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Abstract 

 Chapter 1 contains a brief overview of the history, synthesis, and properties of 

BODIPY dyes as well as that of the biomedical applications of bio-imaging and 

photodynamic therapy.  Additionally, an overview of the theoretical framework of density 

functional theory and its time-dependent variant are provided.  In Chapter 2, the effects 

of structural modification on the electronic structure and electron dynamics of cationic 

meso-(4-pyridyl)-BODIPYs were investigated.  A library of 2,6-difunctionalized meso-(4-

pyridyl)-BODIPYs bearing various electron-withdrawing substituents was designed and 

DFT calculations were used to model the redox properties, while TDDFT was used to 

determine the effects of functionalization on the excited states.  Structural modification 

was able to restructure the low lying molecular orbitals to effectively inhibit d-PeT.  A 

new meso-(4-pyridyl) BODIPY bearing 2,6-dichloro groups was synthesized and shown 

to exhibit enhanced charge recombination fluorescence.  The fluorescence 

enhancement was determined to be the result of functionalization modulating the 

kinetics of the excited state dynamics.  The syntheses employed in the preparation of 

several additional derivatives from the previously designed meso-(4-pyridyl)-BODIPY 

library are reported in Chapter 3.  The dyes were then characterized photophysically 

and biologically.  The photophysical properties were found to follow the expected trend.  

The ionic derivatives all displayed decreased cellular uptake and the only derivatives 

exhibiting high phototoxicity were the neutral dyes containing heavy atoms.  Chapter 4 

presents a comparative study of the differences in the photophysical and biological 

properties of the series of meso-pyridinium BODIPY isomers through an experimental 

and computational investigation.  The three structural isomers were synthesized and 
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photophysically characterized revealing differences in both absorption and emission 

wavelengths as well as fluorescence quantum yields.  TDDFT calculations were used to 

model the dyes’ electronic structure and excited states to evaluate the impact of 

pyridine orientation on the optical properties.  The dyes’ biological activity was 

evaluated in human epithelial type-2 (HEp-2) cancer cells.  Decreasing cellular uptake 

from 4-Py > 2-Py > 3-Py was observed for both neutral and ionic derivatives.  All three 

derivatives, both neutral and ionic, displayed equivalent phototoxicity (IC95 = 100 μM) 

with the exception of 4-Py+ (IC90 = 100 μM). 
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Chapter 1. Introduction  

1.1. BODIPY Dyes 

1.1.1. Fundamental Properties of BODIPYs 

 While the aza-BODIPY was first synthesized in 1943 as a pigment by Rogers and 

coworkers1,2, the BODIPY was not synthesized until the late 1960’s by Treibs and 

Kruezer.3  However, it received relatively little attention until the mid-1980’s4-6 when 

Monsma and co-workers7 recognized the boron dipyrromethenes’ (4,4-difluoro- 4-bora-

3a,4a-diaza-s-indacene, henceforth referenced as BODIPY) potential as a biological 

label.  Since then, BODIPYs have found application as bio-labels,5,6,8-29, laser 

dyes,5,6,8,30-38 light harvesting chromophores,6,8,33,39-51 fluorescent probes,5,6,8,12,13,33,52-60 

and photosensitizers for photodynamic therapy.61-65 

 Although the BODIPY is commonly referred to as “porphyrin’s little sister”, it 

actually falls into a different class of dyes.  Porphyrins, azaporphyrins, phthalocyanines, 

and their derivatives (i.e. chlorins, bacteriochlorins, isobacteriochlorins, isoporphyrins, 

etc…) are aromatic macrocycles similar to systems like coronene.  BODIPYs, on the 

other hand, can be viewed as having a rigidified monomethine structure and as such 

have been classified as cyanine dyes, Figure 1.1.  The cyanine family is a class of 

polymethine dyes characterized by having two nitrogen atoms conjugated via an odd 

number of methylene groups.  However, unlike the traditional cyanine platform in which 

 

Figure 1.1.  Structures of nitrogen-containing dyes. 
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the nitrogens have three and four covalent bonds respectively, the nitrogens in the 

BODIPY platform each only have three covalent bonds and one forms an additional 

dative bond with the boron linker resulting in an overall neutral species. 

 The common numbering system used in BODIPY nomenclature follows the 

system used for the structural analog s-indacene, instead of that used for 

dipyrromethenes (Figure 1.2), hence the BODIPY core is also referred to as bora-

diazaindacene.  However, the 8- position is commonly referred to as the meso- position 

which is consistent with the porphyrin system. 

 

Figure 1.2.  BODIPY numbering system based on s-indacene. 

 Looking at the BODIPY in terms of its physical structure, it can be broken down 

into two parts: a bidentate dipyrromethene ligand complexed with an electron deficient 

Lewis acid (boron).  In preparation, the dipyrromethene is typically complexed with a 

BF2 unit supplied by boron trifluoride diethyl etherate.  This complexation results in a 

fused tricyclic structure where the pyrrolic nitrogens, α-carbons, the BF2 unit, and the 

methine bridge form a central six-membered ring flanked by the two pyrroles.  The BF2 

constrains the freely rotatable dipyrromethene preventing cis/trans isomerization, 

rigidifying the core, and resulting in high fluorescence quantum yields.  Dipyrromethene 

salts have intense absorption peaks in the visible spectrum causing nanomolar 

concentrations to produce a black solution, yet the fluorescence intensity is quite low.66  
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The structural constraint from the boron complexation results in a dramatic increase in 

fluorescence intensity.  The X-ray crystallographic analysis of single crystal BODIPYs 

shows the π-electron delocalization across the nine carbon, two nitrogen backbone.  

The boron center possesses a nearly tetrahedral geometry with two perpendicular 

planes of symmetry, one through the F1–B–F2 plane and one through the N1–B–N2 

plane.  The N1–C1 and N1–C4 bond lengths are characteristic of double and single 

bonds, respectively, indicating the strong delocalization along the backbone and the 

lack of pyrrolic aromaticity.  This delocalization, depicted in Figure , along with the 

nitrogens’ electronegativity, gives rise to the BODIPY’s experimentally observed 

regioselective carbon reactivity.   

 

Figure 1.3.  BODIPY resonance structures and partial charges. 
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 The BODIPY core undergoes electrophilic aromatic substitution at 2/6-, 3/5-, and 

1/7- positions as well as nucleophilic addition/elimination reactions at the 8- and 3/5- 

positions, in order of decreasing reactivity.67  The selective and regiospecific reactivity 

on a single platform gives the BODIPY unsurpassed potential for diverse derivatization 

and preparation of complex dyes for various applications.  Despite the resonance 

structures’ capacity to explain the observed carbon reactivity, quantum calculations of 

the atomic charges have shown the boron center to have the greatest positive charge.   

 Similar to their tetrapyrrolic older sister, BODIPYs also exhibit sharp absorption 

and emission bands in the visible spectrum, small Stoke’s shifts, high molar absorption 

coefficients (typically 40,000 M-1cm-1 < ε < 110,000 M-1cm-1), and high fluorescence 

quantum yields (usually 0.50 < 𝜙𝐹 < 0.90).4,5,13,14,62,64,68,  Additional desirable properties 

include high thermal and photostability, negligible triplet state formation, high solubility 

in common solvents (due to a lack of aggregation), and minimal sensitivity to the polarity 

and pH of their environment making them reasonably stable to physiological conditions, 

and reduced toxicity.4,9,13,16,52,55,69,70,   

 The BODIPY has a strong S0→S1 transition resulting in the experimentally 

observed sharp absorption peak.70,71  The shoulder generally seen on the main 

absorption peak has been attributed to the 0→1 vibrational mode transition.  This 

shoulder is also seen in the emission spectra. 

 With the large dependence of the BODIPYs’ optical properties on the structure, 

there is an ever increasing need for effective rational design of new dyes.  Electronic 

structure elucidation through quantum calculations is a powerful tool for both explaining 

predicting properties and experimental phenomena.  The insight provided by 
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calculations modelling known systems can be applied in the development of new 

fluorescent scaffolds with desirable properties far surpassing what is already known. 

1.1.2. Electronic Properties 

 One of the most important properties of BODIPYs that has garnered them so 

much attention is the ease in which their optical properties can be altered with simple 

functionalization (Figure 1.4).  Essential to effectively utilize this property is an 

understanding of the relationship between the BODIPYs physical and electronic 

structures.  Figure 1.5 shows the molecular orbitals that were calculated for the 8-

pyridyl-1,3,5,7-tetramethylBODIPY platform.  The optical properties of the common  

BODIPY core are typically confined to the 470-530 nm region.5,17,26,52   

 

Figure 1.4.  The substituent effects on the optical properties of simple BODIPYs.68,72  
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Figure 1.5.  Calculated molecular orbitals of 8-pyridyl-1,3,5,7-tetramethylBODIPY core. 

 The molecular orbital (MO) plots show that the highest occupied molecular orbital 

(HOMO) is functionally localized on the 2-, 3-, 5-, and 6- positions while the lowest 

unoccupied molecular orbital (LUMO) is mainly located on the 8- position and to a 

smaller extent the 1-, 3-, 5-, and 7- positions.  Looking at both reveals that meso- 

functionalization will have the greatest effect on the LUMO and 1,7-functionalization will 

have a similar effect, just to a lesser extent, while it is more difficult to qualitatively 

determine the extent of the effect functionalization at the 3,5- will have compared to 2,6- 

due to the overlap of the HOMO and LUMO at the 3,5- positions.   

 Several strategies exist for tuning the BODIPYs optical properties, but most 

involve decreasing the HOMO-LUMO gap.73,  The push-pull strategy involves raising 

the energy of the HOMO by installing electron-donating groups on the positions where it 

is localized and lowering the energy of the LUMO by using electron-withdrawing groups 

on the 1-, 7-, and 8- positions.  Individually, both of these alterations will decrease the 

HOMO-LUMO gap, however, in combination, the effect is amplified. 

 Another method involves extending the conjugation to achieve the same overall 

result.  This can be accomplished a few different ways, the first of which is aromatic ring 
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fusion.  With ring fused systems, extending the conjugation through the β-positions has 

a stronger effect than that produced by fusion through the 2,3-/5,6- positions.  The 

expansion of the π-system can also be done by incorporating styryl, ethynyl, ethynyl 

aryl, and (to a lesser extent) aryl groups at the 1-, 3-, 5-, and 7- positions.  Introduction 

of styryl groups at the 3,5- positions has a stronger effect than at the 2,6-.5,74  Extending 

the π-conjugation through the meso- position can have a significant effect on the 

absorption, however, sterics play a large part in limiting the impact on the electronics. 

 While small groups such as 3/5-styryl and global ethynyl moieties can lie planar to 

the BODIPY core, meso-aromatic groups typically maintain a 45° dihedral angle to the 

BODIPY core when the 1- and 7- positions are unsubstituted.  If the dye has 1,7-

functionalities, the meso-aromatic ring will stand perpendicular to the BODIPY core, 

minimizing the orbital overlap between the two and consequently impacting the 

BODIPY’s electronics.  It is important to note, though, that 1,7-functionalization does 

rigidify the structure, effectively eliminating the meso- group’s free rotation which 

increases the fluorescence quantum yield. 

 The last method is a well-established tactic with porphyrins, cyanines, and other 

dyes.  Replacing a methine bridge (i.e. the meso- carbon) with a nitrogen atom can 

produce, on average, an 80 nm red-shift in the absorption spectra.  While these 

nitrogen-bridged BODIPYs, dubbed aza-BODIPYs, are highly desirable targets, their 

synthetic difficulty and limited functionalizability of currently reported platforms restricts 

the feasibility for their practical application, although there are a few in clinical trials. 

 Orbital overlap and hybridization are other important factors to consider when 

designing dyes and explaining observed trends.  In systems where the orbital overlap 
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between two groups is poor, there can be poor transmission of electronic effects 

through sigma induction/donation.  

1.1.3. Synthesis of the BODIPY Core 

 BODIPYs with meso-substituents are the most frequently reported BODIPY 

platform in the literature due to their greater stability than their meso-free counterparts.  

The meso-free derivatives are susceptible to degradation by molecular oxygen, which is 

depicted in Figure 1.6.   When larger moieties are present on the meso-position, access 

to the 8- carbon is sterically hindered and the oxidation process is significantly retarded. 

 

Figure 1.6.  Mechanism of oxidative degradation of meso-free BODIPY. 

 The synthesis of the dyes generally starts with preparation of the dipyrromethene 

which can be accomplished several different ways (Scheme ).  Most commonly reported 

syntheses of symmetric, meso-substituted BODIPYs employ a standard three step, one-

pot procedure which begins with the condensation of two equivalents of an α-free 

pyrrole with an aldehyde (usually aromatic) using an acid catalyst.  Subsequent 

oxidation, with a mild oxidant such as 2,3-dichloro-4,5-dicyanobenzoquinone (DDQ) or 

p-chloranil, produces the fully conjugated dipyrromethene.  The dipyrromethene ligand 

can then be complexed with a boron center to form the BODIPY by reacting with 

BF3·OEt2 in the presence of a tertiary amine.  The rather mild reaction conditions 

involved well tolerate a large variety of functional groups and allow for the preparation of 

a diverse library of BODIPY platforms.   
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Scheme 1.1.  General strategies for synthesis of BODIPYs via condensation reactions 

of an α-free pyrrole with activated carbonyl compounds. 

 When utilizing the previously described standard procedure, there are several 

points that should be noted.  With pyrroles, the α-positions are the most reactive as the 

nitrogen’s lone pair resonates over pushing one π-bond back and the second π-bond out 

at an α-position to act as a nucleophilic lone pair.  To minimize the formation of poly-

pyrroles and maximize the yield of the desired product, the pyrroles should only have 

one α-free position.  Following aldehyde condensations, an additional oxidation step is 

required to transform the dipyrromethane to the required dipyrromethene.  The 

oxidations typically employ mild oxidizing agents because the pyrrole rings are electron 

rich and the dipyrromethanes can yield multiple oxidation products.  Furthermore, 

stronger oxidants lead to greater amounts of meso-unsubstituted BODIPY in the final 

reaction mixture and even the commonly used oxidizing agents still create byproducts 

which require tedious chromatography to remove. 
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 Another commonly used method involves pyrrole condensation with an acid 

chloride or an anhydride.  These condensations directly afford the dipyrromethene and 

do not require subsequent oxidation which often leads to increased yields and easier 

purification.  Reactions with anhydrides, and analogously with esters and amides, can 

prove difficult so often times the pyrrole is “activated” first with the Grignard of a volatile 

hydrocarbon prior to reaction with the carbonyl compound or the carbonyl compound is 

activated with catalytic amounts of a Lewis or Brønsted acid.   

 When preparing unsymmetric BODIPYs, two different pyrroles are need and one 

must be functionalized with the meso-carbon-to-be, otherwise a mixture of three unique 

dipyrromethanes will be formed.  One of the pyrroles must be α-free or pseudo-α-free 

(i.e. pyrroles with an unprotected carboxylic acid on the 2-position).  The second pyrrole 

will have either a carbonyl or a methylene leaving group such as a protonated alcohol, 

quaternary amine, or acetate.  In general, the preparation of symmetrical BODIPYs is 

simpler than that for asymmetric dyes, though both have their own pros and cons. 

1.1.4. Boron Functionalization 

 Functionalization at the boron center can allow further modification with minimal 

effects on the maximum absorption and emission wavelengths.68,75  Introduction of 

additional chromophores to the boron center can be used to create energy transfer 

cassettes and tune the fluorescence quantum yields (Figure 1.7), while other 

functionalities can alter the solubility and stability.  Aryl and ethynylaryl groups have 

been shown to be efficient at transferring their excitation energy to the BODIPY core 

with the resulting fluorophore possessing efficient emission from the BODIPY core, so 

long as the functional group has a high molar extinction coefficient. 
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Figure 1.7.  Effects of boron-functionalization on photophysical properties. 

 General methods for boron functionalization include the use of strong 

nucleophiles, such as Grignards and alkoxides, and using Lewis acids, such as 

aluminum(III) chloride and boron trichloride, to activate the boron center for nucleophilic 

attack by weak nucleophiles to produce various C- and O-BODIPYs.   

1.1.5. Water Solubility 

 Despite great strides in the research surrounding BODIPY synthesis and 

application over the past 30 years, relatively little work on the development of small 

water soluble BODIPYs and other NIR absorbing/emitting fluorophores has been 

fruitful.76-86  A BODIPY that absorbs at 848 nm has been prepared5 by extending the 

conjugation and fusing two BODIPYs together, but the increased size of the π system 

prevents water-solubility and ignores part of the BODIPYs structural potential.19,13  One 

large, ironically, advantage the BODIPY has over porphyrins and phthalocyanines is 

their smaller size.  Porphyrins and phthalocyanines have large conjugated π systems 

which leads to greater hydrophobicity and aggregation.87  The smaller size of the 

BODIPYs generally minimizes aggregation and increases solubility.  Within the last 10 

years, a variety of water-soluble derivatives have been reported bearing water-

solubilizing groups including: polyethylene glycols,12,56,88-93 amines,94 hydroxyls,94,95 
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sulfonamides,95 carboxylates,12,56,88,95-97 sulfonates,12,97-104 phosphonates,12,88,105 

quaternary ammonium salts,12,68,98,102,106-108 carbohydrates,109,110,111 peptides,28,29 and 

boron functionalization.94,111,112  Courtis and co-workers reported94 greatly improved 

water solubility of small BODIPY fluorophores after transformation of F-BODIPYs to 

monoalkoxy O-BODIPYs (Figure 1.8).  The greatest solubility enhancement was 

achieved by functionalizing the boron center with ethanolamine and the second best 

used ethylene glycol.  However, these substitutions producing O- and C- BODIPYs 

diminish the boron center’s electron deficiency resulting in a decreased stability limiting 

the usefulness of this method of solubilization. 

 

Figure 1.8.  Water soluble alkoxy BODIPYs and their water solubilities.94 

1.1.6. Stability 

 Recently, de la Moya et al113 reported a series of stable N-BODIPYs, Figure 1.9, 

that retain their fluorescence quantum yields.  Previous attempts to functionalize the 

boron center with nitrogen failed due to the nitrogen lone pairs quenching the boron’s 

Lewis acidity and causing it to fall out.  This work reported successful functionalization 

using electron-deficient (tosylated) amines. 
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Figure 1.9.  Structures and photophysical properties of recently reported N-BODIPYs113 

 Depending on the electronics of the functional group, the stability of the BODIPY 

to environmental factors can be greatly altered.  Looking at the dipyrromethene as a 

Lewis base and the boron center as a Lewis acid, an electron rich dipyrromethene and 

electron deficient boron would have the strongest binding and greatest stability.  Our 

group has recently reported75 on the stability of a series of boron functionalized 

BODIPYs and found that the stability towards acid (TFA) increases in the order of BMe2 

and B(OMe)2 < BPh2 < BF2 < B(CN)2 with the dimethyl and dimethoxy derivatives being 

quite unstable while the dicyano derivative showed no sign of degradation after three 

days in solution with ten equivalents of TFA.   
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1.1.7.Medical Applications of BODIPY Dyes 

1.1.7.1. Bio-Imaging 

 To detect cancer at early stages (i.e. stage 0 or stage 1, Figure 1.10), the imaging 

method employed should meet four basic criteria.  It must be sensitive enough to detect 

an imaging agent at physiological (nanomolar) concentrations, have high spatial and 

temporal resolution, be non- or minimally invasive, and utilize common or relatively 

inexpensive instruments.11  Common medical imaging techniques can be separated into 

three classifications: X-ray radiography and computed tomography, or CT fall under 

anatomic imaging; magnetic resonance imaging (MRI) and ultrasonography (US) are 

forms of functional imaging; and molecular imaging which includes radionuclide imaging 

(i.e. positron emission tomography, PET, and single photon computed tomography, 

SPECT) and optical imaging.10,114  While X-ray, MRI, and ultrasound imaging can use 

contrast agents to provide additional information, molecular imaging has been defined 

 

Figure 1.10.  Development stages of colorectal cancer.115 
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as “as a technique to directly or indirectly monitor and record the spatiotemporal 

distribution of molecular or cellular processes for biochemical, biological, diagnostic, or 

therapeutic application.”10,116  Radionuclide imaging is a highly sensitive and 

quantitative technique that can be used for whole body scans.  However, it suffers from 

poor spatial and temporal resolution.114  On the other hand, optical imaging has similar 

sensitivity, can target specific tissues, there is a wide variety of imaging agents each 

with their own pros and cons, and has an added benefit of its capacity to be used in 

real-time during surgery117,118 or endoscopy.119   

1.1.7.2. Imaging Agents 

 While the first report of a fluorescent organic molecule goes back to the 

identification of quinine sulfate in 1845 by Sir John Herschel,120,121 the term 

“fluorescence” was first coined seven years later in 1852 in a publication on the subject 

by George Stokes.122  Fluorescence microscopy was invented several decades after the 

initial development of organic fluorophores and subsequently applied to biological 

research with what can be considered the first fluorescence microscope yielding 

satisfactory work being reported in 1910 by H. Lehmann.123  The firms of Reichert124 

and Zeiss125 then reported their independent developments of ultraviolet microscopes in 

1911 with Lehmann following suit in 1913.126  The first considerable advancement came 

from Derrien’s report in 1924 of successfully localizing porphyrins in different animal 

tissues.127,128  Despite this long history, the US Food and Drug Administration had only 

approved two fluorophores for medical use as of 2010.10   

 Fluorophores for optical imaging can be divided into three general classes: 

fluorescent nanocrystals (e.g. nanoparticles and quantum dots), genetically encoded 
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fluorophores (ex. Green fluorescent protein, GFP), and small molecule synthetic 

fluorophores.  Some of the properties that must be considered when designing new 

imaging agents are the absorption and emission wavelengths, brightness, stability, 

pharmacokinetics, and solubility.  Irradiation with high energy ultraviolet light causes 

tissue damage while on the other end the use of infrared light results in heating which 

also damages the tissues.  Dyes that use blue and green light are good for surface 

imaging, however those wavelengths have poor tissue penetration so these dyes are 

only good for superficial imaging.  The use of yellow and red light destroys the signal to 

noise ratio due to the autofluorescence of endogenous fluorophores, mainly 

hemoglobin.114  To maximize tissue penetration, maintain a high signal to noise ratio, 

and avoid tissue damage, imaging agents should \absorb and emit in the deep red to 

near-infrared region in the range of 650 – 900 nm (i.e. the biological window).16   

 When it comes to brightness, the brighter fluorophores provide higher signal to 

noise ratios and greater depth penetration.  The brightness is taken as the multiplicative 

product of a dye’s molar extinction coefficient (ε) and fluorescence quantum yield (Φf), 

which means that greater quantum yields allow for less excitation light to be used.  

Stability on the other hand, applies to both the fluorophore and the conjugate.  They 

must be stable both in vitro and in vivo and the latter is usually compromised after 

intracellular localization.  While rhodamine derivatives can remain fluorescent for over 

one week, fluorescein, BODIPY, & cyanine dye derivatives lose fluorescence within 

days of intracellular localization129,130  Another common problem is photobleaching 

resulting from excited state redox reactions or production of reactive oxygen species.   
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 The pharmacokinetics is intimately intertwined with the solubility.  To start off, 

most small molecule fluorophores can alter pharmacokinetics of the bio-molecule to 

which they are conjugated.  The size of the dye relative to the bio-molecule is important.  

When a small molecule fluorophore is conjugated to an amino acid or sugar, the 

fluorophore will significantly alter the pharmacokinetics of the latter.  The same is true 

when an antibody is conjugated to a quantum dot.  However, when a small fluorophore 

is conjugated to a large peptide or protein, the bio-molecule will dominate the 

pharmacokinetics, although the dye will still alter them.  The imaging agent also need to 

have minimal, if any, non-specific tissue accumulation.   

 With regard to solubility, the small molecule synthetic fluorophore needs to be 

amphiphilic, or have a balance between hydrophilicity and lipophilicity, to have a high 

cell membrane permeability for intracellular imaging.  (Bio-conjugates targeting cell 

membrane receptors need to be soluble in physiological media, but do not necessarily 

need high cell membrane permeability.)  If the dye is too hydrophobic, it will 

aggregate/precipitate from the physiological environment, but if it is too hydrophilic, its 

ability to pass through lipid membranes will be decreased.  The BODIPY platform is 

neutral with high cellular uptake, but its highly hydrophobic nature is problematic for 

imaging biological samples limiting its practical use.  It is also worth noting that 

BODIPYs lacking hydrophilic moieties have cell membrane permeability, but also have 

an affinity for localizing in the intracellular membrane resulting in an increased non-

specific background signal.  Introduction of bulky PEG groups and ionic moieties have 

been shown to increase BODIPY water solubility, but generally at the cost of its cell 

membrane permeability.  This balance was first reported on by Wu et al131 where two 
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distyrylBODIPYs each bearing an anionic carboxylate and a tetraethylene glycol moiety 

differed greatly in their cell membrane permeability.  The derivative containing styryl 

PEGylated benzenes had no cellular uptake, but the analogous derivative containing 

naphthalenes instead of benzenes exhibited restored cell membrane permeability. 

 Despite the large variety of organic fluorophores, the structural scaffolds that 

absorb and emit in the lower energy visible region are still rather limited (Figure 1.11).  

The fluorescein scaffold has proven to be quite versatile with much work having been  

done on functionalizing fluorescein itself, TokyoGreens (TGs), rhodamines, 

 

Figure 1.11.  Fluorescent scaffolds, excluding BODIPY, employed in bioimaging.11,16,132  

TokyoMagentas (TMs), Si-rhodamines, cyanine dyes including BODIPYs, and to a 

lesser extent phthalocyanines.11,132-135  While there are hundreds of reports 

demonstrating the use of the BODIPY platform as an imaging agent owing to its easily 

tunable optics and stability under physiological conditions, the primary advantage 



19 
 

BODIPYs have over other scaffolds is the marked decrease in toxicity which is the 

foundation of the BODIPY’s bright future as a clinical imaging agent. 

1.1.7.3. Photodynamic Therapy (PDT) 

 Photodynamic therapy (PDT) is a minimally invasive ternary medical treatment 

employing a photosensitizer drug, light, and molecular oxygen to produce a cytotoxic 

effect in a targeted tissue.  In clinical application, a patient is kept in a dark room while 

the photosensitizer is injected and given 24 to 48 hours to accumulate in the tumor after 

which a fiber-optic cable is inserted through a small incision and then used to irradiate 

the diseased tissue.  The dose of light applied must be carefully regulated because the 

amount of light needs to be both great enough to induce a phototoxic response and 

small enough to minimize damaging surrounding healthy tissue.  Since light is diffracted 

in random directions after entering biological tissues, it can incidentally excite the PSs in 

neighboring healthy tissue. 

 Despite the relative youth of the term PDT, use of this treatment dates back to 

antiquity where over 4,000136 years ago the ancient Egyptians would treat vitiligo by 

consuming the Ammi majus growing along the Nile riverbanks, which contains 

psoralens, followed by exposure to sunlight.  In 1900, Oscar Raab’s report137 on the 

cytotoxic effects in Paramecia, resulting from exposure to light after treatment with 

acridine orange, can be considered the starting point for modern PDT.  The first report 

of skin cancer being treated with PDT was published three years later.138  The transition 

to employing porphyrins in PDT can be traced back to 1913 when a German physician, 

Friedrich Meyer-Benz, self-administered a 200 mg dose of hematoporphyrin.  He 

observed no adverse effects to the injection until exposure to sunlight after which he 
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experienced a large amount of swelling and this photosensitivity persisted for several 

months.139  The ability of porphyrins to produce phototoxic effects was examined in 

detail by Policard140 in 1925 and their use in PDT has continued into modern times. 

1.1.7.3.1. Photosensitizers (PS) 

 For a PS to be a viable candidate to move forward to clinical trials, there are 

several desirable properties that need to be evaluated which include: low to negligible 

dark toxicity, good pharmacokinetics, strong absorption at long wavelengths, low 

quantum yields for photobleaching, high intersystem crossing efficiency, high singlet 

oxygen quantum yield, option for facile derivatization, facile synthesis from readily 

available starting materials, and simple drug formulation with a long shelf life.  The 

pharmacokinetics of the PDT agent should show low side-effect profiles with rapid 

clearance from the body and high selectivity for accumulation in tumor cells.  The first 

PDT agent to be approved in the US, Canada, Japan, and various European countries 

due to its enigmatic low dark-toxicity and accumulation in solid tumors141 is Photofrin ®.  

It is a hematoporphyrin oligomeric mixture of dimers through nonamers.  The major 

drawbacks of this drug are its absorption at 630 nm, which limits the depth of tissue 

penetration, and its systemic clearance, which can take up to six weeks leaving the 

patient photosensitive during that time.142   

 While photobleaching does inhibit the PS from absorbing light, it is problematic in 

that it permanently deactivates the agent and the photobleaching quantum yield can be 

increased by an order of magnitude by simply changing the solvent from pure water to 

serum.143  Another issue arising from this change is the significantly reduced 

fluorophore response frequently observed in the cellular environment. 
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 From a clinical standpoint, the exact mechanism of cell death can be of minor 

importance since PDT targets tissues on a cellular level and depending on the agent’s 

subcellular localization, different parts of the cell biology will be disrupted, all of which 

converge on cell death.62,144-146  Complete tumor death is not always an absolute 

necessity for effective PDT with animal studies having found residual viable tumor cells 

following treatment became necrotic when the cascade of biological responses following 

irradiation resulted in complete vascular shutdown.147-149  This shutdown induced 

oxidative stress in the remaining tumor cells which can lead to apoptosis and eventual 

total tumor necrosis.150  However, from the viewpoint of basic scientists, the exact 

mechanism is quite important as it is the means by which more effective therapeutic 

agents are rationally designed and specific pathways towards cell death are targeted.   

 Unlike imaging agents, PSs have high intersystem crossing (ISC) rate constants 

causing them to switch from the singlet to the triplet state after irradiation and resulting 

in diminished fluorescence quantum yields (Φf), depicted in Figure 1.12.  From here, the 

PS can either radiatively phosphoresce or non-radiatively relax via triplet annihilation.  

During the course of the latter, the triplet state PS can undergo two types of processes 

to produce cytotoxic reactive oxygen species.151,152  In the Type I process, a 

photochemical electron transfer reaction occurs between the excited PS and a non- 

molecular oxygen substrate forming free radicals which can undergo subsequent 

reaction to produce peroxides, superoxides, and hydroxyl radicals.  The Type II process 

varies in that reacts with molecular oxygen (3O2) in essentially a simple energy transfer.  

The triplet state PS* and molecular oxygen (naturally in the triplet state) undergo a 

triplet annihilation returning the PS to its singlet ground state and converting the triplet 
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Figure 1.12.  Light absorption and PDT activity in a simplified Jablonski diagram. 

molecular oxygen to excited singlet through a transfer of the PSs spin angular 

momentum. 

 Overall, the main difference between fluorophores for imaging and 

photosensitizers for PDT is the need for high fluorescence quantum yields (𝜙𝐹) for 

imaging versus high singlet oxygen quantum yields (ΦSO) for PDT.  The same property 

problems encountered with imaging agents have been encountered with PSs and, 

again, BODIPYs have shown promise.  There are several strategies for effectively 

converting fluorophores for imaging into PSs for PDT, the easiest of which is through 

the heavy-atom effect by placing bromine or iodine on the 2,6- positions.61,62,64,65,153,154      

1.1.7.3.2. Intersystem Crossing (ISC) 

 Intersystem crossing is a spin forbidden transition from the singlet to triplet spin 

state for pure spins states.  With regard to quantum chemistry, spin is an intrinsic 

property of elementary particles that gives rise to the Pauli exclusion principle which 

states that two electrons with identical spin may not occupy the same space at the 
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same time, but electrons with opposite spins may do so.  Here, the term “singlet” (S) 

refers to a system with all electrons being spin paired where as “triplet” (T) refers to a 

system with spin unpaired electrons.  It occurs when a system contains impure singlet 

and triplet states that are close in energy.  This mixing of states results from spin-orbit 

coupling, the interaction between the spin magnetic moment of an electron and the 

magnetic field produced by the relative motion of the electron around the nucleus.  The 

aforementioned magnetic field is directly proportional to the nuclear charge (i.e. atomic 

number), hence it was dubbed the heavy-atom effect (H-A).  In the field of organic dyes, 

ISC is most commonly induced via the H-A effect. 

 The carbonyl group, however, is an unusual exception.  Despite not having heavy 

atoms, it can still undergo competitive ISC.  This is a result of the oxygen lone pairs 

behaving in an unexpected way.  Instead of occupying degenerate sp2 orbitals, one lone 

pair occupies the empty p orbital and the second occupies a low lying sp hybridized 

orbital.  The result is an S1(n→π*) transition that is very close in energy to its T2(π→π*) 

which is higher in energy than the T1(n→π*).  The non-radiative decay from T2 to T1 is 

much faster than the ISC, occurring on the order of 10-12 to 10-10 timescales compared 

to 10-10 to 10-8, effectively inhibiting the reverse process.  

 Another noteworthy method is the incorporation of fullerenes.  The large size of 

the molecule and the π-conjugated system, along with the high degree of molecular 

symmetry, results in small splitting among the singlet and triplet states and rather large 

spin-orbit coupling.  The triplet quantum yields are near 1.00 and the singlet oxygen 

quantum yields are nearly quantitative for both C60 and C70.
152   
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 In looking at the physical mechanism of how the ISC occurs, the Jablonski 

diagram provides an incomplete picture and looking at the simplified Franck-Condon 

energy well diagram (Figure 1.13) can provide a more accurate depiction.  The total 

electronic energy of a molecular system (i.e. ground state, S0, energy) is less than the 

lowest energy state the system can achieve due to vibrational modes.  The atoms within 

the molecules are constantly in motion so the lowest achievable energy the system can 

reach is the zero-point energy (ZPE).  In Figure 1.13, the horizontal grey lines represent 

the vibrational modes of the system with the lowest lying line on the S0 curve being the 

ZPE.  After the system is excited with light, it moves to a vibrational mode in the first 

excited state (S1) and undergoes non-radiative vibrational relaxation (i.e. internal 

conversion, IC) down the S1 equilibrium geometry.  The system shown can return to its 

ground state by two pathways: 1) fluorescence/non-radiative decay (NRD) or 2) 

 

Figure 1.13.  Simplified Franck-Condon energy well diagram. 
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vibrational excitation to achieve ISC followed by relaxation to the triplet state (T1) 

equilibrium geometry prior to phosphorescence/NRD.   

1.2. Computational Chemistry 

1.2.1. Density Functional Theory 

 The field of computational chemistry is broad and growing.  The wide variety of 

computational methods can be grouped into six main types: ab initio (wavefunction 

methods), density functional theory (DFT), semi-empirical and empirical, molecular 

mechanics (MM), molecular dynamics (MD), and quantum mechanics/molecular 

mechanics (QM/MM).  Density functional theory (DFT) is a method that offers a balance 

of accuracy with computational expense and it’s relatively low expense (time scaling 

factor of N4 for N basis functions) has made it one of the most popular computational 

methods currently used.  DFT side steps the many body problem of interacting 

electrons in a static external potential by calculating electronic structure as a function of 

electron density instead of solving the wavefunction,155 which means the calculations 

can be solved exactly and, in principle, perfectly match experiment when supplied with 

an accurate electron density.  However, if the electron density is constructed from linear 

combinations of atomic orbitals, the method runs back into the many-body problem.  

Kohn-Sham DFT156 addresses this with a mean-field approximation which reduces the 

problem down to non-interacting particles moving in an effective potential (a 

combination of the static external potential and the Coulombic interactions between the 

other electrons present in the system).  This approach divides the DFT energy (𝐸𝐷𝐹𝑇[𝜌]) 

into four terms (as shown below): the Kohn-Sham kinetic energy (of the electrons, 

𝑇𝑆[𝜌]), the electron-nuclear attraction and electron-field interactions (𝑉𝑒𝑥𝑡[𝜌]), and the 
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electron-electron interaction term which is split into a known Coulomb potential (𝐽[𝜌]) 

and an exchange-correlation energy (𝐸𝑋𝐶[𝜌]).   

 𝐸𝐷𝐹𝑇[𝜌] = 𝑇𝑆[𝜌] + 𝑉𝑒𝑥𝑡[𝜌] + 𝐽[𝜌] + 𝐸𝑋𝐶[𝜌] 
(eq. 1.1) 

 Compensation for the assumption of non-interacting particles, in application, 

requires the use of an exchange-correlation functional to factor these interactions in to 

the energy of the system.  The perfect functional would allow the calculation of 

properties that would exactly match experimental results every time.  Unfortunately, the 

exact functional does not exist (to current knowledge).  Since there is no known 

generally applicable exact functional, a variety of different flavors of functionals have 

been developed, most of which are built empirically (i.e. from fitting parameters to 

experimental results for a specific set of properties).  These functionals, however, are 

thus not truly “ab initio” but rather a best fit to experimental results for a given library of 

compounds.   

1.2.1.1. Time Dependent Density Functional Theory (TD-DFT) 

 When studying the dynamics and properties of a system in the presence of a 

time-dependent potential, time-dependent DFT (TDDFT) must be used.  There are two 

main recipes for TDDFT: linear response TDDFT (LR-TDDFT) and real time TDDFT 

(RT-TDDFT).  Both of these methods begin by converting the time-dependent 

Schrodinger equation to the time-dependent Kohn-Sham equation (TDKS) (time-

dependent electronic density).  LR-TDDFT iteratively solves the TDKS equations for the 

ground state system to obtain the eigenvalues from which transition energies (i.e. 

vertical excitation energies) and oscillator strengths can be extracted.157  In more 

physical terms, the eigenvalues are the frequencies to which the electronic structure of 
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the system has a dramatic response, which equates to the frequencies of light that the 

system can absorb.  This dependence on the ground state reference means that LR-

TDDFT works well for small perturbations that do not completely destroy it ground state 

density (i.e. weak field excitations).   

