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This dissertation investigates the chemical ingenuity into the development of various 

photoactive supramolecular donor – acceptor systems to produce clean and carbon free energy 

for the next generation. The process is inspired by the principles learned from nature’s approach 

where the solar energy is converted into the chemical energy through the natural photosynthesis 

process. Owing to the importance and complexity of natural photosynthesis process, we have 

designed ideal donor-acceptor systems to investigate their light energy harvesting properties. 

This process involves two major steps: the first step is the absorption of light energy by antenna 

or donor systems to promote them to an excited electronic state. The second step involves, the 

transfer of excitation energy to the reaction center, which triggers an electron transfer process 

within the system. Based on this principle, the research is focused into the development of 

artificial photosynthesis systems to investigate dynamics of photo induced energy and electron 

transfer events. The derivatives of Porphyrins, Phthalocyanines, BODIPY, and 

SubPhthalocyanines etc have been widely used as the primary building blocks for designing 

photoactive and electroactive ensembles in this area because of their excellent and unique 

photophysical and photochemical properties. Meanwhile, the fullerene, mainly its readily 

available version C60 is typicaly used as an electron acceptor component because of its unique 

redox potential, symmetrical shape and low reorganization energy appropriate for improved 

charge separation behavior. The primary research motivation of the study is to achieve fast 

charge separation and slow charge recombination of the system by stabilizing the radical ion pairs 



which are formed from photo excitation, for maximum utility of solar energy. Besides Fullerene 

C60, this dissertation has also investigated the potential application of carbon nanomaterials 

(Carbon nanotubes and graphene) as primary building blocks for the study of the artificial 

photosynthesis process.    
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

 The growing population and economies of the planet are creating an alarming necessity 

of energy supply.1 The economic growth in the last couple of decades is possible due to an 

affordable conventional source of energy. The current standard of energy production that we use 

every day in different forms has been generated from fossil fuels which include oil, natural gas, 

and coal. They are recognized as fossil fuels because they were formed over millions and millions 

of years in the earth’s core due to intense heat and pressure on the remains of dead plants and 

animals. The main reasons behind the extensive use of fossil fuels is they are easy to access, 

cheap, and require a simple direct combustion for use. The status quo for energy production is 

using this fuel source to generate electricity, heat, and gasoline to operate our homes and 

businesses and to facilitate ease of modes of travel. The first drawback of use of conventional 

sources of energy is their limited availability. Hikes in the price of gas and electricity is the reason 

for its limited source of supply and high demand. In recent years global warming and inclement 

health issues on living creatures are the main concern from the careless use of fossil fuels. The 

greenhouse and other air-polluting gases consist of carbondioxide, methane, nitrous oxide and 

fluorinated gases, which are the main byproducts of their use.  Carbondioxide and other air-

polluting gases collecting in the atmosphere make a thick layer which traps the sun’s heat and 

causes the planet to warm up. Many of the scientists and agencies agree that certain 

consequences are likely to occur in the near future because of global warming. Some of the 

effects that are being viewed are dwindling ice packs, rising sea levels, increasing ocean 

temperatures, and disruption of natural habitats. Now it’s time to take action to cut the carbon 



2 

pollution by reducing our dependence on dirty fossil fuels and increasing the use of clean and 

renewable sources of energy like windpower, sunlight, geothermal energy, and others. 2, 3 

1.2 Renewable and Non-Renewable Source of Energy 

 The world’s leading sources of energy can be divided into two categories: non-renewable 

(conventional) and renewable (non-conventional) sources of energy as shown in figure 1.1.4 

Fig. 1.1 The existing renewable and non-renewable sources of energy. Adapted from reference 
4. 

 The non-renewable sources of energy take thousands of years to make and cannot be 

regenerated after their use because they need to change from one form to another after 

combustion for example fosil fuels, coal and natural gases. On the other hand the renewable 

sources of energy are defined as the naturally occurring resources which can be restored and 
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regenerated after their use, for example, sun light, wind power, and geothermal energy. The 

advantages of using renewable sources of energy over non-renewable sources are, they are 

plentiful, eco-friendly and exist over wide geographical areas.5 

1.3 Solar Power: Energy for Next Generation 

 As discussed earlier, the non-renewable energy sources are less available, more 

expensive, and non-eco-friendly for the next generation indicating the need of an independent 

and reliable alternative source of energy. Sunlight meets all the criteria to fulfill the next 

generation’s energy supply. The consideration that ultimately decides solar energy’s fate include 

where and when energy is available, its cost, and the environmental effect.6 A 13 terawatt (TW, 

1 TW = 1x1012 watts) of energy is currently needed to sustain the lifestyle of the current 

population, while another 10 TW of energy will be required by 2050 to maintain our current 

lifestyle. The total solar energy striking on the earth’s surface is about 1.2 x 105 TW. Out of such 

a huge amount of solar energy, the extraction of about 0.01% of total energy will be enough to 

fulfill the energy demand in the near future.1 Hence, we need to find out some reliable methods 

to extract sunlight as the major energy source for the next generation. 

1.4 Photosynthesis Process 

 Photosynthesis is the process where the green plants and other organisms convert the 

absorbed light energy in the presence of carbondioxide taken from the atmosphere and water 

from the ground, into chemical energy. The basic chemistry behind this process starts from the 

absorbance of light energy by a green pigment called ‘chlorophyll a’ present in the green plants. 

Thus, absorbed light energy transfers into the reaction center to induce energetically favorable 
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sequential energy and electron transfer processes that cause a redox reaction in active sites 

between predefined donor and acceptor systems. This process turns out is very efficient in green 

plants because of biologically well-defined architectures of all the participating components into 

a suitable environment.7  

1.4.1 Natural Photosynthesis 

 Through the billions of years of evolution, nature has developed a device which has been 

used to harvest light energy to produce the required energy to perform their physiological and 

chemical activities as shown in figure 1.2.8 

Fig. 1.2 Schematic representation for photosynthesis process located in the membranes of the 
chloroplast. Adapted from reference 8. 
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 The photosynthetic apparatus (Figure 1.2) uses solar energy to reduce CO2 to 

carbohydrates (C6H12O6) according to the following equation 1.1.9 

6 CO2 + 12 H2O  ⟶ C6H12O6 + 6 O2 + 6 H2O.  (1.1) 

 Thanks to impressive advances in X-ray crystal structure, it is possible to draw the real 

structure of membrane proteins involved in photosynthesis. The discovery of the first crystal 

structure of photosystem II (PSII) from the thermophilic cyanobacteria helps us to understand 

the mechanism of light harvesting, charge separation, and catalysis events.10 The primary events 

of natural photosynthesis occurs in photosystem II (PSII) on aerobic cyanobacteria whose 

mechanism resembles almost all the other living organisms. The first step of the process is to 

gather sufficient light energy through the light energy harvesting complexes. One single light 

harvesting complex II (LHCII) consists of around 200 chlorophylls (Chls) and 50 carotenoids (Cars) 

as shown in figure 1.3. The Chlorophylls exclusively collects the photons from light and transfer 

it to reaction center. The major role of Carotenoids during this process is to protect 

photosynthetic apparatus from damage.10b 
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Fig. 1.3 Structure of light harvesting center II (LHCII) showing the excitation energy migration 
from antennae to reaction center. Adapted from reference 10b. 

 A brief mechanism of the process adapted from figure 1.2 has been explained below. In 

photosystem II (PSII), chlorophylls, P680, is excited and transfer an electron to the acceptor system 

which subsequently reduces carbon dioxide. This is the site where the light harvesting, charge 

separation, charge stabilization, and the electron transfer takes place. The excited state of 

primary donor P680
.+ rapidly transfer an electron to ChlD1, pheophytin (PheoD1), and eventually 

to the first acceptor plastoquinone A (QA), and then to final acceptor plastoquinone B (QB), to 

stabilizes charge separated states. The acceptor plastoquinone B (QB) after protonation forms 

plastoquinol, QH2(B) and released from PS(II) into the matrix which mediates the electron transfer 

between PS I and II. The oxidized form of P680
.+ which acts as an strong oxidant now gets the 
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electron from Mn4Ca-cluster in the oxygen evolving complex (OEC). After the abstraction of four 

consecutive electrons from OEC, two molecules of water get oxidized to generate one O2 and 

four protons. The structure of OEC has been studied by crystallography technique which 

comprises four manganese and one calcium atom and held together by 𝜇 oxo and hydroxo ligands 

in a cubane like arrangements as shown in the figure 1.4.8, 11 

Fig. 1.4 X-ray structure of manganeses calcium cubane, Mn4Ca, located in the oxygen-evolving 
center. Adapted from reference 8. 

 The mechanism behind the oxidation of water by OEC triggered by absorbed light energy, 

has been extensively studied and found that the OEC cycle undergoes a five oxidation cycle 

denoted by S0 – S4 in Kok cycle as shown in figure 1.5. The S0 state is the most reduced state and 
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also called the resting state for the OEC catalyst whereas the S4 state is the most oxidized state. 

During the states from S0 – S4 the molecular oxygen get liberated.11 

Fig. 1.5 Kok cycle showing the consecutive water oxidation from S0 – S4 states to generate 
molecular oxygen. Adapted from reference 11.  

1.4.2 Artificial Photosynthesis. 

 The role of natural photosynthesis is to convert sunlight into other form of energy and 

stored it in the form of carbohydrates and lipids in green plants. The artificial photosynthesis 

process inspired from the natural analog, is the technique where the sunlight has been exploited 

to other form of energy. For example, light energy harvesting systems, the photovoltaic organic 

and inorganic semiconductors, dye sensitized solar cells, and fuel production devices are in this 
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category. A typical artificial photosynthesis system bears following components: an antenna 

which is basically a collection of chromophores that absorbs sunlight efficiently throughout the 

portion of solar spectrum and transfer energy to the another component called reaction center. 

The reaction center where the absorbed excitation energy drives an efficient photo induced 

electron transfer to an electron acceptor, the third component, which generates light induced 

charge separated states. Thus, a reaction center can be considered as a nanoscale photovoltaic 

devices. The fuel production catalyst also known as proton reduction catalyst (PRC) is one of the 

vital challenge to generate an efficient and inexpensive catalyst for the hydrogen, hydrocarbon 

and other fuel production while mimicking natural analog. 

Fig. 1.6 Schematic representation of artificial photosynthesis process where RC, WOC and PRC 
stands for reaction center, water oxidation catalyst and proton reduction catalyst. Adapted from 
reference 12.   
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In natural photosynthesis, the reduced species from charge separation ultimately used for power 

generation and stored it in the form of carbohydrate, hydrogen, lipids and many other reduced 

hydrocarbons. Another challenging component related to artificial photosynthesis is the 

oxidation catalyst where the oxidized component from the reaction center used for water 

oxidation to generate oxygen gas and hydrogen ions as shown figure 1.6.12

1.5 Photoinduced Energy Transfer 

 One of the most interesting events that occurs in the nature especially in green plants is 

the efficient conversion of light energy into chemical energy through photo induced 

energy/electron transfer process in reaction center after photon absorption. The photosynthetic 

reaction center consist self-assembled arrays of pophyrinoids and carotenoids in highly self-

assembled protein scaffold to harvest the light efficiently. This efficiencies is arises because of 

precise nano architecture which facilitate the intermolecular interaction between chromophore 

and protein scaffold.13 Unlike in nature, the self-assembly and the self-organization is the main 

challenge while design efficient and robust photonic devices in the laboratory. Some key 

concepts are mentioned here that should be considered when formulating and designing donor-

acceptor photosystems: 

I) antenna or sensitizer has been chosen to capture primary light source and get excited, and

leading to charge separation, 

II) The excited energy/electron must transferred to an acceptor, and it should be directional.
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III) The life time for excited state species should be long enough to occur efficient energy/electron

transfer. Including all of these requirements while to construct the molecular devices based on 

solar energy some of the phenomena and processes are very essential which are as follows: 

I) the molecular system should be aromatic and highly 𝜋-conjugated so that maximum light

should be captured. 

II) The efficient energy/electron transfer should occur between donor and acceptor.

III) The fast charge separation and slow charge recombination process is demanding.

 Different theories have been proposed to understand the mechanism behind all these 

light driven events.14 

1.5.1 Forster Energy Transfer 

 The Forster Resonance Energy Transfer or Fluorescence Resonance Energy Transfer 

(FRET), also called as long range energy transfer, is the concept for excitation energy transfer 

discovered by Forster in 1948.15 When a photo active donor molecule get photo excited from its 

ground state S0 to lowest excited singlet state S1 (Kasha’s rule)16 and then when it relaxes back 

to its ground state S0, transfer the excess energy to a nearby acceptor through non-radiative 

dipole-dipole coupling. This non-radiative process is called the ‘resonance’ that is responsible for 

acceptor excitation which later relaxes back to the ground state by releasing the photon if it 

further doesn’t go for any other energy transfer or quenching process as shown in figure 1.7. 

Since, the FRET is associated with electronic coulombic interaction between donor and acceptor 

molecules, hence it needs only the spectral overlap between the absorption of donor and 
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emission of an acceptor. Forster presented a model where energy released from the excited 

donor which is enough to excite the ground state acceptor which lies in an ideal distance. The 

major drawback of this technique is the energy transfer process is only effective within the 10 

nanometers distance between donor and acceptor. One common application of this technique is 

to measure the distance between the two interested positions in a macromolecule by attaching 

an appropriate donor and acceptor systems. This technique widely has been used in single 

molecule experiments, molecular imaging, bio sensors, and DNA technology.17  

  Fig. 1.7 Schematic diagram of Foster resonance energy transfer. Numbers represents the 
different light driven events shown in the figure. Adapted from reference 17. 
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 Forster has reported the electrostatic interaction energy (E) between the dipole of donor 

and acceptor and which is further related with the cube of the distance between donor and 

acceptor (RDA), as shown in the following equation. 

 (1.2) 

The electrostatic interaction energy (E) ultimately gives the efficiency of rate of energy transfer 

as shown in equation 1.3. 

 (1.3) 

 From the equation 1.3, the kinetics of Forster energy transfer via dipole-dipole 

interaction is directly proportional to the square of the transition dipole moments of donor and 

acceptor and indirectly proportional to the sixth power of distance between donor and acceptor. 

Since the singlet singlet transition have large oscillator strength to produce significant transition 

dipoles. Therefore, only singlet singlet energy transfer is plausible in dipole dipole energy transfer 

mechanism where excited donor and acceptor acts like oscillating dipoles. 

The main criteria needed to enhance the FRET efficiency are described below: 

I) Donor molecule must have very high molar exctinction coefficient and quantum yield.
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II) Overlapping of emission spectrum of donor with the absorption spectrum of acceptor means

the energy lost by donor in the form of photon get absorbed by acceptor and excited. 

II) Acceptor should have lower HOMO-LUMO gap and should absorb in red region compare with

donor which absorption lies in blue region. Because, the photon energy generated after donor 

relaxation should always less than absorbed by it, due to energy loss in different relaxation 

processes. 

The energy of the photon can be calculated by following equation- 

𝙀 = 
ℎ𝘤

𝜆
 (1.4) 

Where, E = energy of the photon, h = Planck’s constant, c = speed of light and 𝜆 = wavelength in 

nm. 

 From the equation 1.4, the light consisting of high energy photons (such as blue light) 

has a short wavelength while the light consisting of low energy photons (such as red light) has a 

long wavelength. The unit for energy at this point is electron-volt (eV) rather than Joule (J) 

because here a photon or electron considered as a particle. An electron volt is the energy 

required to raise an electron through 1 volt and which is equal to 1.602 X 10-19 J. 

 The overlapping of the spectrum is called the resonance phenomenon has a significant 

role to monitor the resonance energy transfer between donor and acceptor moieties. The 

overlap integral ‘J(𝜆)’, gives total area of overlapping between the required spectrum of donor 

and acceptor as shown in figure 1.8. 



15 

Fig. 1.8 Schematic diagram of spectral overlapping between donor and acceptor. Adapted from 
reference 17. 

The term J (spectral overlapping integral) one of the major factors to determine the 

efficiency of energy transfer expresses the degree of spectral overlap between the donor 

emission and acceptor absorption given by equation 1.5. 

 (1.5) 

Where, K2 = orientation factor, ԐD and ԐA = exctinction coefficient of donor and acceptor 

respectively, RDA = distance between donor and acceptor, J = overlap integral. 
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 Another important factor that controls the efficiency of FRET is the orientation of 

emission transition dipole of the donor and the absorption dipole of the acceptor as shown in 

the figure 1.9. 

Fig. 1.9 Schematic diagram of orientation of transition dipoles in FRET. Adapted from reference 
18. 

 The orientation parameter k2 in equation 1.5, gives the mathematical value of interaction 

of transition dipole of donor and acceptor. The value of k2 is variable which depends on the 

orientation between donor and acceptor transition dipole. K2 can be 0, when transition dipoles 

are perpendicular with each other, 1, when two transition dipoles are parallel and 4, when two 

transition dipoles are linear with each other. For freely rotational donor acceptor transition 

dipoles, this value is considered as 2/3.  From this discussion, by plugging the values of different 
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K2, in equation 1.5, the energy transfer is maximum when donor and acceptors are oriented 

linearly, and least when both oriented perpendicularly with each other in the system. 

1.5.2 Dexter Energy Transfer 

 The Dexter Energy Transfer, also known as short range energy transfer which takes place 

through the strong orbital overlapping between donor and acceptor molecules on photo 

excitation under non-radiative process with electron exchange as shown in the figure 1.10. The 

overlap between the orbital wavefunctions of the Donor and Acceptor moieties is directly 

proportional to the efficiency of energy transfer. When Dexter transfers the energy, it quenches 

the emission through the electron transfer. The quenching is the process where the fluorescence 

intensity of the molecule get reduced by chemical or physical processes. Unlike the FRET, the rate 

constant for Dexter energy transfer exponentially decays as the distance between donor and 

acceptor increases, generally the distance smaller than 10 angstrom.18 

 The electron transfer mechanism followed the Wigner spin conservation rule. From the 

figure 1.10, it shows that when a triplet excited donor excites the triplet state of acceptor, is 

called sensitization and the triplet excited state donor is called sensitizer. Since the time scale for 

the fluorescence is on the order of nanoseconds, is faster than its intersystem crossing time scale, 

which means an electron can relaxes to its ground state before it go over triplet excited state. 

The singlet-Singlet energy transfer occurs where a singlet species generate another singlet 

species as shown in equation 1.6. 

 1D*  +  1A  →  1D  +  1A*  (1.6) 
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Triplet-Triplet energy transfer occurs where a triplet species generate another triplet species as 

shown in equation 1.7. 

 3D*  +  1A  →  1D  +  3A*  (1.7) 

Where, D and A represent donor and acceptor systems respectively. 

   Fig. 1.10. Schematic diagram for Foster and Dexter energy transfer. Adapted from reference 19. 

1.5.3 Fluorescence Quenching 

 This is one of the very interesting phenomena occurs during light induced processes to 

gather the wealth of information for energy and electron transfer events occurs between donor 

and acceptor conjugates. The quenching is the process of decreasing fluorescence intensity of 
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any molecule under some particular chemical or physical events, for example excited state 

reactions, molecular rearrangements, energy transfer, ground state complex formation, and the 

collisional quenching. When a molecule get excited to higher energy states and try to come back 

to ground state it loses its excess energy and the process called deactivation which can be takes 

place by radiative and non-radiative processes through inter and intra molecular interactions. In 

radiative deactivation process the excess energy can be emitted through fluorescence, 

phosphorescence, and luminescence. While in non-radiative deactivation process excess energy 

has been transferred to nearby molecule, and used for electron transfer process. The radiative 

mechanism can be investigated by simple absorption and fluorescence spectroscopies and the 

non-radiative has been investigated by fluorescence quenching. 

 Primarily the quenching occurs from physical interaction between the fluorophore and 

quencher which is called collisional quenching. A wide variety of compounds shows the property 

of quenching. A molecular oxygen known for collisional quencher where the paramagnetic nature 

of oxygen facilitate fluorophore to undergo into a triplet state through intersystem crossing. 

Unlike with molecular oxygen, heavy atoms for example bromide and iodide acts as a collisional 

quenchers which promote the fluorophores into the excited triplet state through spin orbit 

coupling mechanism. The quenching of a fluorophore has been described by the Stern-Volmer 

equation as shown in equation 1.8, 

𝐹0

𝐹
 = 1 + kq 𝜏0[Q] = 1 + KD[Q]    (1.8) 

Where, F0 and F are fluorescence intensities in the absence and presence of quencher 

respectively, kq is the bimolecular quenching constant, 𝜏0 is the lifetime of fluorophore in the 
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absence of quencher, and Q is the concentration of quencher. KD = kq𝜏0 is the Stern-Volmer 

quenching constant. On the other hand, the static quenching is the process of quenching which 

occurs as a result of the formation of a nonfluorescent ground state complex between the 

fluorophore and quencher. When this complex absorbs light it immediately returns to the ground 

state without emission of a photon. The static quenching constant Ks is given by equation 1.9. 

Ks = 
[𝑭−𝑸]

[𝑭][𝑸]
 (1.9) 

Where, [F – Q] is the concentration of the complex, [F] and [Q] are the concentration of 

uncomplexed fluorophore and quencher respectively.18 

1.6 Photoinduced Electron Transfer 

 The study of photo induced electron transfer between the donor and acceptor systems 

in artificial photosynthesis systems is very essential. Some of the factors that affect such kind of 

light driven processes are types of molecules, geometry and symmetry, redox potentials and 

absorption and emission properties of participating conjugates. Figure 1.11 shows the schematic 

mechanism for photo induced electron transfer process. The horizontal lines represent the 

orbital populated by electrons (shown by dots and arrows). During the process, an electron 

transferred from excited donor to LUMO of acceptor creating a charge separated donor acceptor 

pairs. The radical cation is formed by one electron oxidation of donor while the radical anion is 

formed by one electron reduction of an acceptor which is experimentally confirmed by various 

spectroscopy techniques. The process of light induced electron transfer has been first interpreted 

by the classical electron transfer theory developed by Prof. R. A. Marcus. Marcus explain the 
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thermodynamic feasibility of both forward and back electron transfer between donor acceptor 

systems and provide the factors affecting the charge separation and recombination processes.20 

Fig. 1.11 Schematic representation (a) excitation of chromophore, (b) electron transfer, and (c) 
energy transfer quenching of a chromophore excited state. Adapted from reference 19.
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1.6.1 Marcus Theory 

 In nature the electron transfer process has a very important and significant role in many 

biological and chemical systems. For example in natural photosynthesis process where a photo 

induced electron undergoes a multistep electron transfer process between a donor and acceptor 

to generate a long lived charge separated states. The main contribution to understand the 

feasibility of photo induced electron transfer has been given and formulated by Marcus in 1956 

and his contribution was awarded with Nobel Prize in chemistry in 1992.21  

 In this theory the reactants (R) and products (P) has been considered as two potential 

energies of the system which is a function of translational, rotational and vibrational coordinates 

and represented by two different parabolas. From the figure 1.12, it is clear that the system can 

undergo an electron transfer either through crossing the free energy barrier by gaining excess of 

energy called classical method or through tunneling called semi-classical method for electron 

transfer. The free energy barrier 𝜟G*, is the difference between the crossing point and the lowest 

energy of the reactant parabola which is calculated by the equation 1.10. 

 (1.10) 

 This equation gives the information about the required free energy of activation in terms 

of reaction free energy change 𝜟G0 and reorganization energy 𝜆. The rate constant for electron 

transfer ket has been given by standard Arrhenius equation shown in equation 1.11. 
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 (1.11) 

Where ket = rate constant for electron transfer, A = a prefactor which depends on the nature of 

the reaction (e.g. bimolecular or intarmolecular), KB = Boltzmann’s constant and T = absolute 

temperature. 

Fig. 1.12 Potential energy surface for reactant and product. Where 𝜆, 𝜟G0, and 𝜟G* are 
reorganizational energy, ground and excited state free energy change respectively. Adapted from 
reference 22. 

1.6.2 The Reorganization Energy 

 The energy required to adjust the geometry of all the components (reactant and 

products) that take part in electron transfer process is called reorganization energy which is 

composed of solvation and vibrational components as shown in the equation 1.12. 
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 (1.12) 

Where 𝜆0, is the solvation energy depends on the solvent polarity and orientation of particular 

solvent whereas the 𝜆i is the vibrational energy depends on the bond length and bond angles 

during the electron transfer process. 

 The standard estimation for solvation reorganization energy 𝜆0, has been achieved by 

Marcus by using a model where the reactants and products were considered as a sphere and the 

solvent as dielectric constant continuum. The 𝜆0 has been calculated by equation 1.13. 

 (1.13) 

Where, a1 and a2 are the radii of donor and acceptor in Marcus’s two sphere models, R is the 

distance between donor and acceptor spheres, Ԑ∞ and Ԑ0 are the optical and statistical dielectric 

constants respectively, and 𝜟e is the amount of charge transfer. The vibrational contribution (𝜆i) 

of reorganization energy has been calculated by the equation 1.14. 

 (1.14) 

Where, summation gives the coupled intramolecular vibrations. 𝜟qe,l are the equilibrium values 

for lth normal mode coordinate and fl is the reduced force constant.22 

 The states involved during the light induced electron transfer reaction are ground state 

(D-A), locally excited donor (D*-A) and charge separated states (D+ - A-). The D*-A is shifted from 
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D-A after selective excitation which can be determined by absorption and emission experiment 

and the energy required to form D+ - A- from D - A can be calculated from redox potentials and 

the distance between donor and acceptor by using Rehm-Weller equation.23a The shift in reaction 

coordinate depends on the reorganization energy 𝜆. Figure 1.14 shows how the reaction 

coordinate changes to generate charge separated state D+ - A- when the reorganization energy 

decreases.  

Fig. 1.13  Gibbs free energy surface for charge separation (CS) and charge recombination (CR) 
with reorganization energy, 𝜆. From A to D shows the condition for Marcus normal to inverted 
region. Adapted from reference 24. 
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 As we can see from above figure 1.13 A, there is no driving force for the reaction. From 

geometric consideration it follows that 𝜟G* = 𝜆/4. Figure 1.13 B, represents moderately 

exothermic reaction obtained during experiment. When the parabola of the product further 

move left towards lower enthalpy, the maximum rate of electron transfer is observed with 𝜟G0 

= 𝜆 as shown in 1.13 C. In figure 1.13 D, 𝜟G0 is even greater than 𝜆 and the rate of electron 

transfer decreases with increasing 𝜟G0. This region is called Marcus inverted region. This inverted 

region was remained mysterious and could not be verified by experimentally until 1984. Later, 

Miller, Calcaterra, and Closs provided the experimental evidence for the existence of this inverted 

region which is the major breakthrough of Marcus Theory.24 

1.7 Single Vs Multi Step Electron Transfer Process 

 For ideal photosynthetic model systems the demanding parameter for electron transfer 

process between donor and acceptor is fast charge separation and slow charge recombination. 

Vast number of such systems have been synthesized and studied to achieve long lived charge 

separated states. The photo induced single step electron transfer can be achieved by designing 

simple donor acceptor (D-A) pair connected through covalently or non-covalently where D acts 

as antenna system to capture the light as well as primary electron donors that transfer an 

electron to an acceptor as shown in figure 1.14(a). Because of the closeness between donor and 

acceptor, the formation of radical cation and anion on photoexcitation recombine rapidly to its 

initial ground state. On the other hand in multistep electron transfer at least three species has 

been involved, Antenna – Donor – Acceptor or Donor – Acceptor (A1) – Acceptor (A2), where A1 

and A2 are primary and secondary acceptors respectively as shown in figure 1.14(b).25 
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While designing the multistep electron transfer systems between donor and acceptor conjugates 

some of the essential factors must take into account: 

1) Suitable size, symmetry and distance,

2) The connectivity (covalent or non-covalent),

3) Suitable redox potentials and excitation energy.

 Because of larger distance between donor and acceptor in multistep electron transfer 

compare with single step electron transfer systems longer life time for charge separated states 

has been achieved for former process.26 

Fig. 1.14 Schematic diagram for (a) single step, (b) multistep electron transfer process. Adapted 
from reference 26. 
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1.8 Light Energy Harvesting Systems 

 To provide a clean and carbon free energy to the society, artificial photosynthesis is an 

emerging technology learned from the nature. But, it’s a very challenging and complex task for 

all the scientists and research groups to design, synthesize and study an efficient and globally 

deployable artificial photosynthetic systems. It needs a broad knowledge of multidisciplinary 

aspects of sciences for example synthesis, reaction and mechanism, light energy harvesting 

systems, catalysis, semiconductors, nanotechnology, modelling, photochemistry and 

photophysics, photoelectrochemistry, and device engineering. As mentioned earlier the catalytic 

reaction occurs in the reaction center through multi step electron transfer process after 

continuous transfer of excitation energy from antennae which induces charge separation that 

must be appreciably faster than charge recombination. The first step in light energy harvesting 

system is to generate efficient excited state species after photo irradiation of antennae, simply a 

chromophore. An ideal chromophore should exhibit the following characters used for light 

energy harvesting systems. It should have high extinction coefficient, broad spectral absorption, 

long excited state lifetime, favorable redox potentials, high photochemical stability, and synthetic 

tractability. While to design an ideal system multiple antennae chromophores has been 

assembled together to achieve complementary above mentioned characteristic profiles. A major 

advantage of artificial photosynthetic model system is the availability of diverse chromophores 

to mix and match with different groups and achieve a functional system.27 

 A single chromophore can’t achieve a goal for light energy harvesting system because it 

covers only a narrow region of solar spectrum. Figure 1.15 and 1.16 shows the structure of 

different chromophores and their absorption wavelength respectively. 
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Fig. 1.15 Structure of different common chromophores used in artificial photosynthetic system. 
Adapted from reference 27. 

 

Fig. 1.16 Showing the absorption spectrum of different chromophores. Adapted from reference 
27. 
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               The chromophores in artificial photosynthesis systems that absorbs entire incident solar 

spectrum are rare and desired and very challenging to synthesize them. To achieve such a system 

multiple chromophores has been assembled together via covalent or non-covalent approaches 

which can undergoes very efficient excitation transfer as well as electron transfer process. In non-

covalent approach different forces have been utilized to achieve self-assembly of different 

chromophores which afford high stability and structural integrity, for example, hydrogen 

bonding, 𝜋 - 𝜋 interactions, metal-ligand interactions, ionic interactions etc. Different non-

covalent interactions have been applied to design a supramolecular structure of donor acceptor 

conjugates. The most popular non-covalent interactions that have been used to build the 

supramolecular assemblies has been shown in figure 1.17.  

 

Fig. 1.17 Supramoleular interactions along with their respective energy of interaction. 
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1.9 Chromophores Used for Artificial Photosynthesis Systems  

               Porphyrins have been widely utilized in the field of artificial photosynthesis system 

because of their unique characteristic and response photo irradiation. Porphyrin is a rigid, square 

planar molecule made of four pyrroles connecting each other via methine bridges to form a larger 

ring structure. The molecule is stabilized by highly conjugated aromatic characteristics which 

extended to entire structure. It can form a very stable organometallic complex because of the 

four nitrogen atoms from each pyrrole group facing towards the center which capture the metal 

atom. The chemical as well as physical properties of the porphyrin can be tuned by the use of 

various central metal atom. Biologically, the porphyrin is also a very essential component as it 

appears in different structurally resembled living systems. For example, Hemoglobin; a carrier of 

oxygen molecule in the blood, chlorophyll; a green pigment in the plants leaf, and corrin; a part 

of vitamin B12 has been composed of structurally similar basic porphyrin macrocycle. Ease of 

synthesis, modulate the properties of macro cycle by changing the meso substituents and central 

metal atoms, and resemblance with biological systems, porphyrin has extensively been used 

cleverly not only in artificial photosynthetic systems but also many other aspects of research. 

Porphyrins are characterized by absorption band at 420 – 450 nm (soret region) with a very high 

molar absorption coefficient and less intense Q bands in long wavelength region 500 – 700 nm.28, 

29 

              On the other hand, a similar analog to porphyrin, highly conjugated, aromatic, an array 

of 18-𝜋 electrons and structurally planar molecule called phthalocyanine with a central cavity of 

sufficient size to accommodate various metal ions has also been used widely in artificial 

photosynthetic systems. In phthalocyanine four indole units are conjugated with each other 
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through nitrogen atom to form a macrocyclic ring structure.30 In phthalocyanine a Q-band around 

600 – 750 nm range is highly intense compare with a soret band which lies around 300 – 400 nm 

range. Phthalocyanines having the main absorption beyond 1000 nm have also been synthesized 

and studied by changing the central metal atom as well as the peripheral substituents.31  

 

Fig. 1.18 Showing the structural similarity of porphyrins and phthalocyanine. Adapted from 
reference 33. 
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Phthalocyanines are thermally and chemically stable compounds having near IR absorption and 

quantum yield higher than porphyrins. These features make phthalocyanines an ideal candidate 

in donor acceptor ensemble. It can be exploited as an antennae system to absorb the light in near 

IR region of solar spectrum having with a very high molar extinction coefficient (200,000 M-1 cm-

1). On the other hand, on photoexcitation it acts as a very good electron donor.32 The structural 

similarity between porphyrin and phthalocyanine has been shown in figure 1.18.33 

               Subphthalocyanine is one of the most likely used chromophores not only in the artificial 

photosynthetic system but also in many other fields of research. They are the lowest homologous 

of phthalocyanine composed of three diiminoisoindole rings N-fused around boron atoms with 

14𝜋 - electrons, nonplanar cone shaped structure confirmed by x-ray structure.34 This 

chromophore was first discovered by Meller and Ossko in 1972, as they were trying to make 

Boronphthalocyanine.35 Subphthalocyanine can easily be prepared by cyclotrimerization of any 

phthalonitrile in the presence of boron trihalides as shown in figure 1.19. The properties of 

subphthalocyanine can be tuned by introducing various substituents in its periphery position as 

well as in axial position after replacing a halide atom from the labile B - X bond. Unlikely with 

Phthalocyanines, because of non-planar structure and having less number of 𝜋-core electrons, 

subphthalocyanine has shown low extinction coefficient (60,000 M-1 cm-1) and about 100 nm blue 

shift absorbance compare with phthalocyanine analogue as shown in the figure 1.20.32   
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Fig. 1.19 Synthesis of subphthalocyanine. Adapted from reference 32. 

 

Fig. 1.20 molecular structure of a) phthalocyanine, b) subphthalocyanine, c) typical absorption 
spectrum of Pc (thin line) and SubPc (thick line). Adapted from reference 32. 

 

1.9.1 Fullerenes - an Elegant Electron Acceptor 

              Fullerenes, the first molecular allotropes of carbon was first synthesized in 1985 in the 

gas phase and have profoundly been influenced not only the area of chemistry but also in the 
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area of biology, physics and engineering.36 Fullerene, and in particular readily available C60 

possesses a wide range of physical and chemical properties which makes it most elegant and 

interesting building blocks for supramolecular assemblies.37 Functionalization of the spherical 

carbon surface led to a plethora of unprecedented new molecular structures and geometries 

which always be the interest of study of its physico chemical as well as the application in novel 

advanced material designing and device engineering.36 The unique physical and chemical 

properties of C60 such as absorption in entire UV/Visible solar spectrum, efficient singlet oxygen 

sensitizing ability, strong electron acceptor property, and super conductivity upon doping with 

alkali metals makes it a prominent candidate to be incorporated in different molecular 

designing.37 Furthermore, its symmetrical shape, large size, and properties of its 𝜋 - electronic 

systems influence substantially in the electron transfer processes (charge separation and 

recombination) in artificial photosynthetic systems.39 It has already been confirmed that it is 

capable of accommodating 6 electrons potentially to form a diamagnetic C60
6- species in 

CH3CN/Toluene solution showing a reduction potential of -0.44 V vs SCE for the reversible 

formation of radical anion.40 The fullerene C60 absorbs strongly in the UV region with molar 

extinction coefficient 100,000 M-1 cm-1 observed at 263 and 343 nm and a very weak absorption 

in visible region because of vibronic interaction observed at 455 nm with molar extinction 

coefficient 710 M-1 cm-1 as shown in figure 1.21.41 The photo excitation of C60, typically at 532 

nm, facilitates the reduction of singlet excited 1C60 and triplet excited 3C60 with redox potential of 

1.3 V and 1.114 V vs SCE, respectively.42     
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  Fig. 1.21 Absorption spectrum of C60 in cyclohexane. Adapted from reference 41. 

               The efficient inter and intramolecular photo induced electron transfer between any donor 

and C60 as an acceptor effectively depends on solvent polarity. For example, in benzene, a less 

polar solvent shows faster charge recombination with first order kinetics because of low yield of 

separated ionic species. On the other hand benzonitrile which is more polar solvent than 

benzene, shows comparatively slow charge recombination with second order kinetics with higher 

yield of separated ionic species. It is because, after the electron transfer in benzene, ions will still 

remain in coulombic interaction as a contact ion pair (CIP) and that causes back electron transfer 

more facile and faster. But in BCN, ion pairs can overcome the coulombic barrier and stay as a 

separated ion pairs hence, slow back electron transfer is observed.43 
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               The general mechanism of photochemistry of donor - C60 conjugates have been 

explained below. On selective photo excitation of donor (D) molecule elevates an electron from 

HOMO(D) to energetically higher LUMO(D) followed by further electron transfer to energetically 

lower level LUMO(C60) from electron rich LUMO(D) to generate D+∙ and C60
-∙ as shown in the figure 

1.22 (a).  

 

Fig. 1.22 Molecular orbital diagram showing the electron transfer process between donor (D) and 
acceptor C60. a) Donor (D) excitation and b) C60 excitation. Adapted from reference 44.  

 

 

               On the other hand, on selective photo excitation of C60 transfers an electron from HOMO 

(C60) to LUMO (C60), in the meantime an electron transfers from HOMO(D) to half vacant 

HOMO(C60) ultimately forming the similar C60
-∙ and D+∙ species as shown in figure 1.22(b).44 



38 
 

               The reactivity of C60 to modify its structure and enhance the solubility in common organic 

solvents has been achieved through a wide variety of addition reactions.45 Among them, 1,3-

dipolar cycloaddition of azomithine ylides known as Prato reaction46 has been used extensively 

for versatile preparation of large number of C60 derivatives which is generally called as 

fulleropyrrolidine derivatives. The reaction is called Prato reaction from the name of the scientist 

who discovered it first.46 The mechanism for the synthesis of fulleropyrrolidine derivatives 

through Prato reaction has been shown in figure 1.23.47  

 

  Fig. 1.23 Mechanism for Prato reaction. Adapted from reference 47.  
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1.10 Covalently Linked Donor-Acceptor Systems 

               The study of energy and electron transfer processes in covalently linked multi 

component supramolecular dyads or triads or polyads, between donor and acceptor systems is 

a very challenging and valuable approach towards artificial photosynthetic systems. 

Incorporation of some suitable bridging units between donor and acceptor systems like donor-

bridge-acceptor in supramolecular assemblies enables the control over the distance and angles 

between donor and acceptor sites that subsequently influence the distance dependent electron 

transfer and charge recombination processes.48 Integration of several electron donor and 

acceptor systems through the 𝜋- conjugated spacers have received tremendous attention to their 

unique applications in organic conductive materials49, nonlinear optical (NLO) materials50, near 

IR dyes51, and molecular wires52. 𝜋-conjugated donor-acceptor arrays are differ from convention 

donor-spacer-acceptor hybrids by virtue of their fast charge mobility because of narrow HOMO-

LUMO gaps and higher polarizability.53   

  

1.10.1 Covalently Linked Donor Acceptor Systems Mimicking Antenna Center 

               A large number of donor acceptor systems have been designed and studied the light 

induced energy transfer process in the conjugates to understand the mechanism of energy 

transfer in the natural analog. The main challenges encounters during the designing of such 

systems includes the selection of proper pigment molecule as well as formation of overall three 

dimensional molecular architecture.  

          Maligaspe et. al. have designed the series of porphyrin-BDP based donor acceptor systems 

and studied the excited state dynamics of the conjugates.54 Efficient excited state energy transfer 
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from one, two and four covalently linked BDP moiety to Porphyrin has been investigated. The 

structure of all investigated compounds has been shown in figure 1.24. 

 

 

Fig. 1.24 Structure of Porphyrin-BDP conjugates of dyad, triad and pentad. Adapted from 
reference 54. 
 
 

               The synthesis of all the conjugates have been achieved by connecting amino BDP at 

different ratio with the free base Porphyrin bearing different numbers of meso carboxyl acid 

groups (one, two and three) through amide linkage. Then, the free base porphyrin moiety of all 

the conjugates have subsequently been metallated to form zinc-porphyrin version. The electronic 

ground state interaction in all the conjugates was established by recording the absorption 

spectrum in o-DCB. In the dyad, triad and pentad, the bands at 426, 550, and 590 nm corresponds 
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to ZnP while the band at 505 nm corresponds to BDP absorption was observed. As expected, the 

absorption intensity of peak 505 nm was increased as the increasing number of BDP units in the 

conjugates. The emission spectrum of all the conjugates have been recorded by exciting 505 nm 

corresponding to BDP entity that shows the weak band in the range of 517 – 525 nm corresponds 

to BDP emission in addition to ZnP emission at 602 and 650 nm. The BDP emission band in all the 

conjugates was found to be quenched by 96%, 93% and 91% for BDP-ZnP, (BDP)2-ZnP and (BDP)4-

ZnP respectively compared with pristine BDP moiety. The quenching of BDP emission and 

occurrence of ZnP emission indicates the singlet-singlet energy transfer in all the conjugates.  

               The dynamics of excited energy transfer in the (BDP)n-ZnP conjugates have been probed 

by using pump probe technique. On photo excitation of BDP moiety of BDP-ZnP dyad with 500 

nm of excitation wavelength, a bleached band at 505 nm was formed rapidly with the life time 

of 48 ps. At longer delay time the 505 nm band decays and new bands in time resolved spectrum 

was developed which corresponds to singlet ZnP moiety. The transient absorption spectra of 

triad and pentad were similar to that of dyad and the life time for excited state was determined 

and found 44 and 16 ps respectively. These results obtained from pump probe technique suggest 

the occurrence of ultrafast excitation energy transfer from covalently linked BDP to ZnP moiety.        

 

1.10.2 Covalently Linked Donor Acceptor System Mimicking Reaction Center 

              A covalently linked donor acceptor systems with multiple 𝜋-conjugated spacer can serve 

as a molecular wire and used as an elementary building block for nanoscale electronic devices as 

well can be used as the model system probing charge transfer processes in the molecular scale.55  
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               Sukegawa et.al. have designed and studied the electron transport properties of Donor-

Bridge-Acceptor (D-B-A) molecules with oligo-p-phenylenevinylene bridges of different length.56 

The bridge molecule features additional connecting bonds that makes them highly rigid and 

planar. The photo induced electron transfer by using donor-𝜋-bridge-acceptor molecule 

connected through rigid and flat oligo-p-phenylenevinylene (COPV) of different length shows 

about 840-fold enhanced rate of electron transfer compared with the equivalent flexible oligo-p-

phenylenevinylene (OPV) molecular bridges counterparts. The rate of electron transfer 

enhancement is possible because of enhanced electronic coupling between the electron donor 

zinc-porphyrin and the electron acceptor C60 fullerene due to effective conjugation through the 

COPVs, in ZnP-COPVn-C60, where n = 1 - 4 as shown in the figure 1.25. 

 

Fig. 1.25 Structure of studied compounds where n = 1, 2, 3, and 4. Adapted from reference 56. 
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               The absorption spectrum of ZnP-COPVn-C60 has been recorded in THF and found slightly 

perturbed due to superimposition of each component suggesting the ground state interaction in 

the chromophore. In an excited state experiment, the fluorescence quenching of both ZnP and 

COPVn was observed because of the electron transfer from ZnP to C60 and energy transfer from 

COPVn to ZnP.   

