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ABSTRACT

Perylene molecules bearing two aryloxy substituents on bay position (1,7 positions)
and two receptor units at the imide positions are most useful fluorescent building
blocks for the realization of a broad variety of self-assembly architectures. High
absorption of perylene diimides (PDIs) in the visible region offers many advantages
for photonic applications, optimum electron transport properties, flexible synthetic
potentials to adjust energy levels, solubility, stacking properties, excellent thermal

and photo-stability.

In this thesis, a novel perylene diimide with tyramine substitution at the bay (1,7-
position) and imide position was designed and synthesized successfully. The
synthesized product was characterized by FTIR, UV-vis, emission, TGA, DSC
techniques and elemental analysis. The photophysical and thermal properties of Ty-

B-PDI reveal that it as a good candidate for photovoltaic applications.

Keywords: perylene diimides, Tyramine, electron transport, Self-assembly.



Oz

Korfez-substitiie perilen diimidler, kendiliginden diizenleme yapabilen yapilarda
kullanima ¢ok uygun floresans yapi taslaridir. Goriinlir bolgede giiclii absorblama
yapan perilen diimidlerin fotonik uygulamalarda en 6nemli avantajlari; optimum
elektron tasima Ozellikleri, enerji seviyesi degisebilir sentez esnekligi, ¢oziiniirliik,

y1ginlagma 6zellikleri, miikemmel termal ve foto kararliliklaridir.

Bu tezde, gerek korfez (1,7 pozisyonlari) ve gerekse imid pozisyonlarinda tiraminin
stibstitiie oldugu ¢ok yeni bir perilen diimid basariyle sentezlenmistir (Ty-B-PDI).
Bu bilesik, FT-IR, UV-gorundr, emisyon, elemental analiz, TGA ve DSC
teknikleriyle ayrintili bir sekilde karakterize edilmistir. Fotofiziksel ve termal
Ozellikler , Ty-B-PDI diimidin fotovoltaik uygulamalar i¢in ¢ok uygun aday bir

pigment oldugunu gostermektedir.

Anahtar Kelimeler: perilen diimidlerin, elektron tasima, tiraminin, kolayca

kurululabilirlilik
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Chapter 1

INTRODUCTION

1.1 Perylene Dyes

Perylene dyes and pigments have emerged as an important class of Rylene dyes with
diverse scientific research field, starting from organic electronics [1], to solar cell
research [2] and supramolecular chemistry [3]. The great performance pigments
called Perylene dyes, was formed from N,N-disubstituted Perylene diimides (PDIs)
or Perylene-3,4,9,10-tetracarboxylic dianhydride [4]. Among the Perylene dyes
particularly the 3,4,9,10-perylene tetracarboxylic dianhydride (PDA) has been used

as a source compound to synthesized dyes and pigments.

peri Peri

Ortho
Ortho
"l
[\If/ f
1 ]:\\;:ff[ N .
10 9
Ortho l Ortho
P Peri

PDA FDI

Ferylene

Figure 1.1: A General structure of perylene, PDA and PDI [16]

The modern approach regarding this species of pigments was initially discovered and

depicted by M. Kardos from 1912-13 [5]. Additionally, planar n-system of Perylene-



3,4,9,10-tetracarboxylic dianhydride (PDA) in Fig.1.1 above have a rigid structure
that has inherently low solubility, due to its strong n-7 interaction, and also were
used for insoluble organic dyes in automotive paints and engineering resins [6].
Research have shown that most perylene dyes with poor solubility are highly stable

photochemically and thermally [7].

However poor solubility in perylene promotes difficulty during purification,
synthesis, and Spectroscopy analysis, and also decreases ®; by the feasible
aggregation from solution. Notably, the basic interest is to get readily synthesized

perylene dyes together with great fluorescent quantum yields.

On the other hand, soluble substituents are equally important to optimize the
processibility of the rigid structure of PDA. Over the years, PDI were introduced as a
dye in textile industries and presently as pigments mostly red, violet and black [8]

(Fig.1.2)

R Substituents on Color Industrial name
the imide position

127 H Deep red | Pigment violet

CH,CHgzph Black | Pigment black 31
[0} N 0
& CH; Red Indanthrene rot
2G

Figure 1.2: Structures of different colored PDI pigments [8]



The basic disparity among the pigments presented in Fig.1.2 rest on substituents of
imide position that characterized the significant part for the structural arrangement of

the compound together with the device performance.

Usually, the broad Absorption in the visible region couple with high fluorescence
quantum vyield, excellent photochemical stability along with various fascinating
chemical and physical properties of the Perylene diimide played an essential role in
an industrial pigment [9]. However, the investigation towards understanding novel-
PDI with different ~ chemical and physical properties can be achieved through the

synthetic modification on imide position or bay region on core area of PDI in Fig 1.1
1.2 Bay Substituted Perylene Diimide

Expansion of perylene chemistry introduced different useful functionalized
position on perylene compounds. These functionalized position of perylene
structure are- 2,5,8,11-ortho positon, 3,4,9,10- peri-position, and 1,6,7,12-bay

positon, as presented in Fig. 1.1.

The synthesis of PDIs on a bay region have derived much interest and found wide
range applications in many areas of current research due to their outstanding
properties [10]. Interestingly, these outstanding electronic and optical properties of
PDI has received an excellent applications that consist of organic solar cells [2]
Organic Light Emitting Diodes, (OLED) [11], photosensitizers [12], Organic Field
Effect Transistors (OFETSs) [10], molecular wires [13], logic gates [14] and sensors

[15].

