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ABSTRACT 

In this thesis a new naphthalene monoimide, one chiral naphthalene diimide and two 

chiral perylene diimides have been successfully synthesized. The synthesized 

products were characterized through the data from NMR, IR, MS, UV-vis, DSC, 

TGA, elemental analysis, cyclic voltammetry, square-wave voltammetry and circular 

dichroism (CD).  

 

Naphthalene monoimide exhibits an intramolecular charge transfer complexation in 

its absorption spectrum in polar solvents. Excimer-like emissions were obtained in 

nonpolar, polar protic and aprotic solvents for naphthalene monoimide and diimide. 

The specific optical rotation values of unsymmetrical chiral naphthalene and 

perylene diimides were measured as -221.6, -24 and +200, respectively at 20 °C. All 

of the synthesized compounds showed high thermal and electrochemical stability. 

Chiral naphthalene diimide showed prominent negative Cotton effects centred at 362 

and 382 nm in CH3CN.  

 

The results could lead to further development of sterically and stereochemically 

controlled conductive unsymmetrical diimides which could guide to design important 

optoelectronic devices. 
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ÖZET 

Bu tezde yeni bir naftalen monoimid, kiral bir naftalen diimid ve iki kiral perilen 

diimid başarılı bir şekilde sentezlenmiştir. Sentezlenmiş olan maddeler NMR, IR, 

MS, UV-vis, DSC, TGA, elementel analiz, dönüşümlü voltametri, kare-dalga 

voltametri ve dairesel dikroizm (CD) yöntemleri ile karakterize edilmiştir. 

 

Naftalin monoimidin polar çözgenlerdeki UV ve görünür alan absorbsiyon 

spektrumunda molekül içi yük transfer kompleksleşmesi görülmektedir. Naftalin 

monoimid ve diimid molekülleri için apolar, polar protik ve aprotik çözgenlerde 

ekzimer-benzeri emisyon gözlemlenmektedir. Asimetrik kiral naftalin ve perilen 

diimidlerin 20 °C’deki spesifik çevirme açıları sırası ile -221.6, -24 ve +200 olarak 

ölçülmüştür. Sentezlenen tüm bileşikler yüksek termal ve elektrokimyasal kararlılık 

göstermektedir. Kiral naftalin diimid asetonitril çözgeninde 362 ve 382 nm 

dalgaboylarında belirgin olarak negatif Cotton etkisi göstermektedir.  

  

Elde edilen sonuçlar önemli optoelektronik cihazların geliştirilmesinde sterik ve 

stereokimyasal kontrollü asimetrik diimidlerin geliştirilebilmesi için umut vaat 

etmektedir.  
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CHAPTER 1 

 

INTRODUCTION 

 

 

Scientists have been fascinated by handedness in the structure of matter ever since the 

concept first arose as a result of the discovery, in the early years of the last century, of 

natural optical activity in refracting media. This concept inspired major advances in 

physics, chemistry and the life sciences and continues to catalyse scientific and 

technological progress even today. 

 

Perylene diimides, due to their outstanding chemical, thermal and photochemical 

stability, are highly promising materials for applications in organic solar cells, 

photovoltaic devices, and for dye lasers (Icil, 1995; Icli, 1996; Icil, 2001a; Icil, 2001b; 

Langhals, 1995a; Pösch, 1999; Gregg, 1996; Rudiono, 1999; Tian, 2000). On the other 

hand, 1,4,5,8-naphthalene diimides are heteroaromatic compounds with numerous 

applications. Applications of this kind of heteroatomic compounds include use as 

acceptors for rigid electron-transfer model systems (Sessler, 1998; Osuka, 1995; 

Wiederrecht,1996; Nagata, 1991), as linkers in electron donor-acceptor molecules 

(Zsom, 1978; Wiederrecht,1995; Hunter, 1989), as constituents of threading intercalators 
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for DNA (Takenaka, 1998a), rigid molecular clefts (Shimizu, 1994), macrocyclic 

receptor molecules (Jazwinski, 1987), electrically conducting dendrimers (Duan, 1997; 

Miller, 1997), as well as UV absorbing agents in polymers (Hirahara, 1993). The main 

reason of the increasing interest for these dyes originates from their electron acceptor 

properties and photochemical stability. 

 

 Although significant advances in the synthesis of chiral naphthalaene and perylene 

diimides have been made, the synthesis of macromolecules with inherently strong chiral 

properties remains as a challenge. Optical property of helically chiral compounds 

depends strongly to the helical structure (conjugation and dihedral angle). Consequently, 

there has been growing interest in the development of new chiral molecular switches 

(Todd, 2005; Zhou, 2005; Zhang, 2005). Moreover, the area using molecular chirality to 

engineer useful properties in nanoscience materials is fruitful and exciting, and 

represents an exceptionally strong promise for future development. Many types of 

achiral perylene and naphthalene diimides synthesis and their attractive properties for 

photonic materials, molecular devices and biological applications have been well 

reported in literature (Uzun, 2003; Dou, 2006; Figueiredo, 2005; Nagao, 1997; 

Shchepinov, 2000; Langhals, 2000; Tomizaki, 2002; Pasaogullari, 2006). Chiral 

perylene and naphthalene diimides are particularly very promising classes of dyes for 

chiral molecular switches due to their excellent photochemical and electrochemical 

properties, and good thermal stabilities as well. 

 

Introduction of chirality into naphthalene and perylene diimides remains a challenge and 

may lead to materials with optimized optical properties that can emit circularly polarized 
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light. Several helical naphthalene and perylene diimides with strong CD (circular 

dichroism) effects have been prepared with optimized properties (Gawroński, 2000; 

Sterzel, 2003; Langhals, 1997; Langhals, 2006b; Sun, 2007; Amiralaei, 2008; Osswald, 

2007; Xue, 2008; Dehm, 2007). Unsymmetric chiral perylene diimides have been 

synthesized with the same method used for achiral unsymmetric perylene dyes synthesis. 

By substituent  tuning the face-to-face π-π interaction of perylene dyes can be tailored in 

order to achieve a balance between good solubility and the ability to form stacks with 

extensive intermolecular π orbital overlap, which is very important for applications 

envisaged in the area of photonics (Sun, 2007; Amiralaei, 2008). Importantly, 

enhancement of structural stability should be taken into account when tailoring the 

structures in order to provide efficient chiroptical switching. Recently, the first solution-

processable nonracemic chiral main-chain perylene polymers has been prepared which 

emerged as a promising helical polymer for use in optoelectronic devices (Xue, 2008).  

 

NDI (naphthalene diimide) and PDI (perylene diimide) derivatives are able to intercalate 

inside DNA (Hopkins, 1986; Lokey, 1997; Gianolio, 2000; Asseline, 2001; Rahe, 2003; 

Lewis, 2007; Haga, 2006; Zandonella, 1996).  Additionally, it is possible to increase 

their binding property via conjugation to other binding species, nucleic acids (Gianolio, 

2000; Asseline, 2001; Rahe, 2003; Lewis, 2007; Haga, 2006; Zandonella, 1996). The 

facile reduction of these compounds has allowed them to be used as electrochemical 

DNA biosensors for the detection of specific genes (Asseline, 2001). Naphthalene 

modified cyclic D,L-peptide nanotubes with interesting optical and electronic properties 

have been well documented (Thalacker, 2002; Schenning, 2002). On the other hand, 

molecular recognition dyads self-assembles in solvents to form helically stacking 
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structures. Notably, the chirality in the tails is crucial to control the chiroptical responses 

of the self-assembled structures (Herrikhuyzen, 2004; Würthner, 2004; Horne, 2005; 

Ashkenasy, 2006; Masu, 2006; Franke, 2006). Remarkably, use of chiral, self-

assembled, donor and acceptor chromophores substituting fibers in optoelectronic 

devices, and prototypes and models for new nanoscale devices would lead to very 

exciting near future applications. Transfer of chirality from low molecular chiral tectons 

to supramolecular assemblies has been presented (Franke, 2006). Donor and acceptor 

chromophores on naphthalene and perylene diimide molecules revealed electron 

mobility via intra or intermolecular charge transfer interactions and electron transfer 

reactions (Lukas, 2000; Andric, 2004; Wilson, 2007). Furthermore, results of similar 

studies on fluorophores conjugated DNA could be extremely important for 

environmental and biotechnological applications (Wilson, 2007). 

 

In this thesis a new naphthalene monoimide N-(4-hydroxyphenyl)-1,4,5,8-

naphthalenetetracarboxylic-1,8-anhydride-4,5-imide (1a), one chiral naphthalene 

diimide N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-1,4,5,8-naphthalenetetracarboxy- 

diimide (2a) and two chiral perylene diimides, N-(4-hydroxyphenyl)-N’-[(S)-1-

phenylethyl]-3,4,9,10-perylenetetracarboxydiimide (5a) and N-(2-aminohexanoic acid)-

N’-(1-dehydroabietyl)-3,4,9,10 perylenetetracarboxydiimide (5b)  (Figure 1.1) have 

been successfully synthesized, for exploring photophysical, electrochemical, chiroptical 

and intramolecular charge transfer properties. Further, their solid state properties were 

analysed and discussed.The synthesized products were characterized through the data 

from NMR, IR, MS, UV-vis, DSC, TGA, elemental analysis, cyclic voltammetry, 

square-wave voltammetry and circular dichroism (CD).  
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N-(2-aminohexanoic acid)-N’-(1-dehydroabietyl)-3,4,9,10 perylenetetracarboxydiimide (5b) 

N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-3,4,9,10-perylenetetracarboxydiimide (5a) 

N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-1,4,5,8-naphthalenetetracarboxydiimide (2a) 

N-(4-hydroxyphenyl)-1,4,5,8-naphthalenetetracarboxylic-1,8-anhydride-4,5-imide (1a) 

Figure 1.1: Structures of compounds 1a, 2a, 5a and 5b. 
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CHAPTER 2 

 

THEORETICAL 

 

 

2.1 The Concept of Chirality 

Asymmetry in chemistry is realized by chiral molecules. Chirality (or handedness) is a 

symmetry property: chiral structures lack a center of inversion and a mirror plane. In 

group theory they belong to the nonaxial point group C1 or the purely rotational groups 

Cn and Dn. Chiral molecules always exist in two forms: the structures of the two 

enantiomers (the old term optical antipodes is considered obsolete (Mislow, 2002)) are 

like left and right hands or differ by a left or right screw sense in their structure. The 

labeling of the individual enantiomers follows different nomenclatures. The enantiomers 

of most organic molecules, especially those with an asymmetric C atom, are identified 

by the affixes R and S (Cahn, 1966), helicenes by P and M, and octahedral bidentate 

complexes by ∆ and Λ. 

 

The bond lengths and bond angles of enantiomers have the same magnitude, but at least 

some bond angles have identical positive values in one and negative values in the other 

enantiomer. Thus the nonvectorial properties, as e.g. energies of formation and 

activation, reaction rates, or excited state lifetimes, are identical for both enantiomers. 

Therefore in nonasymmetric chemistry both enantiomers are produced in equal 
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quantities, and such a mixture is called a racemic mixture, or more loosely a racemate. 

The individual enantiomer of a chiral molecule can be identified only by its interaction 

with a chiral probe. The interactions between one enantiomer of the object and the two 

of the chiral probing system leads to states or complexes of different energies, reaction 

rates, or lifetimes, which can be discriminated by normal analytical tools. This is the 

important principle of diastereomerism. In all asymmetric reactions, an element of 

diastereomerism, i.e., a combination of, for example, R/R and R/S, or S/Λ  and S/∆, is 

apparent or hidden. Important probing systems are circularly polarized light (cpl) or 

chromatography at chiral phases. 

 

Control of molecular chirality is central to contemporary chemistry- and biology related 

areas, such as pharmaceutical, medicinal, agricultural, environmental, and materials 

science and technology. Thus, a wide variety of sophisticated chiral reagents, auxiliary, 

catalysts, hosts, and methodologies have been developed particularly in recent years as 

tools for controlling chiral reactions, equilibria, and recognition in both chemistry and 

biology.  

2.1.1 Circularly Polarized Light, ORD and CD 

Chirality is the origin of the spectroscopic property optical activity. The interaction of 

light and matter is characterized by the refractive index and the absorption coefficient. 

For chiral molecules, both the refractive index and the absorbance coefficient of one 

enantiomer differ for right and left circularly polarized light (r-cpl and l-cpl). 
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Light is a transversal electromagnetic wave, i.e., the electric and magnetic field vectors 

(E and H, respectively) are perpendicular to the direction of propagation z (and 

perpendicular to one another). In polarized radiation there are spatial and temporal 

restrictions for these vectors. Linear polarization requires a constant direction of the 

vectors, the point of the electric field vector E moves up and down on a line if a 

spectator observes it in the direction of propagation. If two coherent perpendicularly 

linearly polarized light beams are superimposed, the E vector point leaves the line and 

may in general create an elliptic figure. With equal amplitude and a +π and –π phase 

shift, the vector point rotates on a circle in a right or left handed sense. Light is 

addressed as l-cpl if the point of the E vector rotates counterclockwise when the light 

approaches the observer (Fig 2.1). On the other hand, the superposition of r-cpl and l-cpl 

of equal phase and amplitude realizes linearly polarized light. Thus r-cpl and l-cpl on 

one side and two perpendicularly linearly polarized beams are both bases to describe 

polarization phenomena. If the amplitudes are not equal, the degree of circular 

polarization γ is less than unity.   

 

 

 

 

 

 

 

 

 

Figure 2.1: Left circularly polarized light. 
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Experimentally optical activity becomes manifest in the phenomena of optical rotatory 

dispersion (ORD) and of circular dichroism (CD), both beeing wavelength dependent. 

ORD is related to the differential refractive indices ∆nλ = (nl-cpl – nr-cpl)λ, CD to the 

differential absorption coefficients ∆ελ = (εl-cpl – εr-cpl)λ; ∆n and ∆ε generally are small 

differences of large numbers. However, ORD is measured by the rotation of the 

polarization plane of linearly polarized light that is tied directly to the difference (nl-cpl – 

nr-cpl)λ and does not require the subtraction of two separate measurements of nl-cpl and nr-

cpl. So high precision is possible, and very small effects can be detected. For the 

determination of CD, the two absorbances of one enantiomer versus l-cpl and r-cpl have 

to be measured separately. By symmetry the different absorption of one kind of light by 

the two enantiomers is also ∆ελ = εS,λ – εR,λ. The same holds for the refractive indices. 

CD is mostly quantified by the molar ellipticity [θ]λ. The units of the chiroptical 

properties are, owing to the historic background, somewhat odd: 

 

  

 

is expressed in deg cm2/dmol, where θλ is the ellipticity instrument reading at 

wavelength λ in degrees, d the path length in cm, and c the concentration in mol/L. The 

factor 3300 adjusts also the units. 

