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ABSTRACT 

 

 The research presented in this thesis deals with the synthesis, optical and 

photochemical studies of various porphyrin and/or fullerene based systems.  The 

second chapter deals with the study of fullerene based molecules composed of 

C60 covalently linked to ferrocene and various nitroaromatic entities.  Chapter 

three involves the study of molecules composed of zinc porphyrin covalently 

linked with ferrocene(s) self-assembled into supramolecular triads by axial 

ligation of imidazole bearing fulleropyrrolidine.  The triad studied in Chapter four 

is composed of zinc porphyrin covalently linked to boron-dipyrrin which was self-

assembled into a supramolecular complex by axial ligation of imidazole 

appended fulleropyrrolidine.  Chapter five deals with the formation of a dyad 

complex composed of Zinc N-confused porphyrin axially coordinated to imidazole 

bearing fulleropyrrolidine.    

The compounds discussed in this thesis were studied by optical 

absorbance and emission, electrochemical, and time-resolved photochemical 

methods.  These compounds were mainly characterized by 1H NMR, UV-vis 

absorbance, and ESI-mass.  Binding constants for the supramolecular 

complexes were arrived using UV-vis spectroscopic methods.  Also, B3LYP/3-

21G(*) computational method was used to probe the geometric and electronic 

structure of the compounds studied. 

The triads studied in Chapter two revealed efficient photoinduced charge-

separation.  Interestingly, the computed site of electron transfer using DFT 



 xxi 

methods was found to track the electrochemical results observed in the cyclic 

voltammetric experiments.  The self-assembled triads in Chapter three revealed 

efficient charge-separation from the excited zinc porphyrin to the fullerene (C60) 

entity.  Also, the triads revealed efficient charge stabilization due to the presence 

of ferrocene(s).  The self-assembled triad in Chapter four revealed efficient 

energy transfer from the boron-dipyrrin entity to zinc porphyrin.  The self-

assembled triad exhibited energy transfer followed by electron transfer to the 

fullerene (C60) entity.  In Chapter five the construction of a dyad composed of 

zinc N-confused porphyrin and fullerene (C60) was confirmed.  Spectro- and 

photochemical experiments revealed efficient electron transfer from the porphyrin 

to the fullerene entity.     

 



 1 

CHAPTER I 

Introduction 

 

 Photosynthesis is the process by which plants and some bacteria use light 

energy to create chemical energy in the form of ATP.  In recent years, 

researchers have focused much attention on understanding the various 

processes involved in photosynthesis.1  The initial step involves the photo-

excitation of an antenna system, which funnels this excitation energy to a  

energy

antenna

reaction
center

Cyt c

Cytochrome
bc1 complex

proton
channel

ATP
synthase

e-

e-

H+

e-

Q

QH2

H+ nH+

ATP

ADP + Pi

nH+

 

Figure 1.1:  Schematic representation of bacterial photosynthetic system. 

 

reaction center via a series of energy transfer steps involving several 

chromophores.  The newly excited “special pair” initiates an electron transfer 
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reaction across the plasma membrane involving several donor-acceptor 

cofactors.  The ultimate product is the reduction of the terminal quinone to 

hydroquinone after two electron transfer reactions.  This process also involves 

the uptake of two protons from water.  The hydroquinone then diffuses to the 

cytochrome bc1 complex, which oxidizes hydroquinone back to quinone.  The 

build up of protons on the opposite side of the membrane creates a charge 

imbalance across the membrane.  Finally, the enzyme ATP synthase allows the 

protons to flow back across the membrane while converting ADP and Pi 

(inorganic phosphate) to ATP.  The ATP is used to fulfill most of the energy 

needs of the bacterium (Figure 1.1).99 

Artificial photosynthesis is defined as the attempt to mimic any aspect of 

photosynthesis by a synthetic system.  Many different artificial photosynthetic 

systems have been constructed and studied by researchers.  Synthetic systems 

that reduce the complicated natural system to its basic components can lead to a 

better understanding of the overall natural photosynthetic process.  The main 

goal has been to create sys tems that are more efficient, and thus more closely 

mimic the natural photosynthetic reaction center, namely to increase the 

efficiency of charge separation, and the life-time of the charge separated state.  

The research presented in this thesis focuses on covalent and supramolecular 

synthetic systems that undergo photo-induced energy and/or charge transfer, 

thus attempting to mimic the initial steps of the natural photosynthetic process. 
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1.1 Need for energy/electron transfer donor-acceptor systems 

In recent years, researchers have focused much attention on developing 

synthetic systems that mimic the primary events of the natural photosynthetic 

system, namely photo-induced energy and electron transfer.8-10  The goal of 

studying these systems is mainly to gain insight into the natural photosynthetic 

systems and to potentially construct light harvesting and molecular electronic 

devices.  The compounds presented in this work were mainly synthesized for this 

purpose. 

 

 

1.2 Porphyrins as electron donors 

Porphyrins represent an important class of molecules in nature.  They are 

responsible for many functions in biological systems, such as oxygen transport, 

electron transport, and light energy conversion.11  These biological processes are 

still an important area of research for biologists and biochemists.  Porphyrins 

have been a preferred moiety for use as electron donors in donor acceptor 

systems mainly due to their similarity to the natural photosynthetic chromophore 

(chlorophyll).  They are also easily oxidized (low oxidation potential) and strongly 

absorb in the visible region of the electromagnetic spectrum.2     

Porphyrins/metalloporphyrins are composed of four pyrrole rings linked by 

a single carbon atom between each ring to form a fully conjugated macrocycle 

(Figure 1.2).  In the traditional porphyrin structure each of the nitrogen atoms are 
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within the inner core of the ring and thus are able to chelate a variety of metal 

cations.  However, there are many different structural isomers of the porphyrin  

N

N N

N

M meso position

β−pyrrole positions

 

Figure 1.2:  Structure of porphyrin macrocycle (M=H2 or metal). 

 

ring.  For example, when one of the pyrrole rings is oriented so that the nitrogen 

is on the outside of the ring this particular structural isomer is termed N-confused 

porphyrin.83  This isomer is also utilized as an electron donor component in this 

work.  In the general porphyrin structure the carbons on the outer segment of the 

pyrrole rings are termed the ß-pyrrole positions while the carbon linking the 

pyrrole rings is termed the meso position.  Thus, there are many potential 

positions for synthetic modifications of the porphyrin macrocycle.  However, 

synthetic modifications at the meso position are preferred due to their relative 

synthetic ease. 

 

1.3 Fullerene (C60) as an electron acceptor 

Fullerenes represent a new allotrope of carbon which is composed of 

differing numbers of carbon atoms (C60, C70, C89, etc.) linked in a fully conjugated 

spheroid.5  C60 has been more commonly utilized as an electron acceptor due to 

its abundant, commercial availability relative to the other fullerenes and since it is 
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the most symmetric of the fullerenes.  C60 is the fullerene of choice utilized in this 

work.  It is known that C60 is an efficient electron acceptor due to its symmetry, 

three-dimensional structure, and low reduction potentials. 12-15   

N
R1

R2  

Figure 1.3:  Structure of fulleropyrrolidine. 

 

Due to advances in synthetic methodology fullerenes can be 

functionalized in a variety of ways.  One of the most widely utilized methods of 

fullerene functionalization is the formation of fulleropyrrolidine.16  Here, the end 

product is a pyrrolidine ring that is fused to one of the [6.6] ring junctions of a 

given fullerene (Figure 1.3).  Depending upon the nature of the starting materials 

the pyrrolidine will have functional groups at the carbon directly adjacent to the 

nitrogen and/or on the nitrogen atom.  This is the synthetic method utilized in this 

work to functionalize (fullerene)C60. 

 

 

 

1.4 Boron-Dipyrrin as an energy donor 
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Boron-dipyrrin is a chromophore composed of a dipyrromethane having 

both of its nitrogens coordinated to a boron atom, which is appended with two 

fluorines.  The ring containing the boron is conjugated and the boron atom is in a 

tetrahedral coordination geometry (Figure 1.4).  These molecules are typically 

functionalized at positions on the phenyl ring due to the synthetic ease.  Due to 

their intense light absorbance and emission properties they have been widely 

utilized as energy donors and fluorescent probes in chemo- and biosensors.7,17  

In the present work boron-dipyrrin is used as an energy donor to zinc porphyrin. 

N N

B

FF

R

 

Figure 1.4:  Structure of boron-dipyrrin. 

 

1.5 Electron/Energy Transfer 

There are two main mechanisms by which a molecule in the excited  

state can transfer its energy to another molecule:  (b) electron transfer and (c) 

energy transfer.  A schematic representation of these procceses using energy 

level diagrams is presented in Figure 1.5.  Electron transfer occurs when the 

excited electron of the donor molecule is transferred to the vacant LUMO energy 
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Figure 1.5:  Schematic representation of (b) electron and (c) energy transfer. 
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level of the acceptor, thus creating a charge separated donor-acceptor pair.  

Energy transfer occurs when the energy of the excited donor molecule is donated 

to the acceptor and this energy, in turn, excites the acceptor molecule, thus 

leaving the donor molecule in the ground state and the acceptor in the singlet 

excited state. 

 The Marcus theory of electron transfer provides a valuable guide for 

determining the driving force and rate constants (kET) for this procces.  Equations 

(1) and (2) represent the relationship between the rate constant (kET) and the 

activation barrier (?G‡) for electron transfer.  Here, h is Planck’s constant, ? is the 

reorganization energy, kB is the Boltzmann constant, T is the absolute 

temperature, V is the electronic coupling matrix element, and ? Go
ET is the free  

KET = (4p 3/h2?kBT)1/2 V2 exp[-(?Go
ET + ?)2/4?kBT] (1) 

?G‡ = (?Go
ET + ?)2/4?     (2)   

energy change.  The reorganization energy (?) plays an important role in 

determining the rates and energetics of electron transfer, which can be realized 

upon examination of Marcus parabolic curves.  As the free energy change 

(?Go
ET) becomes more negative the rate of electron transfer increases (normal 

region) until a maximum where -?Go
ET = ?.  Then, as the free energy change 

continues to become more negative, the rate of electron transfer decreases 

(inverted region).  Ideally, in order to optimize charge transfer efficiency and the 

life-time of the charge-separated state, systems should be designed such that 
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the forward electron transfer step lies near the top of the curve and the back 

electron transfer step lies deep in the inverted region.   

The Marcus parabolic curves in Figure 1.6 compare the curves for  

porphyrin-C60 and porphyrin-quinone donor-acceptor dyads.  For the porphyrin-

C60 dyad the forward electron transfer lies near the top of the curve , while for the 

porphyrin-quinone dyad it lies more in the normal region of the curve.  

Consequently, electron transfer is accelerated when using C60 as an electron 

acceptor versus quinone.  Also, back electron transfer for the porphyrin-C60 dyad 

lies deep in the inverted region, while for the porphyrin-quinone dyad it lies near 

the top of the curve.  Consequently, back electron transfer using C60 as an 

electron acceptor is slow as compared to quinone, thus illustrating how the low  

 

Figure 1.6:  Marcus Parabolic curves for a porphyrin-C60 and porphyrin-quinone 

dyads.9 
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reorganization energy of C60  makes it a superior candidate for use as an electron 

acceptor in model donor-acceptor systems.9 

The spontaneity of electron transfer (-?GCS) for a given artificial donor-

acceptor system can be determined using the Rehm-Weller equation (3):93 

-?GCS = EOX – ERED – E0,0 - ?GS    (3)  

Here, EOX is the potential for the first one electron oxidation of the donor, ERED is 

the potential of the first one electron reduction of the acceptor, E0,0 is the 0-0 

transition energy of the electron donor, and ?GS is the solvation energy 

calculated using the ‘Dielectric Continuum Model’.   

 In contrast, the spontaneity of energy transfer can be determined using 

equation (4):28 

?GEN = -E0,0(D) + E0,0(A)     (4) 

Here, E0,0(D) is the 0-0 transition energy of the donor and E0,0(A) is the 0-0 

transition energy of the acceptor.  Nonradiative energy transfer usually occurs 

when the emission band of the donor overlaps with the absorption band of the 

acceptor.  The extent of this overlap is also proportional to the energy transfer 

efficiency. 

The rate of energy transfer is determined using equation (5):17 

kT  = 1/tD(Ro/r)6      (5) 

Here, tD is the excited state life-time of the donor in the absence of the acceptor,  

Ro is the Förster distance (distance at which energy transfer is 50% efficient), and 

r is the distance between the donor-acceptor pair.  Upon examimation of 

equation (5) it is clear that energy transfer is strongly dependant on distance, 



 11 

being inversely proportional to r6.  In general, electron transfer is the predominate 

quenching pathway when reduction or oxidation of the acceptor is amenable, 

while energy transfer predominates when the quencher has an available low 

energy excited state.                            

 

1.6 Scope of the present work 

This work discusses some synthetic systems that were developed with the 

aim of mimicking the primary events of natural photosynthesis, namely electron 

and/or energy transfer.  The compounds generated for this purpose are 

composed of one or more of the moieties previously discussed i.e. 

metalloporphyrin, fullerene (C60), boron-dipyrrin, and N-confused porphyrin.  The 

donor-acceptor dyads and triads are constructed via covalent linkages and/or via 

supramolecular means. 

The contents of this thesis are as follows: 

 

Chapter 1:  This chapter gives a general background and motivation for the work 

in this thesis and gives a general overview of the contents of the work. 

 

Chapter 2:  This chapter deals with fullerene (C60) based donor-acceptor triads.  

The triads are composed of a central fulleropyrrolidine unit linked with a 

ferrocene and different nitrobenzene entities.  The compounds were studied 

using UV-vis absorption, fluorescence emission, and cyclic voltammetry 

techniques.  Time-resolved photochemical techniques were used to probe the 
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nature of the excited state products.  Also, the geometric and electronic 

structures of the investigated compounds were studied using DFT B3LYP/3-

21G(*) computational techniques. 

 

Chapter 3:  This chapter discusses supramolecular triads composed of zinc 

porphyrin covalently linked with ferrocene(s) and self-assembled with imidazole 

appended fulleropyrrolidine.  The binding constants of the supramolecular triads 

were determined by UV-vis spectroscopic methods.  The compounds were 

studied using UV-vis absorption, fluorescence emission, and cyclic voltammetry 

techniques.  Also, time-resolved photochemical methods were used to determine 

the nature of the excited state products.  Computational DFT B3LYP/3-21G(*) 

methods were used to probe the electronic and geometric structures of the 

compounds. 

 

Chapter 4:  This chapter deals with a supramolecular triad composed of zinc 

porphyrin covalently linked with boron-dipyrrin self-assembled with imidazole 

appended fulleropyrrolidine.  The binding constant was determined using UV-vis 

absorption spectral methods.  The triad was studied using UV-vis absorption, 

fluorescence emission, and cyclic voltammetry techniques.  The excited state 

reaction products were studied using time-resolved photochemical methods.  

Also, the electronic and geometric structure was probed by DFT B3LYP/3-21G(*) 

methods. 
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Chapter 5:  This chapter discusses an N-confused zinc porphyrin/fullerene dyad 

complex.  The dyad binding constant was determined using UV-vis spectroscopic 

methods.  The dyad was studied using UV-vis absorbance, fluorescence 

emission, and cyclic voltammetry techniques.  Photochemical methods were 

performed to determine the excited state reaction products.  Also, the electronic 

and geometric structure was probed by B3LYP/3-21G(*) methods. 

 

Chapter 6:  This chapter summarizes the work presented in this thesis and 

discusses the potential direction of future relevant research.                                              
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CHAPTER II 

Molecular Triads Composed of C60, Ferrocene, and Nitroaromatic Entities 

 

2.1 Introduction 

There has been growing interest in recent years in developing and 

studying fullerene (C60) based electron/energy transfer donor-acceptor systems.  

This interest is mainly due to their potential applications in making molecular 

electronic devices22-27 and artificial light harvesting systems.28-43  Fullerene (C60) 

is a good candidate for use as an electron acceptor in donor-acceptor systems 

owing to its unique properties.  These properties include low reduction potentials 

and three-dimensional structure.3-5  Several fullerene (C60) based, covalently 

linked, donor-acceptor dyads and triads have been synthesized and studied.44-50 

Two examples of fullerene (C60) based donor-acceptor systems that were 

studied by Guldi and coworkers are shown in Figure 2.1.45  The dyads are 

composed of fulleropyrrolidine either directly linked or through one or two double 

bonds to either ferrocene or tetrathiofulvalene (TTF).  Here, C60 acts as a 

photosensitizer/electron acceptor while ferrocene and TTF are electron donors in 

the dyads.  Upon photo-excitation of the fullerene it is excited to its singlet 

excited state.  Subsequently, the electron donor becomes oxidized as a result of 

the donation of an electron to the fullerene thus generating the charge-separated 

state.  The electron donor is a radical cation and the fullerene is a radical anion.  

The system then undergoes charge-recombination and returns to the ground 

state. 
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Figure 2.1:  Two examples of fullerene based donor-acceptor systems. 

 

In the present investigation, a few novel fullerene based molecular triads were 

synthesized and studied (Figure 2.2).  These molecular triads (1-5)  
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Figure 2.2:  Studied fullerene based molecular triads.   

 

are composed of fulleropyrrolidine linked with ferrocene and a nitrobenzene 

group bearing either one or two nitro groups at various positions on the phenyl 

ring.  The ferrocene moiety is directly linked to one of the pyrrolidine carbons, 

while the nitrobenzene entities are linked through the pyrrolidine nitrogen through 
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a direct bond, carbonyl, or methylene linkage.  The triads have the general 

structure, donor-(acceptor-1)-(acceptor-2).  Here, ferrocene is the donor, 

fulleropyrroline is the primary acceptor, and the nitroaromatic group is the 

secondary acceptor.   

 The compounds were synthesized and then characterized by 1H NMR, 

UV-vis absorption spectroscopy, and ESI-mass.  In order to probe the redox 

processes of the triads cyclic voltammetric studies were performed.  The 

electronic and geometric structures of the triads were visualized using DFT 

B3LYP/3-21G(*) computational methods.  Also, time-resolved photochemical 

methods were employed to characterize the excited state species. 

 

2.2 Experimental Section 

2.2.1 Chemicals and Instrumentation 

Chemicals.  Buckminsterfullerene, C60 (+99.95%) was from BuckyUSA (Bellaire, 

TX).  o-Dichlorobenzene in sure seal bottle, ferrocenecarboxaldehyde, 3,5-

dinitrobenzoyl chloride, 1-fluoro-2,4-dinitrobenzene, 3,5-dinitrobenzyl chloride, 4-

nitrobenzoyl chloride, glycine and tetra-n-butylammonium perchlorate, 

(TBA)ClO4, were from Aldrich Chemicals (Milwaukee, WI).  All chemicals were 

used as received unless otherwise stated.  o-Dichlorobenzene for 

electrochemical studies was dried over CaH2 and distilled under vacuum prior to 

the experiments.  The (TBA)ClO4 was recrystallized from ethanol and dried in a 

vacuum oven at 35 oC for 10 days. 

Instrumentation.  The UV-visible spectral measurements were carried out with a 
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Shimadzu Model 1600 UV-visible spectrophotometer.  The fluorescence was 

monitored by using a Spex Fluorolog spectrometer.  A right angle detection 

method was used.  The 1H NMR studies were carried out on a Varian 400 MHz 

spectrometer.  Tetramethylsilane (TMS) was used as an internal standard.  

Cyclic voltammograms were obtained by using a conventional three electrode 

system on an EG&G Model 263A potentiostat/galvanostat or a model AFCB1 

bipotentiostat of Pine Instrument Co. (Grove City, PA).  A platinum disk electrode 

was used as the working electrode.  A platinum wire was served as the counter 

electrode.  An Ag/AgCl reference electrode, separated from the test solution by a 

fritted supporting electrolyte/solvent bridge or a Ag/Ag+ pseudo reference 

electrodes were used. The potentials were referenced to an internal 

ferrocene/ferrocenium redox couple.  All the solutions were purged prior to 

spectral and electrochemical measurements using argon gas. 

Computational Calculations.  The computational calculations were performed 

by using GAUSSIAN 98,51 software package.  The graphics of the HOMO and 

LUMO molecular orbital coefficients were generated with the help of GaussView 

software.  The compounds were fully optimized to a stationary point on the Born-

Oppenheimer potential energy surface.  The frontier HOMO and LUMO’s were 

calculated on the fully optimized structures. 

