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ABSTRACT

Versatile substituents of perylene chrmophores creates higher absorptions in visible
region of absorption spectrum and also exhibits higher coefficients of molar
extinction. Furthermore, they have the ability to emit light of almost unitary which
signifies higher fluorescence quantum yields. Perylene dyes acts a major role in dye
sensitized solar cells due to the presence of four carbonyl groups in its core which

creates ease of accepting an electron.

In this research, N,N'-Bis(3,3,5,5-tetramethyl-4-piperidinyl)-3,4,9,10-perylenebis
(dicarboximide)  (PPDI) and  N-(3,3,5,5-tetramethyl-4-piperidinyl)-3,4,9,10-
perylenetetracarboxylic-3,4-anhydride-9,10-imide (PPMI) were sensitized and
comparison of their photophysical properties were carried out. FTIR spectroscopy
was used to characterize the compounds and their photophysical properties analyzed

via absorption and emission spectroscopy.

All the perylene dyes synthesized showed very high molar absorptivity with the
highest being 152000 M™*cm™ obtained from PPMI. PPMI absorption spectrum
shows a 4 nm blue shift in a polar aprotic solvent as a result of increased level of

polarity and the stabilization of PPMI energy levels it induces on the structure.

Keywords: Perylene diimide, perylene tetracarboxylic acid, perylene monoimde,

perylene carboxylic acid monoimide.
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Cok Yonli atomuna no olusturur perylene chrmophores emilimler daha ylksek
gorinen bdlge absorpsiyon spektrumu ve olduysa da daha yiksek varyasyon
katsayilar1 molar sonme. Ayrica, 151k yaydigindan yetenegine sahip olan hemen
hemen devletin {niter anlamina gelmektedir uygulandiginda fliioresans iireten
kendinden aydinlatmali kuvantum verimleri daha yiiksek. Gorevi goriir Perylene
boyalar 6nemli bir rol boya pozlandirmadan gilines enerjisi hiicreleri bulunmasi

nedeniyle dort carbonyl grubu olusturan, temel kabul kolaylig bir elektron.

Bu arastirma, N, N' -Bis(3,3,5,5-tetramethyl-4-piperidinyl)-3,4,9,10-perylenebis
(dicarboximide) (PPDI) ve N- (3,3,55-tetramethyl-4-piperidinyl)-3,4,9,10-
perylenetetracarboxylic-3,4-anhidrit-9,10-imide ~ (PPMI)  pozlandirmadan ve
karsilagtirma, photophysical ozellikleri gergeklestirildi. FTIR  spektroskopi,
karakterize etmek i¢in kullanilan bilesikler ve onlarin photophysical o6zellikleri

uzerinden analiz emilim ve emisyon spektroskopi.

Gosterdi Tiim perylene boyalar sentezlenmis ¢ok yiiksek molar absorptivity olan en
yilksek 152000 M™*cm™ elde PPMI. PPMI absorpsiyon spektrumu 4 nm mavi
gosterir vardiya kutup ayist aprotic solvent sonug olarak artan diizeyde polarite ve

stabilizasyonu PPMI enerji seviyelerine yankilanmaya neden olur.

Anahtar Sozcukler: Perylene diimide, perylene tetracarboxylic asit, perylene

monoimde, perylene carboxylic asit monoimide.
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Chapter 1

INTRODUCTION

Perylene diimide(PDI) is a broadly used Rylene chromophoric member in functional
multichromophoric architectures due to their average oxidative and reductive
potentials[1]. Considering PDI as a possible antitumor drugs which serves as
telomerase inhibitors has greatly increased its scope of usage in biochemical and
pharmacological purposes and also, the outsatnding applications of PDI in dye
lasers, organic electronic devices, and light harvesting arrays, has greatly attarcted
research [2]. PDI is the most studied n-type organic semiconductor with remarkable
characteristics such as chemical and thermal stability, quick electron transportation,
and high degree of electron acceptance. Synthesis had been done on PDI derivatives
with pi-conjugation increasingly at the bay positions [3]. As regards to its electron
transportation, the highest mobility was accounted for Tatemichi in the year 2006,
who through his demonstrations by using annealing technique, an extremely
arranged thin films appropriate to DMP FET showed a 2.1 cm?(v.s) carrier
mobility. LUMO energy level has been greatly lowered by bringing into play strong
electron withdrawing pyrimidinyl ring in association with DMP [4]. Perylene
polymers that exhibit solid-state emissions are promising prospects for photovoltaic
applications and also to obtain a flexible polymer for self-organization with better

solubility and varying photoluminescence properties, flexile sections are



incorporated of variable lengths into the backbone [5]. Perylene derivatives are used
as dyes and pigments in coating and painting in organic chemistry. In addition, the
stronger absorptives and emissions by PDI at the visible region, makes them a prime
candidates for photoreceptors, photoconductors and lasser material applications and
their usage in nonlinear optics field satisfies the search for organic compounds
showing high nonlinear optical (NLO) absorption [6]. A remarkable use of PDI is as

a sensitizer in a Dye-sensitized solar cells (DSSCs) [7].

PDI is applied as lacquers, fluorescent and near-IR dyes, optical switches, molecular
switches, dye lassers, logic gates, and in reprographic processes. A great significant
discovery was made on perylene derivatives by using PDI which was capable of
performing a dual purpose by transporting both the electron and hole at the same
time making it ambipolar [8-9]. Though much has been done based on the attractive
properties of perylene derivatives, still yet much is to be done on improving the air
stability of electron-transporting materials, solubility and aggregation in common
solvents, the influence of the different organic inter-layers on the performance of the
device, and on its lower solid state quantum efficiency which arises due to its self-
quenching as a result of high concerntration of dye within the film [10]. Properties
such as large charge carrier mobility, high thermostability, and good electron
transport makes perylene derivatives suitable for applications in opto-electronics and
excellent n-type semiconductors[11-14]. Most PDI applications were carried out on
dye-sentisized solar cells up till date while conjugated perylene, perylene
bisbenzimidazole i.e. conjugated perylene (CONPER) and PDI has accounted via
thermal gravimetric analysis of a stability of 400°C[15-17]. Fabrication of bilayered
OPVs through vapor deposition has made low molecular weight derivatives of

perylene to be examined as electron acceptors and further analysis has carried out on



PDI as active compounds in finger mark detection and living cell staining in
biochemical applications[18-20]. PDI derivatives and PDI of tetracarboxylic acid
shows great applications in industrial dyes[21-23]. Reaction of primary amines in m-
cresol mix with isoquinline leads to the synthesis of a high yield symmetrical
perylene diimides[24-25]. Solar cells made up of PDI and poly(3-
hexylthiophene)(P3HT) shows lower efficiencies(0.2%) of external power
conversion[26]. In 1992, successful encapsulations of the aqueous inner volumes of
fluorescent liposomes was done by using dyes of perylene of high lipophilicity into

the single phospholipidic bilayer of vesicles instead of using water soluble dye[27].