Certainly, one of the practical techniques used to generate soluble PDI is the

halogenation of bay substituents, this idea results in the distortion on planarity of its

3



structure that is n-t self-aggregation [16]. Molecular interaction and solubility are
two key factors for a solution base supramolecular process. Most successful scientist
achieved this by utilizing the side chain substituents that attached on the PDIs. The
supramolecular arrangements of semi-conductors are of great important especially in
the field of electronic and optoelectronics. However, it is clear that bay
functionalization ways is important for controlling the physical and chemical

structures of PDI dyes.

Recently, much attention have been focus on 1,7-dibromoperylene tetra carboxylic
diimide intermediate, as the best method for the preparation of bay functionalized
PDI because of its easy swap of bromo substituent on the bay region with different

nucleophiles as presented in Fig. 1.3

Figure 1.3: The chemical structure of brominated PDA and
PDI derivatives. [16]

In general the substituents at bay region of Perylene core has brought about

considerable influence on the charge transport properties via modification on



charge reorganization energy, molecular confirmation, also the stacking arrangement
[17].

1.3 Electron Transport Properties of Bay Substituted Perylene
Diimide

Oxidation/reduction reactions which transfer electrons from an electron donor
molecule to an electron acceptor molecule are said to be an electron transport. The
significant requirement in accomplishing an effective and speedy electron transfer is
the utilization of the donor-acceptor segments [18]. Scientist have developed a lot of
interest in electron donor and acceptor molecules because of their excellent optical
and electrical properties including applications in organic photovoltaics, light
harvesting, photocatalysis and supramolecular electrons[19]. Recently, research
studies have shown that PDIs can also be utilized as a special class of n-type semi-
conductor in organic electronics [20]. Similarly, joining substituents like chlorine,
bromine, fluoride, cyanine etc., to the core area of bay substituted PDIs, has
successfully stabilized molecular orbitals and facilitates the electrons transport [21-

24].

This novel research, report the synthesis of new class of PDI derivative, Ty-B-PDlI,
with excellent optical and thermal properties that will emerge as a good candidate for
photovoltaic applications. The synthesized product was investigated and

characterized by FTIR, UV-vis, emission, TGA, DSC and Elemental Analysis.
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Figure 1.4: Structural representation of bay
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Figure 1.5: 3-D structural representation of
bay and immidization position of Ty-B-PDI



Chapter 2

THEREOTICAL

2.1 Synthesis and Applications of Perylene Dye

The Synthesis of perylene dyes were reported by the pioneer called M. Kardos in
1913. In addition the basic starting raw material of synthesizing PDI derivatives in
both laboratory analysis and industrial setting is perylene-3,4,9,10-tetracarboxylic
dianhydride (PTCDA). These theoretical positions make an important contribution to
our understanding of condensation reaction of PTCDA with aniline or alkyl group,
these also account for the development of perylene diimide derivatives in

considerable yield [3, 25,] as presented in scheme 2.1.

Evidently, synthetic sequence of PTCDA begins with V,0s-catalyzed air oxidation
of acenaphthene which formed naphthalic and afterward treated with NH3; which
proceed to 1,8-naphthalene dicarboxylic imide. The blended 1, 8-napthalene
dicarboxylic imide with potassium hydroxide have formed perylen-3, 4, 9, 10-
diimide (PTCDI) at 190-220 °C, which resulted via air oxidation of smelted reaction
compound. PTCDA is further synthesized through hydrolyses of perylene-3, 4, 10-

tetracarboxylic diimide with conc. H,SO, at 220 °C [7, 26].



H
0s_0._0 0._N__0
|i|!lhl V,05 NH,

0 0
KOH O O H,CO4 conc.
W . NH .
Air Oxidation O O 220°C
0 0

(PTCDI)

R-NH,
——> R-N

(PTCDA)

Scheme 2.1: Synthetic method of perylene dyes [26]

Interestingly, perylene tetracarboxylic acid diimide, because of its recently enhanced

properties , e.g. high photoluminescence quantum yields, strong absorption in visible

region, electron accepting features with n-type character, tunable band gap, high

thermal, mechanical, chemical and electrochemical stabilities etc., have recorded a

great application in the areas of photonic technology, photovoltaic device, organic

solar cell, dye lasers, electrophotography, medicine [27-29].

However, the disadvantage of using Perylene dyes involved basically poor solubility

owing to strong pi-pi interaction. Solubility of Perylene diimides firmly relies upon

substituents together with two approaches that have been proposed to improve the

solubility within the organic solvent.



Moreover, the techniques of enhancing the solubility of PDIs consist of two N-
substituent on the peri area with two long chain of alkyl groups and Ortho substituted
phenyl groups, hence these will be constrained out of the plane of chromophore and
by that restrict face to face pi-pi stacking on PDIs. Therefore maintaining the
planarity of perylene diimides is fundamental, as peri-position might be the desirable

sites for joining the substituents [30].

Another approach for expanding the solubility of the PDIs is the substitution on the
bay region (Fig.1.1). Bromination and resulting N-Substitution can prompt 1,6,7,12-
tetrabromo-3,4,9,10-Perylene diimides. It is also viable to substitute the bromines
with many derivatives e.g. piperidine .due to their bulkiness, the substituents on the

bay region influence the aromatic center to curve, which expands the solubility [31].
2.2 Synthesis and Applications of Bay Substituted Perylene Diimides

It can be seen from the above analysis that, the method of synthesizing highly soluble
PDIs is by introducing functional group on the bay-position of perylene diimide
aromatic centers. The synthesis chemistry of presenting substituents on a bay region
which described the functionality of the core area of perylene diimide was

discovered in 1980 [32].

