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PREFACE 

Fullerenes are found to be excellent acceptors of electsons and C6O7 for 

example has the ability to accommodate up to six electrons. Since the 

intermolecular charge-transfer complexes of C60 with electron donors have 

shown to possess interesting aptoelectronic and photovoltaic properties, the 

covalent Linkages of CbO with electron donors can lead to the generation of 

interesdng materials with potential application in this area. In the present 

investigation, we have undertaken the design and the photoinduced electron 

transfer studies of a few fullerene based donor-bridge-acceptor [D-B-A] 

systems containing anilines and heteroaromatic groups as donors. The main 

objectives of the present investigations were (i) to study the rate and efficiency 

of photoinduced electron transfer processes in these fullerene based D-B-A 

systems, as a fiznction of distance and orientation of the donor-acceptor pair 

and by varying the redox properties of donor group and (ii) to compare the 

dynamics of photoinduced electron transfer processes in fullerene-aniline 

dyads in solutions and clusters. 

In the Chapter 1 of the thesis, a brief overview of the photoinduced 

electron transfer processes in donor-acceptor systems, with particular reference 

to CbO based systems, is presented. 

In the Second Chapter, examples of remarkably large orientation effects, 

which can control the photoinduced electron transfer in a series of fullerene- 

aniline dyads (Chart 2.31, xe reported. The difference in orientation is 

acheved by attaching an anillnrc donor to the ortha- as well as the para- 



positions of the phenyl groups of fullero(1 -methyl-2-phenyl)pyrrolidine, linked 

by rnethylene chains. Minimum energy conformation, based on molecular 

mechanics caIculations indicated the folded conformations for the ortho-substituted 

dyads and extended ones for the para-substituted dyads. On the basis of steady- 

state fluorescence and time resolved flash photolysis studies, the rate constants 

for charge separation (kcs) and their efficiencies ($cs) were investigated. The 

marked increase in the kcs and $cs values, observed in the case of the ortho- 

substituted dyads are attributed to a topographically controlled electron transfer 

process. 

The Third Chapter of the thesis deals with the photophysical and 

electron transfer studies in clusters of fbllerene-aniline dyads. In this Chapter 

the synthesis of two new bisbuckminsterfullerene derivatives has been reported 

(Chart 3.1). Fullerene-aniline dyads and model campounds listed in Chart 3.1, 

form stable and optically transparent clusters at room temperature. Clusters of 

these dyads can be visualized as a self assembled antenna system containing 

hydrophobic fullerene units as the central core, with appended anilinic groups. 

Ground and excited state properties of the clusters of the dyads and the model 

compounds were compared with their corresponding monomeric forms in 

homogeneous solutions. Charge transfer interaction between the photoexcited 

hllerene and aniline moieties led to the production of radical anions of Cm and 

found to be more efficient in cIusters. This was independently confirmed through 

the presence of an absar-ption ha rd  o f  the fullerene radical anion in the NIR 

region (10 10 nm). The intermolecular electron transfer processes between the 



clusters of fulieropynolidine and various electron donors (Chart 3.2) were also 

investigated. 

The last Chapter of the thesis describes a detailed investigation of the 

rate of light induced electron transfer processes in two series of fullesene based 

D-B-A systems by varylng the energetics of the donor groups. The first series 

consist of fullerene-based systems possessing heteroaromatic groups such as 

phenothiazine and phenoxazine as donor groups (Chart 4.1) and the second one 

consists of substituted anilines such as p-anisidine and p-toluidine as donor 

groups (Chart 4.2). The photoinduced electron transfer processes in these 

systems were compared with an unsubstituted fidlerene-aniline dyad and a 

model compound (Chart 4.2). In contrast to the behavior of the unsubstituted 

fullerene-aniline dyad, an efficient intramolecular electron transfer is observed 

in the case of fullerene-based dyads containing heteroaromatics and p- 

substituted anilines as donor groups, even in a nonpolar solvent such as 

toluene. 

# The Chart numbers listed in this preface refer to those given in the different 
Chapters of this thesis. 



Chapter 1 

Photoinduced Electron Transfer Processes in Donor-Bridge- 
Acceptor Systems: A Brief Review and Objectives of the Present 

Investigation 

1.1. Photoinduced Electron Transfer Process 

Photoinduced electron Qansfer processes play a dominant role in several 

chemical and biological processes. In natural photosynthesis, for example, the early 

events involve the absorption of sunlight by antenna chrornophores, followed by a 

series of electron transfer reactions.'" The transferred electron, in principle can be 

reverted back to the donor molecule and the process is referred to as back electron 

transfer (b.e.t.). In the natural photosynthetic system, the electron transfer occurs 

along cascades of donor and acceptor systems, In order to prevent the back electron 

transfer.'" Photosynthetic systems are complex in nature and attempts have been 

made by several groups of workers to design model systems, which can mimic the 

various processes in natural photosynthesis. Studies on photoinduced electron 

transfer processes form an active area of current interest and several up-to-date 

books and reviews are currently available."1° We shall be limiting the present 

coverage, however, to some general aspects related to inter- and intramolecular 

photoinduced electron transfer processes. Equation (1 .1 )  

(Eq. 1.1) 

represents the intermolecular PET reaction between the donor (D) and the acceptor 

(A) groups in a reaction system. The electron transfer can proceed either through a 

reductive quenching of the excited state of A by the donor D or through an 

oxidative quenching of the excited state of D by the acceptor A. 



The simplest covalently linked mdel system is a dyad (Chart 1.1) in which a donor 

group is covalently linked to an acceptor through a bridging unit Various physical 

Donor 1 Bridge Acceptor 

Chart 1.1 

processes that can occur in a dyad on photoexcitation are illustrated in Scheme 

1 . 1 .  The photoexcitation of the acceptor group (Step 1 in Scheme 1.1), can in 

principl,, lead to the lransfer of an electron to its singlet or triplet state to form a 

charge-separated state (Step 2). The stabilization of the charge-separated state is 

very crucial for avoiding the energy wasting back electron transfer process (Step 4). 

hv II: e.t. 
D-B-A - D-B-A - D-B-A 

Step 1 Step 2 
z' 

D-B-A 

Scheme 1.1 

Most af the earlier research efforts in this area were focused on the design of 

model systems wluch can mimic the primary events of electron 

transfer. Design of novel donor-acceptor systems has now become a promising 

field of study, primarly due to the potential applications of such systems in the 

dcs ig~~  of ogloclectroilic deviccs. 9 , l l - l ?  Various applications of donor-acceptor 

systems are indicated in Chart 1.2 (adapted from reference 15). A molecular rectifier 



based on donor-acceptor system 1 (Chart 1.3) has been reported by A w m  and 

~ a t n e r . ' ~  Recently, Mehring has proposed the use of a donor-bridge-acceptor system 

as a molecular information storage unit having bistability.17 

System Devices 

Donor-Bridge- Acceptor n 

Chart 1.2 

Chart 1.3 

The feasibility of photoinduced electron transfer process between a donor and 

an acceptor is decided by the overall change in free energy, which can be estimated 

18-19 using the Rehm-Weller equation (Equation 1.2). The fkee energy change (AG) can 

be predicted fiom the oxidation potential of the donor (ED+ID), reduction potential of 

the acceptor (EMAM) and the excited state energy of the reactant (E*). 



(Eq. 1.2) 

The term e2/zd is the free energy gained in bringing the two radical ion pain to an 

encounter distance 'd' in a solvent of dielectric constant 'E', where, 'e' is the 

electronic charge . When E is high, this term can be neglected. 

The most successful and widely used theory of electron transfer is that of 

Marcus which correlates the rate of electron transfer (kt) with the free energy 

20-22 change (AG). The rate of etectron &transfer increases with increase of AG value, 

reaches a maximum and then decreases with increase in h v i n g  force and the later 

part is known as the Marcus inverted region. The inverted region has been 

experimentally proven by diffmnt groups using intrmolecuIar electron transfer 

studies in org~c23 '28  as well as inorganic donor-acceptor systems2' 

The electron transfer process can take place either by a through space or a 

through bond For through space electron transfer, the required 

condition is that the orbitals of the donor and the acceptor should overlap. This 

orbital overlap, in turn, depends on the distance of separation -and orbital 

orientation. If the spacer group can act as a conductor of electronic charge, the 

electron transfer will take place by a through bond mechanism. In this case, the 

molecular bridge provides a pathway by which the donor and acceptor orbitals can 

overlap and electron transfer takes place by a super exchange mechanism. A 

through bond mechanism is favoured in systems containing rigid spacers and 

through space mechanism may be valid when the donor-acceptor distance is less 

and effective spacial interaction is possible There are also systems in which 

through space and through bond mechanisms coexist. 



V q k g  the spacer group can effectively control the degrees of freedom of 

donor and acceptor moieties. When the spacer group is rigrd, the photoinduced 

electron transfer processes take place at a fixed distance, whereas in flexible 

systems several orientations are possible and hence distance is variable. 

1.1.1. D-B-A systems with flexible spacer groups 

The dynamic competition between the direct electron transfer and 

exciplex formation in donor-acceptor systems with flexible spacer groups has 

been investigated by several groups of workers. This competition mainly 

depends on solvent characteristics such as polarity and viscosity and on 

temperature and length of the spacer. Two idealized ground-state geometries, 

extended and folded, are illustrated in Chart 1.4. The ion pairs resulting from 

both the conformations were observed in polar solvents while the exciplex 

formation prevails, through a folded conformation, in nonpolar solvents. 

exciplex 

'-GD 
Chart 1.4 

Eisenthal and co-workers have studied the competition between exciplex 

formation and electron transfer in anthracene-bridge-aniline dyads.30.31 

Davidson and co-workers have studied these effects in systems such as w<1- 

napthyl),~-alkylpynole.32 Mattaga has carried out similar studies in pyrene-bridge- 

a d h e  systems.') In general, exciplex formation is favoured in nonpolar solvents, 

whereas electron transfer is more favoured in polar solvents for all these systems. 



1.1.2. D-B-A Systems with rigid spacer groups 

When a donor-acceptor system is connected by a rigid spacer group, their 

distance of separation as well as orientation become more or less frozen. In such a 

frozen geometry, it is easy to study the effect of distance and orientation on the rate 

of electron transfer processes. Among the two processes, i.e. photoinduced electron 

transfer and exciplex formation, the latter does not take place in rigid systems as the 

possibility of donor and acceptor to approach each other is less, In such cases, 

electron transfer takes place by either a through bond or through space mechanism. 

Covalently linked donor-acceptor systems, with various donor acceptor 

combinations have been reported by diffe~ent groups of workers. Studies of the 

various factors which control the photoinduced charge separation processes such as 

the energetics of the donor and the acceptor, distance and orientation between the 

donor ad the acceptor, nature of the spacer, solvent and temperature have been 

investigated and severd reviews, with extensive compilation of the results, are 

available.4m8 Majority of the studies on D-B-A systems have concentrated on the 

design of covalently linked porphyrin-quinone dyads.4s8 One of the major 

limitations of these systems is the short lifetimes @s) of the charge separated 

species. Attempts have been made to enhance the charge separation by involving 

heterogeneous and microheterogeneous systems."' Some of these include the use of 

colloids, micelles, vesicles, interfaces, polyelectrolytes and other host systems such 

as cyclodexhins and zeolites.638 

Another strategy employed to slow down the charge recombination process 

is by the use of triad systems,"*" wllicll involves a multistep elechon transfer 

pathway for efficient charge separation. In order to achieve this, Gust and co-workers 



have undertaken a detailed investigation of intramalecular photoinduced electron 

transfer processes in carotenoid-porphyrin-quinone systems 2-5 (Chart 1.5). 34.35 I, 

these systems, they observed the formation of long lived charge-separated states at 

large distances, following two successive one electron transfer processes, fvst from 

photoexcited porphyria to quinone and then &om carotenoid to the oxidized 

porphyrin. These studies were further extended to tetrads and pentads where it was 

found that the charge-separated states are long-lived for the pentads (55 ps). Such 

supramolecular donor-acceptor systems, which generate long lived charge separated 

states, can resemble the charge separation step in the photosynthetic reaction center 

and are promising elements in future solar enerjq harvesting devices. 

Even though several types of donors have been used in the design of model 

systems, most of the studies regarding acceptors have been limited to either 

quinones or vialogens. The physical properties of c60 are in contrast to such 

commonly used small size planar acceptors and the photophysical and electron 

5 , n = 4  

Chart 1.5 



accepting properties as well as the stability of C60 make it an ideal candidate for the 

design of donor-acceptor systems. 

1.2. Fullerene Based Donor-Acceptor Systems 

. - 
1.2.1. Photophysical and electron accepting properties of fullerenes 

Fullerene and some of its functionalized derivatives are excellent electron 

acceptors and have been extensively used for the design of fullerene based dyads. 

The photophysical and electron accepting properties of CbO and its derivatives have 

been extensively investigated by several groups of workers in recent years and some 

of these results have been summarized in a recent review.36 Cm absorbs light 

throughout the visible region3' The relatively low energy gap between the excited 

singlet and triplet states of C60 (5.5 kcdnol )  facilitates efficient intersystem 

crossing and hence the triplet state is formed in high yield (95%).38 Fullerenes, 

particularly C6& are excellent photosensitizers for the generation of singlet oxygen. 

Cso is found to be a good-acceptor of electrons with the ability to accommodate up 

to six electrons reversibly and forms intermolecular charge-transfer complexes with 

electron donors. 39.40 

Intermolecular charge-transfer complexes of Cso with electron donors have 

been shown to possess interesting photovoltaic properties.41 Covalent linkages of 

C60 with selected electron donors can lead to the generation of interesting new 

materials with potential applications in artificial solar energy harvesting systems. 

Recently, it has been reported that Cso and some of its derivatives show 

41-45 photoconducting. photovoltaic and optical limitingM behaviow-. The donor-- 

acceptor systems based on &) are expected to have potential application in 

optoelectronic devices." 



Cso can generate singlet oxygen in almost quantitative yields. However, 

C60 is highly hydrophobic and its solubility is very low in polar solvents such as 

water. This limits its use in biological systems. There have been several 

successful attempts to design water-soluble fbllerene derivatives containing 

hydroxyl or carboxyl functional groups without loosing their ability to generate 

singlet oxygen. There are several reports in the literature in which fullerene 

derivatives have been used in biological fields for the singlet oxygen sensitized 

DNA cleavage4* and HIV- 1 protease inhibition.49 

1.2.2. Functionalized futlerene derivatives 

Cycloaddition is a convenient method for the functionalization of ChO, in 

which the double bond between two six membered rings acts as an ene 

component. The difficulty with this is again the formation of multiple adducts, as 

Cso is an electron deficient polyolefm (superalkene), which can give addition 

reactions with nucleophiles and radi~als .~ '  The possibility of multiple addition 

can be avoided by using 1,3-dipoles and dienes under controlled conditions. The 

general methods for the functionalization of C60 are (1+2), (2+2), (3+2) and (4+2) 

cycloaddition reactions. Among these, the most widely accepted method is the 

(3+2) addition of a 1,3-dipolar species such as azomethine yIide, generated in 

sifri either by the ring opening of aziridines or as an intermediate formed in the 

reaction of an a-amino acid with an aldehyde, to CbO. AII these reactions have 

been extensively reviewed recently.50 A representative example of a (3i-2) 

cycloaddition reaction is indicated in Scheme 1.2.'' in  the present investigation, 

we have adopted a similar methodology for the synthesis of Cbo-based donor- 

acceptors. 



Scheme 1.2 

1.2.3. Fullerene based donor acceptor systems 

Photoinduced electron transfer processes in several classes of donor-linked 

fullerene systems and their potential applications have been reviewed by hahori  

and ~ a k a t a . ~ ~  In a more recent review, Martin et a/. have summarized the 

photochemical and electrochemical properties of covalently llnked C60 derivatives, 

bearing electron donor or electron acceptor units.51 

The intramolecular photochemical studies in a fullerene based donor- 

bridge-acceptor system was first reported by Gust and co-workers in which they 

have covalently linked the photosynthetic pigment porphyrin to Cm thraugh a bicyclic 

blldgc (9 i n  Cl1ar-i 1 6)" They have obszlved that the excited state of CsD accepks an 

electron from porphynn, resulting in the formation of a C60 radical anion and 



porphynn radical cation. Recently, Gust and co-workers have carried out a detailed 

investigation on the photoinduced charge separation and charge recombination 

processes in a carotene-porphyrin-C~O triad system." In this system, a long-lived charge 

separated state with reasonable quantum yield was generated though a two step 

electron bmsfer processes. Interestingly, the charge-separated state was observed, even 

at 77 K in a solvent glass. Sequential photoinduced electron transfer in a porphym- 

pyromellitirnide-Cm traid system was studred by hahori e t al., wherein, they observed 

a fairly long-lived charge-separated state with moderate quantum yield." The 

intramolecular photoinduced electron transfer (PET) processes in Cso-aniline dyads 

possessing rigid spacers have been studied by Williams el The rate of charge 

recombination was found to be considerably lower in the case of &-aniline dyads, 

where the donor and acceptor are spaced across 1 1 bonds (dyad 10 in Chart 1.6). 

The photoinduced electron transfer processes in a series of fullerene- 

ferrocene dyads have been reported by Guldi et a!. (for representative examples, see 

dyads 11 and 12 in Chart 1 . 6 ) . ~ ~  Depending upon the nature of the spacer groups, 

twa types of quenching mechanisms were observed. These include the through- 

bond electron transfer and the formation of a transient intramolecular exciplex. 

In a more recent report,57 Maggini et al. have studied the light-induced 

elecbon transfer processes in a [RU(~~),' ']-C~~ dyad (13 in Chart 1.6) with a rigid 

androstane spacer group. They have found that charge seperation is efficient in polar 

solvents and the rate of back electron transfer reaction depends on the nature of the 

solvent used. 



Chart 1.6 



1.3. Objectives of the Present Investigation 

Though, there have been several reports on the photophysical properties and 

electron transfer processes in fullerene based systems, many aspects of the 

dynamics of photoinduced electron bansfer processes in these systems have not 

been addressed adequately. The design of several fullerene-based systems which 

can generate long-lived charge-separated states, on photoexcitation, is one of the 

main objectives of the present investigation. In order to achieve this goal, several 

classes of fullerene based dyads, in which the distance and orientation between the 

donor-acceptor pairs and the redox potentials of the donor group are varied, have 

been synthesized. The detailed photophysical and photoinduced electron transfer 

processes in these systems have been investigated. 

Fullerene based donor acceptor systems can serve as building blocks for 

photovoltaic and optoelectronic devices. For device applications, it is desirable to 

have a detailed mechanistic understanding of their photophysical and electron 

transfer properties in the solid state. It is difficult to investigate the electron transfer 

processes in solids and the studies in optically transparent clusters can provide 

information bridging between their solution and solid state properties. Detailed 

investigations of the dynamics of photoinduced electron transfer processes in 

clusters of fdlerene-aniline dyads have been undertaken and these results are 

compared with those of their monomeric forms in solutions. 
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Chapter 2 

Photophysical and Orientation Dependent Electron Transfer 
Processes in Fullerene-Aniline Dyads 

2.1. Abstract 

Synthesis and photoinduced electron transfer processes in a series of ortlzo- 

and para-substituted fullerene-aniline dyads are reported. Molecular mechanics 

calcuIations suggested folded conformations for ortho-substituted dyads and 

extet~ded ones for para-substituted dyads. A weak charge-transfer bald, resulting 

from the ground state interaction bchveen the lone pair electrons of the anilirlic 

nitl-ogcn and C6(), is obse~ved around 700 nm for all the dyads under investigation. 