Perylene diimide derivatives among n-type oragnic materials have high molar
absorption coefficients, awesome accepting characteriestics and a conduction
through the m-m stacking axis[28]. Tang in 1986 successfully designed the first
efficient oragnic bilayer photovoltaic cell by combining copper phthalocyanine and a
perylene derivative[29]. Nowadays, assembly and characterization of organic-
inorganic interfaces has been the area of intensive research though much is still to be
done in the areas of selecting a proper cathode, proper modification of the cathode,
device encapsulation to amend its stability and life time[30-31]. While high electron
accepting abilities gives perylene imides an upper arm in transportations and opto-
electronics, their low stability in organic solvents still stands as a hindrance.
Perylene tetraesters such Tetraalkyls, is recently known as novel classes of self
organized electron transporting stuffs[32-34].  The aim of this project is to
synthesize a new perylene diimide and its monoimide for potential organic electronic

and solar cell applications (Scheme 1).
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N,N’-Bis(2,2,6,6-tetramethyl-4-ppiperidinyl)-3,4,9,10-perylenebis-(dicarboximide)

H3C CH3 O
N-(2,2,6,6-tetramethyl-4-piperidinyl)-3,4,9,10-perylenetetracarboxylic-3,4-

anhydride-9,10-imide

Scheme 1: General reaction routes for the synthesis

The synthesis was then followed by detailed characterization to explore the
optoelectronic properties of perylene derivatives using UV-vis, and emission

techniques. Structural characterization were performed by FTIR techniques.



Chapter 2

THEORETICAL

2.1 Types of Solar Cells

2.1.1 Classification based on Technology

Numerous types of solar cells (photoelectric cells or photovoltaic cells) exist today
due to the advantageous future it sets forth being highly available and less expensive
resulting from the application of an excellent work. With respect to technological
approach, photovoltaics (PVs) can be classified into two main groups, that is;
amorphous thin Film technology and Silicon crystalline technolgy.

2.1.1.1 Silicon Crystalline Technology

This type of PV is further divided into two major groups that is single crystalline
solar cells and multi crystalline solar cells. It should be noted that most silicon solar
cells (SSC) are made from wafers of silicon. These wafers are at times single or
multi crystalline. Wafers made up of single crystalline are better as compared to
multi-crystalline wafers with respect to manufacturing material but are costly as
compared to the multi crystalline. Silicon crystalline has a well defined structure of
crystals made up of well arranged atoms in pre-defined locations. Silicon crystalline
predict and shows uniform behaviors but as a result of their careful processes and
slow production involved, they remain the most expensive forms of silicon. Silicons

form a quadruple linkage with neighboring atom.



The veritable arrangement of atoms of silicon in a single crystalline silicon develops
a well defined pattern. An atom of silicon has four outermost electrons and therefore
can used these outer most electrons in bonding with neighboring atoms. Single
silicon crystal is developed as a huge cylindrical ingot giving rise to a solar cells
which are semi squared or circular. Edges of a circular cell is usually cut-off to
produce a semi squared cell in other to increase the total number of atoms used for
the process in a rectangular module. Single-silicon PV cells are produced from
single silicon crystals which are cylindrical through the application of the saw-cut
method while multi-crystalline silicon PV cells are fabricated from recrystalized and
ingot of melting silicon. Also, single-silicon PV cells has an operating efficiency of
closed t015% while that of multi-silicon PV cells lies within the range of 12% and
the later occupies about 90% of world’s market on crystallined silicon [36]. Poly or
multicrystalline silicon PV cells have become the core interest of most research
centers and institutions or manufacturers due to its beneficial solubility of generating
electricity [37].

2.1.1.2 Amorphous Thin Film Technology

The word ‘amorphous’ refers to non-crystalline substances made from gas
depositions. Amorphous silicon can occur in its hydrogenated form. Early analysis of
amorphous silicon ascertained that deposited-plasma amorphous silicon possessed a
substantial percentage of atoms of hydrogen bonded into the structure of amorphous
silicon. Materials’ electronic properties were improved by these amorphous silicon
atoms. Amorphous silicon is most popularly seen as an amorphous silicon which is

hydrogenated (a-Si:H).



Advantages of a-Si:H over c-Si:
+ Based on technology, it is relatively inexpensive and difficult for c-Si
as to a-Si:H.
+ a-Si:H draws a higher energy as likened to c-Si based on a known
layer thickness, that is about 2.5 times.
+ Films of a-Si:H needs a lesser material which is less expensive and
has a lighter weight for its fabrication.
+ a-Si:H deposits are made on numerous substrates such as roll-away
categories, curve and flexible.
2.1.2 Conventional Solar Cells : Photovoltaic cells of First and Second
Generations
With respect to depletion of energy sources which are non-renewable, a great interest
was placed on renewable energy sources with great emphasizes made towards the
production of solar cells. This search and zeal went on for decades from the first
generation photovoltaics to present fourth-generation complexed of photovoltaic
technology (PV). PV of first generation is based on basic stages made up of single
layer p-n junction diodes and large area. It is maked basically of wafers of silicon
and are known as wafer-based silicon solar cells. Its fabrication processes are costly
per unit watts and are difficult, coventional solar cells made of silicon are prevalent

in the commercialization of solar cells [39 — 40].

Thin Film deposited semiconductors and poly-junction photovoltaics cells materials
constitute the second generation photovoltaics cells. These were made to meet up
with the huge demand for energy by the industralized world and cost of production
of first generation PV cells. These devices were made to be highly efficient. Thin

Film semiconductors are made from various substances which possesses reduction in



material mass necessary for cell designing. PVs which are of second generation had
a lower efficiency as likened to first generation PV cells but their lower fabrication

cost gave an upper hand for further research [41-42].

In order to perceive the idea behind the third generation photovoltaics, it is necessary
to comprehend the working the principle and theories of less complex photovoltaics.
An extensive application of the technological aspect behind PVs leads to the
production of large amounts of electricity for lighting homes, pumping water,
powering electrical appliances, etc [37]. Semiconductor theories is used as a tool to
better analyzed and eplain photovoltaic effects which is the cause of the conversion
of radiations of electromagnetism into electricity [39-42].

2.1.2.1 Generation of Photons of Charge Carriers

Traditional photovoltaics are build by placing p- and n- type semiconductors in
contact. a junction of p-n is made in silicon through the process of doping. These
photons captured from the disclosed light motivated the flow of electrons from n-Si
node to p-Si node or junction and this leads to the production of electricity. It should
be noted that, three basic processes occurs when a photon strikes the surface of a

silicon which determines the fate of the photon, viz;

) The silicon surface will reflect the photon off.

i) The silicon surface may absorb the photon which is as a result of a higher
enegry possessed by the photon as compared to the band gap of the
silicon atom. Should this occur, it will lead to the (a) pair electron-hole
generations or (b) heat generation.

iii) The photon can pass via the silicon should it possess a lower energy as

compared to the band gap of the atomic silicon.



What then becomes the fate of the photon should the second process comes to
practice? Absorption of photon by an atomic silicon leads to excitation which
involves the movement of an electron from its valence band to its conduction band.
In its conduction band, it can move freely within the semiconductor. The formation
of a hole also goes through the same mechanism when doping is done with a p-type
material. A hole is created at the valence band when the electron leaves its location
moving to a conduction band. Holes carry a positive charge since they indicate the
absence or a lost of an electron. Should a missing covalent bond be present,
neighbouring bonded electrons of atoms migrate to the empty holes creating another

hole at the previous location thus making a hole to be mobile in the whole lattice.

