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Abstract 

The energy crisis is a major problem the world is currently facing with many scientists working 

on ways to solve it.  The development of new renewable energy resources has been studied 

extensively in recent years with intense interest in the development of new solar cell devices. This 

research has led to the development of new third generation photovoltaic devices such as dye-

sensitized, organic, perovskite, and quantum dot solar cells.  The research explored here focused 

on the development of new boron azadipyrromethane (aza-BODIPY) and boron dipyrromethane 

(BODIPY) dyes for use in organic and dye sensitized solar cells.  The reason for using aza-

BODIPY and BODIPY dyes is due to their high absorptivity and fluorescence quantum yields.  

We designed and synthesized four different types of aza-BODIPY and BODIPY compounds 

starting with β-pyrrolic dipyrene aza-BODIPYs, followed by α-pyrrolic pyrene BODIPYs, third 

was a ferrocene-BODIPY-C60 fullerene triad, and the final design was a dipyridine BODIPY.  

These compounds were studied using UV-vis and steady-state fluorescence spectroscopy as well 

as X-ray crystallography.  In order to investigate the interaction between donors and acceptors 

both absorption and fluorescence titration experiments along with transient absorption 

spectroscopy was also conducted.  The goal was to determine what type of architecture works best 

for the formation of supramolecular arrays between donors and acceptors: non-covalent, covalent, 

or coordination.  The results of the experiments with dipyrene aza-BODIPY and BODIPY 

compounds showed that non-covalent interaction occurred between our dyes and nanocarbon 

material in the solid state with stronger interactions occurring with graphene and single walled 

carbon nanotubes.  The ferrocene-BODIPY-C60 triad complexes revealed that rapid excited state 

deactivation caused by catechol bridging group can be subverted via rapid charge transfer from 

ferrocene to the BODIPY thus extending its excited state lifetime.  Dipyridine BODIPY acceptors 

were able to successfully mimic pyridine C60 acceptors and form charge separated states with zinc 

tetra-tertbutyl phthalocyanine via coordination of pyridine linking group to the metal center.  Since 

photoinduced electron transfer was only seen in our coordination complexes, this has become our 

preferred architecture for the preparation of light harvesting devices.   
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Chapter 1 

Introduction 

Solar Energy  

One of the greatest problems the World is currently facing can be summed up best by a 

quote from Nobel prize winner Richard Smalley, “After a little bit of conversation in any group of 

American citizens, and probably any group of citizens in the world, I believe you will find that 

pretty much everyone will agree that energy is the single most important problem”.1 This energy 

crisis is due to increasing energy demand, dependence on non-renewable resources such as fossil 

fuels, and an increasing World population.  It is estimated that energy consumption will increase 

by 20-35% from the years 2010 to 2035 according to the international energy agency.2 The 

increasing energy demand is a problem, because most of the World’s current energy production 

comes from fossil fuels which are not only a finite resource, but also cause serious harm to our 

environment. 

 When fossil fuels such as coal, oil, and natural gas are combusted they release CO2 into 

our environment.  Carbon dioxide along with other heat absorbing gases linger in the atmosphere 

and act as an insulator for thermal energy. These gases act as a barrier to heat radiation and prevents 

it from passing back through the atmosphere into space.  This is commonly referred to as the 

greenhouse effect.3  If the concentration of greenhouse gases in the atmosphere continues to 

increase it will substantially change how much heat energy is absorbed and will have a long lasting 

effect on the climate of the planet.  This means if we want to continue energy production at this 

scale we will not only need to find a renewable energy source, but one that is less impactful on our 

environment. 

 Many avenues have been pursued for finding the best renewable energy source to replace 

the use of fossil fuels such as wind, hydroelectric, geothermal, biofuels, and solar energy.  The 

solution will most likely be contribution from all these renewable sources.  The one major problem 

that many of these renewable energy sources have is that they struggle to produce the quantity 

needed to meet the energy demand.4  The amount of energy produced by all renewable energy 

sources in 2011 was estimated to be about 19% of the total energy being consumed.5  This means 
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that at least one of these renewable energy sources production would need to be increased 

drastically to meet the World’s energy demand.  A promising candidate for this is solar energy.  

The reason for this is because the total amount of solar irradiation per year on the Earth’s surface 

equals roughly 10000 times the World’s yearly energy needs.6  This means even if we can gather 

only a small fraction of this energy it would be enough to meet the World’s needs.  However 

additional technological advances will need to happen for this to be an economically viable option.   

 The most developed and well-known area of photovoltaic devices for energy production 

are silicon-based solar cells.  Since the very first silicon solar cell with efficiencies lower than 1% 

was made advances in the field have led to efficiencies of 25%.7  However even with these strides 

in the field of photovoltaic devices the generation cost of these devices are still not competitive 

with conventional energy sources for it to become widely commercialized.  Many strategies have 

been employed to achieve this such as thinning down crystalline silicon to reduce material cost as 

well as using thin films of more highly absorbent material.  The problem is that all of these ideas 

lead to lower efficiencies so further techniques would also need to be developed to retain desired 

efficiencies well keeping the cost down.  An alternative to silicon solar cells that has garnered a 

lot of interest in recent years are the series of third generation photovoltaic devices.   

Third generation solar devices 

 Third generation thin film photovoltaic devices are perovskite, quantum dot, organic, and 

dye sensitized solar cells.  They have desirable properties over their silicon counterparts such as 

mechanical flexibility, low temperature processing, and abundance of cheap organic material all 

allowing for reduced production costs.  The problems of third generation solar cells vary between 

each one with some suffering from lower efficiencies while others have poor stability and life 

times compared to silicon devices.  However the field of these thin film photovoltaic devices is 

still relatively new. With the wide range of molecules and possibilities of chemical modifications 

with these organic based compounds there are still many unexplored avenues of research that could 

lead to the desired efficiencies needed for these devices to become commercially viable.  Here I 

will attempt to give a broad overview of third generation perovskite and quantum dot solar cells. 

 Perovskite based photovoltaic devices consist of a compound that has a perovskite based 

crystal structure that is usually an organic-inorganic lead or tin halide substance that absorbs light 
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and acts as a charge carrier conductor.  They typically have a chemical formula ABX3 were A and 

B are cations and X is an anion.8  Figure 1.1 depicts the crystal structure of a typical perovskite 

were the anions are mobile and can wander due to vacancies in the crystal.9   

 

Figure 1.1: Cubic perovskite crystal structure63 

This crystal structure provides favorable properties such as greater charge-carrier mobility, longer 

exciton diffusion length, and low exciton binding energy compared to the organic based 

photovoltaic devices.10  Excitons consist of a bound electron and electron hole pair an example 

being when an electron is excited via absorption.  Perovskites having high excition diffusion and 

exciton binding allows for speration of the electron and electron hole pair which result in better 

efficiency.  Perovskites also still maintain high light absorptivity and easily tunable bandgaps 

which have allowed them to achieve power conversion efficiencies higher than 20% making them 

a promising alternative to silicon based solar cells.  A schematic for typical perovskite solar cell 

can be seen in Figure 1.2   

 

Figure 1.2: Schematic for basic perovskite solar cell. ETM: electron transport material HTM: hole-

transport material 
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The major issue with these devices is their stability in the presence of moisture.  Perovskites 

are prone to hydrolysis when moisture is introduced due to their hygroscopic nature resulting in 

cell lifetimes far shorter than feasible for industrial applications.  An additional problem with 

perovskite materials is the toxicity of the heavy metals present in the perovskite crystals.11, 12  This 

can become an even larger problem when the perovskites degrade as they form harmful compounds 

containing heavy metals such as lead.13 

 Colloidal quantum dots are semiconductor nanocrystals that are chemically prepared with 

diameters less than twice the Bohr radius.14  The energy levels and thus the bandgap of these 

quantum dots become tunable by changing their size.  Sizes of the quantum dots are typically 

controlled by varying the temperature or reaction time of the synthesis.  This means various 

bandgaps can be achieved without changing the material or using different construction 

techniques.15  This unique property allows them to reach a wide range of wavelengths especially 

into the near infrared spectrum.  These devices can also be assembled using a solution processing 

method.   

 

Figure 1.3: Schematic for general quantum dot solar cell  
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These properties have garnered quantum dot photovoltaic devices a lot of attention since they all 

help drive down the cost of production while maintaining efficiencies.16 

 The disadvantages of colloidal quantum dot devices are toxicity, stability, and electronic 

trap states.  Electronic trap states are when electrons or electron holes become stuck inside defects 

in the material that require much more energy to remove then they have resulting in localized 

electronic states which leads to a lower efficiency. Quantum dots are commonly made using copper 

indium gallium selenide, cadmium telluride, lead selenide, and lead sulfide.  These compounds all 

have some level of toxicity and due to degradation in air these toxic compounds would find their 

way into the environment.  The performance of these cells is also affected by electronic trap states 

that occur from surface defects on the quantum dots that then trap electrons or their hole pairs 

leading to reduced efficiencies.   

 Since perovskite and quantum dot based photovoltaic devices both suffer from poor 

stability and contain toxic chemicals that can leach into the environment they appear to be less 

promising replacements for silicon solar cells.  Organic and dye sensitized solar cells however are 

more promising as they don’t suffer from the same stability and toxicity problems while with 

clever design can still be able to achieve high efficiencies.  Here I will go into a more in depth 

explanation on the development of organic and dye sensitized solar cells.   

Design of Organic and Dye Sensitized Photovoltaic Devices 

The basis of a photovoltaic device is to convert energy from the sun in the form of light 

into electrical energy that we can use.  The intensity of light from the sun that reaches the earth 

just before it reaches our atmosphere is known as the solar constant with a value of 1353 W/m2. 

As the solar radiation passes through our atmosphere it experiences light scattering and absorption. 

This changes the spectrum and intensity of the solar radiation at the Earth’s surface with a total 

value scaled to 1000 W/m2  (Figure 1.4).  A light absorbing material is used to capture this energy 

which is then converted into electricity.17  
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Figure 1.4: Solar spectrum outside the earth’s atmosphere AM0 and average solar spectrum 

accounting for atmospheric interference AM1.566   

 Organic photovoltaic devices use carbon-based molecules with semiconducting properties 

as their light absorbing material.   These semiconducting molecules all belong to a class of planar 

aromatic compounds that have delocalization of their π electrons across the entire conjugated 

system. Examples of some of the first materials used for OPV are chlorophyll-a (1), metal 

phthalocyanine (2), and merocyanine dye (3) figure 1.5.18,19,20 

 

Figure 1.5: 1 chlorophyll-a, 2 metal phthalocyanine, or, and 3 merocyanine dye are organic 

chromophores for use in photovoltaic devices.  M in pthalocyanines can be typical metals used in 

pthalocyanines such as Zn, Cu, or Ru. 

 Delocalization in these systems is possible due to a single unhybridized p-orbital oriented 

perpendicular to the sp2 hybridized orbitals formed by the carbon atoms.  The overlapping sp2 
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orbitals interact and form σ-bonds while the lone p orbital forms π-bonds between neighboring 

carbons.  This configuration results in the highest occupied molecular orbital (HOMO) belonging 

to the π-bonding orbital leaving the lowest unoccupied molecular orbital (LUMO) on the π*-

antibonding orbital.  The HOMO and LUMO act as the valence band and conduction bands in 

typical semiconducting material with the energy difference between the HOMO and LUMO equal 

to the band gap Eg.  

 

Figure 1.6: Simplified representation of the ground and excited state energy levels  

When the molecule is excited with sufficient energy of photons electrons can move from the π-

bonding orbital to the π*-antibonding orbital.    This excited electron can then be injected into an 

electrode surface and generate electricity.21 

 First we will examine a simple single layer organic photovoltaic device that consists of an 

organic light absorbing semiconducting molecule or polymer sandwiched between two different 

conducting electrodes. One electrode must consist of a conductor with a high work function such 

as indium tin oxide (ITO) while the second electrode must have a low work function like 

aluminum.  The light absorbing material can then absorb energy from sunlight exciting one of its 

electrons from the HOMO to LUMO creating an excited electron and electron hole pair called an 

exciton.65 The difference in the work function of the two conducting electrodes pulls the electron 

to the higher work function material while the hole moves toward the one with the lower work 

function due to the potential difference created by the two electrodes as can be seen in Figure 

1.7.22,23   

σ* 

π 

σ 

π* 

E 

LUMO 

HOMO 

σ* 

π 

σ 

π* 

E 

LUMO 

HOMO 

E
g
 

Ground State Excited State 



8 
 

 

Figure 1.7: Electron flow in a single layer organic photovoltaic device 

One of the main drawbacks for OPV unfortunately is that these excitons have short lifetimes 

typically in the nanosecond regime after which they recombine.  This leads to poor exciton 

diffusion lengths around 5-10nm.  What this means is that even if excitons are formed throughout 

the entire active area of the photovoltaic cell only the area within the diffusion length distance 

from the metal contacts will dissociate into free charge carriers generating photocurrent.  All other 

excitons formed away from the metal contacts will be unable to diffuse to the metal surface before 

recombining.  With collection only occurring at metal contacts instead of the entire absorbing film 

this reduces the effectiveness of single layer devices.24 

 To account for the poor diffusion of generated excitons in organic photovoltaic devices a 

new model was designed.  The bulk heterojunction solar cell was designed to assist in efficient 

generation of free charges to prevent recombination of the excited electrons and extend the 

photoactive region through the entire active layer.  To do this a new electron accepting molecule 

with a higher electron affinity is introduced into the active layer of the cell along with the electron 

donating absorption material making up a new donor/acceptor system.  This allows the excited 

electron from the donor to undergo charge transfer to the acceptor as long as there is an energy 

level offset between the two and the ionization potential of the HOMO and LUMO is large enough 

to break up the Coulomb interaction at the donor/acceptor interface.25   
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Figure 1.8: Two separate pathways for generation of electricity in solar cells.  Pathway 1 in black 

is excitation of donor molecule while pathway 2 in red is excitation of acceptor. 

The acceptor molecule can also have its electron excited by absorbing light and then an 

electron can be donated from the HOMO of the donor to the HOMO of the acceptor.  Once this 

charge transfer has occurred you have effectively separated the electron and hole pairs on the 

acceptor and donor molecules respectively which results in a reduced charge recombination rate 

leading to better free charge generation.  In this example the donor is a p-type semiconductor as it 

has excess holes generated in the HOMO orbital or valence band while the acceptor is an n-type 

semiconductor with excess electrons in the LUMO orbital or conduction band.  Since the electron 

accepting molecule is mixed in with the electron donating absorption material it allows for charge 

collection to occur throughout the active layer and be transported to the metal contacts for 

collection.   

Dye sensitized solar cells function similarly with an organic compound to absorb light and 

donate electrons, however the process in how this is done is slightly different than a normal organic 

solar cell.  In the organic solar cell both the donor and acceptor act as semiconductors and shuttle 

electron or electron hole pairs to their corresponding electrodes.  In a dye sensitized solar cell 

redox reactions are also used to shuttle electrons.  A dye sensitized solar cell consists of a dye, 

semiconductor, electrolyte, and a counter electrode.  There are two types of dye sensitized solar 

cells, n-type and p-type depending on what kind of semiconductor is used.  N-type solar cells are 

more common due to higher achieved efficiencies which typically use titanium dioxide (TiO2) as 

their n-type semiconductor. In n-type dye sensitized solar cell the dye absorbs light exciting an 
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electron that is then donated to the acceptor undergoing an oxidation process.  Electrolyte, typically 

iodide/triiodide then regenerates the dye by proving an electron through a reduction reaction. The 

donated electron travels through the semiconducting material to the electrode surface were it is 

transported to the counter electrode.  At the counter electrode the electrolyte regains its lost 

electron via an oxidation process completing the cycle.26 

 

Figure 1.9: Electron flow in n-type dye sensitized solar cell 

The performance of a photovoltaic device is determined by the measurement of an external 

electrical current taken as a function of an externally applied voltage.  Results of these 

measurements are than usually depicted in a current-voltage (IV) graph.  A typical IV graph is 

shown in Figure 1.10 for a photovoltaic cell when light is shining on it. 

 

Figure 1.10: Current voltage curve for a photovoltaic device 
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There are three important points on the graph that represent specific parameters for the 

photovoltaic device.27,28,29  First there is the short circuit current ISC which is the current running 

through the device when no external voltage is applied.  The second point is the open circuit 

voltage VOC.  This is the voltage required such that no external current is flowing through the 

illuminated device.  The final point on the IV graph is the maximum power point Pmp were the 

power output of the photovoltaic device is maximized.   

eq 1.1 𝑃𝑚𝑝 = 𝐼𝑚𝑝 × 𝑉𝑚𝑝 

An additional characteristic used in determining the effectiveness of photovoltaic devices called 

fill factor (FF) can also be derived from the IV graph.   

eq 1.2 𝐹𝐹 =
𝐼𝑚𝑝×𝑉𝑚𝑝

𝐼𝑆𝐶×𝑉𝑂𝐶
 

Fill factor is a ratio of the actual maximum power compared to the theoretical upper limit.  As can 

be seen in figure 1.10 the more rectangular the IV curve is the higher the FF will be so it is often 

referred to as the quality of the shape of the IV curve.   

The parameters from the IV curve allow you to determine the energy conversion efficiency 

ηe. 

eq 1.3 𝜂𝑒 =
𝑃𝑚𝑝

𝑃𝑖𝑛
=

𝑉𝑚𝑝×𝐼𝑚𝑝

𝑝𝑖𝑛
 

The conversion efficiency is a ratio of the total power from the light incident on the photovoltaic 

device Pin and the total electrical power generated by the device Pmp.
8  Since this ratio is dependent 

on the characteristic of the light illuminating your photovoltaic device it is important to be careful 

when comparing performances of different devices.   For any photovoltaic device the light can be 

across a large range of wavelengths or focused on one specific value with the same light intensity 

and in both cases the resulting efficiencies will be very different.30,31  That is why when stating 

energy conversion efficiencies a spectral distribution is always specified for the incoming light 

which is usually a monochromatic light source or a reference to a standardized illumination.32 

   The efficiency of photovoltaic devices is affected greatly by the loss of Voc due to 

recombination.  There are three different recombination mechanisms that lead to Voc loss.  The 

first being radiative recombination due to absorption of light of higher energy then the HOMO-
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LUMO energy bandgap of your light absorbing material.  This loss is unavoidable for all 

photovoltaic devices where the extra energy absorbed by the electron is lost as radiative energy as 

it travels toward the LUMO energy level.  The second form of Voc loss is due to radiative 

recombination due to energy below the band gap of your absorption material which does not lead 

to excitation of an electron.33  These two forms of recombination make up the bulk of the loss of 

efficiency determined by the Shockley-Queisser limit which states that the maximum efficiency 

for any photovoltaic device consisting of a single p-n junction under normal sunlight conditions 

with an optimal band gap of 1.34 eV is 33.7%. The final recombination factor to consider is the 

non-radiative recombination occurring when an electron recombines with an electron hole. This 

can happen when the donor fails to inject an electron into the acceptor or at the surface contacts 

where the electron and hole pairs can come into contact during diffusion toward electrodes.  In dye 

sensitized solar cells recombination can occur at contacts between the dye and semiconductor as 

well as with the semiconductor and electrolyte. 

Organic Solar Cell Research 

 Organic solar cells have been researched heavily in recent years with the focus on bulk 

heterojunction solar cells due to their small diffusion lengths. As mentioned above, these solar 

cells contain both an organic electron donating and accepting semiconducting material in the active 

layer that can absorb light and generate photocurrent.  One of the first organic photovoltaic device 

using this model contained copper phthalocyanine as the donor and a perylene tetracarboxylic 

derivative as the acceptor that obtained an efficiency of approximately 1%.34   

 

Figure 1.11: Schematic of a typical bulk heterojunction solar cell 
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Phthalocyanines and porphyrins along with their derivatives are one of the more widely developed 

electron donors for organic solar cells.  This is due to their outstanding light harvesting properties 

such as absorption and charge transfer. 

 

Figure 1.12: 1 porphyrin, 2 phthalocyanine, and 3 subphthalocyanine are chromophoric systems 

that are promising for use in photovoltaic devices. 

Subphthalocyanines (SubPc) specifically garnered great interest due to their larger Voc and better 

energy alignment.  Efficiencies of 2.1% were achieved using subphthalocyanine and fullerene, 

approximately double the efficiency of copper phthalocyanine and fullerene.35  

  Polymer based semiconductors are also promising electron donors due to easy bandgap 

tunability and cost effective fabrication.  One of the first series of polymers investigated was 

poly(phenylenevinylene) (PPV) derivatives.  This started with the report of the first PPV solar cell 

which was a mixture of poly[2-methoxy-5-(2'-ethylhexyloxy)-p-phenylene vinylene and 

fullerene.36  PPV polymers were further developed with the addition of substituents onto the 

polymer backbone to modify energy levels.  It was found that introducing electron withdrawing 

groups such as CN groups lowered both the HOMO and LUMO levels without changing the band 

gap.  It was also discovered that electron rich dialkoxy thiophene units raised the HOMO with 

little effect on the LUMO resulting in narrower band gaps.37    With the need to produce donors 

with even smaller band gaps, research shifted away from PPV toward polythiophenes especially 

poly(3-hexylthiophene-2,5-diyl) (P3HT).  This was due to its lower band gap of 1.9 eV compared 

to PPV-derivatives which typically have greater than 2 eV.  Upon optimization of device 

fabrication and donor pairing, a power conversion efficiency of 7.4% was achieved using P3HT.38  

To further improve charge transfer, new donor-acceptor oligomers with low band-gap energies 

were developed.  These donor-acceptor systems allow for easier control of the HOMO and LUMO 
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energies as typically they are determined by the HOMO of the donor and LUMO of the acceptor.  

This allows for tuning of the HOMO and LUMO levels to be done separately by modifying the 

donor or acceptor units.  It also leads to more rapid injection of electrons from the electron donating 

semiconductor to the electron accepting semiconductor.  This advance in polymer design has led 

to power conversion efficiencies as high as 11%.    

Photovoltaic devices also require an electron acceptor component, however development 

of new electron acceptors has not changed significantly until recent years. The most prominent 

electron acceptors for organic solar cells have been soluble fullerene derivatives with the most 

common one being [6,6]phenyl-C61-butyric acid methyl ester (PCBM).39,40  Other fullerene 

derivatives using C70 for its higher absorption and indene-C60 were also made. 

 

Figure 1.13: 1 [6,6]phenyl-C61-butyric acid methyl ester (PCBM), 2 Indene C60, and 3 C60 are 

fullerene electron acceptors for photovoltaic devices 

These Fullerenes made for promising electron acceptors due to their electron mobility, exciton 

splitting, and isotropic charge transfer properties.  Isotropic charge transfer means that charge can 

diffuse evenly in all directions.  These properties allowed fullerene acceptor based systems to reach 

efficiencies upward of 10% but due to several shortcomings they have had limited performance.41  

The major issue with Fullerene acceptors is their low absorption in the visible and near-infrared 

region of the solar spectrum resulting in poor energy capture.  This means the donor molecule must 

be the primary light absorber for this type of system and the fullerene acceptor can’t contribute to 

exciton generation via excitation of its own electrons as described above.  Fullerene acceptors are 

also limited by their ability for further modification as it is difficult to add additional substituents.  

This means that the physical properties of fullerenes can’t be tuned making it difficult to maximize 

Voc for these systems. Considering the shortcomings of fullerene acceptors development of new 
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acceptors materials with higher absorption and higher Voc potentials is an important step in 

obtaining competitive efficiencies for organic solar cells. 

In recent years there has been rapid development of new non-fullerene acceptor materials 

due to their distinct advantages over fullerene acceptors.  Advantages of non-fullerene acceptors 

are tunable bandgaps, higher absorption in the UV-Vis and NIR region, tunable energy levels so 

proper energy alignment between donor and acceptor can be achieved for high Voc, increased 

planarity and crystallinity for improved morphology and stability.  The current field of new 

acceptor materials can be split into wide bandgap, medium bandgap, and narrow bandgap 

acceptors.   

Figure 1.14: Structures of non-fullerene acceptor materials for different bandgaps used in 

photovoltaic devices 

Wideband gap acceptors with a band gap greater than 1.9 eV have been synthesized and 

achieved efficiencies of 9%.43  These wide bandgap acceptors absorb at higher energies so they 

suffer from poor absorption in the NIR region.  They also tend to have significant absorption 

overlap with donor molecules that limits their exciton generation.  Medium band gap acceptors 

with a band gap between 1.5-1.9 eV have achieved even higher efficiencies of 11%.44  This is due 

to their higher absorption in the NIR region and lower absorption overlap with wide bandgap donor 

molecules.  Low band gap acceptors, with bandgaps of less than 1.5 eV, have achieved efficiencies 

of 11-12%.45  These lower band gap energies allow for strong absorption in the NIR region and 

have even less overlap with donor molecules that absorb strongly in the UV-VIS spectrum.  This 

indicates that the direction for the design of new acceptors should be on medium and narrow band 

gap acceptors due to their absorption in the UV and NIR region. 

Single-walled carbon nanotubes (SWCNT) are a promising electron accepting material.  

This is due to their strong absorption, high carrier mobility, and chemical stability.  One of the 
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major drawbacks to organic solar cells is the low carrier mobility in organic semiconductors which 

could potentially be addressed through the use of SWCNT.  Careful consideration, however must 

be taken when using SWCNT as they can be metallic or semiconducting in nature.  Metallic 

SWCNT are not useful for photovoltaic applications as they promote electron recombination.  This 

means that semiconducting SWCNT must be purified from metallic ones or selectively prepared 

to obtain pure semiconducting SWCNT.  The properties of the SWCNT can be determined by their 

chirality SWCNT with armchair configuration being metallic, zigzag being semiconducting, and 

chiral carbon nanotubes which are defiend by their chiral indices (n,m) being metallic for all values 

of (n-m)/3 being an integer and all non-integer values being semiconducting. 

 

Figure 1.15: Lattice structures (a) graphene and (b) single walled carbon nanotubes.42 

Dye Sensitized Solar Cell Research 

Here I will discuss the development of dye sensitized solar cells including the research 

effort being done to improve stability and efficiency.  The light harvesting dye is one of the most 

crucial parts of the solar cell and therefore careful consideration must be taken when deciding on 

an appropriate dye.  Here is a summary of important properties the dye should have.46   

1. Panchromatic absorption (λabs = 300-800 nm) with the optimum absorption band over-

lapped with sunlight for efficient light harvesting. 

2. Covalent or strong non-covalent interaction between the dye and semiconductor. 

3. Appropriate energy levels of the HOMO and LUMO to promote charge transfer and 

redox reaction with electrolyte for regeneration. 

4. Thermal and chemical stability. 
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The first dye sensitized solar cell was made using a ruthenium dye on TiO2 film with I-/I3
- 

electrolyte and Pt-FTO cathode.  The solar cell achieved an efficiency of 7.12% under full sunlight 

irradiation with a fill factor of 0.685.47  An example of dye sensitized solar cell can be seen in 

figure 1.16. 

 

Figure 1.16: Schematic diagram of a typical dye sensitized solar cell 

Research into ruthenium dyes was extensively investigated and further efficiencies up to 11.29% 

was achieved via addition of electron donating alkylthiophene moieties as seen in figure 1.17.48   

 

Figure 1.17: Ruthenium dyes for dye sensitized solar cells 

This increased the extinction coefficient as well as red shifted the metal to ligand charge transfer 

band so it can capture more of the NIR region boosting the efficiency.49,50  Allthough these 

advancements with ruthenium dyes are promising they still use toxic and expensive metals 

therefore research into alternative organic based dyes was pursued. 

Organic dyes have tunable optoelectronic properties by simply making structural 

adjustments along with higher molar absorptivities with some over 100,000 M-1cm-1.51  The 
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limitations of organic dyes compared to ruthenium arise from narrow and sharp absorption bands 

that don’t span the visible spectrum, aggregation due to planarity of the chromophores that inhibit 

electron transfer, weak absorption in the near infrared, and lower stability.52  The initial high 

performing organic dyes that were synthesized were indoline based derivatives that were able to 

achieve efficiencies of 9.03% however they suffered from poor stability.53,54 

   

 

Figure 1.18: These are examples of metal free indoline derivatives for photovoltaic applications 

Since these initial dyes suffered from low stability researches began looking at robust dyes 

containing donor-π bridge-acceptor systems (D-π-A).  Careful consideration must be given when 

assembling these D-π-A dyes as the HOMO orbital must be centered at the electron donating 

substituent while the LUMO is centered on the electron accepting group.  This means that once 

excited the electron travels from the electron donating group through the π bridge into the electron 

accepting group, resulting in strong coupling with the conduction band of the semiconducting 

material.64   The coupling promotes rapid electron transfer from the excited state of the dye to the 

conduction band of the semiconductor.  Using D-π-A dye systems a series of dyes containing diaryl 

amine group as the electron donor, cyanoacrylate group as acceptor group, and a thiophene moiety 

as the π-conducting bridge were synthesized.55  Efficiencies of 10.1% under standard air mass 1.5 

spectra illumination was achieved while the dyes showed remarkable robustness, resisting 

degradation over 1000 hours of light soaking at full solar intensity and elevated temperatures.53, 56   

  Donor π-bridge-acceptor sensitizers often have limited absorption in the near infrared 

region leading to lower conversion efficiencies.  To improve this type of sensitizer porphyrins and 

phthalocyanines are interesting candidates as they are both photo- and electrochemical stable 

compounds.  The absorption spectrum of a porphyrin has a Soret band at 400 nm with a high 
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absorption coefficient and modertly strong Q-bands at 600 nm.  Phthalocyanines have similar 

absorption however their Q-bands are more intense and are red shifted to around 700 nm.  Due to 

the high symmetry of unsubstituted porphyrins and phthalocyanines their frontier molecular 

orbitals are distributed all over the molecule which give them poor electron donating capabilities 

making them unsuitable for photovoltaic devices.  Early work done using phthalocyanine for 

photovoltaics exhibited poor power conversion efficiencies of 3.5% using a tri-tert-butyl 

carboxylic zinc phthalyocyanine.57 Using the D-π-bridge-A system porphyrins and 

phthalocyanines were incorporated as the π-bridge between donors and acceptors.58  Doing this a 

record high efficiency of 13% was achieved using a zinc porphyrin core with bis(2′,4′ 

bis(hexyloxy)-[1,1′-biphenyl]-4-yl)amine donor and proquinoidal benzothiadiazole substituents.59   

 

Figure 1.19: Panchromatic porphyrin sensitizer with record high 13% efficiency59 

 Characterization of these light absorbing chromophores and investigating their electron 

transfer processes is important for understanding how these photovoltaic systems work so that 

proper direction can be taken when designing new chromophores for more efficient devices.  There 

are many different spectroscopy techniques that are used for probing chromophores such as 

absorption, fluorescence, transient absorption, and electrochemistry.  These different techniques 

allow for determination of energy levels of the HOMO and LUMO orbitals as well as their 

capability for exciton generation.     

Techniques Used to Investigate Donor/Acceptor Chromophores 

Two important techniques used for probing the ground and excited states of these 

chromophores are absorption and fluorescence spectroscopy.  Absorption spectroscopy is used to 

probe the ground state of a chromophore and determine what wavelengths of the ultraviolet, 

visible, and near infrared spectrum light is absorbed. Fluorescence probes the excited state and 



20 
 

measures any photons given off during radiative relaxation of the electron from excited state to 

the ground state. 

    

Figure 1.20: Absorption/Fluorescence schematic and sample spectrum. 

Fluorescence spectroscopy is useful when determining if electron transfer occurs between electron 

donors and acceptors.  If electron transfer occurs the molecule has its fluorescence quenched since 

the electron no longer undergoes radiative relaxation when it is donated to the electron acceptor.  

These processes can be visualized by a Jablonski diagram showing the electronic states of your 

chromophore and the transitions between them as seen in Figure 1.21.  The S0 state is the ground 

electronic energy state and the S1 is the first electronic state above ground state.  Each electronic 

energy state also has additional vibrational energy levels as denoted by 0, 1, 2, and 3.   

 

Figure 1.21: Jablonski diagram depicting electronic states and transitions. 
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 An additional absorption technique used for characterizing these chromophore systems is 

transient absorption spectroscopy.  This technique measures the change in absorption of an excited 

state generatred by excitation of a ground-state molecule over time typically in the femtosecond 

to millisecond timescale.  This is done by using a pump and probe laser pulse system in which first 

the sample is excited by a pump pulse and then after a delay the sample is excited again by a probe 

pulse usually in the femtosecond timescale. This ensures that the molecule is in an excited state 

and then the absorption spectrum is repeatedly measured over time. The difference between the 

pump and probe absorption vs the probe absorption alone is than taken which gives you ΔA. This 

can be taken as the change in absorption as a function of time or wavelength.60   

 

Figure 1.22: Transient absorption spectrometer optical layout. 

