from the ground state 

followed by ESA in the singlet manifold. From the NLO studies of 25, OL parameters of 1,3,5-

tristyrylBODIPY dyes were found to be similar in magnitude to properties of distyrylBODIPY 

dyes, but to have less favorable optical properties for OL applications.  

The OL properties of scandium phthalocyanines were assessed for the first time, since the 

Sc(III) ion, unusually for a first row transition metal ion, is known to readily form sandwich 

complexes. The presence of a Sc(III) ion does not significantly enhance the OL properties of 

phthalocyanines relative to those of rare earth metal ions that also form complexes of this 

type. Because BODIPYs and phthalocyanines typically absorb significantly in the visible region, 

transparent PBC polymer thin films of disilane-bridged compounds with minimal absorption 

in this region were studied and exhibited an excellent RSA response. These compounds may 

be useful in the design of OL materials that can protect the human eye. 

The optimized geometries and spectroscopic properties of selected BODIPYs were studied. As 

expected, the presence of bromine, iodine, ethyl and styryl groups at different positions of 

the BODIPY core leads to a narrowing of the HOMO–LUMO band gap, which results in a red-

shift of the main spectral band. Partial atomic charges have also been calculated for some of 
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the styrylBODIPY dyes studied for application in OL, and electrostatic potential energy maps 

were also visualized to better assess how the dipole moment of BODIPY dyes can be 

modulated since this can affect the OL properties. For all the BODIPYs studied, the 

electronegativity of the atoms present influences charge distribution on the BODIPY 

structure. 
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1. Introduction 

This thesis primarily examines the spectroscopic and photochemical properties of several 

series of novel boron dipyrromethene (BODIPY) dyes rationally selected to identify structure-

property relationships and investigates their utility for applications in the photochemical 

inactivation of bacteria through a process referred to as photodynamic antimicrobial 

chemotherapy (PACT) and in nonlinear optics (NLO). The thesis also examines the NLO 

properties of monomeric and dimeric Sc(III) phthalocyanine complexes. The NLO studies 

conclude with an analysis of the properties of novel disilane-bridged tetraphenylethylene 

(TPE) dyes from which transparent polymer thin-film materials with optimal potential for 

practical applications can be prepared. 

1.1. BODIPY dyes: discovery, structure and synthetic routes for BODIPY core dyes 

BODIPY dyes are highly fluorescent dyes consisting of a dipyrromethene ligand complexed to 

a boron atom bonded to heteroatoms, typically forming a BF2 moiety.1–4 These dyes were first 

serendipitously synthesized and characterized by Treibs and Kreuzer in 1968.5,6 More 

recently, atoms other than fluorine have been introduced at the boron center, and this has 

been shown to result in stable complexes.5,7–10  

 

 

Figure 1.1. IUPAC numbering system for the BODIPY core. Reproduced with permission from 

Ref. 3; Copyright Royal Society of Chemistry, 2014. 
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The BODIPY core is structurally analogous to porphyrins, and the IUPAC numbering system is 

shown above; the carbon at the 8-position is typically termed the meso-carbon and those at 

the 3,5-positions the α-carbons, while those at the 2,6- and 1,7-positions are referred to as 

the β-carbons (Figure 1.1).3,11 BODIPY core dyes are usually synthesized via an acid-catalyzed 

condensation reaction between a pyrrole and an electrophilic carbonyl compound, typically 

an aldehyde.12 This leads to the formation of a relatively unstable dipyrromethane. The 

addition of an oxidizing agent such as 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) or 

p-chloranil to the reaction vessel results in the formation of a dipyrromethene which can then 

be complexed to a boron atom; the boron is added in the presence of a tertiary amine that 

provides basic conditions. To prevent polymerization and porphyrin formation during the 

reaction, a substituted pyrrole is typically used.11 In this study, 2-ethylpyrrole, 2-

methylpyrrole, 2,4-dimethylpyrrole and 3-ethyl-2,4-dimethylpyrrole were used to synthesize 

a series of novel BODIPY core dyes. Once formed, multiple post-synthetic structural 

modifications can be carried out on the BODIPY core at all the peripheral positions of the 

ligand. The structural modifications adopted in this work to enhance selected properties were 

as follows: 

i. Modifications at the meso-position: Different functional groups can be introduced at the 

meso-position. These functional groups are selected to further facilitate the anticipated 

application of the dye or enhance selected properties. When there are methyl groups at 

the 1,7-positions, as is the case with the BODIPY dyes synthesized from 2,4-

dimethylpyrrole and 3-ethyl-2,4-dimethylpyrrole in this study, there is typically a 

minimal mesomeric interaction between the meso-aryl substituent and the BODIPY 

core,3,13 since the meso-aryl group lies orthogonal to the BODIPY core. 
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ii. Electrophilic substitution: The 2,6-positions of the 1,3,5,7-tetramethylBODIPY core and 

the 3,5-dimethylBODIPY core are susceptible to electrophilic attack. Typically, this 

substitution does not result in any additional changes to the BODIPY structure, especially 

with regards to the B-F bond.11 Instead, the addition of specific substituents such as 

halogen atoms tends to enhance certain spectroscopic and physicochemical properties. 

Of interest here is the introduction of bromine and iodine atoms at the 2,6- and/or 1,7-

positions of selected core dyes. 

iii. Modification of methyl groups at the 3,5-positions: Styryl groups can be formed at the 

3,5-positions due to the nucleophilic character of the methyl groups at these positions. 

These methyl groups are deprotonated to give intermediates that readily add to 

electron-rich aromatic aldehydes.14 In contrast, the use of electron-deficient aldehydes 

to introduce substituents at the 3,5-positions is not favorable, and in some instances, 

the reaction does not yield styrylBODIPY dyes.5,15,16 The resulting dyes typically have an 

extended degree of π-electron conjugation, and as such, they absorb and fluoresce at 

longer wavelengths, typically in the near-infrared region (NIR).11 The most commonly 

used functional groups in this context are phenyl, vinyl, or thiophene groups.11,17 

Typically, the presence of electron-deficient substituents such as the pentafluorophenyl 

group at the meso-position enhances the acidity of the methyls at the 3,5-positions and 

leads to high yields.16 Herein, carefully selected styryl groups are introduced to core dyes 

with specific meso-substituents suitable for application in NLO. Using a modified set of 

literature procedures,15 attempts were made to use electron-deficient aldehydes to 

introduce substituents at the 3,5-positions and form styrylBODIPY dyes with anticipated 

excellent NLO properties. These dyes form donor (D)–π–acceptor (A) systems.18–20 
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1.2. BODIPY dye physicochemical properties 

A Jabłoński diagram can be used to visualize the processes that a BODIPY dye can undergo 

upon interaction with electromagnetic radiation (Figure 1.2).  

   

Figure 1.2. A typical BODIPY UV-visible absorption spectrum (LEFT) and a Jabłoński diagram 

(RIGHT) of possible electronic transitions upon photoexcitation. A = Absorption; F = 

Fluorescence; NR = Nonradiative decay; P = Phosphorescence; IC = Internal conversion; ISC = 

Intersystem crossing.  

The absorption of a photon leads to photoexcitation to an excited singlet state (S1–Sn), which 

then relaxes to the lowest vibrational level of the S1 state through internal conversion (Figure 

1.2). From this lowest vibrational level, the dye relaxes to the ground state by releasing a 

photon via fluorescence in accordance with Kasha’s rule.21,22 The presence of a heavy atom 

on the BODIPY structure enhances intersystem crossing to the T1 state due to the heavy atom 

effect, which promotes spin-orbit coupling. A photon can be emitted by the T1 state via 

phosphorescence, a process in competition with energy transfer from the T1 state to ground 

state molecular oxygen. The latter results in the production of radicals and other reactive 
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oxygen species (ROS), including singlet oxygen (1O2). Singlet oxygen is utilized in biomedical 

applications of BODIPYs such as photodynamic therapy (PDT) and PACT.11,23–25 

1.2.1. Absorption spectra of BODIPY dyes 

The main absorption band of BODIPY core dyes lie in the 490–520 nm region (Figure 1.2), 

depending on the functional groups present on the ligand periphery. This absorption band 

arises from the S0 → S1 transition.3 Additionally, a shoulder band typically appears around 

475–485 nm due to a vibrational overtone. This is followed by a weaker absorption band in 

the 300–400 nm region that can be attributed to the S0 → S2 transition.3 These absorption 

properties are usually retained over a wide pH range and at differing solvent polarity because 

the BODIPY core is zwitterionic.26  

1.2.2. Photophysicochemical Properties of BODIPY dyes 

A. Fluorescence properties of BODIPY dyes 

The fluorescence properties of BODIPY dyes have been extensively researched for 

applications in different fields.11 The fluorescence emission spectra are mirror images of the 

S0 → S1 absorption band since fluorescence only occurs from the lowest vibrational level of 

the S1 state to the S0 state, according to Kasha’s rule.22 Because the BODIPY core absorbs in 

the 490–520 nm region, the narrow emission bands lie in the 500–550 nm region in the 

absence of extensive structural modification, with Stokes shift of approximately 10 nm.11,22 

One important fluorescence property is the fluorescence quantum yield (φF), a ratio of 

photons emitted relative to photons absorbed. This is typically very high for BODIPY dyes due 

to their rigid structures.22,27 To determine the φF value, the fluorescence intensity of a BODIPY 
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dye is compared with that of a standard molecular dye with a known φF value.28 In this work, 

the quantum yield is determined using Equation (1): 

ɸ𝐹𝐹 = ɸ𝐹𝐹(𝑆𝑆𝑆𝑆𝑆𝑆)
𝐹𝐹∙𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆∙ƞ2

𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆∙𝐴𝐴∙ƞ2𝑆𝑆𝑆𝑆𝑆𝑆               (1)
 

Where F and FStd are the areas under the fluorescence curves for the sample and standard, 

respectively. A and AStd are the absorbance values of the sample and standard at the 

excitation wavelength, while η and ηstd are the respective refractive indices of the solvents in 

which the sample and standard solutions were prepared. Rhodamine 6G and zinc 

phthalocyanine (ZnPc) can be used as standards, with φF = 0.95 and 0.20 in ethanol and 

DMSO, respectively.29,30 

In addition to the fluorescence quantum yield, the fluorescence lifetime (τF) can also be 

determined.26,31–33 The τF value describes the average time the S1 state exists before 

deactivating to the ground state via the radiative emission of a photon (fluorescence). Time-

correlated single-photon counting (TCSPC) is a technique that can be used to determine the 

τF value.33 A decay curve can be plotted and then deconvoluted to give the fluorescence 

lifetime as the time taken for the intensity to diminish to 1/e of its initial value. Both the φF 

and τF values are independent of the excitation wavelength because there is rapid 

deactivation from the populated Sn excited state to the fluorescent lowest excited state via 

internal conversion.22,27 For the purposes of this study, τF values are often not included since 

they are difficult to measure for halogenated dyes with very low φF values. 
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B. Singlet oxygen quantum yield of BODIPY dyes 

As stated above, energy transfer from a T1 state to molecular oxygen leads to the production 

of ROS and in the context of this thesis, the main interest is in singlet oxygen. The generation 

of this ROS by a photosensitizer dye can be quantified using two methods, namely the 

physical/luminescence method and a comparative chemical method. In this work, the 

comparative method was used. This method uses a singlet oxygen quencher such as 1,3-

diphenylisobenzofuran (DPBF), which reacts with the singlet oxygen generated. The stepwise 

decrease in the intensity of the main absorption peak of the DPBF quencher is followed using 

UV-visible absorption spectroscopy. Equation (2) shown below is used for calculating singlet 

oxygen quantum yields (ΦΔ):34,35 

ɸ∆ = ɸ∆
𝑆𝑆𝑆𝑆𝑆𝑆 ∙ 𝑅𝑅

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆∙𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆

𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆∙𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆                     (2) 

Where (ɸΔstd) is the singlet oxygen quantum yield for the standard (e.g. Rose Bengal or ZnPc). 

RSample and RStd are the DPBF photobleaching rates in the presence of the sample under 

investigation and the standard, respectively. ISample and IStd are the rates of light absorption by 

the sample and the standard, respectively. 

1.3. Potential applications of BODIPY dyes synthesized. 

The ideal properties of BODIPY dyes have led to research focusing on a diverse range of 

applications.36 These properties include the high fluorescence quantum yields (0.6–1.0), 

insensitivity to solvent polarity and pH changes, large extinction coefficients (60 000–80 000 

M–1cm–1), typically high solubility in most organic solvents, high photostability and stability 

under common physiological conditions.3,13 BODIPY dyes have been studied for application in 
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chemosensing, laser dyes, cellular imaging, PDT, supramolecular polymers, biolabeling, 

nonlinear optical limiting and light-harvesting systems.1,36–45 Recently, interest in these dyes 

for various other applications has increased enormously.6,11,46 The applications of interest in 

the context of this thesis are described in more depth in the sections below. 

1.3.1. Photodynamic therapy (PDT) 

 

Figure 1.3. The PDT process and generation of ROS. Reproduced with permission from Ref. 

50; Copyright MDPI, 2019.  

Photosensitizer dyes can be used to generate singlet oxygen for biomedical applications such 

as PDT and PACT. Cancer, a disease that damages genetic material, is characterized by 

uncontrolled growth and spread of body cells, leading to the formation of tumors.47 These 

tumors can be surgically removed, treated with drugs such as in chemotherapy or destroyed 

using defined sources of radiation (radiotherapy).47 Both chemotherapy and radiotherapy 

have a series of drawbacks, much as they are successful.47,48 These include their time-

consuming procedures, the failure of surgery to remove deep-seated tumors and the damage 

of healthy cells close to the cancer cells by radiation beams. This necessitated extensive 

research into alternative therapeutic approaches such as PDT. PDT is based on the use of light, 

oxygen and a photosensitizer (PS) dye to generate reactive oxygen species (ROS), which kill 

cells via apoptosis or necrosis (Figure 1.3).49–51 The absence of lymphatic drainage in cancer 
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cells ensures that the photosensitizer selectively localizes in tumors through what is termed 

the enhanced permeability and retention (EPR) effect.50  

Red and infrared radiation are the most efficient forms of light because blue light fails to 

penetrate through tissue. It has been established that light in the 600−1200 nm region is 

optimal in this context. This spectral region is known as the optical window in biological 

tissue.50 Light of the appropriate wavelength is generated from lasers and incandescent light 

sources. The photosensitizer used should be able to absorb this light.50 Various 

photosensitizers have been clinically approved due to the absence of the drawbacks 

encountered with chemotherapy and radiotherapy.50,52 The photosensitizer in this context is 

typically a delocalized aromatic molecule with an extensive conjugation of double bonds 

forming a central chromophore while containing side chains or auxochromes. The 

auxochromes lead to further electron delocalization leading to the alteration of the UV-visible 

absorption spectrum to give typically very intense absorption bands in the longer wavelength 

(red) spectral region.53  

Tetrapyrrole based photosensitizers such as porphyrins, phthalocyanines, chlorins and 

bacteriochlorins are typically used. The initial photosensitizers such as hematoporphyrin 

derivative (HpD) and Photofrin® are termed first-generation photosensitizers since they were 

the first to be used in PDT. The second generation of photosensitizers was mainly based on 

the phthalocyanine structure. These photosensitizers are chemically pure and are relatively 

safe in relation to photosensitization of the patient after use in treatment,54 since they can be 

used at lower concentrations. A majority of the second generation photosensitizers have 

intense absorption bands at longer wavelengths, allowing light to reach deep-seated 

tumors.52,55 However, macrocyclic tetrapyrroles, such as porphyrins and phthalocyanines, can 



11 
 

be difficult to structurally modify in a manner that enhances their photophysical properties. 

Hence there is a need for structurally robust alternatives that provide facile structural 

modification.52 Of interest here is the suitability of BODIPY dyes as photosensitizers as there 

has been a growing research focus in that regard.1,43,49,52,56,57  

As mentioned previously, further structural modification of the BODIPY core dye can (i) 

promote intersystem crossing to the triplet state, hence facilitating the generation of singlet 

oxygen, and (ii) shift the main spectral band to longer wavelengths so that it absorbs light in 

the NIR region due to an extension of the π-conjugation system. The dyes synthesized for 

photosensitizer or singlet oxygen-dependent applications in this study are shown below 

(Table 1.1). Although PDT studies have not been carried out, the PACT studies reported 

demonstrate the suitability of BODIPY dyes as photosensitizer dyes in biomedical 

applications. 

1.3.2. Photodynamic antimicrobial chemotherapy (PACT) 

The emergence of antibiotic-resistant bacterial strains has somewhat reversed the 

breakthroughs that were initially made in treating bacterial infections after the discovery of 

antibiotics in the 20th century.58,59 PACT has proven to be an alternative that can deal with 

antibiotic resistance.60–63 To date, in vitro studies have demonstrated that this technique can 

be successfully applied against bacteria, viruses, and protozoa.55,62,64 The PACT process is 

similar to PDT, i.e. it employs a photosensitizer and a light source of the appropriate 

wavelength to generate cytotoxic ROS such as singlet oxygen (Figure 1.3).55,60,63 The death of 

the bacterial cells initiated by ROS begins by outer membrane damage, and given that the cell 

wall make-up is different in different bacterial strains, the properties of the photosensitizer 



12 
 

used are important. The cytoplasmic membrane of gram-positive bacteria is easily accessible 

because they contain a porous peptidoglycan layer and lipoteichoic acid, whereas, in gram-

negative bacteria, the peptidoglycan layer is covered by a membrane on the outer and inner 

sides. 65,66 This means that for gram-negative bacteria, the cytoplasmic membrane is not easily 

accessible to photosensitizers.67 Therefore, neutral, anionic or cationic photosensitizers 

inactivate gram-positive bacteria, whereas typically, only cationic photosensitizers inactivate 

gram-negative bacterial strains.68–70 Because the BODIPY core can be easily modified, this 

enables easy functionalization, and the typically low dark toxicity make BODIPYs promising 

alternative photosensitizers for PACT. This is a growing research area.71,72 In this work, non-

cationic BODIPY core dyes are used as photosensitizers in the photodynamic inactivation of 

Staphylococcus aureus (Table 1.1). 

1.3.3. Nonlinear optics (NLO) 

 

Figure 1.4. The ideal response of an optical limiter to high-intensity incident laser light. 

NLO is the study of changes in the optical properties of materials when interacting with 

incident light of different intensities. Optical limiting (OL) is characterized by decreased 

transmittance by a sample at high incident laser intensity. Hence, optical limiting materials 
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must significantly decrease light transmittance at high incident intensities while remaining 

transparent under ambient light conditions (Figure 1.4). Research into optical limiter 

materials has gained momentum over the past few decades.73 

   

Figure 1.5. A schematic of the open-aperture z-scan instrument (A). D1 and D2 refer to 

photodetectors used to determine the intensity of the incident and transmitted light, while 

the sample is translated from –z and +z through the focal point of a lens. A typical reverse 

saturable absorption response obtained from the z-scan of an optical limiter (B). 

There are multiple mechanisms involved in the optical limiting process.74–76 Of particular 

interest to this thesis is nonlinear absorption (NLA). NLA can be studied using the single-beam 

z-scan technique (Figure 1.5A), wherein the sample is moved along the z-direction of a 

focused Gaussian beam; in the absence of an aperture in front of a photodetector (D2), the 

total transmitted energy is detected, and this gives the results for NLA by making use of a 

beam splitter to also determine the intensity of the incident beam through the use of a second 

photodetector (D1).77 For the studies carried out in this thesis, the second harmonic of the 

Nd:YAG laser at 532 nm is used as the source of the beam. Research into OL materials is aimed 

at fabricating materials that can be used to protect light-sensitive objects such as the human 
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eye and optical sensors from intense incident laser beams.78–80 This research has been 

necessitated by incidents of the irresponsible use of laser pointers in aviation, warfare and 

sometimes in sport.19,81–83 

The response of an optical limiter to incident light of high intensity is characterized by a 

reverse saturable absorption (RSA) response (Figure 1.5B).84,85 On the nanosecond timescale 

in the context of this study, RSA is characteristic of optical limiters, which undergo excited 

state absorption (ESA) that is more intense than the ground state absorption otherwise would 

have been.19,79 ESA refers to the absorption of a photon from a lower excited state to a higher 

excited state and can occur in either the singlet or triplet manifold of a photosensitizer dye 

(Figure 1.6A).86 Another important process in optical limiting is two-photon absorption (2PA), 

a third-order nonlinear process of materials wherein a molecule simultaneously absorbs two 

photons under high incident light intensity conditions (Figure 1.6B). 

 

Figure 1.6. Jablonski diagrams showing the mechanism of excited state absorption (A) and two-

photon absorption (B). 

OL materials can be formed using various materials.73 For NLA, organic dyes such as 

porphyrins and phthalocyanines have been demonstrated to possess excellent optical limiting 
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properties. These dyes typically have delocalized π-conjugation systems, which facilitate high 

polarizability when interacting with intense laser light.76,85,87,88 As the dyes of interest, BODIPY 

dyes must be subjected to the structural modifications alluded to above before study using 

the second harmonic of the Nd:YAG at 532 nm. This is done to alter the optical properties and 

shift the main absorption band to a significantly longer wavelength relative to the main 

BODIPY spectral band that typically lies at ca. 500 nm. The introduction of styryl groups at the 

3,5-positions red-shifts the main band and introduces an extended degree of π-conjugation, 

leading to higher polarizability.11,14,17 The introduction of heavy atoms onto the BODIPY that 

enhance the rate of intersystem crossing may also play a role in modulating the optical 

limiting response if ESA from the T1 state results in an enhanced or diminished RSA response. 

Heavy atoms typically significantly enhance the RSA response of phthalocyanines, whereas 

this effect has not been clearly observed for BODIPY dyes.89–93 The work reported in this thesis 

focuses on studying a series of non-aggregated organic solutions of halogenated and non-

halogenated mono- and distyrylBODIPY dyes in relation to their NLA properties at 532 nm by 

using the open aperture z-scan technique. 

The data obtained from the z-scan measurements are analyzed using a procedure originally 

described by Sheik-Bahae and co-workers, Equation (3):94 

𝑇𝑇(𝑧𝑧) = 1
√𝜋𝜋𝑞𝑞0(𝑧𝑧)∫ 𝑙𝑙𝑙𝑙�1 + 𝑞𝑞0(𝑧𝑧)𝑒𝑒𝜏𝜏2�∞

−∞ 𝑑𝑑𝑑𝑑       (3) 

Where q0(z) provides the magnitude of the nonlinear response, which can be described for a 

circular-shaped laser beam, by Equation (4):20 

 𝑞𝑞0(𝑧𝑧) = 2𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒𝑃𝑃0𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒
𝜋𝜋𝜋𝜋(𝑧𝑧)2

  0          (4) 
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Where P0 and leff are the peak power of the laser pulse and the effective pathlength, given by 

Equation (5): 

𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒 = 1−𝑒𝑒−𝛼𝛼𝛼𝛼

𝛼𝛼
           (5) 

Where α and l are the linear absorption coefficient and the cuvette pathlength, respectively. 

The beam width as a function of sample position, ω(z) in Equation (4), can be obtained from 

Equation (6): 

𝜔𝜔(𝑧𝑧) =  𝜔𝜔0�1 + � 𝑧𝑧
𝑧𝑧0
�
2
         (6) 

Where z0 and z are the Rayleigh length and the translation distance for the sample relative to 

the focus, respectively. z0 is defined as πω02/λ, with λ being the laser wavelength where ω0 is 

the beam waist at the focus (z = 0), which is the distance from the center of the beam to a 

point where intensity decreases to 1/𝑒𝑒2 of its axis value. The effective nonlinear absorption 

coefficient, βeff, can be extracted from the experimentally measured transmittance using 

Equations (3–6). In this thesis, a numerical version of Equation (3) is used to derive q0(z) from 

the normalized transmittance values obtained experimentally:95 

𝑇𝑇(𝑧𝑧) = 0.363𝑒𝑒�
−𝑞𝑞0(𝑧𝑧)
5.60 � + 0.286𝑒𝑒�

−𝑞𝑞0(𝑧𝑧)
1.21 � + 0.213𝑒𝑒�

−𝑞𝑞0(𝑧𝑧)
24.62 � + 0.096𝑒𝑒�

−𝑞𝑞0(𝑧𝑧)
115.95� + 0.038𝑒𝑒�

−𝑞𝑞0(𝑧𝑧)
965.08� (7) 

On substituting Equation (6) into Equation (4), q0(z) can be defined by Equation (8): 

            (8) 

 

where Q0 is given as: 

            (9) 

𝑞𝑞0 =
𝑄𝑄0

1 + � 𝑍𝑍𝑍𝑍0�
2 

Q0= 2βeffP0leff
𝜋𝜋𝜋𝜋0

2  
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A Gaussian-shaped curve with Q0 as the maximum value at z = 0 can be obtained from 

Equation (9). The full width at half minimum (FWHM) and peak values derived from the curve 

provide values for z0 and Q0, respectively. Equation (10) is used to obtain the value of βeff, and 

this provides an important parameter for assessing the suitability of materials for OL 

applications: 

                                     (10) 

The imaginary component of the third-order nonlinear susceptibility (Im[χ(3)]) is a measure of 

the speed of the response by an optical limiter to the perturbation induced by an incident 

laser pulse.20 Im[χ(3)] is directly proportional to the effective non-linear absorption coefficient, 

βeff, and can be calculated using Equation (11): 

                            (11) 

Where 𝜂𝜂 is the refractive index of the solvent, c is the speed of light, 𝜀𝜀0 is the permittivity of 

free space, and λ is the wavelength of the laser. The Im[χ(3)] values have an optimal range of 

10–9 to 10–15 in the context of OL applications.20 

The intense laser radiation interacts with the permanent dipole of the dye molecule and leads 

to a bias in the average orientation of the molecules, which results in induced 

hyperpolarizability. The second-order hyperpolarizability (γ) quantifies this interaction per 

mole of the compound and can be determined using Equation (12): 

                     (12) 

Where Cmol is the molar concentration of the active species, f is the Lorentz local field 

enhancement factor defined as f = (𝜂𝜂2 + 2)/3 (where 𝜂𝜂 is the refractive index of the sample), 

𝐼𝐼𝐼𝐼[𝜒𝜒(3)] =
𝜂𝜂2𝜀𝜀0𝐶𝐶𝐶𝐶𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒

2𝜋𝜋
 

γ= 𝐼𝐼𝑚𝑚[𝜒𝜒(3)]
𝑓𝑓4𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑁𝑁𝐴𝐴

 

β= 𝜆𝜆𝜆𝜆0𝑄𝑄0
2𝑃𝑃0𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒
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and NA is Avogadro’s constant. The γ values have an optimal range of 10–29 to 10–34 in the 

context of OL applications.20 

The limiting threshold intensity (Ilim) is defined as the input fluence at which the nonlinear 

transmittance is reduced to 50% of the linear transmittance value. The guidelines provided 

by the International Commission on Non-Ionizing Radiation Protection help to determine 

suitable exposure limits to a variety of lasers.96 Equation (13) can then be used to determine 

that the use of 10 ns laser pulses at 532 nm results in as an exposure limit: 

Exposure Limit = 2.7CAt0.75 J.cm-2                 (13) 

Where CA is a correction factor (= 1 for 400–700 nm), and t is the exposure time. This equation 

provides a limit of 0.95 J.cm−2 for a 0.25 s exposure time corresponding to the normal blink 

reflex for the human eye.97  

The BODIPY dyes studied here are rationally selected to analyze the effect of various 

structural modifications on the optical limiting properties. The presence of electron-donating 

and electron-withdrawing groups (either at the meso-position or the 3,5-positions) is 

expected to create a donor (D)–π–acceptor (A) or D–π–A system due to the presence of the 

BODIPY core π-conjugation system separating the groups. The D–π–A systems of these dyes 

are known as push-pull systems and have previously been shown to enhance the optical 

limiting properties of BODIPY dyes and other compounds.19,20,98–100 This is mainly because the 

asymmetrical nature of the system results in a dipole moment, which induces 

hyperpolarizability upon interaction with laser radiation.92,98 Photoexcitation by the incident 

laser light results in a shift of electrons from donor to acceptor groups and the formation of a 

dipole moment.98,99 The introduction of heavy atoms in the form of bromine onto the 2,6-
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positions of some of the dyes being studied will be used to assess the optical limiting response 

in the triplet excited state relative to the response in the singlet excited state. 