Time-Resolved Absorption Measurements.  The sub-picosecond transient 

absorption spectra were recorded by the pump and probe method.  The samples 

were excited with a second harmonic generation (SHG, 388 nm) of output from a 

femtosecond Ti:sapphire regenerative amplifier seeded by SHG of a Er-dropped 
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fiber (Clark-MXRCPA-2001 plus, 1 kHz, fwhm 150 fs).  The excitation light was 

depolarized.  The monitor white light was generated by focusing the fundamental 

of laser light on flowing D2O/H2O cell.  The transmitted monitor light was detected 

with a dual MOS linear image sensor (Hamamatsu Photonics, C6140) or InGaAs 

photodiode array (Hamamatsu Photonics, C5890-128).  Nano-second transient 

absorption spectra in the NIR region were measured by means of laser-flash 

photolysis; 532 nm light from a Nd:YAG laser was used as the  exciting source 

and a Ge-avalanche-photodiode module was used for detecting the monitoring 

light from a pulsed Xe-lamp as previously described.52-55 

 

2.2.2 Synthesis 

The general procedure for the synthesis of the triads involved, first the 

synthesis of 2-ferrocenyl fulleropyrrolidine by a general procedure developed by 

Prato and coworkers.16,56  Then, the secondary amine of the pyrrolidine ring was 

functionalized with nitroaromatic groups through various linkages, i.e. direct 

bond, carbonyl, or methylene linkages (Figure 2.3). 
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Figure 2.3:  Synthetic scheme for fullerene based molecular triads. 

 

2-(Ferrocenyl)fulleropyrrolidine (1):  This was synthesized according to a 

general procedure developed for the preparation of substituted fulleropyrrolidines 

based on 1,3-dipolar cycloaddition of azomethine ylides to C60.16,56  For this, a 

mixture of C60 (100 mg), glycine (53 mg), and ferrocenaldehyde (75 mg) was 

refluxed in toluene for 6h.  The compound was purified over silica gel column 

using toluene:hexane (90:10 v/v) as eluent.  Yield 23 %.  1H NMR in CDCl3:CS2 



 21 

(1:1 v/v), δ ppm, 5.57 (s, 1H, pyrrolidine-H), 5.01, 4.88 (d, d, 2H, pyrrolidine-H), 

4.55, 4,46, 4.21 (s, s, s, 1H, 1H, 2H, ferrocene-H), 4.36 (s, 5H, ferrocene-H).  

UV-visible in n-hexane, λmax nm, 245(sh), 255, 307(br), 325, 429.  ESI mass in 

CH2Cl2, calcd. 947.65, found. 947.1. 

N-(3’,5’-Dinitrobenzoyl)-2-(ferrocenyl)fulleropyrrolidine (2):  This was 

synthesized by reacting 2-(ferrocenyl)fulleropyrrolidine (50 mg) and excess 

of 3,5-dinitrobenzoyl chloride in CH2Cl2 containing triethylamine (1.1 eq) for 

3h.  The compound was purified over silica gel column using toluene:ethyl 

acetate (90:10 v/v) as eluent.  Yield 38 %.  1H NMR in CDCl3:CS2 (1:1 v/v), δ 

ppm, 9.19 (s, 1H, dinitrobenzoyl-H), 9.14 (s, 2H, dinitrobenzoyl-H), 5.57 (s, 

1H, pyrrolidine-H), 5.01, 4.88 (d, d, 2H, pyrrolidine-H), 4.50, 4.21 (m, 4H, 

ferrocene-H), 4.36 (s, 5H, ferrocene-H), UV-visible in n-hexane, λmax nm, 221, 

254 (sh), 309, 326(br), 414(br).  ESI mass in CH2Cl2, calcd. 1141.67, found 

1141.1. 

N-(2’,4’-Dinitrophenyl)-2-(ferrocenyl)fulleropyrrolidine (3):  This was 

prepared by using the Sanger’s method reported earlier for the synthesis of N-

(2’,4’-dinitrophenyl)-2-(phenyl)fulleropyrrolidine.57  To a solution of 2-(ferrocenyl)-

fulleropyrrolidine (20 mg) dissolved in dry THF (25 mL) NaH (2 mg) was added 

and stirred until hydrogen evolution ceased.  Then, 1-fluoro-2,4-dinitrobenzene 

(15 µL) was added and the solution was stirred for another 6 h.  At the end, water 

(1 mL) was added and the solution was evaporated under reduced pressure.  

The compound was purified over silica gel column using toluene as eluent.  Yield 

55%.  1H NMR in CDCl3/CS2 (1:1 v/v), δ ppm, 9.06 (s, 1H, dinitrophenyl H), 8.42 
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(m, 1H, dinitrophenyl H), 7.30 (m, 1H, dinitrophenyl H), 5.53 (s, 1H, pyrrolidine 

H), 5.00, 4.89 (d, d, 2H pyrrolidine H), 4.52, 4.46, 4.08, 4.19 (s, s, s, s, 1H, 1H, 

1H, 1H, ferrocene H), 4.32 (s, 5H, ferrocene H).  UV-visible in o-dichlorobenzene, 

λmax nm, 382 (sh), 432.  ESI mass in CH2Cl2:  calcd. 1113.8; found 1114.2. 

N-(3’,5’-Dinitrobenzyl)-2-(ferrocenyl)fulleropyrrolidine (4):  To a suspension 

of 2-(ferrocenyl)fulleropyrrolidine (30 mg) in dry CH2Cl2 (40 mL) containing 

triethylamine (1.1 eq), 3,5-dinitrobenzyl chloride (21 mg) was added and refluxed 

for 5 h.  The compound was purified over silica gel column using toluene/ethyl 

acetate (97:3 v/v) as eluent.  Yield 27%.  1H NMR in CDCl3/CS2 (1:1 v/v), δ ppm, 

8.93 (s, 1H, dinitrobenzyl H), 8.51 (s, 2H, dinitrobenzyl H), 5.53 (s, 1H, pyrrolidine 

H), 5.26 (s, 2H, methylene H), 4.99, 4.85 (d, d, 2H, pyrrolidine H), 4.51, 4.43, 

4.16 (s, s, s, 1H, 1H, 2H, ferrocene H), 4.32 (s, 5H, ferrocene H).  UV-visible in o-

dichlorobenzene, λmax nm, 330(sh), 432.  ESI mass in CH2Cl2 calcd. 1127.8; 

found 1129.1. 

N-(4’-Mononitrobenzoyl)-2-(ferrocenyl)fulleropyrrolidine (5):  To a 

suspension of 2-(ferrocenyl)fulleropyrrolidine (20 mg) in dry CH2Cl2 (25 mL) 

containing triethylamine (1.1 eq) excess of 4-nitrobenzoyl chloride was added 

and the solution was stirred for 3 h.  The compound was purified over silica gel 

column using toluene/ethyl acetate (95:5 v/v) as eluent. Yield 34%.  1H NMR in 

CDCl3/CS2 (1:1 v/v), δ ppm, 8.21 (m, 4H, mononitrobezoyl H), 5.54 (s, 1H, 

pyrrolidine H), 4.99, 4.87 (d, d, 2H,  pyrrolidine H), 4.53, 4.46, 4.16 (s, s, s, 1H, 

1H, 2H, ferrocene H), 4.32 (s, 5H, ferrocene H).  UV-visible in o-dichlorobenzene, 

λmax nm, 432, 316.  ESI mass in CH2Cl2:  calcd. 1096.8; found 1096.3. 
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2.3 Results and Discussion 

Electrochemical Studies.  In order to probe the potentials of the different redox 

active entities present in each of the molecular triads cyclic voltammetric studies 

were performed.  Figure 2.4 shows the cyclic voltammograms of each of the 

investigated compounds.  The studies were performed in o-dichlorobenzene 

containing 0.1 M (TBA)ClO4 as supporting electrolyte.  The redox potential data 

is summarized in Table 2.1. 

 The dyad 1, revealed four reversible one electron redox couples within the 

solvent potential window.  The oxidation corresponds to the oxidation of the 

ferrocene entity while the three reductions correspond to the reduction of the 

fullerene.  The cathodic excursions of the triads were found to be much more 

complex due to the presence of the nitroaromatic entities.  For triads 2 and 4, 

bearing two nitro groups substituted at the 3,5 positions of the benzene ring, 

there were found to be two reversible redox  
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Figure 2.4:  Cyclic voltammograms of investigated compounds 1-5, 0.1 M 

(TBA)ClO4 in o-dichlorobenzene, scan rate = 0.1 V/s, vs. Fc/Fc+. 
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couples.  The area of the redox couples indicate that each of these reductions 

are two electron processes. 

Table 2.1:  Electrochemical Half-Wave Redox Potentials (V vs. Fc/Fc+) of the 

Dyad and Triads in o-Dichlorobenzene, 0.1 M (TBA)ClO4. 

Compound   Potential, E, V vs. 

Fc/Fc+ 

   

 Fc0/+ C60
0/- DNB0/2- C60

-/2- DNB2-

/4- 

C60
2-/3- 

1 0.06 -1.19 -- -1.57 -- -2.11 

2 0.05 -1.19 -1.35 -1.58 -1.67 -2.13 

3 0.02 -1.22 -1.54a -1.60 -1.91a -2.12 

4 0.03 -1.21 -1.43 -1.58 -1.74 -2.12 

5 0.03 -1.20 -- -1.57 -2.19b -2.10 

a-Epc at 0.1 V/s. 
b-Epc corresponding to the first reduction of the nitrobenzoyl entity. 
 

For triad 3, having nitro groups substituted at the 2,4 positions of the 

benzene ring the reductions appeared irreversible in nature.  Also, like triads 2 

and 4 the area of the reduction waves indicate that they are two electron 

processes.  The reduction of the single nitro group in triad 5 also appears 

irreversible in nature which overlaps with the third fullerene reduction.  

Interestingly, the area of the redox couple indicates that the reduction is a one 
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electron process which is in contrast to the findings for the other triads.  

However, this may be due to the reduction occurring so close to the end of the 

solvent potential window. 

Upon examination of the data in Table 2.1, firstly, there are only small 

changes in the redox couple potentials of the ferrocene and fullerene entities 

which indicates there are little to no interactions of these moieties with the 

nitroaromatic groups.  The potentials corresponding to the dinitrobenzene entity 

of triads 2-4 follow the order 2 < 4 < 3, suggesting that the nature of the 

substitution (2,4- or 3,5-) and the linkages to the fulleropyrrolidine contribute to 

the electrochemical behavior. 

Computational Studies.  Recently, researchers have found that ab intio 

calculations based on density functional theory or Hartree-Fock methods 

performed at moderate levels can accurately predict both geometric and 

electronic structure.58  Here, DFT B3LYP/3-21G(*) methods have been used to 

gain insight into the geometric structure and track the redox events of 

compounds 1-5.   

Figure 2.5 shows the space-filling model of the energy-minimized 

structures on the Born-Oppenheimer potential energy surface of triads 3-5.  The 

structures are in close agreement with known fulleropyrrolidine crystal structures, 

thus adding validity to the computational method that was utilized.59  Also, in the 

energy-minimized structures the basic fullerene and ferrocene structures are  
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Figure 2.5:  Space filling models of B3LYP/3-21G(*)-optimized structures of 

triads (a) 3 (b) 4 (c) 5. 
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preserved and the nitro groups are coplanar with the aromatic ring.  These 

findings are in agreement with the electrochemical data which showed no 

significant interaction of these entities with one another in the investigated triads. 

 

Figure 2.6:  Calculated (a) HOMO (b) LUMO (c) LUMO+1 (d) LUMO+2 (e) 

LUMO+3 (e) LUMO+4 (f) LUMO+5 orbitals for triad 4. 

The sequence of the site of electron transfer observed by monitoring the 

frontier HOMO and LUMO orbitals was found to be in agreement with the 

electrochemical results.  The calculated HOMO and first five LUMO orbitals of 

triads 4 and 5 are shown in Figure 2.6 and Figure 2.7.  The frontier HOMO, for all 

the investigated compounds, is located on the ferrocene entity.  Also, the first 

LUMO is located primarily on the fullerene.  These calculations agree well with 

the electrochemical data. 
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Figure 2.7:  Calculated (a) HOMO (b) LUMO (c) LUMO+1 (d) LUMO+2 (e) 

LUMO+3 (f) LUMO+4 orbitals for triad 5.   

The remaining frontier orbitals for triad 4 exactly track the site of electron 

transfer observed in the electrochemical experiments.  That is, fullerene followed 

by dinitrobenzene, fullerene, dinitrobenzene, and finally fullerene.  Interestingly, 

the site of electron transfer for triad 5 follows the trend:  fullerene, fullerene, 

fullerene~mononitrobenzene.  For the third and fourth calculated LUMO orbitals 

the orbital coefficients are delocali zed over the fullerene and mononitrobenzene 

entities.  This agrees well with the electrochemical data since in the cyclic 

voltammogram of this triad the third reduction of the fullerene and the reduction 

of the mononitrobenzene entities overlap (Figure 2.4).  The calculated orbital 

energies of the investigated compounds are summarized in Table 2.2. 
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Table 2.2:  B3LYP/3-21G(*) Calculated Orbital Energies (in eV) for the HOMO 

and LUMO Orbitals of the Investigated Triads. 

compound HOMO LUMO LUMO+1 LUMO+2 LUMO+3 LUMO+4 

1 -5.57 -3.32 -3.22 -2.97 -- -- 

2 -5.72 -3.60 -3.57 -3.49 -3.34 -3.24 

3 -5.79 -3.63 -3.52 -3.27 -3.17 -2.88 

4 -5.68 -3.54 -3.44 -3.48 -3.20 -3.18 

5 -5.67 -3.54 -3.43 -3.18 -3.09 -- 

      

Steady-state spectroscopic studies.  The UV-vis absorption spectra of 

compounds 1 and 2 in n-hexane are presented in Figure 2.8.  The spectrum of 1 

shows the typical peaks of fulleropyrrolidine derivatives.  There is an intense, 

broad band at around 225 nm, and weak shoulders at around 320 and 410 nm.  

The spectrum of 2 is very similar to that of 1 except that the intense absorption 

band at around 225 nm is split into two bands.  The spectra of triads 3-5 were 

virtually identical to 2. 

 The steady-state fluorescence spectra of 2-(phenyl)fulleropyrrolidine, 1, 

and 2 are presented in Figure 2.9.  The emission spectra of  
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Figure 2.8:  UV-visible absorption spectra of 1 (---) and 2 (___) in n-hexane.   

 

2-(phenyl)fulleropyrrolidine exhibits a weak emission band at around 715 nm.  

This band is typical of fullerene(C60) and fullerene(C60) derivatives.  The emission 

spectra of 1 and 2 are significantly quenched relative to 2-

(phenyl)fullerpyrrolidine due to excited-state photochemical processes.                     
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Figure 2.9:  Steady-state fluorescence emission spectra of (i) 2-

(phenyl)fulleropyrrolidine (ii) 1 (iii) 2 in o-dichlorobenzene; ?ex=390 nm,  

conc.=10-4 M. 

 

Time-resolved photochemical studies.  The steady-state fluorescence 

emission spectra of 1 and 2 were quenched relative to fulleropyrrolidine 

indicating that there are excited-state processes occurring.  In order to probe the  
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Figure 2.10:  (Upper panel) Transient absorption spectra of 3 in benzonitrile at 2 

and 30 ps after laser irradiation (388 nm, <150 fs).  (Lower panel) Absorption 

time profiles at 980 nm for 3. 

 

quenching mechanism and characterize the excited-state reaction products, sub-

picosecond and nanosecond transient absorption experiments were performed 

for the dyad and triads. 

 The results for the sub-picosecond transient absorption spectra of triad 3 

are shown in Figure 2.10.  After the 150 fs laser excitation at 388 nm a broad 

absorption band appeared at 3 ps in the wavelength region from 800 to 1050 nm, 
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which was attributed to the singlet-singlet absorption of the fulleropyrrolidine 

entity.54  Triads 4 and 5 exhibited similar transient absorption spectra.  At 30 ps, a 

transient band appeared in the spectra at 980 nm which was attributed to the 

fulleropyrrolidine radical anion.55  From the rise of this band the  charge separation  

Figure 2.11:  Transient absorption spectra of compounds 1-5 in benzonitrile at 

100 ns after laser irradiation (352 nm, 6 ns). 

 

rate constant (kcs) was evaluated to be 1.5 x 1011 s-1 and the decay rate constant 

(kCR) was found to be 7.0 x 109 s-1.  For triad 5, the kCS was found to be 1.1 x 1011 

s-1 and the kCR was found to be 1.3 x 109 s-1.  In the case of 4, the rate constants 

were not evaluated due to the noise in the spectra.  The larger kCS for 2 as 

compared to 3 and 5 may be attributed to the electron withdrawing carbonyl 

group.  The larger kCR for triad 3 compared to that of 2 may be attributed to the 

smaller distance between the fulleropyrrolidine and nitrobenzene entities.  The 
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Table 2.3:  Rate constants for charge separation (kCS) and charge recombination 

(kCR) in o-dichlorobenzene for compounds 1-5. 

  

Compounds kCS / s-1 kCR / s-1 

1 2.5 x 1011 8.5 x 109 

 2 2.2 x 1011 4.5 x 109 

 3 1.5 x 1011 7.0 x 109 

 4 --------- ---------- 

 5 1.1 x 1011  1.3 x 109  

 

smaller kCR for triad 5 compared to 3 may be due to the weaker electron acceptor 

ability of the mononitrobenzene entity.  The evaluated charge separation kCS and 

charge recombination kCR values are summarized in Table 2.3. 

 Figure 2.11 shows the nanosecond transient absorption spectra of 

compounds 1-5.  The broad band at around 720 nm was attributed to the triplet-

triplet absorption of fulleropyrrolidine formed via inter-system crossing.  The 

intensity of the absorption band of 2 was found to be about 1/6 as compared to 

that of 1.  Triads 3-5 exhibited similar spectral behavior.  The reason for the low 

distribution of the triplet state may be the charge separation via the singlet 

excited-state. 

 Figure 2.12 shows the energy level diagram depicting the excited-state 

processes for triads 2-5.  The lower triplet yields of 2-5 indicate that the triplet 
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state is higher in energy than the ion-pair state and that the triplet state is 

partially formed during the charge recombination.  The observed fast charge  

Fc- 1C60*

DNB

Fc- C60

DNB

3Fc*-C 60

DNB

Fc- 3C60*

DNB

Fc •+-C 60
•-

DNB

Fc •+-C 60

DNB •-

7 ps

150 ps

 

Figure 2.12:  Energy level diagram depicting photo-induced events for triads 2-5. 

 

separation rates in the triads is in good agreement with the triplet state energy 

level being higher than the charge separation energy level.  The relatively faster 

charge recombination rates of the ion-pairs of triads 2-5 could be attributed to the 

spatial back electron transfer from the nitrobenzene entity to the ferrocene.  This 

provides indirect evidence for migration of the electron to the nitrobenzene entity, 

even though this process is slightly, energetically unfavorable. 
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2.4 Summary 

The synthesis and characterization of a series of triads composed of C60, 

ferrocene, and nitroaromatic entities has been accomplished.  Electrochemical 

studies revealed multiple redox processes involving each of the redox active 

entites in the triads.  Computational calculations performed using DFT B3LYP/3-

21G(*) methods revealed the geometric and electronic structure of the studied 

compounds.  The calculated frontier orbitals of the studied triads were found to 

track the site of electron transfer.  Steady-state and time-resolved spectroscopic 

and photochemical methods were used to probe the excited-state processes in 

the triads.  Sub-picosecond and nanosecond transient absorption methods 

revealed efficient charge separation occurred in the studied triads.            
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CHAPTER III 

Supramolecular Triads Composed of Covalently Linked Zinc Porphyrin-

Ferrocene(s) and Fullerene(C60) 

 

3.1 Introduction 

The development of molecular and supramolecular systems composed of 

multiple redox active units has undergone much growth in recent years.  The 

main purpose of studying these systems is to gain insight into the mechanistic 

details of the electron transfer cascade that occurs in the natural photosynthetic 

system and to develop light harvesting devices.1,8-10  Towards this purpose many 

novel triads, tetrads, pentads, etc., have been synthesized and studied.8,43-45,60-64  

Figure 3.1 shows a triad and tetrad composed of porphyrin/metalloporphyrin, 

ferrocene, and C60 that were developed by Imahori and coworkers.61,63  The redox 

entities are linked in order of decreasing redox potential, thereby upon photo-

excitation a cascade of sequential electron transfer reactions occurs.   