As indicated in previous report which shows the phenoxy group in different four
positions on the bay position of tetrachloro-substituted perylene diimide through
nucleophilic substitution which substitute chlorine molecules in the PDIs (as shown

in scheme 2.2).



o

—=

o
o
z
o

Scheme 2.2: The synthesis of PDIs with different substituents
on both imide and bay position. [33]

Moreover, modern synthesis of bay tetrafloro substituted PDIs were reasonably
synthesized in good yields from the corresponding bay tetrachloro substituted PDlIs
as starting materials [33]. However, the methodology of four attached chlorination of

perylene tetracarboxylic dianhydride was known since 1985 [34]. It was discovered



recently that the most significant procedure of preparing perylene diimides include
the utilization of dibromoperylene diimide as intermediate, because of easily swap of
bromo-substituent within the core area of PDIs with different nucleophiles [35].

Additionally substitution of halogen atoms in aromatic centers through nucleophilic
replacement on bay-position of dibromo-substituted or tetrachloro-substituted PDI is

moderately direct; hence the product is isolated in a significant output.

Presently, chloride, bromide, amine, and phenol, base nucleophiles have been
attached to PDIs core, prompting to different Perylene derivatives with fascinating
electronic and optical components (as presented in scheme 2.2), due to their direct
electronic attachments between the novel substituents with the PDI cores. PDIs with
good electronic characteristic can as well be adjusted by substituents of conjugated
aromatic centers. Taking into account of these principles, PDIs derivatives with
electron donating or electron accepting group have been recorded in many literatures.
PDIs sometime functions as charge generation materials, singly or alongside other
photoconductive dyes and in electrophotography. Another area of application of
Perylene derivatives is the use of heterojunctions with phtalocyanines in
photoelectrochemical and organic photovoltaic cells. However many records propose

that the perylene derivatives usually function as n-type semiconductor [36].
2.3 Electron Transfer

Perylene diimide and naphthalene molecules as donor-acceptor chromophores
explained electron transport through intera-intermolecular charge transfer

interactions and electron transfer reaction [37].

11



These parts study some of the principle and theoretical ideas for energy and electrons
transfer. The photoinduced energy and electron transfer processes that can bring
about between electron rich Donor D and electron deficient Acceptor A in a
molecular D to A couple were schematically illustrated in (Fig. 2.1). Electron
transfer of donor—acceptor produced D"+ A", which originated from Photoexcitation
of Donor D™ or Acceptor A”. Relatively, energy transfer is only possible when the

element with the highest optical energy gap, (Eg) is excited.

T Ep>E,

Figure 2.1: Electron transfer between Donor and Acceptor [38]

Normally the redox reaction at a ground state of electrons transfer occurs between
donor-acceptor molecules. The differences in the oxidation/reduction potential of
donor-acceptor affect the ground state of free-energy changes in the electron transfer
process. Due to the extensive HOMO-LUMO breach of organic molecules in the

ground state, electrons transfer would be a vast endothermic process.

12



One of the important properties of organic substance is the electron transport ability,
which described the photovoltaic mechanism for producing great charge segregation
and effective photovoltaic properties. In general, the intermolecular charge transfer
process of the organic molecules have been improved by the electron transfer from
donor-acceptor site, and also increases photoinduced electrons that is accountable for
revealing great solar to power conversion efficacy in DSSCs [38].

2.4 Organic Solar Cells and Their Applications

The current age of organic photovoltaic consist of an extensive variety of promising
solar modernization that contain nanocrystalline photo electrochemical cells, DSSCs,

polymer solar cells.

Similarly, Organic photovoltaics offer novel fields of energy production. Smooth
roll-to-roll processing that can produce vast scale together with inexpensive modules.
Hence approved energy conversion effectiveness equal to 8.3% have been attained
on less substrates [39]. Organic photovoltaics utilize semiconducting polymers as

light harvesting materials.

Previously, much research work has focus on the advancement, of organic
photovoltaics because of its rapid improved efficiency, cost efficiency, energy
harvesting, smooth processing agreeable by flexible substrates. Numerous powerful
techniques have been also investigated to enhanced the performance of photovoltaics
via the synthesis of novel limited energy gap (band gap) material for excellent photo
assembling, design of new arrangements cell, interfacial adjustments for excellent
charge transport collection, and improvement of stage separation in  bulk

hetrojunction (BHJ) layers [40.]

13



Generally, the usual setup of Organic Solar Cells (OSCs) are invented in an effective
Bulk Heterojunction (BHJ) layers and planner heterojunction layers introduced by
high work function and crystalline metal oxide for the base anode and low work
capacity metal for the high cathode. In order to obtain effective charge aggregation,
work function of cathode and anode ought to be coordinated to the donor of high
occupied molecular orbitals HOMO with acceptor of lowest unoccupied molecular
orbital (LUMO) respectively. Low work function metals as the top cathode have
been chosen for better coordinating with the LUMO of acceptor. Nevertheless,
metals with low work function are not greatly steady as the top cathode because of
the sensitiveness to moisture in air and oxygen [41-42]. So to secure top cathode, bi-
layered metals for example Mg/Al or Ca/Al have been utilized as blended cathode
for the performance upgrade organic light emitting diodes and in Organic Solar cells

[43-44].

14



Acceptor.
Donor

a) Bilayer heterojunction b) Bulk heterojunction

Cathode

c) Device working principle

Figure 2.2: The devices system of a) Bilayer heterojunction,
b) Bulk heterojunction, c) Working principle of the device. [43-44].

