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Carbon nanostructure based functional hybrid molecules hold promise in solar 

energy harvesting. Research presented in this dissertation systematically investigates 

building of various donor-acceptor nanohybrid systems utilizing enriched single walled 

carbon nanotube and graphene with redox and photoactive molecules such as 

fullerene, porphyrin, and phthalocyanine. Design, synthesis, and characterization of the 

donor-acceptor hybrid systems have been carefully performed via supramolecular 

binding strategies. Various spectroscopic studies have provided ample information in 

terms of establishment of the formation of donor-acceptor hybrids and their extent of 

interaction in solution and eventual rate of photoinduced electron and/or energy 

transfer. Electrochemical studies enabled construction of energy level diagram revealing 

energetic details of the possible different photochemical events supported by 

computational studies carried out to establish the HOMO-LUMO levels in the donor 

acceptor systems. Transient absorption studies confirmed formation of charge 

separated species in the donor-acceptor systems which have been supported by 

electron mediation experiments. Based on the photoelectrochemical studies, IPCE of 

8% was reported for enriched SWCNT(7,6)-ZnP donor-acceptor systems.  

In summary, the present investigation on the various nanocarbon sensitized 

donor-acceptor hybrids substantiates tremendous prospect, that could very well become 

the next generation of materials in building efficient solar energy harvesting devices and 

photocatalyst.  
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

According to the 2013 Human Development Report – "The Rise of the South: 

Human Progress in a Diverse World" published by the United Nations Development 

Program, energy consumption by mankind has been seen to correlate directly with 

human development.1 Out of the 532 × 1018 J of energy consumed by humans in 2008, 

84% of that energy has been found to be coming directly from the combustion of fossil 

fuels.2 Fossil fuels are being consumed at a rate 500,000 times faster than the earth 

produces them. Although proven reserves of coal, natural gas, and oil are predicted to 

last anywhere between 100–2000 years, a rapidly growing population that has been 

predicted to reach 9.4 billion by 2050,3 and the potentially drastic effects of increased 

atmospheric CO2 concentrations on global climates have made it very apparent that it is 

time mankind made a dramatic shift towards more renewable, non-carbon energy 

sources. 

While all the renewable energy sources such as wind, geothermal, hydro, wind, 

and biomass will play important roles in sustaining humanity through this transitional 

period, solar energy is clearly the most viable long-term solution. Each day the sun 

blankets the earth with roughly 1022 J of insolation, providing society’s yearly energy 

demands in just over an hour.4 Keeping in mind the demand for energy, one must think 

on the possible capture and harnessing of solar energy.5 As could be seen from Fig. 1.1 

showing world energy demand, new sustainable technologies such as solar, 

hydroelectric and biofuel are picking up contributing to the energy demand. At the same 
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time production of energy based on non-renewable source will start decreasing by ~ 

2030. Until the development of a sustainable market for the renewable energy 

reserviors, the main source of energy production will continue to stem from non-

renewable energy sources. 

 

Fig. 1.1 World energy demand. Source: Lynn Orr, Changing the world’s energy 
systems. Stanford university global climate & energy project 

 

1.2 Supramolecular Interactions 

In 1894, Hermann E Fisher suggested that enzyme-substrate take the form of a 

"lock and key," the fundamental principles of molecular recognition and host-guest 

chemistry. Supramolecular chemistry is the chemistry of non-covalent interactions 

between a host and guest molecule also known as host-guest chemistry. 

Supramolecular interactions are based on the concepts of complementarity and 

preorganizaton. Complementarity signifies that a host molecule should have the proper 

binding site and electronic parameters required for a guest to bind. A host is referred to 
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as preorganized if, upon binding to a guest molecule, there is no significant 

conformational change. Fig. 1.2 displays the division of supramolecular forces on their 

merits of non-covalent interaction. 

The use of these principles led to an increasing understanding of protein 

structure and other biological processes. For instance, the important breakthrough that 

allowed the elucidation of the double helical structure of DNA occurred when it was 

realized that there are two separate strands of nucleotides connected through hydrogen 

bonds. The use of noncovalent bonds is essential to replication because they allow the 

strands to be separated and used to template new double stranded DNA. 

Concomitantly, chemists began to recognize and study synthetic structures based on 

noncovalent interactions, such as micelles and micro emulsions. 

Supramolecular 

Chemistry

Hydrophobic 

interaction 

<40kJ/mol

Van der Waals 

interaction, 

0.4 - 4kJ/mol

Ion-ion 

interaction 

100 - 350 kJ/mol

π-π interaction

0 - 50kJ/mol

Dipole –dipole 

interaction

5 - 50 kJ/mol

Cation-π

interaction

5 - 80 kJ/mol

H- bond 

interaction

4 -120 kJ/mol

Ion-dipole 

interaction

50 - 200 kJ/mol

 

Fig. 1.2 Supramolecular interactions. 
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The breakthrough in supramolecular chemistry came in the 1960s with the 

synthesis of crown ethers by Charles J. Pedersen. The importance of supramolecular 

chemistry was highlighted by the 1987 Nobel Prize for Chemistry that was awarded to 

Donald J. Cram, Jean-Marie Lehn, and Charles J. Pedersen in recognition of their work 

in this area of synthesizing shape- and ion-selective receptors. Supramolecular 

chemistry became even more sophisticated, with the development of molecular 

machinery and highly complex self-assembled structures by J. F. Stoddart along with I. 

Willner developing sensors and methods of electronic and biological interfacing. During 

this period, electrochemical and photochemical motifs became integrated into 

supramolecular systems in order to increase functionality. In the last decade, with the 

conceptual evolution and application of artificial photosynthesis, the field of 

supramolecular chemistry was catapulted into the forefront of renewable energy 

research. This idea is expanded on thoughout this chapter. 

 

1.3 The Power of Green: Photosynthesis 

A plant leaf is a natural solar cell. Leaves capture light energy using pigment 

molecules called chlorophyll. Chlorophyll is what makes plants green. The chlorophyll 

acts as an antenna, catching the sun’s rays and funneling its energy into a reaction 

center that splits water molecules into oxygen, hydrogen ions and electrons. This 

reaction center is called photosystem II. The energy then gets passed to another 

reaction center-photosystem I, where it is used to combine CO2 and hydrogen to form 

carbohydrates and molecular oxygen via water splitting. 

https://en.wikipedia.org/wiki/Nobel_Prize
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Mimicking natural photosynthesis via artificial constructs has become an 

attractive field of research in past few decades mainly due to its importance in 

developing sustainable solution for increasing energy demand of the world. Basic 

research in artificial photosynthesis6-12 leads developments in renewable energy 

sources such as photovoltaics13-15 and that would indirectly have positive effect on 

global warming and pollution. Therefore, this research is to explore the primary events 

in photosynthesis via synthetic molecular systems thus increasing their potential as light 

harvesting systems. 

 

1.3.1 Light Harvesting 

In light harvesting, excitation energy is captured by an assembly of molecules 

known as the antenna, and thereby transferred by Forster-type energy transfer to an 

acceptor molecule as illustrated in Fig. 1.3.16 An acceptor is a chromophore molecule 

with lower excitation energy compared to the donor molecules in the antenna. This 

results in a highly enhanced spectral and spatial absorption cross-section area for the 

acceptor. As could be seen from Fig. 1.3b, a dendrimer macromolecule has been 

designed such that the peripheral chromophores could be used as primary light 

absorbers. The mutual arrangement and the chemical nature of the dendron moieties 

(BE (benzyl ether) branches and/or oligo (ethynylenepheylene)s (EtPh) chains) and the 

Zn–porphyrin core enable efficient energy transfer between the periphery and the core 

(c and d). Excitation energy upon irradiation of the absorber is efficiently transferred to 

the core chromophore through number of possible pathways. By doing so, the effective 

absorption cross-section for the core chromophore is increased to a greater extent.17 
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The organization of chlorophyll chromophores in photosystem I (PS I) from the 

cyanobacterium Synechococcus elongates has been shown in Fig. 1.3c and d. The 

reaction center at the core of this complex bacterial system is photosensitized by the 

surrounding 100 or more chromophores.18-19 The numerous chlorophylls on the 

periphery of the cyanobacterium synechococcus complex harvest light and then transfer 

that excitation energy to the chlorophylls in the reaction centre, where charge 

separation occurs. The charge separation eventually leads to the formation of proton 

motive force that is utilized by the bacterial ATPase present in the cell membrane for 

ATP synthesis. 

 

Fig. 1.3 The antenna effect. (a) Schematic illustration of light-harvesting principles, 
where accessory pigments are utilized for energy capture. (b) Synthetically prepared 
snowflake-shaped Zn–porphyrin dendritic light-harvesting system. (c) and (d) The 
architecture of the pigment protein complex, photosystem I (PSI) (from 
Synechococcus), is based on a network of pigment antennae surrounding the reaction 
centre. Adapted from reference 16. 
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Fig. 1.4 (a) Variation in light-harvesting antennae commonly found in photosynthetic 
organisms. (b) Schematic of microbial layers in microbial mats from Great Sippewissett 
Salt Marsh, Massachusetts and (c) selected solar irradiance spectra during 
transmission through the mat. Adapted from reference 21. 

 

Based on the diversity of their existence in terms of changes in weather pattern 

and surrounding factors, and competing organisms, there is vast compositional and 

architectural variation in light-harvesting antennae of photosynthetic complexes, as 

depicted in Fig. 1.4a. Based on Fig. 1.4a, the molecular structures from left to right are:  

peridininchlorophyll- protein or PCP (of Amphidinium carterae), phycoerythrin 545 (of 
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Rhodomonas CS24), light harvesting complex LHCII (of Spinacia olearia), chlorosome 

(of Chloroflexus aurantiacus), and light harvesting complex LH2 (of 

Rhodopseudomonas acidophila). Their respective absorption spectra, shown in 

matching colours, illustrate how different organisms have evolved to optimize their light-

harvesting capabilities in different regions of the visible spectrum. The modification of 

the chemical nature of pigment molecules associated with light harvesting complexes, 

as well as their number and mutual arrangement within the antenna structure allowed 

photosynthetic organisms to evolve to optimize their light-harvesting capabilities to 

particular regions of the visible and near-infrared spectrum.  

 

1.3.2 Light Harvesting - Nature’s Way 

The complications involved with photosynthesis and its low-energy output 

efficiency could be understood by studying the photosynthetic systems of light-

harvesting setup of purple non-sulfur bacteria as shown in Fig. 1.5. Purple non-sulfur 

bacteria consists of two pigment-protein complexes known as light-harvesting 

complexes I and II (LHC I and LHC II). X-ray crystallography, electron microscopy, and 

a variety of spectroscopic techniques have very effectively elucidated the precise 

arrangement of chromophores and reaction centers that leads to effective inter-complex 

energy transfer and charge separation at the reaction center (RC) with a very high 

quantum efficiency of 95%.5,22 The graceful cyclic arrangement of pigments in LHC II of 

purple non-sulfur bacteria has been attributed to the self-assembly of 9 -apoproteins, 9 

-apoproteins, 27 bacteriochlorophyll a molecules (Bchl a), and 13–14 carotenoids.30  
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Fig. 1.5 Schematic of the photosynthetic setup of purple non-sulfur bacteria showing the 
arrangement of chromophores. (a) LHC II; (b) LHC I and the reaction center; (c) 
Summary of the energy transfer dynamics. Adapted from reference 23. 

 

The 18 overlapping Bchl a molecules (red in color in Fig. 1.5a and c) absorbing 

at 850 nm acts as the core energy accepting site. Coordination interactions of histidine 

residues of the - and -apoproteins and Mg(II) ions at the center of the Bchl a 

molecules keeps the chromophores in the precise arrangement resulting in strong 

exciton coupling that boosts energy migration within the cyclic assembly and to LHC I 

and eventually to the reaction center. The 9 monomeric Bchl a chromophores (green in 

a b 

c

) 
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color in Fig. 1.5a and c) absorbing at 800 nm are held in place by protein–Mg(II) metal-

ligand interactions. Carotenoids (yellow in color in Fig. 1.5a and c) are organized by van 

der Waals interactions and serves to absorb a complementary part of the visible 

spectrum.5 The energy losses occurring at various stages of purple non-sulfur bacteria 

are summarized in the energy level diagram depicted in Fig. 1.6. Energy is lost by 

energy funneling to the charge separated states (CSS) and as heat by relaxation of 

higher energy excited states. The energy difference between the ground state and the 

CSS is the net amount accountable for driving the primary photosynthetic reactions. 

 

 

Fig. 1.6 Energy level diagram showing intra- and inter-complex excitation energy 
transfer in purple non-sulfur bacteria from LHC II to LHC I and finally to the reaction 
centre resulting in the charge-separated state (CSS) after multiple electron transfer 
steps. Adapted from reference 5a. 
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1.3.3 Molecular Artificial Photosynthesis 

 

Fig. 1.7 General concepts for artificial photosynthesis. Adapted from reference 24. 
 

An ideal molecular artificial photosynthetic system consists of five essential 

components, a light-harvesting antenna, a photosensitized charge separating site, an 

O2 evolving catalyst, a H2 evolving catalyst, and a membrane separating the catalysts 

as shown in Fig. 1.7.24 Solar energy is being trapped by the light harvesting antenna, 

and then funneled to the photosensitizer where initial charge separation takes place. A 

donor and an acceptor drives the electron and hole further apart to prevent back 

electron transfer and shuttle the respective charges to the catalysts. A membrane may 

also be placed somewhere between the O2 and H2 evolving catalysts to prevent a ‘‘short 

circuit’’. When studying half reactions either catalyst may be replaced by a sacrificial 

reagent. Additional donor and acceptor molecules may be incorporated to act as a 

spacer that would enable to increase the distance between the electron and hole, 

preventing unwanted recombination and shuttling the charges to the respective 
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catalysts thereby maximizing the lifetime of this charge-separated state. Complexity of 

the design of a truly ideal artificial molecular system for photosynthesis is so tricky that 

hardly has there been a single fully functional molecular system discussed. 

Energy transfer process between chromophores can be interpreted by either 

Dexter or Forster mechanism while Marcus theory can be used for electron transfer 

process.25-27 A brief discussion on photo-induced electron transfer (PET) reactions is 

followed in the next section prior to discussing Marcus theory of electron transfer. 

 

1.4 Basic theory of photo-induced electron transfer (PET) 

The study of photo-induced electron transfer reactions has attracted the interest 

of chemists mainly because of the major role they play in natural photosynthesis. It is 

necessary to have better understanding about photo-induced electron transfer reactions 

in order to build/achieve efficient artificial photosynthetic systems or to develop efficient 

solar energy storage/conversion systems. The main criteria to build efficient, artificial 

solar energy conversion systems are: (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 life times of 

excited state must be long enough to allow the electron transfer to take place. 

Photo-excitation of the photo sensitizer donor or the acceptor species can result 

in photo-induced electron transfer or energy transfer. In an electron transfer reaction, 

the electron donor (D) transfers an electron to an electron acceptor (A), producing 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 itself enters an 
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electronically excited state. This type of reaction is more 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 donor-acceptor species. Fig. 1.8 depicts these electron and energy 

transfer reactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.8 Schematic representation (a) excitation of chromophore (b) electron transfer 
and (c) energy transfer quenching of a chromophore excited state.   
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Marcus theory describes the transition from an initial state (reactant) to a final 

state (product). In a simple intramolecular photoinduced electron transfer reaction the 

reactant state is a locally excited state of either the donor (D*-A) or the acceptor (D-A*) 

and the product state is the charge transfer state, D●+- A●-. In addition to the electron 

transfer (charge separation) step, charge recombination (back electron transfer) 

reaction from D●+- A●- to the ground state, D-A, can also be explained by the theory. 

Moreover, this theory provides information on the role of certain intermediates states in 

the charge separation or charge recombination reactions.  

 

1.5 Marcus Theory  

In Marcus theory28, the complex, multidimensional potential energy surfaces of 

the reactant (R) state and the product (P) state are simplified by parabolas of Gibbs free 

energy vs. the reaction coordinate as shown in Fig. 1.9.29 Introducing the reaction 

coordinate reduces the potential energy surfaces to one dimension, i.e change in the 

reaction coordinate describes the changes in the nuclear coordinates of the molecule 

itself and those of the surrounding solvent. Considering all internal (nuclear) and 

external (solvent) motions of the energy profile along with the reaction coordinate is 

nonparabolic, but near the energy minima the parabolic approximation of the free 

energy works well.  

The curvature of the reactant and the product parabolas is assumed to be the 

same, so the product surface obtained from the reactant by shifting the parabola in 

reaction coordinate and in energy. The shift in reaction coordinate determines the 

reorganization energy, , and the shift in energy gives the Gibbs free energy of the 
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reaction, -ΔG. The electron transfer (ET) reaction takes place at the transition (T) state, 

where the reactant and product parabolas intersect, i.e at the point where the reactant 

and product have the same configuration of nuclear coordinates. Thus, for ET to take 

place, the reactant must distort from its equilibrium by the activation energy, EA. 

 

Fig. 1.9 Gibbs energy surface of the reactant and products states with (a) –ΔG <  

(normal region) and (b) –ΔG =  (maximum kET). Adapted from reference 29. 
 

Using the notation of Fig. 1.9, the reactant and the product parabolas are 

ER (x) = c(x – xR)2 + GR            (1.1a) 

Ep (x) = c(x – xp)
2 + Gp             (1.1b) 

Coefficient c describes the parabola curvature and is the same for the reactant and 

product states as it was assumed above.  Introducing Δx = xR – xP and ΔG = GR – GP 

one can solve the reaction coordinate of the transient state from the intersection of the 

two parabolas as  

   
  

    
 

     

 
  (1.2) 
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The reorganization energy, , is given as 

 = ER (xP)     GR  = c∆x2  (1.3) 

and the activation energy, EA, of the ET reaction becomes 

             
       

  
  (1.4) 

According to classical transition state theory the population at the transient state 

follows the Boltzmann distribution and the rate constant for ET is 

               
  

    
   (1.5) 

where, el is the electronic transmission coefficient, n is the frequency of passage 

through the transition state, kB is the Boltzmann constant, T is the temperature. In the 

classical Marcus theory el is usually estimated to be unity and n is of the same order of 

magnitude as molecular vibrational motion (1013 s-1).29 The classical Marcus equation 

gives by inserting equation (1.4) to equation (1.5)                                                                                                          

                                
       

     
                 (1.6) 

The reorganization energy can be presented as sum of two contributions: the 

solvent independent inner term, in, and the outer term or the solvent reorganization 

energy, s.
28-29

 Inner-sphere reorganization energy arises from the structural differences 

of the molecule in the reactant and product states and it can be expected to be fairly 

small especially for the big, rigid, and highly symmetrical molecules such as fullerene 

used in this study. The outer term corresponds to the differences in the orientation and 

the polarization of the solvent molecules around the studied molecule in the reactant 

state and in the product state. Treating the solvent as a dielectric continuum and 
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approximating the electron donor and acceptor as spherical the solvent reorganization 

energy is28-29  

                     
 

 π  
 

 

   
 

 

   
 

 

   
  

 

    
 

 

  
               (1.7) 

where, e is the charge transferred in the reaction, i.e. one electron charge, o is the 

vacuum permittivity, opt (= n2, where n is the refractive index of the solvent) and s are 

the optical and static dielectric constants for the solvent, rD and rA are the radii of the 

donor and the acceptor respectively, and rDA is the center-to-center distance between 

the donor and the acceptor.  

As mentioned above, the electronic transmission coefficient, el, or the probability 

that transition from the reactant to the product parabola occurs at the transition state, is 

assumed as unity in the classical theory. For ET reactions with el << 1 a quantum 

mechanical treatment of the Marcus theory must be used. The quantum mechanical 

treatment takes into account the probabilities of electron and nuclear tunneling between 

the reactant and the product states.29 

The states involved in the reaction are the ground state, D-A, locally excited state 

of the donor, D*-A, charge separated state, D+-A-. The curvature of the parabola is the 

same for all the states and the energy minimum of D*-A is assumed to be at the same 

reaction coordinates as that of D-A. Thus, D*-A is shifted from D-A only by excited state 

energy, which can be determined experimentally from the absorption and emission 

spectra of the compound. The energy shift of D+-A- compared to D-A can be calculated 

from redox potentials and the distance between donor and acceptor using Rehm-Weller 

equation.30 The shift in the reaction coordinate depends on the reorganization energy, . 
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Fig. 1.10 Gibbs free energy surfaces for charge separation (CS) and recombination 

reactions (CR) with different reorganization energies, , (a) High  results in CS in the 

normal region and relatively fast CR. (b) Decreasing , increases kET and pushes CR to 

the inverted region. (c) Further decreases in  slows CR further, but also CS is pushed 
to the inverted region. Adapted from reference 29. 

 

 
Fig. 1.10 shows how the reaction coordinate for D+-A- changes when the 

reorganization energy decreases from (a) to (c). Even though the reorganization energy 

 has an influence on the rates of both charge separation and recombination, the 

influence on recombination is more pronounced.  

For electron transfer reactions of neutral donor and acceptor, both -ΔG and  

decreases with decreasing solvent polarity, as a result of decreased stabilization of the 

charge separated state. Neglecting variations of solvent refractive index, the decrease 

in –ΔG and  is approximately equal in magnitude and –ΔG +  (equation 1.6) should 

be approximately independent of solvent. Instead in a charge recombination reaction a 

neutral species is formed from a charge separated state. For charge recombination also 

 decreases as the solvent polarity decreases but –ΔG increases. Thus, –ΔG +  
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decreases (become more negative in the inverted region) and the charge recombination 

process is pushed further into the inverted region.31 

Even though it is hard give quantitative interpretation of complex reactions with 

intermediate steps, some qualitative insight can be gained by using simple parabolic 

energy profiles as shown in Fig. 1.11. In Fig. 1.11a the electron transfer reaction 

proceeds via an intramolecular exciplex state, (D-A)*. The exciplex can lower the overall 

activation energy of electron transfer reaction and increase the rate constant, kET. Fig. 

1.11b shows a triplet state of donor, 3D*-A, as an intermediate of charge recombination 

reaction. The recombination of D+-A- to 3D*-A may become significant process if D+-A-  

recombines directly to D-A is far in the inverted region, as illustrated in Fig. 1.11b. 

 

Fig. 1.11 Intermediate states in CS and CR reactions. (a) An exciplex state, (D-A)*, can 
accelerate the CS reaction by lowering the activation energy. (b) The CS state, D+-A-, 
can transform into an intermediate state, such as an excited triplet state of the donor, 
3D*-A, instead of relaxing directly to the ground state. Adapted from reference 29. 
 

Choice of chromophores is an important factor when designing an artificial light-

harvesting antenna, in order to ensure panchromatic absorption and efficient energy 

transfer. This is because there is no ‘‘ideal’’ chromophore exhibiting all desirable light-
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harvesting properties such as high extinction coefficient, broad spectral absorption, long 

excited-state lifetime, favourable oxidation and reduction potentials, high photochemical 

stability, and synthetic tractability. One major advantage of molecular artificial 

photosynthesis is the diversity of chromophores available to mix and match to achieve a 

functional system. A collection of selected chromophores are shown in Fig. 1.12.5 

 

Fig. 1.12 Selection of chromophores that have been utilized in energy transfer systems. 
Adapted from reference 5. 
 

1.6 Single Walled Carbon Nanotube (SWCNT) - Structure and Properties: A Family of 

Distinct Molecules 

1.6.1 Introduction 

The current huge interest in carbon nanotubes is a direct consequence of the 

synthesis of buckminsterfullerene, C60, and other fullerenes, in 1985.32 The discovery 

that carbon could form stable, ordered structures other than graphite and diamond 
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stimulated researchers worldwide to search for other new forms of carbon. The search 

was given new impetus when it was shown in 1990 that C60 could be produced in a 

simple arc-evaporation apparatus readily available in all laboratories. It was using such 

an evaporator that the Japanese scientist Sumio Iijima discovered fullerene-related 

carbon nanotubes in 1991.33 The tubes contained at least two layers, often many more, 

and ranged in outer diameter from about 3 nm to 30 nm. They were invariably closed at 

both ends. 

 

   

Fig. 1.13 (a) Schematic plot of the chiral vector (Ch) in a graphene 2-D lattice.34 (b) The 
relationship between integers (n,m) and the metallic or semiconducting nature of 
nanotubes.34 (c) The structure of ‘‘armchair,’’ ‘‘zigzag’’ and ‘‘chiral’’ nanotubes. 

 

SWCNTs can be conceptualised by wrapping a graphene sheet into a seamless 

cylinder; diameters are typically close to 1 nm, with aspect ratios often around 1000, 

although much larger values are known. Each carbon atom in graphene can be 

Chiral(n≠m) Armchair(n=m) Zigzag(n,0) 

b 



22 
 

identified with a pair of integers (n,m) and a pair of basis vectors (a1, a2), together with 

the initial and final carbon atoms, lead to the definition of a ‘‘chiral vector’’, Ch = na1 + 

ma2.
33 When graphene is rolled up, whether the resulting SWCNTs are metallic or 

semiconducting depends on the starting and end points of the chiral vector in the sp2-

bonded carbon atom lattice as shown Fig. 1.13. SWCNTs with the chiral vector Ch = 

na1 + ma2 are metallic when |n - m| = 3j, where j is an integer, and the remaining 

SWCNTs are semiconducting with geometry-dependent band gaps.34,35 Pure m-

SWCNTs and pure s-SWCNTs are ideal metals and semiconductors, respectively, for 

use in nano-electronics and thin film devices. 

Nanotube diameters range from ~0.4 nm up to ~5 nm. This fixed diameter range 

restricts the family of perfect SWCNT molecules to around 2500 members if chiral 

enantiomers are considered.36 There is a clear inference to polymer molecules, with 

distinct chemical structure and properties defined by the repeating unit, but variable 

degree of polymerisation or molecular weight. Based on this, SWCNTs belong to the 

family of conjugated polymers, but with the highest possible degree of conjugation, 

corresponding to particularly interesting mechanical and electronic properties. At 

smaller diameter, SWCNTs have more distinct characteristics; at larger diameters, there 

are more possible SWCNTs, with less discrimination between their properties as 

quantum confinement effects reduce (see below). Nevertheless, double-, triple- and 

multi-walled carbon nanotubes (DWCNTs/TWCNTs/MWCNTs respectively) may 

possess distinct characters when the outer diameter is relatively small.37  
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1.6.2 Optical Properties of Single Walled Carbon Nanotubes 

The electronic density of states (DOS) of a SWCNT consists of distinctive levels 

known as van Hove singularities (HS) defined by circumferential wave vectors as 

shown in Fig. 1.14. Armchair SWCNTs are metallic with a continuous DOS near the 

Fermi level; in other cases, m-SWCNTs have a small pseudo-band gap (~ 50 meV) 

which can usually be neglected at room temperature. The DOS of s-SWCNTs show a 

significant band gap on the order of 500 meV that varies inversely with diameter. m-

SWCNTs (>1000) have higher dielectric constants than s-species ( < 10); larger 

diameter SWCNTs also have larger dielectric constants than smaller ones.38 

Furthermore, the position of the Fermi level, as well as the reduction and oxidation 

potentials, vary as a function of diameter and have many implications regarding the 

reactivities of SWCNTs. Electronic transitions that are allowed between the van Hove 

singularities (HS) are represented by black arrows. M11 denotes the lowest 

characteristic energy transition for m-SWCNT, S11 denotes the first energy transition for 

s-SWCNT as shown in Fig. 1.14. 

 

Fig. 1.14 Schematic view of the electronic density of states (DOS) of m and s-SWCNTs. 
The Fermi level (EF) is highlighted by the dashed blue line. Adapted from reference 38. 
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The band structure of carbon nanotubes having certain (n, m) indexes can be 

easily calculated. A theoretical graph based on these calculations was designed in 1999 

by Hiromichi Kataura to rationalize experimental findings. A Kataura plot relates the 

nanotube diameter and its bandgap energies for all nanotubes in a diameter range.39 

 The oscillating shape of every branch of the Kataura plot reflects the intrinsic strong 

dependence of the SWCNT properties on the (n, m) index rather than on its diameter as 

shown in Fig. 1.15. For example, (10, 1) and (8, 3) tubes have almost the same 

diameter, but very different properties: the former is a metal, but the latter is 

semiconductor. 

 

Fig. 1.15 Plot showing energy of the band gap in carbon nanotube and its diameter. 

Adapted from reference 39. 
 

As-synthesised SWCNTs typically comprise a statistical mixture of 1/3 metallic, 

2/3 semi-conducting species, present as tightly-bound, hexagonally-packed ‘ropes’ or 

‘bundles.’ Due to relatively strong,40 attractive van der Waals surface interactions (~500 

meV nm-1), SWCNT bundles are challenging to disperse or dissolve. Solution-phase 

processing is essential for many applications of SWCNTs and is the approach used for 
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the majority of chemical reactions; methods to process and prepare SWCNTs for 

covalent modifications will be discusses later. 

 

1.6.3 Synthesis of Single Walled Carbon Nanotubes 

Three methods have been most commonly used to synthesize SWCNTs: (i) 

chemical vapor deposition (CVD); (ii) arc discharge; (iii) laser ablation. Each method is 

based on re-combination of carbon atoms from a carbon feed source (e.g. graphite, 

CH4, C2H5OH) with the aid of catalyst nanoparticles (such as Fe, Co, Ni, Cu). Choice of 

appropriate catalyst particles and carbon source are the two basic ways to control 

SWCNT growth. In addition, varying the growth temperature, substrates and other co-

treatments during synthesis may also affect the diameter/chirality distribution of 

SWCNTs.41 

 

Fig. 1.16 Schematic drawing of the PECVD reactor used for the synthesis of SWCNTs. 
Adapted from reference 41l. 
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1.6.4 Sorting of Single Walled Carbon Nanotube 

Post synthetic separation is very important for sorting out metallic SWCNT from 

semi-conducting SWCNT. Basically this can be subdivided into three parts. (i) selective 

reaction, (ii) selective removal and (iii) selective adsorption.  

(i) Selective reaction: Metallic SWCNTs are found to be more reactive than the 

semi-conducting SWCNT. This is because Metallic SWCNTs have a higher electron 

density of states (DOS) at their Fermi levels,42 and a smaller ionization potential43 than 

their semiconducting counterparts. Strano et al.42 have studied that upon careful 

addition of 4-chlorobenzenediazonium tetrafluoroborate to a suspension of nanotubes, 

m-SWNTs were selectively functionalized, causing saturation of the double bonds which 

interrupt the conjugated -system of the nanotube. Hydroxyl radicals,41j,41k nitronium ion 

(NO2 
+)44 and OsO4

45 have also shown reaction selectivity for m-SWCNTs due to their 

larger electron density near the Fermi level. There is several post synthetic selective 

reaction methods studied for separation of metallic and semiconducting nanotubes.46 

(ii) Selective removal: In general, the functionalized nanotubes obtained after 

selective chemical reactions must be carefully separated from the unreacted nanotubes 

in a post-treatment process. An effective selective removal strategy is to convert one 

type of nanotubes into vapor or amorphous carbon, whilst not affecting the other type of 

nanotubes. Current induced electrical breakdown method for the selective elimination of 

metallic nanotubes47, preferential etching of metallic nanotubes over semiconducting 

ones hydrogen plasma48 and methane plasma49, difference in dielectric constant of 

nanotubes50, UV irradiation for selective damage of m-SWCNT over s-SWCNT51 are 

some of the known strategies for selective removal.  
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(iii) Selective adsorption: Selective adsorption is a non-destructive method for 

separation of SWCNT in post synthetic treatment. This works on the basis of 

physisorption of certain molecules on the sidewalls of SWCNT. The amine groups have 

a higher affinity for s-SWCNTs when they are functionalized with carboxyl groups, than 

their metallic counterparts. Therefore by increasing the concentration of the dispersion, 

s-SWNTs can be retained in the supernatant as a result of the stronger ODA 

physisorption.52 But in case of neutral SWCNTs, the trend is just opposite.53 Certain 

aromatic polymers such as poly(9,9-dioctyfluoreny1-2,7-diyl) (PFO) have been shown to 

be effective in selectively solubilizing semiconducting nanotubes of near armchair 

chiralities.54 Tanaka et al. have developed an electrophoresis method involving a 

column filled with agarose gel to separate SWCNTs.55 

 Dielectrophoresis is another technique developed in 2003 by Krupke et al. to sort 

SWCNT.56 When placed in an electric field, both metals and semiconductors can be 

induced to form ‘‘dipoles’’ with more positive charges at one end and more negative 

charges at the other. In a direct current electric field, dipoles can be induced in both s- 

and m-SWCNTs. However, differences emerge in the case of an alternating current 

where the charge in pairs of electrodes is switched back and forth millions of times a 

second. With each switch, electrons whisk back and forth through metallic nanotubes 

but go slowly through semiconducting nanotubes. As a result, the metallic nanotubes 

become polarized much faster than their semiconducting counterparts, resulting in 

stronger induced dipoles in the metallic nanotubes.  

Density gradient ultracentrifugation is another very important technique that has 

seen tremendous utility in sorting SWCNT. In 2005, Arnold and colleagues described  
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Fig. 1.17 Sorting of HiPCo grade SWCNT by nonlinear DGU and linear DGU. Panel a 
(left), Nonlinear DGU utilizing Sodium Cholate (SC) as sufractant. Panel a (right), Linear 
DGU with Sodium cholate under identical centrifugation conditions. Panel b (left), 
Nonlinear DGU with varying amounts of sodium cholate and sodium dodecyl sulfonate 
to sort (6,5) enantiomers. Panel b (right), Linear DGU with similar amounts of SC and 
SDS under identical centrifugation conditions. Panel c (left) Image of a centrifuge tube 
containing HiPco SWCNTs sorted by one 18-h nonlinear DGU run at 268,000g (max).. 
Panel c (right), Near-infrared absorbance spectra of the marked coloured layers, 
labelled with the main (n,m) component. Panel d, showing photoluminescence spectra 
of various separated fractions (chiralities) excited at the E22 peak of each main (n,m) 
component. Adapted from reference 60. 
 
 

    
 a c b 

 

d 

 

 

 

 



29 
 

the first sorting of SWCNTs by density-gradient ultracentrifugation (DGU),57 a method 

used in biology for separating subcellular components with differing buoyant densities58. 

Samples are added to centrifuge tubes containing liquid mixtures arranged to form a 

spatially varying density profile. Under strong centrifugation, sample components 

separate by migrating to regions matching their individual densities. Hersam and 

colleagues demonstrated that DGU can separate metallic and semiconducting 

SWCNTs59 and provide fractions strongly enriched in the (6,5) and (7,5) species. 

Iodixanol was the dense component of their linear density gradients, and ssDNA, 

sodium dodecyl sulphate or sodium cholate were the coating agents used to individually 

suspend the nanotubes. In conventional linear density gradients, layers containing 

similar species overlap and (n,m) resolution is essentially lost. Weisman and colleagues 

have used nonlinear DGU with mixed surfactants, thereby achieving superior resolution 

and separate additional enantiomers, for a total of seven resolved pairs.60 

 

1.6.5 Single Walled Carbon Nanotube and Applications 

Because of its unique optical, electronic, and mechanical properties single walled 

carbon nanotubes find use in various proposed areas of of artificial optoelectronic 

material. Numerous proposed devices exploiting these SWCNT’s properties may play 

significant roles in future technologies.61 Such applications commonly depend on 

SWCNT electronic character (metallic/semiconducting), transverse structure (defined by 

chiral indices (n,m)), and length. Relatively short nanotubes are desirable in electronic 

devices requiring ballistic transport.62,63  
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1.6.6 Single Walled Carbon Nanotube in Light Energy Harvesting 

Among the many applications of single walled carbon nanotubes, solar energy 

harvesting is of immense interest because of its unique structural and optical properties. 

Chemical modifications of SWCNTs with photosensitizers have been utilized in studies 

involving light energy harvesting and photocatalysis.64-71 Selective functionalization of 

SWCNTs is very important in terms of its application in light energy harvesting as 

retaining the structural integrity is very important for applications as structural integrity 

holds prominence in deciding the electronic conductivity of the materials.  

 

1.6.7 Mechanism for Selective Functionalization 

Single walled carbon nanotubes are relatively chemically inert, capped at both 

ends with no functional groups on their surface. Effective functionalization involves 

strong reagents such as oxidation, reduction, fluorination, ylide reaction etc. The degree 

of functionalization, reported as a ratio of functional addends per SWNT carbon atoms 

(following TGA, XPS, FTIR, or Boehm titration), indicates the extent to which the (opto) 

electronic properties and the structural integrity of the functionalised SWNTs may be 

affected. Degree of functionalization has also been seen to have impact on selectivity of 

one type of nanotube over another, solubility, electronic property.34 

 Mechanisms of selective reaction of single walled carbon nanotube can be 

classified as (i) size and diameter dependence of SWCNT along with hybridization and 

strain effect and (ii) dependence on electronic effect involving Fermi level, HOMO-

LUMO energy, dielectric effect and (iii) a combination of steric and electronic property.  
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Fig. 1.18 Model for SWNT reactivity differences based on strain effects. Diagrams of (a) 
metallic (5,5) SWNT, (b) pyramidalisation angle (θP) (sidewall 6.0° vs. end-cap, 11.6°), 

and (c) the -orbital misalignment angles () along the C1–C4 in the (5,5) SWCNT and 
its capping fullerene, C60. Adapted from reference 72-73. 
  

Haddon et al. have explained the electronic structure and chemical reactivity of 

fullerene and SWCNT in terms of their geometry and pyramidization angle.72 A perfect 

SWCNT is without functional groups; therefore these quasi-1D cylindrical aromatic 

macromolecules are chemically inert. However, curvature-induced pyramidalization and 

misalignment of the π-orbitals73-82 of the carbon atoms induces a local strain (Fig. 1.18), 

and carbon nanotubes are expected to be more reactive than a flat graphene sheet. 

From the standpoint of the chemistry, it is conceptually useful to divide the carbon 

nanotubes into two regions: the end caps and the side wall. The end caps of the carbon 

nanotubes resemble a hemispherical fullerene, and because it is impossible to reduce 
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the maximum pyramidalization angle of any fullerene below about θP
max= 9.7°,83 this 

ensures that the end caps will always be quite reactive, irrespective of the diameter of 

the carbon nanotube. In the (5,5) SWCNT shown in Fig. 1.18a, which is capped by a 

hemisphere of C60, the pyramidalization angles are as follows: θP ≈ 11.6° (end cap) and 

θP ≈ 6.0° (side wall). 

There are various other mechanisms discussed in literature based on electronic 

structure leading to HOMO-LUMO energy levels,84 spectroelectrochemistry85,86 based 

on redox potential, dielectrophoretic separations.38a,87 Regardless of the many 

mechanistic pathways for SWCNT functionalization, mechanism of selectivity is still 

ambiguous  and further studies are required.  

 

1.6.8 Chemical Functionalization of Single Walled Carbon Nanotube 

(i) Diazonium salt addition: This is based on the electronic structure of the 

SWCNT. Diazonium salts show preference for m-SWCNT that could well be explained 

taking into account the number of electrons availability near Fermi level42 and also the 

relative HOMO-LUMO levels of the diazonium and SWCNT species.84b 

 

Fig. 1.19 Scheme showing diazonium salt additions to SWCNT side wall. Adapted from 
reference 84b 
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Fig. 1.20 Selective cycloaddition reactions: (a) microwave (MW) assisted aziridine 
addition, (b) microwave-induced multiple functionalization (azomethine ylide + 
diazonium salt addition), (c) azomethine ylide addition (lithium diisopropylamide, LDA), 
(d) pyridinium ylide addition, (e) functionalisation with singlet oxygen, (f) osmylation, (g) 
ozonolysis. Adapted from reference 34 

  

(ii) Cycloaddition reaction: 1,3-dipolar cycloadditions are frequently reported to 

functionalize m-SWCNTs selectively (Scheme 1.20 a–d); the microwave-assisted 

cycloaddition of aziridines,88 multiple functionalisation89 of SWCNTs via 1,3- dipolar 

cycloaddition of substituted azomethine ylides (R = hexyl, undecyl, 3,5-dimethoxyphenyl 

and 3,4,5-dodecoxyphenyl) followed by the addition of 4-methylbenzenediazonium 
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salts, and the cycloaddition of pyridinium ylides90 (1 functional group per 83 C atoms) all 

showed preferential reactivity towards m-SWCNTs. 

Utilising the selective adsorption of pyrene and anthracene substituted 

azomethine ylides, selectivity of 1,3-dipolar cycloadditions can be inverted to favour s-

SWCNTs,  (1 functional group per 80 C atoms).91 Oxidative cycloaddition involving 

singlet oxygen producing [2+2] and [4+2] cycloaddition products have been reported.92 

Carbene and nitrene addition: [2+1] cycloaddition of carbenes and nitrenes to 

C=C SWCNT have been extensively studied in recent years.93,73 Various groups have 

studied the effect of dichlorocarbene addition,94 electrical conductance95 on SWCNT 

network. Similarly oxycarbonylnitrenes add to SWCNT side-walls to yield aziridine 

moieties.96 Singlet nitrenes can either attack the nanotube side-wall in an electrophilic 

[2+1] cycloaddition or undergo a transition into a triplet-state by inter-system crossing; 

tripletstate nitrenes are biradicals that react with the -system of the SWCNT side-walls; 

in both cases aziridine rings are formed.97 

 

Fig. 1.21 Oxycarbonylnitrene additions to the SWCNT.  Adapted from reference 96. 
 

Silylation has also been done on SWCNT and there is numerous literatures 

works on silylation on SWCNT that has been found to be selective for small diameter s-

SWCNT.98  
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Fig. 1.22 (a) Silylation of SWCNTs using trimethoxysilane, which forms an –Si–O–Si– 
network along with the presence of –Si(OCH3)n groups forming a coating, and (b) 
hydrosilylation of SWCNTs using triethylsilane. Adapted from reference 98. 
  

 

Fig. 1.23 Scheme showing selective reductions: (a) tert-butyl addition using tert-
butyllithium, (b) alkylation using organolithium and organomagnesium reagents, (c) 
alkylation of sodium reduced SWCNTs. Adapted from reference 101. 

