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ABSTRACT

LIGHT HARVESTING AND EFFICIENT ENERGY TRANSFER
IN BORON DIPYRRIN DYADS AND
DERIVATIZATION FOR POTENTIAL UTILITY IN
DYE-SENSITIZED SOLAR CELLS

Gokhan Barin
M.S. in Materials Science and Nanotechnology
Supervisor: Prof. Dr. Engin U. Akkaya
July, 2008

In bichromophoric supramolecular systems light is harvested by antenna
components and excitation energy is channeled into an acceptor component. We
have designed and synthesized novel energy transfer cassettes which are based on
boradiazaindacene (BODIPY) units. Facile synthesis of long wavelength absorbing
distyryl BODIPY dyes has been applied successfully in this study. In the first part of
the thesis, efficient energy transfer from energy donor BODIPY's to long wavelength
absorbing distyryl BODIPY core was demonstrated. To observe the antenna effect
quantitatively, we have designed the cassettes with an increasing number of energy
donor components. Based on these observations, in the second part of the thesis, we
have introduced a light-harvesting photosensitizer for dye-sensitized solar cell
(DSSC) purposes. The target molecule absorbs in visible and near-IR region and
energy transfer is demonstrated successfully. Our design appears to be highly

promising for DSSC.

Keywords: Boradiazaindacene, light harvesting, energy transfer, dye-sensitized solar

cells

111



OZET

BORON DiPiRiN TUREVLERINDE ISIK HASATI VE ETKIN
ENERJI TRANSFERI VE BOYAR MADDE UYARIMLI GUNES
PILLERINDE POTANSIYEL KULLANIMA YONELIK
TUREVLENDIRME

Gokhan Barin
Malzeme Bilimi ve Nanoteknoloji Programi, Yiiksek Lisans
Tez Yoneticisi: Prof. Dr. Engin U. Akkaya
Temmuz, 2008

Bikromoforik supramolekiiler sistemlerde 151k anten bilesenleri tarafindan toplanir
ve uyarilma enerjisi akseptor bilesenine aktarilir. Bu ¢alismada boradiazaindasen
(BODIPY) kromoforundan olusan yeni enerji transfer kasetleri tasarlanip
sentezlenmistir. Uzun dalga boyunda absorplayan distiril BODIPY tiirevinin kolay
sentezi akseptor bilesenlerinin sentezinde basariyla uygulanmistir. Calismanin
birinci kisminda, anten gorevi goren enerji donér BODIPY bilesenlerinden distiril
BODIPY akseptoriine etkin enerji transferi gosterilmistir. Anten etkisini gostermek
icin enerji transfer kasetleri artan enerji dondr bilesen sayisina gore tasarlanmistir.
Bu gozlemlere dayanarak caligmanin ikinci kisminda, boyar madde uyarimli giines
pillerinde (DSSC) kullanilmak iizere 15181 toplayabilen fotosensitizer bir madde elde
edilmistir. Elde edilen molekiil 15181 goriiniir ve yakin-IR bodlgesinde absorpladigi
ve etkin enerji transferinin gergeklestigi gosterilmistir. Yapinin boyar madde

uyarimli giines pillerinde yiiksek bir verim gosterecegi ongoriilmektedir.

Anahtar Kelimeler: Boradiazaindasen, 1sik hasati, enerji transferi, boyar madde

uyarimli giines pilleri
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CHAPTER 1

INTRODUCTION

1.1 Supramolecular Chemistry

Supramolecular chemistry is a new branch of chemistry which has attracted
many scientists in the last two decades.'® Paul Ehrlich’s receptor idea, Alfred
Werner’s coordination chemistry, and Emil Fischer’s lock-and-key image play a
significant role in the development of supramolecular chemistry.” The most widely
accepted definition for supramolecular chemistry is “the chemistry beyond the
molecule”, as J.-M. Lehn stated.® It is a highly interdisciplinary field by means of
synthetic methodology and application fields. Organic and inorganic chemistry are
the primary tools for the synthesis of desired molecules and physical chemistry is

used in order to characterize and investigate the properties of supramolecular

Systems.
MOLECULAR SUPRAMOLECULAR
A
B\ / Self Assembly
’ Synthesis | g ceptor Recognition
Covalent
/ Bonds
™ X
Interaction Molecular
b SUPERMOLECULE Transformation ——— and

Intermolecular Bonds Supramolecular Devices

Substrate Translocation
Functional Components

SUPRAMOLECULE

Recognition Catalyst ~ Transport

Figure 1. Comparison between molecular and supramolecular chemistry'



There are many applications of supramolecular chemistry in the fields of
chemical synthesis, catalysis, materials science and nanotechnology, and life
sciences. In chemical synthesis and catalysis, the idea of noncovalent synthesis was
developed.” That has given rise in molecular recognition and catalysis with the help
of self-assembly and biomimetic design.”'® Additionally, molecular level devices
were successfully synthesized with certain functions.'"'? In materials science and

nanotechnology, there are great developments in surface studies with the assistance

13,14

of supramolecular concepts. " Design and synthesis of macromolecules, which can

15,16 17,18

function as light-harvesting agents, and

19,20

sensitizers for solar cell applications

operate as logic gates, are hot applications of supramolecular chemistry. Finally

21,22

supramolecular concepts are used to synthesize artificial biological agents such

as enzymes, DNA and to develop new therapeutic agents™* for many diseases.

Nature is the main source of inspiration for the design of new supramolecular
species. Mimicking the functions of biological systems and achieving macroscopic
functions at molecular level are the great interest of scientists in supramolecular

chemistry and nanotechnology.

1.2 Fundamentals of Fluorescence

Absorption is a process in which the intensity of light is decreased at certain
frequencies by a chemical species, so that valence electrons in an atom make a
transition between two electronic energy levels. Most elementary particles are in
their ground state at room temperature. When these particles are irradiated by
photons with proper energies, the electrons move to a higher energy state, which can

also be termed as excited state.

M+h—>M (1)

The excited species relaxes to its ground state and it is called luminescence if
emission of light occurs during relaxation. Luminescence is formally divided into

two categories, fluorescence and phosphorescence. In fluorescence return of the



excited electron to the ground state is spin-allowed and emission rates of
fluorescence are typically 10°® s, in other words fluorescence lifetime is 10 ns.
Lifetime (t) of a fluorophore is the average time between its excitation and its return

to ground state.

HO O O \ K
400 Ao
m O /
COH =Ne=.N-Z
O * B COLH
o C

Fluorescein Bodipy
Rhodamine B

®
U ' SO,

Pyrene Porphyrin 7-hydroxy-coumarin

Figure 2. Structures of typical fluorescent substances

Following light absorption, fluorophore is excited to some higher vibrational
levels of S; or S, states. All of these states relax to the lowest vibrational level of S;,
a process which is called internal conversion. Internal conversion is generally
complete (102 s) before emission takes place. Phosphorescence is emission of light
from triplet excited states. In that process transitions to the ground state is spin-
forbidden and as a consequence the phosphorescence lifetimes vary from
milliseconds to seconds. Heavy atoms such as bromine and iodine make the
molecule phosphorescent. Transition of electron from singlet excited state to the
triplet excited state is called intersystem crossing. Figure 3 summarizes the

processes mentioned here, which is also known as Jablonski Diagram.
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LE

N\N\

T

Phosphorescence

It can be concluded from Jablonski diagram that the energy of the emission
is less than the energy of absorption. Therefore fluorescence occurs at longer
wavelengths (Stokes’ shift, Figure 4).° One of the reasons for Stokes’ shift is the
rapid decay to the lowest vibrational level of S;. Further loss of excitation energy
occurs due to the decay to higher vibrational levels of Sy, where excess vibrational
energy is lost. Stokes’ shift is also observed due to solvent effects, complex
formation, and energy transfer. A general property of fluorescence is that same

fluorescence emission spectrum is observed irrespective of excitation wavelength.

This is known

Ground State

Figure 3. Jablonski Diagram

as Kasha’s rule.?®

Stokes shift
—

absorption

Figure 4. Stokes’ shift
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Another important characteristic of a fluorophore is its quantum yield. It can
be defined as the ratio of number of emitted photons to the number of absorbed
photons. To express quantum yield in a formula (Eq. (2)), the processes in Jablonski
diagram can be collected in two groups as emissive rate of the fluorophore (I') and

nonradiative decay rate to Sg (kn).

Q=— @)

" T+kpy

Due to Stokes’ losses quantum yield is always less than unity. When the rate
of nonradiative decay is much smaller than rate of radiative decay, the quantum
yield approaches to unity. Substances with larger quantum yields display brighter
emission. In order to make quantum yield measurements, a standard sample is
chosen with known quantum yield. Rhodamine 6G,”” rhodamine 101,® cresyl
violet,” fluorescein,™ and zinc phthalocyanine®' are some examples for most widely
used standard samples. The criterion for standard selection is that it should absorb at
the excitation wavelength of choice for test sample. Additionally, if possible, it

should emit in a similar region to test sample. Quantum yield is determined by using

Eq. (3).

2 -A
Isample X Nsample 1-10 “ref
I n?
ref ref

Qsample = QT‘ef X 1—10 “4sample 3)

I represents the integrated area of fluorescence spectrum. A is the absorbance
value at the excitation wavelength of choice. n is refractive index value of the

solvent used for measurements.

1.3 BODIPY® Dyes

The design and synthesis of new fluorescent probes for imaging techniques
is a growing field today. Those probes are attached to biological molecules, such as
DNA, proteins, and they allow us to follow the events in living cells by

fluorescence.’> However this is limited to the probes available. There are few



probes that emit at or above 800 nm, the wavelength at which tissues are most
transparent to light. Among the Ilarge wvariety of fluorescent dyes, the
boradiazaindacene family has gained recognition as being one of the most versatile
fluorophores. BODIPY dyes were first discovered by Treibs and Kreuzer in 1968.%*
Since then many applications of BODIPY were reported in a wide range of fields
like biomolecular labeling, ion sensing, drug delivery reagents, molecular logic,

light harvesting systems, sensitizers for solar cells.

BODIPY has a high molar extinction coefficient and high fluorescence
quantum yield. Its lower sensitivity to solvent polarity and pH make it a stable
compound to physical conditions. Good solubility, intense absorption profile and
negligible triplet state formation are additional advantages of BODIPY dyes. The
excitation and emission wavelengths of BODIPY can be changed with structural
modifications. Especially, modifications on positions 1-3 and 5-7 (Figure 5) extend
the conjugation and make it possible to tune visible spectrum. Functional units can
also be added with modifications on positions 4 and 8. There are many research
groups working on derivatization and functionalization of BODIPY dyes. These

groups are those of Akkaya, Burgess, Boens, Nagano, Rurack, Ziessel et al.

