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ABSTRACT

Nowadays, as a result of developing new technologies, the applications of organic
substances utilized in various fields are growing interest. The naphthalene diimides,
due to their excellent electrochemical, thermal and photophysical properties as well
as their excellent light emitting potentials have been intensively investigated as
electronic materials in photonic applications. In addition, naphthalene diimides are

used as potential ligands in biological applications, especially in DNA binding.

In this research, N,N'-bis(2-(4-hydroxyphenyl)ethyl)-1,4,5,8-naphthalenediimide
(HE-NDI) has been synthesized successfully. The structure of product was
characterized and investigated by optical and photophysical properties using FT-IR,

UV-vis and emission spectroscopic techniques.

The HE-NDI has shown high molar absorptivity and fluorescence quantum vyield.
The results have pointed that the HE-NDI is a potential candidate for photonic

application and DNA binding.

Keyword: Naphthalene diimide, Solar cell, Photovoltaic, DNA



Oz

Son zamanlarda, gelisen teknolojiyle birlikte bircok alanda organik maddelere ilgi
artmaktadir. Naftalin diimidler sergiledikleri muhtesem elektokimyasal, termal,
fotokimyasal ve 151k yayan oOzellikleri sayesinde fotonik uygulamalarda organik
madde olarak yogun bir sekilde incelenmektedirler. Bunun yaninda, naftalin
diimidler biyolojik uygulamalarda 6zellikle DNA baglama konusunda potansiyel

ligand olarak kullanilmaktadir.

Bu c¢alismada, N,N'-bis(2-(4-hidroksifenil)etil)-1,4,5,8-naftalindiimid (HE-NDI)
basariyla sentezlenmistir. Sentezlenen maddenin yapisi, optik ve fotofiziksel

ozellikleri FT-IR, UV-VIS ve emisyon teknikleriyle incelenmistir.

HE-NDI yiiksek molar absorplama ve floresan kuantum verimi gostermistir.
Sonuglar HE-NDI'mn fotonik uygulamalar ve DNA baglama igin potansiyel bir aday

oldugunu isaret etmektedir.

Anahtar Kelimeler: Naftalin diimide, Giines pili, Fotovoltaik, DNA.
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Chapter 1

INTRODUCTION

Rylene diimides are important dyes in different aspects of industry. They belong to a
class of polycyclic aromatics with electron—transporting characteristics. Naphthalene
derivatives (NDI) are n-functional conjugated members of the rylene family. They
have excellent photochemical, electrochemical and thermal stabilities [1-2]. The
properties of Naphthalene derivatives are improved by substitution from bay- and
imide positions [3]. Therefore, they are used in Organic Field Effect Transistors
(OFETS), n-type semiconductors, Organic light emitting diodes (OLEDS) and solar
cell applications as electroactive materials. Naphthalene derivatives are also used in
multicolor light harvesting and biological applications, such as DNA-binding [4-8].
The absorbance and fluorescence properties of naphthalene derivatives can be altered
by substitution [9]. N-substitution (imide-substitution) of naphthalene derivatives
controls the solubility, aggregation and intermolecular n-rt stacking of molecules in
the solid state. On the other hand, core (bay-) substitution of naphthalene derivatives
affects optical and electronic properties as well as redox potentials [10]. In addition,
their use in optoelectronic applications are limited since they do not absorb visible
light [11]. The absorption range may increased by extending the conjugation of NDI

from the core substitution with electron donor groups [12].



The solubility of NDI's in common organic solvents is low and limits their
application in solution. Their solubilities can be improved by using long aliphatic
substituents [13]. Brider et.al revealed that NDIs have the capability to bind
deoxyribonucleic acid (DNA) [14]. The redox properties of NDI show strong ability
to reduce and produce anionic radicals. With these properties, NDI's have
interaction with biological molecules and are effective candidates for photodynamic
cancer therapy [15]. G-quadruplex is a specific structure of DNA and NDI
derivatives were used as G-quadruplex ligands with significant cellular toxicity [16].
The consequent delocalized electron system can thermally be stabilized with G-
quadruplex and on the other hand, provides the stacking interactions [17]. On the
other hand, the redox properties of NDI make them a good candidate for solar cell

applications as electron acceptor material [18].

In this thesis, novel naphthalene diimide has been synthesized successfully (Scheme
1.1). The synthesized HE-NDI was characterized by FT-IR, UV-vis and emission

techniques.