In essence the perfect generation process for organic solar cells (OSCs) will be
solution procedure, where the diverse cell layers are placed on to pliable substrates to
tailor for a highest easy roll-to-roll class of printing. Also the organic solar cells
ought to keep up high tools stability and effectiveness over a specific time frame.
Basically the inverted arrangement of organic solar cells might be the most excellent

candidate to confront all these requirements which comprise stability, high

efficiency, low cost and rapid production into one framework.

Recently, perylene diimides polymers were also found to be a new acceptor
substance that can replaced fullerene derivatives which have a wide range train that

promote the usefulness of an organic solar cells, such as absorption of light via

15



photoactive layer, charge transfer and movement of exiton from the interface, charge
segregation at coulomb fascination and isolated charges are carried to a cathode.
Chemically modified fullerene derivatives that absorb just a small part of sunlight of
spectral scope over 500nm with acceptors is an objective way to increase the
absorption of photoactive layer. Perylene dyes is an outstanding class of new
acceptor materials because of their  recently promising energy conversion

effectiveness up to 4% in blend with low energy gap polymers [45] and molecules.

However powerful Absorption in the visible region of PDI offers advantages, for
example optimum electron transport properties, flexible synthetic potential outcomes
to adjust energy levels, solubility, stacking conduct, excellent thermal and photo-

stability [46].

16



Chapter 3

EXPERIMENTAL

3.1 Materials

1,7-dibromoperylene-3,4,9,10-tetracarboxylic dianhydride, 4-(2-aminoethyl)phenol,
potassium carbonate (K,COj3), dimethylformamide(DMF), isoquinoline, acetic acid,
methanol, ethanol, diethylether, trichloroethylene, dimethylsulphureoxide (DMSO),
dichloromethane, N-methylperodine, and m-cresol, were utilized directly as received,
whereas acetone and chloroform were distilled before used. The chemicals were

obtained from the company called Sigma Aldrich.
3.2 Instruments

The measurements of IR spectra were recorded using JASCO FT-1R-6200 with KBr
pellets. Also the measurements of UV-visible spectra were obtained via Cary-100
spectrophotometer, fluorescence quantum yield and emission spectra were measured
by Varian Eclipse Fluorescence spectrophotometer DSC Model, Jade DSC
instruments were used for DSC analysis at the heating 10°C/min in nitrogen,
Thermogravimetric thermograms were recorded using a perkin Elmer,pyris 1 TGA,

at heating rate of 10°C /min in oxygen and elemental analysis were recorded from a

Carlo-Erba-1106 C H N analyzer.

3.3 Method of Synthesis

This part describes the synthesis of bay substitution and imidization of brominated
perylene dianhydride. The synthesis was successfully carried out through

condensation of 4-(2-aminoethyl) phenol with 1,7-dibromoperylene-3,4,9,10-
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tetracarboxylic dianhydride (Br-PDA) using DMF and isoquinoline as a solvent.

Below is the overall synthesis of the compound.
3.4 General Synthesis of Ty-B-PDI

A novel class of perylene derivative Ty-B-PDI was synthesized via two steps as in

sheme 3.1.

Scheme 3.1: General synthesis of Ty-B-PDI
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The compound was first synthesized by the reaction between the chromophore,
1,7-dibrominated perylene-3,4,9,10-tetracarboxylic dianhydride (Br-PDA) and

tyramine (scheme 3.2).

Scheme 3.2: Synthesis of Ty-B-PDA
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A novel class of perylene derivative was finally synthesized with addition of

tyramine to the imide position (scheme 3.3)

Scheme 3.3: Synthesis of Ty-B-PDI

3.5 Synthesis of Ty-B-PDI

ff’
\
\ NH,

20




A solution of 1,7-dibromoperylene-3,4,9,10-tetracarboxylic dianhydride (1.0g
,1.8mmol), 4-(2-aminoethyl)phenol (0.749g, 5.46mmol), and Potassium
carbonate (K,CO3) (0.6219 g, 4.5 mmol) in 67 ml of DMF were brought to
reflux at 150°C under argon atmosphere with stirring for 14 hrs and (0.746 g,
5.46 mmol) 4-(2-aminoethyl)phenol was added again and refluxed to 150 °C
under argon atmosphere with stirring for another 10 hrs. The reaction mixture was
then poured and cooled into a solution of 60 ml of acetic acid and 60 ml of water
and put in to refrigerator for one week. The mixture was filtered by vacuum
filtration and treated first with water for good 34 hrs. to remove the acetic acid
and followed by ethanol for 51 hrs in a soxhlet set up in order to remove the
unreacted amine. The reaction was control by thin layer chromatography (TLC).
Also 1.0 g of the product was weight and dissolved in 25 ml of isoquinoline with
1ml of amide in a reaction mixture under argon atmosphere with stirring at 120 °C
for 4 hrs. 150 °C for 3 hrs., 180 °C for 2 hrs. and 200 °C for 1 hr. The product was
poured in to required volume of diethylether and put into refrigerator for 24 hrs. in
order to form precipitate. The precipitate was purified with Chloroform soxhlet

for complete 60 hrs.The purified product was dried under vacuum at 100 °C.

Yield 80%; Color: dark red.

IR (KBr, cm™); v = 3422, 3017. ); 2919, 2844, 1696, 1653, 1584, 1510, 1344,
1157, 805.

UV-vis (DMF): Amax (NM) = 460, 490, 525. Fluorescence (DMF): Amax(nm) =
545, 578, and ®;=0.1.

