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ABSTRACT

Naphthalene diimide-based polymers used as acceptors in organic photovoltaic cells
due to their perfect thermal, chemical, and photochemical stability and high electron

affinity.

In the present study, a novel naphthalene polymer (TANPI) was synthesized by
polycondensation of 1,4,5,8-naphthalene tetracarboxylic dianhydride (NDA) with
hindered aromatic diamine, 2,4-diamino-6-phenyl-1,3,5-triazine in isoquinoline and
m-cresol solvents mixture and under argon atmosphere. The synthesized product
purity was confirmed using elemental analysis, IR and UV-vis spectroscopy.

The product TANPI is soluble mainly in polar solvents such as pyridine, NMP,
DMF, DMSO, m-cresol and TFAC in brown colour. The product was insoluble in

polar protic solvents such ethanol and methanol.

The optical properties for the polymer were investigated using absorption and
emission spectrophotometric measurements. Observed different properties indicate
different intermolecular interactions in different solvent which can be important in
photonic applications. It is important to note that, excimer emission were observed in

pyridine, NMP, DMF, DMSO, m-cresol and TFAC with long Stoke Shifts.

Fluorescence quantum yields in different solvents were determined using anthracene

in ethanol as standard (NMP: 2%, DMF: 5% and DMSO: 1%).

Keywords: Naphthalene polymers, hindered diamine, photonics, solar cells.
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Naftalen diimid esasli polimerler termal, kimyasal ve fotokimyasal kararliliklar1 ve
yiiksek elektron ilgileri nedeniyle Organik Fotovoltaik Hiicrelerde -electron

akseptorler olarak kullanilmaktadirlar.

Bu ¢alismada, ,1,4,5,8-naftalen tetrakarboksilik dianhidrit (NDA) ve engelli diamin
2,4-diamino-6-fenil-1,3,5-triazin  kullanim1 ile isokinolin ve m-kresol ¢ozgen
karisiminda yeni bir naftalen polimeri, argon atmosferinde sentezlenmistir (TANPI).
Sentezlenen tirlinlin saflig1 elemental analiz, IR ve UV-vis spektroskopi dl¢limleri ile

dogrulanmistir.

Sentezlenen polimer NMP, DMF, DMSO, m-kresol ve TFAC gibi polar ¢ézgenlerde
kahve renkte ¢oziinmektedir. Uriin etanol ve methanol gibi polar protik ¢dzgenlerde

ise ¢oziinmemektedir.

Polimer firtiniiniin optik 6zellikleri absorpsiyon ve emisyon spektroskopik dl¢timleri
ile arastirllmistir. Gozlenen farkli 6zellikler degisik ¢cozgenler icerisinde molekiiller
arast iligkinin farkli oldugunu isaret etmektedir. Bu 6zellikler fotonik uygulamalar

icin 6nemli avantajlar sagliyabilecek niteliktedir.

Piridin, NMP, DMF, DMSO, m-kresol ve TFAC ¢6zgenlerinde alinan emisyon
spektrumlarinda ekzimer emisyonu ve uzun Stoke Shift gozlenmis olmasi onemli

bulgulardir.



Fluoresans kuantum verimler degisik ¢ozgenler icerisinde antrasen (etanolda)

standardina gore 6l¢iilmiislerdir (NMP: 2%, DMF: 5% and DMSO: 1%).

Anahtar kelimeler: Naftalen polimeri, engelli diamin, fotonik, solar hiicre.
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Chapter 1

INTRODUCTION

From the last century, the interests of scientists have been captured towards the
discovery of the concept of matters that are optically and spectroscopically active.
Areas such as physics, chemistry, medicine and biology have witnessed
unprecedented advancement with a continuing progress scientifically and

technologically.

A cyclophane are known to consist of an aromatic ring and an aliphatic chain,

forming a bridge at two positions of the aromatic unit [1] (Figure 1.1).

4 )

Aromatic core

Aliphatic bridge

CH, |7

\_ J

Figure 1.1: Cyclophane Based on Cram, Schubert, and Smith.

The field of supramolecular chemistry has kept the interest in cyclophanes due to
their applicability in photonic devices [2]. Additionally, naphthalene diimides (NDIs)
have been biologically and medically as well as in supramolecular chemistry. NDI’s

investigated for biological and supramolecular aspects applications as laser dyes,



structural models for photosynthetic reaction centers and DNA intercalators have

also been reported [3].

1, 4, 5, 8-naphthalene tetracarboxylic diimides (NDIs) are planar and heteroaromatic
compounds which act as acceptors and linker in electron transfer system (Figure 1.2)
[4]. Applications of NDIs in optical and electronic devices have been investigated
due to their promising n-type semiconducting properties [5]. Notably, the NDlIs have
shown outstanding photochemical and electrochemical properties [6]. They form
triplet state efficiently and generate singlet state oxygen in high yields. They undergo
two reversible and electrostable reduction processes to produce monoanions and
dianions. Electrochemical properties of NDIs make them attractive for conducting

materials and other optical devices [2].

In general, NDIs are soluble in low-polar (CHL, DCM, Toluene) and polar-aprotic
(DMF, DMSO) organic solvents [2]. Scientists have studied the intercalation of
diimides into DNA which have given more insight into explanation of photoinduced
charge separation and recombination processes [7]. In general, the m —  formed due
to the planar structure reduce the solubility. On the other hand, different kinds of

intermolecular interactions could generate various important optical properties [8].

Recently, scientists have been involved in the investigations on the supramolecular
properties of Naphthalene diimides (NDIs) cyclophanes. The investigation of
aromaticity of strained cyclic compounds and their electronic interactions were a

challenge for researchers [9-10].



In supramolecular chemistry, structural building blocks are being assembled into
regular arrays with new properties that could improve our knowledge on non-
covalent interactions. NDIs undergo many effective host-guest interactions
depending to their chemical structures (donor — acceptor moieties). NDIs with
electron donor moieties are capable of making face to face intermolecular
interactions. Further, the naphthalene diimides properties in intercalation, catenanes,
rotaxanes, ion channel and foldamers have been investigated in detail in literature

[11-12].

