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PREFACE 

The functional, monomeric fullerene derivatives are synthetically accessible and 

exhibit comparable optoelectronic properties to that of the parental [6,6]-phenyl-C61-

butyricmethyl ester (PCBM), which can be polymerized via covalent or 

supramolecular techniques. Developing covalently modified polyfullerenes and non-

covalently functionalized supramolecular fullerene polymers are promising strategies 

to create dimension-controlled nanomaterials. The programmed fullerene 

architectures constructed by intermolecular fullerene cross-linking might be useful in 

optoelectronic applications where routine self-assembly approach fails. Moreover, 

the ordered self-assembly of fullerene and their analogous into regular DNA 

nanostructures may prove to be an effective DNA based template for the selective 

localization of organic chromophores, inorganic ions, nanoparticles and nanoclusters 

etc. Therefore, the fullerene-DNA interactions and structural design presented here 

could be applied to the development of mutual assisted supramolecular nanodevices 

and nano-machines which can solve the next, most challenging problems of 

supramolecular chemistry and nanotechnology. The collaboration between these 

rapidly growing fields - fullerene chemistry and DNA nanotechnology- will open up 

new avenues in the field of supramolecular architectures and their applications.  

In this regard, the present thesis has been divided into four chapters. In the 

Chapter 1, general fullerene functionalization strategies by using aromatic, aliphatic 

and core substituted moieties towards various applications such as bulk 

heterojunction polymer solar cells (PSCs), organic field effect transistor, charge 

separation/stabilization and the construction of various supramolecular 

nanostructures were discussed. Also various covalent approaches for the 

construction of fullerene polymers such as main-chain, side-chain and polymer 

grafted fullerene with relevant applications were discussed. Special emphasis was 

given to non-covalent approaches used for developing supramolecular fullerene 

polymers such as polymer assisted, host-guest induced and DNA-templated self-



 

 

x 

assembly techniques. Furthermore, the objectives of the thesis are also briefly 

presented in this chapter. 

In the Chapter 2, the rational design and synthesis of a novel cross-linkable 

fullerene derivative, [6,6]-phenyl-C61-butyricbenzoxazine ester (PCBB) functionalised 

with benzoxazine moiety were described which exhibited dual stimuli 

responsiveness towards temperature and visible light. The heat triggered ring 

opening polymerisation of benzoxazine moiety in PCBB was investigated through 

differential scanning calorimetry and infrared spectroscopy which resulted in the 

formation of cross-linked solvent resistive adhesive films upon heating at 200 oC for 

15 min. An inverted bulk hetero junction solar cell device using cross-linked, C-PCBB 

as electron transport layer based on the configuration ITO/ZnO/C-

PCBB/P3HT:PCBM/V2O5/Ag achieved 4.27% PCE compared to the reference device 

ITO/ZnO/P3HT:PCBM/V2O5/Ag (PCE=3.28%). Moreover, under visible light PCBB 

showed time dependent morphology transformation from core-shell nanoparticle 

into nanonetwork structure in THF/H2O (9/1, v/v) solvent mixture. This 

transformation of self-assembled nanostructure is believed to involve the [2+2] 

cycloaddition reaction of fullerene as evident from NMR and mass spectral analysis. 

The aniline appended covalent modification of fullerene derivative, 3-

aminobenzyl-phenyl-C61-butyrate (PCBAn), its polymer (P-PCBAn) obtained through 

FeCl3 induced oxidative polymerisation and their photophysical studies towards 

application in PSCs were discussed in Chapter 3. The morphology of PCBAn, P-

PCBAn alone and the polymer blend with Poly (3-hexylthiophene), P3HT donor was 

investigated using AFM and TEM analysis. Also, the square wave voltammetry 

revealed the upshifted LUMO levels of PCBAn and P-PCBAn (0.1 eV and 0.12 eV 

respectively) compared to the parental PCBM. Moreover, the fluorescence quenching 

experiments, life-time studies and Stern-Volmer plots indicated the efficient electron 

transfer from P3HT to P-PCBAn compared to PCBAn. The fabrication of inverted 

BHJ-PSC device using PCBAn and P-PCBAn as acceptors, in combination with P3HT 

showed 0.9% and 1.1% PCE, respectively.  



 

 

xi 

Three monosubstituted fullerene derivatives having pyridinium, aniline or 

phenothiazine end groups (F-Py, F-An and F-PTz, respectively) were synthesized and 

their differential interaction with calf thymus DNA (CT-DNA) was probed via 

spectroscopic and imaging techniques, the details of which are presented in Chapter 

4: Part A. The pyridinium derivative, F-Py gets molecularly dissolved in 10% DMSO-

PBS and interacts with CT-DNA via groove binding and electrostatic interactions 

leading to initial condensation of CT-DNA into micrometer sized aggregates as 

evidenced through DLS, Zeta potential and microscopic studies. On the other hand, 

the aniline derivative F-An, which form nanoclusters of 3-5 nm size, interact with 

DNA through ordered, chiral assemblies on CT-DNA template perturbing the highly 

networked structure of CT-DNA to form nanonetworks, which eventually transform 

to condensed aggregates. In contrast, the phenothiazine derivative, F-PTz, which 

forms larger nanoclusters of ~70 nm in 10% DMSO-PBS showed only weak 

interactions with CT-DNA without affecting its network structure.  

 Programmable, hierarchical assembly of DNA nanostructures with precise 

organisation of functional components have been demonstrated previously with tiled 

assembly and DNA origami. However, building organised nanostructures with 

random oligonucleotide strands remains as an elusive problem. In Chapter 4: Part B, 

we describe a simple and general strategy in which unique nanoclusters of a fullerene 

derivative act as stapler motifs in bringing ordered nanoscale assembly of short 

oligonucleotide duplexes and DNA three way junctions into micrometer-sized 

nanofibres, nanosheets and nanonetwork respectively. Moreover, the horizontal 

conductivity measurements using c-AFM confirmed the charge transport properties 

of these nanowires. Furthermore, the silver nanoclusters (AgNCs) templated over 

3WJ-overhang/F-An nano-construct exhibited 40% fluorescence enhancement 

compared to that of 3WJ-OH. We demonstrate that the optimum cluster size, 

availability of DNA anchoring motifs and the nature of the DNA strands control the 

structure of these nanomaterials. 

Note: The abbreviations of various compounds used here correspond to those given under the 

respective chapters. 
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   CHAPTER 1 

 

AN OVERVIEW ON FUNCTIONAL FULLERENES AND THEIR 

APPLICATIONS 

 

 

1.1. ABSTRACT 

Unique photophysical, electrochemical and self-assembling properties of fullerene 

derivatives render them as an attractive class of materials with wide range of applications 

in nanotechnology and material science. Many research groups approached smart 

modification of  well-studied acceptor, [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) 

using visible absorbing moieties, self-assembling units and altering Lowest Unoccupied 

Molecular Orbitals (LUMO) to enhance the electron acceptor properties of fullerene 

derivatives. However, the rational design of fullerene materials which can organize in one 

or two dimensional fashion is challenging due to their higher aggregation/crystallization 

tendency in the solid state leading to changes in electronic and charge transport 
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properties. Developing covalently modified polyfullerenes and non-covalently 

functionalized supramolecular fullerene polymers are promising strategies to create 

dimension controlled nanomaterials. The functional, monomeric fullerene derivatives are 

synthetically accessible and exhibit comparable optoelectronic properties to that of the 

parental PCBM which can be polymerized via covalent or supramolecular techniques.   

1.2. INTRODUCTION 

Fullerenes are a family of molecules composed entirely of carbon atoms that 

form a 3-dimensional shape including spheres, ellipsoids, and tubes.1,2  Although the 

term fullerene is most often associated with buckyballs, carbon nanotubes and nano-

onions are also fundamentally included in the fullerene family. C60 and C70, are the two 

most stable buckyballs and the structure of these fullerenes, along with widely used  

   

Figure 1.1. Chemical structures of fullerene, (from left) C60, C70 and [6, 6]-Phenyl-C61-

butyricacidmethyl ester, commonly abbreviated as PCBM. 

PCBM derivative, are shown in Figure 1.1.3  The number in the subscript refers to the 

number of carbons atoms contained in the spherical molecule. Fullerene (C60), a 

truncated icosahedron (Ih) having a diameter of 7.1 Å, has 20 hexagons and 12 

pentagons consisting of sp2-hybridized carbon atoms.4 Experimentally, it was first 

discovered by Curl, Kroto, and Smalley in 1985, who shared the Nobel Prize (chemistry) 
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in 1996.5 But it was the synthesis of a macroscopic quantity of fullerenes by Kratschmer 

and Huffman in 1990 fuelled the interest of experimentalists in fullerenes.6  Fullerenes 

are one of the most extensively studied carbon nanomaterials in recent years, with a 

variety of interesting properties such as ability to accept and release electrons,7 photo 

activity,8 physiological activity and biocompatibility.9 These pristine C60 carbon nano-

materials and their derivatives hold great promise in many applications such as liquid 

crystals,10 organic LEDs,11,12 photocurrent generation devices13 and organic 

photovoltaics.14,15 Despite having these fascinating properties, poor solubility in 

common organic solvents limit practical applications of pristine C60. Some of the most 

commonly used solvents in fullerene chemistry include toluene, 1,2-dichlorobeznene, 

and 1-chloronapthalene. However, fullerenes are the only known allotrope of carbon 

that can be dissolved and processed in such solvents at room temperature. In 1995, 

Fred Wudl's group synthesized the first modified fullerene derivative, PCBM (Figure 

1.1).16 Ever since the introduction of PCBM, the synthesis of functional fullerenes and 

their structure, properties have been heavily investigated.  

1.3. FUNCTIONAL FULLERENES FOR OPTOELECTRONIC APPLICATIONS 

Functional fullerenes are electron acceptor material with aliphatic, aromatic or 

core substituted fullerene unit and are most widely used for various optoelectronic 

applications.17,18  For instance, by rational functionalization of fullerenes, one can tune 

their solubility, energy levels, molecular interactions, morphology of the resultant 

nanostructure in the solution and film state.19 Functional fullerenes are more practical 

choice as interfacial or active layer component in bulk heterojunction (BHJ) PSCs due to 
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their high electron affinity, small reorganization energy and excellent electron 

transport properties.20 Moreover, they can give desirable solubility in aromatic 

solvents, superior processability and matching energy levels with electron donor 

materials.21 These merits render functional fullerenes as one of the excellent electronic 

component in material science and organic photovoltaics. Out of several applications of 

functionalized fullerenes few important ones are discussed in this chapter. 

1.3.1. BULK HETEROJUNCTION POLYMER SOLAR CELLS (BHJ-PSCs) 

One of the most promising ways to tackle today’s energy issues is harnessing 

solar energy.22 Although at present inorganic photovoltaic (PV) technology is dominant 

in its performance, high material and manufacturing costs limit its wide acceptance. Out 

of many research conducted, organic photovoltaic (OPV) devices are one of the 

promising approach towards the development of low-cost renewable energy sources. 

The working principle of both conventional and inverted can be explained as follows 

(figure 1.2).23 Upon absorption of light the donor molecules generate the 

electrostatically coupled electron-hole pairs (A). These photo generated excitons 

undergo hoping towards the donor-acceptor BHJ interface (ED). These exciton 

diffusion lengths are limited to ~10 nm which plays crucial role in the design of donor-

acceptor molecules in PSCs. The exciton at the donor-acceptor BHJ undergoes electron-

hole dissociation into free charge carriers. For efficient dissociation, the difference 

between LUMO of donor and acceptor energy levels should be greater than that of 

exciton binding energy which is typically around 0.2-0.3 eV.24 Further, the free charge 
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carriers move through respective transporting materials (CT) and get collected at 

specific electrode (CC).   

 

Figure 1.2. Pictorial illustration of polymer solar cell operating mechanism. 

The external quantum efficiency (EQE) as a function of wavelength (λ) is the 

ratio between the collected photo generated charges and the number of incident 

photons, ultimately being the product of four efficiencies (): absorption (A), exciton 

diffusion (ED), charge separation (CS) and charge collection (CC), giving EQE = A × ED 

× CS × CC. More than inherent properties of donor and acceptor, device related 

parameters such as open-circuit voltage (Voc), short-circuit current density (Jsc), and fill 

factor (FF) are critical in determining the PCE which depends on the electrical contact 

between the BHJ layer and the electrodes. The power conversion efficiency (η) of a 

solar cell is defined by the ratio of Voc x Jsc x FF and the power density of the incident 

light (Pin). Figure 1.3a describes the state-of-the-art configuration of conventional BHJ-

PSCs composed of an active layer sandwiched between metal oxide i.e. ITO (Indium Tin 
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Figure 1.3. Schematic representation of a) conventional and b) inverted BHJ device 

architecture and (c-d) their corresponding energy level diagrams (energies are given in eV 

below vacuum level). 

Oxide) and metal electrode (Aluminium, Al). The conventional PSC have limitations 

over device stability due to the oxidation of low work function aluminum electrode. For 

this purpose, inverted PSCs with opposite polarity have been introduced (Figure 

1.3b).25 The ideal energy level diagram and electron (e-)/hole (h+) transport pathways 

in the conventional and inverted device are shown in figure 3c and 3d respectively.  

Typically the active layer of BHJ-PSC consists of a small molecule/polymer 

electron donor and an acceptor being PCBM, the favorite choice of many researchers 

due to its high electron accepting abilities. As previously reviewed by Li et al., a large 

number of methanofullerene and PCBM derivatives have been studied by varying the 

substitution moieties to further improve the properties of PSCs (Figure 1.4).26 For  

a) Conventional b) Inverted 
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Figure 1.4. Few representative molecular structure and analogous of fullerene derivative with 

various aromatic, aliphatic and core substitution. 

instance, aromatic phenyl ring of PCBM have been substituted with other 

aromatic/heteroaromatic groups such as naphthalene, pyrene, anthracene, fluorene, 

triphenylamine, furan, thiophene and substituted phenyl group with methyl, 2-

ethylhexanyl moieties.27-29 Moreover, aliphatic ester linkage were also modified with 

other groups such as ethyl, propyl, butyl, isopropyl, isobutyl, benzyl, perfluoroalkyl and 

light absorbing 4-nitro-4’-hydroxy-α-cyanostilbene units.26,30 On the other hand, core 

substituted fullerene derivative were also introduced to upshift the energy levels by 

decreasing the number of electrons. For example, the LUMO of PCBM can be easily 

upshifted by converting it from 58 to 56  electrons system. Hence, many bisadduct of 

fullerene such as bis-PCBM,31 Indene-C60-bisadduct (ICBA),32 fullerene-di(4-methyl-
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phenyl)methano-C60 (DMPCBA)33 and bis-o-quino-dimethane C60 (o-QDMC60)34 have 

superior performance than their monomer counterpart. 

1.3.2. ORGANIC THIN FILM TRANSISTORS 

The n-type semiconducting property of fullerene has also been explored in the 

fabrication of organic thin film transistor.35 Though n-type transistors are required for 

the assembly of ambipolar transistors and complementary circuits, their research is still 

in developing stage compared to p-type materials. This is mainly because of low charge 

carrier mobilities of n-type materials (10-2 cm2V-1s-1 or less) compared to p-type one.36 

For the first time, Sang Yun Lee et al. demonstrated all solution processed n-type 

transistor using [5,6] and [6,6] PCBM derivative achieving high electron mobilities of 

0.021-0.1 cm2V-1s-1, depending on the source and drain electrode metal work function.37 

Alex K. Y. Jen et al. have demonstrated the construction of solution processed OFET 

device using highly conductive doped amphiphilic fullerene derivative, 

fulleropyrollidinium iodide (FPI-1, Figure 1.5a).38 I-V plot the device showed straight 

line with negligible dependence of gate voltage on current. This suggests the metallic 

like conductivity of FPI-1 thin film. The iodide doping in FPI-1 causes effective electron 

transfer from iodide to fullerene resulting in conductivity as high as 2 S/m. While 

blending PCBM with FPI-1, even higher conductivity of 3.2 S/m was observed. The 

conductivity reported in this report is the highest among solution processed and doped 

fullerenes. Recently, the same group reported the formation of crystalline co-assemblies 

of FPI-1 in the presence of 20 mol% of other fullerenes revealing the tight packing 

through increased pi-pi interaction.39 The FPI-1 with FPI-2, FPI-3, C60 and Sc3N@C80  
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 (Figure 1.5b) showed higher conductivities of 0.46 ± 0.07, 0.54 ± 0.14, 0.63 ± 0.09, and 

0.68 ± 0.12 S/cm respectively. This metallic like conductivity can be useful in future 

molecular design and functional material developments. 

 

Figure 1.5. a) Chemical structures of FPI-1, in situ n-doping mechanism and FET electrical 

output characteristics (Adapted from reference 38). b) Chemical structures of fullerene 

derivatives used for the doping namely, FPI-2, FPI-3, C60 and Sc3N@C80 (Adapted from reference 

39). 

1.3.3. CHARGE SEPARATION AND STABILIZATION 

The electron accepting ability of fullerene has been utilized in creating artificial 

photosynthetic systems.40 But stabilizing the charge separated state is as important as 

creating radical cation-anion pair. So, covalently modified fullerene-donor-based dyad 

systems attracted great deal of interest to understand the photophysical and 

photochemical properties. Several fullerene-based donor-acceptor systems containing 

porphyrins, phtholocyanines, ruthenium complexes, ferrocenes, and anilines as donors  

FPI-I 

FPI-2 FPI-3 C60 Sc3N@C60 

[C60]- 

C60 

I- 

I. 
-e- 

+e- 

In-situ n-Doping a)  

b)  
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Figure 1.6. a) Structure of Fullerene-aniline dyad; b) Difference absorption spectra (NIR 

region) recorded after 337 nm laser pulse excitation of dyad (30 M) in a deoxygenated 

toluene-acetonitrile (1:3) mixture. The inset shows the enlarged spectra recorded 10 s after 

excitation (Adapted from reference 44). 

have been synthesized for achieving efficient photoinduced charge separation in these 

dyads.41-43 K. George Thomas et.al reported fullerene-bridge-aniline dyad compound 

(figure 1.6a) which form stable, optically transparent clusters in acetonitrile and 

toluene mixtures (3:1).44 The formation of fullerene radical anion (absorption 

maximum at 1010 nm) with a lifetime of several hundreds of microseconds was further 

confirmed using nanosecond laser (337 nm) flash photolysis experiments (Figure 1.6b). 

This dyad did not yield any detectable charge-transfer intermediates following laser 

pulse excitation even in polar solvents such as benzonitrile or nitromethane, suggesting 

that fast back-electron transfer process must be operative in the monomeric dyad 

system.45 Francis D’Souza and co-workers developed new palladium-porphyrin-

fullerene donor-acceptor systems and studied donor-acceptor distance dependent 

electron transfer processes (Figure 1.7a).41 Out of several derivatives, palladium- 

porphyrin substituted with three electron rich triphenylamine entities exhibited 

electron transfer from the triplet excited state of palladium porphyrin with high  

DYAD 

a) b) 
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Figure 1.7. The chemical structures of a) palladium(II)-porphyrin-fullerene donor-acceptor 

conjugate (Adapted from reference 41), b) poly(fluorene-alt-thiophene), PFT and isomers of 

fulleropyrollidinium iodide used for the generation of long lived charge transfer state. c) 

Absorption from a green concentrated PFT/fullerene solution showing both P+ and N polaron 

aqueous medium (Adapted from reference 46).  

quantum yield. The life time of charge separated state observed was around 10-14 µs. 

Though the high lifetime of charge separated state observed for these systems are in 

organic solvents, for the actual practical application it should be carried out in aqueous 

medium. Sarah H. Tolbert et al. recently described long lived polaron in different 

isomers of functionalized fulleropyrollidinium iodide encapsulated in the 

polyelectrolyte PFT, poly (fluorene-alt-thiophene) matrix (Figure 1.7b).46 The steady-

state absorption studies upon photoirradiation and the color change from yellow to 

green confirm the appearance of the PFT radical cation (550 nm) with concomitant 

formation of fullerene radical anion at 1180 nm (Figure 1.7c). The self-assembled 

system in aqueous medium showed photoinduced charge separated state which is 

stable for several weeks. The long-lived charge separated state is mainly due to the 

well-ordered polymer-fullerene coassemblies facilitating cascade photoinduced 

electron transfer. These examples represent the unique electron acceptor property of 

fullerene derivative making it an ideal candidate for artificial photosynthetic systems. 

a) 
b) c) 
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1.3.4. FUNCTIONAL SUPRAMOLECULAR NANOMATERIALS  

The amphiphilic assembly approach through hydrophilic functionalization on a 

hydrophobic pi-conjugated core is the most common strategy to improve the molecular 

arrangements in the supramolecular organization of building blocks.10 Infact, the 

amphiphilic approach is not only limited to planar pi-conjugated systems, but also for 

spherical fullerene-C60 molecule. Fulleropyrrolidine functionalized with solvophilic 

derivatization such as 3,4,5, 3,4 or 4-alkyloxyphenyl group (1-7, Figure 1.8a) are 

reported to be excellent molecular building block for the construction of 

supramolecular nanostructures.15 Interstingly, 2, 4, 6-alkyloxyphenyl group substituted 

fulleropyrrolidine derivative with varying alkyl chains have shown unusual room-

temperature fluid behaviour (8-10, Figure 1.8b).47 Supramolecular assemblies in 

nano/micro/bulk length scales were constructed by utilizing the unique hydrophobic  

 

Figure 1.8. Chemical structures of (a) Fulleropyrrolidine functionalized with a) 3, 4, 5, 3, 4 or 4-

alkyloxyphenyl group (Adapted from reference 15). (b) 2, 4, 6-alkyloxyphenyl group and c) 

various supramolecular nanostructures developed with controlled dimensionality (Adapted 

from reference 47). 

a) c) 

b) 
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conjugates consisting of fullerene (C60) bearing long alkyl tails (Figure 1.8c). The 

globular nanoflowers exhibits superhydrophoic behaviour due to the presence of 

wrinkled, flakelike structure with increased nano and microscopic roughness.48 The 

morphology can endure transcription to nanoflake metals or photo-polymerized in 

order to freeze the nanostructured morphology. In solventless environment, some 

fullerene derivatives undergo long-range ordered self-assembly into thermotropic 

liquid crystals with excellent electron transport characteristics.49 Moreover, Takashi 

Nakanishi and co-workers reported supramolecular assembly of functional fullerene 

derivatives through careful selection of solvophobic/solvophilic segments and n-alkane 

solvents. By varying the concentration they could control the assembled structures 

from micellar to nanofibrillar to lamellar mesophases which exhibit comparably high 

photo-conductivities.50 Hence the strategy of C60 functionalization is novel and 

attractive and can be used for the design of well-ordered efficient organic/polymeric 

materials. 

1.4. FUNCTIONAL FULLERENE POLYMERS 

Although functionalized fullerenes have been widely used, they still require 

optimization in order to replace standard fullerene acceptors. Inspired from polymer 

chemistry, fullerene polymers were developed by substituting fullerene in polymer 

backbone in which fullerene can be part of main chain or as a pendent unit.51 Moreover, 

fullerene polymers are best counterparts compared to monomeric fullerenes to address 

the limitations of stability and macrophase separation in the BHJ or interfacial layer.52 

For example, polymer blend formed along with fullerene polymers can result in large 
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interfacial area, efficient exciton dissociation and well separated pathways for the free 

charge carrier transport across the electrodes. Although, polyfullerene have several 

advantages such as inbuilt to form 1D nanofibres, easy processability and excellent 

stability, their synthesis without affecting the structural properties of core fullerene 

part remained as a scientific challenge.53 In this regard, we have listed some of the 

recent developments in covalent and non-covalently functionalized fullerene polymers 

used for various applications. 

1.4.1. COVALENTLY FUNCTIONALIZED FULLERENE POLYMERS 

The process of connecting each individual molecule with neighboring ones by 

covalent bond upon various stimuli such as temperature, UV light, photoinitiator etc. is 

termed as ‘cross-linking’ and is widely used in the solid-state BHJ devices during device 

fabrication to generate stable film morphology.54 During the last decade, one of the 

major breakthrough in realizing long-term stability of active film morphology of PSCs 

for practical applications is the strategy of “freezing” the nanostructures of self-

assembled fullerene molecules.19 There have been numerous investigations on use of 

cross-linkable materials in OPV cells. Cross-linkable fullerenes originated after the 

development of significant number of cross-linkable polymers.55 Nazario Martin and co-

workers beautifully summarized the different types of C60 containing polymers using 

main chain, side chain, star shaped, double cable, end capped, cross-linked and 

supramolecular fullerene derivatives (Figure 1.9).54 Few of the important type of 

fullerene polymers were discussed below in detail. 
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Figure 1.9. Schematic representation of C60-containing polymers (Adapted from reference 54). 

1.4.1.1. SIDE-CHAIN FUNCTIONALIZED FULLERENE POLYMERS 

These are another class of functionalized fullerene polymers in which cross-

linking unit is attached at the side chain of fullerene unit. From the synthetic viewpoint 

side-chain fullerene polymers can be easily prepared without affecting core structure of 

the fullerene. Using available cross-linkable groups from the polymer chemistry, one 

can construct fullerene polymers under known curing conditions. The fullerene 

polymers synthesized in this manner not only find application in organic photovoltaics 

as an active layer acceptor component but also be used in situ as cross-linkable electron 

transport layer. One of the earliest demonstrations of an efficient cross-linking of 

functionalized PCBM is by Martin Drees et al. They have reported mono-

functionalization of PCBG with epoxy moiety which could be cross-linked upon thermal 

annealing at 120 oC for 5 min in solid state (Figure 1.10a).56 While the PCBM has phase  

All carbon 

Supramolecular 

Double-Cable 

Side Chain 

Main Chain 

Star Shaped 

End Capped 

Crosslinked 

C60-X 
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Figure 1.10. a) Crosslinkable fullerene derivatives bearing a) epoxy, b) alkene and c) styrene 

functionalities; TEM images of d) P3HT: PCBM and e) P3HT: PCBG film both annealed at 140 oC 

for 1 h (Adapted from reference 56); f) Absorption spectra of the undoped and DMC doped P-

PCBM-S polymer films on glass substrate before and after washing with chorobenzene 

(Adapted from reference 58). 

separated into large crystals, the PCBG does not show any large scale phase separation 

(Figure 1.10d). It can also be cross linked under similar thermal conditions in solution 

using Lewis acid tris(pentafluorophenyl)borane. Even though the polymerisation was 

incomplete, partial polymerisation was enough to form robust network structures so as 

to stop the diffusion of unreacted molecules. But, incomplete polymerisation was 

resulted in degradation of the device performance upon thermal treatment. Yiwang 

Chen et al. recently reported alkenyl functionalized fullerenes (PCBD, Figure 1.10b), 

which cross-link with unsaturated bonds of the polymer used (PBDTTT) at a 

temperature of 150oC for 2h.57 It was successfully applied in BHJ-PSCs and 

demonstrated the stability of the morphology in comparison with the standard 

a) b) c) 

d) e) 
f) 
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PBDTTT: PCBM. Alex K. Y. Jen et al. developed styrene modified fullerene derivative 

(PCBM-S, Figure 1.10c), which can be cross linkable upon thermal treatment at 200∘C 

for 30 min.58 After the deposition of PCBM-S film from solution, the styryl groups of 

PCBM-S were polymerized by post-thermal treatment to form a robust film which is 

resistive to common organic solvents (Figure 1.10f). Additionally, the PCBM-S was n-

doped with decamethylcobaltocene (DMC) to increase the conductivity of the film, 

which resulted in a significant improvement of the efficiency from 1.24% to 2.33%. 

Therefore, this approach opens up a viable strategy by substituting possible 

polymerizable units to PCBM for improved stabilities and solar cell performance.   

 

Figure 1.11. Chemical structure of a) diacetylene and b) tetraactylene functionalized fullerene 

derivatives. 

Inorder to attain complete cross-linking and reduce the thermal cross-linking 

temperature, side-chain fullerene polymers with multiple cross-linkable moieties have 

been developed. Denis E. Markov et al. first demonstrated the utilization of diacetylenic 

moieties in cross-linking.59 Fulleropyrrolidine derivative containing two diacetylenic 

moieties (Figure 1.11a) was reported which could be cross-linked by heating at 175°C 

for 2-3 h.60  They have employed these molecules in studying exciton diffusion and 

photoluminescence quenching in p-phenylenevinylene (PPV) based conjugated 

a) b) 
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polymer heterostructures. Substitution of four diacetylenic units (Figure 1.11b) 

resulted in dramatic reduction in cross-linking temperature to 100 oC for 2 hours. 

Chain-Shu Hsu et al. reported easily polymerizable fullerene derivative, bis(2-

(trichlorosilyl)propyl)malonate C60 (TSMC) by attaching two trichlorosilane groups via 

platinum catalyzed olefin hydrosilylation (Figure 1.12a).61 Cross-linking was performed 

by hydrolysis of silyl groups without the aid of photoirradiation or post-thermal 

treatments. The rapid formation of self-assembled and cross-linked TSMC (SA-C-TSMC) 

effectively passivates the residual hydroxyl groups on the TiO2 surface. The spin coating 

deposition of TSMC led to the cross-linking reaction of trichlorosilane group with 

hydroxyl group of TiO2 surface (Figure 1.12b). The moisture exposure after the 

deposition experienced intermolecular cross-linking creating multilayered SA-C-TSMC 

(Figure 1.12c). The inverted device prepared using this TSMC interfacial layer 

outperformed (PCE = 3.9%, P3HT:PC61BM) in comparison to the one without the 

interfacial layer (PCE = 3.2%, P3HT:PC61BM).  

Cross-linkable fullerenes were also used for other applications. Eiichi Nakamura 

et al. extended the idea of UV cross-linking approach to stabilize the resultant 

nanostructures formed through fullerene self-assembly.62 The bilayer vesicle made of 

pentasubstituted C60-fullerene anions was photocross-linked under aerobic 

conditions.63 The cross-linked bilayer became water-tight due to the suppression in the 

phase transition of the bilayer which reduced the speed of water permeation through 

the bilayer. These cross-linked fullerenes can be used in creating stable water repellent 

materials. Self-assembled microparticles of three diacetylenic moieties substituted  
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Figure 1.12. a) Chemical structure of TSMC and hydrolysis reaction. Possible mechanism of b) 

self-assembled monolayer formation and c) multilayer cross-linking through hydrolysis of 

disilyl moieties above TiO2 surface (Adapted from reference 61).  

fulleropyrrolidine can be stabilized by UV treatment upon heating at 200 oC for 12 h.62 

Along with remarkable resistivity to various organic solvents, aqueous, acidic or basic 

media, the structures also exhibited water repellent properties. These examples 

demonstrate the application of cross-linkable fullerenes in material science other than 

constructing the stable BHJ active layer nanostructures.  

1.4.1.2. MAIN-CHAIN FUNCTIONALIZED FULLERENE POLYMERS 

Main chain polyfullerenes are fullerene polymers in which fullerene itself is 

included in the backbone of the polymer.64 Since, almost all available polymerizable 

groups have been successfully attached to fullerene or fulleropyrrolidine, there is a 

need to change the strategy to develop new C60 polymeric material. The only available  

Spin coating deposition Crosslinking Anchoring silane to the surface 

Moisture exposure after deposition Intermolecular crosslinking 

Self-assembled reaction on TiOx 

Multilayer 
Crosslinking 
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Figure 1.13: Schematic representation of main chain oligomeric fullerenes and polyfullerenes 

constructed from bis-sulfone reaction (Adapted from reference 65).  

chemistry other than covalent functionalization is externally adding polymerization 

inducing groups. Two possible synthetic strategies to prepare main-chain polymers are: 

(i) direct reaction between bis-functionalized monomer and the fullerene unit and (ii) 

Condensation reaction between fullerene bisadduct and bis-functionalized monomer. 

Taki et al. in 1997 prepared first main-chain fullerene polymers in which the mixture of 

C60 bisphenol and 1:1 equivalent of dibasic acid dichloride at room temperature were 

reacted (figure 1.13).65 To obtain linear polyfullerenes, sebacoyl chloride or a 1:1 

mixture of isophthaloyl chloride/terephthaloyl chloride was used. Although, the 

oligomeric fullerenes had good solubility in DMF, their low molecular weight (4000-

6000 Da) limits further applications. Bis-sulfone with C60 were also attempted to obtain 

oligomeric mixture. Further reaction to increase the molecular weight of the oligomer 

by additional bis-sulfones failed due to undesired cross-linking. So, the mixture of bis-

sulfone/monosulfone was used to afford linear polyfullerene with enhanced solubility. 

Jang J. et al. used chemistry of acrylate polymerisation to improve the performance of  

Polyfullerene 

Oligomeric fullerene (n=1-5) 
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Figure 1.14. a) Synthesis of octane-1,8-diyl bis(1,4-dihydrobenzo[d][1,2]oxathiine-6-

carboxylate 3-oxide) (OBOCO) and the scheme for the crosslinking reaction; Optical microscopy 

images of the active layer P3HT/PC61BM  b) without and with c) 5% OBOCO before (left) and 

after (right) heating at 150 oC aged for 100 h (Adapted from reference 66). 

PSC through the self-organisation of the P3HT and PC71BM using photocurable cross-

linker along with photoinitiator.66 The photo-curable cross-linker at different ratio from 

1% to 5% was added in the active layer to change the surface morphology of the BHJ 

organic solar cell. Cross linking produced 11% improvement in the performance 

compared to the control device. Liming Ding et al. reported a cross-linker, octane-1,8-

diyl-bis(1,4-dihydrobenzo[d] [1,2]oxathiine-6-carboxylate-3-oxide) (OBOCO) which 

can cure PCBM through a heat-triggered Diels–Alder reaction and suppress the 

aggregation tendency of fullerene molecules (Figure 1.14).67 These examples provide 

rational strategy used in the construction of main-chain polymers to achieve stable 

nanostructures. However, the polyfullerene prepared through main-chain 

polymerisation methods led to structural distortions of fullerene core, and hence alter 

a) b) 

c) 
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the basic fullerene charge transport properties. Therefore, a clever design involves the 

post functionalization of polymer backbone keeping fullerene structure and properties 

intact. 