This allows us to monitor the intermediate states of the electron transfer processes occurring 

between our electron donors and acceptors.61  Monitoring the change in absorption across 

wavelengths shows if there is a formation of a charge separated state between our donor and 

acceptor molecules while monitoring it over time at a specific wavelength will show the number 

of decay processes along with the rate at which the decay processes occur.62  This provides the 

lifetime of the charge separated states of the donor and acceptor molecules which is an important 

factor in how likely charge recombination is to occur in photovoltaic devices. 

Electrochemistry is another technique used when investigating chromophores for use in 

photovoltaic devices as it can probe the oxidation and reduction potentials of these molecules and 

estimate the HOMO and LUMO energies.  Cyclic voltammetry is the common electrochemical 

method used for determining oxidation and reduction potentials for these systems.  Using a 
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working electrode, counter electrode, reference electrode, electrolyte, and a potentiostat a sweep 

of potentials can be applied to the system while measuring the current generated.  The current will 

increase if there is an electron transfer process occurring at the electrode surface indicating that an 

oxidation or reduction process occurs at that applied potential. 
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Figure 1.23: Cyclic voltammetry graph of a reversible oxidation process. 

The potential from these experiments tells us the amount of energy required to either remove an 

electron from the HOMO orbital (oxidation) or add an electron to the LUMO orbital (reduction) 

of our compound.  Knowing these energies an approximation of the HOMO and LUMO energy 

levels can be made which is important for determining what types of acceptors and donors will 

work well together in a photovoltaic device.   

 One must be careful when correlating electrochemical measurements to orbital energies as 

there is a series of challenges that must be considered.  One such issue is that the reference 

compound can be affected by environmental effects such as solvent or supporting electrolyte which 

can make it difficult to compare results with other research groups with a high level of accuracy.  

Research groups also use different references such as saturated calomel electrode (SCE) and 

Ag/AgCl so care must be taken to make sure when comparing data or converting into orbital 

energies that similar systems were used.  Another major issue that arises when determining orbital 

energy values from electrochemistry oxidation and reduction potentials is that the measurements 

are done in solution and not in the gas phase which needs to correct for the gas phase ionization 
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potential so it can be compared with normal hydrogen electrode or (NHE).  When converting 

oxidation and reduction potentials calibrated with ferrocene equations 1.4 and 1.5 below can be 

used however it is important to remember that these conversions don’t take into consideration the 

solvent and supporting electrolyte effects.67 

 eq 1.4 EHOMO = (E[onset,ox vs. Fc
+

/Fc] + 5.39) eV                             

 eq 1.5 ELUMO = (E[onset,red vs. Fc
+

/Fc] + 5.39) eV                  

 Computational chemistry is an additional tool that can be used to help analyze favorable 

properties of chromophores for potential use in photovoltaic applications. There are many different 

methods used in computational chemistry such as molecular mechanics, ab initio, semi empirical, 

density functional theory (DFT), and molecular dynamics.  These methods are based in the theory 

of quantum mechanics and many of them are approximations to the solution of the Schrödinger 

equation from a variety of different approaches.  Density functional theory is particularly useful 

for analyzing chromophores for photovoltaic applications as it predicts the electron density of a 

molecule.  The exact expression for determining the energy of the electron density isn’t however 

known and so a variety of different functionals are used and then compared with experimental 

results until good agreement is found.  Hybrid functionals are combinations of electronic density 

and wave function calculations made to obtain better approximations for the exchange and 

correlation energy component of the total energy of the DFT calculation. A common hybrid 

functional that is used is B3LYP which is a combination of the Hartree-Fock method with DFT 

and is used to make up for the less than ideal approximation of the exchange correlation from the 

DFT calculations alone.  Using these complex functionals many properties of a molecule can be 

modeled such as their ground state geometry, energy, optical, and magnetic properties.  Time 

dependent density functional theory (TDDFT) is an addition to DFT that investigates the properties 

of systems in the presence of time-dependent potentials.  This method allows for the determination 

of excitation energies, frequency-dependent response properties, and photoabsorbtion spectrum.   

  Overall, when donor acceptor assemblies for light harvesting are considered, there are 

three major architectures.  The first architecture utilizes supramolecular arrays that are formed as 

a result of non-covalent interactions between donor and acceptor molecules.  In general the driving 

forces for such interactions include van der Waals, dipole-dipole, or ionic forces.  These are in 

general weaker than regular covalent bonds and thus study of these supramolecular arrays in 
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solution is quite challenging.  However, such intramolecular forces are strong enough to form well-

ordered 3D structures in the solid state and thus (since the organic photovoltaic solar cells are solid 

state devices) are quite useful for the design of light harvesting models for organic photovoltaics.  

This approach is also the cheapest from the commercial point of view when compared to the other 

two mentioned below.  In the second extreme the donor and acceptor parts of the supramolecular 

assembly are connected by covalent bonds.  In this approach both direct connection between donor 

and acceptor and the connection between the donor and acceptor through a linking group are 

possible.  This approach allows strict control for the donor and acceptor distances geometry and 

electronic structure.  From the commercial application point of view however, preparation of such 

donor acceptor models with additional covalent bonds is potentially more expensive.  Finally the 

third approach for formation of supramolecular arrays utilizing interaction between donor and 

acceptor fragments uses coordination bonds.  Such bonds are typically strong enough to clearly 

define donor acceptor distances and electron transfer pathways but, come without extra cost for 

the formation of covalent bonds.  The coordination approach also allows us to screen a large 

number of donor acceptor blocks to fine tune the optical redox and electron transfer properties that 

are useful for light harvesting.  Thus in chapters 2-4 I will discuss all three of these approaches in 

a systematic way.  In chapter 2 we will focus on the formation, photophysics, and photoinduced 

electron transfer in the non-covalent light harvesting arrays formed between a variety of BODIPYs 

and aza-BODIPYs and nanocarbon acceptors.  In chapter 3 we will investigate BODIPY fullerene 

donor acceptor assemblies that are covalently linked using the most common catechol bridge at 

the boron hub.  Finally in chapter 4 I will screen a large number of donor acceptor assemblies 

formed between electron donating porphyrin and phthalocyanines axially coordinated through the 

coordination bond to the array of the pyridine containing fullerenes and BODIPYs.   
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Chapter 2 

Pyrene aza-BODIPYs and BODIPYs for non-covalent interaction 

with nanocarbon material  

Introduction 

 Formation of stable long-lived charge-separated states is an important initial step in the 

preparation of efficient organic solar cells.1-5  Although there are many examples of covalently 

bound donor-acceptor systems,6-19 formation of non-covalent donor-acceptor systems with long-

lived charge-separated states have only recently been studied extensively.1-5,20-32  The potential 

advantage of a non-covalent systems is the ability to self-assemble upon simple mixing; however, 

the weaker non-covalent interactions can lead to a decrease in stability and additional 

conformational disorder.  The various forces that make up non-covalent interactions can be divided 

into electrostatic forces, van der Waals forces, and π-π interactions.  It is difficult to control relative 

D-A geometries and orientation, which tunes the degree of electronic coupling between the donor 

and acceptor.33-44  There are some examples demonstrating efficient formation of long-lived photo-

induced charge transfer between conjugated chromophore donors and non-covalently associated 

fullerenes, carbon nanotubes, and graphene.43-52  Formation and stability of these non-covalent D-

A assemblies relies on enhancement of dispersion forces and electronic coupling provided by π-π 

interactions, and topology that facilitates strong spatial overlap.   

  Chromophores that have demonstrated to be effective and stable assemblies for initial light 

absorption and charge separation are porphyrins54-64, phthalocyanines65-73, subphthalocyanines75-

81, BODIPYs81-87, and aza-BODIPYs88-93.  The functionalization of electron donating groups 

capable of intramolecular electron-transfer generates donor-π-acceptor chromophores that 

facilitates electron injection between extended π-systems.  Organic amines94-105 and ferrocene106-

121 are examples of effective electron-donating groups capable of facilitating photoinduced 

intramolecular electron-transfer.   
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 To enhance the non-covalent interaction of the above-mentioned chromophores through 

electronic coupling of π-π interactions, polyaromatic fragments that are either conjugated or not 

conjugated into the chromophore’s π-system could be introduced in these donor-acceptor 

assemblies.123-130  Polyaromatic pyrene group have been shown to facilitate non-covalent 

interactions with nanocarbon surfaces.  These type of assemblies have demonstrated photoinduced 

electron-transfer between organic chromophores and a nanocarbon surface following excitation 

around 400 nm.131-137  To investigate these non-covalent formations a series of pyrene substituted 

aza-BODIPYs and BODIPYs and their interaction with nanocarbon materials was explored in 

order to determine their photoinduced electron-transfer properties.  The first chromophores 

explored was a series of 1,7-dipyrene aza-BODIPYs (2.5a-2.5e, Scheme 2.1)  with two covalently 

linked pyrene groups at the β-position of the aza-BODIPYs that are not conjugated into the π-

system of the chromophore. The pyrene groups were hypothesized to facilitate non-covalent 

interactions via a chelate effect with nanocarbon materials such as C60 and C70 and (6,5)-single 

walled carbon nanotubes (SWCNT).  The electron density distribution in the aza-BODIPYs were 

modulated by changing the electron-donating groups at the α-position of the aza-BODIPY core. 
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Scheme 2.1. Synthetic pathway for preparation of the aza-BODIPYs 2.5a – 2.5e. 

The second set of chromophores explored was a series of pyrene-BODIPYs (2.8-2.10, Scheme 

2.2) where the pyrene is substituted at the α-position of the BODIPY and is conjugated into the π-

system of the chromophore.   

Synthesis and characterization of 2.5a - 2.5e 

We have used a typical chalcone-based synthetic strategy138-140 for the preparation of pyrene-

containing aza-BODIPYs 2.5a – 2.5e and the reference 1,3,5,7-tetraphenyl-aza-BODIPY 2.6 

(Scheme 2.1). A variety of aryl-substituents located at the -positions were chosen to modulate 

electron density at the aza-BODIPY core. Chalcones 2.2a-2.2e were synthesized by the 

condensation reaction of 1-pyrenecarboxaldehyde and the corresponding ketones 2.1a-2.1e with 

subsequent nitromethylation to form products 2.3a-2.3e. Nitromethyl derivatives 2.3a-2.3e were 

converted to the corresponding azadipyrromethanes 2.4a-2.4e by reaction with ammonium acetate, 

and then to the final pyrene-containing aza-BODIPYs 2.5a-2.5e by reaction with boron trifluoride 

solution. All new compounds were characterized by 1H and 13C NMR spectroscopy, high-
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resolution mass spectrometry, and UV-vis spectroscopy (Figure 2.1-2.15). The NMR spectra of all 

target compounds confirm their symmetric nature, while high-resolution mass spectra are in full 

agreement with their elemental composition. 

 

Figure 2.1: 1H NMR spectrum of compound 2.5a in CDCl3. 
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Figure 2.2: 13C{1H} NMR spectrum of compound 2.5a in CDCl3. 

 

Figure 2.3: 1H NMR spectrum of compound 2.5b in CDCl3.  
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Figure 2.4: 13C{1H}  NMR spectrum of compound 2.5b in CDCl3. 

 

Figure 2.5: 1H NMR spectrum of compound 2.5c in CDCl3. 
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Figure 2.6: 13C{1H}  NMR spectrum of compound 2.5c in CDCl3. 

 

Figure 2.7: 1H NMR spectrum of compound 2.5d in CDCl3. 



36 
 

 

Figure 2.8: 13C{1H}  NMR spectrum of compound 2.5d in CDCl3. 

 

Figure 2.9: 1H NMR spectrum of compound 2.5e in CDCl3. 
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Figure 2.10: 13C{1H}  NMR spectrum of compound 2.5e in CDCl3. 

 

Figure 2.11: HRMS spectra of compounds 2.4a (left) and 2.5a (right).  
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Figure 2.12: HRMS spectra of compounds 2.4b (left) and 2.5b (right).  

 

Figure 2.13: HRMS spectra of compounds 2.4c (left) and 2.5c (right). 
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Figure 2.14: HRMS spectra of compounds 2.4d (left) and 2.5d (right). 

 

Figure 2.15: HRMS spectra of compounds 2.4e (left) and 2.5e (right). 

The molecular structures of 2.4e, 2.5a, 2.5d, and 2.5e were confirmed by the X-ray 

crystallography (Figure 2.16). Relatively large torsional angles between the two phenyl 

substituents and the aza-BODIPY core in 2.5a, ~35.84o and ~43.10o, inhibite conjugation between 
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the substituents and the chromophore’s -system. The torsional angles were much smaller in 2.5d 

and 2.5e.  Crystal structures of 2.5d had torsion angles between the thiophene group and aza-

BODIPY core that varied between ~0.90o and ~29.94o, and with 2.5e the torsion angles between 

the ferrocene group and aza-BODIPY core varied between 6.64o and 17.10o. The observation of a 

nearly coplanar arrangement between the aza-BODIPY core and the ferrocene substituents in 2.5e, 

and the relatively short Fe-Fe distance (~8.13 Å), should facilitate electron-transfer between the 

ferrocene donor and the aza-BODIPY acceptor as previously observed in the phenyl analogue of 

2.5e.141   

In the crystal structures of 2.4e, 2.5a, 2.5d, and 2.5e, both pyrene groups are rotated away 

from the aza-BODIPY -system (the torsion angles are vary between ~33.82o and ~44.78o for 2.5a, 

~36.64 and ~53.68o for 2.5d, and ~48.04o and ~51.62o for 2.5e), which reflects the steric bulk. 

Interestingly, the pyrene fragments in 2.5a do not form the typical intermolecular  stacking 

motif. Rather, they form close slipped-stack type contacts with both the aza-BODIPY core and 

pyrene group from a neighboring molecule of 2.5a. The closest pyrene-pyrene intermolecular 

contact observed in the crystal structure of 2.5a is ~3.35 Å, which is close to the pyrene--pyrrolic 

(~3.34 Å) and pyrene--pyrrolic (~3.32 Å) intermolecular contacts. In the ferrocene-containing 

2.5e, both slipped-stack (~3.19 to ~3.26 Å) and H-type (~3.35 to ~3.36 Å) close pyrene-pyrene 

contacts were observed in the crystal structure. With the thiophene-containing 2.5d, only H-type 

(~3.34 to ~3.39 Å) pyrene-pyrene stacking was observed in the crystal structure. In contrast to the 

X-ray crystal structures of 2.5d and 2.5e, the aza-BODIPY core in the crystal structure of 2.5a 

adopts an unusual, slightly domed conformation. Doming occurs away from the two bulky pyrene 

fragments. Important for the potential to form non-covalent complexes with nanocarbon partners, 

the X-ray crystallography data on 2.5a, 2.5d, and 2.5e suggest a large enough cavity between two 

pyrene groups to accommodate both fullerene and (6,5)-SWCNT in a chelate-type geometry.  
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Figure 2.16: CAMERON representation of aza-BODIPYs 2.5a (A), 2.5e (B), two 

crystallographically independent molecules of 2.5d (C), and aza-DIPY 2.4e (D) with thermal 

ellipsoids shown at 50% probability level. All hydrogen atoms are omitted for clarity.   

 The UV-vis spectra of 2.5a–2.5e are presented in Figure 2.17 and can be separated into 

three general categories. The first consists of 2.5b – 2.5d, with UV-vis spectra that are typical for 

this class of compounds, dominated by a single narrow band in the visible range followed by 

several lower intensity components.138-140 The key differences between UV-vis spectra of 2.5b – 

2.5e and 2.6, which lacks the pyrene unit, are the broader low-intensity bands in the visible range 

and the presence of intense and characteristic absorption bands at ~275 nm and ~345 nm that are 
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associated with the pyrene constituents in 2.5b – 2.5e. The second category is represented by the 

phenyl derivative 2.5a that has a broad and intense single low-energy band in the visible region 

and narrow bands at wavelengths shorter than 400 nm primarily localized on the pyrene fragments. 

The last category is represented by the ferrocene derivative 2.5e. It has two intense low-energy 

bands observed at 638 nm and 856 nm that are in good agreement with a previously reported 

diphenyl-ferrocene analogue.141 The low-energy broad band observed at 856 nm was assigned to 

the metal-to-ligand charge-transfer (MLCT) transitions, and the narrower band observed at 638 

nm was assigned to an aza-BODIPY centered * transition. In general, the energy of the most 

intense * transition observed in 2.5a – 2.5d correlates well with the DFT-predicted (discussed 

below) electron donating ability of the substituents located at the -positions of BODIPY core, 

2.5a < 2.5c < 2.5b ~ 2.5d. 

 

Figure 2.17: UV-Vis spectra of compounds 2.5a – 2.5e and 2.6 in Dichloromethane (DCM). 
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Steady-state fluorescence spectra are in Figure 2.18 and Figure 2.19. Fluorescence from 

the ferrocene-containing 2.5e was completely quenched, which is typical for ferrocene-containing 

BODIPYs142-146 and aza-BODIPYs.141,147,148 The fluorescence quantum yields for  2.5a – 2.5d 

were significantly smaller than other BODIPY compounds,149,150 reflecting the electron-donating 

role played by the installed pyrene substituents. The fluorescence spectrum of 2.5a was an 

approximate mirror image of its absorption spectrum with a significant Stokes shift of 2570 cm-1 

(Table 2.1). Following excitation at 275 nm and 345 nm, predominantly centered on the pyrene 

substituents, emission was observed from 2.5a – 2.5d in the visible and near IR regions, clearly 

indicating energy transfer from pyrene substituents to the aza-BODIPY core, see figure 2.19. In 

the case of thiophene-containing compound 2.5d the pyrene-centered fluorescence peak is much 

stronger than the aza-BODIPY emission peak, while the opposite trend was observed for 2.5a–

2.5c upon excitation at 275 and 345 nm, which is indicative of much better energy transfer from 

pyrene fragments to the aza-BODIPY core in compounds 2.5a–2.5c (Figure 2.19).  

Table 2.1. Selected photophysical properties of aza-BODIPYs 2.5a–2.5e and the reference 

compound 2.6. Lifetimes were determined by transient absorption for all compounds. Data 

presented in Figure 2.24 and 2.20-2.23. 

Compound λabs [nm] (ε [M-1cm-1]) Emission [nm] ( ns] 

2.5a 335 (49000), 351 (59000), 667 (55000) 805 (0.006) 0.87±0.07 

2.5b 347 (70000), 735 (78000) 436, 782 (0.0076) 1.6±0.1 

2.5c 346 (36000), 709 (64000) 398, 760 (0.0167) 1.1±0.1 

2.5d 347 (73000), 735 (47000) 421, 778 (0.0142) 1.3±0.1 

2.5e 344 (101000), 638 (57000), 854 (52000) not detected 1.7±0.2 

2.6 308 (35000), 648 (75000) 674(0.34)  
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Figure 2.18: Fluorescence spectra of aza-BODIPYs 2.5a – 2.5d and 2.6 in DCM. Excitation 

wavelengths are: 650 nm (2.5a), 680 nm (2.5b), 670 nm (2.5c), 700 nm (2.5d), and 600 nm (2.6). 

 

Figure: 2.19: Fluorescence spectrum at 275 nm excitation of compounds 2.5a-2.5d in DCM 
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Excited state lifetimes are reported in Table 2.1. At 1 – 2 ns, the lifetimes for 2.5a – 2.5d 

are all similar to reported values for analogous BODIPYs and aza-BODIPYs systems.149,150 The 

data and fits are presented in Figures 2.20-2.23. The data were well fitted with a single exponential 

decay. No longer lived emission was found within the signal to noise of the experiments, leaving 

no evidence for the formation of a triplet state. This is in contrast with the reports of triplet state 

formation following excitation of meso-pyrene BODIPYs.151-152 

 

 Figure 2.20: Pump-probe data for 2.5a in a DCM solution. Sample was excited at 650 nm. Top is 

full frequency transient pump-probe. Bottom is the time dependence probed at 500 nm, the circles 

are the raw data and the dashed line is a single exponential fit. Fitting parameters are presented in 

Table 2.1. 

 

Figure 2.21: Pump-probe data for 2.5b in a DCM solution. Sample was excited at 640 nm. Top is 

full frequency transient pump-probe. Bottom is the time dependence probed at 525 nm, the circles 

are the raw data and the dashed line is a single exponential fit. Fitting parameters are presented in 

Table 2.1. 
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Figure 2.22: Pump-probe data for 2.5c in a DCM solution. Sample was excited at 650 nm. Top is 

full frequency transient pump-probe. Bottom is the time dependence probed at 480 nm, the circles 

are the raw data and the dashed line is a single exponential fit. Fitting parameters are presented in 

Table 2.1. 

 

Figure 2.23: Pump-probe data for 2.5d in a DCM solution. Sample was excited at 650 nm. Top is 

full frequency transient pump-probe. Bottom is the time dependence probed at 500 nm, the circles 

are the raw data and the dashed line is a single exponential fit. Fitting parameters are presented in 

Table 2.1. 

Time-resolved pump-probe transients for the non-fluorescent ferrocene containing 2.5e are 

shown in Figure 2.24. The decay of the transient absorption feature centered at 475 nm was well 

fitted with a single exponential having a time constant of 1.7 ns (Table 2.1). This is consistent with 
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the excited state lifetimes of 2.5a – 2.5d, and we assign this state to a * excited state involving 

both the aza-BODIPY core and the pyrenes. It is interesting to note that the lifetime of this state is 

substantially longer than the 176 ps excited state lifetime we previously reported for the analogous 

BODIPY diphenyl diferrocene system.153-155 In that system we assigned the excited state lifetime 

to charge recombination following excitation that immediately produced a charge transfer from 

the ferrocene to the aza-BODIPY core. As shown in Figure 2.24, unlike the transient absorption at 

475 nm that decayed as a single exponential, in order to obtain a reasonable fit to recovery of the 

ground state bleach probed at 650 nm, a second exponential decay component with a time constant 

of ca. 100 ps becomes statistically significant in the data, Figure 2.24. Addition of the faster 

component is consistent with overlapping transitions in the excitation that includes both the pyrene 

centered excitation and ferrocene to aza-BODIPY core charge transfer. The shorter time constant 

is consistent with the time scales for charge recombination that we reported in similar ferrocene 

appended BODIPY systems.153 Increase in the amplitude and subtle change in shape of the 

transient difference spectra with excitation at 920 nm compared to 640 nm is also consistent with 

the expectation that there should be an increase in the contribution from the charge transfer 

transition as the excitation moves to longer wavelength.    
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Figure 2.24: Pump-probe response for 2.5e. Symbols are the data, lines are fits as described in the 

text. Data probed at 650 nm has been inverted for comparison with data probed at 475 nm. Inset: 

transient full frequency spectra at indicated pump-probe delay times. The solid lines were pumped 

at 640 nm, the dashed lines were pumped at 920 nm. The dash-dot line is the absorption spectrum 

inverted as a guide to the shape of the bleach component in the pump-probe spectra. 

The redox properties of 2.5a – 2.5e were investigated by electrochemical methods (cyclic 

voltammetry, CV and differential pulse voltammetry, DPV) The data are summarized in Table 2.2 

and shown in Figure 2.25-2.27. In the cases of 2.5a – 2.5d and the reference compound 2.6, one 

oxidation and two reduction processes associated with the aza-BODIPY core were observed. Both 

reduction processes were quasi-reversible, in agreement with the literature data.153-155 The first 

reduction potentials were all within 100 mV of each other, indicating limited influence of the 

substituents located at the -position of the corresponding aza-BODIPY. This is consistent with 

the significant contribution from the nitrogen atoms to the LUMO in aza-BODIPY as discussed 

below. The first oxidation process is quasi-reversible in 2.5a – 2.5c and irreversible in 2.5d. The 

larger range of oxidation potentials across the series is consistent with the significant contribution 

from the -pyrrolic carbon atoms to the HOMO in aza-BODIPYs. Irreversible oxidation of the 
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pyrene groups in 2.5a – 2.5d was observed at higher potentials (Table 2.2, Figure 2.25-2.27). A 

single broad two-electron oxidation wave was observed in the CV and DPV experiments on 2.5b 

– 2.5d. With 2.5a, two one-electron oxidation waves associated with a stepwise oxidation of the 

pyrene groups were clearly resolved in the DPV experiments. In the case of the ferrocene-

containing 2.5e, the first and second reduction processes remained reversible and were attributed 

to the reduction of the aza-BODIPY core. The first reduction potential is more negative in 2.5e 

than 2.5a – 2.5d. The first and second single-electron oxidations were assigned to the stepwise 

oxidation of two ferrocene groups in 2.5e. Both of these oxidations were quasi-reversible and the 

difference between them, 460 mV, is similar to that observed for the phenyl analogue of 2.5e.141 

More interestingly, three additional single-electron oxidation waves were observed in CV and 

DPV experiments on 2.5e. The first quasi-reversible oxidation in 2.5e, Ox3 in Table 2.2, was 

assigned to oxidation of the aza-BODIPY core, while the other two, closely spaced at the higher 

potentials, Ox4 and Ox5, were attributed to the stepwise irreversible oxidation of the pyrene 

fragments. 

Table 2.2. Redox properties of aza-BODIPYs 2.5a – 2.5e and the reference compound 2.6. 

Compound E4
Ox(V) E3

Ox(V) E2
Ox(V) E1

Ox(V) E1
Red(V) E2

Red(V) 

2.5a   1.0* 0.7 -0.86 -1.6* 

2.5b   1.0* 0.62 -0.91 -1.5* 

2.5c   1.05* 0.57 -0.91 -1.63* 

2.5d   0.95* 0.57* -0.81 -1.55* 

2.5e 1.1* 0.85 0.44 0 -1.16 -1.84 

2.6    0.84 -0.85 -1.65 

2.6 93    0.76 -0.79 -1.54 

All potentials are referenced to the FcH/FcH+ couple in DCM/0.05M TFAB. “*” denotes 

irreversible or partially reversible process.   
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Figure 2.25: CV/DPV of compound 2.5a and 2.5d in DCM. *Indicates degradation products 

originated from the irreversible oxidation processes. 

 

Figure 2.26: CV and DPV data for aza-BODIPYs 2.5b and 2.5e in DCM. *Indicates degradation 

products originated from the irreversible oxidation processes 
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Figure 2.27: CV/DPV of compound 2.5c and 2.6 in DCM. *Indicates degradation products 

originated from the irreversible oxidation processes. 

In order to characterize spectroscopic signatures of the redox-active species generated upon 

stepwise oxidation of the ferrocene groups in 2.5e, we conducted spectroelectrochemical oxidation 

experiments (Figure 2.28). Similar to the phenyl analogue of the 2.5e,141 during the first oxidation 

process, two new broad bands appeared in the NIR region peaked at ~1000 and ~2500 nm. 

Simultaneously, the initial bands at 557 nm and 685 nm were transformed into a single broad band 

observed at 577 nm. The broad band at ~2500 nm is characteristic of mixed-valence diferrocenyl-

141 and tetraferrocenyl-containing156 aza-BODIPYs and is indicative of formation of the mixed-

valence [2.5e]+. Band deconvolution analysis of the NIR region of UV-Vis-NIR spectrum of 

[2.5e]+ is suggestive of the Class II (weakly coupled) behavior of this mixed-valence compound 

(Figure 2.29).157-159  During the second oxidation process, the NIR bands are diminished and the 

final spectrum is dominated by a very characteristic strong aza-BODIPY centered * transition 

observed at 593 nm. The presence of this band in doubly oxidized [2.5e]2+ indicates that the aza-

BODIPY chromophore is not significantly affected upon stepwise oxidation of 2.5e, which is 

consistent with a stepwise oxidation of the two ferrocene groups. 



52 
 

 

Figure 2.28: Spectroelectrochemical oxidation of compound 2.5e in DCM/0.15 M TFAB solvent 

system: the first oxidation process (left); the second oxidation process (right). 

 

 

Figure 2.29: Intervalence charge transfer (IVCT) band deconvolution analysis for [2.5e]+. 

Selected parameters: IVCT energy is 5330 cm-1,  = 2944 M-1 cm-1; FWHM = 3049 cm-1, Hab = 

554.5 cm-1. 

In order to correlate experimentally observed spectroscopic and redox properties with 

electronic structure, DFT and TDDFT calculations were performed on 2.5a – 2.5e using B3LYP 

exchange correlation functional. The predicted frontier orbital compositions are shown in Figure 
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2.30, an energy level diagram is presented in Figure 2.31, and the important frontier orbitals are 

pictured in Figure 2.32. In the case of reference 1,3,5,7-tetraphenyl-aza-BODIPY 2.6, DFT 

predicts the HOMO is primarily localized at the - and -position of the chromophore’s core, 

which is typical for BODIPYs and aza-BODIPYs.142-146 In addition to this, 2.5a – 2.5d have 

significant (~20- 50%) HOMO contributions from the pyrene fragments, while HOMO-1 and 

HOMO-2 were predicted to have dominant pyrene character. DFT predicts that the LUMO in 2.5a 

– 2.5d is localized on the pyrrolic- and meso-nitrogen atoms, which is common for aza-BODIPY 

chromophores.142-146 The energy of the HOMO follows the electron-donating ability of the 

functional group attached at the -position of aza-BODIPY, as one might expect. A large 

contribution from the pyrene fragments to the HOMO, HOMO-1, and HOMO-2 of 2.5a – 2.5d is 

indicative of the potential electron-donating character of the pyrene -system. This adds partial 

pyrene-to-aza-BODIPY charge-transfer character to the HOMO → LUMO single-electron 

excitation and explains significant decreases in fluorescence quantum yields observed in 2.5a–

2.5d when compared to 2.6. In all compounds studied, pyrene-centered LUMO+1 and LUMO+2 

were predicted to be ~1.5 eV higher in energy than the LUMO. In 2.5e, the DFT-predicted HOMO 

is ferrocene-centered, while the highest energy occupied -type molecular orbital is HOMO-1. 

This electronic structure correlates well with the experimentally observed CV and DPV oxidation 

of the ferrocene groups in 2.5e at low potential. Overall, the DFT-predicted electronic structures 

of 2.5a – 2.5e are suggestive of a large contribution from the pyrene fragments to the HOMO 

energy region, which is expected to be exhibited by disappearance of the aza-BODIPY core-

centered * transitions observed in the reference compound 2.6 and appearance of the 

significant pyrene-to-aza-BODIPY charge-transfer character in transitions observed at the low-

energy region of the corresponding UV-vis spectra. 
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Figure 2.30: DFT-predicted compositions of frontier orbitals for compounds 2.5a–2.5e and 2.6. 

purple=alpha substituent ex. ferrocene, red=aza-BODIPY, light blue=BF2, green=pyrene 

 

Figure 2.31: DFT-predicted energy diagram for the frontier MOs in 2.5a – 2.5e and 2.6.  
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Figure 2.32. DFT-predicted frontier molecular orbitals for 2.5a – 2.5e and 2.6. 

 

Energies, oscillator strengths, and theoretical UV-vis spectra predicted by the TDDFT 

calculations for aza-BODIPYs 2.5a – 2.5e and 2.6 along with experimental UV-Vis spectra are 

shown in Figure 2.33. In the case of 2.5a – 2.5d, the TDDFT-predicted UV-Vis spectra in the low-

energy region (550 – 900 nm) are dominated by three intense bands, which correlate well with the 

experimental data. Indeed, in the case of 2.5b, three bands can be clearly seen in the low-energy 
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region. In the cases of 2.5c and 2.5d, the most intense band in the 600 – 720 nm region is 

accompanied by a lower-intensity broad shoulder, and in the case of 2.5a, a broad asymmetric 

band spans the entire low-energy range. DFT predicts that the lowest-energy transition should be 

dominated by the HOMO-LUMO single-electron excitation, which has aza-BODIPY/pyrene () 

→ aza-BODIPY () character. The other two intense transitions predicted by the TDDFT 

calculations in the 550 nm – 900 nm region are dominated by the pyrene (and 

HOMO-2) → aza-BODIPY (*, LUMO) excitations. Due to the significant charge-transfer 

(pyrene-to-aza-BODIPY) character, B3LYP-based TDDFT calculations may overestimate the 

pyrene-to-aza-BODIPY transition intensities. The predicted locations in energy are in good 

agreement with the experimental data. In case of the ferrocene-containing 2.5e, TDDFT predicts 

five transitions with significant MLCT character for the longer wavelength band experimentally 

observed between 670 nm and 1100 nm. These transitions are dominated by HOMO – HOMO-5 

→ LUMO single-electron excitations. TDDFT calculations predicted the pyrene-to-pyrene * 

transitions observed in the UV. Overall, the TDDFT calculations correctly predicted trends in 

energies and intensities of the most intense transitions observed experimentally for 2.5a – 2.5e.  
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Figure 2.33: Experimental (top) and TDDFT-predicted (bottom) UV-vis spectra of aza-BODIPYs 

2.5a – 2.5e and 2.6. 
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Interaction and Potential Complex Formation of Pyrene-aza-BODIPYs with 

Nanocarbon Materials                                

Installation of the pyrene substituents into 2.5a–2.5e was motivated by the potential to 

promote assembly of intermolecular complexes with nanocarbon electron acceptors. The 

hypothesis that the pyrene motif would successfully provide an effective conduit for association 

and charge transfer was based on prior reports of other donor-acceptor complexes observed in 

solution.160-167 The energetics of electron transfer from the 2.5a–2.5e photo-excited states to a 

nano-carbon acceptor can be estimated from the spectroscopic and electrochemical measurements 

following a standard approach.168-172 One-electron transfer is energetically favorable in all cases, 

with G ranging from -0.2 eV for 2.5d to -0.5 eV for 2.5e. Changes in static and time resolved 

absorption, and static fluorescence, with addition of C60, C70, (6,5)-SWCNT, and graphene were 

measured as potential indicators of charge transfer and quantitative evidence of complex 

formation.  