 RT-TDDFT, on the other hand, hits the system with a user defined time-

dependent potential (e.g. laser pulse) and propagates the electron density through time 

providing a full time-resolved result, instead of a frequency domain solution.158,159,160  

The time-resolved solution can include both linear and non-linear transitions, as well as 

both time and spatially resolved electronic responses (i.e. electron dynamics).  For the 

purposes of obtaining absorption spectra, the conversion of the time-resolved data to 

the frequency domain is usually achieved through a Fourier transform though faster 

alternatives have been reported.161   

 An important point regarding the use of (TD)DFT is that it was designed to study 

compounds in the ground state and pure DFT functionals fail if the density deviates 

significantly from the ground state density.  This is a direct result of the inclusion of the 

Coulomb potential in the KS energy equation.   The mean field approximation employed 

in KS DFT describes the electrons moving in an effective potential (i.e. the Kohn-Sham 

potential).  The KS potential (𝜈𝑒𝑓𝑓(𝑟)), (eq. 1.2, is the sum of the electron-nuclei 

attraction potential (𝜈𝑒𝑥𝑡(𝑟)), the exchange-correlation potential (𝜈𝑋𝐶(𝑟)), and the 

Coulomb potential for the non-interacting particles (𝜈𝐽(𝑟)), which is defined below in (eq. 

1.3) where the electron density, 𝜌(𝑟), over 𝜙𝑖 (KS) orbitals for an N-particle system is 

defined as: 

  𝜈𝑒𝑓𝑓(𝑟) = 𝜈𝑒𝑥𝑡(𝑟) + 𝜈𝐽(𝑟) + 𝜈𝑋𝐶(𝑟) (eq.1.2) 
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 𝜈𝐽(𝑟) = 𝑒2 ∫
𝜌(𝑟)

|𝑟 − 𝑟′|
𝑑𝑟′ , 𝑐 𝑒 = 1 𝐻𝑎𝑟𝑡𝑟𝑒𝑒 (eq.1.3) 

 

 𝜌(𝑟) = ∑|𝜙𝑖(𝑟)|2

𝑁

𝑖

 (eq. 1.4) 

 The Coulomb potential’s dependence on 
1

𝑟
 means that regardless of the distance  

between two particles, there will always be long-range interactions which results in DFT 

failing to accurately describe electrons further from the nuclei as it always overestimates 

their interactions.  To compensate for this, hybrid functionals were developed that mix a 

set amount of DFT character with a small amount of Hartree-Fock (HF) character.162  

HF is a computational method that fully accounts for exchange correlation, but neglects 

the Coulomb correlation.  In the grand scheme of things, this allows for the accurate 

description of systems with uneven charge distribution.  These hybrid functionals 

provide quality ground state descriptions while also yielding more accurate calculations 

of properties–such as reaction barriers, geometries, dipole moments, etc…– involving 

electrons further from the nuclei of the atoms in the system, for example vertical 

excitation energies (VEEs).   

 While the development of these functionals did greatly improve the accuracy of 

DFT calculations, they do still have their limits.  For example, they still fail to accurately 

describe charge separated systems and even VEEs for various systems.163  Thus, 

range separated functionals were born to address these issues.  Range-separated 

functionals, like CAM-B3LYP,164 employ a normal hybrid functional to describe the 

system close to the nuclei and gradually increase the amount of HF as the space of 

interest moves further away, which gives the correct long range asymptotic form of the 

potential.  In general, the rule of thumb with regard to the choice of DFT functional type 
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is that GGA (Generalized Gradient Approximation) and LDA (Local Density 

Approximation) functionals should be used for metals, hybrid functionals work well for 

modeling reactions, and range-separated functionals are good at capturing long-range 

interactions, such as charge transfer. 
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Chapter 2. Structure Based Modulation of Electron Dynamics in meso-
(4-Pyridyl)-BODIPYs: A Computational and Synthetic Approach 

2.1. Introduction 

 Over the past 30 years, there has been a considerable amount of research 

focused on exploring the chemistry, properties, versatility, and applications of BODIPY 

dyes that range from tunable laser dyes to probes for biological fluorescence imaging.1-9  

One aspect that has been under explored is the development of low molecular weight 

water-soluble BODIPY derivatives.  The first report of a small water-soluble BODIPY 

was by Worries et al. in 1985 which used sulfonate groups to solubilize the 

fluorophore,10 but by 2007 only a handful of water-soluble BODIPYs had been 

reported.6  Since then, the main strategy used for water-solubilization of BODIPY 

derivatives consists on the introduction of water-solubilizing groups, particularly at the 

boron center,  including: polyethylene glycols,9,11-18 hydroxyls and ethers,19-21 amines,19 

sulfonamides,21 carboxylates,9,11,17,21-23 sulfonates,9,23-30 phosphonates,9-11 quaternary 

ammonium salts,8,9,24,28,31,32 carbohydrates,33-35 and peptides.24,28,32,36,37  Most of these 

groups increase the size of the dye, decrease its stability,38,39 or utilize negative charges 

which tend to decrease the cell membrane permeability.  On the other hand cationic 

dyes such as rhodamine7 and (poly)cationic porphyrins40 are able to electrostatically 

interact with the negative charges present on cell membranes, increasing their 

permeability.  Therefore, the investigation of small, cationic, and electron-deficient 

BODIPYs such as meso-pyridylBODIPYs is of interest, particularly the 1,3,5,7-

tetramethyl-8-(4-pyridyl)-BODIPY which has C2 symmetry and is readily available from  

  
 

This chapter is reprinted and adapted with permission from LaMaster, D. J., Kaufman, 
N. E. M., Bruner, A. S., Vicente, M. G. H., Structure Based Modulation of Electron 
Dynamics in meso-(4-Pyridyl)-BODIPYs: A Computational and Synthetic Approach. 
Journal of Physical Chemistry A 2018, 122(31), 6372-6380.  Copyright (2018) American 
Chemical Society. 
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the condensation of 2,4-dimethylpyrrole with 4-pyridylcarboxyaldehyde, followed by 

oxidation and boron complexation.  Previous studies on meso-(4-pyridyl)-BODIPY using 

transient absorption spectroscopy found that following BODIPY excitation, the dye 

undergoes donor-photoinduced electron transfer (d-PeT) to a charge transfer state, 

which is quenched by subsequent intersystem crossing (ISC),41 and the fluorescence 

quantum yield drops from 0.30 to <0.001.42  Hence, these pyridinium BODIPYs have 

found applications as non-fluorescent heavy-atom free singlet oxygen generators, and 

several groups have reported on their ISC enhancement, via bromination and 

iodination.42-48 

 However, for bio-imaging applications, the aforementioned electronic properties of 

meso-pyridinium BODIPYs are undesirable, and no studies have been reported so far 

on the manipulation of the electronic structure of BODIPYs to restore the fluorescent 

properties of this type of dye.  Herein, we describe the synthetic and computational 

studies on restoring the fluorescence of meso-pyridinium BODIPYs by inhibiting either 

the d-PeT process or the ISC.  In other BODIPY platforms, there are reports of d-PeT 

inhibition achieved by installation of electron-withdrawing groups at the 2,6- positions.49-

51  Using a similar strategy, a small library of BODIPYs bearing various electron-

withdrawing groups at the 2,6-positions was designed (shown in Figure 2.1).  This 

library can be broken down into three groups: the weakly electron deficient halogenated 

BODIPYs 2A – 5A, the moderately electron deficient carbonylated BODIPYs 6A – 10A, 

and the strongly electron deficient ditrifluoromethyl and dicyano BODIPYs 11A and 12A.  

The mechanism of the potential fluorescence enhancement was also of interest and 

was expected to occur for one, or both, of two reasons.  The first was that making the  
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Figure 2.1.  Structure of the A series BODIPYs used in quantum calculations.  The 
corresponding N-methylated BODIPY cations are denoted “cat”. 

BODIPY core electron deficient (i.e. increasing its oxidation potential) would make it 

less willing to give up the electron for the charge transfer and the second was that doing 

so would destabilize the charge transfer state, shortening its excited state lifetime, and 

inhibiting the ISC.  A combination of density functional theory (DFT) and time-dependent 

DFT (TDDFT) calculations were used to determine whether the reported methodology 

applies to the meso-pyridinium BODIPY dyes and how the fluorescence is enhanced.      

2.2. Results and Discussion 

2.2.1. Quantum Chemical Calculations.   

 When evaluating orbital energy levels, molecular orbitals are calculated for the 

whole system to illustrate which parts of the molecular are involved in electronic 

transitions (e.g., BODIPY core or pyridinium ring).  This shows how functionalization 
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affects transitions without the need to partition the molecule into fragments, which can 

introduce artifacts into the calculations.50,52-54  It is worth noting that these calculations 

do not take into account spin-orbit coupling.  Derivatives 4A and 5A both include large 

halogens known to induce the heavy-atom effect quenching their fluorescence.45  They 

are included in this study for the difference in the halogens’ electronegativities which will 

alter the vertical ionization potentials and add additional data points for potential results.  

In discussing the LUMOs of the cationic derivatives, the LUMOs localized on the 

pyridinium and BODIPY cores are denoted as LUMOPy and LUMOBDP respectively.   

2.2.2. Calculated Oxidation Potentials.   

 The vertical ionization potentials used to calculate the oxidation potentials for the 

neutral library with the linear correlation relationship (eq. 2.1 for experimental and 

calculated vertical ionization potentials (VIPs) reported by Zhan and co-workers55 from 

their systematic evaluation of calculated molecular properties from DFT calculations 

using B3LYP/6-31+G* (results summarized in Table 2.1).  Within the framework of exact 

Kohn-Sham (KS) DFT, the energy of the highest occupied orbital is equivalent to the 

negative of the exact ionization potential; however, the negative of the HOMO energy 

calculated from most commonly used functionals deviates from the exact ionization 

potential.  It has been reported that KS orbital energies can empirically corrected with a 

constant shift to reproduce experimental IPs. 

 𝐼𝑃𝑐𝑎𝑙𝑐 = 1.3124(−𝜀𝐻𝑂𝑀𝑂) +  0.51414 𝑒𝑉 (eq 2.1) 

Since their analysis showed that the VIPs were fairly insensitive to the choice of basis 

set and the 6-31+G** basis set varies only slightly from 6-31+G*, polarization functions 

also applied to hydrogen, their linear correlation was used.   
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 The results in Table 2.1 show that the VIPs increase as the BODIPYs become 

more electron deficient.  To show how the VIP changes with the functionalization, the 

ΔVIPs are also shown, given by the difference between the VIP of a given molecule and 

that of 1A.  In the halogenated systems 3A-5A, the VIPs decreased with the halogen 

electronegativity, as expected.  However, while the difluoro- derivative (2A) gave the 

smallest VIP increase, this can be explained by looking at the molecular orbital 

compositions.  Fluorine is quite small, having high electronegativity and relatively stable 

valence electrons (i.e. low energy).  In 2A, the highest energy orbital involving the 

fluorine atoms is the HOMO-7, which is 3.281 eV lower in energy than the HOMO.  The 

chlorines in 3A contribute to the HOMO-1 while the halogens in 4A and 5A contribute to 

the HOMO.  Since 3A-5A halogens contribute to orbitals near the HOMO, they have a 

larger influence on respective VIPs.   

Table 2.1. Calculated Orbital Energies and 
Vertical Ionization Potentials, in eV, for Neutral 
BODIPYs. 

BODIPY ε
HOMO

 VIP ΔVIP(XA–1A) 

1A -5.814 8.144 
 

2A -6.034 8.433 0.289 

3A -6.072 8.483 0.339 

4A -6.051 8.456 0.312 

5A -6.043 8.444 0.300 

6A -6.170 8.611 0.467 

7A -6.487 9.027 0.883 

8A -6.276 8.751 0.607 

9A -6.319 8.807 0.663 

10A -6.240 8.704 0.560 

11A -6.566 9.131 0.987 

12A -6.742 9.363 1.218 

 
 The carbonyl derivatives are also included in Table 2.1.  Unlike the halogenated 

systems, this group of carbonyl derivatives (6A–10A) does not show a direct correlation 
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to the strength of the withdrawing group.  Instead, the VIP depends more on how 

electrons contribute to higher energy orbitals.  Since several electrons are involved in 

these functional groups, VIP values can be close in energy.  As such, ΔVIPs are also 

calculated to better capture the energy differences (Table 2.1).  For the carbonyl 

systems, the chloro-formyl (7A) had the largest increase, followed by diamide (9A), 

dialdehyde (8A), diester (10A), and monoaldehyde (6A).  If these had been ranked by 

decreasing electron withdrawing strength, the expected order would be 10A, 9A, 8A, 

7A, and 6A.  The large increase in the chloro-formyl (7A) is best explained by the 

contributions of the chlorine to the HOMO, which shifts the VIP by +0.416 eV relative to 

6A monoaldehyde.  The other outlier 10A (diester) has no contributions to the HOMO, 

HOMO-1, or HOMO-2 orbitals, both of which had significant contributions from other 

withdrawing groups.  Since the ester groups do not participate in the high energy 

orbitals of the valence, they have a small impact on the VIP.  Continuing with the 

remaining derivatives (11A and 12A), the values increased consistent with electron 

withdrawing strength.  This trend is expected with the dicyano derivative (12A) giving 

the largest overall increase of 1.218 eV.   

2.2.3. Time-Dependent DFT Calculations.   

 As a sanity to check help ensure the systems are being modelled properly, the 

first two excitations in the TDDFT analysis of the neutral library were checked and the 

results are summarized in Appendix A Table A1.  These results show the 

HOMO→LUMO transition to be the first excitation with a strong oscillator strength (f) for 

all twelve dyes.  The second excitation was HOMO-1 to LUMO, with noted exceptions. 
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 The TDDFT analysis of the first few cationic derivatives modeled, summarized in 

Appendix A Table A2, revealed that the B3LYP hybrid functional is insufficient to 

accurately describe their excited states.  DFT is known to fail for charge transfer in 

molecules and range-separated functionals have been developed to address this.56  

The typical BODIPY is known to have a strong S0→S1 transition and adding the 

pyridinium with a low lying LUMO should only introduce a single electronic transition 

that is lower in energy than the HOMO→LUMO transition of the BODIPY core.57-59  The 

failure can be seen in both the degeneracy of the LUMOBDP and LUMOPy+1 as well as 

the extra transitions from sub-HOMO orbitals that appeared between the 

HOMO→LUMO and HOMO→LUMO+1 transitions.  In these cases, the lowest energy 

transition was HOMO→LUMO with the LUMO being localized on the pyridinium ring.  

The second lowest energy transition should have corresponded to the BODIPY core 

excitation (HOMO→LUMO+1), however, this transition was calculated to be the fifth 

transition with a much higher energy.  Since the B3LYP functional proved to be 

insufficient for describing the long range interactions, the range-separated functional 

CAM-B3LYP was used instead.59  The vertical excitation energy (VEE), oscillator 

strength (f), and predominant transition character (e.g., mostly HOMO→LUMO) were 

then calculated and the results for the first two transitions, summarized in Table 2.2, are 

consistent with experimental results for these fluorophores42,59,60 showing the lowest 

energy transition as the HOMO→LUMOPy and the second lowest energy transition as 

the BODIPY absorption (HOMO→LUMOBDP). 
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Table 2.2. Calculated CAM-B3LYP S1 and S2 Vertical Excitation Energy 
(VEE, eV), Oscillator Strengths (f, arbitrary units), and Predominant 
Transition Character for Cationic BODIPYs.  

 
S

1
 S

2
 

BODIPY VEE  f Trans. VEE  f Trans. 

1catA 1.9148 0.00024 H → L 2.8746 0.55350 H → L+1 

2catA 2.0246 0.00037 H → L 2.7642 0.47242 H → L+1 

3catA 2.0216 0.00045 H → L 2.7234 0.57025 H → L+1 

4catA 2.0089 0.00034 H → L 2.7113 0.60764 H → L+1 

5catA 1.9881 0.00016 H → L 2.6823 0.67528 H → L+1 

6catA 2.0170 0.00032 H → L 2.8712 0.66292 H → L+1 

7catA 2.0949 0.00043 H → L 2.8465 0.78719 H → L+1 

8catA 2.0628 0.00045 H → L 2.7969 0.67844 H → L+1 

9catA 2.2614 0.00068 H → L 2.8505 0.68369 H → L+1 

10catA 2.1953 0.00065 H → L 2.8657 0.80877 H → L+1 

11catA 2.2759 0.00015 H → L 2.9184 0.68027 H → L+1 

12catA 2.3255 0.00008 H → L 2.8084 0.72367 H → L+1 

 
 Figure 2.2 shows the HOMO, LUMO, and LUMO+1 orbitals, localized on the 

BODIPY, pyridinium, and BODIPY respectively for all cationic 12 dyes which means that 

none of the functionalizations were able to re-order the low laying virtual orbitals..  The 

first transition was found to be a strictly HOMO→LUMOPy dark state, while the second 

transition was HOMO→LUMOBDP with a strong oscillator strength.  These results 

indicate that the BODIPYs’ strong absorption will decay to the charge-transfer state.  As 

such, it can be concluded that the BODIPY core oxidation potential has a negligible 

impact on the d-PeT charge transfer state for this BODIPY platform.   

 These results can be explained in two ways: by looking at the molecular orbitals 

of the BODIPY core (Figure 2.2) and by looking at the excited state potential energy 

surface.  In the generic BODIPY platform, the HOMO is partially localized on the 2,6-

positions, thus, the functionalizations employed decrease the energy of the HOMO.  

With the BODIPY and pyridinium orbitals orthogonal to each other, changes to the 
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Figure 2.2.  HOMO (left), LUMO (center), and LUMO+1 (right) of BODIPYs 1cat A – 
12cat A. 

BODIPY core orbitals due to functionalization do not significantly affect the orbitals on 

the pyridinium, which explains the minimal impact on the LUMOPy.  The excited state 

potential energy surface can depict the BODIPY as a donor-acceptor system.  Once the 

electron is excited to the LUMOBDP (i.e. LUMO+1), the structure will relax to the S2 

equilibrium geometry and the electron will non-radiatively decay to the LUMOPy (i.e. 

LUMO) so the excitation itself can be viewed as the donation.  As long as the LUMOPy is 

lower in energy than the LUMOBDP, the donation will always occur.  Therefore, the only 

way to inhibit the d-PeT is to re-order the orbitals, which can be accomplished by raising 
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the energy of the undesired acceptor (LUMOPy), lowering the energy of the desired 

acceptor (LUMOBDP), or a combination thereof.   

 Since it is of interest to raise the energy of LUMOPy, methoxy groups were used to 

donate electron density into the ring.  Although dimethylamino groups are stronger 

electron donors, their large size would have sterically hindered the pyridine methylation 

during synthesis and their basic nature could lead to their methylation to ammonium 

salts instead of the pyridine.  To evaluate the best positions for the methoxy groups, the 

orbitals of the N-methylpyridinium cation (without the BODIPY) were calculated and 

plotted to determine where the LUMO is localized using DFT and the CAM-B3LYP 

functional.  From this, the LUMOPy is located primarily on the 2,3- and 5,6-positions 

shown in Figure .  The 2,-6 positions were selected for functionalization because 

functionalization at the 3,5- positions has already been reported to decrease synthetic 

yields and 2,6-dimethoxypyridyl BODIPY can be prepared from commercially available 

starting materials (2,4-dimethylpyrrole and methyl 2-chloro-6-methoxypyridine-4-

carboxylate) with minimal additional work.  The orbitals of the radical cation were also 

plotted to confirm they do not change upon population with an electron.  The HOMO 

and LUMO of the radical cation matched the LUMO and LUMO+1 of the cation and the 

functionalization did not alter the localization in the proposed derivatives.  Proof of 

concept for this strategy was then obtained via a test case by modelling the N-

methylpyridinium (N-MePy+, A), 2-methoxy- N-methylpyridinium (2-OMe-N-MePy+, B), 

and 2,6-dimethoxy-N-methylpyridinium (2,6-DiOMe-N-MePy+, C) cations (Appendix A  
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Figure 2.3.  MO plots of the HOMO (left) and LUMO of a) N-methylpyridinium (N-
MePy+), b) N-methylpyridinium radical (N-MePy+•), c) 2-methoxy-N-methylpyridinium (2-
OMe-N-MePy+), and d) 2,6-dimethoxy-N-methylpyridinium (2,6-DiOMe-N-MePy+) 
cations. 

Table A3).  It was found that one methoxy group could increase the LUMO energy by 

0.509 eV and a second could raise it by an additional 0.488 eV with an overall increase 

of 1.003 eV. 

 In addition to raising the energy of the LUMOPy to reorder the states, we can also 

consider lowering the energy of LUMOBDP.  The LUMOBDP is largely localized on the 

meso-position and to a smaller extent on the 1,7-positions.  Since the 2,6-dicyano-

BODIPY (12) had the largest oxidation potential increase, it has the greatest shift in the 

orbital energy.  Thus, the 1,7-dicyanoBODIPY (13A) was chosen to model the effects of 

lowering the LUMOBDP.  The new additions to the original library and their calculated 

VIPs are shown in Figure 2.4 and Table 2.3, respectively.   

 Moving the cyano groups from HOMO (12catA) to LUMO (13catA) structural 

positions decreased the VIP by 0.227 eV, but was able to effectively re-order the 

LUMOPy and LUMOBDP, providing a 0.273 eV energy gap.  The addition of methoxy 

groups to the pyridine unit slightly decreased the overall oxidation potential of the dyes 

by 0.025 eV per OMe.  It should be noted that for series 12A-C, each OMe group 
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decreased the VIP by ~0.03 eV.  However, for series 13A-C, there was an additive 

effect where the first OMe caused a 0.057 eV decrease while the second caused an 

additional 0.191 eV decrease.   

 
Figure 2.4:  Structures of the Py’-BODIPY series A–C used in quantum calculations. 

Table 2.3. Calculated Neutral Py'-
BODIPY Orbital Energies and Vertical 
Ionization Potentials in eV.  

BODIPY ε
HOMO

 VIP ΔVIP(X–1A) 

1A -5.814 8.144 
 

1B -5.795 8.119 -0.025 

1C -5.775 8.094 -0.050 

12A -6.742 9.363 1.218 

12B -6.719 9.333 1.188 

12C -6.693 9.298 1.154 

13A -6.569 9.135 0.991 

13B -6.525 9.078 0.934 

13C -6.380 8.888 0.743 
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Figure 2.5.  HOMO (left), LUMO (center), and LUMO+1 (right) of BODIPYs 1cat A-C, 
12cat A-C, & 13cat A-C. 
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 The orbital energies and MO plots of BODIPYs 1catA-C, 12catA-C, and 13catA-

C (collectively referenced as Py’-BODIPYs) are summarized, and compared, in Table 

2.4 and Figure 2.5 respectively, while the TDDFT results are summarized in Appendix A 

Table A4.   

 The molecular orbital plots show alteration of the LUMOPy alone to be an  

ineffective strategy by the lack of change in the orbitals of 1catA-C.  The lack of change 

in 12cat B indicates that the combination of increasing the oxidation potential along with 

the energy of LUMOPy via a single methoxy group is also ineffective.  However, the 

combination of the most effective LUMOPy increase and BODIPY VIP increase 

functionalizations (12catC) was able to raise the LUMOPy energy above that of the 

LUMOBDP, though the energy difference is rather small at 0.080 eV and as such, d-PeT 

is still possible due to vibrational excitation.  Adjusting the LUMOBDP (13catA–C), on the 

other hand, effectively re-ordered the orbitals and separated them by energy differences 

of 0.273 eV, 0.793 eV, and 1.115 eV respectively, which prevents d-PeT from occurring.  

The TDDFT calculations also show this with the first transition being HOMO→LUMO for 

12catC and 13catA-C both having a strong oscillator strength and corresponding to the 

typical BODIPY excitation.   

Table 2.4. Calculated Cationic Py'-BODIPY Orbital Energies in eV. 

BODIPY 
Orbital Energies (ε

X
) ΔE(Xcat – XcatA) 

HOMO LUMOPy LUMOBDP HOMO LUMOPy LUMOBDP 
1catA -9.472 -5.420 -4.545    
1catB -9.399 -4.983 -4.464 +0.072 +0.437 +0.081 
1catC -9.332 -4.561 -4.383 +0.140 +0.858 +0.162 

12catA -10.298 -5.889 -5.449    
12catB -10.139 -5.609 -5.149 +0.159 +0.280 +0.300 
12catC -10.227 -5.359 -5.439 +0.071 +0.530 +0.010 
13catA -10.162 -5.001 -5.274    
13catB -10.073 -4.737 -5.530 +0.089 +0.264 -0.256 
13catC -10.010 -4.340 -5.455 +0.152 +0.661 -0.181 
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 With the success from 1,7-functionalization, the effects were further studied to 

determine if weaker electron withdrawing groups would have similar results by modeling 

the 1,7-difluoro (14A) and 1,7-dichloro (15A) derivatives.  It is worth noting that 

modeling the 1,7-di(trifluoromethyl) derivative was attempted, but the –CF3 groups are 

sufficiently large that the steric interactions with the meso-pyridyl group would eliminate 

synthetic feasibility.  The VIPs of the neutral dyes and the orbital energies of the cationic 

derivatives are shown in Table 2.5 with the data for 1A and 13A included for 

comparison.  The VIPs follow the same trend observed in for the 2,6-difluoro (2A) and 

2,6-dichloro (3A) derivatives as expected.  The orbital energies of 14catA and 15catA 

both show that neither derivative is able to re-order the low laying orbitals as is 

observed in 13catA.  The TDDFT results, summarized in Table 2.6 also show this.   

Table 2.5. Calculated Vertical Ionization Potentials, in eV, for Neutral BODIPYs 1A 
and 13-15A and the Orbital Energies, in eV, of the Respective Cations. 

BODIPY VIP 
ΔVIP 

(XA–1A) 

Orbital Energies (ε
X
) ΔE(XcatA – 1catA) 

HOMO LUMOPy LUMOBDP HOMO LUMOPy LUMOBDP 

1A 8.144 
 

-9.472 -5.420 -4.545 
   

14A 8.450 0.306 -9.661 -5.192 -4.690 -0.189 +0.228 -0.145 

15A 8.465 0.320 -9.677 -5.174 -4.860 -0.205 +0.246 -0.315 

13A 9.135 0.991 -10.139 -5.609 -5.149 -0.667 -0.189 -0.604 

 

Table 2.6. Calculated S1 and S2 Vertical Excitation Energy (VEE, 
eV), Oscillator Strengths (f, arbitrary units), and Predominant 
Transition Character for Cationic BODIPYs 1A and 13-15A. 

BODIPY 
S1 S2 

VEE f Trans. VEE f Trans. 

1catA 1.9148 0.00024 H→L 2.8746 0.55350 H→L+1 

14catA 2.3690 0.00026 H→L 2.9101 0.58256 H→L+1 

15catA 2.4106 0.00013 H→L 2.7732 0.60880 H→L+1 

13catA 2.5747 0.62108 H→L 2.9304 0.00008 H→L+1 
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2.2.4. Inter-System Crossing (ISC).   

 Since most of the BODIPYs studied will still undergo d-PeT, the effects of 2,6-

difunctionalization on ISC are of interest.  To this end, 1catA and 12catA were studied 

further.  Both structures were optimized along their S1 excited states first using B3LYP 

and then with CAM-B3LYP.  The B3LYP functional has a smaller computational 

expense than CAM-B3LYP so it was used to generate a more accurate input structure 

to feed in to the range-separated functional optimization.  The energies of the S1 and 

the triplet excitation with the same transition character (T2 for both dyes) were then 

compared.  The results, summarized in Table 2.7, show that the nature of the 

transitions, the orbital populations, the states involved, and the singlet-triplet energy 

gaps are identical for both dyes.  These results indicate that the electronic possibility of 

ISC is unchanged in the 2,6-difunctionalized derivatives.   

Table 2.7. Calculated S1 and analogous triplet state excitations for S1 
relaxed structures of BODIPYs 1catA and 12catA.  

BODIPY Excitation 
VEE 
(eV) 

Trans. Population 
Δ(S1-T2) 

(eV) 

 1catA 
S1 1.4688 H → L 0.984261 

0.0319 
T2 1.4369 H → L 0.980000 

12catA 
S1 1.8740 H → L 0.974631 

0.0319 
T2 1.8421 H → L 0.973013 

 
2.2.5. Synthesis and Spectroscopic Properties.  

 BODIPYs 1A and 1catA were synthesized using the previously reported 

methodology.61  In summary, 2,4-dimethylpyrrole reacted with 4-pyridylcarboxaldehyde 

in the presence of TFA to afford the dipyrromethane, which after DDQ oxidation and 

BF3 complexation produced BODIPY 1A in 46% yield.  Chlorination of 1A using 

trichloroisocyanuric acid62 in dichloromethane at room temperature, gave BODIPY 3A in 
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68% yield.  The cationic BODIPYs 1catA and 3catA were obtained by methylation 

using methyl iodide in acetonitrile, as previously reported.44 

 The absorption and emission spectra of BODIPYs 1A and 3A were obtained in 

acetonitrile and dichloromethane at room temperature as were the spectra for 1Acat 

and 3Acat in addition to water and the results are shown in Table 2.8, Figure 2.6, and 

Figure 2.7.  The absorption spectra displayed the characteristic BODIPY profile with a 

sharp peak due to the S0→S1 (π → π*) transition with a higher energy shoulder 

corresponding to the first vibrational mode.  The absorption and emission spectra of 

1catA and 3catA did not change upon switching the solvent from acetonitrile to water.  

In both cases, methylation caused about 10 nm bathochromic shift in the absorption 

while the emission shifted substantially to about 600 nm in both acetonitrile and water,  

and exhibited a broad, poorly resolved profile characteristic of luminescent charge 

recombination.  These results are in agreement with previous observations of the 

spectroscopic behavior of 1A and 1catA in dichloromethane.41,44   

Table 2.8. Photophysical properties of synthesized BODIPYs in different solvents. 

Solvent BODIPY 
λmax (nm) Stokes 

Shift (nm) 
Φf

* ε (M-1 cm-1) 
abs em 

CH2Cl2 

1A 505 533 28 – 80700 
1catA 515 531/646 16/131 – 34800 

3A 534 563 29 – 53800 
3catA 548 570/645 22/97 – 40500 

CH3CN 

1A 501 515 14 0.31a 72100 
1catA 509 596 87 0.019b 26000 

3A 528 546 18 0.58a 50800 
3catA 538 600 62 0.048b 23400 

H2O 
1catA 509 600 91 0.004b 31600 
3catA 540 605 65 0.038b 4100 

*Relative quantum yields determined using: (a) rhodamine-6G (Φf = 0.86) in 
methanol as the standard, λex = 473 nm 63 and (b) Ru(bpy)3Cl2 in water as the 
standard (Φf = 0.028), λex = 436 nm.64 
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Figure 2.6.  Normalized (a) absorption and (b) emission spectra of 1A (green), 1catA 
(blue), 3A (red), and 3catA (yellow) in acetonitrile along with the normalized (c) 
absorption and (d) emission spectra of 1catA (blue) and 3catA (yellow) in acetonitrile 
(dashed) and water (solid) at room temperature. 

 With the chlorines on the 2,6-positions being mildly electron-withdrawing groups, 

they had a small to moderate impact on the fluorescence quantum yield of both the 

neutral and ionic derivatives in acetonitrile, resulting  in a two-fold increase for 3A and 

about a 2.5-fold increase for 3catA.  The quantum yield has been previously observed 

to increase upon 2,6-dichlorination of meso-arylBODIPYs.2,62,65,  After accounting for the 

two-fold increase in Φf from 1A to 3A, 3catA had an additional 26% increase from 

1catA.  When switching the solvent to water, the fluorescence quantum yields 

decreased due to the increased solvent polarity stabilizing the charge transfer state 
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which facilitated the subsequent deactivation by ISC, however, this led to an order of 

magnitude increse from 1catA to 3catA.  With the d-PeT acceptor orbitals being 

unaffected by the functionalization, the fluorescence enhancement observed for 3catA 

is attributed to an alteration of the excited state lifetime resulting from the higher 

BODIPY oxidation potential increasing the rate of charge recombination by magnifying 

the electron-hole electrostatic interaction.   

 Relative to acetonitrile and water, the spectra in dichloromethame displayed 

bathochromic shifts in both the absorption and emission wavelengths in all four cases.   

 
Figure 2.7.  Normalized (a) absorption and (b) emission spectra of 1A (green), 1catA 
(blue), 3A (red), and 3catA (yellow) in dichloromethane and the emission profiles as a 
function of the concentration for 1catA (c) and 3catA (d). 
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The emission profile for 1catA, upon excitation at 486 nm, shows two peaks.  The first 

peak, corresponding to emission from the BODIPY core, at 531 nm lines up with 

emission from 1A at 533 nm.  The second peak, at 646 nm, is emission from the charge 

recombination.  At both 1.0 and 2.0 μM, the peak intensities are equivalent, but the 

intensity of the higher energy peak decreases when the concentration is increased to 

3.0 μM and again at 4.0 μM, but then it remains constant when going up to 5.0 μM.  The 

spectra of 3catA exhibits analogous features with the higher energy peak at 570 nm 

corresponding to the emission of 3A and the lower energy peak at 645 nm resulting 

from charge recombination, however, the BODIPY emission predominates the spectrum 

at 1.0 and 2.0 μM concentrations and decreases when the concentration is increased.  

The enhanced BODIPY emission is attributed to the increased oxidation potential 

retarding the d-PeT process in dilute solutions of non-polar solvent allowing for 

increased BODIPY emission.  At greater concentrations, the highly polar nature of 

3catA itself begins to change the effective dielectric constant of the solvent facilitating a 

restoration of the d-PeT process kinetics.  Recalling the calculated VIPs, the 

dichlorination only resulted in a 0.339 eV increase while installation of the 2,6-dicyano 

groups resulted in a 1.218 eV increase.  This suggests that 12A should display 

photophysical properties with a dramatic improvement over 3A.  The synthesis of such 

a derivative is currently underway in our laboratories. 

2.3. Conclusions 

 Several electronic structure-based molecular properties for a library of meso-(4-

pyridyl) BODIPYs have been calculated and shown that the combination of increasing 

the BODIPY core oxidation potential as well as increasing the pyridinium reduction 
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potential, can re-order the low lying excited states which inhibits d-PeT; however, 

decreasing the BODIPY core reduction potential has a greater capacity for both re-

ordering those states and sufficiently separating them.  The states involved in the ISC 

were found to be unaffected by the 2,6-functionalization with various electron-

withdrawing groups.  Additionally, a new water soluble fluorescent meso-(4-pyridium)-

BODIPY was synthesized, and a novel mechanism of fluorescence enhancement was 

demonstrated.  In our work, structure based modulation of excited state electron 

dynamics was demonstrated and manipulation of fluorescence behavior was observed.   

2.4. Methodology 

2.4.1. Computational  

All calculations were performed using the NWChem 6.5 software package.66  Molecular 

properties were calculated for gas phase structures at 0 Kelvin.  The ground state 

structures were optimized using density functional theory with the hybrid B3LYP67,68 

functional, the 6-31+G** basis set, and confirmed by subsequent frequency calculations.  

The energies of the HOMO were then used to calculate the vertical ionization potentials 

(VIPs) as a means of evaluating the electron deficiency of the BODIPY, which 

influences the d-PeT to the pyridinium ring.  Furthermore, these VIPs can be used to 

then calculate the experimental oxidation potentials as shown by Zhan and co-

workers.55  Electronic transitions were calculated for each optimized structure using 

TDDFT with the B3LYP and the range-separated CAM-B3LYP56 functionals.  Here, the 

range-separated functional is used to describe the long-range interactions necessary to 

capture transitions between the BODIPY and the pyridinium ring.  To evaluate the effect 

of functionalization on the quenching of the charge transfer state, structures were 
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optimized on their first singlet excited state (S1).  This yields the singlet-triplet energy 

gap involved in the intersystem crossing. 

2.4.2. Experimental  

1.3.1.1 General   

All solvents and reagents were obtained from Sigma-Aldrich, Tokyo Chemical Industry, 

and Honeywell International Incorporated.  The solvents were dried over 4Å molecular 

sieves as needed.  The reagents were used as received without purification.  Reactions 

were monitored using 0.2 mm silica gel plates (with indicator, polyester backed, 60 Å, 

pre-coated) and UV lamp.  Liquid chromatography was performed on preparative TLC 

plates or via silica gel column chromatography (60 Å, 230−400 mesh) and all solvent 

systems were buffered with 0.1% triethylamine.  NMR spectra were obtained on 400 

(1H) and 500 MHz (13C) spectrometers at room temperature. Chemical shifts (δ) are 

given in parts per million (ppm) in CDCl3 (7.27 ppm for 1H NMR, 77.0 ppm for 13C NMR) 

or C2D6SO (2.50 ppm for 1H NMR, 39.5 ppm for 13C NMR); coupling constants (J) are 

given in hertz.  High-resolution mass spectra were measured on an ESI-TOF mass 

spectrometer in positive mode.  All absorption spectra were recorded on a Varian Cary 

50 Bio and emission spectra were recorded on a Perkin Elmer LS 55 Luminescence 

Spectrophotometer, at room temperature.  Spectrophotometric grade solvents and 

quartz cuvettes (10 mm path length) were used.  For the determination of the optical 

density (ε), solutions with absorbance at λmax between 0.5 and 1 were used.  For the 

determination of quantum yields, dilute solutions with absorbance between 0.03 and 

0.05 at the particular excitation wavelength (462, 473, 488, 496 nm for 1A, 1catA, 3A, 

and 3catA respectively) were used and all measurements were taken within 8 hours 
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after solution preparation.63,69  The external standards employed were rhodamine 6G in 

methanol and Ru(bpy)3Cl2 in water.  BODIPY 1A was prepared following a reported 

procedure61 with a modified purification using 1:4 EtOAc/dichloromethane and 4% 

EtOAc/dichloromethane instead of 1:1 EtOAc/hexanes due to the increased solubility.  