The cyclic compounds with aromatic rings as part of the cycle studied for new
receptor designs. Metacyclophane and paracyclophane were the simplest
cyclophanes (Figurel.3). Furthermore, the commercially available paracyclophanes
could be additionally functionalized through its aromatic core [13]. The properties of
these cavities such as shape, size, charge, hydrophobicity become synthetically
tunable [2]. In the past decade, several cyclophanes with guest molecules in their
cavities have been reported. The interaction between “face to
face” organized chromophores,  with relation  tothe space and orientation to
cyclophanes has been studied in detail for paracyclophanes, pyrenophanes and

donor-acceptor cyclophanes [14].

The chemical and photochemical properties of several nitrogen-bridged cyclophanes
have been investigated [15]. Many properties of them were of affected by their rigid
structure [16]. Their optical properties have attracted significant attention in view of
their applications. They show lower excited energy state comparing their ligands. In
general, the electron transfer properties of cyclophanes are investigated via

photoelectron spectroscopy (PES), cyclovoltammetry (CV), ESR, UV/VIS and



emission spectra [17].

In this project, we have designed and synthesized a novel polymer based on the
1,3,5-triazines (Figure 1.4). The product was characterized and its optical and
photophysical properties were investigated in detail. Expectively, related diimide
product was obtained but could not be characterized completely due to its limited

amount (Figure 1.2).

)

0 0

v \y NJ_ .
. 4

H,N 0 0 NH,

_____

Figure 1.2: N, N-Di (2-Amino-4-Phenyl-1, 3, 5-Triazine)-1, 4, 5, 8 Naphthalene

Tetracarboxylic Diimide
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Figure 1.3: Para-Cyclophane
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Figure 1.4: Naphthalene-1, 4, 5, 8-Tetracarboxylicacid-bis - (N, N"- bis -6-Phenyl-1,
3, 5-triaznylpolyimide)




Chapter 2

THEORETICAL

2.1 Naphthalene Dyes in Applications

Recent developments have shown tremendous advancement in the applications of
naphthalene dimides (NDIs), especially in the field of supramolecular and material
science [18]. Several many applications have been extensively studied by the
functionalization of the naphthalene dimides through nitrogen atom [19]. In
supramolecular building block-structures, naphthalene dimides (NDIs) act as redox

active compounds for which scientists have been inspired to explore further [20].

Naphthalene dimides (NDIs) are easily and reversibly reducible because of the
presence of carbonyl groups. Most of the simple NDIs derivatives have planar
aromatic structure [21]. Nanorods obtained from amino acid containing NDIs
through hydrogen bonding have been reported in literature. Their electron accepting
properties and excellent photo and thermal stabilities make them attractive for
photonic applications [22]. They have been investigated as rigid molecular cleft as

linkers in electron-acceptor systems for DNA intercalators as UV absorbents [23-24].

Furthermore, their applications in organic solar cell systems studied (Figure 2.1)
[25]. Biotechnologically the photolysis of naphthalene dimides (NDIs) have been

utilized for heme protein, and used in the oxidation of protein and DNA [26].



Figure 2.1: Application of Naphthalene Dyes in Organic Solar Cell



2.2 Fluorescence Resonance Energy Transfer (FRET)

Fluorescence resonance energy transfer (FRET) depends on distance. FRET is the
radiationless transmission of energy from a donor molecule to an acceptor molecule.
An excited donor molecule transfers its energy to an acceptor molecule via

nonradiative transmission (Figure 2.2) [27].

Acceptor

OV\
A

A

g

Energy transfer

-

Absorption
0UISAION[J

Figure 2.2: Jablonski Diagram Illustrating the FRET

The distance donor and acceptor molecules and donor emission and acceptor
absorbance overlap are important factors for a successful fluorescence resonance

energy transfer process [28].

Columbic (long range) or Dexter (short range) types energy transfers are possible.
Evidently, both kinds of energy transfers are always both present. In general, Forster
type energy transfer dominates for the distances (1-100 nm), while Dexter energy

transfer taken over only at shorter than 1 nm distances (Figure 2.3) [29].



DEXTER MECHANISM

FORSTER MECHANISM

O
L2
A

Figure 2.3: Energy Transfer According to Dexter and Forster Mechanism

2.3 Electron Transfer

The transfer of an electron from an electron donating specie (donor) to an electron

accepting specie (acceptor) is known as electron transfer (ET) process [30].

hv
D + A — D" + A
excitation
* electron transfer L. .
D + A » D7+ A

Electron transfer can be explained by Marcus theory [36]. The rate of the electron
transfer in reactions could be calculated according to Marcus theory, using the
driving force of the reaction (-AG°®), the reorganization energy which is associated
with the unclear rearrangement upon electron transfer (A) and electronic coupling

matrix between donor and acceptor (Vpa) are known (Eq.2.1) [31].

— (—(AG°+ m)
= _ 4-).KBT
Kgr /hzl kgT Vpa exp (Eq.2.)



There are two mechanisms in order to explain electron transfer over long range
between donors and acceptors. When the electron moves in series of shorter electron
transfer steps while reduction and oxidation of the bridging units occurs transiently,
this is known as electron hopping. During charge transport bridging unit should have

reduction potentials.

According to the second mechanism McConnell super exchange, electron donor and

acceptors are mediated via coupling of the bridging units (Figure 2.4) [32].

/ Electron transfer \

hv

S Pt

O O

Bridge through space pathway
Donor Acceptor

o J

Figure 2.4: Donor-Bridge-Acceptor Model Systems

During electron transfer reactions, quenching (the deactivation of an excited state
through a non-radiative process) generates radical ion pairs (charge transfer complex,
Figure 2.5). This is usually from an occupied orbital of a donor to unoccupied orbital

of an acceptor [33].

10



Q Q0
. - \
@) Q
9 [e]e}
o o —
T >
D" A

Figure 2.5: Quenching by Electron Transfer Due to Charge Transfer Complex

According to photo-oxidation studies, electron transfer processes are initiated
through excited states (singlet or triplet excited states). Hence, movement of
electrons (intramolecular and intermolecular charge transfer interactions) occurs in
donor and acceptor chromophores on a same compound [34].

2.4 Supramolecular System

Self-organized systems that results from the association of two or more molecules
held together by intermolecular forces (non-covalent bonds) are known as

supramolecular systems (Figure 2.6) [35].