For the triad, upon photo-excitation of the central zinc porphyrin to the 

singlet excited state the electron is subsequently transferred to the easily 

reducible fullerene entity.  Thus, the charge-separated state is produced, Fc-

ZnP.+-C60
.-.  Then, a “hole” shift occurs from the zinc porphyrin to the ferrocene, 

which generates Fc.+-ZnP-C60
.-.  The increased distance of the charge-separated 

state increases the amount of time for the system to return to the ground state, 

thereby increasing the life-time of the charge-separated state. 
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Figure 3.1:  Examples of triad and tetrad composed of multiple redox entities. 

  

The compounds discussed in this chapter expand upon this area of 

research by constructing multiple redox entity systems by using supramolecular 

methodology.  The studied compounds are zinc porphyrins covalently linked with 

either zero, one, or two ferrocene enities and fullerene(C60) appended with 

pyridine or imidazole (Figure 3.2).  For the dyads, composed of zinc porphyrin 

and ferrocene(s), the ferrocene(s) serves as an electron donor to the zinc 

porphyrin unit.  Upon axial ligation of the nitrogenous base of the fullerene(C60) to 

the zinc metal center of the porphyrin a redox gradient triad was formed. 



 40 

N

NN

N
Zn

N

NN

N
Zn

Fe

N

NN

N
Zn

Fe

Fe

N

NN

N
Zn FeC

O

N
H

6 7

8 9

10 11

N
Me

N

N
Me

N

N

 

Figure 3.2:  Compounds used to construct supramolecular triads composed of 

zinc porphyrin, ferrocene(s), and C60. 

  

The compounds were synthesized and characterized by 1H NMR, UV-vis 

absorption, and ESI-mass.  UV-vis absorption spectral data was plotted using the 

Scatchard method to arrive at the binding constants (K) for the supramolecular 

complexes.  DFT B3LYP/3-21G(*) computational methods were used to probe 

the geometric and electronic structures of the investigated complexes.  Also, 

electrochemical studies using cyclic voltammetry were utilized to gain insight into 

the redox behavior of the individual electroactive species in the complexes.  

Steady-state fluorescence emission and time-resolved emission and absorption 
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photochemical studies were performed to determine the nature of the excited 

state processes for the supramolecular complexes. 

 

3.2 Experimental 

3.2.1 Chemicals and Instrumentation 

Chemicals.  Buckminsterfullerene, C60 (+99.95%) was from SES Research, 

(Houston, TX).  o-Dichlorobenzene in sure seal bottle, sarcosine , pyrrole, and 

bezaldehydes were from Aldrich Chemicals (Milwaukee, WI).  Tetra-n-

butylammonium perchlorate, (TBA)ClO4 was from Fluka Chemicals.  All 

chemicals were used as received. 

Instrumentation.  The UV-visible spectral measurements were carried out with a 

Shimadzu Model 1600 UV-visible spectrophotometer.  The fluorescence 

emission was monitored by using a Spex Fluorolog-tau spectrometer.  A right 

angle detection method was used.  The 1H NMR studies were carried out on a 

Varian 300 or 400 MHz spectrometers.  Tetramethylsilane (TMS) was used as an 

internal standard.  Cyclic voltammograms were recorded on a 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 wire (Ag/Ag+) 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 ESI-Mass spectral analyses of the newly 

synthesized compounds were performed by using a Fennigan LCQ-Deca mass 
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spectrometer.  For this, the compounds (about 1 mM concentration) were 

prepared in CH2Cl2, freshly distilled over calcium hydride.   

Computational Studies.  The computational calculations were performed by 

DFT B3LYP/3-21G(*) methods with GAUSSIAN 9851 software package on high 

speed computers. 

Time-resolved photochemical studies.  The sub-picosecond transient 

absorption spectra were recorded by the pump and probe method.  The samples 

were excited with a second harmonic generation (SHG, 388 nm) of output from a 

femtosecond Ti:sapphire regenerative amplifier seeded by SHG of a Er-dropped 

fiber (Clark-MXRCPA-2001 plus, 1 kHz, fwhm 150 fs).  The excitation light was 

depolarized.  The monitor white light was generated by focusing the fundamental 

of laser light on flowing D2O/H2O cell.  The transmitted monitor light was detected 

with a dual MOS linear image sensor (Hamamatsu Photonics, C6140) or InGaAs 

photodiode array (Hamamatsu Photonics, C5890-128).  Nano-second transient 

absorption spectra in the NIR region were measured by means of laser-flash 

photolysis; 532 nm light from a Nd:YAG laser was used as the exciting source 

and a Ge-avalanche-photodiode module was used for detecting the monitoring 

light from a pulsed Xe-lamp as previously described.52-55 

  

3.2.2 Synthesis 

5,10,15,20-tetraphenylporphyrin (12):  Compound 12 was synthesized using a 

previously reported procedure.65  To a solution of benzaldehyde (2.0 g, 18.9 

mmol) in 200 mL of propionic acid was added pyrrole (1.26g, 18.9 mmol) and the 
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solution was refluxed for 1 hr.  Then the solvent was distilled off and the crude 

product was adsorbed on basic alumina and purified over basic alumina column 

using CHCl3/hexanes (50:50 v/v) as eluent.  Yield 15%.  1H NMR (CDCl3), d ppm, 

8.85 (s, 8H), 8.13 (m, 6H), 7.65 (m, 9H), -2.78 (br s, 2H).  UV-vis in benzonitrile, 

?max nm, 415, 512, 544, 589, 642.  FAB-mass in acetonitrile calcd., 614.1; found, 

614.7. 

5,10,15,20-tetraphenylporphyrinatozinc(II) (6):  To (200 mg, 0.33 mmol) of 12 

dissolved in methylene chloride was added a solution containing excess zinc 

acetate dissolved in methanol and the combined solution was stirred for 1 hr.  

Then the solvent was evaporated and the compound was purified over silica gel 

column using CHCl3 as eluent.  Yield 93%.  1H NMR (CDCl3), d ppm, 8.93 (s, 

8H), 8.20 (d, 6H), 7.74 (m, 9H).  UV-vis in benzonitrile, ?max nm, 418, 549, 618.  

FAB-mass in acetonitrile calcd., 677.9; found, 678.1. 
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Figure 3.3:  Synthetic scheme adopted for compound 6. 

 

4-Ferrocenylbenzonitrile (13):  This compound was synthesized according to a 

literature procedure.66  Ferrocene (3.80 g, 20.4 mmol) was dissolved in conc. 

sulfuric acid (25 mL) and stirred for 2 h.  The solution was then poured into ice 

cold water (100 mL).  A solution of sodium nitrite (0.91 g, 13.2 mmol) in 5 mL of 

ice cold water was added dropwise to a stirred solution of 4-aminobenzonitrile 

(1.42 g, 12.0 mmol) in 1:1 water/conc. HCl (25 mL) and stirred for 30 min at 0o C.  

Copper powder (1.0 g) was added to the ferrocenium solution and the diazonium 
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salt solution was added dropwise.  The reaction mixture was then stirred 

overnight.  Ascorbic acid (5.0 g) was added and the organic layer was extracted 

with methylene chloride and dried over sodium sulfate.  The compound was 

purified over silica gel column using CH2Cl2/hexanes (60:40 v/v) as eluent.  Yield 

1.36 g.  1H NMR (CDCl3), δ ppm, 7.53 (m, 4H), 4.69 (t, 2H), 4.42 (t, 2H), 4.04 (s, 

5H).  13C NMR (CDCl3), δ 145.8, 132.3, 126.4, 119.5, 109.0, 82.6, 70.4, 70.1, 

67.1.  ESI mass in CH2Cl2 calcd. 287.1, found 287.3. 

Fe
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H+, NaNO2

DIBAL-H
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Figure 3.4:  Synthetic scheme adopted for 14. 

 

4-Ferrocenylbenzaldehyde (14):  This compound was synthesized according to 

a literature procedure.66  To a solution of 4-ferrocenylbenzonitrile (1.31 g, 4.77 

mmol) dissolved in dry toluene (50 mL) and purged with argon for 15 min, DIBAL-
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H (4.6 mL, 1.0 M in CH2Cl2) was drop-wise added.  The solution was then stirred 

for 2 h.  Then methanol (8 mL) was added and the mixture was stirred further for 

another 10 min.  A solution of conc. sulfuric acid/water (1:3; 40 mL) was added 

and the organic layer was extracted with methylene chloride and dried over 

sodium sulfate.  The product was purified over silica gel column using 

CH2Cl2/hexanes (80:20 v/v) as eluent. Yield 0.80 g.  1H NMR (CDCl3), δ ppm, 

9.97 (s, 1H), 7.79 (d, 2H), 7.59 (d, 2H), 4.74 (t, 2H), 4.43 (t, 2H), 4.05 (s, 5H).  

13C NMR (CDCl3), δ 191.8, 147.5, 134.2, 130.1, 126.3, 83.0, 70.1, 67.3.  ESI 

mass in CH2Cl2 calcd.  289.8, found 290.5. 

4-Ferrocenylnitrobenzene (15):  To the ferrocene (3.80 g, 20.4 mmol), 25 ml of 

sulphuric acid was added, and the resulting deep blue solution was stirred at 

room temperature for 2 h.  The solution was then pored into ice cold water (100 

ml) and allowed to reach room temperature.  A solution of sodium nitrite (0.91 g, 

13.2 mmol) in 5 ml water at 0o C was added drop wise to a stirred solution of 4-

nitroaniline (1.66 g, 12.0 mmol) in 1:1 water/HCl (10 ml) kept at 0o C by an 

ice/water bath.  The above mixture was stirred for 30 min to ensure full 

diazotization.  Copper powder (1.0 g) was added to the ferrocenium solution and 

the diazonium solution was added drop wise with vigorous solution.  After 24 h of 

stirring at room temperature, ascorbic acid (5 g) was added to reduce any 

remaining ferrocenium to ferrocene.  Dichloromethane was added and the 

organic layer was separated.  The aqueous layer was extracted with further 

CH2Cl2.  The crude compound purified on silica gel by using CH2Cl2/ hexanes 

(40:60).  Yield (25 %)  ESI mass in CH2Cl2, calcd. 307.58, found  307.12.  1H 
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NMR in CDCl3, δ ppm.  8.14 and 7.56 (d,d, 4H, C6H4), 4.74 and 4.48 ( d, d, 4H, 

C5H4), 4.05 (s, 5H, C5H5). 
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H2N

H+, NaNO2

SnCl2
HCl

15

16  

Figure 3.5:  Synthetic scheme adopted for 16. 

 

4-Ferrocenylaniline (16):   A mixture of granulated tin (1.0 g) and 15 (0.7 g, 2.28 

mmol) in 1:1 HCl and ethanol was stirred and refluxed for 2 h.  The resulting 

solution was then cooled to room temperature and neutralized with 40 % 

aqueous NaOH.  The solution was extracted with dichloromethane and purified 

on silica gel.  Yield (80 %).  ESI mass in CH2Cl2, calcd. 277.84, found 277.18.  1H 

NMR in DMSO, δ ppm. 7.25 and 6.67 (d,d, 4H, C6H4), 4.61 and 4.22 (d,d, 4H, 

C5H4), 3.99 (s, 5H, C5 H5), 3.35 (s, 2H, NH2). 
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4-Ferrocenyl-5-phenyldipyrromethane (17):  This compound was synthesized 

according to a literature procedure.67  To pyrrole (3.88 mL, 56.0 mmol), 14 was 

added (400 mg, 1.4 mmol) and purged with argon for 15 min.  Then TFA (10 µL) 

was added and stirred for 15 min.  The reaction was quenched with NaOH (50 

mL, 0.1 M) and 100 mL of CH2Cl2 was added and the organic layer was 

extracted over sodium sulfate.  Excess pyrrole was distilled off by vacuum 

distillation at room temperature and the compound was purified over silica gel 

flash column using CH2Cl2/cyclohexane (80:20 v/v) as eluent.  Yield 0.35 g.  1H 

NMR (CDCl3), δ ppm, 7.85 (br s, 2H), 7.40 (d, 2H), 7.10 (d, 2H), 6.66 (m, 2H), 

6.15 (m, 2H), 5.92 (m, 2H), 5.40 (s, 1H), 4.59 (t, 2H), 4.28 (t, 2H), 4.02 (s, 5H).  

13C NMR (CDCl3), δ 139.9, 138.2, 132.8, 128.6, 126.6, 117.4, 108.7, 107.5, 85.4, 

69.8, 69.1, 66.8, 43.9.  ESI mass in CH2Cl2 calcd.  405.8, found 406.3. 

NH

NHN
H

+
Fe

14
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17  

Figure 3.6:  Synthetic scheme adopted for 17. 

 

5,10,15-triphenyl-20-(4-ferrocenylphenyl)porphyrin (18):  To a solution of 14 

(2.0 g, 6.9 mmol) and benzaldehyde (2.1 mL, 20.7 mmol) dissolved in 300 mL of 

propionic acid, pyrrole (1.9 mL, 27.6 mmol) was added and the resulting mixture 

was refluxed for 5 h.  The propionic acid was then distilled off and the compound 

was purified over basic alumina using CHCl3/hexanes (30:70 v/v) as eluent.  
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Yield 0.35 g.  1H NMR (CDCl3), δ ppm, 8.91 (m, 8H), 8.18 (m, 8H), 7.81 (m, 11H), 

4.91 (s, 2H), 4.47 (s, 2H), 4.23 (s, 5H), -2.72 (br s, 2H).  UV-vis in CHCl3, λmax 

nm, 419, 449, 517, 554, 592, 650.  ESI mass in CH2Cl2 calcd. 798.0, found 

798.6. 
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Figure 3.7:  Synthetic scheme adopted for 7. 

 

5,10,15-triphenyl-20-(4-ferrocenylphenyl)porphyrinatozinc(II) (7):  To a 

solution of 18 (60 mg, 0.08 mmol) dissolved in CHCl3 (100 mL) was added a 

solution of zinc acetate (82 mg, 0.38 mmol) dissolved in MeOH (30 mL) and the 

solution was stirred for 1 h.  The solution was then washed with water and dried 

over sodium sulfate.  The product was purified over silica gel column using 

CHCl3/hexanes (30:70 v/v) as eluent.  Yield 65 mg.  1H NMR (CDCl3), δ ppm, 
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9.01 (m, 8H), 8.19 (m, 8H), 7.81 (m, 11H), 4.93 (s, 2H), 4.48 (s, 2H), 4.25 (s, 5H).  

UV-vis in CHCl3, λmax nm, 425, 551, 591.  ESI mass in CH2Cl2 calcd. 859.7, found 

860.3. 
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Figure 3.8:  Synthetic scheme adopted for 9. 

 

5,15-diphenyl-10,20-bis(4-ferrocenylphenyl)porphyrin (19):  A solution of 17 

(100 mg, 0.25 mmol) dissolved in 200 mL of dry methylene chloride was purged 

with argon for 15 min.  Then, benzaldehyde (25 µL, 0.25 mmol) and BF3O(Et)2 

(31 µL, 0.25 mmol) were added and the mixture was stirred for 2 hrs.  p-Chloranil 

(90 mg, 0.37 mmol) was then added and the reaction mixture was stirred 

overnight.  The solvent was evaporated under vacuum and the compound was 

purified over silica gel column using CHCl3/hexanes (30:70 v/v) as eluent.  Yield 
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55 mg.  1H NMR (CDCl3), δ ppm, 8.88 (m, 8H), 8.16 (m, 8H), 7.78 (m, 10H), 4.89 

(s, 4H), 4.45 (s, 4H), 4.21 (s, 10H), -2.73 (br s, 2H).  UV-vis in CHCl3, λmax nm, 

420, 451, 518, 557, 650, 592.  ESI mass in CH2Cl2 calcd.  982.0, found 982.8. 

5,15-diphenyl-10,20-bis(4-ferrocenylphenyl)porphyrinatozinc(II) (9):  To a 

solution of 19 (55 mg, 0.06 mmol) dissolved in CHCl3 was added a solution of 

zinc acetate (61 mg, 0.30 mmol) dissolved in MeOH (30 mL) and the solution 

was stirred for 1 h.  The solution was then washed with water and dried over 

sodium sulfate.  The compound was purified over silica gel column using 

CHCl3/hexanes (30:70 v/v) as eluent.  Yield 58 mg.  1H NMR (CDCl3), δ ppm, 

9.01 (m, 8H), 8.20 (m, 8H), 7.81 (m, 10H), 4.93 (s, 4H), 4.48 (s, 4H), 4.25 (s, 

10H).  UV-vis in CHCl3, λmax nm, 425, 552, 591.  ESI mass in CH2Cl2 calcd. 

1045.0, found 1044.2. 

5,10,15-triphenyl-20-[4-(methoxycarbonyl)phenyl]porphyrin (20):  To a 

solution of propionic acid (350 mL) containing methyl-4-formyl benzoate (2.96 g, 

18.0 mmol) was added benzaldehyde (5.5 mL, 54.1 mmol) and pyrrole (5.0 mL, 

72.2 mmol) and refluxed for 3 h.  The solvent was distilled off and the product 

was purified over basic alumina column using CHCl3/hexanes (30:70 v/v) as 

eluent.  Yield 600 mg.  1H NMR (CDCl3), δ ppm, 8.83 (m, 8H), 8.45 (d, 2H), 8.31 

(d, 2H), 8.22 (m, 6H), 7.76 (m, 9H), 4.12 (s, 3H), -2.78 (s br, 2H).  UV-vis in 

CHCl3, λmax nm, 418, 515, 549, 590, 648.  ESI mass in CH2Cl2 calcd.  672.2, 

found 672.9. 
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Figure 3.9:  Synthetic scheme adopted for 21.  

 

5,10,15-triphenyl-20-[4-(carboxy)phenyl]porphyrin (21):  This compound was 

synthesized according to a general literature procedure.61  To a solution of 20 

(100 mg, 0.1 mmol) dissolved in 2-propanol (50 mL) was added a solution of 

KOH (560 mg) dissolved in water (10 mL) and refluxed for 6 h.  The solution was 

acidified with conc. HCl and extracted with chloroform.  The organic layer was 

washed with saturated aqueous sodium bicarbonate solution and dried over 

sodium sulfate.  The product was purified over silica gel column using 

CHCl3/MeOH (90:10 v/v) as eluent.  Yield 40 mg.  1H NMR (CDCl3), δ ppm, 8.84 

(m, 8H), 8.51 (d, 2H), 8.35 (d, 2H), 8.23 (m, 6H), 7.77 (m, 9H), -2.78 (s br, 2H).  
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UV-vis in CHCl3, λmax nm, 418, 514, 551, 592, 650.  ESI mass in CH2Cl2 calcd. 

658.3, found 659.1. 
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Figure 3.10:  Synthetic scheme adopted for 8. 

 

5,10,15-triphenyl-20-[4’-(amidophenylferrocene)phenyl]porphyrin (22):  To a 

solution of 21 (40 mg, 0.06 mmol) dissolved in dry toluene (10 mL) after purging 

with argon for 15 min. was added pyridine (750 µL) and thionyl chloride (89 µL, 

1.2 mmol) and refluxed under argon for 3 h.  The solution was then evaporated 

and the residue was re-dissolved in toluene (10 mL) and pyridine (250 µL).  Then 
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4-ferrocenylaniline (17 mg, 0.06 mmol) was added and the solution was stirred 

overnight under argon.  The compound was purified over silica gel column using 

CHCl3/hexanes (40:60 v/v) as eluent.  Yield 25 mg.  1H NMR (CDCl3), δ ppm, 

8.85 (m, 8H), 8.37 (d, 2H), 8.28 (d, 2H), 8.22 (m, 6H), 7.76 (m, 9H), 4.69 (t, 2H), 

4.34 (t, 2H), 4.09 (s, 5H), -2.77 (br s, 2H).  UV-vis in CHCl3, λmax nm, 422, 516, 

551, 592, 648.  ESI mass in CH2Cl2 calcd. 917.8, found 918.3. 

