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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. AGO

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 AGBET falls in the deep inverted

region. Our hypothesis is that because of the poor ISC rate and large —AGBE1~, BET

rates will be very low i.n 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-PT;) 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
ix



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(phenylethyny1)pyrene (BPEP) as the

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



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.

Q q 0 U Q Q Q A n 0 0 0 Q Q Q Q Q Q Q Q Q q Q Q Q p Q Q o Q l 0 o 0 \ 0 I O Q 0 O 0 n A Q 0 0 0 0 O I I I 0 O I i 0 0 Q 0 0 0 Q I Q 0 0 c a 0 Q 1 0 0 0 O O U Q Q c Q n A 0 D O 0 0 0 0 0 n c 000

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

given under the respective chapters.
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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 bum rate of 12.8 TW to 28-35 TW by the year 2050. World reserves of 

fossil fuels are progressively decreasing I 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 ronns such as heat. electricity or fuel s. However, technologies 

leading to efficient use of solar energy have not yet been fully developed. 



Chapter l: Photoinduced CS in Molecular Systems 2

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? 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.

Excitation

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.

- '  i‘  ' '5'-21:2? I _   1 * y ’ ’ 115.Excitationhv=2   _+  .,_—i-I-ET ICS State]
—TE—ri_—>~

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 (BCI), 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 BCI 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 BC! 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 us. 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 complex ity of electron-transfer reactions in nature has 

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

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

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

organizalion of the donors and acceptors in the react ion centre. It was believed that 

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

acceplor molecules. Considerable effort has been devoted to mimick Ihe natural 

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

systems and investigat ing the photoinduced processes in those systems. As is the 



Chapter 1: Photoinduced CS in Molecular Systems 7

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 tenned 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.



Chapter 1: Photoinduced CS in Molecular Systems 8

t ’\
D,..A1..A2..ilt3. \r\

D'1'..A',..A2..A3

h 1 DEA-1 "K2.-A3\ 
BET DI;--A1..A2..A3 It

BET_%
D1..A1..A2..A3

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 (==1OO ps) observed in a dyad consisting of a porphyrin linked to a

quinone by four methylene groups.

0 Cl 0
/ (CH2l4 (cH2l4 C|0 0 Cl

1

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

transfer:

P'QA‘QB —> lP*‘QA'QB -"> P”-Q11"-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 phot0synthesis.8"0 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

_ 0
NH~CO~CH|\\\\\\\\\ /\/ (’)"¢= O/= o

Figure 1.3

3:55
LOONA

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 fonnation 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...lP*...Q

A \ c...i=Tf.o"

BET

l BET
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)?

NH—C0—R|\\\\\\\\\ /R
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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".

-1 *- 
c P QA oB\ +_ _.
C"P'QA'QB \s we +. _.1 \ c P 0A QBr ~ 6-‘P-Q}-QB  \ _ _

M T ‘ Ct?-GA-0.8
_c'P'°A7°B

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 p.s) and was identified by its absorption at 980

nm using transient absorption studies.
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O20

O

Q @
I\\\\\\\\\/NHTCO /Q @

4

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).”

O Q
1\\\\\\\\\/NH_c°co_NH 0, C 0o 5 o O O'0

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 us 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-*9;-Pi-0,-Q, 3‘
A /c-P,-*9;-Q,-Q,
~ 1 c-P,-fig‘-6'-0 * e . on __ \A Bo?‘ C-P;-$ Q Q__ 8' A‘ B ' _ "_ , _,V 1’ B ‘L 6-Pa-PB-Q5-QBc-Pk‘-PB-0.-68 . -.hv 1‘ p E 6'PA'PB'Qa'oB

‘ V

C-Pa-Pg-Q;-Q5

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

Several other groups were also engaged in the constnlction of polyads

capable of long-lived charge separation. For example, Wasielewski er al.“ 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 ps.

>~ 0‘
6

Figure 1.7
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Flamigni er 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 us.”

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

been reported in recent years. '3

H,co \
Q /-h N /_ \ / 0 0HN \ /N—-""'1u' \ NH Q/ \ “
@~©<<0 /3 :3  ' 21+n,co 7

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.'4 For example, tetrad 8 (Fc-ZnP-HZP-C60, Figure 1.9)

gave the final CS state Fe”-ZnP-HZP-C60", which exhibited a lifetime of 380 ms in

benzonitrile solution, with a quantum yield of 0.17.
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Q

Figure 1.9

as
ligat

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

viologen (MV2*) 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.

A’ A’ OMe 0 H Ee®N 2
G ,,3@l)IIl)©G(I@O(III(IAr A‘ Me O H \';‘I@

Me

9

Figure1.10

/\

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.“

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.'3“ 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 (3CS). 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 (‘CS and 3CS). ICS can easily be populated when it is energetically below

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

to tcs. If ics is the lowest triplet level in the dyad, then ics 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 "3CS states in

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

generally unaffected, but "3CS state energies decrease considerably. Thus would

ultimately lead to a situation in polar solvents, where the 3CS 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 3CS

states. A more detailed discussion is presented below.

<1‘ (%) I (us)
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Figure 1.11. Structure of D-A dyads which form long-lived 308 state with quantum yields and

lifetimes

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

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

achieve significant population of 3CS 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 3CS would involve ISC from ‘CS to

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

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

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

examples of long-lived 3CS states populated via ISC from a short-lived ‘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 3CS state in a fully organic dyad

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

3CS state.” In 10 a carbazole donor and a tetrachlorophthalimide acceptor are

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

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

acceptor cl1romophore.'8 This '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 3CS 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 3CS is mainly formed via ISC from ‘CS. For

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

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

1,4-dioxane. It is suggested that for longer spacers 3CS 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 3CS 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 3CS states (vide infra) almost invariably

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

Anglos er al. described the interesting rigid dyad 11.” Photoexcitation of ll

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

long-lived 3CS 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 ('A* —> 3A*)

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

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

lowering of the energy gap between 3CS 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 3CS state only in rare cases. It

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

It was shown recently by Verhoeven er 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 ‘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 3CS formation. Addition of the

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

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

via the sequence 'BP* ——> 3BP* —> 3D* —> 3CS 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 3CS is 1.4 us in acetonitrile, whereas ‘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 ‘CS and 3CS in 14 was estimated to be of

the order of only 0.2 eV = 4.6 kcalmoll).

While intermolecular sensitization appears to provide a new method to

populate 3CS 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.” 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.
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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 3CS 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 us. 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 3CS 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)32+,-phenothiazine dyad

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

Steady state and time resolved spectroscopic techniques showed that the electron

transfer rates (kc, > 108 s'1) in 16 were much faster than those previously reported

(km < 107 s") for other linked Ru(bpy)32+—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“ 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 Ru2+ and phenothiazine radical cation will be near to each other,

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

BET rate.

/ 0
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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,” the rate constant

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

km = (21:/h) He,’ (4nlkBT)'”2 exp[-(Z + AGET)2/4/lkBT] (1.1)

h is the Planck’s constant divided by 21t, He, is the electronic coupling matrix

element between the donor and acceptor, /1 is the reorganization energy of the

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

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

structurally reorganize the donor, acceptor and their solvation spheres upon

electron transfer. Depending on the relative values of AGET and /1, equation (1)

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

Figure 1.13: i) a normal region (-AGET < /I) where electron transfer is thermally

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

regime (-AGET = /l) where the rate is maximum, and iii) an “inverted region” for

strongly exergonic reactions (-AGET > /i), 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.”
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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.”

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 kpE-|~ 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 kpE']"/kBE'[‘ values could be very

large (2 104) 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 -AGBET 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

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

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

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

voltammetric and fluorescence studies.

O $1 0 0
17 18

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 us 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 er ax?‘

O~

,<»@_N@

Q00Q09
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 us. 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 ‘CS and 3CS state would be in the Marcus inverted region. In

addition, BET from the 3CS 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.”
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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 us. 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).”