BODIPY 1catA was prepared in the same way as 3catA and its physical data matched 

literature reports.41 

2.4.3. Synthesis 

 2,6-Dichloro-8-(4-pyridyl)-1,3,5,7-tetramethyl-BODIPY (3A).  To an oven dried 

flask charged with BODIPY 1A (0.0118 g, 0.04 mmol) in dichloromethane (10.0 mL) 

was dropwise added trichloroisocyanuric acid (0.0076 g, 0.03 mmol, 2.62 eq) in 

dichloromethane (4.0 mL) and the mixture was stirred at room temperature under a 

nitrogen atmosphere.  After TLC showed consumption of the starting material (about 30 

minutes) the solution was purified over silica by column chromatography eluting with 2% 

methanol/dichloromethane yielding 10 mg, 69% yield (red solid): 1H NMR (400 MHz, 

CDCl3): δ = 8.85-8.84 (dd, J = 5.9 and 1.5 Hz, 2H), 7.31-7.30 (dd, J = 5.9 and 1.6 Hz, 

2H), 2.61 (s, 6H), 1.42 (s, 6H); 13C NMR (500 MHz,CDCl3): δ = 153.7, 150.9, 142.8, 

138.2, 137.5, 128.6, 123.3, 123.1, 12.5, 12.2 ppm; HRMS (ESI): m/z calcd (%) for 

C18H19BF2N3Cl2: 393.0891[M+H]+; found: 393.0902; UV/Vis (CH3CN): λmax= 518,  

λem= 546 nm; (CH2Cl2): λmax= 534, λem= 563 nm. 

 2,6-Dichloro-8-(N-methyl-4-pyridyl)-1,3,5,7-tetramethylBODIPY (3catA).  In a 

10 mL round bottom flask wrapped in foil, BODIPY 3A (0.0111 g, 0.028 mmol) was 

dissolved in anhydrous MeCN (2.0 mL) and methyl iodide (2.0 mL).  After refluxing for 1 

hour, TLC showed consumption of starting material and the solvent was removed under 
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reduced pressure.  Yield 15 mg, 100% (greenish-gray solid): 1H NMR (400 MHz, 

DMSO-d6): δ = 9.24-9.23 (d, J = 6.6 Hz, 2H), 8.44-8.42 (d, J = 6.7 Hz, 2H), 4.47 (s, 3H), 

2.55 (s, 6H), 1.30 (s, 6H); 13C NMR (500 MHz, DMSO-d6): δ = 154.0, 149.6, 147.5, 

138.0, 136.7, 128.2, 128.1, 123.0, 49.0, 13.2, 12.9 ppm; HRMS (ESI): m/z calcd (%) for 

C19H19BF2N3Cl2: 407.1048[M*]+; found: 407.1048; UV/Vis (CH3CN): λmax= 530, λem= 596 

nm; (CH2Cl2): λmax= 548, λem= 570, 645 nm.  
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Chapter 3. Synthesis and Characterization of the meso-Pyridinium 
BODIPY Library 

3.1. Introduction 

 After computationally modelling the effects of functionalization on the excited 

states of a small library of meso-pyridylBODIPYs (Figure 3.1) with various electron-

withdrawing groups on the 2,6- positions in Chapter 2, efforts were made to synthesize 

several members of this library so the photophysical properties could be experimentally 

measured and compared with the computational results.  The work reported herein 

describes these efforts and the difficulties encountered, as well as the measured 

photophysical properties of the successfully prepared derivatives.  The main synthetic 

routes to BODIPYs were described in Chapter 1, section 1.1.3.  In summary, symmetric 

BODIPY 1A can be prepared from the condensation of 2,4-dimethylpyrrole (14) and 

pyridine-4-carboxaldehyde (15).  Functionalization of the 2,6-positions can be achieved 

by electrophilic aromatic substitution or metal-mediated coupling reactions.   

 Following the synthesis and spectroscopic characterization, the biological 

properties of these dyes were evaluated in in human HEp-2 cells as they have not 

previously been reported.  Of particular interest are the cellular uptake and cytotoxicity 

in the dark and light as they are important for subsequent applications. 

3.2. Synthesis 

 The synthesis of 1A (Scheme 3.1) has been reported in the literature with widely 

varying yields ranging from 13%1 to 46%.2  The best results were obtained when the 

aldehyde condensation was run in a 14:1 DCM/EtOH mixture.  This solvent has been 

previously shown to improve the yields in dipyrromethane syntheses.3  The 

condensation reaction time can be decreased from 3 days to overnight by using a larger  
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Scheme 3.1. General synthesis of BODIPY 1A. 

 
Figure 3.1.  Structures of BODIPYs computationally studied in Chapter 2. 
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amount of TFA (2 drops in 30 mL solvent).  Using 2 drops of TFA with 30 mL 14:1 

DCM/MeOH and chloranil as the oxidant, BODIPY 1A was obtained in 34% yield.  

Owing to its basic nature, purification of this BODIPY platform can be temperamental.  

Flash column chromatography should be avoided as a portion of the product will stick 

on the column.  Band streaking and product loss, resulting from the acid-base 

interactions between the product and the silica, can be minimized by buffering the 

solvent used to pack and elute the column with 0.1% TEA.  Purification has been 

reported with the use of 1:1 EtOAc/hexanes which does give good separation on TLC, 

but the solubility of the product and crude reaction mixture in this solvent system is 

rather poor and significantly decreases the amount of product that can be collected from 

each column.  Mixtures of 1:4 EtOAc/DCM, 2% and 4% EtOAc in DCM work well for this 

purification. Monofluorination at the 2- position of a BODIPY has been reported, albeit in 

6% yield,4 but the 2,6-difluoroBODIPY is a greater challenge.  Instead of attempting to 

fluorinate 1A, it was decided that preparation of 2A from a fluorinated pyrrole (Scheme 

3.2) would be a better synthetic route.  Arene fluorination through diazonium reactions, 

but the preparation of aminopyrroles and diaminoBODIPYs would not be more trouble 

than a single data point is worth, so it was not considered a viable option.  Attempts to 

fluorinate 16 using Selectfluor™ only resulted in oxidation of the pyrrole.5  Since the 

pyrrole fluorination failed, pyrrole synthesis from fluorinated precursors was attempted 

(Scheme 3.3).  The Knorr pyrrole synthesis using fluoroacetone was considered, but the 

zinc dust used to reduce the oxime would also be able to defluorinate the substrate.  

Alternative methods of reducing the oxime were attempted including the tin(II) chloride 

reduction that had been reported for an analogous oximinoacylacetate, but was  
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Scheme 3.2. Reaction conditions for pyrrole fluorination using Selectfluor™.5 

 

Scheme 3.3. Synthetic schemes for α-amino-β-dicarbonyl substrates to prepare 
fluorinated pyrroles 17 and 21.   

unsuccessful and no further attempts using this method were attempted due to the 

difficulty in removing the tin salts.  Switching from benzyl acetoacetate 18 to the tert-

butyl derivative 22 allowed for the attempted catalytic hydrogenation6 to yield 24, but no 

product was detectable by ESI-MS.  The cyclized dimer was also not detected.  A report 

of pyrrole synthesis from 2,4-pentandione and a glycine ester7 was found along with a 

protocol for 2-fluorination of various 1,3-diketones using Selectfluor™.8  However, 2,4-

pentanedione was not included in this report and the attempt at fluorination failed 

(Scheme 3.4).  While additional routes to 3-fluoropyrroles have been reported, they 

require the use of either expensive or non-commercially available starting materials.  

Seeing as the development of methodology for readily preparing the desired fluorinated 

pyrrole starting materials 17 and 21 is outside the scope of the current project, further 

endeavors to prepare 2A were not made. 

 

Scheme 3.4. Synthetic scheme for preparing pyrrole 21 from 2,4-pentanedione. 
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 Employing the chlorination protocol previously developed by our group,9 TCCA in 

AcOH, resulted in decomposition and formation of a complex reaction mixture from 

which the product 3A could not be isolated.  The other reaction conditions for the 

preparation of 3A (Scheme 3.5) are fairly straight forward, however, the techniques 

involved can be challenging.  Adding solvent after charging a flask with BODIPY 1A and 

NCS does not work as the solubility of NCS in DCM is rather poor and the reagent 

never fully dissolves.  This method requires the use of at least 8 equivalents of NCS, 

which can be difficult to completely remove by washing and result in three TLC spots 

becoming about 15 bands on a preparative TLC plate, and still no reaction is observed 

after stirring for several days without heating the mixture for several hours above 35°C.  

It was decided to attempt making 3A from a chlorinated pyrrole (Scheme 3.6).  Since 

the 5-position must be blocked to direct the chlorination to the 3-position, pyrrole 27 was 

prepared from 2,4-dimethylpyrrole and trichloromethylacyl chloride in 94% yield.10,11  

Preparation of pyrrole 28 from 27 using NCS in DCM was not a clean reaction and did 

not produce an efficient transformation.  When employing TCCA in ACOH, the colorless 

solution of 27 in AcOH immediately turned black when the TCCA was added.  The mass 

spectrum did not find any trace of the desired product and the TLC revealed multiple 

spots with fluorescence around 510 nm (qualitatively looked like standard BODIPY 

fluorescence).  The solvent was then switched to DCM in order to retard the activity of  

 

Scheme 3.5. Synthetic scheme for preparing 3A from 1A.  
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TCCA.  Upon addition of the TCCA solution, the colorless solution began turning 

orange, but further color change was not observed when the rate of addition was 

decreased.  The mass spectrum confirmed product formation and oxidation products.  

Seeing that the oxidation reaction can be controlled by the solvent and rate of addition, 

3A was prepared by dissolving 1A in DCM and slowly adding a dilute solution of 2.75  

 

Scheme 3.6. Synthetic scheme for preparing 5-protected-3-chloropyrrole 28. 10 

equivalents TCCA in DCM at room temperature.  As the reaction proceeded, the 

cyanuric acid produced, as the TCCA was consumed, precipitated out and the 

transparent solution became cloudy/opaque.  When TLC showed complete 

consumption of the starting material, the crude reaction mixture was loaded onto a 

column and purified.  BODIPY 3A had been previously purified using 2% methanol in 

DCM, but this was not the best choice for this column as it dissolved the cyanuric acid.  

The use of 4% EtOAc in DCM would be a better choice and a higher yield would have 

been obtained if the column had been properly buffered as it was packed.  That aside, 

the purification was relatively simple and the previously observed formation of additional 

bands, when NCS was used, was not observed. 

 Preparation of 4A using conditions i) in Scheme 3.7 has been reported in high 

yield, 12 however, in my hands freshly recrystallized N-halosuccinimides produced 

complex mixtures that required several chromatography separations.  However, 

treatment of 1A with a dilute solution of bromine in DCM in the dark produced a very 

high yielding (98%) and clean transformation that was easily purified with a single 
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column.  The production of 2,6-diiodoBODIPYs is commonly achieved using iodine and 

iodic acid in ethanol, but reaction times and temperatures can vary widely.  The use of 

iodine monochloride is preferable due to its high reactivity and short reaction times,  

 

Scheme 3.7. Synthetic schemes for the preparation of 4A and 5A. 

typically 5-30 minutes, at room temperature.  The reaction is moisture sensitive so 

anhydrous conditions should be maintained or a large excess of ICl will be needed.

 BODIPY 6A was prepared from 1A by the standard Vilsmeier formylation, 

Scheme 3.8, using DMF and phosphorous oxychloride.13,14  Attempts at further 

formylation 6A to 8A were made before realizing there was a problem with the POCl3.  

Phosphorous oxychloride is not the most reliable reagent as it usually contains varying 

amounts of HCl and it cannot be kept anhydrous without a glovebox since it is not 

commercially available with a septum.  Using freshly distilled POCl3 can bypass these 

problems, but the vacuum distillation must be used with high temperature and extreme 

care to ensure none of it passes through the vacuum. 

 

Scheme 3.8. Synthetic scheme for the preparation of BODIPYs 6A and 8A. 

 The preparation of 9A was attempted from functionalized pyrrole (Scheme 3.9).  

The Knorr pyrrole synthesis from 18 and acetoacetamide 29 to produce pyrrole 30 was 
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a facile transformation, however, a yield could not be determined due to the very poor 

solubility of the product.  Typically the pyrrole precipitates out of the acetic acid and is 

collected by filtration and the excess zinc is then removed by dissolving the pyrrole 

 

Scheme 3.9. Synthetic scheme used to prepare amide pyrrole 30. 

and filtering.  Pyrrole 30 was insoluble in DCM, EtOAc, MeOH, EtOH, THF, ACN, 

acetone, ethylene glycol, toluene, and water.  It was partially soluble in DMF, however it 

would have required at least 500 mL of DMF to dissolve the sample which would have 

proved too problematic to remove.  Attempts at removing the residue it left on the 

glassware using DMF, concentrated hydrochloric acid, concentrated sulfuric acid, 50/50 

concentrated sulfuric and chromic acids with a 7% oleum, and potassium isopropoxide 

have so far been futile.  Since the NH2 of the amide made pyrrole 30 insoluble, an N-

protected amide was desired.  The ideal protecting group would be readily removed 

under neutral conditions since BODIPYs can be sensitive to very acidic/basic conditions 

so the benzyl group was chosen and the acetoacetate was switched from the benzyl 

ester to the tert-butyl ester so an orthogonally diprotected amide pyrrole, 34, could be 

prepared.  N-benzylacetoacetamide 33 is not commercially available but was expected 

to be obtainable from the protected dioxinone 31 with benzylamine (Scheme 3.10).  The 

transformation proceeded rapidly, but produced the stabilized enamine 32 instead.  

Decreasing the amount of benzylamine did not inhibit formation of 32.  It was interesting 

to find that the two sets of benzylic protons gave close, but unique signals.  Several 
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attempts were made to convert 32 to 33 by hydrolyzing with water, aqueous weak acid, 

aqueous strong acid, and biphasic conditions using aqueous strong acid and toluene, 

but the acetoacetamide 33 was never detected by ESI-MS or TLC.  An attempt was 

made to synthesize pyrrole 34 from 32 (Scheme 3.11) and was successful, although the 

reaction was problematic.  Part way through, a thick gum-like substance accumulated 

around the solvent level and at the bottom, engulfing the stir bar.  The flask had to be 

manually shaken and stirred, after additional solvent was added, for approximately 10 to 

 

Scheme 3.10. Synthetic scheme for preparing N-benzylacetacetamide 33.15,6 

 

Scheme 3.11. Synthetic scheme for preparing N-protected amide pyrrole 34. 

15 minutes every 30 minutes for 3.5 hours.  The MS of the solvent and the gum showed 

product in both and dissolution of the gum in DCM, MeOH, and acetone under 

sonication took at least 1 hour.  Since the reaction was difficult, messy, and gave an 

overall poor yield, it was decided to aim for the diprotected amide.  The diprotected 

acetoacetamide 35 was obtained in nearly quantitative yield since dibenzylamine is 

unable to form the imine that tautomerizes to the enamine as benzylamine did, though 

chromatography was still required as 31 from the fresh stock bottle was a black solution 

(Scheme 3.12).  The acetoacetamide 35 presented a problem in that it was an oil that  
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Scheme 3.12. Synthetic scheme for preparing di-N-protected amide pyrrole 36. 

slowly formed some crystals, but never completely crystallized making it difficult to work 

with so further attempts to prepare the diamide BODIPY 9A were not made.  The 

preparation of pyrrole 38 from benzyl and methyl acetoacetates 18 and 37, respectively, 

(Scheme 3.13), proceeded readily as did the benzyl ester deprotection to afford the 

carboxylic acid pyrrole 39.  Decarboxylation with TFA should have been a facile and 

rapid transformation, however, It was difficult to tell if any transformation had occurred 

as the carboxylic acid pyrrole 39 had poor solubility, but should have gradually 

 

Scheme 3.13. Synthetic scheme for preparing dimethyl ester dipyrromethane 41. 
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dissolved as the decarboxylation produced pyrrole 40.  Since there was no observable 

change in the amount of undissolved material and TLC showed the carboxylic acid 

pyrrole was still present even after several hours, the necessary amount of 4-

formylpyridine 15 was added with the expectation that the activated form of 15 would be 

able to facilitate the decarboxylation during the condensation reaction to produce the 

dipyrromethane 41.  No change was observed even after 24 hours so it was assumed 

that the sample had degraded at some point, but allowing the solid exposed to air under 

ambient conditions for an extended amount of time resulted in the sample changing 

color from white to red.  When TEA was added to a small amount of the red solid, the 

sample turned yellow indicating the dipyrromethane had been formed and undergone 

an air oxidation to form the dipyrromethene.  Since the sample had such poor solubility, 

it is reasonable to expect that some or both of the esters had been hydrolyzed to give a 

mixture of 42 and 43, which can expected to follow the aldehyde condensation which 

produces water as a byproduct in the presence of a strong acid. 

 In designing a retrosynthetic approach to prepare 11A, the report by Huynh and 

co-workers4 demonstrating BODIPY monofluorination as well as both mono- and di- 

trifluoromethylation was followed (Scheme 3.14).  BODIPYs 52, 53, and 54 were 

obtained in 45%, 93%, and 81%, respectively, but only from 46, 49, and 50.  The 

brominated derivatives 48 and 51 were unreactive, as was the diiodopentamethyl 

derivative 47, at both 25°C and 90°C under these conditions and the starting material 

was recovered in each case.  This transformation was further reviewed to see if it could 

be used at a different stage in the synthesis, but attempts to obtain the 3-

trifluoromethylpyrrole starting material have not been successful.16 
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Scheme 3.14. Synthetic scheme reported for BODIPY trifluoromethylation.4 

 

Scheme 3.15. Synthetic scheme proposed for preparation of 11A. 

 In preparing BODIPY 12A, post boron complexation functionalization of the 

BODIPY platform 1A, 4A, or 5A would be preferable.  Considering the protocol for 

trifluoromethylation using CuCF3, an attempt to prepare 12A from 4A using CuCN in 

DMF was made, but after 20 hours at room temperature, TLC showed barely any 

product formation.  The mixture was heated to 54°C for 4 hours at which point what 

appeared to be decomposition products had appeared so the mixture was removed 

from the heat and stirring was continued for an additional 24 hours before the starting 

material had been consumed.  In the end, the desired product was not obtained, but a 

polar fluorescent band stuck to the column and could not be eluted off, but the method 

would be in poor yield if it did form the product.  Another attempt using a catalytic 

amount of CuCN and an excess of NaCN in THF, starting with 4A or 5A, will be made to 

see if reducing the amount of copper(I) improves the yield since it can undergo single 

electron transfer reactions to produce the more stable Cu+2 ion (Scheme 3.16).  An 
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alternative method is to start from a cyanopyrrole.  Pyrrole functionalization and 

subsequent reactivity with a β-cyano group was explored in depth by former group 

member Dr. Waruna Jinadasa17 and decarboxylation of 3-cyano-2,4-dimethylpyrrole-5-

carboxylic acid was not achievable so preparation of 3-cyano-2,4-dimethylpyrrole 60 

was sought.  Several groups have reported use of the same protocol,18,19 depicted in 

Scheme 3.17, starting with a Boc protected glycine derivative 55.  The procedure is 

fairly easy; however, the purification of 58 is troublesome due to poor solubility of the 

material in most common solvents.  It should be noted that the melting point of 3-

aminocrotononitrile is very close to the boiling point of ethanol which most likely results 

in the excess reagent melting on the rotovap resulting in the residue becoming a single 

insoluble mass.  Portions of the product 58 could be removed from the mixture by 

EtOAc after sonication and standing for several hours.  Once these solutions were 

drawn off, the residue left behind, after solvent removal, were quite soluble in common 

solvents supporting the idea that 57 had melted to form a single mass.  In collaboration 

with a group member, 58 was successfully transformed to 59 and 60.  Attempts to 

prepare 12A from 60 and 4-formylpyridine (15) by acid catalyzed condensation have 

been unsuccessful so far as the intermediate carbinol precipitates out of solution.  

Gentle heating and running the reaction in THF did not allow the transformation to 

proceed, but using BF3·OEt2 instead of TFA effectively facilitated the transformation and 

greatly decreased the reaction time.  Subsequent oxidation and complexation are 

currently underway. 
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Scheme 3.16. Synthetic scheme proposed for preparation of 12A. 

 
Scheme 3.17. Synthetic scheme for preparation of cyanopyrrole 60. 

 To prepare the promising BODIPYs in series C, the methyl 2,6-dimethyoxy-

pyridine-4-carboxylate 62 was desired to bypass the subsequent oxidation step.  The 

transformation proceeds through an addition-elimination process so simple nucleophilic 

substitution conditions were attempted.  A transformation did occur as the physical 

properties of the material changed, most notably the solubility, however the 1H NMR still 

showed two separate peaks in the aromatic region, but they were different from the 

starting material.  Following patent reports for its preparation from methyl 2,6-dichloro-

pyridine-4-carboxylate by refluxing with NaOMe in DMF, the starting material was 

consumed in under an hour and the N,N-dimethylamide 63 was produced in high yield.  

Attempts to prepare the dipyrromethene 65 from 63 with the Grignard pyrrole 64 were 

unsuccessful.  The transformation of 63 to 62 was achieved by refluxing with methanol 

in sulfuric acid, but this procedure was not pursued due to its intrinsic hazards.  The 

next step is to repeat the reaction to produce 63 with the exception of extending the 

reaction time to 16 hours as the patent reports.  It is expected that the extended 

reaction time will result in the excess NaOMe converting the DMF to methyl formate and  
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Scheme 3.18. Synthetic scheme for preparation of BODIPY 1C. 

volatile dimethylamine which will leave as a gas resulting in conversion of 63 to 62.  If 

attempts to prepare series B should be attempted, catalytic hydrohalogenation of 61 can 

produce the required 2-methoxypyridine ester starting material. 

 As a means of tuning the solubility of the dyes, the use of different alkylating 

agents and groups was briefly explored.  The results of this are summarized in Table 

3.1.  The first reagent tested was 2-chloroethanol.  Most of the trials exhibited deceptive 

fluorescence.  The green fluorescence of the starting material displayed a bathochromic 

shift to orange while the reaction was running, but that was the result of the pyridine 

hydrogen bonding with the alcohol.  The hydrogen bonding was strong enough to 

essentially inhibit the reaction.  The N-(2-hydroxyethyl)pyridinium cation was detected 

by ESI-MS several times (HRMS (ESI): m/z calcd (%) for C20H23BF2N3O: 

369.1933[M*]+; found: 369.1925), but it was never isolatable. 

 The next alkyl group chosen was an ethylsulfonate to make a zwitter ionic 

BODIPY.  Regardless of the conditions attempted and the multi-week reaction times, 
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product was never observed by ESI-MS.  Upon moving to the small methyl iodide, the 

reaction proceeded to completion at room temperature in 48-72 hours, but could be 

completed in 1 hour by refluxing in ACN.  Having an additional water-solubilizing group 

on the dye was still desired so a protected alcohol, 2-bromoethyl benzyl ether, was 

employed.  The reaction went to completion, under reflux, though the rate was 

decreased by the sterics of the benzyl ether.  The benzyl ether is a good choice if the 

BODIPY has no carbon-halogen bonds, but since the dichloro derivative 3A does have 

them, the standard catalytic debenzylation using  H2(g), Pd/C cannot be used so this 

reagent was not pursued further.  It did however provide proof of concept that protected 

water-solubilizing groups could be used for the alkylation.  It is worth noting here that it  

Table 3.1. Alkylation reaction conditions explored. 

RX Equiv. Solvent Temperature Yield 

2-Chloroethanol 

1 DCM RT N/A 

1 THF RT → Δ N/A 

1 ACN RT → Δ N/A 

1 Toluene RT → Δ N/A 

N/A RX RT → 110°C N/A 

N/A 1:1 RX/DCM RT N/A 

N/A 1:1 RX/ACN RT N/A 

1.5* Acetone RT N/A 

Sodium 2-Bromo- 
ethylsulfonate 

1 DCM RT N/A 

10 DCM RT N/A 

10 THF RT N/A 

10 ACN RT → Δ N/A 

Methyl iodide 
N/A RX RT 100% 

N/A 1:1 RX/ACN RT → Δ 100% 

2-Bromoethyl 
benzyl ether 

1 ACN RT → Δ 100% 

* DIPEA & NaI were included 
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is preferable that the alkylation be the final step in preparing the desired product.  It is 

not advised that attempts to purify the cationic derivatives over silica be made.  These 

salts precipitated out of methyl iodide and lost some solubility in ACN when the 

temperature was decreased.  If purification of an alkylated derivative is necessary, 

reverse phase HPLC is strongly recommended. 

3.3. Characterization 

3.3.1. Photophysical Studies 

 The photophysical properties of the synthesized BODIPYs are summarized in 

Figure 3.2 and Table 3.2.  The three halogenated derivatives all show similar 

bathochromic shifts in their absorption spectra.  The formyl derivative 6catA exhibited 

the expected hypsochromic shift characteristic of 2-formylBODIPYs13.  The emission 

spectra show a consistent trend for 1catA, 3catA, and 5catA, but 4catA and 6catA 

both exhibit hypsochromic shifts to about 565 nm.  The cationic derivatives all show 

decreased molar extinction coefficients relative to the neutral analogs. 

 

Figure 3.2.  Normalized a) absorption and b) emission spectra of neutral and cationic 
BODIPYs 1A, 3A, 4A, 5A, and 6A. 
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Table 3.2. Photophysical properties of synthesized BODIPYs in ACN. 

BODIPY 
λmax (nm) Stokes 

Shift (nm) 
Φf

* ε (M-1 cm-1) 
abs em 

1A 501 525 28 0.31a 78100 
1catA 509 596 87 0.058b 33100 

3A 528 554 26 0.58a 53700 
3catA 538 598 60 0.103b 12600 

4A 501 555 54 0.14a 58000 
4catA 539 560 21 0.021b 8500 

5A 501 563 62 0.004a 55600 
5catA 546 611 65 >0.001b 26600 

6A 495 520 25 0.67a 27200 
6catA 504 568 64 0.002b 4260 

*Relative quantum yields determined using: (a) rhodamine-6G (Φf = 
0.86) in methanol as the standard, λex = 473 nm 20 and (b) Ru(bpy)3Cl2 
in water as the standard (Φf = 0.028), λex = 436 nm.21 

 
 The fluorescence quantum yields follow the expected trends.  The brominated 

derivative, 4catA, displays quenched fluorescence compared to both the chlorinated 

(3catA) and unsubstituted (1catA) derivatives while the iodinated derivative (5catA) is 

essentially non-fluorescent.  The quenching in both cases is due to the heavy atom 

effect increasing the ISC efficiency.  The calculations in Chapter 2 showed that the 

formyl derivative, 6A, had a lower oxidation potential than 3A and so the quantum yield 

of the cation, 6catA, was expected to be smaller than that of 3catA which is reflected in 

the experimental results. 

3.3.2. Biological Studies 

 The dark toxicity and phototoxicity (Figure 3.3) as well as the cellular uptake 

(Figure 3.4) were evaluated in HEp-2 cells.  Derivatives 4A and 6A exhibited some dark 

toxicity, but all other derivatives had ≥ 90% survival with the cationic monoformyl 

derivative 6catA and neutral diiodo 5A exhibiting the lowest dark toxicities.  The dark 

toxicities of 1A, 3A, and 3catA are equivalent with ~88-89% survival.  The dibromo and  
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Figure 3.3.  Cytotoxicity of synthesized BODIPYs a) in the dark and b) with irradiation. 

 

Figure 3.4.  Cell uptake of BODIPY derivatives in HEp-2 cells. 

 diiodo derivatives 4A and 5A both displayed high phototoxicity.  The diiodo salt 5catA 

exhibited phototoxicity analogous to the dark toxicity of 4A and all other derivatives 

displayed ≥ 85% survival after exposure to light.  The uptake study revealed that the 

unsubstituted and monoformyl derivatives 1A and 6A have the highest cellular uptake 

followed by 3A and 1catA.  The ionic monoformyl BODIPY 6catA however showed 

almost no uptake.  The dark toxicity IC50 is > 200 μM for all 12 dyes studied and the 

phototoxic IC50 is > 100 μM for all except 4A and 5A which are > 2.5 μM and 2.1 μM, 

respectively. 
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3.3.3. Conclusions 

 In this project so far, six of the meso-pyridyl BODIPYs studied in Chapter 2 have 

been synthesized, biologically characterized in HEp-2 cells, and the photophysical 

properties of the ionic derivatives have been measured.  The trends in the 

photophysical data followed the trend predicted in Chapter 2 with the exception of the 

dibromo- and diiodo- derivatives since the Heavy Atom effect quenches their 

fluorescence.  Both of these were found to be highly phototoxic.  The dibromo derivative 

was found to have greater overall toxicity, both dark and photo, than the diiodo whilethe 

others had minimal toxicity.  The dichloro derivatives 3A and 3catA, which exhibited the 

highest fluorescence quantum yields so far, are both relatively non-toxic with a 90% 

survival of the cell cultures showing potential for use as a biological label. 

3.3.4. Future Work 

 There are two parts left to complete this project.  The first is the synthesis of 

additional dyes.  BODIPY 7A, can be prepared via chlorination of the monoformyl 

BODIPY 6A using TCCA in DCM (Scheme 3.19).  The proposed routes to the  

 
Scheme 3.19: Proposed synthetic scheme for preparing BODIPY 7A. 

dicyanoBODIPYs 12A and 13A are shown in Scheme 3.20, Scheme 3.21, and Scheme 

3.22, respectively.  The aldehyde condensation with cyanopyrrole 60 has already been 

performed and the oxidation is underway.   
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Scheme 3.20: Proposed synthetic scheme for preparing BODIPY 12A. 

 
Scheme 3.21: Proposed synthetic scheme for preparing dipyrromethane 69. 

 
Scheme 3.22: Proposed synthetic scheme for preparing BODIPY 13A’. 
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 The 2,6-dimethoxypyridine derivatives, 1C, 12C, and 13C also need to be 

synthesized by the proposed routes shown in Scheme 3.23, Scheme 3.24, and Scheme 

3.25, respectively.  These proposed routes all employ standard methods for the 

individual transformations, however, in some cases, multiple methods are provided 

should problems arise with the initial conditions.  In preparing 13A’, the carbonyl 

reduction is known to be difficult and since α-free, electron-rich pyrroles readily begin to 

degrade when exposed to air and light, it may be advantageous to prepare 

dipyrromethane 68 prior to reducing the carbonyl.  Two different routes to the 1,7-

dibromoBODIPY 72 are proposed since bromine can readily oxidize electron-rich 

dipyrromethanes to dipyrromethenes, in addition to brominating them, while the use of 

oxidants such as chloranil and DDQ always results in the formation of meso-free 

products.  Once BODIPY 72 is formed, the 1,7-halogens have been reported to be 

susceptible to nucleophilic displacement so an SNAr cyanation is proposed using KCN 

as the cyanide source and acetonitrile as the solvent.  KCN is slightly soluble in 

acetonitrile, but KBr is insoluble and will precipitate out shifting the equilibrium toward 

product formation.  The proposed preparation of 13C’ has several steps that could be 

performed in various orders; however the late stage carbonyl reduction is shown.  The 

second part is the photophysical and biological characterization of these additional 

dyes.  The initial photophysical studies on the neutral BODIPYs need to be run and the 

studies on the ionic derivatives need to be conducted in triplicate to ensure the both the 

accuracy and reproducibility of the results. 
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Scheme 3.23. Proposed synthetic scheme for preparing BODIPY 1C. 

 

 

 
Scheme 3.24. Proposed synthetic schemes for preparing BODIPY 12C. 

 

Scheme 3.25. Proposed synthetic schemes for preparing BODIPY 13C’. 
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3.4. Experimental  

3.4.1. General 

 Reactions were monitored using 0.2 mm silica gel plates (with indicator, polyester 

backed, 60 Å, pre-coated) and UV lamp. Liquid chromatography was performed on 

preparative TLC plates or via silica gel column chromatography (60 Å, 230−400 mesh) 

and all solvent systems were buffered with 0.1% triethylamine. NMR spectra were 

obtained on 400 (1H) and 500 MHz (13C) spectrometers at room temperature for the 

neutral BODIPYs and at 298.0 or 310.0 K for the ionic BODIPYs depending on whether 

or not the solution solidified in the NMR tube. Chemical shifts (δ) are given in parts per 

million (ppm) in CDCl3 (7.27 ppm for 1H NMR, 77.0 ppm for 13C NMR) or C2D6SO (2.50 

ppm for 1H NMR, 39.5 ppm for 13C NMR) or; coupling constants (J) are given in hertz. 

High-resolution mass spectra were measured on an ESI-TOF mass spectrometer in 

positive mode. UV−Vis absorption and emission spectra were recorded at room 

temperature. Spectroscopic grade solvents and quartz cuvettes (10 mm path length) 

were used. For the determination of the optical density (ε), solutions with absorbance at 

λmax between 0.5 and 1 were used. For the determination of quantum yields, dilute 

solutions with absorbance between 0.03 and 0.05 at the particular excitation wavelength 

were used and all measurements were taken within XX hours after solution preparation.   

3.4.2. Synthesis 

 8-(4-Pyridyl)-1,3,5,7-tetramethyl-BODIPY (1A).  In an oven dried flask, a 14:1 

DCM/absolute ethanol solution was degassed with nitrogen for 30 minutes.  The flask 

was then charged with 2,4-dimethylpyrrole (0.13 mL, 1.22 mmol), 4-formylpyridine (55.0 

μL, 0.57 mmol, 0.46 eq), and TFA (2 drops).  After 24 hours of stirring under a flow of 
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nitrogen, the solution was neutralized with DIPEA (6 drops) and p-chloranil (0.1422 g, 

0.57 mmol, 1.00 eq) was added.  The mixture was stirred under a flow of nitrogen for 4 

hours after which the solvent was removed under reduced pressure.  The residue was 

then taken up in dry DCM (20 mL), DIPEA (1.00 mL, 5.75 mmol, 10.15 eq) was added 

and the mixture was stirred for 30 minutes before addition of BF3·OEt2 (0.90 mL, 7.29 

mmol, 12.88 eq).  When TLC showed disappearance of the dipyrromethene, the 

solution was filtered to remove the precipitates and purified over silica by column 

chromatography eluting with 4% EtOAc/DCM and 2% EtOAc/DCM to afford 0.0670 g of 

product (34% yield).  1H NMR (400 MHz, CDCl3): δ = 8.80-8.79 (d, 2H), 7.32-7.31 (d, 

2H), 6.02 (s, 2H), 2.57 (s, 6H), 1.42 (s, 6H); 13C NMR (500 MHz,CDCl3): δ = 156.38, 

150.53, 143.50, 142.54, 137.54, 130.24, 123.21, 121.70,14.53, 14.50 ppm; HRMS 

(ESI): m/z calcd (%) for C18H19BF2N3: 326.1638 [M+H]+; found: 326.1641; UV/Vis 

(CH3CN): λmax = 501, λem = 515 nm 

 8-(N-methyl-4-Pyridyl)-1,3,5,7-tetramethyl-BODIPY Iodide (1catA).  In a 10 mL 

round bottom flask wrapped in foil, BODIPY 1A (6.8 mg, 0.0209 mmol) was dissolved in 

methyl iodide (2.0 mL).  After stirring for 48 hours under a flow of nitrogen, TLC showed 

consumption of starting material and the excess methyl iodide was removed under 

reduced pressure.  Yield 9.8 mg, 100% (greenish-gray solid): 1H NMR (400 MHz, 

DMSO-d6): δ = 9.20-9.18 (d, 2H), 8.42-8.40 (d, 2H), 6.29 (s, 3H), 4.45 (s, 3H), 3.30 (s, 

6H), 1.43 (s, 6H); 13C NMR (500 MHz, DMSO-d6): δ =  ppm; HRMS (ESI): m/z calcd (%) 

for C19H21BF2N3: 339.1827[M*]+; found: 339.1830; UV/Vis (CH3CN): λmax = 509,  

λem = 596 nm. 
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 2,6-Dichloro-8-(4-pyridyl)-1,3,5,7-tetramethyl-BODIPY (3A).  To an oven dried 

flask charged with BODIPY 1A (0.0118 g, 0.04 mmol) in dichloromethane (10.0 mL) 

was dropwise added trichloroisocyanuric acid (0.0076 g, 0.03 mmol, 2.62 eq) in 

dichloromethane (4.0 mL) and the mixture was stirred at room temperature under a 

nitrogen atmosphere.  After TLC showed consumption of the starting material (about 30 

minutes) the solution was purified over silica by column chromatography eluting with 2% 

methanol/dichloromethane yielding 10 mg, 69% yield (red solid): 1H NMR (400 MHz, 

CDCl3): δ = 8.85-8.84 (dd, J = 5.9, 1.5 Hz, 2H), 7.31-7.30 (dd, J = 5.9, 1.6 Hz, 2H), 2.61 

(s, 6H), 1.42 (s, 6H); 13C NMR (500 MHz,CDCl3): δ = 153.7, 150.9, 142.8, 138.2, 137.5, 

128.6, 123.3, 123.1, 12.5, 12.2 ppm; HRMS (ESI): m/z calcd (%) for C18H19BF2N3Cl2: 

393.0891[M+H]+; found: 393.0902; UV/Vis (CH3CN): λmax = 528, λem = 554 nm. 

 2,6-Dichloro-8-(N-methyl-4-Pyridyl)-1,3,5,7-tetramethyl-BODIPY Iodide 

(3catA).  In a 5 mL round bottom flask wrapped in foil, BODIPY 3A (5.6 mg, 0.014 

mmol) was dissolved in anhydrous ACN (1.8 mL) and methyl iodide (1.8 mL).  After 

refluxing for 1 hour, TLC showed consumption of starting material and the solvent was 

removed under reduced pressure.  Yield 7.6 mg, 100% (greenish-gray solid): 1H NMR 

(400 MHz, DMSO-d6): δ = 9.24-9.23 (d, J = 6.6 Hz, 2H), 8.44-8.42 (d, J = 6.7 Hz, 2H), 

4.47 (s, 3H), 3.32 (s, 6H), 2.55 (s, 6H), 1.30 (s, 6H); 13C NMR (500 MHz,DMSO-d6): δ = 

154.02, 149.59, 147.54, 138.02, 136.71, 128.22, 128.08, 122.98, 49.02, 13.17, 12.89 

ppm; HRMS (ESI): m/z calcd (%) for C19H19BF2N3Cl2: 407.1048[M*]+; found: 407.1048; 

UV/Vis (CH3CN): λmax = 538, λem = 596 nm. 