0 0O :
N N
HO
a0 ava
o) O

Scheme 1.1: Chemical Structure of N,N’- Bis(2-(4-hydroxyphenyl)ethyl)-1,4,5,8-
naphthalenediimide (HE-NDI)



Chapter 2

THEORETICAL

2.1 Naphthalene Dyes: An Overview

Naphthalene dyes are well known as n-conjugated organic materials. They have high
electrochemical, photochemical and thermal stability as well as molar absorptivities
and light emitting abilities. These properties make them an important candidate for
photonic applications and employed as an organic material in opto-electronic system.
Moreover, they are extensively applied in organic electronic application, for
example, organic light emitting diodes, field effect transistors and optical switches
[19]. They are extensively applied as n-type materials due to a n-n interaction that
supply delocalized electron system via electron affinities of imide groups. As a
result, naphthalene dyes were used as semiconductors with n-type characteristics.
Naphthalene derivatives have weak solubility that could be solved significantly by
N-substitution. Due to the donor-acceptor pairs capabilities of naphthalene
derivatives, they are used in fluorescence resonance energy transfer (FRET) [20].
NDIs have some functional groups that give theme ability to bind with
macromolecules. Carboxyl and amino groups are the most general of these groups.
Naphthelene derivatives are also used in solar cells due to their absorption, emission
and redox capability. In addition, they are used as intercalacting ligands in anticancer
drugs. These small molecule ligands usually stabilize G-quadruplex DNA structure
and even facilitate G-quadruplex formation and thus considered as potent G-

quadruplex ligands. [21].



2.2 An Introduction to DNA

An important characteristic of a DNA molecule is the unique composition of twisted
chains of a double polynucleotide in a double helical form around each other (Figure
2.1). Turning this design by 180°, superficially, the double helical structure remains
the same. This unchanged structure can be explained based on the 2 DNA strands’
complementary essence. Phosphate residues and sugar units made up each helical
backbone of the strands and bases stick inward, which are approachable via the

minor or major grooves.

3 5

: hydrogen bond
: i — base

— sugar-phosphate
backbone

~10.5 base pairs {

A=

1‘ helical turn

—_—y
20 A (2 nm)

Figure 2.1: Schematic representation of a double helical DNA [22].

Nucleotides are the main structure of deoxyribonucleic acids. Nucleotides are made
up of a sugar called deoxyribose, a phosphate, and a base. The sugar is linked to the

base. The structure of sugar and phosphate is presented in Figure 2.2.



OH H

nucleotide(damp)

Figure 2.2: The structure of sugar and phosphate [22].

2'-deoxyribose is the name of the sugar; since it does not have a hydroxyl group at
position 2" (Figure 2.2) and relatively contains two hydrogen atoms. A broad
analysis about the linkage between the base and the 2'-deoxyribose are done. The
elimination of water molecules from the base and the 1° sugar carbon is done which
yields a glycosidic linkage. Nucleoside is the summation of the base and sugar.
Likewise, removing a water molecule between the hydroxyl on the carbon at 5
position of 2'-deoxyribose and phosphate groups generate a phosphomonoester
linkage. Addition of phosphates to nucleosides yields nucleotides. Nucleotide was
produced by glycosidic linkage between the sugar with the base and phosphoester
linkage between the phosphoric acid and the sugar. Bridging is formed when
numerous nucleotides come together, which leads to the formation of a

polynucleotide.

Deoxyribonucleic bases can be classified as follows; pyrimidines and purines. A

(Adenine) and G (guanine) constitute the purine bases while C (cytosine) and T



(thymine) constitute the pyrimidine bases. Figure 2.3 represents some core structures
of the deriving purines, which are a double ring, but pyrimidine just bear one core.
Variations on a single ring lead to T and C as illustrated in the figure. Furthermore,
numbering is visualized on the core structures of purines and pyrimidines
accompanying its numbering format. Glycosidic linkages or bridges attach bases on
to deoxyribose at the N1 position at the core of pyrimidine or on the N9 position on

the purine core.

N S
</ | N adenin
P
N

N
H

CLJ

NH
</ ‘ /L guanin

N
N N NH,
NH,
Xy
| /K cytosine
N o]
RN H

pyrimidine

j i
NH
| thymine

N o}
H

Figure 2.3: The structure of cores of Purine and Pyrimidine bases [23].

Two chains of polynucleotides made up the double helical structure of DNA that is
bridged together by non-covalent, weak linkages between the base pairs. Adenine of
a complimentary strand always bonds with T on another strand; likewise, C always

bonds with G. Opposite bases pairing hold two stranded helical DNA geometries



together. Base pairing is done in this order 5' to 3" of two different strands. An anti-
parallel preference exists between the two strands. This is the consequence of
stereochemistry of A-T and G-C pairing [23-24].