Titration of 2.5a – 2.5d and the reference compound 2.6 with solutions of C60 and C70 

fullerenes reveal identical results (Figure 2.34-2.39). No significant reduction in fluorescence was 

observed with addition of fullerenes when exciting at the most intense low-energy band (first 

excited state). A reduction in both the pyrene and aza-BODIPY emission bands were observed 

with addition of fullerenes when exciting at 275 nm and 345 nm. Accounting for the significant 

absorption at these wavelengths by both C60 and C70 to first order, a Stern-Volmer analysis of the 

titrations taking into consideration a competitive absorption of aza-BODIPY and C60/C70 

chromophores was carried out.173 The resulting quenching constants are shown in Table 2.3 and 

suggest the possibility of weakly associating and/or interacting complexes. However, the need to 

correct for substantial interference from direct absorption of the fullerenes at these wavelengths173 

when quantifying the reduction in emission leaves significant uncertainty in the evidence for 

complex formation.  The fact that the quenching constants for 2.5a – 2.5e are smaller or 

comparable to that for reference 2.6, demonstrates a lack of any specific enhancement from the 

pyrene substituents in the formation of complexes at room temperature in solution.  
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Figure 2.34: Steady-state (top and middle) and difference absorption (bottom) spectra of the aza-

BODIPY 2.5a upon stepwise addition of the C60 (left panel) or C70 (right panel) fullerenes. 

Excitation wavelengths are shown in the upper right corners of each figure. 
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Figure 2.35: Steady-state (top and middle) and difference absorption (bottom) spectra of the aza-

BODIPY 2.5b upon stepwise addition of the C60 (left panel) or C70 (right panel) fullerenes. 

Excitation wavelengths are shown in the upper right corners of each figure. 
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Figure 2.36: Steady-state (top and middle) and difference absorption (bottom) spectra of the aza-

BODIPY 2.5c upon stepwise addition of the C60 (left panel) or C70 (right panel) fullerenes. 

Excitation wavelengths are shown in the upper right corners of each figure. 
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Figure 2.37: Steady-state (top and middle) and difference absorption (bottom) spectra of the aza-

BODIPY 2.5d upon stepwise addition of the C60 (left panel) or C70 (right panel) fullerenes. 

Excitation wavelengths are shown in the upper right corners of each figure. 
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Figure 2.38: Steady-state (top and middle) and difference absorption (bottom) spectra of the aza-

BODIPY 2.6 upon stepwise addition of the C60 (left panel) or C70 (right panel) fullerenes. 

Excitation wavelengths are shown in the upper right corners of each figure. 
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Figure 2.39: Difference absorption spectra of the aza-BODIPY 2.5e upon stepwise addition of the 

C60 (left panel) or C70 (right panel) fullerenes. 

 

Upon titration of the aza-BODIPYs with fullerenes, all spectral changes in the UV-Vis 

absorption could be accounted for by independent absorption of the added fullerene (Figure 2.34-

2.39). No low-energy absorption bands characteristic of charge-transfer were observed. The lack 

of evidence for electron transfer is consistent with recent reports on non-covalent complexes 

formed between functionalized subphthalocyanines and fullerene.174-177  We conclude that if there 

was any residual emission quenching when exciting in the UV region, it was the result of energy 

transfer rather than charge transfer. Using covalently linked subphthalocyanine-fullerene dyads, 

Torres and co-workers demonstrated a strong distance dependence to the donor-acceptor 

quenching mechanism.178-180 Shorter distances (~3.1 Å) between the donor and acceptor facilitated 

electron-transfer, while small increases in separation (~3.3 Å) favored energy transfer. 

Transient absorption was used to investigate the possibility of photoinduced electron 

transfer between the electron rich, non-fluorescent 2.5e and C60, Figure 2.40 compares transient 

absorption for solutions of 2.5e, C60, and a 1:10 molar ratio of 2.5e:C60. Transient absorption was 

measured following excitation at 410 nm, where absorption is a combination of 2.5e and C60, and 

at 650 nm, where the absorption is dominated by 2.5e. Figure 2.40a and 2.40b compare excitation 

at 650 nm with and without C60 present. Within the signal-to-noise of the experiments, there was 

no detectable difference between the shapes or time evolution of the spectra with the addition of 

C60. The transient spectra are a combination of a ground state bleach that mirrors the absorption 

spectrum (negative OD) and excited state absorption on both the short and long wavelength sides 
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of the bleach (positive OD). The spectra appear within the time resolution of the experiment, 

~100 fs, and decay in both the visible and near-IR portion of the spectrum with the lifetime reported 

in Table 2.1. The absence of electron transfer is supported by the unperturbed decay of the initial 

excited state of 2.5e in the presence of C60 and the lack of any new absorption features in the near-

IR consistent with the anion of C60.   

When exciting at a shorter wavelength, 410 nm, the transient spectra for 2.5e alone are 

nearly identical to the spectra when exciting at 650 nm. The addition of C60 significantly changes 

the shape and decay of the spectra, Figure 2.40c, with strong, broad absorption in the near-IR 

peaked around 980 nm. However, the new features are all well accounted for by direct absorption 

of C60, as presented in Figure 2.40d. The pump-probe spectra for the 1:10 molar ratio of 2.5e:C60 

are a linear combination of independent 2.5e and C60 spectra. There is no evidence for charge 

transfer. We note that transient absorption features in the near-IR reported here are very similar to 

other reports that have interpreted the signals as indicator of energy and charge transfer in 

analogous systems.74,75,88,181 Our results demonstrate the potential for dominance of the near-IR 

transient absorption by direct excitation of independent C60 in these types of titrations studies. This 

indicates that even at low C60 concentrations and longer wavelengths in the tail of the C60 

absorption, signals originating from direct fullerene absorption must still be carefully accounted 

for prior to any conclusions associated with energy or charge transfer. 

 

Table 2.3. Estimated quenching constants for non-covalent complexes formation between aza-

BODIPYs 2.5a – 2.5e and 2.6 and C60 or C70 fullerenes. 

Compound Ksv C60 Ksv C70 

2.5a 4600 11500 

2.5b 19500 15700 

2.5c 22900 18700 

2.5d 9230 15800 

2.6 12800 18200 
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Figure 2.40: Pump-probe transients for 2.5e, a mixture of 2.5e and C60, and C60 in solution. (a) 

2.5e excited at 650 nm. (b) 2.5e:C60 1:10 mole ratio excited at 650 nm. (c) 2.5e:C60 1:10 mole ratio 

excited at 410 nm. (d) C60 excited at 410 nm. 
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Figure 2.41: Steady-state emission (top and middle), and difference absorption (bottom) spectra of 

the aza-BODIPY 2.5a upon stepwise addition of the (6,5)-SWCNT (left panel) or graphene (right 

panel). Excitation wavelengths are shown at the upper right corners of each graph. 
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Figure 2.42: Steady-state emission (top and middle), and difference absorption (bottom) spectra of 

the aza-BODIPY 2.5b upon stepwise addition of the (6,5)-SWCNT (left panel) or graphene (right 

panel). Excitation wavelengths are shown at the upper right corners of each graph. 
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Figure 2.43: Steady-state emission (top and middle), and difference absorption (bottom) spectra of 

the aza-BODIPY 2.5c upon stepwise addition of the (6,5)-SWCNT (left panel) or graphene (right 

panel). Excitation wavelengths are shown at the upper right corners of each graph. 
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Figure 2.44: Steady-state emission (top and middle), and difference absorption (bottom) spectra of 

the aza-BODIPY 2.5d upon stepwise addition of the (6,5)-SWCNT (left panel) or graphene (right 

panel). Excitation wavelengths are shown at the upper right corners of each graph. 
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Figure 2.45: Steady-state emission (top and middle), and difference absorption (bottom) spectra of 

the aza-BODIPY 2.6 upon stepwise addition of the (6,5)-SWCNT (left panel) or graphene (right 

panel). Excitation wavelengths are shown at the upper right corners of each graph. 
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Figure 2.46: Difference absorption spectra of the aza-BODIPY 2.6 upon stepwise addition of the 

(6,5)-SWCNT (left panel) or graphene (right panel).  

 

Figure 2.47: Time-dependent changes in absorption and fluorescence spectra of 2.5b in the 

presence of excess of (6,5)-SWCNT 
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Figure 2.48: Time-dependent changes in absorption and fluorescence spectra of 2.5b in the 

presence of excess of graphene 

 Titration of aza-BODIPYs 2.5a – 2.5d, and the reference compound lacking the pyrene 

ligands, 2.6, with (6,5)-SWCNT and graphene all resulted in reduction in the observed 

fluorescence intensity independent of the excitation wavelength (Figures 2.40-2.46). However, 

loss of fluorescence was always accompanied by a linearly correlated loss in absorption of the aza-

BODIPY, Figures 2.40-2.48. The lack of solubility of (6,5)-SWCNT and graphene complicated 

the experiments with interference from scattering and changes in the background that limited 

quantitative confidence when correlating the emission and absorption losses. Within error, the 

slope of emission vs absorption with addition of SWCNT and graphene was always close to 1. 

When solutions of 2.5a – 2.5e and 2.6 were treated with an excess of (6,5)-SWCNTs or graphene, 

time-dependent loss of absorption was also observed (Figure 2.47 and 2.48). We conclude that loss 

of emission, and absorption, predominantly reflected removal of the chromophores from the 

excitation volume via physical adsorption and loss of solubility as SWCNT or graphene were 
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added. The observation indicated association between the aza-BODIPY compounds and the 

nanocarbon materials. However, there was no observed enhancement in that interaction with 

installation of the pyrene ligands. The emission and absorption losses were comparable with, 2.5a-

2.5d, and without the pyrenes, 2.6. The indirect nature of the measurement and the complexity 

imposed by the limited solubility of the acceptors, which is likely to change dynamically with 

donor association, and the potential for larger scale aggregation, limits the interpretation of these 

observations to the presences of association without characterization of the strength of the 

interaction.  

 

Figure 2.49: Solid-state (KBr matrix) UV-vis spectra of 2.5b and 2.5e without and in the presence 

of C60 fullerene. Spectra of C60 fullerene are also provided for comparison. 

 

Figure 2.50: Solid-state (KBr matrix) UV-vis spectra of 2.5a, 2.5c, and 2.5d without and in the 

presence of C60 fullerene. 
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Although there was only minimal evidence for spontaneous association between 2.5a -2.5e 

and fullerenes in solution, assuming some degree of mixing, proximity is forced in the solid state.   

Several porphyrins and subphthalocyanines have been shown to co-crystallize with C60 forming 

well-ordered light-harvesting/electron-accepting layers potentially useful for photovoltaics 

application.174-177,182-191 Multilayer combination of the subphthalocyanines and fullerenes have 

demonstrated decent photovoltaic performance despite a lack of electron-transfer between these 

components in solution.192-195 We have compared UV-Vis spectra of solid-state samples of 2.5a – 

2.5e with and without equimolar amount of C60 (Figures 1.49-1.50). Peak broadening in some 

cases did not allow clear observation of co-crystallization with the fullerene. However, in all cases 

some interaction between aza-BODIPYs and C60 was observed. The clearest examples were 2.5b 

and 2.5e, presented in Figure 1.49. In the case of ferrocene-containing 2.5e, the NIR MLCT and 

visible * transitions were shifted to higher energy by ~30 nm and ~10 nm, respectively, in the 

2.5e·C60 complex compared to the same bands in pure 2.5e. A shift of ~20 nm in the opposite 

direction, to lower energy, was observed in 2.5b·C60 complexes. Spectral shifts for the other aza-

BODIPYs were less evident, Figure 1.50, and a significant change in the overall absorption profile 

throughout the longer wavelength region (550 nm – 1000 nm) was found for the systems. These 

results suggest the possibility of different modes of interactions between 2.5a – 2.5e and C60 that 

would not reflect a single favored pyrene/C60 chelate interaction motif.  

area; (D) pyrene-pyrene interaction motif; (E) view along crystallographic b-axis; (F) view along 

crystallographic c-axis. 

In order to support our hypothesis, we attempted co-crystallization of equimolar amounts 

of the individual aza-BODIPYs 2.5a–2.5e and C60 fullerenes. In the majority of cases, the crystals 

obtained were either too small and/or too poorly diffracting (typically only up to 3 Å), which is 

common for non-covalent complexes between functional dyes and fullerenes. We were able to 

obtain relatively good quality crystals suitable for X-ray diffraction for assemblies of 2.5b·C60 and 

2.5d·C60. The solid-state structure of 2.5b·C60 shows formation of a 1:1 complex. The B,O-

chelating motif can be clearly seen from the experimental X-ray structure. In addition, a single 

disordered toluene solvent molecule was also observed in the unit cell (Figure 2.51). The fullerenes 

do not form close contacts with the pyrene fragments. Instead, fullerenes are located above the 

electron-rich B,O-fragment of 2.5b, and form a one-dimensional (1D) channeled structure with the 

closest contact between two C60 molecules at a distance of ~3.87 Å. The closest contact between 
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2.5b and C60 is ~3.34 Å, which is similar to non-covalent complexes between subphthalocyanines 

and C60.
174-177,192-195 The X-ray structure of the non-covalent complex between 2.5b and C60 also 

contains intermolecular pyrene-pyrene interactions with short contacts typical of  complexes 

(~3.17 - 3.34 Å). These non-covalent interactions lead to the formation of 1D aza-BODIPY chains 

of 2.5b. The pyrene-pyrene intermolecular non-covalent contacts were shorter than expected and 

the aza-BODIPY:C60 contacts were longer than expected.  

 

Figure 2.51: Representative images of the X-ray crystal structure of 2.5b·C60 (in all cases hydrogen 

atoms are omitted for clarity): (A) two independent molecules on 2.5b observed in the unit cell; 

(B) view along crystallographic a-axis; (C) C60 interacting motif with the electron-rich B,O-

chelated area; (D) pyrene-pyrene interaction motif; (E) view along crystallographic b-axis; (F) 

view along crystallographic c-axis. 

 

Similar to the X-ray structure of 2.5a, the pyrene fragments in the solid-state structure of 

2.5b·C60 are rotated away from the aza-BODIPY -system. A general motif in the X-ray structure 

of non-covalent complexes between 2.5b and C60 is two independent chains: one consisting of C60, 

and the other of aza-BODIPY 2.5b molecules. The electron-deficient fullerenes prefer to interact 

with the electron-rich part of 2.5b, which is localized at the phenolic rather than the pyrenyl 

fragment of the aza-BODIPY core.  

In comparison, crystallization of the equimolar amounts of 2.5d and C60 fullerene results 

in formation of a 2.5d·2C60 aggregate and needles characteristic of 2.5d (Figure 2.52). A key 

difference with the solid-state structure of 2.5b·C60 is the presence of shorter contacts (~3.1 Å) 
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between the pyrene moieties of 2.5d and C60. The aggregate appears to be held together by close 

pyrene-C60 contacts between one 2.5d and two fullerenes (~ 3.08, 3.31 Å; Figure 2.52b), with an 

additional close contact between a third C60 and an electron-rich thiophene ring (~3.32 Å) similar 

to in 2.5b·C60. Each thiophene is situated close to a second C60 (~3.38 Å), though offset at an angle 

that significantly reduces any - interactions. Pyrene/pyrene interactions (~3.48 Å) are retained 

between neighboring molecules of 2.5d. One of two pyrene fragments in each 2.5d forms a well 

aligned H-type aggregate with a neighboring 2.5d molecule (Figure 2.52c). Six molecules of 2.5d 

form a “cage” around two fullerene molecules (Figure 2.52d). On the other hand, there are four 

closely spaced fullerene molecules wrapped around single molecule of 2.5d (Figure 2.52e). The 

closest contact between two C60 molecules is ~3.23 Å, with pairs of fullerenes forming a 2x2 

ribbon running through the crystal lattice. Overall, X-ray data on 2.5b·C60 and 2.5d·2C60 

complexes clearly suggest that the electron density at the BODIPY core can be easily tuned to 

compete with the pyrene group for non-covalent interaction with the nanocarbon materials. Such 

competitive interactions can be used to control the desired architecture in non-covalent assemblies 

formed between aza-BODIPY or BODIPY chromophores and fullerenes.  

 

Figure 2.52: Representative images of the X-ray crystal structure of 2.5d·2C60 (in all cases 

hydrogen atoms are omitted for clarity): (A) independent molecules observed in the unit cell; (B) 

close contacts formed between two fullerene molecules and pyrene fragments in 2.5d; (C) pyrene-

pyrene interactions in 2.5d; (D) “six pyrene – two fullerene” cage; (E) four fullerene molecules 

forming close contacts around 2.5d; (F) view along crystallographic a-axis. 
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Table 2.4. DFT-predicted interaction energies for the formation of non-covalent complexes 

between pyrene and nanocarbon materials.a,b 

Functional pyrene:pyrene pyrene:C60 pyrene:(6,5)-

SWCNT 

pyrene:graphene 

LC-wPBE -1.91 (-1.63) -2.23 (-1.87) -3.30(-1.34) -4.21 (-4.38) 

CAM-B3LYP -1.55 (-1.39) -1.59 (-1.45) -2.18(-1.30) -2.62 (-2.85) 

LC-wPBE-D3 -14.53 (-13.69) -13.45 (-12.71) -22.61 (-21.81) -30.25 (-29.68) 

CAM-B3LYP-

D3 

-10.77 (-10.21) -10.87 (-10.28) -17.93 (-17.46) -23.34 (-22.95) 

B3LYP-D3 -12.34 (-11.60) -11.69 (-11.09) -20.23 (-18.24) -26.79 (-26.19) 

B97D -13.31 (-12.33) -14.00 (-13.75) -23.26 (-20.71) -30.03 (-28.99) 

xB97XD -15.94 (-14.68) -15.41 (-14.60) -27.49 (-23.23) -32.34 (-31.45) 

a Values in parentheses belongs to ZPE corrected; b all energies in kcal/mol. 

 

In order to explore energies for the formation of non-covalent  complexes between 

pyrene and nanocarbon materials, we have conducted set of the DFT calculations for pyrene-

pyrene, pyrene-C60, pyrene-(6,5)-SWCNT, and pyrene-graphene assemblies (Table 2.4, Figure 

2.53). Since it is expected that the DFT-predicted interaction energies for such weakly-interacting 

complexes should have significant dependence on the exchange-correlation functional, we have 

compared two functionals the incorporate long-range corrections (CAM-B3LYP196 and LC-

wPBE197-200) and several functionals with dispersion corrections (B97D,201 wB97-XD,202 CAM-

B3LYP-D3,203 B3LYP-D3,203 and LC-wPBE-D3,203 Figure 2.53). The DFT-predicted interaction 

energies for non-covalent pyrene-pyrene dimers show a clear dependence on exchange-correlation 

(Table 2.4). Long-range corrected functionals predict small interaction energies (~1.4–1.6 

kcal/mol) between two pyrene molecules, while dispersion-corrected functionals predict higher 
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interaction energies (~10-14 kcal/mol). In all cases, pyrene molecules remained planar and the 

pyrene-pyrene complexes have slipped-stack geometries (Figure 2.53). Geometries also remain 

planar for the pyrene-graphene complexes calculated by all tested exchange-correlation 

functionals. Similarly, in the case of pyrene-C60 complexes, long-range corrected functionals 

predict rather small formation energies (~1.4–1.9 kcal/mol), while dispersion-corrected 

functionals predict much higher interaction energies (~10–13 kcal/mol). It should be noted, 

however, that dispersion-corrected functionals predict geometries of the pyrene-C60 complexes 

with rather short intermolecular distances, which were not observed in the experimental X-ray 

structures of the pyrene-containing compounds.204-207 No difference was predicted by DFT when 

energies of complex formation for pyrene/pyrene and pyrene/C60 pairs were compared between 

exchange-correlation functionals (±0.5 kcal/mol for each pair). This similarity in energy is 

indicative of a lack of preference for pyrene/C60 over pyrene/pyrene interactions, and correlates 

well with the experimental data. DFT-predicted geometries and interaction energies for the pyrene-

(6,5)-SWCNT complexes exhibit the same trends as pyrene-C60 complexes. Long-range corrected 

functionals predict smaller interaction energies and planar pyrene geometries, while dispersion-

corrected functionals predict much higher interaction energies and slightly distorted pyrene 

geometries (Table 2.4 and Figure 2.53). When the complex formation energies are compared 

between pyrene/(6,5)-SWCNT and pyrene/graphene, we found no clear trend across the different 

exchange-correlation functionals (Table 2.4). Overall, it seems that the dispersion-corrected 

functionals overestimate interaction energies for the formation of pyrene-nanocarbon complexes. 

Such a large interaction, 15-30 kcal/mol, is not consistent with the experimental observations. The 

DFT calculations predict a lack of the energetic preference for selective pyrene-C60 non-covalent 

complex formation when compared to competing pyrene/pyrene interactions, which correlates 

well with the experimental X-ray crystal structure of the 2.5b·C60 and 2.5d·2C60 systems. DFT-

predicted non-covalent complex formation energies for pyrene-(6,5)-SWCNT and pyrene-

graphene were higher, in agreement with the experimental data. Overall, DFT calculations are 

indicative of weak pyrene-nanocarbon interaction energies that are not strong enough to facilitate 

structural assembly or photoinduced electron-transfer processes. 
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Figure 2.53: Predicted geometries (a, c, e, and g) and charge density isosurfaces (b, d, f, and h) of 

intramolecular interaction calculated at LC-wPBE level of theory for pyrene-pyrene (a and b), 

pyrene-C60 (c and d), pyrene-(6,5)-SWCNT (e and f) , pyrene-graphene (g and h), respectively. 

 

a)
b)

c)
d)

e) f)

g)
h)
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Fully conjugated pyrene-BODIPY and pyrene-BODIPY-ferrocene dyads and 

triads 

All new pyrene-BODIPYs 2.8 – 2.10 were prepared using Knoevenagel condensation 

reaction approach.18 Reaction between starting BODIPY 2.7 and 1-pyrenecarboxaldehyde leads to 

the formation of mono- and dipyrene-containing BODIPYs 2.8 and 2.9, respectively, which can 

be easily separated using standard purification techniques. Further reaction between pyrene-

BODIPY 2.8 and ferrocenecarboxaldehyde leads to the formation of ferrocene-containing pyrene-

BODIPY 2.10 (Scheme 2.2). 

 

Scheme 2.2: The synthesis of pyrene-BODIPYs 2.8 – 2.10. 

New pyrene-BODIPYs 2.8–2.10 were characterized by 1H, 13C, and 2D NMR as well as 

UV-Vis spectroscopy and high-resolution mass spectrometry (Figure 2.54-2.63). The presence of 

a single set of vinylic protons and a methyl group at the -position in BODIPY 2.8, equivalent set 

of vinylic protons in symmetric BODIPY 2.9, and two non-equivalent sets of vinylic protons along 

with the characteristic ferrocene protons in BODIPY 2.10 correlate well with their respective 

structures. 
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Figure 2.54: 1H NMR spectra of compound 2.8 in CDCl3. (   denotes solvent residues.) 

 

Figure 2.55: 1H COSY NMR spectra of compound 2.8 in CDCl3. 



83 
 

 

Figure 2.56: 13C NMR spectra of compound 2.8 in CDCl3.  

 

Figure 2.57: 1H NMR spectra of compound 2.9 in CDCl3. (   denotes solvent residues.) 
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Figure 2.58: 1H COSY NMR spectra of compound 2.9 in CDCl3.  

 

 

Figure 2.59: 13C NMR spectra of compound 2.9 in CDCl3.  
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Figure 2.60: 1H NMR spectra of compound 2.10 in CDCl3. (   denotes solvent residues.)  

 

Figure 2.61: 1H COSY NMR spectra of compound 2.10 in CDCl3. 
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Figure 2.62: 13C NMR spectra of compound 2.10 in CDCl3.  

 

Figure 2.63: HRMS spectra of compound 2.8, 2.9, and 2.10. 

 In addition to the spectroscopic data, the ultimate structures of BODIPYs 2.8 and 2.9 were 

established by X-ray crystallography (Figure 2.64). In both compounds, the C-pyrrole-CH=CH-

Cpyrene bonds clearly alternate between single and double bonds, which is evident from their bond 

distances. The pyrene fragment is well conjugated into the BODIPY-vinyl -system with observed 

N-C-pyrrole-CH=CH-, C-pyrrole-CH=CH-Cpyrene, and -CH=CH-Cpyrene-Cpyrene torsion angles in 
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mono-pyrene BODIPY 2.8 (10.19o, 3.95o, and 1.39o, respectively) and dipyrene BODIPY 2.8 

(15.41/19.19o, 0.22/4.20o, and 6.60/20.97o, respectively) close to the expected values. In contrary, 

the phenyl groups located at the positions and of BODIPYs 2.8 and 2.9 are rotated away from 

the BODIPY -system as evident from the corresponding C-pyrrole-C-pyrrole=Cipso-Cortho torsion 

angles that varies between 39.78 and 56.81o. The BODIPY core in 2.8 is slightly domed, while it 

is planar in the case of BODIPY 2.9. 

 

Figure 2.64: CAMERON drawings of BODIPYs 2.8 (top) and 2.9 (bottom) with ellipsoids shown 

at 50% probability level with side-chain atom labels and all hydrogen atoms omitted for clarity. 

Selected bond distances (Å) and angles (°): 2.8: F(1)-B(1) 1.371(9), B(1)-F(2) 1.392(10), B(1)-

N(1) 1.564(10), B(1)-N(2) 1.564(10), C(9)-C(29) 1.468(11), C(29)-C(30) 1.349(11), C(30)-C(31) 

1.470(11), F(1)-B(1)-F(2) 110.3(7), N(1)-B(1)-N(2) 107.0(6), C(9)-C(29)-C(30) 123.5(7), C(29)- 

C(30)-C(31) 124.6(7); 2.9: F(1)-B(1) 1.402(6), B(1)-F(2) 1.387(5), B(1)-N(1) 1.555(6), B(1)-N(2) 

1.553(6), C(1)-C(10) 1.435(6), C(10)-C(11) 1.347(6), C(11)-C(12) 1.447(5), C(9)-C(46) 1.433(6),  

C(9)-C(8) 1.433(6), C(46)-C(47) 1.351(6), C(47)-C(48) 1.451(6), F(1)-B(1)-F(2) 109.5(4), N(1)- 

B(1)-N(2) 108.5(3), C(1)-C(10)-C(11) 129.1(4), C(10)-C(11)-C(12) 125.4(4), C(9)-C(46)-C(47) 

126.3(4), C(46)-C(47)-C(48) 126.6(4). 
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Figure 2.65: Absorption (top) and TDDFT-predicted (bottom) spectra of pyrene-BODIPYs 2.8 

(left), 2.9 (middle), and 2.10 (right) in DCM. TDDFT-predicted excitation energies are shown by 

vertical bars.  

Table 2.5. Absorption and emission data on BODIPYs 2.8 – 2.10 in DCM. 

Compound λabs [nm] (ε [M-1cm-1]) Emission 

[nm] (

ns] SV 

C60 

SV 

C70

2.8 403(15960), 484(7630),  

634(48600) 

707 (0.11) 3.92±0.02 21440 13500 

2.9 373(38190), 550(13920), 

724(54400) 

766 (0.119) 2.41±0.01 18700 16000 

2.10 369(35500), 634(35580), 

713(25140) 

ND 0.268±0.017 ND ND 

ND: not determined. 

 

The UV-vis spectra of new pyrene-BODIPYs 2.8–2.10 are shown in Figure 2.65 and 

summarized in Table 2.5. As was observed in the X-ray crystallography, conjugation of the pyrene 

fragment into the -system of BODIPY core is obvious from the comparison of the UV-Vis spectra 

of the pyrene-BODIPYs 2.8 and 2.9 with the parent BODIPY 2.7. Indeed, stepwise addition of 

one and two conjugated pyrene fragments to the BODIPY core results in ~100 nm low-energy 

shift of the most intense * transition from 520 nm in 2.7 to 634 nm in 2.8 to 724 nm in 2.9. 

Similar to the reported earlier ferrocene-BODIPY systems with BODIPY-CH=CH-Fc motif153, the 

UV-vis spectrum of 2.10 has an additional, lower intensity broad metal-to-ligand (MLCT) band in 

the low-energy region observed at 713 nm. The steady-state fluorescence spectra of pyrene-

BODIPYs 2.8 and 2.9 are shown in Figure 2.66. The observed Stokes shifts for 2.8 and 2.9 are in 
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the typical range for BODIPYs between 10-20nm. It is interesting to mention that since pyrene 

fragments in BODIPYs 2.8 and 2.9 are conjugated to the BODIPY core, their individual electron-

donating properties are suppressed and thus measured fluorescence quantum yields in these 

compounds (Table 2.5) are in the typical range for BODIPYs with extended -systems. This 

observation is in contrast with the pyrene-BODIPY systems in which pyrene fragments are located 

at meso-208 or -pyrrolic243 position and behave as effective quenchers of the BODIPY’s singlet 

excited state. Steady-state fluorescence of the ferrocene-containing BODIPY 2.10 is quenched, 

which is similar to the other ferrocene-BODIPY systems in which electron-transfer process from 

the ferrocene donor to the photoexcited BODIPY core is thought to be the major contribution to 

the quenching mechanism.148,153 This was further confirmed by the oxidation of the BODIPY 2.10 

with Fe(ClO4)3 or FeCl3 as the oxidation of the ferrocene to ferrocenium leads to the partial 

restoration of the fluorescence of BODIPY core (Figure 2.66) and similar behavior was observed 

in numerous ferrocene-chromophore systems.153 

 

 

Figure 2.66. Normalized emission spectra of pyrene-BODIPYs 2.8 and 2.9 in toluene (left) and 

fluorescence intensity increase upon oxidation of BODIPY 2.10 with FeCl3 in DCM/MeOH 

(right). 

 

The redox properties of pyrene-BODIPYs 2.8 – 2.10 were studied by electrochemical 

(cyclic voltammetry, CV, and differential pulse voltammetry, DPV, Figure 2.67 and Table 2.6) 

approaches. In the case of organic systems 2.8 and 2.9 all oxidation processes were found to be 
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irreversible, while the first reduction process in both compounds is quasi-reversible. In the case of 

ferrocene-containing system 2.10, reversible oxidation of the ferrocene group and quasi-reversible 

reduction of the pyrene-BODIPY core were observed in the electrochemical experiments along 

with several irreversible oxidations observed at the higher potentials.  

 

Table 2.6. Electrochemical data on BODIPYs 2.8–2.10 in DCM/0.1M TBAP system. 

Compound E3
Ox(V) E2

Ox(V) E1
Ox(V) E1

Red(V) 

2.8 - 1.1* 0.74* -1.04 

2.9 1.1* 0.74* 0.56* -1.04 

2.10 1.1** 0.74* 0.1 -1.04 

All potentials are referenced to Fc/Fc+ couple. *Irreversible processes. **Broad, probably multi-

electron oxidation process 

 

We have used a standard approach for the estimation of the possible photoinduced electron-

transfer processes in non-covalent assemblies formed between BODIPYs 2.8 – 2.10 and C60 

fullerene, which are provided by the formula:168,169,171,209 

∆𝐺𝐸𝑇
0 = 𝑒 [𝐸0 (

𝐷+.

𝐷
) − 𝐸0 (

𝐴

𝐴−.
)] − 𝐸00 − (

𝑒2

4𝜋𝜀0
) (

1

𝜀𝑆𝑅𝐷𝐴
) − (

𝑒2

4𝜋𝜀0
) (

1

2𝑟+
+

1

2𝑟−
) (

1

𝜀𝐸𝐶
−
1

𝜀𝑆
) 

(2.1) 

Where E0(D+./D) and E0(A/A-.) are oxidation potential of a donor and reduction potential 

of an acceptor, respectively; E00 excitation energy at the BODIPY; RDA is a donor-accepted 

distance estimated on a basis of DFT calculations and X-ray data available for non-covalent 

complexes formed between aza-BODIPYs and C60;
243 s and EC are the dielectric constants of the 

solvents used in photochemical and electrochemical studies; r+ and r- are the effective ionic radii 

of the donor and acceptor, respectively, that are estimated on the basis of DFT calculations. The 

estimated G0
ET values were found between -0.31 and -0.80 eV, which is suggestive of the 

potential photoinduced electron-transfer in non-covalent assemblies formed between BODIPYs 

2.8–2.10 and C60 fullerene.  
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Figure 2.67: CV and DPV data for compound 2.10 in DCM/0.1M TBAP system. Top CV 

reversible oxidation and reduction process, middle CV irreversible 2nd oxidation process, bottom 

DPV oxidation processes. 
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Figure 2.68: Spectroelectrochemical oxidation of compound 2.10 in DCM/0.3M TBAP system. 