 

(b)  

(a) 
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Reduction chemistry of SWCNT is another area where extensive work has been 

done. Haddon et al. have done pioneering work in hydrogenation of SWCNT using Birch 

reduction in presence of lithium in ethylenediammine or liquid ammonia.73 Hirsch group 

have developed several reductive strategies such as the nucleophilic addition of tert-

butyllithium to the SWCNT surface followed by re-oxidation using bubbling oxygen,99 

covalent modification of organolithium and organomagnesium compounds (n-

butyllithium, tert-butyllithium, ethyllithium, n-hexyllithium, n-butylmagnesium chloride, 

tert-butylmagnesium chloride) to SWCNTs,100 and the covalent side-wall modification of 

SWCNTs via reduction with sodium (Billups-Birch reaction) followed by alkylation with 

butyl iodide101 as shown in Fig. 1.23. 

 

1.6.9 Donor-Acceptor Hybrids of Single Walled Carbon Nanotube with Photosensitizer 

As discussed above on the functionalization modes of single walled carbon 

nanotubes via various mechanistic schemes, single walled carbon nanotubes can be 

functionalized via covalent and non-covalent approaches. Covalent mode of 

functionalization would involve the mechanisms discussed above while the non-covalent 

mode of functionalization would involve supramolecular interactions. 

 

1.6.9.1 Covalent Functionalization of Single Walled Carbon Nanotube in Donor-

Acceptor Systems 

Baskaran et al. have reported the synthesis of meso-substituted porphyrin-

grafted carbon nanotubes ((por)n-g-CNTs) including multiwalled nanotubes ((por)n-g-

MWNTs) and SWNT ((por)n-g-SWCNTs), and the study of their photoinduced electron-



37 
 

transfer properties.102 For covalent functionalization, surface-bound carboxylic acid 

groups (~1 mol %) of MWCNTs and SWCNTs were used to attach a functional 

porphyrin, 5-phydroxyphenyl-10,15,20-tritolylporphyrin (por-OH). Carbon nanotubes 

treated with thionyl chloride were reacted with excess por-OH in toluene in the presence 

of triethylamine at 100 °C for 24 h under a pure nitrogen atmosphere, followed by work 

up to give the resultant covalently functionalized nanohybrid.  

 

Fig. 1.24 Scheme showing covalently linked porphyrin-carbon nanotube system. 
Adapted from reference 102. 

 

The FTIR spectrum of the porphyrin-attached carbon nanotubes (Fig. 1.24) 

showed characteristic vibrations of pyrrole, methyl, and aromatic groups centered at 

1200, 2922, and 3010 cm-1, respectively. The quantity of porphyrin attached to the 

surface was determined from thermogravimetric analysis (TGA), which showed a 

gradual weight loss starting from 200 to 625°C, with a major weight loss at 596°C.102 

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 the carbon nanotubes and 
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the porphyrin, respectively. Interestingly, the absorption of surface-grafted porphyrin 

had a distinct shift (∆max ~ 28 nm) as compared to that of the por-OH.  

Porphyrins on carbon nanotubes linked via covalent bonding could be used as 

energy transporting antennae. Upon excitation at 550 nm, the solution of (por)n-g-CNTs 

exhibited ~ 95-100% quenching of emission bands at 650 and 725 nm, as compared to 

that of por-OH at a matching absorption. Excitation at different wavelengths (400, 450, 

and 500 nm) also showed a similar quenching, supporting the presence of an electron-

transfer process. The intensity of the emission bands increased with the addition of an 

equimolar amount of free porphyrin into the solution of (por)n-g-SWCNTs, indicating the 

absence of intermolecular electron transfer. Electron transfer from singlet excited 

porphyrins to carbon nanotubes took place only when the porphyrins were linked 

covalently, as evidenced by a substantial emission quenching. This revealed that 

covalently connected porphyrins acted as energy absorbing and electron transferring 

antennae, and the carbon nanotubes acted as electron acceptors. 

Li et al. have for the first time showed that the rates and efficiencies of the 

excited state transfer depend on the length of the tether that links the porphyrins with 

the SWCNT as shown in Fig. 1.25.103 In the electron donor–acceptor nanoconjugates 

(i.e., H2P-SWCNT), photoexcited porphyrins deactivate through a transduction of 

excited state energy. Steady state and time resolved fluorescence studies confirmed 

that the excited state energy transfer quenching of porphyrin fluorescence conjugated to 

SWCNT is dependent on the length of the tether linking the porphyrin to the SWCNT 

moiety. The materials with the shorter tethers showed the least fluorescence quenching. 
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Fig. 1.25 Structure of porphyrin decorated with porphyrin with variable R group. 
Adapted from reference 103. 

 

1.6.10 Non-Covalently Linked Donor Acceptor Systems of Single Walled Carbon 

Nanotube 

1.6.10.1 Polymer Wrapping 

Guldi et al. have successfully worked in the facile supramolecular association of 

pristine SWCNT with linearly polymerized porphyrin polymers towards versatile 

electron-donor–acceptor nanohybrids.104 The target SWCNT nanohybrids, which are 

dispersable in organic media, were realized through the use of soluble and redox-inert 

poly(methylmethacrylate) (PMMA) bearing surface immobilized porphyrins (i.e., H2P-

polymer). Conclusive evidence for H2P-polymer/SWCNT interactions came from 

absorption spectroscopy: The fingerprints of SWCNT and H2P-polymer are discernable 

throughout the UV, VIS, and NIR part of the spectrum. A similar conclusion was also 

derived from transmission electron microscopy (TEM) and atomic force microscopy 

(AFM). AFM images illustrated for example, the debundling of individual SWCNT. An 
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additional feature of H2P-polymer/SWCNT is an intrahybrid charge separation, which 

has been shown to last for 2.1 ± 0.1 µs. 

 

Fig. 1.26 Polymer wrapping of nanotube. Adapted from reference 104. 

 

1.6.10.2 Complementary Electrostatics 

An important consideration when associating carbon nanotube with electron 

donor building blocks is to preserve as much as possible the unique electronic 

structures of the carbon nanotubes. Qin et al. have developed a versatile approach 

involving grafting SWCNT with polymers such as poly (sodium 4-styrenesulfonate) 

(SWNT-PSSn-) with a SWCNT to PSSn- ratio of 55/45.105 Highly stable water dispersable 

SWNT were prepared with relative ease. The attached PSS functionalities also assisted 

in exfoliating individual SWCNT-PSSn- from the larger bundles and stabilizing them. 

AFM and TEM analysis corroborated the presence of SWCNT with lengths reaching 

several micrometers and diameters around 1.2 nm. A coulomb complex formation was 

achieved with SWCNT-PSSn- and an octapyridinium H2P salt.106 Several spectroscopic 
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techniques like absorption, fluorescence, and TEM were used to monitor the complex 

formation between SWCNT-PSSn- and octapyridinium H2P salt yielding SWCNT-PSSn--

electrostatic-H2P. 

 

Fig. 1.27 SWCNT-PSSn--electrostatic-H2P nanohybrid. Adapted from reference 106. 
 

Photoexcitation of the octapyridinium H2P chromophore in the newly formed 

nanohybrid structure resulted in efficient intrahybrid charge separation event (0.3 ns), 

subsequently leading to radical ion pair formation. The charge separation is governed 

by a large thermodynamic driving force of 0.81 eV. The newly formed radical ion pair 

exhibited a remarkably long lifetime of 14 µs under anaerobic condition. 

 

1.6.10.3- Interaction and Complementary Electrostatics 

In terms of biological applications, it’s very important to have good solubility of 

carbon nanotubes in aqueous solvents. Water soluble SWCNT and MWCNT were 

obtained in aqueous solutions of 1-(trimethylammonium acetyl) pyrene (pyrene+) or 1-



42 
 

pyreneacetic acid, 1-pyrenecarboxylic acid, 1-pyrenebutyric acid, 8-hydroxy-1,3,6-

pyrenetrisulfonic acid (pyrene-).107 

 

Fig. 1.28 SWCNT-(–-interaction)-pyrene+-electrostatic-ZnP nanohybrid. Adapted from 
reference 107. 

 

Free pyrene was removed from solution using vigorous centrifugation and the 

final CNT-(–-interaction)-pyrene+ or CNT-(–-interaction)-pyrene- solids were 

resuspended in water. The solubility of CNT in the resulting black suspensions were 

reported to be as high as 0.2 mg/ml that were stable for several months under ambient 

conditions without showing any apparent precipitations. TEM and AFM images revealed 

the coexistence of individual and bundles of CNT. Now that the surface of CNT is 

covered with positively or negatively charged ionic head groups, van der Waals and 

electrostatic interactions were utilized to complex oppositely charged electron donors. 

Water-soluble porphyrins (i.e.,octa-pyridinium ZnP/H2P salts or octacarboxylate 

ZnP/H2P salts) emerged as ideal candidates to realize SWCNT-(–-interaction)-
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pyrene+-electrostatic-ZnP or SWCNT-(–-interaction)-pyrene+-electrostatic-H2P 

electron-donor–acceptor nanohybrids. 

CNT-(–-interaction)-pyrene+-electrostatic-ZnP or CNT-(–-interaction)-

pyrene+-electrostatic-H2P were characterized by spectroscopic (absorption and 

fluorescence) and microscopic (TEM and AFM) means. In absorption experiments, the 

successful complex formation-for instance, of CNT and ZnP8- were confirmed by red-

shifted Soret- and Q-bands and the development of a series of isosbestic points. 

Photoexcitation of all the resulting electron-donor–acceptor nanohybrids with visible 

light, causes reduction of the electron accepting CNT and oxidation of the electron 

donating ZnP or H2P. In fact, long-lived radical ion pairs with lifetimes that are in the 

range of microseconds were confirmed by transient absorption measurements. Better 

delocalization of electrons in MWCNT helps to significantly enhance the stability of the 

radical ion pair (5.8 ± 0.2 s) relative to the analogous SWCNT (0.4 ± 0.05 s). 

Percolation of the charge inside the concentric wires in MWNT decelerates the decay 

dynamics associated with charge recombination. The pyrene approach towards 

functional nanohybrids does not form any covalent bonds but only - interactions, and 

perturbs the CNT conjugated system weakly. Pyrene derivatives with a large variety of 

functional groups can be easily prepared, so that the approach is very general and easy 

to exploit.  

Chitta et al. have done significant amount of work in the investigation of 

photoinduced electron transfer in donor-acceptor nanohybrids of various sensitizers with 

single walled carbon nanotubes following various supramolecular approaches.205,211,195 

The nanohybrids were constructed by solubilizing HiPCo SWCNT that is comprised of a 
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mixture of various metallic and semiconducting carbon nanotubes by - stacking of 

pyrene functionalized to bear an imidazole moiety, ImPy-SWCNT as shown in Figure 

1.29. Through the use of the imidazole ligand of the soluble ImPy-SWCNT, donor Zn 

Naphthalocyanine (ZnNc) and Zn Porphyrin (ZnP) entities were axially coordinated to 

yield ZnNc-ImPy-SWCNT and ZnP-ImPy-SWCNT donor-acceptor nanohybrids. The 

nanohybrids thus obtained were fully characterized by using transmission electron 

microscopy, UV-visible-near infrared spectroscopy, and electrochemical methods. 

Steady-state and time-resolved emission studies unveiled efficient fluorescence 

quenching of the donor, ZnP, and ZnNc entities in the nanohybrids.  

 

Fig. 1.29 Structure of HiPCo SWCNT, Functionalized Pyrene, and Photosensitizer 
Donors Utilized. Adapted from reference 211. 

 

Nanosecond transient absorption spectra revealed that the photoexcitation of the 

ZnNc or ZnP moiety resulted in the one-electron oxidation of the donor unit with a 

simultaneous one-electron reduction of SWCNT. The charge separation yielding 
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ZnNc•+-ImPy-SWCNT•- and ZnP•+-ImPy-SWCNT•- 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 70-90% yields thus 

demonstrating the importance of the present donor-acceptor nanohybrids in 

photogeneration of redox products. 

 

1.7 Graphene in Light Energy Harvesting 

1.7.1 Introduction 

Graphene is an exceptional material, consisting of a two-dimensional (2D) single 

layer of sp2-hybridized carbon atoms bonded together in a hexagonal “honeycomb” 

lattice. Geim and Novoselov for the first time isolated single graphene layers by 

mechanical exfoliation of highly-oriented pyrolytic graphite in 2004,108 a breakthrough 

which awarded the two scientists the 2010 Nobel Prize in Physics.109-111 Graphene, as a 

one-atom-thick material, presents remarkable physical properties.112-114 Moreover, it is a 

unique electronic system due to the high quality of its 2D crystal lattice,115 while 

electrons in graphene follow a linear dispersion relation and behave like massless 

relativistic particles,116 even at room temperature,117 resulting in the observation of 

extraordinary properties, like quantum Hall effect,118-119 ambipolar electric field effect 

and transport via relativistic Dirac fermions.116, 120 Particularly, electrons can travel up to 

micrometers on graphene plane without being scattered off by defects sites giving to 

graphene a remarkably high electrical conductivity. Additionally, both sides of 

graphene’s double-sided plane are free to participate in a great plethora of organic 
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reactions offering an alternative approach to the control of its electronic properties. 

“Scotch tape” method108 is widely used to obtain intact graphene layers with perfect 

structure. However, it is suitable only for fundamental studies in the laboratory and not 

for mass production capable for nanotechnological applications, as it yields small 

amounts of graphene. Chemical vapor deposition or CVD and epitaxial growth on metal 

substrates have also been used to synthesize graphene with few limitations.121-125 The 

most common and widely used economical method for synthesis of graphene involves 

colloidal suspension of graphene oxide.126-127  

 The chemical oxidation of graphite produces water soluble graphene oxide.128 

This introduces a variety of oxygen functionalities, which disrupt the -conjugated sp2 

planar network, affecting the electronic properties of the material, making it an insulator, 

while at the same time, graphene oxide paper fabricated by flow-directed assembly of 

individual graphene oxide sheets, showed significant mechanical129 and optical 

properties.130 On the other hand, the presence of reactive oxygen species provides to 

graphite oxide enhanced solubility in water and polar organic solvents and makes it an 

ultimate scaffold for further chemical modification. 

 Reduction of graphene oxide is another interesting route to produce reduced 

graphene oxide (RGO) sheets having higher conductivity and carrier mobility compared 

to GO but lesser than graphene. In general, reduction of graphene oxide is based on 

four basic routes (a) wet chemical reduction, (b) thermal annealing, (c) photocatalysis 

and (d) electrochemical procedures (Fig. 1.30).131 

Chemical reduction of exfoliated graphene oxide sheets involves mild thermal 

reaction of graphene oxide with hydrazine monohydrate in water.132 This leads to   
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Fig. 1.30 Scheme showing oxidation of graphite and diverse reduction routes leading to 
RGO. a) Oxidation of graphite introducing oxygen moieties disrupting the planar 
graphene network, while exfoliation of graphite oxide leading to oligo-layered graphene 
oxide sheets. b) Chemical reduction of graphene oxide leading to oxygen removal. c) 
Thermal reduction of graphene oxide leading to defect sites. d) Experimental set up for 
the electrochemical reduction of exfoliated graphene oxide sheets. e) Photocatalytic 
reduction of graphene oxide with titanium oxide. Figure reproduced from reference 131. 
  

enhanced conductivity,133 comparable to that of pristine graphene, deoxygenation of the 

material results to agglomeration of reduced graphene oxide in water or organic 

solvents. Stabilization of graphene oxide before reduction could be done in presence of 

polymers, like poly(sodium 4-styrenesulfonate) (PSS),134 polystyrene-phenyl-

isocyanate,135 sulfonated polyaniline (SPANI),136 polyaniline (PANI),137 

polyvinylpyrrolidone (PVP),138 poly(1-vinyl-3-butylimidazolium chloride) (PIL),139 
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poly(ethyleneimine) (PEI),140 Nafion,141 amino-terminated polyethylene glycol,142 

poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS),143 and several 

polyelectrolytes.144 

Thermal exfoliation of graphene by heating is another strategy to convert 

graphene to reduced graphene oxide. Evolution of carbon dioxide due to heating at high 

temperature leads to breaking the van der Waals forces within the layers of graphene 

oxide thereby giving reduced graphene oxide.145 

Exfoliated graphene oxide sheets were also reported using electrochemical 

reduction techniques.146 This accompanied with a spray-coating technique provided an 

attractive and controllable synthesis of large-area electrochemically reduced graphene 

oxide films with different thicknesses147 on various conductive148 and insulating 

substrates, thus, allowing the fabrication of modified electrodes for further application in 

electrocatalysis,149 biosensors and optoelectronic devices. 

Photoreduction of graphene oxide using photocatalysts such as TiO2 and ZnO 

have also been reported in literature to produce reduced graphene oxide sheets.150 In 

terms of their application, reduced graphene oxide based materials show good 

performance as electrode materials in ultracapacitors,151 thin films transistors,152 organic 

field-effect transistors,153 and dye-sensitized solar cells154 due to their large surface 

area, transparency155 and high electrical conductivity.156 

 

1.7.2 Chemical Modification of Graphene Oxide 

Graphene oxide can be modified via two modes, (i) covalent functionalization at 

the edges via condensation reactions with alcohols or amines, and at the basal plane of 
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graphene oxide framework, and (ii) non-covalent functionalization, via - stacking 

interactions with aromatic planar moieties, electrostatic interactions and metal 

nanoparticles immobilization. 

 

1.7.2.1 Covalent Functionalization of Graphene Oxide 

There is various literature papers reported on the covalent functionalization of 

graphene oxide. In general the covalent and non-covalent chemistry of graphene and 

graphene oxide is very similar to carbon nanotubes. Based on the presence of the 

carboxyl functional group on the edge of the basal plain of graphene, covalent 

modifications have been reported via condensation reaction as shown in Fig. 1.30. 

Upon activation of the carboxyl group in presence of thionyl or oxalyl group, amidation 

reactions were performed.157 Coupling of graphene oxide with porphyrin158 and 

phthalocyanine159 moieties through amidation and esterification reactions, respectively, 

led to materials with enhanced non-linear optical performance in the nanosecond 

regime and this will be discussed in detail later. Similarly, esterification was also 

performed with the hydroxyl group present in the graphene oxide sheet with a suitable 

carboxylic acid containing organic moiety.160 The epoxy groups being on the basal 

plane of graphene oxide are also reactive and can be easily opened by the addition of 

an amine via a nucleophilic ring opening reaction as shown in Fig. 1.31.161 

 

1.7.2.2 Non-Covalent Functionalization of Graphene Oxide 

Graphene oxide can act as a substrate for the non-covalent binding of a variety 

of molecules via - stacking interactions as shown in the self assembly with 



50 
 

photoactive naphthalocyanine,162 bioactive doxorubicin,163 and DNA for selective 

detection of biomolecules.164 Amphiphilic quaternary ammonium salts were used to 

electrostatically adsorb and self-assemble onto the surface of highly negatively charged 

graphene oxide, constructing a new hybrid with high conductivity, high porosity, and 

chemical and mechanical stability, which can lead to a high performance energy storage 

device.165 
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Fig. 1.31 Covalent functionalization of graphene oxide. a) Porphyrin modified graphene 
oxide through amidation reaction. b) Esterification reaction of carboxylic groups with 
fullerene moieties. c) Nucleophilic epoxy-ring opening reaction with malononitrile. 
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1.7.3 Functionalization of Reduced Graphene Oxide 

Covalent approach: The various routes that has been taken for the covalent 

functionalization of reduced graphene oxides are (i) aryl diazonium salt chemistry166 (ii) 

atom transfer radical polymerization167 (iii) fluorination via plasma treatment169 and (iv) 

click chemistry.168 

Non-covalent functionalization of reduced graphene oxide: Similar to graphene 

oxide, reduced graphene oxide could also be functionbalized in the following ways, (a) 

- and electrostatic interaction forming supramolecular assemblies170 which will be 

discussed later in detail and (b) Grafting of polymers to reduced graphene oxide.171  

 

1.7.4 Graphene Functionalization 

1.7.4.1 Covalent Functionalization 

Covalent functionalization of graphene has both merits and demerits. On a 

negative note, extensive covalent functionalization introduces defects in the form of sp3 

carbon, limiting its application in electronics. On the other hand, covalent 

functionalization introduces new organic moieties in the material there by gain in some 

other material properties. Nevertheless various research groups have done extensive 

study in terms of covalent functionalization of single and few layer graphene. The 

research delved into graphene chemistry has yielded similar reactions pathways that 

mimic those of SWCNT. Some of the well known pathways for covalent functionalization 

of graphene are (i)1,3- dipolar cycloaddition reaction via azomethine ylide,172 (ii) [2+2] 

cycloaddition of aryne,173 (iii) Nitrene cycloaddition,174 (iv) Aryl diazonium salt 

addition,175 (v) Friedel craft acylation,176 (vi) Bingel Cyclopropanation reaction.177 
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1.7.4.2 Non-Covalent Functionalization of Graphene 

The non-covalent functionalization of graphene keeps its original electronic 

property intact. There are various literature work available on the liquid phase exfoliation 

of graphene and their characterization. Among the various strategies that has been 

utilized for non-covalent functionalization are (i) - exfoliation with pyrenebutyric 

acid,178 (ii) - exfoliation using porphyrin and phthalocyanine,179 (iii) exfoliation using 

biomolecules180 

Some of the systems involving the functional hybrid materials of graphene and 

graphene oxide materials will be discussed in terms of applications in solar energy 

harvesting and photocatalysis applications in the following section. 

 

1.7.5 Graphene in Designing Donor-Accepting Hybrid Systems for Energy Harvesting 

1.7.5.1 Covalent Approach 

 

Fig. 1.32 Schematic representation of part of the structure of the covalent TPP-NHCO-
SPF graphene. Adapted from reference 158. 
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Xu et al. have for the first time reported organic-solution-processable 

functionalized-graphene (SPF graphene) hybrid material with porphyrins, and its 

photophysical properties including optical-limiting properties as shown in Fig. 1.32.158 

The synthesis of the porphyrin–graphene nanohybrid, 5-4 (aminophenyl)-10, 15, 20-

triphenyl porphyrin (TPP) and graphene oxide molecules covalently bonded together via 

an amide bond (TPP-NHCO-SPF graphene) was carried out using an amine-

functionalized prophyrin (TPP-NH2) and graphene oxide in N,N-dimethylformamide 

(DMF), following standard chemistry. The attachment of organic molecules to graphene 

oxide has made TPP-NHCO- SPF graphene soluble in DMF and other polar solvents. 

In the FTIR spectrum of graphene oxide, the peak at 1730 cm-1 is characteristic 

of the C–O stretch of the carboxylic group on the graphene oxide. In the FTIR spectrum 

of TPP-NHCO-SPF graphene, the peak at 1730 cm-1 almost disappears and a new 

broad band emerges at 1640 cm-1, which corresponds to the C–O characteristic 

stretching band of the amide group.181 The stretching band of the amide C–N peak 

appears at 1260 cm-1. These results clearly indicate that the TPP-NH2 molecules had 

been covalently bonded to the graphene oxide by the amide linkage. Transmission 

electron microscopy (TEM) was used to further characterize the TPP-NHCOSPF 

graphene. Based on the UV absorption study it was concluded that the ground state 

attachment of the TPP-NH2 moiety has perturbed the electronic state of the graphene 

oxide, but no significant effect is observed on the TPP-NH2 part. Based on the 

fluorescence spectroscopic studies on the donor–acceptor nanohybrid, fluorescence of 

photoexcited TPP-NH2 was found to be effectively quenched by a possible electron-

transfer process.102 This reaffirmed the idea that organic solution-processable 
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functionalized graphene material could play a vital role in the realm of light harvesting 

and solar-energy conversion materials for optoelectronic devices. 

 

1.7.5.2 Non-Covalent Approach 

Non-covalent functionalization of graphene has been seen to be a better mode of 

graphene functionalization. This is because in this approach graphene retains its 

electronic property that could be used in studying the applications in terms of electronics 

and also that carrier mobility is retained. Guldi and this group179b have studied a NIR 

fluorophore, Zn-phthalocyanine based PPV oligomer (poly(p-phenylene vinylene) that 

has been used for graphene exfoliation and also investigation of donor-acceptor nature 

of the sensitizer-graphene system as shown in Fig. 1.33. 

Natural graphite has been used for exfoliation in THF as solvent in presence of 

the ZnPc-PPV. Several techniques have been used for characterization of the stable 

exfoliated graphene-ZnPcPPV solution. Thermogravimetri analysis has shown a weight 

loss of 6.3% between 100–300°C, characteristic of physisorbed functional groups. By 

estimating and comparing the area of the ZnPc oligomer with that of graphene, a total 

coverage of 35% was reported. From the absorption characteristic of the hybrid system, 

a significant broadening and decrease in intensity dominated the spectrum in the 

presence of graphene. A bathochromic shift of 32 nm reflects the strong electronic 

coupling in the hybrid system. Insight into the exfoliation of graphite to graphene was 

give by AFM studies. AFM of the graphene-ZnPc suspension prepared on a Silicon 

oxide substrate illustrated homogenously exfoliated graphene. Single flake analysis 

confirmed that monolayer graphene tends to either roll up or fold up to yield intertwined 
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sheets, while equilibriating in solution or during the deposition process, which was 

corroborated by transmission electron microscopy. Raman experiments of the 

graphene-ZnPc hybrid spin-coated onto silicon oxide substrates were performed with 

532 nm and 633 nm excitation, respectively. In nonresonant experiment, the typical 

Raman signals for exfoliated graphite, namely the D band at 1351 cm-1, the G band at 

1584 cm-1, and the 2D band around 2720 cm-1 emerge. Upon exfoliation, the G band 

blue-shifts by about 3-5 cm-1 relative to the bulk graphite material (1582 cm-1).182 

Another notable difference is that the 2D band, which is highly asymmetric in the 

crystalline starting material, converts into a highly symmetric shape upon exfoliation 

proven by a red shift of 2D band; that is, from 2724 to 2696 cm-1. 

 

Fig. 1.33 Schematic view of graphene-ZnPc-PPV system. Adapted from ref. 179b. 

 

Femtosecond transient absorption measurements were performed following 

excitation at 387 and 700 nm to have deeper qualitative insights into the nature of 

interaction in the graphene-ZnPc hybrid material and were compared to the control 
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experimental data. Upon excitation of the hybrid sample at 387 nm, minima evolve 

within the first few picoseconds in the visible (615, 670, 705, and 740 nm) and in the 

near-infrared regions (1200 nm). Features at 670 and 705 nm were ascribed to free 

ZnPc PPV oligomer and graphene-ZnPc hybrid, respectively. When compared to 

pristine graphene data, minima at 615 and 1200 nm correlate with graphene-related 

transitions. 

A correlation between all of these features is that they are metastable and that 

they decay within 4 ps (kCS= 7.1 × 1011 s-1) which is a fast decay leading to the 

development of new characteristics. Most prominent is the maximum in the visible at 

840 nm, which corresponds to the one electron oxidized form of ZnPc. Furthermore, a 

rather broad bleaching is observed in the near-infrared that reveals a local minimum at 

1290 nm. When considering the underlying red shift from 1200 to 1290 nm, a close 

resemblance with the reduction of semiconducting SWCNT is observed.183 In other 

words, an electron transfer occurs that evolves from the photoexcited ZnPc as electron 

donor to graphene as electron acceptor. From a multi wavelength analysis, lifetime of 

360 ps (kCR= 2.7 × 109 s-1) for the correspondingly formed electron-transfer product was 

obtained. At time delays beyond 500 ps, the singlet excited-state features of the free 

ZnPc oligomer was visible, as they undergo slow intersystem crossing to the triplet 

manifold.  

 

1.8 Scope of Present Work  

Recalling the previous sections detailing on the parameters and goals for solar 

energy harvesting, single walled carbon nanotube and graphene based materials hold 
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tremendous amount of potential in terms of their use in alternative energy source. Apart 

from their application in energy harvesting, these novel nanomaterials could also be 

used in building opto-electronic devices, biomedical applications and catalysis for 

photochemical and electrochemical water splitting to generate hydrogen in energy 

storage applications. This thesis would mostly illustrate potential pathways for the 

application of single walled carbon nanotube and graphene in building donor-acceptor 

functional hybrid materials with specific emphasis towards solar energy harvesting. 

Chapter 1 introduced the current demographics of energy formation and 

comsumption, highlighting on the global energy demand, energy types, and alternative 

energy sources. Progressing from the energy models, the varoius types of non covalent 

chemical interactions were categorized. These categories would help subdivide the 

possible chemical systems that arise to fufilll the need for energy harvesting 

applications. The main theory behind naturally occuring photosynthesis was introduced 

as the cornerstone behind the advancment of this thesis. Current advancements in the 

area of artificial photosynthesis were contrasted side by side with the natural process 

through the usage of mechanisms and examples of the current electron/energy transfer 

process. The artificial frontrunner materials being investigated for their potential as 

energy harvesting materials are single wall carbon nanotubes and graphene derivatives. 

In chapter 2, syntheses of the compounds, characterization, instrumentation 

techniques have been discussed. This also gives information on the chemical and their 

manufacturers. 

Chapter 3 describes research aiming at solar energy conversion devices based 

on nanocarbons. Here, non-covalent double-decker strategy is employed to construct 



58 
 

functional supramolecular SWCNT composites by attaching positively or negatively 

functionalized terminal group on pyrene ring for generating charged SWCNT 

composites, to which oppositely charged porphyrins are stacked with ion-pairing 

interactions in polar solvents. SWCNTs of different diameter, viz., enriched (6,5)- and 

(7,6)-SWCNTs are utilized having different band gaps. Higher charge-separation 

efficiency is established for donor-acceptor nanohybrids with larger diameter 

SWCNT(7,6) compared with smaller diameter SWCNT(6,5). Photoelectrochemical 

studies using these nanohybrids unanimously demonstrated the ability of these 

nanohybrids to harvest light energy into electricity. Importantly, the photocurrent 

generation followed the trend observed for charge-separation, that is, efficiency 

achieved for photocells with SWCNT(7,6) is higher than those with SWCNT(6,5). The 

results of the present study suggest the possibility of achieving higher light energy 

conversion efficiencies by the selection of nanotubes of appropriate diameter with right 

band gap on combination of suitable light-harvesting molecules such as porphyrins. 

Chapter 4, discusses on successful construction of donor-acceptor hybrids made 

out of sorted enriched semiconducting SWCNTs (n,m) index, viz., (6,5) and (7,6) have 

been utilized.  Additionally, we have employed self-assembly methods combining - 

stacking and coordination bonding, a ‘double decker’ binding strategy, to assemble the 

entities using ZnP or ZnPc as photosensitizing entities. To accomplish this, pyrene (Pyr) 

functionalized with phenylimidazole (Im) is used to -stack nanotube walls leaving the 

phenylimidazole to bind the coordinatively unsaturated zinc tetrapyrroles (ZnP←Im-

Pyr/SWCNT(n,m) and ZnPc←Im-Pyr/SWCNT(n,m). The newly formed hybrids have 

allowed us to investigate the photoinduced electron transfer and compare between the 
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two types of nanotubes by this self-assembly methods and with the earlier reported 

nanohybrids in this series. Furthermore, photocatalytic and photoelectro- chemical 

studies have been performed to access their utility as photocatalysts to accumulate 

electron transfer products and solar materials for direct conversion of light into 

electricity. 

Chapter 5, discusses a novel attempt to build a three-layer donor–acceptor 

hybrid comprising of fullerene, zinc porphyrin and diameter-sorted enriched SWCNTs. 

Towards achieving this end, first, we have successfully constructed two-layer donor–

acceptor hybrids made out of two types of semiconducting SWCNTs [(6,5) and (7,6)] 

and porphyrin bearing four long alkyl chains, tetrakis(4-dodecyloxyphenyl)porphyrins 

[MP(alkyl)4; M=2H(or H2) or Zn], which wind around SWCNTs resulting in exfoliation 

and solubilization of the tubes. Next, in the case of Zn porphyrins, the coordinatively 

unsaturated zinc ion is used to link an imidazole functionalized fullerene, C60Im, via 

metal–ligand axial coordination. The newly formed three-layered hybrids would allow us 

to investigate the photoinduced electron transfer and establish structure–reactivity 

aspects of the two-layered hybrids [MP(alkyl)4/SWCNT(n,m)] and three-layered hybrids 

[C60Im→ZnP(alkyl)4 /SWCNT(n,m)], and also between the two types of SWCNTs (6,5) 

and (7,6). Further, photoelectrochemical cells have been constructed using the thin-film 

SnO2 nanoparticles coated fluorine doped tin oxide (FTO) electrode modified with the 

donor–acceptor nanohybrids to visualize their ability to convert light into electricity. 

Biomolecular interaction of ssDNA with SWCNT has been discussed in Chapter 

6. By wrapping ssDNA around the SWCNTs and by ion-pairing water soluble cationic 

porphyrins to the phosphate groups of ssDNA strands, bionano donor-acceptor hybrid 
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systems were constructed. To obtain the structure-reactivity aspects, two types of 

diameter-sorted SWCNTs such as SWCNT(6,5) and SWCNT(7,6) differing in their 

oxidation and reduction potentials have been employed as donor-acceptor 

nanocarbons. We have chosen ssDNA in the present study since the SWCNT hybrids 

with this biomolecule are one of the well-characterized bionano hybrids with two-layered 

structures [ssDNA/SWCNT(n,m)]. The atomic force microscopy (AFM), transmission 

electron microscopy (TEM), circular dichroism and computational modeling studies have 

demonstrated exfoliation and helical wrapping of ssDNA around the side walls of 

SWCNTs. As light-absorbing photoactivematerials, free-base and zinc porphyrins 

bearing peripheral positive charges (tetrakis-(4-N-methylpyridyl)porphyrin abbreviated 

as (TMPyP+)M,M=H2 and Zn) are utilized. 

Chapter 7, discusses covalently functionalized enriched SWCNT (n,m) with 

photosensitizer molecules, with an aim to procure information on the effect of nanotube 

diameter on fine-tuned physicochemical properties. This was accomplished by covalent 

functionalization of SWCNT (7,6) and SWCNT (6,5) using a well-known photosensitizing 

electron donor: porphyrin. In order to attach the porphyrins, we have employed Prato’s 

method, that is, dipolar cyclo addition of azomethine ylide to produce pyrrolidine ring on 

the nanotube surface, as this method is mild enough to control the number of addends 

to a minimum number without significantly altering the electronic structure of the tubes. 

The expected structures of these newly synthesized photoactive nanohybrids are 

shown in Scheme 7.1. Sufficient numbers of alkyl groups on the porphyrin periphery 

and ether chain on the pyrrolidine ring are introduced to increase the solubility. These 

nanohybrids have been characterized by using several optical, thermal, microscopic, 
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and theoretical methods, and finally photoinduced electron transfer leading to charge 

separation and photoelectrochemical behavior has been systematically demonstrated. 

Furthermore, since each SWCNT (7,6) and SWCNT (6,5) with covalently connected 

porphyrin can be recognized as a dyad, the molecular orbital calculations were 

performed to visualize the frontier orbitals, from which an intramolecular charge 

separation mechanism was elucidated. 

Decorating single layered graphene oxide (SLGO) with well-known electron 

donor, phthalocyanine and electron acceptor, fullerene molecules and demonstrating 

occurrence of photoinduced electron transfer leading to the generation of charge 

separated states has been described in Chapter 8. Furthermore, utilization of this novel 

material as a catalyst to photochemically accumulate one- electron reduced product is 

demonstrated.  

Chapter 9 culminates the results of this thesis. This chapter concludes the 

successes seen in the research along with analysis of projects that had shortcomings. 

Foresight into future work and the ramifications of these projects is also highlighted in 

this section. 
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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 synthetic procedures employed for the synthesis of 

porphyrin derivatives as 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 4-nitrobenzaldehyde, 2,5-dihydroxy benzaldehyde, 2,5-

dimethoxy benzaldehyde, 3,4-dimethoxy benzaldehyde, 3,4-dihydroxy benzaldehyde, 

methyl-4-formylbenzoate, p-tolualdehyde, 1-pyrenealdehyde, 4-carboxybenzaldehyde, 

4-hydroxybenzaldehyde, benzaldehyde and reagents such as pyrrole, 2,4-

dimethylpyrrole, pyridine, ethylenediamine, bezyl-2-bromoacetate,  4-nitroaniline, 4-

aminobenzoic acid, boron tribromide (1M in CH2Cl2), benzoyl chloride, boron trifluoride 

diethyletherate 1, DCC, DMAP, EDCI, p-chloranil, DDQ, DIBAL-H, AlCl3, tripheylamine, 

phosphorous oxichloride,  ferrocene,   zinc acetate hexahydrate, palladium carbon (5%), 

Cu powder, Fe powder, sodium methoxide,  amino acids such as sarcosine were 

purchased from Aldrich Chemicals (Milwaukee, WI). Water soluble porphyrin 

(TMPyP+)M and (TPPS-)M (M = H2 and Zn), where TPPS- = sodium salt of tetrakis(4-

sulfonatophenyl) porphyrin and TMPyP+ = tetrakis(N-methylpyridyl)porphyrin chloride 
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were bought from Midwest Chemicals, Chicago (IL) and were purified over sephadex 

LH20 column prior using. 

Reagents such as di-tert-butyl bicarbonate, thionyl chloride and Tetra-n-

butylammonium perchlorate, (TBA)ClO4, used for the electrochemical studies were 

purchased from Fluka chemicals and 1-pyrene butyric acid was purchased from Acros 

organics. 

CoMoCAT(6,5) and CoMoCAT(7,6) SWCNT’s were purchased from Southwest 

Nanotech, HiPCo SWCNT’s were purchased from Rice University, double walled 

carbon nanotubes (DWCNT) both L and S variety, multi walled carbon nanotube were 

purchased from SES. A different variety of SWCNT was also purchased from Unidym 

Inc. 8nm (20-25 layer) graphene, 3nm (5-6) graphene, single layer graphene oxide were 

purchased from Graphene supermarket. 

All the chromatographic materials silica gel, basic alumina, neutral alumina and 

solvents o-dichlorobenzene, benzonitrile, tetrahydrofuran, hexanes, ethy acetate, 

diethylether, petroleum ether, ethanol, 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, ascorbic acid, and sulfuric acid were from Fisher chemicals. 

 

2.2 Synthesis of Control Compounds 

Synthesis of 5,10,15, 20-tetra phenyl porphyrin, 2a 

 Compound 2a was synthesized by a previously reported procedure.5b In 200 mL 

of propionic acid, 18.9 mmol of appropriate aldehyde (benzaldehyde) and 18.9 mmol 
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(1.26 g) of pyrrole were added. The solution was refluxed for 45 minutes and the solvent 

was removed under reduced pressure. The crude product was then washed several 

times with methanol and dissolved in minimum amount of CHCl3/hexane 1:1 and loaded 

on a basic alumina column and eluted with CHCl3/hexane 1:1(for phenylporphyrin).  

Yield: 1.74 g (15 %). 1H NMR (CDCl3): δ (ppm) 8.85 (s, 8H, β-pyrrole), 8.13 (m, 6H o-

phenyl H), 7.65 (m, 9H, m,p-phenyl H), -2.78 (s, br, 2H, imino H).  UV-Vis (benzonitrile) 

(nm, log  ): 415 (5.43), 511.5 (4.15), 544 (3.82), 589 (3.71), 642 (3.59).  FAB-mass 

(CH3CN): 614.1 (614.7). 
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Scheme 2.1 Synthetic schemes for compound 2a and 2b. 
 

Synthesis of 5,10,15, 20-tetra substituted porphyrinatozinc(II), 2b 

Compound 2b was synthesized by metallation of 2a with zinc acetate.  To 0.33 

mmol (200mg) of 2a in CHCl3, excess of zinc acetate in methanol was added.5c The 
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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 (CDCl3):  (ppm) 

8.93 (s, 8H, β-pyrrole), 8.2 (d, 6H, o-phenyl H) and 7.74 (m, 9H, m,p-phenyl H). UV-Vis 

(benzonitrile) (nm, log  ): 418(5.38), 549(3.92), 618(3.42).  FAB-mass (CH3CN): 677.9 

(678.1). 

 

Synthesis of N-methyl-2-(4’-N-imidazolylphenyl)-3,4-fulleropyrrolidine, 2c 

 Compound 2c was synthesized according to a general procedure developed by 

Prato and coworkers.279 A mixture of C60 (100 mg, 0.14 mmol), sacrosine (29 mg, 0.26  

mmol), and 4-pyridine carboxaldehyde (74 mg, 0.7 mmol) in toluene (60 ml) was 

refluxed for 5 hours. At the end, the solvent was removed under reduced pressure. The  

 

 

 

 

 

 

Scheme 2.2 General scheme for synthesis of fulleropyrrolidines 
 

crude product was dissolved in toluene and purified over a silica gel column using 3:7 

ethyl acetate and toluene as eluent. Yield 0.048 g (40%). 1H NMR in CS2:CDCl3 (1:1 

v/v),  (ppm): 2.81, (s, 3H, N-methyl), 4.99, 4.92, 4.28 (d, s, d, 3H, pyrrolidine-H), 8.65, 
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7.71 (d, d, 4H, pyridine-H). UV-Vis (o-dichlorobenzene): 311.2 and 432.6 nm. FAB 

mass, cald. 854.85, found 855.1. 

 

Synthesis of N-methyl-2-(4’-N-imidazolylphenyl)- 3,4-fulleropyrrolidine, 2d 

Compound 2d was synthesized by using a procedure similar to that adopted for 

2c.  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 in CS2:CDCl3 (1:1 v/v),  

(ppm): 2.81, (s, 3H, N-methyl), 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, imidazol-H), 7.82 (s, 1H, imidazol-H). FAB mass 

in CH2Cl2, cald 919.1, found 919.7. UV-Vis (o-dichlorobenzene): 310.2 and 428.1 nm.  

