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ABSTRACT

The research work presented in this thesis is comprised of syntheses,
characterization, electrochemical and photophysical studies of aza-BODIPY
appended donor-acceptor conjugates.

The first chapter delivers an introduction to the research presented in the
chapters that follow. It provides an overview of the primary events of natural
photosynthetic processes, an understanding of which is essential for constructing
artificial photosynthetic systems capable of harvesting light energy.

The second chapter deals with photoinduced electron transfer processes
occurring in the aza-BODIPY-C60 dyad and Ferrocene-aza-BODIPY systems.
Femtosecond transient absorption spectroscopy showed efficient photoinduced
electron transfer.

In the third chapter (BODIPY)-aza-BODIPY dyad and triad were studied to
explore the role of aza-BODIPY as an energy acceptor. Steady state optical
absorption and emission studies revealed the occurrence of efficient energy
transfer from singlet excited BODIPY to aza-BODIPY.

Chapter four describes the supramolecular tetrad composed of azaBODIPY, ZnP and fulleropyrrolidine, which was studied to explore both electron
and energy transfer processes.
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CHAPTER I
INTRODUCTION

Photosynthesis is a large scale, well tested natural method for solar
energy harvesting on the planet, which is not only responsible for the energy
stored in coal, petroleum, and natural gas but also for the energy that powers
most of the biological world, and for the Earth‟s oxygenated atmosphere.1
Therefore, sunlight which is an abundant, inexpensive, environmentally clean
and geographically widely distributed source of renewable energy can be used to
replace our reliance on fossil fuels in order to meet the increasing global energy
demands. One of the ways to utilize sunlight is artificial photosynthesis, which
uses the fundamental principles of photosynthetic energy conversion to design
synthetic systems for transforming solar energy to chemical energy.

The photosynthetic process in purple bacteria has much in common with
its analogue in green plants, but is simpler and better understood, and so it is
chosen as a model for biomimicry.2 Figure 1.1 shows the relevant steps. The light
is captured by the antenna systems leading to electronic excitation which
migrates from chromophore to chromophore and ultimately to the reaction center.
The excited bacteriochlorophyll “special pair” initiates an electron transfer
reaction across the membrane in a series of steps involving several donoracceptor cofactors. Quinone is the ultimate electron acceptor which is reduced to
hydroquinone after two photoinduced electron transfers. This also involves the
uptake of two protons from water. The hydroquinone diffuses to the cytochrome
1

bc1 complex which oxidizes the hydroquinone back to quinone and establishes a
charge imbalance. Finally, the enzyme ATP synthase allows protons to flow back
across the membrane to release ATP formed from adenosine diphosphate and
inorganic phosphate (Pi). The ATP fulfills most of the energy needs of the
bacterium.

Figure 1.1: Schematic representation of bacterial photosynthetic system. 2

An understanding of the above model indicates that an artificial
photosynthetic system requires an antenna/reaction center complex.1 The
antenna consists of chromophores having strong absorption throughout the
visible region of the spectrum, which rapidly and efficiently transfer excitation
energy amongst chromophores and finally transfer the singlet excitation energy
to the reaction center. The reaction center is a nanoscale photovoltaic which
2

uses excitation energy to transfer electrons from donors to acceptors, thereby
creating long lived charge-separated states that resist recombination long
enough to allow migration of the oxidizing and reducing equivalents to catalytic
sites for water oxidation and fuel production.

1.1 Electron and Energy Transfer
The importance of photo-induced electron transfer reactions which play a
vital role in governing photosynthesis have lead many researchers to study and
understand the complex process in a simplified manner. A significant part of the
research involved the design and synthesis of systems comprised of donors and
acceptors

that

mimic

charge

separation

of

photosynthetic

proteins. 3

Consequently, numerous artificial photosynthetic systems have been reported.

Upon absorption of light by a chromophore, an electron is transferred from
ground state to excited state as shown in Figure 1.2. The excited electron can
return to the ground state via a number of pathways such as fluorescence,
phosphorescence, non-radiative decay or by quenching pathways which could be
either by
(1) electron transfer or
(2) energy transfer

3

Figure 1.2: Photoexcitation of a chromophore.

Figure 1.3: Schematic representation of electron transfer.

In case of an electron transfer process, the excited state species can act
as a donor or as an acceptor as shown in Figure 1.3. The excited state acts as a
donor, if there is transfer of an electron to another species in ground state. The
excited state species can also act as an acceptor, if it accepts an electron from
4

another nearby species in ground state. In both the cases electron transfer from
the donor to the acceptor results in the formation of a charge-separated state
consisting of radical cation (D●+) and radical anion (A●-).

Figure 1.4: Schematic representation of energy transfer.

In an energy transfer process, the excited electron of the donor returns to
the ground state, releasing excitation energy. This excitation energy is utilized for
the photoexcitation of the acceptor, thereby leaving the acceptor in the excited
state. The schematic representation for this process is shown in Figure 1.4 and it
can also be represented as follows:

D* +

A



D

+

5

A*

The Marcus theory of electron transfer processes provides a valuable
guide for controlling and optimizing the efficiency of the forward electron transfer
versus the backward electron transfer.4-5

According to Marcus theory of electron transfer, the free energy of
activation, ΔG, has quadratic dependence on the reorganization energy (λ) and
on the standard Gibbs free energy difference between the products and
reactants as represented by equation 1.1.67

ΔG ∝ [-(ΔG0 + λ)2 / 4λ]

(1.1)

The expression for the rate of electron transfer is shown by equation 1.2.
where kB is Boltzmann‟s constant, T is absolute temperature.

kET ∝ exp [-(ΔG0 + λ)2 / 4λkBT]

(1.2)

The expression for ΔG defines a parabola (Figure 1.5). With the increase
in -ΔG0, the rate of electron transfer increases until -ΔG0 = λ, where the rate is
maximum. This is the normal region of the Marcus parabolic curve. With the
further increase in -ΔG0, the rate of electron transfer decreases. This region
where -ΔG0 > λ, is the Marcus inverted region.

6

The total reorganization energy (λ) is the sum of contributions from the
oscillators within the molecules (λi) and the solvent oscillators (λs).3 Smaller λ
values assist in reaching the maximum of the Marcus parabola at smaller -∆G°ET
values and, in turn, in shifting the energy wasting charge-recombination deep in
to the Marcus „inverted region‟. Ideally, in order to optimize the charge transfer
efficiency and lifetime of the charge seperated state, molecules with small
reorganization energies should be designed so that the forward electron step lies
near the top of the curve, while the back electron transfer step lying deep in the
inverted region.

The feasibility of electron transfer (∆GCS) for a given donor-acceptor
system can be determined by using the Rehm-Weller equation 1.3.6-7

∆GCS = E1/2(D+/D) - E1/2(A/A-) - E0,0 + ∆GS

(1.3)

Here, E1/2(D+/D) is the ground state oxidation potential of the donor, E1/2(A/A-)
is the ground state reduction potential of the acceptor, E0,0 is the 0-0 transition
energy of the electron donor, and ∆GS is the electrostatic energy term. The
expression for ∆GS is given by equation 1.4.

∆GS = - e2
4Πε0εRRCt-Ct

(1.4)

7

ε0 and εR represent vacuum permittivity and dielectric constant of the
solvents respectively. RCt-Ct is the center to center distance between the donor
and the acceptor, which is determined from computational studies. A negative
value of ∆GCS indicates that electron transfer is a spontaneous process, whereas
a positive value indicates that electron transfer is not a favorable process.

Figure 1.5: Marcus parabolic curve.

1.2 Porphyrins as electron donors
A variety of donors such as ferrocene, tetrathiafulvalene, and ruthenium
bipyridine complexes have been investigated, however porphyrins are often the
choice due to their excellent optical and electronic properties.21 In building such
8

systems, porphyrins are employed due to their structural similarities with the
naturally occurring pigment chlorophyll. The UV-visible absorption spectra of
porphyrins and their metal derivatives exhibit strong absorption bands around
400 nm (Soret band, ε = 200,000 M-1 cm-1) and weaker absorptions (Q bands)
around 450-750 nm region.8-9 The extensively π-conjugated systems of
porphyrins increases their electron donating ability. They have rich redox
properties which can be easily tuned by changing the peripheral substitution or
the metal ion in the cavity. Their excited singlet and triplet states are large
enough to allow interactions with other molecules in the ground state and/or
excited state.

1.3 Fullerenes (C60) as electron acceptors
Fullerenes are important building blocks in artificial reaction centers due to
their exciting electronic and photophysical properties. C60 has a rigid three
dimensional carbon framework with a diameter of 8.8 Å. Cyclic voltammetry
showed that C60 can reversibly accept up to six electrons exhibiting its rich
electrochemical properties.10-15

An important aspect of photo-induced electron transfer is to have fast
charge separation and slow charge recombination in order to improve the lifetime
of the radical ion-pair. C60 has small reorganization energy (λ) in comparison with
natural electron acceptors such as quinones, due to which the photoinduced
charge separation rate lies upward along the normal region of the Marcus

9

parabolic curve and the charge recombination rate lies in the Marcus inverted
region, thereby slowing down the rate of recombination. The low value of solvent
reorganization energy (λs) is due to a high degree of delocalization. Also, due to
structural rigidity, the value of internal reorganization energy (λi) is small and thus
the actual reorganization energy (λ = λs + λi) would be small.

Remarkable photophysical properties are displayed by fullerenes. C60
exhibits strong absorption in the UV region but weaker absorptions in the visible
region. C60 anion radical shows characteristic optical absorption bands around
900-1100 nm serving as diagnostic probes for their identification.

1.4 Boron dipyrromethene (BODIPY) dyes
4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene

(commonly

referred

as

BODIPY) dyes have sharp and moderately strong absorption near 500 nm (ε =
40,000 – 100,000 M-1 cm-1).16-17 They also emit relatively sharp fluorescence with
high quantum yields. Other characteristic features include long excited state
lifetimes, good solubility in organic solvents, relative insensitivity to polarity and
pH of the environment and reasonable stability to physiological conditions.
Structural modification enables tuning of their fluorescence characteristics, hence
these dyes are widely used to label proteins and DNA. 34 These dyes also find
applications as fluorescent switches, chemosensors and laser dyes.35

10

BODIPY has also been used in building photosynthetic antenna and
reaction center mimics. BODIPY generally acts as an energy absorbing and
transferring antenna molecule. A few examples of systems exhibiting electron
and/or energy transfer relevant to the work done in the thesis are presented.

(i) n = 1, R = Me
(ii) n = 4, R = Me
(iii) n = 1, R = Ph

Figure 1.6: Electron and energy transfer in Porphyrin-BODIPY dyads.18

Electron and energy transfer from axial ligands was studied for systems
(i), (ii), (iii) and (iv) (Figure 1.6 and 1.7). The acceptor chosen was an antimony
porphyrin because the central metal can coordinate to ligands with oxygen,
nitrogen, or sulfur atoms.17-18 Energy transfer from the excited singlet state of the
BODIPY to the Sb(TPP) chromophore occurs for (i), (ii) and (iv) with efficiencies
in the 13-40% range, decreasing as the length of the methylene bridge
increases. Almost no evidence was seen for quenching of the porphyrin excited
singlet state by the BODIPY. This was observed even in polar solvents where the
donor and the acceptor fragments would be expected to pack against each other.
11

But, for system (iii), which differs from (i) only at the second axial ligand
(phenoxy vs. methoxy), the excited singlet state of the Sb(TPP)-acceptor was
quenched by the BODIPY and phenoxy ligands. The quenching by the phenoxy
group occurs, at least in part, via a non-radiative electron-transfer process.

(iv
Figure 1.7: Energy transfer in Porphyrin-BODIPY triad.18

Imahori and coworkers reported the covalently linked triad (v) (Fc-ZnPC60) (Figure 1.8).19 In benzonitrile, two major charge separation pathways prevail:
one involving the reaction between 1ZnP* and C60 and the other involving the
reaction between ZnP and 1C60*; both of which produce Fc-ZnP●+-C60●- with high
quantum yield. The transient state undergoes a secondary electron transfer from
ferrocene to ZnP to give the final charge separated state with quantum yields
close to unity. The state mainly decays by charge recombination to the ground
state.

12

(v)
Figure 1.8: Covalently linked triad.19

(vi)

Figure 1.9: Supramolecular triad.20

A supramolecular triad (vi) (Figure 1.9) was constructed via axially
coordinating imidazole appended fulleropyrrolidine to the zinc center of a
covalently linked zinc porphyrin boron dipyrrin dyad. 17,20 Steady state, timeresolved emission and transient absorption spectral studies revealed that boron
13

dipyrrin absorbs light energy and transfers it to the zinc porphyrin to generate
singlet excited zinc porphyrin. Subsequent electron transfer from the excited zinc
porphyrin to fullerene results in the formation of charge separated state. The
supramolecular triad thus mimics the „antenna-reaction center‟ events of natural
photosynthesis.

1.5 Aza-boron dipyrromethene (Aza-BODIPY) dyes

Figure 1.10: BODIPY and aza-BODIPY.