Thc fluorcscc~~cc quarituln yield of the dyads and the model compounds were found 

to be nearly identical in nonpolar solvents such as toluene, indicating the absence of 

any elechon transfer process. A decrease in the quantum yield of fluorescence, 

however, was observed for the dyads in polar solvents, such as benzonitrilc, which 

is attributed to an electron transfer process from the anilinic nitrogen to CBD. The 

rate constants for charge separation (kc& its efficiencies (+cs) and details of excited 

state propelties of the dyads have been investigated using steady-state fluorescer~ce 

and tirne resolved flash photolysis. The marked increase in tile rate constants and 

quarltulrl yields of charge separation, observed in the case of the ortho-substitutcd 

dyads are attributed to a topographically controlled electron transfer process. The 

intramolecular electrot1 transfer processes in these systems were confirmed on the 

basis of time resolved flash photolysis studies. 



2.2. Introduction 

Light-induced electron transfer processes play a key role in photosynthetic 

and in tlie design of artificial molecular devices based on dollor-acceptor 

pain.' I n  the case of natural photosynthetic systems, one of the prime factors 

responsibIe for the high eEciency of electron transfer is the well-defined 

orientation of various chromophoric units in the protein rnatrices.lq2 As mentioned 

in Chapter I ,  a model 'dyad' system consists of a donor group covalently linked to 

an acceptor group, through a spacer group. Several strategies have been adopted for 

the design of such donor-bridge-acceptor (D-B-A) systems, which can generate 

long lived, charge separated states with high effficiency and slow charge 

rcconlbi~~atio~i Linked porphyrin-quinone systems have been extensively 

investigated as tllodels to test thc effect of distance, orientation and redox propertics 

of the donor-acceptor pairs on charge separation and recombination proccsses+1'~'4 

Tliese studies indicate diat the nature of the bridging groups used in tile D-B-A 

systems, plays a significant role in controlling the orientation and distance of separation 

of the donor-acceptor pair. Effect of distance and orientations on electron transfer 

processes in porp1iyri11-quinone systerns 1 and 2 (Chart 2.1) have been reported by 

13 Osuka et al.. The fluorescence emission fiom the porphyrin is more efficiently 

que~lchcd in the case of the orlho- substituted derivatives than far with para- 

substituted ones. 

111 this Chapter, we have discussed the results of our detailed investigation on 

the photopl~ysical and orientation-dcpcndent eiectron transfer studies of fullercnc- 

ariili~~e based D-B-A systems (5-8 in Chart 2.3). Photoinduced electron transfer 

processes in fullesene-based systems containing donors such as anilines, ferrocenes, 



processes in fullerem-based systems containing donors such as anilines, ferrocenes, 

porphyrins and ruthenium complexes have been reviewed in Chapter 1 .  Fullerene- 

aniline based D-B-A systems under investigation have close resembiance to the 

poEycyclic aromatic hydrocarbon-aniline pairs 3 and 4 (Chart 2.2). A brief overview 

of such systems is presented in Section 2.2.1. 

2 

Chart 2.1 



2.2.1. Aromatic hydrocarbon-aniline based D-B-A systems 

Photoinduced intramolecular exciplex formation and competitive electron 

transfer it1 polycyclic aromatic hydrocarbon-aniline based dyads containing various 

Ilydrocarbot~ acceptor groups and polymethylene linker groups have been 

14-16 reported. These co~npetitive processes have been systematically examined in the 

case of 9-anthranyl-(CH2)3-N,N-dimethylani1ine system 3 (Chart 2.2) by Eisenthal 

and co-workers" and l-pyrenyl-(CH2)3-N,N-dimethylaniline system 4 (Chart 2.2) 

by M ataga and co-workers. '' 

Chart 2.2 

The effect of variation of chain length on electron kansfer versus excfpiex 

formation in 9-anthranyl-(CH3.-N,N-dimethy1aniline systems has been demonstrated 

by Yang and co-wo~-kkers.'%e~endin~ on the polarity and chain length, two idealized 

cxtretne ground state conformations, folded and extended, have been reported. It has 

also been concluded that exciplex formation is more favorable in nonpolar solvetits 

and in systems with shorter rnethylene chains. 

111 the present study, we have synthesized a series of D-8-A systems, by 

attaching an anilinic donor to the orrho- as well as para- positions of the phenyl 



groups of fullero(1 -me thy l-2-p henyl)pyrrolidine, linked by anethylene chains (5-8 in 

Clra~t 2.3). Various light-induced processes in these systems were investigated 

employing both steady state and time resolved spectroscopy. These results are 

compared with photoprocesses in the model compounds 9 and 10 (Chart 2.3), which 

do not possess the appended aniPinic donor group. 

10 
Chart 2.3 

2.3. Rcsul ts and Discussion 

2.3.1. Synthesis and characterization 

Cycloadditio~~ reactions have been extensively used as a general method for 
17-27 functionalizing CGO and are found to be useful for the synthesis of several novel 

Coo derivatives in which the fullerene properties are combined with those of other 



classes of compounds. One of the most widely used methods for functionalizing c6() 
is the I,3-dipolar cycloaddition reaction of an azomethine ylide to C60. Several 

methods have been reported for the generation of azomethine ylides and one of the 

most successful approaches involves the decarboxylation of immoniurn salts, 

derived through the condensation of a-amino acids with aldehydes." In the present 

study, the decarboxylatian route was adopted for the synthesis of the fullere~~e- 

aniline dyads 5-8. 

Syntllesis of the para- and the ortl~o- substituted fullerene-aniline dyads 5-8 

were achieved through the sequence of reactions shown in Schemes 2.1 and 2.2, 

respectively. N-methyl,N-((w-hydroxy)-1-alkyljanilines (12, 14) were prepared 

through reported procedures2'" and they were converted to the corresponditlg 

N-1nethy1,N-{(o-br01no)- I -al kyl} anilines (13, 15) by treatment with phosphorous 

tribrornide. The bromo- derivatives were further treated with the corresponding 

hydroxybe~1dehydes to yield tile required aldeliydes, N-methy1,N-((fomylphenoxy)- 

alkyl)atlilines (17,19,21 and 23). Synthesis of the fullerene-aniline dyads 5-8 was 

achieved by a 1,3-dipolar cycloaddition reaction of the azomethine ylides, generated 

through a thermal reaction of the corresponding aldehydes and N-rnethylglycine, 

with CsO. The crude reaction product, in each case, was purified by chromatography 

over silica gel (100-200 mesh) to give the appropriate dyads in a 45-50 % yield. 

Thelma1 ring opening of aziridines is known to give rise to the corresponding 

azomethine yildes. The synthesis of the model fullerene system 10 was achieved by 

adopting this route (Scheme 2.3). Heating a mixture of Cho and 1,2,3- 

triphenylaziridinc2" in refluxing toluene gave a mixture of two products, identified as 

fullero- l,2,5-triphenylpyrrolidine (10) and Illero-bis(I,2,5-triphenylpyrrolidine) (26). 



(a) X(CH2)20H (X = Cl/Br), KzCOh 1% n-butanol, nflux; @) PBr3, 
C I-l2Cl2, room temperature; (c) p- OH CGH&HO, K2C03, acetone, reflux; 
(d) N-tnethylglycine, Crfi  toluene, heat. 

Scheme 2.1 



CH\ /(CH2)nBr 
CHO 

a 6 - - CH/ - 
13, n = 2 20, n = 2 

15,n=3 21, n = 3 

72 
\ cH>+=Jd b81 (CHz)n (CHt)n ,CH3 

22, n = 2 
23, n = 3 

7,11=2 
8 , n = 3  

(a) o- OH C6H4CH0, KzC03, acetone, reflux; 
(b) N-methylglycine, Cm toluene, heat. 

Scheme 2.2 

It is known that the thermal ring opening of aziridines proceeds in a 

conrotatory mode, whereas the photochemical opening proceeds in a disrotatory 

rnannerm3"The starting 1,2,3-triphenylaziridine would be expected to undergo thermal 

conrotatory ring opening to give the [runs-azomethine ylide 25, which on 

cycloaddition with Cfio would give the fullero-1,2,5-triphenylpyrrolidine 10, as 

show~l in ScIle~ne 2.3. It  is inferred that the phenyl groups at 2 and 5 positions of the 

pyrrolidine moiety are [ranks with respect to each other on the assumption that the 

azornethine ylide 25 does not undergo isomerization to the cis form, prior to 

cycloaddition, although this possibility cannot be fully ruled outa3' 



Scheme 2.3 

Retention Time (min) 

Figure 2. I .  Chromotograrn (HPLC)~' of the dyad 5. 



The his-adduct 26 is fonned through the further reaction of the mono-adduct 

10 wit11 (he azornethine ylide 25. HPLC analysis3' of 26 using a Bucky Prep column, 

showed tl~ree peaks cosrespol~dir~g to three regio isomers in the ratio 1: 3: 5. Hirsh et 

alb2' have can-ied out detailed studies on the regioselectivity of various bis-adducts 

of Cl,o, formed from the corresponding mono-adducts. They have shown that out of 

the possible eight isomeric bis-adducts, the e-isomer and the trans-3 isomer 

predominate. Of these two, the e-isomer is formed more readily and in larger 

amounts. The photophysical studies of the bis-adduct have not been carried out at 

present due to the presence of different regio isomers. 

All new cornpounds were fully characterized on the basis of analytical 

results and spectral data. Detailed experimental procedures for the synthesis, 

purification and characterization of the dyads, the model compounds and the 

precursors are given in Section 2.5. Purity of all the fullerene-aniline dyads and 

model compounds was confirmed by HLPC analysis.32 As a representative example, 

the chromatogram of the fullerene-aniline dyad 5 is shown in Figure 2.1. 

2.3.2. Computational studies 

Thc different confornations of the fullerene-bridge-aniline dyads were 

29,33 obtained using the Sybyt force field method. Computational studies suggest that 

the   no st stable conformatio~~s in the case of the para-substituted dyads 5 and 6 are 

the cxter~ded ones, while both tllc orlho-substituted dyads, 7 and 8 possess a folded 

conformation. Representative examples of the extended form of the dyad 6 and the 

folded form of the dyad 8 are displayed in Figures 2.2 and 2.3, respectively. 

Based on calculations, the edge to edge distances between the anilinic 

nitrogen and Clo were found to be much larger for the para-substituted compounds 



(9.48 A for 5 and 10.OI A for 6), when compared to the ortho-substituted 

compounds (3.28 A for 7 and 4.01 A for 8). Computational studies also indicate that 

there is an additional advantage in using C6() as an acceptor, particularly in the case 

of the orrho-substituted dyads. This is mainly due to the spherical shape of CbO. 

Over the entire spherical structure, 7c- electron cloud is available and the folding of 

the anilinic group in proximity to anywhere on the surface of C60 may allow the 

transfer of an electron, with an enhanced rate. 

111 the folded conformatioti (Figure 2.3), a specific orientation may not be 

required between the donor and acceptor. In order to investigate this possibility in 

the orrho-substituted dyads, we have undertaken detailed studies of the ground and 

excited state properties of the fullerene-aniline systems, 5-8. 

Figure 2.2. The minimum energy configuration of the dyad 6 
obtained using molecular mechanics calculation. 



Figurc 2.3. Thc minimum energy configuration of the dyad 8 
obtained using molecular mechanics calculation. 

2.3.3. NMR studies 

Further information regarding the folding of the anilinic group on to the 

surface of Cm was obtained by comparing the 'H NMR spectra of the pra- and the 

orrho- substituted dyads. Figure 2.4 illustrates the 'H NMR specha, in the region 3.2- 

6.0 ppm, for the para- substituted dyad 6 and the oriho- substituted dyad 8. The 

triplets observed at 3.54 and 4.01 ppm for the pam- substituted dyad 6 (spectrum 'a' 

i n  Figure 2.4) can be assigned to the NCH2 (anilinic) and OCHI protons, respectively. 

The doublets at S 4.25 and 6 4.98 ppm correspond to the exo- and mdo- protons of 

the pynolidine ring and their positions remain more or less the same for the orrho- 

substituted dyad 8 (spectrum 'b' in Figure 2.4). The singlet observed at 6 4.88 pprn 

for the para- substituted dyad 6 is due to the methyne proton of the pyrrolidine 

ring. Interestingly a large downfield shift is observed for this proton, in the case 



Figure 2.4. Comparison of the 'H NMR spectra (6 3.2-6.0 ppm) of the 
para- substituted dyad and the ortho- substituted dyad: (a) 6, (b) 8.  

of the ortho- substituted dyad 8. Similarly, the OCHz protons are observed as two 

separate rnultiplets in the case of the ortho- substituted dyad 8, while for the pura- 

substituted dyad 6, i t  is a triplet. For the ortho- substituted dyad 8, having three 

tncthylcsle groups, the NCH2 protons are observed as a triplet whereas for the oriho- 

substituted dyad 7, having two methylene groups, the NCHz protons are observed as 

two separate multiplets. These effects observed for the ortho- substituted dyads may 

be, originating from the spatial interactions of the n-electrons of Cm (as we11 as 

phenyl group) and the methyiene groups, indicative of the proximity of Cbo and 

arlilir~ic donor group. 



2.3.4. Steady state absorption properties 

Absorption spectra of the fullerene-aniline dyads 5-8 and the model 

compounds 9 and 10 in the visible region are significantly red-shifted and are 

distinctly different from that of the parent CbO. Figure 2.5 shows the absorption 

spectra of the dyad 5 and the model compound 10, recorded in dichloromethane at 

room temperature." In general, all the compounds under investigation possess a 

long wavelength band around 700 nm similar to those observed in substituted 

fulleropyrrolidines and methanofullererenes.".'I Recently, Bensasson et al. have 

reported the spectral properties of a few methanofullerenes and have suggested that 

the 700 nm band observed in these cases may be originating, either from one of the 

arbitally forbidden transition of Cbo or from a spin-forbidden transition to the lowest 

triplet state." In the case of the fullerene-aniline dyads 5-8 (Chart 2.3), there is an 

additional possibiIity of a long wavelength charge bansfer band, due to the ground 

state electronic interaction between the donor and the acceptor moieties. 

The existence of the charge transfer band in the dyads was established by 

investigating the influence of trifluoroacetic acid (TFA) on the absorption spectra of 

the dyads and model compounds. Addition of TFA (25 mM) to dichloromethane 

solutions of the dyads 5-8 resulted in a partial disappearance of the band around 700 

nm. As a representative example, this spectral change in the case of the dyad 5 is 

shown in Figure 2.5. Protonation of the anilinic nitrogen inhibits the charge transfer 

interaction between the appended anilinic group and the fullerene. For all the dyads 

under investigation, these changes are completely reversed by adding pyridine (30 mM). 

By contrast, the absorption spectra of the model compounds 9 and 10 were f m d  to 

be unaffected by the addition of TFA (up to 250 mM), ruling out the possibility of a 



Figure 2.5. Absorption spectra of the kllerene-aniline dyad 5 (a) and 
the model compound 10 (b) in dichloromethane. Inset shows the effect 
of trifluoroacetic acid on long wavelength band of 5: (a) 0 mM TFA, 
(b) 25 mM TFA. 

ground state charge transfer interactioa of the pyrrolidine ring nitrogen with C(jO. 

These results indicate that the 700 nm band obsemd in the case of the 

model fulleropyrrolidines 9 and 10 may be originating from a forbidden transition 

as indicated by Bensasson et al.. Merged together with this, a weak charge transfer 

band is also observed in the case of the dyads 5-8 in the same spectral region, 

resultil~g from the ground state electronic interaction between the lone pair of the 

anilinic nitrogen and the fullerene n-electron systems. In addition to the long 

wavelength band, the dyads 5-8 as well as the model fulleropplidines (9 and 10) 

possess a sharp absorption band around 430 nm (Figure 2.5). This band is characteristic 

of mono functionalized Cm, which arises due to the deficiency of 60-n 



2.3.5. Steady state emission properties29 

Cfio exhibits weak fluorescence at room temperature with a quantum yield 

(4,-) of 2.2 x lo4 in toluene and both the fluorescence spectrum and h are found to 

be independent of the excitation wavelength.36 The fluorescence spectral profile and 

properties of monofunctionalized fullerene derivatives are quite different from that 

of ChO. Results of systematic studies of the fluorescence properties of various 

ctasses of monofunctionalized fullerene derivatives, including fulleropyrrolidines, 

arc reported in the literature. One of the noticeable features of these types of 

systems is the presence of a band around 700 nm, which is the mirror image of the 

0-0 absorption band. Studies from our group and other groups indicate that the 

spectral profile and the quantum yields of model fulleropyrrolidines are independent 

of the nature of the solvent. Also, the emission properties are unaffected by the 

addition of TEA (0.2 M), indicating that the lone pair of nitrogen on the pyrrolidine 

ring, docs not affect its emission behaviour. In a recent publication,Y Prato and 

Maggini have addressed the interesting question, on how the fullerene spheroid 

irlfluerlces the acid-base properties of the pynolidine nitrogen, by studying pKBII+ of 

a substituted fulleropyrrolidine and its corresponding pyrrolidine. They have found 

that the fulleropymolidine derivatives are almost six orders of magnitude less basic 

than the corresponding pyrrolidine and these results can be attributed to some kind 

of through-space interaction of the nitrogen lone pair with the fullerene x-electron 

system. This was further confirmed by studying the reaction rates of 

fulleropyr-i-olidines with methyl iodide which was found to be much slower, 

indicati~ig a diminished availability of the nitrogen lone pair in fulleropyrrolidine. 

From these results it is evident that the pyrrolidine nitrogen is not involved in the 



quenching process. However, the linked aniline group can act as a good quencher 

for the singlet excited fullerene and details of the intermolecular fluorescence 

quenching studies, between the model compound 10 and N,N-dimethylanilme (DMA), 

are indicated below. 

2.3.5.1. Fluorescence quenching o f  10 by N,N-dimethylaniline @MA) 

In the present study, we have observed that the addition of 

N,N-dimethylaniIine (DMA) to a solution of the model compound 10 in 1:l toluene 

and acetonitrile led to the quenching of fluorescence of 10 (Figure 2,6), The 

bimolecular rate constant for quenching, k, was estimated using the Stern-Volmer 

equation (Eq. 2. l ) ,  by plottirig the ratio of the fluorescence intensity without DMA 

(l,,) to the fluorescence intensity with DMA (I), against the concentration of DMA, 

Wavelength, nm 

Figure 2.6. influence of N,N-dimethylaniline [DMA] concentrations 
on the emission spectrum of 10 in toluene-acetonitrile (1: I )  mixture. 
[DMA] (a] 16 M, (b) 32 mM, (c) 48 mM, (d) 64 mM. Inset shows 
the plot of the ratio of fluorescence intensities (Id) against DMA 
concentration. 



I/Io = 1 + K,, [DMA] (Eq. 2.1) 

= I + ~T[DMA] (Eq. 2.2) 

where, &, is the Stem-Volrner constant and r, is the fluorescmce lifetime of 10 in the 

absence of DMA. A linear plot was obtained (inset of Figure 2.6) and the bimolecuIar 

rate constant k, was estimated as 3.8 x lo1' ~ ' i ' .  The fluorescence spectral profiles of 

the dyads 5 8  were found to be nearly identical to that of the model compound and we' 

have investigated in detail the emission properties of these dyads. 