What really is doping of semiconductors? Doping involves the addition of atoms of
different electron numbers to obatin an unbalanced electron numbers in based
materials (silicon, etc) for common semiconductors. After doping, the base material
possesses excess electrons and therefore carries a negative charge while the based
material possessing shortage of electrons becomes positively charge. Silicon doping
can be obtained through ‘diffusion’ or ‘implantation of ion’ for negative charge by

using Phosphorus (P) or Arsenide (As) and for positive charge by using Boron (B).

Taking a closer look at the doping of semiconductors either by diffusion or
implantation of ions gives us a clue on how to reduce cost of production which is an
extra advantage. lon inplantation doping of silicon is carried out at room temperature
while that of diffusion is done at higher temperatures. Energy is needed for dopant
ionization when dealing with ion inplantation and it is a faster process of doping
whereas a slower doping process is experienced with diffusion which is a chemical

process though it is easy to manage and has a lower cost. A vivid conclusion can be



made that, charge carriers are created when absorbed photons leads to the formation
of mobile pairs of electron-hole.

2.1.1.2.2 Charge Carrier Separation

For the production of electricity, separation of electron-hole union after its formation
is of high necessity. This separation must occur and its migration must be in the
direction of the electrodes. Two major ways of separation of charge carriers occurs
in solar cells which are (a)- drifting of carriers of charges which involves driving by
an electrostatic field generated in the whole device , and (b)- diffusion of charge
carriers which involves movement from an area of high carrier concerntration
potential to an area of lower carrier concerntration potential. The former is an
outstanding model of separation of charge carriers in local solar p-n junction cells.
What then happens in a non-local p-n junction solar cells (that is a third generation
solar cell)? The previous involving the drifting, electrostatic fields are absent and its
major type is separation through diffusion of charge carriers.

2.1.1.2.3 Conventional p-n Junction

Placing n-type and p-type silicon together leads to the creation of a junction known
as junction of p-n. The interfecial boundary where the n and p semiconductors meet
is known as its junction. On the above diagram, free electrons are shown with the aid
of blue dots (n-type material) and red dots (p-type material) . In the zone of
depletion, this formation results from the decalocalised electrons on the n-face and
delocalised holes on the p-face behaving as wanderers on the surface. When these
wanderers comes into contact, the delocalised electrons falls into the delocalised
holes which leads to the cancellation of both the electron and the hole and zone

depletion of moving charges.

10



Generally, this leads to minimal crystal lattice electrical imbalance. Due to the
missing of an n-face, positive charges are being assigned to some electrons while
holes filled by extra electrons located at the p-face will be assigned a negative
charge. Power generation can never arise from electrical imbalance therefore
creating a region without any free charge to counter balance a charge which finds
itself in the depletion zone. With the present of this charge, the depletion zone
exercises a force towards the free charges which pushes it towards its previous
location on the junction. With this done, the depletion zone becomes clean with no
free charge. At this juncture, a free will need extra force from a donor/acceptor atom
to go across the depletion area. This depletion zone further acts as a barrier
preventing flow of charges hence inhibiting current flow. An elternative power
source e.g a battery maybe connected with its positive edge connected to the p-face
and its negative edge connected to the n-face of the silicon. According to the theory
of repulsion of like charges and attraction of unlike charges, the loose electrons will
migrate towards the positive end of the power rootage and p-n junction while the
loose holes will migrate towards the negative end of the power rootage. Current may
pass across the diode should the holes and electrons received sufficient voltage to
drive them across the depletion area. Such a diode is forward-biased. Should a
reverse applications be made in the designing, unlike charges would attract each
other, that is attaching a positive end to an n-type silicon and a negative end to a p-
type silicon. N-type silicon (negatively charge electron) will be pulled to the positive
end while the p-type silicon (positively charged holes) will move towards the
negative end.

2.1.1.2.5 Factors influencing Solar Cells’ Efficiency
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Efficiency is the most apparent measure that characterizes solar cells. To look at
factors which influences the efficiency of SCs, we have to first take a look at
important parameters that makes us to understand the performances of PVs. These
include; a)- Fill Factor (FF): the voltage from a SC is called an open circuited
voltage while short circuit current is its maximum current. FF is often defined as the
proportion of ultimate SC power to V. and I products. FF is directly proportional
to the performance of the SC, b)- Efficiency: it is the proportion of SC energy output
to sun’s energy input. The SC temperature, intensity and spectrum of the incident
sunlight are determinants of SC efficiency. Efficiency is further analysed as the
proportion of incident power changed to electricity and represented mathematically

as follows:

Voc IscFF
n=——-_—

Pm
Where Pp, is the ratio of the maximum power point, V. represents an open circuit
voltage, Isc denotes a short circuit current, i is energy conversion efficiency and

FF is the fill factor.

Critical factors affecting solar cells efficiency includes;
Temperature of the cell:
An increase in temperature causes the shrinking of the band gap of the intrinsic

semiconductor and decrease of the V. as a result of the dependency of the voltage

temperature of the p-n junction as shown in q/kt i.e. the diode factor. SCs possesses
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negative V. temperature coefficients denoted as B. When charge carriers are
delivered at a lower potential, a lower power output is obtained asiging same
photocurrent. Application of the rule in the calculation of fill factor, reducing V.
output in a littler maximum power theoretically,

Pmax = Voc X I allocating the same units for I, . An inherent factor of modules
made from crystalline silicon is temperature. As teperatures falls, voltages increases
in modules and vice versa. Temperature adjustment effect is very necessary in
system derating calculations.

Conversion Efficiency of Energy

Eta or n is energy conversion efficiencies of solar cells which is the percentage of
light absorbed that has been converted to electrical energy and gathered when an
electrical circuit is attached to a SC. Mathematically, n is analysed through the
application of Py(point of maximum power) dividing it by E (irradiance light input

measured in W/m?) and A (SC total area surface measured in m?).

_ Pm
" AcEx

n

We still obtain lower energy conversions and thus this raises eye brows on required
energies for production of cells versus energies harvested demanding larger surface
areas for optimum insulations. Two methods are applied widely as to augment
energy conversion efficiencies by decreasing incident light reflections of SCs.
Primarily, incident light reflections with antireflection coatings and secondly with
textured surfaces of optical incident lights confinement. Enhancement of spectral
sensitivities of photodiode of silicons are significantly altered by the light wave
length transformations from deep ultraviolet and via visible region.

Maximum Power Point Tracking
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Presently, transformation efficiencies of electricities of SCs are very low closed to
14% and thus requires improvement on SCs efficiencies via various methods. One of
these methods is MPPT (maximum power point tracking). MPPT functions with
direct current to direct current of higher efficiencies converters which shows a
suitable and optimal power output. Current generated from photons, I is adequate to
short circuit current production, V = 0. Vo (I = 0) is easily obtained. Power
generation is zero under open or short circuits. Conversion devices produces P

(maximum power) at characteristic points. Also FF can be defined as;

ff — Pmax _ Vmim
"~ Voc  Vocll

Vmand I, are current at maximu power point. PV cell arrays’ output voltages maybe
extremely low causing a little change on current output due to changes in voltages.
PV cell arrays show similarity with constant sources of current when voltages
beyond critical values keep increasing, sharply the current drops making the PV cell
arrays alike to constant sources of current. Due to the constant increase in the voltage
output, the power output arrives a peak or its maximum known as maximum power
point. The basic principle of a tracker of maximum power is to manage equivalent
load from the array of PV cell and readjust the array’s working point on the PV cell
so as maximize the working power of the PV cell array at fluctuating radiant

intensities and temperatures at the peak of maximum power point.