Chapter 1: Photoinduced CS in Molecular Systems 33

‘D*-A

D" ---------- --A  2.06 8V
‘\\“~._\ D_3A*\\ ‘~~ _ in 1.50 eVo 0 

Q 1.3;—;;“ —-Ii 1.36 eV

IZ /z

§
2"”

U
+I. ,

<--------- >. 4"
Q

Q’
1

1

1

I
1

’I
If

I»

(SI

Q
I>

D-A
Scheme 1.10. Structure of 21 and its energy level diagram

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

At 278 K, the lifetime of the CS state was 310 us. 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 er 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.“ 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 7t << -AGOBET, 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



Chapter 1: Photoinduced CS in Molecular Systems 34

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“ s'1. Transient absorption spectrum of 22 showed

the fonnation 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). 3I N-'CsH1:s“‘° MO 3\'\ \ g IF '
H 0 er 6   cm?“Me COOMe * f J, p L asN Me H ¥  .6 _. ..\Me _  ......... ...,..-§c....,.-...=m.wa§w,.... ........ at» ...........22  53$ 909  '11§3‘D "I235

/i\
I393!$9!’

5

O

Q re s
.§.........§.._.......?

Mom
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 x 103 s'1, corresponding to a CS state lifetime of 230 us at

25 0C. 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 0C 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.35°

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

ion, (23, (Acr+-Mes), Figure l.l8), 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



Chapter l: Photoinduced CS in Molecular Systems 36

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. AGO for PET in 23 was -0.31 eV.

Q
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23

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 Aer’-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.” 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 viol0gen.l8° Because of the long CS state lifetime the authors used 23 as

photoredox catalyst in various applications.”

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.” The one-electron oxidation and

reduction potentials of 24 were determined by cyclic voltammetry and second



Chapter l: Photoinduced CS in Molecular Systems 38

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

Q 0 0
H"
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24

Figure 1.19

in 24.

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 |J.s 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.

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

Fukuzumi er al. regarding the fonnation 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.



Chapter 1: Photoinduced CS in Molecular Systems 39

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

an altemative 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 ICS, of which apparently 88% decayed to the ground state and 12%

underwent ISC to a longer lived 3CS 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.

1 .76 eV D'1A* i
1.70 eV ‘D*-A i

IIIIIII D-3A*1_509\I
' ' ' ' ' ' ' 3D*-A 1.36-1.458V

1.26 eV 1[D*-A"] Z-— ___________ __* _ _ _ _ _ _ _ 3[D_,_ A1
12%D'A

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

km,-T. 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 3CS 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 er 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.

Haniman, Verhoeven and co-workers argue that 3(Acr+)* lies below the "3CS level

and hence the "3CS state would cross over to 3(Acr*)* and the transient that

Fukuzumi er al. observed is actually 3(Acr+)*.
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Schemei .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 er 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 er al. published several papers supporting long~1ived 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 er al. showed that this dyad undergoes very fast (rise = 0.4 ps) ISC

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

state in 24 must be bom 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“. Harriman, Verhoeven and co-workers

therefore synthesized and reinvestigated the PET processes in 24.40‘! Their study

confrmed the earlier reports that no long-lived CS state is fonned 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 er 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 In
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 nonnal

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.'3(”)'42 In almost all these cases, however, the

slowest rate observed in the inverted region was 2 108 s'l. In the light of these

observations claims of kw; < 104 s'I from the Fukuzumi group is to be viewed with

suspicion. It has been suggested that when —AGBE-F is very large other deactivation



Chapter 1: Photoinduced CS in Molecular Systems 44

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

recombination to the ground state.” 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.“ When viewed from this angle, the

arguments of Haniman 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,lO-Bis(phenylethynyl)anthracene

Phenothiazine Dyads 

2.1. Abstract 

Photoinduced elee/ron tramJer in linked dOllor·acceptor dyads with 

his(phenylethynyl)anthracene as fighl absorber and acceptor and one or two 

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

('011 he obtained by adding contributions due 10 the donor and at'eeplor moieties 

indicating that the constituents do not imerac:t in the ground state. Fluorescence of 

hi.I(phenylethyny/)anthracene core was efficiently quenched by Ihe donor moieties 

ami this was attributed to electron tramJer from the phenothiazine 10 

hi.'l(phenylethynyl)onthracene. FemlOsecond transient absorption studies suggested 

fonnation of a charge separated stale directly from the singlet excited state of 

bis/phenylethynyl)anthracene. Nanosecond flash photolysis experiments gave 

long-lived transient absorptions assignable to phenothiazine radical cation alld 

biJ(phenylethYllyl)anthracene radical anion. These assignments were confirmed hy 

oxygell 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 efiects.

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.‘ 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 fields4 and orientation

effectss 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 (

AGO) is much larger than the reorganization energy (X).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 it values in these systems. They have also reported

the fonnation of long-lived CS states in substituted methylacridinium and
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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 sourcesm and as molecular probes.“ They are also used in

solar cells,” OLEDI3 and PLEDI4 devices. Albinsson et al. have extensively

studied the photoinduced electron transfer processes in bridged donor-acceptor

systems containing BPEA unit as electron transporting bridge.” 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.“ 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 (X0) resulting from the short center-to-center distance (doc) between the D

and A units was claimed as a major reason for long CS state lifetirne.7(°) In the

work reported here doc > 10 A suggesting that a small doc value is not a crucial

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

obtained by AMl calculation using Gaussian 03 (Revision-D.0l) is also shown in

Figure 2.1, which gave ace = 14.2 A.
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f~ure 2.1. Structures of compounds used in this study and optimized structure of BPEA·PT 2 
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2.3. Results and discussion

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

BPEA-PT;

BPEA (R=OCH3) was synthesized as shown in scheme 2.1.” 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 TI-IF gave 4-ethynyl anisole, 3. Two equivalence

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

reaction condition gave the BPEA.

\$[i/

| 1'|v|s—E | | | I
Pd(PPh3)2Cl2, Cul, TBAE :1T"'Ft. :-. y. _-Z»
Ni-l‘Pr2, 11-||=, 24 n 35%OCH; 91% CH3 OCH31 2 3Br O

Pd(PPh3)2Cl,, CulQ = Q = QNH'Pr2, Toluene,70 °C, 24 hBr 6T% <!l>4 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.

@513 SN5 _TRIS‘:

Qgm HO—©"| Pd(PPh3)2C|2,cu|, R TBAFITHF io

'\|\Br

Q.
_-Q-O/_/_ Q

O 1 h——ii'~—D- ' P —i—-)
K2C03, Acetone NH‘Pr2, THF, 24 h 81%RBHUX, 8 h, 97% 95%

ms5 5 7 8
Scheme 2.2. Scheme for the synthesis of 8

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

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

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

BrBr Q N S
Pd{PPh3)2Cl2,Cul, Q 0 G :3 0 : Q O/_/_ C;leq a 2 — 1-» _/—/

NH'Pr2, Toluene, 70 °c, 24 h s N Q
Cé BPEA-PT, (49%)

+ O
QR/_Jo Q I g Br
C; 909%)

Scheme 2.3. Scheme for the synthesis of BPEA-PT:
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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.

H,co Q@@=o=oM
Pd(PPh3)2Cl2, Cul, _/—/9 2  s N Q
NH‘Pr2, Toluene, 70 °C,24 n, 59% BPEA-PT

Scheme 2.4. Scheme for the synthesis of BPEA-PT

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

various intennediates 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.“ 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 s0lution.18(°)

Attaching the PT as in BPEA-PT and BPEA-PT; 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-PT; 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 

stale 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. 