2.3.5.2, Fluorescence emission properties of dyads 5-8 

The fluorescence propntid742 of the dyads were investigated in solvents of 

varying polarity and are summarized in Table 2.1. The fluorescence spectral profiles 

43.44 and the quantum yields of the dyads 5-8 and the model compound 9 were found 

to be nearly identical in a tlonpolar solvent such as toluene, indicating the absence 

of any electron transfer process (Figure 2.7). A comparison of the emission spectra of 

the orrho- and the para- substituted dyads in a polar solvent such as benzonitrile i s  

shown in Figure 2.8. In the present case, a marked decrease in the quantum yield of 

fluorescence was observed particularly for the ortho-substituted dyads (Table 2.1). 

In general, a decrease in the quantum yield of fluorescence was observed for 

the dyads 5-8 with increase in solvent polarity and representative examples are 

displayed in Figures 2.9 and 2.10. Similar results were repotted for other fullerene- 

anilit~e dyads connected through rigid spacers and fullerene-ferrocene dyads. 43.45.46 

The decrease in the fluorescence yield in polar solvents is due to the reductive 

quenching of the singlet excited states of fullerene by the aniline moiety in the 

dyads. This was confirmed by studying the effect of addition of TFA on the 

emission propetties of the dyads. 





Wavelength, nm 

Figure 2.7. Emission spectra of the fullerenaaniline dyads 5-8 in 
toluene: (a) 5, (b) 6, (c) 8, (d) 7 (Absorbance of the solutions were 
adjusted to 0.1 at the excitation wavelength, 470 nm). 

Wavelength, nm 

Figure 2.8. Emission spectra af the fhllerene-aniline dyads 5-8 in 
benzonitrile: (a) 5, (b) 6, (c) 8, (d) 7 (Absorbance of the solutions were 
adjusted to 0.1 at the excitation wavelength, 470 nm). 



Wavelength, nm 

Figure 2.9. EfFect of solvent polarity on the fluorescence of 6: (a) toluene, 
(b) benzonitrileJ25rnM TFA, (c) dichloromethane and (d) benzonittile. 

Wavelength, nm 

Figusc 2. F 0. Effect of solvent polarity on the fluorescence of 8: 
(a) toluene, (b) benzonitrile/25mM TFA, (c) dichloromethane and 
(d) benzonitrile. 



On addition of TFA (25 mM) to benzonitrile solutions of the dyads, an 

increase in fluorescence intensity was observed (trace 'b' of Figures 2.9 and 2.103. 

This is essentially due to the protonation of the aniline nitrogen, which ithibits the 

electron transfer processes. The rates of charge separation and the quantum yields 

of charge separation are estimated f b m  the fluorescence quantum yields of the 

dyads and the fluorescence quantum yield as well as life time of model compound 

using Equations 2.3 and 2.4 respectively. 

kcS = [(+red+)- 1 3 1 Jtrcr 

+cs= W [ ( ~ / z m r ) - k ,  CEq. 2 4  

The large kc, vaIues observed for @e oriho-substituted compounds could be 

attributed to the folding of the aniline group and thereby decreasing the donor- 

acceptor distance. In the case of other classes of dyads,14 a specific orientation 

between the donor and acceptor is required for efficient transfer of eIectron, but in 

the fullerene-aniline dyads 7 md 8, the folding of the anilinic group in proximity to 

anywhere on the surface of is sufficient for the transfer of electron. 

This increase in probability of electron transfer is an additional kinetic gain 

in the case of the ortho-substituted compounds. The existence of long-lived chargc 

separated intermediates was unequivocally proven through pic* and nanosecond 

Laser flash photolysis studies. 

2.3.6. Transient absorption s t ~ d i e s ~ ~  

The excited singlet state of pristine Cso has an absorption maximum around 

920 nm with a lifetime of 1.2 ns and the triplet state has an absorption maximum 

around 740 nm with a lifetime greater than 100 p. Singlet and triplet excited state 



properties of the fullerene-aniline dyads 5-8 and the model compounds 9 and 

10 were examined using picosecond and nanosecond laser flash photolysis 

techniques, The time-resolved transient absorption spectra recorded following 

355-nm laser pulse excitation of the model compound 10 and the dyad 5 are 

shown in Figures 2.1 1 and 2.12, respectively. 

The spectrum recorded immediately after excitation with 355 nm laser 

pulse sliows the formation of the singlet excited state with absorption 

maximum in the region of 900 nm in the case of both the dyad 5 and the model 

compound 10. As the singlet excited state decays, a new absorption band 

corresponding to the triplet excited state appears with a maximum in the region 

of G90-740 nm. The triplet excited state of the fullerene-aniline dyad 5 (Figure 

2.13) as well as the model compound 10 decay within 50 ps to give their 

respective ground states. The excited state properties of the fullerene-aniline 

dyad 5 aald the model compound 10 in toluene are summarized in Table 2.2. 

I t  should be noted that the photoexcitation of 5 in a polar solvent such as 

benzonitrile leads to decreased intersystem-crossing yield. The absorption-time 

profile sllowing thc decay of the singlet excited state of the dyad 5 in, different 

solvents, monitored at 900 nm, is displayed in Figure 2.14. The high dielectric 

constant of the medium (e.g., benzonitrile relative to toluene) is 

thermodynamically supportive of an intramolecular electran transfer process 

and in turn allows this route to compete with the fast intersystem crossing. 

Tllcre arc several possibilities for the deactivation of the excited state of the 

dyads and they are shown in Scheme 2.4. 





Figure 2.13, Time-resolved difference absorption spectra recorded 
following 33 7 rim laser pulse excitation of the fullerene-aniline dyad 5 
in toluene at different delay times: (a) 0.25 ps and (b) 5 ps 

Figure 2.14. Absorption-time profile shows the decay of singlet of the 
dyad 5 in different solvents at monitoring wavelength of 900 nm. 



Table 2.2. The excited state propehes of the fullerene-aniline dyad 5 and the 
model compound 10 in toluene 

- - - .- 

Compound SI, A,,, 0 s )  TI, &I,, +r (PSI 

Scheme 2.4 

Nanosecond laser flash photolysis studies of the dyads were carried out 

in two different solvents of extreme polarity namely, toluene (E = 2.38) and 

benzonitrile (E = 25.2). The main objectives of these experiments were to 

investigate the dynamics of the thermodynamically favored electron transfer 

frotn aniline to fullerene in dyads 5-8 and characterize the charge-separated 

intermediates formed. The charge-separated intermediates formed in the 

present systems are the radical anion of C60 and the radicaj cation of aniline. 

In an earlier study, the radical anion of the dyad 5 was characterized using 

pulse radiolysis experiments (A,,, at 1080 nm). Since the radical anion of CC~O 

and functionalized derivatives absorb between 1000-1080 nm, we have 



extended our investigations to the NIR region. The transient spectra of the 

dyads 5-8, in the visible and near-infrared (NIR) region, were monitored 

using two separate detectors (photomultiplier and diode array, respectively). 

Nanosecond transient absorption spectra (350-1 100 nrn region) of the 

dyads (5-8) recorded in toluene showed in each case two absorption bands 

centered around 370 and 700 nm and their spectral features are found to be 

similar to those of the model compound 10. The spectra of a representative 

example (6) are shown in Figure 2.15. Based on previous studies (and 

qucnclling experiments), these bands were characterized as due to the triplet 

excited state of the dyads. Lifetimes of the triplet excited state of the dyads in 

toluene, were estimated by fitting the absorption-time decay curves to first 

ordcr kinetics and are presented in Table 2.3 (lifetimes range from 13 to 16 

11s). Quantum yields of  the triplet excited states were estimated by a relative 

method and found to be close to unity for all the dyads (5-8) in toluene (Table 

2.3). These resuIts indicate that the intersystem crossing of the dyads is 

almost quantitative in a nonpolar solvent such as toluene. Absorption-time 

profiles of optically matched solutions (absorbance at 337 nm = 0.7) of the 

para-substituted dyad 6 (and the orfho-substituted dyad 8) in toluene and 

benzonitr-ile are shown in Figure 2.16. Interestingly, a drastic decrease in the 

triplet quantum yield was observed in benzonitrile, for 011 the dyads (Table 

2,3) and this is indicative of decreased intersystem crossing. The decrease in 

the fluorescence yield (Section 2.3.5.2) and the low triplet yields observed in 

benzonitrile (relative to toluene), are supportive of an intramolecular electron 

transfer from the singkt excited state of the dyads. 



6 in toluene 

b, 7.5 ps 
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Figure 2.15. Timsresolved difference absorption spectra, 
recorded following 337 nm laser pulse excitation, of the 
fullerene-ani line dyad 6 in toluene at different delay times: (A) W- 
visible region and (B) infrared region. 
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Figure 2.16. Absorption-time decay profile shows the decay of 
triplet of the optically matched solution of the dyad 6 (A) and 8 
(B) in (a) toluene and (b) benzonitrile. Insets show the expanded 
decay profiles in benzonitrile. 



Table 2.3. The triplet excited state properties of the fullerenelaniline dyads 5-8 

Compound T ( p s )  4 ) ~  (PI 4r 
(toluene) (toluene) (benzonitrile) (benzonitrile) 

Nanosecond transient absorption studies of the dyads were extended to the 

NIR region in order to characterize the radical anion of Cb0 (Figure 2.17). The 

existence of the charge-separated intermediates was not observed (in tlre 

nanosecond time scale) for dyad 5 whereas an absorption-band around 1000 nm, 

corresponding to the CbO radical anion, was clearly observed for dyads 6 and 8. 

In the case of dyad 7, the absorption features in the NIR region are not clear as to 

unambiguously characterize the anion of Cso. 

It is clear fiom the steady state emission and picosecond laser flash photolysis 

studies that the forward electron transfer is highly efficient in benzoni~le for all the 

dyads, under investigation. The enhanced rate of forward electron transfer and the 

high quantum yield of  charge separation (Table 2.1) obsented in the case of the 

ovthu-substituted dyads is addressed in Section 2.3S.2. This is attributed to the 

folding of the aniline group, thereby decreasing the donor-acceptor distances in the 

ortho-substituted dyads. The low triplet quantum yields observed for oriho- 

substituted dyads (Table 2.3) again indicate that the quantum yield of charge 

separation from the singlet excited state is more than 0.85. 
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Figure 2.17. Time-resolved difference absorption spectra recorded following 337 
nm laser pulse excitation of the various fillerene-aniline dyads in benzanitrile at 
different delay times: (A) dyad 5; (B) dyad 7; (C) d y d  6 and (Dl dyad 8. 

The transient absorption corresponding to the radical anion of the Cm is 

obse~ved clearly in dyad systems 6 and 8. In these systems, the anilinic donor is 

linked to the porn- as well as ortho- positions of phenyl group of fullero(1-methyl- 

2-pbeny1)pyrrolidine througl~ three methylene chains. In the other two dyad systems 

(5  and 7) the donor and acceptor groups are linked together by two rnethylene 

groups. The additional rnethylene group in dyads 6 and 8 may pennit a higher 

degree of freedom and provide extra stability to the radical pairs in polar solvents, 



through the conformational rearrangements of fullerene and aniline moieties. 

Although triplet quantum yields of all the dyads in benzoniletile are less than 0.15, 

the 700 nm absorption band is more pronounced (Figure 2.17) as compared to the 

1000 nm (note that the C(jO radical anion does not possess any absorption at 700 

nm). Based on the ratio of these two bands and their extinction coefficients, the 

yield of the anion observed in the nanosecond time scale is estimated to be less than 

5%. The low yield of the charge-separated intermediates is due to the fast charge 

recombination. The estimation of the rate constants for the charge recombination in 

these dyads is difficult due to the low yield of the anion and the interference from 

the triplet excited state. 

2.4. Conclusions 

The orientation dependent electron transfer studies are pertinent in fullerene 

based systems due to the spherical shape, covered by x-electrons. We have reported 

examples of remarkably large orientation effects, which can control the 

photoinduced forward electron transfer in a series of fullerene based IS-B-A 

systems. The difference in orientation is achieved by attaching an anilinic donor to 

the ortho- as well as the para- positions of the phenyl groups of fullero(1-methyl-2- 

phenyl)pyrrolidine, linked by methylene chains. The marked increase in the rate 

constants and quantum yields of charge separation observed in the present case for 

thc orrho-substituted dyads are attributed to the folding of the anilinic group. The 

folding of thc anilinic group in proximity to anywhere on the surface of C6* allows 

the transfer of an electron and a specific orientation is not required between the 

donor and the acceptor. The existence of charge separated intermediates in the case 

of the dyads 6 and 8 was confirmed using laser flash photolysis experiments. 



2.5. Experimental Section 

2.5.1. Starting materials 

1,2,3-Triphenylaziridine 24, rnp 99 "C was prepared following a reported 

proced-ure.48 Cm obtained from SES corporation was used as such. Petroleum 

ether used was the fraction with bp 60-80 C. 

2.5.2. Synthesis of fullerene-aniline dyads 5-8 

The general method adopted for the synthesis of the fullerene-aniline dyads 

is shown in Schemes 2.1 and 2.2. Purity of all these dyads was confirmed by 

HLPC." The syntheses of N-methyl,N-{(2-bromo)-l-ethyl)miline (13):'~ N- 

methyl,N- ((p-formy1phenoxy)- 1-ethyl } m i l  (1 7);" fullncne-aniline dyad (5)29n 

and the model compound, N-rnethylfulleropyrrolidine (9)22 were as per reported 

procedures. 

2.5.2.1. General method for the preparation N-methyl, N-{(m-hydroxy)-1- 

alkyl}anilines, 12 and 14 

A mixture of N-methylaniline (0.1 mol), ethylene chIorohydrin or 3-bromo- 

1-propanol (0.2 mol), potassium carbonate (0.2 moI), and iodine (100 mg) was 

heated under reflux in 1-butanol (80 mL) for 92 h. On cooling, the solvent was 

removed under reduced pressure to give a reddish brown liqiud. 

Compound 12. The residual liquid on distillation under reduced pressure gave 13.5 

g (90 %) of 12, bp 17 1 "C (2 mm); IR (neat) v,, 3378, 2968, 2854, 1607, 15 12, 

1356, 1268, 1 193, 1053, 748, 690 cm"; 'H NMR (CDC13 6 2.3-2.4, ( lH,  s, OH), 

2.8-2.9, (3H, S, NCH3), 3.3-3.5, (2H, t, WCH2), 3.6-3.8, (2H, t. OCH2), 6.7-7.4, (5H, 

rn, aromatic); "C NMR (CDCI,) 6 38.60, 55.19, 59.76, 112.84, 116.95, 129.06, 



149.83; exact mass calcd. for C9H13N0 15 1.2040 (M 4 ), found 

h g h  resolution mass spectrometry). 

Compound 14. The residual liquid on column chromatography on s i k  gel (1 00- 

200 mesh) using a mixture (1: 10) of ethyl acetate and petroleum ether @p 60-80 "C) 

gave 14.8 g (90 O/or of 14; IR (neat) v,,, 3382,2944,2888, 1604, 15 10, 1377, 1 195, 

1060, 750, 693 cm"; 'H NMR (CDCI,) 6 1.5-1.9 (2H, m, CH2), 2.8-2.9 (3H, S, 

NCH,), 3.0-3.2 ( 1  H, S, OH), 3.3-3.5 (2H, t, NCH,), 3.6-3.8 (2H, t, OCH,), 66-7.4 

(5H, m, aromatic); I3cNMR (CDCI,) 6 27.86, 36.72, 48.27, 58.86, 111.16, 114.95, 

127.5 1, 147.89; exact mass calcd. for CloH15N0 165.1 154 (M i), found 165.1 145 

(FAB, high resolution mass spectrometry). 

2.5.2.2. Genera1 method for the preparation N-methyl,N-{(cu-brom0)-1- 

nlkyl)aniIine (13 and 15) 

To an ice cold solution of N-methy1,N-{(o-hydraxy)-1-a1kyl)anilines (12 and 

14) (15 rnmol) in dichloromethane (20 mL) was added PBr3 (I5 mmol), dropwise 

over a period of 30 minutes. The reaction mixture was further stirred at room 

temperature for an additional period of 3 h. The reaction was quenched with ice- 

cold water and the pH was adjusted to 7-8. The organic portion was extracted with 

dicllloromethane and the solvent was removed under vacuum. The c& product 

was chromatographed over silica gel (100-200 mesh). 

Compound 13. Elution of the column with a mixture (1:20) of ethyl acetate and 

petroleum ether (bp 60-80 "C) gave 2.70 g (85%) of 13; IR (neat) v,, 2929, 1605, 

1510, 1373, 1351,1278, 1214, 1175,1097, 1035, 996, 749, 693 crn*'; 'H NMR 

(CDC13) 6 2.9-3,O (3H, s, NCH3), 3.2-3.6 (ZH, m, NCH2), 3.6-3.9 (2H, rn, BrCH2), 



6.6-7.5 (5H, m, aromatic); "C NMR (CDC13) S 26.88, 36.90, 52.83, 110.42, 115.43, 

127.75, 146.46; exact mass calcd. for C9H12NBr 2 13.0153 (M i), found 213.0142 

(FAB, high resolution mass spectrometry). 

Compound 15. Elution of the column with a mixture (1:20) of ethyl acetate and 

petroleum ether (bp 60-80 "C) gave 3.06 g (90%) of 15; IR (neat) v,, 3037, 2954, 

2827, 1605, 1508, 1445, 1369, 1257, 1222, 1109. 1030, 992, 75 1 cm"; 'H NMR 

(CDCl3) 6 1.8-2.3 (2H, m, CH2), 2.95 (3H, s, NCH3), 3.2-3.6 (4H, m, NCHz and 

BrCH2), 6.5-7.4 (5  H, m, aromatic); NMR (CDC13) 6 29.98, 3 1.29, 38.60, 50.89, 

112.35, 116.50, 129.15, 149.02; exact mass calcd, for CIoHI4NBr 227-0310 ( M i ) ,  

found 227.03 13 (FAB, high resolution mass spectrometry). 

2.5.2.3.General method for the preparation of N-methyl-N-{(formylphenoxy) 

alkyllaniiines (17,19,20 and 21) 

A suspension of the corresponding bromide (5 mmol), hydroxy- 

benzaldehyde (10 mmol) and potassium carbonate ( I 0  mmol) was refluxed in 

dry acetone (15 mL) for 12 h. The reaction mixture was cooled, filtered and 

concentrated under reduced pressure. The crude product was chromatographed 

over silica gel (100-200 mesh). 

Compound 17. Elution of the column with a mixture (1: 10) of ethyl acetate and 

hexane gave 1.02 g (80%) o f  17; IR (neat) v,,, 2934, 2759, 1696, 1602, 1476, 

1262, 1161, 1028, 798 cm"; ' H  NMR (CDC13) S 2.9-3.0 (3H, S, NCHp), 3.6-3.8 

(2H, t, NCH2), 4.0-4.3 (2H, f OCH2), 6.4-7.9, (9H, rn, aromatic), 9.8 (IH, s, 

CHO); ')c NMR (CDC13) 6 29.68, 39.17, 51.79, 65.69, 96.15, 112.24, 114.74, 



1 16.95, 129.30, 13 1.90, 148.69, 163.67, 190.37; exact mass calcd. for CI6HItNO2 

255.1259 (M ), found 255.1200 (FAB, high resolution mass spectrarnehy). 