 

Figure 2.69: Chemical oxidation of BODIPY 2.10 with Fe(ClO4)3 in DCM/MeOH system. 
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To confirm the origin of the first oxidation process in ferrocene-BODIPY 2.10, we conducted 

spectroelectrochemical oxidation experiments on this compound (Figure 1.68). During the bulk 

electrolysis, the lower-intensity MLCT band at 720 nm disappears, while the initial BODIPY-

centered * transition at 635 nm undergoes a small low-energy shift to 651 nm and a new band 

at 528 nm appears in the UV-vis spectrum of [2.10]+, this is very typical for ferrocene-BODIPY 

compounds and indicative of the ferrocene oxidation.153 Spectroelectrochemical data correlate well 

with the chemical oxidation data on BODIPY 2.10 as both oxidations result in the formation of 

[2.10]+ (Figure 2.69).  

 

Figure 2.70: DFT-predicted compositions of frontier orbitals for pyrene-BODIPYs 2.8 – 2.10. 

Abbreviation: “Py” = pyrene group; “N-N” = nitrogen atoms in BODIPY core; “BDP” = BODIPY 

fragment except nitrogen atoms; “CP” = cyclopentadienyl ligands.  

 

In order to correlate observed photophysical and electrochemical behavior of pyrene-BODIPY 

systems 2.8 – 2.10 with their respective electronic structures, we conducted DFT and TDDFT 

calculations on all new compounds. The compositions for frontier molecular orbitals predicted by 

DFT calculations is shown in Figure 2.70, the comparative DFT-predicted energy diagram is 

presented in Figure 2.71 and selected frontier orbitals are shown in Figure 2.72.  
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Figure 2.71: DFT-predicted energy diagram for the frontier MOs in pyrene-BODIPYs 2.8 – 2.10.  

 

Figure 2.72: DFT-predicted images of frontier orbitals for pyrene-BODIPYs 2.8 – 2.10. 

DFT-predicted orbital energies and orbitals order correlate well with the experimental 

observations. In the case of mono- and dipyrene-BODIPYs 2.8 and 2.9 the DFT-predicted HOMO 
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is clearly delocalized over both BODIPY core and pyrene fragments confirming formation of the 

extended -system in these compounds. In agreement with electrochemical and 

spectoelectrochemical data, the HOMO in ferrocene-containing pyrene-BODIPY 2.10 has 

predominant ferrocene character, while the HOMO-1 is a delocalized pyrene-BODIPY centered 

-orbital. Similarly, the LUMO in all new pyrene-BODIPY compounds 2.8 – 2.10 is delocalized 

over organic chromophore and energies correlate well with electrochemical data. The DFT-

predicted LUMO energy in BODIPYs 2.8 – 2.10 is nearly constant, which correlate well with the 

values for the first reduction potential in these compounds. The DFT-predicted HOMO energy in 

BODIPY 2.8 is significantly lower than that in BODIPY 2.9, which again correlate well with the 

experimental electrochemical data.  

Comparison between experimental and TDDFT-predicted UV-Vis spectra of pyrene-

BODIPYs 2.8 – 2.10 is shown in Figure 2.65. In agreement with experimental data, the most 

intense low-energy band in purely organic compounds 2.8 and 2.9 is associated with a single 

excited state that predominantly originates from the HOMO → LUMO single-electron excitations. 

In the case of ferrocene-containing pyrene-BODIPY 2.10 TDDFT predicts that the first excited 

state should have a predominant MLCT character with lower intensity, while the pyrene-BODIPY 

centered predominantly * transition should be more intense and will have a higher energy 

compared to the MLCT band. Importantly, TDDFT correctly predicts low-energy for BODIPY-

centered predominantly * transition going from pyrene-BODIPY 2.8 to 2.9, which correlates 

well with the stepwise increase of the respective -system in these compounds. Overall, TDDFT 

calculations on pyrene-BODIPYs 2.8 – 2.10 reproduce both energies and intensities of the 

experimental UV-vis spectra of these compounds that provides an additional confidence in an 

interpretation of the respective photophysical data.  

 

Interaction and Potential Complex Formation of Pyrene-BODIPYs with 

Nanocarbon Materials 

 As discussed in previous literature,122-130,132,210-214 the presence of a polarizable and 

electron-rich extended -systems in light-harvesting chromophores can facilitate non-covalent 

 interactions between such systems and nanocarbon electron-acceptor materials. Thus, we have 

investigated non-covalent complexes formation between pyrene-BODIPYs 2.8 – 2.10 and 
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nanocarbon materials (C60 and C70 fullerenes, (6,5)-SWCNT, and graphene) using UV-vis and 

steady-state fluorescence approaches.  When titrations with fullerene (C60 and C70) acceptors are 

considered, the difference absorption spectra of pyrene-BODIPYs 2.8 – 2.10 are reflective of only 

concentration increase of the electron acceptor, while formation of the expected low-energy 

charge-transfer band was not observed (Figure 2.73). In agreement with this observation, no 

quenching of the steady-state fluorescence in pyrene-BODIPYs 2.8 and 2.9 was observed upon 

excitation of the BODIPY chromophore at the respective low-energy bands (Figure 2.74). In 

contrary, clear quenching of the fluorescence was observed when 350 nm excitation was used in 

fluorescence experiments (Figure 2.74). Careful analysis of the fluorescence quenching observed 

upon 350 nm excitation was conducted using following formula, which takes into consideration 

competitive absorption of the fullerene acceptor:215 

𝐹 = 𝐹0 ∗
1 − 𝑒−𝜀1∗𝐶1∗𝑙

𝜀1 ∗ 𝐶1
∗

𝜀1 ∗ 𝐶1 + 𝜀2 ∗ 𝐶2

1 − 𝑒−(𝜀1∗𝐶1+𝜀2∗𝐶2)∗𝑙
∗

𝜀3 ∗ 𝐶2 ∗ 𝑙

1 − 𝑒−𝜀3∗𝐶2 ∗ 𝑙
 

Where F is a corrected fluorescence, F0 is an experimentally observed fluorescence, ε1 is a molar 

extinction coefficient of fluorophore at excitation (BODIPY), C1 is a concentration of fluorophore 

(BODIPY), l is a path length, ε2 is a molar extinction coefficient of quencher at excitation 

(Fullerene), C2 is a concentration of quencher (fullerene), ε3 is a molar extinction coefficient of 

quencher (fullerene) at emission of fluorophore (BODIPY). 
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Figure 2.73: Difference absorption spectra of the BODIPYs 2.8 – 2.10 observed upon titrations 

with C60 (top) and C70 (bottom) fullerenes in DCM/toluene. 

 

Figure 2.74: Changes in steady-state fluorescence of the BODIPYs 2.8 and 2.9 observed upon 

titrations with C60 (top) and C70 (bottom) in DCM/toluene. Excitation wavelengths are shown for 

each graph along with quenching constant analyses given as insets.  

 

Analysis of the data (Table 2.5) is indicative of a rather weak non-covalent interaction between 

pyrene-BODIPY 2.8 or 2.9 and C60 or C70 fullerenes. The lack of the fluorescence quenching for 

2.8 : C60 and 2.9 : C60 mixtures upon selective photoexcitation of the BODIPY core at low energy 
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and clear fluorescence quenching upon photoexcitation at 350 nm when both BODIPY and 

fullerene are photoexcited is indicative of the potential energy- or electron-transfer processes in 

which fullerene plays a role of acceptor. In contrast, to the fullerene titration data stepwise addition 

of the (6,5)-SWCNT or graphene to a solution of pyrene-BODIPYs 2.8 and 2.9 leads to decrease 

of fluorescence at all tested wavelengths (Figure 2.76). Such fluorescence decrease, however, is 

associated with the overall decrease of absorption of pyrene-BODIPYs and thus (Figure 2.75), 

taking into consideration the heterogeneous nature of the final solutions, it is difficult to clearly 

state if the fluorescence decrease is associated with physical adsorption of the chromophores on 

the (6,5)-SWCNT or graphene surface or it is a result of the effective electron- or energy-transfer 

from the photoexcited chromophore to the nanocarbon material. Overall, the UV-vis and steady-

state fluorescence data are indicative of the rather weak interactions between fullerenes and 

pyrene-BODIPYs 2.8 – 2.10, while stronger interactions between these chromophores and (6,5)-

SWCNT or graphene was observed that does not exclude potential electron-transfer from the 

photoexcited chromophores to the nanocarbon surface. 

 

Figure 2.75: Difference absorption spectra of the BODIPYs 2.8 – 2.10 observed upon titrations 

with (6,5)-SWCNT (top) and graphene (bottom) fullerenes in DCM/toluene. 
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Figure 2.76: Changes in steady-state fluorescence of the BODIPYs 2.8 and 2.9 observed upon 

titrations with (6,5)-SWCNT (top) and graphene (bottom) in DCM/toluene. Excitation 

wavelengths are shown for each graph as insets.  

 

In order to further investigate a potential electron-transfer processes in non-covalent assemblies 

formed between pyrene-BODIPYs 2.8 – 2.9 and C60 fullerene, we conducted time-resolved 

photophysical experiments. First, fluorescence lifetimes for organic pyrene-BODIPYs 2.8 and 2.9 

were found in the typical for BODIPY chromophores range of ~2 – 4 ns (Table 2.5). In contrary, 

the first excited state lifetime for organometallic BODIPY 2.10 is 268 ps, which is close to that 

observed earlier in vinylferrocene-BODIPY compounds.153 Such lifetime shortening is indicative 

of the usual electron-transfer process from the ferrocene donor to the photoexcited BODIPY 

antennae. As a typical example, transient absorption spectra of pyrene-BODIPY 2.8 are shown in 

Figure 2.77. The transient absorption spectra of this compound are independent of the excitation 

wavelength and consists of two peaks at 510 and 760 nm in the visible region and two prominent 

peaks at 1100 and 1270 nm in the NIR region (Figure 2.77). In agreement with the steady-state 

fluorescence data, when excited at 650 nm, transient absorption spectra of the 1 : 10 mol/mol 

mixture of 2.8 and C60 is indistinguishable (both in spectra profiles and lifetimes) from the transient 

absorption spectra of BODIPY 2.8 (Figure 2.79). Since in majority of publications on similar 

systems, researchers use 390 – 410 nm excitation wavelength for investigation of the photoinduced 

electron-transfer from the photoexcited chromophore to the nano-carbon materials, we also studied 

the transient absorption spectra of the 1 : 10 mol/mol mixture of 2.8 and C60 upon 410 nm 

excitation wavelength (Figure 2.79). At first glance, there are two new features that appear in the 
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spectra. The first one is observed at 880 nm and the second one is located at 1000 nm. Careful 

analysis of the transient absorption data on 2.8 : C60 mixture, however, is indicative of the 

superposition of the spectra of BODIPY 2.8 (Figure 2.77) and C60 fullerene (Figure 2.78). In 

particular, transient absorption spectra of C60 fullerene have both 880 and 980 nm bands 

accompanied by the prominent shoulder at 1100 nm. More importantly, excited state lifetimes for 

880, 980, and 1100 nm signals of the pure C60 fullerene are very close to those observed in 2.8 : 

C60 mixture thus excluding any significant photoinduced electron-transfer from the BODIPY 2.8 

to C60 fullerene in solution. Thus, an extra caution should be taken when interpreting transient 

absorption data from covalent or non-covalent chromophore: fullerene assemblies that are 

photoexcited at ~400 nm wavelength as the excited state absorption of fullerene or its derivatives 

in the NIR region can be easily mistaken with the photoinduced electron-transfer from the 

photoexcited organic chromophore to fullerene acceptor. 

 

Figure 2.77: Transient absorption spectra of BODIPY 2.8. Top: 560 nm pump. Bottom:410nm 

pump. 
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Figure 2.78: Transient absorption spectra of C60 fullerene with 410 nm pump. 

 

 

Figure 2.79: Transient absorption spectra of BODIPY 2.8 mixture with C60 (1:10 mol/mol) pumped 

at 560 (top) and 410 nm (bottom). 
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Experimental Section 

Reagents and materials. Solvents were purified using standard approaches: toluene and THF 

were dried over sodium metal, DCM and chloroform were dried over calcium hydride. Fullerenes 

C60 and C70, (6,5)-SWCNT (95% purity), and graphene were purchased from Sigma Aldrich, 

BODIPY derivative 2.3a,216 Dimethyl BODIPY derivative 1.7242, acetyl ferrocene,217 chalcones 

2.3a,218 2.3b,219 2.3c,220 and 2.3d221 were prepared as described earlier. SWCNT were additionally 

purified following the literature procedure.222  

Spectroscopy Measurements. Jasco-720 and Agilent spectrophotometers were used to collect 

UV-Vis data. Fluorescence spectra were recorded on a Cary Eclipse spectrometer. Electrochemical 

cyclic voltammetry (CV) and differential pulse voltammetry (DPV) measurements were conducted 

using a CH Instruments electrochemical analyser utilizing a three-electrode scheme with platinum 

working, auxiliary and Ag/AgCl reference electrodes. DCM was used as solvents and 0.1 M 

solution of tetrabutylammonium perchlorate (TBAP) or 0.05M tetrabutylammonium 

tetrakis(pentafluorophenyl)borate (TFAB) were used as supporting electrolytes. In all cases, 

experimental redox potentials were corrected using decamethylferrocene (Fc*H) as an internal 

standard. NMR spectra were recorded on a Varian INOVA instrument with a 500 MHz frequency 

for protons and 125 MHz frequency for carbons and on a Bruker Avance instrument with a 300 

MHz frequency for protons and 75 MHz frequency for carbons. Chemical shifts are reported in 

parts per million (ppm) and referenced to tetramethylsilane (Si(CH3)4) as an internal standard. 13C 

NMR spectra for compounds 2.4a-d were not recorded due to the low solubility. High-resolution 

mass spectra of compounds 2.4a-e, 2.5a-e, and 2.8-2.10 were recorded using a Bruker micrOTOF-

QIII.  

Fluorescence lifetimes were measured using time correlated single photon counting 

(TCSPC).  Samples in a 1 cm quartz cuvette were excited with a 650 nm, 40 MHz diode laser 

(Driver: Picoquant PDL 800-B; Head: Picoquant LDH-P-470).  Emission was directed through a 

double monochromator (Jobin-Yvon DH-10), detected using an avalanche photodiode (Picoquant 

MPD PDM), and time resolved using a Time-Harp 300 TCSPC system.  The instrument response 

of the system is approximately 500 ps FWHM.244 Non-emissive samples were measured with 

pump-probe spectroscopy.  A home-built laser system consisting of a Ti:sapphire oscillator 

(powered by a Spectra Physics Millenia Pro) and regenerative amplifier (powered by a Spectra 
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Physics Empower 15) generated 75 fs (FWHM), 0.8-1.0  mJ, 815 nm pulses at a repetition rate of 

1 kHz. A portion of this light was directed into a home-built noncollinear optical parametric 

amplifier (NOPA) to create excitation pulses at 640 nm, 650 nm and 920 nm. Continuum probe 

pulses of 420-750 nm and 850-1400 nm were created by focusing a small fraction of the 815 nm 

light (~20 W) into a 2 mm sapphire window and Yttrium Aluminium Garnet (YAG) crystal, 

respectively. The excitation light was polarized at 54.7 degrees relative to the probe polarization 

(the magic angle) to isolate the isotropic dynamics of the excited state.  Time delay between the 

excitation and probe pulses was controlled by a mechanical delay stage (Newport 

UTM150PP.1). Pump and probe pulses were focused and spatially overlapped in 1 mm quartz 

cuvette containing the sample. The probe beam emerging from the sample was collimated, directed 

through a monochromator and detected on an array. A Princeton Instruments SP2150i 

monochromator (150 lines/mm, 500 nm blaze) with an attached 256-pixel diode array (Hamamatsu 

S3902-256Q) was used for visible light. A Princeton Instruments SP2150 monochrometer (150 

lines/mm, 1200nm blaze) with an attached 256 linear pixel InGaAs diode array (Hamamatsu 

G9213-256S)) was used for infra-red light. The pump beam was modulated at half the laser 

repetition rate while the probe beam was measured for every laser pulse and the change in optical 

density, ΔOD, induced by the pump was calculated and recorded for each pulse pair. Typically, 

20,000-40,000 pulse pairs were averaged for each time point presented in the pump-probe 

data.   The dependence of the ΔOD signal for pump pulse energies between 20-100 nJ was found 

to be linear.  Data shown was collected with pump pulse energies of 60 nJ and 120 nJ.  Samples 

had an optical density of <0.25 at the excitation wavelength and were held in a 1 mm path length 

cell during data collection. Absorption spectra taken before and after the pump probe experiments 

were indistinguishable, indicating no evidence of sample degradation. 

 

Computational Details. The starting geometries of compounds 2.5a-2.5e, 2.6, 2.7-2.10 were 

optimized using a B3LYP exchange-correlation functional.223,224 B3LYP exchange-correlation 

functional was found to result in good agreement between calculated and experimentally 

determined bond distances and angles in ferrocene-containing compounds.225-230 Energy minima 

in optimized geometry was confirmed by the frequency calculations (absence of the imaginary 

frequencies). Solvent effect was calculated using the polarized continuum model (PCM).231 In all 

calculations, DCM was used as the solvent. In PCM-TDDFT calculation, the first 50 states were 
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calculated. Full-electron Wachter’s basis set232 was utilized for iron atoms, while all other atoms 

were modelled using 6-311G(d)233 basis set. Gaussian 09 software was used in all calculations.234 

QMForge program was used for molecular orbital analysis.235 In DFT calculations on the 

formation energies of pyrene-pyrene, pyrene-C60, pyrene-(6,5)-SWCNT, and pyrene-graphene 

non-covalent complexes long-range corrected CAM-B3LYP and LC-wPBE exchange-correlation 

functionals and several functionals with dispersion correction (wB97, wB97-X2 CAM-B3LYP-

D3, and LC-wPBE-D3) have been tested. For pyrene-pyrene, pyrene-C60, pyrene-(6,5)-SWCNT, 

and pyrene-graphene systems, 6-31+G(d) basis set was used for all atoms. (6,5)-SWCNT was 

modelled by the 134 atoms truncated geometry with terminal hydrogen atoms located at the edges. 

The length of such (6,5)-SWCNT model was 13.568 Å, which is sufficient enough for an accurate 

descriptions of pyrene-(6,5)-SWCNT interactions. Graphene was modelled by the repeated 

translation of the six-membered carbon units (54 total carbon atoms). The terminal carbon atoms 

in graphene model were terminated by hydrogens. The final model had a 14.48x14.48 Å size, 

which is sufficient to model pyrene-graphene interactions.  

 

X-ray crystallography. Single crystals of aza-BODIPY 2.4e, 2.5a, 2.5d, 2.5e, 2.5b·C60, 

2.5d·2C60, 2.8, and 2.9 complex suitable for X-ray crystallographic analysis were obtained by slow 

evaporation from their DCM (2.4e, 2.5a, 2.5d, and 2.5e) or DCM/toluene (2.5b·C60, and 

2.5d·2C60) solutions. X-ray diffraction data for 2.5a and 2.5b·C60 were collected on Rigaku 

RAPID II Image Plate system using graphite-monochromated Cu-K radiation ( = 1.54187 Å) 

at 123 K. Data for 2.5d, 2.5e and 2.5d·2C60 compounds were obtained on a Bruker D8 QUEST 

ECO CMOS diffractometer using graphite-monochromated Mo-Kα radiation ( = 0.71073 Å) at 

150 K. Data for 2.4e were obtained on a Bruker APEX-II diffractometer using graphite-

monochromated Cu-K radiation ( = 1.54187 Å)  at 150 K. All diffractometer manipulations, 

including data collection, integration and scaling were carried out using the Bruker APEX3 

software suite. Absorption corrections were applied using SADABS. The structures were solved 

by direct methods236 (2.5a, 2.5d, 2.5e, 2.5d·2C60)  or by the SuperFlip method237,238 (2.5b·C60) 

and refined by full-matrix least-squares refinement using Crystals for Windows239 (2.5a) or 

SHELXL-2014/7240,241 (2.5b·C60, 2.5d, 2.5e, 2.5d·2C60) programs. No obvious missed symmetry 

was reported by PLATON. All non-hydrogen atoms were refined with anisotropic thermal 

parameters. Hydrogen atoms were places in idealized positions and refined using a riding model. 
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The solvent toluene molecule in 2.5b·C60 complex was found to be disordered over two sites. In 

2.5d·2C60, disorder in one of two C60 molecules in the asymmetric unit could not be satisfactorily 

modelled, leading to higher than desirable thermal parameters for the carbon sites in this unit. 

“Flip”-type disorder was observed for thiophenyl side chains in 2.5d and 2.5d·2C60, wherein 

different types of atoms (sulfur and carbon) occupy positions that are close to each other. This 

disorder influences the thermal parameters of the respective sulfur and carbon atoms, which were 

therefore equated for each pair of disordered atoms in the disordered rings.   

Crystal data for 2.4e C60 H39 Fe2 N3: MW = 913.64, monoclinic, space group P21/n, a = 7.3960(4), 

b = 45.697(3), c = 12.5412(7) Å,  = 90 o,  = 94.623(5) o,  = 90o, V = 4224.82Å3, Z = 4,  = 

5.864 mm-1, 35657 reflections, (3810 I > 2(I)), 2max = 125.54; final R1 = 0.0845, Rw (all) = 

0.1494. Crystal data for 2.5a C52H30B1F2N3: MW = 745.64, monoclinic, space group P21/c, a = 

12.8265(2), b = 20.1233(4), c = 14.4166(10) Å,  = 90 o,  = 105.552(7) o,  = 90o, V = 3584.9(2) 

Å3, Z = 4,  = 0.697 mm-1, 12889 reflections, (1665 I > 2(I)), 2max = 58.935; final R1 = 0.0782, 

Rw (all) = 0.1874. Crystal data for 2.5b•C60: C119H36B1O2N3: MW = 1458.28, monoclinic, space 

group C2/c, a = 19.7995(4), b = 47.3003(9), c = 14.7939(10) Å,  = 90 o,  = 106.263(7) o,  = 90o, 

V = 13300.4(11) Å3, Z = 8,  = 0.677 mm-1, 6927 reflections, (3569 I > 2(I)), 2max = 50.427; 

final R1 = 0.1203, Rw (all) = 0.2665. Crystal data for 2.5d C49H28BCl2F2N3S2: M 842.57, 

monoclinic, space group P21/c, a = 29.1647(15), b = 7.7468(3), c = 33.4875(16) Å,  = 90 o,  = 

96.487(3)°,  = 90o, V = 7517.5(6) Å3, Z = 8,  = 0.337 mm-1, 12828 reflections, (6009 I > 2(I)), 

2max = 49.556; final R1 = 0.0966, wR2 (all) = 0.1880. Crystal data for 2.5d•C60: C169H26BF2N3OS2: 

MW = 2226.86, triclinic, space group P-1, a = 13.2973(10), b = 16.7957(12), c = 22.0745(16) Å, 

 = 101.739(4)°,  = 105.539(3)°,  = 99.699(4)o, V = 4518.7(6) Å3, Z = 2,  = 0.143 mm-1, 15469 

reflections, (7504 I > 2(I)), 2max = 49.658; final R1 = 0.1075, wR2 (all) = 0.2836. Crystal data 

for 2.5e: C60H38BF2Fe2N3: MW = 961.44, monoclinic, space group P21/c, a = 21.490(2), b = 

9.7500(10), c = 19.997(2) Å,  = 90°,  = 96.947(4)°,  = 90°, V = 4159.2(7) Å3, Z = 4,  = 0.756 

mm-1, 7127 reflections, (4418 I > 2(I)), 2max = 49.514; final R1 = 0.1036, wR2 (all) = 0.2078.  

crystal data for BODIPY 2.8: a = 11.8942(2) Å, b = 24.6471(4) Å, c = 14.7953(10) Å,  = 90o,  

= 110.060(8)o,  = 90o, V = 4074.2(3) Å3, cell symmetry is monoclinic, space group P21/n, Z = 4, 

total reflections: 22435, goodness of fit = 0.9563, wR(all) = 0.2312, R(I>2I) = 0.1027 (CCDC 

1825658). crystal data for BODIPY 2.9: a = 12.1367(6) Å, b = 14.2874(6) Å, c = 14.5167(10) Å, 
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 = 112.536(8)o,  = 98.382(7)o,  = 90.203(6)o, V = 2295.30(16) Å3, cell symmetry is triclinic, 

space group P-1, Z = 2, total reflections: 20401, goodness of fit = 1.0069, wR(all) = 0.2016, 

R(I>2I) = 0.0628 (CCDC 1825657)  Additional crystallographic information for all compounds 

are accessible from the Cambridge Structural Database: CCDC-1582584 (2.5a), CCDC-1582586 

(2.5d), CCDC-1582588 (2.5e), CCDC-1582585 (2.5b·C60), and CCDC-1582587 (2.5d·2C60). 

 

EXPERIMENTAL PROCEDURE  

Compound 2.2e. To the solution of acetyl ferrocene (8.7 mmol, 2000 mg) and 

pyrenecarboxaldehyde (8.7 mmol, 2017 mg) in dry DMF (20 mL) sodium hydride (8.7 mmol, 209 

mg) was added portion wise. The resulting mixture was stirred for 5 min at room temperature and 

then quenched with iced water (20 mL). The resulting precipitate was filtered, washed with water 

and dried. Yield 3600 mg (90 %). 1H NMR (300 MHz, CDCl3) δ 8.99 (d, JH,H = 15.6 Hz, 1H), 8.64 

(d, JH,H = 9.3 Hz, 1H), 8.44 (d, JH,H = 8.0 Hz, 1H), 8.26 – 8.21 (m, 4H), 8.16 – 8.02 (m, 3H), 7.44 

(d, JH,H = 15.6 Hz, 1H), 5.02 – 5.01 (m, 2H), 4.65 – 4.64 (m, 2H), 4.28 (s, 5H); 13C NMR{1H} (75 

MHz, CDCl3) δ 137.73, 132.79, 131.53, 130.98, 130.38, 129.38, 128.72, 128.66, 127.50, 126.46, 

126.07, 125.95, 125.49, 125.16, 124.24, 123.01, 81.03, 73.00, 70.32, 69.99. 

 

Compound 2.3a. To the solution of compound 2.2a (2.69 mmol, 896 mg) in nitromethane (10 ml) 

DBU (2.69 mmol, 410 mg) was added. The resulting mixture was refluxed for 5 min. The resulting 

colorless solution was cooled down to room temperature, diluted with water (10 mL), then 

methanol was added until white solid precipitated. The product was collected by filtration yielding 

990 mg (93 %) of 2.3a. 1H NMR (500 MHz, CDCl3) δ 8.51 (d, JH,H = 9.4 Hz, 1H), 8.23 – 8.20 (m, 

3H), 8.17 (d, JH,H = 8.0 Hz, 1H), 8.09 (d, JH,H = 11.6 Hz, 1H), 8.05 – 8.01 (m, 2H), 7.95 – 7.93 (m, 

3H), 7.58 – 7.55 (m, 1H), 7.46 – 7.43 (m, 2H), 5.52 – 5.47 (m, 1H), 5.08 (dd, JH,H = 12.6, 7.0 Hz, 

2H), 3.76 (dd, JH,H = 6.8, 3.1 Hz, 2H); 13C{1H}  NMR (75 MHz, CDCl3) δ 197.05, 136.49, 133.74, 

132.61, 131.51, 130.96, 130.87, 128.89, 128.78, 128.21, 127.90, 127.39, 126.36, 125.72, 125.49, 

125.26, 122.04, 79.59, 42.15. 

 

Compound 2.3b. To the solution of compound 2.2b (4.02 mmol, 1400 mg) in nitromethane (15 

mL) DBU (4.02 mmol, 611 mg) was added. The resulting mixture was stirred for 10 min at room 

temperature. Then the resulting colorless solution was acidified with acetic acid (1 mL) and diluted 



107 
 

with water. The product was extracted with chloroform. The organic layer was washed with water 

(2×40 mL), brine solution, dried over MgSO4, and evaporated to dryness yielding 1478 mg (89 %) 

of pure 2.3b. 1H NMR (500 MHz, CDCl3) δ 11.85 (s, 1H), 8.43 (d, JH,H = 9.3 Hz, 1H), 8.18 – 8.14 

(m, 3H), 8.11 (d, JH,H = 8.0 Hz, 1H), 8.03 (d, JH,H = 8.9 Hz, 1H), 7.99 – 7.95 (m, 2H), 7.86 (d, JH,H 

= 8.0 Hz, 1H), 7.70 (dd, JH,H = 8.1, 1.5 Hz, 1H), 7.42 – 7.38 (m, 1H), 6.89 – 6.88 (m, 1H), 6.83 – 

6.80 (m, 1H), 5.44 – 5.39 (m, 1H), 4.99 (dd, JH,H = 11.8, 6.5 Hz, 2H), 3.78 (dd, JH,H = 17.8, 6.5 

Hz, 2H); 13C{1H}  NMR (75 MHz, CDCl3) δ 202.73, 162.62, 136.99, 132.05, 131.47, 131.01, 

130.79, 129.66, 128.87, 128.78, 127.97, 127.34, 126.40, 125.80, 125.54, 125.42, 125.26, 124.86, 

123.31, 121.83, 119.25, 119.18, 118.87, 79.51, 41.53, 29.85. 

 

Compound 2.3c. To the solution of compound 2.2c (1.82 mmol, 660 mg) in nitromethane (10 mL) 

DBU (1.82 mmol, 276 mg) was added. The resulting mixture was stirred for 10 min at room 

temperature. Then the resulting colorless solution was diluted with water and the product was 

extracted with chloroform. The organic layer was dried over MgSO4, and evaporated to dryness 

yielding 694 mg (90 %) of pure 2.3c 1H NMR (300 MHz, CDCl3) δ 8.52 (d, JH,H = 9.4 Hz, 1H), 

8.23 – 8.14 (m, 4H), 8.00 – 8.004 (m, 3H), 7.96 – 7.91 (m, 3H), 6.93 – 6.88 (m, 2H), 5.52 – 5.43 

(m, 1H), 5.09 (dd, JH,H = 12.6, 6.8 Hz, 2H), 3.85 (s, 3H), 3.70 – 3.67 (m, 2H); 13C{1H}  NMR (75 

MHz, CDCl3) δ 195.48, 163.99, 132.84, 131.49, 130.88, 130.86, 130.51, 129.57, 128.83, 128.70, 

127.83, 127.39, 126.32, 125.66, 125.44, 125.23, 124.93, 79.60, 55.68, 41.77. 

 

Compound 2.3d. To the solution of compound 2.2d (3.50 mmol, 1193 mg) in nitromethane (15 

mL) DBU (3.50 mmol, 532 mg) was added. The resulting mixture was stirred for 10 min at room 

temperature. Then the resulting colorless solution was diluted with water and the product was 

extracted with chloroform. The organic layer was dried over MgSO4, and evaporated to dryness 

yielding 1281 mg (91 %) of pure 2.3d. 1H NMR (300 MHz, CDCl3) δ 8.50 (d, JH,H = 9.4 Hz, 1H), 

8.23 – 8.15 (m, 4H), 8.09 – 8.00 (m, 3H), 7.95 (d, JH,H = 8.0 Hz, 1H), 7.71 – 7.70 (m, 1H), 7.64 – 

7.62 (m, 1H), 7.11 – 7.08 (m, 1H), 5.50 – 5.41 (m, 1H), 5.13 (dd, JH,H = 12.6, 6.9 Hz, 2H), 3.74 – 

3.70 (m, 2H); 13C{1H}  NMR (75 MHz, CDCl3) δ 189.85, 143.61, 134.48, 132.42, 132.28, 131.47, 

130.96, 130.83, 128.82, 128.78, 128.37, 127.90, 127.36, 126.35, 125.72, 125.49, 125.41, 125.24, 

124.89, 123.43, 121.97, 79.40, 42.70. 
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Compound 2.3e. To the solution of compound 2.2e (8.10 mmol, 3580 mg) in nitromethane (25 

mL) DBU (8.10 mmol, 1230 mg) was added. The resulting mixture was refluxed for 10 min. The 

resulting colorless solution was cooled down to room temperature, diluted with water (20 mL), the 

product was extracted with chloroform, washed with water, brine, dried over Na2SO4 and 

evaporated to dryness. Yield 3260 mg (80 %) of 2.3e. 1H NMR (300 MHz, CDCl3) δ 8.57 (d, JH,H 

= 9.4 Hz, 1H), 8.26 – 8.19 (m, 4H), 8.09 – 7.96 (m, 4H), 5.48 – 5.39 (m, 1H), 5.12 (dd, JH,H = 12.6, 

7.0 Hz, 2H), 4.77 – 4.73 (m, 2H), 4.49 – 4.48 (m, 2H), 4.01 (s, 5H), 3.57 (dd, JH,H = 17.5, 6.3 Hz, 

2H); 13C{1H}  NMR (75 MHz, CDCl3) δ 201.05, 132.89, 131.53, 130.97, 130.91, 128.95, 128.77, 

127.90, 127.41, 126.36, 125.71, 125.49, 125.18, 124.97, 122.21, 79.61, 78.51, 72.73, 72.69, 69.95, 

69.41, 43.11. 