 

The magnitude of CD should be seen in relation to the magnitude of absorption. Kuhn 

has introduced a wavelength-dependent anisotropy factor gλ defined by 

 

 

(2.1) 
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which ranges between 0 and 2. For symmetry reasons, εS = ε + ∆ε/2 and εR = ε – ∆ε/2 

(Kuhn, 1930). 

2.2 Molecular Chiral Recognition 

In 1848, Louis Pasteur used a hand lens and a pair of tweezers to separate the sodium 

ammonium salt of paratartaric acid into two piles, one of left-handed crystals and the 

other of right-handed crystals, thereby accomplishing the enantioselective resolution of 

racemic tartaric acid (Pasteur, 1948). Thus, the first reported mechanism for the 

recognition and differentiation of enantiomeric molecules was visual recognition of 

crystal structures. 

 

Pasteur also accomplished the first chemical resolution of a racemic compound through 

the formation of diasteromeric salts (Pasteur, 1948; Drayer, 1993). In 1853 he 

neutralized a solution of the optically pure alkaloid L-cinchonine with racemic tartaric 

acid. The solution was left to crystallize and the first crop of crystals comprised entirely 

the L-tartrate- L-cinchonine salt.  

 

With this experiment, Pasteur demonstrated that the transformation of enantiomers into 

diastereomers converted molecules with the same physicochemical properties 

(enantiomers) into compounds with different physicochemical properties 

(diastereomers). Thus, while the solubilities of D- and L-tartaric acid were identical, 

those of the diastereomeric D- and L-tartaric acid-L-cinchonine salts were not. The 

(2.2) 
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resolution of enantiomers through their conversion into diastereomeric salts or covalent 

diastereomeric derivatives is now a routine chemical procedure.  

 

In biological systems, the differentiation between enantiomeric compounds is 

conceptually similar to the chemical process, i.e. based upon conversion of enantiomers 

into diastereomers. In this case, however, instead of diastereomeric compounds, the key 

step is the formation of transient diastereomeric complexes. This mechanism is based 

upon the capacity of one chiral molecule (the selector) to interact with the enantiomers 

of a second (the selectand). Differentiation or molecular chiral recognition is the result 

of energy differences between the diastereomeric selector-selectand complexes. 

 

The chiral selectors in biological systems are most often biopolymers which derive their 

chirality from L-amino acid backbones and the resulting secondary and tertiary 

structures. The most prominent are enzymes, receptors and carrier proteins such as 

serum albumin. In addition to amino acid-based biopolymers, carbohydrates such as 

amylose and cellulose (Yashima & Okamoto, 1997) and cyclodextrins (Francotte, 1997) 

also have the capacity for chiral recognition. Native and derivatized forms of these 

biopolymers have been utilized in in vitro systems for the analytical and preparative 

chromatographic separations of chiral compounds (Wainer, 1993; Francotte, 1997; 

Yashima & Okamoto, 1997). 

 

The recognition of three-dimensional structure during enzyme-substrate or ligand-

receptor interactions is a complicated but basic aspect of biological and pharmacological 

processes. Yet within the very complexity of this process lies the simplicity of nature 
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and a key to understanding many basic pharmacological processes. This realization can 

also be attributed to Pasteur who, in 1858, reported that the dextro form of ammonium 

tartrate was more rapidly destroyed by the mould Penicillium glaucum than the laevo 

isomer (Pasteur, 1901; Drayer, 1993). This was the first report of molecular chiral 

recognition. 

2.3 Chiral Photochemistry 

Traditionally, chirality control has been achieved predominantly through the ground-

state interactions of substrate/guest with chiral reagent/auxiliary/catalyst/ 

host/receptor/enzyme, which are structurally and energetically well defined and 

characterized in considerable detail. In sharp contrast, the possibility of chirality control 

in the electronically excited state has not been extensively explored experimentally or 

theoretically, until recently. This is simply because of the long held belief that in the 

excited states chiral interactions, particularly the intermolecular ones, are too weak and 

short-lived in general to achieve high stereochemical recognition and differentiation. 

However, this has turned out not to be true, and several recent works have clearly 

demonstrated that chirality control in the excited state is not a difficult but rather a 

fascinating subject to study, displaying various novel phenomena which are unexpected 

and unprecedented in the conventional thermal chiral chemistry occurring in the ground 

electronic state. The origin of chiral photochemistry, or photochirogenesis, dates back to 

the late 19th Century, when le Bel (1875) and van’t Hoff (1894) suggested the use of 

circularly polarized light for so-called "absolute asymmetric synthesis (AAS)." The first 

successful AAS was achieved by Kuhn in 1929, immediately after the discovery of 

circular dichroism by Cotton. Modern chiral organic photochemistry may be traced back 
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to the work of Hammond and Cole reported in 1965; they demonstrated for the first time 

that chiral information could be transferred from an optically active sensitizer to a 

substrate upon photosensitization. In the 1970s, considerable effort was devoted to the 

AAS of helicene precursors by Kagan’s and Calvin’s groups, while more recently, and 

particularly in the last decade, molecular and supramolecular chiral photochemistry has 

attracted growing interest as a unique methodology for inducing molecular chirality in 

the photoproducts. 

2.4 Chiroptical Molecular Switches 

Chiral photobistable molecules comprise a particular attractive class of photochromic 

compounds, as the reversible photochemical transformation between two forms can lead 

simultaneously to a chirality change in the system (Brown, 1971; Dürr, 1990; El’tsov, 

1990; Feringa, 1993, Feringa, 1996). In addition to the conventional absorption spectrum 

change associated with photochromic materials, and the possibility of modulating other 

physicochemical properties such as dipole moment or redox potential, it is also possible 

to exploit the unique properties associated with the different stereoisomers of such chiral 

photoresponsive molecules (Balzani, 1991; Irie, 1994; Willner, 1996; Gómez-López, 

1997). It is important to realize that an intrinsic feature of living organisms is the precise 

control, in many essential components, of chirality at the molecular, supramolecular, and 

macromolecular levels (Gardner, 1974). In biosystems, molecular recognition, transport, 

information storage and processing, structure and assembly of materials, catalysis, and 

replication are all intimately controlled by chirality (Crick, 1981). 
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Chiral optical (chiroptical) switches might therefore offer intriguing prospects in the 

design of trigger elements and new photonic materials (Feringa, 2000). The use of light 

to control chirality in a reversible manner can be applied in molecular memory elements, 

which are essential for the development of materials for optical data storage and 

processing (Balzani, 1991; Irie, 1994; Willner, 1996; Gómez-López, 1997). 

Furthermore, nanoscale devices and machinery, for “bottom up” construction of 

complex systems, require integration of control and trigger elements at the molecular 

level (Feynman, 1960; Drexler, 1991; Hoch 1996). A chiroptical switch  provides a 

powerful means for the control of functions, chirality, and organization, as the physical 

properties and geometries of such molecules can be modulated by light, and this 

principle has been exploited in triggering more complex systems (Scheme 2.1). 

 

 

 

 

 

 

 

 

 

 

 

Scheme12.1: Potential applications of a chiral optical (chiroptical) molecular switch. 
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In a chiral photochromic system (Figure 2.2), A and B represent two different chiral 

forms of a bistable molecule, and a reversible change in chirality occurs upon light 

irradiation. The left-handed (S or M) and right-handed (R or P) forms of a chiral 

compound represent two distinct states in a molecular binary logic element. 

 
 
 
 
 
 
 
 
 

Figure32.2: Schematic representation of a molecular switch. 
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Scheme22.2: Chiral Switches: A enantiomers, B diastereomers (X* = chiral auxiliary), C 
functional chiral switches (FU = Functional Unit), D macromolecular switch and 
switching of matrix organization (Feringa, 2001). 
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Various types of chiral switches based on photochromic molecules are schematically 

summarized in Scheme 2.2. 

A) Switching of enantiomers: 

Unless chiral light is used, irradiation of either enantiomer of a chiral 

photochromic molecule (R/S or P/M) will, irrespective of the wavelength used, 

always lead to a racemic mixture, due to the identical absorption characteristics 

of the two enantiomers. In these systems, therefore, the enantiomers are 

interconverted at a single wavelength by employing left or right circularly 

polarized light (l- or r- CPL). Enantioselective switching in either direction is in 

principle possible. 

B) Switching of diastereomers: 

The compound consists of two diastereomeric photobistable forms: for instance,  

P (right-handed) and M’ (left-handed) helices, which can undergo 

photoisomerization at two different wavelengths: λ1 and λ2. Alternatively, a 

chiral auxiliary (X*) and a photochromic unit (A) (either chiral or achiral) may 

be present in systems A-X*, with the auxiliary X* controlling the change in 

chirality during the switching event. 

C) Functional chiral switches: 

Because of the multifunctional nature of these photochromic systems, the change 

in chirality simultaneously triggers the modulation of some particular function, 

such as fluorescence, molecular recognition, or motion. In most cases, this is the 

result of a change in the geometry or the electronic properties of the system. 
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D) Switching of macromolecules or supramolecular organization: 

Photobistable molecules (chiral or achiral) may be covalently attached to, for 

example, a polymer or be part of a host-guest system. The photoisomerization 

process induces changes in some property such as the helical structure of a chiral 

polymer or the organization of the surrounding matrix: the chiral phase of a 

liquid crystalline material or a gel, for example. The photochemical event is 

recorded by means of the chiral response of the structure, organization, or other 

property of the macromolecule or the larger ensemble.  

 

Photochemical bistability is a inalienable condition, but a number of other requirements 

are essential for application of chiral switches in photonic materials or optical devices 

(Feringa, 2001): 

• Thermal stability; there should be a large temperature range in which no 

interconversion of the isomers takes place. This includes stability towards 

racemization. 

• Low fatigue; numerous cycles should be possible without any change in 

performance. 

• Fast response times, high sensitivity, and detectability; switching should be fast 

and easy, both forms should be readily detectable. 

• Nondestructive read-out; the detection method should not erase the stored 

information. 
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• The photochemical and other properties must be retained when the chiral 

molecular switch is incorporated in a polymer or acts as a part of a 

multicomponent assembly. 

 

In most photochromic systems, absorption or emission spectroscopy, monitoring near 

the switching wavelengths, is used for read-out. This often leads to partial reversal of the 

photochemical process used to store information (Dürr, 1989). Chiroptical techniques 

allow the change in chirality of the photochromic system to be measured, and so a major 

advantage of chiroptical switches, compared to other photochromic systems, is the 

possibility of non-destructive read-out by monitoring the optical rotation at wavelengths 

remote from the wavelengths used for switching (information storage). The sensitivity 

towards changes in organization and chirality in larger ensembles such as gels and liquid 

crystals, together with the conformational changes in polymers, and concomitant change 

in physical properties associated with these events, offer other attractive possibilities for 

avoiding destructive read-out (Feringa, 1996).  

2.5 Properties of Naphthalene and Perylene Diimides  

Carboxylic imides are stabilized by their very high resonance energy which exceeds 

even that of carboxylic amides. A further stabilization is achieved by their incorporation 

into heterocyclic rings.  

 

Naphthalenediimides preparatively easily accessible from the dianhydride and are 

formally the lower analogues of the well-known perylene dyes. Perylene dye has been 

known as highly photostable pigments or vat dyes. Perylene tetracarboxylic diimide 
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derivatives have been studied because of their brilliant colour, strong absorption and 

fluorescence and good thermal, chemical, photochemical and electrochemical stability 

(Shim, 2001; Langhals and Blanke, 2003; Schlicting, 1997; Langhals, 1995b; Sübmeier 

and Langhals, 2001). However, the light absorption of the naphthalenediimides is so 

hypsochromically shifted that they are colourless; they are only weakly fluorescent and 

having low fluorescence quantum yields (Uzun, 2003; Langhals, 2006a).  

2.5.1 Potential Applications of Naphthalene and Perylene Diimides  

Many derivatives of perylene and naphthalene diimides have been synthesized and their 

attractive properties for optical and photonic materials, molecular devices and 

biotechnological applications have been well reported in the literature. 

2.5.1.1 Optical and Photonic Materials 

Optical and Photonic Materials will play a key role in the future miniaturization of 

electronic and telecommunication devices and systems. Photonics is the science of 

generating, controlling, and detecting photons, particularly in the visible and near infra-

red spectrum, but also extending to the ultraviolet (0.2–0.35 µm wavelength), long-wave 

infrared (8–12 µm wavelength), and far-infrared/THz portion of the spectrum. Photonic 

devices include optoelectronic devices such as lasers and photodetectors, as well as 

optical fiber and planar waveguides, and waveguide-based passive devices. 

 

Perylene and naphthalene diimides potentially can be used as organic photorefractive 

media for optical signal processing, electron transporting components in organic light-
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emitting diodes, semiconducting materials for solar energy conversion, fluorescent dyes 

and near-IR dyes.  

 

Perylene pigments cover the whole range of the visible spectrum and find applications in 

the fields of paints and lacquers, namely for the car industry. Beside these conventional 

uses, perylenes are key chromophores for high-tech application. Perylene diimide based 

electroluminescent display devices typically undergo emission in the red spectral region 

believed to arise from excimer formation, which in turn depends in the orientation and 

organization of the chromophore (Menikh and Bounaovi, 1997).  

 

Perylene diimides are used as charge-generating materials, indepently or along with 

other photoconductive pigments, electrophotographic photoreceptors. Perylene 

derivatives have also been used in heterojunctions with phtalocyanines in all organic 

photovoltaic and photoelectrochemical cells. Most of reports suggest that perylene 

derivatives generally behave like n-type semiconductor (Tamizhmani and Dodelet, 

1991; Greeg, 2002; Ebeid and El-Daly, 1988; Kudo et al., 1998; Williams and Murray, 

1998; Lu et al., 1999; Thelakkat et al., 2001; Mackinnon and Wong, 2000) 

 

 

 

 



22 

2.5.1.2 Molecular Devices 

A molecular-level device can be defined as an assembly of a discrete number of 

molecular components (i.e., a supramolecular structure) designed to perform a specific 

function. Each molecular component performs a single act, while the entire 

supramolecular assembly performs a more complex function, which results from the 

cooperation of the various components. A molecular-level machine is a particular type 

of molecular-level device in which the relative positions of the component parts can 

change as a result of some external stimulus. Molecular-level devices and machines 

operate via electronic and/or nuclear rearrangements and, like macroscopic devices and 

machines, need energy to operate and signals to communicate with the operator 

(Balzani, 2003). 