               The transient absorption spectroscopy has been used to monitor the kinetics of charge 

separation and recombination process on selective photoexcitation of electron donor porphyrin 

of the system. The charge separated states results from an electron transfer from excited ZnP to 

C60, ZnP*-COPV-C60⟶ZnP+∙-COPV-C60
-∙. Remarkably, slow charge recombination of the system 

can be explained by using the inverted region predicted by Marcus theory of electron transfer 

where the electron transfer slows down because of excessive driven energy.57 The kinetics of 

electron transfer is favorable in the 𝜋-conjugated bridge unit compared with saturated bridge 

unit because the former connection provides the promotion of delocalization of electrons, strong 

electronic communication between donors and acceptors and it takes less energy to 

accommodate the charge on a 𝜋 bridge molecule compare with later connections. The main 

drawback to use non-rigid or a flexible 𝜋-conjugated bridge unit is as it undergoes different 

possible conformations, twists and vibrations, many of which has associated with higher energy 

phenomena which enable the electron transfer hindrance. The advantage to use rigid, flat, 

conjugated and planar bridges, on the other hand, over non-rigid or flexible bridge unit, it 

undergoes a minimal conformations and vibrations changes which generates a low 

reorganizational energy change during photo induced electron transfer hence resulting a fast 

electron transfer in such systems. As a structurally optimal driving force the electron transfer is 
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about ten times faster through the rigid conjugated bridges than through the more flexible 

oligophenylenevinylene bridges. It is found that the length of the bridge unit has a minimal effect 

on the rate of electron transfer because the rates are similar with rigid tetramer and monomer 

bridges.   

               The detailed transient absorption measurement of ZnP-COPVn-C60 to observe the 

electron transfer dynamics in different solvents benzonitrile, THF and anisole (from polar to 

nonpolar solvent) within the chromophore has been recorded at room temperature. On 

photoexcitation of ZnP-COPVn-C60 at 387 and 550 nm results the formation of either COPVn or 

ZnP singlet excited state. Photoexcitation of ZnP, the peaks around 524, 581, 560 and 615 nm 

were observed corresponds to singlet excited state 1ZnP*. Later, the peak at 600 – 800 nm was 

developed corresponds to one electron oxidation radical cation ZnP.+ and another peak at 1010 

nm was also observed corresponds to one electron reduced radical anion from C60
.- generated 

from ZnP-COPVn-C60 conjugates when n = 1 and 2 in anisole and THF. But in case of when n = 3 

and 4, on photoexcitation of ZnP-COPVn-C60 conjugate, a peak at 600 – 850 nm region was 

developed corresponds to one electron oxidized radical cation of COPV.+ while another peak at 

1010 nm corresponds to anion radical from C60
.-, suggesting the charge separated state 

dominated by ZnP-COPVn
.+-C60

.- ion pair in THF and anisole as shown in figure 1.26.  
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Fig. 1.26 Transient absorption spectra of ZnP-COPV-C60 in THF. a) the transient absorption peaks 
b) time absorption profile of 465 nm, 530 nm, 670 nm corresponds to ZnP+. and 1010 nm 
corresponds to C60

-.. Adapted from reference 56.   

 

               Besides the types of donor and acceptor molecules, the third most important component 

in artificial photosynthesis systems is the structure and type of bridging unit which provides most 

significant differences in the kinetics of electron transfer resulting charge separation and 

recombination. Miguel et al.58 have synthesized a series of triazole linked Zinc(II)porphyrin –

triazole - fullerene (ZnP-Tri-C60), donor acceptor conjugates with one change in the mode of 

connections which determines the dynamics of electron transfer depends on either connection 

through the C-atom or N-atom of the triazole bridge unit or meta/para positional bonding as 

shown in the figure 1.27. 
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Fig. 1.27 Structures of the triazole-linked ZnP-C60 conjugates highlighting the different 
connectivity patterns. Adapted from reference 58. 

 

               A detail study of photophysical and computational investigation reveals that the 

dynamics of electron transfer significantly influenced by triazole connectivity. This is mainly 

associates with the electronic coupling between donor and acceptor which is in turn, a 

consequences of the different connectivity patterns at the triazole moieties. The modeling of the 

compound helps to insight the geometry and the distance of the different atoms within a 

molecule. If the distance between the donors and acceptors is close enough for their frontier 

overlapping the electron transfer proceed through-space mechanism. On the other hand, when 
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both entities are far enough then preventing any kind of orbital overlapping, the electron transfer 

proceed through super exchange or hopping mechanism governed by through-bond interaction. 

As shown in the figure 1.28, because of the face-to-face arrangement between the porphyrin and 

fullerene C60, they are close enough for electron transfer likely through-space mechanism.  

 

Fig. 1.28 Optimized geometry of one of the ZnP-Tri-C60 conjugates resulting from DFT calculation 
showing face-to-face arrangement of donor and acceptor. Adapted from reference 58. 

 

               The HOMO, which lies in the donor porphyrin has the higher energy (-5.9 eV) when it 

connects through the C-atom of triazole ring compare with the N-atom (-6.1 eV). The energy of 

LUMO, which lies on acceptor C60 is increased when the donor Zn-Porphyrin connects through N-

atom and it decreased when connects through C-atom. The geometry of the donor and acceptor 

molecules because of the various connectivity pattern on triazole unit determines the HOMO-

LUMO energy gap that affect the electronic coupling. This is in turn affect the electron transfer 



48 
 

kinetics. The geometry of donor and acceptor system along with their HOMO/LUMO orbitals 

based on different connectivity through triazole unit is shown in figure 1.29. 

 

Fig. 1.29 Representation of HOMO/LUMO orbitals of donor ZnP and acceptor C60 respectively. a) 
meta position connection between Zn-Porphyrin and C60 via triazole b) para position connection 
between Zn-Porphyrin and C60 via triazole bridge unit. Adapted from reference 58. 

  

               The transient absorption spectrum upon femtosecond excitation (387 nm) to the 

conjugate results a broad band absorption around 600 – 700 nm corresponds to one electron 

oxidized form of ZnP+. radical cation and a newly formed peak around 1020 nm corresponds to 

the C60
-. radical anion. Hence, it is able to generate ZnP+.-Tri-C60

-. Charge separated radical ion 

pairs.                     

               Guldi and Torres group have designed a donor acceptor system based on phthalocyanine 

as a donor and C60 as an acceptor connected through [2.2]-paracyclophane group which is 
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considered as a pseudo conjugated spacer and studied the dynamics of electron transfer through 

space in the system at different solvents. The structure of studied compound with the unique 

spacer has been show in the figure 1.30.59 

 

Fig. 1.30 Structure of ZnPc-C60 connected through [2.2] paracyclophane. Adapted from 
reference 59. 

 

               The first insight of the electron transfer due to donor acceptor interaction was studied 

by recording fluorescence spectrum of the dyad. The quenching of fluorescence intensity on 

selective photo excitation of phthalocyanine indicates the electron transfer process from 

phthalocyanine to C60. Next, the transient absorption spectroscopy has been used to study the 

dynamics of charge separated states. The appearance of transient peaks around 520 and 840 nm 
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corresponds to the phthalocyanine radical cation (ZnPc+.) while the peak around 1000 nm 

corresponds to C60 radical anion (C60
-.). The linkage and the solvent polarity plays an important 

role in this study. By monitoring the 840 nm transient peak corresponds to ZnPc+. cation radical 

the life time of charge separated states was calculated at different solvents and found as, 330 ps 

for benzonitrile, 2.4 ns for THF, 26 ns for anisole and 458 ns for toluene.   

             The stability of charge separated state can be further increased after delocalization of one 

of the ion pairs by interacting with appropriate charge stabilized chromophores. This results the 

long lived charge separated states compare with only dyad.  Escosura et. al. have synthesized 

Zinc Phthalocyanine Fullerene dyad linked by a phenylenevinylene spacer and study the dynamics 

of electron transfer by using transient absorption spectroscopy.60 Furthermore, a strong face-

face supramolecular assembly with ZnPc-C60 dyad has been formed with electron deficient Pd-

phthalocyanine (Pd-Pc) bearing electron withdrawing alkyl sulfonyl groups to the periphery of 

macrocycle. The photo physical and photo chemical properties of the complex have been studied 

as shown in figure 1.31.  
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Fig. 1.31 Donor-acceptor supramolecular complex formed by ZnPc-C60 dyad and electron 
deficient, Pd-Phthalocyanine (Pd-Pc). Adapted from reference 60. 

 

               It is found that a strong and stable supramolecular interaction between ZnPc-C60 dyad with 

electron deficient sulfonyl substituted Pd-phthalocyanine has been formed with association 

constant of 105 M-1 and formed a 1:1 complex in chloroform which has been confirmed by Job’s 

plot. Next, the kinetics of electron transfer between donor and acceptor in ZnPc-C60 dyad as well 

as the complex has been studied by using pico second transient absorption spectroscopy. On 

photo excitation of the dyad first formed singlet 1ZnPc* which subsequently formed ZnPc+. – C60
-

. radical ion pair after an excited electron transfer to C60. However, relative to ZnPc-C60 dyad, the 

radical ion pair lifetime of supramolecular complex is significantly longer with 475 ns because of 

strong coupling between electron rich ZnPc and electron deficient Pd-Pc which expected to help 

in delocalization of radical cationic charge and substantially stabilize the charge separated states. 

Such a model system of donor acceptor assemblies can be further used to make supramolecular 
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polyads by incorporation of multiple electroactive components to further stabilize the radical ion 

pairs.  

              Further, in the synthesis of novel donor acceptor systems a tetrad with three Zn-

Phthalocyanine as donor and a C60 as an acceptor has been synthesized in tripodal architecture 

bearing tetraphenylmethane core and studied the long range electron transfer dynamics as 

shown in the figure 1.32.61 

 

Fig. 1.32 The tripodal structure of ZnPc3-C60. Adapted from reference 61. 



53 
 

              The fluorescence study has been used to ensure the donor acceptor interaction between 

phthalocyanine and C60 moieties. On selective excitation of electron donor ZnPc molecule in the 

tetrad, the diminish fluorescence intensity as well as quantum yield was observed because of the 

electron transfer from ZnPc to C60 molecule where the electron transfer takes place from 1ZnPc* 

to C60 to generate charge separated states. The kinetics of electron transfer process has been 

studied by femtosecond transient absorption spectroscopy. The appearance of distinct transient 

peaks around 520 and 840 nm corresponds to one electron oxidized phthalocyanine cation 

radical (ZnPc+.) and a peak around 1010 nm corresponds to one electron reduced fullerene radical 

anion indicates the formation of charge separated states. The life time of radical ion pair state 

was calculated and found 100 ps in benzonitrile and 650 ps in DMF.     

              Besides porphyrins and phthalocyanines, subphthalocyanines have also been used to 

design donor acceptor systems and studied the light driven processes. The charge separation 

becomes thermodynamically more feasible and efficient if the substituents around the 

subphthalocyanine macrocycle exhibit strong electron donating properties compared with 

neutral or electron withdrawing groups which prohibit the kinetics of electron transfer. Gonzalez-

Rodriguez et al. have synthesized two complementary series of subphthalocyanine fullerene 

(SubPc-C60) dyad for the study of energy/electron transfer in the system.62 The axial position of 

the system has been replaced by ortho, meta and para position of phenoxide C60 in both cases 

while the periphery of the macro cycle has been substituted by iodine in one series and diphenyl 

amino groups in another series.  The two derivatives are represented as I3-SubPc-C60 and DPA3-

SubPc-C60 respectively as shown in the figure 1.33. The reason for the substitution of different 

groups in the periphery of macro cycle is to modulate the dynamics of electron transfer based on 
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their redox properties and control over the outcome of photo assisted excited state interactions 

between donor and acceptor. 

 

Fig. 1.33 The structure of Subphthalocyanine fullerene dyads with different substituents groups 
in the periphery of macro cycle to modulate electron and energy transfer processes. Adapted 
from reference 62. 

 

               The kinetics of intramolecular photo assisted processes depends not only the spacer as well 

as the position of donor acceptor entities in the system. These positions, for example ortho, meta 

and para regulates the distance between donor and acceptor and consequently, intramolecular 

processes governed by means of through space mechanism which favored in the following order 

ortho ˃ meta ˃ para. The synthesis of both series of compounds has been achieved by using 

conventional method of synthesis of triiodo subphthalocyanine at first and then used it as a 

synthetic precursor for the synthesis of DPA3-SubPc by replacing three iodine atoms with 

diphenyl amine groups using palladium catalyzed reaction. Finally the axial halogen atom has 

been replaced by ortho, meta and para hydroxyl formyl group which subsequently linked through 

fullerene by using dipolar addition reaction. A significant red shift absorption of Q-band of DPA3-
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SubPc-C60 compare with I3Subpc-C60, indicates the evidence for strong ground state interaction 

between the periphery substituted diphenyl groups with subphthalocyanine macro cycle because 

of 𝜋 – 𝜋* transition. The electrochemistry of both series of compounds has been studied and 

revealed that the first oxidation potential of DPA3-SubPc-C60 ensemble is smaller compare to I3-

SubPc-C60 because of easily oxidizable DPA substituents in former compound. There is no 

appreciable change in first reduction potential between these two different series of compounds 

was found but a remarkable difference was observed among the positional isomers of fullerenes 

ensembles in the series. Comparing the redox potentials of ortho, meta and para in both series, 

interestingly the small reduction potential for meta isomeric configure in both series was 

observed because of small HOMO/LUMO gaps. Presumably, it is because of the weak interaction 

as well as through bond rather than through space interaction in case of meta isomer.  

               The transient absorption spectroscopy has been used to study the kinetics of energy and 

electron transfer in both series of compounds. Upon 500 nm excitation of I3SubPc-C60, a 

characteristic singlet excited 1SubPc* at 574 nm was observed. Then the singlet excited state 

energy from SubPc was transferred to C60 by observing a peak at 880 nm corresponds to 1C60* 

through singlet-singlet energy transfer mechanism which ruled out any evidence for electron 

transfer in this series of compounds. Maxima at 460 and 620 nm and a minimum at 570 nm 

suggests the decay of singlet C60 to generate triplet SubPc excited state species which is the only 

component that detected in nanosecond transient absorption spectrum. On the other hand upon 

excitation of DPA3-SubPc-C60 series of compounds, a maxima peak at 750nm was observed 

corresponds to absorption of one electron oxidized radical cation generated from the subPc 

donor and at the same time a peak at 1000 nm was observed corresponds from the absorption 
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of one electron reduced radical anion generated from C60 acceptor resulting final charge 

separated state with SubPc+. – C60
-.. The charge recombination leads to the recovery of the ground 

state, since the SubPc.+ - C60
.- energy levels are presumably situated below the triplet excited state 

of SubPc and C60. Hence, in this series of compounds due to strong electron donating ability of 

diphenyl amine groups an efficient charge separated state was witnessed and the rate constant 

exhibit the following order ortho ˃ meta ˃ para, which was thermodynamically prohibited in I3-

SubPc-C60 derivatives.      

 

1.11 Non-Covalent Interaction between Donor and Acceptor Systems     

               The covalent bonding approach to design supramolecular artificial photosynthesis 

system is differs from natural systems where different photo and redox active components are 

arranged via non-covalent interaction into a protein matrix. In such supramolecular ensembles 

the donor and acceptor moieties remains closure with each other through different non-covalent 

interactions and undergoes inter molecular light induced energy and electron transfer processes. 

Mostly applied non-covalent interactions in such assemblies are hydrogen bonding, metal 

ligation, and 𝜋-𝜋 stacking which considered as biomimetic methodologies. The major criteria for 

designing such a non-covalent assemblies are the strength and directionality of the interaction 

which led to an efficient energy and electron transfer process on photo excitation.  
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1.11.1 Donor-Acceptor Systems Mimicking Antenna Center via Non-Covalent Interaction 

1.11.1.1 Energy Transfer via H-Bonding 

               Ito and co-workers have reported the use of amidinium and carboxylate ion pairs as a 

non-covalent approach to study the energy transfer between zinc and free base porphyrins.63 

The interaction consists of complimentary double hydrogen bond and electrostatic interaction to 

enhance the interaction strength. In this study a dyad and pentad has been designed in which 

the zinc porphyrin with amidine group (ZnP-A) acts as energy donor while a free base porphyrin 

with carboxylate group H2P-C acts as an energy acceptor as shown in the figure 1.34.  

 

Fig. 1.34 Supramolecular self-assembly between zinc and free base porphyrins through H-
bonding. a) 1:1 ratio b) 1:4 ratio (pentad) of free base and zinc porphyrins. Adapted from 
reference 63. 

 

               According to the figure 1.34, a dyad and pentad has been self-assembled with the ratio 

of 1:1 and 1:4 between H2P – C and ZnP – A to form dyad and pentad. Increasing the addition of 
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H2P – C to the solution of ZnP – A, leads to diminish the fluorescence from ZnP – A and increase 

from H2P – C indicates occurrence of energy transfer from ZnP – A to H2P – C via amidinium-

carboxylate interaction. The rates of energy transfer has been monitored by using time resolved 

fluorescence spectroscopy in both 1:1 and 1:4 complexes. For 1:1 mixture, the life time of energy 

transfer was calculated and found 22 ns while 0.08 ns was observed for 1:4 complex mixture. 

Hence the H-bonding motif plays an important role for energy transfer process.  

               Shi et. al. have synthesized two meso substituted porphyrins bearing 2,6 – diacetoamido 

and uracil and studied the multi porphyrin supra molecular self-assemblies with different spatial 

relationships in predefined geometries.64  

 

Fig. 1.35 Self-assembled structure of porphyrin arrays via H-bonding. Adapted from reference 64. 



59 
 

An X-ray structure of self-assembled porphyrins confirms its molecular structure and reveals a 

hydrogen bonded supramolecular organization mediated by water molecules as shown in the 

figure 1.35. 

 

               Different techniques for example, 1HNMR, UV-visible ESI-MS and light scattering has been 

used to suggest the tetrameric assembling of the porphyrins in solvent with low hydrogen 

bonding potentials by self-complementary hydrogen bond. The characterization of such a 

supramolecular systems serve as the basis for the characterization of complex multi-dimensional 

arrays designed by combination of H-bonding and other non-covalent potential motifs. The 

above assembly shows that the self-complimentary H-bonds afforded by the 3,5-diacetamido-4-

pyridyl groups are surprisingly effective in mediating the self-assembly of these photo and electro 

active species in the solution. The solution phase chemistry, in turn, is vitally important for 

understanding of solid structure for device engineering.   

   

1.11.1.2 Energy Transfer via Metal Ligand Axial Coordination 

               Significant number of macrocycles like porphyrins, phthalocyanines and 

napthalocyanines have been designed and synthesized with central metal atom which can axially 

coordinated with any basic ligands to form a donor acceptor ensemble. Various study have 

revealed the occurrence of stable five or six coordinate metalloporphyrins or 

metallophthalocyanines with appropriate ligands, thus mimicking active sites of natural analog. 
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               Maligaspe et. al. have designed and studied the donor acceptor dyads using free base 

porphyrin as energy donor while Zn-Phthalocyanine and naphthalocyanine as energy acceptor 

via axial ligand coordinator.65 To achieve the axial coordination, the free base porphyrin has been 

functionalized with an imidazole entity at the ortho, meta and para position of one of the meso-

aryl groups to see the effect of orientation in energy transfer as shown in figure 1.36. 

 

Fig. 1.36 Structure of donors (porphyrins with imidazole group at different postions ortho- 
H2PoIm, meta- H2PmIm, and para- H2PpIm) and acceptors phthalocyanines (ZnPc) and 
naphthalocyanines (ZnNc). Adapted from reference 65. 

 

               On increasing addition of H2P(o,m,p)Im to the solution of ZnPc and ZnNc, the change in 

absorption spectra with isosbestic points in o-DCB was observed indicates the binding of 

porphyrins with ZnPc and ZnNc via metal axial coordination. From this change the stability 
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constant has been calculated and found in the order of para ≈ meta ˃ ortho position of imidazole 

in porphyrins which attributed because of the steric constraint of ortho substituted imidazole 

derivatives. The orientation between donor and acceptor also play a key role on excitation 

transfer. Diminishing the fluorescence intensity of porphyrins on increasing addition of both ZnPc 

and ZnNc have further confirmed the formation of donor acceptor complex via metal axial 

coordination as well as singlet excitation energy transfer from donor to acceptor. In such 

ensembles the Forster energy transfer mechanism has be proposed which can be calculated by 

following equation- 

                                                  (1.15) 

Where 𝒏 = solvent refractive index, 𝜏D = fluorescence lifetime for donor, Jfoster = spectral integral 

overlap, R = center to center distance.  

               From the computational study 65, the relative orientation of donor and acceptor systems 

have been optimized and a skipped coplanar geometry for H2PoIm with ZnPc and ZnNc was 

observed while the complex with meta and para was positioned at an angle less than 900. The 

kinetics of energy transfer has been calculated by using transient absorption spectroscopy using 

both up-conversion and pump probe methods. The study revealed an ultrafast energy transfer 

kinetics between donor and acceptor dyads with time constants in the order of 2 – 25 ps depends 

upon the type of dyads as shown in the table below. 
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Table 1.1 showing the theoretical as well as experimental rate of energy transfer calculated from 

transient spectroscopy. a = structure of different donor acceptor system, b = theoretical rate of 

energy transfer, c = experimental rate of energy transfer calculated from pump probe technique. 

 

1.11.2 Donor-Acceptor Systems Mimicking Reaction Center via Non-Covalent Interaction 

               Although the covalently linked donor and acceptor conjugates exhibit the excellent 

property in controlled electron transfer because of their geometry as well as the spacer between 

them. On the other hand the non-covalent system which is closer approach towards natural 

analog where the chromophores are self-assembled in a protein matrix by different non-covalent 

motifs and convert the excited state energy to a potential gradient. In natural light harvesting 

systems the efficiencies controlled by the precise nano architecture components in 
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photosynthetic reaction center mediated by intermolecular interaction between chromophores 

and protein scaffold. The application of biomimetic methodologies on non-covalent binding for 

example H-bonding, 𝜋 – 𝜋 interaction, ion-dipole interaction and metal ligand interaction 

controls on modulating the electron transfer dynamics and provide the opportunity to achieve 

well defined and rigid architecture with high directionality and selectivity. Scientists have 

developed many donor acceptor systems bearing efficient non-covalent motifs of binding to 

unravel the basic concepts of light induced naturally occurring photo induced electron transfer 

process. 

 

1.11.2.1 Electron Transfer via Hydrogen Bonding 

               Different donor and acceptor systems have been held together via hydrogen bonding 

motifs in order to mimic natural light induced electron transfer process. C60 fullerene is one of 

the acceptor which can be used mostly to make non covalent donor acceptor ensemble with 

porphyrins and phthalocyanines.  Out of all that the Watson-Crick hydrogen bonding paradigm 

especially the three point guanosine-cytodine couple as a scaffold to assemble donor acceptor 

system has been chosen widely that provides binding strength as well as control over the 

electronic coupling between donor and acceptor system. Sessler and co-workers have utilized 

Watson-Crick type hydrogen bonding motif to study the light induced electron transfer kinetics 

between porphyrin and fullerene entities. In particular a zinc porphyrin bearing cytodine (ZnP – 

C) and fullerene bearing guanine (G – C60) has been used as a recognition motif for donor and 

acceptor as shown in the figure 1.37.66 
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Fig. 1.37 Self-assembling of porphyrin fullerene dyad by hydrogen bonding. Adapted from 
reference 66. 

 

               The quenching of fluorescence intensity from ZnP – C on increasing addition of G – C60 

revealed the formation of self-assembled ZnP – C : G – C60 complex via complementary hydrogen 

bonding base pairing with a binding constant of 5.1 x 105 M-1. The electrochemistry study has also 

been performed to calculate the feasibility of light induced electron transfer process in this 

supramolecular assembly 66. The first oxidation and reduction potentials from ZnP – C and G – 

C60 were found 0.32 V and -1.08 V vs Fc/Fc+ as an internal reference, respectively. From these 

values the free energy change for charge separation (𝜟Gcs = - 0.81eV) and charge 

recombination (𝜟GCR = - 1.4 eV) has been calculated and the negative value confirm the 

occurrence of thermodynamically feasible electron transfer process between donor and acceptor 

systems. Further to insight the dynamics of excited state electron transfer process, transient 
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absorption spectroscopy has been used and confirmed the formation of charge separated radical 

ion pairs. From the transient spectroscopy, a broad band around 600 – 800 nm and another band 

around 1000 nm was observed which corresponds to zinc porphyrin cation radical (ZnP+.) and 

fullerene radical anion (C60
-.) respectively which confirmed the long lived charge separated state 

with life time of 2.02 𝝁s. 

               Further extension of the complementary Watson-Crick hydrogen bonding has been used 

to ensemble phthalocyanine and fullerene C60 dyad where Phthalocyanine appended cytidine 

(ZnPc – C) act as a donor while C60 appended guanosine (G – C60) acts as an acceptor as shown in 

the figure 1.38.67  

 

Fig. 1.38 Showing the three point hydrogen bonding structure between ZnPc – C : G – C60 complex. 
Adapted from reference 67. 
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               The formation of donor acceptor assembly has been initially tested with UV-visible as 

well as fluorescence spectroscopy. The broadening as well as the appearance of isosbestic points 

in the absorption spectrum of ZnPc – C on addition of G – C60 in dichloromethane with binding 

constant 2.6x106 M-1 indicates the formation of complex via hydrogen bonding. Further on 

selective excitation of ZnPc – C component of the complex, diminish fluorescence intensity was 

observed because of the electron transfer from 1ZnPc – C* to G – C60 which is further confirmed 

by transient absorption spectroscopy. The formation constant in this case is several orders of 

magnitude higher than that of similar porphyrin analog (ZnP – C : G – C60), because of strong 𝜋 – 

𝜋 interaction as well as charge transfer interaction. Electrochemistry technique has been used 

for further confirmation of the ground state interaction between donor and acceptor system. 

The first, second and third reduction potentials from G – C60, in the complex negatively shifted 

by -20, -60 and -70 mV respectively compared with the reference compound free G – C60. On the 

other hand the first and second oxidation potentials from ZnPc – C in complex, cathodically 

shifted by 20 and 10 mV respectively compared with free ZnPc – C control compound.  

               The kinetics of light induced electron transfer from ZnPc – C to G – C60 has been 

confirmed and calculated accurately by using transient absorption spectroscopy. In 

toluene:dichloromethane mixture solvent, the appearance of transient peaks around 430, 550 

and 800 nm corresponds to phthalocyanine one electron less radical cation (ZnPc – C+.) and a 

peak around 1000 nm corresponds to C60 radical anion (C60
-.) peak was observed. The lifetime for 

the charge separated state of the complex was calculated as 3 ns which is three orders of 

magnitude shorter compared with porphyrin analog, because of pronounced coupling between 

ZnPc and C60 entity in this complex.       
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1.11.2.2 Electron Transfer via Metal Ligand Coordination 

               Inspired from the metal-ligand axial coordination phenomena occurred in nature in 

many biological systems, scientists have been reported efficient donor acceptor systems based 

on metal ligand axial coordination. Metallo porphyrins, phthalocyanines or naphthaocyanines 

which is axially coordinated with C60 fullerene bearing covalently linked nitrogen based ligand 

have been widely designed to study the mechanism as well as the kinetics of electron transfer 

process in artificial photosynthetic systems. 

 

Fig. 1.39 Structure of studied Zinc-Naphthalocyanine fullerene dyad formed by axial 
coordination. Adapted from reference 68. 

 

               El-Khouly et.al. has designed a self-assembled dyad composed by axial coordination of 

zinc naphthalocyanine, ZnNc, and fulleropyrrolidine bearing an imidazole group as a coordinating 
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group (C60Im) and study the dynamics of electron transfer in non-coordinating as well as 

coordinating solvent as shown in the figure 1.39.68 

               The first insight of formation of complex through axial coordination between donor and 

acceptor has been studied by using absorption and fluorescence spectroscopies. Diminishing of 

the visible band intensity from ZnNc and appearance of 4 isosbestic points in the absorption 

spectrum on addition of C60Im with binding constant of 6.2 x 104 M-1 in toluene indicates 

formation of strong metal ligand axially coordinated complex. Further, on selective excitation of 

naphthalocyanine moiety, the electron transfer from 1ZnNc* to C60Im has been confirmed by 

observing the fluorescence intensity quenching from ZnNc. The dynamics of such a light induced 

electron transfer has been further studied by transient absorption spectroscopy. To gain the 

insight into the molecular geometry and electronic distribution, the computational study have 

been performed by using ab initio B3LYP/3 21G(*) method.  

 

Fig. 1.40 HOMO and LUMO orbitals of ZnNc : C60Im dyad calculated from ab initio B3LYP/3-
21G(*).Adapted from reference 68. 
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               From computational study it is observed that HOMO was entirely located on ZnNc and 

LUMO entirely located on C60 spheroid as shown in the figure 1.40. Further the dynamics of light 

induced electron transfer on selective excitation of ZnNc has been studied by using pico and nano 

second transient absorption spectroscopy with an excitation wavelength of 388 nm. The 

appearance of transient peak around 985 nm corresponds to radical cation ZnNc.+ while an 

another peak around 1000 nm which overlaps with intense 985 nm peak from ZnNc.+ radical ion, 

corresponds to radical anion peak from C60Im-. in toluene. The life time of charge separated states 

has been calculated and found as 200 ps. From the nanosecond transient absorption 

spectroscopy on selective excitation of the complex two peaks at 600 nm and 700 nm were 

observed which are attributed to triplet excited state species from ZnNc and C60Im respectively. 

After time delay, the appearance of transient peaks around 960 – 1000 nm corresponds to ZnNc.+ 

and C60Im.- radical ion pair was observed.  

 

1.11.2.3 Electron Transfer via Crown Ether-Ammonium Cation Interactions 

               The preparation of donor acceptor systems where the active components are assembled 

together through non-covalent interactions has been achieved to obtain long lived charge 

separated states. Out of such non-covalent interactions crown ether based host guest 

supramolecular assemblies have also been used widely. Scientists have developed various 

supramolecular assemblies in which one component consists benzo-18-crown-6 ether and 

another cataloged with quaternary ammonium cation and study the kinetics of electron transfer. 
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               Martinez-Diaz et. al. has designed a supramolecular assembly of ZnPc : C60 by threading 

of a dibenzylammonium cation appended C60 through the dibenzo-24-crown-8-ether appended 

in unsymmetrically substituted zinc phthalocyanine as shown in the figure 1.41.69 

 

Fig. 1.41 structure of ZnPc-crown ether complexed with C60 ammonium cation. Adapted from 
reference 69. 

 

               1HNMR as well as mass spectrometry techniques has been used to gain the insight for 

initial complex formation between crown ether and ammonium cation components. There is no 

significant change in UV visible absorption spectrum of crown-Pc on addition of C60 ammonium 

cation, revealed a very weak ground state electronic interaction between both components. 

Further, the electrochemistry technique has been used to observe the interaction between two 

chromophores. Because of very weak ground state electronic interaction the reduction potentials 
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of C60 ammonium cation moiety has not change significantly on addition of phthalocyanine crown 

ether in the solution.  

 1.11.2.4 Electron Transfer Process via Axial Coordination and Ammonium Cation Interaction 

               Incorporation of multiple non-covalent interactions within a supramolecular systems 

provides higher stability and defined geometry for photo induced electron transfer process.  

 

Fig. 1.42 Structure of supramolecular assembly composed of two crown ether appended 
phthalocyanine, four units of potassium ions and a fullerene bearing ammonium cation and 
pyridine. Adapted from reference 70. 
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               D’Souza et.al. have designed a supramolecular tetrad composed of two crown ether 

containing ZnPc units (ZnTCPc), four potassium ions (K+) and two fullerene derivatives bearing 

both a pyridine and terminal ammonium cation moiety (pyC60NH3
+) as shown in figure 1.42.70 

This system is held together by combination of multiple interactions.  

 

Fig. 1.43 Showing the formation of co-facial Pc-Pc dimer by using cation crown ether interaction 
between crown ether appended two phthalocayanines and four potassium ions. Adapted from 
reference 70. 

 

               One is metal-ligand interaction between central zinc atom of phthalocyanine and 

pyridine group from C60 derivative and second is a cation-crown ether interaction between the 
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four potassium ions and the four crown ethers appended on phthalocyanine derivative leading 

to the formation of co-facial Pc-Pc dimer. The stability of the complex has been further enhanced 

by interaction of terminal ammonium cation attached with C60 derivative with one of the crown 

ether of phthalocyanine without destroying the sandwich dimer complex formed by four 

potassium ions.  Slight increase in the absorption intensity of ZnPc soret band and appearance of 

a new band at 636 nm upon addition of K+ ion revealed the formation of cofacial dimer assisted 

by K+ ion as shown in the figure 1.43. 

               On addition of fullerene functionalized PyC60NH3
+ to K4[ZnTCPc]2 a co-facial dimer, 

decrease in the absorption intensity of newly formed 636 nm band with the appearance of 

isosbestic points at 627 and 647 nm along with a sharp peak around 433 nm corresponds to 

fulleropyrrolidine peak indicates the further complex formation by PyC60NH3
+ with the cofacial 

phthalocyanine dimer. The formation of the complex further supported by monitoring the 

fluorescence spectrum of the complex. Addition of K+ ion into the ZnTCPc solution, 90% of 

fluorescence intensity from phthalocyanine has been quenched as a consequence of static 

quenching mechanism. The quenching is further increased to 98% upon addition of PyC60NH3
+ 

because of the presence of electron acceptor C60. The electrochemistry technique has been used 

to study the change in redox potentials on the formation of the complex. The pristine ZnTCPc 

shows the first oxidation and reduction potentials located at -0.08 and -1.80 vs Fc/Fc+. The 

splitting of first oxidation peak from Zn-TCPc on addition of K+ in the solution indicates the 

formation of strong co-facial phthalocyanine dimer. Further on addition of PyC60NH3
+ to the 

phthalocyanine dimer solution the diminished current was observed because of formation of 

supramolecular donor acceptor conjugates K4[ZnTCPc]2 : (PyC60NH3
+)2.     
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               The kinetics of photo induced electron transfer in the complex has been studied by using 

nanosecond transient absorption spectroscopy. The transient spectra has been recorded first by 

forming the ZnTCPc : PyC60NH3
+ complex by addition of equimolar ZnTCPc and PyC60NH3

+ in the 

absence of K+ ion, revealed the bands at 870 and 1000 nm, corresponding to the formation of 

ZnTCPc.+ radical cation and C60
.- radical anion respectively. The rate constant for charge 

separation and recombination has been calculated by monitoring any of the above assigned 

radical ion pair peaks and was found to be 2.1 x 105 s-1 with the life time of 4.8 𝝁s for charge 

separated state. The rate constant and the life time of charge separation and recombination of 

the complex has also been monitored in the presence of K+ ions revealed the further stabilization 

of the charge separated ion pairs with the rate constant of 1.5x105 s-1 with the life time of 6.7𝝁s 

for charge separated state.   

 

1.12 Multichromophore Cataloged Donor Acceptor Systems (Covalent and Non-Covalent 

Approach) 

               To mimic some of the important aspects of photosynthesis antenna and reaction center 

that facilitate the designing of efficient solar energy conversion devices, a variety of multiple 

donor acceptor systems have been incorporated together with the legal arrays. Most of the 

systems includes incorporation of porphyrins, phthalocyanines and fullerene molecules held 

together because of their peculiar characteristics in light induced energy and electron transfer. 

For example the pophyrins have intense light absorption coefficient around 400 – 600 nm while 

the phthalocyanines have similar property around near IR region 650 – 850 nm range where 
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porphyrin failed to absorb at that region. The incorporation of porphyrins as a second donor in 

phthalocyanine-C60 conjugates or hybrids has been used to achieve long lived charge separated 

states. 

               Enes et al. have designed a supramolecular assembly comprises covalently linked 

porphyrin, phthalocyanine and C60 as a multiple chromophores to form a triad (ZnP – C60 – ZnPc) 

and a pentad (ZnP)2 – ZnPc – (C60)2  as shown in the figure 1.44 and studied the photophysical 

properties of the hybrid.71    

 

Fig. 1.44 Structure of donor acceptor conjugates bearing porphyrin, phthalocyanine and C60 as 
triad (a) and pentad (b). Where, M = Zn, Pd, 2H. Adapted from reference 71.  

 

               To obtain the first insight into ground state electronic interaction in the hybrids 

absorption spectrum has been monitored. In both triad and pentad comprises porphyrin and 

phthalocyanine, 1:1 and 1:2 ratio respectively revealed two prominent peaks around 425 nm, 

soret peak (S0 - S2 electronic excitation) along with small peak around 550 nm from porphyrin 
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absorption and 680 nm, Q-band (S0 - S1 electronic excitation) along with 610 nm peak from 

phthalocyanines absorption. It was found that the small red shift of the soret and Q band from 

porphyrins and phthalocyanines in the hybrids compared with individual molecules indicates the 

possibility of ground state interaction between porphyrin and phthalocyanine in both hybrids. 

Further the fluorescence study has been performed to study the energy and electron transfer in 

both hybrids. In fluorescence study of such porphyrin and phthalocyanine conjugates lacking any 

electron acceptor moiety, the singlet energy transfer occurs from porhyrins to phthalocyanines. 

This is confirmed by selective excitation at 424 nm corresponds to porphyrin absorption of ZnP – 

ZnPc dyad, a significant quenching of ZnP centered fluorescence and the fluorescence from ZnPc 

moiety was observed because of an efficient transduction of singlet excited state energy between 

two chromophores. Similar experiment on triad and pentad comprises C60 was performed and it 

was found that due to presence of fluorescence quencher as well as electron acceptor C60 the 

emission of the system was totally quenched from both triad and pentad due to efficient electron 

transfer from porphyrins and phthalocyanines to C60, which was further confirmed by transient 

absorption spectroscopy.   

               The kinetics of energy and electron transfer in the dyad and triad has been studied by 

using femtosecond transient absorption spectroscopy. The singlet excited state species from ZnP 

and ZnPc has been probed by femtosecond laser pulses at 420 and 650 nm. On photoexcitation 

of ZnP, a bleaching around 550 nm and a broad absorption between 570 and 750 nm was 

observed and attributed to singlet excited state of ZnP. This singlet excited state of ZnP generates 

energetically low lying triplet excited state of ZnP via intersystem crossing by producing 475, 580, 

625, and 845 nm peaks in transient absorption spectrum. The singlet excited state of ZnPc has 
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been characterized by monitoring the peak at 490 nm followed by bleaching at 610 and 685 nm 

and a broad absorption in near IR region between 700 to 1100 nm.  

          Next, on selective excitation of ZnP of the triad ZnP – ZnPc – C60, the transient peak of ZnP 

decay rapidly to generated singlet zinc phthalocyanine excited state (1ZnPc*) by energy transfer 

mechanism which was characterized by maxima at 490 nm and minima at 615 and 685 nm. 

Further the electron transfer takes place from 1ZnPc* to C60 to generate charge separated radical 

ion pair by forming the peaks around 520 and 840 nm corresponds to ZnPc.+ radical cation while 

a peak around 1020 nm corresponds to C60
.- radical anion to generate ZnP-ZnPc.+-C60

.-.  

               In the case of first pentad (H2P)2 – ZnPc - (C60)2, on photoexcitation of H2P, generates 

singlet excited state of 1H2P* which decays rapidly to form singlet excited state 1ZnPc* which was 

characterized by maxima at 490 and 810 nm and minima at 630 and 700 nm. Next, the photo 

induced electron transfer occurs from 1ZnPc* to C60 which was characterized by maxima at 530 

and 840 nm corresponds to ZnPc radical cation and 1000 nm corresponds to C60 radical anion. 

Similar results were obtained on photo excitation of (ZnP)2 – ZnPc - (C60)2 pentad where the 

intramolecular energy transfer from ZnP to ZnPc followed by electron transfer to C60 occurs to 

generate ZnP2 - (ZnPc.+) – C60
.-) – C60 radical ion pair which was further studied and confirmed by 

transient absorption spectroscopy as mentioned above.  

               The advantage using multi chromophoric system is to harvest a wide range of solar 

spectrum for optical and photovoltaic applications. Scientist have tried many supramolecular 

assemblies bearing donor and acceptor systems non-covalently to harvest light energy. Periera 

et. al. have designed porphyrin phthalocyanine conjugates linked covalently through pyrrolic 
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positions of porphyrins and assembled with axial metal coordination with two different 

pyridylfulleropyrrolidine as shown in the figure 1.45.72 

   

 

Fig. 1.45 Supramolecular assembly of porphyrin-phthalocyanine dyad axially coordinate with 
pyridyl C60. Adapted from reference 72. 

 

               The absorption study revealed the presence of intense soret band of porphyrin around 

425 nm while an intense band at 680 nm corresponds to phthalocyanines of the dyad. The red 

shift of both of the bands (3 – 5 nm) compared with individual entity confirms the ground state 

electronic interaction between two macro cycles in the dyad. Further the fluorescence study of 

the dyad shows the singlet excitation transfer from porphyrin to phthalocyanine on selective 

excitation of porphyrin. The energy transfer has been confirmed by observing significant 

quenching of porphyrin emission and appearance of phthalocyanine emission on porphyrin 
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excitation. Next, red shift of soret band of porphyrin moiety by 5 nm with appearance of 

isosbestic points on addition of PyC60 to the solution of ZnP – ZnPc dyad, confirmed the formation 

of supramolecular assembly through metal ligand axial coordination. Significant quenching of any 

fluorescence emission from the dyad after axial coordination of C60 indicates the occurrence of 

photo induced singlet excited energy transfer from porphyrin to phthalocyanine followed by 

electron transfer to an acceptor C60, which further studied by transient absorption spectroscopy. 

               Upon photoexcitation of the complex by 420 nm, different singlet excited state of 

porphyrins were observed around 450 and 600 nm as a maxima and between 520 and 580 nm as 

minima which was short lived and transfer excess energy rapidly to ZnPc to form singlet excited 

zinc phthalocyanine (1ZnPc*). Subsequently, an intramolecular electron transfer takes place from 

1ZnPc* to axially coordinated PyC60 to generate radical cation of ZnPc.+ and radical anion of PyC60
.- 

which were characterized by observing 840 and 1000 nm peaks respectively in transient 

absorption spectrum to form long lived charge separated states of ZnP - (ZnPc).+ - pyC60
.-. The life 

time of such system was determined and found as 1.35 ns in toluene.     

 

1.13 Graphene 

               Layers of carbon atoms that have been isolated from graphite are commonly referred as 

graphene. Graphene is a single atom thick flat plane of sp2 hybridized carbon atoms tightly 

arranged in a honeycomb two dimensional (2D) lattice.73 It is the conceptual building block for 

many carbon allotropes from three dimensional graphite to two dimensional graphene, to one 

dimensional carbon nanotubes, to zero dimensional bucky balls. Graphene was quickly 
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recognized as an interesting material because of closely related other materials like graphite, 

fullerenes, and carbon nanotubes. All these materials are closely related with each other with 

graphene for example, graphite = stacked graphene, fullerenes = rapped graphene, and 

nanotubes = roled graphenes, as shown in figure 1.46. When the individual layers of graphite 

which are held together by van der waals forces are isolated to monolayers exhibit extraordinary 

electronic characteristics.  

 

Fig. 1.46 Graphene and its descendants. Top left – graphine, top right – graphite, bottom left – 
carbon nanotubes and bottom right – fullerene. Adapted from reference 74.   

 

Some of the attractive properties of monolayer of graphenes are 100 times greater conductivity 

on the plane compared with interface, high carrier mobilities (˃200,000cm2V-1s-1 at electron 
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densities of 2x1011cm-2), exceptional Young modulus value (˃0.5 – 1 TPa), and large spring 

constants (1 – 5 Nm-1). Besides of all these unique properties to improve and extend the 

applications of graphene, a methodology for a mass scale production is still necessary.74, 75, 76 

 

1.13.1 Common Preparation Methods of Graphene 

               Several methods have been established for graphene preparation, such as 

micromechanical cleavage73, chemical vapor deposition77, graphitization of silicon carbide[78], 

anodic bonding79, unzipping of carbon nanotubes80, reduction of graphene oxide81, liquid phase 

exfoliation of graphite82, electrochemical exfoliation of graphite83, graphite intercalation84, 85 etc. 

and some of the techniques are described here.  