Aza-BODIPY is a structural analog of BODIPY (Figure 1.10). Replacement
of the central carbon atom in BODIPY by a nitrogen atom gives aza-BODIPY with
a large bathochromic shift ((ix) max abs = 564 nm and (x) max abs = 650 nm). This

14

class of chromophores was first described in the 1940s and they remained
unstudied for a long time.17,68 Beginning with research largely form O‟Shea‟s
group from 2002 onwards, there has been a resurgence of interest in azaBODIPY dyes.17,22

Aza-BODIPYs are red/near-infrared fluorophores with remarkable spectral
properties such as extinction coefficients ranging from 75,000-85,000 M-1 cm-1
and also large fluorescent quantum yields above 700 nm. 21 The absorption
spectra of this class of dyes are relatively insensitive to solvent polarity; only
small blue-shifts tend to be observed (6-9 nm) when switching form toluene to
ethanol.17,22-26 Also, their fluorescence emission spectra reported to date are
relatively insensitive to solvent polarity. The UV absorption maxima of the
tetraarylazadipyrromethene-BF2 chelates strongly depend on the substituents on
the aryl rings. Electron donating substituents on the para position of the aryl rings
α to the pyrrole nitrogen result in large bathochromic shifts, whereas electron
donating substituents on the para position of the aryl rings β to pyrrole nitrogen
result in smaller bathochromic shifts. These molecules are potentially useful
photosensitizers for photodynamic therapy. Aza-BODIPY‟s have also found
applications as chemosensors and NIR fluorescent probes.

Synthesis of the aza-boron dipyrromethene chromophore was first
described in the 1940s17,.22,27 The work done in this thesis adopts the following
method, where the starting materials were chalcones (α,β-unsaturated ketones),
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which were synthesized by aldol condensation of the corresponding substituted
benzaldehyde and acetophenone. Michael addition products from chalcones and
nitromethane, were treated with ammonium acetate to give core (xi). Earlier,
these reactions were performed neat, i.e. without solvent. It was then realized,
that the use of alcohol solvents usually causes the aza-boron dipyrromethenes to
precipitate from the reaction mixture, therefore enhancing the ease of isolation
and yields. The mechanism for formation of the aza-boron dipyrromethene core
(xi) from the nitromethane adducts is shown in Figure 1.11.

Figure 1.11 : Aza-BODIPY core formation mechanism.17

Aza-BODIPY dyes mostly have been investigated in the context of
photodynamic therapy agents, but chemosensors have also been made from
these compounds, examples of which are shown in Figure 1.1217. Compounds
(xii) and (xiii) are crown ether linked aza-BODIPY chemosensors and are used
as visible sensors for the paralytic shellfish toxin saxitoxin17,28. Photoinduced
electron transfer from crown ether to fluorophore occurs in these two compounds
16

which quenches the fluorescence. But in the presence of saxitoxin, complexation
with crown moiety occurs and photoinduced electron transfer can no longer occur
due to which fluorescence is turned on. Compound (xiv) is highly selective for
mercuric ions that becomes chelated between the 2‟-pyridyl groups.29 Mercuric
ion complexation results in bathochromic shift of both the UV-absorption and
fluorescence emission maxima. The dissociation constant was determined to be
5.4 x 10-6 M with a 1:1 binding stoichiometry.

(xii) n =
(xiv

1

Figure 1.12: Aza-BODIPY chemosensors.28,29

Recently, a functionalized single walled carbon nanotube (SWCT)
covalently attached to aza-BODIPY (Figure 1.13) was reported.21 Electronic
interactions between aza-BODIPY and SWCT was confirmed by means of
absorption and fluorescence spectroscopic techniques. Also, transient absorption
measurements verified efficient electron transfer from photoexcited aza-BODIPY
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to SWCT. The life time of the radical ion pair was determined as 1.2 ns which
demonstrates promising application in the field of organic photovoltaics.

(xv)

Figure 1.13: Covalently functionalized SWNT with aza-BODIPY.21
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1.6 Scope of present work
The importance of natural photosynthetic processes has led many
researchers to investigate the principal aspects of photochemical energy
conversion processes.30 A comprehensive understanding of these processes has
led to the design and synthesis of several covalently linked systems capable of
successfully mimicking antenna-reaction center functionality. Furthermore, noncovalent supramolecular systems have also been assembled which are similar to
those found in natural systems. In all these constructs porphyrins and
phathalocyanines have been widely used as donors owing to their close
resemblance to natural chlorophyll pigment and remarkable spectroscopic and
electrochemical properties. Other chromophores which find applications as
donors include ferrocene,

tetrathiafulvalene and

ruthenium

bypyridine

complexes.21 As acceptors ever since their discovery, the three dimensional
fullerene C60, has occupied a special place in this research due to their excellent
properties such as low reduction potential and low reorganization energy, making
it more favorable than its two dimensional counterpart quinone.

Aza-BODIPY,

a

red/near-infrared

absorbing

and

relatively

new

chromophore with attractive spectral properties has found applications as
photodynamic

therapy

agent,

near-infrared

fluorescent

probe

and

chemosensors.22,28,31 However, its application in light harvesting donor acceptor
systems is yet to be explored. Moreover, these chromophores are amenable to
structural modification which would allow optimization of the desired properties.
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Thus exploration of novel chromophores with relatively different spectral and
electrochemical properties is highly attractive since the constructed new systems
could exhibit novel photochemical properties. The work done in this thesis
focuses on various donor acceptor systems containing of aza-BODIPY, with the
aim of mimicking primary events of natural photosynthesis, i.e., exploring
electron and/or energy transfer processes and hence establishing its potential
application in this field. The studied dyads, triads and tetrad were covalently
linked and/or supramolecularly assembled.

The first novel dyad synthesized was aza-BODIPY-C60, wherein azaBODIPY was covalently linked to C60. Computational study predicted azaBODIPY to be electron deficient and electrochemical studies revealed its
reduction potentials comparable to fullerene. Although not much electron transfer
was observed in this system, the knowledge of it being electron deficient
prompted us to study the ferrocene-aza-BODIPY system with ferrocene being a
well-known donor. Femtosecond transient absoption studies were used to probe
the electron transfer events.

BODIPY dyes have been extensively studied in systems where it acts as
energy absorbing and transferring antenna.32 To examine the role of azaBODIPY as an energy acceptor, (BODIPY)-aza-BODIPY dyad and triad were
synthesized and the excited state photochemical events were probed by steady
state absorption and emission techniques.
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Finally, porphyrin, which has been widely used due to its ability to donate
electrons was covalently linked with aza-BODIPY to form a dyad and triad. The
metallated

derivative,

(ZnP)2-aza-BODIPY

was

self-assembled

with

fulleropyrrolidine bearing two pyridine ligands via axial coordination to the zinc
center of the porphyrin entities and UV-visible spectral studies were employed to
study the stoichiometry of the system. Further, photochemical studies, to gain an
insight of the excited state processes are still under investigation.
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CHAPTER 2
(A) STUDIES ON COVALENTLY LINKED AZA-BODIPY-C60 DYAD
2.1 Introduction
Study of photoinduced electron transfer processes has gained much
attention due to the role it plays in natural photosynthesis and has thereby lead to
applications such as construction of solar cells and optoelectronic devices. 36
Electron transfer events have been probed in numerous donor-acceptor
architectures to eventually construct artificial light harvesting devices and thus
provide a promising solution for global energy demands.37-39 In all of these
studies, tetrapyrroles such as porphyrin and phthalocyanine have been
commonly employed as donors due to their close resemblance to natural
chlorophyll pigment. Similarly, the three dimensional electron acceptor, fullerene,
has been widely used due to its favorable reduction potentials and lowreorganization energy in electron transfer reactions. In a few selected cases,
donors other than tetrapyrroles have been employed and novel features that are
otherwise not attainable using normal tetrapyrroles have been accomplished.40,41
Thus, exploration of novel donors with relatively different spectral and
electrochemical properties is highly attractive since the constructed new systems
could exhibit novel photochemical properties.

4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene

(commonly

known

as

BODIPY) is one of the commonly used fluorophores in developing sensors and
tags to detect biomolecules owing to its superior fluorescent properties that
22

include lifetimes ~4 ns and quantum yields exceeding 80%. BODIPY has also
been used in building photosynthetic antenna and reaction centre mimics. 37-39
Interestingly, aza-boron dipyrromethene, a structural analog of BODIPY, has
recently gained much attention for its photochemical properties. 42 Aza-BODIPY
absorbs near 300 and 600 nm region with very high molar absorptivities, that is
at spectral regions of solar energy capture and photodynamic therapy interests.
Like BODIPY, aza-BODIPY is also fluorescent. However, it emits in the red
region (660-700 nm) with quantum yields exceeding 40%. Most of the
applications of aza-BODIPY have been limited to photodynamic therapy agents,
chemosensors and NIR fluorescent probes.22, 28, 31 To the best of our knowledge
donor-acceptor conjugates comprising aza-BODIPY chromophores are not
known excepting the recently reported (2010) aza-BODIPY-carbon nanotube
conjugate. Therefore, the utilization of aza-BODIPY in building donor-acceptor
conjugates has been accomplished in the present study wherein the novel azaBODIPY-C60 has been synthesized by covalently linking aza-BODIPY to
fullerene, C60 in close proximity. (Figure 2.1)

Figure 2.1: Structure of aza-BODIPY appended fullerene dyad.
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2.2 Experimental Section
Chemicals
Buckminsterfullerene,

C60

(+99.95%)

was

from

SES

Research,

Houston,TX). All the reagents were from Aldrich Chemicals (Milwaukee, WI)
while the bulk solvents utilized in the syntheses were from Fisher Chemicals.
The tetra-n-butylammonium anion salts (n-Bu4N)ClO4 used in electrochemical
studies were from Fluka Chemicals. The initial synthesis of aza-BODIPY
macrocycle was performed according to the procedure reported by O‟Shea and
coworkers22 by needed modifications.

Instrumentation.
1

H NMR spectra were obtained from chloroform-d1 solutions using a

Varian 300 MHz NMR spectrometer with tetramethylsilane as an internal
standard. The UV-visible spectral measurements were carried out with a
Shimadzu Model 1600 UV-visible spectrophotometer. The fluorescence emission
was monitored by using a Varian Eclipse spectrometer. Cyclic voltammograms
(CVs) were recorded on an EG&G PARSTAT electrochemical analyzer using a
three electrode system. A platinum button electrode was used as the working
electrode. A platinum wire served as the counter electrode and Ag/AgCl was
used as the reference electrode. Ferrocene/ferrocenium redox couple was used
as an internal standard. All the solutions were purged prior to electrochemical
and spectral measurements using argon gas.
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Time-resolved Transient Absorption Measurements.
Femtosecond laser flash photolysis was conducted using a Clark-MXR
2010 laser system and an optical detection system provided by Ultrafast Systems
(Helios). The sources for the pump and probe pulses were derived from the
fundamental output of Clark laser system (775 nm, 1 mJ/pulse and fwhm = 150
fs) at a repetition rate of 1 kHz. A second harmonic generator introduced in the
path of the laser beam provided 410 nm laser pulses for excitation. A 95% of the
fundamental output of the laser was used to generate the second harmonic,
while 5% of the deflected output was used for white light generation. Prior to
generating the probe continuum, the laser pulse was fed to a delay line that
provided an experimental time window of 1.6 ns with a maximum step resolution
of 7 fs. The pump beam was attenuated at 5 µJ/pulse with a spot size of 2 mm
diameter at the sample cell where it was merged with the white probe pulse in a
close angle (<10). The probe beam after passing through the 2 mm sample cell
was focused on a 200 µm fiber optic cable which was connected to a CCD
spectrograph (Ocean Optics, S2000-UV-vis for visible region and Horiba, CP-140
for NIR region) for recording the time-resolved spectra (450-800 and 800-1400
nm). Typically, 5000 excitation pulses were averaged to obtain the transient
spectrum at a set delay time. The kinetic traces at appropriate wavelengths were
assembled from the time-resolved spectral data.

Nanosecond time-resolved transient absorption measurements were
carried out using the laser system provided by UNISOKU Co., Ltd.
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Measurements of nanosecond transient absorption spectrum were performed
according to the following procedure. A deaerated solution containing a dyad
was excited by a Panther OPO pumped by Nd:YAG laser (Continuum, SLII-10, 46 ns fwhm) at  = 430 nm. The photodynamics were monitored by continuous
exposure to a xenon lamp (150 W) as a probe light and a photomultiplier tube
(Hamamatsu 2949) as a detector. Transient spectra were recorded using fresh
solutions in each laser excitation. The solution was deoxygenated by argon
purging for 15 min prior to measurements.

Syntheses
1,3-Diphenyl-propenone, (1): Benzaldehyde (5.25 g, 4.9 x 10-2 mol),
acetophenone (5.94 g, 4.9 x 10-2 mol) and potassium hydroxide (83 mg, 1.5 x 10 3

mol) were dissolved in ethanol/water (85:15 v/v, 100 cm 3) and stirred at rt for a

period of 24 h. The reaction mixture was allowed to cool in ice-water bath during
which the product precipitated. Filtration of the reaction mixture gave pale yellow
solid product: Yield 8.76 g (85%); 1H NMR (300 MHz, CDCl3) δ = 7.40-7.46 (m,
3H), 7.48-7.55 (m, 2H), 7.56-7.61 (m, 1H), 7.62-7.86 (m, 4H), 8.0-8.06 (m, 2H)
ppm.

4-Nitro-1,3-diphenyl-butan-1-one, (2): 1, 3-Diphenyl-propenone (5.0 g, 2.4 x
10-2 mol), nitromethane (7.33 g, 0.12 mol) and diethylamine (8.78 g, 0.12 mol)
were dissolved in dry methanol (65 cm3) and heated under reflux for 24 h. The
solution was cooled, acidified with 1M HCl to precipitate the product: Yield 5.49 g
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(85%); 1H NMR (300 MHz, CDCl3) δ = 7.9-7.94 (m, 2H), 7.55-7.61 (m, 1H), 7.437.49 (m, 2H), 7.26-7.36 (m, 5H), 4.65-4.86 (m, 2H), 4.18-4.30 (m, 1H), 3.42-3.50
(m, 2H) ppm.