1.4. Phthalocyanines 

Phthalocyanines are a type of tetrapyrrolic macrocycle that was initially discovered in 1907.101 

Following the initial discovery of the metal-free phthalocyanine (H2Pc) (Figure 1.7A), the 

central cavity of phthalocyanines has been shown to accommodate more than 70 different 

elemental ions. For most phthalocyanine structures successfully synthesized to date, the 

central cavity accommodates a metal ion, and a metallophthalocyanine (MPc) is formed 

(Figure 1.7B).80,85,102 These phthalocyanines can be used in a wide range of applications 

including, but not limited to catalysis, PDT, photonics and NLO. Most of these applications are 

based on electron transfer reactions which are favored by the 18 π-electron conjugated ring 

system of PCs.102 In this work, two scandium complexes, a monomeric phthalocyanine and a 

bis(phthalocyanine), are studied in organic media for application in NLO. 

 

Figure 1.7. General structures of free base phthalocyanine (H2Pc) (A) and a metal 

phthalocyanine (MPc) complex (B). 
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1.4.1. Synthesis 

Phthalocyanines are synthesized directly from a precursor, typically a substituted 

phthalonitrile which is refluxed at the boiling point of a selected organic solvent. If the 

reaction is carried out in the absence of a metal salt, an H2Pc is formed, whereas in the 

presence of a metal salt, an MPc forms.103–105 Similarly, a bis(phthalocyanine), commonly 

referred to as a sandwich complex, can be synthesized directly from phthalonitrile precursors 

by controlling the ratio of phthalonitrile to a salt of a trivalent metal ion. Alternatively, the 

H2Pc may be synthesized initially and used as a precursor to be refluxed with the metal salt of 

interest to enable metal insertion. By controlling the ratio of H2Pc to metal salt, either or both 

the monomeric phthalocyanine and bis(phthalocyanine) will form, and the products can be 

carefully purified by chromatography.106,107 

1.4.2. UV-visible absorption spectra of metallophthalocyanines 

Both monomeric phthalocyanines and bis(phthalocyanines) have characteristic absorption 

spectra resulting from different electronic transitions. 

1.4.2.1. Monomeric phthalocyanine UV-visible absorption spectra 

The electronic transitions associated with the UV-visible spectra of phthalocyanines are 

shown in Figure 1.8A. The two main absorption bands of phthalocyanines are referred to as 

the Q and B bands in ascending energy (Figure 1.8B).108 Overlapping B1 and B2 bands arise 

from transitions from a2u and b2u molecular orbitals (MOs) to the eg lowest unoccupied 

molecular orbital (LUMO) (Figure 1.8A). The Q band, on the other hand, is representative of 

a transition from the a1u highest occupied molecular orbital (HOMO) to a degenerate eg orbital 
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(LUMO) (Figure 1.8A). It is the most intense band in the visible region of the phthalocyanine 

spectrum.108 

 

Figure 1.8. The electronic transitions (A) that are responsible for the major spectral bands 

observed in a typical phthalocyanine monomer spectra (B). 

1.4.2.2. Bis(phthalocyanine) absorption spectra 

The UV-visible spectra of bis(phthalocyanines) are more complex than those of 

phthalocyanine monomers, since there are two phthalocyanine ligands and a trivalent central 

metal ion. In the context of the anionic blue form [MIII(Pc)2]−, both phthalocyanine ligands are 

neutral dianions, and the observed spectral bands are broadly similar to those of monomer 

complexes with split Q1 and Q2 bands being observed due to exciton coupling effects.109,110 In 

the spectra of the green form of metal bis(phthalocyanines) [MIII(Pc)2], there are characteristic 

bands associated with the presence of a cationic phthalocyanine ligand (Figure 1.9A). These 

bands are referred to in descending energy terms as the B-band, blue valence (BV) band, Q-

band and the red valence (RV) band (Figure 1.9B).74,109–111 The initial predictions of the 
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electronic transitions associated with the absorption spectra of MIIIPc2 complexes were 

performed using valence effective Hamiltonian (VEH) calculations.112  

 

Figure 1.9. Electronic transitions (A) which lead to the characteristic UV-visible absorption 

spectrum of the green vs the blue forms of bis(phthalocyanines) (B).106,113 

Each of the absorption bands associated with neutral [MIIIPc2] complexes can be related to a 

dominant electronic transition (Figure 1.9):109,111,112,114–116 

I. The B-band is associated with the allowed 4a1(π)  →  6e1(π∗) transition. 

II. The BV band, which lies in the 400–500 nm region, is a result of the 5e1(π)  →  2a2(π∗) 

transition. 

III. The Q-band arises from the 2b1(π)  →  6e3(π∗) transition. 

IV. The RV band is a result of a forbidden vibronic 2a2(π)  →  6e1(π∗) transition that 

involves a singly occupied molecular orbital (SOMO). 
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The introduction of an electron onto the Pc ring leads to the formation of the reduced or blue 

form, and in the UV-visible absorption spectrum, the Q-band becomes split, and the BV band 

disappears (Figure 1.9B).109,111 

1.5. Summary of aims. 

In this thesis, a series of structurally diverse BODIPY dyes are synthesized and characterized. 

The structural modifications were rationally selected to enhance the singlet oxygen 

generation of the dyes and shift the main BODIPY spectral band to longer wavelengths to 

minimize absorbance across the visible region under ambient light conditions. The aims can 

be summarized as follows: 

1. Synthesis and photophysical study of a series of structurally modified BODIPY dyes. 

BODIPY dye structures are designed to facilitate an assessment of the structure-property 

relationships related to the use of a series of different alkyl-substituted pyrroles as 

precursors. 

2. Study the antimicrobial activity or bacterial inactivation ability of the heavy atom-

substituted core dyes that are synthesized to study the effects of using different pyrrole 

precursors and halogen heavy atoms. 

3. Study the nonlinear optical behavior of a series of mono-, di- and tristyrylBODIPY dyes in 

organic media to identify structure-property relationships in the context of their optical 

limiting properties. 

4. Study, for the first time, the nonlinear optical behavior of scandium phthalocyanine 

monomer and dimer complexes at 532 nm in organic solvents. 



24 
 

5. Report on the nonlinear optical behavior of transparent polymer thin films fabricated 

from novel disilane-bridged tetraphenylethylene (TPE) dyes. 

6. Perform molecular modelling for a representative set of BODIPY dyes from the 

synthesized series to identify trends in the electronic structures and optical properties. 

The PACT and NLO properties of the following BODIPY dyes were studied in this thesis: 

Table 1.1. Applications of the synthesized BODIPY dyes. 

Dye Intended application 
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Chapter 2: 
Experimental 
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2.1. Materials 

Trifluoroacetic acid (TFA), 2,4-dimethylpyrrole, 2-ethylpyrrole, 3-ethyl-2,4-dimethylpyrrole, 

2,3,4,5,6-pentafluorobenzaldehyde, 2-bromobenzaldehyde, benzaldehyde, 4-

acetamidobenzaldehyde, 5-bromothiophene-2-carboxaldehyde, 4-diethylaminobenzaldehyde, 

2-iodobenzaldehyde, 3-iodobenzaldehyde, 4-iodobenzaldehyde, methyl 4-formylbenzoate, 

4-(1-piperidinyl)benzaldehyde, 4-pyridinecarboxaldehyde, tetrachloro-1,4-benzoquinone 

(p-chloranil), triethylamine (TEA), boron trifluoride diethyl etherate (BF3·OEt2), acetic acid 

(glacial), sodium sulfate, piperidine, Rhodamine 6G, 1,3-diphenylisobenzofuran (DBPF), N-

bromosuccinimide (NBS), N-iodosuccinimide (NIS) and zinc phthalocyanine (ZnPc) were 

purchased from Sigma-Aldrich, while hydrochloric acid (32%) was purchased from Merck. Rose 

Bengal was purchased from Fluka. 2-Methylpyrrole was purchased from Achemo Chemicals. 

Silica gel 60 for flash column chromatography was purchased from Merck. Spectroscopic grade 

solvents were used for the z-scan and photophysical studies. All solvents were dried using 

molecular sieves before use in synthesis. Phosphate-buffered saline (PBS) solution (pH 6.8) was 

prepared with appropriate amounts of Na2HPO4 and NaOH in ultra-pure water from a Milli-Q 

water system (Millipore Corp, Bedford, MA, USA). Nutrient agar and agar bacteriological BBL 

Muller Hinton broth were purchased from Merck. Staphylococcus aureus (ATCC 25923) was 

purchased from Davies Diagnostics. 

2.2. Instrumentation 

• Ultraviolet-visible (UV–Vis) absorption spectra were measured at room temperature on a 

Shimadzu UV-2550 spectrophotometer. A 1 cm pathlength quartz cuvette was used. 
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• Proton nuclear magnetic resonance (1H-NMR) spectra were recorded at room 

temperature on a Bruker AMX 600 NMR spectrometer in CDCl3 unless stated otherwise. 

• Fluorescence emission and excitation spectra were obtained using a Varian Cary Eclipse 

spectrofluorimeter, while fluorescence lifetimes were calculated by using a Picoquant 

FluoTime 200 time-correlated single-photon counting instrument. 

• Mass spectral data were collected with a Bruker AutoFLEX III Smart beam TOF/TOF mass 

spectrometer. The spectra were acquired using α-cyano-4-hydroxycinnamic acid as the 

MALDI matrix and a positive mode of operation. 

• Fourier-transform infrared spectra (FT-IR) were recorded on a Perkin Elmer Spectrum 100 

spectrometer. 

• The singlet oxygen experiments were conducted using an Ekspla NT342B-20-AW–Nd:YAG 

laser (max output–1J, pulse duration 3–6 ns) with parametric generation (max output–50 

mJ, pulse duration 3–5 ns, wavelength 400–2400 nm), as the light source. 

• An RAU-530D autoclave was used for autoclaving nutrient broth, nutrient agar, and 

phosphate buffer and for the sterilization of the apparatus used for PACT studies. 

• A vortex mixer was used to mix the bacterial suspensions, and a HERMLE Z233M-2 

centrifuge was used to harvest bacterial cells. 

• The optical densities of bacterial cultures were determined using an LEDETECT 96 from 

LABXIM Products. 

• A Scan® 500 automatic color colony counter was used to determine colony-forming units 

(CFU)/mL values. 
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• The open aperture z-scan measurements were performed using a frequency-doubled 

Nd:YAG laser (Quanta-Ray, 1.5 J/7 or 10 ns FWHM pulse duration) as the excitation 

source. The laser was operated in a near Gaussian transverse mode with a low pulse 

repetition rate of 10 Hz and an energy range of 0.1–0.1 mJ, at 532 nm. This low repetition 

rate prevents cumulative thermal nonlinearities. The beam was spatially filtered during 

measurements to remove the higher-order modes and tightly focused with a 15 cm focal 

length lens. The z-scan data of the organic solutions were collected using a 2 mm quartz 

cuvette. UV-visible absorption spectra were recorded before and after measurement to 

ensure that the dyes were not aggregated in solution since aggregation could lead to 

significant nonlinear scattering (NLS) and, as such, interfere with the NLA results being 

studied here. 

• Femtosecond transient absorption measurements were carried out by Prof. Bokolombe 

Ngoy of Kinshasa University in the laboratory of Prof. Petr Klan of Masaryk University in 

Brno, Czech Republic with a Clark MXR CPA2001 775 nm laser with a pulse energy of 0.9 

mJ, and a full width at half-maximum of 150 fs, and an operating frequency of 426 Hz as 

has been reported previously by Klícova et al.37,117 with slight modifications. The pump-

supercontinuum probe technique was implemented with a titanium-sapphire (Ti/Sa) laser 

system. The output at 775 nm was directly frequency-doubled by a β-barium borate (BBO) 

crystal to 387.5 nm with output pulses of 1 μJ energy and below 150 fs pulse width. 

Generation of the probe beam was carried out by focusing a 2 mm CaF2 plate in front of 

the 775 nm beam in order to produce a 270–690 nm supercontinuum span. The 

nanosecond laser flash photolysis kinetics were studied at Rhodes University with an 
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Ekspla NT 342B-20-AW laser with pulses of 7 ns duration. Samples were deoxygenated 

with inert nitrogen gas. 

• Geometry optimizations of the synthesized dyes were performed by using the B3LYP 

functional of the Gaussian software package, with SDD basis sets.118 TD-DFT calculations 

were also performed using the CAM-B3LYP functional with SDD basis sets. Avogadro, an 

advanced molecular editor and visualizer program, was used for all visualizations of 

molecular orbitals.119 

2.3. Synthesis 

A series of BODIPY dyes, 1-17, were synthesized, as described below along with the attempted 

syntheses of target distyrylBODIPY structures, 18-24. Novel BODIPY core dyes, 1a,100 1b, 1c, 

1j, 1k, 3d, 3e, 3g and 3l and brominated core dyes, 5a, 6a, 7c, 7d, 7e, 7g, 7h and 8a, were 

synthesized, along with previously synthesized core dyes 1l,120 1m,121 2a,122 3a-c,123–125 3f,126 

3h-i,19,127 3j-k,128,129 4b,130 and halogenated analogues, 7a,131 7f,126 7i,132 9a,130 following 

procedures described below. The appropriate BODIPY core dyes or brominated BODIPY core 

dyes were used as precursors in the synthesis of novel monostyrylBODIPY dye 10 and novel 

distyrylBODIPY dyes 11-17. A 1,3,5-tristyrylBODIPY dye, 25, was previously synthesized by 

Jessica Harris, a former MSc student at Rhodes University,133 and no characterization was 

carried out in this work as the dye was only studied in context of Chapter 4. 

2.3.1. BODIPY core dye synthesis (Scheme 1.1) 

2-Ethylpyrrole, 2-methylpyrrole, 2,4-dimethylpyrrole or 3-ethyl-2,4-dimethylpyrrole (2.0 mol 

eq) and the corresponding aldehyde (1.0 mol eq) were dissolved in dry dichloromethane 

(CH2Cl2) (50 ml) under argon. TFA (2–3 drops) was added, and the reaction mixture was stirred 
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at room temperature. When the aldehyde was consumed (monitored by TLC), a solution of p-

chloranil (1.2 mol eq) in dry CH2Cl2 (10 ml) was added at 0 °C. The solution was allowed to 

warm up to room temperature while stirring for 30 min under argon. A deep purple color was 

observed, and TLC confirmed the synthesis of the dipyrromethene. TEA (7 mol eq) and 

BF3·Et2O (11 mol eq) were added dropwise at 0 °C, and the mixture was left to stir at room 

temperature overnight. The mixture was then filtered and washed with water (100 ml), dried 

over anhydrous sodium sulfate and the residue purified by flash column chromatography. The 

characterization data for the pure fractions of the novel and previously synthesized dyes, as 

mentioned above,19,100,120–132 are detailed below for each dye. 

 

Scheme 2.1. Synthesis of BODIPYs 1-4(a-i). 

1a was obtained in 36% yield after silica-gel chromatography by using 2-methylpyrrole and 

2,3,4,5,6-pentafluorobenzaldehyde as the precursors. Eluent: petroleum ether/ethyl acetate 

(9:1). UV-vis (DMSO) λ, nm 525. 1H NMR (600 MHz, THF-d8) δH, ppm 6.79–6.78 (d, J = 4.1 Hz, 

2H), 6.38–6.35 (d, J = 4.2 Hz, 2H), 2.60 (s, 6H). FT-IR (cm−1): 2921, 2851 (C-H), 1569 (C=C), 1488, 

1443 (C-N), 1128 (C-F), 425 (C-H). 
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1b was obtained in 28% yield after silica-gel chromatography by using 2-methylpyrrole and 4-

pyridinecarboxaldehyde as the precursors. Eluent: petroleum ether/ethyl acetate (1:3). UV-vis 

(DMSO) λ, nm 518. 1H NMR (600 MHz, CDCl3) δH, ppm 8.78 (s, 2H), 7.43 (s, 2H), 6.66 (s, 2H), 

6.32 (s, 2H), 2.68 (s, 6H). FT-IR (cm−1): 1 2918 (C-H), 1563 (C=C), 1487, 1454 (C-N), 430 (C-H). 

1c was obtained in 32% yield after silica-gel chromatography by using 2-methylpyrrole and 4-

acetamidobenzaldehyde as the precursors. Eluent: petroleum ether/ethyl acetate (1:4). 1H 

NMR (600 MHz, CDCl3) δH, ppm 7.66–7.62 (d, J = 8.2 Hz, 2H), 7.49–7.46 (d, J = 8.4 Hz, 2H), 7.43 

(s, 1H), 6.75–6.72 (d, J = 3.9 Hz, 2H), 6.30–6.28 (d, J = 4.0 Hz, 2H), 2.67 (s, 6H), 2.25 (s, 3H). FT-

IR (cm−1): 3242 (N-H amide stretch), 2921, 2852 (C-H stretch), 1519 (N-H amide bend), 1448, 

1398 (C-N stretch), 1136 (C-N stretch), 994 (=C-H bend), 430 (C-H). 

2a was obtained in 28% yield after silica-gel chromatography by using 2-ethylpyrrole and 

2,3,4,5,6-pentafluorobenzaldehyde as the precursors. Eluent: petroleum ether/ethyl acetate 

(9:1). UV-vis (DMSO) λ, nm 527. 1H NMR (400 MHz, CDCl3) δH, ppm 6.55–6.52 (d, J = 4.1 Hz, 

2H), 6.32–6.29 (d, J = 4.2 Hz, 2H), 3.04–2.97 (m, J = 7.6 Hz, 4H), 1.29–1.26 (t, J = 7.6 Hz, 6H). 

FT-IR (cm−1): 2921, 2853 (C-H), 1568 (C=C), 1491, 1460 (C-N), 1120 (C-F), 461 (C-H). 

3a was obtained in 37% yield after silica-gel chromatography by using 2,4-dimethylpyrrole 

and 2,3,4,5,6-pentafluorobenzaldehyde as the precursors. Eluent: petroleum ether/ethyl 

acetate (9:1). UV-vis (DMSO) λ, nm 517. 1H NMR (600 MHz, CDCl3) δH, ppm 6.04 (s, 2H), 2.55 

(s, 6H), 1.60 (s, 6H). FT-IR (cm–1): 2923, 2851 (C-H), 1551 (C=C), 1493, 1451 (C-N), 1146 (C-F), 

468 (C-H). 

3b was obtained in 32% yield after silica-gel chromatography by using 2,4-dimethylpyrrole 

and 4-pyridinecarboxaldehyde as the precursors. Eluent: petroleum ether/ethyl acetate (1:3). 

UV-vis (DMSO) λ, nm 505. 1H NMR (600 MHz, CDCl3) δH, ppm 8.79–8.78 (d, J = 5.8 Hz, 2H), 



35 
 

7.32–7.30 (d, J = 5.8 Hz, 2H), 6.01 (s, 2H), 2.56 (s, 6H), 1.41 (s, 6H). FT-IR (cm−1): 2912 (C-H), 

1544 (C=C), 1423, 1386 (C-N), 471 (C-H). 

3c was obtained in 33% yield after silica-gel chromatography by using 2,4-dimethylpyrrole and 

4-acetamidobenzaldehyde as the precursors.37 Eluent: petroleum ether/ethyl acetate (1:8). 

UV-vis (DMSO) λ, nm 501. 1H NMR (600 MHz, CDCl3) δH, ppm 7.75–7.65 (d, J = 7.9 Hz, 2H), 

7.47 (s, 1H), 7.27–7.19 (d, J = 7.9 Hz, 2H), 6.00 (s, 2H), 2.57 (s, 6H), 2.25 (s, 3H), 1.44 (s, 6H). 

FT-IR (cm–1): 3368 (N-H amide stretch), 2920 (C-H stretch), 2852 (C-H stretch), 1529 (N-H 

amide bend), 1459, 1399 (C-N stretch), 1186 (C-N stretch), 967 (=C-H bend), 470 (C-H). 

3d was obtained in 23% yield after silica-gel chromatography by using 2,4-dimethylpyrrole 

and 2-iodobenzaldehyde as the precursors. Eluent: petroleum ether/ethyl acetate (9:1). UV-

vis (DMSO) λ, nm 509. 1H NMR (400 MHz, CDCl3) δH, ppm 7.98–7.94 (d, J = 7.9 Hz, 1H), 7.52–

7.47 (m, 1H), 7.32–7.29 (m, J = 7.4, 1.4 Hz, 1H), 7.19–7.14 (m, 1H), 5.99 (s, 2H), 2.57 (s, 6H), 

1.40 (s, 6H). FT-IR (cm−1): 2921, 2853 (C-H), 1540 (C=C), 1504, 1459 (C-N), 633 (C-I), 470 (C-H). 

3e was obtained in 17% yield after silica-gel chromatography by using 2,4-dimethylpyrrole and 

3-iodobenzaldehyde as the precursors. Eluent: petroleum ether/ethyl acetate (9:1). UV-vis 

(DMSO) λ, nm 504. 1H NMR (400 MHz, CDCl3) δH, ppm 7.85–7.80 (d, J = 7.7 Hz, 1H), 7.68 (s, 

1H), 7.30–7.21 (m, 2H), 5.99 (s, 2H), 2.55 (s, 6H), 1.43 (s, 6H). FT-IR (cm−1): 2920, 2852 (C-H), 

1538 (C=C), 1504, 1461 (C-N), 530 (C-I), 471 (C-H). 

3f was obtained in 19% yield after silica-gel chromatography by using 2,4-dimethylpyrrole and 

4-iodobenzaldehyde as the precursors. Eluent: petroleum ether/ethyl acetate (9:1). UV-vis 

(DMSO) λ, nm 503. 1H NMR (600 MHz, CDCl3) δH, ppm 7.79–7.75 (d, J = 8.2 Hz, 2H), 6.99–6.95 

(d, J = 8.3 Hz, 2H), 5.92 (s, 2H), 2.48 (s, 6H), 1.34 (s, 6H). FT-IR (cm−1): 2920, 2852 (C-H), 1584 

(C=C), 1504, 1461 (C-N), 578 (C-I), 469 (C-H). 
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3g was obtained in 55% yield after silica-gel chromatography by using 2,4-dimethylpyrrole and 

2-bromobenzaldehyde as the precursors. Eluent: petroleum ether/ethyl acetate (4:1). UV-vis 

(DMSO) λ, nm 509. 1H NMR (600 MHz, CDCl3) δH, ppm 7.71–7.68 (d, J = 8.0 Hz, 1H), 7.48–7.44 

(t, J = 7.5 Hz, 1H), 7.37–7.32 (m, J = 8.0, 1.2 Hz, 1H), 7.31–7.28 (d, J = 7.5 Hz, 1H), 5.99 (s, 2H), 

2.56 (s, 6H), 1.42 (s, 6H). 

3h was obtained in 30% yield after silica-gel chromatography by using 2,4-dimethylpyrrole 

and 5-bromothiophene-2-carboxaldehyde as the precursors. Eluent: petroleum ether/ethyl 

acetate (4:1). UV-vis (DMSO) λ, nm 517. 1H NMR (600 MHz, Acetone-d6) δH, ppm 7.35–7.33 

(d, J = 3.7 Hz, 1H), 7.08–7.06 (d, J = 3.7 Hz, 1H), 6.19 (s, 2H), 2.51 (s, 6H), 1.74 (s, 6H). FT-IR 

(cm–1): 2918, 2851 (C-H stretch), 1536, 1499 (C-N stretch), 1181 (C-N stretch), 469 (C-H). 

3i was obtained in 60% yield after silica-gel chromatography by using 2,4-dimethylpyrrole and 

methyl 4-formylbenzoate as the precursors. Eluent: petroleum ether/ethyl acetate (4:1). UV-

vis (DMSO) λ, nm 503. 1H NMR (600 MHz, Acetone-d6) δH, ppm 8.25–8.22 (d, J = 7.9 Hz, 2H), 

7.62–7.59 (d, J = 7.9 Hz, 2H), 6.15 (s, 2H), 3.97 (s, 3H), 2.53 (s, 6H), 1.40 (s, 6H). FT-IR (cm–1): 

2953 (C-H stretch), 2914 (C-H stretch), 1712 (C=O), 1277, 1062 (C-O), 1459, 1410 (C-N stretch), 

1188, 1062 (C-N stretch), 1277, 1062 (C-O), 965 (=C-H bend), 465 (C-H). 

4b was obtained in 26% yield after silica-gel chromatography by using 3-ethyl-2,4-

dimethylpyrrole and 4-pyridinecarboxaldehyde as the precursors. Eluent: petroleum 

ether/ethyl acetate (1:1). UV-vis (DMSO) λ, nm 528.1H NMR (600 MHz, CDCl3) δH, ppm 8.82–

8.79 (d, J = 5.6 Hz, 2H), 7.39–7.36 (d, J = 5.7 Hz, 2H), 2.56 (s, 6H), 2.35–2.30 (m, J = 7.5 Hz, 4H), 

1.32 (s, 6H), 1.02–0.98 (m, J = 7.6 Hz, 6H). FT-IR (cm–1): 2920 (C-H), 1536 (C=C), 1468, 1403 (C-

N). 
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2.3.2. Brominated BODIPY core dye synthesis (Scheme 2.2–2.4) 

BODIPYs 1-3 (1 mol eq) and NBS (3 mol eq) were dissolved in CH2Cl2 (20 mL). NBS was added 

in excess to the reaction vessels containing 1a and 2a. The mixture was left to stir under Ar/N2 

at room temperature; the reaction was followed by thin-layer chromatography to completion. 

The product was washed with water and the organic phase dried over sodium sulfate. Finally, 

purification was achieved via flash column chromatography. 

2.3.2.1. Synthesis of 5a 

BODIPY 5a was synthesized from 1a using the procedure described above (Scheme 2). 

 

Scheme 2.2. Bromination of BODIPY 1a to form 5a. 

5a was obtained in 32% yield. Eluent: petroleum ether/ethyl acetate (9:1). UV-vis (DMSO) λ, 

nm 561. 1H NMR (600 MHz, CDCl3) δH, ppm 2.63 (s, 3H), 1.62 (s, 3H). FT-IR (cm–1): 2919, 2854 

(C-H), 1568 (C=C), 1501, 1450 (C-N), 1116 (C-F), 619 (C-Br); MALDI-TOF Anal. calcd m/z 701.72; 

Found: [M + H]+ 703.11. 

2.3.2.2. Synthesis of 6a 

BODIPY 6a was synthesized from 2a using the procedure described above (Scheme 2.3). 6a 

was obtained in 65% yield after silica-gel chromatography. Eluent: petroleum ether/ethyl 
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acetate (9:1). UV-vis (DMSO) λ, nm 562. 1H NMR (400 MHz, CDCl3) δH, ppm 6.69 (s, 2H), 3.08–

2.98 (m, J = 7.5 Hz, 4H), 1.38–1.33 (t, J = 7.5 Hz, 6H). FT-IR (cm−1): 2985, 2943 (C-H), 1565 

(C=C), 1484, 1424 (C-N), 1118 (C-F), 613 (C-Br). MALDI-TOF Anal. calcd m/z 571.93; Found: 

[M]+ 571.68. 

 

Scheme 2.3. Bromination of BODIPY 2a to form 6a. 

2.3.2.3. Synthesis of 7a-i 

Novel and previously synthesized BODIPYs 7a-i were synthesized from 3a-i using the 

procedure described above (Scheme 2.4).126,130–132 

 

Scheme 2.4. Bromination of BODIPY 3a-i to form 7a-i. 

7a was obtained in 70% yield after silica-gel chromatography. Eluent: petroleum ether/ethyl 

acetate (9:1). UV-vis (DMSO) λ, nm 549. 1H NMR (600 MHz, CDCl3) δH, ppm 2.58 (s, 6H), 1.58 
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(s, 6H). FT-IR (cm−1): 2920, 2850 (C-H), 1529 (C=C), 1495, 1455 (C-N), 1170 (C-F), 525 (C-Br). 

MALDI-TOF Anal. calcd m/z 571.93; Found: [M]+ 572.40. 

7c was obtained in 30% yield after silica-gel chromatography. Eluent: petroleum ether/ethyl 

acetate (1:8). UV-vis (DMSO) λ, nm 527. 1H NMR (600 MHz, CDCl3) δH, ppm 7.78–7.72 (d, J = 

8.2 Hz, 2H), 7.55 (s, 1H), 7.24–7.19 (d, J = 8.2 Hz, 2H), 2.62 (s, 6H), 2.27 (s, 3H), 1.44 (s, 6H). 

FT-IR (cm–1): 3287 (N-H), 2919, 2855 (C-H), 1527 (N-H), 1463, 1392 (C-N), 1162 (C-N), 521 (C-

Br). MALDI-TOF Anal. calcd m/z 539.27; Found: [M]+ 539.02.  