Guanine quadruplex is a tertiary nucleic acid design composed of two or numerous
guanine quartets paired that stack on each other. This design is represented in the

following figure.

N——R

Figure 2.4: The structure of a guanine quartet [25] .

Four guanine bases (G) that linked by eight Hoogsteen hydrogen bridges
(represented in the Figure 2.4 by dotted lines) leads to the formation of a guanine
quartet. M* is a metal ion coordinated to six oxygen atoms of G within a quartet.
Guanine quadruplexes outcome as a result of stacking of numerous guanine quartets
on each other. It is well known that guanine quadruplexes play an essential role in
gene expression regulations and telomeric length maintenance. Telomerase enzyme
functions can be stopped with the creation of a quadruplex at the end of a telomere.

Guanine quadruplex has a completely different structure, as a result of strand



directions, orientation of the loops, and the nature of metal cations which stabilize
the quadruplex. Obviously guanine quadruplexes own unimolecular or bi and
tetramolecular structures. Quadruplex strand orientation can be antiparallel or
parallel in direction. The sequence and length of the intertwining of loops is of great
importance for the creation and initiation of quadruplex structures stabilities.
Diverse conformations of guanine quadruplex can be assumed, although, they share a
unique quartet planar structural feature, which creates a platform to create and
stabilizes the quadruplex via small organic substances which stack at the top of the

quartets [25].

The latter mentioned results by considering the peroxidase-like characteristic of a
hemin-guanine-quadruplex complex. The key focus here is the binding of specific
guanine quadruplex to hemin. The reason is the fact that; the system cannot work if
hemin binds to a sSSDNA and dsDNA nonspecifically and the complexes further exert
peroxidase-like character. m-conjugated cationic molecules e.g. cationic porphyrin
bind with guanine quadruplexes through - 7 interactions with guanine quartets and
through electrostatic interactions with guanine quadruplexes possessing anionic
phosphate groups. Most often, the specificity owns lower quantities due to the
electrostatic interaction, which is similarly reasons of binding non-specificity to
sSDNA and dsDNA. On the other hand, hemin binding specificity in comparison to
guanine quadruplex is remarkably higher. The specificity is for an electrostatic
repulsion between phosphate groups of the deoxyribonucleic acid and the hemin
carbonyl groups which results in the prevention of the hemin bind with dsDNA and
ssSDNA. As a counter reaction to the electrostatic repulsion, the huge hemin n-planar
can create m-m stacking activity with guanine quartets of guanine quadruplex by
neglecting its electrostatic repulsion. In addition, different ligands have been

8



synthesized that contain great m-planar structures and functional cationic groups for
creating stable m-n stacking and electrostatic interactions with G-quadruplex. One of
the most important guanine quadruplex ligands possessing characteristics similar to
TMPyP4 (5,10,15,20-tetra-(N-methyl-4-pyridyl) porphine), which is a cationic
porphyrin derivative made up of 4 pyrrol groups with 4 functional cationic groups.
However, TMPyP4 bears the positive charges mediate in the creation of nonspecific
interactions with dsDNA. Considering the nonspecific binding of dsDNA, there
seems to be a need for a novel model for planning guanine quadruplex ligand with
higher level of selectivity over dsDNA as it is of great importance. A solution to the
problem could be achieved by the creation of functional anionic groups into in the
huge m-planar center which has the capability of performing electrostatic interactions
with phosphate anionic groups on dsDNA. The huge n-planar center increases the
linking of guanine quadruplex and the ©- 7 stacking interactions. Carbonyl groups on
anionic porphyrins, hemin and NMM are appropriate binders to human guanine
quadruplex telomeres possessing high selectivity over dsDNA and ssDNA [26].

These structures are represented in Figure 2.5.

NMM Hemin

Figure 2.5: The structures of NMM and Hemin [26].
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2.2.1 DNA - Binding Interaction

Separation and constitution of non-covalent interactions among various classes of
macromolecules play a major role in the functionality of biological mechanisms.
This phenomenon had been developed through three primary researches. An
engineering combination of X-ray crystallography and genetics grants a coincident
knowledge in regard to the association and structure of sequences of relevant
acceptor ligand mechanisms [27]. Computer simulations and developmental science
of interaction of macromolecules detect numerous varieties of microscopic atomic
forces, bio-membrane probing, magnetique square and hydrodynamic techniques
which lead to the experimental idea about the interaction of ligand-receptor bonding.
Hydrogen bonding, n-n_ interactions, hydrophilic and hydrophobicity are temperature
dependent and extremely weak bonds. Another factor is the steric hindrance that
occur due to interaction between macromolecules and the system. These interactions
are specifically depend on biological procedures relying on identification and
molecular structures events. Binding among the two interacting components is based
on entropy (-TAS) and enthalpy (AH) dependency. This implies the fact that their
identification relies on the identity of the dynamics and structure of each species. It is
completely similar to any spontaneous process in which binding occurs while Gibbs
free energy, AG of binding, is negative as a result of different thermodynamics
driving the alternation of AH to —TAS. Particularly, nuclear magnetic resonance
(NMR), computation, and Isothermal Titrational Calorimetry (ITC) lead to the

appraisal of donations of —TAS and AH in free binding energy [28].
2.3 Naphthalene Dyes for Solar Cells

Nowadays, the various organic materials with the conjugated n-system are designed.