 

General procedure for the synthesis of compounds 2.4a-e: 

The mixture of appropriate nitrobutanone derivative 2.3a-d and ammonium acetate (50 eq.) was 

refluxed in ethanol or n-butanol (30 mL) for 12-24 h. After cooling to room temperature, the 

precipitate was filtered, washed with ethanol and dried. 

 

Compound 2.4a. The mixture was refluxed for 24 h. Yield 280 mg (35 %).1H NMR (500 MHz, 

CDCl3) δ 8.53 (d, J H,H = 9.4 Hz, 2H), 8.18 (d, JH,H = 7.6 Hz, 2H), 8.15 – 8.13 (m, 2H), 8.10 – 8.06 

(m, 6H), 7.98 – 7.95 (m, 6H), 7.81 (d, JH,H = 8.9 Hz, 2H), 7.69 (d, JH,H = 7.6 Hz, 2H), 7.63 – 7.60 

(m, 4H), 7.55 – 7.52 (m, 2H), 7.38 (s, 2H); HRMS (APCI positive) calcd for C52H31N3 [M + H]+: 

698.2591, found 698.2575. 

 

Compound 2.4b. The mixture was refluxed for 12 h. Yield 330 mg (25 %).1H NMR (300 MHz, 

DMSO-d6) δ 8.41 (d, JH,H = 9.3 Hz, 1H), 8.26 – 8.25 (m, 2H), 8.22 – 8.18 (m, 4H), 8.12 – 8.05 (m, 

8H), 7.81 (d, JH,H = 9.1 Hz, 2H), 7.75 (s, 1H), 7.69 – 7.68 (m, 1H), 7.43 – 7.40 (m, 2H), 7.21 – 

7.19 (m, 2H), 7.08 – 7.05 (m, 2H); HRMS (APCI positive) calcd for C52H31N3O2 [M + H]+: 

730.2489, found 730.2459. 

 

Compound 2.4c. The mixture was refluxed for 12 h. Yield 182 mg (27 %).1H NMR (300 MHz, 

CDCl3) δ 8.54 (d, JH,H = 9.3 Hz, 2H), 8.19 (d, JH,H = 7.9 Hz, 2H), 8.14 – 8.11 (m, 2H), 8.07 – 7.93 

(m, 12H), 7.80 (d, JH,H = 8.9 Hz, 2H), 7.68 (d, JH,H = 7.9 Hz, 2H), 7.29 (s, 2H), 7.14 (d, JH,H = 8.7 
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Hz, 4H), 3.96 (s, 6H); HRMS (APCI positive) calcd for C54H35N3O2 [M + H]+: 758.2802, found 

758.2782. 

 

Compound 2.4d. The mixture was refluxed for 20 h in n-butanol. Yield 166 mg (26 %). 1H NMR 

(300 MHz, CDCl3) δ 8.51 (d, JH,H = 9.2 Hz, 2H), 8.16 – 8.12 (m, 7H), 8.08 – 8.03 (m, 4H), 7.99 – 

7.95 (m, 7H), 7.80 – 7.77 (m, 2H), 7.71 – 7.70 (m, 1H), 7.68 – 7.65 (m, 2H), 7.60 – 7.58 (m, 1H); 

HRMS (APCI positive) calcd for C48H27N3S2 [M + H]+: 710.1719, found 710.1698. 

 

Compound 2.4e. The mixture was refluxed for 24 h in n-butanol under argon atmosphere. After 

cooling to room temperature, the product was filtered, washed with ethanol, dried. The crude 

product was purified by column chromatography on Al2O3 using toluene as the solvent. Dark violet 

fraction was collected, evaporated to dryness yielding 260 mg (15 %) of pure 2.4e.1H NMR (300 

MHz, CDCl3) δ 8.56 (d, JH,H = 9.3 Hz, 2H), 8.23 (d, JH,H = 8.0 Hz, 2H), 8.14 (d, JH,H = 7.4 Hz, 

2H), 8.08 (d, JH,H = 6.9 Hz, 2H), 7.98 – 7.93 (m, 6H), 7.83 (d, JH,H = 8.9 Hz, 2H), 7.72 (d, JH,H = 

8.0 Hz, 2H), 6.98 (s, 2H), 4.99 (t, JH,H = 1.9 Hz, 4H), 4.68 (t, JH,H = 1.9 Hz, 4H), 4.33 (s, 10H); 

13C NMR (75 MHz, CDCl3) δ 156.45, 150.41, 140.97, 131.48, 131.08, 130.65, 129.75, 129.72, 

129.31, 127.59, 127.35, 127.02, 126.25, 125.84, 125.05, 125.01, 124.95, 124.72, 124.28, 119.38, 

71.48, 70.52, 69.81, 67.92; HRMS (APCI positive) calcd for C60H39Fe2N3 [M + H]+: 914.1919, 

found 914.1889. 

 

Compound 2.5a. The solution of compound 2.4a (0.143 mmol, 100mg) in DCM (10 mL) was 

treated with DIPEA (0.717 mmol, 92 mg) and stirred for 10 min at room temperature. Then the 

solution of BF3·Et2O (1.43 mmol, 203 mg) was added dropwise and the mixture was stirred 

overnight at room temperature. Then the reaction mixture was slowly quenched with methanol (10 

mL) and the resulting precipitate was filtered yielding 87 mg (81%) of pure dye 2.5a.1H NMR 

(500 MHz, CDCl3) δ 8.58 (d, JH,H = 9.3 Hz, 2H), 8.26 (d, JH,H = 8.0 Hz, 2H), 8.21 – 8.20 (m, 4H), 

8.18 – 8.16 (m, 4H), 8.09 (d, JH,H = 9.3 Hz, 2H), 8.04 – 8.00 (m, 4H), 7.90 – 7.87 (m, 4H), 7.58 – 

7.55 (m, 6H), 7.27 (m, 2H); 13C NMR (75 MHz, CDCl3) δ 131.87, 131.79, 131.42, 131.20, 130.95, 

129.97, 129.84, 128.91, 128.44, 128.13, 127.50, 126.24, 125.78, 125.54, 125.44, 124.79, 124.55; 

HRMS (APCI positive) calcd for C52H30BF2N3 [M + H]+: 746.2560, found 746.2433. 
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Compound 2.5b. The solution of compound 2.4b (0.137 mmol, 100mg) in dry THF (10 mL) was 

treated with DIPEA (2.05 mmol, 264 mg) and stirred for 10 min at room temperature. Then the 

solution of BF3·Et2O (2.74 mmol, 390 mg) was added dropwise and the mixture was stirred 

overnight at room temperature. Then the reaction mixture was slowly quenched with water (20 

mL), product was extracted with EtOAc, dried over Na2SO4, and evaporated to dryness. The crude 

product was purified by column chromatography on silica gel using toluene as a solvent yielding 

20 mg (20 %) of pure dye 2.5b. 1H NMR (500 MHz, CDCl3) δ 8.68 (d, JH,H = 9.3 Hz, 2H), 8.34 

(d, JH,H = 8.0 Hz, 2H), 8.22 – 8.18 (m, 4H), 8.16 (d, JH,H = 9.3 Hz, 2H), 8.06 – 7.94 (m, 10H), 7.52 

– 7.58 (m, 2H), 7.44 (s, 2H), 7.22 – 7.15 (m, 4H); 13C NMR (75 MHz, CDCl3) δ 156.08, 142.96, 

133.74, 131.82, 131.45, 131.00, 129.79, 129.70, 129.11, 128.35, 128.04, 127.72, 127.51, 126.91, 

126.24, 125.73, 125.55, 125.33, 125.22, 124.88, 124.77, 121.33, 120.52, 118.35; HRMS (APCI 

positive) calcd for C52H28BN3O2 [M + H]+: 738.2334, found 738.2303. 

 

Compound 2.5c. The solution of compound 2.4c (0.132 mmol, 100mg) in DCM (10 mL) was 

treated with DIPEA (1.32 mmol, 170 mg) and stirred for 10 min at room temperature. Then the 

solution of BF3·Et2O (1.98 mmol, 281 mg) was added dropwise and the mixture was stirred 

overnight at room temperature. Then the reaction mixture was slowly quenched with methanol (10 

mL) and the resulting precipitate was filtered yielding 90 mg (85%) of pure dye 2.5c. 1H NMR 

(500 MHz, CDCl3) δ 8.57 (d, JH,H = 9.3 Hz, 2H), 8.25 -8.23 (m, 6H), 8.17 – 8.15 (m, 4H), 8.08 (d, 

JH,H = 9.3 Hz, 2H), 8.03 – 7.99 (m, 4H), 7.89 – 7.85 (m, 4H), 7.10 (d, JH,H = 8.9 Hz, 4H), 3.93 (s, 

6H); 13C NMR (75 MHz, CDCl3) δ 162.24, 132.01, 131.67, 131.42, 130.97, 129.86, 129.75, 

128.24, 127.94, 127.88, 127.50, 126.16, 125.65, 125.31, 125.10, 124.81, 124.50, 124.32, 123.09, 

114.58, 55.64; HRMS (APCI positive) calcd for C54H34BF2N3O2 [M + H]+: 806.2771, found 

806.2694. 

 

Compound 2.5d. The solution of compound 2.4d (0.473 mmol, 336mg) in DCM (20 mL) was 

treated with DIPEA (4.73 mmol, 610 mg) and stirred for 10 min at room temperature. Then the 

solution of BF3·Et2O (9.46 mmol, 1.39 g) was added dropwise and the mixture was stirred 

overnight at room temperature. Then the reaction mixture was slowly quenched with water (20 

mL), organic layer was washed with water, dried over Na2SO4 and evaporated to dryness. The 

crude product was purified by column chromatography using chloroform as a solvent yielding 129 
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mg (36 %) of pure dye 2.5d. 1H NMR (300 MHz, CDCl3) δ 8.54 – 8.51 (m, 4H), 8.21 (d, JH,H = 

8.0 Hz, 2H), 8.18 – 8.15 (m, 4H), 8.10 (d, JH,H = 9.3 Hz, 2H), 8.03 – 7.98 (m, 4H),  7.89 – 7.83 

(m, 4H), 7.72 (dd, JH,H = 5.0, 0.8 Hz, 2H), 7.39 (s, 2H), 7.37 – 7.34 (m, 2H); 13C NMR (75 MHz, 

CDCl3) δ 143.83, 134.35, 133.45, 132.12, 131.78, 131.40, 130.95, 130.11, 129.76, 129.71, 128.33, 

128.07, 127.48, 127.43, 126.20, 125.71, 125.52, 125.38, 125.07, 124.77, 124.48, 123.03; HRMS 

(APCI positive) calcd for C48H26BF2N3S2 [M + H]+: 758.1688, found 758.1651. 

 

Compound 2.5e. The solution of compound 2.4d (0.109 mmol, 100mg) in DCM (10 mL) was 

treated with DIPEA (1.09 mmol, 141 mg) and stirred for 10 min at room temperature under argon 

atmosphere. Then the solution of BF3·Et2O (2.18 mmol, 312 mg) was added dropwise and the 

mixture was stirred overnight at room temperature under argon atmosphere. Then the reaction 

mixture was slowly quenched with methanol (10 mL) and the resulting precipitate was filtered 

yielding 87 mg (67%) of pure dye 2.5e. 1H NMR (500 MHz, CDCl3) δ 8.55 (d, J = 9.3 Hz, 2H), 

8.29 (d, J = 8.0 Hz, 2H), 8.17 (d, J = 7.6 Hz, 4H), 8.11 (d, J = 9.3 Hz, 2H), 8.03 – 7.99 (m, 4H), 

7.91 – 7.88 (m, 4H), 7.14 (s, 2H), 5.51 – 5.50 (m, 4H), 4.90 – 4.89 (m, 4H), 4.35 (s, 10H). 13C 

NMR (75 MHz, CDCl3) δ 131.49, 131.31, 131.03, 129.62, 129.47, 128.38, 127.93, 127.70, 127.59, 

126.52, 126.12, 125.75, 125.47, 125.17, 125.12, 124.88, 124.52, 73.84, 71.53; HRMS (APCI 

positive) calcd for C60H38BF2N3Fe2 [M + H]+: 962.1935, found 962.1923. 

 

1,7-Diphenyl-2,6-dicarbethoxy-3-(2-(pyrenyl)vinyl)-5-methyl-4,4-difluoro-4-bora-3a,4a,-

diaza-s-indacene (2.8) and 1,7-diphenyl-2,6-dicarbethoxy-3,5-bis-(2-(pyrenyl)vinyl)-4,4-

difluoro-4-bora-3a,4a,-diaza-s-indacene (2.9). A mixture of 400 mg (0.775 mmol) of BODIPY 

2.7,242n b     267 mg (1.162 mmol) of 1-pyrenecarboxaldehyde, 321 mg (3.77 mmol) of piperidine 

and 651 mg (10.85 mmol) of acetic acid was refluxed in 50 mL of toluene for 4 h. After cooling, 

the solution was washed with water, dried over Na2SO4 and evaporated to dryness. The residue 

was purified by column chromatography on silica using DCM as eluent yielding 141 mg (25%) of 

monopyrene-containing BODIPY 2.8 and 262 mg (36%) of dipyrene-containing BODIPY 2.9. 

 

Compound 2.8. 1H NMR (500 MHz, CDCl3) δ 9.07 (d, J = 16.0 Hz, 1H), 8.50 (d, J = 9.4 Hz, 1H), 

8.48 (d, J = 8.1 Hz, 1H), 8.16 - 8.14 (m, 4H), 8.06 - 8.04 (m, 3H), 7.96 (t, J = 7.6 Hz, 1H), 7.37 – 
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7.23 (m, 10H), 6.89 (s, 1H), 4.16 (q, J = 7.1 Hz, 2H), 4.10 (q, J = 7.1 Hz, 2H), 2.94 (s, 3H), 1.04 

(t, J = 7.1 Hz, 3H), 0.97 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 132.63, 132.17, 131.59, 

131.04, 130.89, 130.24, 130.11, 129.76, 129.13, 128.71, 128.47, 128.01, 127.69, 126.33, 126.01, 

125.81, 125.57, 125.25, 124.91, 124.13, 123.75, 123.02, 61.42, 60.35, 47.62, 14.03, 13.85. HRMS 

(APCI positive) calcd for C46H35BF2N2O4 [M + H]+: 729.2731, found 729.2729. 

 

Compound 2.9. 1H NMR (500 MHz, CDCl3) δ 9.24 (d, J = 16.0 Hz, 2H), 8.63 – 8.60 (m, 4H), 

8.29 – 8.24 (m, 4H), 8.22 (dd, J = 6.9, 1.7 Hz, 2H), 8.15 – 8.10 (m, 4H), 8.02 – 7.96 (m, 6H), 7.45 

– 7.39 (m, 10H), 7.00 (s, 1H), 4.25 (q, J = 7.1 Hz, 4H), 1.07 (t, J = 7.1 Hz, 6H); 13C NMR (125 

MHz, CDCl3) δ 165.38, 132.59, 132.17, 131.58, 131.20, 131.01, 130.20, 129.86, 129.04, 128.76, 

128.49, 128.43, 127.70, 126.28, 125.93, 125.75, 125.57, 125.26, 124.91, 124.15, 123.11, 61.36, 

47.66, 13.85; HRMS (APCI positive) calcd for C63H43BF2N2O4 [M + H]+: 941.3357, found 

941.3338. 

 

1,7-Diphenyl-2,6-dicarbethoxy-3-(2-(pyrenyl)vinyl)-5-(2-(ferrocenyl)vinyl)-4,4-difluoro-4-

bora-3a,4a,-diaza-s-indacene (2.10). 

A mixture of 80 mg (0.11 mmol) of compound 2.8, 26 mg (0.12 mmol) ferrocenecarboxaldehyde, 

30 mg of piperidine, and 30 mg of acetic acid was refluxed in 10 mL of dry toluene for 30 min. 

After cooling to room temperature the solution was washed with water, dried over Na2SO4 and 

evaporated to dryness. The crude product was refluxed with hot methanol and filtered. Yield 72 

mg (71%) of BODIPY 2.10. 

 

Compound 2.10. 1H NMR (300 MHz, CDCl3) δ 9.22 (d, J = 16.4 Hz, 1H), 8.69 (d, J = 9.4 Hz, 

1H), 8.59 (d, J = 8.2 Hz, 1H), 8.26 – 8.21 (m, 4H), 8.15 – 8.01 (m, 4H), 7.80 (d, J = 16.2 Hz, 1H), 

7.52 (d, J = 16.2 Hz, 1H), 7.42 – 7.34 (m, 10H), 6.94 (s, 1H), 4.74 – 4.73 (m, 2H), 4.56 – 4.55 (m, 

2H), 4.28 (s, 5H), 4.24 – 4.16 (m, 4H), 1.11 – 1.02 (m, 6H); 13C NMR (75 MHz, CDCl3) δ 165.54, 

165.27, 154.18, 144.14, 137.04, 135.92, 135.13, 132.56, 132.30, 131.99, 131.66, 131.57, 131.13, 

129.98, 129.82, 129.72, 129.04, 128.76, 128.53, 128.43, 128.35, 128.24, 127.75, 126.28, 125.86, 
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125.69, 125.57, 125.31, 125.00, 124.29, 124.06, 123.31, 120.00, 82.11, 71.70, 70.29, 68.94, 61.23, 

13.92; HRMS (APCI positive) calcd for C57H43BF2FeN2O4 [M + H]+: 925.2706, found 925.2714.) 

Conclusion 

 A synthetic strategy was demonstrated for preparation of a -dipyrene-aza-BODIPY and 

-dipyrene-3,5-diferrocene-aza-BODIPY derivatives with pyrene substituted at the β-position 

(2.5a-2.5e) along with three new pyrene-BODIPY systems with pyrene substituted at the α-

position (2.8-2.10).  Full structural and electronic characterization of new aza-BODIPY 2.5a–2.5e 

and BODIPY compounds 2.8–2.10 was done using 1D and 2D NMR, UV-Vis, fluorescence 

spectroscopy, high-resolution mass spectrometry as well as X-ray crystallography.  Installation of 

the α and -pyrene substituents was motivated by the hypothesis that they would provide an 

effective intermolecular binding motif to drive complex formation with nanocarbon based electron 

acceptors.  This hypothesis was based, in part, on prior reports of analogous applications creating 

intermolecular charge transfer complexes that appeared to spontaneously assemble in solution.1-

5,60-67  The β-substituted aza-BODIPY compounds show classical pyrene-centered absorption 

bands at 375 and 345 nm in the UV-vis spectra of 2.5a – 2.5e indicating that the pyrene fragments 

are not conjugated into the chromophores π-system however, the α-substituted BODIPYs 2.8 – 

2.10 show a prominent low-energy shift and an absence of the pyrene peaks at 375 and 345 nm 

clearly indicative of conjugation of the pyrene groups.  The α-pyrene BODIPYs 2.8 – 2.10 show 

regular NIR-emitting BODIPYs fluorescence quantum yields and small Stokes energy shifts.  

Consequently the aza-BODIPYs 2.5a – 2.5e with the pyrene groups decoupled from the 

chromophores π-system show reduced fluorescence quantum yields and larger Stokes energy 

shifts.  This result has contributed to the pyrene group facilitating unwanted pyrene-to-

chromophore electron transfer processes.  Formation of weakly-bonded non-covalent complexes 

between our new pyrene-aza-BODIPYs and pyrene-BODIPYs and nanocarbon material (C60, C70, 

SWCNT, and graphene) was studied by UV-Vis, steady-state fluorescence, and time-resolved 

transient absorption spectroscopy.  Experiments titrating nanocarbon based acceptors into 

solutions containing our new compounds 2.5a–2.5e and 2.8–2.10 resulted in significant reduction 

of measured emission from the chromophores and the appearance of new absorption features in 

the transient absorption following photoexcitation.  However, careful accounting of the 

interference of the nanocarbon acceptors with the excitation light left only limited, residual 
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evidence of weak interactions with nanocarbon acceptors in solution.  Solid state structures and 

DFT predictions supported the relatively weak and somewhat non-specific interaction between our 

aza-BODIPY and BODIPY compounds and the nanocarbon acceptors.  Direct comparison to the 

aza-BODIPY control compound, 2.6, demonstrated no significant enhancement in the interaction 

with nanocarbon acceptors with the addition of the pyrene ligands.  The pyrene substituents were 

demonstrated to be ineffective as a motif to promote and direct intermolecular complex formation 

with fullerenes and SWCNTs, disproving the initial hypotheses.  In the absence of a dominant 

pyrene-nanocarbon driven association, tuning the electron-donating groups at the -positions of 

the aza-BODIPY core was observed to play a role in the relatively weak non-covalent complex 

formation between 2.5a–2.5e and fullerenes.  This work draws into question conclusions that 

pyrenes are generally effective ligands in the construction of organic donor-nanocarbon-based-

acceptor assemblies, and it highlights the care that must be taken when interpreting some 

commonly employed approaches to measuring complex formation.  With no enhanced interaction 

observed via the addition of pyrene group to the BODIPY I believe future direction of this work 

would be best directed toward alternative methods of enhancing the non-covalent interaction of 

the BODIPY with the nanocarbon material.  Since we observed interaction between C60 and 2.5b 

in crystal structures the addition of new electron donating groups to increase electron density on 

the BODIPY core could be a promising direction to take this work.  However we decided to 

investigate a different approach for the interaction of our BODIPY’s with fullerenes in chapter 3 

were we investigate the photoinduced electron properties in the donor acceptor arrays formed 

between covalently linked ferrocene BODIPYs and C60 fullerene.  In my architecture conjugated 

to the BODIPY chromophore ferrocene donors should transfer electrons to the photoexcited 

antenna.  Next the photoreduced BODIPY chromophore should transfer electrons to the terminal 

fullerene acceptor.  As the linking group between the BODIPY and fullerene we chose the most 

popular catechol linker located at the boron hub. 
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Chapter 3 

Investigation of ferrocene-BODIPY-C60 triads covalently linked via 

catechol linker 

Introduction 

The photoinduced electron-transfer properties of chromophore-acceptor and donor-

chromophore-acceptor molecular assemblies have attracted substantial interest as the basis for 

potential applications in organic photovoltaic and dye-sensitized solar cells.1-7 Initial formation of 

long-lived charge-separated states is one of many important aspects in the design of efficient light-

harvesting assemblies.8 Due to their combined optical properties and stability, porphyrins,9-15 

phthalocyanines,16-29 subphthalocyanines,30-47 and more recently BODIPYs,48-53 aza-

BODIPYs,54,55 and BOPHYs56-65 have gained significant attention as chromophores in donor-

acceptor (D-A) systems targeted at light-harvesting. With readily accessible functionalization and 

well-known redox properties that make them a robust electron acceptor, fullerene derivatives have 

often been employed as an excited state charge transfer partner.66-68 Additional electron-donating 

ligands such as amines69-79 and ferrocene80-88 can be added to facilitate photoinduced charge 

transfer, extend the absorption spectrum, and extend the charge separation distance to inhibit 

recombination in D-A assemblies. Although a large number of BODIPY-fullerene D-A systems 

were published in the literature,89-91 covalently linked ferrocene-BODIPY-fullerene assemblies in 

which the ferrocene donor is fully conjugated to the BODIPY π-system have not been reported. 

Building on our previous work from chapter 2 with ferrocene-BODIPY,92-95 ferrocene-aza-

BODIPY,96-99 and ferrocene-BOPHY100-101 dyads, we present the synthesis, electrochemical and 

photophysical characterization of covalently linked ferrocene-BODIPY-fullerene assemblies 3.3a-

e that employ a catechol based bridge between the BODIPY and fullerene (scheme 3.1-3.3). 
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Scheme 3.1: Synthetic pathway for preparation of the ferrocene-BODIPY-fullerene triads 3.3a – 

3.3d. 
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Scheme 3.2: Synthetic pathway for preparation of the reference BODIPY-fullerene dyad 3.3e and 

(2,3)-3.3b. 

 

While I found the parent BODIPY derivatives exhibited large fluorescence quantum yields, no 

fluorescence was observed in the BODIPY-catechol dyad precursor without ferrocene 3.2e leading 

to the hypothesis that the initial photo-excited state on BODIPY derived chromophores were 

rapidly quenched by the catechol linker.  To better understand the underlying dynamics of the 

catechol linker a series of difluoro and catechol substituted BODIPY complexes (3.5a-e and 3.6a-

e) were prepared and characterized.   
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Scheme 3.3: Synthesis of compounds 3.5a-d, 3.6a-e and 3.7 

Synthesis, Characterization, and Electron-Transfer Properties of Ferrocene-

BODIPY-Fullerene NIR Absorbing Triads 

Starting from previously reported ferrocene-BODIPY dyads 3.2a – 3.2d,92 ferrocene-

BODIPY-fullerene triads 3.3a – 3.3d were prepared as outlined in Scheme 3.1. The choice of a 

catecholpyrrolidine-bridged fullerene as the terminal electron acceptor was based primarily on 

three factors. First, this architecture was reported to be effective in promoting the desired excited 

state electron transfer.102-105 Second, by interrupting conjugation, the bridge is expected to limit 
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electronic coupling between the ferrocene-BODIPY donor and the fullerene acceptor, with the 

potential to extend the lifetime of the targeted charge separate state.  Third, catecholpyrrolidine-

bridged fullerene bridge can be easily installed from the synthetic point of view. Triads 3.3a – 3.3d 

were prepared in two steps. First, a catecholaldehyde fragment was introduced by ligand-exchange 

between BODIPYs 3.2a – 3.2d and the catechol.106 Then the Prato reaction107 was used to 

covalently bond the fullerene to the ferrocene-BODIPY. To investigate the influence of the 

fullerene-to-BODIPY distance and orientation on the photoinduced electron-transfer processes, 

two isomeric Fc-BODIPY-C60 triads, (2,3)-3.3b and (3,4)-3.3b were prepared, which differed by 

the catechol group linkage to fullerene acceptor. Two reference compounds were also prepared as 

illustrated in Scheme 3.2. One was the BODIPY-fullerene dyad 3.3e, which lacks the ferrocene 

(Fc) fragment. The other was the phenylpyrrolidine fullerene reference acceptor 3.4 prepared by 

Prato reaction between benzaldehyde and C60 fullerene. All new compounds were characterized 

by NMR spectroscopy, high-resolution mass spectrometry, and UV-vis spectroscopy (Figures 3.1-

3.18). The NMR spectra of all target compounds 3.3a-e have characteristic diastereotopic signals 

for protons located at the N-methylpyrrolidine fragment. High-resolution mass spectra on 3.3a – 

3.3e were found to be in full agreement with their elemental composition although in some cases 

both [M]+ and [M+1]+ ion were simultaneously observed.  

 

Figure 3.1: 1H NMR spectrum of compound 3.2a in CDCl3. 
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Figure 3.2: 1H NMR spectrum of compound (3,4)-3.2b in CDCl3. 

 

Figure 3.3: 1H NMR spectrum of compound (2,3)-3.2b in CDCl3. 
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Figure 3.4: 1H NMR spectrum of compound 3.2c in CDCl3. 

 

Figure 3.5: 1H NMR spectrum of compound 3.2d in CDCl3. 
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Figure 3.6: 1H NMR spectrum of compound 3.2e in CDCl3. 

 

Figure 3.7: 1H NMR spectrum of compound 3.3a in C6D6. 
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Figure 3.8: 1H NMR spectrum of compound (3,4)-3.3b in C6D6. 

 

Figure 3.9: 1H NMR spectrum of compound (2,3)-3.3b in C6D6. 
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Figure 3.10: 1H NMR spectrum of compound 3.3c in C6D6. 

 

Figure 3.11: 1H NMR spectrum of compound 3.3d in C6D6. 
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Figure 3.12: 1H NMR spectrum of compound 3.3e in C6D6. 

 

Figure 3.13: APCI high-resolution mass spectrum of compound 3.2a (left) and 2.2c (right). 
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Figure 3.14: APCI high-resolution mass spectrum of compound (3,4)-3.2b (left) and (2,3)-3.2 

(right). 

 

 

Figure 3.15: APCI high-resolution mass spectrum of compound 3.2d (left) and 3.2e (right). 
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Figure 3.16: APCI high-resolution mass spectrum of compound 3.3a (left) and 3.3c (right). 

 

 

 

Figure 3.17: APCI high-resolution mass spectrum of compound (3,4)-3.3b (left) and (2,3)-3.3 

(right). 
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Figure 3.18: APCI high-resolution mass spectrum of compound 3.3d (left) and 3.3e (right). 

 

We attempted to obtain single crystals of triads 3.3a–3.3d. In the majority of cases, crystals 

were too small for X-ray crystallographic measurements, with typical reflection data limited to ~3 

Å resolution. However, in the case of triad (2,3)-3.3b reliable X-ray data with up to 1.1 Å 

resolution was obtained, which allowed direct confirmation of the structure (Figure 3.19). In the 

crystal structure of (2,3)-3.3b, two ferrocene fragments were found in a syn-conformation with an 

Fe-Fe distance of ~10.51 Å. Torsion angles between the ferrocenes and the BODIPY core were 

~18.44o and ~42.84o, the catechol group was perpendicular to the BODIPY plane, and the N-

methylpyrrolidine group was racemic. The fullerene in (2,3)-3.3b has two sets of close contacts. 

One set is oriented towards the neighbor fullerene fragment with the closest intermolecular 

contacts observed at ~3.15 and ~3.19 Å. The other set of the close intermolecular contacts is 

roughly perpendicular to the fullerene-fullerene interaction and associated with fullerene-BODIPY 

interactions. In this case, the fullerene on (2,3)-3.3b is located above the BODIPY core with the 

closest intermolecular contacts observed between fullerene-O(catechol) at ~2.85 Å, fullerene-

C(BODIPY-meso) at ~3.34 Å, fullerene-B at ~3.51 Å, and fullerene-N(BODIPY) at ~3.18 Å 

(Figure 3.19). As shown by Torres and co-workers for covalently linked subphthalocyanine-

fullerene dyads and triads,[9a,b] the short fullerene-fullerene (~3.1 Å) and fullerene-BODIPY (~3.2 



143 
 

Å) intermolecular contacts observed in the crystal structure of (2,3)-3.3b have the potential to 

facilitate an intermolecular electron-transfer processes in triads 3.3a – 3.3d in the solid state.  

 

Figure 3.19: (A and B) CAMERON drawing of the X-ray structure of ferrocene-BODIPY-

fullerene triad (2,3)-3.3b. All hydrogen atoms are omitted for clarity. (C and D) Packing motifs 

observed in the X-ray crystal structure of (2,3)-3.3b. 

 

Table 3.1. UV-vis spectra of the target compounds in DCM. 

Compound λabs., nm ( ε·10–4, М–1·cm–1) 

3.3a 325(3.6), 559(4.2), 680(1.4) 

(3,4)-3.3b 325(3.5), 578(2.1), 755(1.8) 

(2,3)-3.3b 325(3.5), 585(2.0), 766(1.8) 

3.3c 331(3.6), 670(2.3), 764(3.3) 

3.3d 315(3.7), 621(3.5), 726(1.6) 

3.3e 321(3.3), 522(8.6) 

3.4 327(3.5), 430(0.3) 

A B

C D
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The UV-vis-NIR spectra of the Fc-BODIPY-C60 triads 3.3a – 3.3d and reference 

compounds 3.3e and 3.4 are presented in Figure 3.20. The spectra are very similar to those 

observed in the respective Fc-BODIPY dyads 3.2a – 3.2d in the vis-NIR region (Table 3.1).92 This 

reflects the lack of conjugation and limited electronic coupling from the BODIPY and the 

ferrocene to the fullerene. Specifically, in triads 3.3a – 3.3c, the low-energy, less intense broad 

band in the NIR region can be attributed to the predominant metal(Fc)-to-ligand(BODIPY) charge-

transfer (MLCT) transition, while the narrow and more intense band in the visible region can be 

assigned to the BODIPY-centered  → * transition. The fullerene ligand in 3.3a – 3.3d can be 

clearly seen in the UV region. There is a strong absorption typical of fullerenes at 330 nm107 and 

similar to that observed in the N-methyl-2-phenyl-fulleropyrrolidine reference compound 3.4 

(Figure 3.20). No difference was observed between the UV-vis-NIR spectra of the differocene-

containing triads (2,3)-3.3b and (3,4)-3.3b, which only differ by the connectivity of the fullerene 

ligand. Similarly, the UV-vis spectrum of reference 3.3e is very close to the parent BODIPY, 3.1e, 

except for the presence of the additional fullerene-centered transition in the UV region of the 

spectrum (Figure 3.20). Overall, the UV-vis-NIR spectra of compounds 3.3a – 3.3e are indicative 

of the limited electronic communication between Fc-BODIPY core and C60. Similar to the parent 

ferrocene-containing dyads 3.2a – 3.2d,92 steady-state fluorescence is completely quenched in the 

Fc-BODIPY-C60 triads 3.3a – 3.3d. Fluorescence is also quenched in the reference BODIPY-C60 

dyad 3.3e as well as catecholaldehyde precursor 3.2e. In the case of the N-methyl-2-phenyl-

fulleropyrrolidine reference, 3.4, a weak steady-state fluorescence was observed in the NIR region 

in toluene. Addition of the trifluoroacetic acid to toluene solution of 3.4 does not lead to significant 

enhancement of the fluorescence, suggests coupling of the lone pair of electrons located at the 

nitrogen atom into the fullerene -system.108f 
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Figure 3.20: Overlapped UV-Vis spectra of 3.3a – 3.3e and 3.4 in DCM. 