 

The linear triad consisting of a 4-aminonaphthalene monoimide electron-donor and 

naphthalene-1,8:4,5-diimide and a pyromellitimide electron acceptors show that it is 

possible to control the movement of electrons within a multisite donor–acceptor array on 

a femtosecond time scale (Debreczeny, 1996). In a triad which consists of two free-base 

tripentylporphyrin electron donors linked to a perylene-(3,4:9,10-tetracarboxylic)diimide 

electron acceptor, photoinduced electronic switching can be achieved by modulating the 

intensity of a laser (O’Neil, 1992). In another triad consisting of a zinc porphyrin, a 

perylene-3,4-dicarboximide, and a naphthalene-1,8:4,5-diimide viewed as a molecular 

switch in which it can be rapidly turned on and off by use of different laser pulses 

(Hayes, 2000).  
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Hierarchically assembled chiral dye superstructures exhibit photoinduced electron 

transfer on subpicosecond time scale, and thus, these supramolecular entities might serve 

as valuable nanoscopic functional units (Würthner, 2004). Use of chiral, self-assembled, 

donor and acceptor chromophores substituting fibers in optoelectronic devices, and 

prototypes and models for new nanoscale devices would lead to very exciting near future 

applications. 

2.5.1.3 Biotechnological Applications 

Biotechnology is often used to refer to genetic engineering technology of the 21st 

century, however the term encompasses a wider range and history of procedures for 

modifying biological organisms according to the needs of humanity, going back to the 

initial modifications of native plants into improved food crops through artificial 

selection and hybridization. 

 

Perylene and naphthalene diimides have found uses in a wide variety of biotechnological 

applications. They are excellent electron acceptors and the photophysics of these species 

has been well-studied (Rogers, 2000; Uzun, 2003). Selected perylene and naphthalene 

diimide derivatives are examples of molecules that undergo spontaneous organization in 

solution (Tomasulo, 2005; Gabriel, 2005; Yang et al., 2008). 

 

Photolysis of naphthalene diimides has been used to reduce heme proteins; 

photoactivation of hydroperoxy derivatives has been used to oxidize both proteins and 

DNA (Figueiredo, 2005; Matsugo, 1995; Nakajima, 2002). Naphthalene diimide 

derivatives have been known for many years to intercalate in duplex DNA. Binding to 
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bulged duplexes (Takenaka, 1997), triplexes (Bevers, 2000; Gianolio, 2001), 

quadruplexes (Fedoroff, 1998; Han, 2000; Sato, 2005), hairpins (Bevers, 2000), and 

DNA-RNA heteroduplexes (Sato, 2001) has been studied. Molecules with the 

naphthalene diimide moiety have been shown to thread into DNA, with the diimide 

groups intercalating and the side chains or conjugating moieties lying in the grooves 

(Murr, 2001; Guelev, 2001; Guelev, 2002; Lee, 2004; Chu, 2007). The NDIs can carry 

reactive groups to the DNA including metal centers (Steullet, 1999; Dixon, 1999) and 

alkylating agents (Okamoto, 2000). Naphthalene diimides have been used to conjugate 

other nucleic acid binding species, thus increasing their binding (Tok, 2001; Mokhir, 

2003) and have been employed to stabilize DNA hairpins (Michel, 2002). Diimides 

intercalated into or covalently bound to DNA have been used extensively in studies of 

photoinduced charge separation and charge recombination processes (Vicic, 2000; 

Nunez, 2000; Lewis, 2001; Lewis, 2004; Nakajima 2007). The facile reduction of NDI 

bound to DNA has allowed these species to be used in the electrochemical detection of 

DNA (Takenaka, 1998b; Tansil, 2005; Komatsu, 2006). 

 

In general, studies of NDI with nucleic acids involve cationic substituents on the NDI 

side chains to favor electrostatic interactions between these side chains and the 

phosphate groups of the nucleic acid. Side chains with a methylene group adjacent to the 

imide nitrogen are necessary to prevent a steric clash between the side chain of the NDI 

and the DNA. A cationic center no further than three atoms away from the central core 

prevents self-stacking in aqueous solution, which can complicate DNA binding 

measurements (Steullet, 1999). 
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Perylene diimide derivatives have an unusual propensity to form self-assembled dimers 

and aggregates and thus have been widely used as building blocks for supramolecular 

architectures (Li, 2003; Würthner, 2004; Shaller, 2008). Conjugates of oligonucleotides 

with photostable perylene diimide dyes were extensively studied because of their 

interesting ability to selfassembly. Bis(oligonucleotide) conjugates possessing PDI 

linkers have been reported to form a variety of structures, including duplexes, triplexes, 

and capped hairpins, as well as novel structures possessing several PDI chromophores 

connected by disordered oligonucleotides (Bevers, 2000; Rahe, 2003; Wang, 2003). The 

perylene diimide moiety located in the middle of an oligonucleotide strand is known to  

increase its propensity to triplex formation (Bevers, 1998; Bevers, 2002). The 

combination of PDI’s favorable optical properties with molecular recognition 

capabilities have been enabled attractive applications of these dyes as biological probes 

(Qu, 2004; Abdalla, 2004; Franceschin, 2004; Krauβ, 2005). 
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CHAPTER 3 

 

EXPERIMENTAL 

 

 

3.1 Materials 

1,4,5,8-naphthalenetetracarboxylic dianhydride, perylene-3,4,9,10-tetracarboxylic 

dianhydride, 4-aminophenol, potassium hydroxide, phosphoric acid and isoquinoline 

were obtained from Aldrich. (S)-(-)-α-methylbenzylamine, tetrabutylammonium 

hexafluorophosphate (TBAPF6) and ferrocene were purchased from Fluka. All organic 

solvents employed were of spectroscopic grade. 

3.2 Instruments 

IR spectra were measured as KBr pellets using a Mattson Sattelite FTIR spectrometer. 

UV-vis spectra in solutions were recorded with a Varian-Cary 100 spectrometer. UV-vis 

spectra of solid state were measured in thin films using a Perkin-Elmer UV/VIS/NIR 

Lambda 19 spectrometer, equipped with solid accessories. Mass spectra were recorded 

with a Finnigan MAT 311A instrument at 70 eV ionization energy. Data were presented 

in m/z (%) values. Emission spectra were measured using a Varian Cary Eclipse 

Fluorescence spectrometer. Optical rotations were measured with a Dr. Kernchen 
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Sucromat digital automatic polarimeter, at 589 nm and 20 °C. CD spectra were 

measured on a JASCO 810 spectropolarimeter. Elemental analyses were obtained from a 

Carlo-Erba-1106 C, H, N analyzer. 1H and 13C NMR spectra were measured with a 

Bruker AVANCE-500 spectrometer. TGA thermograms were recorded with a TG-MS: 

Simultane TG-DTA/DSC apparatus STA 449 Jupiter from Netzsch, equipped with 

Balzers Quadstar 422 V. The samples were heated at 5 K/min in oxygen. Thermal 

analyses were recorded using a DSC 820 Mettler Toledo instrument. The samples were 

heated at 5 K/min in nitrogen. Cyclic and square-wave voltammetries in solvents were 

performed using a three-electrode cell with a polished 2 mm glassy carbon as working 

and Pt as counter electrode; solutions were 10-4 M in electroactive material and 0.1 M in 

supporting electrolyte, TBAPF6. Data were recorded on an EG&G PAR 273A computer-

controlled potentiostat. Ferrocene was used as internal reference. The scan rate of 50-

1000 mVs-1 and the frequency 60-150 Hz were employed for cyclic and square-wave 

voltammetries, respectively. Cyclic and square-wave voltammetries in solid state were 

performed using an AUTOLAB system (Eco-Chemie, Utrecht, The Netherlands). The 

reference electrode was an Ag/AgCl electrode (saturated NaCl) with a potential of 0.200 

V vs. SHE at 25 °C. A platinum wire served as an auxiliary electrode. A graphite rod 

(diameter: 0.5 cm) was used as working electrode. Compound was immobilized at the 

surface of the paraffin impregnated graphite electrodes (PIGEs) with a diameter of 5 

mm. The solid compound was attached to the surface of PIGE by scratching. The 

supporting electrolyte was 1 M HCl. The scan rate of 25-600 mVs-1 and the frequency 

50-300 Hz were employed for solid state cyclic and square-wave voltammetries, 

respectively. Fluorescence lifetime measurement was performed by time correlated 

single photon counting technique (FLS920, from Edinburgh Instruments). 
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3.3 Methods of Syntheses 

Unsymmetrically substituted chiral naphthalene and perylene diimides were prepared 

according to the synthetic routes shown in Scheme 3.1 and Scheme 3.2, respectively.  

The unsymmetrical chiral naphthalene diimide has been prepared by a two-step reaction 

process starting from 1,4,5,8-naphthalenetetracarboxylic dianhydride. At the first step a 

N-alkyl-1,4,5,8-naphthalenetetracarboxylic-1,8-anhydride-4,5-imide (1) was synthesized 

according to literature (Horne and Ghadiri et al., 2005). At the last step, the chiral 

unsymmetrical naphthalene diimide was synthesized via condensation of N-alkyl-

1,4,5,8-naphthalenetetracarboxylic-1,8-anhydride-4,5-imide (1) with corresponding 

amine using m-cresol and isoquinoline as solvent mixture.  

 

 

 

 

 

 

 

 

 

 

The unsymmetrical chiral perylene diimides have been synthesized from perylene-

3,4,9,10-tetracarboxylic dianhydride by a three-step reaction with corresponding amines. 

At the first and second steps, perylene-3,4,9,10-tetracarboxylic acid monoanhydride 
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Scheme33.1: Synthesis of naphthalene monoimide and unsymmetrical chiral 
naphthalene diimide. 
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monopotassium carboxylate (3) and N-alkyl-3,4,9,10-perylenetetracarboxylic-3,4-

anhydride-9,10-imide (4) were synthesized and purified according to literature 

(Pasaogullari, 2006), respectively. Finally, the unsymmetrical chiral perylene diimide (5) 

was synthesized via condensation of corresponding amine with N-alkyl-3,4,9,10-

perylenetetracarboxylic-3,4-anhydride-9,10-imide using m-cresol and isoquinoline as 

solvent mixture. 

 

The structures of the compounds were characterized by 1HNMR, 13CNMR, MS, IR, and 

elemental analysis. The optical, photochemical, thermal, electrochemical and chiroptical 

properties of unsymmetrically substituted chiral naphthalene and perylene diimides have 

been investigated in detail. 
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Scheme43.2: Synthesis of perylene-3,4,9,10-tetracarboxylic acid monoanhydride 
monopotassium carboxylate, perylene monoimide and unsymmetrical chiral perylene 
diimide. 



31 

3.3.1 Synthesis of N-(4-hydroxyphenyl)-1,4,5,8-naphthalenetetracarboxylic-1,8-

anhydride-4,5-imide (1a) 

 

 

 

 

 

Following the procedure of Ghadiri (Horne and Ghadiri et al., 2005) 1,4,5,8-

naphthalenetetracarboxylic dianhydride (2.0 g, 7.5 mmol), water (350 mL) and KOH 

(1.0 M, 65 mL) were stirred for 2h. After the starting material had dissolved, the pH of 

the solution was adjusted to pH 6.4 with H3PO4 (1.0 M). 4-Aminophenol (0.8 g, 7.5 

mmol) was added and the solution was refluxed at 110 °C for 10h. The solution was 

filtered, and the filtrate acidified with acetic acid (10%). The precipitate was collected 

by vacuum filtration, washed with water and dried in vacuum at 100 °C. The crude 

product was extracted with acetone in a Soxhlet apparatus during one day, in order to 

remove unreacted reactants. Yield (2.10 g, 78%); light-brown powder. FT-IR(KBr , cm-

1) : ν  = 3430, 1783, 1709, 1660, 1609, 1591, 1516, 1439, 1382, 1351, 1243, 1163, 1102, 

956, 861, 824, 770, 646, 582, 535, 431. 1HNMR, δH (ppm) (500MHz, DMSO-d6): 8.51-

8.49 (d, J = 6.8 Hz, 2 Ar-H, H-C(3), H-C(6)), 8.12-8.11(d, J = 6.8 Hz, 2 Ar-H, H-C(2), 

H-C(7)), 7.15-7.14 (app d, J = 7.7 Hz, 2 Ar-H, H-C(14), H-C(18)), 6.88-6.86 (app d, J = 

7.7 Hz, 2 Ar-H, H-C(15), H-C(17)). 13CNMR, δC (ppm) (100MHz, DMSO-d6): 169.5 (2 

C=O, C(9), C(10)), 163.5 (2 C=O, C(11), C(12)), 157.3 (1(C), C(16)), 139.5 (1(C), 

C(13)), 130.2 (2 Ar-CH, C(2), C(7)), 129.9 (2 Ar-CH, C(3), C(6)), 128.9 (1(C), C(19)), 
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128.4 (2 Ar-CH, C(14), C(18)), 126.7 (2(C), C(1), C(8)), 125.7 (1(C), C(20)), 124.3 

(2(C), C(4), C(5)), 115.5 (2 Ar-CH, C(15), C(17)). UV/Vis (DMF): λmax (nm) (ε) = 356 

(11732). Fluorescence (DMF): λmax (nm) = 407. Fluorescence quantum yield (MeOH, 

reference Anthracene with Фf = 27%, λexcit. = 360 nm) = 0.2%. MS (EI): m/z: 359 [M]+. 

Anal. Calcd. for C20H9NO6 (Mw, 359.3); C, 66.86; H, 2.52; N, 3.90. Found: C, 66.36; H, 

2.54; N, 3.94. 

3.3.2 Synthesis of N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-1,4,5,8-

naphthalenetetracarboxydiimide (2a) 

 

 

 

 

 

 

N-(4-hydroxyphenyl)-1,4,5,8-naphthalenetetracarboxylic-1,8-anhydride-4,5-imide (1a) 

(1.0 g, 2.8 mmol), (S)-(-)-α-methylbenzylamine (1.1 mL, 8.4 mmol), m-cresol (40 mL) 

and isoquinoline (8 mL) were stirred under argon at 80 °C for 3h, at 120 °C for 6h, at 

160 °C for 8h and at 190 °C for 5h. The warm solution was poured into methanol (350 

mL) and filtered. Hydrochloric acid (1.0 M) was added to the filtrate, and a brown solid 

precipitated from the solution. The product was further purified by crystallization from 

chloroform. The solid was collected by vacuum filtration, washed with water and dried 

in vacuum at 100 °C. Yield (1.10 g, 85%); brown powder. Rf (silica gel, CHCl3) = 0.54. 