(3,5-Diphenyl-1H-pyrrol-2-yl)(3,5-diphenylpyrrol-2-ylidene)amine,

(3):

4-

Nitro-1,3-diphenyl-butan-1-one (0.5 g, 1.86 mmol) and ammonium acetate (5.01
g, 6.5 x 10-2 mol) and ethanol (20 cm3) was heated under reflux for 24 h. During
the course of the reaction, the product precipitated as blue-black solid. The
reaction was allowed to cool to room temperature. The solid was then filtered and
washed with ethanol to yield the product: Yield: 0.15g (35%); 1H NMR (300 MHz,
CDCl3) δ= 8.04-8.09 (m, 4H), 7.94-7.99 (m, 4H), 7.33-7.57 (m, 12H), 7.21 (s,
2H); UV/vis (max) 598 nm.

Scheme 2.1: Synthetic scheme for compound 4.
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BF2

Chelate

ylidene)amine,

of

(3,5-Diphenyl-1H-pyrrol-2-yl)(3,5-diphenylpyrrol-2-

(4):

(3,5-Diphenyl-1H-pyrrol-2-yl)(3,5-diphenylpyrrol-2-

ylidene)amine (0.1 g, 0.22 mmol) was dissolved in dry CH 2Cl2 (40 cm3).
Diisopropylethylamine (0.4 cm3, 2.3 mmol) and borontrifluoride diethyl etherate
(0.5 cm3, 4.02 mmol) were added and the mixture was stirred at room
temperature under N2 for 24 h. The mixture was then washed with water and the
organic layer was separated, dried over Na2SO4 and evaporated to dryness. The
residue was purified by column chromatography (silica) with CH 2Cl2/hexanes 1:1
to give the product as metallic brown solid: Yield 0.095 g (86%); 1H NMR (300
MHz, CDCl3) δ = 8.02-8.08 (m, 8H), 7.40-7.55 (m, 12H), 7.04 (s, 2H) ppm; UV/vis
(max) 650 nm.

Aza-BODIPY-Aldehyde, (5): BF2 Chelate of (3, 5-Diphenyl-1H-pyrrol-2-yl)(3, 5diphenylpyrrol-2-ylidene)amine (0.1 g, 0.20 mmol) was dissolved in (20 cm3) dry
CH2Cl2 and stirred under argon for 10 min. Then AlCl3 (0.134 g, 1.01 mmol) was
added and the solution was further stirred for 15 min before addition of 3,4dihydroxybenzaldehyde (0.138 g, 1.01 mmol). The mixture was stirred for 20 min
and the solvent was evaporated under reduced pressure. The crude product was
purified

by

column

chromatography

(deactivated

basic

alumina)

with

CH2Cl2/hexanes 3:1 to give the product: Yield 0.077 g (64%); 1H NMR (300 MHz,
CDCl3) δ = 6.12 (d, 1H), 6.56 (s, 1H), 6.8 (s, 2H), 6.86-7.02 (m, 8H), 7.24-7.30
(m, 2H), 7.42-7.52 (m, 7H), 8.05-8.1 (m, 4H), 9.6 (s, 1H) ppm; UV/vis (max) 633
nm.
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Aza-BODIPY-C60, (6): To a solution of C60 (0.012 g, 1.7 x 10-2 mmol), in dry
toluene (100 cm3), sarcosine (0.003 g, 3.3 x 10-2 mmol) and the compound 5
(0.015 g, 2.5 x 10-2 mmol) were added. The solution mixture was refluxed for 24
h and the solvent was removed under vacuum. The residue was purified by
column chromatography (silica) with 3:7 ethyl acetate/toluene as eluent to give
the product: Yield 0.014 g (56%); 1H NMR (300 MHz, CDCl3) δ = 8.02-8.1 (m,
4H), 7.3-7.5 (m, 9H), 7.15-7.22 (m, 2H), 6.85-7.1 (m, 6H), 6.78-6.84 (m, 3H), 6.1
(m, 1H), 4.9 (d, 1H), 4.55 (s, 1H), 4.1 (d, 1H), 2.55 (s, 3H); UV/vis (max ) 640 nm.

Scheme 2.2: Synthetic scheme for compounds 5 and 6.
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2.3 Results and discussions
Optical Absorbance and Emission Studies
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Figure 2.2: Absorption spectra of aza-BODIPY control compound 5 and azaBODIPY-C60 dyad 6 in benzonitrile.

Figures 2.2 and 2.3 show optical absorbance and emission spectra of the
dyad 6 and the control aza-BODIPY 5 having no fullerene entity in benzonitrile.
The aza-BODIPY peaks in the control compounds were located at 313, 482 and
632 nm. Upon appending fullerene these bands were located at 312, 479 and
640 nm, respectively. The band at 312 nm was much higher in intensity due to
overlap of a fullerene absorption band. A sharp peak at 434 nm characteristic of
fulleropyrrolidine was also observed for the dyad. The 8 nm red shift of the azaBODIPY peak can be attributed to the electronic interactions between the donor
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and acceptor entities in the dyad. As shown in Figure 2.3 the aza-BODIPY
control exhibited an emission band at 682 nm, over 150 nm red shifted to the
structural analog, BODIPY compound. However, in the aza-BODIPY-C60 dyad,
the intensity of this band was found to be quenched over 98% indicating very
efficient photochemical events.
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Figure 2.3: Fluorescence spectra of aza-BODIPY control compound 5 and azaBODIPY-C60 dyad 6 in benzonitrile (ex = 640 nm).

DFT B3LYP/3-21G(*) Computational Studies
The structure of the dyad was visualized by performing computational
calculations at the B3LYP/3-21G(*) level.43 Figure 2.4 shows the optimized
structure on the Born-Oppenheimer potential energy surface and the molecular
electrostatic potential map of the dyad. The center-to-center distance between
the boron atom and the center of the fullerene was found to be ~10 Å indicating
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close positioning of the donor and acceptor entities. The HOMOs were found to
be on the aza-BODIPY part of the dyad while the LUMO and LUMO+1 were
respectively on the aza-BODIPY and the fullerene entities. The gas phase
HOMO-LUMO gap was found to be 1.84 eV, smaller than that reported for
porphyrin-fullerene dyads.38,39 The presence of LUMO on the aza-BODIPY
suggest it being electron deficient. To confirm these computational predictions,
further electrochemical studies were performed to evaluate the redox potentials
of the aza-BODIPY and C60 entities of the dyad.

Figure 2.4: B3LYP/3-21G* optimized structure, HOMO-1, HOMO, LUMO and
LUMO+1 of aza-BODIPY-C60 6.

Electrochemical Studies
The cyclic voltammogram (Figure 2.5) of the dyad revealed reduction
peaks at E1/2 = -0.81, -1.06 and -1.49 V vs. Fc/Fc+ while irreversible oxidation
peaks at Epa = 0.76 and 0.94 V vs Fc/Fc+ were also observed. By comparison
with the aza-BODIPY control, the first reversible reduction has been attributed to
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the reduction of aza-BODIPY macrocycle while the second reduction to the
reduction of fullerene spheroid. The third reduction wave is an overlap of the
second reduction of aza-BODIPY and fullerene entities. The anodic wave also
suggests easier oxidation of aza-BODIPY compared to fullerene. Importantly, the
easy reduction of aza-BODIPY compared to fullerene is evident from these
studies. Based on the redox measurements, the formation of aza-BODIPY●-C60●+ (~ 2 eV) is excluded because of its higher energy compared with 1azaBODIPY* (1.91 eV) and 1C60* (1.75 eV).
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Figure 2.5: Cyclic voltammograms of aza-BODIPY control compound 5 and azaBODIPY-C60 6 in benzonitrile 0.1M (TBA)ClO4.
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Femto-Second Time-Resolved Emission Studies
The occurrence of photoinduced CS and CR processes of aza-BODIPYC60 dyad via the singlet aza-BODIPY was confirmed by femtosecond laser flash
measurements by using 460 nm, as shown in Figure 2.6. The transient
absorption spectrum of the aza-BODIPY control following excitation with 130 fs
flash at 460 nm in benzonitrile showed the absorption of the singlet aza-BODIPY
in the visible region with a maximum at 520 nm with a rate of 1.6 x 10 9 s-1. The
complementary nanosecond transient spectra in the microseconds region
showed only the absorption bands of the triplet aza-BODIPY in the visible region
with a maximum at 430 nm with a rate of 4.5 x 10 3 s-1. Upon photoirradiation of a
deaerated benzonitrile solution containing aza-BODIPY-C60, the absorption
bands of the aza-BODIPY●+ and C60●- were observed in the visible and NIR
regions generating aza-BODIPY●+-C60●-. The rate constant of the CS process
was found to be 4.5 x 1012 s-1. By following the decay of the CS state in
benzonitrile throughout the visible and near-IR regions, the rate of the CR
process was found to be 5.7 x 1010 s-1 from which the lifetime of 17.5 ps was
derived. The decay of charge-separated aza-BODIPY-C60 in benzonitrile afforded
the triplet state of aza-BODIPY by the nanosecond laser measurements. The
triplet aza-BODIPY decayed to the ground state with a rate of 1.2 x 104 s-1,
slightly faster than the aza-BODIPY control compound being 4.5 x 103 s-1.
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Figure 2.6: Femtosecond and nanosecond transient absorption spectra of azaBODIPY-C60 in deaerated benzonitrile. (ex = 460 nm).

2.4 Summary
We

have

utilized

aza-BODIPY,

a

structural

analog

of

boron

dipyrromethene, having absorption and emission maxima well into the red region
in building novel aza-BODIPY-C60 dyad which was synthesized via a multi-step
synthetic procedure. Computational studies predicted aza-BODIPY to be electron
deficient which was proved by electrochemical studies which showed azaBODIPY macrocycle to be electron deficient by 250 mV compared to fullerene.
Photoinduced electron transfer was observed from femtosecond transient
absorption studies. Excitation of aza-BODIPY in aza-BODIPY-C60 dyad resulted
in electron transfer from singlet excited aza-BODIPY to C60 forming azaBODIPY●+C60●-. The direct production of triplet aza-BODIPY state via charge
recombination of aza-BODIPY-C60 was considered to be the likely pathway,
taking into consideration that the energy of aza-BODIPY●+C60●- is significantly
35

higher than the triplet aza-BODIPY. Thus the present study opens up a venue for
the utilization of aza-BODIPY‟s in constructing light harvesting donor-acceptor
systems.
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(B)

STUDIES ON COVALENTLY LINKED FERROCENEAZA-BODIPY SYSTEMS

2.5 Introduction
Electron transfer is an essential process of nature, playing important roles
in functions crucial to life such as photosynthesis, respiration, vision, and redoxmediated enzyme catalysis.44

The significance along with the coupled

complexity of photosynthesis45 have led many researchers to look for ways to
study the fundamental chemistry of charge separation processes directly linked
to harvesting solar energy into chemical energy.46,47 Over the years many
fundamental features related to rate and energetics of natural photosynthesis
has been unraveled. However, these systems are extremely complex and
several details of the electron transfer mechanism still remain to be completely
understood.

Many artificial reaction centers consisting of appropriate electron donors
linked to electron acceptors have been reported as an alternative approach to
improve our understanding of the complex natural light conversion process. 46,47
Several efforts have been undertaken to bring together suitable donor-acceptor
entities into an organized molecular topography in order to achieve ultrafast
electron transfer reactions and generate charge separated states.

Earlier quinones were used as common acceptors in artificial reaction
center constructs, but with the discovery of fullerenes with attractive properties
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such as high reduction potentials, large three dimensional structure and low
reorganization energies, these have replaced small planar organic acceptor
molecules such as quinones.12 Moreover fullerene with its capability to undergo
chemical reactions have been utilized in constructing numerous C60 based
reaction centers. C60 has been linked to various donor entities and several
systems have been reported to successfully mimic the reaction center
functionality, a relevant

example being the covalently linked Ferrocene-C60

systems wherein the photoexcitation of the dyads resulted in production of the
fullerene singlet excited state which was reduced by the ferrocene entity via
intramolecular electron transfer process.

Figure 2.7: Structure of compounds 16, 17, 18 and 19.
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Computational and electrochemical studies revealed aza-BODIPY to be
electron deficient, with its reduction potentials smaller than the C 60. Thus our
findings of the aza-BODIPY dyad

lead us to designing and synthesizing

Ferrocene-aza-BODIPY systems where in the ferrocene entity is covalently
linked to aza-BODIPY via an ester linkage to explore the possibility of utilization
of aza-BODIPY as an electron acceptor. With the aim of making aza-BODIPY
even more electron deficient fluorinated Ferrocene-aza-BODIPY systems were
also synthesized. The excited state photochemical events in these dyads and
triads were probed using steady state absorption and emission techniques and
transient absorption spectroscopic methods.

2.6 Experimental Section
Chemicals.
All the reagents were from Aldrich Chemicals (Milwaukee, WI) while the
bulk solvents utilized in the syntheses were from Fisher Chemicals. Tetra-nbutylammonium perchloride, (n-Bu4N)ClO4 used in electrochemical studies was
from Fluka Chemicals. The initial synthesis of the aza-BODIPY macrocycle was
performed according to the procedure reported by O‟Shea and coworkers 22 by
needed modifications.

Instrumentation.
The UV-visible spectral measurements were carried out with a Shimadzu
Model

2550

double

monochromator

UV-visible
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spectrophotometer.

The

fluorescence emission was monitored by using a Varian Eclipse spectrometer. A
right angle detection method was used. The 1H NMR studies were carried out on
a Varian 400 MHz spectrometer. Tetramethylsilane (TMS) was used as an
internal standard. Differential pulse voltammograms were recorded on an EG&G
PARSTAT electrochemical analyzer using a three electrode system. A platinum
button electrode was used as the working electrode. A platinum wire served as
the counter electrode and an Ag/AgCl electrode was used as the reference
electrode.

