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PREFACE 

Photoinduced Electron Transfer (PET) is a thoroughly investigated process 

in natural as well as artificial systems. PET plays a central role in photo biological 

processes such as photosynthesis and in various light driven physical and chemical 

processes. In natural photosynthetic reaction centre, sequential multi step electron 

transfer takes place from the excited chromophore to the terminal electron acceptor 

through electron mediators, which are well assembled in a protein matrix to attain 

a long-lived charge separated (CS) state. The energy stored in the CS state is 

utilized for the reduction of CO2 to glucose and in this process water is oxidized to 

molecular oxygen. Therefore the formation of a long lived CS state is an essential 

requirement for developing artificial photosynthetic systems and optoelectronic 

devices based on PET. The work reported in this thesis deals with generation of 

long-lived CS states in simple molecular systems.  

The thesis consists of four chapters. Chapter 1 is a review of the literature 

about artificial photosynthetic systems. A number of linked electron donor-

acceptor (D-A) molecular systems have been developed in the past to mimic the 

multi-step electron transfer processes in natural photosynthesis. In these multi-

component D-A molecules light absorption initiates a series of electron transfer 

steps leading to the formation of a long-lived CS state. However a lot of time 

consuming synthetic steps are needed to produce these multi component arrays. In 
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addition, a significant amount of energy is lost during the multi step electron 

transfer processes. Hence the design of simple molecular systems that can sustain a 

long-lived CS state is extremely important. Recently Fukuzumi and coworkers 

have claimed long-lived charge separation in a few simple molecular dyads. ∆G
0
 

for back electron transfer (BET) in these systems fall deep in the inverted region 

and the authors attribute the long CS state lifetimes observed to inverted region 

effects. In this chapter we also review the controversy related to Fukuzumi’s claim. 

In this section we also outline a new strategy for the generation of long-lived CS 

states in molecular dyads. Our strategy involved the use of a sensitizer that has 

very high singlet quantum yield and negligible inter system crossing efficiency. 

The quenchers are selected in such a way that their singlet and triplet levels are 

above the singlet level of the sensitizer and the ∆GBET falls in the deep inverted 

region. Our hypothesis is that because of the poor ISC rate and large –∆GBET, BET 

rates will be very low in such systems. In subsequent chapters this hypothesis is 

examined using selected molecules. 

Chapter 2 of the thesis deals with the synthesis and study of PET processes 

in dyad systems where bis(phenylethynyl)anthracene (BPEA) act as the light 

absorber. We synthesized two systems (BPEA-PT and BPEA-PT2) were BPEA 

acts as acceptor and one or two phenothiazine (PT) units serve as donors. 

Absorption spectra of the dyads show that there is no interaction between the D-A 

constituents in the ground state. Fluorescence of BPEA core was efficiently 
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quenched by the donor moieties, indicating that efficient electron transfer takes 

place from the PT to BPEA. Femtosecond transient absorption studies suggested 

the formation of a charge separated state directly from the singlet excited state of 

BPEA. Nanosecond flash photolysis experiments gave long-lived transient 

absorptions assignable to phenothiazine radical cation (PT
••••+

) and 

bis(phenylethynyl)anthracene radical anion (BPEA
••••-

). These assignments were 

confirmed by oxygen quenching studies and secondary electron transfer 

experiments. Electron transfer in these systems is analyzed in the light of Marcus 

theory and the slow back electron transfer exhibited is attributed to inverted region 

effects. 

In the third chapter we have investigated the PET processes taking place in 

two molecular triads both of which had BPEA as sensitizer and PT as donor. A 

nitrotoluene moiety was the acceptor in one of the system and a pyromellitimide 

species was the acceptor in the other. Steady state and time resolved fluorescence 

spectroscopy showed facile PET taking place in these systems. The radical ions 

formed in these systems were characterized by picosecond and nanosecond laser 

flash photolysis. These studies also showed the existence of a long-lived charge 

separated state in these systems.  

In the fourth chapter, PET processes in a closely related dyad system was 

examined. The dyad possessed 1,6-bis(phenylethynyl)pyrene (BPEP) as the 

sensitizer and  PT as the donor. Absorption spectra of the dyad showed that there 



xi 

 

is no interaction between the constituents in the ground state. PET process in this 

dyad was investigated using steady state and time-resolved fluorescence 

techniques. Picosecond and nanosecond laser flash photolysis experiments proved 

the existence of a long-lived CS state in this case also. These results suggested that 

the strategy we proposed works well in the systems studied. 

…………………………………………………………………………………….. 

Note: The Number of the various compounds given in each chapter corresponds to those 

given under the respective chapters. 

 



 

 

Chapter 1 

 

 Long-lived Photoinduced Charge Separation in 

Molecular Systems: An Overview  

 

1.1. Introduction 

Energy is one of the most important issues of the twenty-first century.  At 

present the energy needed is supplied mainly by the use of fossil fuels. Estimates 

indicate that the energy consumption will increase at least two-fold, from our 

current burn rate of 12.8 TW to 28-35 TW by the year 2050. World reserves of 

fossil fuels are progressively decreasing
1
 and the projected requirements would not 

be met by fossil fuel sources alone. In addition, continued use of fossil fuels leads 

to global warming and pollution problems that threatens human health and creates 

environmental issues. Therefore use of renewable and clean energy resources is 

definitely required in order to solve the global energy and environmental issues. 

Solar energy is one of the most important alternate energy sources that can be 

exploited to meet our future energy demands. Solar energy can be converted into 

useful energy forms such as heat, electricity or fuels. However, technologies 

leading to efficient use of solar energy have not yet been fully developed.  
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Solar energy can be harvested by direct or indirect pathways. Indirect 

pathways include processes such as conversion of biomass to biogas or production 

of hydrogen by electrolysis of water using electricity from photovoltaics. Direct 

pathways include photovoltaics and production of fuels such as hydrogen using 

integrated systems. Artificial photosynthesis is an example of direct sunlight 

utilization. The basis of artificial photosynthesis is not to copy the photosynthetic 

process in the laboratory but to learn from the natural photosynthetic process and 

use some of its essential principles to design systems capable of producing energy 

or fuels.  

Light excitation can induce a variety of chemical reactions. For energy-

conversion purposes, photoinduced electron transfer (PET) is by far the preferred 

reaction in nature. It is a thoroughly investigated process in natural and artificial 

systems.
2
 PET involves the transfer of an electron from a donor molecule (D) to an 

acceptor molecule (A) without making or breaking any chemical bonds. Prior to 

electron transfer one of the components is excited with light.
3
 Understanding the 

process of PET helps scientists to design potential systems for artificial 

photosynthesis, which ultimately aims in mimicking green plants and other 

photosynthetic organisms that are using sunlight to make high-energy chemicals.
4
 

PET results in the formation of product ions (donor radical cation D
•+

 and acceptor 

radical anion A
•-

) which are at higher energy levels compared to the starting D and 

A molecules. The term ‘conversion of solar energy into chemical energy’ actually 
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means the generation of a high-energy charge separated (CS) state by way of light 

absorption. The CS state generated in PET reactions is generally short-lived and 

undergo ‘back electron transfer’ (BET) to generate the D-A system in their ground 

state, thereby leading to wastage of the absorbed energy as shown in Scheme 1.1. 

 

Scheme 1.1. Schematic of PET and BET in intermolecular D-A systems 

The D and A units can also be linked by covalent bonds or non-covalent 

interactions, as shown in Scheme 1.2. Upon excitation, intramolecular electron 

transfer takes place from D to A leading to the formation of a CS state. Possibility 

of fast energy wasting BET exists in these cases also.  

 

Scheme 1.2. Schematic of PET and BET in covalently linked D-A systems 
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In Schemes 1.1 and 1.2, BET represents the energy wasting back electron 

transfer reaction. In simple donor-acceptor systems, D
•+

 and A
•-

 are formed at 

close proximity which facilitates the BET reaction. BET reaction reduces the yield 

and lifetime of the CS state. This energy wasting step is a serious limitation of PET 

reactions in simple D-A systems. A large number of D-A systems have been 

studied in order to elucidate the charge separation and recombination mechanisms 

and also to assess the efficiency and practical applicability of such molecular 

systems. These studies have led to important advances in the theory and practice of 

electron-transfer reactions.
4
 Studies on the photophysical and photochemical 

processes involved in the natural photosynthetic reaction center also have guided 

the efforts in this direction. 

The photosynthetic apparatus in both bacteria and plants consists of two 

distinct units called antennae and the reaction centre. Antennae are the light 

gathering complexes consisting of chlorophyllous pigments as well as carotenoids 

arranged in the protein matrix. These pigment-protein complexes absorb light and 

efficiently transfer the excitation to the reaction centre. The reaction centre 

consists mainly of organic donor and acceptor molecules embedded within a 

protein matrix. The photosynthetic reaction centre of purple bacteria 

Rhodospeudomonas virdis comprises of four bacteriochlorophylls (BCl), two 

bacteriopheophytins (BPh), two quinones, namely ubiquinone and menaquinone, 

and a non-heme iron atom.
5
 The spatial arrangement of these components within 
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the reaction centre is shown in Figure 1.1. It may be noted that with the exception 

of the iron atom, the constituents occur in pairs and the reaction centre has 

approximate C2 symmetry. The right side of the C2-axis is known as the L side and 

the left side is termed M side. Of the four BCl molecules, two are positioned very 

close. Hence they are strongly coupled electronically and are termed “special pair” 

of BCls. 

 The photosynthetic process within the reaction centre begins with the 

excitation of the special pair BCls by excitation transfer from the antennae units. 

The singlet excited state of the special pair transfers an electron to the BPh on the 

L side of the branch within 3 ps leading to the formation of special pair radical 

cation and BPh radical anion.
6
 It is believed that BCl monomer on the L side plays 

a role in this electron transfer reaction. The M branch of the reaction centre is 

almost inactive in the electron transfer process. The BPh radical anion decays in 

200 ps moving the electron to the menaquinone from where it is further transported 

to the ubiquinone in about 100 µs. The positive charge remaining on the special 

pair is quenched by electron transfer from an iron porphyrin on the outer side of 

the membrane. The net result of this multistep electron transfer is the generation of 

a trans-membrane CS state with a quantum yield of near unity. Since the positive 

and negative charges are separated by the thickness of the lipid bilayer, BET, 

which leads to the wastage of stored energy, is precluded.  
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Figure 1.1. Arrangement of the chromophores, electron donors and electron acceptors in the 

bacterial reaction centre of Rhodospeudomonas virdis 

 The importance and complexity of electron-transfer reactions in nature has 

led many researchers to look for ways to duplicate the fundamental features of 

these reactions in simplified chemical systems. Extremely high quantum yield of 

the PET processes in the natural systems is attributed to the high degree of 

organization of the donors and acceptors in the reaction centre. It was believed that 

some degree of organization could be achieved by covalently linking the donor and 

acceptor molecules. Considerable effort has been devoted to mimick the natural 

photosynthetic process in the laboratory by constructing covalently connected D-A 

systems and investigating the photoinduced processes in those systems. As is the 
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case in photosynthetic reaction center, multi-component donor-acceptor arrays that 

carry out multistep charge separation reactions are found to be very useful for 

producing long-lived CS states in artificial systems. 

1.2. Photoinduced electron transfer in multi-component donor -

acceptor systems 

 It was proposed that efficient and effective charge separation might be 

achieved by attaching several acceptors to a light-absorbing donor in such a way as 

to prevent rapid electron return. Suppose three different acceptors A1, A2 and A3 

(acceptor strength is in the order A1 < A2 < A3) are attached to the donor D, we 

would have the sequence of reactions shown in Scheme 1.3, following light 

absorption by D. Electron transfer is initially favored between D* and A1 since 

these groups are closest. Electron transfer then occurs from A1 to A2 and then from 

A2 to A3. This process is termed sequential electron transfer. As the charge-

separation distance between the ions increases, electron return becomes 

increasingly difficult, resulting ultimately in long-lived charge separation. A large 

number of donor-acceptor systems were designed in the past and the electron 

transfer processes taking place in these systems were studied in detail. Some of 

these systems are described below. 
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D1..A1..A2..A3

hνννν

D1..A1..A2..A3
*

D1..A1..A2..A3

D1..A1..A2..A3

+ -

+ -

D1..A1..A2..A3
+ -

BET

BET

BET

TETRAD
 

Scheme 1.3. Schematic representation of PET processes in multicomponent D-A array 

Mataga and co-workers have investigated the intramolecular PET processes 

in 1 (Figure 1.2), which consists of a porphyrin connected to two quinones (QA and 

QB).
7
 The CS state lifetime in 1 was 300 ps, which is nearly three-fold of the CS 

state lifetime (≈100 ps) observed in a dyad consisting of a porphyrin linked to a 

quinone by four methylene groups.   

2 4 2 4

 

Figure 1.2 
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In this triad, photoexcitation of the porphyrin is followed by a sequential electron 

transfer: 

P-QA-QB → 
1
P*-QA-QB → P

•+
-QA

•-
-QB → P

•+
-QA-QB

•-
 

The lifetime of CS state is longer in triad because of the large separation distance 

between P
•+

 and QB

•-
. 

 Gust, Moore and co-workers are the pioneers in the design of multi-

component arrays to mimic natural photosynthesis.
8-10

 They have investigated PET 

processes in several porphyrin (P) - quinone (Q) – carotenoid (C) systems. The C-

P-Q triad 2 (Figure 1.3) is one of the earliest examples.
 8
 

 

Figure 1.3 

On the basis of electrochemical and spectroscopic studies PET pathways as shown 

in Scheme 1.4 were postulated for 2. Initially, photoexcitation of the porphyrin 

produces its singlet excited state. This step is followed by an electron transfer from 

singlet porphyrin to the quinine acceptor, to generate C-P
•+

-Q
•-

. A second electron 
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transfer from the carotenoid to the porphyrin moiety then leads to the formation of 

long-lived C
•+

-P-Q
•-

 state. Using transient absorption spectroscopy the authors 

identified the carotenoid radical cation absorption at 950 nm, which exhibited a 

lifetime of few hundred nanoseconds.  

C..P..Q

hνννν

+•

BET

BET

C…1P*…Q

C…P…Q

C…P…Q

-•

+• -•

 

Scheme 1.4. Schematic representation of PET processes in C-P-Q triad 

The same authors have extended this work to the molecular tetrad 3 (Figure 

1.4).
9
 

 

Figure 1.4 
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The lifetime measured for the final CS state in 3 was 450 ns, which was 

considerably larger than that observed for 2. The ET pathways suggested for 3 are 

shown in Scheme 1.5. The long lifetime of C
•+

-P-QA-QB

•-
 was ascribed to the large 

distance separating C
•+

 and QB

•-
. 

C-P-QA-QB

hνννν

C-1P*-QA-QB

C-P-QA-QB

C-P-QA-QB

C-P-QA-QB

C-P-QA-QB

+• -•

-•

-•

-•

+•

+•

+•

 

Scheme 1.5. Schematic representation of PET processes in C-P-QA-QB tetrad 

 Gust, Moore and co-workers have also investigated the PET processes in 

the C-PA-PB-Q tetrad 4 (Figure 1.5) where PA stands for a zinc porphyrin and PB 

for a free porphyrin and Q is a naphthaquinone. The final charge separated state, 

C
•+

-PA-PB-Q
•-

 was long-lived (2.9 µs) and was identified by its absorption at 980 

nm using transient absorption studies. 
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Figure 1.5 

 The same group has synthesized and studied the electron transfer processes 

in the molecular pentad C-PA-PB-QA-QB (5, Figure 1.6).
10

  

 

Figure 1.6 

Very efficient PET is found to take place in this system. Transient absorption 

studies revealed that a CS state, C-PA-PB-QA-QB is formed with a lifetime of about 

0.55 µs and an overall quantum yield of 0.83 after the series of sequential electron 

transfer steps shown in Scheme 1.6. 
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C-PA-PB-QA-QB

hνννν

C-1PA*-PB-QA-QB

C-PA-PB-QA-QB

C-PA-1PB*-QA-QB

C-PA-PB-QA-QB C-PA-PB-QA-QB

C-PA-PB-QA-QB

C-PA-PB-QA-QB

C-PA-PB-QA-QB

+• -•

+•
+•

+•

+•

+•

-•
-•

-•

-•

-•

 

Scheme 1.6. Scheme of PET processes in the C-PA-PB-QA-QB pentad 

Several other groups were also engaged in the construction of polyads 

capable of long-lived charge separation. For example, Wasielewski et al.
11 

have 

reported a long-lived CS state in triad 6 (Figure 1.7), consisting of a porphyrin 

bearing a quinone acceptor and a dimethylaniline-based secondary donor. Here a 

final CS state is formed in 71% with a lifetime of 2.4 µs. 

 

Figure 1.7 
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Flamigni et al. have synthesised and investigated the PET processes in a 

triad 7 (Figure 1.8), where an Ir (III) bisterpyridine complex connected through an 

amidophenyl spacer to a triphenylamine electron donor and to a naphthalene 

bisimide electron acceptor. Steady state and time-resolved optical spectroscopy 

showed that in this system PET leads to a final CS state with a lifetime of 120 µs.
12

 

A variety of other successful triads for substantial stabilization of the CS state have 

been reported in recent years.
13

 

 

Figure 1.8 

Several reports dealing with the construction of higher order tetrads and 

pentads are available in the literature. Guldi, Imahori and co-workers have 

achieved extremely long-lived CS states ranging from hundreds of milliseconds to 

a few seconds in tetrads.
14 

For example, tetrad 8 (Fc-ZnP-H2P-C60, Figure 1.9) 

gave the final CS state Fc
•+

-ZnP-H2P-C60

•-
, which exhibited a lifetime of 380 ms in 

benzonitrile solution, with a quantum yield of 0.17. 
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N

N

8

Zn

 

Figure 1.9 

Tetrad, 9 (Figure 1.10) containing Zinc porphyrin (PZn) and methyl 

viologen (MV
2+

) as the terminal chromophores and dimethoxynaphthalene (DMN) 

and naphthaquinone (NQ) as intermediate chromophores studied by Paddon-Row 

et al.
15 

offered very good photoinduced charge separation. 9 exhibited CS state 

lifetimes of 250-450 ns in different solvents. 

 

Figure 1.10 

Although the construction and use of multi-component polyads for 

photoinduced electron transfer is successful in generating long-lived CS states, the 

approach suffers from some serious drawbacks. First of all, the synthesis of multi-

component systems is very tedious and time consuming. Hence this is a very 

expensive process. Another important shortcoming is that a significant amount of 
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energy is lost during each sequential electron transfer step. As shown in Scheme 

1.3, each of the forward ET process is exergonic and hence energy stored in the CS 

state decreases in every step. The final CS state would have much less energy 

stored in it compared to the initial CS state. Therefore, even though the lifetime of 

the final CS state is fairly long enough, the energy associated with it (i.e. the 

energy available to do useful work) would be very low. Thus, it is highly desirable 

to design and synthesize simple molecular dyads which are capable of fast charge 

separation but retain long CS state lifetimes without the energy loss.
16

 

1.3. Photoinduced electron transfer in simple donor-acceptor 

dyads  

Considerable amount of work is reported in the literature regarding 

photoinduced electron transfer in covalently linked dyad molecules. Initial systems 

studied comprised of a porphyrin as both the light absorber and electron donor and 

a quinone as an electron acceptor.
13a

 Other redox components have been proposed, 

and there now exists a multitude of light active molecular dyads that undergo fast 

charge separation upon excitation. But almost all such dyads underwent rapid 

charge recombination, which severely restricted the lifetime of the charge 

separated state. Indeed, typical lifetimes for the charge separated state in fluid 

solution are on the order of some hundreds of picoseconds to a few nanoseconds. 

This range is much too short to carry out useful chemistry with the intermediate 
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radical ions. Some special approaches are attempted in literature to increase the 

lifetime of CS ion pairs in simple D-A dyads. 

1.3.1. Invoking spin restriction rule for long-lived CS state 

One successful approach has been to make the decay of the CS state to the 

ground state a spin-forbidden process. In particular, this involves the design of 

dyads in which the CS state has triplet state character (
3
CS). As will be 

exemplified below, this allows the creation of CS states with microsecond 

lifetimes in simple and very compact dyads. 

In compact dyads the exchange interaction between D and A in the CS state 

may be expected to be large enough to allow for discrete singlet and triplet CS 

states (
1
CS and 

3
CS). 

1
CS can easily be populated when it is energetically below 

the lowest locally excited singlet state. 
1
CS can undergo intersystem crossing (ISC) 

to 
3
CS. If 

3
CS is the lowest triplet level in the dyad, then 

3
CS has to decay 

eventually to the singlet ground state. This process would be slow because of the 

spin forbidden nature of this transition, leading to long CS state lifetimes. In 

general, local triplet states of D and A lie significantly below the 
1,3

CS states in 

non-polar solvents. As the solvent polarity increases, local triplet levels are 

generally unaffected, but 
1,3

CS state energies decrease considerably. Thus would 

ultimately lead to a situation in polar solvents, where the 
3
CS state would be lower 

in energy compared to the local triplet levels, as shown in Scheme 1.7. 
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Scheme 1.7. Tuning of a dyad by increasing solvent polarity from a situation in which the CS state 

is the lowest singlet to one in which the CS state is also the lowest triplet 

As shown in Scheme 1.7, few compact dyads can exhibit long-lived charge 

separation in polar solvents. This approach, however, suffers from two 

disadvantages. The energy stored in such CS states would be considerably lower 

compared to the energy absorbed. Secondly, if the ISC efficiency between the 

singlet and triplet CS states is low, then a considerable fraction of the CS state 

would be present in the singlet state, which would undergo very fast BET to the 

ground state. Quantum yield of the CS state would be very low in such a case. 

Some of the few compact dyads for which long-lived CS has been achieved are 
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compiled in Figure 1.11, together with quantum yields and lifetimes of their 
3
CS 

states. A more detailed discussion is presented below. 

Φ (%)                       τ (µs)                   

26-55

~ 100

“ High”

~ 30

< 2.4
(cyclohexane)

3.35 (THF)
1.0 (CH3CN)

>> 0.02(CH3CN)

 

Figure 1.11. Structure of D-A dyads which form long-lived 3CS state with quantum yields and 

lifetimes  

While all the systems compiled in Figure 1.11 fulfil the requirement that 
3
CS is the 

lowest excited state, most probably in polar solvents, the mechanism employed to 

achieve significant population of 
3
CS after excitation differs from case to case and 

sometimes has not been established beyond doubt.  
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The simplest mode of population of 
3
CS would involve ISC from 

1
CS to 

3
CS. This spin-forbidden process has to compete with the spin-allowed decay of 

1
CS to the ground state. Since, the latter process tends to be rather fast in compact 

dyads quantum yield of 
3
CS formation is usually low. In fact, the most successful 

examples of long-lived 
3
CS states populated via ISC from a short-lived 

1
CS state 

are those occurring in metal–organic complexes in which the heavy atom effect of 

the metal allows for ultrafast ISC. 

The first report of detection of a long-lived 
3
CS state in a fully organic dyad 

is by Smit and Warman. They observed that 10 (Figure 1.11) gave a long-lived 

3
CS state.

17
 In 10 a carbazole donor and a tetrachlorophthalimide acceptor are 

linked by a short oligomethylene bridge. Earlier investigations had shown that the 

1
CS state of these compounds is formed following excitation of the donor or 

acceptor chromophore.
18

 This 
1
CS state was found to be short-lived (28 ns in 

cyclohexane falling to 6 ns in 1,4-dioxane), but later investigations revealed the 

presence of a long-lived 
3
CS state (lifetime in the microsecond range).