They influence by energy levels including the band gaps unlike alkyl functional

10



groups. Measurements have proved that naphthalene is a line of compounds with n-
type doping characterization. This implies that, n-type semiconductors are materials

with high electron affinity and capability of accepting an electron [29].

The photophysical characterization of a molecular system that is of p- and n- types,
is impressively determined by its environment and these properties do not

belong to the nature of the molecule.

A solvent’s influence is a key functionality that affects the photophysical properties
of the substances, including its operational and processing conditions. P- and n- type
materials demonstrate numerous desirable properties which are specified for organic
electronic applications. A full characterization of a material’s electrochemical,

thermal, photochemical, and optical features leads to the revelation of these

properties.
p- and n-
type organic
material
|
Electrochemical Photophysical
Characterization Characterization
Optical band gaps,
LUMOs, HOMOs, maximum absorption
electrochemical coefficient,
band gaps, redox fluorescence
potentials properties, charge
transfer kinetics

Figure 2.6: Characterization of p- and n-type materials
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Electrochemical characterization of p- and n-type (Naphthalene) materials such as
LUMOs, HOMOs, electrochemical band gaps, and redox potentials creates complete
band structures of materials. This is advantageous in the identification of promising
electron donors, relating to a structure for photovoltaic device designs. One desirable
procedure to determine electrochemical parameters is to record squarewave, cyclic
voltammograms of compounds through the implication of techniques of
voltammetry. The cyclic voltammograms also display the attributed reversibility and

electrochemical stabilities of the material [30].
2.4 Solar Cells

A solar cell is composed of a multi-layered unit that is produced as follows,Plastic or
glass layer coating which serves as a protector to elements.Transparent Adhesive,
this binds the glass and the other parts of a solar cell together. Anti-reflective
covering; that prevents light striking the plate from bouncing off. This creates room
for maximum absorption of energy inside the cell. Front Contact; transmitter of the
electric current. N-type semiconductor; a thin silicon layer doped with phosphorous,
which serves as a better conductor. P-type semiconductor layer; a thin silicon layer

doped with boron to increase its conductivity.

Once the two conductive layers come in contact, a negative charge is created on the
p-layer while a positive charge is created on the n-layer sections. This creates an
imbalanced charge nature at the n-p junction which produces an electric square
between the two layers, that is n- and p- layers. As radiant energy from the sun hits
the electrons in the p-n junction, it gives them energy and pushes them to lose their
host (atoms). The n-layer, which is positively charged, then attracts these electrons

while at the same time the p-layer, which is negatively charged, repels them. A

12



circuit may be formed by connecting a wire to link the two layers (n- and p-).
Repulsion occurs between these electrons as they migrate into the n-layer, resulting
from a push due to the radiant energy. The connected wire serves as a bridge for
electrons to flow from one layer to the other. The flow of electrons creates an electric
current that is evident. The cell’s electric field creates a voltage while the electron
flow creates the current. A product of both the voltage and current generates power

[31].

anti-reflection coating sunlight

transparent adhesive

front contact
cover glass current ——

n-layer semiconductor J/Z
p-layer semiconductor back contact

Figure 2.7: Concept of solar cells [32]

Lp-n junction

Unlike p-types, less amount of development is witnessed in n-type organic materials.
They are different from their molecular designs with the p-type semiconductors. In
molecular design focus, designing a material with electron poor characterization (e.g.
NDI) are difficult in comparison to designing an electron rich (p-type) materials.
Earlier n-type materials have shown undesirable properties such as poor stabilities in
light, trouble in synthesis, and poor solubility. This motivated researchers on the
production of high performance materials for applications in organic devices. A great
number of materials are employed as n-type substances in photovoltaics device such

as polymers. The base of these polymers are hydrocarbons with electron-

13



withdrawing functional groups such as nitro or cyano groups, the most popular

fullerene, perylene, and naphthalene derivatives [32].

