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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF NEAR-IR EMISSIVE TETRA STYRYL-
BODIPY BASED LIGHT HARVESTING ENERGY TRANSFER CASSETTES

Ziya Kostereli

M.S. in Department of Chemistry
Supervisor: Prof. Dr. Engin U. Akkaya
July, 2011

Light harvesting antenna systems are being used to harvest light through its antenna units.
Using these systems, light is channeled into an acceptor chromophore and much more
concentrated energy is obtained in acceptor unit with a specific wavelength. In this study, we
have rationally designed and synthesized two different novel Forster-type light harvesting
energy transfer cassettes which have large stokes shifts and emit in near-IR region. The first
cassette has four boradiazaindacene (BODIPY) as donor groups and one tetrastyryl-BODIPY
as an acceptor group. The second cassette has four distyryl-BODIPY units as donor groups
and one tetrastyryl-BODIPY as an acceptor group. Click chemistry is successfully used to
combine donor and acceptor groups to each other. Efficient energy transfer from donor groups
to acceptor group in both cassettes was observed and characterized using emission spectrum,
quantum vyields and lifetimes. Energy transfer efficiencies and rate of energy transfer were
calculated and it is demonstrated that there is more efficient energy transfer in cassette that
has Dbetter overlap in donor emission and acceptor absorption spectrum which is in

accordiance with expected behaviour for Forster-type of energy transfer cassettes.

Keywords: Boradiazaindacene, light harvesting, energy transfer, Forster-type energy transfer,
tetra-styryl BODIPY



OZET

YAKIN KIZIL OTESI EMISYONU OLAN TETRASTIRIL-BODIPY YAPISINDAKI ISIK
HASATI YAPAN ENERJI TRASNFER KASETLERININ SENTEZi VE
KARAKTERIZASYONU

Ziya Kostereli

Yiiksek Lisans, Kimya Boltimii
Tez Yoneticisi: Prof. Dr. Engin U. Akkaya
Temmuz, 2011

Isik hasat eden anten sistemleri anten birimleri tarafindan 1s1gin hasat edilmesi i¢in
kullanilirlar. Bu sistemleri kullanarak 1sik, alict birime aktarilir ve alicida belirli bir
dalgaboyunda daha fazla yogunlastirilmis enerji toplanir. Bu c¢alismada, biiyiik Stokes
kaymasina sahip olan ve yakin kiziltesi bolgesinde 15181 soguran iki farkli yeni Forster-tipi
enerji transfer kaseti tasarlandi ve sentezlendi. Birinci kaset dort adet BODIPY vericisine ve
bir adet tetra-stiril BODIPY alicisina sahip. Ikinci kaset dort tane di-sitiril BODIPY vericisine
ve bir tane tetra-stiril BODIPY alicisina sahip. Verici ve alict gruplar birlestirmek igin Klik
kimyas1 basarili bir sekilde kullanildi. Emisyon spektrumunu, kuantum verimleri ve emisyon
omiirleri kullanilarak iki kasette de etkili enerji transferi karakterize edildi. Enerji transfer
verimi ve enerji transfer hizi hesaplandi ve Forster-tipi enerji transfer kasetleri igin bir
gereklilik olan alic1 absorpsiyonu ile verici emisyonu arasinda daha iyi spektral ortiisme olan

kasette daha iyi enerji transferi oldugu gosterildi.

Anahtar Kelimeler: Boradiazaindasen, enerji hasadi, Forster-tipi enerji transferi, tetra-sitiril
BODIPY
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CHAPTER 1

INTRODUCTION

1.1. Supramolecular Chemistry

Supramolecular chemistry is ‘chemistry of molecular assemblies and of the
intermolecular bond’ as Jean- Marie Lehn stated, who is the one of its leading proponents. He
was awarded with the Nobel Prize in 1987 for his studies in this field.* Although there are
other definitions of this new branch of chemistry including ‘non molecular chemistry’ and
‘the chemistry of non covalent bond’, ‘chemistry beyond the molecule’ stated by J.M. Lehn is
accepted definition.> Originally, non-covalent interactions between host and guest molecules
were studied. However the rapid developmant in this field over the 25 years has provided in
creation of modern supramolecular chemistry field, which includes self organization systems,
self assembly, molecular recognition, molecular devices and machines. Now, supramolecular
chemistry is an interdisciplinary field in terms of synthetic work and application fields. In that
sense, inorganic and organic chemistry are used in the synthesis of target compounds and

physical chemistry helps to characterize and explore the features of supramolecular systems.*

Supramolecular chemistry has many application areas including cation binding hosts,
anion binding, ion pair receptors, solid-state inclusion compounds, crystal engineering,
network solids, self-assembly, molecular devices, biological mimics, supramolecular
catalysis, interfaces and liquid assemblies, and nanochemistry. Natural ionophores such as
enniatins, valinomycin can be mimicked and modeled by supramolecular chemists and these
artificial ionophores can selectively exhibit complexation with alkali metal cations, the most
of the s, p d and f block metals and also nonmetallic cations such as organic ammonium salts
and NH;*** Solution-state inclusion chemistry is being used in important applications
containing separation of mixtures of closely related compounds and enantiomers, storage of
gases and toxic substances, stabilization of reactive compounds, slow release of drugs under

physiological conditions. Self-assembled structures were synthesized to simplify chemical



syntheses as much as possible.* Molecular machines composed of units that carry certain
functions for a beneficial task were successfully synthesized and studied. These systems have
predefined task as V. Balzani mentioned ‘A machine, or device, differs from a chemical
substance in that it is useful for what it does, rather than for what it is.> To mimic the structure

or function of complex biological agents such as enzymes, DNA,® 7 artificial supramolecular

10

systems were used.® Light harvesting energy transfer cassettes,” ° sensitizers for solar

11,12 13,14

cells and chemical logic elements are being studied under the hot topics of

supramolecular chemistry.

Molecular chemistry

Molecular precursors Covalent molecule:
Chemical nature

A-D.W —
Redox properties

HOMO - LUMO gap
Polarity

Vibration and rotation
Magnetism

Chirality

Supramolecular chemistry

Specific characteristic,
SJunction or properties:
‘ 5 i Recognition
s Catalysis
Transport

Guest Host
Supramolecule (complex):
Degree of order
Interactions between subunits
Symmetry of packing
Intermolecular interactions

Figure 1. Comparison between molecular and supramolecular chemistry according to Lehn*

For most of the supramolecular models mentioned above, nature is the source and
scientist tries to mimic natural processes in biological systems. Supramolecular chemistry and
nanotechnology intersects at molecular level to achieve macroscopic functions of biological

systems.



1.2. Fundamentals of Fluorescence

All photochemical and photophysical processes start with the absorption of a photon
of visible or ultraviolet radiation. This radiation leads the formation of an electronically-
excited state in molecules.™ After excitation of electrons in a molecule, electronically excited
molecule goes to ground state through a variety of relaxation pathways which can be
intramolecular or intermolecular processes (figure 2). In intramolecular processes, there are
radiative and radiationless transitions. Luminescence is a radiative transition, which involves
the emission of electromagnetic radiation as excited molecule relaxes the ground state. It has
two different categories depending on relaxation process between electronic states;
fluorescence and phosphorescence. In radiationless transition, there is no emission of

electromagnetic radiation in deactivation process.

Physical deactivation of excited states

Intermolecular processes
Intramolecular processes P

1. Vibrational relaxation
2. Energy transfer
3. Electron transfer

Fladlatwe transitions | |Radiationless transtitions |

1. Fluorescence
2. Delayed fluorescence
3. Phosphorescence

1. Internal conversion
2. Intersystem crossing

Figure 2. Physical deactivation pathways of excited state

Fluorescence is a radiative transition from excited state to the ground state of
molecule, and it is a spin allowed process because transition occurs between the same spin
multiplicities. As a result of strongly allowed transition between energy states, fluorescence
has relatively short lifetimes in order of picoseconds to microseconds. Lifetime of a

fluorophore is described as the average time that passes in excitation and relaxation to the



ground state. In phosphorescence, there is a spin forbidden radiative transition between
different multiplicity states usually from vibrational level of the lowest excited triplet state, T
to ground state, So. Because of this forbidden transition, it has relatively lower lifetimes in
order of milliseconds to seconds. Some of the fluorescent molecules in literature are shown in

figure 3.

O HO 0 0
D T
=N_~_N-Z
B O CO,H
A 0
Bodipy Pyrene
Fluorescein
\/N 0] /w\/
L
O CO.H
Porphyrin Rhodamine B

Figure 3. Structures of some fluorescent substances in literature

There are radiationless transitions which are internal conversion and intersystem
crossing. If the transition occurs from singlet excited state to triplet excited state which is a
forbidden transition, the transition is called intersystem crossing. Heavy atoms like bromine
and iodine causes intersystem crossing. For the internal conversion, there is transition
between excited states, S, to S;. Internal conversion has much more faster transition than

intersystem crossing.