               The majority of the studies have involved the production of graphene by reduction of 

graphene oxide (GO). In 1962, by Boehm et al. found that the chemical reduction of GO in dilute 

alkaline media with hydrazine, hydrogen sulfide or iron salt produced a monolayer of graphene 

contained small amount of hydrogen and oxygen.86 The total number of layers have been 

determined by using transmission electron microscopy (TEM).87, 88 In separate study Morgan and 

Somorjai in 1969, have used low energy electron diffraction (LEED), to investigate the adsorption 

of organic molecules (e.g. CO, C2H4 etc), onto a platinum surface at high temperature. After 

analyzing of LEED data it was able to isolate single as well as multilayer graphene as a result of 

adsorption processes.89, 90 In 1975, Van Bommel et al. have investigate the epitaxial sublimation 

of silicon from single crystal of silicon carbide (0001). At high temperature and ultrahigh vacuum 

a monolayer of carbon, structurally similar with graphene were obtained which further 
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confirmed by LEED and Auger electronic spectroscopy. The multilayer of graphene has also been 

detected based on the experimental conditions employed.91  

               Besides from the epitaxial growth and chemical/thermal reduction of graphene oxide, 

recently used method was michro mechanical exfoliation method. A different source of carbon, 

for example natural graphite, kish graphite (precipitated from molten iron), and highly ordered 

pyrolytic graphite (HOPG) have been used for this method.  In this method a lithographic patterns 

of carbon source has been combined with oxygen plasma etching to create pillars which 

subsequently convert into monolayer of graphene on rubbing.92, 93 In 2004, Geim and Novoselov 

and co-workers have used HOPG surface pressed against a silicon wafer surface (i.e. silicon 

dioxide on silicon), and then removed. The formation of monolayer of graphene then, have been 

characterized by optical microscopy and their electric field.73, 94 

 

1.13.2 Liquid-Phase Exfoliation of Graphene 

               Various experimental methods have been applied to achieve fully exfoliated graphene 

layers which is easier to study and incorporate into many functional materials compared with 

multilayer unexfoliated graphene. The ultra-sonication process is one of the technique where it 

produce enough energy to break down the van der waals force of attraction to get exfoliated 

monolayer of graphene. In fact, prolonged sonication results the graphene layer having more 

defects and breakdown of the sheets.95  
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1.13.3 Exfoliation in Organic Solvents 

               According to Hernandez et al., the exfoliation of graphene in organic solvent depends on 

the enthalpy of mixing per volume unit which depends on the balance of graphene used and total 

solvent surface energies82 Based on thermodynamic consideration, it is experimentally 

demonstrated that the exfoliation and dispersion of pristine graphite to graphene is favored for 

the solvent whose surface energy matches with graphite (70 – 80 mJm-2).96 In this direction amide 

bonding solvents were found most effective for graphene dispersion for example N,N-

dimethylformamide (DMF), and N-methyl-1,2-pyrrolidone (NMP). By ultra-sonication of 

graphene in this solvents at the concentration of 0.01mg mL-1 yields 1% of monolayer. Following 

the same strategy, many solvents for example ortho-dichlorobenzene, perfluorinated aromatic 

molecules, and pyridine have been used for isolation of monolayer of graphene by ultra-

sonication.97 The resulting dispersions showed significantly high yield by using combination of 

sonication and centrifugation.98 

 

1.13.4 Graphene Dispersion in Surfactant Solutions  

               Coleman and coworkers have successfully synthesized water soluble graphene by 

aqueous phase exfoliation of graphite in the presence of the surfactant sodium cholate. A stable 

dispersion of graphene was obtained by low power sonication for 400 hours followed by 

centrifugation. The TEM study shows the presence of multilayer graphene along with 20% of 

monolayer graphene.99 The dispersion percentage of graphene also depends on the use of ionic 
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or non-ionic surfactants. The ionic surfactants have higher magnitude of electrostatic potential 

energy, which stabilizes surfactant coated flakes against aggregation.100 

 

1.14 Graphene Functionalization 

1.14.1 Covalent Functionalization 

               The functionalization of pristine graphene sheets with organic functional groups has 

been developed for several purposes. The dispersibility of graphene in common organic solvents 

and water is one of the most applied area of graphene research. This has been achieved by 

attaching some of the selective organic molecules on graphene.101 The advantage over the use 

of graphene/organic functionalized hybrid including certain organic chromophores is to 

formation of nanocomposite material including graphene. In most of the cases the covalent 

functionalization of graphene causes the perturbation of extended aromatic surface of graphene 

that enables the control over its electronic properties. The development of new band gap on 

graphene through chemical doping is one of the effective method for the use of graphene in 

nanoelectronic devices.95    

               The existence of sp3 hybridized carbon atoms after functionalization in the lattice of 

graphene is essentially classified as defects that can be either on the basal edges or in the plane. 

The ratio of sp2 and sp3 hybridized carbon atoms in the lattice indicates the degree of covalent 

functionalization over the graphene surface.  This ratio is estimated by using Raman spectroscopy 

as the ID/IG ratio, where ID and IG are the intensities of the peaks at 1350 and 1580 cm-1, which 

basically corresponds the number of sp3 and sp2 carbon atoms respectively.102, 103 Some of the 
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well stablished reaction pathways for covalently functionalized graphene are a) 1,3-dipolar 

cycloaddition reaction via azomithine ylide104 b) [2+2] cycloaddition of aryne105 c) Nitrene 

cycloaddition,106 d) Aryl diazonium salt addition,107 e) Friedel Craft’s acylation,108 f) Bingel 

Cyclopropanation reaction.109  

 

1.14.2 Non-Covalent Functionalization of Graphene 

               Graphite is the natural and inexpensive large scale source of graphene sheets. The 

achievement of single layer of graphene is tedious because of strong 𝜋 – 𝜋 stacking nature 

between the layers. Non-covalent functionalization with different organic compounds by using 

𝜋-interaction over the surface of graphene is an attractive synthetic method because it offers the 

graphene functionalization without disturbing the electronic network. Graphene is a 𝜋 – system 

and its use is essence during non-covalent functionalization.110 Extensive study has been 

conducted in this field to understand and develop functional nanomaterial based on 𝜋 – 

complexes including nonpolar gas – 𝜋 interaction, H – 𝜋 interaction, 𝜋 – 𝜋 interaction, cation – 𝜋 

interaction and anion – 𝜋 interaction. 111, 112 Extensive investigation have been done regarding 

the energetic and geometrical significance of 𝜋 – 𝜋 interaction. The 𝜋 – 𝜋 strength has been 

determined by the combined effect of attractive and repulsive forces. This is an intriguing non-

covalent interaction over the surface of graphene where the negatively charged and diffused 

electron clouds of the 𝜋 systems exhibit an attractive interaction. This interaction is 

predominated by dispersion interaction when both 𝜋 systems possess similar electron densities. 
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However when one system is electron rich while other is electron deficient, the resulting 

complexes are bound by induction interactions.113, 114 

 

1.15 Graphene hybrid preparation 

1.15.1 Hybrid Preparation via Covalent approach 

               Simple organic chromophores such as porphyrins, phthalocyanines with very interesting 

light responding properties have been covalently attached on graphene. Karausis et al have 

designed zinc phthalocyanine graphene hybrid and studied the materials for photo physics 

properties and electron transfer.115 The graphene exfoliation has been accomplished by tip 

sonication in ortho dichlorobenzene. The custom designed (2-aminoethoxy)(tri-tert-butyl) zinc 

phthalocyanine (ZnPc), which acts as a light driven electron donor has been covalently attached 

on the surface of exfoliated graphene through direct nucleophilic addition reaction of primary 

amine to carbon nanostructured materials as shown in the figure 1.47. The newly formed 

graphene ZnPc hybrid readily dispersed in common organic solvents and characterized by 

complementary spectroscopy techniques and the dynamics of photo induced intrahybrid 

electron transfer has been studied.  

               The morphology of exfoliated graphene-ZnPc hybrid has been studied by using 

microscopy analysis techniques AFM and TEM. The Raman spectroscopy has been used to probe 

the functionalization of hybrid by observing their intense Raman signals. The Raman spectrum of 

exfoliated graphene shows a D-band at 1353 cm-1 and a sharp G-band around 1582 cm-1 which is 

red shifted by 1 cm-1 as compared with pristine graphite. The ZnPc-graphene hybrid shows the 
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similar Raman spectrum with exfoliated graphene but with an enhanced band ratio of ID/IG = 0.35 

for hybrid and 0.19 for graphene due to generation of sp3 carbon atoms on the graphene surface 

upon the attachment of ZnPc.    

 

Fig. 1.47 Structure of covalently functionalized exfoliated graphene sheets with ZnPc in o-DCB. 
Adapted from reference 115. 

    

               The thermogravimetric analysis of ZnPc – graphene hybrid revealed a 12% weight loss in 

the temperature range of 200 – 5000C which has been attributed to the thermal decomposition 

of covalently attached ZnPc on graphene surface. The steady state absorption spectroscopy 

shows an intense characteristic Q band from pristine ZnPc at 683 nm in DMF while in the ZnPc – 

graphene hybrid the same band was red shifted by 2 nm with lower intensity and has broadened. 

This information revealed the formation of hybrid with strong ground state electronic interaction 

between ZnPc and graphene. Further, the excited state emission study has been performed and 
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found that the characteristic strong emission from pristine ZnPc excitation was significantly 

quenched more than 90% in the graphene hybrid. This experiment suggesting the transfer of an 

electron from 1ZnPc* to the graphene in the hybrid which further investigated by using transient 

absorption spectroscopy.  

               The time resolved transient absorption spectra of ZnPc – graphene hybrid were 

measured by femtosecond laser flash photolysis in deaerated benzonitrile solution by using laser 

pulse excitation of 393 nm. In the transient absorption spectra, the peak around 590 nm was 

observed corresponds to 1ZnPc*, which is overlapped with ground state bleaching peak 680 nm 

from ZnPc moiety and vis-NIR region for the graphene entity. Further, when electron transfer 

process occurs the peak at 590 nm was disappeared followed by the emerging of new peak at 

840 nm corresponds to zinc phthalocyanine radical cation ZnPc.+. This investigation suggests the 

occurrence of intrahybrid light induced electron transfer from 1ZnPc* to graphene in the hybrid 

to form charge separated radical ion pair of ZnPc.+ - graphene.-. The rate of charge separation and 

recombination in the hybrid was calculated and found 1.3x1011 s-1 and 2.3x108 s-1 respectively 

and the lifetime of charge separated state was determined as 4.3 ns.  

 

1.15.2 Hybrid Preparation via Non-Covalent Approach   

               The non-covalent approach of graphene functionalization always attracts in designing 

graphene based functional nanoscale device engineering. This is because in this approach the 

graphene surface has not been disturbed or damaged by strong chemical reactions and it retains 

its electronic as well as carrier mobility upon functionalization without any defects on the surface. 
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Malig et al have designed NIR fluorophore zinc phthalocyanine based PPV oligomer (poly(p-

phenylene vinylene) that has been used for graphene exfoliation and form a hybrid to investigate 

the dynamics of intra hybrid electron transfer on photoexcitation as shown in figure 1.48.116 The 

poly (p-phenylene vinylene) oligomer has been used as a template for several ZnPc molecule and 

also to increase overall 𝜋-𝜋 interaction of the chromophore with graphene. Natural graphite was 

used for graphene source and zinc phthalocyanine comprises oligomeric back bone has been 

used for exfoliation and stabilization of ZnPc (PPV) – graphene hybrid in THF. The formation of 

hybrid has been investigated by different spectroscopic methodologies.   

 

Fig. 1.48 Structure of graphene phthalocyanine hybrid. Adapted from reference 116. 

               First of all, the steady state absorption of the hybrid was recorded in THF and compared 

with pristine ZnPc(PPV) chromophore. The significant broadening and decrease in the intensity 
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of characteristic absorption spectrum from ZnPc(PPV) in hybrid revealed the strong electronic 

interaction between ZnPc and graphene. The quenching of emission intensity from ZnPc(PPV) 

more than 60% on photo excitation in hybrid indicates the occurrence of an efficient electron 

transfer process from 1ZnPc(PPV)* to graphene which was further investigated by transient 

spectroscopy. To probe the morphology of the hybrid AFM and TEM technique has been applied.   

Next the Raman signals from graphite as well as hybrid has been investigated to gain more insight 

of the system. The exfoliated graphite produced three Raman signals at 1351, 1584 and 2720 cm-

1 corresponds to D, G and 2D band respectively. Upon exfoliation, the G band blue shifted by 5 

cm-1, and highly symmetric 2D band was appeared compared with pristine graphite revealed the 

formation of hybrid successfully.  

               The transient absorption and emission spectroscopy has been used to further investigate 

the dynamics of light induced electron transfer in the hybrid. The femtosecond transient 

absorption spectra were collected on excitation at 387 and 700 nm. On photoexciation of hybrid 

shows 670 and 705 nm peaks corresponds to free and bound ZnPc(PPV) and minima at 615 and 

1200 nm corresponds to graphene related transition. All those metastable peaks decay within 4 

ps and generate a characteristic 840 nm peak corresponds to one electron oxidized 

phthalocyanine radical cation ZnPc.+. Furthermore, a broad bleaching was observed in NIR region 

at 1290 nm which corresponds to anion radical peak from graphene to form anion radical of 

graphene.- after accepting an electron from excited ZnPc. The charge separated state on the 

hybrid ZnPc(PPV).+ - graphene.- with life time of 360 ps has been achieved.    
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1.16 Summary 

               The chapter 1 describe the current demographics of global energy supply and demand 

for current as well as future population, highlighting the energy types (renewable and non-

renewable) and alternative energy sources. The limited source as well as an inclement effect on 

health and environment by the use of conventional source of energy for example fossil fuels, 

petroleum products and natural gases has been demonstrated. On the other hand, the solar 

energy has been suggested as the most viable choice to meet our future energy demand out of 

all other renewable sources of energies. By designing chemically and structurally similar artificial 

photosynthetic systems compare with natural analogs, the efficient light energy harvesting 

process has been achieved.  

               The primary events in photosynthesis starts from absorbing light energy by the antenna 

center and transfer that energy to the reaction center to mediate the efficient redox reaction 

which is responsible for the formation of high energy products needed for the plants. Inspired 

from basic light induced phenomenon from natural analog a vast number synthetic artificial 

model system has been designed and executed for harvesting solar energy. To get more insight 

about the light induced events different well stablished photo induced energy and electron 

transfer theories and optimizing parameters for efficient transfer has been proposed. Well-

defined synthetic methods has been applied to design donor acceptor conjugates covalently as 

well as non-covalently to modulate the photo induced events. 

               Recently developed donor acceptor systems based on porphyrins/phthalocyanines/sub-

phthalocyanines as donors while fullerene/graphene as acceptors are illustrated for the mimicry 
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of antenna as well as reaction center in natural photosynthetic systems. Different covalent and 

non-covalent binding motifs has been shown between donor and acceptor systems to accomplish 

light induced energy and electron transfer events. These model systems illustrate that the 

distance, connectivity and geometry play vital role to control the dynamics of light induced 

charge separation and charge recombination processes. Extension on the self-assembly 

approaches, the role of graphene on the dynamics of light induced charge separation and 

recombination has also been demonstrated on graphene based donor acceptor systems.  

 

1.17 Scope of Present Work 

               The major points that mentioned in this thesis can be used to design, synthesis and study 

of various light energy harvesting systems which have potential to harvest the light energy. All 

the advanced organic functional materials mentioned in this section possesses a wide range of 

potential applications not only in the area of light energy harvesting process but also for 

electronic, material, bio-medical, nano-technology, optoelectronic, photodynamic therapy and 

photo-catalysis applications. The adequate explanation of photoinduced energy and electron 

transfer processes along with the selected literature reviews and research achievments in this 

thesis sufficiently provide an insight into the development of new technology to harvest the light 

energy efficiently. 

               The chapter 1 describes the current demographic on energy supply and demand, their 

types (renewable and non-renewable) and possibilities to fulfill the energy demand in future. The 

main theory behind the natural photosynthesis process has been investigated and applied while 
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to design, synthesis and study of various artificial photosynthesis systems. The artificial 

frontrunner advanced functional materials has been discovered by comprehensive study of latest 

scientific achievements and breakthroughs. Chapter 2 explains the detail information of all the 

chemicals and solvents, synthesis of the compounds, characterization, and instrumentation 

techniques.  

               Chapter 3 comprises the design and study of dynamics of light induced energy and 

electron transfer processes via metal-ligand axial coordination. The metallated versions of 

Porphyrins and phthalocyanines and their derivatives have been used as donors while the C60 

fullerenes functionalized with imidazole group used as an acceptor. The supramolecular 

ensemble between donor and acceptor system has been assembled by axial coordination from 

the N-atom of C60 – Imidazole acceptor to the central zinc metal of donor macrocycles. Various 

spectroscopic techniques have been used to monitor the formation of the complex. The kinetics 

of electron transfer process have been confirmed by transient absorption spectroscopies. This 

chapter further devided into four parts. The first part comprises a design and synthesis of 

tetracarbazole zinc phthalocyanine and study their photoinduced energy transfer process from 

carbazole moiety to phthalocyanine followed by a photoinduced electron transfer process from 

phthalocyanine to axially co-ordinated C60 imidazole. The second part comprises the study of an 

efficient photoinduced energy transfer process occurs between the covalently linked ZnP – ZnPc 

dyad through amide linkage later which is used to study the improved supramolecular cell 

performance by axial co-ordination of phenyl imidazole modified TiO2 semiconductor.  The third 

part describes the design and synthesis of broad band capturing supramolecular organic material 

absorbs from UV/Visible to near IR region possessing (TPA)3 – ZnP – ZnPc  pentad. C60 
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functionalized with phenyl imidazole group has been used as an acceptor. A metal – ligand axial 

co-ordination approach has been investigated to study the photoinduced electron transfer 

process within the system. The fourth part describes a V-shaped design and synthesis of 

porphyrin and phthalocyanine conjugate by an ester linkage to study the initial photo induced 

energy transfer process within the system. Later, C60 funtionalized with bipyridine group as an 

acceptor was titrated with V-shaped ZnP – ZnPc dyad and investigated the photoinduced electron 

transfer process within the system via metal – ligand axial co-ordination. The results from this 

chapters are very promising and leading to achieve the long lived charge separated states via 

non-covalent interactions to harvest the light energy.  

               The chapter 4 also devided into two part which basically describes the design and 

synthesis of covalently linked donor acceptor systems and studied their photo-induced energy 

and electron transfer process within the system. The application of covalent approach to design 

donor acceptor conjugates provides a rigidity and predefined geometry to the molecule and 

unidirectional flow of the electron within the system which is also considered as the vital 

component in this study. The first part describes the design and study of two derivatives of PHZ 

– BDP – C60 to investigate its photoinduced electron transfer process where the BDP – C60 moiety 

directly connected with the C – 3 position of PHZ in first derivative and N – position of PHZ in 

another derivative. Further to improve the donor acceptor system the second part of this chapter 

comprises SubPc as a primary electron donor and axially connected C60 as an electron acceptor. 

Three easiliy oxidizable PHZ groups in the periphery of SubPc moiety has been connected to 

facilitate the photo induced electron transfer process via hole shift to achieve a long lived charge 

separated states.     
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               The chapter 5 devided into two parts where it describes the functionalization and 

preparation of graphene hybrid for light energy harvesting applications. The significant role of 

graphene in this field has been achieved and used as a primry building blocks for nano-device 

engineering for energy, electronic, and material applications. In this chapter we studied the 

tuning of electronic properties of graphene based on the properties of the chrmophores used for 

hybrid preparation. The first part comprises the preparation of graphene hybrid with tetrapyrene 

phthalocyanine via 𝜋 – 𝜋 interaction to investigate the photoinduced electron transfer process in 

the hybrid. Since, in this case the chromophore phthalocyanine is an electron donor, hence the 

graphene acts as an electron acceptor. The second part comprises the design and synthesis of 

graphene hybrid with TrisPyrene – SubPc – C60 derivatives via 𝜋 – 𝜋 interaction to investigate the 

photo induced electron transfer process within the system. On photo excitation, in this case the 

C60 which acts as a primary electron acceptor possess anion radical while the SubPc as a primary 

electron donor possess cation radical which later undergoes hole shift to the graphene. Thus 

graphene acts as an electron donor.  

              Finally the chapter 6 summarizes the obtained results and their significance.   
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CHAPTER 2 

MATERIALS AND PHYSICAL METHODS 

               This chapter includes the listing of all the chemicals and solvents employed at various 

stages of research work. General synthetic procedure used for synthesis of porphyrins, 

phthalocyanines, sub-phthalocyanines and fulleropyrolidine as a control compounds are 

discussed here. Further a brief discussion of the physic chemical techniques employed during the 

course of studies is presented here.  

2.1 Materials   

               Buckminsterfullerene, C60 (+99.95%) was from SES Research, (Houston, TX), graphene 

nano powder was purchased from graphene super market, (Calverton, NY). Aldehyde derivatives 

such as methyl-4-formylbenzoate, p-tolualdehyde, 4-diphenylaminobenzaldehyde, 4-hydroxy 

benzaldehyde, 4- carboxy benzaldehyde, pyridine derivatives such as pyridine, 4-dimethylamino 

pyridine, 4-pyridine carboxaldehyde and imidazole derivatives, imidazole, phenyl imidazole, 

pyrrole reagents such as pyrrole, 2,4-dimethyl pyrrole, 4-nitroaniline, boron trichloride (1M in 

xylene), boron trifluoride diethyletherate, 1, 3-dicyclohexyl-carbodiimide, p-chloranil, zinc-

acetate, zinc acetate hexahydrate, Cu powder, Fe powder, 2-(dimethylamino)ethanol, 4-hydroxy 

benzaldehyde, sodium borohydride, Sodium hydride (60% in mineral oil), phthalonitriles such as 

4-iodophthalonitrile, tertbutyl-phthalonitrile, 4-aminophthalonitrile, 4-nitrophthalonitrile, 

amino acids such as sarcosine and amino acid precursors such as ethylene diamine, benzyl 2-

bromo acetate, thionyl chloride, pyrene derivatives such as 1-pyrene butyric acid, 1-pyrene-

boronic acid and palladium catalysts were purchased from Aldrich Chemicals (Milwaukee, WI). 
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All the chromatographic materials silica gel, basic alumina and solvents o-dichlorobenzene, 

benzonitrile dichloromethane, chloroform, toluene, 1,4-dioxane, N,N-dimethylformamide, 

methanol, Propionic acid, acetic acid, acetic anhydride, trifluoroacetic acid hydrochloric acid, and 

sulfuric acid were purchased from Fisher Scientific and used without further purification. 

2.2 Synthesis of control compounds 

5,10,15,20-tetraphenylporphyrin (2a): 

Compound 2a was synthesized by a previously reported procedure.117 In 200 ml of propionic acid, 

18.9 mmol (2.0 g) of benzaldehyde and 18.9 mmol (1.26 g) of pyrrole were added.  The solution 

was refluxed for 45 minutes and the solvent was removed under reduced pressure.  The crude 

product was then washed several times with methanol and dissolved in minimum amount of 

CHCl3/hexane 1:1 and loaded on a basic alumina column and eluted with CHCl3/hexane 1:1.  

Yield: 1.74 g (15 %).  1H NMR (CHCl3-d): 𝛿 (in ppm) 8.85 (s, 8H, pyrrole), 8.13 (m, 6H ortho-phenyl 

H), 7.65 (m, 9H, meta and para-phenyl H) and -2.78 (s, br, 2H, imino H).  UV-Vis (benzonitrile) 

(nm, log Ԑ): 415 (5.43), 511.5 (4.15), 544 (3.82), 589 (3.71), 642 (3.59). Mass (CH3CN): 614.1 

(614.7). 

5,10,15,20-tetraphenylporphyrinatozinc(II), 2b 

Compound 2b was synthesized by metallation of 2a with zinc acetate.  To 0.33 mmol (200 mg) of 

2a in CHCl3, excess of zinc acetate in methanol was added.118 The solution was stirred for 30 

minutes and then concentrated and loaded on a basic alumina column and eluted with CHCl3.  

Yield 0.21 g (93%).  1H NMR (CHCl3-d): (in ppm) 8.93 (s, 8H, pyrrole), 8.2 (d, 6H, ortho-phenyl H) 
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and 7.74 (m, 9H, meta and para-phenyl H). UV-Vis (benzonitrile) (nm, log Ԑ): 418(5.38), 549(3.92), 

618(3.42). Mass (CH3CN): 677.9 (678.1). 

 

Scheme 2.1: Synthetic scheme adopted for compounds 2a and 2b. Adapted from reference 118. 

Synthesis of 2,9,16,23-tertbutylPhthalocyaninato zinc(II), 2c119 

4-tertbutylphthalonitrile and ZnCl2 in the ration of 1:5 has been refluxed in 2-dimethylamino 

ethanol for 12 – 14 hours. After cooling at room temperature, the solvent was removed and 

purified over silica gel column. The desired compound was eluted by CHCl3:Hexanes (50:50 v/v) 

as a dark blue color. Yield – 65%.  1H NMR (CHCl3-d): (in ppm) 1.34 (s, 27H, pyrrole), 7.5 (m, 4H, 

ring-H) and 7.94 (m, 4H, ring H), 8.35 (m, 4H, ring-H). UV-Vis (benzonitrile) (nm, log Ԑ): 683 (5.38), 

549(3.92), 618(3.42). Mass (CH3CN): 802.35. 
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Scheme 2.2 General scheme for synthesis of Zn-Phthalocyanine. Adapted from reference 119. 

N-methyl-2-phenyl-3,4- fulleropyrrolidine (2d).37 a, b 

To a solution of C60 (100 mg, 0.14 mmol) in dry toluene (60 ml), sacrosine (29 mg, 0.26 mmol), 

and benzaldehyde (74 mg, 0.7 mmol) were added.  The combined solution was refluxed for 5 h.  

At the end, the solvent was evaporated under reduced pressure.  The solid was adsorbed on silica 

gel and purified over a silica gel column by using toluene as eluent.  Yield: (25%).  1H NMR 

(CS2:CDCl3 1:1 (v/v)): 𝛿(in ppm) 2.81, (s, 3H, N-methyl H),  4.82 (d, 1H, pyrrolidine H), 5.18 (d, 1H, 

pyrrolidine H),  5.83 (s, 1H, pyrrolidine H), 7.51, 7.35 (m, 3H, phenyl H), 7.88, 7.80 (d, 2H, phenyl 

H), UV-Vis (o-dichlorobenzene): 327.5 and 432 nm. Mass, cald. 853.7, found 854.0. 

 

Scheme 2.3 General scheme for synthesis of fulleropyrrolidines. Adapted from reference 37a. 
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2.3 Physical methods 

Instrumentation 

               The UV-visible spectral measurements were carried out with a Shimadzu Model 1600, 

2550 double monochromator UV-visible spectrophotometer.  The fluorescence emission was 

monitored by using Varian spectrometers.  A right angle detection method was used.  The 1H 

NMR studies were carried out on a Varian 500 MHz or 400 MHz spectrometers.  

Tetramethylsilane (TMS) was used as an internal standard.  Cyclic voltammograms were recorded 

on an EG&G Model 263A potentiostat using a three electrode system.  A platinum button or 

glassy carbon electrode was used as the working electrode.  A platinum wire served as the 

counter electrode and a Ag/AgCl was used as the reference electrode.  Ferrocene/ferrocenium 

redox couple was used as an internal standard.  All the solutions were purged prior to 

electrochemical and spectral measurements using argon gas. The TEM images of the graphene 

and its hybrid has been recorded by Dr. Lawrence D’Souza from King Abdullah University of 

Science and Technology (KAUST), Saudi Arabia. 

               The computational calculations were performed in collaboration with Dr. Melvin E. 

Zandler, Wichita State University and Dr. Paul A. Karr, Wayne State College.  These calculations 

were performed by DFT B3LYP/3-21G(*) methods with GAUSSIAN 98 or 03120 software packages 

on various PCs and a SGI ORIGIN 2000 computer.  The graphics of HOMO and LUMO coefficients 

were generated with the help of GaussView software.  The ESI-Mass spectral analyses of the 

newly synthesized compounds were performed by using a Fennigan LCQ-Deca mass 



101 
 

spectrometer.  Some of the samples for mass analysis has been sent to University of Kansas (KU), 

Lawrence, KS. 

2.4 Time-Resolved Emission and Transient Absorption Measurements 

               The time-resolved emission and transient absorption studies were performed in 

collaboration with Prof. Osamu Ito and Dr. Athula S. D. Sandanayaka, Tohoku University, Sendai, 

Japan, Dr. K. Ohkubo, Prof. S. Fukuzumi, Osaka University, Japan and Dr. Tatu Kumpulainen, Dr. 

Helge Lemmetyinen, Dr. Nikolai V. Tkachenko, Tampere University of Technology, Finland. 

               Femtosecond laser flash photolysis was conducted by using a lark MXR 2010 laser system 

and an optical detection system provided by Ultrafast Systems (Helios). The source for the pump 

and probe pulses were derived from the fundamental output of a Clarklaser system (775 nm, 1 

mJ per pulse, fwhm= 150 fs) at a repetition rate of 1 kHz. A second harmonic generator 

introduced in the path of the laser beam provided laser pulses at 𝜆=410 nm for excitation. The 

second harmonic was generated by using 95% of the fundamental output of the laser, whereas 

5% of the deflected output was used for the generation of white light. Prior to generating the 

probe continuum, the laser pulse was fed to a delay line that provided an experimental time 

window of 1.6 ns with a maximum step resolution of 7 fs. The pump beam was attenuated at 5 

mJ per pulse with a spot size 2 mm in diameter at the sample cell where it was merged with the 

white probe pulse in a close angle (<10°). The probe beam, after passing through the 2 mm 

sample cell, was focused on a 200 mm fiber optic cable that was connected to a CCD spectrograph 

(Ocean Optics, S2000-UV/Vis for the visible region and Horiba, CP-140 for the NIR region) for 

recording the time-resolved spectra (𝜆=420–800 and 800–1200 nm). Typically, 5000 excitation 
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pulses were averaged to obtain the transient spectrum at a set delay time. The kinetic traces at 

appropriate wavelengths were assembled from the time-resolved spectral data.  

               Measurements of nanosecond transient absorption spectra were performed according 

to the following procedure: A deaerated solution that contained the sample was excited by a 

Panther OPO pumped by an Nd:YAG laser (Continuum, SLII-10, 4–6 ns fwhm) at l=430 nm. The 

photodynamics were monitored by continuous exposure to a xenon lamp (150 W) as a probe 

light and a photomultiplier tube (Hamamatsu 2949) as a detector. Transient spectra were 

recorded by using fresh solutions in each laser excitation. The solution was deoxygenated by 

purging with argon for 15 min prior to measurements being recorded.  

               Up-conversion instrument (FOG-100, CDP Corp.) for time-resolved fluorescence was 

used to detect the fast processes with a time resolution of ~200 fs. The primary Ti:sapphire 

generator (TiF-50, CDP Corp.) was pumped by Nd CW laser (Verdi-6, Coherent Inc.), and a second 

harmonic (~410 nm) was used to excite the sample solution in a rotating cuvette. Emission from 

the sample was collected to a nonlinear crystal (NLC), where it was mixed with the so-called gate 

pulse, which was the laser fundamental. The signal was measured at a sum frequency of the gate 

pulse and the selected emission maximum of the sample. The gate pulses were passed through 

a delay line so that it arrived at NLC at a desired time after sample excitation. The emission decay 

curve of the sample was detected by scanning through the delay line. Pump-probe and up-

conversion techniques for time-resolved absorption and fluorescence, respectively, were used to 

detect the fast processes with a time resolution shorter than 0.2 ps. 37 c, d 
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2.5 Photoelectrochemical Studies 

               Photoelectrochemical measurements were carried out in a standard two-compartment 

cell consisting of a working electrode and a Pt wire gauze counter electrode in the electrolyte. 

The electrolyte was 0.5 M LiI and 0.01 M I2 in acetonitrile. In the case of IPCE measurement, a 

monochromator (SM-25, Bunkoh-Keiki Co., Ltd.) was introduced into the path of the excitation 

beam (300-W xenon lamp, Bunkoh-Keiki Co., Ltd.) for the selected wavelength. The lamp 

intensity at each wavelength was determined by using a Si photodiode (Hamamatsu Photonics 

S1337-1010BQ) and corrected. 

 

2.6 Summary 

               In summary free-base and zinc tetraphenyl porphyrin and fullerene derivatives were 

successfully prepared and characterized by proton NMR and ESI-Mass spectroscopy. These 

compounds are used as control compounds in later chapters.  A general description of optical 

absorption, emission, photochemical and electrochemical methods used in the present study will 

be discussed in later chapters.  
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CHAPTER 3 

Photoindiced Energy and Electron Transfer via Metal – Ligand Axial Coordination. 

3.1 Supramolecular Donor – Acceptor Assembly Derived from Tetra Carbazole-Zinc 

Phthalocyanine Coordinated to Fullerene: Design, Synthesis, Photochemical and 

Photoelectrochemical Studies* 

3.1.1 Introduction 

               Photosensitizer entity of the electron donor-acceptor dyads when peripherally 

substituted with secondary electro- or photo-active entities serve as functional molecules to 

mimic the intricate events of photosynthetic antenna and reaction center. That is, when the 

sensitizer is functionalized with suitable redox active molecules they engage themselves in the 

process of electron or hole migration depending on the position of redox states during 

photoinduced electron transfer leading to the generation of long-lived charge separated states 

the key reaction center functionality of photosynthesis. Interestingly, when functionalized with 

suitable fluorophore molecules, they engage in the process of excitation transfer to the photo-

active primary electron donor, thus carrying out the antenna functionality of photosynthesis. In 

some cases, the peripheral substituents also aid-in forming redox-active conducting films without 

perturbing the electronic structure of the sensitizer segment, a key requirement of surface 

modification of donor-acceptor molecules. In recent years, such functional molecules have found 

wide applications ranging from fabricating energy harvesting devices,122 optoelectronic devices, 

logic gates and switches, sensors, etc.123 

*Section 3.1 is reproduced from Chandra B. KC, Navaneetha K. Subbaiyan, and Francis D’Souza, 
Journal of Physical Chemistry C, 2012, 116 (22), 11964-11972, with permission from the 
publisher.  
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               Porphyrins124 and phthalocyanines,125 the synthetic tetrapyrrole macrocycle analogs of 

natural chlorophyll, have extensively been used as photosensitizer electron donor molecules in 

the construction of donor-acceptor dyads and polyads (triads, tetrads, etc.) due to their intense 

absorption and emission, and redox properties coupled with well-established synthetic 

protocols. In most of the successful models, the three-dimensional electron acceptor, fullerenes 

in general and C60 in particular, have proven to be superior electron acceptors due to their 

favorable reduction potentials and low-reorganization energies in electron transfer reactions.  

Accordingly, in fullerene containing donor-acceptor dyads, forward electron transfer occurs in 

the top portion of the Marcus parabola while charge recombination occurs in the inverted region 

of the parabola ultimately producing long-lived charge separated states. Subsequently, several 

light energy harvesting devices have been constructed using tetrapyrrole-fullerene donor-

acceptor dyads and high light-to-energy conversion efficiencies have been reported.122 

interestingly, although, porphyrins have been widely utilized in the construction of relatively 

sophisticated antenna-reaction center mimics; such studies incorporating phthalocyanines have 

been limited, primarily due to the associated synthetic challenges. 

               Carbazole is a tricyclic molecule with two benzene rings fused on either side of a five 

membered nitrogen containing ring.  Among vivid applications including pharmaceuticals, 

agrochemicals, dyes, pigments, etc., carbazoles have been successfully used as a light emitting 

photosensitizer, charge/hole transport material in Organic Light Emitting Diods (OLED) 

applications, and photovoltaic and display devices.126 However, application of carbazole as an 

energy relay (antenna) molecule in sophisticated donor-acceptor polyad assemblies has not been 

reported.  This has been investigated in the present study by covalently linking four entities of 
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carbazoles on the macrocycle periphery of zinc phthalocyanine which was subsequently used to 

build a donor-acceptor system by axial coordination of phenylimidazole functionalized 

fulleropyrrolidine, as shown in Scheme 3.1.1. Singlet excitation transfer from carbazole to zinc 

phthalocyanine and photoinduced electron transfer from singlet excited zinc phthalocyanine 

(produced either by direct excitation or as a result of energy transfer from carbazole) to fullerene 

resulting into relatively long-lived charge separated states have been observed.  Further, 

photoelectrochemical devices have been newly constructed to demonstrate the ability of the 

present donor-acceptor polyad to harvest light energy into electricity in the wide panchromatic 

region.    

 

Scheme 3.1.1 Structure of the newly developed antenna-reaction center mimicking donor-

acceptor polyad comprised of four entities of carbazole, one entity each of zinc phthalocyanine 
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and phenylimidazole functionalized fullerene (C60Im).  The envisioned route of photochemical 

events is shown by the red arrows. The carbazole connection is through the 3 – or 4 – position of 

the phenyl ring on phthalocyanine. The uncertainty is due to the cyclization reaction as shown in 

the scheme 3.1.2.   

 

3.1.2 Experimental Section 

Chemicals.  All the reagents were from Aldrich Chemicals (Milwaukee, WI) while the bulk solvents 

utilized in the syntheses were from Fischer Chemicals.  Tetra-n-butylammonium perchlorate, (n-

Bu4N)ClO4 used in electrochemical studies was from Fluka Chemicals.  The synthesis of C60Im has 

been adopted from ref. 121 

3,6-di-tertbutylcarbazole-phthalonitrile (1a). 3,6-di-tertbutylcarbazole (300 mg, 1.07 mmol), 4-

iodophthalonitrile (305 mg, 1.20 mmol), Cu2O (320 mg, 2.23 mmol), and N,N-dimethylacetamide 

(10 ml, as a solvent) were added sequentially to a 100 ml RB flask under N2 and then heated at 

170 0C on an oil bath for 20 h. Then the mixture was cooled at room temperature and filtered. 

The filtrate was treated with water and dichloromethane. The organic layer was separated and 

dried over sodium sulfate. The obtained organic layer was evaporated and purified by using 

column chromatography on silica gel using hexane: chloroform (60:40 v/v) as eluent.  Yield 250 

mg (57%). 1H NMR (CDCl3: 400 MHz) 8.14 ppm (dd, 2H, Ar-H), 8.09(m, 1H, Ar-H), 8.01(dd, 2H, Ar-

H), 7.52(dd, 2H, Ar-H), 7.42(dd, 2H, Ar-H), 1.42(s, 18H, -CH3) MS found 408.75 [M+H], calculated 

407.55. 

3,6-di-tertbutyltetracarbazole-phthalocycninatozinc(II) (1).  3,6-di-ter-butylcarbazole 

phthalonitrile (250 mg, 0.614 mmol) and ZnCl2 (85 mg,0.615 mmol) were kept in 100 ml RB flask 
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under nitrogen for 20 min. Then dimethylaminoethanol (DMAE) and DCB (1:1, 2 ml each) were 

added into the RB flask and heated at 150 0C for 18 h. A dark green colored phthalocycnine was 

obtained. Then the mixture was cooled at room temperature and centrifuged it with MeOH : H2O 

(80:20 v/v) for about 1 h.  After removing the supernatant, dark green residue was dissolved in a 

minimum of chloroform and purified over silica column using hexane:CHCl3, (30:70 v/v) as eluent. 

Yield 90 mg (34%). 1H-NMR (CDCl3: 400 MHz), 𝛿ppm. 1.40 (m, 72H, carbazole 24-CH3), 7.15 (m, 

8H, carbazole Ar-H), 7.40 (m, 16H, carbazole Ar-H), 7.90 (m, 4H, PcAr-H), 8.00 (m, 4H, PcAr-H), 

8.10 (m, 4H, PcAr-H). MS found 1760.50[M+H], calculated 1759.78. 

 

Scheme 3.1.2 Synthetic route adapted for the preparation of tetracarbazole appended zinc 
phthalocyanine, 1. 
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3.1.3 Steady-State Absorption and Fluorescence Studies 

                Figure 3.1.1 shows the absorption spectrum of 1 along with the control compounds in 

DCB.  The Soret and visible bands of 1 were located at 349, 624 and 691 nm, respectively.  The 

visible bands were found to be red shifted by about 12 nm compared to ter-butyl zinc 

phthalocyanine lacking the carbazole entities.  The absorption maxima of the carbazole entities 

were located at 295 nm as a main band and as shoulder band to the Soret band at 335 nm.  

Interestingly, a new broad band was observed at 478 nm for 1.   

 

Fig. 3.1.1 Normalized to the Q-band absorption spectrum of (i) 1, (ii) ter-butyl zinc 
phthalocyanine, (iii), mixture of four equivalents of carbazole and one equivalent of zinc 
phthalocyanine, and (iv) four equivalents of carbazole in DCB. 
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               A control experiment performed by recording the spectrum of a mixture zinc 

phthalocyanine and four equivalents of carbazole revealed absence of such a band suggesting 

the origin of this band in 1 is due to intramolecular interactions of the carbazole entities with the 

𝜋-system of phthalocyanine macrocycle. Compound 1 when excited at either the Soret or visible 

band positions revealed a main singlet emission band at 707 nm and a weak band at 770 nm.  

These emission bands were found to red shifted by about 17 nm when compared to zinc 

phthalocyanine devoid of the carbazole entities.  Direct excitation at 295 nm of carbazole 

revealed an emission at 361 nm.  When the carbazole entity of 1 was excited this emission band 

was found to be absent, however, the emission of phthalocyanine at 707 nm was apparent, as 

shown in Figure 3.1.2.  In a control experiment, equimolar concentration of zinc phthalocyanine 

was also excited at 295; under such condition, the emission of zinc phthalocyanine at 692 nm 

was found to be about 1/3 of that of 1.  In another control experiment, a mixture of zinc 

phthalocyanine and four equivalents of carbazole were excited at 295 nm, and under these 

conditions, emission of carbazole at 361 nm and zinc phthalocyanine at 692 nm, however, with 

reduced intensity were observed.   
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Fig. 3.1.2  Fluorescence spectrum of (i) 1 (20 𝜇M) (ii) ter-butyl zinc phthalocyanine (20 𝜇M), (iii), 
mixture of four equivalents of carbazole (80 𝜇M) and one equivalent of zinc phthalocyanine (20 
𝜇M), and (iv) four equivalents of carbazole (80 𝜇M) in DCB. 𝜆ex= 295 nm. 

 

               Excitation spectrum of 1 was also recorded by holding the emission monochromator to 

715 nm and scanning the excitation wavelength. Such spectrum revealed peaks corresponding 

to both carbazole and zinc phthalocyanine entities including the new band at 478 nm as shown 

in figure 3.1.3.  These results indicate occurrence of efficient excited state energy transfer from 

carbazole to the zinc phthalocyanine entity in 1. 
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Fig. 3.1.3 Excitation spectrum of 1 and mixture in chloroform. The emission monochromator was 
held at 715 nm corresponding to zinc phthalocyanine emission of 1. 
 

  

3.1.4 Supramolecular Donor-Acceptor Formation via Axial Coordination of Imidazole 

Functionalized Fullerene   

               In recent years, construction of donor-acceptor dyads and polyads to probe 

photoinduced energy and electron transfer has been one of the most successfully methods, 

especially with fullerenes, due to the relative simplicity of this approach.  In the present study, 

we have extended this approach by axially coordinating a phenylimidazole functionalized 

fulleropyrrolidine, C60Im to the zinc center of 1, as shown in Scheme 1.  Figure 3.1.4 shows the 

spectral changes observed during binding of C60Im to 1 in DCB.  Binding of C60Im resulted in blue 

shifted absorption bands accompanied by isosbestic points at 501, 630 and 700 nm indicating 

occurrence of an equilibrium process.  The molecular stoichiometry calculated by mole ratio 

method was found to be 1:1 indicating formation of 1:ImC60 supramolecular complex.  The 
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binding constant was obtained by construing Benesi-Hildebrand plot as shown in Figure 3.1.4 

inset and was found to be K = 7.7 x 105 M-1.  This binding constant is an order of magnitude higher 

compared to similar C60Im binding to other metallotetrapyrroles due to the presence of four 

carbazole entities on the phthalocyanine macrocycle periphery.   

 

Fig. 3.1.4 UV-visible spectral changes observed during increasing addition of C60Im (2 𝜇L of 6.85 
X 10-5 M each addition) to a solution of 1 (3.4 𝜇M) in DCB.  (Inset) Benesi-Hildebrand plot 
constructed to obtain the binding constant.  The absorption changes of the 696 nm band of 1 was 
utilized; I and Io corresponds to the absorbance of 1 in the presence and absence of C60Im.  