Covalent interactions

Atoms »  Molecules

Non-covalent interactions
Molecules » Supramolecular

Recently, the fields of supramolecular chemistry have been developed exponentially.
Novel structures could be prepared by using weak intermolecular interactions
involving Vander Waals, m-m stacking, hydrogen bonding and dipole-dipole

interactions [36].

11



Figure 2.6: Supramolecular Assemblies of Non-Covalent Bonds

The aromatic NDI chromophores are well known for their important photonic
properties [37]. Their applications in supramolecular systems are well described in
literature. The controls of complex supramolecular molecules are formed by self-
assembly [38]. Since most non-covalent interactions are relatively weak, without
much activation barriers, many supramolecular systems can be controlled
thermodynamically. Many novel materials obtained through self-organizations have

been informed [39].
2.5 Naphthalene Dye in Photonic Application

Dye chemistry has been one of the oldest and most studied sections of industrial
organic chemistry. Although commercial dyes are available, the developments of
new functional chromophores are needed for high level photonic applications.
Photonic devices are used in industry such as laser dyes, photodetectors and optical
fiber [40]. In the past years, the use of dye assemblies in areas such as organic

electronic and photonics have shown great success.

Dyes have excellent physical and chemical properties. They are important in
photovoltaic devices like as laser markers and as fluorescent labels [41]. Naphthalene
dyes possess high thermal photochemical and electrochemical stabilities. Hence, they
are good candidates in photonic applications. They are used in smart films and fibers

[42-43]. Also, they have been investigated for using in chromogenic polymer

12



systems and sensors. Their applications in liquid crystal displays reported in
literature Furthermore, they have been investigated as intercalators for DNA,
electron carrier units in organic light emitting diodes (OLED), a class of LED and

near IR (NIR) fluorescent dyes [4-44].
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Chapter 3

EXPERIMETAL

3.1 Chemicals

1, 4, 5, 8-Naphthalene tetracarboxylic dianhydride (C14H4O¢), 2, 6-Diamino-4-
phenyl-1, 3, 5-triazine (CgHgNs), m-cresol, and isoquinoline were purchased from
Aldrich. Spectroscopic grade solvents were used for spectroscopic measurements.
3.2 Instruments

Varian-Cary 100 spectrometer was used to measure ultraviolet absorption spectra

(UV) in solutions.

JASCO FT/IR- 6200 spectrometer was used to measure infrared spectra.

Varian Cary Eclipse Fluorescence spectrophotometer was used to record the

emission and excitation spectra.

Elemental analysis was recorded by using Carol-Erba 1106 C, H and N-analyzer.

14



3.3 Synthetic Method
Naphthalene-1, 4, 5, 8-tetracarboxylicacid-bis - (N, N°- bis -6-phenyl-1, 3, 5
triaznylpolyimide was synthesized via condensation reaction obtained by one step as

shown in Scheme 3.1. The product was purified with standard purification

techniques.
(0] (0 (0]
0 )
n + n m-cresol ) N\ O
l‘i SN isoquinoline > n
HN)\N/ NH o
0”0 S0 2 2 °

Scheme 3.1: Synthetic Naphthalene-1, 4, 5, 8-tetracarboxylicacid-bis - (N, N'- bis -6-
phenyl-1, 3, 5 triaznylpolyimide
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3.4 Synthesis of TANPI

A mixture of both 1,4,5,8-Naphthalene tetracarboxylic dianhydride (1.004 g, 3.741

mmol) and 2,6-Diamino-4-phenyl-1,3,5-triazine (0.699 g, 3.737 mmol) in a solvent
isoquinoline and m-cresol (40 ml) at 27 °C was continuously stirred in argon
atmosphere. On further heating, the mixture was heated at 80 °C, 100 °C, 120 °C
and 140 °C for 5 h, 4 h, 3 h and 6 h respectively. The temperature was then raised to
180 °C and stirred for 2h. Finally, the reaction was completed with heating 2 more
hours at 200 °C. The reaction mixture at room temperature was poured into 200ml
ethanol and the precipitate filtered using a suction filtration system. The crude
product was purified from high-boiling point solvents and unreacted reactants by
Soxhlet apparatus with chloroform for 50 hrs. The purified compound was dried at

100 °C in vacuum oven.
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Yield: 60%
Color: Black.
FT-IR (KBr, cm‘l): 3443, 3173, 3070, 2860, 1696, 1632, 1526, 1443, 1270, 1100,

855, 768, 624
UV-vis (NMP) (Amax, NM (Emax, L.mol™.cm™)): 342, 358, 379 (41648.80)
Fluorescence (NMP) (Amax, NM): 408, 536, 577, 610

Anal. calcd. for (C13HgNsOg)n (Mw, (419.35),); C, 65.87 %; H, 2.16 %; N,16.70%.

Found: C, 65.87 %; H, 2.06 %; N, 15.66 %

3.5 General Synthetic Mechanisms of Naphthalene Dyes

1
1
Nucleophilic attack b=

® e

RNH RNH, 0
. . , " o
O\C/QQC%Q k‘ é///

+ ot
RNH,

y /C\-- /ch attack . /C C% -
07" N0 o 07| | o
RgHz 08
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Proton abstraction

Proton abstraction

Proton abstraction

Proton abstraction
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Chapter 4

DATA AND CALCULATION

4.1 Photophysical Properties

4.1.1 Absorptivity Coefficients

Absorbance versus Concentration Plot (A vs. C).

The slope of the absorbance versus concentration plot gives the absorptivity

coefficient, &;,qx » according to the Beer Lambert’s Law, Eq. 4.1.
A
€max= cl (Eq.4.1)
First, six different concentrations were prepared from the synthesized compound. Then
the maximum absorbances of the maximum absorption wavelengths were recorded for
each concentration from their absorption spectrum. Finally, the absorbance versus
concentration ploted. The slope of this plot gives the &,,,, of the compound in that

solvent.

Emax Calculation of TANPI from the Plot of (A vs. C) in NMP.

Table 4.1: Absorbance and concentration data of TANPI in NMP

Amax(nm) Absorbance  Concentration (M)
377 0.088 1.956 x 10°®
377 0.158 3.912x 10°®
377 0.289 7.824x 10°®
377 0.533 1.564% 10
377 1.008 3.129% 10°
377 1.978 6.25 x 107
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Figure 4.1: Absorbance versus Concentration Plot of TANPI in NMP

Slope = &nax = 41648.8 M™*.cm™

Table 4.2: Absorptivity coefficient data of TANPI in different solvents

Solvents Emax (M~ .cm™)
DMSO 31062.10
NMP 41648.8
DMF 33987.32

4.1.2 Fluorescence Quantum Yield (®)

The TANPI fluorescence quantum yield was calculated by using the Eq.4.2 given

below.