17
 The 

quantum yield of the 
3
CS state showed strong solvent dependence. Thus, for n = 2, 

it falls from 52% in cyclohexane to 10% in 1,4-dioxane. This may be taken as 

evidence that in these systems 
3
CS is mainly formed via ISC from 

1
CS. For 

systems containing a longer spacer, the 
3
CS quantum yield is less dependent on 

polarity. Thus for n = 7, 
3
CS state yield varied from 55% in cyclohexane to 33% in 

1,4-dioxane. It is suggested that for longer spacers 
3
CS can also be formed by ISC 
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from local singlet to triplet state followed by ET in the triplet manifold. It should 

be stressed that these systems are rather unique in the sense that, their 
3
CS state is 

the lowest triplet even in non-polar solvents like cyclohexane. Under these 

conditions, the CS state is estimated to lie ≈ 2 eV above the ground state. Other 

dyads capable of forming long-lived 
3
CS states (vide infra) almost invariably 

require a polar solvent to push 
3
CS below any local triplet states (Scheme 1.7). 

Anglos et al. described the interesting rigid dyad 11.
19

 Photoexcitation of 11 

in moderate to high polar solvents leads to virtually quantitative population of a 

long-lived 
3
CS state in which an electron is transferred from the strong 

diaminobenzene donor to the naphthalenediketone acceptor. Convincing evidence 

was presented to show that after excitation of the acceptor, and before charge 

separation in the singlet manifold can take place, very fast local ISC (
1
A

*
 → 

3
A

*
) 

occurs and is followed by charge separation in the triplet manifold, leading to very 

high yield of the 
3
CS state. Subsequently, a few other compact systems, such as the 

piperidine-bridged system 12,
20

 and malachite green lactone 13,
21

 have been 

reported in which excitation in polar or semipolar solvents leads to population of a 

long-lived 
3
CS state, although in less than quantitative yield. As far as can be 

judged from the solvent dependence of the data reported (Figure 1.11), the lifetime 

of the 
3
CS state decreases slightly in more polar solvents and this is attributed to 

lowering of the energy gap between 
3
CS and the ground state. 
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In short, direct excitation of compact dyads and other compact donor-

acceptor systems leads to population of a long-lived 
3
CS state only in rare cases. It 

is relatively easy to design systems that meet the requirement of 
3
CS being below 

all other excited states. However, it turns out to be difficult to suppress 

sufficiently, at least in compact systems, all other deactivation processes that occur 

in the singlet manifold in competition to formation of 
3
CS.  

It was shown recently by Verhoeven et al. that this problem can be 

circumvented by intermolecular triplet sensitization. Thus, on direct excitation via 

the dimethoxynaphthalene donor chromophore, the rigid dyad 14 (Scheme 1.8) 

undergoes quantitative charge separation. This yields a 
1
CS state which decays 

with a time constant that varies from a few nanoseconds in non-polar media to less 

than 10 ps in polar solvents without a trace of 
3
CS formation. Addition of the 

triplet sensitizer benzophenone (BP), which can be excited at longer wavelength 

than dimethoxynaphthalene, leads to a situation wherein the 
3
CS can be reached 

via the sequence 
1
BP

*
 → 

3
BP

*
 → 

3
D

*
 → 

3
CS in polar solvents (D stands for the 

dimethoxynaphthalene donor).
22

 The corresponding energy diagram is depicted in 

Scheme 1.8. 
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Scheme 1.8. Structure of dyad 14 and pathways for population of its CS states with direct 

excitation and sensitisation with benzophenone  

The lifetime of 
3
CS is 1.4 µs in acetonitrile, whereas 

1
CS, as populated by direct 

excitation, lives for less than 10 ps in the same solvent. This demonstrates that this 

type of spin control can increase the lifetime of CS states for compact dyads by at 

least five orders of magnitude without significantly degrading the energy content 

of the CS state (the energy gap between 
1
CS and 

3
CS in 14 was estimated to be of 

the order of only 0.2 eV =  4.6 kcalmol
-1

).  

While intermolecular sensitization appears to provide a new method to 

populate 
3
CS states in compact dyads, the overall quantum yield of this process is 

limited by the quantum yield of the intermolecular triplet energy-transfer step. 
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Increasing the latter to unity may require very high dyad concentrations which may 

not be experimentally accessible. It therefore seems desirable to design compact 

dyads that incorporate a suitable sensitizer also. The simple system 15 (Scheme 

1.9) designed by Verhoeven and co-workers is the first example of such a 

system.
23

 In addition to the dimethylaniline (D) and the nitrobenzene (A) units, 15 

contains an aromatic ketone as a triplet sensitizer (S). A relevant energy diagram in 

polar solvent is shown in Scheme 1.9. 

1S*

1D*-A

3D*-A

3[D+-A-]

D-1A*

D-3A*

3S*

3.48 eV

3.89 eV

3.29 eV

1.90 eV
CH3CN

3.84 eV

3.22 eV

2.62 eV

355 nm

 

Scheme 1.9. Structure and energy level diagram (in polar solvent) of 15 
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From these data it appears that after excitation and ISC of the sensitizer 

chromophore in a polar solvent, sufficient energy is still available to induce 

electron transfer from D to A in the triplet manifold. This produces a 
3
CS state that 

is lower in energy than all locally excited states. In low-polarity media, this need 

not be the case. Nanosecond transient absorption spectroscopic studies on 15 in 

benzene showed no detectable transients. In acetonitrile, however, a long-lived 

transient was detected that, under deoxygenated conditions, exhibited a lifetime of 

0.33 µs. The lifetime was reduced to 56 ns under aerated conditions and hence the 

transient absorption was attributed to a triplet species. The absorption spectrum of 

this transient species displayed peaks corresponding to the acceptor radical anion 

and donor radical cation. Hence 15 was claimed as the first example of a compact 

dyad that incorporated an intramolecular sensitization step to produce a 
3
CS state.  

1.3.2. Conformational approach for long-lived CS state 

 Another approach to increase the lifetime of CS state in simple dyads is the 

conformational approach. This method proposes that specific conformation of 

donor and acceptor during the PET process may help the molecule to attain a long 

lifetime in the CS state. Our group has reported the Ru(bpy)3

2+
-phenothiazine dyad 

16 (Figure 1.12) wherein the D and A moieties are linked by an amide bond.
24

 

Steady state and time resolved spectroscopic techniques showed that the electron 

transfer rates (ket > 10
8
 s

-1
) in 16 were much faster than those previously reported 

(ket < 10
7
 s

-1
) for other linked Ru(bpy)3

2+
–phenothiazine systems. Nanosecond 
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laser flash photolysis showed that compared to the previous systems, back electron 

transfer rates in these systems were about 100 times slower. Transient absorptions 

assignable to Ru(bpy)
3+

 and phenothiazine radical cation, having lifetimes about 

30 ns were observed for 16. The fast electron transfer after the photoexcitation, 

was explained by invoking a closed conformation in which one of the bipyridine 

ligands or the Ru
3+

 metal centre is spatially very close to the phenothiazine moiety. 

Same reason is assigned to the retardation of the BET rate. In this closed 

conformation Ru
2+

 and phenothiazine radical cation will be near to each other, 

leading to repulsion between the two positive charge centres, which reduce the 

BET rate. 

 

Figure 1.12 

1.3.3. Invoking Marcus inverted region effect for long-lived CS state 

Another approach to increase the lifetime of the CS state is to design D-A 

dyads for which BET falls in the Marcus inverted region. In order to understand 

the conceptual basis of this proposal, a detailed description of the Marcus equation 
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is required. According to the Marcus theory of electron transfer,
25

 the rate constant 

of non-adiabatic electron transfer (kET) is given by eqn (1.1), 

kET = (2π/ħ) Hel

2
 (4πλkBT)

-1/2
 exp[-(λ + ∆GET)

2
/4λkBT]            (1.1) 

ħ is the Planck’s constant divided by 2π, Hel is the electronic coupling matrix 

element between the donor and acceptor, λ is the reorganization energy of the 

electron transfer, kB is the Boltzmann constant and T is the absolute temperature. 

The reorganization energy of electron transfer (λ) is the energy required to 

structurally reorganize the donor, acceptor and their solvation spheres upon 

electron transfer. Depending on the relative values of ∆GET and λ, equation (1) 

envisages three typical kinetic regimes for electron-transfer reactions as shown in 

Figure 1.13: i) a normal region (-∆GET < λ) where electron transfer is thermally 

activated and is favored by an increase in the driving force, ii) an “activation-less” 

regime (-∆GET = λ) where the rate is maximum, and iii) an “inverted region” for 

strongly exergonic reactions (-∆GET > λ), where the rate actually decreases with 

increase in driving force. The existence of an inverted region was the most 

important prediction of Marcus theory. Conclusive experimental evidence for the 

inverted region was provided in 1984 by Miller et al., almost 25 years after it was 

predicted.
26

 Although definitive evidence for its existence was lacking for a long 

time, the inverted region is now well established in fixed-distance electron-transfer 

reactions.
27
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Figure 1.13. Schematic representation of a Marcus parabola 

 Miller and co-workers had proved the existence of inverted region in 

covalently connected rigid D-A systems.
26

 Our group has established the existence 

of Marcus inverted region in supramolecular dyads such as hydrogen bonded D-A 

systems and cyclodextrin-encapsulated systems.
28,29

 Our group was able to 

demonstrate the whole Marcus parabola on the basis of raw fluorescence lifetime 

data.
29

 

 It has been suggested that one can design dyads exhibiting long-lived CS 

states with the aid of the Marcus parabola. One can select D-A systems in such a 

way that the kPET values lie at the top of the Marcus parabola and kBET values lie 

deep in the inverted region. In such a case the forward ET would be extremely fast 

and the BET would be very slow. In such systems kPET/kBET values could be very 

large (≥ 10
4
) and it would be possible to observe a long-lived CS state. However, 
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straight forward demonstration of this “inverted effect” has been very rare.  A 

general observation is that when –∆GBET

 
is very large other deactivation channels 

such as jumps to low lying local triplet levels may prevail over charge 

recombination to the ground state. Nuclear tunnelling also becomes very important 

and it is suggested that the Marcus equation may not adequately describe electron 

transfer in the deep inverted region. There are, however, several papers which 

claim long-lived CS state formation due to the inverted effect. Since this thesis 

deals with long-lived charge separation due to inverted region effects, a detailed 

description of these papers is given below.   

 Our group has studied the PET between anthracene attached to a β-

cyclodextrin (17, Figure 1.14) and pyromelliticdiimide (18) in aqueous solution.
30

 

In aqueous solution 18 would be encapsulated into the β-CD cavity, as confirmed 

by UV-Visible absorption, induced circular dichroism, 
1
H NMR, cyclic 

voltammetric and fluorescence studies. 

 

Figure 1.14 
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Photoinduced electron transfer in the system was studied by fluorescence 

quenching and laser flash photolysis techniques. At higher concentrations of 17, it 

was found that the equilibrium was largely in favour of the supramolecular 

complex between 17 and 18 and intra-ensemble PET was found to take place. The 

rate constant for electron transfer within the ensemble from the singlet excited 

state of anthracene was measured. The experimentally determined rate constant 

agreed very well with that calculated using the Marcus equation. It was observed 

that a fraction of the charge separated ion pairs survived for more than 200 µs and 

this was attributed to inverted region effects.
30 

 Inverted region effect was also invoked to explain long-lived charge 

separation in the covalently linked D-A system 19 (Figure 1.15), studied by 

Lambert et al.
31

 

 

Figure 1.15 
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Electrochemical and fluorescence studies indicated the possibility of very efficient 

PET with a quantum yield of near unity. Transient absorption spectroscopy 

showed that a fraction of the charge separated state has a lifetime of 1.7 µs. It is 

assumed that both singlet and triplet CS states contribute to the transient 

absorption. Considering the very low reorganisation energy of the system, BET 

from both the 
1
CS and 

3
CS state would be in the Marcus inverted region. In 

addition, BET from the 
3
CS to the singlet ground state would be spin forbidden 

and slow. It was claimed that the system exhibited a long lifetime for the CS state 

due to a combination of both inverted region effects and spin-selection rules. 

In order to see long-lived charge separation it is essential that the CS state 

energy be lower than the triplet excited state energies of the donor and acceptor 

components of the dyad. Otherwise, the CS state would decay rapidly to the triplet 

excited state rather than to the ground state in the Marcus inverted region. 

Therefore porphyrin and fullerene derivatives which have local triplet states above 

the CS state would be ideal components in designing simple molecular dyads 

capable of long-lived charge separation. Also, the inherently low inner sphere 

reorganization energy of fullerene and porphyrin/chlorin systems makes the BET 

process in these dyads to fall in the inverted region.  

Fukuzumi and co-workers were among the first to design simple donor 

acceptor systems based on fullerene and porphyrin/chlorine components which 
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exhibited long-lived CS states. The system designed (20, Figure 1.16) consisted of 

zinc chlorin as the donor and fullerene as the acceptor.
32

 

 

Figure 1.16 

Nanosecond laser flash photolysis gave absorptions corresponding to the zinc 

chlorin radical cation and fullerene radical anion. The peaks corresponding to the 

CS state decayed via first order kinetics with a lifetime of ≈ 110 µs. Formation of 

the long-lived CS state is further confirmed by ESR spectroscopy. Irradiation of 20 

in PhCN at 143 K gave two characteristic ESR signals, one of which is attributable 

to an organofullerene radical anion (small g value) and the other to the chlorin 

radical cation (higher g value). 

  Fukuzumi et al. have designed another dyad, 21 with zinc-

imidazoporphyrin as the donor and fullerene as the acceptor (Scheme 1.10).
33
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Scheme 1.10. Structure of 21 and its energy level diagram 

Excitation of 21 led to the formation of a CS state with 260 µs lifetime at 298 K. 

At 278 K, the lifetime of the CS state was 310 µs. Energy level diagram (Scheme 

1.10) reveals that the CS state (1.34 eV) is lower in energy than the triplet excited 

state of both C60 (1.50 eV) and zinc-imidazoporphyrin (1.36 eV). In this case also 

long lifetime of the CS state is attributed to the inverted region effect. 

 Fukuzumi et al. designed dyad 22 (Figure 1.17), which is a modification of 

20. Here the zinc chlorin donor is attached to the fullerene acceptor through an 

extremely short rigid linkage.
34

 According to Marcus theory, a smaller distance 

between the donor and acceptor moieties leads to a reduction in the solvent 

reorganization energy. Hence the reorganization energy λ << -∆G
0

BET, and this 

will push BET in the system deeper into the inverted region. The absorption 

spectra of the compound indicated that there is no significant electronic interaction 

between the individual chromophores in the ground-state despite the short linkage 
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separating them. Fluorescence lifetime of 22 (10 ps) was significantly reduced 

compared to that of unlinked zinc chlorine (2.7 ns) as a result of electron transfer 

from the singlet excited state of the zinc chlorin to the C60 moiety of the dyad. The 

rate constant of electron transfer from singlet excited state of the zinc chlorine to 

C60 was determined as 1.0 × 10
11

 s
-1

. Transient absorption spectrum of 22 showed 

the formation of fullerene radical cation and zinc chlorin radical anion (Figure 

1.17). The quantum yield of the CS state formation was 12%, which is smaller than 

the fluorescence quenching efficiency (99.6%). The authors explained this by 

invoking a short-lived exciplex state, only a part of which is converted into the 

long-lived CS state (Figure 1.10). 

 

Figure 1.17. Structure of the dyad 22 and its transient absorption spectrum 

 The CS state decays by back electron transfer  to the ground state rather than to 

the triplet excited state since the CS state is lower in energy (1.26 eV) than both 

the triplet excited states of C60 (1.50 eV) and zinc chlorin (1.36 - 1.45 eV). kBET 
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obtained for 22 was 4.2 × 10
3
 s

-1
, corresponding to a CS state lifetime of 230 µs at 

25 
0
C. ESR spectroscopy also gave evidence for the formation of long-lived charge 

separation. Lifetime of the CS state showed large temperature dependence 

indicating that the BET process belongs to the deep inverted region. The lifetime 

of the CS state at -150 
0
C is as long as 120 s, which is the longest CS lifetime 

reported for linked D-A systems with porphyrin and fullerene derivatives as 

components. 

A major disadvantage of chlorine-C60 systems is the very low energy of the 

CS state (1.2 – 1.3 eV). In the case of the porphyrin-C60 systems the low triplet 

energies of porphyrins have precluded attempts to attain long-lived CS states with 

a higher energy than the triplet energies.
35a

 In such a case, it is highly desirable to 

have a chromophore which has high triplet energy and small reorganization 

energy. Acridinium ion is a good candidate for such a purpose, since the 

reorganisation energy (0.3 eV) for the electron self-exchange between acridinium 

ion and the corresponding one-electron reduced radical is the smallest among 

redox active organic compounds.
35b

 The triplet energy of acridinium ion is also 

very high.
35c 

Fukuzumi et al. have designed the dyad, 9-mesityl-10-methylacridinium 

ion, (23, (Acr
+
-Mes), Figure 1.18), in which the electron donor moiety (mesityl 

group) is directly linked to the 9-position of acridinium ion. Because of the very 

short distance between the D and A moieties the solvent reorganization energy for 
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the electron transfer will be minimized in 23.
36

 The X-ray crystal structure of Acr
+
-

Mes indicated that the donor and acceptor moieties are perpendicular to each other 

and that there is no orbital interaction between the two. Indeed, the absorption and 

fluorescence spectra of Acr
+
–Mes are superpositions of the spectra of the 

components, i.e., mesitylene and 10-methylacridinium ion. The energy of the CS 

state (Acr
•
–Mes

•+
) is determined by the redox potentials of the components and the 

value obtained was 2.37 eV. ∆G
0
 for PET in 23 was -0.31 eV. 

 

Figure 1.18 

 Photo-irradiation of a deaerated solution of Acr
+
–Mes in acetonitrile by a 

nanosecond laser light flash at 430 nm resulted in the formation of a transient in 

98% yield. Based on several experiments the authors assigned the transient 

absorption to the CS state Acr
•
–Mes

•+
, formed as a result of electron transfer from 

the mesitylene moiety to the singlet excited state of the acridinium ion moiety. The 

transient was found to be very long-lived with a lifetime of about 2 h at 203 K. 

BET in the CS state was too slow to compete with the intermolecular BET reaction 

as evidenced by the decay time profile of Acr
•
–Mes

•+
, which obeyed second-order 
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kinetics.
14a

 In contrast, the decay of the CS state obeyed first-order kinetics in 

benzonitrile at high temperatures. This indicates that the rate of the intramolecular 

BET of the CS state becomes much faster than the rate of the intermolecular BET 

at higher temperatures because of the larger activation energy of the former than 

the latter. When the irradiation was performed at low temperatures, the colour of 

the sample changed from green to brown.
37

 The resulting solution afforded the 

absorption spectrum due to the CS state, which consisted of the absorption bands 

of the Acr
•
 and Mes

•+
 moieties. No decay of the absorption due to the CS state was 

observed. This observation prompted the authors to claim an almost infinite 

lifetime for the CS state Acr
•
–Mes

•+
 at 77 K. EPR experiments also gave evidence 

for the formation of long lived CS state. The authors claimed that formation of 

such a remarkably stable CS state is made possible by the high energy of the CS 

state (2.37 eV), which is located deeply in the Marcus inverted region. It is also 

claimed that the CS state could undergo secondary electron transfer experiments 

with donors such as anthracene and acceptors such as naphthalenediimide or 

methyl viologen.
18c

 Because of the long CS state lifetime the authors used 23 as 

photoredox catalyst in various applications.
38

 

 Another simple D-A dyad, 24 (Figure 1.19) reported by the same group 

consisted of a formanilide moiety as the donor and anthraquinone moiety as the 

light absorber and triplet-state electron acceptor.
39

 The one-electron oxidation and 

reduction potentials of 24 were determined by cyclic voltammetry and second 
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harmonic AC votammetry as 1.37 V and -0.87 V vs SCE, respectively. The driving 

forces for the PET and BET were calculated to be -0.21 and -2.24 eV, respectively. 

Energy of the CS state is found to be less than all local singlet and triplet energies 

in 24. 

 

Figure 1.19 

Femtosecond transient absorption studies showed that, upon photoexcitation of 24 

in DMSO, electron transfer takes place from the formanilide to the triplet state of 

anthraquinone within 1.7 ps. Nanosecond laser flash photolysis gave a transient 

with 900 µs lifetime. Based on evidence from secondary electron transfer 

experiments the authors assigned the long-lived absorption to the CS state. In this 

case also, long lifetime of the CS state was attributed to the inverted region effects. 

 Harriman, Verhoeven and co-workers have questioned the claims made by 

Fukuzumi et al. regarding the formation of long-lived CS states in 20, 21, 22, 23 

and 24.
40

 They have reinvestigated the photophysical processes taking place in 

these systems and came up with alternate interpretations. According to them the 

formation of long-lived CS state due to inverted region effects is not possible in 

any of these systems. 
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 According to Harriman, Verhoeven and co-workers the energy level 

diagram for 22 is as shown in Scheme 1.11. According to them, the energy levels 

of 22 fulfil the requirements discussed earlier for dyads capable of forming long-

lived 
3
CS state, since no local triplets are situated below the 

3
CS state. Therefore, 

an alternative explanation for the reported observations may readily be proposed, 

at least as far as the behaviour in liquid solution is concerned. According to these 

authors, the short-lived “exciplex” species that Fukuzumi et al. invoked could 

actually be the 
1
CS, of which apparently 88% decayed to the ground state and 12% 

underwent ISC to a longer lived 
3
CS state. If the CS state has triplet character, 

inverted region effects need not be invoked and long lifetime of CS state could be 

attributed to spin restriction factors on charge recombination. 

D-A

1[D+-A-]

1D*-A

D-1A*

3[D+-A-]

3D*-A

D-3A*

1.36-1.45 eV

1.50 eV

1.26 eV

1.70 eV

1.76 eV

12%

 

Scheme 1.11. Energy level diagram proposed for dyad 22 

According to Harriman, Verhoeven and co-workers the EPR signal observed in the 

photo-irradiation of 22 may be resulting from separate radical ions residing on 
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different molecules. If so, the temperature-dependent EPR lifetime data reported 

for 22 can no longer be considered as proof for a strongly temperature dependent 

kBET. Harriman, Verhoeven and co-workers thus concluded that the long-lived CS 

state formed in 12% yield on the photolysis of 22 in solution is the 
3
CS state and 

there is no need to invoke the inverted region effect to explain the long lifetime. 

The same seems to apply to related dyads, 20 and 21. 

 Fukuzumi et al. have claimed that 23 is even better than the natural 

photosynthetic system both in terms of the amount of energy stored and lifetime of 

the CS state. They initially estimated the energy of CS state in 23 at 2.37 eV. But 

investigations by Harriman, Verhoeven and others suggested that the CS state is at 

2.57 eV, which is barely below 
1
(Acr

+
)

*
 (2.67 eV). They were also successful in 

obtaining the phosphorescence spectrum of 23, which placed the lowest 
3
(Acr

+
)

*
 

energy at 1.94 eV above the ground state. Based on all these observations they 

have constructed the energy level diagram of 23 as shown in Scheme 1.12. 

Harriman, Verhoeven and co-workers argue that 
3
(Acr

+
)

*
 lies below the 

1,3
CS level 

and hence the 
1,3

CS state would cross over to 
3
(Acr

+
)

*
 and the transient that 

Fukuzumi et al. observed is actually 
3
(Acr

+
)

*
.   
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Acr+-Mes

3(Acr+)*-Mes

1,3[Acr•-Mes+•]

3(Acr+)*-Mes

1.94 eV

2.67 eV

2.57 eV

5 ps

6 ns

 

Scheme1.12. Energy level diagram proposed for dyad 23 

According to Harriman and Verhoeven 
3
(Acr

+
)

*
 state is a poor reductant and hence 

incapable of reducing dialkyl naphthalenediimide or viologen dication. These 

authors attributed the secondary ET reactions of 23 (reported by Fukuzumi et al.) 

to reactions of either 
3
(Acr

+
)

*
 or the radicals derived via chemical decomposition 

of Acr
•
–Mes

•+
. According to Harriman, Verhoeven and co-workers, the overall 

photophysics and photochemistry of 23 follow quite usual pathways known for 

many related systems and certainly do not require the involvement of any excited 

state with unusual properties. Studies by these authors on 23 indicated that the CS 

state has a lifetime of only 6 ns at room temperature. During the last five years 

Fukuzumi et al. published several papers supporting long-lived CS state in 23 and 
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Harriman, Verhoeven and co-workers published several papers opposing this 

claim. It must be stated here that photoinduced electron transfer in 23 remains a 

controversial topic even today. 