10 
, 
E 
u 

-:. 
• 5 
0 ->< 
'" 

0 
300 400 500 

Wavelength, nm 

Figur. 2.2. Absorplion speclra of (a) BPEA, (b) BPEA·PT and (c) BPEA·PT, in DCM 

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

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

cm·l ) suggesting similar geometry for the So and SI states. Using the absorption 

and emission spectra, the excitation energy (Eoo) 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=OCH,), BPEA·PT and BPEA·PT 2 shown in Figure 2.3b.c. 
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f~ure 2.3. Fluorescence spectra of (a) BPEA, (b) BPEA·PT and (c) BPEA·PT, in DeM. 

El.tation was at 440 nm 
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Ruorescence quantum yields were detennined for these systems and the values 

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

PT!. Fluorescence lifetimes were detennined using single photon counting 

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

(R=OCH.1). the decay was mono-exponential with a li fetime (to) of 3.04 ns. For 

BPEA·PT. the decay was bi-exponential with TI = 0.64 ns (97%) and t 2 = 3. 17 ns 

1.1"). BPEA-PT, also exhibited bi-exponential decay with t , = 0.37 ns (94%) and 

t,= 3.37 ns (6%). 



Chapter 2: 9, IO-bis(phenylerhynyl)anrhracene-pllellothiazine dyad 

• .. • .. .. -I: • • 
" 0 
(J 

1 • • I • 

r. 
'. 

Time, ns 

Figure 2.4. Fluorescence decay profiles of (a) BPEA (R=OCH,), (b) BPEA·PT and (c) BPEA· 

PT, in DCM. (d) Lamp profile. Excilation was at 440 nm 
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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 TI in BPEA·PT and BPEA-PTz arises due to facile electron 

transfer from PT to BPEA. The slow decay component T2 in these systems is 

similar to the unquenched fluorescence in BPEA. and could ari se 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. A lso synthesis of BPEA·PT and BPEA·PT, did not involve BPEA (see 

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

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" and

hence both conformations exist in solution.18(°) 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-PT; 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.”

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
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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-PT; (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.”

AGPET = F(EO,. - Emd) - E00 - 6%-S dc. (2.1)

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

centred reduction potential and as 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

AGPET 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 ‘W > 35° ""1> 1BPEA*-PT (2-2)

1BPEA"-PT ET P» °TBPEA—P'I'+ (23)

“BPEA-P'r’+ BET 1-» BPEA-PT (2-4)
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Figure 2.5. S wave voltammogram of (A) BPEA, (B) BPEA-PT and (C) BPEA-PT; 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.

1 (DkPET = __ BPEA ___ l 2 5T0 (QDDYAD ( ‘ )

We obtained kpET values of 1.12 >< 109 s'1 and 2.38 >< 109 s'l, respectively, for

BPEA-PT and BPEA-PT;. kpE']‘ values can also be calculated from the

fluorescence lifetime data using equation 2.6.l l. kPET = — — — (2-5)T1 To

Using equation 2.6 we obtained kPET values of 1.23 X 109 s'] and 2.37 >< 109 s'1,

respectively, for BPEA-PT and BPEA-PT2. kpE'I‘ values calculated using the two

expressions agree very well. It is to be noted that kpE']" value doubles when the

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

calculated using the kc. values (Q56, = kegs) 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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S70 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 S19

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, (Q 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-PT; 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 t.he case of BPEA-PT; decay of the Sr) 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 S1-9 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-PT; 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 ICPET 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-PT: systems in DCM (a) 10 ps, (b) 20 ps, (0) 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“!

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).“““’ Although the triplet of BPEA could not

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

experiments.“ 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 us.
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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 ps and (c) 7 us after the laser pulse. Inset

shows the kinetic trace at 490 nm

In contrast to BPEA, BPEA-PT and BPEA-PT; 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 us. 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.'6 Albinsson and co-workers have used BPEA as an acceptor

component in PET reactions and observed BPEA" around 600-650 nm.'5(°) 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 (1: = 36 us) and decay by BET process, for

which we obtained a rate constant (kBET = 1/‘E ) of 2.78 >< 104 s'1. Thus the ratio of

the forward and reverse electron transfer steps (kpET/kBET) exceeds 104 in the

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

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

PT2, respectively. (Des were nearly 50% of qbet 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 us. 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-PT; 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 nanosec0nds.9(°)’9(fl In dyad systems the ratio
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km/kBET rarely exceed 10,000 fe1a.9‘°> A few dyads with kpE1"/kBET >> 105 were

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

the reason for the large kpET/ICBET values.” 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

kpE']‘/kBE']‘ >> 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-PT; in the presence of oxygen at 10 us 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 (E0, = 0.72 V vs SCE) and hence ET as shown in equation 2.7 is

feasible with AG = -0.15 eV.

°"”BPEA- PT‘+ + TMPA -iET—>- “BPEA- PT + TMPA'+ (2.7)

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 

lime scales show absorptions due to PT-+ ---BPEA -'. At longer time scales decay 

of the transient at 515 nm assigned to PT-· along with concomitant fonnation of a 

lransiem 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 

10 rr leading to the fonnation of TMPA". 

c o 
<I 

0.03 
a 

0.02 I 
g 

0.Q1 

O.OO.l....--.-----r--~.......,.---
500 600 700 

Wavelength, nm 

F~ure 2.1 1. Transient absorption spectra of BPEA·PT, in the presence of TMPA (2 x 10· M) in 

deaemted DCM solution. (a) 5. (b) 10, (c) 15, (d) 20, (e) 30, tn 40 and (g) 50 ~s after excitation 

The BPEA'" side of the CS state can also participate in intermolecular ET 

reactions. N,N-di-II-octylpyromellitic diimide (PI, E~d = -0.86 V vs SCE in DCM) 

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

BPEA-PT, in the presence of PI at 5 ~s after the laser flash. Absorption due to 
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PI" occurs at 720 nm23 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.

BPEA—PT°+ + PI F ET >- BPEA—PT'+ + PI“ (2,3)

so-1

Q 20- -iio .4 i
10-1

0—e 1 ~  "I  I 1 S4500 600 700
Wavelength, nm

Figure 2.12. Transient absorption spectra of BPEA-PT; in the presence of Pl (2 >< 104 M) in

deaerated DCM solution, 5 ps after excitation

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

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

and BPEA-PTZ. 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 (DCS is

only half of (Data 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

1<.,= (211:/h) H63 (41u.1<Bn-"2 eXp[-(A. + AG0)2/4).kBT] (2.9)

h is the Planck’s constant divided by 21:, He; is the electronic coupling matrix

element between the donor and acceptor, kl; is the Boltzmann constant and T is the

temperature. This equation predicts that in the deep inverted region where —AG0

>> 2., ket will be very low. For the BET reaction between BPEA" and PT” the AGO

value is highly negative at -2.18 eV for BPEA-PT and -2.23 eV for BPEA-PT2.

The reorganization energy J. is the sum of 2.0 and /ii. The outer sphere

reorganization energy /to depends on the radii of the donor (rD) and acceptor (rA),
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the center-to-center distance dcc and the optical (sop) and static (es) dielectric

constants of the solvent as given in equation 2.10.

,1=A¢2_L _1__._1_ _1-_l 210U <2"/>.+ 2*]; doc 80p gs ( )
Since the donor and acceptor moieties are not spherical, an approximate radius =

1/2(length >< breadth)” was assumed. Using these values we obtained /10 = 0.88 eV

in DCM. BPEA is a very rigid organic molecule for which we can assume a low

value of ii = 0.1 eV. In the case of PT, oxidation to PT” leads to substantial

conformational changes that involve bending of the ring systems. /ii values

reported for PT -) PT” oxidation is in the 0.2 - 0.27 eV range.” Using 0.27 eV

we get total /li = 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 -AGO, 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.” In almost all these cases, however, the slowest rate observed in the

inverted region was 2 108 s'1. A general observation is that when —AGBET is very

large other deactivation channels such as jumps to low lying local triplet levels

may prevail over charge recombination to the ground state.9m 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 k] M" (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.2l Albinsson and co-workers found that 3BPEA*

can be generated through energy transfer from zinc porphyrin triplet and placed the

3BPEA* in the range 1.36 - 1.74 ev.‘5“*> In Figure 2.13 we have presented the

energy level diagram for BPEA-PT where we placed 3BPEA* at 1.74 eV.