  

3.1.5 Computational Study of the Tomplex 

               To gain insight into the molecular geometry and electronic structure, computational 

studies were performed using the DFT B3LYP/3-21G(*) method.  This moderate basis set is known 

to predict the geometry and electronic structures of large supramolecular systems accurately to 
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some extent.  In the present study, the self-assembled assembly was optimized to a stationary 

point on the Born-Oppenheimer potential energy surface.  In the optimized structure of 1:ImC60 

(Figure 3.1.5), the center-to-center distance (dCC) between the Zn center of 1 and center of C60 

was 13.2 Å while the edge-to-edge distance (de-e) was 9.6 Å.  Importantly, although sufficiently 

flexible, no intermolecular interactions between fullerene and the peripheral carbazole entities 

were observed.  The molecular electrostatic potential map as shown in Figure 3.1.5.b revealed 

interesting features.  The electron rich portions at the carbazole sites (reddish) and electron 

deficient portion along C60Im (bluish) were observed.   

 

Fig. 3.1.5 B3LYP/3-21G(*) optimized structure (a), electrostatic potential map (b), HOMO (c) and 
LUMO (d) of the optimized structure of 1:ImC60. 
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The frontier highest occupied molecular orbital (HOMO) was delocalized over the zinc 

phthalocyanine macrocycle with sufficient electron densities over the carbazole region (Figure 

3.1.5.c) while the lowerst unoccupied molecular orbital (LUMO) was fully on the fullerene 

spheroid (Figure 3.1.5.d).  These features establish the electron donor property of 1 and electron 

acceptor property of C60Im, that is, the formation of 1•+-ImC60
•– radical ion-pair during electron 

transfer reactions was envisioned. 

 

3.1.6 Electrochemistry Study 

               The cyclic voltammograms of 1 and 1:ImC60 are shown in 3.1.6.  Compound 1 revealed a 

reversible oxidation E1/2 = 0.16 V vs. Fc/Fc+ corresponding to the oxidation of the zinc 

phthalocyanine macrycycle.  The four carbazole entities on 1 revealed quasi-reversible oxidation 

whole peak position was located at Epa = 1.04 V vs. Fc/Fc+.  The current for this process was nearly 

four times as much as that of zinc phthalocyanine oxidation as a consequence of four carbazole 

entities.  The first two reversible reductions of 1 were located at E1/2 = -1.54 and -1.95 V vs. Fc/Fc+.  

Upon forming the supramolecular complex, 1:ImC60, the first oxidation of zinc phthalocyanine 

entity of 1 was found to be cathodically shifted by 30 mV and appeared at E1/2 = 0.13 V vs. Fc/Fc+ 

while the first reduction of C60Im was located at E1/2 = -1.16 V vs. Fc/Fc+, not significantly different 

from its reduction potential prior forming the coordination complex.  The second and third 

reductions of fullerene were found to be overlapped with the first and second reductions of 1 in 

the supramolecular complex.   
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Fig. 3.1.6  Cyclic voltammograms of 1 (dark and red lines) and 1:ImC60 (blue line) in DCB containing 
0.1 M (n-Bu4N)ClO4.  Scan rate = 100 mV/s. 

 

               The energies of the radical ion pair (RIPs), 1•+-ImC60
•– in which one electron transfer from 

the central zinc phthalocyanine to the C60 entity was calculated as ERIP =1.29 eV, using the first 

EOX of 1 and first ERED of fulleropyrrolidine according to Weller’s approach. In these calculations, 

the electrostatic term was neglected as a first approximation.  Here, the free-energy changes for 

the charge recombination (CR) process, 𝜟GCR is equal to -ERIP. The free-energy change for charge 

separation (CS), the 𝛥GCS value was evaluated to -0.46 eV as the difference between the singlet 

excitation energy of the 1 being 1.75 eV and ERIP. In agreement with earlier reports, the negative 

𝛥GCS values indicate the CS process to be exothermic, positioned near the top region of the 

Marcus parabola, while the 𝛥GCR value suggests the CR process to belong to the inverted region 

of the Marcus parabola. 
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3.1.7 Photochemistry Study 

               The occurrence of efficient singlet excited energy transfer from the appended carbazole 

to the central zinc phthalocyanine has been discussed in the previous section.  When excited at 

either the Soret or visible bands of 1, zinc phthalocyanine revealed an emission with a main band 

centered at 716 nm with a shoulder band located at 784 nm.  Addition of C60Im quenched the 

emission intensity drastically suggesting occurrence of intrasupramolecular photochemical 

events (Figure 3.1.7).  The quenching data was further used to evaluate the binding constant by 

constructing a Benesi-Hildebrand plot.  A relatively large value of K = 7.5 x 105 M-1 the magnitude 

of which was in agreement with the earlier discussed K value from absorption studies (Figure 

3.1.4 inset).  The observed quenching could result from either the occurrence of photoinduced 

energy transfer or photoinduced electron transfer.  The lack of fulleropyrrolidine absorption at 

the emission wavelength of zinc phthalocyanine and higher exothermicity for photoinduced 

electron transfer suggested that the excited energy transfer process is not the main quenching 

mechanism.127  
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Fig. 3.1.7  Steady state fluorescence spectra of 1 (3.4 𝜇M) upon increasing addition of C60Im (2 
𝜇L of 6.85 X 10-5 M each addition) in DCB, excited at 495 nm. The figure insets shows Benesi-
Hildebrand plot constructed to obtain the binding constant;  I and Io corresponds to the emission 
intensity of 1 in the presence and absence of C60Im.  

 

 3.1.8 Fluorescence Life Time Measurement 

                Further, the fluorescence life time of 1 in the presence of C60Im was measured to realize 

the dynamic and not the static nature of the quenching process as shown in the figure 3.1.8.  

Pristine 1 revealed a monoexponential decay in DCB with a lifetime of 2.48 ns.  Upon complexing 

C60Im by its increasing addition, the decay became biexponential with a fast decaying component 

of about 0.3 ns and a slow decaying component with lifetime nearly equal to that of the pristine 

1.  The amplitude of the former increased with increased addition of C60Im while the latter 

decreased.  These results suggest the existence of complexed and uncomplexed species in 
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solution during the titration process.  By assuming that the photoinduced electron transfer is the 

quenching mechanism, the kinetics of charge separation was evaluated using equation 3.1.1 

below. 

kCS – 1/𝜏complex – 1/𝜏ref   (3.1.1)  

where 𝜏complex and 𝜏ref refer to the lifetimes of the complexed species (fast decay component) 

and pristine 1, respectively.  The kCS thus calculated was found to be 2.8 x 109 s-1 indicating a 

relatively fast charge separation process in the assembled donor-acceptor system.   

 

Fig. 3.1.8  Time correlated single photon counting (TCSPC) fluorescence emission decay of 1 (3.4 
𝜇M, blue line) on increasing addition of C60Im (0.4 eq. each addition) in DCB.  The samples were 
excited using a 494 nm Nano-LED (~200 ps pulse width) and the emission was collected at 715 
nm corresponding to zinc phthalocyanine entity of 1. Time calibration factor was 0.439 
ns/channel, and the nanoled sync delay was 60 ns. 
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3.1.9 Nano-Second Transient Absorption Spectroscopy 

               In order to further establish the occurrence of photoinduced electron transfer, 

nanosecond transient absorption measurements were performed as shown in figure 3.1.9.   

Figure 3.1.9. a shows transient spectral data in the near-IR region where the radical species of 1•+ 

and ImC60
•– are expected occur and not the triplet excited states of the fluorophores (580 nm for 

excited triplet state of zinc phthalocyanine and 700 nm corresponding to triplet state of 

fullerene).  Two transient absorption bands, one located at 890 nm and the second one centered 

at 1000 nm, diagnostic of zinc phthalocyanine cation radical and fullerene anion radical were 

observed providing ultimate proof for the formation of 1•+:ImC60
•– radical ion species.  The time 

profile of these bands as shown in Figures 8b and c revealed almost the same rise and decay time 

constants.  The rise of these bands was less than 7 ns, that is, within the width of the nanosecond 

laser pulse in accordance with the earlier discussed kCS values.  The time constants for the decay 

of the 890 and 1000 ns transient bands were almost the same.  There was also a slow decay 

component (microsecond time scale), however, independent experiments performed on 1 

revealed the presence of the tail of the triplet absorption band of zinc phthalocyanine in this 

wavelength region with almost the same time constant.  The first order decay constant for both 

the transient bands calculated was found to be 1.6 + 0.2 x 107 s-1 indicating persistence of the 

radical ion species to some extent.   

 



121 
 

 

Fig. 3.1.9 Nanosecond transient absorption spectra observed by the 532-nm laser irradiation (ca. 
3 mJ/pulse) of 1 (0.1 mM) in the presence of C60Im (1. eq) in N2-saturated DCB (b and c).  
Absorption time profiles of the 890 and 1000 nm bands; red lines are the first-order fitting curves. 

 

3.1.10 Photoelectrochemical Studies 

              The ability of the present donor-acceptor to harvest light energy was investigated by 

constructing photoelectrochemical cells.  For this, the polyad and control compounds were 

electrophoretically deposited onto nanocrystalline SnO2 modified fluorine doped tin oxide (FTO) 

optically transparent electrode.128 We have used nanocrystalline SnO2 instead of TiO2 due to the 
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presence of fullerene in our system.  That is, fullerene on TiO2 surface is known for its little or no 

charge injection capability due to high lying conduction band of TiO2.  However, although 

photocells built on well-engineered SnO2/dye surfaces are known to give very high IPCE values, 

they usually suffer from poor photovoltage which is often ascribed to the presence of hydroxyl 

groups in SnO2.  Thus, the proof of concept solar cells described here are aimed at providing 

insights as solar materials, further surface engineering efforts are needed to improve the overall 

light energy conversion efficiency. 

               The monochromatic incident photon-to-current conversion efficiency (IPCE), defined as 

the number of electrons generated by light in the outer circuit divided by the number of incident 

photons, was determined according to Equation (3.1.2)129  

IPCE(%) = 100 × 1240 × ISC(mA cm-2)/[𝜆(nm) × Pin(mW cm-2)] (3.1.2) 

where ISC is the short-circuit photocurrent generated by the incident monochromatic light and 𝜆 

is the wavelength of this light with intensity Pin.  The photocurrent action spectrum of the 

FTO/SnO2 modified electrodes in a mediator solution of 0.5 M (TBA)I and 0.05 M I2, in 

acetonitrile, with a Pt foil as the counter electrode, is shown in Figure 3.1.10.a.  The spectra 

resembled those of the absorption spectra shown in Figure 3.1.1 covering both visible and near-

IR spectral region.  The employed electrophoretic deposition method was found to be especially 

suited here as good coverage/adhesion was observed, as shown by the pictures of the electrodes 

in Figure 3.1.10.b. A steady cathodic photocurrent was observed when the electrodes were 

illuminated, and reproducible photocurrents were observed during on-off photo switching 

revealing the robustness of the dye material developed here (Figure 3.1.10.b).  The short circuit 

current, ISC ranged between 0.3 and 1.4 mA/cm2 while the open circuit potential, VOC was around 
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0.2 V.  Importantly, photocurrents obtained was three times as much as that obtained for either 

1 or C60Im modified electrodes.  

 

Fig. 3.1.10 (a) Incident photon-to-current conversion and (b) photoswitching plots of FTO/SnO2 
(dark line), FTO/SnO2/1:ImC60 (green), FTO/SnO2/C60Im (blue), and FTO/SnO2/1 (red) electrodes 
in DCB containing I3

−/I− (0.25 M BMII, 0.25 M LiI, and 0.05 M I2) redox mediator using an AM 1.5 
simulated light source with a 350 nm UV cut off filter. (a) Difference spectrum obtained by 
subtracting photocurrents of FTO/SnO2/C60Im from FTO/SnO2/1:ImC60 (magenta) to visualize 
enhanced photocurrents due to charge separation in the donor−acceptor dyad. (b, bottom) 
Picture of the electrodes modified by electrophoretic deposition of the investigated compounds. 

 

3.1.11 Electrochemical Impedance Studies. 

               In order to further understand the FTO/SnO2/1:ImC60 interface, electrochemical 

impedance studies (EIS) were performed since this technique has been a useful tool to estimate 

electron recombination resistance and to know the of dye regeneration efficiency.130 Figure 

3.1.11 shows EIS results; both FTO/SnO2/1:ImC60 and FTO/SnO2/1 electrodes revealed high 

resistance under dark conditions compared to the values under illumination.  The recombination 

resistance under dark conditions for FTO/SnO2/1:ImC60 and FTO/SnO2/1 were 103 and 66 𝛺cm2, 
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respectively, while these values under AM1.5 light conditions at Voc were 86 and 62, 𝛺cm2, 

respectively.  The decrease in the recombination resistance under light can be attributed to 

increased local concentration of I3- due to the regeneration of dye molecule by iodide near to 

the dye electrode-interface. That is, photo-regeneration of FTO/SnO2/1:ImC60 is much efficient 

compared to FTO/SnO2/1, a result that agrees well with the cell efficiency measured by the IPCE 

curves in Figure 3.1.10 and persistence of charge separated state by the transient spectral studies 

in solution. 

 

Fig. 3.1.11 Impedance spectra (Nyquist plot) measured at the respective open-circuit potential 
(VOC) of FTO/SnO2/1:ImC60 (red and blue) and FTO/SnO2/1 (green and black) in the dark (red and 
green) and under AM1.5 light conditions (blue and black), respectively. (Inset) Equivalent circuit 
diagram used to fit the experimental data. 
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3.1.12 Summary 

               The newly synthesized and assembled tetracarbazole-zinc phthalocyanine-fullerene 

polyad served as a photosynthetic antenna-reaction center mimic.  For the first time, the 

utilization of carbazole as an antenna relay in photosynthetic model compounds has been 

established in the present study.  Occurrence of photoinduced energy transfer from singlet 

excited carbazole to zinc phthalocyanine and photoinduced electron transfer from singlet excited 

zinc phthalocyanine to fullerene is established from time resolved emission and transient 

absorption techniques.  The measured kinetics of charge separation and charge recombination 

from these techniques revealed that the charge separation state persists to some extent in this 

polyad thus giving an opportunity to build light energy harvesting solar cells.  Subsequently, solar 

cells constructed on FTP/SnO2 surface revealed higher light energy conversion efficiency covering 

wide panchromatic region and robust nature of the devices.  The electron recombination 

resistance calculations based on electrochemical impedance spectral measurements revealed 

better charge injection from the excited polyad to the conduction band of the semiconductor.  

Further studies towards improved the charge stabilization in donor-acceptor polyads and 

accomplishing better light energy conversion efficiency of built solar cells are in progress in our 

laboratory. 
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3.2 Sequential Photoinduced Energy and Electron Transfer Directed Improved Performance of 

the Supramolecular Solar Cell of a Zinc Porphyrin-Zinc Phthacyanine Conjugate Modified TiO2 

Surface* 

  3.2.1. Introduction 

               Photoinduced energy and electron transfer are key processes of photosynthesis and has 

attracted significant scientific attention in order to prepare artificial photosynthetic systems, 

molecular logic switches and gates, wires for photonic systems and energy harvesting 

photovoltaic devices, to name a few their diverse applications.  The presence of porphyrins in 

natural photosynthetic systems has assured their dominance as electron donors in model 

compounds.15  However, phthalocyanines are increasing their presence in such systems due to 

the special features they display, e. g., enhanced absorptive cross section at wavelengths 

corresponding to maxima of solar spectrum including near-IR, relatively easier oxidation, higher 

fluorescence quantum yield (6-10 times larger), and higher rigidity and photo stability compared 

to porphyrins. Consequently, they have been often used in developing electrocatalysts, infrared 

sensors, nonlinear optical materials, and photodynamic therapy agents.   

               A combination of porphyrin and phthalocyanine macrocycles offer interesting conjugate 

structures for various reasons.131 A noteworthy observation is that these molecules have 

complementary absorptions in the visible region and the emission spectra of phthalocyanines do 

not significantly overlap with those of porphyrins.   

*Section 3.2 is reproduced from Chandra B. KC, Kati Stranius, Preston D’Souza, Navaneetha K. 

Subbaiyan, Helge Lemmetyinen, Nikolai V. Tkachenko, and Francis D’Souza.  J. Phys. Chem. C, 

2013, 117 (2), 763–773 with permission from the publisher.  
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               Consequently, such molecular dyads and polyads (triads, tetrads, pentads, etc.) with 

good spectral coverage in the blue and red wavelengths are ideal for building light energy 

harvesting architectures.  A literature survey shows that both covalent and noncovalent 

strategies including host-guest ion-pairing and axial coordination have been effectively used to 

build such architectures. Different types of rigid and flexible spacers have been used to covalently 

connect the chromophores.Ultrafast photoinduced energy transfer from singlet excited 

porphyrin to phthalocyanine with efficiency depending on the relative orientation and distance 

between the chromophores have been reported.  However, usage of such porphyrin-

phthalocyanine conjugates to build organic solar cells to exploit their combined spectral features, 

and probe any new mechanism of photocurrent generation that they may offer are limited to 

only one study involving ion-paired dimers. In the present study, we have undertaken a task of 

building solar cells using covalently linked porphyrin-phthalocyanine conjugates with the help of 

self-assembled supramolecular methodology for device construction. 

               Scheme 3.2.1 shows the structure of the newly synthesized porphyrin-phthalocyanine 

dyads and triad conjugates.  To ensure solubility of the compounds, tolyl groups on porphyrin 

and t-butyl groups on the phthacyanine macrocycle periphery are introduced.  We have 

intentionally used semi-flexible amide bond to connect the two macrocycles.  The presence of 

two phthalocyanine macrocycles in the triad was to envision the effect of increased 

phthalocyanine rings on the efficiency of energy transfer from singlet excited porphyrin to 

phthalocyanines.  As part of the study, first, photoinduced processes originating in these 

conjugates, relevant to solar cells, were investigated in solution.  Next, solar cells were built by 

using semiconducting TiO2 nanoparticle surface functionalized with 4-carboxyphenylimidazole. 
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The imidazole entity here served as a coordinating ligand to zinc porphyrin of the conjugates.  It 

has been possible to demonstrate improved performance for the dyad modified electrode 

compared to either zinc porphyrin or zinc phthalocyanine monomer modified electrodes as a 

result of the occurrence of sequential photoinduced energy and electron transfer process. 

 

Scheme 3.2.1 Structure of the Newly Synthesized Porphyrin−Phthalocyanine Conjugates in the 
Present Study to Build Supramolecular Solar Cells. 
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3.2.2 Experimental Section 

Chemicals   

All of the reagents were from Aldrich Chemicals (Milwaukee, WI) while the bulk solvents utilized 

in the syntheses were from Fischer Chemicals.   

Synthetic procedure of dyads and triad  

5-(4-carboxyphenyl)-10,15,20-tris(tolualyl)porphyrin (5): - p-Tolualdehyde (1.17 ml, 9.99 mmol), 

4-formylbenzoic acid (500 mg, 3.33 mmol) and pyrrole (0.924 ml, 13.32 mmol) were added in 500 

ml of RB flask containing 250 ml of propionic acid and whole mixture was refluxed for four hours. 

After removing the solvent by distillation, the black colored crude compound was purified by 

silica column. The desired compound was obtained as a second fraction eluted by chloroform: 

methanol (90:10 v/v). Yield. Mass- 300 mg (12.8%). 1H NMR (CDCl3: 400MHz), 𝛿 ppm:-  -2.45 (s, 

2H, -NH), 2.75 (s, 9H, -CH3), 7.55 (d, 6H, phenyl H), 8.10 (dd, 6H, phenyl H), 8.30 (d, 2H, phenyl-

H), 8.45 (d, 2H, phenyl H), 8.82 (d, 2H, pyrrole), 8.92 (m, 6H, pyrrole-H). Mass-ESI [M+H]+, 

obtained- 701.5, calculated- 700.83. 

[5-(4-carboxyphenyl)-10,15,20-tris(tolualyl)porphyrinato]Zinc(II) (6): - Compound 5 (200 mg, 

0.28 mmol) was dissolved in chloroform (30 ml) and methanol (20 ml) in 100 ml RB flask and then 

zinc acetate (185 mg, 0.90 mmol) was added and whole mixture was refluxed until free base 

porphyrin was metallated which was checked by UV-Vis spectrum which showed disappearance 

of the 512 nm band of free-base porphyrin. After evaporation of solvent, the crude compound 

was purified by silica column and desired compound was eluted by chloroform: methanol (95:5 

v/v), Yield- 180 mg (84%). 1H NMR (CDCl3: 400 MHz) 𝛿ppm, 2.70 (s, 9H, -CH3), 7.60 (d, 6H, phenyl 
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H), 8.15 (dd, 6H, phenyl H), 8.25 (d, 2H, phenyl-H), 8.45 (d, 2H, phenyl H), 8.85 (d, 2H, pyrrole), 

8.95 (m, 6H, pyrrole-H). Mass-ESI  [M+H]+, obtained-765.60, calculated-764.22. 

5,15-bis(4-carboxyphenyl)-10,20-bis(tolualyl)porphyrin:- (7a):- p-Tolualdehyde (0.785 ml), 4-

formylbenzoic acid (1 gm, 6.66 mmol) and pyrrole (1.84 ml, 26.64 mmol) were added in 500 ml 

of RB flask containing 200 ml of propionic acid and whole mixture was refluxed for four hours. 

After removing the solvent by distillation, the black colored crude compound was purified by 

flash column of alumina. The desired compound was eluted by chloroform: methanol (70:30 v/v).  

Yield- 280mg (6%).  1H NMR (DMSO-d, 400 MHz) 𝛿 ppm,  -2.40-2.95 (s, broad, 2H, -NH), 2.60 (s, 

6H, -CH3), 7.55-7.65 (d, 4H, phenyl H), 8.10-8.20 (d, 4H, phenyl H), 8.40 (d, 8H, phenyl H), 8.85 

(dd, 8H, pyrrole H). Mass-ESI, obtained- 731.45, calculated-730.81. 

[5,15-bis(4-carboxyphenyl)-10,20-bis(tolualyl)porphyrinato]Zinc(II) (7):-  Compound 7a (250 

mg, 0.34 mmol) was dissolved in chloroform (30 ml) and methanol (20 ml) in 100 ml RB flask and 

then Zn acetate (225 mg, 1.02 mmol) was added and whole mixture was refluxed until free base 

porphyrin was metallated which was checked by UV-Vis spectrum which showed disappearance 

of 512 nm band of free-base porphyrin. After evaporation of solvent, the crude compound was 

purified by alumina column and desired compound was eluted by chloroform: methanol (80:20 

v/v). Yield- 150 mg (55%). 1HNMR (DMSO-d, 400 MHz) 𝛿 ppm, 2.60 (s, 6H, -CH3), 7.55-7.65 (d, 4H, 

phenyl H), 8.10-8.20 (d, 4H, phenyl H), 8.40 (d, 8H, phenyl H), 8.90 (dd, 8H, pyrrole H). Mass-ESI, 

obtained- 795.65, calculated- 794.20. 

2-amino-9,16,23-tri-tertbutylphthalocyaninatoZinc(II) (8):- 4-t-Butylphthalonitrile (695 mg, 3.77 

mmol), 4-aminophthalonitrile (90 mg, 0.62 mmol) and ZnCl2 (257 mg, 1.90 mmol) were kept in 

100 ml RB flask under N2 for 20 min. Then DMAE (4 ml) was added and whole mixture was heated 
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at 150 0C for 18 h. After cooling the mixture at room temperature, the solution was dissolved 

with methanol and centrifuged for 1.5 h. The obtained green colored residue was dissolved in 

minimum of chloroform and purified by silica column. The desired compound was obtained as a 

second fraction eluted by chloroform. Yield- 120 mg (25%).  1HNMR (CDCl3-d, 400 MHz), 𝛿 ppm, 

1.50 (m, 27H, -CH3), 7.20 (m, 4H, Ar-H), 7.70 (m, 4H, Ar-H), 7.90 (m, 4H, Ar-H). Mass-ESI. [M+H]+, 

obtained- 762.50, calculated-761.27.  

5-[2-amido-9,16,23-tri-tertbutylphthalocyaninatoZinc(II)]-10,15,20-tris(tolualyl)porphyrin (2): 

Compound 5 (120 mg, 0.17 mmol) was dissolved in 20 ml of toluene in 100 ml RB flask under N2. 

Then thionyl chloride (0.24 ml, 3.40 mmol) and pyridine (0.27 ml, 3.4 mmol) were added into the 

RB flask and refluxed for 3 h. After cooling the mixture at room temperature, the solvent was 

evaporated to get the green colored H2P-acyl compound. Without further purification, H2P-acyl 

compound was dissolved in 20 ml of toluene under N2. Then pyridine (0.886 ml, 10.96 mmol) 

and 8 (130.34 mg, 0.17 mmol) were added and stirred for 18 h at room temperature. After 

evaporation of solvent, the crude compound was purified by silica column. The desired 

compound was eluted by CHCl3:MeOH (95:5 v/v). Yield – 30mg (12.2%).  1H NMR (CDCl3: 400 

MHz), 𝛿 ppm. -2.43 (s, 2H, -NH), 1.20-1.85 (m, 27H, t-butyl Pc-H), 2.90 (s, 9H, tolualyl P-H), 7.5 

(m, 6H, Por-H), 7.95 (m, 3H, Pc-H), 8.10 (m, 4H, Por-H), 8.25 (m, 6H, Por-H), 8.70-8.90 (broad, 8H, 

pyrrole H), 9.40-9.60 (broad, 9H, Pc-H). Mass-ESI [M+CH3OH]+, obtained- 1476.95, calculated-

1444.10. 

{5-[2-amido-9,16,23-tri-tertbutylphthalocyaninatoZinc(II)]-10,15,20-

tris(tolualyl)porphyrinato}Zinc(II)  (3):- Compound 6 (120 mg, 0.15 mmol) was dissolved in 20 ml 

of toluene in 100 ml RB flask under N2. Then thionyl chloride (0.21 ml, 3.0 mmol) and pyridine 
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(0.24 ml, 3.0 mmol) were added into the RB flask and refluxed for 3 h. After cooling the mixture 

at room temperature, the solvent was evaporated to get the green colored ZnP-acyl compound. 

Without further purification, ZnP-acyl compound was dissolved in 20 ml of toluene under N2. 

Then pyridine (0.78 ml, 9.67 mmol) and 8 (119 mg, 0.15 mmol) were added and stirred for 18 h 

at room temperature. After evaporation of solvent, the crude compound was purified by silica 

column. The desired compound was eluted by CHCl3:MeOH (95:5 v/v). Yield-25 mg (11%).  1H 

NMR (CDCl3: 400 MHz), 𝛿 ppm. 1.20-1.85 (m, 27H, t-butyl Pc-H), 2.85 (s, 9H, tolualyl Por-H), 7.55 

(m, 6H, Por-H), 7.75 (m, 3H, Pc-H), 8.10 (m, 6H, Por-H), 8.30 (m, 4H, Por-H), 8.90 (m, 8H, pyrrole-

H), 9.40-9.60 (broad, 9H, Pc-H). Mass-ESI, [M+H]+, obtained- 1508.6, calculated- 1507.47. 

{5,15-bis[2-amido-9,16,23-tri-tertbutylphthalocyaninatoZinc(II)]-10,20-

bis(tolualyl)porphyrinato}Zinc(II) (4):-  Compound 7 (90 mg, 0.11 mmol) was dissolved in 20 ml 

of toluene in 100 ml RB flask under N2. Then thionyl chloride (0.39 ml, 5.5 mmol) and pyridine 

(0.44 ml, 5.5 mmol) were added into the RB flask and refluxed for 3 h. After cooling the mixture 

at room temperature, the solvent was evaporated to get the green colored ZnP-(acyl)2 

compound. Without further purification, ZnP-(acyl)2 compound was dissolved in 20 ml of toluene 

under N2. Then pyridine (1.44 ml, 17.73 mmol) and 8 (209 mg, 0.27 mmol) were added and stirred 

for 18 hours at room temperature. After evaporation of solvent, the crude compound was 

purified by silica column. The desired compound was eluted by CHCl3:MeOH (90:10 v/v). Yield- 

15 mg (6%).  1HNMR (CDCl3: 400 MHz), 𝛿 ppm. 1.10-1.95 (m, 54H, t-butyl Pc-H), 2.75 (s, 6H, -CH3), 

7.56-7.80 (m, 8H, Por-H), 7.90-8.10 (m, 6H, Pc-H), 8.18-8.40 (m, 8H, Por-H), 8.75-8.95 (m, 8H, 

pyrrole H), 9.30-9.60 (broad, 18H, Pc-H). Mass-ESI, [M+H]+, obtained- 2282.40, calculated- 

2280.70. 
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Scheme 3.2.2 Synthetic procedure adapted for the porphyrin-phthalocyanine dyad and triad in 
the present study. 

 

3.2.3 Steady-State Absorption and Emission Studies 

               Photoinduced energy transfer from singlet excited porphyrin (free base or zinc) to 

phthalocyanine both in the covalently linked or self-assembled conjugates is a well-known 

phenomenon. Using time-resolved emission and transient techniques, the kinetics of this 

photochemical process in different solution conditions is well documented.  As discussed below, 

such excitation transfer has also been observed in the newly synthesized porphyrin-

phthalocyanine conjugates both in nonpolar and polar solvents.  
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               Figures 3.2.1 a and b show the absorption spectra of the dyads 5 and 6 in o-

dichlorobenzene (DCB).  Presence of porphyrin (Soret band around 420 nm and visible bands in 

the 500-600 nm range) and phthalocyanine (Soret band around 375 nm and visible bands in the 

600-700 nm range) entities was clear from the position and relative intensity of the absorption 

bands.  In order to visualize any intramolecular interactions between these two chromophores, 

absorption spectra of an equimolar mixture of tetratolylporphyrin (H2TTP or ZnTTP) and t-butyl 

phthalocyaninatozinc (ZnPc) were also recorded.   

 

Fig. 3.2.1 Absorption (a, b) and fluorescence (c, d) of 2 (a, c) and 3 (b, d) (solid lines) and equimolar 
mixture of free base porphyrin (a, c) or zinc porphyrin (b, d) and ZnPc (dashed line) in DCB at the 
Soret band excitation of the porphyrin. 
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               Such spectral revealed 2-3 nm blue shift of the bands compared to that observed for the 

covalently linked dyads suggesting occurrence of weak intramolecular interactions between the 

two chromophores in 2 and 3. Figures 3.2.1 c and d show fluorescence spectra of the dyads and 

equimolar mixture of the individual components when excited at the Soret band region of 

porphyrins in DCB.  In separate control experiments, the emission of H2TTP at 650 and 720 nm; 

ZnTTP at 600 and 650 nm; ZnPc at 690 and 755(sh) nm were confirmed when excited at their 

respective Soret or one of the visible bands.  For the free-base porphyrin-zinc phthalocyanine 

dyad, 2, the emission band of free-base porphyrin was found to be quenched over 85% of its 

original intensity accompanied by a new band at 690 nm corresponding to zinc phthalocyanine.  

In a control experiment, when 1:1 mixture of H2TTP and ZnPc was excited at the Soret band of 

porphyrin, no emission of ZnPc was observed indicating occurrence of photoinduced energy 

transfer in the dyad. Similarly, for zinc porphyrin-zinc phthalocyanine dyad, 3, excitation of zinc 

porphyrin revealed diminished intensity accompanied by ZnPc band at 690 nm.  Control 

experiment using the 1:1 mixture of ZnTTP and ZnPc revealed no such quenching of ZnTPP and 

occurrence of ZnPc emission (<3% due to direct excitation)  Excitation spectrum of these dyads 

was also recorded by holding the emission monochromator at 690 nm corresponding to emission 

of ZnPc as shown in the figure 3.2.2 a.  Such measurements revealed peaks corresponding not 

only to ZnPc but also that of H2TTP or ZnTTP confirming occurrence of photoinduced energy 

transfer in these dyads. Energy transfer efficiency of 3 was also estimated in tetrahydrofuran 

(THF) using the peak intensity ratio of the porphyrin Soret and the phthalocyanine intense visible 

band from the optical absorption and excitation data as shown in figure 3.2.2 b.132 For dyad 3, 
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this efficiency was close to that of the ZnP quenching efficiency (~80%) in the dyad suggesting 

occurrence of efficient energy transfer as the main quenching mechanism. 

 

Fig. 3.2.2 Excitation spectrum of (a) dyad 2 and equimolar mixture of H2TTP and ZnPc and 

(b) dyad 3 and 1:1 mixture of ZnTTP and ZnPc in chloroform. The emission monochromator was 
held at 695 nm corresponding to emission of ZnPc. 

 

          The spectral behavior of triad, 4 is shown in Figure 3.2.3.  The Soret and visible bands of 

both chromophores of 4 were found to be red shifted by 5-8 nm compared to the spectrum 

obtained by 1:2 mixture of ZnTTP and ZnPc suggesting stronger intramolecular interactions 

compared to the earlier discussed dyad, 3.  In addition, broadening of ZnPc Soret band was also 

seen.  Interestingly, fluorescence spectrum of 4 revealed quenching of ZnP emission at 600 and 

650 nm accompanied by rise of ZnPc band at 695 nm due to excitation transfer.  Excitation 

spectrum recorded by holding the emission monochromator to ZnPc emission revealed excitation 

peaks of both ZnPc and ZnTTP, offered additional evidence for excitation energy transfer as 

shown in figure 3.2.4. 
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Fig. 3.2.3 Absorption (a) and fluorescence (b) of 4 (solid lines) and 1:2 mixture of ZnTTP and ZnPc 
(dashed line) in DCB at the Soret band excitation of the porphyrin. 
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Fig. 3.2.4 Excitation spectrum of the triad 4 and 1:2 mixture of ZnTTP and ZnPc in chloroform. 
The emission monochromator was held at 695 nm corresponding to emission of ZnPc. 
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3.2.4 Time-Resolved Fluorescence Studies 

               Fluorescence decays of the samples were measured using a time-correlated single 

photon counting (TCSPC) method in 1 cm cuvette. The excitation wavelength was 405 nm for all 

samples and the time resolution was approximately 60–70 ps. Decay curves for 3 in DCM are 

shown in Figure 3.2.5. The decays were virtually mono-exponential with lifetimes of roughly 3 ns 

at wavelengths specific for the phthalocyanine emission (>700 nm), and somewhat faster at the 

porphyrin fluorescence region (600-670 nm). Importantly, no fast decay was observed at 

emission wavelengths of the porphyrin chromophores, which indicates that the energy transfer 

is faster than the time resolution of the TCSPC instrument, ~70 ps. The latter was confirmed by 

femtosecond pump-probe studies as discussed below.  

 

Fig. 3.2.5 Emission decay curves for the dyad 3 in DCM measured by TCSPC method (60 ps time 
resolution). 
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It has also to be noted that the excitation at 405 nm is not optimal for energy transfer studies, 

since it is relatively far from the Soret band maximum and in most cases the relative amount of 

directly excited phthalocyanine chromophores can be compatible to that of porphyrins. 

 

3.2.5 Pump-Probe Measurements 

               All of the pump-probe measurements were carried out in 1 mm rotating cuvette. For 

this, the samples have to be prepared at relatively high concentration giving absorption close to 

1, and it was recognized that in both DCM and benzonitrile the samples were aggregated as 

witnessed from the ratio of intensities of absorption of porphyrin at Soret band and 

phthalocyanine at Q band, which was 0.5 or less.  Gradual broadening of the phthalocyanine Q 

band and a sharp change in absorption to its "normal" shape by adding a small portion of pyridine 

(e.g. 1/100 by volume) was observed. Though the pump-probe measurements were carried out 

in DCM and benzonitrile, the results are not shown here as transient absorption responses were 

strongly affected by aggregation. To avoid aggregation, a few other solvents were tested and it 

was found that at least for the dyad there was no detectable aggregation in tetrahydrofuran 

(THF). Absorption spectra of the samples in THF prepared for pump-probe measurements are 

presented in Figure 3.B.6. The excitation wavelength was around 420 nm and the measurements 

were carried out in the wavelength range 490–790 nm. The time resolution of the instrument 

was 150–200 ps.  Essentially, no change in absorption spectrum of the samples was observed 

after the measurements indicating higher photo-stability. 
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Fig. 3.2.6 Absorption spectra of samples in THF used for pump-probe measurements. The plot on 
the bottom present the same spectra in enlarged scale around the Soret band with the dashed 
vertical line marking the excitation wavelength. 

 

               A reasonable global fit of the transient absorption data was obtained with bi-exponential 

model. An example of resulting decay component spectra and the time resolved spectrum right 

after excitation (at t = 0) is presented in Figure 3.B.7 (a) for H2P-ZnPc dyad. The longest lifetime 

in pump-probe measurements goes beyond the longest time scale of the measurements and the 

spectrum corresponding to this time constant can be identified as the transient absorption 
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spectrum of ZnPc chromophore due to strong bleaching at the phthalocyanine Q-band, ca. 675 

nm, and minor spectral features around 600 nm. However, the excitation wavelength of 420 nm 

should predominantly populate the singlet excited state of the porphyrin chromophore, which is 

indeed the case since the time resolved spectrum at zero delay time shows much weaker 

bleaching in the phthalocyanine Q-band region and distinguishable bleaching at Q-band region 

of the porphyrin chromophore at 515 nm. Therefore 2.8 ps component can be attributed to the 

energy transfer from the primary excited porphyrin to phthalocyanine chromophore. A close 

examination of the transient absorption decay profiles at the Pc Q-band region reveals some 

deviation of the bleaching rise from the mono-exponential law. The bi-exponential fit gave much 

better approximation of the experimental data presented in Figure 3.2.7 (b), but only 5% 

improvement in global standard deviation value. Two picoseconds time constant obtained from 

bi-exponential fit were 1.3 ± 0.7 and 4.7 ± 2 ps. The non mono-exponential dynamics of the 

energy transfer can be attributed to co-existence of few conformers of the dyad due to rotational 

degree of freedom permitted by the linker, which may give rather essential difference in 

orientations of the dipole moments of the donor and acceptor and also somewhat difference in 

distance between them.   
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                                      (a)                                                                                   (b) 

Fig. 3.2.7 a) Transient absorption decay component spectra (solid lines with symbols) and time 
resolved spectrum at zero delay time (dashed line) of H2P-ZnPc in THF, and b) transient 
absorption time profiles at 675 nm of H2P-ZnPc (blue squares) and ZnP-ZnPc (blue rhombs) in 
THF, and bi-exponential fits of the bleaching rise (the time constants are 1.3 ± 0.7 and 4.7 ± 2, 
and 0.2 ± 0.1 and 1.8 ± 0.8 ps for H2P-ZnPc and ZnP-ZnPc, respectively). 

 

               For ZnP-ZnPc dyad, the results of the pump-probe study were essentially the same but 

the energy transfer was faster. The mono-exponential gives time constant associated with the 

energy transfer of 1.5 ± 0.5 ps, and bi-exponential 0.2 ± 0.1 and 1.8 ± 0.8 ps, respectively. The 

faster energy transfer can be attributed to the better overlap of porphyrin emission and 

phthalocyanine absorption spectra in case of ZnP-ZnPc dyad as compared to H2P-ZnPc one. It is 

interesting to note that no charge transfer was observed in solution, though energetically one 

can expect the photoinduced charge separation to take place at least in ZnP-ZnPc dyad. Probably 

the distance between the two chromophores is too large for the electron transfer to take place 

in subnanosecond time domain. 
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3.2.6 Photoelectrochemical Studies 

               The newly synthesized dyads and triad were used to build photoelectrochemical cells by 

supramolecular self-assembly method.  Here, the semiconducting TiO2 surface was modified with 

a ligand capable of axially binding of coordinatively unsaturated metal tetrapyrroles.  Although 

the overall performance of the cells is relatively low compared to some of the well-engineered 

photocells, this method has given us a unique opportunity to test multi-modular solar dyes and 

their ability to improve the performance of the photocell by adapting photosynthetic light energy 

harvesting mechanism involving both energy and electron transfer. The low performance is due 

to the less polar solvent (DCB) used here, needed to hold the self-assembled dye components of 

the photo cell.  Earlier, using this approach, we have been able to demonstrate improved 

photocurrent generation when the surface was modified with donor1-donor2 (zinc porphyrin 

covalently linked to ferrocene) type dye as compared with only donor1 dye (zinc porphyrin).133 

In another study, the effect of anion binding to zinc porphyrin-oxoporphyrinogen dyad was 

demonstrated.  That is, upon anion binding to oxoporphyrinogen imino protons of the dyad, 

improved photocurrent was observed due to redox modulation of the oxoporphyrinogen 

macrocycle.  The present zinc porphyrin-zinc phthalocyanine conjugate has provided us an 

opportunity to unravel the excitation transfer effect on the overall performance of the solar cell.  

In the present study, nanocrystalline TiO2 surface is modified with 4-carboxyphenylimidozole.  

Here, the carboxyl entity binds to the TiO2 surface leaving the imidazole entity to axially 

coordinate the metal center of the conjugate.133 

               Figure 3.2.8 (a) shows the I-V curves for the porphyrin-phthalocyanine conjugate bound to 

4-carboxyphenylimidazole modified TiO2 electrode surface.  In agreement with previous report, 
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the performance of the monomeric ZnTPP or ZnPc modified electrodes was minimal, that is, the 

short circuit currents, ISC were 0.2 mA/cm2 for ZnTPP and 0.04 mA/cm2 for the ZnPc modified 

electrodes with the open circuit potential, VOC of around 0.5 V.  Notably, although less 

photocurrent is generated, the performance of ZnTTP was better than that of ZnPc.  Interestingly, 

the performance of the dyad 3 modified electrode was significantly higher, that is, ISC and VOC 

of 2.45 mA/cm2 and 0.59 V, respectively, were observed; the ISC was an order of magnitude 

higher than either ZnTTP or ZnPc modified electrodes with substantial increase in VOC. When the 

free-base porphyrin-ZnPc dyad, 2 was used, both ISC and VOC values were similar to that of ZnPc 

indicating that the axial coordination is through ZnPc. However, to explain the difference 

between the two dyads, one can suggest that ZnP-ZnPc dyad is coordinated predominantly 

through porphyrin side, which can also be predicted based on slightly higher binding constant of 

ZnTTP to 1-phenylimidazole compared to ZnPc, in addition to any steric effects caused by bulker 

ZnPc. To establish this effect, the following control experiments were performed.  First, ZnPc was 

coordinated to 4-carboxyphenylimidazole modified TiO2 electrode surface in DCB.  After 

recording the absorption spectrum of the electrode, the electrode was dipped into a solution of 

ZnTTP in DCB for about 20 min; during this process, it was found that all of the adsorbed ZnPc 

was replaced by ZnP as revealed by the absorption spectrum of the electrode and solution 

independently. In another control experiment, first, ZnTTP was coordinated to 4-

carboxyphenylimidazole modified TiO2 electrode surface in DCB.  When this electrode was 

dipped into a solution of ZnPc in DCB no replacement of ZnTPP by ZnPc was observed.  These 

control experiments confirm that the coordination through ZnP is stronger than ZnPc of the dyad.  

Apparently, both the binding constant and steric factors control the mode of binding of the ZnP-
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ZnPc dyad, 3 to 4-carboxyphenylimidazole modified TiO2 electrode surface.  Interestingly, when 

the triad, 4, was used, due to less dye intake (perhaps the oppositely positioned ZnPc rings on 

ZnP macrocycle hindered strong binding) the performance of the cell was not significant (the 

photocurrents were an order of magnitude smaller than that of the ZnP-ZnPc modified 

photocell).  Figure 3.2.8 (a) inset also shows the overall performance of the dyad modified solar 

cell.  An overall light conversion efficiency (𝜂 of 0.9 has been achieved for this cell.        

 
Fig. 3.2.8 (a) I−V characteristics showing the effect of different sensitizers bound to 4-
carboxyphenylimidazole modified TiO2 electrode surface. The inset table provides the 
performance of dyad modified photocell. (b) IPCE curves for 3 axially coordinated to 4-
carboxyphenylimidazole modified TiO2 (solid line) and 3 directly adsorbed on TiO2 surface 
(dashed line) revealing the effect of axial coordination. The I−V curves were generated in DCB 
containing I3

−/I− (0.5 M/0.03 M) redox mediator using an AM 1.5 simulated light source with a 
340 nm UV cutoff filter. 