Compound 20. Elution of the column with a mixture (1:IO) of ethyl acetate and 

hexane gave 760 rng (60%) of 20; TR (neat) v,, 2934, 2762, 2794 1692, 1604, 

1500, 1460, 1368, 1292, 1243, 1039, 832 cm-'; 'H NMR (CDC13) 6 3.05 (3H, s, 

NCt-I,), 3.7-3.9 (2H, t, NCH,), 4.1-4.3 (2H, t, OCH,), 6.6-7.9 (9H, m, aromatic), 

13 10.4 (IH, s, CHO); C NMR (CDCls) 6 39.Q2, 51.55, 65.90, 112.06, 112.18, 

116.68, 120.77, 124.74, 128.26, 129.18, 135.75, 148.60, 160.87, 189.45; exactmass 

calcd. for CloHltNOz 255.1259 (M 1, found 255.1266 (FAB, high-resolution 

mass spectrometry). 

Compound 19. Elution of the column with a mixture (1:3) of ethyl acetate and 

petroleutn ether (bp 60-80 "C) gave 740 mg (55%) of 19; IR (neat) v,, 2949, 2873, 

1692, 1601, 1551, 1502, 1480, 1450, 1388, 1356, 1287, 1241, 1195, 1161, 1040, 

841 cm-l; 'H NMR (CDC1,) G 2.0-2.4 (ZH, rn, CHz), 2.95 (3 H, s, NCH3), 3.4-3.8 

(2H, t, NCH2), 4.0-4.3 (2H, f OCHI), 6.7-7.9 (9M, m, aromatic), 10.55 (lH, s, 

CHO); NMR (CDC13) G 26.64, 38.50, 64.92, 65.85, 112.30, 120.71, 128.53, 

129.25, 135.95, 156.66, 162.96, 189.50; exact mass calcd. for CI7Hl9NO2 269.1416 

(M ), found 269.14 19 (FAB, high resolution mass spectrometry). 

Compound 2 1. Elution with a mixture ( 1  :4) of ethyl acetate and hexane gave 1.2 g 

(90%) of 21 ; IR (neat) v,,, 2957, 2887, 2854, 1697, 1606, 15 12, 1260, 12 19, 1 162, 

1036, 834 ern-'; 'H  NMR (CDC13) G 2.0-2.4 (2H, rn, CH2), 2.95 (3H, s, NCH3), 3.4- 

3.7 (2H, t, NCHZ), 4.0-4.2 (2H, t, OCH2), 6.6-8.0 (9H, m, aromatic), 9.90 (lH, s, 

CHO); "C NMR (CDCG) 6 26.64, 37.89, 38.45, 64.95, 103.88, 112.21, 114.71, 



116.35, 129. f 8, 13 1.96, 149.14, 163.85, 190.70; exact mass calcd. for CI7Hl9NO2. 

269.1416 (M ), found 269.1419 (FAB, high resolution mass spectrometry). 

2.5.2.4. General method for the synthesis o f  the fullerene-aniline dyads (5-8) 

A mixture of CsO (0.2 mmol), N-methyl-N-{(fomylphenoxy)alkyl)-anilirte 

(0.2 mmol) and N-methylglycine (0.2 -01) in toluene (145 mL) was stirred under 

reflux for 10 h. The reaction mixture was cooled and removal of the solvent mder 

reduced pressure gave a solid residue, which was chromatographed over siIlca gel 

(100-200 mesh) to give the appropriate dyads. 

Dyad Elution with a mixhtre (1:3) of toluene and petroleum ether @p 60-80 "C) 

gave 47 mg (33%) of unchanged Cm. Further elution with a mixture (2:3) of toluene 

and petroleum ether gave 58 mg (44%) of fullerme-dine adduct, 5, mp > 400 

0 C; R (Kl3r) v,, 2932,2861, 1600, 1507, 1463, 1427, 1249, 1172, 1035, 825,744 

cm"; 'H NMR (CDC13) S 2.85 (3H, s, NCH3), 3.0 (3Y 5, NCH3), 3.6-3.8 (2Y 6 

NCH2), 3 -95-4.25 (3H, m, OCH2 and CH (exo)- pyrrolidine ring), 4.8 (lH, s, CH), 

4.95 (Ill, 4 CH (endo), J= 9.1 Hz), 6.5-7.8 (9H, m, aromatic); C (CDC13) S 

29.71, 39.16, 39.97, 51.92, 65.15, 68.96, 70.98, 83.13, 112.04, 116.46, 125.29, 

228.20, 129.03, 129.14, 129.26, 130.49, 135.74, 135.78, 136.53, 136.77, 139.59, 

139.90, 140.11, 140.15, 141.53, 141.67, 141.83, 141.95, 141.99, 142.03, 142.07, 

142.12, 142.24, 142.54, 142.67, 142.97, 143.13, 144.38, 144.61, 144.69, 145.14, 

145.22, 145.27, 145.33, 145.47, 145.53, 145.77, 146.09, 146.12, 146.20, 146.26, 

146.30, 146.33, 146.51, 146.78, 147.29, 148.84, 153.58, 153.62, 154.09, 156.35, 

158.70; exact mass cdcd. for C78HaN20 1002.1732 (M+), found 1002.1725 (FAB, 

high resolution mass spectrometry) 



Dyad 6. Elution with a mixture (1:3) of toluene and petroleum ether (bp 60-80 "C) 

gave 58 mg (40 %) of unchanged ChO followed by 58 mg (48 %) of 6, mp > 400 OC; 

IR (KBr) v,, 2940, 2869, 2785, 1606, 1568, 1509, 1473, 1429, 1363, 1336, 1301, 

1245, 1176, 1035, 746 c i ' ;  'H NMR (CDCI,) 6 2.05 (2H, f CH2), 2.80 (3H, s, 

NCH3), 2.92 (3H, s, NCH3), 3.54 (233, t, anilinic NCH2), 4.01(2H, t, OCH2), 4.25 

(IH, d, CH of pyrrolidine), 4.88 ( lH, s, CH of pyrrolidine), 4.98 (IH, d, CH of 

pyrrolidine), 6.58-6.75 (m), 6.96 (d), 7.13-7.29 (m), 7.63-7.79 (s) (9H, aromatic); 

13~NMR(CDC13) S 26.85, 29.74, 38.43, 40.00, 49.37, 65.31, 70.01, 79.14, 83.19, 

112.17, 114.55, 116.19, 129.19, 130.49, 135.79,. 140.15 142.12, 142.56, 145.24, 

145.48, 145.94, 146.14, 153 -66, 154.11, 158.92; exact mass calcd. for C79H24NZ0 

10 17.1967 (M ), found 1017.1989 (FAB, high resolution mass spectrometry). 

Dyad 7. Elution of the column with a mixture (1 : 3) of toluene and hexme gave 65 

mg (45 %) of unchanged Cm followed by 50 mg (45 %) of the dyad 7, mp > 400 "C; 

IR (KBr) v,, 2932, 2866, 2786, 1602, 1500, 1455, 1361, 1338, 1247, 1184, 1107, 

1036, 749 cm"; 'H NMR (CDC13) 6 2.77 (3H, S, NCfi), 3.02 (3H, S, NCH3), 3.53- 

3.61 (lH, m, a n i h i c  NCH), 3.64-3.71 (lH, m, anilinic NCH), 3.79-3.85 (lH, m, 

OCH), 4.21-4.29 (2H, m, OCH and CH of pyrrolidine), 4.95 (1H, d, CH of 

pyrrolidine ring), 5.52 (lH, s, CH of pyrrolidine ring), 6.70-6.8 1 (m), 6.68 (d), 7.10 

(t), 7.14-7.32 (m), 7.98 (d) (9H, aromatic); 13c NMR (CDCL,) 6 38.57, 39.84, 5 1.70. 

64.86, 69.01, 69.60, 75.11, 86.54, 111.30, 112.46, 116.91, 121.47, 129.01, 129.26, 

129.82, 135.95, 136.43, 139.15, 140.02, 141.70, 141.94, 142.09, 142.43, 142.92, 

144.24, 144.44, 144.80, 145.12, 145.26, 145.50, 145.68, 145.99, 147.09, 148.69, 

153.62, 156.97; exact mass calcd. for ClsHuN20 1002.1732 (M:), found 

1002.17 13 (FAB, high resolution mass spectrometry). 



Dyad 8. Elution of the column with a mixture (1:3) of toluene and hexane gave 60 

mg (42%) of unchanged Cm followgd by 57 mg (48%) of the dyad 8, mp > 400 "C; 1R 

( e r )  v, 2939, 2862, 2787, 1607, 1548, 1500, 1453, 1285, 1245, 1190, 1104, 

1045, 754 cm-' ; 'H NMR (CDC13) S 1.89-1.9 1 (ZH, m, CH2), 2.82 (3H, s, NCH3, 

2.96 (3H, s, NCH3), 3,5 1 (2H, t, anilinic NCH2), 3.72-3.88 (lH, m, OCH), 3.98-4.1 1 

(IH, m, OCH), 4.3 1 (IH, d, CH of pyrrolidine), 5.00 (lH, d, CH of pyrrolidine), 

5.57 (lH, s, CH of pyrrolidine), 6.65-6.8 1 (m), 6.90 (d),7.07-7.32 (m), 7.99 (d) (9H, 

13 aromatic); C NMR (CDC13) 6 26.78, 29.71, 38.62, 40.18, 49.85, 65.78, 69.98, 

75.85, 91.32, 111.48, 112.43, 116.41, 121.24, 128.14, 129.06, 134.82, 135.88, 

135.92, 135.94, 138.25, 138.27, 138.30, 138.91, 141.29, 141.35, 141.63, 142.88, 

142.64, 142.69, 142.74, 144.20, 144.50, 144.62, 145.29, 146.07, 146.82, 147.47, 

149.16, 153.82, 153.88, 155.21, 156.8 1, 157.37; exact mass calcd. for C ~ ~ H Z ~ N ~ O  

10 17.1967 (M ), found 10 17.1987 (FAB, hgh resolution mass spectrometry). 

2.5.3. Synthesis of fullero-1,2,5-triphenylpyrrylodine (10) 

A mixture of CsO (72 mg, 0.1 rnmol) and 1,2,3-triphenylaziridine 

(27 mg, 0.1 mmol) in toluene (40 mE) was refluxed for 6 h. The reaction mixture 

was cooled and removal of the solvent under reduced pressure gave a solid 

residue, which was chromatographed over silica gel. Elution with petroleum 

ether (bp 60-80 O C )  gave 20 mg (28%) of the unchanged Cso Further elution 

with a mixture (1:4) of toluene and petroleum ether (bp 60-80 OC) gave 30 rng 

(42%) of the monoadduct 10, mp > 400 "C; IR (KBr) v,,, 1601, 1500, 1543, 

1450, 1265, 696 cm*'; 'H NMR (CDC13) S 6.68-6.82, 7.1-7.4 and 7.72-7.84 

(17H, m, methine and aromatic); anal. calcd. for Cgo N: C, 96.94; H, 1.73; 



N, 1.41, found: C, 96.63; H, 1.73; N, 2.21; exact mass calcd. for CSOH18N 

992.143 9 (MH+), found 992.1460 (FAB, high resolution mass spectrometry). 

Further elution of the silica gel colum with a mixture (3:7) of toluene 

and petroleum ether gave 20 rng (28%) of the bis-adduct 2, mp > 400°C; IR 

(KBr) v., 1602, 1569, 1487, 695 cm"; 'H NMR (CDCb) S 6.62-6.82,6.9-7.82 

and 7.9-8.02 (34 H, rn, methine and aromatic); anal. calcd. for CIOOH34NZ: C, 

95.02; H, 2.71; N, 2.21, found: C, 95.80. H, 2.51; N, 1.93; exact mass calcd. for 

C I O O H ~ ~ N ~  1264.320 ~(MH+), found 1264.3242 (FAB, high resolution mass 

spectrometry). 

2.5.4. Instrumental techniques 

All melting points are uncorrected and were determined on a Aldrich 

melting point apparatus. IR spectra were recorded on a Perkin Elmer Model 882 

IR spectrometer and UV-visible spectra on a Shimadzu 21 00 or GBC 9 18 

1 spectrophotometer. H NMR and 13c NMR spectra were recorded either on a 

JEOL EX-90 MHz spectrometer or a Bnrker DPX-300 hOk spectrometer. The 

emission specea were recorded on a Spex-FluoroIog, FI 12-X equipped with a 450 

W, Xe lamp and a Hmamattsu R928 photomultiplier tube. The excitation and 

emission slits were 1 and 4, respectively. A 570-nm long pass flter was placed 

before the emission monochromator in order to diminate the interference from the 

solvent. Solvent spectra were recorded in each case and subtracted. Quantum. 

yields of fluorescence were measwed by a relative method using optically dilute 

solutions (absorbance adjusted to 0.1 at 470 tun). N-Methylfulleropyrrolidine 

dissolved in toluene (+f = 6.0 x 1 04) was used as reference. 29 .43 ,~  



Picosecond laser flash photolysis experiments4' were performed using 355 

nm laser pulses from a mode-locked, Q-switched Quantel YG-501 DP Nd:YAG 

laser system (out put 1.5 dlpulse, pulse width -18 ps). The white continuum 

picosecond probe pulse was generated by passing the fundamental output through a 

D20/H20 mixture. The output was fed to a spectrograph (HR-320, ISDA 

Instruments, Inc.), with fiber optic cables and was analyzed with a dual diode array 

detector (Princeton Instruments, Inc.), interfaced with an IBM-AT computer. Time 

zero in these experiments corresponds to the end of the excitation pulse. All the 

lifetimes and rate constants reported in this study are at room temperature (297 K) 

and have an experimental error of + 10%. The deaerated dye solution was 

continuously flowed through the sample cell during the measurements. 

Nanosecond laser flash photolysis experiments4' were performed with a 

Laser Photonics PRA/Model W-24 nitrogen laser system (337 m, 2 ns pulse 

width, 2-4 dlpulse) with fiont face excitation geometry. A typical experiment 

consisted of  a series of 2-3 replicate shots per single measurement. The average 

signal was processed with an LSI-ll microprocessor interfaced with a VAX 

computer. 
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Chapter 3 

Photoinduced Intramolecular Electron Transfer Processes in 
Clusters of Fullerene-Aniline and Bis(ful1erene)-Aniline Dyads 

3. 1. Abstract 

Synthesis of bis(fullerene) derivatives was acheved through cycloaddition 

reactions of Cm with appropriate azomethine ylides. Fullerene derivatives 1-5 form 

stable, optically transparent clusters in 75 -95% (v/v) scetonitril~toluene mixtures. 

Intermolecular interactions between the clusters of Eullerene derivative 5 and electron 

donors were investigated using steady state fluorescence spectroscopy and a strong 

quenching of the fluorescence was observed with increase in quencher concentrations. 

Ground and excited state properties of the clusters of the dyads 1 and 3 and the model 

compounds 2 and 4 were compared with their cmesponding monomeric forms. 

Clustering of the dyads and the model compounds resulted in red shifted emission 

maxima with different qwntum yields for the associated emission of the singlet excited 

states. The large quenching of fluorescence, noticed for the dyad clusters is attributed to 

an eleclron bansfer process from tfie appended adme function, which is known to be a 

good electron donor, to the electcon accepting fullerene cluster. Both, singlet and triplet 

excited states of fullerene derivatives 1-4, exhibited similar absorption features in toluene 

solutions. However, the growth of a broad absorption with a lifetime of -3 ns was 

observed following the excitation of clusters of the dyad 1 in acetonitrile-toluene 

mixtures. Charge transfer interaction between the photoexcited fullerene and aniline 

moieties led to the production of radical anion of 1 which was independently c o h e d  

by the presence of an absorption band of the fullerene radical anion in the NIR region 

(1010 nm). 



3.2. Introduction 

Design of molecular systems which can spontaneously self assemble 

and generate three-dimensionally extended structures such as in clusters are of 

interest in "chemical nanotechnology".' Fullerene and its derivatives are known 

to form clusters in solutions which are optically transparent and 

thermodynamically stablem2-' Recent studies of molecular systems based on 

4-37 11-25 
Cso, particularly the dyads and triads, indicate that they may serve as 

buiIding blocks for optoelectronic and photovoltaic devices and systems 

mimicking photosynthesis. 28-29 In this context, several fullerene based donor- 

acceptor systems containing porphyrins, 11-16 phthalocyanines,17 ruthenium 

complexes, 18.19 ferrocenes 20,2 I and anilines, 22-25.26 as donors have been 

synthesized and the photoinduced electron transfer processes in these dyads, in 

homogeneous solutions, have been studied. 

The photoactive molecules based on fullerenes, when incorporated in 

solid matrices, show optical limiting and photoconducting behaviaur. 28-37 The 

enhanced photoconductivity observed by doping fullerenes and their 

derivatives in polymers is attributed to an efficient intermolecular charge 

transfer process. For device applications, it is desirable to have detailed 

mechanistic understanding of the various inter- and intramolecular interactions 

and the electron transfer behaviour in solid state. Several reports are available 

on photoinduced electron transfer processes of dyads in solutions. In these 

systerns, the solute-solvent interactions play a decisive role in the stabilization 

of the charge-separated species. Such interactions are absent in the solid state 

and hence studies in solutions cannot be taken as a model for electron transfer 

behaviour in solids. Photophysical and electron transfer studies related to  



clusters could provide information, bridging the solution and solid state 

properties, in molecular systems. 

3. 2.1. Clusters of fullerenes 

It has been recently reported that fullerenes, Cso and CTO, 8s we11 as the 

water soluble derivatives of Cso bearing charged functional groups form 

optically transparent microscopic clusters (aggregates) in solutions at room 

Clustering in this class of molecules is mainly associated with 

the strong three-dimensional hydrophobic interactions between fullerene units. 

Details of the  condition^^^ for the formation of the clusters as well as their 

spectrosoopic2" and size distribution studie2 are well documented. More 

recently, it has been observed that the radiolytic reductions of fullerene clusters 

depend on their surface potential.6 There are no reports on the electron transfer 

processes in clusters of fullerene based systems and such studies would be 

helpful for a molecular level understanding of their properties in solid state 

devices. With this view, we have recently initiated studies on the photophysical 

and electron transfer properties of the clusters of a few fullerene based dyads.' 

Clusters of these dyads can be visualized as self assembled antenna systems 

containing hydrophobic fullerene as the central core with appended anilinic 

groups. Photoinduced electron transfer in such self-assembled systems can 

provide useful information about the dynamics of electron transfer in 

aggregates. In the present study, we have investigated the possibility of cluster 

formation in a rnonofunctionalized dyad 1'' and a novel bis(buckminster- 

fi~llerenc).-anil ine dyad 3 (Chart 3. I ) The detailed photophy8ical properties a i d  

photoinduced intramolecular electron transfer processes in clusters of the dyads 



are also presented. The photophysical properties and photoinduced 

intramolecular electron transfer processes in clusters of the dyads are compared 

with those of the two model compounds 2 and 4 (Chart 3.1), which do not 

possess the anilinic donor groups. Intermolecular electron transfer processes 



between the clusters of 5 and electron donors like N,N-dimethylaniline and 10- 

rnethylphenothiazine (Chart 3.2) were also investigated. 