 2,6-Dibromo-8-(4-pyridyl)-1,3,5,7-tetramethyl-BODIPY (4A).  To a flask 

charged with a solution of BODIPY 1A (82.8 mg, 0.25 mmol) in 20 mL of dry DCM was 
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added dropwise a solution of bromine (0.04 mL, 0.77 mmol) in DCM (5 mL). The 

mixture was allowed to stir for 2 h, washed with an aqueous solution of sodium 

thiosulfate, and extracted by DCM. Organic layers were combined, dried over Na2SO4, 

and the solvent was removed under reduced pressure. The residue was purified over 

silica gel using 1% EA/DCM as eluent, from which the desired product 4A was obtained 

as red solid in 98% yield (120.8 mg): 1H NMR (400 MHz, CDCl3): δ = 8.86-8.84 (d, J = 

5.7, 1.6 Hz, 2H), 7.32-7.30 (dd, J = 5.9, 1.4 Hz, 2H), 2.63 (s, 6H), 1.43 (s, 6H); 13C NMR 

(500 MHz, CDCl3): δ = 155.22, 151.08, 143.11, 140.26, 138.04, 129.51, 123.19, 112.56, 

14.10, 13.95 ppm; HRMS (ESI): m/z calcd (%) for C18H16BF2N3Br2: 480.9881[M+H]+; 

found: 480.9870; UV/Vis (CH3CN): λmax = 528, λem = 555 nm. 

 2,6-Dibromo-8-(N-methyl-4-Pyridyl)-1,3,5,7-tetramethyl-BODIPY Iodide 

(4catA).  In a 5 mL round bottom flask wrapped in foil, BODIPY 4A (10.4 mg, 0.022 

mmol) was dissolved in anhydrous ACN (1.8 mL) and methyl iodide (1.8 mL).  After 

refluxing for 1 hour, TLC showed consumption of starting material and the solvent was 

removed under reduced pressure.  Yield 13.5 mg, 100% (greenish-gray solid): 1H NMR 

(400 MHz, DMSO-d6): δ = 9.24-9.23 (d, J = 6.6 Hz, 2H), 8.44-8.42 (d, J = 6.7 Hz, 2H), 

4.47 (s, 6H), 3.32 (s, 6H), 2.55 (s, 6H), 1.30 (s, 6H) ppm; HRMS (ESI): m/z calcd (%) for 

C19H19BF2N3Br2: 495.0038[M*]+; found: 495.0032; UV/Vis (CH3CN): λmax = 539,  

λem = 560 nm. 

 2,6-Diiodo-8-(4-pyridyl)-1,3,5,7-tetramethyl-BODIPY (5A).  To a flask charged 

with BODIPY 1A (0.0200 g, 0.062 mmol) in 3:1 MeOH/DCM (8 mL) was dropwise added 

a solution of iodine monochloride (0.75 mL, 1.0 M) in dichloromethane. When TLC 

showed consumption of starting material, the mixture was washed with water and 
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extracted with DCM.  The solvent was removed under reduced pressure and the 

residue was purified by silica gel column chromatography eluting with 2% EA/DCM to 

give the product as a red solid (16.0 mg, 45%).  1H NMR (400 MHz, CDCl3): δ = 8.83-

8.82 (dd, J = 5.8, 1.5 Hz, 2H), 7.29-7.28 (dd, J = 6.0, 1.5 Hz, 2H), 2.65 (s, 6H), 1.43 (s, 

6H); 13C NMR (500 MHz, CDCl3): δ = 158.02, 151.10, 146.72, 145.00, 143.47, 131.24, 

130.38, 123.21, 17.40, 16.30 ppm; HRMS (ESI): m/z calcd (%) for C18H16BF2N3I2: 

576.9604[M+H]+; found: 576.9594; UV/Vis (CH3CN): λmax = 534, λem = 563 nm. 

 2,6-Diiodo-8-(N-methyl-4-Pyridyl)-1,3,5,7-tetramethyl-BODIPY Iodide (5catA).  

In a 3 mL amber vial, BODIPY 5A (4.7 mg, 0.008 mmol) was dissolved in methyl iodide 

(1.0 mL).  After stirring at 35°C for 12 hours, TLC showed consumption of starting 

material and the solvent was removed under reduced pressure.  Yield 7.6 mg, 100% 

(purpleish-gray solid): 1H NMR (400 MHz, DMSO-d6): δ = 9.16-9.14 (d, J = 6.3 Hz, 2H), 

8.34-8.33 (d, J = 6.5 Hz, 2H), 4.57 (s, 3H), 2.63 (s, 6H), 1.52 (s, 6H) ppm; HRMS (ESI): 

m/z calcd (%) for C19H19BF2N3I2: 590.9760[M*]+; found: 590.9747; UV/Vis (CH3CN): 

λmax = 546, λem = 654 nm. 

 2-Formyl-1,3,5,7-tetramethyl-BODIPY (6A).  To an oven dried flask charged 

with anhydrous DMF (2.10 mL, 25.61 mmol), under an atmosphere of dry nitrogen, and 

cooled down to 0°C was dropwise added POCl3 (2.10 mL, 27.18 mmol, 0.94 eq) and the 

mixture was stirred for 5 minutes before warming to room temperature and stirring for 

an additional 30 minutes.  This solution was then drawn into a syringe and dropwise 

added to a second oven dried flask charged with a solution of BODIPY 1A (0.0564 g, 

0.17 mmol) in anhydrous dichloroethane (20.00 mL).  After the addition was complete, 

the mixture was heated to 50°C for 2 hours before cooling to room temperature and 
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slowly pouring into an ice cold solution of saturated NaHCO3(aq).  When the mixture 

warmed to room temperature, the organic layer was separated, dried over anhydrous 

Na2SO4, and the solvent was removed under reduced pressure.  The residue was then 

transferred to another oven dried flask and the process repeated.  The second step was 

heated to 60°C for 5 hours.  The crude residue was purified by column chromatography 

over silica eluting with 12.5% Hexanes/EtOAc, buffered with 0.1% TEA, to yield 0.0114 

g of 6A (19%).  1H NMR (400 MHz, CDCl3): δ = 10.03 (s, 1H), 8.83-8.82 (dd, J = 5.9, 1.5 

Hz, 2H), 7.29-7.28 (dd, J = 5.9, 1.6 Hz, 2H), 2.59 (1H, s), 1.40 (1H, s); 13C NMR (500 

MHz, CDCl3): δ = 185.88, 162.95, 157.41, 151.13, 149.13, 146.76, 142.89, 139.59, 

132.05, 126.71, 124.80, 123.13, 77.41, 77.16, 76.91, 29.85, 15.24, 14.27, 13.20, 12.02 

ppm; HRMS (ESI): m/z calcd (%) for C19H18BF2N3O: 353.1620[M+H]+; found: 353.1612; 

UV/Vis (CH3CN): λmax = 495, λem = 511 nm. 

 2-Formyl-8-(N-methyl-4-Pyridyl)-1,3,5,7-tetramethyl-BODIPY Iodide (6catA).  

In a 5 mL round bottom flask wrapped in foil, BODIPY 6A (4.7 mg, 0.013 mmol) was 

dissolved in anhydrous ACN (1.8 mL) and methyl iodide (1.8 mL).  After refluxing for 1 

hour, TLC showed consumption of starting material and the solvent was removed under 

reduced pressure.  Yield 6.6 mg, 100% (greenish-gray solid): 1H NMR (400 MHz, 

MeOD): δ = 10.00 (s, 1H), 9.18-9.16 (d, J = 6.4 Hz, 2H), 8.38-8.36 (d, J = 6.3 Hz, 2H), 

4.58 (s, 3H), 3.23 (s, 3H), 2.97 (s, 3H), 2.78 (s, 3H), 2.63 (s, 3H)  ppm; HRMS (ESI): 

m/z calcd (%) for C20H21BF2N3O: 367.1777[M*]+; found: 367.1770; UV/Vis (CH3CN): 

λmax = 504, λem = 653 nm. 

 N-Benzyl-3-(benzylamino)but-2-enamide (32): To a solution of benzylamine 

(1.15 mL, 10.63 mmol) in anhydrous o-xylene (1.50 mL) was added 2,2,6-trimethyl-4H-
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1,3-dioxin-4-one (0.47 mL, 3.72 mmol) and the mixture was refluxed for 2 h. The 

mixture was allowed to cool and crystallize.  The residue was then taken up in DCM, 

washed with 11 mL 0.5 M HCl(aq) and filtered to remove excess benzylamine.  The 

solvent was then removed under vacuum and the residue was rinsed with 1:1 EA/Hex 

(containing 0.1% TEA) and a cream colored solid (0.4429 g, 1.58 mmol, 42% yield) was 

obtained.  TLC of the product showed one spot.   Yield: 42%, 0.44 g.  1H NMR(400 

MHz, CDCl3): δ = 9.42 (s, 1H), 7.24−7.14 (m, 10H), 4.37−4.35 (d, 2H), 4.33−4.31 (d, 

2H), 4.29 (s, 1H), 1.78 (s, 3H) ppm.  HRMS (ESI): m/z calcd (%) for C18H20N2O: 

281.1648[M+H]+; found 281.1650. 

 tert-Butyl 3-(N-benzylcarbamoyl)-2,4-dimethylpyrrole-5-carboxylate (34): To 

a 2-necked flask charged with tert-butyl acetoacetate 22 (0.45 mL, 2.66 mmol) in glacial 

acetic acid (0.63 mL) and chilled to 0°C was added NaNO2 (0.2046g, 2.88 mmol, 1.08 

eq) in water (0.40 mL) dropwise.  The mixture was stirred for 30 minutes before being 

removed from the ice bath and stirred at room temperature for 3 hours.  The mixture 

was then heated to 67°C, N-benzyl-3-(benzylamine)but-2-enamide 32 (0.4405 g, 1.57 

mmol, 0.59 eq) in glacial acetic acid (1.00 mL) was added followed by portionwise 

addition of an intimate mixture of zinc dust (0.3700 g, 5.60 mmol, 3.57 eq) and NaOAc 

(0.3700 g, 4.47 mmol, 2.84 eq).  The mixture was then heated for 1 hr before slowly 

being poured into 200 mL of ice water and stirring for 5 minutes.  The precipitate was 

collected by filtration and then washed with DCM to separate it from the inorganic 

solids.  The solution was then washed with water, dried over anhydrous sodium sulfate, 

and purified over silica eluting with DCM to produce 0.3366 g (7%) of the product 

pyrrole 34.  Note: there was significant product loss due to human error, but the reaction 
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was not re-run.  1H NMR (400 MHz, CDCl3): δ = 8.85 (s, 1H), 7.37-7.30 (m, 5H), 5.88 (s, 

1H), 4.64-4.63 (d, J = Hz, 2 H), 2.49-2.48 (d, 6H), 1.58 (s, 9H); 13C NMR (500 MHz, 

CDCl3): δ = 165.92, 161.23, 138.76, 134.75, 128.83, 127.81, 127.52, 125.50, 119.18, 

118.19, 81.22, 43.72, 28.58, 13.38, 12.02 ppm; HRMS (ESI): m/z calcd (%) for 

C19H24N2O3: 329.1860 [M+H]+; found: 329.1863. 

 N,N-Dibenzylacetoacetamide (35): To a solution of dibenzylamine (2.30 mL, 

22.70 mmol) in anhydrous o-xylene (3.20 mL) was added 2,2,6-trimethyl-4H-1,3-dioxin-

4-one (1.00 mL, 7.92 mmol) and the mixture was refluxed for 2 h. The mixture was 

allowed to cool and the residue was then taken up in DCM, washed with 11 mL 0.5 M 

HCl(aq) and filtered to remove excess dibenzylamine.  The solvent was then removed 

under vacuum and the oil was purified over silica eluting with 1:1 EA/Hex (containing 

0.1% TEA) to yield 2.2282 g (7.92 mmol, 100%) of the product.  The product is a 

mixture of the keto-enol tautomers in a 3:1 ratio.  1H NMR (400 MHz, CDCl3): δ = 14.83 

(s, 0.3H), 7.42-7.16 (m, 18H), 5.23 (s, 0.3H), 4.66 (s, 3H), 4.44 (s, 3H), 3.66 (s, 2H), 

2.31 (s, 3H), 1.97 (s, 1H); 13C NMR (500 MHz, CDCl3): δ = 202.44, 175.96, 172.75, 

167.56, 137.31, 136.81, 136.07, 129.60, 129.20, 129.01, 128.86, 128.82, 128.77, 

128.25, 128.22, 127.99, 127.66, 126.74, 126.51, 87.02, 50.71, 50.09, 49.82, 48.51, 

47.87, 30.51, 22.20 ppm.  HRMS (ESI): m/z calcd (%) for C18H19NO2: 282.1489 [M+H]+; 

found: 282.1487. 

 Methyl 3,5-dimethylpyrrole-2,4-dicarboxylate benzyl ester(38): To a 2-necked 

flask charged with benzyl acetoacetate (5.00 mL, 28.11 mmol) in glacial acetic acid 

(6.50 mL) and chilled to 0°C was added NaNO2 (2.1600g, 30.37 mmol, 1.08 eq) in 

water (4.25 mL) dropwise.  The mixture was stirred for 30 minutes before being 
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removed from the ice bath and stirred at room temperature for 3 hours.  The mixture 

was then heated to 67°C, methyl acetoacetate (2.00 mL, 18.35 mmol, 0.65 eq) in glacial 

acetic acid (10.00 mL) was added followed by portion-wise addition of an intimate 

mixture of zinc dust (4.3000 g, 65.11 mmol, 3.55 eq) and NaOAc (4.3000 g, 51.89 

mmol, 2.83 eq).  The mixture was then heated for 1 hr before slowly being poured into 

200 mL of ice water and stirring for 5 minutes.  The precipitate was collected by filtration 

and then washed with DCM to separate it from the inorganic solids.  The solution was 

then washed with water, dried over anhydrous sodium sulfate, and purified by 

recrystallization using DCM/Hexanes.  The mother liquor was then purified over silica 

eluting with DCM which collectively yielded 2.2483g (45%) of the product pyrrole.  1H 

NMR (400 MHz, CDCl3): δ = 8.84 (s, 1H), 7.43-7.32 (m, 5H), 5.31 (s, 2H), 3.82 (s, 3H), 

2.57 (s, 3H), 2.49 (s, 3H) ppm; 13C NMR (500 MHz, CDCl3): δ = 165.95, 161.21, 139.18, 

136.19, 131.69, 128.79, 128.46, 128.41, 66.17, 50.90, 14.52, 12.18 ppm; HRMS (ESI): 

m/z calcd (%) for C16H17NO4: 273.1809 [M+H]+; found: 273.1809. 

Note: The "recrystallization" was not a true recrystallization using DCM/Hexanes as the 

two solvents never mixed by Brownian motion.  The first recrystallization was left in the 

freezer overnight and the next morning the vial was still orange on bottom and colorless 

on top unlike the recrystallization of the 3-acyl derivative in which the entire vial was a 

light yellow the following morning.  I attempted to recrystallize the next bit of material on 

the bench top which did not crystallize after 8 hours.  After moving it to the freezer, 

crystals formed rather quickly.  The last bit was recrystallized by heating to dissolve in a 

minimal amount of DCM and cooling in the freezer. 
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3.4.3. Biological Characterization  

3.4.3.1. General 

 The HEp-2 cell line, purchased from ATCC, was used in the biological 

characterization of the synthesized BODIPYs.  All reagents, including the culture 

medium, were purchased from Life Technologies.  HEp-2 cells were cultured in the 

medium (1:1 Dulbecco's Modified Eagle Medium (DMEM)/Advanced DMEM) containing 

10% fetal bovine serum (FBS) and 1% antibiotic (Penicillin-streptomycin).  A 32 mM 

compound stock solution was prepared by dissolving the compound in 5% (v/v) 

Cremophor in DMSO.  The working solutions were prepared by dilution the stock 

solution with growing medium.   

3.4.3.2. Time-Dependent Cellular Uptake 

 HEp-2 cells were plated at 15,000 cells per well in a Costar 96-well plates (BD 

biosciences) and grown overnight.  The cells were treated by adding 100 µL/well of 10 

µM working solution at different time periods of 0, 1, 2, 4, 8, and 24h.  The loading 

medium was removed at the end of the treatments.  The cells were washed with 1X 

PBS and suspended in solution by adding 0.25% Triton X-100 in 1X PBS.  A standard 

curve, 10 µM, 5 µM, 2.5 µM, 1.25 µM, 0.625 µM, 0.3125 µM, for each sample was made 

by diluting stock solution with 0.25% Triton X-100(Sigma-Aldrich) in 1X PBS.  A cell 

standard curve was prepared using 10000, 20000, 40000, 60000, 80000, and 100000 

cell per well.  The cells were quantified using a CyQuant Cell Proliferation Assay (Life 

Technologies).  The sample concentration and cell count were determined using a 

FluoStar Optima micro-plate reader (BMG LRBTEH), with wavelengths 584/650 nm for 
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the samples and 485/520 nm for the cells.  Cellular uptake was expressed in terms of 

pM/cell.  

3.4.3.3. Cytotoxicity  

3.4.3.3.1. Dark Toxicity 

 In a 96-well plate prepared as previously stated, HEp-2 cells were treated with the 

sample concentration of 0, 6.25, 12.5, 25, 50, 100, and 200 µM and then incubated at 

37°C.  After 24 hours incubation, the cells were washed with 1X PBS and the media 

replaced with new the media containing 20 % cell titer blue (CellTiter-Blue® Cell 

Viability Assay)(Promega).  The cells were incubated for an additional 4 hours at 37°C.  

The viable cell count is measured by fluorescence (570/615 nm) using a FluoStar 

Optima micro-plate reader.  The experiment was run in quintuplicate for each 

concentration and the dark toxicity was expressed in terms of the percentage of viable 

cells.   

3.4.3.3.2. Phototoxicity 

 HEp-2 cells in 96-well plates were treated with the samples at 0, 3.125, 6.25, 

12.5, 25, 50, and 100 µM concentrations and incubated at 37°C.  After 24 hours, the 

loading media was removed, the cells were washed with 1X PBS, and then suspended 

in fresh media.  The cells were exposed to light for 20 minutes to get a light dose of 

approximately 1.5 J/cm2.  After exposure to light, the cells were incubated in the dark for 

an additional 24 hours.  The medium was then replaced with media containing 20 % cell 

titer blue.  The cells were incubated for an additional 4 hours before the viable cells 

were quantified using a FluoStar Optima micro-plate reader. The phototoxicity was 

expressed in terms of the percentage of viable cells. 
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Chapter 4. Photophysical and Biological Properties of meso-Pyridyl 
BODIPY Isomers: A Family Affair 

4.1. Introduction 

 BODIPYs bearing pyridine moieties are commonly used as metal ion sensors1,2, 

organic ligands in metal organic frameworks3-6 and organometallic complexes7,8, as well 

as both heavy-atom induced and heavy-atom free photosensitizers.9-14  With regard to 

the BODIPYs bearing pyridines on the meso-position, there are three structural isomers, 

shown in Figure 4.1, all of which have been reported in the literature.  However, a 

comparative study of the differences in their properties has not been reported.  The 

optical properties of the neutral derivatives have been shown in the literature to be 

practically identical;9 however, the same cannot be said for their respective N-methyl 

salts.  Salts of the 4-pyridyl derivative have been used for triplet state sensitization while 

those of the 2-pyridyl derivative have found use as bio-labels.15,16  The following study 

aims to elucidate the structure-property relationship and find a rational explanation for 

the differences through photophysical characterization, computational analysis of the 

excited states and electronic structure, as well as characterization of the biological 

activity of the isomers in human epithelial type-2 (HEp-2) cancer cells.   

 
Figure 4.1.  Structural isomers of the meso-pyridyl tetramethylBODIPY.  The N-methyl 

salts are denoted with a “+”. 
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4.2. Results and Discussion 

4.2.1. Synthesis 

  Derivative 4–Py was prepared as previously described via the acid catalyzed 

condensation of 2,4-dimethylpyrrole with pyridine-4-carboxaldehyde in 14:1 DCM/MeOH 

followed by subsequent oxidation with chloranil and boron complexation.  The 3-pyridyl 

isomer 3–Py was prepared by reacting the 2,4-dimethylpyrrole Grignard 66 with methyl 

pyridine-3-carboxylate 67 under reflux in THF for 4 hours followed by BF3 complexation 

(Scheme 4.1.  The Grignard method for preparing the dipyrromethene yielded a much 

cleaner transformation than the aldehyde condensation.  It is worth noting that the 

magnesium salts do not need to be removed before boron complexation and the 

dipyrromethene is quite water soluble.  The 2-pyridyl derivative 2–Py was attempted to 

be prepared by the Grignard method as well, but the reaction always stopped at the 

pyridylpyrroketone 69 (Scheme 4.2).  All attempts to push the transformation to 

 
Scheme 4.1.  Synthetic route for preparing 3–Py. 

 
Scheme 4.2.  Synthetic scheme for preparing 2–Py. 
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completion were unsuccessful so 2–Py was instead prepared following the same 

protocol used for 4–Py.  The substrates were methylated as previously described. 

4.2.2. Photophysical Studies 

 The photophysical properties of the three isomers and their N-methyl salts are 

summarized in Table 4.1 and the spectra are shown in Figure 4.2.  The absorption 

wavelength, molar absorptivity coefficient, and fluorescence quantum yields for 4–Py+ 

and 3–Py+ are essentially identical, however, there is a dramatic change in the emission 

wavelength from 596 nm to 537 nm.  The 2–Py+ on the other hand, exhibits quite 

 
Figure 4.2.  Normalized a) Absorption and b) emission spectra of 4–Py (dashed blue), 
4–Py+ (solid blue), 3–Py (dashed green), 3–Py+ (solid green), 2–Py (dashed red), and 
2–Py+ (solid red) measured in acetonitrile at room temperature. 

Table 4.1. Photophysical properties of synthesized BODIPYs in CAN. 

BODIPY 
λmax (nm) Stokes 

Shift (nm) 
Φf

* ε (M-1 cm-1) 
abs em 

4–Py 501 515 28 0.31a 72100 
4–Py+ 509 596 16/131 0.058b 26000 
3–Py 501 523 22 0.72 68100 
3–Py+ 510 537 27 0.032b 26600 
2–Py 501 525 24 0.08 68500 
2–Py+ 520 552 32 0.476b 26600 

*Relative quantum yields determined using: (a) rhodamine-6G (Φf = 
0.86) in methanol as the standard, λex = 473 nm 17 and (b) Ru(bpy)3Cl2 
in water as the standard (Φf = 0.028), λex = 436 nm.18 
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different photophysical properties.  There is a 10 nm bathochromic shift in the 

absorption and a 15 nm shift in the emission.  The molar absorptivity coefficient is 

consistent with the other two, but the fluorescence quantum yield has an order of 

magnitude increase.  The shift in the absorption can potentially be attributed to the 

electron-withdrawing strength of the pyridinium.  In 4–Py+, the cationic nitrogen is 

pulling electron density equally from both the left and right sides of the ring giving the 

greatest overall minimization of the pull on the density localized on carbon 4.  The shift 

in the nitrogen position in 3–Py+ results in an equivalent increase and decrease of pull 

from the two halves of the ring since no change in the absorption spectrum is observed.  

The 2–Py+ isomer on the other hand, has a direct pull on the 2-carbon’s electron density 

which can increase the overall electron withdrawing strength of the pyridinium ring and 

produce the observed shift.   

 The hypsochromic shifts in the emission of 3–Py+ and 2–Py+ indicate a change in 

the charge transfer state, if it still occurs.  The quantum yields suggest that 3–Py+ still 

undergoes d-PeT while 2–Py+ does not, but the emission spectra clearly show that all 

three cationic derivatives exhibit significantly broadened emission bands, relative to the 

neutral BODIPYs, which is characteristic of charge recombination luminescence. 

4.2.3. Computational 

 To look at the intersystem crossing (ISC), the cations were optimized along their 

S1 excited states and the singlet and triplet excitations were then calculated for these 

structures.  The results are of these calculations are summarized in Table 4.2.  The 

singlet-triplet energy gap increases significantly from 4–Py+ to 2–Py+, but the overall 

difference between the two states is still quite small.  It is acknowledged that this 
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method of depicting the ISC is theoretically rather crude and it is only being used since 

one of the systems is known to undergo ISC.  This method only works as a theoretical 

predictor of ISC when the calculations show the singlet and analogous triplet states to 

be degenerate. 

Table 4.2. Calculated S1 Singlet-Triplet Charge Transfer State Transitions. 
BODIPY Root Osc. Trans. Char. Population VEE (eV) ΔVEE(S-T) 

1 
S 1 0.00008 HOMO→LUMO 0.9842823 1.4691 

0.0003 
T 3 N/A HOMO→LUMO 0.9842606 1.4688 

2 
S 1 0.00126 HOMO→LUMO 0.9715651 1.6335 

 
T ? N/A HOMO→LUMO   

3 
S 1 0.01789 HOMO→LUMO 0.9898658 1.8520 

0.0268 
T 2 N/A HOMO→LUMO 0.9688071 1.8252 

 
 Examining this more closely, the HOMO, LUMO, and LUMO+1 for the all three 

BODIPYs were plotted and are shown in Figure 4.3.  The orbitals do not appear to 

change from one isomer to the next, however there is one potentially important 

difference in 2–Py+.  Note the red ring of electron density shown on the pyridinium in the 

LUMO+1 in all three cases.  Upon close inspection of the LUMO+1 from the side, the 

red ring is now on the pyridinium nitrogen.  Since the electron density in the charge 

transfer state will be largely localized on the cationic nitrogen atom, it could be possible 

that the pyridinium nitrogen’s contribution to the LUMOBDP provides enough orbital 

overlap with the LUMOPy for the excited electron density to move back to the LUMOBDP.   

4.2.4. Biological Studies 

 From the biological characterizations of the three BODIPY isomers and their N-

methyl iodide salts (Figure 4.4 and Figure 4.5), it was found that the neutral derivatives 

had higher cellular uptake than the ionic dyes; however, 4–Py+ is comparable to 3–Py 

and 2–Py.  It was interesting to see that 3–Py+ and 2–Py+ had almost no uptake, yet  

2–Py+ has been reported as a bio-label for studying mitochondria.  Looking at the  



113 
 

 
Figure 4.3.  MO plots of the HOMO (left), LUMO (middle), and LUMO+1 (right) for  
4–Py+, 3–Py+, and 2–Py+.  The far right column is the side view of the LUMO+1 shown 
in the third column.  (Error! Reference source not found. in Appendix C is an 
nlarged version of the side view column.) 

cytotoxicity, all three ionic derivatives were less toxic in the dark than their neutral 

counterparts which showed increasing toxicity from 4–Py < 2–Py < 3–Py where 4–Py is 

equivalent to 2–Py+.  The phototoxicity reveals a different trend where 4–Py is the most 

phototoxic with only 90% of the cell culture surviving while the other five dyes had 

greater than 95% survival.  The phototoxic IC50 is > 100 μM and the dark toxicity IC50 is 

> 200 μM for all six dyes in this series. 
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Figure 4.4.  Cytotoxicity of neutral and cationic BODIPY isomers a) in the dark and b) 
with irradiation. 

 
Figure 4.5:  Cell uptake of BODIPY derivatives in HEp-2 cells. 

4.3. Conclusions 

 While the optical properties of 2–Py+ are quite different from the other two 

derivatives, the electronic structure varies only slightly from one isomer to the next.  The 

most noticeable differences are the increase in the singlet-triplet energy gap in the 

charge transfer state and the pyridinium nitrogen contributing to the LUMOBDP in the S1 

structure of 2–Py+.  Based on the calculations, the differences could be the result of the 

latter, or potentially have a more dynamic source.  When the electron first moves to the 

pyridinium, it would “arrive” at the closest atom which would be the carbon bonded to 

the meso-carbon of the BODIPY core.  Thinking about electrons as particles is more 
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useful for synthetic chemists, but looking at them as waves can be a more insightful 

view in this case.  Recalling the Franck-Condon energy well diagram from Chapter 1 

section 1.1.7.3.2, as the chromophore follows the potential energy surface (PES) to 

reach a new equilibrium point, following a vertical excitation, the nuclei and electrons 

move.  In the case of 4–Py+, the excited electron oscillates back and forth across the 

pyridinium, as the structure relaxes, traveling both the left and right sides of the ring 

simultaneously to then recombined at the nitrogen.  With the 2–Py+ system, most of the 

electron goes directly to the nitrogen while a portion of it travels all the way around the 

ring to then recombine.  The time that portion of the electron spends traveling around 

the ring could potentially keep the system at a higher energy position along the PES 

and further away from the intersection of the two states.   

 In considering the work done presented in this dissertation, the next stage of this 

work would contain two parts.  The first would be to finish preparing the libraries 

designed in Chapter 2, conduct cyclic voltommetry to determine the accuracy of the 

calculated oxidation potentials, and run photophysical studies to determine if there is a 

quantifiable relationship between the oxidation potential and the fluorescence quantum 

yields for the d-PeT systems.  The second part would be to apply the results from the 

presented work to design a new series of dyes with further enhanced properties.  On 

one hand, the calculations have shown that a d-PeT process in cationic meso-

pyridinium BODIPYs can be inhibited which should restore the intense BODIPY 

fluorescence. One the other hand, a combination of calculations and experiment 

revealed that electron-withdrawing groups on the 2,6- positions can enhance charge 

recombination luminescence in BODIPYs undergoing d-PeT, collectively demonstrating 
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two separate methods of fluorescence enhancement.  Exploring scopes and limitations 

of these methods can lead to a series of dyes with a diverse range of properties and 

combinations. 

4.4. Future Work 

 The use of transient absorption spectroscopy to probe the excited states would 

provide experimental insight–such as excited state lifetimes and charge recombination 

energy-that cannot be modelled computationally. 

 Calculating the 13C NMR will assist in experimental peak assignment as well as 

potentially provide support for the rationalization of the observed bathochromic shift in 

the absorption spectrum of 2–Py+.  An upfield shifted signal for the meso-carbon in  

2–Py+, relative to 3–Py+ and 4–Py+, will support the theory of the nitrogen position 

altering the electron withdrawing strength of the pyridinium ring. 

 To obtain a truly accurate comparison of the fluorescence quantum yields of the 

three isomers, a different set of structural analogs should be used in which structural 

rigidity is maintained across all three platforms.  Figure  shows the proposed set of 

structures.  Since the alkylation of 2–Py introduces a methyl group that protrudes over 

the BODIPY core, this isomer possesses an intrinsic enhanced structural rigidity which 

is known to increase fluorescent quantum yields.  To account for this, the same rigidity 

should be applied to all three structures, so using 4–Py+-2 and 3–Py+-2 instead of  

4–Py+ and 3–Py+ will provide a more accurate picture of how the position of the 

pyridinium nitrogen effects the electronic structure and optical properties of the dyes. 
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Figure 4.6.  Alternative isomer structures proposed for more accurate fluorescence 

quantum yield comparison. 

 The lipo-/hydrophilicity of the isomers as well as HPLC retention times and a more 

comprehensive set of TLC Rf values will be evaluated to help explain differences in the 

biological characterization, but the uptake and toxicity studies should be repeated since 

the original data set exhibits discrepancies between the dark and phototoxicities. 

4.5. Methodology 

4.5.1. Computational 

 All calculations were performed using the NWChem 6.5 software package.19  

Molecular properties were calculated for gas phase structures at 0 Kelvin.  The ground 

state structures were optimized using density functional theory with the hybrid 

B3LYP20,21 functional, the 6-31+G** basis set, and confirmed by subsequent frequency 

calculations.  To evaluate the effect of pyridinium orientation on the excited states, 

structures were optimized on their first singlet excited state (S1).  This yields the singlet-

triplet energy gap involved in the intersystem crossing.  Electronic transitions were 

calculated for each structure using TDDFT with the range-separated CAM-B3LYP22 

functional.  Here, the range-separated functional is used to describe the long-range 

interactions necessary to capture transitions between the BODIPY and the pyridinium 

ring. 
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4.5.2. Experimental  

 All solvents and reagents were obtained from Sigma-Aldrich, Tokyo Chemical 

Industry, Beantown Chemical, and Honeywell International Incorporated.  The solvents 

were dried over 4Å molecular sieves as needed.  The reagents were used as received 

without purification.  Reactions were monitored using 0.2 mm silica gel plates (with 

indicator, polyester backed, 60 Å, pre-coated) and UV lamp.  Liquid chromatography 

was performed via silica gel column chromatography (60 Å, 230−400 mesh) and all 

solvent systems were buffered with 0.1% triethylamine.  NMR spectra were obtained on 

400 (1H) and 500 MHz (13C) spectrometers at room temperature. Chemical shifts (δ) are 

given in parts per million (ppm) in CDCl3 (7.27 ppm for 1H NMR, 77.0 ppm for 13C NMR) 

or C2D6SO (2.50 ppm for 1H NMR, 39.5 ppm for 13C NMR); coupling constants (J) are 

given in hertz.  High-resolution mass spectra were measured on an ESI-TOF mass 

spectrometer in positive mode.  All absorption spectra were recorded at room 

temperature on a Varian Cary 50 Bio and emission spectra were recorded on a Perkin 

Elmer LS 55 Luminescence Spectrophotometer.  Spectrophotometric grade solvents 

and quartz cuvettes (10 mm path length) were used.  For the determination of the 

optical density (ε), solutions with absorbance at λmax between 0.5 and 1 were used.  For 

the determination of quantum yields, dilute solutions with absorbance between 0.03 and 

0.05 at the particular excitation wavelength were used and all measurements were 

taken within 8 hours after solution preparation.17,23  The external standards employed 

were rhodamine 6G and Ru(bpy)3Cl2, both in water.   
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4.5.3. Synthesis 

 8-(4-Pyridyl)-1,3,5,7-tetramethyl-BODIPY (1).  In an oven dried flask, a 14:1 

DCM/absolute ethanol solution was degassed with nitrogen for 30 minutes.  The flask 

was then charged with 2,4-dimethylpyrrole (0.13 mL, 1.22 mmol), 4-formylpyridine (55.0 

μL, 0.57 mmol, 0.46 eq), and TFA (2 drops).  The solution was neutralized with DIPEA 

(6 drops), after 24 hours of stirring under a flow of nitrogen, and p-chloranil (0.1422 g, 

0.57 mmol, 1.00 eq) was added.  The mixture was stirred under a flow of nitrogen for 4 

hours after which the solvent was removed under reduced pressure.  The residue was 

then taken up in dry DCM (20 mL), DIPEA (1.00 mL, 5.75 mmol, 10.15 eq) was added 

and the mixture was stirred for 30 minutes before addition of BF3OEt2 (0.90 mL, 7.29 

mmol, 12.88 eq).  When TLC showed disappearance of the dipyrromethene, the 

solution was filtered to remove the precipitates and purified over silica by column 

chromatography eluting with 4% EtOAc/DCM and 2% EtOAc/DCM to afford 0.0670 g of 

product (34% yield).  1H NMR (400 MHz, CDCl3): δ = 8.79-8.77 (d, J = 5.9, 1.6 Hz, 1H), 

7.39-7.31 (d, J = 5.8, 1.6 Hz, 1H), 6.01 (s, 2H), 2.56 (s, 6H), 1.41 (s, 6H); 13C NMR (500 

MHz,CDCl3): δ = 156.38, 150.53, 143.50, 142.54, 137.54, 130.24, 123.21, 

121.70,14.53, 14.50 ppm; HRMS (ESI): m/z calcd (%) for C18H19BF2N3: 326.1638 

[M+H]+; found: 326.1641; UV/Vis (CH3CN): λmax = 501, λem = 515 nm. 

 8-(N-methyl-4-Pyridyl)-1,3,5,7-tetramethyl-BODIPY Iodide (1cat).  In a 5 mL 

round bottom flask wrapped in foil, BODIPY 1 (6.0 mg, 0.0183 mmol) was dissolved in 

anhydrous ACN (1.8 mL) and methyl iodide (1.8 mL).  After refluxing for 1 hour, TLC 

showed consumption of starting material and the solvent was removed under reduced 

pressure.  Yield 8.6 mg, 100% (greenish-gray solid): 1H NMR (400 MHz, DMSO-d6): δ = 
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9.19-9.17 (d, J = 6.7 Hz, 2H), 8.41-8.39 (d, J = 6.7 Hz, 2H), 6.28 (s, 2H), 4.44 (s, 3H), 

2.49 (s, 6H), 1.42 (s, 6H); 13C NMR (500 MHz,DMSO-d6): δ = 154.02, 149.59, 147.54, 

138.02, 136.71, 128.22, 128.08, 122.98, 49.02, 13.17, 12.89 ppm; HRMS (ESI): m/z 

calcd (%) for C19H21BF2N3: 339.1827[M*]+; found: 339.1830; UV/Vis (CH3CN):  

λmax = 509, λem = 596 nm. 