2 57 ‘BPEA*-PT BPEA-3PT*
'" BPEA-PT’ +

2.18 _

3BPEA*-PT] _74 - i

Energy, eV

i BPEA-PT—
Figure 2.13. Energy level diagram for BPEA-PT
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3BPEA*-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 3BPEA*-PT and not PT”. Several arguments can be

cited against this assignment. First of all we have presented the T-T absorption

spectrum of 3BPEA* in Figure 2.8, which does 1101 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 3BPEA*, the following reactions should occur.

3BPEA5— PT +TMPA s ET at-'_BPEA—PT +TMPA'+ (2.11)

3BPEA*—PT + PI S ET 1-1+ BPEA—PT + Pl'_ (2.12)

210° 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 3BPEA*. Note that 1.74 eV is the maximum limit for

ET15(°) and AGO 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 3BPEA*-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 1BPEA*-PT to 3BPEA*-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 3CS state,

then a spin-allowed (and hence very fast) decay of the 3CS state to the local triplet

state would be observed. According to this paradigm one can put the 3CS state in

the BPEA-PT system only below 1.74 eV, which is the energy level for 3BPEA

PT. The ‘CS state in BPEA-PT is at 2.18 eV and if we place the 3CS 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 2.], which actually

is a very small value. Hence we rule out the involvement of 3CS 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 '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 ICS state,

"BPEA-PT”. 1BPEA*-PT and BPEA-3PT* are nearly isoenergetic, but

transitions between the two states are forbidden due to spin restrictions.

lntersystem crossing is very inefficient in BPEA systems and hence the 3BPEA

PT state is not populated at all. In principle, ‘BPEA-PT” formed can decay to the

local triplet 3BPEA-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 ‘CS state to undergo intersystem crossing to 3CS 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 vanous 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 stale 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 yie lds of the PET process were determined. Femtosecond and 

nanosecond transient absorption studies suggested formation of long-lived CS 

states in these dyads. Ass ignment 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.l3C 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

Fl12X 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 (<I>R

= 0.64).” The following equation was used,

A 00,. 111am. = <pR ___ (2.13)
2AR  HR
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where, the subscript R refers to the reference, OD is the optical density at the

excitation wavelength (OD =1 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 perfonned by using an IBH picosecond single

photon counting system employing a 440 nrn 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 (tbcs)

states were determined by relative actinometry employing a solution of

benzophenone (BP) in benzene as reference. The following equation was used,”

AODMsRQM: ¢>R ____ (1.14)
AODR 8,14
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in which the subscript M refers to the charge separated state and R refers to BP,

AOD is the end-of-pulse optical density of transients and s the extinction

coefficients of transients. For BP, values of (DR = 1.0 and 2R = 7600 M"cm" at 530

nm were used.30 For the calculation of <I>CS, known extinction coefficients of the

phenothiazine radical cation (8pTZ.+ = 9200 M4 cmil 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 kl-Iz repetition rate at 800 nm, 70 fs, 300 ,uJ/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 sechz 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.“ Unless stated

otherwise, all experiments were performed at 25 °C.

2.5.2. Synthesis and characterization

Synthesis of 2: 4-iodoanisole (Sg, 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 diisopropylarnine (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. ‘H NMR (c1:>c1,, 300

MHz) 5: 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 1nL) 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. ‘H NMR (c1>c1,, 300 MHZ) 5; 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(H) (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) vmax: 532, 555, 636, 764, 833, 1030,

1105, 1178, 1250, 1290, 1462, 1510, 1603, 2193, 2968, 3017, 3055 cm'1. ‘H NMR
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(CDCI3, 300 MHZ) 5: 3.89 (s, 6H), 6.99 (d, 4H), 7.63 (q, 4H), 7.73 (d, 4H), 8.69

(q, 4H). BC NMR (CDC13, 125 MHz) 8: 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 C2|H,8INOS: 459; found: 459. ‘H NMR (CDC13, 300

MHz) 8: 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(tripheny1ph0sphine)palladium(II)

(123 mg, 0.17 mmol) and c0pper(I) iodide (83 mg, 0.44 mmol) were dissolved in

dry THF (50 rnL). 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. ‘H NMR (CDCI3, 300 MHz) 5:
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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. ‘H NMR (CDCI3, 300

MHZ) 5: 2.23 (rn, 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-PT; and 9: To an argon degassed RB flask, 9, 10

dibromoanthracene (493mg, 1.47 mmol), dichlorobis(t1iphenylphosphine)

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. ‘H NMR (CDCI3, 300 MHZ) 5: 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) vmaxz 752, 829, 1051, 1173, 1246, 1283, 1458, 1506,

1597, 2191, 2843, 2924, 3055 cm'l. ‘H NMR (CDCI3, 300 MHz) 5: 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). BC NMR (CDCI3, 125 MHz) 6: 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 djisopropylamine (15

mL) were added. 4-methoxyphenylacetylene (40 mg, 0.39 mrnol) 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) vmaxr 752, 833, 1032, 1173, 1246,

1458, 1510, 1601, 2191, 2839, 2938, 3055 cm". 1H NMR (CDCI3, 300 MHZ) 5 =

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). BC NMR (CDCI3, 125 MHz) 6: 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*) 661611. 161

C46H33NO2S: 663.32; 16666; 663.46. Anal. 66166. 16; C46H33NO2S: c, 33.23; H,

5.01; N, 2.11; found: c, 32.31; H, 5.13; N, 2.41.
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Chapter 3 

Long-lived Photoinduced Charge Separation in 
9,lO-Bis(phenyJethynyJ)anthracene Based Triads 

3.1. Abstract 

We have investigated the PET prOl .. :esses taking place in two molecular 

lriad~ both of which had BPEA a .... sensitizer and light absorber and PT as donor. 

A nitrotoluene (NT) moiety was the acceptor in one of the triads and a 

pymmellitimide (PI) unit was the acceptor ill the oIlier. Fluores('ence of the BPEA 

(ore was efficiently quenched and this was oIlribwed to the electron tram,fer 

processes taking place in these triads. Two possible elutron tramfer pathways 

could be identified ill these systems. Picosecond frwu'ient absorption studies 

suggested fonnation of a charge separated state directly from the singlet excited 

slafe of BPEA in both triads. Analysis of the pic:osecond transient absorption 

spectra suggested the involvement of the Q(x eptor moiery (NT or PI) in the 

primary electron transfer step, Nanosecond flash photolysis experiments gave 

IOl1g-lived transient absorptions assignable 10 PT'" and NTa. or PIa., Assignments 

of radical ions were confirmed by oxygen quenching experiments, Analysis of the 

!if and A 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 dependencel

km = A exp(-B x 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, doc. [3 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 (5 0.5 13(1) B values.2 [3 values for normal organic bridges lie in

the range 1.2 - 1.4 /gr".
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Let us consider PET reactions in the dyad D-A, and triad D-A1-A2, leading

to formation of the CS states “D-A," and "D-A1-A2", respectively. The centre-to

centre distance (doc) in the triad is larger and hence BET would be slower in the

triad. AGOBET and /1 are different in these systems and hence calculation of BET

rates using equation 3.1 is not straight forward. Depending on the values of AGOBET

and /1, 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.