1.3.1 Applications of BODIPY Dyes

Due to the chemical and photochemical properties of BODIPY dyes

mentioned above, these dyes have been used in many different applications. First

applications of BODIPY were shown in protein labeling.*>’
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Figure 5. Applications and chemistry of BODIPY

Fluorescent chemosensor design for both cations and anions is a challenging
field in supramolecular chemistry. In biological and environmental aspect,
chemosensors for heavy and transition metal cations are very important. Selectivity
and sensitivity are key parameters in signaling of desired molecular or ionic species.
Additionally fluorophores emitting beyond 650 nm are great candidates for sensing
in biological media. That is due to the reduced scattering of light at longer
wavelengths. The absorption properties of BODIPY can be tuned in the visible
spectrum with proper modifications. Red-emitting BODIPY fluorophores and
chemosensors have been developed by Akkaya et al (Compounds 1, 2, 3).***° Some

other chemosensor examples, 4*' and 5**, are shown in Figure 6.



Figure 6. Selective BODIPY-based chemosensors

Photodynamic therapy for treatment of cancer is another application of
BODIPY dyes. BODIPY has high absorption coefficient and high efficiency of
reactive oxygen species generation which are good properties for being a
photosensitizer. In both examples in Figure 7, heavy atoms attached to 2 and 6
positions of BODIPY favor the intersystem crossing, thus increase the triplet yield
of dyes. It was observed that in compound 6 the quantum efficiency of fluorescence
dropped from 0.70 to 0.02 and high efficiency of singlet oxygen generation was
reported.”” Akkaya et al. synthesized compound 7, in which extension of
conjugation by condensation reaction from 3 and 5 positions provided longer
wavelength absorption (650-680 nm).** Water solubility was achieved via attaching
oligoethyleneglycol groups. Efficient singlet oxygen generation was obtained as

well.



R = O(CH2CH20)3CH3

Figure 7. Photosensitizers for photodynamic therapy

A weakness of BODIPY dyes, actually for most of the organic dyes, is small
Stokes’ shift. This limits the sensitivity of detection in chemical sensing and
fluorescence labeling (imaging). For that purpose dual-chromophore dyes have been
developed in which “virtual” Stokes’ shift is observed. Ziessel et al. reported
examples of BODIPY based dual-chromophore dyes by substitution with fluorine
atoms at boron center as shown in Figure 8.* Photons are absorbed by the secondary
chromophore (pyrene, anthracene) and final emission is observed at BODIPY core
as a result of intramolecular energy transfer. In this way, the energy gap between

excitation and emission wavelengths was increased by 10-fold.

Figure 8. BODIPY dyes with ancillary light absorbers



A BODIPY-based molecular logic, which can function as a unimolecular
half-subtractor (compound 10), was synthesized by Akkaya et al.*® Using acid
and/or base as inputs, the photochemical response of compound 10 was observed
and explained. The core of BODIPY dyes is hydrophobic and it has no functionality
to attach to biological units. Water-solubility is important in order to study in living
cells. There are few examples of water-soluble BODIPY dyes in literature.
Compounds 11 and 12 are examples of water-soluble BODIPYs.*”*® The use of
luminescent molecules incorporated into soft materials, such as gels and liquid
crystalline materials, is challenging in colorimetric sensing, electrooptical devices,
photovoltaic devices and as templates to prepare nanoporous materials. BODIPY
dyes can be used instead of metallic luminophores so that fluorescent mesomorphic

dyes are obtained. Compound 13 is an example luminescent gel that exhibits

outstanding features.*

(0]
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Figure 9. BODIPY as logic gate operator and liquid crystal, and water-soluble derivatives

These examples show that BODIPY chemistry has high versatility.
Applications in light harvesting systems and dye-sensitized solar cells will be

discussed in following parts.
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1.4 Light Harvesting and Energy Transfer

Photosynthesis is a natural process in which the sunlight is collected
effectively by a vast array of light-harvesting chromophores and absorbed energy is
channeled into a single reaction center. Nature uses antennae systems to overcome
the problem of light-harvesting efficiency (Figure 10). Collecting light by means of
antenna system provides tuning the sunlight over a wide range and also provides
much more concentrated energy in the core. The term “antenna effect” was first used
in the luminescence of lanthanide ion which was sensitized by surrounding strongly

absorbing ligands.™
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Figure 10. Schematic representation of a light-harvesting antenna system

The most widely studied natural antennae are the light-harvesting complexes
of photosynthetic purple bacteria.’’ Figure 11 is the schematic representation of
overall process in purple bacteria. The crystal structure of light-harvesting antennae
complex LH2 was determined by high resolution X-ray.”> It is composed of
chlorophyll molecules and carotenoids. Chlorophyll molecules function as light-
harvesting antennae. The energy collected by LH2 is transferred to LH1 antennae
complex, which surrounds the reaction center. The reaction center is the final
destination of collected energy. The structure of LH1 complex is similar to that of

LH2, but it is not known as well as LH2 antennae complex.

11
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Figure 11. Schematic representation of the overall light-harvesting process by LH2 and LH1

With the assistance of supramolecular chemistry, artificial light-harvesting
antenna systems can be obtained, especially dendritic macromolecules. These
artificial models are used in signal amplifiers,” dye-sensitized solar cells,™ light
emitting diodes,”” and exciton sources® in near field and scanning exciton
microscopy. In order to observe antennae effect in supramolecular models, the
organization in dimensions of time, energy and space is required.”’ Transfer of
energy to next component must occur before undergoing radiative or nonradiative
deactivation of donor component (time dimension). In energy dimension the
components should be organized such that the energy of the acceptor excited state is
lower or, at most, equal to the energy of donor excited state. Finally, overall energy
transfer process must lead the excitation energy towards a selected component of

array (space dimension).

1.4.1 Energy Transfer Mechanisms

A simple bichromophoric system contains an energy donor chromophore (D)
and an energy acceptor chromophore (A). When the donor chromophore is excited,
energy transfer occurs so that the donor returns to its ground state and the acceptor
goes to excited state. This transfer occurs by either through-bond®® (Dexter-type or

59,60

exchange) mechanism or through-space™”" (Forster-type or coulombic) mechanism.

12



1.4.1.1 Dexter-type Energy Transfer

A simultaneous electron exchange occurs in this mechanism (Figure 12).%" It
is a double electron-transfer process, one moving from the LUMO of the donor to
the LUMO of the acceptor and the other moving from acceptor HOMO to the donor
HOMO.

...... b
LUMO —_—
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Figure 12. Pictorial representation of exchange energy transfer mechanism

The Dexter-type mechanism requires D-A orbital overlap which can be
provided either directly or by the bridge. Therefore it is a short-range (<10 A°)

' The literature on

interaction and it diminishes exponentially with distance.®
molecules that exhibit through-bond energy transfer may be divided into that which
deals with oligomeric conjugated materials, and other contributions featuring models
for biological systems (e.g. porphyrin-containing systems). Overlap between the
emission spectrum of the donor and the lowest energy excited states of the acceptor
is not required in through-bond energy transfer. For conjugated cassettes (Figure
13), it may not be possible to determine how much energy transfer proceeds via
through-bond mechanisms relative to the through-space mechanisms. Yet the overall

rates of energy transfer can be measured. The structure of the donor, acceptor, and

linker fragments and the orientation of those fragments influence the rates of energy

%hv energy transfer > h"ﬁ
@ — O acceptor
n

Figure 13. Through-bond energy transfer

transfer.
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Compounds 14 and 15, in Figure 14, were synthesized in order to observe
rates of energy transfer in donor-acceptor cassettes when the orientation of donor

.. . 62
and acceptor moieties is changed.

15

Figure 14. Through-bond energy transfer cassettes

In compound 14, anthracene donor and BODIPY acceptor are directly
attached to each other and the methyl groups on BODIPY twist the anthracene, so
that the structure is not planar. If there is full conjugation in the cassette, as in
compound 15, it is not a true cassette. Conjugation in 15 is proved by the red-shift in
absorption spectrum. Both of the compounds exhibit energy transfer when they are

excited at the A« of anthracene donor.

Porphyrins are the main chromophores of natural photosynthesis. Synthetic
porphyrin-based light-harvesting arrays are essential for investigating the effects of
molecular organization on energy transfer. In compound 16, a porphyrin array
synthesized by Lindsey et al., efficient energy transfer has been reported from the
Zn-containing porphyrin units to the free-base porphyrin (Figure 15).* Free-base
porphyrin absorbs and emits at longer wavelengths than zinc porphyrins. Then the
fluorescence spectrum of 16 is identical to that of free-base porphyrin (core). The
mechanism of energy transfer is predominantly over through-bond via the ethyne

linker.

14



Figure 15. Porphyrin containing Dexter-type cassettes

1.4.1.2 Forster-type Energy Transfer

Fluorescence resonance energy transfer (FRET) is a nonradiative process
whereby an excited state donor (D) transfers energy to a ground state acceptor (A)
through long-range dipole-dipole interactions.®* In contrast to Dexter mechanism, a
physical contact between donor and acceptor is not required. D-A orbital overlap is
not necessary which allows the chromophores to be separated by a relatively large
distance (10-100 A°). In this mechanism, an electron in HOMO of the acceptor
molecule is excited with energy released during the relaxation of electron in donor

LUMO to its ground state (Figure 16).
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Figure 16. Pictorial representation of coulombic energy transfer mechanism

The acceptor must absorb energy at the emission wavelength of the donor
(spectral overlap). The rate of energy transfer is dependent on many factors, such as
the extent of spectral overlap, the relative orientation of the transition dipoles, and
the distance between donor and acceptor molecules.”’ The following equations
should be considered for a single donor-acceptor pair separated by a fixed distance r.
So the energy transfer rate, k1(r), can be expressed in terms of the Forster distance
Roy. Ry is the distance between D and A at which 50% of the excited D molecules
decay by energy transfer, while the other half decay through other radiative or
nonradiative ways. R, can be determined from the spectral properties of donor and

acceptor molecules.
Ry =9.78 X 103[k? n™* Qp J(1)]Y/® (in A°) (4)

The term «x is an orientation factor which is related to the dipole-dipole
interaction of donor and acceptor. Q and t are the quantum yield and lifetime of the
donor molecule, respectively. n is the refractive index of the solvent. Finally, J(A)
refers to the Forster overlap integral between the luminescence spectrum of the
donor, F(v), and the absorption spectrum of the acceptor, &(v). That is further
expressed by Eq. (5).

_ JEWe)/v*av
J= [F(v)av )

J parameter plays a crucial role in Forster energy transfer. The values for J

and R, increase with higher acceptor extinction coefficients and greater overlap
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between the donor emission spectrum and the acceptor absorption spectrum. The
distance (r), that FRET will be effective, is estimated as Ry£50% Ry. The efficiency
of the energy transfer is determined from Eq. (6) where F is the relative donor

fluorescence intensity in the absence (Fb) and presence (Fpa) of the acceptor.
E=1-104 (6)

The use of Forster energy transfer has been in practice for more than 50
years. Biological purposes, light frequency conversion, cascade systems, artificial
photosynthetic antenna, singlet oxygen generation and switching element in
molecular machines are major application areas of FRET. Some selected examples

of Forster energy transfer are summarized below.

wv }Q\ h 4
@ acceptor

Figure 17. Through-space energy transfer

1.4.2 Light Frequency Conversion

Light frequency conversion is the basic property of most light-harvesting
molecules actually. However, in some cases, it becomes most interesting function of
the system. This happens when there is a strong frequency difference between

absorbed and emitted light (large Stokes’ shift).