1.4.1.3. POLYMER GRAFTED PENDANT FULLERENES  

This is an extended form of side-chain functionalized fullerene polymers in 

which the presynthesized polymer was specifically functionalized with fullerene units. 

The resultant polyfullerene contains pendant fullerene with large polymer backbone. 

Steven Holdcroft et al. reported first covalent functionalization of PCBM with polymer. 

In this work, a series of postfunctionalized P3HT copolymers bearing azide moiety with 

low graft-chain density (1%) was studied (figure 1.15a).68 These polymers were 

blended with PCBM and the resultant heat triggered cycloaddition reaction between 

the azide and PCBM was used to stabilize the bicontinuous D-A network. The optical  

 

Figure 1.15. a) Solid state reaction of PCBM with azide-functionalized conjugated polymer and 

schematic representation of mechanism involved. b) Optical micrographs of (A, B) 

polyfullerene/PCBM blend (50:50) and (C, D) P3HT/PCBM (50:50) blend before (left) and 

after (right) thermal treatment (1 h at 150 oC). Scale bar = 100 μm. The inset in D shows an 

expanded view (scale bar, 8μm) (Adapted from reference 68). 

a) b) 
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microscopy studies clearly indicate micrometer scale crystallites of fullerene for P3HT:  

PCBM blends (Figure 1.15A and 1.15B) whereas polyfullerene/PCBM blend prevented 

such crystallite formation (Figure 1.15C and 1.15D). However, this strategy did not 

suppress degradation completely which indicates the presence of other degradation 

pathways. 

Well-defined, controlled fullerene attached poly(3-alkylthiophene) based 

copolymers was also achieved using the radical polymerization (Figure 1.16a)69 and 

azide−alkyne click chemistry (Figure 1.16b).70 These diblock copolymers have 

crystalline structures similar to P3HT and self-assemble into nanopatterned structure 

as shown in Figure 1.16c and 1.16d, respectively. As a result, the photovoltaic  

 

Figure 1.16. Chemical structure of P3HT linked C60 block copolymer obtained through a) 

radical polymerization (Adapted from reference 69) and b) azide−alkyne click chemistry 

(Adapted from reference 70); (c-d) The respective AFM images. 

a) b) 

c) d) 
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performance of diblock copolymer showed 2.5% PCE, higher than the control device. 

These examples demonstrate that single-component donor−acceptor block polymer 

design is better rational approach for the active layer BHJ devices than physically mixed 

polymer blend approach. Later, Bumjoon J. Kim et al. developed a simple but powerful 

approach to achieve solvent-resistant and thermally stable organic electronic devices 

by introducing a polythiophene with azide groups attached to end of the alkyl chain 

(P3HT-azide, Figure 1.17a).71 Photo-cross-linking of P3HT-azide copolymers  

 

Figure 1.17. a) P3HT-azide copolymer forming cycloaddition reaction with PCBM; b) Photo-

cross-linking behavior of P3HT-azide copolymers. The insoluble fraction was measured as a 

function of UV exposure time. c) Optical microscopy images of the P3HT/PCBM films 

containing 0, 10, or 15% P3HT-azide copolymer after annealing at 150°C for 24 h. Scale bar = 

100μm; d) Efficiencies of P3HT/PCBM devices containing 0, 10, or 15% of P3HT-azide10 

copolymer during thermal annealing at 150°C with PCBM as the electron acceptor (Adapted 

from reference 71).  

a) 

b) 

c) 
d) 
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dramatically improved the solvent resistance of the active layer without disrupting the 

molecular ordering and charge transport (Figure 1.17b). This is the first demonstration 

of solvent-resistant organic transistors using modified polymer-C60 derivative. Optical 

microscopy images of the thermally annealed P3HT/PCBM films containing 0, 10, or 

15% P3HT-azide copolymer shows the decrease in the formation of aggregates (Figure 

1.17c). Furthermore, the BHJ organic photovoltaics (OPVs) containing P3HT-azide 

copolymers show an average efficiency more than 3.3% after 40 h annealing at an 

elevated temperature of 150 °C (Figure 1.17d), which represents one of the most 

thermally stable OPV devices reported so far.  

1.4.2. SUPRAMOLECULARLY FUNCTIONALISED FULLERENE POLYMERS 

In recent years, the supramolecular chemistry of fullerenes has gathered much 

attention in developing various dimension-controlled functional nanostructures with 

tailored properties.72 Non-covalent interactions play a leading role in determining the 

secondary and tertiary structure of many natural macromolecules. Out of several 

publications coming up related to the development of supramolecular architectures one 

dimensional self-assembly of C60 and its derivatives such as nanofibres/nanowires and 

nanonetworks find significance in optoelectronic applications.18 Therefore, it is 

necessary to design and develop new functional C60 derivatives in combination with 

other electronic polymers that would provide efficient polymer blend structures in a 

cost effective way. In this context, we have listed an overview on some of the efforts to 

organize the fullerenes in 1D fashion using polymer template, host-guest chemistry and 

DNA templated assembly for various applications.   



     Chapter 1

    

26 

 

1.4.2.1. POLYMER ASSISTED SELF-ASSEMBLY 

Although self-assembly of wide variety of polymeric systems have been 

explored, supramolecular assemblies of fullerene and polymer conjugates are rarely 

studied. Therefore, it is important to study the self-assembly behaviour of new 

functional C60 derivatives with polymers that would give controlled supramolecular 

assemblies for optoelectronic applications.73 Many functional polymer templates have 

been developed to organize C60 through various non-covalent interactions. James J. 

Watkins et al. achieved well-defined nanostructures and improved morphological 

stability through cooperative self-assembly of conjugated diblock co-polythiophene 

(P3HT-b-P3TODT) and carboxylic acid functionalized fullerenes (bis-PCBA).74 The 

strong interactions between bis-PCBA and the oligo(ethylene oxide) side chain result in 

a preferential distribution of the fullerenes within the P3TODT domains and lead to 

nanostructured D/A interpenetrated networks (Figure 1.18a).75 AFM, TEM and GISAXS 

studies indicate the lamellar morphology of the blend system (40 wt % loading of bis-

PCBA) with domain size of 10−20 nm. Moreover, the P3HT-b-P3TODT/bis-PCBA 

blend was stable for extended periods of time at elevated annealing temperatures (150 

°C) with no sign of fullerene aggregation.  

An interesting amphiphilic assembly approach has been demonstrated by 

Charvet, Ariga and co-workers in which photoconductive films of domain-segregated 

nanowires with tailorable dimensions were formed by block copolymer coupled with a 

hydrophilic porphyrin donor and a hydrophobic C60 acceptor as side chains (Figure 

1.18b).76 In this case, irrespective of the substrate used (silicon, mica, glass, or HOPG  
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Figure 1.18. a) Chemical structures of P3HT-b-P3TODT and bis-PCBA and schematic of the 

ordered, self-assembled blend that serves as the active layer in the OPV device (Adapted from 

reference 75). b) The nanowires formed by the polymer containing adjacent porphyrin and 

fullerene unit with corresponding TEM images upon c) spin-coating or d) drop-casting 

(Adapted from reference 76). e) Formation of supramolecular rod-coil polymers leading to the 

generation of C60 encapsulated micelles and f) corresponding TEM images of micelles (Adapted 

from reference 77). 

surfaces), spin-coating (Figure 1.18c) or drop-casting (Figure 1.18d) of the chloroform 

solutions resulted in the formation of nanowire-like 1D nanostructure. Seiji Shinkai et 

al. utilized the selective interaction of carboxylic acid to organize C60 derivative on 

polyvinylpyridine (P4VP) backbone as shown schematically in Figure 1.18e.77 These 

rod–coil diblock copolymers under appropriate conditions led to the construction of 

self-assembled C60-fullerene nanoparticles with narrow distributions (Figure 1.18f). 

Rachel C. Huber et al., reported conjugated polyelectrolyte, poly(fluorene-alt-

thiophene) (PFT) which forms a wedge-shaped monomer facilitating the charged 

polymer into rod-like micelles (Figure 1.19a).46 The mixed bis-adduct of C60-N,N-

dimethylpyrrolidinium iodide formed co-assemblies with the PFT polyelectrolyte as  

a) b) 

e) f) 

c) 

d) 
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Figure 1.19. a) Schematic representation of mutual self-assembly between poly(fluorene-alt-

thiophene) (PFT) and charged fullerene and b) TEM image of PFT: fullerene adduct (Adapted 

from reference 46). c) Cooperative assembly donor-acceptor system induced by intermolecular 

hydrogen bonds leading to oriented nanomorphology (Adapted from reference 74). 

confirmed by cryogenic electron microscopy studies (Figure 1.19b). Yiwang Chen et al. 

synthesized a new P3HT derivative (P3HTM) and have demonstrated a simple 

approach to control the molecular interaction via the intermolecular hydrogen bonds 

(Figure 1.19c).74 In the film state, P3HTM forms intermolecular O–H···N hydrogen 

bonds with PCBA. The effective organization of semiconductor nanoparticles into 

ordered nanoarrays was confirmed from TEM analyses. The co-assembled 

nanostructures of P3HTM: PCBA donor/acceptor could be cross-linked by 

photoirradiation which provides more effective charge-transfer pathways (Scheme and 

Figure 1.19c).  
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1.4.2.2 HOST GUEST INDUCED SELF-ASSEMBLY 

It is well known that cyclodextrin (CD) and C60 has strong affinity to each other 

which forms strong host-guest induced self-assembly. Guowang Diao and coworkers 

used physical mixing of -cyclodextrin polymer (Figure 1.20a) and C60-fullerene (Figure 

1.20b) to achieve inclusion complex of C60 with -CDP (C60–-CDP, Figure 1.20c).78 The 

fullerene alone is highly insoluble in water (Figure 1.20d) while inclusion complex 

showed high solubility (Figure 1.20e). Kurt E. Geckeler et al. first demonstrated the 

possibility of constructing the water soluble polyfullerene based on CD and C60.79 The 

synthesis has been achieved by nucleophilic reaction of a p-phenylenediamine 

supramolecularly shielded in a cyclodextrin cavity with fullerene, leading to a versatile 

new main-chain fullerene polymer (Figure 1.20f). Janarthanan J. and co-workers 

reported the formation of water-soluble unidirectional C60–porphyrin nanorods using 

β-cyclodextrin (β-CD) functionalized octadentate tetraphenylporphyrin and pristine C60 

in a DMF–toluene mixture, utilizing the ability of the β-CD cavity to encapsulate 

 

Figure 1.20. Schematic illustration of (a) -cyclodextrin polymer (-CDP), (b) C60, and (c) C60–-

CDP inclusion complex; Photograph of d) C60 and e) C60–-CDP in water (Adapted from 

reference 78); f) Reaction scheme for the synthesis of water-soluble CD based polyfullerene 

(Adapted from reference 79). 

d)  

e)  

f)  
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one C60 molecule (Figure 1.21a).80 The TEM and STM image of the aqueous assembly 

revealed the presence of several unidirectional structures with 300 nm to 500 nm 

length and the long axes of the resulting nanorods are formed by the inclusion 

complexation of approximately 150–250 units of the porphyrin–C60 co-assembly 

(Figure 1.21b and 121c). Eiji Yashima et al. reported a thermally reversible physical gel 

in aromatic solvents such as toluene based on st-PMMA chains and C60 in which the  

PMMA adopt a helix of 74 units per 4 turns (74/4 helix) with a sufficiently large cavity 

of about 1 nm (Figure 1.21d).81 Hence, fullerenes of specific sizes might be encapsulated 

in the helical cavity of the st-PMMA to form ordered 1D fullerene arrays (Figure 1.21e).  

This st-PMMA can encapsulate fullerenes to mimic the behaviour of CNTs to some 

extent. Unlike the latter, the fullerene encapsulated st-PMMA is easy to prepare, 

inexpensive and processable. In another approach, Nazario Martin and coworkers 

explored the host-guest self-assembly using fullerene derivative conjugated with 

extended tetrathiofulvalene, ex-TTF (Figure 1.21f).82 They have described a donor–

acceptor supramolecular polymer based on the guest association of a C60 derivative by 

an ex-TTF macrocyclic receptor (Figure 1.21g).83 By introducing pre-organization in 

the ex-TTF host part of the monomer, they could obtain a very remarkable degree of 

polymerization reaching estimated MW>150 kDa in solution with upto 90 kDa 

measured experimentally in the gas phase. This degree of polymerization is well above 

any other fullerene-based supramolecular polymer reported to date. Mihaiela C. 

Stuparu reported a new class of fullerene C60 hosts based on corranulene polymers by 

careful design of the molecular structure of the repeat unit through host-guest 
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interaction between the polymer unit and the C60 molecule (Figure 1.21h).82 These 

hosts were synthesized by free-radical polymerization. They constructed hosts with 

various chemical compositions and architectures by appropriate design of the 

monomer receptor (Figure 1.21i). Eventhough, host-guest self-assembly is highly 

beneficial to self-organize the C60 derivative in controlled fashion, their applications 

were not much explored.  

 

Figure 1.21. a) The mode of complexation of pristine C60 by β-CD carrying porphyrin (Inset 

shows b) TEM and c) STM micrographs of the assembly (Adapted from reference 80); d) C60 

encapsulated helical PMMA polymer, e) corresponding TEM images (Adapted from reference 

81); f) Chemical structure of fullerene conjugated exTTF, g) Supramolecular polymer formed 

between C60 and exTTF units (Adapted from reference 83); h) Chemical structure of the 

corranulene precursor used, i) Host-guest complexation between corranulene polymer and C60 

(Adapted from reference 82). 
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1.4.2.3. DNA TEMPLATED SELF-ASSEMBLY  

Construction of predefined unnatural molecular architectures beyond 25 nm 

length is challenging.84  The double helical DNA is particularly well-suited for molecular 

scaffold purpose due to its programmable self-assembly with various molecules 

through non-covalent interactions.85 The primary structure of DNA has a string of 

nucleosides each joined to its two neighbours through phosphodiester linkages as 

shown in Figure 1.22A. DNA secondary structure consists of two chains which run in 

anti-parallel directions and are coiled around each other to form a double helix. These 

two chains are linked together by a large number of weak hydrogen bonds between the 

complementary bases (Figure 1.22B). The double helical structure of DNA is stabilized 

by hydrogen bonding between the complementary base pairs (adenine-thymine and 

guanine-cytosine) and also by hydrophobic interactions between the stacked bases.  

DNA (B-form) secondary structure possesses a variety of sites for the ligands to 

interact including the sugar-phosphate backbone, the central base core and the 

major/minor grooves which is schematically represented in Figure 1.22C. Ligands bind 

with DNA through number of modes of interactions such as electrostatic, groove 

binding and intercalative interactions. For example, alkali metal ions and surfactants 

are electrostatically attracted to the phosphate backbone of DNA and prefer 

electrostatic binding,86 whereas planar aromatic heterocyclic compounds prefer 

intercalative binding interactions with DNA due to the hydrophobic interior of the 

double helix.87  
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Figure 1.22. A) Schematic representation of the primary structure of DNA and B) Watson-Crick 

base pairing of adenine-thymine (A-T) and guanine-cytosine (G-C); C) Illustration of 

electrostatic, intercalative and groove binding of small molecules to the DNA double helix.  

Most of the studies involving DNA self-assembly have focused on the 

complementary oligonucleotide interactions, covalent or noncovalent functionalization 

of specific nucleotides with desired chromophore. Various small organic moleucles such 

as naphthalene, aniline, pyrenes, Nile red and porphyrins were assembled with DNA 

thorough various noncovalent interactions.88 Moreover, DNA has been successfully 

used as a template for organizing metal ions, clusters, nanoparticles and polymers into 

controlled supramolecular nanostructures.89-91 Assembly of molecules which bind 

grooves of DNA and interact with the backbone through electrostatic, weak hydrogen 

bonding and Van der Waals interactions are less explored. Alan M. Cassell et al. has 

studied the assembly of a cationic fullerene derivative, C60–N,N-dimethylpyrrolidinium 

iodide (Figure 1.23a)  on DNA through electrostatic interactions by TEM analysis.92  
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Figure 1.23. a) The structure of the fullerene derivative used in the assembly of DNA/Fullerene 

hybrid materials and b) the TEM image of DNA templated fullerenes (Adapted from reference 

92) and c) Schematic representation showing the size of fullerene matching with the height of 

DNA stack consisting of three nucleobases. 

They studied effective interaction between DNA and fullerene leading to DNA 

supercoiling which can be relieved by adding a non-ionic surfactant (Figure 1.23b). The 

diameter of fullerene is ~1 nm, which is equal to the length span of three base pairs on 

DNA and one helical pitch of DNA (3.4 nm) can accommodate almost three fullerene 

units, or a cluster of fullerene containing 12-14 fullerenes as shown in Figure 1.23c. 

Recently, the groove binding nature of triazine functionalised cationic fullerene and 

pentaamino-C60-fullerene were also reported.93 Later, Cheng Song et al. demonstrated 

the templated assembly of fullerene derivative using DNA Scaffolds as shown 

schematically in Figure 1.24a.94 For this purpose, the periodic distance (64 nm) of the 

parallel strips in DNA lattices were used for the selective docking of water dispersed 

fullerene vesicles. The resultant nanostructures were compared using AFM images. By  

A) B)

b)  

a)  
c)  
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incubating the fullerene vesicle and a 2D DNA lattice bearing a phosphate-labelled 

protruded strand together (Figure 1.24b), pearl-like arrays of fullerene domains were 

obtained on the DNA template (Figure 1.24c). Therefore, phosphated oligonucleotide 

plays a role in the alignment of fullerene vesicles. These results show the possibility of 

constructing one dimensional array of fullerene by using suitable DNA. Also, the 

nanostructure formed can be stabilized by using 2+2 cycloaddition reaction of 

fullerene.95 Therefore, in future DNA might find crucial role in developing stable 

morphology required for various material science and nanotechnology applications. 

 

Figure 1.24. a) Sketch of the self-assembly procedure of fullerene vesicles on the 2D DNA 

scaffolding. Topographical AFM images of the b) DNA scaffolding and c) fullerene arrays in the 

DNA lattice (Adapted from reference 94). 
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1.5. OBJECTIVES OF THE PRESENT INVESTIGATION 
 

Implementing the chemistry of fullerenes into macromolecular chemistry has 

allowed the preparation of new polymer materials exhibiting outstanding structural, 

electrochemical and photophysical properties that might find application in various 

fields. The so-called “cross-linkable” approach is an elegant and realistic concept for the 

preparation of in situ fullerene polymers for photovoltaic applications. In the present 

work our objective was to investigate the different strategies to develop novel fullerene 

containing polymers, either covalently or supramolecularly and study their 

photophysical, morphological behaviour towards optoelectronic applications. For this 

purpose, our strategy was to functionalize the parental PCBM derivative with cross-

linkable groups in such a way that the core electrochemical and photophysical 

properties of the resultant derivative will not be perturbed. Cross-linking groups 

namely Benzoxazine and aniline were chosen so that they can be polymerised under the 

stimuli such as heat and oxidative conditions, respectively. The benzoxazine moiety was 

chosen mainly because it causes the resultant polymer resistive towards various 

fullerene solvents used in device fabrication. This property is very much necessary in 

order to be used in inverted PSCs as electron transport layers. It prevents the structural 

imperfections due to solvent penetration during the degradation of subsequent layers. 

Secondly, ever since the discovery of PCBM and the architecture of BHJ PSC, the most 

favorable choice for the acceptor part in the active layer remained to be the monomeric 

fullerene. It is reported that the polymeric donor tend to self-assemble into one 

dimensional nanofibre and fullerene in the active layer aggregate into microcrystals 
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with time. In this context, our design strategy was to synthesize polymeric fullerene 

which can organize in one dimensional fashion and study their photophysical, and 

morphological behaviour with polymer donor, P3HT. The aniline appended fullerene 

derivative was synthesized through FeCl3 mediated oxidative polymerization. The 

polymeric fullerene has a better tendency to form one dimensional nanostructure 

which intern can give rise to interpenetrating network structure with polymer donor. 

This strategy of using polymer donor-polymer acceptor could be one of the better 

architectures than the conventional one.  

 

Figure 1.25. Schematic representation of functionalized fullerenes and the strategy used for the 

polymerisation. 

Programmable, hierarchical assembly of DNA nanostructures with precise 

organisation of functional components have been demonstrated previously with tiled 

assembly and DNA origami. However, building organised nanostructures with random 
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Supramolecular Polyfullerene 

Functionalized Fullerenes 



     Chapter 1

    

38 

 

oligonucleotide strands remains as an elusive problem. In this context, three 

monosubstituted fullerene derivatives having pyridinium, aniline or phenothiazine end 

groups were synthesized and their differential interaction with calf thymus DNA (CT-

DNA) was probed via spectroscopic and imaging techniques. Further, we describe a 

simple and general strategy in which unique nanoclusters of a fullerene derivative act 

as stapler motifs in bringing ordered nanoscale assembly of short oligonucleotide 

duplexes and DNA three way junctions into micrometer-sized nanofibres, nanosheets 

and nanonetwork respectively. Moreover, the horizontal conductivity measurements 

using c-AFM confirmed the charge transport properties of these nanowires. The silver 

nanoclusters (AgNCs) templated over 3WJ-overhang/F-An nano-construct exhibited 

40% fluorescence enhancement compared to that of 3WJ-OH. We also demonstrate that 

the optimum cluster size, availability of DNA anchoring motifs and the nature of the 

DNA strands control the structure of these nanomaterials. Thus the present thesis 

discusses the rational design of functionalized fullerenes and investigation of various 

polymerisation methods. The self-assembly aspects, application as electron transport 

layer and active layer component in BHJ-PSC was studied in detail. Finally, the self-

assembly properties of functional fullerene derivative with CT-DNA templates, short 

DNA strands such as dsDNA, 3WJ-DNA and 3WJ-OH into various dimension controlled 

nanostructures were described. 
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   CHAPTER 2 

 

A STIMULI RESPONSIVE CROSS-LINKABLE FULLERENE DERIVATIVE: 

STUDY OF PHOTOPHYSICAL, MORPHOLOGICAL AND PHOTOVOLTAIC 

PROPERTIES 
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2.1. Abstract 

A crosslinkable fullerene derivative, [6,6]-phenyl-C61-butyric benzoxazine ester, 

PCBB having pendant benzoxazine moiety was synthesized, which showed stimuli 

responsiveness towards light and temperature. The PCBB inherits all the basic 

photophyscial and electrochemical properties of parental  [6, 6]-phenyl-C61-butyric methyl 

ester (PCBM) as evidenced from UV-Visible absorption, square wave voltametry, 

thermogravimetry and poly(3-hexylthiophene) (P3HT) based fluorescence quenching 

experiments. The heat triggered ring opening polymerisation of benzoxazine moiety in 

PCBB, investigated through Differential Scanning Calorimetry (DSC) and Infra-Red 
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Sectroscopy (IR) revealed the formation of crosslinked solvent resistive adhesive films 

upon heating at 200 C for 15 min. Moreover, Atomic Force Microscopy (AFM) and optical 

microscopic studies revealed the dramatic reduction in the roughness and aggregation 

behaviour of P3HT:PCBM polymer blend film upon incorporation of cross-linked PCBB (C-

PCBB) interfacial layer. The C-PCBB film as electron transport layer (ETL) enabled the 

successful deposition of other layers, realizing the all solution processed inverted device. 

An inverted bulk hetero junction solar cell device based on the configuration ITO/ZnO/C-

PCBB/P3HT: PCBM/ V2O5/Ag achieved 4.27% power conversion efficiency (PCE) 

compared to the reference device ITO/ZnO/P3HT: PCBM/V2O5/Ag (PCE=3.28%), 

indicating a 25% enhancement in PCE value. Moreover, under visible light PCBB showed 

time dependent morphology transformation from core-shell nanoparticle into 

nanonetwork structure in THF/H2O (9/1, v/v) solvent mixture. This transformation of self-

assembled nanostructure is believed to involve the cycloaddition reaction of fullerene as 

evident from NMR and mass spectral analysis. 

2.2. Introduction 

In the recent decades, polymer solar cells (PSCs) received widespread interest in 

the scientific community due to their potential of fabrication on light weight and 

flexible material by low cost solution processing techniques.1-3 Inorder to increase the 

donor-acceptor interfacial area in the polymer blend for efficient exciton dissociation 

and charge transport, the concept of bulk heterojunction (BHJ) composing bicontinuous 

interpenetrating nanonetwork of polymer blend containing p-type donor and n-type 

acceptor architecture have been adopted.4 The  poly(3-hexylthiophene) (P3HT) and 
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[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) donor-acceptor combination was 

used as standard to understand the role of active layer morphology towards efficient 

BHJ-Polymer Solar Cell (BHJ-PSC) device which reached power conversion efficiency 

(PCE) of >5% and is being used as a reference system till today.5 Previously, many 

groups have shown improved efficiency by introducing innovative polymer donors,6 

fullerene acceptors7 and incorporating new interfacial electron/hole transport layers.8 

Also, the inverted PSC configuration is most suited to realize stable and long lasting 

device than conventional architecture.9 The detailed descriptions of both conventional 

and inverted device architectures are discussed in chapter 1 (Figure 1.3). Yang Yang et 

al. have developed a low bandgap polymer poly[2,7-(5,5-bis-(3,7-dimethyloctyl)-5H-

dithieno[3,2-b:2’,3’-d]pyran)-alt-4,7-(5,6-difluoro-2,1,3-benzothia diazole)] (PDTP-

DFBT) with a PCE of 8.1% in combination with PC71BM as an acceptor with inverted 

configuration and a high PCE of 10.2% with tandem device architecture.10 Modified 

fullerene derivative such as indene C60-bisadduct,11 fullerene-di(4-methyl-

phenyl)methano-C60 (DMPCBA),12 bis-o-quino-dimethane C60 (Bis-QDMC)13 etc. along 

with P3HT donor showed improved PCE also compared to reference PCBM acceptor. 

It has been demonstrated that the nanoscale morphology of BHJ active layer 

tend to grow into micro-scale domains due to the high aggregation/crystallization 

tendency of fullerene molecules.4 When solar cells are working under natural 

conditions, such an aggregation will enhance with time due to the continuous heat-cool 

cycle, which will hamper the device performance.14 Therefore, to create stable and high 

life time PSCs for practical applications, it is essential to stabilize their BHJ film 
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morphology.15-17 One of the strategies is to “freeze” the active layer nano-structure 

obtained after spin coating.18 In this line, researchers have developed methods of cross-

linking active layer using cross-linkable groups such as epoxide,19 halide,20 azide,21 

oxetane,22 and styrene.23,24 These moieties were successfully installed into the side 

chains of the polymer or fullerene and have shown promising results in terms of stable 

nanostructures and devices. Also, many reactions for cross-linking namely, click 

chemistry,25,26 disulfide bond formation,25 olefin metathesis,25,27 etc. have been 

introduced to retain the initial supramolecular nanostructure.  

a) b) 

 

Figure 2.1. a) Molecular structure of C-PCBSD and ICBA, and the multilayer structure with 

LUMO energy levels (Adapted from reference 28); b) corresponding to the device configuration 

ITO/ZnO/C-PCBSD/P3HT: ICBA/PEDOT: PSS/Ag for favorable electron collection (Adapted 

from reference 29). 

Yongfang Li et al. reported incorporation of an electron extracting C-PCBSD 

interlayer into the P3HT: ICBA based inverted device which modulates the electronic 

and orbital interactions at the interface, boosting the PCE to a remarkable 6.2% (Figure 

2.1a).28 Later the same group fabricated vertically aligned C-PCBSD fullerene derivative 

as ETL instead of cross-linked film using the same P3HT: ICBA polymer blend system 

and achieved record high PCE of 7.4% due to the high charge transport across the 
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vertical nanorods of ETL (Figure 2.1b).29 Similarly, Yen-Ju Cheng and coworkers 

constructed cross-linkable [6, 6]-phenyl-C61-butyric oxetane dendron ester (PCBOD) 

fullerene derivative which showed cationic ring-opening reaction under thermal and 

UV treatment (Figure 2.2).22 The oxetane functionality with neutral nature can anchor 

onto the TiOx surface leading to adhesive monolayer with intimate contact. The cross-

linking further passivates and forms multiple layers above the monolayer. Application 

of C-PCBOD as electron acceptor layer in the inverted configuration achieved PCE of 

4.5% compared to reference device without C-PCBOD (PCE=3.57%). These highest 

efficiencies achieved using modified fullerene derivatives in the presence of P3HT 

electron donor shows the requirement and role of fullerene functionalization towards 

simple and stable PSC device with improved efficiencies. 

 

Figure 2.2. Molecular structure of PCBOD and the corresponding multilayer device 

configuration ITO/ZnO/C-PCBOD/P3HT: PCBM/PEDOT: PSS/Ag showing crosslinked 

multilayer formation above self-assembled monolayer (Adapted from reference 22). 

The functionalization of cross linkable fullerenes can be done, either covalently 

attaching cross-linkable units to fullerene monomer or by adding reactive moieties 

externally during solution processing where it can undergo reaction upon thermal 

annealing.30 The first method maintains the organization of fullerenes along the 



      Chapter 2

    

54 

 

polymerizable groups which facilitate a possible stable nanostructure formation guided 

by self-assembly through non-covalent interactions.31  On the other hand, the second 

approach sometimes fails in controlling the desired nano-morphology.32 Recently, 

cross-likable benzoxazine derivatives gather tremendous attention due to their 

excellent properties including, low water absorption, low coefficient of thermal 

expansion, near-zero volumic shrinkage during curing.33,34 Moreover, they can be easily 

synthesized from conventional cheap precursors and polymerizable under heat 

triggered reaction, without the aid of external initiators or catalysts.35 In the present 

work, we have designed covalent functionalization of fullerene with benzoxazine 

crosslinkable group and demonstrated their potential application as electron transport 

layers in BHJ PSCs. 

 

Figure 2.3. Light induced excited state reaction pathways of fullerene in aggregated solutions 

(Adapted from reference 39). 

Furthermore, development of stable functional supramolecular architectures 

from fullerenes by tuning the molecular interaction such as - and van der Waals 

interactions and their self-assembling behaviour is an important scientific 
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challenge.36,37 Many self-assembled structures which are organized by weak non-

covalent interactions suffer from morphological changes when exposed to air, 

temperature and organic solvents.38 Self-assembled fullerenes were known to undergo 

cycloaddition through excited state reactions as shown in Figure 2.3.39 Recently, Eiichi 

Nakamura et al. used the phenomenon of photocross-linking of fullerenes to stabilize 

the resulting morphology.40 Also, Takashi Nakanishi et al. showed photocross-linking of 

diacetylene based fullerene derivative which can stabilize the self-assembled 

nanostructure.41 Nicolas Giuseppone and coworkers showed the light-controlled 

differential self-assembly behaviour of triarylamine functionalized fullerene 

conjugates.42 Under visible light it self-assembled into micrometer sized nanofibres 

whereas sunlight exposure induced the formation of spherical particles as shown in 

Figure 2.4. These results demonstrate the feasibility of constructing the desired stable 

supramolecular materials from fullerenes through the combination of   appropriate   

molecular   design,   self-assembly and cross-linking techniques.  

 

Figure 2.4. The triarylamine–fullerene conjugate showing differential self-assembly under 

white light (micrometric fibres) and sunlight (monodisperse spherical objects) (Adapted from 

reference 42). 
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In this chapter, we have designed a cross-linkable fullerene-benzoxazine 

derivative (PCBB, Scheme 2.2) and investigated its cross-linking, morphological and 

photophysical properties in comparison with the parent PCBM derivative. The para-

position of the phenolic ring in benzoxazine was blocked specifically, to prevent 

network formation and facilitate the formation of linear polybenzoxazine. This 

derivative showed the expected heat triggered cross linking reaction at 200 C, well 

below the known methylol benzoxazine cross-linking temperature of ~230 C. The 

designed cross-linking strategy provides a fullerene nanomaterial with enhanced 

morphological stability towards organic solvents and temperature. Furthermore, PCBB 

showed light triggered morphology transformations from core shell particle into 

nanonetwork structure in THF/H2O (9:1) solvent mixture. The morphology evolution is 

believed to involve radical initiated polyfullerene formation through cycloaddition 

reactions of fullerenes. The strategy used here provides way to arrest the nanostructure 

formed by self-assembly which are stable towards air, organic solvents and 

temperature. Moreover, we have demonstrated the application of this cross-linked 

PCBB as electron transport material in PSCs. 

2.3. RESULTS AND DISCUSSION 

2.3.1. SYNTHESIS AND PHOTOPHYSICAL PROPERTIES OF PCBB 

The [6,6]-phenyl-C61-butyricmethyl ester (PCBM) was synthesized using a 

reported procedures, as shown in Scheme 2.1.43 The synthesis started with the 

esterification of 4-Benzoylbutyric acid (1) using methanol and sulphuric acid 

under reflux conditions, which gave 4-Benzoylbutyric methyl ester (2) in 80% 
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yield. The compound 2 upon further reaction with p-tosylhydrazide in methanol 

under reflux conditions gave the corresponding hydrazone (3, 72%). Finally, the 

in situ generated carbene by heating hydrazone with sodium methoxide and 

pyridine was heated with the solution of C60 in 1,2-dichlorobenzene (ODCB) at 75 

C, to obtain PCBM in 16% yield.   

 

Scheme 2.1. Synthetic scheme for PCBM. MeOH: Methanol, conc. H2SO4: concentrated sulphuric 

acid, p-TsNHNH2: p-tosylhydrazide, NaOMe: sodium methoxide.  