4 _ — & _ —_-I‘ ‘ — — Q Q — — Q Q — _ — — — — —-11+ace (1)) doc (T)
*D-A, *D-A -A1 2i i+ \ r \

+.D'A‘“ cs state l PD-J-3'A n “A* A
‘I t I AG”;T 1 +0 - - n Ih\' ‘ it hv l 2:1-5% CS state““ .. AG0BE'r(D)  ‘

t M 1 ‘, AG0BET(T)D-A] , D-A] t
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 |AG0BE1~| is very large (indicated as AG0BET(D) in Scheme

3.1). Since the second electron transfer is exergonic by an amount AGOZ, lAG0p,ETl

in the triad (indicated as AGOBE-r(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 /lo. The

following equation is generally used to calculate /L, (see chapter 2 for details).4

/10 = A@1(_;_rA ,. -%;D -  (ii);  (3.2)

It can be seen from equation 3.2 that the centre-to-centre distance dc, is a dominant

factor in deciding the value of /lo. If doc is large, 20 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 L, is much larger in the triad compared to that in the dyad. Thus,

upon going from the dyad to triad, AGOBET decreases and 20 increases.

The condition for the inverted region effect to operate is -AGOBET >> /1.6

This condition is true in the dyad shown in Scheme 3.1. To maintain this condition

in the triad, I AG0BET| be made larger and Z smaller. Upon going from the dyad to

triad the opposite effect takes place, ie.,  AG°BETl decreases and /l increases. Thus,

from a condition of —AG0BET >> /1 operating in the dyad, a situation of —AG0BET = /i

is attained in the triad. -AGOBET == /1 actually corresponds to the top of the Marcus
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parabola where the rate is maximum. Thus, if we consider the AGO and A 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) t.riad.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 us 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

l of this thesis.8

Fe©\ 0 0 Q 0 0H H" "O 0
FA-AQ Fe-FA-AQ

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 AGO and /I 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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BPEAQ Q
HC0,o:'_'_I0/_/_©

Q Q1.ON o::o/®

0 0 Q $2<3
Pl-BPEA-PT

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 Pl

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.

no, N02 no,
N02 TMS-E5HQ l TBAFITHF7’ 0 Pd(PPh3)2Cl2, Cul, 0 1 h O<>:*— 1*--.—ap~ -—---pK2003, ACGIODG Hi 1-HF h 85°/

Ref|ux,8h,96% ‘Q N P5550, ‘24 0Br 0' ll ll
ms1 2 3 4

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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N02BI OPd(PPh3)2Cl2, cm, __Ofifi ° e  * ° Q — Q B’
NH‘Pr2, Toluene, 70 °C, 24 I1 02NBr 35°/0 Q5 4 5

Scheme 3.3. Scheme for the synthesis of6

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).

@s3@N

Q KL Pd(PPh3)2Cl2, Cul,0:8» O  O;N NH'Pr2, Toluene, 70 °c, 24 :1Q 50%
II6 ’ Q0 NS

o2N@Jo::o/6
NT-BPEA-PT

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

No, No,
TMS-—§_N02 N02

NQNO2, H2804 Pd(PPh3)2c|2a Cu‘: K2603,-—-———-1|» is _ e g r» —————->
Kl, 800/0 Et3N’  hi 800/0 ' l  1h,  I lI /NH .2 /SK8 9 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 ll 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.
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Bf N02 6
Pd(PPh3)2Cl2, Cul,00¢  -e:~eNH'Pr2, Toluene, 70 °C, 24 hB, H 36% Qs 1o 11Q NPd(PPh3)2C|2,Cul, V /_/_11+1_ s‘,*o2N::ONH'Pr2, Toluene, 1o oc, 24 nee 0

120 PSSnCl2,HC| /_-/_e——-» ~»~:=<>THF, 5 h, 80%

13

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.“ 13 on condensation reaction with 14 in

DMF at 140 °c gave the triad compound PI-BPEA-PT in 50% yield.
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O 0 0 O
Octylamine0 o e 1" 0 N

DMF, 130°C, 6 hO 0 21°/I 0 0
14. . Q Q1

N 0-|-H2N*:_-:0/—/_%?_§/_/‘Ff ° ° Q14 DMF 13
l14o<>c,4a|1, 50%. . Q Q.0 = 0 = O He//F ° ° Q

Pl-BPEA-PT

Scheme 3.7. Scheme for the synthesis of Pl-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
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comparison purposes. Absorption spectra of BPEA. BPEA-Yr and NT -BPEA-Yr 

are compared in Figure 3.3. The long wavelength absorpt ion in BPEA occurs in 

the 400-500 nm region in DCM and attachment of PT and/or NT moieties did not 

resuh in any changes in its absorption above 400 nm. Absorption spectrum due to 

BPEA-Yr can be obtained by adding the contributions due to BPEA and Yr. In a 

similar manner, absorpt ion spectrum of NT·BPEA·PT could be obtained by 

adding contribut ions 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 

10 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. 

0.3-r-----------, 

~ 0.2 
c .. 
.e o ., 
.0 0.1 
~ 

- BPEA 
- BPEA-PT 
- NT-BPEA-PT 

o.oL----,~::.~_~~.../ 
300 400 500 

Wavelength, nm 

Figur. 3.3. Absorption spectra of BPEA. BPEA-PT and HT -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. 

1.2 

>-. ., 
0.8 .. 

c: 
et> -c: 

..: 0.4 

o.o..ll£~=::::;:;;:;;~;:;:::::==--~ 
500 600 700 

Wavelength, nm 

F~ure 3.4. Fluorescence spectra of (a) BPEA, (b) NT·BPEA·PT and (c) PI·BPEA·PT in DeM. 

Excitat"n was at 440 nm 

Fluorescence lifetimes of BPEA. BPEA·PT and NT·BPEA·PT were 

determined using single photon counting technique. The samples were exci ted 

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 t , = 0.64 ns (97%) 
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and t } = 3.17 ns (3%). Decay of NT-BPEA·PT fluorescence was bi-exponential 

with components t , = 0.25 ns (97.6%) and t 2 = 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 confonners 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. 

(/) -C 
::J 

8 

1~~3 
o 10 20 30 40 

Time, ns 

Figure 3.5. Fluorescence decay profiles of (a) BPEA (b) BPEA·PT and (c) NT·BPEA·PT in DeM. 

(d) Inslrumenl profile. Excilalion was al 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 

al 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 1:1 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 voltammetiy. 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).20 . - ea
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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 1BPEA* accepts an electron from PT (AGO = -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 (AGO = -0.21 eV) to give the final CS state. In

path B, lBPEA* is first involved in an oxidative electron transfer (AGO = -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” (AGO

= -0.21 eV) resulting in the formation of the final CS state. Since the two ET

pathways involve steps with identical AGO values, it is difficult to predict which of

the two pathways is actually followed in the PET reaction.

h
NT-BPEA-PT --v-> NT-‘BPEA*-PT

NTJBPEAKPTA(;»= -0.36 eV AG°= -0.36 eV
PathA Palh B

NT-BPEA"-PT" NT‘--BPEA"-PT

AG°= '0-21 °" AG°= -0.21 eV
NT°'-BPEA- PT"

Scheme 3.8. Photophysical processes in NT-BPEA-PT
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As mentioned in Chapter 2, rate constant for the PET process (kpE"[‘) 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 X 109 s" and 3.67 ><

109 s", 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 x 109 s'1) for calculating the quantum

yield for PET (fbct = kpETr, = 0.97). 45% was very high which indicated that PET is

very efficient in this system.

It may be noted that for BPEA-PT and BPEA-PT; described in Chapter 2

of this thesis, PET rates obtained using fluorescence quenching experiments were

1.12 >< 109 s'l, and 2.38 x 109 s'1, respectively. Since the AGO value for the first ET

step in paths A and B are the same, one would expect the kpE']" rates in BPEA-PT;

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 Sr) 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—)S,, 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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F~ure 3.7. (AI Pioosecond transient absorplion spectra obtained in Ihe flash phololysis of NT

BPEA-PT and (8) 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 m 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-Y AG laser. The 

1ransient 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 ~s . We have shown previously 

(hat 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 



Chapter 3: Long-lived charge separation in triads 119

transfer will have the radical cation on PT and the radical anion on NT. Based on

our previous results and literature reports,” 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.“
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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.