5,10,15-triphenyl-20-[4’-(amidophenylferrocene)phenyl]porphyrinatozinc 

(8):  To a solution of 22 (25 mg, 0.03 mmol) dissolved in CHCl3 (50 mL) was 

added zinc acetate (30 mg, 0.14 mmol) dissolved in MeOH (20 mL) and the 

solution was stirred for 1 hr.  The solution was then washed with water and dried 

over anhydrous sodium sulfate.  The compound was purified over silica gel 

column using CHCl3/hexanes (40:60 v/v) as eluent.  Yield 95 %.  1H NMR 

(CDCl3), δ ppm, 8.96 (m, 8H), 8.24 (m, 8H), 7.76 (m, 11H), 4.70 (s, 2H), 4.36 (s, 

2H), 4.10 (s, 5H).  UV-vis in CHCl3, λmax nm, 423, 551, 594.  ESI mass in CH2Cl2 

calcd. 978.8 ,  found 979.3. 

N

N

H3CCOOHN
H

H3C +

N

CHO

+ C60

toluene

reflux

10  

Figure 3.11:  Synthetic scheme adopted for 10. 

 

N-methyl-2-(4’-pyridyl)-3,4-fulleropyrrolidine (10):  This compound was 

synthesized according to a literature procedure.68  To a solution of C60 (100 mg) 
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dissolved in toluene was added sarcosine (24 mg) and 4-pyridine 

carboxaldehyde (68 µL) and the solution was stirred for 12 hrs.  The product was 

purified over silica gel column using ethyl acetate/toluene (30:70 v/v) as eluent.  

Yield 35%.  1H NMR (CDCl3:CS2 1:1 v/v), δ ppm, 2.81 (s, 3H), 4.28 (d, 1H), 4.92 

(s, 1H), 4.99 (d, 1H), 7.71 (d, 2H), 8.65 (d, 2H).  FAB-mass, calcd., 854.9, found 

855.1. 

N
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N
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N
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11

     

Figure 3.12:  Synthetic scheme adopted for 11. 

 

N-methyl-2-(4’-imidazolylphenyl)fulleropyrrolidine (11):  This compound was 

synthesized according to a general literature procedure.68  To a solution of C60 

(100 mg) dissolved in toluene was added sarcosine (31 mg) and 4-imidazolyl 

benzaldehyde (52 mg) and the solution was refluxed for 12 hrs.  The product was 

purified over silica gel column using ethyl acetate/toluene (50:50 v/v) as eluent.  

Yield 35%.  1H NMR (CDCl3:CS2 1:1 v/v), δ ppm, 2.79 (s, 3H), 4.30 (d, 1H), 4.97 

(s, 1H), 5.00 (d, 1H), 7.11 (s, 1H), 7.23 (s, 1H), 7.44 (d, 2H), 7.78 (s, 1H), 7.92 (d, 

2H). 
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3.3 Results and Discussion 

 

UV-visible Spectral Studies.  The UV-vis absorption spectra of the zinc 

porphyrin-ferrocene(s) compounds exhibited spectral features similar to 6.  The 

Soret bands of these compounds did however reveal a 2-3 nm red shift, 

presumably due to very small intermolecular interactions between the zinc 

porphyrin and ferrocene(s) entities.  No new peaks corresponding to ferrocene 

appeared in the spectra due to the relatively low molar absorptivity of ferrocene 

as compared to zinc porphyrin.   
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Figure 3.13:  UV-vis spectral changes during complexation of 9 (2.36 µM) and 

10 (1.99 µM per addition), in o-dichlorobenzene.  Inset shows Scatchard plot for 

data monitored at 425 nm. 

 

The binding of 10 and 11 to compounds 6-9 resulting in the formation of 

pentacoordinated zinc porphyrin upon axial ligation was monitored by UV-vis 

absorption.  Upon formation of pentacoordinate zinc porphyrin there is a 

characteristic red-shift of the Soret band and the appearance of several 

isosbestic points.68  Figure 3.13 shows the UV-vis absorption titration for fullerene 

10 binding to porphyrin 9, in o-dichlorobenzene.  The binding constants, K, were 

determined using the Scatchard method69 (inset Figure 3.13) and the K values 

for the supramolecular complexes are listed in Table 3.1. 

Table 3.1:  Formation constants for axial coordination of fullerene ligands to zinc 

porphyrin-ferrocene(s) dyads in o-dichlorobenzene. 

Compound Pyridine-C60, 10 Imidazole-C60, 11 

6 7.2 x 103 11.6 x 103 

7 26.8 x 103 29.6 x 103 

8 20.5 x 103 22.6 x 103 

9 23.4 x 103 24.6 x 103 

 

The data in Table 3.1 shows that the binding constants, K, for 10 and 11 

binding to 7-9 are 2-3 times larger than for binding to pristine zinc porphyrin (6), 

the K values for 11 were larger than those for 10 binding to the zinc porphyrins, 
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and increasing distance between the porphyrin and the ferrocene or increasing 

the number of ferrocenes slightly decreased the binding constant.  The second 

observation is attributed to the higher basicity of imidazole as compared to 

pyridine.  The increased binding of 10 and 11 to 7-9 as compared to pristine zinc 

porphyrin could be due to some interaction between the fullerene and ferrocene 

entities upon axial ligation.  The existence of such interactions between fullerene 

and ferrocene are well known in the literature.70-71 

Computational Studies.  In order to gain insight into the geometry and potential 

interactions present in the supramolecular complexes, computational studies 

using density functional theory (DFT) at the B3LYP/3-21G(*) level were 

performed.  The structure of one of the supramolecular complexes composed of 

7 and 11 is shown in Figure 3.14.  The complex was fully optimized to a 

stationary point in the Born-Oppenheimer potential-energy surface.   
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Figure 3.14:  DFT B3LYP/3-21G(*)-optimized geometry of the supramolecular 

complex composed of 7 and 11. 

 

As expected, intermolecular-type interactions were observed between the 

ferrocene and fullerene entities of the complexes.  The edge-to-edge distances 

between the ferrocene and fullerene entities were found to vary between 2.8 to 

3.8 angstroms, which are within the Van der Waals interaction distances.  These 

observations agree well with the increased binding affinities calculated using the 

UV-vis absorption data. 

Electrochemical Studies.  Electrochemical studies using cyclic voltammetry 

were performed in order to evaluate the driving force for electron transfer and to 

probe the intermolecular interactions in the complexes.  Figure 3.15 shows the 

cyclic voltammograms of compounds 8, 9, and 11 in o-dichlorobenzene.  The 

zinc porphyrin-ferrocene(s) dyads revealed redox processes that correspond to 

zinc porphyrin and ferrocene.  All of the redox processes were found to be 

electrochemically and chemically reversible.  However, the peak current 

corresponding to the ferrocene oxidation for compound 9 was twice that of 8 due 

to the presence of two ferrocene units. 

 The zinc porphyrin-ferrocene(s) dyads were titrated with 10 and 11 to 

probe the effects of axial ligation on the redox potentials of the dyads.  Figure 

3.16 shows the cyclic voltammograms obtained during the addition of dyad 7 with 

increasing amounts of 11 in o-dichlorobenzene, 0.1 M (TBA)ClO4.  Cathodic 

shifts of up to 60 mV were observed for the zinc porphyrin oxidation, and no 
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appreciable shift for the ferrocene oxidation was observed.  Also, the reduction 

potentials of 11 were not significantly changed.  These observations suggest that 

the interactions of the ferrocene and fullerene entities either does  

1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5

(c)

Potential (V vs. Fc/Fc+)

(b)

(a)

 

Figure 3.15:  Cyclic voltammograms of (a) 8 (b) 9 (c) 11 (0.05 mM) in o-

dichlorobenzene, 0.1 M (TBA)ClO4, scan rate = 100 mV/s. 

 

not appreciably perturb the electron structure of one another, or the effects are 

within the experimental error of the technique.  By using the HOMO-LUMO gap 

energies (the difference in the first oxidation of the donor, zinc porphyrin, and the 
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first reduction of the acceptor, C60), the energy corresponding to the 0-0 transition 

of zinc porphyrin, and the solvation energy from the dielectric 

0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5

60 mV

(vi)
(v)
(iv)
(iii)
(ii)
(i)

0. 5 µA
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Figure 3.16:  Cyclic voltammograms of 7 (0.05 mM) in the presence of (i) 0 (ii) 

0.5 (iii) 1.0 (iv) 2.0 (v) 3.0 and (vi) 4.0 equiv. of 11 in o-dichlorobenzene, 0.1 M 

(TBA)ClO4, scan rate = 100 mV/s.   

 

continuum model suggest the occurrence of photo-induced electron transfer from 

the singlet excited zinc porphyrin.  Using this data the energies for charge 
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separation, ?Gcs, were calculated.  The redox potentials and calculated free-

energies for charge separation, ?Gcs, are summarized in Table 3.2. 

Table 3.2:  Electrochemical half-wave potentials (vs. Fc/Fc+) of the zinc 

porphyrin and self-assembled fulleropyrrolidine triads in o-dichlorobenzene, 0.1 

M (TBA)ClO4. 

 
   Potential, V  vs. Fc/Fc+      

 
P+/2+ P0/+ Fc0/+ C60

0/- C60
-/2- P0/- C60

2-/3- P-/2- HOMO-
LUMOa 

∆Gcs
o b

6 0.62 0.28 - - - -1.92 - -2.23 - - 

6+11c 0.67 0.29 - -1.10 -1.49 -1.91 -2.02 -2.19 1.39 -0.52 

7 0.61 0.27 0.00 - - -1.93 - -2.25 - - 

7+11c 0.62 0.21 -0.03 -1.17 -1.56 -1.93 -2.10 -2.27 1.38 -0.53 

8 0.66 0.31 0.00 - - -1.89 - -2.21 - - 

8+10 0.64 0.28 -0.01 -1.14 -1.55 -1.91 -2.06 -2.22 1.42 -0.52 

8+11c 0.65 0.27 -0.01 -1.13 -1.52 -1.91 -2.04 -2.23 1.40 -0.51 

9 0.61 0.28 0.00 - - -1.93 - -2.25 - - 

9+11c 0.61 0.23 -0.12 -1.20 -1.57 -1.94 -2.10 -2.28 1.43 -0.48 

                  

aHOMO-LUMO is evaluated electrochemically by  P0/+ - C60
0/- in eV. 

b∆Gcs
o = E1/2(D+./D) - E1/2(A/A-.) - ∆Eo-o + ∆Gs 

where E1/2(D+./D) is the first one-electron oxidation potential of the donor porphyrin, E1/2(A/A-.) is the first one-

electron reduction potential of the C60 electron acceptor, ∆Eo-o is the energy of the 0-0 transition energy gap 

between the lowest excited state and the ground state, and, ∆Gs refers to the solvation energy, calculated by using 

the ‘Dielectric Continuum Model’ according to the following equation, 

 ∆Gs = e2/4πεo[(1/2R+ + 1/2R- - 1/RCC)(1/ εs)  

values of R+ = 4.8 Å, R- = 4.2 Å, RCC is center-to-center distance.   
cObtained by addition of 4 eq. Of 11 to the zinc porphyrin-ferrocene(s) dyads 
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Steady-state Fluorescence Emission Studies.  The fluorescence emission 

behavior of the zinc porphyrin-ferrocene(s) dyads was initially investigated  
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Figure 3.17:  Fluorescence spectra of (i) 6 (ii) 8 (iii) 7 (iv) 9 in o-dichlorobenzene 

(?ex = 550 nm, conc. = 3.70 µM).   

 

using steady-state fluorescence emission spectroscopy.  Figure 3.17 shows the 

emission spectra of compounds 6-9.  Compounds 7 and 9 were found to be 

almost completely non-fluorescent, while compound 8 was found to be ~50% 

quenched relative to pristine zinc porphyrin (6).  These results indicate the 

occurrence of intramolecular events in the zinc porphyrin-ferrocene(s) dyads. 



 64 

600 650 700 750
0.0

0.2

0.4

0.6

0.8

1.0

(b)

(a)

0 1 2 3 4 5 6 7 8 9 10
1.0

1.5

2.0

2.5

3.0

3.5

 

 

I o
/I

[C
60

] x 10-5

 

 Wavelength, nm

F
lu

or
es

ce
nc

e 
In

te
ns

ity
 (a

.u
.)

 

Figure 3.18:  Fluorescence spectra of 8 (3.70 µM) in the presence of various 

amounts of 11 (3.30 µM for each addition)  in o-dichlorobenzene (?ex = 550 nm).  

The inset shows the Stern-Volmer plots for the emission quenching of 8 by (a) 10 

and (b) 11.  

 

Additional quenching of 8 was observed upon addition of 10 or 11 as 

shown in Figure 3.18.  The fluorescence emission bands were quenched by over 

70% of their original intensities.  The fluorescence emission quenching data was 

analyzed by Stern-Volmer plots as shown in the inset of Figure 3.18.  The Stern-

Volmer quenching constants, Ksv, from the linear segments of the plots were 
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found to be in the range 1.1-3.3 x 104 M-1, which is 2-3 times larger than 

expected for a bimolecular quenching process involving zinc porphyrin as a 

fluorophore.8  These results indicate the presence of intramolecular quenching 

processes in the investigated, self-assembled triads. 

Time-resolved Fluorescence Studies.  The time-resolved fluorescence spectral 

features of the zinc porphyrin-ferrocene(s) dyads tracked those seen  
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Figure 3.19:  Fluorescence decay profiles of 6 (0.05 mM), 8 (0.05 mM), and 8 

(0.05 mM) + 11 (0.05 mM) in argon saturated o-dichlorobenzene.   

 

in the steady-state measurements.  Figure 3.19 shows the fluorescence decay 

profiles of 6, 8, and 8 coordinated to 11.  All of the studied compounds revealed 

monoexponential decay profiles.  For dyads 2 and 4 very fast decay was 
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observed while for 8 the decay was more moderate (F = 0.54).  These results 

suggest the occurrence of excited state quenching processes in the 

Table 3.3:  Fluorescence life-times (tf), charge-separation rate constants (kcs), 

and charge-separation quantum yields (Fcs) for zinc porphyrin-ferrocene(s) 

dyads and supramolecular triads formed by axial ligation to fulleropyrrolidine, in 

o-dichlorobenzene.  

Compoundb τF/ps (fra %)  kCS
, s-1 Φ CS kCS

 s-1 Φ CS kCR s-1 

   ZnP*-Fc ZnP*-C60  

6 1920 (100 %)       

7 40 (100 %)  2.5 x 1010 0.98    

8 890 (100%)  6.0 x 108 0.54    

9 35 (100 %)  2.8 x 1010 0.98    

7:10c 40 (100%) 2.5 x 1010 0.98   2.6 x 108 

7:11c  40 (100%) 2.5 x 1010 0.98   1.7 x 108 

8:10c  80 (31 %)  6.0 x 108 0.54 1.2 x 1010 0.96 1.3 x 108 

8:11c  80 (68 %)  6.0 x 108 0.54 1.2 x 1010 0.96 1.2 x 108 

9:10c  35 (100%)  2.8 x 1010 0.98    

9:11c  35 (100%)  2.8 x 1010 0.98    

 

a kCS
singlet  = (1/τf )sample - (1/τf )ref, *Φcs

singlet  = [(1/τf )sample - (1/τf )ref ] / (1/τf )sample.   

For bi-exponential fitting, τf  from the initial decay component was employed.  
b For abbreviations see Figure 3.2. 
c [porphyrin] = 0.05 mM; [fullerene] = 0.50 mM. 

dyads.  The absence of any absorption due to ferrocene in the emission 

wavelength region of zinc porphyrin eliminates the possibility of energy transfer 

by the Förster mechanism.  The calculated free energy change for electron 
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transfer, ?Gcs, from ferrocene to the excited state zinc porphyrin was found to be 

slightly exergonic (< 0.1 eV).  These results suggest excited-state electron 

transfer processes are present in the studied dyads. 

 Additional quenching of the zinc porphyrin emission for 8 occurred upon 

coordination to either 10 or 11.  Assuming that the additional quenching was due 

to electron transfer from the excited zinc porphyrin to the fullerene entity, the 

rates of charge separation (kcs
singlet) and quantum yields (Fcs

singlet) were 

calculated and the results are summarized in Table 3.3.  The results indicate the 

occurrence of efficient electron transfer from the excited zinc porphyrin to the 

fullerene entity for the supramolecular triads (Fcs
singlet = 0.96). 

Nanosecond Transient Absorption Studies.  The nanosecond transient 

absorption spectrum of 6 exhibited absorption peaks at 630 and 840 nm 

corresponding to the triplet state.54  The transient absorption spectrum of 

compounds 7-9 revealed a strong band around 500 nm and a weak band at 840 

nm corresponding to its triplet state54 (Figure 3.20).  The absorption band of zinc 

porphyrin anion radical formed after electron transfer from the ferrocene to the 

singlet excited zinc porphyrin is expected to occur at 600 nm, but was apparently 

masked by the strong absorption bands of the triplet state of the zinc porphyrin.  

In addition, we could not observe a new band corresponding to the formation of 

ferrocenium cation because of its low molar absorptivity (e = 1000 M-1 cm-1 at 800 

nm)61. 
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Upon formation of the supramolecular triads by the axial coordination of 8 

with either 10 or 11, the transient absorption spectra clearly showed the 

formation of radical ion pairs.  A strong absorption peak at 1010 nm  
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Figure 3.20:  Transient absorption spectra of 7 (0.1 mM) in o-dichlorobenzene 

after 532-nm laser flash.  The inset shows the time-profile for the peak at 880 

nm. 

 

characteristic of the anion radical of fulleropyrrolidine was observed for both of 

the studied triads (Figure 3.21).  In addition, the zinc porphyrin cation radical was 

also observed at 460 nm.  No new peak corresponding to the formation of 

ferrocenium cation, as a result of charge migration from the ferrocene entity to 

the zinc porphyrin cation radical, was observed for reasons discussed earlier.   
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The rate of charge-recombination, kCR, monitored at 1010 nm was found to be 

1.2 x 108 s-1 for the triad 8:10 (: represents an axial coordinate bond), and 1.3 x 

108 s-1 for the triad 8:11.  Similar values for kCR were obtained when the decay 

was monitored at 460 nm corresponding to the zinc porphyrin cation radical.  

Using kCS and kCR thus calculated, the ratio kCS/kCR was evaluated as a measure 

of the extent of charge-stabilization in the photoinduced electron-transfer process 

and was found to be ~100.  This kCS/kCR ratio, reported earlier for a self-

assembled zinc porphyrin-C60 dyad without ferrocene, 6:11 was ~ 2.68  These 

results clearly demonstrate charge-stabilization in the studied supramolecular 

triads as a result of sequential electron transfer from the ferrocene entity to the 

zinc porphyrin cation radical. 
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Figure 3.21:  (a) Nanosecond transient absorption spectra of 8:11 (0.1:0.5 mM) 

in o-dichlorobenzene after 565-nm laser flash.  Panels (b) and (c) show the time 

profiles monitored at 1010 and 460 nm, respectively. 
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The steady-state and the time-resolved emission and transient absorption 

studies have revealed the occurrence of electron transfer from the singlet excited 

zinc porphyrin of 8 to the coordinated C60 of 10 or 11 resulting in the formation of 

Fc-ZnP•+:C60
•−.  The measured rate constant (kET = 1.2 x 1010 s-1) and the 

quantum yield (F CS = 0.96) indicate efficient formation of Fc-ZnP•+:C60
•− upon 

excitation of the zinc porphyrin entity in the self-assembled triads.  The 

fluorescence results also indicate that the photoinduced electron transfer occurs 

from the ferrocene to the singlet excited zinc porphyrin in 8 to produce Fc+-ZnP•−.  

However, the electron transfer from the ferrocene to the zinc porphyrin is 

relatively slower (kET = 6.0 x 108 s-1) than electron transfer from singlet excited 

zinc porphyrin to C60.  Thus, the deactivation pathway to generate Fc+-ZnP•−:C60 

in the triad is negligible.  Moreover, formation of Fc+-ZnP-C60
-. from Fc+-ZnP-.:C60 

is energetically highly favorable (-?Go = 0.76 eV), that is, any Fc+-ZnP•−:C60 

formed will undergo a rapid charge migration to yield Fc+-ZnP:C60
•−, although it 

was not possible to obtain the rate of this reaction from the time-resolution of the 

utilized nanosecond transient spectroscopic technique.   
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Figure 3.22:  (a) Nanosecond transient absorption spectra of 7:11 (0.1:0.4 mM) 

in o-dichlorobenzene.  Parts (b) and (c) show the absorption time profiles at 460 

and 1010 nm, respectively.    
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Figure 3.23:  Energy-level diagram showing the different excited-state 

photochemical events for the self-assembled triads. 