Compound 17 is a dendritic material that transforms ultraviolet (UV) directly
into near-infrared (NIR) radiation.® The donor, coumarin 2, has an absorption band
at 345 nm and an emission band at 445 nm. The acceptor core, perylene, shows
absorption at 435 and 685 nm and emission band at 770 nm. The emission of

coumarin 2 at 445 nm overlaps with the absorption of perylene which leads to a 99%

17



FRET. Perylene core absorbs strongly in most regions of visible spectrum. So the
energy of any photon absorbed either by donor or acceptor of 17 is converted to
single NIR emission of perylene core. Evidence of FRET is the quenching of donor

emission and amplification of core emission due to the antennae effect (Figure 18).

0]

M\

Figure 18. Chemical structure of compound 17

Another interesting example of light frequency conversion is two-photon
absorbing system developed by Frechet et al.®” These kinds of materials are
promising materials for biomedical imaging. The core of compound 18, a nile red
derivative, absorbs at 530 nm and shows a broad emission at 595 nm. The donor
chromophore exhibits absorptions at 320 and 410 nm and emits at 500 nm. Like in
the example above, the excitation of donor chromophore followed by FRET results
in the emission of core at 595 nm. What makes compound 18 interesting is not only
the single photon absorption but also its two-photon absorption properties. The
donor chromophore has large two-photon absorbing cross section. Therefore
excitation of donor part with high intensity IR light (815 nm) results in amplified

emission of nile red chromophore at 595 nm due to FRET.
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Figure 19. Chemical structure of compound 18

1.4.3 Cascade Systems

Systems capable of directional FRET between several chromophores have
attracted much attention since in natural photosynthetic systems energy is
transferred through many chromophores. Compound 19 has been designed to
investigate cascade energy transfer without self-quenching (Figure 20).% The system
contains three chromophores; coumarin 2 (blue), fluorol 7GA (green), and perylene
core (red) which show absorptions at 350 nm, 415 nm, and 555 nm respectively.
There are two possible pathways for FRET in this structure. One is from coumarin 2
part to the perylene core and other is from couramin 2 groups to fluorol 7GA units to
perylene core. Former is not favored compared to latter because of the poor overlap
between emission spectrum of coumarin 2 and absorption spectrum of perylene. In
second pathway, the efficiency of first FRET is 98% and that of second FRET is
97%, which results in overall 95% FRET efficiency in compound 19. Furthermore
the upper limit of transfer efficiency is 79% if the transfer is directly from coumarin

2 to perylene.
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Figure 20. The structure of cascade system 19

1.4.4 Artificial Photosynthetic Antenna

Photosynthesis is one of the most important natural processes. It is the main
source of energy for living organisms. The importance of photosynthesis has driven
many scientists to look for ways of achieving it in simplified systems. The
investigation of light-harvesting antenna complex LH2 of purple bacterium has led
to the design and synthesis of cyclic porphyrin arrays. These are constructed either
by means of covalent bonds, noncovalent bonds, or metal coordination bonds.®”"!

Energy transfer in cyclic porphyrin arrays has been observed successfully and even

ultrafast energy transfer rates that rival in the natural LH2 have been identified.”"

Compounds 20 and 21 are the examples for covalently linked porphyrin
arrays (Figure 21). In compound 20, Forster energy transfer is observed from a zinc
porphyrin to a free base porphyrin.”” This is a type of linear meso-meso linked
porphyrin array. However efficient energy transfer has also been reported in

compound 21 where all the porphyrin units are coordinated to a zinc ion.”®
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Compound 21 is a directly meso-meso linked porphyrin array and orientation of

transition dipole moments provides energy transfer to occur with quite efficient

rates.

21

Figure 21. Artificial photosynthetic antenna systems

1.4.5 FRET for Biological Purposes and Fluorescent Signaling Systems

Singlet oxygen generation is an important process for photodynamic therapy
to tumors below the skin surface. Compound 22 is capable of generating singlet
oxygen efficiently via FRET (Figure 22).”” The donor chromophores, surrounding
the core, have high two-photon absorption cross section. After absorption of photons
by donor parts at 780 nm, excited state energy is transferred to porphyrin core via
FRET, and there occurs intersystem crossing and consequently, singlet oxygen
generation. Porphyrin core itself is not capable of two-photon absorption efficiently
but with simple modification of porphyrin, incorporating donor fragments, it
becomes so. Working with near-infrared light is an essential for photodynamic

therapy, which makes the idea and design of compound 22 promising.
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Figure 22. Singlet oxygen generation via FRET

The design of fluorescent chemosensor has received much attention because
of its applications in biology, medicine, environment, etc. Compound 23 is a kind of
proton sensing agent acting via electron and energy transfer (Figure 23).®
Anthracene and chalcone moieties are linked by piperazine in this compound. When
anthracene is excited with near-ultraviolet light, energy transfer does not occur to
the chalcone moiety. That’s because fast electron transfer occurs from piperazine to
anthracene. However, when piperazine is protonated, electron transfer is blocked
and energy transfer takes place to chalcone moiety which is followed by emission at

510 nm.
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Figure 23. Electron and energy transfers in compound 23
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1.4.6 BODIPY dyes as Light Harvesters

BODIPY is a versatile compound that can be modified from its different
positions leading to changes in photophysical properties. Thus it is a promising
compound in design of light-harvesting systems. By changing its absorption and
emission properties, BODIPY can act as either donor or acceptor in a light-
harvesting array. Compound 24 is synthesized by Akkaya et al (Figure 24).” It is
composed of four BODIPY donors and a perylenediimide (PDI) acceptor.
Absorption properties of both fragments exist in the spectrum. Upon excitation of
BODIPY donors at 526 nm, no green fluorescence emission was observed indicating
efficient energy transfer (99%). Additionally 3.5-fold enhancement in core emission

was obtained by antenna effect relative to direct excitation of core at 588 nm.

Figure 24. Light-harvesting dendrimer 24

The following compound 25 is a supramolecular triad.*® Here the idea is that
the energy transfer occurs from BODIPY donor to zinc porphyrin (ZnP) and then
electron transfer takes place to the fullerene (Cgo-Im) unit. ZnP connects to fullerene
via metal-ligand coordination. Both energy and electron transfer steps were efficient
in the study. The whole system was designed to mimic “combined antenna-reaction

center” events in natural photosynthesis (Figure 25).
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energy transfer BODIPY

Figure 25. Light-harvesting arrays with BODIPY energy donors

Compound 26 is a design of light-harvesting system that can function as a
“molecular photonic wire”.®! When BODIPY, at one end of the molecule, is excited
at 485 nm, it results in an emission from free base porphyrin. The percentage of
emission from free base porphyrin is 92%. Zinc-porphyrins act as efficient signal

transmission element (Figure 25).

A novel BODIPY based light-harvesting system was reported by Xiao et al.
recently (Figure 26).** The compound contains three types of BODIPY derivatives,
each absorbing at different wavelengths. The acceptor part is a long wavelength
BODIPY. Upon the excitation of 27 either at 490 nm (from green fragment) or at
560 nm (from pink fragment), the emission of central BODIPY dye (purple part)

was observed. The energy transfer efficiency is over 99%.

energy

transfer energy

transfer

Figure 26. Light-harvesting cassette with BODIPY donors and acceptor
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1.5 Dye-sensitized Solar Cells

The quality of human life depends almost on the availability of energy. It is
threatened if new energy resources cannot be developed in the near future. The
earth’s oil reserves will run out during this century. Additionally, environmental
pollution arising from oil spills and out comings of greenhouse effect as a result of
combustion of fossil fuels make people concerned about the problem. The energy
supply from the sun is gigantic, 3 x 1027 year'1 or, in other words, it is about 10*
times more than current consumption. Thus the effective conversion of solar energy
seems challenging. Covering 0.1% of the earth’s surface with solar cells with an

efficiency of 10% would satisfy our current needs.

Until now, the research on solar cells has been focused on inorganic solid
state materials, usually doped forms of crystalline or amorphous silicon. Silicon has
been studied widely and its availability has led to study it on solar cells. However,
there is still great research on these materials in order to lower production costs and
to increase production yields and stability. It is now possible to depart from classical
solid state cells. The dye-sensitized solar cells (DSSC) were invented by Gratzel in
1991.% This novel type of solar cell offers very low cost fabrication, compatibility
with flexible substrates, and a variety of appearances to facilitate market entry. Dye-
sensitized solar cells have shown conversion efficiencies which compete with those

84-86

of inorganic solar cells. Efficiency of cell is defined as conversion efficiency

from solar to electrical power.

1.5.1 Working Principle of DSSCs

The cell design contains three primary parts. In the middle of the system
there is a mesoscopic semiconductor oxide film. This material is usually chosen as
TiO,, whereas other wide-band-gap oxides (ZnO, Nb,Os) have also been studied.
These oxides are deposited in nanoparticle form onto a glass covered with a
transparent conducting layer of fluorine-doped tin oxide (FTO) or tin-doped indium

oxide (ITO). The average size of TiO, nanoparticles are 20 nm. In order to ensure
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that particles are interconnected electronically and to improve the light-harvesting
efficiency of the film in red or near-infrared region, larger size of TiO, nanoparticles

(200-400 nm) are also added.
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Figure 27. Principle of operation of DSSC

The dye sensitizer is attached as a layer to the surface of TiO, film. The
sensitizer molecules usually contain functional groups such as carboxylate,
hydroxamate, and phosphonate for successful attachment onto the TiO;
nanoparticles. S°, S and S” represents the ground, excited, and oxidized states of the
sensitizer respectively in Figure 27. The sensitizer is excited with light at certain
wavelength and the electron in excited state is transferred to the conduction band of
semiconductor TiO, film. Thus electron flow is started in the external circuit. The
dye in ground state is regenerated by redox system. The redox system is composed
of iodide/triiodide couple. The electrons, passed through the load, at the counter
electrode are captured by triiodide and formation of iodide results in the reduction of

oxidized dye molecule.