 8-(3-Pyridyl)-1,3,5,7-tetramethyl-BODIPY (2).  To an oven dried flask charged 

with a solution of 2,4-dimethylpyrrole (0.10 mL, 0.94 mmol) in dry THF (1.00 mL) was 

added a 3.0 M solution of methyl magnesium bromide in THF (0.35 mL, 1.05 mmol, 

1.11 eq) and the mixture was allowed to stir under a flow of nitrogen.  After 30 minutes, 

a solution of methyl nicotinate (0.0597 g, 0.44 mmol, 0.46 eq) in dry THF (1.00 mL) was 

slowly added.  The mixture was then heated to reflux for 4 hours before cooling to room 

temperature and adding TEA (0.70 mL, 5.02 mmol, 11.54 eq) and BF3OEt2 (0.70 mL, 

5.67 mmol, 13.03 eq).  After stirring for 2 hours, the solvent was removed under 

reduced pressure and the mixture was purified by column chromatography eluting with 

4% EA in DCM, 1:3 acetone/Hex to afford the product.  Yield was not calculated 

because of product loss due to degradation during the extensive chromatography.  1H 

NMR (400 MHz, CDCl3): δ = 8.76-8.75 (dd, J = 4.9, 1.7 Hz, 1H), 8.58-8.57 (d, J = 1.4 

Hz, 1H), 7.66-7.63 (dt, J = 7.7, 2.0 Hz, 1H), 7.47-7.44 (dd, J = 7.8, 4.9, 0.9 Hz, 1H), 6.01 

(s, 2H), 2.56 (s, 6H), 1.38 (s, 6H); 13C NMR (500 MHz, CDCl3): δ = 156.56, 150.36, 

149.58, 148.70, 142.94, 137.43, 136.16, 131.66, 123.87, 121.93, 15.13, 14.77 ppm; 

HRMS (ESI): m/z calcd (%) for C18H18BF2N3: 325.1671[M+H]+; found: 325.1672; UV/Vis 

(CH3CN): λmax= 501, λem= 523 nm. 
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 8-(N-methyl-3-Pyridyl)-1,3,5,7-tetramethyl-BODIPY Iodide (2cat).  In a 5 mL 

round bottom flask wrapped in foil, BODIPY 2 (7.7 mg, 0.024 mmol) was dissolved in 

anhydrous ACN (1.8 mL) and methyl iodide (1.8 mL).  After refluxing for 1 hour, TLC 

showed consumption of starting material and the solvent was removed under reduced 

pressure.  Yield 11.1 mg, 100% (red solid): 1H NMR (500 MHz, DMSO-d6): δ = 9.34 (s, 

1H), 9.21-9.19 (d, J = 6.4 Hz, 1H), 8.85-8.84 (d, J = 8.2 Hz, 1H), 8.35–8.32 (m, 1H), 

6.30 (s, 3H), 4.43 (s, 3H), 2.85 (s, 6H), 1.42 (s, 6H); 13C NMR (500 MHz,DMSO-d6): δ = 

156.95, 146.78, 145.62, 144.79, 142.84, 133.25, 132.34, 130.48, 128.30, 122.44, 48.49, 

15.41, 14.35 ppm; HRMS (ESI): m/z calcd (%) for C19H21BF2N3: 339.1827[M*]+; found: 

339.1824; UV/Vis (CH3CN): λmax= 510, λem= 537 nm. 

 8-(2-Pyridyl)-1,3,5,7-tetramethyl-BODIPY (3).   In a flask with 14:1 

DCM/methanol (30 mL) was added 2,4-dimethylpyrrole (0.13 mL, 1.22 mmol), 2-

formylpyridine (55.0 μL, 0.56 mmol, 0.46 eq), and TFA (2 drops).  The solution was 

stirred overnight under a flow of nitrogen before being neutralized with DIPEA (6 drops) 

and adding chloranil (0.1422 g, 0.57 mmol, 1.01 eq).  The mixture was stirred under a 

flow of nitrogen for 3+ hours when TLC showed disappearance of the dipyrromethane 

(4% EtOAc in DCM, Rf = 0.65).  The solvent was then removed under reduced pressure 

and the residue was then taken up in dry DCM (20 mL).  DIPEA (3.00 mL, 17.25 mmol, 

30.76 eq) was added and the mixture was stirred for 30 minutes before dropwise 

addition of BF3OEt2 (2.00 mL, 16.21 mmol, 28.89 eq).  After 2 hours, TLC showed 

disappearance of the dipyrromethene and the reaction mixture was directly loaded onto 

a column and eluted with 4% EtOAc/DCM (Rf = 0.53).  The first predominant fluorescent 

band was collected and further purified over silica by column chromatography eluting 
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with 2% EtOAc/DCM to afford the product.  1H NMR (400 MHz, CDCl3): δ = 8.78-8.76 

(dt, J = 4.9, 1.4 Hz, 1H), 7.85-7.81 (td, J = 7.7, 1.8 Hz, 1H), 7.44 – 7.40 (m, 2H), 5.98 (s, 

2H), 2.55 (s, 6H), 1.31 (s, 6H); 13C NMR (400 MHz,CDCl3): δ = 156.49, 154.15, 150.35, 

142.71, 138.75, 136.08, 131.55, 124.53, 123.99, 121.38, 14.79, 13.87 ppm; HRMS 

(ESI): m/z calcd (%) for C18H19BF2N3: 326.1638 [M+H]+; found: 326.1642; UV/Vis 

(CH3CN): λmax= 501, λem= 525 nm. 

 8-(N-methyl-2-Pyridyl)-1,3,5,7-tetramethyl-BODIPY Iodide (3cat).  In a 5 mL 

round bottom flask wrapped in foil, BODIPY 3 (7.5 mg, 0.013 mmol) was dissolved in 

anhydrous ACN (1.8 mL) and methyl iodide (1.8 mL).  The mixture was heated to reflux 

for several hours until TLC showed consumption of starting material after which the 

solvent was removed under reduced pressure. It is worth noting that this reaction took 

considerably longer than methylating the 4- and 3-pyridyl isomers.  Yield 10.8 mg, 100% 

(red solid): 1H NMR (500 MHz, DMSO-d6) δ = 9.31-9.29 (d, J = 6.1 Hz, 1H), 8.85-8.82 

(td, J = 7.9, 1.4 Hz, 1H), 8.58-8.56 (dd, J = 8.0, 1.5 Hz, 1H), 8.45-8.42 (ddd, J = 7.9, 6.1, 

1.6 Hz, 1H), 6.37 (s, 2H), 4.24 (s, 3H), 2.52 (s, 6H), 1.34 (s, 6H); 13C NMR (500 

MHz,DMSO-d6): δ = 159.11, 148.87, 147.32, 146.96, 142.14, 130.50, 130.40, 129.35, 

129.31, 122.98, 45.92, 14.56, 12.74 ppm; HRMS (ESI): m/z calcd (%) for C19H21BF2N3: 

339.1827[M*]+; found: 339.1829; UV/Vis (CH3CN): λmax= 520, λem= 552 nm. 

4.5.4. Biological Characterization  

4.5.4.1. General 

 The HEp-2 cell line, purchased from ATCC, was used in the biological 

characterization of the synthesized BODIPYs.  All reagents, including the culture 

medium, were purchased from Life Technologies.  HeP-2 cells were cultured in the 
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medium (1:1 Dulbecco's Modified Eagle Medium (DMEM)/Advanced DMEM) containing 

10% fetal bovine serum (FBS) and 1% Penicillin-streptomycin antibiotic.  A 32 mM 

compound stock solution was prepared by dissolving the compound in 5% (v/v) 

Cremophor in DMSO.  The working solutions were prepared by dilution of the stock 

solution with growing medium. 

4.5.4.2. Time-Dependent Cellular Uptake 

 HEp-2 cells were plated at 15,000 cells per well in a Costar 96-well plates (BD 

biosciences) and cultivated overnight.  The cells were treated by adding 100 µL/well of 

10 µM working solution at time periods of 0, 1, 2, 4, 8, and 24 hours.  The loading 

medium was removed after the treatments.  The cells were washed with 1X PBS, and 

solubilized by adding 0.25% Triton X-100 in 1X PBS. A standard curve for the 

compound was made by diluting the stock solution with 0.25% Triton X-100(Sigma-

Aldrich) in 1X PBS to the following concentrations: 0.3125 µM, 0.625 µM, 1.25 µM,  

2.5 µM, 5 µM, 10 µM.  A standard curve of the cells was prepared using 10000, 20000, 

40000, 60000, 80000, and 100000 cells per well.  The cells were quantified by CyQuant 

Cell Proliferation Assay (Life Technologies).  The compound and cell number were 

determined using a FluoStar Optima micro-plate reader (BMG LRBTEH), with 

wavelengths 584/650 nm for compounds and 485/520 nm for cells.  Cellular uptake was 

expressed in terms of pM/cell. 

4.5.4.3. Cytotoxicity  

4.5.4.3.1. Dark Toxicity 

 HEp-2 cells were placed in a 96-well plate again at 15,000 cells per well, with 5 

repetitions of each compound concentration of 0, 6.25, 12.5, 25, 50, 100, and 200 µM, 
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and then incubated at 37°C for 24 hours. The cells were then washed with 1X PBS and 

the compound was replaced with media containing 20 % cell titer blue (CellTiter-Blue® 

Cell Viability Assay)(Promega) before an additional 4 hours of incubation at 37°C. Using 

a FluoStar Optima micro-plate reader, the viable cells were measured fluorescently at 

570/615 nm. The dark toxicity was expressed in terms of the percentage of viable cells. 

4.5.4.3.2. Phototoxicity 

 Using a concentration range of 0, 3.125, 6.25, 12.5, 25, 50, and 100 µM, the  

HEp-2 cells were prepared in a 96-well plate, incubated, and washed as described 

above.  The cells were exposed to light for 20 minutes in order to get the total 

approximate dose of light of 1.5 J/cm2.  The cells were then incubated for another 24 

hours before washing them to replace the media with one containing 20% cell titer blue 

and incubating them for another 4 hours.  Using a FluoStar Optima micro-plate reader, 

the viable cells were measured fluorescently at 570/615 nm.  The phototoxicity was 

expressed in terms of the percentage of viable cells. 

4.6. References 

1. Üçüncü, M.; Karakuş, E.; Emrullahoğlu, M., A BODIPY/Pyridine Conjugate for 
Reversible Fluorescence Detection of Gold(Iii) Ions. New J. Chem. 2015, 39(11), 8337-
8341. 

2. Ojida, A.; Sakamoto, T.; Inoue, M.-a.; Fujishima, S.-h.; Lippens, G.; Hamachi, I., 
Fluorescent BODIPY-Based Zn(Ii) Complex as a Molecular Probe for Selective 
Detection of Neurofibrillary Tangles in the Brains of Alzheimer’s Disease Patients. J. 
Am. Chem. Soc. 2009, 131(18), 6543-6548. 

3. Gupta, G.; Das, A.; Ghate, N. B.; Kim, T.; Ryu, J. Y.; Lee, J.; Mandal, N.; Lee, C. 
Y., Novel BODIPY-Based Ru(Ii) and Ir(Iii) Metalla-Rectangles: Cellular Localization of 
Compounds and Their Antiproliferative Activities. Chem. Commun. 2016, 52(23), 4274-
4277. 

4. Gupta, G.; Das, A.; Lee, S. W.; Ryu, J. Y.; Lee, J.; Nagesh, N.; Mandal, N.; Lee, 
C. Y., BODIPY-Based Ir(Iii) Rectangles Containing Bis-Benzimidazole Ligands with 



125 
 

Highly Selective Toxicity Obtained through Self-Assembly. J. Organomet. Chem. 2018, 
868, 86-94. 

5. Gupta, G.; Das, A.; Panja, S.; Ryu, J. Y.; Lee, J.; Mandal, N.; Lee, C. Y., Self-
Assembly of Novel Thiophene-Based BODIPY Ruii Rectangles: Potential 
Antiproliferative Agents Selective against Cancer Cells. Chem. Eur. J. 2017, 23(68), 
17199-17203. 

6. Gupta, G.; Das, A.; Park, K. C.; Tron, A.; Kim, H.; Mun, J.; Mandal, N.; Chi, K.-W.; 
Lee, C. Y., Self-Assembled Novel BODIPY-Based Palladium Supramolecules and Their 
Cellular Localization. Inorg. Chem. 2017, 56(8), 4615-4621. 

7. Liu, Y.; Li, Z.; Chen, L.; Xie, Z., Near Infrared BODIPY-Platinum Conjugates for 
Imaging, Photodynamic Therapy and Chemotherapy. Dyes Pigm. 2017, 141, 5-12. 

8. Luo, G.-G.; Fang, K.; Wu, J.-H.; Dai, J.-C.; Zhao, Q.-H., Noble-Metal-Free 
BODIPY–Cobaloxime Photocatalysts for Visible-Light-Driven Hydrogen Production. 
Phys. Chem. Chem. Phys. 2014, 16(43), 23884-23894. 

9. Bartelmess, J.; Francis, A. J.; El Roz, K. A.; Castellano, F. N.; Weare, W. W.; 
Sommer, R. D., Light-Driven Hydrogen Evolution by BODIPY-Sensitized Cobaloxime 
Catalysts. Inorg. Chem. 2014, 53(9), 4527-4534. 

10. Caruso, E.; Banfi, S.; Barbieri, P.; Leva, B.; Orlandi, V. T., Synthesis and 
Antibacterial Activity of Novel Cationic BODIPY Photosensitizers. J. Photochem. 
Photobiol., B 2012, 114(3), 44-51. 

11. Caruso, E.; Gariboldi, M.; Sangion, A.; Gramatica, P.; Banfi, S., Synthesis, 
Photodynamic Activity, and Quantitative Structure-Activity Relationship Modelling of a 
Series of BODIPYs. J. Photochem. Photobiol., B 2017, 167, 269-281. 

12. Banfi, S.; Nasini, G.; Zaza, S.; Caruso, E., Synthesis and Photo-Physical 
Properties of a Series of BODIPY Dyes. Tetrahedron 2013, 69(24), 4845-4856. 

13. Luo, G.-G.; Fang, K.; Wu, J.-H.; Mo, J., Photocatalytic Water Reduction from a 
Noble-Metal-Free Molecular Dyad Based on a Thienyl-Expanded BODIPY 
Photosensitizer. Chem. Commun. 2015, 51(62), 12361-12364. 

14. Kolemen, S.; Işık, M.; Kim, G. M.; Kim, D.; Geng, H.; Buyuktemiz, M.; Karatas, T.; 

Zhang, X. F.; Dede, Y.; Yoon, J.; Akkaya, E. U., Intracellular Modulation of Excited‐
State Dynamics in a Chromophore Dyad: Differential Enhancement of Photocytotoxicity 
Targeting Cancer Cells. Angew. Chem. Int. Ed. 2015, 54(18), 5340-5344. 

15. Zhang, S.; Wu, T.; Fan, J.; Li, Z.; Jiang, N.; Wang, J.; Dou, B.; Sun, S.; Song, F.; 
Peng, X., A BODIPY-Based Fluorescent Dye for Mitochondria in Living Cells, with Low 
Cytotoxicity and High Photostability. Org. Biomol. Chem. 2013, 11(4), 555-558. 



126 
 

16. Jiang, N.; Fan, J.; Liu, T.; Cao, J.; Qiao, B.; Wang, J.; Gao, P.; Peng, X., A near-
Infrared Dye Based on BODIPY for Tracking Morphology Changes in Mitochondria. 
Chem. Commun. 2013, 49(90), 10620-10622. 

17. Olmsted, J., Calorimetric Determinations of Absolute Fluorescence Quantum 
Yields. J. Phys. Chem 1979, 83(20), 2581-2584. 

18. Katsumi, N., Synthesis, Luminescence Quantum Yields, and Lifetimes of 
Trischelated Ruthenium(Ii) Mixed-Ligand Complexes Including 3,3′-Dimethyl-2,2′-
Bipyridyl. Bull. Chem. Soc. Jpn. 1982, 55(9), 2697-2705. 

19. Valiev, M.; Bylaska, E. J.; Govind, N.; Kowalski, K.; Straatsma, T. P.; Van Dam, 
H. J. J.; Wang, D.; Nieplocha, J.; Apra, E.; Windus, T. L.; de Jong, W. A., Nwchem: A 
Comprehensive and Scalable Open-Source Solution for Large Scale Molecular 
Simulations. Comput. Phys. Commun. 2010, 181(9), 1477-1489. 

20. Becke, A. D., Density‐Functional Thermochemistry. Iii. The Role of Exact 
Exchange. J. Chem. Phys. 1993, 98(7), 5648-5652. 

21. Lee, C.; Yang, W.; Parr, R. G., Development of the Colle-Salvetti Correlation-
Energy Formula into a Functional of the Electron Density. Phys. Rev. B 1988, 37(2), 
785-789. 

22. Yanai, T.; Tew, D. P.; Handy, N. C., A New Hybrid Exchange–Correlation 
Functional Using the Coulomb-Attenuating Method (Cam-B3lyp). Chem. Phys. Lett. 
2004, 393(1), 51-57. 

23. Williams, A. T. R.; Winfield, S. A.; Miller, J. N., Relative Fluorescence Quantum 
Yields Using a Computer-Controlled Luminescence Spectrometer. Analyst 1983, 
108(1290), 1067-1071. 

 



127 
 

Appendix A. Supporting Information for Chapter 2 

Optimized Cartesian coordinates for modeled BODIPY dyes 
BODIPY 1 A     B3LYP/6-31+G** 

B        0.0002137500     -2.4131026900      0.0001293200 
F        0.0228689800     -3.2209231100      1.1485878800 
F       -0.0224033000     -3.2215207800     -1.1479375700 
N        1.2475820900     -1.4869717300     -0.0247194800 
C        2.5310832900     -1.9008020200     -0.0506691900 
C        3.3764494000     -0.7702409500     -0.0645917100 
C        2.5866660800      0.3750893700     -0.0465689600 
C        1.2255983500     -0.0851433600     -0.0216975000 
C        0.0001221100      0.6020794000      0.0022974200 
C       -1.2252246600     -0.0852001800      0.0249180500 
C       -2.5863670000      0.3749977100      0.0492601400 
C       -3.3761113400     -0.7701857500      0.0629364500 
C       -2.5308381300     -1.9007186300      0.0471633400 
N       -1.2473337600     -1.4870755900      0.0244370400 
C        2.9273501100     -3.3409118900     -0.0614528400 
H        4.0158453900     -3.4300896300     -0.0846062700 
H        2.5456198800     -3.8569342100      0.8255259900 
H        2.5083666600     -3.8539582100     -0.9331728100 
H        4.4579959700     -0.8023653300     -0.0856844300 
C        3.1276893400      1.7756926000     -0.0531411800 
H        4.2207155000      1.7451627100     -0.0584770900 
H        2.8038160700      2.3407615800     -0.9328037600 
H        2.8121987200      2.3463339200      0.8257620900 
C        0.0000754000      2.0967639400      0.0020524600 
C        0.0104981200      2.8219043200      1.1991711700 
H        0.0189568600      2.3105468900      2.1571082300 
C        0.0098394300      4.2178624800      1.1435517200 
H        0.0178722800      4.8015190000      2.0618998400 
N       -0.0007555700      4.9174083600      0.0004842700 
C       -0.0108872300      4.2165758400     -1.1417866200 
H       -0.0196110600      4.7992059000     -2.0607742500 
C       -0.0108053200      2.8206051200     -1.1958247300 
H       -0.0192565800      2.3081094500     -2.1531320400 
C       -3.1273347300      1.7755632600      0.0591490700 
H       -2.8154833400      2.3467833900     -0.8207289100 
H       -4.2203071200      1.7449589400      0.0689881600 
H       -2.7997896700      2.3401148700      0.9377255200 
H       -4.4576465800     -0.8021703700      0.0821831000 
C       -2.9273253300     -3.3407390400      0.0525867200 
H       -2.5064329100     -3.8578795400      0.9209035100 
H       -4.0157192800     -3.4298488400      0.0776913700 
H       -2.5477501500     -3.8528952700     -0.8375380900  
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BODIPY 1cat A 

B       -0.0000184700     -2.7392606800     -0.0014264600 
F        0.0040666400     -3.5290987500      1.1484356200 
F       -0.0039590800     -3.5290233700     -1.1513656800 
N        1.2524073700     -1.8049514700     -0.0052143400 
C        2.5338354500     -2.2201415700     -0.0060813100 
C        3.3826656900     -1.0854372700     -0.0027784700 
C        2.5968390500      0.0557535900      0.0000171600 
C        1.2316438600     -0.4061292400     -0.0029682400 
C       -0.0000804800      0.2665442700     -0.0025410700 
C       -1.2318629400     -0.4063124900     -0.0015865200 
C       -2.5971814700      0.0554628100     -0.0059551400 
C       -3.3829982900     -1.0859458100     -0.0027115100 
C       -2.5339091300     -2.2205967600      0.0022688400 
N       -1.2524798300     -1.8051000900      0.0022754000 
C        2.9302278300     -3.6570996100     -0.0090197000 
H        4.0175374800     -3.7491266400     -0.0221523700 
H        2.5382342600     -4.1685384500      0.8761722400 
H        2.5161176300     -4.1717391400     -0.8819761400 
H        4.4637858000     -1.1201682100     -0.0021310800 
C        3.1412116300      1.4562443200      0.0068879600 
H        4.2330178100      1.4222010500      0.0198474500 
H        2.8464778900      2.0253186300     -0.8819397600 
H        2.8256693900      2.0244796300      0.8891199200 
C       -0.0001270000      1.7571478100     -0.0012865700 
C       -0.0236204200      2.4812761800      1.2025980500 
H       -0.0421786000      1.9665915100      2.1567866200 
C       -0.0222641900      3.8630636400      1.1789489800 
H       -0.0389756000      4.4655618100      2.0798675100 
N        0.0005216500      4.5397678000      0.0028334300 
C        0.0004577200      6.0240198700      0.0253902900 
C        0.0227697400      3.8680187600     -1.1733786200 
H        0.0399727400      4.4690185500     -2.0744063100 
C        0.0233636700      2.4839772100     -1.2006452300 
H        0.0416425700      1.9733009800     -2.1569737900 
C       -3.1416950000      1.4558983700     -0.0147841300 
H       -2.8207424500      2.0250720400     -0.8943715400 
H       -4.2334436300      1.4216188600     -0.0343328300 
H       -2.8525599300      2.0240777100      0.8765750600 
H       -4.4641927400     -1.1208276500     -0.0047471900 
C       -2.9300570000     -3.6576822200      0.0052691300 
H       -2.5157384900     -4.1722449000      0.8781980600 
H       -4.0174127500     -3.7498110000      0.0184140100 
H       -2.5380823600     -4.1690559900     -0.8799985500 
H        0.0216467500      6.3958501500     -0.9973665500 
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H        0.8844867700      6.3754539400      0.5602629700 
H       -0.9045943700      6.3759851400      0.5235298600 
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BODIPY 1 B 

B       -0.0000866500     -2.8082631200     -0.2515651600 
F        0.0114163400     -3.5985428500      0.9101655800 
F       -0.0109613500     -3.6350694200     -1.3866377500 
N        1.2471125700     -1.8825040900     -0.2779885100 
C        2.5309288000     -2.2958341200     -0.2944459900 
C        3.3759078400     -1.1651697800     -0.3083698700 
C        2.5856059900     -0.0199909500     -0.2991836900 
C        1.2247293800     -0.4805260000     -0.2795175200 
C       -0.0009139000      0.2068139300     -0.2667917100 
C       -1.2262594400     -0.4810990700     -0.2572719500 
C       -2.5874559400     -0.0211652800     -0.2539732900 
C       -3.3772966800     -1.1666688200     -0.2475012400 
C       -2.5317133700     -2.2969551000     -0.2469707000 
N       -1.2479925300     -1.8830745900     -0.2538553300 
C        2.9272169200     -3.7359626100     -0.2960322600 
H        4.0159088300     -3.8255335200     -0.3036478100 
H        2.5327532100     -4.2498766300      0.5866268100 
H        2.5203885700     -4.2513309500     -1.1721881800 
H        4.4575692200     -1.1969438700     -0.3248838700 
C        3.1243931500      1.3811306800     -0.3132119000 
H        4.2174454000      1.3530111800     -0.3273702400 
H        2.7903176300      1.9436042500     -1.1906540500 
H        2.8137387000      1.9530947900      0.5668111100 
C       -0.0012530300      1.7021991100     -0.2609932200 
C       -0.0055165200      2.4295137800     -1.4563678800 
H       -0.0086944600      1.9278138100     -2.4183553400 
C       -0.0053932600      3.8233707300     -1.3741251800 
H       -0.0084122100      4.4257531800     -2.2805050100 
N       -0.0017001700      4.5047773900     -0.2252514200 
C        0.0020938800      3.8054879400      0.9113212400 
O        0.0051121200      4.5869388400      2.0189077300 
C        0.0079080800      3.9675264400      3.3022581900 
H        0.0089741100      4.7862909400      4.0222435900 
H        0.9049100300      3.3535532100      3.4493923700 
H       -0.8880488800      3.3528749300      3.4529157000 
C        0.0027350200      2.3992735400      0.9508484800 
H        0.0061186600      1.8521342100      1.8855685900 
C       -3.1269773000      1.3797147600     -0.2613474200 
H       -2.7998703600      1.9441374500     -1.1401271000 
H       -4.2200922400      1.3511208000     -0.2670279000 
H       -2.8098828800      1.9500349400      0.6174810600 
H       -4.4590644000     -1.1989038100     -0.2450435400 
C       -2.9273277100     -3.7372397500     -0.2400895100 
H       -2.5130240100     -4.2513019600      0.6333069600 
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H       -4.0158806200     -3.8272649100     -0.2235365200 
H       -2.5399778900     -4.2521184400     -1.1253439700 
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BODIPY 1cat B 

B        0.0001464400     -3.0062391800      0.0432423100 
F        0.0018496600     -3.7570482700      1.2214323900 
F       -0.0016088600     -3.8378912200     -1.0773334100 
N        1.2517780700     -2.0736109300      0.0099976800 
C        2.5332619500     -2.4899796900     -0.0019887000 
C        3.3827077100     -1.3560849500     -0.0141995500 
C        2.5968625200     -0.2136489100     -0.0077206300 
C        1.2314568600     -0.6742322700      0.0081506000 
C        0.0002872000      0.0005394700      0.0118986600  
C       -1.2310195900     -0.6740614100      0.0104671600 
C       -2.5964015100     -0.2133910400     -0.0040864700 
C       -3.3823470800     -1.3557864900     -0.0088146400 
C       -2.5329904200     -2.4897393900      0.0029335200 
N       -1.2514430700     -2.0734432100      0.0130736500 
C        2.9290277600     -3.9276656100     -0.0007046200 
H        4.0166621300     -4.0200529300     -0.0054119500 
H        2.5299701700     -4.4392067300      0.8813435800 
H        2.5220484900     -4.4425212800     -0.8770225500 
H        4.4639317300     -1.3919224700     -0.0285528900 
C        3.1424471100      1.1865039700     -0.0234084300 
H        4.2344408100      1.1522602300     -0.0407710100 
H        2.8215432100      1.7510501000     -0.9058765400 
H        2.8500550400      1.7602857100      0.8633265100 
C        0.0005015800      1.4931922600      0.0089624600 
C       -0.0015586200      2.2003432100      1.2095375300 
H       -0.0035896300      1.6689882400      2.1524214700 
C       -0.0011372500      3.5994999500      1.1997683000 
O       -0.0024097600      4.3968247400      2.2567790200 
C       -0.0027345000      3.8317074000      3.5926541600 
H       -0.0012222900      4.6930797200      4.2573480500 
H        0.8982575900      3.2334307600      3.7485203100 
H       -0.9053174400      3.2359984200      3.7492037500 
N        0.0008265800      4.2743294900      0.0112294400 
C        0.0009695800      5.7569702900      0.0199103600 
H        0.0010448800      6.1034740200     -1.0118652200 
H        0.8904997000      6.1190975800      0.5371400300 
H       -0.8885877300      6.1191723400      0.5369968200 
C        0.0029066200      3.5891949400     -1.1674570700 
H        0.0047594100      4.1970421100     -2.0638686800 
C        0.0029186100      2.2152155500     -1.2019332800 
H        0.0048875800      1.7015483900     -2.1560339100 
C       -3.1419371800      1.1867801600     -0.0205777800 
H       -2.8235635700      1.7497448800     -0.9050236000 
H       -4.2339694400      1.1524972500     -0.0347315300 
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H       -2.8470731900      1.7622023600      0.8642346200 
H       -4.4635982600     -1.3915567500     -0.0217960100 
C       -2.9288171900     -3.9274482600      0.0039571700 
H       -2.5118092900     -4.4447059400      0.8741374300 
H       -4.0163439400     -4.0197678800      0.0202543800 
H       -2.5400618400     -4.4367136400     -0.8840104600 
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BODIPY 1 C 

B       -0.0000709700     -3.1472275300     -0.0019678000 
F        0.0081961400     -3.9565379400      1.1463301000 
F       -0.0083241000     -3.9557581000     -1.1508170600 
N        1.2474975400     -2.2217572600     -0.0105924300 
C        2.5313928700     -2.6353123400     -0.0196865300 
C        3.3766372800     -1.5049197600     -0.0248277200 
C        2.5864271200     -0.3594870400     -0.0186621000 
C        1.2254007700     -0.8196805000     -0.0096133500 
C       -0.0000714200     -0.1319290400     -0.0006306600 
C       -1.2255546800     -0.8196983600      0.0075591000 
C       -2.5865913600     -0.3595151700      0.0168728700 
C       -3.3768086000     -1.5049701900      0.0219726200 
C       -2.5315432100     -2.6353602300      0.0159636500 
N       -1.2476451700     -2.2217718800      0.0072704200 
C        2.9273457600     -4.0755541200     -0.0231181900 
H        4.0160326600     -4.1652620400     -0.0316868900 
H        2.5336315200     -4.5903124000      0.8593786400 
H        2.5197440600     -4.5899843300     -0.8994666500 
H        4.4584035500     -1.5369496400     -0.0322498500 
C        3.1244278000      1.0417126000     -0.0215289600 
H        4.2175958500      1.0152624200     -0.0259666800 
H        2.7964154500      1.6077355500     -0.8989782400 
H        2.8033837300      1.6087534200      0.8577999300 
C       -0.0000584500      1.3642586300      0.0005812700 
C        0.0061149900      2.0630447700      1.2105625000 
H        0.0108695000      1.5252545600      2.1495536100 
C        0.0058850300      3.4683525800      1.1453713100 
O        0.0115580300      4.2684024200      2.2391199800 
C        0.0183454700      3.6700171000      3.5326365400 
H        0.0222729700      4.5008956900      4.2386550300 
H        0.9155143400      3.0582605300      3.6865740700 
H       -0.8773718900      3.0586170200      3.6961596300 
N        0.0000608400      4.1486519800      0.0031986500 
C       -0.0058214800      3.4704936100     -1.1402478700 
O       -0.0113940800      4.2726235800     -2.2324746100 
C       -0.0181209600      3.6767372300     -3.5271373200 
H       -0.0218379600      4.5089737300     -4.2315568800 
H        0.8775238800      3.0655224700     -3.6917371500 
H       -0.9153652100      3.0654163000     -3.6823641400 
C       -0.0061806900      2.0653034200     -1.2080883900 
H       -0.0109645500      1.5292833800     -2.1480924000 
C       -3.1245952100      1.0416862800      0.0207565700 
H       -2.8031474500      1.6095029900     -0.8579226700 
H       -4.2177682600      1.0152306600      0.0246531500 
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H       -2.7969752400      1.6069250500      0.8988660200 
H       -4.4585817200     -1.5370120000      0.0292369300 
C       -2.9274729000     -4.0756182100      0.0183545100 
H       -2.5204693800     -4.5904696300      0.8947452500 
H       -4.0161668800     -4.1653524100      0.0261562500 
H       -2.5331234000     -4.5899259800     -0.8641175100 
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BODIPY 1cat C 

B        0.0000321200     -4.5027753800      0.0031355000 
F        0.0028106300     -5.2933253600      1.1547750500 
F       -0.0027291100     -5.2974861700     -1.1455876700 
N        1.2519153200     -3.5700400500     -0.0009376600 
C        2.5339626400     -3.9857244600     -0.0013247000 
C        3.3825463400     -2.8519023300      0.0011192900 
C        2.5960043400     -1.7094657500      0.0030416500 
C        1.2308815000     -2.1703327300      0.0010127200 
C       -0.0000859600     -1.4947956400     -0.0006591400 
C       -1.2310156800     -2.1703953200     -0.0011922700 
C       -2.5961626600     -1.7096427000     -0.0044120500 
C       -3.3826275800     -2.8521362400      0.0001911600 
C       -2.5339276600     -3.9859055000      0.0053964900 
N       -1.2518956000     -3.5700885000      0.0039214900 
C        2.9315119400     -5.4232425400     -0.0028275100 
H        4.0193097100     -5.5133093600     -0.0151877900 
H        2.5405479000     -5.9352266000      0.8826156100 
H        2.5194381800     -5.9397010800     -0.8757866100 
H        4.4638608900     -2.8869883500      0.0015760600 
C        3.1403240600     -0.3092371200      0.0071098000 
H        4.2324777100     -0.3414848200      0.0178515100 
H        2.8388592600      0.2586383100     -0.8801252800 
H        2.8218266400      0.2598372600      0.8874305800 
C       -0.0001212500     -0.0006645000      0.0007125400 
C       -0.0013313700      0.6995588900      1.2107209200 
H       -0.0019169500      0.1660326300      2.1512855700 
C       -0.0007945000      2.0895416300      1.1897808800 
O       -0.0008115900      2.8922003900      2.2447905900 
C       -0.0010335500      2.3251505900      3.5775531000 
H       -0.0009327100      3.1843805300      4.2450566300 
H        0.9000733300      1.7265368700      3.7330820200 
H       -0.9023653600      1.7268400400      3.7329259900 
N       -0.0000538000      2.7781533900      0.0006185700 
C        0.0000392600      4.2645553100      0.0419389900 
H        0.0022869500      4.6399615800     -0.9753185000 
H        0.8885212700      4.6043964700      0.5752389900 
H       -0.8906538100      4.6047503100      0.5713794800 
C        0.0004428200      2.0946394300     -1.1922318500 
O        0.0001295900      2.8816708900     -2.2591964600 
C       -0.0000140900      2.2981949000     -3.5846544700 
H       -0.0005966500      3.1496480800     -4.2621095300 
H        0.9015760100      1.6987049300     -3.7335699300 
H       -0.9011986000      1.6979529100     -3.7330169000 
C        0.0010116100      0.7031835300     -1.2070263700 
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H        0.0015504700      0.1691309300     -2.1471692400 
C       -3.1406299400     -0.3095068900     -0.0121747200 
H       -2.8178585800      0.2591279400     -0.8911368400 
H       -4.2327380000     -0.3418707100     -0.0283205700 
H       -2.8436287700      0.2588604600      0.8763258200 
H       -4.4639591500     -2.8873087900     -0.0003971100 
C       -2.9313919200     -5.4234433700      0.0104626600 
H       -2.5190391400     -5.9377965700      0.8845357400 
H       -4.0191997100     -5.5135671800      0.0233719600 
H       -2.5406334300     -5.9374820200     -0.8738769300 
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BODIPY 2 A 

B       -0.0001266200     -2.3467910800     -0.0043112200 
F       -0.0001394500     -3.1530242400      1.1415978400 
F       -0.0001875100     -3.1462431700     -1.1549875200 
N        1.2477630100     -1.4173669300     -0.0015339900 
C        2.5283348100     -1.8432772100     -0.0008970100 
C        3.3437594000     -0.6956197000      0.0024420900 
C        2.5823496600      0.4595758600      0.0037092100 
C        1.2260000600     -0.0164380500      0.0009479200 
C        0.0000481400      0.6696921600      0.0009383100 
C       -1.2259866500     -0.0163075000     -0.0001766300 
C       -2.5822819800      0.4598709200      0.0001944800 
C       -3.3438357700     -0.6952411200     -0.0006765400 
C       -2.5285438800     -1.8430023400     -0.0018626100 
N       -1.2479149200     -1.4172346500     -0.0015185100 
C        2.9514733300     -3.2720378900     -0.0035859100 
H        4.0412318000     -3.3367402000     -0.0021821700 
H        2.5589805000     -3.7936520000      0.8752245300 
H        2.5616168900     -3.7894727600     -0.8860569100 
F        4.6941379000     -0.7439485900      0.0043199900 
C        3.1450314400      1.8492587400      0.0078628300 
H        4.2364978100      1.7979090900      0.0121597400 
H        2.8363501300      2.4199086400     -0.8731796400 
H        2.8292505200      2.4174398600      0.8879540100 
C        0.0001229100      2.1644089800      0.0016546500 
C       -0.0043501900      2.8875319400      1.2000202000 
H       -0.0080461900      2.3754994700      2.1576541200 
C       -0.0040134800      4.2836302600      1.1450010400 
H       -0.0073931300      4.8665716800      2.0636819900 
N        0.0002601900      4.9833471700      0.0022908200 
C        0.0044601400      4.2841659900     -1.1407473300 
H        0.0078925900      4.8675236200     -2.0591644100 
C        0.0046590300      2.8880964000     -1.1963908600 
H        0.0082860300      2.3764679000     -2.1542417800 
C       -3.1448171800      1.8496205100      0.0012052600 
H       -2.8309219700      2.4202750100     -0.8779757700 
H       -4.2362965300      1.7983884100     -0.0007718100 
H       -2.8341225400      2.4177214400      0.8831730900 
F       -4.6942224300     -0.7433870800     -0.0004752800 
C       -2.9518509100     -3.2717240800     -0.0033587400 
H       -2.5618114300     -3.7919095800      0.8774067500 
H       -4.0416197100     -3.3363006900     -0.0046865900 
H       -2.5596691400     -3.7906891600     -0.8838853400 
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BODIPY 2cat A 