Jablonski diagram represents the properties of excited state and their relaxation
process (figure 4). In Jablonski diagram, it is seen that energy of emission is smaller than
energy of absorption. As a result, fluorescence occurs at higher wavelength and this is called

as Stokes’ shift (figure 5). The reason of Stokes’ shift is rapid decay of excited electron to the



vibrational level of S;. Excess vibrational energy is lost due to the decay to the higher

vibrational levels of Sy. Stokes’ shift is affected by solvent, complex formation, and energy

transfer.
Excited Singlet States
Sh
Vibrational
P I Energy States
52 A glllLt.'[lli:ﬂ .
ONVersion
(-
‘ (44
S f f Intersystem Excited Triplet States
1 Crossing
T,
[l
Absorption ;
T.
Fluorescence
v Phosphcrescence
So
Ground State

Figure 4. Jablonski Diagram

Stokes shift
e

absorption emission

Wavelength

Figure 5. Graphical representation of Stokes’ shift



Quantum vyield is an important property of a fluorophore and it is used to compare
different fluorophores in terms of fluorescence character. Quantum vyield is the ratio of
photons emitted to the photons absorbed. When there is much smaller non-radiative decay
compared to radiative decay, quatum yield approaches the unity. To calculate quantum yield
of a molecule, standard samples are used such as Rhodamine 6G,™ rhodamine 101," cresyl

9

violet,”® fluorescein,”® and zinc phthalocyanine®®. The selection criterion for a standard

sample is that it should have similar absorption to the compound that is measured.

1.3. BODIPY Dyes

Many improvements were progressed with the help of fluorescent probes in biological
imaging techniques. Fluorescent probes can be attached the biological molecules such as
antibodies and biological molecules can be observed inside living cells.??* Many fluorescent
probes were published in literature but there are limited fluorescent probes for biological
imaging. For example, there are few probes that emits light at 800 nm or above at which the
tissues are most transparent to light.2* Among these limited fluorescent probes, the difluoro-
boraindacene family (4,4-difluoro-4-borata-3a-azonia-4a-aza-s-indacene, abbreviated as
BODIPY) has acquired popularity as being one of the most versatile fluorophores. BODIPY
was first reported by Treibs and Kreuzer in 1968.2° Till 1980, little attention was given to that
dye but since 1980 the potential use of this fluorescent dye in biological labeling was
recognized, and several new Bodipy-based compounds were synthesized and commercialized

for biological labeling. 2% Now, BODIPY is being used in a wide range of fields such as

29,30 34-36

biomolecular labeling,% ion sensing,®** drug delivery systems, chemical logic gates,
light harvesting systems,*” DSSC and photodynamic therapy®.

BODIPY has high fluorescence quantum yields and molar extinction coefficients.
They also have excellent thermal and photochemical stability. They are stable to physical
conditions because they have low sensitivity to pH and solvent polarity. Simple synthesis
methods, good solubility in organic solvents, intense absorption band and negligible transition
to triplet state are the other advantages of BODIPY dyes.** BODIPYs’ photophysical
properties such as emission and excitation wavelengths can be tuned via easy modification.
Especially, functionalization of 1-3 and 5-7 positions extends the conjugation, which provides

the tuning in visible spectrum (figure 6). Different functional units can also be attached to the



positions 4 and 8. There are many research groups studying on BODIPY dyes including

Akkaya, Burgess, Boens, Nagano, Ziessel et al.

1.3.1. Applications of BODIPY Dyes

Bodipy dyes have been used in many areas due to its chemical and photopysical

properties mentioned above. These application areas are shown in figure 6. First application
29, 30

area of BODIPY is biological labeling.

Light Harvesting Systems

Molecular

Ion Rg: Supplementary functions, X=C,N T
8 aupP vy Logic Gates

Sensing R,: Stokes' shift en hancement

Rs R: Ry Rs
'y J

v
R1_3 and Rs_? extension of
delocalization and/or functional groups

Solar Cells Photodynamic

Therapy

Energy Transfer Cassettes

Figure 6. Application areas and chemistry of BODIPY

Detection of transition and heavy metal cations has importance in biological and
environmental chemistry. Fluorescent molecules have been studied as chemosensors in
detection of cations and anions. Selectivity and sensitivity to desired cation or anion are the
key parameters in detection. For sensing in biological media, near-IR emitting dyes beyond
650 nm are wonderful candidates because they scatter light at longer wavelengths. Absorption



and emission wavelengths of BODIPY can be tuned with modifications. Akkaya research

39-41

group published red-emitting BODIPY -based chemosensors and some literature examples

39-43

of chemosensors, are shown in figure 7.

Figure 7. Structures of some selective BODIPY-based chemosensors in literature

Photodynamic therapy used for the treatment age related macular degeneration and
tumors is another application area of BODIPY dyes. The treatment needs a combined
application of red to near IR light and a sensitizer which produces singlet oxygen that kills
tumor tissues. In examples (figure 8), published by Akkaya’s research group, heavy atom

such as Br or | are attached to 2 and 6 position of BODIPY, and these heavy atoms causes



intersystem crossing thus increase the triplet yield of dyes resulting with singlet oxygen

generation.***

Quantum yield decreases significantly in case of intersystem crossing. In
compound 6, quantum yield decreases from 0.70 to 0.02 and high efficiency of singlet oxygen
generation was measured.** In second example, conjugation from 3 and 5 positions is
extended by condensation reaction and this conjugation provides emission at longer
wavelength, 650-680 nm compared to peripheral BODIPY which has absortion at about 500

nm.*

Figure 8. Structures of some Photosensitizers for photodynamic therapy in literature

Molecular logic gates try to mimic logic functions using molecules. In conventional
computers, data processing is based on silicon circuitry, and it has binary encoding of
information in electrical signals. However binary logic is a general concept and can be applied
to any type of signal such as chemical and optical ones. Fluorescent molecules such as
BODIPY have been promising for the realization of digital processing and they accomplished
a range of molecular logic gates systems such as YES, NOT, AND, OR that each involves
chemical input(s) and emitted light as an output. These logic elements can be combined with
other applications such as photodynamic therapy, drug delivery. Many examples of logic

elements shown in figure 9 were published by different research groups.®**®



Figure 9. Structures of some molecular logic gates in literature

Addition to these areas, BODIPY is being used in many other areas containing solar
cells, liquid crystals, DNA labeling.?***3 These application areas and examples show that
BODIPY chemistry have high versatility. Applications to light harvesting energy transfer

cassettes were discussed in following sections.

1.4. Light Harvesting and Energy Transfer

Light harvesting antenna system is being used in photosynthesis process. In
chlorophyl, there are light harvesting chromophores that effectively collect sunlight and

absorbed energy is channeled to a single reaction center. In nature, this system is used to

10



accomplish the light-harvesting efficiency problem.*® Figure 10 and figure 11 show different
representation of light harvesting systems. In first system, there are donor groups (D) at
outside absorbing light at a specific wavelength than absorbed sunlight is transferred to inner
donor groups, and final destination of absorbed sunlight is acceptor unit (A), core. As a result,

much more concentrated energy is collected in the core.

Light Absorption
donor
D1||D1| |D1| | D1
N\ N7 \N7 s
p2| [D2| |D2 &
SZ N7 &
p3| | D3 S
=
acceptor ~—4 “
——» A

Figure 10. Schematic represantion of Light-harvesting antenna system

In second light harvesting system, figure 11, there are different donor groups
absorbing light at different wavelengths, and donor groups directly transfer this absorbed
energy to the acceptor group. As a result, sunlight is tuned over a wide range by collecting
light at different wavelengths, and energy is concentrated in the core.

¥ 53'/
CrlT
pz| (o1

e Ul

Figure 11. Schematic represantion Light-harvesting antenna system
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Photosynthetic purple bacteria is the most widely studied example of natural light
harvesting antenna system.” Antenna system of photosynthetic purple bacteria has
approximately 250 chlorophyll (BChl a) pigments and carotenoids having slightly different
spectroscopic properties.*® Figure 12 shows the representation of antenna system in purple
bacteria. In this antenna system, there are donor groups called LH-I1I at outside which absorbs
sunlight and they transfer this absorbed energy to the LH-I. LH-I surrounds inner reaction
center and it gives this energy to the inner reaction center. Reaction takes place with this
transferred energy. As a result of femtosecond energy transfer between LH units, absorbed
energy is channeled to single reaction center which initiates the redox process leading to
generation of proton gradient and release of oxygen at the end.*” Most purple bacteria have

LH-1, LH-11 complexes and reaction center, but not all have LH-111 complex.*

N

OGN gk

Figure 12. Schematic view of antenna system in purple bacteria.*®

Artificial light harvesting antenna systems can be designed and synthesized with the
assistance of supramolecular systems. These models can be used in light emitting diodes,*®
signal amplifiers,*® and DSCC®®. There are three important parameters to observe the antenna
effect in artificial supramolecular models, dimensions of time, energy and space.”* Energy

transfer must occur to the other unit before having radiative or non-radiative deactivation of
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donor part for the time dimension. The energy of the acceptor in excited state should be lower
or equal to the energy of donor in excited state for energy dimension. Also, overall excitation
energy transfer direction should be towards a selected component of system, which is space
dimension. In light harvesting antenna systems, there are different type of energy transfer

mechanisms; Dexter and Forster type of energy transfers.