Ferrocene/ferrocenium redox couple was used as an internal

standard. A homemade thin-layer spectroelectrochemical cell was used to record
the spectral characteristics of reduced aza-BODIPY.

All the solutions were

purged prior to electrochemical and spectral measurements using argon gas.
Matrix-assisted laser desorption/ionization time-of-flight mass spectra (MALDITOF-MS) were measured on a Kratos Compact MALDI I (Shimadzu) for metal
complex in PhCN with dithranol used as a matrix.

The computational

calculations were performed by DFT B3LYP/3-21G* methods with GAUSSIAN 03
software package43 on high speed PCs.

Laser flash photolysis.
The studied compounds were excited by a Panther OPO pumped by
Nd:YAG laser (Continuum, SLII-10, 4-6 ns fwhm) with the powers of 1.5 and 3.0
mJ per pulse. The transient absorption measurements were performed using a
continuous xenon lamp (150 W) and an InGaAs-PIN photodiode (Hamamatsu
2949) as a probe light and a detector, respectively. The output from the
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photodiodes and a photomultiplier tube was recorded with a digitizing
oscilloscope (Tektronix, TDS3032, 300 MHz). Femtosecond transient absorption
spectroscopy experiments were conducted using an ultrafast source: Integra-C
(Quantronix Corp.), an optical parametric amplifier: TOPAS (Light Conversion
Ltd.) and a commercially available optical detection system: Helios provided by
Ultrafast Systems LLC. The source for the pump and probe pulses were derived
from the fundamental output of Integra-C (780 nm, 2 mJ/pulse and fwhm = 130
fs) at a repetition rate of 1 kHz. 75% of the fundamental output of the laser was
introduced into TOPAS which has optical frequency mixers resulting in tunable
range from 285 nm to 1660 nm, while the rest of the output was used for white
light generation. Typically, 2500 excitation pulses were averaged for 5 seconds
to obtain the transient spectrum at a set delay time. Kinetic traces at appropriate
wavelengths were assembled from the time-resolved spectral data. All
measurements were conducted at 298 K. The transient spectra were recorded
using fresh solutions in each laser excitation.

Syntheses
1-(4-Hydroxyphenyl)-3-phenylpropenone, (7): Benzaldehyde (2.1 g, 2 x 10-2
mol) 4-hydroxy acetophenone (2.69 g, 2 x 10-2 mol) and potassium hydroxide
(0.03 g, 6 x 10-4 mol) were dissolved in ethanol/water (85:15 v/v, 100 cm 3) and
stirred at rt for a period of 24 h. The reaction mixture was allowed to cool in icewater bath during which the product precipitated. Filtration of the reaction mixture
gave a pale white solid product: Yield 3.81 g (85%); 1H NMR (300 MHz, CDCl3) δ
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= 7.99 (m, 2H), 7.77 (m, 1H), 7.60, (m, 2H), 7.5 (m, 1H), 7.39 (m, 3H), 6.9 (m,
2H) ppm.

1-(4-Hydroxyphenyl)-4-nitro-3-phenylbutan-1-one, (8):

1-(4-Hydroxyphenyl)-

3-phenylpropenone (5.0 g, 2.2 x 10-2 mol), nitromethane (13.61 g, 0.223 mol) and
diethylamine (8.12 g , 0.111 mol) were dissolved in dry ethanol (35 cm 3) and
heated under reflux for 24 h. The solution was cooled, acidified with 1M HCl to
precipitate the compound: Yield 4.58 g ( 72%); 1H NMR (300 MHz, CDCl3) δ =
7.82 (d, 2H), 7.2 (m, 5H), 6.8 (d, 2H), 4.8 (m, 1H), 4.62 (m, 1H), 4.15 (m, 1H),
3.35 (m, 2H) ppm.

[5- (4-Hydroxyphenyl) -3- phenyl-1H-pyrrol-2-yl] - [5-(4-hydroxyphenyl)-3phenylpyrrol-2-ylidene]amine, (9): 1-(4-Hydroxyphenyl)-4-nitro-3-phenylbutan1-one (5 g, 1.8 x 10-2 mol) and ammonium acetate (47.31 g, 0.61 mol) and
ethanol (125 cm3) was heated under reflux for 24 h. During the course of the
reaction, the product precipitated as blue-black solid. The reaction was allowed
to cool to room temperature and solid was filtered and washed with ethanol to
give the product: Yield 2.16 g ( 51%); 1H NMR (300 MHz, CDCl3) δ = 8.04 (d,
4H), 7.84 (d, 4H), 7.32 (m, 6H), 7.12 (s, 2H), 6.98 (d, 4H) ppm.

BF2

Chelate

of

[5-(4-Hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-(4-

hydroxyphenyl)-3-phenylpyrrol-2-ylidene]amine, (10): [5-(4-Hydroxyphenyl)3-phenyl-1H-pyrrol-2-yl]-[5-(4-hydroxyphenyl)-3-phenylpyrrol-2-ylidene]amine
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(1

g, 2.07 mmol) was dissolved in dry CH2Cl2 (100 cm3). Diisopropylethylamine
(2.71 g , 2.1 x 10-2 mol) and boron trifluoride diethyl etherate (4.16 g, 2.9 x 10 -2
mol) were added and the mixture was stirred at room temperature under N 2 for
24 h. The mixture was washed with water and the organic layer was separated,
dried over Na2SO4 and evaporated to dryness. The residue was purified by
column chromatography on silica gel with CH2Cl2/ethyl acetate 4:1 to give
metallic red solid: Yield 0.76 g ( 69%);

1

H NMR (300 MHz, CDCl3) δ = 8.1 (m,

8H), 7.35 (m, 6H), 7.18 (s, 2H), 6.9 (m, 4H) ppm. MS(MALDI-TOF); m/z:
C32H22BF2N3O2 calcd: 529.18 found 529.39.

1-(4-hydroxyphenyl)-3-(4-fluorophenyl)propenone,

(11):

4-

Fluorobenzaldehyde (2.5 g, 2 x 10-2 mol), 4-hydroxy acetophenone (2.74 g, 2 x
10-2 mol) and potassium hydroxide (0.03 g, 6 x 10-4 mol) were dissolved in
ethanol/water (85:15 v/v, 100 cm3) and stirred at rt for a period of 24 h. The
reaction mixture was allowed to cool in ice-water bath during which the product
precipitated. Filtration of the reaction mixture gave a yellow solid product: Yield
4.14 g ( 85%); 1H NMR (300 MHz, CDCl3): δ = 7.95 (m, 2H), 7.7 (m, 1H), 7.59,
(m, 2H), 7.4 (m, 1H), 7.05 (m, 2H), 6.87 (m, 2H) ppm.

1-(4-Hydroxyphenyl)-4nitro-3-(4-fluorophenyl)butan-1-one,

(12):

1-(4-

hydroxyphenyl)-3-(4-fluorophenyl)propenone (5.0 g, 2.1 x 10-2 mol), nitromethane
(12.64 g, 0.207mol) and diethylamine (7.53 g, 0.103mol) were dissolved in dry
ethanol (35 cm3) and heated under reflux for 24 h. The solution was cooled,
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acidified with 1M HCl to precipitate 12: Yield 4.38 g ( 70%); 1H NMR (300 MHz,
CDCl3) δ = 7.80 (d, 2H), 7.2 (m, 2H), 6.95 (m, 2H), 6.8 (d, 2H), 4.75 (m, 1H), 4.6
(m, 1H), 4.14 (m, 1H), 3.33 (m, 2H) ppm.

[5-(4-Hydroxyphenyl)-3-(4-fluorophenyl)-1H-pyrrol-2-yl]-[5(4-hydroxyphenyl)
-3-(4-fluorophenyl)pyrrol-2-ylidene]amine, (13): 1-(4-Hydroxyphenyl)-4nitro-3(4-fluorophenyl)butan-1-one (5 g, 1.6 x 10-2 mol) and ammonium acetate (44.50
g, 0.58 mol) and ethanol (125 cm3) was heated under reflux for 24 h. During the
course of the reaction, the product precipitated as blue-black solid. The reaction
was allowed to cool to room temperature and solid was filtered and washed with
ethanol to give the product: Yield 2.18 g ( 51%); 1H NMR (300 MHz, CDCl3) δ =
7.96 (m, 4H), 7.76 (d, 4H), 7.0 (m, 6H), 6.92 (d, 4H) ppm.

BF2 Chelate of [5-(4-Hydroxyphenyl)-3-(4-fluorophenyl)-1H-pyrrol-2-yl]-[5-(4hydroxyphenyl)-3-(4-fluorophenyl)pyrrol-2-ylidene]amine,
Hydroxyphenyl)-3-(4fluoropheny)

(14):

-1H-pyrrol-2-yl]-[5-(4-hydroxyphenyl)-

[5-(43-(4-

fluorophenyl)pyrrol-2-ylidene]amine (1 g, 1.93 mmol) was dissolved in dry CH2Cl2
(100 cm3). Diisopropylethylamine (2.46 g, 1.9 x 10-2 mol) and boron trifluoride
diethyl etherate (3.83 g, 2.7 x 10-2 mol) were added and the mixture was stirred
at room temperature under N2 for 24 h. The mixture was washed with water and
the organic layer was separated, dried over Na2SO4 and evaporated to dryness.
The residue was purified by column chromatography on silica gel with
CH2Cl2/ethyl acetate 9:1 to give metallic red solid: Yield 0.524 g ( 48%); 1H NMR
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(300 MHz, CDCl3) δ = 7.95 (m, 8H), 7.02 (m, 4H), 6.92 (s, 2H), 6.8 (d, 4H) ppm.
MS(MALDI-TOF); m/z: C32H20BF4N3O2 calcd: 565.16 found 565.45.

Scheme 2.3: Synthetic scheme for compounds 10 and 14.

4-Ferrocenylbenzoic Acid57, (15): 4-amino benzoic acid (7.0 g, 50 mmol), (80
cm3) water and (12 cm3) concentrated hydrochloric acid was cooled to 0-5°C in
an ice-bath. To this (20 cm3) aqueous solution of sodium nitrite was added
dropwise with stirring. After further stirring it for 30 min the solution was kept
under 5°C for subsequent use. Ferrocene (10 g, 50 mmol) was dissolved in (100
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cm3) ethyl ether and 0.5 g hexadecyltrimethyl-ammonium bromide was added
and the mixture was cooled to 0-5°C under stirring. To this the diazonium salt
solution was added dropwise with stirring. The solution was then allowed to react
for 2 h at room temperature. The ethyl ether was then rotary evaporated to give
red solid. The solid was dissolved in (500 cm3) water containing 5 g NaOH at
90°C and was filtered while it was hot. The solid recovered was unreacted
ferrocene. The filtrate was cooled and the sodium salt of 4-ferrocenyl benzoic
acid was precipitated. Filtration and acidification of the salt gave 4-ferrocenyl
benzoic acid as a red solid: Yield 10.52 g (65%). 1H NMR (300 MHz, CDCl3) δ =
7.9 (d, 2H), 7.2 (d, 2H), 4.7 (s, 2H), 4.3 (s, 2H), 4.02 (s, 5H).

Fc2-aza-BODIPY & Fc1-aza-BODIPY, (16 & 17): 4-Ferrocenylbenzoic acid (200
mg, 0.7 mmol) was dissolved in (20 cm3) DMF, to which EDCI (125.35 mg, 0.7
mmol) was added at 0oC under N2, followed by the addition of compound 10
(115.38 mg, 0.2 mmol), after which the mixture was stirred for 24h. Then the
solvent was removed under reduced pressure. The residue was dissolved in
CH2Cl2 and the mixture was washed with water. The organic layer was
separated, dried over Na2SO4 and solvent was evaporated. The residue was
purified by column chromatography on silica gel with CH2Cl2/hexanes (1:1) to
give compound 16: Yield 15 mg ( 6%); 1H NMR (400MHz, CDCl3) δ = 8.19-8.06
(m, 12H), 7.6 (d, J = 8.69 Hz, 4H), 7.53-7.43 (m, 6H), 7.4 (d, 8.94 Hz, 4H), 7.08
(s, 2H), 4.76 (t, 4H), 4.43 (t, 4H), 4.07 (s, 10H) ppm; MS(MALDI-TOF); m/z:
C66H46BF2Fe2N3O4 calcd: 1105.22 found 1105.22 and with CH2Cl2 to give
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compound 17: Yield 38 mg ( 21%); 1H NMR (400MHz, CDCl3) δ = 8.17-8.03 (m,
10H), 7.52 (d, J = 8.6 Hz, 2H), 7.51-7.41 (m, 6H), 7.38 (d, J = 8.8 Hz, 2H), 7.1 (s,
1H), 6.97 (d J = 8.85 Hz, 3H), 4.78-4.75 (m, 2H), 4.45-4.42 (m, 2H), 4.07 (s, 5H)
ppm; MS(MALDI-TOF); m/z: C49H34BF2FeN3O3 calcd: 816.93 found 817.20.

Scheme 2.4: Synthetic scheme for compounds 16, 17, 18 and 19.