B       -0.0000329900     -2.6510420200     -0.0031942600 
F        0.0037810700     -3.4344704200      1.1473709300 
F       -0.0037883700     -3.4367533000     -1.1521359500 
N        1.2529011300     -1.7131053500     -0.0075526600 
C        2.5303882500     -2.1409692400     -0.0077303200 
C        3.3505828700     -0.9890573500     -0.0043353000 
C        2.5913957400      0.1629687700     -0.0020100400  
C        1.2320575000     -0.3137467300     -0.0050811900 
C       -0.0000678200      0.3577447300     -0.0036543800 
C       -1.2321884800     -0.3138051800     -0.0030457000 
C       -2.5915353500      0.1628857100     -0.0066987500 
C       -3.3507289200     -0.9891854300     -0.0045686100 
C       -2.5304833300     -2.1410776400     -0.0009546000 
N       -1.2529836400     -1.7131525800     -0.0005987500 
C        2.9554188900     -3.5665175800     -0.0100313000 
H        4.0443328900     -3.6319651100     -0.0232282200 
H        2.5743503000     -4.0832248200      0.8767925100 
H        2.5517678800     -4.0875591100     -0.8839978200 
F        4.6935181700     -1.0365756700     -0.0031857200 
C        3.1624847500      1.5501383600      0.0042293200 
H        4.2528882900      1.4894039700      0.0191014100 
H        2.8808367700      2.1210505600     -0.8871546300 
H        2.8565702900      2.1227994000      0.8864104400 
C       -0.0000620400      1.8498264900      0.0005045500 
C       -0.0222560100      2.5710125000      1.2058782400 
H       -0.0397407200      2.0554481300      2.1596462100 
C       -0.0209777600      3.9531774700      1.1852078100 
H       -0.0367751600      4.5533255800      2.0877459100 
N        0.0004618200      4.6324878200      0.0107197700 
C        0.0001088700      6.1174006100      0.0365842300 
H        0.0212218400      6.4917012400     -0.9853286500 
H        0.8841562700      6.4671220600      0.5724272200 
H       -0.9050899200      6.4674137000      0.5356962900 
C        0.0214992500      3.9633862900     -1.1667118900 
H        0.0375796500      4.5659512900     -2.0667417000 
C        0.0221942000      2.5789499000     -1.1971231400 
H        0.0395107300      2.0717661900     -2.1553478300 
C       -3.1625931500      1.5500616600     -0.0145968600 
H       -2.8541646400      2.1225702400     -0.8959308600 
H       -4.2529632000      1.4893254400     -0.0324604700 
H       -2.8834791800      2.1211146000      0.8775737100 
F       -4.6936734100     -1.0367316400     -0.0066228600 
C       -2.9554729600     -3.5666498600      0.0009747600 
H       -2.5515089100     -4.0880116800      0.8746095600 
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H       -4.0443973300     -3.6320898100      0.0145051000 
H       -2.5747108000     -4.0830224000     -0.8861848600 
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BODIPY 3 A 

B       -0.0001174800     -2.2848305700     -0.0027566100 
F        0.0006744900     -3.0870276600      1.1447233100 
F       -0.0009786500     -3.0837066200     -1.1525087600 
N        1.2487098000     -1.3545166300     -0.0015888000 
C        2.5267044800     -1.7796935300     -0.0009794100 
C        3.3606179700     -0.6366817200      0.0024117000 
C        2.5828554000      0.5174675500      0.0038545300 
C        1.2266102200      0.0455925400      0.0011691600 
C        0.0000602600      0.7329875400      0.0012785900 
C       -1.2265704500      0.0457261000      0.0000688700 
C       -2.5827652000      0.5177708500     -0.0006255400 
C       -3.3606656800     -0.6362875700     -0.0022642100 
C       -2.5268920700     -1.7794044000     -0.0026635600 
N       -1.2488442100     -1.3543840300     -0.0010963700 
C        2.9210292700     -3.2169643400     -0.0024541700 
H        4.0076190300     -3.3095507700     -0.0165183300 
H        2.5284850900     -3.7238463600      0.8848103300 
H        2.5041971200     -3.7290545100     -0.8752638800 
Cl       5.0986589800     -0.7022545900      0.0046622700 
C        3.1142158300      1.9185001400      0.0079093900 
H        4.2056963400      1.8976843200      0.0127931600 
H        2.7902943600      2.4806082900     -0.8729042500 
H        2.7823455900      2.4785361800      0.8870301900 
C        0.0001335300      2.2278553900      0.0018258600 
C       -0.0041756800      2.9510985800      1.1997169200 
H       -0.0076984500      2.4397075300      2.1576081800 
C       -0.0039074600      4.3468416000      1.1444886400 
H       -0.0072082100      4.9294657200      2.0631916200 
N        0.0001876000      5.0466690800      0.0020484600 
C        0.0042607700      4.3470445100     -1.1405136100 
H        0.0075680500      4.9298117600     -2.0591266600 
C        0.0044806700      2.9513154500     -1.1959529600 
H        0.0079596300      2.4400508500     -2.1539137600 
C       -3.1139586000      1.9188774100      0.0002147800 
H       -2.7844048000      2.4810485600     -0.8784468700 
H       -4.2054513000      1.8982132500     -0.0017224300 
H       -2.7875635700      2.4787567000      0.8815044500 
Cl      -5.0987148500     -0.7016384800     -0.0037727200 
C       -2.9214127900     -3.2166244200     -0.0062052600 
H       -2.5002573300     -3.7331435500      0.8618569100 
H       -4.0079372700     -3.3091448400      0.0126409900 
H       -2.5334638300     -3.7191076900     -0.8980318100 
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BODIPY 3cat A 

B       -0.0001174600     -2.5677731400     -0.0025760300 
F        0.0036798300     -3.3505638900      1.1484376400 
F       -0.0038716500     -3.3524481400     -1.1522504300 
N        1.2534002600     -1.6301895000     -0.0067336900 
C        2.5291652900     -2.0566020300     -0.0069474600 
C        3.3694034800     -0.9096743100     -0.0036528600 
C        2.5918386700      0.2401552500     -0.0012544900 
C        1.2327247100     -0.2323481300     -0.0043146900 
C       -0.0000045200      0.4402212800     -0.0034053300 
C       -1.2328586300     -0.2323224800     -0.0030155200 
C       -2.5919979200      0.2402698100     -0.0067937600 
C       -3.3697375600     -0.9096273000     -0.0037401200 
C       -2.5294095100     -2.0565924800      0.0003241100 
N       -1.2535777900     -1.6301270400      0.0000979600 
C        2.9235116000     -3.4915511900     -0.0088720700 
H        4.0092490900     -3.5871233900     -0.0237366000 
H        2.5296490900     -3.9974985000      0.8785844100 
H        2.5039250000     -4.0028766600     -0.8810117500 
Cl       5.0989868000     -0.9761839400     -0.0024082200 
C        3.1283307200      1.6408556600      0.0048379500 
H        4.2193459400      1.6132317100      0.0199559300 
H        2.8301658200      2.2033608400     -0.8864377800 
H        2.8053636000      2.2049003800      0.8863790100 
C        0.0000380900      1.9319813800      0.0003746700 
C       -0.0222549000      2.6532045400      1.2057167400 
H       -0.0398638000      2.1376111400      2.1595432400 
C       -0.0209926900      4.0350186900      1.1846076000 
H       -0.0369865900      4.6357272600      2.0867070900 
N        0.0006631300      4.7136705900      0.0097284100 
C        0.0005434100      6.1981286500      0.0352382600 
H        0.0212407700      6.5718028600     -0.9868703700 
H        0.8849719500      6.5475657700      0.5705060700 
H       -0.9044642600      6.5481106800      0.5345740900 
C        0.0217998600      4.0445087600     -1.1676500400 
H        0.0381503600      4.6471604100     -2.0675661400 
C        0.0223652700      2.6603967600     -1.1976672200 
H        0.0397891500      2.1526192600     -2.1556613900 
C       -3.1284169300      1.6409499900     -0.0150204700 
H       -2.8008964200      2.2053120500     -0.8945922600 
H       -4.2193819900      1.6132932400     -0.0356677800 
H       -2.8348098000      2.2030608500      0.8781291500 
Cl      -5.0992719200     -0.9761025600     -0.0056463700 
C       -2.9237413400     -3.4915599000      0.0029811100 
H       -2.5041140100     -4.0024151600      0.8754220000 
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H       -4.0095334500     -3.5870138600      0.0179633200 
H       -2.5298807300     -3.9979398900     -0.8842237500 
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BODIPY 4 A 

B       0.00016855    -2.17290391    -0.09008794 
F      -0.00061203    -2.90555148    -1.28509145  
F       0.00105523    -3.03789716     1.00864548 
N       1.24915805    -1.24396508    -0.03929653 
C       2.52697413    -1.66952267    -0.03474995 
C       3.36258989    -0.52739234    -0.00380880 
C       2.58401140     0.62693133     0.00871484 
C       1.22692937     0.15569525    -0.01271040 
C      -0.00012840     0.84292828    -0.00247975 
C      -1.22702932     0.15540147    -0.01063585 
C      -2.58418809     0.62631946     0.01342587 
C      -3.36250938    -0.52817035     0.00215894 
C      -2.52668510    -1.67010598    -0.03049058 
N      -1.24898631    -1.24427016    -0.03737117 
C       2.91450618    -3.10889531    -0.04321153 
H       2.31710719    -3.66677464    -0.76809075 
H       3.97318767    -3.21333194    -0.28453369 
H       2.73507008    -3.55784954     0.94042307 
Br      5.25703914    -0.60461393     0.02158454 
C       3.10733721     2.03066185     0.03926160 
H       4.19870581     2.01652319     0.03310004 
H       2.77123702     2.61057432    -0.82500558 
H       2.78158910     2.56838804     0.93454326 
C      -0.00027554     2.33757720     0.02349611 
C       0.00147641     3.04085333     1.23313527 
H       0.00299987     2.51354498     2.18230461 
C       0.00120981     4.43727439     1.20112483 
H       0.00249615     5.00455048     2.12931948 
N      -0.00057106     5.15594518     0.07042891 
C      -0.00218934     4.47533824    -1.08361502 
H      -0.00358753     5.07319570    -1.99239593 
C      -0.00215912     3.08074214    -1.16216152 
H      -0.00354879     2.58523997    -2.12830479 
C      -3.10773934     2.02993386     0.04526068 
H      -4.19912012     2.01554530     0.04334218 
H      -2.77516807     2.60942444    -0.82067344 
H      -2.77858369     2.56825392     0.93891793 
Br     -5.25687559    -0.60598446     0.03113887 
C      -2.91409388    -3.10951761    -0.03802748 
H      -2.31418808    -3.66863287    -0.75980472 
H      -3.97196434    -3.21436381    -0.28280328 
H      -2.73837741    -3.55676573     0.94708743 
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BODIPY 4cat A 

B       -0.0000450500     -2.4192531400     -0.0310192500 
F       -0.0010476500     -3.1626964500     -1.2100322900 
F        0.0009085100     -3.2429692300      1.0891614200 
N        1.2534499300     -1.4822255000     -0.0018818900 
C        2.5290230000     -1.9088354300      0.0174607100  
C        3.3719653900     -0.7630881800      0.0168497800 
C        2.5934256200      0.3867175400     -0.0056485000 
C        1.2331382100     -0.0843785100     -0.0163899400 
C       -0.0000233600      0.5887472200     -0.0250088900 
C       -1.2331340400     -0.0843195500     -0.0127337300 
C       -2.5934063300      0.3868195500     -0.0038105300 
C       -3.3719860400     -0.7629260600      0.0178222500 
C       -2.5290932600     -1.9087236600      0.0185648900 
N       -1.2535111700     -1.4821851700      0.0004979700 
C        2.9165725700     -3.3451730800      0.0517340600 
H        2.3184881800     -3.9261647800     -0.6541878000 
H        3.9750141400     -3.4583029900     -0.1845672400 
H        2.7355848700     -3.7613899100      1.0497014400 
Br       5.2588039600     -0.8413003800      0.0472872500 
C        3.1225806200      1.7901267000     -0.0136933500 
H        4.2137062200      1.7682311900     -0.0062201800 
H        2.8150656400      2.3440799700     -0.9070297100 
H        2.8033809400      2.3589786600      0.8663377600 
C        0.0000017100      2.0805046500     -0.0408437900 
C       -0.0205670400      2.8191400800      1.1539402900 
H       -0.0370860000      2.3173710600      2.1150684400 
C       -0.0196512500      4.2005397200      1.1132336300 
H       -0.0349954900      4.8137888800      2.0068954400 
N        0.0004964700      4.8626452700     -0.0710908800 
C       -0.0000401500      6.3475004900     -0.0667115300 
H        0.0209990000      6.7069005200     -1.0939461500 
H        0.8839865400      6.7049810100      0.4639868600 
H       -0.9052836500      6.7045354500      0.4273067200 
C        0.0203162100      4.1765561000     -1.2388070800 
H        0.0358607800      4.7659763400     -2.1474786800 
C        0.0207271900      2.7921106800     -1.2489974300 
H        0.0371304200      2.2706636100     -2.1996012200 
C       -3.1225119100      1.7902181900     -0.0142899600 
H       -4.2136479400      1.7682687000     -0.0206477500 
H       -2.8033205100      2.3470856300     -0.9017213600 
H       -2.8149775800      2.3561556800      0.8717207100 
Br      -5.2588093000     -0.8411141400      0.0463827900 
C       -2.9169732400     -3.3449748500      0.0516316700 
H       -2.3143738500     -3.9266558600     -0.6497644600 



146 
 

H       -3.9739005700     -3.4581036500     -0.1914835500 
H       -2.7429785700     -3.7602697300      1.0512571100 
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BODIPY 5 A 

B        0.0000555500     -2.0898117200     -0.0366956000 
F        0.0002298200     -2.8560375100     -1.2113205500 
F       -0.0002760400     -2.9242833800      1.0859668100 
N        1.2492178600     -1.1606750400     -0.0109808400 
C        2.5268650200     -1.5863943500      0.0072948200 
C        3.3696936400     -0.4455401300      0.0061370300 
C        2.5854689900      0.7088525400     -0.0151313500 
C        1.2275262900      0.2388392300     -0.0244050000 
C       -0.0000198400      0.9269447800     -0.0352974800 
C       -1.2274408800      0.2389377800     -0.0247747600 
C       -2.5854726800      0.7089043900     -0.0154540400 
C       -3.3695602400     -0.4453352000      0.0058820300 
C       -2.5267532300     -1.5862159800      0.0069730700 
N       -1.2491664800     -1.1606421500     -0.0113622600 
C        2.8995864200     -3.0302250900      0.0424859800 
H        2.2891564500     -3.6047483500     -0.6581263300 
H        3.9547206900     -3.1573635100     -0.2040717800 
H        2.7238674300     -3.4441764000      1.0422088200 
I        5.4765319900     -0.5319376100      0.0415395100 
C        3.0955330200      2.1181778900     -0.0251182000 
H        4.1872290600      2.1178579300     -0.0235714900 
H        2.7598016900      2.6672217600     -0.9096686600 
H        2.7580166000      2.6806752200      0.8503841800 
C       -0.0000505700      2.4215308500     -0.0515791800 
C        0.0014249000      3.1584619500      1.1382264000 
H        0.0027613500      2.6579026500      2.1019409400 
C        0.0011895700      4.5537157000      1.0669712400 
H        0.0023732100      5.1471343000      1.9789051100 
N       -0.0004428100      5.2400236900     -0.0838527100 
C       -0.0017682200      4.5275364100     -1.2186626200 
H       -0.0031850400      5.0998971700     -2.1439380700 
C       -0.0015372000      3.1309698500     -1.2580183200 
H       -0.0027638100      2.6084067900     -2.2099681800 
C       -3.0954111300      2.1182450200     -0.0252857200 
H       -4.1870806500      2.1179286100     -0.0264189400 
H       -2.7574690000      2.6682065900     -0.9083343700 
H       -2.7600713800      2.6797294700      0.8517385600 
I       -5.4763698800     -0.5318886000      0.0417436300 
C       -2.8997602800     -3.0299370700      0.0425517900 
H       -2.2848127600     -3.6059574500     -0.6527156200 
H       -3.9532680400     -3.1575083100     -0.2106407100 
H       -2.7310499500     -3.4417201000      1.0443694700 
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BODIPY 5cat A 

B       -0.0005546700     -2.3081221200     -0.0496145300 
F       -0.0023009600     -3.0518477400     -1.2296826000 
F        0.0005213400     -3.1332574000      1.0701364700 
N        1.2538605600     -1.3730607200     -0.0198312300 
C        2.5292688700     -1.7994606900      0.0010058200  
C        3.3797460800     -0.6557568500      0.0111634900 
C        2.5958632000      0.4938245400     -0.0081645400 
C        1.2342377800      0.0248501000     -0.0264440400 
C        0.0006259500      0.6987509800     -0.0359866400 
C       -1.2335001100      0.0257899900     -0.0254069900 
C       -2.5947720400      0.4957898800     -0.0097656200 
C       -3.3795030500     -0.6531440400      0.0122330300 
C       -2.5299158400     -1.7974874200      0.0045850900 
N       -1.2541747900     -1.3720977500     -0.0168727700 
C        2.9098801200     -3.2388982500      0.0334940000 
H        2.1993277000     -3.8471442700     -0.5279445100 
H        3.9126849100     -3.3764479200     -0.3749805200 
H        2.9136594800     -3.6035182100      1.0683467600 
I        5.4805348900     -0.7523531100      0.0638353700 
C        3.1117990800      1.9028293500     -0.0065669500 
H        4.2033464900      1.8941414700      0.0025135200 
H        2.8001374100      2.4596225300     -0.8968087100 
H        2.7860694000      2.4630240300      0.8767073400 
C        0.0011546700      2.1907061300     -0.0521835900 
C       -0.0110064400      2.9309788500      1.1420330200 
H       -0.0207104200      2.4301741600      2.1039446900 
C       -0.0096263400      4.3126677800      1.0995872400 
H       -0.0183219900      4.9271208500      1.9927027800 
N        0.0028760800      4.9735513800     -0.0858468400 
C       -0.0035327700      6.4584832700     -0.0836542100 
H        0.0575938200      6.8168586500     -1.1098688300 
H        0.8574895400      6.8202617300      0.4809669500 
H       -0.9290600200      6.8133275800      0.3737930100 
C        0.0143436400      4.2858024700     -1.2531751500 
H        0.0236562100      4.8743288000     -2.1627149500 
C        0.0141846700      2.9011125500     -1.2616642700 
H        0.0241136700      2.3781643500     -2.2117354600 
C       -3.1097605700      1.9051288100     -0.0141531500 
H       -4.2012381300      1.8971372800     -0.0301751700 
H       -2.7771629900      2.4654994100     -0.8943474500 
H       -2.8043412000      2.4612638600      0.8790540400 
I       -5.4803591900     -0.7478547900      0.0654323500 
C       -2.9116204300     -3.2365755100      0.0394808000 
H       -2.2021024100     -3.8461352400     -0.5218430200 
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H       -3.9149187600     -3.3739060700     -0.3678372300 
H       -2.9146529300     -3.5998273700      1.0748093000 
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BODIPY 6 A 

B       -0.0000000000     -3.0203279327     -0.0000000000 
F        0.0055454200     -3.8176304868      1.1505646703 
F        0.0055470221     -3.8205080690     -1.1483824623 
N        1.2441987632     -2.0883832913     -0.0003040334  
C        2.5253834515     -2.5005253399      0.0035555040 
C        3.3722891709     -1.3676420100      0.0099918859 
C        2.5858812804     -0.2245706076      0.0103884548 
C        1.2200781753     -0.6857716035      0.0030388766 
C        0.0000000000      0.0000000000      0.0000000000 
C       -1.2336003132     -0.6871194155     -0.0045814524 
C       -2.5812763088     -0.2227535012     -0.0126229364 
C       -3.3924846483     -1.3751898862     -0.0131959862 
C       -2.5313025825     -2.5161723043     -0.0063903941 
N       -1.2593120960     -2.0949047272     -0.0019074276 
C        2.9244678476     -3.9389821954      0.0030199054 
H        4.0127647179     -4.0271778616     -0.0068652154 
H        2.5319876391     -4.4509711312      0.8876725786 
H        2.5148060699     -4.4557154008     -0.8708109592 
H        4.4536756154     -1.4011444989      0.0143176451 
C        3.1282004836      1.1746897956      0.0178739037 
H        4.2205900947      1.1410173270      0.0379157722 
H        2.8249851791      1.7404221473     -0.8685350365 
H        2.7921730609      1.7442025010      0.8898166948 
C        0.0085401342      1.4951267109      0.0033335918 
C       -0.0103091366      2.2158413680      1.2028357475 
H       -0.0311903526      1.7018534349      2.1591830684 
C       -0.0027803172      3.6117118478      1.1511505837 
H       -0.0187519296      4.1920132944      2.0711927622 
N        0.0224981910      4.3143082081      0.0106367659 
C        0.0433487156      3.6173981793     -1.1334603043 
H        0.0648320393      4.2022431367     -2.0504957174 
C        0.0383444089      2.2217927516     -1.1923578080 
H        0.0564269606      1.7125598790     -2.1513000585 
C       -3.0793805940      1.1943715386     -0.0202943945 
H       -2.7086420906      1.7491465383     -0.8867030436 
H       -4.1690721871      1.2257552994     -0.0500710080 
H       -2.7570734759      1.7413878152      0.8704272320 
C       -4.8492736130     -1.4245586360     -0.0189980799 
H       -5.3631385053     -0.4429091629     -0.0203553891 
O       -5.5185658272     -2.4515915687     -0.0218978162 
C       -2.9339522227     -3.9512791774     -0.0057076378 
H       -2.0718648357     -4.6139331269      0.0277411680 
H       -3.5895008790     -4.1507932675      0.8474383352 
H       -3.5309814129     -4.1679599531     -0.8974127627  
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BODIPY 6cat A 

B        0.0174059200     -3.0205459000      0.0065112700 
F        0.0321152800     -3.7992255600      1.1600990300 
F        0.0238996600     -3.8064072200     -1.1420924500 
N        1.2611156800     -2.0739634900     -0.0000119700 
C        2.5426001000     -2.4815923200      0.0005706600 
C        3.3871402500     -1.3398662700      0.0014778000 
C        2.5980657500     -0.2045548200      0.0014656000 
C        1.2310025200     -0.6744435500     -0.0005384100 
C       -0.0002412100     -0.0100359400     -0.0005574400 
C       -1.2345559900     -0.6910848500      0.0015220800 
C       -2.5903978100     -0.2337804100     -0.0030077200 
C       -3.3897165600     -1.3856847700      0.0016899500 
C       -2.5189947500     -2.5254027800      0.0081152000 
N       -1.2499568000     -2.0949041200      0.0073282700 
C        2.9495036200     -3.9147250900      0.0016735700 
H        4.0372045600     -3.9994762500     -0.0107965700 
H        2.5596106800     -4.4258760100      0.8881094700 
H        2.5380089000     -4.4343893500     -0.8696824800 
H        4.4683504800     -1.3708967800      0.0025352800 
C        3.1369476800      1.1976071200      0.0042686400 
H        4.2287327900      1.1676384900      0.0204405400 
H        2.8423960500      1.7610041900     -0.8880305800 
H        2.8162743000      1.7675796600      0.8832494500 
C       -0.0005261100      1.4818157000      0.0007541500 
C       -0.0190438900      2.2054923500      1.2048357900 
H       -0.0361454400      1.6915423700      2.1595619400 
C       -0.0154749500      3.5872736700      1.1813429000 
H       -0.0292991200      4.1894545200      2.0825281200 
N        0.0056374700      4.2641156100      0.0052878700 
C        0.0071419300      5.7487212000      0.0282070300 
H        0.0292955400      6.1207224200     -0.9944879100 
H        0.8913622700      6.0981363400      0.5638263900 
H       -0.8978895300      6.1008154300      0.5260980800 
C        0.0257349100      3.5926623100     -1.1709403600 
H        0.0425697900      4.1934971000     -2.0720875600 
C        0.0240931400      2.2085069500     -1.1984809400 
H        0.0402882100      1.6988830800     -2.1555133600 
C       -3.1020733000      1.1805939000     -0.0124729100 
H       -2.7544227000      1.7369899500     -0.8890079200 
H       -4.1917453700      1.1994982800     -0.0381126100 
H       -2.7960911800      1.7338485400      0.8817964100 
C       -4.8531390800     -1.4503945600      0.0005113500 
H       -5.3830991800     -0.4773381200     -0.0012170800 
O       -5.4965264500     -2.4881960900      0.0016355400 
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C       -2.9121398600     -3.9604494300      0.0132873800 
H       -2.0479410700     -4.6200799400      0.0443101500 
H       -3.5647948400     -4.1603532600      0.8688447200 
H       -3.5137498500     -4.1803777100     -0.8748103200  



153 
 

BODIPY 7 A 

B       -0.0428372600     -2.2598411800     -0.0012920600 
F       -0.0299548800     -3.0544836100      1.1488777000 
F       -0.0375668900     -3.0556398800     -1.1506082800 
N        1.2039042500     -1.3242484600     -0.0051198100 
C        2.4796336600     -1.7486064900     -0.0054850500 
C        3.3156475600     -0.6038943300     -0.0024264600 
C        2.5401392600      0.5490948200      0.0004739900 
C        1.1808293300      0.0770777600     -0.0019657700 
C       -0.0434200500      0.7618835900     -0.0008187600 
C       -1.2743222800      0.0735317100     -0.0012564500 
C       -2.6245201600      0.5368944600     -0.0047549600 
C       -3.4337802700     -0.6155324300     -0.0027121800 
C       -2.5714596500     -1.7563487400      0.0012509600 
N       -1.3000008900     -1.3342152700      0.0014745800 
C        2.8754136600     -3.1849137900     -0.0069941100 
H        3.9618809400     -3.2772367900     -0.0223703300 
H        2.4831756800     -3.6911509200      0.8807701000 
H        2.4565390500     -3.6971046700     -0.8787338200 
Cl       5.0525224500     -0.6737578800     -0.0019902900 
C        3.0736111700      1.9491588800      0.0055141500 
H        4.1648103100      1.9265455600      0.0246016900 
H        2.7629362300      2.5074756600     -0.8823942600 
H        2.7313090700      2.5137085600      0.8774740800 
C       -0.0392748200      2.2571486700      0.0029068800 
C       -0.0552077400      2.9765127000      1.2030655200 
H       -0.0726683500      2.4620326500      2.1591630900 
C       -0.0479657300      4.3723568300      1.1520764000 
H       -0.0599174500      4.9522783100      2.0724000500 
N       -0.0264607600      5.0753898400      0.0118251000 
C       -0.0100453300      4.3793943400     -1.1328315800 
H        0.0087084200      4.9650302700     -2.0494278000 
C       -0.0149924200      2.9838944400     -1.1926891900 
H       -0.0003395000      2.4753840500     -2.1520155500 
C       -3.1251844600      1.9529303300     -0.0105573300 
H       -2.7593787500      2.5085201100     -0.8785902600 
H       -4.2150385800      1.9814327000     -0.0358063200 
H       -2.8003100000      2.5007427800      0.8788015500 
C       -4.8915532500     -0.6673922500     -0.0038243900 
H       -5.4077553000      0.3127535600     -0.0033981200 
O       -5.5567929100     -1.6965777300     -0.0047354300 
C       -2.9730644300     -3.1914454400      0.0036944700 
H       -2.1106974800     -3.8539037100      0.0314669900 
H       -3.6231206000     -3.3915518500      0.8609872300 
H       -3.5761583300     -3.4076891500     -0.8840517300  
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BODIPY 7cat A 

B       -0.0335718000     -2.5449541700      0.0037983000 
F       -0.0166243300     -3.3209836400      1.1573477600 
F       -0.0246058800     -3.3276461800     -1.1452372800 
N        1.2158810100     -1.5981962100     -0.0024532400 
C        2.4904195300     -2.0199453200     -0.0017911100 
C        3.3294222600     -0.8683896000     -0.0019272000 
C        2.5503877100      0.2777809700     -0.0024875200 
C        1.1896889800     -0.1991564300     -0.0038763700 
C       -0.0429870300      0.4669645100     -0.0040648100 
C       -1.2770792200     -0.2123420700     -0.0015895900 
C       -2.6333625500      0.2477355400     -0.0065290600 
C       -3.4344547400     -0.9019620300     -0.0015712700 
C       -2.5662226200     -2.0438669600      0.0051817400 
N       -1.2962027500     -1.6160830300      0.0046395300 
C        2.8907011000     -3.4524249900      0.0002835900 
H        3.9766516700     -3.5442575700     -0.0151167600 
H        2.4979049800     -3.9566578400      0.8892605900 
H        2.4707796900     -3.9675575900     -0.8695262800 
Cl       5.0577257300     -0.9334934200     -0.0010811300 
C        3.0851209500      1.6788673200     -0.0011497000 
H        4.1760041400      1.6517467100      0.0198204700 
H        2.7917458700      2.2356641000     -0.8974918800 
H        2.7573608700      2.2474600200      0.8755021300 
C       -0.0435721700      1.9594412900     -0.0040444000 
C       -0.0645889800      2.6838603300      1.1994459600 
H       -0.0823165200      2.1708882000      2.1547137100 
C       -0.0618168300      4.0657502600      1.1747802900 
H       -0.0773562700      4.6684592000      2.0755771000 
N       -0.0392254000      4.7415410500     -0.0017721900 
C       -0.0383366400      6.2264575300      0.0197664900 
H       -0.0191236300      6.5974859000     -1.0033378800 
H        0.8471225100      6.5766975100      0.5528259400 
H       -0.9423016200      6.5783296500      0.5197150800 
C       -0.0168517100      4.0691853000     -1.1773308600 
H        0.0012623100      4.6691697200     -2.0790077000 
C       -0.0175900500      2.6848480200     -1.2038591600 
H        0.0008676400      2.1747435000     -2.1606212500 
C       -3.1432210700      1.6624996600     -0.0163240700 
H       -2.7952287200      2.2181844600     -0.8930296600 
H       -4.2328478100      1.6824487500     -0.0416550800 
H       -2.8362875000      2.2154751900      0.8775885300 
C       -4.8986950200     -0.9637601600     -0.0031798400 
H       -5.4268806500      0.0100828500     -0.0052903700 
O       -5.5429232500     -2.0007119600     -0.0019226600 
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C       -2.9631507500     -3.4774944400      0.0108099000 
H       -2.1013321700     -4.1403134300      0.0384626000 
H       -3.6137207400     -3.6756604500      0.8683606900 
H       -3.5689524800     -3.6943783000     -0.8751665000  
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BODIPY 8 A 

B       -0.0003686800     -2.2349022100      0.0056844400 
F        0.0013447800     -3.0236230800      1.1574369100 
F        0.0004707500     -3.0266354400     -1.1437957000 
N        1.2535738000     -1.3038687200      0.0034104700 
C        2.5235525600     -1.7250082200      0.0003504100 
C        3.3865436500     -0.5819486600     -0.0060030100 
C        2.5795147700      0.5684997500     -0.0058644700 
C        1.2261095400      0.1037602300      0.0003192200 
C       -0.0018753300      0.7893651200      0.0026522300 
C       -1.2298787800      0.1033442400      0.0016137400 
C       -2.5834144300      0.5678076800     -0.0056390000 
C       -3.3905047900     -0.5826054200     -0.0060533900 
C       -2.5275459400     -1.7259376100      0.0005127100 
N       -1.2572548000     -1.3049122100      0.0042502000 
C        2.9271281100     -3.1594559900      0.0020894000 
H        2.0663476300     -3.8234393300      0.0350726600 
H        3.5825012800     -3.3572873700      0.8559026900 
H        3.5259845200     -3.3751792800     -0.8887965600 
C        4.8454914000     -0.6338118800     -0.0109068800 
H        5.3617642600      0.3460380400     -0.0115589300 
O        5.5090020100     -1.6633374700     -0.0137031500 
C        3.0793277800      1.9841343200     -0.0133794800 
H        2.7114821800      2.5374501600     -0.8815427400 
H        4.1689476100      2.0139220700     -0.0405719800 
H        2.7535138800      2.5322194400      0.8755066800 
C        0.0003498700      2.2854369900      0.0073681300 
C       -0.0197396300      3.0046577100      1.2077332700 
H       -0.0396871300      2.4911970500      2.1643408300 
C       -0.0134959100      4.4009606100      1.1569516500 
H       -0.0295429400      4.9809088200      2.0772197900 
N        0.0114966400      5.1039301900      0.0169308200 
C        0.0317344100      4.4084084000     -1.1279190300 
H        0.0536589400      4.9942592200     -2.0442268300 
C        0.0271856900      3.0127691300     -1.1879309700 
H        0.0472925500      2.5050045400     -2.1475862600 
C       -3.0832987700      1.9836606400     -0.0139709000 
H       -2.7147108900      2.5372840000     -0.8819189100 
H       -4.1729326400      2.0134078400     -0.0417471300 
H       -2.7591818100      2.5315610700      0.8754015400 
C       -4.8497131400     -0.6341737100     -0.0109363900 
H       -5.3659925900      0.3457638400     -0.0114958700 
O       -5.5135835300     -1.6634859500     -0.0136136600 
C       -2.9324711500     -3.1599473800      0.0021443500 
H       -2.0722877100     -3.8246812200      0.0350977400 
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H       -3.5880573800     -3.3573082400      0.8559398100 
H       -3.5316530500     -3.3752369000     -0.8886245500 
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BODIPY 8cat A 

B       -0.0022731700     -2.5244412400      0.0037903800 
F       -0.0015529300     -3.2932444600      1.1601822700 
F       -0.0036787500     -3.3054452800     -1.1440838400 
N        1.2571245900     -1.5867687100     -0.0026143000 
C        2.5263725500     -2.0108325600     -0.0045793300 
C        3.3933349400     -0.8649551800     -0.0096847800 
C        2.5919201500      0.2812347500     -0.0098712800 
C        1.2330325200     -0.1823629700     -0.0059356100 
C       -0.0007205800      0.4911789900     -0.0036217300 
C       -1.2350056800     -0.1811459200     -0.0023076200 
C       -2.5932074200      0.2842059600     -0.0078369200 
C       -3.3961003400     -0.8608857300     -0.0082784200 
C       -2.5305602900     -2.0079003400     -0.0031778700 
N       -1.2607791300     -1.5854672500     -0.0002070900 
C        2.9285856400     -3.4421469300     -0.0027457100 
H        2.0698771300     -4.1085267800      0.0265765900 
H        3.5833594400     -3.6384631300      0.8520924000 
H        3.5324986300     -3.6544326700     -0.8912342100 
C        4.8591650900     -0.9243200800     -0.0140101800 
H        5.3860072100      0.0497990100     -0.0132532100 
O        5.5035329600     -1.9605368500     -0.0181465000 
C        3.1006563800      1.6959363800     -0.0148065900 
H        2.7674718800      2.2485414700     -0.8991055700 
H        4.1904239600      1.7154775300     -0.0223829500 
H        2.7787893300      2.2508595100      0.8726055900 
C        0.0004233700      1.9843634200      0.0032074500 
C       -0.0191648000      2.7025095200      1.2104053400 
H       -0.0370165700      2.1850439800      2.1632851200 
C       -0.0152467500      4.0848443000      1.1936072600 
H       -0.0295398600      4.6824094000      2.0980473300 
N        0.0069880400      4.7674759300      0.0209994700 
C        0.0100462300      6.2528284600      0.0511264200 
H        0.0333961000      6.6299123400     -0.9697207200 
H        0.8942181000      6.5984868900      0.5893721600 
H       -0.8950677100      6.6029740100      0.5502988100 
C        0.0253630700      4.1013510700     -1.1582543300 
H        0.0426986100      4.7061847900     -2.0568779400 
C        0.0225681700      2.7169199300     -1.1923009900 
H        0.0380758500      2.2129608900     -2.1523966900 
C       -3.0991842600      1.6999139200     -0.0145964900 
H       -2.7510384300      2.2557938300     -0.8910735600 
H       -4.1886593200      1.7218237800     -0.0386553900 
H       -2.7899408200      2.2503358400      0.8800768000 
C       -4.8620448000     -0.9182185900     -0.0141336500 
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H       -5.3874509000      0.0566310300     -0.0137996000 
O       -5.5076162600     -1.9537084000     -0.0190566400 
C       -2.9345188800     -3.4387344400     -0.0027477900 
H       -2.0765496200     -4.1060293400      0.0266408600 
H       -3.5902558000     -3.6351859900      0.8513040300 
H       -3.5377993700     -3.6496049300     -0.8920022600 
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BODIPY 9 A 

B       -0.0004132000     -3.0318675200     -0.0101413500 
F        0.0094051100     -3.8304877400      1.1394052500 
F       -0.0114350100     -3.8271103800     -1.1619102200 
N        1.2552719200     -2.1070545300     -0.0188722500 
C        2.5279324400     -2.5303801000     -0.0264904400 
C        3.3916091900     -1.3890583900     -0.0261212900 
C        2.5838124800     -0.2364940100     -0.0170677100 
C        1.2302149600     -0.7031424700     -0.0133053200 
C        0.0018201700     -0.0155870400     -0.0052797000 
C       -1.2275825000     -0.7013351600      0.0008012800 
C       -2.5804846000     -0.2327091400      0.0078969000 
C       -3.3899451600     -1.3840978600      0.0136628700 
C       -2.5279964500     -2.5266818700      0.0085126200 
N       -1.2547127400     -2.1052222300      0.0015038500 
C        2.8871017200     -3.9809697000     -0.0338312600 
H        2.0004359800     -4.6096978100     -0.0464721500 
H        3.4890448400     -4.2223919500      0.8470373600 
H        3.5059136500     -4.2096196700     -0.9061094600 
C        4.8667756200     -1.4031467200     -0.0330577100 
O        5.5909336100     -0.4204988900     -0.0474579900 
O        5.3733699400     -2.6616321500     -0.0212681200 
C        6.8105563600     -2.7561492400     -0.0278375000 
H        7.0278548900     -3.8240859200     -0.0210913100 
H        7.2291868700     -2.2706750600      0.8568176700 
H        7.2204429900     -2.2834286800     -0.9234035300 
C        3.0708552900      1.1827082800     -0.0103050500 
H        2.7310496500      1.7224764800     -0.8994303500 
H        4.1578330700      1.2016380500      0.0123785300 
H        2.6893373000      1.7296702800      0.8565611300 
C        0.0029641200      1.4798499300     -0.0029140200 
C       -0.0099302700      2.2006921400      1.1958539100 
H       -0.0209543700      1.6882363900      2.1531062600 
C       -0.0075079600      3.5962783700      1.1426492700 
H       -0.0165654000      4.1773395900      2.0622380300 
N        0.0054214500      4.2976381700      0.0013870500 
C        0.0170955600      3.5997548800     -1.1420401200 
H        0.0272028500      4.1836201300     -2.0598408100 
C        0.0170708900      2.2043570800     -1.1995061600 
H        0.0272301000      1.6947990900     -2.1583170400 
C       -3.0655129900      1.1871874500      0.0057439700 
H       -2.6781349300      1.7383743700     -0.8557096600 
H       -4.1523525000      1.2078007800     -0.0219876100 
H       -2.7303311000      1.7215694900      0.8999789700 
C       -4.8650995900     -1.3959768200      0.0233610700 
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O       -5.5875356700     -0.4126217100      0.0594587000 
O       -5.3737764400     -2.6531361300     -0.0133641500 
C       -6.8110895500     -2.7455401400     -0.0045864500 
H       -7.0301237500     -3.8127889600     -0.0320715600 
H       -7.2177318200     -2.2901322500      0.9013725400 
H       -7.2313971800     -2.2418917300     -0.8782138100 
C       -2.8893889500     -3.9767312900      0.0106753600 
H       -2.0038095000     -4.6068114200      0.0306166100 
H       -3.5168550400     -4.2056695300      0.8765865300 
H       -3.4832163500     -4.2160260900     -0.8763444400 
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BODIPY 9cat A 