 

Synthesis of N-methyl-2-phenyl-3, 4- fulleropyrrolidine, 2e 

 Compound 2e was synthesized by using a procedure similar to that adopted for 

2c and 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 in CS2:CDCl3 (1:1 v/v),  (ppm) : 2.81, 

(s, 3H, N-methyl), 4.82 (d, 1H, pyrrolidine-H), 5.18 (d, 1H, pyrrolidine-H),  5.83 (s, 1H, 
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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 

2.3.1 UV-Visible and Fluorescence Experimental Details 

The UV-visible spectral measurements were carried out with a Shimadzu Model 

1600, 2550 double monochromator UV-visible spectrophotometer or a Jasco V-670 

spectrophotometer. The fluorescence emission was monitored by using a Horiba Jobin 

Yvon Nanolog UV-Visible-NIR spectrofluorometer equipped with a PMT (for UV-visible) 

and InGaAs (for NIR) detectors or Varian spectrometers. A right angle detection method 

was used for emission measurements. 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 and Differential Pulse voltammograms were 

recorded on an EG&G Model 263A potentiostatgalvanostat using a three electrode 

system. A platinum button or glassy carbon electrode was used as the working 

electrode. A platinum wire served as the counter electrode and a Ag/AgCl was used as 

the reference electrode. Ferrocene/ferrocenium redox couple was used as an internal 

standard. All the solutions were purged prior to electrochemical and spectral 

measurements using argon/nitrogen gas. 

 

2.3.2 TEM Details 

For the project discussed in chapter 3 and 4, transmission electron micrograph 

(TEM) measurements were recorded by applying a drop of the sample to a copper grid.  
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Images were recorded on a Hitachi H-7650 transmission electron microscope an 

accelerating voltage of 120 kV for imaging. For the project discussed in chapter 8, TEM 

equipped with EDX (H-2300; Hitachi) was operated at 120 kV, and the elemental map 

was obtained by using a scanning spot size of 0.5 nm and a scanning rate of 0.5 

nm/ms. An FEI Co. Tecnai G2 F20 S-Twin 200keV field-emission Scanning 

Transmission Electron Microscope (S/TEM) was used for TEM imaging of the sample. 

Sample was prepared by dissolving the hybrid material in ethanol and then drop casting 

on a SiO on Cu TEM grid followed by vacuum drying. For the experiment 100 kV of 

electron source was used for best imaging. 

 

2.3.3 Computational Studies 

The computational calculations were performed in collaboration with Dr Melvin E. 

Zandler, Wichita State University. These calculations were performed by DFT B3LYP/3-

21G(*) methods with GAUSSIAN 98 or 03232 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. Some of the mass spectra were recorded in University of Kansas, 

Lawrence, KS.  

 

2.3.4 Time-Resolved Emission and Transient Absorption Measurements 

 The time-resolved emission and nanosecond transient absorption studies were 

performed in collaboration with Prof. Osamu Ito at Tohoku University, Sendai, Japan,  
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and Dr. Atula S. Sandanayaka, Japan Advanced Institute of Science and Technology 

(JAIST), Nomi, Ishikawa, Japan.  

Nanosecond transient measurements discussed in chapters 3, 4, 5, 6 and 7 were 

carried out using THG (532 nm) of a Nd:YAG laser (Spectra-Physics, Quanta-Ray 

GCR-130, 5 ns fwhm) as an excitation source. For transient absorption spectra in the 

near-IR region (600−1200 nm) and the time-profiles, monitoring light from a pulsed Xe 

lamp was detected with a Ge-APD (Hamamatsu Photonics, B2834). For measurements 

in the visible region (400−1000 nm), Si-PIN photodiode (Hamamatsu Photonics, S1722-

02) was used as detector.  

For the project discussed in chapter 8, the studied compounds were excited by a 

Opolette HE 355 LD pumped by a high energy Nd:YAG laser with second and third 

harmonics OPO (tuning range 410-2200 nm, pulse repetition rate 20 Hz, pulse length 7 

ns) with the powers of 1.0 to 3 mJ per pulse. The transient absorption measurements 

were performed using a Proteus UV-Vis-NIR flash photolysis spectrometer (Ultrafast 

Systems, Sarasota, FL) with a fiber optic delivered white probe light and either a fast 

rise Si photodiode detector covering the 200-1000 nm range or a InGaAs photodiode 

detector covering 900-1600 nm range. The output from the photodiodes and a 

photomultiplier tube was recorded with a digitizing Tektronix oscilloscope. Data analysis 

was performed using Surface Xplorer software supplied by Ultrafast Systems.  

Femtosecond laser flash photolysis was conducted by using a lark MXR 2010 

laser system and an optical detection system provided by Ultrafast Systems (Helios). 

This was done in collaboration with Prof. Shunichi Fukuzumi and Kei Ohkubo at 

Graduate School of Engineering, Osaka University, and Japan Science and Technology 
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Agency (JST), Suita, Osaka, Japan. The source for the pump and probe pulses were 

derived from the fundamental output of a Clarklaser system (775 nm, 1 mJ per pulse, 

fwhm =150 fs) at a repetition rate of 1 kHz. A second harmonic generator introduced in 

the path of the laser beam provided laser pulses at ex= 400 nm for excitation. The 

second harmonic was generated by using 95% of the fundamental output of the laser, 

whereas 5% of the deflected output was used for the generation of white light. Prior to 

generating the probe continuum, the laser pulse was fed to a delay line that provided an 

experimental time window of 1.6 ns with a maximum step resolution of 7 fs. The pump 

beam was attenuated at 5 mJ per pulse with a spot size 2 mm in diameter at the sample 

cell where it was merged with the white probe pulse in a close angle (<10°). The probe 

beam, after passing through the 2 mm sample cell, was focused on a 200 mm fiber 

optic cable that was connected to a CCD spectrograph (Ocean Optics, S2000-UV/Vis 

for the visible region and Horiba, CP-140 for the NIR region) for recording the time-

resolved spectra (= 420–800 and 800–1200 nm). Typically, 5000 excitation pulses 

were averaged to obtain the transient spectrum at a set delay time. The kinetic traces at 

appropriate wavelengths were assembled from the time-resolved spectral data. 

Measurements of nanosecond transient absorption spectra were performed according 

to the following procedure: A deaerated solution that contained the dyad was excited by 

a Panther OPO pumped by an Nd:YAG laser (Continuum, SLII-10, 4–6 ns fwhm) at 

=430 nm. The photodynamics were monitored by continuous exposure to a xenon 

lamp (150 W) as a probe light and a photomultiplier tube (Hamamatsu 2949) as a 

detector. Transient spectra were recorded by using fresh solutions in each laser 
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excitation. The solution was deoxygenated by purging with argon for 15 min prior to 

measurements being recorded.  

2.3.5 Thermogravimetry Analysis (TGA) and Raman Experiment 

 Thermogravimetry analysis was run using a Texas Instruments TGA Q50 

instrument. All the samples for the analysis were dried under vacuum. Ramp test were 

performed under nitrogen atmosphere at 10oC/min in a tungsten pan. The Raman 

spectra were measured using Enwave Optronics, Inc., ProRaman-L instrument with 532 

nm laser source. All samples for Raman experiment were dried before analysis. 

 

2.3.6 Photoelectrochemical Studies 

For photoelectrochmical experiments two-electrode configuration using desired 

nanohybrids drop coated FTO electrode and a platinized FTO electrode as counter 

electrode. A I-/I3
- in acetonitrile was used as redox mediator. The photocurrent-

photovoltage characteristics of the solar cells were measured using a Model 2400 

Current/Voltage Source Meter of Keithley Instruments, Inc. (Cleveland, OH) under 

illumination with an AM 1.5 simulated light source using a Model 9600 of 150-W Solar 

Simulator of Newport Corp. (Irvine, CA).  A 340-nm filter was introduced in the light path 

to eliminate UV radiation. The light intensity was monitored by using an Optical Model 

1916-C Power Meter of Newport. Incident photon-to-current efficiency (IPCE) 

measurements were performed under ~2.5-mW cm-2 monochromatic light illumination 

conditions using a setup comprising 150-W Xe lamp with a monochromator (Newport 

Corp., Irvine, CA).   
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2.4 Summary 

Free-base and zinc tetraphenylporphyrins, and fulleropyrrolidine derivatives were 

successfully prepared and characterized by proton NMR and ESI-Mass spectroscopy. 

These compounds were used as control compounds in later chapters along with the 

instrumental techniques in later chapters.  
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CHAPTER 3 

PHOTOINDUCED PROCESSES OF THE SUPRAMOLECULARLY FUNCTIONALIZED 

SEMI-CONDUCTIVE SWCNT’S WITH PORPHYRINS VIA ION PAIR INTERACTIONS* 

3.1 Introduction 

Chemically functionalized single walled carbon nanotubes (SWCNT)33a-b, 64-65,184-

186 with compounds useful for medicinal, electronic, sensing and light-energy harvesting 

applications are a topic of current research interests.10d,13f,38a,44,47,49,52,53a,57,59a,66,67,71, 

91,189-193 To functionalize without damaging of the -electronic structures of SWCNTs, 

non-covalent attachments seem to be promising, since it does not cause severe 

chemical, thermal and sonication damages to the SWCNTs.12c,194 Among the available 

non-covalent functionalization approaches, the  -  stacking of appropriately-sized 

aromatic compounds such as pyrene (Pyr)189-194 on the SWCNTs surface is found to be 

a viable approach. For further improvements to afford a wide variety of visible-light 

active functional materials, additional receptor groups on the  - interacting aromatic 

compounds are often introduced to induce self-assembly with the desired host 

compounds to create nanohybrids using either metal-ligand axial coordination, dipole-

ion pairing, ion-pairing, hydrogen bonding, or combination of these approaches. 

 In this context, we previously proposed a non-covalent double-decker strategy to 

construct functional supramolecular SWCNT composites by attaching positively or 

negatively functionalized group on a Pyr ring for generating charged SWCNT  

 
*Chapter 3 in its entirety is reproduced from “Sushanta K. Das, Navaneetha K. Subbaiyan, 
Francis D’Souza, Atula S. D. Sandanayaka, Taku Hasobe and Osamu Ito, Energy and Environ. 
Sci., 2011, 4, 707-716,” with permission from the publisher. 
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composites, to which molecules with opposite charges were piled with ion-pairing 

interactions in relatively high polar solvents.195 As photosensitizing research aiming 

solar energy conversion devices, we employed charged porphyrins (MP; M = H2 and 

Zn) as light energy harvesting photo-sensitizers. However, at the time, we employed a 

mixture SWCNTs with metallic and semiconducting SWCNTs with variety of diameters, 

making it difficult to derive any structure-reactivity relations.195 

 

 

 

 

 

 

 

 

Scheme 3.1  Schematics of SWCNT(n,m)/PyrNH3
+/(TPPS‒)M and SWCNT(n,m)/ 

PyrCOO‒/(TMPyP+)M {(n,m) = (6,5) or (7,6); M = Zn or H2; TPPS‒ = sodium salt of 
tetrakis(4-sulfonato-phenyl)porphyrin and TMPyP+ = tetrakis (N-methylpyridyl)porphyrin 

chloride} nanohybrids formed by a combination of - stacking and ion-pairing binding 

protocols. 
 

In the present study, we have utilized semiconducting SWCNT (n,m) with two 

different chiralities; enriched (6,5) and (7,6)-SWCNTs, whose characterizations are well 

established by various methods.196-197 As typical properties; SWCNT(7,6) has larger 

radius, narrower band gap, better electron-conductivity than SWCNT(6,5); thus, relevant 

studies on diameter-dependent photoinduced electron transfer of SWCNT with electron-
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donor or electron-acceptor entities in self-assembled nanohybrids have recently been 

reported.198 For double-decker constructions, we employed two types of porphyrin 

derivatives bearing either positive or negative peripheral changes, viz., (TMPyP+)M and 

(TPPS-)M (M = H2 and Zn), where TPPS- = sodium salt of tetrakis(4-sulfonatophenyl) 

porphyrin and TMPyP+ = tetrakis(N-methylpyridyl)porphyrin chloride. To link the 

noncharged SWCNT(n,m) to these charged porphyrins, we adhered charged Pyr 

derivatives on the surface of SWCNT(n,m) as shown in Scheme 3.1, in which PyrCOO- 

(pyrene butyrate) is employed for (TMPyP+)M ion-pairing, and PyrNH3
+ (alkyl 

ammonium functionalized pyrene) for (TPPS-)M ion-pairing. Thus, we expect the 

formation of the SWCNT(n,m)/PyrCOO-/(TMPyP+)M and SWCNT(n,m)/PyrNH3
+/(TPPS-

)M double-decker nanohybrids in polar solvent. This approach is expected to limit short-

range excited state energy transfer due to the lack of direct contact between the donor 

and acceptor entities and improve charge separation within the nanohybrids instead. 

Photochemical and photoelectrochemical studies are performed on the donor–acceptor 

nanohybrids of differently charged porphyrins and the diameter selective SWCNTs to 

probe structure–activity aspects.  

 

3.2 Experimental Section 

3.2.1 Preparation of SWCNT(6,5)/PyrCOO- and SWCNT(7,6)/PyrCOO- Nanohybrids 

 Nanohybrids were synthesized by a slight modification of our previous method.208 

In a typical synthesis, 2 mg each of SWCNT(6,5) and SWCNT(7,6)  were taken in round 

bottom flask. To this 4 mg of pyrene butyric acid was added and dissolved in dry DMF 

(15 mL), and the reaction mixture was stirred for 24 h at room temperature. The 
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resulting mixture was sonicated (Misonix ultrasonicator, XL-2000, 10 Watt) for 1h at 

20°C followed by centrifugation (Fisher Scientific, 50/60 CY) for 2 h. Unbound pyrene 

butyric acid was removed by separating the supernatant from black precipitate. Further 

purification was carried out by dissolving the black mixture in fresh DMF (5 mL), 

sonicating for 30 min at 20°C, followed by centrifugation for 1 h. This process was 

repeated until the solution in the centrifuge tube turned colorless. Finally, fresh solvent 

(10 mL) was added to the resulting deposit and then the suspension was sonicated for 

5-10 min at 20°C. This homogenous black dispersion was stable at room temperature 

and used in the studies. 

 

3.2.2 Preparation of SWCNT(6,5)/PyrNH3
+ and SWCNT(7,6)/PyrNH3

+ Nanohybrids 

About 2 mg of SWCNT (6,5) or SWCNT(7,6) was taken in round bottom flask. To 

this 4 mg of pyrene ammonium cation was added and dissolved in dry DMF (15 mL) 

followed by stirring the reaction mixture for 24 h at room temperature. The resulting 

mixture was sonicated (Misonix ultrasonicator, XL-2000, 10 Watt) for 1h at 20°C 

followed by centrifugation (Fisher Scientific, 50/60 CY) for 2 h. Unbound 

pyreneammonium cation was removed by separating the supernatant from black 

precipitate. Further purification was carried out by dissolving the black mixture in fresh 

DMF (5 mL), sonicating for 30 min at 20°C, followed by centrifugation for 1 h. This 

process was repeated until the solution in the centrifuge tube turned colorless. Finally, 

fresh solvent (10 mL) was added to the resulting deposit and then the suspension was 

sonicated for 5-10 min at 20°C. This homogenous black dispersion was stable at room 

temperature and used for the studies. 
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3.2.3 Preparation of SWCNT(6,5) and SWCNT(7,6)/Pyr-porphyrin Ion-paired 

Nanohybrids 

Based on the primary electric charge on the nanohybrid surface, two types of 

SWCNT/pyr functionalized nanohybrids were prepared. In the first preparation, 

positively charged SWCNT/Pyr functionalized nanohybrid (such as SWCNT(6,5)/ 

PyrNH3
+ and SWCNT(7,6)/PyrNH3

+) were treated with ZnTPPS and H2TPPS. In a 

typical synthesis, SWCNT(6,5)/PyrNH3
+ and SWCNT(7,6)/PyrNH3

+ were treated with 

negatively charged porphyrin, ZnTPPS and H2TPPS in 10 ml dry DMF and were 

sonicated (Misonix ultrasonicator, XL-2000, 10 Watt) for 30 min at 20°C followed by 

centrifugation (Fisher Scientific, 50/60 CY) for 2 h. Unbound porphyrin were removed by 

separating the supernatant from black precipitate. In this way we have the following 

pairs of nanohybrids: SWCNT(6,5)/PyrNH3
+/(TPPS‒)M and SWCNT(6,5)/PyrNH3

+/ 

(TPPS‒)M, M  = Zn or H2. 

In the second preparation, negatively charged SWCNT/Pyr functionalized 

nanohybrid (such as SWCNT(6,5)/PyrCOO- and SWCNT(7,6)/PyrCOO-) are treated 

with ZnTMPyP and H2TMPyP. In a typical synthesis, SWCNT(6,5)/PyrCOO- or 

SWCNT(7,6)/PyrCOO- were treated with positively charged porphyrin, ZnTMPyP+ and 

H2TMPyP+ in 10 ml dry DMF and were sonicated (Misonix ultrasonicator, XL-2000, 10 

Watt) for 30 min at 20°C followed by centrifugation (Fisher Scientific, 50/60 CY) for 2 h. 

Unbound porphyrin were removed by separating the supernatant from black precipitate. 

In this way we have the following pairs of nanohybrids: SWCNT(7,6)/PyrCOO-

/(TMPyP+)M and SWCNT(6,5)/PyrCOO-/(TMPyP+)M, M= Zn or H2. 
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3.2.4 Preparation of Nanocrystalline SnO2 Electrodes 

These were prepared according to the literature procedure with a few 

modifications.209 A 10 mL of SnO2 colloidal solution (Alfa Aesar, 15%) was dissolved in 

10 mL of ethanol; a 500 mL of NH4OH was added to this solution for stability. About 0.5 

mL of colloidal solution was placed on an optically transparent electrode, fluorine doped 

indium tin oxide (FTO) (Pilkington TEC-8, 6–9 U per square) and dried in air. The 

electrodes were annealed in an oven for an hour in air at 673 K. The estimated 

thickness of the electrode was around 1–2 µm. 

 

3.3 Results and Discussion 

 The diameter-enriched SWCNT(6,5) and SWCNT(7,6) samples employed in the 

present study have average diameters of 8 and 9A°, respectively, with an average 

length of 800 nm.196 The longest absorption peak of SWCNT(6,5) in solution is located 

at 976 nm (and 566 nm) resulting in a band gap of 1.35 eV, while for SWCNT(7,6), this 

absorption peak is located at 1024 nm (and 645 nm) giving a band gap of 1.21 eV.196-197 

The preparation of the single-decker SWCNT(n,m)/PyrCOO‒ and SWCNT(n,m)/PyrNH3
+ 

was performed by adding excess PyrCOO‒ and PyrNH3
+ to SWCNT(n,m) dispersed in 

DMF, resulting homogeneous solution after sonication.198 Then, the double-decker 

supramolecules, SWCNT(n,m)/PyrCOO‒/(TMPyP+)M and SWCNT(n,m)/PyrNH3
+/ 

(TPPS‒)M, were obtained by adding (TMPyP+)M and (TPPS‒)M in DMF, respectively. 

One porphyrin molecule on every ca. 75 nm of SWCNT, which corresponds to 15 

porphyrins per SWCNT of 800 nm length is roughly estimated, based on molecular 

stoichiometry calculations. 
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3.3.1 TEM Images 

TEM images for the dried samples of functionalized SWCNT(n,m)s with PyrCOO‒ 

and PyrCOO‒/(TMPyP+)M are shown in Fig. 3.1.  On addition of PyrCOO‒, dispersed 

bundles of SWCNT(n,m) becomes soluble in DMF by forming a single supramolecular 

Fig. 3.1 TEM images for the dried samples prepared from the homogenous DMF 
solution of (A) SWCNT(6,5)/PyrCOO‒, (B) SWCNT(7,6)/PyrCOO‒, (C) SWCNT(6,5)/ 
PyrCOO‒/(TMPyP+) H2, (D) SWCNT(7,6)/PyrCOO‒/(TMPyP+)H2, (E) SWCNT(6,5)/
PyrCOO‒/(TMPyP+) Zn, and (F) SWCNT(7,6)/ PyrCOO‒/(TMPyP+)Zn. 
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SWCNT(n,m)/PyrCOO‒, reveling partially the winkled SWCNTs (Fig. 3.1A and 3.1B). 

Further addition of (TMPyP+)M (M = H2 and Zn) to produce SWCNT(n,m)/PyrCOO‒/

(TMPyP+)M (Fig. 3.1C- 3.1F) caused further reveling of the winkled SWCNTs, 

corresponding stable homogeneous solution in DMF, although some entanglements 

appear during evaporation of DMF to make dried samples.  Similar TEM images were 

obtained for SWCNT(n,m)/PyrNH3
+/(TPPS‒)M as shown in Fig. 3.2.

Fig. 3.2 (A) SWCNT(6,5)/PyrNH3
+, (B) SWCNT(7,6)/PyrNH3

+, (C) SWCNT(6,5)/PyrNH3
+

/(TPPS-)H2, (D) SWCNT(7,6)/PyrNH3
+/(TPPS-)H2, (E) SWCNT(6,5)/PyrNH3

+/(TPPS-)Zn,
and (F) SWCNT(7,6) /PyrNH3

+/(TPPS-)Zn.



81 

3.3.2 Steady-State Absorption Spectral Studies 

One of the merits of obtaining a homogenous solution of the nanohybrids is the 

ability to record several kinds of optical spectra, which give fundamental features of the 

SWCNT(n,m) nanohybrids in solution. Steady-state absorption spectra of SWCNT(6,5)/ 

PyrCOO‒/(TMPyP+)H2 and SWCNT(7,6)/PyrCOO‒/(TMPyP+)H2
 in the UV-VIS-NIR

Fig. 3.3a (left) Steady-state absorption spectra in DMF: (i) SWCNT(6,5)/PyrCOO‒/ 
(TMPyP+)H2, (ii) SWCNT(6,5)/PyrCOO‒, and (iii) (TMPyP+)H2, and 3.3.b (right) (i)
SWCNT(7,6)/ PyrCOO‒/(TMPyP+)H2, (ii) SWCNT(7,6)/PyrCOO‒, and (iii) (TMPyP+)H2.

Fig. 3.4 Steady-state absorption spectra in DMF: (Left) (i) SWCNT(6,5)/ PyrNH3
+/

(TPPS‒)H2, (ii) SWCNT(6,5)/PyrNH3
+, and (iii) (TPPS‒)H2. (Right) SWCNT(7,6)/

PyrNH3
+/(TPPS‒)H2, (ii) SWCNT(7,6)/PyrNH3

+, and (iii) PyrNH3
+.
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region in DMF are shown in Fig. 3.3  (spectrum-i) with their components (spectrum-ii 

and iii). On complexing SWCNT(n,m)s with PyrCOO‒/(TMPyP+)H2
 (spectrum-i),

absorption bands of the pristine semi-conducting SWCNT(6,5) at 976 nm and 

SWCNT(7,6) at 1024  nm experienced red shift to 1020 nm and 1170 nm, respectively, 

thereby narrowing the band gaps by 0.1-0.2 eV.  These shifts are almost the same with 

spectrum-ii for SWCNT(n,m)s/PyrCOO‒, suggesting the shifts are caused by the 

interaction between SWCNT(n,m)s and PyrCOO‒, although the absorptions of PyrCOO- 

exhibiting sharp UV bands appear as absorption tails in Fig. 3.1 (i) and (ii).  The sharp 

peaks at 420 nm in spectrum-i are the same as the spectrum-iii of (TMPyP+)H2, showing

the Soret band and Q band at the 420 and 550 nm, respectively.  It is important to note 

that no appreciable shifts of these peaks were observed upon complex formation with 

the SWCNT(n,m)/PyrCOO‒ supporting little or no direct p-p interactions of porphyrin 

with the surface of SWCNT(n,m) in the double-decker architectures shown in Scheme 

3.1. Similar phenomena were observed for SWCNT(n,m)/PyrNH3
+/(TPPS‒)M as shown

in Fig. 3.4. 

3.3.3 Energy Diagram 

An energy level diagram depicting different photochemical events of the 

nanohybrids has been constructed using the reported electrochemical data and optical 

data.85,199,200 The oxidation potential (EOX) and reduction potential (ERED) of the

porphyrin derivatives correspond to their HOMO and LUMO levels, respectively.201 In 

the case of SWCNT(n,m), the observed EOX and ERED correspond to the highest level of 

the valenceband and the lowest level of the conduction-band, in which each band width 
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is narrow as presumed from the sharp absorption and fluorescence peaks of 

SWCNT(n,m) in Fig. 3.2.85,199 After photo-excitation of the MP moiety, an electron 

elevated to the LUMO transfers to the conduction-level, giving a trapped electron in 

SWCNT(n,m) and the MP radical cation, when the LUMO of the MP moiety is higher in 

energy than the conduction-band level. Such a charge-separation process is defined as 

CS-1 process, which results in the formation of radical ion pair ([SWCNT]•-,[MP]•+). 

Table 3.1 Estimated energy parameters for the donor-acceptor nanohybrids 
investigated in the present study in DMF.a

aEOX/V and ERED/V vs. Ag/AgCl in DMF; (TPPS‒)Zn, 0.79 and -1.26 V; (TMPyP+)Zn, 1.0
and -0.61V; SWCNT(6,5), 0.64 and -0.51 V;SWCNT(7,6), -0.50 and -0.55 V, 
respectively. For (TPPS‒)H2 and (TMPyP+)H2, similar values were estimated. The
lowest singlet excited state of MP (1MP*) is put equal to 2.00 eV for all porphyrins; from 
the fluorescence peak position, for M = H2, 1.91 eV and for M = Zn, 1.97–2.07 eV. 
SWCNT is abbreviated as CNT. bCalculated according to Rehm and Weller 
approach.202 

The RIP energy (ERIP(SWCNT°‒)/(MP+)) can be evaluated as the difference between 

EOX of MP and ERED of SWCNT(6,5) as listed in Table 3.1. Then, the free-energy 

change for the CS-1 (∆GCS(SWCNT°‒)/(MP°+))
202 via the lowest singlet excited state of MP

(1MP*) can be evaluated to be negative (-0.45V to -0.6 eV), predicting an exothermic 

CS process. Although the CS-1 process is possible for  nanohybrids derived from both 

porphyrins, the more negative ∆GCS(SWCNT°‒)/(MP°+) values were obtained for 

Nanohybrids ERIP(CNT-)/(MP+) ∆GCS(CNT-)/(MP+) ERIP(CNT+)/(MP-) ∆GCS(CNT+)/(MP-)
b

SWCNT(6,5)/PyrNH3
+
/(TPPS

‒
)M 1.30 -0.70 1.88 -0.12 

SWCNT(7,6)/PyrNH3
+
/(TPPS

‒
)M 1.34 -0.66 1.74 -0.26 

SWCNT(6,5)/PyeCOO
‒
/(TMPyP

+
)M 1.51 -0.49 1.25 -0.75 

SWCNT(7,6)/PyeCOO
‒
/(TMPyP

+
)M 1.55 -0.45 1.11 -0.89 
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SWCNT(n,m)/ PyrNH3
+/(TPPS‒)M (primarily due to the peripheral negative charges

resulting in easier oxidation of (TPPS‒)M) favoring the CS-1 process. 

On the other hand, after photo-excitation of the MPs, an electron of the valence-

band level of SWCNT(n,m) is possible to transfer to the vacant HOMO of the MP (CS-

2), giving a hole in the valence-band level of SWCNT(n,m) and the MP radical anion 

([SWCNT]•+,[MP]•-); thus, ERIP(NT•+)/(MP•‒) can be evaluated as the difference between

ERED of MP and EOX of SWCNT(6,5). Then, ∆GCS(SWCNT•+)/(MP•‒) values via the 1MP* are

sufficiently negative for SWCNT(n,m)/PyrCOO-/(TMPyP+)Zn predicting an exothermic 

CS-2 process for these nanohybrids. 

Fig. 3.5 Schematic representation of the energy level diagram for photoinduced electron 
transfer processes of SWCNT(n,m)/Pyr/MP (M=Zn and H2) in polar media; CS-1 
process is favorable for SWCNT(n,m)/PyrNH3

+/(TPPS‒)M and CS-2 process is
favorable for SWCNT(n,m)/ PyrCOO‒/(TMPyP+)M nanohybrids. 

In Fig. 3.5, as typical examples, SWCNT(n,m)/PyrNH3
+/(TPPS‒)M for the CS-1

process and SWCNT(n,m)/PyrCOO-/(TMPyP+)M for the CS-2 process are illustrated. 
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That is, the two types of porphyrins employed here have different redox potentials as a 

result of peripheral negative or positive charges;201 consequently, different CS 

processes are envisioned; for SWCNT(n,m)/PyrNH3
+/(TPPS‒)M, the CS-1 process

tends to take place, whereas for SWCNT(n,m)/PyrCOO‒/(TMPyP+)M, the CS-2 process 

is favored as illustrated in Fig. 3.5. Since these ∆GCS values are less than -1.0 eV, both 

CS processes belong to the normal region of the Marcus parabola,28 on assuming the 

reorganization energy is less than ca. 1.0 eV similar to the well studied fullerene–

porphyrin systems.10d,67  

Therefore, the rate constants of both CS processes (kCS) would be anticipated to 

increase with the exothermicity. As for the charge-recombination (CR) processes, the 

ERIP values are larger than ca. 1 eV, predicting it to be in the inverted region of the 

Marcus parabola.28 Higher ERIP values decelerate the CR rate constants (kCR) and

prolong the lifetime of the RIP (τRIP). 

3.3.4 Fluorescence Measurements 

The formation of SWCNT(n,m)/PyrCOO‒/(TMPyP+)M and SWCNT(n,m)/PyrNH3
+/

(TPPS‒)M was also confirmed by the MP fluorescence measurements, which also gives 

information about the excited state events in the hybrids. The steady-state fluorescence 

spectra of the SWCNT(6,5)/PyrCOO‒/(TMPyP+)H2 and SWCNT(7,6)/PyrCOO‒/

(TMPyP+)H2 in DMF observed with excitation wavelength (ex) at 425 nm, which

predominant excites the H2P moiety, are shown in Fig. 3.6.  (TMPyP+)H2 (blue line)

exhibits fluorescence peaks at 650 and 720 nm due to the H2P moiety. 
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Fig. 3.6 Steady-state fluorescence spectra in DMF (ex = 425 nm): (left) (i) SWCNT(6,5) 
/PyrCOO‒/(TMPyP+)H2 and (ii) (TMPyP+)H2. (right) (i) SWCNT(7,6)/PyrCOO‒/
(TMPyP+)H2 and (ii) (TMPyP+)H2.

Fig. 3.7a Steady-state fluorescence spectra in DMF (ex = 425 nm). Left(i) 
SWCNT(6,5)/PyrCOO-/(TMPyP+)Zn and (ii) (TMPyP+)Zn. Right (i) SWCNT(7,6)/ 
PyrCOO-/(TMPyP+)Zn and (ii) (TMPyP+)Zn. 

In order to obtain kinetic data of the singlet excited state of the H2P moiety 

(1H2P*), picosecond time-resolved fluorescence measurements were performed with

streak-scope method. The time profiles collected for the (TMPyP+)H2-fluorescence in

the nanohybrids with SWCNT(n,m)/PyrCOO- are shown in Fig. 3.8 in comparison with 
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pristine (TMPyP+)H2. The H2P-fluorescence intensity followed a mono-exponential

decay with a lifetime of 4010 ps [=(F)ref]. Addition of SWCNT(6,5) and SWCNT(7,6) to 

form the hybrids accelerated the H2P-fluorescence decay; at a glance, the latter 

accelerated decay much faster than the former, in agreement with the degree of steady-

state fluorescence quenching in Fig. 3.6. These fluorescence time profiles could be 

curve-fitted to a bi-exponential decay function; the shorter components as 480 ps 

(fraction (Fr) = 88%) for SWCNT(6,5) and 260 ps (Fr = 94%) for SWCNT(7,6), and the 

remaining longer components are attributed to the non-interacting porphyrin entities. 

The (F)nanohybrid evaluated under similar conditions are summarized in Table 3.2, in 

which the Fr values of the shorter components are in the range of 68–94%. For M = H2, 

the (F)nanohybrid values were found to be 260–580 ps with Fr = 68–94%. For M = Zn, the 

(F)nanohybrid values were found to be 110–290 ps with Fr = 78–94%. These fast decaying 

components serve as an additional evidence for the formation of nanohybrids with 

SWCNTs. Compared with SWCNT(6,5), the (F)nanohybrid values for SWCNT(7,6) are 

short in each porphyrin composite in DMF. 

Fig. 3.7b Steady-state fluorescence spectra in DMF (ex = 428 nm). (Left) 
SWCNT(6,5)/PyrNH3

+/(TPPS−)H2 and (ii) (TPPS−)H2. (Right) (TMPyP+)Zn (i) SWNT(7,6)/
PyrNH3

+/(TPPS−)H2 and (ii) (TPPS−)H2.
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Fig. 3.7c Steady-state fluorescence spectra in DMF (ex = 428 nm). (Left) SWCNT(6,5)/ 
PyrNH3

+/(TPPS−)Zn and (ii) (TPPS−)Zn. (TMPyP+)Zn (Right) (i) SWCNT(7,6)/PyrNH3
+/ 

(TPPS−)Zn and (ii) (TPPS−)Zn.  

  

 

 

 

 

 

 

Fig. 3.8 Fluorescence decays in the 650-750 nm region: (i) SWCNT(7,6)/PyrCOO-/ 

(TMPyP+)H2, (ii) SWCNT(6,5)/PyrCOO-/(TMPyP+)H2, and (iii) (TMPyP+)H2 in DMF; ex = 
408 nm 

 

As proved in our previous study,195 the shortening of the fluorescence lifetimes is 

ascribed to the CS process via 1MP*. The kCS and CS were calculated from the 

differences between (F)nanohybrid and (F)ref as summarized in Table 3.2. The evaluated 

kCS values are in the range of (2.0–8.1) × 109 s-1, which are reasonable values as the 

CS proceeds via 1MP* to the SWCNT through or over the ion pairs. The overall CS 

values are larger than 0.85; by considering the Fr of the short (F)nanohybrid alone 
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representing the fraction of the complexes, the CS values are larger than 0.64. For 

each porphyrin, the kCS and CS values for SWCNT(7,6) with larger diameter are higher 

than those for SWCNT(6,5) with smaller diameter. 

Fig. 3.9a Fluorescence decays in DMF. ex = 408 nm. (Left) (i) SWCNT(7,6)/PyrNH3
+/

(TPPS-)Zn, (ii) SWCNT(6,5)/PyrNH3
+/(TPPS-)Zn and (iii) (TPPS-)Zn. (Right) (i)

SWCNT(7,6)/Pyr NH3
+/(TPPS-)H2, (ii) SWCNT(6,5)/PyrNH3

+/(TPPS-)H2, and (iii)(TPPS-

)H2. 

Fig. 3.9b Fluorescence decays of (i) SWCNT(7,6)/PyrCOO-/(TMPyP+)Zn (ii) 

SWCNT(6,5)/PyrCOO-/(TMPyP+)Zn and (iii) (TMPyP+)Zn in DMF. ex = 408 nm.
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Table 3.2 The MP-lifetimes in the nanohybrids (F)nanohybrid (M = Zn or H2) and the 
fraction (Fr) of fast decay component, rate constants of charge separation (kCS) and 

quantum yield (CS)in DMF. 

 akCS = (1/f)nanohybrid - (1/f)ref and CS
 = [(1/f)nanohybrid - (1/f)ref ] /(1/f)nanohybrid;  (f)ref  = 

9740 ps for (TPPS‒)H2 and 2000 ps for (TPPS‒)Zn,  (1/f)ref  = 4010 ps for (TMPyP+)H2

and 1250 ps for (TMPyP+)Zn. 

Usually, the kCS and CS values increase with the -∆GCS values listed in Table 

3.1. Instead, the ∆GCS(SWCNT°+)/(MP°-) values for SWCNT(7,6) are more negative (more 

exothermic) than those for SWCNT(6,5), suggesting a faster CS process under the 

normal region of the Marcus parabola.28 However, the ∆GCS(SWCNT°-)/(MP°+) values for

SWCNT(7,6) are almost the same as the corresponding value for SWCNT(6,5), which 

could not explain the observed small differences in the kCS and CS values. Comparison 

Nanohybrids F (nanohybrid)/ps (Fr) kCS
a
 / s

-1
CS

a
 (×Fr)

SWCNT(6,5)/PyrNH3
+
/(TPPS

‒
)H2 580 (68%) 1.6 ×10

9
0.93 (0.64) 

SWCNT(7,6)/PyrNH3
+
/(TPPS

‒
)H2 320 (78%) 3.0 ×10

9
0.96 (0.75) 

SWCNT(6,5)/PyrNH3
+
/(TPPS

‒
)Zn 290 (80%) 3.0 ×10

9
0.85 (0.68) 

SWCNT(7,6)/PyrNH3
+
/(TPPS

‒
)Zn 140 (85%) 6.8 ×10

9
0.93 (0.79) 

SWCNT(6,5)/PyrCOO
‒
/(TMPyP

+
)H2 480 (88%) 2.0 ×10

9
0.94 (0.83) 

SWCNT(7,6)/PyrCOO
‒
/(TMPyP

+
)H2 260 (94%) 3.8 ×10

9
0.97 (0.91) 

SWCNT(6,5)/PyrCOO
‒
/(TMPyP

+
)Zn 230 (78%) 3.9 ×10

9
0.88 (0.69) 

SWCNT(7,6)/PyrCOO
‒
/(TMPyP

+
)Zn 110 (85%) 8.1 ×10

9
0.86 (0.73) 
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between SWCNT(n,m)/PyrNH3
+/(TPPS-)M and SWCNT(n,m)/PyrCOO-/(TMPyP+)M

gives the tendency that the latter CS process is faster than the former CS process, 

which is also along the order of -∆GCS(SWCNT°+)/(MP°-) values. For other factors to 

determine the CS rates, the geometrical factor needs to be considered; for example, 

larger diameter SWCNT(7,6) has a chance to approach the large porphyrin molecules 

directly with wider – interaction. 

3.3.5 Nanosecond Transient Absorption Studies 

Evidence for CS can be obtained from the transient absorption spectral studies 

by the observation of the radical ions, of which decays can afford the kCR values. The 

nanosecond transient absorption spectra of the SWCNT(7,6)/PyrNH3
+/(TPPS-)Zn

nanohybrids observed by the 532 nm laser light, which predominantly excites the ZnP 

moiety are shown in Fig. 3.10. Importantly, a transient absorption peak corresponding to 

the formation of the ZnP radical cation ([(TPPS-)Zn]•+) was evident around 680 nm. As a 

pair of the ZnP•+ unit in the photoinduced CS process in the supramolecular nanohybrid, 

the trapped electron on the SWCNT (expressed as [SWCNT]•-) would be anticipated. In 

the NIR region, broad absorption bands were observed around 1400 nm, which can be 

assigned to [SWCNT(n,m)]•-, although further studies are needed to confirm this 

assignment.203 The rise of the [(TPPS-)Zn]•+ around 680 nm was found to be fast within 

the nanosecond laser pulse (6 ns) (see the time profile in Fig. 3.10 inset), which 

corresponds to the CS process within 140 ps as estimated from the ZnP-fluorescence 

lifetime. After reaching a maximum just after the laser pulse (6 ns), the absorption of 

[(TPPS-)Zn]•+ around 680 nm begins to decay within 500–1000 ns. From the first-order 
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fitting to the decay curve, the kCR value of [SWCNT(7,6)]•-/PyrNH3
+/ [(TPPS-)Zn]•+ was

evaluated to be 6.1 × 106 s-1 in DMF. Using the kCR value, the RIP-lifetime, RIP (=1/kCR)

was evaluated to be ca. 160 ns, indicating that the RIPs persist for some extent in the 

supramolecular nanohybrid in DMF. 

Fig. 3.10 Nanosecond transient absorption spectra of SWCNT(7,6)/PyrCOO‒/ 
(TMPyP+)Zn observed by 532 nm (ca. 3 mJ/ pulse) laser irradiation in Ar-saturated 
DMF. Inset: Absorption-time profile at 640 nm and red curve is the first-order fitting. 

On assuming the occurrence of the CS-2 process for SWCNT(n,m)/PyrCOO-/ 

(TMPyP+)M, the observation of [SWCNT]•+ and [(TMPyP+)M]•- would be anticipated. 

Expectedly, slightly broader transient absorption bands were observed (see Fig. 3.11a-

c). As for [(TMPyP+)M]•-, the absorption band has been reported in a few studies,204 to 

show weak absorptions in the visible region. As for [SWCNT(n,m)]•+, the broad 

absorption band in the NIR region is identified.205 This implies that this type of the CS 

process cannot be denied from the transient absorption spectra in Fig. 3.10. 
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Fig. 3.11a Nanosecond transient absorption spectra of SWCNT(6,5)/PyrNH3
+/(TPPS-

)Zn observed by 532 nm (ca. 3 mJ/ pulse) laser irradiation in DMF. Inset: Absorption-
time profile 

For SWCNT(n,m)/PyrCOO-/(TMPyP+)M and SWCNT(n,m)/PyrNH3
+/(TPPS-)M,

the first-order decay time profiles were observed at 680 nm and 1400 nm, giving the kCR 

and RIP as listed in Table 3.3, to which the ratios of kCS/kCR are added. The kCS/kCR 

values can be used as a kinetic measure of the charge accumulation for utilization of 

the electron-hole pair in the nano-hybrids under light illumination. For each porphyrin, 

the kCR values for SWCNT(7,6) are slightly larger than those for SWCNT(6,5) by about 

1.5 times; vide infra for RIP values. Since the kCS values for SWCNT(7,6) are larger than 

those for SWCNT(6,5) by about 2-3 times, the kCS/kCR values are large for SWCNT(7,6) 

than those for SWNT(6,5). 



94 

Fig. 3.11b (left) Nanosecond transient absorption spectra of SWCNT(6,5)/PyrNH3
+/

(TPPS-)H2, 3.11c. (right) SWCNT(7,6)/PyrNH3
+/(TPPS-)H2 observed by 532 nm (ca. 3

mJ/ pulse) laser irradiation in DMF. Inset: Absorption-time profile. 

At this stage, these kCS/kCR values for SWCNT(n,m) can be compared with the 

previously studied mixture containing metallic and semi-conducting SWCNTs; the 

mixture of SWCNTs has quite small kCS/kCR values in the 100–300 region for the same 

set of porphyrins, indicating semi-conducting SWCNTs are favorable for long charge 

accumulation. 