14



Chapter 3

EXPERIMENTAL

3.1 Chemicals and Instruments

3.1.1 Chemicals

1,4,5,8-napthalenetetracarboxylic dianhydride, tyramine, zinc acetate, m-cresol and
isoquinoline were bought from Aldrich, a Company in Germany. The chemicals
bought were in their purified state. Common organic solvents were distillated with
respect to standard literature procedures [3-4]. As concerned with spectroscopy,
spectroscopic solvents of pure grades were used directly.

3.1.2 Instruments

Ultraviolet Absorption Spectra

Varian Cary-100-Spectrometer was used to measure ultraviolet spectra in solutions.

Infrared Spectra
An infrared spectra was obtained from JASCO FT-IR-6200 Spectrometer by using

solid KBR pellets.

Emission Spectra
Varian-Cary-Eclipse-Fluorescence spectrometer was used to study the emission

spectra and fluorescence quantum yield of the synthesized compounds.

15



3.2 Synthetic Method of Naphthalene-imide ligands

The  synthetic  method of  N,N’-Bis(2-(4-hydroxyphenyl)ethyl)-1,4,5,8-

naphthalenediimide (HE-NDI) is shown in Scheme 3.1.

The product was synthesized successfully according to our procedure described in

literature [3].

m-cresol
+ -
isoquinoline

OH

Scheme 3.1: Synthetic route of HE-NDI.
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3.2.1 Synthesis of HE-NDI

A~ I
(0 (0

A suspension of NDA (1.003 g, 3.74 mmol), Tyramine (1.286 g, 9.37 mmol), and

Zinc Acetate (0.828 g, 3.77 mmol) in solvent mixture (m-cresol and isoquinoline,
40:10) was stirred under argon atmosphere at room temperature. The reaction
mixture was further stirred at 80 °C for 1 hour, 180 °C for 3 hours and 200 °C for 4
hours. The reaction mixture was allowed to cool to room temperature and poured
into 500 mL ethanol. The product was treated with ethanol in a Soxhlet apparatus for

24 hours in order to remove the zince acetate and high boiling solvents.

Yield: 92.40% (1.750 g); Color: yellow, Melting point > 300°C

FT-IR (KBr, cm™): v = 3345, 3068, 3022, 2975, 1700, 1655, 1583, 1511, 1456,
1372, 1335, 1261, 1224, 1168, 1112, 1016, 890, 834, 760, 573, 524.

UV-Vis (DMF) (hmax / nm (gmax L.mol™*.cm™)): 343 (70000), 360 (110000), 381
(120000).

Fluorescence (DMF) (Amax nm): 534, 564; ®; = 0.30

17




3.3 General Reaction Mechanism of Naphthalene Dyes

Step 1:
Nucleophilic attact ® o
RNH, :('|)°=
(0] o O
O\C/QC/ \(lj C/
RNH,
Q0 - — QO
/—\y[‘lz
/C\O/C\O Nucleophilic attact /C C\
0 o” | | So
RNH, O
@ ©
Step 2:
Proton abstraction
OH/\
5 ®1|\JHR :(’|5=90 O\’THR ?io
N 7
\C C/ C C
e —
C C
C
o (|: | No o7 | |\
®NHR O:@ :NHR OH

Proton abstraction
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Step 3:

. @
:NHR [OH l|\IHR I|\IH2R
0} 0 0] o}
\C|f </NUC\1eophi]ic attact \C C/
RNH, o
2 HO:
+ —S . + -
Rl\:IHz
/| ?<\Nu£ophilic attact 4 (|3\
O 0} O O
:NHR { OH NHR  NH;R
. @
Step 4 :
H
Proton . .
NHR ngR abstraction o THR THRO
o} (0]
\(': | N ”
9
HO:
+ Emm— O +  2H,0
C c A ‘N
O | | \O Proton 0 | ‘ o
NHR gTHR abstraction I\_IHR NHR
H
Step 5:
proton abstraction
(KJHR <:| T{
0 0
\c)/'/ C/ = O\C/N\(/
N =
2
Q0 - — Q0 A,
2 NHR
o r\?\o AN o/C \Tl\l/c\o "
H
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Step 6 :

AN ° AN
2 ® '/NEIHR — 2 +  2RNH,
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Chapter 4

DATA AND CALCULATION

4.1 Fluorescence Quantum Yield ()

Fluorescence is the major radiative procedure that the deactivation of energy happens
through emission of a photon. Lossing of energy like heat to the surrounding is

related to non-radiative procedure.