20][ Dα : -221.6 (c 0.0194, CHCl3), FT-IR(KBr , cm-1) : ν  = 3430, 3053, 3026, 2976, 1708, 
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1600, 1611, 1590, 1513, 1450, 1350, 1326, 1250, 1195, 1102, 1066, 1030, 974, 876, 

829, 769, 697, 568, 405. 1HNMR, δH (ppm) (500MHz, CDCl3): 8.71-8.68 (d, 4 Ar-H, H-

C(2), H-C(3), H-C(6), H-C(7)), 7.65-7.48 (m, 2 Ar-H, H-C(16), H-C(20)), 7.41-7.21 (m, 

5 Ar-H, H-C(17), H-C(18), H-C(19), H-C(22), H-C(26)), 7.13-6.85 (m, 2 Ar-H, H-

C(23), H-C(25)), 6.54-6.50 (q, J = 7.0, 1 C-H, H-C(13)), 2.00-1.99 (d, J = 7.4, 1 CH3, 

H3-C(14)). 13CNMR, δC (ppm) (100MHz, CDCl3): 163.3 (2 C=O, C(11), C(12)), 162.84 

(2 C=O, C(9), C(10)), 157 (1(C), C(24)), 140.0 (1(C), C(15)), 139.9 (1(C), C(21)), 131.4 

(2 Ar-CH, C(3), C(6)), 131.1 (2 Ar-CH, C(2), C(7)), 129.4 (1 Ar-CH, C(18)), 128.3 (2 

Ar-CH, C(22), C(26)), 127.3 (2 Ar-CH, C(17), C(19)), 127.2 (2 Ar-CH, C(16), C(20)), 

127.1 (1(C), C(27)), 126.9 (1(C), C(28)), 126.8 (2(C), C(4), C(5)), 126.5 (2(C), C(1), 

C(8)). UV/Vis (DMF): λmax (nm) (ε) =  345 (13714), 360 (17918), 381 (18318). 

Fluorescence (DMF): λmax (nm) = 410, 458, 500. Fluorescence quantum yield (DMF, 

reference Anthracene with Фf = 27%, λexcit. = 360 nm) = 0.8%. MS (EI): m/z: 463.5 

[M+1]+. Anal. Calcd. for C28H18N2O5 (Mw, 462.5); C, 72.72; H, 3.92; N, 6.06. Found: C, 

73.08 ; H, 4.02; N, 6.24. 
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3.3.3 Synthesis of N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-3,4,9,10-

perylenetetracarboxydiimide (5a) 

 

 

 

 

 

 

 

N-(4-hydroxyphenyl)-3,4,9,10-perylenetetracarboxylic-3,4-anhydride-9,10-imide (4a) 

(0.4 g, 0.8 mmol), (S)-(-)-α-methylbenzylamine (0.2 mL, 1.8 mmol) and isoquinoline 

(40 mL) were stirred under argon at 60 °C for 2h, at 80 °C for 3h, at 120 °C for 8h, at 

160 °C for 10h, at 180 °C for 8h and at 200 °C for 18h. The warm solution was poured 

into methanol (300 mL). The precipitate was collected by vacuum filtration, washed 

with water and dried in vacuum at 100 °C. The crude product was extracted for 24h with 

methanol then ethanol in order to remove high boiling solvents and the unreacted 

reactants using a Soxhlet apparatus. Yield (0.45 g, 92%); black-brownish powder. Rf 

(silica gel, CHCl3) = 0.25. 20][ Dα : -24 (c 0.052, DMSO). FT-IR(KBr , cm-1) : ν  = 3370, 

3063, 3025, 2966, 2926, 1698, 1659, 1594, 1577, 1513, 1449, 1403, 1354, 1256, 1179, 

1124, 960, 837, 810, 746, 697, 601, 531, 490, 430. 1HNMR, δH (ppm) (400MHz, 

Pyridine-d5) = 8.92-8.48 (m, 8 Ar-H, H-C(1), H-C(2), H-C(5), H-C(6), H-C(7), H-C(8), 

H-C(11), H-C(12)), 7.79-7.69 (m, 4 Ar-H, H-C(18), H-C(19), H-C(21), H-C(22)), 7.43-

7.25 (m, 5 Ar-H, H-C(26), H-C(27), H-C(28), H-C(29), H-C(30)), 6.98 (s, 1 OH, HO-
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C(20)), 6.85-6.80 (q, J = 7.1, 1 CH, H-C(23)), 2.18-2.16 (d, J = 6.8, 1CH3, H3-C(24)). 

UV/Vis (DMF): λmax (nm) (ε) = 459(40 606), 490 (58 465), 526 (70 000). Fluorescence 

(DMF): λmax (nm) = 539, 580. Fluorescence quantum yield (DMF, reference N, N’-

didodecy-3,4,9,10-perylenebis(dicarboxiimide) with Фf = 100%, λexcit. = 485 nm) = 80%. 

MS (EI): m/z: 587.5 [M+1]+. Anal. Calcd. for C38H22N2O5 (Mw, 586.6); C, 77.81; H, 

3.78; N, 4.78. Found: C, 77.52; H, 3.64; N, 4.43. 

3.3.4 Synthesis of N-(2-aminohexanoic acid)-3,4,9,10 perylenetetracarboxylic-3,4-

anhydride-9,10-imide  (4b) 

 

 

 

 

 

 

 

N-(2-aminohexanoic acid)-3,4,9,10 perylenetetracarboxylic-3,4-anhydride-9,10-imide 

was synthesized and purified according to the unpublished procedure (Refiker, 

unpublished article), and used for the synthesis of N-(2-aminohexanoic acid)-N’-(1-

dehydroabietyl)-3,4,9,10 perylenetetracarboxydiimide. 
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3.3.5 Synthesis of N-(2-aminohexanoic acid)-N’-(1-dehydroabietyl)-3,4,9,10 

perylenetetracarboxydiimide (5b) 

 

 

N-(2-aminohexanoic acid)-3,4,9,10 perylenetetracarboxylic-3,4-anhydride-9,10-imide (1 

g, 1.9 mmol), (+)-dehydroabietylamine (1.1 g, 3.8 mmol) and isoquinoline (40 mL) were 

stirred under argon at 60 °C for 6h, at 90 °C for 6h, at 125 °C for 9h, at 150 °C for 3h, at 

180 °C for 12h and at 200 °C for 3h. The warm solution was poured into methanol (300 

mL) and the precipitate was collected by vacuum filtration. The crude product was 

purified by crystaliization from chloroform. Yield (1.44 g, 95%); bordeaux-red powder. 

20][ Dα : +200 (c 0.012, CHCl3). FT-IR(KBr , cm-1) : ν  =3480, 3083, 2955, 2930, 2867, 

1698, 1658, 1595, 1578, 1483, 1403, 1340, 1252, 1163, 856, 811, 748. 1HNMR, δH 

(ppm) (400MHz, CDCl3) = 8.52-8.48 (m, 8 Ar-H, H-C(1), H-C(2), H-C(5), H-C(6), H-

C(7), H-C(8), H-C(11), H-C(12)), 7.06-6.87 (m, 3 Ar-H, H-C(34), H-C(35), H-C(37)), 

4.22-4.18 (m, 1 CH2, H2-C(23)), 2.96 (m, 1 CH2, H2-C(32)), 2.75 (m, 1 CH, H-C(40)), 

2.27-1.17 (m, 2 CH, H-C(21), H-C(29); 8CH2, H2-C(17), H2-C(18), H2-C(19), H2-C(20), 
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H2-C(25), H2-C(26), H2-C(27), H2-C(33)), 1.15 (d, J = 6.8, 2CH3, H3-C(41) , H3-C(42)), 

1.02 (s, 1CH3, H3-C(38)) , 0.80 (m, 1CH3, H3-C(39)) . 13CNMR, δC (ppm) (100MHz, 

CDCl3): 164.3 (4 C=O, C(13), C(14) , C(15), C(16)), 163.2 (1 C=O, C(22)), 147.0 (1(C), 

C(30)), 145.8 (1(C), C(36)), 135.3 (1(C), C(31)), 134.1 (4 (C), C(3), C(4), C(9), C(10)), 

131.3 (4 (C), C(6a), C(6b), C(12a), C(12b)), 129.0 (2 (C), C(3b), C(9b)), 127.2 (1 Ar-

CH, C(37)), 125.9 (2 (C), C(3a), C(9a)), 124.1 (1 Ar-CH, C(35)), 123.9 (1 Ar-CH, 

C(34)), 123.3 (4 Ar-CH, C(2), C(5), C(8), C(11)), 122.9 (4 Ar-CH, C(1), C(6), C(7), 

C(12)), 50.2 (1CH, C(21)), 46.7 (1CH, C(29)), 40.2 (2CH2, C(17), C(23)), 38.4 (1(C), 

C(24)), 38.1 (2CH2, C(18), C(32)), 37.7 (1(C), C(28)), 33.7 (1CH3, C(39)), 32.9 (1CH2, 

C(27)), 30.7 (1CH, C(40)), 26.8 (1CH3, C(38)), 24.2 (2CH3, C(41), C(42)), 20.2 (1CH2, 

C(20)), 19.9 (1CH2, C(25)), 19.5 (1CH2, C(19)), 19.2 (1CH2, C(26)), 18.9 (1CH2, 

C(33)). UV/Vis (CHCl3): λmax (nm) (ε) = 465 (32 866), 490 (61 533), 526 (65 695) . 

Fluorescence (CHCl3): λmax (nm) = 535, 576, 621. Fluorescence quantum yield (CHCl3, 

reference N, N’-didodecyl-3,4,9,10-perylenebis(dicarboxiimide) with Фf = 100%, λexcit. = 

485 nm) = 40%. Anal. Calcd. for C50H49N3O6 (Mw, 788.0); C, 76.2; H, 6.3; N, 5.3. 

Found: C, 76.1; H, 6.1; N, 5.2. 
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CHAPTER 4 

 

DATA AND CALCULATIONS 

 

 

4.1 Optical Properties 

4.1.1 Maximum Extinction Coefficients (εmax) 

The maximum extinction coefficient is a measurement of how strongly a chemical 

species absorbs light at a given wavelength. It is an intrinsic property of the species; the 

actual absorbance, A, of a sample is dependent on the pathlength (l) and the 

concentration (c) of the species via the Beer-Lambert law,  

 

A = εmaxcl (4.1) 

 

where, 

A = absorbance 

εmax = molar extinction coefficient at the selected absorption wavelength (L mol-1 cm-1) 

c = concentration (mol L-1) 

l = pathlength (cm) 
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Table14.1: Extinction coefficientsa of compounds 1a, 2a, 5a and 5b. 
Compound λ (nm) A εmax (L mol-1 cm-1) 

1a 356 0.11732 11 732 

2a 345 0.13714 13 714 

360 0.17918 17 918 

381 0.18318 18 318 

5a 459 0.40606 40 606 

490 0.58465 58 465 

526 0.70000 70 000 

5b 465  0.32866 32 866 

490 0.61533 61 533 

526 0.65695 65 695 

a c = 1 x 10-5, l = 1 cm 
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4.1.2 Fluorescence Quantum Yields (Φf)  

When a fluorophore absorbs a photon of light, an energetically excited state is formed. 

The fate of this species is varied, depending upon the exact nature of the fluorophore and 

its surroundings, but the end result is deactivation (loss of energy) and return to the 

ground state.  

 

The fluorescence quantum yield (Φf) is the ratio of photons absorbed to photons emitted 

through fluorescence. In other words the quantum yield gives the probability of the 

excited state being deactivated by fluorescence rather than by another, non-radiative 

mechanism. 

 

The most reliable method for recording Φf is the comparative method which involves the 

use of well characterised standard samples with known Φf values. Essentially, solutions 

of the standard and test samples with identical absorbance at the same excitation 

wavelength can be assumed to be absorbing the same number of photons. Hence, a 

simple ratio of the integrated fluorescence intensities of the two solutions (recorded 

under identical conditions) will yield the ratio of the quantum yield values. Since Φf for 

the standard sample is known, it is trivial to calculate the Φf for the test sample. 

 

The quantum yield of the unknown relative to the standard is the ratio of the integrated 

band areas under the two fluorescence specta (plotted on a frequency scale) after they 

have been corrected for the detector response function. Multiplying by the known 

quantum yield of the standard then gives the absolute quantum yield of the unknown. 
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where, 

Φu = quantum yield of the unknown 

Φs = quantum yield of the standard 

As = absorbance of the standard 

Au = absorbance of the unknown 

Su = integral emission area across the unknown band 

Ss = integral emission area across the standard band 

nu = refractive index for the solvent of unknown 

ns = refractive index for the solvent of standard 

 

The emission spectra of of compounds 1a and 2a were taken at λexc = 360 nm and the 

relative fluorescence quantum yields were determined by using anthracene with a Фf = 

27% as standard in EtOH (ns = 1.3611). The emission spectra of 5a and 5b were taken at 

λexc = 485 nm and the relative fluorescence quantum yields were determined by using N, 

N’-didodecy-3,4,9,10-perylenebis(dicarboxiimide) with a Фf = 100% as standard in 

CHCl3 (ns = 1.4459). 

 

 

 

 

 

(4.2) 
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Table24.2: Fluorescence quantum yield data of compounds 1a, 2a, 5a and 5b. 
Compound Solvent nu Au Su As Ss Φf 

1a DMF 1.4305 0.1065 247.65 0.1020 35368 0.002 

2a DMF 1.4305 0.1051 988.81 0.1005 35249 0.008 

5a DMF 1.4305 0.0993 10120 0.1010 12594 0.80 

5b CHCl3 1.4459 0.1002 4790.5 0.1073 12825 0.40 

 

4.1.3 Singlet Energies (Es) 

Singlet energies were calculated using the equation 4.3 shown below (Turro, 1965). 

 

 

 

where, 

Es = singlet energy (kcal mol-1) 

λmax = maximum absorption wavelength (Å) 

 

Table34.3: Singlet energies of compounds 1a, 2a, 5a and 5b. 
Compound λmax (Å) Es (kcal mol-1) 

1a 3560 80.3 

2a 3810 75.1 

5a 5260 54.4 

5b 5260 54.4 

 

(4.3) 



43 

4.1.4 Oscillator Strengths (f)  

Oscillator strengths were calculated using the equation 4.4 shown below (Turro, 1965). 

 

 

where, 

f = oscillator strength  

 = the half-width of the selected absorption (cm-1) 

εmax = molar extinction coefficient at the selected absorption wavelength (L mol-1 cm-1) 
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Figure44.1: A representative absorption spectrum for half-width calculation. 
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Table44.4: Oscillator strengths of compounds 1a, 2a, 5a and 5b. 
Compound (cm-1) εmax (L mol-1 cm-1) f 

1a 7180.31 11 732 0.4 

2a 7649.10 18 318 0.6 

5a 1302.75 70 000 0.4 

5b 1356.61 65 695 0.4 

 

4.1.5 Theoretical Radiative Lifetimes (τ0) 

Theoretical radiative lifetimes were calculated using the equation 4.5 shown below 

(Turro, 1965). 

 

 

 

where, 

τ0 = radiative lifetime (s) 

εmax = molar extinction coefficient at the selected absorption wavelength (L mol-1 cm-1) 

= mean frequency for the absorption band (cm-1) 

 = the half-width of the selected absorption (cm-1) 

 

 

 

 

 

 

(4.5) 
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Table54.5: Theoretical radiative lifetimes of compounds 1a, 2a, 5a and 5b. 
Compound (cm-1) εmax (L mol-1 cm-1)  (cm-1) τ0 (ns) 

1a 7180.31 11 732 28089.89 5.3 

2a 7649.10 18 318 26246.72 3.6 

5a 1302.75 70 000 19011.41 10.6 

5b 1356.61 65 695 19011.41 10.9 

 

4.1.6 Theoretical Fluorescence Lifetimes (τf) 

Theoretical fluorescence lifetimes were calculated using the equation 4.6 shown below 

(Turro, 1965). 