1.4.1. Energy Transfer Mechanisms in Light Harvesting systems

Simple energy transfer cassette is composed of donor (D) and acceptor (A)
chromophores. In energy transfer process, energy is transferred from excited chromophore of
donor species to the acceptor, chromophore, which is in its ground state. Donor part is excited
via light source at the absorption wavelength of donor group. When excited donor group
returns to the ground state, it gives its energy to the acceptor group and acceptor group is
excited with this energy. This energy transfer may occur through bond (Dexter-type)®® or

°152 which are theoretically confirmed and experimentally

through space (Forster-type)
proved. Using different approaches, energy transfer type and efficiency can be detected and
calculated. These approaches are comparison of relative lifetimes, quantum vyields, and

decrease in donor emission or enhancement in acceptor emission.

1.4.1.1. Dexter-type Energy Transfer

In this type of energy transfer, there is conjugation between donor and acceptor units
(figure 13). Therefore energy transfer is through bond. Orbital overlap is the key parameter
for energy transfer between units. However, orbital overlap requirement for energy transfer
restricts the energy transfer to very short distances usually less than 10A°. Also, the structure
of donor, acceptor and linker units, the orientation of donor and acceptor units affect the

energy transfer rate.

@V energy transfer - h V.&
( donor ) ( — %

Figure 13. Schematic represantion Dexter-type (through-bond) energy transfer
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Figure 14 shows the representation of electrons in HOMO-LUMO of donor and
acceptor units in Dexter-type energy transfer. When donor group electron is excited, its
electron goes LUMO of donor group and from LUMO of donor, this excited electron goes to
LUMO (excited state) of acceptor group. At the same time, electron of acceptor group at
HOMO goes HOMO of donor group. As a result, there are simultaneous exchanges of
electrons between HOMO-LUMO of donor and acceptor groups. In this type of conjugated
energy transfer cassettes, it is not possible to measure or calculate how much energy is

transferred via through bond mechanism and how much is transferred through space

mechanism.
-~ —>
LUMO 4{
| A
LUMO €-=-=-- LUMO
4’ HOMO T T |
Exchange Mechanism
HOMO T | E T i g HOMO T | |
[ 7 nergy Transfer 7 7
‘Donor Acceptor Donor “Acceptor

Figure 14. Representation of exchange of electrons in Dexter-type energy transfer

Energy transfer rate constant can be calculated the formula shown below.

kET =KJ exp(-ZRDA/ L) (l)

where K is orbital interaction, J represents the overlap integral between donor emission and
acceptor absorbance, Rpa is the donor acceptor separation and L is the van der Waals radii.>

As donor-acceptor separation increases, energy transfer rate constant decreases.

Different energy transfer cassettes were designed and synthesized in literature.
Lindsey and coworkers published an interesting example of energy transfer cassette,

compound 11, having Dexter-type of energy transfer mechanism (figure 15).°® In this
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example, they synthesized a linear molecular photonic wire composed of BODIPY as donor
chromophore, three Zn-porphyrins as transmission and free base porphyrin as acceptor
chromophore. When there is Zinc ion in first two porphyrins, transferred energy is emitted
from last porphyrin, non-metalated one, (compound 11) but when there is Mg in last
porphyrin, transferred energy is emitted from third porphyrin which has no ion, free one
(compound 12). The distance between donor and acceptor is 90 A. Upon excitation at 485
nm, which is the absorption wavelength of donor, there is efficient energy transfer from donor

to acceptor and energy transfer efficiency is 76 %.

Qutput

Output

Redox Switch

Figure 15. Structure of some Molecular photonic wire in literature

In other literature example of Lindsey and coworkers, they studied the effect of
number of donor groups on energy transfer efficiency.”” Figure 16 shows energy transfer
cassettes having different number of donor groups. All cassettes have the same acceptor group
but the first one has one donor, the second one has two donor groups, and the last one has

eight donor groups. In these cassettes, as number donor groups increases, energy transfer
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efficiency increases from 68 to 94% for free porphyrin and it increases from 91 to 99% for
Zn-porphyrins.®’

Figure 16. Structure of Dexter type of energy transfer cassettes having different number of
donor groups in literature

1.4.1.2. Forster-type Energy Transfer

In contrast to Dexter-type energy transfer, there is no conjugation between donor and
acceptor units in Forster-type energy transfer systems (figure 17). Therefore, energy transfer
is through space which actually is linked to long-range dipole-dipole interactions. There is no

requirement between donor and acceptor to be connected covalently to each other. There can
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be this type of through space energy transfer in self-assembly systems and they are also called
Forster-type Energy Transfer.

hv
energy transfer

-

Figure 17. Schematic represantion Forster-type (through-space) energy transfer

Figure 18 shows the representation of electrons in HOMO-LUMO of donor and
acceptor units in Forster-type energy transfer systems. When donor group electron is excited,
it goes to higher level LUMO orbital, at the excited state. When excited electron of donor
group goes ground state, it gives its energy to the acceptor group and acceptor electron is
excited with this energy. There is no exchange of electrons. Because of this reason, energy

transfer can be made to farther distance compared to Dexter-type energy transfer systems.

|
LUMO
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1 1
1 1
1 1
LUMO I I , LUMO T.
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Figure 18. Representation of exchange of electrons in Forster-type energy transfer

In this type of energy transfer, the key parameters are the spectral overlap of donor
emission and acceptor absorption, the distance between donor and acceptor units and the

relative orientation of the transition dipoles.”® In a simple Forster-type of energy transfer
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system having a single pair of donor (D) and acceptor (A) units separated by a distance of R,
energy transfer rate (Krret) can be can be expressed in terms of Foster distance (R,) using the
equation 2. There may be other deactivation radiative and nonradiative pathways other than
energy transfer such as internal conversion. Forster distance, R, can be formulated as below
and it is the distance between donor and acceptor units at which half of excited molecules
decay by energy transfer (eqn 3).

Kerer = [ 900 (IN10) k2 ®pJ(A) ]/ [128 ©° n*N 15 R%A]  (2)

Ro=9.78x 10° [k’ n* Qp J(M) ] (3)

In equation 2 and 3, K is the orientation factor between excited state donor and ground
state acceptor. It is related to dipole-dipole interaction of donor and acceptor units. n
represents the refractive index of the solvent, Qp is the quantum yield of donor unit in the
absence of acceptor unit, J is the Forster overlap integral of donor emission and acceptor
absorbance, Tp represents lifetime of excited donor in the absence of acceptor unit, and lastly

Rpa is the distance between donor and acceptor. FRET efficiency calculation will be

explained in the following part.

1.4.1.2.1. FRET Efficiency Calculation

There are many approaches to calculate Forster energy transfer rate. However,
generally, two approaches are being used in calculation: time-resolved and steady state

approaches.>®

In time-resolved approach, time-resolved emission of any acceptor or donor is used.

This method gives more accurate results compared to steady state because there is no inner
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filter effect or integration error. FRET efficiencies and FRET rate constant can be calculated

by using formula given below.

kFRET = 1/TDA'1/TD (4)

E = 1o Keret/(1+10KereT) (5)

where Keret is the FRET rate and E is the energy transfer efficiency. tp and tpa represents the
excited state lifetime of donor in the absence and presence of acceptor respectively. FRET

efficiency can be calculated more simply using equation stated below.
E=1- ’CDA/’CD (6)

In steady state approach, in contrast to time resolved approach, decrease in donor
quantum yield is used. In this method, very dilute solutions should be used in measurement
process because there is a problem of self quenching which is the reabsorption of emitted light
by the same or other molecules. This problem is also called inner filter effect.®®®* Energy

transfer efficiency can be calculated using equation 7.
E:].'(DDA/(DD (7)

where ®pa and O represents quantum yield of donor in the presence and absence of acceptor
respectively. There is one more equation which is stated below (eqn 8) to calculate energy
transfer efficiency in steady state. In this equation, excitation spectra or enhancement in

fluorescence emission of the acceptor can be used.

E= AA (A,D) /AD (XD) * [IAD(erm) / |A(7\,Aem) - 1] (8)

where Aa and Ap is absorbance values of acceptor and donor at the maximum absorbance
wavelength of donor. 1ap and 1A represent the integrated emission area of acceptor in the
presence and absence of donor at A,°™ . Quantum yield can be calculated using equation 9

stated below.

Q = Qr (/1R)*(Ar/A)*(N*/NR%) (9)
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where Qg is quantum yield of reference, | and Ir represents integrated area of emission
spectrum for specific wavelength for sample and for standard, respectively, A and Ag are
absorbance of corresponding wavelength for sample and standard, n and ng are the refractive
indices of solvents in which sample and standard compounds were dissolved, respectively.
Refractive index values were taken as 1.329 for methanol, 1.3624 for ethanol and 1.333 for
water. All measurements of the samples except standards were done with chloroform which

has an n value of 1.49.