 In the case of dyad 24, the femtosecond laser flash photolysis experiment by 

Fukuzumi et al. showed that this dyad undergoes very fast (τisc = 0.4 ps) ISC 

before charge separation occurs. There thus seemed to be no doubt that the CS 

state in 24 must be born with a triplet spin multiplicity, and it can be assumed that 

this might be an important factor in slowing down its recombination to the singlet 

ground state by intramolecular electron transfer. However dyad 24 had been 

investigated earlier by others who reported no evidence for the formation of a 

long-lived CS state in this molecule
41

. Harriman, Verhoeven and co-workers 

therefore synthesized and reinvestigated the PET processes in 24.
40d

 Their study 

confirmed the earlier reports that no long-lived CS state is formed in common 

solvents such as acetonitrile or benzonitrile. However, in the DMSO solvent 

employed by Fukuzumi and co-workers, very long-lived transients were observed 

with a spectrum closely matching to that of the anthraquinone radical anion. It was 

suggested that the anthraquinone radical anion was formed as a result of ET 

between triplet state of anthraquinone moiety and DMSO solvent which acts as a 

sacrificial electron donor. In fact, several anthraquinone derivatives including 

9,10-anthraquinone itself, were capable of photo-oxidizing DMSO. Based on these 

observations Harriman and Verhoeven dismissed the claims of long-lived CS state 
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in 24. In subsequent papers Fukuzumi et al. have rebutted all the findings by 

Harriman, Verhoeven and others and the PET processes in 24 is also an unsettled 

issue at present. 

1.4. Origin of the present work 

 The most important aspect of Marcus theory was the prediction of an 

inverted region in electron transfer reactions. This aspect of Marcus theory was 

controversial from the time the theory was proposed in 1956 until John Miller's 

group at Argonne National Laboratory found experimental proof for it in 1986. 

Though long controversial, the presence of inverted region kinetics is now well 

established in a large number of charge shift and charge recombination reactions. 

In these examples, the forward PET reaction was generally restricted to the normal 

region and BET was restricted to the inverted region. Our group were among the 

first to establish the occurrence of the inverted region in PET reactions and 

considerable amount of work was carried out previously in our research group in 

this area.
28-30

 

 As mentioned earlier the presence of the inverted region is firmly 

established in several BET reactions.
13(a),42

 In almost all these cases, however, the 

slowest rate observed in the inverted region was ≥ 10
8
 s

-1
. In the light of these 

observations claims of kBET < 10
4
 s

-1
 from the Fukuzumi group is to be viewed with 

suspicion. It has been suggested that when –∆GBET is very large other deactivation 
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channels such as jumps to low lying local triplet levels may prevail over charge 

recombination to the ground state.
23

 Nuclear tunneling also may become very 

important and it is suggested that equation 1.1 may not adequately describe 

electron transfer in the deep inverted region.
43

 When viewed from this angle, the 

arguments of Harriman and Verhoeven seem reasonable. 

 The concept of designing dyads capable of long-lived charge separation due 

to the inverted region effects, however, seems very attractive. Theoretically, such a 

finding would reaffirm the existence of the inverted region. From a practical point 

of view, the time and effort required for the synthesis of complex tetrads, pentads 

etc can be saved. Loss of energy in sequential electron transfer steps can also be 

avoided. In this thesis an attempt is made to design dyads capable of long-lived 

charge separation. It is clear from the discussion in section 1.3 that most compact 

dyads would possess low lying local triplets below the CS state and this aspect is 

responsible for the absence of long-lived charge separation in dyads. We reasoned 

that if we choose chromophores with extremely high fluorescence quantum yield 

(or extremely low ISC efficiency), then we might be able to circumvent this 

difficulty. In these systems ISC to low lying local triplet levels would be slow or 

absent leading to long lifetimes for the CS state due to inverted region effects. In 

the remaining chapters of this thesis this idea is demonstrated and discussed in 

detail. 
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Chapter 2 

 

 Long-lived Photoinduced Charge Separation in 

Flexible 9,10-Bis(phenylethynyl)anthracene – 

Phenothiazine Dyads  

 

2.1. Abstract 

Photoinduced electron transfer in linked donor-acceptor dyads with 

bis(phenylethynyl)anthracene as light absorber and acceptor and one or two 

phenothiazine units as donors was investigated. Absorption spectra of the dyads 

can be obtained by adding contributions due to the donor and acceptor moieties 

indicating that the constituents do not interact in the ground state. Fluorescence of 

bis(phenylethynyl)anthracene core was efficiently quenched by the donor moieties 

and this was attributed to electron transfer from the phenothiazine to 

bis(phenylethynyl)anthracene. Femtosecond transient absorption studies suggested 

formation of a charge separated state directly from the singlet excited state of 

bis(phenylethynyl)anthracene. Nanosecond flash photolysis experiments gave 

long-lived transient absorptions assignable to phenothiazine radical cation and 

bis(phenylethynyl)anthracene radical anion. These assignments were confirmed by 

oxygen quenching studies and secondary electron transfer experiments. Electron 
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transfer in these systems is analyzed in the light of Marcus theory and the slow 

back electron transfer exhibited is attributed to inverted region effects. 

2.2. Introduction 

Formation of a long-lived CS state in simple D-A molecular dyads is an 

essential requirement for developing efficient artificial photosynthetic systems and 

optoelectronic devices.
1
 In simple D-A systems excitation leads to electron transfer 

(ET) followed by rapid back electron transfer (BET) which results in extremely 

short lifetimes and low yields of the CS states. Several approaches like spin 

restriction rules,
2
 conformational gating,

3
 applied magnetic fields

4
 and orientation 

effects
5
 have been suggested to enhance the lifetimes and quantum yields of CS 

states in dyads. Design of dyads for which BET fall in the Marcus inverted region 

is another important suggestion. According to Marcus theory the rate of ET is 

expected to decrease in the strongly exergonic region where the driving force (-

∆G
0
) is much larger than the reorganization energy (λ).

6
 This exergonic regime is 

known as the Marcus inverted region and a few D-A dyads exhibiting long-lived 

CS states presumably due to the inverted region effect are reported in the literature 

by Fukuzumi and coworkers.
7 

Some of these systems have a fullerene acceptor 

directly linked to a porphyrin or chlorin donors. The inherently low inner sphere 

reorganization energy of fullerene and porphyrin / chlorin systems and the short D-

A distance contribute to the low λ values in these systems. They have also reported 

the formation of long-lived CS states in substituted methylacridinium and 



Chapter 2: 9,10-bis(phenylethynyl)anthracene-phenothiazine dyad                                     55 

 

 

anthraquinone derivatives.
8
 Verhoeven, Harriman and co-workers have questioned 

the results obtained in these systems. According to them, usually there will be 

some triplet excited states which is lower in energy than singlet CS state. 

Therefore these states can be easily populated, hence reducing the lifetime of the 

charge separated state.
9
 If we can somehow prevent the formation of these triplet 

state, then we will be able to generate long-lived CS state which will solely depend 

on the Marcus inverted region effect only. In this work we are using 9,10-

bis(phenylethynyl)anthracene which has high fluorescence quantum yield and 

hence low intersystem crossing ability, as the sensitizer.   

In this chapter we report the formation of long-lived CS state in two dyads, 

wherein the donor and acceptor are linked through a flexible alkyl chain. The 

acceptor in this study is bis(phenylethynyl)anthracene (BPEA, Figure 2.1), which 

also acts as the light absorbing unit. Due to their high fluorescence quantum yields 

and conductance properties, BPEA derivatives find applications as emitters in 

chemiluminescent light sources
10 

and as molecular probes.
11 

They are also used in 

solar cells,
12

 OLED
13

 and PLED
14 

devices. Albinsson et al. have extensively 

studied the photoinduced electron transfer processes in bridged donor-acceptor 

systems containing BPEA unit as electron transporting bridge.
15

 The donor moiety 

in our study is phenothiazine (PT). We have used PT as donor because the triplet 

energy of it is higher than all other energy states of the molecule. Several studies 

where PT acts as donor are available and the PT radical cation is well 
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characterized by spectroscopic methods.
16

 Structures of the two dyads we have 

studied (BPEA-PT and BPEA-PT2) are shown in Figure 2.1 along with the model 

BPEA (R=OCH3) system. We have probed the photoinduced charge separation in 

the BPEA-PT dyads using fluorescence lifetime measurements and femtosecond 

and nanosecond laser flash photolysis techniques and confirmed formation of a 

long-lived CS state. In previous claims of long-lived CS in dyads, the donor and 

acceptor residues were directly linked and the small outer sphere reorganization 

energy (λo) resulting from the short center-to-center distance (dcc) between the D 

and A units was claimed as a major reason for long CS state lifetime.
7(b)

 In the 

work reported here dcc > 10 Å suggesting that a small dcc value is not a crucial 

factor in stabilizing the CS state. Minimum energy conformation of BPEA-PT2 

obtained by AM1 calculation using Gaussian 03 (Revision-D.01) is also shown in 

Figure 2.1, which gave dcc = 14.2 Å. 
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Figure 2.1. Structures of compounds used in this study and optimized structure of BPEA-PT2 
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2.3. Results and discussion 

2.3.1. Synthesis and characterisation of BPEA, BPEA-PT and  

BPEA-PT2  

BPEA (R=OCH3) was synthesized as shown in scheme 2.1.
17

 4-iodo 

anisole, 1 was first converted to 2, by the reaction with trimethylsilylacetylene 

under Sonogashira coupling condition. 2 on deprotection with 

tetrabutylammonium fluoride in THF gave 4-ethynyl anisole, 3. Two equivalence 

of 3 on reaction with 9,10-dibromoanthracene, 4 under palladium catalysed 

reaction condition gave the BPEA. 

 

                  Scheme 2.1. Scheme for the synthesis of BPEA 

Compound 8 is required for the synthesis of BPEA-PT and BPEA-PT2. The 

synthesis of 8 is shown in scheme 2.2. 8 was prepared starting from 5, which on 

reaction with 4-iodoanisole gave 6. 6 on reaction with trimethylsilylacetylene 
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under Sonogashira coupling condition gave 7, which was converted to 8, by the 

deprotection with tertrabutylammoniun fluoride in THF.  

 

Scheme 2.2. Scheme for the synthesis of 8 

BPEA-PT2 was prepared as per Scheme 2.3. Two equivalents of 8 on reaction 

with 9,10-dibromoanthracene under palladium catalysed reaction condition gave 

BPEA-PT2 in 49% yield. Along with this 29% of 9 was also formed. 

 

Scheme 2.3. Scheme for the synthesis of BPEA-PT2 
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The synthesis of BPEA-PT is shown in scheme 2.4. Sonogashira coupling reaction 

of compound 9 with 4-ethynylanisole gave BPEA-PT in 59% yield. 

 

Scheme 2.4. Scheme for the synthesis of BPEA-PT 

Details of the synthetic procedures are given in the experimental section. The 

various intermediates and final products were characterized by analytical and 

spectroscopic techniques.  

2.3.2. Photophysical and electrochemical studies 

The long wavelength absorption due to BPEA (R=OCH3) in 

dichloromethane (DCM) occurs in the 400-500 nm region (Figure 2.2). Previous 

studies suggested that the lowest energy transition in BPEA (R=H) is polarized 

along the long axis of the molecule.
18

 Since the triple bond has cylindrical 

symmetry, free rotation about the alkyne-aryl single bond is allowed and results in 

the existence of co-planar and twisted structures in equilibrium in solution.
18(c)

 

Attaching the PT as in BPEA-PT and BPEA-PT2 did not lead to any changes in 

the long wavelength absorption band (Figure 2.2). The absorption due to the PT 

moieties appeared at 250 and 300 nm. Absorption spectra of BPEA-PT and 

BPEA-PT2 can be obtained by adding the contributions due to the BPEA and PT 
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moieties and this suggests that the two chromophores do not interact in the ground 

state in these molecules. This is also clear from the fact that the long wavelength 

absorption band is identical for all the three systems and we assume that excitation 

above 350 nm populates only the BPEA excited states. 

300 400 500
0

5

10

εε εε
 X

 1
0

-4
, 
M

-1
 c

m
-1

Wavelength, nm

a

b

c

 

Figure 2.2. Absorption spectra of (a) BPEA, (b) BPEA-PT and (c) BPEA-PT2 in DCM 

Fluorescence spectrum of BPEA (R=OCH3) is shown in Figure 2.3a. The 

emission maximum occurs at 490 nm. The Stokes shift observed is very small (775 

cm
-1

) suggesting similar geometry for the S0 and S1 states. Using the absorption 

and emission spectra, the excitation energy (E00) was calculated and the value 

obtained was 2.57 eV. Substitution of PT leads to considerable quenching of the 

fluorescence intensity as is evident from a comparison of the fluorescence spectra 

of BPEA (R=OCH3), BPEA-PT and BPEA-PT2 shown in Figure 2.3b,c. 
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Figure 2.3. Fluorescence spectra of (a) BPEA, (b) BPEA-PT and (c) BPEA-PT2 in DCM. 

Excitation was at 440 nm 

Fluorescence quantum yields were determined for these systems and the values 

obtained were 0.66, 0.15 and 0.08, respectively, for BPEA, BPEA-PT and BPEA-

PT2. Fluorescence lifetimes were determined using single photon counting 

technique and the decay profiles obtained are shown in Figure 2.4. For BPEA 

(R=OCH3), the decay was mono-exponential with a lifetime (τ0) of 3.04 ns. For 

BPEA-PT, the decay was bi-exponential with τ1 = 0.64 ns (97%) and τ2 = 3.17 ns 

(3%). BPEA-PT2 also exhibited bi-exponential decay with τ1 = 0.37 ns (94%) and 

τ2 = 3.37 ns (6%).  
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Figure 2.4. Fluorescence decay profiles of (a) BPEA (R=OCH3), (b) BPEA-PT and (c) BPEA-

PT2 in DCM. (d) Lamp profile. Excitation was at 440 nm 

It is obvious from Figures 2.3 and 2.4 that PT is an efficient quencher of BPEA 

fluorescence. Since the absorption due to PT occurs at higher energy compared to 

BPEA, quenching of BPEA fluorescence by energy transfer to PT is not possible 

and we can safely assume an electron transfer mechanism for the quenching. The 

fast decay component τ1 in BPEA-PT and BPEA-PT2 arises due to facile electron 

transfer from PT to BPEA. The slow decay component τ2 in these systems is 

similar to the unquenched fluorescence in BPEA, and could arise from a small 

percentage of BPEA present as an impurity. This possibility, however, is ruled out 

because repeated sample purification using HPLC gave reproducible decay 

profiles. Also synthesis of BPEA-PT and BPEA-PT2 did not involve BPEA (see 

synthetic schemes in the experimental section) in any of the steps either as starting 

material or as product and hence the presence of BPEA as impurity is improbable. 
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The small percentage of unquenched decay is attributed to a conformational isomer 

in which PET did not take place. It was mentioned previously that twisted and co-

planar conformations exist in solution for the BPEA moiety. In the ground state 

the energy barrier for the conversion between these states is only 1.4 kJ M
-1

 and 

hence both conformations exist in solution.
18(c)

 Calculations predicted a much 

deeper potential well for the first excited state with a minimum energy for the co-

planar conformation. So in the excited state of BPEA-PT and BPEA-PT2, the 

BPEA moiety would be planar and conformational isomers will most probably 

arise due to flexibility of the alkyl linker which would place the PT moiety at 

different locations with respect to the BPEA unit. In the optimized structure of 

BPEA-PT2 shown in Figure 2.1, the aryl rings in the PT are symmetrically placed 

on both sides with respect to the BPEA plane, with the N atoms in the plane. The 

interaction between the donor and acceptor units would be maximum in such a 

configuration. Studies with molecular models show that extreme conformations in 

which the PT unit is placed on one side of the plane, are also probable. A small 

fraction of such conformations may be responsible for the bi-exponential decay.  

Bi-exponential decays due to the presence of conformers were proposed in several 

D-A systems earlier.
19

  

 Redox potentials of the compounds (vs SCE) were measured in DCM using 

square wave voltammetry. BPEA (R=OCH3) exhibited oxidation peak at 0.96 V 

and reduction peak at -1.46 V. Linking PT moieties did not change the BPEA 



Chapter 2: 9,10-bis(phenylethynyl)anthracene-phenothiazine dyad                                     65 

 

 

centered redox potentials but a new peak corresponding to PT/PT
••••+

 oxidation 

appeared at 0.75 V for BPEA-PT and at 0.72 V for BPEA-PT2 (Figure 2.5). 

Thus in the dyads studied here the BPEA chromophore acts as the excited state 

electron acceptor and the PT acts as the ground state electron donor. The free 

energy change associated with the PET process can be calculated using the Weller 

equation.
20

 

∆GPET = F(Eox – Ered) – E00 – e
2
/εs dcc      (2.1) 

F is the Faraday constant, Eox is the oxidation potential of PT, Ered is the BPEA 

centred reduction potential and εs is the solvent dielectric constant. Since the value 

of dcc is very large, the last term in equation 2.1 was neglected and we obtained 

∆GPET values of -0.36 eV for BPEA-PT and -0.39 eV for BPEA-PT2. Thus PET is 

exergonic in the BPEA-PT systems and upon excitation in the lowest energy band 

we expect the following processes to take place. 

BPEA PT hν > 350 nm 1BPEA* PT
 

(2.2) 

1BPEA* PT BPEA PT
ET

 

(2.3) 

BPEA PT BPEA PT
BET

 

(2.4) 
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Figure 2.5. Squre wave voltammogram of (A) BPEA, (B) BPEA-PT and (C) BPEA-PT2 in DCM 
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The rate constant for the PET reaction can be calculated from the fluorescence 

quantum yields using equation 2.5.  

 

We obtained kPET values of 1.12 × 10
9
 s

-1
 and 2.38 × 10

9
 s

-1
, respectively, for 

BPEA-PT and BPEA-PT2. kPET values can also be calculated from the 

fluorescence lifetime data using equation 2.6. 

kPET
0  

 Using equation 2.6 we obtained kPET values of 1.23 × 10
9
 s

-1
 and 2.37 × 10

9
 s

-1
, 

respectively, for BPEA-PT and BPEA-PT2. kPET values calculated using the two 

expressions agree very well. It is to be noted that kPET value doubles when the 

number of PT moieties increases from one to two. Quantum yield for PET was 

calculated using the ket values (Φet = ketτ) and we obtained values of 0.79 and 0.88 

for BPEA-PT and BPEA-PT2, respectively (the fast decay component was used 

for this calculation), which indicated that PET is very efficient in these systems.  

2.3.3. Femtosecond flash photolysis studies 

 In order to gain a deeper understanding of the excited state processes all the 

BPEA systems were subjected to femtosecond flash photolysis studies in 

deaerated DCM solution. The transient absorption spectra obtained in the case of 

BPEA (Figure 2.6) exhibited bleaching below 520 nm and absorption maximum at 
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570 nm. Decay time of the transient (inset in Figure 2.6) was the same as the 

fluorescence lifetime of BPEA and hence we safely assign the transient to the S1� 

Sn absorption of BPEA. It is to be noted that the transient exhibited a monotonous 

decay at all wavelengths and growth components indicating formation of a triplet 

excited state is absent in the transient spectrum.  
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Figure 2.6. Femtosecond transient absorption spectra obtained in flash photolysis of BPEA in DCM 

(a) 50ps, (b) 100 ps, (c) 200 ps, (d) 400 ps, (e) 600 ps, (f) 800 ps and (g) 1 ns. Inset shows decay 

of the transient at 570 nm 

Figure 2.7 shows the transient absorption spectra obtained in the 

femtosecond flash photolysis of BPEA-PT and BPEA-PT2 systems. In the case of 

BPEA-PT, decay of the S1� Sn absorption (shown in the inset of Figure 2.7A) 

was fitted to a single exponential and we obtained a lifetime of 670 ps, which was 

close to the fast fluorescence decay component (0.64 ns). At higher time scales 
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formation of a transient absorption at 510 nm and also around 640 nm is indicated. 

In the case of BPEA-PT2 decay of the S1� Sn absorption at 570 nm (shown in the 

inset of Figure 2.7B) occurs at a time scale matching the fast fluorescence decay 

component. The transient exhibits bleaching below 530 nm at very short time 

scales but formation of a transient with absorption at 510 nm and isosbestic point 

at 530 nm is observed. In the 620-700 nm region the transient absorption intensity 

showed relatively minor change. The S1� Sn absorption has reasonably good 

intensity in this region and the relatively small intensity change suggests that a new 

transient is forming in this region at a rate nearly matching with the decay of the 

singlet state. In the case of BPEA-PT2 the sub-nanosecond transient absorption 

spectra suggest decay of the singlet and concomitant growth of transient 

absorptions at 510 and 660 nm. In the case of BPEA-PT also, growth of transients 

are indicated in 510 and 660 nm regions, but the growth is not complete most 

probably due to the comparatively low kPET value in this case.   
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Figure 2.7. Sub-nanosecond transient absorption spectra obtained in the flash photolysis of (A) 

BPEA-PT and (B) BPEA-PT2 systems in DCM (a) 10 ps, (b) 20 ps, (c) 50 ps, (d) 100 ps, (e) 200 

ps, (f) 400 ps, (g) 600 ps, (h) 800 ps and (i) 1 ns after the excitation. Insets show decays of the 

transients at 570 nm 
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2.3.4. Nanosecond flash photolysis studies 

 Nanosecond transient absorption measurements were performed on all three 

substrates in deaerated DCM solution. Upon excitation using 355 (Nd-YAG, 3
rd

 

harmonic) or 426 nm (Nd-YAG laser pumped dye laser), BPEA did not exhibit 

any transient absorption in the nanosecond time scale. The fluorescence quantum 

yield of BPEA (R=OCH3) is 0.66. Since no transient absorption is observed it is 

assumed that the remaining fraction of BPEA S1 states undergo non-radiative 

decay to the ground state and the propensity for intersystem crossing to the triplet 

is very low. This is in accordance with the results obtained by Levitus and Garcia-

Garibay, who concluded that intersystem crossing does not play a significant role 

in the photophysics of BPEA (R=H).
18(a)

 Although the triplet of BPEA could not 

be obtained by direct excitation, it could be generated through sensitization 

experiments.
21

 Figure 2.8 shows the transient absorption spectrum obtained upon 

excitation of benzophenone in the presence of BPEA (R=OCH3) in DCM. Under 

the experimental conditions most of the light is absorbed by benzophenone to form 

its triplet state which undergo energy transfer to generate the BPEA triplet state. 