0.101: 515 nm
‘£0.05

0.. A
5 1 A\°\ =0 “'?‘°"“ 16

8 0 04_ A’ \  ‘E 495nm4

I Q04.
i

0.00 -iv‘! kA\A\‘
if [1 I f‘ |— ‘ a |500 550 600

Wavelength, nm

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 >< 105 sil.
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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 N T-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 '4 and that

of NT is reported to be 2.73 eV.15 The higher value of 3BPEA* is reported to be at

1.74eV.l6 All other energy states were determined from our experiments.

273 _- °NT“M-BPEA-PT_
NT-BPEA-“PT§;§';‘ II NT-g‘BPEA'-PT it
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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 sl ight 

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 eT 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 spec~a 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 kpE"[ = 2 >< 10“ s".

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 -9 PT”)

and 0.96 V (corresponding to BPEA —) BPEA”). The reduction peak at -1.46 V is

due to BPEA 9 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 Pl-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 Pl 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 'BPEA* as the first

step (AGO = -0.36 eV) to give PI-“BPEA-PT”. This step is followed by a second

electron transfer from BPEA" to PI (AGO = -0.57 eV) leading to the final CS state.

In path B the first electron transfer occurs between 1BPEA* and PI (AGO = -0.72

eV) to give "PI-BPEA”-PT. This is followed by a second electron transfer from

PT to BPEA” (AGO = ~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 Pl moieties is also expected to favors path B.
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h
Pl-BPEA-PT --i--> PI-‘BPEA*-PT

PT-1 BPEA*-PT
AG” = -0.43 eV

Pl-BPEA"-PT" Pat“ A AG“ = -0.12 eV
Path B

AGO = -0.57 CV P|.._BPEA¢+_pT
A= -0.21 eV

Scheme 3.10. Photophysical processes in PI-BPEA-PT

Pl "-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 S1-9 Sn transition. This indicates that 1BPEA*

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 Iransienl absorplion spectra oblained in Ihe flash phololysis of NT·BPEA· 

PT (a) immedialely and (b) 2 ns after]he laser e,alalion 

3.3.2.6. Nanosecond flash photolysis studies of PI-BPEA-PT 

The transient spectrum obtained in the nanosecond l a~er fl ash photolysis of 

PI-BPEA-PT is shown in Figure 3. 13. The spectrum exhibited maxima at 5 15 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 ~s (see 

insets in Figure 3. 13). According to Scheme 3.9, excitat ion of the BPEA 

chromophore in PI-BPEA-PT (PT-BPEA-PI) can initiate electron transfer from 

either PT to IBPEA* leading to format ion of pY+- BPEA ---PI or from 'BPEA· to 

PI leading to the formation of PT - BPEA -+ -PI--. Our observations suggest that 

both these states were loo 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.” Picosecond transient absorption studies indicated

the very fast formation of transient absorptions at 515 and 720 nrn and the same

transients survived even in the microsecond time scale. These transients are very

long-lived (T = 25 us) and decay by BET process, for which we obtained a rate

constant (kBET = 1/T) of 4 >< 104 s". 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 Pl-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 Pl-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



Chapter 3: Long-lived charge separation in triads 129

non-polar solvents is 2.62 eV'4 and that of PI is reported to be 2.45 eV.17m

Albinsson and co-workers have reported the higher value of 3BPEA* to be at

l.74eV.l6 All other energy states were determined from our experiments.2 ' '3 '
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Scheme 3.11. Energy level diagram for Pl-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 efiect 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 Pl-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 —AG0 >> /i. As stated previously 7t

= 2.. + Z0, where ii stands for the inner shell reorganization energy and /L, stands

for the outer shell reorganization energy. Inner shell reorganization energy for

BET from the final CS states will have contributions due to PT” 9 PT reduction

and NT" 9 NT or PI" -9 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 r,. = 2.49 A, rt, = 3.34 A and

doc = 29.13 A (all values obtained from molecular models assuming linear

configuration) and obtained 20 = 1.73 eV. For the triad PI-BPEA-PT, we obtained

4., = 1.4 eV (r,., = 3.52 A, rD = 3.34 A and dc. = 28.53 A). Thus the total

reorganization energy in NT-BPEA-PT is 2.1 eV and that in PI-BPEA-PT is

1.77 eV. -AGO values in the two systems were 2.0 eV and 1.64 eV, respectively.

Thus for the BET reactions in these triads —AG0 S /1. 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
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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 AGO and /1 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 .13CNMR spectra were recorded using a 500 MHz Bruker Avance

DPX spectrometer. Fl‘-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

3l0lPC UV/Vis-NIR scanning spectrophotometer. Steady state fluorescence

experiments were performed with a SPEX Fluorolog Fl12X 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 ((1)1; = 0.64).“; The

following equation was used,

A 00,. n-’
4% = <PR -—-——-— (35)

AR 01) nR2

where, the subscript R refers to the reference, OD is the optical density at the

excitation wavelength (OD =1 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'?’ 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 PY6lC-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

D20 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 um core

fibre connected to an Ocean Optics SD2000 UV-Vis CCD spectrophotometer (400

nrn 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 CBHIOINO3: 355; found: 355. ‘H NMR

(CDCI3, 500 MHZ) 5: 5.06 (s, 2H), 6.66 (d, 2H), 7.50 (m, 4H), 8.16 (d, 2H).
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Synthesis of 3: 2 (1.55 g, 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 chlorofonn/hexane (20:80) to get 3. (1.2 g, 85%).

mp 95-96 °c. Mass (GC-MS): calcd. for C,3H19N03Si: 325; found: 325. 1H NMR

(CDCI3, 500 MHz) 5: 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 QC 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 C1 SHHNO3: 253; found: 253. 1H NMR (CDCI3, 500

MHz) 3: 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
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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 chlorofonn/hexane (3:7) to obtain 6,

(158 mg, 35%). mp 178-179 °C. FAB-MS (M+) calcd. for C29H13BrNO3: 508.36;

found: 508.79. ‘H NMR (CDCI3, 300 MHz) 8: 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)pa1ladium(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 colurrm

chromatography over silica gel using chloroformfhexane (3:1) to obtain NT

BPEA-PT, (75 mg, 50%). Decomposed above 250 °C. IR (KBr) vmaxz 529, 571,

638, 758, 829, 1051, 1107, 1171, 1248, 1288, 134-4, 1462, 1510, 1601, 2191, 3055

cm". ‘H NMR (coca, 500 MHZ) 5 = 2.31 (m, 211), 4.14 (m, 411), 5.19 (S, 211),

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). BC NMR (CDCI3, 125 MHz) 5: 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:  fOUI'ldI
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Synthesis of 8 (l-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. ‘H NMR (coc13, 300 MHZ) 6; 7.94 (m, 4H).

Synthesis of 9:10 To a 100 rnL 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. ‘HNMR (coon, 300 MHZ) 5; 0.28 (S,

9H), 5 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

C3H5NO2: 147; found: 147. IHNMR (CDCI3, 500 MHz) 8: 3.36 (s, 1H), 7.64 (d,

2H,) 8.20 (d, 2H).