 

Redox properties of the Fc-BODIPY-C60 triads 3.3a – 3.3d, as well as reference BODIPY-

C60 dyad 3.3e and fullerene 3.4 and in DCM were investigated by electrochemical CV and DPV 

methods using an electrolyte with a low ion-pairing strength (NBu4[B(C6F5)4], TFAB, Figure 

3.21). In all cases, the oxidation processes and potentials in 3.3a–3.3d and 3.3e are very close to 

those observed in Fc-BODIPY dyads 3.2a–3.2d and the starting BODIPY 3.1e (Table 3.2).92 In 

particular, the first oxidation process in triads 3.3a–3.3d is always reversible and is associated with 

the oxidation of ferrocene. In the case of isomeric diferrocene triads (2,3)-3.3b and (3,4)-3.3b ~150 

mV difference in potentials was observed for the first and the second ferrocene-centered oxidation 

processes similar to that observed earlier for the parent Fc2-BODIPY dyad, 3.2b.92 This is 

indicative of the potential electronic coupling between the two iron centers. The BODIPY-centered 

oxidation in all Fc-BODIPY-C60 triads 3.3a–3.3d was irreversible, similar to that observed in the 

respective Fc-BODIPY dyads 3.2a–3.2d.92 The irreversible single-electron oxidation process 
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observed in the reference 3.3e had a much lower oxidation potential compared to the other 

BODIPY systems. This potential was close to the oxidation of the catechol bridge, as observed in 

BODIPY-catechol dyads.109,110 We assign the first irreversible oxidation in 3.3e to the catechol-

centered oxidation. The reduction side of the electrochemical data on triads 3.3a–3.3d is indicative 

of a superposition of reversible (or quasi-reversible) reduction processes centered on the BODIPY 

core and fullerene fragment. For all triads 3.3a–3.3d as well as dyad 3.3e, the first BODIPY-

centered and fullerene-centered reduction processes were closely spaced, with the largest 

separation observed in the pyridone-containing triad 3.3d (Figure 3.21).  

 

Figure 3.21: Room-temperature CV (black) and DPV (red) data for 3.4 (a), 3.3e (b), 3.3a (c), 

(3,4)-3.3b (d), (2,3)-3.3b (e), 3.3c (f), and 3.3d (g) in DCM/0.05 M TFAB system. 
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Table 3.2: Redox properties of target compounds in DCM/0.05M TFAB system. 

Dye Ox4 (V) Ox3 (V) Ox2 (V) Ox1 (V) Red1 (V) Red2 (V) Red3 (V) Red4 (V) 

3.4   ~1.2 ~0.8 -1.20 -1.57 -2.09  

3.3e   1.27 0.75 ~ -1.2a -1.61 -2.18  

3.3a  1.2 0.8 0.09 ~ -1.2a -1.60 -2.14  

(3,4)-3.3b 1.3 0.9 0.16 0.01 ~ -1.23a -1.62 -2.10  

(2,3)-3.3b 1.3 0.85 0.15 0.05 ~ -1.24a -1.66 -2.17  

3.3c 1.3 0.8 0.3 -0.018 ~ -1.27a -1.63 -2.16  

3.3d  1.2 0.8 0.10 -1.11 -1.19 -1.61 -2.15 

a broad, two-electron wave. 

In order to gain insight into spectroscopic signatures of the mixed-valence species 

generated upon stepwise oxidation of the ferrocene groups in the triad (3,4)-3.3b, we conducted 

spectroelectrochemical experiments in the UV-Vis-NIR region (Figure 3.22). From the 

electrochemical measurements we expect that the phenyl-fulleropyrrolidine fragment ligand will 

have very little influence on the oxidative behavior of ferrocenes, and this is reflected  in the fact 

that the stepwise oxidation of the ferrocene groups in triad (3,4)-3.3b very closely resembled 

earlier reports for dyad 3.2b.92 During the first oxidation, the broad MLCT absorption band at 780 

nm drops in intensity, while the more intense band in the visible region increases in intensity and 

shifts to lower energy. Increase in the broad absorption across the NIR region is characteristic of 

the inter-valence charge-transfer (IVCT) band previously detected in poly(ferrocenyl)-containing 

systems following one electron oxidation.111-114 Formation of the IVCT band is indicative of a 

mixed-valence character and metal-metal coupling in [(3,4)-3.3b]+. Our attempts to deconvolute 

the broad NIR absorption and identify inter-valence charge-transfer band (IVCT) in the mixed-

valence [(3,4)-3.3b]+ were unsuccessful because of the broad and featureless nature of the NIR 
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band. During the second oxidation the IVCT band disappears, and the MLCT band was 

dramatically reduced in intensity. Both changes are characteristic of complete oxidation of both 

iron centers in the triad [(3,4)-3.3b]2+.   

 

Figure 3.22: Spectroelectrochemical oxidation of triad (3,4)-3.3b in 0.15 M DCM/TFAB solvent 

system: the first oxidation process (top); the second oxidation process (middle); reduction 

(bottom). 
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In order to investigate the electronic structure of the triads 3.3a–3.3d and correlate their 

experimentally observed spectroscopic and redox properties with their electronic structure, we 

conducted a set of DFT and TDDFT calculations on all target compounds. Compositions of the 

frontier orbitals predicted by the DFT calculations are presented in Figure 3.23, a corresponding 

energy diagram is presented in Figure 3.24, and selected DFT-predicted frontier orbitals are 

presented in Figure 3.25. In the case of reference dyad 3.3e, DFT predicted that the HOMO will 

be localized on the catechol, in agreement with the experimental data and DFT calculations on 

BODIPY-catechol, aza-BODIPY-catechol, and BOPHY-catechol dyads.102-106,109,110 Localization 

of the HOMO on the catechol agreed well with the low electrochemical potential for the first 

irreversible oxidation process observed in 3.3e and the near complete lack of observed steady-

state fluorescence in all of the BODIPY-catechol systems.109,110 In contrast, the HOMO predicted 

by DFT calculations in Fc-BODIPY-C60 triads 3.3a–3.3d was delocalized over the ferrocene-

BODIPY core, while the catechol-centered orbitals were lower in energy. The analogous 

ferrocene-BODIPY delocalization HOMO was previously observed in the absence of the phenyl-

fulleropyrrolidine group with the respective Fc-BODIPY dyads, 3.2a–3.2d.92 This assignment 

agrees with the electrochemical and transition absorption data on triads 3.3a–3.3d. DFT 

calculations predicted that the LUMO and LUMO+1 in all triads 3.3a–3.3d and dyad 3.3e are 

fullerene-centered, while the LUMO+2 was centered on the BODIPY core. The predicted 

electronic structures agreed well with the electrochemical data on all target compounds, which 

were indicative of a fullerene-centered first reduction process close in potential to the first 

reduction of the BODIPY core. Overall, DFT-calculations on all target Fc-BODIPY-fullerene 

triads 3.3a – 3.3d indicated an electronic structure consistent with the following possible 

transitions in the UV-vis-NIR: (i) predominantly ferrocene-to-fullerene metal-to-ligand charge-

transfer (MLCT), (ii) predominantly ferrocene-to-BODIPY MLCT transitions, (iii) predominant 

BODIPY-to-fullerene intra-ligand charge-transfer (ILCT), (iv) predominant BODIPY-to-

BODIPY * excitations, (v) predominant catechol-to-fullerene ILCT transitions, (vi) 

predominant catechol-to-BODIPY ILCT transitions. In addition to these, fullerene-centered 
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* transitions are expected in the higher-energy region.  

 

Figure 3.23: DFT-predicted compositions of frontier orbitals for 3.3a–3.3e 

 

 

Figure 3.24: DFT-predicted energy diagram for the frontier MOs in 3.3a – 3.3d and 3.4. 
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Figure 3.25: DFT-predicted frontier molecular orbitals for 3.3a – 3.3e. 

 

Figure 3.26 presents a comparison between experimental and theoretical TDDFT-predicted 

UV-Vis-NIR spectra of triads 3.3a – 3.3d and dyad 3.3e. The low-energy region of the spectra 
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consists of the relatively intense, predominantly ferrocene-to-BODIPY MLCT and BODIPY-to-

BODIPY * transitions, analogous to the dyads 3.2a – 3.2d.92 The ferrocene-to-fullerene, 

BODIPY-to-fullerene, and catechol-to-fullerene charge-transfer transitions were all predicted to 

have low intensities and are not expected to contribute significantly to absorption in the visible 

and NIR regions. In general, TDDFT reproduces well both energies and intensities of the 

experimental transitions observed in the UV-Vis-NIR spectra of triads 3.3a – 3.3d. The predicted 

presence of low-energy charge-transfer transitions supports deactivation pathways that are 

consistent with the lack of steady-state fluorescence in triads 3.3a – 3.3d and dyad 3.3e. 
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Figure 3.26: Experimental (top) and TDDFT-predicted (bottom) UV-vis spectra of triads 3.3a – 

3.3d and dyad 3.3e. 

 

Using the electrochemical and absorption data, and predictions of donor-acceptor distances 

and radii from DFT calculations, it is possible to estimate the free energy for electron transfer, 

GET, using equation (3.1).115  
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In Eq 3.1 E0(D+./D) and E0(A/A-.) are the oxidation potential of the donor and reduction potential 

of the acceptor, respectively; E00 is the excitation energy at the either MLCT or BODIPY-centered 

transition; RDA is the donor-acceptor distance, which was estimated from DFT calculations and X-

ray data available for triads 3.3a - e; s and EC are the dielectric constants of the solvents used in 

the photochemical and electrochemical studies; r+ and r- are the effective ionic radii of the donor 

and acceptor, respectively, and were estimated from the DFT calculations. Both BODIPY and 

fullerene were considered as electron acceptors that can form Fc+-BODIPY-.-fullerene and Fc+ 

BODIPY-fullerene- charge separated states. Estimated GET values are modest and negative for 

toluene (-0.11 – -0.36 eV), and become more negative with an increase in polarity with DCM (-

0.22 – -0.82 eV). In both solvents photoinduced electron-transfer is thermodynamically favorable.   

 

Time resolved pump-probe spectroscopy was used to investigate excited state dynamics 

and potential photoinduced electron-transfer (Figures 3.27, 3.28 and Tables 3.3). The excited state 

dynamics are consistent across all triads studied, 3.3a-3.3e. The pump wavelengths were longer 

than 525 nm to excite the BODIPY core and avoid direct excitation of the fullerene fragment. As 

an illustrative example, we compare BODIPY-C60 (3.3e), Fc2-BODIPY-C60 ((3,4)-3.3b), and Fc2-

BODIPY (3.1b). First, consider the BODIPY-C60 dyad. The parent BODIPY, 3.1e, has an excited 

state lifetime of 6 ns.92 Addition of the phenyl-fulleropyrrolidine group resulted in a 1000-fold 

reduction in the lifetime. Very rapid relaxation of the initially excited state took place with a time 

constant of 4 ps for full recovery of the ground state bleach. There was no evidence for transient 

absorption around 1100 nm, Figure 3.27b, where the anion-radical of C60 is known to absorb.119 

Addition of the catechol ligand to the parent BODIPY, in the absence of C60, has been 

demonstrated to produce sub-ps deactivation of the excited state via charge-transfer between the 

catechol and BODIPY, followed by vibrational cooling of the ground state on a ~10 ps time 

scale.109 Based on these observations, we conclude that rather than electron transfer to the C60, the 
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dynamics were dominated by rapid deactivation of the excited state mediated by the catechol 

bridge.   

 

Figure 3.27: Pump-probe spectra for the BODIPY-C60 dyad (3.3e, excited at 530 nm), the Fc2-

BODIPY-C60 triad ((3,4)-3.3b, excited at 570 nm), and Fc2-BODIPY (3.1b, excited at 570 nm). 

 

 The pump-probe spectra for the Fc2-BODIPY-C60 triad are presented in Figures 3.27c and 

3.27d. There is stark contrast with the spectra for the BODIPY-C60 dyad. Despite the presence of 

the catechol bridge, the lifetime was much longer, 184±8 ps, and the excited state includes a broad 

absorption in the near-IR. The spectra and dynamics are nearly identical to those measured for Fc2-

BODIPY, Figures 3.27e, 3.27f, 3.28 and Tables 3.3. Addition of ferrocene groups to the BODIPY 

core, 3.1b, creates a charge transfer state, with electron density moved from the ferrocene to the 

BODIPY.92 This substantially reduces the excited state lifetime when compared to the parent 

BODIPY, 3.1e, and in the Fc2-BODIPY-C60 triad, creation of the Fc2-BODIPY charge transfer 

state preceded and supplanted the catechol mediated deactivation pathway.  
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We have reported a previous pump-probe measurement on 3.1b, probed in the visible 

region of the spectrum,92 and the results reported here in Figure 3.27e reproduce the prior results 

to within experimental error. We had not previously reported the transient absorption in the near-

IR, Figure 3.27f. The decay of the broad absorption, with a minimum around 1050 nm, is correlated 

with the decay of the transient absorption and ground state bleach in the visible region, and we 

assign it to the same charge transfer state in both 3.1b and the Fc2-BODIPY-C60 triad. Within the 

experimental uncertainty, there is no evidence in the near-IR for any absorption other than the Fc2-

BODIPY charge transfer state. In particular, there is no evidence for electron transfer to the C60 

via additional absorption from the anion-radical around 1000 nm, and the near-IR signals all return 

to the baseline with the lifetime of the initial charge transfer state. Figure 3.28 directly compares 

recovery of the ground state bleach for 3.1b, 3.3e, (3,4)-3.3b, and (2,3)-3.3b. The excited state 

dynamics of Fc2-BODIPY dyad and the Fc2-BODIPY-C60 triad were effectively indistinguishable, 

Figure 3.28 and Table 3.3. Analogous dynamics were observed for all triads investigated. 

Ferrocene groups were effective at providing an initial, rapid charge transfer to the BODIPY, and 

this had the additional advantage of avoiding the sub-ps catechol mediated deactivation of the 

excited state. However, despite efficient electron transfer to the BODIPY, no subsequent transfer 

to the fullerene acceptor was observed during the ~200 ps lifetime of the initially created charge 

transfer state.  

 

  

Figure 3.28: Recovery of the ground state bleach for the Fc2-BODIPY (3.1b, excited at 570 nm, 

probed at 575 nm, the BODIPY-C60 dyad (3.3e, excited at 530 nm, probed at 525 nm), the Fc2-
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BODIPY-C60 triad ((3,4)-3.3b, excited at 570 nm, probed at 575 nm), and the Fc2-BODIPY-C60 

triad ((2,3)-3.3b, excited at 570 nm, probed at 575 nm). Solid symbols are the data and lines are 

the exponential decay fits with time constants listed in Table 3.3. Data and fits were scaled for 

comparison. 

 

Table 3.3. Exponential time constants for recovery of the ground state (transient bleach) following 

photoexcitation. Data and fits presented in Figure 3.28. 

compound pump  (nm) Probe  (nm) (ps) 

3.1b 570 575 160 ± 10 

3.3a 570 650 109 ±10 

(3,4)-3.3b 570 575 184 ±8 

(2,3)-3.3b 570 575 150 ± 9 

3.3c 650 725 380 ± 20 

3.3d 650 625 200 ± 20 

3.3e 530 525 4.1± 0.15 

 

Investigations that provide suggested evidence for photo-induced charge transfer in 

analogous systems, employing a fullerene as the electron acceptor, commonly use shorter 

wavelength light around 400 nm that directly excites the fullerene in addition to the donor 

antenna.102-105 While there is the potential for subsequent hole transfer following excitation of the 

fullerene, absorption of directly excited states of the fullerene dominate the transient spectra and 

hinder elucidation of any charger transfer. In the absence of longer wavelength excitation, evidence 

for charge transfer from the excited antenna is lacking in comparable studies.102-105  By exciting at 

longer wavelengths, the results reported here isolate excitation of the BODIPY antenna. 

Inaccessibility of charge transfer from the excited antenna to the fullerene acceptor is likely one 

of the contributing factors to the lack of reports on well-performing organic photovoltaics devices 

based on these types of systems.  
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Rapid Excited State Deactivation of BODIPY Derivatives by a Catechol Linker 

 To determine the cause of deactivation of BODIPY fluorescence a series of difluoro (3.5a-

e) and catechol substituted (3.6a-e) BDP derivatives (Figure 3.29) were prepared, purified, and 

characterized (Figures 3.30-3.41).  These compounds were synthesized in order to investigate if 

the catechol linker is the cause for the lack of photo induced transfer due to the electron rich nature 

of the catechol group. 

 

Figure 3.29: Molecular structures and labels 

 

 The structures and absorption spectra are presented in Figures. 3.29 and 3.42 respectively.  UV-

vis spectra of all catechol-containing compounds in the low-energy spectral envelope are similar 

to their precursors (Figures 3.43–3.47). The most intense low energy BODIPY-centered π-π* 

transition in 3.5a and 3.6a was observed at the same energy. A similar transition in catechol-

containing 3.6b and 3.6c is slightly shifted to higher energy, and a similar band in BOPHYs 3.6d 

and 3.6e are slightly shifted to lower energy compared to the parent BF2-containing compounds. 

The most intense band in the aza-BODIPYs 3.5b and 3.6b is significantly red-shifted compared to 

that in BODIPYs 3.5a and 3.6a and BOPHYs 3.5d, 3.6d, and 3.6e, while a further red-shift of the 
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low-energy band was observed upon benzoanullation of the aza-BODIPY core (compounds 3.5c 

and 3.6c). Introduction of one or two catechol fragments at the boron hub in BOPHY 3.5d also 

does not significantly change the vibronic profile in UV-vis spectra of 3.6d and 3.6e. Once 

carefully purified, catechol-containing BODIPY, aza-BODIPY, and BOPHYs 3.6a–3.6e exhibit 

no steady-state fluorescence when compared to the parent compounds 3.5a–3.5d (Figures 3.43–

3.47).  The 3.5x compounds all exhibited strong, roughly mirror-image fluorescence with Stokes 

shifts of 20-40 nm. After addition of the catechol, there was no measurable fluorescence observed 

from any of the 3.6x compounds, Figures 3.43-3.47, indicating a lack of any residual 3.5x parent 

compound in the samples and a significant change in the excited state dynamics.  Pump-probe 

spectroscopy was used to measure the time constants associated with the excited state dynamics. 

The pump excitation was set at a wavelength near the absorption maximum for each compound. 

All transient spectra for the 3.5x compounds consisted of a ground state bleach (GSB, ∆OD < 0), 

stimulated emission (SE, ∆OD < 0), and excited state absorption (ESA, ∆OD > 0). The transient 

spectra appeared within the time resolution of the experiments, ~50 fs, did not change shape during 

the full range of time delays probed, and were well fitted by a first-order decay of the amplitude 

at all probe wavelengths. The fitted time constants are listed in Table 3.4 and assigned to the initial 

optically excited state relaxing directly back to the ground state. 

 

Figure 3.30: 1H NMR spectrum of compound 3.6a in CDCl3. 
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Figure 3.31: 13C NMR spectrum of compound 3.6a in CDCl3. 

 

Figure 3.32: 1H NMR spectrum of compound 3.6b in CDCl3. 
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Figure 3.33: 13C NMR spectrum of compound 3.6b in CDCl3. 

 

Figure 3.34: 1H NMR spectrum of compound 3.6c in CDCl3. 
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Figure 3.35: 13C NMR spectrum of compound 3.6c in CDCl3. 

 

Figure 3.36: 1H NMR spectrum of compound 3.6d in CDCl3. 
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Figure 3.37: 13C NMR spectrum of compound 3.6d in CDCl3. 

 

Figure 3.38: 1H NMR spectrum of compound 3.6e in CDCl3. 
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Figure 3.39: 13C NMR spectrum of compound 3.6e in CDCl3. 

 

Figure 3.40: 1H NMR spectrum of compound 3.7 in CDCl3. 
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Figure 3.41: HRMS spectra of compounds 3.6a-e and 3.7.  
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Figure 3.42: Absorption spectra for 3.5a-d and 3.6a-e in toluene. 

 

Figure 3.43: Absorption (red) and emission (blue) spectra of compounds 3.5a (top) and 3.6a 

(bottom). 
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Figure 3.44: Absorption (red) and emission (blue) spectra of compounds 3.5b (top) and 3.6b 

(bottom). 

 

Figure 3.45: Absorption (red) and emission (blue) spectra of compounds 3.5c (top) and 3.6c 

(bottom). 
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Figure 3.46: Absorption (red) and emission (blue) spectra of compounds 3.5d (top) and 3.6d 

(bottom). 

 

Figure 3.47: Absorption (red) and emission (blue) spectra of compounds 3.5d (top) and 3.6e 

(bottom). 
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Table 3.4. First order time constants 

τπ*→gs (ns)  τπ*→CT (fs) τCT→gs (ps) 

3.5a    3.1±0.1 3.6a     100±6 2.9±0.2 

3.5b    1.9±0.1 3.6b     150±20 4.3±0.9 

3.5c    1.8±0.1 3.6c     < 500 1.8±0.1 

3.5d    1.8±0.2 3.6d     < 500 15.1±0.5 

 3.6e     < 500 14.0±0.1 

π* is the optically excited state, CT is the charge transfer state, and gs is the electronic ground state. 

Pump-probe spectra for the 3.6x compounds differed significantly from the 3.5x 

precursors. The shape of the spectra changed within the first picosecond, and the transient spectra 

recovered to the baseline, ie the original ground state, with time constants that were ca. 1000 times 

smaller than for the analogous 3.5x compounds. Pump-probe data for 3.6a is presented in Figure 

3.48. A GSB and SE appeared within the time resolution of the experiment. The negative SE 

around 580 nm evolves into a positive ESA within the first 100 fs, followed by subsequent return 

to the baseline. The data probed at 580 nm was fitted as two sequential first-order events with time 

constants of 100 ± 6 fs and 2.9 ± 0.2 ps, Figure 3.48(b). The GSB around 520 nm recovered to the 

base line on a comparable time scale to the loss of the intermediate ESA, with a time constant of 

3.5 ± 0.3 ps. The data demonstrated very rapid deactivation of the photo-excited state via an 

intermediate that is accessed on a sub-ps time scale. 
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Figure 3.48: Pump-probe measurements on 3.6a in toluene excited at 530 nm. (a) Transient change 

in optical density across the visible spectrum. The black dash-dot line is the absorption spectrum 

inverted and scaled for comparison. (b) Time dependence of the change in optical density at probe 

wavelengths of 520 nm (red) and 580 nm (blue). The open circles are the data and the solid lines 

are the fits described in the text. 

Similar excited state dynamics were observed for all 3.6x compounds. Time constants for 

the two sequential deactivation events are listed in Table 3.4. The time constants for 3.6b were 

determined in the same manner as 3.6a. Evidence for loss of initial SE and creation of new ESA 

features in the first picosecond was present for all 3.6x compounds, however, the transition from 

initial photo-excited state to intermediate was not as well resolved at any single point within 

transient spectra for 3.6c, 3.6d, and 3.6e. An upper limit of 500 fs for the time constant of this first 
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step was determined as a conservative estimate based on the delay time when the overall shape of 

the transient spectrum stopped changing. The time constants for the second step, return to the 

ground electronic state, were determined by fits to wavelengths in the probe spectrum dominated 

by ESA of the intermediate in all cases. 

The electron-donating ability of the catechol fragment was further investigated by the 

electrochemical cyclic voltammetry (CV) and differential pulse voltammetry (DPV) data (Figures 

3.49-3.52 and Table 3.5). Except dibenzo-aza-BODIPY compound 3.6c, CV and DPV data are 

suggestive of superposition of the chromophore and catechol redox signatures. The superposition 

of catechol and chromophore redox potentials is indicative of rather small electronic coupling 

between catechol and chromophore fragment in the ground state, which is in agreement with their 

UV-vis data. In the case of BODIPY 3.6a and BOPHYs 3.6d and 3.6e, electrochemical data are 

suggestive of the oxidation of catechol fragment during the first oxidation process. In the case of 

aza-BODIPY 3.6b, oxidation processes associated with catechol fragment and aza-BODIPY core 

are closely spaced and thus it is difficult to assign these as both oxidation of catechol and 

azaBODIPY core are expected to be irreversible. In the case of dibenzo aza-BODIPY 3.6c, the 

first oxidation process was observed at potential significantly lower than the oxidation of catechol, 

which is indicative of the aza-BODIPY chromophore oxidation prior to oxidation of the catechol 

fragment. 

 

Table 3.5. Redox properties of compounds 3.5a – 3.5d and 3.6a-3.6e in DCM/0.1M TBAP system. 

Dye Ox3 Ox2 Ox1 Red1 Red2 

3.5a - 1.20 - -1.19 - 

3.6a - 1.20 ~0.90 -1.18 - 

3.5b - - ~0.90 -0.84 -1.66 

3.6b - 0.90 0.74 -0.83 -1.65 

3.5c - - 0.41 -1.08 - 

3.6c - ~0.80 0.44 -1.11 - 

3.5d - - 1.40 -1.28 -1.40 

3.6d 1.66 1.40 1.14 -1.23 -1.40 

3.6e 1.40 1.17 1.09 -1.31 -1.52 

All values are relative to Fc/Fc+ couple 
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Figure 3.49: DPV spectra of compounds 3.5a (green) and 3.6a (red) 

 

Figure 3.50: DPV spectra of compounds 3.5b (green) and 3.6b (red) 
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Figure 3.51: DPV spectra of compounds 3.5c (green) and 3.6c (red) 

 

Figure 3.52: DPV spectra of compounds 3.5d (green) and 3.6d (red) 
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Figure 3.53: DPV spectra of compounds 3.5d (green) and 3.6e (red) 

Table 3.6. Energetics  

 
Abs max 

(π→π*) 

Ox 

(catechol) 

Red 

(chromophore) 

 

∆π*→CT 

3.6a 2.36 0.86 -1.20 -0.30 

3.6b 1.97 0.82† -0.83 -0.32 

3.6c 1.76 0.81 -1.11 0.16 

3.6d 2.55 0.95 -1.30 -0.30 

3.6e 2.58 0.95 -1.30 -0.33 

All values are in units of eV. Electrochemistry was done in DCM/0.1M TBAP and values are 

relative to Fc/Fc+ couple. †Estimated as the average of the two oxidation features at 0.74 eV and 

0.90 eV. Details and electrochemical data are available above. 

To correlate photophysical and electrochemical data on parent compounds 3.5a–3.5d and 

catechol-containing compounds 3.6a–3.6e, we have conducted Density Functional Theory (DFT) 

and Time Dependent DFT (TDDFT) calculations on all systems. Both TPSSh (10% of 
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HartreeFock exchange) and B3LYP (20% of Hartree-Fock exchange) exchange-correlation 

functionals were used to reduce a possibility of the erroneous choice of the computational method. 

The DFT predicted molecular orbital compositions are shown in Figures 3.53-3.62, comparative 

energy diagrams are presented in Figure 3.73 and frontier MOs are depicted in Figure 3.74.  

 

Figure 3.54: TPSSh SP DFT-predicted molecular orbital composition of compounds 3.5a (left) 

and 3.6a (right) 

 

Figure 3.55: TPSSh SP DFT-predicted molecular orbital composition of compounds 3.5b (left) 

and 3.6b (right) 
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Figure 3.56: TPSSh SP DFT-predicted molecular orbital composition of compounds 3.5c (left) 

and 3.6c (right) 

 

Figure 3.57: TPSSh SP DFT-predicted molecular orbital composition of compounds 3.5d (left) 

and 3.6d (right) 

 

Figure 3.58: TPSSh SP DFT-predicted molecular orbital composition of compounds 3.5d (left) 

and 3.6e (right) 
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Figure 3.59: B3LYP SP DFT-predicted molecular orbital composition of compounds 3.5a (left) 

and 3.6a (right) 

 

Figure 3.60: B3LYP SP DFT-predicted molecular orbital composition of compounds 3.5b (left) 

and 3.6b (right) 

 

Figure 3.61: B3LYP SP DFT-predicted molecular orbital composition of compounds 3.5c (left) 

and 3.6c (right) 
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Figure 3.62: B3LYP SP DFT-predicted molecular orbital composition of compounds 3.5d (left) 

and 3.6d (right) 

 

 

Figure 3.63: B3LYP SP DFT-predicted molecular orbital composition of compounds 3.5d (left) 

and 3.6e (right) 

In agreement with the electrochemical data, the LUMOs in all reference compounds 3.5a 

– 3.5d and catechol-containing compounds 3.6a – 3.6e are chromophore-centered π*-MOs. The 

second excited state for all of these compounds should be dominated by the HOMO-1 → LUMO 

single-electron excitation, which is a standard, chromophore-centered π-π* transition. This second 

excited state has an energy and intensity close to those observed in the reference compounds 3.5a–

3.5d. TDDFT data are also in agreement with a small higher-energy shift of this band in 3.6b and 

3.6c compared with 3.5b and 3.5c as well as low-energy shift in 3.6d and 3.6e compared to the 
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parent 3.5d. TDDFT predicted intensity for the first, charge-transfer excited state is negligibly 

small compared to the intense transition associated with a second, chromophore-centered excited 

state, which explains similarities between experimental UV-vis spectra of the reference and 

catechol-containing systems.  

 

Figure 3.64: TD DFT-predicted and experimental absorption spectra of compounds 3.5a (top) and 

3.6a (bottom) (TPSSh) 
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Figure 3.65: TD DFT-predicted and experimental absorption spectra of compounds 3.5b (top) and 

3.6b (bottom) (TPSSh) 

 

Figure 3.66: TD DFT-predicted and experimental absorption spectra of compounds 3.5c (top) and 

3.6c (bottom) (TPSSh) 
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Figure 3.67: TD DFT-predicted and experimental absorption spectra of compounds 3.5d (top) and 

3.6d (bottom) (TPSSh) 

 

Figure 3.68: TD DFT-predicted and experimental absorption spectra of compounds 3.5d (top) and 

3.6e (bottom) (TPSSh) 
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Figure 3.69: TD DFT-predicted and experimental absorption spectra of compounds 3.5a (top) and 

3.6a (bottom) (B3LYP) 

 

Figure 3.70: TD DFT-predicted and experimental absorption spectra of compounds 3.5b (top) and 

3.6b (bottom) (B3LYP) 
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Figure 3.71: TD DFT-predicted and experimental absorption spectra of compounds 3.5c (top) and 

3.6c (bottom) (B3LYP) 

 

Figure 3.72: TD DFT-predicted and experimental absorption spectra of compounds 3.5d (top) 

and 3.6d (bottom) (B3LYP) 
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Figure 3.73: TD DFT-predicted and experimental absorption spectra of compounds 3.5d (top) and 

3.6e (bottom) (B3LYP) 

The DFT-predicted electronic structure of the catechol-containing dibenzo-aza-BODIPY 

3.6c is suggestive of an aza-BODIPY centered HOMO and LUMO and catechol-centered HOMO-

1. Thus, one might speculate that the first excited state should be dominated by the HOMO → 

LUMO excitation and the relaxation dynamics for this specific compound should resemble that in 

a reference compound 3.5c, which contradicts experimental data. TDDFT calculations for both 

TPSSh and B3LYP exchange-correlation functionals, however, indicate that the first excited state 

in 3.6c consists of both HOMO → LUMO and HOMO-1 → LUMO excitations and should be 

dominated by catechol-to-aza-BODIPY charge-transfer, while the second, more intense transition 

associated with the most intense band observed in the UV-vis spectrum of this compound also 

consists of the same two single-electron contributions but will be dominated by the chromophore-

centered HOMO → LUMO π-π* excitation. Since charge-transfer transition are predominantly 

associated with the first excited state, the relaxation dynamics in 3.6c should be close to the 

relaxation dynamics observed in the other catechol-containing systems, which correlate well with 

the experimental steady-state fluorescence and transient absorption spectroscopy data. Overall, 

TDDFT calculations correctly predicted energies and intensities of the most intense, low-energy 

transitions in reference as well as catechol-containing compounds of interest. TDDFT also 
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correctly predicting that the first excited state in catechol-containing systems has catechol-to-

chromophore charge-transfer character, which explains fast excited state deactivation dynamics 

experimentally observed in the corresponding transient absorption spectra. Except for the dibenzo-

aza-BODIPY system 3.6c DFT predicts that HOMOs in all catechol containing compound are 

catechol-centered, while HOMO-1 is chromophore-centered, which is also in agreement with the 

electrochemical data. In the case of all reference compounds 3.5a – 3.5d and dibenzo-aza-

BODIPY 3.6c, DFT-predicted HOMOs are chromophore-centered π-orbitals, while the HOMO-1 

in 3.6c is a catechol-centered MO in agreement with electrochemical data. Thus, the DFT-

predicted electronic structure for all catechol-containing compounds except 3.6c is indicative of 

potential low-energy charge-transfer transition dominated by the HOMO to LUMO single electron 

excitation. 
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Figure 3.74: top: DFT computational predictions of orbital energies for the compounds in Figure 

3.29.  bottom: Energetics relative to the initial optically excited π* state derived from experimental 

optical and electrochemical values in table 3.6. Differential solvation represents an estimated 

difference between solvent polarization energy for the π* and CT states in toluene. 