The absorption band at short time in Figure 2.8 corresponds to benzophenone 

triplet state and the spectrum obtained at long time scales are assigned to BPEA 

triplet. The BPEA triplet so generated exhibited absorption maximum at 490 nm 

and decayed with lifetime of 10 µs.  
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Figure 2.8. Transient absorption spectra obtained upon excitation of benzophenone (5 × 10-3 M) in 

the presence of BPEA (5 × 10-5 M) (a) 200 ns (b) 3 µs and (c) 7 µs after the laser pulse. Inset 

shows the kinetic trace at 490 nm 

In contrast to BPEA, BPEA-PT and BPEA-PT2 exhibited long-lived 

transient absorptions in the nanosecond timescale (Figure 2.9). In both cases the 

transient absorption spectra exhibited maxima at 515 and 640 nm. Under deaerated 

conditions decays of both the absorptions were similar and exhibited a lifetime of 

36 µs. According to equations 2.2 and 2.3, excitation of BPEA-PT leads to 

electron transfer to generate the CS state and one can assign the transient 

absorption spectra to the CS state. In fact femtosecond transient absorption studies 

indicated formation of these two transient absorptions directly from the singlet 

excited state of the BPEA moiety. A large number of studies are available with PT 

as electron donor and the PT
••••+

 is known to have absorption maxima in the 510-520 
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nm region.
16

 Albinsson and co-workers have used BPEA as an acceptor 

component in PET reactions and observed BPEA
••••-

 around 600-650 nm.
15(c)

 They 

also generated BPEA
••••-

 spectroelectrochemically in DMF and observed an 

absorption band centered around 630 nm. Based on these literature reports we 

assign the absorption at 515 nm to PT
••••+

 and the 640 nm absorption to BPEA
••••-

. 

These absorptions are very long-lived (τ = 36 µs) and decay by BET process, for 

which we obtained a rate constant (kBET = 1/τ ) of 2.78 × 10
4
 s

-1
. Thus the ratio of 

the forward and reverse electron transfer steps (kPET/kBET) exceeds 10
4
 in the 

BPEA-PT systems. Quantum yields of charge separation (ΦCS) were also 

determined and we obtained values of 0.36 and 0.42 for BPEA-PT and BPEA-

PT2, respectively. ΦCS were nearly 50% of Φet values indicating that more than 

50% of the radical ions formed in the PET reaction underwent fast BET reaction to 

regenerate the ground state and the remaining fraction survived to give the long-

lived CS state. Kinetic traces in Figure 2.9 suggest that a fraction of the transients 

survived even after 200 µs. We assign this residual absorption to a small fraction 

(~15%) of extremely long-lived CS state (vide infra). 
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Figure 2.9. Transient absorption spectra of (A) BPEA-PT and (B) BPET-PT2 systems immediately 

after the laser pulse. The insets show decay profiles 

PET processes in a large number of dyads were studied in the past and 

typical lifetimes in fluid solution for CS states were found to be of the order of a 

few hundred picoseconds to few nanoseconds.
9(e),9(f)

 In dyad systems the ratio 
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kPET/kBET rarely exceed 10,000 fold.
9(e)

 A few dyads with kPET/kBET >> 10
5
 were 

reported recently and in all these cases the inverted region effects were proposed as 

the reason for the large kPET/kBET values.
7,8

 
 
In a series of papers Harriman, 

Verhoeven and co-workers have re-examined the claims and reported serious flaws 

in some of the interpretations.
9
 These authors proposed that a dyad with kPET/kBET > 

5000 can be called “unusually long-lived”, but suggested several criteria that must 

be fulfilled before claiming the status.
9(d)

 In the BPEA-PT systems we report here 

kPET/kBET >> 5000, and hence the CS states in these systems qualify to be named 

unusually long-lived. In the light of all the controversy currently existing in the 

literature, it appears essential for us to reconfirm the assignments of the long-lived 

transient absorptions. In the following section an attempt is made in that direction. 

 The BPEA-PT systems studied here follow most of the criteria put forward 

by Harriman and Verhoeven. PT
••••+ 

and BPEA
••••-

 were known previously in the 

literature and the absorption maxima obtained in the nanosecond flash photolysis 

studies are consistent with previous reports. In deaerated solution both the transient 

absorptions decayed at the same rate as would be expected for a BET reaction 

between PT
••••+ 

and BPEA
••••-

. In the presence of oxygen, decay behaviors of the 

transients were different and this is shown in Figure 2.10. It is well known that 

radical anions are quenched efficiently by oxygen whereas radical cations are 

relatively unaffected. Insets in Figure 2.10 show that in the presence of oxygen the 

absorption assigned to BPEA
••••-

 decayed rapidly and decay of the absorption 
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assigned to PT
••••+

 slowed down considerably. It is very clear that the two absorption 

maxima correspond to different chromophores. 
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Figure 2.10. Transient absorption spectra of BPEA-PT2 in the presence of oxygen at 10 µs after 

the laser pulse. Insets shows decay profiles of transients at 515 and 640 nm 

Since the radical ions are long-lived, they can be involved in exergonic 

electron transfer reactions with better donors or acceptors. For example tris(4-

methoxyphenyl)amine (TMPA, Eox = 0.57 V vs SCE in DCM) is a better electron 

donor than PT (Eox = 0.72 V vs SCE) and hence ET as shown in equation 2.7 is 

feasible with ∆G = -0.15 eV. 

 

 TMPA
••••+

 is well characterized in the literature with absorption maximum at 720 

nm.
22

 Figure 2.11 shows the time dependent transient absorption spectra of BPEA-
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PT2 in the presence of TMPA in deaerated DCM solution. The spectrum at short 

time scales show absorptions due to PT
••••+

---BPEA
••••-

. At longer time scales decay 

of the transient at 515 nm assigned to PT
••••+ 

along with concomitant formation of a 

transient at 720 nm assignable to TMPA
••••+

 is observed. Insets in Figure 2.11 show 

the decay profile of PT
••••+ 

at 515 nm and a matching growth profile of TMPA
••••+

 at 

720 nm. It is very clear from Figure 2.11 that electron transfer occurs from TMPA 

to PT
••••+ 

leading to the formation of TMPA
••••+

. 
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Figure 2.11. Transient absorption spectra of BPEA-PT2 in the presence of TMPA (2 × 10-4 M) in 

deaerated DCM solution, (a) 5, (b) 10, (c) 15, (d) 20, (e) 30, (f) 40 and (g) 50 µs after excitation 

 The BPEA
••••-

 side of the CS state can also participate in intermolecular ET 

reactions. N,N-di-n-octylpyromellitic diimide (PI, Ered = -0.86 V vs SCE in DCM) 

was selected for this purpose. Figure 2.12 shows the transient absorption spectra of 

BPEA-PT2 in the presence of PI at 5 µs after the laser flash. Absorption due to 
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PI
•-

 occurs at 720 nm
23

 and this is seen in Figure 2.12. Since the absorptions due to 

BPEA
••••-

 and PI
••••-

 occur in nearly the same region, decay and growth profiles were 

not as clear as in Figure 2.11. These results suggest secondary electron transfer 

taking place as shown in equation 2.8. 
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Figure 2.12. Transient absorption spectra of BPEA-PT2 in the presence of PI (2 × 10-4 M) in 

deaerated DCM solution, 5 µs after excitation 

Based on data presented in Figures 2.10-2.12, we reconfirm our assignments and 

claim the formation of long-lived CS states in the flash photolysis of BPEA-PT 

and BPEA-PT2. Previously we attributed the residual absorptions seen in Figure 

2.9 to a small fraction of extremely long-lived CS states. Kinetic traces shown in 

Figures 2.10 and 2.11 support this assignment. Note that in the presence of oxygen 

the transient absorption due to BPEA
••••-

 decays completely (inset of Figure 2.10). 
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Similarly the absorption due to PT
••••+

 at 515 nm decays completely in the presence 

of TMPA (inset of Figure 2.11). Complete decay of these transients would not 

have been possible if permanent products were formed in the photolysis. As 

mentioned previously the linkage between BPEA and PT is very flexible and 

several conformations are possible. In those conformations where the ET partners 

are close together, PET will be followed by rapid BET. We observed that ΦCS is 

only half of Φet, indicating that BET is very facile in 50% of the excitations. 

Likewise we can assume that there are conformations where BET would be 

extremely slow due to distance or orientational factors and in these cases 

extremely long-lived CS states can result. 

 We attribute the long lifetime of the CS state to inverted region effects. 

According to Marcus theory the rate constant for electron transfer in non-adiabatic 

donor-acceptor systems is given by equation 2.9.
6 

ket = (2π/ħ) Hel

2
 (4πλkBT)

-1/2
 exp[-(λ + ∆G

0
)

2
/4λkBT] (2.9) 

ħ is the Planck’s constant divided by 2π, Hel is the electronic coupling matrix 

element between the donor and acceptor, kB is the Boltzmann constant and T is the 

temperature. This equation predicts that in the deep inverted region where –∆G
0
 

>> λ, ket will be very low. For the BET reaction between BPEA
••••- 

and PT
••••+

 the ∆G
0
 

value is highly negative at -2.18 eV for BPEA-PT and -2.23 eV for BPEA-PT2. 

The reorganization energy λ is the sum of λo and λi. The outer sphere 

reorganization energy λo depends on the radii of the donor (rD) and acceptor (rA), 
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the center-to-center distance dcc and the optical (εop) and static (εs) dielectric 

constants of the solvent as given in equation 2.10. 

2

rA rD dcc
o

op s
 

 Since the donor and acceptor moieties are not spherical, an approximate radius = 

½(length × breadth)
1/2

 was assumed. Using these values we obtained λo = 0.88 eV 

in DCM.  BPEA is a very rigid organic molecule for which we can assume a low 

value of λi = 0.1 eV. In the case of PT, oxidation to PT
•+

 leads to substantial 

conformational changes that involve bending of the ring systems. λi values 

reported for PT � PT
•+

 oxidation is in the 0.2 – 0.27 eV range.
24

 Using 0.27 eV 

we get total λi  = 0.37 eV. Thus the total reorganization energy for the BET process 

would be 1.25 eV, which is approximately 1.0 eV lower than –∆G
0
, pushing the 

system into the deep inverted region.  

 The presence of inverted region kinetics in charge shift and charge 

recombination reactions was unequivocally established by several research 

groups.
25

 In almost all these cases, however, the slowest rate observed in the 

inverted region was ≥ 10
8
 s

-1
. A general observation is that when –∆GBET is very 

large other deactivation channels such as jumps to low lying local triplet levels 

may prevail over charge recombination to the ground state.
9(f)

 Nuclear tunneling 

also becomes very important and it is suggested that equation 2.9 may not 

adequately describe electron transfer in the deep inverted region.
26

 Hence it is 
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essential to get a detailed picture of the energy level diagram for the BPEA-PT 

systems. Energies of the lowest excited singlet and CS states of BPEA-PT were 

placed respectively, at 2.56 and 2.18 eV. The triplet energy of PT in non-polar 

solvents is 253 kJ M
-1

 (2.62 eV).
27 

For BPEA the triplet energy level (ET) is not 

known with certainty because the phosphorescence spectrum is not accessible by 

direct excitation. Using sensitization experiments Fang et al. placed the ET of 

BPEA between 1.38 – 1.82 eV.
21

 Albinsson and co-workers found that 
3
BPEA

*
 

can be generated through energy transfer from zinc porphyrin triplet and placed the 

3
BPEA

*
 in the range 1.36 – 1.74 eV.

15(e)
 In Figure 2.13 we have presented the 

energy level diagram for BPEA-PT where we placed 
3
BPEA

*
 at 1.74 eV. 

E
n

e
r
g

y
, 
e
V

 

Figure 2.13. Energy level diagram for BPEA-PT 
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3
BPEA

*
-PT is below the CS state and decay of the CS state to local triplet state 

appear very probable. Hence it can be argued that the short wavelength absorption 

seen in Figure 2.9 is actually 
3
BPEA

*
-PT and not PT

••••+
. Several arguments can be 

cited against this assignment. First of all we have presented the T-T absorption 

spectrum of 
3
BPEA

*
 in Figure 2.8, which does not show the peak at 640 nm 

present in Figure 2.9. Lifetimes of the transients in Figures 2.8 and 2.9 were also 

different. Formations of TMPA
••••+

 and PI
•-

 in the flash photolysis experiments in 

Figures 2.11 and 2.12 also do not support the triplet assignment. If TMPA
••••+

 and 

PI
•-

 were to form from 
3
BPEA

*
, the following reactions should occur. 

 

 

 ∆G
0
 values will be +0.24 and +0.08 eV for reactions 2.11 and 2.12, respectively, 

if ET = 1.74 eV is used for 
3
BPEA

*
. Note that 1.74 eV is the maximum limit for 

ET

15(e)
 and ∆G

0
 values will be more positive if lower ET values are used. If these 

reactions were occurring, additional peaks corresponding to BPEA
••••-

 would be 

present in Figures 2.11 and peaks corresponding to BPEA
••••+

 would be present in 

Figure 2.12. Such peaks were absent in the above figures. The most convincing 

evidence against the triplet assignment is the insensitivity of the 515 nm peak (in 

Figure 2.9) to the presence of oxygen. This peak would have disappeared in the 

presence of oxygen if it were a triplet. Based on these arguments we rule out the 
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triplet state assignment to the transients in Figure 2.9. Although we rule out decay 

of the CS state to 
3
BPEA

*
-PT the reason for its absence is not clear to us. The 

triplet state of BPEA could not be populated by direct excitation, which means that 

ISC from 
1
BPEA

*
-PT to 

3
BPEA

*
-PT is forbidden. Perhaps the same 

forbiddenness may be present in the CS state also.  

Verhoeven, Harriman and co-workers attributed the long lifetime of the CS 

state in the compact zinc chlorine-C60 dyad to triplet character of the CS state.
9(f)

 If 

the CS state has triplet character, inverted region effects need not be invoked and 

long lifetime of CS state can be attributed to spin restriction factors on charge 

recombination. Based on this it can be argued that the CS state observed here has 

triplet character. This argument, however, is not consistent with the energy level 

diagram shown in Figure 2.13. Verhoeven, Harriman and co-workers have 

discussed this aspect in detail and they emphasized that a triplet character can be 

assigned to a long-lived CS state if and only if this state is the lowest triplet state of 

the dyad as a whole.
9(f)

 If any local triplet state is available below the 
3
CS state, 

then a spin-allowed (and hence very fast) decay of the 
3
CS

 
state to the local triplet 

state would be observed. According to this paradigm one can put the 
3
CS

 
state in 

the BPEA-PT system only below 1.74 eV, which is the energy level for 
3
BPEA-

PT. The 
1
CS state in BPEA-PT is at 2.18 eV and if we place the 

3
CS state below 

1.74 eV, the singlet - triplet splitting in the CS state would be nearly 0.4 eV, which 

is a very unrealistic situation. The singlet – triplet splitting within radical ion pairs 
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is given by the magnitude of the spin-spin exchange interaction 2J, which actually 

is a very small value. Hence we rule out the involvement of 
3
CS state in BPEA-PT 

systems. 

 Based on the arguments presented above a scheme summarizing the 

dynamics and energetics for the BPEA-PT system is presented in Figure 2.14. 

Excitation of the BPEA chromophore leads to 
1
BPEA*-PT, where the excitation 

is localized on BPEA. The excited chromophore can undergo fluorescence decay 

to the ground state or accept an electron from PT to generate the 
1
CS state,  

-•
BPEA-PT

•+
. 

1
BPEA*-PT and BPEA-

3
PT* are nearly isoenergetic, but 

transitions between the two states are forbidden due to spin restrictions. 

Intersystem crossing is very inefficient in BPEA systems and hence the 
3
BPEA-

PT state is not populated at all. In principle, 
-•

BPEA-PT
••••+

 formed can decay to the 

local triplet 
3
BPEA-PT, but this transition does not take place. The only 

deactivation pathway available to 
-•

BPEA-PT
••••+

 is BET to the ground state and 

because of the inverted region effect, this process is very slow. We propose that 

the inefficiency of the 
1
CS state to undergo intersystem crossing to 

3
CS or to local 

triplet states most probably is the reason for observing the long-lived CS state in 

these systems.   
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Figure 2.14. Schematic representation of various photophysical processes in BPEA-PT 

2.4. Conclusions 

Here we have investigated the PET processes in two BPEA-PT dyads using 

steady state and time resolved absorption and emission techniques. Absorption 

spectra of the dyads indicated the absence of any ground state interactions between 

BPEA and PT moieties. Fluorescence of the BPEA moiety is highly quenched in 

the dyads due to facile electron transfer from the PT unit. The rate constants and 

quantum yields of the PET process were determined. Femtosecond and 

nanosecond transient absorption studies suggested formation of long-lived CS 

states in these dyads. Assignment of the transient spectra to the CS state was 

confirmed by additional experiments. Based on available data energy level 
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diagram of the dyad was constructed and the long-lifetime of the CS state was 

attributed to the inverted region effects. 

2.5. Experimental section 

2.5.1. General 

 Melting points were determined on a Mel-Temp II melting point 

apparatus and are uncorrected. Elemental analysis experiments were performed on 

a Perkin Elmer Series II CHN analyzer. Proton NMR data were obtained from a 

300 MHz Bruker Avance DPX spectrometer.
13

C NMR spectra were recorded using 

a 500 MHz Bruker Avance DPX spectrometer. FT-IR spectra were recorded on a 

Shimadzu IR Prestige 21 spectrometer. High-resolution mass spectra were 

obtained by using a JOEL JMS600 mass spectrometer. Absorption spectra were 

obtained using a Shimadzu 3101PC UV/Vis-NIR scanning spectrophotometer. 

Steady state fluorescence experiments were performed with a SPEX Fluorolog 

F112X spectrofluorimeter by using optically dilute solutions. The fluorescence 

quantum yields in dichloromethane were determined with relative method 

employing an optically matched solution of BPEA in chloroform as reference (ΦR 

= 0.64).
28

 The following equation was used, 
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where, the subscript R refers to the reference, OD is the optical density at the 

excitation wavelength (OD ≈ 0.1 at 440 nm for both reference and standard), n is 

the refractive index of the solvent and A is the area under the fluorescence 

spectrum. Electrochemical experiments were performed by using a BAS 50W 

voltammetric analyser. Solutions of the compounds (1 × 10
-3 

M) in 

dichloromethane containing 0.1 M tetra-n-butylammonium hexafluorophosphate 

were thoroughly deaerated and used for CV experiments. Time-resolved 

fluorescence experiments were performed by using an IBH picosecond single-

photon counting system employing a 440 nm Nano-LED excitation source and a 

Hamamatsu C4878-02 micro channel plate (MCP) detector. Nanosecond laser 

flash photolysis experiments were performed by using an Applied Photophysics 

Model LKS-20 laser kinetic spectrometer by using the third harmonic (355 nm) 

from a GCR-12 series Quanta Ray Nd:YAG laser or by using a Sirah pulsed Dye 

Laser CBR-P. The compounds were excited at 426 nm using the emission from 

Exalite 428 dye. The third harmonic (355 nm) from an INDI-40-10-HG Quanta 

Ray Nd: YAG laser was used to pump the dye laser. The analysing and laser 

beams were fixed at right angles to each other. Quantum yields of the CS (ΦCS) 

states were determined by relative actinometry employing a solution of 

benzophenone (BP) in benzene as reference. The following equation was used,
29

 

M R

R M

M R
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in which the subscript M refers to the charge separated state and R refers to BP, 

∆OD is the end-of-pulse optical density of transients and ε the extinction 

coefficients of transients. For BP, values of ΦR = 1.0 and εR = 7600 M
-1

cm
-1

 at 530 

nm were used.
30

 For the calculation of ΦCS, known extinction coefficients of the 

phenothiazine radical cation (εPTZ•+ = 9200 M
-1

 cm
-1

 at 520 nm)
16(a)

 was used. 

Solutions for laser flash photolysis studies were deaerated by purging with argon 

for 20 min before experiments. Femtosecond transient absorption studies were 

carried out with 400 nm laser pulses using a femtosecond pump probe transient 

absorption spectrometer (1 kHz repetition rate at 800 nm, 70 fs, 300 µJ/pulse). The 

overall time resolution of the absorption spectrometer is about 120 fs. The 

temporal profiles recorded using different probe wavelengths were fitted with up to 

four exponentially decaying or growing components by iterative deconvolution 

method using a sech
2
 type instrument response function with fwhm of 120 fs and 

were also used for constructing the time-resolved differential absorption spectra. 

Detailed description of the experimental setup is given elsewhere.
31

 Unless stated 

otherwise, all experiments were performed at 25 °C.  

2.5.2. Synthesis and characterization 

Synthesis of 2: 4-iodoanisole (5g, 21.36 mmol), dichlorobis(triphenylphosphine) 

palladium(II) (600 mg, 0.85 mmol) and copper(I) iodide (160 mg, 0.85 mmol) 

were dissolved in dry THF (50 mL). Dry diisopropylamine (10 mL) and 
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trimethylsilylacetylene (3.15 g, 32.1 mmol) were added under argon and the 

mixture stirred for 24 h. Solvent was removed and residue was purified by column 

chromatography on alumina using chloroform/hexane (1:9) to get 2. (3.97 g, 91%). 

Mass (GC-MS): calcd. for C12H16OSi: 204; found: 204. 
1
H NMR (CDCl3, 300 

MHz) δ: 0.27 (s, 9H), 3.58 (s, 3H), 6.62 (d, 2H), 7.19 (d, 2H). 

Synthesis of 3: 2 (2 g, 9.8 mmol) was dissolved in THF (20 mL). The solution was 

cooled to 0 °C and TBAF (1M in THF, 12 mL) added. The mixture was then 

stirred for 2 h at RT, poured into ice-cold water and extracted with 

dichloromethane. The solvent was removed and residue was purified over alumina 

column using chloroform: hexane (1:9) to obtain 3. (1.1 g, 86%). Mass (GC-MS): 

calcd. for C9H8O: 132; found: 132. 
1
H NMR (CDCl3, 300 MHz) δ: 2.99 (s, 1H), 

3.76 (s, 3H), 6.83 (d, 2 H), 7.43 (d, 2H). 

Synthesis of BPEA: To an argon degassed RB flask, 9,10-dibromoanthracene 

(500 mg, 1.49 mmol), dichlorobis(triphenylphosphine)palladium(II) (63 mg, 0.09 

mmol), copper(I) iodide (17 mg, 0.09 mmol), dry toluene (35 mL) and dry 

diisopropylamine (10 mL) were added. 3 (413 mg, 3.12 mmol) in dry toluene (10 

mL) was added and the reaction mixture stirred for 24 h at 70 °C under argon. 

Solvent was removed and the residue obtained was purified by column 

chromatography over silica gel using chloroform: hexane (3:7) to obtain BPEA, 

(400 mg, 62%). mp 244-245 °C. IR (KBr) νmax:  532, 555, 636, 764, 833, 1030, 

1105, 1178, 1250, 1290, 1462, 1510, 1603, 2193, 2968, 3017, 3055 cm
-1

. 
1
H NMR 
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(CDCl3, 300 MHz) δ: 3.89 (s, 6H), 6.99 (d, 4H), 7.63 (q, 4H), 7.73 (d, 4H), 8.69 

(q, 4H). 
13

C NMR (CDCl3, 125 MHz) δ: 55.40, 85.37, 102.42, 114.22, 115.61, 

118.44, 126.61, 127.30, 131.97, 133.17, 159.97. FAB-MS (M
+
) calcd. for 

C32H22O2: 438.52; found: 438.55. Anal. calcd. for C32H22O2: C, 87.65; H, 5.06; 

found: C, 87.39; H, 4.93. 

Synthesis of 6: 4-iodophenol (1.65 g, 7.5 mmol) was dissolved in dry acetone (20 

mL). Potassium carbonate (2.15 g, 15.6 mmol) and 5 (2 g, 6.25 mmol) in dry 

acetone (20 mL) were added and the mixture refluxed under argon for 24 h. It was 

poured into water and extracted with dichloromethane. The extract was washed 

with 20% sodium hydroxide solution and then with water. The organic layer was 

dried and evaporated at reduced pressure to get 6, (2.86 g, 97%). mp 68-69 °C. 

Mass (GC-MS): calcd. for C21H18INOS: 459; found: 459. 
1
H NMR (CDCl3, 300 

MHz) δ: 2.23 (m, 2H), 4.07 (m, 4H), 6.61 (d, 2H), 6.91 (t, 4H), 7.13 (m, 4H), 7.49 

(d, 2H). 