Anal. calcd for for CsgHsqN4Og (M, 900.97): C, 74.65; H, 4.92; N, 6.22. Found:

C,73.71; H, 4.68; N, 6.14.

21



3.6 General Reaction Mechanism of Perylene Diimide
Below is the general steps involved in synthesis mechanism of Perylene diimide

which mainly focus on nucleophilic attack and proton abstraction.

Mechanism 1% of step

Nucleophilic attack

®NH, :b:
(o] 3)/ o | |
o=cC c=0
. ' ‘
o=<‘: (|:=0
o (o} (o}
- @®NH, :Oé

Nucleophilic attack

Mechanism of 2" step

Proton abstraction

y I
9 :I“JH -OH

0—cC c=—0 0—C C‘2=0
I I
HCNH HeRB :NH ‘OH
@l ..e ‘ ..
R R

Proton abstraction



Mechanism of 3™ step

T Nucleophilic attack T I‘?
: TH C‘IH : rldH ® I\‘le
0=C C=0

0=C¢ c=0
R—NH,
+ —_— + 2 HQ_
R—NH,
c=o0

RN R
:IilH (OH :ITH @ITHZ
R Nucleophilic attack R R
H th
Mechanism of 4™ step
Proton abstraction
R R R R
lelH HN®fH NH 'P‘JH
[ \
o=C c=0 0=C c=0

0=C c=0
:NH HN—H
R R

Proton abstraction

Mechanism of 5™ step

Proton abstraction
R R
N~ 7
el N.__O
=C c=0
@O AN s
+2 + 2HNR

- .
N
Z &> H

o

/

\Z

+

/

\Z
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Proton abstraction
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Mechanism of 6™ step
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Chapter 4

DATA AND CALCULATION

4.1 Optical and Photochemical Properties

4.1.1 Molar Absorption Coefficient (&,,,4x)

Molar absorption coefficient is one of the parameter that defined how strongly a
substance absorbed light at a given wavelength. It is an intrinsic property of a
species. Generally, absorbance (A) of a sample is depend on the concentration (C)

and pathlength(l) of the species through the beer-lambert law as shown below

Emax = a

Where

emax  Molar extinctions coefficient of a selected absorption wavelength
I path length

A Absorbance

C Concentration
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absorption spectrum of Ty-B-PDI in (Fig.4.5-4.9) shows the absorption value of
0.70, 0.90, 0.25 at maximum wavelength (Amax= 525, 527, 535nm) for the

concentration of 1.0 x 10°mol L™ and path length of 1cm.

However, the €nax 0f Ty-B-PDI in DMF is calculated below

. _ 0.70
max = 1x1,0x10-5

= 70000 mol*cm?

€max Of Ty-B-PDI in DMF is 70000 mol*cm™
Similarly, the values of €n. of Ty-B-PDI in various solvents were calculated and

presented in table 4.1

Table 4.1.1: Molar absorption coefficients of Ty-B-PDI in various solvents

Solvents Amax (M) A emax (L mol™* cm™)
DMF 525 0.70 70000
NMP 527 0.90 90000
TFA 535 0.25 25000

4.1.2 Fluorescence Quantum Yield (®s)

When light strike a fluorophore or chromophore therefore photon of light absorbed
by exciting of an electrons from its lowest energy level to high energy level. This
species have different fate depending on the exact nature of the fluorophore or
chromophore and its surrounding. Beside the outcome is deactivated (loss of energy)
and return to ground state. In general, fluorescence quantum yield ®x is the ratio of
photon absorbed and emitted via fluorescence. On the other hand the quantum yield
®; provides the possibility of the excited state to be deactivated by fluorescence

instead of non-radiative mechanism.
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The comparative methodology for recording of @ involved the application of well

characterized standard samples with known @x values.

Basically, the identical absorbance at equal excitation wavelength with solutions of
the standard and test samples can be presumed to be absorbing equal number of
photons. Hence, easy proportion of cohesive fluorescence intensities of solutions that
reported under the same conditions can produce the ratio of the quantum yield
values. However it is irrelevant to compute the ®s for the test sample since @5 for the
standard sample is known. The unknown quantum yield in respect to the standard is
the proportion of the integrated band regions under the two fluorescence spectra after
they have been optimized for the detector reaction function. The known quantum

yield standard is multiplied and gives the absolute quantum yield of the unknown

—As o Su g M2
e =12 x X [2]7x

Where

As  Standard absorbance of reference compound
¢s  Unknown quantum yield

Ny Unknown refractive index of a solvent

Su integral emission area of unknown band

®; standard quantum yield of reference solvent
A,  Absorbance of unknown sample

Ns Standard refractive index of solvent

Ss Integral emission area across the standard band
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N,N-didodecyle-3,4,9,10-perylenebis (dicarboxyimide) published by ICIL in 1996
with @¢= 1 in trichloromethane was taken as a reference for the measurements of @y
in perylene derivatives [47]. Emission spectra of the excitation wavelength of a
compound at Aex = 485nm was applied. The Absorption of a reference solution and
the sample was adjusted to 0.1 at excitation of wavelength in order to reduce any
effect from re-absorption. The table below gives ®; values of a compound by using
the above relationship.