The synthesis of [6,6]-Phenyl-C61-butyricbenzoxazine ester, PCBB with 

benzoxazine cross-linkable group was carried out as shown in Scheme 2.2. The 

starting materials [6,6]-phenyl C61-butyric acid (PCBA), obtained by the ester 

hydrolysis of PCBM and methylol benzoxazine (MB) were synthesized following 

reported literature procedures.44 Subsequently, PCBA was reacted with MB using 

1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC) and 4-(dimethylamino) 

pyridine (DMAP) mediated ester coupling in ODCB to obtain the desired final 
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product PCBB. PCBB was characterized by 1H NMR, 13C NMR, FT-IR and UV-

visible absorption, as well as MALDI-TOF mass spectral analysis. For  

 

Scheme 2.2. Synthetic scheme for PCBB. EDC: 1-ethyl-3-(3-(dimethylamino)propyl) 

carbodiimide, DMAP: 4-(dimethylamino)pyridine, ODCB: 1,2-dichlorobenzene.  

example, 1H NMR spectra of PCBB showed characteristic proton signals corresponding 

to the methyl protons of the benzoxazine moiety at 5.35 ppm and 4.94 ppm and the 

alkyl protons in the range of 2.19-2.9 ppm. In the 13C NMR, we have observed 

chemically distinct carbon signals which can be assigned as per the structure of PCBB. 

FT-IR spectrum of PCBB showed characteristic carbonyl stretching (1738 cm-1) and the 

out of plane bending vibration of benzene –C-H to which oxazine ring was attached 

(948 cm-1). Also, UV-Visible absorption spectrum revealed characteristic absorption of 
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functionalized fullerene at 328 nm. The MALDI analysis showed the exact mass of PCBB 

at 1120.41 (M+H). These spectral and analytical techniques confirm the successful 

coupling of the PCBA and benzoxazine moieties. 

Since, the core structure of PCBB resembles to its parental derivative 

PCBM, we have studied the physical and optoelectronic properties of PCBB in 

comparison with PCBM using UV-Visible absorption spectroscopy, square wave 

voltammetry, thermogravimetric analysis and P3HT fluorescence quenching 

experiments. Typical UV-Visible absorption spectra of PCBB in chloroform 

showed the characteristic peak at 328 nm, which is almost similar to that of 

PCBM (Figure 2.5a).45 The electrochemical properties of PCBB and PCBM were 

compared by using square wave voltammetry (Figure 2.5b). Measurements were 

carried out using thin films of PCBB and PCBM coated glassy carbon as working 

electrode in the presence of 0.1 M tetrabutylammonium hexafluorophosphate 

(TBAPF6) as supporting electrolyte, Ag/AgCl electrode as reference electrode and  
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Figure 2.5. (a) Absorption spectra (10 µM) of PCBB and PCBM in chloroform. (b) Square wave 

voltamogram of PCBB and PCBM vs Ag/AgCl at a scan rate of 100 mV s-1.  
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platinum wire as counter electrode in acetonitrile, calibrated by ferrocene 

(E1/2(ferrocene) = 0.45 V vs Ag/AgCl). Both compounds exhibited similar first 

reduction potential of -0.57 V vs Ag/Ag+. The LUMO energy levels were calculated 

relative to the reference energy level of ferrocene (4.8 eV below the vacuum 

level) using the equation: EHOMO/LUMO = -e [4.8 + Eox/red – 0.45] eV.46 HOMO energy 

values were calculated using the LUMO values and optical band gap calculated 

from the onset of absorption band of PCBB/PCBM (Egap= 1.72 eV). The HOMO 

and LUMO energy levels of both compounds were found to be -5.5 eV and -3.78  
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Figure 2.6. (a) Changes in the fluorescence of P3HT in the presence of varying [PCBB] from 0 

to 100 M. (b) Stern-Volmer plot of PCBB and PCBM obtained from fluorescence quenching 

studies. (c) TGA profiles of PCBB and PCBM; the black lines in thermogram indicate the Td 

value.100 mV s-1.  
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eV respectively. The similar HOMO and LUMO energy values of PCBB and PCBM 

indicates that benzoxazine substitution does not perturb the electronic 

properties of the PCBB. 

The fluorescence of P3HT in presence of varying concentrations of PCBB 

showed efficient quenching (Figure 2.6a) and the corresponding linear Stern-

Volmer plots revealed presence of dynamic quenching behaviour between P3HT-

PCBB molecules (Figure 2.6b).47 The Stern-Volmer constant was found to be Ksv= 

4.3 x 103 M-1 indicating efficient electron transfer process between P3HT-PCBB 

donor-acceptor pairs. The linear Stern-Volmer plot obtained from the emission 

profile revealed that the Stern-Volmer constant is quite similar to that reported 

for P3HT-PCBM donor-acceptor pairs which further confirm that PCBB exhibits 

similar electronic properties of PCBM.48 The thermal stability of PCBB was 

measured and compared with PCBM through thermogravimetric analysis before 

carrying out thermal cross-linking experiments. The TGA profile of both PCBB 

and PCBM showed almost no weight loss up to a temperature of 400 C and 

exhibited 5% weight loss (Td) at 416 C and 488 C, respectively (Figure 2.6c). The 

relative lower Td value of PCBB is attributed to the bulkier benzoxazine moiety at 

the ester linkage compared to methoxy group of PCBM. The thermal 

characterization studies indicate that the benzoxazine derivative, PCBB is 

thermally stable under the experimental condition and can be used for thermal 

curing studies.   
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2.3.2. CROSS-LINKING AND SOLVENT RESISTIVE PROPERTIES 

The thermal transition properties of PCBB monomer were investigated 

through Differential Scanning Calorimetry (DSC) analysis (Figure 2.7a). It showed 

a broad exothermic peak with a Tmax value around 210 C, indicating the thermal 

cross-linking of benzoxazine groups.34 The functional group transformation 

before and after heat cross-linking of the sample at 200 C for 15 min  were 

monitored using FT-IR spectroscopy (Figure 2.7b). The FTIR spectrum of PCBB 

after heating showed the disappearance of peak characteristic to the out of plane 

bending vibrational mode of benzene –C-H to which oxazine ring was attached at 

948 cm-1.49 Moreover, heat cross-linking results in the appearance of a new peak  
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Figure 2.7. (a) DSC thermogram of the PCBB with a heating rate of 10 C min-1.  (b) Solid state 

FT-IR spectra of the PCBB and thermally cross-linked PCBB (C-PCBB). (c) Chemical structures 

of PCBB and C-PCBB indicating the functional group transformation upon thermally triggered 

crosslinking. 
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at 3315 cm-1, which is attributed to the phenolic –OH stretching frequency. This 

confirms thermal cross linking of PCBB molecule. Based on the reported 

mechanism of benzoxazine cross linking in the literature, we propose the heat -

triggered ring opening polymerisation of benzoxazine group in PCBB, as shown 

schematically in Figure 2.7c.33 From these photophysical and crosslinking 

experiments, we can consider PCBB as a cross linkable PCBM derivative with 

similar optoelectronic properties. 
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Figure 2.8. (a) Solid state absorption spectra of the C-PCBB film before (red), after (blue) 

rinsing with chloroform and non-crosslinked PCBB layer after rinsing with chloroform (black). 

(b) Solid state absorption spectra of PCBM film (red), after heating and rinsing with chloroform 

(blue). (c) Photograph of glass coated PCBB film (thickness ca. 150 nm) dipped in chloroform, 

before and after crosslinking at 200 C for 15 min. 
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To get further insight into the cross-linking behaviour, solid state absorption 

spectra of PCBB film cured at 200 C for 15 min coated on a glass plate was 

measured before and after rinsing with chloroform (Figure 2.8a). For 

comparison, we also used PCBM coated film processed under similar conditions 

(Figure 2.8b). More interestingly, the crosslinked PCBB (C-PCBB) film showed 

almost unchanged absorption properties before and after rinsing, whereas PCBM 

film completely washed away during rinsing irrespective of temperature and 

heating time. As expected, the absorbance of the non-cross-linked PCBB film also 

has completely disappeared after rinsing with solvent indicating the importance 

of curing, without which the material can get washed out by the solvent. This 

confirms that PCBB forms adhesive films exhibiting excellent solvent resistive 

property after heat cross-linking. The photograph in Figure 2.8c represents the 

glass plate with C-PCBB and PCBB films immersed in beaker containing 

chloroform which indicates the insoluble nature of C-PCBB film and dissolution 

of non-cross-linked PCBB film. These results ascertain that when the 

temperature is about 200 C benzoxazine groups of PCBB molecule provide 

adequate flexibility to react in solid state and forms insoluble cross-linked films 

as proposed in Figure 2.7c. 

2.3.3. VISIBLE LIGHT INDUCED MORPHOLOGY TRANSFORMATIONS 

2.3.3.1. UV-VISIBLE ABSORPTION AND DLS STUDIES  

Due to the solvophobic characteristics, C60-based amphiphilic derivatives and 

polymers are known to form self-assembled nano-clusters.50 Also, the time dependent 
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construction of supramolecular nano-network and photocross-linking of C60 clusters 

were reported previously.51 With a view to combine both of these properties, we 

investigated the visible light stimuli induced self-assembly of PCBB and its propensity 

to endure morphological transformations. The time dependent absorption changes of 

PCBB (1 mM) in THF/H2O (9:1) solvent mixture upon ageing for 0 h, 24 h and 48 h  
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Figure 2.9. (a) Time dependent absorption spectra of PCBB in THF/H2O (9:1). Inset shows the 

corresponding photograph. (b) DLS measurements of the same solution after 24 h and 48h. 

under visible light exposure showed considerable hyperchromicity with a colour 

change of the solution from brown to yellow (Figure 2.9a and inset). This might be due 

to the fact that increasing solvent polarity induces aggregation of fullerene molecules 

through solvophobic effect. The size of the supramolecular aggregates of respective 

solutions was further evaluated by DLS analysis (Figure 2.9b). Though as-prepared 

solution did not produce in any scattering, after 24 h and 48 h, the aggregated 

nanostructure with average hydrodynamic diameter of ca. 190 nm and 296 nm were 

observed. Similar observation was reported earlier in the case of self-assembled 

fullerene clusters and polyfullerenes. 
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2.3.3.2. TIME DEPENDENT MORPHOLOGICAL STUDIES 

To investigate the visible light induced morphological features of PCBB, 

solutions aged for different time intervals were analyzed under Transmission Electron 

Microscope (TEM) (Figure 2.10). For these studies, 1 mM solution of PCBB in THF/H2O 

(9:1) aged for 0, 24 h and 48 h were drop cast on TEM grid. DLS analysis was conducted  
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500 nm 200 nm 
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Figure 2.10. TEM images of PCBB in THF/H2O (9:1) mixture at different time intervals, (a) as 

prepared, (b) after 24 h, (c) after 48 h and (d) zoomed portion of c showing joining of 

nanoparticles. 

in these solutions to understand the size changes and aggregation which may be 

causing the observed colour changes (Figure 2.9b). Since, as-prepared solution contains 

PCBB in its monomeric form it does not result in any noticeable nanostructures (Figure 

2.10a). After 24 h, TEM image of PCBB aged for 24 h, revealed the formation of 

coreshell nanoparticles with an average size of 150 nm (Figure 2.10b). Figure 2.10b  
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inset shows the zoomed image of one nanoparticle which showed clear contrast 

difference between inner and outer surface. This suggests the self-organization of PCBB 

molecules into large clusters with C60 as the core and the alkyl chain bearing 

benzoxazine as the shell. Interestingly, after 48 h the TEM image revealed the fusion of 

coreshell nanoparticle into nanonetwork structures without much change in the shape 

of the particles (Figure 2.10c). The zoomed TEM image in Figure 2.10d clearly indicates 

the fusion of adjacent coreshell nanoparticles. 

2.3.3.3. 1H NMR AND MASS SPECTRAL ANALYSIS 

Our attempts to reverse the colour change of the visible light exposed solutions 

by sonication, addition of THF and heating were not successful and the solution 

remained stable under experimental conditions. This motivated us to carry out the time  

 

Figure 2.11. 1H NMR spectrum of PCBB in THF-d8/D2O (9:1) solvent mixture at different time 

intervals under the visible light exposure. 
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dependent structural analysis of PCBB using 1H NMR studies in THF-d8/D2O (9:1) 

revealed broadening of the peaks with time corresponding to PCBB protons without 

change in the respective chemical shifts (Figure 2.11). 

 

Figure 2.12. MALDI-TOF spectrum of as prepared PCBB, after exposure to visible light for 48 h 

in THF/H2O (9:1) solvent mixture and possible chemical structure of the dimer. 

Also, under identical conditions, MALDI-TOF analysis generated the base peak 

equivalent to the dimer mass of PCBB (Figure 2.12). Based on these results and earlier 

reports on UV light mediated polyfullerene formation in self-assembled clusters, we 

propose the possibility of fullerene being reacted via light assisted [2+2] cycloaddition 

reactions within the self-assembled cluster. Although, aging of the solution under 

visible light resulted in the polyfullerene formation, it was unable to observe in MALDI-

TOF analysis. This might be due to the difficulty in desorption and ionization of 

polyfullerene without being decomposed under experimental conditions.37 The 
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polymerisation is believed to involve visible light assisted [2+2] cycloaddition of self-

assembled fullerene leading to polyfullerene structures as revealed by morphological 

analysis.  

2.3.4. PROPOSED MECHANISM OF MORPHOLOGICAL TRANSFORMATIONS 

The overall dual stimuli responsive behaviour of PCBB monomer under 

temperature and visible light can be schematically represented as shown in Figure 2.13. 

The drop cast solutions of PCBB on glass showed efficient heat assisted cross-linking at 

200 C for 15 min to form solvent resistive films. Here, individual benzoxazine act as 

thermal crosslinking units which undergo ring opening polymerisation. On the other 

hand, under the stimuli of visible light PCBB in THF/H2O (9:1) exhibited time  
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Figure 2.13. Schematic illustration of PCBB forming thermally triggered crosslinking and 

visible light induced time dependent morphological transformations. 
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dependent morphology transformation into nanonetwork structure mediated by  

coreshell nanoparticle formation. 

Initially, the monomers in THF/H2O (9:1) solvent mixture were self-assembled 

into coreshell nanoparticle due to the solvophobic effect induced by the polar solvent. 

Further, light induced [2+2] cycloaddition reactions drive the joining of adjucent cluster 

leading to a nanonetwork of clusters. Both self-assembly assisted by non-covalent 

interactions between initially formed core-shell nanostructures and visible light driven 

cycloaddition reactions are responsible for the formation of observed nanonetwork 

structures.  

2.3.5. OPTICAL MICROSCOPE STUDIES 

A major issue affecting the long term stability and performance of the P3HT-

PCBM polymer blend films is their tendency to undergo macrophase separation 

as a result of crystallisation/aggregation of PCBM over the time.14 This has 

adverse effect on performance of organic photovoltaics. The direct contact with 

the usual hydrophilic electron transport layer, Zinc oxide (ZnO) and interfacial 

erosion is the primary concern. Therefore, the aggregate growth of P3HT-PCBM 

polymer blend with and without a C-PCBB layer was studied using optical 

microscope. For these studies, the samples of P3HT, P3HT-PCBM (1:1, w/w) and 

C-PCBB/P3HT-PCBM were prepared on glass plate and analysed after ageing for 

48 h. Both P3HT and P3HT-PCBM film after 48 hours of ageing showed 

aggregated crystal like structure indicating macroscopic phase separation of 

nanomorphology (Figure 2.14A and 14B). 
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A) P3HT B) P3HT:PCBM C) C-PCBB/P3HT:PCBM 
 

Figure 2.14. Optical microscope images of (A) P3HT, (B) P3HT:PCBM and (C) C-

PCBB/P3HT:PCBM film after 48 h. 

On the other hand, P3HT-PCBM in the presence of C-PCBB interfacial layer 

exhibited smooth and homogeneous film under similar experimental conditions 

(Figure 2.14C). The C-PCBB layer provide a smooth hydrophobic contact to the 

polymer blend retarding the crystallization which otherwise in contact with the 

hydrophilic ZnO promotes faster phase separation. This further indicates that in 

situ cross linking of PCBB has an indirect effect on the morphological 

stabilization of polymer blends and therefore help in inhibiting the possible 

macrophase separation over time. 

2.3.6. SOLID STATE ABSORPTION AND EMISSION WITH P3HT DONOR 

The solid state absorption and emission spectra of P3HT, P3HT-PCBM and C-

PCBB/P3HT-PCBM were investigated using drop cast films on glass and the 

results were summarized in Figure 2.15. In general, the absorption spectra were 

additive and showed no sign of any ground state charge-transfer complexes. For 

example, in the presence of PCBM, the absorption spectrum of P3HT remain  
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Figure 2.15. Solid state absorption and emission spectrum of (i) P3HT alone, (ii) P3HT-PCBM 

blends and (iii) C-PCBB/P3HT-PCBM. λexc = 600 nm. 

unchanged in the region of 400-600 nm while there was an increase in the 

intensity from 300-400 nm due to added absorption of PCBM (Figure 2.15a). In 

the presence of C-PCBB interfacial layer, the polymer blend displayed slight 

increase in the absorption due to the presence of extra layer of PCBB. The 

shoulder bands at 603 nm in the absorption spectrum of P3HT and the blends 

indicate the crystallinity of P3HT which remain intact even after blending with 

PCBM and in the presence of C-PCBB layer. Moreover, the emission maximum of 

P3HT at 715 nm was quenched efficiently (67%) in the P3HT-PCBM blends  

(Figure 2.15b). Similar trend was observed in the case of polymer blend with C-

PCBB as the interfacial layer. This experiment revealed that incorporation of C-

PCBB interfacial layer increases the absorption of the polymer blend in the 

visible region without compromising crystallinity of the polymer.  
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2.3.7. FILM ROUGHNESS STUDIES THROUGH AFM 

We have studied a photovoltaic device with an inverted configuration of 

ITO/ZnO/C-PCBB/P3HT-PCBM/V2O5/Ag for investigation of PV properties. The 

propensity of C-PCBB layer on the polymer blend morphology was studied before 

carrying out device fabrication (Figure 2.16). Initially ZnO nanoparticle solution 

prepared using sol-gel process was coated on ITO. The surface of ITO/ZnO showed root 

mean square (RMS) roughness of 4.68 nm (Figure 2.16a). Upon coating of C-PCBB 

layer, the ITO/ZnO/C-PCBB surface exhibited relatively lower roughness of 0.31 nm 

(Figure 2.16b). The polymer blend was coated with and without C-PCBB layer on  

Rq = 0.314 nm Rq = 4.68 nm 

Rq = 3.06 nm Rq = 2.58 nm 

ZnO 

ZnO/Blend ZnO/C-PCBB/Blend 

ZnO/C-PCBB 

a) b) 

d) c) 

 

Figure 2.16. AFM tapping mode height images of (a) the bare ZnO surface and (b) C-PCBB thin 

film on top of the ZnO. P3HT:PCBM polymer blend films (c) without and (d) with C-PCBB 

interfacial layer after thermal annealing at 130 C for 10 min, (1.0 ×1.0µm).  The root mean 

square roughness (Rq) was indicated in the insets. 
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ITO/ZnO (Figure 2.16c and 16d). The surface of polymer blend with an interfacial C-

PCBB film was found to be 2.58 nm whereas a roughness value of 3.06 nm was 

observed for polymer blends without the C-PCBB layer. The decreased roughness in the 

presence of C-PCBB is due to the reduction in the voids of unevenly distributed ZnO by 

PCBB rendering smoother and more hydrophobic surface. 

2.3.8. PHOTOVOLTAIC PROPERTIES  

BHJ-PSC devices were fabricated with inverted configuration without and with 

C-PCBB layer to understand the propensity of C-PCBB as electron transport layer. 

Device A and B were  prepared  by  spin-coating  a  mixture  of  P3HT/PCBM  (1:1,  

w/w)  from  ODCB to form a ~130 nm thin film on ZnO coated ITO substrates without 
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Figure 2.17. J-V curves of devices A and B under AM 1.5 G illumination at 100 mV/cm2. 

and with C-PCBB interlayer, respectively. Figure 2.17 and Table 2.1 represent the J-V 

characteristics and summary of photovoltaic performance of the devices A and B, 

respectively. Under identical fabrication conditions reference device A showed a PCE of 

3.28% which is in agreement with literature reported values for P3HT/PCBM system.28 
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With an additional interfacial layer of C-PCBB, the PCE in device B was improved to 

4.27%. This value represents a ~25% improvement over device A recording an 

enhancement in the short-circuit current (Jsc), and fill factor (FF) relative to device A. In  

Table 2.1: Summary of photovoltaic performance of different devices.  

Device Voc (V) Jsc 

(mA/cm2) 
FF (%)  (%) 

A 0.56 11.68 50.20 3.28 

B 0.64 12.75 52.41 4.27 

Definitions: open-circuit voltage, Voc; short-circuit current, Jsc; fill factor, FF; PCE, η; 

Configurations: device A, ITO/ZnO/P3HT: PCBM (1:1, w/w)/V2O5/Ag; device B, ITO/ZnO/C-

PCBB/P3HT: PCBM (1:1, w/w)/ V2O5/Ag. 

BHJ active layer both P3HT donor and PCBM acceptor domains at the interface 

are expected to make contact with the ZnO bottom layer to form two types of 

localized heterojunction at nanoscale level (Figure 2.18). Hence, device A 

contains P3HT/ZnO and PCBM/ZnO localized heterojunctions at the interface, 

whereas device B has P3HT/C-PCBB and PCBM/C-PCBB contact at the interface. 

Careful analysis of the P3HT domain in the interface we can have 

following advantages in the case of device B by employing extra C-PCBB layer. In 

device B, the C-PCBB interfacial layer provides an extra P3HT/C-PCBB interface 

area for exciton dissociation, which is more efficient than the P3HT/ZnO 

interface in device A. Also, the LUMO energy level of C-PCBB (3.8 eV) is located 

between the LUMO of P3HT (3.3 eV) and the conduction band of ZnO (4.4 eV). 

Therefore, the C- PCBB can function as an intermediate energy gradient where 

electrons can be efficiently transported to the ZnO layer through cascade  
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Figure 2.18. Schematic configuration of inverted device architecture, ITO/ZnO/C-PCBB/P3HT: 

PCBM (1:1, w/w)/V2O5/Ag (Device B) showing energy diagrams of the two localized 

heterojunctions at the interface.  

pathway. These advantages might be associated with the improvement of Jsc, 

from 11.68 mAcm-2 (device A) to 12.75 mA/cm2 (device B). Further, the energy 

offset between the conduction band of ZnO and the HOMO energy of P3HT (5.2 

eV) is only 0.8 eV, which may give rise to easy charge recombination at the 

P3HT/ZnO interface in device A. The n-type C-PCBB acting as a hole-blocking 

layer in device B with energy offset of 1.4 eV at this interface, compared to 0.8 eV 

at P3HT/ZnO is still beneficial for reducing its probability. Hence, in device B the 

electron transport can occur very efficiently in both heterojunctions of P3HT/C-

PCBB and PCBM/C-PCBB while in device A it can happen only at PCBM/ZnO 

heterojunction. The overall 25% increase in the PCE of the reference device using 

C-PCBB interfacial layer confirms that the PCBB act as an efficient cross-linkable 

electron transport layer in inverted PSCs with efficient exciton dissociation 

reduced charge recombination and decreased interface contact resistance 

compared to the reference device. 
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2.4. CONCLUSIONS 

We have successfully synthesized a new cross-linkable fullerene derivative, 

PCBB and showed its dual stimuli responsive behaviour and application as 

electron transport layer in P3HT/PCBM based inverted polymer solar cells. 

PCBB act as ‘cross-linkable PCBM’ inheriting all the photophysical and 

electrochemical properties of PCBM. Thermally cross-linking of PCBB at 200 C 

for 15 min led to the formation of solvent resistive films, which otherwise will get 

washed away during solution processing. Ageing a solution of PCBB in THF/H2O 

(9:1) under visible light yielded an initial coreshell nanoparticle morphology 

which eventually transform into nanonetwork structures. From NMR and Mass 

analysis, these morphological transformations are assigned to visible light 

assisted [2+2] cycloaddition of C60. Additionally, incorporation of C-PCBB 

interfacial layer reduced both roughness and aggregate growth in the active layer 

morphology. The performance of device fabricated with inverted configuration of 

ITO/ZnO/P3HT:PCBM/V2O5/Ag with C-PCBB interfacial layer showed ~25% 

improvement in PCE (4.27%) compared to the reference device (PCE = 3.28%). 

Our results confirm that incorporation of PCBB electron transport layer 

facilitates cascade electron transport towards effective charge collection in PSCs. 

The strategies adopted in this work could be used in device fabrication for the 

construction of stable and efficient solar cells. 
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2.5. EXPERIMENTAL SECTION 

2.5.1. Materials and Methods 

The materials and reagents for synthesis were purchased from Sigma-Aldrich, 

Merck, and Spectrochem chemical suppliers. Regioregular P3HT (55 kDa) was 

purchased from Rieke Metal Inc. and PCBM (>99.5%) was obtained from Nano-C. 

These chemicals were used as received without further purification. Vanadium 

Pentoxide (V2O5) (Baytron P VP AI 4083) was purchased from H. C. Stark and 

passed through a 0.45 µm syringe filter before spin-coating. Patterned ITO was 

obtained from Ossila Ltd. All other reagents were purchased from Sigma-Aldrich 

and used as received. PCBA and methylol benzoxazine (MB) were synthesized 

according to the reported procedures. 

1H (500 MHz) and 13C NMR (125 MHz) spectra were measured on a Bruker 

Avance DPX spectrometer. Chemical shifts are reported in parts per million 

(ppm) using tetramethylsilane (TMS) (δH = 0 ppm) or the solvent residual signal 

(CDCl3: δC = 77.00 ppm) as an internal reference. The resonance multiplicity is 

described as s (singlet), d (doublet), t (triplet) and m (multiplet). High resolution 

mass spectral (HRMS) analysis was performed on a Thermo Scientific Q Exactive 

Hybrid Quadrupole-Orbitrap electrospray ionization mass spectrometer (ESI-

MS) instrument. Infrared spectra were recorded in the diffused reflectance mode 

in the solid state (KBr) using Shimadzu IR Prestige-21 Fourier Transform 

Infrared Spectrophotometer. All experiments were carried out using 
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spectroscopic grade solvents at room temperature (25± 1 C) unless otherwise 

mentioned.  

The UV/Vis absorption spectra were recorded on a Shimadzu UV-2600 

Spectrophotometer. Fluorescence spectra were collected using a SPEX-Fluorolog 

F112X Spectrofluorimeter equipped with a 450 W Xenon arc lamp. 

Thermogravimetric analyses were carried using TG/DTA-6200 instrument (SII 

Nano Technology Inc.) by heating the sample from room temperature to 700 oC 

at a heating rate of 10 C min-1 under nitrogen atmosphere. Curing temperature 

was measured using differential scanning calorimeter (Perkin-Elmer Pyris 6 DSC 

instrument) in sealed aluminium pans by heating the sample from 20 C to 250 C 

at a rate of 10 C min-1. The square wave voltammetry was done on CV, BASI CV-

50W instrument using thin film coated glassy carbon as working electrode at 

room temperature in the presence of 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAPF6) as supporting electrolyte, Ag/AgCl electrode as 

reference electrode and platinum wire as counter electrode in acetonitrile under 

argon atmosphere with a scan rate of 50 mV/s. A BRUKER MULTIMODE AFM 

operating with a tapping mode regime was used to record AFM images under 

ambient conditions. Micro-fabricated TiN cantilever tips (NSG10) with a 

resonance frequency of 299 kHz and a spring constant of 20–80 Nm-1 were used. 

AFM section analysis was done offline. Samples for the imaging and roughness 

measurements were prepared as explained in device fabrication section under 

ambient conditions. The thickness of various films was measured using Bruker 
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profilometer. The current density-voltage (J–V) characteristics were measured 

with a Keithley 2400 source-meter under AM 1.5G (100 mWcm-2) solar 

simulator.  

2.5.2. Synthesis of 5-oxo-5-phenylpentanoate (2) 

 

 To mixture of 4-benzoylbutyric acid, 1 (10 g, 52.6 mmol) and methanol (30 mL), 

concentrated sulphuric acid (1 mL) was added dropwise through the sides of the R.B. 

flask. The resultant solution was refluxed at 70 C for 18 h. Reaction mixture was 

allowed to cool to room temperature; the solvent was evaporated under reduced 

pressure and extracted with ethyl acetate (3 x 50 mL). Organic layer was evaporated 

and the crude product was purified through column chromatography using silica gel 

(100-200 mesh) with ethyl acetate-hexane as the eluent (Rf : 0.5, eluent: 20% ethyl 

acetate-hexane). Yield = 80% (9.2 g) as colourless oil. 

1H NMR (CDCl3, 500 MHz), δ (ppm): 7.97 (t, J = 7 Hz, 2H), 7.58 (t, J = 12 Hz, 1H), 7.48 (t, J 

= 12.25 Hz, 2H), 3.67 (s, 3H), 3.07 (t, J = 12 Hz, 2H), 2.47 (t, J = 12 Hz, 2H), 2.12 (m, J = 12 

Hz, 2H). 

13C NMR (CDCl3, 125 MHz), δ (ppm): 199.34, 173.66, 136.75, 133.04, 128.75, 127.97, 

51.50, 37.38, 33.05, 19.42. 

 Mass (HRMS): Calculated for C12H14O3: 206.09 (M); found: 207.19 (M+H). 
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2.5.3. Synthesis of 5-oxo-5-phenylpentanoate p-tosylhydrazone (3) 

 

A mixture of 5-oxo-5-phenylpentanoate, 2 (9 g, 44.1 mmol), p-toluenesulfonyl 

hydrazide (12.33 g, 66.15 mmol) and methanol (30 mL) was stirred and refluxed for 6 

h. The mixture was stirred at room temperature for 24 h and then cooled to -10 C. The 

precipitated product was collected by filtration, washed with cold methanol and dried 

in a desiccator to yield 12 g (72%) tosylhydrazone as white crystals.  

1H NMR (CDCl3, 500 MHz), δ (ppm): 7.92 (d, J = 8 Hz, 1H), 7.65 (t, J = 6 Hz, 2H), 7.34 (t, J 

= 3.25 Hz, 3H), 7.30 (t, J = 11.5 Hz, 2H), 3.81 (s, 3H), 2.64 (t, J = 8.25 Hz, 2H), 2.40 (s, 3H), 

2.34 (t, J = 6 Hz, 2H), 1.71 (m, J = 5.6 Hz, 2H). 

13C NMR (CDCl3, 125 MHz), δ (ppm): 174.74, 153.85, 143.79, 136.18, 135.98, 129.50, 

128.44, 127.93, 126.23, 52.31, 32.15, 25.88, 21.59, 20.93. 

Mass (HRMS): Calculated for C19H22N2O4S: 374.13 (M); found: 375.90 (M+2H). 

2.5.4. Synthesis of methyl [6, 6]-Phenyl-C61-butyrate, PCBM 
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 5-oxo-5-phenylpentanoate p-tosylhydrazone, 3 (50 mg, 0.134 mmol) was dissolved 

in 5 mL of anhydrous pyridine in a dried two-neck R.B. flask provided with N2 inlet. 

Then sodium methoxide (10 mg, 0.185 mmol) was added and the mixture was stirred 

for 15 min. A solution of C60 (48 mg, 0.067 mmol) in 15 mL of HPLC grade 1,2-

dichlorobenzene was added and the homogeneous reaction mixture was stirred at 75 C 

for 12 h. The course of the reaction was followed by TLC (SiO2/toluene). The desired 

compound was separated by column chromatography using silica gel (100-200 mesh) 

with toluene as the eluent (Rf : 0.7, eluent: toluene). The resulting solution was 

concentrated to 15 mL and refluxed for 24 hours for isomerization. 1,2-

dichlorobenzene was removed by micro distillation and the product was precipitated 

by methanol and dried to obtain brown solid in 16% yield (20 mg).  

1H NMR (CDCl3, 500 MHz), δ (ppm): 7.98, (t, J = 4.25 Hz, 2H), 7.58 (t, J = 7.75 Hz, 2H), 

7.45 (m, J = 2.3 Hz, 3H), 3.61 (s, 1H), 2.17(m, J = 8 Hz, 2H), 1.66 (m, J = 4.125 Hz, 2H), 

1.48 (m, J = 4.125 Hz, 2H). 

13C NMR (CDCl3, 125 MHz), δ (ppm): 173.52, 148.81, 147.81, 145.16, 145.09, 145.04, 

144.80, 144.68, 144.52, 144.44, 144.02, 143.77, 143.04, 143.00, 142.94, 142.24, 142.19, 

142.14, 142.12, 141.00, 140.76, 138.04, 137.58, 136.74, 132.10, 128.45, 128.26, 51.86, 

51.71, 33.89, 33.68, 22.38. 

MALDI (m/z): Calculated for C71H14O2: 912.09 (M); found: 913.19 (M+H). 
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2.5.5. Synthesis of [6, 6]-Phenyl-C61-butyric acid, PCBA 

 

To a solution of PCBM (200 mg) in toluene (75 mL) was added glacial acetic acid (30 

mL) and concentrated hydrochloric acid (15 mL). The mixture was stirred and refluxed 

for 20 h. The course of the reaction was followed by TLC. All volatile components were 

removed under reduced pressure. The solid residue was washed with methanol and 

dried to obtain black coloured product with quantitative yield. The PCBA was highly 

insoluble in common NMR solvents to record a spectrum. 

MALDI (m/z): Calculated for C71H14O2: 898.10 (M); found: 898 (M). 

2.5.6. Synthesis of (3-Phenyl-3,4-dihydro-2H-benzo[e]-[1,3] oxazin-6-yl)methanol 

, MB 

 

To a solution of aniline (1 g, 80.6 mmol) in toluene (40 ml) 4-hydroxybenzyl 

alcohol (0.75 g, 80.6 mmol) and paraformaldehyde (484 mg, 161.2 mmol) were added 

and stirred at 110 oC for 8 h. The solution was allowed to cool to room temperature and 



      Chapter 2

    

84 

 

the solid residue was collected by filtration and recrystallized using toluene to afford 

pale yellow crystals in 38% (0.75 g) yield. 

