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ABSTRACT 

 

The research presented in this dissertation deals with the 

syntheses, characterization, electrochemical and photophysical studies of 

porphyrin-fullerene or porphyrin-carbon nanotube based donor-acceptor 

conjugates.  The first chapter provides an introduction to the research presented 

in this thesis.  A summary of primary events that occur in natural photosynthetic 

systems, the necessity and importance of the artificial photosynthetic mimics for 

light energy harvesting, the importance of non-covalent porphyrin-fullerene 

donor-acceptor models over covalent ones and some recent developments in 

model biomimetic systems are presented.  Additionally, the importance of the 

nano-sized materials, solubilization of carbon nanotubes via chemical 

functionalization and utilization of these nanomaterials in building donor-acceptor 

nanohybrids is discussed.  The second chapter discusses the syntheses and 

characterization of the control compounds and physical methods employed to 

monitor the photochemical pathways occurring in the studied donor-acceptor 

conjugates.  The third chapter focuses on the design and syntheses of rigid, non-

covalent “two-point” bound porphyrin-fullerene dyads assembled via crown ether-

ammonium cation complexation and axial coordination or π-π interactions.  The 

effect of axial ligation or π-π interactions in addition to the crown ether-

ammonium cation binding, on photochemical charge stabilization in these 

supramolecuar dyads is systematically investigated.  The fourth chapter deals 

with the photoinduced electron-transfer processes occurring in supramolecular 
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triads comprised of cis and trans functionalized bis-18-crown-6 porphyrin self-

assembled with fullerene functionalized with pyridine or alkyl ammonium cation 

entities.  The 1:2 stoichiometric supramolecular porphyrin:fullerene conjugates 

are obtained by utilizing either “two-point” binding methodology involving metal-

ligand coordination and alkyl ammonium cation-crown ether binding or the latter 

type of binding solely.  Variation of metal ion in the porphyrin (zinc or 

magnesium) cavity results in the free energy changes of charge separation and 

charge recombination.  Employing higher number of the acceptor entities 

improves the electron-transfer rates, with kCS being 2-3 orders of magnitude 

higher than the kCR, thus indicating charge stabilization in these conjugates.  The 

fifth chapter discusses the role of a secondary electron donor in generating long-

lived charge separated states in supramolecular conjugates formed via crown 

ether-ammonium cation binding.  The sixth chapter presents the application of 

the present type of conjugates.  Here, potassium ion-induced switching of intra- 

to intermolecular electron transfer in crown ether appended porphyrin-fullerene 

donor acceptor conjugates is demonstrated.  Investigations in the seventh 

chapter involve solubilization of single wall carbon nanotubes by π-stacking with 

pyrene functionalized imidazole or phenyl moieties and subsequent utilization of 

these nanotubes to build supramolecular donor-acceptor nanohybrids with 

donors such as porphyrin or napthalocyanine 

 

The compounds described in this dissertation were synthesized 

and characterized by proton NMR and ESI-Mass spectroscopy.  Binding 
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constants pertaining to the formation of various complexes were obtained by 

using UV-visible, fluorescence and 1H NMR spectral data.  Density functional 

theory (DFT) calculations were performed to gain insight into the structural 

aspects and orientation of the donor-acceptor groups in these supramolecular 

complexes. Electrochemical studies were performed to obtain free energy 

changes for charge separation and charge recombination.  Steady state and time 

resolved fluorescence emission studies in addition to transient absorption studies 

were employed to obtain charge separation and charge recombination rates and 

lifetimes of photo-induced electron transfer. 
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CHAPTER 1 

INTRODUCTION 

 

Photosynthesis is arguably the most important biological process 

on earth.  It is nature’s way of converting available solar energy into usable 

chemical energy.  By liberating oxygen and consuming carbon dioxide, it has 

transformed the world into the hospitable environment known today.  Directly or 

indirectly, photosynthesis fills all of our food requirements and provides many of 

the materials used in our society today.  It is considered the ultimate source of 

life for all plants and animals since it provides the source of energy that drives 

their metabolic processes.1  In order to carry out photosynthesis, nature has 

constructed biological machinery well-suited to absorbing light and storing 

energy.  Chlorophyll, the most common of these visible-light absorbing 

molecules, is only one type of a more general subset of biologically-inspired 

pigments composed, at their cores, of the tetrapyrrolic macrocycles known as 

porphyrins. 

 

In recent years, the chemistry of porphyrins has received much 

attention due to their structural similarity with naturally occurring chlorophylls and 

their potential applications in a large variety of research areas: biomimetic 

photosynthesis,2-4 molecular-level optoelectronics,5 supramolecular catalysis,6 

magnetic resonance imaging (MRI),7 and photo-dynamic therapy (PDT).8-10  Most 
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of these applications involve photo-induced electron and/or energy transfer 

reactions as the major photophysical pathways.  A variety of supramolecular 

donor-acceptor systems have been designed to study and understand the 

importance of these photo-induced electron/energy transfer reactions.11-15 

 

1.1 Basic theory of photo-induced electron transfer 

The study of photo-induced electron transfer reactions has 

attracted the attention of numerous research groups because of their major role 

in governing natural photosynthetic pathways.  Owing to the importance and 

complexity of natural photosynthesis, these studies require an understanding of 

basic principles of photo-induced electron and energy transfer.  This knowledge 

can then be used to systematically build suitable artificial photosynthetic models 

which have the goal of mimicking the analogous natural systems and harvest 

solar energy with maximum efficiency.  The main components needed to build 

efficient artificial solar energy conversion systems include: (i) antenna molecules 

that capture light and form an “excited state species”, (ii) the excited state 

species must transfer electrons to acceptor entities, (iii) the electron transfer 

must be directional, and (iv) the lifetimes of excited states must be long enough 

for the electron transfer to take place and, thereby, provide long-lived charge- 

separated radical ion pairs 

 

A molecule in the excited state can relax to the ground state either 

by fluorescence, internal conversion, intersystem crossing, non-radiative decay  
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chromophore

Excited-state 
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a) Excitation
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Figure 1.1: Schematic representation (a) excitation of chromophore (b) electron 

transfer and (c) energy transfer quenching of a chromophore excited state. 
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or by two main physical mechanisms, electron transfer or energy transfer to 

another molecule.  Figure 1.1 depicts these electron and energy transfer 

reactions.  In an electron transfer reaction, upon photo-excitation, the electron 

donor (D) transfers an electron to a lowest unoccupied molecular orbital (LUMO) 

of an electron acceptor (A), creating a charge separated donor-acceptor pair 

involving a radical cation (D•+) and a radical anion (A•-).  In the case of energy 

transfer, the excited state energy of the donor is transferred to the acceptor, 

which in turn, excites the acceptor molecule, thus leaving the donor molecule in 

the ground state and the acceptor molecule in the excited state.  This type of 

reaction is likely to occur if the acceptor moiety has a low-energy excited state 

available and is not amenable to oxidation or reduction.  This absorbed energy 

will be efficiently converted into electrical or chemical energy if these charged 

species are utilized as electrons and holes to drive electrical current or promote 

chemical reactions before back electron transfer leads to the initial ground states 

of the donor-acceptor species. 

 

The Marcus theory of electron transfer processes not only provides 

a convenient way of discussing certain key aspects involved in photo-induced 

electron transfer reactions but also serves as the valuable guide for controlling 

and optimizing the efficiency of the forward electron transfer versus back electron 

transfer.16-17  Equations 1.1 and 1.2 represent the relationship among the rate 

constant (kET), the free energy change (∆Gο
ET) and the activation energy (∆G) for 

the electron transfer reaction.  Here, h is Planck’s constant, λ is the 
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reorganization energy, kB is the Boltzmann constant, T is the absolute 

temperature and V is the electronic coupling constant. 

 

 

 

 

  

 

The electronic coupling constant (V) is dependent on the separation 

distance and nature of the intervening spacer, while the total reorganization 

energy (λ) is composed of two components, the vibrational component, or 

solvent-independent component (λi), and a solvent-dependent component which 

depends on polarization changes in the solvent environment (λs).  Since these 

parameters have different values before and after ET occurs, the energy 

associated with these rearrangements defines λ.  

 

 

λ plays an important role in determining the rates and energetics of 

electron transfer, which can be realized upon examination of Marcus parabolic 

curves.  In the ‘normal region’ of the Marcus curve (-∆G° < λ), the rate constant 

of an electron transfer reaction increases with increasing thermodynamic driving 

force.  This relationship is maintained until the driving force equals the 

λ = λs + λ i

(Eq. 1.1) =
h2λkB T

k ET
4 π3 (∆Go

ET + λ)2

4kBT
V2 exp

(∆Go
ET + λ)2

4λ
=∆G

(Eq. 1.3) 

(Eq. 1.2) 
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reorganization energy (-∆G° ~ λ).  Here the reaction rate is mainly governed by 

the electronic coupling (V) between the donor and acceptor.  Beyond this 

thermodynamic maximum, a highly exothermic region (-∆G° >λ) is entered, 

where the rates of electron transfer decrease with increase in the free energy 

changes.  This latter range is generally referred to as the Marcus “inverted 

region”.  Systematic variation of λ not only controls the activation barrier of the 

electron transfer reaction (maximum of the parabola) but also influences the 

underlying dependence of driving force on the electron transfer rate constants 

(shape of the parabola).18 

 

In principle, smaller λ values assist in reaching the maximum of the 

Marcus parabola at smaller –∆G°ET values and, in turn, in shifting the energy 

wasting charge-recombination deep into the Marcus ‘inverted region’.  Ideally, in 

order to optimize the charge transfer efficiency and lifetime of the charge 

separated state, molecules with small reorganization energies should be 

employed as building blocks and the donor-acceptor systems should be 

designed so that the forward electron transfer step lies near the top of the curve 

while the back electron transfer step lies deep in the inverted region. 

 

The Marcus parabolic curves in Figure 1.2 compare the efficiency 

of electron transfer for porphyrin-C60 and porphyrin-quinone based donor-

acceptor systems.  For the porphyrin-C60 dyad the forward electron transfer lies 

neat the top of the curve, while for the porphyrin-quinone dyad it lies more in the 
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normal region of the curve.  As a result, the forward electron transfer accelerates 

when using C60 as an electron acceptor compared to quinone.  Also, the back 

electron transfer for the porphyrin-C60 dyad lies deep in the inverted region while 

for the porphyrin-quinone it lies near the top of the curve.  Consequently, back 

electron transfer, using C60 as an acceptor is slow as compared to quinone. This 

is mainly attributed to the low reorganization energy of C60 which makes it a 

promising candidate for use as an electron acceptor in artificial photosynthetic 

models.18b 
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The spontaneity of electron transfer (-∆GCS) for a given donor-

acceptor system can be determined by using the Rehm-Weller equation.19 

 

-∆GCS = EOX - ERED - E0,0 - ∆GS                   (Eq 1.4) 

 

Here, EOX is the oxidation potential of the donor, ERED is the reduction potential of 

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’. 

 

The fundamental processes that can originate from the excited 

singlet state include intersystem crossing, internal conversion, fluorescence, 

forward and reverse electron transfer, and energy transfer.  The rates of the 

energy/electron transfer should be faster than the rates of intersystem crossing, 

internal conversion and fluorescence in order to achieve an efficient 

energy/electron transfer. 

 

1.2 Photoinduced Electron Transfer (PET) and Excited Energy Transfer 

(EET) in biological and non-biological systems 

Photosynthesis is the process by which plants, some bacteria, and 

some protistans use the energy from sunlight to produce sugar, which cellular 

respiration uses to convert adenosine diphosphate (ADP) into adenosine 

triphosphate (ATP) which serves as the energy source for all living things.  This 

process uses visible light to drive chemical reactions that occur within biological 
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systems.  Among the various light driven mechanisms that take place in the 

photosynthetic reaction center (PRC), photo-induced electron and energy 

transfer reactions are considered as the important phenomena.  In 

photosynthetic organisms, a vast majority of the visible light-absorbing 

molecules, called pigments, function primarily as an antenna. This antenna 

system captures light and transduces the resulting excitation energy to the PRC.  

As a result of this singlet-singlet energy transfer, charges are separated with 

remarkable efficiency to yield a spatially and electronically isolated radical pair.  

The reorganization energy responsible for this charge separation is estimated to 

be 0.2 eV.  The arrangement of the donor-acceptor ensembles in PRC is 

achieved mainly via non-covalent incorporation into well-defined transmembrane 

proteins.20 

 

Investigations using X-ray crystallography have revealed a detailed 

structural information for several photosynthetic bacterial reaction centers.20-22 

The reaction centers of Rhodobacterium spheroides and Rhodopseudomonas 

viridis are very alike and each of these centers contains four bacteriochlorophylls 

(BChl), two bacteriopheophytins (BPhe), two quinones (Q), and a carotinoid 

polyene.  In case of Rb. sphaeroides both quinones are ubiquinone molecules, 

whereas Rps. viridis has one menaquinone and one ubiquinone molecule.  In 

addition, this reaction center has two branches, L and M.  All of these moieties 

are well arranged with C2 symmetry as shown in Figure 1.3. 
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At the reaction center, light is absorbed by the bacteriochlorophyll 

dimer (DM & DL), generating its singlet excited state (1(DM & DL)*), which lies ~1.4 

eV above the ground state.  Within ~3 ps, an electron transfer occurs from (1(DM 

& DL)*) to the bacteriopheophytin (ΦA) molecule, located at a Ree of ~ 9 °A 

(edege-to-edge distance), via a two-step sequential mechanism or a one-step 

Figure 1.3 X-ray crystal structure and scheme of electron transfer in the 

photosynthetic reaction center of purple bacterium Rhodopseudomonas viridis 
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superexchange mechanism.  The energy of (DM & DL)•+ ΦA
•- (~1.2 eV) is lowered 

by ~0.2 eV. This matches well with the reorganization energy (λ) of electron 

transfer to optimize the forward electron transfer process in the Marcus normal 

region while shifting the charge recombination process deeply into the inverted 

region.  In a subsequent charge-shift step, an electron is transferred from ΦA
•- to 

the primary quinone QA, over an Ree of ~ 9 °A, in ~200 ps yielding a charge-

separated (CS) state of (DM & DL)•+QA
•- , which lies only ~ 0.6 eV above the 

ground state. That means this state is achieved with an energy loss of 0.8 eV. 

 

In a final isoenergetic step, an electron transfer takes place from 

QA
•- to QB, with a time constant of ~ 100 µs.20  The resulting final charge 

separated state with a lifetime of ~1 s across the membrane eventually leads to 

the production of chemical energy.  A detailed understanding of these natural 

reactions has been greatly aided by studies of electron and energy transfer 

reactions in artificial model systems. 

 

1.3 General donor-acceptor systems 

As seen from the preceding discussion, electron and energy 

transfer reactions in molecular systems are fundamental components of life 

processes.  The intriguing photophysical and photochemical processes that take 

place in the natural photosynthetic reaction center have stimulated efforts to 

design and create artificial donor –acceptor architectures in an attempt to mimic 
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and address the mechanistic details of photo-induced electron and energy 

transfer processes involved in the photosynthetic reaction center.23-27 

 

Several covalently and non-covalently linked light harvesting 

systems, involving a variety of donors such as ferrocene, tetrathiafulvalene, 

oligo-(poly)-phenylene vinylenes, and porphyrins and acceptors such as 

quinones, fullerenes, perylenecarboxiimides, and tetracyanoethylenes, have 

been synthesized and investigated with the aim of exploring these fundamental 

aspects of light induced electron/energy transfer and to obtain long lived charge 

separated states.2-4 

 

Among various covalent donor-acceptor systems, the ones 

involving perylene bisimide dyes are worth noting because of their high 

fluorescence quantum yields and good photostability.28-30  Wurthner et al. 

reported a two component donor-acceptor system A, as shown in Figure 1.4, 

containing perylene bisimide as an acceptor and four pyrene moieties as 

donors.31  The perylene was further substituted by pyridines for the construction 

of more complex donor-acceptor structures by means of coordination of the 

pyridine units to metal ions leading to molecular squares.  

 

Excitation of the pyrene unit in compound A resulted in high yield 

(>90%) and fast photoinduced energy transfer followed by efficient electron 

transfer (70%) from the pyrene units to the perylene bisimide moiety. The energy 
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transfer in this dyad was confirmed by steady state emission studies in which the 

pyrene moiety was excited at 336 nm and the strongly quenched pyrene 

emission followed by sensitized emission from the lower energy perylene 

chromophore was observed. This was further confirmed by time resolved 

emission studies, where upon excitation of the pyrene unit, quenching of the 

pyrene and a rise time on the perylene moiety was observed. 

 

 

 

 

 

Femtosecond transient absorption studies were utilized to probe 

the electron transfer rate constants and characterize the photophysical reaction 

products. Excitation of the pyrene moiety in compound A at 345 nm resulted in 
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Figure 1.4: Covalent perylene bisimide-pyrene based electron/energy donor-

acceptor systems 
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formation of the radical cation of pyrene around 470 nm and the radical anion of 

the perylene around 800 nm. Analysis of the data showed the presence of both 

photoinduced electron and energy transfer processes with rate constants of ken = 

6.2 x 109 s-1 and ket = 6.6 x 109s-1 respectively. 

 

Even though the covalently-linked model systems have exhibited 

excellent results; they substantially differ from natural systems, especially with 

regards to the composition of the medium intervening between donor and 

acceptor.  Therefore, exploration of non-covalently linked donor-acceptor model 

systems to mimic natural systems appears to be more promising in the field of 

artificial photosysthesis. In this regard, Sessler et al. reported a non-covalent 

dimethylaniline-anthracene donor acceptor dyad, B held together via guanosine-

cytidine Watson-Crick base pairing interactions.32 
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Analysis of the data, from time-resolved emission and femtosecond 

transient absorption spectroscopy, showed that upon excitation at 420 nm, 

photoinduced electron transfer from the dimethyaniline donor to the singlet 

excited state of the anthracene occurs.  In toluene at room temperature, the rate 

constants for charge separation and charge recombination are kCS = 3.5 x 1010s-1 

and kCR = 1.42 x 109 s-1, respectively. 

 

Part A 

 

1.4 Porphyrins as electron donors and fullerenes as electron acceptors 

As discussed earlier, a wide variety of donor-acceptor systems 

have been designed and employed to study and understand photo-induced 

electron and energy transfer reactions.18,33-37  Among these different donor-

acceptor systems, ones involving porphyrin and fullerene have attracted much 

attention in recent years.  The choice of porphyrins is due to their structural 

similarities to the naturally occurring chlorophyll and pheophytin. Moreover, the 

UV-Vis absorption spectrum of porphyrins and their metal derivatives exhibit 

strong absorption bands around 400 nm (ε > 200,000), the Soret band, followed 

by several weaker absorptions (Q bands) at higher wavelengths (from 450 to 750 

nm), which can be changed by the peripheral substituents on the porphyrin ring 

or by insertion of metal atoms into the center of the porphyrin ring cavity.   
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The extensively π-conjugated systems of porphyrins increase their 

electron donating ability and make them suitable candidates as light harvesting 

building blocks in the construction of artificial photosynthesic systems.  Their 

redox properties are very rich and can easily be tuned by proper functionalization 

on the periphery of the porphyrin or insertion of different metal ions in the cavity.  

They exhibit appreciable fluorescence quantum yields and their excited singlet 

and triplet states are long enough to allow interactions with other molecules in 

excited states and/or ground states.33,35 The high electronic excitation energy of 

porphyrins, typically exceeding 2.0 eV, powers a strongly exergonic electron 

transfer, which subsequently intercedes the conversion between light and 

chemical/electrical energy.  On the other hand, porphyrins like donor moieties 

such as naphthalocyanines have also been incorporated into various donor-

acceptor systems.  This molecule also exhibits rich redox behavior and has 

strong absorption in the visible and near-IR regions, which thus extends the 

absortion characteristics of the dyads.35,37 

 

Quinones were used initially as electron acceptors in artificial 

photosynthetic systems due to their structural similarities with the natural 

photosynthetic terminal electron acceptors.1,15  But these two dimensional π 

acceptors exhibit weak photophysical properties such as high reorganization 

energies during electron transfer reactions. The recent invention of new three-

dimensional acceptors, fullerenes, has been a significant contribution for the field 

of artificial photosynthesis because of their exciting electronic and photophysical 
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properties.  The rigid and confined structure of  the π sphere of fullerene allows 

the delocalization of charges, either electrons or holes, within the gaint spherical 

carbon framework (diameter > 7.5oA) and thus provides unique opportunities for 

stabilizing charged entities.  Fullerenes exhibit very rich electrochemical 

properties with eight reversible redox states and the first reduction potential being 

comparable to that of benzoquinone, in which the six one-electron reductions are 

equally spaced.  In other words, even in a highly reduced fullerene state the six 

electrons are delocalized in the π-sphere with very little repulsive forces.38-42 

 

Fullerenes also display attractive ground state and excited state 

photophysical properties.  They exhibit strong absorption in the UV region and 

weak, but significant, absorption in the visible region.  Chemically functionalized 

fullerenes retain most of their basic characters and, however in the excited state, 

their absorption is extended to the near-IR region, which provides the opportunity 

to excite them with low energy light.  The excited singlet states then decay 

rapidly to the energetically low lying triplet excited states via intersystem crossing 

with lifetimes longer than 40 µs.  A more practical aspect of fullerenes concerns 

the optical absorption spectra of their π-radical anions, such as C60
•-, which show 

narrow bands in the near-IR region, around 1080 nm, serving as the diagnostic 

probes for their identification. 

 

One of the important aspects in a photo-induced electron transfer is 

to have fast charge separation and slow charge recombination, which improves 
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the lifetime of the radical ion-pair.  Electron acceptors with small reorganization 

energy can slow down the charge recombination.  Due to the high degree of 

delocalization and structural rigidity, fullerenes possess low solvent independent 

reorganization energy (λv~ 0.06 eV).  This observation implies the structural 

similarity between C60 in the ground, reduced and also excited state which is 

mainly attributed to the minor structural or geometrical changes at room 

temperature.  The solvent dependent reorganization energy (λs) of fullerenes is 

also small, thus requiring little energy for the adjustment of a generated state i.e., 

excited or reduced state, to the new solvent environment.  This corresponds 

directly to the symmetrical structure and large size of the fullerene framework. 

 

Owing to their importance and above listed unique properties, a 

panoply of covalently and non-covalently linked donor-acceptor systems 

employing porphyrins and fullerenes have been designed, synthesized and 

studied to understand photo-induced electron transfer reactions.  A few relevant 

donor-acceptor systems will be presented in this chapter. 

 

1.5 Covalently linked porphyrin-fullerene based donor-acceptor systems 

A large number of covalently linked porphyrin and fullerene based 

donor-acceptor systems have been elegantly designed, synthesized and studied 

to understand the intriguing electron and/or energy transfer or energy transfer 

followed by electron transfer reactions, and thereby mimic natural photosynthetic 



 19

systems.  Charge separation and charge recombination rates for the electron 

transfer in these systems were properly deduced.2, 18, 43-45 

 

Gust and coworkers reported a molecular triad C1 consisting of a 

diarylporphyrin covalently linked to a carotenoid polyene and a fullerene.46  In this 

dyad porphyrin (P) acts as primary electron or energy donor, fullerene (C60) as an 

acceptor while carotene (C) acts as a secondary electron donor.  In 2-

methyltetrahydrofuran at ambient temperatures, the singlet excited state of 

porphyrin in C-1P-C60 decays by some combination of singlet-singlet energy 

transfer and photo-induced electron transfer to fullerene to give an intermediate 

charge separated state C-P•+-C60
•-.  This charge separated state evolves by 

electron donation from the caroteniod to give the final charge separated state 

C•+-P-C60
•-.  This state is formed with a quantum yield of ~0.14 and has a life 

time of 170 ns.  Interestingly, these electron transfer events occur even in a glass 

matrix at 77K with a lifetime of the charge separation of 1.5 µs.  The C•+-P-C60
•- 

state decays mainly by charge recombination to give the carotenoid triplet, 3*C-P-

C60, rather than the ground state. 

 

In order to understand the excited state species time resolved EPR 

studies were employed.43, 47  In the presence of a small (20 mT) static magnetic 

field, the lifetime of the charge separated state is increased by 50%.  This is 

because of the effect of the magnetic field on interconversion of the singlet and 

triplet biradicals.  In the absence of a magnetic field, the initially formed singlet 
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biradical state is in equilibrium with the three triplet biradical sublevels, and all 

four states have comparable populations.  The interconversion among all four 

states via hyperfine coupling interactions (HFI)-induced intersystem crossing is 

rapid on the time scale of charge recombination which leads to decay to the 

carotenoid triplet state solely from the three triplet sublevels.  In the presence of 

a magnetic field, the S and To states are still rapidly interconverting, but the T+ 

and T- states are isolated from the other two due to the electronic Zeeman 

interaction, and are not significantly populated.  Under these conditions, 

recombination to the triplet occurs only from To, and the lifetime of the charge-

separated state increases. 
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Although this triad was regarded as a useful mimic of several 

aspects of photosynthetic electron transfer, the quantum yield of long-lived 

charge separation was significantly lower than the yield of essentially unity 

measured for the natural photosynthetic reaction center. 

 

In order to gain a deeper understanding of the structural features 

giving rise to this phenomenon, a new triad C2, with a modified porphyrin core 

and carotene-porphyrin linkage, was designed and photoinduced electron 

transfer behavior was studied at varying temperatures in different solvents.44  

The energy of the C•+-P-C60
•- state for C2 was lowered compared to that in C1 by 

0.18 eV leading to the increase in the thermodynamic driving force for the 

conversion of C-P•+-C60
•- to C•+-P-C60

•- and thus the rate constant of charge 

separation, as the charge separation reaction occurs in the Marcus normal 

region.  In addition, the small increase in the energy of C-P•+-C60
•- (0.05 eV) in C2 

relative to that of the comparable state in C1 is expected to slow charge 

recombination in C2, as the reaction occurs in the inverted region. 

 

Replacement of carotenoid secondary electron donor by a 

ferrocene in triads D1, Fc-H2P-C60 and Fc-ZnP-C60 by Imahori and co-workers, 

led to a fundamentally different picture.48  In benzonitrile at room temperature, a 

predominant electron transfer pathway involves photo-induced charge separation 

occurring from all of the excited states i.e., porphyrin singlet excited state 1ZnP* 

and porphyrin triplet excited state 3ZnP* to the C60 moiety, and from the porphyrin 



 22

moiety to the C60 singlet excited state 1C60* and the C60 triplet excited state 3C60*, 

to initially produce Fc-ZnP•+-C60
•- with high quantum yield.  The resulting 

transient Fc-ZnP•+-C60
•- state undergoes a secondary electron transfer (or hole 

shift) from ferrocene moiety to ZnP•+ to generate a long lived charge separated 

state Fc•+-ZnP-C60
•- with quantum yields close to unity.  A life time of 16 µs was 

observed for the charge separated state.  The Fc•+-P-C60
•- state decays mainly 

by charge recombination to ground state, rather than to the secondary donor 

triplet excited state, as seen in the case of triads C1 and C2. 

 

 

 

 

 

 

 

 

 

 

 

By analyzing the decay kinetics of the C60
•- fingerprint at 1000 nm 

in transient absorption spectra, the electron transfer rate constants for the charge 

recombination in Fc+-ZnP-C60
•- were determined in solvents of increasing 
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polarity.  These charge recombination rates decrease with increasing solvent 

polarity, implying that these rates are in the normal region of the Marcus curve.   

 

Imahori and coworkers also reported a molecular triad D2 consisting 

of a fullerene moiety covalently linked to an array of two porphyrins, zinc and free 

base tetraphenyl pophyrins.48, 49  This molecular triad mimics the primary events 

in the photosynthetic reaction center where zinc porphyrin (ZnP) functions as an 

energy transferring antenna molecule.  Upon excitation of zinc porphyrin moiety, 

a singlet excited state energy from ZnP was transferred to the energetically low 

lying free base porphyrin (H2P).  In polar benzonitrile, this energy transfer was 

followed by a sequential electron-transfer from the generated singlet excited 

state of H2P to yield ZnP-H2P•+-C60
•- followed by subsequent charge shift from 

H2P•+ to ZnP to yield ZnP•+-H2P-C60
•-.  A lifetime of 21 µs was obtained for the 

final charge separated state with a quantum yield of ~0.4 in deoxygenated 

benzonitrile. 

 

Photo-induced energy transfer followed by multiple step electron 

transfer in a molecular tetrad D3 was utilized to achieve a long lived charge 

separated state in frozen media and also in solutions.50  Upon excitation, singlet 

excited energy transfer takes place from zinc porphyrin, 1ZnP*, to free base 

porphyrin followed by electron transfer from singlet excited free base porphyrin 

(1H2P*) to fullerene generating an initial charge separated state, Fc-ZnP-H2P•+-

C60
•- and subsequently intermediate charge separated state Fc-ZnP•+-H2P-C60

•-.  
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Then ferrocene separates the charges further by getting oxidized to yield a long 

range charge separated state Fc+-ZnP-H2P-C60
•-consisting of a ferrocenium ion 

(Fc+)-C60 radical anion (C60
•-) pair.  The lifetime of the resulting charge separated 

species was determined to be 0.38 s in frozen benzonitrile, which is more than 

one order of magnitude longer than any other intramolecular charge 

recombination processes of synthetic systems, and is comparable to that 

observed for the bacterial photosynthetic reaction center. 
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In Fc-ZnP-H2P-C60, one of the limiting factors might be the charge 

injection from 1H2P* into the fullerene acceptor to yield Fc-ZnP-H2P•+-C60
•-.  To 

facilitate this crucial step, the first charge separated step should be probed in Fc-

ZnP-ZnP-C60.  Since the oxidation potential of ZnP is lower than that of H2P, 

substitution of H2P with ZnP might increase the thermodynamic driving force (-

∆G), rate constants and also the quantum yields for the crucial conversion of the 

Fc-ZnP-1ZnP*-C60
•- intermediate to the Fc-ZnP-ZnP•+-C60

•- species.  In this 

regard, meso-linked porphyrin dimers and trimers as light-harvesting 

chromophores were incorporated in photosynthetic reaction models involving 

ferrocene and fullerene to form triad D4 and tetrad D5 and their role in photo-

induced electron transfer was studied.51  Photoirradiation of D4 results in photo-

induced electron transfer from the singlet excited state of the porphyrin dimer 

[1(ZnP)2*] to the C60 moiety to produce the porphyrin dimer radical cation-C60 

radical anion pair, Fc-(ZnP)2
•+-C60

•- and subsequent electron transfer from Fc to 

(ZnP)2
•+ yields final charge separated state, Fc+-(ZnP)2-C60

•-.  The final charge 

separated state decayed obeying first order kinetics with a lifetime of 19 µs in 

benzonitrile at 295 K and the quantum yield of the final charge-separated state 

was determined to be 0.8.  The activation energy for the charge recombination 

process was determined to be 0.15 eV, which is much larger than the expected 

value but comparable to the energy difference between the initial charge-

separated state (Fc-(ZnP)2
•+-C60

•-) and the final charge-separated state (Fc+-

(ZnP)2-C60
•-).  This indicates that the back electron transfer to the ground state 

occurs via the reversed step-wise processes, i.e., a rate limiting electron transfer 
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from (ZnP)2 to Fc+ to give the initial charge-separated state (Fc-(ZnP)2
•+-C60

•-), 

followed by a fast electron transfer from C60
•- to (ZnP)2

•+ to regenerate the 

ground state, Fc-(ZnP)2-C60. 

 

In case of triad D5 the photoirradiation results in the similar 

photoinduced electron transfer processes yielding a final charge separated state 

Fc+-(ZnP)3-C60
•-.  The final long range charge separated state decays, obeying 

first order kinetics, with a lifetime of 0.53 s in DMF at 163 K. The quantum yield of 

this state was determined to be 0.83 in benzonitrile.  Such a high quantum yield 

is attributed to the efficient charge separation through the porphyrin trimer, while 

the slow charge recombination is associated with the localized porphyrin radical 

cation in the porphyrin trimer.  The increase in the light harvesting efficiency in 

the visible region, compared to triad D4, is mainly due to the exciton coupling in 

the trimer as a result of the increase in the porphyrin entities. 

 

The efficiency of the artificial photosynthetic antenna-reaction 

center complex, triad D3, can be improved either by replacing the free base 

pophyrin, H2P, with zinc porphyrin, ZnP or by incorporating the increased number 

of artificial energy donor entities.  In this regard, Gust and coworkers have 

reported a mimic of a photosynthetic antenna-reaction center complex consisting 

of an antenna comprised of four covalently linked zinc tetra aryl porphyrins, 

(PZP)3-PZC, coupled to a free base porphyrin-fullerene artificial reaction center, P-

C60, to form a (PZP)3-PZC-P-C60 hexad E.52  In 2-methyltetrhydrofuran solution at 
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ambient temperature, excitation of the peripheral ZnP moieties resulted in 

singlet-singlet energy transfer to the central zinc porphyrin to give (PZP)3-1PZC*-P-

C60 with a time constant of 50 ps.  The excitation is passed on to the free base 

porphyrin to give (PZP)3-PZC-1P*-C60 which decays to a charge separated state 

(PZP)3-PZC-P•+-C60
•- by electron transfer to fullerene with a time constant of 3 ps.  

Thermodynamically favorable migration of positive charge into the zinc porphyrin 

array transforms the initial charge separated state into a long-lived charge 

separated state ((PZP)3-PZC)•+-P-C60
•- with a lifetime of 1.3 ns and quantum yield 

of 0.7 based on the light absorbed by the zinc porphyrin antenna.  Replacing the 

β-octaalkyl free base porphyrin with meso tetraphenyl free base porphyrin 

yielded a new hexad that exhibited a longer lifetime of 240 ns in 2-

methyltetrahydrofuran, and 25 µs in benzonitrile, with a high quantum yield of 

0.90.  The difference in the performance is attributed to the differences in 

electronic compostion (a2u vs a1u HOMO), conformation, and oxidation potential 

(1.05 Vs 0.84 eV) between the meso-tetraarylporphyrin and the β-

octaalkylporphyrin. 

 

The peripheral antenna of natural photosynthetic bacteria has the 

bacteriachlorophyll and carotenoid light harvesting pigments arranged in a 

symmetric and circular motif.53  This finding has spurred interest in the 

development of model antenna systems consisting of rings of porphyrin or 

related chromophores.54, 55 
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Figure 1.9: Covalently linked porphyrin-fullerene based energy and electron 
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Gust and coworkers reported a mimic of photosynthetic antenna-

reaction center complex consisting of five bis(phenylethynyl)anthracene, BPEA, 

antenna moieties and a porphyrin-fullerene dyad functionalized on a central 

hexaphenylbenzene core, which provides structural organization and rigidity, to 

form heptad F.56  The BPEA antenna chromophore was chosen because it 

absorbs strongly in the 430-475 nm region, where the absorption of porphyrins 

and chlorophylls are usually low. 

 

In 2-methyltetrahydrofuran solution at ambient temperature, 

excitation of anthracene moieties resulted in efficient energy transfer from five 

antennas to porphyrin on the picosecond timescale to yield (BPEA)-1P*-C60 with 

a quantum yield of 1.0.  The rate of energy transfer from ortho substituted 

anthracene moieties was observed to be more than that of the meta and para.  

The first excited singlet state of porphyrin donates an electron to the adjacent 

fullerene to yield a charge separated state (BPEA)-P•+-C60
•-.  The lifetime of the 

charge separated state is 8.9 ns giving a value for the rate constant for charge 

recombination, kCR, of 1.1 x 108 s-1.  This rate constant is similar to that measured 

for the porphyrin-fullerene model system, 2.5 x 108 s-1.  This suggests that the 

radical cation of F in the charge-separated state most likely remains on the 

porphyrin, rather than migrating to the BPEA antenna moieties.  The oxidation 

potential for the model BPEA was 1.17 V vs SCE while that for the porphyrin 

component of F is 1.03 V vs SCE.  Thus, migration of the positive charge into the 

antenna array would be endergonic.  The quantum yield of charge separation 
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based on light absorbed by the antenna chromophores is 80% for the free base 

porphyrin while it is 96% for the zinc analogue. 

 

1.6 Non-covalently linked porphyrin and fullerene based donor-acceptor 

Systems 

Although covalent systems exhibited excellent ground state and 

excited state properties with appreciable charge separation lifetimes; they 

substantially differ from natural systems, especially in the mode of binding 

between donor and acceptor.  Meaningful incentives can be borrowed from the 

organization principles of the bacterial photosynthetic reaction centers where 

different photo- and redox-active components are arranged via non-covalent 

interactions into a protein matrix.  In principle, biomimetic methodologies, such as 

hydrogen bonding, metal coordination, electrostatic interactions and π-π stacking, 

guarantee the control over modulating the composition and thus provide the 

opportunity to achieve well-defined and rigid architectures with high directionality 

and selectivity.18a  Therefore, exploration of non-covalently linked donor-acceptor 

model systems appears to be more promising to construct mimics for natural 

systems.  Several non-covalently linked porphyrin (or phthalocyanine) and 

fullerene based donor-acceptor conjugates employing different modes of binding 

have been developed and probed to understand the basic concepts of 

photoinduced electron transfer in photosynthetic reaction centers. 
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1.6.1 Hydrogen bonding 

(a) Base pairing  

Recent efforts have been focused on the use of the Watson-Crick 

hydrogen bonding paradigm – specifically the three point guanosine-cytodine 

couple – as a scaffold to assemble donor-acceptor dyads.45,57  Sessler, et al., 

utilized Watson-Crick hydrogen bonding to study the photo-induced electron 

transfer between porphyrin and fullerene entities. In particular, a cytodine 

appended porphyrin (ZnP-C) and fullerene containing guanosine (G-C60) were 

synthesized and a new self-assembled donor-acceptor ensemble G1 has been 

established via Watson-Crick base pairing in non-polar organic solvents such as 

dichloromethane.45 

 

Cylcic voltammetry was performed to determine the energetics of 

photoinduced electron transfer in this supramolecular assembly.  The first one 

electron oxidation potential for ZnP-C (E1/2 ZnP/ZnP•+) and the first one electron 

reduction potential for G-C60 (E1/2 C60/C60
•-) were found to be 0.32 V and -1.08 V 

versus Fc/Fc+ reference, respectively.  From these values the driving force for 

the charge separation (∆GCS = -0.81 eV) and the subsequent charge 

recombination (∆GCR = -1.4 eV) processes were estimated. 

 

The evidence for the formation of self-assembly, ZnP-C:G-C60 via 

complementary base pairing was obtained from the steady state and time 

resolved emission studies.  The decrease in the fluorescence emission intensity 
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of ZnP-C upon increasing additions of G-C60 revealed the formation of donor-

nucleoside-nucleoside-acceptor complex with a binding constant of 5.1 ± 0.5 x 

104 M-1.  Time resolved fluorescence measurements were undertaken to support 

the conclusion of dyad formation and intra-ensemble quenching obtained from 

the steady state experiments.  From the derived lifetimes, the rate constant for 

the forward electron transfer was estimated to be kCS = 1.2 x 109 s-1.  Transient 

absorption studies were employed to gain additional support for the photo-

induced electron transfer in this self assembled dyad.  The observation of weak 

bands for the formation of zinc porphyrin cation radical (ZnP•+) around 600-800 

nm and fullerene radical anion (C60
•-) at around 1000 nm confirmed the long lived 

charge separated state with lifetime of 2.02 µs. 
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The further extension of this concept of Watson-Crick base pairing 

in building non-covalent supramolecular systems employing porphyrin like 

systems, phthalocyanines, as donors and fullerenes as acceptors has also been 

achieved.58  In particular, studies on a tethered zinc phthalocyanine-cytidine-

guanosine-C60 (ZnPc-C:G-C60) hybrid highlight the fact that base pairing provides 

a useful means for constructing self-assembled systems.  The putative formation 

of the ensemble G2 was clearly monitored by UV-Visible and steady-sate 

fluorescence studies.  Increasing additions of the G-C60 subunit to a 

dichloromethane solution of cytidine functionalized phthalocyanine lead to a non-

linear decrease in the fluorescence intensity of the latter chromophore, 

corresponding to the formation of the dyad with a formation constant of (2.6 ± 2) 

x 106 M-1.  The magnitude of the formation constant is several orders of 

magnitude larger than that of ZnP-C:G-C60 dyad.  A possible rationalization for 

the strength of the interaction is that the base-pair bonding is further augmented 

by π-π and charge transfer interactions. 

 

Evidence for the ground state interactions within this dyad was 

obtained from the electrochemical studies.  The cyclic voltammograms of the 

dyad revealed that the C60-based reduction potentials are negatively shifted with 

respect to the reference compound, G-C60, by about -20, -60 and -70 mV for the 

first, second and third processes, respectively.  Likewise, the first and second 

anodic ZnPc-based potentials are less positive than those of the reference, ZnP-

C, by about 20 and 10 mV, respectively.  The driving force for the photo-induced 
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electron transfer events within this dyad was estimated to be 0.42 eV.  To 

elucidate the nature of the photoexcited state deactivation, transient absorption 

measurements were performed.  In the toluene/dichloromethane solvent mixture, 

transient maxima at 430, 550 and 800 nm, corresponding to ZnPc singlet excited 

states and around 1000 nm for C60
•- were observed. The lifetime for the charge 

separated state was estimated to be 3 ns which is three orders of magnitude 

shorter than ZnP-C:G-C60 dyad (2 µs). This is mainly attributed to the 

pronounced coupling between the ZnPc and C60 in the studied dyad. 
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Although the complementary base pairs perform a major role in 

generating functional supramolecular systems, the topology of the dyads ZnP (or 

ZnPc)-C:G-C60 is far from optimum.  In particular, through space interactions 

must be assumed to control the charge separation and charge recombination 

dynamics.  This argument points to the need of a truly linear arrangement in 

hydrogen bonding electron donor-acceptor hybrids. 

 

(b) Ion pairing 

The significance of strong and highly directional hydrogen bonding 

in governing the electron transfer reactions in photosynthetic reaction center 

inspired various scientific groups in designing efficient photovoltaic devices.  

Among these, a set of non-covalently associated C60-porphyrin ensembles 

interfaced by a two-point amidinium-carboxylate ion pairing stand as a good 

example.  In particular, a porphyrin functionalized with an amidinium group and  a 

fullerene with a carboxylate group were synthesized and a stable non covalent 

porphyrin-C60 dyad H was formed via two-point amidimium-carboxylate ion 

pairing.59  This binding motif diminished the other possible bonding modes and 

favored the linear interfaced donor-acceptor pair reinforcing the strength of the 

hydrogen bonding network and ensured an optimal pathway for the motion of 

charges between both electroactive units. 

 

Evidence for the formation of hydrogen bonded donor-acceptor 

complex H was monitored by 1H NMR spectroscopy.  Increasing additions of 
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carboxylate appended C60 to the amidinium functionalized porphyrin resulted in a 

dramatic shift (∆δ = 0.35 ppm) in the aryl protons ortho to the amidine 

functionality.  Importantly, no further changes are observed upon addition of 

more than one equivalent of the fullerene derivative, thus confirming the 

exclusive formation of 1:1 complex.  Further details on the formation of complex 

H was obtained from UV-Visible and fluorescence spectroscopic studies.  

Significant bathochromic shifts in the Soret and Q-bands of absorption spectra 

followed by an appreciable quenching of the porphyrin fluorescence emission 

upon addition of fullerene derivative confirmed the formation of the stable non-

covalent hydrogen bonded porphyrin-fullerene ion pair with a association 

constants as high as 2.1 x 107 M-1 and 1.3 x 105 M-1 in toluene and THF solvents, 

respectively. 
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The ground state interactions within the dyad were further 

confirmed by cyclic voltammetric studies performed in THF at room temperature.  

The observed slight shifts in the redox potentials of the donor-acceptor complex 

H was accounted for by the pronounced ground state electronic coupling 

between both electroactive components.  The evidence for the formation of the 

photo-excited species was obtained from transient absorption studies.  The 

transient maxima at 600-800 nm, corresponding to ZnP, and the fingerprint of 

C60
•- around 1000 nm, supported the formation of long lived charge separated 

species within this dyad with a lifetime of 10 µs. 

 

(c) Complementary electrostatics 

In the line of developing non-covalently linked linear donor-acceptor 

systems, a coulombic complex I comprising a dendritic C60 oligocarboxylate 

(C60
8-) and an octapyridinium ZnP salt (ZnP8+) was reported.60  The ground state 

interactions within this dyad were characterized by using optical absorption and 

fluorescence techniques.  A Job plot obtained by monitoring the Soret absorption 

of ZnP salt upon addition of the dendritic C60 oligocarboxylate in a pH buffer (pH 

=7.2, ionic strength = 0.012) revealed the formation of 1:1 complex, ZnP-

electrostatic-C60, with an association constant of 3.5 ± 1.0 x 108 M-1.  Parallel 

fluorescence titrations revealed that the ZnP8+ emission is strongly quenched 

with varying concentrations of C60
8- indicating the formation of ZnP8+/C60

8- 

electrostatic hybrid with an association constant of 1.1 ± 0.1 x 108 M-1 at pH 7.2.  

Stability investigations showed the weaker association of the complex at higher 
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ionic strengths with little dependence on the nature of the anions.  Electron 

transfer quenching was further confirmed by transient absorption spectroscopy, 

which showed the finger print absorptions of the ZnP8+ radical cation and the 

C60
8- radical anion with a lifetime of 1.1 µs for the charge separated state. 
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Figure 1.13: Electrostatically assembled porphyrin-fullerene dendritic dyad 
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1.6.2 π-π interactions 

In recent years, designing donor-acceptor systems via 

supramolecular assembly routes has attracted a lot of attention because of its 

versatility and simplicity.  Among these the porphyrin-fullerene based host-guest 

complexes are of major importance because of the affinity of fullerenes towards 

the π-network of porphyrin and, thereby, leading to closest donor-acceptor 

systems. 