 

Nanosecond transient absorption spectra of either of the triads 8:10 or 

8:11 exhibited the characteristic peak of C60
-. at 1010 nm, although the transient 

spectral signature of ZnP•+ was relatively difficult to observe because of the triplet 

absorption peaks buildup of ZnP and C60 at longer time scales, and the expected 

rapid disappearance of ZnP•+ as a result of sequential electron transfer.  

Considering a low e for Fc+, one would expect the transient absorption spectrum 
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of Fc+-ZnP:C60
-.  to look more like that of Fc-ZnP•+:C60

•−.  In this regard, the 

transient spectrum recorded at 8 ns in Figure 3.21 is not very different from that 

reported earlier for covalently linked Fc+-ZnP:C60
•− species of the triad.68   

Another intriguing question we would like to address in the present study 

is the formation of the energetically favorable Fc+-ZnP:C60
-. from Fc+-ZnP-.:C60 in 

the case of triads formed by non-fluorescent 7 coordinated to either 10 or 11.  As 

pointed out earlier, photoexcitation of either 7 or 9 generates Fc+.-ZnP-.  

exclusively with almost unit quantum efficiency of charge separation because of 

the short spacer between the two entities.  Optical absorption studies have 

shown that both 7 and 9 bind 10 and 11 to form stable supramolecular triads.  

Steady-state fluorescence studies showed additional quenching of the already 

quenched (~ 98 %) ZnP fluorescence in 7 or 9 upon coordination of 10 or 11.  

These results clearly suggest formation of Fc+-ZnP-C60
-. as the ultimate product 

before the occurrence of charge recombination, irrespective of the initial path of 

photoinduced electron transfer, that is, via Fc+-ZnP-.:C60 (in case of 7:10, 7:11, 

9:10 and 9:11 triads) or Fc-ZnP+.:C60
-. (in case of 8:10 and 8:11 triads). 

The calculated ratio of kCS/kCR from the kinetic data was found to be ~100 

for the supramolecular triads composed of ferrocene, zinc porphyrin, and 

fullerene indicating moderate amount of charge stabiliza tion, although the low-

lying charge-separated states for all of the triads were generated with the highest 

quantum yields (close to unity).  The calculated lifetime for the charge-separated 

state of Fc+-ZnP-C60
-. was around 10 ns which is 100 times smaller than that 

reported earlier for covalently linked ferrocene-zinc porphyrin-C60 triads.69  One 
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reason for this observation could be the overall geometry of the supramolecular 

triads as shown in Figure 3.14 for the supramolecular triad 7:11 and from Table 

3.2 where presence of the intermolecular type interactions between the ferrocene 

and C60 entities was visualized.  Due to the spatially close disposition of the 

terminal charge bearers in the present type of triads, relatively rapid charge-

recombination occurs.  Importantly, the present study demonstrates utilization of 

the self-assembled supramolecular approach to build triads bearing donor and 

acceptor entities with a redox gradient, and demonstrates the occurrence of 

sequential electron transfer ultimately resulting in the formation of long-lived 

charge-separated states.  The energy-level diagram shown in Figure 3.23 

summarizes the excited-state photochemical events in the self-assembled triads.  

  

3.4 Summary 

The synthesis and characterization of a few covalently linked zinc 

porphyrin-ferrocene(s) dyads and fulleropyrrolidine appended with either pyridine 

or imidazole.  The fulleropyrrolidine derivatives bearing the coordinating ligands 

were axial ligated to the zinc porphyrin-ferrocene(s) dyads to form 

supramolecular triads.  The binding constants for the triads were determined 

using UV-vis absorption and plotted using the Scatchard method.  Computational 

calculations using B3LYP/3-21G(*) methods were performed to gain insight into 

the geometric conformations of the studied triads.  The triads were found to form 

stable complexes.  Electrochemical studies using cyclic voltammetric methods 

were performed to gain insight into the redox processes for the dyads and triads.  
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Steady-state and time-resolved spectroscopic and photochemical studies were 

performed in order to probe the excited-state processes for the supramolecular 

triads.  Efficient charge-separation from the singlet excited zinc porphyrin to the 

fullerene entity was found to occur.  Also, the triads exhibited charge stabilization 

as a result of sequential electron transfer from the zinc porphyrin to the fullerene, 

followed by electron transfer from the ferrocene to the zinc porphyrin entity. 
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CHAPTER IV 

A Supramolecular Triad Composed of Covalently Linked Boron-Dipyrrin-Zinc 

Porphyrin and Fullerene(C60) 

 

4.1 Introduction 

The development of molecular/supramolecular systems composed of 

multiple chromophores and redox active units has received much attention in 

recent years.  These systems are of interest to researchers in order to gain 

insight into the primary, light driven events of the photosynthetic reaction center 

i.e. energy and electron transfer.  Several systems of this type have been 

developed and studied for these purposes.72-79  Figure 4.1 shows an example of a 

system composed of multiple chromophores and redox active units that was 

synthesized and studied by Imahori and coworkers.79  The system is composed 

of  zinc porphyrin, free base porphyrin, and fullerene(C60) units covalently linked 

in a linear fashion.  Upon photo-excitation of the zinc porphyrin, the energy is 

subsequently transferred to the free base porphyrin, generating the singlet 

excited porphyrin, ZnP-H2P*-C60.  The excited electron is then transferred to the 

fullerene unit to generate a long-lived charge-separated state, ZnP-H2P.+-C60
.-. 

The compounds discussed in this chapter are used to construct a 

supramolecular triad composed of imidazole appended fulleropyrrolidine axially 

ligated to a covalently linked zinc porphyrin-boron-dipyrrin dyad.  The 

supramolecular triad was constructed to study energy and subsequent electron 
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transfer processes.  Figure 4.2 shows the compounds studied in this chapter 

(6,11,23,24). 

NH

N HN

N
CONH

N
OCHN

N

N N

N
Zn

 

 Figure 4.1:  An example of a novel multiple chromophore triad. 

 

The compounds were characterized using 1H NMR, UV-vis absorption, 

and ESI-mass.  UV-vis absorption spectral data was plotted using the Scatchard 

method to arrive at the binding constants (K) for the supramolecular complex.  

DFT B3LYP/3-21G(*) computational methods were used to probe the geometric 

and electronic structures of the investigated complex.  Also, electrochemical 

studies using cyclic voltammetry were utilized to gain insight into the redox 

behavior of the individual electroactive species in the complex.  Steady-state 

fluorescence emission and time-resolved emission and absorption photochemical 

studies were performed to determine the nature of the excited state processes 

for the supramolecular complex. 
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Figure 4.2:  Compounds used to construct supramolecular triad composed of 

zinc porphyrin-boron-dipyrrin and fullerene(C60). 

 

4.2 Experimental 

4.2.1 Chemicals and Instrumentation 

Chemicals.  Buckminsterfullerene, C60 (+99.95%) was from SES Research, 

(Houston, TX).  o-Dichlorobenzene in sure seal bottle, sarcosine, pyrrole, 

trifluoroacetic acid (TFA), dichlorodicyanobenzoquinone (DDQ), triethylamine, 

benzaldehyde derivatives (benzaldehyde, 4-bromoethoxybenzaldehyde, 4-

imidazolyl benzaldehyde, and o-, and p-hydroxy benzaldehyde) were from 

Aldrich Chemicals (Milwaukee, WI).  Tetra-n-butylammonium perchlorate, 

(TBA)ClO4 was from Fluka Chemicals.  All the chromatographic materials and 

solvents were procured from Fisher Scientific and were used as received. 
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Instrumentation.  The UV-visible spectral measurements were carried out with a 

Shimadzu Model 1600 UV-visible spectrophotometer.  The fluorescence 

emission was monitored by using a Spex Fluorolog-tau spectrometer.  A right 

angle detection method was used.  The 1H NMR studies were carried out on a 

Varian 400 MHz spectrometer.  Tetramethylsilane (TMS) was used as an internal 

standard.  Cyclic voltammograms were recorded on a EG&G Model 263A 

potentiostat using a three electrode system.  A platinum button electrode was 

used as the working electrode.  A platinum wire served as the counter electrode 

and a Ag/AgCl electrode 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 computational calculations were performed by ab initio B3LYP/3-

21G(*) methods with GAUSSIAN 9851 software package on various PCs.  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 spectrometer.  

For this, the compounds (about 0.1 mM concentration) were prepared in CH2Cl2, 

freshly distilled over calcium hydride.   

Time-resolved Emission and Transient Absorption Measurements.  The 

picosecond time-resolved fluorescence spectra were measured using an argon-

ion pumped Ti:sapphire laser (Tsunami) and a streak scope (Hamamatsu 

Photonics).  The details of the experimental setup are described elsewhere.52-53   

Nanosecond transient absorption spectra in the NIR region were measured by 
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means of laser-flash photolysis; 532 nm light from a Nd:YAG laser was used as 

the exciting source and a Ge-avalanche-photodiode module was used for 

detecting the monitoring light from a pulsed Xe-lamp. 

 

4.2.2 Synthesis 

The syntheses and characterization of compounds 6 and 11 are described in 

Chapter 3 of this work. 

5-phenyldipyrromethane (25):  This compound was synthesized according to a 

literature procedure.80  To a solution of benzaldehyde (0.2 mL, 2 mmol) dissolved 

in freshly distilled pyrrole (5.6 mL, 80 mmol) and purged with argon for 15 min. 

was added TFA (16 µL, 0.1 mmol) and stirred for 15 min.  The reaction mixture 

was diluted with CH2Cl2 and quenched with 0.1 M NaOH.  The product was 

purified over silica gel flash column using ethyl acetate/hexanes (15:85 v/v).  

Yield 200 mg.  1H NMR (CDCl3), δ ppm, 5.44 (s, 1H), 5.87 (m, 2H), 6.09 (q, 2H), 

6.62 (q, 2H), 7.21 (m, 5H), 7.82 (br s, 2H). 

N,N’-difluoroboryl-5-phenyldipyrrin (23):  This compound was synthesized 

according to a literature procedure.7  To a solution of 25 (500 mg, 2.25 mmol) 

dissolved in dry toluene was added DDQ (510 mg, 2.25 mmol) and the solution 

was stirred for 10 min.  Then triethylamine (2.20 mL, 15.75 mmol) was added 

followed immediately by BF3O(Et)2 (1.94 mL, 15.75 mmol) and the solution was 

stirred for a further 30 min.  The reaction mixture was decanted off, washed with 

water, and dried over anhydrous sodium sulfate.  The product was purified over 

silica gel column using CH2Cl2/hexanes (75:25 v/v) as eluent.  Yield 120 mg.  1H 
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NMR (CDCl3), δ ppm, 6.55 (d, 2H), 6.94 (d, 2H), 7.56 (m, 5H), 7.95 (s, 2H).  UV-

vis in toluene, λmax nm, 502. 

NH

NH
N
H

+
TFA

CHO

DDQ
TEA
BF3O(Et)2

N

N

B
F

F

25

23  

Figure 4.3:  Synthetic scheme adopted for compound 23. 

 

5,10,15-triphenyl-20-(4-hydroxyphenyl)porphyrin (26):  This compound was 

synthesized according to a literature procedure.81  To a solution of 4-

hydroxybenzaldehyde (1.5 g, 12 mmol) dissolved in propionic acid was added 

benzaldehyde (3.9 g, 37 mmol) and pyrrole (3.3 g, 49 mmol) and the solution 

was refluxed for 3 hrs.  The solvent was distilled off and the crude product was 

adsorbed on basic alumina and purified over basic alumina column using 

CHCl3/MeOH (97:3 v/v) as eluent.  Yield 5%.  1H NMR (CDCl3), δ ppm, -2.81 (br 
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s, 2H), 5.35 (br s, 1H), 7.21 (d, 2H), 7.79 (m, 9H), 8.08 (d, 2H), 8.27 (m, 6H), 

8.89 (m, 8H). 

NH

N HN

N

H
N

CHO

+
propionic acid

CHO

+

OH

OH

26  

Figure 4.4:  Synthetic scheme adopted for compound 26. 

 

5-[4-(bromoethoxy)phenyl]dipyrromethane (27).  This was synthesized 

according to the general procedure.80  To a solution of argon purged 

bromoethoxybenzaldehyde (300 mg, 1.0 mmol) and pyrrole (3.63 mL, 52.4 

mmol), TFA (10 µL, 0.01 mmol) was added and the mixture was stirred for 15 

min.  The reaction mixture was diluted with CH2Cl2 and quenched with 0.1 M 

NaOH (50 mL), and then washed with water and dried over sodium sulfate.  The 

solvent and excess pyrrole were then vacuum distilled at room temperature.  The 

compound was purified over silica gel flash column using cyclohexane/ethyl 

acetate (70:30 v/v) as eluent.  Yield 250 mg.  1H NMR (CDCl3), δ ppm, 7.79 (s br, 

2H), 7.08 (d, 2H), 6.82 (d, 2H), 6.60 (m, 2H), 6.12 (m, 2H), 5.85 (s, 2H), 5.33 (s, 

1H), 4.21 (t, 2H), 3.57 (t, 2H).  ESI mass in CH2Cl2 calcd. 329.3, found 329.5. 
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Figure 4.5:  Synthetic scheme adopted for compound 28. 

 

N,N’-Difluoroboryl-5-[4-(bromoethoxy)phenyl]dipyrrin (28).  To a solution of 

27 (500 mg, 1.5 mmol) dissolved in dry toluene (30 mL), DDQ (345 mg, 1.5 

mmol) was added and the mixture was stirred for 15 min.  Then, triethylamine 

(1.48 mL, 10.6 mmol) was added followed immediately by BF3-etherate (1.34 mL, 

10.6 mmol) and the mixture was stirred for another 30 min.  The reaction mixture 

was washed with water and dried over sodium sulfate.  The compound was 

purified over silica gel column using CH2Cl2/hexanes (2:1 v/v) as eluent.  The 

solvent was evaporated under reduced pressure and the resulting orange solid 
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was washed repeatedly with hexanes.  Yield 190 mg.  1H NMR (CDCl3), δ ppm, 

7.93 (s, 2H), 7.56 (d, 2H), 7.07 (d, 2H), 6.96 (m, 2H), 6.56 (m, 2H), 4.40 (t, 2H), 

3.71 (t, 2H).  UV-vis in o-dichlorobenzene, ?max nm, 502.  ESI mass in CH2Cl2 

calcd. 391.0, found 392.1. 

5-[4-Phenoxyethyl(N,N’-difluoroboryl-5-(4-oxyphenyl)dipyrrin)]-10,15,20-

triphenylporphyrin (29).  To a solution of 28 (74 mg, 0.19 mmol) and 26 (40 mg, 

0.06 mmol) dissolved in DMF (30 mL) was added excess of potassium carbonate 

and stirred for 18 hrs.  The mixture was suction filtrated and the solvent was 

evaporated under reduced pressure.  The product was purified over silica gel 

column using CHCl3/hexanes (40:60 v/v) as eluent.  Yield 25 mg.  1H NMR 

(CDCl3), d ppm, 8.83-8.89 (m, 8H), 8.20-8.24 (m, 6H), 8.16 (d, 2H), 7.95 (s, 2H), 

7.73-7.79 (m, 9H), 7.63 (d, 2H), 7.36 (d, 2H), 7.23 (d, 2H), 7.03 (m, 2H), 6.57 (m, 

2H), 4.68 (m, 2H), 4.62 (m, 2H), -2.77 (s br, 2H).  UV-vis in o-dichlorobenzene, 

?max nm, 423, 503, 552, 593.  ESI mass in CH2Cl2 calcd. 940.3, found 941.5. 

5-[4-Phenoxyethyl(N,N’-difuoroboryl-5-(4-oxyphenyl)dipyrrin)]-10,15,20-

triphenylporphyrinatozinc(II) (24).  To a solution of 29 (25 mg, 0.03 mmol) 

dissolved in chloroform was added zinc acetate (33 mg, 0.15 mmol) dissolved in 

methanol and the solution was stirred for 1 hr.  The solution was washed with 

water and evaporated under reduced pressure.  The compound was purified over 

silica gel column CHCl3/hexanes (50:50 v/v) as eluent.  Yield 27 mg.  1H NMR 

(CDCl3), d ppm, 8.93-9.01 (m, 8H), 8.21-8.25 (m, 6H), 8.16 (d, 2H), 7.95 (s, 2H), 

7.73-7.80 (m, 9H), 7.64 (d, 2H), 7.35 (d, 2H), 7.23 (d, 2H), 7.03 (m, 2H), 6.58 (m, 
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2H), 4.69 (m, 2H), 4.63 (m, 2H).  UV-vis in o-dichlorobenzene, ?max nm, 425, 502, 

550, 590.  ESI mass in CH2Cl2 calcd. 1001.6, found 1002.5. 
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Figure 4.6:  Synthetic scheme adopted for compound 24. 
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4.3 Results and Discussion 

UV-vis Absorption Studies on Zinc Porphyrin-Boron-dipyrrin Dyad.  Figure 

4.7 shows the optical absorption spectra of the dyad (24) along with reference 

compounds 6 and 23.  The absorption bands of the dyad (24) were located at  
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Figure 4.7:  Optical absorption spectra of (i) 6 (ii) 24 (iii) 23, in o-

dichlorobenzene.  The concentrations were 0.4 µL. 

 

425, 502, 552, and 593 nm, respectively.  The bands corresponding to the zinc 

porphyrin entity in the dyad were found to be slightly red shifted (1-2 nm) as 

compared to pristine zinc porphyrin, while the band corresponding the boron-

dipyrrin entity was found to be slightly blue shifted as compared to meso-

phenylboron-dipyrrin.  This indicates the existence of very small ground-state, 
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electronic interactions in the dyad.  Importantly, there was no appreciable zinc 

porphyrin absorption band present in the regions of the spectrum where the 

boron-dipyrrin entity has strong absorptions (360 and 502 nm), thus irradiation in 

these regions is expected to result in selective excitation of the boron-dipyrrin 

entity. 

Electrochemical Studies on Zinc Porphyrin-Boron-dipyrrin Dyad.  Figure 4.8 

shows the cyclic voltammograms of the dyad (24) and reference compounds 23  
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Figure 4.8:  Cyclic voltammograms of (a) 23 (b) 24 (c) 11 in o-dichlorobenzene, 

0.1 M (TBA)ClO4, scan rate = 100 mV/s. 
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and 11.  The meso-phenylboron-dipyrrin (23) exhibited a reversible one-electron 

reduction at E1/2 = -1.33 V vs. Fc/Fc+, in o-dichlorobenzene.  Additional 

irreversible redox waves were observed at Epc = -2.38 V and Epa = 1.48 V vs. 

Fc/Fc+, respectively.  For the dyad (24), the first reduction of boron-dipyrrin was 

located at E1/2 = -1.35 V vs. Fc/Fc+ and another reduction at E1/2 = -1.95 V vs. 

Fc/Fc+ corresponding to the zinc porphyrin enity were observed.  Two one-

electron reversible oxidations were observed at E1/2 = 0.26 and 0.57 V vs. Fc/Fc+ 

corresponding to the zinc porphyrin entity.  Scanning the potential window to 

more positive and negative potentials revealed redox processes similar to those 

of meso-phenylboron-dipyrrin.  The cyclic voltammogram of 11 was recorded 

under similar solution conditions and revealed three one-electron reversible 

reductions at E1/2 = -1.13, -1.51, and –2.05 V vs. Fc/Fc+, respectively.  These 

electrochemical results indicate that boron-dipyrrin is more difficult to reduce by 

220 mV as compared to fulleropyrrolidine.  That is, fulleropyrrolidine is a better 

electron acceptor than boron-dipyrrin.  However, boron-dipyrrin has a reduction 

potential similar to that of quinone, which is a good electron acceptor from singlet 

excited zinc porphyrin.82  These results indicate that boron-dipyrrin could be a 

potential electron acceptor from zinc porphyrin in the dyad. 

Computational Studies on Zinc Porphyrin-Boron-dipyrrin Dyad.  DFT 

B3LYP/3-21G(*) computational methods were used to gain insight into the 

geometric and electronic structure of the dyad (24).  The dyad was fully 

optimized to a stationary point on the Born-Oppenheimer potential energy 
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surface and an ultrafine integration grid was used.  Figure 4.9(a) shows the fully 

optimized structure for the dyad.  Both the porphyrin and boron-dipyrrin rings are  

 

Figure 4.9:  B3LYP/3-21G(*) calculated structure and frontier molecular orbitals 

of dyad 24:  (a) optimized structure (b) HOMO (c) LUMO.  