187 
 

 

Figure 3.75: TPSSh DFT-predicted frontier molecular orbitals of compounds 3.5a-d and 3.6a-e 

Relative energetics of the π→π*, and charge transfer (CT) states were determined 

experimentally.  The maximum in the absorption spectrum was assigned to the difference between 

the π and π* states, and electrochemistry was used to measure the difference in energy between 

reduction of the π* and oxidation of the catechol centered orbitals. Experimental results were 

consistent with the DFT predictions, and are presented in table 3.6 and the bottom of Figure 3.74. 

The π*→CT conversion had an energy difference of -0.3 eV for all 3.6x compounds except 3.6c. 

Despite transfer to the CT state being 0.15 eV uphill in the case of 3.6c, the compound exhibitied 

the same rapid excited state deactivation as the other 3.6x compounds. This can be explained by 

differential solvation of the π* and CT states. The CT state was expected to be more polarized than 

the π* state. Although time dependent DFT calculations can be unreliable for quantitative 

prediction of excited state dipole moments, they consistently predicted the dipole moment for the 

CT state at around 3-4 D larger than the π* state for the 3.6x molecules in Figure 3.29. The 

Kirkwood-Onsager model was used to provide a rough estimate of the differential solvation.116-118 

The solvent polarization energy was expressed in terms of a sphere of radius a in a dielectric 

continuum of constant ε with a dipole moment μ, 𝐺𝑝 =
𝜇2

𝑎3
(
2𝜀+1

𝜀−1
).  For a sphere of radius 6 Å in a 

solvent with the dielectric constant of toluene (ε=2.38), the difference in solvent polarization 

energy for a change in dipole moment of 2 D → 5 D is -0.18 eV. This estimate demonstrates that 



188 
 

differential solvation, even for a very modest increase in molecular polarization in a low dielectric 

solvent like toluene, is sufficient to bring the CT state below the π* state in energy for 3.6c. Thus, 

following photo-excitation, the CT state is thermodynamically accessible to all of the 3.6x 

compounds, which is consistent with the rapid excited state deactivation observed for all of them. 

Experimental Section 

Reagents and materials. Solvents were purified using standard approaches: toluene was dried 

over sodium metal; DCM was dried over calcium hydride. Compounds 3.1a-e and 3.4 were 

prepared as described earlier92,107,28. Fullerene (C60), aluminum chloride, and 1,2-

dihydroxybenzene were purchased from Sigma Aldrich. Silica gel (60 Å, 60-100 µm) was 

purchased from Dynamic Adsorbents Inc.  

 

DFT-PCM and TDDFT-PCM Calculations. The starting geometries of compounds 3.3a-e and 

3.6a-d were optimized using a hybrid B3LYP exchange correlation functional.119 Solvent effects 

were calculated using the polarized continuum model (PCM).120 In all calculations, DCM was used 

as the solvent. In PCM-TDDFT calculations, the first 100 states were calculated for compounds 

3.3a-d, the first 70 states were calculated for compound 3.3e, and first 30 states were calculated 

for 3.6a-d. In all calculations, full-electron Wachter’s basis set121 was utilized for iron atoms, while 

all other atoms were modeled using 6-31G(d)122 basis set. Gaussian 09 software was used in all 

calculations.123 QMForge program was used for molecular orbital analysis.124  

 

X-ray crystallography. Useful for X-ray crystallographic experiments single crystals of triad 

(2,3)-3.3b were prepared by the slow evaporation of saturated toluene solution. A Rigaku RAPID-

II diffractometer with a graphite monochromator and Cu K (λ=1.54187 Å) radiation was used 

for X-ray diffraction data collection. All experiments were conducted at -150 oC temperature. 

Multi-scan absorption correction125 was applied to the data in all cases. The crystal structure was 

solved by the direct method (SIR-92)126 and refined by full-matrix least-squares method based on 

F2 using the Crystals for Windows programs.127 All non-hydrogen atoms were refined 

anisotropicaly, while hydrogen atoms were refined using "riding mode" with displacement 

parameters bonded to a parent atom: Uiso(H) = 1.2Ueq(C) (Ueq = 1/3(U11+U22+U33)).  
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Spectroscopy Measurements. Jasco-720 spectrophotometer was used to collect UV-Vis data for 

compounds 3.3a-e and 3.4. A CARY 50 Spectrophotometer was used to collect UV-Vis data and 

CARY Eclipse Fluorescence Spectrophotometer was used to collect emission spectra for samples 

3.5a-d and 3.6a-e in DCM. A CARY 4000 was used to collect UV-Vis data for samples 3.5a-d 

and 3.6a-e in toluene. Electrochemical cyclic voltammetry (CV) and differential pulse 

voltammetry (DPV) measurements were conducted using a CH Instruments electrochemical 

analyzer utilizing a three-electrode scheme with platinum working, auxiliary and Ag/AgCl 

reference electrodes. DCM was used as solvents and 0.05 M solution of tetrabutylammonium 

tetrakis(pentafluorophenyl)borate (TFAB) was used as electrolyte for samples 3.3a-e and 3.4 well, 

0.1 M solution of tetrabutylammonium perchlorate (TBAP) was used as supporting electrolyte for 

3.5a-d and 3.6a-e. In all cases, experimental redox potentials were corrected using 

decamethylferrocene (Fc*H) as an internal standard. Samples 3.3a-e and 3.4 NMR spectra were 

recorded on a Varian INOVA instrument with a 500 MHz frequency for protons and samples 3.5a-

d and 3.6a-e were recorded on a Bruker Avance instrument with a 300 MHz frequency for protons 

and 75 MHz frequency for carbons. Chemical shifts are reported in parts per million (ppm) and 

referenced to tetramethylsilane (Si(CH3)4) as an internal standard. High-resolution mass spectra 

were recorded for compounds 3.2a-e, 3.3a-e, and 3.6a-e using a Bruker micrO-TOF-QIII.  

Pump-probe spectroscopy. A home-built laser system consisting of a Ti:sapphire oscillator 

(powered by a Spectra Physics Millenia Pro) and regenerative amplifier (powered by a Spectra 

Physics Empower 15 or Evolution) generated ~60 to 80 fs (FWHM), 0.8-1.0  mJ,  810 nm pulses 

at a repetition rate of 1 kHz. A portion of this light was directed into a home-built noncollinear 

optical parametric amplifier (NOPA) to create excitation pulses at 530 nm, 570 nm and 650 nm.  

Continuum probe pulses of 420-750 nm, and 850-1400 nm, were created by focusing a small 

fraction of the 805 nm – 815 nm light (~20 W) into a 2 mm sapphire window and Yttrium 

Aluminum Garnet (YAG) crystal, respectively.  The excitation light was polarized at 54.7 degrees 

relative to the probe polarization (the magic angle) to isolate the isotropic dynamics of the excited 

state.  Time delay between the excitation and probe pulses was controlled by a mechanical delay 

stage (Newport UTM150PP.1).   Pump and probe pulses were focused and spatially overlapped in 

1 mm quartz cuvette containing the sample. The probe beam emerging from the sample was 

collimated, directed through a monochromator and detected on an array. A Princeton Instruments 

SP2150i monochromator (150 lines/mm, 500 nm blaze) with an attached 256 pixel diode array 
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(Hamamatsu S3902-256Q) was used for visible light. A Princeton Instruments SP2150 

monochrometer (150 lines/mm, 1200nm blaze) with an attached 256 linear pixel InGaAs diode 

array (Hamamatsu G9213-256S) was used for infra-red light.  The pump beam was chopped at 

half the laser repetition rate while each laser pulse of the probe beam was measured to yield the 

change in optical density, ΔOD. The ΔOD was determined for each pulse pair. Typically, 20,000-

40,000 pulse pairs were averaged for each time point presented in the pump-probe data.   Data 

shown was collected with pump energies typically between 60 nJ and 150 nJ per pulse. Samples 

had an optical density of 0.25 to 0.35 at the excitation wavelength.   Absorption spectra taken 

before and after the pump probe experiments were indistinguishable, indicating no evidence of 

sample degradation. 

 

Synthesis 

General procedure for the synthesis of compounds 3.2a-f: 

To the solution of compound 3.1a-d (0.2 mmol) aluminum chloride (0.6 mmol, 80 mg) was 

added in dry DCM (10 mL) under argon atmosphere. The mixture was refluxed for 2 min. After 

cooling to room temperature 3,4-dihydroxybenzaldehyde (or 2,3-dihydroxybenzaldehyde in the 

case of compound 3.2f) (0.8 mmol, 110mg) was added. The resulting mixture was stirred for 2 h 

at room temperature. Then the solution was slowly quenched with water, organic layer was washed 

two times with water, dried over Na2SO4 and evaporated to dryness. The crude product was 

purified by column chromatography on silica gel using DCM as a solvent.  

 

Compound 3.2a. Yield 41 mg (25 %); 1H NMR (500 MHz, CDCl3) δ 9.94 (s, 1H), 7.56 (d, J = 

7.9 Hz, 1H), 7.51 (s, 1H), 7.43 – 7.27 (m, 11H), 7.02 (d, J = 7.9 Hz, 1H), 7.00 (s, 1H), 6.33 (d, J 

= 16.0 Hz, 1H), 4.36 – 4.29 (m, 2H), 4.19 – 4.06 (m, 9H), 3.86 (s, 1H), 3.69 (s, 1H), 2.38 (s, 3H), 

1.08 (t, J = 7.0 Hz, 3H), 1.03 (t, J = 7.0 Hz, 3H); HRMS (APCI positive) calcd for C47 

H39N2B1O7Fe1 [M + H]+: 811.2281, found 811.2333. 

 

Compound (3,4)-3.2b. Yield 62 mg (31 %); 1H NMR (500 MHz, CDCl3) δ 10.40 (s, 0.2 H), 9.99 

(s, 0.63 H) 7.62 – 7.59 (m, 1H), 7.42 – 7.34 (m, 10H), 7.20 – 7.17 (m, 3H), 7.17 – 7.12 (m, 2H), 

7.07 – 7.02 (m, 3H), , 6.35 – 6.29 (m, 2H), 4.33 (s, 1Н), 4.33 (m, 3H), 4.18 – 4.11 (m, 14Н), 3.87 
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(s, 2Н), 3.78 – 3.72 (m, 2Н), 1.07 (m, 6Н); HRMS (APCI positive) calcd for C58H47N2B1O7Fe2 [M 

+ H]+: 1007.2260, found 1007.2228. 

 

Compound (2,3)-3.2b. Yield 58 mg (29 %);1H NMR (500 MHz, CDCl3) δ 10.40 (s, 1H), 7.52 (d, 

J = 8.1 Hz, 2H), 7.42 – 7.34 (m, 10H), 7.20 – 7.16 (m, 3H), 7.10 – 7.07 (m, 1H), 7.03 (s, 1H), 6.35 

(d, J = 16.0 Hz, 2H), 4.33 (s, 4H), 4.15 (q, J = 7.0 Hz, 4H), 4.10 (s, 10H), 3.87 (s, 2H), 3.78 (s, 

2H), 1.09 (t, J = 7.0 Hz, 6H); HRMS (APCI positive) calcd for C58H47N2B1O7Fe2 [M + H]+: 

1007.2260, found 1007.2315. 

 

Compound 3.2c. Yield 53 mg (28 %); 1H NMR (500 MHz, CDCl3) δ 10.36 (s, 1H), 7.51 (dd, J = 

8.1 Hz, J = 1.4 Hz, 1H), 7.41 – 7.34 (m, 10H), 7.21 (s, 0.5 H), 7.17 (s, 0.5 H), 7.14 – 7.12 (m, 1H), 

7.10 – 7.05 (m, 1H), 6.96 (s, 1H) 6.63 (d, J = 8.9 Hz, 2H), 6.57 (d, J = 16.0 Hz, 1H), 6.46 (d, J = 

8.9 Hz, 2H), 6.39 (d, J = 16.0 Hz, 1H), 4.29 – 4.28 (m, 2H), 4.18 – 4.13 (m, 4H), 4.09 (s, 5H), 3.85 

– 3.84 (m, 1H), 3.76 – 3.75 (m, 1H), 3.01 (s, 6H), 1.08 (t, J = 7.1 Hz, 3H), 1.06 (t, J = 7.1 Hz, 3H); 

HRMS (APCI positive) calcd for C56H48N3B1O7Fe1 [M + H]+: 942.3018, found 942.3116. 

 

Compound 3.2d. Yield 57 mg (34 %); 1H NMR (500 MHz, CDCl3) δ 9.98 (s, 1H), 7.62 (dd, J = 

8.1 Hz, J = 1.4 Hz, 1H), 7.58 – 7.56 (m, 2H), 7.46 – 7.36 (m, 10H), 7.21 – 7.19 (m, 1H), 7.09 – 

7.06 (m, 2H), 6.36 (d, J = 16.0 Hz, 1H), 5.73 (d, J = 7.5 Hz, 1H), 4.39 – 4.38 (m, 2H), 4.20 (q, J 

= 7.1 Hz, 2H), 4.14 (s, 5H), 3.90 (s, 1H), 3.83 (t, J = 7.6 Hz, 2H), 3.75 (s, 1H), 1.67 – 1.60 (m, 

2H), 1.33 – 1.29 (m, 2H), 1.09 (t, J = 7.1 Hz, 3H), 0.89 (t, J = 7.4 Hz, 3H); HRMS (APCI positive) 

calcd for C49H54N3B1O6Fe1 [M + H]+: 848.3537, found 848.2705. 

 

Compound 3.2e. Yield 47 mg (38 %);1H NMR (500 MHz, CDCl3) δ 9.87 (s, 1H), 7.48 (dd, J = 

7.9 Hz, J = 1.7 Hz, 1H), 7.41 (d, J = 1.7 Hz, 1H), 7.40 – 7.35 (m, 6H), 7.27 – 7.26 (m, 3H), 6.98 

(s, 1H), 6.97 (d, J = 7.8 Hz, 1H), 4.11 (q, J = 7.1 Hz, 4H), 2.41 (s, 6H), 1.02 (t, J = 7.1 Hz, 6H); 

HRMS (APCI positive) calcd for C36H31N2B1O7Fe1 [M + H]+: 615.2303, found 615.2471. 

 

General procedure for the synthesis of compounds 3.3a-f: 

 The mixture of catechol-substituted dye (3.2a-f) (0.06 mmol), sarcosine (0.6 mmol, 53 

mg), and fullerene (0.12 mmol, 86 mg) was refluxed in toluene for 12 h under argon atmosphere. 
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After cooling to room temperature, the excess of sarcosine and fullerene was filtered out and the 

solution was evaporated to dryness. The crude product was purified by column chromatography 

on silica gel using toluene as a solvent.  

 

Compound 3.3a. Yield 37 mg (40 %);1H NMR (500 MHz, C6D6) δ 7.80 (d, J = 16.0 Hz, 1H), 

7.32 (s, 1H), 7.10-7.08 (m, 2H), 7.00-6.91 (m, 11H), 4.87 (s, 0.44 H, Hpyrrolidine), 4.78 (s, 0.45 H, 

Hpyrrolidine), 4.65 (d, J = 8.0 Hz, 0.40 H, Hpyrrolidine), 4.60 (d, J = 8.0 Hz, 0.60 H, Hpyrrolidine), 4.35-

4.31 (m, 1H), 4.30-4.27 (m, 2H), 4.18-4.14 (m, 6H), 4.07 (s, 1H), 4.00-3.82 (m, 6H), 2.92 (br.s, 

1.15 H, BDPmethyl), 2.78 (s, 1.60 H, NMepyrrolidine), 2.46 (s, 1.40 H, NMepyrrolidine), 2.38 (br.s, 1.30 

H, BDPmethyl), 0.77-0.69 (m, 6H); HRMS (APCI positive) calcd for C109H44N3B1O6Fe1 [M + H]+: 

1559.2788, found 1559.2771. 

 

Compound (3,4)-3.3b. Yield 49 mg (47 %);1H NMR (500 MHz, C6D6) δ 7.65 (d, J = 10.0 Hz, 

1H), 7.61 (d, J = 10.0 Hz, 1H), 7.44 (d, J = 7.5 Hz, 1H), 7.32 (s, 1H), 7.20-7.18 (m, 3H), 7.00-6.94 

(m, 10H), 6.90 (s, 1H), 4.82 (s, 1H, Hpyrrolidine), 4.59 (d, J = 9.0 Hz, 1H, Hpyrrolidine), 4.37 (s, 1H), 

4.33-4.31 (m, 2H), 4.26-4.23 (m, 8 H), 4.16-4.14 (m, 6H), 3.98-3.91 (m, 6H), 2.61 (s, 3H, N-

Mepyrrolidine), 0.80-0.75 (m, 6H); HRMS (APCI positive) calcd for C120H52N3B1O6Fe2 [M + H]+: 

1755.2766, found 1755.2772. 

 

Compound (2,3)-3.3b. Yield 53 mg (50 %);1H NMR (500 MHz, C6D6) δ 7.91 (d, J = 7.3 Hz, 1H), 

7.84 (d, J = 16.0 Hz, 1H), 7.63 (d, J = 16.0 Hz, 1H), 7.41 (d, J = 7.3 Hz, 1H), 7.31-7.22 (m, 3H), 

7.10-7.08 (m, 2H), 7.00 (s, 1H), 6.96-6.95 (m, 3H), 6.91-6.90 (m, 3H), 6,85 (s, 1H), 6.74 (d, J = 

16.0 Hz, 1H), 5.64 (s, 1H, Hpyrrolidine), 4.48 (d, J =10 Hz, 1Hpyrrolidine), 4.35 (s, 1H), 4.26-4.24 (m, 

8H), 4.13 (s, 1H), 4.05-3.95 (m, 11H), 3.84 (d, J = 10 Hz, 1H, Hpyrrolidine), 3.78 (s, 1H), 2.47 (s, 3H, 

NMepyrrolidine), 0.83-0.80 (m, 6H); HRMS (APCI positive) calcd for C120H52N3B1O6Fe2 [M + H]+: 

1755.2766, found 1755.2740. 

 

Compound 3.3c. Yield 47 mg (47 %); 1H NMR (500 MHz, C6D6) δ 8.22 (d, J = 10.8 Hz, 0.2H), 

8.11 (d, J = 16.8 Hz, 0.3 H), 7.95-7.92 (m, 1H), 7.83 (d, J = 16.2 Hz, 0.50 H), 7.74-7-70 (m, 1H), 

7.61 (d, J = 16.8 Hz, 0.8H), 7.34-7.31 (m, 3H), 7.00-6.91 (m, 10H), 6.83-6.77 (m, 2H), 6.60 (d, J 

= 8.6 Hz, 1H), 6.35 (d, J = 9.0 Hz, 0.50H), 6.28 (d, J = 9.0 Hz, 1.3H), 5.69-5.69 (m, 1H, Hpyrrolidine), 
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4.60-4.58 (m, 0.4 H), 4.47 (d, J = 9.0 Hz, 0.57 H, Hpyrrolidine), 4.40 (d, J = 9.0 Hz, 0.43 H, Hpyrrolidine), 

4.30-4.29 (m, 0.67 H), 4.24-4.19 (m, 5H), 4.15-4.14 (m, 0.53 H), 4.06-3.96 (m, 7H), 3.84 (d, J = 

9.0 Hz, 0.60 H, Hpyrrolidine), 3.80 (d, J = 9.0 Hz, 0.40 H, Hpyrrolidine), 2.53 (s, 2H, PhNMe2), 2.45 (s, 

1.70 H, NMepyrrolidine), 2.39 (s, 1H, PhNMe2), 2.35 (s, 1.30 H, NMepyrrolidine), 2.33 (s, 3.00 H, 

PhNMe2), 0.85-0.78 (m, 6H); HRMS (APCI positive) calcd for C118H53N4B1O6Fe1 [M + H]+: 

1690.3524, found 1690.3530. 

 

Compound 3.3d. Yield 37 mg (39 %);1H NMR (500 MHz, C6D6) δ 8.07 (m, 0.46H), 7.93-7.83 

(m, 1H), 7.58-7.56 (m, 2H), 7.32-7.25 (m, 3H), 7.05 – 7.00 (m, 8H), 6.87 (d, J = 6.7 Hz, 1H), 6.60-

6.56 (m, 0.45H), 5.93 (d, J = 7.3 Hz, 0.60 H, Hpyrrolidine), 5.87-5.84 (m, 0.40H, Hpyrrolidine), 4.90 (s, 

0.53H), Hpyrrolidine), 4.79 (s, 0.37H, Hpyrrolidine), 4.66 (d, J = 9.0 Hz, 0.38H, Hpyrrolidine), 4.59 (d, 

J = 9.0 Hz, 0.38H, Hpyrrolidine), 4.39-4.33 (m, 2H), 4.22-4.20 (m, 6H), 4.11-4.10 (m, 1H), 4.01-3.96 

(m, 2H), 3.86-3.84 (m, 0.50H), 3.69-3.67 (m, 0.50H), 3.27-3.22 (m, 1H), 2.90 (s, 1.10H, 

NMepyrrolidine), 2.77 (s, 1.80H, NMe pyrrolidine), 1.44-1.38 (m, 2H), 1.09-1.03 (m, 2H), 0.80-0.77 (m, 

3H), 0.71 (t, J = 7.3H, 3H); HRMS (APCI positive) calcd for C112H47N4B1O5Fe1 [M + H]+: 

1596.3105, found 1596.3096. 

 

Compound 3.3e Yield 33 mg (40 %);1H NMR (500 MHz, C6D6) δ 7.05-6.97 (m, 13 H), 6.90 (s, 

1H), 4.80 (s, 1H, Hpyrrolidine), 4.55 (d, J = 9.0 Hz, 1H, Hpyrrolidine), 3.90-3.83 (m, 5H), 2.86 (br.s, 3H, 

BDPmethyl), 2.71 (s, 3H, NMepyrrolidine), 2.47 (br.s, 3H, BDPmethyl), 0.72 (t, J = 7.0 Hz, 6H); HRMS 

(APCI positive) calcd for C98H36N3B1O6 [M + H]+: 1363.2811, found 1363.2803. 

 

 

 

Procedure for the synthesis of compounds 3.6a-e and 3.7: 

Compound 3.6a. The mixture of BODIPY 3.5a (200 mg, 0.39 mmol) and dry AlCl3 (152 mg, 1.16 

mmol) was vacuum dried in a Schlenk flask for 30 min. Then the dry DCM (10ml) was added 

through the septum into the flask and the resulting mixture was refluxed for 1 min under the argon 

atmosphere. Then the solution of 1,2-dihydroxybenzene (128mg, 1.16mmol) in 10 ml of dry DCM 

was added through the cannula into the flask. The resulting mixture was stirred for 45 min at room 

temperature under argon atmosphere. After that time, the reaction mixture was slowly quenched 
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with water and stirred for another 30 min. The organic layer was separated and washed with water 

(3x50ml), saturated brine solution (50 mL), dried over MgSO4 and evaporated to dryness. The 

crude product was recrystallized from toluene yielding 69 mg (30 %) of 3.6a. 1 H NMR (300 MHz, 

CDCl3) δ 7.38 - 7.35 (m, 6H), 7.27 – 7.24 (m, 5H), 6.95 (s, 1H), 6.86 (s, 4H), 4.09 (q, JH,H = 7.1 

Hz, 4H), 2.45 (s, 6H), 1.02 (t, JH,H = 7.1 Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 163.77, 162.53, 

151.28, 148.09, 134.48, 132.04, 130.11, 129.71, 128.99, 128.02, 121.73, 120.50, 109.55, 60.47, 

14.67, 13.91; HRMS (APCI positive) calcd for C35H31BN2O6 [M + H]+: 587.2354, found 

587.2102. 

 

Compound 3.6b. The mixture of aza-BODIPY 3.5b (100 mg, 0.2 mmol) and dry AlCl3 (134 mg, 

1.0 mmol) was vacuum dried in a Schlenk flask for 30 min. Then the dry DCM (10ml) was added 

through the septum into the flask and the resulting mixture was stirred for 30 min at room 

temperature under the argon atmosphere. Then the solution of 1,2-dihydroxybenzene (111 mg, 1.0 

mmol) in 10 ml of dry DCM was added through the cannula into the flask. The resulting mixture 

was stirred for 30 min at room temperature under argon atmosphere. After that time, the reaction 

mixture was slowly quenched with water and stirred for another 30min. The organic layer was 

separated and washed with water (3x50ml), saturated brine solution (50 mL), dried over MgSO4 

and evaporated to dryness. The crude product was purified by column chromatography on silica 

gel using toluene as the solvent yielding 30 mg (26 %) of 3.6b. 1H NMR (300 MHz, CDCl3) δ 8.10 

– 8.07 (m, 2H), 7.51 – 7.44 (m, 6H), 7.33 – 7.30 (m, 4H), 7.08 – 7.03 (m, 2H), 6.96 – 6.91 (m, 

4H), 6.86 (s, 2H), 6.33 – 6.28 (m, 2H), 6.07 – 6.01 (m, 2H); 13C NMR (75 MHz, CDCl3) δ 150.31, 

132.58, 131.53, 129.74, 129.63, 129.34, 128.72, 128.46, 127.46, 120.16, 118.76; HRMS (APCI 

positive) calcd for C38H26BN3O2 [M + H]+: 568.2197, found 568.1938. 

 

Compound 3.6c. The mixture of BODIPY 3.5c (100 mg, 0.225 mmol) and dry AlCl3 (400 mg, 

3.0 mmol) was vacuum dried in a Schlenk flask for 30 min. Then the dry DCM (10ml) was added 

through the septum into the flask and the resulting mixture was stirred for 30 min at room 

temperature under the argon atmosphere. Then the solution of 1,2-dihydroxybenzene (124 mg, 

1.12 mmol) in 10 ml of dry DCM was added through the cannula into the flask. The resulting 

mixture was stirred for 3 h at room temperature under argon atmosphere. After that time, the 

reaction mixture was slowly quenched with water and stirred for another 30min. The organic layer 
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was separated and washed with water (3x50ml), saturated brine solution (50 mL), dried over 

MgSO4 and evaporated to dryness. The crude product was purified by column chromatography on 

silica gel using toluene as the solvent yielding 20 mg (16 %) of 3.6c. 1H NMR (300 MHz, CDCl3) 

δ 8.14 – 8.11 (m, 2H), 7.53 – 7.48 (m, 2H), 7.37 – 7.34 (m, 2H), 7.30 – 7.22 (m, 7H), 7.09 – 7.03 

(m, 2H), 7.00 – 6.94 (m, 4H), 6.32 – 6.26 (m, 2H), 6.02 – 5.96 (m, 2H); 13C NMR (75 MHz, 

CDCl3) δ 155.89, 150.06, 139.31, 133.77, 132.14, 130.81, 129.32, 129.16, 127.35, 126.98, 124.04, 

121.31, 118.83, 109.35; HRMS (APCI positive) calcd for C34H22BN3O2 [M + H]+: 516.1884, 

found 516.1694. 

 

Compounds 3.6d, 3.6e. The mixture of BOPHY 3.5d (150 mg, 0.24 mmol) and dry AlCl3 (133 

mg, 0.99 mmol) was vacuum dried in a Schlenk flask for 30 min. Then the dry DCM (10ml) was 

added through the septum into the flask and the resulting mixture was refluxed for 1 min under the 

argon atmosphere. Then the solution of 1,2-dihydroxybenzene (109 mg, 0.99 mmol) in 5 ml of dry 

DCM was added through the cannula into the flask. The resulting mixture was stirred for 1 h at 

room temperature under argon atmosphere. After that time, the reaction mixture was slowly 

quenched with water and stirred for another 30min. The organic layer was separated and washed 

with water (3x20ml), saturated brine solution (20 mL), dried over MgSO4 and evaporated to 

dryness. The crude product was chromatographed on silica gel column using DCM as the solvent 

yielding 20 mg (12 %) of 3.6e and 35 mg (19 %) of 3.6d. 

 

Compound 3.6d: 1H NMR (300 MHz, CDCl3) δ 7.76 (s, 2H), 7.47 – 7.45 (m, 7H), 7.24 – 7.23 

(m, 2H), 6.90 (s, 8H), 4.21 (q, JH,H = 7.1 Hz, 4H), 2.56 (s, 6H), 1.15 (t, JH,H = 7.1 Hz, 6H); 13C 

NMR (75 MHz, CDCl3) δ 163.73, 155.01, 149.55, 146.22, 140.73, 131.09, 130.18, 128.88, 128.02, 

123.50, 120.89, 119.59, 110.63, 60.47, 14.08, 13.94; HRMS (APCI positive) calcd for 

C42H36B2N4O8 [M + H]+: 747.2806, found 747.2673. 

 

Compound 3.6e: 1H NMR (300 MHz, CDCl3) d 7.95 (s, 1H), 7.67 (s, 1H), 7.53 – 7.51 (m, 3H), 

7.42 – 7.42 (m, 5H), 7.20 – 7.18 (m, 2H), 6.85 (s, 4H), 4.22 – 4.12 (m, 4H), 2.81 (s, 3H), 2.53 (s, 

3H), 1.16 – 1.06 (, 6H); 13C NMR (75 MHz, CDCl3) δ 163.67, 159.30, 155.29, 149.55, 146.29, 

140.86, 140.02, 131.37, 130.97, 130.29, 130.18, 129.19, 128.95, 128.29, 128.03, 120.93, 110.64, 
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60.49, 14.00, 13.91; HRMS (APCI positive) calcd for C36H32B2F2N4O6 [M + H]+: 676.2483, , 

found 676.2179. 

 

Compounds 3.7. The mixture of BODIPY 3.5a (200 mg, 0.39 mmol) and dry AlCl3 (152 mg, 1.16 

mmol) was vacuum dried in a Schlenk flask for 30 min. Then the dry DCM (10ml) was added 

through the septum into the flask and the resulting mixture was refluxed for 1 min under the argon 

atmosphere. Then the solution of 3,4-dihydroxybenzaldehyde (160mg, 1.16mmol) in 10 ml of dry 

DCM was added through the cannula into the flask. The resulting mixture was stirred for 45 min 

at room temperature under argon atmosphere. After that time, the reaction mixture was slowly 

quenched with water and stirred for another 30min. The organic layer was separated and washed 

with water (3x50ml), saturated brine solution (50 mL), dried over MgSO4 and evaporated to 

dryness. The crude product was purified by column chromatography on silica gel using DCM as a 

solvent yielding 95 mg of 3.7 (40 %) of 2.7a. 1H NMR (300 MHz, CDCl3) δ 9.87 (s, 1H), 7.48 (dd, 

J = 7.9 Hz, J = 1.7 Hz, 1H), 7.41 (d, J = 1.7 Hz, 1H), 7.40 – 7.35 (m, 6H), 7.27 – 7.26 (m, 3H), 

6.98 (s, 1H), 6.97 (d, J = 7.8 Hz, 1H), 4.11 (q, J = 7.1 Hz, 4H), 2.41 (s, 6H), 1.02 (t, J = 7.1 Hz, 

6H); HRMS (APCI positive) calcd for C36H31N2BO7 [M + H] +: 615.2303, found 615.2471. 

 

Conclusion 

Five ferrocene-BODIPY-fullerene triads were prepared along with a reference fullerene-

BODIPY dyad. The ferrocene groups were fully conjugated to the BODIPY π-system and the 

fullerene acceptors were covalently bound at the boron hub via a catecholpyrrolidine linker. The 

new compounds were characterized by NMR, UV-Vis, steady-state fluorescence spectroscopy, 

high-resolution mass spectrometry, and in one case X-ray crystallography. The redox processes 

were investigated by electrochemical (CV and DPV) methods and spectroelectrochemistry. DFT 

calculations indicate that the HOMO in all triads is delocalized between the ferrocene and 

BODIPY π-system, the LUMO is always fullerene-centered, and the catechol-centered occupied 

orbital is close in energy to the HOMO. TDDFT calculations are indicative of the low-energy, very 

low intensity BODIPY-to-C60 and Fc-to-C60 charge-transfer bands. Pump-probe spectroscopy, 

probed throughout the visible and NIR spectral regions, was used to investigate the photophysical 

properties and potential for excited state charge transfer. The new triads were compared with 

reference BODIPY-fullerene and Fc-BODIPY dyads. In the BODIPY-fullerene dyad, rapid 4 ps 
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deactivation of the BODIPY centered π*-excited state was mediated by the catecholpyrrolidine 

linker.  Subsequent addition of the ferrocene groups created an initial charge transfer state on the 

Fc-BODIPY that was not deactivated via the catechol, and had a lifetime of 140-400 ps. The 

ferrocene fragments extended the absorption to longer wavelengths, produced rapid initial charge 

separation, and subverted the deleterious rapid loss of electronic energy promoted by the catechol 

linker. However, further transfer of the charge across the catechol bridge to the fullerene was not 

observed. The catecholpyrrolidine bridge remained a barrier to charge transfer, failing to provide 

sufficient coupling to the fullerene to out-compete charge recombination between the ferrocene 

and BODIPY. In all cases, when exciting the Fc-BODIPY antenna, the exited state dynamics of 

the Fc-BODIPY-ferrocene triads were essentially unperturbed by the presence of the phenyl-

fulleropyrrolidine group. 