 

 

where, 

τf = fluorescence lifetime (ns) 

τ0 = radiative lifetime (ns) 

Φf = fluorescence quantum yield  

 

Table64.6: Theoretical fluorescence lifetimes of compounds 1a, 2a, 5a and 5b. 
Compound τ0 (ns) Φf τf (ns) 

1a 5.3 0.002 0.01 

2a 3.6 0.008 0.03 

5a 10.6 0.80 8.48 

5b 10.9 0.40 4.35 

 

(4.6) 
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4.1.7 Fluorescence Rate Constants (kf) 

Fluorescence rate constants were calculated using the equation 4.7 shown below. 

 

 

 

where, 

kf = fluorescence rate constant (s-1) 

τ0 = radiative lifetime (s) 

 

Table74.7: Fluorescence rate constants of compounds 1a, 2a, 5a and 5b. 
Compound τ0 (ns) kf (108 s-1) 

1a 5.3 1.9 

2a 3.6 2.8 

5a 10.6 0.9 

5b 10.9 0.9 

 

 

 

 

 

 

 

(4.7) 
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4.1.8 Rate Constants of Radiationless Deactivation (kd) 

Rate constants of radiationless deactivation were calculated using the equation 4.8 

shown below. 

 

 

 

where, 

kd = rate constant of radiationless deactivation (s-1) 

kf = fluorescence rate constant (s-1) 

Φf = fluorescence quantum yield  

 

Table84.8: Rate constants of radiationless deactivation of compounds 1a, 2a, 5a and 5b. 
Compound kf (108 s-1) Φf kd (108 s-1) 

1a 1.9 0.002 948 

2a 2.8 0.008 341 

5a 0.9 0.80 0.2 

5b 0.9 0.40 1.3 

 

 

 

 

 

 

(4.8) 
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4.2 Chiroptical Properties 

Chiroptical properties of synthesized chiral compounds were studied using circular 

dichroism spectroscopy. Circular dichroism (CD) is defined as the differential 

absorbance of left circularly polarized light (LCPL) and right circularly polarized light 

(RCPL): CD = Abs (LCPL) – Abs (RCPL). Current CD spectrometers measure CD in 

terms of ellipticity Θ, usually expressed in millidegrees and literature data are usually 

reported in molar ellipticity [Θ]: 

 

 

 

 

where, 

Θ = ellipticity (mdeg) 

M = molecular weight (g/mole) 

c = concentration (g/mL) 

l = the cell path (cm) 

 

 

 

 

 

 

 

(4.9) 
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4.3 Thermal Properties 

The thermal behavior of all compounds was investigated by DSC (heating rate 10 K 

min-1) and TGA (heating rate 5 K min-1). 

4.4 Electrochemical Properties 

The electrochemical characterization of all compounds were studied in detail using 

cyclic and square-wave voltammetries in different solvents containing 0.1 M TBAPF6 as 

a supporting electrolyte and in solid state.  

All redox potentials, HOMO (highest occupied molecular orbital), LUMO (lowest 

unoccupied molecular orbital) and band gap energies (Eg) were calculated from cyclic 

voltammograms. 

4.4.1 Redox Potentials (E1/2) 

For reversible processes, reduction potentials can be calculated from cyclic 

voltammograms according to internal reference by using the following equation 4.10 

(Brad A. J., 1980). 

 

 

where, 

E1/2 = half-wave potential (V) 

Epc = cathodic peak potential (V) 

Epa = anodic peak potential (V) 

The separation between the peak potentials (for a reversible couple) is given by equation 

4.11, where n is the number of electrons. 

(4.10) 
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Thus, the peak separation can be used to determine the number of electrons transferred. 

Accordingly, a fast one-electron process exhibits a ∆Ep of about 59 mV.  

 

Table94.9: Cyclica voltammetry data of compounds 1a, 2a and 5a. 

Compound Epc / V Epa / V ∆Ep / 
mV 

E1/2 / V 
vs. 

Ag/AgNO3 

EFc / V 
vs. 

Ag/AgNO3 

E1/2 / V 
vs. 
Fc 

1ab 

(CH2Cl2) 
-0.729 

-1.157 

-0.662 

-1.097 

67 

60 

-0.695 

-1.127 

0.172 

0.172 

-0.867 

-1.299 

2ab 

(CHCl3) 

 

-0.825 

-1.226 

-0.728 

-1.127 

97 

99 

-0.776 

-1.176 

0.234 

0.234 

-1.010 

-1.411 

5ab 

(CHCl3) 

 

-0.865 

-1.054 

-0.789 

-0.982 

76 

72 

-0.827 

-1.018 

0.196 

0.196 

-1.023 

-1.214 

5ac 

(solid state) 

-0.244 -0.378 134 -0.311d 0.360d -0.671 

a  Scan rate of 100 mV s-1. 
b Supporting electrolyte: 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6). 
c Supporting electrolyte: 1 M HCl. 
d vs. Ag/AgCl 
 

 

(4.11) 
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4.4.2 Lowest Unoccupied Molecular Orbital (LUMO) 

In order to calculate the absolute energies of LUMO level with respect to the vacuum 

level, the redox data are standardized to the ferrocene/ferricenium couple which has a 

calculated absolute energy of – 4.8 eV (Bredas, 1983; Peng, 1998). 

 

 

 

where,  

ELUMO = energy of LUMO level (eV) 

E1/2 = half-wave potential (V) 

 

Table104.10: LUMO values of compounds 1a, 2a and 5a. 

Compound 
E1/2 / V 
vs. Fc 

LUMO / eV 

1a 

(CH2Cl2) 
-0.867 -3.93 

2a 

(CHCl3) 

-1.010 -3.79 

5a 

(CHCl3) 

-1.023 -3.78 

5a 

(solid state) 

-0.671 -4.13 

 

 

 

 

(4.12) 
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4.4.3 Band Gap Energy (Eg) 

The optical band gap values were calculated using the equation 4.13 shown below. 

 

 

 

 

where, 

Eg = band gap energy (eV) 

λ = cut-off wavelength of the absorption band (nm) 

 

Table114.11: The optical band gap values of compounds 1a, 2a and 5a. 

Compound λ (nm) Eg / eV 

1a 

(CH2Cl2) 
386 3.21 

2a 

(CHCl3) 

394 3.15 

5a 

(CHCl3) 

544 2.28 

5a 

(solid state) 

646 1.92 

 

 

 

 

(4.13) 
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4.4.4 Highest Occupied Molecular Orbital (HOMO) 

Highest occupied molecular orbital energy levels were calculated using the equation 

4.14 shown below. 

 

 

where,  

EHOMO = energy of HOMO level (eV) 

ELUMO = energy of LUMO level (eV) 

Eg = band gap energy (eV) 

 

Table124.12: HOMO values of compounds 1a, 2a and 5a. 

Compound LUMO / eV Eg / eV HOMO / eV 

1a 

(CH2Cl2) 
-3.93 3.21 -7.14 

2a 

(CHCl3) 

-3.79 3.15 -6.94 

5a 

(CHCl3) 

-3.78 2.28 -6.06 

5a 

(solid state) 

-4.13 1.92 -6.05 

 

 

 

 

(4.14) 
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4.4.5 Diffusion Coefficients (D) 

The peak current for a reversible couple (at 25 °C) is given by the Randles-Sevcik 

equation: 

 

 

where, 

ip = peak current (A) 

n = number of transferred electrons 

ν = scan rate (V s-1) 

D = diffusion coefficient (cm2 s-1) 

A = electrode area (cm2) 

C = concentration of the electroactive species (mol cm-3) 

 

Accordingly, the current is directly proportional to concentration and increases with the 

square root of the scan rate. Such dependence on the scan rate is indicative of electrode 

reaction controlled by mass transport (semiinfinite linear diffusion). The reverse-to-

forward peak current ratio is unity for a simple reversible couple. Diffusion coefficients 

were calculated from the slope of  the linear plot of ip vs. ν1/2 using the equation 4.15 

(Bard, 1980). 

 

 

 

 

(4.15) 
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Table134.13: Cyclica voltammetry data of compound 1a in CH3CN at different scan rates. 
Scan Rate 

(mVs-1) 
Epc 

(V) 
Epa 
(V) 

∆Ep 

(mV) 
ipc 

(µA) 
ipa 

(µA) 
ipa/ipc 

50 
 
 

-0.826 
-1.242 

-0.749 
-1.177 

77 
65 

0.55 0.55 1.00 

100 
 
 

-0.824 
-1.239 

-0.756 
-1.171 

68 
68 

0.80 0.80 1.00 

200 
 
 

-0.826 
-1.240 

-0.754 
-1.170 

72 
70 

1.20 1.20 1.00 

300 
 
 

-0.826 
-1.240 

-0.754 
-1.170 

72 
70 

1.67 1.68 1.01 

a supporting electrolyte: TBAPF6   

 

Table144.14: Cyclica voltammetry data of compound 1a in CH2Cl2 at different scan rates. 
Scan Rate 

(mVs-1) 
Epc 

(V) 
Epa 
(V) 

∆Ep 

(mV) 
ipc 

(µA) 
ipa 

(µA) 
ipa/ipc 

50 
 
 

-0.736 

-1.157 

-0.658 

-1.097 

78 

60 

0.29 0.29 1.00 

100 
 
 

-0.729 

-1.157 

-0.662 

-1.097 

67 

60 

0.44 0.44 1.00 

200 
 
 

-0.729 

-1.157 

-0.660 

-1.098 

69 

59 

0.69 0.69 1.00 

300 
 
 

-0.730 

-1.157 

-0.660 

-1.098 

70 

59 

0.94 0.94 1.00 

a supporting electrolyte: TBAPF6   
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Table154.15: Cyclica voltammetry data of compound 2a at different scan rates. 
Scan Rate 

(mVs-1) 
Epc 

(V) 
Epa 
(V) 

∆Ep 

(mV) 
ipc 

(µA) 
ipa 

(µA) 
ipa/ipc 

50b 

 
 

-0.820 
-1.219 

-0.734 
-1.132 

86 
87 

2.46 2.45 1.00 

100b 

 
 

-0.825 
-1.226 

-0.728 
-1.127 

97 
99 

3.41 3.42 1.00 

200b 

 
 

-0.834 
-1.234 

-0.720 
-1.120 

114 
114 

4.90 4.82 0.98 
 

50c -0.914 
-1.369 

-0.839 
-1.294 

75 
75 

2.17 2.18 1.00 

a supporting electrolyte: TBAPF6  
b in chloroform 
c in DMSO 
 

 

Table164.16: Cyclica voltammetry data of compound 5a in CHCl3 at different scan rates. 
Scan Rate 

(mVs-1) 
Epc 

(V) 
Epa 
(V) 

∆Ep 

(mV) 
ipc 

(µA) 
ipa 

(µA) 
ipa/ipc 

50 
 
 

-0.862 
-1.053 

-0.792 
-0.980 

70 
73 

2.87 2.76 0.96 

100 
 
 

-0.865 
-1.054 

-0.789 
-0.982 

76 
72 

4.19 4.19 1.00 

300 
 
 

-0.868 
-1.058 

-0.786 
-0.980 

82 
78 

8.74 8.74 1.00 

600 
 
 

-0.872 
-1.065 

-0.781 
-0.976 

91 
89 

14.3 14.2 0.99 

800 
 
 

-0.874 
-1.070 

-0.777 
-0.974 

97 
96 

17.4 17.4 1.00 

1000 
 
 

-0.877 
-1.072 

-0.774 
-0.969 

103 
103 

21.5 21.4 1.00 

a supporting electrolyte: TBAPF6 
 

 



57 

Table174.17: Solid state cyclica voltammetry data of compound 5a at different scan rates. 
Scan Rate 

(mVs-1) 
Epc 

(V) 
Epa 
(V) 

∆Ep 

(mV) 
ipc 

 (µA) 
ipa 

(µA) 
ipa/ipc 

25 
 

-0.259 -0.396 137 0.834 0.834 1.00 

50 
 

-0.253 -0.388 135 1.95 1.95 1.00 

100 
 

-0.244 -0.378 134 10.4 10.4 1.00 

200 
 

-0.236 -0.380 144 17.2 17.2 1.00 

400 
 

-0.232 -0.386 154 28.8 28.8 1.00 

600 -0.224 -0.388 164 31.4 31.4 1.00 
a supporting electrolyte: HCl 
 

Table184.18: Diffusion coefficientsa of compounds 1a, 2a and 5a. 