Synthesis of 7: 6 (2g, 4.36 mmol), dichlorobis(triphenylphosphine)palladium(II) 

(123 mg, 0.17 mmol) and copper(I) iodide (83 mg, 0.44 mmol) were dissolved in 

dry THF (50 mL). Dry diisopropylamine (10 mL) and trimethylsilylacetylene (555 

mg, 5.66 mmol) were added under argon and the mixture stirred for 24 h. Solvent 

was removed and residue was purified by column chromatography on alumina 

using ethyl acetate/hexane (5:95) to get 7. (1.8 g, 95%). mp 71-72 °C. Mass (GC-

MS): calcd. for C26H27NOSSi: 429; found: 429. 
1
H NMR (CDCl3, 300 MHz) δ: 
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0.233 (s, 9H), 2.24 (m, 2H), 4.07 (m, 4H), 6.73 (d, 2H), 6.91 (t, 4 H), 7.15 (m, 4H), 

7.33 (d, 2H). 

Synthesis of 8: 7 (1.8 g, 4.19 mmol) was dissolved in THF (20 mL). The solution 

was cooled to 0 °C and TBAF (1M in THF, 4.2 mL) added. The mixture was then 

stirred for 2 h at RT, poured into ice-cold water and extracted with 

dichloromethane. The solvent was removed and residue was purified over alumina 

column using ethyl acetate: hexane (5:95) to obtain 8. (1.2 g, 81%), mp 100-101 

°C. Mass (GC-MS): calcd. for C23H19NOS: 357; found: 357. 
1
H NMR (CDCl3, 300 

MHz) δ: 2.23 (m, 2H), 2.94 (s, 1H), 4.05 (m, 4H), 6.73 (d, 2H), 6.89 (t, 4H), 7.12 

(m, 4 H), 7.32 (d, 2H). 

Synthesis of BPEA-PT2 and 9: To an argon degassed RB flask, 9, 10-

dibromoanthracene (493mg, 1.47 mmol), dichlorobis(triphenylphosphine) 

palladium(II) (52 mg, 0.073mmol), copper(I) iodide (28 mg, 0.028 mmol), dry 

toluene (40 mL) and dry diisopropylamine (20 mL) were added. A solution of 

Compound 8 (1.1 g, 3.1mmol) in dry toluene (15 mL) was added and the mixture 

was refluxed for 24 h at 70 °C under argon. The solvent was removed and residue 

was purified by column chromatography over silica using chloroform: hexane 

(1:1) to obtain 9 as yellow solid, (260 mg, 29%). FAB-MS (M
+
) calcd. for 

C37H26BrNOS: 611.09; found: 611.82. 
1
H NMR (CDCl3, 300 MHz) δ: 2.23 (q, 

2H), 4.07 (q, 4H), 6.85 (m, 6H), 7.10 (d, 4H), 7.54 (m, 6H), 8.47 (m, 2H), 8.60 (m, 

2H). 
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Further elution with chloroform: hexane (1:1) gave BPEA-PT2, (630 mg, 49%). 

mp 217-218 °C,  IR (KBr) νmax:  752, 829, 1051, 1173, 1246, 1283, 1458, 1506, 

1597, 2191, 2843, 2924, 3055 cm
-1

. 
1
H NMR (CDCl3, 300 MHz) δ: 2.28 (m, 4 H), 

4.14 (m, 8 H), 6.75 (d, 2 H), 6.9 (m, 10 H), 7.15 (m, 8 H), 7.38 (d, 2 H), 7. 63 (q, 6 

H), 8.67 (q, 2 H). 
13

C NMR (CDCl3, 125 MHz) δ: 26.78, 43.81, 65.47, 85.41, 

102.49, 114.87, 115.64, 118.47, 122.67, 125.62, 126.61, 127.29, 127.60, 132.00, 

133.12, 145.16, 159.26. FAB-MS (M
+
) calcd. for C60H44N2O2S2 = 889.13; found: 

889.07. Anal. calcd. for C60H44N2O2S2: C, 81.05; H, 4.99; N, 3.15; found: C, 

80.76; H, 4.96; N, 3.41. 

Synthesis of BPEA-PT: To an argon degassed RB flask, 9 (200 mg, 0.327 mmol), 

dichlorobis(triphenylphosphine)palladium(II) (20 mg, 0.013 mmol), copper(I) 

iodide (10 mg, 0.049 mmol), dry toluene (40 mL) and dry diisopropylamine (15 

mL) were added. 4-methoxyphenylacetylene (40 mg, 0.39 mmol) in dry toluene 

(10 mL) was added and the reaction mixture stirred for 24 h at 70 °C under argon. 

Solvent was removed and the residue obtained was purified by column 

chromatography over silica gel using chloroform: hexane (3:7) to obtain BPEA-

PT, (120 mg, 59%). mp 188-189 °C,. IR (KBr) νmax: 752, 833, 1032, 1173, 1246, 

1458, 1510, 1601, 2191, 2839, 2938, 3055 cm
-1

. 
1
H NMR (CDCl3, 300 MHz) δ = 

2.31 (t, 2H), 3.88 (s, 3H), 4.14 (m, 4H), 6.92 (m, 8H), 7.18 (m, 4H), 7.62 (m, 6H), 

7.71 (d, 2H), 8.69 (m, 4H). 
13

C NMR (CDCl3, 125 MHz) δ: 26.72, 43.76, 55.40, 

65.43, 85.39, 102.48, 114.23, 114.83, 115.62, 118.45, 122.65, 125.58, 126.61, 
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127.29, 127.59, 131.97, 133.17, 145.14, 159.22, 159.99. FAB-MS (M
+
) calcd. for 

C46H33NO2S: 663.82; found: 663.46. Anal. calcd. for C46H33NO2S: C, 83.23; H, 

5.01; N, 2.11; found: C, 82.81; H, 5.18; N, 2.41. 
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Chapter 3 

 

 Long-lived Photoinduced Charge Separation in 

9,10-Bis(phenylethynyl)anthracene Based Triads  

 

3.1. Abstract 

We have investigated the PET processes taking place in two molecular 

triads both of which had BPEA as sensitizer and light absorber and PT as donor. 

A nitrotoluene (NT) moiety was the acceptor in one of the triads and a 

pyromellitimide (PI) unit was the acceptor in the other. Fluorescence of the BPEA 

core was efficiently quenched and this was attributed to the electron transfer 

processes taking place in these triads. Two possible electron transfer pathways 

could be identified in these systems. Picosecond transient absorption studies 

suggested formation of a charge separated state directly from the singlet excited 

state of BPEA in both triads. Analysis of the picosecond transient absorption 

spectra suggested the involvement of the acceptor moiety (NT or PI) in the 

primary electron transfer step. Nanosecond flash photolysis experiments gave 

long-lived transient absorptions assignable to PT
••••+

 and NT
••••-

 or PI
••••-

. Assignments 

of radical ions were confirmed by oxygen quenching experiments. Analysis of the 

∆G
0
 and λ values suggested that the inverted region effect has no role in 
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stabilizing the final CS state. The relatively long lifetime of the final CS state is 

attributed to the long distance separating the donor and acceptor components in 

the CS state. 

3.2. Introduction 

In Chapter 1 of this thesis we described the use of triads, tetrads and other 

higher assemblies that are designed with the aim of attaining long-lived 

photoinduced charge separation. These higher order systems undergo sequential 

electron transfer resulting in an increase in the charge separation distance. As the 

distance between the ions increases, electron return becomes increasingly difficult, 

resulting ultimately in long-lived charge separation. It is generally observed that 

for photoinduced charge separation and thermal charge recombination reactions, 

the rate constants display exponential distance dependence
1
 

 ket = A exp(-β × distance)    (3.1) 

This equation is found to be valid irrespective of whether the distance is expressed 

as the number of bonds separating the donor and acceptor moieties or as the 

centre-to-centre distance, dcc. β is called a damping factor and its value primarily 

depends on the electronic structure and conducting nature of the bridging unit. 

Bridging units which allows facile transfer of electron from donor to acceptor 

moiety have low (≤ 0.5 Å
-1

) β values.
2
 β values for normal organic bridges lie in 

the range 1.2 – 1.4 Å
-1

. 
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Let us consider PET reactions in the dyad D-A1 and triad D-A1-A2, leading 

to formation of the CS states 
•+

D-A1

•-
 and 

•+
D-A1-A2

•-
, respectively. The centre-to-

centre distance (dcc) in the triad is larger and hence BET would be slower in the 

triad. ∆G
0

BET and λ are different in these systems and hence calculation of BET 

rates using equation 3.1 is not straight forward. Depending on the values of ∆G
0

BET 

and λ, BET rates in triad systems can be higher than that in the dyad (ie., CS state 

lifetime in triads can be lower compared to that in dyads). Such situations normally 

arise if the CS state in the dyad is stabilized by the inverted region effects.
3 

This 

situation is illustrated in Scheme 3.1.  

*D-A1

D-A1

+•D-A1
- •

∆G0
BET(D)

CS state

dcc (D)

*D-A1-A2

D-A1

+•D-A1
- •-A2

∆G0
BET(T)

CS statehν hν

dcc (T)

+•D-A1-A2
- •

∆G0
2

 

Scheme 3.1  
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Scheme 3.1 shows the photo processes taking place in the dyad and triad 

systems. In the dyad ∆G
0

BET is very large (indicated as ∆G
0

BET(D) in Scheme 

3.1). Since the second electron transfer is exergonic by an amount ∆G
0

2, ∆G
0

BET 

in the triad (indicated as ∆G
0

BET(T) in Scheme 3.1) is smaller by this amount. If we 

assume that D, A1 and A2 are rigid moieties then the inner shell reorganization 

energy component will be very small and the dominant factor contributing to the 

total reorganization would be the outer shell reorganization energy λo. The 

following equation is generally used to calculate λo (see chapter 2 for details).
4
 

 

It can be seen from equation 3.2 that the centre-to-centre distance dcc is a dominant 

factor in deciding the value of λo. If dcc is large, λo is large and vice-versa.
5
 

Scheme 3.1 shows that dcc in the triad is much larger than that in the dyad 

indicating that λo is much larger in the triad compared to that in the dyad.  Thus, 

upon going from the dyad to triad, ∆G
0

BET decreases and λo increases. 

The condition for the inverted region effect to operate is –∆G
0

BET >> λ.
6
 

This condition is true in the dyad shown in Scheme 3.1. To maintain this condition 

in the triad, ∆G
0

BET be made larger and λ  smaller. Upon going from the dyad to 

triad the opposite effect takes place, ie., ∆G
0

BET decreases and λ increases. Thus, 

from a condition of –∆G
0

BET >> λ operating in the dyad, a situation of –∆G
0

BET ≈ λ 

is attained in the triad. –∆G
0

BET ≈ λ actually corresponds to the top of the Marcus 
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parabola where the rate is maximum. Thus, if we consider the ∆G
0
 and λ factors, 

CS state lifetime would be smaller in a triad compared to that in the dyad. The 

opposite is expected if the distance dependence of BET is the deciding factor.   

There is only one report in the literature that addresses the above aspect. 

Fukuzumi and co-workers have compared the CS state lifetimes in a formanilide-

anthraquinone (FA-AQ) dyad to that in a ferrocene-formanilide-anthraquinone 

(Fc-FA-AQ) triad.
7
 (Figure 3.1).  FA-AQ gave an extremely long-lived CS state 

(attributed to inverted region effects), which could be observed even at 900 µs after 

laser excitation, whereas the CS state of Fc-FA-AQ was very short-lived (lifetime 

20 ps). Fukuzumi et al. proposed that the reduction in CS state lifetime in the triad 

compared to that in the dyad can be taken as yet another evidence for the inverted 

region effect operating in the dyad. It is to be mentioned here that long-lived CS 

state in FA-AQ is a controversial subject and the details were presented in Chapter 

1 of this thesis.
8
 

 

Figure 3.1  
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In Chapter 2 of this thesis we have studied the PET processes taking place 

in two bis(phenylethynyl)anthracene-phenothiazine (BPEA-PT) dyads. We 

observed a long-lived CS state in BPEA-PT, which was attributed to the inverted 

region effects. We were interested in knowing as to what would happen to the CS 

state lifetime if this dyad is converted to a triad by appending a suitable acceptor to 

it. Will the ∆G
0
 and λ factors dominate leading to a reduction in the lifetime or will 

the distance factor dominate leading to long lifetime for the CS state.  In order to 

answer this question we have designed and studied two triad systems, wherein the 

BPEA-PT dyad is appended to secondary acceptor units. In the triad designated as 

NT-BPEA-PT, a nitrotoluene acceptor unit is attached to the dyad system. In the 

second triad, PI-BPEA-PT, a pyromellitic diimide unit acts as the secondary 

acceptor. Structures of these molecules along with model systems are shown in 

Figure 3.2. 
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Figure 3.2. Structures of model compound BPEA and triads used in this study 
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3.3. Results and discussion 

3.3.1. Synthesis and characterisation of BPEA, NT-BPEA-PT and PI-

BPEA-PT 

BPEA and BPEA-PT were synthesized as described in chapter 2. 

Compound 4 required for the synthesis of NT-BPEA-PT was prepared as shown 

in Scheme 3.2. 4 was prepared starting from 1, which on reaction with 4-

iodoanisole gave 2. 2 on reaction with trimethylsilylacetylene under Sonogashira 

coupling condition gave 3, which was converted to 4, by deprotection with 

tertrabutylammoniun fluoride in THF.  

 

Scheme 3.2. Scheme for the synthesis of 4 

Compound 6, which was the precursor for NT-BPEA-PT, was synthesized as 

shown in Scheme 3.3. 4 on Sonogashira coupling reaction with one equivalent of 

9,10-dibromoanthracene (5) gave 6 in 35% yield. 
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Scheme 3.3. Scheme for the synthesis of 6 

Reaction of 6 with one equivalent of 7 (see Chapter 2 for synthesis of 7) under 

palladium catalysed reaction condition gave NT-BPEA-PT in 50% yield (Scheme 

3.4). 

 

Scheme 3.4. Scheme for the synthesis of NT-BPEA-PT 
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The precursor compound 10 of PI-BPEA-PT was synthesized as per Scheme 3.5. 

4-nitroaniline was diazotised and then iodinated with potassium iodide to form 4-

iodonitrobenzene(8).
9
 8 was reacted with trimethylsilylacetylene under palladium 

catalyzed reaction conditions to obtain 9, which was deprotected with potassium 

carbonate to get 10.
10

 

 

Scheme 3.5. Scheme for the synthesis of 10 

Another precursor 13, required for the synthesis of PI-BPEA-PT was prepared as 

per Scheme 3.6. Sonogashira coupling reaction of 10 with 9,10-dibromoanthracene 

gave the compound 11 in 36% yield. 11 again on Sonogashira coupling reaction 

with 7 yielded 12. 13 was prepared in 80% yield from 12 by reaction with stannous 

chloride in tetrahydrofuran in the presence of hydrochloric acid. 



Chapter 3: Long-lived charge separation in triads                                                                109 

 

 

 

Scheme 3.6. Scheme for the synthesis of 13 

Finally PI-BPEA-PT was synthesized as shown in scheme 3.7. The precursor 14 

was synthesized by the monoalkylation of pyromelliticdianhydride by slight 

modification of a reported procedure.
11

 13 on condensation reaction with 14 in 

DMF at 140 
0
C gave the triad compound PI-BPEA-PT in 50% yield. 
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Scheme 3.7. Scheme for the synthesis of PI-BPEA-PT 

Details of the synthetic procedures are given in the experimental section. 

The various intermediates and final products were characterized by analytical and 

spectroscopic techniques.  

3.3.2. Photophysical and electrochemical studies 

3.3.2.1. Photophysical and electrochemical studies of BPEA, BPEA-PT 

and NT-BPEA-PT 

Although the absorption and emission spectra of BPEA and BPEA-PT 

were already presented in the previous chapter, these data are reproduced here for 



Chapter 3: Long-lived charge separation in triads                                                                111 

 

 

comparison purposes. Absorption spectra of BPEA, BPEA-PT and NT-BPEA-PT 

are compared in Figure 3.3.  The long wavelength absorption in BPEA occurs in 

the 400-500 nm region in DCM and attachment of PT and/or NT moieties did not 

result in any changes in its absorption above 400 nm. Absorption spectrum due to 

BPEA-PT can be obtained by adding the contributions due to BPEA and PT. In a 

similar manner, absorption spectrum of NT-BPEA-PT could be obtained by 

adding contributions due to NT, BPEA and PT, indicating that the constituents of 

the triad did not interact in the ground state. In these molecules the absorptions due 

to PT and NT occur at wavelengths below 350 nm. Therefore it can be safely 

assumed from Figure 3.3 that excitation above 350 nm populates only the BPEA 

excited states in these compounds. 
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Figure 3.3. Absorption spectra of BPEA, BPEA-PT and NT-BPEA-PT in DCM 
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Fluorescence spectra of BPEA-PT and NT-BPEA-PT along with the 

model compound BPEA are compared in Figure 3.4. It was shown in Chapter 2 

that substitution of PT lead to substantial quenching of the BPEA fluorescence. It 

is evident from Figure 3.4 that the fluorescence intensity in the triad is lower 

compared to that in BPEA and BPEA-PT. Fluorescence quantum yields were 

determined for these systems and the values obtained were 0.66, 0.15 and 0.05, 

respectively, for BPEA, BPEA-PT and NT-BPEA-PT. 
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Figure 3.4. Fluorescence spectra of (a) BPEA, (b) NT-BPEA-PT and (c) PI-BPEA-PT in DCM. 

Excitation was at 440 nm 

Fluorescence lifetimes of BPEA, BPEA-PT and NT-BPEA-PT were 

determined using single photon counting technique. The samples were excited 

using a 440 nm nanoLED excitation source. Decay profiles obtained are shown in 

Figure 3.5. For BPEA-PT, the decay was bi-exponential with τ1 = 0.64 ns (97%) 
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and τ2 = 3.17 ns (3%). Decay of NT-BPEA-PT fluorescence was bi-exponential 

with components τ1 = 0.25 ns (97.6%) and τ2 = 3.11 ns (2.4%). The short-lived 

component arises due to electron transfer involving the BPEA chromophore. The 

long-lived component may arise from a small fraction of conformers in which PET 

does not occur. From Figures 3.4 and 3.5 it is clear that attachment of NT leads to 

further quenching of the fluorescence of BPEA-PT.  
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Figure 3.5. Fluorescence decay profiles of (a) BPEA (b) BPEA-PT and (c) NT-BPEA-PT in DCM. 

(d) Instrument profile. Excitation was at 440 nm 

It is obvious from Figures 3.4 and 3.5 that PT and NT are efficient 

quenchers of BPEA fluorescence. Since the absorptions due to PT and NT occur 

at higher energy compared to BPEA, quenching of BPEA fluorescence by energy 

transfer to these units is not possible and we can safely assume an electron transfer 

mechanism for the fluorescence quenching in NT-BPEA-PT. The fast decay 
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components τ1 in BPEA-PT and NT-BPEA-PT arises due to facile electron 

transfer between PT and/or NT and BPEA. 

Redox potentials of the compounds (vs SCE) were measured in DCM using 

square wave voltammetry. Square wave voltammograms of BPEA and BPEA-PT 

were given in chapter 2 (Figure 2.5). BPEA exhibited oxidation peak at 0.96 V and 

reduction peak at -1.46 V. BPEA-PT exhibited an additional peak at 0.72 V 

corresponding to PT/PT
••••+

 oxidation. In the case of NT-BPEA-PT, redox 

potentials of BPEA remained unaltered. The peak due to PT/PT
••••+

 oxidation, 

however, appeared at 0.75 V and a new peak corresponding to NT/NT
••••- 

reduction 

appeared at -1.25 V (Figure 3.6).  
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Figure 3.6. Squre wave voltammogram of NT-BPEA-PT in DCM 

Thus, in NT-BPEA-PT, the lowest reduction is associated with the NT and the 

lowest oxidation is associated with PT. Hence in this triad, NT is the final electron 
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acceptor and PT is the donor. Since BPEA is the light absorber and it can function 

as donor and acceptor, two PET pathways can be conceived as shown in Scheme 

3.8, both of which ultimately result in the formation of 
••••-

NT-BPEA-PT
••••+

. In path 

A, the 
1
BPEA

*
 accepts an electron from PT (∆G

0
 = -0.36 eV) leading to the 

formation of NT-
••••-

BPEA-PT
••••+

. Since NT is a better acceptor than BPEA, a 

second electron transfer can occur (∆G
0
 = -0.21 eV) to give the final CS state. In 

path B, 
1
BPEA

*
 is first involved in an oxidative electron transfer (∆G

0
 = -0.36 eV) 

resulting in the formation of 
••••-

NT-BPEA
••••+

-PT. Since PT is a better electron 

acceptor compared to BPEA, electron transfer can occur from PT to BPEA
••••+

 (∆G
0
 

= -0.21 eV) resulting in the formation of the final CS state. Since the two ET 

pathways involve steps with identical ∆G
0
 values, it is difficult to predict which of 

the two pathways is actually followed in the PET reaction.     

NT-1BPEA*-PT

NT••••--BPEA••••+-PT

NT••••--BPEA- PT••••+

NT-BPEA••••--PT••••+
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Scheme 3.8. Photophysical processes in NT-BPEA-PT  
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As mentioned in Chapter 2, rate constant for the PET process (kPET) can be 

calculated either from the fluorescence quantum yields (equation 2.5) or from the 

fluorescence lifetimes (equation 2.6). kPET values were calculated using both 

equations. The values obtained for NT-BPEA-PT were 4.09 × 10
9
 s

-1
 and 3.67 × 

10
9
 s

-1
, respectively using these two equations (the fast decay component was used 

for this calculation). Values obtained using the two equations did not differ very 

much and we took the average value (= 3.88 × 10
9
 s

-1
) for calculating the quantum 

yield for PET (Φet = kPETτ1 = 0.97). Φet was very high which indicated that PET is 

very efficient in this system.  

It may be noted that for BPEA-PT and BPEA-PT2 described in Chapter 2 

of this thesis, PET rates obtained using fluorescence quenching experiments were 

1.12 × 10
9 

s
-1

, and 2.38 × 10
9
 s

-1
, respectively. Since the ∆G

0
 value for the first ET 

step in paths A and B are the same, one would expect the kPET rates in BPEA-PT2 

and NT-BPEA-PT to be nearly the same. The observed kPET rate in NT-BPEA-PT 

is nearly twice as that in BPEA-PT2. The difference arises most probably due to 

the smaller centre-to-centre distance between BPEA and NT moieties in the triad. 

The BPEA and NT moieties are separated by two bonds whereas the BPEA and 

PT moieties are separated by four bonds. Because of the shorter distance PET 

between the BPEA and NT moieties are expected to be faster than PET between 

BPEA and PT moieties, which explains the faster rate observed here. This 

suggests that path B is favored over path A.    
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3.3.2.2. Picosecond flash photolysis studies of NT-BPEA-PT 

Results of the ultrafast flash photolysis investigations of BPEA were 

discussed in chapter 2 of this thesis. A transient having absorption in the 530-800 

nm region with maximum at 570 nm was observed and this was assigned to the 

S1� Sn transition in BPEA (Figure 2.6). In Chapter 2 we also concluded that 

BPEA did not exhibit any tendency for ISC upon direct excitation.  

In order to get a better understanding of the photophysical processes taking 

place in NT-BPEA-PT, picosecond flash photolysis was carried out and the results 

are presented in Figure 3.7. At the earliest timescale of 40 ps, transient absorptions 

with maxima at 570 and 710 nm were observed. At longer time scales formation of 

a species absorbing in the 500-550 nm region is also observed. Figure 3.7B shows 

the kinetic profiles of transients at 515, 570 and 710 nm (since the number of data 

points were limited, no attempt was made to fit the data to kinetic equations). 