2
Asta o Su o [ My ] x @ (std) (Eq.4.2)

of =
) Ay Sstd Ngtd
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®; calculation of TANPI in NMP

The emission spectra of TANPI reported was excited at Aexe = 360 nm and the
anthracene in EtOH was used as reference for the fluorescence quantum vyield
measurements of TANPI (®f = 0.27; Aexc = 360 Nm).

@ (std) = 0.27 in EtOH

Agg = 0.1055
A, =0.1018
Sy =4843

Sstg = 7827.32
Nstd = 1.3616

ne =1.4700

0.1055  484.3 1.4700 12

0.1018 7827.32 1.3616

Table 4.3: Fluorescence quantum yields of TANPI in DMSO, NMP and DMF
solvents

Solvents D;
DMSO 0.01
NMP 0.02
DMF 0.01

4.1.3 The Selected Maximum Absorption Half-width (A1)

The half of the maximum intensity of the selected maximum absorption is called the

half-width/full-width, (ADy,). It was calculated by using the Eq.4.3 given below.
AV = 51 - 52 (Eq.4.3)
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Wavelength / nm
Figure 4.2: Absorption Spectrum of TANPI in NMP

0.0

Ay, of selected absorption of TANPI in NMP
From Figure 4.2;
A =366 nm

10°m 1cm

X X = 3.66 X 1073
366 nm Tom 107m 3.66 07> cm
5 = — ! 27322.40 cm
V=== = 40 cm

1A, 3.66x1075cm

A>=394 nm
394 107 m X 1em 3.94 x 1073

X = 3.

nm 1 nm 1072m cm

_ 1 1 1
Vy=—= = 25380.71 cm

Ay 3.94%x107° cm

Ay =Dy - Dy = 27322.40 cm ™ - 25380.71 cm ™ = 1941.769 cm *

Similarly, for different solvents the half-width of TANPI were calculated and shown

below in Table 4.4,
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Table 4.4: Half-width of TANPI in different solvents

Solvents  Amag(NM)  A;(nm)  Ap(nm) Ty (em?) T, (cm?) Ay, (cm™)
DMSO 377 367 396 27247.79  25252.52 1995.27
NMP 379 366 395 27322.40  25380.71 1941.769
DMF 377 366 387 27322.40  25839.80 1482.60

4.1.4 Theoretical Radiative Lifetimes (7o)

The theoretical radiative lifetimes can be calculated by using following Eqg. 4.4.

T = 3.5x108 (Eq.4.4)
Uhax X €Emax X Avq; a4
T of TANPI in NMP
As shown in Figure 4.2,
Amax = 377 nm
107°m 100 cm
377 nm X X = 3.77 x 1075 cm
1 nm Im
AD : 26525.198 cm™
1% - — . cm’
max 3.77 x 107> cm
U2 ar = (26525.198 cm™) 2 = 7.036 X 10° cm™
AD, j, =1941.769 cm
3.5x108 9
To = =6.151x 107s

7.036X108 X 41648.08 X 1941.769

To = 6.151x 10% x 1(1)‘_13 = 6.151 ns

S

Accordingly, all theoretical radiative lifetimes of TANPI were calculated (Table 4.5).
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Table 4.5: In different solvents the Theoretical Radiative Lifetimes of TANPI

SOIVENtS  Apmax(NM)  Epax MEcm™) D, (€M™ ATy €M™ To (ns)

DMSO 379 31062.10 6.96 x 10° 1995.27 8.11
NMP 379 41648.80 7.036 x 10°  1941.769 6.15
DMF 378 33987.32 6.99 x 10° 1482.60 9.94

4.1.5 Theoretical Fluorescence Lifetime (ty)
The Eq. 4.5 shown below was used for the calculation of theoretical fluorescence

lifetime.

Tf = To. Op (Eq.4.5)
Theoretical Fluorescence Lifetime of TANPI in NMP

Tf = 6.151x 0.02 =0.12 ns

The Table 4.6 presents the calculated theoretical fluorescence lifetime of TANPI in

various solvents.

Table 4.6: In different solvents Theoretical fluorescence lifetime

Solvents  To (ns) @  Tg (ng)

DMSO 8.11 0.01 0.81
NMP 6.15 0.02 0.12
DMF 9.94 0.01 0.81

4.1.6 Theoretical Fluorescence Rate Constant (ks)
Turro’s equation, Eq. 4.6, used to calculate the theoretical fluorescence rate constant,

k¢ for TANPI [33].
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k¢ Calculation of TANPI in NMP

1

= W - 1.63)(108 S_1
. X

ke

Table 4.7 shows the calculated theoretical fluorescence rate constants of TANPI in

different solvents.

Table 4.7: Calculated theoretical fluorescence lifetime data of TANPI in different
solvents

Solvents To (S) ke (s

DMSO 811x10°  1.23x10°
NMP 6.15x10°  1.63x10°

DMF 9.94x10° 1x10°8

4.1.7 Rate Constant of Radiationless Deactivation (Kg)
The Ky values of TANPI was calculated via Eq. 4.7 given below.

K¢

ky = (gf) — Kk (Eq. 4.7)

kq calculation of TANPI in NMP

8
ka = (F20) - 163x10° =357 10°
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Table 4.8: Radiationless deactivation rate constant of TANPI in different solvents

Solvents  Kf(sh @ Kq(sh

DMSO  1.23x10®% 001 1.21x10°
NMP 163x10% 002 3.57x 10°

DMF 1x10% 001  9.9x10°

4.1.8 Oscillator Strengths ()

Electronic transition strength is expressed by dimensionless quantity oscillator

strength. Oscillator strength was calculated by using Eg. 4.8 shown below.
f=432x 107 X ADy /5 X Emax (Eq. 4.8)

Oscillator Strengths of TANPI in NMP

f=4.32x% 107 x 1941.769 x41648.8 = 0.35

Oscillator strengths of TANPI were calculated in different solvents and Table 4.9

shows oscillator strength data.