Fluoro-Fc2-aza-BODIPY

&

Fluoro-Fc1-aza-BODIPY,

(18

&

19):

4-

Ferrocenylbenzoic Acid (200 mg, 0.7 mmol) was dissolved in 20 (cm 3) DMF, to
which EDCI (125.35 mg, 0.7 mmol) was added at 0 oC under N2, followed by the
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addition of compound 14 (123.23 mg, 0.2 mmol), after which the mixture was
stirred for 24h. Then the solvent was removed under reduced pressure. The
residue was dissolved in CH2Cl2 and the mixture was washed with water. The
organic layer was separated, dried over Na2SO4 and solvent was evaporated.
The residue was purified by column chromatography on silica gel with CH 2Cl2/
hexanes (1:1) to give compound 18 : Yield 11 mg ( 4%); 1H NMR (400MHz,
CDCl3): δ = 8.18-8.09 (m, 8H), 8.08-7.99 (m, 4H), 7.6 (d, J = 8.63, 4H), 7.4 (d, J
= 8.86, 4H), 7.18 (m, 4H), 7.03 (s, 2H), 4.76 (t, 4H), 4.43 (t, 4H), 4.07 (s, 10H)
ppm; MS(MALDI-TOF); m/z: C66H44BF4Fe2N3O4 calcd: 1141.21 found 1141.00
and with CH2Cl2 to give compound 19: Yield 35 mg ( 19%); 1H NMR (400MHz,
CDCl3): δ = 8.16-7.98 (m, 10H), 7.6 (d, J = 8.61Hz, 2H), 7.38 (d, J = 8.87Hz, 2H),
7.20-7.13 (m, 4H), 7.05 (s, 1H), 6.99-6.93 (m, 3H), 4.79-4.74 (m, 2H), 4.46-4.42
(m, 2H), 4.07 (s, 5H) ppm; MS(MALDI-TOF); m/z: C49H32BF4FeN3O3 calcd:
853.18 found 852.70.
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Figure 2.8: 1H NMR of compound 16.
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Figure 2.9: 1H NMR of compound 17.
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Figure 2.10: MS(MALDI-TOF) of compound 16.

Figure 2.11: MS(MALDI-TOF) of compound 17.
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Figure 2.12: 1H NMR of compound 18.
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Figure 2.13: 1H NMR of compound 19.
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Figure 2.14: MS(MALDI-TOF) of compound 18.

Figure 2.15: MS(MALDI-TOF) of compound 19.
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2.7 Results and discussion
Optical absorbance and Emission Studies
Figure 2.16 shows absorption spectra of the control compounds azaBODIPY 4 and hydroxyl fuctionalized aza-BODIPY 10, the triad: Fc2-azaBODIPY 16 and the dyad: Fc1-aza-BODIPY 17 in benzonitrile. Hydroxyl
functionalizied aza-BODIPY gave a large bathochromic shift of 44 nm compared
to aza-BODPY suggesting significant influence of the hydroxyl groups. The azaBODIPY peaks in the triad were located at 480 nm and 667 nm and in the dyad
were located at 465 nm and 683 nm. In the allowed wavelength range of the
benzonitrile solvent and due to low molar extinction coefficient, the absorbance
band corresponding to ferrocene was also not observed. As shown in Figure 2.17
the emission due to aza-BODIPY was found to be significantly quenched for triad
and dyad compared to the control compound with no ferrocene entity. The
quenching was more for compound 16 than for compound 17 which can be
explained by the presence of two ferrocene entities in the former as compared to
one ferrocene entity in the latter. These results indicate the occurrence of excited
state photochemical events. The fluorescence quantum yields of Fc1-azaBODIPY (ϕf = 5 x 10-3) and Fc2-aza-BODIPY (ϕf = 2 x 10-3) were found to be
much smaller than that of aza-BODIPY reference (ϕf = 0.13).
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Figure 2.16: Absorption spectra of 4, 10, 16 and 17 in benzonitrile.
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Figure 2.17: Fluorescence spectrum of 4, 10, 16 and 17. (The compounds were
excited at the corresponding near-IR peak maxima of the aza-BODIPY
macrocycle in benzonitrile).
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Figure 2.18 shows the absorption spectra of the control compounds azaBODIPY 4 and Fluoro -hydroxyl functionalized aza-BODIPY 14, the triad: FluoroFc2-aza-BODIPY 18 and the dyad: Fluoro- Fc1-aza-BODIPY 19 in benzonitrile.
The observed spectra for fluorinated compounds were analogous to nonfluorinated derivatives. The aza-BODIPY peaks in the triad were located at 482
nm and 668 nm and in the dyad were located at 466 nm and 684 nm. Figure 2.19
shows quenching of fluorescence for the triad and dyad with quenching being
more in case of triad due to the presence of two ferrocene entities as compared
to dyad with one ferrocene entity. These results show efficient photochemical
events taking place. Also comparing Figure 2.16 and Figure 2.18, the negligible
difference in the absorption spectra of fluorinated and non-fluorinated
compounds indicate that the presence of fluoro groups on the phenyl rings had
virtually no influence on the optical behavior.
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Figure 2.18: Absorption spectra of 4, 14, 18 and 19 in benzonitrile.
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Figure 2.19: Fluorescence spectra of 4, 14, 18 and 19. (The compounds were
excited at the corresponding near-IR peak maxima of the aza-BODIPY
macrocycle in benzonitrile).

Computational Studies
Figure 2.20 shows the B3LYP/3-21G(*) optimized structure and molecular
electrostatic potential map (MEP) of representative Fc2-aza-BODIPY triad.43,49
The structure was completely optimized on a Born-Oppenheimer potential energy
surface. The aza-BODIPY segment was found to be flat, while the peripheral
aromatic rings were slightly tilted as evidenced by a dihedral angle of 22-29° to
the aza-BODIPY ring atoms. The two ferrocene entities linked to aza-BODIPY
formed a „molecular clip‟ type structure in which the distance between boron of
aza-BODIPY to iron of ferrocene was 14.1 Å while the distance between the
closest carbon of aza-BODIPY to the closest carbon of ferrocene was 12.1 Å.
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The Fe-Fe distance between the two ferrocene entities was 15.0 Å while the
angle between the Fe-B-Fe was 63o. The MEP diagram also suggested the
electron deficient nature of the aza-BODIPY unit of the triad.

Figure 2.20: B3LYP/3-21G(*) optimized structure and molecular electrostatic
potential map of 16.

Electrochemical Studies
To establish the energy levels and spectral characterization of
electroreduced aza-BODIPY, electrochemical studies using differential pulse
voltammetry (DPV) and spectroelectrochemical studies were performed. Figure
2.21 shows DPV of the dyads and triads along with the control compounds in
benzonitrile, 0.1 M (n-Bu4N)ClO4 while the redox data has been summarized in
Table 2.1. Aza-BODIPY revealed both one-electron reduction and one-electron
oxidation processes located, respectively, at -0.79 and 0.80 V vs. Fc/Fc+. The
first reduction was found to be cathodically shifted by nearly 200 mV compared
with the well-known electron acceptor, C60.50

Introducing the hydroxyphenyl

groups on aza-BODIPY caused the reduction to be harder by about 100 mV
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while the oxidation process was irreversible (from cyclic voltammetric
experiments), however, with cathodically shifted potentials. Similar effect was
seen for Fluoro-aza-BODIPY(OH)2 14 derivative in which the added fluorophenyl
entities had virtually no effect on the reduction potentials compared with the
reduction potentials of the corresponding aza-BODIPY(OH)2, 10.

In the dyads Fc1-aza-BODIPY and Fluoro- Fc1-aza-BODIPY, the ferrocene
oxidation occurred at around 0.07 V vs. Fc/Fc+, that is, about 70-80 mV
anodically shifted compared with pristine ferrocene oxidation that could easily be
attributed to chemical functionalization of the ferrocene entity. 51 The first
reduction potential of aza-BODIPY macrocycle was located at -0.84 V vs. Fc/Fc+;
the fluorine entities had no effect on the reduction potential of the dyad.
However, compared with pristine aza-BODIPY reduction, these reductions were
cathodically shifted by 50 mV. In the case of triads, the currents for ferrocene
oxidation was twice as much as that of the currents of aza-BODIPY reduction,
and the potentials for ferrocene oxidation were close to that observed for the
corresponding dyads while the reduction potentials were close to that of pristine
aza-BODIPY. These results collectively suggest ferrocene being electron rich
and aza-BODIPY being an electron deficient entity of the dyad. 52Since there was
no appreciable changes in the oxidation potentials of ferrocene entity in the
dyads and triads, absence of inter- or intramolecular interactions could be
envisioned.
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Figure 2.21: Differential pulse voltammograms of the indicated compounds and
control compound ferrocene in benzonitrile, 0.1 M (n-Bu4N)ClO4. Scan rate = 5
mV/s, pulse width = 0.25 s, pulse height = 0.025 V.
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Compound

Fc0/+

Aza-

Aza-

-ΔGRIPa

-ΔGSCSb

/V

BODIPY0/-.

BODIPY0/+

/ eV

/ eV

/V

/V

Aza-BODIPY(4)

--

-0.79

0.80

--

--

Aza-BODIPY(OH)2(10)

--

-0.90

0.42

--

--

F2-azaBODIPY-(OH)2(14)

--

-0.89

0.38

--

--

Fc1-aza-BODIPY(17)

0.08

-0.84

0.52

0.87

0.98

Fc2-aza-BODIPY(16)

0.07

-0.78

0.77

0.80

1.05

F2-Fc1-aza-BODIPY(19)

0.07

-0.84

0.55

0.86

0.99

F2-Fc2-aza-BODIPY(18)

0.08

-0.76

0.81

0.80

1.05

Table 2.1: Electrochemical Redox Potentials (V vs. Fc/Fc+), Energy Levels of the
Charge-Separated States (ΔGRIP) and Free-Energy Changes for ChargeSeparation (ΔGSCS) for the Ferrocene-aza-BODIPY Dyads and Triads in
benzonitrile.
a

ΔGRIP = Eox − Ered + ΔGS, where ΔGS = -e2/(4πε0εRRCt-Ct) and ε0 and εR

refer to vacuum permittivity and dielectric constant of benzonitrile.
b

−ΔGSCS = ΔE0-0 − ΔGRIP, where ΔE0-0 is the energy of the lowest excited

states of aza-BODIPY being 1.85 eV in benzonitrile.
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The

facile

reduction

of

aza-BODIPY

prompted

us

to

perform

spectroelectrochemical studies to characterize the one-electron reduced product.
Figure 2.22 shows the spectral changes recorded during the course of first
reduction of aza-BODIPY in benzonitrile, 0.1 M (n-Bu4N)ClO4 in a thin-layer
spectroelectrochemical cell. During the course of reduction, the peak located at
658 nm diminished in intensity with the concurrent appearance of new bands at
446 and 820 nm. This process was reversible, that is, switching the potential to
0.0 V resulted in recovery of the entire spectrum of the neutral aza-BODIPY. The
near-IR band at 820 nm (aza-BODIPY●-) is located sufficiently far from the
spectral region of triplet absorption of the donor and acceptor, serving as a
diagnostic band to identify the electron transfer products in photochemical
electron transfer reactions and follow the kinetics of charge separation in the
newly developed compounds.

The free-energy change for radical ion-pair formation were calculated
using the redox, geometric and optical data according to Weller‟s approach, 53 and
are given in Table 2.1.

By comparing these energy levels of the charge-

separated states with the energy levels of the excited states, the driving forces
(GSCS) were also evaluated. The generation of Fc+-aza-BODIPY●- for the dyad
and Fc+Fc-aza-BODIPY●- for the triad were found to be exothermic via the singlet
excited state of aza-BODIPY in benzonitrile.

63

Figure 2.22: Spectral changes observed during the first reduction of aza-BODIPY
in benzonitrile, 0.1 M (n-Bu4N)ClO4 in a thin-layer spectroelectrochemical cell.
Potential applied was -0.80 V vs. Fc/Fc+.

Photochemical Studies.
Femtosecond and nanosecond transient absorption spectral techniques
were used to investigate photochemical processes of the dyads and triads.
Figure 2.23 shows transient spectral response for representative dyad and triad.
In all of these systems, fast growth of bands corresponding to aza-BODIPY●were observed in the 440 and 820 nm region 54 confirming charge separation.
The band corresponding to Fc+ was not observed due to its low molar extinction
coefficient.
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Figure 2.23: Femtosecond transient absorption spectral traces at different time
intervals for Fc1-aza-BODIPY (left) and Fc2-aza-BODIPY (right) in benzonitrile;
ex = 440 nm. The figure inset shows decay of the transient band corresponding
to aza-BODIPY radical anion.

The kinetics of charge separation, kSCS and charge recombination, kCR
were evaluated by monitoring the rise and decay of the 820 nm band and
corresponding data are given in Table 2.2. The fast and efficient charge
separation in the investigated dyads (~ 1012 s-1) suggests that the CS process is
located at the top of the normal region of Marcus parabola. The kSCR values are
found to be considerably smaller than kSCS suggesting that the CR processes are
located at the upward of the inverted region of the Marcus parabola (-ΔGCR =
0.98 eV).

For a given series of systems (fluorinated or nonfluorinated), the kSCS

values were slightly higher for the triads. Between fluorinated and nonfluorinated
aza-BODIPYs, the kSCS values were slightly higher for the fluorinated dyads and
triads. Interestingly, the kCR values were higher for the triads compared with the
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dyads. The figure of merit for charge stabilization, kSCS / kCR, was also evaluated
as given in Table 2.2.

Such data indicates moderate amounts of charge

stabilization in these systems and better values for the dyads compared to the
triads.

Compound

kSCS /s-1

kCR /s-1

kSCS / kCR

17

1.09 x 1012

6.8 x 1010

16

16

1.12 x 1012

1.10 x 1011

10

19

1.66 x 1012

6.1 x 1010

27

18

2.34 x 1012

1.36 x 1011

17

Table 2.2: Charge-Separation (kSCS) and Charge Recombination Rate-Constants
(kCR), Singlet Excited States of aza-BODIPY for the Ferrocene-aza-BODIPY
donor-acceptor systems in benzonitrile.