Forster type of energy systems are being used in many areas of supramolecular
chemistry. Some of these areas are artificial antenna systems, cascade systems, fluorescent
signaling systems for biological purposes. Some literature examples of Forster type energy

tarnsfer systems will be given in next parts.

1.4.2. Literature Examples of Light Harvesting Sytems

1.4.2.1. Artificial Light Harvesting Antenna Systems

There are many examples of artificial photosynthetic antenna systems in literature
published by different groups because photosynthesis process is one of the most important
natural events for plants and humans. Such systems try to mimic the circular arrangement of
pigments in LH-1I complex of purple bacteria via noncovalent bonds, covalent bonds, or

metal coordination bonds.%?%*

System shown in figure 19 is an interesting example of artificial photosynthetic
antenna system.® In this system, there are twelve porphyrins which are combined
noncovalently to form assembled circular array in which it has maximum separation and this

separation is named radius of antenna which is 4.1 nm.*®
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Figure 19. Representation of artificial antenna system showing the form of slipped-cofacial
array of chromophores.®®

1.4.2.2. Light Harvesting Cascade Systems

Cascade systems are light harvesting energy transfer systems that have many
chromophores. They absorb light at different wavelengths from each other and make energy
transfer to a final chromophore. Actually, this is the case for photosynthesis process because
plants tune and absorb sunlight in wide range of spectrum.

Frechet and his co-workers published an interesting example of cascade energy
transfer system (figure 20).°” This cascade system have three different chromophores which
are coumarin 2 (blue) absorbing at 350 nm, fluorol 7GA (green) absorbing at 415 nm, and
perylene core (red) absorbing at 555 nm. In this system, there are two different energy
transfer pathways which coumarin can make. The first one is energy transfer from coumarin
to the perylene core and the second one is energy transfer from couramin groups to fluorol
7GA units. Also, there is another energy transfer pathways which is energy transfer from
fluorol 7GA units to perylene core. The energy transfer from couramin groups to fluorol 7GA
units has the lowest energy transfer efficiency (79%) due to poor spectral overlap between
emission of coumarin and absorption of perylene. Other energy transfer efficiencies are 99%

from couramin groups to fluorol 7GA units and 96% fluorol 7GA units to perylene core.
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Figure 20. Structure of Cascade type energy transfer system in literature®’

1.4.2.3. BODIPY dyes in Light Harvesting Systems

BODIPY dyes can be modified easily and its photophysical properties such as
absorption and emission wavelength can be tuned over a wide range via easy modifications.
Because of easy modification in photophysical properties, many examples of light harvesting
energy transfer systems that use BODIPY dyes as donor or acceptor group were published in
literature. Compound 17 was synthesized by Akkaya research group.®® It has 8
BODIPYgroups at the corners as donor group and one perylenediimidine (PDI) group as
acceptor at the core. Absorption of donor and acceptor groups is shown in absorbance
spectrum. Upon excitation of BODIPY donor groups at 526 nm, no emission is observed in
emission spectrum at 550 nm which is the emission wavelength of the donor groups.
Quenching of emission at that wavelength is the indication of efficient energy transfer (99%)
between donor and acceptor groups. Also, there is enhancement in core emission compared to
direct excitation of core at 588 nm which is the absorption wavelength of acceptor unit and
this is caused by antenna effect.
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Figure 21. Structure of Forster-type of light harvesting dendrimer in literature
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Figure 22. Representation of self-assembling Forster-type energy transfer system from

literature
Artificial light harvesting system in figure 22 called a “supramolecular triad” was

published by Ito et. al.®® This system is a bit different compared to system in figure 21. In this
system, there are energy transfer and electron transfer. There are BODIPY dyes as donor,
zinc porphyrin (ZnP) as station for energy transfer and fullerene (C60-Im) as station for
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electron transfer. Upon excitation from BODIPY donor, there is energy transfer from this
donor unit to zinc porphyrin (ZnP) followed by electron transfer to a fullerene (C60-Im) unit.
Because of this mechanism, this system is called as “supramolecular triad”. Overall system
mimics processes in natural photosynthesis because system has “combined antenna-reaction
center” having Zn-porphyrin combined to the fullerene component via metal to axial-ligand

coordination and system works efficiently.

Figure 23. Representation of self-assembling Forster-type energy transfer system from
literature

Complex in figure 23 was published by Weiss et al.”” There is self-assembling system
provided by the affinity of phenanthroline-strapped zinc porphyrins for N-unsubstituted
imidazoles. In this system, upon excitation of BODIPY donor at 495 nm, there is energy
transfer from two different points to the free porphyrin. Donor makes efficient net energy
transfer (80%) to the free porphyrin and also the excited ZnP-Im makes energy transfer (85%)
to the free porphyrin.
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1.5 Tetrastyryl- Bodipy dyes and Knoevenagel condensation reaction

Many important properties have been added to BODIPY dyes after their initial
synthesis by Kreuzer in 1968.” The peripheral BODIPY dye has absorption peak around 500
nm and this wavelength can be shifted into red region of the visible spectrum by increasing
the conjugation of bodipy core via incorporation of fused aromatic rings or aryl substituents to
the meso (8) position.”””” However, mono- and distyryl modifications via Knoevenagel
condensation added greater versatility to BODIPY dyes in tuning of absorption and emission

wavelengths.”® %

Using Knoevenagel reaction, different aldehydes having different
characteristics can be incorporated to methyl groups of 1, 3, 5 and 7 positions of Bodipy unit.
The 3- and 5-methyls are the positions that yield first in Knoevenagel reaction because they
are the most acidic ones which was resulted from Mulliken-charge analysis on the core carbon
atoms of tetramethyl- BODIPY and electron density of the carbon atoms varies in the
following order: 2,6 >> 1,7 > 3,5.% Also, 'H NMR gives additional information about acidity

of methyl substituents shown in figure 24.

8 2.18 ppm 6 2.8 ppm 52 41 ppm

3 2.46 ppm 0 2.52 ppm

Figure 24. Structures of Tetramethyl- and pentamethyl-Bodipy derivatives with relevant *H
NMR chemical shifts in CDCI5*

Akkaya research group has many studies and published important results about
functionalization of mehtyl groups on 3 and 5 of positions of BODIPY.® Until 2009, only
methyls on 3 and 5 positions of BODIPY could be functionalized. Because of this reason,
absorption and emission wavelength of BODIPY dye were restricted to 700 nm. In 2009,
Akkaya group published first example of tetrastyryl BODIPY and they successively achieved
the synthesis and isolation of mono-, di-, tri-, and tetrastyryl derivatives of different
BODIPYs.*
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Figure 25. Structures of mono-, di-, tri-, and tetrastyryl-Bodipy derivatives of a compound
from literature

Mono-, di-, tri-, and tetrastyryl structures of one compound from this paper are shown
in figure 25. This straightforward functionalization opened new page in BODIPY chemistry
and its applications. Because, by simple condensation reaction, BODIPY dye absorption can
be pushed from 500 to 800 nm which is true near IR dye having large extinction coefficient.
After this first tetrastyryl- BODIPY study, similar studies were published by Ziessel group.®
Reaction condition of Knoevenagel condensation for tetrastyryl- BODIPY synthesis will be

explained at the end of this part.
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'H NMR spectrum is used to characterize the tetrastyryl- BODIPY and it has specific
peaks that belong to trans-vicinally coupled protons of methyl groups on positions 1 and 7.
Figure 26 shows *H NMR spectra of the distyryl (top) and the tetrastyryl- BODIPY (bottom).
The protons that looks Fluorine atoms shifts to the downfield ( to the 8.6 ) in both spectra
because of electron withdrawing ability of Fluorine. The trans protons of this downfield
shifted ones of both compounds give peak in similar region ( 7.8 ) because they are not
affected from Fluorine atoms and they have 16 Mhz coupling constant showing that they are
trans coupling. However, there is a significant upfield shift of one proton ( red) to the 6.05 of
trans-vicinally coupled protons due to shielding zone of the meso-phenyl ring in tetrastyryl-
bodipy. For the other proton ( green) of trans-vicinally coupled protons, there is no shift and it
gives peak at about 7.8 which is similar with trans coupled protons ( blue ones ) of distyryl
bodipy showing that there is no effect of meso-phenyl ring. Also they have 16 Mhz coupling
constant showing that they are trans coupling, too. These results show that tetrastyryl-
BODIPY dyes can be characterized easily using NMR data.