Table 4.9: Oscillator strength data of TANPI in different solvents

Solvents  £,4, (Mt.cm?) ATy 5 (cm™) f
DMSO 31062.10 1995.27 0.27
NMP 41648.80 1941.769 0.35
DMF 33987.32 1482.60 0.22

4.1.9 Singlet Energy (Es)
A chromophore needed minimum amount of energy for excitation from ground to
excited state. This energy is called singlet energy. Turro’s equation, Eq. 4.9, was

used to calculate the singlet energy, Es [33].
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2.86 x10°
= (Eq.4.9)

)\max

Es of TANPI in NMP

Amax = 377 nm
104 .
Eq=377nm X ——=3770 A
1nm

_ 2.86 x10°

s = 75.86 kcal mol™
3770

Similarly, the singlet energies were calculated for TANPI in different solvents and

listed in Table 4.10.

Table 4.10: Singlet energy of TANPI in different solvents

Solvents  A,,ax(NM) Es (kcal.mol™)

DMSO 379 75.46
NMP 379 75.86
DMF 378 75.66

4.1.10 Optical Band Gap Energy (Ey)
Optical band gap energies of TANPI were calculated in different solvents by using
Eg. 4.10 shown below.

_ 1240 eV nm

Eg ;\ (Eq. 4.10)
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Figure 4.3: Absorption Spectrum of TANPI in NMP

Band gap energy of TANPI in NMP

_ 1240 eV nm
& 396nm

= 3.13eV

With the similar method, the band gap energies of TANPI were calculated for other

solvents and shown in Table 4.11.

Table 4.11: Band gap energy of TANPI in different solvents

Solvents A (nm) Eg (eV)
DMSO 404 3.07
NMP 396 3.13
DMF 396 3.13
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Figure 4.5: Absorption Spectrum of TANPI in DMSO (C = 1x10™ M, Inset: Enlarged Spectrum, 450-800 nm)
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Figure 4.6: Absorption Spectrum of TANPI in DMSO (Microfiltered, Inset: Enlarged Spectrum, 450-800 nm)
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Figure 4.9: Emission Spectrum of TANPI in DMSO (Microfiltered; Aexc = 360 nm)




577

Intensity / a.u.

400 450 500 550 600 650 700 750 800
Wavelength / nm

Figure 4.10: Emission Spectrum of TANPI in DMSO (=: C = 1x107°> M ;= : Microfiltered; Aexc = 360 nm )




da.Uu.

Intensity /

800
700 -
600 -

N

o

o
!

400:
300:
200:
100:

569

0
500

550

600 650 700
Wavelength / nm

750

800

Figure 4.11: Emission Spectrum of TANPI in DMSO (C = 1x10™ M; Aexc = 485 nm)
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Figure 4.12: Emission Spectrum of TANPI in DMSO (Microfiltered; Aexc = 485 nm)
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Figure 4.13: Emission Spectrum of TANPI in DMSO (= C = 1x107° M; =—: Microfiltered ; Aexc = 485 nm)
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Figure 4.14: Excitation Spectrum of TANPI in DMSO (C = 1x107> M; A emis = 650 nm)
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Figure 4.15: Excitation Spectrum of TANPI in DMSO (Microfiltered; Aemis = 650 nm)
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Figure 4.16: Excitation Spectrum of TANPI in DMSO ( —: C = 1x107°> M ; —: Microfiltered; Aemis = 650 nm)
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Figure 4.18: Absorption Spectrum of TANPI in DMF (Microfiltered; Inset: Enlarged Spectrum; 450-800 nm)
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Figure 4.19: Absorption Spectrum of TANPI in DMF ( =: C=1x10"°> M ; =—: Microfiltered ; Inset: Enlarged Spectrum, 450-800 nm)
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Figure 4.20: Emission Spectrum of TANPI in DMF (C =1x10" M; ex. = 360 nm)
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Figure 4.21: Emission Spectrum of TANPI in DMF (Microfiltered; Aexc = 360 nm)
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Figure 4.22: Emission Spectrum of TANPI in DMF (=: C = 1x10™> M, = : Microfiltered; Aexc = 360 nm )
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Figure 4.23: Emission Spectrum of TANPI in DMF (C =1x10 M ; hexc = 485 nm)
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Figure 4.24: Emission Spectrum of TANPI in DMF (Microfiltered; Aexc = 485 nm)
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Figure 4.25: Emission Spectrum of TANDI in DMF (= : C= 1x107> M; = : Microfiltered; Aexc = 485 nm)
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Figure 4.26: Excitation Spectrum of TANPI in DMF (C = 1x107° M; Aemis = 650 nm)
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Figure 4.27: Excitation Spectrum of TANPI in DMF (Microfiltered; Aemis = 650 nm)
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Figure 4.28: Excitation Spectrum of TANPI in DMF (=: C = 1x10~°> M; —: Microfiltered; Aemis = 650 nm)
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Figure 4.29: Absorption Spectrum of TANPI in NMP (C =1x10” M, Inset: Enlarged Spectrum, 450-800 nm)
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Figure 4.30: Absorption Spectrum of TANPI in NMP ( Microfiltered ; Inset: Enlarged Spectrum, 450-800 nm)
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Figure 4.32: Emission Spectrum of TANPI in NMP (C = 1x10 M; Aexc = 360 nm)
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Figure 4.33: Emission Spectrum of TANPI in NMP (Microfiltered; Aexc = 360 Nm)
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Figure 4.34: Emission spectrum of TANPI in NMP (= C = 1x107°> M; = : Microfiltered; Aexc = 360 nm)
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Figure 4.35: Emission Spectrum of TANPI in NMP ( C = 1x107° M; heyc = 485 nm)
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Figure 4.36: Emission Spectrum of TANPI in NMP ( Microfiltered; Aexc = 485 nm)
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Figure 4.37: Emission Spectrum of TANPI in NMP (=: C = 1x107> M; = : Microfiltered; Aexc = 485 nm)
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Figure 4.38: Excitation Spectrum of TANPI in NMP (C = 1x107° M; Aemis = 650 nm)
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Figure 4.39: Excitation Spectrum of TANPI in NMP (Microfiltered; Aemis = 650 nm)