B        0.0000936900     -3.0243116600      0.0000151200 
F        0.0040123500     -3.8058615100      1.1521750200 
F       -0.0038756100     -3.8063079800     -1.1517295600 
N        1.2586055100     -2.0906297200     -0.0031580600 
C        2.5317425600     -2.5124779400     -0.0028922400 
C        3.3961834400     -1.3664909300      0.0006760000 
C        2.5908756700     -0.2206350600      0.0032512100 
C        1.2339661500     -0.6899365300     -0.0002661000 
C        0.0003262000     -0.0159406200     -0.0000678500 
C       -1.2335083500     -0.6898658300      0.0003577500 
C       -2.5904121700     -0.2203728700     -0.0015971000 
C       -3.3960105700     -1.3663021400      0.0013948300 
C       -2.5315110600     -2.5123857600      0.0033493800 
N       -1.2583097300     -2.0904954500      0.0030537500 
C        2.8970555000     -3.9581647200     -0.0059163700 
H        2.0162214900     -4.5945706800     -0.0229778600 
H        3.4969322200     -4.1920429800      0.8784778400 
H        3.5245996400     -4.1818699400     -0.8732633400 
C        4.8778802800     -1.3743554600      0.0025290700 
O        5.5815679800     -0.3772337000     -0.0090582100 
O        5.3843648800     -2.6213768900      0.0190811400 
C        6.8273696600     -2.7219272000      0.0215573700 
H        7.0373395500     -3.7902624200      0.0321648400 
H        7.2371452200     -2.2355834500      0.9089021200 
H        7.2391926500     -2.2526535100     -0.8739828400 
C        3.0800641400      1.2002168600      0.0107962000 
H        2.7626191800      1.7406453600     -0.8876830200 
H        4.1679181700      1.2103765700      0.0393217400 
H        2.7114986600      1.7497756200      0.8833406500 
C        0.0006273900      1.4771942000      0.0013256600 
C       -0.0217834700      2.2008029600      1.2048190700 
H       -0.0399991000      1.6877287700      2.1598984400 
C       -0.0189792700      3.5821977100      1.1812199600 
H       -0.0341977600      4.1838629000      2.0826914700 
N        0.0037299000      4.2592039100      0.0054893200 
C        0.0050833300      5.7440377000      0.0283361800 
H        0.0293745000      6.1162215500     -0.9943586700 
H        0.8883973800      6.0937227900      0.5655529800 
H       -0.9011591000      6.0961375300      0.5242455200 
C        0.0243174700      3.5872753200     -1.1703179100 
H        0.0411790700      4.1874844500     -2.0718543100 
C        0.0238495300      2.2034934600     -1.1975933500 
H        0.0409978900      1.6945282300     -2.1548773800 
C       -3.0794880300      1.2005111300     -0.0093986400 
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H       -2.7081610000      1.7508054900     -0.8802212100 
H       -4.1673482500      1.2107753800     -0.0400311200 
H       -2.7646633400      1.7399428200      0.8907300900 
C       -4.8777222500     -1.3739669000      0.0020783100 
O       -5.5812449100     -0.3770784400      0.0312528700 
O       -5.3842083800     -2.6206389300     -0.0341234800 
C       -6.8271608200     -2.7212215600     -0.0347162500 
H       -7.0370876000     -3.7892775600     -0.0628657500 
H       -7.2367620200     -2.2671508500      0.8696717900 
H       -7.2391476100     -2.2200043600     -0.9127355800 
C       -2.8969180900     -3.9581177100      0.0057237600 
H       -2.0162818200     -4.5945396100      0.0323819500 
H       -3.5331415700     -4.1800561500      0.8671369500 
H       -3.4879948400     -4.1934976500     -0.8843448200 
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BODIPY 10 A 

B        0.0005501800     -3.0374001700      0.1007894600 
F        0.0009327700     -3.7682934900      1.2991768100 
F       -0.0005213500     -3.9123304300     -0.9950404500 
N        1.2497011200     -2.1140838200      0.0398486000 
C        2.5268247300     -2.5359215900      0.0229415000 
C        3.3875960200     -1.4023049300     -0.0036189700 
C        2.5854107100     -0.2498998800      0.0127584100 
C        1.2289151100     -0.7125135200      0.0238319700 
C        0.0019112700     -0.0227597200      0.0186152100 
C       -1.2257413500     -0.7113877100      0.0225141600 
C       -2.5817997500     -0.2475924800      0.0076882200 
C       -3.3850280700     -1.3993076100     -0.0065366100 
C       -2.5252950000     -2.5336394500      0.0236624300 
N       -1.2478333700     -2.1129202300      0.0411066600 
C        2.8823425400     -3.9892525100      0.0720742000 
H        3.9004660100     -4.1242891700      0.4395663400 
H        2.8077985900     -4.4430518200     -0.9243789800 
H        2.1898765400     -4.5305501700      0.7191748500 
C        4.8776572600     -1.4075306400     -0.0113445700 
O        5.5499857600     -0.5859010500      0.6093763100 
N        5.4772823500     -2.4014696300     -0.7478207600 
H        6.4839133700     -2.3555226600     -0.8278315300 
H        4.9717033000     -2.9079408700     -1.4584744300 
C        3.0942431200      1.1614478800     -0.0051162100 
H        2.7307683900      1.7106887200     -0.8786592800 
H        4.1833346400      1.1630374300     -0.0052035500 
H        2.7633337800      1.7141186100      0.8794154700 
C        0.0026631500      1.4722073700      0.0099079100 
C       -0.0071934700      2.2005388800      1.2044387200 
H       -0.0158570000      1.6939917500      2.1648695400 
C       -0.0056004100      3.5963447100      1.1419890200 
H       -0.0130044500      4.1836506500      2.0577268700 
N        0.0046458300      4.2900448200     -0.0041532400 
C        0.0138389800      3.5851936300     -1.1435275800 
H        0.0221544400      4.1638353800     -2.0649501100 
C        0.0134413400      2.1891981900     -1.1919367900 
H        0.0214419700      1.6733197000     -2.1475754700 
C       -3.0891237900      1.1641435200     -0.0161125300 
H       -2.7070876600      1.7162032500     -0.8797338800 
H       -4.1779911800      1.1670694400     -0.0380500800 
H       -2.7766317300      1.7131748200      0.8774622100 
C       -4.8749551400     -1.4026340500     -0.0157316400 
O       -5.5465248800     -0.5766028600      0.5999821600 
N       -5.4755214700     -2.3996494500     -0.7473125700 
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H       -6.4820104000     -2.3524054400     -0.8283457700 
H       -4.9703287700     -2.9103677000     -1.4551935000 
C       -2.8822758300     -3.9865176800      0.0753386800 
H       -3.8991207600     -4.1199303900      0.4469661400 
H       -2.8125011600     -4.4411499800     -0.9210991000 
H       -2.1879211000     -4.5282289200      0.7200035800 
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BODIPY 10cat A 

B        0.0005128200     -3.0169073400      0.0595138000 
F        0.0021910100     -3.6949874300      1.2804672900 
F       -0.0011962800     -3.9095347200     -1.0107358700 
N        1.2538973600     -2.0878390800     -0.0289497800 
C        2.5313700000     -2.5076156100     -0.0265945300 
C        3.3940345100     -1.3694838100     -0.0703773600 
C        2.5920436100     -0.2237868600     -0.0805938200 
C        1.2332572300     -0.6897176400     -0.0662191400 
C        0.0010648100     -0.0139051600     -0.0732597700 
C       -1.2313417000     -0.6893668000     -0.0672719900 
C       -2.5898116500     -0.2229334100     -0.0868560500 
C       -3.3923816300     -1.3681697400     -0.0713763500 
C       -2.5303479800     -2.5065036200     -0.0224160000 
N       -1.2526772700     -2.0873392800     -0.0256595100 
C        2.8909486100     -3.9560581200      0.0525366500 
H        3.8913535600     -4.0828046100      0.4684598700 
H        2.8650010100     -4.4166602000     -0.9435926100 
H        2.1735534300     -4.4980115800      0.6707476100 
C        4.8888050900     -1.3565824600     -0.0445607500 
O        5.5150649500     -0.4819879000      0.5519090100 
N        5.5244580400     -2.3684407400     -0.7078955000 
H        6.5348902200     -2.3370473200     -0.7334927100 
H        5.0514245800     -2.9669017700     -1.3671483900 
C        3.0982368700      1.1901133300     -0.1239192300 
H        2.7476678900      1.7228578500     -1.0143998700 
H        4.1874939100      1.1887376500     -0.1220103900 
H        2.7822030900      1.7584653000      0.7577993200 
C        0.0008055300      1.4786721100     -0.0387044400 
C       -0.0160172700      2.1615563400      1.1890630700 
H       -0.0285074200      1.6163517300      2.1265018700 
C       -0.0159597100      3.5434194300      1.2114138700 
H       -0.0281324200      4.1150435500      2.1324763400 
N       -0.0005196100      4.2587405900      0.0582358600 
C       -0.0045424700      5.7417736900      0.1311380500 
H        0.0287088600      6.1487624500     -0.8780706700 
H        0.8721592400      6.0756839400      0.6889543100 
H       -0.9168393000      6.0738901400      0.6300873700 
C        0.0155081600      3.6264808800     -1.1397217500 
H        0.0269718300      4.2570516000     -2.0205286100 
C        0.0169423100      2.2439501600     -1.2133560300 
H        0.0301465700      1.7674515400     -2.1873586900 
C       -3.0950060000      1.1908776600     -0.1410353800 
H       -2.7121688600      1.7288379900     -1.0146453600 
H       -4.1835705200      1.1901468100     -0.1781821900 
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H       -2.8125828400      1.7540153200      0.7555701200 
C       -4.8869023700     -1.3527375900     -0.0453527400 
O       -5.5108344200     -0.4714757700      0.5437850900 
N       -5.5251913100     -2.3691360900     -0.6991584900 
H       -6.5355555700     -2.3352369000     -0.7245445000 
H       -5.0542443000     -2.9732869700     -1.3547129200 
C       -2.8905163000     -3.9544825700      0.0619664500 
H       -3.8902811900     -4.0793723900      0.4799730700 
H       -2.8664764200     -4.4182271700     -0.9327655400 
H       -2.1723269900     -4.4948127200      0.6806375300 
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BODIPY 11 A 

B        0.0000448100     -3.0455448100     -0.0013774500 
F        0.0011453200     -3.8403203500      1.1495433100 
F       -0.0011375300     -3.8425484100     -1.1505015200 
N        1.2542314400     -2.1172114900     -0.0034464400 
C        2.5304081700     -2.5399078400     -0.0041348300 
C        3.3766287900     -1.3969774300     -0.0029373500 
C        2.5811277200     -0.2472870100     -0.0011917400 
C        1.2270048700     -0.7159904100     -0.0017332200 
C        0.0001347000     -0.0277169100     -0.0003465300 
C       -1.2267692900     -0.7158644900     -0.0020104300 
C       -2.5808447900     -0.2471010000     -0.0050981000 
C       -3.3764058600     -1.3967132100     -0.0046760900 
C       -2.5302902400     -2.5396734500     -0.0020012500 
N       -1.2540780500     -2.1171144800     -0.0011260200 
C        2.9077393000     -3.9872091800     -0.0072304300 
H        2.0273060700     -4.6250374600      0.0107276900 
H        3.5318192900     -4.2190476600      0.8610451800 
H        3.4976040100     -4.2234768400     -0.8984344400 
C        4.8687703000     -1.3962084400     -0.0058304800 
F        5.3957348600     -2.6431526500     -0.0010096300 
F        5.3879118300     -0.7509672800      1.0776776500 
F        5.3831937900     -0.7612753300     -1.0977288000 
C        3.0900684700      1.1653636300     -0.0004509500 
H        2.7528139600      1.7129573500     -0.8849869600 
H        4.1792582500      1.1853816600      0.0094037800 
H        2.7365625800      1.7184645000      0.8741859900 
C        0.0005152200      1.4672531500      0.0063654500 
C       -0.0137586700      2.1823696800      1.2093050900 
H       -0.0260553100      1.6655043700      2.1643334900 
C       -0.0115892100      3.5788321200      1.1617948900 
H       -0.0222986500      4.1566772300      2.0835258300 
N        0.0031429300      4.2842133600      0.0228752900 
C        0.0163603200      3.5921022100     -1.1242066300 
H        0.0283421100      4.1807397500     -2.0390656800 
C        0.0158560900      2.1962874800     -1.1881277200 
H        0.0273979500      1.6907908900     -2.1492261300 
C       -3.0895529600      1.1656151200     -0.0085882900 
H       -2.7242751900      1.7213078900     -0.8765455900 
H       -4.1785119400      1.1858006100     -0.0330132000 
H       -2.7642394000      1.7105430500      0.8822135700 
C       -4.8685631200     -1.3957156500     -0.0077218600 
F       -5.3955455300     -2.6426608600     -0.0019191500 
F       -5.3831562400     -0.7618788100     -1.1001975400 
F       -5.3873226900     -0.7496611200      1.0754349600 
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C       -2.9076995900     -3.9869472900     -0.0013161500 
H       -2.0272800700     -4.6248193600      0.0157465700 
H       -3.5293547700     -4.2169684800      0.8692284500 
H       -3.5000852300     -4.2250963700     -0.8902772700  
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BODIPY 11cat A 

B        0.0010141300     -3.0244022500      0.0089697700 
F        0.0159587100     -3.8011819300      1.1623113800 
F       -0.0143514700     -3.8069199900     -1.1404671900 
N        1.2592995700     -2.0881340200     -0.0098924700 
C        2.5344983700     -2.5117810700     -0.0257883800 
C        3.3838230100     -1.3646691500     -0.0374051800 
C        2.5916423700     -0.2199532300     -0.0275667200 
C        1.2336747800     -0.6894842800     -0.0109604100 
C        0.0018588800     -0.0139012500      0.0026380000 
C       -1.2303566800     -0.6887460800      0.0185697300 
C       -2.5880770500     -0.2184055600      0.0319288100 
C       -3.3809051400     -1.3626315300      0.0451893100 
C       -2.5322233700     -2.5102442600      0.0391607500 
N       -1.2567665400     -2.0873724700      0.0230537100 
C        2.9149633400     -3.9552046400     -0.0295618400 
H        2.0386177100     -4.5984914200     -0.0140393300 
H        3.5395555200     -4.1833225000      0.8398071100 
H        3.5102774700     -4.1862879700     -0.9185364800 
C        4.8809612000     -1.3591082100     -0.0566212800 
F        5.4083240500     -2.5986716700     -0.0693595700 
F        5.3950909200     -0.7162190100      1.0281565900 
F        5.3667381600     -0.7059013600     -1.1482226800 
C        3.1036842500      1.1935410700     -0.0333838600 
H        2.7747241000      1.7406888900     -0.9228934400 
H        4.1926984100      1.2096265600     -0.0321192800 
H        2.7727137500      1.7488238700      0.8501427900 
C        0.0020938600      1.4796097500      0.0010371100 
C        0.0058698600      2.2051933100      1.2040653100 
H        0.0092663700      1.6943405600      2.1608650200 
C        0.0057153400      3.5875675700      1.1772329400 
H        0.0086379900      4.1913112200      2.0777260400 
N        0.0016026000      4.2618428900     -0.0005303000 
C       -0.0015001500      5.7475480600      0.0190415000 
H        0.0134040300      6.1174584900     -1.0047436100 
H        0.8850606900      6.1008371200      0.5486011900 
H       -0.9048351900      6.0976141000      0.5219785100 
C       -0.0021402900      3.5878347100     -1.1755330800 
H       -0.0054751500      4.1863727300     -2.0786188100 
C       -0.0016877500      2.2029524500     -1.2003536800 
H       -0.0046541200      1.6923403700     -2.1572610600 
C       -3.0994376900      1.1953631700      0.0313087700 
H       -2.7711778700      1.7453009500     -0.8565687100 
H       -4.1884367300      1.2119630700      0.0337558400 
H       -2.7672629500      1.7475563400      0.9164847600 
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C       -4.8780668400     -1.3561441200      0.0618840100 
F       -5.4061987700     -2.5953468900      0.0770864300 
F       -5.3899330800     -0.7159108800     -1.0255095300 
F       -5.3653808600     -0.6996649700      1.1508724500 
C       -2.9134838700     -3.9534351700      0.0482366600 
H       -2.0374421900     -4.5972476300      0.0386116100 
H       -3.5120210600     -4.1801466900      0.9361456700 
H       -3.5351519200     -4.1852126700     -0.8222813500 
 
  



172 
 

BODIPY 12 A 

B       -0.0009540000     -3.0211768600     -0.0215591800 
F       -0.0000913600     -3.8223063400      1.1222070600 
F       -0.0034669000     -3.8066803700     -1.1760906000 
N        1.2500879700     -2.0882261700     -0.0170835700 
C        2.5217203800     -2.5116947300     -0.0224899100 
C        3.3729949700     -1.3710152900     -0.0163672900 
C        2.5781977600     -0.2154323500     -0.0069607100 
C        1.2268812200     -0.6834066600     -0.0073382900 
C        0.0021359800      0.0070255900     -0.0001454400 
C       -1.2240150600     -0.6809075700     -0.0028505700 
C       -2.5743709500     -0.2102319200      0.0034946800 
C       -3.3715004200     -1.3641917700     -0.0036789100 
C       -2.5225743800     -2.5065707600     -0.0139428700 
N       -1.2500826200     -2.0856822900     -0.0132699100 
C        2.9244035300     -3.9465699700     -0.0333379800 
H        2.5221449200     -4.4646715500      0.8428284200 
H        4.0121058900     -4.0339551200     -0.0341375400 
H        2.5220743500     -4.4512699200     -0.9172949600 
C        4.7926643900     -1.4163576800     -0.0194091800 
N        5.9573335300     -1.4507202100     -0.0218320400 
C        3.1214063400      1.1805234100      0.0012456000 
H        2.7911773800      1.7505900900     -0.8719772100 
H        4.2132886300      1.1531772400     -0.0048919700 
H        2.8009211000      1.7363067400      0.8872649400 
C        0.0037241500      1.5015842100      0.0105842500 
C        0.0105440800      2.2145122300      1.2145792500 
H        0.0148227600      1.6968350100      2.1690729400 
C        0.0117451000      3.6108482600      1.1686781000 
H        0.0169608200      4.1871920600      2.0911090600 
N        0.0068407800      4.3174761700      0.0308076100 
C        0.0003993800      3.6272771700     -1.1170929800 
H       -0.0034984400      4.2168194900     -2.0311517000 
C       -0.0014847400      2.2317433900     -1.1830446100 
H       -0.0068209300      1.7278411300     -2.1448761600 
C       -3.1147094000      1.1868011800      0.0153061700 
H       -2.7935996800      1.7543485800     -0.8630009300 
H       -4.2066373900      1.1616239200      0.0217077700 
H       -2.7828027200      1.7438441300      0.8962514900 
C       -4.7912431600     -1.4067014100     -0.0011325900 
N       -5.9559709600     -1.4387393600      0.0009837400 
C       -2.9281649700     -3.9406255300     -0.0237204800 
H       -2.5261109500     -4.4590242800      0.8523884900 
H       -4.0160345400     -4.0258471400     -0.0232919400 
H       -2.5276791500     -4.4466513300     -0.9077235400  
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BODIPY 12cat A 

B        0.0001359400     -3.0320890900      0.0007365400 
F        0.0002842700     -3.8098010200      1.1521058900 
F       -0.0003545100     -3.8112401100     -1.1496202000 
N        1.2540912200     -2.0910109700     -0.0000246200 
C        2.5253546500     -2.5157783200      0.0003720400 
C        3.3791521100     -1.3703690100      0.0017240900 
C        2.5869206500     -0.2193802900      0.0019925300 
C        1.2317412200     -0.6888042600      0.0004994300 
C        0.0008471900     -0.0120574300     -0.0004228700 
C       -1.2303932100     -0.6882662700     -0.0009798200 
C       -2.5853663200     -0.2182311700     -0.0028717500 
C       -3.3781453500     -1.3688917200     -0.0020503900 
C       -2.5248461500     -2.5146778500     -0.0000661500 
N       -1.2533862900     -2.0904495500      0.0003918400 
C        2.9292546800     -3.9479449200     -0.0004647000 
H        2.5258925400     -4.4597490200      0.8794407000 
H        4.0165594000     -4.0369613200     -0.0011426900 
H        2.5248050300     -4.4590327500     -0.8802634600 
C        4.7993681000     -1.4070011000      0.0027928300 
N        5.9637369300     -1.4165303200      0.0037408600 
C        3.1354408900      1.1768480300      0.0039048000 
H        2.8317373900      1.7410070700     -0.8843535400 
H        4.2271439600      1.1432524000      0.0092331000 
H        2.8231103400      1.7419920600      0.8885311300 
C        0.0009726800      1.4815166100      0.0002849800 
C       -0.0050976200      2.2050928400      1.2044710900 
H       -0.0095997200      1.6933168300      2.1607888100 
C       -0.0050996800      3.5878352300      1.1795713900 
H       -0.0096954400      4.1901391100      2.0810558500 
N        0.0006187800      4.2637246100      0.0028961700 
C       -0.0038969500      5.7498625700      0.0246275200 
H        0.0305756800      6.1212705100     -0.9981326700 
H        0.8721496200      6.1025750900      0.5716791700 
H       -0.9170294600      6.0982970000      0.5107847600 
C        0.0065118400      3.5916666500     -1.1730482500 
H        0.0108167000      4.1914752100     -2.0753175400 
C        0.0069793400      2.2064829500     -1.2000956400 
H        0.0120355500      1.6978154400     -2.1580429700 
C       -3.1333907500      1.1782082500     -0.0057936600 
H       -2.8223943000      1.7419303100     -0.8917786300 
H       -4.2251189100      1.1449702600     -0.0090821500 
H       -2.8279555400      1.7435352000      0.8811506100 
C       -4.7983961700     -1.4048283600     -0.0031852400 
N       -5.9627773700     -1.4137354000     -0.0040783600 
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C       -2.9293751800     -3.9466795000      0.0010459800 
H       -2.5236069000     -4.4582865500      0.8799222500 
H       -4.0167259400     -4.0351911400      0.0034952100 
H       -2.5277932900     -4.4583086400     -0.8797957500  
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BODIPY 12 B 

B        0.0001177900     -4.5237349100      0.0188886000 
F        0.0001529800     -5.2978609700      1.1826395500 
F        0.0001895100     -5.3384476200     -1.1157963500 
N        1.2496106800     -3.5903796200      0.0030258800 
C        2.5218899700     -4.0128057800     -0.0010848200 
C        3.3721542700     -2.8712819700     -0.0086336700 
C        2.5758317700     -1.7160136900     -0.0083911300 
C        1.2251629900     -2.1853367700     -0.0000928700 
C       -0.0000890700     -1.4954457200      0.0015386800 
C       -1.2252450900     -2.1855127000     -0.0001654000 
C       -2.5759837100     -1.7163651900     -0.0084551600 
C       -3.3721476200     -2.8717478800     -0.0085988800 
C       -2.5217227600     -4.0131533500     -0.0009877800 
N       -1.2495024700     -3.5905545000      0.0030259400 
C        2.9252310200     -5.4478627100      0.0019753300 
H        2.5156361600     -5.9600562900      0.8783584300 
H        4.0131085600     -5.5349722900      0.0104842200 
H        2.5302588200     -5.9592034400     -0.8816905600 
C        4.7918783400     -2.9154204500     -0.0146669900 
N        5.9566521800     -2.9490274900     -0.0184218700 
C        3.1161780600     -0.3190065600     -0.0200047300 
H        2.7780603500      0.2394046000     -0.8978635500 
H        4.2082376900     -0.3432323900     -0.0315351800 
H        2.7975002100      0.2471349400      0.8602836000 
C       -0.0002260800     -0.0003830200      0.0068510700 
C       -0.0007374600      0.7219465700     -1.1909269000 
H       -0.0009951100      0.2200905100     -2.1528402000 
C       -0.0009795600      2.1168250800     -1.1093390800 
H       -0.0014602800      2.7181151500     -2.0162106100 
N       -0.0006593800      2.7975758100      0.0385268800 
C       -0.0000784000      2.1020749500      1.1782455800 
O        0.0003225900      2.8841327600      2.2807862300 
C        0.0013085100      2.2720801600      3.5693303300 
H        0.0017441600      3.0956632200      4.2832697100 
H        0.8986854100      1.6600273600      3.7204357600 
H       -0.8957203800      1.6598406900      3.7217408900 
C        0.0000955100      0.6948538700      1.2196536100 
H        0.0004607700      0.1500384600      2.1558375500 
C       -3.1165256000     -0.3194341300     -0.0201729800 
H       -2.7786108600      0.2388851100     -0.8981645600 
H       -4.2085842400     -0.3438149800     -0.0315639800 
H       -2.7977908200      0.2468882400      0.8599839100 
C       -4.7918686600     -2.9161023500     -0.0146075400 
N       -5.9566376900     -2.9499102800     -0.0183531900 
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C       -2.9248867700     -5.4482590000      0.0023843900 
H       -2.5164611300     -5.9598191100      0.8796961600 
H       -4.0127664400     -5.5354882700      0.0095004500 
H       -2.5286148900     -5.9601402400     -0.8803736300  
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BODIPY 12cat B 

B       -0.0001537100     -3.0267826900      0.0173043200 
F        0.0010424300     -3.7841549000      1.1836888600 
F       -0.0014172500     -3.8283613500     -1.1175139400 
N        1.2531441500     -2.0862271900     -0.0003198900 
C        2.5245515000     -2.5107391800     -0.0043692500 
C        3.3777544900     -1.3655902700     -0.0056772900 
C        2.5848974000     -0.2143225300     -0.0034041800 
C        1.2302234400     -0.6837019600      0.0016686700 
C       -0.0000533800     -0.0057185300      0.0055457000 
C       -1.2303870500     -0.6836007100      0.0028039600 
C       -2.5850409100     -0.2141106400     -0.0014872700 
C       -3.3779963200     -1.3652972200     -0.0014497300 
C       -2.5248879000     -2.5104966000      0.0002032800 
N       -1.2534320300     -2.0861163200      0.0021398100 
C        2.9285804800     -3.9430474500     -0.0070895100 
H        2.5239502600     -4.4571599500      0.8708377500 
H        4.0159409000     -4.0318320100     -0.0064748700 
H        2.5257487100     -4.4521031200     -0.8887390200 
C        4.7979479400     -1.4018440200     -0.0046910000 
N        5.9623798800     -1.4111323900      0.0001072800 
C        3.1327723500      1.1819581700     -0.0126592100 
H        2.8182687300      1.7413835100     -0.8999941000 
H        4.2244873200      1.1493840100     -0.0169223100 
H        2.8256573900      1.7515506400      0.8708104100 
C       -0.0000168500      1.4893561100      0.0080485700 
C       -0.0003873800      2.1917768600      1.2106937300 
H       -0.0006722100      1.6609254400      2.1539961300 
C       -0.0001785100      3.5925294800      1.2041227600 
O       -0.0002700700      4.3859147800      2.2606865700 
C       -0.0002616200      3.8249006400      3.6004148100 
H       -0.0001658900      4.6894604700      4.2607247100 
H        0.9023305900      3.2296854500      3.7583755300 
H       -0.9029101700      3.2298049100      3.7584850600 
N        0.0002247400      4.2687476400      0.0157822900 
C        0.0004134500      5.7527890700      0.0275725900 
H        0.0013925600      6.1014505000     -1.0034150100 
H        0.8898033100      6.1124386900      0.5466990700 
H       -0.8898041400      6.1126547200      0.5451297000 
C        0.0004405000      3.5867274700     -1.1634716000 
H        0.0006793100      4.1954406500     -2.0593548400 
C        0.0003993500      2.2120326800     -1.2018817400 
H        0.0006627200      1.7027481600     -2.1584498800 
C       -3.1327393200      1.1821854400     -0.0120651700 
H       -2.8152331900      1.7419338200     -0.8980760600 
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H       -4.2244311800      1.1497348400     -0.0198983100 
H       -2.8284561100      1.7513811600      0.8726668100 
C       -4.7982104900     -1.4014188000      0.0013042500 
N       -5.9626352800     -1.4105420700      0.0076078000 
C       -2.9289979400     -3.9427612200     -0.0004242600 
H       -2.5191381000     -4.4571834900      0.8748489300 
H       -4.0163387800     -4.0314084200      0.0064721300 
H       -2.5314982300     -4.4515818500     -0.8846727400 
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BODIPY 12 C 

B       -0.0001132700     -3.0274807500      0.0280211000 
F       -0.0004990000     -3.7989226800      1.1934799300 
F        0.0003277100     -3.8453232500     -1.1049135500 
N        1.2494114500     -2.0943653400      0.0096430800 
C        2.5216074600     -2.5172259300      0.0074011700 
C        3.3721196300     -1.3761105900     -0.0040893300 
C        2.5761631600     -0.2204168600     -0.0083019700 
C        1.2252418800     -0.6890829600      0.0011058700 
C        0.0000378400      0.0011952700     -0.0003114300 
C       -1.2252652000     -0.6890763700      0.0001916700 
C       -2.5761170000     -0.2202973300     -0.0101408400 
C       -3.3722158000     -1.3760002300     -0.0063799700 
C       -2.5218134500     -2.5171276600      0.0057546800 
N       -1.2495319800     -2.0943508100      0.0087825000 
C        2.9247046300     -3.9524145200      0.0156863600 
H        2.5149628200     -4.4614264900      0.8938268500 
H        4.0125886300     -4.0396610700      0.0248171800 
H        2.5300923200     -4.4669324500     -0.8662773700 
C        4.7917941500     -1.4204700200     -0.0094083600 
N        5.9565811800     -1.4543057800     -0.0129929000 
C        3.1169475000      1.1761307500     -0.0237802200 
H        2.7779888200      1.7314432200     -0.9031717500 
H        4.2090177400      1.1518869200     -0.0352691800 
H        2.7962205100      1.7447672800      0.8541264400 
C        0.0000914600      1.4973536500     -0.0007462400 
C        0.0000480400      2.1934923500      1.2104515300 
H        0.0000016900      1.6579617600      2.1508014600 
C        0.0001023000      3.6004435000      1.1439499000 
O        0.0002241900      4.3991125900      2.2341616500 
C        0.0004246500      3.8044287900      3.5310228700 
H        0.0007622100      4.6376973800      4.2336782900 
H        0.8974027400      3.1941800900      3.6902049300 
H       -0.8967081100      3.1945204700      3.6906434700 
N        0.0000940500      4.2777679300      0.0001211100 
C        0.0000406900      3.6010369500     -1.1440244000 
O        0.0000006100      4.4001763300     -2.2339807300 
C       -0.0001478800      3.8055788700     -3.5308431900 
H       -0.0002852800      4.6387332600     -4.2335929200 
H        0.8968974700      3.1954769500     -3.6903768800 
H       -0.8971782300      3.1953921700     -3.6901267800 
C        0.0000593100      2.1942431100     -1.2113289300 
H        0.0000198000      1.6590295400     -2.1518345500 
C       -3.1168120600      1.1763115300     -0.0260875400 
H       -2.7774253100      1.7315472000     -0.9053640100 
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H       -4.2088798600      1.1520411900     -0.0381719300 
H       -2.7965860400      1.7451307800      0.8518915900 
C       -4.7919308700     -1.4202877900     -0.0126517300 
N       -5.9567255700     -1.4540503700     -0.0170291100 
C       -2.9249350400     -3.9523441600      0.0140663700 
H       -2.5170388200     -4.4608674700      0.8933807100 
H       -4.0128377700     -4.0395306700      0.0210667500 
H       -2.5285020200     -4.4675283000     -0.8666976500 
 
  



181 
 

BODIPY 12cat C 

B       -0.0004329100     -3.0189278700      0.0024992000 
F        0.0003798200     -3.7981386700      1.1541929100 
F       -0.0015149400     -3.8007390200     -1.1474031700 
N        1.2534020200     -2.0790709600      0.0006041500 
C        2.5248888900     -2.5037602800      0.0005356800 
C        3.3779567800     -1.3591299500      0.0008840700 
C        2.5851712700     -0.2071050200      0.0010793200 
C        1.2302911500     -0.6763525300      0.0006146500 
C       -0.0000871400      0.0015017200     -0.0001062700 
C       -1.2306036100     -0.6760067600      0.0002296000 
C       -2.5853818100     -0.2064255500     -0.0009245000 
C       -3.3784141600     -1.3582065800      0.0008941300 
C       -2.5256352100     -2.5030812000      0.0029040300 
N       -1.2540595100     -2.0787281700      0.0023415300 
C        2.9287121200     -3.9363517300      0.0002072800 
H        2.5261310100     -4.4477993700      0.8805707600 
H        4.0160848100     -4.0250792300     -0.0010199100 
H        2.5240529700     -4.4479418500     -0.8790932900 
C        4.7982533800     -1.3950146100      0.0011844200 
N        5.9627562300     -1.4041705400      0.0014862500 
C        3.1353973000      1.1883081500      0.0019578600 
H        2.8277398900      1.7523521200     -0.8845505700 
H        4.2272284500      1.1542232100      0.0065945900 
H        2.8202626600      1.7540425800      0.8846758200 
C        0.0000126800      1.4969194300      0.0001505700 
C       -0.0008293900      2.1952045900      1.2101869600 
H       -0.0015413000      1.6647700400      2.1525992700 
C       -0.0004038100      3.5866264300      1.1878005900 
O       -0.0004221200      4.3877411800      2.2403606600 
C       -0.0004294500      3.8236229500      3.5763972100 
H       -0.0001784600      4.6850902100      4.2408284700 
H        0.9012595100      3.2262689500      3.7321266800 
H       -0.9023446800      3.2266587000      3.7322539300 
N        0.0001237900      4.2729025000     -0.0026535900 
C        0.0002764300      5.7603630500      0.0372026800 
H        0.0023816900      6.1340214200     -0.9805637000 
H        0.8892147100      6.0992423200      0.5701506400 
H       -0.8906805500      6.0996285400      0.5665680900 
C        0.0004051700      3.5894461300     -1.1954273900 
O        0.0001054300      4.3729614400     -2.2613897000 
C       -0.0002593100      3.7898650700     -3.5890753300 
H       -0.0009508300      4.6422694900     -4.2651399300 
H        0.9018971200      3.1913774300     -3.7373654800 
H       -0.9020572200      3.1906260000     -3.7365437400 
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C        0.0008445600      2.1964893400     -1.2089969500 
H        0.0014207000      1.6637986100     -2.1500300700 
C       -3.1352921900      1.1891003500     -0.0040109600 
H       -2.8214997000      1.7528247000     -0.8884989500 
H       -4.2271325700      1.1552787500     -0.0067702100 
H       -2.8259942300      1.7550193300      0.8807231800 
C       -4.7986943000     -1.3936714200      0.0005826800 
N       -5.9631782000     -1.4024232100      0.0003245900 
C       -2.9298382100     -3.9355427500      0.0049032800 
H       -2.5237794700     -4.4467687900      0.8837451200 
H       -4.0172336900     -4.0239647500      0.0080209700 
H       -2.5289784100     -4.4475663400     -0.8759171600 
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BODIPY 13 A 

B       -0.0001175500     -3.0090849700     -0.0012861300 
F        0.0010476000     -3.8025839600      1.1483286500 
F       -0.0013896800     -3.8024855100     -1.1509715700 
N        1.2529751700     -2.0756486900     -0.0024371500 
C        2.5406719300     -2.4891280500     -0.0029511500 
C        3.4039912000     -1.3631849000     -0.0015551200 
C        2.5751148400     -0.2335839600     -0.0003017400 
C        1.2158273300     -0.6873993500     -0.0012354300 
C       -0.0000404000      0.0138391000     -0.0007948700 
C       -1.2159357300     -0.6874530200     -0.0004133200 
C       -2.5752132300     -0.2334534600     -0.0012547300 
C       -3.4042531300     -1.3630789800     -0.0010393500 
C       -2.5409402000     -2.4891010800     -0.0005442000 
N       -1.2532120700     -2.0756156100     -0.0000817900 
C        2.9288990600     -3.9306329200     -0.0046279600 
H        4.0153993200     -4.0325202100     -0.0072377400 
H        2.5271978900     -4.4422361300      0.8760113700 
H        2.5230791400     -4.4412520500     -0.8839084900 
C        4.9019019800     -1.3897457600     -0.0020913500 
H        5.3081153500     -0.3757399700      0.0139646000 
H        5.2933761100     -1.8932117800     -0.8937296900 
H        5.2936430000     -1.9217325000      0.8725388400 
C        3.0576945500      1.1022510100      0.0027047700 
N        3.5374536000      2.1639335100      0.0055316300 
C       -0.0001539000      1.5066721700     -0.0017920700 
C       -0.0114455800      2.2257440300      1.1980724100 
H       -0.0203747500      1.7161534800      2.1566418800 
C       -0.0111275700      3.6208060400      1.1390472900 
H       -0.0200745000      4.2048156900      2.0564851200 
N       -0.0006388700      4.3159672400     -0.0044552200 
C        0.0101231800      3.6186748200     -1.1466624500 
H        0.0187953000      4.2009456900     -2.0652129400 
C        0.0109281500      2.2235206200     -1.2030343800 
H        0.0200530600      1.7121133300     -2.1606411800 
C       -3.0576509000      1.1024388000     -0.0028978300 
N       -3.5375016700      2.1641306900     -0.0044730700 
C       -4.9021182600     -1.3894728800     -0.0024331300 
H       -5.3082159100     -0.3753573100      0.0135954900 
H       -5.2930356500     -1.8927877900     -0.8944211600 
H       -5.2942280100     -1.9216735100      0.8719192200 
C       -2.9292235000     -3.9305196200     -0.0013070900 
H       -2.5213879600     -4.4432802600      0.8757607000 
H       -4.0157974400     -4.0322838900      0.0032272400 
H       -2.5294875900     -4.4398127600     -0.8841903500  
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BODIPY 13cat A 