2.1.1.3 Third Generation PVs (Organic Solar cells)

Due to enormous difference in bonding system in third generation PVs as to first and

second generation PVs, OPV/(third generation PVs) do not separate its generation of
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photo-charge carriers by the normal traditional p-n junction. Due to their ease in
production, low cost and mechanical flexibility, they have gain world demand [42-
54, 19]. An enormous possible solar inventions are being inscribed in third
generation PVs which includes; dye-sentization of PVs, cells of nanocrystalline,
polymeric PVs, and cells of photoelectrochemical products. Conversion of power in
OPVs has greatly increased from 0.001 percent around 1975 to a unit percentage in
1986 and lately to about 5.5 percent in the early 2006 [17]. Due to its potentials,
future growth in efficiency and commercialization can be attain. Their strain optical
characteristics and fabrication makes them excellent alternatives of conventional

PVs.
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2.1.1.3.1 Designing principle

Designing characteristics of OPVs can be represented diagramatically as follows;
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Figure 2.3: Leading designing characteristics of OPVs
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2.1.1.3.2 Charge Transport Mechanism — Exciton Concept

Mechanism of quantum wave-length and orbitals of z-bonding determines the charge
transport system in SCs. Conjugated materials are made up of overlapping organic
semiconductors. As earlier talked about on valence bands and conduction in
established (conventional) PVs will be attributed to LUMO/HOMO. MO (Molecular
orbital) is form from p-orbital interactions with the carbon atoms of the conjugate
backbone. This interaction leads to the creation of anti-bonding- =~ and bonding- ©
molecular orbital making OPVs to show a fundamental difference in their mode of
functioning. Band gaps created results from the energy difference between the two
levels and this determines the optical characteristics of the substance. Van der Waals
are weak intermolecular forces that holds organic substances together via a covalent
intra-molecular bonding while in conventional PVs, same bonding occurs but
substances are held together by powerful covalent bonds which creates a three
dimensional structures which emerges to electronic bands hence semiconducting
characteristics. Bands aren’t form since all electronic states are situated on single
molecules. Exciton is a powerful electron-hole charged pair resulting from a
coulombical bounding due to excitation of organic substances by photons.
Generation of charge separation carriers don’t emerge from light absorption since
excitons don’t break down into pairs of charges due to their strong bounding. The
capability of carriers of charges to move from one molecule to the other determines
the transportation of charges. This form of transportation system is known as a
hopping. HOMO and LUMO energy gaps determine the hopping of carriers of
charges from one molecule to another. The mobility of the carriers relies on the

copiousness of the same levels of energy for holes or electrons to migrate to and fro
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leading to demarcation of regions with higher hopping potentials and others with

lower hopping potentials [56-58].

2.2 Solar Cell Materials

Common PVs may be tabulated as follows:

Table 2.1: common solar cell materials.

Single crystalline Polycrystalline Organic

(Thin films)
Polycrystalline CIS Polymers
silicon CdTe Perylene
GaAs Napthalene, etc
Amorphous silicon
Single crystalline

2.2.1 Perylene Dyes: Promising n-type Organic Semiconductors

With respect to Gratzel, DSSCs are the only third generation PVs which can dispute
solid-state inorganic junction appliances [59]. An electrolyte, gel, solid, or liquid is
used in replacing contact phases of semiconductors leading to the creation of an
electrochemical photo-cell. Light absorbers (sensitizers) substances and a
nanocrystalline morphological semiconductor with wide band gap association leads
to optical absorption and separation processes of charges occurrence. TiO,
(Mesoporous oxide) commonly used in DSSCs is made up of a section of nano-
particles which are blended together to promote electronic conductivity in the core of
DSSCs. ITO is a conductive layer which serves as a deposition surface for TiO, .
Placing the electrolyte in contact with the dye on top of the film of semiconductor.

Injection occurs when the dye is excited by irradiations of electrons into
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semiconductor conduction band where it comes in contact with the anode of the cell
via diffusion. When the redox electrolytes come in union with a dye, regeneration of
electronic dye occurs through donation. This often takes place via a couple of
iodide/triiodide in an organic solvent. At the level of the counter electrode, triiodide
undergoes reduction while the movement of an electron towards the counter
electrode from the anode shuts down the circuit. The differences experienced
between the electrolyte’s redox potential and the solid TiO, electron at its Fermi
level is equal to the total voltage rendered [59-60]. n-type organic substances made
are in a limited number as compared to p-type organic semiconductors. This
disparity arises as a result of the difference in designing in the two semiconductors.
Molecular design encounters difficulty when designing electron deficient conjugated
polymers (n-type) as to designing its electron rich counterpart (p-type). Hapless air
stabilities, difficulties in synthesis and hapless solubility are the draw backs of huge
n-type semiconductor fabrication. With such complexities arises a huge demand for
improved performances and improved durability of organic substances. Hydrocarbon
based polymeric compounds are often used in n-type PVs possessing substituent
which are electron withdrawing groups e.g. nitro and cyano groups and other renown
naphthalene, fullerene, and perylene derivatives[61-62].

2.2.2 p-type Organic Semiconductors

A huge number of electron rich semiconductors (p-type) have been studied and
characterized. Acenes which include pentacene, and oligomers such as poly
thiophenes and oligo thiophenes are well renowned p-type semiconductors. Through
doping at the conjugated & orbitals, these substances become conductive through the
addition or removal of electrons. Il conjugated molecules contain higher HOMO

units and shows characteristics of donating electrons. Conduction of electrons
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(electrical conductivity) results electron delocalization along the backbone of the
polymer. This leads to the development of a fill valence band © system known as a
synthetic metal. Other optical characteristics are also exciting not only conductivity
which is as a result of delocalization. In semiconductors doping is carried out at
lower stages while in conducting polymeric compounds, it is done at a higher level.
Partially oxidizing a polymer with an oxidant chemically or electrodes which leads
to HOMO (p orbital) depopulating with holes injection is known as p-doping
whereas n-doping is partially reducing a polymer chemically by a reductant or
electrodes leading to electron injection in the LUMO (anti-bonding p system).
Bipolaron is a charge unit created when a conjugated © system gains (n-doping) or
loses (p-doping) an electron. Conductivity of polymer arises due to the constant
migration of the bipolaron in an up and down movement within the polymer. N-
doping i.e. reduction of polymer conductivity is less renowned as compared to the p-

doping [61-62].
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Chapter 3

EXPERIMENTAL

3.1 Reagents and Equipments

3.1.1 Reagents

4-amino-2, 2, 6, 6-tetramethyl piperidine, isoquinoline, m-cresol, and perylene-3, 4,
9, 10-tetracarboxylic acid were obtained from Aldrich, a German Company. Basic
organic solvents were not distillated and distillation was done with respect to
procedures found in standard literature. As regards spectroscopic analyses,
spectroscopic solvents which are of pure grade were used after Argon gas bubbling
in order to remove dissolved oxygen from solvents.

3.1.2 Instruments

Ultraviolet Absorption spectra

Measurements of ultraviolet spectra in liquids were evaluated with the use of a
Varian Cary-100-Spectrometer.

Infrared Spectrum

Infrared spectra were acquired from a JASCO FT-IR-6200 Spectrometer by using
solid KBr pellets.