Figure 26. 'H NMR spectra and structures of distyryl (top) and the tetrastyryl-Bodipy
(bottom)®*
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Knoevenagel condensation reaction is frequently being used in modification of
Bodipy. It is the dehydration reaction which resulted from a nucleophilic addition of an active
hydrogen compound to a carbonyl group. Water is eliminated in this type of reaction and
product of this reaction is often an alpha, beta conjugated enone. Aldehyde or a ketone can be
used as carbonyl group and a weak base is used as catalyst. Figure 27 shows an example of
Knoevenagel condensation used in synthesis of monostyryl- BODIPY compound. Mono-, di-,
tri-, and tetrastyryl derivatives of BODIPY can be synthesized ( figure 25) using Knoevenagel
reaction at same reaction conditions. Piperidine is used as a base, acetic acid is used to
increase the acidity of reactivity of carbonyl group of aldehyde and benzene or toluene can be
used as solvent. In Knoevenagel reaction of BODIPY, acidity of methyl substituents is very
important because proton should have enough acidity to be abstracted with a mild base which
is piperidine in this case. If strong base is used, self-condensation of the aldehyde would
proceed. Although increasing electron withdrawing ability of 2 and 6 poisitons of BODIPY
via coupling electron withdrawing units by Suzuki or Sonagashira coupling which increases
the acidity of methyl substituents on 1, 3, 5, and 7 positions, most of the peripheral BODIPY
has enough acidity for the synthesis of mono- and distyryl derivatives. However, for
tetrastyryl derivatives, strong electron withdrawing units such as 4-t-butylphenylethynyl
should be coupled to the 2,6-positions of BODIPY. Without these couplings, tetrastyryl-
bodipy can not be obtained, mono styryl and di styryl one is obtained. Also, solvent should all
be removed using deanstark apparatus, reaction media should be dry in tetrastyryl-Bodipy
synthesis. It is difficult to stop reaction at tristyryl product, generally, tetra styryl or di styryl

product is obtained.

AcOH / Piperidine

—b.
Benzene, reflux
Dean-Stark trap

Figure 27. Example of Knoevenagel reaction from literature
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CHAPTER 2

EXPERIMENTAL

2.1. General

All chemicals and solvents obtained from Sigma-Aldrich were used without further
purification. Thin layer chromatography (Merck TLC Silica gel 60 F2s4) were used to monitor
reactions. Chromatography on silica gel was done with Merck Silica gel 60 (particle size:
0.040-0.063 mm, 230-400 mesh ASTM).

'H NMR and *C NMR spectra were taken on Bruker DPX-400 working at 400 MHz
for '"H NMR and 100 MHz for *C NMR in CDCl; with tetramethylsilane as internal standard.
All spectra were taken at 25 °C and coupling constants (J values) are given in Hz. Chemical
shifts are given in parts per million (ppm) and splitting patterns are shown as s (singlet), d
(doublet), t (triplet), q (quartet), m (multiplet), and p (pentet).

Absorption spectra were performed by using a Varian Cary-100 spectrophotometer.
Fluorescence measurements were taken on a Varian Eclipse spectrofluorometer. Mass spectra
were recorded on Agilent Technologies 6530 Accurate-Mass Q-TOF LC/MS. MALDI mass
spectra were recorded at the Izmir Institute of Technology, Izmir, Turkey and at the
University of Sheffield, Mass Spectrometry Service Laboratory, Shieffield, United Kingdom.
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2.2. Syntheses

Compounds 28 and 38 were synthesized according to literature procedure.®*®

Tetrahydrofuran was dried by refluxing it over sodium/benzophenone. All other solvents and
reagents were purchased from Sigma-Aldrich and used without further purification.

2.2.1. Synthesis of Compound 29

Argon gas was bubbled through 200 mL CH,ClI; for 30 min then 2,4-dimethyl pyrrole
(27) (15.8 mmol, 1.5 g) and 3,5-bis(decyloxy)phenylbenzaldehyde (28) (7.17 mmol, 3.0 g)
were dissolved in it under argon atmosphere. 1-2 drop of TFA was added and stirred at room
temperature nearly 3-4 h and Argon is removed. After 3-4 h, a solution of DDQ (7.17 mmol,
1.63 g) in 40 ml CH,Cl, was added and stirred for 30 min followed by the addition of 5 mL
EtsN and 5 mL BF;.0OEt,. After stirring 30 min. the resulting mixture was washed three times
with water and dried over Na,SO,4. The solvent was evaporated and the residue was purified

by column chromatography on silica gel using CHCIs as the eluant. Red solid (1.38 g, 30%).

'H NMR (400 MHz, CDCI3): 8y 6.47 (s, 1H ), 6.36 (s, 2H ), 5.89 (s, 2H ), 3.84 (t, 4H,
J=6.50Hz), 2.48 (s, 6H ), 1.70 (m, 4H ), 1.50 (s, 6H ), 1.36 (m, 4H ), 1.19 (s, 24H ), 0.81 (1,
6H,J =6.5Hz).

3C NMR (100 MHz, CDCls): 8¢ 161.3, 155.5, 143.1, 136.4, 131.2, 120.9, 106.5,
102.4, 68.4, 32.0, 29.7, 29.5, 29.4, 29.3, 26.1, 22.6, 14.5, 14.3, 14.0 ppm.

Rz~ NSNS

RO OR
1.TFA, DDQ
sl -

N 2.ET3N, BF;.0Ft,
| DCM at RT

H 0 H

27 28

Figure 28. Synthesis of compound 29
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2.2.2. Synthesis of Compound 30

29 (0.218 mmol, 0.133 g) was dissolved in 250 mL EtOH. To this solution 1, (0.545
mmol, 0.138 g) was added. After 5 min., HIO3 (0.436 mmol, 0.077 g) which was dissolved
in 2mL H,O were added and reaction mixture was stirred at 60°C. The reaction was
monitored by TLC (CHCls). When all the starting material had been consumed, saturated
Na,S,03 solution in water was added and the product was extracted with chloroform. Solvent

was concentrated in vacuo. Red waxy solid (0.26 g, 90%).

'H NMR (400 MHz, CDCls): 8 6.50 (s, 1H ), 6.30 (s, 2H ), 3.84 (t, 4H, J = 6.50 Hz ),
2.58 (s, 6H ), 1.70 (m, 4H ), 1.50 (s, 6H ), 1.3 (m, 4H ),1.2 (s, 24H ), 0.81 (t, 6H, J = 6.5 Hz ).

l2, 103

Ethanol, RT

Figure 29. Synthesis of Compound 30

2.2.3. Synthesis of Compound 32

30 (0.296 mmol, 263 mg) and 5 mL of diisopropylamine were added in 10 mL of
freshly distilled THF in 50 mL Schlenk tube. After 5 min., (PPh3)2PdCI2 (0.0293 mmol, 20.6
mg) and Cul (0.047 mmol, 8.88 mg) were added. After 5 min., 4-t-butyl-ethynylbenzene, 31,
(0.888 mmol, 140.4 mg). Resulting mixture was excessively deaerated by bubbling with
Argon for 40 min. After degassing, the reaction mixture was stirred at 60 °C for 24 h. Solvent

was concentrated in vacuo and the residue was washed with water (100 mL) and extracted
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into CHCI3. The residue was purified by column chromatography on silica gel using 1:1
CHCI3 : Hexane as the eluant yielded the desired product as a violet solid. (347 mg, 80%).

'H NMR (400 MHz, CDCI3): & = 7.53 (4H, d; J = 8.1 Hz ), 7.33 (4H, d: J = 8.1 Hz ),
6.56 (1H, t; J =23 Hz), 6.41 (2H, d: J = 2.3 Hz ), 3.96 (4H, t; J = 6.6 Hz ), 2.71 (6H, s ),
1.83-1.73 (4H, m ), 1.69 (6H, s ), 1.50-1.40 (4H, m ), 1.40-1.30 (24H, m ), 1.25 (18H s ), 0.89
(6H, t; J = 6.9 Hz).

3C NMR (100 MHz, CDCI3): & = 161.3, 158.0, 151.4, 143.5, 142.0, 135.9, 131.1,
125.3, 120.4, 116.5, 108.1, 102.6, 96.5, 80.9, 68.5, 34.8, 31.9, 31.2, 29.6, 29.5, 29.4, 29.3,
29.1,26.0,22.9, 14.1, 13.7, 13.2.

R_
RO OR
= —
/ N\ — Pd(PPhs)QCIz‘CuI‘; \ // \\ — ] = — /—\ /
30 * — Ei,N, Dry THF, / \:/ >;N+‘§’N\< N\ 7/ \
50°C, 1d <w
3 FF
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Figure 30. Synthesis of Compound 32

2.2.4. Synthesis of Compound 35

Argon gas was bubbled through 200ml CH,CIl, for 30 min then 3-ethyl-2,4-dimethyl
pyrrole (8.41 mmol, 1035 mg) and compound 35 (3.5 mmol, 1000 mg) were dissolved in it
under argon atmosphere. 1-2 drop of TFA was added and the solution stirred at room
temperature nearly 3-4 h and Argon is removed. At this point, a solution of DDQ (3.5 mmol,
794.5 mg) in 50 ml CH,CI, was added, stirring was continued for 30 min followed by the
addition of 3 ml EtsN and 3 ml BF;.OEt,. After stirring 30 min. the reaction mixture was
washed three times with water and dried over Na,SO,. The solvent was evaporated and the
residue was purified by column chromatography on silica gel using CHCI;3 as the eluant. Dark
red solid (606.9 mg, 31%).
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'H NMR (400 MHz, CDCls): §=1.0 (t, J= 7.52, 6H), 1.35 (s, 6H), 1.50-1.60 (m, 4H),
1.81-1.92 (m, 4H), 2.3 (q, J= 7.56, 4H), 2.55 (s, 6H), 3.59 (t, J= 6.64 Hz, 2H), 4.05 (t, J= 6.45
Hz, 2H), 7.0 (d, J= 8.56 Hz, 2H), 7.15 (d, J= 8. 56 Hz, 2H).