 

planar with little strucural distortions.  The center-to-center distance between the 

zinc porphyrin and boron-dipyrrin entities was found to be ~12 angstroms.  The 

HOMO and LUMO orbitals were found to be p -orbitals; the HOMO was located 

on the zinc porphyrin entity while the LUMO was on the boron-dipyrrin (Figure 

4.9 (b) and (c)).  The position of the LUMO on the boron-dipyrrin is in agreement 

with the electrochemical results which suggest that it could be an electron 

acceptor in the dyad.  Table 4.1 shows free energy values for energy transfer 
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and charge separation in the dyad and charge separation in the self-assembled 

triad calculated using the computational and electrochemical results.   

Table 4.1:  Free-energy changes (in eV) for singlet energy transfer (?GENT
singlet), 

charge separation (?GCS
singlet), and charge recombination (?GCR) for the dyad 

and supramolecular triad, in o-dichlorobenzene. 

 

Compound ∆GENT
singlet, a ∆GCS

singlet, b  ∆GCR
, c       ∆GCS

singlet, b            ∆GCR
, c   

 
(ZnP-BDP*)      (ZnP*-
BDP)  

 (ZnP.+-BDP.−)   (C60Im-ZnP*-BDP)  (C60 Im .−-
ZnP.+-BDP)   

ZnP–BDPd -0.34 -0.50 -1.50 -- 

C60Im-ZnP-

BDPe 

expanded -0.34 -0.57 -1.51    -0.80                       -1.28 

closed -0.34 -0.60 -1.48 

-0.81                       -

1.27 

 

a  ∆GENT
singlet value is energy difference between the excited singlet state of boron dipyrrin 

(abbreviated as 1BDP*) and that of 1ZnP* as evaluated from the fluorescence peaks.   
b ∆GCS

S values are calculated from the Weller equation (Ref. 25) (∆GCS
S = Eox (ZnP) - 

Ered(A) – E0
  – Ec), employing the E0-energy level of 1ZnP* (= 2.08 eV) and Eox (ZnP) 

shown in text. Ered(A) are reduction potentials of  electron acceptors.  Ec(Coulomb 

energy) was calculated by (e2/(4pε0))[(1/(2R+) + 1/(2R-) - 1/Rcc)/εS], where R+ and R- and 

Rcc are radius of cation and anion, and center-to-center distance between donor and 

acceptor, respectively.  The εS is dielectric constants of solvents used for photophysical 

studies and for measuring the redox potentials.  
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c -∆GCR = - Eox + Ered - Ec.  d Represents the covalently linked ZnP-BDP dyad.  e 

Represents supramolecular triad formed by addition of 5 eq. of imidazole appended 

fulleropyrrolidine (C60Im) to the solution of ZnP-BDP dyad. 
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Figure 4.10:  Schematic representation of electron and energy transfer 

processes in 24. 

 

Energy Transfer in the Zinc Porphyrin-Boron-dipyrrin Dyad.  Figure 4.10(b) 

shows a schematic representation of the energy transfer process from singlet 

excited boron-dipyrrin to zinc porphyrin in the dyad.  Figure 4.11 shows the 

steady-state emission spectra of the dyad (24) along with control experiments to 

confirm the existence of energy transfer.  When the dyad was excited at 502 nm, 
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the wavelength corresponding to the boron-dipyrrin entity, the emission spectrum 

revealed a peak at 522 nm corresponding to emission of boron-dipyrrin and 

peaks at 600 and 649 nm corresponding to zinc porphyrin emission (spectrum 

iii).  When compared to the spectrum of meso-phenylboron-dipyrrin (23), the 

emission was found to be quenched by over 60% and slightly blue shifted 

(spectrum i).  The spectrum of equimolar amounts of meso-phenylboron-dipyrrin 

and zinc porphyrin revealed no quenching of the boron-dipyrrin emission and  
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Figure 4.11:  Steady-state fluorescence emission spectra of (i) 23 (ii) equimolar 

amounts of 23 and 6 (iii) 24 (iv) 6 in o-dichlorobenzene.  The concentrations were 

0.4 µM, ?ex = 502 nm. 
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there were no peaks corresponding to zinc porphyrin emission indicating there 

was no intermolecular energy transfer under the experimental conditions 

(spectrum ii).  Also, when pristine zinc porphyrin was excited at 502 nm the 

spectrum revealed very weak emission at 600 and 650 nm (spectrum iv).  This 

suggests that irradiation of the dyad at 502 nm results in the selective excitation 

of the boron-dipyrrin entity in the dyad.  These results, the quenching of the 

boron-dipyrrin emission and enhancement of the zinc porphyrin emission in the 

dyad, clearly suggest the presence of photo-induced energy transfer. 

 Further evidence for photo-induced energy transfer was gained by 

recording the fluorescence excitation spectrum of the dyad (Figure 4.12).  The 

emission was monitored at 650 nm, corresponding to the emission of 
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Figure 4.12:  Fluorescence excitation spectra of (i) 24 (ii) equimolar amounts of 

23 and 6 (iii) 6, in o-dichlorobenzene.  Concentrations were 0.4 µM, ?ex = 650 

nm. 
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zinc porphyrin.  The excitation spectrum of the dyad was similar to the steady-

state absorption spectrum (spectrum i).  The spectra of pristine zinc porphyrin 

and zinc porphyrin in the presence of equimolar meso-phenylboron-dipyrrin 

revealed peaks corresponding to only zinc porphyrin (spectra ii and iii).  These 

results agree well with the steady-state emission data, and further confirm photo-

induced energy transfer in the dyad. 

 In order to probe the kinetics of photo-induced energy transfer in the dyad, 

time-resolved fluorescence emission experiments were  

 

 

 

 

 

 

 

 

 

 

Figure 4.13:  Picosecond time-resolved fluorescence emission spectra 

monitoring the zinc porphyrin emission of the dyad after excitation at 388 nm. 
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performed.  Figure 4.13 shows the picosecond time-resolved fluorescence 

emission of the zinc porphyrin of the dyad upon excitation of the boron-dipyrrin 

entity.  The zinc porphyrin emission enhances with time, which is in agreement 

with the steady-state emission experiments.  Figure 4.14 shows the time-profiles  
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Figure 4.14:  Time-resolved fluorescence rise time-profile at 600 nm and decay 

time-profile at 522 nm, respectively, for zinc porphyrin and boron-dipyrrin, in o-

dichlorobenzene (excited at 388 nm).  

 

for the fluorescence emission corresponding to the zinc porphyrin and boron-

dipyrrin in the dyad after excitation at 388 nm.  The time-profiles show the 

increase of the zinc porphyrin with the simultaneous decay of the boron-dipyrrin 
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emission.  The data clearly indicates the existence of photo-induced energy 

transfer in the dyad. 

 The decay of the boron-dipyrrin emission, in the dyad could be 

satisfactorily fit to a monoexponential decay.  This decay is attributed to the 

energy transfer process and was used to determine the rate constant and 

quantum yield for the process.  The calculated values are listed in Table 4.2.  

The rate constant was found to be 9.2 x 109 s-1 and the quantum yield was 0.83, 

indicating efficient energy transfer in the dyad. 

Table 4.2:  Time-resolved fluorescence lifetimes of investigated compounds, in 

o-dichlorobenzene. 

Compound Emission lifetime, τF/ps (fraction %) 

 BDP a ZnP b 

ZnP       --  1920 (100 %) 

BDP  530 (100 %) --  

ZnP-BDP              90 (90 %)  1200 (100 %) 

C60Im-ZnP-BDP             95 (91 %)   1300 (66 %) 190 (34 %) 

                       

a λex for BDP = 388 nm.  b λex for ZnP = 532 nm. 

 

Electron Transfer in the Zinc Porphyrin-Boron-dipyrrin Dyad.  As indicated 

by the electrochemical and computational studies, electron transfer from the 

singlet excited zinc porphyrin entity to boron-dipyrrin in the dyad is expected to 

occur.  Figure 4.15 shows the steady-state fluorescence emission of the dyad 

(24) and pristine zinc porphyrin (6).  The zinc porphyrin emission in the dyad was 
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found to be quenched by over 40% as compared to pristine zinc porphyrin.  

Time-resolved emission also revealed quenching; that is, the decay of the zinc 

porphyrin followed a monoexponential decay profile with a lifetime of 1200 ps 

(Table 4.2).  The calculated rate of electron transfer and quantum yield were  
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Figure 4.15:  Steady-state fluorescence spectra of (i) 6 (ii) 24, concentrations 

were 2.4 µM, in o-dichlorobenzene. 

 

found to be 3.1 x 108 s-1 and 0.38, respectively (Table 4.3).  The relatively low 

rate and quantum yield are expected because of the low ?GCS (-0.57 to -0.60 eV) 

associated with the electron transfer via 1ZnP* in the dyad.  
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        Further transient absorption studies were performed to characterize the 

electron transfer products.  Spectroelectrochemical studies were also performed 

to characterize the one-electron reduced product of boron-  
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Figure 4.16:  Transient absorption spectra of 24 (0.05 mM) after 550 nm  laser 

irradiation in Ar-saturated o-dichlorobenzene.  Inset shows time-profiles at 625 

nm. 

 

dipyrrin.  During the electrolysis, no new absorption bands corresponding to the 

boron-dipyrrin anion radical were observed in the  wavelength region scanned till 

1000 nm; however, the 500 nm band of neutral boron dipyrrin revealed 

considerable decrease in intensity.  The nano second transient absorption 

spectra using 550 nm laser light recorded for the dyad are shown in Figure 4.16.  
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Intense absorption at 460 nm and a band at 700 - 850 nm corresponding to the 

triplet state of zinc porphyrin (3ZnP*) were observed.   In a control experiment, 

the transient absorption spectrum recorded for boron-dipyrrin revealed no 

specific peak corresponding to its triplet state.  In the absence of characteristic 

bands for boron-dipyrrin anion radical, it was however, difficult to spectrally 

characterize the electron transfer products.  It may be noted here that in the 

transient absorption spectrum of the dyad, the absorption intensity at 625 nm 

relative to that of 850 nm seems to be larger than that of zinc porphyrin alone, 

suggesting the 625 nm band can be attributed to the cation radical of the zinc 

porphyrin moiety (ZnP.+??) in the dyad, which may be overlapping with the 

absorption tail of the 3ZnP* moiety at 850 nm.  The time profile at 625 nm shown 

in the inset of Figure 4.16 revealed that the ZnP.+?? moiety rises relatively quickly, 

although initial rise profile is hidden by the depletion or fluorescence of ZnP 

moiety.  The decay at 625 nm is slow without showing a rapid decay component, 

which suggests the generation of a relatively long-lived charge-separated state in 

o-dichlorobenzene.  However, we could not perform further analysis of the data 

due to the overlapping of the ZnP+. band with the 3ZnP* absorption band in this 

wavelength region. 

 

Table 4.3:  Singlet energy-transfer rate constants (kENT
singlet), energy-transfer 

quantum yield (F ENT
singlet), charge-separation rate constants (kCS

singlet), and 

charge-separation quantum yields (F CS
singlet) for the dyad and supramolecular 

triad, in o-dichlorobenzene. 
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Compound 

kENT
singlet s-

1,a 
Φ ΕΝΤ

singlet, 

a kCS
singlet s-1,b ΦCS

singlet, b  
kCS

singlet s-

1,c 
ΦCS

singlet

, c 

 kCR
  s-1,d 

 (ZnP-BDP*) a (ZnP*-BDP) b (C60Im-ZnP*)  c      

ZnP-BDP  9.2 x 109 0.83 3.1 x 108 e 0.38 e -- --   

C60Im-ZnP-
BDP  8.6 x 109 0.82 2.5 x 108 f (0.21) f 4.7 x 109 g (0.34) g 

 2.0 x 108 

a Energy transfer from BDP* to ZnP.  Calculated by following equations; kENT
singlet = 

τF,ZnP-BDP*
-1 – τF,BDP*

-1 and ΦENT
singlet =  (τF,,ZnP-BDP*

-1 – τF,BDP*
-1)/τF,ZnP-BDP*

-1. b Charge 

separation between ZnP* and BDP. c Charge separation between ZnP* and C60Im. d From 

the fast decay part at 1000 nm in the nanosecond transient absorption measurement. 
eCalculated by following equations; kCS

singlet = τF,ZnP*-BDP
-1 – τF,ZnP*

-1 and ΦCS
singlet = 

(τF,ZnP*-BDP
-1 – τF,ZnP*

-1)/ τF,ZnP*-BDP
-1.  f Calculated from slow decay part of ZnP* by 

following equations; kCS
singlet = τF,C60Im-ZnP*-BDP

-1 – τF,ZnP*
-1 and ΦCS

singlet = (τF,C60Im-ZnP*-BDP
-1 

– τF,ZnP*
-1)/τF,ZnP*-BDP

-1 after multiplying the fraction.  g Calculated from fast decay part of 

ZnP* by equations above.f  

Formation of Zinc Porphyrin-Boron-dipyrrin-Fullerene Supramolecular 

Triad.  The formation of the supramolecular triad was followed using UV-vis 

absorption spectroscopy.  Figure 4.17 shows the spectral changes observed 

upon addition of imidazole appended fulleropyrrolidine (11) to a solution 

containing the dyad (24), in o-dichlorobenzene.  The Soret band of dyad at 425 

nm decreased in intensity and red shifted to 432 nm.  This spectral change is 

characteristic of axial ligation to the zinc metal center of the porphyrin.68  

Isosbestic points were observed at 418 and 429 nm, indicating the occurrence of   
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Figure 4.17:  Optical absorption spectral changes observed during the titration of 

11 (3.57 µM per addition) with 24 (2.3 µM), in o-dichlorobenzene.  The inset 

shows the Scatchard plot of absorbance changes at 425 nm. 

 

an equilibrium process.  Also, the peak at 502 nm, corresponding to the boron-

dipyrrin entity in the triad, revealed no spectral changes.  This indicates there are 

no significant interactions of the boron-dipyrrin entity with the fullerene in the self-

assembled triad.   

 The binding constant was evaluated using the Scatchard method (Figure 

4.17, inset).  The calculated binding constant, K, for the triad was found to be 

1.65 x 104 M-1, which agrees well with the binding constant found for the same 

ligand bound to 6 (1.61 x 104 M-1).68  These results suggest the formation of a  
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Figure 4.18:  B3LYP/3-21G(*) optimized structures at local minima for the 

supramolecular triad in (a) “closed” and (b) “extended” forms.  The computed 

HOMO orbitals are shown in (c) and (d) and the LUMO orbitals are shown in (e) 

and (f).   

 

stable supramolecular triad.  The geometric and electronic structure of the triad 

was probed using B3LYP/3-21G(*) computational method.  Figure 4.18 shows 

the computed structures of the triad in its “closed” and “extended” forms, at two 

different minima on the Born-Oppenheimer potential energy surface.  The 



 103 

calculated HOMO and LUMO orbitals agree well with the electrochemical results.  

That is, for both the “closed” and “extended” structures the HOMO was found to 

be on the zinc porphyrin and the LUMO was on the fullerene entity, which was 

expected since the electrochemical experiments showed that fulleropyrrolidine is 

a better electron acceptor than boron-dipyrrin. 

Energy Transfer Followed by Electron Transfer in the Supramolecular 

Triad.   

N
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N
Zn
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Figure 4.19:  Schematic representation of photochemical events for the 

supramolecular triad. 

 

Figure 4.20 shows the steady-state fluorescence emission spectra of the dyad 

(24) upon addition of increasing amounts of imidazole appended 

fulleropyrrolidine (11) with an excitation wavelength of 502 nm, corresponding to 



 104 

the excitation of the boron-dipyrrin entity, in o-dichlorobenzene.  The emission 

bands corresponding to boron-dipyrrin and zinc porphyrin were quenched.  The 

quenching of the emission bands indicates the occurrence of energy followed by 

electron transfer in the triad.  Time-resolved emission and transient absorption 

studies were performed to evaluate the kinetics and electron transfer products. 
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Figure 4.20:  Steady-state fluorescence emission spectra of 24 (1.75 µM) in the 

presence of increasing amounts of 11 (2.0 µM per addition), in o-

dichlorobenzene, excitation 502 nm. 
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Figure 4.21 shows the fluorescence decay profiles for 6, 24, and the 

supramolecular triad formed by the addition of 5 equiv. of 11 to the dyad, and  
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Figure 4.21:  Fluorescence decay time-profiles at 600 nm of (a) 6 (b) 24 and (c) 

24 with 5 equiv. of 11, in o-dichlorobenzene, excited at 550 nm. 

 

excitation of the zinc porphyrin entity.  Upon forming the supramolecular triad, the 

zinc porphyrin emission was fitted to a biexponential decay and revealed 

additional quenching as compared to the dyad and pristine zinc porphyrin.  

Assuming the additional quenching was due to electron transfer to the 

coordinated fulleropyrrolidine, the rate of electron transfer and quantum yield 
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were calculated (Table 4.3).  The magnitude of these values revealed efficient 

electron transfer.   

 Nanosecond transient absorption spectra of the supramolecular triad were 

obtained to characterize the electron transfer products.  Figure 4.22 shows the  
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Figure 4.22:  Transient absorption spectra of the supramolecular triad formed by 

mixing 11 (0.25 mM) and 24 (0.05 mM) in o-dichlorobenzene, after 500 nm laser 

irradiation.  Inset shows time-profile of peak at 1020 nm.   

 

transient absorption spectra, upon forming the supramolecular triad by addition of 

5 equiv. of 11 to 24 in o-dichlorobenzene, after 500 nm laser flash to generate 
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1BDP*.  Transient absorption bands corresponding to the triplet excited zinc 

porphyrin and fullerene were observed at 850 and 700 nm, respectively.  Also, a 

band was observed at 1000 nm corresponding to fullerene anion radical 

formation.  The inset of Figure 4.22 shows the time-profile of this peak.  From the 

decay rate, the charge-recombination rate constant (kcr) was found to be 2.0 x 

108 s-1.  The slower decay rate component could be attributed to the tail of the 

3ZnP* band at 860 nm or bimolecular back electron transfer from the 

disassociated radical ion pairs. 

 

4.4 Summary 

The results of this study clearly show the existence of energy followed by 

electron transfer in the supramolecular triad.  The combination of optical 

absorption, steady-state fluorescence emission, molecular modeling, 

electrochemistry, and time-resolved emission and transient absorption studies 

allowed for the extraction of the necessary energetic and kinetic information.  The 

different photochemical events are shown in the energy level diagram shown in 

Figure 4.23.  Energies of the excited states of the different entities were 

calculated from fluorescence peaks.  The electron transfer driving forces were 

calculated and shown in Table 4.1.  In the energy level diagram the thick arrows 

indicate major contributing pathways and the dotted arrows show minor 

pathways.  Upon excitation of boron-dipyrrin (1BDP*) in the supramolecular triad 

the major pathway involves, first, energy transfer to the zinc porphyrin entity that  
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Figure 4.23:  Energy level diagram showing the different photochemical events 

of the supramolecular triad after excitation of the BDP entity. 

 

generates, 1ZnP*.  Then, electron transfer from the singlet excited zinc porphyrin 

(1ZnP*) to the fullerene entity occurred, generating the charge-separated state 

(BDP-ZnP.+-C60
.-), due to the appropriate exothermic energetics.                
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CHAPTER V 

Supramolecular Dyad Composed of Zinc N-Confused Porphyrin and 

Fullerene (C60) 

 

5.1 Introduction 

Donor-acceptor dyads capable of undergoing photo-induced electron 

transfer are of great interest due to their potential use in constructing molecular 

electronic devices and light energy harvesting systems.22-43  Fullerenes have 

proven to be efficient electron acceptors due to their low reduction potentials, 

three dimensional structure, and low-reorganization energy.3-5  Also, porphyrins 

have proven to be good candidates for electron donors in donor-acceptor 

systems mainly due to their intense optical absorption and the fact that they are 

easily oxidized.2  Consequently, several donor-acceptor systems composed of 

these entities have been constructed and studied.8-9 

N-Confused porphyrin is a structural isomer of tetraarylporphyrin.  In this 

isomer one of the pyrrole rings is inverted so that the macrocyclic core contains 

three nitrogen atoms and one carbon (C-H), and there is one nitrogen at the ß-

position of the ring.83  The inner core retains similar coordination properties to that 

of tetraarylporphyrin, however the outer nitrogen can coordinate to an external 

metal atom, thus leading to interesting coordination architectures.87  The 

chemistry and photo-pysical properties of N-confused porphyrin and their 

functionalized derivatives has been an active area of research.94-98  Due to recent 
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advances in synthetic methodology these compounds can be synthesized with 

high yield and purities.84,86 
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Figure 5.1:  Compounds used to construct zinc N-confused porphyrin/fullerene 

(C60) donor-acceptor dyads.  