Emission Spectra

Varian Cary Eclipse Fluorescence spectrophotometer was used to analyze the
emission spectra of the synthesized compounds. All emission spectra were carried

out at Aeye = 485nm.
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3.2 Methods of Synthesis

The aim of this Thesis is to synthesize a novel perylene monoimde from its diimide
for potential organic electronics and solar cell applications. The synthesized perylene
monoimide will be easily bind to titanium dioxide (TiO;) for required applications.
In this project, N,N’-Bis(2,2,6,6-tetramethyl-4-piperidinyl)-3,4,9,10-perylenebis
(dicarboximide), (PPDI). Then N-(2,2,6,6-tetramethyl-4-piperidinyl)-3,4,9,10-
perylenebis-(dicarboximide), (PPMI) was synthesized from the synthesized PPDI.

Scheme 3.1 below shows the overall route for the synthesis of PPMI.

H3C CH3 H3C CH3
HN NH
H3C CHg3 H3C CHgz

H3C CH3 O O

H3C CH3 O O
Scheme 3.1: Synthetic route of PPMI.
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As it is shown scheme 3.2, in first step, a suspension of 4-amino-2,2,6,6-tetramethyl
piperidin and perylene dianhydride (PDA) in the presence of m-cresol and

isoquinoline reacted with the PDA to yield the PPDI was synthesized.

NH,

m-cresol
+ H;C CHy ——m———
isoquinoline
H;C N CHj
H

H3C CH3

H3C N CH3

Scheme 3.2: Synthesis of PPDI (Spectroscopy Letters, 34H(5), 605-614
(2001).
In the second step, which was the final step, PPDI was converted to PPMI in the
presence of potassium hydroxide (KOH), Isopropanol, and water as it is shown in

scheme 3.3.
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H3C CHz O 0
SO
" N . o

)~
H3C CHz O o)

Scheme 3.3: Synthesis of N-(2,2,6,6-tetramethyl-4-piperidinyl)-3,4,9,10-
perylenebis-(dicarboximide), (PPMI).
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3.2.1 Synthesis of N,N’-Bis (2,2,6,6-tetramethyl-4-piperidinyl)-3,4,9,10-

perylenebis-(dicarboximide) (PPDI)

H3C CHsj O @] H3C CHg3

A suspension of PDA (1.007g, 2.57mmol) and 4-amino-2,2,6,6-
tetramethylpiperidine (1.09/ml, 6.36/mmol) in m-cresol (40ml) and isoquinoline
(4ml) were reacted with Argon (Ar) atmosphere in a 3-necked round bottom flask.
The reaction mixture were heated at 80°C for 1hrs, at 120°C for 1hrs, at 150°C for
2hrs, at 180°C for 3hrs, and 200°C for 3hrs. The end of the heatings, the reaction
mixture was poured into acetone (250ml) for precipitation and precipitates was
filtered off via suction filtration. The crude product was purified by soxhlet for 16hrs
and dried in vacuum oven for 24hrs at 100°C.

Yield: 97.68% (1679g); Color: red

FT-IR (KBr, cm'l): v = 3428, 3289, 2962, 2928, 2860, 1686, 1651, 1594, 1576,
1463, 1404, 1341, 1258, 1171, 1127, 1014, 854, 810, 746, 648, 484.

UV-Vis (CHL) (hma/nm (€max, 1/L.mol™.cm™): 492 (87000), 526 (138000), 550
(78000), 581 (58000).

Fluorescence (CHL) (Amay/nm (gmax/ L.mol™.cm™): 536, 577, 624. @ =0.11.

Reference: Spectroscopy Letters, 34(5), 605-614 (2001).
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3.2.2 Synthesis of N-(2,2,6,6-tetramethyl-4-piperidinyl)-3,4,9,10-

perylenetetracarboxylic-3,4-anhydride-9,10-imide (PPMI)

H3C CHg O

O
A\ 4

HN N @)

// N\
O o)

H3C CH3
In to a 2-necked round bottom flask N,N’-Bis-(2,2,6,6-tetramethyl-4-piperidinyl)-
3,4,9,10-perylenebis-(dicarboximide) (PPDI) (1.001g, 1.495 mmol), in isopropanol
(70ml), water (10ml) and KOH (4.195g, 74.77 mmol) were stirred under room
temperature for 30 minutes. The reaction mixture was then refluxed for 24 hrs and
poured into 100mL of dilute HCI. The precipitate was filtered off and washed with
water. The crude product was re-suspended of in 100 mL of 5% KOH and stirred for
30mins. The precipitate was filtered off and the product was washed with dilute
HCI.The product was purified by soxhlet in Chl. Finally, the pure product was dried
at 100°C under vacuum for 24hrs.
Yield: 78%; Color: reddish-brown.
FT-IR (KBr, cm™): v = 3274, 2484, 2421, 1762, 1734, 1700, 1656, 15598, 1413,
1127, 1060, 1038, 1258, 883, 811, 701, 671, 605.
UV-Vis (CHL) Ama/nm (gmax, L.mol™t.cm™): 489 (82000), 521 (92000), 547
(59000), 574 (45000).

Fluorescence (CHL) Amax/nm: 536, 577, 624.

26



3.3 General reaction mechanism for Perylene diimide Synthesis

Nucleophilic attack

()\\L/():){\

@@ RNH,
oo

0% S0 Yo

RNH,

Nucleophilic attack

Proton abstraction

s:NHR OH
0O 0

\\{- J//

g b
l Ooe

Proton abstraction
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Proton abstraction

Proton abstraction

. ©.. =
2 @&y + 2200H — 2 : + 2H0
=N, H e N

\s J

Source: Bodapati, J., B., 2011
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Chapter 4

DATA AND CALCULATIONS

4.1 Calculations of Fluorescence Quantum (®)

Fluorescence quantum yield is the ratio of photons absorbed to that of photons

emitted via fluorescence. Its mathematical formula is as follows;

__ Total amount of photons absorbed
Total amount of photons emited

Fluorescence quantum vyield is a significant parameter used to illustrate the
characteristics of molecules if they emit the light absorbed or if they deactivate the
light absorbed through heat. Williams et al. are well-known comparative method
used in the calculation of ®¢ of a substance with the use of standard samples which
are characterized with a known ®; [63]. Assumptions are made that, at same
excitation wavelengths, both the standard and the test solution compounds had
absorbed equal amounts of photons. Ratio of integrated fluorescence intensity of two
solutions of compounds gave the quantum yield value. The equation below is used to
calculate the ®; of the unknown compound in the presence of a standard compound
with known ®s.

ny

q)u:AS_thS_uX

Ay Sstd Ngstd

" X &g

@, = Fluorescence quantum yield of unkown
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Agtq = Absorbance of the reference at the excitation wavelength

A, = Absorbance of the unknown at the excitation wavelength

Ssia = The integrated emission area across the band of reference

Sy = The integrated emission area across the band of unknown

Nsg = Refractive index of reference solvent

ny = Refractive index of unknown solvent

®4q = Fluorescence quantum yield of reference. [31, 32]

Fluorescence quantum vyields of the perylene dye synthesized were calculated
through the application of N,N’-bis(dodecyl)-3,4,9,10-perylenebis(discarboximide)
as a reference compound and its ®s= 1 in CHL [32]. All the dyes (perylene) used in
the @5 calculations were excited at the wavelength of Aeyxc = 485 nm.