13C NMR (CDCls, 100 MHz, & ppm) 11.9, 12.5, 14.6, 17.1, 25.4, 26.7, 29.1, 32.5,
44.9,67.9,114.9, 127.8, 129.4, 130.1, 132.6, 138.4, 140.0, 153.5, 159.5

Br
Br
O
0
1.TFA, DDQ
1\ + A et %
N 2.ETsN, BF5.OEt
|[| DCM at RT Nt—,N
~»
o FF
33 34 35

Figure 31. Synthesis of Compound 35

2.2.5. Synthesis of Compound 36

A mixture of compound 35 (1.43 mmol, 800 mg) and NaNj3 (3.576 mmol, 232 mg) in
20 ml DMSO was heated at 100 °C for 2h and controlled with TLC. When the reaction was
completed, water (100 mL) added to the residue and the product was extracted into the
chloroform (3 x 100 mL). Organic phase dried over Na,SO., evaporated and residue was used
without further purification. Dark red solid (702.4 g, 97 %).

'H NMR (CDCls, 400 MHz, & ppm) 8=1.0 (t, J= 7.52 Hz, 6H), 1.35 (s, 6H), 1.50-1.60
(M, 4H), 1.62-1.71 (m, 2H), 1.80-1.91 (m, 2H), 2.3 (g, J= 7.56 Hz, 4H), 2.55 (s, 6H), 3.32 (t,
J=6.64 Hz, 2H), 4.05 (t, J= 6.45 Hz, 2H), 7.0 (d, J= 8.56 Hz, 2H), 7.15 (d, J= 8.56 Hz, 2H).
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3C NMR (CDCls, 100 MHz, & ppm) 11.8, 12.5, 14.6, 17.1, 25.7, 26.6, 28.8, 29,1,
51.4,67.9, 115.0, 127.8, 129.4, 131.2, 132.6, 138.4, 140.3, 153.5, 159.5

MS (TOF- ESI): m/z: : Calcd: 521.3137 [M]", Found: 520.30651[M-H]" , A=1.6 ppm.

Br N3

N3N3

DMF at 100 °C

Figure 32. Synthesis of Compound 36

2.2.6. Synthesis of Compound 37

Compound 36 (0.384 mmol, 200 mg) and 4-Methoxybenzaldehyde, 25, (0.844 mmol,
115 mg) were added to a 100 mL round-bottomed flask containing 50 mL benzene and to this
solution, piperidine (0.3 mL) and acetic acid (0.3 mL) were added. The mixture was heated
under reflux by using a Dean Stark trap and it is monitored by TLC. When all the starting
compounds had been finisheded, the mixture was cooled to room temperature and solvent was
evaporated. Water (120 mL) added to the residue and the product was extracted with
chloroform (3 x 100 mL). The organic phase dried over Na,SO,, evaporated The residue was
poured into 2:1 EtOAc : Hexanes solution and dissolved by heating then it is cooled to 0 °C.
Compound 37 precipitated at that temperature then it was filtered and Compound 37 was

obtained as pure product. Green solid (155.1 mg, 53%).

'H NMR (CDCl3, 400 MHz, § ppm) 1.20 (t, J= 7.46 Hz, 6H), 1.40 (s, 6H), 1.50-1.60
(m, 4H), 1.65-1.75 (m, 2H), 1.85-1.95 (m, 2H), 2.65 (q, J= 7.62 Hz, 4H), 3.35 (t, J= 6.84 Hz,
2H), 3.89 (s, 6H), 4.10 (t, J= 6.40 Hz, 2H), 6.95 (d, J= 8.56 Hz, 2H), 7.05 (d, J= 8.44 Hz,
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2H), 7.23 (d, J=8.44 Hz, 2H), 7.25 (d, J= 16.70 Hz, 2H), 7.62 (d, J= 8.60 Hz, 2H), 7.70 (d, J=
16.70 Hz, 2H).

3C NMR (CDCl3, 100 MHz, § ppm) 11.70, 14.08, 18.40, 25.73, 26.58, 28.82, 29.16,
51.40, 55.39, 67.90, 114.22, 115.00, 118.24, 128.14, 128.76, 129.86, 130.35, 133.34, 133.48,
135.23, 138.15, 138.80, 150.31, 159.54, 160.15.

MS (HRMS-ESI): m/z: : Calcd: 757.397 [M], Found: 757.533 [M-H]", A=197 ppm.

N3

-~

O

AcOH / Piperidine
+
Benzene, reflux
Dean-Stark trap
O H
25

Figure 33. Synthesis of Compound 37

2.2.7. Synthesis of Compound 39

Compound 32 (0.42 mmol, 400 mg) and compound 38 (2.95 mmol, 472 mg) were
added to a 100 mL round-bottomed flask containing 50 mL benzene and to this solution,
piperidine (0.3 mL) and acetic acid (0.3 mL) were added. The mixture was heated under
reflux by using a Dean Stark trap and it is monitored by TLC in Chloroform. When all the
starting compounds had been finisheded, the mixture was cooled to room temperature and
solvent was evaporated. Water (120 mL) added to the residue and the product was extracted
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with chloroform (3 x 100 mL). Organic phase dried over Na,SO., evaporated and residue was
purified by silica gel column chromatography using 3:2 CHCI; : Hexanes as the eluant. Dark
green solid (416 mg, 65%).

'H NMR (400 MHz, CDCls): $=0.88 (t; J = 6.8 Hz, 6H), 1.18-1.32 (m; 28H), 1.35 (5;
18H), 1.55-1.65 (m; 4H), 2.55 (t; J = 2.4 Hz, 1H), 2.60 (t; J = 2.4 Hz, 1H), 3.83 (t; J=6.5
Hz, 4H), 4.70 (d; J = 2.4 Hz, 4H), 4.80 (d; J = 2.4 Hz, 4H), 6.10 (d; J = 16.2 Hz, 2H), 6.61
(d; J =16.2 Hz, 2H), 6.72 (d; J = 2.2 Hz, 1H), 6.89 (d; J = 8.8 Hz, 4H), 7.02-7.10 (m; 8H),
7.42 (d; J=8.7Hz, 4H),7.48 (d; J=8.7Hz, 4H), 7.70 (d; J =8.8 Hz, 4H), 7.78 (d; J =
16.3 Hz, 2H), 7.82 (d; J = 17.0 Hz, 2H), 8.59 (d; J = 16.3 Hz, 2H).

3C NMR (100 MHz, CDCls): 8 =14.1, 22.7, 25.9, 29.0, 29.3, 29.6, 31.2, 31.9, 34.9,
55.8, 55.9, 68.7, 75.6, 75.9, 78.4, 78.5, 85.7, 98.9, 103.2, 108.3, 109.0, 114.9, 115.3, 117.4,
119.7, 120.7, 125.7, 128.0, 129.3, 130.5, 130.9, 131.2, 132.9, 133.7, 136.7, 137.6, 138.8,
142.1,151.7, 153.4, 157.7, 158.6, 161.6.

MS (HRMS-ESI): m/z: : Calcd: 1516.819 [M], Found: 1516.798 [M] , A=14 ppm

AcOH ! Piperidine \

Benzene, reflux /
Dean-Stark trap
R:Decyl

Figure 34. Synthesis of Compound 39
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2.2.8. Synthesis of Compound 40

To the solution of the compound 36 (0.238 mmol, 124 mg) in a 12:1:1 mixture of
CHCI3, EtOH and water (14 ml); compound 39 (0.040 mmol, 60 mg), sodium ascorbate
(0.0237 mmol, 4.7 mg), CuSO, (0.0118 mmol, 2.9 mg) and 3-4 drop Et3N are added and it
was stirred at room temperature for 24 h. Water (50 mL) added to the residue and the product
was extracted into the chloroform (3 x 50 mL). After evaporation of the solvents, the crude
product was purified by column chromatography (CHCIs). Black solid (122 mg, 85%).