7d was obtained in 73% yield after silica-gel chromatography. Eluent: petroleum ether/ethyl 

acetate (9:1). UV-vis (DMSO) λ, nm 536. 1H NMR (400 MHz, CDCl3) δH, ppm 7.92–7.88 (m, J = 

8.1 Hz, 1H), 7.47–7.40 (m, J = 12.7, 7.5, 6.7 Hz, 1H), 7.20–7.13 (m, 2H), 2.55 (s, 6H), 1.32 (s, 

6H). FT-IR (cm−1): 2943, 2866 (C-H), 1535 (C=C), 1460 (C-N), 642 (C-I), 509 (C-Br). MALDI-TOF 

Anal. calcd m/z 607.88; Found: [M]+ 607.77. 

7e was obtained in 50% yield after silica-gel chromatography. Eluent: petroleum ether/ethyl 

acetate (9:1). UV-vis (DMSO) λ, nm 531. 1H NMR (400 MHz, CDCl3) δH, ppm 7.82–7.78 (m, 1H), 

7.59 (s, 1H), 7.21–7.18 (m, 2H), 2.53 (s, 6H), 1.35 (s, 6H). FT-IR (cm−1): 2928, 2864 (C-H), 1532 

(C=C), 1457 (C-N), 592 (C-I), 524 (C-Br). MALDI-TOF Anal. calcd m/z 607.88; Found: [M]+ 

607.79. 

7f was obtained in 68% yield after silica-gel chromatography. Eluent: petroleum ether/ethyl 

acetate (9:1). UV-vis (DMSO) λ, nm 530. 1H NMR (400 MHz, CDCl3) δH, ppm 7.90–7.87 (d, J = 

8.3 Hz, 2H), 7.05–6.99 (d, J = 8.3 Hz, 2H), 2.60 (s, 6H), 1.41 (s, 6H). FT-IR (cm−1): 2922, 2867 (C-

H), 1538 (C=C), 1460 (C-N), 587 (C-I), 527 (C-Br). MALDI-TOF Anal. calcd m/z 607.88; Found: 

[M]+ 607.79. 
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7g was obtained in 36% yield after silica-gel chromatography. Eluent: petroleum ether/ethyl 

acetate (4:1). UV-vis (DMSO) λ, nm 535. 1H NMR (600 MHz, CDCl3) δH, ppm 7.75–7.72 (d, J = 

8.1 Hz, 1H), 7.51–7.48 (m, J = 7.5 Hz, 1H), 7.43–7.38 (m, J = 11.1, 4.3 Hz, 1H), 7.28 (s, 1H), 2.61 

(s, 6H), 1.41 (s, 6H). FT-IR (cm–1): 2966, 2900 (C-H), 1536, 1457 (C-N), 1181 (C-N), 533 (C-Br). 

MALDI-TOF Anal. calcd m/z 559.89; Found: [M]+ 560.20. 

7h was obtained in 29% yield after silica-gel chromatography. Eluent: petroleum ether/ethyl 

acetate (4:1). UV-vis (DMSO) λ, nm 545. 1H NMR (600 MHz, Acetone-d6) δH, ppm 7.40–7.38 

(d, J = 3.7 Hz, 1H), 7.18–7.16 (d, J = 3.7 Hz, 1H), 2.56 (s, 6H), 1.73 (s, 6H). FT-IR (cm–1): 2919, 

2851 (C-H stretch), 1535, 1453 (C-N stretch), 1178 (C-N stretch), 528 (C-Br). MALDI-TOF Anal. 

calcd m/z 568.85; Found: [M]+ 568.16. 

7i was obtained in 92% yield after silica-gel chromatography. Eluent: petroleum ether/ethyl 

acetate (4:1). UV-vis (DMSO) λ, nm 530. 1H NMR (300 MHz, DMSO-d6) δH, ppm 8.16–8.14 (d, 

J = 8.5 Hz, 2H), 7.64–7.61 (d, J = 8.5 Hz, 2H), 3.91 (s, 3H), 2.52 (s, 6H), 1.31 (s, 6H). FT-IR (cm–

1): 2995 (C-H stretch), 2951 (C-H stretch), 1724 (C=O), 1268, 1091 (C-O), 1458, 1399 (C-N 

stretch), 1188, 1091 (C-N stretch), 1268, 1091 (C-O), 998 (=C-H bend), 532 (C-Br stretch). 

MALDI-TOF Anal. calcd m/z 539.99; Found: [M + H]+ 541.27. 

2.3.3. Iodinated BODIPY core dye synthesis (Scheme 2.5–2.6) 

2.3.3.1. Synthesis of 8a (Scheme 2.5) 

BODIPY 1a (1 mol eq) and excess NIS were dissolved in CH2Cl2 (20 mL). The mixture was left 

to stir under Ar/N2 at room temperature; the reaction was followed by thin-layer 

chromatography to completion. The product was washed with water and the organic phase 

dried over sodium sulfate. Finally, purification was achieved via flash column chromatography 
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eluting with petroleum ether:ethyl acetate (9:1), and 8a was obtained in 57 % yield. UV-vis 

(DMSO) λ, nm 573. 1H NMR (600 MHz, CDCl3) δH, ppm 6.84 (s, 2H), 2.67 (s, 6H). FT-IR (cm–1): 

2918 (C-H), 1559 (C=C), 1496 (C-N), 1107 (C-F), 616 (C-I); MALDI-TOF Anal. calcd m/z 637.88; 

Found: [M + H]+ 638.87. 

 

Scheme 2.5. Iodination of BODIPY 1a to form 8a. 

2.3.3.2. Synthesis of 9a (Scheme 2.6) 

BODIPY 9a was synthesized following the procedure described for 8a and was obtained in 61 

% yield. UV-vis (DMSO) λ, nm 558. 1H NMR (600 MHz, CDCl3) δH, ppm 2.67 (s, 6H), 1.64 (s, 6H) 

ppm. FT-IR (cm–1): 2920, 2855 (C-H), 1532 (C=C), 1455 (C-N), 1167 (C-F), 522(C-I). MALDI-TOF 

Anal. calcd m/z 665.91; Found: [M]+ 665.95. 

 

Scheme 2.6. Iodination of BODIPY 3a to form 9a. 
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2.3.4. Synthesis of mono and distyrylBODIPY dyes (Scheme 2.7–2.14) 

2.3.4.1. BODIPY 10 (Scheme 2.7) 

BODIPY 1a (1 mol eq) and 4-diethylaminobenzaldehyde (1.4 mol eq) were dissolved in dry 

benzene (20 mL) under Ar with stirring, followed by the drop-wise addition of glacial acetic 

acid (0.4 mL).100 Thereafter, piperidine (0.4 mL) was added slowly, followed by heating and 

reflux in the presence of a Dean-Stark trap for the azeotropic removal of water formed during 

the condensation reaction. The reaction was monitored by TLC to completion and quenched 

with water. The organic phase was then dried over sodium sulfate. Separation was achieved 

by flash column chromatography with petroleum ether:ethyl acetate (9:1). 10 was obtained 

in 25% yield. UV-vis (DMSO) λ, nm 681. 1H NMR (600 MHz, CDCl3) δH, ppm 7.47–7.44 (d, J = 

6.3 Hz, 4H), 7.31–7.27 (d, J = 16.0 Hz, 2H), 6.87–6.85 (d, J = 4.7 Hz, 2H), 6.57–6.55 (d, J = 4.5 

Hz, 2H), 3.37–3.35 (d, J = 6.7 Hz, 4H), 2.59 (s, 3H), 1.15–1.13 (t, J = 7.1 Hz, 6H). FT-IR (cm−1): 

2920, 2873 (C-H), 1587 (C=C), 1555, 1524 (C-N), 1478 (C-H), 1185 (C-F), 430 (C-H). MALDI-TOF 

Anal. calcd m/z 545.31; Found: [M]+ 545.53. 

 

Scheme 2.7. Synthesis of BODIPY 10. 
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2.3.4.2. BODIPY 11 (Scheme 2.8) 

BODIPY 11 was synthesized from BODIPY 3a using the procedure described for BODIPY 10 and 

was obtained in 23% yield after silica-gel chromatography.100 Eluent: petroleum ether/ethyl 

acetate (9:1). UV-vis (DMSO) λ, nm 661. 1H NMR (600 MHz, CDCl3) δH, ppm 7.50–7.47 (d, J = 

8.5 Hz, 4H), 6.68–6.65 (d, J = 6.7 Hz, 4H), 6.64–6.61 (d, J = 8.3 Hz, 4H), 5.99 (s, 2H), 3.43–3.39 

(m, 8H), 1.64 (s, 3H), 1.59 (s, 3H), 1.20–1.18 (t, J = 7.1 Hz, 12H). FT-IR (cm−1): 2966, 2920 (C-

H), 1586 (C=C), 1548 (C-N), 1490 (C-H), 1149 (C-F), 441(C-H). MALDI-TOF Anal. calcd m/z 

733.01; Found: [M]+ 732.60. 

 

Scheme 2.8. Synthesis of BODIPY 11. 

2.3.4.3. BODIPY 12 (Scheme 2.9) 

BODIPY 12 was synthesized from BODIPY 7a using the procedure described for BODIPY 10 and 

was obtained in 30% yield after silica-gel chromatography.100 Eluent: petroleum ether/ethyl 

acetate (9:1). UV-vis (DMSO) λ, nm 718. 1H NMR (600 MHz, CDCl3) δH, ppm 8.34–3.43 (d, J = 

16.3 Hz, 2H), 7.60–7.57 (d, J = 8.9 Hz, 6H), 6.73–6.68 (d, J = 8.4 Hz, 4H), 3.49–8.14 (m, J = 7.0 

Hz, 8H), 2.67 (s, 6H), 1.26–1.22 (t, J = 7.1 Hz, 12H). FT-IR (cm−1): 2920, 2851 (C-H), 1586 (C=C), 
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1525, 1489 (C-N), 1346, 1301 (C-H), 1169 (C-F), 508(C-Br). MALDI-TOF Anal. calcd m/z 890.39; 

Found: [M]+ 891.06. 

 

Scheme 2.9. Synthesis of BODIPY 12. 

2.3.4.4. BODIPY 13 (Scheme 2.10) 

BODIPY 13 was synthesized from BODIPY 1b and benzaldehyde using the procedure described 

for BODIPY 10 and was obtained in 18% yield after silica-gel chromatography. Eluent: 

petroleum ether/ethyl acetate (1:3). UV-vis (DMSO) λ, nm 648. 1H NMR (600 MHz, CDCl3) δH, 

ppm 8.80–8.73 (d, J = 3.4 Hz, 2H), 7.79–7.74 (d, J = 16.3 Hz, 2H), 7.66–7.63 (d, J = 7.5 Hz, 4H), 

7.45–7.43 (d, J = 5.2 Hz, 2H), 7.42–7.39 (t, J = 7.6 Hz, 4H), 7.38–7.32 (m, 4H), 6.96–6.93 (d, J = 

4.5 Hz, 2H), 6.73–6.71 (d, J = 4.4 Hz, 2H). FT-IR (cm−1): 2903 (C-H), 1552 (C=C), 1472, 1428 (C-

N), 496 (C-H). MALDI-TOF Anal. calcd m/z 473.19; Found: [M – F + Na]+ 477.80 (Calcd m/z 

477.18). 

 

Scheme 2.10. Synthesis of BODIPY 13. 
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2.3.4.5. BODIPY 14 (Scheme 2.11) 

BODIPY 14 was synthesized from BODIPY 3b and benzaldehyde using the procedure described 

for BODIPY 10 and was obtained in 26% yield after silica-gel chromatography. Eluent: 

petroleum ether/ethyl acetate (1:3). UV-vis (DMSO) λ, nm 634. 1H NMR (600 MHz, CDCl3) δH, 

ppm 7.82–7.75 (d, J = 16.3 Hz, 2H), 7.69–7.65 (d, J = 7.6 Hz, 6H), 7.46–7.42 (t, 4H), 7.38–7.35 

(t, 2H), 7.34–7.29 (d, J = 16.2 Hz, 4H), 6.70 (s, 2H), 1.51 (s, 6H). FT-IR (cm−1): 2916 (C-H), 1536 

(C=C), 1489, 1441 (C-N), 468 (C-H). MALDI-TOF Anal. calcd m/z 501.22; Found: [M + H]+ 

502.23. 

 

Scheme 2.11. Synthesis of BODIPY 14. 

2.3.4.6. BODIPY 15 (Scheme 2.12) 

BODIPY 15 was synthesized from BODIPY 4b and benzaldehyde using the procedure described 

for BODIPY 10 and was obtained in 22% yield after silica-gel chromatography. Eluent: 

hexane/CH2Cl2 (1:3). UV-vis (DMSO) λ, nm 643. 1H NMR (600 MHz, CDCl3) δH, ppm 8.84–8.81 

(d, J = 5.7 Hz, 2H), 7.83–7.78 (d, J = 16.8 Hz, 2H), 7.68–7.64 (d, J = 7.5 Hz, 4H), 7.45–7.42 (m, J 

= 7.6 Hz, 4H), 7.39–7.38 (m, J = 4.5, 1.3 Hz, 2H), 7.37–7.35 (d, J = 7.4 Hz, 2H), 7.33–7.31 (d, J = 

5.5 Hz, 2H), 2.67–2.62 (m, J = 7.5 Hz, 4H), 1.39 (s, 6H), 1.21–1.18 (t, J = 7.5 Hz, 6H). FT-IR (cm−1): 

2969 (C-H), 1523 (C=C), 1438, 1400 (C-N). MALDI-TOF Anal. calcd m/z 557.28; Found: [M]+ 

557.20. 
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Scheme 2.12. Synthesis of BODIPY 15. 

2.3.4.7. BODIPY 16 (Scheme 2.13) 

BODIPY 16 was synthesized from BODIPY 3c and 4-(benzyloxy)benzaldehyde using the 

procedure described for BODIPY 10 and was obtained in 32% yield.37 UV-vis (DMSO) λ, nm 

647. 1H NMR (600 MHz, CDCl3) δ, ppm 7.72–7.67 (d, J = 7.9 Hz, 2H), 7.64–7.58 (m, 6H), 7.51–

7.46 (m, 5H), 7.46–7.42 (m, 4H), 7.39–7.35 (m, 2H), 7.27–7.21 (m, 4H), 7.04–7.00 (d, J = 8.2 

Hz, 4H), 6.62 (s, 2H), 5.13 (s, 4H), 2.24 (s, 3H), 1.48 (s, 6H). FT-IR (cm−1): 3377 (N-H amide 

stretch), 2916 (C-H stretch), 2853 (C-H stretch), 1471 (N-H amide bend), 1368 (C-N stretch), 

1103 (C-N stretch), 1154 (C-O-C), 979 (=C-H bend). MALDI-TOF Anal. calcd m/z 769.86; Found: 

[M]+ 769.30. 

 

Scheme 2.13. Synthesis of BODIPY 16. 
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2.3.4.8. BODIPY 17 (Scheme 2.14) 

BODIPY 17 was synthesized from BODIPY 7a and 4-(1-piperidinyl)benzaldehyde using the 

procedure described for BODIPY 10 and was obtained in 30% yield. UV-vis (DMSO) λ, nm 686. 

1H NMR (600 MHz, CDCl3) δ, ppm 9.76 (s, 4H), 7.76–7.73 (d, J = 8.9 Hz, 4H), 6.92–6.90 (d, J = 

9.0 Hz, 4H), 3.44–3.42 (m, J = 5.2 Hz, 8H), 1.69 (s, 12H), 1.27 (s, 6H). FT-IR (cm−1): 2919, 2852 

(C-H), 1530 (C=C), 1489, 1446 (C-N), 1161 (C-F), 523 (C-Br). MALDI-TOF Anal. calcd m/z 914.14; 

Found: [M]+ 914.34.  

 

Scheme 2.14. Synthesis of BODIPY 17. 

2.3.5. Challenges encountered during synthesis 

In a similar manner to the synthesis of the BODIPY core dyes described above, other BODIPY 

core dyes were synthesized during this work, and these were used as precursors for the 

synthesis of styrylBODIPY dyes. 

2.3.5.1. BODIPY core synthesis (Scheme 2.15) 

In a similar manner to the synthesis of BODIPYs 1-4(a-i), BODIPY core dyes 1j-m and 3j-l were 

synthesized (Scheme 2.15). Only the structural characterization by 1H NMR is included for 
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these precursor dyes. This is because no further characterization was carried out as the dyes 

were not studied in a detailed manner in subsequent chapters. 

 

Scheme 2.15. Synthesis of BODIPYs 1j-m and 3j-l. 

1j was obtained in 26% yield after silica-gel chromatography by using 2-methylpyrrole and 

2-pyridinecarboxaldehyde as the precursors. Eluent: petroleum ether/ethyl acetate (1:1). 1H 

NMR (600 MHz, CDCl3) δH, ppm 8.80–8.82 (d, J = 4.6 Hz, 1H), 7.89–7.86 (m, J = 7.7, 1.6 Hz, 1H), 

7.61–7.58 (d, J = 7.8 Hz, 1H), 7.50–7.47 (m, J = 7.2, 5.1 Hz, 1H), 6.81–6.78 (d, J = 4.1 Hz, 2H), 

6.31–6.29 (d, J = 4.1 Hz, 2H), 2.67 (s, 6H). 

1k was obtained in 33% yield after silica-gel chromatography by using 2-methylpyrrole and 

4-diethylaminobenzaldehyde as the precursors. Eluent: petroleum ether/ethyl acetate (5:1). 

1H NMR (600 MHz, CDCl3) δH, ppm 7.27 (s, 4H), 6.40–6.38 (d, J = 4.4 Hz, 4H), 2.67 (s, 18H). 

1l was obtained in 23% yield after silica-gel chromatography by using 2-methylpyrrole and 

4-(1-piperidinyl)benzaldehyde as the precursors. Eluent: petroleum ether/ethyl acetate (4:2). 

1H NMR (600 MHz, CDCl3) δH, ppm 7.21 (s, 2H), 7.07–7.04 (d, J = 8.4 Hz, 2H), 7.01 (s, 2H), 5.91 

(s, 2H), 3.2 –3.18 (m, 4H), 2.49 (s, 6H), 1.41 (s, 6H). 
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1m was obtained in 36% yield after silica-gel chromatography by using 2-methylpyrrole and 

benzaldehyde as the precursors. Eluent: petroleum ether/ethyl acetate (4:1). 1H NMR (600 

MHz, CDCl3) δH, ppm 7.56–7.48 (m, 5H), 6.75–6.72 (d, J = 3.5 Hz, 2H), 6.31–6.27 (d, J = 3.7 Hz, 

2H), 2.68 (s, 6H). 

3j was obtained in 28% yield after silica-gel chromatography by using 2,4-dimethylpyrrole and 

2-pyridinecarboxaldehyde as the precursors. Eluent: petroleum ether/ethyl acetate (1:1). 1H 

NMR (600 MHz, CDCl3) δH, ppm 8.82–8.80 (d, J = 4.8 Hz, 1H), 7.89–7.86 (m, J = 7.7, 3.9 Hz, 1H), 

7.49–7.47 (t, 1H), 7.46–7.44 (d, J = 6.2 Hz, 1H), 5.99 (s, 2H), 2.56 (s, 6H), 1.33 (s, 6H). 

3k was obtained in 38% yield after silica-gel chromatography by using 2-methylpyrrole and 

4-diethylaminobenzaldehyde as the precursors. Eluent: petroleum ether/ethyl acetate (5:1). 

1H NMR (600 MHz, CDCl3) δH, ppm 6.95–6.93 (d, J = 8.7 Hz, 2H), 6.67–6.65 (d, J = 8.8 Hz, 2H), 

5.90 (s, 2H), 3.35–3.31 (m, J = 7.1 Hz, 4H), 2.48 (s, 6H), 1.44 (s, 6H), 1.14–1.11 (t, J = 7.1 Hz, 

6H). 

3l was obtained in 25% yield after silica-gel chromatography by using 2,4-dimethylpyrrole and 

4-(1-piperidinyl)benzaldehyde as the precursors. Eluent: petroleum ether/ethyl acetate (4:2). 

1H NMR (600 MHz, CDCl3) δH, ppm 7.39–7.36 (d, J = 8.5 Hz, 2H), 6.74–6.71 (d, J = 3.8 Hz, 2H), 

6.20–6.18 (d, J = 4.1 Hz, 2H), 3.31–3.25 (m, 4H), 2.57 (s, 6H), 1.73 (s, 3H), 1.63–1.58  (d, J = 5.3 

Hz, 3H), 1.19 (s, 6H). 

2.3.5.2. Attempted synthesis of distyrylBODIPY dyes 18–24 (Scheme 2.16) 

The BODIPY core dyes 1j-m and 3j-l described above were used for the attempted synthesis 

of a series of distyrylBODIPY dyes via Knoevenagel condensation reactions, in a similar 

manner to the syntheses described for 10-17 (Scheme 2.16). During the reactions, the starting 
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BODIPY remained unreacted for up to 72 h and in some instances, a dark brown or black 

substance with no distinct UV-visible absorption bands formed. 

 

 

 

 

Scheme 2.16. Synthesis of BODIPYs 18-24.  



51 
 

 

Chapter 3: 
Structural and spectroscopic 

characterization of BODIPY dyes   
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This chapter details the synthesis of the target BODIPY structures and outlines the results 

obtained from the techniques used to characterize the BODIPYs. The first part looks at the 

synthesis and characterization of BODIPY core dyes, followed by the properties of 

halogenated core dyes and finally, the π-extended or styrylBODIPYs. Spectra obtained during 

the characterization are not included for all the dyes synthesized, but a few selected ones are 

used as a representative set. The spectroscopic and physicochemical properties of the 

BODIPYs are also discussed. Initially, an acid-catalyzed condensation reaction was used to 

synthesize BODIPY core dyes. Some of these dyes were then brominated and iodinated at the 

1,7- and 2,6-positions. Subsequently, some of the core and brominated dyes were used in a 

Knoevenagel condensation reaction to extend the π-system of the dyes at the 3,5-positions, 

hence forming red-shifted π-extended BODIPYs. The halogenated core dyes were used in 

PACT, whereas the π-extended styrylBODIPYs were studied for application in NLO. The 

synthesis procedures used in this thesis are well-established in the literature, so only minor 

modifications were performed.3,4,9,11,43,92,134 

BODIPY cores 1–4 (Scheme 2.1) were synthesized from the appropriate aldehydes and a 

corresponding pyrrole. BODIPYs 1a–c were synthesized from 2-methylpyrrole, 2a was 

synthesized from 2-ethylpyrrole, 3a–i were synthesized from 2,4-dimethylpyrrole, and 4b was 

synthesized from 3-ethyl-2,4-dimethylpyrrole. The core dyes 1a, 2a, 3a–i were brominated to 

introduce bromine heavy atoms onto the BODIPY core and form 5a, 6a and 7a–i, respectively 

(Scheme 2.2–2.4). To introduce the heavier iodine atoms onto the BODIPY core, 1a and 3a 

were reacted with NIS to form 8a and 9a (Scheme 2.5–2.6). Heavy atom-containing BODIPYs 

5-9 were studied for application in PACT studies. A series of styrylBODIPY dyes were also 

synthesized for NLO studies from the core and brominated BODIPY dyes (Scheme 2.7–2.14). 
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BODIPYs 1a, 3a, and 7a were respectively reacted with 4-diethylaminobenzaldehyde through 

a Knoevenagel condensation reaction to form 10, 11 and 12 (Scheme 2.7–2.9). Similarly, 

BODIPYs 1b, 3b, and 4b were reacted with benzaldehyde to form 13, 14 and 15 (Scheme 2.10–

2.12). BODIPY 3c was reacted with 4-benzyloxybenzaldehyde to form 16 (Scheme 2.13). 

Finally, 7a was reacted with 4-(1-piperidinyl)benzaldehyde to form 17 (Scheme 2.14). As 

mentioned in Chapter 2, some of the BODIPY dyes synthesized and characterized are novel, 

while some have been previously synthesized.19,100,120–132 

3A − Synthesis and characterization of BODIPY core dyes 

3.1. Meso-pentafluorophenylBODIPY core synthesis and characterization (1a, 2a and 3a) 

3.17.1. Synthesis (Scheme 3.1)  

Following established literature methods, 2-methylpyrrole, 2-ethylpyrrole or 2,4-

dimethylpyrrole (2.0 mol eq), and 2,3,4,5,6-pentafluorobenzaldehyde (1.0 mol eq) were 

reacted in dry CH2Cl2 using the typical one-pot trifluoroacetic acid-catalyzed condensation 

reaction.11–13,100 

 

Scheme 3.1. Synthesis of core dyes 1a, 2a and 3a using a typical one-pot acid-catalyzed 

reaction.  
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3.17.2. Structural characterization of 1a, 2a and 3a 

BODIPY 1a has ten protons. The signals for all ten can be identified in the 1H NMR spectrum 

(Figure 3.1). The doublets at 6.79–6.78 and 6.38–6.35 ppm each integrate to two protons and 

can be assigned to the four protons at the 1-, 2-, 6- and 7-positions of the BODIPY core. The 

six singlet proton signals at 2.60 ppm can be attributed to the six methyl protons attached to 

the 3- and 5-positions.  
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Figure 3.1. 1H NMR spectra of BODIPY core dyes. 

Similarly, the 1H NMR spectrum of 2a displays the four protons at the 1-, 2-, 6- and 7-positions 

of the BODIPY core as doublets that appear at 6.55–6.52 and 6.32–6.29 ppm (Figure 3.1). 
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Because of ethyl groups at the 3- and 5-positions, the total number of protons increases to 

fourteen. The protons associated with the ethyl groups appear as a multiplet signal that 

integrates to four protons at 3.04–2.97 ppm, and as a triplet signal that integrates to six 

protons at 2.60 ppm. In the 1H NMR spectrum of 3a, all the peaks are singlets since there are 

no neighboring protons. The first of these signals appears at 6.04 ppm, integrates to two 

protons, and can be assigned to the 2,6-positions of the BODIPY core. The peaks for the twelve 

methyl protons at the 1-, 3-, 5- and 7-positions of 3a lie at 2.55 and 1.60 ppm. These signals 

each integrate as six protons.  

The FT-IR spectra of all three core dyes contained the peaks anticipated for the BODIPY core. 

Of interest are the C-F stretches found at 1128, 1120 and 1146 cm–1 for 1a, 2a and 3a, and 

the C-H stretches observed at 425, 461 and 468 cm–1 for the bonds at the 2,6-positions. 

3.17.3. Spectroscopic and physicochemical properties of 1a, 2a and 3a 

The UV-visible absorption spectra of 1a, 2a and 3a in DMSO shown below are typical of meso-

substituted BODIPY core dyes, with no signs of aggregation (Figure 3.2A). The absorption 

maxima lie at 525, 527 and 517 nm, respectively. Typically, the absorption maximum of a 

meso-aryl-substituted 1,3,5,7-tetramethyl BODIPY dyes lies ca. 500 nm, but the maximum for 

3a lies at 517 nm.3,13 This is attributed to the presence of the strongly electron-withdrawing 

pentafluorophenyl meso-group. There are no significant differences in the spectra of 1a and 

2a. The major spectral bands are slightly red-shifted relative to that of 3a. This red-shift is 

thought to be due to the absence of methyl groups at the 1,7-positions, enabling greater 

rotation of the meso-aryl substituents; this will be explored further in Chapter 6.  
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The fluorescence excitation and emission spectra for all the dyes displayed the expected 

trends. Representative spectra are shown below (Figure 3.2B). As expected based on Kasha’s 

rule, the excitation spectrum is identical to the UV-visible absorption spectrum, whereas the 

emission is a mirror image.21,22 The fluorescence spectrum and quantum yield values (Table 

3.1) show that all three dyes are highly fluorescent, with 3a having a higher quantum yield 

than 1a and 2a. This results from the presence of methyl groups at the 1,7-positions of 3a 

inhibiting rotation of the meso-substituent, which leads to nonradiative decay for 1a and 2a. 
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Figure 3.2. Normalized absorption spectra of core dyes 1a, 2a and 3a (A), and excitation 

(black) and emission (red) spectra of 3a (B) in DMSO. 

Table 3.1. Photophysical data for BODIPYs 1a, 2a and 3a in DMSO. 