 

These compounds have not been utilized as electron donors in electron 

donor-acceptor systems.  In order to further the the research in the area of 

donor-acceptor systems capable of undergoing photo-induced electron transfer, 

a dyad composed of zinc N-confused porphyrin and fullerene (C60) was 



 111 

constructed and the photo-physical properties were studied.  The compounds 

used to construct the donor-acceptor dyads are shown in Figure 5.1.  

The compounds were synthesized and characterized by 1H NMR, UV-vis 

absorption, and ESI-mass.  UV-vis absorption spectral data was plotted using the 

Scatchard method to arrive at the binding constants (K) for the supramolecular 

complexes.  DFT B3LYP/3-21G(*) computational methods were used to probe 

the geometric and electronic structures of the investigated complexes.  Also, 

electrochemical studies using cyclic voltammetry were utilized to gain insight into 

the redox behavior of the individual electroactive species in the complexes.  

Steady-state fluorescence emission and time-resolved emission and absorption 

photochemical studies were performed to determine the nature of the excited 

state processes for the supramolecular complexes. 

 

5.2 Experimental 

5.2.1 Chemicals and Instrumentation 

Chemicals.  Buckminsterfullerene, C60 (+99.95%) was from BuckyUSA (Bellaire, 

TX).  o-Dichlorobenzene, sarcosine, 4-imidozolyl benzaldehyde, pyrrole, 

benzaldehyde, and methanesulfonic acid were from Aldrich Chemicals 

(Milwaukee, WI).  Tetrabutylammonium perchloride, n-Bu4NClO4 used in 

electrochemical studies was from Fluka Chemicals.  All chemicals were used as 

received. 

Instrumentation.  The UV-visible spectral measurements were carried out with a 

Shimadzu Model 1600 UV-visible spectrophotometer.  The steady-state 
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fluorescence emission was monitored by using a Spex Fluorolog-tau 

spectrometer. A right angle detection method was used. The 1H NMR studies 

were carried out either on a Varian 400 MHz or Varian 300 MHz spectrometers.  

Tetramethylsilane (TMS) was used as an internal standard. Cyclic 

voltammograms were recorded on a EG&G Model 263A potentiostat using a 

three electrode system in o-dichlorobenzene containing 0.1 M n-Bu4NClO4 n-

Bu4NPF6 as the supporting electrolyte. 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 (Fc/Fc+?) redox couple was used as an internal standard.  

All the solutions were purged prior to spectral measurements using argon gas.  

The computational calculations were performed by the DFT B3LYP/3-

21G(*) method with the GAUSSIAN-03 software package51 on various PCs. The 

graphics of HOMO and LUMO coefficients were generated with the help of 

GaussView software. The ESI-Mass spectral analyses of the self-assembled 

complexes were performed by using a Fennigan LCQ-Deca mass spectrometer. 

The starting compounds and the dyads (about 0.1 mM concentration) were 

prepared in CH2Cl2, freshly distilled over calcium hydride.  The picosecond time-

resolved fluorescence spectra were measured using an argon-ion pumped 

Ti:sapphire laser (Tsunami; pulse width = 2 ps) and a streak scope (Hamamatsu 

Photonics; response time = 10 ps).  Nanosecond transient absorption 

measurements were carried out using the SHG (532 nm) of an Nd:YAG laser 

(Spectra Physics, Quanta-Ray GCR-130, fwhm 6 ns) as excitation source.  For 
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the transient absorption spectra in the near-IR region (600-1600 nm), the 

monitoring light from a pulsed Xe lamp was detected with a Ge-avalanche 

photodiode (Hamamatsu Photonics, B2834). 

  

5.2.2 Synthesis 

The synthesis and characterization of compound 11 is presented in Chapter 3 of 

this work. 

Synthesis of free-base N-confused tetraphenylporphyrin, NCP (32).  This 

compound was synthesized according to a literature procedure with some 

modifications.84  To a solution of pyrrole (15.0 mmol, 1.04 mL) and benzaldehyde 

(15.0 mmol, 1.52 mL) dissolved in CH2Cl2 (1.5 L) was added methanesulfonic 

acid (10.5 mmol, 0.68 mL) and the reaction mixture was stirred for 30 min.  Then 

DDQ (13.2 mmol, 3.00 g) was added followed by triethylamine (42.0 mmol, 5.8 

mL).  The crude reaction mixture was passed through a column containing 

activity III basic alumina and the column was rinsed with 1.5 L of CH2Cl2 and the 

solution was evaporated.  The crude product was dissolved in a minimum 

amount of CH2Cl2 and adsorbed onto activity III alumina and loaded onto a 

column containing activity III basic alumina using 3:1 hexanes:CH2Cl2 as an initial 

eluant.  The column was eluted using gradient elution.  The solvent system was 

varied to 1:1 to 1:2 hexanes:CH2Cl2 and finally CH2Cl2 using ~500 mL of solvent 

per gradient.  The second fraction contained the desired product.  Yield 750 mg.  

1H NMR 400 MHz (CDCl3), d ppm, 8.96(d, 1H), 8.89(d, 1H), 8.74(s, 1H), 8.59(d, 
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1H), 8.56-8.53(m, 3H), 8.35(d, 2H), 8.31(d, 2H), 8.16-8.13(m, 4H), 7.84-7.81(m, 

4H), 7.78(d, 1H), 7.75-7.73(m, 7H), -2.46(br s, 1H), -5.02(s, 1H).  UV-vis 

(CH2Cl2), ?max nm, 726, 582, 539, 438.  ESI-mass (CH2Cl2) calcd.; 614.3, found 

615.3. 

NH

N HN

N

H
N
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+
methanesulfonic acid

32  

Figure 5.2:  Synthetic scheme adopted for compound 32. 

 

Synthesis of zinc N-confused porphyrin acetate dimer, NCPZn(OAc) dimer 

(33):  The following compounds were synthesized according to literature 

procedures with slight modifications.85  To a solution of 32 (0.05 mmol, 33 mg) 

dissolved in CH2Cl2 was added zinc acetate dihydrate (0.11 mmol, 25 mg) and 

stirred for 2 hrs.  The solvent was evaporated and the product was recrystallized 

from toluene/hexane.  Yield 44 mg.  1H NMR 400 MHz (CDCl3), d ppm, 8.72(d, 

2H), 8.70(d, 2H), 8.65(d, 2H), 8.62(d, 2H), 8.53(d, 2H), 8.47(d, 2H), 8.32(d, 2H), 

7.98(m, 12H), 7.70(m, 18H), 7.11(s, 2H), 6.66(t, 2H), 6.59(s, 2H), 6.55(s, 2H), 
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5.67(s, 2H), 0.72(s, 3H), -1.30(s, 6H), -3.06(s, 2H), -3.90(s, 1H).  UV-vis 

(CH2Cl2), ?max nm, 721, 660, 584, 462. 
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Figure 5.3:  Synthetic scheme adopted for 33. 

 

Synthesis of zinc N-confused porphyrin dimer, NCPZn dimer (31):  To a 

solution of 33 (0.03 mmol, 44 mg) dissolved in CH2Cl2 was added 1% Et4NOH 

(aq) in an extraction funnel.  The organic phase was dried over anhydrous 

sodium sulfate and the solvent was evaporated to yield product.  Yield 35 mg.  1H 

NMR 400 MHz (CDCl3), d ppm, 8.92(d, 2H), 8.35(d, 2H), 8.29(d, 2H), 8.08(m, 

6H), 7.97(d, 2H), 7.93(m, 6H), 7.73(m, 12H), 7.62(m, 10H), 7.51(t, 2H), 7.36(t, 

2H), 6.98(d, 2H), 6.73(d, 4H), 2.88(s, 2H), -3.67(s, 2H).  UV-vis (o-

dichlorobenzene), ?max nm, 764, 707, 641, 524, 469, 402. 
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Figure 5.4:  Synthetic scheme adopted for 31. 

 

Synthesis of pyridine coordinated zinc N-confused porphyrin, NCPZn-py 

(30):  31 (0.08 mmol, 54 mg) was dissolved in pyridine and stirred for 30 min.  

The solvent was then evaporated to yield product.  Yield 53 mg.  1H NMR 400 

MHz (CDCl3), d ppm, 8.98(d, 1H), 8.96(d, 1H), 8.66(d, 1H), 8.64(d, 1H), 8.59(s, 

1H), 8.34(d, 1H), 8.28(d, 1H), 8.21(m, 2H), 8.07(m, 6H), 7.72(m, 12H), 6.49(br s, 

1H), 5.68(br s, 2H), 2.77(br s, 2H), -3.06(s, 2H), -3.68(s, 1H).  UV-vis (o-

dichlorobenzene), ?max nm, 766, 709, 638, 527, 468, 402. 
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 Figure 5.5:  Synthetic scheme adopted for 30. 

 

5.3 Results and Discussion 

Optical Absorption Studies.  The dyad was formed by using both 30 and 31 as 

starting compounds (Figure 5.6).  The dyad formation was monitored using UV-

vis absorption spectroscopic method upon the addition of varying amounts of 11 

to 30 or 31 in o-dichlorobenzene (Figure 5.7).  Isosbestic points were observed in 

the spectrum at 725, 572, and 482 nm.  The Soret band at 467 nm increased in 

intensity, as well as smaller bands at 641 and 707 nm.  Also, bands diminished in 

intensity at 524 and 764 nm.  The final spectra for both titrations in Figure 5.7 are 

identical, indicating that the final product complex is the same. 

 The spectral intensity changes of the Soret band were used to construct a 

Benesi-Hildebrand plot88 as shown in Figure 5.7b inset.  The formation constant 

(K) was found to be 2.8 x 104 M-1.  This value was approximately twice as large 

as that found for the zinc porphyrin counterpart, donor-acceptor dyad (K = 1.2 x  
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Figure 5.6:  Schematic representation of the different routes followed to form the 

N-confused zinc porphyrin/fullerene(C60) dyad. 

 

104 M-1).68  This is expected owing to the fact that the axial bond in the zinc N-

confused porphyrin dyad makes zinc tetra-coordinate while in the previously 

studied system, the axial bond is the fifth to the zinc porphyrin core.  Also, a Jobs 

plot of the UV-vis absorption data confirmed 1:1 complex formation. 

 Formation of the 1:1 dyad was further confirmed by ESI-mass.  The 

starting compounds 30 or 31 were mixed with equimolar amounts of 11 in 

methylene chloride and their respective ESI-mass spectra were recorded.   
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Figure 5.7:  Spectral changes observed during the titration of 11 (2.0 µM per 

addition) to a solution containing (a) 30 (3.3 µM) and (b) 31 (3.4 µM) in o-

dichlorobenzene.  Figure b inset shows Benesi-Hildebrand plot constructed for 
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evaluating the binding constant. 

Each spectra revealed the expected 1:1 dyad peak at m/z = 1597.9.  

Figure 5.8 shows the ESI-mass spectra of 31 mixed with an equimolar amount of  
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Figure 5.8:  ESI-mass spectra of N-confused zinc porphyrin/fullerene dyad in 

CH2Cl2.  

11.  The spectrum reveals peaks corresponding to 31, 11, and the dyad complex.  

Also, the cluster of peaks revealed the predicted isotopic abundances for the 

dyad. 

 Interestingly, upon addition of pristine C60 to solutions containing either 30  
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Figure 5.9:  Spectral changes observed during the titration of fullerene, C60 (2 

µM each addition) to the solution containing (a) 30 (4.7 µM) and (b) 31 (3.0 µM)  

in o-dichlorobenzene.  Figure b inset show Benesi-Hildebrand plot constructed 

for evaluating the binding constant. 
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or 31 spectral changes similar to those observed upon addition of 11 were 

observed (Figure 5.9).  The spectral changes were however, less drastic than 

those observed with compound 11.  This indicates that pristine C60 also binds to 

the N-confused zinc porphyrin complexes, presumably through p -p type 

interactions.  These types of porphyrin/fullerene interactions are known in the 

literature.90-92  The spectral changes of the Soret band were used to construct a 

Benesi-Hildebrand plot88 from which the binding constant (K) was found to be 1.3 

x 104 M-1 (Figure 5.9b inset).  This value is approximately equal to half of the 

binding constant calculated for 11 binding to the N-confused zinc porphyrin 

complex. 

1H NMR Studies.  Figure 5.10 shows the 1H NMR spectrum of 30 complex.  The 

C-H proton in the interior of the ring showed up as a broad singlet at -3.79 ppm.  

The two ortho-pyridine protons, meta-pyridine protons, and para-pyridine proton 

showed up as broad singlets at 2.72, 5.66, and 6.49 ppm, respectively.  The 

protons were shifted up field as compared to that of unbound pyridine as a result 

of the ring current effects of the porphyrin.  Upon addition of one equivalent of 11 

(Figure 5.10b)  the interior C-H proton became split, giving rise to a new singlet 

at -3.71 ppm which corresponds to that of the 11 bound species.  Also, two sets 

of fulleropyrrolidine peaks appeared in the spectrum which correspond to the 

“bound” and “free” 11.  The “free” 11 fulleropyrrolidine peaks showed up at (N-

CH3) 2.82, a doublet at 4.29, and a singlet and doublet buried together at 4.95  
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Figure 5.10:  1H NMR spectrum of (a) 30 (b) 30 + 1 equiv. of 11 (c) 30 + 2 equiv. 

of 11 in CDCl3. 

 

ppm.  The “bound” 11 fulleropyrrolidine peaks showed up at (N-CH3) 2.55, 

doublet at 4.09, singlet at 4.64, and a doublet at 4.84 ppm.  Two new peaks 

appear at 5.47 (singlet) and 6.24 (doublet) ppm, which correspond to an 

imidazole and two phenyl peaks in the “bound” 11 species, respectively.  These 

peaks are shifted from 7.11 and 7.46 ppm, respectively, as compared to “free” 

11.  The other imadazole and phenyl peaks are presumably buried in the 

aromatic region of the spectrum.  Also, the pyridine peaks have decreased in 
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intensity.  By the time two equivalence of C60Im was added (Figure 5.10c) the 

pyridine peaks had completely disappeared from the spectrum and it is assumed 

that the peaks of the displaced pyridine were buried somewhere in the aromatic 

peaks of the porphyrin.  Also, the peak at -3.79 ppm which corresponds to the 

pyridine bound complex completely disappeared and only the new singlet at -

3.71 ppm which corresponds to the 11 bound complex appeared in the spectrum.  

These data indicate that the pyridine was displaced from the complex and that 

the final product was the 11 bound zinc N-confused porphyrin complex. 

Computational Studies.  The geometry and electronic structure of the 

supramolecular dyad was probed by DFT calculations using the B3LYP/3-21G(*) 

method.  In the calculations the starting compounds were fully optimized on a 

Born-Oppenheimer potential energy surface and allowed to interact.  The 

geometric parameters of the conjugates were obtained after complete energy 

optimization.  Figure 5.11a shows the structure of the pyridine coordinated zinc 

N-confused porphyrin.  The computed structure agreed well with the X-ray 

structure reported earlier by Furuta et. al.85  In the computed structure, the zinc 

atom was penta-coordinated with three pyrrolic nitrogens, one carbon of the N-

confused pyrrole, and the nitrogen of the coordinated pyridine.  The zinc was 0.4 

Å above the plane and the C-Zn bond length and the tilting angle of the confused 

pyrrole ring were 2.23 Å and 29°, respectively.  The zinc was coordinated to the 

inner CH carbon in a side-on ?1-coordination fashion.  Earlier, the tilting of the 

confused pyrrole ring was attributed to the unfavorable interaction  
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Figure 5.11:  B3LYP/3-21G(*) optimized (a) 30 (b) N-confused zinc 

porphyrin/fullerene(C60) dyad.  The frontier HOMO and LUMO are on the left and 

right side of the optimized structures. 

 

between the fully occupied dx2-y2 orbital of d10 zinc and the sp2-orbital of the inner 

carbon.85  This ultimately resulted into a side-on η1-type coordination between 

the carbon and the zinc. The frontier HOMO and LUMO of the investigated 

complex are also shown in Figure 5.11a.  The first two HOMOs and the first two 

LUMOs were both p-type orbitals spread all over the macrocycle ring atoms.  
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That is, no localized orbitals on the N-confused pyrrole segment or on the rest of 

the macrocycle were observed.  The computed gas phase HOMO-LUMO gap 

was found to be 2.39 eV which compared with a gas phase HOMO-LUMO gap of 

2.78 eV for pyridine coordinated zinc tetraphenylporphyrin.68 

The structure of the B3LYP/3-21G(*) computed supramolecular dyad is 

shown in Figure 5.11b.  In the computed structure, the newly formed Zn-N 

distance was found to be 2.01 Å which was slightly smaller than the Zn-N 

distances of the macrocycle being 2.05 Å.  Replacing the axial pyridine (Figure 

5.11a) by imidazole ligand in the dyad had little or no effect on the overall 

geometry of the N-confused porphyrin macrocycle.  The edge-to-edge distance 

and center-to-center distance between the zinc to the fullerene spheroid were 

found to be 7.60 and 12.43 Å, respectively.  These values were comparable to 

the earlier computed and calculated from X-ray structural studies of ZnTPP-

C60Im dyad.59  That is, the overall geometry of the present dyad is similar to the 

earlier reported ZnTPP-C60Im dyad.  The B3LYP/3-21G(*) calculated frontier 

HOMO and LUMO for the investigated dyad are shown in Figure 5.11b.  The 

majority of the HOMO was found to be located on the N-confused porphyrin 

entity with a small orbital coefficient on the axial imidazole ligand. On the other 

hand, the majority of the LUMO was located on the C60 spheroid.  The absence 

of HOMO’s on C60 and LUMO’s on the porphyrin macrocycle suggest weak 

charge-transfer type interactions between the donor and acceptor entities of the 

self-assembled via axial coordination dyad in the ground state.  The present 

results also suggest that the charge-separated state in electron transfer reactions 
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of the supramolecular complex is NPZn•?: C60Im•-.  The orbital energies of the 

HOMO and the LUMO were found to be -4.38 and -3.56 eV which resulted in a 

gas phase ‘HOMO-LUMO gap’ of 0.82 eV.  This value was smaller by 0.14 eV 

when compared to the value calculated for the analogues dyad formed by using 

zinc tetraphenylporphyrin.68 

Electrochemical Studies.  In order to probe the redox properties of the newly 

formed donor-acceptor dyad, and also verify the theoretical predictions of a 

smaller HOMO-LUMO gap of the N-confused porphyrin and the resulting dyad, 

cyclic voltammetric studies were performed in o-dichlorobenzene containing 0.1 

M n-Bu4NClO4 as the supporting electrolyte.  Owing to a similar coordination 

environment, the electrochemical redox behavior of both the monomer and the 

dimer were found to be quite similar.  Both compounds revealed two one-electron 

oxidations and two one-electron reductions (see the blue traces in Figure 5.12 for 

the first oxidation and first reduction processes).  For the monomeric zinc N-

confused porphyrin (30), the oxidations were located at E1/2 = -0.08 and 0.14 V 

vs. Fc/Fc+? and the reductions were located at E1/2 = -1.75 and -2.03 V vs. Fc/Fc+?.  

It is important to note that the first oxidation potential is close to that of the Fc/Fc+ 

???redox couple and easier by 350 mV compared to the first oxidation potential of 

the pyridine coordinated zinc tetraphenylporphyrin, Py:ZnTPP.68  The 

electrochemical HOMO-LUMO gap, that is, the potential difference between the  
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Figure 5.12:  Cyclic voltammograms of 30 on increasing amounts of 11 (0.5 

equiv. per addition) in o-dichlorobenzene, 0.1 (TBA)ClO4.  Scan rate = 100 mV/s. 