559

Intensity / A U

300 400 500 600 700 800
Wavelength / nm

Figure 4.40: Excitation Spectrum of TANPI in NMP (=—: C = 1x10~°> M; — : Microfiltered; Aemis = 650 nm)
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Figure 4.41: Absorption Spectrum of TANPI in TCE (C = 1x10™ M, Inset: Enlarged Spectrum, 450-800 nm)
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Figure 4.42: Absorption Spectrum of TANPI in TCE (Microfiltered, Inset: Enlarged Spectrum, 450-800 nm)




378

517 555

358

517 555

Absorbance/ AU

500 600 700 800
Wavelength / nm

Absorbance/ A U

500 600 700 800

Wavelength / nm

400
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Figure 4.44: Emission Spectrum of TANPI in TCE (C = 1x10™ M; Aexc = 360 nm)
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Figure 4.45: Emission Spectrum of TANPI in TCE (Microfiltered; Aexc = 360 nm)
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Figure 4.46: Emission Spectrum of TANPI in TCE ( =—: C = 1x107°> M; =: Microfiltered; Aexc = 360 nm )
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Figure 4.47: Emission Spectrum of TANPI in TCE ( C = 1x1075 M; Aexc = 485 nm)
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Figure 4.48: Emission Spectrum of TANPI in TCE (Microfiltered; Aexc = 485 nm)
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Figure 4.49: Emission Spectrum of TANPI in TCE (=: C=1x10"° M; =: Microfiltered; Aexc = 485 nm)
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Figure 4.50: Excitation Spectrum of TANPI in TCE (C = 1x107> M; Aemis = 650 nm)
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Figure 4.51: Excitation Spectrum of TANPI in TCE (Microfiltered; Aemis = 650 nm)
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Figure 4.52: Excitation Spectrum of TANPI in TCE (=: C = 1x10™> M; = Microfiltered; Aemis = 650 nm)
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Figure 4.53: Absorption Spectrum of TANPI in Pyridine (C = 1x10™ M, Inset: Enlarged Spectrum, 450-800 nm)
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Figure 4.54: Absorption Spectrum of TANPI in Pyridine ( Microfiltered, Inset: Enlarged spectrum, 450-800 nm)
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Figure 4.55: Absorption Spectrum of TANPI in Pyridine (=: C = 1x10~> M; — : Microfiltered; Inset: Enlarged spectrum, 450-800 nm)
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Figure 4.56: Emission Spectrum of TANPI in Pyridine (C = 1x1075 M; Aexc = 360 nm)
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Figure 4.57: Emission Spectrum of TANPI in Pyridine (Microfiltered; Aex = 360 nm)
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Figure 4.58: Emission Spectrum of TANPI in Pyridine ( =: C = 1x107> M; =: Microfiltered; Aexc = 360 nm)
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Figure 4.59: Emission Spectrum of TANPI in Pyridine (C = 1x1075 M; Aexc = 485 nm)
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Figure 4.60: Emission Spectrum of TANPI in Pyridine (Microfiltered; Aex = 360 nm)
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Figure 4.61: Emission Spectrum of TANPI in Pyridine ( ==: C= 1x107° M; =: Microfiltered; Aex; = 485 nm )
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Figure 4.62: Excitation Spectrum of TANPI in Pyridine (C = 1x1075 M; Aemis = 650 nm)
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Figure 4.63: Excitation Spectrum of TANPI in Pyridine (Microfiltered; Aemis = 650 nm)
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Figure 4.64: Excitation Spectrum of TANPI in Pyridine ( =: C = 1x107°> M; = : Microfiltered; Aemis = 650 nm)
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Figure 4.65: Absorption Spectrum of TANPI in M-cresol (C = 1x10M, Inset: Enlarged Spectrum, 450-800 nm)
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Figure 4.66: Emission Spectrum of TANPI in M-cresol (C = 1x107> M; dexc = 360 nm)
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Figure 4.67: Emission Spectrum of TANPI in M-cresol (C= 1x1075 M; kexc = 485 nm)
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Figure 4.68: Excitation Spectrum of TANPI in M-cresol (C = 1x107> M; Aemis = 650 nm)
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Figure 4.69: Absorption Spectrum of TANPI in TFA (C = 1x10™ M, Inset: Enlarged Spectrum, 450-800 nm)
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Figure 4.70: Emission Spectrum of TANPI in TFA (C = 1x107> M; Aexe = 360 nm)
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4.71: Emission Spectrum of TANPI in TFA (C = 1X107° M; hexc = 485 nm)
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Figure 4.72: Excitation spectrum of TANPI in TFA (C = 1x107> M; Aemis = 650 nm)
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Figure 4.73: Absorption Spectrum of TANPI in TFA, M-cresol, DMSO, DMF, NMP, Pyridine, and TCE (C = 1x10°M )
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Figure 4.74: Absorption Spectrum of TANPI in DMSO, DMF, NMP, Pyridine, and TCE (Microfiltered)
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Figure 4.75: Emission Spectrum of TANPI in TFA, M-cresol, DMSO, DMF, NMP, Pyridine, and TCE (C = 1x10™ M; Aexc = 360 nm)
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Figure 4.76: Emission Spectrum of TANPI in DMSO, DMF, NMP, Pyridine, and TCE (Microfiltered; Ae = 360 nm)




543 ——TFA

— m-cresol
—— DMSO
— NMP
— DMF
—— Pyridine
— TCE

Intensity / A U

500 550 600 650 700 750 800
Wavelength / nm

Figure 4.77: Emission Spectrum of TANPI in TFA, M-cresol, DMSO, DMF, NMP, Pyridine, and TCE (C = 1x10™°M; Aexc = 485 nm)
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Figure 4.78: Emission Spectrum of TANPI in DMSO, DMF, NMP, Pyridine, and TCE (Microfiltered Aexc = 485 nm)
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Figure 4.79: Excitation Spectrum of TANPI in TFA, M-cresol, DMSO, DMF, NMP, Pyridine, and TCE (C = 1x10™°M); Aemis = 650 nm)
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Figure 4.80: Excitation Spectrum of TANPI in DMSO, DMF, NMP, Pyridine, and TCE ( Microfiltered; Aemis = 650 nm)




Chapter 5

RESULT AND DISCUSSION

5.1 Synthesis of the Compound TANPI

The synthetic route of TANPI compound is shown in Scheme 3.1. TANPI was
synthesized by condensation of 1, 4, 5, 8-naphthalene tetracarboxylic dianhydride
(NDA) with 2, 4-diamino-6-phenyl-1, 3, 5-triazine in isoquinoline solvent under
argon atmosphere. The synthesized product was characterized through the data from
IR, UV-vis, and elemental analysis. These characterizations confirmed the formation
of a new polymer as a major product (Schemes 3.1).