®; Calculation of PPMI in CHL

Referencing is N,N’-bis(dodecyl)-3,4,9,10-perylenebis(discarboximide) [32].

@Dyyq : 1 in chloroform

Agg 2 0.1055
A, :0.1083
Su 1289.46

Ssta : 4129.22

0.1055 |, 289.46 [1.446]2 1

f- 01083 4129.22 1.446

®5:0.07
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Table 4.1 Fluorescence Quantum Yields of PPDI and PPMI in CHL

Compound Solvent (O
PPDI CHL 0.11
PPMI CHL 0.07

4.2 Calculations of Molar Extinction Coefficients (emax)

Molar extinction coefficients of the synthesized perylene derivatives were calculated

according to Beer-Lambert’s law, that is;

Emax = =
ax e

Where,

emax - Molar extinction coefficient in L cm™ at Amax
A : Absorbance

¢ : Concentration in mol.L™

1 :path length in cm

€max Calculation of PPMI in CHL
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Figure 4.1: Absorption Spectrum of PP-PMI in CHL at a concentration of 1 x 107

M.

According to the absorption spectrum of PP-PMI at 1 x 10 M conc. (Figure 4.1), its

absorbance is 0.60 at a maximum wavelength of, Amax = 547 nm.

_ 0.60
T 1x105M X 1cm

= 60000 L.mol~1.cm™1

Esa7

Emax for PP-PMI is equal to 49000 L.mol™*.cm™

Table 4.2 below shows the molar absorptivities of all the compounds calculated.
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Table 4.2: Molar absorptivities of PP-PDI and PP-PMI in different organic solvents

Compound Solvent Conc. (M) A Amax (NM) €max
(M*ecm™)
PP-PDI DMF 1x10° 0.9 549 90000
PP-PMI DMF 1x10° 0.31 544 31000
PP-PDI CHL 1x10° 0.67 550 67000
PP-PMI CHL 1x10° 0.60 547 60000
PP-PDI MeOH 1x10° 0.74 547 74000
PP-PMI MeOH 1x10° 1.34 517 134000

4.3 Calculations of Half-width of the Selected Absorption (AVy),)
The half-width maximum of the assigned wavelength is the full width at half width
maximum.
Formula used in the calculation of Avy; is stated below.
AV, =V1- V2
Where
V1 and V2 : are the frequencies from the absorption spectrum measured in cm-1

AV . half-width of selected maximum absorption measured in cm™.
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Figure 4.2: Absorbance spectrum of PPMI in CHL at a concentration of 1 x 10° M.

According to the above Figure 4.1,
Amax = 547 nm

half-width absorption = 0.27

M =536.82 nm
A2 =563.12 nm
M =536.82 nm x 2 x L9 = 5368 1075 cm

— 1

Vi=————— =18628.21cm™!
5.407 x 10~>cm

10~ °m 1cm
X
1nm 107 2m

=5.631x10"%cm

2> =563.12 nm X

- 1

Vp=——————=17758.204 cm™?
6.3333 x107>cm

AV, =V -V, =18628.21 cm™t — 17758.204 cm™! = 870.02 cm™?
A compound’s theoretical radiative lifetime is calculated through the estimation of

half-widths of its absorptive spectra. Same mathematical analysis as shown above
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were applied for the calculation of the various half widths and tabulated as below on

Table 4.3.

Table 4.3: Half-widths of compounds of PP-PDI and PP-PMI selected absorptions
obtained.

Compound  Solvent Amax (NM) M (nm) ha(nM) AV (cm™)
PP-PDI CHL 550 539.45 568.38 943.54
PP-PMI CHL o547 536.82 563.12 870.02
PP-PDI DMF 549 535.52 563.16 916.49
PP-PMI DMF 544 534.19 568.38 1126.07
PP-PDI MeOH o547 518.41 551.29 150.48
PP-PMI MeOH 517 492.05 542.08 1875.68

4.4 Calculations of Theoretical Radiative Lifetimes (z)

The theoretical radiative lifetime of a molecule is measured in the absence of non-

radiative transitions. The theoretical radiative lifetime is calculated as follows [65].

3.5X108
Vmax X €max X AV1/2

T —

Where
o . Theoretical radiative lifetime in ns

Vmax. Mean frequency of the maximum absorption band in cm™
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emax. The maximum extinction co-efficient in L. mol™ cm™ at a maximum absorption
wavelength, Amax

AV1: Half-width of the selected absorption in units of cm™

Theoretical Radiative Lifetime of PP-PMI:

With the application of deduced values of PP-PMI’s half-width and molar

absorptivity of assigned absorptions, the theoretical radiative lifetime was calculated

in CHL.

From Figures 4.1 and 4.2,

Amax = 547 nm

-9
Amax =547 MM X 22 x 1 _547X10 5 cm
1nm

1072 m

_ 1
Vmay ——————
MaX 5 47 X 105 cm

=1.82X10% cm™1
V2 max = (18281.54 cm™1)% = 3.34 X 108 cm 2
Then the theoretical radiative lifetime is deduced as follows;

o= 3.5 X 108 R 3.5 X108
0 V2 max X €max X V12 0~ 3324 x 108 x60000 X870.006

=201 X107
= 2.01ns

In a similar manner, the theoretical radiative lifetime of all the synthesized

compounds at different solvents were calculated and reported in Table 4.4.

36



Table 4.4: PP-PDI and PP-PMI theoretical radiative lifetimes.

CompOU nd SO|Vent )\-max Emax Vzmax AV:[/Z 70 (S)
(nm) (cm1)
(M*em (cm?)
9
PP-PDI CHL 550 90000 330578512.4 94354 1.24X10°8
PP-PMI CHL 547 31000 3342145457 870.02 3.88X 1078
PP-PDI DMF 549 67000 3317839025 916.49 172X 1078
PP-PMI DMF 544 60000  337910899.7 1126.07 153X 107®

PP-PDI MeOH 547 74000 3342145457 150.48 9.40X 1078

PP-PMI MeOH 517 134000 374126881.4 1875.68 3.72 X 10°

4.5 Calculation of Theoretical Fluorescence Lifetime ()
Fluorescence lifetime is the average time of a molecule that remains at the excitation
state before fluorescence. The theoretical fluorescence lifetime can be calculated
from the following equation,

7= 7 X DO
Where
n - Theoretical radiative lifetime in ns

®s : Fluorescence quantum yield
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Calculation of theoretical fluorescence lifetime of PP-PMI in CHL:
7= 70 X DO
7t =3.88ns X 0.07=0.27 ns
Table 4.5 illustrates the calculated theoretical fluorescence lifetime (z) for the

synthesized compounds in different solvents.

Table 4.5: Theoretical Fluorescence Lifetime (z) of PP-PDI and PP-PMI in different
solvents.