 

Aida and co-workers reported a highly stable host-guest complex J 

comprising porphyrin and fullerene assembled through π-π interactions.61a  This 

face-to-face cyclic dimer formed a stable 1:1 inclusion complex with C60 via 

donor-acceptor interactions in non-polar benzene solution.  The complex 

formation was characterized by UV-Visible, NMR, ESI-MS, and chromatographic 

techniques.  Increasing additions of C60 to a benzene solution of porphyrin dimer 

resulted in a 7 nm bathochromic shift of the intense Soret band of porphyrin with 

clear isosbestic point around 418 nm.  The Job’s plot obtained by monitoring the 

Soret absorption of ZnP dimer at 410.5 nm revealed the formation of 1:1 complex 

with a binding constant of 6.7 x 105 M-1.  13C NMR spectrum of the inclusion 

complex P in C6D6 showed a single signal due to the included C60, which is 

upfield-shifted from that of free C60. This is mainly attributed to the shielding 

effect or electronic effect of the zinc porphyrin π-cloud.  Cyclic voltammetry 

studies revealed that fullerene becomes less subject to reduction upon 

complexation with the zinc porphyrin dimer  Finally, the electrospray mass 
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spectrometry of a THF solution of porphyrin dimer and C60 clearly showed the 

two isotopic distributions corresponding to the mono and dication of 1:1 complex.  

The above concept of generating inclusion complexes of porphyrins and 

fullerenes via π-π interactions was utilized in selective extraction of higher 

fullerenes from a combustion-based industrial production source.61b 

 

 

 

 

 

 

 

 

 

 

 

Meijer et al reported novel non-covalently assembled porphyrin-

fullerene aggregates K in water which display energy transfer followed by 

sequential electron transfer.62  In particular, free base and zinc tetrakis [oligo(p-

phenylenevinylene)] porphyrins were synthesized and π-conjugate assemblies 

comprising these were constructed in water.  Selective excitation of oligo(p-

phenylenevinylene) (OPV4) moieties at 326 nm within these aggregates resulted 

in a decrease in the emission of OPV and zinc porphyrin followed by a increase 

J

Figure 1.14: Host-guest complexation through π-π interactions 
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in the fluorescence of free base porphyrin, indicating the occurrence of cascade 

energy transfer from OPV4 via zinc porphyrin to free base porphyrin.  

Incorporation of fullerene into these aggregates resulted in redox-active 

assemblies (as shown in the fig.) yielding a sequential electron transfer to C60. 

This was confirmed by the characteristic fullerene anion radical at 1070 nm in 

transient absorption studies. 

 

 

 

Boyd et al reported “Jaw shaped” porphyrin dimers, L1, L2 and L3 

that served as effective hosts for fullerene guests.63  X-ray structures of the Cu 

K

Figure 1.15: Schematic diagram of porphyrin-fullerene π-aggregates in water 
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complex with C60 and free-base complexes with higher fullerenes like C70 and 

pyrrolidine derivatized C60 were obtained.  The electron-rich 6:6 ring juncture 

bonds of C60 showed unusually close approach to the porphyrin or 

metalloporphyrin plane. 

 

 

 

 

Binding constants in toluene solution increase in the order Fe(II) < 

Pd(II) < Zn(II) < Mn(II) < Co(II) < Cu(II) < 2H within a range of 490 – 5200 cm-1.  

The association constant of C60 with free base porphyrin was estimated to be 

                  L1                                      L2                                     L3 

Figure 1.16: π-π stacking “Jaws porphyrins”-C60 host-guest complexes 
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higher than the metalated porphyrins.  This was mainly attributed to the 

electrostatic forces, enhancing the VanderWaals forces of the π-π interaction. 

 

1.6.3 Interlocked systems - Rotaxanes and Catenanes 

Rotaxanes and catenanes emerged as one of the important multi-

component biomimics that can harvest solar energy, mainly due to their close 

resemblance to the topology of the natural photosynthetic reaction center.64  One 

of the most striking features of these interlocked systems is that the constituting 

components are rigidly arranged spacially within a certain distance without any 

strong linkages like covalent bonds.  Rotaxanes possess a macrocyclic ring 

which is threaded on a rod with stoppers that prevent dissociation, while 

catenanes possess two (or more) non-bonded interlocking systems. 

 

(a) Rotaxanes 

Sandanayaka et al attempted to mimic the photosynthetic reaction 

center by employing rotaxane based donor-acceptor system M comprising a 

necklace pended C60 moiety and zinc porphyrin dimer with varying axle lengths.65  

This methodology resulted to three different porphyrin-fullerene based donor 

acceptor rotaxanes with varying interlocked structures and axle lengths.  The 

intra-rotaxane photo-induced electron transfer processes between the spatially 

positioned C60 and ZnP in rotaxanes are investigated.  Charge separated states 

(ZnP•+-C60
•-)rotaxane are formed via the excited singlet state of ZnP (1ZnP*) to the 

C60 moiety in solvents such as benzonitrile, THF, and toluene.  The rate 
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constants and quantum yields of charge separation via 1ZnP* decreased with 

axle length.  Increase in the axle length resulted in the occurrence of the charge 

separated state via excited triplet state of ZnP.  The lifetime of the charge 

separated state increased with axle length from 180 to 650 ns at room 

temperature.  Based on estimates of the rates of through space and through-

bond electron transfer, it is concluded that back electron transfer takes place 

through space by a superexchange mechanism. 

 

 

 

The lifetimes of the above discussed rotaxanes are quite short i.e., 

nanoseconds, because the ZnP-rotaxane-C60 hybrid is loosely held together by 

hydrogen bonds. 

 

To enhance the rigidity of the donor-acceptor rotaxane system and, 

thereby, increase the charge separated lifetimes, Schuster and co-workers 

M

Figure 1.17: Porphyrin-fullerene triad with flexible rotaxane-type interactions 
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reported two sets of ZnP-rotaxane-C60 hybrids, ZnP-stoppered hybrids and C60 

stoppered hybrids, synthesized by using Sauvage’s methodology, i.e., threading 

through a Cu(I)phenanthraline complex, [Cu(phen)2]+.  The electron donor (ZnP) 

and electron acceptor (C60) are separated by a tetrahedral arrangement of the 

phenanthralene ligands around the Cu(I) center.  This new assembly of the 

donor-acceptor systems prevents both the close approach of the ZnP and C60 

moieties, which in turn, inhibits the charge separation and charge recombination 

processes from occurring directly through space emphasizing the intramolecular 

electronic interactions following excitation must take through the [Cu(phen)2]+ 

complex. 

 

In the first set i.e., ZnP-stoppered hydrids, C60 is linked to the 

macrocycle, while ZnP functions as stoppers.66a,c  The photophysical processes 

in these systems are monitored by UV-Visible, fluorescence and transient 

absorption studies.  Careful analysis of these processes indicate that a sequence 

of energy and electron transfer processes occur along an energy gradient, 

involving intramolecular energy transfer from the initially generated porphyrin 

singlet excited state to the [Cu(phen)2]+ MLCT state followed by the electron 

transfer from the excited MLCT state to the C60 moiety.  Finally, a secondary 

reversible electron transfer from the porphyrin to the oxidized Cu complex yielded 

a long distance charge separated state, (ZnP•+)2-[Cu(phen)2]+-C60
•-, with radical 

pair lifetimes of 0.49 and 1.17 µs at room temperature, for systems N1 and N2 
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respectively.  The enhanced lifetimes of these nanosized radical ion pair states is 

attributed to the unique topology of the system. 

 

 

 

In the second set i.e., C60-stoppered hybrids, the special 

arrangement of the ZnP and C60 moieties are reversed from that described 

above, that is , the ZnP is appended to the macrocycle and C60 moieties are the 

stoppers on the thread around the central [Cu(phen)2]+ core.66b,c  This modified 

topology results in enhanced charge separated lifetimes of about 0.73 and 29 µs 
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for N3 and N4 respectively.  The longer lifetime of the charge separated state in 

N4 compared to N3 is attributed to the relatively small increase in the distance 

between the ZnP and C60 moieties which diminishes the electron coupling 

between the centers of positive and negative charges and is, thereby, 

responsible for the slower electron tunneling in the system. 
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(b) Catenanes 

Molecular modeling studies of ZnP-stoppered ZnP-rotaxane-C60 

hybrids suggested that the two ZnP linked to the [Cu(phen)2]+ core provide a 

molecular scaffold that can bind to a variety of bidentate ligands and result in 

various catenanic based donor-acceptor systems.67  Selective complexation of 

diazabicylcooctane (DABCO) or 4,4’bipyridyl to the axial positions (dz
2 orbitals) of 

ZnP opens a wide window of opportunity to form novel photo- and redox-active 

catenanic architectures N5.  Upon photoexcitation, these systems undergo a 

sequence of energy and electron transfer events to yield long-lived charge 

separated states with lifetimes of (500 ± 50 ns). 

 

 

 

N5 

Figure 1.20: Porphyrin-fullerene catenanes via Cu(phen)2 complex 
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1.6.4 Crown ether – ammonium cation interactions 

Since Pederson’s invention of crown ethers,68 they have been 

treated as one of the effective groups for selective binding to cationic, anionic 

and also neutral analytes.69  Among these, benzo 18-crown-6 are of major 

importance because of their ease to form hydrogen bonding complexes with 

quaternary alkyl ammonium cations.70  Owing to its importance, recently various 

research groups have utilized this mode of binding in designing non-covalently 

linked donor-acceptor systems that can systematically mimic the natural 

photosynthetic reaction center. 

 

Nierengarten, et al., have reported porphyrin-fullerene based 

donor-acceptor systems where porphyrins are functionalized with benzo-18-

crown-6 moieties and fullerenes with quaternary ammonium ions.71  The modified 

porphyrin and fullerene self assemble in solution via intermolecular crown ether-

ammonium interactions to yield a stable cup-and-ball H2P-crown-C60 dyad O.  

The evidence for the complex formation was obtained from the NMR binding 

studies performed in CDCl3 at room temperature.  Systematic analysis of the 

spectra revealed a mixture of two conformers, a and b, on the NMR time scale, 

with a being the weak conformer formed mainly due to the crown ether-

ammonium ion complexation while relatively stronger isomer b is formed via 

crown ether ammonium ion complexation and π-π interactions. 
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Further evidence for C60-porphyrin interactions was obtained from 

the 7 nm bathochromic shift of the Soret band of the porphyrin in UV-Visible 

measurements.  Parallel fluorescence studies yielded a significant quenching of 

the porphyrin emission with concentrations of C60 revealing the complex 

formation with an association constant of 3.75 x 105 M-1.  This extremely strong 

binding constant was attributed to the presence of π-π stacking interactions 

between the porphyrin macrocycle and C60 units in addition to hydrogen bonding.  

Finally, the formation of supramolecular complex O was also evidenced in the 

gas phase by electrospray mass spectrometry (ESI-MS).  The spectra obtained 

from an equimolar mixture of benzo-18-crown-6 appended porphyrin and 

ammonium ion functionalized fullerene displayed only one peak corresponding to 

the 1:1 complex. 

 

Futher extension of the above mode of binding has facilitated in 

building more complex supramolecular systems containing more than one 

acceptor.72  In particular, cis- and trans- free base bis (benzo 18-crown-6) 

porphyrins were synthesized and stable 1:1 and 1:2 supramolecular complexes 

of these porphyrins with fullerene containing ammonium cation, were formed in 

solvents such as chloroform.  The evidence for the complex formation via crown 

ether-ammonium cation complexation and π-π interactions was obtained from 1H 

NMR, UV-visible, fluorescence and ESI-MS techniques. 
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Figure 1.21: Porphyrin-fullerene dyad via crown ether-ammonium ion binding 
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1.6.5 Axial ligation 

Over the years, a number of studies have been reported regarding 

porphyrins with covalently attached axial ligands as model compounds to 

understand the mechanism of various biological reactions,viz., hemoxygenation, 

cytochrome oxidase and peroxidase etc.73  Various spectroscopic studies have 

revealed the existence of stable five- and six-coordinate metalloporphyrins,74 

thus mimicking the active sites of various heme proteins in which axial ligands 

are provided to the heme by side chains of the protein entity.  This concept of 

penta- or hexa coordination of porphyrins has been extended in designing donor-

acceptor systems that can mimic natural photosynthesis. 

 

 

 

 

 

 

 

 

 

 

 

The first attempt was presented in the form of ZnP-pyridine/ 

imidazole-C60 complexes, P1 and P2.75  In these complexes, the reversible 
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Figure 1.22: Porphyrin-fullerene dyads via axial coordination 
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coordination of a pyridine or imidazole appended fullerene ligand to the square 

planar zinc center of the porphyrin constitutes a labile but measurable binding 

motif.  Increasing additions of fullerene derivates resulted in appreciable 

hypochromic and bathochromic shifts in the Soret and visible bands in the UV-

visible spectrum followed by efficient quenching of porphyrin emission bands, 

revealing the complex formation with binding constants of ~7000 M-1 and 

~11000M-1 in case of C60-pyridine and C60-imidazole, respectively.  Time 

resolved fluorescence studies and transient absorption studies are also 

employed to understand the fate of the photoexcited species. 

 

Inspired by the importance and ease of axial ligation in forming 

donor-acceptor dyads, D’Souza and co-workers attempted a new approach of 

probing proximity effects in porphyrin-fullerene dyads by using an axial ligand 

coordination controlled “tail-on” and “tail-off” binding mechanism.76  In the 

reported porphyrin-fullerene dyads, Q1 and Q2, the donor-acceptor proximity is 

controlled either by temperature variation or by an axial ligand replacement 

method.  Electrochemical and UV-visible absorption studies reveal little or no 

ground-state interactions between the porphyrin donor and fullerene acceptor.  

Steady-state and time-resolved fluorescence techniques are employed to 

understand the proximity effects on the photoinduced charge separation and 

charge recombination.  It is observed that in the “tail-off” form the charge-

separation efficiency changes to some extent in comparison with the results 

obtained for the “tail-on” form, suggesting the presence of some through-space 
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interactions between the singlet excited zinc porphyrin and the C60 moiety in the 

“tail-off” form.  Picosecond fluorescence and transient absorption studies are 

employed to deduce the charge separation and charge recombination rates.  A 

long-lived charge separated state with a lifetime of about 1000 ns is also 

observed in the investigated zinc porphyrin-C60 dyads. 

 

 

 

 

This concept of axial ligation was extended to construct a working 

model of the photosynthetic antenna-reaction center complex.  In particular, a 

supramolecular triad, R, comprising of fullerene-porphyrin-borondipyrrin is 

assembled by axially coordinating imidazole appended fulleropyrrolidine to the 

zinc center of a covalently linked zinc porphyrin-boron dipyrrin, ZnP-BDP, dyad.77  
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point” binding strategy 
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In this triad, BDP acts as an energy funneling antenna and ZnP and fullerene act 

as electron donor and electron acceptor, respectively.  Selective excitation of the 

BDP moiety resulted in efficient intramolecular energy transfer (kENT
singlet = 9.2 x 

109 s-1) creating singlet excited ZnP with quantum yield of ~ 0.83.  Upon forming 

the supramolecular triad, the excited ZnP participated in efficient electron transfer 

to the coordinated fullerene, resulting in a charge separated state with a lifetime 

of ~ 5 ns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.24: Borondipyrrin-porphyrin-fullerene based energy and electron 

transfer donor-acceptor traid 
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Part B 

 

1.7 General introduction on carbon nanotubes 

Nanometer-scale materials are the focus of considerable interest 

because they can be systematically utilized to verify the fundamental concepts 

about the roles of dimensionality and confinement in materials of greatly 

diminished size.78  Of the wide range of nanostructures available, carbon 

nanotubes stand out as unique materials.79,80 

 

1.7.1 Classification and preparation of carbon nanotubes 

Carbon nanotubes (CNTs) are essentially a sheet of carbon atoms 

arranged in hexagons that wrap into a tube.81  They are basically divided into two 

types with high structural perfection: 

 

(i) Single-walled carbon nanotubes 

Single wall carbon nanotubes (SWNTs) are 1-dimensional 

nanostructures consisting of a single graphite sheet seamlessly wrapped into a 

cylindrical tube along a chiral vector.  They have structures similar to those of 

fullerenes, but while a fullerene molecule is spherical, a nanotube is a one 

dimensional nanowire, with one end typically being capped by half a fullerene 

molecule (shown in figure 1.25 (a)).  The structural similarity of SWNTs with 

fullerenes provides the possibility to cogitate that they readily accept electrons 

and transport them efficiently along the tube axis. 
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(ii) Multiwall carbon nanotubes 

Multiwall carbon nanotubes (MWNTs) are mainly comprised of an 

array of concentric cylinders (as shown in figure 1.25 (b)).  Due to the large 

number of concentric graphitic tubes present in MWNTs, they are considered as 

the better candidates for electron-donor-acceptor ensembles than SWNTs. 

 

 

 

 

SWNTs and MWNTs are usually produced by arc-discharge,82a 

laser ablation,82b chemical vapor deposition (CVD),82c or gas-phase catalytic 

process (HiPco) methods.82d  The diameter of the carbon nanotubes developed 

Figure 1.25: Schematic representation of (a) single wall carbon nanotube and 

structural resemblance with fullerene and (b) multiwall carbon nanotube 

(a) 

(b) 
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by these methods varies approximately between 0.4 nm and 3 nm for SWNTs 

and from 1.4 nm to 100 nm for MWNTs. 

 

1.7.2 Properties and applications of carbon nanotubes 

Carbon nanotubes exhibit quasi-ballistic conductance, high tensile 

strength, and field-effects transistor properties.78-80  Their unique strength stems 

from their bonding structure; namely, they are composed of sp2 bonds, which are 

appreciably stronger than the sp3 bonds in diamond. 

 

CNTs also act as elegant electron acceptors. They are either semi-

conducting or metallic.  The evidence for their electron affinity is obtained 

theoretically from molecular orbital calculations.83  The argument starts from 

isolated C2 fragments that are brought together starting from infinite distance.  

Each fragment has a π and π* orbital.  As they are brought together to form the 

nanotube, the two degenerate sets of π and π* orbitals mix among themselves 

and spread in energy.  The low-lying end of the π* orbitals is very stable and 

readily accept electrons.  Moreover, the similarity in the symmetry of these low-

lying empty orbitals with that of rotations and translations facilitates the increase 

in probability of electron transport along the tube axis. 

 

Carbon nanotubes have an additional advantage of their sheer 

size.  Upon receiving the charge, the charge transport along the axis of the 

nanometers-long carbon structure can contribute to a reduced probability of back 
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electron transfer to the oxidized donor.  This phenomenon is largest in metallic 

nanotubes.79 

 

Among the surfeit of applications that have been envisioned for 

CNTs, polymer composites, field-effect transistors, field–emission displays, and 

hydrogen storage appear to be more promising areas.  The extraordinary 

structural and mechanical properties of CNTs make them promising candidates 

for preparing new classes of composite materials.  The excellent field-emission 

behavior of the CNTs makes them viable electron sources to build flat panel 

displays and X-rays to microwave generators.  Finally, storage of hydrogen on 

CNTs could represent a great development in fuel cells and a milestone towards 

energy-clean systems. 

 

Even though MWNTs are regarded as better electron donors84 than 

SWNTs, due to their multiple electron conducting concentric cylindrical graphitic 

tubes, most of today’s research concentrates on SWNTs, because of the well-

understood and characteristic fingerprints in several analytical and spectroscopic 

techniques. 

 

1.8 Solubilization of carbon nanotubes via chemical functionalization 

Even though carbon nanotubes exhibit remarkable mechanical and 

electrical properties; their application in building various composite materials and 

photo-voltaic devices poses a problem.  This is mainly due to the poor solubility 



 60

of carbon nanotubes in various organic solvents.  Due to the strong attractive 

interactions, nanotubes aggregate to form bundles or ropes of up to tens of 

nanometers.  These ropes are tangled together and very hard to disrupt.  With 

high shear, these ropes can be untangled, but it is extremely difficult to further 

disperse them at the single-tube level. However, this limitation can be overcome 

by introducing various organic functional groups on the CNT surface via chemical 

functionalization that can help solubilization of nanotubes in a variety of solvents 

through dispersion. 

 

The chemical functionalization of CNTs can be achieved mainly 

through two general strategies: (a) covalent functionalization and (b) non-

covalent functionalization.  Both of them can be carried out with organic 

molecules or polymers.  Eventually, the two approaches lead to similar results, 

but they differ in the degree of involvement of the carbon skeleton in the 

formation of chemical bonds. 

 

1.8.1 Covalent functionalization of carbon nanotubes 

Covalent functionalization of CNTs results in a change of 

hybridization from sp2 to sp3 leading to a partial loss of conjugation with effects 

on electron-acceptor and/or electron-transport properties.  Among the various 

approaches employed in this methodology, the most general include: (i) 

esterification or amidation of oxidized nanotubes, (ii) covalent side-wall 

functionalization. 
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1.8.1.1 Covalently linked porphyrin-carbon nanotube donor-acceptor 

nanoconjugates 

As mentioned earlier, SWNTs are one-dimensional nanowires that 

are either metallic or semi-conducting.  They readily accept charges, which can 

then be transported efficiently along the tubular SWNT axis.  On the other hand, 

porphyrins are visible light harvesting chromophores that exhibit unique physical, 

chemical and biological features similar to that of natural chlorophylls. They act 

as efficient electron donors in various photo-induced electron transfer processes.  

Hence incorporation of porphyrins or porphyrin like (i.e., napthalocyanines) light 

absorbing antenna chromophores through a covalent linkage with the extended π 

electrons of a carbon nanotube would constitute an ideal supramolecular 

assembly that can harvest solar energy with high quantum yield and convert it to 

chemical energy with maximum efficiency. 

 

(a) Functionalization of oxidized nanotubes via ester linkage 

One of the purification methods of raw carbon nanotube material is 

based on oxidation in the acidic media.85  Under these conditions, the end caps 

of the CNT are opened, and acidic functionalities suitable for further 

derivatizations result at these defect sites and also side walls.  Direct 

condensation of oxidized CNTs with amines (or alcohols) or activation of the 

carboxylic groups using reagents like thionyl chloride followed by the 

condensation with amines (or alcohols) yielded various soluble functionalized 

CNT materials.86  Compared to the initial nanotubes, the lengths of such 
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functionalized nanotubes are shortened and the electronic properties are slightly 

modified. 

 

The efficient covalent tethering of SWNT with porphyrins was 

achieved by producing carboxylic acid groups on the surface of carbon 

nanotubes via acid treatment followed by the esterification of, so formed, acid 

groups using hydroxyl group appended porphyrins.  In particular, Sun, et al., 

utilized two different porphyrins bearing hydroxyl groups connected with varying 

linkages and covalently appended to SWNT through esterification of surface-

bound carboxylic acid groups.87a  In the corresponding donor-acceptor 

nanoconjugates, the singlet excited state of the porphyrins is deactivated through 

transduction of excited state energy.  The rates and efficiencies of electron 

transfer are observed to be strongly dependent on the length of the tether 

employed to link the porphyrins.  The systems with short linker showed least 

fluorescence quenching. 

 

Subsequently, functionalization at the terminal carboxylic acid 

groups proved to be the convenient way to synthesize porphyrin-SWNT/MWNT 

conjugates.  Baskaran, et al., reported a donor-acceptor nanoconjugate, S, 

obtained by reacting 5-p-hydroxyphenyl-10,15,20-tritolylporphyrin (Por-OH) with 

SWNT or MWNT containing carboxylic acid groups via esterfication.87b  The FTIR 

spectrum of the porphyrin-attached nanotubes showed characteristic vibrations 

of pyrrole, methyl, and aromatic groups centered at 1200, 2922, and 3010 cm-1, 
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respectively.  The quantity of porphyrin attached to the surface was determined 

from thermogravimetric analysis (TGA), which showed that the amount of 

porphyrin grafted is about 8-22%, depending on the concentration Por-OH used 

for the reaction. 

 

 

 

The evidence for the ground state interactions between porphyrin 

and the nanotube framework is obtained from UV-visible studies.  The UV-vis 

absorption in chloroform showed a broad signal monotonically decreasing from 

300 to 900 nm and a Soret band at 450 nm corresponding to carbon nanotubes 

and the porphyrin, respectively.  The proof for the photo-induced electron transfer 

as obtained from the parallel fluorescence studies.  Upon excitation at 550 nm, 

S

Figure 1.26: Covalently linked H2P-SWNT nanoconjugate 
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efficient quenching (>95%) of the porphyrin emission bands at 650 and 725 nm 

was observed.  This photophysical behavior was mainly attributed to the 

intraconjugate electron transfer from singlet excited porphyrins to carbon 

nanotubes via ester linkage. 

 

(b) Covalent side-wall functionalization via 1,3-dipolar cycloaddtion 

Systematic application of a series of organic reactions, which 

yielded stable derivatives in case of fullerene, to SWNTs resulted in a successful 

side-wall functionalization with the highest degree of purity and solubilization.88  

Some of these reactions include (i) addition of nitrenes, (ii) addition of carbenes, 

(iii) addition of radicals, (iv) aryl diazonium functionalization, (v) electrophilic 

addition of chloroform, (vi) fluorination and (vii) 1,3-dipolar cycloaddition. 

 

Even though various synthetic routes provided stable carbon 

nanotube materials soluble in various solvents, 1,3-dipolar cycloaddition of 

azomethine ylides, that has a met a wide acceptance in the fullerene field, is of 

particular importance because of its convenient and easy attachment of 

pyrrolidine rings with various functional groups to the side walls of the CNT.  

 

Prato and co-workers reported a porphyrin-SWNT based donor-

acceptor system, T, comprising of SWCNT functionalized with polyamidoamine 

dendrimers containing porphyrin groups as the terminal moieties via 1,3-dipolar 

cycloaddition.89 
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The adopted divergent synthetic methodology allowed the number 

of functional groups on the nanotubes to be increased without causing significant 

damage to the conjugated π-system of the SWNTs.  The photophysical 

properties of the resulting nanoconjugates have been investigated using UV-

visible, Raman, steady state and time-resolved fluorescence studies.  The 

fluorescence kinetics provided evidence for two transient decays, one very short-
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lived (i.e., 0.04 ± 0.01 ns) and one long-lived (i.e., 8.6 ± 1.2 ns). The possible 

rationale implies that some of the porphyrins, due to dendritic structure, do not 

interact with the SWNTs and thus exhibit fluorescence lifetime similar to the free 

porphyrin.  Transient absorption studies supported the fast decay of the 

photoexcited porphyrin and confirmed that the intraconjugate charge separation 

is mainly due to electron transfer from the excited porphyrin to the SWNTs. 

 

Even though the covalent functionalization provides a convenient 

synthetic route to build donor-acceptor nanoconjugates, high degrees of 

functionalization alter appreciably the π electronic structure of the carbon 

framework.  This in turn affects the long-range conjugation and band gaps 

associated with it.  With an eye on keeping the electronic properties of SWNT 

intact, alternative synthetic strategies are needed to develop donor-acceptor 

nanohybrids. 

 

1.8.2 Non-covalent functionalization of carbon nanotubes 

Non-covalent functionalization of carbon nanotubes is particularly 

attractive because of the possibility of attaching various functional groups without 

disturbing the π system of the graphene sheets.  This was achieved by adsorbing 

carbon nanotubes with pyrene moieties, conjugate polymers, biomolecules such 

as polysaccharides, etc.90 
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Non-covalent functionalization of aromatic molecules to the side-

walls of SWNTs has been achieved by incorporating a molecule containing a 

planar pyrene moiety that could adsorb to the surface of CNTs as an anchor in 

the employed reaction medium. The interaction of pyrene molecules partially 

exfoliates the SWNT bundles and brings individual tubes into solution.  This 

chemical approach does not form any covalent bonds but only π-π interactions 

and perturbs weakly the nanotube π conjugated system.  The pyrene moiety can 

be specifically designed in such a way that a variety of molecules with intriguing 

properties could be tethered via different linkages. Thus, for example, proteins, 

DNA and other biomolecules are immobilized on pyrene adsorbed SWNTs by 

forming an amide linkage at the terminal alkyl group of the pyrene moiety. 

 

1.8.2.1 Non-covalently linked porphyrin-carbon nanotube donor acceptor 

nanoconjugates 

From the above discussion it can be inferred that although the 

covalent approach of functionalizing SWNTs is very versatile, non-covalent 

supramolecular approach appears practically promising due to the simplicity of 

the method to bring various moieties of interest together while preserving the π 

electronic structure.  Owing to the importance of this approach, several carbon 

nanotube based non-covalent supramolecular donor-acceptor systems 

assembled via various binding modes are reported in the literature.  Some of 

them containing porphyrins, as donors, and SWNTs, as acceptors, are discussed 

in this section. 
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(a) Polymer wrapping 

A new electron-donor-acceptor nanobydrid formed by solubilizing 

SWNTs through polymer wrapping with redox-inert poly(methylmethacrylate) or 

PMMA containing surface immobilized porphyrins (poly(H2P)), U, is reported by 

Guldi, et al.91a  These supramolecular SWNT associates are dispersable in most 

organic solvents. 

 

 

 

 

 

 

 

 

 

 

 

 

The evidence for the poly(H2P)/SWNT interactions is obtained from 

absorption spectroscopy. The fingerprints of SWNT and poly(H2P) are clearly 

seen throughout the UV-visible and NIR regions of the spectrum.  The proof for 

the de-bundling of nanotubes due these interactions is obtained from 

transmission electron microscopy (TEM) and atomic force microscopy (AFM).  

U

Figure 1.28: Partial structure of PMMA-H2P polymer used for wrapping SWNT 
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Excited state interactions within these associates were tested by steady state 

and time resolved fluorescence.  These studies revealed that the excited state 

quenching involves intracomplex charge separation, i.e., oxidation of H2P and 

reduction of SWNT.  Complementary transient absorption studies provided a 

spectroscopic proof for intracomplex electron transfer with a life time of 2.1 ± 0.1 

µs. 

 

Stable porphyrin/SWNT composites were also formed by 

condensation of tetraformylporphyrins and diaminopyrenes on SWNTs.91b  The 

degree of interaction between SWNT and porphyrin was evaluated by UV-visible 

and fluorescence spectra and the amount of porphyrin stripped off from the 

components.  Substituents at the meso postions of the porphyrins controlled the 

amount of the porphyrin bound to the SWNT.  In these composites, Soret and Q-

bands of porphyrin are significantly broadened and the fluorescence was almost 

completely quenched.  The apparent extinction coefficients at the Soret bands of 

the porphyrin moiety in the composites were reduced to ~ 20%. 

 

(b) Complementary electrostatics 

Prato and co-workers reported stable donor-acceptor ensembles, 

V, assembled via electrostatic interactions of SWNTs and porphyrin salts.  In this 

approach, poly(sodium 4-styrenesulfonate) grafted SWNTs (SWNT-PSSn-) were 

prepared initially by in situ free radical polymerization of PSS in an aqueous 

dispersion of HiPco SWNT.  As a result, stable water dispersable SWNTs were 
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obtained.92a  The functionalized PSS also assisted in exfoliating individual 

SWNT-PSSn- from the larger bundles and stabilizing them.  AFM and TEM 

measurements revealed the presence of individual SWNT ropes of several 

micrometers length with diameters around 1.2 nm.  The donor-acceptor coulubic 

complex was achieved by adding equivalent amounts of H2P to SWNT-PSSn- 

solution.92b  The formation of the (SWNT-PSSn-/H2P8-) was monitored by 

absorption and fluorescence techniques  
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Figure 1.29: SWNT-porphyrin donor-acceptor systems formed due to 

electrostatic interactions 
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The donor-acceptor coulombic complex was achieved by adding 

equal amount of H2P8+ to SWNT-PSSn- to the solution.  The formation of the 

(SWNT-PSSn-/H2P8+) was monitored by absorption and fluorescence techniques.  

Upon increasing additions of SWNT-PSSn-, the Soret and Q-bands of H2P8+ were 

red shifted with a clear isosbestic point at 424 nm.  In fluorescence studies, 

photoexcitation of the H2P8+ in the newly formed nanohybrid resulted in efficient 

intrahybrid charge separation which consequently leads to radical ion pair 

formation.  Transient absorption studies revealed the formation of radical ion 

pairs with a remarkably long lifetime of 14 µs under anaerobic conditions. 

 

(c) π-π interactions 

An appreciable solubility of SWNT has been achieved upon 

treatment with zinc protoporphyrin IX (ZnPP) in DMF.93a  TEM and AFM 

investigations revealed the existence of individually dissolved SWNTs with 

diameters ranging from 0.9-1.5 nm.  UV-visible-NIR studies showed the 

characteristic absorption bands for ZnPP and SWNTs in the visible and NIR 

reagions, respectively.  From systematic control experiments, the amount of 

SWNTs dissolved/dispersed in DMF is estimated to be ~ 10-20 µg/ml.  The direct 

evidence for the ZnPP/SWNTs interactions was obtained from the fluorescence 

studies.  The porphyrin emission intensity in ZnPP-SWNTs solution is 

significantly quenched compared with that of the ZnPP alone.  This quenching 

has been attributed to the energy transfer between the photoexcited porphyrin 

and SWNT. 
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Sun, et al., also attempted to produce SWNT suspensions in the 

presence of H2-5,10,15,20-tetrakis(hexadecyloxyphenyl)-21H,23H-porphyrin 

(THPP) in various organic solvents.93b  Unreacted THPP was separated from the 

insoluble and recovered SWNTs by treatment with acetic acid followed by 

vigorous centrifugation. In subsequent experiments, heating the free and 

recovered SWNTs at 800 oC for 14h in a nitrogen atmosphere showed that they 

are enriched with metallic and semiconducting SWNTs respectively.  The 

evidence for this behavior was obtained from Raman experiments.  Under 

ambient conditions the bulk conductivity for metallic and semiconducting SWNTs 

was calculated to be 1.1 Scm-1 and 0.007 Scm-1, respectively.  Thus, selective 

interactions between THPP and semiconducting SWNT are successfully 

employed to separate metallic and semiconducting nanotubes. 

 

Water-soluble H2P [meso-(tetrakis-4-sulfanatophenyl) porphyrin 

dihydrochloride] has been utilized to produce aqueous solutions of SWNTs that 

are stable for several weeks.93c  These nanohybrids are characterized by 

absorption, fluorescence and surface techniques. 

 

Stable solutions of SWNT, W, are also obtained by treating free 

(H2TPP) or zinc tetraphenyl porphyrin (ZnTPP) in DMF.93d  TEM studies revealed 

that ZnTPP is not able to fully exfoliate and /or stabilize individual SWNT in DMF 

solutions, compared to H2TPP.  This could be due to the zinc metal located at the 

center of the porphyrin that is responsible for weaker interactions between 



 73

nanotube and porphyrin π system.  The donor-acceptor interactions within these 

nanohybrids are characterized by UV-visible, fluorescence and transient 

absorption studies.  The lifetime of the radical ion pair for SWNT/H2TPP 

nanoconjugate, formed due to charge transfer interactions, was calculated to be 

110 ns. 

 

 

 

 

 

 

 

 

 

(d) Complementary electrostatics and π-π interactions 

In order to incorporate the CNTs in biological applications and 

thereby utilize them in biophysical processing, unlimited solubility of CNTs in 

aqueous media is required.  In this regard, SWNTs and MWNTs were treated 

with aqueous solutions of various pyrene derivatives i.e., 1-(trimethylammonium 

caetyl) pyrene (pyrene+), 1-pyrenecarboxylic acid, 1-pyrene butyric acid, 8-

hydroxy-1,3,6-pyrenetrisulfonic acid (pyrene-) and stable water soluble nanotube 

solutions are obtained via π-π interactions.94  The excess pyrene is removed by 

vigorous centrifugation and the final CNT-(π-π-interaction)-pyrene+ or CNT-(π-π-
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Figure 1.30: SWNT-porphyrin donor-acceptor systems formed due to π-π 

interactions 
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interaction)-pyrene- solids were re-suspended in water.  The solubility of CNT in 

the resulting suspensions is as high as 0.2 mg mL-1 and the solutions are stable 

for weeks under ambient conditions.  TEM and AFM images revealed the 

coexistence of individual and bundles of CNT in solutions.  With the CNT surface 

being covered with positively or negatively charged ionic head groups, 

VanderWaals and electrostatic interactions are utilized to complex oppositely 

charged electron donors. 
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Figure 1.31: SWNT-(π–π-interaction)-pyrene+-electrostatic-ZnP nanohybrid 
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Water-soluble porphyrins (i.e., octapyridinium ZnP/H2P salts or 

octacarboxylate ZnP/H2P salts) have been used to form  SWNT-(π–π-

interaction)-pyrene+-electrostatic-ZnP/H2P, X, ( as shown in figure 1.31) or 

SWNT-(π–π-interaction)-pyrene--electrostatic-ZnP/H2P electron-donor acceptor 

nanohybrids.  CNT-(π–π-interaction)-pyrene+-electrostatic-ZnP or CNT-(π–π-

interaction)-pyrene+-electrostatic-H2P were characterized by absorption and 

fluorescence spectroscopy and also by TEM and AFM techniques.  In absorption 

experiments, the successful complex formation between CNT and ZnP8- was 

confirmed by red-shifted Soret- and Q-bands followed by the development of 

isosbestic points.  Photo-excitation of all the resulting electron-donor–acceptor 

nanohybrids with visible light, resulted in the reduction of the electron acceptor, 

CNT, and oxidation of electron donor, ZnP or H2P.  Parallel transient absorption 

studies revealed the formation of long-lived radical ion pairs with lifetimes that 

are in the range of microseconds.  The better delocalization of electrons in 

MWNT enhanced the stability of radical ion pairs (5.8 ± 0.2 µs) compared to the 

analogous SWNT (0.4 ± 0.05 µs). 

 

(e) Axial ligation 

Guldi and co-workers have utilized the covalent and non-covalent 

approaches to provide a route towards versatile donor-acceptor hybrid 

structures.95a  In this regard, single-walled carbon nanotubes are grafted with 

poly(4-vinyl pyridine), SWNT-PVP, via free radical polymerization in a dispersion 

of pristine high-pressure carbon dioxide.  The resulting polymers were 
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characterized by spectroscopic and surface techniques.  Thermogravimetric 

analysis (TGA) analysis of SWNT-PVP gave a SWNT-to-PVP weight ratio of 

61/39 with less than 1% residual catalyst.  Atomic force microscopy (AFM) and 

TEM studies showed the formation of individual SWNT with lengths ranging from 

nanometers to micrometers.  The exfoliation of the nanotube bundles resulting 

from the functionalization was clearly observed.  UV-visible studies showed the 

characteristic peaks corresponding to the polymer and SWNT while the 

fluorescence studies showed the quenched PVP emission resulted due to the 

functionalization on the carbon nanotube framework. 
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Figure 1.32: SWNT-PVP-ZnP donor-acceptor conjugates formed via 

axial coordination 
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In the following experiments, donor-acceptor coordination assays, 

Y, are formed by titrating increased concentrations of SWNT-PVP with electron 

donors such as zinc tetraphenylporphyrin (ZnP).  The complex formation is 

monitored by spectroscopic fluorescence and absorption experiments.  In 

particular, with increasing additions of SWNT-PVP the ZnP absorption features 

(Soret and Q-bands) revealed bathochromic shifts, up to around 2 nm, followed 

by clear isosbestic points at around 422 and 429 nm confirming the formation of 

SWNT-PVP.ZnP complex via axial coordination even in polar coordinating 

solvents such as dimethyl formamide (DMF).  Parallel fluorescence experiments 

revealed the efficient quenching of ZnP emission bands.  This is mainly assigned 

to the electron transfer quenching within a SWNT-PVP.ZnP complex.  Transient 

absorption studies are performed to confirm the nature of the fluorescence 

quenching and monitor the fate of the photoexcited species.  Analysis of the 

time-absorption profiles revealed the formation of a charge separated radical-ion-

pair with lifetime of 3.8 ± 0.2 µs. 

 

Langa, et al., reported the synthesis of a pyridine moiety covalently 

appended to SWNT (Py-SWNT) and its metal complexes with zinc porphyrin via 

axial ligation.95b  In particular, pyridine moiety is functionalized via 1,3-dipolar 

cycloaddition of a nitrile oxide on the SWNT surface and characterized by 

solution 1H, 13C, FT-Raman,and electron microscopy.  This synthetic 

methodology is similar to the 1,3-dipolar cycloaddition seen in the case of 

fullerene functionalization. 
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The resulting Py-SWNT forms a complex, Z, at the zinc center of 

zinc porphyrin (ZnP) through axial ligation, in way similar to that of pyridyl 

functionalized [60]-fullerenes.  The formation of the metal-ligand complex was 

confirmed by electrochemical, 1H NMR, absorption and fluorescence studies.  

The large cathodic shifts in the oxidation and reduction potentials of ZnP, upon 

increasing additions of Py-SWNT, supported the ground state interactions of the 

Py-SWNT with ZnP via axial ligation of pyridyl units to the metal center.  The 

evidence for the supramolecular complex formation was obtained from the 1H 

NMR studies which showed the upfield shift in the protons corresponding to the 

pyridyl groups for the ZnP/Py-SWNT complex compared to the same protons in 

Py-SWNT.  The UV-vis spectra showed that the addition of Py-SWNT to a 

solution of ZnP in CH2Cl2 resulted in spectral changes characteristic of the 
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presence of pentacoordinated ZnP.  Steady state fluorescence and nanosecond 

transient absorption studies indicated an energy transfer quenching of the ZnP 

singlet excited state by Py-SWNT and no evidence for the occurrence of electron 

transfer. 

 

1.9 Scope of the present work 

As discussed in the preceding sections, although efficient long lived 

charge separated states have been achieved in covalently linked donor-acceptor 

systems, they significantly differ from natural photosynthetic systems mainly 

because of the non-covalent arrangement of the donor-acceptor entities in the 

natural systems. Several research groups are engaged in building non-covalent 

artificial photosynthetic models that can efficiently mimic natural photosynthetic 

reaction center.  Even though a series of non-covalently linked donor-acceptor 

systems that can exhibit good charge separation kinetics has been reported, a 

careful literature survey revealed the necessity of building more efficient non-

covalent systems employing different kinds of binding modes and utilizing them 

to understand the distance and orientation affects, role of solvents and their 

polarity, role of second electron donors and second electron acceptors, 

arrangement of these units in generating excellent multi step electron transfer 

with appreciable long-lived charge separated lifetimes.  Hence, this thesis 

concentrates on the development of non-covalently bound donor 

(metalloporphyrin or naphthalocyanine) and acceptor (fullerene or carbon 

nanotube) systems. 
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1.9.1 Necessity for constructing rigid non-covalent porphyrin-fullerene 

based donor-acceptor systems 

Employing multiple modes of binding in the design of 

supramolecular donor-acceptor dyads is a key factor for controlling the free 

rotation between the entities, and thereby providing the structural rigidity.  This 

approach provides information about the structure and orientation of the donor-

acceptor pair, and minimizes the different degrees of electronic coupling due to 

the different wave function mixing, observed in flexibly linked donor-acceptor 

pairs.  In this regard, several donor-acceptor systems covalently linked by 

rigid/multiple bonds and self-assembled with more than one mode of binding 

have been elegantly designed and studied using mainly porphyrins as donors 

and quinones as acceptors. 

 

As seen in the preceding discussion, a plethora of non-covalently 

linked porphyrin based donor-acceptor systems utilizing various binding modes 

has been reported.  Among these, the systems utilizing crown ether-ammonium 

binding mode are of particular importance because of efficient selectivity of the 

18-crown-6 moiety towards ammonium cations and ease of formation of the size-

fit model complex even in a polar solvent such as benzonitrile.  As discussed in 

section 1.6.4, Nierengarten, et al., has reported porphyrin-fullerene based donor-

acceptor systems assembled via crown ether-ammonium ion binding mode and 

π-π interactions.71  Due to the lack of multiple modes of binding, this approach 

has resulted in two conformers of the dyad which are clearly observed at room 
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temperature in NMR.  Stacking as a result of π-π intercations, as observed in the 

b confirmation of dyad O (see Figure 1.21), is a weak interaction which is not 

included as a rationally designed and controlled point of binding.  In other words, 

even though π-π interactions are referred to as the additional stabilizing source in 

this case, due to the weak nature of the interactions it did not serve the purpose 

as a stable secondary mode of binding.  The energy difference between π-π 

bound and unbound states (a and b in dyad O) can be assumed to be very low in 

most systems, which consequently gives poorly defined molecular geometry and 

provides weaker electronic communication between the donor and acceptor 

moieties.  More particularly in this case, flexibility in the topology of the dyad is 

reflected in the weaker binding constants even in the hydrogen-bonding 

supporting solvents such as CH2Cl2. Besides crown ether-ammonium cation 

binding mode, axial ligation can also be treated as an important non-covalent 

binding mode because of the inherent nature of the electron rich nitrogenous 

base to bond a lewis acidic zinc center.  Although axial ligation is regarded as the 

measurable binding motif to form stable donor-acceptor systems, its effect can 

be easily altered by various coordinating solvents or other coordinating 

molecules.  Hence from the above discussion it can be inferred that either crown 

ether-ammonium binding mode or axial coordination binding mode cannot 

provide rigid non-covalently linked systems solely but systematic application of 

both binding modes in combined fashion might provide an opportunity to design 

rigid non-covalently linked donor-acceptor systems with defined distance and 

orientation. 
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The design of ‘two-point’ bound systems, in which two types of  

binding modes are used to stabilize the conformation(s) assumed by the donor 

and acceptor entities, is the focus of this thesis.  Specifically, the studied systems 

utilize axial ligation in concert with crown ether-ammonium cation binding, to 

rigidify the donor-acceptor geometry and minimize the varying degrees of 

electronic coupling.  These molecular systems, with locked geometries, provide 

greater insight into the relationship between molecular structure/ orientation and 

photophysical behavior. 