Kinetic profiles of the 570 and 710 nm absorptions are similar and hence they can 

be assigned to the same species. Based on the results from chapter 2, this was 

identified as the S1� Sn absorption in BPEA. Based on our previous results the 

transient growth in the 510-550 nm region could be attributed to PT
••••+

. Kinetic 

traces show that there is no match between the decay of the BPEA S1� Sn 

absorption and formation of the PT
••••+

 absorption. In fact, PT
••••+

 growth begins to 

appear after complete decay of the S1�Sn absorption, indicating that PT
••••+

 is not 

formed directly from the 570 nm absorbing species. Most probably PT
••••+

 arises 
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from the second electron transfer, suggesting that electron transfers in the triad 

NT-BPEA-PT proceed through path B shown in Scheme 3.8.  
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Figure 3.7. (A) Picosecond transient absorption spectra obtained in the flash photolysis of NT-

BPEA-PT and (B) kinetic traces at 515, 570 and 710 nm  

3.3.2.3. Nanosecond flash photolysis studies of NT-BPEA-PT 

In order to see if any long-lived transient species are formed in the 

irradiation of NT-BPEA-PT, the molecule was subjected to nanosecond flash 

photolysis in DCM solution using the 355 nm light from a Nd-YAG laser. The 

transient absorption spectrum obtained exhibited maxima at 495 and 515 nm 

(Figure 3.8). In deaerated DCM both absorptions decayed at the same rate (see 

insets of Figure 3.8) and exhibited a lifetime of 3 µs. We have shown previously 

that excitation of BPEA did not lead to any transients in the nanosecond time 

scale. Hence the spectrum shown in Figure 3.8 can arise only from possible 

electron transfer pathways shown in Scheme 3.8. The final product of electron 
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transfer will have the radical cation on PT and the radical anion on NT. Based on 

our previous results and literature reports,
12

 the absorption at 515 nm can be 

assigned to PT
•+

, and accordingly we assign the 495 nm absorption to NT
••••-

. It is to 

be mentioned here that radical anions of nitrotoluenes are known to absorb in the 

470-490 nm region.
13
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Figure 3.8. Transient absorption spectra of NT-BPEA-PT immediately after the laser pulse. The 

insets show decay profiles 

To further confirm the assignment of the transient absorptions, we have 

carried out the laser flash photolysis in the presence of oxygen. It is well known 

that radical anions are quenched and radical cations are unaffected by oxygen. The 

transient absorption spectrum obtained in the presence of oxygen along with the 

kinetic traces at 495 and 515 nm are shown in Figure 3.9. It may be noted that the 
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peak at 495 nm is absent in the spectrum, which confirms our assignment that this 

peak was due to the radical anion NT
••••-

. The kinetic traces at both wavelengths 

were similar and consisted of a very fast decay component attributable to 

quenching of the radical anion by oxygen and a very slow decay component due to 

the radical cation which is unaffected by oxygen. Because the absorption spectra 

due to the radical ions are very close and overlapping, the fast and slow 

components were seen in both kinetic traces.  
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Figure 3.9. Transient absorption spectra of NT-BPEA-PT under oxygen saturated condition 

immediately after the laser pulse. The insets show decay profiles 

The oxygen quenching experiments confirm the assignments of the transient 

absorptions. In the absence of oxygen the transients decay by back electron 

transfer (BET). From the measured lifetime, kBET was obtained as 3.3 × 10
5
 s

-1
. 
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Thus the lifetime of the CS state in the BPEA-PT dyad (Chapter 2) is nearly ten 

times larger than that in NT-BPEA-PT triad. 

The energy level diagram for the NT-BPEA-PT system is shown in 

Scheme 3.9. The triplet energy of PT in non-polar solvents is 2.62 eV 
14

 and that 

of NT is reported to be 2.73 eV.
15

 The higher value of 
3
BPEA

* 
is reported to be at 

1.74eV.
16

 All other energy states were determined from our experiments. 
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Scheme 3.9. Energy level diagram for NT-BPEA-PT 

 It can be seen from Scheme 3.9 that both the primary charge separated 

states and the final CS states lie above the local BPEA triplet level. However, the 

primary or final CS states do not show any tendency to decay to the low lying 

triplet level. This supports the conclusion we have drawn in Chapter 2 that the 
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forbidden nature of ISC in the BPEA chromophore exists in the CS states 

(involving BPEA) also. 

3.3.2.4. Photophysical and electrochemical studies of PI-BPEA-PT 

In Figure 3.10 we compare the absorption spectra due to BPEA, BPEA-PT 

and PI-BPEA-PT. It can be seen that appending PI to BPEA-PT leads to slight 

changes in the long-wavelength absorption due to BPEA chromophore. This could 

be due to two reasons. The BPEA chromophore in PI-BPEA-PT is slightly 

different in that it lacked the oxygen linker atom on the PI side. The second factor 

is the direct linkage between the BPEA and PI moieties, which could lead to 

charge transfer interactions between the two chromophores. It may be noted that 

the onset of absorption in PI-BPEA-PT is slightly shifted to the red which suggest 

a CT interaction between BPEA and PI. This interaction is, however, very small 

and is not expected to play a significant role in the photophysics of the triad.  
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Figure 3.10. Absorption spectra of (a) BPEA, (b) BPEA-PT and (c) NT-BPEA-PT in DCM 
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 The fluorescence from PI-BPEA-PT was extremely weak and could not be 

recorded under conditions comparable to those used for recording the spectra of 

BPEA and BPEA-PT. The fluorescence lifetime of PI-BPEA-PT also could not 

be obtained using single photon counting technique. Low fluorescence quantum 

yield and lifetime in PI-BPEA-PT is due to PET occurring in the triad. Under 

these circumstances we assume a low value of 0.001 for the fluorescence quantum 

yield of PI-BPEA-PT and using this value kPET was calculated employing equation 

2.5. In this way we obtained kPET ≈ 2 × 10
11

 s
-1

.  

 Redox potentials of PI-BPEA-PT (vs SCE) were measured in DCM using 

square wave voltammetry and the voltammogram is shown in Figure 3.11. The 

voltammogram exhibited oxidation peaks at 0.75 V (corresponding to PT ���� PT
••••+

) 

and 0.96 V (corresponding to BPEA � BPEA
••••+

). The reduction peak at -1.46 V is 

due to BPEA � BPEA
••••-

. The additional peaks seen at -0.89 V and -1.6 V are due 

to the first and second reductions, respectively, of PI. Thus in the triad PI-BPEA-

PT, the lowest oxidation is associated with PT and lowest reduction is associated 

with PI. It may also be noted that direct linking of PI to BPEA did not lead to any 

changes in the redox properties of BPEA, indicating that there is very little 

interaction between the BPEA and PI moieties in the ground state. 
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Figure 3.11. Squre wave voltammogram of PI-BPEA-PT in DCM 

Since BPEA is the light absorber and it can act as donor and acceptor, 

excitation of BPEA can lead to probable electron transfer pathways shown in 

Scheme 3.10.  Path A involves electron transfer from PT to 
1
BPEA

*
 as the first 

step (∆G
0
 = -0.36 eV) to give PI-

••••-
BPEA-PT

••••+
. This step is followed by a second 

electron transfer from BPEA
••••-

 to PI (∆G
0
 = -0.57 eV) leading to the final CS state. 

In path B the first electron transfer occurs between 
1
BPEA

*
 and PI (∆G

0
 = -0.72 

eV) to give 
••••-

PI-BPEA
••••+

-PT. This is followed by a second electron transfer from 

PT to BPEA
••••+

 (∆G
0
 = -0.21 eV), to give the final CS state. Since the free energy 

change in the first step of path B is much larger than that in path A, it is reasonable 

to assume that path B is more favored over path A. The very short distance 

between the BPEA and PI moieties is also expected to favors path B.   
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Scheme 3.10. Photophysical processes in PI-BPEA-PT  

3.3.2.5. Picosecond flash photolysis studies of PI-BPEA-PT 

Picosecond transient absorption studies were carried out on PI-BPEA-PT 

to obtain a detailed understanding of the photophysical processes occurring in the 

triad. Figure 3.12 shows the picosecond transient absorption spectrum of PI-

BPEA-PT immediately after and 2 ns following the laser flash. The most notable 

feature in the spectrum taken at the shortest possible time scale is the absence of 

the absorption at 570 nm due to the S1� Sn transition. This indicates that 
1
BPEA

*
 

is extremely short-lived in the triad due to the ultrafast electron transfer. The 

spectrum taken immediately after the laser flash exhibited absorption maxima at 

515 and 720 nm. These absorptions can be assigned to PT
••••+

 and PI
••••-

, respectively, 

based on literature reports and our own studies.
12,17
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Figure 3.12. Picosecond transient absorption spectra obtained in the flash photolysis of NT-BPEA-

PT (a) immediately and (b) 2 ns after the laser excitation 

3.3.2.6. Nanosecond flash photolysis studies of PI-BPEA-PT 

The transient spectrum obtained in the nanosecond laser flash photolysis of 

PI-BPEA-PT is shown in Figure 3.13. The spectrum exhibited maxima at 515 and 

720 nm, as in the case of the picosecond spectrum. Under deaerated conditions 

decays of both the absorptions were similar and exhibited a lifetime of 25 µs (see 

insets in Figure 3.13). According to Scheme 3.9, excitation of the BPEA 

chromophore in PI-BPEA-PT (PT-BPEA-PI) can initiate electron transfer from 

either PT to 
1
BPEA

*
 leading to formation of PT

••••+
- BPEA

••••-
-PI or from 

1
BPEA

* 
to 

PI leading to the formation of PT- BPEA
••••+

-PI
••••-

. Our observations suggest that 

both these states were too short-lived to observe with the picosecond or 

nanosecond laser flash photolysis techniques. The spectrum observed in the 
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picosecond and nanosecond time scales correspond to the final CS state, PT
••••+

- 

BPEA-PI
••••-

. As we have already stated in previous chapter there are many 

molecular systems reported in literature wherein PT was employed as the electron 

donor and the PT
••••+

 has a well characterized absorption maximum around 515 

nm.
12

 PI is a very popular electron acceptor and PI
••••-

 absorption is known to exhibit 

a sharp peak around 720 nm.
17

 Picosecond transient absorption studies indicated 

the very fast formation of transient absorptions at 515 and 720 nm and the same 

transients survived even in the microsecond time scale. These transients are very 

long-lived (τ = 25 µs) and decay by BET process, for which we obtained a rate 

constant (kBET = 1/τ) of 4 × 10
4
 s

-1
. The lifetime of the CS state in PI-BPEA-PT 

triad is comparable to that observed for the BPEA-PT dyad.  
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Figure 3.13. Transient absorption spectra of PI-BPEA-PT immediately after the laser pulse. The 

insets show decay profiles 
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In order to further confirm the assignment of the transient absorptions, we 

have carried out the nanosecond flash photolysis of PI-BPEA-PT in the presence 

of oxygen. The transient absorption spectrum along with the kinetic traces 

obtained at 515 and 720 nm are shown in Figure 3.14. It can be seen that the decay 

behaviors of the two transients are very different in the presence of oxygen. The 

decay of the 515 nm transient is not much affected and the 720 nm transient 

disappeared almost completely in the presence of oxygen. This result suggested 

that the absorptions at 515 nm is due to radical cation and that at 720 nm is due to 

radical anion. The spectrum taken in the presence of oxygen did not show any 

absorption in the 700 nm region.  
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Figure 3.14. Transient absorption spectra of PI-BPEA-PT under oxygen saturated condition 

immediately after the laser pulse. The insets show decay profiles 

 Based on our results and literature reports, the following energy level 

diagram is proposed for PI-BPEA-PT (Scheme 3.11). The triplet energy of PT in 
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non-polar solvents is 2.62 eV
14

 and that of PI is reported to be 2.45 eV.
17(f)

 

Albinsson and co-workers have reported the higher value of 
3
BPEA

* 
to be at 

1.74eV.
16

 All other energy states were determined from our experiments. 
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Scheme 3.11. Energy level diagram for PI-BPEA-PT 

The energy level diagram for PI-BPEA-PT is different from that of NT-BPEA-

PT in that the final CS state is lower in energy compared to the local BPEA triplet 

level. So once the final CS state is formed it cannot decay to any local triplet 

levels. The primary CS states, however, are higher in energy compared to the local 

BPEA triplet, but formation of the triplet is not observed in the flash photolysis 

experiments. We would like to point out that ISC from the primary CS states to the 
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local BPEA triplet level seems to be forbidden in this system as well and this is 

attributed to the forbidden nature of ISC in the parent BPEA chromophore. 

3.3.3. Inverted region effect vs distance dependent electron transfer in 

BPEA based triads.  

 We have examined the photoinduced electron transfer processes in two 

BPEA based triads, NT-BPEA-PT and PI-BPEA-PT, and observed that in both 

systems reasonably long-lived CS states are formed. Lifetimes of the final CS 

states in these triads were, however, lower than the BPEA-PT dyads studied in 

Chapter 2. In the beginning of this chapter we have discussed the opposing nature 

of the distance dependence of ET and inverted region effects and in this section we 

try to analyze these factors quantitatively.  

 The inverted region effects operate when –∆G
0
 >> λ. As stated previously λ 

= λi + λo, where λi stands for the inner shell reorganization energy and λo stands 

for the outer shell reorganization energy. Inner shell reorganization energy for 

BET from the final CS states will have contributions due to PT
••••+

 � PT reduction 

and NT
••••-

 � NT or PI
••••-

 � PI reduction. In Chapter 2 we stated that the inner shell 

reorganization energy associated with phenothiazine redox process is 0.2 –0.27 eV. 

NT and PI are rigid systems and we can assume a low value of 0.1 eV for the inner 

shell reorganization in these systems. Thus the total inner shell reorganization 

energy for BET in these triad systems is about 0.37 eV. 
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 Outer shell reorganization energy in these triads could be calculated using 

equation 3.2. For NT-BPEA-PT we used values of rA = 2.49 Å, rD = 3.34 Å and 

dcc = 29.13 Å (all values obtained from molecular models assuming linear 

configuration) and obtained λο = 1.73 eV. For the triad PI-BPEA-PT, we obtained 

λo = 1.4 eV (rA = 3.52 Å, rD = 3.34 Å and dcc = 28.53 Å). Thus the total 

reorganization energy in NT-BPEA-PT is 2.1 eV and that in PI-BPEA-PT is  

1.77 eV. –∆G
0
 values in the two systems were 2.0 eV and 1.64 eV, respectively. 

Thus for the BET reactions in these triads –∆G
0
 ≤ λ. In other words BET processes 

in these triads fall in the normal region near the top of the Marcus parabola where 

the rates are expected to be maximum. Hence it is certain that the inverted region 

effect is not responsible for the slow BET processes in NT-BPEA-PT and PI-

BPEA-PT triads. The observed long lifetime of the CS states in these molecules is 

thus attributed to the large distance between the donor and acceptor components in 

the final CS state. It is to be noted however, that inverted region effects may be 

operating in these triads in the first electron transfer stage. This would reduce BET 

at the primary ET stage and result in high yield of the final CS state.  

3.4. Conclusions 

In this chapter we have investigated the PET processes in two BPEA based 

triads, namely NT-BPEA-PT and PI-BPEA-PT. Fluorescence of the BPEA 

chromophore in both systems were highly quenched due to PET processes. Two 

possible electron transfer pathways could be identified in these systems and the 



Chapter 3: Long-lived charge separation in triads                                                                132 

 

 

picosecond transient absorption studies suggested PET between the BPEA and 

acceptor NT or PI units as the first step. Nanosecond laser flash photolysis 

experiments confirmed formation of long-lived CS states in both cases. Analysis of 

the ∆G
0
 and λ values suggested that the inverted region effect has no role in 

stabilizing the final CS state. Hence the long lifetime of the final CS state is 

attributed to the long distance separating the donor and acceptor components in the 

CS state.   

3.5. Experimental section 

3.5.1. General 

 Melting points were determined on a Mel-Temp II melting point 

apparatus and are uncorrected. Proton NMR data were obtained from either a 300 

MHz Bruker Avance DPX spectrometer or a 500 MHz Bruker Avance DPX 

spectrometer .
13

CNMR spectra were recorded using a 500 MHz Bruker Avance 

DPX spectrometer. FT-IR spectra were recorded on a Shimadzu IR Prestige 21 

spectrometer. High-resolution mass spectra were obtained by using a JOEL 

JMS600 mass spectrometer. Absorption spectra were obtained using a Shimadzu 

3101PC UV/Vis-NIR scanning spectrophotometer. Steady state fluorescence 

experiments were performed with a SPEX Fluorolog F112X spectrofluorimeter by 

using optically dilute solutions. The fluorescence quantum yields in 

dichloromethane were determined with relative method employing an optically 
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matched solution of BPEA in chloroform as reference (ΦR = 0.64).
18

 The 

following equation was used,  

 

where, the subscript R refers to the reference, OD is the optical density at the 

excitation wavelength (OD ≈ 0.1 at 440 nm for both reference and standard), n is 

the refractive index of the solvent and A is the area under the fluorescence 

spectrum. Electrochemical experiments were performed by using a BAS 50W 

voltammetric analyser. Solutions of the compounds (1 × 10
-3 

M) in 

dichloromethane containing 0.1 M tetra-n-butylammonium hexafluorophosphate 

were thoroughly deaerated and used for CV experiments. Time-resolved 

fluorescence experiments were performed by using an IBH picosecond single-

photon counting system employing a 440 nm Nano-LED excitation source and a 

Hamamatsu C4878-02 micro channel plate (MCP) detector. Nanosecond laser 

flash photolysis experiments were performed by using an Applied Photophysics 

Model LKS-60 laser kinetic spectrometer by using the third harmonic (355 nm) 

from an INDI-40-10-HG Quanta Ray Nd:YAG laser. The analysing and laser 

beams were fixed at right angles to each other. Solutions for laser flash photolysis 

studies were deaerated by purging with argon for 20 min before experiments. 

Picosecond transient absorption experiments were carried out using Mode-Locked 
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Nd:YAG laser system PY61C-10, (532 nm, 5 mj/pulse, FWHM 35 ps, 10 Hz 

repetition rate). The white light probe was generated by focusing fundamental laser 

output (1064 nm) on to a 10 mm quartz cuvette containing 10 ml water and 10 ml 

D2O mixture. The optical delay line provided a pump beam time window of 2.45 

ns and a step resolution of 3.33 ps. The scattered 532 nm laser beam was filtered 

using a band pass filter. The reflected probe light was focused on a 200 µm core 

fibre connected to an Ocean Optics SD2000 UV-Vis CCD spectrophotometer (400 

nm to 800 nm). Typically 100 excitation pulses were averaged to obtain the 

transient absorption at the set delay time. All the experiments were conducted at 

room temperature. 

3.5.2. Synthesis and characterization 

Synthesis of 2: 4-iodophenol (2.24 g, 10.18 mmol) was dissolved in dry acetone 

(20 mL). Potassium carbonate (2.42 g, 18.52 mmol) and 4-nitrobenzyl bromide (2 

g, 9.26 mmol) in dry acetone (20 mL) were added and the mixture refluxed under 

argon for 24 h. It was poured into water and extracted with dichloromethane. The 

extract was washed with 20% sodium hydroxide solution and then with water. The 

organic layer was dried and evaporated at reduced pressure to get 2, (3.16 g, 96%). 

mp 139-140 °C. Mass (GC-MS): calcd. for C13H10INO3: 355; found: 355. 
1
H NMR 

(CDCl3, 500 MHz) δ: 5.06 (s, 2H), 6.66 (d, 2H), 7.50 (m, 4H), 8.16 (d, 2H). 
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Synthesis of 3: 2 (1.55g, 4.36 mmol), dichlorobis(triphenylphosphine) 

palladium(II) (123 mg, 0.17 mmol) and copper(I) iodide (83 mg, 0.44 mmol) were 

dissolved in dry THF (50 mL). Dry diisopropylamine (10 mL) and 

trimethylsilylacetylene (555 mg, 5.66 mmol) were added under argon and the 

mixture stirred for 24 h. Solvent was removed and residue was purified by column 

chromatography on silica using chloroform/hexane (20:80) to get 3. (1.2 g, 85%). 

mp 95-96 °C. Mass (GC-MS): calcd. for C18H19NO3Si: 325; found: 325. 
1
H NMR 

(CDCl3, 500 MHz) δ: 0.258 (s, 9H), 5.17 (s, 2H), 6.89 (d, 2H), 7.44 (d, 2H), 7.60 

(d, 2 H), 8.25 (d, 2H). 

Synthesis of 4: 3 (1.36 g, 4.19 mmol) was dissolved in THF (20 mL). The solution 

was cooled to 0 
°
C and TBAF (1M in THF, 4.2 mL) added. The mixture was then 

stirred for 2 h at RT, poured into ice-cold water and extracted with 

dichloromethane. The solvent was removed and residue was purified over alumina 

column using chloroform/hexane (20:80) to obtain 4. (900 mg, 85%). mp 151-152 

°C. Mass (GC-MS): calcd. for C15H11NO3: 253; found: 253. 
1
H NMR (CDCl3, 500 

MHz) δ: 3.01 (s, 1H), 5.17 (s, 2H), 6.91 (d, 2H), 7.44 (d, 2H), 7.60 (d, 2H), 8.24 

(d, 2 H). 

Synthesis of 6: To an argon degassed RB flask, 9, 10-dibromoanthracene (300 mg, 

0.89 mmol), dichlorobis(triphenylphosphine)palladium(II) (19 mg, 0.026 mmol), 

copper(I) iodide (5 mg, 0.026 mmol), dry toluene (60 mL) and dry 

diisopropylamine (15 mL) were added. 4 (270 mg, 1.07 mmol) in dry toluene (10 



Chapter 3: Long-lived charge separation in triads                                                                136 

 

 

mL) was added drop wise to it and the reaction mixture was stirred for 24 h at 70 

°C under argon. Solvent was removed and the residue obtained was purified by 

column chromatography over silica gel using chloroform/hexane (3:7) to obtain 6, 

(158 mg, 35%). mp 178-179 °C. FAB-MS (M
+
) calcd. for C29H18BrNO3: 508.36; 

found: 508.79. 
1
H NMR (CDCl3, 300 MHz) δ: 5.17 (s, 2H), 6.92 (d, 2H), 7.44 (m, 

6H), 7.60 (d, 2H), 8.24 (d, 2H), 8.55 (d, 2 H), 8.68 (d, 2H). 

Synthesis of NT-BPEA-PT: To an argon degassed RB flask, 6 (100 mg, 0.19 

mmol), dichlorobis(triphenylphosphine)palladium(II) (5 mg, 0.006 mmol), 

copper(I) iodide (2 mg, 0.009 mmol), dry toluene (25 mL) and dry 

diisopropylamine (5 mL) were added. 7 (85 mg, 0.23 mmol) in dry toluene (10 

mL) was added and the reaction mixture stirred for 24 h at 70 °C under argon. 