1H NMR (500 MHz, CDCl3), δ (ppm): 7.25 (t, 2H), 7.11 (m, 3H), 7.44 (m, 1H), 7.03 (s, 1H), 

6.92 (t, 1H), 6.77 (d, 1H), 5.35 (s, 2H), 4.62 (s, 2H), 4.56 (s, 2H). 

13C NMR (125 MHz, CDCl3), δ (ppm): 153.98, 148.33, 133.23, 129.29, 127.03, 125.83, 

121.58, 120.89, 118.38, 117.04, 79.61, 65.06, 50.53. 

HRMS (m/z): Calculated for C15H15NO2: 240.28 (M); Found: 240.28 (M). 

2.5.7. Synthesis of [6, 6]-phenyl-C61-butyricbenzoxazine ester, PCBB 

 

To a solution of [6, 6]-Phenyl-C61-butyric acid (50 mg, 0.056 mmol) in 1,2-

dichlorobenzene (5 mL) was added 4-dimethylaminopyridine (7 mg, 0.056 mmol), (16 

mg, 0.084 mmol) and stirred for 10 min at 0 C. Methylol benzoxazine (17 mg, 0.067 

mmol) was added directly to the reaction mixture and stirred overnight at room 

temperature. The crude mixture was purified by column chromatography using toluene 

(Rf = 0.6) afforded brown colour solid in 24% yield (15 mg).  

1H NMR (500 MHz, CDCl3), δ (ppm): 7.91 (t, 2H), 7.52 (m, 3H), 7.43(m, 3H), 7.09(t, 2H), 

6.97(m, 2H), 6.91(t, 1H), 5.35 (s, 2H), 4.94 (s, 2H), 4.61(s, 2H), 2.90(t, 2H), 2.54(t, 2H), 

2.19(m, 2H). 
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13C NMR  (125 MHz, CDCl3), δ (ppm): 172.96, 154.50, 150.69, 148.80, 148.26, 147.78, 

145.84, 145.20, 145.15, 145.07, 145.04, 144.79, 144.67, 144.51, 144.40, 144.01, 143.76, 

143.10, 143.00, 142.94, 142.91, 142.21, 142.18, 142.13, 142.11, 140.98, 140.75, 138.03, 

137.57, 136.72, 132.11, 129.05, 128.45, 128.26, 128.14, 127.30, 121.62, 120.92, 118.99, 

118.31, 79.86, 66.21, 51.84, 34.11, 33.62, 22.37. 

MALDI (m/z): calculated for C86H25NO3+, 1119.48 (M); found, 1120.41 (M+H). 

2.5.8. BHJ Device Fabrication 

The  ZnO  sol  was  prepared  using  a  sol-gel  procedure  by dissolving  zinc  

acetate  dihydrate  (C4H6O4Zn.2(H2O),  99.9%,  1.6  g)  and monoethanolamine 

(HOCH2CH2NH2, 99%, 0.045 g) in anhydrous 2-methoxyethanol (> 99.8%, 0.96 

mL) under vigorous stirring for hydrolysis reaction and aging for 3 h. The  solar  

cell  devices  were  fabricated  under  optimized  conditions according  to  the 

modified reported procedure.28  The  patterned indium  tin  oxide  (ITO)-coated  

glass  substrate  was  first cleaned with detergent, ultrasonicated in DI-water, 

chloroform and isopropyl alcohol for 10 min, respectively and subsequently 

dried in an oven overnight.  After UV-ozone treatment for 15 min, nanosized ZnO 

thin films with a thickness of ca.  50 nm were spin-coated using the sol-gel 

precursor solution at 3000 rpm on top of the ITO substrate. The films were 

sintered at 200 C for 30 min in air.  During this process the precursor converts to 

ZnO gel and forms a transparent thin film of ZnO nanoparticle. For device 

fabricated with C-PCBB interfacial layer (device B), an o-DCB solution containing 

PCBB (5 mg/mL) was spin-cast on the ZnO film to form a thin film with a 
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thickness of ca. 10 nm.   Subsequently,  the  drop-cast  film  were  heated  at  200 

C  for  15  min  in the glove box for  thermal cross-linking.   For devices A and B, a 

ODCB solution containing a mixture of P3HT/PC61BM (1:1, w/w) was then spin-

cast to form a 130 nm thin film on  top  of  the  ZnO (Device A)  and  C-PCBB 

(Device B) thin  films,  respectively.  Both the devices were thermally annealed at 

120 C for 10 min in the glove box followed by spin-coating vanadium pentoxide 

with a thickness of ca. 40 nm and then heated at 120 C in the glove box.   Finally, 

the top electrode of Ag film (100 nm-thick), was evaporated thermally at a 

pressure below 10-6 torr.  Devices without encapsulation were characterized in 

ambient condition. The active area used for the measurement was 0.1 cm2 and 

were optimized by testing approximately 10-12 cells. 
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RATIONAL SYNTHESIS OF A POLYMERIZABLE FULLERENE-ANILINE 

DERIVATIVE: STUDY OF PHOTOPHYSICAL, MORPHOLOGICAL AND 

PHOTOVOLTAIC PROPERTIES 
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3.1. ABSTRACT 

This chapter report the synthesis of a polymerizable, aniline appended fullerene 

derivative, 3-aminobenzyl-phenyl-C61-butyrate (PCBAn) and its corresponding polymer, 

and detailed photophysical and morphological analysis towards application as acceptors  

in polymer solar cells (BHJ-PSCs). The synthesis of PCBAn was accomplished via the 

coupling of [6,6]-Phenyl-C61-butyric acid (PCBA) with tert-butyl-3-

(hydroxymethyl)phenyl)carbamate and subsequent deprotection of the BOC group.   The 

poly-3-aminobenzyl-phenyl-C61-butyrate (P-PCBAn), having a substituted polyaniline 

(PANI) skeletal structure, was synthesized via FeCl3 oxidative polymerisation of PCBA in 
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its non-conducting leucoemaraldine state. Both the derivatives were characterized using 

various spectroscopic techniques such as UV-Vis, FT-IR, 1H NMR and Mass Spectroscopy. 

HOMO and LUMO energies estimated using optical and electrochemical techniques 

revealed upshifted LUMO levels for PCBAn (-3.68 eV, E = 0.1 eV) and P-PCBAn (-3.66 eV, 

E = 0.12 eV) compared to the parental fullerene derivative, PCBM (-3.78 eV). The 

morphologies of PCBAn and P-PCBAn individualy and in polymer blends with P3HT were 

investigated using AFM and TEM analysis, which showed nanoflake like aggregates for 

PCBAn and a favourable interconnected nanonetwork structure for P-PCBAn. Similarly, 

the wide angle X-ray scattering (WAXS) studies of PCBAn films from THF/water (3:7) 

mixture and P-PCBAn films from 1,2-dichlorobenzene exhibited plane reflections of 

lamellar mesophases with d-spacing of 3.4 nm and 3 nm for PCBAn and P-PCBAn, 

repsectively. The fluorescence quenching experiments with P3HT indicated efficient 

electron transfer from P3HT to P-PCBAn and PCBAn fullerene acceptors with P-PCBAn 

being more efficient. This is attributed to the combined effect of bicontinuous 

interpenetrating network and better charge transport properties of P3HT:P-PCBAn 

polymer blend compared to P3HT:PCBAn. The fabrication of inverted BHJ-PSC device 

using PCBAn and P-PCBAn as acceptor in combination with P3HT showed PCE of 0.9% 

and 1.1%, respectively. The observed lower PCE of both devices in comparison to reported 

P3HT: PCBM device might be due to the presence of nitrogen groups of aniline in PCBAn 

and nonconducting PANI in P-PCBAn which might induce charge imbalance in the BHJ 

active layer. The polymeric acceptor and rational design strategy used here could open up 

new opportunities in the PSC device fabrication. 
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3.2. INTRODUCTION 

Tremendous research has been commenced in the last two decades in the area of 

bulk heterojunction (BHJ) polymer solar cells (PSCs) because of its potential future 

application as an easy processable, flexible, lightweight, inexpensive and transportable 

energy source.1,2 During this period, Poly(3-hexylthiophene) (P3HT) donor and the 

phenyl-C61-butyric acid methyl ester (PCBM), acceptor polymer blends were came out 

to be one of the most well studied systems and widely used as standard for comparing 

the power conversion efficiency (PCE) of PSCs.3 Along with device architecture, 

processability and annealing with different solvent composition lead the P3HT-PCBM 

system to reach PCE of greater than 5%.4 Also, the development of various polymeric 

donor systems led to the record high PSC efficiency of >10%.5 

LUMO 
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Figure 3.1. a) Energy diagram indicating puzzle of upshifting the LUMO of acceptor is more 

convenient than downshifting HOMO of donor. b) Chemical structure of IC60BA and IC70BA 

having upshifted LUMO levels of 0.17 eV and 0.19 eV respectively compared to PC60BM. c) 

Energy level diagram of P3HT, IC70BA and PC60BM showing better electron transfer pathway in 

P3HT:ICBA leading to increased solar cell performance. 
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For example, Yang Yang et al. have developed a low band gap polymer poly[2,7-

(5,5-bis-(3,7-dimethyloctyl)-5H-dithieno[3,2-b:2’,3’-d]pyran)-alt-4,7-(5,6-difluoro-2,1, 

3-benzothiadiazole)](PDTP-DFBT) with a PCE of 8.1% in combination with PC71BM as 

an acceptor with inverted configurations and a highest PCE of 10.2% with tandem 

device architecture.6 Yongfang Li et al. reported remarkable PCE of 7.4% using 

vertically aligned cross-linked fullerene derivative as electron transport layer in P3HT: 

fullerene based system.7 Compared to the tedious synthetic process of polymer 

functionalization, rationally modifying the PCBM acceptor part for achieving improved 

charge transport properties became a strategy of interest in the scientific community.8 

Many research groups approached smart modification of PCBM by substituting visible 

absorbing moieties,9-12 self-assembling units,13,14 tuning the Lowest Unoccupied 

Molecular Orbitals (LUMO)15,16 and increasing the electron mobility17,18 in order to 

achieve higher PCE by increasing electron transport properties. Also, up-shifting the 

LUMO of acceptor is an alternative for solving the puzzle of increasing the Voc of active 

layer (Figure 3.1a). Voc can be increased either by down-shifting the HOMO of donor or 

by up-shifting the LUMO of acceptor.19 But, down-shifting the donor HOMO level will 

automatically increase the net energy gap and hence it is not a good strategy. As shown 

in the Figure 3.1b Indene-C60 bisadduct (ICBA) and Indene-C70 bisadduct (IC70BA) 

having 0.17 eV and 0.19 eV higher LUMO energy levels respectively, than PCBM are 

excellent acceptors for the P3HT-based PSCs due to the electron-rich character of 

indene and the bisadduct effect (Figure 3.1c).20,21   
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A) 

B) 

 

Figure 3.2. A) Morphological evolution of the PDPP3T/PC71BM blends prepared by different 

solvents, a) DCB: Dichlorobenzene, b) DCB/CF: Dichlorobenzene/Chloroform, c) DCB/CF//DIO: 

Dichlorobenzene/Chloroform/Diiodooctane (Adapted from reference 4). B) Schematic 

depiction of the role of the processing additive in the self-assembly of PCPDTBT, PC71BM, and 

additives (Adapted from reference 24). 

Out of many key parameters for the successful PSC device, active layer 

morphology plays crucial role and it is extremely necessary to obtain the bicontinuous 

interpenetrating architecture for better device performance.22 Through systematic 

study many research groups adopted different strategies to optimize the morphology of 

polymer blend by varying the ratio and concentration of the donor-acceptor systems, 

choosing binary or ternary solvent, thermal annealing, solvent annealing and using 

appropriate solvent additives.23,24 Jianhui Hou et al. observed the effect of ternary 

solvent composition 1,2-dichlorobenzene (ODCB), chloroform (CF) and 1,8-

diiodooctane (DIO) on the bulk compositional morphology, and the crystallization 

behavior thereby tuning the net performance of the polymer solar cells.4 The polymer 
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domain size and purity of the interface were better when moving from single solvent 

DCB to binary solvent, DCB/CF to ternary solvent, DCB/CF/DIO as shown in Figure 

3.2A. They have scanned various solvent compositions and when the optimal 

composition of the ternary solvent is DCB/CF/DIO =76:19:5 (v/v/v) a PCE of 6.71% 

was recorded from the champion device, which is the highest one for DPP-based BHJ 

PSCs. In addition, Alan J. Heeger et al. showed the use of processing additives in creating 

phase separated active layer morphology.24 During thermal annealing of polymer blend 

in presence of chorobenzene host solvent with added higher boiling point solvent 

alkanedithiol, the PCBM tends to remain in solution longer than the semiconducting 

polymer, thereby enabling controlled phase separated morphology as shown in Figure 

3.2B. 

a) 

b) 

 

Figure 3.3. Schematic representation of a) changes in the active layer morphology due to 

aggregation tendency of fullerenes (Adapted from reference 26). b) Strategies used for freezing 

the nanostructure through cross-linking donor-donor, donor-acceptor or acceptor-acceptor 

units in the active layer (Adapted from reference 27). 
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Self-assembling nature of fullerenes also has been extensively used to organize 

them with polymer donor into one dimensional nanofibres or nanonetwork 

structures.25 These soft techniques tend to give better nanoscale morphology and good 

phase separation. But, in actual solar cells these nanostructures undergo many heat-

cool cycle over the time. As a result, the thermodynamically unstable nanostructures 

tend to aggregate into macroscopic phase separated structures and deteriorate device 

performance with time.26 Since, fullerenes have higher tendency of aggregation 

compared to polymer donor, PCBM in the active layer is usually responsible for the 

formation of needle like structures upon ageing (Figure 3.3a). One way to overcome 

these problems is to arrest the morphology by cross-linking donor-donor, donor-

acceptor or acceptor-acceptor units as shown in Figure 3.3b.27,28 Following this 

strategy, many cross linkable units such as acetylene, styrene, oxetane, and epoxide 

have been attached to fullerene part in the design of new morphologically stable 

fullerene based acceptors.29-32  But in many cases, post cross-linking methods fails to 

form monodisperse films and suffer from poor charge separation due to the presence of 

insulating cross-linkable groups.33  

Pearl-Necklace type  Charm-bracelet type  

 

Figure 3.4. Representative structures of two types of polyfullerenes, Pearl-necklace type and 

Charm-bracelet type. 
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These limitations signifies the importance of new polymeric fullerene acceptor 

which in combination with the polymer donor can give resultant large interfacial area, 

efficient exciton dissociation and well separated pathways for free charge transport 

across the active layer. Most of the polymer based materials have the intrinsic one 

dimensional nanofibrous structure, easy polymerization conditions and excellent 

thermal stability. In this context, developing polyfullerene without affecting the core 

fullerene structure is of great scientific relevance for the optoelectronic applications.28 

Basically, there are two types of fullerene polymers known so far (Figure 3.4).34 One is 

pearl necklace type, containing fullerene as the main chain polymer. Secondly, charm 

bracelet type polyfullerenes containing fullerenes in the pendent chain. Yuta Maeyoshi 

et al. used the single particle nanofabrication technique (SPNT) for the construction of 

organic nanowires by irradiating a polymer thin film with high-energy charged  

a) b) 

c) 

 

Figure 3.5. a) Schematic procedure for nanowire formation by SPNT; (left) irradiation of 490 

MeV Os ions perpendicular to fullerene films, (center) development in CB or ODCB, where the 

non-irradiated area is dissolved, (right) nanowires formed are lying on the substrate. b) AFM 

images of nanowires formed from fullerene (C60) and its derivatives (PC61BM, PC71BM and 

ICBA). c) Proposed dimerization reaction via 2+2 cycloaddition (Adapted from reference 34). 



Photophysical and Morphological Studies of Polymerizable Fullerene for PSCs    

99 

 

particles.35 The subsequent development process dissolves the unexposed area and 

isolated the nanowires from the film material as shown in Figure 3.5a. They have made 

nanowires of C60, PC61BM, PC71BM, ICBA and extended the strategies to conjugated 

polymers such as poly(silane), poly(thiophene), and poly(fluorene) (Figure 3.5b). The 

proposed mechanism involves the cross-linking reaction of adjucent fullerenes via 

[2+2] cycloaddition reactions (Figure 3.5c). Although this technique leads to one 

dimensional polyfullerenes, they suffer from poor performance due to perturbation in 

the optoelectronic properties upon polymerisation. Many of such reported 

polyfullerenes have drawbacks such as tedious synthetic procedures, large insulating 

part in the substitution, solubility issues, and lack of one dimensional nanostructures.36 

Therefore, there exist need for the design of polyfullerene having facile monomer to 

polymer conversion, good miscibility with the donor counterpart, synthetic easiness 

and pocessing better optoelectronic properties than parental PCBM. 

Out of numerous polymerizable groups available in the polymer chemistry 

arena, the polyaniline (PANI) is one of most extensively studied and cost effective 

polymer which is known for its high conductivity, synthetic easiness and good 

electrochemical properties.37,38 Synthesis of PANI from its monomers by various 

methods such as oxidative polymerisation using APS or FeCl3 both in aqueous and 

organic medium are known.39 PANI can exist in three different oxidation states viz. the 

emeraldine (green form), leucoemaraldine (yellow form) and the pernigraniline 

oxidation state (black form) as shown in Figure 3.6.40,41 These synthesized polymers 

often tend to give networked nano structure with improved electronic properties due 
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to which they can be better candidates for the design of polyfullerenes for the 

photovoltaic applications.42 Fullerene-PANI composites and copolymerization of single 

fullerene unit with PANI tags have been previously studied.38,43,44 

 

Figure 3.6. The three different oxidation states of PANI derivatives. The “green” form the 

emeraldine oxidation state, the “yellow” form represents the leucoemaraldine oxidation state 

and the “black” form the pernigraniline oxidation state of polyaniline (Adapted from reference 

40). 

Herein, we report the synthesis of a novel PCBM derivative with covalently 

modified aniline moiety, 3-aminobenzyl-[6, 6]-phenyl-C61-butyrate ester (PCBAn) and 

its polymer, P-PCBAn. Detailed characterization of PCBAn and P- PCBAn along with 

photophysical and morphological analysis were undertaken with a view to understand 

their potential for applications in PSCs. The square wave voltammetry revealed the 

relatively upshifted LUMO levels of P-PCBAn compared to PCBAn and parental PCBM. 

Also, P3HT-fluorescence showed efficient quenching in the presence of PCBAn and P-

PCBAn indicating efficient electron transport properties. The films of P-PCBAn 

exhibited networked nanostructure with enhanced absorption in the visible region 

compared to its monomer counterpart. The fabrication of BHJ-PSC device was 
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demonstrated using P3HT: P-PCBAn and P3HT: PCBAn polymer blends which 

revealed relatively higher device performance (1.1%) for P-PCBAn compared to 

PCBAn (0.9%).  

3.3. RESULTS AND DISCUSSION 

3.3.1. SYNTHESIS AND OXIDATIVE POLYMERISATION OF PCBAN 

The synthesis of 3-aminobenzyl-[6,6]-phenyl-C61-butyrate ester (PCBAn) was 

achieved by following Scheme 3.1. Acid hydrolysis of PCBM afforded [6,6]-Phenyl-C61-

butyric acid (PCBA) in quantitative yield which upon EDC mediated esterification 

reaction with tert-butyl-3-(hydroxymethyl)phenyl)carbamate gave the corresponding 

BOC protected PCBAn derivative in 57% yield. Further deprotection of Boc with 

trifluoroacetic acid, followed by neutralization with sodium bicarbonate resulted 

PCBAn in quantitative yield. Tert-butyl-(3-(hydroxymethyl)phenyl)carbamate was 

separately obtained in moderate yields by the BOC protection reaction of (3-

aminophenyl)methanol and di-tert-butyl-dicarbonate. All the intermediates and final 

compounds were well characterized with various analytical and spectroscopic 

techniques. For example, 1H NMR spectra of PCBAn showed characteristic proton 

signals corresponding to the methyl protons of the benzylamine group at 5.35 ppm and 

4.94 ppm and the alkyl protons in the range of 2.19-2.9 ppm. In the 13C NMR, we have 

observed chemically distinct carbon signals which can be assigned as per the structure 

of PCBAn. FT-IR spectrum of PCBAn showed peak at 1684 cm-1 corresponding to 

carbonyl stretching frequency. UV -Visible absorption spectrum revealed characteristic 

absorption of functionalized fullerene at 328 nm. The MALDI analysis showed the exact 



  Chapter 3

    

102 

 

mass of PCBAn at 1001.31. These spectral and analytical techniques confirm the 

successful coupling of the PCBA and benzoxazine moieties. 

 

Scheme 3.1. Synthetic scheme for PCBAn. EDC: 1-ethyl-3-(3-(dimethylamino)propyl) 

carbodiimide, DMAP: 4-(dimethylamino)pyridine, ODCB: ortho-dichlorobenzene, TFA: 

Trifluoroaceticacid. 

Oxidative polymerisation of aniline or anilinium salts can be easily carried out 

using APS or FeCl3 reagents, yielding the corresponding conductive polymer with 

defined nanostructures.45,46 Since the PCBAn have the aniline moiety, the oxidative 

polymerisation reaction may lead to the successful grafting of fullerene on polyaniline 

(PANI) backbone. The oxidative polymerization of PCBAn to obtain P-PCBAn was 

conducted in chloroform in the presence of FeCl3 under reflux conditions, which yielded 
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the polymer as a brown solid residue in quantitative yields. The solid thus obtained was 

subsequently washed with chloroform and water to remove unreacted monomers and 

FeCl3 to get P-PCBAn in 60% yield (Scheme 3.2). The formation of P-PCBAn polymer 

was further characterized through 1H NMR, FT-IR and UV-Visible absorption 

spectroscopy.  

 

Scheme 3.2 Synthetic scheme for P-PCBAn, FeCl3: Ferric chloride, CHCl3: chloroform. 
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Figure 3.7. (a) Comparison of FT-IR spectra of PCBAn and P-PCBAn showing functional group 

transformation upon polymerisation. (b) Absorption spectra of PCBAn and P-PCBAn in THF (1 

mg/mL). 

A typical FT-IR spectrum of PCBAn and P-PCBAn were compared in Figure 3.7a. 

The P-PCBAn exhibited similar spectral characteristics as that of PCBAn monomer in 

the fingerprint region but showed a broad peak centered around 3345 cm-1, 
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characteristic of –NH stretching vibration, confirming successful polymerization. As 

discussed, the polyaniline can exist in three different oxidation states such as highly 

oxidized state penigraniline, conductive state emaraldine and non-conductive 

leucoemaraldine state. A comparison of the UV-Vis absorption spectra of PCBAn and P-

PCBAn with reported PANI structures was made to understand the oxidation states of 

PANI formed during the oxidative polymerisation (Figure 3.7b). PCBAn in THF showed 

characteristic absorption peak at around 328 nm whereas P-PCBAn displayed an 

additional broad band, at 365 nm. Based on the absorption properties in comparison  

with reported PANI structures, the synthesized P-PCBAn is assigned to have non-

conductive leucoemaraldine state of PANI as polymer backbone.47  

3(M+K)+ 2(M+K)+ 

M+ 

 

Figure 3.8. MALDI-TOF spectra of P-PCBAn showing m/z peak corresponding to M, 2M and 

3M. 
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Matrix-assisted laser desorption ionization time-of flight (MALDI-TOF) studies 

of PCBAn and P-PCBAn were carried out using 2,5-dihydroxybenzoic acid as a matrix 

material (Figure 3.8). PCBAn showed typical m/z molecular ion peak at 1120 whereas 

P-PCBAn exhibited m/z ion peak corresponding to M+, 2(M++K) and 3(M++K). The lack 

of higher mass peak might be due to the difficulty of polymers in being desorbed/ 

ionized without decomposing. Similar observations were earlier reported for the 

construction of polyfullerene from photochemical reactions of fullerene clusters.48  

3.3.2. ELECTROCHEMICAL STUDIES 

We compared the reduction potentials of PCBAn and P-PCBAn with PCBM using 

Square Wave Voltammetry (Figure 3.9) conducted on glassy carbon as working 

electrode in the presence of 0.1 M TBAPF6 as supporting electrolyte, Ag/AgCl electrode 

as reference electrode and platinum wire as counter electrode in acetonitrile, calibrated 
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Figure 3.9. Square wave voltammetry of PCBM, PCBAn and P-PCBAn measured in acetonitrile 

at a scan rate of 0.1 V/s under N2, 0.1 M Bu4NPF6 electrolyte with Pt (working electrode), Pt wire 

(counter electrode), Ag/AgNO3 (reference electrode). 
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by ferrocene (E1/2(ferrocene) = 0.45 V vs. Ag/AgCl). The first reduction potentials of PCBM, 

PCBAn and P-PCBAn were observed at -0.57 V, -0.67 V and 0.69 V, respectively. The 

LUMO energy levels were calculated from reduction potentials using the formula,  

ELUMO= -e [4.8 + Ered – 0.45] eV ……………….. (1) 

Where, Ered is the reduction potential vs Ag/AgCl electrode using ferrocene as the 

standard (E1/2(ferrocene) = 0.45 V vs. Ag/AgCl).21 The LUMO energy levels of PCBM, PCBAn 

and P-PCBAn were found to be -3.78 eV, -3.68 eV and -3.66 eV, respectively. The HOMO 

energy levels were calculated using optical band gap (Egap) using the formula Egap= 

HOMO - LUMO and were found to be -5.5 eV, -5.38 and -5.34 eV, respectively. The 

reduction potentials, HOMO-LUMO energy levels and optical band gap of PCBAn, P-

PCBAn and PCBM were listed in the table 3.1. 

Table 3.1. HOMO and LUMO energy levels calculated from UV–vis absorption and square wave 

voltammetry. 

C60 

derivatives 

E1 

[V] 

E2 

[V] 

E3 

[V] 

LUMO 

[eV] 

λonset 

[nm] 

HOMO 

[eV] 

Egap 

[eV] 

PCBM -0.57 -1.02 -1.26 -3.78 723 -5.5 1.72 

PCBAn -0.67 -1.08 -1.52 -3.68 728 -5.38 1.70 

P-PCBAn -0.69 -1.15 -1.38 -3.66 737 -5.34 1.68 

 

The observed changes in the reduction potentials indicate slight modification of 

the electronic energy levels in case of synthesized fullerene derivatives compared to 

PCBM. PCBAn and P-PCBAn exhibited upshift of LUMO energy levels by 0.10 eV and 

0.12 eV, respectively compared to PCBM. This could be due to the cofacial pi-orbital 
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interaction between the C60 and the aniline moieties in PCBAn and P-PCBAn.18 The 

pictorial representation of HOMO-LUMO levels of PCBM, PCBAn, P-PCBAn along with 

donor P3HT were depicted in the Figure 3.10. From this it is clear that, the rise in 

LUMO energy levels can help easy charge transport at the P3HT donor and fullerene 

acceptor interface. Hence, the relative upshift of PCBAn and P-PCBAn LUMO levels 

serves them as better electron acceptors rather than PCBM. 
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Figure 3.10. HOMO–LUMO energy level diagram of fullerene derivatives, PCBM, PCBAn, P-

PCBAn and P3HT.30 The energy levels were drawn relative to the vacuum level. 

3.3.3. PHOTOPHYSICAL AND MORPHOLOGICAL STUDIES 

A challenging task in fullerene chemistry is the construction of one dimensional 

nanostructures, which is advantageous for many optoelectronic applications.49,50 In the 

present case, photophysical and morphological behaviour of P-PCBAn might differ 

from monomeric PCBAn due to the inherent polymeric nature of the former. Moreover, 

the fullerene derivatives are known to self-assemble into various shapes in binary  
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Figure 3.11. a) Changes in the UV-Visible absorption spectra of PCBAn (10 µM) in different 

THF/ H2O solution. b) Temperature dependent studies of PCBAn (10 µM) in THF/H2O (3:7) 

mixture. 

solvents. Hence, we investigated the photophysical and morphological properties of 

self-assembled PCBAn in THF-H2O mixtures and P-PCBAn in 1,2-dichlorobenzene. 

Absorption spectra of PCBAn in THF (10 µM) showed characteristic fullerene 

absorption peaks at 258 nm and 328 nm (Figure 3.11a). The solvent polarity was 

changed by the fraction of water in the solvent mixture and we observe no significant 

changes upto a 1: 1 THF/H2O mixture. At higher water fractions, a new band formation 

around 450 nm with concomitant hypochromism at 258 nm absorption band was 

observed. In THF/H2O (3:7) mixture, a bathochromic shift of 16 nm and 10 nm for the 

258 nm and 328 nm bands, respectively accompanied by pronounced 450 nm 

absorption band was observed. This might be attributed to the aggregation of PCBAn 

monomers due to the solvophobic effect in which fullerene core tend to come closer 

with more hydrophilic aniline group project outwards. To understand the reversibility 

of these aggregates, temperature dependent UV-visible absorption studies were carried 
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out (Figure 3.11b). Upon increasing the temperature from 25 oC to 85 oC, the absorption 

bands at 274 nm and 338 nm undergo hypsochromic shift to their initial value with 

concomitant disappearance of the 450 nm band. These results indicate the thermal 

reversibility of PCBAn aggregates in THF/H2O (3:7) mixture. 
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Figure 3.12. a) AFM height image; b) TEM image of PCBAn in THF/H2O (3:7) mixture and c) 

zoomed portion showing wrinkled flake like nanostructure. d) DLS size distribution of PCBAn 

(inset: corresponding correlogram). 

The self-assembly behaviour was further investigated through AFM and TEM 

analyses to understand the morphology of PCBAn aggregates. AFM analysis of a drop 

cast film of PCBAn (10 µM) from THF/H2O (3:7) mixture on freshly cleaved mica (10 

L) exhibited particles of around 100-150 nm width (Figure 3.12a). TEM analysis of 

PCBAn drop-cast on a carbon coated copper grid, revealed particles with size ~150 nm 

similar to that observed in AFM (Figure 3.12b). Zoomed images of the particle clearly 
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showed wrinkled flake like nanostructures with multiple layers at the edges (Figure 

3.12c). DLS experiments of the same solution which was used for the microscopic 

studies revealed an average hydrodynamic diameter of 125 nm with good correlogram 

(Figure 3.12d). These morphological studies reveal that PCBAn in the presence of 

binary solvent mixture (THF/H2O) form particle like aggregates. 

10
0

10
1

10
2

10
3

10
4

10
5

0.0

0.2

0.4

0.6

0.8

C
o
rr

. 
c
o
e
ff
fi
c
ie

n
t

T, s

10
1

10
2

10
3

10
4

0

4

8

12

16

N
u

m
b
e

r

Size, nm

a) b) 

c) 
d) 

1 m 
500 nm 

 

Figure 3.13. a) AFM height image; b) TEM image; c) DLS size distribution profile and d) 

corresponding correlogram of P-PCBAn in 1,2-dichlorobenzene. 

AFM analysis of drop cast film of P-PCBAn (1 mg/mL, 1,2-dichlorobenzene) on 

mica and analyzed under AFM (Figure 3.13a) revealed interconnected nanonetwork 

structure with diameter of around 50-100 nm. HR-TEM analyses of same solution 

further confirmed the nanonetwork structure (Figure 3.13b). Since PANI polymers are 

known to give nanofibre network structure, the observed nanonetwork might consist of 

polyaniline main chain with pendent fullerene moieties. DLS experiment revealed 
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hydrodynamic particle size of 190 nm with good correlogram which was in line with 

AFM and TEM results. The PCBAn in 1,2-dichlorobenzene at similar concentrations did 

not show any nanostructures, as it is highly soluble and tend to exist as monomer.  

3.3.4. WIDE ANGLE X-RAY SCATTERING (WAXS) STUDIES  

The wide angle X-ray scattering (WAXS) studies of PCBAn cast film in 

THF/water (3:7) mixture and P-PCBAn in 1,2-dichlorobenzene was carried to 

understand the packing of molecules in the self-assembled nanostructures. PCBAn 

showed well defined peaks at two theta values of 2.55, 7.85, 10.3 degree corresponding 

to (001), (003), (004) plane reflections of lamellar mesophases (Figure 3.14a).51,52 The 

broad peak from 15-25 degree corresponds to alkyl chain interactions with d-spacing of 

3.4 nm which is consistent with the bilayer lamellar mesophases model shown in figure 

3.14b where fullerene core point inwards and alkyl chain project outwards.50 P-PCBAn 

in ODCB also showed similar but slightly shifted crystalline peaks at two theta value of 

2.83, 5.81, 8.54, 10.48  degree corresponding to (001), (002), (003), (004) plane 

reflections of lamellar mesophases with d-spacing of 3 nm (Figure 3.14c). The decrease 

in the d-spacing is associated with the covalent linkage of PCBAn monomers in P-

PCBAn, decreasing the distance between the adjucent C60 moieties without losing 

crystallinity as schematically represented in Figure 3.14d. This XRD study is in 

agreement with morphology obtained from AFM and TEM analyses and indicates a type 

of directed self-assembly through hydrophobic-hydrophilic balance in aqueous or 

solvophobic-solvophilic balance in non-aqueous media.  



  Chapter 3

    

112 

 

P-PCBAn 

3
 n

m
 

5 10 15 20 25

50

75

100

125

In
te

n
s
it
y
, 

c
p
s

2

 PCBAn 

Alkyl 

(004) 

(003) 

(001) 

5 10 15 20 25

50

75

100

125

In
te

n
s
it
y
, 

c
p
s

2

 P-PCBAn

(001) 

(002) 

Alkyl 

(004) 

(003) 
3

.4
 n

m
 

PCBAn 

a) b) 

c) d) 

 

Figure 3.14. WAXS pattern of a) self-assembled PCBAn in THF/H2O (3:7) and b) P-PCBAn in 

ortho-dichlorobenzene. Proposed schematic model for the nanostructure formed by the self-

assembly of c) PCBAn and d) P-PCBAn.  