 To investigate the rapid excitation state deactivation of BODIPY-fullerene dyad by 

catechol linking groups a series of five boron-dipyrromethane (BODIPY) derived chromophores 

were prepared and characterized.  Following excitation to the optically bright π* state of the BDP 

chromophore, sub-ps conversion to an optically dark CT state, characterized by a shift of electron 

density from the catechol to the BODIPY chromophore, was followed by rapid return to the ground 

state in all complexes investigated. These systems covered a broad range of synthetic modification 

within the BODIPY core, indicating some generality of the excited state deactivation dynamics in 

this class of molecules. These results suggest reports of observed fluorescence in analogous 

systems may indicate the presence of residual BODIPY-F2 precursor rather than fluorescence from 

the BODIPY-catechol complex. Sub-ps initial charge separation and the very short lifetime of the 

penultimate CT state present a substantial hindrance to successful implementation of the catechol 

as a linker for attachment of other redox partners for the BODIPY chromophore.  This raises 

significant questions about the previous reports and proposed mechanisms for excited state charge 

separation in BODIPY-catechol-fullerene triad systems. 

 Accessible chemistry and stability are part of what makes the catechol an attractive linker 

for covalent attachment of fullerene electron acceptors. However, in the case of BODIPY based 

antenna, I have shown that it mediates very rapid excited state deactivation. This can be overcome 

by addition of an electron donor and initial charge separation that precedes the deactivation 

mechanism. The catechol linker creates a system with competing interests in the two charge 

transfer steps that prevent this design from producing efficient, long-lived charge separation.  
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Strong coupling of the ferrocene donor and BODIPY core is required to facilitate initial charge 

separation prior to catechol mediated deactivation. However, this coupling also facilitates a modest 

rate of charge recombination in competition with subsequent charge transfer to the fullerene. To 

promote a long-lived charge transfer state following electron transfer to the fullerene, i.e. inhibit 

charge recombination, strong coupling to the fullerene is not desirable. In the absence of strong 

coupling to the fullerene, electron transfer to the fullerene is unable to compete with charge 

recombination between the BODIPY and ferrocene.   

 Since we discovered that the catechol leads to rapid deactivation of the excited state of the 

BODIPY chromophore with absence of an electron donor such as ferrocene I would recommend 

that future work be directed toward using a different linking group to attach these ferrocene-

BODIPYs and fullerenes.  Since we surmise that charge recombination with ferrocene is favored 

without the presence of stronger coupling between our BODIPY and fullerene potential direction 

could be toward a linking group that provides stronger coupling between BODIPY and fullerene 

to promote electron transfer to the BODIPY instead of charge recombination.   

In order to accelerate the search for the best donor acceptor pair capable of the low energy 

photoinduced electron transfer with strong absorption in the visible and near infrared spectrum we 

decided to explore the third general approach for light harvesting donor acceptors as light 

harvesting arrays.  In this approach we screened a large variety of zinc porphyrin and 

phthalocyanines as electron donors axially coordinated to the pyridine containing terminal 

acceptors.  Two acceptors were studied; pyridyl fullerene and dipyridyl BODIPY.  The later one 

was chosen because of its prominent photophysical light harvesting properties and the first 

reduction potential being close to C60 fullerene.    
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Chapter 4 

Pyridine-BODIPY a New Type of Non-Fullerene Acceptor for 

Coordination to Metal Center of Porphyrins and Phthalocyanines 

Introduction 

 Organic solar cells based on bulk heterojunction active layers designed to create charge 

separated states with polymers or small molecule electron donors and fullerene acceptors have 

been studied extensively.1-9    These compounds typically contain electron-donating chromophores 

such as porphyrins, phthalocyanines, and ruthenium-(II)-tris(bipyridine) with fullerene as electron 

acceptors.10-14  Fullerenes drew special attention as electron acceptors due to their three-

dimensional structure, reduction potentials, absorption spectrum range, and small re-organization 

energy in electron-transfer processes.  Covalent attachment of fullerene acceptor to electron donor 

has been a widely used strategy to form long-lived charge-separated states15-18 however, self-

assembled donor-acceptor conjugates may be the preferred method of formation for these systems 

as it is most similar to natural photoenergy conversion systems.  The benefits of a self-assembling 

system is self-organization as well as efficient self-repairing assembling-disassembling 

processes.19 Self-assembling molecules are formed via weak interactions such as hydrogen 

bonding, π-π interactions or metal coordination.  Since π-π interactions for donor-acceptor self-

assembling systems were previously investigated in chapter 2 using pyrene ligands to promote π-

π stacking to carbon nanotubes, in this chapter I investigated coordination chemistry in order to 

determine the effectiveness of metal coordination at forming self-assembling donor-acceptor 

molecules for generation of charge separated states.  A common method for self-assembling 

fullerene acceptors with electron donors like porphyrin and phthalocyanines is through axial 

coordination chemistry at the metal center.  Coordination can be done through functionalization of 

the fullerene to contain nitrogenous ligands such as imidazole or pyridine.20-23   Many different 

forms of supramolecular complexes have been designed in this way with formation of dyad and 

triad complexes.30,31 However due to fullerene’s intrinsic drawbacks such as low absorptivity, low 

solubility, and limited structural modification it has led to lower then required power conversion 

efficiencies.  This has led to development of new non-fullerene small molecule based electron 

acceptors.24 Promising candidate chromophores for use as non-fullerene acceptors are BODIPY 
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and aza-BODIPY due to their excellent absorption and emission properties as well as their 

capability for structural modifications.25 BODIPY26,27 and aza-BODIPY28,29 compounds have 

already shown great promise as electron donors and with the correct modifications have also 

become low-band gap acceptors.  In order to mimic this self-assembling process from fullerene 

complexes we designed a pyridine-BODIPY with two pyridine units substituted at the α-position 

of the BODIPY in order to promote coordination to the metal center of a series of electron-donating  

zinc porphyrins and phthalocyanines (Scheme 4.1). This will hopefully lead to the formation of 

supramolecular dyads and triads through coordination at the metal center of the porphyrin and 

phthalocyanine donors (Figure 4.2).  Two reference pyridine and phenyl substituted fullerene 

acceptors (Figure 4.1) were also used to compare with the electron transfer process of the target 

BODIPY.   After initial coordination experiments were completed, another series of electron donor 

porphyrins were tested to determine if there was a trend for increased coordination of the pyridine 

group to the metal center of porphyrins and phthalocyanines.  A series of cyanated 

octaethylporphyrins  (Figure 4.3) prepared at our collaborator Brueckner’s lab were tested to 

determine if drawing electron density away from the metal center would enhance coordination to 

the metal center similar to what we observed in previous experiments.   Here we present the 

synthesis, electrochemical and photophysical characterization of the BODIPY-pyridine 

compounds.   

 

Scheme 4.1: Synthetic pathway for preparation of BODIPY-pyridine compounds 

 

Figure 4.1: Reference compounds fulleropyrrolidine 4.4 and 4.5  
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Figure 4.2: (Top) Electron donor porphyrins and phthalocyanine: zinc tetraphenylporphyrin 4.6 

fluorinated zinc tetraphenylporphyrin 4.7, tetra-tert-butyl zinc pthalocyanine 4.8, and meso-

tetraferrocenyl porphyrin 4.9. (Bottom) Example of potential supramolecular complex with 

compound 4.3. 
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Figure 4.3: Electron donors zinc octaethylporphyrin 4.10, monocyano zinc octaethylporphyrin 

4.11, dicyano zinc octaethylporphyrin 4.12, tricyano zinc octaethylporphyrin 4.13, and 

tetracyano zinc octaethylporphyrin 4.14.33 

Synthesis and Characterization of Pyridine-BODIPY  

 Starting from previously reported BODIPY complex 4.132 the synthesis of compounds 4.2 

and 4.3 was achieved by a standard Knoevenagel condensation of 3,5-

dimethylborondipyrromethane and two moles of 4-pyridylcarboxaldehyde in dry acetonitrile using 

piperidinium acetate as a catalyst as indicated in Scheme 4.1.  The yield of monopyridine-BODIPY 

for this reaction after purification is very low due to favoring the formation of dipyridine-BODIPY 

complex so no experiments were conducted on it.  Compound 4.3 was characterized by 1H and 13C 

NMR spectroscopy, high-resolution mass spectrometry, UV-vis, and fluorescence spectroscopy.   
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Figure 4.4: 1H NMR spectrum of compound 4.3 CDCl3. 

 

Figure 4.5: 13C NMR spectrum of compound 4.3 CDCl3. 
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Figure 4.6: HRMS spectrum of compound 4.3. 

The UV-vis spectrum of 4.3 is presented in Figure 4.7 and consists of two distinct peaks.  

The single narrow band at 343 nm is associated with the pyridine fragments while the lower energy 

band at 615 nm corresponds to the typical BODIPY absorption.  The absorption specta of our 

electron donors from the first series of experiments can be seen in Figure 4.8 and consist of typical 

porphyrin and pthalocyanine absorption spectrum.  Porphyrin complexes all have an intense Soret 

band at higher energy wavelengths and a series of low intensity Q-bands at lower energy 

wavelengths while the pthalocyanine has a series of low intensity bands at higher energy and an 

intense band at lower wavelengths.  The absorption spectrum for compounds 4.10-4.14 can be seen 

in Figure 4.9 and consist of typical zinc octaethylporphyrin absorption that experiences a red shift 

upon each addition of a cyano group to the porphyrin.   
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Figure 4.7: UV-Vis spectrum of compound 4.3 in DCM. 

 

Figure 4.8: UV-Vis spectrum of 4.6, 4.7, 4.8, and 4.9 in DCM. 
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Figure 4.9: UV-Vis spectrum of 4.10, 4.11, 4.12, 4.13, and 4.14 in DCM. 

 Steady-state fluorescence spectrum for compound 4.3 is shown in Figure 4.10.  The 

fluorescence spectrum shows typical Stokes shifts of ~20nm.  The electron donor’s fluorescence 

spectrum can be seen in Figures 4.11 and 4.12.  The fluorescence of the electron acceptor has a 

partially overlapping fluorescence spectrum with some of the electron donors resulting in 

complications when testing for coordination using spectroscopy.   

 

Figure 4.10: Fluorescence spectrum of compound 4.3 at an excitation wavelength of 605 nm in 

DCM. 
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Figure 4.11: Fluorescence spectrum of compounds 4.6 - 4.8 in DCM. Excitation wavelengths 

are: 420 nm (4.6), 540 nm (4.7), and 610 nm (4.8). 

 

Figure 4.12: Fluorescence spectrum of zinc octaethylporphyrins 4.10 - 4.14 in DCM.  Excitation 

wavelengths are: 530 nm (4.10), 550 nm (4.11), 570 nm (4.12), 580 nm (4.13), and 600 nm 

(4.14). 
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Table 4.1. Selected photophysical properties of acceptor compounds 4.3 – 4.5 and donor 

porphyrins and phthalocyanines 4.6 – 4.14. 

Compound λabs [nm] (ε [M-1cm-1]) Emission [nm] ( ns] 

4.3 343 (59313), 615 (76767) 633  

4.6 422 (574000), 512 (3300), 548 (24000), 

589 (4200) 

594, 644 2.0 

4.7 417 (552000), 585 (25100) 583, 638  1.4 

4.8 349 (57500), 610 (30200), 648 (25700), 

678 (199500) 

692, 755 13 ± 2 

4.9 320 (34200), 435 (142800), 681 (31500)   

4.10 400, 530, 567 571, 625  

4.11 410 (305,899), 550 (11,115), 590 

(35,681) 

599  

4.12 418 (150,821), 570 (7,522), 613 

(28,863) 

628  

4.13 434 (86,393), 583 (5,335),  630 (10,383) 650  

4.14 445 (93,709), 600 (5,953), 647 (9,693) 672  

    

 The redox properties of BODIPY 4.3 were investigated by both cyclic voltammetry (CV) 

and differential pulse voltammetry (DPV) electrochemical methods.  The data is summarized in 

Table 4.2 and shown in Figure 4.13.  In the case of BODIPY compound 4.3 it shows two reduction 

processes associated with the BODIPY core.  The first reduction process is quasi-reversible while 

the second is irreversible.  Electrochemistry was also ran on a solution of 4.3 and 4.8 which resulted 

in a slight shift of the reduction potential for both the BODIPY and pthalocyanine to higher 

potentials and the oxidation of the pthalocyanine to shift to slightly lower potential (Figure 4.14). 
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Table 4.2. Electrochemical data on acceptors and donor  

Compound E1
Ox(V) E1

Red(V) E2
Red(V) 

4.3 

 

-0.89 -1.72* 

4.8 0.011 -1.6 

 
4.4 1.19 -1.17 -1.53 

4.8+4.3 0.16 -0.94 -1.86 

 

Figure 4.13: CV/DPV of compound 4.3 in DCM.   
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Figure 4.14: CV/DPV of compound 4.3 + 4.8 in a 1:1 ratio in DCM. 

Interaction and complex formation with porphyrins and phthalocyanines  

 Pyridine substituents attached at the α-position of the BODIPY core was motivated by the 

potential to promote coordination complex formation at the metal center of porphyrins and 

phthalocyanine electron donors similar to what was seen in C60 pyridine acceptors.  Changes in 

static and time-resolved absorption along with static fluorescence upon titrations of 4.3 and 

fullerenes with our electron donor porphyrins and phthalocyanines were measured as potential 

indicators of charge transfer and quantitative evidence of complex formation.  All titrations with 

reference 4.5 resulted in no change in absorption or fluorescence as expected.  Titrations of our 

electron acceptors with the porphyrin and pthalocyanine donors revealed a mixed effectiveness of 

coordination based on absorption and fluorescence results which can be seen in figures 4.15 – 4.22.  

There was no significant change in the absorption or reduction in fluorescence during any of the 

titrations with 4.6 except for loss in fluorescence due to competitive absorption with 4.4 indicating 

there is not any type of coordination to the metal center.  Upon titration of our acceptors 4.3 and 

4.4 with 4.7 and 4.8 we observed both a change in absorption and reduction in fluorescence which 
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are indicators of coordination occurring.  Starting with a solution of 4.7 and titrating 4.3 or 4.4 we 

observe a shift in the absorption maximum of 4.7 from 412 to 423 nm.  Fluorescence quenching 

of 4.7 is also observed when titrating 4.4 when exciting at 540 nm; however, due to slightly 

overlapping absorption of BODIPY 4.3 and high quantum yields it is difficult to observe the 

fluorescence quenching of 4.7 and it is not useful in determining coordination of BODIPY and 

porphyrin.  Through the titration of porphyrin 4.7 into a solution of BODIPY 4.3 we are able to 

observe clear reduction in BODIPY fluorescence upon excitation at 550 and 610 nm respectively.  

Pthalocyanine experiments with titrations of 4.8 reveals a slight decrease in absorption spectrum 

and the formation of a new peak at 837 nm when titrating with our pyridine acceptors.  There is a 

drastic decrease in the fluorescence of 4.8 upon addition of 4.4 when exciting at 610 nm as well 

as the fluorescence of 4.3 upon addition of 4.8 when exciting at 550 nm.  Unlike the other donor 

porphyrins and phthalocyanines 4.9 contains ferrocene which quenches the fluorescence of the 

porphyrin.  Since I observed no fluorescence for compound 4.9 only an absorption titration 

experiment was possible starting with a solution of 4.9. The titration experiment beginning with a 

solution of 4.9 and adding 4.3 results in no change to the absorption spectrum.  A titration 

experiment between a solution of 4.3 and 4.9 was also done to observe the change in the absorption 

and fluorescence of the BODIPY and no changes were observed.  A Stern-Volmer analysis of all 

titration experiments was carried out with resulting quenching constants shown in table 4.3 and 

suggests coordination complex formation between electron acceptor and donor compounds. 

Table 4.3. Estimated quenching constants for coordination complex formation between electron 

acceptors 4.3 and 4.4 and electron donors 4.6 – 4.9 and 4.12 - 4.14. 

Compound 4.6 4.7 4.8 4.9 4.12 4.13 4.14 

4.3  399613 381132 38405  146373 193795 

4.4 8460 178369 350691  41907 81747 144021 

4.4   Lit. 12000 91000      

4.5 2638  1750     
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Figure 4.15: (Left) Absorption titration of 4.3 into solution of 4.6. (Right) Absorption titration of 

4.4 into solution of 4.6 in DCM. 

 

Figure 4.16: (Left) Fluorescence titration of 4.6 into solution of 4.3 excitation: 530 nm. (Right) 

Fluorescence titration of 4.4 into solution of 4.6 excitation: 550 nm in DCM. 
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Figure 4.17: (Left) Absorption titration of 4.3 into solution of 4.7. (Right) Absorption titration of 

4.4 into solution of 4.7 in DCM. 

 

Figure 4.18: (Left) Fluorescence titration of 4.7 into solution of 4.3 excitation: 530 nm. (Right) 

Fluorescence titration of 4.4 into solution of 4.7 excitation: 540 nm in DCM. 
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Figure 4.19: (Left) Absorption titration of 4.8 into solution of 4.3. (Right) Absorption titration of 

4.4 into solution of 4.8 in DCM. 

 

Figure 4.20: (Left) Fluorescence titration of 4.8 into solution of 4.3 excitation: 550 nm. (Right) 

Fluorescence titration of 4.4 into solution of 4.8 excitation: 610 nm in DCM. 



223 
 

 

Figure 4.21: (Left) Absorption titration of 4.9 into solution of 4.3. (Right) Absorption titration of 

4.4 into solution of 4.9 in DCM. 

 

Figure 4.22: Fluorescence titration of 4.9 into solution of 4.3 excitation: 610 nm in DCM 

 In order to understand the coordination complex formation I observed between the first set 

of porphyrins and phthalocyanines, additional titration experiments were done between 4.3 and a 

series of cyanated octaethylporphyrins 4.10 – 4.14 to determine if there is a trend between 

electrophilicity of the metal center and coordination of pyridine compounds.  The zinc metal center 
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experiences increasing electrophilicity upon addition of cyano groups to the octaethylporphyrin 

due to their electron withdrawing nature.   Titrations of the pyridine acceptor with 4.10 and 4.11 

showed no change in the absorption. The fluorescence was difficult to determine if any changes 

occurred due to overlapping fluorescence spectrum because of competitive absorption.  Upon 

addition of pyridine acceptors with 4.12 we see a very small change in the absorption spectrum 

and fluorescence.  Unfortunately, due to such a slight change in absorption and fluorescence along 

with overlapping absorptions and fluorescence spectra we can’t calculate any quenching constants 

with 4.3 due to competitive absorption.  Titration of 4.13 and 4.14 experience a shift in absorption 

from 435 to 443 nm and 445 to 457 nm respectively.  Similar to 4.7 the absorption and fluorescence 

spectra overlap when attempting to excite 4.13 and 4.14.  Solutions of 4.3 were made and both 

4.13 and 4.14 were added to observe the change in fluorescence of 4.3 at 330 and 595 nm 

excitation.  We observed reduction in fluorescence of 4.3 for both 4.13 and 4.14 with quenching 

constants reported in Table 4.3.  The quenching constants indicate that upon increasing 

electrophilicity of the metal center of the porphyrin there is greater interaction with our pyridine 

BODIPY.  This indicates the importance of the electrophilicity of the metal center in porphyrins 

and phthalocyanines to allow for coordination of the pyridine linking group. 

 

Figure 4.23: (Left) Absorption titration of 4.3 into solution of 4.10. (Right) Absorption titration of 

4.4 into solution of 4.10 in DCM. 
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Figure 4.24: (Left) Fluorescence titration of 4.3 into solution of 4.10 excitation: 530 nm. (Right) 

Fluorescence titration of 4.4 into solution of 4.10 excitation 530 nm in DCM. 

 

Figure 4.25: (Left) Absorption titration of 4.3 into solution of 4.11. (Right) Absorption titration of 

4.4 into solution of 4.11 in DCM. 
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Figure 4.26: (Left) Fluorescence titration of 4.3 into solution of 4.11 excitation: 410 nm. (Right) 

Fluorescence titration of 4.4 into solution of 4.11 excitation 550 nm in DCM. 

 

Figure 4.27: (Left) Absorption titration of 4.3 into solution of 4.12. (Right) Absorption titration of 

4.4 into solution of 4.12 in DCM. 
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Figure 4.28: (Left) Fluorescence titration of 4.3 into solution of 4.12 excitation: 410 nm. (Right) 

Fluorescence titration of 4.4 into solution of 4.12 excitation 550 nm in DCM. 

 

Figure 4.29: (Left) Absorption titration of 4.3 into solution of 4.13. (Right) Absorption titration of 

4.4 into solution of 4.13 in DCM.  
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Figure 4.30: (Left) Fluorescence titration of 4.13 into solution of 4.3 excitation: 595 nm. (Right) 

Fluorescence titration of 4.4 into solution of 4.13 excitation 580 nm in DCM. 

 

Figure 4.31: (Left) Absorption titration of 4.3 into solution of 4.14. (Right) Absorption titration 

of 4.4 into solution of 4.14 in DCM. 
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Figure 4.32: (Left) Fluorescence titration of 4.14 into solution of 4.3 excitation: 560 nm. (Right) 

Fluorescence titration of 4.4 into solution of 4.14 excitation 600 nm in DCM. 

Transient absorption spectroscopy was used to investigate the possibility of photoinduced 

electron transfer between zinc pthalocyanine 4.8 and pyridine acceptors 4.3 and 4.4.  The transient 

absorption for a solution of 4.3 and 4.8 in a 1:1 molar ratio can be seen in figure 4.33.  Transient 

absorption was measured following excitation at 665 nm and we observe the formation of two new 

peaks at around 500 and 725 nm which indicates the formation of zinc tetra-tert-butyl 

phthalocyanine cation-radical.  The transient absorption of a solution of 4.4 and 4.8 in a 1:1 molar 

ratio is shown in figure 4.34.  Upon excitation at 665 nm we observed a similar peak formation at 

500 and 725 nm.  In both cases 4.3 and 4.4 are able to form a charge separated state with 4.8 

indicated by the formation of a cation-radical.  The formation of charge separated states BODIPY-

−PcZn+ meant that the dipyridine BODIPY acceptor is able to successfully mimic C60-pyridine as 

a new type of non-fullerene acceptor. 
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Figure 4.33: Transient absorption of 4.3 and 4.8 1:1 in DCM at 665nm 100uW. 

 

Figure 4.34: Transient absorption of 4.4 and 4.8 1:1 in DCM at 665nm 100uW. 
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Experimental Section 

Reagents and materials. Solvents were purified using standard approaches: DCM was dried over 

calcium hydride.  Porphyrin and pthalocyanine derivatives 4.6 - 4.9 and fullerene derivatives 4.4 

and 4.5 were prepared as described in literature.  All Octaethylporphyrins were prepared at the 

University of Akron by Dr. Ziegler’s research group.  BODIPY 4.1 was prepared as specified 

earlier. 

Spectroscopy Measurements.  A Jasco V770 spectrophotometer was used to collect UV-vis data.  

Steady state fluorescence studies were performed on the HORIBA PT1 QuantaMaster system.  

Electrochemical cyclic voltammetry (CV) and differential pulse voltammetry (DPV) 

measurements were conducted using a CH Instruments electrochemical analyzer utilizing a three-

electrode scheme with platinum working, auxiliary and Ag/AgCl reference electrodes.  DCM was 

used as solvents and 0.1M solution of tetrabutylammonium perchlorate (TBAP) were used as 

supporting electrolytes.  In all cases, experimental redox potentials were corrected using 

decamethylferrocene (Fc*H) as an internal standard.  NMR spectra were recorded using a Bruker 

AVANCE instrument with a 300 MHz frequency for protons and 75 MHz frequency for carbons.  

Chemical shifts are reported in parts per million (ppm) and referenced to the residual proton 

resonance of the deuterated solvent (CDCl3 = δ 7.26; DMSO-d6 = δ 2.50), and carbon spectra are 

referenced to the carbon resonance of the solvent (CDCl3 = δ 77.16; DMSO-d6 = δ 39.52).  High-

resolution mass spectra of all new compounds were recorded using a Bruker microTOF-QIII.   

Synthesis.  Compound 3. The mixture of BDP 1 (300 mg, 0.58 mmol), 4-pyridinecarboxaldehyde 

(187 mg, 1.74 mmol), piperidine (494 mg, 5.81 mmol), and acetic acid (349 mg, 5.81 mmol) was 

refluxed in dry acetonitrile (20 mL) in the presence of 4Å molecular sieves for 40 min. After 

cooling to room temperature, molecular sieves were removed by vacuum filtration, the resulting 

solution was diluted with water (100 mL) and stirred for 1h. The resulting precipitate was collected 

by vacuum filtration and air dried. The crude product was recrystallized from acetonitrile yielding 

282 mg (70 %) of compound 3 as a dark green precipitate. 1H NMR (300 MHz, CDCl3) δ 8.68 

(m, 4H), 7.97 (d, JHH = 16.7 Hz, 2H), 7.75 (d, JHH = 16.7 Hz, 2H), 7.51 (m, 4H), 7.41 – 7.32 (m, 

10H), 7.02 (s, 1H), 4.20 (q, JHH = 7.1 Hz, 4H), 1.04 (t, JHH = 7.1 Hz, 6H); 13C NMR (75 MHz, 

CDCl3) δ 164.7, 152.9, 150.6, 143.7, 138.5, 135.5, 131.5, 129.8, 129.4, 128.5, 128.3, 123.2, 121.7, 

61.4, 13.8; 
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Conclusion 

 A synthetic method for preparation of a mono and dipyridine BODIPY derivatives with 

pyridine linking groups at the α-position (4.2 - 4.3) was investigated.  Full structural and electronic 

characterization of new dipyridine BODIPY 4.3 was done using NMR, UV-Vis, fluorescence 

spectroscopy, and high-resolution mass spectrometry.  Substitution of pyridine fragments was 

motivated by their effectiveness to coordinate to the metal center of porphyrins and 

phthalocyanines to promote electron transfer between electron donor and acceptors. The UV-vis 

absorption of 4.3 shows a pyridine absorption band at 343 nm and BODIPY absorption band at 

615 nm.  The pyridine BODIPY shows regular NIR-emitting BODIPY fluorescence and small 

Stokes shifts.  

Formation of coordination complex between our pyridine BODIPY acceptors and 

porphyrin and phthalocyanines donors was studied by UV-vis, steady-state fluorescence, and time-

resolved transient absorption spectroscopy.  Titration experiments between the electron acceptors 

4.3 and 4.4 and donors 4.6 – 4.14 resulted in a change in absorption and reduction of measured 

emission for titrations with donor compounds 4.7 - 4.9 and 4.12 – 4.14.  The changes in absorption 

and fluorescence indicated coordination complex formation between the pyridine fragment and the 

zinc metal center.  Transient absorption spectroscopy also reveals the appearance of a new 

absorption feature between 4.3 and 4.8 which supports the presence of a coordinated complex 

formation.  Direct comparison of fluorescence and absorption experiments to control compound 

4.5 with no pyridine linking group shows that without the pyridine fragment there is no change to 

the absorption and fluorescence spectrum indicating the need for the pyridine linking group.   

The titration experiments between 4.3 and our cyanated zinc octaethylporphyrins show the 

importance of the electrophilicity of the metal center to allow for coordination of the pyridine 

linking group.  These results demonstrate the effectiveness for pyridine linking groups to promote 

coordination complex formation between new electron acceptors with the metal center of 

porphyrin and pthalocyanine chromophores to promote electron transfer.  These results are very 

exciting as this shows that electron donating linking groups such as pyridine can be used as a 

platform to rapidly test a wide range of new donor and acceptor molecules that form coordination 

complexes with porphyrins and phthalocyanines. 
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 The results from these experiments is very promising as these BODIPY-porphyrin and 

BODIPY-phthalocyanine complexes are the first complexes that I observed the formation of 

charge separated states in the transient absorption spectroscopy.  This makes future work for 

these set of compounds very exciting as I would like to obtain even better coordination 

complexes with a wider range of porphyrins and pthalocyanines as well as extend the lifetime of 

the charge separated state.  One possible method for extending the charge separated state 

lifetimes would be to break conjugation of the pyridine linking group with the BODIPY by using 

a different synthetic strategy to attach the pyridine linking group that introduces a sp3 carbon 

similar to C60 pyridine acceptors.   Additionally to obtain better coordination complexes with 

porphyrin and pthalocyanines a stronger electron donating group then pyridine could be used 

such as imidazole so that way it can coordinate to less electrophilic metal centers. 
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Conclusion  

Overall, as shown in chapters 2-4 of this thesis the photoinduced electron  transfer in the 

supramolecular donor acceptor arrays can be tuned by using a variety of approaches.  In chapter 2 

when non-covalent interactions between the electron donating BODIPYs and aza-BODIPYs and 

nanocarbon materials are considered we have shown that the extended π surfaces such as carbon 

nanotubes and graphene have significantly larger interaction energies with my chromophores 

compared to the traditional C60 and C70 fullerenes.  We have also demonstrated that despite all the 

weak wan der Waals force driven interactions BODIPY and aza-BODIPY chromophores can form 

well-ordered 3D structures with C60 fullerene in the solid state.  In contrary to the previous 

assumptions we have shown that the C60 fullerene will not necessarily interact in the solid state 

with pyrene groups but instead C60 fullerene electron acceptors will interact with the most electron 

rich part of the donor.  These results indicate that any future work on these types of systems would 

be best directed toward development of new aza-BODIPYs and BODIPYs that have more electron 

rich π-systems as pyrene doesn’t appear to contribute to stronger non-covalent interaction.  

In chapter 3 we have demonstrated that the charge separated states between ferrocene 

donors and BODIPY chromophores can be reached at an ultra-fast time scale.  Nevertheless we 

were not able to observe the further electron transfer from the reduced BODIPY chromophore to 

the covalently linked C60 fullerene electron acceptor fragment via catechol bridge.  My additional 

studies on the BODIPY, aza-BODIPY, and BOPHY chromophores linked to the catechol group at 

the boron hub have also demonstrated that the catechol is an effective fluorescent quencher.  The 

fluorescent quenching mechanism involves charge transfer from the catechol fragment to the photo 

excited BODIPY, aza-BOIPY, or BOPHY chromophore.  Such electron rich linking groups 

provide additional kinetic and thermal dynamic barriers for the low energy electron transfer in Fc-

BODIPY-catechol-C60 arrays and prohibits the formation of the Fc+-BODIPY-catechol-C60- 

charge separated states from the initial Fc+-BODIPY--catechol-C60 state.  Based on our results it 

appears that any future work using the catechol as a linking group for BODIPY and C60 fullerene 

would most likely prove to be a fruitless effort.  Thus any future work on these ferrocene-BODIPY-

C60 triads would be best directed toward finding a new linking group to covalently attach C60 to 

BODIPY. 
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Upon screening of the large array of zinc porphyrins and phthalocyanines with pyridine 

C60 and dipyridine BODIPYs in chapter 4 we have demonstrated that the axial coordination trend 

follows the electrophilicity of the metal center.  In particular zinc 2,3,7,8-tetracyano-

octaethylporphyrin and zinc tetra-tert-butyl-phthalocyanines were found to form supra molecular 

assemblies with pyridine containing electron acceptors.  We have demonstrated that in the latter 

case the photoinduced electron transfer with the formation of zinc phthalocyanine cation-radical 

and acceptor anion-radical that charge separated states can be achieved even upon low energy 

excitation of the donor chromophore, which makes the coordination approach one of our favorite 

for the search of light harvesting models in organic photovoltaics.  Future work on these axially 

coordinated BODIPYs and porphyrins or phthalocyanines is the most promising due to the 

formation of charge separated states.  Based on our results I would suggest future work to be to try 

and improve coordination between our donors and acceptors.  This could possibly be done by 

replacing our pyridine linking group with a stronger electron donating group such as imidazole 

which would allow for the use of porphyrin and phthalocyanines with lower electrophilicity of 

their metal center.  The life time of the charge separated states of our BODIPY complexes could 

also possibly be extended if we were to break the conjugation of the π-system of the linking group 

with the BODIPY chromophore similarly to C60-pyridine complexes which have longer lived 

charge separated states.   

  

 

 