 λAbs (nm) λEx (nm) λEm (nm) Stokes shift (cm–1) ФF log ε 

1a 525 524 542 597 0.80 4.50 

2a 527 529 540 457 0.86 4.40 

3a 517 517 531 510 0.94 4.48 
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3.2. Meso-pyridylBODIPY core dye synthesis and characterization (1b, 3b and 4b) 

3.17.1. Synthesis (Scheme 3.2)  

2-Methylpyrrole, 2,4-dimethylpyrrole and 3-ethyl-2,4-dimethylpyrrole (2.0 mol eq) and 4-

pyridinecarboxaldehyde (1.0 mol eq) were reacted in dry CH2Cl2 following the typical one-pot 

trifluoroacetic acid-catalyzed reaction. 

 

Scheme 3.2. Synthesis of core dyes 1b, 3b and 4b using a typical one-pot acid-catalyzed 

reaction. 

3.17.2. Structural characterization of 1b, 3b and 4b 

BODIPY 1b has fourteen protons, and signals for these can be readily assigned in the 1H NMR 

spectrum. Surprisingly, the four phenyl protons appear as singlet signals at 8.78 and 7.43 ppm, 

each integrating as two protons. Similarly, the four protons at the 1-, 2-, 6- and 7-positions of 

the BODIPY core appear as singlet signals at 6.66 and 6.32 ppm. The six singlet proton signals 

at 2.68 ppm belong to the six methyl protons attached to the BODIPY core. In the spectrum 

of 3b, the four phenyl protons appear as doublets at 8.79–8.78 and 7.32–7.30 ppm, each 

integrating to two protons. The two protons at the 2,6-positions give rise to a singlet at 6.03 
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ppm. This is followed by the singlet signals for the twelve methyl protons found at the 1-, 3-, 

5- and 7-positions, at 2.59 and 1.43 ppm. Similarly, in the 1H NMR spectrum of 4b, the four 

phenyl protons appear as doublets at 8.82–8.79 and 7.39–7.36 ppm. The twelve methyl 

protons at the 1-, 3-, 5- and 7-positions appear at 2.56 and 1.32 ppm. The signals for the 

protons associated with the ethyl groups at the 2,6-positions of 4b appear as multiplet signals 

at 2.35–2.30, integrating to four protons and 1.02–0.98 ppm integrating to six protons. The 

FT-IR spectra of all three core dyes contained the peaks anticipated for the BODIPY core. 

3.17.3. Spectroscopic and physicochemical properties of 1b, 3b and 4b 

The UV-visible absorption spectra of 1b, 3b and 4b in DMSO are shown below (Figure 3.3). No 

signs of aggregation are observed. The absorption maxima lie at 518, 505 and 528 nm, 

respectively. The absorption maximum of 3b lies close to 500 nm, as expected for a meso-aryl 

substituted 1,3,5,7-tetramethyl BODIPY dye. The maximum for 1b is red-shifted by ca. 13 nm 

relative to that of 3b due to the absence of methyl groups at the 1,7-positions enabling 

greater rotation of the meso-aryl substituent. A further red-shift of ca. 23 nm is observed in 

the UV-visible absorption spectrum of 4b, and this is due to the presence of the ethyl groups 

at the 2,6-positions relative to 3b, which contains protons in these positions. The fluorescence 

quantum yield values (Table 3.2) show that 3b and 4b are moderately fluorescent, whereas 

1b is more weakly fluorescent. This is due to the absence of methyl groups at the 1,7-positions 

of 1b, which allows rotation of the meso-substituent, leading to nonradiative decay. 
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Figure 3.3. Normalized absorption spectra of core dyes 1b, 3b and 4b in DMSO. 

Table 3.2. Photophysical data for BODIPYs 1b, 3b and 4b in DMSO. 

 λAbs (nm) λEx (nm) λEm (nm) Stokes shift (cm–1) ФF log ε 

1b 518 519 542 855 0.19 4.50 

3b 505 504 519 534 0.60 4.37 

4b 528 527 545 591 0.66 4.40 

 

3.3. Meso-acetamidophenylBODIPY core dye synthesis and characterization (1c and 3c) 

3.17.1. Synthesis (Scheme 3.3)  

2-Methylpyrrole and 2,4-dimethylpyrrole (2.0 mol eq) and 4-pyridinecarboxaldehyde (1.0 mol 

eq) were reacted in dry CH2Cl2 following the typical one-pot trifluoroacetic acid-catalyzed 

reaction.37 
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Scheme 3.3. Synthesis of core dyes 1c and 3c using a typical one-pot acid-catalyzed reaction. 

3.17.2. Structural characterization of 1c and 3c 

BODIPY 1c contains a total of eighteen protons, and the combined signals from the 1H NMR 

spectrum integrate to a total of eighteen protons. Four phenyl protons appear as doublets at 

7.66–7.62 and 7.49–7.46 ppm, followed by a singlet integrating to one proton, for the amide 

proton, at 7.43 ppm. The four protons at the 1-, 2-, 6- and 7-positions of the BODIPY core 

appear as doublets at 6.75–6.72 and 6.30–6.28 ppm, each integrating to two protons. These 

are followed by the singlet signal at 2.67 ppm, which is attributed to the six methyl protons 

attached to the BODIPY core, and finally, the singlet signal for the three methyl protons of the 

meso-acetamido group appear at 2.25 ppm. Differences attributed to the presence of methyl 

groups at the 1,7-positions are observed in the 1H NMR spectrum of 3c. Four phenyl protons 

still appear as doublets at 7.75–7.65 and 7.27–7.19 ppm and the amide proton also still 

appears as a singlet at 7.47 ppm. The two protons at the 2,6-positions give rise to a singlet at 

6.00 ppm. Due to the additional two methyl groups, twelve methyl proton signals appear at 

2.57 and 1.44 ppm. The singlet signal for the three methyl protons of the meso-acetamido 

group still appears at 2.25 ppm. The FT-IR spectra of both dyes contained the peaks 
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anticipated for the BODIPY core. Of interest is the C-H stretch observed at 470 cm–1 for the 

bonds at the 2,6-positions of 3c. 

3.17.3. Spectroscopic and physicochemical properties of 3c 

The UV-visible absorption spectrum of 3c in DMSO is typical of a meso-substituted BODIPY 

core dye with no aggregation observed (Figure 3.4). The absorption maximum lies at 501 nm, 

close to the 500 nm maximum typical of 1,3,5,7-tetramethyl BODIPY dyes.3,13 The 

fluorescence quantum yield value shows that the dye is highly fluorescent (Table 3.3). 

 

Figure 3.4. The UV-visible absorption spectrum of 3c in DMSO. 

Table 3.3. Photophysical data for BODIPY 3c in DMSO. 

λAbs (nm) λEx (nm) λEm (nm) Stokes shift (cm–1) ФF log ε 

501 501 514 505 0.85 5.58 
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3.4. Meso-iodophenylBODIPY core dye synthesis and characterization (3d, 3e and 3f) 

3.17.1. Synthesis (Scheme 3.4)  

2,4-Dimethylpyrrole (2.0 mol eq) and 2-iodobenzaldehyde, 3-iodobenzaldehyde or 4-

iodobenzaldehyde (1.0 mol eq) were reacted in dry CH2Cl2 following the typical one-pot 

trifluoroacetic acid-catalyzed reaction. 

 

Scheme 3.4. Synthesis of core dyes 3d, 3e and 3f using a typical one-pot acid-catalyzed 

reaction. 

3.17.2. Structural characterization of 3d, 3e and 3f 

Because 3d, 3e and 3f are analogous and only differ by the position of the iodine atom on the 

meso-ring, they all contain a total of eighteen protons. The four phenyl protons in the 1H NMR 

spectrum of 3d appear as one doublet signal at 7.98–7.94 ppm and three multiplet signals at 

7.52–7.47, 7.32–7.29 and 7.19–7.14 ppm, each integrating to one proton. The signal for the 

two protons at the 2,6-positions appears as a singlet at 5.99 ppm, followed by the twelve 

methyl protons on the BODIPY core at 2.57 and 1.40 ppm. The spectrum of 3e is slightly 

different in the aromatic region, with the four phenyl protons appearing as one doublet which 

integrates to one proton at 7.85–7.80 ppm, a singlet signal integrating to one proton at 7.68 
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ppm and a multiplet signal at 7.30–7.21 ppm, integrating to two protons. The rest of the 1H 

NMR spectrum of 3e is similar to that of 3d. The two protons at the 2,6-positions appear as a 

singlet at 5.99 ppm, and the twelve methyl protons on the BODIPY core are at 2.55 and 1.43 

ppm.  

The aromatic region of the 1H NMR spectrum of 3f is also different to the previous two dyes. 

The signals for the four phenyl protons appear as two doublets at 7.79–7.75 and 6.99–6.95 

ppm, each integrating to two protons. The rest of the 1H NMR spectrum is, however, similar. 

The two protons at the 2,6-positions appear as a singlet at 5.92 ppm, and the twelve methyl 

protons on the BODIPY core also appear as singlet signals, with each integrating to six protons 

as previously observed, at 2.48 and 1.34 ppm. The FT-IR spectra of all three dyes contained 

the peaks anticipated for the BODIPY core. Of interest are the C-H stretches observed at 470, 

471 and 469 cm–1 for the bonds at the 2,6-positions of 3d, 3e and 3f, respectively. 

3.17.3. Spectroscopic and physicochemical properties of 3d, 3e and 3f 

The UV-visible absorption spectra of 3d, 3e and 3f in DMSO are typical spectra observed for 

meso-substituted BODIPY core dyes with no aggregation observed (Figure 3.5). The 

absorption maxima lie close to the 500 nm maximum typical of 1,3,5,7-tetramethyl BODIPY 

dyes.3,13 The main spectral band of 3d is slightly red-shifted by ca. 5 nm relative to those of 

the other two dyes, and this may be due to the iodine atom being close to the π-system of 

the BODIPY core as it is on the 2-position of the meso phenyl ring. The fluorescence quantum 

yield value shows that the dyes are highly fluorescent (Table 3.4). 
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Figure 3.5. Normalized absorption spectra of core dyes 3d, 3e and 3f in DMSO. 

Table 3.4. Photophysical data for BODIPYs 3d, 3e and 3f in DMSO. 

 λAbs (nm) λEx (nm) λEm (nm) Stokes shift (cm–1) ФF log ε 

3d 509 508 521 453 0.75 4.49 

3e 504 503 517 499 0.81 4.49 

3f 503 503 516 501 0.71 4.47 

 

3.5. Meso-bromophenylBODIPY core dye synthesis and characterization (3g) 

3.17.1. Synthesis (Scheme 3.5)  

2,4-Dimethylpyrrole (2.0 mol eq) and 2-bromobenzaldehyde (1.0 mol eq) were reacted in dry 

CH2Cl2 following the typical one-pot trifluoroacetic acid-catalyzed reaction. 
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Scheme 3.5. Synthesis of core dye 3g using a typical one-pot acid-catalyzed reaction. 

3.17.2. Structural characterization of 3g 

In the 1H NMR spectrum of 3g, the four phenyl protons each appear as singlets integrating to 

one proton. These are two doublets at 7.71–7.68 and 7.31–7.28 ppm, a triplet at 7.48–7.44 

and a multiplet at 7.37–7.32 ppm. A signal at 5.99 ppm is assigned to the two protons at the 

2,6-positions, and this is followed by the twelve methyl protons on the BODIPY core at 2.56 

and 1.42 ppm. 

3.17.3. Spectroscopic and physicochemical properties of 3g 

 

Figure 3.6. The UV-visible absorption spectrum of core dye 3g in DMSO. 
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The UV-visible absorption spectrum of 3g in DMSO is typical of a meso-substituted BODIPY 

core dye, with the absorption maximum at 508 nm, close to the 500 nm maximum typical of 

1,3,5,7-tetramethyl BODIPY dyes (Figure 3.6).3,13 The fluorescence quantum yield value shows 

that the dye is fairly fluorescent (Table 3.5). 

Table 3.5. Photophysical data for BODIPY 3g in DMSO. 

λAbs (nm) λEx (nm) λEm (nm) Stokes shift (cm-1) ФF log ε 

509 508 522 489 0.70 4.45 

 

3.6. Meso-bromothienylBODIPY core dye synthesis and characterization (3h) 

3.17.1. Synthesis (Scheme 3.6)  

2,4-Dimethylpyrrole (2.0 mol eq) and 5-bromo-2-thiophenecarboxaldehyde (1.0 mol eq) were 

reacted in dry CH2Cl2 following the typical one-pot trifluoroacetic acid-catalyzed reaction. 

 

Scheme 3.6. Synthesis of core dye 3h using a typical one-pot acid-catalyzed reaction. 

3.17.2. Structural characterization of 3h 

The 1H NMR spectrum of 3h shows a total of sixteen protons, as expected. The two protons 

in the aromatic region appear as doublets at 7.35–7.33 and 7.08–7.06 ppm. The two protons 

at the 2,6-positions appear as a singlet at 6.19 ppm, and the twelve methyl protons on the 

BODIPY core appear as singlet signals at 2.51 and 1.74 ppm. The FT-IR spectrum contains the 



69 
 

peaks anticipated for the BODIPY core, and of interest is the C-H stretch at 469 cm–1 for the 

bonds at the 2,6-positions. 

3.17.3. Spectroscopic and physicochemical properties of 3h 

 

Figure 3.7. The UV-visible absorption spectrum of core dye 3h in DMSO. 

The UV-visible absorption spectrum of 3h in DMSO is typical of a meso-substituted BODIPY 

core dye with no aggregation observed; the absorption maximum lies at 517 nm (Figure 3.7). 

The low fluorescence quantum yield value shows that the dye is less fluorescent than the 

other 1,3,5,7-tetramethyl BODIPY dyes (Table 3.6). The low fluorescence and relative red-

shift from the typical absorption maximum of ca. 500 nm for 1,3,5,7-tetramethyl BODIPY dyes 

are due to the presence of the thiophene group.134 

 



70 
 

Table 3.6. Photophysical data for BODIPY 3h in DMSO. 

λAbs (nm) λEx (nm) λEm (nm) Stokes shift (cm–1) ФF log ε 

517 519 528 403 0.16 4.48 

 

3.7. Meso-methyl 4-formylphenylBODIPY core dye synthesis and characterization (3i) 

3.17.1. Synthesis (Scheme 3.7)  

2,4-Dimethylpyrrole (2.0 mol eq) and methyl 4-formylbenzoate (1.0 mol eq) were reacted in 

dry CH2Cl2 following the typical one-pot trifluoroacetic acid-catalyzed reaction. 

 

Scheme 3.7 Synthesis of core dye 3i using a typical one-pot acid-catalyzed reaction. 

3.17.2. Structural characterization of 3i 

The 1H NMR spectrum shows all twenty-one protons expected from the structure of 3i. Two 

doublets at 8.25–8.22 and 7.62–7.59 ppm can be assigned to the four phenyl protons, and 

they each integrate to two protons. At 6.15 ppm, a singlet signal that integrates to two 

protons can be assigned to the protons at the 2,6-positions. At 3.97 ppm, a singlet signal for 

the methyl protons of the ester group can be found, followed by the twelve methyl protons 

on the BODIPY core, which appear as singlet signals at 2.53 and 1.40 ppm. The FT-IR spectrum 
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contains the peaks anticipated for the BODIPY core, and of interest is the C-H stretch for the 

bonds at the 2,6-positions observed at 465 cm–1. 

3.17.3. Spectroscopic and physicochemical properties of 3i 

 

Figure 3.8. The UV-visible absorption spectrum of core dye 3i in DMSO. 

The UV-visible absorption spectrum of 3i in DMSO is typical of a meso-substituted BODIPY 

core dye, and the absorption maximum lies at 503 nm, close to the 500 nm maximum typical 

of 1,3,5,7-tetramethyl BODIPY dyes (Figure 3.8).3,13 The fluorescence quantum yield value 

shows that the dye is fairly fluorescent (Table 3.7). 

Table 3.7. Photophysical data for BODIPY 3i in DMSO. 

λAbs (nm) λEx (nm) λEm (nm) Stokes shift (cm–1) ФF log ε 

503 503 518 576 0.59 4.42 
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3B − Synthesis and characterization of halogenated BODIPY core dyes 

This section details the synthesis and characterization of heavy atom-containing BODIPYs 

from some of the core dyes detailed above. The reactions were carried out using established 

literature methods.11–13 

3.8. Halogenated meso-pentafluorophenylBODIPY core dyes (5a, 6a, 7a, 8a and 9a) 

3.17.1. Synthesis (Scheme 3.8)  

BODIPY core dyes 1a, 2a and 3a (1 mol eq) and NBS or NIS (3 mol eq) were dissolved in CH2Cl2 

(20 mL). NBS and NIS were added in excess to the reaction vessels containing 1a and 2a to 

exploit the absence of methyl groups at the 1,7-positions. These positions were expected to 

be able to accommodate bromine and iodine heavy atoms. The reaction was carried out in an 

inert atmosphere, and the flask was left to stir at room temperature while the reaction was 

followed by thin-layer chromatography to completion.100 

 

Scheme 3.8. Synthesis of halogenated core dyes 5a, 6a 7a, 8a and 9a. 
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3.17.2. Structural characterization of 5a, 6a, 7a, 8a and 9a 

BODIPY 1a was used to synthesize 5a and 8a, and there are noticeable changes in the 1H NMR 

spectrum obtained for the halogenated 5a and 8a (Figure 3.9). For 5a, the four protons at the 

1-, 2-, 6- and 7-positions of the BODIPY core are no longer present as the positions are now 

occupied by bromine atoms. Only the singlet proton signal at 2.63 ppm attributed to the six 

methyl protons attached to the 3- and 5-positions is maintained. On the other hand, in the 1H 

NMR spectrum 8a, the two protons at the 1,7-positions appear as a singlet at 6.84 ppm while 

those at 2,6-positions disappear due to the presence of iodine atoms at these positions. The 

signal for the six protons at the 3,5-positions appears as a singlet at 2.67 ppm.  

BODIPY 6a was synthesized from 2a. In the 1H NMR spectrum, the signal for the protons at 

the 2,6-positions disappears due to the presence of bromine atoms at these positions. The 

two protons at the 1,7-positions appear as a singlet at 6.69 ppm, whereas the protons 

assigned to the ethyl groups at the 3- and 5-positions appear as a multiplet integrating to four 

protons at 3.08–2.98 and as a triplet which integrates to six protons at 1.38–1.33 ppm.  

BODIPY 3a was used to synthesize 7a and 9a. In the 1H NMR spectra of 7a and 9a, the signals 

for the protons at the 2,6-positions disappear due to the presence of bromine and iodine 

atoms at these positions. The twelve protons assigned to the 1-, 3-, 5- and 7-positions of 7a 

and 9a appear as singlet signals, each integrating to six protons, at 2.58 and 1.58 ppm, and 

2.67 and 1.64 ppm, respectively. 
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Figure 3.9. 1H NMR spectra of halogenated BODIPY core dyes. 

In the FT-IR spectra of all the halogenated core dyes 5a, 6a 7a, 8a and 9a, the C-H stretches 

of the bonds at the 2,6-positions of the cores disappear, and C-Br and C-I stretches are 

observed instead. These appear at 619, 613, 525, 616 and 522 cm–1, respectively. The 

halogenated core dyes 5a, 6a 7a, 8a and 9a, were confirmed by MALDI-TOF mass 

spectrometry as the parent peaks respectively were observed at 703.11 amu (calc: 701.72; M 

+ H+), 571.68 amu (calc: 571.93; M+), 572.40 amu (calc: 571.93; M + H+), 638.87 amu (calc: 

637.88; M + H+) and 665.95 amu (calc: 665.91; M+). 

3.17.3. Spectroscopic and physicochemical properties of 5a, 6a 7a, 8a and 9a 

The UV-visible absorption spectra of 5a, 6a 7a, 8a and 9a in DMSO are shown below, with no 

signs of aggregation (Figure 3.10). The spectra are typical of halogenated BODIPY cores, and 

the maxima lie at 561, 562, 549, 573 and 558 nm, respectively. The red-shift relative to the 

spectra of the BODIPY core dyes is expected, and this will be explained in detail in Chapter 6. 

3,13 There are no significant differences in the spectra of 5a and 6a, and they are slightly red-
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shifted relative to 7a. For 5a, this red-shift is attributed to the presence of additional bromine 

heavy atoms on the core relative to 7a, whereas for 6a, the absence of methyl groups at the 

1,7-positions still enables greater rotation of the meso-aryl substituent as was the case with 

the BODIPY core dye.  

The fluorescence quantum yield values of the iodinated dyes 8a and 9a (Table 3.8) are 

negligible relative to the brominated analogues, and this is expected as iodine quenches 

fluorescence in BODIPY dyes. BODIPYs 5a, 6a and 7a are fairly fluorescent, but the quantum 

yields are lower than those obtained for the core dyes 1a and 2a. This decrease is also 

expected because of the presence of bromine heavy atoms on the BODIPY core. The 

decreases in fluorescence quantum yields obtained for all five dyes are consistent with the 

results obtained during the singlet oxygen studies (Table 3.8). The iodinated dyes have higher 

singlet oxygen quantum yields than the brominated analogues, and this is because iodine is 

heavier than bromine. A representative ground state absorption spectrum obtained from the 

photodegradation of DPBF by 7c is shown below, and the singlet oxygen quantum yields for 

the other halogenated dyes were obtained in a similar manner (Figure 3.11B). 



78 
 

 

Figure 3.10. Normalized absorption spectra of halogenated core dyes 5a, 6a 7a, 8a and 9a in 

DMSO. 

Table 3.8. Photophysical data for BODIPYs 5a, 6a 7a, 8a and 9a in DMSO. 

 λAbs (nm) λEx (nm) λEm (nm) Stokes shift (cm–1) ФF log ε ФΔ 

5a 561 561 583 673 0.16 4.47 0.27 

6a 562 562 582 612 0.31 4.44 0.57 

7a 549 548 570 671 0.12 4.47 0.67 

8a 573 - - - 0.04 4.44 0.76 

9a 558 - - - 0.03 4.47 0.95 
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3.9. Brominated meso-acetamidophenylBODIPY core dye (7c) 

3.17.1. Synthesis (Scheme 3.9)  

BODIPY 7c was synthesized following the procedure described above (Scheme 3.8). 

 

Scheme 3.9. Synthesis of brominated core dye 7c. 

3.17.2. Structural characterization of 7c 

BODIPY 1c was used to synthesize 7c. In the 1H NMR spectrum, only the signal for the protons 

at the 2,6-positions disappears on moving from 1c to 7c. The four phenyl protons still appear 

as doublets at 7.78–7.72 and 7.24–7.19 ppm. The singlet signal integrating to one proton at 

7.55 ppm can be assigned to the amide proton. The twelve methyl proton signals for the two 

methyl groups at the 1,7- and 3,5-positions appear at 2.62 and 1.44 ppm. The singlet signal 

for the three methyl protons of the meso-acetamido group lies at 2.27 ppm. In the FT-IR 

spectrum, the C-H stretch previously observed at 470 cm–1 for the bonds at the 2,6-positions 

of 3c disappears, and a C-Br stretch appears 521 cm–1. The structure of BODIPY 7c was further 

confirmed by MALDI-TOF mass spectrometry as the parent peak was observed at 539.02 amu 

(calc: 539.27; [M]+). 

3.17.3. Spectroscopic and physicochemical properties of 7c 

The UV-visible absorption spectrum of 7c in DMSO together with the spectra for the 

photodegradation of DPBF by 7c in the presence of laser light is shown below (Figure 3.11). 
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The absorbance maximum lies at 527 nm, and there was no aggregation observed. As 

expected, a red-shift of ca. 26 nm is observed relative to the spectra of the BODIPY core dye 

3c due to the presence of bromine heavy atoms at the 2,6-positions. These heavy atoms also 

lead to a significantly lower fluorescence quantum yield and a fairly high quantum yield, ФΔ 

(Table 3.9). Sample and standard solutions were combined with the singlet oxygen quencher 

DPBF in DMSO to obtain the ФΔ value by comparing the rate of the decrease in the absorbance 

of DPBF at 416 nm to that of the standard (Figure 3.11B). These ФΔ values were only 

determined for the dyes used as photosensitizers in PACT, as discussed in Chapter 5. 
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Figure 3.11. The normalized UV-visible absorption spectrum of 7c in DMSO (A), and 

absorption spectra showing the photodegradation of DPBF by 7c at 10 s intervals (B). 

Table 3.9. Photophysical data for BODIPY 7c in DMSO. 

λAbs (nm) λEx (nm) λEm (nm) Stokes shift (cm–1) ФF log ε ФΔ 

527 526 544 593 0.16 4.46 0.82 

 

3.10. Halogenated meso-iodophenylBODIPY core dyes (7d, 7e and 7f) 

3.17.1. Synthesis (Scheme 3.10)  

Halogenated BODIPY core dyes 7d, 7e and 7f, were synthesized following the procedure 

described above (Scheme 3.8). 

 

Scheme 3.10. Synthesis of brominated core dyes 7d, 7e and 7f. 
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3.17.2. Structural characterization of 7d, 7e and 7f 

BODIPYs 3d, 3e and 3f were used in the synthesis of 7d, 7e and 7f. A noticeable and 

noteworthy change in the 1H NMR spectra obtained for the halogenated dyes is the 

disappearance of the signal for the protons at the 2,6-positions, which was previously 

observed in the 5.90–6.00 ppm range. The four phenyl protons in the 1H NMR spectrum of 7d 

appear as two multiplets that each integrate to one proton at 7.92–7.88 and 7.47–7.40 ppm, 

and another multiplet which integrates to two protons at 7.20–7.13 ppm. The twelve methyl 

protons on the BODIPY core appear at 2.55 and 1.32 ppm, with each peak integrating to six 

protons. In the 1H NMR spectrum of 7e, the four phenyl protons can be assigned to a multiplet 

at 7.82–7.78 ppm, a singlet 7.59 ppm and another multiplet at 7.21–7.18 ppm. The first two 

peaks integrate to one proton each, and the second one integrates to two protons. These are 

followed by the singlet signals for the twelve methyl protons on the BODIPY core at 2.53 and 

1.35 ppm, each integrating to six protons. Finally, in the 1H NMR spectrum of 7f, the four 

phenyl protons appear as two doublets integrating to two protons each, at 7.90–7.87 and 

7.05–6.99 ppm. The twelve methyl protons on the BODIPY core of 7f appear as two singlet 

signals at 2.60 and 1.41 ppm, each integrating to six protons. 

The only noteworthy change in the FT-IR spectra is the disappearance of the peaks for the C-

H stretches observed around 470 cm–1 for the bonds at the 2,6-positions, and the appearance 

of C-Br stretches for the new bonds at these positions. These appear at 509, 524 and 527 cm–

1 for 7d, 7e and 7f, respectively. The halogenated core dyes 7d, 7e and 7f, were confirmed by 

MALDI-TOF mass spectrometry as the parent [M]+ peaks respectively were observed at 607.77 

amu, 607.79 amu and 607.79 amu, while the predicted m/z value for 7d, 7e, and 7f is 607.88 

amu. 
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3.17.3. Spectroscopic and physicochemical properties of 7d, 7e and 7f 

 

Figure 3.12. Normalized absorption spectra of halogenated core dyes 7d, 7e and 7f in DMSO. 

The UV-visible absorption spectra of 7d, 7e and 7f in DMSO are shown below (Figure 3.12). 

The spectra are typical of halogenated BODIPY core dyes, and the maxima lie at 536, 531 and 

530 nm, respectively, with no sign of aggregation. This red-shift relative to the spectra of the 

BODIPY core dyes is expected. 3,13 There are no significant differences in the spectra of 7d, 7e 

and 7f except the red-shift of ca. 5 nm observed for 7d relative to 7e and 7f. This is similar to 

the observation made above for 3d relative to 3e and 3f. The fluorescence quantum yield 

values are not significantly different, and they have decreased significantly relative to the 

values obtained for 3d, 3e and 3f, due to the presence of bromine heavy atoms on the BODIPY 

core (Table 3.10). As expected, the heavy bromine atoms also result in high singlet oxygen 

quantum yields. 
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Table 3.10. Photophysical data for BODIPYs 7d, 7e and 7f in DMSO. 

 λAbs (nm) λEx (nm) λEm (nm) Stokes shift (cm–1) ФF log ε ФΔ 

7d 536 534 553 574 0.23 4.41 0.75 

7e 531 530 550 651 0.28 4.46 0.68 

7f 530 530 548 620 0.30 4.47 0.62 

 

3.11. Halogenated meso-bromophenylBODIPY core dye (7g) 

3.17.1. Synthesis (Scheme 3.11)  

Halogenated BODIPY core dye 7g was synthesized following the procedure described above 

(Scheme 3.8). 

 

Scheme 3.11. Synthesis of brominated core dye 7g. 