'H NMR (CDCls, 400 MHz, & ppm) 0.75 (t, J= 6.76 Hz, 6H), 0.89 (t, J= 8.3 Hz, 24H),
1.05-1.20 (m, 28H), 1.24 (s, 18H), 1.26 (s, 24H), 1.36 (p, J= 8.39 Hz, 4H), 1.43-1.55 (m,
16H), 1.74 (p, J= 7.01 Hz, 8H), 1.92 (p, J= 7.34 Hz, 8H), 2.16-2.26 (M, 16H), 2.44 (s, 24H),
3.75 (t, J= 6.42 Hz, 4H), 3.91 (t, J= 6.24 Hz, 8H), 4.31 (t, J= 6.66 Hz, 8H), 5.14 (s, 4H), 5.22
(s, 4H), 6.00 (d, J= 16.20 Hz, 2H), 6.53 (s, 2H), 6.62 (s, 1H), 6.80 (d, J= 8.64 Hz, 4H), 6.89
(d, J= 8.52 Hz, 8H), 6.96 (d, J= 8.72 Hz, 4H), 6.99 (d, J= 8.64 Hz, 4H), 7.02-7.08 (m, 8H),
7.32 (d, J= 8.60 Hz, 4H), 7.37 (d, J= 8.48 Hz, 4H), 7.52 (s, 2H), 7.56 (s, 2H), 7.58 (d, J=
8.68 Hz, 4H), 7.69 (d, J= 16.12 Hz, 4H), 8.46 (d, J= 16.40, 2H).

(CDCl3, 100 MHz, 5 ppm) 11.88, 12.48, 14.14, 14.21, 14.65, 17.08, 21.07, 22.69,
25.62, 25.66, 25.90, 26.36, 26.41, 28.97, 29.07, 29.12, 29.33, 29.58, 30.24, 30.28, 31.21,
31.90, 50.37, 60.40, 62.21, 62.25, 67.76, 68.66, 98.91, 114.81, 114.95, 115.29, 120.59,
122.44, 122.58, 125.77, 127.77, 127.83, 128.13, 129.32, 129.48, 130.49, 131.20, 132.62,
132.66, 136.66, 137.44, 138.39, 138.44, 138.68, 138.83, 140.31, 140.36, 142.09, 144.06,
153.43, 153.48, 158.43, 159.32, 159.43, 161.61.

MS (MALDI): m/z: : Calcd: 3602.074 [M]", Found: 3711.572 [M-Ag]"
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Sodium Ascorbate
CuS0,4.5H,0

39 * 36

CHCIyEtOH:H,0, RT

Figure 35. Synthesis of Compound 40

2.2.9. Synthesis of Compound 41

To the solution of the compound 37 (0.237 mmol, 335 mg) in a 12:1:1 mixture of
CHCI3, EtOH and water (14 ml); compound 39 (0.0396 mmol, 60 mg), sodium ascorbate
(0.0237 mmol, 4.7 mg), CuSO, (0.0118 mmol, 2.9 mg) and 3-4 drop EtsN are added and it
was stirred at room temperature for 24 h. Water (50 mL) added to the residue and the product
was extracted into the chloroform (3 x 50 mL). After evaporation of the solvents, the crude

product was purified by column chromatography (CHCls). Black solid (144 mg, 80%).
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'H NMR (CDCls, 400 MHz, & ppm) 0.90 (t, J= 6.90 Hz, 6H), 1.18 (t, J= 7.60 Hz,
24H), 1.19-1.30 (m, 28H), 1.37 (s, 18H), 1.40 (s, 24H), 1.41-1.50 (m, 4H), 1.52-1.69 (m,
16H), 1.79-1.90 (m, 8H), 1.95-2.07 (m, 8H), 2.55-2.65 (m, 16H), 3.86-3.90 (m, 28H), 4.09 (t,
J= 6.20 Hz, 8H), 4.42 (t, J= 7.00 Hz, 8H), 5.25 (s, 4H), 5.32 (s, 4H), 6.11 (d, J= 16.13 Hz,
2H), 6.65 (d, J= 2.04 Hz, 2H), 6.75 (s, 1H), 6.92 (d, J= 8.56 Hz, 4H), 6.95 (d, J= 8.84 Hz,
16H), 7.01 (d, J= 8.50 Hz, 8H), 7.06 (d, J= 8.72 Hz, 4H), 7.10 (d, J= 8.00 Hz, 4H), 7.16-7.25
(m, 16H), 7.43 (d, J= 8.52 Hz, 4H), 7.48 (d, J= 8.52 Hz, 4H), 7.59 (d, J= 8.72 Hz, 16H),
7.63-7.74 (m, 16H), 7.78 (s, 2H), 7.83 (s, 2H), 8.58 (d, J= 16.13, 2H).

(CDCls, 100 MHz, & ppm) 11.74, 14.05, 14.16, 18.41, 22.71, 25.62, 25.69, 25.93,
26.32, 26.40, 28.99, 29.14, 29.34, 29.59, 30.22, 30.28, 31.22, 31.92, 34.93, 50.39, 55.43,
62.14, 62.21, 62.26, 67.78, 68.68, 85.74, 98.97, 108.28, 114.25, 114.82, 114.92, 114.99,
115.32, 118.13, 118.23, 119.52, 120.61, 122.49, 122.67, 122.76, 125.77, 128.05, 128.11,
128.16, 128.76, 129.34, 129.87, 130.39, 130.49, 133.22, 133.48, 133.81, 135.34, 138.20,
138.94, 142.13, 144.06, 150.31, 151.82, 153.38, 158.40, 159.17, 159.53, 160.25, 161.69. MS

MALDI: m/z: : Calcd: 4546.409 [M]", Found: 4547.0 [M]
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Sodium Ascorbate
CuSQ0,4.5H,0

37

39

CHCly EtOH:H,0, RT

Figure 36. Synthesis of Compound 41
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CHAPTER 3

RESULTS and DISCUSSION

Scientists make effort to understand and mimic the natural biological processes
because understanding the working mechanisms of biological processes provide scientist to
design and select certain parameters that are tuned to work efficiently under real life
conditions. Photosynthesis is one of the natural processes that is tried to be mimicked by
scientists. Supramolecular systems are being used to function as light harvesting energy
transfer systems because they make photochemical conversion of solar energy.®®®” In light
harvesting systems, there are donor groups that can absorb sunlight at different wavelength
then they transfer absorbed energy to the acceptor group, core, and acceptor emits this energy
at a specific wavelength. As a result sun light energy is concentrated at the core.

In this study, two different light harvesting energy transfer cassettes (40 and 41) were
designed and synthesized. Both energy transfer cassettes make Forster type (through space) of
energy transfer. They have large Stokes’ shift and emit in near-IR region. In the design of
cassettes and selection of donor and acceptor chromophores, spectral overlap of donor
emission and acceptor absorption were taken into account in order to have efficient energy
transfer between donor and acceptor units. Tetra-styryl BODIPY (39) is selected as acceptor
group, core and BODIPY (36) is selected as donor groups at the corners for cassette 1 (40)
(figure 37). For the cassette 2 (41), again tetra-styryl BODIPY is selected as acceptor group
and di-styryl-BODIPY (37) is selected as donor groups at the corners (figure 38). There is an
alkyl chain which has 6 methylene (CH2) units between donor groups and acceptor as spacer
for a bond energy transfer. The difference between two cassettes is in donor groups.
Peripheral BODIPY is donor and it has emission at about 520 nm for cassette 1, distyryl-

BODIPY is donor and it has emission about 650 nm for the cassette 2.
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hv,,. @ 750 nm

Figure 37. Schematic view of energy transfer in Cassestte 1
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Figure 38. Schematic view of energy transfer in Cassestte 2

The reason of such a design is to compare the energy transfer efficiencies in cassette 1
and 2. There is better overlap between donor emission and acceptor absorption in cassette 2
relative to cassette 1, so it is expected to see better energy transfer in cassette two. (figure 39
and 40)
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Figure 40. Emission spectrum of compounds 36, 37 and 39
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BODIPYs in donor and acceptor groups were synthesized using standard BODIPY
reaction procedures, which have an aldehyde and pyrrole in the presence of TFA and DDQ at
room temperature, then the addition of BFs.Et,O and EtsN. The reason for the use of 3,5
dioxy decyl aldehyde is to increase the solubility of BODIPY in organic solvents such as
benzene. To increase the reactivity of 1, 3, 5 and 7 positions of BODIPY for Knoevenagel
condensation reaction, electron withdrawing group is attached to BODIPY via Sonagashira
coupling to synthesize tetra-styryl BODIPY. If decyl aldehyde and electron withdrawing
group are not used in peripheral BODIPY, tetra-styryl BODIPY can not be obtained, instead
of that product, di-styryl BODIPY is obtained because of solubility and reactivity problems.
For tetra-styryl and di-styryl BODIPY which have extended conjugation resulting with the
emission at higher wavelength, Knoevenagel condensation reaction was used. Donor and
acceptor chromophores in cassette 1 and 2 were attached via copper (I) catalyzed click
reactions between azido and ethynyl groups of the compounds. For the characterization of
azide formation with brominated units, *H NMR spectroscopy is used. There is a shift from
83.5 to 3.3 in hydrogens of CH, attached to Br that shows bromo reagent is consumed and
azido product is produced. For click reactions, again *H NMR is used and there is distinct
singlet peak at around 87.6 in *H NMR which is the triazole hydrogen. The structures of other
compounds were characterized by *H NMR, *C NMR and mass spectroscopy (Appendix A
and B).