The fluorescence quantum yield of HE-NDI was calculated by using the equation 4.1

give bellow.

ny

2
@ (U) = 22 5 2o [ 2] g (Eq.4.1)

Ay Sstd Ngtd

®¢(U) : Fluorescence quantum yield of unknown

Asig - Absorbance of the reference at the excitation wavelength
A, : Absorbance of the unknown at the excitation wavelength
Ssta - The integrated emission area across the band of reference
Su: The integrated emission area across the band of unknown
Nsa - Refractive index of reference solvent

ny : Refractive index of unknown solvent

dgq : Fluorescence quantum yield of reference
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@ of HE-NDI in DMF:

Anthracene was used as reference in measurements (Amax = 360 nm, @ = 0.27) [3].

®¢q = 0.27 in ethanol

Agg =0.1022
v =0.11
Sy =4551.87

Ssta = 4200.55

Nseg = 1.3617
n, =1.428
0.1022  4551.87 1.428 12
CDf = [ ] X 0.27
011 ~ 420055 l1.3617

@ =0.30

4.2 Molar Absorption Coefficients

The molar absorption coefficients were calculated through the equation 4.2 known as

Beer-Lambert Law.

Where

E€max — % (Eq42)

emax . Molar absorption coefficient at concentration of 1x 10° M

A : Absorbance
| : Cell length

¢ : Concentration in mol.L*
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€max Of HE-NDI in DMF:

Absorbance

1.2
LOL
OB:
056
OA:

0.2-

381

0.0
300

1.1927

€max

" 1x1075M X 1cm

350

400

Wavelength / nm
Figure 4.1: Absorption Spectrum of DMF in 1x10° M

= 119270 L.molt.cm™

450

Table 4.1: Molar absorptivity data of HE-NDI in DMF and CHL

Solvent  Concentration Absorbance  Amax(NM)  emax(L.mol™.cm™)
DMF 1 x107°M 1.1927 381 119270
CHL 1 x107°M 0.7178 381 71870
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4.3 The Half-width of the Selected Absorption (Av/,)

1.2 381
360 Amax =381

1.0 4

0.8
343

0.6

0.4- M i

Absorbance

0.2

0.0 r r
300 350 400 450

Wavelength / nm
Figure 4.2: Absorption Spectrum of HE-NDI in DMF for the Half - width calculation

AB1p =) - D) (Eq.4.3)
M =369 nm

10 °m 100 cm
369 nm X X =3.69 x 1075cm
1nm 1m

1
1= —— = 27100.27 cm™
M 3.69%x1075cm

1_)|:

A= 389 nm

10 % m 100 cm
389 nm X X = 3.89x 107>cm
1nm 1m

1
oy = — = 25706.94 cm™
3.89 X 10~ 5cm

Abyjp = By - © = 27100.27 — 25706.94 = 1393.33cm™
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Table 4.2: Half-width data (Avy2) of HE-NDI in DMF and CHL

Solvent Amax M M1 DI(Cm-l) D[I(Cm-l) AV 1/2(Cm-1)
DMF 381 369 389 27100.27 25706.94 1393.33
CHL 381 369 387 27100.27 25839.79 1260.48

4.4 Theoretical Radiative Lifetimes (o)

1o Was calculated using the equation 4.4 shown below [33].

3.5 x 108

_2 -
Umax X €max X AVq1/2

To —

Where
To: Theoretical radiative lifetime in seconds

Dmax : Wavenumbers in cm™

(Eq.4.4)

€max - The maximum extinction coefficient at the selected adsorption wavelength

Abyp : Half-width of the selected absorption in units of cm™

To0f HE-NDI in DMF :

Amax = 381 nm
107 %m 100cm
Amax = 381nm X X = 3.81 x 10"5cm
1nm 1im
_ _ 1 1 — -1
Omax = = 26246.71cm

Amax 3.81X 1075 cm

max = (26246.71 cm™1)% = 6.889 x 108cm™

3.5x108
T0= —— — = 3.0572 x 10~
6.889 X 10°cm™4 X 119270 X 1393.33 X cm
o 1ns
70 =3.057 X 107’sec X ———— = 3.06 ns
107 9%sec
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Theoretical radiative lifetimes calculated in DMF and CHL were tabulated in Table

4.3.