3.3.6 Electron-Pooling Measurements 

In order to further confirm the occurrence of CS process leading to the formations 

of [SWCNT(n,m)]•-/PyrCOO-/[(TMPyP+)Zn]•+ and [SWCNT(n,m)]•-/PyrNH3
+/[(TPPS-)Zn]•+,

additional electron-mediation experiments are performed by the addition of the second 

electron acceptor, hexyl viologen dication (HV2+) and a sacrificial electron donor, 1- 
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Table 3.3 Rate constants of charge recombination (kCR) and lifetimes of the radical ion-

pair (τRIP), ratios (kCS/kCR), and yield of HV•+ (HV•+) in DMF.

benzyl-1,4-dihydronicotinamide (BNAH) to the hybrid solution.206 By the steady-state 

absorption spectral measurements after the repeated laser-light irradiation with 532 nm 

laser light, which predominantly excites the ZnP moiety in the nanohybrids but not the 

additives (HV2+ and BNAH), the accumulation of HV•+ is observed at 620 nm as shown 

in Fig. 3.12. The concentration of the accumulated HV•+ increased with the BNAH 

concentration, supporting the role of BNAH as a sacrificial hole shifting reagent.206 This 

observation implies that the electron pooling is induced by the light illumination of the 

ZnP moiety in SWCNT(7,6)/PyrCOO-/(TMPyP+)Zn. The overall maximal absorbance of 

HV•+ was observed in the presence of 0.5 mM of HV2+ and 4.0 mM of BNAH; thus, 

maximal concentration of HV•+ was evaluated to be 0.21 mM, which amounts to 42% 

conversion of added HV2+ for SWCNT(7,6)/PyrCOO-/(TMPyP+)Zn. For other systems 

Nanohybrid kCR /s
-1

RIP /ns kCS/kCR HV•+/(%) 

SWCNT(6,5)/PyrNH3
+
/(TPPS

‒
)H2 5.4×10

6
190 300 32 

SWCNT(7,6)/PyrNH3
+
/(TPPS

‒
)H2 7.1×10

6
140 420 42 

SWCNT(6,5)/PyrNH3
+
/(TPPS

‒
)Zn 4.5×10

6
220 670 34 

SWCNT(7,6)/PyrNH3
+
/(TPPS

‒
)Zn 6.2×10

6
160 1100 39 

SWCNT(6,5)/PyrCOO
‒
/(TMPyP

+
)H2 6.8×10

6
140 290 31 

SWCNT(7,6)/PyrCOO
‒
/(TMPyP

+
)H2 8.2×10

6
120 460 42 

SWCNT(6,5)/PyrCOO
‒
/(TMPyP

+
)Zn 5.0×10

6
200 780 35 

SWCNT(7,6)/PyrCOO
‒
/(TMPyP

+
)Zn 6.1×10

6
160 1330 42 
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(see Fig. 3.13a-c), the maximal conversions (HV•+) are listed in Table 3.3, from which 

the HV•+ values for SWCNT(7,6) are found to be higher than those for SWCNT(6,5) for 

each porphyrin. For each SWCNT(n,m), the HV•+ values proportionally increase with 

the kCS/kCR values. 

Fig. 3.12 Steady-state absorption spectra of SWCNT(7,6)/PyrCOO-/(TMPyP+)Zn in Ar-
saturated DMF solution measured after five laser-shots (6-ns pulse width and 3 
mJ/pulse) at 532-nm in the presence of HV2+ (0.5 mM) and BNAH (i) 0, (ii) 0.5, (iii) 1.0, 
(iv) 1.5, (v) 2.0, (vi) 2.5, (vii) 3.0, (viii) 3.5, and (ix) 4.0 mM. 

The mechanism for this electron-pooling process can be understood on 

combining the above porphyrin-fluorescence quenching and transient absorption 

spectral measurements, showing the generation of [MP]•+ and probable [SWCNT]•-

within the nanohybrids. The electron trapped in SWCNT upon light-induced CS process 

transfers to HV2+, generating HV•+ as the electron pooling product. BNAH neutralizes 

MP•+ irreversibly in the nanohybrids, giving BNAH•+, which is further converted to 

BNA+.206 These mechanisms of the efficient photosensitized CS/electron-migration/hole-
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shift processes of the SWCNT(n,m)/PyrCOO-/(TMPyP+)M and SWCNT(n,m)/PyrNH3
+/

(TPPS-)M nanohybrids are illustrated in Scheme 3.2. 

Fig. 3.13a Steady-state absorption spectra of SWCNT(6,5)/PyrCOO-/(TMPyP+)Zn in Ar 
saturated DMF solution measured after 5 laser-shots with laser light (6-ns pulse width)at 
532-nm in the presence of HV2+ (0.5 mM) and BNAH (i) 0, (ii) 0.5, (iii) 1.0, (iv) 1.5, (v)2.0 
(vi) 2.5 (vii) 3.0 (viii) 3.5 and (ix) 4.0 mM. 

Fig. 3.13 (b-c) Steady-state absorption spectra of (Left) SWCNT(6,5)/PyrCOO-

/(TMPyP+)H2 and (Right) SWCNT(7,6)/PyrCOO-/(TMPyP+)H2 in Ar-saturated DMF
solution measured after 5 laser-shots with laser light (6-ns pulse width) at 532-nm in the 
presence of HV2+ (0.5 mM) and BNAH (i) 0, (ii) 0.5, (iii) 1.0, (iv) 1.5, (v) 2.0 (vi) 2.5 (vii) 
3.0 (viii) 3.5 and (ix) 4.0 mM. 
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Scheme 3.2 Mechanism for electron-pooling process; abbreviations: EM, electron 
mediation and HS, hole shift. 

3.3.8 Photoelectrochemical Studies 

Encouraged by the observed photoinduced charge-accumulation ability of the 

investigated nanohybrids, photoelectrochemical studies were performed to visualize 

their ability to convert light into electricity. For this study, the nanohybrids were drop-

coated on SnO2-modified FTO electrode surface.69 The photocurrent action spectra of

FTO/SnO2/nanohybrid in a mediator solution of 0.5M LI and 0.1 mM I2 in acetonitrile 

with Pt gauze electrode as a counter electrode are shown in Fig. 3.14. The spectra of 

monochromatic incident-photon-to-current conversion efficiency (IPCE)207 vs. wave-

length show a main peak at 420 nm and a weak one at 550–650 nm, which closely 

resembles the porphyrin peak of the nanohybrids absorption spectrum in Fig. 3.3, 

indicating that these nanohybrids on the electrode surface are indeed responsible for 

photocurrent generation. 

At the wavelength of the maximum current, the IPCE is found to be nearly 8% for 

the photocell with SWCNT(7,6)/PyrNH3
+/(TPPS-)Zn modified electrode. For the

photocells having electrodes modified with other nanohybrids, the IPCE values are 
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smaller. Importantly, the IPCE values are much higher for the electrodes derived from 

(7,6)SWCNT compared to those derived from (6,5)SWCNT,198 except for 

SWCNT(n,m)/PyrCOO-/(TMPyP+)H2, showing similar values for both SWCNT(n,m)s.

Additionally, as shown in the figure inset, the light-switching experiments yielded 

reproducible values suggesting high stability of the nanohybrids in the photocell. 

Fig. 3.14 Incident-photon-to-current conversion efficiencies (IPCE) of (a) SWCNT(n,m)/ 
PyrNH3

+/(TPPS-)Zn, (b) SWCNT(n,m)/PyrNH3
+/(TPPS-)H2, (c) SWCNT(n,m)/PyrCOO-

/(TMPyP+)Zn, and (d) SWCNT(n,m)/PyrCOO-/(TMPyP+)H2 drop-coated FTO/SnO2

electrodes in acetonitrile containing I-/I3
- mediator. The figure insets show photo-

switching curves for the indicated electrodes. 
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Although proportional relations were found for HV•+ vs. the kCS/kCR values, such clear 

relation was not found for maximal IPCE at 420 nm, suggesting that other important 

factors governing the IPCE must be also considered; viz., the morphology on the 

electrode surface, electron-injection rates from [SWCNT(n,m)]•-,[MP]•+ (or 

[SWCNT(n,m)]•+,[MP]•-) to SnO2/ FTO, role of the electron mediator, etc. 

 

3.4 Summary 

 Self-assembled SWCNT(n,m)/PyrCOO-/(TMPyP+)M and SWCNT(n,m)/PyrNH3
+/ 

(TPPS-)M nanohybrids in DMF were successfully prepared. Photoinduced CS process 

via the excited singlet state of porphyrin moiety vs. SWCNTs was confirmed by the 

fluorescence quenching and transient absorption measurements, in addition to the 

electron-mediating experiments. Photoelectrochemical studies performed on FTO/SnO2 

modified electrodes unanimously demonstrated the ability of these nanohybrids to 

harvest the light energy into the electricity. 

 In these measurements, appreciable differences are recognized between the two 

semi-conductive SWCNT(n,m)s with different diameters; that is, efficiency of the CS 

process, electron pooling and photocurrent generation efficiencies are higher for 

SWCNT(7,6) with a larger diameter and narrower band gap compared with 

SWCNT(6,5) with a wider band gap. This trend is in good agreement with the efficiency 

of the photoinduced CS efficiencies measured with the HV•+-accumulation conversion 

and kCS/kCR in the present study. These results indicate a prospective to achieve higher 

efficiency of photoinduced processes by the selection of the appropriate SWCNTs. 
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CHAPTER 4 

ZINC PORPHYRIN-SWCNT AND ZINC PHTHALOCYANINE-SWCNT NANOHYBRIDS 

USING DIAMETER SORTED NANOTUBES ASSEMBLED VIA METAL-LIGAND 

COORDINATION AND - STACKING: FORMATION AND PHOTOINDUCED 

PROPERTIES* 

4.1 Introduction 

Major research effort has been devoted to establish artificial photosynthetic 

model systems employing porphyrins (MP) and phthalocyanine (MPc) as 

photosensitizing donors.7-12,18 As partners, electron acceptors such as quinones have 

been widely employed.7 However, fullerenes, a large sized -electron systems with 

curvatures, have recently been used since these molecules demand small 

reorganization energies in electron transfer reactions.9,10,12 Carbon nanotubes,33,184,187b,

210 extension of these large -electron systems with curvatures, have attracted wide 

attention with the intension of developing nano-material based devices for light energy 

harvesting and other optoelectronic applications.10d,193a-b,66 In this context, single-wall 

carbon nanotubes (SWCNTs) have emerged out to be attractive candidates, because of 

their metallic and semi-conductive electronic properties.64,65,185,186 The structure of 

SWCNT relates to a pair of indices (n,m) referring to their diameter and chirality. Recent 

efforts involving density gradient centrifugation have resulted in the separation of 

metallic and semiconducting SWCNTs according (n,m) index.59,190 Furthermore, a single 

*Chapter 4 in its entirety is reproduced from “Sushanta K. Das, Navaneetha K. Subbaiyan,
Francis D’Souza, Atula S. D. Sandanayaka, Takatsugu Wakahara and Osamu Ito, J. Porphyrins 
and Phthalocyanines 2011, 15, 1033-1043” with permission from the publisher. 
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(n,m) index type SWCNT was predominately prepared and selectively separated for 

some SWCNT(n,m)s.196,197 

Among the different applications of SWCNTs, the unique structure and the 

presence of extended -delocalization have made them attractive candidates to develop 

light energy harvesting and photovoltaic materials.10d,193a-b,66 Consequently, 

incorporation of SWCNTs as part of donor-acceptor ensembles for the study of the light-

induced electron transfer has become one of the active areas of research. Accordingly, 

a few elegant covalently linked and non-covalently assembled hybrids containing 

SWCNTs have been reported and occurrence of photoinduced electron transfer has 

been established.10d,193a-b,66 However, all of these studies used a mixture of SWCNTs 

having both metallic as well as semiconducting with different (n,m) indices, making it 

impossible to derive meaningful and conclusive structure-reactivity relationships. Such 

was also the case for a previous study from our laboratories where imidazole-pyrene 

(Im-Pyr) molecule was adsorbed onto SWCNTs (Im-Pyr/SWCNT), to which zinc 

tetraphenylporphyrin (ZnP) was self-assembled via coordination bond.211 Although 

occurrence of electron transfer was successfully demonstrated, structure-reactivity 

aspects were not possible to deduce from these studies since the employed SWCNTs 

were mixture of metallic and semiconducting types of different diameters and 

chiralities.211 

In the present study, we have successfully constructed donor-acceptor hybrids 

made out of semiconducting SWCNTs of largely a single (n,m) index type, that is, two 

types of semiconducting nanotubes, viz., (6,5) and (7,6) have been utilized. Additionally, 

we have employed self-assembly methods combining -  stacking194 and coordination 
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bonding,12 a ‘double decker’ binding strategy, to assemble the entities using ZnP or 

ZnPc as photosensitizing entities. To accomplish this, pyrene (Pyr) functionalized with 

phenylimidazole (Im) is used to -stack nanotube walls leaving the phenylimidazole to 

bind the coordinatively unsaturated zinc tetrapyrroles (ZnP←Im-Pyr/SWCNT(n,m) and 

ZnPc←Im-Pyr/SWCNT(n,m) in Fig. 4.1).  The newly formed hybrids have allowed us to 

investigate the photoinduced electron transfer and compare between the two types of 

nanotubes by this self-assembly methods and with the earlier reported nanohybrids in 

this series.198,212 Furthermore, photocatalytic and photoelectro- chemical studies have 

been performed to access their utility as photocatalysts to accumulate electron transfer 

products and solar materials for direct conversion of light into electricity. 

Fig. 4.1 Supramolecular structure of ZnP←Im-Pyr/SWCNT (n,m) and ZnPc←Im-
Pyr/SWCNT (n,m)  nanohybrids investigated in the present study; R= t-butyl group. 
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4.2 Experimental Section 

4.2.1 Preparation of Nanohybrides 

A 1.5 mg of purified SWCNT(n,m) was added to a 3.2 mg of Im-Pyr dissolved in 

15 ml of dry DMF 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 20°C

followed by centrifugation (Fisher scientific, 50/60 CY) for 2 hrs. The excess of PyrIm 

was removed by separating the yellow colored centrifugate from the black precipitate. 

This process was repeated (at least twice) until the centrifugate turns colorless. At the 

end, 10 ml of fresh solvent was added to the resulting deposit and the sonicated for 15 

minutes at 20°C. This homogenous black dispersion was stable at room temperature for 

weeks. To this solution, appropriate amount of ZnP and ZnPc were added for in-situ 

formation of the donor-acceptor nanohybrids in solution such as 1, 2- dichlorobenzene. 

4.2.2 Preparation of Nanocrystalline SnO2 Electrodes 

These were prepared according to the literature procedure with few changes.209 

A 10 µL of SnO2 colloidal solution (Alfa Aesar, 15%) was dissolved in 10 mL of ethanol; 

a 500 µL of NH4OH was added to this solution for stability. About 0.5 mL of colloidal 

solution is placed on optically transparent electrode, fluorine doped indium tin oxide 

(FTO) (Pilkington TEC-8, 6-9 Ω/square) and dried in air.  The electrodes were annealed 

in an oven for an hour in air at 673 K. The estimated thickness of the electrode was 

around 5-6 µm. 
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4.3 Results and Discussion 

4.3.1 TEM Studies of Supramolecular Donor-Acceptor Nanohybrids 

The ZnP←Im-Pyr/SWCNT(n,m) and ZnPc←Im-Pyr/SWCNT(n,m) donor-acceptor 

hybrids were prepared by treating Im-Pyr with the SWCNT(n,m)s at first, then, ZnP or 

ZnPc was added and stirred for sufficient times in DCB (see experimental section for 

details).  Unbound additives to SWCNTs were completely removed prior any TEM and 

spectral measurements by repeated centrifugation and washing procedures. The 

SWCNT(n,m) bundles were found to be loosened by the initial treatment of Im-Pyr as 

shown in Fig. 4.2A and  Fig. 4.2B for Im-Pyr/SWCNT(n,m) after dried on the TEM grid, 

although some intertwining during TEM sample preparation was observed.  Fig. 4.2C 

and Fig. 4.2D show the TEM images of the ZnP←Im-Pyr/SWCNT(n,m) showing 

appreciable decrease in stacking as expected. Similar TEM images were observed for 

ZnPc←Im-Pyr/SWCNT(n,m) (see Fig. 4.3B on next page). It is notable that the 

procedure of exfoliating semiconducting nanotubes by treating with Im-Pyr left no 

traceable amorphous carbons and metal nanoparticles, often seen in SWCNT samples. 

4.3.2 Optical Absorption Studies 

The optical absorption spectra of Im-Pyr/SWCNT(n,m)s show the absorption tail 

in the UV region and weak peaks of SWCNT(n,m) in the visible-NIR region in DMF (see 

Fig. 4.5). The main absorption bands of the semiconducting Im-Pyr/SWCNT(6,5) are at 

583 and 1020 nm, while the main absorption bands of Im-Pyr/SWCNT(7,6) are at 664 

and 1180 nm.189 These bands showed red-shifts by about 400 cm-1 from the pristine  
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Fig. 4.2 TEM images of (A) Im-Pyr/SWCNT(6,5), (B) Im-Pyr/SWCNT(7,6), (C) ZnP←Im-
Pyr/SWCNT(6,5) and (D) ZnP←Im-Pyr/SWCNT(7,6) nanohybrids. 

 

 

 

 

 

 

 

 

 

Fig. 4.3 TEM images of (A) Im-Pyr/SWCNT(6,5), (B) Im-Pyr/SWCNT(7,6), (C) 
ZnPc←Im-Pyr/SWCNT(6,5), and  (D) ZnPc←Im-Pyr/SWCNT(7,6). 
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SWCNT(n,m)s peaks, due to the - interaction with the Pyr moiety of Im-Pyr.198,212 The 

pyrene absorption peaks located in the 300‒350 nm regions also revealed 2-3 nm blue 

shift compared to pristine Im-Pyr. From the longest absorption edges, the band gap 

evaluated to be 1.21 and 1.05 eV for SWCNT(6,5) and SWCNT(7,6) respectively, which 

also shows narrowing of 0.06–0.08 eV, due to - stacking interactions. Similar results 

were also observed in less polar DCB. 

 

Fig. 4.4 Steady-state absorption spectra of (a) ZnP on increasing addition of Im-Pyr 
/SWCNT(6,5) and (b) ZnPc on increasing addition of Im-Pyr/SWCNT(7,6) in DCB.   

  

The supramolecular assembly of donor-acceptor conjugates featuring ZnP or 

ZnPc with Im-Pyr/SWCNT(n,m)s was studied using optical absorption spectroscopy in 
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DCB.  Fig. 4.4 (above) shows the spectral changes observed during the titration of ZnP 

(Fig. 4.4a) and ZnPc (Fig. 4.4b) on increasing addition of Im-Pyr/SWCNT(n,m)s. 

Fig. 4.5 UV-visible-near IR spectrum of Im-Pyr/SWCNT(6,5) (red line) and Im-Pyr/ 
SWCNT(7,6) (black line) in DMF. 

Fig. 4.6 Steady-state absorption spectra of (a) ZnP on increasing addition of Im-Pyr/ 
SWCNT(7,6) and (b) ZnPc on increasing addition of Im-Pyr/SWCNT(6,5) in DCB.   
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Addition of Im-Pyr/SWCNT(6,5) to a solution of ZnP revealed spectral changes 

as shown in Fig. 4.4a, that is, the Soret band at 424 nm revealed decreased intensity 

accompanied by a red shift of  ca. 4 nm. The Q band located at 556 nm also 

experienced a red shift of 2 nm to 558 nm. Similarly, addition of Im-Pyr/SWCNT(7,6) to 

a solution of ZnPc resulted in diminishing the intensity of the intense 680 nm band (Fig. 

4.4b). In our previous study, similar results were observed when Im-Pyr/SWCNT or Im-

C60 were coordinated to zinc naphthalocyanine to form the nanohybrids in DCB.211,213 

Generally, the spectral changes are much more pronounced in ZnPc compared to ZnP. 

Similar spectral changes were observed during the formation of ZnP←Im-

Pyr/SWCNT(7,6) and ZnPc←Im-Pyr/SWCNT(6,5) nanohybrids (see Fig. 4.6). These 

observations collectively suggest the formation of ZnP←Im-Pyr/SWCNT(n,m) and 

ZnPc←Im-Pyr/SWCNT(n,m) nanohybrids. 

 

4.3.3 Energy Level Diagram 

 

Fig. 4.7 Energy diagrams for photoinduced charge-separation of ZnP←Im-Pyr/SWCNT 
(n,m)s and ZnPc←Im-Pyr/SWCNT(n,m)s based on reported Eox and Ered values of 
SWCNT(n,m) and ZnP or ZnPc; the LUMO levels of ZnP and ZnPc are estimated  by 

Eox + h. 
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From the reported redox potentials in DMF, the energy diagrams are constructed 

as shown in Fig. 4.7.202 By photoexcitation of the ZnP moiety, an electron on the HOMO 

is elevated to LUMO, from which the electron transfers to the conduction band of 

SWCNT(n,m)s to form ZnP+←Im-Pyr/SWCNT(n,m)- as denoted as charge separation 

process-1 (CS-1) in Fig. 4.7. The energy (ERIP) of the radical ion pairs (RIPs) can be 

evaluated from the difference of Ered of SWCNT(n,m)s and Eox of ZnP.  

Table 4.1 Calculated energy parameters for ZnP←Im-Pyr/SWCNT(n,m)s and 
ZnPc←Im-Pyr/ SWCNT(n,m)s nanohybrids.a  
 

 

aEox/V vs. Ag/AgCl in DMF; 0.81 for ZnP and 0.61 for ZnPc.  Eox/V and Ered/V; 0.64 and -
0.51 V for SWCNT(6,5), and 0.50 and -0.55 V for SWCNT(7,6), respectively.85b The 
band gap difference after nanohybrid formation was not taken into consideration. The 
lowest singlet excited state energies were evaluated from the 0-0 peak position at the 
overlap position of the absorption and fluorescence spectra. ∆GCS-1= ∆GCS(SWCNT•-)/(MP•+) 

and ∆GCS-2=∆GCS(SWCNT•+)/(MP•-); for CS-1 and CS-2, see Fig. 4.7.  The Coulomb terms 
are omitted because the diffusive change on SWCNTs.  On the basis of the 
approximations, these values contain the estimation errors ± 0.1 eV. 

 

Therefore, the free-energy changes of the charge-separation (-∆GCS-1) from the 

lowest excited singlet state energy of ZnP (1ZnP*, 2.03 eV) and ZnPc (1ZnPc*, 1.81 eV) 

can be evaluated as listed in Table 4.1. Although these redox values were all based on 

the data in DMF, it is assumed that these data are applicable to the events in DCB. 

 
ZnP(c)

+
-SWCNT-  ZnP(c)

-
-SWCNT+ 

 

Nanohybrids ERIP ∆GCS-1 ERIP ∆GCS-2 

ZnP←Im-Pyr/SWCNT(6,5) 1.32 -0.71 1.86 -0.17 

ZnP←Im-Pyr/SWCNT(7,6) 1.36 -0.67 1.72 -0.31 

ZnPc←Im-Pyr/SWCNT(6,5) 1.12 -0.69 1.84 0.03 

ZnPc←Im-Pyr/SWCNT(7,6) 1.16 -0.65 1.70 -0.11 
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From the energy diagram Fig. 4.7, the CS process from the valence band of 

SWCNT(n,m) to the half-vacant HOMO of 1ZnP* or 1ZnPc* generated after the 

photoexcitaion from the HOMO to the LUMO is also possible, giving ∆GCS-2 to be slight 

exothermic via 1ZnP*, but less exothermic via 1ZnPc* (Table 4.1) using the LUMO levels 

in Fig. 4.7. 

4.3.4 Fluorescence Measurements 

Fig. 4.8 (Left) Spectral changes in the visible region of (a) ZnP and (c) ZnPc observed 
during the titration of increasing addition of Im-Pyr/SWNT(7,6) in DCB. Excitation 

wavelength ex = 550 nm for ZnP and 650 nm for ZnPc. (Right)  Fluorescence decays 
collected in the 600-670 nm range for (b) ZnP and in the 680-770 nm range for (d) 
ZnPc; (i) pristine, (ii) + Im-Pyr/ SWCNT(6,5) and (iii) + Im-Pyr/SWCNT(7,6) in DCB. 

Shadowed shape is laser pulsed light time profile of ex = 408 nm.  
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The formation of the ZnP←Im-Pyr/SWCNT(n,m) and ZnPc←Im-Pyr/SWCNT- 

(n,m) hybrids was also confirmed by the fluorescence measurements of ZnP (or ZnPc), 

which also gave information about the excited state events in the hybrids.  As shown in 

Fig. 4.8a and Fig. 4.8c, addition of Im-Pyr/SWNT(7,6) to a solution containing either 

ZnP or ZnPc in DCB quenched the emission of both macrocycles accompanied by small 

red shifts characteristic of axial coordinated zinc tetrapyrroles.  Similar results were also 

obtained when the macrocycles were titrated with Im-Pyr/SWNT(6,5). Fig. 4.8a shows 

the steady-state fluorescence spectra of the ZnP←Im-Pyr/SWCNT(7,6) by the 

predominant excitation of the ZnP moiety, exhibiting a main peak at 620 nm with an 

additional one at 660 nm characteristic to ZnP fluorescence.  Interestingly, in the hybrid 

with SWCNT(7,6), the ZnP fluorescence intensity was found to be quenched over 70% 

of its original intensity, suggesting occurrence of the 1ZnP* state events such as 

electron transfer and energy transfer.27 Similarly, ZnPc←Im-Pyr/SWCNT(7,6) in Fig. 

4.5c showed the peak at 670 nm characteristic to ZnPc fluorescence.  In the hybrids 

with SWCNT(7,6), the ZnP fluorescence intensity was found to be quenched over 85% 

of its original intensity, suggesting occurrence of the excited state events. 

 Additionally, time-resolved studies were performed in DCB. From the picosecond 

fluorescence time profiles measurements with streak-scope method (Fig. 4.8b and d), 

addition of SWCNT (n,m) to form the hybrids accelerated the ZnP- and ZnPc-

fluorescence decay, which could be curve-fitted to a biexponential decay function; the 

ZnP and ZnPc fluorescence lifetimes [(f)hybrid] evaluated from the main faster decay 

parts were found in the regions of 150–250 ps in fraction of 78–85%. The longer 

fluorescence lifetime with minor fraction may be attributed to less- and non-interacting 
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ZnP (or ZnPc), because they are similar to the lifetimes of pristine sensitizers. The fast 

decaying component serves as an additional evidence for the formation the hybrids 

between ZnP (or ZnPc) and SWCNTs via axial coordination involving Im-Pyr. 

Table 4.2 Estimated rate parameters of the donor-acceptor nanohybrids for charge 
separation in DCB. 

 

 

a kCS = (1/f) hybrid - (1/f)ref; CS = [(1/f)hybrid - (1/f)ref ]/(1/f)hybrid; (f)ref = 1870 ps for ZnP, 
and 3300 ps for ZnPc. 

The fast decaying component is mainly attributed to charge-separation in DCB, 

the rate of charge separation (kCS) and quantum yield (CS) were evaluated from the 

differences between the reciprocals of (f)hybrid and (f)ref.
198,212 The evaluated kCS and

CS in DCB were found in the ranges of (3–6) × 109 s-1 and ca. 0.9 (including interacting

fraction, ×F = 0.7–0.8) as listed in Table 4.2. The values of kCS and ×F for SWCNT-

(7,6) are slightly larger than those for SWCNT(6,5) for both ZnP and ZnPc. These 

findings indicate that SWCNT(7,6) with higher valence band is more favorable for 

charge-separation (CS-2) via 1ZnP* compared with SWCNT(6,5) with lower one. ZnP 

when compared with ZnPc, the kCS of ZnP is larger than that of ZnPc for a given 

SWCNT(n,m).  

Nanohybrids (f) hybrid, ps (F) kCS
a
, s

-1
 

 a
(× F)

ZnP←Im-Pyr/SWCNT(6,5) 190 (78%) 4.7 ×10
9

0.90 (0.70) 

ZnP←Im-Pyr/SWCNT(7,6) 150 (84%) 6.1 ×10
9

0.92 (0.77) 

ZnPc←Im-Pyr/SWCNT(6,5) 250 (80%) 3.7 ×10
9

0.93 (0.74) 

ZnPc←Im-Pyr/SWCNT(7,6) 200 (85%) 4.7 ×10
9

0.94 (0.80) 
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4.3.5 Nanosecond Transient Absorption Studies 

Evidence for charge-separation products and the rate of charge recombination 

were obtained from the transient absorption spectral studies using a 532 nm laser light 

to excite the ZnP and ZnPc moieties predominantly.  Fig. 4.9a shows the nanosecond 

transient absorption spectra of ZnP←Im-Pyr/SWCNT(n,m) nanohybrids in Ar-saturated 

DCB. Importantly, transient absorption bands appear in the 620–680 nm range, which 

can be attributed to the ZnP+ moiety.212 On the other hand, the absorption bands at 

1250 and 1380 nm for ZnP←Im-Pyr/SWCNT(6,5) can be ascribed to SWCNT(6,5)-214 

as a partner of the ZnP+ moiety (Fig. 4.6a), since the band intensities decrease in the 

same rates. These assignments afford an evidence for the occurrence of photoinduced 

charge-separation (CS-1) in the supramolecular nanohybrid to form ZnP+←Im-Pyr/ 

SWCNT(6,5)-. For ZnP←Im-Pyr/SWCNT(7,6), the ZnP+ absorption appears in the 

600–700 nm region with sharper peaks at 640 nm (Fig. 4.9b). The near-IR absorption 

bands of SWCNT(7,6)- are almost a single broad band at 1400 nm, which differs from 

those of SWCNT(6,5)-. These assignments afford an evidence for ZnP+←Im-

Pyr/SWCNT(7,6)-.  

Similarly, ZnPc←Im-Pyr/SWCNT(n,m) nanohybrids showed the nanosecond 

transient absorption bands appearing in the  800 - 1000 nm region (Fig. 4.9c and Fig. 

4.9d), in which 880-980 nm band can be ascribed to ZnPc+ 215; the broadening and red 

shift are due to the coordination and near-by SWCNT. The absorption bands of the 

SWCNT(6,5)- appeared at 1250 and 1350 nm (Fig. 4.9c), which were quite similar to 

those observed as a partner of ZnP+ (Fig. 4.9a). Furthermore, the absorption of 

SWCNT(7,6)- appeared at 1350 nm in Fig. 4.9d was quite similar to that observed as a 
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partner of ZnP+ (Fig. 4.9d). These observations support the reliability of the transient 

absorption in the near-IR regions, in addition to the evidence for ZnPc+←Im-

Pyr/SWCNT-. 

Fig. 4.9 Nanosecond transient absorption spectra observed by 532 nm (ca. 3 mJ/ pulse) 
laser irradiation in Ar-saturated DCB. Inset: Absorption-time profile. (a) ZnP←Im-
Pyr/SWCNT(6,5), (b) ZnP←Im-Pyr/SWCNT(7,6), (c) ZnPc←Im-Pyr/SWCNT(6,5) and 
(d) ZnPc←Im-Pyr/SWCNT(7,6). 

The time profiles of ZnP+ at 680 nm and of ZnPc+ at 980 nm are shown in insets 

in Fig. 4.9a and Fig. 4.9b, respectively. The rises of ZnP+ and ZnPc+ were estimated to 

be fast within the nanosecond laser pulse (6 ns), which corresponds to the fast charge-
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separation (CS-1) within ca. 200-300 ps as estimated from the 1ZnP*- and 1ZnPc*-

fluorescence lifetimes. The decays of the ZnP+ and ZnPc+ mostly persist until 300–400 

ns; from the first-order fitting to the decay curves, the charge-recombination rate 

constants (kCR) were evaluated to be (1.4-2.4) × 107 s-1 as listed in Table 4.3.  Using 

these kCR values, the lifetimes of ZnP+←Im-Pyr/SWCNT-, RIP (=1/kCR), were evaluated 

to be 50–70 ns for ZnP and 40–60 ns indicating that the radical ion pairs persist for 

some extent in the supramolecular nanohybrids in DMF. The kCS/kCR ratio proportional 

to the extent of charge stabilization, are in the range of 200-360 for both SWCNTs and 

for ZnP and ZnPc, which are both considerably large enough to prove the charge 

stabilization in DCB. 

Table 4.3 Estimated rate parameters for charge recombination, and lifetime of radical 
ion pairs in DCB. 

 

 

 

 

 

a at 680 nm.  b at 980 nm monitoring wavelength. 
 

It may be mentioned here that the observed transient absorption bands may also 

contain contributions of the radical anions of ZnP and ZnPc and their counterparts, the 

radical cation of SWCNT in the similar spectral region, if the CS-2 process takes place. 

Indeed, this could be one of the reasons for the broadening of the absorption bands in 

Fig. 4.9, although information about the absorptions of the radical anions of ZnP and 

Nanohybrids kCR, s
-1

 RIP, ns kCS/kCR 

ZnP←Im-Pyr/SWCNT(6,5)
 a
 1.4 ×10

7
 70 360 

ZnP←Im-Pyr/SWCNT(7,6)
 a
 2.0 ×10

7
 50 310 

ZnPc←Im-Pyr/SWCNT(6,5)
 b
 1.7 ×10

7
 60 220 

ZnPc←Im-Pyr/SWCNT(7,6)
 b
 2.4 ×10

7
 40 200 
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ZnPc is quite limited.  Since these absorption bands would be expected to appear near 

the radical cations of ZnP and ZnPc and radical anions of SWCNT(n,m), the decay 

kinetics analysis may give similar values  achieved above. 

4.3.6 Electron-Pooling Experiments 

In order to further confirm the occurrence of photoinduced charge separation, 

additional electron mediation (EM) experiments were performed by the addition of the 

second electron acceptor, hexyl viologen dication (HV2+) and a sacrificial electron 

donor, 1-benzyl-1,4-dihydronicotinamide (BNAH) to the hybrid solution.206 By the 

steady-state absorption spectral measurements after the repeated laser light irradiation 

(532 nm), which predominantly excites the ZnP and ZnPc, but not the additives (HV2+ 

and BNAH), the accumulation of HV+ was observed at 620 nm. An example is shown in 

Fig. 4.10 for ZnPc←Im-Pyr/SWCNT(7,6). In Fig. 4.10, it can be clearly seen that the 

original sharp absorption of ZnPc at 720 nm was not consumed during the HV+ 

formation, supporting the catalytic action of ZnPc (see Fig. 4.11). The concentration of 

the HV+ increased with the BNAH concentration, supporting the role of BNAH as a 

sacrificial hole shifting (HS) reagent.206 These observations imply that the electron 

pooling in solution is achieved by the light illumination. The maximal absorbance of HV+ 

was observed in the presence of 0.5 mM of HV2+ and 4.0 mM of BNAH with a constant 

light illumination time; thus, maximal concentration of HV+ gave 42–50% conversion vs. 

added HV2+.  

It is notable that in the absence of SWCNT, a small amount of HV+ can also be 

formed via direct electron transfer from photoexcited ZnP and ZnPc; such a low yield is 
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caused intermolecular electron transfer to such low concentration of HV2+ usually 

occurs from the triplet states (3ZnP* and 3ZnPc*) generated with intersystem crossing at 

a rate of (3-4) × 108 s-1 competitively with the kCS values with a higher rate of (4-6) × 109

s-1, that is, the maximal contribution from the former route is less than 10 %.The 

mechanism for this electron-pooling process can be understood by the initial generation 

of the charge-separated radical ion pairs from which electron-migration occurs to HV2+, 

generating HV+ as the electron pooling product.  BNAH neutralizes the radical cations 

to retard the back electron transfer from HV+. Mechanism of electron mediation has 

been shown in Scheme 4.1. 

Fig. 4.10 Steady-state absorption spectra of ZnPc←Im-Pyr/SWCNT(7,6) in Ar-saturated 
DMF solution measured after five laser-shots (6-ns pulse width and 3 mJ/pulse) at 532-
nm in the presence of HV2+ (0.5 mM) and BNAH (red) 0, (blue) 0.5, (magenta) 1.0, (dark 
green) 1.5, (violet) 2.0,  (light green) 2.5 mM.  
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Fig. 4.11 Steady-state absorption spectral changes during the visible light irradiation (5 
laser-shots with 6-ns pulse width and power 3 mJ at 532 nm) in the presence of HV2+ 
(0.5 mM) and BNAH: (left) ZnP←Im-Pyr/SWCNT(6,5), (model) ZnP←Im-
Pyr/SWCNT(7,6) and (right) ZnPc←Im-Pyr/SWCNT(6,5) in Ar-saturated DMF solution. 
Arrows denote increasing concentration of BNAH 0.5 mM step. 
 

4.3.7 Photoelectrochemical Studies 

 Encouraged by the observed photoinduced charge separation and accumulation 

of photocatalytic electron transfer products involving the currently investigated 

nanohybrids, photoelectrochemical studies13a,b were performed to visualize their ability 

to convert light energy into the electricity using ZnP←Im-Pyr/SWCNT(n,m) and 

ZnPc←Im-Pyr/SWCNT(n,m) hybrids. For this aim, the nanohybrids were drop-coated on 

SnO2-modified FTO electrode surface.14 The photocurrent action spectra of FTO/SnO2/ 

nanohybrid in a mediator solution with Pt gauze electrode as a counter electrode are 

shown in Fig. 4.12. In case of ZnP←Im-Pyr/SWCNT(7,6) hybrids, the spectrum of 

monochromatic incident photon-to-photocurrent conversion efficiency (IPCE)207 vs. 

wavelength shows main peak at 420 nm and weak one in 550-650 nm, which closely 

resembles the ZnP peak of the nanohybrids absorption spectrum in Fig. 4.4, indicating 

that the ZnP moiety in these nanohybrids on the electrode surface are indeed 
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responsible for photocurrent generation The maximum IPCE (nearly 7%) is found to be 

for the photocell of ZnP←Im-Pyr/SWCNT(7,6). That is, hybrids derived from (7,6) were 

better than (6,5), a trend closely follows the earlier observed trend in this series.198,212  

Light-switching curves in Fig. 4.12 (b) show quick response and quite light stability of 

these nanohybrid electrodes. For ZnPc←Im-Pyr/SWCNT(7,6) hybrids, the IPCE 

spectrum becomes broad and the highest value is nearly 2% (data not shown here).  

Scheme 4.1 Electron-pooling mechanism in the presence of HV2+ and BNAH: (A) CS-1 
for  ZnP←Im-Pyr/SWCNT(n,m), (B) CS-1 for  ZnPc←Im-Pyr/SWCNT(n,m), (C) CS-2 for 
ZnP←Im-Pyr/SWCNT(n,m), and (D) CS-2 for  ZnPc←Im-Pyr/SWCNT(n,m).  
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Fig. 4.12 (a) Incident-photon-to-current conversion efficiencies (IPCE) of (i) ZnP←Im-
Pyr/ SWCNT(7,6) and (ii) ZnP←Im-Pyr/SWCNT(6,5) drop-coated FTO/SnO2 electrodes 
in acetonitrile containing I–/I3

– mediator (0.5 M LiI and 0.1 M I2). (b) Light-switching
curves for the investigated electrodes; red, ZnP←Im-Pyr/SWCNT(7,6) and blue 
ZnP←Im-Pyr/SWCNT(6,5). 

4.4 Summary 

Photoinduced charge-separation processes in self-assembled ZnP-SWCNT and 

ZnPc-SWCNT hybrids having (6,5)- and (7,6)-enriched SWCNTs are documented in 

moderately polar solvent, 1,2-dichlorobenzene (DCB). The ZnP and ZnPc are captured 

by the coordination of imidazole connected to pyrene, which was stacked on the semi-

conducting SWCNT(m,n) via - interaction, resulting stable nanohybrids in DCB 

solutions as revealed by the TEM measurements and steady-state spectral 

measurements. The nanosecond transient absorption technique confirmed the charge-

separation products, ZnP+←Im-Pyr/SWCNT- and ZnPc+←Im-Pyr/SWCNT- or 

opposite charged radical ion pairs, via the singlet excited states of ZnP and ZnPc, as 

evidenced by the efficient fluorescence quenching. The rate constants of charge 

separation, kCS were found to be slightly higher for ZnP compared to ZnPc, while an 
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opposite trend was observed for kCR. The nanohybrids also photocatalytically reduced 

hexylviologen dication (HV2+), producing HV+ as an electron-pooling experiment, 

offering additional proof for the occurrence of photoinduced charge-separation.  

Photoelectrochemical cells constructed using these nanohybrids revealed conversion of 

light into electricity. A maximum of 7% IPCE was observed for ZnP←Im-Pyr/ 

SWCNT(7,6), signifying their application to solar energy conversion. 
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CHAPTER 5 

PHOTOINDUCED CHARGE SEPARATION IN THREE-LAYER SUPRAMOLECULAR 

HYBRIDS: SWCNT-PORPHYRIN-FULLERENE* 

5.1 Introduction 

Towards efficient harvesting solar energy, there has been a major research effort 

to establish artificial photosynthetic model systems employing porphyrins as photo-

sensitizing donors.7a-b,71, 216,217 Instead of widely used conventional electron acceptors 

such as quinones, large size -electron systems with curvatures such as fullerenes 

have recently been used, since these large and spherical molecules without the 

functional groups require small reorganization energies in the electron transfer 

processes.9a,10a,b,218 Single-wall carbon nanotubes (SWCNT) having large and unique -

electron structures184 have also attracted wide attention to develop nanomaterial based 

devices for light-energy harvesting and other optoelectronic 

applications.9b,f,66,192b,193,219,220 SWCNTs have a wide variety of properties ranging from 

metallic to semi-conducting electric properties, depending on their carbon 

arrangements.184 The structure of each SWCNT relates to a pair of indices (n,m) 

referring to their diameter (n=m) and chirality (n≠m).184,189 Recent efforts involving 

density gradient centrifugation have resulted in the separation of metallic and 

semiconducting SWCNTs according (n,m) index.55,190a,221 Furthermore, enriched (n,m) 

index type SWCNT with one predominant chirality was prepared or selectively 

separated from mixtures of SWCNT(n,m)s. 