Synthesis of 11: To an argon degassed RB flask, 9, 1.0-dibromoanthracene (300

mg, 0.89 mmol), dichlorobis(triphenylphosphine) palladium(II) (19 mg, 0.026

mmol), copper(l) 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 C22H|2BrNO2: 402.24;
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found: 402.65.lH NMR (CDCI3, 300 MHz) 5: 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), c0pper(I) iodide

(3 mg, 0.012 mmol), dry toluene (30 mL) and dry diisopropylamine (5 rnL) were

added. 7 (105 mg, 0.3 mmol) in dry toluene (10 n1L) 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. 1H NMR (CDCI3, 300 MHZ) 8: 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 (H20); (180 mg, 0.79 mmol),

were added to THF (15 mL) with 4 drops 37% HCI 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 (M1) calcd. for C45H32N2OS: 648.81;

found: 648.42. ‘H NMR (CDC13, 300 MHZ) 6; 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 rnL 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. ‘H NMR (DMSO (4,), 300 MHZ) 5: 0.s1(¢, 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) vmaxz 528, 571, 638, 748, 825, 1083, 1173,

1246, 1364, 1466, 1512, 1719, 2851, 2922 cm'1. 1H NMR (CDCI3, 300 MHz)5:

0.88(t, 3H), 1.26 (m, 12H), 2.33 (t, 2H), 3.7 (t, 2H), 4.17 (m, 4H), 6.95 (rn, 6H),

7.18 (m, 4H), 7.65 (m, 8H), 7.86 (d, 2H), 8.17 (s, 2H), 8.65 (4H). BC NMR

(CDC13, 125 MHz) 6: 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,

fOI' C63H49N3O5SI   fOl.lHdI
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Chapter 4 

Long-lived Photoinduced Charge Separation in 
1,6-Bis(phenylethynyl)pyrene - Phenothiazine 

Dyads 

4.1. Abstract 

A strategy jor the desif{n of donor-acceptor dyads, wherein decay of the charge 

separated (CS) state to low lying local triplet levels could possibly be prevented, is 

proposed. III order to examine this strategy, a linked donor-acceptor dyad BPEP-

PT with bis(phenylethYlly/)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 

contributiolls due 10 the BPEP and PT moieties indicating that the constituents do 

not interact in the ground stale. Fluorescence of the BPEP moiety was efficiently 

quenched by the PT donor and this was attributed to electron lransfer from PT to 

BPEP. Picosecolld transient absorption stttdies suggested fomwtion of a charge 

separated state directly from the singlet excited state of BPEP. Nanosecond flash 

photolysis experimellfs gave IOllg· /ived transient absorptions assignable to PT 

radical cation and BPEP radical allioll. These assignments were confirmed by 

oxygen quenching studies and secondary electron transfer experiments. Based 011 
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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 —AG0PET S 7t and -AGOBET >> 7t. In

such cases kpg-1~ would fall in the nonnal region and kBET would be in the deep

inverted region of the Marcus parabola.1 Under these circumstances kpE']" >> kBET,

leading to formation of long--lived CS state? The argument against the inverted

region effect is that when -AGOBET 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 'BPEA* to 3BPEA* 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.

D-' ‘A*3A* 0- 3A*
1D* N“ 1D*-—A
‘ ‘(D°]:_- IA”)i 3D* I El‘ 35* -_ A

hvi A "_
hv’

ii
1'5

S

IP

D — A

Donor Acceptor Dyad
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 1D*, which exhibits very high fluorescence quantum

yield. 1D* does not exhibit any tendency to undergo ISC to 3D*. The acceptor A is

selected such that both lA* and 3A* are placed above lD*. Under these conditions

the only local triplet state below the CS state would be the 3D*-A state. If our

proposal is correct, “D-A" would not cross over to 3D-A because of the negligible

efficiency of the lD* —> 3D* 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] 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

devicesg and biological probes like nucleic acids“) and proteins“ 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,” and the low fluorescence quantum yield.” Recently it

has been shown by Inouye er. al. and Berlin er. al. that introduction of ethynyl

groups into pyrene nuclei induced effective extension of Ir-conjugation and a large

increase of fluorescence quantum yield compared to parent pyrene.“ 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,” electroluminescent

devices,“ two photon absorption dyes,” labelling of biomoleculeslg and detection

of proteins.” 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.

0‘ : Q °°““
H3C0 Q :

BPEP

Q :°\—\_€;>tit“ = Q“ G
BPEP-PT

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.

sqp

4

I\si/
I TMs—.:-"T.'. I I I I

Pd(PPh3)2Cl2, cm, TBA: LTHF_ I — 71> ———-a
NHIPr2, THF, 24 n 86%CH; 91% cu, OCH;1 2 3

®=@mPd(PPh3)2C|2, Cul D
NHIPr2,Toluene,70°C,24h Haw Q 3: 068%

BPEP

Scheme 4.2. Scheme for the synthesis of BPEP

QT]N

KL Pd(PPh3)2Cl2, Cul,2 eq Q — ; i + e ;)
NHIPr2, Toluene, 70 °c, 24 h

51%

Ifip

I I

8

Q :°\—\_€;-I?©“<»= e
BPEP-PT

Scheme 4.3. Scheme for the synthesis of BPEP-PT



Chapter 4: J .6-bis(phenyJelhynyJ)pyrene-phenolhiazine dyad 152 

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

various intennediates 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 absorpt ion 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 om. It can be safely assumed from Figure 4.2 that 

excitation above 350 nm populates only the BPEP excited states in the dyad. 

0.6 b 

0.0 ......... ---...---"'---.----'----. 
300 400 500 

Wavelength, nm 

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·') suggesting similar geometry for the So and S, states of BPEP. 

Using the absorption and emission spectra. the excitation energy (Ec:o) was 

calculated and the value obtained was 2.86 eV. Fluorescence quantum yield (ct-\WEP 

::: 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 (<1\.PEP.P'f) 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 usmg 

single photon counting technique. The samples were exci ted usmg a 40 I nm 
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nanoLED excitation source. BPEP exhibited monoexponential decay with a 

lifetime (to) of 1.3 ns. BPEP-PT exhibited biexponential decay with 11 ;;;; 0.17 ns 

(97.2%) and " = 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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Figur. 4.4. Fluorescence decay profiles of (a) BPEP and (b) BPEp·PT in DeM. (c) Instrumenl 

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 safel y 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 IS· state of BPEP moiety in the dyad. 

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

square wave voltammetry. Figure 4.SA 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 1S* state of BPEP can be

calculated using the Weller equationm (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 AGPET = -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 1“’ > 35° 2'1"!» 1BPEP"-PT (4-1)

1BPEP'-‘-PT   ET  1-» ‘ TPEP-PT'+ (42)

°_BPEP—PT'+ as BET» 1-» BPEP-PT (4-3)

As mentioned in Chapter 2, rate constant for the PET process (kpgr) can be

calculated either from the fluorescence quantum yields (equation 2.5) or from the

fluorescence lifetimes (equation 2.6). kpE"[‘ values were calculated using both

equations and the values obtained were 6.38 >< 109 s'l and 5.1 >< 109 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 ((15% = kPE']‘T]) 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 ICPET 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), fonnation 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 AOD 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 mn 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 S19 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 Sp) 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 3BPEP', its formation should match the decay of the S|% 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 fonn from the SI 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 transienl absorplion speclra obtained in flash phololysis of BPEP in DeM. 

la) 40ps, Ib) 350 ps, le) 500 ps, Id) 850 ps, le) 1.5 ns and I~ 2.3 ns. Insel shows decay and growth 

of Ihe Iransienls al 730 nm. 690 nm and 600 nm 

Figure 4.7 shows the transient absorption spectra obtained in the picosecond 

flash photolysis of BPEP~PT. AI short time scales the absorption due to the 730 

nm species (which we assign to the SI~ Sn absorption of BPEP) is dominant. This 

absorption decays within the observation window with concomitanl fonnation 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 fonned 

directly from the IS ~ of BPEP. Since the number of data points was limited, the 

decay and growth rates could nol be calculated accurately from the insel in Figure 

4.7. Since the enhanced fluorescence decay in BPEP·PT is attributed to electron 

transfer from PT to 'BPEp· (equation 4.2), the transient absorptions arising from 

the decay of the 'BPEp· absorption can be attributed to products of this electron 

transfer reaction. 