Nanosecond transient absorption spectra were recorded to probe the fate
of charge-separated species. As shown in Figures 2.24 and 2.25, nanosecond
transient absorption spectra of pristine aza-BODIPY, Fc1-aza-BODIPY dyad and
Fc2-aza-BODIPY triad revealed a broad band in the 400-550 nm region
corresponding to the triplet excited state of aza-BODIPY (3aza-BODIPY*). From
these observations, one could see the enhancement of the

3

aza-BODIPY*

formation in case of dyad and triad compared to pristine aza-BODIPY. From the
fitting of the transient band at 440 nm, the decay rate constants of the triplet aza-
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BODIPY (kT) were found to be 1.5  104, 2.0  106 and 2.1  107 s-1 for the 3azaBODIPY*, Fc1-3aza-BODIPY* dyad and Fc2-3aza-BODIPY* triad, respectively.
The faster kT of Fc1-3aza-BODIPY* and Fc2-3aza-BODIPY* compared to that of
3

aza-BODIPY* may arise from the quenching of the triplet aza-BODIPY by the

attached Fc entities. It is obvious that the quenching of the triplet aza-BODIPY
increases with increasing the number of Fc entities.

Figure 2.24: Nanosecond transient absorption spectra of Fc2-aza-BODIPY in
benzonitrile, excited at 474 nm. The figure inset shows decay of the 500 nm
transient band corresponding to the triplet-excited state of aza-BODIPY.
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Figure 2.25: Nanosecond transient absorption spectra of aza-BODIPY (left) and
Fc-aza-BODIPY (right) in benzonitrile; ex = 475 nm. The figure inset shows
decay of the 440 nm transient band corresponding to 3aza-BODIPY*.

As depicted in Figure 2.26, the charge-separation process from the Fc
moiety to 1aza-BODIPY* takes place quite efficiently, leading to the formation of
the radical-ion pair (Fc+-aza-BODIPY●-) that decays to populate the ground state
with lifetimes of 10-27 ps in benzonitrile. The formed charge-separated states
decayed to populate the aza-BODIPY ground state (major contribution), as well
as the aza-BODIPY triplet state (minor contribution), which in turn is quenched by
the attached Fc and decays to its ground state.
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Figure 2.26: Energy-level diagram shows the photoinduced intramolecular events
of Fc-aza-BODIPY in benzonitrile.
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Summary
A series of Ferrocene-aza-BODIPY dyads and triads have been newly
synthesized to probe the electron acceptor behavior of the near-IR emitting
sensitizer, boron-chelated tetraarylazadipyrromethene (aza-BODIPY). The multistep synthesis yielded the desired dyads and triads whose structural integrity
was established using spectroscopic, electrochemical and computational
methods. A „molecular clip‟ type structure for the triads was envisioned from
computational energy minimization calculations involving DFT methods.
redox potentials and

site

of

electron transfer were

electrochemical and spectroelectrochemical studies.

The

established from

Free-energy calculations

revealed charge separation from the covalently linked ferrocene to the singlet
excited aza-BODIPY to yield Fc●+-aza-BODIPY●- radical ion-pair species to be
energetically favorable.
absorption

studies

Steady-state emission and femtosecond transient

provided

tangible

evidence

for

the

occurrence

of

photoinduced electron transfer in these donor-acceptor systems by providing
spectral signature for aza-BODIPY●- formation in the near-IR region. The kinetics
of charge separation and charge recombination evaluated from femtosecond
transient studies revealed ultrafast charge separation in these molecular
systems.

Nanosecond transient absorption studies revealed the charge

recombination process to populate the 3aza-BODIPY* prior to returning to the
ground state.
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CHAPTER 3
ENERGY TRANSFER IN COVALENTLY LINKED (BODIPY)-AZA-BODIPY
SYSTEMS

3.1 Introduction
Energy transfer reactions play an essential role in natural photosynthetic
systems where light absorption, followed by transfer of excitation energy among
the chromophores occurs efficiently. Besides, its basic understanding is also
important owing to the role it plays in processes such as photochemical
conversion of light energy by artificial photosynthetic systems, molecular devices
and chemosensors. Several systems mimicking the function of photosynthetic
antenna with high efficiency have been reported.55

Boron dipyrromethene dyes (BODIPY) have attracted attention of
numerous research groups due to their remarkable properties which include
absorptions with large extinction coefficients in the 500 nm region, high
fluorescence quantum yields, long excited state lifetimes, good solubility and
stability in organic solvents and also their ease of modification to get the desired
photophysical properties.55,56 Apart from finding applications as fluorescent
probes, BODIPY has also been utilized in artificial photosynthetic systems. In
most of the systems designed so far BODIPY is used as an energy absorbing
and transferring antenna which is linked to an an energy acceptor.32
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As described in Chapter 2, studies on Ferrocene-aza-BODIPY systems
reveal an efficient electron transfer from ferrocene to aza-BODIPY, establishing
that aza-BODIPY can act as an electron acceptor. Hence taking advantage of the
attractive photophysical and photochemical properties of aza-BODIPY, we
designed and synthesized systems comprised of BODIPY and aza-BODIPY to
explore the possibility of energy transfer from BODIPY to aza-BODIPY. To probe
energy transfer optical and steady state emission studies have been performed.

Figure 3.1: Structures of BODIPY-(aza-BODIPY) triad 22 and dyad 23.
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3.2 Experimental Section
Chemicals
All the reagents were from Aldrich Chemicals (Milwaukee, WI) while the
bulk solvents utilized in the syntheses were from Fisher Chemicals.

The

tetrabutylammonium perchlorate TBAP used in electrochemical studies were
from Fluka Chemicals. The initial synthesis of aza-BODIPY macrocycle was
performed according to the procedure reported by O‟Shea and coworkers 22 by
needed modifications.

Instrumentation.
1

H NMR spectra were obtained from chloroform-d1 solutions using a

Varian 400 MHz NMR spectrometer with tetramethylsilane as an internal
standard. The UV-visible spectral measurements were carried out with a
Shimadzu Model 1600 UV-visible spectrophotometer. The fluorescence emission
was monitored by using a Varian Eclipse spectrometer. CFs were recorded on
an EG&G PARSTAT electrochemical analyzer using a three electrode system. A
platinum button electrode was used as the working electrode. A platinum wire
served as the counter electrode and an Ag/AgCl was used as the reference
electrode.

Ferrocene/ferrocenium redox couple was used as an internal

standard. All the solutions were purged prior to electrochemical and spectral
measurements using argon gas.
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Syntheses
Aza-BODIPY-(ALDEHYDE)2, (20) & Aza-BODIPY-(ALDEHYDE)1, (21) : 4carboxybezaldehyde (200 mg, 1.3 mmol) was dissolved in (20 cm3) DMF, to
which EDCI (255 mg, 1.3 mmol) was added at 0 oC under N2, followed by the
addition of compound 10 (234.9 mg, 0.4 mmol), after which the mixture was
stirred for 24h. Then the solvent was removed under reduced pressure. The
residue was dissolved in CH2Cl2 and the mixture was washed with water. Then
the organic layer was separated, dried over Na2SO4 and solvent was evaporated.
The residue was purified by column chromatography on silica gel with CH 2Cl2:
hexanes (1:1) to give compound 20: Yield 80mg ( 22%); 1H NMR (400 MHz,
CDCl3) δ = 10.16 (s, 2H), 8.38 (d, J = 8.14 Hz, 4H), 8.17 (d, J = 8.98 Hz, 4H),
8.12-8.02 (m, 8H), 7.52-7.45 (m, 6H), 7.41 (d, J = 8.96 Hz, 4H), 7.08 (s, 2H) and
with CH2Cl2 to give compound 21: Yield 50 mg ( 17%); 1H NMR (400 MHz,
CDCl3) δ = 10.17 (s, 1H), 8.39 (d, J = 8.34 Hz, 2H), 8.14 (d, J = 9.04 Hz, 2H),
8.11-8.03 (m, 10H), 7.52-7.41 (m, 8H), 7.38 (d, J = 8.95 Hz, 2H), 7.11 (s, 1H),
7.01 (s, 1H), 6.96 (d, J = 8.88 Hz, 2H).

(BODIPY)2-(Aza-BODIPY), (22): Compound 20 (63 mg, 8 x 10-2 mmol) and 2,4
dimethyl pyrrole (3.3 x 10-2 cm3, 0.32 mmol) were dissolved in (50 cm3) absolute
methylene chloride under N2 atmosphere. To the reaction mixture, one drop of
trifluoroacetic acid was added and was stirred for a period of 3 h. Then a solution
of DDQ (36 mg, 0.16 mmol) in methylene chloride was added, and the stirring
was continued for 1 h followed by the addition of diisopropylethylamine(0.12 cm3,
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0.68 mmol) and borontrifluoride diethyletherate (0.12 cm3, 0.97 mmol). Stirring
was further continued for 1 h, after which the reaction mixture was washed with
water. The organic layer was dried over anhydrous Na2SO4 and the solvent was
evaporated. The residue was purified by column chromatography on silica gel
with CH2Cl2 : hexanes (1:1) to give compound 22 : Yield 10 mg (10%); 1H NMR
(400 MHz, CDCl3) δ = 8.35 (d, J = 8.28 Hz, 4H), 8.18 (d, J = 8.82 Hz, 4H), 8.09
(d, J = 9.59 Hz, 4H), 7.56-7.4 (m, 14 H), 7.08 (s, 2H), 6.02 (s, 4H), 2.58 (s, 12H),
1.42 (s, 12H).

Scheme 3.1: Synthetic Scheme for compounds 20 and 21.

75

Scheme 3.2: Synthetic Scheme for compound 22.

(BODIPY)1-(Aza-BODIPY), (23): The compound 21 (40 mg, 6 x 10-2 mmol) and
2,4 dimethyl pyrrole (1.2 x 10-2 cm3, 0.12 mmol) were dissolved in (50 cm3)
absolute methylene chloride under N2 atmosphere. To the reaction mixture one
drop of trifluoroacetic acid was added and was stirred for a period of 3 h. Then a
solution of DDQ (13.7 mg, 6 x 10-2 mmol) in methylene chloride was added, and
the

stirring

was

continued

for

1

h

followed

by

the

addition

of

diisopropylethylamine (0.12 cm3, 0.68 mmol) and borontrifluoride diethyletherate
(0.12 cm3, 0.97 mmol). Stirring was further continued for 1 h, after which the
reaction mixture was washed with water.

The organic layer was dried over

anhydrous Na2SO4 and the solvent was evaporated. The residue was purified by
column chromatography on silica gel with CH2Cl2 to give compound 23 : Yield 8
mg (15%); 1H NMR (400 MHz, CDCl3) δ = 8.35 (d, J = 8.38 Hz, 2H), 8.13 (d, J =
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8.86 Hz, 2H), 8.02-8.10 (m, 8H), 7.52-7.36 (m, 8H), 7.1 (s, 1H), 7.0 (s, 1H), 6.93
(d, J = 8.7, 2H), 6.02 (s, 2H), 2.58 (s, 6H), 1.42 (s, 6H).

Scheme 3.3: Synthetic Scheme for compound 23.
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Figure 3.2: 1H NMR of compound 20.
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Figure 3.3: 1H NMR of compound 21.
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Figure 3.4: 1H NMR of compound 22.
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Figure 3.5: 1H NMR of compound 23.
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3.3 Results and Discussion
Optical Absorption and Emission Studies
Figure 3.6 shows the optical absorption spectra of the triad (BODIPY)2aza-BODIPY 22 and the dyad (BODIPY)1- aza-BODIPY 23 along with the control
compounds aza-BODIPY(OH)2 10 and tolyl BODIPY. The absorption bands of
the triad were located at 507 nm and 665 nm and those of the dyad were located
at 506 nm and 677 nm. The red-shift of 4-5 nm in the BODIPY absorption of the
dyad and triad compared to the control pristine BODIPY indicates some ground
state interactions between the chromophores. The presence of two BODIPY
units per aza-BODIPY unit in the triad can be clearly seen as the normalized
spectra at 506 nm shows that intensity due to aza-BODIPY‟s absorption for the
triad is almost half its intensity in the dyad.

Tolyl-BODIPY
22
23
10
0.4

Absorbance

0.3

0.2

0.1

0.0
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500

600

700

800

Wavelength (nm)

Figure 3.6: Optical absorption spectra of 10, Tolyl-BODIPY, 22 and 23 in odichlorobenzene.
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Figure 3.7 shows the fluorescence emission studies of 22 and 23 along
with the control compounds which clearly indicates that energy transfer process
is occurring from singlet excited BODIPY to aza-BODIPY in the triad and dyad.
Upon photoexcitation of the triad and the dyad at 502 nm, i.e. the wavelength
corresponding to the absorption of BODIPY entity, the emission spectrum
revealed almost no emission due to the BODIPY entity but the emission
corresponding to the aza BODIPY entity was observed. Also upon irradiation of
the control aza-BODIPY at the same wavelength i.e. 502 nm, a weak emission
was observed. These results indicate that the excitation of the triad and the dyad
at 502 nm resulted in the selective excitation of the BODIPY entity. Over 99%
quenching of the BODIPY emission and observation of new emission bands
corresponding to aza-BODIPY emission clearly indicate the occurrence of
efficient energy transfer processes in these compounds.

Fluorescence Intensity (a.u.)