*Chapter 5 in its entirety is reproduced from “Francis D’Souza, Sushanta K. Das, Atula S. D.
Sandanayaka, Navaneetha K. Subbaiyan, Deviprasad R. Gollapalli, Melvin E. Zandler, 
Takatsugu Wakaharad and Osamu Ito Phys. Chem. Chem. Phys., 2012, 14, 2940-2950” with 
permission from the publisher. 
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Among the wide areas of applications of SWCNTs, the unique structure and the 

presence of extended p-delocalization has made them attractive candidates to develop 

light energy harvesting and photovoltaic materials.9,10,193,216-218 Consequently, 

incorporation of SWCNTs as part of donor-acceptor ensembles for the study of the light-

induced electron transfer has become one of the active areas of research. Accordingly, 

few covalently linked hybrids containing SWCNT have been reported and occurrence of 

photoinduced electron transfer has been established.222 However, non-covalently 

assembled hybrids are highly appealing due to the simplicity of self-assembling motifs 

employed especially when intermediate glue molecules such as -interacting aromatic 

compounds adhered to the SWCNT surface.9c,68,194d,223,224 Unfortunately, all of these 

studies used mixture of SWCNTs having both metallic as well as semiconducting tubes 

with different (n,m) indices, making it impossible to derive meaningful and conclusive 

structure-reactivity relationships. Recently efforts have been made to build donor-

acceptor hybrids and study photoinduced electron transfer using diameter sorted 

nanotubes.12c,225 

A literature survey on SWCNT based donor–acceptor nanohybrids shows that all 

of the systems reported to-date are based on two-component models, that is, SWCNTs 

linked to a photosensitizer.222-225 Although the importance of multimodular donor–

acceptor systems capable of undergoing sequential charge separation leading to long-

lived charge separated states is well-established,216-218 this concept has not been tried 

out in donor–acceptor hybrids built on SWCNTs. Such artificial photosynthetic model 

systems are required our understanding of charge separation in nanocarbon materials 

and further usage in building light-energy harvesting devices. 
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Scheme 5.1 Illustration of (a) two-layer MP(alkyl)4/SWCNT(n,m) and (b) three-layer 
C60Im→ ZnP(alkyl)4/SWCNT(n,m) donor–acceptor nanohybrids. 

 

In the present study, we have made an attempt to build a three-layer donor–

acceptor hybrid comprised of fullerene, zinc porphyrin and diameter-sorted SWCNTs. 

Towards achieving this end, first, we have successfully constructed two-layer donor–

acceptor hybrids made out of two types of semiconducting SWCNTs (6,5) and (7,6) and 

porphyrin bearing four long alkyl chains, tetrakis(4-dodecyloxyphenyl)porphyrins 

[MP(alkyl)4; M=2H(or H2) or Zn], which wind around SWCNTs resulting in exfoliation 

and solubilization of the tubes (Scheme 5.5a). Next, in the case of Zn porphyrins, the 

coordinatively unsaturated zinc ion is used to link an imidazole functionalized fullerene, 

C60Im, via metal-ligand axial coordination.70,211,226 The expected structure is shown in 

Scheme 5.5b. The approach complements the three component systems reported 

recently by Imahori’s group.227 The newly formed three-layered hybrids would allow us 

to investigate the photoinduced electron transfer and establish structure–reactivity 
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aspects of the two-layered hybrids [MP (alkyl)4/SWCNT(n,m)] and three-layered hybrids 

[C60Im→ZnP(alkyl)4 /SWCNT(n,m)], and also between the two types of SWCNTs (6,5) 

and (7,6). Further, photoelectrochemical cells have been constructed using the thin-film 

SnO2 nanoparticles coated fluorine doped tin oxide (FTO) electrode modified with the 

donor–acceptor nanohybrids to visualize their ability to convert light into electricity.209,228  

 

5.2 Experimental Section 

5.2.1 Chemicals  

 Tetrakis(4-dodecylphenyl)porphyrins (MPs; M=Zn, H2) were prepared by 

condensing appropriate aldehyde and pyrrole in propionic acid according the general 

method reported in the literature following by metallation using zinc acetate.229 

Fullerene[60] connecting imidazole moiety (C60Im) were prepared in the reported 

method.226  

 

5.2.2 Preparation of Nanohybrids  

1.5 mg of purified SWCNT(m,n) was added to a 0.2 mg of MPs dissolved in 15 

ml of dry DMF and the mixture was stirred for 48 hrs at room temperature. The resulting 

mixture was sonicated (Fisher Scientific, 60 Hz, 40 W) for 6 hrs at 20°C followed by 

centrifugation (Fisher scientific, 50/60 CY) for 2 hrs. Excess unbound MPs were 

removed by separating the bright colored centrifugate from the dark colored precipitate. 

This process was repeated (at least twice) until the supernatant turns colorless. At the 

end, 10 ml of fresh solvent was added to the resulting deposit and the sonicated for 15 

minute at 20°C, resulting in a homogenous dark colored dispersion, which was stable at 
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room temperature for weeks. For the preparation of C60Im→ZnP(alkyl)4/SWCNT 

hybrids, first, solid ZnP(alkyl)4/SWCNT was collected by centrifugation followed by 

removal of trace amounts of DMF by evaporation. Next, o-dichlorobenzene (o-DCB) 

solution of ZnP(alkyl)4/SWCNT(n,m) (~0.2 mg) was prepared by dissolving the 

nanohybrids followed by treating it with C60Im (0.2 mg). The solution was stirred for a 

few hours followed by extraction of the nanohybrids by centrifugation leaving the 

unbound C60Im in solution. 

The nanocrystalline SnO2 electrodes were prepared according to the literature 

procedure209 with a few variations. A 20 mg of SnO2 colloidal solution (Alfa Aesar, 15%) 

was dissolved in 10 mL of ethanol; 500 mL of NH4OH was added to this solution for 

stability. About 0.5 mL of the colloidal solution was placed on an optically transparent 

electrode, fluorine doped indium tin oxide (FTO) (Pilkington TEC-8, 6-9Ω per square) 

and dried in air. The electrodes were annealed in an oven for an hour in air at 673 K. 

The estimated thickness of the electrode was around 5-10 mm.209 The nanohybrid, 

ZnP(alkyl)4/SWCNT, in DMF was drop-coated onto SnO2 modified FTO, and dried on a 

warm hot plate. Further, the FTO/SnO2/ZnP(alkyl)4/SWCNT electrode was dipped in an 

o-DCB solution containing C60Im to obtain the FTO/SnO2/C60Im-ZnP(alkyl)4/SWCNT 

hybrid electrode for photoelectrochemical studies.  

 

5.3 Results and Discussion 

5.3.1 TEM Image 

The ZnP(alkyl)4/SWCNT and C60Im→ZnP(alkyl)4/SWCNT hybrids, prepared by 

the method described in the experimental section, were characterized by TEM images  
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Fig. 5.1 TEM images of (A) SWCNT(6,5), (B) SWCNT(7,6), (C) ZnP/ SWCNT(6,5), (D) 
ZnP/SWCNT(7,6), (E) C60Im→ZnP/SWCNT(6,5) (F) C60Im→ZnP/SWCNT(7,6). 

as shown in the left hand side panels of Fig. 5.1 after drying them on the TEM grid, 

although a slight intertwining would occur during the drying procedure. Compared with 

the pristine SWCNT(n,m) [Fig. 5.1(a) and (b)], in which the samples were prepared by 

drying the DMF solution of SWCNT(n,m), the TEM images of ZnP(alkyl)4/SWCNT(n,m) 

show appreciable decrease in stacking as seen in Fig. 5.1(c) and (d), but some 
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increases in thickness were also observed, confirming the formation of nanohybrids, 

probably due to the intermolecular alkyl- and – interactions between the MP(alkyl)4 

and SWCNT. Similar TEM images were also observed for H2P(alkyl)4/SWCNT(n,m) 

(see Fig. 5.2), confirming the formation of the donor-acceptor interacting nanohybrids. 

Upon further addition of C60Im to ZnP(alkyl)4/SWCNT(n,m), each string became slightly 

thicker as seen in Fig. 5.1e and 5.1f, suggesting the formation of C60Im→ 

ZnP(alkyl)4/SWCNT, although there seem spots probably due to the aggregated C60Im. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.2 TEM images of (A) SWCNT(6,5), (B) SWCNT(7,6), (C) H2P/SWCNT(6,5),  

(D) H2P/SWCNT(7,6).  
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The TEM-histograms shown in Fig. 5.3 provide additional information about the 

increased thickness of SWCNTs upon stepwise assembly of first, the porphyrin and 

second, the fullerene. The diameters of SWCNT(6,5) and SWCNT(7,6) were around 6.5 

and 7.5 nm, respectively. For a given nanotube, decoration of ZnP(alkyl)4 increased the 

diameter by about 1.5 nm while further coordination of C60Im to the ZnP entities 

increased the diameter by additional 1.2 nm. These results clearly demonstrate the 

presence of C60Im→ZnP(alkyl)4/SWCNT(n,m) donor–acceptor nanohybrids in the solid 

state. 

 

5.3.2 Steady State Absorption Studies 

The steady-state absorption spectra of ZnP(alkyl)4 exhibited the characteristic 

strong Soret (420 nm) and other weak visible bands (550-620 nm) as shown in Fig. 5.4. 

For H2P(alkyl)4, the Soret band is located at 424 nm and the visible weak bands are 

located in the 555–625 nm region (Fig. 5.5). SWCNTs(n,m) showed the characteristic 

bands in the near-IR region; the main bands are at 1100 nm for SWCNT(6,5) and at 

1180 nm for SWCNT(7,6).184,189 Upon mixing ZnP(alkyl)4 with SWCNT(n,m), the Soret 

band shifted to shorter wavelength (~3 nm) with somebroadening accompanying a 

decrease in the absorption intensity, while the absorption bands of SWCNT(n,m) shifted 

to longer wavelength (~3 nm) with decrease in the absorption intensity, which support 

the interaction of the ZnP moiety to the SWCNT surface. Further addition of C60Im to 

ZnP(alkyl)4/SWCNT in DCB caused additional spectral changes (slight red shift) as a 

result of axial coordination, supporting the formation of a three layered hybrid. In an 

independent experiment, ZnP(alkyl)4 was titrated with C60Im in DCB; an association 
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constant K of 1.12 × 104 M-1 at room temperature for the 1 : 1 complex was obtained 

following an earlier described procedure.226 

 

Fig. 5.3 Histograms (right panels) of (a) SWCNT(6,5), (b) SWCNT(7,6), (c) ZnP(alkyl)4/ 
SWCNT(6,5), and (d) ZnP(alkyl)4/SWCNT(7,6), (e) C60Im→ZnP(alkyl)4/ SWCNT(6,5), 
and (f) C60Im→ZnP(alkyl)4/SWCNT(7,6). 
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Fig. 5.4 Steady-state absorption spectra: (Left) (black) SWCNT(6,5), (green) ZnP/ 
SWCNT(6,5), (red) C60Im→ZnP/SWCNT(6,5), and (Right) (black) SWCNT(7,6), (green) 
ZnP/ SWCNT(7,6), (red) C60Im→ZnP/SWCNT(7,6), (blue) ZnP and (violet) C60Im in 
DMF. 

Fig. 5.5 Steady-state absorption spectra: (A) (blue) H2P, (black) SWCNT(6,5), (red) 
H2P/SWCNT(6,5). (B) (blue) H2P, (black) SWCNT(7,6), (red) H2P/SWCNT(7,6) in DMF. 

 

5.3.3 Energy Optimization by DFT Calculations 

The intermolecular alkyl- and - interactions and relative orientation of 

[ZnP(alkyl)4] on the surface of the semiconducting SWCNT can be visualized by 
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performing DFT calculations.232 Earlier, such calculations on fullerene based 

supramolecular nano-architectures predicted geometries and the frontier molecular 

orbitals to a certain accuracy at the B3LYP/3-21G(*) level.233,234 The results in Fig. 5.6a 

show the structure of ZnP(alkyl)4/SWCNT(7,6), which clearly reveals the porphyrin 

macrocycle interacting with the surface of the nanotubes and that the alkyl chains also 

surround the nanotubes to some extent. The distance between Zn and the closed 

carbon of the nanotube was found to be 2.13 A° suggesting close association of the 

entities.235 

 

Fig. 5.6 (a) Side-on and edge-on views of the optimized structures at the B3LYP/3-
21G(*) level of (a) tetrakis(4-dodecyloxyphenyl)-porphyrinatozinc (ZnP(alkyl)4) 
interacting with SWCNT(7,6), and (b) the edge-on view of three-layer nanohybrid, 
C60Im-ZnP(alkyl)4)/SWCNT obtained by axial coordination of C60Im to ZnP(alkyl)4. For 
the calculation, 300 carbon atoms were used to build SWCNT(7,6). 

a 

b 
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Introducing C60Im to form the three-layer C60Im-ZnP(alkyl)4/SWCNT(7,6) 

nanohybrid leads to metal–ligand axial coordination as shown in Fig. 5.6b. The 

optimized parameters (Im-Zn distance ~2 A˚) are similar to those reported earlier for 

C60Im-ZnP dyad computationally226 and by X-ray structure.236 On the other hand, the

Zn-SWCNT distance increased to about 2.2 A˚ due to slight pulling of the Zn from the 

macrocycle due to axial coordination. 

Fig. 5.7 HOMO, HOMO-1, LUMO, and LUMO+1 of C60Im-ZnP(alkyl)4)/SWCNT(7,6) 
calculated at the B3LYP/3-21G(*) level. 

The frontier orbitals for the three-layer C60Im-ZnP(alkyl)4/SWCNT(7,6) system 

are also shown in Fig. 5.7. The majority of the HOMO was found to be on the ZnP 

entity, while the majority of the HOMO-1 was found to be on SWCNT. As a 

consequence of close proximity of ZnP and SWCNTs, some of the HOMO contributions 

were also found on their counterparts; a slight delocalization suggests weak - type 
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interactions between the two entities.233–235 The LUMO was found to be delocalized on 

both SWCNT and ZnP entities, whereas the LUMO+1 is fully located on the C60 entity. A 

pair of the HOMO-1 and the LUMO corresponds to the charge-separated ion pair 

ZnP•+(alkyl)4/SWCNT•-, whereas the pair of the HOMO and the LUMO+1 corresponds to 

the charge-separated ion pair C60•-Im→ZnP•+(alkyl)4. 

 

5.3.4 Energy Level Diagram 

 

 

 

 

 

 

Fig. 5.8 Energy diagrams for photoinduced charge separation of C60Im→ZnP/ 
SWCNT(n,m) based on the reported Eox and Ered values of C60Im, ZnP, and  
SWCNT(n,m).  

 

From the reported redox potentials for MP(alkyl)4, SWCNT(6,5) and SWCNT(7,6) 

in DMF,85b,216,217 the energy diagrams are constructed as shown in Fig. 5.8, in which 

since the Ered values of MPs were not observable, they are evaluated by Ered = Eox + 

Eex (Eex = excitation energy of 1MP* (2.03 eV)). By the photoexcitation of the 

MP(alkyl)4moiety, an electron on the HOMO is elevated to the LUMO level. The electron 
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on the LUMO of MP(alkyl)4 can transfer to the conduction band of SWCNT(n,m) to form 

MP•+(alkyl)4/SWCNT(n,m)•- as denoted to be charge-separation process-1 (CS-1) in Fig. 

5.8.225,237 The energy (ERIP) of the radical ion pairs (RIPs) can be evaluated from the 

difference of Eox of MP(alkyl)4 and Ered of SWCNT(n,m) as about 1.3 eV. Therefore, the 

free-energy changes of the charge-separation (∆GCS-1) from the lowest excited singlet 

state of MP can be evaluated to be negative (-0.5 to -0.6 eV in Table 5.1) as an 

exothermic process. From the energy diagram in Figure 5.8, it is observed that the CS-2 

process from the valence band of SWCNT(n,m) to the half-vacant HOMO of 

1MP*(alkyl)4 after the photo-excitation is also possible, giving ∆GCS-2 to be about -0.1 to -

0.3 eV via 1MP*(alkyl)4, excepting H2P(alkyl)4/ SWCNT(6,5) (Table 5.1). 

Table 5.1 Calculated energy parameters for MP(alkyl)4/SWCNT(n,m) nanohybrids in 
DMF.a 

 

 

 

 

 

aRedox potentials vs. Ag/AgCl in DMF: Eox, 0.61 V for ZnP(alkyl)4 and 0.81 V for 
H2P(alkyl)4.

71 Eox and Ered, 0.64 V and -0.41 V for SWCNT(6,5), and 0.50 V and -0.43 V 
for SWCNT(7,6), respectively.85b The lowest singlet excited state of ZnP(alkyl)4 is equal 
to 2.03 eV, and 1.83 eV for H2P(alkyl)4 from the fluorescence peak position. ∆GCS-1 

=∆GCS(SWCNT•-)/(MP•+) and ∆GCS-2=∆GCS (SWCNT•+)/(MP•-); for CS-1 and CS-2, see Fig. 5.8.  

 

 
MP+(alkyl)4/SWCNT-  MP-(alkyl)4/SWCNT+ 

 

Nanohybrids ERIP/eV ∆GCS-1/eV ERIP/eV ∆GCS-2/eV 

H2P(alkyl)4/SWCNT(6,5) 1.31 -0.72 1.87 -0.16 

H2P(alkyl)4/SWCNT(7,6) 1.33 -0.70 1.72 -0.30 

ZnP(alkyl)4/SWCNT(6,5) 1.32 -0.71 1.86 -0.17 

ZnP(alkyl)4/SWCNT(7,6) 1.34 -0.72 1.72 -0.31 
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In C60Im-ZnP(alkyl)4/SWCNT(n,m), the photoexcitation of ZnP(alkyl)4 induces the 

charge separation from the electron on the LUMO of ZnP(alkyl)4 to the LUMO of C60Im, 

which is denoted as CS-3, generating C60•-Im→ZnP•+(alkyl)4 as shown in Fig. 5.9. This 

process occurs competitively with CS-1 (ZnP•+(alkyl)4/SWCNT•- as product) and 

followed by CS-2 (ZnP•-(alkyl)4/SWCNT•+ as product). On the other hand, when the 

C60Im is excited, the charge-separation via 1C60*Im generates C60•-Im→ZnP•+(alkyl)4 by 

transferring an electron of the HOMO of ZnP(alkyl)4 to the LUMO of C60Im denoted as 

CS-4, which is followed by the electron mediation (EM) from the HOMO of SWCNT to 

the half-vacant HOMO of ZnP(alkyl)4, generating C60•-Im→ZnP(alkyl)4/SWCNT•+ as a 

totally exothermic process (Table 5.2).   

Table 5.2 Calculated energy parameters for C60Im-ZnP(alkyl)4/SWCNT(n,m) 
nanohybrids in o-DCBa 

aC60Im, Ered -0.40 V vs. Ag/AgCl in o-DCB;229 Eox was calculated to be 1.30 V using Eex 
= 1.70 eV for C60Im. bIn parentheses, ERIP values for C60

•-Im→ZnP(alkyl)4/SWCNT•+. cIn 
parentheses, ∆GEM values for EM-process. 

 

5.3.5 Fluorescence Studies 

The formation of the MP(alkyl)4/SWCNT(n,m) hybrids was also confirmed by the 

fluorescence measurements of MP(alkyl)4, which also gave information about the 

excited singlet state events in the hybrids. As shown in Fig. 5.7a, ZnP(alkyl)4 exhibits 

intense fluorescence bands at 620 and 670 nm, as a mirror image of the longest 

 
 
Nanohybrids 

 
C60

°-
Im→ZnP

°+
(alkyl)4/SWCNT via 

1
ZnP*(alkyl)4 

C60
°-
Im→ZnP

°+
(alkyl)4/SWCNT 

via 
1
C60*Im 

 

 ERIP/eV    ∆GCS-3/eV   ERIP/eV      ∆GCS-

4(∆GEM)/eV 

C60Im→ZnP(alkyl)4/SWCNT(6,5)      1.20 -0.50 1.20 (1.04)
b
 -0.83 (-0.17)

c
 

C60Im→ZnP(alkyl)4/SWCNT(7,6)      1.20 -0.5 1.20 (0.90)
b
 -0.83 (0.30)

c
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absorption peaks. Addition of SWCNT(n,m) to a solution containing ZnP(alkyl)4 in DMF 

quenched the fluorescence of ZnP(alkyl)4 over 70%, accompanied by small 

 

Fig. 5.9 Energy diagrams for photo-induced charge-separation of C60Im→ZnP(alkyl)4/ 
SWCNT(n,m) based on the reported Eox and Ered values of C60Im, ZnP(alkyl)4, and 
SWCNT(n,m). (left) ZnP(alkyl)4-excitation and (right) C60Im-excitation. 

 

shifts to shorter wavelength corresponding to the similar shift of the absorption bands. 

Such fluorescence quenching suggests the events via 1ZnP*(alkyl)4 such as electron 

transfer and/or energy transfer.27 It is difficult to judge which is predominant as a reason 

for the fluorescence quenching; however, the electron transfer in polar solvents is 
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preferred over the energy transfer quenching process. In the hybrids with SWCNT(7,6), 

the fluorescence intensity of  ZnP(alkyl)4 was found to be quenched more than that of 

SWCNT(6,5). A similar tendency was observed for H2P(alkyl)4/SWCNT(n,m) too. Upon 

further addition of C60Im, extra fluorescence quenching was observed, suggesting the 

direct interaction between ZnP and C60Im. However, such a quenching effect was 

negligible when 2-phenyl fulleropyrrolidine lacking the coordinating imidazole moiety 

was used, suggesting that the observed quenching is due to axial coordination of C60Im 

to ZnP. It may be mentioned here that direct excitation of SWCNT revealed no 

fluorescence due to the presence of p-stacked porphyrin on the sidewalls of the 

nanotubes.  

As observed from the picosecond fluorescence decay time profiles obtained with 

a streak-scope method (Fig. 5.10b), addition of SWCNT(n,m) to form the hybrids 

accelerated the ZnP(alkyl)4-fluorescence decay. This observed fast decay of the ZnP-

fluorescence which is shorter than the nanosecond time scale upon addition of low 

concentration of a quencher can be attributed to intramolecular events, since higher 

concentrations (>1 mM) of additives are necessary for observation of intermolecular 

events. From the curve-fitting with a bi-exponential decay function, the fluorescence 

lifetimes (f)hybrid could be evaluated from the major faster decay parts in fractions of 84–

92% to be in a region of 150–170 ps for ZnP(alkyl)4/SWCNT(n,m) in DMF. The (f)hybrid 

of the hybrids with SWCNT(7,6) was shorter than that of SWCNT(6,5) as listed in Table 

5.3. For H2P(alkyl)4/SWCNT(n,m), a similar tendency was observed for (τf)hybrid values in 

the 550–680 ps region (see Fig. 5.11 for H2P(alkyl)4/(SWCNT(n,m)). The longer lifetime 

with minor fraction may be attributed to less- and non-interacting MP(alkyl)4, because 
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they are similar to the lifetimes of pristine MP(alkyl)4. The fast decaying component 

serves as additional evidence for the formation of the hybrids between MP(alkyl)4 and 

SWCNTs. 

Fig. 5.10 (a) Steady-state fluorescence spectra (ex = 532 nm) and (b) time profiles (ex 
= 408 nm); blue curve for 6.5 mM ZnP(alkyl)4, black curve for ZnP(alkyl)4/SWCNT(6,5) 
(6.5mM/excess SWCNT), red curve for ZnP(alkyl)4/SWCNT(7,6) for the concentration 
6.5mM/excess SWCNT in DMF; green curve for C60Im- 6.5 mM ZnP/SWCNT(6,5) and 
violet curve for C60Im- 6.5 mM ZnP/SWCNT(7,6) for the concentration 
(20mM/6.5mM/excess SWCNT) in o-DCB. 

Fig. 5.11 (A) Steady-state fluorescence spectra (ex = 532 nm) and (B) fluorescence 

decays (ex = 408 nm). (blue) H2P, (red) H2P/SWCNT(6,5), and (black) 
H2P/SWCNT(7,6) in DMF. 
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  The fast decaying component is mainly attributed to charge separation in polar 

DMF solvent, as proved by the nanosecond transient absorption measurements given 

in the next section. Thus, the rate constant of charge separation (kCS) and quantum 

yield (CS) were evaluated from the differences between the reciprocals of (f)hybrid and 

(f)ref.
198a The evaluated kCS and CS in DMF were found in the ranges of (1-6) × 109 s-1 

and ca. 0.88–0.94 (including interacting fraction, × F = 0.76-0.82) for MP(alkyl)4/ 

SWCNT(n,m).  

Table 5.3 Fluorescence lifetimes (f), rate constant (kCS), and quantum yield (CS) for 
charge separation via 1MP*(alkyl)4 in ZnP(alkyl)4/SWCNT(n,m) in DMF and C60Im-
ZnP(alkyl)4/ SWCNT(n,m) in o-DCB 

Nanohybrids (f)hybrid,ps (Fr %) 

kCS
a
/s

-1
 

a
 (× F/100) 

H2P*/SWCNT(6,5) 
680 ps (84) 1.3 ×10

9
  0.82 (0.69) 

H2P*/SWCNT(7,6) 
550 ps (87) 1.7 ×10

9
  0.94 (0.82) 

ZnP*/SWCNT(6,5) 
170 ps (90) 5.3 ×10

9
  0.89 (0.80) 

ZnP*/SWCNT(7,6) 
150 ps (92) 6.1 ×10

9
  0.91 (0.81) 

C60Im→ZnP*/SWCNT(6,5) 
120 ps (94) 7.7 ×10

9
  0.93 (0.88) 

C60Im→ZnP*/SWCNT(7,6) 
100 ps (97) 9.4 ×10

9
  0.94 (0.92) 

akCS= (1/f) hybrid - (1/f)ref; CS=[(1/f) hybrid - (1/f)ref ] / (1/f) hybrid;
 (f)ref = 1650 ps for 

ZnP(alkyl)4 and 7000 ps for H2P(alkyl)4. *= (alkyl)4 

 

From Table 5.3, it is observed that the values of kCS for ZnP(alkyl)4/ SWCNT(n,m) 

are larger than those for H2P(alkyl)4/SWCNT(n,m) for both SWCNT(n,m). The values of 

kCS for SWCNT(7,6) are slightly larger than those for SWCNT(6,5). These findings 

indicate that SWCNT(7,6) with a higher valence band is more favorable for charge-
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separation (CS-2) via 1ZnP*(alkyl)4 compared with SWCNT(6,5) with a lower one. 

Between ZnP(alkyl)4 and H2P(alkyl)4, the former has larger kCS values than the latter 

one for a given SWCNT(n,m). Further decrease in the fluorescence intensity of 

ZnP(alkyl)4 [up to 90% (Fig. 5.10a)] and shortening of (f)hybrid were observed upon 

addition of C60Im (100–120 ps [Fig. 5.10b] in o-DCB; from the (f)hybrid, the values of kCS 

in the order of (7.7–9.4) × 109 s-1 are evaluated. Thus, the observed additional increase 

of kCS in the order of (2-3) × 109 s-1 along with the slightly increased  values can be 

attributed to the CS-3 process between 1ZnP*(alkyl)4 and C60Im, as shown in the left 

panel in Fig. 5.9. In Fig. 5.10a, the fluorescence band of C60Im would be anticipated to 

be near 700 nm; however, the fluorescence of C60Im may be hidden under the tail of 

ZnP(alkyl)4-fluorescence, because the C60Im fluorescence is weak. Thus, it is difficult to 

confirm the CS-4 process. 

 

5.3.6 Nanosecond Transient Absorption Spectra 

Evidence for transient charge-separation products and kinetics of charge 

recombination (kCR) are obtained from the transient absorption spectral studies using a 

532nm laser light to excite predominantly the MP(alkyl)4 moiety of MP(alkyl)4/ 

SWCNT(n,m) nanohybrids. Fig. 5.12(a) and (b) show the nanosecond transient 

absorption spectra of ZnP(alkyl)4/SWCNT(n,m) nano- hybrids in Ar-saturated DMF. 

Transient absorption bands appear in the wide region from visible to NIR regions. The 

visible bands at 600–650 nm can be attributed to the ZnP+(alkyl)4 moiety.198a Since the 

NIR band intensities decrease in almost the same rates as the visible bands, they are 

thought of as a pair of the charge-separated ion pair. Thus, the absorption bands at 
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1250 and 1380 nm can be ascribed to SWCNT(6,5)-.198a These assignments afford 

evidence for the occurrence of CS-1 in the supramolecular nanohybrid to form  ZnP+ 

(alkyl)4/SWCNT(n,m)-.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.12 Nanosecond transient absorption spectra observed by 532 nm laser pulse 
irradiation in Ar-saturated DMF and o-DCB: inset, absorption–time profile. (a) 
ZnP(alkyl)4/SWCNT(6,5), (b) ZnP(alkyl)4/SWCNT(7,6), for the concentration 6.5 
mM/excess SWCNT in DMF (c) C60Im-6.5 mM ZnP(alkyl)4/SWCNT(6,5) and (d) C60Im-
6.5 mM ZnP(alkyl)4/SWCNT(7,6) for the concentration (6.5 mM/excess SWCNT) in o-
DCB. 

 

Compared to ZnP(alkyl)4/SWCNT(7,6) in Fig. 5.12(b), the transient absorption 

spectra of ZnP(alkyl)4/SWCNT(6,5) in Fig. 5.12(a) show an absorption band at 900 nm, 
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which is characteristic of SWCNT(6,5)-. In these observed broad transient bands in the 

wide region, the absorption bands of the radical ions for CS-2, ZnP-

(alkyl)4/SWCNT(n,m)+, may also be included; the broad NIR bands are also assigned to 

SWCNT(n,m)+198b and for ZnP-, 450 and 700-900 nm bands were reported.238  

 

 

 

 

 

 

Fig. 5.13 Nanosecond transient absorption spectra observed by 532 nm laser pulse 
irradiation in Ar-saturated DMF. Inset: Absorption-time profile. (Left) 
H2P(alkyl)4/SWCNT(6,5) and (Right) H2P/SWCNT(7,6). 

 

Similarly, H2P(alkyl)4/SWCNT(n,m) nanohybrids show the nanosecond transient 

absorption bands appearing in the 600–1600 nm region (see Fig. 5.13), in which the 

600–650 nm band has been ascribed to H2P
+(alkyl)4,

212a and the absorption bands at 

1250 and 1350 nm can be ascribed to SWCNT(n,m)-, which are sharper than those 

observed for ZnP+(alkyl)4/SWCNT(n,m)+.The time profiles of ZnP+(alkyl)4 at 640 nm 

are shown as insets in Fig. 5.12a and 5.12b. The rises of ZnP+(alkyl)4 were fast within 

the nanosecond laser pulse (6 ns), which corresponds to the fast charge-separation 

 

640nm 640nm 
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rates within ca. 150–170 ps as estimated from the fluorescence lifetimes of ZnP(alkyl)4 

(in the case of H2P(alkyl)4/ SWCNT(n,m), 600–700 ps « 8 ns).The decays of the 

ZnP+(alkyl)4 mostly persist until about 300–400 ns; from the first-order fitting to the 

decay curves, the charge recombination rate constants (kCR) were evaluated to be (6–

10) × 106 s-1 as listed in Table 5.4.  

Table 5.4 Rate constants of charge recombination (kCR), lifetimes (RIP), and kCS/kCR of 
radical ion pairs of MP(alkyl)4/SWCNT(n,m) in DMF and C60Im-ZnP(alkyl)4/SWCNT(n,m) 
in o-DCB 

Nanohybrids kCR/s
-1

 
RIP/ns kCS/kCR IPCE(%) 

H2P*/SWCNT(6,5) 
5.9 × 10

6a
 170

a
 220

a
 0.30 

H2P*/SWCNT(7,6) 
7.4 × 10

6a
 140

a
 230

a
 0.30 

ZnP*/SWCNT(6,5) 
7.2 × 10

6a
 140

a
 770

a
 0.48 

ZnP*/SWCNT(7,6) 
9.8 × 10

6a
 100

a
 620

a
 0.50 

C60Im→ZnP*/SWCNT(6,5) 
11.0 × 10

6a
 90

a
 480

a
 0.95 

C60Im→ZnP*/SWCNT(6,5) 
11.0 × 10

6b
 90

b
 480

b
  

C60Im→ZnP*/SWCNT(7,6) 12.0 × 10
6a

 80
a
 510

a
 1.02 

C60Im→ZnP*/SWCNT(7,6) 10.0 × 10
6b

 100
b
 620

b
  

a Decay at 660 nm. b Decay at 1020 nm.*= (alkyl)4  

 

Using these kCR values, the lifetimes of ZnP+(alkyl)4/SWCNT-, RIP (=1/kCR), 

were evaluated to be 100–140 ns in DMF. Similar values were obtained from the decay-

time profiles at NIR bands. The kCS/kCR ratios, which are proportional to the charge 

stabilization, are 600–700 for ZnP(alkyl)4/SWCNT(n,m)s; these values are considerably 

large enough to prove the charge stabilization in DMF. For H2P(alkyl)4/SWCNT(n,m)s, 
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the kCR and RIP values are similarly obtained; compared with ZnP(alkyl)4/ 

SWCNT(n,m)s, the kCR values are slower and consequently, the RIP values are longer. 

In summary, the kCS/kCR ratios for H2P(alkyl)4/SWCNT(n,m)s are smaller than those for 

ZnP(alkyl)4/SWCNT(n,m)s, due to smaller kCS values of H2P(alkyl)4/SWCNT(n,m)s. 

Following is a comparison of kinetics of charge separation and charge 

recombination with other kinds of MP/SWCNTs using SWCNT(6,5) and SWCNT(7,6), 

reported by us recently. In the case of nanohybrids formed using ZnP covalently bonded 

with four pyrene moieties [(ZnP(Pyr)4], which attach on SWCNT surfaces, kCS = (3-4) × 

109 s-1, kCR = (2-3) ×107 s-1 (RIP =40–50 ns) and kCS/kCR ~150 were obtained.198a i.e., 

better kCS/kCR ratios are obtained in this study. For nanohybrids formed by ZnP 

coordinately bonded to an axial imidazole ligand tethered to a pyrene moiety 

(PyrIm→ZnP),which attaches on SWCNT surfaces (SWCNT/PyrIm→ZnP), kCS =(5–6) × 

109 s-1, kCR =(1–2) × 107 s-1 (RIP = 50–70 ns) and kCS/kCR ≈ 500 were reported.
39 

Nanohybrids formed via ion-pairing, viz, ZnP’s with a charged group at the macrocycle 

periphery attached to the opposite charged pyrene moiety on the SWCNT surface, kCS = 

(2–8) × 109 s-1, kCR = (0.5–0.8) × 107 s-1 (RIP = 50–70 ns) and kCS/kCR   500 were  

evaluated.212a Interestingly, for ZnP with crown ethers complexed with ammonium ion–

pyrene on the SWCNT surface (SWCNT/Pyr-NH3
+:crownZnP), kCS = (1-5) × 109 s-1, kCR 

=(0.9-1.0) × 107 s-1 (τRIP = 90-110 ns) and kCS/kCR ~ 500 were determined.212b Clearly, 

the kCS values of the present case are large and the kCR values are small, giving high 

kCS/kCR ratios for ZnP(alkyl)4/SWCNT(n,m)s, which are favorable for further electron 

mediation and hole-shifts opening the wider applications such as solar photovoltaic cells 

and solar H2-evolutions. 
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Upon addition of C60Im, a new band appears at 1020 nm in addition to the visible 

and NIR bands due to ZnP+(alkyl)4/SWCNT-, as shown in Fig. 5.12c and d. The 1020 

nm band is diagnostic evidence of C60
-Im,198b,239 confirming the formation of C60

-

Im→ZnP+(alkyl)4 via 1ZnP*(alkyl)4. The decays of C60
-Im were almost the same as 

those of the visible band (ZnP+(alkyl)4, etc.) and NIR bands (SWCNT-, etc.). The kCR 

values evaluated from the 660 nm band and 1020 bands become faster upon 

coordination of C60Im, giving the larger kCR values and slower RIP values; the faster CR 

process may occur between C60
-Im→ZnP+(alkyl)4 before the EM process giving the 

final RIPs, C60
-Im→ZnP+(alkyl)4/SWCNT+. In summary, a slight decrease in the 

kCS/kCR ratios is induced upon coordination of the C60Im; in addition to structural and 

electrical reasons, the solvent effect with decreasing polarity from DMF to o-DCB must 

be considered. It may be mentioned here that the decay curves of MP+(alkyl)4/ 

SWCNT- and C60
-Im→ZnP+(alkyl)4/SWCNT+ followed the trend expected for an 

intramolecular process and not an intermolecular bimolecular process occurring in 

several µs time scales, suggesting that both MP(alkyl)4/SWCNT and C60Im→MP(alkyl)4/ 

SWCNT are intact in solution during photochemical investigations.225 

 

5.3.7 Photoelectrochemical Studies 

The observed photoinduced CS processes in the investigated present 

nanohybrids prompted us to perform photoelectrochemical studies to visualize their 

ability to convert light energy into electricity.69 For this, the MP(alkyl)4/SWCNT(n,m) and 
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Fig. 5.14 IPCE spectra and light–current switching curves for the photoelectrochemical 
solar cells of ZnP(alkyl)4/SWCNT and C60Im→ZnP(alkyl)4/SWCNT coated on SnO2-
modified FTO electrode surface in o-DCB solution containing 0.5 M (TBA)I and 0.05 M 
I2 mediator. Red curve: ZnP(alkyl)4/SWCNT(6,5), black curve; C60Im→ZnP(alkyl)4

/SWCNT(6,5), green curve;  ZnP(alkyl)4/SWCNT(7,6), and blue curve; C60Im→ZnP 
(alkyl)4/SWCNT(7,6). 

C60Im-ZnP(alkyl)4/SWCNT(n,m) nanohybrids were drop-coated on a SnO2-modified 

FTO electrode surface, since this electrode material combination is known to yield high 

incident photon-to-current conversion efficiency (IPCE%) with suitable porphyrins.207,231 

The photocurrent action spectra show IPCE values in the wide wavelength region 

covering up to 700 nm with a peak near 420 nm (Fig. 5.14), although the overall IPCE% 

values are relatively lower for these proof of concept solar cells. The switching 

responses are shown in the inset of Fig. 5.14, in which quick response and light stability 

are revealed. The higher IPCE at 420 nm were obtained for C60Im→ZnP 

(alkyl)4/SWCNT(7,6) and C60Im→ZnP(alkyl)4/SWCNT(6,5), in which IPCE for 

SWCNT(7,6) is slightly higher than that for SWCNT(6,5).198a,212a,240 Both of them have 
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higher IPCEs than ZnP(alkyl)4/SWCNT(7,6) and  ZnP(alkyl)4/SWCNT(6,5) by a factor of 

ca. 2 as listed in the last column in Table 5.4, suggesting that C60Im contributes to the 

additional CS process via 1C60Im*. For H2P(alkyl)4/SWCNT(n,m), the maximal currents 

are even lower in accord with the small kCS/kCR ratios (Table 5.4). 

 

5.4 Summary 

Stable nanohybrids are produced with porphyrins functionalized with long alkyl 

chains, which wind around SWCNT(n,m) positioning the porphyrin planes in close 

proximity to the surface of SWCNTs, making the two-layer nanohybrids. Such 

nanohybrids are found to be stable as shown by the TEM images and steady-state 

optical spectral studies. Photoinduced charge-separation processes in the self-

assembled MP(alkyl)4/SWCNT(n,m) hybrids having (6,5)- and (7,6)-enriched SWCNTs 

are revealed by the time-resolved fluorescence studies while the nanosecond transient 

absorption technique confirmed a charge-separation process, in which the electron 

transfer products, MP•+(alkyl)4/SWCNT•- or MP•-(alkyl)4/SWCNT•+, are able to be 

visualized. In the case of C60Im→ZnP/SWCNT(n,m) nanohybrids, further charge 

separation from 1ZnP* to the C60 moiety takes place, giving larger kCS values than those 

of MP(alkyl)4/SWCNT(n,m) favorable for initial charge separation. Photoelectrochemical 

studies of these nanohybrids modified on SnO2/FTO electrodes revealed photo-current 

generation. Higher IPCE values were obtained for C60Im→ZnP/SWCNT(n,m) than those 

of ZnP/SWCNT(n,m). 
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CHAPTER 6 

BIONANO DONOR-ACCEPTOR HYBRIDS OF PORPHYRIN, ssDNA, AND 

SEMICONDUCTIVE SINGLE-WALL CARBON NANOTUBES FOR ELECTRON 

TRANSFER VIA PORPHYRIN EXCITATION* 

6.1 Introduction 

Recently, DNA241- single walled carbon nanotube (SWCNT)12,33,184,185 bionano 

hybrids have witnessed a variety of nanotechnological applications including chemical 

and biomolecular sensing and devices,242 exfoliation and sorting of SWCNTs,188c,243 and 

ultrafast DNA sequencing.244 However, although SWCNTs have been demonstrated to 

be both good electron donors and electron acceptors in the presence of appropriate 

photosensitizing electron acceptors or donors, respectively,193a,b,66,220b,245 utilization of 

DNA-SWCNT hybrids in electron-transfer reactions has not been exploited. In the 

present investigation, we have undertaken this mission to reveal the applicability of 

DNA-SWCNT bionano hybrids for the light-energy harvesting photoinduced electron 

transfer devices. 

 The bionano donor-acceptor hybrids are formed by wrapping ssDNA around the 

SWCNTs and by ion-pairing water soluble cationic porphyrins to the phosphate groups 

of ssDNA strands (see Fig. 6.1 for a schematic structure). To obtain the structure-

reactivity aspects, two types of diameter-sorted SWCNTs such as SWCNT(6,5) and 

SWCNT(7,6) differing in their oxidation and reduction potentials have been employed as 

donor-acceptor nanocarbons.85b We have chosen ssDNA in the present study since the 

 
*Chapter 6 in its entirety has been reproduced from “Francis D’Souza, Sushanta K. Das, Melvin 
E. Zandler, Atula S. D. Sandanayaka, and Osamu Ito J. Am. Chem. Soc., 2011, 133, 19922–
19930” with permission from the publisher. 
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SWCNT hybrids with this biomolecule are one of the well-characterized bionano hybrids 

with two-layered structures [ssDNA/SWCNT(n,m)]. The atomic force microscopy 

(AFM),244,246 transmission electron microscopy (TEM),188c,244,246 circular dichroism,247 

and computational modeling studies248 have demonstrated exfoliation and helical 

wrapping of ssDNA around the side walls of SWCNTs. As light-absorbing 

photoactivematerials,201 free-base and zinc porphyrins bearing peripheral positive 

charges (tetrakis-(4-N-methylpyridyl)porphyrin abbreviated as (TMPyP+)M,M=H2 and 

Zn) are utilized. 