Table 4.3: Theoretical radiative lifetimes of HE-NDI in DMF and CHL

Solvent  Amax  emax(L.moltcm™) % (Cm™®)  ADp(em™) 1o (ns)

DMF 381 119270 6.889 x 10°  1393.33 3.06
CHL 381 71870 6.889 x 10°  1260.48 5.61

4.5 Theoretical Fluorescence Lifetime(ts)
7 value of HE-NDI was calculated using the equation 4.5 shown below [33].
T = Tg. D¢ (Eq.4.5)
Where
¢ . Fluorescence lifetime (ns)
1o . Theoretical radiative lifetime (ns)
@; : Fluorescence quantum yield
7¢ of HE-NDI in DMF:
T =To. Pf
1 = 3.06 ns X 0.30 = 0.92 ns

4.6 Theoretical Fluorescence Rate constant (ks)

ks value was calculated via Turro’s equation 4.6 shown below.
ki = — (Eq.4.6)

Where
ks : Fluorescence rate constant (s™)

1o . Theoretical radiative lifetime (s)
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ki of HE-NDI in DMF:

1

“30ex100 X

ke

The theoretical fluorescence rate constant of HE-NDI in DMF and CHL were shown

in Table 4.4.

Table 4.4: Fuorescence rate constants results for HE-NDI in DMF and CHL

Solvent 7o (NS) ke (s
DMF 3.06 3.27 x 10°
CHL 5.608 1.78 x 108

4.7 Oscillator Strengths ()
The f value of HE-NDI was calculated using the equation 4.7 shown below [33].
f =4.32 x 107X AD1,X £max (Eq.4.7)
Where
f . Oscillator strengths
Ab, : Half- width of the chosen absorption in unit of cm™
emax . The maximum extinction coefficient in L. mol*.cm™at the maximum
absorption wavelength (Amax)-
Oscillator strengths of HE-NDI in DMF:
f =4.32 x 10X AD 1,X €max

f =4.32 x 107 x 1393.33 x 119270 = 0.72
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The oscillator strengths of HE-NDI in DMF and CHL were shown in Table 4.5.

Table 4.5: Oscillator strengths of HE-NDI in DMF and CHL

Solvent emax (L.mol™.cm™) ADy, (cm™) f
DMF 119270 1393.33 0.72
CHL 71870 1260.48 0.39

4.8 Singlet Energy (E)

Es of HE-NDI was calculated in DMF and CHL using the equation 4.8 shown below
[33].

_2.86 x10°

Es (Eq.4.8)

Amax
Where
Es : Singlet energy in kcal mol™
Amax : The maximum absorption wavelength in A
E;of HE-NDI in DMF:

286 x10°

Amax = —————— = 75.06 kcal mol™
max 3810

Table 4.6: Singlet energy data of HE-NDI in DMF and CHL

Solvent Amax (NM) Es (kcal mol™)
DMF 381 75.06
CHL 381 75.06

4.9 Optical Band Gap Energies (Eg)

Egy value of HE-NDI was calculated in DMF and CHL using the equation 4.9 shown

below.

28



_1240evnm

(Eq.4.9)

Where
Eg : band gap energy in ev
A : cut-off wavelength of the absorption band in nm and acquired by tracing the line

of the maximum absorption band to zero-absorbance as representation in Figure 4.3.

E, of HE-NDI:

: 1240ev nm

9= = 3.155ev
393 nm

1.2
1.0-
0.8-.
0.6-

0.4

Absorbance

0.2

0.0 T T T T ;
300 350 \400 450
Wavelength /'nm
Figure 4.3: E4 calculation from the Absorption Spectrum of HE-NDI in DMF

Table 4.7: Optical Band Gap Energies for HE-NDI in DMF and CHL

Solvent cut-off wavelength Eq (ev)
DMF 393 3.155
CHL 388 3.195
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Chapter 5

RESULT AND DISCUSSION

5.1 Synthesis of the Designed Naphthalene Dye

The novel naphthalene diimide, N,N’-Bis(4-hyroxyphenyl)-1,4,5,8-naphthalene
diimide (HE-NDI) was successfully synthesized as shown in Scheme 3.1. The
naphthalene  diimide was synthesized in one step from 1,4,58-
naphthalenetetracarboxylic dianhydride and Tyramine in isoquinoline and m-cresol

solvent mixture. The compound was characterized with FT-IR spectroscopy.
5.2 Solubility of HE-NDI

Depending on the substituent nature of naphthalene dyes, their solubilities may
change [3]. HE-NDI is completely soluble in polar aprotic solvent like
dimethylformamide (DMF). On the other hand, it is partialy soluble in nonpolar
solvents like chloroform (CHL). The better solubility of synthesized naphthalene
diimide in DMF can be assigned to higher polar characteristic of HE-NDI. The Table

5.1 shows the solubility of HE-NDI.

Table 5.1: The solubility of HE-NDI in DMF and CHL

Solvent Solubility
DMF (+ +) / Dark yellow
CHL (—+) / Light yellow

(+ +): Completely soluble at RT, (- +): Partly soluble
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5.3 FTIR Characterization

The FT-IR spectrum recorded of synthesized HE-NDI was shown in Figure 4.4. The IR
spectrum of HE-NDI shows all the functional groups that confirms the structure of

the compound.