Chart 3.2 

3.3. Results and Discussion 

3.3.1. Synthesis 

The details of the synthesis of the fullerene-mihe dyad, 1 were reported in 

Chapter 2. The model compound, N-methylfulleropyrrolidine, 2 was prepared as 

per a reported procedure.'8 The general method adopted for the synthesis of 

bis(ful1erene)-aniline dyad, 3 and the model compound, 4 are shown in Schemes 3.1 

and 3 -2, respectively. The starting material for the synthesis of 3, namely N,N-di(2- 

hydroxy-1-ethy1)aniline 8 was prepared a 85 % yield by adopting methods 

similar to those reported in the literature?'" Purity of all these dyads was 

c o d m e d  by H L P C . ~ ~  



a) PBr4CH2Cl2; b) K2C03/p-OHC&CHO/acetone, reflux; 
c), d) and e )  Ca N-methylglycine, heat 

Scheme 3.1 



a) KzCOy'p-OH-C&&HO/acetone, reflux; b) Ca N-methylglycine, 
toluene, heat 

Scheme 3.2 

3.3.2. Steady state absorption properties 

The absorption spectra of the fullerene-aniline dyad 12' and its model 

compound 2 as well as the bis(fil1erene)-aniline dyad 3 and its model compound 4 

in toluene are shown in Figures 3.1-3 -4, respectively. The absorbance of all the CbO 

compounds under investigation obey the Beer-Lambert Law in toluene, in the 

spectral region 400-750 nm and concentrations up to 50 pM, ruling out the 

possibility for the formation of other absorbing species. Dyads 1 and 3 as well as 

27,38 the model compounds 2 and 4 possess a sharp band at 430 nm, which is 

characteristic of all rnonof~~nctionalizc F6,6]-closed filllerene addticts, and a weak 

band around 700 nm. Representative examples, indicating these bands clearly, are 



shown in the inset of Figure 3 .1 .  A detailed assignment of the 700 nm band in the 

case of the dyad 1 is given in Section 2.3.4 and attributed as the sum of a forbidden 

transition2' and a charge-transfer transition." Similar results were also observed for 

the dyad 3. A partial disappearance of the 700 nm band was observed by adding 

trifluoroacetic acid (25 mM), indicating the presence of a ground state charge 

transfer interaction. These changes were completely reversed by adding pyridine 

(30 mM). The absorption spectrum of the bis(ful1erene) model compound 4 was 

found to be unaffected by the addition of TFA (up to 250 mM), ruling out the 

possibility of a ground state charge transfer interaction. 

Wavelength, nrn 

Figure 3.1. Absorption spectra of 1 (19 CLM)I in (a) toluene and (b) 75% vfv 
acetonitrile-toluene. Inset shows the expanded absorption spectrum of 1 
(19 pM) in toluene. 

As in the case of Csa and c ~ ~ , ~ ~ ~ ~  the dyads and the model compounds exist 

as monomers in toluene and a solvent-induced clustering was observed in 

acetonitrile-toluene mixhires containing more than 70% (v/v) of acetonitrile. 

Clusters of C60 and C70 prepared through th is  "fast method'y24 were found to be 



stable. In the present study, we have adopted a similar method for the preparation of 

the clusters by injecting toluene solutions of 1-5 into acetonitrile. Formation of the 

Wavelength, nrn 

Figure 3.2. Absorption spectra of 2 (12 in (a) 75% v/v acetonitrile 
toluene and @) toluene. 

clusters of the dyads and the model campounds was investigated, in detail, by 

monitoring their absorption properties as a function of substrate concentration and 

more importantly by varymg the content of a polar solvent, namely acetonitrile in 

toluene. In the former case, substrate concentration is varied by injecting different 

volumes of toluene solutions (-0.5 rnM) of the fullerene derivatives into acetonitrile 

or toluene-acetonitrile mixtures, in such a way that the solvent composition remains 

the same (1:3). In each case the absorption spectrum was recorded and observed 

that the Beer-Lambert law is obeyed up to 10 pM concentration, above which there 

is a substantial enhancement in the molar extinction coeffllcient (Figures 3.1-3.4) up 

to 20 1~kT. )!?>en the concentration cxcceded 20 ~ L M ,  prccipitatio~~ was ohsenred. 111 

the letter case, when the ratio of acetonitrile in toluene-acetonitrile mixture was 



varied at constant substrate concentration, the solutions were found to obey the 

Beer-Larnbert law up to 60% (v/v) of acetonitrile. A sudden increase in the 

absorptivity was observed on fnrther increasing the acetoniae content up to 95% 

(v/v), above which precipitation takes place. It should be noted that the hydrophobic 

nature of the fullerene moiety prevents their dissolution in polar solvents. The 

absorption spectra in the 400-750 nm region transformed into featureless and 

broad absorption onset by increasing the acetonitrile content (75-95% (v/v)) 

with significant increase in molar extinction coefdicients (Figures 3.1-3.4), despite 

the same substrate concentration. This sudden enhancement in the absorption is 

attributed to the formation of clusters. Similar absorption properties were observed 

2 4  during formation the clusters of Csa, ~ ~ 0 2 ~  and some charged derivatives of Cso, 5,8 

which were further characterized on the basis of light scattering experiments and 

TEM techniques. 

Wavelength, nm 

Figure 3 .3 .  Absorption spectra of 3 (50 $4) in (a) 75% viv acetonitrile- 
toluene and (b) toluet~e. 



Wavelength, nm 

Figure 3.4. Absorption spectra of 4 (50 p.M) in (a) toluene and (b) 75% v/v 
acetonitrile-toluene. 

These optically transparent clusters are found to be quite stable at room 

temperatwe and were reverted back to their monomeric forms by diluting with 

toluene or by adding nanomolar quantities of trinuoroacetic acid. Specbal 

properties of the monomers and clusters of the dyads and the model compounds are 

summarized in Table 3.1. 

3.3.3. Steady state emission properties 

In ths section, we have undertaken a detailed investigation of the emission 

properties of the clusters of C60 derivatives 1-5 and these results are compared with 

those of the monomeric forms. The emission properties of the monomeric forms of 

the fullerene-aniline dyad 1 and the bis(fu1lerene) derivatives are discussed in Section 

2.3.5.2 and Section 3.3.3.2, respectively. 

3.3.3.1. Emission characteristics of the clusters of the fullerene-aniline dyad 1 

We have systematically investigated the effect of clustering on the emission 

spectral properties of the dyad 1 and the model compounds 2. In general, clustering 



leads to a bathochromic shift of -25 nm in their emission maxima, for both the 

compounds under investigation (Table 3.1). As a representative example, the 

normalized emission spectra of the monomeric and the clustered form of the fuIlerene 

derivative, 2 are shown in Figure 3.6. 

Based on the electron donating ability of aniline and the electron accepting 

properties of the fullesene core, we have M e r  examined the possibility of an electron 

bmsfer process in the dyad clusters. Clusters of the Cm- &e dyad 1 and the model 

compound 2 exhibit emission in the same spectral region with maximum around 

740 nm and their emission properties are compared using optically matched 

solutions (absorbance at 470 nm, the wavelength of excitation, was adjusted to 

0.35). Interestingly, a substantial decrease in the fluorescence quantum yield was 

observed for clusters of the dyad 1 (Figure 3.7). Relative fluorescence yields of the 

dyad 1 and model compound 2 are summarized in Table 3.1. A possible explanation 

for the quenchmg of fluorescence may be due to a themoctynamically favoured 

electron transfer in a polar medium (acetonitrile-toluene mixture) compared to toluene. 

Earlier, we have systematically investigated the effect of solvent polarity on the 

emission properties of the huerene-aniline dyad 1 and the results are summarized in 

Section 2.3.5.2. These studies inhcate that even in a highly polar solvent such as 

benzonitrile, only - 50% quenching of fluorescence is observed. 

In the present case, a Iarge bathochromic shift in emission maximum with a 

substantial decrease in the fluorescence quantum yield is observed as a result of 

clustering of the dyads. The clusters of the dyads may be considered as a self 

asscmbl ed three dimensi o~inl antenna systems possessing the fullcrc~le ~noie  t}. as B 

central core with anchored aniline groups in various directions. 



Table 3.1. Spectral profiles of monomers and clusters of the dyads (1 and 3) and 
the model compounds (2 and 4) 

compound E (at 470 nrn) A-(ern.) relative 
emission 

Toluene 

Toluene 

Toluene 

Toluene 

a b 
solvent ratios are based on volume/volurne(v/v); emission intensities (at 738 nm) were 

measured by matching the optical density (0.3 5 )  of dusters; 'a shift in emission maximum 
was observed for the clusters af 4 and hence intensity was not compared. 

A possible self-assembled structure of the dyad is shown in Chart 3.3.  

Dynamic light scattering studieg'' using 1 in a mixture (3:l) of acetonitrile and 

toluene reveal that the size distribution of the clusters is over a narrow range (1 20- 

200 nm) and the mean diameter is around 170 nm (Figure 3 -5). Similar values are 

4-45 reported in the literature for the dusters of CbO. A higher probability of 

interaction between the fullerene moiety and the anilinic donor groups, exists in the 



Size (nm) 

Figure 3.5. Size distribution of clusters of the dyad 1 in a mixture (3:l) of 
acetonitrile and toluene. 

micro-heterogeneous domains of the clusters than in a homogeneous system The 

transfer of an electron from the covalently linked aniline moiety to the photwxcited 

fullerene cluster leads to the quenching of the excited singlet-state of the cluster. 

Chart 3.3. Possible self  assembled structure of the dyad 1 



Wavelength, nrn 

Figure 3.6. Normalized emission spectra of 2 in (a) toluene and (b) 12.5% 
(v/v) toluene-acetonitrile. 

Wavelength, nrn 

Figure 3.7. Emission spectra of the opticaliy matched solutions of the 
dyad and the model compound in 12.5% (v/v) toluene-acetonitrile: (a) 2 
2nd (h) 1 [ahsorbancc of 0 35 at thc escitation wavelength (470 nrn)j. 



3.3.3.2, Emission characteristics of the monomers of bis(fu1lerene) derivatives 

The normalized emission spectra of the bis(Cso) derivatives 3 and 4 in 

toluene, where they exist in monomeric forms, are shown in Figure 3.8. Compared 

to the monohllerene derivatives (trace 'a' of Figure 3.8), the spectral features of the 

bis(Cm) derivatives are quite different (&aces 'b' and 'c' of Figure 3.8). Apart from the 

band around 720 nm, both the bis(Ca) derivatives possess an additional band around 

775 nm. Preliminary studies indicate that the relative intensities of both these bands are 

unaffected by varying the temperature (5 - 40 'c) and solvent polarity (toluene to 

benzonitrile). Also, the excitation spectra of the bis(Cbo)-anihe dyad, 3 and the 

model compound 4 obtained by following emission at 710, 740 and 775 nm are 

similar in nature and match closely to the absorption features of the corresponding 

monomeric forms. More detailed studies on the emission properties of a series of 

bis(Cm) derivatives, linked together with methylene groups of varying length, are 

required to understand the emission behaviour of bisfullerenes. 

Wavelength, nrn 

Figure 3.8. Normalized emission spectra of the monomeric forms of the 
dyads in toluene: (a) 1, @) 3, (c) the model compound 4. 



3.3.3.3. Emission characteristics sf the clusters of bis(ful1erene) derivatives 

We have also investigated the effect of clustering on the emission spectral 

properties of the bis(Cm) derivatives and the possibility of an electron transfer in the 

clusters of the bis(Cm)-aniline dyad 3. As observed in the case of the fullerene-aniline 

dyad 1 (Section 3.3.3. I), h e  bis(fullerene) derivatives also exh i t  a bathochromic shift 

in their emission maxima on clustering (Figure 3.9). Clusters of the bis(Cm)-aniline 

dyad 3 exhibit an emission maximum around 740 nm, whereas the emission specbum 

of the clusters of the model compound 4 is M e r  red-shifted to 750 ntn. Earlier, we 

had obsemed that the clusters of the model compound 2' exhibit an emission nmxhm 

around 740 nm and therefore, this was used as a standard for investigating the 

possibility of an dectron eansfer in the clusters of the bis(Cm )aniline dyad 3. The 

emission properties of the b i ~ ( C ~ ~ ) - d i n e  dyad 3 and the model compound 2 are 

compared using optically matched solutions (absorbance at 470 nm was adjusted to 

0.35). A large decrease in the fluorescence intensity was observed for the clusters of the 

bis(Cm)-miline dyad 3 (Figure 3.9) and the relative fluorescence yields are 

sumnarized in Table 3.1. A possible self-assembled structure of the bis(&)-aniline 

dyad 3 is shown in Chart 3 Photoexcitation of the bis(Ca)-aniline clusters brings 

Chart 3.4. Possible self assembled structure of the dyad 3 



about an electron transfer fiom the anchored aniline to fullerene wre resulting in the 

quenching of their excited singlet state. 

Wavelength, nm 

Figure 3.9. Emission spectra of the optically matched solutions of 
the clusters of the dyads and the model compounds in 12.5% (v/v) 
toluene-acetonitrile: (a) 2, @) 4 and (c) 3. [absorbance of 0.35 at the 
excitation wavelength (470 nm)] . 

3.3.3.4. Fluorescence quenching of the clusters of 5 by electron donors 

Earlier, we have found that the emission spectral features and 4 1 ~  of the model 

compound, 1,2,5-triphenylpy~olidinofu1lerene, 5 are more or less unaffected by the 

change in solvent polarity. Results of fluorescence quenching of the monomeric 

form of 5 ,  on adding electron donors such as N,N-dimetfylaniline, in a mixture (111) 

of toluene and acetonitrile are presented in Section 2.3.5.1. In the present study, we 

have found that the model Mlerene derivative 5 forms stable and optically 

transparent clusters in 95% (v/v) acetonitrile-toluene mixtures and a fast method2-' 

was adopted for the preparation of the clusters. Typically, the clusters are prepared 

by a fast injection of 100 pL toluene solution of the 5 (2 mM) into 3.5 mL of 

acetonitrile. In this section, we have investigated the intemolecular interaction 



bemeen these clusters and various electron donors such as N,N-dimethylaniline 

(DMA) and 1 0-methylphenothiazine (MP). The absorption spectral features of the 

clusters remain unaffected on addition of electron donors, ruling out the possibility 

of the disruption of the clusters, in presence of the  donors. A marked decrease in the 

fluorescence yield of the clusters of 5 was observed with increase of quencher 

concentration (Figures 3-10 and 3.11).  Interestingly, a lower donor 

concentration is sufficient to quench the fluorescence of the clusters of 5, 

compared to the monomers in 1: 1 toluene and acetonitrile mixture (for details, 

see Section 2.3.5.1 .). Intermolecular interactions with the donor systems may 

be more efficient in the case of clusters and the transfer of an electron from the 

donor leads to the quenching of the excited singlet state of the clusters. The 

S tern-Volmer plots (for details, see Section 2.3.5.1 .) for fluorescence quenching 

750 800 850 

Wavelength, nrn 

Figure 3.10. Effect of addition of N,N-dimethylaniline @MA) 
011 illc fluorescence of tllc clusters of 5 in 95% (v/v) acctonitriic- 
toluene: [DMA] (a) 0, (b) 5, (c) 6, (d) 7, (e) 10 and (f) 1 5 mM. 
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Wavelengt, nm 

Figure 3.1 1. Effect of addition of 10-methylphenothiazine 
( M P )  on the fluorescence of the clusters of 5 in 95 % (v/v) 
acetonittile-toluene: [MF] (a) 0, (b) 0.125, (c) 0.5, (d) 1.0, (e) 2.0 
and ( f )  5.0 d. 

are given in the insets of Figures 3.10 and 3.1 1 and the Stern-Volmer constants (K,,) 

were estimated as 474 for N,N-dimethylaniline and 676 h4-l for 10- 

3.3.4. Dynamics o f  photoinduced charge transfer in dyad clusters 

The dynamics of photoinduced electron transfer in clusters of dyad 1 was 

further probed, in detail, using picosecond and nanosecond laser flash photolysis 

experiments. These results were compared with photoinduced electron transfer in 

dyad 1 in homogeneous solutions. In nonpolar solvents such as toluene, fuElerene 

derivatives possess a broad absorption around 920 nm, which is a characteristic of 

the singlet excited state (Section 2.3.6). 

The excited singlet state behavior of the fidlerene clusters in 

acetonitrile/toluene mixture was sigdcandy different than that observed in toluene. 



The difference absorption spectra recorded immediately after the laser pulse 

excitation for the clusters in acetoniaileftoluene mixtures lack any prominent 

absorption bands in this spectral region. On the other hand, the cluster solutions of 

dyad 1 as well as model compound 2, exhibit a slow absorption growth throughout 

the entire UV-VIS-NIR region which continues up to several nanoseconds. Time- 

resolved transient absorption spectra shown in Figure 3,12 indicate the growth of 

such a broad absorption band. Close packing of the fullerene moieties in these 

clusters facilitates excited state interactions, which in turn results in the excited state 

charge transfer complexation. Such excited state interactions are likely to dominate 

in the case of the dyad I in which fullerene and aniline moieties can participate in a 

photoinduced charge transfer. The spectral changes noted for the cluster of dyad, are 

different from those of the ~ p l e t  excited state, but they are similar to those reported 

for a charge-separated radical pair in a rigidly spaced fullerene-aniline system. 

a 

o*"%-e Wavelength, nm 

Figure 3.12. Time-resolved Difference absorption spectra 
recorded after 532 nm laser pulse excitation of 1 in 12.5% 
( vh )  toluene-acetonitrile 



These results, thus, indicate dw possibility of an intramolecular electron transfer 

between the singlet excited fbllerene and the aniline. The broad nature of the 700-800 

nm spectral band prevented us from resolving the contribution that arise from the 

charge separated pair and the triplet excited state. 

It is well established that the triplet excited state of C60 and its derivatives 

possess absorption having maximum around 700 nm and extends to the NIR region. 

Similarly, the radical anion of fullerene derivatives possesses characteristic band in 

the NIR region. In an earlier study we have characterized the tiplet excited state of 

1 (A,, at 700 nm) using flash photolysis and the radical anion spectrum was 

generated by pulse radiolysis (L, at 1010 nm). 

Nanosecond laser flash photolysis stuhes of the clusters in the visible and 

near mfkared (NIR) region were performed in order to characterize charge 

separation products, namely the radical anion of C6@ The time-resolved absorption 

spectra recorded, in the visible and NIR region, following the 337-nm laser pulse 

excitation of the clusters of dyad 1 in deoxygenated acetonitrile-toluene (3:l) 

mixtures, are shown, in Figures 3.13 and 3.14, respectively. The transient absorption 

spectra (in the 450- 1 100 nm region) possess two peaks; one centered around 700 

nm and the other around 101 0 nm. Interestingly, the decays of these absarption 

bands are sigmficantly different. The absorption band in the 450-850 nm region 

decays completely in 10 ps. On the other hand, a long-lived component of 

remarkably longer lifetime of several hundred microseconds was observed in the 

NIR region (inset of Figure 3.14). The absorption-time decay profiles of the clusters 

of the dyad I-ecor-ded a t  700 arid 1010 nm are shown in Figure 3.15. Clustered 

dyad exhibits monoexponential decay at 700 nm with a lifetime of about 1.85 ps, 



500 600 700 800 

Wavelength, nrn 

Figure 3.13. Time resolved difference absorption spectra of 
the clusters of dyad 1 ( 3@M) ,  recorded in the visible region, 
in deoxygenated acetonitrile-toluene (3: 1 )  mixtures: (a) 0.5; 
@) 1 .O and (6) 2.0 ps. 

Wavelength, nm 

Wavelength, nm 

Fisure 3.14. Time resolved difference absorption spectra of 
the clusters of dyad 1 (30w, recorded in the NlR region in 
deoxygenated acptonitrile-toluene (3 I )  mixtures: (a) 1 0, (13) 

2.5 and (c)  10 ps. lnset shows the expanded absorption 
spectrwm after 10 ps. 



whereas the decay at 101 0 m is biexponentiaj in nature, with lifetimes of 1.45 ps 

and 60 ps. Based on previous studies, the transient absorption at 700 nm can be 

attributed to decay of triplet excited state of the clustered dyad. Biexponential 

decay curve observed in the NIR region can be ascribed to the contribution from 

two different species absorbing in this region, namely the triplet excited state (r = 

1.45 ps) and the radical anion of Cm (T = 60 ps). 