28t + 317 - 28° + I3 (7)
I3+ 2e~ - 31 (8)
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The light-harvesting efficiency for photons of wavelength A is expressed as
in Eq. (9) where a is the reciprocal absorption length and d is the thickness of the

nanocrystalline film.*’
LHE(A)) =1—10"% 9)

The incident photon to current conversion efficiency (IPCE) is the number of
electrons measured as photocurrent in the external circuit divided by the

monochromatic photon flux that strikes the cell.”’
IPCE(A) = LHE(A) * @inj * Ncou (10)

@inj 18 the quantum yield for electron injection from the excited sensitizer in
the conduction band of the semiconductor oxide, and 1y is the electron collection
efficiency. The parameter @iy is the ratio of injection rate to the sum of injection and
deactivation rates. Deactivation comes from radiative or radiationless ways. In other
words, achievement of charge separation is an important step in cell efficiency.
IPCE values exceed 80% in the wavelength range near the absorption maximum of
the sensitizer. The overall conversion efficiency of the dye-sensitized cell is
determined by the photocurrent density measured at short circuit (/;.), the open-
circuit voltage (V,.), the fill factor of the cell (ff), and the intensity of the incident
light (Z,)."

n(%) = =<2<U1 100 (11)

Taking these facts into account, a good sensitizer should have a high molar
extinction coefficient and absorb over a wide range in visible spectrum. The dye
molecule must be attached to the surface of semiconductor metal oxide well so that
electrons are injected into the conduction band with high quantum yield. The
HOMO and LUMO levels of the sensitizer should be adjusted to maintain the
electron injection and to be reduced to ground state by electrolyte. A photovoltaic
device must remain serviceable for 20 years without significant loss performance,

which corresponds to 10® turnovers for the dye. To enhance the conversion

27



efficiency, the aggregation of dye molecules due to m-m interactions should be
prevented, which is overcome by using bulky groups in dye molecules. Aggregation
results in self-quenching of sensitizer and inhibition of electron transfer to the

conduction band of semiconductor.

1.5.2 Photosensitizers for DSSCs

Ruthenium-based sensitizers, developed by Gratzel et al., have been
investigated intensively and solar-energy-to-electricity conversion efficiencies up to
11% (under AM 1.5 sunlight irradiation) have been reported for ruthenium-based
dye-sensitized solar cells.”™® The structures of N3 (28), N719 (29), and black dye
(30) are shown in Figure 28. The compounds are made of bipyridyl complexes of
ruthenium. Carboxylate groups enable the interaction of sensitizer with TiO,
surface. Those ruthenium complexes absorb over a wide range spectrum including

visible and near-infrared region.
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Figure 28. The structures of N3, N719, and black dye

Incorporation of triphenyl amine groups as electron donors to the structures
enhances the charge separation and as a consequence, it increases cell efficiency. In
compound 31, a polymer chain of triphenyl amine groups have been attached to the
ruthenium complex (Figure 29).”° After the excitation of sensitizer, electrons are
injected to TiO, semiconductor. The back electron transfer from TiO; to sensitizer is
avoided through the fast reduction ruthenium by triphenyl amine groups. Therefore

overall process results in a very long-lived charge separated state. Compound 32 has
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extended 7 electron delocalization, so that it has high molar extinction coefficient.”!
The HOMO of 32 is spread over the triphenyl amine moieties. The increased
separation of the HOMO from TiO; surface results in an efficient charge separation.

The overall conversion efficiency was found out as 6.1%.

HO,C

Figure 29. Ruthenium complexes with electron donor groups

In recent years, it is of great interest to design organic dye sensitizers, which
are not based on ruthenium complexes. Organic dyes have many advantages such as
large molar extinction coefficient, control of absorption wavelength, facile design
and synthesis, and lower cost than ruthenium complexes. Derivatives of coumarine,
indoline, phthalocyanine and conjugated oligo-ene dyes have reported as
photosensitizers.”*”* Until now, none of them has shown an overall efficiency that

ruthenium complexes exhibited.

Figure 30 shows some examples of organic dyes as photosensitizers. The
efficiency of compound 33 was reported as 7.4%.” It was found out that electron
injection from dye into the conduction band of TiO; occurs within <100 fs, which is
much faster than the emission lifetime of the dye (1.0 ns). Thus it results in almost
unity quantum yield of electron injection. The dye molecule has also high thermal
stability. Compound 34 is an indoline-based organic dye with a conversion
efficiency of 8.00%.°° That higher efficiency was achieved by optimizing with a

cholic acid derivative. Cholic acid derivatives prevent aggregation of dyes on TiO,
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surface. Finally, compound 35 is a simple m-conjugated oligo-phenylenevinylene
unit containing an electron donor-acceptor moiety.”’ Although it does not have
absorption beyond 500 nm, the overall solar-to-energy conversion efficiency was

9.1% which is the highest value for ruthenium free solar cells.

Figure 30. Organic dyes as DSSC

Following compounds (Figure 31) was designed and synthesized in order to
investigate the position effect of carboxylic group.98 The position of carboxyl group
has negligible influence of photophysical and electrochemical properties. However,
in dye-sensitized solar cells, they exhibit different efficiencies. The carboxylic group
in compound 36 acts as electron acceptor, it interacts well with TiO, surface and as a
consequence electrons are injected effectively to TiO, semiconductor. For 37,
carboxylic group is still anchoring group for attachment to TiO, surface, but it is no
longer an electron acceptor moiety. Cyanide group acts as acceptor rather. Free
rotation of butyl group prevents the injection of electrons to TiO, surface even

through cyanide unit. The cell efficiency of 36 is 1.00% and that of 37 is 0.34%.
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Figure 31. Effect of COOH position on cell efficiency

BODIPY was used as a photosensitizer firstly by Nagano et al.”” Compounds
38 and 39 was designed and synthesized as shown in Figure 32. Both of them attach
to the TiO, surface. Compound 38 contains electron donor methoxyl groups,
whereas compound 39 does not. Charged separated state for compound 38 was
observed and it has the ability to inject electron to the conduction band of TiO,. For
39, the photoexcitation of the dye results in direct electron injection from the singlet
excited state of the dye. Both compounds lead to the photocurrent generation. The
conversion efficiencies are 0.13% and 0.16% for 38 and 39 respectively. The reason
for lower values of cell efficiency was presumed to be due to the aggregation of

dyes on TiO, surface.

Figure 32. BODIPY photosensitizers
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CHAPTER 2

EXPERIMENTAL

2.1 Instrumentation

All chemicals and solvents purchased from Aldrich were used without
further purification. Compounds 40, 51, and 53 were prepared following the
procedures as described in the literature. Column chromatography of all products
was performed using Merck Silica Gel 60 (particle size: 0.040-0.063 mm, 230-400
mesh ASTM). Reactions were monitored by thin layer chromatography using

fluorescent coated aluminum sheets.

"H NMR and "*C NMR spectra were recorded using a Bruker DPX-400 in
CDCIl; with TMS as internal reference. Splitting patterns are designated as s
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet), p (pentet), dt (doublet of
triplet), and br (broad).

Absorption spectrometry was performed using a Varian spectrophotometer.
Fluorescence spectra were determined on a Varian Eclipse spectrofluorometer.
Excitation slit was set at 2.5 nm and emission slit was set at 5 nm. Fluorescence
quantum yields were measured in CHCl; vs. Rhodamine 6G (©=0.95 in ethanol).
Solvents used for spectroscopy experiments were spectrophotometric grade. Mass
spectrometry measurements were done at the Ohio State University Mass

Spectrometry and Proteomics Facility, Ohio, USA.
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PART I

2.2.1 Synthesis of 4,4-difluoro-8-{4-(1,3-dioxolan-2-yl)}phenyl- 1,3,5,7-
tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-indacene (41)

3-ethyl-2,4-dimethyl pyrrole (13.89 mmol, 1.71 g) and compound 40 (6.73
mmol, 1.2 g) were dissolved in 300 mL absolute CH,Cl, (argon gas was bubbled
through CH,Cl, for 25 min) under argon atmosphere. One drop of TFA was added
and the solution was stirred at room temperature overnight. Then a solution of DDQ
(6.94 mmol, 1.71 g) in 50 mL of absolute CH,Cl, was added. Stirring was continued
for 45 min followed by the addition of 5 mL of TEA and 5 mL of BF;.0OEt,. The
reaction was monitored by TLC (eluent CHCIl;). After stirring 2 h, the reaction
mixture was washed three times with water and dried over Na,SO4. The solvent was
evaporated and the residue was purified by silica gel column chromatography

(CHCI3). Orange solid (875 mg, 30%).
'H NMR (400 MHz, CDCls) & 7.52 (d, J=7.9 Hz, 2H), 7.23 (d, J=7.9 Hz, 2H), 5.8
(s, 1H), 4.1 (t, J=5.3 Hz, 2H), 3.99 (t, J=5.3 Hz, 2H), 2.45 (s, 6H), 2.21 (q, J=7.5

Hz, 4H), 1.19 (s, 6H), 0.9 (t, J=7.5 Hz, 6H).

C NMR (100 MHz, CDCl;) § 153.8, 139.7, 138.7, 138.4, 136.8, 132.8, 130.7,
128.4,127.3,103.4,65.4,17.1, 14.6, 12.5, 11.8.

HRMS (ESI) calcd for C,3Hp7BF2Ny;Na (M+Na) 474.2381, found 474.2355. A=5.5
ppm.
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0O
1) TFA, CH,Cl,
N 3) TEA, BF3.0Et,
H™ o
40 41

Figure 33. Synthesis of compound 41

2.2.2 Synthesis of 4-[3,5-di{2-(4-methylphenyl)ethenyl}-4,4-difluoro-1,3,5,7-
tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-indacen-8-yl]-
benzaldehyde (42)

Compound 41 (0.66 mmol, 300 mg) and p-tolualdehyde (3.39 mmol, 410
mg) were refluxed in a mixture of benzene (50 mL), glacial acetic acid (0.5 mL),
and piperidine (0.6 mL). Any water formed during the reaction was removed
azeotropically by heating overnight in a Dean-Stark apparatus. Crude product was
concentrated under vacuum. Without further purification, deprotection of acetal
group was followed. The crude product was stirred in a mixture of THF (20 mL) and
HCI (5%, 10 mL) at room temperature overnight. The reaction was monitored by
TLC. THF was evaporated and remaining solution was extracted with CHCls. After
the separation of organic phase and evaporation of CHCls, the crude product was
purified by silica gel column chromatography (CHCl3/Hexane (2:1)). Brown solid
(247 mg, 61%).

'"H NMR (400 MHz, CDCl3) § 10.1 (s, 1H), 7.97 (d, J=7.9 Hz, 2H), 7.68 (d, J=16.7

Hz, 2H), 7.53-7.42 (m, 6H), 7.22-7.11 (m, 6H), 2.54 (q, J=7.4 Hz, 4H), 2.32 (s, 6H),
1.23 (s, 6H), 1.09 (t, J=7.4 Hz, 6H).
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C NMR (100 MHz, CDCl3) & 191.5, 161.0, 136.6, 134.2, 132.4, 130.3, 129.9,
129.5,127.4,119.1, 114.8,26.4,21.4, 184, 14.0, 11.7.