From the FT-IR spectrum of Figure 4.4, O—H stretch at 3345 cm™. Aromatic C—H
stretch at 3022 cm™and 3068 cm™, aliphatic C—H stretch at 2975 cm™, imide C=0
symmetric and asymmetric stretch at 1700 cm™ and 1655 cm™ , conjugated C=C
stretch at 1583 cm™, C-N stretch at 1456 cm™, C-O stretches at 1016 cm™ and
Aromatic C—H bending at 760 cm™and 834 cm™ respectively. All of the above
mentioned peaks confirm the structure of synthesized HE-NDI.

5.4 Optical Properties

5.4.1 Analyses of UV-vis Absorption Spectra

Figures 4.5, 4.6 and 4.7 display the UV-vis absorption spectra of HE-NDI in two
solvents. Figure 4.5 illustrates the absorption spectra of HE-NDI in DMF with three
maximum absorption peaks at 343, 360 and 381 nm and the maximum absorption
coefficient (ema) of 119270 L.mol™ cm™. These three maximum absorption peaks are
relevant to m-m interaction characteristic of HE-NDI. Figure 4.6 shows three
maximum peaks in chloroform at 343, 360 and 381nm and also one extra peak
compared to spectrum in DMF at 407 nm which can be ascribed to intermolecular
interaction of HE-NDI in chloroform due to formation of aggregation. Moreover,
Figure 4.7 demonstrates absorption spectrum in chloroform after micro filtration. As
shown in the absorbtion spectrum, the fourth peak at 407 nm is not observed. This
explains the aggregation in CHL. The molar absorption coefficients of HE-NDI in

two solvents at 381 nm was reported in Table 4.1. The high molar absorptivity of
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conjugated compound explain the high absorption capacity due to the intense n-n"
transition in the UV-vis region. The high molar absorptivity of compound (emax =
119270 L.mol™ cm™) at 381 nm in DMF is due to better solubility of HE-NDI in
polar aprotic solvents compare to nonpolar solvent, chloroform.

5.4.2 Analyses of Fluorescence Spectra

All the emission spectra of HE-NDI were taken at excitation wavelength (Aeyc) of 360 nm
and represented in Figures 4.8 and 4.9. The emission bands in DMF show one peak at
403 nm (Figure 4.8). Furthermore, the emission bands in CHL display two bands at 417
and 438 nm, respectively (Figure 4.9). Red shifted emissions can be seen from the
emission spectra of HE-NDI in CHL solvent compared to the spectrum in DMF solvent.
The relative fluorescence quantum yields were determined in DMF by using the
anthracene as a standard (Equation 4.1). The fluorescence quantum yields of synthesized
compound is measured as 0.30 in DMF. It is noteworthy that the fluorescence quantum
yield of naphthalene dyes are generally less due to inter system crossing [6-7].

Additionally, the great Stoke shifts were observed in CHL solvent (Figure 4.12).
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Chapter 6

CONCLUSION

The project is focused on the synthesis and characterization of novel N,N—bis(4-
hyroxyphenyl)-1,4,5,8-naphthalenediimide (HE-NDI) for photonic applications and

DNA bindings.

HE-NDI dye was synthesized successfully with high yields and its structure was
confirmed by FT-IR spectroscopy. In order to explore their potential applications, a

detailed characterization of optical and photophysical properties were performed.

HE-NDI was completely soluble in dimethylformamide (DMF). However, partially
soluble in chloroform (CHL). The better solubility of synthesized naphthalene

diimide in polar aprotic solvents assigned polar characteristic of HE-NDI.

The absorption spectra of HE-NDI in DMF and CHL showed three characteristic
maximum absorption peaks at 343, 360 and 381 nm. The fourth peak in CHL

belongs to aggregation.

The high molar absorptivity of compound (emax = 119270 L.mol".cm™) at 381 nm in
DMF is resulting from strong inter and intramolecular interactions due to polar

nature of DMF.
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The emission band in DMF display one paek at 403 nm. Furthermore, the emission
bands in CHL for HE-NDI are 417 and 438 nm, respectively (Figures 4.10). Red
shifted emissions can be seen from the emission spectra of HE-NDI in CHL solvent

compared to the DMF solvent.

The fluorescence quantum yield of compounds is calculated as 0.30 for HE-NDI in

DMF.

Future Work

Finally, as mentioned in these studies the HE-NDI has the capability to bind
deoxyribonucleic acid (DNA). The future work of this research is based on
interacting of compound with DNA and therefore the application of HE-NDI in

photodynamic cancer therapy.
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