0.04 a) decay a t  700 nrn 

0.03 

0.02 

0.0-l 

0.00 

Time, ps Time, ps 

Figure 3.15. Absorption-time decay profile recorded of the clusters of dyad I 
(30pM) in deoxygenated acetonitrile-toluene (3: 1) mixtures; (a) 700 nm and 
(b) 1010 nm. 

Based on the steady stare fluorescence and time-resolved studies, a possible 

mechanism illustrating various photochemical events is given in Scheme 3.3. There 

are ttvo competing processes from the singlet excited state of the cluster dyads. 

'They are m a d y  the intersystem crossing to the triplet excited state and the electron 

transfer fiom the anchored aniZinic donor group to the photoexcited fullerene cluster. 



We have further studied the effect of increasing the concentration of the 

dyad clusters (in acetonitrile-toluene (3: 1)) on the recombination processes (traces 

b-d in Figure 3.16). Interestingly, the lifetime of the triplet excited state remains 

almost constant (1.4 ps-1.8 ps) whereas the lifetime of radical anion varied on 

increasing the concentration of the dyad clusters. Lifetime of the cluster dyads at a 

lower concentration (3%M) is about 60 ps (trace b; Figure 3.16). On increasing the 

concentration of the dyad clusters to 4 5  pM (trace c;  Figure 3.16), radical anion is 

found more stable ( r2 = -160 ps). The scattering of the data points at higher dyad 

concentrations prevented us from detailed kinetic analysis of the radical anion in 

Figure 3.16. Absorption-time decay profile at 1010 nrn recorded in 
deoxv~er~aled tcll:.j;.~!c ltracc and in deouygenatcd a c c ~ m i  tl-i!c-t~lacr~c 
(3.1) solutions (trace b-d) : [I] (a) 3; (b) 30; (c) 4 5  and (d) m. 



the longer time scale. On further increasing the concentration of the dyad cluster (60 

pM), a decrease in the lifetime of the Cso radical anion (45 ps) is observed (trace d; 

Figure 3.1 6) 

The interesting aspect of the study is the stabilization of the charge- 

separated intermediates. In the present study, the experiments were carried out in 

acetonitrile-toluene ( 3 : l )  mixtures and the high polarity of the medium 

(dielectric constant s of CH3CN is 38.0) can also play an important role in 

stabilization of the charge separated state. In order to distinguish between the 

effect of polarity and clustering, we have systematically investigated the eEect of 

acetanitrile- 
toluene (3:l) . - 

toluene 



solvent polarity on the photophysical properties of dyad I and extended to solvents 

having d i e l e c ~ c  constants comparable with acetonitrile. Solvents of wide range of 

polarity, namely toluene (E = 2.38, benzonitrile (E = 25.2) (Section 2.3.6) and 

nitrobenzene (E = 34.Q were selected arid the time resolved transient absorption 

spectra, in the visible and NIR regions, were recorded. Time resolved absorption 

spectra of the dyad in toluene as well as benzoniaile were recorded following the 

337. l-nm pulse excitation (N2 laser) md reported in Section 2.3 -6. The experiments 

using nitrobenzene as solvent were carried out foIlowing the 532-nm laser puke 

excitation (YAG laser), in order to avoid the direct excitation of the solvent. 

However, the time-resolved absorption spectra recorded in solvents of high 

dielectric constant like benzonitrile (and nibobenzene) did not show any spectral 

evidence for the presence of charge-separated radical pair, in the nanosecond time 

scale. The polarity of solvent may pIay a major role in promoting the forward 

electron transfer, but the charge recombination processes may also be fast, so that 

the charge separated intermehates not observed on a nanosecond time scale. 

Based on the photochemical studies of dyads in homogenous solutions, one 

can conclude that the remarkably longer lifetime of charge separated state for 

clusters is essentially due to the stabilization of the transferred electron in cluster 

framework. The hopping of the transferred electron to second fuIlerene molecule in 

the cluster is likely to increase the distance of separation of radical pair whch in 

turn retards the charge recombination process (Scheme 3.3). Accordingly, it is safe 

to postulate that the added electrons are fully delocalized within the entire cluster 

nehvork, while the positive charges are quite localized at the aniline fij~~ctions. 

Based on ths  hypothesis one can propose that the back electron transfer should 



occur mainly in a bimolecular fashion between two individual clusters. The present 

studies indicate that the clustering in the fullerene based dyads can be used as a 

useful strategy for circumventing the back electron transfer. 

3.4. Conclusions 

Fullerene based dyads (1 and 3) as well as the model systems 2 and 4, 

form optically transparent microscopic clusters (aggregates) in 7595% (v/v) 

acetonitriletoluene mixtures at room temperature. The manifold increase in molar 

extinction coefficients during clustering makes them promising candidates for the 

design of solar energy harvesting devices. Clustering in this class of moIecules is 

mainly associated with the ssong threedimensional hydrophobic intmctiws between 

the fullerem units. Based on the steady state and time resolved studies, it is M e r  

concluded that the electron transfer processes are more facile in the clusters of the 

dyads than in homogeneous medium. The remarkably high stability of the charge- 

separated intermediates in the clustered dyads is attributed to the hopping of the 

electrons between the fullerene rnotecules. The results of the electron transfer studies 

in the clusters indicate that they are promising as models for studying the 

photoinduced electron transfer and resemble more close by to real solid state systems. 

3.5. Experimental Section 

3.5.1. Synthesis of the bis(ful1erene)-aniline dyad, 3 

3.5.1.1. Preparation of N,N-di (2-bromwl-cthyl)aniline, 9 

Phosphom tribromide (2.7 g, 10 m o I )  was added dropwise to an ice cold 

soIution of 8 (1.8 g, I0 mmol) in diclrforomethane (20 mL) over n period of 30 min. 711r 

reaction mixture was s h e d  at room temperature for 24 4 quenched with ice-cold water 

and the pH was adjusted to 7-8. The organic portion was extracted with dicldoromethane 



and the solvent was removed under reduced pressure. The crude product was 

chromatographed on silica gel (100-200 mesh) using petroleum ether @p 60-80 'C) to 

give 2.4 g (80%) of 9, mp 4849 "C; IR fKBr) v,, 2929,1605,15 10,1373,135 1,1278, 

12 14, 1 175, 1095, 1035,996, 749 693 cm-' ; 'H NMR (CDC13) 5 3-2-3.6 (4J5 m, CHz), 

3.6-3.9 (4 I-I, m, CH2), 6.6-7.5 (5Y m, aromatic); ')c NMR (CDC13) 6 28.25, 53.33, 

1 12.12, 1 17.99, 129.73, 145.64; exact mass calcd. for Cld413NBr2 0 305.9473, 
found 305.9488 TAB, high resolution mass spectromelzy), 

3.5.1.2. Preparation of the disldehyde, 11 

A suspension of N,N-di(2-bromo-I -ethyl)aniline, 9 (1.50 g, 5 mmol), p-hydroxy- 

beddehyde (2.4 g, 20 mmol) and potassium carbonate (1 -4 g, 10 mmol) was 

refluxed in acetone (20 d) for 12 h. The reaction & w e  was cooled, filtered and 

concentrated under reduced pressure. The crude product was chromatographed on 

silica gel (100-200 mesh) using a mixture (3 :7) of ethyl acetate and petroleum ether 

(bp 60-80 "C) to give 1.2 g (60%) of N,N-di{2-lp-fomylphenoxy)-f-ethyl}aniline, 

11, mp 40-41 OC; IR (KBr) v,, 3073, 2934, 2759, 1696, 1602, 1496, 1262, 1161, 

102s 798 cm"; 'H NMR (CDCl,) S 3.8-4.0 (4H, t, NCH2), 4.17-4.35 (4H, t ,  OCH3, 

6.4-7.9 (13 H, m, aromatic), 9.8 (2H, S, CHO); "C NMR (CDC13) 6 50.54, 65.57, 

190.01; exact mass calcd. for CZ4HzNO4 (MH') 390.1705, found 390.1721 (FB, 

high resolution mass spectrometry). 

3.5.1.3. Synthesis of the buckminsterfullerene-aniline dyad aldehyde, 12 

A mixture of 1 1 (38 mg, 0.1 mmol), N-methylglycine (18 mg, 0.2 rnrnol) and 

C60 (144 mg, 0.2 m o l )  was heated under argon in toluene (144 mL) for 10 h. The 

reaction mixture was cooled and removal of the solvent under reduced pressure 



gave a solid residue, which was chromatographed over silica gel (100-200 mesh). 

Elution with a mixture ( 1 :  I )  of toluene and petroleum ether (bp 60-80 'c) gave 60 

mg (42%) of unchanged Cia followed by I 1 mg (5%) of the bisadduct, 3 and 53 tng 

(40%) of the dyad aldehyde 12. 

Dyad aldcllyde 12. mp > 400 "C; IR (KBr) v,, 2792, 1645, 1588, 1542, 1504, 

1465, 1412, 1 176, 736, 578 cm-'; 'H NMR (CDC13) G 2.78 (3H, s, NCH3), 3.86-3.88 

(4H, rn, NCH2), 4.164.25 (5H, rn, OCH2 and CH of pyrrolidine hg),  4.87 ( 1  H, s, CH 

of pyrrolidine ring), 4.97 ( 1  H, d, CH of pyrrolidine ring), 6.56-6.96 (m), 7.43-7.80 (m) 

(13H, aromatic), 9.86 (IH, s, CHO); '"c NMR (CDCb + C S 3  6 39.95, 50.80, 5 1.09, 

65.27, 65.69, 68.96, 69.97, 83.09, 97.24, 111.85, 114.46, 114.76, 116.92, 129.60, 

130.38, 130.54, 131.99, 135.74, 139.90, 140.18, 141.42, 141.52, 141.56, 142.27, 

142.57, 142.70, 143.55, 144.41, 144.71, 144.75, 145.20, 145.29, 145.46, 

145.53, 145.70, 145.94, 146.30, 146.39, 146.50, 146.98, 147.31, 148.65, 

148.76, 153.56, 158.63, 190.67; exact mass calcd. for Cs6H2sN2O3 (MI-1') 

1 136.2 100, found 1 136.2070 (FAB, high resolution mass spectrometry). 

3.5.1.4. Sy rlthesis of the bis(buckminsterfullerene)-aniline dyad, 3 

A lnixturc of 1 1 (3  8 mg, 0. I mrnol), N-methylglycine ( I 8 mg, 0.2 ~nlnol) 

and C6() (144 Ing, 0.2 mmol) was heated under argon in toluene (144 rnL) for 20 

h. The reaction mixture was cooled and removal of the solvent under reduced 

pressure gave a solid residue, which was chromatographed over silica gel (100- 

200 mesh). Elutiotl with a mixture ( 1 : l )  of toluene and petroleurn cther (bp 60- 

80 "C) gave 55 mg (38%) of unchanged Chop followed by 40 mg (35%) of the 

dyad 3 and 7 mg (5%) o f  the dyad aldehyde 12. 



Dyad 3. mp > 400 "C; IR  (KBr) v ,,,, 2947, 2924, 2877, 2783, 1606, 1509, 

I cm"; H N M R  (CDC13) 6 2.65-2.75 (6 H, m, NCH3), 3.60-4.90 (14 H, In, 

NCH2, OCHl and pyrrolidine ring protons), 6.55-7.67 (13 H, m, aromatic); "C 

N M R  (CDC13 + CS2) 6 30.17, 39.25, 39.70, 53.24, 53.82, 67.40, 68.10, 69.00, 

157.2 1 ,  1 58.38, 158.66, 159.95; mass spectrum showed a (M-60') peak at 1 164. 

(observed by MALDI and FAB mass spectrometry). 

3.5.2. Synthesis o f  the model compound, 4 

The model compound 4 was prepared through the pathways shown in Scheme 3.2. 

3.5.2.1. Preparation of the bisaldehyde, 14 

A suspcnsior~ of I ,2-dibromoethane (1.86 g, 10 mmol), phydroxy- 

benzaldehydc (2.45 g, 20 mrnol) and potassium carbonate (2.80 g, 20 mmoI) was 

lrcatcd u~rdcr reflux in acetone (20 1nL) for 12 h. The reaction mixture was cooled, 

fi l tcl-ed and concentrated under reduced pressure. The crude product was 

chromatographed over silica gel (100-200 mesh) and elution with chloroform gave 

2.3 g (85%) of 14, rnp 128- 129 "C; IR (KBr) v,, 2989, 2957, 2835, 1693, 1607, 

N M R  (CDC13) 64.40 (4H, s, OCH2), 7.00 (2H, d, aromatic), 7.85 (2H, d, aromatic), 

9.90 (21-1, s, CHO); 'k N M R  (CDC13) 666.44, 114.80, 130.35, 131.87, 163.31, 

190.55; exact mass calcd. for Ci6H1.404 (MH*) 271.0970, found 27 1.0996 (FAB, 



3.5.2.2. Synthesis o f  4 

A mixture of the bisaldehyde, 14 (34 mg, 0.125 mmol), N-rnethylglycine (22 

mg, 0.25 mmol) and CGO (180 mg, 0.25 mmol) in toluene (180 mL) was stirred at 

reflux for 20 h. On cooling the reaction mixture, the solvent was removed under 

reduced pressure. The solid residue was chromatographed over silica gel (100-200 

mesh) using a mixture ( 1  :2) of petroleum ether (bp 60-80 "C) and toluene to give 80 

mg (44%) of unchanged Cm, followed by 60 mg (45%) of the model compound 4, rnp 

> 400 "C; IR (KBr) v,, 3074, 2967,2877,2747, 1694, 1605, 1493, 1389, 1270, 1 162, 

1132, 1069 1067, 1048,963,919,831,741 cm"; 'H NMR (CDCI,) S 2.30-2.95 (6 H, 

rn, NCH3), 3.5-4.8 ( 1  0 H, rn, OCHz and pyrroiidine ring protons), 6.65-7.75 (8H, m, 

aromatic); NMR (CDC13 + CS2) 6 39.44 39.71, 68.57,68.69,68.90, 69.37, 79.45, 

81.20, 112.32, 115.98, 117.30, 127.39, 128.57, 128.95, 129.63, 130.24, 131.14, 134.61, 

136.64, 141.15, 141.61, 142.93, 144.11, 144.51, 144.64, 144.85, 145.16, 145.61, 

145.72, 146.74, 147.10, 147.63, 148.42, 151.27, 151.70, 152.53, 154.23, 156.34, 

158.3 1, 158.44, 159.6 1. The Inass specburn of 4 showed a (M-Cm') peak at 1045 

(MA LDI and FAB, high resolution mass spectrometry). 

3.5.3. Methods: All nlelting points are uncorrected and were detennined on a 

AEdrich melting point apparatus. 1R spectra were recorded on a Perkin Elmer Model 

882 IR spectrometer and the UV-Visible spectra on a Shimadzu 2100 or GBC 918 

specfrophotometer. 'H NMR and 'k NNMR spectra wnr recorded on a JEOL EX-90 

or Bruker DPX-300 MHz spectrometer. Mass spectra were recorded on a JEOL JM 

AX 505 HA mass spectro~neter. The emission spectra were recorded on a Spex- 

Fluorolog, F112-X equipped with a 450W Xe lamp and a Hamamatsu R928 

photomultipIter tube. The excitation and emission slits were 1 and 4, respectively. 



A 570 nrn long pass filter was placed before the emission monochromator in order 

to eliminate the interference from the solvent. Solvent spectra were recorded in each 

case and subtracted. Quantum yields of fluorescence were measured by a relative 

method using optically dilute solutions. 

Picosecond laser flash photolysis experiments were performed using 355 nm 

laser pulses from a mode-locked, Q-switched Qumtel YG-501 DP Nd:YAG laser 

system (output 1.5 mJ/pulse, pulse width -18 ps). The white continuum picosecond 

probe pulse was generated by passing the fundamental output through a D20JH20 

mixture. The output was fed to a spectrograph (HR-320, ISDA Instruments, Inc.), 

with fiber optic cables and was analyzed with a dual diode array detector (Princeton 

Instruments, Inc.), interfaced with an IBM-AT computer. Time zero in these 

experirnetits corresponds to the end of the excitation pulse. All the lifetimes rate 

constants and quantum yeilds reported in this studies are at morn temperature (297 K) 

and have an experimental error of k lo%, The deaerated dye solution was 

continuously flowed through the sample cell during the measurements. 

Nanosecond laser flash photolysis experiments were perfomred with a Laser 

Photonics PRNModel UV-24 nitrogen laser system (337 nm, 2 ns pulse width, 2-4 

mJ/pulse) with front face excitation geometry. A typical experiment consisted of a 

series of 2-3 replicate shots per single measurement. The average signal was 

processed with an LSI- 1 1 microprocessor interfaced with a VAX computer. 
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Chapter 4 

Effect of Varying the Donor Strength on Photoinduced Electron 
Transfer Processes in &-based Dyads 

4.1. Abstract 

Two series of fullerene based ID-B-A systems, containing donor groups of 

varying oxidation potentials, have been synthesized. The first series consists of 

fullerene-based systems possessing heteroarornatic donor groups such as 

phenothiszine and ghenoxazine (1-3 in Chart 4.1) and the second one consists of 

substituted anilines such as p-anisidine and p-toluidine as donor groups (5 and 6 in 

Chart 4.2). Theoretical calculations suggest that the lowest energy confornation in 

cacir of thcse dyads i s  the extended one. The photoinduced electron transfer 

proccsscs it1 tElcsc systcrns were compared with those in an unsubstituted fullerene- 

aniIine dyad 7 and a model compound 4. In contrast to the unsubstituted fullerene- 

aniline dyad, an efficient intramolecuIar electron transfer is observed in the case of 

fullerene-heteroarornatic dyads and fullerene-p-anisidine as well as fullerene-p- 

toluidine dyads, even in a nonpolar solvent such as toluene. This efZect is more * 
predominant in polar solvents such as benzonihle. An increase in the rate constant 

and quanmm yield for c h u g  separation (kc, and $,J was observed for both classes 

of dyads, with decrease in the oxidation potential of the donor groups, Flash photolysis 

studies revealed the formatio~l of charge separated intermediates througl~ 

jritramolecular eIectr.on transfer in these cases. 



4.2. Introduction 

Donor-bridge-acceptor (D-B-A) systems can serve as building blocks in 

artificial photosynthetic systems'-' and in the construction of molecular level 

electronic Matching of the energetics of donor and acceptor is very critical 

in the design of D-B-A systems with maximum charge separation. Linked prophyrin- 

quinone 0-B-A systems have been investigated as models to test the redox 

propertics of the donor-acceptor pairs on the charge separation and recombination 

p~ocesscs.1-5 Wasiclcwski atid coworkers have studied the dependence of the rate of 

photoinduced charge separation and charge recombination on the free energy of the 

1.eactiot1, it1 a seties of prophyrin-quinone systems, linked together by a rigid 

10-13 tr-iptycene group. The existence of the Marcus inverted region has been 

experimentally proved by varying the redox properties of the donor-acceptor pairs 

in these systems as well as from the earlier work of Miller et al.I4 on thermal 

electron transfer reactions. 