Compound 
Slope2 of ip vs. ν1/2 

(A2 s V-1) 

D 

(cm2 s-1) 

1a 

(CH2Cl2) 
3.9778 x 10-12 8.73 x 10-8 

1a 

(CH3CN) 
1.1597 x 10-11 2.55 x 10-7 

2a 

(CHCl3) 
1.1974 x 10-10 2.63 x 10-6 

5a 

(CHCl3) 
5.5126 x 10-10 1.21 x 10-5 

5a 

(solid state) 
2.8893 x 10-9 1.62 x 10-6 

a A = 0.196 cm2, C = 1 x 10-7 mol cm-3, n = 4 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure54.2: FT-IR spectrum of N-(4-hydroxyphenyl)-1,4,5,8-naphthalenetetracarboxylic-1,8-anhydride-4,5-imide (1a). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure64.3: FT-IR spectrum of N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-1,4,5,8-naphthalenetetracarboxydiimide (2a). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure74.4: FT-IR spectrum of N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-3,4,9,10-perylenetetracarboxydiimide (5a). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure84.5: FT-IR spectrum of N-(2-aminohexanoic acid)-N’-(1-dehydroabietyl)-3,4,9,10 perylenetetracarboxydiimide 
(5b). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure94.6: Mass spectrum of N-(4-hydroxyphenyl)-1,4,5,8-naphthalenetetracarboxylic-1,8-anhydride-4,5-imide (1a). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure104.7: Mass spectrum of N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-1,4,5,8-naphthalenetetracarboxydiimide (2a). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure114.8: Mass spectrum of N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-3,4,9,10-perylenetetracarboxydiimide (5a). 
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Figure124.9: 1H-NMR spectrum of N-(4-hydroxyphenyl)-1,4,5,8-naphthalenetetracarboxylic-1,8-anhydride-4,5-imide (1a). 
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Figure134.10: 13C-NMR spectrum of N-(4-hydroxyphenyl)-1,4,5,8-naphthalenetetracarboxylic-1,8-anhydride-4,5-imide 
(1a). 
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Figure

144.11: 1H
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 spectrum
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’-(1-dehydroabietyl)-3,4,9,10 perylenetetracarboxydiim
ide 

(5b). 
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Figure164.13: Absorption spectra of N-(4-hydroxyphenyl)-1,4,5,8-naphthalenetetracarboxylic-1,8-anhydride-4,5-imide (1a) 
in different solvents. 
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Figure174.14: Absorption spectra of N-(4-hydroxyphenyl)-1,4,5,8-naphthalenetetracarboxylic-1,8-anhydride-4,5-imide (1a) 
in different solvents after filtration with 0.2 µm microfilter. 
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Figure184.15: Absorption spectra of N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-1,4,5,8-naphthalenetetracarboxydiimide 
(2a) in different solvents. 
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Figure194.16: Absorption spectra of  N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-1,4,5,8-naphthalenetetracarboxydiimide 
(2a) in different solvents after filtration with 0.2 µm microfilter. 
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Figure204.17: Absorption spectra of N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-3,4,9,10-perylenetetracarboxydiimide 
(5a) in different solvents. 
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Figure214.18: Absorption spectra of N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-3,4,9,10-perylenetetracarboxydiimide 
(5a) in different solvents after filtration with 0.2 µm microfilter. 
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Figure224.19: Absorption spectra of N-(2-aminohexanoic acid)-N’-(1-dehydroabietyl)-3,4,9,10 perylenetetracarboxydiimide 
(5b) in different solvents. 
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Figure234.20: Absorption spectra of N-(2-aminohexanoic acid)-N’-(1-dehydroabietyl)-3,4,9,10 perylenetetracarboxydiimide 
(5b) in different solvents after filtration with 0.2 µm microfilter. 
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Figure244.21: Solid-state absorption spectra of N-(4-hydroxyphenyl)-1,4,5,8-naphthalenetetracarboxylic-1,8-anhydride-4,5-
imide (1a). 
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Figure254.22: Solid-state absorption spectra of N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-1,4,5,8-
naphthalenetetracarboxydiimide (2a). 
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Figure264.23: Solid-state absorption spectra of N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-3,4,9,10-
perylenetetracarboxydiimide (5a). 
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Figure274.24: Solid-state absorption spectra of N-(2-aminohexanoic acid)-N’-(1-dehydroabietyl)-3,4,9,10 
perylenetetracarboxydiimide (5b). 
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Figure284.25: Emission spectra of N-(4-hydroxyphenyl)-1,4,5,8-naphthalenetetracarboxylic-1,8-anhydride-4,5-imide (1a) in 
different solvents. 
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Figure294.26: Emission spectra of N-(4-hydroxyphenyl)-1,4,5,8-naphthalenetetracarboxylic-1,8-anhydride-4,5-imide (1a) in 
different solvents after filtration with 0.2 µm microfilter. 
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Figure304.27: Emission spectra of N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-1,4,5,8-naphthalenetetracarboxydiimide 
(2a) in different solvents. 
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Figure314.28: Emission spectra of N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-1,4,5,8-naphthalenetetracarboxydiimide 
(2a) in different solvents after filtration with 0.2 µm microfilter. 
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Figure324.29: Emission spectra of N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-3,4,9,10-perylenetetracarboxydiimide (5a) 
in different solvents. 
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Figure334.30: Emission spectra of N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-3,4,9,10-perylenetetracarboxydiimide (5a) 
in different solvents after filtration with 0.2 µm microfilter. 
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Figure344.31: Emission spectra of N-(2-aminohexanoic acid)-N’-(1-dehydroabietyl)-3,4,9,10 perylenetetracarboxydiimide 
(5b) in different solvents. 
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Figure354.32: Emission spectra of N-(2-aminohexanoic acid)-N’-(1-dehydroabietyl)-3,4,9,10 perylenetetracarboxydiimide 
(5b) in different solvents after filtration with 0.2 µm microfilter. 
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Figure364.33: Fluorescence decay curve of 10-5 M N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-3,4,9,10-
perylenetetracarboxydiimide (5a)  (λexcit.=530 nm and λem=580 nm) in DMF. 
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Figure374.34: CD spectrum of N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-1,4,5,8-naphthalenetetracarboxydiimide (2a) in 
acetonitrile. 
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Figure384.35: CD spectrum of N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-1,4,5,8-naphthalenetetracarboxydiimide (2a) in 
ethanol. 
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Figure394.36: DSC thermogram of compound N-(4-hydroxyphenyl)-1,4,5,8-naphthalenetetracarboxylic-1,8-anhydride-4,5-
imide (1a) (heating rate 10 K min-1). 
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Figure404.37: DSC thermogram of compound N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-1,4,5,8-
naphthalenetetracarboxydiimide (2a) (heating rate 10 K min-1). 
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Figure414.38: DSC thermogram of compound N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-3,4,9,10-
perylenetetracarboxydiimide (5a)  (heating rate 10 K min-1). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

50 100 150 200 250 300 350

35

30

25

20

15

10
m

W

Temperature (oC)

Figure424.39: DSC thermogram of compound N-(2-aminohexanoic acid)-N’-(1-dehydroabietyl)-3,4,9,10 
perylenetetracarboxydiimide (5b) (heating rate 10 K min-1). 
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Figure434.40: Thermal gravimetric analysis (TGA) of compound N-(4-hydroxyphenyl)-1,4,5,8-naphthalenetetracarboxylic-
1,8-anhydride-4,5-imide (1a) (heating rate 5 K min-1). 
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Figure444.41: Thermal gravimetric analysis (TGA) of compound N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-1,4,5,8-
naphthalenetetracarboxydiimide (2a) (heating rate 5 K min-1). 
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Figure454.42: Thermal gravimetric analysis (TGA) of compound N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-3,4,9,10-
perylenetetracarboxydiimide (5a)  (heating rate 5 K min-1). 
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Figure464.43: Thermal gravimetric analysis (TGA) of compound N-(2-aminohexanoic acid)-N’-(1-dehydroabietyl)-3,4,9,10 
perylenetetracarboxydiimide (5b) (heating rate 5 K min-1). 
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Figure474.44: Cyclic voltammograms of compound N-(4-hydroxyphenyl)-1,4,5,8-naphthalenetetracarboxylic-1,8-anhydride-
4,5-imide (1a)  in dichloromethane; supporting electrolyte: TBAPF6, scan rates (mVs-1): 1 (50), 2 (100), 3 (200), 4 (300) 
at 25 °C. 
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Figure484.45: Cyclic voltammograms of compound N-(4-hydroxyphenyl)-1,4,5,8-naphthalenetetracarboxylic-1,8-anhydride-
4,5-imide (1a)  in acetonitrille; supporting electrolyte: TBAPF6, scan rates (mVs-1): 1 (50), 2 (100), 3 (200), 4 (300) at 25 °C. 
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Figure494.46: Cyclic voltammograms of compound N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-1,4,5,8-
naphthalenetetracarboxydiimide (2a) in chloroform; supporting electrolyte: TBAPF6, scan rates (mVs-1): 1 (50), 2 (100), 3 
(200) at 25 °C. 
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Figure504.47: Cyclic voltammogram of compound N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-1,4,5,8-
naphthalenetetracarboxydiimide (2a) in DMSO; supporting electrolyte: TBAPF6, scan rate (mVs-1): 50 at 25 °C. 
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Figure514.48: Cyclic voltammograms of compound N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-3,4,9,10-
perylenetetracarboxydiimide (5a) in chloroform; supporting electrolyte: TBAPF6, scan rates (mVs-1): 1 (50), 2 (100), 3 
(300), 4 (600), 5 (800), 6 (1000) at 25 °C. 
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Figure524.49: Square-wave voltammograms of compound N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-3,4,9,10-
perylenetetracarboxydiimide (5a)  in chloroform; supporting electrolyte:TBAPF6, ν (Hz): 1 (60), 2 (100), 3 (150) at 25 °C. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

0,2 0,0 -0,2 -0,4 -0,6

-80

-60

-40

-20

0

20

40

-0.388

-0.224

I 
( µµ µµ

A
)

E / V (vs Ag/AgCl, sat. NaCl)

 1
 2
 3
 4
 5
 6

Figure534.50: Solid state cyclic voltammograms of compound N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-3,4,9,10-
perylenetetracarboxydiimide (5a); supporting electrolye: HCl, scan rates (mVs-1): 1 (25), 2 (50), 3 (100), 4 (200), 5 (400), 
6 (600) at 25 °C. 
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Figure544.51: Solid state square-wave voltammograms of compound N-(4-hydroxyphenyl)-N’-[(S)-1-phenylethyl]-3,4,9,10-
perylenetetracarboxydiimide (5a); supporting electrolyte: HCl, ν (Hz): 1 (50), 2 (100), 3 (200), 4 (300) at 25 °C. 
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Figure554.52: Effect of variation of scan rates on the cathodic peak currents of compound N-(4-hydroxyphenyl)-1,4,5,8-
naphthalenetetracarboxylic-1,8-anhydride-4,5-imide (1a). 
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Figure564.53: Effect of variation of scan rates on the cathodic peak currents of compound N-(4-hydroxyphenyl)-N’-[(S)-1-
phenylethyl]-1,4,5,8-naphthalenetetracarboxydiimide (2a). 
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Figure574.54: Effect of variation of scan rates on the cathodic peak currents of compound N-(4-hydroxyphenyl)-N’-[(S)-1-
phenylethyl]-3,4,9,10-perylenetetracarboxydiimide (5a). 
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CHAPTER 5 

 

RESULTS AND DISCUSSION 

 

 

5.1 Synthesis and Characterization 

Unsymmetrically substituted chiral naphthalene and perylene diimides were prepared 

according to the synthetic routes shown in Scheme 3.1 and Scheme 3.2, respectively. 

The diacid naphthalenetetracarboxylic acid monoanhydride was directly converted to 

naphthalene monoimide (1a) via condensation with 4-aminophenol at 110 °C for 10 h. 

The chiral unsymmetrical naphthalene diimide was synthesized via condensation of N-

(4-hydroxyphenyl)-1,4,5,8-naphthalenetetracarboxylic-1,8-anhydride-4,5-imide (2a) 

with  corresponding amine using m-cresol and isoquinoline as solvent mixture. 

Compounds 3 and 4 were synthesized according to the methods given in previous works 

(Pasaogullari, 2006).  The unsymmetrical chiral perylene diimides (5a and 5b) was 

synthesized via condensation of corresponding amine with N-alkyl-3,4,9,10-

perylenetetracarboxylic-3,4-anhydride-9,10-imide using m-cresol and isoquinoline as 

solvent mixture. The structures of the compounds were characterized by 1HNMR, 
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13CNMR, MS, IR, and elemental analysis; the results clearly support the predicted 

chemical structures of all the compounds. 

 

All IR spectra were consistent with the assigned structures as shown in Figures 4.2, 4.3, 

4.4 and 4.5. The IR spectrum of 1a exhibited characteristic absorption bands at 3430 (O-

H stretch); 1783 (anhydride C=O stretch); 1709, 1660 (imides C=O stretch); 1609, 1591 

(conjugated C=C stretch); 1351 (C–N stretch); 1102 (C–O–C stretch); 861 and 770 (C–

H bend) cm-1. In the IR spectrum of 2a, the characteristic  bands of the anhydride 

carbonyl stretching band (1783 cm-1) had disappeared and were replaced by N-imides 

carbonyl stretching bands (1708 and 1660 cm-1). Similarly, the characteristic band of the 

C–O–C stretching (1102 cm-1) had disappeared and was replaced by C–N stretching 

band (1350 cm-1). Other absorption bands of 2a were very similar to those of 1a. The IR 

spectrum of 5a exhibited characteristic absorption bands at 3370 (O-H stretch); 3063 

(aromatic C–H stretch); 2926 (aliphatic C–H stretch); 1698, 1659 (imides C=O stretch); 

1594, 1577 (conjugated C=C stretch); 1354 (C–N stretch) 837 and 746 (C–H bend) cm-1. 

The IR spectrum of 5b exhibited characteristic absorption bands at 3480 (O-H stretch); 

3083 (aromatic C–H stretch); 2955, 2930, 2867 (aliphatic C–H stretch); 1695, 1658 

(imides C=O stretch); 1595, 1578 (conjugated C=C stretch); 1340 (C–N stretch) 856 and 

748 (C–H bend) cm-1. 

 

Table 5.1 lists the solubility properties of 1a, 2a, 4a, 4b, 5a and 5b. Solubility of 

monoimides is lower than that of diimides which is dependend on intermolecular 

interactions that is affected by the rigidity and symmetry. The presence of secondary 

carbon atoms next to nitrogen atoms force the other substituents out of the plane of the 
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molecule and thereby hamper to face-to-face π-π stacking of the 2a, 5a and 5b. The 

sterically hindered chiral substituents prevented the short π-π contacts of fluorophores 

and caused to higher solubility. With a less rigid 2a, these effects are more pronounced 

comparing to 5a and 5b which contribute to the higher solubility. Similarly, chiral 5a 

was poorly soluble compared to prior symmetrically substituted chiral perylene diimide 

(Amiralaei, 2008). 

 

Table195.1: Solubility of compounds 1a, 2a, 4a, 4b, 5a and 5b. 
 Solubilitya / Colour   

 
1a 

 
2a 

 
4a 

 
5a 

 
4b 

 
5b 

      
CHCl3 + -  

Colorless 
+ 

Brown 
- + - 

Orange 
- +  

Dark Red 
CH2Cl2 + - 

Colorless 
+ 

Brown 
- + - 

Orange 
- +  

Dark Red 
Pyridine + - 

Colorless 
+ 

Brown 
- + 

Yellow 
- +  

Dark Red 
Acetone + - 

Colorless 
+ 

Brown 
- + - 

Yellow 
- + - 

Light Orange 
EtOH + - 

Colorless 
+ 

Brown 
- + - 

Yellow 
- + - 

Light Orange 
NMP + - 

Pale Yellow 
+ 

Brown 
+ 

Red 
+ 

Red 
+ 

Orange 
+ - 

Dark Red 
MeOH + - 

Colorless 
+ 

Brown 
- + - 

Yellow 
- + - 

Light Pink 
CH3CN + - 

Colorless 
+ 

Brown 
- + - 

Yellow 
- + - 

Light Orange 
DMF + 

Pale Yellow 
+ 

Brown 
+ 

Red 
+ - 

Light 
Pink 

- + - 
Light Red 

DMSO + 
Pale Yellow 

+ 
Brown 

+ 
Red 

+ - 
Red 

- + - 
Light Red 

H2O + - 
Colorless 

- - - 
 

- - 
 

 

a 0.1 mg in 1.0 mL of solvent. + soluble; + - partially soluble; - insoluble at RT. NMP: 
N-methylpyrrolidinone;DMF: dimethylformamide; DMSO: dimethyl sulfoxide. 
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The main fragmentation routes of the compounds 1a, 2a and 5a are shown in Figures 

4.6, 4.7 and 4.8. The mass spectrum of compound 1a showed the corresponding 

molecular ion peak at 359 m/z, which was also the base peak. The fragment of 250 m/z 

was produced by the breakage of C6H4NO (Figure 4.6). The base peak again coincided 

with the molecular ion peak for compound 2a at 463.5 m/z (M+1) (Figure 4.7). The 

fragment of 372.4 m/z was produced by the breakage of C7H7. The mass spectrum of 5a 

(Figure 4.8) showed the corresponding molecular ion peak at 587.7 m/z (M+1). The base 

peak occurred at 302.3 m/z was produced by the breakage of C16H17N2O3. 