 

In order to improve the electron transfer rates and, thereby, achieve 

charge stabilization, an increased number of acceptor entities have been 

incorporated into the model donor-acceptor systems.  Supramolecular triads 

comprised of free-base, zinc and magnesium porphyrins possessing two 18-

crown-6 entities at the cis or trans positions of the porphyrin macrocycle and 

fullerenes with alkyl ammonium and/or pyridine were designed and the pho-

induced electron transfer events were deduced.   

 

In order to promote the multistep electron transfer and, thereby, 

increase the lifetime of the charge separated radical ion pair, a secondary 

electron donor such as ferrocene has been systematically linked to porphyrin-

fullerene systems.  In case of these triads, the rate of charge-recombination, 

monitored by nanosecond transient absorption spectral studies, was found to be 

2-3 orders of magnitude slower than the rate of charge separation, thus 
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generating a long lived charge separated state, Fc+–ZnP–C60
•-, in these 

supramolecular systems. 

 

Eventually the control over the mechanism of electron transfer 

pathways in the donor-acceptor systems has been achieved by forming stable 

complexes of crown ether appended free-base or zinc porphyrins with fullerene 

and also ammonium cation functionalized fullerene and performing inter- to 

intramolecular electron transfer switching by the addition of potassium ions to the 

solution.  Interestingly, reversible switching of inter- to intramolecular electron 

transfer path was also achieved by extracting the complexed potassium ions by 

external addition of 18-crown-6 to the solution. 

 

1.9.2 A need for building non-covalent porphyrin-carbon nanotube based 

donor-acceptor nanohybrids 

As mentioned earlier, even though covalent functionalization of 

CNTs provides convenient and versatile routes for building donor-acceptor 

nanohybrids, non–covalent functionalization is particularly promising because it 

causes minimal alteration in the conjugated π-network of the carbon framework.  

This methodology retains most of the inherent properties of the CNTs which 

facilitated probing their acceptor ability in various donor-acceptor nanohybrids.  

On the other hand, most of the covalent synthetic routes involve very harsh 

conditions with no control over the degree of functionalization.  This mainly 
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results in the conversion of sp2 carbons to sp3 carbons leading to the appreciable 

loss of the π-conjugation and, thereby, changes the electronic properties of the 

functionalized CNTs. 

 

Owing to the importance of non-covalent methodology, several 

non-covalently linked SWNT-porphyrin based donor-acceptor systems employing 

different modes of binding are reported.  Among these the systems utilizing 

“complementary electrostatics” coupled with π-π interactions (as shown in figure 

1.31) or the systems employing axial coordination (shown in figures 1.32 & 1.33), 

are of particular importance because of the significance of their nature of binding 

and ease of formation of the donor-acceptor complex.  As discussed in section 

1.8.2.1 (d), Guldi et al has reported the synthesis and photophysical properties of 

SWNT-porphyrin based donor-acceptor nanohybrids formed via π-π interactions 

between SWNT and pyrene moieties bearing positively or negatively charged 

groups followed by electrostatic attractions between the so formed SWNT-

pyrene+ or SWNT/pyrene- and oppositely charged porphyrin molecules.94  Even 

though this non-covalent approach yielded stable aqueous solutions of SWNT-

porphyrins with minimal loss of SWNT electronic properties and also with 

appreciable charge separated lifetimes, the tedious synthetic routes to prepare 

multi-charged porphyrin molecules followed by the spectral characterization in 

various pH buffers might seem to be a problem. 
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On the other hand, self-assembling of SWNT-porphyrin based 

donor-acceptor systems via axial ligation seemed to be relatively easy because 

of the simplicity involved in the synthesis of employed porphyrin macrocycles 

followed by the inherent selectivity of the nitrogenous bases to bind the zinc 

center of porphyrins.  Even though various research groups have utilized this 

methodology to build SWNT-porphyrin based donor-acceptor systems, tethering 

axial coordinating ligands such as pyridines to SWNT via covalent 

functionalization (see section 1.8.2.1 (e)) might have resulted in loss of desirable 

electronic properties of carbon nanotubes.95 

 

Hence from the above discussion it can be inferred that non-

covalent functionalization of SWNT using pyrene bearing nitrogenous bases 

through π-π interactions followed by assembling the electron/energy donor 

molecules such as zinc tetraphenylporphyrin via axial coordination might result in 

stable donor-acceptor systems with maximum retainment of electronic and 

mechanical properties of CNT which in turn, might provide better charge 

separated states with efficient lifetimes. 

 

Solublilization of SWNT via non-covalent π-π interactions using 

pyrene bearing nitrogenous bases and utilizing them to construct non-covalently 

linked self-assembled donor-acceptor complexes with porphyrin or porphyrin like 

donor molecules to study photo-induced electron transfer events is the main 

focus of the last part of this thesis.  To achieve this, SWNTs are treated with 
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pyrene functionalized imidazole moiety (ImPy) and stable nanotube solutions, 

ImPy-SWNT, are obtained due to π−π stacking between SWNT and pyrene.  

Using the imidazole ligand of the soluble ImPy-SWNT, donor entities such as 

zinc tetraphenyl porphyrin (ZnP) and zinc naphthalocyanine (ZnNc) are axially 

coordinated to yield ZnNc-ImPy-SWNT and ZnP-ImPy-SWNT donor-acceptor 

nanohybrids.  The structure and photophysical behavior of these nanohybrids are 

systematically characterized by using various spectroscopic techniques.  

Utilization of ZnNc as the electron donor enabled us to observe the donor cation 

radical (ZnNc•+) which acts as a direct evidence for the photo-induced electron 

transfer within these systems. 
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CHAPTER 2 

MATERIALS AND PHYSICAL METHODS 

 

This chapter presents a listing of all chemicals and solvents 

employed at various stages of research work.  General procedures used for the 

purification of solvents and chemicals, general synthetic procedures employed 

for the syntheses of porphyrin, fullerene derivatives and also control compounds 

are discussed here.  Further, a brief discussion of the physicochemical 

techniques employed during the course of studies is presented here. 

 

2.1 Materials: 

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

(Houston, TX).   

 

Aldehyde derivatives such as benzaldehyde, 3,4-dihydroxy 

benzaldehyde, methyl-4-formylbenzoate, p-tolualdehyde, pyridine derivatives 

such as pyridine, 4-dimethylamino pyridine, 3-pyridine carboxaldehyde, 4-

pyridine carboxaldehyde and imidazole derivatives, 4-(1-H-Imidazolyl)-aniline, 

crown ether precursors such as  penta (ethylene glycol) ditosylate, reagents such 

as pyrrole, 4-nitroaniline, boron tribromide (1M in CH2Cl2), boron trifluoride 

diethyletherate 1, 3-dicyclohexyl-carbodiimide, p-chloranil, magnesium bromide 

diethyletherate, zinc acetate hexahydrate, palladium carbon (5%) amino acids 
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such as sarcosine and amino acid precursors such as ethylene diamine, benzyl 

2-bromo acetate were purchased from Aldrich Chemicals (Milwaukee, WI). 

 

Crown ether derivatives such as 4’-aminobenzo-18-crown-6, N-

terminal protected aminoacids such as H-Lys(Boc)-OH, reagents such as (2-

bromoethyl) amine, di-tert-butyl bicarbonate, thionyl chloride and Tetra-n-

butylammonium perchlorate, (TBA)ClO4, used for the electrochemical studies 

were purchased from Fluka chemicals and pyrene derivatives such as 1-pyrene 

butyric acid was purchased from Acros organics. 

 

All the chromatographic materials silica gel, basic alumina and 

solvents o-dichlorobenzene, benzonitrile dichloromethane, chloroform, toluene, 

1,4-dioxane, N,N-dimethylformamide, methanol were procured from Fisher 

Scientific and were used as received. 

 

Propionic acid, acetic acid, acetic anhydride, trifluoroacetic acid 

hydrochloric acid, and sulfuric acid were from Fisher chemicals  

 

2.2 Synthesis of control compounds : 

5,10,15,20-tetraphenylporphyrin (2a): 

Compound 2a was synthesized by a previously reported 

procedure.96  In 200 ml of propionic acid, 18.9 mmol (2.0 g) of benzaldehyde and 

18.9 mmol (1.26 g) of pyrrole were added.  The solution was refluxed for 45 



 89

minutes and the solvent was removed under reduced pressure.  The crude 

product was then washed several times with methanol and dissolved in minimum 

amount of CHCl3/hexane 1:1 and loaded on a basic alumina column and eluted 

with CHCl3/hexane 1:1.  Yield: 1.74 g (15 %).  1H NMR (CHCl3-d): δ (in ppm) 8.85 

(s, 8H, β-pyrrole), 8.13 (m, 6H ortho-phenyl H), 7.65 (m, 9H, meta and para-

phenyl H) and -2.78 (s, br, 2H, imino H).  UV-Vis (benzonitrile) (nm, log ε): 415 

(5.43), 511.5 (4.15), 544 (3.82), 589 (3.71), 642 (3.59).  FAB-mass (CH3CN): 

614.1 (614.7). 

 

5,10,15,20-tetraphenylporphyrinatozinc(II), 2b: 

Compound 2b was synthesized by metallation of 2a with zinc 

acetate.  To 0.33 mmol (200 mg) of 2a in CHCl3, excess of zinc acetate in 

methanol was added.33  The solution was stirred for 30 minutes and then 

concentrated and loaded on a basic alumina column and eluted with CHCl3.  

Yield 0.21 g (93%).  1H NMR (CHCl3-d): δ (in ppm) 8.93 (s, 8H, β-pyrrole), 8.2 (d, 

6H, ortho-phenyl H) and 7.74 (m, 9H, meta and para-phenyl H). UV-Vis 

(benzonitrile) (nm, log ε): 418(5.38), 549(3.92), 618(3.42).  FAB-mass (CH3CN): 

677.9 (678.1). 

 

5,10,15,20-Tetraphenylporphyrinatomagnesium(II) (2c): 

This was prepared according to a general procedure developed by 

Lindsey and Woodford for Mg porphyrin synthesis.97  To a 100 mg (0.165 mmol) 

of free-base tetraphenylporphyrin, 2a taken in 30 mL of CH2Cl2, 20 eq. of 
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triethylamine and 10 eq. of MgBr2·O(Et)2 were added. The mixture was stirred for 

30 min at room temperature.  The course of the metallation reaction was 

monitored by absorption spectroscopy to the disappearance of the 515 nm band 

of free-base porphyrin.  The mixture was washed with 5% NaHCO3, dried over 

anhydrous Na2SO4, and purified on a silica gel column using toluene and 

chloroform as eluent.  Yield: ~85%. 1H NMR (CHCl3-d):  δ (in ppm) 8.89 (s, 8H, β-

pyrrole H), 8.23 (d, 8H, ortho-phenyl H), 7.74 (m, 12H, meta and para phenyl H). 

ESI mass in CH2Cl2: calcd. 636.3, found 637.5.  UV-Vis (o-dichlorobenzene) 

λmax: 428.5, 565, and 604.5 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

O H

N
H N

NN

N
H

H

N

NN

N
HO

M

propionic acid+4 4

M = Zn (2b)
M = Mg (2c)

2a

Zinc Acetate or 
MgBr2.O(Et)2

Scheme 2.1: Synthetic scheme adopted for compounds 2a, 2b and 2c 



 91

 

 

 

 

 

 

 

 

N-methyl-2-(4’-N-imidazolylphenyl)- 3,4-fulleropyrrolidine (2d):  

Compound 2d was synthesized according to a general procedure 

developed by Prato and coworkers.98.  To a solution of C60 (100 mg, 0.14 mmol) 

in dry toluene (60 ml), sacrosine (29 mg, 0.26 mmol), and 4-imidozolyl 

benzaldehyde (120 mg, 0.7 mmol) were added. The combined solution was 

refluxed for 6 hours and solvents removed under vacuum. The crude product 

was dissolved in toluene and purified over a silica gel column using 4:6 ethyl 

acetate and toluene as eluent.  Yield: (38%).  1H NMR (CS2:CDCl3 1:1 (v/v)): δ 

(in ppm), 2.81, (s, 3H, N-methyl H), 4.90, 5.10, 5,83 (d, d, s, 3H, pyrrolidine H), 

7.96, 7.45 (d, d, 4H, phenyl H), 7.57, 7.99 (d, d, 2H, imidazole H), 7.82 (s, 1H, 

imidazole H). FAB mass in CH2Cl2, cald 919.1, found 919.7. UV-Vis (o-

dichlorobenzene): 310.2 and 428.1 nm.  
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Scheme 2.2: General scheme for synthesis of fulleropyrrolidines 
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N-methyl-2-phenyl-3,4- fulleropyrrolidine (2e): 

Compound 2e was synthesized by using a procedure similar to that 

adopted for 2d.  To a solution of C60 (100 mg, 0.14 mmol) in dry toluene (60 ml), 

sacrosine (29 mg, 0.26 mmol), and benzaldehyde (74 mg, 0.7 mmol) were 

added.  The combined solution was refluxed for 5 h.  At the end, the solvent was 

evaporated under reduced pressure.  The solid was adsorbed on silica gel and 

purified over a silica gel column by using toluene as eluent.  Yield: (25%).  1H 

NMR (CS2:CDCl3 1:1 (v/v)): δ (in ppm) 2.81, (s, 3H, N-methyl H),  4.82 (d, 1H, 

pyrrolidine H), 5.18 (d, 1H, pyrrolidine H),  5.83 (s, 1H, pyrrolidine H), 7.51, 7.35 

(m, 3H, phenyl H), 7.88, 7.80 (d, 2H, phenyl H), UV-Vis (o-dichlorobenzene): 

327.5 and 432 nm. FAB mass, cald. 853.7, found 854.0. 

 

2.3 Physical methods 

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 or Varian spectrometers.  

A right angle detection method was used.  The 1H NMR studies were carried out 

on a Varian 400 MHz or 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.  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 
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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 in collaboration 

with Dr Melvin E. Zandler, Wichita State University and Dr. Paul A. Karr, Wayne 

State College.  These calculations were performed by DFT B3LYP/3-21G(*) 

methods with GAUSSIAN 98 or 0399 software packages on various PCs and a 

SGI ORIGIN 2000 computer.  The graphics of HOMO and LUMO coefficients 

were generated with the help of GaussView software.  The ESI-Mass spectral 

analyses of the newly synthesized compounds were performed by using a 

Fennigan LCQ-Deca mass spectrometer.  For this, the compounds (about 1 mM 

concentration) were prepared in CH2Cl2, freshly distilled over calcium hydride. 

 

Time-resolved Emission and Transient Absorption Measurements: 

The time-resolved emission and transient absorption studies were 

performed in collaboration with Dr. Osamu Ito, Tohoku University, Sendai, Japan. 

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 followed from literature.51   The 

subpicosecond transient absorption spectra were recorded by the pump and 

probe method.  The samples were excited with a second harmonic generation 

(SHG, 388 nm) output from a femtosecond Ti:sapphire regenerative amplifier 
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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).  Nanosecond 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. 

 

Transmission Electron Microscopy studies 

Transmission electron microscopy studies were performed in 

collaboration with Dr. Lawrence D’Souza, University of Illinois at Chicago.  TEM 

of the carbon nanotubes were obtained by adding isopropanol and sonicating the 

suspension for 5 min.  Samples were placed onto a carbon-coated copper grid. 

TEM and EDX experiments were performed using a JEOL electron microscope 

(JEM-2010F FasTEMm FEI) operated at 200 kV with an extracting voltage of 

4500 V at Research Resources center, UIC, Chicago.  The copper grid (200 

mesh, Cu PK/100) was supplied by SPI supplies, USA.  
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2.4  Summary 

In summary free-base, zinc and, magnesium tetraphenyl porphyrin 

and fullerene derivatives and nanotube were successfully prepared and 

characterized by proton NMR and ESI-Mass spectroscopy. These compounds 

are used as control compounds in later chapters.  A general description of optical 

absorption, emission, photochemical and electrochemical methods used in the 

present study is presented. 
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Chapter 3 

Supramolecular “Two-Point” bound Porphyrin-C60 Conjugates 

via Crown ether-ammonium cation complexation and Axial 

coordination or π-π interactions 

 

3.1 Introduction 

Study of photoinduced electron transfer in donor-acceptor dyads is 

a topic of current interest mainly to address the mechanistic details of electron 

transfer in chemistry and biology, to develop artificial photosynthetic systems for 

light energy harvesting,1-17 and also, to develop molecular optoelectronic 

devices.100  Fullerenes as electron acceptors101 and porphyrins as electron 

donors1 have been successfully utilized in the construction of such dyads18,33-37 

owing to their rich and well-understood electrochemical, optical, and 

photochemical properties.  Fullerenes, because of their unique structure and 

symmetry, require small reorganization energy in electron transfer 

reactions.18,33,37  As a consequence, fullerenes (C60 and C70) in donor-acceptor 

dyads accelerate forward electron transfer (kCS) and slow down backward 

electron transfer (kCR) resulting in the formation of long-lived charge-separated 

states, as verified in a number of porphyrin-fullerene dyads.18,33-37  More recently, 

elegantly designed porphyrin and fullerene bearing molecular and 

supramolecular triads, tetrads, pentads etc., have also been synthesized and 

studied.38,48-51  In some of these supramolecular systems, distinctly separated 
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donor-acceptor radical ion-pairs are generated in succession by charge migration 

reactions along the well-tuned redox gradients.38,48-51 

Recent studies have revealed the importance of intra- and 

intermolecular type interactions on the photochemistry of flexibly and rigidly 

linked molecular and supramolecular porphyrin-fullerene conjugates.18,38,102,103  

Information was obtained primarily from the crystal structures of inter- and 

intramolecularly interacting porphyrin/fullerene conjugates;104 thus, attempts have 

been made to model the organization principles and to probe their impact on 

electron transfer reactions.48-51,102,103  These attempts have led to the 

development of a variety of porphyrin/fullerene hybrids that give rise to different 

topologies and chromophore separations.  Most of the synthetic methodologies 

are based on connecting porphyrins and fullerenes by a single linker that resulted 

in a substantial degree of conformational flexibility in the molecular topology.  As 

a result, the porphyrin/fullerene organization in the resulting hybrids was poorly 

defined and the fullerene could not be positioned close to or on top of the 

porphyrinic macrocycle.  In a few synthetic approaches, the porphyrins and 

fullerenes are brought together by two separate linkers, yielding dyads with π-

stacked sandwich structures.  Control over the interchromophore interactions and 

fine-tuning of the properties of the ground and excited states were possible to 

some extent by this approach by varying the linker lengths.105 

 

Employing multiple modes of binding in the design of 

supramolecular donor-acceptor dyads is a key factor for controlling the free 
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rotation between the entities, and thereby providing the structural rigidity.  In 

order artify this fact we have utilized multiple modes of binding in a self-assembly 

process to form rigidly held porphyrin-fullerene conjugates and visualized the 

effects of inter- and intramolecular interactions on the physico-chemical 

properties of these novel supramolecular systems.76a,106  This approach has 

provided information about the structure and orientation of the donor-acceptor 

pair, and minimized the different degrees of electronic coupling due to the 

different wave function mixing, observed in flexibly linked donor-acceptor pairs.  

In subsequent studies, the self-assembly approach was also extended to form 

supramolecular triads bearing three photo/redox active entities, and polyads 

bearing more than one donor or acceptor entity.  The photochemical studies of 

the self-assembled triads resulted in successful generation of relatively long-lived 

charge separated species.  The multiple modes of binding utilized different types 

of binding mechanisms.76a,106  These include: (i) a ‘coordinate-covalent’ binding 

strategy in which the porphyrin-fullerene interactions were probed by a ‘tail-on’ 

and ‘tail-off’ binding mechanism,76a  (ii) a ‘coordinate-hydrogen bonding’ strategy 

which led to the formation of stable supramolecular dyads and triads,106a  (iii) a 

‘coordinate-coordinate bonding’ approach of obtaining bisporphyrin-fullerene 

dyad held in a symmetrical fashion.106b  In all of above developed multiple 

binding mechanisms, metal to pyridine axial binding (coordination) was one of 

the common modes of binding. 
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In the present study, a novel approach has been developed which 

involves a ‘two-point’ binding by utilizing porphyrins bearing one or four [18]-

crown-6 moieties (compounds 7, 9 and 11 in Figure 3.1) and fulleropyrrolidine 

bearing an alkyl ammonium cation and pyridine entities (compound 12 in Figure 

3.1).106c,d 
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ammonium cation was complexed with the crown ether moiety.  Compound 9 is 

synthesized to visualize the ‘two-point’ binding in a porphyrin macrocycle in 

which the crown ether entity is disposed differently than that in 7, while 

compound 11 is synthesized to form porphyrin-fullerene conjugates bearing up to 

four fullerene entities. 

 

In order to visualize the π-π type interactions between the porphyrin-

fullerene entities in the self-assembled dyads, fullerene 13 was synthesized 

which lacks the axial coordinating pyridine unit and has only an alkyl ammonium 

cation to complex with crown ether.  Such a fullerene, when bound to a crown 

ether appended porphyrin, is expected to interact with the porphyrin π-system in 

addition to the cation-crown ether complexation.64,65,71-72,107  Hence, a 

comparison of the ground and excited state properties between the ‘two-point’ 

bound dyads 7:12 or 9:12, and the dyads held by only alkyl ammonium cation-

crown ether complex, 7:13 or 9:13 would provide information on the effects of 

axial ligation versus π-π type interactions in the presently investigated series of 

self-assembled dyads on their spectral and photochemical properties.106c 

 

Interestingly, addition of pyridine to these supramolecular 

compounds eliminates the zinc-pyridine bonds in case of dyads 7:12 and 9:12, 

and the π-π type interactions in case of dyads 7:13 and 9:13 as a result of the 

newly formed zinc-pyridine (externally added) bond (Scheme 3.1).  
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Photochemical studies under these conditions would provide the role of axial 

coordination or π-π interactions on the charge separation and charge 

recombination processes in these supramolecular dyads.  These effects have 

been systematically investigated in the present study. 

 

 

 

 

 

Scheme 3.1: Effect of external pyridine addition on the structures of the 

supramolecular dyad 
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3.2 Experimental Section 

H2-5–(2-methoxyphenyl)-10,15,20-triphenylporphyrin (1):  A mixture of p-

anisaldehyde (2.54 g, 18.66 mmol), benzaldehyde (5.9 g, 56 mmol) and pyrrole 

(5.2 mL, 5 g, 74.53 mmol) were taken in 400 ml of propionic acid and refluxed for 

2 hours.96  The solvent was removed under vacuum, and the crude product was 

adsorbed on basic alumina and purified by column chromatography on basic 

alumina with chloroform/methanol (60:40 v/v) as eluent.  Yield: 648 mg (~5.5 %). 

1H NMR (CHCl3-d), δ (in ppm)  8.89-8.81 (m, 8H, β-pyrrole H), 8.25-8.19 (m, 6H, 

ortho-phenyl H), 8.11 (d, 2H, m, p-meso-substituted phenyl H), 7.78-7.69 (m, 9H, 

m, p-phenyl H), 7.25 (d, 2H, o, p-H), 4.03 (s, 3H, methoxyphenyl H), -2.75 (s, 2H, 

imino H ). 
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H2-5-(2-hydroxyphenyl)-10,15,20-triphenylporphyrin (2):  Compound 2 was 

prepared according to the reported procedure with few modifications.76a  9 mL of 

BBr3 solution (1M) was added to a solution of 1 (648 mg, 1 mmol) in CH2Cl2 at  

-78oC.  The solution was maintained at this temperature during which the 

addition was completed.  This mixture was allowed to attain the room 

temperature and stirred for 12 hrs.  After stirring for 12 hours the mixture was 

again cooled to -5oC, taking care that the temperature was maintained below 

5oC, 100 ml of cold water was added to quench the reaction followed by addition 

of saturated sodium bicarbonate.  This combined solution was stirred for 1 hr and 

the organic layer separated using CH2Cl2.  The crude compound was purified on 

the basic alumina column using CHCl3: CH3OH (95:5 v/v) to yield the titled 

compound.  Yield: 200 mg (32%).  1H NMR (CHCl3-d): δ (in ppm) 8.89 – 8.81 (m, 

8H, β-pyrrolic H ), 8.21 (m, 6H, o-phenyl H), 8.05 (d, 2H, m, p- meso-substituted 

phenyl H), 7.78 – 7.64 (m, 9H, m, p-phenyl H), 7.15 (d, 2H, o, p- H-meso-

substituted pheny lH), 5.6 (s, br, 1H, OH), -2.77 (s, 2H, imino H). 

 

4’-Formylbenzo-[18]-crown-6 (3):  This compound was synthesized by two 

different procedures. 

Method A:  A mixture of 3,4-dihydroxybenzaldehyde (1 g, 7.24 

mmol) and excess K2CO3 (5.0031g, 36.2 mmol) taken in DMF (~ 50 mL) was 

stirred at ~80 0C under nitrogen for 30 min.  Then pentaethylene glycol di-p-

toluene sulfonate (3.483 mL, 7.9641 mmol) was added to the reaction mixture 

during 20 minutes, and stirred at ~800C under nitrogen atmosphere for 20 hours.  
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The cooled mixture was filtered and the filtrate was evaporated to dryness and 

the residue was extracted with chloroform.  The extract was evaporated to yield 

viscous oil which was purified through column chromatography over silica gel 

using CHCl3: MeOH (98:2 v/v) as eluent.  Evaporation of the solvent yielded a 

pale-yellow oil, which upon triturating with diethyl ether and refrigeration gave the 

desired product as a white solid.  Yield: 1.8 (75%).  1H NMR (CHCl3-d): δ (in 

ppm)  9.84 (s, 1H ), 7.44 (dd, 1H, phenyl H), 7.39 (d, 1H, phenyl H ), 6.95 (d, 1H, 

phenyl H ), 4.28 – 4.18 (m, 4H, crown ethylene H), 4.02 – 3.90 (m, 4H, 

crownethylene H), 3.82 – 3.71 (m, 8H, crownethylene H ), 3.69 (s, 4H, 

crownethylene H). 

 

Method B:  Benzo-18-crown-6 (2.52 g, 8.07mmol) and 

hexamethylenetetramine (1.2 g, 8.5 mmol) were mixed with trifluoroacetic acid 

(6.1 mL, 78.6 mmol) and the reaction mixture was heated to 100 0C under N2 for 

24 hours.108  The resulting dark red mixture was cooled to 50C, mixed with ice 

and stirred for 1h.  The product was extracted with chloroform and the organic 

layer was dried over Na2SO4.  The organic extract was evaporated to yield 

viscous oil which was purified through column chromatography over silica gel 

using CHCl3: MeOH (98:2 v/v) as eluent.  Evaporation of the solvent yielded pale-

yellow oil, which upon trituration with diethyl ether and refrigeration gave the 

desired product as white solid. Yield: 1.64 g (60%).  1H NMR (CHCl3-d): δ (in 

ppm)  9.84 (s, 1H ), 7.44 (dd, 1H, phenyl H), 7.39 (d, 1H, phenyl H ), 6.95 (d, 1H, 

phenyl H ), 4.28 – 4.18 (m, 4H, crown ethylene H), 4.02 – 3.90 (m, 4H, 



 105

crownethylene H), 3.82 – 3.71 (m, 8H, crownethylene H ), 3.69 (s, 4H, 

crownethylene H). 

 

 

 

 

 

 

 

 

 

 

4’-Hydroxymethylbenzo-[18]-crown-6 (4):  This compound was obtained by 

reduction of the above synthesized formyl-derivative, 3 using a procedure 

described by Kryatova et al.108  4’-Formylbenzo-[18]-crown-6, 3 (1g, 2.93 mmol) 

was suspended in 15 mL of absolute ethanol, and the mixture was cooled to 0 

oC.  Sodium borohydride (125 mg, 3.3 mmol) was added to this suspension in 

small portions, maintaining the temperature below 7 oC.  After the addition of 

sodium borohydride, the mixture was stirred at 0 oC for 2 hours and the solvent 

was rotary evaporated.  The residue was washed with water and extracted with 

CH2Cl2. Yield : ~85%  1H NMR (CHCl3-d): δ (in ppm) 6.92 (d, 1H, phenyl H), 6.88 
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– 6.78 (m, 2H, phenyl H), 4.60 (s, 2H, benzyl H), 4.22 – 4.06 (m, 4H, crown 

ethylene H), 3.98 – 3.82 (m, 4H, crown ethylene H), 3.80 – 3.58 (m, 12H, crown 

ethylene H),  2.20 (br, s, 1H). 

 

4’-Chloromethylbenzo-[18]-crown-6 (5):  This compound was prepared 

according to Kryatova et al.108  4’-Hydroxymethylbenzo-[18]-crown-6, 4 (200 mg, 

0.59 mmol) was dissolved in 15 mL of CH2Cl2, and fine powder of K2CO3 (270 

mg, 1.954 mmol) was added.  The mixture was cooled to 0 oC under N2, and 

thionyl chloride (96 µL, 1.31 mmol) was added.  The reaction was stirred for 1 

hour, then filtered and the solvent was evaporated to give a semi-solid product, 

which was used without further purification. Yield: ~90%.  1H NMR (CHCl3-d) : δ 

(in ppm) 6.92 (m, 2H, phenyl H ), 6.82 (d, 1H, phenyl H ), 4.55 (s, 2H, benzyl H ), 

4.24 – 4.10  (m, 4H, crownethylene H ), 4.0 – 3.84 (m, 4H, crownethylene H), 

3.80 – 3.60 (m, 12H, crownethylene H ). 

 

H2-5-(2-oxomethylbenzo-[18-crown-6]-phenyl)-10,15,20-triphenylporphyrin 

(6):  A mixture of 2 (335 mg, 0.53 mmol) and excess K2CO3 (220 mg, 1.592 

mmol) taken in DMF (~ 50 mL) was stirred at ~80 oC under nitrogen for 30 min.  

Then, 4’-chloromethylbenzo-[18-crown-6], 5 (190 mg, 0.53 mmol) dissolved in 

minimum amount of DMF was added to the reaction mixture over 20 minutes, 

and stirred at ~80 oC under nitrogen atmosphere for 18 hours.  The cooled 

mixture was filtered and the filterate was evaporated to dryness and the residue  
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was extracted with chloroform.  The extract was evaporated and the residue was 

subjected to column chromatography over basic alumina.  The desired 

compound was eluted with CH2Cl2: EtOAc (80:20 v/v).  Yield: ~85%. 1H NMR 

(CHCl3-d) : δ (in ppm) 8.92 – 8.78 (m, 8H, β-pyrrolic H), 8.34 – 8.12 (m, 6H, o-

phenyl H), 8.05 (dd, 1H, o, m-substituted phenyl H), 7.80 – 7.62 (m, 10H, m, p-

phenyl H), 7.38 – 7.28 (m, 2H , m,p-phenyl H), 6.25 (s, 2H, benzocrown-phenyl 

H), 5.18 (s, 1H, benzocrown-phenyl H), 4.85 (s, 2H, benzyl H),  3.68 – 3.59 (m, 

2H, crownethylene H), 3.52 – 3.48 (m, 2H, crownethylene H), 3.47 – 3.36 (m, 6H, 

crownethylene H), 3.34 – 3.26 (m, 2H, crownethylene H), 3.18 – 3.08 (m, 2H, 

crownethylene H), 2.58 – 2.48 (m, 2H, crownethylene H), 1.52 – 1.42 (m, 2H, 

Scheme 3.4: Synthetic scheme for compounds 6 and 7 
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crownethylene H), 1.41 – 1.32 (m, 2H, crownethylene H), -2.7 (s, br, 2H, imino 

H). UV-Vis (toluene, nm):  419.0, 514.0, 547.5, 590.0, 645.5. 

 

5-(2-Oxomethylbenzo-[18-crown-6]-phenyl)-10,15,20-

triphenylporphyrinatozinc(II), (7):  The free-base porphyrin 6 (100 mg, 0.105 

mmol), was dissolved in CHCl3 (20 mL), a saturated solution of zinc acetate in 

methanol was added to the solution, and the resulting mixture was refluxed for 

2h.  The course of the reaction was followed spectrophotometrically by the 

disappearance of the 514.0 nm band of 6.  At the end, the reaction mixture was 

washed with water and dried over anhydrous Na2SO4.  Chromatography on basic 

alumina using CHCl3:EtOAc (80:20 v/v) as eluent gave the title compound.  Yield: 

~ 90 %.  1H NMR (CHCl3-d): δ (in ppm) 8.86– 8.74 (m, 8H, β-pyrrolic H ), 8.14 – 

8.0 (m, 6H, o-phenyl H ), 7.78 (dd, 1H, o, m- substituted phenyl H), 7.73 – 7.57 

(m, 10H, m, p-phenyl H), 7.31 – 7.17 (m, 2H , m, p-phenyl H), 6.23 – 6.15 (m, 

1H, benzocrown-phenyl H), 5.91 (d, 1H, benzocrown-phenyl H), 4.99 (m, 1H, 

benzocrown-phenyl H), 4.81 (s, 2H, benzyl H), 3.08 – 2.92 (m, 2H, 

crownethylene H), 2.65 – 2.40 (m, 8H, crownethylene H), 2.32 – 2.2 (m, 2H, 

crownethylene H), 1.72 – 1.62 (m, 2H, crownethylene H), 1.2 – 1.1 (m, 2H, 

crownethylene H), 1.08 – 0.98 (m, 2H, crownethylene H), 0.76 – 0.62 (m, 2H, 

crownethylene H).  UV-Vis (toluene, nm): 424.5, 552.0, 592.5.  ESI mass in 

CH2Cl2 calcd: 1018.5; found :  m/z  1018.3 ( M+ ), 1049.2 (M+ + MeOH). 
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H2-5-(benzo-18-crown-6)-10,15,20-triphenylporphyrin, (8):  A mixture of 4’-

formylbenzo-[18]-crown-6, 3 (700 mg, 2.057 mmol), benzaldehyde (627.33 µL, 

654.93 mg, 6.171 mmol) and pyrrole (570.1 µL, 551.28 mg, 8.228 mmol) was 

refluxed in propionic acid (180 mL) for 2 hours.  The propionic acid was removed 

under reduced pressure and the crude product was purified on a basic alumina 

column using hexanes: CHCl3 (75:25 v/v).  Yield: ~ 5 %. 1H NMR (CHCl3-d):  δ (in 

ppm) 8.93-8.79(m, 8H, β-pyrrolic H), 8.29-8.16 (m, 6H, o-phenyl H), 7.82-7.67 (m, 

11H, m,p-phenyl H (9H) & benzocrown-phenyl H (2H)), 7.18-7.13 (m, 1H, 

benzocrown-phenyl H), 4.42-4.33 (m, 2H, crownethylene H), 4.31-4.24 (m, 2H, 
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crownethylene H), 4.11-4.03 (m, 2H, crownethylene H), 3.96-3.85 (m, 4H, 

crownethylene H), 3.83-3.72 (m, 10H, crownethylene H), -2.77 (s, br, 2H, imino 

H). UV-Vis (toluene, nm): 421.5, 516.0, 550.5, 592.5, 652.0 

 

5-(Benzo-18-crown-6)-10,15,20-triphenylporphyrinatozinc(II), (9):  The free-

base porphyrin, 8 (50 mg, 0.059 mmol) was dissolved in CHCl3 (10 mL), a 

saturated solution of zinc acetate in methanol was added to the solution, and the 

resulting mixture was refluxed for 2h.  The course of the reaction was followed 

spectrophotometrically by monitoring the disappearance of the 516 nm band of 8.  

At the end, the reaction mixture was washed with water and dried over 

anhydrous Na2SO4. Chromatography on basic alumina column using hexanes: 

CHCl3 (75:25 v/v) as eluent gave the title compound.  Yield: ~90%.  1H NMR 

(CHCl3-d): δ (in ppm) 8.98-8.87 (m, 8H, β-pyrrolic H), 8.24-8.17 (m, 6H, o-phenyl 

H), 7.79-7.66 (m, 11H, m,p-phenyl H (9H) & benzocrown-phenyl H (2H)), 7.12-

7.08 (m, 1H, benzocrown-phenyl H), 4.19-4.14 (m, 2H, crownethylene H), 4.06-

3.98 (m, 2H, crownethylene H), 3.68-3.61 (m, 2H, crownethylene H), 3.58-3.40 

(m, 14H, crownethylene H). UV-Vis (toluene, nm): 424.0, 549.5, 589.5.  ESI 

mass in CH2Cl2 calcd: 912.37; found:  m/z 912.3 [M+] (57%), 943.1 [M+ + MeOH]. 

(100%). 

 

H2-5,10,15,20-tetra (benzo-18-crown-6)-porphyrin, (10):  This compound was 

prepared according to the reported procedures109 for H2-5,10,15,20-tetra(benzo-

15-crown-5)-porphyrin with some modifications.  A mixture of 4’-formylbenzo-



 111

[18]-crown-6, 3 (502.3 mg, 1.5 mmol) and pyrrole (95 µL, 91.9 mg, 1.4 mmol) 

was refluxed in propionic acid (115 ml) for 3h.  The crude product was purified on 

a basic alumina column with chloroform as eluent.  Yield: ~5%.  1H NMR (CHCl3-

d):  δ (in ppm) 8.88 (s, 8H, β-pyrrolic H), 7.79-7.70 (m, 8H, benzocrown-phenyl 

H), 7.24-7.22 (m, 4H, benzocrown-phenyl H), 4.50-4.44 (m, 8H, crownethylene 

H), 4.33-4.27 (m, 8H, crownethylene H), 4.16-4.11 (m, 8H, crownethylene H), 

4.01-3.90 (m, 16H, crownethylene H), 3.88-3.75 (m, 40H, crownethylene H), -

2.79 (s, br, 2H, imino H). UV-Vis (Benzonitrile, nm): 429.5, 521.5, 559.0, 595.0, 

655.0. 

 

5,10,15,20-Tetra(benzo-18-crown-6)-porphyrinatozinc(II) (11):  The free-base 

porphyrin 10 (20 mg, 0.0129 mmol) was dissolved in CHCl3 (10 mL), a saturated 

solution of zinc acetate in methanol was added to the solution, and the resulting 

mixture was refluxed for 2h.  The course of the reaction was followed 

spectrophotometrically by monitoring the disappearance of the 521 nm band of 

10.  At the end, the reaction mixture was washed with water and dried over 

anhydrous Na2SO4.  Chromatography on silica gel column using CHCl3 as eluent 

gave the title compound.  Yield: ~90%.  1H NMR (CHCl3-d): 8.97 (s, 8H, β-pyrrolic 

H), 7.78-7.68 (m, 8H, benzocrown-phenyl H), 7.18 (d, 4H, benzocrown-phenyl 

H), 4.41-4.29 (m, 8H, crownethylene H), 4.26-4.10 (m, 8H, crownethylene H), 

3.99-3.86 (m, 8H, crownethylene H), 3.85-3.54 (m, 56H, crownethylene H).  UV-

Vis (Benzonitrile, nm): 434.5, 562.0, 604.5.  ESI mass in CH2Cl2 calcd: 1615.12; 

found:  m/z 1647.1 [M+ + MeOH] (100%). 
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2-(3’-Pyridyl)-5-(n-butylammonium)-3,4-fulleropyrrolidine (12): To a solution 

of C60 (100 mg, 0.138 mmol) in toluene, Hlys(Boc)-OH (100 mg, 0.406 mmol) and 

3-pyridine carboxaldehyde (76 µL, 86.72 mg, 0.81 mmol) were added and 

refluxed for 3 h.  The solvent was evaporated by vacuum, purified on silica gel 

using toluene and ethylacetate (80:20 v/v) to obtain N-Boc protected 12.  Yield: 

87 mg (62%).  Next, to a dichloromethane solution (5 mL) of N-Boc protected 12 

Scheme 3.6: Synthetic scheme for compounds 10 and 11 
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(75 mg, 0.074 mmol), 3 mL of trifluoroacetic acid, and 50 µL of m- cresol was 

added and stirred for 3 h.98,110  The solvent and the excess acid were removed 

under vacuum and the solid product was washed several times in toluene to 

remove the unreacted starting materials to yield the titled compound 12 as brown 

solid.  Yield: 74 mg (97%).  1H NMR (CD3OD): δ (in ppm) 9.13, 8.60, 8.48, 7.64 

(s, d, t, t, 4H, 3 pyridine H), 6.15, 5.17, 5. 14, (s, d, d, 3H, pyrrolidine H), 3.01-

1.94 (d, m, m, m, 8H, -(CH2)4-). ESI mass in CH2Cl2, calcd: 912; found: 912.8.  

UV-Vis (in MeOH, nm) 204, 254.5. 

 

 

 

2-Phenyl-5-(n-butylammonium)-3,4-fulleropyrrolidine (13):  To a solution of 

C60 (100 mg, 0.138 mmol) in toluene, Hlys(Boc)-OH of (100 mg, 0.406 mmol) and 

benzaldehyde (72 µL, 0.08 g, 0.75 mmol) was added and refluxed for 2 h.  The 

solvent was evaporated by vacuum, purified on silica gel using toluene and 

Scheme 3.7: Synthetic scheme for compounds 12 and 13 
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ethylacetate (90:10 v/v) to obtain N-Boc protected 13.  Yield: 95 mg (68%).  Next, 

to a dichloromethane solution (5 mL) of N-Boc protected 13 (82 mg, 0.081 

mmol), 3 ml of trifluoroacetic acid and 50 µL of m-cresol were added and stirred 

for 4 h.  The solvent and the excess acid were removed under vacuum and the 

solid product was washed several times in toluene to remove the unreacted 

starting materials to yield the titled compound 13 as brown solid. Yield: 81 mg 

(97%).  1H NMR (CD3OD): δ (in ppm) 7.3-7.77 (m, 5H, phenyl H), 6.0, 5.15, 5. 07, 

(s, d, d, 3H, pyrolidine H) , 3.01-1.94 (d, m, m, m, 8H, -(CH2)4-). ESI mass in 

CH2Cl2 calcd: 911.0; found: 912.2.  UV-Vis (MeOH, nm) 204, 254 nm. 

 

3.3 Results and discussions 

Optical Absorbance Studies 

The optical absorption behavior of the benzo-[18]-crown-6 

appended at different meso-positions of the zinc porphyrin macrocycle was found 

to be similar to that of pristine meso-tetraphenylporphyrinatozinc, ZnP.  That is, 

they exhibited an intense Soret band around 425 nm and two visible bands 

around 560 and 600 nm, respectively.  No apparent absorption bands in the 

wavelength region covering 350-700 nm corresponding to the crown ether 

entities were observed.  Addition of fullerene 12 to a benzonitrile solution 

containing porphyrin 7 or 9 revealed appreciable spectral changes accompanied 

by one or more isosbestic points.  Typical spectral changes corresponding to the 

complex formation in the case of 7 and 9 in the presence of increasing amounts 
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of fullerene 12 are shown in figures 3.2 and 3.3, respectively.  In each case, the 

Soret band revealed a decrease in intensity accompanied by a red shift, typical of 

axial coordination of a nitrogenous ligand.  The binding constant, K, calculated 

from the Scatchard plot 111 for the 7:12 complex was found to be 4.4 x 104 mol-1 

dm3, suggesting stable self-assembled supramolecule formation even in a polar 

benzonitrile solvent.  The 1H NMR studies confirmed the ‘two-point’ binding 

involving axial coordination of the pyridine entity of 12 to the metal center of 7, 

and the crown ether-ammonium cation complexation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Spectral changes observed during the titration of the zinc 

porphyrin 7 (1.42 x 10-6 mol dm-3) with functionalized fullerene 12 (0.20 eq. 

each addition) in benzonitrile.  Figure inset shows the Scatchard plot.  
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Interestingly, in the case of fullerene 13 binding to the crown ether 

appended porphyrins, 7 and 9, the observed spectral shifts were not so drastic 

primarily due to the lack of axial coordination.  However, spectral evidence for π-

π type interactions between the porphyrin macrocycle and the fullerene spheroid 

was observed.  As shown in Figure 3.3 inset, a broad band in the 725-825 nm 

region was observed for the dyad 7:13.   
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Figure 3.3: Spectral changes observed during the titration of porphyrin, 9 (1.6 

µΜ) with fullerene, 12 (0.21 µΜ each addition) in benzonitrile.  The inset figure 

shows enlarged near-IR portion of the spectrum for (i) porphyrin, 7, (ii) fullerene, 

13, (iii) digitally added spectrum of (i) and (ii), and (iv) the complex obtained by 

treating equimolar 7 and 13 in benzonitrile. 
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Control experiments performed by recording the spectra of 7, 13, 

and the spectrum obtained by the digital addition of spectra of 7 and 13 were 

different in this wavelength region.  Earlier, in a number of covalently linked 

porphyrin-fullerene dyads such broad absorption bands in the 725-900 nm 

regions were observed as a result of π-π type interactions.103-104  A similar but 

less pronounced spectrum was also observed for the complex 9:13 but not for 

the spectra of 7:12 and 9:12.  Addition of pyridine to the solution eliminated this 

spectral band. 