 

               Figure 3.2.8 (b) shows the incident photon-to-current conversion (IPCE%) curve for the 

dyad, 3 modified electrode.  For comparison purpose, the performance of the dyad directly 

adsorbed on TiO2 (without 4-carboxyphenylimidazole connector) is shown.  The low performance 
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of this cell signifies the importance of the imidazole ligand as a connector of TiO2 and the dyad.  

Importantly, the IPCE curve covered a spectral range of 400-740 nm revealing bands 

corresponding to both ZnP and ZnPc of the dyad with an IPCE value of 32% at the Soret band 

position of ZnP. The photocurrent efficiency of the ZnPc region was somewhat less than that of 

the ZnTPP region, a trend similar to the earlier discussed monomer alone modified electrodes.  

In order to further understand the mechanistic details of the photochemical events leading to 

enhanced photocurrents in the case of ZnP-ZnPc dyad modified electrode, additional transient 

spectral studies on modified surface were performed.  For this, dyad 3 was immobilized on 4-

carboxyphenylimidazole modified TiO2 on a glass surface instead of FTO used in 

photoelectrochemical studies.  Figure 3.B.9 shows the picture of such dyad modified TiO2 surface 

along with its absorption spectrum.   

 

Fig. 3.2.9 Absorption spectrum of dyad, 3 modified TiO2 used for transient spectral 
measurements.  Figure inset shows the picture of the modified surface. 
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               The dyad modified TiO2 surface was excited at 420 nm in a nitrogen atmosphere 

corresponding to ZnP absorption and the spectra were collected at two wavelength ranges and 

were fitted globally using four-exponential model.  Figure 3.2.10 shows the transient absorption 

component spectra as obtained from the fit and time resolved transient absorption spectra at a 

few delay times.  Within 1 ps after excitation, the bleaching of phthalocyanine Q-band increased, 

which can result from two reactions, via the energy transfer and charge transfer from the singlet 

excited porphyrin. In the case of energy transfer one would expect recovery of the porphyrin Q-

band at 540 nm, which was not observed. At the same time there were other spectral changes, 

namely reshaping of the absorption in the near infrared part (>710 nm) so that a broad band 

around 850 nm becomes apparent, and decrease in absorption in the 600-660 nm range and 

formation of a broad band around 500 nm were also visible. All these changes were characteristic 

for the formation of phthalocyanine cation radial and they were completed by 3 ps delay time. 

At this delay the porphyrin was not in the ground state since the Q-band (540 nm) was still 

bleached. This can be interpreted in favor of charge separation between phthalocyanine and 

porphyrin to form ZnP–. - ZnPc+. charge separated state. At later delay times of >10 ps, the 

porphyrin Q-band recovered completely without appreciable changes in the phthalocyanine 

cation radical spectrum indicating that ZnP–. donates electron quickly to TiO2.  
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                                  (a)                                                                                     (b) 

Fig. 3.2.10 Transient absorption component spectra obtained from global four-exponential fit (a), 
and time resolved transient absorption spectra (b) of dyad 3 modified TiO2 surface film. The 
lifetimes of the components and delay times for the time resolved spectra are indicated in the 
plots. 

 

               Three lifetimes were obtained from global data fitting, 0.2, 2 and 30 ps, and relaxation 

was extended to the nanosecond time domain with the spectrum almost identical to that at 100 

ps delay time. Thus a rough attribution of the time constants is: porphyrin-phthalocyanine energy 

transfer – 0.2 ps, phthalocyanine-porphyrin electron transfer – 2 ps, and porphyrin-TiO2 electron 

transfer – 30 ps, though the numbers are indications of the time scale of the phenomena but not 

exact time constants. For ZnP-ZnPc dyad in solution the average time constant for the 

intramolecular energy transfer was ca. 1.5 ps. The energy transfer is much faster for the same 

dyads assembled on TiO2 surface. Apparently intermolecular interactions are dominating in the 

latter case which means that the distance between the neighboring molecules is short enough 

for intermolecular energy transfer prevailing over the intramolecular. Another important 

consequence of the intermolecular interactions is the formation of the charge separated state. 

As was mentioned above the charge separation was not observed in solutions, but clearly takes 

place in films. A rational explanation for this observation is in films the average distance between 
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the phthalocyanines (the electron donors) and porphyrins (the electron acceptors) is much 

shorter than in solution which means that the primary charge separation takes place between 

the donor and acceptor belonging to different dyads, i.e. intramolecularly. 

               As pointed out earlier, the ZnPc of ZnP-ZnPc dyad has the ability to bind the TiO2 modified 

surface and direct donation of the electron by excited phthalocyanine to TiO2 although 

coordination through ZnP of the dimer is well-established from the previous discussions.  In order 

to further verify the effect of ZnPc of the dimer coordination on the overall photoelectrochemical 

response, the H2P-ZnPc dyad was studied in the same arrangement, in which case only ZnPc has 

ability to bind to the semiconductor surface. The time resolved transient absorption spectra for 

this sample are presented in Figure 3.2.11. Right after excitation, the bleached Q-bands can be 

seen for both porphyrin (at 520 nm) and phthalocyanine (at 690 nm). However, for this sample 

the porphyrin Q-band recovered synchronously with enhanced bleaching of the Q-band and 

reshaping of all over the spectrum of the phthalocyanine chromophore. Also the reshaping was 

not as drastic as that observed for the ZnP-ZnPc dyad. It seems that in this case porphyrin 

participates in the reaction by energy transfer only. Furthermore, the electron transfer takes 

place from the singlet excited state of phthalocyanine but it is spread widely in time and already 

at zero delay time (with is measured with time resolution of 200 fs) some phthalocyanine 

molecules are in cationic form. Three lifetimes in the picosecond time domain obtained from 

global fit are 0.8, 5 and 90 ps. The fast time constant, 0.8 ps is attributed tentatively to the 

porphyrin-phthalocyanine energy transfer; 5 ps time constant corresponds to “slow” part of 

electron transfer from phthalocyanine to TiO2; and the relatively weak 90 ps component is most 
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likely the “fast” charge recombination, although for most of phthalocyanine cation radicals the 

lifetime is extended to nanosecond time domain. 

 

Fig. 3.2.11 Time resolved transient absorption spectra of TiO2|H2P-ZnPc (dyad 2) film. 

               As shown in Figure 3.2.12, time resolved transient absorption spectra of reference ZnPc 

modified TiO2 was also recorded. Unlike for dyad layers, the spectra revealed very weak, if any, 

degree of electron transfer from phthalocyanine to the semiconductor as the intensity of the 500 

and 850 nm cation radical bands were minimal. In addition, the transient absorption decay 

almost completed within 300 ps, i.e., much faster than in the case of the dyad.  These results are 

consistent with the low photoelectrochemical response of ZnPc modified solar cell. 
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Fig. 3.2.12 Time resolved transient absorption spectra of TiO2|ZnPc-ref film. 

                As a final remark, one can speculate on the importance of primary charge separation in 

the organic layer. Predominant order of chromophores for the dyad 3 is TiO2|ZnP-ZnPc, whereas 

for dyad 2 is TiO2|ZnPc-H2P. In the latter case, although the performance of the cell is not better 

than the ZnPc along modified electrode, it is likely that the primary electron transfer (less 

efficient) takes place between ZnPc and TiO2. In the former case the primary charge separation 

takes place in the organic layer and the formed porphyrin anion donates the electron quickly to 

the semiconductor. In both cases the “final” charge separation takes place between the 

phthalocyanine and titanium dioxide, in the former case phthalocyanine and titanium dioxide are 

separated by the layer of porphyrins, which makes the charge recombination much slower and 

overall the photocurrent generation efficiency much higher.   
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3.2.7 Summary 

                The photochemical events responsible for enhanced photocurrent generation and 

alignment of the ZnP-ZnPc dyad bound by axial coordination onto the TiO2 surface is shown in 

Figure 3.2.13.  The synthesized porphyrin-phthalocyanine conjugates are found to be useful to 

unravel the mechanism of photocurrent generation in the supramolecular solar cells as a 

consequence of photoinduced energy and electron transfer events occurring in succession.  As 

predicted from the binding constants, the preferential binding of ZnP over ZnPc of the dyad to 

the imidazole entity of the TiO2 surface was clear from the control experiments.  As revealed by 

the transient absorption studies, upon excitation of the ZnP entity of the dyad, energy transfer 

to ZnPc takes place within 0.2 ps (process 1 in Figure 3.2.13) and is clearly preferred over electron 

injection to the conduction band of TiO2.  Most likely, the covalent connectivity and distance 

between the donor and acceptor entities of the dyad, in addition to a slow charge injection 

process from excited ZnP to TiO2, could be considered responsible factors.  The product of energy 

transfer from reaction 1, singlet excited ZnPc, undergoes photoinduced electron transfer 

(process 2) within 2 ps producing ZnP-.-ZnPc+. radical ion pair; energy calculations according to 

Weller approach show that such a process is energetically favorable by about 0.12 eV.31-32  The 

final step involves charge injection from ZnP-. to semiconducting TiO2 (process 3) which is 

estimated to take place within 30 ps.  A direct consequence of these multi-photochemical events 

is the ultimate slowing down the charge recombination process that would occur in the cell with 

only ZnP or ZnPc sensitizer modified TiO2 instead of the dyad modified TiO2 surface.  That is, in 

the final step a reduced TiO2 and ZnPc cation radical separated by ZnP as distant charge-

separated species are formed.  The multi-step photochemical events discussed here mimic the 
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photochemical events of natural photosynthesis resulting into better performance of the solar 

device as a result of sequential energy transfer/charge separation processes. 

 

Fig. 3.2.13  Photochemical events of ZnP-ZnPc dyad (3) modified TiO2 electrode resulting in better 

performance of the solar cell.  The sequence of photochemical events are numbered 1,2..etc. 

along with the time constant of each process estimated by time-resolved studies. 
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3.3 Multi-modular, tris(triphenylamine) zinc porphyrin – zinc phthalocyanine –fullerene 

conjugate as a broad-band capturing, charge stabilizing, photosynthetic ‘antenna-reaction 

center’ mimic* 

3.3.1 Introduction 

               Multi-step energy transfer followed by sequential electron transfer leading to the 

formation of charge separated states of appreciable lifetimes in model photosynthetic systems 

is one of the highly sought out functional nanoscale materials for building low-cost, light-to-

electricity and light-to-fuel converting devices. This goal has often been accomplished by a multi-

modular approach wherein carefully selected antenna entity(ies) are linked to the electron donor 

entity of a donor-acceptor pair.  The antenna entities with their complimentary absorption and 

emission to the primary electron donor and acceptor entities help in capturing light from the 

useful portion of the electromagnetic spectrum, that is, maximum utilization of solar energy.  

Both covalent and self-assembly approaches have been used in building such multi-modular 

systems.  Interestingly, a combination of these two approaches is found to be highly useful as 

this approach provides better control for a systematic understanding of the different 

photochemical events originating in quite multifaceted, ‘antenna-reaction center’ model 

compounds.134 Among the different model compounds revealing sequential energy and electron 

transfer, multi-modular systems comprised of BODIPY-porphyrin-fullerene (BODIPY = BF2-

chelated dipyrromethene) and porphyrin-phthalocyanine-fullerene have been some of the 

successful ones.   

*Section 3.3 is reproduced from Chandra B. KC, Gary N. Lim, and Francis D’Souza, Nanoscale, 

2015, 7, 6813–6826 with permission from the publisher. 
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               This is primarily due to the complimentary absorption and emission of the different 

entities covering different portions of the spectrum, synthetic versatility, well-established redox 

and photochemical properties, and ability of fullerene to produce long-lived charge separated 

states in donor-acceptor systems. Wealth of information, otherwise difficult to gather, have been 

secured from these studies involving model compounds developed using these molecular 

building blocks and photosynthetic principles.  However, to-date, a long-lived charge separated 

state in porphyrin-phthalocyanine-fullerene conjugates was not possible to establish due to 

competing energy and electron transfer processes. 

               In the present study, this has been accomplished by building a novel multi-modular 

‘antenna-reaction center’ model compound comprised of covalently linked zinc porphyrin-zinc 

phthalocyanine dyad.  Occurrence of singlet-singlet energy transfer in porphyrin-phthalocyanine 

is well-known and a similar effect is anticipated here also.  However, in the current model 

compound, the porphyrin meso-positions have been substituted with three triphenylamine units.  

These triphenylamine entities fulfill the role of additional antenna that would capture light from 

the 300 nm range and funnel it to the porphyrin center.  In addition, the meso-triphenylamine 

substituted porphyrin is known to stabilize charge separated states in donor-acceptor dyads.  

Finally, phenylimidazole functionalized fullerene has been utilized as an electron acceptor via 

metal-ligand axial coordination of (TPA)3ZnP-ZnPc to form (TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate 

as shown in scheme 3.3.1.  Systematic studies have been performed using various physico-

chemical and photochemical techniques to establish ‘antenna-reaction center’ events and charge 

stabilization in these wide-band capturing multi-modular systems. 
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Scheme 3.3.1 Structures of the tris(triphenylamine) zinc porphyrin-zinc phthalocyanine, 

(TPA)3ZnP–ZnPc and its fullerene complex, (TPA)3ZnP:ImC60-ZnPc:ImC60 developed as broad-

band capturing, charge stabilizing, photosynthetic ‘antenna-reaction center’ mimic in the present 

study. The symbol ‘:’ represents coordinate zinc-nitrogen bond. 
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3.3.2 Experimental Section 

               The synthesis of this molecule carried out according to Scheme 3.3.2 and the details are 

given below. 

Chemicals.  Buckminsterfullerene, C60 (+99.95%) was from SES Research, (Houston, TX). All the 

reagents were from Aldrich Chemicals (Milwaukee, WI) while the bulk solvents utilized in the 

syntheses were from Fischer Chemicals.  Tetra-n-butylammonium perchlorate, (n-Bu4N)ClO4, 

used in electrochemical studies was from Fluka Chemicals.  The synthesis of C60Im is given 

elsewhere.  

4-(4-Formylphenoxy)phthalonitrile (10). 4-Nitrophthalonitrile (1 g, 5.77 mmol) and 4-

hydroxybenzaldehyde (705 mg, 5.77 mmol) was stirred in DMF (30 ml) for 72 hours under 

nitrogen at room temperature. During this process, potassium carbonate (4 g, 29 mmol) was 

added to the mixture within the first 2 hours in four equal portions. After that the whole solution 

was poured into 100 ml ice water and filtered. After filtration, the residue was collected and 

washed first with cold methanol and then with cold hexanes, to get the desired compound as a 

white powder. Yield- 1.2 gm (65%). 1H NMR (CDCl3; 400 MHz). δ, ppm = 6.90 (d, 2H, Ar-H), 7.42 

(s, 1H, Ar-H), 7.74 (d, 2H, Ar-H), 7.90 (s, 1H, Ar-H), 8.20 (s,1H, Ar-H), 9.95 (s, 1H, -CHO). 

[5-(4-(4-phenoxy)phthalonitrile)-10,15,20-tris(4-diphenylaminobenzene) porphyrin]. (11)         

10 (500 mg, 2 mmol), 4-(diphenylamino)benzaldehyde (1.64 g, 6 mmol) and pyrrole (560 μl, 8 

mmol) were kept in 500 ml RB flask and refluxed with propionic acid (120 ml) for 4 hours. After 

cooling the mixture to room temperature, the solvent was removed under reduced pressure and 

the crude product was purified over silica column. The desired compound was eluted by 100% 

chloroform. Yield - 10%. 1H NMR (CDCl3; 400 MHZ). δ, ppm = -2.85 (s, 2H, -NH), 7.05 (m, 12H, Ar-
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H), 7.35 (m, 24H, Ar-H), 7.58 (m, 2H, Ar-H), 7.92 (m, 2H, Ar-H), 8.03 (m, 6H, Ar-H), 8.18 (m, 1H, 

Ar-H), 8.25 (m, 1H, Ar-H), 8.32 (m, 1H, Ar-H), 8.80 (m, 2H, β-pyrrole H’s), 8.88 (m, 6H, β-pyrrole 

H’s).  

 

Scheme 3.3.2 Synthetic methodology adopted for (TPA)3ZnP-ZnPc.   

(TPA)3-ZnP-ZnPc (9). 11 (120 mg, 0.095 mmol), 4-tert-butyl phthalonitrile (175 mg, 0.95 mmol) 

and ZnCl2 (272 mg, 2 mmol) were kept in 100 ml RB flask under nitrogen for 20 minutes. Then, 

2-dimethylaminoethanol (5 ml) was added and whole mixture was refluxed for 16 hours under 

nitrogen. After cooling the mixture to room temperature, the solvent was removed and the crude 

product was purified over silica column. The desired dyad was eluted by with CHCl3:MeOH (95:5, 

v/v). % Yield = 12%. 1H NMR (CDCl3: 400 MHz). δ, ppm =  1.25-1.55 (m, 27H, tert-butyl H’s), 7.10 

(m, 12H, Ar-H), 7.45 (m, 24H, Ar-H), 7.58-7.68 (m, 4H, Ar-H), 8.18 (m, 6H, Ar-H), 8.85 (m, 2H, β-
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pyrrole H’s), 8.95 (m, 6H, β-pyrrole H’s), 9.2-9.4 (br, 12H, Pc-α-H’s). MALDI-TOF, calculated = 

1939.99, found – 1939.45. 

 

3.3.3 Absorption and Fluorescence Studies 

               Figure 3.3.1 a shows the absorption spectrum of (TPA)3ZnP-ZnPc along with the control 

compounds in o-dichlorobenzene (DCB). Absorption bands of (TPA)3ZnP-ZnPc were located at 

315, 348, 435, 556, 613 and 680 nm.  The zinc porphyrin Soret band of (TPA)3ZnP-ZnPc located 

at 435 nm was red-shifted by 15 nm compared to tetraphenylporphyrinatozinc(II) (ZnTPP) and 

was broadened significantly due to the presence of triphenylamine (TPA) entities at the ring 

periphery. Similarly, the TPA peak at 305 nm was blue-shifted by 55 nm compared to control, 4-

(diphenylamino)benzaldehyde, TPA-CHO (360 nm).  The zinc phthalocyanine intense visible band 

in (TPA)3ZnP-ZnPc was located at 682 nm which is not significantly different from that of pristine 

ZnPc (=t-butyl zinc phthalocyanine).  These results revealed weak intramolecular interactions, if 

any, between the entities of the (TPA)3ZnP-ZnPc and a broad spectral coverage from 300 to 750 

nm.   
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Fig. 3.3.1 (a) Normalized to the Soret band absorption spectrum of (i) (TPA)3ZnP-ZnPc, (ii) TPA-
CHO, (iii) ZnTPP, and (iv) ZnPc in DCB.  (b) Fluorescence spectrum (𝜆ex = 315 nm) of (i) (TPA)3ZnP-
ZnPc, (ii) a mixture of TPA-CHO (3 eq.)+ZnTPP (1 eq.)+ZnPc (1 eq.), and (iii) (TPA)4ZnP in DCB. (c) 
Fluorescence spectrum (𝜆ex = 432 nm) of (i) (TPA)3ZnP-ZnPc, (ii) a mixture of TPA-CHO (3 
eq.)+ZnTPP (1 eq.)+ZnPc (1 eq.), and (iii) (TPA)4ZnP in DCB. (d) Excitation spectrum of (TPA)3ZnP-
ZnPc in DCB recorded by holding the emission monochromator to 696 nm corresponding to ZnPc 
emission. 

 

               Figure 3.3.1 b and c show the fluorescence spectrum of (TPA)3-ZnP-ZnPc along with the 

control compounds in DCB at the excitation wavelength corresponding to TPA-CHO and ZnP, 

respectively.  Emission of control compounds, TPA-CHO at 485 nm, ZnTPP at 600 and 648 nm, 

(TPA)4ZnP at 620 and 660(sh) nm, and ZnPc at 695 nm, when excited at their respective 

absorption peak maxima were observed.  As shown in Figure 3.3.1b, the TPA fluorescence was 
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quenched over 97% in (TPA)3ZnP-ZnPc.  Scanning the wavelength beyond 550 nm revealed a peak 

at 620 nm corresponding to ZnP in the case of (TPA)4ZnP, and at 695 nm corresponding to ZnPc 

as shown in figure 3.3.2 in the case of (TPA)3ZnP-ZnPc suggesting occurrence of energy transfer 

from 1TPA* to ZnP in the case of (TPA)4ZnP, and a two-step process, viz., 1TPA* to ZnP to yield 

1ZnPc* followed by a second energy transfer process between 1ZnP* and ZnPc to yield 1ZnP*.  

Occurrence of energy transfer from 1ZnP* to ZnPc yielding 1ZnPc* is demonstrated in Fig. 3.3.1c 

when (TPA)3ZnP-ZnPc was excited at the ZnP peak maxima at 438 nm (similar effect was also 

observed by Soret band excitation).  Under these conditions, (TPA)3ZnP emission expected at 620 

nm was fully quenched with the appearance of peaks corresponding to ZnPc.  Further, excitation 

spectrum of (TPA)3ZnP-ZnPc was recorded by holding the emission monochromator to 695 nm 

(corresponding to ZnPc emission) and scanning the excitation wavelength, as shown in Fig. 

3.3.1d.  The spectrum revealed peaks of not only ZnPc but also those of ZnP and TPA entities, 

confirming a two-step energy transfer process. An estimation of energy transfer efficiency by 

taking the intensity ratio of ZnP/ZnPc bands (570 nm/630 nm) in the absorption and excitation 

spectra, revealed it to be about 94%, implying very efficient energy transfer.135 
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Fig. 3.3.2 Steady state fluorescence spectrum of ZnPc (𝜆ex= 680 nm) in degassed o-
dichlorobenzene. 

 

 

               Figure 3.3.3 provides an energy level diagram revealing double excitation transfer in 

(TPA)3ZnP-ZnPc.  Selective excitation of (TPA)3ZnP at the TPA absorption maxima (h𝜐 in Fig. 3.3.3) 

populates the 1ZnP* via ENT-1 process. The close proximity governed intramolecular interactions 

between TPA entities and ZnP macrocycle facilitates such excitation process.  The 1ZnP* formed 

either via energy transfer from excited TPA (ENT-1) or by direct excitation (h𝜐’), undergoes 

singlet-singlet energy transfer to ZnPc (ENT-2) in competition with an intersystem crossing 

process to populate 3ZnP* (ISC).  Femtosecond transient spectral measurements were performed 

to probe kinetics of the ENT-2 process and these results will be discussed in the latter section.   
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Fig. 3.3.3 Energy level diagram shown multi-step energy process in (TPA)3ZnP-ZnPc. 

 

3.3.4 Formation and Characterization of (TPA)3ZnP:ImC60-ZnPc:C60Im Conjugate 

               The presence of coordinatively unsaturated zinc metal ions in (TPA)3ZnP-ZnPc provided 

us an oppurtunity to build donor-acceptor conjugate by metal-ligand axial coordination 

approach. For this, we have utilized electron acceptor fullerene bearing a phenylimidazole 

ligating group, C60Im.  The presence of two Zn centers in (TPA)3ZnP-ZnPc allows the coordination 

of two equivalents of C60Im to yield (TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate.  Fig. 3.3.4 shows the 

spectral changes observed during increased addition of C60Im to a solution of (TPA)3ZnP-ZnPc in 

DCB.  The porphyrin Soret band revealed characteristic spectral changes associated with zinc 

porphyrin binding to a nitrogenous ligand.  That is, an initial decrease of the Soret band intensity 
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followed by an increase with noticeable red-shift (~7 nm) upon further addition of C60Im.  The 

682 nm band corresponding to ZnPc also revealed a decrease in intensity upon C60Im binding.   

These spectral changes are consistent with C60Im binding to the zinc centers of both macrocycles. 

The absorbance data was analyzed to evaluate the binding constants (Soret band for 

(TPA)3ZnP:ImC60 formation and 682 nm band for ZnPc:C60Im formation) by constructing Benesi-

Hildebrand plots as shown in Fig. 3.3.4 b and c.   

 

Fig. 3.3.4 (a) Absorption spectral changes observed for C60Im (3.8 mM, 2.0 𝜇L each addition) 
binding to (TPA)3ZnP-ZnPc (3.5 𝜇M) in DCB. Fig. b and c show Benesi-Hildebrand plots, at the 
monitoring wavelengths of 432 nm band for ZnP and 682 nm for ZnPc, to calculate the binding 
constants. 
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               Such plots yielded values of 4.9 x 104 M-1 for (TPA)3ZnP:ImC60 formation, and 5.1 x 104 

M-1 for ZnPc:C60Im formation within the conjugate; not significantly different from one another.  

Further, Job’s plots were constructed to evaluate the stoichiometry of the coordinated complex 

as shown in the figure 3.3.5.  Analysis of porphyrin Soret and phthalocyanine visible bands with 

respect to added C60Im revealed 1:1 stoichiometry for the two metal centers, suggesting that 

(TPA)3ZnP and ZnPc act as s independent binding sites without any cooperative effects. 

 

Fig. 3.3.5 Job’s plots constructed using peak intensity of (a) porphyrin Soret and (b) 
phthalocyanine visible band. 
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               The fluorescence spectrum of (TPA)3ZnP-ZnPc in the presence of C60Im at both ZnP 

excitation (555 nm) and ZnPc excitation (682 nm) wavelengths were recorded, as shown in Fig. 

3.3.6. Quenching of fluorescence emission was observed at both the excitation wavelengths 

suggesting excited state events in (TPA)3ZnP:ImC60-ZnPc:C60Im either by ZnP or ZnPc excitation. 

 
Fig. 3.3.6 Fluorescence spectrum of (TPA)3-ZnP-ZnPc upon increasing addition of C60Im (a) at the 
excitation wavelength of 555 nm corresponding to ZnP and (b) at the excitation wavelength of 
682 nm corresponding to ZnPc in DCB. 

 

3.3.5 Electrochemistry Study and Energy Level Diagram. 

               Electrochemical studies using differential pulse voltammetry (DPV) were performed to 

evaluate the redox potentials of (TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate, and also to evaluate the 

energetics of the different photochemical processes.  Both zinc porphyrin and zinc 

phthalocyanine are known to undergo two one-electron reductions leading to the formation of 

𝜋-radical anion and dianion species, and two one-electron oxidations leading to the formation of 

𝜋-radical cation and dication species, respectively. Having additional electroactive groups on the 

macrocyclic periphery, such as the TPA entities in case of (TPA)3ZnP-ZnPc would result in 
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additional redox peaks. Fig. 3.3.7 shows a DPVs of the (TPA)3ZnP-ZnPc in the presence and 

absence of C60Im in DCB, 0.1 M (n-Bu4N)ClO4. For (TPA)3ZnP-ZnPc, three oxidation processes 

located at -0.06, 0.11, and 0.80 V vs. Fc/Fc+ were observed during anodic excursion while three 

reductions at -1.66, -1.84 and -1.99 V vs. Fc/Fc+ were observed during cathodic excursion of the 

potential within the potential window of the solvent.   

 
Fig. 3.3.7 Differential pulse voltammograms of (TPA)3-ZnP-ZnPc in the absence (black line) and 
presence (blue line) of stoichiometric amounts of C60Im in DCB containing 0.1 M (n-Bu4N)ClO4.  
Scan rate = 5 mV/s, pulse width = 0.25 s, pulse height = 0.025 V. 

 

               By comparing the voltammograms of pristine (TPA)4ZnP and ZnPc as shown in figure 

3.3.8, the first two oxidation process were ascribed to the formation of ZnPc•+ and ZnPc2+ species, 

respectively, while the third oxidation was attributed to the formation of ZnP•+.  Additional multi-

electron oxidation at higher anodic potential was also observed due to the presence of TPA 

entities. The first two reductions were attributed to the formation of ZnP•- and ZnPc•-, 

respectively.  Increasing addition of C60Im to form (TPA)3ZnP:ImC60-ZnPc:C60Im conjugate 
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revealed significant changes.  That is, the currents of the first oxidation process of ZnPc and ZnP 

revealed diminished currents with an anodic shifts in the range of 20-75 mV suggesting 

participation of both ZnP and ZnPc entities in the conjugate formation, as shown in Scheme 3.3.1.  

On the cathodic side, additional peaks corresponding to C60Im reduction, at the expected 

potentials, were also observed.  

 

Fig. 3.3.8 (a) Cyclic voltammograms of (TPA)4ZnP and (TPA)3ZnP, and (b) ZnPc in dichlorobenzene 
containing 0.1 M TBAClO4. 

 

               Free-energy calculations for charge-recombination (𝛥GCR) and charge-separation (𝛥GCS) 

processes were performed according to the following equations based on Rehm-Weller 

approach, 

             -GCR = (Eox – Ered) + GS    (3.3.1) 

   -GCS = E-GCR    3.2
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where 𝛥GCR and 𝛥GCS refer to free-energy change for charge recombination and charge 

separation, respectively, and 𝛥E00 correspond to the singlet state energy of each zinc 

tetrapyrroles (2.04 eV for 1(TPA)3ZnP*, and 1.84 eV for 1ZnPc*). The Eox and Ered represent the 

oxidation potential of the electron donor (zinc tetrapyrrole) and the reduction potential of the 

electron acceptor (C60Im), respectively. 𝛥GS refers to the static energy, calculated by using the 

‘Dielectric continuum model’ according to the following equation, 

 

-GS = -(e2/(4π0))[(1/(2R+)+1/(2R-)-(1/RCC)/S - (1/(2R+) +  1/(2R-))/R)       (3.3.3) 

  

where R+ and R- are the radii of the radical cation and radical anion, respectively, and RCC is the 

center-center distances between donor tetrapyrrole and C60. The symbols ԐR and ԐS refer to 

solvent dielectric constants for electrochemistry and photophysical measurements, respectively. 

The free energy change (𝛥GCS) was found to be -0.60 eV for 1ZnPc* originated, and -0.68 eV from 

1ZnP* originated electron transfer reactions in the conjugate. 

               Figure 3.3.9 shows an energy level diagram depicting different photochemical events in 

the (TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate.  From steady-state fluorescence studies, sequential 

energy transfer from 1TPA* to ZnP, and from 1ZnP* to ZnPc within (TPA)3ZnP-ZnPc was evident.  

In the case of (TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate, direct excitation of one of the TPA entities 

would generate (TPA)2
1TPA*ZnP:ImC60-ZnPc:ImC60 that would undergo energy transfer (ENT-1) 

to produce (TPA)3
1ZnP*:ImC60-ZnPc:ImC60 excited state species.  This species can also be obtained 

by direct excitation of ZnP in the conjugate (at 400 nm excitation of the femtosecond laser sytem 

this would be the main event).  The deactivation of 1ZnP* would have at least three paths, viz., 

intersystem crossing (ISC) to populate 3ZnP* (orange path in Fig. 3.3.9) charge separation (CS-1) 
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to produce [(TPA)3ZnP]•+:ImC60
•--ZnPc:ImC60 radical ion pair (blue path), and energy transfer 

(ENT-2) to produce (TPA)3ZnP:ImC60-1ZnPc*:ImC60 (red path).  

 

Fig. 3.3.9 Energy level diagram showing the different photochemical events of (TPA)3ZnP:ImC60-
ZnPc:ImC60 conjugate in dichlorobenzene.  Energies of different states were evaluated from 
spectral and electrochemical studies. Solid arrow indicates major photo processes, dashed arrow 
indicates minor photo processes.  A similar energy level diagram could be envisioned in toluene 
with the energy of the radical ion pairs about 150-200 mV above that in dichlorobenzene.  
Abbreviations: ISC = intersystem crossing, ENT = energy transfer, CS = charge separation and HS 
= hole shift. 
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               The newly formed 1ZnPc* in the conjugate would undergo further electron transfer (CS-

2) to produce (TPA)3ZnP:ImC60-ZnPc•+:ImC60
•- radical ion pair.  Subsequently, the 

(TPA)3ZnP•+:ImC60
•--ZnPc:ImC60 radical ion pair would undergo a hole shift (HS) involving 

oxidatively facile ZnPc within the conjugate to produce (TPA)3ZnP:ImC60
•--ZnPc•+:ImC60 radical ion 

pair.  If hole shift process does occur, then the decay of (TPA)3ZnP•+ would be faster than that 

would be observed in a radical ion-pair resulted in a structurally similar control complex, such as 

(TPA)4ZnP:ImC60. Importantly, the lowest energy radical ion-pairs, (TPA)3ZnP:ImC60-ZnPc•+:ImC60
•- 

and (TPA)3ZnP:ImC60
•--ZnPc•+:ImC60 are different in their traits in which the C60Im•- are located on 

different metallomacrocycle units.  That is, on ZnPc in the former case and ZnP in the latter case.  

Since the radical anion and cation are spatially far in the case of (TPA)3ZnP:ImC60
•--ZnPc•+:ImC60 

(separated by ZnP), a relatively long-lived charge separated state could be anticipated in this case.  

In order to verify the occurrence of these events, transient absorption studies involving both 

femtosecond and nanosecond techniques have been performed, as summarized in the next 

section. 

 

3.3.6 Femtosecond Transient Absorption Studies 

               First, energy transfer in the (TPA)3ZnP-ZnPc was investigated in a photochemically more 

stable solvent toluene. At the excitation wavelength of 400 nm, operating wavelength of 

femtosecond transient spectrometer, mainly the porphyrin unit is excited.  Fig. 3.3.10a shows 

the spectral changes recorded during early time scale of (TPA)3ZnP-ZnPc in toluene.  Immediately 

after excitation, depleted peaks at 440, 550, 610 and 678 nm and positive peaks at 471, 576, 734, 

770 nm were observed.  The negative bands at 440, 550 and 610 nm corresponded to the ground 
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state depletion of zinc porphyrin and 678 nm corresponded to the ground state depletion of zinc 

phthalocyanine with any contributions from stimulated emission.  With time, the peak intensities 

of the 440 and 550 nm bands decreased with an increase of ZnPc stimulated band at 680 nm 

suggesting occurrence of energy transfer from the S1 and S2 states of ZnP.  Fig. 3.3.10b shows 

the time profiles of the 440 and 680 nm peaks which suggests the energy transfer process to be 

completed by about 6 ps providing an energy transfer rate of kENT ~ 1.6 x 1011 s-1.  This rate of 

energy transfer is nearly an order of magnitude lower than that reported by us and others on 

porphyrin-phthalocyanine dyads in which the porphyrin ring lacked TPA entities. 

 

Fig. 3.3.10 Femtosecond transient spectra (100 fs pulse width at 400 nm) of (TPA)3ZnP-ZnPc in 
Ar-saturated toluene at the indicated delay times revealing excited energy transfer.  Fig. b shows 
time profile of the 440 nm 680 nm peaks. 

 

               To unravel the complex photochemical events occurring in (TPA)3ZnP:ImC60-ZnPc:ImC60 

conjugate, shown in Fig. 3.3.9, few additional experiments were warranted.  Towards this, first, 
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photoinduced electron transfer in the (TPA)4ZnP:ImC60 donor-acceptor system was needed to be 

established.  Fig. 3.3.11a shows the femtosecond transient spectrum of (TPA)4ZnP at the 

indicated delay times.  Immediately after excitation, depleted signals at 440, 550, and 600 nm, 

and positive peaks at 475 and 1420 nm were observed.  The negative signals represent ground 

state depletion of (TPA)4ZnP.  The 1420 nm band has been assigned to singlet-singlet transition, 

similar to other zinc porphyrin derivatives reported in the literature.  The decay time constant for 

this signal was 1.74 ns (see Fig. 3.3.11c inset for time profile), close to the lifetime of (TPA)4ZnP 

determined from time-correlated single photon counting technique.   

 

Fig. 3.3.11 Femtosecond transient spectra (100 fs pulse width at 400 nm) of (a) (TPA)4ZnP and (b) 
(TPA)4ZnP:ImC60 toluene at the indicated delay times.  Fig. c shows the time profiles of 480 nm 
(blue) and 1420 nm (wine) peaks corresponding to the triplet and singlet peaks of (TPA)4ZnP, 
respectively.  Fig. d shows the time profile of the 1020 nm peak corresponding to C60Im•-. 
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               The decay time constant for this signal was 1.74 ns (see Fig. 3.3.11c inset for time profile), 

close to the lifetime of (TPA)4ZnP determined from time-correlated single photon counting 

technique.  The decay of singlet excited peaks was accompanied by new peaks at 480, 800 and 

950(sh) nm bands corresponding to the triplet excited states of (TPA)4ZnP (see time profile of 480 

nm peak in Figure inset).   

               Further, (TPA)4ZnP was chemically oxidized in DCB using nitronium 

hexafluoroantimonate, as shown in Fig. 3.3.12.  The chemically generated [(TPA)4ZnP]•+ revealed 

peaks at 770 and 1280 nm.136 Appearance of these peaks in (TPA)4ZnP:ImC60 conjugate upon 

photoexcitation would imply charge separation in the conjugate with [(TPA)4ZnP]•+ being one of 

the species of electron transfer process.  

 

Fig. 3.3.12 Visible-NIR spectrum of neutral (dark line) and chemically oxidized using equimolar 
nitronium hexafluoroantimonate (red line) of (TPA)4ZnP in o-DCB. 
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               Fig. 3.3.11 b shows the transient spectra of the (TPA)4ZnP:ImC60 conjugate formed in 

toluene.  The decay of instanteneously formed 1[(TPA)4ZnP]* was accompanied by transient 

peaks different from that of 3[(TPA)4ZnP]*.  A new peak at 1020 nm corresponding to C60Im•- was 

clearly seen.  However, the near-IR radical cation peak was overlapped with that of the singlet 

peak in this wavelength region.  The spectrum of (TPA)4ZnP and (TPA)4ZnP:ImC60 recorded at 500 

ps is shown in Fig. 3.3.13 a which clearly shows features of [(TPA)4ZnP]•+ at the expected 

wavelength regions.  After reaching a maximum, the radical ion peaks started decaying indicating 

a charge recombination process. Fig. 3.3.11 d inset shows the time profile of the C60Im•- peak at 

1020 nm.  It is clear from the decay profile that the radical ion pair persists beyond 3 ns, 

monitoring time window of our instrument.  Under these conditions, the determined rate of 

charge recombination is only a lower limit.   

 

Fig. 3.3.13 (a) Femtosecond transient spectrum of (a) (TPA)4ZnP (blue) and (TPA)4ZnP:ImC60 (red) 
recorded at 500 ps, and (b) (TPA)4ZnP (blue) and (TPA)3ZnP:ImC60-ZnPc:ImC60 (blue) at 10 ps in 
DCB. 



176 
 

 

               The determined rate of charge separation, kCS and charge recombination, kCR, were 

found to be 3.4 x 1010 s-1 and 5.3 x 108 s-1, respectively. These results revealed charge stabilization 

to some extent in the (TPA)4ZnP:ImC60 conjugate.  Fig. 3.3.14a shows transient visible-near IR 

spectra of (TPA)3ZnP-ZnPc in toluene at indicated delay times covering the entire 3 ns monitoring 

time window.  The spectral features were a combination of earlier discussed (TPA)4ZnP (Fig. 

3.3.11a) and (TPA)3ZnP-ZnPc (Fig. 3.3.10a). The instanteneously formed 1[(TPA)3ZnP]*-ZnPc 

revealed peaks corresponding to the ground state depletion (440 and 550 nm 610 nm) and 

singlet-singlet transition (1430 nm) corresponding to ZnP along with a band at 680 nm of ZnPc 

having contributions from ground state depletion and stimulated emission.  At earlier time scales, 

the signal strength of 680 nm increased at the expense of ZnP peak intensities implying energy 

transfer.  At later times, in the near-IR region, new weak peaks at 1360 and 1420 nm were also 

observed. The 1360 nm band appeared as a shoulder band to the main 1420 nm band.  In order 

to interpret these peaks, femtosecond transient spectra of pristine ZnPc covering both visible 

and near-IR region was recorded.  As shown in Fig. 3.3.15, pristine ZnPc also revealed these peaks 

implying that the near-IR bands in the spectra of (TPA)3ZnP-ZnPc are due to (TPA)3ZnP-1ZnPc*.   
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Fig. 3.3.14 Femtosecond transient spectrum of (a) (TPA)3ZnP-ZnPc (inset: time profile of the 473 
nm (blue) and 680 nm (red) peaks), (b) (TPA)3ZnP-ZnPc in the presence of 1 eq. of C60Im (inset: 
time profiles of 842 nm (blue) 1020 nm (magenta), and 1360 nm (wine) peaks), and (c) (TPA)3ZnP-
ZnPc in the presence of 2.2 eq. of C60Im to form (TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate (inset: 
time profiles of 842 nm (blue) 1020 nm (magenta), and 1360 nm (wine) peaks).  Fig. d shows the 
time profile shown in Fig. c inset at shorter delay times representing rise and partial decay of the 
radical signals.  The red line shows the time profile at shorter delay times of (TPA)4ZnP•+:ImC60

•- 
monitored at 1360 nm (the original data is shown in Fig. 3.3.11b).  The spectra were recorded in 
toluene at the indicated time delays at the excitation wavelength of 400 nm.  
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Fig. 3.3.15 Femtosecond transient spectra of ZnPc in toluene at the indicated time intervals. 

               Next, (TPA)3ZnP:C60Im-ZnPc:ImC60 conjugates were formed to probe photoinduced 

electron transfer events.  In the first set of experiment, (TPA)3ZnP-ZnPc was complexed with only 

one equivalent of C60Im to check the accessability of both zinc centers to axial binding, as 

predicted from the nearly same binding constants and the competitive energy and electron 

transfer processes originating from 1[(TPA)ZnP]*.  Fig. 3.3.14b shows transient spectra of 

(TPA)3ZnP-ZnPc under these conditions.  Peaks corresponding to C60Im•- at 1020 nm, at 845 nm 

of ZnPc•+, and in the 1360 nm range corresponding to [(TPA)3ZnP]•+ were observed.   These results 

suggest the formation of [(TPA)3ZnP]•+:C60Im•--ZnPc:ImC60 and (TPA)3ZnP:C60Im-ZnPc•+:ImC60
•- 

radical ion pairs, although the complex formation process is incomplete due to insufficient 

amount of added C60Im.  The decay profiles of the [(TPA)3ZnP]•+ at 1360 nm, ZnPc•+ at 845 nm 

and C60Im•- at 1020 nm are shown in Fig. 3.3.14b inset.  It is interesting to note that the 

[(TPA)3ZnP]•+ decays faster than that of C60Im•- and ZnPc•+ radical ions of the conjugate.  
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               Next, the transient spectra of of (TPA)3ZnP-ZnPc in the presence of 2.2 equivalents of 

C60Im to form (TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate was recorded as shown in Fig. 3.3.14c.  

Better developed radical ion-peaks of [(TPA)3ZnP]•+, C60Im•- and ZnPc•+ were observed, 

suggesting involvement of both (TPA)3ZnP:ImC60 and ZnPc:ImC60 donor-acceptor pairs of the 

(TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate in the charge separation process.  Fig. 3.3.13b compares 

transient spectrum of (TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate with that of pristine (TPA)4ZnP at a 

delay time of 10 ps.  Spectral signature peaks at 1360 nm corresponding to [(TPA)3ZnP]•+ 

(overlaped with that of 1[(TPA)3ZnP]* at 1420 nm) and C60Im•- at 1020 nm were observed.  

Importantly, at this time scale spectral features of [(TPA)3ZnP]•+ were better developed than that 

of ZnPc•+ at 840 nm.  These results are suggestive of the formation of (TPA)3ZnP•+:ImC60
•--

ZnPc:C60Im radical ion pair as the major initial product.  The time profiles (covering the entire 3 

ns window) of the radical ions is shown in Fig. 3.3.14c inset while at shorter time scale (250 ps) is 

shown in Fig. 3.3.14d.  From the time profiles in Fig. 3.3.14c inset, it is clear that the [(TPA)3ZnP]•+ 

(wine colored plot) decays faster than that of C60Im•- (magenta) and ZnPc•+ (blue) radical ions of 

the conjugate. Moreover, the decay of [(TPA)3ZnP]•+ is faster than the decay of earlier discussed 

[(TPA)4ZnP]•+:C60Im•- (in Fig. 3.3.11b) while the decay of ZnPc•+ is much slower than that reported 

earlier ZnPc•+:ImC60
•-. These observations are suggestive of a hole shift from the cation radical of 

(TPA)3ZnP•+:ImC60
•--ZnPc:ImC60 to ZnPc within the conjugate to yield (TPA)3ZnP:ImC60

•--

ZnPc•+:ImC60 radical ion-pair (process HS in Fig. 3.3.9) wherein the cation and anion radical 

species are separated by ZnP entity.   