3.3.5. SOLUTION STATE ABSORPTION AND EMISSION STUDIES 

To further investigate the acceptor ability of the PCBAn monomer and P-PCBAn 

polymer, fluorescence quenching studies were carried out in the presence of P3HT 

polymer donor. The fluorescence emission spectra of P3HT solution in 1,2-

dichlrobenzene were measured with different concentrations of PCBAn or P-PCBAn  

and the results are summarized in Figure 3.15. Pure P3HT donor in 1,2-dichlorbenzene 

solution displayed a fluorescence emission maximum at 583 nm. The fluorescent 

emission intensity decreased with increasing addition of fullerene derivatives. The 

fluorescence of P3HT underwent 22% quenching in the presence of 40 equivalents 
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Figure 3.15. Changes in the fluorescence emission of P3HT (2.5 g/mL) upon addition of a) 

PCBAn and b) P-PCBAn from 0 to 40 equivalents (100 g/mL). λexc= 465 nm. 

of PCBAn (Figure 3.15a).  On the other hand, it exhibited two fold higher percentages of 

quenching (57%) with same equivalents of P-PCBAn (figure 3.15b). Inorder to 

understand the quenching efficiency of the fullerene acceptors, we used a Stern−Volmer 

quenching plot using the equation.  

Io/I =1+ Ksv[Q]……………….. (2) 

where Io and I are the measured fluorescence intensities in the absence and presence of 

the quencher, respectively, Ksv is the Stern-Volmer quenching constant, and [Q] is the 

concentration of the quencher. The Stern-Volmer equation provides useful information 

on intermolecular quenching process. Stern-Volmer quenching plots of P3HT donor in 

the presence of PCBAn and P-PCBAn as the quenchers are shown in Figure 3.16a. The 

P3HT-PCBAn displayed a straight line indicating dynamic quenching behaviour 

between the donor-acceptor molecules with a Stern-Volmer constant of Ksv= 4.3 x 103 

M-1, a value similar to that reported for P3HT-PCBM donor-acceptor pair. However, the 

plot corresponding to P3HT- P-PCBAn combination exhibited upward curvature  
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Figure 3.16. a) Stern-Volmer plot obtained from the fluorescence quenching between P3HT 

donor with PCBAn and P-PCBAn acceptor; b) Photograph of (i) P3HT, (ii) P3HT:PCBAn and 

(iii) P3HT:P-PCBAn (1 mg/mL each) under UV light (365 nm) showing difference in quenching 

behaviour of monomer and polymeric acceptors.  

representing the existence of both static and dynamic quenching behaviour.53 This can 

be correlated with a binding affinity between the fluorophore and the quencher. For 

instance, P-PCBAn exists as networked structure in the solution and hence it can 

undergo better pi-stacking with P3HT, accounting for the static quenching along with 

the usual collisional quenching. However, PCBAn exists in molecularly dissolved form 

in 1,2-dichlrobenzene and could cause quenching of P3HT fluorescence mainly through 

collision. The higher quenching behaviour of P-PCBAn can be visually identified by 

comparing the UV light illuminated solutions of P3HT, P3HT:PCBAn and P3HT:P-

PCBAn as shown in Figure 3.16b. 

Life time studies were carried out to get further insight into the quenching 

behaviour of P3HT donor in the presence of PCBAn and P-PCBAn acceptors 

(Figure3.17). The relative lifetime values upon excitation with 375 nm laser were 

summarized in Figure 3.17b. The P3HT showed the lifetime values of 0.53 ns 
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Figure 3.17. a) Photoluminescence decay profiles of P3HT (2.5 g/mL, 1:0), P3HT: PCBAn 

(1:40) and P3HT: P-PCBAn (1:40) and b) corresponding lifetime values, λexc = 375 nm and 

λcollection = 580 nm. 

with single exponential decay. In the presence of PCBAn (1:40 equivalents), the life 

time reduced to 0.49 ns due to the dynamic quenching. While, P3HT: P-PCBAn (1:40 

equivalents) experienced bi-exponential decay with life time of 0.21 ns (24.2%) and 

0.53 ns (75.8%) with an average life time of 0.45 ns. The values correspond to different 

extent of fluorophore-quencher interactions in the P3HT-P-PCBAn blends with ideal 

static quenching lead to non-fluorescent complexes.  

3.3.6. SOLID STATE ABSORPTION AND EMISSION STUDIES 

Solid state UV-visible absorption and fluorescence quenching studies were also 

carried out for the donor-acceptor polymer blend active films. The pristine P3HT 

showed an intense visible absorption with maxima at 515 nm and 553 nm (Figure 

3.18a). The shoulder band at 603 nm indicates the crystallinity of P3HT in the film state 

which was almost unchanged in the presence of PCBAn.54 In the case of P3HT:P-

PCBAn film the shoulder band underwent ~7 nm bathochromic shift which might be  
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Figure 3.18. Solid state a) UV-visible absorption and b) emission spectral profile of P3HT, 

P3HT:PCBAn and P3HT:P-PCBAn polymer blend films, λexc = 600 nm. 

attributed to the self-assembling behaviour of P-PCBAn polyfullerene with P3HT 

polymer.23 Moreover, the pristine P3HT film showed an emission maximum at 720 nm 

upon excitation at 600 nm and the fluorescence intensity was decreased upon blending 

with acceptors (Figure 3.18b). Fluorescence emission intensity in P3HT: PCBAn blend 

film underwent 34% quenching at 720 nm relative to P3HT. Whereas in the case of 

P3HT: P-PCBAn, a 67% quenching was observed. This increased fluorescence 

quenching of P3HT in the presence of P-PCBAn is in line with the solution state 

quenching results and confirms that the charge transfer process is more efficient in the 

P3HT: P-PCBAn blend system compare to P3HT: PCBAn. 

3.3.7. MORPHOLOGICAL ANALYSIS OF POLYMER BLENDS 

The morphology of the resultant polymer blend plays important role in 

determining the performance of polymer solar cells. In this regard, AFM analysis was 

performed to understand the resultant morphology of the P3HT: PCBAn and P3HT: P-

PCBAn polymer blends film after thermal annealing at 120 oC. AFM phase image 
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Figure 3.19. AFM phase image of a) P3HT: PCBAn and b) P3HT: P-PCBAn polymer blend films 

and (c-d) corresponding cartoonic representation of self-assembly process. 

of the P3HT: PCBAn polymer blend film revealed the formation of spherical aggregates 

whereas P3HT: P-PCBAn blend showed interpenetrating network structures under 

similar conditions (Figure 3.18a and 3.18b).  The particle like nanostructures of P3HT: 

PCBAn might be because of the aggregation of PCBAn monomer during thermal 

annealing process (figure 3.18c). The intrinsic networked nanostructure of P3HT and 

P-PCBAn rendered the formation of self-assembled interpenetrated nanonetwork 

architecture by means of various noncovalent interactions. Therefore, the 

morphological analysis of the polymeric blend films confirms the well-ordered 

interaction of P3HT with polymeric P-PCBAn than monomeric PCBAn. 
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3.3.8. PHOTOVOLTAIC PROPERTIES 

BHJ-PSC devices were fabricated with inverted configuration ITO/ZnO/P3HT: 

PCBAn/V2O5/Ag (Device A) and ITO/ZnO/P3HT: P-PCBAn/V2O5/Ag (Device B) using 

PCBAn and P-PCBAn as active layer electron acceptors. Device A and B were prepared 

by spin-coating a mixture of P3HT/PCBAn (1:1, w/w) and P3HT/P-PCBAn (1:1, w/w)    

respectively, from 1,2-dichlorobenzene to form a 130 nm thin film on ZnO coated ITO 

substrates. Current-voltage characteristics were measured using a Keithley under the 

irradiation of AM 1.5G solar simulator. Under identical fabrication conditions, device A 

showed a PCE of 0.9% whereas in the P3HT: P-PCBAn device B, substantially improved  
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Figure 3.20. J-V curves of devices A and B under AM 1.5 G illumination. 

Device Voc (V) Jsc (mAcm-2) FF (%) PCE (%) 

       A 0.53          4.23 40.5        0.91 

       B 0.26          9.57 43.81        1.1 

Table 3.2. Definitions: open-circuit voltage, Voc; short-circuit current, Jsc; fill factor, FF; PCE, η; 

Configurations: device A, ITO/ZnO/P3HT: PCBAn/V2O5/Ag and device B, ITO/ZnO/P3HT: P-

PCBAn/V2O5/Ag. 



Photophysical and Morphological Studies of Polymerizable Fullerene for PSCs    

119 

 

PCE of 1.1% observed (Table 3.2). The increased PCE of Device B is mainly because of 

the simultaneous enhancement in the short-circuit current (Jsc) from 4.23 mAcm-2 in 

device A to 9.57 mAcm-2 device B and fill factor (FF) from 40.5 to 43.81. The overall PCE 

analysis of the inverted PSC devices using P3HT: PCBAn and P3HT: P-PCBAn active 

layer confirms that P-PCBAn is an efficient electron acceptor than PCBAn. The 

observed lower PCE of both devices in comparison to reported P3HT: PCBM device 

might be due to the presence of nitrogen groups of aniline moieties in both PCBAn and 

P-PCBAn. The aniline groups might involve in electron transfer to fullerene acceptor 

and hence induce charge imbalance in the BHJ active layer. Similarly, the non-

conducting PANI form also may be reducing the charge mobilities across the 

heterojunctions.55 

3.4. CONCLUSIONS 

 In summary, we have successfully synthesized a fullerene-aniline 

derivative, 3-aminobenzyl-[6,6]-phenyl-C61-butyrate ester (PCBAn) and its polymer P-

PCBAn and investigated their photophysical and morphological properties with a view 

to understand their potential as acceptor moieties in the PSCs. The optical and 

electrochemical studies revealed upshifted LUMO levels for PCBAn (-3.68 eV, E = 0.1 

eV) and P-PCBAn (-3.66 eV, E = 0.12 eV) compared to the PCBM (-3.78 eV). Moreover, 

the morphology of PCBAn alone in binary solvent mixture (THF-H2O) and P-PCBAn (in 

ODCB) were evaluated using AFM and TEM analysis which indicated nanoflake like 

aggregates for PCBAn and networked nanostructures for P-PCBAn. The solution/solid 

state fluorescence emission, quenching studies with P3HT electron donor indicated P-
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PCBAn as an efficient electron acceptor than PCBAn. The morphological analysis of 

P3HT: PCBAn and P3HT: P-PCBAn polymer blend film revealed the formation of 

spherical aggregates and inter-connected networked nanostructures, respectively. The 

fabrication of BHJ-PSC device with PCBAn and P-PCBAn in combination with P3HT 

showed relative higher power conversion efficiency for P-PCBAn (PCE = 1.1%) 

compared to PCBAn (PCE = 0.9%). The increased PCE in case of P-PCBAn might be due 

to the combined effect of bicontinuous interpenetrating network structures and better 

charge transport properties of P3HT:P-PCBAn polymer blend compared to 

P3HT:PCBAn. The polymeric acceptor and rational design strategy used here could 

open up new opportunities in the PSC device fabrication. 

3.5. EXPERIMENTAL SECTION 

3.5.1. Materials and Methods 

The materials and reagents for synthesis were purchased from Sigma-Aldrich, 

Merck, and Spectrochem chemical suppliers. Regioregular P3HT (55 kDa) was 

purchased from Rieke Metal Inc. and PCBM (>99.5%) was obtained from Nano-C. 

These chemicals were used as received without further purification. Vanadium 

Pentoxide (V2O5) (Baytron P VP AI 4083) was purchased from H. C. Stark and 

passed through a 0.45 µm syringe filter before spin-coating. Patterned ITO was 

obtained from Ossila Ltd. All other reagents were purchased from Sigma-Aldrich 

and used as received.  

1H (500 MHz) and 13C NMR (125 MHz) spectra were measured on a Bruker 

Avance DPX spectrometer. Chemical shifts are reported in parts per million 
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(ppm) using tetramethylsilane (TMS) (δH = 0 ppm) or the solvent residual signal 

(CDCl3: δC = 77.00 ppm) as an internal reference. The resonance multiplicity is 

described as s (singlet), d (doublet), t (triplet) and m (multiplet). High resolution 

mass spectral (HRMS) analysis was performed on a Thermo Scientific Q Exactive 

Hybrid Quadrupole-Orbitrap electrospray ionization mass spectrometer (ESI-

MS) instrument. Infrared spectra were recorded in the diffused reflectance mode 

in the solid state (KBr) using Shimadzu IR Prestige-21 Fourier Transform 

Infrared Spectrophotometer. All experiments were carried out using 

spectroscopic grade solvents at room temperature (25± 1 oC) unless otherwise 

mentioned.  

The UV/Vis absorption spectra were recorded on a Shimadzu UV-2600 

Spectrophotometer. Fluorescence spectra were collected using a SPEX-Fluorolog 

F112X Spectrofluorimeter equipped with a 450 W Xenon arc lamp. Fluorescence 

Lifetime measurements were carried out using IBH (model 5000DPS) time-

correlated single photon counting system (TCSPC). The lifetime values were 

obtained using DAS6 decay analysis software. The quality of fit has been judged 

by the fitting parameters such as 2 (<1.1) as well as the visual inspection of the 

residuals. The square wave voltammetry was done on CV, BASI CV-50W 

instrument using thin film coated glassy carbon as working electrode at room 

temperature in the presence of 0.1 M tetrabutylammonium hexafluorophosphate 

(TBAPF6) as supporting electrolyte, Ag/AgCl electrode as reference electrode and 

platinum wire as counter electrode in acetonitrile under argon atmosphere with 
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a scan rate of 50 mV/s. A BRUKER MULTIMODE AFM operating with a tapping 

mode regime was used to record AFM images under ambient conditions. Micro-

fabricated TiN cantilever tips (NSG10) with a resonance frequency of 299 kHz 

and a spring constant of 20–80 Nm-1 were used. AFM section analysis was done 

offline. Samples for the imaging and roughness measurements were prepared as 

explained in device fabrication section under ambient conditions. The thickness 

of various films was measured using Bruker profilometer. The current density-

voltage (J–V) characteristics were measured with a Keithley 2400 source-meter 

under AM 1.5G (100 mWcm-2) solar simulator.  

3.5.2. AFM/TEM Sample Preparations 

Samples for AFM analysis were prepared by drop-casting 10 L solution of 

PCBAn (1 mg/mL, THF/H2O, 3:7), P-PCBAn (1 mg/mL in ODCB) onto freshly 

cleaved mica sheet under ambient conditions and were dried under air. In case of 

polymer blend, the samples were prepared as discussed in device fabrication 

section. A BRUKER MULTIMODE AFM operating with a tapping mode regime was 

used to record AFM images under ambient conditions. Micro fabricated TiN 

cantilever tips (NT-MDT-NSG series) with a resonance frequency of 299 kHz and 

a spring constant of 20 to 80 Nm−1 were used. AFM section analysis was done 

offline. TEM samples were prepared by drop casting 10 L solution of the sample 

on the top of the carbon-coated copper grid (400 mesh). The samples were 

allowed to adsorb on the grid overnight at ambient conditions. TEM analysis was 

performed with a JEOL 100 kV high-resolution transmission electron microscope. 
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The accelerating voltage of the TEM was 100 kV and the beam current was 65 A. 

Samples were imaged with a Hamamatsu ORCA CCD camera.  

3.5.3. Synthesis of 2-(meta-(tert-butoxycarbonyl)aminobenzyl alcohol 

 

To a mixture of 3-aminobenzyl alcohol (1 g, 8.13 mmol) in 150 mL of THF was 

added 20 mL of 2 M aqueous sodium hydroxide and stirred for 15 minutes. A solution of 

di-tert-butyl bicarbonate (2.3 g, 9.75 mmol) in 75 mL THF was added slowly to the 

reaction and the mixture was stirred overnight at room temperature. The product was 

collected by filtration, extracted with ethylacetate (2 × 25 mL), dried over anhydrous 

sodium sulphate and concentrated. The crude product was purified through column 

chromatography using silica gel (100-200 mesh) with ethyl acetate/hexane as the 

eluent (Rf = 0.6, eluent: 30% ethyl acetate/hexane) to afford the product as creamy solid 

in 66% (1.2 g) yield. 

1H NMR (500 MHz, CDCl3), δ (ppm): 7.42 (s, 1H), 7.26 (m, 1H), 7.22 (d, J = 8 Hz, 1H), 

7.03 (d, J = 6 Hz, 1H), 6.5 (s, 1H), 4.65 (s, 2H), 1.51 (s, 9H). 

13C NMR (125 MHz, CDCl3), δ (ppm): 152.81, 142.00, 138.59, 129.19, 121.53, 117.74, 

117.02, 80.65, 65.20, 28.35. 

Mass (HRMS): Calculated for C12H17NO3: 223.12 (M); Found: 223.54 (M).  
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3.5.4. Synthesis of 2-(meta-(tert-butoxycarbonyl)aminobenzyl-[6, 6]-phenyl-C61-

butyrate (PCBAn-boc) 

 

[6, 6]-Phenyl-C61-butyric acid (50 mg, 0.057 mmol) was dispersed in HPLC grade 

1,2-dichlorobenzene (8 mL). The mixture was kept in ice bath and added EDC.HCl (16 

mg, 0.085 mmol), DMAP (7 mg, 0.057 mmol) and 2-(meta-(tert-butoxycarbonyl) 

aminobenzyl alcohol (12.7 mg, 0.057 mmol). The reaction mixture was stirred at room 

temperature for 24 h and the product was purified through column chromatography 

using 100-200 mesh silica gel with chloroform as the solvent (Rf = 0.7). The solvent was 

evaporated under vacuum and dried to obtain the brown solid in 57% (35 mg) yield. 

1H NMR (500 MHz, CDCl3), δ (ppm): 7.94 (d, J = 7 Hz, 2H), 7.55 (d, J = 7.75 Hz, 2H), 7.48 

(t, J = 7.5 Hz, 1H), 7.40 (s, 1H), 7.27 (d, 2H), 7.01 (d, J = 8 Hz, 1H), 6.49 (s,1H), 5.08 (s, 

2H), 2.92 (t, J = 4.25 Hz, 2H), 2.58 (t, J = 4.25 Hz, 2H), 2.21 (t, J = 4.25 Hz, 2H), 1.52 (s, 

9H). 

13C NMR  (125 MHz, CDCl3), δ (ppm): 174.92, 158.26, 157.54, 156.37, 154.21, 147.25, 

145.69, 145.12, 145.03, 144.62, 144.58, 144.44, 143.94, 143.76, 142.53, 142.14, 141.61, 

140.38, 138.15, 137.60, 134.06, 132.62, 130.47, 124.26, 119.25, 115.68, 112.21, 110.11, 

100.92, 80.12, 64.10, 55.15, 3.90, 34.12, 27.85. 

MALDI (m/z): M+ Calculated for C83H27NO4: 1102.48 (); Found: 1103.49 (M+H).  
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3.5.5. Synthesis of 3-aminobenzyl-[6, 6]-phenyl-C61-butyrate (PCBAn) 

 

To a solution of PCBAn-boc (35 mg) in chloroform (10 mL) was added 

trifluoroacetic acid (2 mL) and stirred overnight at room temperature. The reaction was 

stopped and evaporated solvents, dried under vacuum to give the product as brown 

solid in quantitative yield (30 mg).  

1H NMR (500 MHz, CDCl3), δ (ppm): 7.91 (d, J = 7 Hz, 2H), 7.54 (m, 6H), 7.39 (s, 1H), 

5.19 (s, 2H), 2.90 (t, J = 4.25 Hz, 2H), 2.64 (m, 2H), 2.19 (t, J = 4.25 Hz, 2H); MALDI 

(m/z): Calculated for C78H20NO2: 1102.37; Found: 1003.45. 

13C NMR  (125 MHz, CDCl3), δ (ppm): 172.96, 159.86, 159.54, 158.87, 148.65, 145.79, 

145.22, 145.03, 144.82, 144.68, 144.54, 144.04, 143.76, 143.03, 142.14, 141.01, 140.78, 

137.95, 137.60, 132.06, 130.82, 128.47, 122.66, 117.95, 115.68, 113.41, 111.14, 99.99, 

79.72, 51.55, 33.90, 33.52. 

MALDI (m/z): M+ calculated for C86H25NO3+, 1001.36 (M); found, 1001.31 (M). 
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3.5.6. Synthesis of Poly-3-aminobenzyl-[6, 6]-phenyl-C61-butyrate (P-PCBAn) 

 

PCBAn (50 mg, 0.05 mmol) in Shlenck tube was dissolved in dry chloroform (10 

mL) and was added anhydrous FeCl3 (10 equivalents) at 0 C.  The reaction mixture was 

stirred for 15 minutes and refluxed overnight at 60 C. The solvents were evaporated 

and the solid residue was washed with chloroform, water and methanol to obtain 

brown solid in 60% yield (30 mg).  

1H NMR (500 MHz, DMSO-d6), δ (ppm): 8.2 (br), 7.2-7.7 (br), 5.35 (s). 

 MALDI (m/z): Calculated for M+: 1001.36, 2M+: 2000.72, 3M+: 3000.08; Found: 1001.31 

(M+), 2078.55 [2(M+K) +], 3118.76 [3(M+K) +]. 

3.5.6. BHJ Device Fabrication 

The  ZnO  sol  was  prepared  using  a  sol-gel  procedure  by dissolving  zinc  

acetate  dihydrate  (C4H6O4Zn.2H2O),  99.9%,  1.6  g)  and monoethanolamine 

(HOCH2CH2NH2, 99%, 0.045 g) in anhydrous 2-methoxyethanol (> 99.8%, 0.96 

ml) under vigorous stirring for hydrolysis reaction and aging for 3 h. The  solar  

cell  devices  were  fabricated  under  optimized  conditions according  to  the 

modified reported procedure.  The  patterned indium  tin  oxide  (ITO)-coated  

glass  substrate  was  first cleaned with detergent, ultrasonicated in DI-water, 

chloroform and isopropyl alcohol for 10 min, respectively and subsequently 
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dried in an oven overnight.  After UV-ozone treatment for 15 min, nanosized ZnO 

thin films with a thickness of ca.  50 nm were spin-coated using the sol-gel 

precursor solution at 3000 rpm on top of the ITO substrate.   The films were 

sintered at 200 oC for 30 min in air.  During this process the precursor converts 

to ZnO gel and forms a transparent thin film of ZnO nanoparticle. For devices A 

and B, a o-DCB solution containing a mixture of P3HT/PCBAn (1:1, w/w) (Device 

A) and  P3HT/PCBAn (1:1, w/w) (Device B) was then spin-cast to form a 130 nm 

thin film on  top  of  the  ZnO respectively.  Both the devices were thermally 

annealed at 120 oC for 10 min in the glove box followed by spin-coating 

vanadium pentoxide with a thickness of ca. 40 nm and then heated at 120 oC in 

the glove box. Finally, the top electrode of Ag film (100 nm-thick), was 

evaporated thermally at a pressure below 10-6 torr. Devices without 

encapsulation were characterized in ambient condition. The active area used for 

the measurement was 0.1 cm2 and were optimized by testing approximately 10-

12 cells. 

3.6. REFERENCES 

1)   Kippelen, B.; Brédas, J.-L., Organic photovoltaics. Energ. Environ. Sci. 2009, 2, 251-261. 

2)  Heremans, P.; Cheyns, D.; Rand, B. P., Strategies for increasing the efficiency of 

heterojunction organic solar cells: material selection and device architecture. Acc. Chem. 

Res. 2009, 42, 1740-1747. 

3)   Dang, M. T.; Hirsch, L.; Wantz, G.; Wuest, J. D., Controlling the morphology and performance 

of bulk heterojunctions in solar cells. Lessons learned from the benchmark poly(3-

hexylthiophene):[6,6]-phenyl-C61-butyric acid methyl ester system. Chem. Rev. 2013, 113, 

3734-3765. 



  Chapter 3

    

128 

 

4)   Ye, L.; Zhang, S.; Ma, W.; Fan, B.; Guo, X.; Huang, Y.; Ade, H.; Hou, J., From Binary to Ternary 

Solvent: Morphology Fine-tuning of D/A Blends in PDPP3T-based Polymer Solar Cells. 

Adv. Mater. 2012, 24, 6335-6341. 

5)   Zhicai, H.; Chengmei, Z.; Shijian, S.; Miao, X.; Hongbin, W.; Yong, C., Enhanced power-

conversion efficiency in polymer solar cells using an inverted device structure. Nat. 

Photonics 2012, 6, 591–595. 

6)   You, J.; Chen, C.-C.; Hong, Z.; Yoshimura, K.; Ohya, K.; Xu, R.; Ye, S.; Gao, J.; Li, G.; Yang, Y., 

10.2% Power Conversion Efficiency Polymer Tandem Solar Cells Consisting of Two 

Identical Sub-Cells. Adv. Mater. 2013, 25, 3973-3978. 

7)   Chang, C. Y.; Wu, C. E.; Chen, S. Y.; Cui, C.; Cheng, Y. J.; Hsu, C. S.; Wang, Y. L.; Li, Y., Enhanced 

performance and stability of a polymer solar cell by incorporation of vertically aligned, 

cross-linked fullerene nanorods. Angew. Chem. Int. Ed. 2011, 50, 9386-90. 

8)   Li, C.-Z.; Yip, H.-L.; Jen, A. K. Y., Functional fullerenes for organic photovoltaics. J. Mater. 

Chem. 2012, 22, 4161-4177. 

9)   Kim, K.-H.; Kang, H.; Nam, S. Y.; Jung, J.; Kim, P. S.; Cho, C.-H.; Lee, C.; Yoon, S. C.; Kim, B. J., 

Facile Synthesis ofo-Xylenyl Fullerene Multiadducts for High Open Circuit Voltage and 

Efficient Polymer Solar Cells. Chem. Mater. 2011, 23, 5090-5095. 

10) Backer, S. A.; Sivula, K.; Kavulak, D. F.; Frechet, J. M. J., High efficiency organic 

photovoltaics incorporating a new family of soluble fullerene derivatives. Chem. Mater. 

2007, 19, 2927-2929. 

11) Cheng, Y.-J.; Liao, M.-H.; Chang, C.-Y.; Kao, W.-S.; Wu, C.-E.; Hsu, C.-S., Di(4-

methylphenyl)methano-C60Bis-Adduct for Efficient and Stable Organic Photovoltaics 

with Enhanced Open-Circuit Voltage. Chem. Mater. 2011, 23, 4056-4062. 

12)   Mikroyannidis, J. A.; Kabanakis, A. N.; Sharma, S. S.; Sharma, G. D., A Simple and Effective 

Modification of PCBM for Use as an Electron Acceptor in Efficient Bulk Heterojunction 

Solar Cells. Adv. Funct. Mater. 2011, 21, 746-755. 

13)  Kai, Y.; Lie, C.; Fan, L.; Peishan, W.; Yiwang, C., Cooperative Assembly Donor–Acceptor 

System Induced by Intermolecular Hydrogen Bonds Leading to Oriented Nanomorphology 

for Optimized Photovoltaic Performance. J. Phys. Chem. C 2012, 116, 714-721. 

14)   Ying, L.; Jung Ah, L.; Qingshuo, W.; Stefan, C. B. M.; Alejandro, L. B.; James, J. W., 

Cooperative Assembly of Hydrogen-Bonded Diblock Copolythiophene/Fullerene Blends 



Photophysical and Morphological Studies of Polymerizable Fullerene for PSCs    

129 

 

for Photovoltaic Devices with Well-Defined Morphologies and Enhanced Stability. Chem. 

Mater. 2012, 24, 622-632. 

15)   Li, C. Z.; Chien, S. C.; Yip, H. L.; Chueh, C. C.; Chen, F. C.; Matsuo, Y.; Nakamura, E.; Jen, A. K., 

Facile synthesis of a 56pi-electron 1,2-dihydromethano-[60]PCBM and its application for 

thermally stable polymer solar cells. Chem. Commun. 2011, 47, 10082-10084. 

16)   Lenes, M.; Wetzelaer, G.-J. A. H.; Kooistra, F. B.; Veenstra, S. C.; Hummelen, J. C.; Blom, P. 

W. M., Fullerene Bisadducts for Enhanced Open-Circuit Voltages and Efficiencies in 

Polymer Solar Cells. Adv. Mater. 2008, 20, 2116-2119. 

17)   Kim, H. U.; Kim, J. H.; Kang, H.; Grimsdale, A. C.; Kim, B. J.; Yoon, S. C.; Hwang, D. H., 

Naphthalene-, anthracene-, and pyrene-substituted fullerene derivatives as electron 

acceptors in polymer-based solar cells. ACS Appl. Mater. Interfaces 2014, 6, 20776-85. 

18)   Han, G. D.; Collins, W. R.; Andrew, T. L.; Bulović, V.; Swager, T. M., Cyclobutadiene–C60 

Adducts: N-Type Materials for Organic Photovoltaic Cells with High VOC. Adv. Funct. 

Mater. 2013, 23, 3061-3069. 

19)   Li, Y., Molecular design of photovoltaic materials for polymer solar cells: toward suitable 

electronic energy levels and broad absorption. Acc. Chem. Res. 2012, 45, 723-33. 

20)   He, Y.; Chen, H.-Y. Y.; Hou, J.; Li, Y., Indene-C(60) bisadduct: a new acceptor for high-

performance polymer solar cells. J. Am. Chem. Soc. 2010, 132, 1377-1382. 

21)   He, Y.; Zhao, G.; Peng, B.; Li, Y., High-Yield Synthesis and Electrochemical and 

Photovoltaic Properties of Indene-C70 Bisadduct. Adv. Funct. Mater. 2010, 20, 3383-

3389. 

22)   Li, G., Zhu, R., and Yang, Y., Polymer solar cells. Nat. Photonics 2012, 6, 153-161. 

23)   Peet, J.; Heeger, A. J.; Bazan, G. C., "Plastic" solar cells: self-assembly of bulk 

heterojunction nanomaterials by spontaneous phase separation. Acc. Chem. Res. 2009, 

42, 1700-1708. 

24)   Lee, J. K.; Ma, W. L.; Brabec, C. J.; Yuen, J.; Moon, J. S.; Kim, J. Y.; Lee, K.; Bazan, G. C.; 

Heeger, A. J., Processing Additives for Improved Efficiency from Bulk Heterojunction 

Solar Cells. J. Am. Chem. Soc. 2008, 130, 3619-3623. 

25)   Babu, S.; Möhwald, H.; Nakanishi, T., Recent progress in morphology control of 

supramolecular fullerene assemblies and its applications. Chem. Soc. Rev. 2010, 39, 4021-

4035. 



  Chapter 3

    

130 

 

26)   Lee, J. U.; Jung, J. W.; Jo, J. W.; Jo, W. H., Degradation and stability of polymer-based solar 

cells. J. Mater. Chem. 2012, 22, 24265-24283. 

27)   Wantz, G., Derue, L., Dautel, O., Rivaton, A., Hudhommed, P., and Dagron-Lartigau, C., 

Stabilizing polymer-based bulk heterojunction solar cells via crosslinking. Polym. Int. 

2014, 63, 1346-1361. 

28)   Francesco, G.; Nazario, M., Fullerene Polymers:  Synthesis and Properties. Chem. Rev. 

2006, 106, 5136-5190. 

29)   Wang, J.; Shen, Y.; Kessel, S.; Fernandes, P.; Yoshida, K.; Yagai, S.; Kurth, D. G.; Möhwald, 

H.; Nakanishi, T., Self-assembly made durable: water-repellent materials formed by 

cross-linking fullerene derivatives. Angew. Chem. Int. Ed. 2009, 48, 2166-2170. 

30)   Hsieh, C.-H. H.; Cheng, Y.-J. J.; Li, P.-J. J.; Chen, C.-H. H.; Dubosc, M.; Liang, R.-M. M.; Hsu, C.-

S. S., Highly efficient and stable inverted polymer solar cells integrated with a cross-

linked fullerene material as an interlayer. J. Am. Chem. Soc. 2010, 132, 4887-4893. 

31)   Yen-Ju, C.; Fong-Yi, C.; Wei-Cheng, L.; Chiu-Hsiang, C.; Chao-Hsiang, H., Self-Assembled 

and Cross-Linked Fullerene Interlayer on Titanium Oxide for Highly Efficient Inverted 

Polymer Solar Cells. Chem. Mater. 2011, 23, 1512-1518. 

32)   Martin, D.; Harald, H.; Christoph, W.; Helmut, N.; Niyazi, S. S.; Wolfgang, S.; Friedrich, S.; 

Christoph, T.; Markus, C. S.; Zhengguo, Z.; Russell, G., Stabilization of the nanomorphology 

of polymer–fullerene “bulk heterojunction” blends using a novel polymerizable fullerene 

derivative. J. Mater. Chem. 2005, 15, 5158-5163. 

33)   Dan, H.; Xiaoyan, D.; Wei, Z.; Zuo, X.; Liming, D., Improving the stability of P3HT/PC61BM 

solar cells by a thermal crosslinker. J. Mater. Chem. A 2013, 1, 4589-4594  

34)   Lara, P.; Ali, N.; Emilie, P.; Christian, C.; Nicole, A.; Lionel, F., Fullerene-based processable 

polymers as plausible acceptors in photovoltaic applications. J. Polym. Sci. Pol. Phys. 

2013, 51, 291-302. 

35)   Maeyoshi, Y.; Saeki, A.; Suwa, S.; Omichi, M.; Marui, H.; Asano, A.; Tsukuda, S.; Sugimoto, 

M.; Kishimura, A.; Kataoka, K.; Seki, S., Fullerene nanowires as a versatile platform for 

organic electronics. Sci. Rep. 2012, 2, 1-6. 

36)   Harry, W. G., Fullerene Polymers: Synthesis, Properties and Applications Fullerene 

Polymers: Synthesis, Properties and Applications. 2  9, Edited by Nazario Martin 

(Universidad Complutense, Madrid, Spain) and Francesco Giacalone (Universita  Degli 



Photophysical and Morphological Studies of Polymerizable Fullerene for PSCs    

131 

 

Studi di Palermo, Italy). WILEY-VCH Verlag GmbH & Co. KGaA: Weinheim. J. Am. Chem. 