3.17.2. Structural characterization of 7g 

BODIPY 3g was used to synthesize 7g. The main difference in the 1H NMR spectrum of the 

core and the brominated core is the disappearance of the signal assigned to the protons at 

the 2,6-positions. The four phenyl protons of 7g appear as a doublet at 7.75–7.72 ppm, a 

multiplet at 7.51–7.48, a multiplet at 7.43–7.38 and a singlet at 7.28 ppm. All peaks integrate 

to one proton each. The twelve methyl proton signals for the two methyl groups at the 1,7- 
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and 3,5-positions are assigned to the peaks at 2.61 and 1.41 ppm. In the FT-IR spectrum, a C-

Br stretch appears 533 cm–1 and can be assigned to the bonds at the 2,6-positions. The 

structure of BODIPY 7g was further confirmed by MALDI-TOF mass spectrometry as the parent 

peak was observed at 560.20 amu (calc: 559.89; [M]+). 

3.17.3. Spectroscopic and physicochemical properties of 7g 

 

Figure 3.13. The UV-visible absorption spectrum of halogenated core dye 7g in DMSO. 

The UV-visible absorption spectrum of 7g in DMSO is shown above (Figure 3.13). The 

absorbance maximum lies at 535 nm, and there was no aggregation observed. As expected, 

the presence of bromine heavy atoms at the 2,6-positions leads to a significant decrease in 

the fluorescence quantum yield and a moderately high singlet oxygen quantum yield, ФΔ 

(Table 3.9). 
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Table 3.11. Photophysical data for BODIPYs 7g in DMSO.  

λAbs (nm) λEx (nm) λEm (nm) Stokes shift (cm–1) ФF log ε ФΔ 

535 534 553 608 0.19 4.44 0.48 

 
3.12. Halogenated meso-bromothienylBODIPY core dye (7h) 

3.17.1. Synthesis (Scheme 3.12)  

Halogenated BODIPY core dye 7h was synthesized following the procedure described above 

(Scheme 3.8). 

 

Scheme 3.12. Synthesis of brominated core dye 7h. 

3.17.2. Structural characterization of 7h 

The 1H NMR spectrum of 7h has two protons in the aromatic region, as expected. These 

appear as doublets, each integrating to one proton at 7.40–7.38 and 7.18–7.16 ppm. These 

are followed by the twelve methyl protons on the BODIPY core assigned to the singlet signals 

at 2.56 and 1.73 ppm. As expected, the signal for the protons at the 2,6-positions disappears 

on moving from 3h to 7h, due to the presence of bromine atoms at these positions. The FT-

IR spectrum contains a C-Br stretch peak at 528 cm–1, and this replaces the peak observed at 

469 cm–1 in the spectrum of the core for the bonds at the 2,6-positions. The structure of 
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BODIPY 7h was further confirmed by MALDI-TOF mass spectrometry as the parent peak was 

observed at 568.16 amu (calc: 568.85; [M]+). 

3.17.3. Spectroscopic and physicochemical properties of 7h 

 

Figure 3.14. The UV-visible absorption spectrum of halogenated core dye 7h in DMSO. 

Table 3.12. Photophysical data for BODIPYs 7h in DMSO.  

λAbs (nm) λEx (nm) λEm (nm) Stokes shift (cm–1) ФF log ε ФΔ 

545 545 563 587 0.09 4.39 0.52 
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3.13. Halogenated meso-methyl 4-formylphenylBODIPY core dye (7i) 

3.17.1. Synthesis (Scheme 3.13)  

Halogenated BODIPY core dye 7h was synthesized following the procedure described above 

(Scheme 3.8). 

 

Scheme 3.13. Synthesis of brominated core dye 7i. 

3.17.2. Structural characterization of 7i 

The 1H NMR spectrum of 7i shows two doublets at 8.16–8.14 and 7.64–7.61 ppm, which can 

be assigned to the four phenyl protons. A singlet signal at 3.91 ppm is assigned to the methyl 

protons of the ester group, and this is followed by the twelve methyl protons on the BODIPY 

core, which appear as singlet signals at 2.52 and 1.31 ppm. In the FT-IR spectrum, the C-H 

stretch peak for the bonds at the 2,6-positions observed at 465 cm–1 for the core is replaced 

by a C-Br stretch peak at 532 cm–1. The structure of BODIPY 7i was further confirmed by 

MALDI-TOF mass spectrometry as the parent peak was observed at 541.27 amu (calc: 539.99; 

[M + H]+). 
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3.17.3. Spectroscopic and physicochemical properties of 7i 

 

Figure 3.15. The UV-visible absorption spectrum of halogenated core dye 7i in DMSO. 

Table 3.13. Photophysical data for BODIPYs 7i in DMSO.  

λAbs (nm) λEx (nm) λEm (nm) Stokes shift (cm–1) ФF log ε ФΔ 

530 530 549 653 0.20 5.0 0.40 
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3C − Synthesis and characterization of styrylBODIPY dyes 

This section details the synthesis and characterization of BODIPY dyes with extended π-

systems. These dyes were synthesized using the known Knoevenagel condensation reaction 

from some of the core dyes and halogenated core dyes detailed above.11–13 

3.14. 3-mono and 3,5-diethylaminostyrylBODIPY dyes (10, 11 and 12) 

3.17.1. Synthesis (Scheme 3.14)  

BODIPYs 10, 11 and 12 were synthesized using modified Knoevenagel condensation reactions, 

in which 1a, 2a and 7a were used as precursors, respectively.100 The corresponding starting 

BODIPY dye was mixed with 4-diethylaminobenzaldehyde in dry benzene. The reactions were 

carried out at reflux temperatures in the presence of a few drops of piperidine and acetic acid. 

During the reaction, a Dean-Stark trap was used for the azeotropic removal of water formed 

from the condensation reaction. 

 

Scheme 3.14. Synthesis of styrylBODIPY dyes 10, 11 and 12. 
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3.17.2. Structural characterization of 10, 11 and 12 

BODIPYs 1a, 2a and 7a were used to synthesize 10, 11 and 12, respectively. In the 1H NMR 

spectrum of 10, one doublet which integrates to four protons can be assigned to the phenyl 

ring on the styryl group, at 7.47–7.44 ppm (Figure 3.16). The doublet at 7.31–7.27 ppm 

integrates to two protons and can be attributed to the bridging vinyl bond of the styryl group. 

The peaks for the four protons on the 1-, 2-, 6- and 7-positions of the BODIPY core appear as 

two doublets integrating to two protons at 6.87–6.85 and 6.57–6.55 ppm. Because of the 

ethyl groups of diethylamino group on the styryl, a doublet that integrates to four protons at 

3.37–3.35 ppm can be assigned to the CH2 groups, whereas the triplet signal at 1.15–1.13 

ppm can be assigned to the methyls of the ethyl groups as it integrates to six protons.  

For 11, the 1H NMR spectrum has two doublets at 7.50–7.47 and 6.68–6.65 ppm, which each 

integrate to four protons and can be assigned to the phenyl rings on the styryl groups. The 

doublet at 6.64–6.61 ppm, which integrates to four protons, can be assigned to the bridging 

alkenes between the styryl groups and the core. The two protons at the 2,6-positions of the 

BODIPY core appear as a singlet that integrates to two protons at 5.99 ppm. This is followed 

by a multiplet assigned to the eight protons of the CH2 groups of the ethyl groups of 

diethylamino groups, at 3.43–3.39 ppm. Two singlet signals at 1.64 and 1.59 ppm, each 

integrating to three protons, can be assigned to the methyl groups at the 1,7-positions. The 

last peak in the 1H NMR spectrum of 11 is a triplet at 1.20–1.18 ppm, which integrates to the 

twelve protons on the methyls of the ethyl groups.  

The third and final 1H NMR spectrum for this set of compounds is that of 12. In this spectrum, 

the protons on the phenyl rings of the styryl groups appear as two doublets at 8.34–8.23 and 
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7.60–7.57 ppm, integrating to two and six protons, respectively. The doublet at 6.73–6.68 

ppm, which integrates to four protons, can be assigned to the bridging alkenes between the 

styryl groups and the core. This is followed by a multiplet assigned to the eight protons of the 

CH2 groups of the ethyl groups of diethylamino groups, at 3.49–8.14 ppm. The methyl groups 

at the 1,7-positions are assigned to the singlet signal at 2.67 ppm, which integrates to six 

protons. Finally, the triplet at 1.26–1.22 ppm is assigned to the twelve protons on the methyls 

of the ethyl groups. 
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Figure 3.16. 1H NMR spectra of styrylBODIPY dyes. 

All three dyes were confirmed by MALDI-TOF mass spectrometry, and the parent peaks were 

observed at 545.53 amu (calc: 545.31; [M]+), 732.60 amu (calc: 733.01; [M]+) and 891.06 amu 

(calc: 890.39; [M]+) for 10, 11 and 12, respectively. 
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3.17.3. Spectroscopic and physicochemical properties 10, 11 and 12 

 

Figure 3.17. Normalized absorption spectra of styrylBODIPY dyes 10, 11 and 12 in DMSO. 

The UV-visible absorption spectra obtained for BODIPYs 10, 11 and 12 in DMSO and CH2Cl2 

are typical of spectra usually obtained for a distyrylBODIPY. BODIPYs 10 and 12 are 

significantly red-shifted relative to 11. For 10, this is due to the absence of the methyl groups 

on at the 1,7-positions. This has an effect on the D–π–A properties associated with the 

diethylaminostyryl and pentafluorophenyl groups. For 12, it is due to the presence of bromine 

heavy atoms at the 2,6-positions. This will be discussed in detail in Chapter 6. The 

fluorescence properties of the dyes were not detected in organic solutions due to 

intramolecular charge transfer (ICT) introduced by the lone pairs of electrons on the nitrogen 

atoms on the styryl groups. Usually, this ICT can be eliminated by coordinating a cation onto 

the nitrogen atoms or by dissolving the dye in acidic media to protonate the nitrogen 

atoms.135,136 However, the fluorescence properties in acidic media were not studied in this 
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work as they have no significant bearing on the optical limiting applications these dyes were 

studied for. 

Table 3.14. Photophysical data in CH2Cl2 and DMSO for 10, 11 and 12 and benzene for 12. 

Solvent BODIPY λAbs (nm) λEx (nm) λEm (nm) Stokes shift (cm–1) ФF log ε 

DMSO 
10 

681 - - - - 4.33 

CH2Cl2 667 - - - - 5.48 

DMSO 
11 

661 - - - - 5.15 

CH2Cl2 649 - - - - 5.04 

DMSO 

12 

718 - - - - 4.63 

CH2Cl2 700 - - - - 4.61 

Benzene 709 - - - - 4.64 

3.15. 3,5-DistyrylBODIPY dyes (13, 14 and 15) 

3.17.1. Synthesis (Scheme 3.15)  

BODIPYs 13, 14 and 15 were synthesized following the procedure described above for 10, 11 

and 12 (Scheme 3.14). 
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Scheme 3.15. Synthesis of styrylBODIPY dyes 13, 14 and 15. 

3.17.2. Structural characterization of 13, 14 and 15 

BODIPYs 13, 14 and 15 were synthesized from 1b, 3b and 4b, respectively. The 1H NMR 

spectrum of 13, the four protons on the meso phenyl ring, can be assigned to the two 

doublets, individually integrating to two protons, at 8.80–8.73 and 7.79–7.74 ppm. The 

doublet at 7.66–7.63 ppm, which integrates to four protons, can be attributed to the bridging 

alkenes between the styryl groups and the core. The signals for the protons of the phenyl 

rings on the styryl groups appear as three signals. These are a doublet that integrates to two 

protons at 7.45–7.43 ppm, a triplet that integrates to four protons at 7.42–7.39 ppm and a 

multiplet which integrates to four protons at 7.38–7.32 ppm. The four protons on the 1-, 2-, 

6- and 7-positions of the BODIPY core appear as two doublets, individually integrating to two 

protons, at 6.96–6.93 and 6.73–6.71 ppm.  

For 14, the triplet peaks at 7.46–7.42 and 7.38–7.35 ppm, which integrate to four and two 

protons, respectively, can be assigned to the three neighboring protons on each phenyl ring 
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of the styryls. They are assigned in this manner because each has two neighbors and this, 

therefore, results in a triplet signal. The remainder of the protons on the phenyl rings of the 

styryls combine with the peaks from the meso-phenyl ring. This results in two doublets that 

integrate two and six protons at 7.82–7.75 and 7.69–7.65 ppm, respectively. The doublet at 

7.34–7.29 ppm, which integrates to four protons, can be attributed to the bridging alkenes 

between the styryl groups and the core. The two protons at the 2,6-positions of the BODIPY 

core appear as a singlet at 6.70 ppm, whereas the singlet at 1.51 ppm integrating to six 

protons can be assigned to the methyl groups at the 1,7-positions.  

In the 1H NMR spectrum of 15, two doublets that lie at 8.84–8.81 and 7.83–7.78 ppm and 

integrate to two protons each can be assigned to the meso-phenyl ring. The signals for the 

protons of the phenyl rings on the styryl groups appear as three peaks. These are a doublet 

that integrates to four protons at 7.68–7.64 ppm, a multiplet that integrates to four protons 

at 7.45–7.42 ppm and a multiplet that integrates to two protons at 7.39–7.38 ppm. The 

bridging alkenes between the styryl groups and the core are assigned to the two doublets at 

7.37–7.35 and 7.33–7.31 ppm. The CH2 groups of the ethyl groups at the 2,6-positions are 

assigned to the multiplet peak, which integrates to four protons at 2.67–2.62 ppm. Finally, 

the methyl groups at the 1,7-positions are assigned to the singlet signal at 1.39 ppm, which 

integrates to six protons. The six protons at 1.21–1.18 ppm are assigned to the methyls of the 

ethyl groups.  

The structures of the three dyes were confirmed by MALDI-TOF mass spectrometry, and the 

parent peaks were observed at 477.80 amu (calc: 473.19; [M – F + Na]+), 502.23 (calc: 501.22; 

[M + H]+) amu and 557.20 amu (calc: 557.28; [M]+) for 13, 14, 15, respectively. Typically, 

molecules with low molecular weights such as 13 are not ideal candidates for analysis by 
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MALDI-TOF mass spectrometry, mainly due to interferences from peaks associated with most 

of the common matrices used.138,139 The unusual parent peak obtained for 13 relative to the 

spectra of 14 and 15 can be attributed to this. 

3.17.3. Spectroscopic and physicochemical properties 13, 14 and 15 

 

Figure 3.18. Normalized absorption spectra of styrylBODIPY dyes 13, 14 and 15 in DMSO. 

The UV-visible absorption spectra of BODIPYs 13, 14 and 15 in DMSO are typical of spectra 

usually obtained for distyryl substituted BODIPY dyes (Figure 3.18). BODIPY 14 is highly 

fluorescent relative to 13 and 15, and this can be attributed to the absence of methyl groups 

at the 1,7-positions for 13. This allows rotation of the meso-substituent, leading to 

nonradiative decay, whereas 15 is less fluorescent because of the presence of ethyl groups at 

the 2,6-positions. 
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Table 3.15. Photophysical data for BODIPYs 13, 14 and 15 in DMSO. 

 Solvent λAbs (nm) λEx (nm) λEm (nm) Stokes shift (cm–1) ФF log ε 

13 
DMSO 648 649 667 440 0.53 4.42 

Benzene 647 648 665 418 0.61 4.43 

14 
DMSO 634 633 645 269 0.71 4.45 

Benzene 634 634 647 317 0.28 4.44 

15 
DMSO 643 643 661 424 0.52 4.43 

Benzene 643 645 662 446 0.29 4.49 

 

3.16. 3,5-DibenzyloxystyrylBODIPY (16) 

3.17.1. Synthesis (Scheme 3.16)  

BODIPY 16 was synthesized following the procedure described above for 10, 11 and 12 

(Scheme 3.14).37 

 

Scheme 3.16. Synthesis of styrylBODIPY 16. 
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3.17.2. Structural characterization of 16 

The 1H NMR spectrum of 16 has a complicated spectrum that cannot be easily assigned in the 

aromatic region. The spectrum does, however, integrate to the forty-two total protons 

expected.  In the aromatic region, there is a doublet that integrates to two protons at 7.72–

7.67 ppm, a multiplet that integrates to six protons at 7.64–7.58 ppm, a multiplet that 

integrates to five protons at 7.51–7.46 ppm, a multiplet that integrates to four protons at 

7.46–7.42 ppm, another multiplet which integrates to two protons at 7.39–7.35 ppm and a 

final multiplet which integrates to four protons at 7.27–7.21 ppm. After the complex peaks in 

the aromatic region, a doublet that integrates to four protons at 7.04–7.00 ppm can be 

assigned to the bridging alkenes between the styryl groups. The protons at the 2,6-positions 

can be assigned to the singlet peak, which integrates to two protons at 6.62 ppm. The doublet 

signal at 5.13 ppm, which integrates to four protons, is assigned to the CH2 protons adjacent 

to the oxygen atoms of the benzyloxy groups on the styryls. The singlet signal for the three 

methyl protons of the meso-acetamido group lies at 2.24 ppm. Finally, the methyl groups at 

the 1,7-positions are assigned to the singlet signal at 1.48 ppm, which integrates to six 

protons.  

The structure of the dye was further confirmed by MALDI-TOF mass spectrometry. The parent 

peak was observed at 769.30 amu (calc: 769.86; [M]+). 
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3.17.3. Spectroscopic and physicochemical properties 16 

 

Figure 3.19. The UV-visible absorption spectrum of styrylBODIPY 16 in DMSO. 

The UV-visible absorption spectra of BODIPY 16 is typical of spectra usually obtained for a 

distyryl substituted BODIPY. BODIPY 16 is highly fluorescent in both organic solvents studied, 

and this can be attributed to the presence of protons at the 2,6-positions. 

Table 3.16. Photophysical data for BODIPY 16 in DMSO and CH2Cl2. 

Solvent λAbs (nm) λEx (nm) λEm (nm) Stokes shift (cm–1) ФF log ε 

DMSO 647 648 664 396 0.47 5.84 

CH2Cl2 644 644 660 376 0.40 5.56 
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3.17. 3,5-DipiperidinylstyrylBODIPY (17) 

3.17.1. Synthesis (Scheme 3.17)  

BODIPY 17 was synthesized following the procedure described above for 10, 11 and 12 

(Scheme 3.14). 

 

Scheme 3.17. Synthesis of styrylBODIPY 17. 

3.17.2. Structural characterization of 17 

The 1H NMR spectrum of 17 has singlet and doublet signals that integrate to four protons 

each at 9.76 and 7.76–7.73 ppm, respectively. These can be assigned to the protons on the 

phenyl rings. The four protons from the bridging alkenes between the styryl groups are 

assigned to a doublet peak at 6.92–6.90 ppm. The multiplet peak, which integrates to eight 

protons at 3.44–3.42 ppm, is assigned to the four CH2 groups of the piperidinyl closest to the 

nitrogen atom, whereas the six that are furthest from the nitrogen atom can be assigned to 

the singlet peak at 1.69 ppm, which integrates to twelve protons. Finally, the methyl groups 

at the 1,7-positions can be assigned to the singlet signal at 1.27 ppm, which integrates to six 
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protons. The structure of the dye was further confirmed by MALDI-TOF mass spectrometry, 

and the parent peak was observed at 914.34 amu (calc: 914.14; [M]+). 

3.17.3. Spectroscopic and physicochemical properties 17 

 

Figure 3.20. The UV-visible absorption spectrum of styrylBODIPY 17 in DMSO. 

The UV-visible absorption spectra obtained for BODIPY 17 in DMSO is slightly red-shifted 

relative to a typical di-styrylBODIPY dye. This red-shift and the absence of fluorescence in 

organic media is attributed to intramolecular charge transfer (ICT) introduced by the lone 

pairs of electrons on the nitrogen atoms on the styryl groups. 

Table 3.17. Photophysical data for BODIPY 17 in DMSO and benzene. 

Solvent λAbs (nm) λEx (nm) λEm (nm) Stokes shift (cm–1) ФF log ε 

DMSO 686 - - - - 4.44 

Benzene 680 - - - - 4.48 
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3.18. Failed syntheses of BODIPYs 18–24 

BODIPYs 18-24 were synthesized following the procedure described above for 10, 11 and 12, 

from BODIPYs 1j-m and 3j-l and the corresponding benzaldehyde (Scheme 3.18). 

 

 

 

 

Scheme 3.18. Synthesis of styrylBODIPYs 18-24. 
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During the synthesis of styrylBODIPY dyes via the Knoevenagel condensation reaction, the 

color of the reaction mixture is expected to form a blue or green color depending on the 

nature of the functional groups present on the BODIPY. This is because the Knoevenagel 

condensation reaction is known to yield either monostyryl or distyrylBODIPY dyes, preferably 

at the 3,5-positions.15 This color change was not observed during the synthesis of target 

BODIPYs 18-24 as the mixture maintained the color of the starting BODIPY, or in some 

instances, a dark brown or black substance with no distinct UV-visible absorption bands 

formed. This was observed when either benzene or toluene was used as the solvent, and no 

characteristic absorption bands could be identified. It has been previously shown that 

electron-rich substituents readily give styrylBODIPY dyes at significant yields, but in some rare 

instances, styrylBODIPY dyes have been formed using electron-deficient aldehydes as 

substituents at the 3,5-positions.15  

The challenges encountered in the synthesis of 20-24 in this work can be explained using the 

nature of the substituents on the aldehydes used. The aldehydes contain electron-

withdrawing groups, and aldehydes of this nature, together with other electron-deficient 

aldehydes, have been found to be unreactive during Knoevenagel condensation 

reactions.5,15,16 Following the work by Galangau et al. on Knoevenagel condensation reactions 

using aldehydes with electron-withdrawing groups was also unsuccessful.15 BODIPY dyes 20-

23 were targeted as D-π-A analogues of 10-12 and 17, while 18 and 19 were targeted as 

analogues of 13 and 14. 
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Chapter 4: 
Nonlinear optical (NLO) limiting 

properties of BODIPY dyes and other 

molecular dyes 
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This chapter covers the nonlinear optical (NLO) limiting properties of BODIPY dyes in organic 

solutions and briefly looks at the NLO properties of other complexes, namely a monomeric 

phthalocyanine and a bis(phthalocyanine) and novel disilane-bridged tetraphenylethylene 

(TPE) architectures.140,141  

 

Figure 4.1. Structural differences in the styrylBODIPY dyes used for NLO studies. 

The BODIPY dyes were rationally selected to investigate the effect of structure on optical 

limiting properties. The presence of electron-donating and electron-withdrawing groups or a 

D–π–A system that creates a push-pull system is expected to enhance the NLO properties, as 

has been shown previously with BODIPYs and other compounds.19,20,98–100 In this work, the 

effect of this push-pull system and the presence of electron-donating substituents at the 3,5-

positions on the hyperpolarizability and NLO properties is examined, in general terms, by 

using seven novel distyrylBODIPY dyes. These are BODIPYs 10-15 and 17 (Figure 4.1). BODIPY 

16 was used to better understand the mechanism responsible for the typically favorable NLO 

responses observed for nonhalogenated BODIPY dyes.37 Complementary results from 
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transient absorption spectroscopy studies will also be discussed and related to the NLO 

properties obtained for 16. The NLO properties of a 1,3,5-tristyrylBODIPY dye 25 are also 

studied to examine whether further styrylation offers any advantages for OL applications.142 

Some of the novel dyes shown in Figure 4.1 are structural analogues, with minor 

modifications rationally introduced to analyze the effect of structure on the properties being 

studied. The dyes were selected to study of the effect of the presence of methyl groups rather 

than protons at the 1,7-positions of the BODIPY core and the presence of bromine heavy 

atoms at the 2,6-positions on the NLO properties. The first set of these analogous dyes is 

comprised of 10, 11 and 12, and the second set is 13, 14 and 15. In the first set, 10 has protons 

at the 1,7-positions, whereas 11 has methyl groups at these positions. For 10, this is expected 

to enable rotation of the meso-aryl substituent due to the absence of the steric strain 

introduced by the methyl groups in the case of 12. Secondly, 12 is analogous to 11 but 

contains heavy atoms at the 2,6-positions, and this was used to assess the difference in the 

optical limiting properties obtained in the singlet manifold for 11 to those of 12 obtained in 

the triplet manifold due to the intersystem crossing linked to the bromine heavy atoms. In 

the second set, 13 contains protons at the 1,7-positions, whereas 14 and 15 have methyl 

groups at these positions. Secondly, 14 and 15 only differ with the substituents present at the 

2,6-positions; 14 has protons, whereas 15 has ethyl groups. The ethyl groups were 

incorporated on the BODIPY core to explore the effect that alkyl substituents have on the NLO 

properties. Finally, 17 is analogous to 12, but a piperidinyl group is added to the styryl groups. 

The two final sections of this chapter detail the NLO properties of molecular dyes other than 

BODIPYs, namely two scandium phthalocyanines synthesized at the Russian Academy of 
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Sciences and novel disilane-bridged TPE architectures synthesized at the Hangzhou Normal 

University (Figure 4.2).106,140 

 

 

Figure 4.2. Molecular dyes used for NLO studies in addition to styrylBODIPY dyes. 

The optical limiting (OL) properties of the compounds studied here were carried out with non-

aggregated organic solutions of the compounds using the z-scan setup with 7 or 10 ns laser 

pulses at an input intensity of ca. 35 μJ, except for the scandium complexes which were 

studied at an input intensity of ca. 58 μJ. The studies were carried out in different organic 

solvents for each set of compounds, and this was carried out after optimizing for solubility 
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and eliminating aggregation of the samples. The NLO responses of the novel disilane-bridged 

TPE architectures were also assessed using poly(bisphenol A carbonate) (PBC) polymer thin 

films. Because of the use of nanosecond laser pulses, the RSA responses observed are 

expected not to be strictly due to 2PA. Hence, the 2PA intrinsic β value cannot be measured, 

as would be the case if femtosecond laser pulses were used. Instead, the effective nonlinear 

absorption coefficient (βeff) is obtained.76,143 

4.1. Optical limiting properties of 10, 11 and 12 in CH2Cl2 

The optical limiting properties of 10, 11 and 12 were assessed in CH2Cl2.100 For all three dyes, 

an extension of the π-system shifts the main absorption band to longer wavelengths relative 

to the 532 nm wavelength used to carry out the z-scan measurements (Figure 4.3). Due to 

the degree of ground state absorption at this wavelength, all dyes have non-zero linear 

absorption coefficients (α) (Table 4.1). Therefore, linear single-photon absorption populates 

the excited states enabling ESA from the S1 state for 10 and 11 and from the T1 state for the 

heavy atom-containing 12 since the bromine heavy atoms promote intersystem crossing to 

the triplet manifold. Hence, the RSA responses observed are due to a combination of 2PA and 

ESA (Figure 4.4A). For any material to be considered a good optical limiter, there must be a 

significant decrease in transmittance at increased input fluence values. All the dyes studied in 

this work exhibit this property. A representative plot is shown for 10 (Figure 4.4B). 
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Figure 4.3. Normalized absorption spectra of 10, 11 and 12 with the 532 nm wavelength used 

for the NLO studies highlighted. 

Another plot of interest in OL studies is the plot of transmittance vs input fluence, which can 

be used in determining the limiting threshold intensity (Ilim) or the input fluence value at which 

nonlinear transmittance is reduced by 50% relative to the linear transmittance value (Figure 

4.4C). It has been determined from a guideline published by the International Commission on 

Non-Ionizing Radiation Protection that for an exposure of 0.25 s, equal to the time for the 

normal human blink reflex, an exposure limit of 0.95 J.cm−2 is required to prevent significant 

damage to the human eye from the second harmonic of Nd:YAG lasers used in this work.19,96 

In other words, the Ilim values for a good optical limiter should be preferably below 0.95 J.cm−2 

(Table 4.1). All the calculated parameters lie in the expected range as previously observed for 

BODIPY dyes and other organic dyes, except for the Ilim values, which are above 0.95 J.cm−2 

for some of the dyes (Table 4.1).20,79,95,142,144,145 
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Figure 4.4. Open-aperture z-scan data for 10, 11 and 12; calculated parameters displayed on 

top of the RSA curves (A). Representative plot of output fluence (I0ut) vs input fluence (I0) (B) 

and normalized transmittance vs input fluence curve (B); similar plots were obtained for all 

the other dyes studied in this work. Adapted from Ref. 100. 