Photophysical characterization of 36, 37, 39, 40 and 41 (extinction coefficient,
absorbance wavelength and quantum yields) is shown in Table 1. BODIPY has extinction
coefficient of 76000 at 525 nm, di-styryl BODIPY extinction coefficient is 48000 at 650 nm
and tetra-styryl BODIPY has 143000 at 730 nm. Extinction coefficients of cassette 1 are
53000 at 525 nm and 32000 at 733 nm, cassette 2 are 357000 at 655 nm and 175000 at 734
nm. It is seen that as the number of specific BODIPY unit increases, extinction coefficient at

that BODIPY’s maximum absorbance wavelength increases.
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Table 1. Photophysical properties of compounds

Compound | laps D [0)) [0)) Extinction
(M) | 1 (525nM) | lexc(650nM) | lexc(734nm) [cOETiCiENts

36 52 0.97 : : 76000

37 650 |- 0.67 : 48000

39 733 |- : 0.31 143000

40 525 | 0.089 : - 53000
733 32000

41 650 |- 0.058 : 357000
734 175000

Three different reference chromophores were used in quantum yield calculation shown
in Table 2 and these reference chromophores are Rhodamine 6G (488 nm, water),
Sulforhodamine 101 (550 nm, ethanol), tetra-stsyryl BODIPY (730 nm, chloroform).

Quantum vyields were calculated using equation 9 stated in introduction part.

Excitation spectrum of compounds 40 and 41 is shown in figure 41. In this spectrum,
there are two distinct peaks of compounds 40 and 41 at 525 nm, 650 nm and 740 nm. This
proves that there are two individual chromophores in structure of both cassettes and also there

are no ground state interactions between different units of cassettes.
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Figure 41. Excitation spectrum of compounds 40 and 41

Energy transfer characterization can be made by interpreting absorbance and emission
spectrum, comparing relative lifetimes and quantum yields. Representation in figure 37 and
38 show whole energy transfer process in cassette 1 and 2. In absorption spectra of both
cassettes, there are two distinct absorbance peaks indicating that there are two non-interacting
chromophores in each cassette with no-ground state interactions (figure 42 and 44).

Figure 38 shows the absorbance spectrum of peripheral BODIPY, tetra-styryl
BODIPY and Cassette 1 at equally absorbing concentrations. Peripheral BODIPY has
absorption at around 525 nm (black, donor chromophore) and tetra-styryl BODIPY has the
band around 740 nm (blue, acceptor chromophore). Cassette has two distinct absorptions at
around 525 nm and 740 nm (red). Energy transfer between donor and acceptor can be seen in

emission spectrum of equally absorbing 36, 39 and 40 in chloroform.
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Figure 42. Absorption spectrum of compounds 36, 39 and 40

In emission spectrum of cassette 1 (40) excited from peripheral BODIPY at 520 nm, it
is seen that there is a significant quenching of donor emission at around 540 nm and
enhancement in acceptor emission at around 750 nm (Figure 43). In addition to that,
compound 39 excited at 520 nm which is absorbance wavelength of donor group has no
emission at 750 nm. This shows that all increase in emission at 750 nm is coming from energy
transfer from donor groups,. Also, quantum yield of 40 excited from peripheral BODIPY’s
absorbance wavelength decreases significantly from 0,97 to 0,089 which shows that there is
energy transfer from outer BODIPY to core BODIPY (Table 1). Additionally, lifetime of
BODIPY decreased consistently, from 5.02 ns to 0.15 ns which is the other evidence for

energy transfer (Table 2).
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Figure 43. Emission spectrum of compounds 36, 39 and 40

Absorbance spectrum of di-styryl BODIPY, tetra-styryl BODIPY and Cassette 2 at
equally absorbing concentrations is shown in Figure 44. There are two distinct absorption
peaks in spectrum, these are; absorption at around 650 nm (blue, donor chromophore) which
belongs to di-styryl BODIPY and band around 740 nm (black, acceptor chromophore) which
is tetra-styryl BODIPY. Energy transfer between donor and acceptor can be seen in emission
spectrum of equally absorbing 37, 39 and 41. (Figure 45) In emission spectrum of cassette 2
excited from di-styryl BODIPY at 650 nm, it is seen that there is a significant quenching of
donor emission at around 650 nm and enhancement in acceptor emission at around 750 nm
(figure 45). Additionally, compound 39 excited at 650 nm which is absorbance wavelength of
donor group has no emission at 750 nm indicating that all increase in emission at 750 nm is
coming from energy transfer from donor groups, it is not acceptor emission. Also, quantum
yield of 41 excited from BODIPY’s absorbance wavelength decreases significantly from 0.67
to 0.058 which shows that energy transfer from outer di-styryl BODIPY to core tetrastyryl-
BODIPY (Table 1). Lifetime of cassette 2 could not be measured accurately.
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Figure 45. Emission spectrum of compounds 37, 39 and 41
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There are two different approaches to calculate energy transfer efficiency; time-
resolved and steady state approaches. FRET efficiencies given in Table 2 were calculated
using steady-state approach because in time-resolved approach, lifetimes of individual donor
and cassettes are needed. However, lifetime of cassette 2 was not measured accurately. Also,
in steady-state approach, there are no problems associated with inner filter effect and
integration errors giving more accurate results compared to time-resolved approach. FRET
efficiencies of cassette 1 and 2 were calculated as 90 % and 92% (Table 2). Rate constants
were calculated using equation 4 and rate constant is calculated as 1.97*10° for cassette 1 and
for cassette 2, it is 2.05 *10° (Table 2).

Table 2. Lifetimes and FRET efficiencies of compounds

Compound | t(ns) keret(s™) | Errer
(Steady state)
lem(550) | lem(652) | lem(749)

36 5.02 - - - -

37 - 4.55 - - -

39 - - 3.41 - -

40 - - 0.15 1.97*10° | 90 %

41 - - - 2.05*10° | 92 %

In Table 2, it is seen that, cassette 2 has higher energy transfer efficiency and higher
rate constant than cassette 1 as it is expected at the beginning. The reason is that there is better
spectral overlap between donor emission and acceptor absorption in cassette 2 which is the

requirement for Forster-type of energy transfer. Representation of cassettes is shown below.
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CHAPTER 4

CONCLUSION

In this study, two different novel BODIPY-based Forster type light-harvesting energy
transfer cassettess were designed and synthesized. Their fluorescence resonance energy
transfer (FRET) characterization was successfully made using different techniques. FRET

efficiency and rate constant were calculated.

Cassette 1 and 2 were synthesized and characterization of energy transfer between
donor and acceptor chromophores were made using absorbance and emission spectrum,
qguantum yields and lifetimes. FRET efficiency was calculated as 90% for the cassette 1 and
92 % for cassette 2. Also cassettes were compared to each other in terms of efficiency. It is
demonstrated that energy transfer efficiency is higher in cassette that has better spectral

overlap between donor emission and acceptor absorption.

In conclusion, two novel energy transfer cassettes having large pseudo Stokes’ shift
and emissions in near-IR region were revealed to the literature. These light harvesters are
likely to be useful in organic solar concentrators. Further improvement along this line is

expected to yield unimolecular luminescent solar concentrators.
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APPENDIX A

NMR SPECTRA
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Figure 46. 'H NMR spectrum of compound 29
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Figure 47. *C NMR spectrum of compound 29
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Figure 48. *H NMR spectrum of compound 30
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Figure 49.'"H NMR spectrum of compound 32
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Figure 50. **C NMR spectrum of compound 32
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Figure 51. *H NMR spectrum of compound 35
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Figure 52. *C NMR spectrum of compound 35
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Figure 53. *H NMR spectrum of compound 36
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Figure 54. *C NMR spectrum of compound 36
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Figure 55. *H NMR spectrum of compound 37
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Figure 56. *C NMR spectrum of compound 37
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Figure 57. *H NMR spectrum of compound 39
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Figure 58. **C NMR spectrum of compound 39
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Figure 59. 'H NMR spectrum of compound 40
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Figure 60. **C NMR spectrum of compound 40
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Figure 61. 'H NMR spectrum of compound 41
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Figure 62. *C NMR spectrum of compound 41
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APPENDIX B

MASS SPECTRA
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Figure 63. ESI-HRMS of compound 36
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Figure 64. ESI-HRMS of compound 37
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Figure 65. ESI-HRMS of compound 39
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Figure 66. MALDI-MS of compound 40
79



= QnsE ooow 0asE 0a0E Qs GOoE 0051 00T

G
05
00T
OET
ooz
g ;
z\A OJH_,_..,
—-— _,m_,z/ o
v T h
_\\N _ _ FERRQ o
. \ “ ~
e e T S T - _x _ _ | _ i ) L .
LN oon O LR LN B nsE
[l TS O - RS o [P R SR S S, Q\\fﬂ
- [ NS WS WL . W = e i
ey OO - o LN e, g
| ] ﬁ.U_“H..?l,._ o U OO O LN :n,_\ N
— e T T P
— [ O 3 @ B .
O./

Figure 67. MALDI-MS of compound 41
80