Soc. 2010, 132, 9929-9930. 

37)   Qiu, H. J.; Wan, M. X.; Matthews, B.; Dai, L. M., Conducting polyaniline nanotubes by 

template-free polymerization. Macromolecules 2001, 34, 675-677. 

38)   Dai, L. M.; Lu, J. P.; Matthews, B.; Mau, A. W. H., Doping of conducting polymers by 

sulfonated fullerene derivatives and dendrimers. J. Phys. Chem. B 1998, 102, 4049-4053. 

39)   Zhang, X.; Goux, W. J.; Manohar, S. K., Synthesis of polyaniline nanofibers by "nanofiber 

seeding". J. Am. Chem. Soc. 2004, 126, 4502-3. 

40)   Huang, J.; Virji, S.; Weiller, B. H.; Kaner, R. B., Polyaniline nanofibers: facile synthesis and 

chemical sensors. J. Am. Chem. Soc. 2003, 125, 314-5. 

41)   Datta, B.; Schuster, G. B., DNA-Directed Synthesis of Aniline and 4-Aminobiphenyl 

Oligomers:  Programmed Transfer of Sequence Information to a Conjoined Polymer 

Nanowire. J. Am. Chem. Soc. 2008, 130, 2965-2973. 

42)   Surwade, S. P.; Agnihotra, S. R.; Dua, V.; Manohar, N.; Jain, S.; Ammu, S.; Manohar, S. K., 

Catalyst-free synthesis of oligoanilines and polyaniline nanofibers using H(2)O(2). J. Am. 

Chem. Soc. 2009, 131, 12528-9. 

43)   Lu, J.; Dai, L.; Mau, A. W. H., Multi-dimensional doping of polyaniline emeraldine base by 

hydrogensulfated fullerenol derivatives. Acta Polym. 1998, 49, 371-375. 

44)   Wang, Q. G.; Wang, S. M.; Li, J. P.; Moriyama, H., Synthesis and characterization of 

C60/polyaniline composites from interfacial polymerization. J. Polym. Sci. Pol. Phys. 

2012, 50, 1426-1432. 

45)   Itoi, H.; Hayashi, S.; Matsufusa, H.; Ohzawa, Y., Electrochemical synthesis of polyaniline in 

the micropores of activated carbon for high-performance electrochemical capacitors. 

Chem. Commun. 2017, 53, 3201-3204. 

46)   Liao, Y.; Yu, D. G.; Wang, X.; Chain, W.; Li, X. G.; Hoek, E. M.; Kaner, R. B., Carbon nanotube-

templated polyaniline nanofibers: synthesis, flash welding and ultrafiltration 

membranes. Nanoscale 2013, 5, 3856-62. 

47)   Anantharaj, V.; Wang, L. Y.; Canteenwala, T.; Chiang, L. Y., Synthesis of starburst 

hexa(oligoanilinated) C-60 using hexanitro[60]fullerene as a precursor. J. Chem. Soc., 

Perkin Trans. 1 1999, 3357-3366. 



  Chapter 3

    

132 

 

48)   McClenaghan, N. D.; Absalon, C.; Bassani, D. M., Facile Synthesis of a Fullerene-Barbituric 

Acid Derivative and Supramolecular Catalysis of Its Photoinduced Dimerization. J. Am. 

Chem. Soc. 2003, 125, 13004-13005. 

49)   Chang, C.-Y. Y.; Wu, C.-E. E.; Chen, S.-Y. Y.; Cui, C.; Cheng, Y.-J. J.; Hsu, C.-S. S.; Wang, Y.-L. L.; 

Li, Y., Enhanced performance and stability of a polymer solar cell by incorporation of 

vertically aligned, cross-linked fullerene nanorods. Angew. Chem. Int. Ed. 2011, 50, 9386-

9390. 

50)   Edwardson, T. G. W.; Carneiro, K. M. M.; McLaughlin, C. K.; Serpell, C. J.; Sleiman, H. F., 

Site-specific positioning of dendritic alkyl chains on DNA cages enables their geometry-

dependent self-assembly. Nat. Chem. 2013, 5, 868-875. 

51)   Nakanishi, T.; Michinobu, T.; Yoshida, K.; Shirahata, N.; Ariga, K.; Möhwald, H.; Kurth, D. 

G., Nanocarbon Superhydrophobic Surfaces created from Fullerene-Based Hierarchical 

Supramolecular Assemblies. Adv. Mater. 2008, 20, 443-446. 

52)   Nakanishi, T.; Ariga, K.; Michinobu, T.; Yoshida, K.; Takahashi, H.; Teranishi, T.; Mohwald, 

H.; D, G. K., Flower-shaped supramolecular assemblies: hierarchical organization of a 

fullerene bearing long aliphatic chains. Small 2007, 3, 2019-23. 

53)   Park, Y.; Liu, Z.; Routh, P. K.; Kuo, C.-Y.; Park, Y.-S.; Tsai, H.; Martinez, J. S.; Shreve, A. P.; 

Cotlet, M.; Wang, H.-L., DNA-assisted photoinduced charge transfer between a cationic 

poly(phenylene vinylene) and a cationic fullerene. Phys. Chem. Chem. Phys. 2015, 17, 

15675-15678. 

54)   Jung, J. W.; Jo, J. W.; Jo, W. H., Enhanced performance and air stability of polymer solar 

cells by formation of a self-assembled buffer layer from fullerene-end-capped 

poly(ethylene glycol). Adv Mater 2011, 23, 1782-7. 

55)   Wang, T.; Pearson, A. J.; Lidzey, D. G., Correlating molecular morphology with 

optoelectronic function in solar cells based on low band-gap copolymer:fullerene blends. 

J Mater Chem C 2013, 1, 7266-7293. 

 



        CHAPTER 4: PARTA 

 

SYNTHESIS OF FUNCTIONALISED FULLERENE DERIVATIVES: STUDY 

OF THEIR INTERACTION AND SELF-ASSEMBLY PROPERTIES WITH CT-

DNA TEMPLATES 
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4A.1. ABSTRACT 

Herein we synthesized three monosubstituted fullerene derivatives having 

pyridinium, aniline or phenothiazine end groups (F-Py, F-An and F-PTz, respectively) and 

their differential interaction with calf thymus DNA (CT-DNA) was probed via 

spectroscopic and imaging techniques. The pyridinium derivative, F-Py gets molecularly 

dissolved in 10% DMSO-PBS and interact with CT-DNA via groove binding and 

electrostatic interactions leading to condensation of CT-DNA into micrometer sized 

aggregates. On the other hand, the aniline derivative F-An, which form nanoclusters of 3-5 
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nm size, interact with DNA through ordered, chiral assemblies on CT-DNA template 

perturbing the highly networked structure of CT-DNA to form nanonetworks, which 

eventually transform to condensed aggregates. The binding interactions between CT-DNA 

and fullerene derivatives, F-An and F-Py were established via UV-Vis, AFM and TEM 

analysis and the chiral nature of the F-An nanocluster assemblies on CT-DNA was 

confirmed through the induced circular dichroism exhibited around 250 nm - 370 nm 

region, corresponding to the F-An nanocluster absorption. In contrast, the phenothiazine 

derivative, F-PTz, which forms larger nanoclusters of ~70 nm in 10% DMSO-PBS showed 

only weak interactions with CT-DNA without affecting its network structure. These results 

demonstrate the role of the hydrophobic-hydrophilic balance in the design of DNA 

interacting fullerene derivatives in controlling their cluster size and interactions with CT-

DNA and have significance in applications such as DNA condensation, gene delivery and 

dimension controlled nanomaterial fabrication.  

4A.2. INTRODUCTION 

DNA condensation involves the compaction of long, highly charged genomic 

DNA into compact structures, usually with the aid of suitable compaction agents, 

to accommodate the genomic material inside the cell nuclei.1-4 Several classes of 

compaction agents such as proteins, synthetic peptides, lipids, polyamines, 

linear/branched polycations, amphiphilic small molecules etc (Figure 4A.1) are 

known to aid DNA condensation process under in vivo and in vitro conditions and 

the mechanistic aspects of DNA compaction are fairly well understood.5-9 

Synthetic design of novel multivalent polycations and amphiphilic molecules, 
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which induce DNA condensation through multiple interactions with DNA via 

electrostatic, intercalative and/or groove binding, have attracted wide attention 

due to their potential applications in gene transfection and DNA 

nanotechnology.10  

 

Figure 4A.1. Types of molecular nanostructures, polymeric nanostructures, and 

nanomaterials used as DNA condensing agents (Adapted from reference 3). 

While, synthetic peptides and multivalent polycations which mimic the 

biological proteins and polyamines remain as the most studied classes of DNA 

compaction agents, carbon-based amphiphilic molecules such as fullerene 

derivatives also got considerable attention due to their unique structure and 

binding with DNA through groove and - interactions.11-16  For example, 

Nakamura and co-workers have demonstrated a series of fullerene derivatives 
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for DNA condensation and subsequent applications including DNA photocleavage 

and fullerene-mediated in vivo gene delivery.17  

  

Figure 4A.2. Molecular structure of PAHB and schematic representation of PAHB-

induced DNA condensation (Adapted from reference 24). 

 Various DNA structures such as duplex, three-way and higher order cross-over 

junctions, DNA origami based structures etc have been widely explored as templates 

and scaffolds for nanomaterial assembly via non-covalent and covalent strategies.18-20  

Similarly, well-defined nanostructures of compact DNA such as toroids, rods etc were 

also used as a template for the construction of nanomaterials with controlled shape and 

composition.
21-23 Recently, Yaxun Fan et al., showed the condensation of CT-DNA using 

star-shaped hexameric cationic ammonium surfactant, PAHB bearing amide moieties 

through successive conformational transition as shown in Figure 4A.2.24 DNA 

condensation with the aid of compaction agent proceeds via initial non-specific, non-

covalent interactions of the multivalent molecules with DNA which may give rise to 

isolable intermediate morphologies (for eg. bead-on-a-string type of nanostructures)22  

which also are interesting templates for nanomaterial fabrication. In the case of water 
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soluble fullerene-based amphiphilic molecules, the DNA compaction properties and the 

obtained morphologies strongly depend on the initial fullerene nanostructures formed 

in aqueous/buffer conditions, which in turn offer a level of structural control via 

fullerene functionalization.25-27 Moreover, the controlled self-assembly of DNA and 

fullerene derivatives into regular DNA based nanostructures incorporating fullerene 

molecules or clusters hold great promise in the context of DNA nanotechnology. 

 

Figure 4A.3. Molecular structure of PAHB and schematic representation of PAHB-

induced DNA condensation (Adapted from reference 29). 

 In a cellular context, nucleosomes are perfect examples of non-covalently 

assembled nanostructures of DNA, assisted by the octameric protein core template, 

which uses various types of histone-histone and histone-DNA interactions for making 

stable, rigid and compact structures.28 Hence, chromatin which is DNA-histone protein 

complex can be packaged into a much smaller volume than DNA alone.29 The schematic 

representation of various structural units involved in the chromosomal DNA 

compaction was shown in Figure 4A.3. Inspired by the natural design, we have 

attempted mimicking the octameric histone core using a fullerene derivative 
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functionalized with an aniline moiety which forms small fullerene clusters, roughly of 

the size of the histone core and are capable of interacting with duplex DNA through 

non-covalent interactions, results of which are discussed in chapter 4B of this thesis.30 

Herein, we report the cluster size dependent differential interactions of fullerene 

derivatives with CT-DNA probed via UV-Vis, fluorescence, circular dichroism (CD), 

atomic force microscopy (AFM), transmission electron microscopy (TEM) and dynamic 

light scattering (DLS) techniques.31 The molecularly dissolved pyridinium derivative, F-

Py interacts with CT-DNA via groove binding and electrostatic interactions leading to 

initial condensation of CT-DNA into micrometer sized aggregates and subsequent 

precipitation. In contrast, the phenothiazine derivative, F-PTz which forms larger 

nanoclusters of ~70 nm showed only weak interactions with CT-DNA without affecting 

its network structure. Interestingly, the nanoclusters of F-An, interact with DNA 

through ordered, chiral assemblies on CT-DNA template perturbing the highly 

networked structure of CT-DNA to form nanonetworks, which eventually transform to 

condensed aggregates. 

4A.3. RESULTS AND DISCUSSION 

4A.3.1. MOLECULAR DESIGN AND NANOCLUSTER FORMATION 

For the construction of appropriate size nanoclusters, we rationally designed 

three fullerene molecular systems, F-Py, F-An and F-PTz substituted with the 

pyridinium, aniline and phenothiazine head groups respectively. In these molecules, the 

fullerene core was functionalized with triethylene glycol spacer imparting amphiphilic 
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nature to the derivatives rendering high solubility in polar solvents such as DMSO. 

These molecules were synthesized with multistep synthetic procedures using  

 

Scheme 4A.1. Synthesis of pyridinium modified fullerene derivative, F-Py. 

EDC mediated coupling reactions (Scheme 4A.1, 4A.2 and 4A.3). The synthesis of 

pyridinium substituted fullerene derivative (F-Py) was achieved by following Scheme 

4A.1. The methyl [6,6]-phenyl-C61-butyrate (synonym: Phenyl-C61-butyric acid methyl 

ester, PCBM) was synthesized using reported literature procedure. 32 Acid hydrolysis of 

PCBM afforded [6,6]-Phenyl-C61-butyric acid (PCBA) in quantitative yield which upon 

EDC mediated esterification reaction with 2-(2-(2-bromoethoxy)ethoxy)ethanol gave 

bromo-substituted fullerene derivative (F-Br) in 64% yield.  Quarternisation of F-Br 

with pyridine resulted F-Py in 49% yield.  
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Similarly, the synthesis of aniline substituted fullerene derivative (F-An) was 

achieved by following Scheme 4A.2. PCBA upon ester coupling with tert-butyl (2-(2-(2-

(2-hydroxyethoxy)ethoxy)ethoxy)-phenyl)carbamate gave the corresponding Boc-

protected F-An derivative in 71% yield. Further deprotection with trifluoroacetic acid, 

followed by neutralization with sodium bicarbonate resulted F-An in quantitative yield. 

tert-butyl(2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)phenyl)carbamate was separately  

 

Scheme 4A.2. Synthesis of aniline modified fullerene derivative, F-An. 
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obtained in moderate yield by the alkylation reaction of tert-butyl (2- 

hydroxyphenyl)carbamate with 2-(2-(2-bromoethoxy)ethoxy)ethanol.  

 

Scheme 4A.3. Synthesis of phenothiazine modified fullerene derivative, F-PTz. 

The synthesis of phenothiazine substituted fullerene derivative (F-PTz) was 

achieved by following Scheme 4A.3. In this case, PCBA was coupled with 2-(2-(2-(10H-

phenothiazin-10-yl)ethoxy)ethoxy)ethanol through EDC mediated reaction resulting F-

PTz in 63% yield. Chemical structures of these molecules were characterized by, 1H and 

13C NMR spectroscopy as well as by mass spectrometry, the details of which are 

discussed in the experimental section. Fullerene and the appended moieties are known to 

have non-covalent interactions with DNA through groove binding and partial 

intercalative interactions.11,33-35 In order to understand the self-assembly properties, we 

have investigated the photophysical and morphological behaviour of  F-Py, F-An and F-

PTz in DMSO and in different DMSO-PBS (10 mM phosphate, 2 mM NaCl, pH = 7.4) 
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mixtures (Figure 4A.4a-c). DMSO solutions of all three molecule show characteristic 

monomeric absorptions corresponding to fullerene chromophore with a maximum 

around 330 nm as shown in Figure 4A.4 (red trace, d-f). 

F-Py having polar pyridinium moiety showed almost unchanged absorption in 

10% DMSO-PBS mixtures revealing the monomeric nature of F-Py even in higher buffer 

percentage (blue trace, Figure 4A.4d). In the case of F-An and F-PTz, negligible changes 

were observed in the absorption spectra upon increasing the buffer percentage up to  
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Figure 4A.4. Chemical structure of (a) F-Py (b) F-An (c) F-PTz. (d-f) represents the 

corresponding absorption spectrum (3 µM) in DMSO (red trace) and 10% DMSO-PBS (blue 

trace) and (g-i) show the corresponding TEM images respectively. Inset d-f shows pictorial 

illustration of monomeric F-Py, self-assembled aggregates of F-An and F-PTz into smaller and 

larger nanoclusters respectively.  



Interaction and Self-Assembly of Functionalized Fullerenes with CT-DNA      

143 

 

50% (vol/vol). However, signature variations corresponding to aggregation of fullerene 

units were observed upon further increase in the buffer content. For example, in 10% 

DMSO-PBS mixture, both F-An and F-PTz showed a new broad band at longer 

wavelengths (400 nm - 500 nm) with a concomitant hypochromism at 262 nm and a 6 

nm bathochromic shift of the 330 nm peak (Figure 4A.4e and 4f), leading to a visual 

colour change from pale brown to yellow (Figure 4A.5a). The morphological 

characterization of F-Py, F-An and F-PTz in 10% DMSO-PBS solution were carried out 

using Transmission Electron Microscopy to investigate their relative size (Figure 4A.4g-

i). TEM analysis of a solution of F-An drop-cast on carbon coated copper grid revealed 

the formation of more or less uniform, spherical nanoclusters of size ranging from 3-5 

nm (Figure 4A.4h). These results unambiguously demonstrate the formation of 

spherical nanoclusters of F-An with average size of <5 nm in 10% DMSO - PBS buffer 

mixture as schematically represented in Figure 4A.4e inset. Formation of the fullerene 

nanoclusters is controlled by the polarity of the molecule (the hydrophobic-hydrophilic  
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Figure 4A.5. (a) Photograph of F-An (100 M) in (i) DMSO and (ii) 10% DMSO-PBS showing 

visual colour change from pale brown to yellow during the formation of nanoclusters. Fitted 

histograms (Gaussian fit) for the size (diameter) distribution of b) F-An nanoclusters, c) F-PTz 

nanoclusters, obtained from HR-TEM analyses.  
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balance) and hence the pendent hydrophilic group (aniline in the case of F-An) is 

crucial in regulating the size of the nanoclusters. TEM image of F-Py (Figure 4A.4g) 

under similar conditions did not result in any nanoclusters indicating the cationic 

pyridinium head group render the molecule soluble in 10% DMSO-PBS mixtures as 

schematically represented in Figure 4A.4d inset. Average diameter of seventy F-An 

clusters measured from TEM analysis is 3.2 nm (Figure 4A.5b), which is close to the size 

of smallest fullerene cluster composed of eight fullerene molecules. The backbone 

length of individual F-An molecule was found to be ~1.4 nm with core diameter of 0.7 

nm. Whereas, substitution by a phenothiazine moiety (F-PTz) lead to larger 

nanoclusters as evidenced from TEM analysis (inset of Figure 4A.4f and Figure 4A.4i). 

The average size of seventy nanoclusters of F-PTz was calculated to be 77 nm from 

TEM size distribution (Figure 4A.5c). The observed higher nanocluster size in the case 

of F-PTz compared to F-An might be due to the increased tendency of aggregation in 

the presence of bulkier and less hydrophilic head group.  

4A.3.2. CT-DNA INTERACTION STUDIES OF FULLERENE DERIVATIVES  

With a view to understand the structure-property relationships governing 

the interaction of fullerene derivatives with long genomic DNA and their 

subsequent applications in DNA condensation and construction of ordered 

nanostructures, we have studied the interactions of F-Py, F-An and F-PTz with 

calf thymus DNA (CT-DNA). Initially, interactions of fullerene derivatives F-Py, F-

An and F-PTz, with CT-DNA were studied through UV-Visible absorption 
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spectroscopy and the results are summarized in Figure 4A.6. Upon successive 

addition of CT-DNA to cationic F-Py, the absorption bands around 260 nm and  
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Figure 4A.6. Changes in the absorption spectra of (a) F-Py, (b) F-An and (c) F-PTz with 

sequential addition of CT-DNA in 10% DMSO-PBS; Inset in (d) shows zoomed portion between 

290-400 nm. 

334 nm decreased consistently (Figure 4A.6a), indicating subsequent 

aggregation of the DNA-F-Py complex. The decreases in absorbance around 260 

nm where DNA bases have substantial absorption, even after successive addition 

of CT-DNA clearly indicate F-Py assisted aggregation of the added CT-DNA. The 

amphiphilic, F-Py derivative can interact with DNA through electrostatic 

interactions of the cationic, pyridinium group with anionic DNA backbone and 
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groove interactions of the fullerene moiety.12 The observed aggregation 

behaviour of DNA-F-Py complex could be attributed to the synergistic effect of 

the charge neutralization by the cationic pyridinium group and to the increased 

hydrophobicity due to the groove binding of hydrophobic fullerene moieties. 
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Figure 4A.7. Absorption changes at 260 nm in the presence and absence of F-An with 

increasing concentration of [CT-DNA]. CT-DNA was added in small aliquots to a 10% DMSO-PBS 

solution of F-An nanoclusters or to a 10% DMSO-PBS solution blank.  

On the other hand, sequential addition of CT-DNA to F-An solution showed 

a regular increase in the absorption around 260 nm corresponding to the 

absorption of the DNA bases with a concomitant decrease in the F-An 

nanocluster absorption around 336 nm (Figure 4A.6c). The maximum 

hypochromicity observed around 336 nm was approximately 40% with an 

isosbestic point at 296 nm (Figure 4A.6d). The change in the absorption around 

260 nm includes contribution from decreased absorption (hypochromicity) of F-

An nanoclusters and nucleobases due to F-An-DNA interactions and 

enhancement due to the increase in DNA concentration. These opposing effects 
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result in an apparent, but diminished increase in the absorption around 260 nm, 

compared to a blank CT-DNA titration experiment without the F-An nanoclusters 

(Figure 4A.7). The observed changes could be due to the binding of F-An 

nanoclusters with CT-DNA through groove binding interactions of fullerene and 

aniline moieties.  
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Figure 4A.8. a) Saturation plot of absorption changes at 336 nm upon addition of CT-DNA to F-

An (3 M) and b) corresponding half reciprocal plot with increase in [CT-DNA]. 

The intrinsic binding constant (KDNA) for the binding of F-An nanoclusters was 

calculated through half reciprocal plots and was found to be 1.87 x 104 M-1 

(Figure 4A.8). A similar titration experiment with CT-DNA and F-PTz showed 

negligible changes corresponding to the F-PTz cluster absorption around 340 nm 

(Figure 4A.6b), which clearly indicates that larger nanoclusters of F-PTz has 

negligible interactions with DNA. Both F-An and F-PTz remain as neutral clusters 

at physiological conditions used and hence any electrostatic interaction between 

these fullerene derivatives and DNA can be ruled out. Thus, the UV-Vis titration 

experiments indicate differential interactions of these fullerene derivatives with 
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CT-DNA due to the differences in their solubility and cluster formation behaviour 

in 10% DMSO-PBS. Individually solvated molecules of F-Py and 3-5 nm sized 

nanoclusters of F-An interact efficiently through electrostatic/groove 

interactions while larger nanoclusters of F-PTz fail to establish such interactions 

due to possible steric constraints. 

4A.3.3. FLUORESCENCE DISPLACEMENT ASSAY 

Ethidium bromide based fluorescence displacement assay is highly useful in 

understanding the mode of binding of small intercalator and groove binding molecules, 

where competitive displacement of the intercalated ethidium bromide lead to 

substantial quenching of the ethidium bromide fluorescence.36,37 The aniline moieties in 

F-An nanoclusters, due to the small size and planar aromatic nature can interact with 

DNA through groove binding and intercalative interactions. To understand the role of 

aniline intercalation in the CT-DNA-F-An nanocluster interactions, we have conducted 

the ethidium bromide based fluorescence displacement assay. A highly fluorescent  
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Figure 4A.9. Changes in the a) absorption spectra and b) emission spectra of ethidium bromide 

(30 M) in the presence of increasing concentrations of CT-DNA. 
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Figure 4A.10. Changes in the emission spectra of CT-DNA/ethidium bromide complex (30 M/ 

30 M, 1:1) in the presence of increasing concentrations of a) F-An and b) F-Py. 

ethidium bromide - CT-DNA complex was prepared via titration of ethidium bromide 

against CT-DNA as shown in Figure 4A.9. Further, F-An nanoclusters were titrated 

against this fluorescent ethidium bromide-CT-DNA complex, which showed only small 

changes in the fluorescence upon the addition of up to 30 µM of F-An (Figure 4A.10) 

indicating negligible displacement of the intercalated ethidium bromide. Therefore, the 

interaction of the F-An nanoclusters with CT-DNA could be attributed mostly to the 

groove interactions of the fullerene clusters and aniline moieties. On the other hand, 

titration of F-Py with EB/CT-DNA complex showed gradual decrease in fluorescence 

reflecting the displacement of intercalated EB from CT-DNA. Hence, cationic pyridinium 

moiety present in F-Py undergo intercalation mode of binding probably assisted by 

initial electrostatic interactions.  

4A.3.4. CIRCULAR DICHROISM STUDIES 

To understand the possible interactions between the CT-DNA/F-An 

nanoclusters and to verify the role of CT-DNA as a template in the self-assembly 
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of nanoclusters, we have carried out circular dichroism (CD) studies of CT-DNA 

(100 µM) in presence of varying amounts of F-An nanoclusters as shown in 

Figure 4A.11a. CT-DNA alone showed the characteristic CD spectra  
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Figure 4A.11. (a) Changes in the CD spectra of CT-DNA with increasing addition of F-An; (b) 

Temperature dependent CD spectral profile of CT-DNA/F-An (1:1) from 20 oC to 80 oC; (c) CD 

spectra of F-An, F-Py and F-PTz  with and without CT-DNA. 

corresponding to the B-form DNA with a positive peak at 275 nm and a negative 

peak at 245 nm (Figure 4A.11a) as reported previously.34,38 Upon increasing the 

concentration of F-An nanoclusters from 1:0 to 1:1, the CD spectra showed 

significant changes with the appearance of strong induced CD around 250 nm - 
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370 nm, the region corresponding to the F-An nanocluster absorption. Solutions 

of the F-An nanocluster alone at different concentrations didnot show any CD 

signal (Figure 4A.11c) and hence the observed positive induced CD signal could 

be attributed to the chiral organization of the F-An nanoclusters on the CT-DNA 

template facilitated by groove binding interactions and possible - interactions 

between adjacently bound F-An nanoclusters. The control experiments such as F-

Py, F-PTz with and without CT-DNA showed no ICD confirming that only F-An 

with unique cluster size can undergo templated, chiral self-assembly with CT-

DNA. Further, temperature dependent CD spectra were studied to understand 

the stability of CT-DNA/F-An self-assembled system in solution. The decrease in 

the CD intensity upon increasing the temperature from 20 oC to 80 oC 

demonstrate the disassembly of the nanoclusters from the CT-DNA template 

(Figure 4A.11b). The lack of complete disappearance of the CD signal could be 

attributed to the higher melting temperature of CT-DNA, preventing the complete 

disassembly of nanoclusters from its surface. 

4A.3.5. MORPHOLOGICAL STUDIES 

 The morphology changes accompanying the interaction of the fullerene 

derivatives with CT-DNA were studied using AFM, TEM and DLS techniques. AFM 

experiments were carried out by drop casting 10 µL solution (10% DMSO-PBS) 

containing CT-DNA (100 M) and CT-DNA/F-An (100 M, 1:1) complex 

separately on freshly cleaved mica surface. The concentration of the samples 

were chosen based on CD studies. CT-DNA alone exhibited highly networked 
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structure with an average width of ~250 nm, due to the strong DNA-DNA 

interactions, which agree well with the previous reports (Figure 4A.12a).39-41 On 

the other hand, the CT-DNA/F-An complex showed significantly different 

nanofibrous structure, where the highly networked structure of CT-DNA was 

broken down to smaller nanofibres of 50-100 nm size and subsequent  
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Figure 4A.12. (a-b) AFM and TEM image of CT-DNA. (b-d) AFM and TEM image of CT-DNA/F-

An complex in 10% DMSO-PBS; e) EDAX analysis obtained from TEM; f) Size distribution of F-

An, CT-DNA/F-An (1:1) and CT-DNA obtained from DLS measurements. 

condensates (Figure 4A.12c). The change in morphology of CT-DNA upon F-An 

nanocluster binding could be attributed to the reduction in the DNA-DNA 

interactions subsequent to the groove binding of F-An nanoclusters. TEM 

analysis of CT-DNA alone and CT-DNA/F-An complex over carbon coated copper 

grid further confirmed the disruption of the CT-DNA network structure and DNA 

templated F-An nanocluster self-assembly (Figure 4A.12b and 12d). Moreover, 
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the EDAX analysis over the obtained nanostructures indicated the occurrence of 

phosphorous atoms which confirmed the presence of DNA throughout the 

obtained nanostructures (Figure 4A.12e). To ascertain that the formation of CT-

DNA/F-An self-assembled nanostructures was not a surface dependent 

phenomenon, we have performed dynamic light scattering (DLS) studies under 

similar experimental conditions. The CT-DNA/F-An complex showed observable 

changes in the hydrodynamic radius compared to CT-DNA alone, indicating the 

breakdown of the highly networked structure of CT-DNA upon F-An nanocluster 

binding (Figure 4A.12f).These results coupled with the CD analysis further 

support the chiral self-assembly of F-An nanoclusters along the CT-DNA template 

facilitated by the groove binding and possible - interactions between the 

clusters, as shown schematically in Figure 4A.13. 

 

Figure 4A.13. Pictorial representation of CT-DNA templated nanonetwork formation of 

F-An nanoclusters in 10% DMSO-PBS mixture. 

In order to understand the changes in the CT-DNA morphology in the 

process of the F-Py induced condensation, the morphologies of CT-DNA at 

different F-Py concentrations from 0 to 0.1 mM were analysed using AFM as 
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shown in Figure 4A.14. With the addition of 0.25 µM F-Py, slight perturbation of 

highly network structure of CT-DNA was observed. Upon further increasing the 

F-Py concentration to 0.5 µM the CT-DNA/F-Py aggregates present a beads-on-a-

string structure, which is composed of about ~50 nm spherical aggregates 

interconnected by unfolded DNA chains. Further increase in the F-Py 

concentration led to the compaction of smaller aggregates into larger spherical 

aggregates with average sizes ranging from 100-250 nm. In contrast, AFM 

analysis of CT-DNA under similar conditions, in the presence of larger F-PTz 

nanoclusters (Figure 4A.15a), showed no visible disruption of the CT-DNA 

fibrous network structures (Figure 4A.15b).  

500 nm 500 nm 

500 nm 500 nm 

CT-DNA:F-Py (1:0) 1:0.25 1:0.5 

1:1 1:0.75 

a) b) c) 
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Figure 4A.14. AFM images representing the changes in the CT-DNA (100 µM) 

morphologies at a) 0, b) 0.25, c) 0.5, d) 0.75, d) 1 equivalents of F-Py.  
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Figure 4A.15. AFM height image of a) F-PTz alone and b) CT-DNA/F-PTz. 

To get further insight into the stepwise CT-DNA condensation, the changes in the 

zeta-potential and size of CT-DNA were measured upon successive increase in the F-Py 

concentration (Figure 4A.16). CT-DNA exhibited a zeta-potential of about -50 mV and a 

hydrodynamic diameter of 700 nm, which are consistent with the results reported 

previously.24 With the initial additions of F-Py solution, the value started to decrease 

while the zeta-potential value became less negative, indicating that the binding of 

cationic F-Py with CT-DNA takes place even at extremely low F-Py concentration due to  
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Figure 4A.16. Variation of the zeta-potential and the hydrodynamic diameter of CT-DNA (100 

µM) measured by DLS as a function of F-Py concentration. 
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their strong electrostatic interaction. Onset of CT-DNA condensation was observed at F-

Py concentration of 20 µM. At this point, the aggregate size becomes ~400 nm with a 

zeta potential of -20 mV. This indicates that the CT-DNA chains have been condensed 

into small aggregates with less negative charges in the presence of oppositely charged 

F-Py molecules. Upon further increasing F-Py concentration, the values of both the size 

and zeta-potential significantly reaches constant values, which are about 200 nm and 

30 mV, respectively indicating the completion of CT-DNA condensation where 

additional F-Py molecules will not get incorporated into the CT-DNA/F-Py aggregates. 

CT-DNA:F-Py (1:0) 1:0.25 1:0.5 

1:1 1:0.75 

 

Figure 4A.17. Pictorial representation of F-Py induced concentration dependent CT-DNA 

condensation. 

From these experimental observations, the mechanism of F-Py induced DNA 

condensation can be proposed as shown in Figure 4A.17. Initially, the double stranded 
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CT-DNA exist in a highly network structure due to the interstrand interaction. Upon 

increase in the concentration, F-Py bind to the DNA through strong electrostatic and 

intercalative binding modes, leading to the disruption of CT-DNA network. Further 

increase in the concentration of F-Py induces the conformational transition of the DNA 

chains, forming partially condensed cluster-like aggregates, then beads-on-a-string 

structure, and finally fully condensed CT-DNA/F-Py aggregates. 

4A.4. CONCLUSIONS 

In summary, we have reported the differential interaction of three 

monosubstituted fullerene derivatives, F-Py, F-An and F-PTz having pyridinium, aniline 

or phenothiazine end groups with CT-DNA. The nature of the end group and subsequent 

changes in the hydrophobic-hydrophilic balance in these derivatives resulted in 

significant differences in their solvation and cluster formation behaviour in 10% DMSO-

PBS and in their interactions with CT-DNA. For example, the cationic fullerene 

derivative, F-Py gets molecularly dissolved in 10% DMSO-PBS and strongly interact 

with CT DNA via electrostatic and intercalative binding interactions leading to the 

formation of micrometer sized condensed aggregates. On the other hand, the 

phenothiazine derivative, F-PTZ, forms larger nanoclusters and fails to interact with 

CT-DNA. In contrast, the aniline derivative, F-An which forms 3-5 nm sized 

nanoclusters efficiently interact with CT-DNA and induce perturbations in the highly 

network structure of the CT-DNA. CD and morphological studies of CT-DNA/F-An 

complex confirmed the chiral self-assembly of F-An nanoclusters along the CT-DNA 
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template and the disruption in the CT-DNA network structure to form smaller, 

nanofibrous structure with subsequent condensation.  