B       -0.0001570700     -3.0242141400     -0.0027242100 
F        0.0006127200     -3.8001025800      1.1484106000 
F       -0.0009364200     -3.7988146800     -1.1546843400 
N        1.2607161000     -2.0816374500     -0.0027747200 
C        2.5491459700     -2.4901558500     -0.0030106000 
C        3.4137389400     -1.3544372500     -0.0008537700 
C        2.5800967400     -0.2337027400      0.0004107700 
C        1.2200595200     -0.6966503500     -0.0010931100 
C        0.0002584600     -0.0091436400     -0.0008165600 
C       -1.2198512700     -0.6964969400     -0.0011170300 
C       -2.5798477400     -0.2331684600     -0.0009399400 
C       -3.4138632000     -1.3541144300     -0.0008966800 
C       -2.5492518100     -2.4899772900     -0.0014263800 
N       -1.2607256200     -2.0813444600     -0.0014595900 
C        2.9419982600     -3.9276660700     -0.0052249900 
H        4.0277823000     -4.0302284000     -0.0071707400 
H        2.5386644300     -4.4398841200      0.8746549000 
H        2.5356906300     -4.4379368300     -0.8848283000 
C        4.9100673800     -1.3787225300     -0.0005223600 
H        5.3193710300     -0.3660332000      0.0117839600 
H        5.2998237600     -1.8877910500     -0.8892489400 
H        5.2992582900     -1.9092439800      0.8756816900 
C        2.9981383900      1.1224375800      0.0041118200 
N        3.3155331200      2.2438409500      0.0077748100 
C        0.0000425100      1.4847763800      0.0004722500 
C       -0.0049690600      2.2011502400      1.2056584100 
H       -0.0084786900      1.6902126800      2.1616114900 
C       -0.0055303200      3.5821793800      1.1797028700 
H       -0.0096146900      4.1850787500      2.0800093900 
N       -0.0012176900      4.2548519700      0.0038729200 
C       -0.0067573100      5.7385068100      0.0272319700 
H        0.0285129600      6.1107096700     -0.9950317400 
H        0.8700188000      6.0889553500      0.5744120900 
H       -0.9219455100      6.0833118900      0.5119594700 
C        0.0037588300      3.5869124800     -1.1716135000 
H        0.0071823800      4.1878508400     -2.0723392300 
C        0.0045176700      2.2032802700     -1.2004659400 
H        0.0087065000      1.6960077300     -2.1583407600 
C       -2.9980616400      1.1230445500     -0.0005367700 
N       -3.3149498500      2.2446899800      0.0001304400 
C       -4.9103215400     -1.3781169800     -0.0009800400 
H       -5.3193877500     -0.3652910500      0.0110917300 
H       -5.2997608800     -1.8873112700     -0.8898581300 
H       -5.2996313000     -1.9085094900      0.8753390000 
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C       -2.9423745000     -3.9275730900     -0.0023832100 
H       -2.5329591700     -4.4407355000      0.8741164700 
H       -4.0282567400     -4.0297871500      0.0028913100 
H       -2.5423023100     -4.4366629000     -0.8856454100  
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BODIPY 13 B 

B       -0.0003025900     -4.5189086700     -0.0147696400 
F       -0.0000810200     -5.3230618800      1.1282458700 
F       -0.0006802500     -5.3026261800     -1.1710762400 
N        1.2525355100     -3.5859251100     -0.0054221200 
C        2.5398949200     -4.0003691800     -0.0094795800 
C        3.4037331900     -2.8752521700      0.0058485900 
C        2.5753816200     -1.7448331400      0.0185550100 
C        1.2158453000     -2.1976067300      0.0103978100 
C        0.0000009100     -1.4958758300      0.0145272100 
C       -1.2159811800     -2.1973546300      0.0101738600 
C       -2.5754182000     -1.7442956900      0.0178115800 
C       -3.4039998500     -2.8745286600      0.0054787900 
C       -2.5404088000     -3.9998340100     -0.0091773300 
N       -1.2529613900     -3.5856766800     -0.0050740100 
C        2.9257357700     -5.4424528500     -0.0283631100 
H        4.0120259200     -5.5467748200     -0.0235240800 
H        2.5152382200     -5.9659109200      0.8412026400 
H        2.5260315200     -5.9395994900     -0.9182529400 
C        4.9017689000     -2.9024056600      0.0081941600 
H        5.3082573200     -1.8884094500      0.0185955600 
H        5.2945102200     -3.4117006400     -0.8794718200 
H        5.2918799300     -3.4291118100      0.8868566100 
C        3.0599550300     -0.4099762900      0.0447810900 
N        3.5444450200      0.6491968400      0.0721121200 
C        0.0001366300     -0.0023540000      0.0095047400 
C        0.0000068200      0.7014924400     -1.1984979600 
H       -0.0002286000      0.1882099200     -2.1539142900 
C        0.0001329700      2.0964433800     -1.1333405800 
H        0.0000392400      2.6856336900     -2.0477629000 
N        0.0003006100      2.7895344600      0.0052616200 
C        0.0003423800      2.1100285700      1.1527055100 
O        0.0003548700      2.9068858300      2.2460939800 
C       -0.0004844600      2.3077276700      3.5380056100 
H       -0.0010813700      3.1374290600      4.2453630400 
H        0.8973163800      1.6974063000      3.6958222000 
H       -0.8983950500      1.6972370000      3.6945211800 
C        0.0003350900      0.7047941300      1.2144948100 
H        0.0005270000      0.1730043700      2.1576208400 
C       -3.0597144100     -0.4093271900      0.0429967000 
N       -3.5440100000      0.6499590600      0.0692721600 
C       -4.9020384900     -2.9013553200      0.0074017400 
H       -5.3083044400     -1.8872872600      0.0191410700 
H       -5.2946792300     -3.4092841500     -0.8810925100 
H       -5.2924923300     -3.4292312500      0.8852008700 



187 
 

C       -2.9265730600     -5.4418268300     -0.0280765100 
H       -2.5096169900     -5.9672158800      0.8371646600 
H       -4.0128111500     -5.5460220500     -0.0155389700 
H       -2.5336725000     -5.9370947400     -0.9220993800  



188 
 

BODIPY 13cat B 

B       -0.0000993700     -3.0094949300      0.0094962700 
F        0.0005046300     -3.7716836300      1.1713247200 
F       -0.0006561500     -3.8001636400     -1.1315445100 
N        1.2600166800     -2.0678809200     -0.0006594000 
C        2.5481798000     -2.4768187800     -0.0015008200 
C        3.4126515600     -1.3420356000      0.0000152200 
C        2.5795141000     -0.2201707100      0.0027555000 
C        1.2194905800     -0.6827473300      0.0023565000 
C       -0.0000839300      0.0051442100      0.0047291800 
C       -1.2197509800     -0.6828282900      0.0020362700 
C       -2.5797595200     -0.2201767700      0.0014914800 
C       -3.4130313600     -1.3422852100     -0.0000485500 
C       -2.5484364400     -2.4770151500     -0.0001748400 
N       -1.2602379100     -2.0678462200      0.0002893800 
C        2.9405024500     -3.9145143200     -0.0008605500 
H        4.0262764400     -4.0168962700     -0.0013789500 
H        2.5361135500     -4.4250826400      0.8795443600 
H        2.5349226200     -4.4263523400     -0.8798359700 
C        4.9088764800     -1.3675293200     -0.0003051800 
H        5.3192415400     -0.3552145900      0.0109061900 
H        5.2977313200     -1.8775362600     -0.8887866100 
H        5.2975222400     -1.8980007800      0.8761354400 
C        3.0041738400      1.1342261500      0.0108507700 
N        3.3371673300      2.2510263200      0.0234048800 
C       -0.0001813900      1.4993719300      0.0027420100 
C       -0.0012506700      2.1989365400      1.2041931200 
H       -0.0020981500      1.6713195800      2.1488268900 
C       -0.0010027100      3.5976099400      1.1901749800 
O       -0.0017079200      4.3949761400      2.2447111100 
C       -0.0026005200      3.8316575600      3.5790791700 
H       -0.0029127000      4.6929572700      4.2439856100 
H        0.9004385700      3.2360725100      3.7350278900 
H       -0.9059713300      3.2362765600      3.7339328000 
N        0.0001497900      4.2666898800      0.0010573400 
C        0.0003309600      5.7486827800      0.0112296700 
H        0.0017683900      6.0952912300     -1.0201977100 
H        0.8909034200      6.1057701600      0.5299087700 
H       -0.8915464200      6.1059526300      0.5275250500 
C        0.0011058800      3.5845290400     -1.1749390100 
H        0.0020632500      4.1914613000     -2.0713805300 
C        0.0009931700      2.2109944300     -1.2102241800 
H        0.0018248200      1.6982255200     -2.1643883300 
C       -3.0046469100      1.1341981300      0.0069819600 
N       -3.3375877000      2.2511505100      0.0170029200 
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C       -4.9092240200     -1.3677327200     -0.0006540200 
H       -5.3194521100     -0.3553319400      0.0102002700 
H       -5.2977438200     -1.8780583400     -0.8891446400 
H       -5.2978601800     -1.8980071500      0.8759545600 
C       -2.9406538000     -3.9147470400      0.0015765100 
H       -2.5298171100     -4.4262824300      0.8783988700 
H       -4.0264701700     -4.0169454600      0.0084908600 
H       -2.5413231200     -4.4252084500     -0.8811713600 
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BODIPY 13 C 

B       -0.0000337600     -3.0197954600     -0.0442154400 
F        0.0000531200     -3.8342485600      1.0913054000 
F       -0.0001619300     -3.7935694000     -1.2077440300 
N        1.2526096900     -2.0868392400     -0.0272802500 
C        2.5400938300     -2.5011013100     -0.0317598600 
C        3.4036372500     -1.3760515400     -0.0125375500 
C        2.5752367000     -0.2456393900      0.0029840000 
C        1.2158888000     -0.6984758600     -0.0072122900 
C       -0.0000002600      0.0030334700     -0.0009015100 
C       -1.2159048900     -0.6984688500     -0.0077283800 
C       -2.5752021800     -0.2455716200      0.0016430500 
C       -3.4037130300     -1.3759860200     -0.0138211900 
C       -2.5401310900     -2.5010747600     -0.0322323100 
N       -1.2526691900     -2.0867756400     -0.0273301500 
C        2.9256083400     -3.9431008500     -0.0547046700 
H        4.0118533200     -4.0477775900     -0.0504147000 
H        2.5151246500     -4.4686098400      0.8135932400 
H        2.5253469200     -4.4377896800     -0.9457103300 
C        4.9016766800     -1.4034952500     -0.0092191000 
H        5.3085431800     -0.3896945300      0.0045721100 
H        5.2949271800     -1.9104329100     -0.8979945300 
H        5.2910747700     -1.9328207200      0.8681667800 
C        3.0604126300      1.0890070700      0.0307954400 
N        3.5489789200      2.1463048200      0.0562357300 
C       -0.0000351300      1.4972534000      0.0034427900 
C       -0.0000057800      2.1903866600      1.2150042000 
H       -0.0000647600      1.6556690300      2.1553512400 
C        0.0001086200      3.5963675700      1.1452079400 
O        0.0002141100      4.3966557600      2.2356681500 
C        0.0004700700      3.8011530100      3.5297608100 
H        0.0006979300      4.6336075100      4.2339740500 
H        0.8982407700      3.1913273100      3.6886248300 
H       -0.8973315800      3.1914726300      3.6890605500 
N        0.0001007600      4.2707443000      0.0015554100 
C        0.0000645100      3.5952340300     -1.1413566900 
O        0.0000092500      4.3943614600     -2.2330610400 
C       -0.0001656300      3.7978718000     -3.5266942700 
H       -0.0002706200      4.6297863000     -4.2315553500 
H        0.8975151600      3.1879015400     -3.6858244100 
H       -0.8978940700      3.1878975800     -3.6855709100 
C        0.0000725800      2.1894581700     -1.2093176700 
H        0.0000878000      1.6533414000     -2.1489343200 
C       -3.0605403000      1.0889888000      0.0284514600 
N       -3.5488340200      2.1464949900      0.0528582800 
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C       -4.9017367100     -1.4033457300     -0.0113348100 
H       -5.3085420700     -0.3895229500      0.0036337800 
H       -5.2944024300     -1.9090543200     -0.9010849000 
H       -5.2914821500     -1.9339009800      0.8651612600 
C       -2.9257389500     -3.9430251200     -0.0554377800 
H       -2.5088881600     -4.4703222700      0.8086592100 
H       -4.0119505100     -4.0477322200     -0.0437653400 
H       -2.5318740400     -4.4355342300     -0.9505593600 
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BODIPY 13cat C 

B        0.0000549400     -3.0109618600     -0.0010998800 
F        0.0006632300     -3.7886721400      1.1501752700 
F       -0.0004864000     -3.7880947700     -1.1527000500 
N        1.2598662600     -2.0695221000     -0.0012004900 
C        2.5481947900     -2.4787659600     -0.0009925200 
C        3.4122850800     -1.3443534100      0.0008359600 
C        2.5789101900     -0.2220216000      0.0015945700 
C        1.2190257900     -0.6840082500      0.0001545300 
C       -0.0001788900      0.0050917500      0.0002327900 
C       -1.2192705300     -0.6841810600     -0.0001745400 
C       -2.5792117100     -0.2223990700      0.0003835400 
C       -3.4124224500     -1.3448367500      0.0007738300 
C       -2.5481594400     -2.4791243700      0.0002855700 
N       -1.2599166200     -2.0696855300     -0.0002848100 
C        2.9409206500     -3.9167526300     -0.0022177900 
H        4.0268717300     -4.0187447300     -0.0038304200 
H        2.5378086200     -4.4286510600      0.8779055200 
H        2.5352266900     -4.4279117700     -0.8815478600 
C        4.9088972300     -1.3688050300      0.0015011700 
H        5.3178214800     -0.3558878600      0.0119801400 
H        5.2991900300     -1.8794145000     -0.8861320500 
H        5.2982163200     -1.8974824800      0.8788217200 
C        3.0077947200      1.1310067500      0.0046025200 
N        3.3530001700      2.2441693500      0.0077191500 
C       -0.0002763700      1.5004557200      0.0018779400 
C       -0.0008502100      2.1923479900      1.2129658600 
H       -0.0012976000      1.6631214000      2.1552494500 
C       -0.0007368300      3.5827135400      1.1891864500 
O       -0.0010561100      4.3844596000      2.2422819100 
C       -0.0009198400      3.8203770100      3.5745979500 
H       -0.0007477700      4.6809655900      4.2405305200 
H        0.9015891000      3.2238608400      3.7304573400 
H       -0.9034846500      3.2240158600      3.7307313200 
N       -0.0002868500      4.2669615200      0.0008794400 
C       -0.0002419400      5.7526219600      0.0429540000 
H        0.0016724100      6.1282313400     -0.9739711700 
H        0.8900521700      6.0885999800      0.5754863200 
H       -0.8924307000      6.0888368600      0.5722025700 
C       -0.0000111200      3.5873119500     -1.1906125400 
O       -0.0000171600      4.3726296100     -2.2563150000 
C       -0.0005077300      3.7905844300     -3.5806990100 
H       -0.0011787800      4.6425871200     -4.2576326000 
H        0.9023105600      3.1928058500     -3.7297488500 
H       -0.9030661400      3.1921734400     -3.7287726500 
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C        0.0002260600      2.1953530800     -1.2073265700 
H        0.0006548600      1.6649938700     -2.1488551800 
C       -3.0083276300      1.1305445900      0.0008470700 
N       -3.3536028100      2.2436743600      0.0014242100 
C       -4.9090105000     -1.3694699500      0.0011516300 
H       -5.3180752300     -0.3566094200      0.0113016000 
H       -5.2990442500     -1.8803751200     -0.8864164700 
H       -5.2983737900     -1.8979803800      0.8785465700 
C       -2.9406934900     -3.9171568300      0.0001231400 
H       -2.5311940200     -4.4301826600      0.8765645200 
H       -4.0266131900     -4.0192763900      0.0059176200 
H       -2.5412512000     -4.4270090000     -0.8828873000 
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BODIPY 1cat A S1 

B        0.0000080300     -2.7654107400     -0.0012167100 
F        0.0040838200     -3.5433553100      1.1440795200 
F       -0.0040441000     -3.5467067400     -1.1441731900 
N        1.2365766700     -1.8216777000     -0.0064081300 
C        2.5095854500     -2.2247762700     -0.0079406500 
C        3.3679937700     -1.0792028200     -0.0027840600 
C        2.5943919100      0.0431981800      0.0035777700 
C        1.2052524100     -0.4289344700      0.0004556600 
C       -0.0001306300      0.2816139300      0.0014897500 
C       -1.2054682300     -0.4290129500     -0.0008842100 
C       -2.5946458900      0.0430079400     -0.0056701500 
C       -3.3681395600     -1.0794784200     -0.0041047600 
C       -2.5096210200     -2.2249955100      0.0003076100 
N       -1.2366606000     -1.8217664700      0.0010761200 
C        2.9074895400     -3.6481153600     -0.0111958600 
H        3.9919061000     -3.7478288600     -0.0236357300 
H        2.5018213600     -4.1525267300      0.8719855900 
H        2.4799695500     -4.1564545700     -0.8814340400 
H        4.4478533000     -1.1240813400     -0.0025728900 
C        3.0988282400      1.4448558200      0.0132711100 
H        4.1897983600      1.4411780000      0.0224613400 
H        2.7605757900      1.9977562700     -0.8652929200 
H        2.7454545300      1.9910294500      0.8899742600 
C       -0.0001750600      1.7633025200      0.0012451200 
C       -0.0197097200      2.5125251100      1.2104973400 
H       -0.0355062500      2.0150606100      2.1738092900 
C       -0.0188506600      3.8717714100      1.1932221200 
H       -0.0333376700      4.4687663500      2.0953693000 
N        0.0011704900      4.5790363200     -0.0021574900 
C        0.0000306100      6.0317150400      0.0262682300 
C        0.0195217700      3.8725609800     -1.1923949000 
H        0.0340622000      4.4662656400     -2.0964881900 
C        0.0194733200      2.5134893700     -1.2117167900 
H        0.0346102700      2.0172546200     -2.1752664400 
C       -3.0992406300      1.4446405500     -0.0130380500 
H       -2.7414170300      1.9938639500     -0.8860484300 
H       -4.1901534900      1.4408030600     -0.0277085900 
H       -2.7657312600      1.9945889200      0.8691532700 
H       -4.4479921800     -1.1244812500     -0.0066229200 
C       -2.9073944800     -3.6483683100      0.0024505200 
H       -2.4785326400     -4.1575599900      0.8715148100 
H       -3.9917785900     -3.7482154100      0.0164073100 
H       -2.5029555300     -4.1518318600     -0.8818533100 
H        0.0214710600      6.4135462800     -0.9938483700 
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H        0.8797219000      6.4088259000      0.5562608900 
H       -0.9011296400      6.4087234500      0.5190537300 
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BODIPY 12cat A S1 
B       -0.0000335400     -3.0585871400      0.0008240100 
F       -0.0015591500     -3.8174720300      1.1519888800 
F        0.0012636000     -3.8358816400     -1.1378594400 
N        1.2396146300     -2.1088111800     -0.0048953600 
C        2.5031603500     -2.5200695000     -0.0072106900 
C        3.3622018600     -1.3604646000     -0.0080127500 
C        2.5842266000     -0.2308715400     -0.0054844100 
C        1.2059639900     -0.7119614000     -0.0033093200 
C        0.0003736300      0.0003515000     -0.0018506000 
C       -1.2054013900     -0.7115909200     -0.0035534400 
C       -2.5835801900     -0.2301786600     -0.0037716600 
C       -3.3618572000     -1.3595901500     -0.0083822200 
C       -2.5030532700     -2.5194184200     -0.0101546000 
N       -1.2394208300     -2.1084640400     -0.0079267700 
C        2.9139167300     -3.9368552100     -0.0074007500 
H        2.5006175600     -4.4442413500      0.8707889700 
H        3.9992235100     -4.0290436700     -0.0086293700 
H        2.4983433900     -4.4449449000     -0.8840359900 
C        4.7828403800     -1.4226852600     -0.0110748000 
N        5.9379146500     -1.4818796300     -0.0136096100 
C        3.0907290500      1.1668454800     -0.0053200500 
H        2.7329623600      1.7157334600     -0.8785704000 
H        4.1814056200      1.1663336300     -0.0135341600 
H        2.7469002600      1.7102371600      0.8770536700 
C        0.0008549200      1.4798692400     -0.0034093400 
C        0.0042223500      2.2307566300      1.2064110400 
H        0.0060024000      1.7372961400      2.1717573100 
C        0.0048497400      3.5901714600      1.1840506900 
H        0.0062876500      4.1889836400      2.0852795600 
N        0.0038268600      4.2944325000     -0.0118898900 
C        0.0024038800      5.7489299200      0.0135391000 
H        0.0276726100      6.1289659700     -1.0068278300 
H        0.8805276600      6.1250599100      0.5457856200 
H       -0.8997471800      6.1266202900      0.5034185500 
C       -0.0030226300      3.5869546800     -1.2000673700 
H       -0.0072835800      4.1790674900     -2.1054779300 
C       -0.0040152500      2.2274429900     -1.2196771300 
H       -0.0085838000      1.7316357700     -2.1833952200 
C       -3.0897246700      1.1676650400     -0.0000920500 
H       -2.7397792400      1.7155244800     -0.8772681200 
H       -4.1804411200      1.1674445400      0.0012335800 
H       -2.7377045900      1.7119497000      0.8783921600 
C       -4.7825379300     -1.4213337200     -0.0105175400 
N       -5.9376217900     -1.4802030200     -0.0122978500 
C       -2.9141596000     -3.9361223900     -0.0129003100 
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H       -2.4980359700     -4.4462784600      0.8623200100 
H       -3.9995021000     -4.0280527500     -0.0110086600 
H       -2.5016606800     -4.4416704200     -0.8925045600  
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Table A1. Neutral BODIPY S1 & S2 vertical excitation energies (eV), oscillator 
strengths (f, arbitrary units), and predominant transition character. 

BODIPY 
S1 S2 

VEE f Trans. VEE f Trans. 

1 A 2.9516 0.54521 H → L 3.8194 0.04981 H-1 → L 

2 A 2.8528 0.46647 H → L 3.7053 0.11664 H-1 → L 

3 A 2.8410 0.56555 H → L 3.6804 0.10418 H-1 → L 

4 A 2.8391 0.60547 H → L 3.6723 0.10265 H-1 → L 

5 A 2.8184 0.67417 H → L 3.6347 0.10608 H-2 → L 

6 A 2.9702 0.65842 H → L 3.8638 0.03097 H-1 → L 

7 A 2.9112 0.67590 H → L 3.7393 0.06654 H-1 → L 

8 A 2.9556 0.78414 H → L 3.7924 0.00000 
H-1 → L/L+2, 
H-3 → L+4 * 

9 A 2.9747 0.80393 H → L 3.9064 0.01036 H-1 → L 

10 A 2.9554 0.68269 H → L 3.7612 0.03511 H-1 → L 

11 A 3.0202 0.66837 H → L 3.9379 0.02004 H-1 → L 

12 A 2.9337 0.71577 H → L 3.7914 0.04127 H-1 → L 

* 24%/44% carbonyl transition to pyridinium and 27% BODIPY H-1 to virtual carbonyl 
orbital. 
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Table A2. Calculated TDDFT/B3LYP vertical excitation energies (eV), oscillator strengths 
(f, x10-4 arbitrary units), and predominant transition character for specified BODIPYs. 

 

S1 S2 S3 

VEE f Trans. VEE f Trans. VEE F Trans. 

1cat A 
1.098

7 
1.
0 

H → L 
2.111

7 
1.1 H → L+1 

2.284
0 

0.0 H-1 → L 

2cat A 
1.153

6 
1.
0 

H → L 
2.166

1 
201.

4 
H → L+1 

2.254
7 

0.0 H-1 → L 

3cat A 
1.140

9 
1.
1 

H → L 
2.148

9 
173.

7 
H → L+2 

2.161
1 

0.3 H-1 → L 

11cat 
A 

1.439
1 

0.
5 

H → L 
2.443

5 
133.

8 
H → L+2 

2.644
6 

0.1 H-1 → L 

12cat 
A 

1.467
2 

0.
5 

H → L 
2.468

1 
143.

9 
H → L+2 

2.473
3 

0.1 H-1 → L 

 

Table A2. Continued 

 

S4 S5 

VEE f Trans. VEE f Trans. 

1cat A 
2.470

4 
0.1 H-2 → L 

2.907
6 

4837.8 H → L+2 

2cat A 
2.399

1 
0.5 H-2 → L 

2.738
6 

3313.0 H → L+2 

3cat A 
2.245

9 
0.8 H-2 → L 

2.638
8 

3810.0 H → L+1 

11cat 
A 

2.813
8 

0.1 H-2 → L 
2.946

5 
6299.7 H → L+1 

12cat 
A 

2.596
5 

0.1 H-2 → L 
2.748

4 
5555.1 H → L+1 

Orbitals in red indicate the LUMOBDP. 

 
 
 

Table A3. Pyridinium Orbital Energies (eV).  

Compound ε
HOMO

 ε
LUMO

 

N-MePy
+
 -14.217 -5.567 

2-OMe-N-MePy
+
 -13.013 -5.058 

2,6-DiOMe-N-MePy
+
 -12.269 -4.570 

 

  



200 
 

Table A4. Calculated Cationic Py’-BODIPY S1 & S2 excitation energies (eV), oscillator 
strengths (f, arbitrary units), and predominant transition character. 

BODIPY 
S1 S2 

VEE f Trans. VEE f Trans. 

1cat A 1.9148 0.00024 H → L 2.8746 0.55350 H → L+1 

1cat B 2.2445 0.00093 H → L 2.8766 0.54686 H → L+1 

1cat C 2.5725 0.00019 H → L 2.8823 0.54100 H → L+1 

12cat A 2.3255 0.00008 H → L 2.8084 0.72367 H → L+1 

12cat B 2.6684 0.00105 H → L 2.8169 0.71620 H → L+1 

12cat C 2.8280 0.71071 H → L 3.0143 0.00026 H → L+1 

13cat A 2.5747 0.62108 H → L 2.9304 0.00008 H → L+1 

13cat B 2.5793 0.61379 H → L 3.2421 0.00099 H → L+1 

13cat C 2.5832 0.60579 H → L 3.5514 0.00099 H → L+1 
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Figure A.1.  1H NMR spectra of 3A in CDCl3. 

 
Figure A.2.  13C NMR spectra of 3A in CDCl3.   
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Figure A.3.  1H NMR spectra of 3catA in DMSO-d6. 

 
Figure A.1.  13C NMR spectra of 3catA in DMSO-d6.   
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Appendix B. Supporting Information for Chapter 3 

 
Figure B.2.  1H NMR of 4A in CDCl3. 

 
Figure B.3.  13C NMR of 4A in CDCl3. 
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Figure B.4.  1H NMR of 4catA in MeOD. 

 
Figure B.5.  1H NMR of 5A in CDCl3.   
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Figure B.6.  13C NMR of 5A in CDCl3. 

 
Figure B.7.  1H NMR of 5catA in MeOD. 
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Figure B.8.  1H NMR of 6A in CDCl3. 

 
Figure B.9.  13C NMR of 6A in CDCl3.  
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Figure B.10.  1H NMR of 6catA in MeOD.   

 
Figure B.11.  1H NMR of N-Benzyl-3-(benzylamino)but-2-enamide (32) in CDCl3. 
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Figure B.12.  1H NMR of 3-benzylamidepyrrole (34) in CDCl3. 

 
Figure B.13.  13C NMR of 3-benzylamidepyrrole (34) in CDCl3. 
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Figure B.14.  1H NMR of N,N-dibenzylacetoacetamide (35) in CDCl3. 

 
Figure B.15.  13C NMR of N,N-dibenzylacetoacetamide (35) in CDCl3. 
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Figure B.16.  1H NMR of orthogonally protected diester pyrrole 38 in CDCl3. 

 
Figure B.17.  13C NMR of orthogonally protected diester pyrrole 38 in CDCl3.    
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Appendix C. Supporting Information for Chapter 4 

Optimized Cartesian coordinates for modeled BODIPY dyes 
BODIPY 4–Py+ S1         CAM-B3LYP/6-31+G** 

B        0.0000080300     -2.7654107400     -0.0012167100 
F        0.0040838200     -3.5433553100      1.1440795200 
F       -0.0040441000     -3.5467067400     -1.1441731900 
N        1.2365766700     -1.8216777000     -0.0064081300 
C        2.5095854500     -2.2247762700     -0.0079406500 
C        3.3679937700     -1.0792028200     -0.0027840600 
C        2.5943919100      0.0431981800      0.0035777700 
C        1.2052524100     -0.4289344700      0.0004556600 
C       -0.0001306300      0.2816139300      0.0014897500 
C       -1.2054682300     -0.4290129500     -0.0008842100 
C       -2.5946458900      0.0430079400     -0.0056701500 
C       -3.3681395600     -1.0794784200     -0.0041047600 
C       -2.5096210200     -2.2249955100      0.0003076100 
N       -1.2366606000     -1.8217664700      0.0010761200 
C        2.9074895400     -3.6481153600     -0.0111958600 
H        3.9919061000     -3.7478288600     -0.0236357300 
H        2.5018213600     -4.1525267300      0.8719855900 
H        2.4799695500     -4.1564545700     -0.8814340400 
H        4.4478533000     -1.1240813400     -0.0025728900 
C        3.0988282400      1.4448558200      0.0132711100 
H        4.1897983600      1.4411780000      0.0224613400 
H        2.7605757900      1.9977562700     -0.8652929200 
H        2.7454545300      1.9910294500      0.8899742600 
C       -0.0001750600      1.7633025200      0.0012451200 
C       -0.0197097200      2.5125251100      1.2104973400 
H       -0.0355062500      2.0150606100      2.1738092900 
C       -0.0188506600      3.8717714100      1.1932221200 
H       -0.0333376700      4.4687663500      2.0953693000 
N        0.0011704900      4.5790363200     -0.0021574900 
C        0.0000306100      6.0317150400      0.0262682300 
C        0.0195217700      3.8725609800     -1.1923949000 
H        0.0340622000      4.4662656400     -2.0964881900 
C        0.0194733200      2.5134893700     -1.2117167900 
H        0.0346102700      2.0172546200     -2.1752664400 
C       -3.0992406300      1.4446405500     -0.0130380500 
H       -2.7414170300      1.9938639500     -0.8860484300 
H       -4.1901534900      1.4408030600     -0.0277085900 
H       -2.7657312600      1.9945889200      0.8691532700 
H       -4.4479921800     -1.1244812500     -0.0066229200 
C       -2.9073944800     -3.6483683100      0.0024505200 
H       -2.4785326400     -4.1575599900      0.8715148100 
H       -3.9917785900     -3.7482154100      0.0164073100 
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H       -2.5029555300     -4.1518318600     -0.8818533100 
H        0.0214710600      6.4135462800     -0.9938483700 
H        0.8797219000      6.4088259000      0.5562608900 
H       -0.9011296400      6.4087234500      0.5190537300 
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BODIPY 3–Py+ S1 

B        0.0000688000     -3.0468874600     -0.0054786700 
F        0.0006099600     -3.8230138100      1.1412442900 
F       -0.0005384500     -3.8310272300     -1.1466549000 
N        1.2347063600     -2.1025204400     -0.0106910200 
C        2.5102802500     -2.5081588200     -0.0349732200 
C        3.3678113400     -1.3663255500     -0.0357981400 
C        2.5939187000     -0.2425410000     -0.0088919300 
C        1.2065108500     -0.7127226700      0.0083405600 
C        0.0001445000     -0.0037278500      0.0253022400 
C       -1.2062489400     -0.7126705300      0.0087953400 
C       -2.5936260800     -0.2423933500     -0.0085777900 
C       -3.3675940700     -1.3661153800     -0.0360804800 
C       -2.5101148500     -2.5080239200     -0.0354275600 
N       -1.2345346000     -2.1024740800     -0.0102868900 
C        2.9096425300     -3.9312624600     -0.0580412200 
H        3.9946617400     -4.0235406200     -0.0751230400 
H        2.5103234700     -4.4518187000      0.8187288800 
H        2.4840615100     -4.4301399800     -0.9347151200 
H        4.4472857500     -1.4125352700     -0.0581187500 
C        3.0814240100      1.1608674900     -0.0101018100 
H        4.1719955000      1.1784821000     -0.0201938600 
H        2.7105015700      1.7057044900     -0.8821174900 
H        2.7300143200      1.7022149800      0.8714342500 
C        0.0000752900      1.4969042000      0.0004811100 
C        0.0004386600      2.1761652200     -1.2370415600 
H        0.0008655800      1.6413887200     -2.1755206300 
C        0.0000516600      3.5994535000     -1.1971484200 
H        0.0003126600      4.1771443800     -2.1136799600 
C       -0.0005997600      4.2629036000     -0.0130580000 
H       -0.0008609100      5.3426120400      0.0550021800 
N       -0.0007199200      3.5795852200      1.1946516400 
C       -0.0026088300      4.2836083300      2.4650079900 
H        0.0003463900      5.3570275800      2.2801527900 
H        0.8856990900      4.0317869600      3.0521841900 
H       -0.8950670700      4.0358476500      3.0476562700 
C       -0.0005957700      2.1913020800      1.1801448800 
H       -0.0010967100      1.7115600300      2.1507382400 
C       -3.0809825400      1.1610602600     -0.0093897300 
H       -2.7096032500      1.7061977800     -0.8810143900 
H       -4.1715463400      1.1788376700     -0.0199428200 
H       -2.7298360400      1.7019979200      0.8725136600 
H       -4.4470814900     -1.4122151000     -0.0584973300 
C       -2.9095552100     -3.9310523200     -0.0618370500 
H       -2.4884518300     -4.4611102600      0.7986491400 
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H       -3.9946705200     -4.0235983900     -0.0546899100 
H       -2.5059125300     -4.4199636900     -0.9546183300 
 
  



215 
 

BODIPY 2–Py+ S1 

B       -0.0001309000     -3.0590185000     -0.0023945400 
F       -0.0005208000     -3.8267526300      1.1491140000 
F        0.0001901500     -3.8453640000     -1.1395836900 
N        1.2382038400     -2.1138838500     -0.0070570600 
C        2.5128474900     -2.5134237400     -0.0170884000 
C        3.3692556500     -1.3642453800     -0.0040312000 
C        2.5935767700     -0.2440750400      0.0106963700 
C        1.2058571700     -0.7222492700      0.0071037800 
C       -0.0001039800     -0.0174035300      0.0164310700 
C       -1.2060523000     -0.7222109400      0.0056279600 
C       -2.5938511600     -0.2440133000      0.0068008200 
C       -3.3695143500     -1.3642242000     -0.0098063900 
C       -2.5130356600     -2.5134241300     -0.0216169900 
N       -1.2384368600     -2.1138724200     -0.0087149100 
C        2.9137805600     -3.9350380200     -0.0368982500 
H        3.9983594800     -4.0334895100     -0.0409056600 
H        2.4996376300     -4.4539967200      0.8340675200 
H        2.4952948700     -4.4306551800     -0.9191864000 
H        4.4493473200     -1.4070696900     -0.0077869700 
C        3.0849989400      1.1623714600      0.0266552500 
H        4.1750852000      1.1703984000      0.0664678300 
H        2.7657003000      1.7063426600     -0.8645789100 
H        2.7039532300      1.7143340600      0.8882354800 
C       -0.0001425400      1.4691200700      0.0092457200 
C        0.0005068700      2.1878142900     -1.1670746800 
H        0.0011847900      1.6330238400     -2.0999781900 
C        0.0002082200      3.5777130800     -1.1870916400 
H        0.0007459400      4.1272491700     -2.1173235000 
C       -0.0010248100      4.2476636200      0.0750513900 
H       -0.0015769600      5.3292461900      0.1318546400 
C       -0.0015804300      3.5399315100      1.2304074200 
H       -0.0025585500      4.0138689600      2.2030379300 
N       -0.0007686900      2.1477460500      1.2476184100 
C       -0.0023206800      1.4342786600      2.5090613500 
H       -0.0010928400      2.1569732100      3.3240065500 
H        0.8845035200      0.8019240000      2.6202515300 
H       -0.8914699100      0.8050559700      2.6200376200 
C       -3.0853789100      1.1624343900      0.0224782200 
H       -2.7642288400      1.7068939200     -0.8677995300 
H       -4.1755587400      1.1703777800      0.0600481500 
H       -2.7061430900      1.7139241100      0.8851821800 
H       -4.4496161800     -1.4070317200     -0.0155459400 
C       -2.9139664100     -3.9349846200     -0.0455923000 
H       -2.4795882900     -4.4636868600      0.8092086300 
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H       -3.9983775800     -4.0338043500     -0.0271855600 
H       -2.5161194600     -4.4202418000     -0.9433481000 
  



217 
 

 
Figure C.1:  Enlarged side view of S1 optimized structures LUMO+1. 
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Figure C.18:  1H NMR of 3-Py in CDCl3. 

 
Figure C.3:  13C NMR of 3-Py in CDCl3. 
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Figure C.19:  1H NMR of 3-Py+ in DMSO-d6. 

 
Figure C.20:  13C NMR of 3-Py+ in DMSO-d6. 
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Figure C.21:  1H NMR of 2-Py in CDCl3. 

 
Figure C.22:  13C NMR of 2-Py in CDCl3. 
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Figure C.23.  1H NMR of 2-Py+ in DMSO-d6. 

 
Figure C.24.  13C NMR of 2-Py+ in DMSO-d6.  
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