 

first oxidation and first reduction, was found to be 1.67 eV which compared with a 

2.21 eV for the  Py:ZnTPP complex.   
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The first reversible oxidation and reversible reduction of 31 were located 

at E1/2 = -0.07 and -1.80 V vs. Fc/Fc+, ??respectively.  The electrochemical HOMO-

LUMO gap for the 31 was found to be 1.73 V, smaller than that of the Py:ZnTPP 

complex.  It may be mentioned here that the redox peaks of the dimer did not 

reveal any splitting, often observed for strongly p -p interacting porphyrin 

dimers.89  These results suggest weak p-p type interactions between the two 

macrocycles of the investigated dimer.   

The cyclic voltammograms of the dyad formed by titrating 11 with 30 are 

shown in Figure 5.12.  Upon addition of 11, the first oxidation of the N-confused 

porphyrin shifted to more positive potentials by approximately 70 mV.  The C60Im 

bound in the dyad (C60Im:ZnNCP) exhibited three reversible reductions within the 

potential window, the first two of which were located at E1/2 = -1.18 and -1.57 vs. 

Fc/Fc+?, respectively.  The third reduction process had contributions from the third 

reduction of fullerene and the first reduction of zinc N-confused porphyrin.  The 

first reduction potential corresponding to 11 in the dyad was not significantly 

different from the reduction potential of 11 obtained in the absence of any donor.  

The experimentally determined HOMO-LUMO gap, that is, the difference 

between the first oxidation potential of the donor, N-confused porphyrin and the 

first reduction potential of the acceptor, imidazole appended fullerene, was found 

to be 1.18 V, and was independent of the route followed to form the dyad in 

Figure 5.6.  This energy gap compared with an experimental (electrochemical) 

energy gap of 1.39 V reported earlier for the C60Im:ZnTPP dyad.68  The trends in 

these results tracked that of the computational results discussed in the previous 
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section.  However, the agreement would not be expected to be exact while much 

of the absolute difference between the experimental and computed results 

attributed to their different environment, that is, gas phase results of the 

computation and o-dichlorobenzene containing 0.1 M (TBA)ClO4 solvent 

condition utilized for electrochemical measurements. 

Fluorescence Emission Studies.  Steady-state fluorescence quenching 

experiments were performed in order to determine the efficiency of quenching of 

the N-confused porphyrin by fullerene.  The Py:ZnNCP complex (30), in o-

dichlorobenzene, was excited at 467 nm and the emission spectra were 

monitored upon addition of fullerene.  The emission spectrum of the NPZn-py 

displayed two intense peaks at 734 and 794 nm, respectively, and a much less 

intense band around 650 nm (Figure 5.13a).  Upon addition of 11, the Py:ZnNCP 

(30) emission was significantly quenched as shown in Figures 5.13a.  However, 

the quenching efficiency of the 734 nm band was found to be more than that of 

the 794 nm band.   

 Upon addition of pristine C60 to a solution containing 30 a similar fluorescence 

quenching trend was observed as compared to the addition of 11 (Figure 5.13b).  

The quenching in this case was found to be less substantial.  Insterestingly, the 

low intensity peak found at 650 nm was found to increase in intensity.     

 The quenching was analyzed by plotting Stern-Volmer plots (Figure  
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Figure 5.13:  Fluorescence emission spectrum of (a) 30 (3.7 µM) on increasing 

addition of 11 (1.8  µM each addition), (b) 30 (3.7 µM) on increasing addition of 

C60 (1.8 µM each addition), (c) (i) 31, (ii) 31 (3.7 µM) on addition excess of N-

methyl imidazole, (iii) 31 (3.7 µM)  + 11 (8.0 µM), and (d) (i) 31, (ii) 31 (3.7 µM) 
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on addition excess of N-methyl imidazole, (iii) 31 (3.7 µM)  + C60 (8.0 µM) in o-

dichlorobenzene.  The samples were excited at 467 nm. 

 

5.14).17  The calculated Stern-Volmer constant, KSV values were as high as 103 

M-1.  On employing the excited state lifetime (1.6 ns) of the monomer, Py:ZnNCP 

(30), the fluorescence quenching rate-constants, kq, were evaluated to be over 

1012 M-1 s-1, which was nearly 3 orders of magnitude higher than that expected 

for diffusion controlled-bimolecular quenching processes in the studied solvents 

(~5.0 x 109 M-1 s-1)17 suggesting that the faster intra-supramolecular processes 

are responsible for the fluorescence quenching.   

 The ZnNCP-dimer (31) exhibited weak fluorescence emission due to self-

quenching (Figure 5.13c), however, the emission bands were not significantly 

different from that of the monomer, Py:ZnNCP (30), due to a similar coordinating 

environment.  In a control experiment, addition of N-methyl imidazole to 

dissociate the dimer and to form the imidazole complex, Im:ZnNCP, resulted in 

restoring the quenched emission of the dimer (spectrum (ii) in Figure 5.13c).  

With the addition of excess of 11 to the 31, to dissociate the dimer and form the 

NPZn-C60Im dyad, the emission intensity increased only slightly (spectrum iii).  

When compared to the emission intensity of Im:ZnNCP (axially coordinated  
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Figure 5.14:  Stern-Volmer plots for the fluorescence emission quenching of 30 

upon addition of (a) 11 and (b) C60. 

 

species without electron acceptor), the quenching in Im:ZnNCP was over 70% 

indicating an efficient process. Similar results were observed for 31 in the 

presence of pristine C60 (Figure 5.13d).  These results indicate the occurrence of 

efficient quenching in the supramolecular dyads. 

Picosecond Time-Resolved Emission Studies.  The time-resolved emission 

studies of the self-assembled conjugates tracked those of steady-state 

quenching measurements.  Figure 5.15 shows the emission decay profiles of 31 

in the presence and absence of 11.  In the absence of 11, 31 revealed mono  
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Figure 5.15:  Fluorescence decay profiles in the 720-740 nm range of (i) 31 

(0.03 mM) and (ii) 31 (0.03 mM) in the presence of 11 (0.10 mM) in o-

dichlorobenzene, ?ex = 400 nm.   

 

exponential decay with lifetimes of 1.5 ns.  The added 11 had quenching effect 

on the lifetimes of the singlet excited ZnNCP.  The ZnNCP emission-decay in the 

dyad could be fitted satisfactorily by a bi-exponential decay curve ; the lifetimes 

(tf) were 104 ps in 70% and 1980 ps in 30%.  The short lifetime ((tf)complex) was 

predominantly due to charge-separation within the supramolecular dyad, 

whereas the long lifetime components are attributed to the uncomplexed ZnNCP 

emission.   
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The lifetime of the monomer, 30 was found to be 1.6 ns.  Upon addition of 

11 to form the dyad, the ZnNCP emission revealed substantial quenching in 

which the decay could be fitted satisfactorily by a bi-exponential decay curve.  

The lifetimes of the two decay components were found to be 65 ps in 69% and 

1960 ps in 31%, respectively, suggesting bound and free forms of the donor 

species in solution.  The short lifetime component is attributed to charge 

separation within the supramolecular dyad.  The slight variations in the lifetime 

values of the 31 and 30 upon complexation with 11 could be due to the presence 

of liberated pyridine in the latter case. 

Nanosecond Transient Absorption Studies.  Nanosecond transient spectra of 

31 and 30  observed 532 nm laser excitation in deaerated o-dichlorobenzene are 

shown in Figure 5.16a. Absorption peaks in 600 – 700 nm, 800 – 900 nm, and 

1100 – 1400 nm region can be attributed to the triplet states of the dimer and 

monomer, although huge depletion was observed in the 700 – 800 nm region 

due to the emissions.  Appreciable differences due to the absorption shifts of 

these triplet states  corresponded to that in steady-state absorptions.  From the 

time-profiles at 1300 nm where the depletion effect was significant, the lifetimes 

of the triplet states were evaluated to be ca. 10 µs for both dimer and the 

monomer. 

On addition of 11 to 31, new absorption spectra were observed as shown  
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Figure 5.16:  (a)Transient absorption spectra at 0.1 µs of 30 (0.03 mM) and 31 

(0.06 mM) in Ar-saturated o-dichlorobenzene obtained by 532 nm laser light 

excitation respectively; (insert) time profiles for the peak at 1300 nm,  (b) 
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Transient absorption spectra of  mixture of 31 (0.05 mM) with 11 (0.1 mM) in Ar-

saturated o-dichlorobenzene;  (insert) time profiles at different wavelengths. 

 

in Figure 5.16b. The new transient absorption at 700 nm was attributed to the 

triplet state of C60Im; the peak in 750 – 900 nm was ascribed to ZnNCP, because 

the depletion in the 700 – 800 nm region was suppressed by the shortening of 

the fluorescence of ZnNCP. In addition, a weak absorption appeared at 1000 nm 

as shoulder, which can be attributed to the formation of C60Im•-, although the 

absorption of ZnNCP•+ expected to appear in the 600 – 700 nm region was 

almost completly hidden in the absorptions of the triplet states of ZnNCP and 

C60Im.  From the time profile at 1000 nm, the lifetime was evaluated to be ca. 4 

µs, however, this lifetime can not be solely attributed to the C60Im•-:ZnNCP•+ 

charge separated species because of the overlaps of the slowly decaying triplet 

states.   

In order to evaluate the intermolecular electron transfer, the transient 

absorption spectra were observed for the mixture of 31 and pristine C60 (having 

no axial coordinating functionality) in polar solvent such as benzonitrile as shown 

in Figure 5.17.  Because of excess of C60, the 750 nm peak was mainly attributed 

to the triplet state of C60.  With the decay of the 750 nm band, the rise of the 1080 

nm band appeared indicating the occurrence of intermolecular electron transfer 

via the triplet excited C60 to form radical ions, C60
•- and ZnNCP•+-dimer.  

Interestingly, weak absorption in the 1200 – 1400 nm region was also observed 
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which is attributable to the formation of ZnNCP•+-dimer.  Therefore, the weak 

absorption in the 1200 – 1400 nm region observed for the C60Im:ZnNCP dyad in  
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Figure 5.17:  Transient absorption spectra of a mixture of 31 (0.08 mM) with C60 

(0.2 mM) in Ar-saturated benzonitrile obtained by 532 nm laser light excitation; 

(insert) time profiles at 700 nm and 1080 nm. 

 

o-dichlorobenzene (Figure 5.16) can be attributed to the formation of ZnNCP•+.  

In summary, the nanosecond transient absorption spectral studies provided 
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direct evidence for photoindueced electron transfer in the studied dyad.  That is, 

N-confused porphyrin cation radical bands in the 1200-1400 nm range and 

fullerene anion radical band in the 1000-1100 nm range were observed. 

Energetics and Kinetics of Photo-Induced Electron Transfer.  The results of 

the present investigation reveal several interesting observations.  The zinc N-

confused tetraphenylporphyrin monomer and dimer possess absorption bands 

covering most of the visible portion of the electromagnetic spectrum with an 

intense band centered at 760 nm, a notable feature of N-confused porphyrins.  

The self-assembled supramolecular dyads could be easily obtained by treating 

these porphyrin isomers with imidazole appended fulleropyrrolidines, according 

to Figure 5.6.  A 1:1 stoichiometry of the supramolecular complex was 

established from the optical absorption and ESI-mass spectral studies.  The 

binding constant values suggest fairly stable complex formation.  DFT 

calculations at the B3LYP/3-21G(*) level reveal the electronic structure of the 

dyads and suggested that the charge separated state in electron transfer 

reactions of the supramolecular complex is NCPZn+.:C60Im•-.  A small HOMO-

LUMO gap for the dyad was predicted from these studies. 

The results of the electrochemical studies were in fully agreement with the 

B3LYP/3-21G(*) predictions.  The oxidation potential of the N-confused porphyrin 

was found to be close to that of ferrocene and was 350 mV easier to oxidize 

compared to the first oxidation potential of the pyridine coordinated zinc 

tetraphenylporphyrin.  The driving forces for charge separation (-?GCS) was 
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calculated according to equation 3 using the electrochemical redox and 

fluorescence emission data:93 

-?GCS = EOX – ERED – E0,0 - ?GS         (3) 

where? Eox is the first oxidation potential of the N-confused porphyrin, Ered is the 

first reduction potential of the fullerene (11), ?E0,0  is the energy of the 0-0 

transition between the lowest excited state and the ground state of the N-

confused porphyrin evaluated from the fluorescence emission peaks.  ?GS refers 

to the static energy, calculated by using the ‘Dielectric Continuum Model’23 

according to eqn. 5. 

???????????GS = e2/(4 p e0 eS RCt-Ct)         (6) 

The symbols e0 and eS represent vacuum permittivity and dielectric constant of 

the solvent benzonitrile, respectively.  Values of center-to-center distance, RCt-Ct 

were based on the computed structures shown in Figure 5.11.  The calculated 

free-energy change for charge separation was found to be ?GCS = 0.96 eV for 

monomer suggesting that the charge-separation from the singlet excited ZnNCP 

to fullerene in these dyads is exothermic.  These results predict the occurrence of 

rapid electron transfer in these supramolecular dyads since the ?GCS values are 

almost on the top region of the Marcus parabola  

The charge-separation rate (kCS
S) and quantum yield (F S

CS) were 

evaluated from the short tf components according to equations 6 and 7, a 

procedure commonly adopted for intramolecular electron-transfer process.81 

kS
CS = (1/tf  )complex – (1/tf  )NCPZn    (7) 
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F S
CS = [(1/tf  )complex – (1/tf  )NCPZn ] / (1/tf  )complex   (8) 

The calculated kCS
S and F S

C were found to be 1.1 x 1010 s-1 and 0.97, 

respectively, when t f  values starting from 31 was employed, indicating the 

occurrence of efficient charge separation within the supramolecular dyad.  

  The charge-separated state, C60Im•-:ZnNCP•+, was established by the 

appearance of the transient absorption bands in the 1200-1400 nm region 

corresponding the ZnNCP+. and at 1020 nm due to C60Im•-.  The lifetime of the 

charge-separated state, evaluated from the decay of the fullerene anion radical 

was found to be about 4 µs, although this lifetime was considerably affected by 

the further long–lived triplet states. A similar value was also obtained when the 

1300 nm decay corresponding to the ZnNCP+. was monitored.  The rate constant 

of intermolecular electron transfer from ZnNCP-dimer to the triplet state of C60 

was evaluated to be ca. 5 x 109 M-1 s-1 from the decay of the triplet state of C60 

and rise of C60
•-.  The quantum yield of electron transfer evaluated from the ratio 

of the transient absorption intensities under these solution conditions was found 

to be ca.1. 

 

5.4 Summary 

The ability of N-confused zinc tetraphenylporphyrin, a porphyrin structural 

isomer, to undergo photoinduced charge separation is verified by constructing  

supramolecular donor-acceptor dyads involving fullerene, C60 as an electron 

acceptor.  These dyads were constructed by utilizing the well-established axial 
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coordination of imidazole appended fullerene to the metal center of the zinc N-

confused porphyrin.  Both pyridine coordinated zinc N-confused porphyrin and 

the zinc N-confused porphyrin dimer formed 1:1 dyads whose structures was 

established from optical absorption and emission, ESI-mass, and electrochemical 

methods.  The binding constant, K was found to be 2.8 x 104 M-1 for the zinc N-

confused porphyrin coordinated to imidazole appended fullerene supramolecular 

dyad formation.  The geometric and electronic structure of the self-assembled 

dyad, probed by using DFT B3LYP/3-21G(*) methods, suggested that the charge 

separated state in electron transfer reaction is C60Im•-:ZnNCP•+. Cyclic 

voltammetry studies revealed facile oxidation for the N-confused zinc porphyrins 

as compared to the parent zinc tetraphenylporphyrin, and calculated free-energy 

change revealed that the electron transfer reaction to be highly exothermic.  

Steady-state and time-resolved emission studies revealed efficient quenching of 

the singlet excited C60Im:ZnNCP dyad. The calculated kCS
S and FS

C were found 

to be 1.1 x 1010 s-1 and 0.97 respectively, indicating the occurrence of efficient 

charge separation within the supramolecular dyad, which was supported by the 

nanosecond transient absorption spectra measurements. 
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CHAPTER VI 

Summary 

 The work presented in this thesis has made an attempt to mimick the 

primary events of natural photosynthesis by constructing novel donor-acceptor 

dyads and triads that undergo photo-induced energy and/or electron transfer.  

The studied covalently linked triads composed of fullerene(C60), ferrocene, and 

nitroaromatic entities showed efficient electron transfer (Chapter 2).  This was 

confirmed by time-resolved fluorescence emission and transient absorption 

spectroscopic methods.  From these experiments the rate constants for charge-

separation (kcs) and charge-recombination (kcr) were evaluated.  The relatively 

fast rate of charge-recombination was attributed to charge migration from the 

nitroaromatic entity to ferrocene due to the close spatial proximity of these 

groups.  Interestingly, the computational calculations performed using DFT 

B3LYP/3-21G(*) method was found to track the site of electron transfer observed 

in the cyclic voltammograms of compounds 1-5.  Thus, adding further evidence 

for the use of this computational method in providing insight into the electronic 

structures of electron donor-acceptor system.  In the future, similar systems 

might be constructed with a larger spacer between the electron donor (ferrocene) 

and the secondary electron acceptor (nitro aromatic groups) in order to minimize 

charge recombination between these groups and therefore, increase the life-time 

of the charge-separated state.  

 As documented in Chapter 3, the synthesis and characterization of 

supramolecular triads composed of covalently linked zinc porphyrin-ferrocene(s) 
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and imidazole appended fulleropyrrolidine is discussed.  UV-vis absorption 

spectroscopic data was used to construct Scatchard plots in order to determine 

the binding constants (K) for the studied triads.  The triads were found to form 

stable supramolecular complexes.  Time-resolved fluorescence emission and 

transient absorption spectroscopic methods confirmed the occurrence of photo-

induced electron transfer form the zinc porphyrin to the fulleropyrrolidine entity.  

The calculated ratio kcs/kcr revealed charge-stabilization.  In the future, these 

systems might be constructed such that the entities of the triads are arranged in 

a more linear, rigid orientation in order to increase the life-time of the charge-

separated state.  

 In Chapter 4, the synthesis and characterization of a novel supramolecular 

triad composed of covalently linked boron-dipyrrin zinc porphyrin and imidazole 

appended fulleropyrrolidine was reported.  For the covalently linked boron-

dipyrrin-zinc porphyrin dyad, steady-state and time-resolved spectroscopic 

experiments confirmed the occurrence of efficient energy transfer from the boron-

dipyrrin to the zinc porphyrin entity.  Also, the possibility of electron transfer from 

the excited zinc porphyrin to the boron-dipyrrin entity was explored.  However, 

this was difficult to characterize owing to the lack of a characteristic peak 

corresponding to the boron-dipyrrin radical anion.  The formation of the 

supramolecular triad was monitored using UV-vis absorption spectroscopic 

method and the binding constant (K) was arrived at using the data to construct a 

Scatchard plot.  The triad was shown to form a stable supramolecular complex.  

Steady-state and time-resolved spectroscopic methods confirmed efficient, 
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sequential energy transfer followed by electron transfer in the supramolecular 

triad.  In the future, the zinc porphyrin entity might be appended with multiple 

boron-dipyrrin entities (2 to 4) in order to increase the efficiency of the funneling 

of energy to the central zinc porphyrin unit.    

 The construction of a dyad composed of N-confused zinc porphyrin and 

imidazole appended fulleropyrrolidine was demonstrated in chapter 5.  The dyad 

was constructed via two routes, an N-confused zinc porphyrin dimer and  

pyridine appended N-confused zinc porphyrin were each treated with imidazole 

appended fulleropyrrolidine to form the dyad complex.  The binding constant (K) 

for the dyad was arrived at using UV-vis absorption data to construct a Benesi-

Hildebrand plot.  The dyad was shown to be a stable complex.  The occurrence 

of efficient electron transfer from the N-confused zinc porphyrin to the 

fulleropyrrolidine entity was confirmed using steady-state and time-resolved 

spectroscopic methods.  In the future, N-confused porphyrin might be linked to 

fullerene, either through covalent or supramolecular type linkages, might be 

explored.   

 The past two decades have seen an increase in the study of multiple 

chromophore/redox active donor-acceptor dyads, triads, tetrads, etc.  The 

establishment of redox gradients has lead to increased charge stabilization in 

such systems.  Also, single and multiple energy donating units have been used 

to funnel energy to a single electron donor moiety.  These types of systems have 

the advantage of spreading the potential excitation wavelength of the system 

further accros the visible light spectrum and increasing the quantum yield for 
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charge-separation, thus increasing their potential use as light energy harvesting 

systems.  In this work, systems were constructed that achieved these goals.         
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