 

1H NMR titrations of fullerene, 13 on increasing addition of 

porphyrin, 7 in CDCl3 revealed systematic up field shift (up to 0.3 ppm) of the 

pyrrolidine and alkyl protons of the ammonium pendant arm.  The shifts of the 

phenyl ring protons of 13 were found to be < 0.1 ppm.  The up field shifts were 

smaller than that of the complex 7:12 involving both axial-coordination and 

cation-crown ether complexation.  The observed up field shift for the dyad 7:13 

suggests positioning of the fullerene moiety in the ring-current zone of the 

porphyrin ring with close proximity, that is, the presence of interacting porphyrin 

and fullerene entities in the complex.  Hence from the above discussion it can be 

inferred that the present spectral results indicate metal-ligand axial coordination 

and crown ether-ammonium cation complexation in case of 7:12 and 9:12.  In the 

case of 7:13 and 9:13, in addition to crown ether-ammonium cation 

complexation, π-π type interactions have also been observed. 
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DFT B3LYP/3-21G(*) Computational Studies 

In order to further understand the geometry and electronic structure 

of the investigated conjugates, computational studies were performed on all of 

the investigated dyads by a moderate level DFT method.  The employed 

B3LYP/3-21G(*) method has yielded remarkable results not only in predicting the 

correct geometry but also in predicting π-π type interactions and tracing the 

sequence of electrochemical redox processes have been observed.75-77,103d-

e,106,109b  As a consequence of π-π type charge transfer interactions in the ground 

state, partial delocalizations of the HOMO and LUMO frontier orbitals on both the 

donor and acceptor entities were observed for the donor-acceptor dyads. 

 

The calculated structures of the self-assembled dyads are shown in 

Figures 3.4, 3.5a and 3.6a, and the key geometric parameters are given in Table 

3.1.  For geometry optimization, the starting porphyrin and fullerene entities were 

initially optimized on a Born-Oppenheimer potential energy surface and then 

allowed to interact.  The optimized structures of dyads 7:12 and 9:12 revealed 

the expected ‘two-point’ binding, viz., zinc-pyridine coordination and crown ether-

ammonium cation complex formation.  The Zn-N distance of the newly formed 

coordinate bond was around 2.1 Å which was close to the other four Zn-N bond 

distances of the zinc porphyrin.  The Zn was pulled out of the porphyrin plane by 

about 0.4 Å upon axial bond formation.  Two sets of N-O distances, 2.80 and 

3.00 Å, respectively, were observed for the ammonium cation-crown ether 

complexation.   
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That is, the presence of three sets of N__H--O type hydrogen bonds was 

visualized.  Because of the different position of the crown ether moieties on the 

porphyrin macrocycle, the topology of the dyads was different, as shown in 

Figures 3.4a and b.  It may be mentioned here that the porphyrin macrocycle in 7 

was distorted considerably upon self-assembling the fullerene while such 

macrocycle distortions were not found in porphyrin 9.  Interestingly, the center-to-

center distance between the zinc porphyrin and fullerene entities was found to be 

almost the same, slightly larger than 10 Å.  The edge-to-edge distance, that is, 

Figure 3.4: DFT B3LYP/3-21G(*) calculated structures of the self-assembled 

dyads (a) 7:12, (b) 9:12, (c) 7:13 and (d) 9:13 with pyridine axial ligand. 
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the distance between the closest porphyrin π-ring atom to the fullerene spheroid 

carbon atom was over 4.5 Å, larger than that would be expected to observe any 

through-space π-π type interactions.  These results suggest that although dyads 

7:12 and 9:12 have considerable rigidity because of the employed ‘two-point’ 

binding motif they have no through space π-π type charge- transfer interactions.  

These observations readily agree with the earlier discussed optical absorption 

spectral results. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: (a) The B3LYP/3-21G(*) optimized structure, (b) HOMO, and LUMO 

of the self-assembled zinc porphyrin-fullerene supramolecular complex. 
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Moreover the absence of the π-π interactions in these dyads can be 

clearly observed from their frontier HOMO and LUMO.  As shown in Figure 3.5b 

and c, in case of complex 7:12, the HOMO and LUMO were found to be located 

entirely on the porphyrin and fullerene moieties.  This reveals that the existence 

of ammonium cation-crown ether complex did not perturb the electronic structure 

of the donor and acceptor entities of the conjugate. 

 

 

 

 

Figure 3.6: DFT B3LYP/3-21G(*) calculated (a) optimized structure, (b) 

HOMO, and (c) LUMO of the self-assembled 9:13 dyad. 
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Dyad[a] 

 

           Center-to-center Distance [Å][b] 

 

ZnP-C60            ZnP-N                 C60-N 

       

 Edge-to-edge  

 Distance [Å]  

       ZnP-C60 

 

7:12 

 

9:12 

 

7:13 

 

9:13 

 

Py:9:13[c] 

 

10.1 

 

10.7 

 

6.1 

 

5.6 

 

6.7 

 

10.1 

 

9.7 

 

10.6 

 

10.2 

 

10.5 

 

10.2 

 

8.7 

 

10.0 

 

10.0 

 

10.0 

 

4.5 

 

6.7 

 

2.2 

 

2.2 

 

3.3 

 

 

 

 

 [a] See figure 3.1 for structures. [b] Zinc metal center, center of C60 spheroid, 

and N of ammonium cation were used. [c] Axial coordination of pyridine to the 

zinc center, see figure 3.4d 

Table 3.1: B3LYP/3-21G(*) optimized geometric parameters, and HOMO for 

the crown-ether-ammonium cation complexed, self-assembled zinc porphyrin-

fullerene conjugates.  
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In contrast to the above results on 7:12 and 9:12 dyads, the 

structure of dyads 7:13 and 9:13 revealed the presence of π-π type interactions.  

As shown in Figure 3.4c for the dyad 7:13 and in Figure 3.6a for the dyad 9:13, 

the geometric parameters revealed the expected crown ether-ammonium cation 

complex formation.  The calculated center-to-center distances between the 

porphyrin and fullerene entities were found to be in the range of 5.6 to 6.1 Å 

while the edge-to-edge distances were in the range of 2.2 to 2.3 Å (Table 3.1) 

indicating closely interacting porphyrin and fullerene entities.  Slightly energy 

demanding, ‘extended type’ conformers were possible for 7:13 and 9:13 dyads.  

Interestingly, addition of pyridine to form a penta-coordinated zinc porphyrin of 

the 9:13 dyad (Figure 3.4d), pushed the fullerene entity away from the porphyrin 

macrocycle by ~1 Å thus eliminating the through space interactions.   

 

The frontier HOMO and LUMO orbitals also revealed the existence 

of π-π type interactions in these dyads.  As shown in Figures 3.6b and 3.6c for 

the dyad 9:13, considerable amounts of HOMO were found on the fullerene 

entity, while part of LUMO was also found on the porphyrin entity of the dyad.  

Similar results of delocalization of the frontier orbitals were observed for the 

studied dyad 7:13 but not for the dyads 7:12 and 9:12 (shown in Figures 3.5 b 

and c).  However, in case of the dyad 9:13, in the presence of pyridine bound to 

zinc, such delocalization of the frontier orbitals was not observed because of the 

increased distance between the entities.   
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Fluorescence Emission Studies. 

The singlet excited-state quenching of crown ether appended 

porphyrins by functionalized fullerenes was investigated to obtain the binding 

constants of the self-assembled dyads and the overall fluorescence quenching 

behavior with respect to differently assembled zinc porphyrin-fullerene dyads.  

The emission behavior of the crown ether appended porphyrins was found to be 

similar to that of ZnP with two emission bands around 610 and 660 nm, 

respectively.  Addition of either of the fullerene derivatives, 12 or 13, to a solution 

of either of porphyrins 7 or 9, revealed fluorescence quenching in benzonitrile.  

Representative emission changes of porphyrins 7 and 9 upon increasing 

additions of 12 are shown in Figure 3.7 and 3.8 respectively.  By using the 

emission data, the binding constants (K) for the formation of self-assembled 

dyads were obtained by constructing Benesi-Hildebrand plots112 (Figure 3.7 and 

3.8 inset), and the data are listed in Table 3.2.  The magnitude of the binding 

constants for 7:12 complex revealed stable self-assembly in polar benzonitrile 

and agreed well with that obtained from absorbance methods.106c  Earlier, for the 

‘one-point’ bound through axial coordinating zinc porphyrin-fullerene dyads,75 it 

was not possible to perform spectroscopic studies in polar benzonitrile signifying 

the importance of the adopted ‘two-point’ binding strategy in the present study.  

For porphyrin 7, the binding of 12 is 2-3 times larger than that of 13.  Similarly, for 

porphyrin 9, the binding of 12 is an order of magnitude higher than that of 13.  

This could be rationalized based on the ability of 12 to form ‘two-point’ binding 

involving axial ligation and crown ether-cation complex formation.  The smaller K 
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values of 7:13 and 9:13 suggest that the contributions from the π-π type 

interactions are smaller than the axial coordination bond of dyads 7:12 and 9:13.  

However, it may be mentioned here that the π-π type interactions indeed 

contribute to the overall stability of the self-assembled dyads.   
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Figure 3.7: Fluorescence spectrum of the 7 (2.1 x 10-6 mol dm-3) on increasing 

addition of functionalized fullerene 12 (0.30 eq. each addition).  The inset plot 

shows the Bensi-Hildebrand plot of obtaining the binding constant. 
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Figure 3.8: Fluorescence spectral changes observed on increasing addition of 

fullerene 12 (2.0 µK each addition) to a solution of porphyrin 9 in benzonitrile.  

λex:= 560 nm.  The inset shows the Benesi-Hildebrand plot at 615 nm 

constructed for measuring the binding constant; Io (fluorescence intensity in the 

absence of 12), and ∆I (changes of fluorescence intensity on addition of 12). 



 127

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 shows the Stern-Volmer plots of the fluorescence 

quenching by the crown ether appended porphyrins by the functionalized 

fullerenes.  The slope of the plots followed the binding constants, that is, the 

efficiency of fluorescence quenching was higher for more stable complexes.  The 

calculated Stern-Volmer constant, KSV values were found to range between 1.2 x 

103 M-1 and 1.6 x 105 M-1.  On employing the excited state lifetime of zinc 

porphyrin to be 2 ns, the fluorescence quenching rate-constants, kq, were 

evaluated to be (6.0 x 1011 - 8.0  x 1013 M-1 s-1), which are 2 to 4 orders of 

magnitude higher than that expected for a diffusion controlled-bimolecular 

quenching processes in benzonitrile (5.0 x 109 M-1 s-1) suggesting that the 

Porphyrin 

Receptor[a] 

Fullerene K, M-1, [b] 

7 12 4.48 x 104 

 13 1.64 x 104 

9 12 2.08 x 104 

 13 1.30 x 103 

11[c] 13 4.80 x 103 

Table 3.2:  Formation constants calculated from the Benesi-Hildebrand plots of 

the fluorescence data for the ‘two-point’ bound zinc porphyrin-fullerene 

conjugates in benzonitrile at 298 K. 

[a] See Figure 3.1 for structures of the porphyrin and fullerene derivatives. [b] 

error = ±10%. [c] Overall binding constant 
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intramolecular processes are responsible for the fluorescence quenching.  The 

tendency of increasing in the kq values is in good agreement with those 

evaluated K values. 
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Figure 3.9: Stern-Volmer plots of fluorescence quenching at 616 nm of (i) 7 

by 12, (ii) 9 by 12, (iii) 7 by 13, (iv) 11 by 13, and (v) 9 by 13 in benzonitrile, 

λex = 558 nm. 
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Scanning the emission wavelength of the zinc porphyrin-fullerene 

dyads to longer wavelength regions (700 - 800 nm) revealed a weak emission 

band around 715 nm corresponding to the singlet emission of the C60 moiety.  

The intensity of this band for a given concentration of fulleropyrrolidine was found 

to be almost the same as that obtained in the absence of added zinc porphyrin.  

Changing the excitation wavelength from 560 nm to 410 nm also revealed similar 

observations with slightly enhanced emission of fulleropyrrolidine due to its 

higher absorbance at 410 nm.  These results suggest that emission of the 

fullerene unit in the 700 - 800 nm range is attributable to direct excitation of the 

fullerene unit. 

 

Electrochemical Studies 

Cyclic voltammetric studies were performed to evaluate the redox 

potentials of the dyads.  The zinc porphyrins, 7 and 9, revealed two one-electron 

oxidations corresponding to the formation of ZnP.+ and ZnP2+, respectively 

(Figure 3.10), and an one-electron reduction corresponding to the formation of 

ZnP•-.  Scanning the potential further in the negative direction revealed another 

reduction but was not well defined.  Upon forming the dyads, the oxidation waves 

revealed interesting changes.  That is, the first oxidation processes were still 

reversible but were easier to oxidize by 5-30 mV, depending upon the nature of 

the porphyrin and the fullerene.  The first oxidation processes of ZnP in the 

dyads were located in the range 0.27-0.30 V vs. Fc/Fc+.  Such cathodic shifts 

were much more pronounced for the second oxidation processes.  That is, shifts 
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in the range of 30-100 mV were observed.  However, the second oxidation 

processes were found to be irreversible. 
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Figure 3.10: Cyclic voltammograms showing the oxidation processes of (a) 7 

in the absence (dashed line) and presence (solid line) of 1 eq. of 12, (b) 7 in 

the absence (dashed line) and presence (solid line) of 1 eq. of 13, (c) 9 in the 

absence (dashed line) and presence (solid line) of 1 eq. of 12, and (d) 9 in the 

absence (dashed line) and presence (solid line) of 1 eq. of 13 in benzonitrile, 

0.1 M (n-C4H9)4NClO4.  Scan rate = 100 mV s-1.   
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In these dyads, the potentials corresponding to the reductions of 

fulleropyrrolidine were not different from that of unbound fulleropyrrolidine.75  The 

first reduction of fulleropyrrolidine in the dyads was located at E1/2 = -1.10 V vs. 

Fc/Fc+ (data not shown).  The free-energy changes for charge separation, ∆GCS 

and charge recombination, ∆GCR were calculated using the first oxidation 

potential of ZnP, the first reduction potential of fulleropyrrolidine, singlet excitation 

energy of the ZnP, and the Coulomb energy according to Weller’s approach.19a  

Both ∆GCS and ∆GCR were found to be exothermic with values ranging between  

-0.70 to -0.72 eV for ∆GCS and -1.31 to -1.33 eV for ∆GCR, respectively. These 

negative ∆GCS values indicate that the charge-separation process is probably 

near the top region of the Marcus parabola, because the reported reorganization 

energy (about 0.7 eV)113 is almost the same as the absolute value of ∆GCS.  On 

the other hand, the ∆GCR values suggest that the charge-recombination process 

belongs to the inverted region of the Marcus parabola.113   

Further, time-resolved emission and transient absorption studies were performed 

to follow the kinetics of quenching and to characterize the photo reaction 

products. 

 

Pico-Second Time-Resolved Emission Studies 

The time-resolved emission studies of the self-assembled dyads 

tracked those of steady-state measurements. 
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Figure 3.11: (a) Fluorescence decays at 610 – 630 nm of (i) porphyrin, 7 (0.1 

mM), (ii) porphyrin, 7 (0.1 mM) in the presence of fullerene, 13 (0.15 mM) and 

(iii) porphyrin, 7 (0.1 mM) in the presence of fullerene, 12 (0.15 mM) in 

benzonitrile.  (b) Fluorescence decays of (i) porphyrin, 9 (0.1 mM), (ii) porphyrin, 

9 (0.1 mM) in the presence of fullerene, 13 (0.15 mM) and (iii) porphyrin, 9 (0.1 

mM) in the presence of fullerene, 12 (0.15 mM) in benzonitrile.  (c) 

Fluorescence decays of porphyrin, 11 (0.1 mM), in the presence of (i) 0.0 mM, 

(ii) 0.11 mM, (iii) 0.21 mM, (iv) 0.31 mM and (v) 0.42 mM) of fullerene, 13 in 

benzonitrile.  All of the samples were excited at 410 nm. 
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Table 3.3: Fluorescence lifetime (τf), charge-separation rate-constant  (kS
CS)a, 

charge- separation quantum-yield (ΦS
CS)b, charge-recombination rate-constant 

(kCR) and lifetime of the radical ion-pair for the investigated zinc porphyrin-

fullerene conjugates in benzonitrile. 

 

Porphyrin Fullerene τf , ps kS
CS ,s-1 ΦS

CS  kCR, s-1 τRIP, ns 

7  1980 (100%)     

7 
 

12 280 (83%) 
 1180 (17%) 

3.1 x 109 

 
0.86 

 
2.1 x 107 50 

7 
 

13 330 (82%) 
1270 (18%) 

2.6 x 109 

 
0.84 

 
1.0 x 107 100 

Py:7c 12 280 (79%) 
1560 (21%) 

3.0 x 109 

 
0.86 

 
4.0 x 106 250 

Py:7 13 300 (80%) 
1640 (20%) 

2.8 x 109 

 
0.85 

 
3.6 x 106 280 

9  1960 (100%)     

9 
 

12 300 (80%) 
1460 (20%) 

2.8 x 109 

 
0.85 

 
4.7 x 106 210 

9 
 

13 320 (57%) 
1520 (43%) 

2.6 x 109 

 
0.84 4.9 x 106 200 

Py:9c 12 300 (82%) 
1420 (18%) 

2.9 x 109 

 
0.85 

 
2.0 x 106 500 

Py:9 13 300 (50%) 
1450 (50%) 

2.8 x 109 

 
0.84 

 
2.6 x 106 390 

11  1950(100%)     

11 
 

13 370 (65%) 
1500 (35%) 

2.2 x 109 

 
0.82 

 
1.2 x 107 80 

 

[a] kS
CS = (1/τf )complex - (1/τf )ZnP

 

[b] ΦS
CS = [(1/τf )complex - (1/τf )ZnP ] / (1/τf )complex 

[c] in pyridine (0.1 mM) 

 



 134

Figures 3.11a-3.11c show the emission decay time profile of the 

crown ether appended porphyrins, 7, 9 and 11 in the absence and presence of 

fullerene derivatives, 12 and 13.  The lifetimes of the singlet excited crown ether 

appended porphyrins were found to be similar to that of ZnP, around 2 ns, and all 

of them revealed mono exponential decay.  The appended crown ether moieties 

had little or no influence on the lifetime of the porphyrin.  Addition of 1.5 

equivalents of fullerene derivatives to ensure complete complexation of the 

porphyrins (7 or 9) caused rapid decay in addition to slow decaying tail as shown 

in Figure 3.11.  The porphyrin emission-decay in the dyads could be fitted 

satisfactorily by a bi-exponential decay curve; the lifetimes (τf) are summarized in 

Table 3.3.  The fractions of the short τf components seem to increase with the K 

values in Table 3.2, the slow τf components may be related to the uncomplexed 

porphyrin emission.  Based on the observations that the time resolved 

fluorescence spectra did not show the appearance of the transient fluorescence 

peak of the C60 moiety after the decay of the fluorescence of the ZnP moiety, the 

short lifetimes of ZnP are predominantly due to charge-separation within the 

supramolecular dyads.  Thus, the charge-separation rates (kCS
S) and quantum 

yields (ΦS
CS) were evaluated from the short τf components in the usual manner 

employed in the intramolecular electron-transfer process,106 as listed in Table 

3.3.  Higher values of kCS
S and ΦS

C were obtained for all of the dyads indicating 

the occurrence of efficient electron transfer irrespective of the nature of the 

adopted binding modes.  The kCS
S values are generally higher for the ‘two-point’ 

bound system involving axial coordination and crown ether-cation complexation 
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than that involving crown ether-cation complexation and π-π interactions.  It may 

also be mentioned here that the magnitudes of kCS
S and ΦS

CS are close to those 

reported earlier for a number of covalently linked zinc porphyrin-fullerene 

dyads.102-103  Nanosecond transient absorption spectral studies were also 

performed to characterize the electron transfer products. 

 

Nanosecond Transient Absorption Studies 

Transient spectra recorded after 550 nm laser irradiation of crown 

ether appended porphyrins, 7, 9 and 11 revealed absorption peaks at 630 and 

840 nm corresponding to the excited triplet state of zinc porphyrin.33  Fullerenes, 

12 and 13 showed a band at 700 nm corresponding to their excited triplet 

state.106  The 550 nm laser utilized to analyze the compounds did not cause 

decomposition of the crown ether appended porphyrins under the present 

experimental conditions.  Figures 3.12 and 3.13 show the transient absorption 

spectra of complexes 7:12 and 11:13 at different time-intervals for the studied 

self-assembled zinc porphyrin-fullerene dyads.  Transient spectra of other 

studied supramolecular dyads were also studied under similar conditions  In 

these spectra, in addition to the peaks corresponding to the triplet excited zinc 

porphyrin and fullerene, peaks at 600 nm corresponding to the formation of zinc 

porphyrin cation radical and at 1020 nm corresponding to the formation of 

fulleropyrrolidine anion radical were observed.  These spectral features provide 

experimental proof for the assigned electron transfer fluorescence quenching 

mechanism. 
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In order to calculate the rate of charge recombination, kCR the 

decay of the fulleropyrrolidine anion radical peak at 1020 nm was monitored.  As 

shown in Figure 3.14, the time profile at 1020 nm followed the first-order decay 

suggesting the occurrence of intramolecular charge recombination process of the 

radical ion-pair. 
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Figure 3.12: Nanosecond 

transient absorption spectra of 

porphyrin 7 (0.1 mM) in the 

presence of fullerene 12 (0.11 

mM, at 32 ns (filled circle) and 320 

ns (open circle) after the 550 nm 

laser irradiation in benzonitrile 

Figure 3.13: Nanosecond transient 

absorption spectra of porphyrin 11 (0.1 

mM) in the presence of fullerene 13 

(0.11 mM), at 50 ns (filled circle) and 

100 ns (open circle) after the 550 nm 

laser irradiation.  Inset: Absorption time 

profile at 1000 nm. 
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The kCR values thus measured in Table 3.3 are 2-3 orders of 

magnitude smaller than kCS suggesting charge stabilization in the dyads.  The 

lifetimes of the radial ion-pairs, τRIP were evaluated from the kCR as given in Table 

3.3.  The magnitude of the τRIP values was found to range between 50 - 210 ns 

suggesting that the charge stabilization in these dyads depends upon the nature 

of the porphyrin and the resulting complex.  That is, the charge stabilization is 

generally higher for dyads formed from porphyrin 9 than from porphyrin 7.  The 
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Figure 3.14: Absorption time profiles of (a) (i) porphyrin 7 (0.10 mM) in the 

presence of fullerene 12 (0.11 mM) (ii) porphyrin 7 (0.10 mM) in the presence 

of fullerene  12 (0.14 mM) and pyridine (0.11 mM) at 1020 nm in PhCN, (b) (i) 

porphyrin  7 (0.10 mM) in the presence of fullerene 13 (0.11 mM) (ii) porphyrin 

7 (0.10 mM) in the presence of fullerene 13 (0.14 mM) and pyridine (0.11 mM) 

at 1020 nm in benzonitrile. 
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τRIP value for the 7:12 complex is shorter than that for the 7:13 complex indicating 

that the charge recombination tends to be accelerated via the coordination bond 

of 7:12 more than the π-π interactions (through-space) of 7:13.  This could be 

reasonably explained because of the longer distance between the ZnP and C60 

entities of the 7:12 complex (Table 3.1).  On the other hand, the τRIP value for 

9:12 is almost the same as that of 9:13, suggesting that the charge-

recombination via π-π interactions (through-space) prefers over the coordination 

bond, because of the shorter distance between the ZnP and C60 entities.  

Interestingly, complexes formed from porphyrin 11 bearing up to four fullerene 

entities had no additional effect in terms of slowing down the charge-

recombination process.  Additionally, the fast rise of the 1020 nm band also 

suggests that the charge separation from the triplet excited states is a minor 

contributor to the overall electron transfer process. 

 

Pyridine Complexation to Zinc Porphyrin: Retro Axial Coordination or π-π 

Interaction Effect 

As discussed earlier from optical absorption and computational 

modeling studies, addition of pyridine to dyads 7:12 or 9:12 replaces the zinc-

pyridine coordination bond of the supramolecular complexes with the formation of 

a new zinc-pyridine bond (Scheme 3.1).  Similarly, addition of pyridine to the 

supramolecular complexes of 7:13 and 9:13 forms a new zinc-pyridine 

coordination bond and attenuates the π-π interactions (Scheme 3.1b) yielding 
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increased porphyrin-fullerene distances (Figure 3.4d and Table 3.1).  Hence, 

photochemical measurements in the presence of pyridine would give us an 

unique opportunity to verify the axial coordination and π-π interactions on the 

rates of charge separation, kCS and rates of charge recombination, kCR.  In the 

case of supramolecular complexes held by axial coordination and cation-crown 

ether complexation, addition of pyridine would keep the coordination number of 

the central zinc the same, and therefore the electronic structure of zinc porphyrin 

would not be significantly different.  Only small changes in the donor-acceptor 

distances would be anticipated.  In the case of the complexes held by π-π 

interactions and cation-crown ether complexation, addition of pyridine would 

cause slight changes in the redox potentials (< 15 mV change), and red shifts of 

the absorption and emission bands in addition to increased donor-acceptor 

distances.  Importantly, the π-π type interactions observed in 7:13 and 9:13 are 

attenuated upon axial coordination as shown in Figure 3.4d and Table 3.1. 

In general, as listed in Table 3.3, addition of pyridine to supramolecular 

dyads slightly increased the kCS values which could easily be attributed to the 

slightly better donor ability of the zinc porphyrin upon axial pyridine coordination.  

The slight increase in the donor-acceptor distance upon axial pyridine 

coordination had no appreciable effect on kCS or this effect is factored into the 

observed kCS.  Interestingly, the measured kCR revealed slower rates of charge 

recombination.  The lifetimes of the radical ion-pair calculated from the kCR 

values were found to be hundreds of nanoseconds suggesting longer lifetimes of 

the charge-separated state upon axial pyridine coordination for both types of 
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supramolecular complexes.  That is, elimination of either the axial coordination 

shown in Scheme 3.1a or attenuation of π-π interactions as shown in Scheme 

3.1b for the studied supramolecular complexes elongates the distance between 

ZnP and C60, resulting in slower charge-recombination rates. 

 

Summary 

We have demonstrated the formation of the ‘two-point’ bound 

systems involving crown ether-cation complexation and either axial coordination 

or π-π type interactions.  The adopted ‘two-point’ binding yielded highly stable, 

self-assembled zinc porphyrin-fullerene conjugates with defined distance and 

orientation depending upon the position of the crown ether on the porphyrin 

macrocycle and type of interactions (coordination or π-π type).  These rigid dyads 

allowed us to perform the spectral and photochemical studies in a polar solvent, 

benzonitrile.  This is unlike a number of previous studies on ‘one-point’ bound 

self-assembled porphyrin-fullerene dyads, where the spectral and photochemical 

studies could be performed only in nonpolar solvents such as toluene and 

dichlorobenzene, due to the limited stability of these types of conjugates. 

 

The present ‘two-point’ binding methodology allowed us to control 

the intramolecular interactions between the donor and acceptor entities.  By the 

choice of an axial ligating pyridine entity (compound 12) or phenyl entity 

(compound 13) on the fullerene, it was possible to achieve control over axial 
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coordination and π-π interactions.  Although the former type of dyads involving 

axial coordination and crown ether-cation complexation was more stable than the 

latter type involving π-π interactions and crown ether-cation complexation, 

computational studies revealed longer distances between the porphyrin and 

fullerene entities in the former type of dyads compared to the relatively shorter 

distances of the latter type.   

 

Both steady-state and time-resolved emission studies revealed 

efficient fluorescence quenching due to light induced electron transfer from the 

singlet excited porphyrin to the fullerene.  The measured rate of charge 

separation was slightly higher for the dyads formed by axial coordination and 

crown ether-cation complexation binding mechanism.  One possibility for the 

slightly low kCS values for the dyads involving π-π interactions and crown ether-

cation complexation could be due to the existence of ‘free’ and ‘bound’ forms of 

the π-interacting species.  In the ‘free’ form, where only the crown ether-cation 

complex holds the dyad, the electron donor-acceptor distance would increase 

considerably (up to 5 Å from computational modeling).  Under these conditions, 

the measured rates could be the average of the different conformers.  

 

The complementary transient absorption studies revealed long lived 

charge separated states with lifetimes in the range of 50 - 500 ns.  Free-energy 

calculations revealed that the charge recombination process for these dyads 
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occur in the inverted region of the Marcus parabola similar to the reported 

observations for a number of covalently linked and self-assembled porphyrin-

fullerene conjugates.  However, the measured τRIP values suggest that the dyads 

formed from porphyrin 9 are better combinations than porphyrin 7 irrespective of 

the type of fullerene used to form the dyad.  One of the reasons for these findings 

might involve the differences in the mechanism of the charge-recombination 

processes; i.e., via axial coordination bond versus via through-space π-π 

interactions. 

 

The additional charge stabilization was achieved by eliminating the 

zinc-pyridine axial bond or by attenuating π-π interactions by the addition of 

pyridine to the solution containing the dyads.  The measured kCS values were 

slightly higher and the kCR values were considerably lower in the presence of 

pyridine.  The lower kCR value can be attributed to the increased distance 

between the porphyrin-fullerene entities as a result of the externally added 

pyridine coordination.  These points delineate the importance of the present 

methodology for building stable supramolecular porphyrin-fullerene conjugates 

with defined distance and orientation, and subsequent manipulation of the rates 

of electron-transfer by controlling the axial coordination or π-π interactions during 

photoinduced processes in these novel supramolecular dyads. 
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Chapter 4 

Design, Syntheses and Photophysical Studies of 

Supramolecular Porphyrin-Fullerene donor-acceptor triads  

 

4.1 Introduction 

Development of self-assembled supramolecular architectures 

hosting donor and acceptor entities capable of undergoing light induced 

electron/energy transfer is a topic of current interest owing to their applications to 

light energy harvesting1-17 and opto-electronic devices.100  Although significant 

amount of progress has been made in this area of research, challenges still exist 

in building supramolecules with defined geometry and orientation, and 

possessing more than one donor or acceptor entities, viz., forming triads, tetrads, 

etc.  Building complicated supramolecular architectures with less effort, including 

structures that otherwise can not be built by covalent chemistry is another aspect 

of supramolecular chemistry.  Non-covalent interactions comprised of ion-ion, 

ion-dipole, hydrogen-bond, dipole-dipole and π-π stacking interactions with 

energies ranging from few kJ/mol to several hundred kJ/mol are available for 

building such supramolecules.114  Occurrence of photoinduced electron transfer 

in these model donor-acceptor systems held by non-covalent interactions has 

been demonstrated in several instances. 

 
Fullerenes, C60 and C70,101 due to their inherent properties like 

reversible, step-wise addition of up to six electrons38-42 and low reorganization 
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energy accompanying electron transfer,18,33,37 have emerged to be exceptional 

three-dimensional electron-acceptors.1,17,100  Macrocycles such as porphyrins, 

phthalocyanines and metal polypyridyl, have been successfully used as electron 

donors.1,17,100  The advantage of these donors lies in the minimal structural 

changes when electrons are released from them.  Studies performed have 

shown that the nature of the linker between the donor and acceptor entities 

controls the electronic coupling and thus, small structural variations affect the 

overall photodynamics of charge separation.1,17  However, it is often difficult to 

control the distance and orientation in non-covalently bound donor-acceptor 

systems primarily due to weak interactions and the associated equilibrium 

processes.  This issue has been successfully addressed by employing a ‘two-

point’ binding approach in porphyrin-fullerene dyads which resulted in dyads with 

defined distance and orientation.76,106  This adopted methodology involved 

‘covalent-coordination’,76a coordination-coordination,106b coordination-hydrogen 

bonding’,106a and ‘coordination-alkyl ammonium cation crown ether 

complexation’106c,d approaches.  In the ‘coordination-alkyl ammonium cation 

crown ether complexation approach’, zinc porphyrins were functionalized with 

one or four 18-crown-6 entities at different positions of the porphyrin ring.  The 

acceptor, fullerene, was functionalized to possess pyridine and/or alkyl 

ammonium cation entities.  ‘Two-point’ binding involving coordination of pyridine 

to zinc, and crown ether-alkyl cation complexation resulted in stable donor-

acceptor dyads where the photoinduced electron-transfer processes were 

possible to monitor in a polar solvent, benzonitrile.106c,d 
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Here, we have extended our studies on building supramolecular 

conjugates using bis 18-crown-6 functionalized porphyrins, 14-19 (both cis and 

trans isomers), and fullerene functionalized to possess both a pyridine and an 

alkyl ammonium cation entities, 12 (PyC60NH3
+) or only an alkyl ammonium 

cation, 13 (PhC60NH3
+) (Scheme 4.1). 
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porphyrin ring with the 18-crown-6 entities.  Free-base, zinc and magnesium 

metal porphyrins have been employed since they would form conjugates with 

different geometry and energetics in electron transfer reactions.  That is, the 

crown ether appended free-base porphyrins, 14 (trans-H2P) or 17 (cis-H2P) 

would bind to 12 (PyC60NH3
+) or 13 (PhC60NH3

+) through crown ether alkyl 

ammonium cation complexation with the possibility of additional π−π interactions 

(Scheme 4.1a).  This is also going to be the case when 13 (PhC60NH3
+) binds to 

any of the porphyrins, 14-19.  In the case of 15 (trans-ZnP)  and 18 (cis-ZnP), 

addition of excess 12 (PyC60NH3
+) would result a conjugate in which the pyridine 

of one of two fullerenes will be axial-coordinated to the zinc center and cation-

crown ether complexation as shown in Scheme 4.1b.  Interestingly, the 

magnesium porphyrins are expected to form bis axial ligated complexes in 

addition to cation-crown ether complexation as shown in Scheme 4.1c and d.  

However, it was reported that when imidazole appended fullerene was utilized to 

form self-assembled complex via axial coordination approach, the magnesium 

porphyrin yielded only penta-coordinated complex instead of the anticipated six-

coordinated complex due to the large amount of fullerene derivative needed to 

accomplish the six-coordination.115  By adopting the present ‘two-point’ binding 

strategy, it is expected to yield such six-coordinated complexes due to the 

resulting higher stability of the complexes.  Additionally, the oxidation potentials 

of the porphyrins generally follow the trend MgP < ZnP < H2P.33  This property, 

combined with the emission properties of the porphyrins is expected to modulate 

the energetics of electron transfer.  Systematic studies have been performed to 



 147

visualize these trends and photoinduced electron transfer using steady-state and 

time-resolved spectroscopy has been performed on the supramolecular triads in 

the present study.116 
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Experimental section 

The syntheses and characterization of compounds 3, 12 and 13 are 

mentioned in the chapter 3 

 

H2-Trans- and cis- di-(benzo-[18]-crown-6) diphenylporphyrins, 14 and 17: A 

mixture of 4 -formylbenzo-[18]-crown-6 (3) (600 mg, 1.763 mmol), benzaldehyde 

(179.23 µL, 187.11 mg, 1.763 mmol) and pyrrole (244 µL, 236.24 mg, 3.53 

mmol) was refluxed in propionic acid (200 mL) for 3.5 h.  The propionic acid was 

removed under reduced pressure.  Column chromatography on neutral alumina 

with CHCl3 as eluent gave a mixture of five porphyrins including 14 and 17.  

Subsequent column chromatography on neutral alumina yielded 14 (hexanes: 

CHCl3 = 30:70 v/v) and 17 (hexanes: CHCl3 = 20:80 v/v) as third and fourth 

fractions respectively. 
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H2-5,15-di-(benzo-[18]-crown-6)-10,20-diphenylporphyrin (Trans-) (14): Yield: 

13.7 mg (~1%).  1H NMR (CDCl3-d): δ (in ppm) 8.87 (dd, 8 H, β-pyrrolic H), 

8.22(d, 4H, o-phenyl H), 7.82-7.69 (m, 10H, m,p-phenyl H (6H) and benzocrown-

phenyl H(4H)), 7.21 (d, 2H, benzocrown-phenyl H), 4.48-4.42 (m, 4H, 

crownethylene H), 4.31-4.26 (m, 4H, crownethylene H), 4.14-4.08 (m, 4H, 

crownethylene H), 3.99-3.88 (m, 8H, crownethylene H), 3.85-3.73 (m, 20H, 

crownethylene H), -2.79 (br, s, 2H, imino H).  UV/Vis (toluene): max (nm) = 426, 

519, 554.5, 592.5, 651 nm. 

 

H2-5,10-di-(benzo-[18]-crown-6)-15,20-diphenylporphyrin (Cis-) (17): Yield: 

24.9 mg (~1.3%).  1H NMR (CDCl3-d): δ (in ppm) 8.94-8.82 (m, 8H, β-pyrrolic H), 

8.25-8.18 (m, 4H, o-phenyl H), 7.81-7.68 (m, 10H, m,p-phenyl H (6H) and 

benzocrown-phenyl H(4H)), 7.19 (d, 2H, benzocrown-phenyl H), 4.46-4.40 (m, 

4H, crownethylene H), 4.32-4.26 (m, 4H, crownethylene H), 4.13-4.07 (m, 4H, 

crownethylene H), 3.99-3.87 (m, 8H, crownethylene H), 3.85-3.73 (m, 20H, 

crownethylene H), -2.79 (br, s, 2H, imino H).  UV/Vis (toluene): max = 425.5, 

518.5, 554.5, 592.5, 651 nm. 

 

5,15-di-(benzo-[18]-crown-6)-10,20-diphenylporphyrinatozinc(II) (Trans-) 

(15):  The free-base porphyrin 14 (10 mg, 0.009 mmol) was dissolved in CHCl3 

(10 mL), a saturated solution of zinc acetate in methanol was added to the 

solution, and the resulting mixture was refluxed for 2 h.  The course of the 

reaction was followed spectrophotometrically by monitoring the disappearance of 
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the 516 nm band of 14.  At the end, the reaction mixture was washed with water 

and dried over anhydrous Na2SO4.  Chromatography on neutral alumina column 

by using hexanes: CHCl3 (30:70 v/v) gave the title compound.  Yield: 9.3 mg (

90%).  1H NMR (CDCl3-d): δ (in ppm) 8.96 (dd, 8H, β-pyrrolic H), 8.22 (d, 4H, o-

phenyl H), 7.80-7.68 (m, 10H, m,p-phenyl H (6H) and benzocrown-phenyl 

H(4H)), 7.17 (d, 2H, benzocrown-phenyl H), 4.34-4.29 (m, 4H, crownethylene H), 

4.18-4.11 (m, 4H, crownethylene H), 3.92-3.87 (m, 4H, crownethylene H), 3.77-

3.56 (m, 28H, crownethylene H).  UV/Vis (toluene): max = 432, 560, 603 nm.  ESI 

mass in CH2Cl2: m/z (%): calcd: 1146.62; found: 1146.2 (85) [M]+, 1144.2 (100). 

 

5,15-di-(benzo-[18]-crown-6)-10,20-diphenylporphyrinatomagnesium(II) 

(Trans-) (16):  This was prepared according to a general procedure developed 

by Lindsey and Woodford97 for Mg porphyrin synthesis.  A sample of 10 mg 

(0.00925 mmol) of 14 was dissolved in 10 mL of CH2Cl2.  Then triethylamine 

(0.026 mL, 18.72 mg, 0.19 mmol) was added followed by MgBr2·O(Et)2 (23.9 mg, 

0.093 mmol).  The mixture was stirred for 20 min at room temperature.  The 

course of the reaction was monitored by absorption spectroscopy.  The mixture 

was diluted with 20 mL of CH2Cl2, washed with 5% NaHCO3, and dried over 

anhydrous Na2SO4, and the filtrate was evaporated.  Chromatography on neutral 

alumina column with CHCl3 as eluent yielded residual 14.  Elution with CHCl3: 

methanol (98:2 v/v) yielded a greenish purple fraction of the desired compound. 

Yield: 8 mg (~80%).  1H NMR (CDCl3-d): δ ( in ppm) 8.96-8.85 (m, 8H, β-pyrrolic 

H), 8.25-8.12 (m, 4H, o-phenyl H), 7.75-7.56 (m, 10H, m,p-phenyl H (6H) and 
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benzocrown-phenyl H(4H)), 6.98-6.88 (m, 2H, benzocrown-phenyl H), 3.91-3.33 

(m, 8H, crownethylene H), 3.28-2.53 (m, 32H, crownethylene H).  UV/Vis 

(toluene): max = 432, 568, 609 nm.  ESI mass in CH2Cl2: m/z (%): calcd: 

1105.54; found: 1105.54 (60) [M]+, 1127.8 (100) [M+Na]+. 

 

 

 

10-di-(benzo-[18]-crown-6)-15,20-diphenylporphyrinatozinc(II) (Cis-) (18):  

This compound was prepared from porphyrin 17 (10 mg, 0.009 mmol) according 

to the procedure outlined above for 15.  Yield: 9.3 mg ( 90%).  1H NMR (CDCl3-

d): δ (in ppm) 8.99-8.90 (m, 8H, β-pyrrolic H), 8.25-8.18 (m, 4H, o-phenyl H), 
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mass in CH2Cl2: m/z (%): calcd: 1146.62; found: 1146.3 (100) [M]+, 1177.2 (92) 

[M+MeOH]+. 

 

5,10-di-(benzo-[18]-crown-6)-15,20-diphenylporphyrinatomagnesium(II) 

(Cis-) (19):  This compound was prepared from porphyrin 17 (10 mg, 0.009 

mmol) according to the procedure outlined above for 16. Yield: 8 mg ( 80%).  1H 

NMR (CDCl3-d): δ (in ppm) 9.04-8.84 (m, 8H, β-pyrrolic H), 8.28-8.15 (m, 4H, o-

phenyl H), 7.80-7.53 (m, 10H, m, p-phenyl H (6H) and benzocrown-phenyl 

H(4H)), 6.93-6.83 (m, 2H, benzocrown-phenyl H), 3.85-3.33 (m, 8H, 

crownethylene H), 3.25-2.44 (m, 32H, crownethylene H).  UV/Vis (toluene): max 

= 432, 568, 609 nm.  ESI mass in CH2Cl2: m/z (%): calcd: 1105.54; found: 1105.6 

(100) [M]+. 
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Results and Discussion 

UV-Visible Spectral Studies and Ground State Interactions 

The optical absorption behavior of the cis and trans derivatized with bis 

benzo-18-crown-6 appended metalloporphyrins was found to be similar to the 

corresponding pristine metallotetraphenylporphyrins.33  That is, they exhibited an 

intense Soret band in the 415-430 nm range and less intense Q-bands in the 

500-700 nm region.  No apparent absorption band in the 350-700 nm region 

corresponding to the crown ether entities was observed.  Addition of 12 

(PyC60NH3
+) or 13 (PhC60NH3

+) to a solution containing either of porphyrins 14 - 

19 revealed spectral changes.  However, the spectral changes were drastic when 

12 (PyC60NH3
+) was titrated with either of 15 (trans-ZnP), 16 (trans-MgP), 18 

(cis-ZnP) and 19 (cis-MgP) due to the axial coordination of the pyridine entity of 7 

(PyC60NH3
+) binding to the metal center.76b,117  Typical spectral changes 

observed for 16 (trans-MgP) in the presence of increasing amounts 12 

(PyC60NH3
+) are shown in Figure 4.2.  Job’s plots of continuous variation also 

confirmed the 1:2 molecular stoichiometry of the porphyrin:(fullerene)2 

supramolecular conjugates.  It is important to note that the spectral changes 

observed for the magnesium porphyrin interacting with fullerene 12 (PyC60NH3
+) 

are that of the bis-pyridine coordinated species.117b,c  This is in contrast to the 

earlier reported dyad involving magnesium tetraphenylporphyrin coordinating to 

imidazole appended fullerene where only a 1:1 complex was obtained.115  In that 

study, the anticipated 1:2 complex could not be obtained due to the large amount 

of fullerene derivative needed to accomplish this task.  This example nicely 
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demonstrates the success of the ‘two-point’ binding approach to accomplish 

structures that are otherwise difficult to form. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Using the spectral changes the binding constants, K were 

evaluated using Benesi-Hildebrand method.112  However, we could not obtain 

reliable binding constants for conjugates formed by only crown ether-ammonium 

cation binding but with no axial coordination, that is, the conjugates formed from 

Figure 4.2: UV-visible spectral changes observed during the titration of 16 

(trans-MgP) (1.1 µM) with 12 (PyC60NH3
+) (0.7 µM each addition) in 

benzonitrile.  The figure inset shows Benesi-Hildebrand plot constructed to 

obtain the binding constant using fluorescence data.
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14 (trans-H2P) or 17 (cis-H2P) with fullerene 12 (PyC60NH3
+), and all of the 

conjugates formed by fullerene 13 (PhC60NH3
+) having no pyridine functionality.  

This was due to the small spectral changes associated with the conjugate 

formation and appreciable absorbance of fullerene at the monitoring wavelength 

of porphyrin.  However, as discussed in the subsequent section, using 

fluorescence quenching data, it was possible to obtain reliable binding constants 

for all of the conjugates.  Extending the absorption wavelength into the near IR 

region (650 - 1000 nm) did not reveal new absorption bands corresponding to π-π 

type interactions that would result in the case of conjugates shown in Scheme 

4.1a and b.  This is probably due to the extended free-base porphyrin absorption 

bands (up to 700 nm) into this wavelength region and weaker π-π interactions in 

these conjugates. 
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Figure 4.3: ESI-mass spectrum of the supramolecular triad formed by 16 

(trans-MgP) and 12 (PyC60NH3
+) in dichloromethane. 
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Furthermore, ESI-mass spectral studies were performed to 

characterize the supramolecular conjugates.  As shown in Figure 4.3, for a 

representative case of 16 (trans-MgP) interacting with 12 (PyC60NH3
+), molecular 

ion peak corresponding to the 1:2 conjugate was observed.  Very similar results 

were obtained for the other studied supramolecular conjugates.  Recently, 

Solladiè et. al.71b,72 also characterized 1:2 complexes of the type bis crown ether 

appended free-base porphyrins and ammonium cation functionalized fullerene 

and obtained similar ESI-mass spectral results. 