               To secure additional evidence of this charge separation-hole shift process, the time 

profiles of the different radical ions were analyzed at early time scales as shown in Fig. 3.3.14d.  
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By monitoring the growth of 1360 nm peak corresponding to [(TPA)3ZnP]•+ (wine colored) a time 

constant of 37.2 ps was obtained that yielded a value for kCS of 2.7 x 1010 s-1 for 

[(TPA)3ZnP]•+:ImC60
•--ZnPc:ImC60 formation.  This value compared with the earlier discussed kCS 

of 3.4 x 1010 s-1 for [(TPA)4ZnP]•+:C60Im•- formation.  The kCS obtained by monitoring the growth 

of ImC60
•- in the (TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate was found to be 2.9 x 1010 s-1 (magenta), 

comparable to the rate of [(TPA)4ZnP]•+ formation.  Interestingly, the growth of ZnPc•+ monitored 

at 840 nm (blue line), stretched beyond 100 ps, and this growth was accompanied by initial decay 

of [(TPA)3ZnP]•+ to some extent.  The kCS obtained for this process was found to be 9.2 x 109 s-1.  

The difference between the kCS values of [(TPA)4ZnP]•+ and ZnPc•+ was ~109 s-1 that could be 

considered as rate of hole shift, kHS, ignoring any contributions from (TPA)3ZnP:ImC60-

ZnPc•+:ImC60
•-, a product formed form direct excitation of ZnPc.  The time profile of 

[(TPA)4ZnP]•+:C60Im•- formation at 1360 nm is also shown in Fig. 3.3.14d (red line) for comparison 

with the time profile of (TPA)3ZnP•+:ImC60
•--ZnPc:ImC60 (wine).  Faster decay of the latter due to 

the hole shift process compared to the former is evident from such comparision.  Under the 

present conditions, the rise and decay of C60Im•- with multiple contributions makes it harder to 

analyze, however, persistence of both ZnPc•+ and C60Im•- beyond the 3 ns window is clear from 

the time profiles.  The reported kCR value for the radical ion pair, ZnPc•+:ImC60
•- in the ZnPc:ImC60 

conjugate from our recent study was 2.1 x 108 s-1 resulting in a lifetime of radical ion-pair of 4.8 

ns. Persistence of the ZnPc•+ and ImC60
•- radical ion signals in the (TPA)3ZnP:ImC60-ZnPc:ImC60 

conjugate beyond 4.8 ns would ultimately mean the occurrence of charge separation/hole shift 

processes (CS-1/HS in Fig. 3.3.9) generating long-lived charge separated state.  
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3.3.7 Nanosecond Transient Absorption Studies   

In order to characterize the long-living (TPA)3ZnP:ImC60
•--ZnPc•+:ImC60 radical ion-pair, 

nanosecond transient studies were performed.  Fig. 3.3.16a shows nanosecond transient 

spectrum of (TPA)4ZnP at the indicated delay times in toluene. Peaks corresponding to 

3[(TPA)4ZnP]* were present at 474, 810 and 970 nm.  In fact the latter two peaks were broad 

enough to cover the spectral range of 650-1200 nm.  From the decay of the 810 nm peak, a 

lifetime of 11.7 𝜇s for 3(TPA)4ZnP* was calcualted (in Fig. 3.3.16b for kinetic trace).  

 

Fig. 3.3.16 (a) Nanosecond transient spectra at the indicated time intervals of (TPA)4ZnP in 
toluene (𝜆ex = 430 nm).  (b) time profile of the 810 nm peak. 

 

                As shown in Fig. 3.3.17, the conjugate (TPA)4ZnP:ImC60 formed by complexing C60Im 

revealed no detectable transient peaks supporting the formation of [(TPA)4ZnP]•+:ImC60
•-, implicit 

lack of electron transfer from the 3[(TPA)4ZnP]*.   
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Fig. 3.3.17 Nanosecond transient spectra at the indicated time intervals of (TPA)4ZnP:ImC60 

complex in toluene (𝜆ex = 430 nm).  

 

 

               The nanosecond spectrum of (TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate, recorded at 32 and 

68 ns delay times as shown in Fig. 3.3.18, revealed peaks at 840 and 1020 nm providing evidence 

for the existence of ZnPc•+ and C60Im•- species at these delay times.  Since the 

[(TPA)3ZnP]•+:ImC60
•--ZnPc:ImC60 and (TPA)3ZnP:ImC60-ZnPc•+:C60Im•- radical ion pair are short 

lived (0.65 ns from decay profile of [(TPA)3ZnP]•+ in Fig. 3.3.14c, and 4.8 ns for ZnPc•+), this could 

only be attributed to the presence of (TPA)3ZnP:ImC60
•--ZnPc•+:ImC60 radical ion pair, that is, the 

product of CS-1/HS in Fig. 3.3.9.  At higher time scale, peaks corresponding to 3[(TPA)3ZnP]* 

started to develop (from unbound (TPA)3ZnP in solution), however, the radical ion-pair signatures 

were obvious event in the spectrum collected at 104 ns.  Notably, no ZnP•+ signal at 770 nm or 

1360 nm was observed, suggesting lack of long-living [(TPA)3ZnP]•+:ImC60
•--ZnPc:ImC60 radical 

ion-pair at this time scale, as predicted from femtosecond transient studies.  The ~100 ns lifetime 

of (TPA)3ZnP:ImC60
•--ZnPc•+:ImC60 radical ion pair is over 20 times greater than that reported for 



183 
 

ZnPc•+:ImC60
•- radical ion-pair ZnPc:ImC60, being 4.8 ns. These results support charge 

separation/hole migration via CS-1/HS route in Fig. 3.3.9 to produce long living (TPA)3ZnP:ImC60
•-

-ZnPc•+:C60Im radical ion-pair, with the radical cation and radical anion separated by a ZnP entity 

in the supramolecular conjugate.  

 

Fig. 3.3.18 Nanosecond transient spectra at the indicated delay times of (TPA)3ZnP:ImC60-
ZnPc:ImC60 conjugate in Ar-saturated toluene at the excitation wavelength of 430 nm. 

 

                It is worth pointing out here that in the previous studies involving zinc porphyrin-zinc 

phthalocyanine-fullerene derived supramolecular conjugates, it was not possible to establish 

such a CS/HS process leading to a long-lived radical ion-pair, wherein a relatively short-lived 

ZnPc•+-C60
•- radical ion-pair with no detectable spectral signature supporting ZnP•+-C60

•- radical 

ion-pair formation was observed. Although both structural and electronic factors of the 

supramolecular assembly could contribute to this, the relatively slow energy transfer from 

excited zinc porphyrin to zinc phthalocyanine which would competitively promote electron 
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transfer from singlet excited zinc porphyrin to the coordinated fullerene yielding ZnP•+:C60Im•- 

radical ion-pair could be considered to be the main contributing factor.  As discussed earlier, the 

product of this charge separation-1 process, ZnP•+:ImC60
•- would subsequently undergo a hole 

transfer process involving ZnPc to yield the long-lived (TPA)3ZnP:ImC60
•--ZnPc•+:C60Im radical ion 

pair within the conjugate.  The present study delineates the importance of multi-modular 

supramolecular systems to derive new mechanistic and kinetic routes to accomplish the desired 

end product of artificial photosynthesis. 

 

3.3.8 Summary 

               The newly synthesized and characterized photosynthetic antenna-reaction center model 

compound has been shown to undergo multi-step energy transfer processes, viz., 1TPA* to ZnP 

and 1ZnP* to ZnPc, funneling most of the near UV-visible radiation.  The donor-acceptor 

conjugate formed upon assembling fullerene revealed charge separated states originating from 

both 1ZnP* and 1ZnPc* within the (TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate.  Interestingly, the 

charge separated state, [(TPA)3ZnP]•+:ImC60
•--ZnPc:ImC60 originated from 1ZnP* yielded 

(TPA)3ZnP:ImC60
•--ZnPc•+:ImC60 radical ion-pair via a hole transfer mechanism in which the radical 

cation and radical anion were separated by the ZnP entity.  Due to the distant location of the 

radical cation and radical anion (ZnP acting as a spacer), the charge recombination process was 

slowed down.  The lifetime of the final charge separated state was about 100 ns which was over 

20 times greater compared to the lifetime of ZnPc•+:ImC60
•- radical ion-pair.  The present multi-

modular, donor-acceptor building strategy found to be an elegant approach to capture wide-

band light and produce long-lived charge separated state. 
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3.4 A ‘Two-Point’ Bound Zinc Porphyrin-Zinc Phthalocyanine-Fullerene Supramolecular Triad 

for Sequential Energy and Electron Transfer* 

 

3.4.1 Introduction 

               In natural photosynthesis, photon energy is efficiently funnelled with the help of antenna 

pigments to the reaction center to generate charge separated states as a result of the occurrence 

of sequential energy and electron transfer events. Inspired by this, there have been a number of 

artificial photosynthetic models capable of mimicking these events with an ultimate aim of 

converting light energy into solar fuels, as well as to build optoelectronic devices. Self-assembled 

assemblies are more appealing compared to covalently linked ones due to their close 

resemblance to natural systems. Additionally, although synthetically challenging, by introducing 

multiple modes of binding between the entities, the desired distance and orientation between 

the donor-acceptor entities could be achieved. In this regard, a ‘two-point’ axial coordination 

approach was introduced by us to link covalently linked porphyrin dimer to fulleropyrrolidine via 

metal-ligand axial coordination, and demonstrated photoinduced electron-transfer processes. In 

the present study, we have extended this approach by employing a zinc porphyrin-zinc 

phthalocyanine (ZnP-ZnPc) dyad capable of undergoing singlet-singlet energy transfer and bind 

to an electron acceptor fullerene functionalized to possess two pyridine entities (C60Py2) via ‘two-

point’ binding as shown in Fig. 3.4.1.   

 

*Section 3.4 is reproduced from Chandra B. KC, Kei Ohkubo, Paul A. Karr, Shunichi Fukuzumi and 

Francis D’Souza, Chem. Commun., 2013, 49, 7614-7616 with permission from the publisher.  
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               Occurrence of sequential light induced energy and electron transfer events as probed 

spectroscopic and transient spectral studies are presented. 

 

Figure. 3.4.1 Structure of the zinc porphyrin-zinc phthalocyanine-fullerene triad held by ‘two-

point’ axial coordination approach. 

3.4.2 Experimental Section 

Chemicals.  All of the reagents were from Aldrich Chemicals (Milwaukee, WI) while the bulk 

solvents utilized in the syntheses were from Fischer Chemicals.  Tetra-n-butylammonium 

perchlorate, (n-Bu4N)ClO4 used in electrochemical studies was from Fluka Chemicals.  All the 

chromatographic materials and solvents were procured from Fisher Scientific and were used as 

received.  

 

 

 



187 
 

The synthesis of ZnP-ZnPc dyad was carried out according to Scheme 3.4.1. 

 

Scheme 3.4.1 Synthetic procedure adopted for the ZnP-ZnPc dyad. (DMAE = N,N-
dimethylaminoethanol, DCC = N,N’-dicylohexyl-carbodiimide, DMAP = 4-
(dimethylamino)pyridine). 

 

Synthesis of 5-(3-carboxyphenyl)-10,15,20-tris(tolyl)porphyrin. 3-Formyl benzoic acid (500 mg, 

3.33 mmol), p-tolualdehyde (1.18 ml, 10 mmol) and pyrrole (0.93 ml, 13.32 mmol) were refluxed 

for 4 h in 150 ml of propionic acid. After cooling the mixture at room temperature the solvent 

was evaporated and the dark black colored crude compound was purified by silica gel column.  
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The desired compound was eluted by CHCl3:MeOH (90:10 v/v).  Yield- 12.5 %. 1H NMR (CDCl3:400 

MHz), δ (ppm):  -2.81 (s, 2H, -NH), 2.70 (s, 9H, -3CH3), 7.59 (d, 6H, phenyl H), 7.85 (m, 2H, phenyl 

H), 8.10ppm (d, 6H, phenyl H), 8.40 (d, 1H, phenyl H), 8.50 (d, 1H, phenyl H), 8.80 (m, 2H, pyrrole 

H), 8.90 (m, 6H, pyrrole H). 

Synthesis of [5-(3-carboxyphenyl)-10,15,20-tris(tolyl)porphyrinato]zinc(II) (9) - 5-(3-

Carboxyphenyl)-10,15,20-tris(tolyl)porphyrin (2) (150 mg, 0.19 mmol) and zinc acetate (208 mg, 

0.95 mmol) was refluxed in chloroform and methanol (1:1 ratio, 10 ml each) until free base 

porphyrin was completely metalated which was checked by the UV−vis spectrum which showed 

disappearance of the 515 nm band. After evaporation of solvent, the crude compound was 

purified over silica gel column, and the desired compound was eluted by chloroform:methanol 

(95:5 v/v). Yield- 87%. 1H NMR (CDCl3:400 MHz), δ (ppm): 2.60 (s, 9H, -3CH3), 7.45 (d, 6H, phenyl 

H), 7.78 (m, 2H, phenyl H), 8.01 (d, 6H, phenyl H), 8.30 (d, 1H, phenyl H), 8.43 (d, 1H, phenyl H), 

8.70 (m, 2H, pyrrole H), 8.81 (m, 6H, pyrrole H). 

Synthesis of [2-hydroxy-9, 16, 23-tri-ter-butylphthalocyaninato]zinc(II) (10)- 4-ter-Butyl 

phthalonitrile (695 mg, 3.77 mmol), 4-hydroxyphthalonitrile (90 mg, 0.62 mmol) and ZnCl2 (257 

mg, 1.90 mmol) were kept in 100 ml RB flask under N2 for 20 min. Then DMAE (4 ml) was added 

and whole mixture was heated at 150 0C for 18 h. After cooling the mixture at room temperature, 

the solution was dissolved with methanol and water (15:5 ml each) and centrifuged for 1.5 h. 

Thus obtained green colored residue was dissolved in minimum of chloroform and purified by 

silica column. The desired compound was obtained as a second fraction eluted by chloroform: 

MeOH (90:10 v/v). Yield- 120 mg (25%). 1H NMR (CDCl3, 400MHz), δ (ppm): 1.55 (m, 27H, -CH3), 
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7.20 (m, 4H, Ar-H), 7.70 (m, 4H, Ar-H), 7.95 (m, 4H, Ar-H). Mass- ESI. [M+H]+, obtained- 763.50, 

calculated- 762.27.   

Synthesis of ZnP-ZnPc dyad (11). Compounds 9 (120 mg, 0.15mmol), 10 (152 mg, 0.20 mmol), 4-

(dimethylamino)pyridine (5 mg, 0.04 mmol), and N,N′-dicyclohexylcarbodiimide (62 mg, 0.3 

mmol) were added and stirred in 50 ml of methylene chloride for 2 days. After removing the 

solvent, the crude compound was purified by silica column. The desired compound was eluted 

with CHCl3:MeOH (90:10 v/v). Yield- 30mg (16%). 1HNMR (CDCl3:400MHz), δ (ppm):  1.2 – 1.34 

(m, 27H, -CH3), 2.78 (s, 9H, -CH3), 7.1 (m, 3H, Ar-H), 7.35 (m, 3H, Ar-H), 7.50 (m, 6H, Ar-H), 8.05 

(broad, 6H, Ar-H), 8.75 (broad, 10H, Ar-H), 9.2 (broad, 8H, Ar-H).  MALDI-TOF cacld. 1508.36, 

found [M + Na]+ 1531.26. 

 

3.4.3 Absorption and Fluorescence Study 

                Fig. 3.4.2(a) shows the absorption spectrum of the dyad along with the spectrum of a 

1:1 mixture of ZnP and ZnPc in o-dichlorobenzene (DCB). A small red shift (1-2 nm) of the ZnP 

Soret and broadening of ZnPc bands were observed suggesting occurrence of some 

intramolecular interactions between the two entities of the dyad. Fig. 3.4.2(b) shows the 

fluorescence spectrum of the dyad along with the 1:1 mixture at the excitation of 425 nm 

corresponding to ZnP.  The ZnP emissions at 600 and 650 nm were quenched over 80% of their 

values observed for the 1:1 mixture with the appearance of strong ZnPc emission at 700 nm 

indicating occurrence of intramolecular singlet excitation transfer in the dyad. The excitation 

spectrum recorded for the dyad by holding the emission wavelength at 695 nm and scanning the 

excitation wavelength as shown in the figure 3.4.4, revealed bands of both ZnPc and ZnP.  
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Fig. 3.4.2   (a) Absorption (3.9 𝜇M each) and (b) emission spectrum (3.9 𝜇M each) of (i) ZnP-
ZnPc dyad and (ii) 1:1 mixture of ZnP and ZnPc in DCB. 𝜆ex = 425 nm. 

 

Fig. 3.4.3 Excitation spectrum recorded by holding the emission monochromator to 695 nm for 

ZnP-ZnPc dyad (black line) and 1:1 mixture of ZnP and ZnPc (red line) in DCB. The excitation 

wavelength was scanned from 300 to 680 nm. 
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               However, the ZnP bands were missing in the spectrum recorded for 1:1 mixture 

providing evidence for the occurrence of excitation transfer in the dyad. The supramolecular triad 

was formed by complexing C60Py2 to ZnP-ZnPc dyad.  Fig. 3.4.5(a) shows spectral changes 

observed during titration of C60Py2 to a solution of ZnP-ZnPc dyad in DCB.  

 

Fig. 3.4.4  (a) Absorption spectral changes observed for C60Py2 (3.7 mM, 2 𝜇L each addition) 
binding to ZnP-ZnPc (3.9 𝜇M) in DCB, (b) Benesi-Hildebrand plot to calculate the binding constant, 
(c) Mole-ratio plot to establish the molecular stoichiometry, (d) Fluorescence changes observed 
for C60Py2 binding to ZnP-ZnPc in DCB; 𝜆ex = 412 nm corresponding to one of the isosbestic points. 
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ZnP Soret band at 425 nm revealed characteristic features of axial coordination with diminished 

intensity accompanied by a red shift. Similarly, the ZnPc band at 690 nm revealed diminished 

intensity in addition to three isosbestic points.  The binding constant calculated from the spectral 

data using Benesi-Hildebrand method9 was found to be 1.7 x 105 M-1 (Fig. 3.4.5 (b) which was 

over an order of magnitude higher than that reported for ‘single-point’ metal-ligand 

coordination. Further, a plot of mole ratio method revealed a break at 0.5 (Fig. 3.4.5(c)) 

confirming a 1:1 stoichiometry of the supramolecular triad involving of both metal centers 

binding to C60Py2.                

               Addition of C60Py2 to the solution of ZnP-ZnPc dyad quenched ZnPc emission almost 

quantitatively while such changes for the weak ZnP emission were minimal (Fig. 3.4.4(d).  To 

further understand this, additional computational and electrochemical studies were performed.  

Fig. 3.4.5 a and b show B3LYP/6-31G* optimized geometries of ZnP-ZnPc dyad and C60Py2.  The 

two macrocycles of ZnP-ZnPc were tilted due to the meta-substitution of ZnP (dihedral angle = 

96o).  At least two geometries for the triad were possible owing to an extra connecting methylene 

group for one of the Py entities of C60Py2 as shown in Fig. 3.4.5 c and d.  The energy difference 

between the two optimzied structures in Fig. 3.4.5 c and d was ca. 2.3 kJ/mol. The centre-to-

centre distance between Zn and C60 for the triad having C60-pyridine with connecting –CH2- was 

about 0.5 Å more than the one without –CH2- fragment, both with a distance of 11.5 + 0.5 Å. 
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Fig. 3.4.5  B3LYP/6-31G* optimized structures of ZnP-ZnPc dyad (a), C60Py2 (b) and the two from 
of self-assmebled triads (c) and (d). 

 

3.4.4 Electrochemistry and Transient Absorption Spectroscopy Study 

               Further free-energy calculations for charge-separation (𝛥GCS) were performed according 

to Weller approach. These values, determined from redox potential as shown in figure 3.4.6 and 

singlet state energy of each zinc tetrapyrroles (2.06 eV for 1ZnP* and 1.83 eV for 1ZnPc*), were 

found to be -0.72 eV for 1ZnPc* and -0.58 eV from 1ZnP* originated electron transfer in the triad 

indicating dominance of ZnPc over ZnP in electron transfer process.   
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Fig. 3.4.6  Cyclic voltammograms of (i) ZnP-ZnPc dyad and (ii) ZnP-ZnPc:Py2C60 triad in DCB 
containing 0.1 M (TBA)ClO4.  Scan rate = 100 mV/s. 

 

               Femtosecond transient spectral studies were performed to probe mechanistic and 

kinetic details of energy and electron transfer events.  The acceptor, C60Py2, upon excitation by 

the 393 nm laser light revealed formation of 1C60Py2* at 900 nm that decayed at a rate of 2.3 x 

109 s-1 to populate 3C60Py2* at 700 nm as shown in figure 3.4.7.137 
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Fig. 3.4.7 Femtosecond transient spectra at the indicated time intervals, at the excitation 
wavelength of 393 nm, of C60Py2 in DCB.  The panel at the right side shows time profile of the 900 
nm band. 

 

               The ZnP-ZnPc dyad upon excitation by the 393 nm laser revealed initial population of 

1ZnP* with characteristic transient peaks at 500 and 950 nm with a rate constant > 5 x 1012 s-1; 

these peaks decayed to populate 1ZnPc* at 830 nm (Fig. 3.4.8) within 1.5 ps. The rate of singlet 

energy transfer was close to that reported recently for ZnP-ZnPc dyad with a para linkage138 

revealing very small influence from the mode of porphyrin substitution (meta versus para). 
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Fig. 3.4.8 (a) Femtosecond transient spectra of ZnP-ZnPc dyad at the indicated time intervals in 
DCB.  The kinetic profiles of the 500 and 900 nm bands of 1ZnP* are shown in b and c, respectively. 

 

               The supramolecular triad formed upon binding of C60Py2 revealed feature confirming the 

occurrence of photoinduced electron transfer.  As shown in Fig. 3.4.9, excitation of the triad at 

393 nm had features of singlet-singlet energy transfer from 1ZnP* to ZnPc at a rate not much 

different from that of the ZnP-ZnPc dyad. However, the newly formed 1ZnPc* underwent 

photoinduced electron transfer with the coordinated fullerene to produce ZnP-ZnPc.+-C60.- 

radical ion-pair state as witnessed from the appearance of fullerene anion radical peak at 1000 

nm. The ZnPc cation radical band at 840 nm was overlapped with the 1ZnPc* band at 820 nm.  

These radical ion-peaks persisted about 3 ns indicating formation of relatively long-lived charge 

separated states. The lifetime of charge-separated state was determined from the decay curve 

of absorbance at 1000 nm due to the C60
.- moiety to be 1.7 ns (Fig. 3.4.9.c).  
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Fig. 3.4.9  (a) Femtosecond transient spectra of ZnP-ZnPc:Py2C60 triad at the indicated time 
intervals in DCB. The kinetic profiles of absorbance at (b) 900 nm and (c) 1000 nm are at the right 
hand side panel. 

 

               Additional nanosecond transient studies performed revealed absence of transient 

features of the charge separated species indicating occurrence of charge recombination well 

before the 10 ns detection limit of the instrument as shown in 3.4.10. 



198 
 

 

Fig. 3.4.10 Nanosecond transient spectra at the indicated time intervals, at the excitation 
wavelength of 430 nm, of ZnP-ZnPc:Py2C60 triad in DCB. 

   

3.4.5. Summary  

               In summary, using ‘two-point’ axial binding approach, we have assembled a novel triad 

comprised of ZnP-ZnPc dyad and C60 to probe sequential photoinduced energy and electron 

transfer events.  The two-point binding approach resulted in a triad of defined shape and 

relatively high stability. Free-energy calculation suggested that an electron transfer from 1ZnPc* 

is energetically more favorable than from the 1ZnP* in the triad although the acceptor (C60) was 

disposed at an almost equal distance. Consequently, efficient energy transfer from 1ZnP* to ZnPc 

in the triad followed by formation of ZnP-ZnPc.+-C60
.- radical ion-pair was witnessed in the triad. 

These findings prove to be significant for future design of tetrapyrrole donor-nanocarbon 

acceptor hybrids for wide-band capture and efficient light energy harvesting. 
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Chapter 4 

Covalently linked donor-acceptor systems 

4.1 Phenothiazine-BODIPY-Fullerene Triads as Photosynthetic Reaction Center Models: 

Substitution and Solvent Polarity Effects on Photoinduced Charge Separation and 

Recombination* 

4.1.1 Introduction  

               Recently, solar energy, in general, and organic photovoltaics, in particular, have emerged 

as promising candidates to satisfy the world’s demand for renewable energy.139, 140 Among the 

several incentives, the low production cost is an appealing feature of organic photovoltaics over 

the convensional silicon-based solar cells.  Relevant to the development of organic photovoltaics, 

efforts have been directed to develop supramolecular systems capable of mimicking natural 

photosynthesis. Particularly, systems capable of undergoing cascades of light induced electron 

transfer reactions leading to the generation of free charge carriers, that is, electrons and holes. 

Among the different factors responsible for effective functioning of photosynthetic model 

compounds, light absorption capabiltity of the sensitizers, organization of the different 

redox/photo-active building blocks, nature of the spacer connecting the entities, and solvent 

media are the important ones.  In this effort, a number of synthetic organic sensitizers having 

higher photostability and panchromatic absorption behavior over the natural chlorophyll 

pigments have been employed as primary or secondary electron donors.  

*Section 4.1 is reproduced from Chandra B. KC, Gary N. Lim, Vladimir N. Nesterov, Paul A. Karr, 

and Francis D’Souza, Chemistry - A European Journal, 2014, 20, 17100 – 17112 with permission 

from the publisher.  
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On the contrary, fullerenes have emerged as ultimate electron acceptors.  The rigid spheroidal 

structure of fullerenes,141 with facile reduction potential142 and low reorganization energy have 

rendered themselves suitable candidates in building artificial photosynthetic reaction centers. 

                Recently, novel donor-acceptor conjugates made out of BODIPY-fullerene and 

azaBODIPY-fullerene (azaBODIPY = BF2 chelated azadipyrromethene) as primary donor-acceptor 

entities, and one or more covalently linked redox/photoactive entities have been reported as 

novel photosynthetic antenna and reaction center mimics. The photophysical outcomes of these 

systems were directly applicable towards building light energy havesting and optoelectronic 

devices. Directly linked phenothiazine-fullerene donor-acceptor systems have also been reported 

revealing photoinduced charge separation.  In our continued effort to develop novel donor-

acceptor multi-modular supramolecular systems, especially to probe structure-activity aspects of 

charge separation and stabilization, in the present study, we have newly constructed 

supramolecular triads composed of phenothiazine, BODIPY and fullerene entities (Figure 4.1.1) 

using closely spaced donor2-donor1-acceptor triad strategy. In the first triad, the phenothiazine 

is linked to the meso-position of BODIPY through C-3 aromatic carbon while in the second triad, 

through the N-terminal with a phenyl ring spacer.  In this regard, a recent study from our 

laboratory on the dye sensitized solar cells built using phenothiazine sensitizers functionalized at 

C-3 and N-positions, chemi-adsorbed on semiconducting TiO2, revealed different light energy 

conversion efficiencies.143 Thus, multi-modular donor-acceptor systems with phenothiazine 

connected either thourgh the C-3 or N-positions are expected to provide additional insights into 

the mechanistic details of photochemical charge stabilization in addition to the occurrence of 



201 
 

ultrafast charge separation and slower charge recombinatin processes.  The result of our findings 

on these phenothiazine-BODIPY-fullerene triads is discussed below. 

 

Fig. 4.1.1  Structure of the phenothiazine-BODIPY-fullerene triads (13 and 14) and phenothizine-

BODIPY dyads (13a and 14a) and BODIPY-C60 dyad (15) investigated in the present study. 

4.1.2 Experimental Section 

Chemicals.  Buckminsterfullerene, C60 (+99.95%) was from SES Research, (Houston, TX). All the 

reagents were from Aldrich Chemicals (Milwaukee, WI) while the bulk solvents utilized in the 

syntheses were from Fischer Chemicals.  Tetra-n-butylammonium perchlorate, (n-Bu4N)ClO4, 
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used in electrochemical studies was from Fluka Chemicals.  The syntheses BODIPY-C60 dyad are 

given elsewhere. In addition to spectral characterization, purity was verified by thin-layer 

chromatography for all compounds. The synthesis of the phenothiazine-BODIPY-fullerene triads 

was carried out according to Scheme 4.1.1.   

10-Methyl-3-formyl phenothiazine (13a) - A solution of 10-methyl phenothiazine (500mg, 

2.34mmol) in DMF (5ml) was added to the Vilsmeier complex [mixture of POCl3 (0.65ml, 

7.03mmol) and DMF (5ml) at 00C and stir for thirty minutes] and the mixture was heated 

overnight at 900C under N2. After cooling at room temperature, the mixture was kept in an ice 

bath and treated with saturated solution of NaOH until pH of the solution was slightly basic (pH 

7-8); checked by litmus paper. Then the mixture was extracted in dichloromethane and dried 

over sodium sulfate and evaporated to get the crude compound which was purified over silica 

gel column. Eluted by Hexane: CHCl3 (70:30 v/v). Yield- 53%. 1H NMR (CDCl3; 400 MHz), 3.40ppm 

(s, 3H, -CH3), 6.80ppm (d, 2H, Ar-H), 6.95ppm (t, 1H, Ar-H), 7.10ppm (d, 1H, Ar-H), 7.20ppm (t, 

1H, Ar-H), 7.55ppm (s, 1H, Ar-H), 7.65ppm (d, 1H, Ar-H), 9.80ppm (s, 1H, -CHO). 

10-Methyl-3-difluoroboron dipyrrin phenothiazine (13b) – Few drops of trifluoroacetic acid was 

added to the mixture of 10-methyl-3-formyl phenothiazine (300mg, 1.24mmol) and 2,4-dimethyl 

pyrrole (0.25ml, 2.50mmol) in dichloromethane. The reaction mixture was stirred at room 

temperature under nitrogen for 2 hours, and then the solution was washed with aqueous NaOH 

(0.1M, 100ml) and water. The organic layer was collected and dried over Na2SO4 and the solvent 

was evaporated under reduced pressure. The residue was dissolved in toluene (30ml) and p-

chloranil (370mg, 1.50mmol) was added and stirred for 10 minutes. After that the triethyl amine 

(2ml) was added followed by BF3.Et2O (2ml). The mixture was stirred for 1.5 hour and then 
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poured into water. The organic layer was collected and dried over Na2SO4 and then evaporated 

under reduced pressure. The crude product was purified over silica column and eluted by 

Hexanes:CH2Cl2 (60:40, v/v). Yield – 35%. 1HNMR (CDCl3; 400MHz). 1.45 (s, 6H, -CH3), 2.05 (s, 6H, 

-CH3), 3.32 (s, 3H, -CH3), 5.90 (s, 2H, Ar-H), 6.75 (m, 2H, Ar-H), 6.90 (m 1H, Ar-H), 7.05 (m, 1H, Ar-

H), 7.10 (m 1H, Ar-H), 7.50 (m, 1H, Ar-H),  7.60 (m, 1H, Ar-H). 

10-Methyl-3-dioxyboron dipyrrin phenothiazine (13c) - 10-Methyl-3-difluoroboron dipyrrin 

phenothiazine (13a) (150mg, 0.32mmol) was dissolved in dry dichloromethane (30ml) and stirred 

under N2 for 10 minutes. Then AlCl3 (130mg, 0.97mmol) was added and the solution was further 

stirred for 15 minutes before addition of 3,4-dihydroxybenzaldehyde (88mg, 0.64mmol). The 

mixture was stirred for 30 minutes and the solvent was evaporated under reduced pressure. The 

crude product was purified by using a deactivated basic alumina and eluted by hexane:CH2Cl2 

(50:50 v/v). Yield – 40%. 1HNMR (CDCl3; 400MHz). 1.50 ppm (s, 6H, -CH3), 2.05 ppm (s, 6H, -CH3), 

3.35 (s, 3H, -CH3), 5.95 ppm (s, 2H, Ar-H), 6.85 ppm (m, 3H, Ar-H), 6.95 ppm (m, 1H, Ar-H), 7.05 

(m, 2H, Ar-H), 7.10 (m, 1H, ar-H), 7.20 (m,1H, Ar-H), 7.30 (m, 1H, Ar-H), 7.40 (m, 1H, Ar-H), 9.85 

(s, 1H, -CHO). 

10-Methyl-3-dioxyboron dipyrrin phenothiazine – fullerene triad (13) - 10-Methyl-3-dioxyboron 

dipyrrin phenothiazine (90mg, 0.16mmol), C60 (232mg, 0.32mmol), and sarcosine (28mg, 

0.32mmol) was refluxed for 12 hours in toluene. After removing the solvent the crude product 

was purified over silica gel and eluted by toluene:hexanes (70:30 v/v). Yield – 40%. 1HNMR (CDCl3; 

400MHz). 1.40 ppm (m, 12H, -CH3), 2.91 ( s, 3H, -CH3), 3.40 (s, 3H, -CH3), 4.25 (d, 1H, -CH), 4.90 

(s, 1H, -CH),  5.01 (d, 1H, -CH), 6.01 ppm (s, 2H, Ar-H), 6.85 (m, 2H, Ar-H), 6.90 – 7.05 (m, 4H, Ar-

H), 7.1 – 7.25 (m, 6H, Ar-H). Mass (MALDI-TOF); calculated – 1308.20, obtained – 1305.0 – 1308.0. 
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Scheme 4.1.1  Synthetic methodology adopted for phenothiazine-BODIPY-fullerene triads.  (a) 
POCl3, DMF and reflux. (b) 2,4-dimethylpyrrole, TFA, p-chloranil, TEA, BF3.OEt2. (c) AlCl3, 3,4-
dihydroxy benzaldehyde, dry CH2Cl2. (d) N-methylglycine, C60 and toluene. (e) 4-
iodobenzaldehyde, Cu-powder, K2CO3 and DCB, reflux. (f) 2,4-dimethylpyrrole, TFA, p-chloranil, 
TEA, BF3.OEt2. (g) AlCl3, 3,4-dihydroxy benzaldehyde, dry CH2Cl2. (h) N-methylglycine, C60 and 
toluene. 
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10-(4-formylphenyl) phenothiazine (14a):  phenothiazine (1gm, 5.02mmol), Cu powder (957mg, 

15.06mmol), K2CO3 (4.14gm, 30mmol) and 4-iodobenzaldehyde (1.16gm, 5.02mmol) was 

refluxed in o-DCB (25ml) for 48 hours under nitrogen. After cooling at room temperature, the 

mixture was filtered and washed with water. The organic layer was collected and dried over 

Na2SO4. After removing the solvent under reduced pressure the crude compound was purified 

over silica column and eluted by hexanes:CHCl3 (40:60 v/v). Yield- 1.5gm (49%).  1HNMR (CDCl3; 

400MHz). 7.0 – 7.10ppm (m, 4H, Ar-H), 7.15 – 7.25ppm (m, 4H, Ar-H), 7.35ppm (d, 2H, Ar-H), 

7.65ppm (d, 2H, Ar-H), 9.75ppm (s, 1H, -CHO). 

10-Phenyl(4-difluoroboron dipyrrin) phenothiazine (14b) – Few drops of trifluoroacetic acid was 

added to the mixture of 10-phenyl(4-formylphenyl) phenothiazine (300mg, 0.98mmol) and 2,4-

dimethyl pyrrole (0.2ml, 1.97mmol) in dichloromethane. The reaction mixture was stirred at 

room temperature under nitrogen for 2 hours, and then the solution was washed with aqueous 

NaOH (0.1M, 200ml) and water. The organic layer was collected and dried over Na2SO4 and the 

solvent was evaporated under reduced pressure. The residue was dissolved in toluene (50ml) 

and p-chloranil (295mg, 1.20mmol) was added and stirred for 10 minutes. After that triethyl 

amine (2ml) was added followed by BF3.Et2O (2ml). The mixture was stirred for 1.5 hour and then 

poured into water. The organic layer was collected and dried over Na2SO4 and then evaporated 

under reduced pressure. The crude product was purified over silica column and eluted by 

hexanes:CH2Cl2 (60:40, v/v). Yield – 40%. 1HNMR (CDCl3; 400MHz). 1.40 (s, 6H, -CH3), 2.05 (s, 6H, 

-CH3), 5.95 (s, 2H, Ar-H), 7.0 – 7.10ppm (m, 4H, Ar-H), 7.15 – 7.25ppm (m, 4H, Ar-H), 7.30ppm (d, 

2H, Ar-H), 7.70ppm (d, 2H, Ar-H). 
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10-Phenyl(4-dioxyboron dipyrrin) phenothiazine (14c) - 10-phenyl(4-difluoroboron dipyrrin) 

phenothiazine (14b) (150mg, 0.28mmol) was dissolved in dry dichloromethane and stirred under 

N2 for 10 minutes. Then AlCl3 (114mg, 0.86mmol) was added and the solution was further stirred 

for 15 minutes before addition of 3,4-dihydroxybenzaldehyde (77mg, 0.56mmol). The mixture 

was stirred for 30 minutes and the solvent was evaporated under reduced pressure. The crude 

product was purified by using a deactivated basic alumina and eluted by hexanes:CH2Cl2 (50:50 

v/v). 1HNMR (CDCl3; 400MHz). 1.55 (s, 6H, -CH3), 2.10 (s, 6H, -CH3), 6.05 (s, 2H, -Ar-H), 6.45 (m, 

2H, Ar-H), 6.90 (m, 5H, Ar-H), 7.10 (m, 2H, Ar-H), 7.35 (m, 1H, Ar-H), 7.40 (m, 1H, Ar-H), 7.55 (m, 

4H, Ar-H), 9.85 (s,1H, -CHO).  

10-Phenyl(4-dioxyboron dipyrrin) phenothiazine – fullerene triad (14) - 10-phenyl(4-dioxyboron 

dipyrrin) phenothiazine (90mg, 0.14mmol), C60 (201mg, 0.28mmol), and sarcosine (25mg, 

0.28mmol) was refluxed for 12 hours in toluene. After removing the solvent the crude product 

was purified over silica gel and eluted by toluene:hexanes (70:30 v/v). Yield – 45%. 1HNMR (CDCl3; 

400MHz). 1.55 (m, 12H, -CH3), 2.90 (s, 3H, -CH3), 4.25 (d, 1H, -CH), 4.95 (s, 1H, -CH),  5.1 (d, 1H, -

CH), 6.10 (s, 2H, Ar-H), 6.30 (m, 2H, Ar-H), 7.10 (m, 4H, Ar-H), 7.25 (m, 2H, Ar-H), 7.35 (m, 2H, Ar-

H), 7.4 (s, 1H, Ar-H),  7.65 ( m, 4H, Ar-H). Mass (MALDI-TOF). Calculated – 1370.27, obtained -  

1366.0 – 1370.0. 

4.1.3. X-ray Structural Analyses of the Dyads 13b, 14b and Formyl Derivative of 14c 

               The X-ray structural analysis of the dyads is useful to understand the geometry and 

donor-acceptor distances relevant to their photochemistry.  The X-ray structure and crystal 

packing of the dyad 1a is shown in Figure 4.1.2a.  The molecule crystallized in the monoclinic 
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crystal system with space group P21/n.144 The boron of BODIPY macrocycle assumed a 

tetrahedral geometry with the two ring nitrogens and two fluorines.  In agreement with our 

previous structural reports,145 the core of the BODIPY macrocycle was flat while the 

phenothiazine ring was nonplanar due to the presence of heteroatoms and was near-orthogonal 

to the plane of BODIPY.  The crystal packing diagram shown in Figure 4.1.2a revealed several 

weak intermolecular interactions: C19-H19A…F1 (2.47 Å) and C13-H13A…F1 (2.50 Å) linking 

molecules into a net.  The atomic coordinates, bond lengths and angles, anisotropic displacement 

parameters, hydrogen coordinates of 13b are given in the supporting information. 

               The X-ray structure and crystal packing of the dyad 14b is shown in Figure 4.1.2b.  The 

molecule crystallized in the monoclinic crystal system with space group P21/c.146  The flat BODIPY 

core and nonplanar phenothiazine was evident in this structure as well. The phenyl ring 

connecting the two macrocycles was orthogonal to both the rings resulting in a small torsion 

angle between the two rings of 10.45o.  The distance between the N of phenothiazine and meso-

carbon of BODIPY was 5.68 Å.  The crystal packing diagram shown in Figure 2b revealed no 

significant intermolecular interactions.  The atomic coordinates, bond lengths and angles, 

anisotropic displacement parameters, hydrogen coordinates of 14b are given in the supporting 

information. 

               Replacing the two fluorines of BODIPY entity in 14b with 3,4-dihydroxy benzaldehyde 

resulted in 14c whose structure is shown in Figure 4.1.2c along with the crystal packing.147  The 

molecule crystallized in the orthorhombic crystal system with a space group Pca21. In the 

structure, the dioxyboron segment assumed an orthogonal position with respect to the BODIPY 

macrocycle.   



208 
 

 

Fig. 4.1.2  Projection and crystal packing diagrams of (a) 13b, (b) 14b, and (c) 14c with 50% 
thermal ellipsoids. 

The reminder of the structure was similar to that of 14b with no appreciable intermolecular 

interactions in the crystal packing.  The atomic coordinates, bond lengths and angles, anisotropic 

displacement parameters, hydrogen coordinates of 14c are given in the supporting information. 

4.1.4 Optical Absorption and Fluorescence Studies 

               Figures 4.1.3 a and b show the absorbance spectra of triads 13 and 14 along with dyads 

13b and 14b lacking fullerene, used as controls in o-dichlorobenzene (DCB).  For the dyads, peaks 
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due to BODIPY at 506 nm and phenothiazine at 316 nm were observed.  Replacing the fluorines 

in 13b and 14b by the catechol moiety (13c and 14c) revealed no major changes in the absorption 

spectrum.  Appending fullerene, revealed increased absorbance in the 300-350 nm region and a 

small peak at 432 nm characteristic of fulleropyrrolidine.  For both triads, the BODIPY peaks 

revealed a red-shift of 6 nm and appeared at 512 nm suggesting some intramolecular 

interactions.  In agreement with the literature reports, changing the solvent from DCB to 

benzonitrile, had little or no effect on the BODIPY absorbance band maxima (< 1 nm shift).  

Presence of phenothiazine and fullerene entities also affected the fluorescence of BODIPY as 

shown in Figures 4.1.3 c and d.  For the dyads 13b and 14b, the BODIPY emission in the 520 nm 

region was quenched substantially, more so for 13b than that for 14b due to close positioning of 

phenothiazine on the BODIPY macrocycle.  The calculated fluorescence quantum yields (Φf) for 

13b and 14b were found to be 0.004 and 0.011 which are much less than that of pristine BODIPY 

being 0.59 in DCB; similar trend was also observed in toluene and benzonitrile.  Presence of 

fullerene in both triads quantitatively quenched the BODIPY emission (Φf < 0.001) in toluene, 

DCB and benzonitrile. The results indicate occurrence of photoinduced processes in both dyads 

and triads. Similar results were also observed in toluene and benzonitrile solvents wherein for a 

given dyad, the quenching followed the trend: toluene < DCB < benzonitrile but for the triads no 

emission was observed in any of the employed solvents. 
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Fig. 4.1.3 Normalized absorption (a and b) and (b) emission (c and d) spectrum of 13b and 13 (a 
and c) and 14b and 14 (b and d) in N2 saturated DCB.  The compounds were excited at 505 nm 
corresponding to BODIPY absorption. 