Two conclusions can be drawn from the differences in the parameters calculated in this work 

for 10, 11 and 12. Firstly, due to the slightly higher ϒ values obtained for 10, which was studied 

at a significantly lower concentration than the other two dyes, there is evidence that BODIPY 

dyes of this type may possess slightly enhanced OL properties relative to other dyes. The 

absence of methyl groups at the 1,7-positions for 10 allows the meso-aryl ring to lie closer to 
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the π-system of the BODIPY core, enhancing the D-π-A properties that are associated with 

favorable OL properties. Secondly, the significantly lower values of the parameters calculated 

for 12 relative to those for 11 leads to the conclusion that there is no evidence that 

halogenation (introduction of heavy atoms) of BODIPY dyes significantly enhances OL 

properties, in contrast to what has been reported for other organic dyes such as 

metallophthalocyanines and porphyrins.79,146 

4.2. Optical limiting properties of 13, 14 and 15 in benzene 

The optical limiting properties of 13, 14 and 15 were assessed in benzene and DMSO. It is 

noteworthy in this context that unlike in the previous set of compounds discussed above, 13, 

14 and 15 contain no heavy atoms. This means that the RSA responses observed (Figure 4.6) 

are expected to be due to a combination of 2PA and ESA in the singlet manifold, with no triplet 

states involved. Of interest in this work was comparing the effect of protons and methyl 

groups at the 1,7-positions for 13 and 14, and the presence of protons for 13 and 14 and ethyl 

groups at the 2,6-positions for 15. To date, there is limited information on the OL properties 

of 2,6-diethyl-3,5-distyrylBODIPY dyes in the literature.95 
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Figure 4.5. Normalized absorption spectra of 13, 14 and 15. 

All the calculated parameters lie in the expected range, and 13 with no methyl groups at the 

1,7-positions also possesses slightly enhanced OL parameters in this set of compounds (Table 

4.1). The OL parameters of 2,6-diethyl-3,5-distyrylBODIPY dye 15 are not significantly 

different from those of 13. 

 

Figure 4.6. Open-aperture z-scan data for 13, 14 and 15. 
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4.3. Optical limiting properties of 16 in CH2Cl2 

The OL properties of 16 were studied in CH2Cl2 to explore the mechanism responsible for the 

OL properties of 3,5-distyrylBODIPY dyes. The dye exhibits a favorable RSA response, and the 

OL parameters are highly favorable and are similar in magnitude to values previously 

observed for BODIPY dyes (Figure 4.7 and Table 4.1).95   

 

Figure 4.7. Open-aperture z-scan data for 16. Adapted from Ref. 37. 

As mentioned above, ESA in nonhalogenated BODIPY dyes is expected to occur in the singlet 

manifold due to the absence of intersystem crossing into the triplet manifold. Herein, the OL 

properties of 16 are combined with pump-probe transient absorption spectroscopy, which 

was carried out using femtosecond laser pulses. This study was undertaken to clearly 

demonstrate that ESA in nonhalogenated BODIPY dyes involves singlet excited states with no 

involvement of the triplet excited states. In other words, the aim was to better understand 

what happens during z-scan measurements when the S1 state is populated upon electronic 

excitation. During the transient spectroscopic study, 5.0 × 10–3 M solutions of 16 in CH2Cl2 

were subjected to a femtosecond laser pulse at 387.5 nm. From the transient absorption 
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spectrum, three intense ground state depletion peaks are observed at 371, 596 and 645 nm, 

and they correspond to the main absorption bands of 16 (Figure 4.8 and Figure 4.9A).  

Additionally, an intense broad peak is observed in the transient absorption spectrum between 

400−580 nm with a maximum at 481 nm (Figure 4.9). In this region, 16 has minimal ground-

state absorption. Hence this peak can be attributed to ESA. This ESA occurs from the S1 state 

because 16 contains no heavy atoms to promote intersystem crossing into the triplet state. 

The decay curve observed for the transient absorption spectrum was found to be consistent 

with the fluorescence lifetime of 16 of 4.6 ns (Figure 4.9B).37 Attempts to further confirm this 

were made by measuring decay curves for the triplet states of 16 using degassed CH2Cl2 

solutions and a nanosecond laser pulse. No decay curve was observed in contrast with 

brominated core dye 7c. It can therefore be concluded that the T1 state is unlikely to play a 

significant role in the OL properties of the nonhalogenated 16. 

 

Figure 4.8. The UV-visible absorption spectrum of 16. Adapted from Ref. 37. 
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Figure 4.9. The transient absorption spectrum of 16 at 10 ps after a 150 fs laser pulse at 387.5 

nm in CH2Cl2 (A). The 532 nm wavelength used for the open-aperture z-scan measurement is 

highlighted with a green vertical line. Time-resolved transient absorption spectra of 16 in 

CH2Cl2 after a 150 fs laser pulse at an excitation wavelength of 387.5 nm (B). Reproduced from 

Ref. 37. 

4.4. Optical limiting properties of 12 and 17 in benzene and CH2Cl2 

Structurally, 12 and 17 are analogous and differ only with respect to the electron-donating 

piperidinyl and diethylamino groups present on the styryl groups. The OL properties of these 

two dyes were studied in benzene and CH2Cl2, and favorable RSA responses were observed 

for both dyes (Figure 4.11). The OL properties obtained (Table 4.1) were similar in magnitude 

to those typically obtained for BODIPY dyes and other organic compounds. Additionally, there 

are no significant differences in the values of the OL parameters obtained for 12 and 17. 

Hence, it can be concluded that from the two functional groups studied here, that there is no 

evidence that the nature of the nitrogen electron-donating group present on the styryl groups 

significantly influences the OL properties of D-π-A type BODIPY dyes. 
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Figure 4.10. Normalized absorption spectra of 12 and 17. 

 

Figure 4.11. Open-aperture z-scan data for 12 and 17 in benzene. 
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4.5. Optical limiting properties of a 1,3,5-tristyrylBODIPY dye (25) in DMF 

The NLO properties are discussed above for a monostyrylBODIPY and several distyrylBODIPY 

dyes. In this section, the NLO properties derived from a study carried out using organic 

solutions of a 1,3,5-tristyrylBODIPY dye, 25 are discussed.142 This study provides data that 

provide a basis for comparing the NLO properties of tristyrylBODIPY dyes with the NLO 

properties of other styrylBODIPY dyes. BODIPY 25 was previously synthesized by an MSc 

student at Rhodes University,133 and no structural and photophysical characterization is 

carried out in this work as the interest is on assessing NLO properties.  

From the UV-visible absorption spectrum, it is evident that 25 absorbs significantly at 532 nm 

(Figure 4.12), in a similar manner to the distyrylBODIPY dyes discussed above. This leads to 

large α values, especially at the higher concentration of 2.1 × 10−4 M (Table 4.1). In a similar 

manner to the dyes discussed above, the RSA responses observed are due to a combination 

of 2PA and ESA (Figure 4.13A). This is because the presence of linear single-photon 

absorption, which leads to the population of the excited states, enables ESA from the S1 and 

T1 states. The triplet manifold is involved because the bromine heavy atoms at the 2,6-

positions of 25 promote intersystem crossing to the triplet manifold. This intersystem crossing 

to the triplet manifold is confirmed by the singlet oxygen quantum yield of 0.17 in ethanol, 

previously reported for 25.133 It is evident that as is often observed for styrylBODIPY dyes, the 

organic solvent solutions of 25 lead to a significant decrease in transmittance at increased 

input fluence values (Figure 4.13B). The OL parameters of 25 obtained at concentrations of 

1.1 × 10−4 and 2.1 × 10−4 M, and input pulse energies of 30 and 45 μJ are not significantly 

different from those reported for other styrylBODIPY dyes (Table 4.1).95 However, it is 

significant that the α value related to linear absorption is significantly higher. The reasons for 
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this and the implications for the utility of these dyes for OL applications will be described in 

detail in Chapter 6. 

 

Figure 4.12. The UV-visible absorption spectrum of 25. 

 



121 
 

 

Figure 4.13. Open-aperture z-scan data for 25; concentration, input pulse energy and 

calculated parameters displayed on top of the RSA curves (A). A plot of output fluence (I0ut) 

vs input fluence (I0) (B) and normalized transmittance vs input fluence curve (B). Adapted from 

Ref. 142. 

4.6. Summary of BODIPY NLO properties 

Table 4.1. Nonlinear optical limiting parameters of BODIPY dyes 10–17 and 25. 

 
Solvent Conc. (M) 

α 

(cm−1) 

βeff 

(cm.GW−1) 

Im[χ(3)] 

(esu) 

γ 

(esu) 

Ilim 

(J.cm−2) 

10 

CH2Cl2 

7.0 × 10−6 0.71 206.8 4.50 × 10−10 3.27 × 10−29 0.8 

11 1.9 × 10−5 1.51 209.3 4.56 × 10−10 1.21 × 10−29 0.9 

12 2.3 × 10−5 0.68 50.4 1.10 × 10−10 2.23 × 10−30 4.3 

13 
Benzene 3.6 × 10−5 0.28 101.3 2.45 × 10−10 2.83 × 10−30 1.5 

DMSO 2.2 × 10−5 0.30 103.0 2.42 × 10−10 4.87 × 10−30 2.3 
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14 
Benzene 3.6 × 10−5 0.99 69.1 1.67 × 10−10 1.90 × 10−30 1.5 

DMSO 2.2 × 10−5 0.76 5.8 1.37 × 10−11 2.80 × 10−31 N/A 

15 
Benzene 3.6 × 10−5 0.53 90.2 2.18 × 10−10 2.40 × 10−30 1.6 

DMSO 2.2 × 10−5 0.32 22.3 5.23 × 10−11 1.06 × 10−30 N/A 

16 CH2Cl2 4.9 × 10−6 0.78 145.5 3.17 × 10−10 3.25 × 10−29 0.8 

17 
Benzene 2.3 × 10−5 0.45 68.6 1.66 × 10−10 3.03 × 10−30 2.0 

CH2Cl2 2.3 × 10−5 0.54 36.6 7.96 × 10−11 1.74 × 10−30 5.0 

12 Benzene 2.3 × 10−5 0.45 79.4 1.92 × 10−10 3.44 × 10−30 2.0 

25 DMF 
1.1 × 10−4 1.11 

27.3 5.99 × 10−11 2.85 × 10−31 N/A 

35.6 7.82 × 10−11 3.73 × 10−31 3.7 

2.1 × 10−4 2.26 79.5 1.75 × 10−10 4.22 × 10−31 2.4 

4.7. Optical limiting properties of scandium phthalocyanine complexes in CHCl3 

Phthalocyanines have been shown to possess favorable OL properties. This is true for 

monophthalocyaninates, bisphthalocyaninates, trisphthalocyaninates and other multidecker 

sandwiches.111,147–151 From these studies, it has been demonstrated that the presence of rare 

earth metals in the central cavity of these phthalocyanine complexes promotes π-π 

interaction between macrocycles, hence enhancing the OL properties of multidecker 

phthalocyanines.111,148,150 In this work, the OL properties of scandium phthalocyanine 

complexes were investigated for the first time using the second harmonic of the Nd:YAG laser 
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at 532 nm. Of the trivalent metal cations with strong Lewis acidity, scandium has the smallest 

ionic radius, enabling it to form exotic coordination compounds.152,153 Like other trivalent 

central metal ions, scandium can also form double-decker complexes existing as radical 

species and nonradical anions.106,141  

The scandium phthalocyanines used contain peripheral benzo-fused 15-crown-5 (15C5) 

crown ether moieties (Figure 4.2A).106,141 The first complex is a bisphthalocyaninate, and both 

the radical/green (I) and anionic/blue (Ia) forms of the complex were studied. The second 

complex is a monophthalocyaninate (II). To correct for the differences observed in the 

spectral properties of the monomeric II and the dimeric I and its anionic form, Ia, the z-scan 

measurements were carried out using a fixed concentration and incident laser pulse energy. 

The dyes had minimal ground state absorption at 532 nm (Figure 4.14), and this is also evident 

from the relatively low values for the linear absorption coefficients, α (Table 4.2). 

 

Figure 4.14. Normalized absorption spectra of scandium phthalocyanine complexes I, Ia and 

II in CHCl3. Adapted from Ref. 141. 
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Figure 4.15. Open-aperture z-scan data for I, Ia and II (A). Plots of output fluence (I0ut) vs input 

fluence (I0) (B) and normalized transmittance vs input fluence curve (B). Reproduced from Ref. 

141; Copyright World Scientific Publishing, 2020. 

Strong RSA responses can be observed in the data obtained during the z-scan measurements 

using CHCl3 solutions of I, Ia and II (Figure 4.15A). These RSA responses probably arise from 

multiple processes, as explained with halogenated and nonhalogenated BODIPY dyes above. 

Because there is scope for linear absorption due to the non-zero 𝛼𝛼 values, one photon 

absorption from the ground state is likely to be followed by ESA from the S1 and T1 excited 
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states. From the plot of output fluence vs input fluence (Figure 4.15B), it is evident that the 

Sc(III) complexes do not lead to a significantly attenuated transmittance at high incident 

fluence values. This is known to be a requirement for a material to be considered as an optical 

limiter, as is the case for many metallophthalocyanines and the BODIPY dyes studied in this 

work and elsewhere. All the OL parameters obtained for I, Ia and II lie in the expected range 

except the Ilim values, which are all above 0.95 J.cm–2 (Figure 4.15C and Table 4.2). It can 

therefore be concluded that from the results obtained in this work, the presence of the Sc(III) 

ion is unlikely to significantly improve OL properties of double-decker phthalocyanines to 

magnitudes more favorable than what has been previously reported for rare earth metal 

phthalocyanine complexes. 

Table 4.2. Nonlinear optical limiting parameters of I, Ia and II at a concentration of ca. 5.8 

× 10–6 M and an input pulse energy of 58 μJ. 

Dye α 

(cm−1) 

βeff 

(cm.GW−1) 

Im[χ(3)] 

(esu) 

γ 

(esu) 

Ilim 

(J.cm−2) 

I 0.13 62 1.3 × 10−10 1.3 × 10−29 2.2 

Ia 0.82 27 5.6 × 10−11 5.3 × 10−30 - 

II 0.12 41 8.8 × 10−11 8.0 × 10−30 4.5 

 

  



126 
 

4.8. Reverse saturable absorption curves of disilane-bridged architectures in PBC 

polymer thin films 

A series of novel σ-bridged molecules connected via disilane linkers were synthesized and 

characterized at the Hangzhou Normal University, and the optical limiting properties of these 

were studied in THF and PBC polymer thin films at Rhodes University during the course of this 

PhD work.139 The transparent thin films were prepared using 9.0 x 10–5 M solutions (2.5 mL) 

of 3a-d and 4 mixed with PBC (100 mg) in THF. The mixture was sonicated for 15 min and then 

left to stir at room temperature, and subsequently, using a drop and dry method, a fraction 

of the solution was transferred onto a glass slide placed on a Petri dish. The film thicknesses 

were measured using the knife-edge attachment of a Bruker D8 Discover X-ray diffraction 

(XRD) system. The curves obtained during the study are displayed below (Figure 4.16).140 

 

Figure 4.16. Open-aperture z-scan curves (A), plots of output fluence (I0ut) vs input fluence (I0) 

(B) and normalized transmittance vs input fluence curve (C) of 3a-d and 4 in PBC thin films 

and in THF for 3a. Reproduced with permission from Ref. 140; Copyright Royal Society of 

Chemistry, 2021. 
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During the z-scan measurements, negligible OL properties were observed in THF solutions 

since there was no significant RSA response for 3a-d and 4. The RSA curve and plots obtained 

for the THF solution of 3a are shown above as an example (Figure 4.16). When the z-scan 

measurements were carried out using the PBC polymer thin films, strong RSA responses were 

observed (Figure 4.16A). The βeff values from the fitted RSA curves of 3a-d and 4 PBC polymer 

thin films were calculated to be 51, 110, 61, 91 and 48 cm·GW−1, respectively. The Ilim values 

were determined to be 2.6, 2.3, 3.0, 2.4 and 2.7 J.cm−2 for the 3a-d and 4 PBC polymer thin 

films, respectively (Figure 4.16C). As mentioned above, the Ilim values for a good optical limiter 

at 532 nm should be below 0.95 J.cm−2. Therefore, the values obtained in this work are not 

low enough. However, they could easily be further lowered by increasing the concentration 

of 3a-d and 4 used to prepare the thin films. 

4.9. Concluding remarks 

The OL studies undertaken here using non-aggregated solutions of BODIPY dyes in organic 

solvents further demonstrate the potential suitability of these dyes in the fabrication of OL 

materials with real-life applications such as in aviation safety. All the BODIPYs exhibited 

favorable reverse saturable absorption responses characterized by a significant decrease in 

transmittance at high laser light intensity and as the focal point of the z-scan instrument is 

approached. The main purpose of the NLO studies undertaken in this thesis was to investigate 

the effect of specific structural modifications within series of BODIPYs on their optical limiting 

properties. 

The properties obtained for 15 are not significantly different to those of 13. Hence it can be 

concluded that there is scope for research into 2,6-diethyl-3,5-distyrylBODIPY dyes as this is 
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the first report on the OL properties of BODIPY dyes of this type. Since the presence of heavy 

atoms on the BODIPY core does not significantly enhance BODIPY OL properties,93 16 was 

used to better understand the mechanism responsible for the typically favorable NLO 

responses observed for nonhalogenated BODIPY dyes.37 This was done using transient 

spectroscopy with a femtosecond laser system wherein a broad band in the visible region 

attributed to ESA from the S1 state was observed since the associated decay curve was 

consistent with the fluorescence lifetime of 16. This ESA is therefore associated with the S1 

rather than the T1 state because 16 contains no heavy atoms to promote intersystem crossing. 

This was further confirmed by triplet state decay curve measurements in which no signal was 

observed for 16 in contrast with brominated core dye 7c.37 The favorable NLO responses 

observed for nonhalogenated BODIPY dyes can therefore be attributed to one-photon 

absorption from the ground state followed by ESA in the singlet manifold.  

From the comparative study of the OL properties of the structurally analogous 12 and 17 dyes, 

there are no significant differences observed in the OL parameters obtained for these two 

dyes. This leads to the conclusion that the nature of the nitrogen electron-donating group 

present on the styryl groups does not significantly influence the OL properties of D-π-A type 

BODIPY dyes. The OL parameters obtained for the 1,3,5-tristyrylBODIPY dye 25 are not 

significantly different to those of 10-17 and other 3,5-distyrylBODIPY dyes which have been 

previously reported.95,141 This means that 1,3,5-tristyrylBODIPY dyes do not possess more 

favorable properties than other styrylBODIPY dyes. Therefore, monostyrylBODIPY, 

distyrylBODIPY, and tristyrylBODIPY dyes all possess OL parameters with values similar in 

magnitude and in the anticipated ranges that have been reported for other molecular dyes 

that are viewed as favorable for this application. 
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The OL properties of a monomeric scandium phthalocyanine and those of the green and blue 

forms of a dimeric scandium phthalocyanine were also investigated in this work.141 Although 

similar in magnitude to what has been observed for other phthalocyanines of this type, the 

results obtained are not exceptional. Since this was the first report of the OL properties of a 

scandium phthalocyanine, it can be concluded based on these results that the Sc(III) ion does 

not significantly enhance OL properties of phthalocyanines to better magnitudes than what 

has been observed for other metallophthalocyanines, especially rare earth metal 

phthalocyanine complexes.109,111,147–151 

The promising OL properties of the BODIPY dyes studied above are broadly comparable to the 

properties previously reported for other types of organic dye, such as porphyrins and 

phthalocyanines.85,88,89 They can be further enhanced in two ways. Firstly, by embedding the 

dyes in polymer thin films and secondly by conjugation to nanomaterials, as both have been 

used to enhance the OL properties of BODIPY dyes and other types of organic dyes.19,147,154–

157 The other challenge that may arise when using BODIPY dyes to fabricate protective OL 

materials is their significant absorption in the visible region. This is problematic because OL 

materials should ideally remain transparent under ambient light conditions when protection 

of the human eye is involved. This can be addressed by modifying the BODIPY structure and 

shifting the main spectral band of the BODIPY chromophore to the red so that there is minimal 

absorbance across the entire visible region.  

Alternatively, research into compounds known to not absorb significantly in the visible region 

may help alleviate this challenge. The OL properties of the optically transparent disilane-

bridged compounds from collaborative work that do not absorb significantly in the visible 

region (ca. 400–700 nm) are reported above.140 These dyes exhibit excellent RSA responses 
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when embedded in PBC to create transparent polymer this films. These transparent films are 

a step towards the creation of OL materials for potential real-life applications. A possible 

drawback with the results obtained using these PBC polymer thin films is that the Ilim values 

were above 0.95 J.cm−2. However, these values could be further lowered by increasing the 

concentration of the dye used to prepare the thin films and/or their pathlength.  
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Chapter 5: 
Photodynamic Antimicrobial 

Chemotherapy (PACT) properties 

of neutral BODIPY dyes against 

Staphylococcus aureus 
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This chapter covers the results obtained from the photodynamic antimicrobial chemotherapy 

(PACT) studies conducted using neutral brominated and iodinated BODIPY dyes (Figure 5.1). 

PACT has been shown to be an effective alternative to antibiotics for targeting both gram-

negative and gram-positive bacteria, yeasts and fungi. This becomes important in the context 

of antibiotic-resistant microorganisms.158 Gram-positive bacteria have a porous 

peptidoglycan layer which allows drugs such as antibiotics and photosensitizers to bypass the 

cytoplasmic membrane and localize in the cytoplasm.159 Gram-negative bacteria, on the other 

hand, contain a cell wall with an inner and an outer membrane on either side of the 

peptidoglycan layer. This cell wall makes it impossible for neutral and anionic photosensitizers 

to localize in the cytoplasm.59,159 In this work, the suitability of BODIPY dyes as 

photosensitizers in the photoinactivation of the gram-positive Staphylococcus aureus is being 

assessed. BODIPY dyes are known to be small zwitterionic molecules that can be taken up by 

gram-positive bacteria.72,160,161 The singlet oxygen quantum yields of these dyes were 

quantified in Chapter 3. 

 

Figure 5.1. Halogenated BODIPY dyes used for PACT studies. 
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BODIPY dyes 5a, 6a, 7a, 8a and 9a, are structurally analogous with minor differences on the 

BODIPY core. The main differences are the absence and presence of methyl groups at the 1,7-

positions, the presence of ethyl or methyl groups at the 3,5-positions, and the presence of 

bromine or iodine heavy atoms at the 2,6-positions. The other analogous dyes are 7d, 7e and 

7f, which contain iodine atoms at different positions of the meso-aryl ring. 

5.1. PACT Studies of Staphylococcus aureus in solution 

The PACT studies were carried out in 2% DMSO-PBS due to the insolubility of the dyes being 

studied in PBS. In a similar manner to what has been previously reported,18,61,161 the bacterial 

cells were also studied in 2% DMSO-PBS in the absence of BODIPY dyes as a control 

experiment, and the bacterial cells remained viable. Initially, the dyes were studied at 

different concentrations, and the lowest concentration of 1 μM could eliminate viable 

bacteria after irradiation for some of the dyes (Figure 5.2A). In instances where the dyes did 

not completely eliminate viable bacteria, the bacterial viability was reduced to values 

significantly less than 50% (Figure 5.2A), except for 5a, as will be discussed below. Because of 

this, the photodynamic inactivation studies were carried out using 1 μM dye solutions for all 

the BODIPYs to maintain consistency.  
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Figure 5.2. Representative plots for the photodynamic inactivation of Staphylococcus aureus 

by different concentrations of 5a, 7a, 8a and 9a after 60 min irradiation (A) and 7d, 7e and 7f 

after 30 min irradiation (B).  

The Staphylococcus aureus was grown on agar plates by following the manufacturer’s 

specifications. An individual colony was subsequently inoculated into the nutrient broth and 

agitated on a rotary shaker (ca. 200 rpm) overnight at 37°C to obtain the bacterial culture 

used for the study. Aliquots of this culture were then transferred to 6 mL of fresh broth and 

incubated at 37°C to obtain a mid-logarithmic phase (OD 620 nm ≈ 0.6). The optical density 

of the culture was determined using the Ledetect 96 from Labxim Products so that log 

reduction values could be calculated in units of colony-forming units per millilitre (CFU.mL−1). 

The broth was removed by centrifugation at 3000 rpm for 15 min followed by washing with 

PBS three times. The culture was diluted to 1/1000 in PBS to give the working stock solution. 

The photodynamic antimicrobial studies were then performed following previously reported 

methods.161–163  
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During the experiments, suspensions of the bacteria were incubated in an oven equipped with 

a shaker for 30 min in the dark at 37°C. Then, half (3 mL) of the incubated bacterial 

suspensions were irradiated close to the absorption maxima of the dyes in a 24 well plate. 

The irradiations were carried out using a Thorlabs M530L3 light emitting diode (LED) mounted 

onto the housing of a Modulight 7710-680 medical laser system. An irradiance value of 110 

mW.cm-2 was measured with a Coherent FieldmaxII TOP energy/power meter fitted with a 

Coherent Powermax PM10 sensor. The other half of the suspension was kept in the dark. 

After irradiation, 100 μL samples were inoculated in triplicates, and the plates were incubated 

inverted at 37°C overnight. 

5.2. Results and discussion 

5.2.1. PACT activity 

The BODIPY dyes used as photosensitizers in this work were only able to significantly reduce 

the viability of Staphylococcus aureus in the presence of light, i.e. there was minimal dark 

toxicity as a significant number of cells remained viable when stored in the dark (Figure 5.3 

and Figure 5.4). This shows that, as expected, when BODIPY dyes are used as photosensitizers, 

it is indeed cytotoxic oxygen species that inactivates the Staphylococcus aureus.72,160,161 



136 
 

 

Figure 5.3. PACT inactivation of Staphylococcus aureus after 60 min irradiation. Studies were 

carried out using 1 μM BODIPY solutions.  
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Figure 5.4. Log reduction curves for Staphylococcus aureus during the PACT inactivation 

studies. Studies were carried out using 1 μM BODIPY solutions. 

The dyes used in this work were mainly used to assess the effects of structural differences on 

the PACT activity of BODIPY dyes. There is no significant difference in PACT activity among the 

analogous BODIPYs 7d, 7e and 7f, with 7f displaying slightly higher PACT activity (Figure 5.4). 

For 5a, 6a, 7a, 8a and 9a, the presence of iodines on the BODIPY core enhances antimicrobial 

activity relative to the activity of bromine-containing dyes except for 6a. This can be 

attributed to the heavy atom effect as iodine is heavier and is expected to significantly 
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enhance intersystem crossing to the triplet state and singlet oxygen generation. On the other 

hand, the activity of 6a, which is comparable to the iodinated 8a and 9a (Figure 5.4), can be 

attributed to the absence of methyl groups at the 1,7-positions. Similar observations can be 

made for 8a relative to 9a, where 8a shows higher activity within the first thirty min of 

irradiation. Both 6a and 8a do not contain methyl groups at the 1,7-positions. This is likely to 

eliminate steric strain and allow the meso-aryl ring to lie closer to the plane of the π-system 

of the BODIPY core. This will be demonstrated in Chapter 6. At this point, it is not clear 

whether this plays a role in the cellular uptake and activity of BODIPYs of this type. Related to 

this point is how the lowest activity was observed for 5a, which has four bromine atoms at 

the 1,7- and 2,6-positions. It is unclear whether the steric strain introduced by the bromine 

atoms at the 1,7-positions plays a role in the low PACT activity observed for 5a, in addition to 

the significantly lower singlet oxygen quantum yield. 

5.2.2. Photostability of 5a, 7a, 8a and 9a 

During the irradiation of photosensitizers, the singlet oxygen produced can degrade the 

photosensitizer through a process known as photobleaching.164,165 To assess this, the stability 

of 5a, 7a, 8a and 9a was studied. DMSO solutions of the BODIPYs were irradiated with the 

Thorlabs M530L3 LED (110 mW.cm-2) used to carry out the bacterial inactivation studies 

detailed above. The irradiations were carried out for 60 min with the LED mounted onto the 

housing of a Modulight 7710-680 medical laser system in a similar manner to the PACT activity 

studies. The samples were subsequently stored in the dark for a further 48h, and UV-visible 

absorption spectra were recorded at 24 h intervals (Figure 5.5). A control study was carried 

out wherein the spectra of dyes stored in the dark.  
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Figure 5.5. Normalized absorption spectra of the halogenated pentafluoroBODIPY cores in 

DMSO after irradiation with a Thorlabs M530L3 LED (110 mW.cm-2) for 60 min; data obtained 

after storage in the dark for 24 h (A). The main absorption band of 5a diminishes significantly 

after storage in the dark for 48 h (B). 