@ Calculation of Ty-B-PDI in DMF

@, =1 in chloroform

nu=1.4305

ns - 1.4458

A =0.1003

A, =0.1005

Su = 66.566

Ss=851.81

__0.1003 66.566 [ 1.4305

2 —_ ~
b = 7005 < s5181 “aace] X 1=0.076 =01

Table 4.1.2: Fluorescence quantum yield of Ty-B-PDI

Solvent Ny Ay Sy Aq S D¢
DMF 1.4305 0.1005 66.566  0.1003 851.81 0.10
NMP 1.470 0.1018 65.024  0.1003 851.81 0.08
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4.1.3 Half-width of the Selected Absorption (AvY2)
The selected half-width absorption is defined as full or half-width of the curve at the
half of the maximum intensity. Generally, the half-width of the selected maximum

absorption can be determine using the relationship below

Ay, = Vi - Ui

Where,
v -v;;  Frequencies of Absorption spectrum

Ay, selected maximum absorption of half-width

0.8

525

0.6
430

0.4

460,

Absorbance

0.2+ 430

A A
0'0 M T M Z T v T ¥
400 500 600 700 800

Wavelength (nm)

Figure 4.1: Half-Width plots on the absorption spectrum of
Ty-B-PDI in DMF

The value of Av,, From Fig. 4.1 were calculated and presented in table 4.3
By using this formula Avy, - b; - ;i and ©; = %

-9
at A = 520 nm X 107"m X 100cm =52X% 10—SCm
1nm im

1 _
= = 19230.77 cm™1
5.2X10 cm
at Aii=538nm x 1079 2 x 129 _ 538 cm
inm im
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Vii —

"~ 5.38x10°5

L _ 18587.36cm®

Aby, = 19230.77 cm™! — 18587.36cm™! = 643.41 cm™1!

Table 4.1.3: Half-width of the selected maximum absorption of Ty-B-PDI

Solvents Ai (nm) Aii (nm) Ady, (cm™)
DMF 520 538 643.41
NMP 521 535 502.27
TFA 528 541 455.10

4.1.4 Theoretical Radiative Lifetime (1)

The theoretical radiative lifetime is refers to theoretical lifetime of an excited

molecule for extinction of radiationeless transitions. The equation below is used to

calculate the theoretical radiative lifetime [48].

Where
AV,
€max
f)max

To

The formula above is used to estimate radiative lifetime of the synthesized Ty-B-PDI

3.5x 108

Opax> X Emax X ADY5

To =

selected Absorption half-width
molar extinction co-efficient at selected absorption wavelength
mean frequency for the absorption band

Radiative lifetime

compound in various solvents as presented in table 4.4

Theoretical lifetime of Ty-B-PDI in DMF
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From fig.4.1 and 4.5 Amax = 525nm, Ay, = 643.41cm™,  &,,,,, = 70000 mol™*cm™

107° 100 _
o " = 525x1075cm
inm 1im

at Amax =525nm X

b= ——— =19047.62 cm™
5.25%10

_ 3.5 x 10°
fo T (19047.62cm=1)2 x 70000mol~tcm~1 X 643.41 cm™1

=2.142x 1078s

_ 9 1ns _
To = 21.42 X107 7s X 1095 — 21.42ns

Table 4.1.4: Theoretical radiative lifetime of Ty-B-PDI in different solvents
Solvent  Amax (NM) &max (L Mol cm™)  52max(cm™)  ADy, (cm™) o(ns)

DMF 525 70000 3.62x 108  643.41  21.42
NMP 527 90000 3.60x10° 502.27  21.50
TFA 535 25000 3.49x10° 455.10 88.05

4.1.5 Theoretical Fluorescence Lifetime (t5)

The theoretical fluorescence lifetime is a measure of the time stays in the excited
state before fluorescence by emitting a photon [49]. The lifetimes of chromophore
ranged from picoseconce to nanoseconds, and it can be determine by the given

equation below

Ti=To X (I)f

Where
®; = Fluorescence quantum yield

7 = Fluorescence lifetime
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To = Radiative lifetime
The calculated values of theoretical fluorescence lifetime in various solvents were

illustrated below.

Table 4.1.5: Theoretical fluorescence lifetime of Ty-B-PDI

Solvents D¢ 7o (NS) 7 (NS)
DMF 0.10 21.42 1.63
NMP 0.08 21.50 1.72

4.1.6 Fluorescence Rate Constants K

The equation below is used to determine the Fluorescence rate constants.

kf=—

70

Where
1o = Radiative lifetime (s)
K¢ = Fluorescence rate constants (s™)
Fluorescence rate constants K¢ in DMF
T, = 21.42ns =21.42x10% " or 2.142x10°%™*

1

= m = 4.66)(1078_1

K
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The table 4.6 below gives the calculated values of fluorescence rate Constants

Table 4.1.6: Fluorescence Rate Constants data of Ty-B-PDI.

Solvents 7o (NS) Kr(s™)

DMF 21.42 4.66x10’
NMP 21.15 4.65x10’
TFA 88.05 1.14x10’

4.1.7 Rate Constants of Radiationless Deactivation (Kq)
The equation below is used to determine the rate constants of radiationless

deactivation value

Where
K: Fluorescence rate constant (s™)
Ky rate constant of radiationless deactivation (s™)

®; Fluorescence quantum yield

Table 4.1.7: Rate constants of radiationless deactivation

Solvent Oof Ke (s Kqg (s
DMF 0.10 4.66x10’ 5.359%10°
NMP 0.08 4.65x10’ 6.132x10°
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4.1.8 Oscillator Strengths (f)
Oscillator Strength in spectroscopy is a dimensionless quantity that shows the
possibility of Absorption or emission within electromagnetic radiation in transitions

of energy level. Oscillator strengths can be calculated using the equation below [48]

f = 432)(10-9 Al_)l/z Smax

where

Avy, Half-width of the selected absorption

f Oscillator strength

e€max Molar extinction coefficient at the selected absorption wavelength
The Oscillation strength of Ty-B-PDI in DMF

Ady, = 643.41 cm™

€max = 70000 Lmol‘cm™

f = 4.32x107° x 643.41 x 70000 = 0.19

The calculated values of Oscillation strength in various solvents of Ty-B-PDI, were

shown in table 4.8

Table 4.1.8: Oscillator strengths data of Ty-B-PDI

Solvent Ay, cm™ emax Lmol*cm™ f
DMF 643.41 70000 0.194
NMP 502.27 90000 0.195

TFA 455.10 25000 0.049
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4.1.9 Singlet Energies (Es)
Theoretically, the relationship shown below is used to determine the energy needed

to promote electrons from ground state to excited state.