HRMS (ESI) calcd for C49oH39BF,N>,ONa (M+Na) 634.3057, found 634.3008. A=7.7

CHs3 o
1) AcOH/piperidine
in toluene
+
2) acidic deprotection
o H

Figure 34. Synthesis of compound 42

2.2.3 Synthesis of 1-{4,4-difluoro-1,3,5,7-tetramethyl-2,6-diethyl-4-bora-3a,4a-
diaza-s-indacen-8-yl}-4-[3,5-di{2-(4-methylphenyl)ethenyl}-4,4-difluoro-
1,3,5,7-tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-indacen-8-yl|]-
benzene (43)

A similar procedure, which was applied in the synthesis of compound 41,
was followed here. Compound 42 (0.28 mmol, 171 mg), 3-ethyl-2,4-dimethyl
pyrrole (0.56 mmol, 68.7 mg), DDQ (0.28 mmol, 68.6 mg), TEA (3 mL), and
BF;.0Et; (3 mL) were used in this reaction. The residue was purified by silica gel
column chromatography (first CHCls/Hexane (2:1), then CHCl3/Hexane (1:1)). The

green fraction which has red fluorescence was collected. Green solid (84 mg, 34%).
"H NMR (400 MHz, CDCl3) 6 7.7 (d, J=16.7 Hz, 2H), 7.49-7.44 (m, 8H), 7.21-7.12

(m, 6H), 2.56 (q, J=7.3 Hz, 4H), 2.49 (s, 6H), 2.32 (s, 6H), 2.26 (q, J=7.4 Hz, 4H),
1.45 (s, 6H), 1.43 (s, 6H), 1.11 (t, J=7.3 Hz, 6H), 0.94 (t, J=7.4 Hz, 6H).
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C NMR (100 MHz, CDCl3) & 153.3, 152.5, 149.8, 137.9, 137.4, 136.9, 135.3,
133.6, 132.9, 132.0, 129.1, 128.8, 128.7, 128.5, 127.1, 126.4, 28.7, 20.4, 17.4, 16.1,
13.6,13.5,13.1,12.3, 12.1, 11.6, 11.5, 10.7.

HRMS (ESI) calcd for Cs¢HgoB2FsN4sNa (M+Na) 907.4910, found 907.4002. A=0.9
ppm.

1) Z{ TFA, CH,Clp

N
H

2)DDQ
3) TEA, BF3.0Et,

Figure 35. Synthesis of energy transfer cassette 43

2.2.4 Synthesis of 4,4-difluoro-8-phenyl-1,3,5,7-tetramethyl-2,6-diethyl-4-
bora-3a,4a-diaza-s-indacene (44)

Benzoyl chloride (3.95 mmol, 556 mg) and 3-ethyl-2,4-dimethyl pyrrole
(8.12 mmol, 1.0 g) were refluxed for 3 h in CH,Cl,. The reaction was monitored by
TLC (eluent CH,Cly), after 3h, TEA (3 ml) and BF;.0Et, (3 ml) were added.
Immediately after the addition of BF;.OEt, bright yellowish fluorescence was
observed. Crude product washed three times with water, dried over Na,SO4 and
concentrated in vacuo. Then crude product purified by silica gel column
chromatography (eluent CH,Cl,/Hexane(2:1)). The orange fraction which has bright

yellow fluorescence was collected. Orange solid (810 mg, 54 %).

'H NMR (400 MHz, CDCl3) & 7.40-7.37 (m, 3H), 7.21-7.17 (m, 2H), 2.45 (s, 6H),
2.22 (q, J=7.5 Hz ,4H), 1.20 (s, 6H), 0.90 (t, J=7.5 Hz , 6H).
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C NMR (100 MHz, CDCl3) & 153.7, 140.2, 138.4, 135.8, 132.7, 130.8, 128.9,
128.7,128.3,17.1, 14.5, 14.1, 12.5, 11.6.

1) CH,Cly, reflux
e -
N

N 2) TEA, BF3.0Et,

Cl @)

Figure 36. Synthesis of compound 44

2.2.5 Synthesis of 3,5-di{2-(4-methanoylphenyl)ethenyl}-4,4-difluoro-8-
phenyl-1,3,5,7-tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-indacene
(45)

Compound 44 (1.08 mmol, 410 mg) and Compound 40 (2.69 mmol, 479 mg)
were refluxed in a mixture of benzene (50 mL), glacial acetic acid (0.5 mL), and
piperidine (0.6 mL). Any water formed during the reaction was removed
azeotropically by heating overnight in a Dean-Stark apparatus. Crude product was
concentrated under vacuum. The crude product was purified by silica gel column
chromatography (CHCl3). The green fraction was collected and concentrated under
vacuum. The collected fraction was stirred in a mixture of glacial acetic acid (20
mL) and water (2.5 mL) at 50°C overnight. The reaction was monitored by TLC.
Additional amount of water (100 mL) was added and precipitation of product was
observed. The mixture was filtered by suction and washed with water several times.

The brown solid was dried. (550 mg, 90%).
"H NMR (400 MHz, CDCl5) & 9.95 (s, 2H), 7.89-7.78 (m, 6H), 7.68 (d, J=7.9 Hz,

4H), 7.5-7.42 (m, 3H), 7.3-7.15 (m, 4H), 2.56 (q, J=7.4 Hz, 4H), 1.28 (s, 6H), 1.11
(t, J=7.4 Hz, 6H).
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BC NMR (100 MHz, CDCl3) & 191.5, 149.9, 143.2, 139.9, 136.0, 135.6, 134.6,
134.3, 133.8, 130.2, 129.3, 129.2, 128.4, 127.7, 123.1, 18.3, 14.0, 11.5.

HRMS (ESI) caled for C;9H3sBF;N,O,Na (M+Na) 634.2693, found 634.2644.

A=7.7 ppm.

0_-©O
1) AcOH/piperidine
in toluene
+
2) acidic deprotection
H 6}
44 40

Figure 37. Synthesis of compound 45

2.2.6 Synthesis of 3,5-di[2-{4-(4,4-difluoro-1,3,5,7-tetramethyl-2,6-diethyl-4-
bora-3a,4a-diaza-s-indacen-8-yl)phenyl}ethenyl]-4,4-difluoro-8-phenyl-
1,3,5,7-tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-indacene (46)

A similar procedure, as in the synthesis of compound 41, was carried out.
Compound 45 (0.18 mmol, 100 mg), 3-ethyl-2,4-dimethyl pyrrole (0.36 mmol, 44.3
mg), DDQ (0.36 mmol, 90 mg), TEA (3 mL), and BF;.0Et; (3 mL) were used in
this reaction. Before the addition of DDQ, the mixture was stirred for two days
rather than overnight stirring. The residue was purified by silica gel column
chromatography (first CHCls, then CHCl3/Hexane (2:1)). The purple fraction which
has red fluorescence was collected. Purple solid (40 mg, 20%).

'H NMR (400 MHz, CDCL3) & 7.84 (d, J=16.7 Hz, 2H), 7.68 (d, J=7.9 Hz, 4H),

7.49-7.42 (m, 4H), 7.32-7.22 (m, 7H), 2.6 (q, J=7.4 Hz, 4H), 2.46 (s, 12H), 2.23 (q,
J=1.5Hz, 8H), 1.29 (s, 18H), 1.15 (t, J=7.4 Hz, 6H), 0.91 (t, J=7.5 Hz, 12H).
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C NMR (100 MHz, CDCl3) & 153.8, 150.2, 139.7, 138.4, 137.7, 136.1, 135.0,
134.3, 133.4, 132.8, 130.7, 129.2, 128.5, 127.8, 120.6, 118.9, 46.4, 29.7, 18.4, 17.7,
17.2,15.4,14.6, 14.1, 12.5, 11.5, 11.3.

MS (MALDI) calcd for C71H77B3F¢Ng 1160.639, found 1160.639.

1) Z:Q TFA, CH,Cl,

H

2) DDQ
3) TEA, BF3.0Et,

Figure 38. Synthesis of energy transfer cassette 46

2.2.7 Synthesis of 4-[3,5-di{2-(4-methanoylphenyl)ethenyl}-4,4-difluoro-
1,3,5,7-tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-indacen-8-yl]-
benzaldehyde (47)

Compound 40 (2.43 mmol, 433 mg) and compound 41 (0.81 mmol, 366 mg)
were refluxed in a mixture of benzene (50 mL), glacial acetic acid (0.5 mL), and
piperidine (0.6 mL). Any water formed during the reaction was removed
azeotropically by heating overnight in a Dean-Stark apparatus. Crude product was
concentrated under vacuum. Without further purification, deprotection of acetal
groups was carried. The crude product was stirred in a mixture of glacial acetic acid
(20 mL) and water (2.5 mL) at 50°C for two days. The reaction was monitored by
TLC. Additional amount of water (100 mL) was added and no precipitation was
observed. Then the solution was neutralized with NaOH (5M) and precipitation of
brown solid was observed. The mixture was filtered by suction and washed with
water several times. The crude product was purified by silica gel column

chromatography (CHCl;). (275 mg, 53%).
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'H NMR (400 MHz, CDCl3) & 10.1 (s, 1H), 9.98 (s, 2H), 8.02 (d, J=7.7 Hz, 2H),
7.8-7.78 (m, 6H), 7.7 (d, J=7.9 Hz, 4H), 7.5 (d, J=7.7 Hz, 2H), 7.25 (d, J=16.7 Hz,
2H), 2.57 (q, J=7.4 Hz, 4H), 1.27 (s, 6H), 1.11 (t, J=7.4 Hz, 6H).

BC NMR (100 MHz, CDCl3) & 190.5, 190.4, 149.5, 142.0, 140.9, 135.8, 135.1,
134.0, 133.9, 129.4, 129.2, 128.6, 126.8, 126.3, 121.8, 28.7, 17.3, 13.1, 12.9, 10.8.

HRMS (ESI) caled for C4H3sBF;N,O3Na (M+Na) 662.2643, found 662.2581.

A=9.4 ppm.

00O
1) AcOH/piperidine
in toluene
+
2) acidic deprotection
H ~O
Y| 40

Figure 39. Synthesis of compound 47

2.2.8 Synthesis of 1-[3,5-di{2-(4-(4,4-difluoro-1,3,5,7-tetramethyl-2,6-diethyl-
4-bora-3a,4a-diaza-s-indacen-8-yl)phenyl)ethenyl}-4,4-difluoro-1,3,5,7-
tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-indacen-8-yl|-4-(4,4-
difluoro-1,3,5,7-tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-indacen-8-
yl)-benzene (48)

A similar procedure, which was applied in the synthesis of compound 41,
was followed. Compound 47 (0.43 mmol, 275 mg), 3-ethyl-2,4-dimethyl pyrrole
(2.66 mmol, 327 mg), DDQ (1.29 mmol, 317 mg), TEA (5 mL), and BF;.0Et, (5
mL) were used in this reaction. Before the addition of DDQ, the mixture was stirred
for two days. The residue was purified by silica gel column chromatography

(CHCI3). Green solid (76 mg, 12%).
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'H NMR (400 MHz, CDCL3) § 7.86 (d, J=16.7 Hz, 2H), 7.69 (d, J=7.9 Hz, 4H),
7.55-7.49 (m, 4H), 7.32-7.25 (m, 6H), 2.63 (q, J=7.4 Hz, 4H), 2.51 (s, 6H), 2.46 (s,
12H), 2.32-2.19 (m, 12H), 1.51 (s, 6H), 1.45 (s, 6H), 1.31 (s, 12H), 1.17 (t, J=7.4
Hz, 6H), 0.99-0.88 (m, 18H).