After 24 h, the intensity of the main absorption band of 5a almost disappears while an intense 

band appears around 450 nm (Figure 5.5). This becomes more pronounced after 48h, 

implying that 5a rapidly decomposes relative to the other BODIPYs studied, and this may play 

a role in the low PACT activity observed above (Figure 5.4). In a similar manner to the 

irradiated samples, a significant decomposition of the main absorption band of 5a was also 

observed in the absence of irradiation, relative to the other dyes after storage in the dark for 

48 h. It is worth noting that although 9a was also unstable in organic media (Figure 5.6), it 

exhibited favorable PACT activity (Figure 5.4). This can be attributed to the significantly high 

singlet oxygen quantum yield of this dye. For the dyes being studied here, the absorption 

spectra show that the order of photostability was: 8a (80%) > 7a (78%) > 5a (74 %) > 9a (71%) 

(Figure 5.6). 
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Figure 5.6. Photostability of 5a, 7a, 8a and 9a in aerated DMSO solutions after irradiation with 

a Thorlabs M530L3 LED (110 mW.cm-2) for 60 min. 

5.2.3. Cellular uptake studies for 5a, 7a, 8a and 9a 

To better understand the intracellular accumulation of some of the BODIPYs, the fluorescence 

profiles of bacterial solutions treated with the dyes were obtained using a 

spectrofluorometer.166 Briefly, Staphylococcus aureus cells suspended in nutrient broth were 

treated with each of the BODIPY dyes being studied to a total volume of 6 mL. The cultures 

were incubated with shaking in an incubator in the dark. After 30, 60, 90, 150 and 270 min, 1 

mL aliquots were harvested and centrifuged at 5000 rpm for 5 minutes to remove excess 

broth. The supernatant was discarded, and the cells were washed three times with 1 mL PBS 

to remove excess BODIPY dyes. The fluorescence spectra were obtained using 1.5 mL of 2% 

DMSO-PBS at 540 nm. The increase in fluorescence intensity over time indicates that uptake 

of each of the dyes increases with time (Figure 5.7). BODIPY 8a exhibited significant 

fluorescence after 30 min incubation, which correlates with the significant activity observed 
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during the bacterial inactivation studies (Figure 5.4). Contrastingly, there was no significant 

change in the fluorescence profile of BODIPY 5a over time (Figure 5.7). This is in agreement 

with the observation of 5a having the lowest activity against Staphylococcus aureus (Figure 

5.4). 

 

Figure 5.7. Change in fluorescence intensity depicting uptake of 5a, 7a, 8a and 9a. 

5.3. Concluding remarks 

All the dyes studied are able to reduce bacterial viability to below 50%. Some of the dyes 

achieved 0% bacterial viability. These are 6a (log reduction of 8.4), and 7a, 7c, 7g, 7h, 7i, 8a 

and 9a, all with log reductions of 9.6. The main aim of this work was to exploit the structural 

versatility of the BODIPY core and enhance the photochemical and photosensitizing 

properties of BODIPYs. This was achieved by using novel and previously synthesized dyes. It 

can be concluded that the combination of protons at the 1,7-positions and iodines at the 2,6-

positions leads to favorable PACT activity, as can be observed for 8a. Even in the absence of 
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this combination, each of these still leads to good activity, as observed for 6a and 9a. The 

relatively favorable activity at concentrations of 1 μM can be attributed to the significant 

singlet oxygen quantum yields as cytotoxic oxygen species are responsible for PACT. It may 

also be related to the absence of steric strain for 6a and 8a as they do not contain methyl or 

bulky functional groups at the 1,7-positions. This may play a role in enhancing cellular uptake. 

The effect of steric strain was also evident with 5a, which contains four bromine atoms at the 

1,7-positions and 2,6-positions. This dye also has a relatively low singlet oxygen quantum yield 

and hence exhibited the lowest PACT activity and poor cellular uptake. 

The PACT studies carried out here demonstrate the possible utility of these dyes for this 

application. Because the PACT properties of BODIPYs have been successfully demonstrated 

against multiple commercial strains of bacteria, the future outlook relates to the application 

of further functionlized analogues of these dyes to environmental strains. It is known that 

bacteria lead to nosocomial infections, and the use of BODIPY dyes in the inactivation of 

strains responsible for these infections is the next potential line of research. These nosocomial 

or healthcare-associated infections (HCAIs) are a global challenge and can have devastating 

effects. Hence viable alternatives to antibiotics are necessary.167,168 
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Chapter 6: 
Molecular modelling 
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This chapter details the optical properties of BODIPY dyes that are predicted using theoretical 

calculations, also known as molecular modelling. Of interest are the electronic structures and 

the spectroscopic trends predicted for these dyes. The focus is on the effects of halogenation 

and π-conjugation on the properties of the dyes used for PACT and NLO studies (Figure 6.1). 

The properties of these selected dyes are discussed in depth below, and these are expected 

to be similar for the other dyes studied in Chapters 4 and 5. 
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Figure 6.1. Structures used for molecular modelling including both synthesized dyes and a 

series of model structures (core, mono, di and tetra) to examine the effect of styrylation on 

a series of structural analogues of tristyrylBODIPY 25. 

The calculations were performed with the Gaussian09 software package by first calculating 

the optimized geometries using the Beck, three-Parameter, Lee-Yang-Parr (B3LYP) functional, 

with the default Gaussian09 SDD basis set.118 Subsequently, UV-visible absorption properties 

were predicted from TD-DFT calculations performed using the Coulomb-attenuated B3LYP 

(CAM-B3LYP) functional, also with SDD basis sets. The SDD basis set was used in the 

calculations because it can reasonably predict trends for heavy-atom containing BODIPYs. The 

CAM-B3LYP functional was used because the B3LYP functional tends to underestimate the 

energies of excitation with significant charge transfer character that are typically found in 

styrylated BODIPY dyes.169,170 The CAM-B3LYP functional, on the other hand, incorporates 

increasing fractions of semi-empirical Hartree-Fock (HF) exchange parameters to provide a 

long-range correction.170 
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6.1. Effect of halogenation on spectroscopic properties for photosensitizer applications 

This section describes the spectroscopic properties observed for the BODIPYs studied for 

application in PACT in Chapter 5. The focus is on the spectroscopic changes observed because 

of the presence of ethyl groups at the 3,5-positions of 2a, the introduction of bromine or 

iodine heavy atoms at the 2,6-positions of all the dyes synthesized and studied in this work, 

and at the 1,7-positions for 5a.  

     

Figure 6.2. Calculated TD-DFT spectra of the optimized geometries of the core and 

halogenated BODIPY dyes at the CAM-B3LYP/SDD level of theory. The simulated spectra were 

calculated using the Chemcraft program by using bandwidths of 2000 cm−1.171 
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The TD-DFT calculations show that the main spectral bands of all the core and halogenated 

BODIPY dyes are due to a one-electron transition from the highest occupied molecular orbital 

(HOMO) to the lowest unoccupied molecular orbital (LUMO) (Figure 6.2 and Table 6.1). All 

these S0 → S1 transitions responsible for the main absorption bands are strongly allowed 

transitions (f > 0.55) (Table 6.1). It is worth noting that although weak bands associated with 

other orbitals are observed in the 300–450 nm region as it is typically observed for BODIPY 

dyes,3,13 these are weak bands due to the small oscillator strengths predicted (f < 0.15) (Figure 

6.2 and Table 6.1). These weak bands are also observed in the experimental spectra discussed 

in Chapter 3. 

Table 6.1. Electronic properties predicted using TD-DFT calculations at the CAM-B3LYP/SDD 

level of theory for core and halogenated BODIPY dyes. 

BODIPY #a 
E 

(ev)b 

λcalc 

(nm)c 

λexp 

(nm)d 
fe Wavefunctionf 

1a 

1 3.06 405 525 0.55 96% H → L; … 

2 3.93 316 - 0.08 93% H-1 → L; … 

3 4.19 296 - 0.03 98% H-2 → L; … 

2a 

1 2.86 433 527 0.55 96% H → L; … 

2 3.84 323 - 0.08 96% H-1 → L; … 

3 4.07 304 - 0.02 98% H-2 → L; … 

3a 1 3.09 402 517 0.62 98% H → L; … 
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2 3.73 332 - 0.04 97% H-1 → L; … 

5a 

1 2.74 452 561 0.71 97% H → L; … 

2 3.41 364 - 0.11 96% H-1 → L; … 

3 3.58 346 - 0.10 94% H-2 → L; … 

6a 

1 2.72 456 562 0.64 97% H → L; … 

2 3.76 330 - 0.15 95% H-2 → L; … 

3 3.85 322 - 0.06 90% H-1 → L; … 

7a 

1 2.79 445 549 0.62 97% H → L; … 

2 3.57 347 - 0.13 95% H-1 → L; … 

3 3.74 332 - 0.07 93% H-2 → L; … 

8a 

1 2.68 463 573 0.65 97% H → L; … 

2 3.62 342 - 0.12 48% H-1 → L; 43% H-2 → L; … 

3 3.65 340 - 0.11 49% H-2 → L; 42% H-1 → L; … 

9a 

1 2.76 450 558 0.67 97% H → L; … 

2 3.53 352 - 0.15 94% H-2 → L; … 

3 3.64 340 - 0.07 90% H-1 → L; … 

3d 1 2.98 416 521 0.54 97% H → L; … 
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2 3.79 327 - 0.07 90% H-1 → L; … 

3 4.07 305 - 0.05 98% H-3 → L; … 

3e 

1 3.01 413 517 0.55 96% H → L; … 

2 3.81 325 - 0.07 79% H-1 → L; 16% H-2 → L; … 

3 4.10 302 - 0.06 98% H-3 → L; … 

3f 

1 3.01 412 516 0.55 97% H → L; … 

2 3.82 324 - 0.07 96% H-1 → L; … 

3 4.11 302 - 0.06 98% H-3 → L; … 

7d 

1 2.87 432 536 0.68 97% H → L; … 

2 3.67 338 - 0.12 93% H-1 → L; … 

3 3.86 321 - 0.07 92% H-2 → L; … 

7e 

1 2.89 429 531 0.62 97% H → L; … 

2 3.69 336 - 0.13 90% H-1 → L; … 

3 3.88 320 - 0.08 92% H-2 → L; … 

7f 

1 2.90 428 530 0.63 97% H → L; … 

2 3.70 335 - 0.13 95% H-1 → L; … 

3 3.89 319 - 0.08 91% H-3 → L; … 
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a - Excited state number in ascending energy. b - Calculated band energies in eV. c - Calculated 

wavelengths in nm. d - Experimental wavelengths in DMSO. e - Calculated oscillator 

strengths. f - Wavefunctions of the transitions based on eigenvectors predicted by TD-DFT. 

H and L refer to the HOMO and LUMO, respectively. 

The BODIPYs synthesized and studied in this thesis are largely analogous with specific 

structural differences introduced to demonstrate structure-property relationships. For the 

dyes used as photosensitizers, the starting point is comparing the predicted optical properties 

of cores 1a, 2a and 3a. These are some of the dyes used as precursors for some of the 

photosensitizers. BODIPYs 1a and 2a do not contain methyl groups at the 1,7-positions, while 

3a does. The effect of this is a relatively narrow HOMO–LUMO gap for 1a and 2a, and this is 

much more significant for 2a (Figure 6.3A). The red-shifted main bands experimentally 

observed for 1a and 2a relative to the typical wavelength of ca. 500 nm for BODIPY core dyes, 

as shown and discussed in Chapter 3, can be attributed to this narrow HOMO–LUMO gap. 

These differences arise from the absence of steric hindrance in the structures of 1a and 2a, 

which is introduced by the 1,7-methyl groups of 3a. This steric hindrance causes the meso-

aryl ring to lie orthogonal to the plane of the BODIPY core for BODIPYs with 1,7-methyl groups, 

as observed in the optimized geometries (Figure 6.4). In the absence of this steric hindrance, 

the meso-aryl ring can rotate relatively freely. The second set of analogous photosensitizers 

used for PACT were synthesized from the analogous 3d, 3e and 3f. Of these three core dyes, 

3d has a relatively narrow HOMO–LUMO gap. Hence both the calculated and experimental 

absorption maxima are red-shifted relative to 3e and 3f (Figure 6.3 and Table 6.1).  
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The photosensitizers used for the PACT studies in Chapter 5 were synthesized by introducing 

heavy atoms onto the BODIPY core. This introduction of bromine and iodine heavy atoms 

results in a greater destabilization of the HOMO relative to the LUMO as the HOMO possesses 

a larger MO coefficient at the 2,6-positions for all the dyes (Figure 6.4). The result is a 

narrowing of the HOMO–LUMO gap and a significant red-shift of the main spectral bands 

(Figure 6.2 and Table 6.1). These changes are more pronounced for 5a, which contains four 

bromine atoms at the 1-, 2-, 6- and 7-positions of the BODIPY core, and for the 2,6-diiodo 8a 

and 9a dyes (Figure 6.4). For 5a, this is because of the presence of multiple bromine heavy 

atoms on the BODIPY core, as it is known that BODIPY absorption maxima tend to red-shift 

further as the number of bromine atoms increases.172  

On the other hand, for the iodine-containing 8a, this is because of the absence of methyl 

groups at the 1,7-positions and the presence of iodine. The absence of methyl groups 

eliminates steric hindrance, and as a result, the meso-aryl ring does not lie orthogonal to the 

plane of the BODIPY core. Hence, the meso-aryl ring plays a significant role in red-shifting the 

main band as discussed above for 1a and 2a. The presence of the heavier iodine atoms on the 

structure of 9a also plays a role similar to that observed for 8a. The role of iodine becomes 

clearer in this case. Compared with the experimental main absorption band of 7a, there is a 

red-shift of ca. 17 nm, while the main absorption band of the analogous 9a is red-shifted by 

ca. 41 nm (Table 6.1). The TD-DFT calculations also predicted this trend, with red shifts of ca. 

43 and 48 nm for 7a and 9a  (Table 6.1), respectively. 
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Figure 6.3. Frontier MO energies and HOMO–LUMO gaps of the core and halogenated 

BODIPYs at the CAM-B3LYP/SDD level of theory. Blue and green lines denote the primary 

localization of MOs on the styryl and phenyl moieties, respectively. The HOMO–LUMO band 

gaps are plotted against a secondary axis and are denoted by large red diamonds. The 

occupied MOs are highlighted with small black squares. 
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Figure 6.4. Angular nodal patterns and MO energies of the core and halogenated BODIPY dyes 

for the HOMO and LUMO. H and L denote the HOMO and LUMO. 
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6.2. StyrylBODIPY dyes for the fabrication of OL materials: effect of π-extension on 

absorption in the visible region and at 532 nm 

Herein, the predicted spectroscopic properties of the BODIPY dyes designed for NLO studies 

are detailed. The BODIPY dyes used for the TD-DFT studies are 13, 14 and 15, and similar 

trends are expected with other styrylBODIPY dyes. These styrylBODIPY dyes were synthesized 

from precursor BODIPY core dyes 1b, 3b and 4b, as detailed in Chapters 2 and 3. In a similar 

manner to the dyes used as photosensitizers, the main spectral bands of all the core dyes are 

due to the one-electron HOMO–LUMO transition (Figure 6.5 and Table 6.2). These S0 → S1 

transitions are also allowed transitions (f > 0.49) (Table 6.2).  

 

Figure 6.5. Calculated TD-DFT spectra of the optimized geometries of the core and 

styrylBODIPY dyes at the CAM-B3LYP/SDD level of theory. The simulated spectra were 

calculated using the Chemcraft program by using bandwidths of 2000 cm−1.171 
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Table 6.2. Electronic properties predicted using TD-DFT calculations at the CAM-B3LYP/SDD 

level of theory for core and styrylBODIPY dyes. 

BODIPY #a 
E 

(ev)b 

λcalc 

(nm)c 

λexp 

(nm)d 
fe Wavefunctionf 

1b 

1 2.93 423 518 0.49 96% H → L; … 

2 3.92 316 - 0.08 90% H-1 → L; … 

3 4.18 297 - 0.02 95% H-3 → L; … 

3b 

1 3.01 412 505 0.55 96% H → L; … 

2 3.81 325 - 0.08 96% H-1 → L; … 

3 4.10 303 - 0.06 98% H-2 → L; … 

4b 

1 2.88 431 528 0.58 96% H → L; … 

2 3.68 337 - 0.13 96% H-1 → L; … 

3 3.92 316 - 0.07 97% H-2 → L; … 

13 

1 2.31 536 648 0.97 97% H → L; … 

2 3.61 344 - 0.68 93% H-1 → L; … 

3 3.81 326 - 0.04 61% H-5 → L; 33% H-2 → L; … 

4 4.14 300 357 0.82 88% H → L+1; … 

5 4.20 295 - 0.31 91% H-6 → L; … 
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14 

1 2.35 528 634 1.01 97% H → L; … 

2 3.73 333 - 0.03 61% H-3 → L; 34% H-2 → L; … 

3 3.75 330 - 0.50 89% H-1 → L; … 

4 4.05 306 - 0.10 92% H-6 → L; … 

5 4.11 302 351 1.20 90% H → L+1; … 

15 

1 2.33 533 643 0.92 97% H → L; … 

2 3.49 355 - 0.03 88% H-2 → L; … 

3 3.69 336 - 0.36 74% H-1 → L; 21% H-4 → L; … 

4 3.81 325 - 0.32 76% H-4 → L; 20% H-1 → L; … 

5 4.17 297 350 1.07 92% H → L+1; … 

a - Excited state number in ascending energy. b - Calculated band energies in eV. c - Calculated 

wavelengths in nm. d - Experimental wavelengths in DMSO. e - Calculated oscillator 

strengths. f - Wavefunctions of the transitions based on eigenvectors predicted by TD-DFT. 

H and L refer to the HOMO and LUMO, respectively. 

BODIPY 1b, in a similar manner to 1a, does not contain methyl groups at the 1,7-positions, 

while 3b and 4b do. BODIPY 4b also contains ethyl groups at the 2,6-positions. The effect of 

this structural modification is a relatively narrow HOMO–LUMO gap for 1b and 4b relative to 

3b (Figure 6.6). As expected, this also results in significantly red-shifted main bands, with that 

of 4b being the most red-shifted (Figure 6.5 and Table 6.2). For 1a, this is due to the absence 
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of steric hindrance introduced by the 1,7-methyl groups of 3b and 4b, similar to what was 

explained for 1a above. The presence of 2,6-ethyl groups on 4b results in a calculated red-

shift of ca. 19 nm and an experimental red-shift of ca. 23 nm relative to 3b, in a similar manner 

to the 2,6-dihalogenated BODIPYs discussed above. Because of the presence of large MO 

coefficients at the 3,5-positions on the HOMO and LUMO, albeit more for the HOMO relative 

to the LUMO of the three BODIPY core dyes (Figure 6.7), the introduction of styryl groups at 

these positions narrows the HOMO–LUMO gap (Figure 6.6). This leads to calculated red-shifts 

of between 102–116 nm, which were observed experimentally to be ca. 115–130 nm (Table 

6.2). 

 

Figure 6.6.  Frontier MO energies of the meso-pyridyl-substituted core and styrylBODIPY dyes 

at the CAM-B3LYP/SDD level of theory. Blue and green lines denote the primary localization 

of MOs on the styryl and phenyl moieties, respectively. The HOMO and LUMO are highlighted 

with thicker black lines, while small black squares denote occupied MOs. Red diamonds 

denote the HOMO–LUMO gap values and are plotted against a secondary axis. 
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In a similar manner to the calculations for the core and halogenated core dyes, the main 

absorption band is predicted to be due to the HOMO–LUMO one-electron transitions. 

Additional transitions involving other MOs are also predicted. The most significant of these is 

the HOMO–LUMO+1 transition with large oscillator strengths (f > 0.82), which are similar to 

the oscillator strengths of the main bands. These strong absorption bands were also observed 

experimentally (Table 6.2). Because the BODIPYs were designed to be studied as potential OL 

materials using the second harmonic of the Nd:YAG laser at 532 nm, the dyes must exhibit 

minimal absorbance at this wavelength and across most of the visible region. This was 

demonstrated with the experimental spectra in Chapters 3 and 4, which showed relatively 

weak absorption at 532 nm and most of the visible region (Figure 6.5). 

 

 

Figure 6.7. Angular nodal patterns and MO energies of the core and styrylBODIPY dyes for the 

HOMO and LUMO at an isosurface of 0.02 a.u. H and L denote the HOMO and LUMO. 

6.3. Comparison of the effects of halogenation and π-extension 

In this section, the spectroscopic properties observed for BODIPYs 3c, 7c and 16 are discussed. 

TD-DFT calculations are used to demonstrate the reasons for the spectral changes observed 
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after introducing bromines at the 2,6-positions to form 7c and after the introduction of 

benzyloxy groups at the 3,5-positions to form 16. In Chapter 4, 16 synthesized from BODIPY 

core dye 3c was used to demonstrate the mechanism responsible for the NLO response 

observed for nonhalogenated BODIPY dyes. 7c also synthesized from 3c was used as a 

photosensitizer in the PACT studies detailed in Chapter 5. In a similar manner to the dyes 

discussed above, the main spectral bands of 3c, 7c and 16 are also due to the one-electron 

HOMO–LUMO transition (Figure 6.8 and Table 6.3). For 3c and 7c, these are allowed 

transitions (f > 0.54), whereas for 16 it is a strongly allowed transition (f = 1.12) (Table 6.3). 

 

Figure 6.8. Calculated TD-DFT spectra of the optimized geometries of 3c, 7c and 16 at the 

CAM-B3LYP/SDD level of theory. The simulated spectra were calculated using the Chemcraft 

program by using bandwidths of 2000 cm−1.171 
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Table 6.3. Electronic properties predicted using TD-DFT calculations at the CAM-B3LYP/SDD 

level of theory for 3c, 7c and 16. 

BODIPY #a 
E 

(ev)b 

λcalc 

(nm)c 

λexp 

(nm)d 
fe Wavefunctionf 

3c 

1 3.01 411 501 0.54 96% H → L; … 

2 3.83 323 - 0.07 96% H-2 → L; … 

3 4.06 305 - 0.0 94% H-1 → L; … 

4 4.12 301 - 0.06 98% H-3 → L; … 

7c 

1 2.89 428 527 0.62 97% H → L; … 

2 3.70 335 - 0.13 96% H-2 → L; … 

3 3.87 320 - 0.06 73% H-1 → L; 19% H-3 → L; … 

16 

1 2.27 546 647 1.12 96% H → L; … 

2 3.49 356 597 1.05 94% H-1 → L; … 

3 3.74 331 - 0.04 91% H-6 → L; … 

4 3.98 311 - 0.0 92% H-3 → L; … 

5 4.00 310 372 1.41 89% H → L+1; … 

a - Excited state number in ascending energy. b - Calculated band energies in eV. c - Calculated 

wavelengths in nm. d - Experimental wavelengths in DMSO. e - Calculated oscillator 
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strengths. f - Wavefunctions of the transitions based on eigenvectors predicted by TD-DFT. 

H and L refer to the HOMO and LUMO, respectively. 

 

 

Figure 6.9. Frontier MO energies of 3c, 7c and 16 at the CAM-B3LYP/SDD level of theory. Blue 

and green lines denote the primary localization of MOs on the styryl and phenyl moieties, 

respectively. The HOMO and LUMO are highlighted with thicker black lines, while small black 

squares denote occupied MOs. Red diamonds denote the HOMO–LUMO gap values and are 

plotted against a secondary axis. 

The introduction of bromine atoms at the 2,6-positions of 3c to form 7c leads to a 

destabilisation of both the HOMO and LUMO, leading to the narrowing of the HOMO–LUMO 

gap (Figure 6.9). This narrowing of the HOMO–LUMO gap results in a calculated red-shift of 

ca. 17 nm and an experimental red-shift of ca. 26 nm (Table 6.3). As mentioned above, styryl 
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groups were introduced at the 3,5-positions of 3c to form 16.  These 3,5-positions possess 

large MO coefficients on the HOMO and LUMO (Figure 6.10). Hence the introduction of styryl 

groups at these positions leads to a calculated red-shift of ca. 135 nm, which was 

experimentally observed to be ca. 146 nm (Table 6.3).  

 

 

Figure 6.10. Angular nodal patterns and MO energies of 3c, 7c and 16 for the HOMO and 

LUMO at an isosurface of 0.02 a.u. H and L denote the HOMO and LUMO 

In a similar manner to the other styrylBODIPY dyes discussed above, additional transitions 

involving other MOs are also predicted. The two strongly allowed transitions involved are a 

HOMO–LUMO+1 transition (f = 1.41) and a HOMO-1–LUMO transition (f = 1.05) (Table 6.3). 

The TD-DFT calculations predict these bands to be at 310 and 356 nm, in addition to the main 

band at 546 nm. In the experimental ground state absorption spectrum, they are respectively 

observed at 372 and 597 nm, with the main band observed at 647 nm (Table 6.3). It is worth 

noting that from the transient absorption spectrum discussed in Chapter 4, these three bands 
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appear as intense ground state depletion peaks at 371, 596 and 645 nm. As mentioned above, 

for a BODIPY dye to be suitable for study as a potential OL material using the second harmonic 

of the Nd:YAG laser at 532 nm, there must be minimal absorbance at this wavelength and 

across most of the visible region. BODIPY 16 does possess this property, as it was observed in 

the experimental spectrum in Chapter 4. This holds even with the TD-DFT spectrum (Figure 

6.8). 

6.4. Partial atomic charge visualization and dipole moments on optimized geometries of 

styrylBODIPY dyes used in NLO studies 

In this section, the partial atomic charges of the optimized geometries are discussed briefly, 

and the direction of the predicted dipole moments of some of the dyes studied for NLO are 

shown (Figure 6.11). The values of the predicted Mulliken atomic charges are included for 

some of the dyes (Table 6.4). Because Mulliken charges obtained from DFT calculations are 

known to be dependent on the basis set used, the results will be limited to a qualitative 

analysis.173–175 The precursor BODIPY core dyes are also included. The arrow displayed on the 

structures shows the ground state dipole (Figure 6.11). This is influenced by the nature of the 

atoms on the substituents present on the functional groups attached to the BODIPY core at 

different positions. Using the scale shown at the bottom, the direction and magnitude of the 

charge on each atom can be deduced from the color of the atom (Figure 6.11). 
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Figure 6.11. Partial atomic charge visualization on the optimized structures. Atoms are 

colored according to the degree of partial charge, and hydrogen atoms are hidden. The range 

and index at the bottom relate the magnitude of the partial charge to color, with blue and red 

representing the most negatively and positively charged atoms, respectively. The 

visualizations were created using the Chemcraft program.171 
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Figure 6.12. Atom number labels on the carbon atoms of 1b, 3b, 4b, 13, 14 and 15. The 

numbering of the atoms corresponds to Table 6.4. 

The predicted Mulliken atomic charges for the meso-pyridyl-substituted BODIPY dyes are 

shown below (Table 6.4). The atoms are numbered as shown in Fig.6.12. The charges on 

identical atoms on all the core and styryl BODIPY dyes are approximately the same except in 

the instances highlighted in bold (Table 6.4). Using 1b as the starting point, the differences 

observed can be attributed to the introduction of methyl, ethyl and styryl groups at the 1,7-, 

2,6- and 3,5-positions of the BODIPY core, respectively (Figure 6.12). The presence of methyl 

groups affects the charges on carbons 7–9 and 14–16 (Table 6.4). The charges on the carbons 
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at the 1,7-positions (carbons 8 and 15) of 3b, 4b, 14 and 15 are inverted relative to 1b and 13, 

and these are the carbons which form C–C bonds as the methyl groups are directly attached 

to them (Figure 6.12). A similar observation can be made at the 2,6-positions (carbons 9 and 

14) of 4b and 15, where the ethyl groups are directly attached. The introduction of styryl 

groups at the 3,5-positions (carbons 10 and 12) does not change the direction of the charge 

on these carbon atoms, but there are changes in the magnitude of the charge on these atoms. 

Table 6.4. Mulliken atomic charges for the meso-pyridyl-substituted BODIPY dyes. Atoms 

whose charges change significantly (in magnitude and/or direction) upon introducing 

methyl, ethyl or styryl groups are highlighted in bold. 