 

4.1.5 Electrochemical and Computational Studies 

               Figure 4.1.4 shows differential pulse voltammograms (DPV) of the triads in DCB 

containing 0.1 M (t-Bu4N)ClO4.  The site of electron transfer of the individual redox couples was 

determined from control experiments involving pristine phenothiazine, compounds 13b, 13c, 

14b and 14c.  Replacing the fluorines in 13b and 14b by catechol (13c and 14c) had very little 

effect on the overall redox behavior of the dyads (+ 15 mV), a trend similar to that observed in 

the absorption spectral behavior.  For triad 13, during the anodic scanning of the potential, the 
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first one-electron oxidation was found at 0.87 V vs. Ag/Ag+; cyclic voltammetry studies confirmed 

this process to be a reversible process (Figure 4.1.4a). By comparison with the oxidation potential 

of phenothiazine, this process was ascribed to the oxidation of phenothiazine entity of the triad.  

At higher potential additional oxidations with peak potential at 1.18, 1.35 and 1.62 V vs. Ag/Ag+ 

were observed.  The peak at 1.18 V corresponded to that of BODIPY oxidation.  During the 

cathodic scanning, the first four one-electron reversible reductions were found to be at -0.68, -

1.06, -1.15 and -1.66 V Ag/Ag+.   

 

Fig. 4.1.4  Differential pulse voltammograms of (a) triad 13 and (b) triad 14 in DCB containing 0.1 
M (t-Bu4N)ClO4.  Scan rate = 5 mV/s, pulse width = 0.25 s, pulse height = 0.025 V.  The peak shown 
with an asterisk corresponds to oxidation of ferrocene used as an internal standard. 
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               The first two reductions involved reduction of the fullerene entity while the third one 

was due to BODIPY reduction.  Interestingly, for triad 14, the phenothiazine oxidation was found 

to be easier by 60 mV and appeared at 0.81 V (Figure 4.1.4b) while the oxidation peak 

corresponding to BODIPY was located at 1.20 V Ag/Ag+.  On the reduction side, the first reduction 

involving fullerene appeared at -0.68 V while the second reduction of fullerene and the first 

reduction of BODIPY overlapped and appeared at -1.08 V.  This suggests slightly easier reduction 

of BODIPY in triad 14 compared to that in triad 13. 

               Figure 4.1.5 a and b show the optimized structures of 13 and 14 at the B3LYP/6-31G(d,p) 

(for H, B, N. and O) and 6-31G(d,f) (for S) level. The molecules were completely optimized to a 

stationary point in vacuum followed by a single point calculation in solution utilizing the 

Polarizable Continuum Model (PCM) and the solvent benzonitrile as parameterized in the 

Gaussian 09 software suite.  The optimized phenothiazine-BODIPY segments of 13 and 14 were 

in excellent agreement with the earlier discussed X-ray structures.  That is, slightly puckered 

phenothiazine ring in both triads, flat structure of BODIPY macrocycle in both triads, orthogonal 

positioning of the phenyl spacer group in 14, and orthogonal positioning of phenyl dioxyboron 

group connecting fullerene were observed.  The distance between boron to the center of 

fullerene was about 9.6 Å in both triads.  The distance between connecting atom of 

phenothiazine and center of fullerene was found to be ~13.6 and ~17.4 Å, respectively for 13 and 

14. 

               The solution optimized frontier HOMO-1, HOMO and LUMO for each triad is shown 

below the respective optimized structure.  The location of the orbitals tacked the site of electron 

transfer arrived from electrochemical studies.  That is, easier oxidation of phenothiazine (HOMO 
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location) over BODIPY (HOMO-1 location) and easier reduction of fullerene (LUMO location) is 

borne out from this study.  The spreading of HOMO-1 on the bridging catechol segment of 

BODIPY could be a result of the computational method used in the present study, requiring higher 

and better computational methods for molecules of the size dealt here. 

 

Fig. 4.1.5 B3LYP/6-31G(d,p) (for H, B, N, and O) and B3LYP/6-31G(d,f) (for S) calculated structures 
of (a) triad 13 and (b) triad 14 in benzonitrile utilizing the Polarizable Continuum Model (PCM).  
The frontier HOMO-1, HOMO and LUMO are shown below of each optimized structure. 
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4.1.6 Free Energy Change and Energy Level Diagram 

               Using the electrochemical, computational, and excited singlet energy data, the free-

energies of charge-separation (𝛥GCS) and radical-ion pair formation (𝛥GRIP) were calculated 

using equations 4.1.1 and 4.1.2 by Rehm-Weller’s approach. 

       −𝛥GCS = 𝛥E0-0− 𝛥GRIP    (4.1.1) 

     −𝛥GRIP = (Eox − Ered) + 𝛥GS                (4.1.2) 

where Eox is the first one-electron oxidation potential of the donor BODIPY or phenothiazine 

(PTZ), Ered is the first one-electron reduction potential of fullerene, 𝛥E0-0 is the energy of the 

lowest excited state of BODIPY being 2.24 eV, 𝛥GS refers to the solvation energy, calculated by 

using the ‘Dielectric Continuum Model’ according to the following equation, 

-𝛥Gs = e2/4𝜋Ԑo[(1/2R+ + 1/2R- - 1/RCC)𝛥(1/Ԑs)    (4.1.3) 

where R+ and R- refer to radii of the cation and anion species, respectively.  RCC is center-to-center 

distance between the donor and acceptor entities from computational modeling.  Ԑ0 and ԐR refer 

to vacuum permittivity and dielectric constant of the employed solvents, respectively. 

               Such calculations revealed photoinduced electron transfer from the 1BODIPY* to 

fullerene to generate PTZ-BODIPY•+-C60
•- to be exothermic by ~-0.46 eV while that for the 

formation of PTZ•+-BODIPY-C60
•- to be in the range of -0.62 to -0.68 eV depending upon the triad 

and polarity of the solvent.  It also important to note that electron transfer to 1BODIPY* from 

phenothiazine to generate PTZ•+-BODIPY•--C60 in the case of triads (13 and 14) and PTZ•+-BODIPY•- 

in the case of dyads (13b and 14b) is also moderately exothermic (−𝛥GCS = 0.15 – 0.25 eV).  Figure 
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4.1.6 provides an energy level diagram showing different photochemical processes originating 

from 1BODIPY* in the triads. 

 

Fig. 4.1.6  Energy level diagram showing the different photochemical events of the 
supramolecular PTZ-BODIPY-C60 triads from 1BODIPY* (𝜆ex = 505 nm). Abbreviations: k stands for 
different kinetis processes. ET = excited electron transfer, HS – hole shift, CS = charge separation, 
ISC = intersystem crossing, and CR = charge recombination. Thick and solid arrows – most 
probable process, and dotted arrow – less likely process. 

 

               From the steady-state fluorescence, efficient quenching of 1BODIPY* in both dyads and 

triads is witnessed.  In the absence of absorption of either phenothiazine or C60 in the region of 

BODIPY emission, singlet-singlet energy transfer as a main quenching mechanism can be ruled 

out to be a competitive process.  The 1BODIPY* produced by excitation could undergo 

intersystem crossing (ISC) to populate 3BODIPY* (~1.70 eV[148]) alternatively, could undergo 

electron transfer to produce PTZ•+-BODIPY•- in the case of dyads.  However, in the case of triads, 
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at least two electron transfer processes from 1BODIPY* could be visualized, as shown in Scheme 

4.1.2.  That is, formation of either PTZ•+-BODIPY•--C60 (reaction 1 in Scheme 4.1.2) or PTZ-

BODIPY•+-C60
•- (reaction 2 in Scheme 4.1.2) from the initial PTZ-1BODIPY*-C60.  The PTZ•+-BODIPY•-

-C60 thus produced could undergo an electron migration process to yield PTZ•+-BODIPY-C60
•- 

(reaction 3 in Scheme 4.1.2).  Similarly, PTZ-BODIPY•+-C60
•- could undergo a hole shift to yield 

PTZ•+-BODIPY-C60
•- (reaction 4 in Scheme 4.1.2).  In either case, PTZ•+-BODIPY-C60

•- would be the 

final charge separated radical ion pair species.   

               As shown in Figure 4.1.6, the energy of PTZ•+-BODIPY-C60
•- radical ion-pair is slightly 

above the 3C60* in nonpolar solvents (toluene and DCB) but slightly below the 3C60* (= 1.55 eV149) 

level in polar (benzonitrile solvent, especially for 14 due to easier PTZ oxidation).  This fine tuning 

of the energy levels could in turn affect the way the radical ion-pair return to the ground state.  

That is, via populating 3C60* in nonpolar solvents or direct charge recombination to the ground 

state in polar solvent.  We have performed systematic femto-and nanosecond transient 

absorption studies to unravel these mechanistic possibilities, and also to obtain kinetic 

information of these processes to evaluate the persistence of generated radical ion-pairs. 
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Scheme 4.1.2 Routes of PTZ•+-BODIPY-C60
•- generation from PTZ-1BODIPY*-C60 in the triads. 

4.1.7 Femtosecond Transient Absorption Studies 

               First, photochemistry of the dyads, 13b and 14b were investigated.  As shown in Figure 

4.1.7, immediately after excitation instantaneous formation of 1BODIPY* was observed within 1 

ps.  The transient features involved a negative peak at 506 nm, opposite of the absorption band 

of BODIPY, and positive peaks at 580 and 675 nm.  With time, recovery of the negative band led 

to a new transient band in the 590 nm region.  The transient BODIPY•- species is expected to 

result in a band at 590 nm. In a control experiment, chemical oxidation of both C- and N-

substituted phenothiazines were performed using nitrosonium tetrafluoroborate as an oxidant 

in DCB. 
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Fig. 4.1.7  Femtosecond transient absorption spectra of the dyads (a) 13a and (b) 14a at the 
indicated time intervals in N2 purged benzonitrile (𝜆 = 400 nm of 100 fs pulse width).  Figures c 
and d show the time profile of the 506 nm band, while e shows time profile of the 565 nm band 
and f shows 506 nm time profile of pristine 1BODIPY*.  

  

               As shown in Figure 4.1.8, both the spectra revealed a band at 524 nm corresponding to 

the formation of phenothiazine radical cation.  Since the location of this band was in the region 

of the negative peak of 1BODIPY*, spectral identification of PTZ•+ was difficult.  In this case, the 

broad band in the 590 nm range corresponding to BODIPY•- species served as a proof for charge 
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separation in the dyads resulting into the formation of PTZ•+-BODIPY•- radical ion-pair species.  

The time profile of the transient bands was also monitored to support charge separation.   

 

Fig. 4.1.8  Spectral changes observed during chemical oxidation of (b) C-3 formylated  and (b) N-
(4-formylphenyl) phenothiazine in DCB using nitrosonium tetrafluoroborate as chemical oxidant. 

 

               As shown in Figure 4.1.7 f, the recovery of the 510 nm transient band of pristine BODIPY 

lasted for longer time with a time constant of 2588 ps as shown in figure 4.1.9.  However, for the 

dyads, these time constants were much smaller, being 59 ps for 13b and 46 ps for 14b in 

benzonitrile (Figure 4.1.7 c and d), due to the occurrence of electron transfer from 1BODIPY*.  

The decay time constant of the 570 nm band of 13b in benzonitrile was about 105 ps (Figure 

4.1.7e), with contributions from a live-lived component (> 1 ns) perhaps due to BODIPY•-.  These 

results, along with the earlier discussed free-energy calculations, suggest occurrence of ultrafast 

charge separation and charge recombination in these dyads. 
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Fig. 4.1.9 Femtosecond transient absorption spectra of BODIPY at the indicated time intervals in 
N2 purged benzonitrile (𝜆= 400 nm of 100 fs pulse width).  

   

               Figures 4.1.10 and 4.1.11 show the femtosecond transient spectra of triads 13 and 14 in 

polar benzonitrile and relatively nonpolar DCB, respectively.  Transient spectra of these triads in 

nonpolar toluene are given in the supporting information.  Clear evidence of charge separation 

and solvent polarity dependent photochemical processes were observed.  As shown in Figures 

4.1.10a and 4.1.11a, in benzonitrile, immediately after excitation (< 1 ps), evidence for charge 

separation from 1BODIPY* was observed, that is, fast recovery of the 506 nm band of 1BODIPY* 

with concomitant appearance of the C60
•- transient band in the 1020 nm range and a broad band 

in the 600 nm region were observed.  These results confirm formation of radical ion pairs in the 
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triads.  Although not efficient, broad features in the 900 nm range were also observed suggesting 

occurrence of singlet-singlet energy transfer from 1BODIPY* to C60 to produce 1C60*. 

 

Fig. 4.1.10 Femtosecond transient absorption spectra of the triad 13 at the indicated time 
intervals in N2 purged (a) benzonitrile and (b) DCB (𝜆 = 400 nm of 100 fs pulse width).  Figures c 
and d show the time profile of the 1020 nm band of C60

•- in benzonitrile and DCB respectively, 
while figure e shows the time profile of the 690 nm band in DCB showing growth of 3C60*.      

      

               As shown in Scheme 4.1.2, initial charge separation from 1BODIPY* can occur either from 

route 1 or route 2.  The time profile monitored at early times (< 5 ps) revealed growth of the C60
•- 

transient band starting from time zero without any delay suggesting route 2 is the likely 
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mechanism of the initial charge separation.  To secure additional evidence for this mechanism, 

in a control experiment, transient spectrum of BODIPY-C60 dyad lacking phenothiazine was also 

recorded under similar experimental conditions in all three solvents.   

 

Fig. 4.1.11 Femtosecond transient absorption spectra of the triad 14 at the indicated time 
intervals in N2 purged (a) benzonitrile and (b) DCB (𝜆 = 400 nm of 100 fs pulse width).  Figures c 
and d show the time profile of the 1020 nm band of C60

•- in benzonitrile and DCB, respectively, 
while figure e shows the time profile of the 690 nm band in DCB showing growth of 3C60*. 

 

                As shown in Figure 4.1.12, the time profile of the initial C60
•- formation was similar to 

that observed for the triads.  These results suggest PTZ-BODIPY•+-C60
•- to be the initial charge 
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separation product which would undergo further hole shift (reaction 4 in Scheme 2) to yield 

PTZ•+-BODIPY-C60
•- as the final species.   

 

Fig. 4.1.12  Femtosecond transient absorption spectra of the BODIPY-C60 dyad in (a) benzonitrile, 
(b) DCB and (c) toluene solvents at the indicated time intervals (𝜆 = 400 nm of 100 fs pulse width).  
The time profile of C60

•- is shown below for corresponding figure. 

 

               The C60
•- transient band after reaching a maxima started decaying along with the 

transient bands in the visible region revealing a charge recombination process.  For triad 13, 

during the decay process, no new transient band corresponding to 3BODIPY* was observed, 

however, very faint band in the 690 nm region suggesting formation of 3C60* in competition with 

direct charge recombination to the ground state species was observed.  However, for triad, 14 

no new transient corresponding to either 3BODIPY* or 3C60* was observed (Figure 4.1.10a) 

revealing direct charge recombination to yield ground state molecule. 
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               Interestingly, as shown in Figures 4.1.10 b and 4.1.11 b in DCB and also in toluene (as 

shown in figure 4.1.13), transient spectral features were much different.   

 

Fig. 4.1.13  Femtosecond transient absorption spectra of (a) triad 13 and (b) triad 14 in toluene 
at the indicated time intervals (𝜆 = 400 nm of 100 fs pulse width).  The time profile of C60

•- at 1020 
nm and 3C60* at 690 nm are shown next to the corresponding figure. 

 

               The spectra during initial charge separation were similar to that observed in benzonitrile, 

however, with slightly higher time constants (slower processes).  New transient bands in the 560-

600 nm range and 1020 nm range were observed confirming charge separation. Interestingly, 
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during the charge recombination, a new transient band around 690 nm corresponding to 3C60* 

was observed for both triads in DCB (Figure 4.1.10b and 4.1.11b) and toluene (Figure 4.1.13).  The 

time profile for this band is shown in Figures 4.1.10e and 4.1.11e, where growth of the triplet C60 

could easily be seen.  These results are consistent with the energy level diagram shown in Figure 

4.1.6 where population of 3C60* by the radical ion-pairs prior returning to the ground state was 

predicted in non-polar and less polar solvents.  

               Using the time profile of the C60
•-, the kinetics of charge separation, kCS and charge 

recombination, kCR were evaluated.  However, it is important to note that the C60
•- signal 

persisted beyond 3 ns, time window of our instrument.  Under such conditions, the evaluated kCR 

is only an upper estimate.  The values thus calculated are given in Table 4.1.1.  For comparison 

purposes, the photochemical studies on BODIPY-C60 dyad in all three solvents were performed 

(see Fig. 4.1.13 for spectra) and the kinetic data is also listed in Table 4.1.1. 

Triad Solvent kCS × 1010 s-1 kCR × 108 s-1 tRIP, ns 

13 PhCN 51.0 17.02 0.59 

 DCB 4.3 9.84 1.06 

 Toluene 3.6 9.03 1.10 

14 PhCN 51.3 15.93 0.43 

 DCB 3.3 8.92 1.12 

 Toluene 2.9 7.87 1.27 

BODIPY-C60 PhCN 7.1 23.50 0.42 

 DCB 4.4 11.5 0.87 

 Toluene 3.5 9.46 1.02 

 

Table 4.1.1. The kinetic data on photochemical studies on BODIPY-C60 dyad in all three solvents. 
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                An examination of data from Table 4.1.1 revealed the following.  The kCS and kCR values 

tracked the solvent polarity, that is, higher values were obtained with increasing the solvent 

polarity.  This suggests the forward reaction to be on the normal region of Marcus parabola while 

the reverse reaction to be on the inverted region, a general trend often observed for covalently 

linked donor-fullerene systems. Although subtle, between triads 13 and 14, the magnitude of kCS 

and kCR in a given solvent were slightly higher for 13 in which phenothiazine and BODIPY were 

connected directly compared to 14. The lifetime of the radical ion-pair, 𝜏RIP, in Table 4.A.1 reveals 

the extent of charge stabilization in the studied triads.  For both triads, the tRIP values in a given 

solvent were higher than that obtained for BODIPY-C60 dyad.  Also, better charge stabilization in 

less polar solvent has been witnessed in these closely spaced donor2-donor1-acceptor type triads.  

               Further, nanosecond transient spectral measurements were performed to ascertain 

3C60* formation during the process of charge recombination in toluene and DCB.  Figure 4.1.14 

shows representative nanosecond transient spectra of triad 13 in toluene at the indicated time 

intervals.  For both triads, strong fullerene triplet with peaks at 690 and 840(sh) were observed 

both in toluene and DCB, however, with much diminished intensities in benzonitrile (likely due 

to direct excitation of fullerene).  No strong signal in the 1020 nm region was observed indicating 

absence of 1BODIPY* generated radical-ion pair at this time window.  The time profile of the 690 

nm band in Figure 4.A.14b shows decay of 3C60* by 2 𝜇s.  
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Fig. 4.1.14 (a) Nanosecond transient absorption spectra of 13 in toluene in deaerated toluene 
(355 nm, 7 ns laser pulses) at the indicated time intervals.  The time profile of the 700 nm band 
is shown in Figure b.  

 

4.1.8 Summary   

               Covalently linked phenothiazine-BODIPY-fullerene to represent closely spaced donor2-

donor1-acceptor type triads were newly synthesized and characterized.  X-ray structures of some 

of the phenothiazine-BODIPY intermediates solved to realize their geometries.  Molecular 

integrity of the triads was established from spectroscopic, electrochemical and computational 

methods.  The triads were optimized in benzonitrile solvent media whose location of the frontier 

orbitals tracked electrochemical redox processes. Energy level diagram constructed using 

spectroscopic and electrochemical results helped in interpreting the mechanistic details of the 

photochemical/photophysical processes.  Femtosecond transient spectroscopy measurements 

of the triads revealed occurrence of ultrafast electron transfer from 1BODIPY* to produce initial 
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PTZ-BODIPY•+-C60
•- charge separation product which underwent subsequent hole shift to result 

into PTZ•+-BODIPY-C60
•- ion-pair.  As predicted from the energy level diagram, the return of the 

charge separated species was found to be solvent dependent.  In nonpolar solvents, the PTZ•+-

BODIPY-C60
•- species populated the 3C60* prior returning to the ground state while in polar 

solvent no such process was observed due to relative positioning of the energy levels, as revealed 

by nanosecond transient absorption studies.  The radical ion-pair in these triads persisted for few 

ns due to electron transfer/hole shift mechanism and was more than that observed in a simple 

BODIPY-fullerene dyad. 
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4.2 Synthesis and Photoinduced Electron Transfer Studies of a Tris(Phenothiazine)-

Subphthalocyanine-Fullerene Pentad* 

4.2.1 Introduction 

                Molecular level understanding of multi-step electron transfer processes, similar to that 

occurring in natural photosynthesis, is fundamentally important for efficient conversion of light 

energy into electricity or fuels, and also building optoelectronic devices, in general.  The basic 

design involves organization of energetically well-aligned multi-modular supramolecular systems 

to promote multi-step electron transfer processes following a redox gradient thus ultimately 

generating long-lived charge separated states.  In addition, the degree of electronic interactions 

between the entities controlled by their relative distance, orientation and the nature of the 

linkages are key in governing the kinetics and mechanism of light induced electron transfer 

processes. Using elegant supramolecular systems, a number of studies have probed one or more 

of these aspects of photoinduced electron transfer reactions.  In majority these studies 

porphyrins/phthalocyanines have served as primary electron donors while fullerene, C60 has 

served as an electron acceptor. Fullerene, due to its low-reorganization energy demand in 

electron transfer, are well-known to generate long-lived charge separated states. 

Subphthalocyanines, (SubPc) are 14 𝜋-electron macrocycles made out of three 1,3-

diiminoisoindole units N-fused around a central boron atom.150 Due to their synthetic versatality 

and interesting optical/photophysical properties, these are promising to employ in organic 

photovoltaics, nonlinear optics and to develop artificial photosynthetic models.  

*Section 4.2 is reproduced from Chandra B. KC, Gary N. Lim, Melvin E. Zandler, and Francis 

D’Souza, Org. Lett., 2013, 15 (17), 4612–4615 with permission from the publisher.  
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               Few donor-acceptor systems involving SubPc to probe photoinduced electron transfer 

have been reported in the literature.151 Simple dyads involving SubPc covalently linked to 

fullerene revealed only singlet-singlet energy transfer to the fullerene entity instead of 

anticipated electron transfer to generate the charge separated spcies.152 Once can overcome this 

hurdle by modulating of electronic properites of SubPc by covalent attachement of secondary 

electron donor group(s) while maintaining the same donor-acceptor distance, electrochemical 

and spectroscopic properties. In the present study, we have designed such a pentad featuring 

covalently linked SubPc-C60 in which the SubPc is covalently linked to three entities of easily 

oxidizable phenothiazine entities.  The fullerene entity has been covalently linked to SubPc unit 

using the central boron atom as shown in the figure in the abstract.  Due to a sequential 

electron/hole transfer mechanism, the easily oxidizable phenothizine entities are expected to 

promote and stabilize the charge separated states in this pentad. 

4.2.2 Experimental Section 

Chemicals.  All of the reagents were from Aldrich Chemicals (Milwaukee, WI) while the bulk 

solvents and chromatographic materials utilized in the syntheses were from Fischer Chemicals.  

Tetra-n-butylammonium perchlorate, (n-Bu4N)ClO4 used in electrochemical studies was from 

Fluka Chemicals.  C60 was from SES Research (Houston, TX).  

Scheme 4.2.1 outlines the synthesis of the pentad. 

Synthesis of 4-(4-iodophenoxy)phthalonitrile, 16a -  4-Nitrophthalonitrile (900 mg, 5.20 mmol) 

and 4-iodophenol (1.71 gm, 7.80 mmol) was stirred in DMF for 72 hours under nitrogen at room 

temperature. During which potassium carbonate (5.39 gm, 39 mmol) was added in the mixture 
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within first 2 hours with equal 4 portions. After that the whole solution was poured into 100 ml 

ice water and filtered. After filtration, the residue was collected and washed first with cold 

methanol and then cold hexanes. Yield- 1.2 gm (66% yield). 1H NMR (CDCl3; 400 MHz). 6.90 ppm 

(d, 2H, Ar-H), 7.42 ppm (s, 1H, Ar-H), 7.74 ppm (d, 2H, Ar-H), 7.90 ppm (s, 1H, Ar-H), 8.20 ppm (s, 

1H, Ar-H). 

 

Scheme 4.2.1 Synthetic methodology developed for pentad 16. 

Synthesis of chloro [2,9,16-tri(4-iodophenoxy) subphthalocyaninato] boron(III), (16b) - 4-(4-

Iodophenoxy)phthalonitrile (600 mg, 1.73 mmol) was kept in 100 ml RB flask for 20 minutes 

under nitrogen. Then BCl3 solution (6 ml, 1 M solution in p-xylene) was added and refluxed for 

1.5 hours. After cooling the solution at room temperature, the solution was flushed with 

nitrogen, the solvent was evaporated and red colored crude compound was purified in silica 
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column. The pure compound was eluted as a dark red colored band with CH2Cl2:hexanes (70:30 

v/v ratio). Yield- 300 mg (48%) . 1H NMR (CDCl3, 400 MHz). 6.95 ppm (m, 6H, Ar-H), 7.60 ppm (m, 

3H, Ar-H), 7.78 ppm (m, 6H, Ar-H), 8.3 ppm (m, 3H, Ar-H), 8.8 ppm (m, 3H, Ar-H). 

Synthesis of 4-formylphenoxy-[2,9,16-tri(4-iodophenoxy) subphthalocyaninato]-boron(III), 

(16c) -  Chloro-[2,9,16-tri(4-iodophenoxy) subphthalocyaninato] boron(III) (300 mg, 0.27 mmol) 

and 4-hydroxybenzaldehyde (165 mg, 1.35 mmol) were refluxed in toluene for 24 hours under 

nitrogen. After cooling the mixture at room temperature the solvent was evaporated and the 

solid crude compound was extracted with CH2Cl2 and purified over silica column. The desired 

compound was eluted by 100% CH2Cl2. Yield- 225 mg (71%). 1H NMR (CDCl3; 400 MHz). 6.80 ppm 

(m, 2H, Ar-H), 6.90 ppm (m, 6H, Ar-H), 7.50 ppm (m, 3H, Ar-H), 7.70 ppm (m, 6H, Ar-H), 7.80 ppm 

(m, 2H, Ar-H), 8.25 ppm (m, 3H, Ar-H), 8.78 ppm (m, 3H, Ar-H), 9.63 ppm (s, 1H, -CHO). 

Synthesis of 4-formylphenoxy-[2,9,16-tri(10-(4-phenoxy)-10H-phenothiazine) 

subphthalocyaninato] boron(III), (16d) - 4-Formylphenoxy-[2,9,16-tri(4-iodophenoxy) 

subphthalocyaninato] boron(III) (200 mg, 0.17 mmol), phenothiazine (239 mg, 1.20 mmol), Cu 

(130 mg, 2.04 mmol) and K2CO3 (1.05 gm, 7.65 mmol) were kept in 100 ml RB flask under nitrogen 

for 20 minutes. Then 1,2-dichlorobenzene as a solvent was added into the mixture and refluxed 

for 60 hours under dark condition. Then reaction was stopped and filtered during hot condition 

and filtrate was collected and evaporated. Thus obtained crude solid was purified over silica 

column and eluted by CH2Cl2:hexanes (70:30 v/v). Yield- 150 mg (64%). 1H NMR (CDCl3; 400 MHz). 

6.80 ppm (m, 12H, Ar-H), 6.98 ppm (m, 12H, Ar-H), 7.15 ppm (m,3H, Ar-H), 7.26 ppm (m, 6H, Ar-

H), 7.45 ppm (m, 6H, Ar-H), 7.72 ppm (d, 2H, Ar-H),  7.82 ppm (d, 2H, Ar-H), 8.45 ppm (m, 3H, Ar-

H), 8.80 ppm (m, 3H, Ar-H), 9.60 ppm (s, 1H, -CHO). 13C NMR (CDCl3; 400 MHz), δ (ppm) = 111.90, 
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116.20(m), 121.10, 122.10, 123.30(m), 125.80, 127.10, 131.20, 133.10, 135.15, 138.30, 139.90, 

144.70, 155.30, 155.85, 163.20, 164.10, 167.70. 

Synthesis of 4-(1-methyl-3,4-[60]fulleropyrrolidine-2-yl)phenoxy-[2,9,16-tri(10-(4-phenoxy)-

10H-phenothiazine) subphthalocyaninato] boron(III), (16) - 4-Formylphenoxy-[2,9,16-tri(10-(4-

phenoxy)-10H-phenothiazine)Subphthalocyaninato] boron(III) (120 mg, 0.086 mmol), sarcosine 

(23 mg,0.26 mmol) and fullerene (186 mg, 0.25 mmol) were kept in 250 ml RB flask. Then 80 ml 

of toluene was added and refluxed for 20 hours. After cooling the reaction at room temperature, 

the solvent was evaporated and crude solid was purified over silica column and desired 

compound was eluted by hot toluene:ethylacetate (85:15 v/v). Yield- 75 mg (41%).  1H NMR 

(CDCl3; 400 MHz). 2.60 ppm (m, 3H, -CH3), 4.02 ppm (m, 1H, -CH2), 4.50 ppm (m, 1H, -CH2), 4.79 

ppm (m, 1H, -CH), 6.25 ppm (m, 6H, Ar-H), 6.75 ppm (m, 8H, Ar-H), 6.85 ppm (m, 6H, Ar-H), 6.95 

ppm (m, 6H, Ar-H), 7.25 ppm (m, 6H, Ar-H), 7.35 ppm (m, 8H, Ar-H), 7.55 ppm (m, 3H, Ar-H), 8.35 

ppm (m, 3H, Ar-H), 8.70 ppm (m, 3H, Ar-H). 13C NMR (CDCl3; 400 MHz), δ(ppm) = 31.20, 35.30, 

53.50, 111.90, 112.75, 116.25, 120.24, 120.75, 122.05, 123.12, 123.95, 125.80, 126.15, 127.10, 

130.55, 132.60, 135.15, 135.55, 137.85, 139.10, 144.10, 144.25, 154.75, 154.95, 162.90, 164.10, 

167.85, 167.95. MALDI-TOF, calculated- 2134.10, Obtained- Fragments of molecular peak at 

1263.26 (M+- C60phenoxy), 1066.00 (M+- C60phenoxy - 1st phenothiazine molecule), 868.75 (M+ - 

C60phenoxy - 2nd phenothiazine molecule). 

Synthesis of chloro [2,9,16-tri(4-tertbutyl) subphthalocyaninato] boron(III). 4-Ter-

butylphthalonitrile (300 mg, 1.63 mmol) was kept in 100 ml RB flask for 20 minutes under N2 then 

4 ml of BCl3 (1M in p-xylene) solution was added and refluxed for 1 hr. After cooling the solution 

at room temperature, the solution was flushed with nitrogen and the solvent was evaporated 
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and red colored crude compound was purified in silica column. The pure compound was eluted 

as a dark red colored solution with CH2Cl2:hexanes (50:50 v/v ratio). Yield- 160 mg (49%). 1H NMR 

(CDCl3; 400 MHz). 1.28-1.58 ppm (m, 27H, -CH3), 7.82 ppm (m, 3H, Ar-H), 8.50 ppm (m, 3H, Ar-

H), 8.62 ppm (m, 3H, Ar-H). 13C NMR (CDCl3; 400 MHz), δ(ppm) = 30.85, 34.60, 117.10, 120.50, 

126.10, 127.35, 129.30, 149.90(m), 153.30(m). 

 

4.2.3 Absorption and Fluorescence Study 

               Figure 4.2.1a shows the absorption spectrum of 16 along with the control compounds.  

Chloro [2,9,16-tri(4-iodophenoxy) subphthalocyaninato] boron(III), SubPc used as a control (t-

butyl groups to increase solubility) revealed two bands at 314 and 567 nm, respectively.  Presence 

of the three phenothiazine entities red shifted the visible band by ca. 5 nm while the band located 

at 314 nm revealed an increase in absorbance along with spectral broadening due to absorption 

of the phenothiazine entities in this wavelength range.  The small red shift of the visible band is 

suggestive of weak intramolecular interactions between the phenothiazine and SubPc entities.  

Attachment of the fullerene entity revealed the weak signature band of fulleropyrrolidine at 430 

nm in pentad 16.   

               The fluoresence spectral features of 16 and the control compounds are shown in Figure 

4.2.1b.  Pristine SubPc when excited at 567 nm revealed fluorescence band at 584 nm with a 

shoulder type band at 624 nm.  Interestingly, for both 16d and 16 when excited at the peak 

maxima of the visible band corresponding to SubPc excitation and not the phenothiazine 

substituents, the emission band was found to be highly quenched, more so for 16 (95% quenching 
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for 16d and 98% quenching for 16).  Under these excited state conditions, no emission of 

fulleropyrrolidine in the 720 nm range was observed suggesting energy transfer from the 1SubPc* 

to fullerene is not a quenching mechanism.   

 

Fig. 4.2.1 (a) Normalized absorption (visible band), and (b) fluorescence spectra of (i) pristine 
SubPc, (ii) 16d and (iii) 16 in benzonitrile.  The sampes were excited at the visible band 
wavelength of the SubPc entity in the 570 nm range. 

 

4.2.4 Electrochemistry and Computational Study 

               Figure 4.2.2 shows the cyclic voltammograms of 16; the site of electron transfer 

corresponding to different redox active entities of the pentad were deduced from additional 

experiments involving control compounds used in Figure 4.2.1.  The first reversible anodic 
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process of 16 occurred at 0.70 V vs. Ag/AgCl corresponding to the oxidation of the phenothiazine 

entities.  The higher currents for this process compared to other redox processes as a result of 

three entities were also supportive of this assignment.   

 

Figure 4.2.2. Cyclic voltammograms of 16, at different switching potential to show the 
reversibility, in benzonitrile containing 0.1 M (TBA)ClO4.  Scan ratae = 100 mV/s. 

 

               The second irreversible anodic process located at 0.98 V vs. Ag/AgCl was due to oxidation 

of the SubPc of 16.  On the cathodic side, the first reversible reduction corresponding to C60 was 

located at -0.60 V vs. Ag/AgCl whereas the second reduction around -1.02 V was overlapped with 

the second reduction of C60 and first reduction of SubPc entities.  At more neagive and positive 

potentials, additional irreversible redox processes were also observed. 

                Further, geometry optmizations of the pentad was performed using B3LYP/3-21G(*) 

model.  Owing to the flexible linkages, more than one conformers of the two regioisomers were 

possible.  However, as shown in Figure 4.2.3a, the most stable isomer was one in which the SubPc 



237 
 

and the three phenothiazine entities formed a half-cage type structure leaving the fullerene on 

the top.  Moving one of the phenothiazine units close to fullerene yielded a structure that did 

not reveal significant interactions with the fullerene (Figure 4.2.3b).  In agreement with the 

electrochemistry results, the HOMO was found to be on one of the phenothiazine entities while 

the LUMO was found to be on the fullerene entity (Figure 4.2.3 c and d). 

 

Figure 4.2.3.  B3LYP/3-21G(*) optmized structures (a and b in two forms) and the HOMO and 
LUMO of the triad, 16. 

 

               Using the redox, spectral and computational data, free-energy calculations for the 

occurrence of photoinduced electron transfer from 1SubPc* (E0-0 = 2.1 eV) to C60 and a hole 

transfer from SubPc.+ to phenothiazine in 16 were performed using Rehm-Weller’s approach.153 
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These calculations revealed that the formation of PHZ-SubPc.+-C60
.- and PHZ.+-SubPc-C60

.- (PHZ = 

phenothiazine) are both exothermic with 𝛥GCS values of -0.54 and -0.80 eV, respectively.  

               Evidence for photoinduced electron transfer can be secured by performing time-

resolved transient absorption studies wherein signature bands of electron transfer products, viz., 

the cation and anion radical ions are sought out. Time-evolution of these bands can also provide 

the kinetics of charge separation and charge recombination, and the extent of charge 

stabilization in the pentad.  The one-electron reduced product of fulleropyrrolidine, one of the 

species of photoinduced electron transfer, is known to exhibit a characteristic band around 1000 

nm.  In order to identify the spectral features of the cation formed from phenothiazine-SubPc 

part of the pentad, chemical oxidation of 16 and the control compounds were performed using 

nitrosyl tetrafluoroborate as an oxidizing agent.  
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Fig. 4.2.4 Spectral changes observed during chemical oxidation using nitrosonium 
tetrafluoroborate of phenothiazine and 16d in benzonitrile. 

 

               As shown in Figure 4.2.4, chemical oxidation of phenothiazine revealed bands at 442 and 

525 nm with weak bands in the 650-900 nm range.  Oxidation of 16d also revealed these bands 

in the spectral range.  The oxidation of phenothiazine entity over SubPc confirms its ease of 

oxidation as discussed earlier.   
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4.2.5 Transient Absorption Spectroscopy Study 

                Femtosecond and nanosecond transient spectral studies were performed to secure 

evidence of photoinduced electron transfer. Upon 400 nm femtosecond excitation of 16, an 

instanteneous formation of 1SubPc* observed indicating successful SubPc excitation (Figure 

4.2.5).154 The formation of PHZ.+-SubPc-C60
.- charge separated state from the initial 1SubPc* was 

witnessed from the C60.- band at 1020 nm and PHZ.+ in the 525 and 650 nm range.  Bleaching of 

the 565 nm, corresponding to ground state absorption of SubPc that recovered with time was 

also observed. 

 

Fig. 4.2.5 Femtosecond transient absorption spectra of 16 in benzonitrile at different time 
intervals. 𝜆ex = 400 nm.  

The radical ion peaks after reaching a maximum started decaying due to charge recombination 

process.  Interestingly, as predicted for fullerenes, this recombination process was much slower 
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than the charge separation process with considerable radical peak intensities lasting over 3 ns, 

the time window of the instrument. 

 

 

Fig. 4.2.6 Nanosecond transient spectra of 16 at different time intervals in deaerated 
benzonitrile, 𝜆ex = 532 nm.  The figure inset show time profile of the C60

.- band at 1000 nm. 

 

               In order to evaluate the lifetime of the final charge separated state, nanosecond 

transient absorption studies were performed by exciting the sample at 532 nm, corresponding 

to SubPc in 16.  As predicted, we were able to observe the radical ions peaks (Figure 4.2.6), and 

by monitoring the decay of C60
.- band at 1000 nm, the rate of charge recombination, kCR evaluated 

to be 5.4 x 106 s-1 that resulted in a lifetime of the radical ion pair, 𝜏RIP of 185 ns.  This value 

compares with a value of 100 ns reported earlier for a structurally similar, tris(triphenylamine) 
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substituted SubPc-C60 pentad.  The better 𝜏RIP can be attributed to improved hole transferring 

ability of phenothiazine (compared to triphenylamine) in the present pentad.  
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Chapter 5 

Graphene Based Light Energy Harvesting Systems 

5.1 Ultrafast charge separation in supramolecular tetrapyrrole-graphene hybrids* 

5.1.1 Introduction 

              Graphene, single layer graphite, due to its remarkable optical and electrical properties 

has stimulated strong research interests in the areas of materials science, chemistry and 

physics.155 In addition, the optically transparent and flexible graphene has high chemical 

resistance making it an ideal candidate for transparent conducting electrodes, a key component 

in photovoltaics devices, displays and touchscreens.156 Importantly, graphene can be made into 

an active component for novel solar energy harvesting applications via donor-acceptor hybrid 

formation using visible-light harvesting photosensitizers.  In this regard, there have been few 

articles describing formation of graphene/porphyrin nanohybrids.157 However, utilization of 

phthalocyanine, a well-known compound for its outstanding electronic properties and strong 

absorption beyond 700 nm has been scarce.158 Additionally, compared to porphyrins, 

phthalocyanines are great optical probes to investigate light induced electron transfer due to 

their characteristic cation radical band in the 800 nm range, sufficiently far from their triplet-

triplet absorption band. 159 Often, two methods are commonly employed to build the donor-

acceptor hybrids, viz., covalent linkage and noncovalent bonding involving well-defined 

intermolecular interactions. 

*Section 5.1 is reproduced from Chandra B. KC, Sushanta K. Das, Kei Ohkubo, Shunichi Fukuzumi 

and Francis D'Souza, Chem. Commun., 2012, 48, 11859-11861 with permission from the 

publisher.  
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Noncovalent bonding is preferred over covalent linkage since the latter is known to destroy the 

𝜋-electronic structure of graphene by partially converting the sp2 carbons to sp3 carbons.  In the 

present study, for the first time, we have constructed graphene/phthalocyanine hybrids by non-

covalent methodology involving 𝜋-𝜋 interactions. For accomplishing this task, the phthalocyanine 

macrocycle has been functionalized by directly linking four 𝜋-stacking pyrene entities, 17 to 

facilitate the 𝜋-𝜋 interactions and exfoliation of graphene sheets.  For comparison, a porphyrin 

functionalized with four 𝜋-stacking pyrene entities, 18 is also employed.  Here, the pyrene 

entities are covalently linked to zinc tetraphenylporphyrin macrocycle by flexible linkers. 

 

 

Chart 5.1.1  Structures of the phthalocyanine directly linked to four pyrene entities 17, porphyrin 
linked to four entities of pyrene by flexible covalent bonds, 18, and graphene sheet (monolayer 
is shown for simplicity), 19 employed in the present study. 
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5.1.2 Experimental Section 

Chemicals.  Graphite flakes and all of the reagents were from Aldrich Chemicals (Milwaukee, WI) 

while the bulk solvents utilized in the syntheses were from Fischer Chemicals.  Scheme 5.A.1 

provides synthesis of the photosensitizer donor 17. 

 

Scheme 5.1.1. Synthetic procedure used for preparation of 17. 

Synthesis of 4-pyrenephthalonitrile (17a) Pyrene-1-boronic acid (200 mg, 0.812 mmol), 4-

Iodophthalonitrile (160 mg, 0.632 mmol), Potassium carbonate (622 mg, 4.511 mmol) and 

Pd(PPh3)4 (105 mg, 0.090 mmol) were kept in 100 ml RB flask under nitrogen for 20 minutes. 

Then, THF (20 ml) and toluene (15 ml) were added and whole mixture was heated at 90 0C for 16 

hrs. After cooling at room temperature, the solvent was evaporated and the residue was purified 

by silica column. The desired compound was eluted by hexanes:choloform (40:60) as a second 

fraction, light yellow colored compound. Yield = 130mg (63%). 1HNMR (CDCl3, 400 MHz). 𝛿 7.90 

ppm (d, 1H, Ar-H), 7.95 ppm (d, 1H, Ar-H), 8.01 ppm (m, 2H, Ar-H), 8.05-8.15 ppm (m, 3H, pyrene-
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H), 8.20 ppm (d, 1H, pyrene-H), 8.21-8.30 ppm (m, 4H, pyrene-H). Mass-ESI  [M+H]+, calculated-

328.37, obtained- 329.60. 

Synthesis of 17.  4-(Pyrene-1-yl)phthalonitrile (120 mg, 0.365 mmol) was kept in 100 ml RB flask 

under nitrogen for 20 minutes. DMAE (3 ml) as a solvent was added and then whole mixture was 

refluxed for 16 hrs. After cooling at room temperature, the mixture was dissolved in ethanol and 

THF  (1:1) and centrifuged for 2 hrs.  After removing the supernatant, the residue was dissolved 

in minimum of THF and purified by flash column chromatography on silica gel, first with ethanol 

then with THF as eluent. Yield = 45 mg (9.37%). 1H NMR (CDCl3: 400 MHz). 𝛿 7.50 ppm (m, 6H, 

Ar-H), 7.60 ppm (m, 6H, Ar-H), 7.85 ppm (m, 6H, pyrene-H), 7.90- 8.10 ppm (m, 18H, pyrene-H), 

8.15-8.30 ppm (m, 12H, pyrene-H). 13C NMR (CDCl3): 121.20, 121.40, 123.10, 123.20, 123.25, 

123.50, 124.10, 124.60, 125.10, 125.30, 125.40, 125.80, 125.85, 125.95, 126.10, 126.20, 126.80, 

127.10, 127.50, 128.10, 128.30, 128.60, 128.70, 128.80, 128.90, 130.20, 131.10, 131.80, 132.10, 

133.20, 135.10, 136.10, 136.20, 137.10, 137.25, 138.20.  MALDI-mass [M+H]+, calculated- 

1315.48, obtained- 1316.45.   