5.2 Absorption and Fluorescence Properties 

The absorption and emission spectra of 1a in nonpolar, polar protic and aprotic solvents 

are shown in Figures 4.13, 4.14, 4.25 and 4.26 (4.13: absorption spectra at 10-5 M 

concentration, 4.14: absorption spectra of filtered solution through a 0.2 µm SPR 

microfilter, 4.25: emission spectra at 10-5 M concentration, 4.26: emission spectra of 

filtered solution through a 0.2 µm SPR microfilter). The absorbance is significantly 

dependent on the polarity of solvent. Characteristically three absorption bands are 

observed in solvents (nonpolar and polar) where compound 1a dissolves poorly such as 

CHCl3, CH2Cl2 and CH3CN (in CHCl3: 334, 350, 370 nm). The broad long wavelength 

absorption band of 1a in polar solvents EtOH, NMP, MeOH, DMF, DMSO and H2O 

presents a solvent dependent charge transfer character corresponding to a shift of the 

electron density from the electron rich moiety (hydroxyl substituent) towards the imide 

carbonyls and it is significantly red-shifted compared to the bands in nonpolar solvents. 

The extension of the π conjugation system accounts for the narrowing of the HOMO-

LUMO gap in the compound 1a. Additionally, the lower degree of symmetry of 1a may 
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induce a higher number of vibronic modes which results in a broader absorption bands. 

The small changes on absorption bands regarding to their initial shape upon filtration of 

the solutions through 0.2 µm SPR microfilter (Figure 4.14) indicate weak aggregated 

distributions in polar solvents except CHCl3, CH2Cl2 and CH3CN. The absorption and 

emission spectra of 2a, 5a and 5b in the same nonpolar, polar protic and aprotic solvents 

used in the electronic spectra of 1a are shown in Figures 4.15, 4.16, 4.17, 4.18, 4.19, 

4.20, 4.27, 4.28, 4.29, 4.30, 4.31 and 4.32. In contrast to 1a the compounds 2a, 5a and 

5b exhibit the characteristic three absorption bands of the compounds in their absorption 

spectra (solvent DMSO; 2a: 345, 360, 381 nm; 5a: 461, 492, 529 nm; 5b: 465, 490, 526 

nm) indicating the absence of a strong charge transfer interaction in the ground state. 

The values of the absorption wavelength maxima for all solvents are nearly same 

without charge transfer complexation. Consequently, there is more intensive interaction 

between 1a and solvent molecules so as to influence its shape of absorption spectra 

which is not observed for 2a, 5a and 5b. 

 

Interestingly, all the emission spectra of 1a and 2a show characteristically red shifted 

and broad excimer-like emissions (Figures 4.25, 4.26, 4.27, 4.28). The high Stokes shift 

(Table 5.2; 1a: 123457 cm-1, filtered solution through a 0.2 µm SPR microfilter (1a*): 

138889 cm-1, 2a: 120482 cm-1 and filtered solution through a 0.2 µm SPR microfilter 

(2a*): 121951 cm-1) value and broadest band for the spectrum taken in NMP showed the 

presence of a large number of internal conversions at the excited states. The high 

difference in Stokes shift between the solution taken at 10-5 M concentration and filtered 

solution through a 0.2 µm SPR microfilter was attributed to aggregation.  
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Table205.2: Stokes shifts of 1a, 2a, 5a and 5b. 
 Stokes Shift (cm–1) 

 
1a 

 
1a* 

 
2a 

 
2a* 

 
5a 

 
5a* 

 
5b 

 
5b* 

        
CHCl3 

 

227273 222222 200000 256410 1000000 1000000 1111111 1111111 

CH2Cl2 
 

285714 204082 84034 172414 909091 909091 909091 909091 

EtOH 
 

169492 144928 81301 166667 714286 714286 769231 769231 

NMP 
 

123457 138889 120482 121951 769231 769231 625000 625000 

MeOH 
 

208333 277778 133333 192308 666667 666667 769231 769231 

CH3CN 
 

270270 161290 91743 120482 769231 769231 909091 909091 

DMF 
 

294118 217391 344828 250000 769231 769231 769231 769231 

DMSO 
 

285714 200000 120482 156250 714286 714286 714286 714286 

H2O 
 

178571 232558 - - - - - - 

* after filtration with 0.2 µm microfilter. 
 

The emission spectra of 1a and 2a were very similar to the excimer-like emissions 

usually observed for π-stacked interacting molecules in solution. Besides the well 

resolved absorption bands for 2a, the excimer-like emission of the compound has been 

thought as an important indication of weaker interacting π-stacks in solution. 

Additionally, the shape of the emission spectra and obtained peak maxima upon 

filtration of the solution through a 0.2 µm SPR microfilter indicates aggregated emission 

besides the excimer emission in the excited state. The fluorescence spectra of 5a and 5b 

taken at λexc = 485 nm showed mirror images of their absorption spectra with close and 

small Stokes shift and absence of excimer emission which proved the similarity between 

ground S0 and excited S1 states. As expected, dominance of rigidity and planarity gave 

small Stokes shift and greater reabsorptivity. 
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The emission spectra of compounds 1a and 2a were taken at λexc = 360 nm and the 

relative fluorescence quantum yields were determined in DMF by using anthracene as a 

standard in EtOH. The low fluorescence quantum yields of 1a and 2a are in good 

correlation with literature data (1a: 0.2% and 2a: 0.8%) (Uzun, 2003). The emission 

spectra of 5a and 5b were taken at λexc = 485 nm and the relative fluorescence quantum 

yields were determined by using N, N’-didodecy-3,4,9,10-perylenebis(dicarboxiimide) 

in CHCl3 as standard. The lower fluorescence quantum yield of 5b could be attributed to 

conformational changes, torsional movement, or other non-radiative decays (5a: 80% 

and 5b:40%). 

 

The absorption spectra of the compounds 1a, 2a, 5a and 5b in the solid state are shown 

in Figures 4.21, 4.22, 4.23 and 4.24. Table 5.3 provides a summary of the experimental 

spectroscopic data for all of the compounds together with calculated values. 

Intermolecular electron-donor-acceptor complex are formed for 1a in the solid state 

which give rise to an intermolecular charge transfer absorption at 354 nm as an 

unresolved band. The main difference between the uv spectra in solid and solution states 

of 1a is the shoulder around 373 nm in the solution spectra. Interestingly, the solid state 

uv spectra of 1a, and 2a are very similar to their spectra taken in solution which indicate 

weakly interacting π-stacks in solid state and similar intermolecular interactions in both 

states. It is worth noting that the solid state spectra of 5a and 5b are different in the 

absorptions maxima and band shapes which indicate different π interaction in solid state.  
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Table215.3: Maximum absorption wavelengths λmax (nm), extinction coefficients εmax (l  
mol-1 cm-1), oscillator strengths f, fluorescence quantum yields Φf (λexcit. = 360 nm for 1a 
and 2a, λexcit. = 485 nm for 5a and 5b), radiative lifetimes τ0 (ns), fluorescence lifetimes 
τf (ns), fluorescence rate constants kf (108 s-1), rate constants of radiationless deactivation 
kd (108 s-1), optical activities 20][ Dα , and singlet energies Es (kcal mol-1) data of 1a, 2a, 5a 

in DMF and 5b in CHCl3. 

 λmax λmax 

(solid-

state) 

εmax f Φf τ0 τf kf kd 20][ Dα  Es 

 
1a 
 

 
373 

 
354 

 
11732 

 
0.4 

 
0.002 

 
5.34 

 
0.01 

 
1.9 

 
948 

 
--- 

 
76.7 

 
2a 

 
381 

 
387 

 
18318 

 
0.6 

 
0.008 

 
3.63 

 
0.03 

 
2.8 

 
341 

 
-221.6 

 
75.1 

 
5aa 

 

 
526 

 
551 

 
70000 

 
0.4 

 
0.80 

 
10.6 

 
8.48 
(4.2) 

 
0.9 

 
0.2 

 
-24 

 
54.4 

 
5b 

 
526 

 

 
538 

 
65695 

 
0.4 

 
0.40 

 
10.9 

 
4.35 

 
0.9 

 
1.3 

 
+200 

 
54.4 

a Experimental values are given in parantheses. 
  

Solid state fluorescence of all compounds could not be obtained which is attributed to 

presence of aggregates and excimers, which normally reduce quantum efficiencies of 

emission in the solid state. Maximum absorption wavelengths (λmax in nm), extinction 

coefficients (εmax), oscillator strengths (f), fluorescence quantum yields Φf (λexcit. = 360 

nm for 1a and 2a, λexcit. = 485 nm for 5a and 5b), radiative lifetimes τ0 (ns), fluorescence 

lifetimes τf (ns), fluorescence rate constants kf (108 s-1), rate constants of radiationless 

deactivation kd (108 s-1), optical activities 20][ Dα , and singlet energies Es (kcal mol-1) data 

of 1a, 2a, 5a in DMF and 5b in CHCl3, are given in Table 5.3. Notably, the high solvent 

sensitivity of the emissions of compounds 1a and 2a indicates a polar character for the 

emitting species. The excimer-like emission and the low fluorescence quantum rate 

constant in DMF supports the charge transfer complexes in solutions as well. The 

fluorescence lifetime of 1a and 2a are calculated as 10 and 30 ps respectively, which 
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support the ultra fast intersystem crossing from the singlet excited state. The 

fluorescence lifetime of 5a is observed experimentally as 4.2 ns (λexc = 530 nm, Figure 

4.33). The technique of time correlated single photon counting was used to record 

fluorescence lifetimes of the compound 5a. The decay curve was multi-exponential and 

analysed by using the standard method of iterative reconvolution and nonlinear least 

square fitting method (Figure 4.33). The quality of calculated fits was judged using 

statistical parameters, the reduced χ2 value and the residual data. Experimental radiative 

lifetimes, fluorescence lifetimes, fluorescence rate constants, rate constants of 

radiationless deactivation and singlet energies data of all the compounds were consistent 

with literature data (Pasaogullari, 2006). 

 

The specific optical rotation ( 20][ Dα , alpha) of 2a, 5a and 5b measured at 20 °C (2a: c = 

0.0194 mg mL-1 in DMF; 5a: c = 0.052 mg mL-1 in DMF; 5b: c = 0.012 mg mL-1 in 

CHCl3) as -221.6, -24 and +200, respectively. Figures 4.34 and 4.35 show the CD 

spectra of 2a in acetonitrile and ethanol, respectively. The compound 2a showed 

prominent negative cotton effect which corresponds to the maximum absorption bands 

in the uv spectra recorded (acetonitrile: 362 and 382 nm, ethanol: 364 and 384 nm). No 

significant spectroscopic changes were observed in these two solvents. The CD signal 

provides support for the helical conformation of the synthesized compound. However no 

detectable cotton effect was obtained for compound 5a in different attempts probably 

due to the aggregates in solution at room temperature. 
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 5.3 Thermal Stability 

The thermal behavior of all compounds was investigated by DSC (heating rate 10 K 

min-1, Figures 4.36, 4.37, 4.38 and 4.39) and TGA (heating rate 5 K min-1, Figures 4.40, 

4.41, 4.42 and 4.43). All compounds exhibit no glass transition temperature in the DSC 

run. The curves showed the high decomposition temperatures (Td) for the compounds. 

Compounds 1a, 2a, 5a and 5b were stable up to 323, 353, 373 and 408 °C, respectively. 

For compound 1a, a rapid weight loss of 70% of the initial weight was occurred between 

323 and 415 °C. When 1a was heated to 900 °C, 91% of the initial weight was lost, and 

about 9% char yield observed. For compound 2a, a rapid weight lost of 27% of the 

initial weight occurred between 353 and 405 °C. When 2a was heated to 650 °C, 98% of 

the initial weight was lost rapidly and 2% char yield observed. Compound 2a showed 

higher thermal stability than compound 1a that could be attributed to the intermolecular 

forces, rigidity and symmetry of the structure. For compound 5a, a rapid weight lost of 

20% of the initial weight occurred between 373 and 423 °C. When 5a was heated to 900 

°C, 44% of the initial weight was lost rapidly and 56% char yield observed. For 

compound 5b, a rapid weight lost of 54% of the initial weight occurred between 408 and 

520 °C. When 5b was heated to 620 °C, 99% of the initial weight was lost rapidly and 

1% char yield observed. Remarkably, the compound 5a showed better thermal stability 

at elevated temperature (symmetrical PDI: 2% char yield at 900 °C) with higher char 

yield compared with the symmetrical PDI bearing the same chiral substituent, and chiral 

unsymmetrical PDI 5b. 
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5.4 Electrochemistry 

The electrochemical characterization of all compounds were studied in detail using 

cyclic (CV: 1a, 2a and 5a) and square-wave (SWV: 5a) voltammetries in different 

solvents containing 0.1 M TBAPF6 as a supporting electrolyte and in solid state (Figures 

4. 44, 4.45, 4.46, 4.47, 4.48, 4.49, 4.50 and 4.51) which summarized in Tables 4.13, 

4.14, 4.15, 4.16 and 4.17. All the measured redox potentials, HOMO (highest occupied 

molecular orbital)/LUMO (lowest unoccupied molecular orbital) and band gap energy 

Eg values obtained from those are tabulated in Table 5.4.  

 

All compounds undergo two reversible one electron reductions, the first of which is the 

reduction of the neutral compound to radical anion (1a-, 2a- and 5a-) and the second 

reduction corresponds to the formation of the dianion (1a2-, 2a2- and 5a2-) as shown in 

Scheme 5.1. Similarly, for compounds 1a, 2a and 5a the values of the half-wave 

potential (E1/2) were found to be independent of the scan rate, as was expected for a 

reversible system. 

 

As shown in Figure 4.44 and Scheme 5.1, cyclic voltammogram of compound 1a has 

shown two fast reversible one-electron reductions at -0.695 and -1.127 V (vs. 