 

Steady-State Fluorescence Studies 

The singlet excited-state quenching of cis and trans bis crown ether 

appended porphyrins by functionalized fullerenes was investigated to obtain the 

binding constants of the self-assembled conjugates and the overall quenching 

behavior.  The emission behavior of the bis crown ether appended porphyrins 

was found to be similar to that of the corresponding pristine porphyrins with two 

emission bands.  The position of the two crown ether entities had little or no 

effect on the wavelength maxima.  The respective emission bands were located 

at 615 and 664 for the zinc porphyrins, 620 and 672 nm for the magnesium 

porphyrins, and 658 and 721 nm for the free-base porphyrins.  Addition of 12 

(PyC60NH3
+) or 13 (PhC60NH3

+) to a solution of either of porphyrins, 14-19 

revealed fluorescence quenching.  However, the quenching efficiency was found 

to be higher for 12 (PyC60NH3
+) binding to zinc or magnesium derivatives of the 

porphyrin derivatives due to two modes of binding.  Representative emission 
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changes of 16 (trans-MgP) on increasing addition of 12 (PyC60NH3
+) in 

benzonitrile are shown in Figure 4.4a.  Using the emission data, the binding 

constants (Kapp = K1K2) for the formation of self-assembled triads were obtained 

by constructing Benesi-Hildebrand plots112 and the Kapp values are listed in Table 

4.1.  It may be mentioned here that the K values for mono 18-crown-6 appended 

porphyrin binding to either 12 or 13 were in the range 104 – 105 M-1.106d  A 

comparison of this K with Kapp suggests that the magnitude of K2 is close to that 

of K1 in the investigated triads.  The Kapp values are higher for Zn or Mg 

porphyrins binding to 12 due to mono- or bis-axial coordination. 

 

The Stern-Volmer plots for the fluorescence intensity quenching of 

the crown ether appended free-base porphyrins by 12 and 13 were constructed 

(Figure 4.4b).  The calculated Stern-Volmer constant, KSV values were as high as 

105 M-1.  On employing the excited state lifetime of the porphyrins, the 

fluorescence quenching rate-constants, kq, were evaluated to be over 1011 M-1 

s-1, which are up to 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) suggesting that the faster intra-supramolecular processes are responsible 

for the fluorescence quenching.  The tendency of increasing in the KSV values 

was in good agreement with those evaluated K values. 
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Semi-Empirical PM3 Calculations 

In order to visualize the geometry of the bis crown ether appended 

porphyrin-fullerene conjugates, PM3 calculations were performed.  

Representative examples of the space-filling model structures of the self-

Figure 4.4: (a) Fluorescence spectral changes observed on increasing addition 

of 12 (PyC60NH3
+) (1.3 µM each addition) to a solution of porphyrin, 16 (trans-

MgP, 1.4 µM) in benzonitrile.  λex = 567.5 nm.  (b) Stern-Volmer plots for 

fluorescence quenching of (i) 18 (trans-ZnP) with 12 (PyC60NH3
+), (ii) 15 (trans-

ZnP) with 7(PyC60NH3
+), (iii) 14 (trans-H2P)  with 12 (PyC60NH3

+), (iv) 19 (cis-

MgP) with 12 (PyC60NH3
+), (v) 17 (cis-H2P) with 12 (PyC60NH3

+), (vi) 16 (trans-

MgP) with 12 (PyC60NH3
+), (vii) mono 18-crown-6 appended free-base porphyrin 

with 12 (PyC60NH3
+) and (viii) mono 18-crown-6 appended free-base porphyrin 

with 13 (PhC60NH3
+) in benzonitrile. 
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assembled conjugates are shown in Figure 4.5.  Higher level calculations were 

not performed due to the large size and flexible nature of these conjugates, 

although B3LYP/3-21G(*) calculations are expected to provide better geometry 

and electronic structure.118  In all of the studied conjugates, the two crown ether 

entities formed stable complexes with the alkyl ammonium group of 12 

(PyC60NH3
+) or 13 (PhC60NH3

+).  However, different geometries were possible to 

achieve due to the additional pyridine-metal coordination.  When 14 (trans-H2P) 

and 17 (cis-H2P), were self-assembled with two equivalents of either of 12 

(PyC60NH3
+) or 13 (PhC60NH3

+), a structure similar to that shown in Figure 4.5a 

was obtained.  In these structures, one of the fullerene entities was close to the 

porphyrin π-system revealing some interactions while the second fullerene was 

too far to provide appreciable interactions with the porphyrin ring.  This was also 

the case when the zinc and magnesium porphyrin derivatives were self-

assembled with 13 (PhC60NH3
+) as shown in Figure 4.5b for the representative 

15:132 conjugate. 

 

When 12 (PyC60NH3
+) possessing both pyridine and alkyl 

ammonium cation functionalities was employed, only one of the pyridine-fullerene 

was coordinated to the zinc center, leaving the second pyridine-fullerene with 

only crown ether-ammonium bound.  Interestingly, when 16 (trans-MgP) and 19 

(cis-MgP) were allowed to interact with 12 (PyC60NH3
+), bis-coordinated 

magnesium conjugates were obtained as shown in Figure 4.5c and d for the 

respective trans and cis isomers.  These predictions are in agreement with the 
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experimentally characterized bis pyridine coordinated magnesium complex 

shown in scheme 4.1c and d.  The center-to-center distance (RCt-Ct) between the 

metal to the center of the axially coordinated fullerene in these conjugates was 

about 10.5 Å, while such distance between the π-π interacting porphyrin-fullerene 

was about 5.6 Å. 

 

 

 

 

 

 

 

 

 

 

 

 

Electrochemical Studies 

Cyclic voltammetric studies were performed to evaluate the redox 

potentials of the conjugates and to establish the free-energy changes for electron 

Figure 4.5: Semi-empirical PM3 optimized space-filling model structures of (a) 

1(trans-H2P):82 (PhC60NH3
+)2, (b) 2(trans-ZnP):82(PhC60NH3

+)2, (c) 3(trans-

MgP):72(PyC60NH3
+)2, and (d) 6(cis-MgP):72(PyC60NH3

+)2 supramolecular 

conjugates. 
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transfer processes in the studied solvent.  All of investigated bis crown ether 

appended porphyrins, 14–19 revealed a one-electron oxidation process 

corresponding to the formation of MP•+ (M = 2H, Zn or Mg), and two one-electron 

reductions corresponding to the formation of MP•− and MP2−, respectively.  

Extending the potential window beyond the first oxidation process resulted in a 

large anodic wave, perhaps due to the oxidation of the appended crown-ether 

entities.109b  The first oxidation potential followed the trend: MgP < ZnP < H2P 

while an opposite trend was observed for the first reduction process.  Fullerenes, 

12 (PyC60NH3
+) and 13 (PhC60NH3

+) upon binding to the porphyrins revealed no 

significant changes in their reduction potentials.  However, depending upon the 

mode of binding the oxidation potentials of the porphyrins revealed cathodic 

shifts, as listed in Table 4.1.  Maximum potential shifts were observed for 

magnesium porphyrins binding to PyC60NH3
+ (up to 70 mV), as a result of the 

axial coordination.  In order to verify whether the resulting shifts are upon 

formation of 1:1 or 1:2 complexation, titrations were carried out by step-wise 

addition of 12 (0.5 equivalent each addition) to the benzonitrile solution 

containing MgP.  As shown in Figure 4.6, the anodic shift was complete with only 

one equivalent addition of 12 (PyC60NH3
+).  The second equivalent addition of 

fullerene did not result in any additional potential shifts.  On addition of 13 

(PhC60NH3
+) having no axial coordinating ability, the observed potential shifts 

were less than 30 mV.   
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The driving forces for charge recombination (-∆GCR) and charge 

separation (-∆GCS) were calculated according to equations (1) and (2) using the 

electrochemical redox data: 

 

     -∆GCR = Eox  - Ered  - ∆Gs          (Eq 4.1) 

     -∆GCS = E0,0 – (-∆GCR)          (Eq 4.2) 

 

0.4 0.2 0.0 -0.2 -0.4

200 nA

Potential (V vs. Fc/Fc+)

Figure 4.6: Cyclic voltammograms of 19 (solid dark line) on addition of 0.5 eq. 

(red dash), 1.0 eq. (magenta dot) and 2.0 eq. (solid blue) of 12 (PyC60NH3
+) in 

benzonitrile containing 0.1 M (n-Bu)4NClO4.  Scan rate = 100 mV/s. 
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where Eox is the first oxidation potential of the porphyrin (MP0/•+), Ered is the first 

reduction potential of the fullerene (C60
0/•−), ∆E0,0  is the energy of the 0-0 

transition between the lowest excited state and the ground state of the porphyrin 

evaluated from the fluorescence emission peaks.  ∆GS refers to the static energy, 

calculated by using the ‘Dielectric Continuum Model’19 according to eqn. (3). 

 

       ∆GS = e2/(4 π ε0 εS RCt-Ct)     (Eq 4.3) 

 
The symbols ε0 and εS represent vacuum permittivity and dielectric constant of 

the solvent benzonitrile, respectively.  Values of RCt-Ct were based on the 

computed structures shown in Figure 4.5 and discussed in the previous section. 

 

The calculated free-energy changes in Table 4.1 reveal that the 

charge-separation from the singlet excited porphyrin to fullerene in these dyads 

is exothermic and follows the order: H2P < ZnP < MgP of a given porphyrin 

derivative.  These results predict the occurrence of rapid charge separation in 

these supramolecular dyads since the ∆GCS values are almost on the top region 

of the Marcus parabola.  On the other hand, the charge recombination in the 

charge-separated state (MP•+:C60
•−) of the supramolecular conjugates is 

predicted to be slower process since the highly exothermic ∆GCR values lie on 

the inverted region of the Marcus parabola. 
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Table 4.1:  Electrochemical half-wave redox potentials (E1/2 vs. Fc/Fc+) and 

driving forces for forward and reverse electron transfer for the bis crown ether 

appended porphyrin-fullerene conjugates in the presence of 0.1 M (n-Bu)4NClO4 

in benzonitrile. 

[a] see Figure 4.1 for structures 

[b] Kapp = K1K2 (data from fluorescence quenching studies) 

compounda Rcc / Å Kapp
b/ M-2 M0/•+/V C60

0/•-/V M0/- /V −∆GCS/eV −∆GCR/eV 

14(trans-H2P)   0.50 - -1.65   

14:13 (1:2) 9.1 1.16 x 1010 0.52 -1.04 -1.65 0.44 1.51 

17 (cis-H2P)   0.50  -1.63   

17:13 (1:2) 10.0 2.08 x 1010 0.51 -1.04 -1.63 0.45 1.49 

15(transZnP)   0.28 - -1.83   

15:13 (1:2) 11.1 2.50 x 1010 0.27 -1.03 -1.85 0.80 1.24 

15:12 (1:2) 10.2 6.10 x 1010 0.25 -1.03 -1.85 0.82 1.22 

18 (cis-ZnP)   0.28 - -1.83   

18:13 (1:2) 10.0 4.27 x 1010 0.25 -1.03 -1.85 0.82 1.22 

18:12 (1:2) 10.0 1.38 x 1011 0.25 -1.03 -1.85 0.82 1.22 

16(trans-MgP)   0.18 - -1.92   

16:13 (1:2) 10.9 2.07 x 1010 0.15 -1.02 -1.96 0.90 1.12 

16:12 (1:2) 10.5 2.50 x 1010 0.12 -1.02 -1.96 0.93 1.09 

19 (cis-MgP)   0.19 - -1.91   

19:13 (1:2) 10.0 2.30 x 1010 0.16 -1.02 -1.95 0.90 1.12 

19:12 (1:2) 10.2 4.01 x 1010 0.12 -1.02 -1.95 0.94 1.08 
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Pico-Second Time-Resolved Emission 

The time-resolved emission studies of the self-assembled 

conjugates tracked those of steady-state quenching measurements.  Figure 4.6 

shows the emission decay profiles of the representative bis crown ether 

appended porphyrins in the absence and presence of fullerene derivatives.  The 

bis crown appended porphyrins revealed mono exponential decays with lifetimes 

of 9.0, 1.9, and 5.1 ns, respectively, for H2P, ZnP, and MgP.  The appended 

crown ether moieties had a small quenching effect on the lifetimes of the singlet 

excited porphyrins.  Addition of fullerene to the bis crown ether appended 

porphyrins caused rapid fluorescence decay in addition to slow decaying tail as 

shown in curves b (for one equivalent addition) and curve c (for two equivalent 

additions) in Figures 4.6a-d.  The porphyrin emission-decay in the dyads could 

be fitted satisfactorily by a bi-exponential decay curve; the lifetimes (τf) of which 

are summarized in Table 4.2.  The short lifetimes of MP were predominantly due 

to charge-separation within the supramolecular conjugates ((τf)complex), whereas 

the long lifetime components are attributed to the uncomplexed porphyrin 

emission. 

 

The charge-separated rates (kCS
S) and quantum yields (ΦS

CS) were 

evaluated from the (τf)complex values according to equations 4.4 and 4.5, a 

procedure commonly adopted for intramolecular electron-transfer process.103d,119 
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Figure 4.7: Fluorescence decays for: (A) (a) 14 (trans-H2P) (0.07 mM), (b) 14 

(trans-H2P) (0.07 mM) + 13 (PhC60NH3
+) (0.07 mM), and (c) 14 (trans-H2P) 

(0.07 mM) + 13 (PhC60NH3
+) (0.14 mM).  (B) (a) 15 (trans-ZnP) (0.07 mM), (b) 

15 (trans-ZnP) (0.07 mM) + 13 (PhC60NH3
+) (0.07 mM), and (c) 13 

(PhC60NH3
+) (0.14 mM).  (C) (a) 16 (trans-MgP) (0.07 mM), (b) 16 (trans-MgP) 

(0.07 mM) + 12 (0.07 mM), and (c) 16 (trans-MgP) (0.07 mM) + 12 
(PyC60NH3

+) (0.14 mM). (D) (a) 19 (cis-MgP) (0.07 mM), (b) 19 (cis-MgP)  

(0.07 mM) + 12 (PyC60NH3
+)  (0.07 mM), and (c) 19 (cis-MgP)  (0.07 mM) + 12 

(PyC60NH3
+) (0.14 mM).  The porphyrins were excited at 400 nm in 

benzonitrile solvent.   
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Table 4.2:  Fluorescence lifetimes (τf), charge-separation rate-constants (kS
CS)a, 

charge- separation quantum-yields (ΦS
CS)a, charge-recombination rate-constants 

(kCR) and lifetime of the radical ion-pairs of the investigated bis crown ether 

appended porphyrin-C60 conjugates in benzonitrile. 

 

Compounda τf / ps kS
CS / s-1 ФS

CS kCR/s-1, b τRIP/nsb 

14:13 (1:1) 1860(55%), 7500 (45%) 4.2 x 108 0.79 4.61 x106 217
14:13 (1:2) 1670(68%), 6400 (32%) 4.9 x 108 0.81 6.86 x106 146
17:13 (1:1) 1000(58%), 7800 (42%) 8.9 x 108 0.89 8.28 x106 121
17:13 (1:2) 970 (66%), 6100 (34%) 9.2 x 108 0.89 1.06 x107 94
15:13 (1:1) 366 (55%), 1500 (45%) 2.2 x 109 0.81 4.30 x106 233
15:13 (1:2) 265 (60%), 1400 (40%) 3.3 x 109 0.86 8.30 x106 121
15:12 (1:1) 252 (60%), 1550 (40%) 3.4 x 109 0.87 6.10 x106 164
15:12 (1:2) 220 (65%), 1450 (35%) 4.0 x 109 0.88 9.20 x106 109
18:13 (1:1) 297 (56%), 1600 (44%) 2.8 x 109 0.84 5.33 x106 188
18:13 (1:2) 235 (60%), 1500 (40%) 3.7 x 109 0.88 7.37 x106 137
18:12 (1:1) 209 (58%), 1500 (42%) 4.3 x 109 0.89 7.00 x106 143
18:12 (1:2) 198 (69%), 1450 (31%) 4.5 x 109 0.90 9.60 x106 104
16:13 (1:1) 320 (67%), 3500 (33%) 2.9 x 109 0.94 7.50 x106 133
16:13 (1:2) 280 (72%), 2600 (28%) 3.4 x 109 0.95 9.50 x106 105
16:12 (1:1) 315 (60%), 3200 (40%) 3.0 x 109 0.94 1.45 x107 69
16:12 (1:2) 225 (68%), 2600 (32%) 4.3 x 109 0.96 2.20 x107 46
19:13 (1:1) 305 (60%), 2720 (40%) 3.1 x 109 0.94 6.54 x106 153
19:13 (1:2) 250 (62%), 2900 (38%) 3.8 x 109 0.95 9.04 x106 111
19:12 (1:1) 240 (71%), 2700 (29%) 3.9 x 109 0.95 8.35 x106 120
19:12 (1:2) 200 (74%), 2300 (26%) 4.8 x 109 0.96 1.20 x107 83
 

[a] The single exponential τ values of free-base, zinc and magnesium porphyrins 

      were 9000, 1900, and 5100 ps, respectively. 

[b] See text for details 
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kS
CS = (1/τf )complex – (1/τf )MP    (Eq 4.4) 

ΦS
CS = [(1/τf )complex – (1/τf )MP ] / (1/τf )complex   (Eq 4.5) 

 

As listed in Table 4.2, higher values of kCS
S and ΦS

C were obtained 

for all of the dyads indicating the occurrence of efficient charge separation 

irrespective of the location of the crown ether entities on the porphyrin 

macrocycle and the type of employed fullerene derivative for conjugate 

formation.  However, specific trends could be observed from these kinetic results.  

These include: (i) For a given porphyrin derivative interacting with 13 

(PhC60NH3
+), the kCS and ΦCS followed the trend: H2P < ZnP < MgP.  That is, 

they tracked the free-energy values given in Table 4.1.  (ii) The kCS and ΦCS 

values are higher for ZnP and MgP interacting with 12 (PyC60NH3
+) due to the 

two-point binding and the resulting structural rigidity. (iii) The kCS and ΦCS values 

are higher for the cis bis crown compared to the trans bis crown derivatives 

porphyrins. This trend agrees readily with the binding and steady state quenching 

observations (Figure 4.4b).  (iv) The kCS and ΦCS values are higher for 15:122, 

15:132, 18:122 and 18:132 compared to the earlier reported 1:1 mono crown ether 

appended zinc porphyrin:fullerene dyads involving 12 (PyC60NH3
+) and 13 

(PhC60NH3
+).  This observation clearly indicates that employing higher number of 

acceptor entities improves the charge-separation efficiency.  Furthermore, 

nanosecond transient absorption spectral studies were also performed to 
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characterize the charge-separated states and evaluate the kinetic results of 

charge-recombination process. 

 

Nanosecond Transient Absorption Studies 

The nanosecond transient spectra recorded after 550 nm laser 

irradiation of the bis crown ether appended porphyrins, 14-19, revealed 

absorption peaks corresponding to their excited triplet state of porphyrins.119  

Fullerenes, 12 (PyC60NH3
+) and 13 (PhC60NH3

+), showed a band around 700 nm 

corresponding to their excited triplet states.121  Figure 4.8 shows the transient 

absorption spectra of the representative conjugates.  In these spectra, in addition 

to the peaks corresponding to the triplet excited free-base porphyrin and 

fullerene, a peak around 1020 nm corresponding to the formation of fullerene 

anion radical was observed. The absorption band of the radical cation of the 

porphyrins, expected to appear in the 600 - 700 nm region as a counterpart of 

the fullerene anion radical, was difficult to observe due to the strong emission of 

the porphyrins in this wavelength region.  However, the spectral features of 

fullerene anion radical provided an experimental proof for the generation of the 

charge-separated state (MP•+:C60
•−) as a consequence of fluorescence 

quenching.  As shown in the inset of Figure 4.8A-F, the time profile of C60
•− 

transient band at 1020 nm was monitored for obtaining kinetic information about 

the charge recombination process.  In each time profile, an initial decay followed 

by slow decay was observed. 
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Figure 4.8: Nanosecond transient absorption spectra of: (A) 15 (trans-ZnP) 

(0.1 mM) in the presence of 13 (PhC60NH3
+) (0.1 mM). (B) 15 (trans-ZnP) 

(0.1 mM) in the presence of 13 (PhC60NH3
+) (0.2 mM). (C) 16 (trans-MgP) 

(0.1 mM) in the presence of 13 (PhC60NH3
+) (0.2 mM). (D) 16 (trans-MgP) 

(0.1 mM) in the presence of 12 (PyC60NH3
+) (0.2 mM).  (E) 19 (cis-MgP)  

(0.1 mM) in the presence of 13 (PhC60NH3
+) (0.2 mM). (F) 19 (cis-MgP) 

(0.1 mM) in the presence of 12 (PyC60NH3
+) (0.2 mM). All the spectra were 

recorded at 100 ns (●) and 1000 ns (○) in benzonitrile after the 532 nm 

laser irradiation.  The figure insets show the time profiles of the transient 

bands at the indicated wavelengths.  
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The initial time profiles of these peaks for all of the studied 

conjugates followed the first-order decay kinetics, once again suggesting the 

occurrence of intramolecular charge-recombination process of the radical ion-

pair.  The lifetimes of the radial ion-pairs, τRIP, evaluated as reciprocal of the 

charge-recombination rates (kCR) are listed in Table 4.2.  The calculated kCR 

values were 2-3 orders of magnitude smaller than the kCS suggesting the 

occurrence of the charge recombination process in the Marcus inverted region.  

The τRIP values range between 46 and 233 ns indicating charge stabilization in 

the studied conjugates and higher values were observed for conjugates formed 

by 13 (PhC60NH3
+).  No specific trend with respect to different porphyrins could 

be arrived at from the present results.  As for the slow decay part, a part may be 

attributed to the absorption tail of the triplet states of the porphyrin and fullerene 

entities with lifetimes in the order of 50 - 100 µs in the long time-scale 

measurements.  Some part of the decay prolonged beyond the triplet state 

lifetimes suggesting occurrence of intermolecular electron transfer between 

uncomplexed components via the triplet states, since the slow rise until ca. 50 µs 

was observed with longer lifetimes in the order of 300 – 500 µs.   

 

Summary 

Free-base, zinc and magnesium porphyrins possessing two 18-

crown-6 entities at the cis or trans positions of the porphyrin ring have been 

synthesized and characterized.  These porphyrins formed self-assembled 
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conjugates with fullerenes functionalized with alkyl ammonium and/or pyridine 

functionalized fullerenes with well-defined structures.  ‘Two-point’ binding was 

observed in the case of fullerenes functionalized with pyridine and alkyl 

ammonium groups with metalloporphyrins.   A 1:2 stoichiometry of the 

supramolecular porphyrin:fullerene conjugates was deduced from the optical 

absorption and emission, electron spray ionization mass, electrochemistry, and 

semi-empirical PM3 calculations.  In general, the kCS and ΦCS values were higher 

for the present 1:2 porphyrin:fullerene conjugates as compared to the earlier 

reported 1:1 porphyrin:fullerene conjugates using the same binding 

methodologies.  The experimentally determined kCR values from nanosecond 

transient absorption studies were 2-3 orders of magnitude smaller than the kCS 

suggesting the occurrence of the charge recombination process in the Marcus 

inverted region, and charge stabilization in the studied conjugates. 
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Chapter 5 

Supramolecular Ferrocene-Porphyrin-Fullerene Donor-Acceptor 

Constructs for Long-Lived Charge Separated States 

 

5.1 Introduction 

Studies on photoinduced electron transfer in molecular and 

supramolecular donor–acceptor polyads (triads, tetrads, etc.,) have undergone 

rapid growth in recent years mainly to develop artificial photosynthetic systems 

capable of stabilizing charge-separated states3,15-17,20,122-124 which are eventually 

also useful for the development of molecular optoelectronic devices.15,100  In the 

construction of such polyads, porphyrins and fullerenes have been employed as 

primary electron donor and acceptor, respectively, while ferrocene, carotene or 

tetrathiafulvalene have often been utilized as terminal electron donors.125-126  In 

contrast with the traditionally used two-dimensional aromatic electron acceptors 

such as quinones, fullerenes in donor-acceptor dyads and polyads accelerate 

forward electron transfer (kCS) and slow down backward electron transfer (kCR), 

due to their small reorganization energy in electron transfer reactions.127  This 

property of fullerenes combined with the adopted electron migration strategy of 

polyads has resulted in the generation of distinctly separated donor–acceptor 

radical ion-pairs upon initial electron transfer by charge migration reactions along 

the well-tuned redox gradients.38,48-51  In a few systems, energy funneling 

antenna molecules have been elegantly connected to the donor–acceptor 
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systems to probe sequential energy/electron transfer processes thus mimicking 

the ‘antenna–reaction center’ functionality of photosynthesis.48-50,52,77,128 

 

Although substantial amount of progress in terms of charge 

stabilization has been accomplished on covalently linked polyads,15-18,34-40,122-124 

achieving similar results on self-assembled supramolecular polyads has been 

challenging because of the occurrence of multiple equilibrium processes and the 

inferior stability of the adopted self-assembly approaches in solution, especially 

in polar solvents.18a,34-37,126  The stability issue can be systematically addressed 

by employing multiple modes of binding and structurally well-defined, stable 

supramolecular systems can be formed.37  An alternate supramolecular approach 

was also developed, in which the covalently linked dyads were allowed to self-

assemble with either a donor or an acceptor with a well-defined binding 

mechanism to form the triads.37  In the present study, we have further explored 

the latter approach where covalently linked ferrocene-porphyrin-crown ether 

compounds (Fc–MP-crown ether) were self-assembled with alkyl ammonium 

cation functionalized fullerenes (NH3
+-C60) (Figure 5.1).  As demonstrated here, 

upon excitation of the donor porphyrin, efficient forward electron transfer to the 

fullerene entity self-assembled via crown ether-alkyl ammonium cation 

complexation occurs followed by a hole transfer from the MP.+ to the ferrocene 

entity to generate the final charge-separated states, Fc+–MP-crown:NH3
+-C60

•-.  

As a consequence of the sequential electron transfer events, the charge-

recombination reaction is slowed down in these supramolecular triads.129 
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The structures of the systems employed for the present study are 

shown in Figure 5.1.  Porphyrins, 22-24 (MP = H2P, ZnP, and MgP, respectively) 
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bearing donor, porphyrin and a 18-crown-6 entity are used as a control for 

compounds 30-32, possessing a porphyrin covalently linked to a second electron 

donor, ferrocene and a 18-crown-6 entity.  We have employed free-base, zinc 

and magnesium porphyrins because of their different emission and redox 

properties.116  The first oxidation potential of these porphyrins generally follows 

the trend: MgP < ZnP < H2P.  As a result, it would be possible to systematically 

vary the free-energy change for photoinduced electron transfer in the studied 

supramolecular dyads and triads.  Three derivatives of fullerene functionalized 

with varying alkyl chain length ammonium cation, 37, 13 and 41 have been 

utilized to form the supramolecular complexes via alkyl ammonium-crown ether 

complexation. 

 

Experimental section 

Synthesis of benzo-[18-crown-6] functionalized ferrocenyl porphyrins 

H2-5-(p-methoxycarbonylphenyl)-10,15,20- tri(p-tolyl)porphyrin (20):  Methyl 

4-formylbenzoate (6 g, 0.037 mol) was dissolved in propionic acid (1000 mL) and 

pyrrole (10.3 mL, 9.92 g, 0.15 mol) was added  followed by p-tolualdehyde (13 

mL, 0.111 mol).  The mixture was refluxed for 3 h.  The propionic acid was 

removed under reduced pressure and the compound was purified by column 

chromatography on basic alumina using hexanes: CHCl3 (70:30 v/v) as eluent.  

Evaporation of the solvent yielded the desired compound as a purple solid.  

Yield: 1.7 g (6%).  1H NMR (CHCl3-d): δ (in ppm): 8.92-8.72 (m, 8H, β-pyrrole H), 
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8.45 (d, 2H, phenyl H), 8.30 (d, 2H, phenyl H), 8.10 (d, 6H, phenyl H), 7.55 (d, 

6H, phenyl H), 4.12 (s, 3H, -COOCH3), 2.7 (s, 9H, -CH3), -2.78 (s, br, 2H, -NH). 

 

 

H2-5-(p-carboxyphenyl)-10,15,20-tri(p-tolyl)porphyrin (21):  A mixture of 20 

(840 mg, 1.18 mmol) in THF (60 mL) and potassium hydroxide (4.62 g, 0.082 

mol) in water (20 mL) was refluxed for 20 hrs.  After cooling, the reaction mixture 

was diluted with CH2Cl2, acidified with concentrated HCl and extracted.  The 

organic layer was washed with saturated NaHCO3 solution and dried over 

anhydrous Na2SO4.  The solvent was evaporated and the compound was purified 

by column chromatography on silicagel using CHCl3: methanol (95:5 v/v) as 

eluent.  Yield: 700 mg (85%).  1H NMR (CHCl3-d): δ (in ppm): 8.88-8.72 (m, 8H, 
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β-pyrrole H), 8.60-8.48 (m, 2H, phenyl H), 8.38-8.35 (d, 2H, phenyl H), 8.10 (d, 

6H, phenyl H), 7.58 (d, 6H, phenyl H), 2.72 (s, 9H, -CH3), -2.78 (s, br, 2H, -NH). 

 

 

 

H2-5-{4-[2-(4-benzo-[18-crown-6])amido]phenyl}-10,15,20-tri(p-

tolyl)porphyrin (22):  A solution of 21 (500 mg, 0.71 mmol), SOCl2 (521 µL, 7.15 

mmol) and pyridine (1 mL) in dry toluene (50 mL) was refluxed under argon for 3 

hrs.  After cooling, the solvent was evaporated and the resultant green mixture 

was redissolved in dry toluene (40 mL).  Then pyridine (1 mL) was added 

followed by 4’-amino benzo-[18-crown-6] (470 mg, 1.43 mmol).  The reaction 

mixture was allowed to stir at room temperature under argon for 12 hrs.  The 

solvent was evaporated and the crude compound was purified by column 

chromatography on silica gel using hexanes: CHCl3 (40:60 v/v).  Evaporation of 
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the solvent yielded the desired compound as a purple solid.  Yield: 500 mg 

(70%).  1H NMR (CDCl3-d): δ (in ppm): 8.90-8.70 (m, 8H, β-pyrrole H), 8.22 (m, 

2H, phenyl H), 8.18-8.10 (d, 2H, phenyl H), 8.02 (d, 6H, phenyl H), 7.54 (s, 1H, 

benzocrown phenyl H), 6.98 (d, 1H, benzocrown phenyl H), 6.75 (d, 1H, 

benzocrown phenyl H), 4.18-4.12 (m, 2H, crownethylene H), 4.06-4.02 (m, 2H, 

crownethylene H), 3.88-3.76 (m, 4H, crownethylene H), 3.75-3.55 (m, 12H, 

crownethylene H), 2.60 (s, 9H, -CH3), -2.78 (s, br, 2H, -NH).  ESI mass (in 

CH2Cl2): calcd., 1010.2 ; found, [M+] 1010.5 (100%). 

 

5-{4-[2-(4-benzo-[18-crown-6])amido]phenyl}-10,15,20-tri(p-

tolyl)porphyrinato zinc (II) (23):  The free-base porphyrin 22 (10 mg, 0.01 

mmol) was dissolved in CHCl3 (10 mL), a saturated solution of zinc acetate in 

methanol was added to the solution, and the resulting mixture was refluxed for 

2h.  The course of the reaction was monitored by absorption spectroscopy.  At 

the end, the reaction mixture was washed with water and dried over anhydrous 

Na2SO4.  Chromatography on basic alumina column by using hexanes: CHCl3 

(40:60 v/v) gave the title compound.  Yield: 10 mg (90%).  1H NMR (CDCl3-d): δ 

(in ppm): 8.95-8.62 (m, 8H, β-pyrrole H), 8.42-8.32 (m, 1H, phenyl H), 8.05-7.82 

(m, 7H, phenyl H), 7.80-7.65 (m, 2H, phenyl H), 7.58-7.35 (m, 6H, phenyl H), 

6.95 (s, br, 1H, benzocrownphenyl H), 6.82-6.75 (s, br, 1H, benzocrown phenyl 

H), 6.30-6.22 (m, 1H, benzocrown phenyl H), 3.20-3.05 (m, 2H, crownethylene 

H), 2.80-2.72 (m, 2H, crownethylene H), 2.65 (s, 9H, -CH3), 2.40-2.02 (m, 9H, 

crownethylene H), 1.95-1.75 (m, 6H, crownethylene H), 0.85 (s, br, 1H, 
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crownethylene H).  ESI mass (in CH2Cl2): calcd., 1073.58 ; found, [M+] 1073.4 

(100%). 

 

5-{4-[2-(4-benzo-[18-crown-6])amido]phenyl}-10,15,20-tri(p-

tolyl)porphyrinato magnesium (II) (24):  This compound was prepared 

according to the general procedure developed by Lindsey and Woodford for Mg 

porphyrin synthesis.97  A sample of 22 (10 mg, 0.01 mmol) was dissolved in 10 

mL of CH2Cl2.  Then triethylamine (0.028 mL, 20.04 mg, 0.2 mmol) was added 

followed by MgBr2.O(Et)2 (26 mg, 0.1 mmol).  The mixture was stirred for 20 min. 

at room temperature.  The course of the reaction was monitored by absorption 

spectroscopy.  The mixture was diluted with 20 mL CH2Cl2, washes with 5% 

NaHCO3, and dried over anhydrous Na2SO4, and the filtrate was evaporated.  

Chromatography on basic alumina column with CHCl3 as eluent yielded residual 

22.  Elution with CHCl3: methanol (98:2 v/v) yielded a greenish purple fraction of 

the desired compound. Yield: 8 mg (80%).  1H NMR (CDCl3-d): δ (in ppm): 8.92-

8.58 (m, 8H, β-pyrrole H), 8.35-8.22 (m, 1H, phenyl H), 8.12-7.90 (m, 7H, phenyl 

H), 7.70-7.42 (m, 8H, phenyl H), 7.05 (s, br, 1H, benzocrownphenyl H), 6.82 (s, 

br, 1H, benzocrown phenyl H), 6.25 (m, 1H, benzocrown phenyl H), 2.85-2.75 

(m, 2H, crownethylene H), 2.65 (s, 9H, -CH3), 2.60-2.50 (m, 2H, crownethylene 

H), 2.25-2.05 (m, 2H, crownethylene H), 1.98-1.62 (m, 8H, crownethylene H), 

1.58-1.30 (m, 4H, crownethylene H), 0.10 (s, br, 2H, crownethylene H).  ESI 

mass (in CH2Cl2): calcd., 1032.49 ; found, [M+] 1032.5 (100%). 
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5-(4-methoxycarbonylphenyl)dipyrromethane (25): This compound was 

prepared according to the general procedure outlined for the synthesis of 

dipyrromethanes by Lindsey et al.130  To pyrrole (68 mL, 0.98 mol), methyl 4-

formyl benzoate (4 g, 0.024 mol) was added and purged with argon for 15 min.  

Then trifluoroacetic acid (190 µL, 0.0024 mmol) was added and stirred at room 

temperature for 15 min.  The mixture was diluted with CH2Cl2 and the reaction 

was quenched with NaOH (100 mL, 0.1M) and the organic layer was extracted 

over Na2SO4.  Excess pyrrole was distilled through vacuum at room temperature, 

and the compound was purified by flash column chromatography on silica gel 
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using hexanes: ethylacetate (60:40 v/v) as eluent.  Evaporation of the solvent 

yielded pale yellow solid.  Yield: 2g (30%).  1H NMR (CHCl3-d): δ (in ppm): 8.05-

7.90 (m, 4H, pyrrole NH & phenyl H), 7.28 (d, 2H, phenyl H), 6.75-6.65 (m, 2H, 

pyrrole H), 6.18-6.12 (m, 2H, pyrrole H), 5.92-5.87 (m, 2H, pyrrole H), 5.54 (s, 

1H, -CH-), 3.90 (s, 3H, -COOCH3). 

 

 

 

H2-5,15–Di(p-methoxycarbonylphenyl)-10,20- di(p-tolyl)porphyrin (26):  This 

compound is prepared according to Luo et al.49   A solution of 25 (1.6 g, 5.71 

mmol) was added to p-tolualdehyde (675 µL, 5.71 mmol) in CHCl3 and the 

reaction mixture was stirred under argon for 1 hr.  Then BF3.O(Et)2 (724 µL, 5.71 

mmol) was added and the reaction mixture was stirred in dark for 2 hrs.  p-

Chloranil (2.11 g, 8.57 mmol) was added to the reddish black reaction mixture 

and the resultant mixture was stirred for 18 hrs.  Triethylamine (2.4 mL, 17.25 

mmol) was added and the reaction mixture was stirred for 1 hr and then 

concentrated.  Column chromatography on silica gel using chloroform as eluent 

gave a mixture of five porphyrins including the titled compound. Subsequent 
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column chromatography of this fraction on silica gel using toluene: CHCl3 (70:30 

v/v) as eluent yielded the titled compound as the third band.  Evaporation of the 

solvent yielded the desired compound as a purple solid.  Yield: 208 mg (5%).  1H 

NMR (CHCl3-d): δ (in ppm): 8.82 (dd, 8H, β-pyrrole H), 8.42 (d, 4H, phenyl H), 

8.25 (d, 4H, phenyl H), 8.10 (d, 4H, phenyl H), 7.58 (d, 4H, phenyl H), 4.12 (s, 

6H, -COOCH3), 2.7 (s, 6H, -CH3), -2.80 (s, br, 2H, -NH). 

 

H2-5,15–Di(p-carboxyphenyl)-10,20-di(p-tolyl)porphyrin (27):49  A suspension 

of 26 (200 mg, 0.264 mmol) in THF:ethanol (1:1) was taken in a 250 ml round 

bottom flask and potassium hydroxide (1.5 g, 0.027 mol) dissolved in water (12 

mL) was added to it.  The reaction mixture was refluxed for 8 hrs.  After cooling, 

the solvent was evaporated, the residue was diluted with water (100 mL) and 

then filtered.  The desired compound was obtained as the dipotassium salt.  The 

aqueous suspension of porphyrin dipotassium salt was acidified with 

concentrated HCl (pH 2) and then filtered.  The titled compound was obtained as 

a  purple powder and used without any further purifications.  Yield: 85 mg (44%).  

1H NMR (DMSO-d): δ (in ppm): 8.8 (dd, 8H, β-pyrrole H), 8.38 (d, 8H, phenyl H), 

8.18-8.10 (d, 4H, phenyl H), 7.65-7.55 (d, 4H, phenyl H), 2.55 (s, 6H, -CH3), -

2.40-2.95 (s, br, 2H, -NH). 
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4-Ferrocenylnitrobenzene (28):131   To ferrocene (3.80 g, 20.4 mmol), 25 ml of 

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

temperature for 2 h.  The solution was then poured 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 0 oC was added dropwise to a stirred solution of 4-

nitroaniline (1.66 g, 12.0 mmol) in 1:1 water/HCl (10 mL) kept at 0 oC 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 dropwise with vigorous solution.  After 24 h of 

stirring at room temperature, ascorbic acid (5 g) was added to reduce any 
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remaining ferrocenium to ferrocene.  Dichloromethane was added, and the 

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

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

(40:60 v/v).  Yield: 925 mg (25%).  1H NMR (CHCl3-d): δ (in ppm): 8.14 (d, 2H, 

phenyl H), 7.56 (d, 2H, phenyl H), 4.74 (t, 2H, C5H4), 4.48 (t, 2H, C5H4), 4.05 (s, 

5H, C5H5).  ESI mass (in CH2Cl2): calcd., 307.58; found, 307.12 

 

4-Ferrocenylaniline (29):131  A mixture of granulated tin (170 mg, 1.43 mmol) 

was added to a solution of 28 (162 mg, 2.28 mmol) in 1:1 HCl: ethanol and 

refluxed for 2 h.  The resulting solution was then cooled to room temperature and 

neutralized with 40% aqueous NaOH.  The compound was washed with 

dichloromethane and water and the organic layer was collected and dried over 

anhydrous Na2SO4.  Evaporation of the organic layer yielded orange oil which 

upon refrigeration gave the desired compound as the orange crystals.  Yield: 112 

mg (78%).  1H NMR (DMSO-d): δ (in ppm): 7.20 (d, 2H, phenyl H), 6.52 (d, 2H, 

phenyl H), 5.02 (s, br, 2H, -NH2), 4.58 (t, 2H, C5H4), 4.22 (t, 2H, C5H4), 3.98 (s, 

5H, C5 H5).  ESI mass (in CH2Cl2): calcd., 277.84; found, 277.18. 
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H2-5-{4-[2-(4-benzo-[18-crown-6])amido]phenyl}-15-{4-[2-(4-

ferrocenylphenyl) amido]phenyl]-10,20-di(p-tolyl)porphyrin (30):  27 (78 mg, 

0.11 mmol) was taken in dry toluene (20 mL), thionyl chloride (160.5 µL, 2.2 

mmol) and pyridine (160 µL) were added and the reaction mixture was refluxed 

under argon for 3 hrs.  After cooling, the solvent was evaporated and the 

resultant green compound was redissolved in dry toluene (20 mL).  Then pyridine 

(516 µL) was added followed by 29 (30.5 mg, 0.11 mmol) and 4’-amino benzo-

[18-crown-6] (36 mg, 0.11 mmol).  The reaction mixture was allowed to stir at 

room temperature under argon for 12 hrs.  The solvent was evaporated and the 

crude compound was purified by column chromatography on basic alumina using 

hexanes: CHCl3 (20:80 v/v).  Evaporation of the second fraction yielded the 

desired compound as a purple solid.  Yield: 44 mg (30%).  1H NMR (CDCl3-d): δ 

(in ppm): 8.92-8.70 (m, 8H, β-pyrrole H), 8.35-8.10 (m, 8H, phenyl H), 8.05 (d, 

4H, phenyl H), 7.70 (d, 2H, phenyl H), 7.60-7.45 (m, 6H, phenyl H), 7.28-7.25 (m, 

1H, benzocrown phenyl H), 7.10-7.05 (m, 1H, benzocrown phenyl H), 6.88 (d, 

1H, benzocrown phenyl H), 4.65 (t, 2H, C5H4), 4.32 (t, 2H, C5H4), 4.28-4.22 (m, 

2H, crownethylene H), 4.20-4.12 (m, 2H, crownethylene H), 4.05 (s, 5H, C5H5), 

3.98-3.90 (m, 4H, crownethylene H), 3.80-3.65 (m, 12H, crownethylene H), 2.65 

(s, 6H, -CH3), -2.78 (s, br, 2H, -NH).  ESI mass (in CH2Cl2): calcd., 1299.32; 

found, [M+] 1299.7 (100%). 
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5-{4-[2-(4-benzo-[18-crown-6])amido]phenyl}-15-{4-[2-(4-

ferrocenylphenyl)amido]-phenyl]-10,20-di(p-tolyl)porphyrinato zinc (II) (31):  

This compound was prepared according to the procedure outlined for 23.  The 

free-base porphyrin 30 (10 mg, 0.008 mmol) was dissolved in CHCl3 (10 mL), a 

saturated solution of zinc acetate in methanol was added to the solution, and the 

resulting mixture was refluxed for 2 h.  The course of the reaction was monitored 

by absorption spectroscopy.  At the end, the reaction mixture was washed with 

water and dried over anhydrous Na2SO4.  Chromatography on basic alumina 

column by using hexanes: CHCl3 (20:80 v/v) gave the title compound.  Yield: 10 
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mg (90 %).  1H NMR (CDCl3-d): δ (in ppm): 8.98-8.82 (m, 8H, β-pyrrole H), 8.38-

8.15 (m, 8H, phenyl H), 8.10 (m, 4H, phenyl H), 7.72  (d, 2H, phenyl H), 7.60-

7.48 (m, 6H, phenyl H), 7.22-7.16 (m, 1H, benzocrownphenyl H), 7.12-7.05 (m, 

1H, benzocrownphenyl H), 6.80 (d, 1H, benzocrownphenyl H),  4.68 (t, 2H, 

C5H4), 4.32 (t, 2H, C5H4), 4.08 (s, 5H, C5H5 ), 4.0-3.86 (m, 2H, crownethylene H), 

3.85-3.72 (m, 2H, crownethylene H), 3.70-3.52 (m, 2H, crownethylene H), 3.48-

3.08 (m, 14H, crownethylene H), 2.72 (s, 6H, -CH3).  ESI mass (in CH2Cl2): 

calcd., 1362.69 ; found, [M+] 1362.3 (100%). 

 

5-{4-[2-(4-benzo-[18-crown-6])amido]phenyl}-15-{4-[2-(4-

ferrocenylphenyl)amido]-phenyl]-10,20-di(p-tolyl)porphyrinato magnesium 

(II) (32):  This compound was prepared according to the procedure outlined for 

24.  A sample of 30 (10 mg, 0.008 mmol) was dissolved in 10 mL of CH2Cl2.  

Then triethylamine (0.022 mL, 15.6 mg, 0.15 mmol) was added followed by 

MgBr2·O(Et)2 (20 mg, 0.08 mmol).  The mixture was stirred for 20 min at room 

temperature.  The course of the reaction was monitored by absorption 

spectroscopy.  The mixture was diluted with 20 mL of CH2Cl2, washed with 5% 

NaHCO3, and dried over anhydrous Na2SO4, and the filtrate was evaporated.  