C NMR (100 MHz, CDCl3) & 153.4, 152.9, 149.5, 138.7, 137.9, 137.3, 137.1,
136.8, 136.6, 135.8, 135.3, 134.5, 133.4, 132.4, 132.0, 131.8, 129.8, 129.7, 129.0,
128.0, 126.9, 119.5, 115.2, 112.6, 109.2, 101.4, 17.5, 16.1, 13.6, 13.1, 12.3, 12.2,
11.6,11.5, 11.0.

HRMS (ESI) caled for CggHogsB4FsNgNa (M+Na) 1483.8140, found 1483.8055.

A=5.7 ppm.

1) zz{ TFA, CH,Cl,

H

2) DDQ
3) TEA, BF;.0Et,

Figure 40. Synthesis of energy transfer cassette 48
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PART II

2.3.1 Synthesis of 4,4-difluoro-8-(4-carboxy)phenyl-1,3,5,7-tetramethyl-4-
bora-3a,4a-diaza-s-indacene (49)

2,4-dimethyl pyrrole (21.98 mmol, 2.1 g) and 4-formylbenzoic acid (9.99
mmol, 1.5 g) were dissolved in 500 mL absolute CH,Cl, (argon gas was bubbled
through CH,Cl, for 30 min) under argon atmosphere.. One drop of TFA was added
and the solution was stirred at room temperature overnight. Then a solution of DDQ
(9.99 mmol, 2.46 g) in 50 mL of absolute CH,Cl, was added. Stirring was continued
for 45 min followed by the addition of 5 mL of TEA and 5 mL of BF;.0OEt,. The
reaction was monitored by TLC (eluent CHCI;/MeOH (97:3)).). After stirring 2 h,
the reaction mixture was washed three times with water and dried over Na,SO,. The
solvent was evaporated and the residue was purified by silica gel column

chromatography (CHCl3/MeOH (97:3)). Red solid (1.0 g, 27%).

'"H NMR (400 MHz, DMSO-d6 + CDCls) & 8.07 (d, J=8.2 Hz, 2H), 7.45 (d, J=8.2
Hz, 2H), 6.1 (s, 2H), 2.4 (s, 6H), 1.3 (s, 6H).

C NMR (100 MHz, CDCl3) & 167.2, 155.6, 143.0, 141.2, 138.9, 132.0, 130.8,
130.6, 128.6, 121.8, 14.7, 14.5.

@) OH
1) TFA, CH,Cl,
2) DDQ
+ 0\ ) -
N 3) TEA, BF5.0Et,
H @)

Figure 41. Synthesis of compound 49
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2.3.2 Synthesis of 4,4-difluoro-8-(4-carboxy)phenyl -2,6-diiodo-1,3,5,7-
tetramethyl-4-bora-3a,4a-diaza-s-indacene (50)

Compound 49 (1.41 mmol, 0.52 g) and iodine (3.53 mmol, 0.897 g) were
added to a 500 mL round-bottomed flask and to this solution was added iodic acid
(2.82 mmol, 0.497 g) dissolved in 2 mL of water. The reaction mixture was stirred at
60°C and was monitered by TLC using CHCl3/MeOH (97:3). When TLC indicated
that all the starting material had been consumed, saturated Na,S,0; solution in water

was added and the product was extracted into CHCl;. The solvent was evaporated

under vacuo. Red solid (0.875 g, 100%).

'H NMR (400 MHz, CDCls) 6 8.2 (d, J=8.0 Hz, 2H), 7.35 (d, J=8.2 Hz, 2H), 2.55
(s, 6H), 1.3 (s, 6H).

HRMS (ESI) caled for CyoH7BF2IbN2O2Na (M+Na) 641.9375, found 641.9351.
A=3.7 ppm.

I / HIO3

EtOH/ H,0

60°C, 1h

Figure 42. Synthesis of compound 50

2.3.3 Synthesis of 4-[3,5-bis{4-(diphenylamino)styryl}-4,4-difluoro-1,3,5,7-
tetramethyl-2,6-diiodo-4-bora-3a,4a-diaza-s-indacen-8-yl]|-benzoic acid
(32)

Compound 50 (0.645 mmol, 400 mg) and Compound 51 (2.58 mmol, 705

mg) were refluxed in a mixture of toluene (50 mL), glacial acetic acid (0.5 mL), and
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piperidine (0.6 mL). Any water formed during the reaction was removed
azeotropically by heating for 4 hours in a Dean-Stark apparatus. The reaction was
monitored by TLC (eluent CHCIl3/MeOH (93:7)). Crude product was concentrated
with the evaporation of reaction solvent. The crude product was purified by silica
gel column chromatography (CHCls/MeOH (93:7)). Purple-black solid (620 mg,
85%).

'"H NMR (400 MHz, CDCl3) & 8.19 (d, J=8 Hz, 2H), 8.07 (d, J=16.5 Hz, 2H), 7.51
(d, J=16.5 Hz, 2H), 7.44 (d, J=8.5 Hz, 4H), 7.38 (d, J=8 Hz, 2H), 7.25-7.2 (m, 8H),
7.06 (d, J=7.5 Hz, 8H), 7.04-6.95 (m, 8H), 1.2 (s, 6H).

C NMR (100 MHz, CDCl3) & 165.7, 149.1, 147.1, 145.1, 139.4, 138.6, 136.0,
132.4, 131.1, 130.3, 129.4, 128.9, 125.1, 123.7, 122.5, 116.7, 14.4.

HRMS (ESI) calcd for CssHysBF2I,N4O;Na (M+Na) 1152.1471, found 1152.1416.
A=4.8 ppm.

AcOH / Piperidine
in toluene

Reflux, 4h

©/N\© Dean-Stark trap

51

Figure 43. Synthesis of compound 52

2.3.4 Synthesis of 4,4-difluoro-8-{4-(prop-2-ynyloxy)phenyl}-2,6-diethyl-
1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene (54)

3-ethyl-2,4-dimethyl pyrrole (9.63 mmol, 1.19 g) and compound 53 (4.37
mmol, 0.7 g) were dissolved in 500 mL absolute CH,Cl, (argon gas was bubbled
through CH,Cl, for 30 min) under argon atmosphere.. One drop of TFA was added
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and the solution was stirred at room temperature overnight. Then a solution of DDQ
(4.37 mmol, 1.08 g) in 50 mL of absolute CH,Cl, was added. Stirring was continued
for 45 min followed by the addition of 6 mL of TEA and 6 mL of BF;.0Et,. The
reaction was monitored by TLC (eluent CHCls). After stirring 3 h, the reaction
mixture was washed three times with water and dried over Na,SO4. The solvent was
evaporated and the residue was purified by silica gel column chromatography (first

CHCl;, then CHCl3/Hexane (2:1)). Red-orange solid (0.57 g, 30%).

"H NMR (400 MHz, CDCl3) & 7.21 (d, J=8.8 Hz, 2H), 7.10 (d, J/=8.8 Hz, 2H), 4.78
(s, 2H), 2.55 (s, 6H), 2.32 (q, J=7.5 Hz, 4H), 1.57 (s, 1H), 1.33 (s, 6H), 1.0 (d, J=7.5
Hz, 6H).

C NMR (100 MHz, CDCl3) & 157.9, 153.6, 139.9, 138.4, 132.7, 131.1, 129.5,
128.9, 115.5,78.1,75.8, 56.0, 17.1, 14.6, 12.5, 11.8.

HRMS (ESI) calcd for C,6Hy9BF,N,ONa (M+Na) 456.2275, found 456.2246. A=6.4
ppm.

o

1) TEA, CH,Cl,

2) DDQ
S -
N

3) TEA, BF3.0Et,
H

Figure 44. Synthesis of compound 54

2.3.5 Synthesis of compound 55

Compound 52 (0.194 mmol, 219 mg), Pd(PhCN),Cl, (0.0194 mmol, 7.4
mg), and Cul (0.0155 mmol, 3 mg) were dissolved in 5 mL of distilled THF. Then

argon gas was bubbled through the mixture for 10 min which was followed by
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addition of P(t-Bu); (0.0387 mmol, 40 puL of a 1.0 M solution in toluene), and
H,N(i-Pr), (0.484 mol, 70 pL) via syringe. Finally compound 54 (0.484 mmol, 210
mg) was added, reaction flask was filled with argon gas and the mixture was stirred
at 30°C for two days. The reaction was monitored by TLC (eluent CHCl;/MeOH
(97:3)). Upon the completion of reaction, THF was evaproted and crude product was
purified by silica gel column chromatography (CHCl;/MeOH (97:3)). Several
preparative TLC purifications were applied. Red solid (30 mg, 9%).

'"H NMR (400 MHz, CDCl3) § 8.17 (d, J=8.0 Hz, 2H), 8.16 (d, J=16.2 Hz, 2H), 7.53
(d, J=16.2 Hz, 2H), 7.40 (d, J=8.6 Hz, 4H), 7.34 (d, J/=8.0 Hz, 2H), 7.22-7.15 (m,
8H), 7.07-6.96 (m, 20H), 6.93 (d, J=8.6 Hz, 4H), 4.98 (s, 4H), 2.44 (s, 12H), 2.19 (q,
J=1.5 Hz, 8H), 1.18 (s, 6H), 1.13 (s, 12H), 0.98 (t, J=7.5 Hz, 12H).

C NMR (100 MHz, CDCl3) & 158.0, 153.6, 152.9, 149.3, 147.0, 144.9, 139.9,
139.1, 138.4, 132.7, 131.1, 130.1, 129.5, 129.0, 128.7, 125.2, 123.8, 122.1, 115.5,

925,82.1,56.9,17.1, 14.6, 13.3, 12.5, 11.8.

MS (MALDI) calcd for C;10HosB3FsNsO4 (M-H) 1741.796, found 1741.178.