Ag/AgNO3, scan rate: 100 mV s-1) with peak potential separations ∆Ep1 = 67 mV and 

∆Ep2 = 60 mV, respectively in CH2Cl2. The calculated ∆Ep in the range 60-70 mV for 1a 

shows that reversibility of electron transfer was fairly well maintained in this system. 
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Table225.4: Cyclica voltammetry data and optical band gap energy Eg, HOMO, LUMO 
values of compounds 1a, 2a and 5a. 
 1ab 

(DCM) 
2ab 

(CHCl3) 
5ab 

(CHCl3) 
5ac 

(solid state) 

Epc / V -0.729 
-1.157 

-0.825 
-1.226 

-0.865 
-1.054 

-0.244 

Epa / V -0.662 
-1.097 

-0.728 
-1.127 

-0.789 
-0.982 

-0.378 

∆Ep / mV 67 
60 

97 
99 

76 
72 

134 

E1/2 / V 
vs. Ag/AgNO3 

-0.695 
-1.127 

-0.776 
-1.176 

-0.827 
-1.018 

-0.311d 

EFc / V 
vs. Ag/AgNO3 

0.172 
0.172 

0.234 
0.234 

0.196 
0.196 

0.360d 

E1/2 / V 
vs. Fc 

-0.867 
-1.299 

-1.010 
-1.411 

-1.023 
-1.214 

-0.671 

Eg / eV 3.21 3.15 2.28 1.92 

HOMO / eV -7.14 -6.94 -6.06 -6.05 

LUMO / eV -3.93 -3.79 -3.78 -4.13 

a  Scan rate of 100 mV s-1. 
b Supporting electrolyte: 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6). 
c Supporting electrolyte: 1 M HCl. 
d vs. Ag/AgCl 
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Scheme55.1: Proposed two-step reduction mechanism for (a) 1a; (b) 2a; and (c) 5a. 
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The reduction couples for 1a were observed at E1/2 = -0.790 and -1.205 V (vs. 

Ag/AgNO3, scan rate: 100 mV s-1) in more polar solvent CH3CN (Figure 4.45 and 

Scheme 5.1, ∆Ep1 = 68 mV and ∆Ep2 = 68 mV). 2a has shown two fast reversible one-

electron reductions at -0.776 and -1.176 V (vs. Ag/AgNO3, scan rate: 100 mV s-1) with 

peak potential separations ∆Ep1 = 97 mV and ∆Ep2 = 99 mV, respectively in CHCl3 

(Figure 4.46 and Scheme 5.1). These values were observed at -0.777 and -1.175 V at 

scan rate of 50 mV s-1 with peak potential separations ∆Ep1 = 86 mV and ∆Ep2 = 87 mV. 

The reduction couples for 2a were observed at E1/2 = -0.876 and -1.331 V (vs. 

Ag/AgNO3, scan rate: 50 mV s-1) in more polar solvent DMSO (Figure 4.47 and Scheme 

5.1, ∆Ep1 = 75 mV and ∆Ep2 = 75 mV). Notably, E1/2 shifts toward high negative 

potentials in more polar solvents indicating a more difficult reduction probably due to 

the stable complex formation (1a: CH2Cl2 and CH3CN, 2a: CHCl3 and DMSO, Tables 

4.13, 4.14 and 4.15). 

 

In order to calculate the absolute energies of LUMO level of 1a and 2a with respect to 

the vacuum level, the redox data are standardized to the ferrocene/ferricenium couple 

which has a calculated absolute energy of -4.8 eV (Bredas, 1983; Peng, 1998). The 

LUMO energies of the 1a and 2a were calculated from cyclic voltammograms (Table 

5.4) as -3.93 and -3.79 eV, respectively. The optical band gap, Eg values, were 

calculated approximately 3.21 and 3.15 eV for the compound 1a and 2a, respectively 

where Eg was obtained from the edge of the electronic absorption band with Eg (eV) = 

hc/λ (h = 6.626 x 10-34 J s, c = 3 x 1010 cm s-1, 1 eV = 1.602 x 10-19 J). From this value, 

the HOMO energies of 1a and 2a were estimated from the relationship EHOMO = ELUMO – 

Eg, as -7.14 and -6.94 eV, respectively. 
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The electrochemical stability and reversibility of the redox processes of 1a and 2a were 

examined using cyclic voltammetry in different solvents (1a: CH2Cl2 and CH3CN, 2a: 

CHCl3). Electrochemical stability of the compounds was examined by measuring 

repeated cycles of redox processes. Compound 1a showed completely reversible 

reduction steps for the entire scanning rate in a region of 50 to 300 mV s-1. As shown in 

Table 4.14, the ∆Ep was about 59-78 mV for each cycle of 1a in CH2Cl2. Similar results 

were attained with the solvent CH3CN. Compound 2a showed completely reversible 

reduction steps for the entire scanning rate in a region of 50 to 200 mV s-1. At the large 

∆Ep values (114 mV at 200 mV s-1) which indicate the limitation due to charge transfer 

kinetics the reversibility of the compound 2a showed poor reversibility. According to 

standard reversibility criteria, each reduction process indicates reversible, diffusion-

controlled one-electron transfer. A plot of peak current against square root of scan rate 

was found to be linear as shown in Figures 4.52 and 4.53 for compounds 1a and 2a (1a: 

in CH2Cl2 R
2 = 0.99 and CH3CN R2 = 0.99, 2a: in CHCl3 R

2 = 1.00), which  fulfils the 

conditions for diffusion controlled processes.  

 

The diffusion coefficients D were measured by cyclic voltammetry according to 

Randles-Sevick equation (Bard, 1980). The diffusion coefficients (D) of 1a and 2a in 

solution were estimated from the slope of the plot ipc vs. ν1/2 (Figures 4.52 and 4.53). 

Accordingly, the diffusion coefficients were determined as 8.73 x 10-8 and 2.55 x 10-7 

cm2 s-1 for 1a in CH2Cl2 and CH3CN, respectively, and 2.63 x 10-6 cm2 s-1 for 2a in 

CHCl3.  
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The electrochemical behaviour of 5a was investigated using cyclic (CV) and square-

wave (SWV) voltammetries in chloroform containing 0.1 M TBAPF6 as a supporting 

electrolyte and in solid state containing HCl as supporting electrolyte (Figures 5.48, 

5.49, 5.50 and 5.51). All the measured redox potentials, HOMO (highest occupied 

molecular orbital)/LUMO (lowest unoccupied molecular orbital) and band gap energy 

Eg values obtained from those are tabulated in Table 5.4. As shown in Figures 4.48, 4.49 

and Scheme 5.1, compound 5a displays reduction processes in cyclic and square-wave 

voltammetries. Cyclic voltammogram of compound 5a has shown two fast reversible 

one-electron reductions at -0.827 and -1.018 V (vs. Ag/AgNO3, scan rate: 100 mV s-1) 

with peak potential separations ∆Ep1 = 76 mV and ∆Ep2 = 72 mV, respectively in CHCl3 

(Figure 4.48 and Scheme 5.1). For compound 5a, the calculated ∆Ep in the range of 60-

70 mV shows that reversibility of electron transfer was fairly well maintained in this 

system. The square-wave voltammograms of 5a (Figure 4.49) showed reversible 

reduction potentials at -0.830 and -1.026 V (vs. Ag/AgNO3, frequency: 60 Hz). Similar 

results were found via cyclic and square-wave voltammetric studies. These properties 

are in agreement with the literature data (Pasaogullari, 2006). 

 

In order to investigate the solid state electrochemical properties of compound 5a the 

voltammetry of immobilized microparticles was applied. This technique is a simple and 

powerful tool for characterizing the thermodynamics and elucidating the redox 

mechanisms of electroactive compounds which are poorly soluble in water (Kahlert, 

1998; Lovric, 1999; Lovric, 2000; Schröder, 2000; Hermes, 2001; Widmann, 2002; 

Grygar, 2002). The basic principle of the voltammetry of immobilized microparticles 

comprises mechanical attachment of the substance on the surface of the working 
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electrode (paraffin impregnated graphite electrode, i.e., PIGE), and immersing the 

modified electrode in an aqueous electrolyte solution. If the substance is electroactive, 

and if its product is insoluble in water, for reasons of charge neutrality, ions must be 

exchanged with the solution. In case of a reduction, either anions, if available, must 

leave the solid, or cations must be transferred from the solution into the solid phase. The 

processes of coupled electron and ion transfer occur simultaneously and give rise to a 

single voltammetric response. All the voltammetric measurements were repeated several 

times and the values of the reduction potentials were found to be reproducible within ±3 

mV. 

 

The solid-state electrochemical property of 5a was determined with cyclic (CV) and 

square-wave (SWV) voltammetries (CV: Figure 4.50, SWV: Figure 4.51). All the 

measured redox potentials, HOMO (highest occupied molecular orbital)/LUMO (lowest 

unoccupied molecular orbital) and band gap energy Eg values obtained from those are 

tabulated in Table 5.4. The cyclic voltammograms of compound 5a showed one 

reversible reduction wave (Figure 4.50), implying the formation of anions (5a-) at -0.311 

V (vs. Ag/AgNO3, scan rate: 100 mV s-1) with peak potential separation ∆Ep1 = 134 mV 

(Table 5.4). Similarly, the square-wave voltammograms of 5a (Figure 4.51) showed 

reversible reduction potential at -0.325 V (vs. Ag/AgNO3, frequency: 50 Hz). Cyclic and 

square-wave voltammetric results were in good agreement. The reduction potential value 

is more positive than that observed for free 5a in solution indicating the easier reduction 

with higher reduction rate (Table 5.4). Interestingly, the compound 5a has shown lower 

solid state reduction potentials comparing to the reductions of CN-substituted 

derivatives (CN-NDI and CN-PDI) and same with the symmetrical substituted chiral 



128 

perylene diimide bearing the same chiral substituent which were measured with similar 

way at earlier published work (Uzun, 2003; Amiralaei, 2008). The differing results could 

be attributed to the intermolecular forces, rigidity and symmetry of the structure. 

 

The electrochemical stability and reversibility of the redox processes of 5a was 

examined using cyclic voltammetry and square-wave voltammetries in CHCl3 (Figures 

4.48, 4.49 and Table 4.16) and solid state (Figures 4.50, 4.51 and Table 4.17). 

Electrochemical stability in CHCl3 was examined by measuring repeated cycles of redox 

processes. 5a showed completely reversible reduction steps for the entire scanning rate 

in a region of 50 to 1000 mV s-1. As shown in Table 4.16, the calculated peak current 

ratio, ipa (anodic current) / ipc (cathodic current) was equal to unity and the ∆Ep was 

about 70-103 mV for each cycle in CHCl3. Notably, higher ∆Ep value (103 mV) at 1000 

mV s-1 scanning rate shows more difficult reduction. According to standard reversibility 

criteria, each reduction process indicates reversible, diffusion-controlled one-electron 

transfer. Similarly, the solid state electrochemical stability and reversibility of the redox 

processes of 5a was examined using cyclic and square-wave voltammetries (Figures 

4.50, 4.51 and Table 4.17). Electrochemical stability of 5a was examined by measuring 

repeated cycles of redox processes. Compound 5a showed completely reversible 

reduction steps for the entire scanning rate in a region of 25 to 600 mV s-1 and 50 to 300 

Hz. All voltammograms have shown only a slight shift of peak (SWV) or formal 

potentials (CV) of all compounds by 10 mV which indicate the electrochemical 

reversibility of the investigated system. As shown in Table 4.17, the calculated peak 

current ratio, ipa / ipc was equal to unity and the ∆Ep was about 134-164 mV for each 

cycle. 
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A plot of peak current against square root of scan rate was found to be linear as shown in 

Figure 4.54 for compound 5a (in CHCl3 R2 = 0.99, in solid state R2 = 0.96), which  

fulfils the conditions for diffusion controlled processes. Additionally, at the large ∆Ep 

values which indicate the limitation due to charge transfer kinetics the reversibility of 

the compound showed poor reversibility. 

 

The LUMO energies of 5a in CHCl3 and solid-state were calculated from cyclic 

voltammograms (Figures 4.50, 4.51 and Table 5.4) as -3.78 and -4.13 eV, respectively. 

The optical band gap, Eg values, were calculated approximately 2.28 and 1.92 eV for the 

compound 5a in CHCl3 and solid-state, respectively. From these values, the HOMO 

energies of 5a were estimated as -6.06 and -6.05 eV, respectively. The remarkably 

smaller LUMO and Eg value were obtained at the solid state characterization of 5a as 

compared to those obtained from its solution state (Scheme 5.2).  

 

 

 

 

 

 

 

 

 

The diffusion coefficients D of 5a in CHCl3 and solid state were measured by cyclic 

voltammetry according to Randles-Sevcik equation (Bard, 1980). Accordingly, the 

 

Scheme65.2: Schematic energy diagram of 1a, 2a and 5a. 
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diffusion coefficients were determined as 1.21 x 10-5 and 1.62 x 10-6 cm2 s-1 for 5a in 

CHCl3 and solid state, respectively. 
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CHAPTER 6 

 

CONCLUSION 

 

 

In conclusion, one new naphthalene monoimide (1a) and three new unsymmetrically 

substituted chiral diimides (2a, 5a and 5b) having large π-conjugated systems have been 

successfully synthesized. Their structures have been well determined and the 

photophysical, thermal, electrochemical, chiroptical and intramolecular charge transfer 

properties have been investigated. 1a, 2a, 5a and 5b showed high thermal stability. 

Compound 1a exhibits a intramolecular charge transfer complexation in its absorption 

spectrum in polar solvents corresponding to a shift of the electron density from the 

electron rich moiety (hydroxyl substituent) towards the imide carbonyls. Additionally, 

the lower degree of symmetry of 1a may induce a higher number of vibronic modes 

which results in a broader absorption bands. The difference in complex formation 

between polar and non-polar solvents was attributed to the higher concentration of free 

reactive compound 1a. Excimer-like emissions were obtained in nonpolar, polar protic 

and aprotic solvents for 1a and 2a. Interestingly, all the emission spectra of 1a and 2a 

show characteristically red shifted and broad excimer-like emissions. The high Stokes 

shift (123457 – 120482 cm-1) value and broadest band for the spectrum taken in NMP 
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showed the presence of a large number of internal conversions at the excited states. The 

fluorescence spectra of 5a and 5b showed mirror images of their absorption spectra with 

close and small Stokes shifts and absence of excimer emission in the same solvents used 

in the electronic spectra of 1a and 2a which proved the similarity between ground S0 and 

excited S1 states and high fluorescence quantum yield values. Solid-state fluorescence of 

chiral compounds 5a and 5b could not be obtained which is attributed to presence of 

aggregates and excimers, which normally reduce quantum efficiencies of emission in the 

solid state. The electrochemical characteristics of compounds 1a, 2a and 5a were 

investigated from dilute solution to solid state. In solution, compounds 1a, 2a and 5a 

showed two one-electron reduction. However in solid state, chiral compound 5a has 

shown only one one-electron reduction which is consistent with the high molecular 

symmetry. Chiral 2a showed prominent Cotton effect centered at 362 and 382 nm. 

 

In summary, the results could lead to further development of sterically and 

stereochemically controlled conductive unsymmetrical diimides which could guide to 

design important photo-, electro-, and optoelectronic devices. 
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