4A.5. EXPERIMENTAL SECTION 

4A.5.1. Materials and Methods 

The double stranded calf-thymus DNA (CT-DNA) and Ethidium bromide (EB) 

were purchased from Sigma Aldrich. Spectroscopic grade (99.9%) DMSO solvent 

was purchased from Merck. All the chemicals and reagents were used as received 

without further purification. Milli Q deionized water (18.2 MΩ.cm) was used 

throughout the studies. 

All the experiments were performed in 10% DMSO-PBS solvent mixture. 

The fullerene derivatives were initially dissolved in DMSO and then diluted with 

deionized water to obtain appropriate concentrations in 10% DMSO-PBS solvent 

mixture. The UV-Visible absorption spectra were recorded on a Shimadzu UV-

2600 Spectrophotometer. For these studies, the concentration of fullerene 

derivative was kept constant (3 µM) and DNA solution (2.5 mM) in small aliquots 

was added. All optical measurements were carried out using 1 cm cuvettes at 

room temperature (25± 1 oC) unless otherwise mentioned. The fluorescence 

emission spectra were recorded on a SPEX FLUOROLOG-3 (FL3-221) 

spectrofluorimeter. The wavelength of excitation was 515 nm. The fluorescence 

of CT-DNA/EB complex (30 µM/30 µM) was measured by subsequent addition of 

F-An in small portions. Circular dichroism measurements were performed on a 

Jasco J-810 spectropolarimeter having Peltier controlled thermostatic cell holder 
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where the sensitivity, integration time and scan rate were chosen appropriately. 

The DLS experiments were performed in quartz cuvettes using the same 

solutions which are used for microscopic studies. The hydrodynamic diameters 

of the nanoclusters were determined using a Malvern Zeta Nano-ZS system. 

4A.5.2. CT-DNA Binding Studies 

A solution of calf thymus DNA was dissolved in Millipore water to minimize 

complexities arising from DNA flexibility and filtered through 0.45 µm syringe 

filter. The concentrations of DNA solutions were determined by using the average 

value of 6600 M-1cm-1 for the extinction coefficient of a single nucleotide at 260 

nm.42 A stock solution of 2.5 mM CT-DNA in 10 mM phosphate buffer containing 

2 mM NaCl was used for all further studies. The intrinsic binding constant of the 

F-An with CT-DNA was determined using absorbance at the respective maxima 

(336 nm) recorded after each addition of CT-DNA. The intrinsic binding constant 

KDNA was determined from the half reciprocal plot of D/app, vs D, using  

D/app = D/ + 1/ ( KDNA)    (1) 

where D is the base pair concentration of CTDNA, ap= [a - F] and  = [b - 

F].43,44 The apparent extinction coefficient, a is obtained by calculating A[obsd] / 

[F-An], b and F correspond to the extinction coefficient of the bound form of the 

F-An and the extinction coefficient of the free F-An derivatives, respectively. The 

data were fitted to the equation (1), with a slope equal to 1/app and a y-

intercept equal to (1/KDNA). b was determined from  and KDNA was obtained 

from the ratio of the slope to the y-intercept. 
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4A.5.3. AFM/TEM Sample Preparations 

Samples for AFM analysis were prepared by drop-casting 10 L solution 

(10% DMSO-PBS) of CT-DNA (100 M), CT-DNA/fullerene derivative complex 

(100 M, 1:1) onto freshly cleaved mica sheet under ambient conditions and 

were dried under air. A BRUKER MULTIMODE AFM operating with a tapping 

mode regime was used to record AFM images under ambient conditions. Micro 

fabricated TiN cantilever tips (NT-MDT-NSG series) with a resonance frequency 

of 299 kHz and a spring constant of 20 to 80 Nm−1 were used. AFM section 

analysis was done offline. TEM samples were prepared by drop casting 10 L 

solution (concentration were chosen based on AFM experiments) of the sample 

on the top of the carbon-coated copper grid (400 mesh). The samples were 

allowed to adsorb on the grid overnight at ambient conditions and were added 

Millipore water (2 x 10 L) to remove buffer salts. TEM analysis was performed 

with a JEOL 100 kV high-resolution transmission electron microscope. The 

accelerating voltage of the TEM was 100 kV and the beam current was 65 A. 

Samples were imaged with a Hamamatsu ORCA CCD camera.  

4A.5.4. SYNTHETIC PROCEDURES 

4A.5.4.1. Synthesis of 2-(2-(2-bromoethoxy)ethoxy)ethanol,45 
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To a solution of 2,2’-(ethane-1,2-diylbis(oxy))diethanol (10 g, 0.066 mmol) and 

toluene (150 mL) was added hydrobromic acid (15 mL of 48% aqueous solution). The 

heterogeneous mixture was stirred and refluxed at    110 oC. After 36 h, the organic 

layer was separated using ethyl acetate (2 x 100 mL). The solvent was rotary 

evaporated and the crude product was separated by column chromatography using 

30% ethylacetate-hexane mixture (Rf : 0.5) to obtain yellow liquid in 21% yield (3 g).  

1H NMR (500 MHz, CDCl3), δ (ppm): 3.84 (t, J = 6 Hz, 2H), 3.76 (t, J = 4.75 Hz, 2H), 3.69 

(s, 4H), 3.64 (t, J = 4.25 Hz, 2H), 3.51 (t, J = 6.25 Hz, 2H). 

13C NMR (125 MHz, CDCl3), δ (ppm): 72.56, 71.15, 70.50, 61.70, 30.56. 

HRMS (m/z): [M]+ calcd. for C6H13BrO3, 212.00; found, 213.01 (M+H). 

4A.5.4.2. Synthesis of 2-(2-(2-bromoethoxy)ethoxy)ethyl [6,6]-phenyl-C61-

butyrate, F-Br 

 

To a solution of PCBA (100 mg, 0.0558 mmol) in 1,2-dichlorobenzene (6 mL) 

was added 4-dimethylaminopyridine (12 mg, 0.0558 mmol), EDC-HCl (64 mg, 0.1674 

mmol) and stirred for 10 min at 0 0C. 2-(2-(2-bromoethoxy)ethoxy)ethanol (32 μL, 

0.1116 mmol) was added directly to the reaction mixture and stirred overnight at room 

temperature. The crude mixture was purified by column chromatography using 

chloroform (Rf : 0.7) which afforded brown colour solid in 64% yield (77.80 mg).  
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1H NMR (500 MHz, CDCl3), δ (ppm): 7.95 (d, J = 7.5 Hz, 2H), 7.58 (t, J = 7.5 Hz, 2H), 7.51 

(t, J = 7.25 Hz, 1H), 4.27 (t, J = 4.75 Hz, 2H), 3.83 (t, J = 6.25 Hz, 2H), 3.73 (t, J = 6.5 Hz, 

2H), 2.97 (t, J = 9.125 Hz, 2H), 2.59 (t, J = 7.5 Hz, 2H), 2.24 (m, J = 7.87 Hz, 2H).  

13C NMR (125 MHz, CDCl3), δ (ppm): 174.23, 148.29, 147.80, 145.85, 145.70, 145.26, 

145.01, 144.88, 144.69, 144.58, 144.43, 144.32, 144.17, 144.03, 143.61, 143.05, 142.73, 

142.08, 142.12, 141.19, 141.06, 139.04, 138.57, 135.79, 133.61, 128.04, 127.26, 121.72, 

78.97, 70.06, 69.43, 68.20, 67.93, 62.9, 32.91, 27.42, 22.3. 

MALDI (m/z): M+ calcd. for C77H23BrO4+, 1090.07; found, 1113.06 (M+Na). 

4A.5.4.3. Synthesis of 1-(2-(2-(2-(([6,6]-phenyl-C61-butyroyl)oxy)ethoxy)ethoxy) -

ethyl) pyridine-1-ium bromide, F-Py 

 

2-(2-(2-bromoethoxy)ethoxy)ethyl [6,6]-phenyl-C61-butyrate (20 mg, 0.018 

mmol) was added 2 mL of pyridine and the resultant solution was refluxed at 100 oC for 

24 h. The solvent was evaporated and the residue was washed with methanol to afford 

the product F-Py as black colour solid (10 mg, 49% yield).  

1H NMR (500 MHz, DMSO-d6 ), δ (ppm): 9.03 (d, J = 5.5 Hz, 2H), 8.18 (t, J = 7 Hz, 2H), 

8.06 (d, J = 7.5 Hz, 2H), 7.60 (t, J = 7.5 Hz, 2H), 7.49 (s, 1H), 4.8 (t, J = 4.5 Hz, 2H), 4.08 (t, 

J = 4.5 Hz, 2H), 3.91 (t, J = 4.75 Hz, 2H), 3.47 (t, J = 4.25 Hz, 4H), 2.93 (t, J = 8 Hz, 2H), 

2.56 (t,  J = 7 Hz, 2H), 2.07 (m, J = 7.66 Hz, 2H). 
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13C NMR (125 MHz, CDCl3), δ (ppm): 173.09, 146.06, 145.21, 145.12, 145.07, 144.71, 

144.57, 144.52, 144.42, 144.22, 143.37, 143.13, 143.05, 142.98, 142.95, 142.91, 142.69, 

142.15, 142.10, 141.98, 141.76, 139.02, 138.47, 136.71, 133.10, 128.34, 125.27,  122.55, 

100.81, 79.46, 71.31, 70.20, 69.18, 68.10, 64.29, 50.15, 32.66, 22.19. 

MALDI (m/z): M+ calcd. for C82H28NO4+, 1090.20; found, 1090.20 (M). 

4A.5.4.4. Synthesis of tert-butyl(2-hydroxyphenyl)carbamate46 

 

Di-tert-butyl dicarbonate (19.79 g, 0.0916 mol) and zinc chloride (12.48 g, 

0.0916 mol) were added to a solution of 2-aminophenol (10 g, 0.0916 mol) in THF (200 

mL), and the reaction mixture was stirred for 24 h. The solvent was removed under 

reduced pressure and the reaction mixture was extracted with ethyl acetate (100 mL). 

The organic layer was washed (2 x 50 mL) with water. It was then separated, dried over 

Na2SO4 and evaporated under reduced pressure. The residue obtained was purified by 

column chromatography on silica gel by using 5% EtOAc-hexane as eluent to give the 

pure product as white crystals in 26 % yield. (Rf : 0.5, 30% EtOAc-hexane). 

1H NMR (500 MHz, CDCl3), δ (ppm): 8.13 (s, 1H), 7.08 (m, 2H), 6.97 (d, J = 8 Hz, 1H), 

6.86 (d, J = 6.5 Hz, 1H), 6.65 (s, 1H), 1.53 (s, 9H). 

13C NMR (125 MHz, CDCl3), δ (ppm): 155.01, 147.38, 125.62, 125.54, 121.34, 120.76, 

82.06, 28.26. 

HRMS (m/z): [M]+ calcd. for C11H15NO3, 209.11; found, 232.09 (M+Na). 
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4A.5.4.5. Synthesis of tert-butyl-(2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)-

phenyl)carbamate 

 

To a solution of tert-butyl (2-hydroxyphenyl) carbamate (500 mg, 2.39 mmol) 

and potassium carbonate (660 mg, 4.78 mmol) in acetonitrile (15 mL) was added 2-(2-

(2-bromoethoxy)ethoxy)ethanol, 1 (509 mg, 2.39 mmol). The reaction mixture was 

stirred and refluxed for 24 h. The solvent was evaporated and reaction mixture was 

extracted with ethyl acetate (2 x 50 mL) and water (10 mL). Organic layer was 

separated and dried. The crude product was purified through column chromatography 

using 30% ethylacetate-hexane mixture (Rf : 0.2). The product was obtained as pale 

yellow viscous liquid in 36 % yield (300 mg). 

1H NMR (500 MHz, CDCl3), δ (ppm): 0.97 (s, 1H), 7.51 (d, J = 8 Hz, 1H), 6.94 (m, 2H), 

6.86 (d, J = 7.5 Hz, 1H), 4.17 (t, J = 4.5 Hz, 2H), 3.86 (t, J = 4.5 Hz, 2H), 3.72 (m, 6H), 3.63 

(t, J = 5 Hz, 2H), 1.53 (s, 9H). 

13C NMR (125 MHz, CDCl3), δ (ppm):153.06, 146.84, 128.95, 123.68, 122.39, 121.78, 

112.39, 72.61, 70.71, 70.35, 68.47, 61.80, 28.40. 

HRMS (m/z): M+ calcd. for C17H27NO6, 341.18; found, 364.17 (M+Na). 
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4A.5.4.6. Synthesis of 2-(2-(2-(2-((tert-butoxycarbonyl)amino)phenoxy)ethoxy) 

ethoxy)ethyl-[6,6]-phenyl-C61-butyrate, F-An-Boc 

 

To a solution of PCBA (50 mg, 0.056 mmol) in 1,2-dichlorobenzene (6 mL) was 

added 4-dimethylaminopyridine (6.8 mg, 0.056 mmol), EDC.HCl (16 mg, 0.083 mmol) 

and stirred for 10 min at 0 oC. Compound 3 (19 mg, 0.056 mmol) was added directly to 

the reaction mixture and stirred overnight at room temperature. The crude mixture 

was purified by column chromatography using chloroform (Rf : 0.4) which afforded F-

An-Boc as a brown colour powder in 71% yield (45 mg). 

1H NMR (500 MHz, CDCl3), δ (ppm): 8.06 (s, 1H), 7.92 (d, J = 7 Hz, 2H), 7.53 (t, J = 7.5 Hz, 

2H), 7.46 (t, J = 7.5 Hz, 1H), 6.95 (m, 2H), 6.88 (d, J = 7.5 Hz, 1H), 4.24 (t, J = 5 Hz, 2H), 

4.17 (t, J = 4.5 Hz, 2H), 3.84 (t, J = 5 Hz, 2H), 3.7 (m, 6H), 2.89 (t, J = 8 Hz, 2H), 2.53 (t, J = 

7.5 Hz, 2H), 2.19 (m, 2H), 1.55 (s, 9H). 

13C NMR (125 MHz, CDCl3), δ (ppm): 173.05, 148.80, 147.80, 145.85, 145.20, 145.16, 

145.05, 144.80, 144.67, 144.52, 144.43, 144.02, 143.77, 143.13, 143.01, 142.95, 142.23, 

142.18, 142.14, 140.99, 140.76, 138.04, 137.57, 136.74, 132.11, 128.44, 128.26, 122.32, 

121.94, 112.73, 100, 79.87, 70.66, 69.62, 69.20, 68.83, 63.59, 33.93, 28.43, 21.8. 

MALDI (m/z): M+ calcd. for C88H37NO7, 1219.25; found, 1242.25 (M+Na). 
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4A.5.4.7. Synthesis of 2-(2-(2-(2-aminophenoxy)ethoxy)ethoxy)ethyl-[6,6]-

phenyl-C61-butyrate,    F-An 

 

F-An-Boc (45 mg, 0.037 mmol) in chloroform (10 ml) was added trifluoroacetic 

acid (2 mL) and stirred overnight at room temperature. The solvent was removed 

under reduced pressure and the reaction mixture was extracted with chloroform (10 

mL). The organic layer was washed (2 x 10 mL) with water and neutralised with 

sodium bicarbonate (1 M). It was then separated, dried over Na2SO4 and evaporated 

under reduced pressure to give the product as brown solid in quantitative yield. 

1H NMR (500 MHz, CDCl3), δ (ppm): 7.91 (d, J = 7.5 Hz, 2H), 7.53 (t, J = 7 Hz, 2H), 7.46 (t, 

J = 7.5 Hz, 1H), 7.16 (d, J = 8 Hz, 1H), 7.08 (t, J = 8.5 Hz, 1H), 6.95 (m, 2H), 4.27 (t, J = 4.5 

Hz, 2H), 4.19 (t, J = 4.5 Hz, 2H), 3.81 (t, J = 4.5 Hz, 2H), 3.66 (m, 6H), 2.88 (t, J = 8 Hz, 2H), 

2.52 (t, J = 8 Hz, 2H), 2.17 (m, 2H). 

13C NMR (125 MHz, CDCl3), δ (ppm): 173.05, 145.86, 145.21, 145.16, 145.07, 144.81, 

144.67, 144.52, 144.42, 144.02, 143.77, 143.13, 143.05, 143.01, 142.95, 142.91, 142.19, 

142.15, 142.10, 140.98, 140.76, 138.02, 137.57, 136.71, 132.10, 128.44, 128.27, 123.17, 

122.55, 100, 79.86, 70.31, 70.20, 69.28, 69.10, 63.39, 51.85, 33.86, 22.21. 

HRMS (m/z): M+ calcd. for C83H29NO5, 1119.20; found, 1120.20 (M+H). 
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4A.5.4.8. Synthesis of 2-(2-(2-(10H-phenothiazin-10-yl)ethoxy)ethoxy)ethanol47 

 

A mixture of Phenothiazine (0.5 g, 2.5 mmol), potassium carbonate (1.03 g, 7.5 

mmol), potassium iodide (0.2 g, 6 mmol), and 2-(2-(2-bromoethoxy)ethoxy)ethanol 

(0.6 g) was refluxed in 1,2-dichlorobenzene for 36 h. On cooling, solvent was removed 

under reduced pressure and the crude product was purified by column 

chromatography using 15% ethyl acetate-hexane mixture followed by ethyl acetate as 

eluting solvent to obtained 0.3 g yellow liquid in 36% yield. Rf = 0.1 (10% ethyl acetate-

hexane). 

1H NMR (500 MHz, acetone-d6), δ (ppm): 6.9 (m, 2H), 7.13 (m, 6H), 3.86 (t, J = 5 Hz, 2H), 

3.53 (t, J = 4.5 Hz, 2H), 3.34 (t, J = 4.25 Hz, 2H), 3.61 (m, 4H), 3.34 (t, J = 4.5 Hz, 2H). 

13C NMR (125 MHz, acetone-d6), δ (ppm): 159.90, 127.11, 126.09, 121.40, 115.58, 

114.63, 79.96, 72.16, 71.09, 60.02, 32.42. 

HRMS (m/z): M+ calcd. for C18H21NO3S+, 331.12; found, 354.11 (M+Na). 

4A.5.4.9. Synthesis of (10H-phenothiazin-10-yl)-propyl-[6,6]-phenyl-C61-butyrate, 

F-PTz 
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To a solution of PCBA  (50 mg, 0.055 mmol) in 1,2-dichlorobenzene (10 mL)  

was added DMAP (6.7  mg, 0.055 mmol), EDC-HCl (31 mg, 0.165 mmol) and stirred for 

10 min at 0 oC. 2-(2-(2-(10H-phenothiazin-10-yl)ethoxy)ethoxy)ethanol (14 mg, 0.055 

mmol) was added directly to the reaction mixture and stirred overnight at room 

temperature. The solvent was rotary evaporated and the crude product was separated 

by column chromatography using toluene to obtain 40 mg black solid in 63% yield.  

1H NMR (500 MHz, CDCl3), δ (ppm): 7.93 (d, J = 8 Hz, 2H), 7.56 (q, J = 7.5 Hz, 2H), 7.53 

(m, 1H), 7.24 (m, 4H), 7.18 (m, 4H), 4.23 (t, J = 4.5 Hz, 2H), 3.76 (t, J = 5 Hz, 2H), 3.69 (t, J 

= 4.25 Hz, 2H), 3.61 (m, 4H), 3.26 (t, J = 4.5 Hz, 2H), 2.93 (t, J = 8 Hz, 2H), 2.53 (m, 2H), 

2.2 (t, J = 7.65 Hz, 2H). 

13C NMR (125 MHz, acetone-d6), δ (ppm): 177.23, 161.09, 147.89, 146.78, 145.75, 

145.60, 145.16, 144.91, 144.78, 144.59, 144.32, 144.29, 144.17, 144.07, 144.02, 143.21, 

142.95, 142.63, 142.18, 142.02, 141.59, 141.01, 139.34, 138.35, 135.34, 133.78, 128.14, 

127.06, 127.21, 126.19, 121.82, 121.80, 115.78, 114.73, 77.67, 71.06, 68.43, 67.20, 

66.53, 62.42, 34.81, 26.64, 24.03. 

HRMS (m/z): M+ calcd. for C83H29NO5S, 1209.19; found, 1210.29 (M+H). 
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MUTUALLY ASSISTED SELF-ASSEMBLY OF FULLERENE 

NANOCLUSTERS AND SHORT DNA STRANDS INTO NANOWIRES, 

NANOSHEETS AND NANONETWORKS 
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4B.1. ABSTRACT 

Programmable, hierarchical assembly of DNA nanostructures with the precise 

organization of functional components have been demonstrated previously with tiled 

assembly and DNA Origami. However, building organized nanostructures with random 

oligonucleotide strands remains as an elusive problem. Herein, we describe a simple and 

general strategy in which nanoclusters of a fullerene derivative act as stapler motifs in 

bringing ordered nanoscale assembly of short oligonucleotide duplexes (dsDNA), three-

way junction DNA (3WJ-DNA) and 3WJ-Overhang (3WJ-OH) into micrometer-sized 
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nanowires, nanosheets and nanonetwork respectively. In this approach, the fullerene 

derivative by virtue of its amphiphilic structure and unique hydrophobic-hydrophilic 

balance pre-assemble to form 3-5 nm sized clusters in DMSO - phosphate buffer mixture, 

which further assist the assembly of DNA strands. We demonstrate that the optimum 

cluster size, availability of DNA anchoring motifs and the nature of the DNA strands 

control the structure of these nanomaterials. Further, the horizontal conductivity 

measurements using c-AFM confirmed the charge transport properties of these nanowires. 

Further, the programmability and templated decoration with fluorescent silver 

nanocluster (AgNCs) was exploited using (3WJ-OH) which formed nanonetwork structure 

due to the differential interaction of fullerene nanocluster with single and duplex strands 

of 3WJ-OH. The nanonetwork structures obtained from 3WJ-OH/fullerene clusters self-

assembly showed 40% enhancement in fluorescence of AgNCs compared to bare 3WJ-OH. 

The current strategy could be employed to organize random DNA duplexes and tiles into 

functional nanostructures and hence open up new avenues in DNA nanotechnology. 

4B.2. INTRODUCTION 

DNA nanotechnology got expanded over the last two decades incorporating 

strategies to harness the sequence programmability of DNA in building hierarchical 

nanostructures1-4 and subsequently using it for organizing functional motifs in an 

ordered fashion.5-9  While initial efforts were relying on the complementarity of simple 

oligonucleotide strands in making nanostructures with topologically defined 

architectures, their conformational flexibility diminished further applications.10-15 Two 

seminal concepts brought a paradigm shift in DNA nanotechnology by introducing rigid 



Mutually Assisted Self-Assembly of Fullerene Clusters with Short DNA Strands     

175 

 

nanoscale building blocks and advancing it to the design of programmable 2D and 3D 

nanostructures: (i) the use of rigid nanoparticle cores for building long-range ordered, 

DNA based lattices16-19 and (ii) the introduction of hybridization based intricately 

woven multiple cross-over tiles as used in DNA tiles & DNA origami.20,21  

a) c) 

b) d) 

 

Figure 4B.1. Schematic representation of a) DNA scaffold and staple stands used in the 

construction of DNA origami based 2D and 3D nanostructures (Adapted from reference 22); b) 

2D nanostructures prepared from DNA origami (Adapted from reference 24); c) DNA tiles 

rectangular, Y-shaped, X-shaped, and star-shaped 2D structures with corresponding AFM 

images (Adapted from reference 25); d) DNA tile templated organization of 5 nm gold 

nanoparticle with corresponding TEM image (Adapted from reference 26). 

DNA origami, a hybridization based DNA folding technique use a large (>1000 

bp), circular single-stranded DNA in constructing predefined nano-architectures with 

the help of short 'staple' strands (Figure 4B.1a).22 These approaches also have the 

flexibility of incorporating addressable, sticky-end sequences at precise locations in the 

nanoscale architectures, making it useful in organizing functional materials.23 DNA 
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origami was used in the construction of several predefined nanostructures such as star, 

smiley, triangle as shown in the Figure 4B.1b.24 Similarly, DNA tiles have also been used 

in the construction of variety of 2D nanostructures using various rectangular, Y-shaped, 

X-shaped, and star-shaped DNA tiles (Figure 4B.1c).25 In a representative example 

Nadrian C. Seeman and coworkers demonstrated the templated organization of 5 nm 

sized thiol modified gold nanoparticle arrays on the DNA tile (Figure 4B.1d).26  

a) 

c) 

b) 

d) 

 

Figure 4B.2. Pictorial representation of a) ssdna templated self-assembly of organic 

chromphores (Adapted from reference 37); b) DNA based synthesis of conjoined polyaniline 

nanowire with consecutively six aniline modified nucleobases (Adapted from reference 38); c) 

Cu2+-mediated duplex formation between two modified DNA strands in which nucleobases 

were replaced by hydroxypyridone moiety (Adapted from reference 39); d) DNA templated 

assembly of gold nanoparticle using thiol modified three way junction (12SH3A) with 

corresponding TEM image (Adapted from reference 40). 
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Nanoparticle templated DNA building blocks and DNA tiles are focused on the 

development of small number of building blocks which self-assemble into large periodic 

structures.27 However, a closer review reveals that these strategies are inadequate in 

building nanostructures with random, unmodified oligonucleotides, partly because of 

compromise with the programmability of the self-assembly and the precise control 

offered by these techniques on the size and shape of subsequent nanostructures. 

Previously, DNA has been successfully utilized as a template for organizing various 

small molecules,28 metal ions,29,30 clusters,31,32 nanoparticles23,26,33 and polymers34-36 for 

the construction of supramolecular architectures of various size and shape with 

remarkable control. Some representative examples were depicted in Figure 4B.2. Mejier 

and coworkers showed ssdna (dT40) templated self-assembly of naphthalene 

chromophore (NT) using complementary hydrogen bonding upto 40 units (Figure 

4B.2a).37 Moreover, this strategy has been extended to oligophenylenevinylene 

conjugated thymine (OPVT) system also. Gary Schuster et al. showed the controlled 

synthesis of conjoined polymer in a unique way by using aniline modified 

oligonucleotides using HRP/H2O2 as catalyst (Figure 4B.2b).38 In another example, two 

modified DNA strands with nucleobases replaced by hydroxypyridone moiety were 

used for templated assembly of Cu2+ metal ions upon duplex formation (Figure 4B.2c).39 

Further, Yamuna krishnan and coworkers showed the templated assembly of gold 

nanoparticle using thiol modified three way junction DNA (12SH3A)40 by utilizing pH 

induced polymerisation of three way junction through overhang A-motif formation. The 
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templated assembly was further confirmed by means of TEM analysis using the thiol 

modified DNA at one end to specifically bind to gold nanoparticles (Figure 4B.2d).  

a) c) 

b) 

 

Figure 4B.3. a) Long range ordered assembly of oligoethyleneglycol dendron appended short 

DNA duplex into nanofibre (Adapted from reference 41). b) Cyanuric acid induced hexameric 

rosette type assembly of Poly(adenine) DNA into bundled nanofibres (Adapted from reference 

44). c) Assembly and disassembly of DNA-grafted supramolecular polymer using DNA-hybrid 

sequences containing phosphodiester-linked pyrene units (Adapted from reference 43).  

On the other hand, DNA assisted or templated self-assembly by small 

molecules,41 nanoparticles,42 oligomers43 etc or mutually assisted self-assembly into 

nanostructures are rarely reported. Sleiman and co-workers reported formation of long 

range bundled nanofibres using oligoethyleneglycol dendron appended short DNA 

duplex in 75% acetonitrile-water mixture (Figure 4B.3a).41 Recently, same group 

described a small molecule assisted assembly of unmodified DNA into nanofibres, 

where hydrogen bonding interactions with adenines and cyanuric acid play a crucial 

role in realizing hexameric rossette structure-assisted cooperative polymerization 
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(Figure 4B.3b).44 In the same line, Robert Häner and coworkers described the 

construction of DNA-grafted supramolecular polymer using covalently modified 

phosphodiester-linked pyrene units (Figure 4B.3c).43 Thermally assisted assembly and 

disassembly of these supramolecular polymers was studied using AFM analysis. Also, 

chiral templated assembly of pyrene units was confirmed by AFM height analysis. 

The DNA based conducting one-dimensional nanowires are anticipated to be 

pertinent materials for smart connections between metal electrodes in nanodevices.45,46 

Erez Braun et al. demonstrated a general method for the construction of one 

dimensional conducting nanowire between the gold electrodes by using the DNA 

guided silver metallization where DNA serves as template for the growth of 

electrostatically bound metal ions (Figure 4B.4a).47 Templated assembly was confirmed 

by AFM analysis (Figure 4B.4b) and the I-V measurement represents the conductivity of 

these silver metal nanowires (Figure 4B.4c). Previously reported DNA based conducting 

metal nanowires, conjoined conducting polymers, metal nanoparticle arrays etc. also 

show the exclusive assembly potential of DNA.48 Danny Porath and co-workers showed 

horizontal charge transport through single G-quadruplex DNA molecules over the 

distances more than 100 nm by cleverly coating the gold electrode on one side of DNA 

nanofibres as shown in Figure 4d.49 The height of these nanofibres was 20 nm while the 

electrode thickness was 35 nm (Figure 4B.4e). I-V profile obtained from c-AFM 

measurement at different positions across the nanofibre confirms the distance 

dependent conductivity of DNA nanofibres. The control experiment such as 
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conductivity above mica and above gold electrode showed zero and maximum 

conductivity, respectively (Figure 4B.4f).  

a) 
b) c) 

d) f) e) 

 

Figure 4B.4. Schematic representation of a) DNA templated silver nanowire construction 

between the gold electrode with corresponding b) AFM image and c) I-V profile (Adapted from 

reference 47); d) Horizontal conductivity measurement of G4-DNA protruding from gold 

electrode with corresponding AFM image; e) Height profile of nanofibre and electrode; f) I-V 

profile at various distances, inset: Conductivity measured above mica and electrode (Adapted 

from reference 49). 

Herein, we show that the initial nanoclusters formed by the amphiphilic 

fullerene derivative (F-An, Figure 4B.9a) in 10% DMSO-phosphate buffer, act like 

stapler motifs in bringing small duplexes together, leading to micrometer long 

nanofibres.50 The detailed synthesis of fullerene derivative, F-An and its nanocluster 

characterization in 10% DMSO-PBS was reported in the chapter 4, part A. The charge 

transport properties of these nanofibres were confirmed by using c-AFM analysis. 
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Further, the tunability of these nanostructures were demonstrated by replacing the 

duplex by a three way junction DNA (3WJ-DNA) which extend these assemblies into 

two dimension leading to few layer nanosheets. Finally, the three way junction DNA 

with an overhang (3WJ-Overhang) was shown to form nanonetwork structures. To our 

knowledge, this represents the first example where a non-covalently assembled 

template assists short oligonucleotide duplexes to form nanostructures with long-range 

order. 

4B.3. RESULTS AND DISCUSSION 

4B.3.1. F-AN NANOCLUSTER-dsDNA INTERACTIONS 

Interactions between F-An nanoclusters (Figure 4B.5a and 5b) and dsDNA 

(Figure 4B.5c) were investigated initially through UV-Visible absorption spectroscopy  

~0.7 nm 

~1.4 nm 

~
6
.5

 n
m
 

~3.5 nm 

a) b) c) 

 

Figure 4B.5. (a) The size of the molecule F-An was calculated using Hyperchem model 

structure (drawn using tubes) gave the backbone length of ~1.4 nm and core diameter of 

fullerene ~0.7 nm. (b) Model drawn for the smallest nanocluster formed by self-assembly of 

eight F-An molecules (using overlapping spheres, hydrogen atoms were omitted for clarity) 

gave the maximum distance of ~3.5 nm. (c) The length of dsDNA (drawn using tubes) was 

calculated to be ~6.5 nm. Colour codes: cyan for carbon, white for hydrogen, red for oxygen, 

blue for nitrogen and yellow for phosphorous atom. 
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and Circular Dichroism spectroscopy. Small aliquots (3 L) of dsDNA were titrated 

against 3 M solution of F-An in 10% DMSO-PBS. Upon successive addition of dsDNA to 

F-An, DNA absorption at 260 nm increased as expected, with a concomitant decrease in 

the absorption at 336 nm (Figure 4B.6a). The maximum hypochromicity observed at 

336 nm was approximately 27% with an isosbestic point at 300 nm (inset Figure 

4B.6a). The observed perturbation in the fullerene absorption is indicative of the  
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Figure 4B.6. (a) Changes in the absorption spectra of F-An (3 M) in the presence of dsDNA 

(inset: zoomed portion from 290-400 nm). (b) Saturation plot obtained by monitoring the 

absorption at 336 nm.  
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Figure 4B.7. Changes in the (a) absorption spectra and (b) corresponding fluorescence 

emission spectrum of EB (30 M) in the presence of increasing [dsDNA]. λex, 515 nm.  
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interaction between fullerene nanoclusters and dsDNA through non-covalent 

interactions such as groove binding and/or partial intercalation.31,32 The binding 

constant was measured using half-reciprocal plots and found to be 1.32 x 105 M-1 

(Figure 4B.6b). 
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Figure 4B.8. Changes in the (a) absorption spectra of EB/dsDNA (30 M/1.5 M) in the 

presence of increasing [F-An]. (b) Corresponding fluorescence emission spectrum. λex, 515 nm.  

The possible interactions of the pendent aniline moiety via complete 

intercalation was ruled out based on DNA melting studies and ethidium bromide 

displacement assay. Initially, the fluorescence of EB was found to increase with increase 

in dsDNA due to intercalation of EB (Figure 4B.7a and 7b). Further, the changes in the 

fluorescence of 1:1 complex of dsDNA and ethidium bromide was measured by 

subsequent addition of F-An in small portions. The fluorescence emission of dsDNA/EB 

(3 M/3 M) complex addition of F-An upto 30 M does not changed the fluorescence 

significantly (Figure 4B.8a and 8b). 