_ 2.86x1075

)\max

Where

Amax Maximum Absorption wavelength (A)

Es  Singlet energy (kcal mol™)

Singlet energy of Ty-B-PDI was calculated using above relationship and the data
was given in the table 4.9 below.

Singlet energy in DMF

_ 10~%m 14 _ 2
at Amax = 525 nm X o X T = 5250A
2.86x10°
s = ﬁ = 54.47 kcal/mol

Table 4.1.9: Singlet energies data of Ty-B-PDI

Solvent Amax (A) Es (kcal mol™)
DMF 5250 54.47
NMP 5270 54.25
TFA 5350 53.45
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Figure 4.4: FTIR spectrum of Ty-B-PDI
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Figure 4.5: Absorption spectrum of Ty-B-PDI in DMF
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Figure 4.6: Absorption spectrum of Ty-B-PDI in DMF after microfiltration (0.2 pum)
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Figure 4.7: Absorption spectrum of Ty-B-PDI in NMP
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Figure 4.11: Emission spectrum of Ty-B-PDI in DMF
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Figure 4.12: Emission spectrum of Ty-B-PDI in DMF after microfiltration (0.2 pum)
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Figure 4.13: Emission spectrum of Ty-B-PDI in NMP
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Figure 4.14: Emission spectrum of Ty-B-PDI in NMP after microfiltration (0.2um)
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Figure 4.15: Emission spectrum of Ty-B-PDI in TFA
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Chapter 5

RESULTS AND DISCUSSION

5.1 Synthesis and Characterization

Bay and imide substitutions of a compound were prepared according to the synthetic

routes shown in Scheme 3.1 and Scheme 3.2, respectively. The brominated perylene

tetracarboxylic dianhydride was directly converted to an intermediate product via
condensation with 4-(2-aminoethyl) phenol at 150 °C for 24 hrs. The reaction was
further continuous for 4 hrs at 120 °C, for 3 hrs at 150 °C, for 2hrs at 180 °C and for
1 hr at 200 °C under argon atmosphere. The structure of the compound was
characterized by IR, UV-vis, DSC, TGA and elemental analysis. The results have

actually proved the predicted chemical structure of the compound.

The characterization of bending and stretching Absorption of functional group in FT-

IR Spectrum of synthesized compound was put across.

All IR Spectrum of Tyramine in fig.4.2 shows the characteristic Absorption bands at
3340 cm™ (N-H stretch), 3279 cm™ (Ar C-H stretch), 2935 and 2867 cm™ (aliphatic
C-H stretch) 1592 and 1517 cm™ (C=C stretch), 1465 cm™ (C-N stretch), 1112 cm™

(C-O stretch) and 821 cm™ (C-H bend).

IR spectrum of the Br-PDA was consistent with the assigned structures as shown in

Fig,4.3 (Ar C-H stretch) 3122 cm*, anhydride C=0 stretch at 1765cm™* and 1724

52



cm !, (C=C stretch) at 1595cm*, (C—O stretch) at 1013cm*, (C-Br) at 803cm™*

proved the structure of Br-PDA.

The IR Spectrum of Ty-B-PDI in Fig. 4.4, has also shown the characteristic bands at
3422cm™ (O-H and N-H stretch); 3017 cm™ (Ar C-H stretch); 2919cm™ and 2844
cm™ (aliphatic C-H stretch); 1696 cm™ and 1653cm™ (imide C=0); 1584cm™ and
1510cm™ (C=C stretch); 1344cm™ (C-N stretch); 1157cm™ (C-O stretch) and 805cm”

1 (C-H bend), confirmed the structure of Ty-B-PDI.

Following the IR spectrum of Br-PDA the characteristic bands of the anhydride C=0
stretch (1762 cm™) had vanished and were substituted by imide C=0 stretch (1696
and 1653 cm™). Similarly, the characteristic band of the C-O—C stretching (1024 cm’

1) had disappeared and was replaced by C—N stretch (1344cm™).

Highly soluble PDI is of important for process ability and preparation of thin film
that can be used in organic electronics. The improved solubility of PDI derivatives
have originated from the bulky substituent on core area and imide position of
perylene chromophore. However the presence of tyramine also known as 4-(2-
aminoethyl) phenol on the synthesized product have shown a good solubility in
dipolar aprotic solvents and also little or partially soluble in polar protic solvents as
in (Table 5.1). The partial solubility of the product in polar protic solvents could be

due to the presence of hydrogen bonding
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Table 5.1: The solubility properties of Ty-B-PD1 in different solvents

Solvents Solubility Color

DMF (++) Red

NMP (++) Red

DMSO (- +) Red
m-CRESOL (- +) Red

TFA (-+)* Pale red
ACETONE (-+)* Pale orange
DCM (=-) Colorless
TCE (=-) Colorless
CCly (--) Colorless

CCly; Tetrachloromethane, DMF; Dimethylformamide, DMSO; Dimethyl Solfoxide,
DCM; Dichloromehtane, NMP;N-methylpyrrolidinone, TCE; Trichloroethylene,
TFA; Trifluoroacetic acid , (+ +): Soluble at room temperature; (— +): Partly soluble
at room temperature; * Solubility increased upon heating at 60 °C.