Chromatography on basic alumina column with CHCl3 as eluent yielded residual 

30.  Elution with CHCl3: methanol (98:2 v/v) yielded a greenish purple fraction of 

the desired compound.  Yield: 8 mg (80%).  1H NMR (CDCl3-d): δ (in ppm): 8.95-

8.58 (m, 8H, β-pyrrole H), 8.32-7.80 (m, 12H, phenyl H), 7.60-7.40 (m, 8H, 

phenyl H), 7.10-6.75 (s, br, 2H, benzocrown phenyl H), 6.38-6.22 (m, 1H, 
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benzocrown phenyl H), 4.65-4.55 (t, 2H, C5H4), 4.30-4.22 (t, 2H, C5H4), 4.02 (s, 

5H, C5H5 ), 3.65-3.60 (m, 2H, crownethylene H), 2.85-2.80 (m, br, 2H, 

crownethylene H), 2.78-2.62 (s, 6H, -CH3), 2.38-2.30 (m, 4H, crownethylene H), 

2.25-1.78 (m, 8H, crownethylene H), 1.68-1.52 (m, 4H, crownethylene H).  ESI 

mass (in CH2Cl2): calcd., 1321.61 ; found, [M+] 1321.3 (100%). 

 

 

 

Synthesis of Fullerene Derivatives 

N-Boc-(2-amino)ethylamine (33): This compound was prepared according to 

Muller et al.132a  Di-tert-butyl bicarbonate (6.53 g, 0.03 moles) dissolved in 100 

mL of dry CHCl3 was added to a solution of ethylenediamine (20 mL, 0.3 moles) 
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Scheme 5.8: Synthetic scheme for compounds 31 and 32 
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in 300 ml of CHCl3 during 2.5 hours with stirring and cooling in an ice bath.  The 

reaction mixture was stirred for additional 24 hours at room temperature and was 

then washed with water, extracted with CHCl3 and dried over anhydrous Na2SO4.  

Evaporation of the organic layer yielded the desired compound as pale yellow oil.  

Yield: 5.2 g (11%).  1H NMR (CHCl3-d): δ (in ppm): 5.28 (s, br, 1H, -NH), 3.25-

3.08 (m, 2H, CH2), 2.8 (t, 2H, CH2), 1.65-1.40 (m, 9H, Boc-H). 

 

Benzyl-N-[2-(N-Boc)aminoethyl]glycinate (34): This compound was prepared 

according to Kordatos et al.132b  A solution of benzyl 2-bromo acetate (1.53 g, 1.1 

mL, 6.67 mmol) dissolved in 30 ml of 1,4-dioxane was added to a solution of 33 

(3.2 g, 0.02 mol) in 20 mL of 1,4-dioxane at 0 oC over a period of 1 h, and the 

reaction mixture was stirred overnight.  The solvent was evaporated under 

reduced pressure and the residue was dissolved in water and extracted with 

ethylacetate.  The organic extract was dried over anhydrous Na2SO4 and the 

solvent was evaporated under reduced pressure.  The crude compound was 

purified by column chromatography on silica gel using petroleum ether: 

ethylacetate (40:60 to 20:80 v/v).  Evaporation of the solvent yielded the desired 

compound as pale yellow oil.  Yield: 1.9 g (73%).  1H NMR (CHCl3-d): δ (in ppm): 

7.45-7.40 (m, 5H, phenyl H), 5.18 (s, 2H, CH2), 5.04 (s, br, 1H, NH), 3.45 (s, 2H, 

benzyl CH2), 3.25-3.15 (m, 2H, CH2), 2.74 (t, 2H, CH2), 1.65 (s, br, 1H, NH), 1.45 

(s, 9H, Boc-H). 
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N-[2-(N-Boc)aminoethyl]glycine (35): To a methanolic solution of 34 (1.55 g, 5 

mmol) was added 100 mg of  5% Pd/C, and the mixture was stirred under a 

hydrogen atmosphere for 24 h.  The catalyst was removed by filtration on celite, 

and the solvent was evaporated.  The residue was triturated in diethyl ether to 

give the desired compound as a white solid.  Yield: 500 mg (46%).  1H NMR 

(D2O): δ (in ppm): 3.52 (s, 2H, CH2), 3.45 (t, 2H, CH2), 3.18 (t, 2H, CH2), 1.45 (s, 

9H, Boc-H). 
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N-[2-(N-Boc)aminoethyl]-2-phenyl-3,4-fulleropyrrolidine (36): To C60 (200 

mg, 0.28 mmol) in toluene (200 ml), 35 (122 mg, 0.56 mmol) and benzaldehyde 

(140.4 µl, 148.6 mg, 1.4 mmol) were added and the mixture was refluxed for 2 

hrs.  After cooling to room temperature, the solvent was evaporated under 

reduced pressure.  The crude compound was purified on silica gel by flash 

column chromatography using toluene: ethylacetate (98:2 v/v) as eluent.  

Evaporation of the solvent yielded the desired compound as a brown solid.  

Yield: 123 mg (45%).  1H NMR [CDCl3:CS2 1:1 (v/v)]: δ (in ppm): 7.84-7.74 (m, 

2H, phenyl H), 7.46-7.32 (m, 3H, phenyl H), 5.22-5.05 (m, 3H, NH & CH2), 4.2 (d, 

1H, pyrrolidine H), 3.78-3.58 (m, 2H, pyrrolidine H), 3.45-3.30 (m, 1H, CH2), 2.78-

2.65 (m, 1H, CH2), 1.52 (s, 9H, Boc-H). 

 

To a dichloromethane solution of 36 (123 mg, 0.13 mmol), 3 mL of 

trifluoroacetic acid was added and the mixture was stirred for 3 h at room 

temperature.  The solvent and excess acid was removed under reduced 

pressure.  The compound was washed with CH2Cl2 in order to remove the 

unreacted starting material.  Evaporation of CH2Cl2 followed by drying yielded the 

compound 37 as a brown solid.  Yield: 85 mg (68%).  ESI mass (in 

CH2Cl2+CH3OH)): calcd., 883.26 (without CF3COO-) ; found, [M+] 883.2 (100%). 
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4-(2-Boc-amino) ethyl bromide, (38): 132c  (2-bromoethyl) amine (5 g, 0.0244 

mol) was dissolved in 100 ml of CH2Cl2 and the solution was stirred for 10 min. at 

0 oC under argon.  Then di-tert-butyl carbonate (5.4 g, 0.02 mol) was added to it 

and the solution was stirred for 2 min.  Then triethylamine (4.1 mL, 3 g, 0.03 mol) 

was added dropwise to the reaction mixture for 3 h.  Then the ice bath was 

removed and the reaction mixture was allowed to stir for 24 h at room 

temperature.  Then the solution was washed with brine solution, water and dried 

over Na2CO3.  Evaporation of the organic layer yielded the titled compound as 
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yellow oil.  Yield: 4.6g (85%).  1H NMR (CHCl3-d): δ (in ppm): 4.94 (br, s, 1H,-

NH), 4.35 (t, 2H, -CH2-), 3.98 (t, 2H, -CH2-), 1.58 (s, 9H, Boc-H)  

 

4-(2-Boc-amino) ethoxy benzaldehyde, (39): 132c  4-hydroxy benzaldehyde 

(250 mg, 2.05 mmol) was dissolved 100 mL of distilled DMF and K2CO3 (1 g, 7 

mmol) was added and the solution was stirred at room temperature for 5 min. 

under argon.  Then 38 (4.5 g, 0.02 mol) was added to the solution and the 

reaction mixture was allowed to stir for 18 h at room temperature under argon.  

The solvent was evaporated under vacuum and the residue was separated with 

CH2Cl2.  The organic layer was evaporated under vacuum to yield the titles 

compound as light yellow solid.  Yield: 325 mg (60%). 

1H NMR (CHCl3-d): δ (in ppm): 9.89 (s, 1H,-CHO), 7.85 (d, 2H, phenyl H), 7.01 

(d, 2H, phenyl H), 4.15-4.08 (m, 4H, -CH2-), 1.55 (s, 9H, Boc-H). 

 

N-methyl 2-(4-(2–(N-Boc)-amino) ethoxy phenyl) 3,4-fulleropyrrolidine, (40): 

To a solution of C60 (100 mg, 0.138 mmol) in toluene, 39 (109 mg, 0.414 mmol) 

and sarcosine (31 mg, 0.345 mmol) were added and refluxed for 4 hours.  The 

solvent was evaporated under vacuum, and purified on silica gel using toluene 

and ethylacetate (70:30 v/v).  Yield: 70 mg (50%). 

 

To a dichloromethane solution (5 mL) of 40 (70 mg, 0.07 mmol), 3 

mL of trifluroacetic acid and m-cresol (50 µL) were added and stirred for 3 hours.  

The solvent and acid were removed under vacuum and solid product was 
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washed with toluene for several times to get desired deprotected compound 41.  

Yield: 68 mg (95%).  1H NMR (CD3OD): δ (in ppm) 7.71, 6.95( d, d, 4H, phenyl), 

4.98, 4.82, 4.22 (d, s, d, 3H, pyrolidine-H), 4.0, 3.51 (d, m, -(CH2)2-), 2.78 (s, 3H, 

N-CH3), ESI mass in CH2Cl2 calcd: 913; found: 913.3.  UV-Vis (MeOH, nm) 204, 

254.5 nm. 

 

Results and Discussion 

Optical Absorption Studies 

The optical absorption behavior of the porphyrins, 22-24 was found 

to be similar to that of pristine free-base porphyrin, zinc porphyrin and 

magnesium porphyrin, respectively. That is, they exhibited an intense Soret band 

around 425 nm and two to four visible bands in the 500-650 nm range depending 

upon the metal ion in the porphyrin cavity. No apparent absorption bands in the 

wavelength region covering 350-700 nm corresponding to the crown ether 

entities were observed.  

 

The optical absorption spectra in the visible wavelength region of 

the ferrocene–porphyrin-crown ether systems, 30-32 were also found to be 

similar to the respective 22-24 analogs. However, in each case, the peak maxima 

exhibited a red shift of 2-3 nm compared to the corresponding 22-24 derivatives.  

No new peak corresponding to the appended ferrocene was observed due to the 
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low molar absorptivity of ferrocene compared to the high ε values of porphyrin 

absorption bands in the 380–420 nm region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The binding of functionalized fullerenes, 37, 13 or 41, to ferrocene-porphyrins 30-

32 resulted in the formation of the supramolecular triads, which was 

accompanied by slightly red-shifted absorption bands of porphyrins (Figure 5.2).  

A weak band around 700 nm was observed due to the absorption of 37 in this 
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Figure 5.2: Absorption spectral changes observed during titration of 

30 (0.15 x 10–5 M) with 37 (4.2 x 10–4 M each addition) in benzonitrile
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wavelength region. On increasing the concentration of 37, the absorbance near 

the Soret band increased; compared with such increases, the increment in peak 

absorbance was small, supporting the supramolecular formation.  Under these 

conditions, it was difficult to isolate any weak band corresponding to charge 

transfer type interactions between porphyrin and fullerene entities (vide infra). 

 

Computational Studies 

To gain insights into the supramolecular geometry and possible 

existence of intermolecular type interactions, computational studies were 

performed using density functional methods (DFT) at the B3LYP/3-21G(*) 

level.118  Here, both the ferrocene-porphyrin-crown ether dyads and 

functionalized fullerenes were optimized to a stationary point on the Born-

Oppenheimer potential energy surface and allowed to self-assemble via crown 

ether-ammonium cation complexation.  Representative structures for the 

supramolecular triad, 31:13 is shown in Figure 5.3 and the structural parameters 

are given in Table 5.1.  For all of the studied supramolecular dyads and triads at 

least two structures were possible, namely, a closed structure and an extended 

structure.  The closed structures were energetically more stable by about 2-5 

kcal/mol; however, the closed structures are not close enough to show the 

charge transfer interactions in the absorption spectra.  The center-to-center 

distance between the Fe moiety of ferrocene and the zinc atom of zinc porphyrin 

was ~17.1 Å irrespective of the type of structure.  However, the center-to-center 

distances between zinc porphyrin and fullerene, and fullerene and ferrocene 
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were found to depend upon the type of structure.  For ‘closed’ structures, these 

distances were ~5.7 and 17.8 Å respectively, while for the ‘extended’ structures 

these distances were ~11.7 and ~27.0 Å, respectively.  That is, there was a 

significant change in the donor and acceptor distances for these two types of 

structures. 

 

 

 

 

 

 

 

 

 

 

 

 

The gas phase dissociation energy for the alkyl ammonium cation-

crown ether binding, measured as the energy difference between the complex 

and the sum of the energies of the individual porphyrin and fullerene moieties, 

Figure 5.3: DFT B3LYP/3-21G (*) optimized structures of the self-assembled 

triad, 31:13 in the (a) closed and (b) extended forms. 
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was found to be ~110 kcal mol-1 indicating stable complex formation through this 

binding mechanism. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Electrochemical Studies and Electron-Transfer Driving Forces 

Electrochemical studies using the cyclic voltammetric technique 

were performed to evaluate the redox potentials of the triads and also to evaluate 

the energetics of electron transfer reactions. The crown ether appended 

porphyrins, 22-24 and 30-32 were titrated with various amounts of functionalized 

fullerenes, 37, 13 and 41 to probe the effect of coordination on the redox 

potentials of both the ferrocene, porphyrin and fullerene entities. Figure 5.4 

 
Triads Structure 

form 

Center-to-center distance, Å 
_______________________________

  Fe-Zn Zn-C60 C60-Fc 

31:37 extended 

closed 

17.1 

17.1 

11.8 

5.8 

27.2 

17.8 

31:13 extended 

closed 

17.2 

17.1 

11.7 

5.6 

27.5 

17.5 

31:41 extended 

closed 

17.2 

17.1 

11.5 

5.7 

25.8 

17.3 

Table 5.1: B3LYP/3-21G(*)-ptimized distances between the different entities of 

the 31:37, 13 and 41 supramolecular triads 
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shows cyclic voltammograms obtained for compounds 30-32 in benzonitrile 

containing 0.1 M t-Bu4NClO4 (dark lines); the redox potential data are given in 

Tables 5.2, 5.3 and 5.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All of the employed porphyrins revealed two one-electron 

oxidations (MP0/.+ and MP.+/2+) as judged from their peak-to-peak separation, 

0.5 0.0 -0.5 -1.0 -1.5 -2.0

(a)

Potential (V vs. Fc/Fc+)

(b)

(c)

Figure 5.4. Cyclic voltammograms of (a) 30, (b) 31 and (c) 32 in the absence 

(dark lines) and in the presence (blue lines) of 41 in benzonitrile containing 

0.1M (n-C4H9)4NClO4.  The concentrations of porphyrins and fullerene were 

held at 0.03 mM; scan rate = 100 mV s–1. 
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∆Epp values and the cathodic-to-anodic peak current ratios.  The magnitudes of 

the E1/2 values were found to depend on the metal ion present in the porphyrin 

cavity which followed the order: MgP < ZnP < H2P.  In addition, for compounds 

30-32, another reversible redox couple close to 0.0 V vs. Fc/Fc+ corresponding to 

the covalently linked ferrocene unit was observed.  That is, the oxidation potential 

of the ferrocene unit was easier than the first oxidation potential of any of these 

porphyrins.  During the cathodic potential scan, these porphyrins revealed two 

one-electron reductions whose potentials followed the trend: MgP > ZnP > H2P. 

 

 

 

 

 

 

 

 

Compounda E (MP0/.+)/V E (C60
0/.)/V E (MP0/.)/V ∆GRIP(P-C)

 b
 

/eV 

∆GS
CS(P*-C) 

c
 

/eV 

22 0.55 ---- -1.61 ---- ---- 

22:13 0.54 -1.04 -1.63 1.53 0.37 

23 0.29 ---- -1.82 ----  

23:13 0.28 -1.04 -1.83 1.31 0.75 

24 0.15 ---- -1.93 ----  

24:13 0.14 -1.04 -1.90 1.18 0.87 

Table 5.2: Electrochemical redox potentials (E, V vs. Fc/Fc+), energy levels of 

the charge-separated states (∆GRIP) and free-energy changes for charge-

separation (∆GCS) for the supramolecular dyads in benzonitrile. 

[a]  See Figure 5.1 for structures. 

[b] ∆GRIP = Eox − Ered + ∆GS, where ∆GS = e2/(4πε0εRRCt-Ct) and ε0 and εR refer to 

vacuum permittivity and dielectric constant of benzonitrile.  

[c]  −∆GCS
 = ∆E0-0 − ∆GRIP, where ∆E0-0 is the energy of the lowest excited states 

(2.07 eV for 1ZnP*, 2.05 eV for 1MgP*, 1.95 eV for 1H2P*, and 1.72 eV for 1C60*. 
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Addition of fullerenes, 37, 13 and 41 revealed cathodic shifts of the 

peaks corresponding to the porphyrin unit and not the ferrocene unit (blue traces 

in Figure 5.4) and such shifts were more for easily oxidizable MgP.  These 

observations clearly suggest intramolecular type interactions106c,d between the 

porphyrin and fullerene entities in supportive of the close structure predicted by 

computational studies.  During the cathodic potential scan of the supramolecular 

complexes, two one-electron reductions corresponding to C60
0/•- and C60

•-/2- were 

observed and were independent of the nature of MP.  Subsequent reductions at 

higher negative potentials, dependent upon M, involved either the porphyrin 

(MP0/•-and MP•-/2-) or fullerene entity (C60
2-/3•-). 

 

 

 

 

The energy levels of the charge-separated states (∆GRIP) were 

evaluated using the Weller-type approach19 utilizing the redox potentials, center-

Compoundsa E(MP0/+.)/V E(Fc0/+) /V E(C60
0/•-)/V E(MP0/•-)/V 

30 0.55 0.0 ---- -1.61 

30:13 0.55 -0.01 -1.04 -1.62 

31 0.32 0.0 ---- -1.79 

31:13 0.31 0.0 -1.04 -1.81 

32 0.24 0.0 ---- -1.91 

32:13 0.17 -0.01 -1.05 -1.95 

Table 5.3: Electrochemical redox potentials (E, V vs. Fc/Fc+) for 30-32:13 

supramolecular triads. 

[a]  See Figure 5.1 for structures 
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to-center distance, and dielectric constant of the solvent as listed in Tables 5.2, 

5.3 and 5.4. 

 

 

 

 

Compoundsa ∆GRIP(P-C)
 b

 

     /eV 

∆GRIP(F-C)
b
 

     /eV 

∆GRIP(F-P)
b
 

     /eV 

∆GS
CS(P*-C) 

c
 

      /eV 

∆GHS(F-P)

/eV 
30 ---- ---- 1.61  ---- 

30:13 1.53 1.05 1.63 0.37 0.48 

31 ---- ---- 1.79   

31:13 1.30 1.04 1.81 0.77 0.26 

32 ---- ---- 1.91   

32:13 1.17 1.06 1.96 0.88 0.11 

 

 

 

 

 

 

 

By comparing these energy levels of the charge-separated states 

with the energy levels of the excited states, the driving forces (∆GCS) were 

Table 5.4: Energy levels of the charge-separated states (∆GRIP), free-energy 

changes for charge-separation (∆GCS), and hole shift (∆GHS) for 30-32:13 

supramolecular triads in benzonitrile. 

[a] See Scheme 5.1 for structures. 

[b] ∆GRIP = Eox − Ered + ∆GS, where ∆GS = e2/(4πε0εRRCt-Ct) and ε0 and εR refer 

to vacuum permittivity and dielectric constant of benzonitrile.  

[c]  −∆GCS
 = ∆E0-0 − ∆GRIP, where ∆E0-0 is the energy of the lowest excited 

states (2.07 eV for 1ZnP*, 2.05 eV for 1MgP*, 1.95 eV for 1H2P*, and 1.72 eV 

for 1C60*. 
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evaluated. The generations of MP.+-crown:NH3
+-C60

. and Fc–MP.+-crown:NH3
+-

C60
. were exothermic via the singlet excited states of any of the porphyrins or the 

fullerene in benzonitrile and followed the trend MgP > ZnP > H2P.  A hole shift 

from MP.+ to Fc was found to be feasible for all the supramolecular triads. On the 

basis of these calculations, an energy diagram for Fc–MP-crown:NH3
+-C60 can 

be depicted as shown in Figure 5.5. 

 

 

 

 

Fluorescence Emission Studies 

The photochemical behavior of the ferrocene–porphyrins dyads 

was investigated, initially by using steady-state fluorescence measurements. The 

Fc-1MP*-crown:NH3
+-C60

Fc-3MP*-crown:NH3
+-C60

Fc-MP.+-crown:NH3
+-C60

.-

Fc+-MP-crown:NH3
+-C60

.-

Fc-MP-crown:NH3
+-C60

kCS1

kHS

hn

kISC

k0kT

kCR2

kCR1

Fc+-MP.--crown:NH3
+-C60

kCS2

kHS2

Figure 5.5: Energy level diagram showing different photochemical events 

of the investigated supramolecular triads. 
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emission behavior of the crown ether appended porphyrins was found to be 

similar to that of porphyrins with two emission bands in the visible-near IR 

regions.  The fluorescence intensities of 30-32 were found to be quenched 

compared with those of the crown-ether appended porphyrins, 22-24. These 

results indicate the occurrence of intramolecular events in the ferrocene–

porphyrin dyads. 
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Figure 5.6: Fluorescence spectral changes observed on increasing addition of 

fullerene 41 (2.0 µM each addition) to a solution of porphyrin-crown ether, 32 in 

benzonitrile. λex = 420 nm. Inset: Benesi-Hildebrand plot at 620 nm constructed 

for measuring the binding constant; I0 (fluorescence intensity in the absence of 

41), and ∆I (changes of fluorescence intensity on addition of 41). 
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Additional quenching of the porphyrin emission was observed upon 

complexation of fullerenes, 37, 13 and 41, to the crown ether appended 

porphyrins.  Representative emission changes of 24 on increasing addition of 41 

are shown in Figure 5.6. By using the emission data, the binding constants (K) 

for the formation of self assembled dyads and triads were obtained by 

constructing Benesi-Hildebrand plots.112 (Figure 5.6 inset), and the data are listed 

in Table 5.5.  The magnitude of the binding constants varied from 103-105 M -1 

and revealed stable self-assembly process in polar benzonitrile.  The binding of 

37 was found to be higher than that of either 13 or 41.  

 

 

 

 

 

 

 

 

 

 

K, M–1 

Fullerene derivative 

Porphyrin 

 

37 13 41 

22 6.4 x 104 1.7 x 103 5.9 x 103 

23 1.9 x 105 2.5 x 104 3.2 x 103 

24 7.1 x 104 1.8 x 104 2.5 x 103 

30 8.0 x 104 1.5 x 104 5.3 x 103 

31 1.7 x 105 2.5 x 104 6.7 x 103 

32 2.8 x 104 1.0 x 104 1.9 x 103 

Table 5.5: Formation constants (K) calculated from the Benesi-Hildebrand plots 

of the fluorescence data for the bound porphyrin-fullerene conjugates in 

benzonitrile at 25 oC. 
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Further picosecond time-resolved emission measurements were 

performed to study the kinetics and mechanism of quenching in these 

supramolecular triads. 

 

Picosecond Time-Resolved Emission Studies 

The time-resolved emission spectra of the self-assembled 

conjugates tracked those of steady-state spectra.  Figure 5.7 shows the emission 

decay profiles of the crown ether appended porphyrins, 22 in the absence and 

presence of fullerene, 37. The appended crown ether moieties had little influence 

on the lifetime of porphyrins in 22-24. In the presence of 37, fast fluorescence 

decays were observed which could be curve-fitted to a bi-exponential function 

involving a major short lifetime and a minor longer lifetime, as listed in Table 5.6.  

It was difficult to assign these two decays either to the ‘closed-extended’ 

structures or to the alkyl ammonium-crown ether ‘bound-unbound’ fractions.  

Since the fluorescence quenching is due to charge-separation from the singlet 

excited porphyrin to the complexed fullerene,76a the rates (kS
CS) and quantum 

yields (ΦS
CS) of charge separation were evaluated for both closed (or bound) and 

extended (or unbound) forms in the usual manner and the data are given in 

Table 5.6.  For 22 and 23, the kS
CS values are on the order of 108 s-1, while the 

kS
CS values are on the order of 109 s-1 for 24. 
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As shown in Figure 5.7 for representative 30, the fluorescence time 

profiles of the ferrocene-porphyrin dyads, 30-32, showed quick decays compared 

with the time profiles of the reference compounds, 22-24, in benzonitrile.  Here 

also the decay could be fitted to a bi-exponential fitting curve.  The evaluated 

fluorescence lifetimes are summarized in Table 5.7.  These results suggest the 

occurrence of an excited state quenching process of MP by Fc in the ferrocene-

Figure 5.7: Fluorescence decays at 650 nm range of (i) porphyrin, 22

(0.02mM), (ii) 22 (0.02 mM) in the presence of fullerene 37 (0.15 mM), (iii) 

ferrocene-porphyrin, 30 (0.02 mM), and (iv) 30 (0.03 mM) in the presence of 

fullerene 37 (0.15 mM) in benzonitrile;  λex = 400 nm.  
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porphyrin dyads.133  The quenching process of the porphyrin emission could 

occur either from energy transfer or electron-transfer processes.  In the absence 

of any appreciable ferrocene absorption in the emission wavelength region of 

porphyrins, one could eliminate energy transfer as a quenching mechanism via 

the Förster mechanism. 

 

 

 

 

 

 

Porphyrin Fullerene τF,dyad/ps (%) kS
CS / s–1  a  ΦS

CS
 a kCR / s–1  τRIP / ns 

22  9510 (100) b ------- ------- ------- ------ 

22 37 1350 (65) 6.4 × 108 
0.86 1.3 × 107 80 

 13 2350 (55) 3.2 × 108 0.75 7.1 × 106 140 

 41 2640 (45) 2.7 × 108 0.71 1.4 × 107 70 

23 --- 1950 (100) b -------- --------     -------- ------- 

23 37 250 (60) 3.5 × 109 0.88 6.7 × 106 150 

 13 830 (50) 7.0 × 108 0.58 5.6 × 106 178 

 41 1025 (45) 4.6 × 108 0.48 9.6 × 106 104 

24  6520 (100) b ------- ------- ------- ------- 

24 37 420 (60) 2.2 × 109 0.92 1.2 × 107 80 

 13 390 (55) 2.4 × 109    0.93 5.1 × 106      200 
    41 490 (50) 1.9 × 109     0.92 7.2 × 107      15 

Table: 5.6: Fluorescence lifetime (τF,dyad), charge-separation rate-constant 

(kS
CS), charge-separation quantum yield (ΦS

CS), charge-recombination rate 

constant (kCR) and lifetime of the radical ion-pair (τRIP) for the investigated 

porphyrin-fullerene conjugates in benzonitrile. 

[a] kS
CS = (1/τF,dyad ) - (1/τF,ref), ΦS

CS = [(1/τF,dyad) - (1/τF,ref) ] / (1/τF,dyad )  for 20-22. 

[b] τF,ref.. 
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The calculated free-energy change, ∆GCS for electron transfer from 

the ferrocene entity to the excited porphyrin is found to be slightly exothermic 

(∆GCS = -0.1 eV).  These results indicate the occurrence of excited-state charge-

separation in the covalently linked ferrocene-porphyrin dyads, generating Fc+-

MP•-.  The kS
CS values were evaluated to be 2.0 × 108 s-1.  Earlier, similar results 

were obtained for covalently linked ferrocene-porphyrin dyads held by different 

covalent connectivity.48 

 

Addition of 3 equivalents of fullerene derivatives was performed to 

ensure complete complexation of the porphyrins (30-32) with the fullerenes.  

Additional fluorescence quenching of MP of the ferrocene-porphyrin(s) dyads, 

30-32, were observed upon complexation of fullerene, 37.  Similar observations 

were made for complexation of 30-32 dyads with the fullerenes 13 and 41.  The 

porphyrin emission decay in the triads could be fitted satisfactorily to a bi-

exponential decay curve; the lifetimes (τf) are summarized in Table 5.7.  Based 

on the observations that the time resolved fluorescence spectra did not show the 

appearance of the transient fluorescence peak of the C60 moiety after the decay 

of the fluorescence of the porphyrin moiety, the quenched lifetimes of porphyrins 

were predominantly ascribed to charge-separation within both structural forms of 

the supramolecular triads.  Since the quenching is due to charge separation from 

the singlet excited porphyrin to the complexed fullerene,76a the kS
CS and ΦS

CS 

values were evaluated as given in Table 5.7.  Generally, the kS
CS values were 

found to be higher for the triads in the order of 109 s-1, with the slowest rate of 
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~5x108 s-1 for 30:13 and 31:41 and the fastest rate of 1 x 1010 s-1 for 32:37, 

respectively.  Thus, for Fc-MP:NH3
+-C60 supramolecular triads, the charge-

separation (CS1) generating Fc–MP.+-crown:NH3
+-C60

•- is predominant compared 

to the charge-separation (CS2) generating Fc+–MP•-. 

 

 

 

 

 

 

Porphyrin Fullerene τF,triad 

/ps (%) 
kS

CS                  Φ
S

CS
 b

 

/ s–1 b                   
kCR1                        kCR2 

c  
  / s–1

               / s–1   
τRIP1                  τRIP2 

c
 

/ ns               /ns 

30 - 980 (85) (2.0 × 108) b 0.18     

30 37 320 (78)  2.1 × 109 0.67 1.6 × 107 2.6 × 105 
60 3910 

30 13 730 (75)  4.0 × 108 0.30 6.7 × 106 1.0 × 106 
150   910 

30 41 826 (73)  2.4 × 108 
0.20 1.7 × 107 6.3 × 105 60 1590 

31 - 910 (85) (2.0 × 108) b 0.18      

31 37 130 (76)  6.5 × 109 
0.86 1.0 × 107 1.6 × 105 

100 6210 

31 13 440 (73)  1.2 × 109 0.52 9.4 × 106 2.8 × 105 110   3570 

31 41 600 (70)  5.6 × 108 0.34 1.5 × 107 
1.6 × 105 70 6140 

32 - 1240 (55) (2.0 × 108) b 0.18         -  

32 37 90 (60)  1.1 × 1010 
0.99 7.0 × 106 1.4 × 105 

140  7140 

32 13 240 (55)  3.3 × 109 
0.80 8.0 × 106 1.5 × 105 130 6490 

32 41 350 (45)  2.1 × 109 
0.72 6.5 × 107 1.5 × 105 

15 6580 

Table 5.7: Fluorescence lifetime (τF,triad),a charge-separation rate-constant (kS
CS), 

charge-separation quantum yield (ΦS
CS), charge-recombination rate constant 

(kCR) and lifetime of the radical ion-pair (τRIP) for the investigated porphyrin-

fullerene conjugates in benzonitrile

[a] The singlet excited lifetimes (τ0) of free-base porphyrin (22), zinc porphyrin 

(23) and magnesium porphyrin (24) were found to be 9.6 ns, 1.9 ns and 5.6 ns, 

respectively. [b] kS
CS = (1/τF,triad) – (1/τF,2a-c), ΦS

CS
 = [(1/τF,triad )- (1/τF,2a-c)] 

/(1/τF,triad)) for 30-32. [c] kCR2 and ΦCR2 (see  Figure 5.5). 
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The data in Tables 5.6 and 5.7 indicate the kCS values follow the 

order: H2P < ZnP < MgP, that is, they depend upon the magnitude of the -∆GCS 

values. The ΦCS values follow the same order: H2P < ZnP < MgP for both the 

dyads and triads. Among the fullerene derivatives, 37, 13, 41, the kCS followed 

the trend 37 > 13 ~ 41.  The higher kCS values obtained for fullerene, 37 agreed 

well with the higher K values evaluated earlier. 

 

Further studies involving the nanosecond transient absorption 

technique were performed to identify the electron transfer products and monitor 

the kinetics of charge recombination in the dyads and the self-assembled triads. 

 

Nanosecond Transient Absorption Studies 

The nanosecond transient absorption spectrum of 22-24 exhibited 

absorption peaks at 630 and 800-840 nm corresponding to the triplet state.  

Fullerenes, 37, 13 and 41 showed a band at 720 nm corresponding to their 

excited triplet states. 

 

Nanosecond transient spectra recorded after 532-nm laser 

irradiation of ferrocene- porphyrins, 30-32 showed weak absorption peaks in the 

800-840 nm region corresponding to the excited triplet states of porphyrins.15a  

The absorption bands of the porphyrin anion radicals formed after charge 

separation from the ferrocene to the singlet excited porphyrins are expected to 
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appear at 600-640 nm; however, such absorption was not observed, probably 

due to the occurrence of quick charge-recombination of Fc+–MP•-. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Nanosecond transient absorption spectra of (a) the crown ether 

appended porphyrin (22, 0.04 mM) in presence of fulleropyrrolidine (41, 0.07 

mM) and (b) porphyrin (30, 0.1 mM) in presence of fulleropyrrolidine (41, 0.15 

mM) in benzonitrile after 532-nm laser irradiation; Insert. Absorption time profile 

of the 1020 nm transient band. 

(a) 

(b) 
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The transient absorption spectra for the studied self-assembled 

free-base porphyrin–fullerene dyad (22:41) are shown in Figure 5.8.  In the 

spectra, in addition to the peaks corresponding to the triplet excited states of 

porphyrin and fullerene at 700 nm and 800 nm, respectively, peaks around 640 

nm corresponding to the formation of porphyrin cation radical was also observed. 

Furthermore, peak at 1020 nm corresponding to the formation of 

fulleropyrrolidine anion radical was observed.  These spectral features clearly 

support that the charge separation occurred from the singlet excited porphyrin to 

fullerene.76a  The rate of charge recombination kCR for MP.+-crown:NH3
+-C60

•- 

were evaluated from the decay of the 1020 nm band, which obeyed the first-

order kinetics.  The kCR values were found to be about 1 x 107 s-1 with a slowest 

rate of 0.6 x 107 s-1 for 23:13 and a fastest rate of 7 x 107 s-1 for 24:41, as listed 

in Table 5.6.  The non-decaying part after 200 ns has been attributed to the tail of 

the absorption of the triplet excited states of zinc porphyrin and fullerene since 

the peak at 1020 nm completely disappeared after about 1000 ns. 

 

The transient absorption spectra for the studied self-assembled 

ferrocene–free base porphyrin–fullerene triads (30:41) are shown in Figure 5.8b.  

Upon formation of the supramolecular triad by the complexation of 30 with 41, 

the transient absorption spectra showed a peak at 1020 nm corresponding to the 

formation of fulleropyrrolidine anion radical.  On the other hand, no new peak 

corresponding to the formation of the porphyrin cation radical appeared at 640 

nm.  Although formation of ferrocenium cation was not observed for reasons of 
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weak absorbance, disappearance of the porphyrin cation radical supports the 

hole migration from the zinc porphyrin cation radical to the ferrocene entity.  

Interestingly, unlike the spectrum of the dyad shown in Figure 5.8a, the C60
•- 

peak at 1020 nm survived beyond 800 ns, indicating the formation of a prolonged 

charge-separated state.  The transient absorption spectra for the other studied 

self-assembled ferrocene-porphyrin-fullerene triads yielded similar results. 

 

In order to calculate the rate of charge recombination, the decay of 

the fulleropyrrolidine anion radical peak at 1020 nm was monitored.  The charge 

recombination process occurred in two steps, namely a relatively fast process 

and a relatively slow process. The rate of charge recombination calculated from 

the fast decaying component (kCR1  for Fc–MP.+-crown:NH3
+-C60

•- in Table 5.7) 

were found to be close to the kCR values for the dyad systems, MP.+-crown:NH3
+-

C60
•- (22-24:37, 13, 41 in Table 5.6).  These observations suggest that the kCR1 

corresponds to the charge-recombination process occurring before the hole shift 

from ZnP.+ to Fc.  On the other hand, slow decay at 1020 nm can be ascribed to 

the distant charge-recombination process between the ferrocenium cation and 

fulleropyrrolidine anion radical species in Fc+–MP-crown:NH3
+-C60

•-.  The rate of 

charge recombination, kCR2 for the slow process was found to be two to three 

orders of magnitude smaller than the kCR1 in Table 5.7 or kCR of the dyads in 

Table 5.6.  The longest lifetime of Fc+–MP-crown:NH3
+-C60

•- was found for 32:37 

about 7 µs, which is longer than that observed for 24:37 by a factor of about 100 

times.  As pointed earlier, this effect could be easily rationalized to the increased 
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distance between the opposite charges as a result of sequential electron transfer, 

that is, from about 17 Å for the dyads to 27 Å for the triads. 

 

By using the kCS and kCR thus evaluated, the ratios kCS/kCR were 

evaluated as a measure of the extent of charge stabilization in the photoinduced 

electron transfer process.  These values were found to be 100-150 for kCS/kCR1 

and 103-104 for kCS/kCR2 clearly demonstrating charge stabilization in the 

supramolecular triads. 

 

A comparison between the results reported earlier for the covalently 

linked triad bearing same Fc–ZnP–C60 entities48 to the supramolecular triads of 

the present study is important.  Unlike the present supramolecular triads, a single 

step charge recombination was observed for the covalently linked Fc–ZnP–C60 

triad48 where the rate for the exothermic hole-shift (HS)  process was evaluated 

to be > 109 s-1.48  Thus, the dual phase of the charge-recombination process are 

quite characteristic of supramolecular systems, which suggests that the kCR1 is 

comparable to kHS.  Indeed, the kCR1 values in the present supramolecular 

systems are faster than that of covalently bonded dyad (ZnP–C60; 700 ns in 

PhCN).127c  Although the molecular flexibility of the supramolecular systems 

appears to accelerate the charge-recombination, substantial charge-stabilization 

has been indeed achieved by the adopted supramolecular strategy. 
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In the case of covalently linked triad, the Fc+–ZnP–C60
•- was 

insensitive to O2 because of the distant doublet-doublet spin character.  This was 

in contrast to the ZnP.+–C60
•- of the covalently linked dyad which was quenched 

by O2 because of the triplet spin character.48  In the present supramolecular 

dyads, acceleration of the decay of the radical ion-pair was observed in a similar 

way to the covalently linked dyads.  For the supramolecular triads, further quick 

decay of Fc–MP.+-crown:NH3
+-C60

•- was observed in the presence of O2 as 

expected from the covalently linked case.  However, the slow decay part of Fc+–

MP-crown:NH4
+-C60

•- was also quenched by O2 probably because of the 

occurrence of different phenomenon in solution such as flexibly linked ‘close’ 

forms of the structures. 

 

Summary 

A series of supramolecular triads composed of ferrocene, porphyrin 

and fullerene were designed, synthesized and studied using various physico-

chemical techniques.  The adopted crown ether-alkyl ammonium cation 

complexation binding strategy resulted in well-defined stable triads.  The free-

energy change for charge-separation and charge-recombination were varied by 

varying the metal ion in the porphyrin cavity.  The charge-separation processes 

were monitored by steady-state and time-resolved emission studies.  The rate of 

charge-separation was found to depend on the associated free-energy changes.  

The rate of charge-recombination monitored by nanosecond transient absorption 
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spectral studies were found to follow two routes, namely, direct charge-

recombination from the initial charge-separated state, Fc–ZnP.+–C60
•- and 

charge-recombination from the charge migrated state, Fc+–ZnP–C60
•-.  The kCR 

for the latter route were found to be 1-2 orders of magnitude slower than the 

former route, thus fulfilling the condition of charge migration to generate long 

lived charge-separated states. 
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Chapter 6 

Potassium Ion Induced Intra- to Intermolecular Electron Transfer 

Switching in Supramolecular Crown ether appended Porphyrin-

Fullerene Conjugates 

 

6.1 Introduction 

Control of electron/energy transfer pathways in donor-acceptor 

systems by utilizing novel supramolecular concepts (self-assembled 

multicomponent systems) is not only important to enhance our knowledge of the 

mechanistic details of complex biological electron-transfer processes,122 but is 

also useful towards constructing molecular electronic devices15,100 and 

sensors,107 and in light energy harvesting. 3,15-17,20,122-126  In this context, control 

over the mechanism and rate of electron/energy transfer processes using the 

supramolecular approach, both spatially and energetically, are important factors.  

Although the energetic characteristics of these systems can be manipulated 

relatively easily, spatial control, in terms of direction, mechanism and rate of 

energy/electron transfer, can be achieved only when the interactions between the 

donor and acceptor entities, i.e., the orbital nature of both ground and excited 

electronic states is well understood.  To achieve this, construction and study of 

photoinduced electron/energy transfer in donor-acceptor systems are important 

and several books and reviews have appeared covering different aspects of this 

area of research. 3,15-17,20,122-126  Among the donor-acceptor systems, porphyrin-

fullerene systems are one of the widely studied classes of compounds due to 
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their rich photo- and redox chemistry.1,38,40,42,48-51  Systems linked both covalently 

and non-covalently by hydrogen bonds, by van der Waals forces, by electrostatic 

interactions, by π−π stacking or by metal-ligand coordination systems all have 

been elegantly designed and studied.  Fullerenes require small reorganization 

energy in electron transfer reactions, owing to their spherical geometry.127  

Consequently, in donor-acceptor systems, fullerenes accelerate forward electron 

transfer (kCS) and slow down backward electron transfer (kCR) resulting in the 

formation of long-lived charge-separated states.  This property of fullerene has 

been found useful in the design of molecular devices.126b  

 

In the case of porphyrin-fullerene donor-acceptor supramolecular 

systems, both intra- and intermolecular type interactions play an important role in 

governing the photochemical reaction pathways. 1,38,40,42,48-51  Control over the 

molecular structure and topology has often been achieved by utilizing multiple 

modes of binding.18a,34,40,42b, 106c,d  For this, both the porphyrin and fullerene 

entities were functionalized possessing one or more binding (self-assembling) 

sites.  Intramolecular π−π type interactions between porphyrin and fullerene,104 

and between crown ether and fullerene69c-e are well-known in the literature.  

These interactions, although weak in solution, are subject of interest during the 

last few years.69c-e,104  One way to improve such weak interactions and further 

utilize the resulting stable complexes to probe light induced electron transfer is by 

covalently linking the porphyrin and crown ether entities in such a way that both 

the functionalities contribute towards binding the fullerene in a cooperative 
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fashion, thereby increasing the stability of the resulting complex.  This has been 

achieved in the present study where stable complexes are formed between 

crown ether appended porphyrins and pristine fullerene or fullerene 

functionalized with alkyl ammonium cation (Schemes 6.1a, b and 6.2).134  As a 

consequence, efficient intramolecular photoinduced electron transfer has been 

achieved in C60 based self-assembled dyads in both polar, benzonitrile and 

nonpolar, o-dichlorobenzene and toluene solvents.  Due to the solubility of the 

fullerene derivative, 13 the photophysical experiments were restricted to 

benzonitrile. 
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Scheme 6.1: Structures of benzo-18-crown-6 appended porphyrins, 6 (H2P) & 

7 (ZnP) and their binding to C60 or ammonium cation appended fullerene, 13, 

and potassium cation and 18-crown-6 induced reversible switching of inter- 

and intramolecular electron transfer processes. 
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Furthermore, switching of intra- to intermolecular electron transfer 

in the studied donor-acceptor dyads has been achieved by complexing 

potassium ions to the crown ether cavity.  Because of the resulting planarity and 

decreased nucleophilicity135 of the potassium-crown ether complex, no strong 

intramolecular interactions with fullerene were observed, as shown in Scheme 

6.1a and b (forward reaction).  Under these solution conditions, only 

intermolecular bimolecular photochemical events from triplet excited porphyrin to 

the fullerene are observed.  Interestingly, when the potassium ions were 

extracted by the addition of 18-crown-6 to the solution (reverse reaction in 

Scheme 6.1a and b), switching of inter- to intramolecular process was 

Scheme 6.2: Structures of the benzo-18-crown-6 free base 

porphyrins, 8 and 10, and probable structures of the C60 complexes 
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accomplished.  As demonstrated in the present study (i) the binding of both the 

crown ether and porphyrin moieties of the donor entity to the acceptor, pristine 

fullerene, in a cooperative fashion, leading to intramolecular photochemical 

electron transfer, and (ii) reversible switching of the electron transfer path from 

an intra- to intermolecular upon potassium cation complexation into the crown 

ether voids are important factors since it not only demonstrates the 

supramolecular cooperative binding to form stable complexes, but also reveals 

switching of excited state reaction mechanism in donor-acceptor systems. 

 

Experimental details 

The syntheses and characterization of compounds 6, 7, 8, 10 and 13 employed 

in this study were described in chapter 3. 

 

Results and Discussion 

UV-visible Spectral Studies and Ground State Interactions 

The optical absorption spectra of the free-base porphyrin 

macrocycle with the benzo-18-crown-6 appended at different meso-positions 

were found to be similar to that of pristine meso-tetraphenylporphyrin, H2TPP.69c-e  

That is, they exhibited an intense Soret band around 420 nm and four less 

intense visible bands in the 500-700 nm region, respectively.  No apparent 

absorption band in the wavelength region covering 350-700 nm corresponding to 

the crown ether entities was observed. 
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Addition of pristine fullerene to a solution containing either of 

porphyrins 6, 8 or 10 revealed spectral changes accompanied by two or more 

isosbestic points.  Typical spectral changes are shown in Figure 6.1 for porphyrin 

10 in the presence of increasing amounts of pristine fullerene in toluene.  Similar 

changes were observed in o-dichlorobenzene and benzonitrile.  The Soret band 

revealed a decrease in intensity with one to two isosbestic points, which is typical 
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Figure 6.1: UV-visible spectral changes observed during the titration of 10 

(1.7 µM) with C60 (3.2 µM each addition) in toluene.  The figure inset shows 

Benesi-Hildebrand plot constructed for measuring the binding constant. 
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of π−π interacting porphyrin donor-acceptor systems.  The observed isosbestic 

points indicate the presence of one-equilibrium process in solution.  No new 

absorption band in the near IR region 650-1000 nm was observed corresponding 

to the charge transfer interactions,106c,d probably due to the extended free-base 

porphyrin absorption bands (up to 700 nm) into this wavelength region.  Job’s 

plots of continuous variation also confirmed the 1:1 molecular stoichiometry of 

the supramolecular complexes.  Using the absorption data, the binding constants 

(K) for the formation of self-assembled dyads were obtained by constructing 

Benesi-Hildebrand plots112 (Figure 6.1 inset).  The K values thus obtained ranged 

from 2.2 - 5.6 x 103 M-1 as listed in Table 6.1.  However, the non-negligible 

absorbance of C60 at the Soret band position of porphyrins compensated the 

apparent decrease of the Soret band absorbance causing slight deviation of the 

linear Benesi-Hildebrand plots.  This lead to underestimation of the K values to 

some extent (vide infra). 