Carbon atom 

number 
1b 3b 4b 13 14 15 

1 -0.023 -0.015 -0.030 -0.011 -0.008 -0.015 

2 -0.030 -0.030 -0.005 0.208 0.206 0.208 

3 -0.092 -0.104 -0.105 0.204 0.209 0.204 

4 -0.148 -0.135 -0.120 -0.003 -0.015 -0.008 

5 0.262 0.252 0.230 0.050 0.053 0.054 

6 0.129 0.116 0.103 -0.060 -0.047 -0.041 

7 0.251 0.164 0.191 0.276 0.242 0.230 

8 -0.024 0.318 0.161 -0.023 0.121 0.087 

9 -0.080 -0.237 0.132 -0.070 -0.127 0.010 

10 0.356 0.382 0.252 0.373 0.369 0.336 

11 0.004 -0.001 -0.053 0.013 0.013 0.015 
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12 0.431 0.437 0.213 0.375 0.369 0.334 

13 -0.043 -0.042 -0.031 0.013 0.013 0.016 

14 -0.189 -0.264 0.130 -0.088 -0.127 0.011 

15 -0.135 0.202 0.089 -0.003 0.121 0.087 

16 0.319 0.143 0.154 0.275 0.242 0.231 

17 - -0.090 -0.074 - -0.032 -0.038 

18 - -0.089 -0.072 - -0.032 -0.039 

19 - - -0.013 - - -0.047 

20 - - -0.032 - - 0.023 

21 - - -0.015 - - -0.046 

22 - - -0.064 - - 0.022 

6.5. Molecular Electrostatic Potential maps for the distyrylBODIPY dyes studied for 

application in NLO 

This section describes the charge distributions of the distyrylBODIPY dyes studied for 

application in NLO in Chapter 4. Different surface charges across the BODIPY structure can be 

visualized using electrostatic potential maps (Figure 6.13).176,177 For the purposes of this 

study, charge distributions can be useful in enhancing the understanding of the dipole 

moments discussed above. Because large dipoles of organic molecules are known to enhance 

hyperpolarizability in the context of NLO studies, visualizing charge distribution is important. 

On the maps, the red area corresponds to the negative region of the ESP map where electron-

rich portions of the structure attract a point positive charge, whereas the blue area 
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corresponds to the positive region where electron-deficient portions of the structure repel a 

point positive charge (Figure 6.13).  

 

Figure 6.13. Molecular electrostatic potential maps for the distyrylBODIPY dyes studied for 

NLO applications. The mapping was performed using GaussView and corresponds to the 

attractive and repulsive force exerted on a point positive charge. A red surface color 

corresponds to the negative region of the electrostatic potential where electron-rich portions 

of the structure attract the point positive charge. In contrast, the blue surfaces correspond to 

the positive regions where electron-deficient portions of the structure repel the point positive 

charge. 
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The substituents at the meso- and 3,5-positions of 10, 11, 12 and 17 were selected to form 

D–π–A type dyes. The alkyl groups on the electronegative nitrogen atoms are electron-

deficient and hence positively charged (blue color), while the electron-donating properties of 

the –NR2 group increase electron density charge across the BODIPY π-system structure 

(Figure 6.13). For 13, 14 and 15, the nitrogen atoms on the pyridine group at the meso-

position are more electronegative than the carbon atoms. Hence the nitrogen atoms possess 

an intense red color while the blue color on the carbon atoms of the meso-phenyl ring 

indicates that they become electron-deficient (Figure 6.13). For 16, the most electronegative 

atom on the meso-phenyl ring is the oxygen atom, and the intense red color is consistent with 

this, and is supported by an intense blue color on the rest of the meso-phenyl ring (Figure 

6.13). The intense red color on the oxygen atoms of the benzyloxy rings of the styryl groups 

at the 3,5-positions also highlights the electronegative nature of the oxygen atoms, which 

increases the negative charge centered on these atoms. For all the BODIPYs, the BF2 center 

contains an intense red color consistent with the electron-withdrawing nature of the fluorine 

atoms. 

6.6. Comparison of the spectroscopic and electronic properties of mono-, di-, tri-, and 

tetrastyrylBODIPY dyes 

In this section, the properties predicted for the 1,3,5-tristyrylBODIPY dye, 25, and a series of 

model compounds from the corresponding core dye to its 1,3,5,7-tetrastyryl analogue are 

discussed. For the purposes of this thesis, only the theoretical calculations are carried out for 

the analogues, and the results are used to assess which of the styrylBODIPY analogues 

amongst the monostyrylBODIPY, distyrylBODIPY, tristyrylBODIPY and tetrastyrylBODIPY 
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would be more suitable for study in NLO applications. Having studied the NLO properties of a 

monostyrylBODIPY, distyrylBODIPYs and a tristyrylBODIPY in this thesis, the TD-DFT results 

discussed here provide additional information on the trends observed in relation to 

spectroscopic properties of styrylBODIPY dyes and helped guide the decision to not further 

pursue the OL properties of tristyryl and tetrastyryl dyes. These spectroscopic properties help 

shape the NLO responses obtained in the visible region at 532 nm with the second harmonic 

of the Nd:YAG laser.  

As demonstrated above with the meso-pyridyl-substituted BODIPY dye series and 3c, 7c and 

16, the 3,5-positions are known to have significant MO coefficients at the HOMO and LUMO 

relative to the 1,7-positions. Therefore, this means that introducing styryl groups at the 3,5-

positions is expected to narrow the HOMO–LUMO gap and significantly red-shift the 

absorption bands relative to when the styryl groups are at the 1,7-positions (Figure 6.14). The 

TD-DFT calculations performed for 25 and analogues clearly show this. The introduction of 

styryl groups at the 3,5-positions of the core to form the mono- and distyrylBODIPY dyes 

results in successive large red-shifts of the main spectral band of 47 and 56 nm, respectively 

(Figure 6.15 and Table 6.5). In contrast, introducing styryl groups at the 1,7-positions to form 

the tri- and tetrastyrylBODIPY dyes results in much smaller red shifts. The addition of a third 

styryl group results in a red-shift of 16 nm, whereas the addition of a fourth styryl group 

results in a red shift of 20 nm (Figure 6.15 and Table 6.5). This clearly demonstrates that 

additional styryl groups at the 1,7-positions do not alter the spectroscopic properties of 

distyrylBODIPY dyes significantly enough in the context of the main spectral band and hence 

are unlikely to eliminate the issue of having significant absorbance at the red end of the 

visible. 
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Additionally, in the context of NLO applications related to the protection of optically sensitive 

materials such as the human eye, a significant disadvantage is introduced by styrylation at the 

1,7-positions. This is the appearance of additional absorption bands in the visible region, 

which can be seen in the TD-DFT spectra of the tri- and tetrastyrylBODIPY dyes (Figure 6.15). 

These bands are predicted to be at 411 and 413 nm, and arise from weak transitions (f = 0.21 

and 0.19) (Table 6.5). In a similar manner to the spectra of the distyrylBODIPY dyes 13, 14, 15 

and 16 discussed above, the presence of relatively weak absorption across the visible region 

makes BODIPY dyes less suitable for study as potential OL materials that can be used in the 

protection of optically sensitive materials such as the human eye. 

 

Figure 6.14. Frontier MO energies of 25 and analogues at the CAM-B3LYP/SDD level of theory. 

Blue and green lines denote the primary localization of MOs on the styryl and phenyl moieties, 

respectively. The HOMO and LUMO are highlighted with thicker black lines, while small black 

squares denote occupied MOs. Red diamonds denote the HOMO–LUMO gap values and are 

plotted against a secondary axis 
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Figure 6.15. Calculated TD-DFT spectra of the optimized geometries of 25 and analogues at 

the CAM-B3LYP/SDD level of theory. The main spectral bands are highlighted with red 

diamonds. The simulated spectra were calculated using the Chemcraft program by using 

bandwidths of 2000 cm−1.171 
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Table 6.5. Electronic properties predicted using TD-DFT calculations at the CAM-B3LYP/SDD 

level of theory for 25 and analogues. 

BODIPY #a 
E 

(ev)b 

λcalc 

(nm)c 

λexp 

(nm)d 
fe Wavefunctionf 

core 

1 2.97 423 528 0.64 97% H → L; … 

2 3.71 334 - 0.00 91% H-1 → L; … 

3 3.79 327 - 0.12 96% H-2 → L; … 

4 3.97 312 - 0.08 93% H-3 → L; … 

mono 

1 2.64 470 - 0.98 96% H → L; … 

2 3.62 342 - 0.14 36% H-1 → L; 28% H-2 → L;  28% H-3 → L; … 

3 3.65 340 - 0.02 54% H-1 → L; 19% H-3 → L;  18% H-2 → L; … 

4 3.91 317 - 0.05 93% H-4 → L; … 

5 4.11 302 - 0.42 48% H-3 → L; 46% H-2 → L;  … 

di 

1 2.36 526 - 0.97 97% H → L; … 

2 3.57 347 - 0.02 70% H-3 → L; 16% H-2 → L;  … 

3 3.58 346 - 0.01 75% H-2 → L; 14% H-3 → L;  … 

4 3.61 343 - 0.79 94% H-1 → L; … 

5 3.86 321 - 0.14 93% H-4 → L; … 
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6 4.23 293 - 1.13 93% H → L+1; … 

7 4.36 285 - 0.01 49% H-5 → L; 34% H-7 → L; 10% H-3 → L; … 

tri (25) 

1 2.29 542 647 1.09 97% H → L; … 

2 3.02 411 - 0.21 89% H-1 → L; … 

3 3.46 359 - 0.36 64% H-2 → L; 27% H-3 → L; … 

4 3.58 346 - 0.48 58% H-3 → L; 29% H-2 → L; … 

5 3.66 339 - 0.06 60% H-4 → L; 28% H-5 → L; … 

6 4.09 303 - 0.16 40% H-5 → L; 25% H → L+1; 14% H-4 → L; … 

7 4.23 293 - 0.97 56% H → L+1; 13% H-5 → L; 11% H → L+2; … 

8 4.33 286 - 0.13 76% H → L+2; 5% H → L+1;  … 

tetra 

1 2.21 562 - 1.13 97% H → L; … 

2 2.93 423 - 0.05 71% H-1 → L; 19% H-2 → L; … 

3 3.00 413 - 0.19 72% H-2 → L; 20% H-1 → L; … 

4 3.34 372 - 0.78 78% H-3 → L; 14% H-4 → L; … 

5 3.56 348 - 0.26 74% H-4 → L; 15% H-3 → L; … 

6 3.90 318 - 0.01 74% H-5 → L; 6% H → L+2; … 

7 4.17 298 - 1.36 72% H → L+2; 7% H → L+3; … 

8 4.22 294 - 0.05 73% H → L+2; 8% H-5 → L; … 
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a - Excited state number in ascending energy. b - Calculated band energies in eV. c - Calculated 

wavelengths in nm. d - Experimental wavelengths in DMSO. e - Calculated oscillator 

strengths. f - Wavefunctions of the transitions based on eigenvectors predicted by TD-DFT. 

H and L refer to the HOMO and LUMO, respectively. 

In addition to the spectroscopic properties discussed above for 25 and its series of styrylated 

analogs, the charge distributions can be studied using electrostatic potential maps. In a similar 

manner to distyrylBODIPY dyes 10-17, the visualization of different charges across the BODIPY 

structure using color provides information on how different substituents influence the 

distribution of electrons across the BODIPY structure. Based on the understanding that the 

red area on the maps corresponds to the negative region of the electrostatic potential, 

whereas the blue area corresponds to the positive region (Figure 6.16), the effect of the 

presence of additional styryl groups at the 1,7-positions on electron distribution can be 

studied.  

From the ESP maps, it is clear that the presence of additional styryl groups does not 

significantly alter the distribution of electrons across the BODIPY structure. This is 

demonstrated by different moieties on the structures maintaining a similar color upon the 

successive introduction of styryl groups at the 1- and 7-positions in addition to the 3,5-

positions (Figure 6.16). However, it is worth noting that the electron-deficiency of the meso-

phenyl ring is altered by the presence of styryl groups at the 1,7-positions. This is 

demonstrated by the weaker blue color for the meso-phenyl rings of the tri- and 

tetrastyrylBODIPY dyes after introducing the benzene rings, which form part of the 1,7-styryl 
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groups (Figure 6.16). This can be expected to decrease the magnitude of the dipole moment 

across the BODIPY structure, and hence may result in less favorable OL properties. 

 

Figure 6.16. Molecular electrostatic potential maps for 25 and analogues. The mapping was 

performed using GaussView and corresponds to the attractive and repulsive force exerted on 

a point positive charge. A red surface color corresponds to the negative region of the 

electrostatic potential where electron-rich portions of the structure attract the point positive 

charge, whereas the blue area corresponds to the positive region where electron-deficient 

portions of the structure repel the point positive charge.  
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6.7. Concluding remarks 

A series of novel and previously synthesized BODIPY dyes were studied in this thesis, and in 

this chapter, their optimized geometries and spectroscopic properties were successfully 

calculated and analyzed in detail. The optimized geometries were obtained using the B3LYP 

functional, while the optical properties were predicted using TD-DFT calculations using the 

CAM-B3LYP functional. For both the geometry optimization and TD-DFT calculations, the 

default Gaussian 09 SDD basis sets were used. From the results discussed above, the presence 

of bromine, iodine, ethyl and styryl groups at all positions of the BODIPY core leads to a 

narrowing of the HOMO–LUMO band gap. This led in each case to a red-shift of the main 

spectral band of differing magnitudes due to their differing mesomeric effects, as is often the 

case for BODIPY dyes.3,178 The trend in the magnitude of the red-shift is styryl > iodine > 

bromine > ethyl. 

While the introduction of styryl groups at the 3,5-positions significantly red-shifts the main 

absorption band of BODIPY dyes and minimizes the absorption at the 532 nm wavelength 

used for NLO studies, there is still an envelope of relatively weak absorption across the visible 

region. This minimal absorption differs in magnitude, with BODIPY 16 having significantly 

weaker absorption at 532 nm than the other dyes. This was observed with both the predicted 

and experimental spectra, posing a challenge in the application of BODIPY dyes as OL 

materials, especially in the fabrication of materials that can protect the human eye from light 

sources such as laser irradiation. Tri- and tetrastyrylBODIPY dyes have extra bands in the 

400−600 nm region in addition to what is typically observed for 3,5-distyrylBODIPY dyes, tri- 

and tetrastyrylBODIPY dyes are less suitable for OL applications related to the protection of 

the human eye since they are less likely to transmit visible region photons under ambient light 



178 
 

conditions. While organic molecular dyes such as porphyrins and phthalocyanines, and 

recently BODIPYs have been extensively studied for the fabrication of potential OL materials, 

issues related to significant absorbance across the visible region under ambient light 

conditions introduces a need for alternatives. The optically transparent thin films discussed 

in Chapter 4 may provide a solution to this as the disilane-bridged architectures may serve as 

a starting point towards researching alternatives. 

Partial atomic charges have been calculated for some of the styrylBODIPY dyes studied for 

application in NLO. Structural changes which change the nature of the bonds on the carbon 

atoms of the BODIPY core modify the distribution of electrons on these atoms. The structural 

changes observed here are the formation of C–C bonds at the 1,7-, 2,6- and 3,5-positions of 

the BODIPY core. These lead to changes in the magnitude of the atomic charges on the 

carbons at these positions, and the charges on the carbons at the 1,7- and 2,6-positions 

become positive. The charge distributions of the distyrylBODIPY dyes studied for application 

in NLO in Chapter 4 have been studied by using electrostatic potential energy maps. The 

differences in the electronegativities of the atoms present on the different substituents on 

the BODIPY structure are responsible for the charge distributions. Worth noting in the context 

of NLO and the related hyperpolarizability is the push-pull system formed by the charge 

distributions obtained for 10, 11, 12 and 17. These D–π–A type dyes are a clear example of 

the effect of electronegativity on charge distribution, as they possess distinct positive charges 

on the nitrogen atoms at the 3,5-position styryl groups (blue color) and distinct negative 

charges on the nitrogen atoms at the meso-position which contains fluorine atoms (slightly 

red color). For all the BODIPYs studied, the electronegativities of the atoms modulate charge 

distribution on the BODIPY structure.  
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7.1. General conclusions 

In this thesis, a series of structurally diverse BODIPY dyes have been synthesized, 

characterized and their suitability for use as photosensitizers in PACT and as optical limiters 

in NLO assessed. From the synthesized BODIPY core dyes, 1a, 1b, 1k, 3d and 3e are novel, 

while the rest of the core dyes have been previously synthesized,123–126,129,130 and all the 

styrylBODIPY dyes synthesized were novel. The BODIPY core dyes were synthesized using the 

classic “one-pot three-step” acid-catalyzed condensation reaction, whereas the styrylBODIPY 

dyes were synthesized using a modified Knoevenagel condensation reaction.1,3 Challenges 

were encountered when D-π-A type BODIPY dyes analogues of BODIPYs 10-13 and 17 were 

synthesized using electron-deficient aldehydes as substituents at the 3,5-positions. This 

strategy of using aldehydes containing electron-withdrawing groups was used to target novel 

styrylBODIPY dyes using an approach that would normally not yield the target structures, 

since electron-deficient aldehydes are known to be unreactive during Knoevenagel 

condensation reactions.5,15,16 

BODIPY core dyes 1a, 2a and 3a, are structural analogues. The difference between them arises 

from using 2-methylpyrrole, 2-ethylpyrrole and 2,4-dimethylpyrrole as the starting pyrroles, 

respectively. BODIPY core dyes 1b, 3b and 4b are also analogues, and the difference, in this 

case, is the use of 2-methylpyrrole, 2,4-dimethylpyrrole and 3-ethyl-2,4-dimethylpyrrole as 

the starting pyrroles, respectively. For BODIPY core dyes 1c and 3c, 2-methylpyrrole and 2,4-

dimethylpyrrole were used as the starting pyrroles, respectively. The other set of BODIPY core 

dye analogues is 3d, 3e and 3f, synthesized from 2-iodobenzaldehyde, 3-iodobenzaldehyde 

or 4-iodobenzaldehyde, respectively. After synthesizing the BODIPY core dyes, halogen heavy 

atoms (bromine or iodine) were introduced at the 2,6-positions of BODIPYs 1a, 2a, 3a, 3c–i to 
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form 5a, 6a, 7a, 7c-i, 8a and 9a, as described in Chapters 2 and 3. The reaction of 1a with NBS 

gave 5a, which contains bromine heavy atoms at the 1,7- and 2,6-positions. In contrast, the 

reaction of 1a with an equivalent amount of NIS gave 8a, which does not contain iodine heavy 

atoms at the 1,7-positions. The halogenated BODIPY core dyes were obtained in small yields 

in some instances, as reported in Chapter 2. The substituents at the meso position can also 

be halogenated and this leads to side products which were isolated during column 

chromatography, especially for the dyes containing phenyl substituents. During the synthesis 

of 5a, 6a and 8a, the yields of the side products increased due to the absence of methyl 

substituents at the 1,7-positions. The introduction of heavy atoms onto the BODIPY core dyes 

was carried out firstly to red-shift the main absorption bands of the dyes and secondly to 

enhance the generation of singlet oxygen upon photoexcitation. Red-shifted spectral bands 

were observed experimentally, as discussed in Chapter 3, and the reasons for this are 

discussed in depth in the context of the TD-DFT calculations discussed in Chapter 6. The 

halogenated BODIPY core dyes have moderately high singlet oxygen quantum yields in DMSO 

with the sole exception of 5a. This makes the halogenated core dyes suitable for study as 

photosensitizers in PACT. The low singlet oxygen quantum yield for 5a was attributed to poor 

photostability, making the dye a poor candidate for photosensitizer applications, as detailed 

in Chapter 5. 

The PACT studies carried out in Chapter 5 using the neutral halogenated BODIPY core dyes 

were aimed primarily at identifying structure-property relationships that determine the 

suitability of BODIPYs for use as photosensitizer dyes in this context. Because neutral BODIPY 

dyes are known to be active against the Gram-positive Staphylococcus aureus,160,161 this was 

the bacteria selected in this work. The structure-property relationships were assessed 
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primarily by using two different series of BODIPY analogues. The PACT activities of other novel 

and previously synthesized halogenated BODIPYs against Staphylococcus aureus were also 

analyzed where appropriate. The first set of BODIPY analogues is 5a, 6a, 7a, 8a and 9a, which 

exhibit minor differences on the BODIPY core related to the absence and presence of methyl 

groups at the 1,7-positions, the presence of ethyl or methyl groups at the 3,5-positions, and 

the presence of bromine or iodine heavy atoms at the 2,6-positions. The other set of dye 

analogues are 7d, 7e and 7f, which contain an iodine heavy atom at different positions of the 

meso-aryl ring.  

All the dyes studied reduced bacterial viability to below 50%, and there was no significant 

difference in the number of viable colonies remaining after the bacterial cells were treated 

with 7d, 7e and 7f. For the bacterial cells treated with 5a, 6a, 7a, 8a and 9a, no viable colonies 

remained after treatment with the BODIPYs containing protons at the 1,7-positions or iodines 

at the 2,6-positions, except for 5a which has a significantly low singlet oxygen quantum yield. 

Hence, it can be concluded that the presence of protons at the 1,7-positions and iodines at 

the 2,6-positions leads to more favorable PACT activity, especially when combined, as is the 

case with the structure of 8a. This dye was the best performing dye in this set of analogues. 

Even in the absence of this combination, each of these dyes still exhibits favorable PACT 

activity, as observed for 6a and 9a, which exclusively contain protons at the 1,7-positions and 

iodines at the 2,6-positions, respectively. 

Using a modified Knoevenagel condensation reaction, the styrylBODIPY dyes studied in this 

thesis were synthesized from the core dyes. BODIPYs 1a, 2a and 7a were used to synthesize 

10, 11 and 12, respectively. BODIPY 17 was also synthesized from 7a. These dyes were 

rationally designed to contain electron-donating groups at the 3,5-positions and electron-
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withdrawing groups at the meso position. This creates a D–π–A or push-pull system which 

typically enhances the NLO properties of BODIPYs and other organic compounds.19,20,98–100 

BODIPYs 13, 14 and 15 were synthesized from 1b, 3b and 4b, whereas 16 was synthesized 

from 3c. BODIPYs 13, 14 and 15 contain a pyridine group at the meso-position and benzene 

rings on the styryl groups at the 3,5-positions and differ structurally by the type of substituent 

present at the 1,7- and 2,6-positions. BODIPY 16 contains an acetamido moiety at the meso 

position and benzyloxy moieties on the styryl groups at the 3,5-positions. These 

nonhalogenated styrylBODIPY dyes were selected to study the effect of substituents other 

than heavy atoms on the BODIPY core on the NLO properties. BODIPY 16 was specifically used 

to better understand the mechanism responsible for the typically favorable NLO responses 

observed for nonhalogenated BODIPY dyes.37 The NLO studies were carried out with organic 

solutions of all the styrylBODIPY dyes at concentrations that lie in the linear range of Beer-

Lambert plots using the Z-scan setup described in Chapter 2 with 7 or 10 ns laser pulses at an 

input intensity of ca. 35 μJ. The second harmonic of the Nd:YAG laser at 532 nm was used to 

provide the beam, since this lies in the portion of the visible region where the human eye is 

most sensitive. 

During the z-scan measurements, all the BODIPYs exhibited favorable reverse saturable 

absorption responses characterized by a significant decrease in transmittance at high laser 

light intensity. Research into the suitability of BODIPY dyes as optical limiters at 532 nm is not 

a widely researched area. On the basis of the work conducted in this thesis and recently 

published research articles,19,93,95,132,179,180 the following conclusions on the suitability of 

BODIPY dyes as optical limiters can be drawn: 
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• Slightly enhanced OL parameters, especially hyperpolarizability, are observed for 

styrylBODIPY dyes with no methyl groups at the 1,7-positions relative to other analogue 

structures.100 This is thought to be due to the absence of steric hindrance introduced by 

the methyl groups. In the absence of this, the meso-aryl ring lies closer to the π-system 

of the BODIPY core and leads to enhanced D-π-A properties and the overall 

improvement of the NLO properties.  

• Comparing the OL properties obtained for the 11 and 12 analogue dyes leads to the 

conclusion that there is no evidence that the introduction of heavy atoms onto the 

structure of BODIPY dyes significantly enhances OL properties,100 as has been observed 

in other organic dyes. This observation has been made previously using another pair of 

BODIPY analogue dyes.93 

• Using the 14 and 15 analogue dyes, the effect of the presence of ethyl groups at the 2,6-

positions on the NLO properties of a distyrylBODIPY dye has been assessed for the first 

time by using the latter. From the results obtained in this thesis, incorporating alkyl 

substituents onto the BODIPY core does not significantly enhance the OL properties of 

styrylBODIPY dyes. 

• Because it was established that the presence of heavy atoms on the BODIPY core does 

not significantly enhance BODIPY OL properties relative to the nonhalogenated analogue 

dyes, 16 was used to study the mechanism responsible for the NLO responses observed 

for nonhalogenated styrylBODIPY dyes.37 The mechanism was established by combining 

an analysis of the z-scan data obtained with a transient absorption spectroscopy study 

with a femtosecond laser system, which identified a broad peak attributable to ESA. This 

ESA was postulated to be strictly from the S1 since 16 contains no heavy atoms to 
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promote intersystem crossing into the triplet state. To confirm this, triplet decay curves 

were measured on the microsecond timescale for 16, and no signal was observed. This 

led to the conclusion that the mechanism is one-photon absorption from the ground 

state followed by ESA in the singlet manifold.  

• Having studied the NLO properties of a monostyrylBODIPY dye and distyrylBODIPY dyes, 

the properties of a 1,3,5-tristyrylBODIPY dye, 25 were assessed.142 The NLO properties 

and calculated OL parameters obtained at 532 nm were found not to be significantly 

different to those of other styrylBODIPY dyes obtained under similar conditions.95 From 

the diverse structures studied, monostyrylBODIPY, distyrylBODIPY, and tristyrylBODIPY 

dyes all possess OL parameters with values similar in magnitude to those of other 

organic dyes that are viewed as suitable for this application.79,144,156 

In addition to assessing the NLO properties of BODIPY dyes, the properties of scandium 

phthalocyanines were assessed for the first time. This was achieved using a monomeric ScIIIPc 

and both the green and blue forms of a dimeric ScIIIPc2.141 The properties of the latter were 

found to be similar in magnitude to what has been reported for other dimeric 

phthalocyanines. Therefore, it can be concluded that the introduction of a scandium ion as a 

first-row transition metal does not significantly enhance OL properties relative to those 

observed for other metallophthalocyanines, such as rare earth dimeric phthalocyanine 

complexes. Because there is a requirement for minimal to no absorption in the visible region 

by materials used to fabricate protective OL materials, especially for the human eye, 

challenges arise regarding BODIPYs and phthalocyanines. Both BODIPYs and phthalocyanines 

tend to absorb significantly in the visible region, as is evident from the dyes studied in this 

work. This may be circumvented by designing OL materials that remain transparent under 
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ambient light conditions.140 As flexible as the BODIPY structure is from a synthetic standpoint, 

shifting the main spectral band into the NIR region does not eliminate absorption across the 

visible region under ambient light conditions. This holds for phthalocyanines too.  

 
7.2. Future recommendations 

The structure-property relationships of interest in the PACT studies carried out in this thesis 

demonstrated that the absence of methyls at the 1,7-positions and the presence of iodines 

at the 2,6-positions of neutral BODIPYs leads to favorable PACT activity against a commercial 

strain of the gram-positive Staphylococcus aureus. Once this is combined with the established 

research on the activity of cationic BODIPYs against commercial strains of gram-negative 

bacteria such as Escherichia coli,49,72,181,182 BODIPYs can be structurally designed in this 

manner to target environmental strains. One environment of interest is healthcare centers 

that possess various strains of bacteria, which lead to nosocomial or healthcare-associated 

infections (HCAIs).167,166,183,184 We, therefore, propose the use of BODIPY dyes in the 

inactivation of strains responsible for these infections as the next potential line of research to 

create viable alternatives to antibiotics.  

Because of the challenge posed by the absorbance of photons in the visible region by 

phthalocyanines and BODIPYs under ambient light conditions, the future development of 

protective OL materials designed specifically to protect the human eye as opposed to 

sensitive optical equipment may lie in compounds with minimal ground state absorption in 

the visible region. One such set of compounds is the σ-bridged molecules connected via 

disilane linkers synthesized at Hangzhou Normal University, whose optical limiting properties 

were studied at Rhodes University during this work.140 These optically transparent disilane-
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bridged compounds do not absorb significantly in the visible region, i.e. ca. 400–700 nm, and 

their PBC polymer thin films exhibit an excellent RSA response. The high Ilim values obtained 

for these transparent thin films (above 0.95 J.cm−2) could be further lowered by using higher 

concentrations of the dyes during thin film preparation. 
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