PA(PhCN),Cl, / Cul / (+-Bu)sP
52 + 54 >

(-Pr)aNH / THF
50°C, 2 days

Figure 45. Synthesis of compound 55
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CHAPTER 3

RESULTS AND DISCUSSIONS

3.1 Synthesis and Spectroscopic Properties of Light-Harvesting
Cassettes 43, 46, and 48

Design and synthesis of supramolecular systems which can function as light-
harvesting system have attracted much attention due to its importance especially in
photochemical conversion of solar energy. Light-harvesting arrays collect the light
at different wavelengths by antenna (donor molecules) and emit at one wavelength.
In other words these systems concentrate the energy in one molecular unit which is
referred as acceptor or core. As mentioned, energy transfer can take place through
either Dexter mechanism (through-bond) or Forster mechanism (through-space). For
efficient energy transfer in through-space mechanism, it is essential to choose proper
chromophores, which have spectral overlap between donor and acceptor parts and
are close enough in terms of distance for energy transfer. BODIPYs are bright
chromophores with high quantum yields and large extinction coefficients. Structural
modifications of BODIPYs allow us to generate dyes absorbing in visible region
from green to red. There are many examples of energy transfer cassettes in which
BODIPY is used as an energy donor component. However, there are few of them as
an acceptor component. In this work, we designed and synthesized energy transfer
cassettes with an increasing number of energy donor component (Figure 46). These

cassettes are entirely composed of BODIPY derivatives.
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Figure 46. The structures of cassettes 43, 46, and 48

First, we synthesized the compound 40 by protecting one of the carbonyl
groups of terephthaldehyde with ethylene glycol. So we ensure that only one
aldehyde group yields BODIPY. Compound 40 was then used to obtain 41 in the
usual manner in the synthesis of a BODIPY dye, reacting with 3-ethyl-2,4-
dimethylpyrrole in the presence of TFA and DDQ at room temperature, followed by
the addition of BF3.Et;O and Et;N. Methyl groups neighboring the BF, bridges are
slightly acidic and the condensation of these groups with aldehyde results in distyryl
BODIPY derivative which has longer wavelength absorption due to the extension of
conjugation.'” Thus we targeted to use it as energy acceptor component.
Condensation of 41 with p-tolualdehyde and then acidic deprotection of acetal group
in crude product gave distyryl BODIPY derivative 42. Finally, the aldehyde group
formed after acidic deprotection was reacted with 3-ethyl-2,4-dimethylpyrrole to
obtain cassette 43 which is composed of one energy donor BODIPY dye (green part)
and one energy acceptor distyryl BODIPY derivative (red part). Cassettes 46 and 48
were synthesized by using same synthetic strategy. Compound 40 was used for

condensation reactions so that aldehyde groups could be placed in desired positions
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before final steps giving 46 and 48. Cassette 46 has two energy donor BODIPY dyes
at the bottom positions and cassette 48 has three of them. The structures of cassettes

were confirmed by "H NMR, *C NMR and mass spectroscopy (Appendix A and B).

Energy

’ﬁnsfer

650 nm

Figure 47. Schematic representation of energy transfer in cassette 48

A schematic representation of whole energy transfer process achieved in this
work is shown above in Figure 47. The absorption spectra of all three cassettes
prove the presence of two noninteracting chromophores in each cassette with no-
ground state interactions (Figure 48). Methyl groups on 1 and 7 positions of
BODIPY makes the phenyl ring perpendicular to BODIPY plane (the gray
fragments in Figure 46). Therefore conjugation is cut beyond these points. The
absorption band around 525 nm belongs to BODIPY fragments (green, donor
chromophore) and the band around 650 nm arises from distyryl BODIPY fragment
(red, acceptor chromophore). The absorbance of compounds 43, 46, and 48 was
normalized to 0.1 at 650 nm, the Ay. of distyryl BODIPY core, so that we would be
able to observe the change in emission spectrum of acceptor chromophore due to
energy transfer. The absorbance around 525 nm increases with increasing number of
donor chromophores, which correlates well with the structures of cassettes as

designed. The fact is further justified with the extinction coefficient values at Ayax of
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donor chromophore which was found out to be 72073 M'em™ (527 nm), 114880 M
'em™ (528 nm), 191746 M'em™ (529 nm) for 43, 46, and 48 respectively (Table 1).

0.24
0.22
0.20
0.18 4
0.16 4
0.14 _v-46
0.12
0.0 43
0.08
0.06
0.04-
0.02 4 N\
o.oo;ﬂ./. : \r—q

I v I v I
450 500 550 600 650 700
Wavelength (nm)

_»48

Absorbance

Figure 48. Absorbance spectra of compounds 43, 46, and 48 at equal absorbances at 650 nm in
CHCl,

The emission spectra of compounds 43, 46, and 48 are shown in Figure 49.
Blue colored line is emission spectrum of a single donor chromophore which is not
incorporated to the cassette. It shows an intense emission peak at 540 nm. However,
it is not observed in cassettes 43, 46 and 48. There is very little residual emission
corresponding to donor BODIPY chromophores. Therefore we estimate the
efficiency of energy transfer as 99%. The spectral overlap between the donor
emission peak and the absorption peak of the distyryl BODIPY chromophore is
apparent when Figures 48 and 49 are inspected carefully. When compounds 42, 45
and 47 (the distyryl compounds before the incorporation donor components) are
excited at 525 nm, they obviously emit poorly because of small extinction
coefficients at this wavelength. Photoexcitation of cassettes 43, 46 and 48 at 525 nm,

from donor chromophores, results in the strong emission from acceptor at around
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665 nm. The intensity of emission peaks increases with the number of donor
chromophores. To assess the magnitude of antenna effect in these cassettes, we
compared the emission intensities of acceptor chromophore with and without donor
chromophores at 665 nm upon excitation at 525 nm. The increase in cassette 43,
with one donor chromophore, is 30-fold. Another evidence for energy transfer is the
quantum yield values of chromophores. The quantum yield of BODIPY dye alone is
0.61. In cassettes 43, 46 and 48, quantum yields were found 0.24, 0.24, and 0.22
(Aex=525 nm) which are very close to those of acceptor chromophore without donor
fragments (Table 1). This is the verification of quenching of emission of donor
BODIPY chromophores. Furthermore quantum yields did not vary significantly
whether the cassettes were excited at the donor’s (Ax=525 nm) or acceptor’s
absorbance (A=645 nm). The absence of quantum yield dependence indicates

almost complete energy transfer from the donor to the acceptor.

650 -
600 -
550 -

500 - 41@ 525 nm

450

400

350- Lﬁg}': Sions /\r48@ 525 nm
300

nen ] 43, 46 and 48 __~46@ 525 nm

250 - e

are completely

fgg- quenched 43@ 525 nm

100 -
50 |
0- l
550 600 650 700

Wavelength (nm)

Emission Intensity (au)

42, 45, 47@ 525 nm

750 800

Figure 49. The emission spectra of compounds in CHCl; (A, = 525 nm)
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In the fluorescence excitation spectra of all cassettes, all absorption bands of
donor and acceptor chromophores were observed (Figure 50). The absorption
spectra and excitation spectra matched well. This indicated high yield of singlet-

state energy transfer in cassettes.

400 -
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Figure 50. Excitation spectra of compounds 43, 46, and 48 in CHCl;

Table 1. Photophysical Properties of Compounds in CHCl;

Compound | € (Apay)/(M'em™) (nm) | Ae/mm Dy
Aex=525nm | A= 645 nm
41 79922 (528) 539 0.61 -
42 81374 (649) 667 0.18 -
45 61830 (656) 675 0.18 -
47 62237 (660) 676 0.21 -
43 72073 (527), 71128 (651) | 668 0.24 0.33
46 114880 (528), 77478 (649) | 664 0.24 0.33
48 191746 (529), 80497 (654) | 670 0.22 0.31
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3.2 Novel Light-Harvesting Photosensitizer

It has always been a hot topic to convert solar energy into the form we can
use. Design and synthesis of DSSCs are great of interest since their invention in
1991 by Gratzel. Low cost production and being less harmful to environment differ
DSSCs from other types of solar cells. Up to now, lots of organic dyes, free of
ruthenium metal, have been synthesized as photosensitizers and some high
conversion efficiency requirements are defined. First of all, the dye compound must
interact well with TiO, surface via proper functional groups. Presence of electron
donor groups increases conversion efficiency. Absorption properties of dye
molecule are important that it should harvest the sunlight as much as it can. Finally,
aggregation of dye molecules due to m-m interactions, which significantly effects

conversion efficiency, should be prevented.

BODIPY dyes have remarkable properties such as high molar extinction
coefficient, stability, and good solubility. These properties make BODIPY dyes
promising material in dye-sensitized solar cells. However, there are few examples of
them in the literature. Taking these facts into account, we targeted bichromophoric
light-harvesting dendritic molecule, 55, as photosensitizer (Figure 51). We preferred
to use carboxyl group to attach the molecule to TiO, surface. Based on theoretical
calculations, the meso position of BODIPY, where carboxyl group is placed, has
high electron density in LUMO level. So the electron flow within the molecule
should occur towards this point. As electron donor groups, triphenyl amine moieties
were used which are fairly electron rich compounds. The more electron is injected
into TiO, surface, the more electric current is formed in external circuit. Therefore it
results in a higher conversion efficiency. It should be noted that after the
incorporation of triphenyl amine groups we obtain a distyryl BODIPY derivative
(red). The absorption band of molecule is expected to shift into near-IR region due
to extension of conjugation. To harvest the sunlight over a wide range, we attached
another BODIPY chromophore (blue) on 2 and 6 positions as energy donor
fragments. We intended to obtain energy transfer from side BODIPY chromophores
to the distyryl BODIPY core. Therefore photosensitization would be facilitated not

only at the absorption wavelength of core but also that of donor chromophore via
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energy transfer. Triphenyl amine groups are capable of preventing the aggregation
of dye molecules. Additionally donor BODIPY fragments (blue) were presumed to
prevent aggregation because they are not on the same plane with core. We

synthesized compound 55 and studied the energy transfer in this work.

Figure 51. The structure of light-harvesting photosensitizer 55

We synthesized the compound 49 from 4-formylbenzoic acid in the usual
manner of BODIPY synthesis. lodination of 49 in the presence of excess iodine
resulted in formation of di-iodo BODIPY derivative 50 with excellent yield. The
formylation of triphenyl amine was achieved by Viels-Meier reaction yielding
compound 51. The condensation of compound 51 with di-iodo BODIPY derivative
50 was carried out which yielded the core component of final product. Finally the
distyryl core component with two iodine atoms was reacted with compound 54
containing a terminal alkyne in the presence of palladium catalyst via Sonogashira
coupling reaction. The structures of compounds were confirmed by 'H NMR, "*C

NMR and mass spectroscopy (Appendix A and B).

The absorption spectra of compounds 52, 54, and 55 at equal absorbance
values at 527 nm (for 54 and 55) and at 725 nm (52 and 55) are shown in Figure 52.
The spectrum of 55 is equal to the sum of two spectra as expected. The extinction

coefficient of 55 is 57668 M'cm™ at 735 nm and 107884 M'cm™ at 527 nm. The
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latter value indicates presence of two donor BODIPY chromophores (blue fragments

in Figure 51).