Compound Solvent D¢ 7 (NS) 7 (NS)
PP-PDI CHL 0.11 1.24 0.14
PP-PMI CHL 0.07 3.88 0.27

4.6 Calculation of Fluorescence Rate Constants (k)

PP-PDI and PP-PMI theoretical fluorescence rate constant are calculated with the

given equation below:

Where
ks : fluorescence rate constant in s
7o : theoretical radiative lifetime in s

PP-PMI Fluorescence Rate Constant at Amax = 547 nm in CHL:

Ki= ———— = 6.4 X 10751
1.55X10

The same equation was used to calculate the theoretical rate constants of all the

synthesized PP-PDI and PP-PMI and the results are presented in Table 4.6.
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Table 4.6: Theoretical fluorescence rate constant of compounds PP-PDI and PP-PMI

Compound Solvent Amax (nm) 0] Kr (s
PP-PDI CHL 550 1.24 X 10°° 8.1x 10’
PP-PMI CHL 547 3.88 X 10° 2.5 x 10’
PP-PDI DMF 549 1.72 X 10°® 5.8 x 10’
PP-PMI DMF 544 1.53 X 10°® 6.5 x 10’
PP-PDI MeOH 547 9.40 X 10° 1.1x 10’
PP-PMI MeOH 517 3.72x10° 2.6 x 10°

4.7 Calculations of Oscillator Strengths (f)

A dimensionless quantity of an electron transition is called Oscillator strength

denoted as f. The equation below can be used to calculate oscillator strength.
F=432x107°XAVq); X &pax

Where

f: oscillator strength

AV1: half-width of assigned absorption in cm™

E€max. Maximum extinction coeeficient in L.mol™.cm™ at Amax
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PP-PMI Oscillator strength in CHL.:

f=432x107°X AV, /; X €nax

f=4.32x10x 31000x 870.02 = 0.12

f=0.12

Oscillator strength of synthesized compounds of PP-PMI and PP-PDI are

represented in Table 4.7

Table 4.7: Oscillator strengths of PP-PMI and PP-PDI in different solvents

Compound  Solvent  Amax (NM) AV, (cm™) Emax f
(Mtem™)
PP-PDI CHL 550 943.54 90000 0.36
PP-PMI CHL 547 870.02 31000 0.12
PP-PDI DMF 549 916.49 67000 0.27
PP-PMI DMF 544 1126.07 60000 0.29
PP-PDI MeOH 547 150.48 74000 0.04
PP-PMI MeOH 517 1875.68 134000 1.09
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4.8 Calculations of Singlet Energies (E)

The amount of energy needed by a chromophore to carry out an electronic transition
from its ground state to an excited state is known as its singlet energy. Singlet energy
can be calculated with the application of the following formula,

_ 2.86x10°

S
)‘max

Where

Es : Singlet energy in kcal mol™

Amax : Maximum absorption wavelength in A
Singlet energy of PP-PMI at Ayax = 547 nm:

2.86 x 10° _ 2.86 x 10°
Amax 5470

E, = = 52.29 kcal mol™

The singlet energies of PP-PDI and PP-PMI were calculated and reported as follows

on Table 4.8
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Table 4.8: Singlet energies of PP-PMI and PP-PDI in different solvents

Compound  Solvent Amax (A) Es (kcal

mol1
PP-PDI CHL 550 52.00
PP-PMI CHL 547 52.29
PP-PDI DMF 549 52.09
PP-PMI DMF 544 52.57
PP-PDI MeOH 547 52.9
PP-PMI MeOH 517 55.32

4.9 Calculations of Optical Band Gap Energies (Eg)

Highest Occupied Molecular Orbital and Lowest Unoccupied Molecular Orbital
energy levels are significant parameters in solar cell applications specifically. Band
gap energy gives important information as concerns HOMO and LUMO energy

levels. It is calculated through the application of the following equation.
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Figure 4.3: Absorption Spectrum of PP-PMI and Cut-off wavelength

1240 eV nm
9= 1

Where

Eq : Band gap energy measured in eV

A : cut-off wavelength of the absorption band gap in nm

Band gap energy for PP-PMI in CHL:

As illustrated by Figure 4.3, the cut-off wavelength of the absorption band is gotten

via extrapolation of the maximum absorption band to the zero absorbance.

g o 1240ev _ 1240ev
g A 65102

=1.90eV

The band gap energies of all synthesized compounds of PP-PDI and PP-PMI were

calculated and presented on Table 4.9.
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Table 4.9: Band Gap energies of PP-PMI and PP-PDI

Compound  Solvent Amax (NM)  Cut-off A Eq
(nm)

(eV)
PP-PDI CHL 550 665.75 1.86
PP-PMI  CHL 547 651.02 1.90
PP-PDI DMF 549 650.05 1.91
PP-PMI DMF 544 634.19 1.96
PP-PDI MeOH 547 652.08 1.90
PP-PMI MeOH 517 536.82 2.31

4.10 Thin Layer Chromatography (TLC) of PP-PDI and PP-PMI

Thin layer chromatography (TLC) is a technique used in the analysis of mixtures via
the separation of the constituting compounds of the mixture. TLC is used to
determine the amount or number of components in a mixture, to identify a
compound, and to purify a compound. Looking at the appearance of the product of
the disappearance of the reactant serves as a monitoring aid to the progress of

reactions.
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L
PPDI PPMI
Eluent: 10 mL CHCI;, 2 mL
Acetone 2 mL Formic acid.

Figure 4.20: TLC of PPDI and PP

Figure 4.20 shows the thin layer chromatography (TLC) analysis for PPDI and
PPMI, CHL, acetone and formic acid mixture (10:2:2) is used as eluent. The R¢ value
of PPDI is calculated to be 2.41%. On the other hand, since PPMI is more polar than

PPDI it never moved or ran as compared to the less polar PPDI.
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Chapter 5

RESULTS AND DISCUSSION

5.1 Synthesis and solubility of Perylene Dyes

5.1.1 Synthesis of Perylene Dyes

Perylene dyes due to their outstanding properties are well known dyes and according
to their electron-accepting properties they are used in the solar cell applications as n-
type materials. In this Thesis, a perylene diimide, PP-PDI and a perylene monoimide
(PP-PMI) were successfully synthesized. PP-PDI was successfully synthesized from
PDA by condensation reaction in a single step. Later PP-PMI was synthesized from
the previously obtained PP-PDI by reacting it with KOH. Both of the products were
obtained with high yields. They have synthesized according to the procedures and
reactions were followed up by TLC and FTIR spectra. At the end of the reaction, the
photophysical properties of PPDI and PPMI are discussed in this work.

5.1.2 Solubility of Perylene Dyes 1.1.1.1

All the synthesized perylene dyes showed good solubility in basic organic solvents.
PP-PDI has an excellent solubility in dipolar aprotic solvent, even at room
temperature. DMF was partially soluble in CHL and MeOH. PP-PMI was partially
soluble in both aprotic and protic solvents, i.e. DMF, CHL and MeOH. Table 5.1

shows all the solubility properties of both PPDI and PPMI.
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Table 5.1: Solubility of PP-PDI and PP-PMI
Solubility/color

Solvent PP-PDI PP-PMI
DMF (+ +)/ Pink-Red (- +)*/Pink-Red
CHL (= +)*/ Pink-Red (= +)/Pink-Red
MeOH (— +)*/Pink-Red (— +)/Pink-Red
E]+/+_): Soluble at RT, (+/-): Partially soluble at RT, (*): Solubility increases on
eating.

5.2 Structural Characterization

5.2.1 FTIR Spectra Analysis

Confirmation of functional groups present in the compounds (PP-PDI and PP-PMI)
was characterized basically by FTIR spectra. The spectra showed all the functional
groups found in both the structures. The analysis of all the FTIR spectra of both

PPDI and PPMI are given below.