0.4 ~ 
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Figure 4.7. Picosecond ~ansienl absorption speelra oblained in Ihe flash phololysis of BPEp·PT in 

DeM. (a) 40 ps. (b) 200 ps, and (c) 500 ps. Insel shows decay of Ihe ~ansienl at 730 nm and 

growlh at 730 nm 

4.3.4. Nanosecond flash photolysis studies 

Nanosecond transient absorption studies were perfonned on both BPEP and 

BPEP-Yf in deaerated DCM solution. Upon excitation using 355 nm (Nd-Y AG, 
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3'6 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 -'BPEP". One may also conclude that this absorption did not arise from a triplet 

precursor. 
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Figure 4.9. Kinelic Iraces al6g0 nm in Ihe (A) argon and in Ihe (8) oxygen saluraled condilion 

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 pholOionisation. 21 

The fluorescence quantum yield of BPEP IS very high at 93%. The 

maximum ISC yie ld would be 7% and hence good transient absorption attributable 

to ·~BPEP· was actually not expected upon direct excitation. The -'BPEP* can in 

principle be obtained through sensitization experiments. We have tried to generate 

, PEP* 2+ . . B by energy transfer from Ihe MLCT stale of [Ru(bpyhl . A solullon of 

[Ru(bpYhl 2PF, in DCM was flash phololyzed in Ihe presence of excess BPEP 
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using the 532 nm light from a Nd-Y AG laser. Under the experimental conditions 

all Ihe lighl is absorbed by [Ru(bpyhJ'+ (BPEP has no absorplion al 532 nm) 10 

fonn il'i MLCT trip let state which undergo energy transfer to BPEP to generate 

·'BPEP·. The lriplel-lriplel absorplion spectrum of Ru(bpYh is we ll characlerized 

by a strong absorption around 370 nm, bleaching around 450 nm and emission 

from Ihe MLCT stale in Ihe 600-750 nm region. In Ihe presence of BPEP Ihe 

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 trans ient wa~ 

fonned from a triplet state , we assign it to 3BPEP•. 
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Figure 4.10. Transienl absorplion speelra oblained upon exeilalion of [Ru(bPYhJ 2PF, in Ihe 

presence of BPEP (al 3 ~s . (bl 8 ~ and (cl 14 ~s after !he laser irradiation. lnsel shows Ihe kinelie 

trace al 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 3BPEP*. Therefore we

conclude that ISC to the triplet state is not a significant process in the photophysics

of BPEP. Since 3BPEP* can be obtained readily by energy transfer from

3[Ru(bpy)3]*, energy of the 3BPEP* state must be lower than that of 3[Ru(bpy)3]*

state. This puts an upper limit for the 3BPEP* 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 its (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

1BPEP* 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.” 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 1BPEP* 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 (‘C = 30

us) and decay by BET process, for which we obtained a rate constant (kBET = 1/T)

of 3.34 X10“ S".
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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

rnL, 104 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, AGO for reaction 4.4 was

obtained as -0.18 eV.
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ET • ' - BPEA-PT + TMPA' + (4.4) 

This experiment further confinned the ass ignment of the transients in Figure 4. 11 

10 the long-lived CS state of BPEP-PT. 
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Figure 4.13. Transient absorplion spectra of BPEp·PT in the presence of TMPA (2 x 10· M) in 

deaerated DCM solution. (a) 1.5. (b) 4. and (c) 8 ~s after excitation 

In BPEP·PT dyad. the forward electron transfer rate constant, k pF.T = 5.74 x 

)09 5-
1
. The BET rate constant obtained from nanosecond flash photolys is studies 

is 3.34 x 104 
S· I. Thus kpF:rlkR F.T = 2 x I er. which is very large compared to most of 

the reported systems. Since kl'ETlkBET » 5000, and since the same transients are 

observed in the entire picosecond - microsecond time range, BPEP·PT qualifies 

{Q 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 -AGO >> /l. For the BET reaction between BPEP" and

PT” the AGO value is highly negative at -2.4 eV. The reorganization energy it is

the sum of Z0 and /ii. The outer sphere reorganization energy /10 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 ii = 0.1 eV. As

mentioned in Chapter 2, we used a value of 0.27 eV as /li for PT—)PT'*

oxidation.” 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 —/AGO, 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 3BPEP* 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 1BPEP*

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 ‘cs state, "BPEP-PT”. Energy transfer from 'BPEP*-PT to BPEP

1PT* will be endergonic and hence ruled out. Although BPEP-3PT* lies 0.24 eV

lower than 'BPEP*-PT, formation of BPEP-3PT* is spin-forbidden. Our studies

showed that 'BPEP* do not undergo ISC to 3BPEP*. Hence we do not expect

1BPEP*-PT also to undergo ISC to 3BPEP*-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 3BPEP*-PT (indicated by red arrow). If the latter process is happening,

then it would be possible to observe the 3BPEP* in the nanosecond flash photolysis

experiments. Since 3BPEP' 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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Since electron transfer occurs in the singlet manifold, the CS state produced 

is present in the singlet state . ICeBPEP_PTe+}. This state can also undergo ISC to 

\ .eBPEP_PTe+}. The singlet - triplet splitting within radical ion pairs is given by 

the magnitude of the spin-spin exchange interaction 21, which actually is a very 

small value. If the \ .eBPEP.PT·+) state is actually fonned. it will also be placed 

above the ' BPEP'·PT level. In such a situation. ' BPEP··PT wi ll be fonned easi ly 

from ' C·BPEP.PT·'). Since triplet state of BPEP was not detected at all, 

assignment of the long-lived CS state to ~C·BPEP-PT·+) can also be ruled out. 

This conclusion overwhelmi ngly 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 fonnation 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 detennined 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.
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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 .13CNMR 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 F1 12X 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 (<I>R = 0.95).”

The following equation was used,

A ODR H2
<1>F = <z>R ____ (4.5)

AR  VZR2

where, the subscript R refers to the reference, OD is the optical density at the

excitation wavelength (OD I 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 PY6lC-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 l0 mm quartz cuvette

containing l0 ml water and 10 ml D20 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 um 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 (Sg, 21.36 mmol), dichlorobis(t1iphenylphosphine)

pa1ladium(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 rnL) 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 C12H,6OSi: 204; found: 204. ‘H NMR (CDCI3,

300 MHz) 5: 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 O °C and TBAF (1M in THF, 12 n1L) 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. ‘H NMR (coc1,, 300 MHZ) 5; 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



Chapter 4: 1,6-bis(phenylethynyl)pyrene-phenothiazine dyad 175

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 (KBI) vnm: 530, 631, 723, 812, 831, 852,

1028, 1105, 1165, 1178, 1250, 1290, 1447, 1460, 1510, 1597, 2199, 2549, 2839,

3005 cm". 1H NMR (CDCI3, 500 MHz) 5: 3.88 (s, 6H), 6.97 (d, 4H), 7.66 (d, 4H),

8.16 (m, 4H), 8.20 (d, 2H), 8.67 d, 2H). BC NMR (CDCI3, 125 MHZ) 5: 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(triphenylph0sphine)pa11adium(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) vmaxz 530, 741, 835, 851, 960,

1059, 1238, 1248, 1288, 1375, 1465, 1510, 1597, 2201, 2965 cm'1. ‘H NMR

(CDC13, 500 MHZ) 5: 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 (<1, 4 H), 8.15 (m, 6 H), 8.66 (<1, 2 H). “c NMR ((3001,, 125

MHZ) 8; 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

(1)/1*) 681166. for C62H44N2O2S2 = 912.28; found: 912.29.
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