5.2 Solubility of TANPI

The solubility of the product was studied in detail. The product TANPI is soluble
mainly in polar solvents such as pyridine, NMP, DMF, DMSO, m-cresol and TFAC

in brown colour (Table 5.1). The product was insoluble in polar protic solvents such

ethanol and methanol.

Table 5.1: Solubility properties of TANPI in different solvents

solvents Solubility ® / Color
DMSO (++) Fluorescence, Light brown
NMP (++) Fluorescence, Dark brown
DMF (++) Fluorescence, Light brown
TFAC (+ +) Fluorescence, Dark brown
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m-cresol (+ +) Fluorescence, Dark brown

Pyridine (+ +) Fluorescence, Light brown
TCE (- +) Light yellow
CHL (- -) colorless
Me OH (- -) colorless
EtOH (- -) colorless
Acetone (- -) colorless
H,O (- -) colorless

1.0 mg of TANPI in 10ml of solvent; + + soluble at room temperature; - - insoluble;
- + partial soluble at 60 °C.

5.3 Analysis of FTIR Spectra

The IR spectrum of TANPI was consistent with its chemical structure. As shown in
Figure 4.4, the IR spectrum of TANPI exhibited characteristic absorption bands at
3448 (N-H stretch); 3175, 3070 (aromatic C—H stretch); 2860 (aromatic C—H
stretch); 1696 (imide C=0O stretch); 1632 (imide C=0O stretch); 1578 (conjugated
C=C stretch); 1526 (N—H bending); 1445 (C=N triazine); 1345 (C-N stretch); 1270
(CN) stretch; 1106 (CNC stretch); 855, 768 and 624 (C—H bend) cm™. Results of

elemental analysis of compound in a good agreement with the calculated values.
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5.4 Optical Properties

Figure 4.5, 4.6 and 4.7 shows that the shape of the absorption bands of TANPI in
DMSO before (Amax = 343, 360, 379 with shoulder peaks at 411 and 560 nm) and
after microfiltration (Amax = 343, 359, 379 with a red shifted shoulder peak at 560
nm) are almost same (all concentrations before microfiltration were 10 M, pore size
of micro filter; 0.2 um SPR). A red shifted shoulder at 411 nm were observed
probably due to aggregation and disappeared upon microfiltration. Interestingly, the
emission spectra monitored for the TANPI are different in shapes and in wavelength
range. Before microfiltration, the red-shifted excimer-like fluorescence indicate the
presence of intermolecular n-stacking of the compound in solution (Amax= 577 nm,
shoulder peaks; 408, 536, 610 nm, Figure 4.8, 4.9, 4.10, Aexc = 360 nm). The shoulder
peak at 408 nm shifted to 440 nm and intensified upon microfiltration. Emission
measurement of TANPI in DMSO was repeated at Aexc = 485 nm. A blue shifted
similar excimer-like emission was monitored before and after microfiltration (Amax =
569 nm, shoulder peaks; 536, 609 nm, Figure 4.11, 4.12, 4.13, Aex.= 485 nm). The
absorbance peak at 560 nm indicates the presence of energy transfer also.
Additionally, the product has shown a very long Stoke shift (approximately 198 nm)
which could be important in photonic applications (Table 5.2). Respective excitation
spectrum was not similar to the UV-vis absorption spectra both before and after
microfiltration ((Amax= 300, 400, 490, 529 and 560 nm, Figure 4.14, 4.15, 4.16,

Aemission = 650 nm).

Similar optical properties were observed in DMF solution. The shape of the
absorption bands of TANPI in DMF before (Amax = 343, 358, 378 with shoulder

peaks at 411 and 560 nm) and after microfiltration (Amax = 343, 358, 378 with a red
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shifted shoulder peak at 557 nm) are almost same (Figure 4.17, 4.18, 4.19. A red
shifted shoulder at 411 nm were observed probably due to aggregation and
disappeared upon microfiltration. The emission spectra monitored for the TANPI in
DMF are different in shapes and in wavelength range as in the case of DMSO
solution. Before microfiltration, the red-shifted excimer-like fluorescence indicate
the presence of intermolecular n-stacking of the compound in solution (Amax= 572
nm, shoulder peaks; 407, 536, 604 nm, Figure 4.20, 4.21, 4.22, Aexc= 360 nm) with a
195 nm Stoke shift (Table 5.2). Upon microfiltration, the shoulder peak at 408 nm
shifted to 437 nm and intensified. Emission measurement of TANPI in DMF was
repeated at Aexe = 485 nm. A blue shifted similar excimer-like emission was
monitored before and after microfiltration (Amax = 566 nm, shoulder peaks; 536, 606
nm, Figure 4.23, 4.24, 4.25, hex. = 485 nm). The absorbance peak at 557 nm indicates
the presence of energy transfer also. Respective excitation spectrum was not similar
to the UV-vis absorption spectra both before and after microfiltration ((Amax = 300,

395, 489, 527 and 557 nm, Figure 4.26, 4.27, 4.28, Aemission = 650 nm).

Figure 4.29, 4.30 and 4.31 show the UV-vis absorption spectra of the product in
NMP before and after microfiltration. Except the aggregation peak (414 nm), the
values of the absorption wavelengths maxima of TANPI were exactly same (343,
358, 377 nm) before and after microfiltration. In fluorescence spectra measured in
NMP, an excimer-like peak at 572 nm was observed (additional shoulder peaks at
408, 536 and 606 nm) with 194 nm Stoke shift (Figure 4.32, 4.33 and 4.34, Table
5.2). The fluorescence spectra of TANPI taken at Aexc = 485 nm in NMP showed blue
shifted similar shape excimer-like emission (568 nm, shoulder peaks; 537 and 606;

Figure 4.35, 4.36 and 4.37). Respective excitation spectrum was different than the
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UV-vis absorption spectra taken in NMP (313, 398, 490, 530 and 559 nm; Figure

4.38, 4.39 and 4.40, }\.emission = 650 nm).