Solvent was removed and the residue obtained was purified by column 

chromatography over silica gel using chloroform/hexane (3:1) to obtain NT-

BPEA-PT, (75 mg, 50%). Decomposed above 250 °C. IR (KBr) νmax: 529, 571, 

638, 758, 829, 1051, 1107, 1171, 1248, 1288, 1344, 1462, 1510, 1601, 2191, 3055 

cm
-1

. 
1
H NMR (CDCl3, 500 MHz) δ = 2.31 (m, 2H), 4.14 (m, 4H), 5.19 (s, 2H), 

6.76 (d, 2H), 6.94 (m, 8H), 7.05 (d, 2H), 7.19 (m, 6H), 7.66 (m, 4 H), 7.73 (d, 2H), 

8.28 (d, 2H), 8.67 (m, 2H). 
13

C NMR (CDCl3, 125 MHz) δ: 26.73, 43.79, 70.44, 

85.33, 102.47, 114.31, 114.93, 118.45, 119.73 122.62, 123.83, 127.23, 127.99, 

129.47, 133.27, 135.39, 142.81, 145.14, 146.93, 159.21. FAB-MS (M
+
) calcd. for 

C52H36N2O4S: 784.92; found: 785.26.  
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Synthesis of 8 (1-iodo-4-nitrobenzene):
9
 A mixture of 4-nitroaniline (10 g, 72 

mmol), concentrated sulphuric acid (8 mL) and water (60 mL) was stirred for 1 

hour. The mixture was cooled to 0-5 °C, and diazotised with a solution of sodium 

nitrite (5 g, 72 mmol) in water (15 mL). The cold solution was filtered and added 

to a solution of potassium iodide (20 g, 120 mmol) in water (60 mL). The 

precipitated product was suction filtered and recrystallised from ethanol to obtain 8 

(14.5 g, 80%). mp 171-172 °C. Mass (GC-MS): calcd. for C6H4INO2: 249; found: 

249. 
1
H NMR (CDCl3, 300 MHz) δ: 7.94 (m, 4H). 

Synthesis of 9:
10

 To a 100 mL RB flask was added 1-iodo-4-nitrobenzene (1.06 g, 

4.04 mmol), dichlorobis(triphenylphosphine)palladium(II) (0.029 g, 0.0411 

mmol), and  copper (I) iodide (7.7 mg, 0.0404 mmol). After purging the flask with 

argon for 10 minutes, triethylamine (40 mL) was added via syringe and the 

reaction stirred for 10 minutes under a constant flow of argon. The argon flow was 

stopped and of trimethylsilylacetylene (1.20 mL, 0.834 g, 8.49 mmol) was added 

via syringe. Argon was allowed to flow briefly while the septum was replaced with 

a ground glass stopper and the flask sealed and heated slightly while stirring for 22 

h. The reaction was cooled to room temperature and filtered to remove the 

inorganic catalysts. The precipitate was washed with ethyl acetate and the filtrates 

combined and evaporated to leave behind brown oil which crystallized upon 

standing. The oil was chromatographed through silica gel with a solvent system of 

hexane/ethyl acetate (90:10 ) and the product was isolated as a yellow liquid which 
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solidified under vacuum drying (0.704 g, 80%), mp 77-78 °C. Mass (GC-MS): 

calcd. for C11H13NO2Si: 219; found: 219.  
1
HNMR (CDCl3, 300 MHz) δ: 0.28 (s, 

9H), δ 7.60 (d, 2H), 8.17 (d, 2H).  

Synthesis of 10:
10

 To a 100 mL round-bottomed flask was added 9 (0.500 g, 

2.28mmol) and dichloromethane (20 mL). Next was added a suspension of   

potassium carbonate (0.477 g, 3.45 mmol) in methanol (70 mL). The suspension 

was stirred under a positive pressure of argon for 1 hour. The reaction was filtered 

and evaporated to leave behind a solid which was chromatographed through a plug 

of silica gel with a solvent system of hexane/ethyl acetate (90:10). The product 

was dried under vacuum (0.29 g, 87%), mp 151-152 °C. Mass (GC-MS): calcd. for 

C8H5NO2: 147; found: 147. 
1
HNMR (CDCl3, 500 MHz) δ: 3.36 (s, 1H), 7.64 (d, 

2H,) 8.20 (d, 2H). 

Synthesis of 11: To an argon degassed RB flask, 9, 10-dibromoanthracene (300 

mg, 0.89 mmol), dichlorobis(triphenylphosphine) palladium(II) (19 mg, 0.026 

mmol), copper(I) iodide (5 mg, 0.026 mmol), dry toluene (60 mL) and dry 

diisopropylamine (15 mL) were added. 10 (157 mg, 1.07 mmol) in dry toluene (10 

mL) was added drop wise to it and the reaction mixture was stirred for 24 h at 70 

°C under argon. Solvent was removed and the residue obtained was purified by 

column chromatography over silica gel using chloroform/hexane (1:1) to obtain 6, 

(130 mg, 36%). mp 215-216 °C. FAB-MS (M
+
) calcd. for C22H12BrNO2: 402.24; 
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found: 402.65.
1
H NMR (CDCl3, 300 MHz) δ: 7.68 (m, 4H), 7.90 (d, 2H), 8.32 (d, 

2H), 8.62 (m, 4H). 

Synthesis of 12: To an argon degassed RB flask, 11 (100 mg, 0.25 mmol), 

dichlorobis(triphenylphosphine)palladium(II) (7 mg, 0.01 mmol), copper(I) iodide 

(3 mg, 0.012 mmol), dry toluene (30 mL) and dry diisopropylamine (5 mL) were 

added. 7 (105 mg, 0.3 mmol) in dry toluene (10 mL) was added and the reaction 

mixture stirred for 24 h at 70 °C under argon. Solvent was removed and the residue 

obtained was purified by column chromatography over silica gel using chloroform/ 

hexane (3:1) to obtain 12, (54 mg, 32%). mp 193-194 °C. FAB-MS (M
+
) calcd. for 

C45H30N2O3S: 678.80; found: 678.26. 
1
H NMR (CDCl3, 300 MHz) δ: 2.32 (t, 2H), 

4.17 (m, 4H), 6.94 (m, 6H), 7.18 (m, 4H), 7.67 (m, 6H), 7.89 (d, 2H), 8.32 (d, 2H), 

8.62 (d, 2H), 8.70 (d, 2H).  

Synthesis of 13: 12 (30 mg, 0.044 mmol), SnCl2 (H2O)2 (180 mg, 0.79 mmol), 

were added to THF (15 mL) with 4 drops 37% HCl and stirred under reflux 

condition for 5 h. The reaction mixture was diluted with 50 mL of DCM and 

washed once with 0.1 M sodium bicarbonate and two times with water. The 

organic solvent was removed on a rotary evaporator and the crude product was 

purified by filteration through an alumina pad using DCM as the eluent to afford 

13 (23 mg, 80%). mp 182-183 °C. FAB-MS (M
+
) calcd. for C45H32N2OS: 648.81; 

found: 648.42. 
1
H NMR (CDCl3, 300 MHz) δ: 2.32(t, 2H), 3.92 (s, 2H), 4.15 (m, 

4H), 6.73 (d, 2H), 6.94 (m, 6H), 7.18 (m, 4H), 7.61 (m, 8H), 8.68 (m, 4H). 
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Synthesis of 14: Pyromellitic dianhydride (8.72 g, 40 mmol) is added to dry DMF 

(100 mL) in a 250 mL round-bottom flask. 1-Octanamine (5.16 g, 40.2 mmol) is 

added, and the mixture was heated to 130 °C overnight. The DMF is cooled in the 

refrigerator, and the solid formed (the bisimide) is suction-filtered. The DMF is 

evaporated on a rotary evaporator. The residue is taken up in chloroform and 

washed with water to remove the dianhydride starting material. The organic layer 

is dried over anhydrous sodium sulphate, and the solvent is removed on a rotary 

evaporator to obtain 14 (3.9 g, 30%). FAB-MS (M
+
) calcd. for C18H19NO5: 329.35; 

found: 330.13. 
1
H NMR (DMSO (d6), 300 MHz) δ: 0.81(t, 3H), 1.22 (m, 10H), 

1.57 (m, 2H), 3.56 (t, 2H), 8.23 (s, 2H). 

Synthesis of PI-BPEA-PT: 13 (15 mg, 0.023 mmol) and 14 (12 mg, 0.035 mmol) 

was dissolved in dry DMF (10 mL) in a 25 mL RB flask. The reaction mixture was 

heated at 140 °C for 48 hours under argon atmosphere. The DMF was removed 

evaporation under reduced pressure. The residue was chromatographed on a silica 

gel column using chloroform as eluent to obtain PI-BPEA-PT (11 mg, 50%). 

Decomposed above 200 °C. IR (KBr) νmax: 528, 571, 638, 748, 825, 1083, 1173, 

1246, 1364, 1466, 1512, 1719, 2851, 2922 cm
-1

. 
1
H NMR (CDCl3, 300 MHz)δ: 

0.88(t, 3H), 1.26 (m, 12H), 2.33 (t, 2H), 3.7 (t, 2H), 4.17 (m, 4H), 6.95 (m, 6H), 

7.18 (m, 4H), 7.65 (m, 8H), 7.86 (d, 2H), 8.17 (s, 2H), 8.65 (4H). 
13

C NMR 

(CDCl3, 125 MHz) δ: 14.23, 22.63, 26.71, 29.36, 31.94, 40.17, 43.78, 73.34, 

85.31, 102.45, 111.41,  114.32, 114.93, 118.45, 119.73 122.67, 123.81, 125.46, 
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127.26, 128.11, 129.17, 130.92, 132.41, 133.22, 135.36, 144.81, 159.19, 167.13, 

167.96. FAB-MS (M
+
) calcd. for C63H49N3O5S: 960.15; found: 960.71. 
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Chapter 4 

 

 Long-lived Photoinduced Charge Separation in 

1,6-Bis(phenylethynyl)pyrene – Phenothiazine 

Dyads 

 

4.1. Abstract 

 

A strategy for the design of donor-acceptor dyads, wherein decay of the charge 

separated (CS) state to low lying local triplet levels could possibly be prevented, is 

proposed. In order to examine this strategy, a linked donor-acceptor dyad BPEP-

PT with bis(phenylethynyl)pyrene (BPEP) as the light absorber and acceptor and 

phenothiazine (PT) as donor was designed and photoinduced electron transfer in 

the dyad investigated. Absorption spectra of the dyad can be obtained by adding 

contributions due to the BPEP and PT moieties indicating that the constituents do 

not interact in the ground state. Fluorescence of the BPEP moiety was efficiently 

quenched by the PT donor and this was attributed to electron transfer from PT to 

BPEP. Picosecond transient absorption studies suggested formation of a charge 

separated state directly from the singlet excited state of BPEP. Nanosecond flash 

photolysis experiments gave long-lived transient absorptions assignable to PT 

radical cation and BPEP radical anion. These assignments were confirmed by 

oxygen quenching studies and secondary electron transfer experiments. Based on 
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the available data, energy level diagram for BPEP-PT was constructed. The long 

lifetime of the charge separated state was attributed to the inverted region effects. 

The CS state did not undergo decay to low lying BPEP triplet indicating the 

success of our strategy.  

4.2. Introduction 

 In the second chapter of this thesis we discussed the generation of long-

lived CS states in 9,10-bis(phenylethynyl)anthracene-phenothiazine (BPEA-PT) 

dyads. Observations of long-lived charge separation in these dyads were attributed 

to ‘inverted region effects’. In Chapter 1 of this thesis we have given a detailed 

account of the arguments both in favor and against the inverted region effect as 

being responsible for the generation of long-lived charge separation in simple 

dyads. Proponents of the inverted region effect argue that components of the D-A 

dyads could be selected in such a manner that –∆G
0

PET ≤ λ and –∆G
0

BET >> λ. In 

such cases kPET would fall in the normal region and kBET would be in the deep 

inverted region of the Marcus parabola.
1
 Under these circumstances kPET >> kBET, 

leading to formation of long-lived CS state.
2
 The argument against the inverted 

region effect is that when –∆G
0

BET is very large, other deactivation channels such 

as jumps to low lying local triplet levels may prevail over charge recombination to 

the ground state.
3
 Nuclear tunneling also may become very important and it is 

suggested that the Marcus equation may not adequately describe electron transfer 
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in the deep inverted region.
4
 Observation of long-lived CS state in BPEA-PT 

systems supports the arguments favoring inverted region effects. 

 As mentioned in Chapter 1 of this thesis, arguments against the inverted 

region effects also merit attention. The energy level diagram for BPEA-PT 

showed the presence of a BPEA based triplet below the CS state (Chapter 2) and it 

is not clear as to why the CS state does not cross over to the local triplet level. We 

proposed that inter system crossing (ISC) from 
1
BPEA

*
 to 

3
BPEA

*
 is forbidden 

and this forbidden-ness exists even in the 
1
(

••••-
BPEA-PT

••••+
) CS state also. If our 

proposal is correct, then it would be possible to design dyads capable of long-lived 

charge separation, even if low-lying local triplet levels exist in these dyads. 

Scheme 4.1 can form the basis of such a design. 
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 Scheme 4.1. Scheme proposed for the design of dyads with long-lived CS state 
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 In Scheme 4.1, D is the light absorber and donor. Excitation of D would 

result in the formation of 
1
D

*
, which exhibits very high fluorescence quantum 

yield. 
1
D

*
 does not exhibit any tendency to undergo ISC to 

3
D

*
. The acceptor A is 

selected such that both 
1
A

*
 and 

3
A

*
 are placed above 

1
D

*
. Under these conditions 

the only local triplet state below the CS state would be the 
3
D

*
-A state. If our 

proposal is correct, 
+•

D-A
•-

 would not cross over to 
3
D-A because of the negligible 

efficiency of the 
1
D

*
 → 

3
D

*
 transition. In Scheme 4.1 the light absorber acts as the 

donor. A similar scheme can be drawn for chromophores acting as acceptor. 

 In this chapter we try to provide more support for our proposal. This study 

required a chromophore with low ISC efficiency. Chromophores with very high 

fluorescence quantum yields normally have low ISC efficiencies. It is generally 

observed that fluorescence quantum yields of arenes are considerably improved 

upon substitution with phenylethynyl groups. This has been shown for 

naphthalene,
5
 anthracene, tetracene,

6
 pyrene,

7
 and perylene.

8
 Hence the ISC ability 

and population of the triplet state is expected to be considerably less in 

phenylethynyl arenes compared to their parent arenes. In this study we selected 

pyrene and attached phenylethynyl groups at its 1 and 6 positions to obtain a 

chromophore with very high fluorescence quantum yield. 

Pyrene and its derivatives have been extensively applied to photonic 

devices
9
 and biological probes like nucleic acids

10
 and proteins

11
 by virtue of their 

inherent and novel photophysical characteristics. However, a few serious 
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drawbacks exist in the photophysical properties of pyrene, which include the 

relatively short absorption wavelength, substantial quenching of its fluorescence 

by the presence of oxygen,
12

 and the low fluorescence quantum yield.
13

 Recently it 

has been shown by Inouye et. al. and Berlin et. al. that introduction of ethynyl 

groups into pyrene nuclei induced effective extension of π-conjugation and a large 

increase of fluorescence quantum yield compared to parent pyrene.
14

 Also, the 

ethynylpyrenes maintain most of their fluorescence intensities even under aerated 

conditions, making them useful candidates for practical uses. Due to these peculiar 

fluorescence properties, bis(phenylethynyl)pyrene and its derivatives have been 

used in various applications such as optoelectronic devices,
15

 electroluminescent 

devices,
16

 two photon absorption dyes,
17

 labelling of biomolecules
18

 and detection 

of proteins.
19

 Use of bis(phenylethynyl)pyrenes as PET probes, however, has not 

been explored.  

 In this chapter we report the photoinduced electron transfer processes in a 

dyad wherein 1,6-bis(methoxyphenylethynyl)pyrene (BPEP) serve as light 

absorber and acceptor and phenothiazine (PT) units serve as electron donor. The 

BPEP core is connected to the PT moieties through a short alkyl chain. 

Photoprocesses in the dyad BPEP -PT are compared with a model BPEP system. 

Structures of the model system and dyad are shown in Figure 4.1. We have probed 

the photoinduced charge separation in the BPEP-PT dyad using fluorescence 
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lifetime measurements. Picosecond and nanosecond laser flash photolysis 

techniques confirmed the formation of a long-lived CS state in the dyad.  

3

3

 

Figure 4.1. Structures of model compound BPEP and dyad BPEP-PT used in this study 

4.3. Results and discussion 

4.3.1. Synthesis and characterisation of BPEP and BPEP-PT 

The model compound BPEP was synthesized as shown in scheme 4.2.  

4-iodoanisole was reacted with trimethylsilylacetylene in the presence of Pd 

catalyst to give 2 in 91% yield. 2 was desilylated using tetrabutylammonium 

fluoride in THF to yield 4-methoxyphenylacetylene (3). Sonogashira reaction 

between 1,6-dibromopyrene and 3 gave the model compound BPEP in 68% yield. 

The dyad BPEP-PT was prepared as per Scheme 4.3. Synthesis of the PT-

appended phenylacetylene derivative 8 was presented in Chapter 2 of this thesis. 
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Dyad BPEP-PT was prepared in 51% yield by the Sonogashira reaction between 

1,6-dibromopyrene and 8.   

Scheme 4.2. Scheme for the synthesis of BPEP  

 

Scheme 4.3. Scheme for the synthesis of BPEP-PT  
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    Details of the synthetic procedures are given in the experimental section. The 

various intermediates and final products were characterized thoroughly by 

analytical and spectroscopic techniques. 

4.3.2. Photophysical and electrochemical studies 

 The absorption spectrum of BPEP is considerably red shifted when 

compared with that of the parent pyrene. The long wavelength absorption due to 

BPEP in dichloromethane (DCM) occurs in the 350-450 nm region (Figure 4.2). 

The long wavelength absorption in BPEP-PT is nearly identical to that in BPEP 

suggesting that the donor and acceptor moieties did not exhibit any electronic 

interaction in the ground state. The absorption due to the PT moieties in the dyad 

appeared at 250 and 300 nm. It can be safely assumed from Figure 4.2 that 

excitation above 350 nm populates only the BPEP excited states in the dyad. 
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Figure 4.2. Absorption spectra of (a) BPEP and (b) BPEP-PT in DCM 
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Fluorescence spectrum of the model compound BPEP is shown in Figure 

4.3a. The emission maximum occurs at 438 nm. The Stokes shift observed is very 

small (810 cm
-1

) suggesting similar geometry for the S0 and S1 states of BPEP. 

Using the absorption and emission spectra, the excitation energy (E00) was 

calculated and the value obtained was 2.86 eV. Fluorescence quantum yield (ΦBPEP 

= 0.93) was very high for BPEP. Substitution of PT leads to considerable 

quenching of the fluorescence intensity as is evident from a comparison of the 

fluorescence spectra of BPEP and BPEP-PT shown in Figure 4.3. Spectra 4.3a 

and 4.3b were recorded under identical conditions and optical densities were 

matched at 390 nm. Fluorescence quantum yield for BPEP-PT (ΦBPEP-PT) was 0.1. 
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Figure 4.3. Fluorescence spectra of (a) BPEP and (b) BPEP-PT in DCM 

Fluorescence lifetimes of BPEP and BPEP-PT were determined using 

single photon counting technique. The samples were excited using a 401 nm 
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nanoLED excitation source. BPEP exhibited monoexponential decay with a 

lifetime (τ0) of 1.3 ns. BPEP-PT exhibited biexponential decay with τ1 = 0.17 ns 

(97.2%) and τ2 = 1.25 ns (2.8%). Decay profiles of BPEP and BPEP-PT along 

with the instrument function are presented in Figure 4.4. 
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Figure 4.4. Fluorescence decay profiles of (a) BPEP and (b) BPEP-PT in DCM. (c) Instrument 

profile 

It is obvious from Figures 4.3 and 4.4 that PT is an efficient quencher of 

BPEP fluorescence. Since the absorption due to PT occurs at higher energy 

compared to BPEP, quenching of BPEP fluorescence by energy transfer to PT is 

not possible and we can safely assume an electron transfer mechanism for the 

quenching. The reduced fluorescence quantum yield and lifetime of BPEP-PT are 

due to facile electron transfer from PT to the 
1
S

*
 state of BPEP moiety in the dyad. 

 Redox potentials of the compounds (vs SCE) were measured in DCM using 

square wave voltammetry. Figure 4.5A shows the square wave voltammogram of 
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BPEP. The voltammogram exhibited oxidation peak at 1.10 V and reduction peak 

at -1.68 V, vs SCE. Square wave voltammogarm of BPEP-PT shown in Figure 

4.5B exhibited the above peaks and an additional oxidation peak at 0.72 V vs SCE 

corresponding to the PT/PT
••••+

 oxidation. It may be noted that linking PT to BPEP 

did not alter the redox properties of BPEP. 
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Figure 4.5. Squre wave voltammogram of (A) BPEP (B) BPEP-PT in DCM 
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Thus, in BPEP-PT, the lowest reduction is associated with the BPEP 

chromophore and the lowest oxidation is associated with PT. Hence in the BPEP-

PT dyad, BPEP is the acceptor and PT is the donor. The free energy change 

associated with the electron transfer from PT to the 
1
S

*
 state of BPEP can be 

calculated using the Weller equation
20

 (see equation 2.1). Since the centre-to-

centre distance dcc is very large in BPEP-PT, the coulombic term in the equation 

was neglected and we obtained ∆GPET = -0.46 eV. Thus PET is exergonic in 

BPEP-PT dyad and upon excitation to the lowest energy band we expect the 

following processes to take place. 

BPEP PT hν > 350 nm 1BPEP* PT
 

(4.1) 

1BPEP* PT BPEP PT
ET

 

(4.2) 

BPEP PT BPEP PT
BET

 

(4.3) 

As mentioned in Chapter 2, rate constant for the PET process (kPET) can be 

calculated either from the fluorescence quantum yields (equation 2.5) or from the 

fluorescence lifetimes (equation 2.6). kPET values were calculated using both 

equations and the values obtained were  6.38 × 10
9
 s

-1
 and 5.1 × 10

9
 s

-1
, 

respectively (the fast decay component was used for this calculation). Values 

obtained using the two equations did not differ very much. Quantum yield for PET 

was calculated using the ket values (Φet = kPETτ1) and we obtained value of 0.97 for 
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BPEP-PT, which indicated that PET is very efficient in this system (the average 

value of the kPET was used for this calculation). 

4.3.3. Picosecond flash photolysis studies 

In order to gain a deeper understanding of the excited state processes, 

BPEP and BPEP-PT were subjected to picosecond flash photolysis in deaerated 

DCM solution. The transient absorption spectra obtained in the picosecond flash 

photolysis of BPEP in the 40 ps – 2.3 ns range are shown in Figure 4.6. The 

spectra taken at very short times after the laser flash showed absorption around 730 

nm and bleaching below 500 nm. At longer times (1.5 ns – 2.3 ns), formation of a 

transient that absorbs in the entire visible region with a maximum at 690 nm is 

indicated. Inset of Figure 4.6 (A, B, C) show the ∆OD vs time profiles at 600, 690 

and 730 nm. It can be seen that the 730 nm absorption exhibited a fast decay 

followed by a slow decay. The profile for the 690 nm absorption was complex 

initially, but showed a growth at later times. At 600 nm no decay or growth was 

observed in the 40 – 850 ps range, but a clear growth was observed thereafter. 

 We assign the 730 nm absorption to the S1� Sn absorption of BPEP. Note 

that in chapter 2 of this thesis, the transient absorption observed for BPEA in the 

femtosecond time scale was assigned to the S1� Sn absorption of BPEA. A 

probable candidate for the 690 nm absorption is the triplet state of BPEP. Such an 

assignment, however, is not supported by the experiment. If the 690 nm species is 

due to 
3
BPEP

*
, its formation should match the decay of the S1� Sn absorption at 
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730 nm.  It is clear from insets of Figure 4.6 that this is not the case. The 690 nm 

species in fact is formed after an initial delay, which clearly indicates that this 

species did not form from the S1 state of BPEP directly. Our conclusion is that 

data obtained from the picosecond absorption studies is insufficient to identify the 

690 nm absorbing species.  
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Figure 4.6. Picosecond transient absorption spectra obtained in flash photolysis of BPEP in DCM. 