 

In a control experiment, H2TPP, that is, free-base porphyrin bearing 

no crown ether entities was titrated with C60.  A slight decrease in the Soret band 

intensity was observed.  On taking into account the increase of the absorbance 

of the added C60, the estimated K values were found to be far less than ~1 x 103 

M-1.  These results clearly demonstrate the importance of multiple modes of 

binding to achieve higher stability of supramolecular complexes.  
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Dyada Solvent K, M-1, b  

  UV-visible Fluorescence 

H2TPP:C60 PhCN < 103, c 1.1 x 103 

 DCB < 103, c 1.1 x 103 

 toluene < 103, c 1.2 x 103 

6:C60 PhCN 2.4 x 103 6.6 x 103 

 DCB 2.9 x 103 8.3 x 103 

 toluene 5.6 x 103 10.4 x 103 

8:C60 PhCN 2.2 x 103 4.2 x 103 

 DCB 2.7 x 103 4.7 x 103 

 toluene 4.7 x 103 7.4 x 103 

10:C60 PhCN 2.3 x 103 5.6 x 103 

 DCB 2.8 x 103 6.9 x 103 

 toluene 4.9 x 103 7.9 x 103 

 

 

 

 

Complexing the 18-crown-6 ether entity(ies) of the porphyrin(s) by 

the addition of 10 eq. potassium tetrakis(4-chlorophenyl)borate decreased the 

intramolecular interactions with C60 considerably.  That is, only marginal changes 

with no clear isosbestic points were observed suggesting weak or absence of 

Table 6.1:  Binding constants for the self-assembled crown ether appended 

free-base porphyrin-fullerene conjugates in different solvents. 

[a] See Schemes 6.1 and 6.2 for the structure of porphyrins. 

[b] Calculated from the Benesi-Hildebrand plots (error = ± 10 %). 

[c] Estimated after employing correction for fullerene absorption at the 

monitoring wavelength. 
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intra-supramolecular interactions between the free-base porphyrin and fullerene 

as shown in Figure 6.2.  This could be rationalized based on the decreased 

nucleophilicity and planar structure of the potassium ion complexed 18-crown-620 

entity which would not favor binding of the electron deficient spherical fullerene.  

Under these conditions, as depicted in Scheme 6.1a, the free-base porphyrin-

fullerene interactions were not strong enough to reveal significant spectral 

changes. 

 

 

 

 

 

 

 

 

 

 

 

Steady-State Fluorescence Studies 
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Figure 6.2: Absorption spectral changes of 10 with C60 absence and presence 

of K+ , 18-Crown-6; (i) 10 (0.01mM), (ii) 10 (0.01mM) + K+,  (iii) 10 (0.01mM) + 

C60 (0.01mM), (iv)  10 (0.01mM) + C60(0.01mM)  + K+(>10 mM), and (v) 10 

(0.01mM) + C60(0.01mM) + K+ (0.10 mM) +  18-Crown-6 (>10 mM) 
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The singlet excited-state quenching of crown ether appended free-

base porphyrins by fullerenes and functionalized fullerenes was investigated to 

obtain the binding constants of the self-assembled dyads and the overall 

fluorescence intensity quenching behavior with respect to differently assembled 

free-base porphyrin-fullerene dyads.  The porphyrins were excited at a 

wavelength corresponding to the isosbestic point observed at the higher 

wavelength side of the Soret band (~ 430 nm).  The fluorescence behavior of the 

crown ether appended free-base porphyrins was found to be similar to that of the 

free-base porphyrins with two fluorescence bands around 652 and 720 nm.  

Addition of C60 to a solution containing either of porphyrins, 6, 8, or 10, revealed 

fluorescence quenching in all of the investigated solvents.  Similar results were 

also observed when the fullerene derivative 13 was added to porphyrins 6 and 7. 

Representative fluorescence changes of 6 on increasing addition of C60 in 

benzonitrile are shown in Figure 6.3.  Using the fluorescence data, the binding 

constants (K) for the formation of self-assembled dyads were obtained by 

constructing Benesi-Hildebrand plots112 (Figure 6.3 inset), and the data are listed 

in Table 6.1.  It may be mentioned here that the K values evaluated from 

fluorescence data are much more reliable since these values are obtained after 

eliminating the added C60 concentrations with excitation at the isosbestic point. 
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An examination of the binding data in Table 6.1 reveals the 

following.  (i)  The K values for the crown ether bound free-base porphyrins, 6, 8 

and 10 interacting with C60 were much higher than that observed for pristine 
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Figure 6.3: Fluorescence spectral changes observed on increasing addition of 

C60 (2.8 µM each addition) to a solution of 6 (2.5 µM) in benzonitrile.  The 

sample was excited at the isosbestic point of 432.6 nm.  The figure inset 

shows Benesi-Hildebrand plot (monitored at 655 nm) constructed for 

measuring the binding constant in toluene (I0 is fluorescence intensity in the 

absence of 6 and ∆I is changes of fluorescence intensity on addition of C60).  
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porphyrin–fullerene interactions, (ii) the K values obtained from the fluorescence 

data were generally more reliable compared to that obtained from the optical 

absorption spectral data, since the attempt to subtract the fullerene absorption at 

the monitoring absorption wavelength was not fully successful and  (iii) the K 

values followed the trend: H2TPP:C60 << 8:C60 < 10:C60 < 6:C60 for a given 

solvent and were generally higher in non-polar solvents.  The trend in the K 

values with different porphyrins (8:C60 < 6:C60) could be attributed to the 

proximity effects caused by the crown ether entity at different location of the 

porphyrin macrocycle.  The trend in the K values with different number of crown 

ethers (8:C60 < 10:C60) could be attributed to a better cooperative binding effects 

caused by the crown ether entities of the porphyrin macrocycle as shown in 

Scheme 6.2.   The smaller K values in polar benzonitrile could also be due to the 

limited solubility and subsequent aggregation of C60.  On the other hand, better 

solubility of 13 in polar solvents enabled us to perform the fluorescence emission 

studies in benzonitrile.  Addition of 13 to a solution of porphyrins 6 or 7 revealed 

an efficient quenching with binding constant of about ~104 M-1 (see Table 3.2 in 

chapter 3).  The magnitude of the binding constant revealed the formation of 

stable assembly even in polar benzonitrile.  The higher magnitude of the binding 

constants for the complexes 6:13 or 7:13 may be attributed to the extra stability 

achieved due to crown ether-ammonium interactions in addition to π-π 

interactions between fullerene and porphyrin moieties compared to only weak π-π 

interactions in the case of 6:C60 or 8:C60 or 10:C60. 
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The Stern-Volmer plots for the fluorescence intensity quenching of 

the crown ether appended porphyrins, 6, 8 and 10 by C60 and 6 and 7 by 13 were 

also examined.  The observed Stern-Volmer constants, KSV values were found to 

range between 7 x 102 M-1 and 6 x 103 M-1 incase of C60 and ~104 M-1 incase of 

13.  It may be mentioned here that when pristine H2TPP was utilized, the 

quenching was found to be much smaller (~ 102 M-1) than that observed for the 

crown ether appended porphyrin in the studied solvents.  On employing the 

excited state lifetime of free-base porphyrin to be 9.6 ns, the bimolecular 

fluorescence quenching rate-constants were evaluated to be (7.2 x 1010 – 6.2 x 

1011 M-1 s-1), which are up to 2 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) suggesting that the intra-supramolecular processes are 

responsible for the fluorescence quenching.  The tendency of increasing in the 

KSV values was in good agreement with those evaluated K values. 

 

As predicted from the absorption spectral studies, recovery of the 

fluorescence intensity was observed upon addition of K+ to a solution of crown 

ether appended porphyrin-C60 dyad (see Figure 6.4).  The similar but more 

pronounced spectral behavior was observed upon addition of K+ to a solution of 

6:13 dyad (see Figure 6.5). In case of pristine C60 assembled dyads (i.e., 6:C60 or 

8:C60 or 10:C60) binding of K+ to the crown ether entity(ies) weakened the 

porphyrin-fullerene intramolecular interactions as shown in Scheme 6.1a while, in 

the case of functionalized fullerene assembled dyads (i.e., 6:13 or 7:13), addition 
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of K+ resulted in the dissociation of the supramolecular conjugate due to the 

replacement of ammonium cation in the crown ether cavity by the added K+.  

However, in the case of pristine C60 and functionalized fullerene, 13, the 

recovered emission intensity was nearly 60% and 80% of the original intensity of 

the porphyrin (monitored at the 720 nm emission band), respectively, suggesting 

the occurrence of weak intra- or intermolecular processes under the present 

solution conditions (vide infra).   
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Figure 6.4: (a) Fluorescence spectrum of (i) 6 (0.1 mM), (ii) 6 (0.10 mM) + C60 

(0.12 mM), and (iii) 6 (0.10 mM) + C60 (0.12 mM) + K+ (>10 mM) in benzonitrile. 

(b) Fluorescence spectrum of (i) 10 (0.1 mM), (ii) 10 (0.10 mM) + C60 (0.12 mM), 

(iii) 10 (0.10 mM) + C60 (0.12 mM) + K+ (>10 mM), and (iv) 10 (0.10 mM) + C60 

(0.12 mM) + K+ (1.0 mM) +18-crown-6 ether (>10 mM) in benzonitrile. 

(a) (b) 
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In order to check the reversibility of the electron switching process, 

pristine 18-crown-6 was added to the solution, as shown in Figures 6.4(iv) and 

6.5(v), the fluorescence quenching was reproduced again as a proof of re-

generation of the supramolecular conjugates.  Here, the crown ether bound K+ 

was extracted by the added 18-crown-6 ether thus making room for either 

pristine C60 or secondary alkyl ammonium cation functionalized fullerene, 13, to 

bind to the crown ether appended porphyrins. 

 

DFT B3LYP/3-21G(*) Computational Studies 

The geometry and electronic structure of the crown ether appended 

free-base porphyrin-fullerene dyads were calculated by using the B3LYP/3-
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Figure 6.5: Fluorescence spectral changes observed for (i) 6, (ii) 6 + 13,  (iii) 6 + 

13 + K+ (1.0 mM), (iv) 6 + 13 + excess K+ and (v) 6 + 13 + K+ (1.0 mM) + 18-crown-

6 (10 mM) in benzonitrile (concentrations of 6 and 13 are 0.1 mM). 
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21G(*) method.99   The space-filling model structures of the self-assembled 6:C60, 

8:C60 and 10:C60 dyads are shown in Figure 6.6 and the key geometric 

parameters are given in Table 6.2.  For geometry optimization, the starting 

porphyrin and fullerene entities were initially optimized on a Born-Oppenheimer 

potential energy surface and then allowed to interact.   

 

 

Dyada Ct-to-Cta 

distance, Å 

Ed-to-Edb 

distance, Å 

Association 

energy, 

kcal/molc 

6:C60 8.20 4.38 -10.26 

8:C60 6.58 3.15 -5.66 

10:C60 6.46 3.12 -12.19 

 

 

 

 

The optimized structures of dyads 6:C60, 8:C60 and 10:C60 revealed 

the expected complex formation due to fullerene interacting with both porphyrin 

and crown ether entities.  In the structure of 6:C60, the crown ether entity was 

wrapped a little over the C60 spheroid, and the porphyrin ring was puckered 

Table 6.2: B3LYP/3-21G(*) optimized geometric parameters of the self-

assembled crown ether appended free-base porphyrin-fullerene conjugates.  

[a] Distance between the center of free-base porphyrin to the center of C60 

spheroid. 

[b] Distance from the nearest porphyrin π-ring atom to the fullerene spheroid 

carbon. 
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slightly.  In the case of 8:C60 and 10:C60, no significant distortion of the porphyrin 

ring was noticed; however, an initial slight bending of the 18-crown-6 entity(ies) 

was needed to facilitate the interaction with the fullerene that was positioned 

centrally on the porphyrin π-ring.  As shown in Figures 6.6b and c, the dyads 

optimized in these geometries, although stable structures in other molecular 

orientations may be possible.  Because of the different position of the crown 

ether moieties on the porphyrin macrocycle, the topologies of the dyads were 

slightly different, as shown in Figure 6.6.  The center-to-center distance and 

edge-to-edge distances between the free-base porphyrin and fullerene entities 

were 1-2 Å larger for 6:C60 compared to the respective distances of 8:C60 and 

10:C60 (Table 6.2).  Fullerene was found to be symmetrically positioned above 

the porphyrin macrocycle in the case of 8:C60 and 10:C60.  The edge-to-edge 

distances between the closest porphyrin π-ring atom to the fullerene spheroid 

carbon atom were found be slightly smaller than the vander Waals distances.  

The edge-to-edge distance between the fullerene spheroid carbon and crown 

ether oxygen in all of the structures varied between 2.96 and 3.16 Å suggesting 

intramolecular type interactions between these entities.  These results 

suggest π−π type interactions between the crown ether appended free-base 

porphyrin and fullerene entities participate in the binding process, in addition to 

the n−π type interaction between fullerene and crown ether entities. 
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The stable structures of 6:C60, 8:C60 and 10:C60 clearly 

demonstrate the usefulness of employing both porphyrin and crown ether 

moieties in the self-assembly process.  The association energy was estimated 

from the difference between the total energy of the supramolecular complex and 

sum of the individual host and guest entities separated from the optimized 

structure (single point calculation).  These association energies at the B3LYP/3-

Figure 6.6: DFT B3LYP/3-21G(*) optimized space-filling model structures of (a) 

6:C60, (b) 8:C60, and (c) 10:C60 (in two orientations). C: gray (C60: magenta), O: 

red; N: blue, and H: white. 
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21G(*) level were found to range between -5.7 and -12.2 kcal/mol (see Table 

6.2).  These negative association energies suggest stable supramolecular 

complex formation and the trend in the magnitude of these values track the K 

values in Table 6.1.  However, these complexes are much weaker compared to 

the earlier reported metal-axial coordination (~20-30 kcal/mol)75 or crown ether-

ammonium cation complexation (100-125 kcal/mol)106d  energies calculated at the 

B3LYP/3-21G(*) level.   

 

Further, the molecular electrostatic potential maps (MEP),99 all at a 

potential scale range of -0.05 (red) to +0.05 (blue), were generated for 10, C60 

and 10:C60 to visualize the electrostatic interactions (Figure 6.7).  The maps for 

10 and C60 were created by simply pulling apart the 10:C60 complex without 

optimization of the moieties, i.e., no relaxation.  The MEP for 10 showed negative 

electrostatic potential (shown in red) on the porphyrin ring (mostly located on the 

nitrogen atoms) and on the crown ether oxygen sites.  The MEP for C60 was 

blue-green, indicating positive electrostatic potential.  Interestingly, in the 

supramolecular complex, 10:C60, the original blue-green color of the separated 

C60 changed to green and the deep red color of porphyrin changed to red-yellow 

(see the scale on top of Figure 6.7) indicating charge transfer interactions as one 

of the major binding forces.  The ground state charge transfer, estimated by 

summing all of the Mulliken charges, was about 0.03 electrons from the porphyrin 

moiety to the fullerene moiety.  In all of the studied dyads, the frontier HOMO 

was found to be located on the free-base porphyrin entity and frontier LUMO was 
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found to be located on the fullerene entity (not shown).  No HOMO or LUMO 

contribution was observed on the appended crown ether entities.  These results 

suggest that the charge separated state in electron transfer reactions of the 

supramolecular dyads is ZnP•+:C60
•−. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Electrochemical Studies 

Cyclic voltammetric studies were performed to evaluate the redox 

potentials of the dyads and to establish the associated free-energy changes for 

Figure 6.7: Molecular electrostatic potential maps of 10, C60 and 10:C60 

supramolecular complex for the B3LYP/3-21G(*) optimized structures.  The 

bar on the top shows the scale (magnitude) of the electrostatic potential. 
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electron transfer reactions in the studied solvents.  The crown ether appended 

free-base porphyrins, 6 – 10 revealed a one-electron oxidation process 

corresponding to the formation of H2P•+, and one-electron reduction 

corresponding to the formation of H2P•−, respectively.  Extending the potential 

window beyond the first oxidation process resulted in a large anodic wave, 

perhaps due to the oxidation of the appended crown-ether entities.109b  As shown 

in Figure 6.8, the first oxidation and the first reduction processes were found to 

be fully reversible for 6 in the investigated solvent.  Upon forming the dyad 1:C60 

by the addition of one equivalent of C60, fully reversible first and second reduction 

processes of C60 were found in the -0.7 - -1.4 V potential region.  The half-wave 

potentials were found to be not significantly different from C60 (< 5 mV change) in 

absence of any added porphyrin (Table 6.3).  The oxidation potential of 6 also 

experienced a cathodic shift less than 10 mV. 

 

The driving forces for charge recombination (-∆GCR) and charge 

separation (-∆GCS) were calculated according to eqns. (6.1) and (6.2) using the 

electrochemical redox data:19 

-∆GCR = Eox  - Ered  - ∆Gs            (Eq 6.1) 

-∆GCS = E0,0 – (-∆GCR)            (Eq 6.2) 

where Eox is the first oxidation potential of the porphyrin (H2P0/•+), Ered is the first 

reduction potential of the fullerene (C60
0/•−), ∆E0,0  is the energy of the 0-0 

transition between the lowest excited state and the ground state of the free-base 
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porphyrin evaluated from the fluorescence peaks being 1.94 eV.  ∆GS refers to 

the static energy, calculated by using the ‘Dielectric Continuum Model’19 

according to eqn. (6.3). 

 

                   ∆GS = e2/(4 π ε0 εS RCt-Ct)        (Eq 6.3) 

 

The symbols ε0 and εS represent vacuum permittivity and dielectric constant of 

the solvents, respectively.  Values of center-to-center distance, RCt-Ct were based 

on the computed structures given in Table 6.2. 

 

 

 

 

 

 

 

 

 

 

 

0.5 0.0 -0.5 -1.0 -1.5 -2.0

200 nA

Potential (V vs. Fc/Fc+)

Figure 6.8: Cyclic voltammograms of (a) 6 (~0.5 mM, dashed line) and 6 + C60 

(~0.5 mM, solid line) in benzonitrile, 0.1 M (n-Bu)4NClO4.  Scan rate = 100 

mV/s. 
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Compound Solvent H2P0/•+ /V C60
0/•-/V H2P0/-/V ∆GCS

 a /eV ∆GCR
 a /eV 

6 PhCN 0.56 -- -1.65   

 DCB 0.50  -1.77   

6:C60
b PhCN 0.56 -0.92 -1.65 0.53 1.41 

 DCB 0.51 -1.08 -1.78 0.42 c 1.52 c 

 toluenec    0.07 c 1.87 

8 PhCN 0.52 -- -1.65   

 DCB 0.50  -1.76   

8:C60
b PhCN 0.52 -0.92 -1.65 0.59 1.35 

 DCB 0.50 -1.08 -1.77 0.51 c 1.43 c 

 toluenec    0.29 c 1.65 c 

10 PhCN 0.53 -- -1.66   

 DCB 0.50  -1.77   

10:C60 PhCN 0.53 -0.93 -1.66 0.68 1.26 

 DCB 0.50 -1.08 -1.78 0.50 1.44 c 

 toluenec    0.29 1.65 c 

[a] Driving forces for the forward (∆GCS) and reverse (∆GCS) electron transfer 

in PhCN, o-DCB, toluene. 

[b] See text for details 

[c] Obtained by equimolar addition of porphyrin and fullerene 

[d] Values of ∆GCS 
 and ∆GCS in toluene were evaluated from an equation ∆GS 

= (e2/(4πε0)) [(1/(2R+) + 1/(2R-) − 1/R(D-A))/εS − (1/(2R+) + 1/(2R-))/εR],24 where 

εS and εR refer to solvent dielectric constant for photophysical measurements 

and electrochemical measurements (PhCN). 

Table 6.3: Electrochemical half-wave redox potentials (E1/2 vs. Fc/Fc+) for the 

crown ether appended free-base porphyrin-fullerene dyads in the presence of 

0.1 M (n-Bu)4NClO4 in benzonitrile (PhCN) or o-dichlorobenzene (DCB).  

Driving forces for forward (∆GCS) and reverse (∆GCR) electron transfer in 

PhCN, DCB, and toluene. 
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The calculated free-energy changes in Table 6.3 reveal that the 

charge-separation process from the singlet excited H2P to fullerene in these 

dyads is exothermic, dependent on solvent polarity, and are almost the same as 

the reorganization energy.51a,127a  These results predict the occurrence of rapid 

charge separation in these supramolecular dyads since the ∆GCS values are on 

the top region of the Marcus parabola.16-17,127  On the other hand, the charge-

recombination in H2P•+.:C60
•− of the supramolecular complexes predict the slower 

process since the highly exothermic ∆GCR values lie on the inverted region of the 

Marcus parabola. 16-17,127 

 

Picosecond Fluorescence Lifetime Studies 

The time-resolved fluorescence studies of the self-assembled 

dyads tracked those of steady-state measurements.  Figures 6.9 shows the 

fluorescence decay profiles of the crown ether appended porphyrins, 8 and 10 in 

the absence and presence of C60.  The lifetimes ((τf )ref) of the singlet excited 

crown ether appended free-base porphyrins were found to be 9.60, 9.45, and 

9.12 ns for 6, 8 and 10, respectively, and all of them revealed mono exponential 

decay (curve (i) in Figure 6.9a).  The appended crown ether moieties had a small 

quenching effect on the lifetime of the singlet excited free-base porphyrin.  

Addition of 1.0 equivalent of C60 to the crown ether appended porphyrins caused 

rapid fluorescence decay in addition to slow decaying tail as shown in curve (ii) in 
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Figure 6.9a.  The corresponding fluorescence decay profiles for 10:C60 dyad are 

shown in Figure 6.9b. 

 

 

 

 

 

 

 

 

 

 

 

Similarly, time-resolved fluorescence emission studies of 7 (ZnP) 

upon addition of functionlized fullerene, 13 showed efficient electron transfer 

quenching.  Time profiles (i) and (ii) in Figure 6.10 show the emission decays of 7 

(zinc analogue of 6) in the absence and presence of 13.  Addition of 1.1 

equivalents of fullerene derivative to the porphyrin caused the rapid decay in 

addition to slow decaying tail (Figure 6.10(ii)).  Similar experiments on 6 in 

presence of 13 also revealed efficient electron transfer quenching. 
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Figure 6.9: Fluorescence decays for (a) (i) 8 (0.10 mM), (ii) 8 (0.10 mM) + C60 

(0.12 mM), and (iii) 8 (0.10 mM) + C60 (0.12 mM) + K+(>10 mM).  (b) (i) 10 (0.10 

mM), (ii) 10 (0.10 mM) + C60 (0.12 mM), and (iii) 10 (0.10 mM) + C60 (0.12 mM) + 

K+(>10 mM), and (iv) 10 (0.10 mM) + C60 (0.12 mM) + K+ (1.0 mM) +18-crown-6 

ether (>10 mM).   

(a) (b) 
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In case of all the dyads, the porphyrin fluorescence time-profile 

show rapid decay and they could be fitted satisfactorily by a bi-exponential decay 

curve.  The lifetimes (τf) of all the dyads in various solvents are summarized in 

Table 6.4.  The short lifetimes ((τf)complex) were attributed to the quenching 

process within the supramolecular conjugates, while long lifetime components 

were attributed to the uncomplexed porphyrin emission.  For pristine C60 

complexed dyads, in nonpolar toluene, similar shortening of fluorescence 

lifetimes of the H2P moiety was also observed; from the slightly negative ∆GCS in 

toluene, the observed shortening of fluorescence lifetimes in all of the solvents 

can be attributed to charge-separation.  As shown in Table 6.4, the fraction of the 

C60-complexed dyads evaluated from the fraction of fast quenching are in the 

Figure 6.10: Fluorescence decays for (i) 7(Zn) (0.10 mM), (ii) 7(Zn) (0.1 mM) + 

13 (0.11 mM), (iii) 7(Zn) (0.1 mM) + 13 (0.11 mM) + K+ (1.0 mM), (iv) 7(Zn) (0.1 

mM) + 13 (0.11 mM) + K+ (excess), and (v) 7(Zn) (0.1 mM)+ 13 (0.11 mM) + K+ 

(1.0 mM) + 18-crown-6 (10.0 mM) in benzonitrile.
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range of 35 – 65%, which were slightly larger than the complex fractions (25 - 

40%) calculated from the K values (fluorescence data in Table 6.1). 

 

 

 

 

 

The charge-separated rates (kCS
S) and quantum yields (ΦS

CS) were 

evaluated from the short τf components according to equations Eq. 6.4 and 6.5, a 

Complex Solvent τf , ns kS
CS , s-1 ΦS

CS  kCR , s-1 τRIP, ns 

6:C60 
 

PhCN 0.68 (59%) 

6.78 (41%) 

1.4 x 109

 

0.93 

 

8.2 x 107 13 

 DCB 1.80 (60%) 

6.60 (40%) 

5.0 x 108 0.81 1.7 x 108 6 

 Toluene 2.03 (35%) 

7.80 (65%) 

3.8 x 108 0.77 8.1 x 107 12 

8:C60 
 

PhCN 0.44 (47%) 

6.03 (53%) 

2.2 x 109

 

0.95 

 

8.8 x 107 12 

 DCB 2.14 (44%) 

7.80 (56%) 

3.6 x 108 0.76 7.7 x 107 13 

 Toluene 2.40 (41%) 

7.60 (59%) 

3.0 x 108 0.73 9.1 x 107 11 

10:C60  
 

PhCN  0.49 (25%) 

7.70 (75%) 

1.9 x 109

 

0.95 

 

1.2 x 108 8 

 DCB 1.88 (65%) 

6.88 (35%) 

4.0 x 108 0.79 1.1 x 108 9 

 Toluene 1.90 (42%) 

7.80 (58%) 

4.1 x 108 0.79 8.3 x 107 12 

Table 6.4: Fluorescence lifetime (τf), charge-separation rate-constant (kS
CS), 

charge- separation quantum-yield (ΦS
CS), charge-recombination rate-constant 

(kCR) and lifetime of the radical ion-pair for the investigated crown ether 

appended free base porphyrin-C60 dyads. 
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procedure commonly adopted for intramolecular electron-transfer 

process.18a,34,42b  

 

kS
CS = (1/τf )complex – (1/τf )ref     (Eq. 6.4) 

ΦS
CS = [(1/τf )complex – (1/τf )ref] / (1/τf )complex   (Eq 6.5) 

 

As listed in Table 6.4, higher values of kCS
S and ΦS

C were obtained 

for all of the C60 complexed dyads indicating the occurrence of efficient charge 

separation irrespective of the location of the crown ether entity on the porphyrin 

macrocycle.  Importantly, the kCS values tracked the solvent polarity, that is, with 

increasing the solvent polarity, an increase in the kCS
S and ΦS

CS values was 

observed.  On the other hand, for ammonium cation functionalized fullerene-

porphyrin crown ether dyads, the quenching rates (kCS
S) evaluated from the 

short τf components were found to be 1.7 x 109 and 2.6 x 109 s-1, respectively for 

6:13 and 7:13, suggesting the occurrence of efficient electron transfer quenching 

process. Furthermore, nanosecond transient absorption spectral studies were 

also performed to characterize the electron transfer products. 

 

Nanosecond Transient Absorption Studies 

The nanosecond transient spectra recorded after 532 nm laser 

irradiation (pulse width = 6 ns) of the crown ether appended free-base 
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porphyrins, 6, 8 and 10, revealed absorption peaks at 620 and 800 nm 

corresponding to the excited triplet state of free-base porphyrin.75,76a,77,106,136  

Fullerene, C60, showed a band around 740 nm corresponding to its excited triplet 

state.137  Figure 6.11a shows the transient absorption spectra of 8:C60 (fraction of 

dyad = 30 %) at different time-intervals.  In these spectra, in addition to the peaks 

corresponding to the triplet excited free-base porphyrin and fullerene, a peak 

around 1080 nm corresponding to the formation of fullerene anion radical was 

observed immediately after the laser irradiation.  Similar spectral features were 

also observed for the studied 6:C60 dyad (fraction = 36 %), 10:C60 dyad (fraction 

= 33 %) and 6:13 dyad (See Figure 6.11b and 6.12 for results on 10:C60 and 

6:13 dyads respectively).  These spectral features provide experimental proof for 

the assigned charge-separation fluorescence quenching mechanism. 

 

As shown in the inset of Figure 6.11a-b and 6.13, the time profile of 

C60
•− transient band at 1080 nm revealed a quick rise and decay typical of 

intramolecular charge separation via the excited singlet states. The slow decay 

part after 50 ns may be attributed to the tail of the triplet slow decay.  In order to 

calculate the rate of charge recombination, kCR, the initial decay of the fullerene 

anion-radical peak at 1080 nm until 50 ns was monitored.  The time profiles of 

these peaks for all of the studied dyads followed first-order decay kinetics, once 

again suggesting the occurrence of intramolecular charge-recombination process 

of the radical ion pair.  The lifetimes of the radial ion-pairs, τRIP, evaluated as 

reciprocal of kCR for pristine C60 complexed dyads are listed in Table 6.4.  The 
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τRIP values of about 10 ns suggest close proximity between the radical ions in the 

supramolecular dyads. 

 

 

 

 

 

 

Similar to other dyads, the transient spectra of ammonium cation 

functionalized fullerene-porphyrin crown ether dyads, 6:13  and 7:13, revealed a 

peak at 1020 nm corresponding to the formation of fulleropyrrolidine anion radical 

(C60
•-).  The initial part of the time profile of this peak followed first-order decay, 

as shown in the inset of Figure 6.13a, suggesting the occurrence of 

intramolecular charge-recombination process of the radical-ion pair. The charge 

0.10

0.08

0.06

0.04

0.02

0.00

∆A
bs

or
ba

nc
e

12001000800600

Wavelength / nm

25 ns
250 ns 

Figure 6.11: Nanosecond transient absorption spectra of (a) 8 (0.10 mM) in the 

presence of C60 (0.12 mM), after the 532 nm laser irradiation in benzonitrile.  The 

figure inset shows the time profiles of the fullerene anion radicals monitored at 

1080 nm for 8:C60. (b) 10 (0.10 mM) in the presence of C60 (0.12 mM) after the 

532 nm laser irradiation in benzonitrile. 
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recombination rates, kCR, were evaluated to be ~2.0 x 107 s-1 which are nearly 2 

orders of magnitude smaller than the KCS values suggesting the formation of 

stable supramolecular conjugate via stronger ammonium cation-crown ether 

interactions with efficient charge stabilization.  Collectively, the steady-state and 

time-resolved emissions, as well as transient absorption studies indicate the 

occurrence of intramolecular charge separation and charge recombination in the 

investigated supramolecular dyads as shown in Scheme 6.1 and 6.2. 

 

Intra- to Intermolecular Electron Transfer upon Addition of Potassium Ions 

into the Crown Ether Voids of the Supramolecular Complex 

The photochemical behavior of crown ether appended porphyrins 

interacting with C60 or C60 derivative, 13, was investigated in the presence of 

potassium cations to probe the effect on the stability of supramolecules.  As 

discussed earlier, the steady-state absorption and fluorescence studies 

suggested occurrence of little or no intramolecular interactions when the crown 

ether voids were complexed with potassium cations.  This is supported by the 

fluorescence time profiles observed when C60 was added after addition of 

potassium cations to crown ether appended free-base porphyrin as shown in 

Figure 6.12a.  No acceleration of the fluorescence decay was observed for 8:K+ 

upon addition of C60.  Similar behavior was observed for 6 and 10.  As pointed 

out earlier, the potassium-crown ether complex is expected not to interact with 

the fullerene due to its planar structure135 and decreased nucleophilicity.  Thus, 
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the inclusion of the potassium into the crown ether moiety increases the 

planarity, decreasing the binding ability of C60. 

 

 

 

 

 

 

Similar information was obtained on monitoring the fluorescence 

decay profiles of 6:K+ complex upon addition of fullerene derivative, 13.  No 

acceleration of the fluorescence decay reflects the absence of intramolecular 

interactions between fullerene and porphyrin macrocycle in this conjugate.  This 

is mainly attributed to the formation of planar potassium-crown ether complex 

which exhibits no interactions with fullerene and, moreover, provides no binding 

cavity for ammonium cation. 

1.0

0.8

0.6

0.4

0.2

0.0

F
lu

o.
 In

t. 

86420
Time / ns

 i
 ii

 iii

Figure 6.12: Fluorescence decays for (a) (i) 8 (0.10 mM), (ii) 8 (0.10 mM) + K+ 

(1.00 mM), and  (iii) 8 (0.10 mM) + K+ (1.00 mM) + C60 (0.12 mM) in the order of 

addition, (b) (i) 6 (0.10 mM), (ii) 6 (0.10 mM) + K+ (1.00 mM), and (iii) 6 (0.10 

mM) + K+ (1.00 mM) + 13 (0.11 mM) in the order of addition. 
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Table 6.5: Fluorescence lifetime (τf), charge-separation rate-constant (kS
CS), 

charge- separation quantum-yield (ΦS
CS) for the investigated crown ether 

appended free base porphyrin-C60 dyads in the presence of K+ and 18-crown-6 

ether in benzonitrile. 

 

 

On the other hand, recovery of the fluorescence quenching rates 

was observed when potassium cations were added to the supramolecular 

Complex K+, mM 18-crown-6, 

mM

τf , ns kS
CS , s-1 ΦS

CS  

6:C60 0 0 0.68 (59%) 1.4 x 109 0.93 

 1.0 0 0.86 (35%) 1.0 x 109 0.90 

 1.0 >10 0.70 (45%) 1.3 x 109 0.92 

 >10 0 1.03 (15%) 8.6 x 108 0.88 

8:C60 0 0 0.44 (47%) 2.2 x 109 0.95 

 1.0 0 0.91 (17%) 9.9 x 108 0.90 

 1.0 >10 0.65 (27%) 1.4 x 109 0.93 

 >10 0 1.50 (15%) 5.6 x 108 0.83 

10:C60 0 0 0.49 (25%) 1.9 x 109 0.95 

 1.0 0 0.92 (10%) 9.8 x 108 0.90 

 1.0 >10 0.66 (18%) 1.4 x 109 0.93 

 >10 0 1.10 (9%) 8.0 x 108 0.88 
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complexes of the crown ether appended free-base porphyrin-fullerene (6:C60, 

8:C60 and 10:C60) or crown ether appended free-base/zinc porphyrins-fullerene 

derivates (6:13 and 7:13) (see curves (iii) in Figure 6.9a and b and curves (iii) 

and (iv) in Figure 6.10).  This phenomenon is mainly due to the insertion of the 

potassium ions into the crown ether voids which, in turn, destabilizes the 

supramolecular complex (Scheme 6.1). Under these conditions, the fractions of 

the fast fluorescence decay part decreased with the potassium ion addition more 

than 1.0 mM; the (τf)complex values also became long, recovering  up to 80 % to 

the initial value of porphyrin in the absence of added fullerene (see Table 6.5 for 

fluorescence details on C60 complexed dyads).  The reason for the incomplete 

recovery (80%) of the porphyrin fluorescence in these supramolecular complexes 

is explained as follows: within these dyads, non-planar crown ether interaction 

with C60 or competitive ammonium cation binding to crown ether could not fully 

capture the potassium ions to release the respective C60 or fullerene derivatives 

into solution  

 

Representative transient absorption spectra observed for 6:13 in 

the presence of potassium ions is shown in Figure 6.13.  As mentioned earlier, 

the spectra of 6:13 supramolecular conjugate revealed a peak at 1020 nm 

corresponding to the formation of fulleropyrrolidine anion radical (C60
•-) as shown 

in Figure 6.13a.  Addition of K+ decreased the intensity of the C60
•- absorption at 

1020 nm (Figure 6.13b) suggesting the destruction of the supramolecular 
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conjugate.  Under these conditions, the non-decaying component at 1020 nm 

can be contributed to the triplet absorption tail. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.13: Nanosecond transient absorption spectra of (a) 6 (0.10 mM) in the 

presence of 13 (0.11 mM), (b) added excess K+ (1.00 mM), (c) 6 (0.10 mM) in the 

presence of 13 (0.3 mM) and excess K+ (1.00 mM) after the 532 nm laser 

irradiation in Ar-saturated benzonitrile at time intervals shown in the figure.  Inset: 

the time profiles of the fullerene anion radicals monitored at 1020 nm. 
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As shown in Figure 6.13c, further addition of fullerene derivative, 13 

in the presence of K+ resulted in the concomitant acceleration of the decays of 

the triplet absorption accompanied by the slow rise of the C60
•-, characteristic of 

the occurrence of intermolecular electron transfer via triplet excited states. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Similar behavior in the transient absorption spectra was observed 

for 8:C60 in the presence of potassium ions as shown in Figure 6.14.  Under 

these solution conditions, the intensity of the C60 anion radical at 1080 nm was 

Figure 6.14: Nanosecond transient absorption spectra of 8 (0.10 mM) upon 

further addition of potassium ions (0.15 mM) in the presence of C60 (0.40 mM), 

after the 532 nm laser irradiation in benzonitrile.  The figure inset shows the time 

profile of the fullerene anion radicals monitored at 1080 nm for 8 addition of 

potassium ion in the presence of C60 at 1:1 (dash line) and 1:4 (solid line) ratio of 

8:C60.  
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weak compared with the triplet-state absorption bands of C60 and H2P as 

predominant peaks.  However, the time profile of the absorption monitored at 

1080 nm showed a slow rise in addition to weak quick rise-decay. The slow rise 

is typical of that expected for intermolecular electron transfer via the triplet 

excited states of C60 and H2P,138 whereas weak quick rise-decay can be 

attributed to the intramolecular charge-separation and charge-recombination 

process of the complex remaining even by addition of the potassium ions. 

 

The rate of the C60
•− growth was found to increase with increasing 

C60 concentration indicating the occurrence of bimolecular electron transfer 

process.  The bimolecular rate constant evaluated from the spectral data was 

found to be 3.25 x 1010 M-1 s-1 for 8 (with K+) and C60.  Under the present 

experimental conditions, this process can be solely attributed to the 

intermolecular electron transfer from H2P to 3C60* (or from 3H2P* to C60).  The 

bimolecular rate constants for all of the studied systems (1.8 - 3.0 x 1010 M-1 s-1) 

were found to be slightly higher than the diffusion controlled limit calculated in 

benzonitrile (kdiff ~5.0 x 109 M-1 s-1).  These results clearly demonstrate potassium 

ion controlled switching of intramolecular electron transfer via the singlet excited 

porphyrin to intermolecular electron transfer from the triplet excited porphyrin in 

the studied systems.   
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Inter- to Intramolecular Switching of Electron Transfer by Eliminating 

Potassium Ions from the Crown Ether Voids of the Supramolecular 

Complex 

In order to switch the electron transfer pathway inter- to 

intramolecular (Scheme 6.1 and 6.12 - backward reaction), the potassium ions 

captured in the cavity of the crown ether appended free-base porphyrin in the 

supramolecular dyad with C60 was extracted by the addition of excess of 18-

crown-6 ether. 
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Figure 6.15: Fluorescence decays for (a) (i) 6 (0.10 mM), (ii) 6 (0.10 mM) + C60 

(0.12 mM), (iii) 6 (0.10 mM) + C60 (0.12 mM) + K+ (1.00 mM), and (iv) 6 (0.10 

mM) +  C60 (0.12 mM) + K+ (1.00 mM)  + 18-crown-6 ether (> 10 mM), (b) (i) 0.1 

mM 6 (ii) 0.1mM 6 + 0.11 mM 13 (iii) 0.1mM 6+ 0.11 mM 13 + 1.0 mM K+ (iv) 

0.1mM 6 + 0.11 mM 13 + Excess K+ (v) 0.1mM 6 + 0.11 mM 13 + 1.0 mM K++ 

10.0 mM 18-Crown-6 in PhCN. 

(a) (b) 
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As shown in the fluorescence time profiles in Figure 6.15a, addition 

of 18-crown-6 ether (curve iv) re-accelerated the recovered fluorescence decay 

in the presence of the potassium ions to supramolecular dyad (curve iii), although 

not completely to overlap on curve (ii).  This observation indicates that the 

addition of excess 18-crown-6 ether eliminates most of the potassium ions in the 

cavity of crown ether appended free-base porphyrin in the supramolecular dyad 

with C60 and changes the electron transfer path from inter- to intramolecular.  The 

above mentioned electron transfer switching phenomenon is also observed for 

supramolecular complexes of crown ether appended free-base and zinc 

porphyrins, 6 and 7 with fullerene derivative 13 in presence of K+ (see curve (v) 

in Figure 6.15b for 6 and curve (v) in Figure 6.10 for 7).  In the dyads 6:13 + K+ 

and 7:13 + K+, the quenching efficiency is slightly less than the original 

quenching probably due to some complexation of ammonium cation to the added 

crown ether.  Hence from the above discussion it can be inferred that the 

insertion and elimination of potassium ions can be systemantically employed to 

the electron transfer within these supramolecular dyads. 

 

Summary  

In this chapter we have demonstrated that the crown ether 

appended free-base or zinc porphyrins form moderately stable complexes with 

C60 in which the binding constants were strongly dependent on the location and 

number of crown ether entities on the porphyrin ring, and the utilized solvent 

media.  The stability of these complexes was increased by employing ammonium 
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cation functionalized fullerene, 13.  The increased solubility of this fullerene 

derivative in polar solvents enabled us to perform the photochemical experiments 

on these donor-acceptor dyads in polar solvents such as benzonitrile.  On the 

other hand, increasing the number of crown ether entities increased the binding 

constant of the resulting dyads.  For C60 complexed dyads, molecular modeling 

using B3LYP/3-21G(*) method revealed stable structures from which the 

deduced geometric parameters revealed intramolecular interactions involving 

both porphyrin π-ring and crown ether entity(ies) with the fullerene in a 

cooperative fashion.  Molecular potential energy maps resulting from these 

calculations revealed that the charge transfer interaction as one of the 

mechanisms for the supramolecular complex formation.  The experimentally 

determined free-energy change for electron transfer (∆GCS), calculated by using 

the data from electrochemistry, fluorescence emission, and molecular modeling, 

suggested that electron transfer from singlet excited free-base porphyrin to C60 is 

energetically favorable in these dyads. Performing similar photochemical 

experiments on dyads 6:13 or 7:13, assembled via crown-ether ammonium 

cation and π-π interactions, revealed that the efficient electron transfer from the 

singlet excited porphyrin to fullerene derivative is mainly responsible for the 

charge separation.  Furthermore, the evidence for the charge separation due to 

intra-supramolecular light induced electron transfer from the singlet excited 

porphyrins to the bound C60 was also obtained from the pico-second time-

resolved emission and nanosecond transient absorption techniques.  In case of 

C60-complexed dyads, the measured kCS values tracked the polarity of the 
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solvents.  In general, the calculated kCS and ΦCS revealed efficient charge 

separation and the kCR revealed charge stabilization to some extent in these 

dyads.   

 

Interestingly, addition of potassium ions to the donor-acceptor 

complex, the crown ether moiety(ies) of the porphyrins, destabilized the 

intramolecular interactions.  Under these solutions conditions, intermolecular 

electron transfer was mainly observed.  The measured bimolecular electron 

transfer rate constants were close to that estimated for diffusion controlled 

process.  Interestingly, switching of inter- to intramolecular electron transfer path 

was achieved by extracting the complexed potassium ions by external addition of 

18-crown-6 to the solution.  Collectively, the present results nicely demonstrate 

utilization of supramolecular principles (i) to obtain stable self-assembled donor-

acceptor dyads to achieve efficient charge separation, and (ii) switching of the 

photochemical electron transfer pathway from intra- to intermolecular by 

complexing K+ to the crown ether appended free-base and zinc porphyrins, and 

inter- to intramolecular by further addition of 18-crown-6 to extract the bound K+ 

from these crown ether appended porphyrins. 