Interestingly, TANPI showed new two absorption peaks at 396 and 415 in 1,1,2,2-
tetrachloroethane (TCE) and did not disappear upon microfiltration (343, 358, 378,
396, 415 and 555 nm, Figure 4.41, 4.42, 4.43). Moreover, the fluorescence spectra of
TANPI taken at Aexc = 360 nm has shown broad excimer-like emission in a range of
400-800 nm before and after microfiltration (Amax = 387, 408, 435, 461, 579 and 767
nm, Figure 4.44, 4.45, 4.46, .= 360 nm) with a 30 nm Stoke shift. Additionally,
the fluorescence spectra measured at Aexc = 485 nm showed excimer-like emission
with a Amax= 562 nm (534, 562, 599 nm, Figure 4.47, 4.48, 4.49, Aexc = 485 nm).
Respective excitation spectrum was very different comparing to the UV-vis
absorption spectra (320, 388, 490, 530 and 558 nm, Figure 4.50, 4.51 and 4.52,
Aemission= 650 nm). After the microfiltration maximum absorption wavelength has

blue shifted only 2 nm.

The absorption spectra of the product in pyridine before and after microfiltration are
shown in Figure 4.53, 4.54 and 4.55. Both of the spectra were completely same
(Amax= 343, 359, 379, 414, 519 and 559 nm). The fluorescence spectra were similar
also with a broad excimer-like emission in the range of 400-800 nm (475, 532, 574
and 606 nm, Figure 4.56, 4.57 and 4.58, Aec = 360 nm) with a 198 nm Stoke shift
(Table 5.2). The emission spectra taken at Aexc = 485 nm showed an excimer-like
emission with a maximum at 569 nm (540,569 and 606 nm, Figure 4.59, 4.60 and
4.61 nm, Aee = 485 nm). Respective excitation spectrum was very different

comparing to the UV-vis absorption spectra (343, 394, 490, 530 and 560 nm, Figure
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4.62, 4.63 and 4.64, kemission = 650 nm).

In the absorption spectra taken in m-cresol, a red-shifted charge transfer style broad
absorption peak was observed ((Amax= 381 nm, shoulder peaks; 367, 404 and 555 nm,
Figure 4.65). The fluorescence spectra taken in m-cresol have shown one red shifted
excimer-like emission (610 nm, shoulder peak; 405 and 568 nm, Figure 4.66, Aexc=
360 nm) with a 50 nm Stoke shift (Table 5.2). On the other hand, the fluorescence
spectra taken at 485 excitation wavelength has shown excimer-like emission with a
maxima at 563 nm (563 and 606 nm, Figure 4.67, Aexc= 485 nm). Respective
excitation spectrum was different than the UV-vis absorption spectrum of the product

(319, 489, 559 and 587 nm, Figure 4.68, Aemission= 650 nm).

In trifluoroacetic acid, TANPI showed 3 characteristic peaks at 463, 359 and 379 nm
which are assigned to vibronic 0—0, 0—1 and 0—2 progressions of the electronic
So—S; transition respectively (Figure 4.69). In fluorescence spectra of the compound
in trifluoroacetic acid, two broader excimer-like peaks were observed at 394, 412 and
433 nm with a 33 nm Stoke shift (Figure 4.70, Aexc = 360 nm, Table 5.2). The
excimer-like emission peak was observed at 544 nm when excitation wavelength
kept at 485 nm (shoulder peak; 579, Figure 4.71). Respective excitation spectrum
was very different than the UV-vis absorption spectrum of the product (308, 421 and

564 nm, Figure 4.72, Aemission = 650 nm).

It is important to note that, different absorption and emission properties have been
observed due to different intermolecular interactions as can be observed in Figures

4.73 to 4.80. This important property can be used in different photonic applications.
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The emission spectra of TANPI were taken at A = 360 nm and the relative
fluorescence quantum yields were determined in NMP, DMF and DMSQO using
anthracene in ethanol as standard. Low fluorescence quantum yields of naphthalene
derivatives (NMP: 2%, DMF: 5% and DMSO: 1%) are in good correlation with

literature data [3] (Table 5.3).

Table 5.2: Stokes shifts of TANPI (C = 1 x 10" M) in different solvents

Solvent UV-Vis Absorption Emission Stokes Shift Sstﬁl;fts
(nm) (nm) (nm) (cm)
Amax Amax
DMSO 379 577 198 198 x 10"
DMF 378 572 194 1.94 % 10"
NMP 377 572 195 1.95x 10"
TCE 378 408 30 3.0x10°
Pyridine 379 574 196 1.96 x 10"
m-cresol 381 431 50 50x10°
TFAC 379 412 33 33%x10°
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Table 5.3: Optical and Photochemical Constant

Emax A7_71/2 T -1 -1 Es Eg
solvents A max L D (cm™) T (NS) (ns) ke (S7) Kkq (S7) f calmol (V)
DMSO 379 31062.10 0.01 199527 811 081 1.23x10® 1.21x10° 027 7546 3.07
NMP 377 41648.80 0.02 194169 6.151 0.12 1.63x10® 3.57x10° 035 75.86 3.13
DMF 378 33987.32 0.03 1482.60 9.94 0.81 1x108 99x10° 022 7566 3.13




Chapter 6

CONCLUSION

A novel naphthalene polymer (TANPI) was synthesized by polycondensation of
1,4,5,8-naphthalene tetracarboxylic dianhydride (NDA) with hindered aromatic
diamine,  2,4-diamino-6-phenyl-1,3,5-triazine successfully. The purity of the

polymer was confirmed using elemental analysis, IR and UV-vis spectroscopy.

The product TANPI is soluble mainly in polar solvents such as pyridine, DMF and

DMSO in light brown and NMP, m-cresol and TFAC dark brown colors.

The polymer has shown enhanced absorptions with aggregations and excimer
emissions with long Stoke Shifts. Moreover, the observed excitation spectra were
different than the UV-vis absorption spectra of the product in all solvents. The red-
shifted excimer-like fluorescence has shown the presence of intermolecular

n—stacking of the polymer in solution.

A red-shifted and broad charge transfer kind absorption peak was observed in m-
cresol solvent. Its fluorescence spectrum has shown one red shifted excimer-like

emission with a 50 nm Stoke shift.

Complete characterization of the naphthalene polymer and its optical and

electrochemical properties will be explored in our future studies.
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