5.2 Absorption and Fluorescence Properties

Optical properties of Ty-B-PDI were investigated through UV-vis absorption and
emission spectra. The measured data obtained from UV-vis absorption and emission
spectra in different solvents are used in calculating of various physical parameters as
shown in table 4.1- 4.9, respectively. Significantly, appreciable solubility of the
compound and the polarity of the solvent were considered when taking the

measurements.

However, the absorption spectra of the compound in various solvent were presented
in fig. 4.5 — 4.10. Figure 4.6 indicate the absorption spectrum of Ty-B-PDI in dipolar
aprotic solvent DMF with the characteristic bands at 525, 490 and 460 nm,

respectively. These characteristic bands of Absorption intensities are due to

54



intermolecular charge transfer and m — m* electronic transitions from ground state to

excited states, representing the 0 - 0, 0— 1, and 0— 2, respectively.

The UV spectrum of Ty-B-PDI in Fig. 4.8 shows three characteristic peaks with
maximum absorption of 527 nm in NMP. Interestingly, the absorption spectrum a
compound has shown the characteristic peaks at 527, 490 and 460 nm with a
shoulder peak at 430 nm after microfiltration. This additional shoulder peak for Ty-
B-PDI in NMP is likely due to aggregation of Ty-B-PDI molecule in solution. It is
also observed that there is no any significant different between absorption spectra of

Ty-B-PDI in DMF and NMP.

The UV spectrum of Ty-B-PDI in Fig. 4.9 shows the traditional characteristic
absorption bands at 535, 497, and 462 nm, with a shoulder peak of 426nm
respectively. Notably, in polar protic solvent TFA, the compound exhibit diminished
absorption bands with red shifted spectra due to the increase in solvent polarity
which attributed to possible hydrogen bonding, also the broadest wavelength of
absorption peak of the compound in polar solvent TFA is an indication of

nonappearance of a strong charge transfer in a ground state.

The emission spectra of all Ty-B-PDI were taken at Ae= 485 nm excitation
wavelength as presented in Fig. 4.11 — 4.16. The characteristics emission bands of
Ty-B-PDI in different solvents are observed at 541 and 547 nm for DMF, 545 and
578 nm for NMP and 554 nm, 589 nm for TFA. Considerable red shift emission
observed in TFA  comparing to the rest of the solvents

were identified from emission spectra of Ty-B-PDI in difference solvents Fig.4.16.
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The red shift in polar aprotic indicate the better solvation of the excited state than the
polar ground state of Ty-B-PDI. Fluorescence quantum yields (®s) of the compound
are measured in different solvents and were presented in Table 4.2. Essentially, the
Ty-B-PDI has displayed low fluorescence quantum yield (®5) in NMP. Meanwhile,
the poor fluorescence quantum yields in different solvents are attributed to the re-
absorption of emitted photons and the self-quenching because of the intra and

intermolecular interactions.
5.3 Mass Spectra Analysis

The MS analysis of Ty-B-PDI was not successfully captured due to the poor

solubility of the compound.
5.4 Thermal Stability

Thermal properties of Ty-B-PDI were investigated by DSC (differential scanning
calorimetry) at 10 k mn™! in Fig. 4.17 and TGA (thermogravimetry) at 5 k mn™ in Fig
4.18. Ty-B-PDI compound did not show any glass transition temperature in DSC
run. The TGA curve displayed high starting decomposition temperature T4 which
proved thermal stability property of the compound. The compound was also stable at
450 °C. Ty-B-PDI experienced a rapid weight loss of 10 % occurred at 450 °C and
530 °C. When Ty-B-PDI compound was heated up to 800 °C, 98 % of initial weight

were lost and 2 % char yield was observed.
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Chapter6

CONCLUSION

Perylene dyes have been favorably synthesized from reactants involving 1,7-
dibromoperylene -3,4,9,10-tetracaboxylic  dianhydride (Br-PDA) and 4-(2-
aminoethyl)phenol. The structure and the properties of the Ty-B-PDI compound have
been well investigated and characterized by FTIR, UV-vis, MS, DSC, TGA, and

elemental analysis.

The compound showed a good solubility in polar aprotic solvent and partial
solubility in polar protic solvents due to the presence of intermolecular hydrogen
bonding in the substituent. However, the compound was not soluble in non —polar
solvents. Ty-B-PDI achieved high thermal stability at >450 °C where it is possible to

use it in some devices as temperature and heat resistant compound.

The absorption spectrumum of Ty-B-PDI in TFA show a broad and red shifted
absorption spectrum which indicating hydrogen bonding. The compound recorded
high absorption ability in DMF and NMP; hence the high absorptivity of a

chromophore is an attractive property toward photovoltaic materials.

The emission spectra of the core substituted Perylene diimide in various solvents
before and after microfiltration were also reported. All the emission spectra show

two emission peaks of 0 — 0 and 0— 1 transitions of perylene chromophore which
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where mirror images of Absorption spectra. Fluorescence quantum yield value of Ty-

B-PDI is low in NMP and DMF.

On balance, the analysis results obtained from the research could bring about further

development in photovoltaic applications.
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