 

 

 

 



 260

Chapter 7 

Photoinduced Electron Transfer in Non-covalently linked Zinc 

Napthalocyanine or Zinc Porphyrin-Carbon Nanotube Donor-

Acceptor Nanohybrids 

 

7.1 Introduction 

Fullerenes and carbon nanotubes, due to their unique electronic 

properties, have been explored as candidates for the development of 

optoelectronic and photovoltaic devices.79-80,86a,139  Currently, there is a 

considerable interest in studying photochemical and electrochemical properties 

of single-wall carbon nanotube (SWNT) derivatives88g,93a,90g,140 with the aim of 

obtaining photo- and redox-responsive materials.141  SWNTs are composed 

exclusively of carbon atoms and possess exceptional mechanical, electronic, and 

optical properties.142  These are one-dimensional nanowires that are either 

metallic or semiconducting, and readily accept charges.142  Hence, they appear 

to be very promising materials for composite materials, energy conversion, 

sensing and biological applications.143  Additionally, SWNTs can also be 

chemically modified as nanosized building blocks for the construction of novel 

materials, aiming application to wide nanotechnologies.144  The chemical 

modification has been either through functionalization of the sp2 carbons145 at the 

sidewalls with organic pendant groups or noncovalent functionalization through 

supramolecular interactions.  Both methods resulted in fairly soluble 

SWNTs.88g,93a,90g,140 
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A few studies have reported donor-acceptor type dyads featuring 

SWNT as an acceptor with an ultimate goal of generating long-lived charge-

separated states.87a-b91a-b,92b,93b-c,95a,126b  The donor entity, porphyrin is either 

covalently linked or supramolecularly assembled.  Quenching of singlet excited 

porphyrin was observed in the dyads, which was attributed to the occurrence of 

either electron transfer or energy transfer processes, although it was difficult to 

spectrally characterize the electron transfer products (porphyrin π-cation radical 

and SWNT anion species) due to the absence of a clear diagnostic radical anion 

peak of SWNT.87a-b91a-b,92b,93b-c,95a,126b  In the present study we have overcome 

this limitation obtaining direct proof for the occurrence of electron transfer by non-

covalently assembled zinc naphthalocyanine, ZnNc, or zinc tetraphenylporphyrin, 

ZnP donor entities with SWNT. 

 

Our strategy involves the following steps and reasoning.  (i) For 

solubilization of SWNTs we have adopted Dai and co-worker’s149 method 

involving SWNT-pyrene π-stacking.  This method is especially suitable compared 

to the chemical derivatization, since it preserves the π-electronic structure of the 

SWNT. (ii) To self-assemble donor entities, we have functionalized the pyrene 

entity (Py) with a phenylimidazole (Im) coordinating ligand, PyIm as shown in 

Scheme 7.1.  The phenylimidazole coordinates to the zinc center of donor 

macrocycle much more strongly than the traditionally used pyridine entities,35,75 

thus allowing us to perform studies in more polar solvents (the K values for 

metal-axial coordination range between 5 x 102 – 5 x 104 M-1 depending upon 
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solvent35,75,136).  A control compound phenylpyrene, PhPy in Scheme 7.1 is 

utilized to establish axial coordination self-assembly ability of the imidazole 

moiety. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(iii)  As a choice of donor entities in the present study, we have utilized zinc 

naphthalocyanine in addition to zinc porphyrin, since the cation radical of zinc 

naphthalocyanine (ZnNc) exhibits characteristic radical cation peak at 980 nm 

located sufficiently far from the triplet absorption peaks of the ZnNc.136  Thus, the 

appearance of ZnNc•+ at 980 nm in the transient absorption spectrum of the 
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the present study 
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ZnNc-ImPy-SWNT nanohybrid should serve as a direct proof of electron transfer.  

(iv) Finally, we have employed a secondary electron acceptor, hexyl-viologen 

dication (HV2+) as an electron mediator and pool, in the presence of a secondary 

donor, 1-benzyl-1,4-dihydronicotinamide (BNAH) as a sacrificial hole shifter.150  

In the presence of these electron mediators accumulation of HV•+ is expected to 

form as a result of photosensitized electron-transfer/electron mediating 

processes (Scheme 7.2) by the light excitation of the donor moiety of the 

nanohybrids.  These results ultimately establish electron transfer originating from 

the singlet excited ZnNc or ZnP moiety of the nanohybrids, opening various 

photocatalytic applications. 

 

 

 

 

 

 

 

 

 

 

 

 

ZnNc-ImPy-SWNT

1ZnNc*-ImPy-SWNT

CR
ZnNc.+-ImPy-SWNT

.-
hν

HV2+ HV
.+CS

BNAH BNAH.+

EM

HS

BNA+

Scheme 7.2: Generation of HV•+ and BNAH•+/BNA+ from the photogenerated 

ZnNc-ImPy-SWNT nanohybrid (A similar scheme applies for ZnP-ImPy-SWNT 

nanohybrids initiated photochemical processes).  Abbreviations: HV2+and HV•+; 

hexyl-viologen dication and its radical cation, BNAH, BNAH•+, and BNA+; 1-

benzyl-1,4-dihydronicotinamide, its radical cation, and its dehydrogenated form. 

CS; charge-separation, CR; Charge recombination, EM; electron migration, and 

HS; hole shift.  
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Experimental section 

Synthesis of imidazole and phenyl functionalized pyrene derivatives 

N-[4-(1-H-Imidazolyl)phenyl-4-pyreneyl butanamide (ImPy) (42):  1-Pyrene 

butyric acid (500 mg, 1.73 mmol)), 4-(1-H-Imidazolyl)-aniline (276 mg, 1.73 

mmol) were dissolved in 50 mL dry CH2Cl2.  Then 1, 3-dicyclohexycarbodiimide 

(429 mg, 2.08 mmol) and 4-(dimethylamino) pyridine (70 mg, 0.572 mmol) were 

added and the reaction mixture was stirred for 24 hrs.  Then the solvent was 

evaporated under reduced pressure and the crude compound was purified on 

silica gel column using CHCl3: ethylacetate (20:80 v/v) as eluent.  Yield: 144 mg 

(20%).  1H NMR (CHCl3-d):  δ (in ppm): 8.32 (d, 1H, pyrene H), 8.20-8.16 (m, 2H, 

pyrene H), 8.15-8.09 (m, 2H, pyrene H), 8.06-7.98 (m, 3H, pyrene H), 7.89 (d, 

1H, pyrene H), 7.78 (s, 1H, imidazole H), 7.54 (d, 2H, imidazole H), 7.45 (s, 1H, -

NH), 7.22 (d, 2H, imidazole H), 7.16 (d, 2H, imidazole H), 3.48 (t, 2H, -CH2-), 

2.48-2.40 (m, 2H, -CH2-), 2.40-2.30 (m, 2H, -CH2-).  ESI mass (in CH2Cl2): calcd. 

429.52; found 430.1 (100%) [M+]. 

 

N-Phenyl-4-pyreneyl butanamide (PhPy) (43):  1-Pyrene butyric acid (400 mg, 

1.4 mmol), aniline (127 µL, 129.5 mg, 1.4 mmol) were dissolved in 50 mL of dry 

CH2Cl2.  Then 1, 3-dicyclohexycarbodiimide (345 mg, 1.67 mmol) and 4-

(dimethylamino) pyridine (56.2 mg, 0.46 mmol) were added and the reaction 

mixture was stirred for 24 hrs.  Then, the solvent was evaporated under reduced 

pressure and the crude compound was purified on silica gel column using 

hexanes: CHCl3 (60:40 v/v) as eluent.  Yield: 125 mg (25%).  1H NMR (CHCl3-d): 
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δ (in ppm): 8.32 (d, 1H, pyrene H), 8.18 (d, 2H, pyrene H), 8.15-8.06 (m, 2H, 

pyrene H), 8.05-7.98 (m, 3H, pyrene H), 7.88 (d, 1H, pyrene H), 7.48 (d, 2H, 

phenyl H), 7.30 (t, 2H, phenyl H), 7.10 (t, 1H, phenyl H), 7.04 (s, 1H, -NH), 3.48 

(t, 2H, -CH2-), 2.48-2.40 (m, 2H, -CH2-), 2.40-2.28 (m, 2H, -CH2-).  ESI mass (in 

CH2Cl2): calcd. 363.46; found 365.1 (40%) [M+], 386.1 (100%) [(M++Na)]. 

 

 

 

Preparation of ImPy-SWNTm or PhPy-SWNT conjugates 

A 1.5 mg of purified HiPCO was added to 3.2 mg of ImPy or PhPy 

dissolved in 15 mL of dry DMF or THF or DCB and the reaction mixture was 

stirred for 48 hrs at room temperature.  The resulting mixture was sonicated 

(Fisher Scientific, 60 Hz, 40 W) for 6 hrs at 200C followed by centrifugation 

(Fisher scientific, 50/60 CY) for 2 hrs.  The excess of ImPy or PhPy was removed 

by separating the yellow color centrifugate from the black precipitate.  Further 
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Scheme 7.3: Synthetic scheme for compounds 42 and 43 
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purification was carried out by dissolving the black mixture in 5 mL of fresh DMF, 

sonicating for 30 min. at 200C followed by centrifugation for 1hr.  Then, the 

unadsorbed ImPy or PhPy was removed by separating from the black 

centrifugate.  This process was repeated (at least twice) until the solution in 

centrifuge tube turned colorless.  At the end, 10 mL of fresh solvent was added to 

the resulting deposit and the sonicated for 15 min. at 200C.  This homogenous 

black dispersion was stable at room temperature for weeks and was used for 

mentioned studies. 

 

Results and Discussion 

The ImPy or PhPy treated SWNTs yielded soluble samples in 

tetrahydrofuran (THF), o-dichlorobenzene (DCB) or dimethylformamide (DMF) 

solvents.  Representative TEM images obtained for SWNT-PyIm in DMF are 

shown in Figure 7.1a.  Similar results were also obtained in other solvents.  It 

was observed that the SWNT bundles were exfoilated by the treatment of ImPy 

or PhPy, although some of them interwine again during TEM sample preparation, 

revealing appreciable decrease in branches of several SWNT stacked together 

compared with untreated commercial high purity SWNT sample.  Additionally, the 

adopted solubilization work-out procedure (see experimental section for details) 

removed most of the amorphous carbon and the Fe nanoparticles, which were 

obvious in untreated SWNT as bright spots in the size range of 20 - 50 nm 

adsorbed on stacked SWNT (see Figure 7.1b).  It appears that the adsorbed 
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ImPy or PhPy is playing a major role in separating the SWNTs and keeping them 

away from stacking with each other. 

 

 

 

 

 

 

 

 

 

 

Figure 7.2a shows the UV-visible-NIR spectrum of ImPy-SWNT in 

DMF.  Characteristic absorption bands corresponding to the metallic SWNT (400-

600 nm region corresponding to M11 transitions) and semi-conducting SWNT 

(600-950 nm corresponding to S22 transitions and 1100-1600 nm corresponding 

to S11 transitions)151 were observed.  That is, the SWNTs used in the present 

study were composed of both metallic and semi-conducting tubes.  The fine 

structures of the bands indicated preserving the electronic structure of the SWNT 

after immobilization using ImPy or PhPy.  In the UV region, the samples also 

revealed peaks corresponding to the presence of pyrene entities.  However, 

Figure 7.1: TEM image of the DMF solubilized (a) ImPy-SWNT sample (b) 

untreated SWNT 
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these bands were found to be broadened as compared to pristine ImPy bands 

perhaps due to π-stacking with the SWNTs. 

 

 

 

 

 

 

 

 

 

The presence of pyrene entity on SWNT was also confirmed by 

recording the fluorescence spectrum of ImPy-SWNT (Figure 7.2b).  When 

excited at 350 nm corresponding to one of the absorption peaks of pyrene, 

emission peaks corresponding to the pyrene entity were observed for both ImPy-

SWNT and PhPy-SWNT samples in all of the studied solvents.  The absorption 

and emission peaks followed mirror-symmetry.  It is also important to note that no 

emission band in the region of 450-550 nm corresponding to excimer emission of 

pyrene152 was observed suggesting the absence of pyrene-pyrene type stacking 

in the samples. 
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Figure 7.2: (a) UV-visible-NIR spectrum and (b) fluorescence spectrum 

(λex = 350 nm) of ImPy-SWNT in DMF. 
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The supramolecular assembly of donor-acceptor conjugates 

featuring ZnNc or ZnP with ImPy-SWNT was initially studied using optical 

absorption spectroscopy in the investigated solvents.  Figure 7.3 shows the 

spectral changes observed during the titration of ZnNc and ZnP on increasing 

addition of ImPy-SWNT in DCB.  As shown in Figure 7.3a, addition of ImPy-

SWNT to a solution of ZnNc resulted in diminishing the intensity of the intense 

772 nm band accompanied by isosbestic points at 394, 720 and 803 nm.  Earlier, 

similar results were observed when a fullerene functionalized with an imidazole 

moiety (ImC60) was coordinated to ZnNc to form the ZnNc-ImC60 dyad.136  

Similarly, addition of ImPy-SWNT to a solution of ZnP also revealed spectral 

changes as shown in Figure 7.3b, that is, the Soret band at 424 nm revealed 

decreased intensity accompanied by a red shift of nearly 5 nm.  An isosbestic 

point at 417 was also observed.  The visible band located at 549 nm also 

experienced a red shift of 4 nm to 553 nm.  Generally, the spectral changes are 
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Figure 7.3: Spectral changes in the visible region of (a) ZnNc and (b) ZnP 

observed during the titration on increasing addition of ImPy-SWNT in DCB. 
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much more pronounced in ZnNc compared to ZnP.  These observations 

collectively suggest the formation of ZnNc-ImPy-SWNT and ZnP-ImPy-SWNT 

nanohybrids.35,75,136  Similar spectral observations were also made in the other 

investigated solvents (see Figure 7.4 for results in DMF). 
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Figure 7.4: Spectral changes in the visible region of (a) ZnNc and (b) ZnP 

observed during the titration on increasing addition of ImPy-SWNT in DMF 
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In a control experiment, the ZnNc and ZnP were titrated with PhPy-

SWNT, in which PhPy does not possess axial coordinating imidazole ligand; the 

resulting spectral changes were found to be minimal, that is, the decrease in 

ZnNc or ZnP band intensity was 25-30% of what was observed during the 

titration of ImPy-SWNT, although it was difficult to quantify the results due to the 

lack of information on the specific number of ImPy and PhPy on a given SWNT.  

However, no spectral shift characteristic of axial coordination was observed.  

These results suggest some direct interactions between ZnNc or ZnP and 

SWNT, an observation readily in agreement with the literature reports.91,92  

However, it is important to note that the presence of the imidazole connected to 

the pyrene entity facilitates the nanohybrid formation due to axial coordination 

between the zinc metal and the imidazole entity. 

 

The photo-excited state behavior of the ZnNc-ImPy-SWNT and 

ZnP-ImPy-SWNT nanohybrids was initially performed by using steady-state 

fluorescence studies.  As shown in Figures 7.5a and b, addition of ImPy-SWNT 

to a solution containing either ZnNc or ZnP in DCB quenched the emission of 

both macrocycles.  Similar results were also obtained in other investigated 

solvents with the exception of better quenching effect in more polar solvents (see 

Figure 7.6 for results in DMF).  In a given solvent, the quenching was found to be 

slightly better in the case of ZnNc-ImPy-SWNT than that of ZnP-ImPy-SWNT 

when the same amount of ImPy-SWNT was added to the solution. 
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In a control experiment, when the ZnNc and ZnP macrocycles were 

titrated with PhPy-SWNT bearing no axial coordinating ligand, efficient 

fluorescence quenching of the zinc macrocycles was not observed; the 

fluorescence quenching efficiency was found to be less than 25% than what was 
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Figure 7.5: Steady-state fluorescence spectra of (a) ZnNc (~10 µM) and (b) ZnP 

(~10 µM) on increasing addition of ImPy-SWNT in DCB.  The ZnNc and ZnP 

were excited at 690 and 549 nm, respectively. 
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observed for the ZnNc-ImPy-SWNT and ZnP-ImPy-SWNT nanohybrids.  These 

results agree well with the absorption spectral studies where some direct 

interactions of ZnNc and ZnP with SWNT in the ground states were noticed.  

Additionally, when ZnP-ImPy and ZnNc-ImPy were formed by treating ZnP and 

ZnNc with ImPy, the pyrene entity quenched the fluorescence of the donor 

macrocycle by less than 10%. 
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Figure 7.6: Steady-state fluorescence spectra of (a) ZnNc (~10 µM) and (b) ZnP 

(~10 µM) on increasing addition of ImPy-SWNT in DMF.  The ZnNc and ZnP 

were excited at 681 and 558 nm, respectively. 
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In order to understand the fluorescence quenching mechanism, electrochemical 

studies were performed to evaluate the free-energy change of electron transfer 

followed by time-resolved emission and transient absorption studies to 

characterize the reaction products. 

 

Electrochemistry of ZnNc-ImPy-SWNT and ZnNc-ImPy-SWNT nanohybrids 

Electrochemical characterization of carbon nanotubes has been a 

challenging task due to their low sensitivity and solubility.  Additionally, obtaining 

stable solutions or suspensions under electrochemical conditions (polar solvent 

with high ionic strength) and interference from molecular systems used for 

solubilization (e.g. surfactants, polymeric chains, etc.) also have contributed to 

the problem.  The literature reports show the presence of large capacitance type 

currents both in the cathodic and anodic potential scanning as a result of 

superimposition of the voltammetric pattern of several semiconducting SWNTs.  

Hence, no clear Faradic process could be observed for CNTs.153  Attempts have 

also been made to assign potential range to carbon nanotube varying in their 

sizes.153 

 

Figure 7.7 shows the solvent background subtracted cyclic 

voltammograms of ImPy-SWNT in DCB.  In accordance with the literature 

reports, capacitance type Faradaic currents were observed throughout the 

cathodic range and anodic currents after 0.0 V vs. Fc/Fc+.  The magnitudes of 

currents were much larger when the potential was scanned beyond -2.0 V vs. 
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Fc/Fc+.  The solution cyclic voltammograms of ZnNc covering the first oxidation 

and first reduction are shown in Figure 7.7c.  Both the oxidation and reduction 

processes were found to be reversible as judged from the plots of peak current 

versus square root of scan rates.154  The E1/2 values for the first oxidation and 

first reduction were located at -0.29 and -1.66 V vs. Fc/Fc+, respectively.  Upon 

forming the ZnNc-ImPy-SWNT nanohybrid by treating ZnNc with ImPy-SWNT, 

voltammograms of the type shown in Figure 7.7b were obtained. 

 

 

 

 

 

Under these conditions the reversible oxidation and reduction 

processes of pristine ZnNc exhibited quasi-reversible behavior.  The peak-to-

Figure 7.7: Cyclic voltammograms of (a) background subtracted ImPy-SWNT, 

(b) background subtracted ZnNc-ImPy-SWNT and (c) ZnNc in DCB containing 

0.1 M n-Bu4NClO4.  Scan rate = 100 mV/s. 
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peak separation for ZnNc redox processes in ZnNc-ImPy-SWNT was over 200 

mV.  The quasi-reversible nature of the redox processes indicates the 

occurrence of slow electron transfer probably due to the limited access of the 

SWNT bound redox probes to the electrode surface.154  The mid-point peak 

potentials revealed nearly 40 mV cathodic shift of the first oxidation and first 

reduction processes. 
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Figure 7.8: Cyclic voltammograms showing the (a) reduction and (b) oxidation of 

(i) background subtracted ImPy-SWNT, (ii) background subtracted ZnP-ImPy-

SWNT and (iii) ZnP in DCB, containing 0.1 M n-Bu4NClO4.  Scan rate = 100 

mV/s. 
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Similar results were also obtained for the ZnP-ImPy-SWNT 

nanohybrid (see Figure 7.8).  The reversible first oxidation and first reduction 

processes of ZnP located at E1/2 = 0.28 and -1.91 in DCB became quasi-

reversible upon binding to ImPy-SWNT.  The mid-point peak potentials were 

located at 0.23 and -1.97 V vs. Fc/Fc+ for the first oxidation and first reduction 

processes, respectively.  That is, the peaks corresponding to ZnP redox 

processes were cathodically shifted by 60 mV in the ZnP-ImPy-SWNT 

nanohybrid, an observation similar to that of ZnNc-ImPy-SWNT nanohybrid. 

 

The free-energy changes for electron transfer from the singlet 

excited ZnNc and ZnP were estimated using the Weller approach.19  In the 

absence of a defined reduction potential for SWNT, the initial value of 

electrochemical activity (-0.7 V vs. Fc/Fc+) corresponding to the first reduction of 

ZnNc was utilized to calculate the free-energy changes.  The free-energy 

changes for charge separation, ∆GCS via the excited singlet states of ZnNc 

(1ZnNc*; energy level of 1ZnNc*, ES1 = 1.6 eV) and ZnP (1ZnP*; ES1 = 2.0 eV) 

were found to ca.  

-1.2 eV for the ZnNc-ImPy-SWNT nanohybrid and ca. -1.1 eV for the ZnP-ImPy-

SWNT nanohybrid in DCB.  These results suggest occurrence of facile electron 

transfer in the investigated nanohybrids via 1ZnNc* or 1ZnP*.  Similarly, the free-

energy change for charge recombination, ∆GCR was found to be -0.4 eV for the 

ZnNc-ImPy-SWNT nanohybrid and -0.9 eV for the ZnP-ImPy-SWNT 

nanohybrids. 
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Excited state electron transfer 

Excited state dynamics of the ZnNc-ImPy-SWNT and ZnP-ImPy-

SWNT nanohybrids were elucidated by monitoring the emission time profiles of 

the donor ZnNc and ZnP moieties in less polar THF and polar DMF solvents.  As 

shown in Figure 7.9, the donor entity, ZnNc, in the nanohybrid exhibited quick 

decays as compared with the ones based on unbound donor entities.  Notably, 

the latter results nicely followed the steady-state fluorescence quenching 

measurements. 

 

 

 

 

 

 

 

 

 

 

 

From the initial decays, short fluorescence lifetimes (τf) were 

determined as listed in Table 7.1 for both nanohybrids, in which shortening of τf is 

appreciable for ZnNc compared with ZnP, consistent with a tendency observed in 

Figure 7.9: Fluorescence decays of ZnNc-ImPy-SWNT nanohybrid (i) in DMF (ii) 

THF and (iii) ZnNc in THF (emission collected from the 750-850 nm region).  The 

samples were excited at λex = 400 nm. 
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the steady-state fluorescence quenching (Figure 7.5).  Such short fluorescence 

lifetimes as compared with the ones derived from unbound donor entities (1900 

and 2400 ps for ZnNc and ZnP entities, respectively) imply rapid deactivation of 

the photoexcited ZnNc and ZnP entities. 

 

 

 

 

 

 

 

 

Donor Solvent τf / ps 
(fraction) kS

CS  s-1 a ΦS
CS

 a kCR / s-1 τRI/ ns ΦHV•+ /% 

ZnNc 
THF 

450 (38%) 
2100 (62%) 

1.8 x 109 0.82 
1.7 x 107 

 
 

70 
68 (532 nm)
79 (355 nm)

 
DMF 

415 (41%) 
2000 (59%) 

2.0 x 109 0. 83 
1.4 x 107 

 
 

60 
83 (532 nm)
92 (355 nm)

ZnP 
THF 1700 (100%) 0.04 x 109 0.08 

1.1 x 107 

 
90 80 (532 nm)

72 (355 nm)

 
DMF 

360 (35%) 
2900 (65%) 

2.8 x 109 0.98 
0.85 x 107 

 
120 93 (532 nm)

81 (355 nm)

Table 7.1: Fluorescence Lifetimes (τf collected in 580-850 nm region), Charge-

Separation Rate-Constants (kS
CS) and  Quantum Yields (ΦS

CS) via 1ZnNc* or 

1ZnP*, Charge-Recombination Rate-Constants (kCR) and Lifetimes of the Radical 

Ions (τRI) and Yield of HV•+(ΦHV•+) for ZnNc-ImPy-SWNT and ZnP-ImPy-SWNT 

nanohybrids. 

[a] kS
CS  = (1/τf )sample - (1/τf )ref , ΦS

CS
 = kS

CS / (1/τf )sample. τf samplefor fast component 

and τf ref = 1900 and 2400 ps, respectively for ZnNc and ZnP. 
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Since the lifetimes become short with solvent polarity and based on 

the free-energy calculations, it was reasonable to assume that charge-separation 

occurs within the nanohybrids, namely, one-electron oxidation of the donor unit 

and one-electron reduction of nanotubes forming the charge-separated state of 

ZnNc•+-ImPy-SWNT•─ and ZnP•+-ImPy-SWNT•─, respectively.  The rate 

constants (kS
CS) and quantum yields (ΦS

CS) of the charge-separation via 1ZnNc* 

or 1ZnP*, calculated in the usual manner,155 are also listed in Table 7.1.  The 

magnitudes of the kS
CS and ΦS

CS suggest efficient charge separation within the 

investigated nanohybrids and such process are much facile in more polar DMF 

solution. 

 

Transient absorption measurements  

Additional support to the above electron transfer quenching 

mechanism comes from complementary transient absorption measurements, 

following the 532-nm laser irradiation of the ZnNc-ImPy-SWNT and ZnP-ImPy-

SWNT nanohybrids.  By photo-exciting the donor entities with the 532-nm pulsed 

laser light, it has been possible to identify the transient and/or derived photo-

products followed by their decay rates corresponding to charge recombination 

process.  In the absence of oxygen, transient absorption bands in the wide region 

from visible to NIR were observed for the ZnNc-ImPy-SWNT nanohybrids, as 

shown in Figure 7.10.  
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As shown in Figure 7.10, for the ZnNc-ImPy-SWNT nanohybrids, 

the transient absorption of the one-electron oxidized product, namely ZnNc•+ 

appeared as a broad band in the 900-1000 nm region.136  In addition, broad band 

around 1300-1400 nm appearing in the NIR region may be ascribed to electrons 

trapped within SWNT generating SWNT•─, similar to the higher fullerene radical 

anions155.  Absence of the characteristic feature of the triplet-triplet absorption of 

the ZnNc suggests efficient quenching of the singlet excited state of ZnNc by the 

SWNT, interrupting the intersystem crossing process. 

 

Similar transient spectra were observed for the ZnP-ImPy-SWNT 

nanohybrid, as shown in Figure 7.11, where a transient band around 600 nm 
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Figure 7.10: Nanosecond transient absorption spectra of ZnNc-ImPy-SWNT in 

DMF observed by 532 nm laser irradiation (ca. 3 mJ/ pulse) in at 0.1 µs (●) and 

1.0 µs (○).  Inset: Absorption-time profile. 
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corresponding to ZnP•+ was observed, conclusively proving the occurrence of 

electron transfer in the ZnP-ImPy-SWNT nanohybrid.  The transient absorption 

appearing in the visible region near 400-500 nm corresponds to the triplet state 

of ZnP, consisting with insufficient quenching of the singlet excited state of ZnP 

by the SWNT.  

 

 

 

 

 

 

 

 

 

 

 

 

By assuming the decay of the transient absorption bands 

corresponding to the charge recombination process, the rate constants evaluated 

by first-order fitting were attributed to the charge recombination rate constants 

(kCR) as listed in Table 7.1.  The decay of the radical ions resulted in the recovery 

of the ground state of the ZnNc-ImPy-SWNT and ZnP-ImPy-SWNT nanohybrids.  
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Figure 7.11: Nanosecond transient absorption spectra of ZnP-ImPy-SWNT in 

THF observed by 532 nm (ca. 3 mJ/ pulse) laser irradiation in at 0.1 µs (●) and 

1.0 µs (○).  Inset: Absorption-time profile at 720 nm. (right) on addition of 0.5 mM 

HV2+ and 1.5 mM BNAH. 
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An examination of kCR in Table 7.1 suggests that the charge recombination 

process takes place in a few hundred nanoseconds time - region which 

corresponds to around 100 ns lifetime for the charge separated state in the 

nanohybrids.  Although a minor long-lived trace was observed in the studied 

nanohybrids, a major portion of the charge recombination process occurs within 

microseconds.  However, it was observed that the decay profile of the radical 

cation and radical anion did not reach zero intensity within the monitored time 

interval suggesting the possibility of a long-lived component. 
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Figure 7.12: Nanosecond transient absorption spectra of ZnNc-ImPy-SWNT 

nanohybrids in the presence of 0.5 mM HV2+ and 1.5 mM BNAH observed by 

532-nm laser irradiation (ca. 3 mJ/pulse) in THF (at 0.1 µs (●) and 1.0 µs (○)). 

Inset: Absorption-time profile at 620 nm.  
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Electron pooling 

In order to gain additional evidence of charge separation and 

further application of the donor-acceptor nanohybrids to electron transfer 

systems, further experiments were conducted with the help of an electron 

mediator, hexyl-viologen dication (HV2+) and an electron-hole shifter, 1-benzyl-

1,4-dihydronicotinamide (BNAH).156  As shown in Figure 7.12, on addition of 

HV2+ and BNAH, most of the transient absorption disappeared, leaving the 620 

nm band due to the reduced form of HV2+ (HV•+).150  Here, as explained in 

Scheme 7.2, an electron-mediating process occurs from the SWNT•─ to HV2+, 

while hole of ZnNc•+ shifts to BNAH, generating BNAH•+, which irreversibly 

changes to 1-benzyl-1,4-nicotinamide (BNA+) with less electron accepting 

ability.156  As a whole, the generated HV•+ did not decay appreciably in 

microsecond order.  Similar transient spectral change was observed for ZnP-

ImPy-SWNT. 

 

In order to follow the behavior of the persistent HV•+ in Figure 7.12, 

the steady-state measurements were performed.  Figure 7.13 shows absorption 

spectral changes illustrating accumulation of HV•+ as a consequence of above 

explained photoinduced processes on addition of HV2+ and BNAH.  Here, ZnNc-

ImPy-SWNT nanohybrids were repeatedly excited by the 532-nm (or 355-nm) 

laser light in the presence of HV2+ and BNAH.156  Accumulation of HV•+ was 

observed around 620 nm supporting the electron mediating process, and the 

HV•+ concentration increased with increasing BNAH concentration, because the 
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hole-shift process is a bimolecular process.  Also, an increase in HV2+ 

concentration increased the maximal HV•+ absorbance (Abs(HV•+)).  In a control 

experiment, upon the 532-nm laser light irradiation of ZnNc in the absence of 

SWNT, the accumulation of HV•+ was negligible when similar concentrations of 

ZnNc, HV2+ and BNAH were employed, thus supporting the importance of SWNT 

as electron acceptor in the initial photoinduced charge-separation process.  This 

result clearly demonstrates the occurrence of electron and hole mediation from 

the photo-generated ZnNc•+-ImPy-SWNT•─ to HV2+ and BNAH, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Similar results were also obtained when ZnP-ImPy-SWNT 

nanohybrids was used in all of the employed solvents.  From the maximal 

Figure 7.13 Steady-state absorption spectral changes of ZnNc-ImPy-SWNTs (i) 

in the presence of 0.5 mM HV2+ and BNAH (in 0.5 cm cell length) before and 

after repeated 532-nm laser light irradiation (ca. 3 mJ/pulse), [BNAH] = (black) 0, 

(pink) 0.5, (red) 1.0, and (blue) 1.5 mM in deaerated THF. 
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Abs(HV•+) after repeated 532-nm laser light irradiations, the conversion of the 

added HV2+ to HV•+  was evaluated to be 70-90% in THF and DMF employing the 

reported molar extinction coefficient of methyl-viologen radical cation.150 These 

observations illustrate efficient photosensitized electron-transfer/electron-

mediation processes of the present donor-acceptor nanohybrids systems.  

 

Summary 

Donor-acceptor nanohybrids comprised of zinc naphthalocyanine or 

zinc porphyrin as electron donor and non-covalently functionalized SWNT as 

electron acceptor were constructed and characterized by various physico-

chemical techniques including TEM, UV-visible-NIR, and electrochemical 

methods.  The non-covalent functionalization of SWNT involved treating them 

with functionalized pyrene to form soluble, π-π interacting SWNT-pyrene 

conjugates.  Using imidazole ligand of the functionalized pyrene, zinc 

naphthalocyanine or zinc porphyrin was axially coordinated to yield ZnNc-ImPy-

SWNT or ZnP-ImPy-SWNT nanohybrids.  Free-energy calculations based on the 

electrochemical redox and emission data revealed possibility of light induced 

electron transfer in these nanohybrids.  Photoinduced electron transfer from the 

singlet excited donor entity to the SWNT acceptor entity was probed by the 

steady-state and time-resolved emission studies which revealed efficient 

quenching of the donor entity in these nanohybrids.  Direct evidence of the 

occurrence of electron transfer was obtained from the nanosecond transient 

absorption spectral studies which provided spectral proof for the ZnNc•+-ImPy-
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SWNT•─ and ZnP•+-ImPy-SWNT•─ charge-separated states.  The present 

nanohybrids were further utilized to reduce HV2+ and oxidize BNAH in solution.  

This electron mediator process of nanohybrids also provided additional proof for 

the occurrence of photoinduced charge-separation.  Accumulation of the radical 

cation HV•+ was observed with nearly 70-90% yield thus demonstrating the 

importance of the present donor-acceptor nanohybrids in further photocatalytic 

applications. 
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Chapter 8 

SUMMARY 

 
The work presented in this thesis has made an attempt to mimic the 

primary events of natural photosynthesis by constructing various non-covalently 

linked supramolecular donor-acceptor systems that can undergo photoinduced 

electron transfer processes.  In order to build these systems, different kinds of 

non-covalent binding approaches were utilized.  As demonstrated in chapter 3, 

utilization of ‘two-point’ binding methodology involving crown ether-cation 

complexation and either axial coordination or π-π type interactions yielded highly 

stable, self-assembled zinc porphyrin-fullerene conjugates with defined distance 

and orientation depending upon the position of the crown ether on the porphyrin 

macrocycle and type of interactions (coordination or π-π type).  In contrast to the 

‘one-point’ bound self-assembled porphyrin-fullerene dyads,75 these “two-point” 

bound rigid dyads allowed us to perform the spectral and photochemical studies 

in a polar solvent such as benzonitrile and, thereby, control the intramolecular 

interactions between the donor and acceptor entities.  By the choice of an axial 

ligating pyridine entity (compound 12) or phenyl entity (compound 13) on the 

fullerene, it was possible to achieve control over axial coordination and π-π 

interactions.  Although the spectroscopic studies revealed that the dyads 

involving axial coordination and crown ether-cation complexation were more 

stable than the ones involving π-π interactions and crown ether-cation 

complexation, optimized structures obtained from density functional theory 
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showed longer distances between the porphyrin and fullerene entities in the 

former type of dyads compared to that of the latter type.  Both steady-state and 

time-resolved emission studies revealed efficient fluorescence quenching due to 

photo-induced electron transfer from the singlet excited porphyrin to the 

fullerene.  The measured rate of charge separation was slightly higher for the 

dyads formed by axial coordination and crown ether-cation complexation binding 

mechanism.  These slightly low kCS values resulted in the dyads involving π-π 

interactions and crown ether-cation complexation could be attributed to the 

existence of ‘free’ and ‘bound’ forms of the π-interacting species. 

 

Parallel transient absorption studies revealed long-lived charge 

separated states with lifetimes in the range of 50 - 500 ns.  Free-energy 

calculations revealed that the charge recombination process for these dyads 

occurs in the inverted region of the Marcus parabola.  However, the measured 

τRIP values suggest that the dyads formed from porphyrin 9 are better 

combinations than porphyrin 7 irrespective of the type of fullerene used to form 

the dyad.  One of the reasons for these findings might involve the differences in 

the mechanism of the charge-recombination processes; i.e., via axial 

coordination bond versus via through-space π-π interactions.   

 

The additional charge stabilization within these dyads was achieved 

by eliminating the zinc-pyridine axial bond or by attenuating π-π interactions upon 

addition of pyridine to the solution containing the dyads.  Slightly higher kCS and 
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relatively lower kCR values were obtained in the presence of pyridine.  The 

possibility for the lower kCR values could be attributed to the increased distance 

between the porphyrin-fullerene entities as a result of the externally added 

pyridine coordination.  These points demonstrate the importance of the present 

“two-point” binding methodology for constructing stable supramolecular 

porphyrin-fullerene conjugates with defined distance and orientation, and 

subsequent manipulation of the rates of electron-transfer by controlling the axial 

coordination or π-π interactions during photoinduced processes in these novel 

supramolecular dyads. 

 

In order to improve the electron transfer rates and, thereby, achieve 

charge stabilization, an increased number of donor or acceptor entities should be 

incorporated into the model donor-acceptor systems.  Towards this, as 

documented in chapter 4, the design and characterization of supramolecular 

triads comprised of free-base, zinc or magnesium porphyrins possessing two 18-

crown-6 entities at the cis or trans positions of the porphyrin macrocycle and 

fullerenes with alkyl ammonium and/or pyridine were discussed.  ‘Two-point’ 

binding was observed in the case of fullerenes functionalized with pyridine and 

alkyl ammonium groups with metalloporphyrins.  A 1:2 stoichiometry of the 

supramolecular porphyrin:fullerene conjugates was deduced from the optical 

absorption and emission, electron spray ionization mass, electrochemistry, and 

semi-empirical PM3 calculations.  The values of the rates (kCS) and quantum 

yields (ΦCS) of charge separation were found to be higher for 1:2 
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porphyrin:fullerene conjugates as compared to the 1:1 porphyrin:fullerene 

conjugates obtained by using the same binding methodologies.  The calculated 

charge-recombination rates (kCR) were 2-3 orders of magnitude smaller than the 

kCS suggesting the occurrence of the charge recombination process in the 

Marcus inverted region.  The lifetimes of the radical ion pair (τRIP) ranging 

between 46 and 233 ns indicated the charge stabilization in the studied 

conjugates. 

 

In natural photosynthetic reactions centers various light- and redox-

active components are assembled via non-covalent interactions.  One of the 

important ways to improve the lifetime of the radical ion pair and achieve the 

long-lived charge separated states in the model systems is to promote multi-step 

electron transfer reactions along well-defined redox gradients such as triads, 

tetrads and pentads etc.  As described in chapter 5, a series of supramolecular 

triads comprised of ferrocene, porphyrin and fullerene were designed, 

synthesized and the photo-induced electron transfer processes within these 

triads were studied by using various physico-chemical techniques.  The adopted 

crown ether-alkyl ammonium cation complexation binding strategy resulted in 

well-defined stable triads.  This is further confirmed by binding constants resulted 

from the fluorescence quenching studies and computational studies performed 

by DFT B3LYP/3-21G(*) method.  The free-energy change for charge-separation 

and charge-recombination were varied by varying the metal ion in the porphyrin 

cavity.  Steady-state and time-resolved emission studies revealed efficient light 
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induced electron transfer from the singlet excited porphyrin to the fullerene.  The 

rate of charge-separation was found to depend on the associated free-energy 

changes.  In the case of these triads, the rate of charge-recombination, 

monitored by nanosecond transient absorption spectral studies, was found to 

adopt two routes, namely, direct charge-recombination from the initial charge-

separated state, Fc–ZnP.+–C60
•- and charge-recombination from the charge 

migrated state, Fc+–ZnP–C60
•-.  The kCR for the latter route were found to be an 

order of magnitude slower than the former route, thus fulfilling the condition of 

charge migration to generate long-lived charge-separated states in these 

supramolecular systems. 

 

A systematic control over the electron/energy transfer pathways in 

donor-acceptor systems is necessary to understand the mechanistic details of 

complex biological electron-transfer processes.  In order to achieve the control 

over the mechanism of electron/energy-transfer processes, utilization of 

supramolecular approach to assemble donor-acceptor systems is treated as a 

viable methodology.  Towards this, as documented in chapter 6, stable 

complexes of crown ether appended free-base or zinc porphyrins with C60 were 

obtained.  The binding constants of these complexes were strongly dependent on 

the location and number of crown ether entities on the porphyrin ring, and the 

utilized solvent media.  The stability of these complexes was increased by 

employing ammonium cation functionalized fullerene, 13.  The increased 

solubility of this fullerene derivative in polar solvents enabled us to perform the 
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photochemical experiments in polar benzonitrile solvent.  On the other hand, 

increasing the number of crown ether entities increased the binding constant of 

the resulting dyads.  For C60 complexed dyads, molecular modeling using 

B3LYP/3-21G(*) method revealed stable structures from which the deduced 

geometric parameters revealed intramolecular interactions involving both 

porphyrin π-ring and crown ether entity(ies) with the fullerene in a cooperative 

fashion.  Steady state fluorescence emission studies revealed an efficient 

quenching in all these dyads mainly due to the electron transfer from singlet 

excited porphyrin to C60.  This was further supported by the free-energy change 

for electron transfer (∆GCS) calculated from electrochemical studies.  

Furthermore, the evidence for the charge separation due to intra-supramolecular 

light induced electron transfer within these dyads was also obtained from the 

pico-second time-resolved emission and nanosecond transient absorption 

techniques.  In case of C60-complexed dyads, the measured kCS values tracked 

the polarity of the solvents.  In general, the calculated kCS and ΦCS revealed 

efficient charge separation and the kCR revealed charge stabilization to some 

extent in these dyads.  Shifting of the electron-transfer pathway from the intra- to 

intermolecular route was achieved by complexing potassium ions to the crown 

ether moiety(ies) of porphyrins.  This cation complexation mainly weakened the 

intramolecular type interactions between fullerene and crown ether appended 

porphyrins and thus facilitated the intermolecular type interactions.  Interestingly, 

reversible switching of inter- to intramolecular electron transfer path was also 

achieved by extracting the complexed potassium ions by external addition of 18-



 294

crown-6 to the solution.  Thus the present study demonstrated the utilization of 

supramolecular approach to build stable donor-acceptor systems and provided 

the viable approach to control the excited state electron transfer pathways in 

these dyads. 

One of the important aspects of the photo-induced electron transfer 

is to improve the lifetime of the radical ion pair by increasing the rate of charge 

separation and decreasing the rate of energy wasting charge recombination.  

This was achieved by employing fullerenes as electron acceptors in various 

donor-acceptor systems.  On the other hand, nanosized materials such as 

carbon nanotubes were also employed as electron acceptors.  Due to their 

sheer size, upon receiving an electron, carbon nanotubes transport the electron 

along the carbon structure and, thereby, reduce the probability of back electron 

transfer.  As demonstrated in chapter 7, donor-acceptor nanohybrids comprised 

of zinc naphthalocyanine or zinc porphyrin as electron donor and non-covalently 

functionalized SWNT as electron acceptor were constructed and photo-induced 

electron transfer within these nanohybrids were systematically studied.  These 

nanohybrids were characterized by various physico-chemical techniques 

including TEM, UV-visible and near IR, and electrochemical methods.  In order 

to achieve this, SWNT were initially solubilized via non-covalent functionalization 

by treating with functionalized pyrene to form soluble, π-π interacting SWNT-

pyrene conjugates.  Using imidazole ligand of the functionalized pyrene, zinc 

naphthalocyanine or zinc porphyrin was axially coordinated to yield ZnNc-ImPy-

SWNT or ZnP-ImPy-SWNT nanohybrids.  Formation of the complexes was 
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monitored by using UV-Vis and electrochemical studies.  Free-energy 

calculations based on the electrochemical redox potentials revealed possibility 

of light induced electron transfer in these nanohybrids.  Steady-state and time-

resolved emission studies revealed an efficient quenching of the donor entity in 

these nanohybrids due to photo-induced electron transfer from the singlet 

excited donor entity to the SWNT acceptor.  Direct evidence of the occurrence 

of electron transfer was obtained from the nanosecond transient absorption 

spectral studies which provided the evidence for the ZnNc•+-ImPy-SWNT•─ and 

ZnP•+-ImPy-SWNT•─ charge-separated states.  Evidence for these electron 

transfer reactions was further confirmed with the aid of an electron mediator, 

hexyl-viologen dication (HV2+) and an electron-hole shifter, 1-benzyl-1,4-

dihydronicotinamide.  As a result of the photoinduced processes, accumulation 

of the radical cation of HV•+ was observed with nearly 70-90% yields thus 

demonstrating the importance of the present donor-acceptor nanohybrids in 

photo-generation of redox products. 

 

Over the past two decades numerous studies on non-covalently 

linked porphyrin-fullerene based donor-acceptor systems were reported in the 

literature.  These systems have definitely offered a basic platform to understand 

the advantages and disadvantages of the non-covalent mode of binding and 

helped to probe the key concepts of natural photosynthesis.  One of the 

fundamental insights gained from constructing non-covalent donor-acceptor 

systems has been that the non-covalent interactions are just as efficient, 
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sometimes better than the covalent bonds in mediating photo-induced electron 

transfer.  Donor-acceptor systems involving these interactions can be more 

easily synthesized than the complementary covalent systems.  Moreover, these 

donor and acceptor building blocks can be easily self-assembled via non-

covalent interactions to yield donor-acceptor systems.  Such examples have 

more attention in building donor-acceptor systems because they can provide 

clear picture of the basic interactions involved in the natural photosynthetic 

reaction center, which in turn, can be systematically employed to build efficient 

light harvesting systems.  The future direction in this field would be towards 

utilizing stronger and multiple non-covalent binding methodologies to establish 

stable and rigid donor-acceptor complexes and study their respective 

photophysical and photochemical behavior.  A concerted effort also has to be 

made towards building systems with varying distance and orientations within the 

complexes and also in incorporating various redox and photoactive components 

to promote multi-step electron transfer and, thereby, increase the lifetime of the 

charge separated radical ion pair.  The non-covalent porphyrin-fullerene based 

donor-acceptor complexes mentioned in this thesis might serve as the foot steps 

in building non-covalent artificial photosynthetic systems that can utilize multiple 

binding modes and also various redox components to harvest the available solar 

energy efficiently. 

 

A significant effort also has to be made towards building nanosized 

materials involving excellent electron donors such as porphyrins, 
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phthalocyanines, napthlocyanines and elegant electron acceptors such as 

carbon nanotubes.  In order to achieve this, self assembled approaches involving 

stronger non-covalent interactions have to be adopted in order to preserve the 

electronic properties of utilized carbon nanotubes.  Active research towards this 

direction can provide a series of efficient donor-acceptor systems that can exhibit 

potential applications in constructing organic solar cells or photo-voltaic cells 

which can substitute the present expensive silicon based photovoltaic cells. The 

complexes such as SWNT:ZnNc and SWNT:ZnP reported here might serve as 

good examples to expedite research in solar energy harvesting. 
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