Furthermore, the thermal denaturation studies (Figure 4B.9a) showed the 

melting temperature (Tm) of 49 oC for dsDNA (3 M) and 47 oC for dsDNA/F-An (1:1). 
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Typically, the molecule which undergoes intercalative mode of binding increases the Tm 

by stabilizing the duplex DNA. Hence, the observed marginal destabilization of the 

dsDNA in the presence of nanocluster confirms the absence of intercalative mode of 

interaction. At 1:1 and 1:2 dsDNA/F-An there was no change in the CD signal validating 

the intact B-form structure of the dsDNA (Figure 4B.9b).  Moreover, no significant 

induced circular dichroism (ICD) corresponding to the nanocluster absorption was 

observed which rules out the possibility of any chiral organization of the nanocluster in 

the presence of dsDNA. Further, the length of the dsDNA (~ 6.8 nm) and size of the 

nanocluster (~3.2 nm) allow interactions of: (i) multiple dsDNA with a single 

nanocluster and (ii) a single dsDNA with multiple nanoclusters, adding to the 

complexity of the solution state assemblies. Hence, the preferred self-assembly is 

mutual assisted interactions between F-An nanocluster with dsDNA and therefore, ICD 

for nanocluster in the presence of dsDNA were not observed. 
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Figure 4B.9. a) Thermal denaturation curves for dsDNA (3 M, Tm = 49 oC) and dsDNA/F-An 

(1:1, 3 M each, Tm = 47 oC), absorbance monitored at 260 nm. b) Changes in the CD spectra of 

dsDNA (5 M) in the presence of F-An nanoclusters (1 and 2 equivalents), suggesting the 

negligible changes in the DNA B-form structure. 
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4B.3.2. MORPHOLOGICAL STUDIES OF F-AN NANOCLUSTER/dS-DNA 

The stabilized morphologies of the nanocluster-dsDNA assemblies were 

analyzed using AFM after drop casting a solution containing 1:1 dsDNA/F-An on a 

freshly cleaved mica surface. AFM images as shown in Figure 4B.10a, reveal the 

formation of nanofibres extending over several micrometers in length with a uniform 

thickness of ~ 80 nm or ~120 nm (joined bundles) and average height of 2 nm. The size 

estimations from AFM could be erroneous as in the previous case due to the possible 

interactions with the mica surface.51,52
  Further analysis of the nanocluster-dsDNA 

assemblies using TEM confirmed the formation of long, uniform nanofibres with 

average thickness of ~12 nm (Figure 4B.10b). High resolution TEM images of these  
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Figure 4B.10. (a) AFM height image of the dsDNA/F-An (1:1, 3 µM each) sample showing 

uniform nanowires with an average height of ~2 nm. (b) TEM image showing the formation of 

micrometer long nanowires. (c) Zoomed portion of b indicating the average thickness of ~12 

nm. (d) Further zooming of TEM image revealing the embedded F-An nanoclusters of ~3 nm 

size. (e) Schematic illustration of overall self-assembly process of dsDNA and F-An nanoclusters 

into micrometer size nanowires. 
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nanofibres showed dark spherical regions corresponding to the fullerene nanoclusters 

with an average diameter of ~3 nm which further confirmed the incorporation of the F-

An nanoclusters in the assemblies (Figure 4B.10c and 10d).  

The presence of DNA in the observed nanofibres was corroborated through a 

TEM supported EDAX analysis which revealed signatures of phosphorous atoms from 

the phosphate backbone of dsDNA, throughout the nanofibres (Figure 4B.11). Size and 

correlogram studies (Figure 4B.12a and 12b) obtained from DLS measurement of a 

solution containing 1:1 dsDNA/F-An also indicated the formation of larger aggregates 

when compared to F-An nanoclusters confirming the occurrence of the self-assembly of 

nanoclusters with DNA template in the solution. A schematic summary of the concept 

adopted is shown in Figure 4B.10e. 
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Figure 4B.11. EDAX measured over single fibre from dsDNA/F-An (1:1) showing 

corresponding peaks arising from the phosphorous and oxygen atoms of DNA backbone. This 

proves the fact that nanofibres mainly comprise of DNA wrapped around F-An nanoclusters.  
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Figure 4B.12. Comparison of (a) size distribution profile of F-An (3 M) and dsDNA/ F-An 

(1:1, 3 M each). (b) Corresponding correlogram. 
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Figure 4B.13. The control experiments were carried out for the deeper understanding of F-An-

DNA interaction. (a) Changes in the absorption of F-An with the sequential addition of DNA 1. 

(b) AFM image of F-An-DNA 1 (1:1, 3 µM each) complex. The unchanged absorption at 330 nm 

and the presence of nanoclusters instead of nanofibres in AFM rules out the possible interaction 

of F-An with single strand oligonucleotides. (c) TEM image of dsDNA (3 µM) showing 

featureless structure indicating the nanofibres formed were not from the individual dsDNA 

components.  

The interaction of F-An nanoclusters with single strand were studied to get 

further insight into the self-assembly behaviour. The absorption of F-An at 330 nm was 

unchanged with the sequential addition of DNA 1 (Figure 4B.13a). Also, AFM image of 

DNA 1/F-An (1:1, 3 µM each) complex rendered nanoclusters instead of nanowires 
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(Figure 4B.13b). Control TEM experiments of dsDNA (3 µM) alone under similar 

experimental conditions failed to show any significant nanostructures (Figure 4B.13c). 

These results ruled out possible interactions of ssdna with F-An nanoclusters and 

indicate the crucial role of duplex nature of DNA in the mutual assisted self-assembly 

with F-An nanoclusters. 

4B.3.3. THERMAL STABILITY OF dsDNA/F-An NANOWIRES 

The thermal stability of the nanofibres formed by the self-assembly of F-An 

nanoclusters and dsDNA were probed by UV-Visible absorption spectroscopy, AFM and 

TEM techniques by varying the temperature of the solution between 25 oC and 70 oC 

and subsequent analysis at different temperatures. For example, upon increasing the 

temperature, the absorption corresponding to dsDNA at 260 nm showed characteristic 

enhancement at around 50 oC corresponding to the melting of the duplex (Figure 4B.14) 

an event which will break the nanowires apart leading to the release of F-An 

nanoclusters to the solution. A concomitant enhancement in the tail end absorption 
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Figure 4B.14. Temperature dependent absorption spectra of dsDNA/F-An (1:1, 3 M each), 

inset shows zoomed portion from 300-650 nm. 
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 (400 nm - 600 nm) was also observed indicating possible interactions between the F-

An nanoclusters leading to further aggregation of F-An nanoclusters (inset Figure 

4B.14). Morphology analysis of an aliquot withdrawn at 70 oC and drop casted for TEM 

and AFM analysis showed the presence of 100-150 nm sized F-An nanoclusters, 

indicating complete dissolution of the nanofibre network (Figure 4B.15a and 15b). On 

the other hand, analysis of a sample withdrawn at 25 oC, following heating and slow 

cooling of the solution, showed the presence of bundled nanofibres having width of the 

individual fibers comparable to initially formed nanofibres (Figure 4B.15c and 15d). 

These results demonstrate the potential disassembly and reassembly of dsDNA/F-An 

nanofibres upon thermal cycling as schematically represented in Figure 4B.15e. 

a) b) 

c) d) 

e) 

500 nm 

 

Figure 4B.15. (a) TEM and (b) AFM images of dsDNA/F-An sample upon heating to 70 oC 

indicating disassembly of nanowires. (c) TEM and (d) AFM images of the same sample after 

cooling back to 25 oC showing reassembly of nanowires. (e) Schematic representation of the 

disassembly and reassembly of dsDNA/F-An nanostructures upon heat-cool cycle. 
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4B.3.4. CONDUCTIVITY STUDIES 

The self-organized nanostructures derived from fullerenes were reported to 

have improved optoelectronic properties.53-56 So, we performed electrical 

measurements on dsDNA/F-An nanowire using c-AFM as represented schematically in 

Figure 4B.16a. A gold electrode was evaporated using chemical vapor deposition 

technique on top of the nanowires that has been pre-adsorbed on mica surface. In a 

typical experiment, the micrometer long nanowires protruding outwards from gold 

electrode were located by tapping mode using AFM conductive tip (Figure 4B.16b).  
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Figure 4B.16. (a) Schematic representation of the c-AFM measurement set-up. (b) AFM image 

showing dsDNA/F-An nanowire protruding from the edge of the metal electrode (c) AFM height 

profile of the nanowire at the location indicated by red line in b. (d) AFM height profile across 

the electrode and mica indicated by blue line in b. (e) I-V measurements taken at the position 

indicated by yellow arrow on the nanowire shown in b.  
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Height and width of the nanowires were quite similar to that obtained earlier (Figure 

4B.16c). The thickness of the gold electrode was found to be ~25 nm (Figure 4B.16d). 

Subsequently, the tip was brought into contact with the sample, and the current along 

the nanowire was measured. The current-voltage (I-V) characteristics of the nanowire 

measured between +4 V to -4 V with applied bias voltage of 400 mV were presented in 

Figure 4B.16e. The nonlinear diode like characteristics clearly indicates the 

semiconducting property of the nanowires. 

Under similar experimental conditions, measurements on the gold surface 

rendered ohmic behaviour due to the direct contact while mica surface showed 

insulator like behaviour due to the incomplete electrical contact between the tip and 

mica (Figure 4B.17). The conductivity behaviour of molecular C60 was reported 

previously57 and in the present case, F-An nanoclusters were found to be 

semiconducting on HOPG surface (Figure 4B.18). Hence the observed semiconducting 

behaviour of the dsDNA/F-An nanowires could be attributed to the incorporated F-An  
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Figure 4B.17. Conductivity measurements. c-AFM measurements on gold (blue trace) and mica 

surface (red trace) indicates the ohmic and insulator behaviour respectively.  
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nanoclusters. The horizontal conductivity of the sample was calculated to be 8.12 x 10-5 

S/m  for  a  nanowire height  of  3  nm  and  tip  contact  radius of 35  nm.58,59  

The experiments were repeated multiple times and consistent current values 

were obtained each time confirming the negligible role of solvent/moisture in the 

conductivity measurements. Further, in order to exclude possible influence of metal 

deposits on nanowires beyond the electrode edge assisting the conduction path, we 

have conducted additional experimental analysis at longer distances from the electrode 

edge which were found to show similar conducting behaviour. These results confirm 

the semiconducting behaviour of the supramolecular nanowires obtained from mutual 

noncovalent interaction between the fullerene nanoclusters and dsDNA. 
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Figure 4B.18. Conductivity of F-An nanocluster. a) AFM image showing F-An nanocluster on 

HOPG surface b) corresponding I-V profile measured above nanocluster (red trace) and above 

HOPG surface (blue trace) at the region marked with yellow circle. The ohmic behaviour of 

HOPG surface is due to the high conducting behaviour whereas F-An nanocluster exhibits 

nonlinear diode like response.  

4B.3.5. F-An NANOCLUSTER/3WJ-DNA INTERACTIONS 

The prospect of fullerene nanoclusters in bringing small oligonucleotide 

duplexes into nanowires open up wide range of opportunities in DNA nanotechnology. 
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The possibilities of extending these assemblies to go beyond 1D nanostructure 

incorporating other DNA constructs are immediate challenges which will expand the 

scope and generality of the scheme. Herein, we report the construction of 2D 

nanosheets using fullerene derivative, F-An and ‘Y’ shaped three way junction-DNA 

(3WJ-DNA).  Two different 3WJ-DNA namely, 3WJ-20 and 3WJ-30 containing 20 and 30 

nucleobases respectively, were used which were synthesized through hybridization of 

three individual oligonucleotides. The interaction of F-An nanoclusters with 3WJ-DNA 

was investigated using UV-Visible absorption, fluorescence, circular dichroism (CD) 

studies and correspondingly, the morphological behaviour was probed through atomic 

force microscopy (AFM), transmission electron microscopy (TEM) and dynamic light 

scattering (DLS) techniques.  The 3WJ-DNA was further modified with the cytosine rich 

overhang sequence which gives characteristic fluorescence emission upon binding with 

silver nanoclusters to obtain 3WJ-Overhang (3WJ-OH) structure. The 3WJ- OH/F-An  
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Figure 4B.19. a) Changes in the UV-Visible absorption of F-An nanoclusters (3 M) upon 

addition of 3WJ-20 b) corresponding half reciprocal plot with increase in [3WJ-20]. 
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Figure 4B.20. a) Changes in the UV-Visible absorption of F-An nanoclusters (3 M) upon 

addition of 3WJ-30 b) corresponding half reciprocal plot with increase in [3WJ-30]. 

complex resulted in two dimensional entangled nanonetwork structures due to the 

differential interaction of F-An nanocluster with duplex and single strand DNA. To the 

best of our knowledge, this represents the first example where two dimensional 

nanostructures constructed by the mutual self-assembly of DNA-fullerene nanoclusters 

were used in templated assembly of fluorescent AgNCs.  

Initially, the interaction of F-An nanocluster with 3WJ-20 and 3WJ-30 was 

studied using UV-Visible absorption spectroscopy. Upon sequential addition of 3WJ-20 

and 3WJ-30 to 10% DMSO-PBS containing F-An nanoclusters showed gradual increase 

at 260 nm with concomitant decrease in corresponding F-An absorption at 336 nm 

(Figure 4B.19a and 20a). Both 3WJ-20 and 3WJ-30 exhibited 26% and 28% 

hypochromicity respectively with an isosbestic point at 300 nm (inset of Figure 4B.19a 

and 20a) which is a clear indication of F-An nanocluster interacting with grooves of 

3WJ-DNA. The intrinsic binding constant was calculated through half reciprocal plot 
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Figure 4B.21. Changes in the (a) absorption spectra and (b) emission spectra of ethidium 

bromide (30 M) in the presence of increasing concentrations of 3WJ-30. λex, 515 nm. 
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Figure 4B.22. Changes in the (a) absorption spectra and (b) emission spectra of ethidium 

bromide/3WJ-30 complex (30 M/1 M) in the presence of increasing concentrations of F-An. 

λex, 515 nm. 

and was found to be 5.46 x 105 M-1 for both 3WJ-DNA (Figure 4B.19b and 20b). 

Moreover, ethidium bromide (EB) based fluorescent displacement assay was used to 

get more insight into the mode of binding. Under similar conditions, the titration of 

3WJ-20 and 3WJ-30 with EB rendered highly fluorescent complex (Figure 4B.21). The 
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titration of F-An nanocluster with 3WJ-30/EB complex rendered almost negligible 

changes in the fluorescence intensity even upto 30 µM of F-An revealing negligible 

displacement of bound EB (Figure 4B.22).  Further, thermal denaturation studies of 

3WJ-30 in the presence of F-An nanoclusters (1:1, 3 µM each; Tm = 48 oC) showed a 

destabilization of ~7 oC compared to 3WJ-30 alone (3 µM; Tm = 55 oC) following a 

similar trend as in the case of nanocluster duplex DNA interactions (Figure 4B.23a). 

Also, negligible CD changes for 3WJ-DNA in the presence of 1:1 F-An nanoclusters ruled 

out the possible intercalation mode of binding (Figure 4B.23b). These results 

unambiguously confirmed the interaction of F-An nanoclusters with 3WJ-DNA through 

groove interaction of fullerene and aniline moieties. 
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Figure 4B.23. a) Thermal denaturation curves for 3WJ-30 (1 M, Tm = 55 oC) and 3WJ-30/F-An 

(1:1, 1 M each, Tm = 48 oC), absorbance monitored at 260 nm (10 mM phosphate buffer, 100 

mM NaCl, pH=7.4). b) The circular dichroism spectra of 3WJ-20, 3WJ-30, 3WJ-OH, F-An, 3WJ-

20/F-An 3WJ-30/F-An and, 3WJ-OH/F-An (c = 3 M each). 
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4B.3.6. MORPHOLOGICAL STUDIES OF F-An NANOCLUSTER/3WJ-DNA  

The morphological studies accompanied by the interaction of F-An nanoclusters with 

3WJ-DNA was investigated using AFM, TEM and DLS techniques. AFM studies of both 

3WJ-30/F-An (1:1) and 3WJ-20/F-An (1:1) solutions drop cast on mica revealed the 

formation of micrometer sized, few layer nanosheets with a height ranging from 2-3 nm 

indicating a 2D nanoassembly as envisaged (Figure 4B.24a and 24b). The sheet-like 

morphology is a consequence of the three-way branched DNA geometry with a 

propensity of nanostructure growth in three different directions. High resolution TEM 

analysis of drop cast solutions of 1:1 3WJ-30/F-An also exhibited micrometer sized 

nanosheets, confirming the observations made during the AFM analyses (Figure  
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Figure 4B.24. AFM height image of the a) 3WJ-30/F-An and b) 3WJ-20/F-An (1:1, 3 µM each) 

sample showing micrometer sized nanosheets with an average height of ~2 nm. c) 

Corresponding TEM image of 3WJ-30/F-An showing few layered nanosheets (indicated with 

yellow arrow mark). d) Zoomed portion of the TEM image in c revealing the ~3 nm sized F-An 

nanoclusters embedded in the nanosheets. e) Schematic illustration of mutually assisted self-

assembly between 3WJ-DNA and F-An nanoclusters into nanosheets. 
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Figure 4B.25. EDAX analysis measurement of 3WJ-30/F-An (1:1) nanosheets showing 

corresponding peaks arising from the phosphorous and oxygen atoms of DNA backbone. 
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Figure 4B.26. a) The size distribution of F-An, 3WJ-30/F-An and 3WJ-OH/F-An obtained from 

DLS measurements. b) Corresponding correlogram plots. 

4B.24c). Further, the embedded F-An nanoclusters of average size of ~3.2 nm were 

clearly visible in the high resolution TEM image (Figure 4B.24d), indicating the role of 

these nanoclusters in the observed nanosheet morphology. EDAX measurements 

validated the signatures of phosphorous and nitrogen atoms all through the nanosheets 

confirming the presence of 3WJ-DNA (Figure 4B.25). The 3WJ-DNA/F-An complex 
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showed observable changes in the hydrodynamic radius compared to F-An alone with 

smooth correlogram (Figure 4B.26). A cartoonic representation of the proposed self-

assembly of 3WJ-DNA and F-An nanoclusters is given in Figure 4B.24e. 

4B.3.7. MORPHOLOGICAL STUDIES OF F-An NANOCLUSTER/3WJ-OVERHANG 

 To further explore the application of these 2D nanosheets, we replaced the 3WJ-

DNA by 3WJ-overhang DNA (3WJ-OH) with two clear objectives. i) To get more insight 

into the resultant nanostructures due to the differential interaction of F-An nanocluster 

with single strand and double strand DNA. ii)  Application of these nanostructures in 

construction of DNA overhangs templated fluorescent AgNCs. Initially, the 

morphological behaviour of 3WJ-OH/F-An (1:1) complex was probed using AFM and  
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Figure 4B.27. AFM height image of the a) 3WJ-OH/F-An and b) Zoomed AFM image of selected 

portion showing micrometer sized entangled nanonetwork. c) Corresponding TEM image of 

3WJ-OH/F-An and d) Zoomed TEM image of selected portion. e) Schematic illustration of 

mutually assisted self-assembly of 3WJ-OH and F-An nanoclusters into entangled nanonetwork 

structure. 
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TEM analyses. AFM studies exhibited micrometer sized entangled nanonetwork 

structure with height of about 2-3 nm representing distinct interaction of F-An 

nanocluster with 3WJ-OH compared to 3WJ-DNA (Figure 4B.27a and 27b). This could 

be attributed to the existence of single strand DNA overhang in 3WJ-OH which perturbs 

the continuous two dimensional growth of nanostructure unlike in 3WJ-DNA. TEM 

analysis of same solution also revealed the nanonetwork structure, in agreement with 

the result obtained from AFM studies (Figure 4B.27c and 27d). EDAX analysis further 

confirmed the presence of 3WJ-OH DNA as observed in the case of nanosheets (Figure 

4B.28). The self-assembly process between 3WJ-OH and F-An nanoclusters was 

pictorially illustrated in Figure 4B.27e.  

0 2 4 6 8 10 12

0

400

800

1200

1600

In
te

n
s
it
y

Energy, keV

P

Cu

O

 

Figure 4B.28. EDAX analysis of 3WJ-OH/F-An (1:1) entangled nanonetwork showing 

corresponding peaks arising from the phosphorous and oxygen atoms of DNA backbone. 

4B.3.8. 3WJ-OVERHANG DNA TEMPLATED SILVER NANOCLUSTER  

The cytosine rich sequence (5’-CCC CTC CTT CCT CC-3’) present as an overhang 

in 3WJ-OH was chosen specifically to assemble fluorescent silver nanoclusters (AgNCs) 
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on the self-assembled nanostructures.60 As reported in the previous section, 3WJ-OH 

forms nanonetwork type structures in which the single strands of overhang regions 

could nucleate and stabilize AgNCs. This design will place the formed AgNCs causes the 

nanonetwork structures making the entire construct fluorescent active. We have 

initially assembled the nanonetwork structure by mixing 3WJ-OH/F-An (1:1, 15 M, 50 

L). To this mixture we have added silver nitrate (135 M) and sodium borohydride 

(67.5 M) to provide DNA: AgNO3: NaBH4 molar ratio of 1: 9: 4.5. The AgNCs on the  
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Figure 4B.29. a) The fluorescence emission spectra of silver nanoclusters in the presence of 

different DNA templates, i) 3WJ-30, ii) 3WJ-OH and iii) 3WJ-OH/F-An. b) The corresponding 

pictorial representation is depicted in right side, i) 3WJ-30/AgNCs, ii) 3WJ-OH/AgNCs and iii) 

3WJ-OH/F-An nanonetwork embedded AgNCs. TEM image of c) 3WJ-OH/AgNCs d) 3WJ-OH/F-

An appended AgNCs and e) Zoomed TEM image of selected portion showing realigned 

nanosheet structure after the formation of overhang templated AgNCs. 
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network was purified by centrifugation and washing to remove unbound starting 

materials before investigation of the photophysical properties. Control experiments 

with 3WJ-30/AgNCs did not show any fluorescence due to the absence of cytosine rich 

overhang (Figure 4B.29a, i). The emission of AgNCs stabilized with 3WJ-OH and 3WJ-

OH/F-An nanonetwork was monitored under the similar conditions. The 3WJ-

OH/AgNCs complex showed characteristic fluorescence emission maximum at 632 nm 

(λexc = 560 nm, Figure 4B.29a, ii) which corresponds to the AgNCs bound cytosine rich 

overhang as reported earlier.61 3WJ-OH/F-An nanonetwork stabilized AgNCs showed 

enhanced emission intensity compared to bare 3WJ-OH/AgNCs (Figure 4B.29a, iii). This 

shows 40% enhancement in the fluorescence of AgNCs in the 3WJ-OH/F-An 

nanonetwork compared to bare 3WJ-OH (inset, Figure 4B.29a). The AgNCs fluorescence 

enhancement and stabilization was schematically explained as shown in Figure 4B.29b. 

The AgNCs in the presence of 3WJ-20 or 3WJ-30 is non-emissive due to the absence of  
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Figure 4B.30. EDAX analysis of a) 3WJ-OH/AgNCs and b) 3WJ-OH/F-An nanonetwork 

embedded AgNCs showing corresponding peaks arising from the phosphorous, oxygen of DNA 

backbone and silver atoms from AgNCs. 
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cytosine rich stabilizing overhang (Figure 4B.29b, i) whereas, AgNCs in the presence of 

3WJ-OH will show characteristic fluorescence emission due to the stabilization of 

AgNCs in the cytosine rich overhang (Figure 4B.29b, ii). On the other hand, 3WJ-OH/F-

An nanonetwork structure provides extra stability for the AgNCs (Figure 4B.29b, iii) 

which might be responsible for the enhanced emission relative to bare 3WJ-OH as 

reported earlier.62  

Further analysis of 3WJ-OH/AgNCs using TEM showed presence of ~5 nm size 

silver nanoclusters (Figure 4B.29c). The signature of silver atoms from the obtained 

nanocluster was evidenced from EDAX analysis (Figure 4B.30a). TEM analyses of 3WJ-

OH/F-An stabilized AgNCs clearly indicate the formation of two dimensional nanosheet 

structures (Figure 4B.29d and 29e), unlike previously observed 3WJ-OH/F-An 

nanonetworks. This structural realignment of nanonetwork into nanosheets might be 

due to the continuous growth of DNA and F-An nanoclusters in the AgNCs stabilized 

3WJ-OH. The occurrence of silver atom was further proved from EDAX measurement 

(Figure 4B.30b). These results unambiguously demonstrate the structural 

programmability of two dimensional nanoarchitectures constructed from 3WJ-DNA/F-

An and their application as a platform for immobilization of organic/inorganic 

functional motifs. 

4B.4. CONCLUSIONS 

In summary, we have presented a new strategy for hierarchical assembly of 

random, unmodified duplex DNA into functional nanomaterials where self-assembled 

fullerene nanoclusters act as stapler motifs. This assembly, in the true sense, is mutually 
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assisted where both fullerene clusters and dsDNA get included in the nanostructures, 

and both are essential for the continuous growth. Initially, the fullerene derivative, F-An 

forms nanoclusters with  an average size of 3.2 nm in 10% DMSO-PBS, which further 

interact with DNA through multiple non-covalent interactions. The interactions 

between F-An nanoclusters and short oligonucleotide duplexes such as dsDNA, 3WJ-

DNA and 3WJ-OH used in this study lead to the formation of micrometer sized 

nanowires, nanosheets and entangled nanonetwork structure. The double helical B-

form structure of dsDNA are unperturbed during the nanostructure formation, which 

further demonstrates the potential of this strategy in building higher order 

nanostructures without compromising secondary structures of the component duplex 

DNA strands. Moreover, the semiconducting nature of these nanowires as revealed by 

c-AFM measurements offers the prospect of DNA based molecular electronics. We also 

have presented the application of extended 2D nanostructures in stabilizing the AgNCs 

more efficiently, enhancing the emission by 40% compared to bare 3WJ-OH. Thus the 

strategies presented here could be used for hierarchical assembly of unmodified short 

DNA strands into 1D/2D nanomaterials with possible post functional properties and 

hence open up new avenues in the field of DNA nanotechnology. 

4B.5. EXPERIMENTAL SECTION 

4B.5.1. Materials and Methods 

All chemicals and reagents used for the organic synthesis were purchased from 

Sigma Aldrich and were used as received. Solvents were dried using the standard 

procedures. TLC analysis were done on aluminium plates coated with silica gel 60 F254, 
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column chromatography were performed on 200-400 mesh silica gel. 1H NMR (500 

MHz) and 13C NMR (125 MHz) spectra were measured on a Bruker Avance DPX 

spectrometer. Chemical shifts are reported in parts per million (ppm) using 

tetramethylsilane (TMS) (δH = 0 ppm) or the solvent residual signal (CDCl3: δC = 77.00 

ppm) as an internal reference. The resonance multiplicity is described as s (singlet), d 

(doublet), t (triplet) and m (multiplet). High resolution mass spectral (HRMS) analysis 

was performed on a Thermo Scientific Q Exactive Hybrid Quadrupole-Orbitrap 

electrospray ionization mass spectrometer (ESI-MS) instrument. Measurements were 

done in ESI mode. Matrix-assisted laser desorption ionization time-off-flight (MALDI-

TOF) mass spectra were obtained on an AXIMA-CFR PLUS (KRATOS SHIMADZU) 

MALDI-TOF mass spectrometer.  

The spectroscopic grade (99.8%) solvents were used as received for the 

measurements. Water used for all studies was Milli Q deionised water (18.2 MΩ.cm). 

The UV/Vis absorption spectra were recorded on a Shimadzu UV-2600 

Spectrophotometer. The fluorescence emission spectra were recorded on a SPEX 

FFLUOROLOG-3 (FL3-221) spectrofluorimeter. Circular dichroism measurements were 

performed on a Jasco J-810 spectropolarimeter having peltier controlled thermostatic 

cell holder where the sensitivity, time constant and scan rate were chosen 

appropriately. All optical measurements were carried out using 1 cm cuvettes at room 

temperature (25± 1 oC), unless otherwise mentioned. The DLS experiments were 

performed in quartz cuvettes using the same solutions which are used for microscopic 
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studies. The hydrodynamic diameters of the nanoclusters were determined using a 

Malvern Zeta Nano-ZS system. 

4B.5.2. Oligonucleotide Sequences 

Oligonucleotide sequences used in the present work were as follows, 

dsDNA 

DNA1: 5’-CGT CAC GTA AAT CGG TTA AC-3’ 

DNA2: 5’-GTT AAC CGA TTT ACG TGA CG-3’ 

3WJ-20 

DNA 3: 5’-GGT GGC GAG AGC GAC GAT CC-3’ 

DNA 4: 5’-GGA TCG TCG CAG AGT TGA CC-3’ 

DNA 5: 5’-GGT CAA CTC TTC TCG CCA CC-3’ 

3WJ-30 

DNA 6: 5’-ATT ACG GTG GCG AGA GCG ACG ATC CTG TAT-3’ 

DNA 7: 5’-ATA CAG GAT CGT CGC AGA GTT GAC CAT GCT-3’ 

DNA 8: 5’-AGC ATG GTC AAC TCT TCT CGC CAC CGT AAT-3’ 

3WJ-OH 

DNA 9: 5’-GGT GGC GAG AGC GAC GAT CCC CTC CTT CCT CC-3’  

DNA 10: 5’-GGA TCG TCG CAG AGT TGA CCC CTC CTT CCT CC-3’ 

DNA 11: 5’-GGT CAA CTC TTC TCG CCA CCC CTC CTT CCT CC-3’ 

Phosphoramidites for automated solid phase DNA synthesis were purchased 

from Glen Research (http://www.glenresearch.com/index.php). Other reagents needed 

for DNA syntheses were purchased from Sigma Aldrich. Oligonucleotides were 
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synthesized on H-8 K&A DNA synthesizers by following standard protocols.50 The 

synthesized oligonucleotides were purified by LC-6AD Shimadzu Reverse Phase High 

Performance Liquid Chromatography (RP-HPLC) with an Inertsil® ODS-3, 5 μm, 10 x 

250 mm reversed phase column. The oligonucleotide samples were then desalted using 

Sep-Pak C18 cartridge. The concentrations of corresponding strands were determined 

by monitoring UV absorbance at 260 nm. Hybridisation of dsDNA was carried out by 

annealing complementary single strands (DNA 1 & DNA 2) in 10 mM phosphate buffer 

containing 2 mM NaCl (pH = 7.4). Melting curves were measured by monitoring the 

absorbance at 260 nm while the temperature was increased at a rate of 1 °C/min. A 

stock solution of 100 µM of dsDNA solutions was used for all further studies.  

4B.5.3. Preparation of DNA-Templated Silver Nanoclusters (DNA-AgNCs) 

DNA stabilized AgNCs were synthesized according to the modified literature 

procedure.63 In a typical experiment, 7.5 µL of 3WJ-OH (100 µM) was mixed with 5 µL of 

AgNO3 (1.35 mM) in 10 mM phosphate buffer and 100 mM NaCl. The mixture was 

incubated for 10 minutes with a gentle stirring and reduced using freshly prepared 

solution of NaBH4 (2.5 µL, 1.35 mM). The standardized concentrations were chosen to 

provide DNA: AgNO3: NaBH4 molar ratio of 1: 9: 4.5 which was found to give better 

fluorescent AgNCs. The sample was further vortexed for 2 minutes and allowed to react 

in the dark at room temperature for 12 hours before spectral measurements. The final 

concentrations of 3WJ-OH, AgNO3 and NaBH4 were 15 µM, 135 µM and 67.5 µM 

respectively (final volume of 50 µL).  
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The concentration of DNA-AgNCs was referred to the concentration of DNA 

unless otherwise mentioned. In case of 3WJ-OH/F-An templated AgNCs preparations, a 

similar procedure was followed in which 3WJ-OH was replaced with 3WJ-OH/F-An 

complex (1:1, 15 µM each). Similarly, the control experiments were also carried out in 

the absence of DNA template and in the absence of overhang (using 3WJ-20). A solution 

of 20 µL DNA-AgNCs (15 µM) diluted to 1 mL using 10 mM phosphate buffer and 100 

mM NaCl was used for all further photophysical and morphological studies. 

4B.5.4. AFM/TEM Sample Preparations 

Samples for the AFM imaging were prepared by drop-casting 10 L 

solution of F-An (3 µM), dsDNA/F-An (1:1, 3 µM) onto freshly cleaved mica sheet 

under ambient conditions and were dried under air. A BRUKER MULTIMODE 

AFM operating with a tapping mode regime was used to record AFM images 

under ambient conditions. Micro fabricated TiN cantilever tips (NT-MDT-NSG 

series) with a resonance frequency of 299 kHz and a spring constant of 20 to 80 

Nm−1 were used. AFM section analysis was done offline. For c-AFM 

measurements, the gold electrode deposition were carried out in ultra-high 

vacuum chamber and the platinum coated conductive probes (NT-MDT-CSG 

series) were used in humidity controlled atmosphere (<40% relative humidity). 

The corresponding conductivity was calculated as reported in the literature.58,59 

The conductivity measurement of F-An nanoclusters was performed similar to 

that of nanowires by drop casting the F-An solution (10 µL) on HOPG surface. 

AFM image of disassembled and reassembled samples were prepared by drop 
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casting the solution of dsDNA/F-An complex at 70 oC and 25 oC, respectively. 

TEM samples were prepared by drop casting 10 L solution of the sample on the 

top of the carbon-coated Cu grid. The samples were allowed to adsorb on the grid 

overnight at ambient conditions and was added Millipore water (2 x 10 L) to 

remove buffer salts. TEM analysis was performed with a JEOL 100 kV high-

resolution transmission electron microscope. The accelerating voltage of the 

TEM was 100 kV and the beam current was 65 A. Samples were imaged with a 

Hamamatsu ORCA CCD camera. 
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