(a) 40ps, (b) 350 ps, (c) 500 ps, (d) 850 ps, (e) 1.5 ns and (f) 2.3 ns. Inset shows decay and growth 

of the transients at 730 nm, 690 nm and 600 nm 

Figure 4.7 shows the transient absorption spectra obtained in the picosecond 

flash photolysis of BPEP-PT. At short time scales the absorption due to the 730 

nm species (which we assign to the S1� Sn absorption of BPEP) is dominant. This 

absorption decays within the observation window with concomitant formation of 

new absorptions at 600 and 515 nm. Inset of Figure 4.7 show the decay at 730 nm 
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and matching growth at 600 nm, indicating that the 600 nm species is formed 

directly from the 
1
S

*
 of BPEP. Since the number of data points was limited, the 

decay and growth rates could not be calculated accurately from the inset in Figure 

4.7. Since the enhanced fluorescence decay in BPEP-PT is attributed to electron 

transfer from PT to 
1
BPEP

*
 (equation 4.2), the transient absorptions arising from 

the decay of the 
1
BPEP

*
 absorption can be attributed to products of this electron 

transfer reaction. 
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Figure 4.7. Picosecond transient absorption spectra obtained in the flash photolysis of BPEP-PT in 

DCM. (a) 40 ps, (b) 200 ps, and (c) 500 ps. Inset shows decay of the transient at 730 nm and 

growth at 730 nm 

4.3.4. Nanosecond flash photolysis studies 

Nanosecond transient absorption studies were performed on both BPEP and 

BPEP-PT in deaerated DCM solution. Upon excitation using 355 nm (Nd-YAG, 
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3
rd

 harmonic) light, BPEP exhibited a transient absorption with a maximum 

around 690 nm as shown in Figure 4.8. This species appears to be the same as that 

observed at longer time scales (850 ps -2.3 ns) in the picosecond flash photolysis 

of BPEP (Figure 4.6). 
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Figure 4.8. Transient absorption spectra of BPEP-PT immediately after the laser pulse 

The transient spectrum in Figure 4.8 was insensitive to oxygen. Nanosecond laser 

flash photolysis in the presence of oxygen also gave same spectra as shown in 

Figure 4.8. Kinetic traces at 690 nm obtained under argon saturated and oxygen 

saturated conditions are shown in Figure 4.9, and these are very similar. It is well 

known that the transient absorptions due to triplet excited states will be quenched 

by molecular oxygen. Since the transient absorption observed in the nanosecond 

time scale is unaffected by oxygen, we can conclude that this absorption is not due 
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to 
3
BPEP

*
. One may also conclude that this absorption did not arise from a triplet 

precursor.  
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Figure 4.9. Kinetic traces at 690 nm in the (A) argon and in the (B) oxygen saturated condition 

The kinetic traces shown in Figure 4.9 exhibited considerable amount of residual 

absorption indicating formation of stable products. We observed that continuous 

laser irradiation leads to decomposition of BPEP. We attribute the transient in 

Figure 4.8 to photoionization products of BPEP. It may be stated here that pyrene 

derivatives are known to undergo photoionisation.
21

 

The fluorescence quantum yield of BPEP is very high at 93%. The 

maximum ISC yield would be 7% and hence good transient absorption attributable 

to 
3
BPEP

*
 was actually not expected upon direct excitation. The 

3
BPEP

*
 can in 

principle be obtained through sensitization experiments. We have tried to generate 

3
BPEP

*
 by energy transfer from the MLCT state of [Ru(bpy)3]

2+
. A solution of 

[Ru(bpy)3] 2PF6 in DCM was flash photolyzed in the presence of excess BPEP 
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using the 532 nm light from a Nd-YAG laser. Under the experimental conditions 

all the light is absorbed by [Ru(bpy)3]
2+

 (BPEP has no absorption at 532 nm) to 

form its MLCT triplet state which undergo energy transfer to BPEP to generate 

3
BPEP

*
. The triplet-triplet absorption spectrum of Ru(bpy)3 is well characterized 

by a strong absorption around 370 nm, bleaching around 450 nm and emission 

from the MLCT state in the 600-750 nm region. In the presence of BPEP the 

above transient absorptions and bleaching disappear and the new spectrum shown 

in Figure 4.10 is obtained. The transient absorption exhibited maximum at 600 nm 

and decayed without leaving any residual absorption. Since the transient was 

formed from a triplet state, we assign it to 
3
BPEP

*
.  
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Figure 4.10. Transient absorption spectra obtained upon excitation of [Ru(bpy)3] 2PF6 in the 

presence of BPEP (a) 3 µs, (b) 8 µs and (c) 14 µs after the laser irradiation. Inset shows the kinetic 

trace at 600 nm 
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  It may be noted that the transient absorption spectrum obtained in the 

sensitization experiment (Figure 4.10) is different from the one obtained by direct 

excitation of BPEP (Figure 4.8). The lifetimes of the transients were also different.  

All these observations suggest that the transient species observed at nanosecond 

time scale in the direct excitation of BPEP is not due to 
3
BPEP

*
. Therefore we 

conclude that ISC to the triplet state is not a significant process in the photophysics 

of BPEP.  Since 
3
BPEP

*
 can be obtained readily by energy transfer from 

3
[Ru(bpy)3]

*
, energy of the 

3
BPEP

*
 state must be lower than that of 

3
[Ru(bpy)3]

*
 

state. This puts an upper limit for the 
3
BPEP

*
 state at 2.1 eV.   

 BPEP-PT was also subjected to nanosecond flash photolysis in deaerated 

DCM and the transient spectrum obtained is shown in Figure 4.11. The transient 

absorption spectrum exhibited maxima at 515 and 600 nm. Under deaerated 

conditions decays of both the absorptions were similar and exhibited a lifetime of 

30 µs (see insets in Figure 4.11). According to equations 4.1 and 4.2, excitation of 

the BPEP chromophore in BPEP-PT can initiate electron transfer from PT to 

1
BPEP

*
 leading to formation of 

••••-
BPEP-PT

••••+
. As mentioned in Chapter 2 of this 

thesis a large number of studies are available with PT as electron donor and the 

PT
••••+

 is known to have absorption maximum around 515 nm region.
22

 The BPEP
••••-

 

is not known in the literature. To the best of our knowledge, there are no reports on 

the photochemical or electrochemical reduction of bis(phenylethynyl)pyrene in the 

literature. Our attempts to generate BPEP
•-

 through spectroelectrochemistry were 
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also not successful. Since electron transfer from PT to 
1
BPEP

*
 is implicated and 

the 515 nm absorption can be assigned to PT
•+

, the 600 nm absorption is assigned 

to BPEP
••••-

.  In fact picosecond transient absorption studies also indicated formation 

of transient absorptions at 515 and 600 nm directly from the singlet excited state of 

the BPEP moiety. The results indicated that the same transients are seen in the 

picosecond – microsecond time scale. These transients are very long-lived (τ = 30 

µs) and decay by BET process, for which we obtained a rate constant (kBET = 1/τ) 

of 3.34 × 10
4
 s

-1
.  
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Figure 4.11. Transient absorption spectra of BPEP-PT immediately after the laser pulse. The 

insets show decay profiles at 515 and 600 nm 

In order to further confirm the assignment of the transient absorptions, we 

have carried out the nanosecond flash photolysis of BPEP-PT in the presence of 

oxygen. The transient absorption spectra along with the kinetic traces obtained at 
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515 and 600 nm are shown in Figure 4.12. It can be seen that the decay behaviors 

of the two transients are very different in the presence of oxygen. The decay of the 

515 nm transient has become somewhat slower and the 600 nm transient 

disappeared completely in the presence of oxygen. This result suggested that the 

absorptions at 515 and 600 nm are due to different species. It is well known that 

radical anions are quenched efficiently by oxygen whereas radical cations are 

relatively unaffected. Disappearance of the 600 nm transient in the presence of 

oxygen confirms our assignment of this species to a radical anion.  
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Figure 4.12. Transient absorption spectra of BPEP-PT under oxygen saturated condition 

immediately after the laser pulse. The insets show decay profiles  

It is to be mentioned here that laser irradiation in the absence of oxygen did 

not lead to any decomposition in BPEP-PT. Absorption spectra of BPEP-PT (3 

mL, 10
-4

 M) was taken before and after laser irradiation (100 laser shots) and 
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identical spectra were obtained. This is in contrast to the model BPEP which 

exhibited significant decomposition under these conditions. 

 In order to further confirm the transient absorptions in Figure 4.11 to the CS 

state of the BPEP-PT dyad, we have carried out secondary electron transfer 

experiments. As shown in Chapter 2, when the CS state is long-lived, they can be 

involved in exergonic electron transfer reactions with better donors or acceptors. In 

Chapter 2 we showed that the CS state of BPEA-PT could undergo secondary 

electron transfer with tris(4-methoxyphenyl)amine (TMPA), leading to the 

formation of TMPA
•+

. A similar experiment was carried out in the case of BPEP-

PT. A solution of BPEP-PT was flash photolyzed in the presence of TMPA in 

DCM solution and the transient spectra obtained at different times following the 

laser flash are shown in Figure 4.13. The spectrum at short time scales is similar to 

that in Figure 4.11 and is assigned to 
••••-

BPEP-PT
••••+

. At longer times the absorption 

due to PT
•+

 at 515 nm decays with concomitant formation of absorption at 715 nm, 

which is assigned to TMPA
•+

.
23

 The inset shows the decay of the transient at 515 

nm and formation of absorption at 720 nm. Since TMPA is a better electron donor 

(Eox = 0.57 V vs SCE in DCM) compared to PT (Eox = 0.75 V vs SCE), secondary 

electron transfer as shown in equation 4.4 is expected to take place. From the 

oxidation potentials of the PT and TMPA moieties, ∆G
0 
for reaction 4.4 was 

obtained as -0.18 eV. 
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This experiment further confirmed the assignment of the transients in Figure 4.11 

to the long-lived CS state of BPEP-PT. 
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Figure 4.13. Transient absorption spectra of BPEP-PT in the presence of TMPA (2 × 10-4 M) in 

deaerated DCM solution, (a) 1.5, (b) 4, and (c) 8 µs after excitation 

In BPEP-PT dyad, the forward electron transfer rate constant, kPET = 5.74 × 

10
9
 s

-1
. The BET rate constant obtained from nanosecond flash photolysis studies 

is 3.34 × 10
4
 s

-1
. Thus kPET/kBET = 2 × 10

5
, which is very large compared to most of 

the reported systems. Since kPET/kBET >> 5000, and since the same transients are 

observed in the entire picosecond – microsecond time range, BPEP-PT qualifies 

to be known as a dyad with ‘unusually long-lived’ CS state as per the criteria put 

forward by Harriman and Verhoeven.
24
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 We attribute the long lifetime of the CS state to inverted region effects. This 

aspect was discussed in detail in previous chapters of this thesis. The inverted 

region effects operate when –∆G
0
 >> λ. For the BET reaction between BPEP

••••- 
and 

PT
••••+

 the ∆G
0
 value is highly negative at -2.4 eV. The reorganization energy λ is 

the sum of λo and λi. The outer sphere reorganization energy λo was calculated as 

per equation 2.10 and we obtained a value of 0.93 eV in DCM.  BPEP is a very 

rigid organic molecule for which we can assume a low value of λi = 0.1 eV. As 

mentioned in Chapter 2, we used a value of 0.27 eV as λi for PT�PT
•+

 

oxidation.
25

 Thus the total reorganization energy for the BET process in 
•-

BPEP-

PT
•+ 

would be 1.3 eV, which is approximately 1.0 eV lower than –∆G
0
, pushing 

the system into the deep inverted region. 

The energy level diagram of BPEP-PT, constructed on the basis of 

available information is given in Scheme 4.4. The S1 state in BPEP-PT is placed 

at 2.86 eV, based on the positions of the absorption and emission bands. Based on 

electrochemical studies energy of the CS state in BPEP-PT is placed at 2.4 eV. 

Based on literature reports the triplet energy of PT in non-polar solvents is placed 

at 2.62 eV.
26 

For BPEP the triplet energy level (ET) is not known in the literature. 

Our attempts to obtain a phosphorescence spectrum for BPEP also failed. We 

generated the BPEP triplet by sensitization experiments using [Ru(bpy)3]
2+

, which 

indicated that the triplet energy of BPEP is lower than that of [Ru(bpy)3]
2+

. Energy 
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of the MLCT state of [Ru(bpy)3]
2+

 is 2.1 eV.
26

 In Scheme 4.4 we placed 
3
BPEP

*
 at 

this value, which is a higher limit. 

Based on Scheme 4.4, the photo processes taking place in BPEP-PT can be 

summarized as follows. Excitation of the BPEP chromophore leads to 
1
BPEP*-

PT, where the excitation is localized on BPEP. The excited chromophore can 

undergo fluorescence decay to the ground state or accept an electron from PT to 

generate the 
1
CS state, 

-•
BPEP-PT

•+
. Energy transfer from 

1
BPEP

*
-PT to BPEP-

1
PT

*
 will be endergonic and hence ruled out. Although BPEP-

3
PT

*
 lies 0.24 eV 

lower than 
1
BPEP

*
-PT, formation of BPEP-

3
PT

*
 is spin-forbidden. Our studies 

showed that 
1
BPEP

*
 do not undergo ISC to 

3
BPEP

*
. Hence we do not expect 

1
BPEP

*
-PT also to undergo ISC to 

3
BPEP

*
-PT.  The CS state, 

-•
BPEP-PT

•+
, thus 

generated has two options. It can undergo a spin-allowed BET to generate either 

the ground singlet state (indicated by green arrow) or a spin-forbidden BET to 

generate 
3
BPEP

*
-PT (indicated by red arrow). If the latter process is happening, 

then it would be possible to observe the 
3
BPEP

*
 in the nanosecond flash photolysis 

experiments. Since 
3
BPEP

*
 is not observed this pathway is ruled out. All these 

observations support BET to the ground state. As stated previously, this process is 

slow because of the inverted region effects. 
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Scheme 4.4. Schematic representation of various photophysical processes in BPEP-PT  

Since electron transfer occurs in the singlet manifold, the CS state produced 

is present in the singlet state, 
1
(

-•
BPEP-PT

•+
). This state can also undergo ISC to 

3
(

-•
BPEP-PT

•+
). The singlet – triplet splitting within radical ion pairs is given by 

the magnitude of the spin-spin exchange interaction 2J, which actually is a very 

small value. If the 
3
(

-•
BPEP-PT

•+
) state is actually formed, it will also be placed 

above the 
3
BPEP

*
-PT level. In such a situation, 

3
BPEP

*
-PT will be formed easily 

from 
3
(

-•
BPEP-PT

•+
). Since triplet state of BPEP was not detected at all, 

assignment of the long-lived CS state to 
3
(

-•
BPEP-PT

•+
) can also be ruled out. 

This conclusion overwhelmingly supports our proposal (Scheme 4.1) for the 
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design of dyads with long CS state lifetimes.  Most crucial aspect in the design is 

the selection of a chromophore with very high fluorescence quantum yield 

(practically zero ISC quantum yield). In such cases ISC can be prevented in the CS 

state also, leading to formation of long-lived charge separation attributable to the 

inverted region effects. 

4.4. Conclusions 

In this chapter we report the PET processes in the 

bis(phenylethynyl)pyrene-phenothaiazine dyad, BPEP-PT. Absorption spectra of 

BPEP-PT indicated the absence of any ground state interactions between BPEP 

and PT moieties. Fluorescence of the BPEP moiety is highly quenched in the dyad 

due to facile electron transfer from the PT unit. The rate constants and quantum 

yields of the PET process were determined from the steady state and time resolved 

fluorescence studies. Picosecond and nanosecond transient absorption studies 

suggested formation of a long-lived CS state in BPEP-PT. Oxygen quenching 

studies and secondary electron transfer experiments confirmed the assignment of 

the long-lived transient to the CS state. Based on available data a scheme 

summarizing the dynamics and energetics of the probable photophysical processes 

in the dyad was constructed. Based on the data obtained the long-lifetime of the CS 

state in BPEP-PT was attributed to inverted region effects. The results supports 

the proposal outlined in this chapter for the design of long-lived CS states. 



Chapter 4: 1,6-bis(phenylethynyl)pyrene-phenothiazine dyad                                             172 

 

 

4.5. Experimental section 

4.5.1. General 

 Melting points were determined on a Mel-Temp II melting point 

apparatus and are uncorrected. Proton NMR data were obtained from either a 300 

MHz Bruker Avance DPX spectrometer or a 500 MHz Bruker Avance DPX 

spectrometer .
13

CNMR spectra were recorded using a 500 MHz Bruker Avance 

DPX spectrometer. FT-IR spectra were recorded on a Shimadzu IR Prestige 21 

spectrometer. High-resolution mass spectra were obtained by using a JOEL 

JMS600 mass spectrometer. Absorption spectra were obtained using a Shimadzu 

3101PC UV/Vis-NIR scanning spectrophotometer. Steady state fluorescence 

experiments were performed with a SPEX Fluorolog F112X spectrofluorimeter by 

using optically dilute solutions. The fluorescence quantum yields in 

dichloromethane were determined with relative method employing an optically 

matched solution of 9,10-diphenylanthracene in ethanol as reference (ΦR = 0.95).
27 

The following equation was used,  

 

where, the subscript R refers to the reference, OD is the optical density at the 

excitation wavelength (OD ≈ 0.1 at 390 nm for both reference and standard), n is 

the refractive index of the solvent and A is the area under the fluorescence 

spectrum. Electrochemical experiments were performed by using a BAS 50W 
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voltammetric analyser. Solutions of the compounds (1 × 10
-3 

M) in 

dichloromethane containing 0.1 M tetra-n-butylammonium hexafluorophosphate 

were thoroughly deaerated and used for CV experiments. Time-resolved 

fluorescence experiments were performed by using an IBH picosecond single-

photon counting system employing a 401 nm Nano-LED excitation source and a 

Hamamatsu C4878-02 micro channel plate (MCP) detector. Nanosecond laser 

flash photolysis experiments were either performed by using an Applied 

Photophysics Model LKS-20 laser kinetic spectrometer by using the third 

harmonic (355 nm) from an GCR-12 series Quanta Ray Nd:YAG laser or by using 

an Applied Photophysics Model LKS-60 laser kinetic spectrometer by using the 

third harmonic (355 nm) from an INDI-40-10-HG Quanta Ray Nd:YAG laser. The 

analysing and laser beams were fixed at right angles to each other. Solutions for 

laser flash photolysis studies were deaerated by purging with argon for 20 min 

before experiments. Picosecond transient absorption experiments were carried out 

using Mode-Locked Nd:YAG laser system PY61C-10, (532 nm, 5 mj/pulse, 

FWHM 35 ps, 10 Hz repetition rate). The white light probe was generated by 

focusing fundamental laser output (1064 nm) on to a 10 mm quartz cuvette 

containing 10 ml water and 10 ml D2O mixture. The optical delay line provided a 

pump beam time window of 2.45 ns and step resolution of 3.33 ps. The scattered 

532 nm laser beam was filtered using band pass filter. The reflected probe light 

was focused on a 200 µm core fibre connected to an Ocean Optics SD2000 UV-
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Vis CCD spectrophotometer (400 nm to 800 nm). Typically 100 excitation pulses 

were averaged to obtain the transient absorption at the set delay time. All the 

experiments were conducted at room temperature. 

4.5.2. Synthesis and characterization 

Synthesis of 2: 4-iodoanisole (5g, 21.36 mmol), dichlorobis(triphenylphosphine) 

palladium(II) (600 mg, 0.85 mmol) and copper(I) iodide (160 mg, 0.85 mmol) 

were dissolved in dry THF (50 mL). Dry diisopropylamine (10 mL) and 

trimethylsilylacetylene (3.15 g, 32.1 mmol) were added under argon and the 

mixture stirred for 24 h. Solvent was removed and residue was purified by column 

chromatography on alumina using chloroform/hexane (1:9) mixture to get 2 (3.97 

g, 91%). Mass (GC-MS): calcd. for C12H16OSi: 204; found: 204. 
1
H NMR (CDCl3, 

300 MHz) δ: 0.27 (s, 9H), 3.58 (s, 3H), 6.62 (d, 2H), 7.19 (d, 2H). 

Synthesis of 3: 2 (2 g, 9.8 mmol) was dissolved in THF (20 mL). The solution was 

cooled to 0 °C and TBAF (1M in THF, 12 mL) added. The mixture was then 

stirred for 2 h at RT, poured into ice-cold water and extracted with 

dichloromethane. The solvent was removed and residue was purified over alumina 

column using chloroform/hexane (1:9) to obtain 3 (1.1 g, 86%). Mass (GC-MS): 

calcd. for C9H8O: 132; found: 132. 
1
H NMR (CDCl3, 300 MHz) δ: 2.99 (s, 1H), 

3.76 (s, 3H), 6.83 (d, 2 H), 7.43 (d, 2H).  

Synthesis of BPEP: To an argon degassed RB flask, 1,6-dibromoanthracene (500 

mg, 1.38 mmol), dichlorobis(triphenylphosphine)palladium(II) (42 mg, 0.06 
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mmol), copper(I) iodide (12 mg, 0.06 mmol), dry toluene (35 mL) and dry 

diisopropylamine (10 mL) were added. 3 (395 mg, 3.12 mmol) in dry toluene (10 

mL) was added and the reaction mixture stirred for 24 h at 70 °C under argon. 

Solvent was removed and the residue obtained was purified by column 

chromatography over silica gel using chloroform/hexane (3:7) to obtain BPEP, 

(435 mg, 68%). mp 261-262 °C. IR (KBr) νmax:  530, 631, 723, 812, 831, 852, 

1028, 1105, 1165, 1178, 1250, 1290, 1447, 1460, 1510, 1597, 2199, 2549, 2839, 

3005 cm
-1

. 
1
H NMR (CDCl3, 500 MHz) δ: 3.88 (s, 6H), 6.97 (d, 4H), 7.66 (d, 4H), 

8.16 (m, 4H), 8.20 (d, 2H), 8.67 d, 2H). 
13

C NMR (CDCl3, 125 MHz) δ: 55.42, 

92.42, 102.57, 114.22, 115.21, 118.44, 126.52, 127.52, 131.97, 133.17, 157.94. 

FAB-MS (M
+
) calcd. for C34H22O2: 462.54; found: 462.38.  

Synthesis of BPEP-PT: To an argon degassed RB flask, 1, 6-dibromoanthracene 

(500 mg, 1.38 mmol), dichlorobis(triphenylphosphine)palladium(II) (42 mg, 0.06 

mmol), copper(I) iodide (12 mg, 0.06 mmol), dry toluene (40 mL) and dry 

diisopropylamine (10 mL) were added. A solution of Compound 8 (1.15 g, 3.1 

mmol) in dry toluene (15 mL) was added and the mixture was refluxed for 24 h at 

70 °C under argon. The solvent was removed and residue was purified by column 

chromatography over silica using chloroform/hexane (1:1) to obtain BPEP-PT 

(645 mg, 51%). Decomposed at 215 °C.  IR (KBr) νmax:  530, 741, 835, 851, 960, 

1059, 1238, 1248, 1288, 1375, 1465, 1510, 1597, 2201, 2965 cm
-1

. 
1
H NMR 

(CDCl3, 500 MHz) δ: 2.31 (m, 4 H), 4.15 (m, 8 H), 6.89 (d, 2 H), 6.93 (m, 8 H), 
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7.17 (m, 8 H), 7.60 (d, 4 H), 8.15 (m, 6 H), 8.66 (d, 2 H). 
13

C NMR (CDCl3, 125 

MHz) δ: 26.79, 43.88, 65.42, 92.41, 102.59, 114.27, 115.14, 118.43, 122.77, 

125.32, 126.51, 127.19, 127.50, 129.88, 132.00, 133.22, 146.16, 157.98. FAB-MS 

(M
+
) calcd. for C62H44N2O2S2 = 912.28; found: 912.29.  
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