Preparation of few layer graphene by the exfoliation of graphite flakes. About 130 mg graphite 

flakes were taken in a beaker to which 60 mL of DCB was added. This was then sonicated using 

Misonix ultrasonic liquid processor for 4 hours at 20oC. The resulting solution was then 

centrifuged at 3300 rpm using Fisher Scientific Centrific 228 model for 30 minutes. The 

supernatant was a very stable solution of few layer graphene. 

Preparation of tetrapyrrole:graphene hybrids. A 30 mL of the exfoliated graphene solution in 

DCB was treated with 30 mg of sensitizers 17 or 18.  The resulting mixture was stirred at room 
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temperature for 72 hours. It was then centrifuged. The unreacted sensitizer present in the 

supernatant was discarded. Residual hybrid material was subsequently cleaned using methanol, 

CH2Cl2, DCB and all the unbound porphyrin was washed out. The resulting hybrid was then dried 

and used for further studies. 

 For spectroscopic probing of 17 or 18 interacting with 19 (Fig. 5.1.1), first, a stock solution of 19 

from the previous step in DCB was prepared (about 1 mg in 1 mL).  Next, microliters of this 

sonicated solution (5 𝜇L aliquots) was added to 17 or 18 and the spectra were recorded.  

Appropriate controls were also performed to ascertain that the observed changes are not due to 

dilution. 

5.1.3 Absorption and Fluorescence Study 

                Few-layered graphene dispersion was obtained by sonicating graphite flakes in o-

dichlorobenzene (DCB) or N-methylpyrrolidine (NMP). In agreement with previous report, both 

Raman and TEM imaging revealed 2-5 layers of graphene. Figure 5.1.1a shows absorption 

spectral changes during addition of graphene to a solution of 17 in DCB.  Absorption bands of 17 

located at 680 and 714 nm revealed diminished intensity while the band at 348 nm revealed an 

increase in intensity due to overlap of graphene absorption in this spectral range (Fig. 5.1.1a).  

Similarly, upon addition of graphene to a solution of 18 in DCB, the Soret band of 18 located at 

424 nm revealed a decrease in intensity while the pyrene peaks located at 328 and 345 nm 

revealed an increase in intensity due to graphene absorbance in this spectral range (Fig. 5.1.1c).  

These results indicate 𝜋-stacking interactions between graphene and pyrene appended 

phthalocyanine and porphyrin macrocycles. 
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Fig. 5.1.1 Optical absorption (a and c) and fluorescence emission (b and d) spectral changes of 17 
(a and b) and 18 (c and d) upon increasing addition of graphene, 19 in DCB.  Compound 17 was 
excited at 680 nm while 18 was excited at 424 nm. 

 

               Fluorescence spectrum of 17 revealed an emission band at 722 nm which revealed 

quenching over 80% of its original intensity upon addition of graphene in DCB (Fig. 5.1.1b).  A 

similar trend was also observed for 18 in which the emission bands located at 600 and 648 nm 

revealed quenching over 70% of the original intensity (Fig. 5.1.1d) indicating occurrence of 

excited state events in case of both 1:3 and 2:3 hybrids.  In order to ascertain that these changes 

are not due to dilution, in a control experiment, to a solution of 17, equal amount of DCB (without 

19) was added.  
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Fig. 5.1.2 (a) absorption and (b) emission spectra of 17 in DCB upon increasing addition of (50 𝜇L) 
DCB. 

 

               As shown in Figure 5.1.2, both absorption and emission changes revealed no significant 

changes indicating that the graphene in solution is responsible for both absorption and emission 

changes in Figure 5.1.1. 

               In order to isolate the hybrids, excess amounts of 17 or 18 was treated with 19 and the 

solution was gently sonicated for 2-3 h for hybrid formation in addition to exfoliation of the 
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graphene sheets. At the end, the excess sensitizers were removed by centrifugation of the 

hybrids (2-4 repetitions), and the donor-acceptor hybrids thus obtained was used for 

photochemical studies.   

              

Fig. 5.1.3 a) .  TEM image of the 18:19 hybrid. b) Raman spectrum (𝜆ex = 532 nm) solid samples 
of exfoliated few-layer graphene (red line) and 17:19 hybrid (black line). 

 

Fig. 5.1.4 a) Absorption spectrum of 17 (red line) and 17:19 (black line) hybrid dissolved in DCB. 
b) Absorption spectrum of 18 (black line) and 18:19 hybrid (red line) dissolved in DCB. 

 

Both TEM (Figure 5.1.3a) and Raman data (Figure 5.1.3b) suggested the presence of few layer 

graphene while the absorption spectra revealed presence of sensitizers in the re-dissolved 
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hybrids (Figure 5.1.4 a and b) as evidenced from their characteristic absorption bands, more so 

for hybrids involving 17 due to better 𝜋-stacking geometry (flat).  However, very weak emission 

of the sensitizers (<10%) in both 17:19 and 18:19 hybrids were observed. 

5.1.4 Transient Absorption Spectroscopy Study 

               Femtosecond transient absorption technique was used to monitor excited state events 

in the newly formed donor-acceptor hybrids. Compound 17, immediately after excitation 

revealed bands at 580 and 820 nm corresponding to instantaneous formation of 1H2Pc* with 

some ground state bleaching at 710 nm (Fig. 5.1.5).  With time, a 600 nm band appeared 

corresponding to 3H2Pc* with an intersystem crossing rate of 300 ps (Fig. 5.1.5).   

 

Fig. 5.1.5 Femtosecond transient absorption spectra of 17 in DCB.  The bottom panel shows decay 
of the 580 nm band corresponding to 1H2Pc*. 
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               As shown in Fig. 5.1.6a, in the case of 1:3 hybrid, the transient features were different 

from that observed for pristine 17.  That is, the 1H2Pc* formation was accompanied by a new 

band at 790 nm characteristic of H2Pc•+ formation. A broad peak appeared in the near-IR region 

covering the 1000-1200 nm, which has been tentatively assigned for 19•–, that is, for the 

delocalized radical anion of graphene. The rise and decay of the 790 nm peak was analyzed to 

evaluate the rates of charge separation, kCS and charge recombination, kCR. The kCS and kCR 

evaluated were found to be 1.4 x 1011 s-1 and 5.2 x 109 s-1, respectively. 

 

Fig. 5.1.6  Femtosecond transient absorption spectra of (a) 17:19 and (c) 18:19 hybrids in DCB, 
excited at 400 nm.  Figures b and d show the time profile of the radical cation at 790 for 17 and 
630 nm for 18, respectively. 

 

               The transient spectral features of 18 were also indicative of fast intersystem crossing of 

the 1ZnP* to 3ZnP* with a rate constant of 1.4 x 1010 s-1 (Fig. 5.1.7).  However, in case of 2:3 hybrid, 
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upon excitation, the 1ZnP* features were observed at 500 and 800 nm region accompanied by 

ground state bleaching of graphene in the 1000-1400 nm region (Fig. 5.1.6c).  With time, although 

not strong due to low concentration of ZnP, transient features corresponding to the formation of 

ZnP•+ around 630 nm was observed revealing charge separation in the hybrid (Fig. 5.1.6c).  The 

kCS and kCR evaluated from monitoring the rise and decay of the 630 nm transient band were 

found to be 3.5 x 1012 s-1 and 7.4 x 109 s-1, respectively (Fig. 5.1.3d). These results indicate ultrafast 

charge separation and relatively slow charge recombination in the self-assembled donor-

acceptor hybrids featuring few-layer graphene as one of the active component.  

 

Fig. 5.1.7 Femtosecond transient absorption spectra of 18 in DCB.  The bottom panel shows decay 
of the 505 nm band corresponding to 1ZnP*. 

 

5.1.5 Summary 

               In summary, new supramolecular donor-acceptor hybrids featuring few-layer graphene 

as electron acceptor and custom designed phthalocyanine or porphyrin bearing four 



254 
 

appropriately positioned pyrene entities for effective 𝜋-stacking interactions, as photosensitizer 

donors, have been elegantly designed, synthesized and characterized by spectral and imaging 

techniques.  The four pyrene entities on the macrocycle facilitated 𝜋-stacking interactions 

between the graphene sheet and the photosensitizer molecules resulting into soluble hybrids. 

Femtosecond transient absorption spectroscopy provided clear evidence for charge separation 

in these donor-acceptor hybrids and the measured kinetics of charge separation were in the 

order of 1011- 1012 s-1 revealing ultrafast charge separation likely due to close proximity of the 

donor and acceptor entities.  These results point out that the supramolecular donor-acceptor 

hybrids with graphene as an active component developed here could be used for building light 

energy harvesting devices.  
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5.2 Charge Separation in Graphene Decorated Multi-Modular Tripyrene-Subphthalocyanine-

Fullerene Donor-Acceptor Hybrids* 

5.2.1 Introduction 

               Carbon based materials have become vital for many technological developments of 

modern world.  Extensive research has been performed for the last two decades on nanocarbon 

materials including 0D fullerenes, 1D carbon nanotubes and 2D graphene. Graphene, first 

prepared by mechanical exfoliation of graphite, is a zero bandgap semiconductor with high 

mobility of electrons and holes, and high optical transmittance.  Thus, graphene has been sought 

out for many scientific and technological expansions including utilization in building 

optoelectronic devices and as transparent electrode material.160, 161, 162   

               Recently, a few studies have reported on electron donor (or acceptor) sensitizer 

functionalized graphene hybrids to probe photoinduced electron and energy transfer.163 Both 

covalent and non-covalent strategies have been employed. In these hybrids, the sensitizer-

graphene intra- and intermolecular interactions were expected to yield a band gap and make 

graphene an electron acceptor or donor, depending upon the nature of the appended sensitizer.  

However, evidence of charge separation in these hybrids was often challenging to establish 

primarily due to (i) lack of diagnostic absorbance bands corresponding to either the reduced or 

oxidized forms of graphene, (ii) appearance of strong optical phonon bands.164   

 

*Section 5.2 is reproduced from Chandra B. KC, Gary N. Lim, and Francis D’Souza, Angew. Chemie. 

Int. Ed., 2015, 54, 5088 with permission from the publisher.  
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               During photoexcitation of graphene impeding spectral interpretation, and (iii) close 

association of sensitizer to the graphene surface making the photophysical processes too fast to 

perform a systematic structure-reactivity study.  These shortcomings, thus, warrant an altogether 

different approach to visualize the role of graphene on photochemical charge separation and 

stabilization in donor-acceptor hybrids. 

 

Fig. 5.2.1  Structure of the subphthalocyanine-fullerene tethered with three entities of pyrene, 
donor-acceptor conjugates 20 and 21, and graphene used to form graphene/20 and graphene/21 
hybrids. 

 

               In the present study, we have designed a new strategy wherein donor-acceptor 

conjugates, instead of a simple sensitizer, has been utilized to decorate graphene.  For this, two 

new multi-modular donor-acceptor conjugates of subphthalocyanine-fullerene tethered with 

three 𝜋-stacking pyrene entities ((Pyr)3SubPc-C60), 20 and 21, have been newly designed and 

synthesized (Figure 5.2.1).  The sensitizer, SubPc has been chosen as an electron donor due to its 
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nonplanar structure leaving the central boron available for further axial functionalization,165 in 

this case, with a familiar electron acceptor, fullerene. Further, the macrocycle periphery is used 

to tether the well-known 𝜋-stacking pyrene entities with spacers of variable length.166 Due to this 

structural arrangement, when 20 or 21 interact with planar graphene, the C60 entity (and SubPc 

to a lesser extent) will be away from the graphene surface (8-12 Å) causing no direct interactions.  

To form the graphene/20 and graphene/21 hybrids, the donor-acceptor conjugates were treated 

with 2-4 layer graphene to be exfoliated and decorated with the donor-acceptor conjugates, as 

shown in Figure 5.2.1.  Photoinduced electron transfer in 20 and 21, and graphene/20 and 

graphene/21 hybrids, to unravel the effect of 𝜋-stacking graphene on the kinetics of charge 

separation and charge recombination, has been systematically investigated in solvents of varying 

polarity using femtosecond transient spectroscopy. 

 

5.2.2 Experimental Section 

Chemicals. C60 (99.5% purity) was from SES Research (Houston, TX). All the reagents were 

obtained from Aldrich Chemicals (Milwaukee, WI) while the bulk solvents utilized in the 

syntheses were from Fischer Chemicals (Plano, TX).  Tetra-n-butylammonium perchlorate, (n-

Bu4N)ClO4 used in electrochemical studies was obtained from Fluka Chemicals (Ronkonkoma, 

NY). 
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Synthesis of phenylboronic acid tethered pyrene (22) 

 

Scheme 5.2.1. Synthesis of 22. 

 

 A mixture of 4-hydroxyphenyl boronic acid pinacol ester (500 mg, 2.27 mmol), 1-pyrene butyric 

acid (655 mg, 2.27 mmol), N,N′-dicyclohexylcarbodiimide (468 mg, 2.27 mmol), and 4-

(dimethylamino)pyridine (83 mg, 0.681 mmol) were dissolved in 50 ml of dichloromethane (DCM) 

and stirred overnight. After evaporation of the solvent, the compound was purified over silica 

column and the desired compound was eluted by DCM:Hexanes (50:50 v/v). Yield – 70%. 1H NMR 

(CDCl3; 400 MHz), 1.35 (s, 12H, alkyl-H), 2.30 (p, 2H, alkyl-H), 2.70 (t, 2H, alkyl-H), 3.50 (t, 2H, 

alkyl-H), 7.12 (d, 2H, Ar-H), 7.86 (d, 2H, Ar-H), 7.92 (d, 1H, pyrene-H), 8.02 (t, 1H, pyrene-H), 8.06 

(d, 2H, pyrene-H), 8.14 (t, 2H, pyrene-H), 8.20 (dd, 2H, pyrene-H), 8.38 (d, 1H, pyrene-H). 
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Synthesis of 20.  Synthesis of 20 is shown in Scheme 5.2.1. 

Scheme 5.2.2 Synthesis of compounds 20(a) and 20. 

Synthesis of 20a.  4-Formylphenoxy-[2,9,16-tri(4-iodophenoxy) subphthalocyaninato]-boron(III) 

(200 mg, 0.17 mmol), 1-pyrene boronic acid (210 mg, 0.85 mmol), 

tetrakis(triphenylphosphine)palladium(0) (59 mg, 0.051 mmol) and CsF (233 mg, 1.53 mmol) 

were refluxed under N2 in 20 ml of THF for 7 hours. After cooling at room temperature, the 

solvent was removed and the crude compound was extracted with 150 ml of dichloromethane 

and dried over sodium sulfate. After evaporation of the solvent, compound was purified over 

silica column and the desired compound was eluted by 100% DCM. Yield- 60%. 1H NMR (CDCl3; 

400 MHz), 5.50 (d, 2H, Ar-H), 7.35-7.45 (m, 8H, Ar-H), 7.7-7.8 (m, 6H, Ar-H), 7.95-8.10 (m, 12H, 

Ar-H), 8.15 (m, 6H, Ar-H), 8.2-8.32 (m, 12H, Ar-H), 8.5 (m, 3H, SubPc ring-H), 8.9 (m, 3H, subPc 

ring-H), 9.65 (s, 1H, -CHO).  
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Synthesis of 20.  Compound 20a (60 mg, 0.04 mmol), sarcosine (12 mg, 0.13 mmol) and C60 

fullerene (94 mg, 0.13 mmol) were refluxed in 30 ml of toluene under N2 for 8 hours. After cooling 

at room temperature, the solvent was evaporated and purified over silica column and the desired 

compound was eluted by toluene:ethyl acetate (90:10 v/v). Yield – 45%.  1HNMR (CDCl3; 400 

MHz), 2.45 (s, 3H, Me-H), 3.85 (d, 1H, fulleropyrollidiene-H), 4.40 (s, 1H, fulleropyrollidiene-H), 

4.60 (d, 1H, fulleropyrollidiene-H), 5.35 (d, 2H, Ar-H), 7.10 (d, 2H, Ar-H), 7.20 (m, 6H, Ar-H), 7.6 

(m, 6H, Ar-H), 7.85-8.0 (m, 12H, Ar-H), 8.1 (m, 6H, Ar-H), 8.3 (m, 6H, Ar-H), 8.4 (m, 3H, SubPc ring-

H), 8.6 (m, 6H, Ar-H), 8.8 (m, 3H, SubPc-ring-H). Mass- MALDI-TOF, calculated - 2141.02, obtained 

= 2145.6 [M], 1270.9 [M – C60 phenoxy].  

Synthesis of 21.  Synthesis of 21 is shown in Scheme 5.B.2. 

 

Scheme 5.2.3 Synthesis of compounds 21a and 21. 
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Synthesis of 21a. A mixture of 4-formylphenoxy-[2,9,16-tri(4-iodophenoxy) 

subphthalocyaninato]-boron(III) (200 mg, 0.17 mmol), 22 (416 mg, 0.85 mmol), 

tetrakis(triphenylphosphine)palladium(0) (59 mg, 0.051 mmol) and CsF (233 mg, 1.53mmol) were 

refluxed under N2 in 20 ml of THF for 7 hours. After cooling at room temperature, the solvent 

was removed and the crude compound was extracted with 150 ml of dichloromethane and dried 

over sodium sulfate. After evaporation of the solvent, compound was purified over silica column 

and the desired compound was eluted by DCM:MeOH (95:5 v/v). Yield – 55%.  1H NMR (CDCl3; 

400 MHz), 2.3 (m, 6H, alkyl-H), 2.7 (m, 6H, alkyl-H), 3.4 (m, 6H, alkyl-H), 5.4 (d, 2H, Ar-H), 7.05 (d, 

2H, Ar-H), 7.1-7.2 (m, 9H, Ar-H), 7.45 (m, 6H, Ar-H), 7.55-7.62 (m, 12H, Ar-H), 7.85 (m, 6H, Ar-H), 

7.95 (m, 9H, Ar-H), 8.10 (m, 12H, Ar-H), 8.30 (m, 3H, Ar-H), 8.75 (m, 3H Ar-H), 9.55 (s, 1H, -CHO).  

Synthesis of 21. Compound 21a (60 mg, 0.03 mmol), sarcosine (9 mg, 0.09 mmol), and C60 

fullerene (65 mg, 0.09 mmol) were refluxed in 30 ml of toluene under N2 for 8 hours. After cooling 

at room temperature, the solvent was evaporated and purified over silica column and the desired 

compound was eluted by toluene:ethyl acetate (85:15 v/v). Yield – 45%. 1HNMR (CDCl3; 400MHz), 

2.3 (m, 6H, alkyl-H), 2.45 (s, 3H, fulleropyrollidiene Me-H), 2.70 (m, 6H, alkyl-H), 3.43 (m, 6H, 

alkyl-H), 4.0 (d, 1H, fulleropyrollidiene-H), 4.45 (s, 1 H, fulleropyrollidiene-H), 4.65 (d, 1H, 

fulleropyrollidiene-H), 5.40 (d, 2H, Ar-H), 7.05 (m, 8H, Ar-H), 7.20 (m, 6H, Ar-H), 7.48-7.53 (m, 

12H, Ar-H), 7.84 (m, 3H, Ar-H), 7.92 (m, 3H, Ar-H), 7.98 (m, 6H, Ar-H), 8.05-8.12 (m, 12H, Ar-H), 

8.20 (m, 3H, SubPc ring--H), 8.30 (m, 6H, Ar-H), 8.65 (m, 3H, SubPc ring-H). Mass- MALDI-TOF, 

calculated – 2627.57, obtained = 2627.2 [M], 1757.7 [M – C60 phenoxy].  
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Scheme. 5.2.4 Structures of the (Pyr)3SubPc and SubPc control compounds. 

 

5.2.3 Absorption and Fluorescence Study 

               Figure 5.2.2a shows the absorbance spectrum of 21 along with the control compounds 

in benzonitrile.  Relevant spectra for 20 are given in Figure 5.2.3.  Compound 21 revealed 

absorption bands at 315, 330, 346, 432, and 574 nm.   
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 Fig. 5.2.2 (a) Optical absorbance and (b) fluorescence spectra (𝜆ex = 575 nm) of the indicated 
compounds in benzonitrile.  (c) Spectral changes associated with graphene interacting with 2 in 
benzonitrile. (d) Differential pulse voltammograms of 2 (dark line) upon increasing addition of 
graphene in benzonitrile containing 0.1 M (TBA)ClO4.  

 

               The first three peaks corresponded that of pyrene, while the 432 nm peak represented 

fulleropyrrolidine, and the 574 nm band was that of SubPc.  Appending C60 had no effect on the 

575 nm band of the conjugate while this band was about 8 nm red-shifted as compared with 

pristine SubPc without pyrene tethers.  The tethered pyrene peaks were also red-shifted by 7 nm 

compared to pristine pyrene, primarily due to covalent functionalization.  Similar results were 

obtained for 20 (see Figure 5.2.3a), however, the pyrene peaks in the 315-360 nm were broad 

and appeared as shoulder bands to the 347 nm main band. These results suggest some 
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intramolecular interactions between the pyrene and SubPc entities of the conjugate.  As shown 

in figure 5.2.2b and 5.2.3b, fluorescence spectra of the precursor (Pyr)3SubPc derivatives (see the 

scheme 5.B.4 for structures) appeared at 594 nm, and were red-shifted by nearly 12 nm 

compared to pristine SubPc.  In 20 and 21, the SubPc emission was found to be quantitatively 

quenched (over 97% of its original intensity) suggesting occurrence of excited state events from 

the 1SubPc* (Figures 5.2.2b and 5.2.3b).  

 

Fig. 5.2.3  (a) Optical absorbance and (b) fluorescence spectra (𝜆ex = 575 nm) of the indicated 
compounds in benzonitrile.  (c) Spectral changes associated with graphene interacting with 20 in 
benzonitrile. (d) DPV of 20 (dark line) upon increasing addition of graphene in benzonitrile 
containing 0.1 M (TBA)ClO4. 
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               As shown in Figure 5.2.4, the spectral trends in toluene were quite similar to those 

discussed in benzonitrile.  In addition, the fluorescence quenching of SubPc in 20 and 21 in 

nonpolar toluene was also very high (over 95%). 

 

Fig. 5.2.4 Optical absorbance (a and b) fluorescence spectra (c and d; 𝜆ex = 575 nm) of indicated 
compounds in toluene.   

 

                In order to prepare the graphene/20 and graphene/21 hybrids, first, 2-4 layer graphene 

was dispersed in benzonitrile or toluene (2 mg in 20 mL) for exfoliation by sonication and 

centrifugation.  Aliquots of the clear brown solution of graphene obtained after filtration was 

added to a solution of 20 or 21 in the solvent of choice.  Spectral changes associated with this 

addition in benzonitrile are shown in Figures 5.2.2c and 5.2.3c.  Similar trends were also observed 
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in toluene.  The changes included diminished intensity of the 575 nm band along with absorbance 

increase in the 330-500 nm range due to graphene.  An isosbestic point at 594 nm for 20 and 21 

was also observed indicating existence of an equilibrium process for the interaction between the 

conjugate and graphene. 

 

5.2.4 Electrochemistry Study 

               In order to establish the energy levels relevant in probing the excited state events of the 

conjugates in the absence and presence of graphene, electrochemical studies were performed 

using differential pulse voltammetry (DPV) technique.  Figures 5.2.2d and 5.2.3d, respectively, 

show DPVs of 21 and 20 (dark lines) in benzonitrile containing 0.1 M (TBA)ClO4; wherein the site 

of electron transfer was deduced from additional experiments involving control compounds.  The 

first anodic process of 21 and 20 occurred at +0.53 V vs. Fc/Fc+ corresponding to the oxidation of 

the SubPc entity. Cyclic voltammetry studies confirmed these processes to be reversible. The 

second oxidation process corresponding to pyrene entities appeared at +0.76 V for 20 and +0.70 

V for 21, respectively. On the cathodic side, the first reversible reduction corresponding to C60 

was located at -1.02 V whereas the second reduction around -1.44 V was overlapped with the 

second reduction of C60 and first reduction of SubPc entities, for both 20 and 21.  At more 

negative and positive potentials, additional irreversible redox processes were also observed.  

Addition of graphene to the electrolyte solution diminished the current (slower diffusion due to 

increased mass of the hybrids) with noticeable changes in the redox potential of SubPc and 

pyrene but not that of C60.  That is, the SubPc oxidation became harder by about 25 mV while 
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that for pyrene oxidation it was about 35 mV for both graphene/20 and graphene/21 hybrids.  

These observations are in support of our earlier hypothesis that the structure of 20 and 21 allow 

pyrene and to a lesser extent SubPc interactions with graphene leaving C60 unperturbed.  Using 

the redox and spectral data, free-energy calculations (𝛥GCS) for the occurrence of photoinduced 

electron transfer originating from the 1SubPc* (E0-0 = 2.12 eV) and 1C60* (E0-0 = 1.75 eV) were 

performed using Rehm-Weller’s approach (neglecting solvation term). Such calculations revealed 

that the formation of (Pyr)3SubPc.+-C60
.- from both 1SubPc* and 1C60* are to be exothermic 

processes.  A 𝛥GCS value of -0.57 eV for both 20 and 21, and -0.54 eV for graphene/20 and 

graphene/21 hybrids from 1SubPc*, and -0.20 eV for both 20 and 21, and -0.18 eV for 

graphene/20 and graphene/21 hybrids from 1C60* in benzonitrile were obtained. In toluene, the 

energy level of the radical ion-pairs would be exothermic by another 150-200 mV than that 

computed in benzonitrile. 

 

5.2.5 Raman Spectroscopy and TEM Images 

               Raman spectra of the graphene/20 and graphene/21 hybrids along with pristine 2-4 layer 

graphene is shown in Figure 5.2.5a.  Briefly, in agreement with literature results,167 graphene 

revealed G band at 1580 cm-1 with a much weaker D band at 1350 cm-1 and D’ band appearing as 

a shoulder to the G band at 1610 cm-1.  The intensity ratio for G:D band was around 5.0.  

Interestingly, for graphene/20 and graphene/21 hybrids, the G band appeared at 1610 cm-1 while 

the D band at 1345 cm-1 with an intensity ratio of nearly 1.0.  The Raman spectral features were 

close to that reported for graphene oxide,168 suggesting effective functionalization of graphene 
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with the current noncovalent approach.  The HR-TEM image of graphene/20 in Figure 5.2.5b 

shows exfoliated graphene, although few-layers are seen due to aggregation during sample 

preparation.  Thus, in the studied hybrids, the presence of graphene could be considered to be 

monolayer to few layer. 

 

Fig. 5.2.5  (a) Raman spectrum of (i) few-layer graphene, (ii) graphene/20 and (iii) graphene/21 
hybrids, and (b) HR-TEM image of the graphene/20 hybrid. 

 

5.2.6 Transient Absorption Spectroscopy 

               Next, photochemical processes in 20 and 21 conjugates, and graphene/20 and 

graphene/21 hybrids were investigated by femtosecond transient spectroscopy in both polar 

benzonitrile and nonpolar toluene.  Formation of SubPc.+ is expected to reveal a band at 685 nm 

while C60
.- at 1020 nm during electron transfer. As shown in Figures 5.B.6 and Figure 5.2.7, upon 
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400 nm excitation of 20 and 21, an instantaneous formation of 1SubPc* (depleted band in the 

570 nm range) and 1C60* (absorbance in the 900-950 nm range) were observed. 

 

Fig. 5.2.6  Femtosecond transient absorption spectra of 21 in Ar-saturated (a) benzonitrile and 
(b) toluene at the indicated time intervals.  Time profiles of the 1020 nm peak corresponding to 
fullerene anion radical are shown at the right hand side panels. 



270 
 

 

Fig. 5.2.7 Femtosecond transient absorption spectra of 20 in Ar-saturated (a) benzonitrile and (b) 
toluene. Figure on the right side panel show the time profiles of the 1020 nm peak corresponding 
to fullerene anion radical. 

 

               The formation of (Pyr)3SubPc.+-C60
.- charge separated state from the initial 1SubPc* or 

1C60* in 20 and 21 was witnessed from the C60
.- band at 1020 nm and SubPc.+ in the 650-700 nm 

range in case of both conjugates.  The radical ion-pair peaks after reaching a maximum started 

decaying due to the charge recombination process.  The rates of charge separation, kCS and 

charge recombination, kCR were evaluated by monitoring rise and decay time profile of the C60
.- 

peak at 1020 nm as shown in Figure insets.  Notably, as predicted for fullerenes, the 
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recombination process was much slower than the charge separation process with considerable 

radical peak intensities lasting over 3 ns, the time window of the instrument.  In such a case, the 

determined kCR could be considered as lower limit.  The kinetic values are given in Table 5.2.1 

which reveal fast charge separation and relatively slow charge recombination, and the expected 

solvent effect on electron transfer kinetics.169  That is, facile charge separation and recombination 

in polar benzonitrile over nonpolar toluene was evident.   

Table 5.2.1. Rates of charge separation, kCS and charge recombination, kCR obtained for 
conjugates 20 and 21, and their graphene hybrids in benzonitrile and toluene. 

 

 

  

 

 

 

               Having established charge separation in these conjugates, we focused our attention to 

the graphene/20 and graphene/21 hybrids.  Figure 5.2.8 and 5.2.9 show the transient spectra of 

the hybrids in benzonitrile and toluene, respectively.  Immediately after excitation (see spectrum 

at 1 ps), transient features corresponding to 1SubPc* and 1C60*, and strong optical phonon peaks 

of graphene appeared as negative peaks in the 690 nm range and 1200 nm range (in Figure 5.2.10 

for femtosecond transient spectra of pristine few layer graphene and peak time profiles in both 

benzonitrile and toluene).  Recovery of these signals was fast, that is, in less than 5 ps much of 

System Solvent kCS s-1 kCR, s-1 

20 benzonitrile 2.6 x 1010 9.8 x 108 

 toluene 2.3 x 1010 6.8 x 108 

21 benzonitrile 2.5 x 1010 9.1 x 108 

 toluene 1.7 x 1010 6.9 x 108 

Graphene/20 benzonitrile 6.9 x 1011 1.5 x 109 

 toluene 1.5 x 1011 3.0 x 109 

Graphene/21 benzonitrile 6.8 x 1011 1.3 x 109 

 toluene 3.4 x 1011 2.7 x 109 
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the intensity was recovered, similar to that of pristine few-layer graphene (Figure 5.2.10).  The 

excited state decay resulted in concomitant radical ion-pair peaks corresponding to the 

formation of graphene/(Pyr)3SubPc.+-C60
.- radical ion-pair in these hybrids, revealing successful 

charge separation in the hybrids. 

 

Fig. 5.2.8 Femtosecond transient absorption spectra of the graphene/21 hybrid in Ar-saturated 
(a) benzonitrile and (b) toluene at the indicated time intervals.  Time profiles of the 1020 nm peak 
corresponding to fullerene anion radical are shown at the right hand side panels. 
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Fig. 5.2.9  Femtosecond transient absorption spectra of the graphene/20 hybrid in Ar-saturated 
(a) benzonitrile and (b) toluene.  The time profiles of the 1020 nm peak corresponding to 
fullerene anion radical are shown at the right hand side. 

 

               The kCS and kCR for the graphene/20 and graphene/21 hybrids were evaluated using a 

procedure similar to that used for the conjugates, 20 and 21, that is, by monitoring the growth 

and decay of C60
.-.  Such decay curves are shown on the right side panel in Figures 5.2.8 and 5.2.9.  

A glance at the decay curves to that of the corresponding curves in Figure 5.2.8 and 5.2.9 reveal 

rapid charge separation and charge recombination in these hybrids.  Accordingly, the estimated 

kCS and kCR for the hybrid were found to be nearly an order of magnitude higher (Table 5.2.1).  

These result reveal accelerated charge separation and subsequent charge recombination in the 
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graphene/20 and graphene/21 hybrids.  It may be mentioned here that that the kCS is only an 

estimated value since contributions for optical phonon bands of graphene at early time scales 

masked the C60
.- growth signal to some extent. 

 

Fig. 5.2.10  Femtosecond transient spectra of few-layer graphene in Ar-saturated (a) benzonitrile 
and (b) toluene at the indicated time intervals.  Panels on the right shows the time profiles of the 
1080 nm band. 

 

               The observed charge separation and charge recombination in the graphene hybrids 

merit some discussions.  For both (Pyr)3SubPc-C60 conjugates, the nearly similar magnitude of the 

kCS values in polar and nonpolar solvents suggests that the forward electron transfer process to 

belong to the top section of the Marcus parabola where the solvent effect on electron transfer 
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kinetics are minimal.  The kCS values of graphene/(Pyr)3SubPc-C60 hybrids also suggest such a 

trend.  The small decrease in 𝛥GCS values for the hybrids as compared to those of the conjugates 

as a result of redox modulation resulting in slightly higher kCR values.  Along with the energetics, 

any contributions from the geometry of the graphene/(Pyr)3SubPc-C60 hybrids or any defects in 

graphene might also contribute to this behavior. 

 

5.2.7 Summary and Conclusion 

                In summary, we have synthesized novel multi-modular, (Pyr)3SubPc-C60 conjugates and 

demonstrated occurrence of photoinduced electron transfer leading to charge separation.  Next, 

the donor-acceptor conjugates were stacked on graphene using the pyrene tethers on the SubPc 

macrocycle via 𝜋-𝜋 stacking interactions, leaving the axial fullerene entity away from graphene 

surface.  The graphene/(Pyr)3SubPc-C60 hybrids were characterized by optical absorbance, 

electrochemical, Raman and HR-TEM methods.  The measured redox potentials revealed redox 

modulation of the pyrene and SubPc entities leaving C60 unperturbed due to its distant 

positioning from graphene surface, compliments to the current supramolecular strategy.  

Femtosecond transient absorption studies revealed occurrence of electron transfer leading to 

the formation of graphene/(Pyr)3SubPc.+-C60
.- charge separated state in the hybrids, that is, the 

presence of graphene in the hybrid did not obstruct donor and acceptor properties of the 

conjugate.  Interestingly, the estimated kCS and kCR values were nearly an order of magnitude 

higher in the case of the hybrids compared to those values obtained for the corresponding 

conjugates, revealing accelerated photochemical/photophysical processes caused by the 
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presence of graphene.  The present findings highlight the importance of the donor-acceptor 

immobilized on graphene hybrids, i.e., these graphene/(Pyr)3SubPc-C60 hybrids, could be useful 

as materials in building fast-responding (ps time scale) optoelectronic devices, in addition to the 

anticipated light-to-electricity and light-to-fuel conversion applications.  Currently we are looking 

into these possibilities using hybrids built on this strategy. 
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Chapter 6 

Summary 

               The work presented in this thesis has described the design, synthesis and study of various 

artificial photosynthesis systems to harvest the light energy by mimicking natural photosynthesis 

process. The process involves first to capture and dissipate the light energy from the antennae 

systems to nearby primary donor molecules. Then, donor molecules funnel the captured light 

energy into the reaction center where the energetically favorable charge separation process 

occurs and the light energy is harvested. Key to this success is overall low reorganization energy 

exhibited by reaction center and well balanced electronic coupling between donor and acceptor 

component. To achieve long lived charge separated states both covalent and non-covalent 

interactions has been investigated while ensemble the donor and acceptor systems together. 

Further to improve the charge separated states between donor and acceptor conjugates 

multichromophoric systems has also been discovered which display the multistep energy and 

electron transfer process. One of the main reason to achieve charge separated donor acceptor 

system is to construct photoelectrochemical devices, solar fuels and solar catalysts to generate a 

renewable and carbon free energy for the next generation. Thus, mimicking natural 

photosynthesis process by designing various donor acceptor conjugates to build efficient light 

energy harvesting systems is the cornerstone of this thesis.   

               As described in chapter 3, the photosynthetic reaction center mimicry was achieved by 

constructing various donor acceptor self-assembled conjugates using imidazole appended C60 as 

a primary electron acceptor and Zn-porphyrin and Zn-phthalocyanine as a primary electron donor 

via one of the biomimetic methodologies i.e. metal – ligand axial co-ordination. The first project 
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comprises the design and synthesis of tetracarbazole zinc phthalocyanine where the primary 

photoinduced energy transfer occurs from singlet excited state carbazole to phthalocyanine 

moiety on excitation which was confirmed by fluorescence study. Later, to mimic photosynthetic 

reaction center, phenylimidazole functionalized C60 has been axially co-ordinated through ZnPc 

as an electron acceptor. The absorption, emission and computational study revealed that the 

stable complex has been formed and the binding constatant was calculated and found as K = 7.7 

x 105 M-1. From the free-energy calculations, photoinduced electron transfer from the 1ZnPc* to 

fullerene was established to be an exothermic process.  Kinetics of charge separation, kCS 

monitored by time-resolved emission was found to be 2.8 x 109 s-1 indicating a relatively fast 

charge separation process. The electron transfer products were characterized by nanosecond 

transient absorption spectroscopic technique; the presence of ZnPc+. radical cation at 890 nm 

and fulleropyrrolidine anion radical at 1000 nm was clear from this study.  The kinetics of charge 

recombination, kCR, evaluated from the decay of either of the radical ions, was found to be 6.25 

x 107 s-1 revealing the slow charge recombination process. In the second project, porphyrin-

phthalocyanine conjugates connected by amide linker, as wide-band capturing solar energy 

harvesting materials, have been synthesized and studied.  Efficient singlet-singlet energy transfer 

from the zinc or free-base porphyrin to phthalocyanine was observed from steady-state emission 

and transient absorption studies in various solvents.  Further, the dyad was immobilized via axial 

coordination of zinc porphyrin of the dyad on semiconducting TiO2 surface modified with axial 

co-ordinating ligand functionality, phenylimidazole. Photoelectrochemical studies revealed 

improved performance of this cell compared to either zinc porphyrin or zinc phthalocyanine only 

modified electrodes under similar experimental conditions.  The multi-step photochemical 
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events mimic the photochemical events of natural photosynthesis process resulting into better 

performance of the solar device as a result of sequential energy transfer/charge separation 

processes. 

               Further to improve an efficient donor acceptor conjugates a broad-band capturing, 

charge stabilizing, photosynthetic antenna-reaction center model compound has been designed 

and studied. The model compound is comprised of a zinc porphyrin covalently linked to three 

units of triphenylamine entities and a zinc phthalocyanine entity. Stepwise energy transfer from 

singlet excited triphenylamine to zinc porphyrin, and singlet excited zinc porphyrin to zinc 

phthalocyanine was established from spectroscopic and time-resolved transient absorption 

techniques. Next, an electron acceptor, fullerene was introduced via metal – ligand axial 

coordination to both zinc porphyrin and zinc phthalocyanine centers which displays the 

association constant of 4.9 x 104 M-1 for phenylimidazole functionalized fullerene binding to zinc 

porphyrin, and 5.1 x 104 M -1 for it binding to zinc phthalocyanine. Unlike the previous zinc 

porphyrin – zinc phthalocyanine-fullerene conjugates, the multichromophoric self-assembled 

donor-acceptor conjugate has displayed the much anticipated initial charge separation from 

singlet excited zinc porphyrin to the coordinated fullerene followed by a hole shift process to zinc 

phthalocyanine resulting into a long-lived charge separated state as revealed by femto- and 

nanosecond transient absorption spectroscopic techniques. This kind of multichromophoric, 

donor-acceptor systems found to be an elegant approach to capture wide-band light and produce 

long-lived charge separated state. 

               In the next project a V – shaped zinc porphyrin and zinc phthalocyanine has been 

designed and studied the primary photoinduced energy transfer process occurs from 1ZnP* to 
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ZnPc. To mimic a reaction center C60 functionalized with bipyridine groups assembled with the V 

– shaped ZnP – ZnPc dyad via two point axial binding approach. The efficient photoinduced 

energy transfer followed by electron transfer was observed leading with long lived charge 

separated states. The two-point binding approach in a triad provides a defined shape and 

relatively high stability. Free-energy calculation suggested that an electron transfer from 1ZnPc* 

is energetically more favorable than from the 1ZnP* in the triad although the acceptor (C60) was 

disposed at an almost equal distance. 

               After successfully design and study of donor acceptor conjugates via non-covalent metal 

ligand axial co-ordination, we also achieved some great breakthroughs on covalent approach to 

design and study light energy harvesting systems as described in chapter 4. In the first project on 

this line covalently linked two derivatives of donor2 – donor1 – acceptor, composed of 

phenothiazine, BF2-chetaled dipyrromethene (BODIPY), and fullerene, respectively, have 

synthesized and studied photoinduced events. Optical absorption and emission, computational, 

and differential pulse voltammetry studies were systematically performed to study the primary 

electron transfer process. Excitation of BODIPY resulted in ultrafast electron transfer to produce 

PTZ – BODIPY•+ - C60
•-, subsequent hole shift resulted in PTZ•+- BODIPY - C60

•- charge separated 

species.  

               Further to improve the covalently linked donor acceptor system a pentad featuring 

subphthalocyanine and fullerene as primary electron donor and acceptor, and three 

phenothiazine entities decorated around the SubPc moiety as secondary hole transferring agents 

have been synthesized and studied as an photosynthetic reaction center model compound.  

Occurrences of fast photoinduced electron transfer (PET) and slower charge recombination was 
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observed in the pentad from the femtosecond and nanosecond transient absorption studies. 

Femtosecond and nanosecond transient spectral studies were performed to secure evidence of 

photoinduced electron transfer process. By observing the radical ions peaks obtained from 

transient absorption spectroscopy techniques and by monitoring the decay of C60
.- band at 1000 

nm, the rate of charge recombination, kCR evaluated to be 5.4 x 106 s-1 that resulted in a lifetime 

of the radical ion pair of 185 ns.  

               One of the most importatnt aspects of the photoinduced electron transfer process is to 

reduce the probability of back electron transfer in donor acceptor system. To improve the 

directional electron transfer process carbon nanotubes and graphene have received considerable 

attention due to their electrical, electronic and mechanical properties. By taking the advantage 

of various non-covalent interactions novel donor-acceptor hybrid system based on carbon nano 

materials (carbon nanotubes and graphene) has been designed and studied the photoinduced 

electron transfer process which was described in chapter 5. Graphene has been used here to 

design donor acceptor system further to explore its unique properties and applications. 

Graphene is a one atom layer of graphite, possesses a unique 2D structure, high conductivity and 

charge carrier mobility, large specific surface area, hight transparency and great mechanical 

strength. This material has a wide range of potential applications in the area of solar energy 

conversion and storage, capacitors, lithium ion batteries, water splitting, solar catalysts and solar 

cells.  

               Here, in the first graphene based project in chapter 5, we designed tetrapyrene 

phthalocyanine and porphyrin as a donor photosensitizer. Then we were able to prepare a 

graphene based hybrid with pyrene tethered photosensitizers via 𝜋 – 𝜋 interaction over graphene 
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surface and studied the photoinduced electron transfer process within the system. The 

occurrence of ultrafast charge separation in the order of 1011 – 1012 s-1 due to close proximity of 

the donor and acceptor entities was demonstrated. Absoprtion and emission spectroscopy, 

electrochemistry, Raman spectroscopy, TGA and transient absorption spectroscopy technique 

were used further to characterize and study the photo induced electron transfer process. These 

results point out that the supramolecular donor-acceptor hybrids with graphene as an active 

component developed here could be used for building light energy harvesting devices. 

               Further a new approach to probe the effect of graphene on photochemical charge 

separation in donor-acceptor conjugates was studied and described as a second project in the 

chapter 5. For this, multi-modular donor-acceptor conjugates comprised of three entities of 

pyrene, a subphthalocyanine and a fullerene, ((Pyr)3SubPc-C60, 1 and 2) have been newly 

synthesized, characterized and studied. These conjugates were hybridized on few-layer graphene 

via 𝜋 – 𝜋 stacking interactions of the three pyrene entities.  These hybrids were characterized by 

using Raman, HR-TEM, spectroscopic and electrochemical techniques. Photoinduced charge 

separation in these conjugates in the absence and presence of graphene was established from 

studies involving femtosecond transient absorption spectroscopy. Femtosecond transient 

absorption studies revealed occurrence of electron transfer leading to the formation of 

graphene/(Pyr)3SubPc.+- C60
.- charge separated state in the hybrids, that is, the presence of 

graphene in the hybrid did not obstruct donor and acceptor properties of the conjugate. 

Accelerated charge separation and recombination in these conjugates upon decorating them on 

graphene was witnessed suggesting that the present graphene-donor-acceptor hybrids could be 
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useful as materials for building fast-responding optoelectronic devices, in addition to light energy 

harvesting applications.     
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