Figure 4.3 shows N-H stretching at 3428 and 3289 cm™, C-H aromatic stretching at
3062 cm™, C-H aliphatic stretching at 2962 cm™, 2928 cm™ and 2860 cm™, C=0
imide stretching at 1651 cm™ and 1686 cm™, conjugated C=C stretching at 1594 cm’
! and 1576 cm™, C-N stretching at 1341 cm™, C-H aromatic bending at 810 cm™,

and 746 cm that confirms the structure of a PPDI.

Figure 4.4 shows N-H stretching at 3274 cm™, aromatic C-H at 3062 cm™, anhydride
C=0 stretching at 1762 cm™, 1734 cm™, imide C=0 stretchings at 1700 cm™ and
1656 cm™, C=C conjugated stretching at 1598 cm™, C-N stretching at 1413 cm™,
anhydride C-O stretching at 1060 cm™, C-H aromatic bending at 883 cm™, 811 cm™,

and 701 cm* that confirms the structure of a PPMI.
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5.2.2 UV-vis spectra interpretation
The UV-vis absorption spectra of both PDI and PMI were studied in different

solvents. The absorption spectra of each compound were interpreted below.

Absorption spectra of PP-PDI are illustrated in Figures 4.5 — 4.8 in various solvents.

Figure 4.5 shows the PP-PDI absorption spectrum in diprotic apolar solvent, DMF.
There are four peaks at 478, 501, 549 and 577 nm. The first three are characteristic
peaks due to the n-m interactions of the conjugated perylene structure. The fourth
peak at 577 nm is attributed to the aggregation. The aggregate formation is also
supported from the shape of three characteristic peaks, they are not resolved. Table
4.2 shows that in DMF, PPPDI has high molar extinction coefficient (gmax =
31000M™*cm™) which indicates that PDI has strong absorptivity character in the

visible region.

The absorption spectrum of PPPDI in nonpolar solvent, CHL, is shown in Figure
4.6. In this spectrum, again three characteristics absorption peaks at 492, 526, and
550 nm, respectively were observed due to n-m interactions. The fourth peak at 581
nm is attributed to the aggregation. The O—O transition peak both DMF and CHL
are similar. On the other hand, O—1 transition peak in CHL has 25 nm
bathochromic shifts. The peaks are more resolved in non-polar solvent than aprotic

solvent.

Figure 4.7 shows the absorption spectrum of PP-PDI in polar protic solvent, MeOH.
There are four absorption peaks were observed as well, similar to dipolar protic

solvent, DMF.
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The absorption spectrum of PP-PDI in polar solvent, MeOH is shown in Figure 4.8.
PP-PDI has three characteristic absorption peaks at 475, 500, and 547 nm
respectively like in dipolar aprotic solvent, DMF. The aggregation peak is observed

again at 576 nm.

The absorption spectrum of PP-PMI in dipolar aprotic solvent, DMF, is shown in
Figure 4.9. The absorption peaks of PP-PMI are very similar to the absorption peaks
of PP-PDI (Figure 4.18). There is 5nm hypsochromic shift observed in the spectrum
of PPMI by comparing PPDI. The aggregation is higher in PPMI since the peaks of

PPDI are more resolved than PPMI.

Figure 4.10 shows the absorption spectrum of PP-PMI in nonpolar solvent, CHL.
There are four absorption peaks observed. The peaks are at 489, 521, 547 and 574
nm respectively. The first three peaks are attributed to the m-m interactions of
conjugated perylene structure. The fourth peak represents the aggregate formation.
The molar extinction coefficients of PP-PMI in CHL (ema = 60000 M™cm™)
indicates the strong absorption properties in the visible region. Like in dipolar
aprotic solvents 5nm hypsochromic shift also observed. In non-polar solvents, Figure

4. 17 show the absorption spectrum of PP-PMI in polar protic solvent, MeOH.

Three well resolved absorption peaks were observed at 454, 482, and 517 nm,
respectively. There is a small shoulder at higher at higher wavelength around 550-
600 nm region. The observed absorption peaks that is attributed to n-m interactions of
conjugated perylene structure. This well resolved absorption peaks indicates that
almost no aggregation observed in MeOH. A hypsochromic shift (5nm) also
observed in polar protic solvent.
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5.2.3 Emission Spectra Interpretation

Figure 4.12 DMF-MeOH shows the emission spectra of PP-PDI in different
solvents. All the emission spectra show three characteristic emission peaks represent
the

0—0, O—1, O—2 transitions of perylene chromophore.

Figure 4.12, the three characteristic emission peaks at 535, 585 and 635 nm

respectively, observed in dipolar aprotic solvent, DMF.

The emission spectra of PP-PDI shows (Figure 4.13) three characteristic emission

peaks at 536, 577 and 626 nm respectively in nonpolar solvent, CHL.

Figure 4.14 shows the emission spectrum of PP-PDI. Three characteristic emission
peaks observed at 534, 575 and 626 nm respectively in polar protic solvent, MeOH.

The absorption and emission spectra of PP-PDI in all the studied solvents were not
mirror images of each other. On the other hand, the fourth peak that found in the

absorption spectra has no significant effect on the emission spectra of the PP-PDI.

Figure 4.15 shows the emission spectrum of PP-PMI in dipolar aprotic solvent,
DMF. Three characteristic emission peaks observed at around 533, 575 and 623 nm
respectively which represents the O—0, O—1, O—2 transitions of perylene
chromophore. On the other hand, the fourth peak found in absorption spectrum
which represents the aggregation has no significant effect on the emission spectra of

PP-PMI in DMF.
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Figure 4.16 show the emission spectrum of PP-PMI in nonpolar solvents, CHL.
Similarly, three characteristic emission peaks were observed at 536, 577 and 624 nm
respectively.

Figure 4.17 shows the emission spectrum of PP-PMI in polar protic solvent, MeOH.
Three characteristic emission peaks were observed at 538, 575, and 625 nm,

respectively.

The absorption and emission spectra are mirror images of each other. There is no

aggregation in the perylene monoimide in polar protic solvent, MeOH,
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Chapter 6

CONCLUSION

In this thesis, a novel perylene monoimide N-(3,3,5,5-tetramethyl-4-piperidinyl)-
3,4,9,10-perylenetetracarboxylic-3,4-anhydride-9,10-imide (PPMI) was successfully
synthesized. In order to synthesized the designed perylene monoimide, as first step,
perylene  diimide, N,\N’-Bis (3,3,5,5-tetramethyl  1-4-piperidinyl)-3,4,9,10-
perylenebis-(dicarboximide) (PPDI) was synthesized. Both of the synthesized

perylene derivatives were characterized by FT-IR spectra.

The optical properties of both PP-PDI and PP-PMI were studied by absorption and

emission spectroscopy at different solvents.

The solubility of PP-PMI was decreased with respect to the PP-PDI as expected in

common organic solvents [66].

The absorption spectra of both PP-PDI and PP-PMI in dipolar aprotic, nonpolar and
polar protic solvents show three characteristic absorption peaks and a fourth peak
which represents the aggregate formation. The emission spectra of both PP-PDI and
PP-PMI in the studied solvents (dipolar aprotic, nonpolar and polar protic) shows

three characteristic emission peaks.

The absorption and emission spectra of all are not mirror images of each other

except PP-PMI in polar protic solvent, MeOH. Ineterestingly, the fourth peaks that
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observed in the absorption spectra have no effect on the emission properties of both

PP-PDI and PP-PMI.

According to the properties of PP-PMI, it has high potential in solar cell

applications.
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