 

Fig. 6.1 Schematic presentation of the constructed bionano donor-acceptor hybrids, 
(TMPyP+)M/ssDNA/SWCNT(n,m) {TMPyP+ = tetrakis(N-methylpyridyl)porphyrin, M = Zn 
or H2; (n,m) = (6,5) or (7,6)}, formed by a combination of ssDNA wrapping and ion-
pairing binding protocols. The tape structure represents ssDNA wrapped around 
SWCNTs, and the negative sign indicates phosphate groups. 

 

By the addition of (TMPyP+)M to ssDNA/SWCNT(n,m), (TMPyP+)M can be 

attached to the ssDNA wrapped around SWCNT(n,m) by ion-pairing binding, forming 
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three-layered structures (TMPyP+)M/ssDNA/SWCNT(n,m). In the present study, 

photochemical and photophysical studies leading to charge separation in the newly 

assembled bionano donor-acceptor hybrids have been established using various 

steady-state spectroscopic and transient spectral measurements, expecting that the 

ssDNA acts as an electron mediator for the electron transfer from the light-excited 

(TMPyP+)M to SWCNT. Furthermore, by the selection of the appropriate 

semiconductive SWCNTs of the right band gap and also selection of M = H2 and Zn in 

(TMPyP+)M, the possibility of achieving higher charge-separation efficiency is 

demonstrated. 

 

6.2 Experimental Section 

6.2.1 Preparation of (TMPyP+)M/ssDNA/SWCNT(n,m) Nanohybrids: 

A known amount of ssDNA was dissolved in Millipore water at 0-5°C. The 

concentration of ssDNA was determined by absorbance at 260 nm (260 nm= 6.6 ×103 

M-1cm-1).249 The stock solution so prepared was used to solubilize SWCNTs. For 

preparation of ssDNA/SWCNT(n,m), to a solution of ssDNA, SWCNT(7,6) or 

SWCNT(6,5) (0.5-1.0 mg) was added and sonicated for 20 min. The resultant solution 

was then centrifuged for 30 min at 3000 rpm. The supernatants were then separated 

from the bundles that were settled at the bottom of the centrifuged tube. By doing so, 

we have been able to obtain highly solubilized ssDNA/SWCNT(6,5) and 

ssDNA/SWCNT(7,6) hybrids in solution that was stored below 4°C for further studies. 

The nanotube solution thus obtained was very stable for a number of days as proven by 

the absorption and emission data. To form references, (TMPyP+)M/ssDNA, (TMPyP+)M 
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of known concentration was dissolved in Millipore water, to which a known amount of 

ssDNA aqueous solution was added. To form (TMPyP+)M/ssDNA/SWCNT(n,m) 

nanohybrids, a known amount of (TMPyP+)M aqueous solution was added to 

ssDNA/SWCNT(n,m). 

For spectroscopic titration measurements of two-layered nanohybrids, a small 

aliquot (in microliter volume) of ssDNA was added to an aqueous solution of 

(TMPyP+)M. For the preparation of three-layered nanohybrids, a small aliquot (in 

microliter volume) of ssDNA/SWCNT-(n,m) was added to (TMPyP+)M; this procedure 

tends to prevent the direct adsorption of (TMPyP+)M on SWCNT(n,m).  

6.3 Results and Discussion 

The enriched SWCNT(6,5) and SWCNT(7,6) samples employed in the present 

study have an average radius of 8 and 9 Å, respectively, with an average length of 800 

nm.196 The preparations of the two-layered ssDNA/SWCNT(n,m) were performed by 

adding ssDNA to SWCNT(n,m) dispersed in water, resulting into homogeneous solution 

after sonication. Then, the three-layered supramolecules (TMPyP+)M/ssDNA/SWCNT-

(n,m)s were obtained by adding (TMPyP+)M to ssDNA/SWCNT(n,m) in H2O. Details are

given in the Experimental Section. From the weight of the individual components used 

in the formation of nanohybrids and their absorbance (ε) values, one porphyrin molecule 

for every 25-30 nm length of ssDNA/SWCNT, which corresponds to 18-24 porphyrins 

for single ssDNA/SWCNT of 800 nm lengths, was estimated.212  
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6.3.1 TEM Images 

TEM images for the dried samples of ssDNA/SWCNT(n,m) and 

(TMPyP+)Zn/ssDNA/ SWCNT(n,m) are shown in Fig. 6.2; similar TEM images were 

obtained for (TMPyP+)H2/ssDNA/SWCNT(n,m) (see Fig. 6.3). The images of

ssDNA/SWCNT(n,m) in Fig. 6.2a and 6.2b show that the nanotubes are in a sufficiently 

in a sufficiently exfoliated state, suggesting that ssDNA disperses bundles of 

SWCNT(n,m) by forming two-layered supramolecular ssDNA/SWCNT(n,m) hybrids in 

H2O. 

Fig. 6.2 TEM images of (a) ssDNA/SWCNT(6,5), (b) ssDNA/SWCNT(7,6), (c) (TMPyP+) 
Zn/ssDNA/SWCNT(6,5), and (d) (TMPyP+)Zn/ssDNA/SWCNT(7,6). 

(a) (b) 

(c) (d) 
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However, as shown in Fig. 6.2c and 6.2d for (TMPyP+)Zn/ssDNA/ SWCNT(n,m), 

the TEM images (Fig. 6.3) and the histograms (Fig. 6.4) revealed increased thickness 

with higher tangles of SWCNTs. This suggests binding of the (TMPyP+)Zn molecules to 

ssDNA/SWCNT(n,m) thus increasing the radii, in addition to the (TMPyP+)Zn molecules 

intertwining several ssDNA/SWCNT(n,m) tubes. 

 

Fig. 6.3 TEM images of (a) (TMPyP+)H2/ssDNA/SWCNT(6,5), and (b) (TMPyP+)H2/ 
ssDNA/ SWCNT(6,7). 

 

6.3.2 Steady-State Absorption Spectral Studies.  

One of the advantages of obtaining homogeneous dispersion of the (TMPyP+)Zn/ 

ssDNA/SWCNT(n,m) nanohybrids is the ability of measuring their various spectroscopic 

properties, which provide fundamental features of the SWCNT(n,m) nanohybrids in 

solution. Steady-state absorption spectra of SWCNT(n,m) dispersed in ssDNA and in 

sodium dodecyl sulfate (SDS) surfactant are shown in Fig. 6.6. The absorption 

spectrum of SWCNT(6,5) in the presence of ssDNA shows the longest absorption peak 

of SWCNT(6,5) at 1007 nm resulting in a band gap of 1.23 eV, in addition to the 261 nm 

band of ssDNA. Compared with the sharp absorption peak (977 nm =1.26 eV) of  

(a) (b)  
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Fig. 6.4 TEM histograms for diameter estimation of nanotubes. (a) ssDNA/SWCNT(6,5), 
(b) ssDNA/SWCNT(7,6), (c) (TMPyP+)Zn/ssDNA/SWCNT(6,5), and (d) (TMPyP+)Zn/ 
ssDNA/SWCNT(7,6). 

SWCNT(6,5) dispersed in SDS surfactant, a red shift with broadening was caused by 

the ssDNA surrounding, resulting in band gap narrowing of 0.03 eV.20,21 For 

SWCNT(7,6), the longest absorption peak in the presence of ssDNA is located at 1200 

nm, giving a band gap of 1.03 eV, which also shows a band gap narrowing compared 

with that in less interacting SDS solution (1122 nm = 1.10 eV) by 0.07 eV.198,197 These 
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appreciable red-shifts in the absorption peaks and broadening on addition of ssDNA to 

SWCNT(n,m) support the formation of ssDNA/SWCNT(n,m). The sensitizer, 

(TMPyP+)Zn, shows the Soret band at 425 nm and Qbands at 560 and 605 nm in 

H2O.85b On addition of ssDNA to (TMPyP+)Zn, the Soret band at 425 nm shifted to 

longer wavelength accompanied by a decrease in the peak intensity, suggesting the 

formation of (TMPyP+)Zn/ssDNA (see Fig. 6.7). 

 

Fig. 6.5 Steady-state absorption spectral changes of (i) ssDNA and (ii) (TMPyP+)Zn; (a) 
SWCNT(6,5) and (b) SWCNT(7,6), on addition of ssDNA/SWCNT(n,m) to (TMPyP+) in 
H2O; (iii)-(vi) spectrum of (TMPyP+)Zn on increasing addition of ssDNA/SWCNT(6,5). 
(Note: Concentration change of porphyrin on addition of ssDNA stock solution with 
volume increase was minor compared with the absorbance decrease). 
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Fig. 6.6 Optical absorption spectra of (i) ssDNA in water, (ii) SWCNT(6,5)/ssDNA in 
water, (iii) SWCNT(7,6)/ssDNA in water, (iv) SWCNT(6,5) in SDS-water and (v) 
SWCNT(7,6) in SDS-water. 

 

Fig. 6.5 shows absorption spectral changes of (TMPyP+)Zn on addition of 

ssDNA/SWCNT(n,m). In Fig. 6.5a for SWNCT(6,5), the Soret band at 425 nm of 

(TMPyP+)Zn shifts to longer wavelength with a significant decrease in the absorption 

band intensity, even though the other absorption intensities increase in a whole UV-vis-

NIR region due to ssDNA/SWNCT(6,5). Such absorption spectral changes at the Soret 

band are caused by the interaction of the porphyrin moiety with ssDNA, supporting the 

formation of (TMPyP+)Zn/ssDNA/SWCNT(6,5). Similar absorption spectral changes 

were observed on addition of ssDNA/SWCNT(7,6) to (TMPyP+)Zn as shown in Fig. 

6.5b, in which the decrease of the absorption band intensity with an appreciable red 

shift and band broadening of (TMPyP+)Zn was observed, in spite of the increasing 
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intensities in the whole spectral region of ssDNA/SWNCT(7,6). Similar spectral changes 

were observed for (TMPyP+)H2 on addition of ssDNA/SWNCT(n,m). It may be

mentioned here that direct interactions between (TMPyP+)M and SWCNT (through 

weak - interactions) may be excluded since the ion-pairing interactions involving 

ssDNA and porphyrin are much stronger, and also the interactions between ssDNA 

wrapped around SWCNTmay also be strong enough not to be replaced with 

(TMPyP+)M. 

Fig. 6.7 Steady-state absorption spectrum of (i) ssDNA (28 μM), (ii) (TMPyP+)Zn (6 μM) 
and (iii) – (iv) (TMPyP+)Zn/ssDNA on increasing addition of ssDNA (3 μM) in H2O.

6.2.3 Energy Optimization Structure 

An attempt was also made to visualize the structure of the donor-acceptor 

bionano hybrids using the energy optimization calculation method. Fig. 6.8 shows the 
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PM3-optimized structure of (TMPyP+)Zn/ssDNA/SWCNT(7,6) as an example, in which 

the stabilized structure of ssDNA/SWCNT(7,6) by wrapping of ssDNA around the 

nanotube is clearly seen.248d Additionally, (TMPyP+)Zn is stabilized on the phosphate 

groups (orange balls) along ssDNA strands due to the ion-pairing interactions. The 

distance between the porphyrin plane and nanotube surface was found to be about 8 Å, 

a suitable distance for donor-acceptor pairs to establish efficient photoinduced formation 

of the charge-separated radical ion pair with long lifetime. Although the distance 

between the porphyrin plane and ssDNA outer sphere was found to be close, the 

distance to the DNA bases may be slightly longer (see distance from blue balls of N-

atoms). 

 

Fig. 6.8 PM3 optimized structure of (TMPyP+)Zn/ssDNA/SWCNT(7,6) from different 
viewpoints. For ssDNA/SWCNT(7,6): C, gray; H, white; N, blue; O, red; P, orange. For 
(TMPyP+)Zn, colors are coded differently for easy recognition: C, pink; H, white; N, blue; 
Zn, light blue. (Left): Side view with respect to (TMPyP+)Zn. (Right): Top view with 
respect to (TMPyP+)Zn, in which there is a space about 6 Å between the surfaces of 
(TMPyP+)Zn and SWCNT(7,6). 
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6.2.4 Energy Diagrams 

An energy level diagram depicting different photochemical events of the 

nanohybrids has been constructed using the optical data in conjunction with the 

reported electrochemical data.85b,199 For (TMPyP+)M, the reported oxidation potentials 

(EOX) are employed to calculate the HOMO levels (EHOMO): EOX = 0.79 V for (TMPyP+)Zn 

and 1.15 V for (TMPyP+)H2, vs Ag/AgCl in DMF.188,212,250 The LUMO levels (ELUMO) of 

(TMPyP+)M are evaluated from the EHOMO values and the energies of the singlet excited 

states (1[(TMPyP+)M]*; EEX = 2.03 and 2.05 eV for M = Zn and H2, respectively) since 

any reliable ERED value is not reported even in DMF. Cyclic voltammetric studies of 

ssDNA in H2O in the presence of 0.1 M KCl revealed an oxidation peak, Epc, around 

0.93 V vs Ag/AgCl that could be ascribed mainly to the oxidation of the guanidine base 

units.251 In the case of SWCNT(n,m), the reported EOX and ERED values correspond to 

the highest level of the valence band and the lowest level of the conduction band.85b,188 

The energy diagram combined for both (TMPyP+)M (M = Zn and H2) is shown in Fig. 6.9 

(for each porphyrin, see Fig. 6.10). 

After photoexcitation of (TMPyP+)M, an electron of the HOMO is elevated to the 

LUMO. Then, the electron can transfer from the half-filled LUMO of (TMPyP+)M to the 

conduction band level of SWCNT overshooting the ssDNA layer, giving the radical 

cation of (TMPyP+)M ([(TMPyP+)M]•+) and the radical anion of SWCNT(n,m) 

([SWCNT(n,m)]•-), denoted as the CS-1 process in Fig. 6.9. When the Eox value of 

(TMPyP+)M is lower than that of ssDNA, the HOMO electron of ssDNA can transfer to 

the half-vacant HOMO of (TMPyP+)M after the photoexcitation, giving [(TMPyP+)M]•- 

and [ssDNA]•+, which is the CS-2 process. After the CS-2 process, an electron can 
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mediate from the valence-band level of SWCNT(n,m) to the half-vacant HOMO of 

ssDNA, which is the electron mediation (EM) process, finally giving [(TMPyP+)M]•- and 

hole on SWCNT(n,m) ([SWCNT(n,m)]•+). 

 

Fig. 6.9 Schematic representation of the energy level diagram for photoinduced electron 
transfer processes of  (TMPyP+)M/ssDNA/SWCNT(n,m) [M = Zn and H2, and (n,m) = 
(6,5) and (7,6)]; electron denoted as a red dotted circle is a moving electron. 

 

After photoexcitation of (TMPyP+)M, energy transfer (EnT) from(TMPyP+)M to 

SWCNT(n,m) is also possible via an electron exchange between the half-vacant HOMO 

of (TMPyP+)M and the valence band of SWCNT(n,m).25,252 However, it is difficult to 

promote energy transfer over the ssDNA since such a Dexter-type EnT process is only 

predominant in short distance exchange coupled donor-acceptor systems. 252b 

The radical ion-pair (RIP) energy for the CS-1 process (ERIP(CS-1) = ERIP(MP•+)/ 

(SWCNT•-); here, (TMPyP+)M is abbreviated as MP) can be evaluated using Weller’s 

approach202 as the difference between EOX of (TMPyP+)M and ERED of SWCNT(n,m) as 

listed in the margin of Table 6.1. The RIP energy for CS-2 (ERIP(CS-2) = ERIP(MP•-)/(DNA•+)) 
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can be evaluated as the difference between EOX of MP and ERED of ssDNA. The RIP 

energy (ERIP(MP•-)/(SWCNT•+)), which is the sum of ERIP(CS-2) and ERIP(EM) as denoted to be  

 

 

Fig. 6.10 Schematic representation of the energy level diagram for photoinduced 
electron transfer processes; (a) (TMPyP+)H2/ssDNA/SWCNT(n,m), where CS-2 process 
is exothermic and (b) (TMPyP+)Zn/ssDNA/SWCNT(n,m), where CS-2 process is 
endothermic. 
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ERIP(CS-2/EM) in Table 6.1, can be evaluated from the difference between ERED of 

(TMPyP+)M and EOX of SWCNT(n,m). Thus, the free-energy changes for the CS-1 

process (ΔGCS-1) via 1[(TMPyP+)M]* can be evaluated (Table 6.1); the negative values 

for ΔGCS-1 indicate that the CS-1 process for all systems is sufficiently exothermic. The 

CS-2 process for (TMPyP+)H2 is exothermic, whereas for (TMPyP+)Zn, this process is 

slightly endothermic. These thermodynamic data predict that the CS-1 process takes 

priority over the CS-2 process. Since the ΔGEM values are all negative predicting 

exothermic reactions, the overall CS-2/EM process generating [(TMPyP+)M]•-/ 

[SWCNT]•+ via 1[(TMPyP+)M]* also becomes exothermic. 

Table 6.1 Estimated energy parameters for donor-acceptor nanohybrids in H2O
a 

 Nanohybrids ERIP(CS-1) ΔGCS-1 ERIP(CS-2) ΔGCS-2 ΔGEM ΔGCS-2/EM ERIP(CS-2/EM) 

(TMPyP
+
)Zn/ssDNA/SWCNT(6,5) 1.30 -0.70 2.17 0.14 -0.29

b
 -0.15

b
 1.88

b
 

(TMPyP
+
)Zn/ssDNA/SWCNT(7,6) 1.34 -0.66 2.17 0.14 -0.43

b
 -0.29

b
 1.74 

(TMPyP
+
)H2/ssDNA/SWCNT(6,5) 1.51 -0.49 1.83 -0.22 -0.29 -0.51 1.54 

(TMPyP
+
)H2/ssDNA/SWCNT(7,6) 1.55 -0.45 1.83 -0.22 -0.43 -0.61 1.45 

a For (TMPyP+)M, redox potentials reported in DMF are employed; EOX = 0.79 and 1.15 
V vs Ag/AgCl for M = Zn and H2. The ERED values are evaluated from the EHOMO values; 
ELUMO = EHOMO + EEX; EHOMO = EOX, and EEX = 2.03 and 2.05 eV for M= Zn and H2. ERED 
= -1.24 and -0.90 V vs Ag/AgCl for M= Zn and H2. For SWCNT(6,5), EOX = 0.64 and 
ERED = -0.51 V, and for SWCNT(7,6), EOX = 0.50 and ERED = -0.55 V vs Ag/AgCl in 
DMF.12 ERIP, ΔGCS, and ΔGEM are calculated according to Weller approach assuming 
that the Columbic term is negligibly small.202b Assuming that CS-2 process took place. 

 

The CS-1 process for (TMPyP+)Zn with higher electron-donor ability is more 

exothermic than that for (TMPyP+)H2. The higher electron-acceptor capability for 

SWCNT(6,5) than SWCNT(7,6) prevails the exothermic CS-1 process for SWCNT(6,5). 

In the case of (TMPyP+)H2, the CS-2/EM for SWCNT(7,6) is slightly more exothermic 

than that for SWCNT(6,5). 
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For the charge-recombination (CR-1) process of RIP ([(TMPyP+)M]•+/[SWCNT]•-), 

although higher exothermic CR is predicted for (TMPyP+)H2 than (TMPyP+)Zn, a faster

CR-1 process is not always predicted for (TMPyP+)H2 because of the inverted region in

the Marcus plot.28 The CR-1 process from [(TMPyP+)M]•+/[SWCNT]•- is predicted to be 

slightly more exothermic for SWCNT(7,6) than that for SWCNT(6,5), whereas an 

opposite tendency is expected for [(TMPyP+)M]•-/[SWCNT]•+. 

6.2.5 Fluorescence Measurements 

The formations of (TMPyP+)M/ssDNA and (TMPyP+)M/ssDNA/SWCNT(n,m) can 

also be confirmed by the fluorescence quenching measurements of (TMPyP+)M, which 

also give information about the relaxation rates via 1[(TMPyP+)M]* in the hybrids.27 

Steady-state fluorescence spectral changes of (TMPyP+)Zn on addition of ssDNA in 

H2O(ex = 435 nm) are shown in Fig. 6.11. 

Fig. 6.11 Steady-state fluorescence spectral changes of (TMPyP+)Zn (10 μM) on 

addition of ssDNA in H2O (ex = 435 nm). Black line is for (TMPyP+)Zn in the absence of
ssDNA; red, blue, dark red, and dark blue lines are on increasing addition of ssDNA. 
(Note: Concentration change of porphyrin on addition of ssDNA stock solution with 
volume increase was minor compared with the fluorescence decrease). 
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The original intensities of the fluorescence peaks of (TMPyP+)Zn located at 630 

and 670 nm(shoulder) decrease until about 60% on addition of excess ssDNA, which 

gives additional evidence for the complex formation and occurrence of the CS-2 

process. A similar phenomenon was also observed for (TMPyP+)H2; the fluorescence 

bands in the 650-750 nm region are quenched until about 50% on addition of excess 

ssDNA (see Fig. 6.12). It may be mentioned here that such fluorescence quenching of 

(TMPyP+)M was not observed by addition of poly(dA-dT) (lacking guanidine electron 

donor entities),253 suggesting that the quenching of (TMPyP+)M by ssDNA is not due to 

a simple hydrogen bonding stacking effect but perhaps due to electron transfer. As 

discussed in the subsequent sections, dynamic quenching was found by the 

fluorescence lifetime shortening, denying that the quenching was only due to the ground 

state interactions but supporting the events via 1[(TMPyP+)M]*.254 Additionally, an 

electron transfer from 1(TMPyP+)M* to ssDNA can be predominantly considered, but not 

the EnT process, since the excited singlet states of the DNA bases are all higher than 

that of 1(TMPyP+)M*. 

 

Fig. 6.12 Steady-state fluorescence spectral changes in H2O (ex = 532 nm); 0.005 mM 
(TMPyP+)H2 (blue), (TMPyP+)H2 on addition of ssDNA (violet), (TMPyP+)H2/ssDNA/ 
SWNT(6,5) (black), and (TMPyP+)H2/ssDNASWNT(7,6) (red). 
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Fig. 6.13 Steady-state fluorescence spectral changes of (TMPyP+)Zn (10 μM) on 

addition of (a) ssDNA/SWCNT(6,5) and (b) ssDNA/SWCNT(7,6) in H2O (ex = 435 nm). 
Black line for (TMPyP+)M; red, green, blue, sky, violet, yellow, dark green, dark blue, 
violet, and brown lines are on increasing addition of ssDNA/SWCNT(n,m). 

 

Fig. 6.13 shows further quenching of the steady-state fluorescence intensity of 

(TMPyP+)Zn (over 80-90% of the original intensity) upon increasing the concentration of 

ssDNA/SWCNT(6,5) and ssDNA/SWCNT(7,6) in H2O (ex = 435 nm), supporting the 

formation of bionano hybrids, (TMPyP+)Zn/ssDNA/SWCNT(n,m). Although the 

occurrence of both CS process and EnT process from the 1[(TMPyP+)Zn]* to 

SWCNT(n,m) over ssDNA could be envisioned, the CS process is favorable in highly 

polar aqueous solution. In addition, the negligible spectral overlap between the 

(TMPyP+)Zn fluorescence and the SWCNT(n,m) absorption makes the EnT quenching 

process less likely based on the Forster theory.252a 

The ssDNA/SWCNT(7,6) quenches the (TMPyP+)Zn fluorescence intensity (Fig. 

6.13b) more efficiently than ssDNA/SWCNT(6,5) (Fig. 6.13a). A similar tendency of the 

fluorescence quenching was also observed for (TMPyP+)H2 on addition of 

ssDNA/SWCNT(n,m) (see Fig. 6.12). To obtain the decay kinetic data of 1[(TMPyP+)M]* 

in the donor-acceptor nanohybrids, the picosecond time-resolved fluorescence 

 Wavelength, nm 
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measurements were performed with streak-scope method. Fig. 6.14 shows the 

fluorescence time profiles of pristine (TMPyP+)M, giving the lifetimes as (F)ref = 1250 ps 

for (TMPyP+)Zn (Fig. 6.14a) and 4010 ps for (TMPyP+)H2 (Fig. 6.14b). Addition of 

ssDNA moderately accelerated the fluorescence decays, which could be curve-fitted to 

a biexponential decay function, giving the lifetimes ((F)MP/DNA) to be 750 ps for 

(TMPyP+)Zn and 950 ps for (TMPyP+)H2 with major short components (fraction (Fr) > 

60%); the remaining minor longer components are due to the noninteracting porphyrin 

entities. Furthermore, additions of ssDNA/SWCNT(6,5) and ssDNA/SWCNT(7,6) to 

(TMPyP+)M drastically accelerated the fluorescence decays of (TMPyP+)M, in 

agreement with the steady-state fluorescence intensity quenching in Fig. 6.13. The 

curve fittings of these fluorescence time profiles with a biexponential decay function 

gave the major short component ((F)MP/DNA/CNT = 200-500 ps, Fr = 80-90%) as 

summarized in Table 6.2 and the remaining minor longer component attributable to the 

noninteracting porphyrin entities. The (F)ZnP/DNA/CNT values for (TMPyP+)Zn/ssDNA/ 

SWCNT(n,m) were found to be 170-210 ps, which are shorter than (F)H2P/DNA/CNT (420-

540 ps) for (TMPyP+)H2/ssDNA/SWCNT(n,m). In each (TMPyP+)M, SWCNT(7,6) gives 

a shorter (F)ZnP/DNA/CNT value than that of SWCNT(6,5). 

The difference in shortening of the fluorescence lifetimes on addition of ssDNA is 

mainly ascribed to the CS-2 process since EnT from 1[(TMPyP+)M]* to ssDNA is 

energetically unfavorable; furthermore, fluorescence lifetime shortening due to a 

hydrogen bonding stacking effect was not observed in the presence of poly(dA-dT).253 

Thus, the rate constant for the CS-2 process (kCS-2) can be evaluated from the 

difference between 1/(F)MP/DNA and 1/(F)ref as [(0.5 - 0.6) × 109 s-1] in Table 6.2; these 
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Fig. 6.14 Fluorescence decays of (a) (TMPyP+)Zn and (b) (TMPyP+)H2 in H2O (ex = 
408 nm). Blue line for (TMPyP+)M, violet line for addition of ssDNA, black line for 
addition of ssDNA/SWCNT(6,5), red line for addition of ssDNA/SWCNT(7,6). Excess 
ssDNA and ssDNA/SWCNT(n,m) are added until the decays are saturated. 

Table 6.2 Fluorescence lifetimes (F) and fractions (Fr) of fast decay component, rate 
constants of charge separations (kCS) and total quenching (kq), and quantum yields 

(CS) of (TMPyP+)M in nanohybrids in H2O 
 

Nanohybrids F/ps(Fr,%) kCS-2/s
-1a kq/s

-1b kCS-1/s
-1c CS

a(×Fr) 

(TMPyP
+
)Zn/ssDNA 750 (100) 0.5 × 10

9
 - - 0.35 (0.35)

d
 

(TMPyP
+
)Zn/ssDNA/SWCNT(6,5) 210 (85) - 3.9 × 10

9
 3.4 × 10

9
 0.83 (0.71)

e
 

(TMPyP
+
)Zn/ssDNA/SWCNT(7,6) 170 (90) - 5.0 × 10

9
 4.5 × 10

9
 0.86 (0.77)

e
 

(TMPyP
+
)H2/ssDNA 950 (60) 0.6 × 10

9
 - - 0.76 (0.46)

d
 

(TMPyP
+
)H2/ssDNA/SWCNT(6,5) 540 (87) - 2.1 × 10

9
 1.5 × 10

9
 0.89 (0.77)

e
 

(TMPyP
+
)H2/ssDNA/SWCNT(7,6) 420 (92) - 2.6 × 10

9
 2.0 × 10

9
 0.97 (0.89)

e
 

aFor (TMPyP+)M/ssDNA, kCS-2 = (1/F)MP/DNA-(1/F)ref and CS-2 = [(1/F)MP/DNA - (1/F)ref]/ 

(1/F)MP/DNA. Here, (F)ref = 1250 ps for (TMPyP+)Zn and 4010 ps for (TMPyP+)H2. 
bFor 

(TMPyP+)M/ssDNA/SWCNT(n,m), kq = {(1/F)MP/DNA/CNT - (1/F)ref} and q 

={(1/F)MP/DNA/CNT - (1/f)ref}/(1/F)MP/DNA/CNT.27 ckCS-1 = kq - kCS-2, CS-1 = q – CS-2. 
dFor 

CS-2 process. eFor CS-1 process. 
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kCS-2 values are almost one order smaller compared to those of the sufficiently 

exothermic CS processes,11 although these kCS-2 values do not reflect the ΔGCS-2 values 

(slightly exothermic for (TMPyP+)H2  and endothermic for (TMPyP+)Zn) based on rough 

estimations. 

The overall fluorescence quenching rates (kq) are calculated from the differences 

between 1/(F)MP/DNA/CNT for (TMPyP+)M/ssDNA/SWCNT(n,m) and 1/(F)ref for 

(TMPyP+)M;27 the kq values contain the rate constants of the CS-1 process (kCS-1) and 

EnT process (kEnT) in addition to kCS-2 values. As proved in the previous section for the 

fluorescence intensity quenching, the contribution of kEnT may be negligibly small; 

therefore, kCS-1 can be evaluated as kCS-1≈kq- kCS-2. As listed in Table 6.2, the evaluated 

kCS-1 values are in the range of (1.5-4.5) × 109 s-1, which are reasonable values as the 

CS-1 process via 1(TMPyP+)M* vs SWCNT(n,m) with a separation distance of ~ 6 Å.212 

The CS-1 and CS-2 values evaluated in a usual manner shown in Table 6.2 are larger 

than 0.83 and 0.35, respectively; even considering the fraction of the short fluorescence 

lifetimes, which correspond to the fraction of the complexes, they are larger than 0.71 

and 0.35, respectively.  

For (TMPyP+)M/ssDNA/SWCNT(n,m), a comparison of kCS-1 between (TMPyP+) 

Zn and (TMPyP+)H2 reveals the tendency that (TMPyP+)Zn is a better electron donor 

than (TMPyP+)H2, which follows the order of the ΔGCS-1 values listed in Table 6.1. For 

each (TMPyP+)M, the kCS-1 and CS-1 values for SWCNT(7,6) are slightly larger than 

those for SWCNT(6,5), although the ΔGCS-1 values do not follow this order, suggesting 

that other factors such as size of SWCNT(n,m) may affect the kCS-1 values. For the EM 

process, the fluorescence data unfortunately cannot give any information. 
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6.2.5 Nanosecond Transient Absorption Studies 

Evidence for the CS processes can be obtained from the transient absorption 

spectral studies by the observation of the radical ions as intermediate products; 

furthermore, their decays can afford the rate constant of the CR process, kCR, between 

the radical ions. Figure 6.15 shows the nanosecond transient absorption spectra of the 

(TMPyP+)Zn/ssDNA/SWCNT(n,m) nanohybrids observed using a 532 nm laser light, 

which predominantly excites the (TMPyP+)Zn moiety. A transient absorption peak 

corresponding to the formation of [(TMPyP+)Zn]•+ appears around 660 nm.198 As the 

counterpart of the [(TMPyP+)Zn]•+ unit, [SWCNT]•- would be anticipated to form. Indeed, 

the broad absorption bands that appeared in the 1250-1300 nm range can be assigned 

to [SWCNT(n,m)]•-.212 The absorption intensities in the visible and NIR region decay in 

similar time intervals, suggesting that [(TMPyP+)Zn]•+ is coupled to [SWCNT]•-. 

Compared with (TMPyP+)Zn/ssDNA/SWCNT(6,5) in Fig. 6.15a, the transient absorption 

bands in the 800-1000 nm region and 1250-1300 nm region for the SWCNT(7,6) 

analogue in Fig. 6.15b are sharp and intense.The transient band near 1000 nm is 

intense for (TMPyP+)Zn/ssDNA/SWCNT(6,5), suggesting that [SWCNT(6,5)]•- has an 

additional absorption band near 1000 nm in addition to the broad band around 1280 nm.  

In the time profiles at 680 and 1280 nm shown in the insets of Fig. 6.15, the rises 

of the [(TMPyP+)Zn]•+ were found to be fast within the nanosecond laser-light pulse (6 

ns), which may correspond to the kCS-1 (>109 s-1) as estimated from the fluorescence 

lifetimes (Table 6.2). After reaching a maximum immediately after the laser-light 

irradiation, the absorption intensities of [(TMPyP+)Zn]•+ begin to decay within about 1000 

ns. From the first-order fitting of the decay curves at 680 and 1280 nm, almost the same 
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CR rate constants (kCR) of [(TMPyP+)Zn]•+/ssDNA/[SWCNT(n,m)]•- were evaluated: 6.8

× 106 s-1 and 8.1 × 106 s-1 for SWCNT(6,5) and SWCNT (7,6), respectively, as listed in 

Table 6.3. Using the kCR values, the lifetimes of RIPs, RIP (= 1/kCR), were evaluated to 

be 160 and 120 ns, respectively, indicating that the RIP for SWCNT (6,5) persists for 

slightly longer than that for SWCNT (7,6). 

Fig. 6.15 Nanosecond transient absorption spectra of (TMPyP+)Zn/ssDNA/ 
SWCNT(n,m) observed by 532 nm laser-light irradiation (ca. 3 mJ/pulse) in Ar-saturated 
H2O. (a) SWCNT (6,5) and (b) SWCNT (7,6). Spikes at 532 and 1064 nm are due to 
scattering light from the YAG laser. Inset: time profile at 680 and 1280 nm. 

Fig. 6.16 shows the nanosecond transient absorption spectra of (TMPyP+)H2/

ssDNA/SWCNT(n,m) nanohybrids. The relatively sharp band at 620 nm is assigned to 

[(TMPyP+)H2]
•+, and the NIR bands around 1250-1300 nm are assigned to

[SWCNT(n,m)]•-. The absorption band near 1000 nm stands out because of the  
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Table 6.3 Rate constants of charge recombination (kCR) and lifetimes of the radical ion 

pair (RIP) and ratios (kCS/kCR) in H2O 
 

Nanohybrids kCR/s
-1

 RIP/ns kCS/kCR 

(TMPyP
+
)Zn/ssDNA/SWCNT(6,5) 6.4 × 10

6a
 160 540 

(TMPyP
+
)Zn/ssDNA/SWCNT(7,6) 8.1 × 10

6a
 120 470 

(TMPyP
+
)H2/ssDNA/SWCNT(6,5) 4.6 × 10

6b
 220 320 

(TMPyP
+
)H2/ssDNA/SWCNT(7,6) 6.4 × 10

6b
 160 310 

akCR evaluated from 1280 nm (TMPyP+)Zn/ssDNA/SWCNT(n,m); 6.6 × 106 s-1 for 
SWCNT(6,5) and 8.5 × 106 s-1 for SWCNT(7,6). bkCR evaluated from 1280 nm 
(TMPyP+)H2/ssDNA/ SWCNT(n,m); 4.4 × 106 s-1 for SWCNT(6,5) and 6.3 × 106 s-1 for 
SWCNT(7,6). 

 

Fig. 6.16 Nanosecond transient absorption spectra of (TMPyP+)H2/ssDNA/ 
SWCNT(n,m) observed by 532 nm (ca. 3 mJ/pulse) laser irradiation in Ar-saturated 
H2O: (a) SWCNT(6,5) and (b) SWCNT(7,6). Spikes at 532 and 1064 nm are due to 
scattered light from the YAG laser. Inset: Time profiles at 620 and 1260 nm. 

 

sharpness and blue-shift of the [(TMPyP+)H2]
•+ absorption bands which extend to the 

longer wavelength region deform the NIR bands.The absorption intensities 

homogeneously decrease with time intervals in the whole region, suggesting that the 

species in the visible region are paired with the species in the NIR region. Compared to 



174 
 

SWCNT(7,6) in Fig. 6.16b, the absorption bands for SWCNT(6,5) in Fig. 6.16a show 

intense absorptions near 800 and 1000 nm, suggesting that [SWCNT(6,5)]•- has such 

absorptions near here, too. Similar spectral characteristics can be found for 

(TMPyP+)Zn/ssDNA/SWCNT(6,5) as shown in Fig. 6.15b, compared with SWCNT(7,6)-

analogy in Fig. 6.15b.  

 

Fig. 6.17 Nanosecond transient absorption spectra observed by 532 nm (ca. 3 mJ/ 
pulse) laser irradiation in H2O; (Left) 0.005 mM (TMPyP+)Zn and (Right) 0.005 
mM(TMPyP+)Zn + 0.1ml ssDNA. Inset: Absorption-time profile. 

 

The CS-2 process would anticipate the formation of [(TMPyP+)M]•- and 

[ssDNA]•+,which are tracked by the  EM process finally generating [(TMPyP+)M]•- and 

[SWCNT]•+. The absorption peaks of the porphyrin radical anions were recently reported 

to appear in the 650-700 nm spectral range.238 The absorption bands of [SWCNT]•+ 

have also been reported to appear in the NIR region similar to [(TMPyP+)Zn]•-.198 

Although a 500 nm transient band is anticipated for ssDNA•+ (mainly guanidine 

cation),255  it was difficult to assign this band solely to ssDNA•+ since the triplet states of 

(TMPyP+)M also showed the characteristic band near 500 nm (see Fig. 6.17 and 6.18). 
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Furthermore, the hole of ssDNA•+ might shift to SWCNT or might charge recombine with 

[(TMPyP+)M]•-, resulting in a quick disappearance of the ssDNA•+ band. Therefore, 

although the CS-2/EM process is a possible process, it remains to be proven. 

 

Fig. 6.18 Nanosecond transient absorption spectra observed by 532 nm (ca. 3 mJ/ 
pulse) laser irradiation in H2O; (Left) 0.005 mM (TMPyP+)H2 and (Right) 0.005 
mM(TMPyP+)H2 + 0.1ml ssDNA. Inset: Absorption-time profile. 

 

From the decays of the 620 and 1260 nm bands, the kCR values of 

[(TMPyP+)H2]
•+/ssDNA/[SWCNT(n,m)]•- were evaluated to be 4.6 × 106 and 6.4 ×106 s-1, 

which correspond to RIP with 220 and 160 ns for SWCNT(6,5) and SWCNT(7,6), 

respectively (Table 6.3). For each SWCNT(n,m), the RIP for (TMPyP+)H2 persists for a 

longer time than that for (TMPyP+)Zn, which is the reverse order of the ERIP(CS-1) values 

((TMPyP+)H2 . (TMPyP+)Zn), suggesting that the CR process may belong to the inverted 

region of the Marcus plot;28 that is, this consideration suggests that the main process for 

(TMPyP+)Zn/ssDNA/SWCNT(n,m) is CS-1 rather than the CS-2/EM process. On the 

other hand, the observation of slightly longer RIP values for SWCNT(6,5) than those for 

SWCNT(7,6) may be difficult to predict because of the small difference in ERIP(CS-1) 
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values (≈0.04 eV). These RIP values are slightly longer than the earlier reported values 

for (TMPyP+)M/-OOC-pyrene/SWCNT(n,m),212 suggesting that arrangements of 

(TMPyP+)M with respect to SWCNTs over ssDNA are appropriate for longer persistence 

of the RIPs, in which the ssDNA acts as a separating agent of the opposite charges. 

Table 6.3 also lists the ratio of kCS/kCR as a kinetic measure of the charge 

accumulation for utilization of the electron-hole pair in the nanohybrids under light 

illumination, which is usually termed as “charge-stabilization ability”.12c,195 The kCS/kCR 

ratios for (TMPyP+)Zn/ssDNA/SWCNT(n,m) are larger than those for 

(TMPyP+)H2/ssDNA/SWCNT(n,m) by a factor of ca. 1.5, suggesting a higher “charge-

stabilization ability” for (TMPyP+)Zn nanohybrids.198 For each porphyrin, the kCS/kCR 

ratios for SWCNT(6,7) are larger than those of SWCNT(7,6), suggesting slightly higher 

charge-stabilization ability of SWCNT(6,5) nanohybrids. 

 

6.4 Summary 

We have successfully built bionano donor-acceptor hybrids, (TMPyP+)M/ssDNA/ 

SWCNT(n,m), capable of undergoing photoinduced electron transfer in H2O. As 

confirmed by the fluorescence quenching measurements and transient absorption 

measurements, a photoinduced charge-separation process occurs via the excited 

singlet state of the (TMPyP+)M moiety to SWCNTs overshooting the wrapped ssDNA, 

producing the radical ion pairs, (TMPyP+)M•+/ssDNA/SWCNT(n,m)•-. In this case, 

ssDNA acts as glue between (TMPyP+)M and SWCNT(n,m)s. When ssDNA is capable 

of donating electron to the excited singlet state of (TMPyP+)M, (TMPyP+)M•-

/ssDNA•+/SWCNT(n,m) is formed, which is followed by the electron migration from 
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SWCNT(n,m) to ssDNA•+, finally producing (TMPyP+)M•-/ssDNA/SWCNT(n,m)•+. In this 

case, ssDNA acts as an electron donor and an electron-migrating agent. For both 

cases, appreciable differences are recognized between (TMPyP+)Zn and (TMPyP+)H2; 

that is, the former having higher charge-stabilization ability. Thus, higher photocurrents 

in the photoelectrochemical solar cells constructed using supramolecular assemblies of 

(TMPyP+)Zn/ssDNA/SWCNT hybrids would be expected compared with the 

(TMPyP+)H2 analogies.  
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CHAPTER 7 

FUNCTIONALIZATION OF DIAMETER SORTED SEMI CONDUCTIVE SINGLE 

WALLED CARBON NANOTUBE WITH PHOTOSENSITIZING PORPHYRINS: 

SYNTHESIS AND PHOTOINDUCED ELECTRON TRANSFER* 

7.1 Introduction 

Single wall carbon nanotubes (SWCNTs)33 are well known for their extraordinary 

mechanical, electronic and optical properties.184 These SWCNTs with novel properties 

are predicted to be highly useful for a large number of innovative applications; 

especially when they are incorporated into new functional materials.184,185 Among these 

applications, the most promising are in material science (ultra-light and robust 

composite materials), in biology (imaging, sensing, biosensing and drug delivery 

systems), in electronics (transistors), and opto-electronics (photo-detectors and photo-

voltaic devices).9f,66,188c,193,195d,220b,242-,244 Notably, the application of SWCNTs to energy 

conversion is fundamentally connected to the role as electron acceptors and/or electron 

donors. Consequently, carbon nanotube-based nanohybrids/conjugates with electron 

donors - and acceptors have been the focus of several studies in recent years.225 Such 

association with electron-donor or electron-acceptors is shown to modulate the 

electronic properties of SWCNTs. 