500

Tolyl-BODIPY
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10
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Figure 3.7: Fluorescence emission spectra of 10, tolyl-BODIPY, 22 and 23 in odichlorobenzene (ex = 502 nm).
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Electrochemical Studies
Differential pulse voltametric studies (DPV) were performed to calculate
the oxidation and reduction potential of the (BODIPY)-aza-BODIPY dyad and
triad. Figure 3.8 shows the DPV of of the dyad and triad along with the control
compounds in DCB, 0.1M TBAP. The reduction of aza-BODIPY(OH)2 was
located at -0.99 V while the reduction for BODIPY control compound was located
at -1.75 V vs. Fc/Fc+. The first reduction of (BODIPY)1-aza-BODIPY at -0.93 V
can be ascribed to aza-BODIPY which was 50-60 mV anodically shifted
compared to pristine aza-BODIPY entity and its second reduction at -1.64 V can
be ascribed to the BODIPY entity which was found to be anodically shifted by
about 106 mV compared to pristine BODIPY. Similar reduction potential shifts
were found for (BODIPY)2-aza-BODIPY triad, with the first reduction at -0.85 V
and second reduction at -1.65 V which can be attributed to reductions of azaBODIPY and BODIPY entities, respectively.

The oxidation potential of the BODIPY control compound was located at
0.73 V while oxidation potential corresponding to the BODIPY entity in
(BODIPY)2-aza-BODIPY and (BODIPY)1-aza-BODIPY were located at 0.78 V
and 0.81 V vs Fc/Fc+, respectively. These anodic shifts of approximately 50-80
mV can be attributed to the chemical functionalization of the BODIPY entity. Also
in case of the triad, (BODIPY)2-aza-BODIPY the currents for BODIPY oxidation
was twice as much as that of the currents of aza-BODIPY reduction. From the
redox data summarized in Table 3.1, the values of ΔGCS were found to be in the
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range of -0.81 to -0.86 eV which indicates the possibility of the occurrence of
photo-induced charge separation from singlet excited BODIPY to aza-BODIPY.
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Figure 3.8: Differential pulse voltammograms of the indicated compounds and
control compound ferrocene in o-dichlorobenzene, 0.1 M TBAP. Scan rate = 5
mV/s, pulse width = 0.25 s, pulse height = 0.025 V.
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Compound BODIPY0/+ Aza/V
BODIPY0//V
tolylBODIPY

-ΔGRIPa
/ eV

-ΔGSCSb
/ eV

-ΔGCR
/eV

0.74

__

__

__

__

Aza-BODIPY
(OH)2

__

-0.99

__

__

__

(BODIPY)2aza-BODIPY

0.78

-0.93

1.57

0.86

1.56

(BODIPY)1Aza-BODIPY

0.81

-0.85

1.62

0.81

1.61

Table 3.1: Electrochemical Redox Potentials (V vs. Fc/Fc+), Energy Levels of the
Charge-Separated States (ΔGRIP) and Free-Energy Changes for ChargeSeparation (ΔGSCS) for the (BODIPY)-aza-BODIPY Dyad and Triad in odichlorobenze.
a

ΔGRIP = Eox − Ered + ΔGS, where ΔGS = -e2/(4πε0εRRCt-Ct) and ε0 and εR

refer to vacuum permittivity and dielectric constant of o-dichlorobenzene.
b

−ΔGSCS = ΔE0-0 − ΔGRIP, where ΔE0-0 is the energy of the lowest excited

states of BODIPY being 2.43 eV in o-dichlorobenzene.

3.4 Summary
Here we have synthesized two novel (BODIPY)-aza-BODIPY conjugates
in order to explore the role of aza-BODIPY as an energy acceptor. These
systems were characterized by 1H NMR, spectroscopic and electrochemical
studies. Optical absorption and emission studies have revealed efficient energy
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transfer from singlet excited BODIPY to aza-BODIPY in o-dichlorobenzene.
Electrochemical studies revealed the easy reduction of aza-BODIPY compared
to BODIPY. Also the free energy changes of charge separation (ΔGCS) calculated
in accordance to the Rehm and Weller53 method suggest the possibility of
electron transfer from singlet excited BODIPY to aza-BODIPY. In order to find out
the actual photochemical events occurring in the excited state, transient
absoption spectroscopic techniques need to be employed. The photochemical
studies for these systems are still under investigation. Hence the present studies
might open up an venue for the utilization of aza-BODIPY as an energy acceptor.
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CHAPTER 4
ELECTRON AND ENERGY TRANSFER PROCESSES IN
SUPRAMOLECULAR TETRAD COMPOSED OF COVALENTLY LINKED AZABODIPY-ZINC PORPHYRIN AND C60
4.1 Introduction
In photosynthesis, the conversion of light energy to chemical energy is
carried out by antenna system and reaction center complex58. Photosynthetic
membranes are comprised of light harvesting antenna and reaction center
complex which are coupled to transform the light energy in to potential chemical
energy. Antenna chromophores absorb light and transfer the resulting excitation
energy to the reaction center where the electronic excitation energy is converted
to chemical energy via multistep photoinduced electron transfer reactions. 59
Numerous systems have been reported which mimic antenna function of
transferring singlet-singlet excitation energy amongst the chromophores, also
several systems composed of donor-acceptor moieties capable of generating
long lived charge separated states via photoinduced electron transfer are known.
Additionally antenna functionality has been linked synthetically to reaction center
functionality that exhibit fast charge separation and slow charge recombination
to successfully mimic natural photosynthetic processes. These artificial
photosynthetic models, were either covalently linked or supramolecularly
assembled, similar to those found in green plant protein matrix.
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Figure 4.1: Structures of (ZnP)2-aza-BODIPY 28 and (ZnP)1-Aaa-BODIPY 29.
Aza-BODIPY has been found to be a good electron acceptor as shown in
the studies of aza-BODIPY-C60 and Ferrocene-aza-BODIPY systems. Also it can
possibly act as an efficient energy acceptor as observed in (BODIPY)-azaBODIPY dyad and triad. To extend these studies further, we started exploring the
possibility of both electron and energy transfer processes occurring in the same
system, and thereby the system can mimic the antenna reaction center
functionality. Thus in the present study, a novel supramolecular tetrad 31
composed of aza-BODIPY, zinc porphyrin and C60 bispyridine was constructed
and studied.
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Figure 4.2: Structure of the supramolecular tetrad 31.

4.2 Experimental Section
Chemicals
All the reagents were from Aldrich Chemicals (Milwaukee, WI) while the
bulk solvents utilized in the syntheses were from Fischer Chemicals.

The

tetrabutylammonium perchlorate TBAP used in electrochemical studies was from
Fluka Chemicals. The initial synthesis of aza-BODIPY macrocycle was
performed according to the procedure reported by O‟Shea and coworkers 22 by
needed modifications.

Instrumentation.
1

H NMR spectra were obtained from chloroform-d1 solutions using a Varian 400

MHz NMR spectrometer with tetramethylsilane as an internal standard. The UV-
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visible spectral measurements were carried out with a Shimadzu Model 1600
UV-visible spectrophotometer.

The fluorescence emission was monitored by

using a Varian Eclipse spectrometer. CFs were recorded on an EG&G PARSTAT
electrochemical analyzer using a three electrode system.

A platinum button

electrode was used as the working electrode. A platinum wire served as the
counter electrode and an Ag/AgCl was used as the reference electrode.
Ferrocene/ferrocenium redox couple was used as an internal standard. All the
solutions were purged prior to electrochemical and spectral measurements using
argon gas.

Syntheses
5,10,15-triphenyl-20-[4-(methoxycarbonyl)phenyl]porphyrin,

24.

To

a

solution of propionic acid (125 cm3) containing methyl-4-formyl benzoate (410.4
mg, 2.5 x 10-3 mol) was added benzaldehyde (795.5 mg, 7.5 x 10 -3 mol) and
pyrrole (670.9 mg, 1 x 10-2 mol) and refluxed for 3 h. The solvent was distilled off
and the product was purified over basic alumina column using CHCl 3/hexanes
(30:70 v/v) as eluent giving the product: Yield 100.9 mg (6%); 1H NMR (300 MHz,
CDCl3) δ = 8.83 (m, 8H), 8.45 (d, 2H), 8.31 (d, 2H), 8.22 (m, 6H), 7.76 (m, 9H),
4.12 (s, 3H), -2.78 (s br, 2H).

5,10,15-triphenyl-20-[4-(carboxy)phenyl]porphyrin, 25. This compound was
synthesized according to a general literature procedure.60 To a solution of 24
(100 mg, 1.49 x 10-4 mol) dissolved in 2-propanol (20 cm3) was added a solution
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of potassium hydroxide (559 mg, 9.96 x 10-3 mol) dissolved in water and refluxed
for 6h. The solution was acidified with Conc. HCl and extracted with chloroform.
The organic layer was washed with saturated aqueous sodium bicarbonate
solution and dried over anhydrous sodium sulfate. This was purified over silica
gel column using CHCl3/MeOH (90:10 v/v) as eluent to give the product: Yield
88.13 mg (90%); 1H NMR (300 MHz, CDCl3) δ = 8.84 (m, 8H), 8.51 (d,2H), 8.35
(d,2H), 8.23 (m, 6H), 7.77 (m, 9H), -2.78 (s br,2H).

Scheme 4.1: Synthetic Scheme for compounds 24 and 25.
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(H2P)2-Aza-BODIPY, 26 & (H2P)1-Aza-BODIPY, 27:
5,10,15-triphenyl-20-[4-(carboxy)phenyl]porphyrin (50 mg, 7.59 x 10-5 mol) was
dissolved in 20 (cm3) DMF, to which EDCI (14.54 mg, 7.59 x 10-5 mol) was added
at 0oC under N2, followed by the addition of compound (13.39 mg, 2.53 x 10 -5
mol), after which the mixture was stirred for 24h. Then the solvent was removed
under reduced pressure. The residue was dissolved in CH2Cl2 and the mixture
was washed with water. Then the organic layer was separated, dried over
Na2SO4 and solvent was evaporated. The residue was purified by column
chromatography on silica gel with CHCl3:hexanes (1:1) to give 26: Yield 5 mg (11
%); 1H NMR (400MHz, CDCl3) δ = 8.92-8.8 (m, 16H), 8.63 (d, J = 8.39 Hz, 4H),
8.4 (d, J = 8.41 Hz, 4H), 8.29 (d, J = 8.84 Hz, 4H), 8.25-8.17 (m, 12H), 8.14 (d, J
= 6.63 Hz, 4H), 7.8-7.69 (m, 18H), 7.6 (d, J = 8.82 Hz, 4H), 7.56-7.45 (m, 6H),
7.16 (s, 2H), -2.8 (s, 4H) ppm and with CHCl3 to give compound 27: Yield 8 mg
(27%);

1

H NMR (400MHz, CDCl3) δ = 8.91-8.81 (m, 8H), 8.63 (d, J = 8.24 Hz,

2H), 8.41 (d, J = 8.29 Hz, 2H), 8.26-8.19 (m, 8H), 8.14-8.03 (m, 6H), 7.84-7.72
(m, 9H), 7.58-7.44 (m, 8H), 7.12 (s, 1H), 7.08 (s, 1H), 6.99 (d, J = 8.51 Hz, 2H), 2.77 (s, 2H) ppm.

(ZnP)2-Aza-BODIPY, 28:
Compound 26 (10 mg) was dissolved in CHCl3 (10 cm3). A saturated solution of
zinc acetate in methanol was added to this solution and the resulting mixture was
stirred for 12 h. The mixture was then washed with water, organic layer was
separated, dried over anhydrous Na2SO4 and rotary evaporated. The residue
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was purified over silica gel column using CHCl3:hexanes (4:6) to give compound
28: Yield 9 mg (84 %); 1H NMR (400MHz, CDCl3): δ = 8.99-8.8 (m, 16H), 8.62 (d,
J = 8.39 Hz, 4H), 8.39 (d, J = 8.41 Hz, 4H), 8.26-8.18 (m, 16H), 8.15 (d, J = 6.63
Hz, 4H), 7.79-7.67 (m, 18H), 7.6 (d, J = 8.82 Hz, 4H), 7.57-7.43 (m, 6H), 7.16 (s,
1H) ppm.

Scheme 4.2: Synthetic Scheme for compounds 26 and 27.
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(ZnP)1-Aza-BODIPY, 29:
Compound 27 (10 mg) was dissolved in CHCl3 (10 cm3). A saturated solution of
zinc acetate in methanol was added to this solution and the resulting mixture was
stirred for 12 h. The mixture was then washed with water, organic layer was
separated, dried over anhydrous Na2SO4 and rotary evaporated. The residue
was purified over silica gel column using CHCl3 to give compound 29: Yield 9 mg
(85 %); 1H NMR (400MHz, CDCl3): δ = 9.01-8.93 (m, 8H), 8.63 (d, J = 8.23 Hz,
2H), 8.41 (d, J = 8.1 Hz, 2H), 8.26-8.19 (m, 8H), 8.14-8.07 (m, 6H), 7.82-7.72 (m,
9H), 7.55-7.43 (m, 8H), 7.12 (s, 1H), 7.08 (s, 1H), 6.99 (d, J = 8.55 Hz, 2H) ppm.

Scheme 4.3: Synthetic Scheme for compound 28.
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Scheme 4.4: Synthetic Scheme for compound 29.

2-(4’-pyridyl)-5(methylene-4’-pyridyl)-3,4-fulleropyrrolidine, 30.
In a round bottom flask 100 cm3 of dry toluene, C60 (100 mg, 0.14 mmol), 4pyridylalanine (52 mg, 0.31 mmol) and pyridyl carboxaldehyde (64 microlitres,
0.7 mmol) were refluxed for 10 h.61,62 The solvent was then evaporated and the
crude product was dissolved in toluene and purified on a silica gel column using
a mixture of ethylacetate and toluene (1:1) as the eluent. Yield ( 45%). 1H NMR
(300 MHz, CS2:CDCl3 (1:1 v/v)) 8.6, 7.7, 7.5 (m, d, d, 4H, 2H, pyridyl-H), 6.0, 5.6,
5.4, 5.0, 4.7, 4.0, 3.9, 3.8, 3.7, 3.4 (s, s, d, d, s, d, t, d, d, t, 4H, pyrrolidine-H, CH2). Three geometrical isomers were found and were not separated.
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Scheme 4.5: Synthetic Scheme for compound 30.