Photophysical studies and redox properties have shown that CbO is an ideal 

acceptor of electrons."-'' Intermolecular electron transfer processes between 

amines, having a wide range of oxidation potential, and the triplet state of CM have 

been investigated by Foote and coworkers.20 In a recent paper, Luo et alm2' have 

studied the pllotoinduced electron transfer between N,N-dimethylaniline and a 

series of functionalized pyrrolidinofullerenes, containing electron donating and 

withdrawing groups. They have concluded that substitution effects play an 

important role in the electron transfer processes in these systems. 

Photoinduced electron transfer processes in linked fullerene-based 

22-25 containing donors such as anilines, femocene~?~ porphyrins,27-" 



carotenes 32.33 and ruthenium c~rn~lexes"~~'  have been investigated by various 

groups of workers. Although, there are several reports on the design and studies of 

fullerene-based dyads, there have been no reports on any systematic investigation 

on photoinduced intramolecular electron transfer processes as a function of the 

donor strength. Heteroaromatic groups such as 10-methylphenothiazine and 10- 

methylphenoxazine are reported to be excellent electron donors in photainduced 

clcctron tratlsfer reactions owing to their low ionization and the ability 

4 044  to form extremely stable radical cations. In the present investigation, we have 

synthesized two series of fullerene-based dyads containing donor groups of varying 

oxidation potentials. The first series consists of fullerene-based dyads possessing 

heteroaromatic groups such as phenothiazine and phenoxazine as donors (Chart 4.1) 

and the sccorld one consists of substituted anilines such as p-anisidine and p-toluidine 

Chart 4.1 

as donor groups (Chart 4.2). The distance between the donor and acceptor groups in 

these systems is kept more or less constant by using the same bridging unit. The free 

enerby of charge separation in such systems mainly depends upon the oxidation 

pote~ltials of the donor groups. The reported values (EIa vs SCE) in acetonitrile 
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Chart 4.2 

for ~ - n ~ e t h ~ l ~ h e n o x a z i ~ i e ~ ~ ~ ~ ~  ~-methyl~henothiazine.3' ~,~-~rnethyI-panisidine~'  

and N,N-dimethyl-p-toluidinP are 329, 423, 490, 650 mV, respectively. The electron 

transfer processes in the second series of compounds are compared with a fullerene- 

ariiline dyad 7 (Chapter 2) possessing the same bridging unit (the oxidation 

potential, Eln 1)s SCE, of N,N-dimethylaniline is 810 mV in acetonitrile). 33.45 

4.3. Results and discussion 

4.3.1. Synthesis and characterization 

Synthesis of N-( w-(I)-formy1phenoxy)-alkyl)heteroaromatics, 17, 19 and 

21 were achieved through the sequence of reactions shown in Schemes 4.1. The 

preparation of N-{(w-hydroxy)-1-alkyl)heteroaromatics, 9, 12 and 14 was 

carried out by following reported procedures47 and they were converted to the 

corresponding N-{(o-bromo)- 1 -alkyl) hetesoaromatics, 10, 13 and 15, 

respcctivcly by treating with phosphorous tribrornide. The bromo-derivatives 

were further treated with p-hydroxybenzaldehyde to yield the required 

a1 de hydes (N- { o-(p-formy1phenoxy)-alkyl) heteroaromatics, 17, 19 and 2 1). 



Syntheses of N-metliyl,N- (2-Cp-formy1phenoxy)- l -ethyl) anilines, 30 and 3 1 

were achieved througli the sequence of reactions shown in Scheme 4.2. N-methyl, 

N-((2-hydroxy)- 1 -ethyl $-p-anisidine (24) and N-methy1,N-{(2-hydroxy)- I-ethyl}- 

/I-toluidine (28) were prepared and converted to N-methyl, N-((2-bromo)-1-ethyl)- 

/I-anisidine (25) and N-methy1,N-((2-bromo)-1 -ethyl)-p-tolnidine (29), respectively 

by treating with phosphorous tribromide. The bromo- derivatives were W e r  

reacted with p-hydroxybenzaldehyde to yield the required aldehydes (N-methyl, 

N- { 2-(r)-Tormylpl1~1~oxy)- l -cthyl } -p-anisidinc, 30 and N-mcthyl,N- (2-(p-formyl- 

p11enoxy)- 1 -ethyl }-p-toluidine, 31, respectively. 

The syntlleses of the fullesene-heteroaromatic dyads 1-3, as welt as the 

fullcrcnc-anilinc dyads, 5 and 6 were achieved through a 1,J-dipolar 

cy cloaddi tion react ion o f  Ithe appropriate azomethine ylide, generated through 

thc tllermal reaction of the corresponding aldehyde and N-methylglycine, with 

Cl,a (Schemes 4.1 and 4.2). The crude reaction product, in each case, was 

chrotnatographed over silica gel (1 00-200 mesh) to give the appropriate dyads 

in a 45-50% yield. 

All new compounds wetc fully characterized on the basis of at~alytical 

results and spectral data. Detailed experimental procedure for the synthesis, 

purificatiotr and cliaracterizatioti of the dyads and their precursors arc given in 

Scctiotr 4.4.1. Purity of all the dyads was confirmed by HLPC analysis.4u 



(a> X(CH2)nOH (X = CI/Br, 11 = 2/3), K g 0 3  12, o-dichlorobenzene, reflux; 
(b) PBr3, CH2C12, room temperature; (c) p- OH C a W O ,  K S O 3  
acetone, reflux; (d) N-rnethylglycine,Ca toluene, heat. 

Scheme 4.1 



(a) Ci (CH 9,OH. K2C03, lb n-butanol, reflux; (b) CH31, K2C4, 12, 
CHICN, rcflux; (c) PBq, CH2C12, room temperature; (d)p-OH qH4CH0, 
K ~ C O ~ ,  acetone, reflla; (e) N-rnethylglycine, & toluene, heat. 

Scheme 4.2 



4.3.2. Computational studies 

Molcculai--modeling studies using the sybyl force field method4' suggest that 

the enerby-minimized conformations of fullerene-heteroaromatic dyads 1 3  as well 

as that of fullerene-p-anisidine (5) and fhllerene-p-toluidine (6) dyads are the 

extended ones. As representative examples, the lowest-energy conformations of the 

ful lerene-phenothiazine dyad 2, the fullerene-phenoxazine dyad 3 and t l ~  e fullerene- 

p-anisidine dyad 5 are shown in Figures 4.1, 4.2 and 4.3, respectively. In the case of 

thc fullerene-heteroaromatic dyads, the edge to edge distance between the 

heteroaromatic nitrogen atom and Clo is found to be 9.45 8* for 1 and 9.96 A for 2. 

Thc edge to edgc distance betwecn the anilinic nitrogen and Clo i s  found to bc 

nearly the same (9.5 A) for the fullelmene-p-anisidine and the fullerene-p-toluidine 

dyads and for the unsrrbstituted fullerene-aniline dyad 7 (Section 2.3.2). 

Figure 4.1. The minimum energy configuration ofthe dyad 2 obtained 
using molecular mechanics calculations. 



Figure 4.2. The minimum cncrgy configuration of the dyad 3 obtained 
using molecular mechanics calculations. 

Figure 4.3. The minimum energy configuration of the dyad 5 obtained 
using molecular mechanics calculations. 



4.3.3, Steady state absorption properties 

The visible absorption spectral features of the fullerene-heternaromatic dyads 

1-3 as well as those of the fullerene-p-anisidine (5) and the fullerene-p-toluidine (6) 

dyads arc similar to those of the fullerme-miline dyad 7, reported in Section 2.3.4.U 

Representative absorption spechum of the fullerent-heteroaromatic dyad 2 in toluene 

is shown in Figure 4.4. T h e  sharp band around 430 nm is considered as characteristic 

of all 16-61 closed ring fidlerene compounds." Detailed discussions dealing with the 

430 as well as 700 nrn bands, of fullerene-aniline dyads, are given in Section 2.3.4. 

The fullerene-aniline dyads possess a weak charge transfer banda around 700 nm, 

tnerged with a weak forbidden band and were characterized by observing the spectral 

changes on adding trifluoroacetic acid (TFA). Similar results were also observed in 

tllc case of the fullercne-p-anisidine and the fullerene-p-toluidine dyads, It is repo~tcd 

that heteroarornatic groups sucti as N-methylphenothiazfne and Nmethylphenoxazinc 

Wavelength, nm 

Figure 4.4. Absorption spectrum of the fillerene-phenothiazine dyad 2 
in toluene (50 mbl) 



undergo direct oxidation" in presence of acids and this limits us from examining the 

effect of TFA on the ground state of the fullerene-heteroaromatic dyads. 

4.3.4. Steady state emission properties 

The emission spectral properties of the fullerene-heteroarornatic dyads, 1-3 

a~id  those of the fulleretic-p-anisidine and tlie fullcrctle-p-toluidine dyads, 5 and 6 

wcrc investigated in solvcrits of wide ranging polarity (Tables 4.1 and 4.2). The 

emission lnaxirna and spectral profiles of all tliese dyads are found to be similar to 

tl~osc of. llic rnodcl pylrol idinofullcrcnc 4.22m52 r171i~ c~iiission spectra of LIIC dyads of 

both the series, recorded in toluene, are compared with that of the model compound 

4 and the spectral details are shown in Figures 4.5 and 4.6. In Section 2.3.5, we had 

stated that the quantum yield of fluorescence of fullerene-aniline dyads in toluene 

arc nearly identical to that of the rnodel cornpourid 4, indicating the absence of an 

clectron transfer process. Interestingly, in the present study, a reduction in the 

quantum yicld of fluorescence is observed for the fullererle-heteroaromatic dyads, 

1-3 as well as for the fullerene-p-a~lisidir~e arid die fullerene-p-toluidine dyads, 5 

a11d 6, even in a rionpolar solver~t sucli as toluene. This effect is tnore pronounced in 

itlc case of the fullerene-phenoxazirle dyad 3 and the fullerene-p-anisidine dyad 5 

(trace c in Figurc 4.5 arld trace d in Figure 4.6, respectively). A substantial decrease 

in tlic quantum yield of fluorescence was observed with increase in the solvent 

polarity for the fuIIerenc-heteroaromatic dyads 1-3 as well as for the fullerene- 

i111i1ilic d ~ i ~ d ~  5 and G and rcprcsctltativc exa~nplcs arc shown in Figures 4.7 and 

4.8. 'l'hc reduction in fluo~.esccnce yield is attributed to the quenching of the 

cxcited singlet state of fullccene through an itltrarnolecular electron transfer from 

tllc appcnded donor group. This was furthcr confirmed by studying the effect of 



Figure 4.5. Emission spectra of the fullcrcne-hcterommatic dyads (2 
and 3) and the model compound (4) in toluene: (a) 1, (b) 2, (c) 3 
(Absorbance of the solutions were adjusted to 0. I at the excitation 
wavelength, 470 nm). 

Wavelength, nm 

Figurc 4.6. Emission spectra of the substituted fullerene-aniline dyads 
(5-7) and the model compound (4) in toluene: (a) 7, (b) 4, (c) 6, (d) 5 
(Absorbance of the solutions were adjusted to 0.1 at the excitation 
wavelength, 470 nm). 



h-iflouroacetic acid (TFA) in benzonitrile solution of the dyads, h the case of 

Mlerenedine dyads, an enhancement in emission intensity was observed on addition of 

TEA (trace b in Figure 4.8). As indicated in Section 4.3.3, heteroaromatic compounds such 

as N-methylphenothiazine. and N-methylphenoxadne widergo direct oxidation5' in 

presence of acids and this limits us from stuciyxng the effect of TFA in the fluorescence of 

the fullerene-heternaromatic dyads. 

700 750 800 

Wavelength, nm 

Figure 4.7. Effect of solvent polarity on the fluorescence of the 
fullerene-hetwoaromatic dyad 3 (compared with the model compound 
4): (a) model wmpound 4 in toluene, (b) 3 in toluene, (c) 3 in benzonitrile 
(Absorbance aF the solutions was adjusted to 0.1 at the excitation 
wavelength, 470 nm). 

The rate constants and quantum yields for charge separation ( k,, and +,,) via 

cxcited singlet states of the dyads, were estimated from the corresponding 

Iluorcscencc quanturn yield of tlte dyad (4) and the quantum yield and lifetime of 

22.52 tlrc model compound ($,rand r,r, respectively), using Equations 4.1 and 4.2. 

TIic rate constants and quantum yields for charge separation for the fullerene- 



heteroarornatic dyads and the fullerene-aniline dyads are tabulated in Tables 4.1 and 

4.2, respectively. 

Wavelength, nm 

Figure 4.8. Effect of solvent polarity on the fluorescence of hllerene-p- 
anisidine dyad 5 (compared with the model compound 4): (a) model 
compound 4 in toluene, @) 5 in benzonittile/25 m M  TFA, (c) 5 in toluene, 
(d) 5 in benzonitrile (Absorbance of the salutions were adjusted to 0. I 
at the excitation wavelength, 470 nm). 

Table 4.1. Fluorescence quantum yield (@i), rate constant of charge separation 
(k,,) and quantum yield of charge separation (@,,) for the dyads 1-3 

dyad toluene dichloromethane benzonitde 

-9 1 4 r x 1 0 ~  k , , x ~ ~ - ' s * '  Orx104 ~ , X ~ O - ~ S - ~  $ 1 ~ 1 0 ~  ~ , X I O  



Ta blc 4.2. Fluorescence quantum yield ($[), rate constant of charge separation 
(kcs) and quantum yield of charge separation ($,,) for the dyads 5-7 

dyad toluene dichloromethane benzonitrile 

4.3.5. Transient absorption studied3 

We have earlier investigated the dynamics of the photoinduced electron 

transfer in unsubstituted fullerene-aniline dyads and these results are presented in 

Section 2.3.6. Based on the steady state fluorescence and transient absorption 

studies, possibility of an intramolecular electron transfer in these dyads (in toluene) 

was ruled out. In a polar solvent such as benzonitrile, the existence of charge 

separated intermediates was observed in dyad systems in which the anilinic donor is 

lirlkcd to the para- as well as oriho- positions of phenyl group of fuIlero(1-methyl- 

2-p11cnyl)pyt-rolidine through tliree methylene chains. The detailed investigations on 

tllc dynamics of charge recombination were not followed in these systems, due to 

the interference of the triplet excited state and the low yield of the radical pairs. 



The light induced electron transfer in fullerene-based systems possessing the 

heteroaromatic donor groups such phenothiazine (dyad 2) and phenoxazine (dyad 3) 

were investigated, as representative examples, using nanosecond laser flash 

photolysis techniques. In the case of the fullerene-heteroaromatic dyads, a decrease 

in the quantum yield of fluorescence was obsemed (Table 4.1) even in a nonpolar 

solvent such as toluene (Section 4.3.43. Forward electron transfer process in these 

systems is themadynamically favorable due to the low ionization potential of the 

heteroaromatic donor group. The time-resolved spectra of the fullerene- 

heteroaromatic dyads 2 and 3, recorded in toluene, do not indicate the presence of 

charge-separated intermediates (in the nanosecond time scale). A representative 

example is displayed in Figure 4.9. The transient absorption spectra of dyads 2 and 

3 are similar to that of the model compound 4, which does not possess a donor 

group, and characterized as the triplet excited state. 

Wavelength, nm 

Figure 4.9. Time-resolved difference absorption spectra, recorded following 
337 nm laser pulse excitation, of the dyad 2 in toluene at different delay times. 



Based on the steady state emission and transient absorption studies, it can be 

concluded that bvo processes deactivate the singlet excited state of the dyad in 

tolucne, (i) the intersystem crossing and (ii) the charge separation. Due to the 

nonpolar nature of toluene, the resulting charge-separated intermediates formed are 

not stabilized and the rapid charge recombination seems to be the reason for not 

observing thc intermediates, in the nanosecond time domain. 

The laser flash photolysis of the fullerene-heteroaromatic dyads was canied 

out in polar solvents such as benzonitrile. Figures 4.10A and 4.10B show the 

nanosecond transient absorption spectra of the fullerene-phenothiazine dyad 2 in the 

visible and near-infrared (NIR) regions, respectively. In contrast to the spectrum in 

rolucne, the dyad 2 possesses two absorption tnaxitna in benzonitrile, in the visible 

region (450 nm and 520 nm) and in deoxygenated benzonitrile. Based on the 

prcvious reports and pulse radiolytic oxidation experiments these bands are 

cl~nlacterized as the radical cation of pl~enothiazine.54 Figure 4.1 1A shows the 

absorption-time profile recorded at 520 nrn and exhibits monoexponentid decay 

wit11 a lifetime of 260 ns. The well-resolved intense NIR band with maximum 

around 1010 nrn provides an unambiguous evidence for the formation of Cw radical 

anion (Figure 4. IOB). The absorption-time decay profile at 1010 nm is displayed in 

Figure 4.1 1 B. The lifetime of the radical anion (t = 260 ns) was estimated by fitting 

the decay curve to first order kinetics and presented in Table 4.3. Time resolved 

transient absorption spectra of fullerene-phenoxazine dyad 3, recorded following 

337 uln Iaser pulse excitation, are shown in Figure 4.12. The sharp intense 

absorption band with maximum around 530 nm is attributed to the radical cation of 

pllenoxazine. The absorption spectrum corresponding to the radical anion of Ch0, 



Wavelength, nm 

Figure 4.10. Time resolved difference absorption spectra of the 
of dyad 2, rccorded in the visible (A) and NIR (8)regions. 



Time, ps Time, ps 

Figure 4.11. Absorption-time decay profile recorded of the dyad 2 in 
deoxygenated benzonitrile: (A) 520 nm and (8) 1010 nm. 

TabIe 4.3. Rate of charge recombination (b,) and the quantum yields of 
charge separation (4,) for dyads 2 and 3 in benzonitrile. 

Dyad kr c b c ~  

recorded using the NIR detector is shown in the inset of Figure 4.12. The lifetimes 

of both the radical anion of CGO and radical cation of phenoxazine exhibit a 

monoexponential decay profile (z= 320 ns). 

In contrast to the 'fullerene-aniline system, the hllerene-heterowomatic 

dyads possess several important features. The charge-separated intemediates 



formed in fullerene-heteroaromatic dyads are long-lived compared to anilinic 

systems presented in Chapter 2. The triplet excited state of model compound 4 

Wavelength, nrn 

Wavelength, nm 

Figure 4.12. Time resolved difference absorption spectra of the dyad 3, recorded 
in the visible region, in deoxygenated benzonitrile: Inset shows time resolved 
difference absorption spectrum of the dyad 3, recorded in the NIR region. 

possesses an intense absorption with maximum around 700 nm (E = 16,000). It is 

interesting to note that the transient absorption spectrum of fullerene-heteroaromatic 

dyads possess very little absorption in the 700 nm region, in benzonitrile. It is quite 

likely that the triplet state is short lived and that i t  may be involved in the charge 

scparation process. Based on the steady state fluorescence and transient absorption 

studies it can be concluded that the photoinduced electron transfer in these dyads 

originates from a singlet excited state. The quantum yields of the charge separation 

in these systems were estimated by a relative method and the results are 

summarized in Table 4.3. 