The structures and properties of SWCNT relate to a pair of indices (n,m) referring 

to their diameter and chirality; that is, when n and m are different, SWCNTs are 

semiconducting, when n and m is a multiple of three, these are metallic.184 To derive  

 

*Chapter 7 in its entirety has been reproduced from “Sushanta K. Das, Atula S. D. 
Sandanayaka, Navaneetha K. Subbaiyan, Melvin E. Zandler, Osamu Ito, and Francis D’Souza 
Chem. Eur. J. 2012, 18, 11388 – 11398” with permission from the publisher. 
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better structure-activity relations for the above mentioned wide applications, it is 

essential to use sorted nanotubes according to their (n,m) indices, since the physico-

chemical properties including optical absorption and emission,60,189,197,256 redox 

properties and band gaps vary as a function of (n,m) indices of SWCNTs.85,199 The bulk 

separation of nanotubes according to their (n,m) indices is still being developed; efforts 

to sort the HiPCO® nanotubes using density gradient centrifugation and gel 

electrophoresis, and CoMoCAT® catalytic method of growing SWCNTs of narrow 

distribution of tube diameter by South West Nano Technologies are noteworthy 

accomplishments.35,59a,196,257,258 By using these donor–acceptor nanohybrids, we were 

successful in demonstrating the effects of the nanometer diameter on photoinduced 

electron transfer leading to charge stabilization, photocatalytic electron pooling to 

accumulate redox products, and photoelectrochemical solar cells for direct conversion 

of light-into-electricity.198a,212,240,259,260 Recently, by developing elegant self-assembled 

supramolecular approaches, we formed nanohybrids comprised of various electron-

donor or electron-acceptor photosensitizers and diameter-sorted acceptor nanohybrids, 

we were successful in demonstrating the SWCNT(7,6) and SWCNT(6,5).212,240,259,260 By 

using these donor-acceptor nanohybrids, we were successful in demonstrating the 

effects of the nanometer diameter on photoinduced electron transfer leading to charge 

stabilization, photocatalytic electron pooling to accumulate redox products, and 

photoelectrochemical solar cells for direct conversion of light-into-electricity were 

explored.198a,212,240,259,260 

However, to date, such investigations have not been performed on covalently 

functionalized SWCNT (n,m) with photosensitizer molecules, which will provide 
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information on the effect of nanotube diameter on fine-tuned physicochemical 

properties. In the present study, we have accomplished this task by covalent 

functionalization of SWCNT (7,6) and SWCNT (6,5) using a well-known photosensitizer 

electron donor: porphyrin.201 In order to attach the porphyrins, we have employed 

Prato’s method, that is, dipolar cyclo addition of azomethine ylide to produce pyrrolidine 

ring on the nanotube surface, as this method is mild enough to control the number of 

addends to a minimum number without significantly altering the electronic structure of 

the tubes.261 The expected structures of these newly synthesized photoactive 

nanohybrids are shown in Scheme 7.1; a sufficient number of alkyl groups on the 

porphyrin periphery and ether chain on the pyrrolidine ring are introduced to increase 

the solubility. These nanohybrids have been characterized by using several optical, 

thermal, microscopic, and theoretical methods, and finally photoinduced electron 

transfer leading to charge separation and photoelectrochemical behavior has been 

systematically demonstrated. Furthermore, since each SWCNT (7,6) and SWCNT (6,5) 

with covalently connected porphyrin can be recognized as a dyad, the molecular orbital 

calculations were performed to visualize the frontier orbitals, from which an 

intramolecular charge separation mechanism was elucidated. 

 

7.2 Experimental Section 

Synthesis of MP-SWCNT(n,m) Donor-Acceptor Hybrids 

H2-5(p-methoxycarbonylphenyl)-10,15,20-tri(4-propyl)phenylporphyrin, 7a 

This compound was synthesized according to Adler et al.262 A mixture of methyl-

4-formylbenzoate (1.2 g, 7.3 mmol), pyrrole (1.99 mL, 29.2 mmol) and 4-propyl-
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benzaldehyde (3.23 mL, 21.9 mmol) was refluxed in propionic acid (200 mL ) for 8 h. 

The propionic acid was removed under reduced pressure and the crude product was 

purified on basic alumina column using hexane: CH2Cl2 (1:1 v/v). Yield: 1.38 g, 25%. 1H

NMR (CHCl3-d): δ (in ppm): 8.9-8.75(m, 8H, β-pyrrolic H), 8.45(d, 2H, phenyl H), 8.3(d, 

2H, phenyl H) 8.14-8.06 (m, 6H, o-phenyl H), 7.53-7.58 (m, 6H, m-phenyl H), 4.3 (s, 3H, 

methoxy H), 2.9(t, 6H, propyl -CH2 H), 1.9(sextet, 6H, propyl-CH2 H), 1.18(t,9H, propyl-

CH3 H), -2.78(s, br, 2H, imino H), ESI mass in CHCl3 calcd for C55H50N4O2, 799.01; 

found: m/z 799.6[M+] (100%), 800.5 [M+] (60%), 801.5 [M+] (15%). 
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O

Scheme 7.1 Structures of MP-SWCNT(n,m) (M = 2H, Zn and (n,m) = (6,5) and (7,6)) 
donor-acceptor nanohybrids synthesized using Prato’s method of dipolar cycloaddition 
of azomethine ylide.261  

H2-5(p-carboxyphenyl)-10,15,20-tri(4-propyl)phenylporphyrin, 7b 

A mixture of 7a (200 mg, 0.25 mmol) in 20 mL THF and excess of KOH (5 g, 

saturated solution in water) was refluxed for 20 h. After cooling, the mixture was diluted 

with CH2Cl2, acidified with conc. HCl and extracted. The organic layer was washed with 
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Scheme 7.2a Showing the synthetic pathways for the synthesis of the various porphyrin 
derivatives 7a-7d 

 

saturated NaHCO3 solution and dried over anhydrous Na2SO4. Solvent was evaporated 

and the crude product was purified on silica gel column using CHCl3: CH3OH (95:5 v/v). 

Yield: 0.158 g, 80%. 1H NMR (CHCl3-d): δ (in ppm): 8.94-8.78 (m, 8H, β-pyrrolic H), 8.6 
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(d, 2H, phenyl H), 8.3(d, 2H, phenyl H), 8.18- 8.08(m, o-phenyl H), 7.6-7.53(m, 6H, m-

phenyl H), 2.9 (t, 6H, propyl-CH2  H), 1.9(sextet, 6H, propyl-CH2 H), 1.18(t, 9H, propyl-

CH3 H), -2.78(s, br, 2H, -NH), ESI mass in CHCl3 calcd for C54H48N4O2, 784.98; found: 

m/z 785.5[M+] (100%), 786.5 [M+] ( 62%), 787.5 [M+] (17%).  

 

H2-5-{4”formylhydroxyphenyl-4’-phenylester}-10, 15, 20-tri(4-propyl)phenylporphyrin, 7c 

A solution of 7b (150 mg, 0.19 mmol), SOCl2 (150 µL, 1.9 mmol) and pyridine (1 

mL) in 40 mL of dry toluene was refluxed under argon for 3 h. After cooling, the solvent 

was evaporated and the resultant mixture was redissolved in dry toluene (40 mL). Then 

pyridine (1 mL) was added followed by 4-hydroxybenzaldehyde (46 mg, 0.38 mmol). 

Reaction mixture was stirred at room temperature under argon for 12 h. Solvent was 

evaporated and the crude compound was purified by column chromatography on silica 

gel using hexane: CH2Cl2 (10:90 v/v). Yield: 0.118 g, 70%. 1H NMR (CHCl3-d): δ (in 

ppm): 10.1 (s, 1H, -CHO H), 8.94-8.8 (m, 8H, β-pyrrolic H), 8.6 (d, 2H, phenyl H), 

8.4(d,2H, phenyl H), 8.14-8.10((m, o-phenyl H), 8.08 (d, 2H, phenyl H), 7.6(d, 2H, 

phenyl H), 7.52-7.58(m, 6H, m-phenyl H), 2.9 (t, 6H, propyl-CH2 H), 1.9(sextet, 6H, 

propyl-CH2 H), 1.18(t,9H, propyl-CH3 H), -2.78(s, br, 2H, -NH), 13C NMR (400 MHz, 

CDCl3) δ: 190.0, 164.8, 155.8, 148.5,142.2, 139.3, 134.9, 134.5, 134.1, 131.4, 128.5, 

128.1, 126.8, 122.6, 120.9, 120.5, 117.7, 38.0, 24.7, 14.1, ESI mass in CHCl3 calcd for 

C61H52N4O3, 889.09; found: m/z 889.5 [M+] (100%), 890.5 [M+] (70%), 891.5 [M+] 

(22%).  
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Zn-5-{4ʺformylhydroxyphenyl-4ʹ-phenylester}-10,15,20-tri(4-propyl)phenylporphyrin, 7d 

A solution of 7c (150 mg, 0.19 mmol), in 30 mL of CHCl3, was added to a 

saturated solution of Zinc acetate in 30mL methanol. The mixture was stirred at room 

temperature for 12 hours, solvent evaporated, extracted in chloroform, and the resultant 

crude compound was purified with a silica gel using hexane: CH2Cl2 (5:95 v/v). Yield: 

0.145 g, 85%. 1H NMR (CHCl3-d):  (in ppm): 10.1 (s, 1H, -CHO H), 8.94-8.8 (m, 8H, β-

pyrrolic H), 8.6 (d, 2H, phenyl H), 8.4(d,2H, phenyl H), 8.14-8.10((m, o-phenyl H), 8.08 

(d, 2H, phenyl H), 7.6(d, 2H, phenyl H), 7.52-7.58(m, 6H, m-phenyl H), 2.9 (t, 6H, 

propyl-CH2 H), 1.9(sextet, 6H, propyl-CH2 H), 1.18(t,9H, propyl-CH3 H),13C NMR (400 

MHz, CDCl3) δ: 190.0, 164.8, 155.8, 148.5,142.2, 139.3, 134.9, 134.5, 134.1, 131.4, 

128.5, 128.1, 126.8, 122.6, 120.9, 120.5, 117.7, 38.0, 24.4, 13.7, ESI mass in CHCl3 

calcd for C61H50N4O3Zn, 952.48; found: m/z 9530.51 [M+] (100%),  

 

N-Boc-[{2-amino}2,2′-(Ethylenedioxy)]diethylamine, 7e (Scheme 7.2b) 

This compound was prepared according to Muller et al.263 A solution of Di-tert-

butyl bicarbonate (7.5g, 0.034 moles) dissolved in 100mL of dry CHCl3 was added to a 

solution of 2,2′-(Ethylenedioxy)diethylamine ( 50mL, 0.34 moles) in 300mL of CHCl3 in 

2.5 hours with stirring in a ice bath. The reaction was then allowed to stir for another 24 

hours at room temperature. It was then washed with water, extracted with CHCl3 and 

dried over anhydrous Na2SO4. Solvent was the evaporated and the organic layer 

yielded the desired compound as pale yellow oil Yield: 1.68g, 20%. 1H NMR (CHCl3-d): 

 (in ppm): 5.2 (s, br,1H, -NH), 3.64(d, 4H), 3.5(m,4H),3.3(m, 2H), 2.85(m,2H),1.6- 1.4 
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(m, 9H, Boc-H). ESI mass in CHCl3 calcd: 248.32; found: m/z 249.0 [M+] (100%), 

250[M+] (15%), 149[M+, reactant amine] (35%). 

Benzyl-N-[{2-(N-Boc) }2,2′-(Ethylenedioxy)diethylamino]glycinate, 7f 

This compound was prepared according to Kordatos et al.264 To a solution of 7e ( 

3g, 0.012moles) in 20mL of 1,4-dioxane cooled at 0°C was added a solution of benzyl 

2-bromo acetate (0.64mL, 4.02mmoles) in 20mL of 1,4-dioxane slowly over a period of 

1 hour. The reaction mixture was the stirred overnight. The solvent was then evaporated 

under reduced pressure and the residue was then dissolved in water and extracted with 

ethyl acetate. 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: ethyl acetate (70:30 to 50:50 v/v). 

Evaporation of the solvent yielded the desired product. Yield: 1.19g, 75%. 1H NMR 

(CHCl3-d):  (in ppm): 7.42- 7.39(m, 5H, phenyl H), 5.22(s, br,1H, -NH), 5.18(s, 2H), 3.6-

3.51(m,6H), 3.5-3.46 (m,4H), 3.28(m, 2H), 2.8(t, 2H), 1.45 (s, 9H, Boc-H). ESI mass in 

CHCl3 calcd: 396.48; found: m/z 397.1[M+] (18%). 

N-[2-(N-Boc) 2,2′-(Ethylenedioxy)diethylamino]glycine, 7g 

To a methanolic solution of 7f (1.25g, 3.15 mmoles) was added 80mg of 5% 

Pd/C, and the reaction mixture was stirred under hydrogen atmosphere for 24 hour. The 

catalyst was the removed my filtration using celite and solvent was evaporated. The 

residue was triturated in diethyl ether to give the desired product as a white solid. Yield: 

0.77g, 80%. 1H NMR (CHCl3-d):  (in ppm): 3.8(t, 2H), 3.7-3.55(m, 8H), 3.5(t, 2H), 1.40



186 
 

(s, 9H, Boc-H), ESI mass in H2O calcd: 306.36; found: m/z 306.4[M-](55%), 305.5 [M-] 

(40%), 307.3[M-]( 33%). 
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Scheme 7.2b Synthetic steps showing pathways for the synthesis of the various amino 
acid derivatives, 7e-7g. 

 

Synthesis of covalently functionalized SWCNT-hybrid system, 7h 

In a typical experiment, 40mg of pristine SWCNT (7,6) were taken in 40mL of 

DMF and the mixture was sonicated for 15 minutes using a Mesonix ultrasonicator at 

4W power output. To the dispersed carbon nanotube- DMF solution were added 

porphyrin aldehyde 3 (10mg) and boc protected amino acid 6 (40mg) and the reaction 

mixture was heated at 120°C. After 24 hour, porphyrin aldehyde 3 (10mg) and boc 

protected amino acid 6 (40mg) were again added to the reaction flask. Another lot of the  
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same amount was again added after 48 hour and the reaction mixture was heated for 4 

days in total. After being cooled to room temperature, the solution was filtered on a 

Millipore nylon membrane filter (0.2 µm). The black nanotube on the filter was washed 

with DMF, CH2CH2, MeOH. The residue was time and again sonicated, centrifuged and 
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filtered until all the unreacted components were washed away. The final functionalized 

nanotube sample was then dried and used for further characterization using UV-VIS-

NIR, NIR fluorescence, Raman, TGA, TEM studies. 

 

7.2 Results and Discussion 

7.2.1 Raman and TEM Imaging Studies 

 

 

 

 

 

 

 

 

 

 

Fig. 7.1 Raman spectra of (i) pristine SWCNT(7,6) and (ii) dried sample of H2P-
SWCNT(7,6) excited using a 532 nm laser light; both spectra are normalized to the G-
band position. 

 

Fig. 7.1 shows the Raman spectra of pristine and H2P-SWCNT(n,m) hybrids. The 

SWCNT(7,6) revealed a main band corresponding to the tangential mode (the graphitic 

G band) at 1584 cm-1,184 whereas for H2P-SWCNT(7,6), a weak band appeared at 1340 

cm-1, corresponding to the disorder mode (D band). Since the D band results from the 
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chemical disruption of the sp2 hybridized carbon atoms in the hexagonal framework of 

the nanotube walls,93b,265 the appearance of the D band is evidence for the covalent 

attachment of H2P-pyrrolidine moiety onto the sidewalls of SWCNT(7,6). Similarly, an 

increase in the D band after functionalization of SWCNT(6,5) was observed compared 

to pristine SWCNT(6,5) (see Fig. 7.2). The higher D band intensity observed for H2P-

SWCNT(7,6) indicates enhanced degree of functionalization compared to H2P-

SWCNT(6,5), a result that readily agrees with the thermogravimetric data discussed 

below. 

 

 

 

 

 

 

 

 

 

Fig. 7.2 Raman spectra of (i) pristine SWCNT(6,5) and (ii) H
2
P-SWCNT(6,5) excited 

using a 532 nm laser light. 

 

The thermogravimetric analyses (TGA)266 were performed on H2P-SWCNT(n,m) 

hybrids; for the H2P-SWCNT(6,5) hybrid, nearly 11% of the weight loss was observed in 

the 400-450oC range corresponding to the organic fragments (see Fig. 7.3 for TGA 
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plots). For the H2P-SWCNT(7,6) hybrid, this weight loss was 17% at this temperature 

range. Using this information, for every 270 carbon atoms of SWCNT(6,5) one H2P-

pyrrolidine moiety was estimated, while for every 150 carbon atoms of SWCNT(7,6) one 

H2P-pyrrolidine moiety was estimated.  Heating the samples beyond 550 oC resulted in 

decomposition of the tubes. These results indicate higher chemical reactivity of the 

SWCNT(7,6) compared to the SWCNT(6,5). 

 

 

 

 

 

 

 

 

 

Fig. 7.3 Thermogravimetric plots of (a) H2P-SWCNT(6,5) (black) and (b) H2P-
SWCNT(7,6) (red) hybrids. 

 

7.3.2 TEM Studies 

Figure 7.4 shows the TEM images of the dry samples of pristine SWCNT(n,m) 

and H2P-SWCNT(n,m). In the H2P-SWCNT(n,m) hybrids, the SWCNT(n,m) bundles 

were found to be loosened by the covalent connection of H2P, although some 

intertwining during sample preparation in the grid was observed.  Similar TEM images  
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Fig. 7.4 TEM images of (a) SWCNT(6,5), (b) SWCNT(7,6), (c) H2P-SWCNT(6,5) and 
(d) H2P-SWCNT(7,6). 

 

 

 

 

 

 

 

 

 

 

Fig. 7.5 TEM images of (a) SWCNT(6,5), (b) ZnP-SWCNT(6,5), (c) SWCNT(7,6), (d) 
ZnP-SWCNT(7,6). 
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are seen for ZnP-SWCNT(n,m) (Fig. 7.5). An apparent difference between MP-

SWCNT(6,5) and MP-SWCNT(7,6) was not found in the TEM images. No significant 

nanocarbon particle or the catalyst impurities used in the synthesis of the tubes were 

observed indicating higher purity upon functionalization of SWCNTs in the present 

study. 

 

7.3.3 Absorption Spectral Studies 

Fig. 7.6 shows the optical absorption spectra of H2P-SWCNT(n,m) in the UV-VIS-

NIR regions in DMF. The absorption bands of the SWCNT(n,m) moieties appear in the 

NIR and VIS regions; a main band at 1022 nm and a weak one at 583 nm for 

SWCNT(6,5), and a main band at 1170 and a weak one 667 nm for SWCNT(7,6), while 

the sharp absorption bands of the H2P moieties appear in the UV-VIS regions (main 

band in the 415-420 nm region and weak bands in 500-550 nm region; 300 nm band 

may be due to the MP moieties). The absorption bands of SWCNT(n,m) in the 

nanohybrids showed red-shift by about 400 cm-1 from that of the pristine SWCNT(n,m)s 

peaks, due to the interaction with -electrons of H2P moiety and chemical 

functionalization.102,222,267,268 From the longest absorption sharp peaks, the band gaps 

can be evaluated to be 1.21 and 1.05 eV for SWCNT(6,5) and SWCNT(7,6) 

respectively, which show narrowing of 0.06-0.08 eV, due to chemical functionalization. 

Quite similar absorption spectra were observed for ZnP-SWCNT(n,m), in which the ZnP 

moiety showed a main band at 420-425 nm and weak bands in 500-550 nm region (see 

Fig. 7.7). From the absorbance of about 0.1 of the MP-main band, the concentrations of 

ZnP and H2P were evaluated to be (1–3) × 10-7 mol on 0.1 mg of SWCNT(n,m), which 
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corresponds to one MP in every 150-250 carbons of SWCNT. Compared with the 

reported non-covalent MP-SWCNT(n,m) hybrids,212,260,269,270 the NIR absorption peaks 

in Fig. 7.3 for the covalently bonded MP-SWCNT(n,m) are broader and weaker, 

suggesting that the covalent bonding disturbs the -electron systems of the pristine 

SWCNT(n,m)s to some extent.261  

 

 

 

 

 

 

 

Fig. 7.6 Steady-state absorption spectra H
2
P-SWCNT(n,m) in DMF: black spectrum for 

SWCNT(6,5) and  red spectrum for  SWCNT(7,6). 

 

 

 

 

 

 

 

 

Fig. 7.7 Steady-state absorption spectra of ZnP-SWCNT(n,m) in DMF; (black) 
SWCNT(6,5) and  (red)  SWCNT(7,6).  
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7.3.4 Optimization Structures by DFT Calculations 

In order to visualize the geometry of the covalently linked porphyrin-nanotube 

hybrids, DFT energy optimization using B3LYP/3-21G(*) basis set232 on these 

computationally challenging systems were performed. In these calculations, 318 carbon 

for SWCNT(6,5) and 268 carbons for SWCNT(7,6) for building the nanotube with one 

porphyrin unit were used for better conceptionizing the donor-acceptor hybrid. A 

hydrogen atom was bonded to the terminal carbons of the open tubes. Fig. 7.8 shows 

the optimized structures of the ZnP-SWCNT(6,5) and ZnP-SWCNT(7,6) hybrids in two 

views. The calculated diameter and length were 7.55 nm and 34.32 nm for 

SWCNT(6,5), and 8.98 nm and 24.48 nm for SWCNT(7,6), respectively, in which the 

diameters are in good agreement with the earlier reported STM and AFM images. In 

both structures, close association of the ZnP to the surface of the SWCNT was 

observed, which is possible from the bent ester bond connecting MP moiety and the 

pyrrolidine ring. The distance between Zn atoms to the closest carbon of SWCNT was 

found to be ~3.4 Å for both optimized structures. The alkoxy chain of the pyrrolidine ring 

was also close to the nanotube surface revealing some interactions. As shown in the 

edge-on view of the hybrids at the right hand side of each figure, the ZnP positioning on 

the SWCNT surface was symmetric in the case of ZnP-SWCNT(7,6), while that for ZnP-

SWCNT(6,5), the ZnP was slightly off due to the smaller diameter of SWCNT(6,5). 

Although slightly different structures and interactions can be anticipated in DMF, the 

optimized structures in “vacuum” provide better visualization of the donor-acceptor 

structures.    
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Fig. 7.8 B3LYP/3-21G(*) optimized structure of (a) ZnP-SWCNT(6,5), in which 
connected bond is one upper surface of SWCNT(6,5) and (b) ZnP-SWCNT(7,6) in 
which  connected bond is one lower middle of SWCNT(7,6).  Two views are shown for 
better visualization; C; gray, H; white, red; O, N; blue, and Zn; sky blue. 

7.3.5 Energy Level Diagram 

The MO energy levels were arrived by the DFT calculations using the optimized 

structures in Fig. 7.8. Some of the representative HOMO-n and LUMO+n (n ≥ 0) of ZnP-

SWCNT(6,5) are shown in Fig. 7.9. The HOMO and HOMO-1 have the electron density 

mainly on SWCNT(6,5), corresponding to the valence band of SWCNT(6,5). The 

electron distributions of HOMO and HOMO-1 are similarly higher on the middle part of 

SWCNT(6,5) just under the ZnP compared with both sides; in addition, some electron 

distributions are also found on the ZnP moiety, suggesting occurrence of weak charge-

transfer interactions. On the other hand, the HOMO-2 has the electron density 
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predominantly localized on the ZnP moiety, corresponding to the HOMO of the ZnP 

moiety, whereas the HOMO-3 has the electron density localized on SWCNT(6,5), again. 

The LUMO and LUMO+1 have the electron density localized on the whole SWCNT(6,5), 

corresponding to the conduction band of SWCNT(6,5). These LUMOs are also typical 

for LUMO+n until n about 10, although the ranges of the distributions vary with 

LUMO+n, as shown for the LUMO+2 as an example, in which the electron densities 

gather under the ZnP. At higher LUMOs the electron density was localized on the ZnP 

moiety corresponding to the LUMO of the ZnP moiety, although n = 10 is not an exact 

number due to the delocalization both to ZnP and SWCNT(6,5).  

 

Fig. 7.9 Energy diagrams with MOs of ZnP-SWCNT(6,5) for photoinduced charge-
separation; Left; MO energy levels of the ZnP moiety (n ≥ 10), Center; MO energy levels 
of the SWCNT(6,5) moiety, and Right; the electron distributions of some representative 
MOs. The EOx and ERed values of ZnP and SWCNT(6,5) vs. Ag/AgCl. 
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 Although some relative energy levels are shown in Fig. 7.9 according to the 

calculated values, they are quite qualitative for such huge and distorted carbon -

electron systems. Therefore, the reported oxidation potential of ZnP271 coressponding to 

the HOMO-2 and redox potentials of SWCNTs in DMF coressponding to the LUMO and 

HOMO, respectively, are added to the energy level diagrams in Fig. 7.9. By 

photoexcitation of the ZnP moiety, an electron from the HOMO-3 level is elevated to the 

LUMO+10 level within the ZnP moiety; thus, the reduction potential of ZnP is evaluated 

fron the excitation energy (2.03 eV) from the HOMO-2. From the excited state of the 

ZnP moiety (LUMO+10), the electron can transfer to the LUMO on SWCNT(6,5); thus, 

MP+-SWCNT- can be formed, which is denoted as charge-separation process-1 (CS-1) 

in Fig. 7.9.  Similar MO distributions and energy levels were calculated for ZnP-

SWCNT(7,6); some of them are shown in 7.10. 

 The energy of MP+-SWCNT- can be evaluated from the difference of the LUMO 

energy (ERed of SWCNT(n,m)) and the HOMO energy (EOx of MP). Then, the free 

energy of the charge-separation28 (∆GCS-1) from the lowest excited singlet state (1ZnP*) 

can be evaluated as to be -0.71 and -0.72 eV for SWCNT(6,5) and SWCNT(7,6), 

respectively. Similarly, ∆GCS-1 values for H2P-SWCNT via 1H2P* (1.81 eV) can be 

evaluated as to be -0.52 and -0.50 eV for SWCNT(6,5) and SWCNT(7,6), respectively 

(see Fig. 7.10 for energy diagram with MO of ZnP-SWCNT(7,6)). 

 From the energy level diagram in Fig. 7.9, the other CS process from the HOMO 

levels of SWCNT(n,m) to the half-vacant HOMO of 1MP* generated after the 

photoexcitaion is also possible as denoted as CS-2 process, which gives MP--

SWCNT+. The free-energies for this process (∆GCS-2) were estimated to be -0.17‒ -0.31 



198 
 

eV via 1ZnP* and 0.04 ‒ -0.11 eV via 1H2P* for SWCNT(6,5) and SWCNT(7,6), 

respectively. Considering lower exothermicity of CS-2 processes, CS-1 may be the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.10 Energy diagrams with MOs of ZnP-SWCNT(7,6) for photoinduced charge-
separation;  Left; MO energy levels of the ZnP moiety (n>10), Center;  MO energy levels 
of the SWCNT(7,6) moiety, and  right; the electron distributions of some reprehensive 
MOs. The E

ox
 and E

red
 values of ZnP and SWCNT(7,6) vs. Ag/AgCl. (Comment: 

Although edges of SWCNT(7,6) are terminated with hydrogen atoms, the electron 
distributions of some of the HOMO-n and LUMO+n tend to gather at the edges, when 
268 C atoms and H-terminations are included in the calculations. In the case of 
SWCNT(6,5), the electron distributions tend to spread in whole tube under 318 C-atoms 
and H-termination. It may be noted here that calculations with higher number of C-
atoms and/or longer tube length are necessary to obtain reliable MO distribution, 
although we have only a few examples, yet). 
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predominant route for the occurrence of photoinduced electron transfer. From the 

energy diagram, sequential occurance of CS-1 and CS-2 results in energy transfer; 

however, the widely distributed electron and hole along the SWCNTs may retain the CS 

states lasting for a period.   

 

7.3.6 Fluorescence Measurements  

  

 

 

 

 

 

 

 

Fig. 7.11 Steady-state fluorescence of MP-SWCNT(n,m) in DMF; ex = 550 nm, where 
the absorbance of the MP moiety is normalized for these solutions. Inset: 

Fluorescence decay time profiles; ex = 408 nm. (a) H2P-SWCNT(n,m) (650-720 nm) 
and (b) ZnP-SWCNT(n,m) (600-680 nm); (black line) SWCNT(6,5) and (red line) 
SWCNT(7,6).  

  

Photochemistry and photophysical events via the excited state of the MP moiety 

of the covalently linked MP-SWCNT(n,m) (M = Zn and H2) were probed in DMF. Fig. 

7.11a shows the steady-state fluorescence spectra and the time-profiles of the 

fluorescence intensity of the H2P-SWCNT(n,m) and ZnP-SWCNT(n,m) hybrids in DMF 

by the predominant excitation of the porphyrin moiety. H2P samples exhibited a main 

fluorescence peak at 650 nm with an additional one at 720 nm. Interestingly, in the 
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hybrids with SWCNT, the H2P fluorescence intensities (black line for H2P-SWCNT(6,5) 

and red line for H2P-SWCNT(7,6)) were found to be quenched over 30% of its original 

intensity (not shown), suggesting occurrence of some events via the 1H2P* state.27  

Similarly, ZnP-SWCNT(n,m) showed sharper peaks at 620 and 660 nm characteristic of 

ZnP fluorescence (Fig. 6b). In the hybrids with SWCNT, the ZnP fluorescence intensity 

was found to be quenched over 40% of its original intensity (not shown), suggesting 

occurrence of events via 1ZnP*.   

 Interestingly, the fluorescence quenching for MP-SWCNT(7,6) was found to be 

more efficient than that of MP-SWCNT(6,5). It must be noted here that the steady-state 

quenching experiments of the MP-SWCNT(n,m) are quite qualitative, because some 

broad absorptions of the SWCNT(n,m) are overlapping with the MP absorption in the 

visible region, making it difficult to normalize the MP-excitation intensity. Therefore, it is 

essential to measure the fluorescence time profiles (see the Inset of Fig. 7.11 and 

analyses in the following paragraphs), which are independent of MP concentration in 

relatively wide regions.   

 As for photophysical events via 1MP* state in polar solvents such as DMF, 

electron transfer may be favorable than energy transfer.25 In order to check the 

occurrence of energy transfer from 1MP* to SWCNT(n,m), NIR emission of the 

SWCNT(n,m) was monitored by the excitation of the MP moieties in MP-SWCNT(n,m).  

No emission from SWCNT(n,m)s in the NIR region upon MP excitation was observed in 

DMF, eliminating energy transfer as one of the quenching mechanisms. Hence, in polar 

DMF, electron transfer (charge separation) via 1MP* as the fluorescence quenching in 

MP-SWCNT(n,m) is considered based on free-energy calculations. 
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 From the picosecond fluorescence time-profile measurements with streak-scope 

method (insets in Fig. 7.11a and 7.11b), the presence of SWCNT(6,5) and SWCNT(7,6) 

in the hybrids accelerated the ZnP and H2P fluorescence decays. By curve-fitting the 

time profiles with a biexponential decay function, the MP-fluorescence lifetimes (f)hybrid 

were evaluated to be 80–330 ps with major fractions (F) of 82‒92% as summarized in 

Table 7.1. The longer lifetime with minor fraction may be attributed to no-interacting 

MPs, because they are similar to those of lifetimes of the pristine MPs in solution. From 

the short (f)hybrid values, the rate constant and quantum yield for the MP fluorescence 

quenching can be calculated; on combining the above considerations, these values can 

be attributed to charge separation rate constant (kCS) and quantum yield (CS), which 

are listed in Table 7.1. 

Table 7.1 Observed fluorescence lifetimes (f)hybrid and estimated rate parameters (kCS
 

and CS) for charge separation of MP-SWCNT(n,m) hybrids in DMF a 

 

  

 

 

 

akCS= (1/f) hybrid - (1/f)ref; CS=[(1/f)hybrid - (1/f)ref ]/(1/f) hybrid;
  (f)ref  = 1450 ps for ZnP 

and 2000 ps for H2P in DMF. 

 

The evaluated kCS and CS for ZnP-SWCNT(n,m) in DMF were found in the 

ranges of (9.5–12.0) × 109 s-1 and 0.88‒0.92 (including interacting fraction), which are 

larger than those of H2P-SWCNT(n,m) in the rage of (2.5 - 4.2) × 109 s-1 for kCS and 

MP-SWCNT(n,m) (f) hybrid /ps (F) kCS
a
 / s

-1
 CS (× F) 

ZnP-SWCNT(6,5) 110 (89%) 9.5 ×10
9
 0.99 (0.88) 

ZnP-SWCNT(7,6) 80 (92%) 12.0 ×10
9
 0.99 (0.92) 

H2P-SWCNT(6,5) 330 (82%) 2.5 ×10
9
 0.84 (0.68) 

H2P-SWCNT(7,6) 220 (90%) 4.2 ×10
9
 0.89 (0.80) 
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0.68 - 0.80 for CS. This trend is in agreement to the exothermic trends in both the CS-1 

and CS-2 processes evaluated from both ∆GCS-1 and ∆GCS-2, which are mainly 

determined by small EOx. The values of kCS and CS for MP-SWCNT(7,6) are slightly 

larger than those for MP-SWCNT(6,5), suggesting that SWCNT(7,6) with higher 

conduction band level is more favorable for charge-separation via 1MP* compared with 

SWCNT(6,5) with lower conduction band level. 

7.3.7 Nanosecond Transient Absorption Studies 

Evidence for charge-separation and the rate constant of charge recombination, 

kCR, were obtained from the transient absorption spectral studies using a 532-nm laser 

light to excite the ZnP and H2P moieties predominantly. Fig. 7.12 shows the 

nanosecond transient absorption spectra of ZnP-SWCNT(n,m) nanohybrids in Ar-

saturated DMF. Noticeably, a main transient absorption peak was observed at 620-650 

nm, which can be attributed to the formation of ZnP+.212 In the NIR region, the broad 

absorption bands were observed, which can be ascribed to SWCNT(n,m)-, as a partner 

of the ZnP+ moiety, since both the band intensities decrease at the same rates.  

Indeed, the NIR band observed for SWCNT(6,5) (Fig. 7.12a) is slightly sharper than that 

of SWCNT(7,6) (Fig. 7.12b), suggesting these NIR bands are characteristic of 

SWCNT(6,5) and SWCNT(7,6). Similarly, H2P-SWCNT(n,m) nanohybrids showed the 

transient absorption spectra (see Fig. 7.13), in which two broad absorption bands 

appear in the visible region (at 500 and at 600‒700 nm) and also in the NIR region. 
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Fig. 7.12 Nanosecond transient absorption spectra of ZnP-SWCNT(n,m) observed by 
532 nm (ca. 3 mJ/ pulse) laser irradiation in Ar-saturated DMF. Inset: Absorption-time 
profile in 600-680 nm. (a) ZnP-SWCNT(6,5). (b) ZnP-SWCNT(7,6). Spikes at 542 and 
1064 nm are scattered lights from SHG and fundamental of YAG laser 

 

 

 

 

 

 

Fig. 7.13 Nanosecond transient absorption spectra observed by 532 nm (ca. 3 mJ/ 
pulse) laser irradiation in Ar-saturated DMF. Inset: Absorption-time profile in 600-680 
nm. (a) H

2
P-SWCNT(6,5) and (b) H

2
P-SWCNT(7,6). Spikes at 532 and 1064 nm are 

scattered lights from SHG and fundamental of YAG laser. (Comment: Since depletion at 
532 nm appears to split the main absorption in the 400-800 nm, it is difficult to judge 
whether only one band or originally two bands were present. If two bands exist, the 450 
nm band is similar in position to the T-T absorption band of H

2
P-moiety, whereas the 

650 nm band can be attributed to H
2
P•+-moiety.  Simultaneous decays of the both bands 

(both species) suggest that both species are coupled. 

  

 Although they are broader, the former VIS bands support the assignments to 

H2P
+, and the latter NIR bands to SWCNT(n,m)-. Compared with the non-covalent MP-
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SWCNT(n,m) hybrids in our previous reports,212,260 these transient spectra of the 

covalently bonded MP--SWCNT(n,m)+ do not exhibit any distinct maxima; it can be 

noted here that the covalent bonding on SWCNT(n,m) considerably disturb the -

electronic structures of the SWCNT(n,m)s.The time profiles of ZnP+ in the 600‒680 nm 

region are shown in insets of Fig. 7.12. The rises of ZnP+ are fast within the 

nanosecond laser pulse (6ns); such quick rises correspond to the fast charge-

separation within ca. 100ps as estimated from the ZnP-fluorescence lifetimes. The 

decays of the ZnP+ mostly persist until about 500 ns; from the first-order fitting to the 

decay curves until about 500ns, the kCR values were evaluated to be (5-6) × 106 s-1 as 

listed in Table 7.2. 

Table 7.2 Estimated rate parameters for charge recombination in DMFa  

 

 

 

 

 

 

 

  

From these kCR values, the lifetimes of ZnP+-SWCNT(n,m)-, RIP (=1/kCR), were 

evaluated to be 170‒210 ns. Similarly, the kCR and RIP values for H2P
+-SWCNT(n,m)- 

were (6‒7) × 106 s-1 and 130‒160 ns, respectively (Table 7.2), indicating that ZnP+-

SWCNT(n,m)- persist for longer time than H2P
+-SWCNT(n,m)- in DMF.  The kCS/kCR 

Nanohybrids kCR
a
 /s

-1
 RIP/ns    kCS/kCR

a
  

 
 

ZnP-SWCNT(6,5) 4.9 ×106 210 1950 

ZnP-SWCNT(7,6) 5.8 ×106 170 2070 

H2P-SWCNT(6,5) 6.4 ×106 160 390 

H2P-SWCNT(7,6) 7.5 ×106 130 550 



205 
 

ratios, which are widely used as the extent of “charge stabilization” in the photosynthetic 

systems and nanohybrids, were found to be 2000‒2100 for ZnP-SWCNT(n,m), which 

are larger than those of H2P-SWCNT(n,m) (390-550), suggesting higher charge 

stabilization of ZnP+-SWCNT(n,m)-. In both cases, SWCNT(7,6) had slightly larger 

kCS/kCR values than SWCNT(6,5), indicating that the best pair as the photoinduced 

charge-separation system was ZnP-SWCNT(7,6) in DMF. 

 

7.3.8 Photoelectrochemical Studies 

 The photoinduced charge separation rates and stabilization observed in the 

investigated MP-SWCNT(n,m) impelled us to perform photoelectrochemical 

studies192,272 to visualize their ability to convert the light energy into the electricity. For 

this aim, the MP-SWCNT(n,m) nanohybrids in DMF solution were drop-coated on 

nanoclustered SnO2/FTO electrode surface (FTO; fluorine doped tin oxide), in which 

FTO/SnO2 was selected due to its ERed as low as those of SWCNT(n,m)s. The 

photocurrent action spectra based on incident-photon-conversion-efficiency (IPCE%)207 

values in the wavelength region covering up to 700 nm show peak near 420‒440 nm 

(Fig. 7.14) corresponding to the absorption of the MP moieties, although the overall 

IPCE% values were low, which could be due to lower number of porphyrin entities and 

quenching of porphyrin emission in the donor-acceptor hybrids. Among the earlier 

reported nanohybrids assembled with the porphyrin derivatives via some 

supramolecular approaches, the present IPCEs look to be moderate. The photo-

switching responses shown in the inset of Fig. 7.14 revealed quick response and light 

stability of these nanohybrids. The maximal IPCE values follow the trends of kCS/kCR in 
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Table 7.2, suggesting that the photovoltaic cell efficiency strongly depends upon the 

charge separation stability. Consequently, higher values for SWCNT(7,6) compared to 

SWCNT(6,5) derived nanohybrids, and higher values for ZnP over H2P derived 

nanohybrids were observed. 

 

 

 

 

 

 

 

 

 

Fig. 7.14 IPCE spectra and (inset) light-current switching curves for the 
photoelectrochemical cells of (i) ZnP-SWCNT(7,6), (ii) ZnP-SWCNT(6,5), (iii) H2P-
SWCNT(7,6) and (iv) H2P-SWCNT(6,5) coated on SnO2-modified FTO electrode 
surface in acetonitrile containing 0.5 M LiI and 0.1 M I2 mediator.   