55

Absorbance

52

54

A

T I I T I ' I
400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 52. Absorption spectra of compounds 52, 54, and 55 in CHCl;

The emission spectra of 52, 54, and 55 are shown in Figure 53. The emission
of antenna BODIPY donors at 540 nm is not observed in spectrum of 55. Since we
normalized the absorbance values of 54 and 55, the great difference in emission at
540 nm is the indication of efficient energy transfer from BODIPY donors (blue
fragments) to the core (red fragment). The quantum yield of emission for compound
54 was determined 0.75, whereas that of BODIPY donor units in compound 55 was
0.05 due to the antenna effect. The efficiency of energy transfer is 96%. As a
consequence, the effect of energy transfer was observed as enhancement of core
emission (inset spectrum in Figure 53). Core fragment itself, compound 52, emits
poorly when excited at 520 nm. However, upon the excitation of light-harvesting
molecule 55 at 520 nm resulted in enhanced emission peak centered at 785 nm. The

increase in emission intensity at 785 nm is calculated as 13-fold. If we consider the

55



emission intensity upon direct excitation of core at 730 nm, the emission intensity of
core fragment at 785 nm increases significantly due to the energy transfer (inset

spectrum in Figure 53).
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E | is almost Wavelength (nm)
2 400 quenched
& 300 55@ 520 nm

200 - 55@ 730 nm

1 52@ 520 nm
1004 | \@ ~ /

|
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Figure 53. The emission spectra of compounds 52, 54, and 55 in CHCI;. Inset: expanded spectrum in
the region of core emission

Table 2. Photophysical Properties of Compounds 52, 54, and 55 in CHCl,

Compound | € (pay)/M'em™) mm) | Aew/nm | ®poginy (hey= 520 nm)
52 68885 (726) 785 -
54 81193 (527) 540 0.75
55 57668 (735), 107884 (527) | 785 0.05
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CHAPTER 4

CONCLUSION

Novel BODIPY-based bichromophoric light-harvesting systems have
successfully been designed and synthesized. Efficient fluorescence resonance energy
transfer (FRET) has been demonstrated between BODIPY donor chromophore and
acceptor distyryl BODIPY derivatives.

In the first part of the thesis, a series of energy transfer cassettes were
synthesized. The effect of donor chromophore number was investigated. Location of
spectral and spatial concentration of UV-Vis radiation at the core of cassettes was
achieved. The compounds also exhibited large pseudo-Stokes’ shift. The efficiency

of energy transfer was 99%.

In the second part of the thesis, due to the results obtained in first part, we
introduced a light-harvesting photosensitizer 55. Efficient energy transfer (96%) was
demonstrated. We presume that light-harvesting BODIPY dye 55 is a promising
photosensitizer for dye-sensitized solar cells. Bichromophoric design of the
molecule provides absorption of light from 400 nm to 800 nm which spans visible
spectrum and near-IR region due to the extension of conjugation. Sunlight would be
harvested efficiently and photosensitizer 55 is expected to show high solar energy to
electrical power conversion efficiency. With remarkable photophysical properties,

BODIPY dyes are currently being investigated extensively for DSSC purposes.
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APPENDIX A

Figure 54. "H NMR spectrum of compound 41
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Figure 55. *C NMR spectrum of compound 41
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Figure 56. "H NMR spectrum of compound 42
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Figure 57. 3C NMR spectrum of compound 42

67

ppm

180 160 140 120 100 80 60 40 20

200



Figure 58. "H NMR spectrum of compound 43
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Figure 59. °C NMR spectrum of compound 43

69



Figure 60. "H NMR spectrum of compound 44
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Figure 61. °C NMR spectrum of compound 44
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Figure 62. '"H NMR spectrum of compound 45
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Figure 63. °C NMR spectrum of compound 45
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Figure 64. "H NMR spectrum of compound 46
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Figure 65. °C NMR spectrum of compound 46
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Figure 66. "H NMR spectrum of compound 47

76

Ppm

10

11



wdd 0 Ob 0Z 0¢ Oy 05 09 0L 08 06 O00L OLL 0ZL OFL OvlL 0SL 091 0LL 08} 06l 00Z OLZ
il O T w

aliciid N T FVOTOT R N RPN PRV T | L '

L T B

el T PP PP | Loy ol

i

Figure 67. C NMR spectrum of compound 47
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Figure 68. '"H NMR spectrum of compound 48
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Figure 69. °C NMR spectrum of compound 48
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Figure 70. "H NMR spectrum of compound 49
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Figure 71. °C NMR spectrum of compound 49
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Figure 72. "H NMR spectrum of compound 52
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Figure 73. 3C NMR spectrum of compound 52
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Figure 74. '"H NMR spectrum of compound 54
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Figure 75. 3C NMR spectrum of compound 54
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Figure 76. "H NMR spectrum of compound 55
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Figure 77. °C NMR spectrum of compound 55
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APPENDIX B

13855 PB
Q0609080 137 (2.581) AM (Cen,4, 80.00, Ht,5000.0,0.00,1.00); Sm (3G, 2x3.00); Cm {137:140) TOF MS ES+
4752184 4.11e3|
100+
Calculated M+Na 474.2381
Measured M+Na 474 2355
5.5ppm
474 2355
472 6725 476.2391
Internal Standard
477 2460
A67.2335 473.8146 A78 2472 479.3240
! . | . 4E9'9|UB3 ;4?1'533? u i iy ull ||.I.. 1 ..Iul L |I||||| Il ||||I|| | Uil by ||||I m.......l... miz
467 468 469 470 471 472 473 474 475 476 477 478 479 480

Figure 78. ESI-HRMS of compound 41
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13855 MA

Q0609080 259 (4.879) AM (Cen 4, 80.00, Ht,.S020.0,0.00,1.00); Sm {SC, 2x3.00); Cm (253.259) TOF MS ES+
100 6225657 146
Internal Standzrd
2
3362971
Calzulsted M+Na 534.2057
Measwed M+Na 534.2008
7 Tppm
636.2985
E20 5400 634.3008
_ 624 BO19 5386136
A1 RNSR - . 632.6683 R
| | s ez (183 |
| I I R A Y [N T T N A Y R vt
i miZz
620 522 6241 526 E23 530 632 534 636 638

Figure 79. ESI-HRMS of compound 42
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13855 GB-M
Q0609081 17 (2.207) AM (Ten 4, 80.00, Ht,5000.0.0.00,1.00); 3m (3G, 2x3.00); Cm {(112:117) TOF MS ES+
100 3223552 882

Internal Standard

909.4780
9104343
rd
J 084302
Calculated M+MNa 907.£910
Measured M+MNa 907.2903
0.Sppm
8111336
e
0OG. 4073 9[?49(@ *.l‘lz.dﬁf:-u 96816 030307
a7R 4qn EE440T4 | I___BE.?_;JQ-EB P and4 .:1.::11 witr e |
\ 055.45414 = d'wl
o L...i_.ul.JIJ (RN I| | | iJIJ.¢ Lk I.Il.l bt Ly d 4.]|411 ,|,,!. miz
375 380 8E5 890 895 00 05 10 915 920 928 330 925

Figure 80. ESI-HRMS of compound 43
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13855 DA

Q060908M 191 (3.599) AM (Cen 4, 80.00, Ht,5000.0,0.00,1.00); Sm (G, 2x3.00); Cm (185:193) TOF MS ES+
100+ 635.2695 437]

622 5667

Internal Standard

Calculated M+Na 634.2693

Measured M+Na 634 2644 |°26-2620

7.7ppm

634.2644

637.2722
6325261 638.2780
625 2845 638.6558 641.2810
620.3976 627.3176 539 3121531 2552
Ly '“"'I' '“l‘”rL

620 622 624 626 628 630 632 634 636 638 640 642

Figure 81. ESI-HRMS of compound 45
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Figure 82. MALDI-MS of compound 46
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13855 TA

Q060908K 206 (3.882) AM (Cen,4, 80.00, Ht,5000.0,0.00,1.00); Sm (3G, 2x3.00); Cm (180:210) TOF MS ES+
100+ 663.2540 826

6225667

Internal Standard

664.2579
Calculated M+Na 662 2643
Measured M+Na 662.2581
9.4ppm
662.2581
B6R.2634
666.6584
624 6665 658.9404
638.6564 §44.9323 6705875
628.6437 B45.8869 654.3192

620 625 630 635 640 645 650 655 860 565 670 675

Figure 83. ESI-HRMS of compound 47
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13855 GB-T

Q0809080 131 (2.473) AM (Cen 4, 80.00, Ht,5000.0,0.00,1.00); Sm (SG, 2x3.00); Cm (131:134) TOF MS ES+
100 13720378 54 9

Internal Standard

1485.7991

o
=

14848153 | 1486 8270

1454 7437
Calculated M+Na 1483.8140
Measured M+Na 1453.8055
5. ppm
1470.0322 1487 7557
1430.0355  1440.0636 1487 8319
1469.9464
1 1358.0598 ;
5 1378, 1642 e 31;2.1552 144019204454 0303 1488.8285
) 1497 9446
m/'z
1360 1380 1400 1420 1440 1460 1480

Figure 84. ESI-HRMS of compound 48
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13855 DIBDP

QOe000aWY 123 (2.320) AM (Cen,4, 20.00, Ht,5000.0,0.00,1.00); Sm (G, 2x2.C0); Crr (122:123)

100= 622 5B6ET

Internal Stanca~d

'

626.9921
6230120 51 0150 60,0500
6209791 | BBOIH ‘

620 622 626  B2E 23

Figure 85. ESI-HRMS of compound 50
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Calculatec M1kha 641 9375
1 Measured M+haB471.9351

542.5301

3 7ppm

R43 9396

647 0413

i
644  G46 648

TOF MS ESh

243

) e | | o RI/AIND oL |
o ||||I|U | i||i.||i|ul|lu I|I|l||l‘||li ilmllmnn ||||llili||||”mnh||hil|I“l.nlh|l|l||.|u\lmilIj|||n|||m|.lllm:U il ||]||||||I| |I|.ﬂ||I|||u||IIJ|I|| ||||I|m|||||| |U|ul||”||m||'|| miz
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13855 DIUY

Q060908 364 (6.855) AM (Cen 4, 80.00, Ht,5000.0,0.00,1.00); Sm (3G, 2x3.00); Cm (363:378)
122

100+

o

Calculated M+MNa 1152 1471
Measured M+MNa 11521416

4 Bppm

1153.1439

1154.1486

11521416 || 1155.1587

1156.6652
1146.1429

1150 1160

Internal Standard

1170.2467 1475 1194
1198.7705
1176.1266 1200.7681
1190 5085
1204 6644
11791680 [1190.6757
1180.1881
1219.3140
1170 1180 1190 1200 1210 1220

TOF MS ES+

2.1437

1228.2163

1230

302

miz

Figure 86. ESI-HRMS of compound 52
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13855 Propbdp
Q0C09003 105 (2.000] AM (Cen 4,

100

Calelated M+Nz £
Measurec MiNg 4

=
&

4513633 153
"

447 2679

£0.00, 11t 5000.0,0.00,1.00); Sm (33, 2x300), Cm (94:115)

457.2113

RR 277R
56.2245
b.4dppm

S 453.2308

453.2381

2763

'r T T I T T 1 1 T 1
444 446 448 450 452

II T 1 II
454 456

458 460 462

TOr M5 C5+
1.8/ed

4726725

Interral Standard

469.2669 4412245 4732186 4752343

miz
478

AR4 TIRT
464 466 468 470 472 474 476

Figure 87. ESI-HRMS of compound 54
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MALDI-MS of compound 55
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Figure 88
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