4.4. Conclusions 

Compared to the unsubstituted fullerene-aniline dyad, an increase in the rate 

constants and quantum yields of charge separation were observed for the fullerene- 

heteroarornatic dyads as well as in the case of the fullerene-p-anisidine and the 

FulIerene-p-toluidine dyads, even in a non-polar solvent such as toluene. The 

fluorescence quenching is attributed to an electron transfer process to the excited 

singlet state of fullerene. An increase in the rate constants and quantum yields of 

charge separation is observed, both in the case of the h1Ierene-heteroaromatic 

dyads and the fuIlerene-aniline dyads, with a decrease in the oxidation potential of 

the donor group. The semiflexible nature of the bridging unit, used in the present 

studies, is having an important role in achieving high quantum yields of charge 

separation. By the suitable tuning of the ionization potential of the donor group, we 

were able to generate long-lived charge separated states with high yields ( +,, is 

90% for dyad 2) in fullerene-based D-B-A systems and the existence of charge 

separated intermediates was confirmed through laser flash photolysis techniques. 

4.5. Experimental Section 

4.5.1. Synthesis of fullerene-heteroaromatic dyads, fullerene-p-anisidine and 
fullerene-p-toluidine dyads 

FuElerene-heteroaromatic dyads and fullerene-p-anisidine and fullerene-p- 

toluidine dyads were synthesized through the pathways shown in Schemes 4.1 and 

4.2, respectively. Purity of all these dyads was confirmed by HLPC." The 

prcparation of N-(o-bromoalky1)heteroaromatic derivatives 55-58 were reported 

earlier. We have adopted a different procedure by first converting the corresponding 

heteroarornatic compounds to N-(a-hydroxyalkyl)heteroaroamtics and subsequently 



treating &em with phosphorus tribromide. The synthesis of the Merenc-adhe 

dyad 7'* was reported earlier. 

4.5.1.1. General method for the preparation lO.(m-hydroxya1kyI)hetere 
aromtics (9, 12 and 14) 

A mixture of phenothiazine, 8 (or phenoxazine 11) (20 mmol), potassium 

carbonate (20 mmoi), potassium iodide (100 mg) and bromo- or chloro- alcohol (20 

~nrnol) was refluxed in o-dichlorobenzene (20 mL) for 95 h. On cooling, the solvent 

was removed under reduced pressure and the crude product was chromatographed 

over silica gel (100-200 mesh). 

Campound 9. Elution of the column using chloroform gave 3.4 g (70 %) of 9 9 a 

viscous liquid; IR (neat) v,,, 3383, 3070, 2956, 2883, 1599, 1577, 1467, 1333, 

1290, 1257, 1164, 1134, 1109, 1041, 934, 890, 855, 751, 661, 623, 483 cm-I; 

1 H NMR (CDC13) 6 3.40-3.58 (ZH, m, NCH2), 3.62-4.00 (5H, t with a broad 

shoulder, OCHl and OH), 6.60-7.50 (8H, m, aromatic); I3c NMR (CDC13) 6 46.15, 

G2.48, 134.73, 115.78, 121.80, 12619, 127.21, 161.00; exact mass calcd. for 

CIQH13NS0 (M$) 243.0718, found 243.0713 (FAB, high resotution mass 

spectroscopy). 

Compound 12. Elution of the column using chloroform gave 3.6 g (70%) of 12 as a 

viscous liquid; IR (neat) v,, 3402, 3071, 2939, 2882, 1599, 1576, 1488, 1464, 

1441, 1363, 1306, 1254, 1132, fOGI, 1044, 930, 864, 756, 537 cm-I; 'H NMR 

(CDCI3) 6 1.90-2.20 (2H, m, CH2), 3.65 (2H, t, CH2), 3.95 (2H, t, CH2), 6.60-7.50 

(SH, m, aromatic); ')c NMR (CDCI,) 6 29.45, 44.06, 60.56, 115.60, 122.58. 

125.48, 427.50, 145.26, 159.04; exact mass catcd. for Ci5HISNS0 (M4) 257.0874, 

found 257,0892 (FAB, high resolution mass spectroscopy). 



Compound 14. Elution of the column using chloroform gave 3.86 g (80%) of 14 as 

a viscous liquid (reported as solid with mp 68 O c ) ; 1 6  1R (neat) v, 3419, 3076, 

'I4 NMR (CM34) 6 1.6-2.0 (2H, m, CH2), 2.5 (IH, S, OH), 3.3-3.9 (4H, rn, OCH2 

and NCH,), 6.5-6.9 (8H, rn, aromatic); ')c NMR (CDC13) 6 27.92, 40.57, 69.36, 

1 1  1.25, 115.16, 120.62, 123.51. 133.18, 144.82; exact mass calcd. for ClsHl5NO2 

(M ?) 24 1,1103, found 24 1.1 108 (FAB, high resolution mass spectroscopy). 

4.5.1.2. General method for  the preparation of 10-(o-bsomoa1kyl)hetero- 
aromatics (10, 13 and 15) 

To an ice-cold solution of a N-(a-hydroxyalky1)hetesoaromatic compound 

( 5  mmol) in methylene chloride (10 mL) was added PBr3 (5 mrnol), over a period of 

30 min. The reaction mixture was further stirred at room temperature for an 

additional period of 3 h and quenched with ice-cold water. The pH was adjusted to 

7-8 and the organic portion was extracted with dichloromethane. The solvent was 

removed under reduced pressure and the crude product was chromatographed on 

silica gel (100-200 mesh). 

Compound 10. Elution of the column with a mixture (2:4) of chloroform and 

hexane gave 1.1 g (70 %) of 10, mp 70-71 "C; IR (KBr)' v,, 3074, 2929, 2859, 

1599, 1578, 1490, 1467, 1366, 1333, 1288, 1256, 1217, 1164, 1135, 1110, 1064, 

909, 748, 585 cm-I; 'H NMR (CDCl,) G 3.62 (ZH, t, CH2), 4.26 (2H, t, CHI), 6.80- 

7.00 (m), 7.10-7.20 (m) (SM, aromatic); "C NMR (CDCb) 6 27.81, 49.3 1 ,  115.14, 

123.09, 125.27, 127.46, 127.69, 144.15; exact mass calcd. for C14H12NSBr (M 4) 

304.9874, found 304.9896 (FAB, high resolution mass spectroscopy). 



Compound 13. Elution of the column using a mixture of (1:4) of chloroform and 

hexane gave 1.45 g (91%) of 13 as a viscous liquid; IR (neat) v,, 3072, 2934, 

2861, 1599, 1578, 1338, 1288, 1253, 1194, 1 162, 1 132, 1108, 1042,908, 750 cm"; 

'H  NMR (CDCI,) 6 2.30 (2H, quintet, CHI), 3.52 (2H, t, CH3, 4.07 (2H, t, CH2), 

6.88-6.95 and 7.14-7.24 (BH, m, aromatic); "C NMR (CDCI,) b 29.18, 30.48, 

44.54, 1 15.05, 122.22, 125.17, 126.78, 127.1 I ,  144.5 1; exact mass calcd. for 

C15H14NSBr (M $) 3 19.0030, found 3 19.0010 (FAB, hgh resolution mass 

spcctl-oscopy). 

Compound 15. Elution of the column using a mixture (1:4) of chloroform and 

hexane gave 0.89 g (59%) of 15, rnp 5 5  "C; IR (KBr) v,,, 3074, 2969, 2916, 1598, 

1496, 1383, 1275, 1217, 1133, 1046, 915, 814, 740, 562 cm'l; 'H NMR (CDC13) 8 

2.0-2.4 (2H, m, CH2), 3.3-3.9 (4H, rn, NCH2 and BrCH2), 6.4-7.0 (8H, rn, 

aromatic); NMR (CDClr) 8 27.65, 30.61, 42.15, 1 11.13, 115.40, 120.95, 123.54, 

132.85, 144.85; exact mass calcd. for CISH14NOBr (M i ) 303.0259, found 303.0258 

(FAB, high resolution mass spectroscopy). 

4.5.1.3. General method for the preparation af  N-{(p-forrny1phenoxy)alkylj- 
heteroaromatics (17, 19 and 21) 

A mixture of the appropriate bromide (2 mmol), p-hydroxybenzaldehyde (4 

mmol) and potassium carbonate (2 mmol) was refluxed in dry acetone (10 mL) for 

12 11;. The reaction mixture was cooled, filtered and concentrated under reduced 

pressure. The crude product was chromatographed over silica gel (100-200 mesh). 

Compound 17. Elution of the column using a mixture (1:4) of chloroform and 

petroleum ether (bp 60-80 "C) gave 0.42 g (60 %) of 17, mp 124-125 "C; IR (KBr) 

v ,,,,, 3043,2927, 1666, 1603, 1586, 1523, 1463, 1413, 1351, 1252, 1170, 1041, 811, 



752, 576 ~ 6 ' ;  'H NMR (CDC13) 6 4.36 (4H, S, OCH2 and NCHt), 6.90-6.99 (m), 

7.10-7.20 (m), 7.80 (d) (1  2H, aromatic), 9.86 (1 H, s, CHO); "C NMR (CDCl3) 6 

46.79, 65.50, 115.16, 115.54, 123.27, 125,68, 127.64, 227.95, 130.46, 132.22, 

145.00,' 163.66, 19 1.02; exact mass calcd. for C21H17NS02 (M F) 347.0980, fomd 

347.0968 (FA&, high resolution mass spectroscopy). 

Compound 19. Elution of the column using a mixture (1:4) of chloroform and 

petroleum ether (bp 60-80 "C) gave 0.58 (80 %) of 19, mp 97-98 *C; 1R (KBr) v, 

3071, 2958, 2878, 2739, 1696, 1604, 1582, 15 14, 1465, 1395, 13 15, 1262, 1 163, 

11  11,  1058, 963, 833, 752, 650, 614 cm"; ' H  NMR (CDCl,) 8 2.25 (2H, quintet, 

CH2), 3.90-4.30 (4H, m, NCH2 and OCH2), 6.60-3.10 (1 2H, rn, aromatic), 9.80 (1 H, 

s, CHO); CMR (CDCI,) S 26.55, 43.56, 65.54, 114.80, 115.61, 122.68, 125.69, 

1 27.24, 127.57, 129.93, 13 1.84, 145.05, 163.82, 190.67; exact mass calcd. for 

C22H19NS02 (M S )  361.1 137, found 36 1.1 132 (FAB, high resolution mass 

spectroscopy). 

Compound 21. Elution of the column using a mixture (1:4) of chloroform and 

petroleum ether (bp 60-80 "C) gave 0.59 (85 %) of 21, mp 75-76 "C; IR (KBr) v,, 

3078, 2987, 2877, 2749, 1700, 1605, 1498, 1383, 1310, 1274, 1221, 1163, 1132, 

11  14, 1068, 1049, 912, 83 1, 737, 650, 618 crn'l; 'H NMR (CDCI,) G 2.00-2.30 (2H, 

m, CH2), 3.50-3.80 (2H, m, CH2), 4.00-4.30 (2H, t, CH2), 6.45-6.70 (m), 6.98 (d) 

and 7.85 (d) (12H, m, aromatic), 9.85 (lH, s, CHO); "C NMR (CDCI,) 8 25.03, 

40.36, 65.42, 111.13, 134.65, 115.34, 120.89, 123.54, 130.05, 131.84, 132.94, 

144.76, h 63.46, 1 90.52; cxact mass calcd. for C22Hl'lN03 (M 4 )  345. E 365, found 

345.3363 (FAB, high resolution mass spectroscopy). 



4.5.1.4. General method for the synthesis of fullerenoheteroarommttic dyads (1-3) 

A mixture of Ceo (0.1 mmol), the appropriate N-substituted heteroarornatic 

aldehydes (0.1 mmol) and N-rnethylglycine (0.1 mmol) in toluene (75 mL) was 

stirred under reflux for 10 h. The reaction mixture was cooled and removal of the 

solvent under reduced pressure gave a solid residue, which was chromatographed 

over silica gel (100-200 mesh) to give the appropriate dyads. The yields of the 

dyads reported are based on tlie arnount of ChO consumed. 

Dyad 1. Elution with a rilixture ( 1  :2) of toluc~~e and petroleum ether (bp 60-80 "C) 

gave 23 mg (32%) of uunreacted Cclo followed by 48 mg (65%) of the dyad 1, mp 

400 "C; 1R (KBr) v,,, 2954, 2783, 1567, 15 17, 1467, 1292, 1247, 1173, 1129, 

1109, 1039, 835, 748, 666, 637, 609, 531 cm-l; 'H NMR (CDCI,) S 2.76 (3H, s, 

NCH3), 4.22 (lH, d, CH of pyrrolidine ring, J = 9.36 Hz), 4.28 (4H, s, NCHz and 

OCHz), 4.86 (lH, s, CH of pyrrolidine ring), 4.95 (IH, d, CH of pyrrolidine ring, 

J = 9.36 Hz), 6.80-6.93(m), 7.11-7.25 (m), 7.66 (br.s) (12H, aromatic); ' l ~  NMR 

(CDC13+CS2) 6 39.93, 46.80, 64.91, 68.88, 69.95, 77.47, 83.05, 1 14.76, 1 15.14, 

122.84,3 125.03, 127.37, 127.53, 128.26, 128.93, 129.42, 130.45, 130.52, 135.23, 

136.01, 136.08, 139.13, 139.62, 139.89, 140.85, 140.90, 141.20, 142.04, 142.23, 

144.16, 144.70, 145.18, 145.72, 146.05, 146.25, 146.75, 147.23, 153.50, 154.00, 

156.48, 158.44; exact mass calcd. for CB3H22N2S0 (Mq) 1094.1453, found 

1094.14 17 (FAB, high resolution mass spectroscopy). 

Dyad 2. Elutiori of tlie columri with a mixture ( 1  :2) of toluene and petroleum ether 

(bp 60-80 'C) gave 25 mg (35%) of unchanged ChO followed by 43 mg (60%) of the 

dyad 2, mp > 400 "C; IR (KBr) v,,, 2958, 2924, 2858, 1616, 1554, 1460, 1249, 



12 12, 1 173, 1 104, 1070, 10 19, 797, 749, 529 cm"; ' H  NMR (CDC13) 6 2.24-2.29 

(2H, m, CH2), 2.78 (3H, s, NCH3), 4.02-4.14 (4H, m, NCHl and OCH2), 4.24 (lH, 

d, CH of pyrrolidine ring, J = 9.34 Hz) 4.87 (IH,  s, CH of pyrrolidine ring), 4.96 

(IH, d, CH of pyrrolidine ring, J = 9.34 Hz), 6.84-6.93 (m), 7.1 1-7.16 (m), 7.66 

(br.s) (12 H, aromatic); "C NMR (CDC13+CS2) 6 26.91, 39.94, 43.93, 65.29, 

68.94, 69.99, 83.16, 96.23, 114.65, 115.50, 122.58, 125.44, 127.22, 127.51, 128.93, 

130.41, 135.76, 136.55, 136.78, 139.57, 139.90, 140.15, 140.16, 941.52, 141.66, 

141.80, 142.01, 142.09, 142.26, 142.54, 142.67, 142.97, 143.13, 144.37, 144.61, 

145.03, 145.22, 145.45, 145.53, 145.76, 145.91, 146.11, 146.34, 146.77, 147.27, 

153.6 1 ,  1 54.07, 156.26, 158.86; exact mass calcd. for C&IH24NZS0 (MH') 

1 109.1682, found 1 109.1724 (FAB, high resolution mass spectroscopy). 

Dyad 3. Elution of the column with a mixture (1:2) of toluene and petroleum ether 

(bp 60-80 "C) gave 20 mg (28%) of unchanged folIowed by 49 rng (62%) of the 

dyad 3, rnp > 400 "C; IR (KBr) v,, 297 1,2794, 16 1 7, 1498, 1265, 1096, 1027,805 

cm-'; ' H  NMR (CDCI,) G 2.12-2.15 (2H, rn, CHZ), 2.80 (3H, s, NCHj), 3.75 (2H, f 

Ct-12), 4-10 (2H, t, CH2), 4.26 (1 H, d, CH of pyrrolidine ring, J = 9.36 Hz), 4.90 ( IH,  

s,  CH of pyrrolidine ring), 4.98 (IH, d, CH of pyrrolidine ring, J = 9.36 Hz), 6.53- 

6.72 (m), 6.98(d), 7.72 (br.s) (12 H, aromatic); ' 3 ~  NMR (CDC13+CS2) 6 25.53, 

39.94, 40.75, 65.06, 68.95, 70.01, 77.45, 83.17, 111.23, 114.61, 115.40, 120.94, 

123.64, 129.27, 130.53, 133.10, 135.74, 136.55, 136.84, 139.57, 139.83, 140.16, 

141.46, 141.60, 141.81, 142.57, 142.67, 142.96, 143.10, 144.42, 144.67, 144.82, 

145.22, 145.43, 145.78, 145.94, 14G.13, 146.30, 146.46, 146.72, 147.30, 153.58, 

154.04, 156.32, 158.69; exact mass calcd. for CsJHUN2O2 (MH') 1093.19 16, found 

1093.1929 (FAB, high resolution mass spectroscopy). 



4.5.1.5. Preparation of N-{(2-hydroxy)-1-ethylb-anisidine (23) and N-{(Z- 
hydsoxy)-1-ethyl)-p-toluidine (27) 

A mixture of p-anisidine (22) or p-toluidine (23) (0-1 mol), ethylene 

chlorohydrin (0.1 mol), potassium carbonate (0.2 mol), and iodine (100 mg) was 

heated under reflux in 1-butanal (80 mL) for 30 h. On cooling, the solvent was 

removed under reduced pressure to give a reddish brown liquid. 

Compound 23. The residual liquid on column chromatography on silica gel (100- 

200 mesh) using a mixture (1:4) bf petroleum ether (boiling point 60-80 OC) and 

chlorofom gave 14.2 g (85%) of 23, bp 187-189 OC (30 mm); IR (neat) v, 3393, 

2944,2841, 1626, 1534, 1465, 1242, 1183, 1129, 1038,916,823,694,526 ern-'; 'H 

N M R  (CDCI3) 6 2.86 (2H, br.s, NH and OH), 3.21 (2H, t, NCH2), 3.73 (3H, s, 

OCHj), 3.77 (2H, t, OCH2), 6.60 (d), 6.77 (d) (4H, aromatic); "C NMR (CDCI,) 6 

47.21, 55.80, 61.19, 114.84, 114.92, 142.22, 152.53; exact mass calcd. for 

CgH13N02 (M i) 167.0946, found 167.093 1 (FAB, high resolution mass 

spectroscopy). 

Compound 27. The residual liquid on column chromatography on silica gel (100- 

200 mesh) using a mixture (1:4) of petroleum ether (bp 60-80 "C) and chloroform 

gave 13.6 g (90 %) of 27, bp 162- 164 OC (30 mm); 1R (neat) v,, 3397, 303 1,2928, 

2877, 1623, 1526, 1465, 1324, 1264, 1 187, 1 132, 1066,9 18, 810, 757,5 1 1  cm"; 'H 

NMR (CDC13) 6 2.25 (3H, s, CH3), 2.95 (2H, br.s, NH and OH), 3.24 (2H, t, 

NCH2), 3.78 (2H, t, OCH2), 6.57 (d), 6-99 (d) (4H, aromatic); "C NMR (CDCI,) 6 

20.29, 46.46, 6 1.09, 1 13.48, 127.17, 129.71, 145.72; exact mass calcd. for C9H13N0 

(M $ )  15 1.0997 found 15 1.0986 (FAB, high resolution mass spectroscopy). 













clirnirlate tllc interference from the solvent and solvent spectra were recorded in 

each case and subtracted. Quantum yields of fluorescence ($$ were measured by a 

relative method. The absorbance of the solution was adjusted to 0.1 at 470 nm and 

the emission intensity was monitored at 720 nm. N-MethylhIleropyrmlidine 

dissolved in toluene (br= 6.0 x lo4) was used as reference.37J9 
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