97

Figure 4.3: 1H NMR of compound 26.

98

Figure 4.4: 1H NMR of compound 27.
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4.3 Results and Discussion
Optical Absorption and Emission Studies
Figure 4.4 shows optical absorption spectra of (H2P)2-aza-BODIPY 26,
(H2P)1-aza-BODIPY 27 and control compounds aza-BODIPY 10 and TPP in
benzonitrile. The absorption bands for compound 26 were located at 422, 516,
552 593 and 666 nm and for compound 27 were located at 422, 516, 552, 593
and 683 nm. The spectra were normalized at 516 nm. Upon irradiating the triad
and dyad at 516 nm (Figure 4.6), the emission due to porphyrin is strongly
quenched, also emission due to aza-BODIPY is observed. These results
indicated occurrence of excited state photochemical events.
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Figure 4.5: Absorption spectra of 10, 26, 27 and TPP in benzonitrile.
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Figure 4.6: Fluorescence spectra of 10, 26, 27 and TPP in benzonitrile (ex = 516
nm).

Figure 4.7 shows the absoption spectra of (ZnP)2-aza-BODIPY 28, (ZnP)1aza-BODIPY 29, and control compounds aza-BODIPY 10 and ZnTPP in
benzonitrile. The absorption bands of the triad were located at 429, 561, 607 and
666 nm and of the dyad were located at 429, 561, 607 and 683 nm. The
absoption spectra were normalized at 560 nm. Figure 4.8 shows the emission
spectra of these compounds. Upon excitation of the triad and dyad at 560 nm,
the emission due to the porphyrin entity was strongly quenched and emission
due to aza-BODIPY was observed. These results are indicative of excited state
photochemical events occurrence.
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Figure 4.7: Absorption spectra of 10, 28, 29 and ZnTPP in benzonitrile.
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Figure 4.8: Fluorescence spectra of 10, 28, 29 and ZnTPP in benzonitrile (ex =
560 nm).
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Figure 4.9 shows absorption spectra of 10, 28, 29 and ZnTPP in toluene.
The absorption bands of (ZnP)2-aza-BODIPY are located at 423, 549, 591 and
664 nm and of (ZnP)1-aza-BODIPY are located at 424, 549, 591 and 674 nm.
Irradiation of 28 and 29 at 549 nm resulted in quenching of porphyrin emission
over 99% and emission band due to aza-BODIPY was observed (Figure 4.10).
On excitation of control aza-BODIPY at the same wavelength i.e. 549 nm a very
weak emission band was observed. There is no overlap of aza-BODIPY
absorption at 549 nm, therefore irradiation at this wavelength would selectively
excite ZnP entities of the triad and the dyad. These results clearly indicate
efficient energy transfer process from singlet excited ZnP to aza-BODIPY.

Zn TPP
28
10
29

Absorbance

4

3

2

1

0
300

400

500

600

700

800

Wavelength(nm)

Figure 4.9: Optical absorption spectra of 10, 28, 29 and Zn TPP in toluene.

103

Fluorescence Intensity (a.u.)

1000
Zn TPP
28
10
29

800

600

400

200

0

600

650

700

750

800

Wavelength(nm)

Figure 4.10: Fluorescence spectra of 10, 28, 29 and Zn TPP in toluene (ex = 549
nm).

UV-vis absorption spectroscopy was employed to study the formation of
the supramolecular tetrad 31. Figure 4.11 shows the UV-visible spectral changes
observed upon addition of fulleropyrrolidine bearing two pyridine entities (0.05 eq
addition)

to

a

solution

containing

(ZnP)2-aza-BODIPY

triad

28

in

o-

dichlorobenzene. The Soret band of the molecular triad at 425 nm decreased in
intensity with a red shift to 432 nm. This spectral change is characteristic of the
axial ligation of fulleropyrrolidine to the zinc center of the porphyrin entity.66
Appearance of several isosbestic points suggested the occurrence equilibrium
process. Thus, the formation of the supramolecular tetrad was characterized by
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decreased intensity and red shift of Soret band and the appearance of isosbestic
points.64
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Figure 4.11: UV-visible spectral changes observed on increasing addition of 30
C60bipyridine (0.05 eq each addition) to 28 (ZnP)2-aza-BODIPY in odichlorobenzene.

The spectral intensity changes at 550 nm were used to construct a
Benesi-Hildebrand65 plot as shown in Figure 4.11 inset. For 1:1 stoichiometry
these plots are linear. A is the absorbance of the complex formed on increasing
addition of 30 and Ao is the absorbance of the triad 28 without addition of
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fulleropyrrolidine. From the plot the binding constant was evaluated by taking the
intercept to slope ratio. Thus value of binding constant K was found to be 1.85 x
105 M-1. The high value of binding constant suggests strong binding. This value
has been found approximately ten times larger than that for the supramolecular
dyad composed of fulleropyrrolidine with a single pyridine ligand axially ligated to
the zinc center of porphyrin63. Further, to prove 1:1 stoichiometry of the complex,
Jobs plot of continuous variation as shown in Figure 4.12 was employed. The
absorbance of the complex was monitored at 425 nm and 432 nm. The plot
clearly shows the presence of one mole of C60 bipyridine per mole of (ZnP)2-azaBODIPY.
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Figure 4.12: Jobs method of continuous variation plots for tetrad 31 complex
formation monitored at 425 (Black) and 432 (Red) nm.
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Electrochemical studies
In order to probe the redox properties of the supramolecular tetrad, cyclic
voltametric studies were performed in o-dichlorobenzene containing 0.1 M TBAP
as the supporting electrolyte. The first reduction of the tetrad corresponding to
the reduction of aza-BODIPY entity is located at -0.86 V while the second and
third reduction potential corresponding to the reduction of C60 entity are located at
-1.12 and -1.60 V vs. Fc/Fc+ and the fourth reduction potential at -1.88 V
corresponds to the reduction of ZnP entity. The oxidation potential located at
0.30 V corresponds to oxidation of ZnP entity. These results collectively suggest
the electron deficient nature of aza-BODIPY and C60 with aza-BODIPY being
approximately 250 mV easier to reduce compared to fullerene and also the
electron rich nature of zinc porphyrin entity.

The driving force for charge recombination (-ΔGCR) and charge separation
(-ΔGCS) were calculated according the equations 4.1 and 4.2 utilizing the redox
potentials of the compounds studied.

-ΔGCR = Eox - Ered - ΔGS

(4.1)

-ΔGCS = E0-0 -(-ΔGCR)

(4.2)

Eox is the first oxidation potential of porphyrin ZnTPP 0/+, Ered is the first
reduction potential of aza-BODIPY0/-, E0-0 is the energy of 0-0 transition between
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the lowest excited state and ground state of ZnTPP. ΔGS refers to the static
energy, calculated according to equation 4.3.
ΔGS = -e2/(4πε0εRRCt-Ct)

(4.3)

The symbols ε0 and εS represent vacuum permittivity and dielectric
constant of the solvents, respectively. Values of RCt-Ct were obtained from
computational data. The calculated free energy changes reveal the chargeseparation from singlet excited porphyrin to aza-BODIPY to be exothermic.
These results indicated possibility of electron transfer from singlet excited ZnP to
aza-BODIPY.

Figure

4.13:

Cyclic

voltammograms of

(ZnP)2-aza-BODIPY,

(ZnP)2-aza-

BODIPY:C60 and control compound ferrocene in 0.1 M TBAP in o-DCB. Scan
rate = 100 mV/s.
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Compound

0/+

ZnTPP

/

0/-

Aza-

C60
0/-.

V

BODIPY

/V

-ΔG

S b
CS

-ΔGCR

/ eV

/ eV

/V
ZnTPP

0.28

_

_

_

_

_

_

_

_

_

1.37

1.05

1.36

1.06

Aza-BODIPY

_

-0.86

C60

_

_

(ZnP)2-aza-

0.31

-0.84

0.30

-0.86

-1.13
_

BODIPY
(ZnP)2-aza-

-1.12

BODIPY:C60

Table 4.1: Electrochemical Redox Potentials (V vs. Fc/Fc+) for (ZnP)2-azaBODIPY and (ZnP)2-aza-BODIPY:C60 in

o-dichlorobenze. Driving forces for

forward (ΔGSCS) and reverse (ΔGCR) electron transfer in o-dichlorobenze.

4.4 SUMMARY
In conclusion the synthesized (ZnP)2-aza-BODIPY triad, (ZnP)1-azaBODIPY dyad and the supramolecularly assembled tetrad (ZnP) 2-azaBODIPY:C60 were investigated for energy and/or electron transfer processes.
Optical absorption and emission studies of the (ZnP)2-aza-BODIPY and (ZnP)1aza-BODIPY systems indicate efficient photo-induced energy transfer from
singlet excited zinc porphyrin to aza-BODIPY. The complex formation of the triad
(ZnP)2-aza-BODIPY with fulleropyrrolidine bearing two pyridine ligands was
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studied by UV-vis spectral studies. Benesi-Hildebrand plot was used to
calculated the binding constant of the tetrad which had a value of 1.85 x 10 5 M-1.
This high value is indicative of strong binding. Further Job‟s plot proved the 1:1
stoichiometry of the supramolecular complex. Electrochemical studies and the
calculated free energy values indicate the electron transfer from singlet excited
ZnP to aza-BODIPY to be an exergonic process. Photochemical data are
required in order to confirm the electron and/or energy transfer processes which
are still under investigation.
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CHAPTER 5
SUMMARY

In conclusion we have made an attempt to mimic the primary events of
photosynthesis which has been presented through the work done in this thesis.
The systems designed and synthesized were either covalently linked or
supramolecularly assembled, which exhibit efficient energy and/or electron
transfer

processes.

Various

novel

systems

comprised

of

aza-BODIPY

chromophore were designed, synthesized and characterized, to explore the
potential application of utilizing aza-BODIPY to build artificial photosynthetic
systems.

Electrochemical studies showed aza-BODIPY having reduction potential
comparable to fullerene. To gain an insight as to which one of the two entities
was a better electron acceptor, covalently linked aza-BODIPY-C60 system was
synthesized and studied. Optical absorption and emission studies revealed the
quenching of aza-BODIPY emission suggesting the occurrence of excited state
photochemical events.

Further femtosecond

time-resolved

studies

were

performed to study excited state processes which showed electron transfer from
singlet excited aza-BODIPY to C60 resulting in the the formation of azaBODIPY●+C60●- species. Charge recombination resulted in the triplet state of azaBODIPY which decayed to the ground state, these results were revealed by
nanosecond laser measurements.

111

Study of electron transfer processes was further extended to ferroceneaza-BODIPY systems. With ferrocene being a well-known electron donor and
good electron accepting properties of aza-BODIPY, we expected electron
transfer to occur from ferrocene to aza-BODIPY, which was indeed the case.
Fluoro derivatives were also synthesized with the intention of making the azaBODIPY core even more electron deficient. Optical absorption and emission
studies suggested occurrence of photochemical events, further electrochemical
data showed ferrocene being electron rich and aza-BODIPY being electron
deficient. Also free energy calculations showed the formation of Fc+-azaBODIPY●- for dyad and Fc+Fc-aza-BODIPY●- for the triad as energetically
favorable. This was proved by femtosecond transient absorption spectroscopy
which showed the growth of bands corresponding to aza-BODIPY●- in the nearIR region. The kinetics of charge separation and charge recombination revealed
ultrafast charge separation in these systems with charge stabilization values
being better for the dyads compared to triads.

Thereafter systems capable of mimicking antenna functionality of artificial
photosynthesis were synthesized. For this purpose BODIPY chromophore which
has been long used as an energy absorbing and transferring antenna was
utilized to synthesize covalently linked novel BODIPY-(aza-BODIPY) systems.
Optical absorbance and emission studies revealed efficient photoinduced energy
transfer from singlet excited BODIPY to aza-BODIPY. Redox potential values
obtained from electrochemical studies were utilized to determine driving forces

112

for electron transfer, and these values indicated electron transfer to be
thermodynamically feasible. Photochemical studies are under investigation to
determine the occurrence of energy and/or electron transfer as the major
phenomenon.

Finally we assembled a supramolecular system by axial ligation of
fulleropyrrolidine bearing two pyridine ligands to the zinc center of the two
porphyrin entities which were covalently linked to aza-BODIPY. Upon photoexcitation of (ZnP)2-aza-BODIPY and (ZnP)1-aza-BODIPY efficient energy
transfer was observed from singlet excited ZnP to aza-BODIPY as displayed by
steady state absorption and emission spectroscopy. The formation of a stable
supramolecular complex (ZnP)2-aza-BODIPY:C60 was studied by UV-vis spectral
studies. The high value of binding constant, K = 1.85 x 105 M-1 suggested strong
binding. Also the 1:1 stoichiometry of the formed complex was established by
Job‟s plot. Electrochemical studies revealed both aza-BODIPY and fullerene to
be electron deficient and porphyrin to be electron rich. The experimentally
detrmined free-energy change for electron transfer (ΔGCS), calculated using data
from electrochemistry suggests electron transfer from singlet excited ZnP to azaBODIPY to be energetically favorable. Further, evidence for charge separation is
required form time-resolved spectroscopic techniques to prove our findings.
These studies are still under investigation.
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The reseach presented in this thesis opens up a venue for the potential
applications of aza-BODIPY chromophore in building artificial photosynthetic
constructs. Thus, in the future these near-IR emitting chromophores might be
appropriately linked with various other entities to achieve efficient donor-acceptor
systems which can be utilized in constructing organic solar cells or photovoltaic
devices and hence can possibly replace the expensive silicon based photovoltaic
cells.
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