 

7.4 Summary 

Light energy harvesting donor–acceptor nanohybrids comprised of porphyrins 

and diameter-sorted SWCNT(n,m) were newly synthesized and characterized. In order 

to connect the porphyrins (MP) covalently to the side walls of SWCNT(n,m), Prato’s 

method of dipolar cycloaddition of azomethine ylide was employed, which largely 

preserved the  electronic structure of SWCNT(n,m) after functionalization, which were 

evident from the TGA and Raman studies. The theoretical DFT-MO calculations of the 

MP–SWCNT(n,m) nanohybrids provided the optimized structures and the MO energy 



207 

levels; on combining the redox values, possible mechanisms of electron transfer and 

the free-energy calculations were estimated. The steady-state and time-resolved 

fluorescence studies revealed efficient quenching of the singlet excited states of the 

ZnP and H2P moieties; the nanosecond transient absorption technique confirmed an 

electron transfer process, producing MP+-SWCNT- (or MP--SWCNT+) charge 

separation species. The merit of charge-separated state stabilization, which were 

calculated from the rates of charge separation, kCS and rate of charge recombination, 

kCR were found to be higher for ZnP than H2P and slightly higher for the MP–

SWCNT(7,6) than MP–SWCNT(6,5) hybrids. As a proof-of-concept, photoelectro- 

chemical solar cells built by using these MP–SWCNT(n,m) on the modified FTO/SnO2 

electrodes gave best performance for ZnP–SWCNT(7,6) as predicted from the merit of 

charge-separated state stabilization evaluated by time-resolved spectral data. 
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CHAPTER 8 

DECORATING SINGLE LAYER GRAPHENE OXIDE WITH ELECTRON DONOR AND 

ACCEPTOR MOLECULES FOR STUDY OF PHOTOINDUCED ELECTRON 

TRANSFER AND APPLICATIONS IN PHOTOCATALYSIS* 

8.1 Introduction 

Graphene, a novel material consisting of one-atom thick planar sheet comprised 

of an sp2-hybridized carbon structure is emerging rapidly as a rising star in the field of 

materials science, and has proven to be promising for new technological advancements 

due to its remarkable physicochemical properties.108,112 Some of the novel properties of 

graphene include high specific surface area (theoretically 2630 m2/g for single-layer 

graphene), extraordinary electronic properties and electron transport capabilities, 

unprecedented flexibility and impermeability, strong mechanical strength and excellent 

thermal and electrical conductivities.115,120,123,273  

Graphene oxide (GO), often considered as a precursor for graphene synthesis by 

either chemical or thermal reduction methods, is emerging out to be a specific branch of 

graphene research.126,274 This is especially true given its low cost of production and 

reliability, large scale production, and good dispensability in many solvents.275 With 

respect to structure, GO encompasses various oxygen-containing functional groups, 

mostly in the form of carboxyl, carbonyl, phenol, lactone, and quinone mostly at the 

sheet edges. Although the presence of oxygen functional groups in GO create structural 

 

*Chapter 8 in its entirety has been reproduced from “Sushanta K. Das, Chandra B. KC, Kei 
Ohkubo, Yusuke Yamada, Shunichi Fukuzumi  and Francis D’Souza, Chem. Commun., 2013, 
49, 2013-2015” and “ Sushanta K. Das, Chandra B. KC and Francis D’Souza, Fullerenes, 
Nanotubes, and Carbon Nanostructures, 2014, 22, 1–10” with permission from the publisher. 



209 
 

inhomogeneities including reduced electron mobility, it provides flexibility in guiding 

modification of GO sheets via covalent functionalization.157b,276 Thus, functionalized GO 

is an attractive material for fundamental research as well as for seeking diverse 

applications.277 

 

Scheme 8.1 Structures of the ZnPc-SLGO-C60, ZnPc-SLGO, SLGO-C60 hybrid and 
C60-control and ZnPc-control compounds. The size of SLGO is reduced for clarity. 
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A literature survey shows that although few reports on GO functionalized with 

either redox- or photo-active entities have been reported,276,277 employing this material 

as a scaffold to decorate with both electron donor and acceptor molecules capable of 

undergoing photoinduced electron or energy transfer (without the involvement of GO as 

an active component) is not explored. This is especially important to create next 

generation of novel GO-surface immobilized photocatalysts for light energy harvesting 

and solar fuel production.278  

In the present work, we have undertaken this important task of decorating GO 

with well-known electron donor, phthalocyanine and electron acceptor, fullerene 

molecules225,194d and demonstrate occurrence of photoinduced electron transfer leading 

to the generation of charge separated states. Furthermore, utilization of this novel 

material as a catalyst to photochemically accumulate one- electron reduced product is 

demonstrated.  

 

8.2 Experimental Section 

8.2.1 Synthesis 

Synthesis of 2(4’-hydroxyphenyl)fulleropyrrolidine, 8a 

Fullerene, C60 (100 mg, 0.138 mmol), 4-hydroxybenzaldehyde (84 mg, 0.69 

mmol) and sarcosine (49 mg, 0.55 mmol) were dissolved in 100 mL dry toluene and 

refluxed for 12 h under nitrogen. The reaction was then cooled to room temperature and 

the solvent evaporated. Silica gel column was then run with toluene and ethyl acetate 

as eluent (9:1) to give the 2-(4’-hydroxyphenyl)fulleropyrrolidine. 1H NMR (CDCl3, 400 

MHz),  (ppm): 7.8-7.35(m, 4H, Phenyl H), 4.95(d,1H, pyrrolidine H), 4.85(d, 1H, 
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pyrrolidine H), 4.3(d, 1H, pyrrolidine H), 2.8(s, 3H, N-methyl H), Mass- ESI. Calculated: 

869.83, obtained: 870.7. 
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Scheme 8.2a Showing the synthetic steps in the synthesis of compounds 8a and 8b. 
 

Synthetic of 2-hydroxy-9, 16, 23-tri-tertbutylphthalocyaninato zinc(II), 8b 

 4-t-Butyl phthalonitrile (695 mg, 3.77 mmol), 4-hydroxyphthalonitrile (90 mg, 0.62 

mmol) and ZnCl2 (257 mg, 1.90 mmol) were kept in 100 ml RB flask under N2 for 20 

min. Then, DMAE (4 ml) was added and whole mixture was heated at 150 °C for 18 h. 

After cooling the mixture at room temperature, the solution was dissolved with methanol 

and water (15:5 ml each) and centrifuged for 1.5 h. Thus obtained green coloured 

residue was dissolved in minimum of chloroform and purified by silica column. The 

desired compound was obtained as a second fraction eluted by chloroform: MeOH 

(90:10 v/v). Yield- 120 mg (25%). 1H NMR (CDCl3, 400MHz),  (ppm): 1.55 (m, 27H, -
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CH3), 7.20 (m, 4H, Ar-H), 7.70 (m, 4H, Ar-H), 7.95 (m, 4H, Ar-H). Mass- ESI. [M+H]+, 

obtained- 763.50, calculated-762.27.  

 

Scheme 8.2b Showing the synthetic steps in the synthesis of compound 8c. 

 

Synthesis of ZnPc-SLGO-C60 hybrid, 8c 

About 50 mg single layer graphene layer was taken in a flask with 25 mL thionyl 

chloride with 1 mL dry DMF. It was then refluxed at 70oC for 24 hours. The reaction was 
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then cooled to room temperature and all the solvent was taken out. THF was then used 

to wash out the excess thionyl chloride. The resultant acid chloride derivative of 

graphene oxide was then dried under nitrogen. It was then dissolved in 20 mL of dry 

DMSO and then to the solution was added 10 eq. of hydroxy functionalized fullerene 

and phthalocyanine in the previous steps. The mixture was heated at 50oC for 96 h. The 

reaction was then cooled to room temperature. The mixture was then centrifuged and 

the supernatant was discarded. This process was repeated and washings were done 

with methanol, water and dichloromethane until all the unreacted compound was taken 

out. The final hybrid was then dried under nitrogen and used for further characterization. 

 

Synthesis of SLGO-C60 hydrid, 8d 

About 50 mg single layer graphene layer was taken in a flask with 25mL thionyl 

chloride with 1 mL dry DMF. It was then refluxed at 70oC for 24 h. The reaction was 

then cooled to room temperature and all the solvent was taken out. Tetrahydrofuran 

(THF) was then used to wash out the excess thionyl chloride. The resultant acid 

chloride derivative of graphene oxide was then dried under nitrogen. It was then 

dissolved in 20 mL of dry DMSO and then to the solution was added 10 equivalents of 

2-(4’-hydroxyphenyl)fulleropyrrolidine and heated the mixture at 50oC for 72 h. Reaction 

was then brought to room temperature and solvent separated. Excess of the unreacted 

compound was taken out by sonication followed by centrifugation at least 3 times with 

water, methanol, and dichloromethane. The resulting hybrid material was then vacuum 

dried and used for further characterization. 
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Scheme 8.2c Showing synthetic steps involved in the synthesis of control compounds 
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Synthesis of SLGO-ZnPc hydrid, 8e 

In a typical synthesis, about 50 mg single layer graphene layer was taken in a 

flask with 25 mL oxalyl chloride with 1 mL dry DMF. It was then refluxed at 70°C for 24 

hours. The reaction was then cooled to room temperature and all the solvent was taken 

out. THF was then used to wash out the excess thionyl chloride. The resultant acid 

chloride derivative of graphene oxide was then dried under nitrogen. It was then 

dissolved in 20 mL of dry DMSO and then to the solution was added 10 eq. of hydroxy 
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functionalized phthalocyanine from the previous step and heated the mixture at 50 °C 

for 72 hours. Reaction was then brought to room temperature and solvent separated. 

Excess of the unreacted compound was taken out by sonication followed by 

centrifugation at least 3 times with water, methanol, and dichloromethane. The resulting 

hybrid material was then vacuum dried and used for further characterization. 

 

8.3 Results and Discussion 

8.3.1 Optical Absorbance Studies 

 

 

 

 

 

 

 

 

 

 

Fig. 8.1 UV-vis absorption spectra of (i) SLGO-C60, (ii) 2-phenylfulleropyrrolidine, (iii) 
SLGO, (iv) ZnPc-SLGO-C60 hybrid, and (v) ZnPc in DMF. 

 

The optical absorption spectrum of the covalently functionalized ZnPc-SLGO-C60 

hybrid in dimethylformamide (DMF) revealed a sharp peak at 430 nm279 corresponding 

to C60
 and a broad peak at around 715 nm corresponding to ZnPc (Fig. 8.1). Compared 
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with pristine ZnPc this band was found to be broadened and red-shifted by 35 nm, 

which could be attributed to strong intramolecular interactions between ZnPc and the 

SLGO surface. However, the corresponding shift for the C60 peak upon linking to SLGO 

was small. Using reported molar extinction coefficient values at the peak  of fullerene 

and phthalocyanine,280 the ratio of C60 to ZnPc was estimated to be around 3:1. 

 

8.3.2 TEM Image 

High resolution transmission electron microscopy (HR-TEM) of the hybrid 

material, recorded on a Cu microgrid coated with elastic carbon, revealed the SLGO 

hybrid material to be mainly mono- and double layers (Fig. 8.2). 

 

Fig. 8.2 HR-TEM image of the ZnPc-SLGO-C60 hybrid. 
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8.3.3 Thermogravimetry Analysis 

 Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a method of 

thermal analysis in which changes in physical and chemical properties of materials are 

measured as a function of increasing temperature (with constant heating rate), or as a 

function of time (with constant temperature and/or constant mass loss). TGA can 

provide information about physical phenomena, such as second-order phase transition 

including vaporization, sublimation, absorption, adsorption and desorption. Likewise, 

TGA can provide information about chemical phenomena 

including chemisorption, desolvation (especially dehydration), decomposition, and solid-

gas reactions (e.g., oxidation or reduction). 

TGA is commonly used to determine selected characteristics of materials that 

exhibit either mass loss or gain due to decomposition, oxidation, or loss 

of volatiles (such as moisture). Common applications of TGA are (1) materials 

characterization through analysis of characteristic decomposition patterns, (2) studies of 

degradation mechanisms and reaction kinetics, (3) determination of organic content in a 

sample, and (4) determination of inorganic (e.g. ash) content in a sample, which may be 

useful for corroborating predicted material structures or simply used as a chemical 

analysis. TGA has been extensively used as an analytical tool in recent years in the 

area of carbon and graphene research in terms of functionalization of the materials for 

applications in various areas.  

Using thermogravimetric analysis (TGA) the overall contribution to weight loss 

due to the added organic moiety was found to be 14% in the temperature range of 150-

225 °C as shown in Fig. 8.3. 
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Fig. 8.3 TGA spectrum of SLGO-ZnPc-C60 hybrid. 

 

8.3.4 Raman Study 

Systematic Raman spectral studies were performed involving various control 

experiments. In a pristine SLGO (dry sample) with a 532 nm laser excitation there were 

two bands one each at 1350 cm-1 and 1593 cm-1 corresponding to D and G bands.  The 

D-band corresponds to the defects arising out of sp2 to sp3 hybridization while that of G-

band corresponds to bond stretching of all sp2 carbon atoms in both ring and chains.281 

Graphene oxide generally have a significant amount of defects arising out of the various 

defect sites as a result of the presence of various functional groups.282 The I(D):I(G) for 

ZnPc-SLGO-C60 was slightly higher than that of pristine SLGO, perhaps loss of some 

organic functionalities of SLGO during synthesis (shown in Fig. 8.4). There was no shift 
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in the D peak position however, the G band of ZnPc-SLGO-C60 revealed a 9 cm-1 as a 

consequence of ZnPc interactions. 

 

Fig. 8.4 Raman spectrum of (i) pristine SLGO and (ii) ZnPc-SLGO-C60 hybrid, ex = 532 
nm. 

 

8.3.5 Fluorescence Emission Studies 

Steady state fluorescence spectrum of the ZnPc-SLGO-C60 and control 

hybrids at the excitation wavelengths of both ZnPc and C60 in dimethylformamide 

(DMF) are shown in Fig. 8.5. Presitine ZnPc revealed a predominant emission band 

at 687 nm and a shoulder band at 757nm, however, both in ZnPc-SLGO-C60 and 

ZnPc-SLGO this band was found to be quenched over 98%. This was also the case 

for fulleropyrrolidine emission, that is, the emission band of 2-phenylfulleropyrrolidine 

at 720 nm was found to be quenched over 96% of the original intensity both in ZnPc-
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SLGO-C60 and SLGO-C60 hybrids. Control experiments ruled out the possibility of 

excited state energy transfer as a mechanism of fluorescence quenching in ZnPc-

SLGO-C60 since no C60 emission around 720 nm was observed upon ZnPc 

excitation. These studies collectively pointed out formation of a dark non-fluorescent 

complex between the strongly interacting ZnPc and SLGO (as revealed by the 

absorption spectrum) or occurrence of excited state events from the 1ZnPc* within 

the hybrid.27 

 

 

 

 

 

 

 

 

Fig. 8.5 Fluorescence spectra of (i) ZnPc-SLGO-C60 hybrid, (ii) ZnPc and (iii) ZnPc-
SLGO hybrid, (iv) 2-phenyl fulleropyrrolidine and (v) SLGO-C60 in DMF. The first three 
spectra were recorded at an excitation wavelength of 475 nm exciting ZnPc 
predominantly while the last two spectra were recorded at an excitation wavelength of 
432 nm predominantly exciting fulleropyrrolidine.  All the spectra were recorded in DMF.   

 

8.3.6 Electrochemistry 

Electrochemical studies were performed to witness the redox activity of the 

entities and to estimate free-energy changes associated in electron-transfer reactions. 

The DPV of ZnPc-SLGO-C60 hybrid in dichlorobenzene (DCB) containing 0.1 M 
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(TBA)ClO4 revealed the presence of both ZnPc and C60 entities in the hybrid (see Fig. 

8.6). The peak currents of C60 reduction was about 3 times higher than that of ZnPc 

supporting 3:1 estimate of the entities.  Reductions at -0.21, -0.66, and -0.93 vs. Ag/Ag+ 

were observed in which the first reduction corresponded to fullerene. The first oxidation 

corresponding to ZnPc was located at 0.71 V vs. Ag/Ag+. The energies of the radical ion 

pair (RIPs), ZnPc•+-SLGO-C60
•– in which an electron is transferred from the ZnPc to the 

C60 entity was calculated as ERIP = 0.92 eV, using the first oxidation potential of ZnPc 

and first reduction potential of fullerene according to Weller’s approach.283 The free-

energy changes for charge separation (∆GCS
S) via 1ZnPc* and 1C60* were evaluated by 

subtracting energies of 1ZnPc* (1.79 eV) and 1C60* (1.80 eV) from ERIP to be -0.87 and -

0.88 eV, respectively. The negative ∆GCS values indicate the CS processes to be 

exergonic via the singlet and triplet excited states of ZnPc and C60. 

 

 

 

 

 

 

 

 

 

 

Fig. 8.6 Differential pulse voltammograms of the (a) ZnPc-SLGO-C60, (b) ZnPc-SLGO, 
and (c) SLGO-C60 hybrids in DCB containing 0.1 M (TBA)ClO4. 
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8.3.7 Femtosecond Transient Study 

In order to obtain evidence of charge separation in the nanohybrid, transient 

spectroscopic studies both in the femtosecond and nanosecond timescales were 

performed. Photoexcitation of the ZnPc-SLGO-C60 hybrid at 390 nm using a 130 fs laser 

light, which excites mainly ZnPc, resulted in bleaching at 700 nm and 1000 nm as 

shown in Fig. 8.7a.   

Fig. 8.7 (a) Femtosecond transient absorption spectra of ZnPc-SLGO-C60 hybrid in 
DMF by the 390 nm laser. The right panel (b) shows time profile monitored at 1000 nm. 
(c) Femtosecond transient absorption spectra of ZnPc-SLGO hybrid in DMF by the 390 
nm laser.  (d) The right panel shows time profile monitored at 680 nm. 

 
 
 
 
 
 
     
 
 
 
 
 
 
 
 

 

(b) (a) 

(d) 

(c) 
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The bleaching at 700 nm corresponds to the absorption maximum of the ZnPc 

moiety. Thus, the 1ZnPc* is formed and the bleaching at 1000 nm may result from the 

emission of the singlet excited state complex (exciplex) of ZnPc with SLGO. In a control 

experiment of ZnPc-SLGO (without fullerene), the bleaching at 700 nm and 1000 nm 

was also observed (Fig. 8.7c). The observation of the exciplex emission is consistent 

with the significant red shift of the ZnPc absorption band when bound to SLGO in Fig. 

8.1. In both cases, no evidence of formation of ZnPc•+ around 860 nm or C60
•– around 

1000 nm was observed within the allowed time scale of 3000 ps.  These results suggest 

absence of CS from the 1ZnPc* to C60. 

 

8.3.8 Nanosecond Transient Absorption Study 

In contrast, the nanosecond transient absorption spectral studies using a 532 nm 

(3 mJ/pulse) laser excitation, which excites mainly the C60 moiety, showed the 

appearance for the cation and anion radicals in the visible to NIR regions (Fig. 

8.8).284,285 That is, bands at 840 nm corresponding to ZnPc•+ and 1000 nm 

corresponding to the formation of C60
•– were clearly observed. It may be mentioned here 

that control experiments involving GO, ZnPc-GO and GO-C60 failed to provide such 

spectral features. Thus, electron transfer from ZnPc to 1C60* occurs to afford the radical 

ion pair (ZnPc•+-SLGO-C60
•–). Both radical cation and anion bands decayed with the 

same time constant (~0.04 µs) ascertaining formation of a CS ion-pair in the SLGO 

scaffold system. In such a case, the back electron transfer from C60
•– to ZnPc•+ (Fig. 

8.8b and 8.8c) may be mediated efficiently by SLGO. The CS rate is much faster than 
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the CR rate as shown in Fig. 8.8.The CS rate constant was estimated to be more than 

108 s-1. 

 

 

 

 

 

 

 

 

 

 

Fig. 8.8 Nanosecond transient absorption spectra of (a) ZnPc-SLGO-C60 hybrid at 
different time intervals after excitation of 532 nm laser of 7 ns pulse width in DMF.  
The decay time profile of the cation radial peak at 850 nm and anion radical peak at 
1000 nm are shown in b and c, respectively. 

 

Nanosecond transient studies were also performed in a polar solvent, 

benzonitrile as shown in Fig. 8.9. Solubility of the nanohybrid was an issue in this in 

benzonitrile. Though it could be seen that ZnPc•+ cation radical has been observed at 

840nm, but anion radical C60•- at 1000nm could hardly be seen because of very less 

solubility of the hybrid system. Decay time profile as shown in Fig. 8.9b and 8.9c does 

show the agreement of the data as observed in DMF. 
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Fig. 8.9 Nanosecond transient absorption spectra of (a) ZnPc-SLGO-C60 hybrid at 
different time intervals after excitation of 532 nm laser of 7 ns pulse width in 
benzonitrile.  The decay time profile of the cation radial peak at 850 nm and anion 
radical peak at 1000 nm are shown in b and c, respectively. 
 

8.3.9 Fluorescence Life Time Studies 

Fluorescence emission studies confirmed very high fluorescence quenching of 

both ZnPc and C60 emission upon excitation of the hybrid compound at the excitation 

wavelength of ZnPc and C60 respectively. This also led to the conclusion there is a dark 

non-fluorescent complex formation between the ZnPc and SLGO system. Knowing the 

life time of the various species could give us valuable information on the extent of the 
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electron transfer process. Life time studies of a system give us the extent or rate of 

interacting and non-interacting species in a donor-acceptor system. In case of ZnPc-

SLGO-C60 hybrid system, life time was investigated taking into account the participation 

of both ZnPc and C60 in the hybrid system. As shown in Fig. 8.10, it could be seen that, 

ZnPc-SLGO-C60 hybrid system decays much faster when monitored at C60 emission (in 

blue) compared to ZnPc emission (in green). Life time values for all the hybrid system 

and their control compounds are shown in Table 8.1. 

 

Fig. 8.10 Fluorescence life time spectra of ZnPc-SLGO-C60 hybrid recorded in DMF 

 

ZnPc control compound was found to have a mono-exponential decay with a life 

time of 3.2 ns in degassed DMF. C60 control compound was also found to have a mono 

exponential decay with a  life time of 1.23 ns as tabulated in Table 8.1. ZnPc-SLGO-

C60 was studied under two experimental conditions. One, when life time was 
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investigated upon C60 emission under consideration and two, when ZnPc emission was 

considered for life time studies and analysis. For case one, life time of the hybrid system 

was found to have two components. First, the contributing factor towards fluorescence 

quenching which is also termed as the interacting fraction which has a life time of 

0.128ns with a relative amplitude of 98%, while 2% contributes to non-interaction in the 

hybrid system with a life time of 2.89 ns. One very important observation here is that the 

non-interacting part that normally relates to the life time of the actual compound in 

consideration varies here from what has been seen in many donor-acceptor systems. 

Fig. 8.11 Fluorescence life time spectra of SLGO-C60 hybrid recorded in DMF. 

For case two, considering ZnPc component of the hybrid system, it has been 

seen that the interacting component has a life time of 0.26 ns with relative amplitude of 

26%. The non-interacting part corresponds to almost 74% with a life time of 2.91 ns. 
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The life time value for the non-interacting part has been seen to be close to the life time 

of ZnPc that follows a relative trend seen in literature. 

Table 8.1 Life time of the various hybrid systems and the control compounds run in 
degassed DMF. 

System ChiSq 1 (ns) B1(%) 2 (ns) B2(%) 

ZnPc 1.13 3.2 

ZnPc-SLGO-C60a 0.95 0.128 98 2.89 2 

ZnPc-SLGO-C60b 1.2 0.28 26 2.91 74 

C60-control 1.1 1.23 

SLGO-C60 1.05 0.79 86 1.1 14 

ZnPc-SLGO 1.02 1.74 55 3.4 45 

a= Monitoring C60 decay, b= Monitoring ZnPc decay
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Fig. 8.12 Fluorescence life time spectra of ZnPc-SLGO hybrid recorded in DMF. 

In case of ZnPc-SLGO control compound, it has been found there is 55% 

interaction of the ZnPc moiety with the SLGO system with a life time of 1.74 ns. Here it 
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is worth mentioning that SLGO was assumed to act just as a scaffold holding both the 

donor and acceptor system. Quenching of the fluorescence emission of ZnPc does not 

ignore the participation of SLGO as an acceptor in this hybrid system. It has been seen 

in the absorption studies that there is very large extent of interaction of the ZnPc with 

the SLGO system leading to a 35 nm red shift of the ZnPc absorption peak. Upon 

functionalization of the SLGO materials with ZnPc, depending on the reaction condition 

there could be a loss of the oxygen functionality there by reducing graphene oxide to 

graphene to a certain extent and hence enhancing the electronic conductivity of SLGO 

surface, giving rise to electron accepting capability to the SLGO material. Thus upon 

excitation of the ZnPc moiety, there is a dark non fluorescent complex formation 

between the SLGO and ZnPc system leading to an electron transfer phenomena. 

SLGO-C60 control hybrid system has a very similar observation as the above 

case. The life time of the interacting part was found to be 0.79 ns with 86% contribution. 

Going by the above explanation there could be an electron transfer event occurring via 

the singlet excited state of either 1ZnPc* or 1C60* moiety.

8.3.10 Photocatalytic Electron Pooling 

Encouraged with these findings of CS in the donor-acceptor decorated SLGO, for 

application point of view, photocatalytic electron pooling experiments12c,286 were 

performed. For this electron pooling/mediation experiment, methyl viologen, MV2+ as an 

electron acceptor, and 1-benzyl-1,4-dihydronicotinamide (BNAH) as a sacrificial 

electron donor was used. By the steady-state absorption spectral measurements after 

repeated irradiation using a Xe lamp with a 400 nm filter to excite ZnPc moiety 



230 

selectively in the hybrid system and not the additives (MV2+ and BNAH), accumulation 

of MV•+ was observed at 608 nm as shown in Fig. 8.13a. It could be seen that in the 

absence of BNAH, when the concentration of MV2+ is 0.5 mM in the hybrid solution, 

there is no peak at 608 nm. The concentration of MV•+ has been observed to have 

increased with increase in the concentration of BNAH. This establishes the fact that 

BNAH acts as a sacrificial hole shifting component in an electron mediation 

experiment.12c,206a The maximum accumulation/absorbance of MV•+ was observed at 0.5 

mM MV2+ and 2.0 mM BNAH concentration. From the plot in Fig. 8.13b on absorbance 

vs. BNAH concentration, it can be seen that there is a fourfold increase in the electron-

transfer process in the hybrid system consisting of ZnPc and C60 derivatives as 

compared to the various control compounds. This could also be explained in terms of 

more efficient charge-separation process involved in the scaffold system. Fig. 8.15a-c 

shows electron pooling experiment performed for all the control hybrid compounds 

keeping the same experimental parameters as of ZnPc-SLGO-C60. 

Mechanism of electron mediation is shown as in Fig. 8.14, which is similar to that 

reported for photooxidation of BNAH by hexyl viologen catalyzed by a zinc porphyrin-

C60 dyad.286 The photocatalytic process involves electron pooling into the added MV2+ in

the presence of hole shifter BNAH by the continuous irradiation of the ZnPc-SLGO-C60 

nanohybrids. The donor and acceptor entities positioned appropriately on the SLGO 

layer perform catalytic process efficiently through the generation of charge separation. 
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Fig. 8.13 (a) Electron pooling experiment of ZnPc-SLGO-C60 dissolved in 0.5 mM MV2+

in DMF (i) in absence of BNAH, and in addition of (ii) 0 .5 mM BNAH (iii) 1.0 mM BNAH 
(iv) 1.5 mM BNAH and (v) 2.0 mM BNAH.  (b) Extent of MV•- formation for (i) ZnPc-
SLGO-C60 hybrid, (ii) fulleropyrrolidine, (iii) ZnPc-SLGO hybrid, and (iv) mixture of MV2+

and BNAH with no sensitizers. 

Fig. 8.14 Mechanistic details of electron pooling in ZnPc-SLGO-C60 catalyzed 
photochemical reaction.   

8.4 Summary 

First, SLGO has been utilized as a scaffold to decorate with a redox active 

fullerene as an electron acceptor and a photosensitizer Zn phthalocyanine as an 

electron donor. The donor–acceptor functionalized SLGO was characterized using 
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various techniques including UV-Vis, fluorescence, TEM, Raman, TGA and 

electrochemistry. The occurrence of PET from ZnPc to 1C60* with the lifetime of the 

charge-separated state in the range of 0.04 µs is established from nanosecond transient 

studies. The present study opens an avenue to functionalize donor and acceptor 

decorated SLGO for applications related to solar energy harvesting.  

Fig. 8.15 Electron pooling experiment of the control hybrid compounds dissolved in 0.5 
mM MV2+  in DMF (i) in absence of BNAH, and in addition of (ii) 0 .5 mM BNAH (iii) 1.0 
mM BNAH (iv) 1.5 mM BNAH and (v) 2.0 mM BNAH for (a) fulleropyrrolidine, (b) ZnPc-
SLGO hybrid, and (c) mixture of MV2+ and BNAH with no sensitizers. 

 

Second, photocatalytic behavior of single layer graphene oxide (SLGO) 

decorated with an electron donor, zinc phthalocyanine (ZnPc) and an electron acceptor, 

fulleropyrrodine (C60) donor-acceptor hybrid via the ZnPc•+-SLGO-C60
•– charge 
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separated state is demonstrated. Photocatalytic electron accumulation in the form of 

one-electron reduced product of methyl viologen was obtained in high yields in the 

electron pooling experiment involving the ZnPc-SLGO-C60 hybrid and a sacrificial 

electron donor compared with control hybrids involving either ZnPc-SLGO or SLGO-C60 

signifying the importance of both donor and acceptor entities on SLGO.  The present 

studies reveal that the ZnPc-SLGO-C60 hybrid could be a suitable catalyst for solar fuel 

production. Studies involving photocatalytic hydrogen evolution in the using the ZnPc-

SLGO-C60 is underway. 
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CHAPTER 9 

SUMMARY 

Renewable energy source is the need of the hour necessitated by the depletion 

of fossil fuels and various non-renewable energy sources as discussed in the 

introduction chapter. Artificial photosynthesis that involves mimicking the natural 

process of photosynthesis is the most likely route that involves designing donor-

acceptor systems aiding solar energy harvesting. As discussed before the design of 

donor-acceptor systems involve various molecular interaction modes. Artificial light 

energy harvesting systems could be built in two basic modes. First, the covalent 

approach and second the non-covalent approach. Based on the knowledge of various 

supramolecular interactions, novel donor-acceptor hybrid system involving 

photosensitizers primarily as donor and single walled carbon nanotube and graphene as 

acceptor molecule have been utilized to investigate photoinduced electron transfer 

processes in supramolecular donor-acceptor systems. 

 As demonstrated in chapter 3, a double decker methodology has been ultilized to 

build supramolecular donor-acceptor systems. Since noncovalent functionalization of 

single walled carbon nanotube retains its structural integrity thereby keeping its 

electronic nature intact, for most of the projects noncovalent functionalization has been 

preferred over covalent functionalization. Here, enriched single walled carbon 

nanotubes of two different chirality namely SWCNT(6,5) and SWCNT(7,6) has been first 

stacked to positively and negatively charged pyrene entity via - interaction. This 

single decker system has been treated with charged porphyrin molecules leading to the 

double decker structure via ion pair interaction. This approach is expected to limit short-
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range excited state energy transfer due to the lack of direct contact between the donor 

and acceptor entities and improve charge separation within the nanohybrids instead. 

Photoinduced CS process via the excited singlet state of porphyrin moiety vs. SWCNTs 

was confirmed by the fluorescence quenching and transient absorption measurements, 

in addition to the electron-mediating experiments. Photoelectrochemical studies 

performed on FTO/SnO2 modified electrodes unanimously demonstrated the ability of 

these nanohybrids to harvest the light energy into the electricity. the photocurrent 

generation followed the trend observed for charge-separation, that is, incident-photon-

to-current conversion efficiency of a maximum of 8% is achieved for photocells with 

SWCNT(7,6), while such conversion efficiencies are smaller for the cells derived from 

SWCNT(6,5). 

In these measurements, appreciable differences are recognized between the two 

semi-conductive SWCNT(n,m)s with different diameters; that is, efficiency of the CS 

process, electron pooling and photocurrent generation efficiencies are higher for 

SWCNT(7,6) with a larger diameter and narrower band gap compared with 

SWCNT(6,5) with a wider band gap. This trend is in good agreement with the efficiency 

of the photoinduced CS efficiencies measured with the HV•+-accumulation conversion 

and kCS/kCR in the present study. These results indicate a prospective to achieve higher 

efficiency of photoinduced processes by the selection of the appropriate SWCNTs. 

Zinc phthalocyanine is another type of sensitizer that is known to have a very 

high extinction coefficient and an electron rich species. Based on our studies in chapter 

3, we proceeded on to build donor-acceptor systems of single walled carbon nanotube 

with sensitizer molecule via different binding strategy. For the binding approach as 
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shown in chapter 4, self-assembly methods combining - stacking and coordination 

bonding were employed to give the ‘double decker’ structure. First enriched single 

walled carbon nanotube of two chirality (6,5) and (7,6) as before were used. Nanotubes 

were first attached to pyrene functionalized with phenyl imidazolyl group via -stacking 

in o-dichlorobenzene. The extended -electron conjugation in pyrene helps in tight 

binding with the single walled carbon nanotube surface via - interaction. The phenyl 

imidazoyl nitrogen is being used to coordinatively bind to the sensitizer porphyrin and 

phthalocyanine molecules. Photoinduced electron transfer in the hybrid systems were 

then investigated by various techniques and the results were compared to previously 

studied systems. TEM measurements and steady-state spectral measurements 

confirmed the formation of the nanohybrids. The nanosecond transient absorption 

technique confirmed the charge-separation products, ZnP+←Im-Pyr/SWCNT- and 

ZnPc+←Im-Pyr/SWCNT- or opposite charged radical ion pairs, via the singlet excited 

states of ZnP and ZnPc, as evidenced by the efficient fluorescence quenching. The rate 

constants of charge separation, kCS were found to be slightly higher for ZnP compared 

to ZnPc, while an opposite trend was observed for kCR.  The nanohybrids also 

photocatalytically reduced hexylviologen dication (HV2+), producing HV+ as an electron-

pooling experiment, offering additional proof for the occurrence of photoinduced charge-

separation.  Photoelectrochemical cells constructed using these nanohybrids revealed 

conversion of light into electricity. A maximum of 7% IPCE was observed for ZnP←Im-

Pyr/ SWCNT(7,6), signifying their application to solar energy conversion. This result 

agrees with our previously studied nanohybrid system as in chapter 3, where 8% IPCE 

was observed for SWCNT(7,6) containing nanohybrid system. The lowering in IPCE as 
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reported in chapter 4 could be due to the nature of binding of the double decker 

systems. Since ion pair supramoleculr interactions are stronger than axial coordination, 

this might lead to stronger binding of the nanotubes with the sensitizer molecules. 

Photoinduced charge separation processes of three-layer supramolecular 

hybrids, fullerene–porphyrin–SWCNT, which are constructed from semiconducting 

(7,6)- and (6,5)-enriched SWCNTs and self-assembled via - interacting long alkyl 

chain substituted porphyrins (tetrakis(4-dodecyloxyphenyl)porphyrins; abbreviated as 

MP(alkyl)4) (M=Zn and H2), to which imidazole functionalized fullerene (C60Im) is 

coordinated, have been investigated in organic solvents has been discussed in chapter 

5. The intermolecular alkyl- and - interactions between the MP(alkyl)4 and SWCNTs, 

in addition, coordination between C60Im and Zn ion in the porphyrin cavity are visualized 

using DFT calculations at the B3LYP/3-21G(*) level, predicting donor-acceptor 

interactions between them in the ground and excited states. The donor-acceptor 

nanohybrids thus formed are characterized by TEM imaging, steady-state absorption 

and fluorescence spectra. The time-resolved fluorescence studies of MP(alkyl)4 in two-

layered nanohybrids (MP(alkyl)4/SWCNT) revealed efficient quenching of the singlet 

excited states of MP(alkyl)4 (
1MP*(alkyl)4) with the rate constants of charge separation 

(kCS) in the range of (1-9) × 109 s-1. A nanosecond transient absorption technique 

confirmed the electron transfer products, MP•+(alkyl)4/SWCNT•- and/or MP•-

(alkyl)4/SWCNT•+ for the two-layer nanohybrids. Upon further coordination of C60Im to 

ZnP, acceleration of charge separation via 1ZnP* in C60Im-ZnP(alkyl)4/SWCNT is 

observed to form C60
•-Im-ZnP•+(alkyl)4/SWCNT and C60

•-Im-ZnP(alkyl)4/SWCNT•+ charge 

separated states as supported by the transient absorption spectra. These characteristic 
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absorptions decay with rate constants due to charge recombination (kCR) in the range of 

(6-10) × 106 s-1, corresponding to the lifetimes of the radical ion-pairs of 100-170 ns. 

The electron transfer in the nanohybrids has further been utilized for light-to-electricity 

conversion by the construction of proof-of-concept photoelectrochemical solar cells. 

Higher IPCE values were obtained for C60Im→ZnP/SWCNT(n,m) than those of 

ZnP/SWCNT(n,m). 

Although SWCNTs have been demonstrated to be both good electron donors 

and electron acceptors in the presence of appropriate photosensitizing electron 

acceptors or donors, respectively, utilization of DNA-SWCNT hybrids in electron-

transfer reactions has not been exploited. Photoinduced electron transfer in self-

assemblies of porphyrins ion-paired with ssDNA wrapped around single-wall carbon 

nanotubes (SWCNTs) has been reported in chapter 6. To accomplish the three-

component hybrids, two kinds of diameter-sorted semiconducting SWCNT(n,m)s of 

different diameter ((n,m) = (6,5) and (7,6)) and free-base or zinc porphyrin bearing 

peripheral positive charges ((TMPyP+)M (tetrakis(4-N-methylpyridyl)porphyrin);M= Zn 

and H2) serving as light-absorbing photoactive materials are utilized. The donor-

acceptor hybrids are held by ion-pairing between the negatively charged phosphate 

groups of ssDNA on the surface of the SWCNT and the positively charged at the ring 

periphery porphyrin macrocycle. The newly assembled bionano donor-acceptor hybrids 

have been characterized by transmission electron microscopy (TEM) and spectroscopic 

methods. Photoinduced electron transfer from the excited singlet porphyrin to the 

SWCNTs directly and/or via ssDNA as an electron mediator has been established by 

performing systematic studies involving the steady-state and time-resolved emission as 
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well as the transient absorption studies. Higher charge-separation efficiency has been 

successfully demonstrated by the selection of the appropriate semiconductive SWCNTs 

with the right band gap, in addition to the aid of ssDNA as the electron mediator. 

Photoinduced electron transfer in enriched single walled carbon nanotubes 

based on covalent functionalization holds much promise as this would give several 

information pertaining to diameter selectivity of the nanotubes in covalent 

functionalization and their eventual application in energy harvesting. Based on this 

novel idea, covalent functionalization of diameter sorted SWCNTs with porphyrins (MP), 

and photochemistry to establish nanotube diameter-dependent charge separation 

efficiencies are reported in chapter 7. The MP-SWCNT(n,m) [M=2H or Zn, and 

(n,m)=(7,6) or (6,5)] nanohybrids are characterized by a variety of spectroscopic, 

thermogravimetric, TEM imaging techniques, and also by DFT MO calculations. The 

thermogravimetric, raman and fluorescence studies reveal the presence of a moderate 

number of porphyrins on the SWCNT surface. The MO results suggest charge 

separation (CS) via the excited state of MP. Time-resolved fluorescence studies reveal 

quenching of the singlet excited state of the MP with SWCNT(n,m), giving the rate 

constants of charge separation (kCS) in the range of (4-5) ×109 s-1. Nanosecond

transient absorption measurements confirm the charge-separated radical cation and the 

radical anion as [MP•+-SWCNT•-] with their characteristic absorption bands in the visible 

and near-IR regions. The charge separated states persist for about 70–100 ns thus 

giving an opportunity to utilize them to build photoelectrochemical cells, which allowed 

us to derive the structure–reactivity relationship between the nature of porphyrin and 

diameter of the employed nanotubes. 
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Employing single layer graphene oxide (SLGO) material as a scaffold to decorate 

with both electron donor and acceptor molecules capable of undergoing PET (without 

the involvement of GO as an active component) has been discussed in chapter 8. This 

is especially important to create next generation of novel GO-surface immobilized 

photocatalyts for light energy harvesting and solar fuel production. Here single layer 

graphene oxide (SLGO) was decorated with well-known electron donor, phthalocyanine 

and electron acceptor, fullerene molecules and occurrence of PET leading to the 

generation of charge-separated states has been demonstrated. The donor–acceptor 

functionalized SLGO was characterized using various techniques including UV-Vis, 

fluorescence, TEM, Raman, TGA and electrochemistry. The occurrence of PET from 

ZnPc to 1C60* with the lifetime of the charge-separated state in the range of 0.04 µs is 

established from nanosecond transient studies. Photocatalytic behavior of the recently 

synthesized, single layer graphene oxide (SLGO) decorated with an electron donor, zinc 

phthalocyanine (ZnPc) and an electron acceptor, fulleropyrrodine (C60) donor-acceptor 

hybrid is demonstrated.  Electron accumulation in the form of one-electron reduced 

product of methyl viologen was obtained in high yields in an electron pooling experiment 

involving the ZnPc-SLGO-C60 hybrid and a sacrificial electron donor compared with 

control hybrids involving either ZnPc-SLGO or SLGO-C60.  The present studies reveal 

that the ZnPc-SLGO-C60 hybrid is a suitable catalyst for solar fuel production.   

Towards understanding artificial photosynthesis and addressing solar energy 

harvesting, considerable positive work has been undertaken. Various donor-acceptor 

nanohybrid systems were designed, synthesized, characterized and their photoinduced 

electron transfer or PET process were investigated. Notable donor molecules utilized 
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were organic sensitizers such as porphyrin, phthalocyanine, naphthalocyanine while the 

acceptor molecules were single walled carbon nanotube, graphene and fullerene. 

Noncovalent supramolecular approaches followed for building the hybrid systems and 

the various strategies were compared in terms of their efficiency in building solar cells. 

In some cases, covalent functionalization of single walled carbon nanotubes were also 

peroformed and their results were compared to self-assembled systems. Both single 

walled carbon nanotube and graphene hold tremendous potential in applications such 

as energy harvesting, optoelectronics, catalysis and biomedical applications. Hindrance 

to further utilization of single walled carbon nanotube in energy harvesting is the lack of 

100% pure sorted semiconducting single walled carbon in bulk and its cost of 

production. Further research in addressing this issue could lead to better cell 

performance in solar energy harvesting. The research work addressed here might at the 

least give some light to those who are honestly interested to work extensively on these 

novel nanomaterials. 
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