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Abstract 

This thesis deals with synthesis and characterization of functional materials derived from 1,8-

naphthalimide as potential candidates for electronic and biological applications. The thesis is 

divided into seven chapters. Chapter 1 presents a review on structure-property relationship 

highlighting photophysical, electrochemical, electroluminescent, photovoltaic, and biological 

properties of mono and bis-naphthalimide-based linear and star-shaped molecules. Among the N-

functionalized and core functionalized dyes, later resulted in elongation of conjugation since the 

chromophore at imidic position is orthogonal to the conjugating length. Depending upon the 

behavior of chromophore flanked on naphthalimide, it exhibits either typical charge transfer or π-

π* extended conjugation. Bis-naphthalimides are explored for its application particularly in OSCs. 

The variation in the central chromophore as planar or non-planar PAH or heteroaromatic core 

resulted in tremendous alternation of photophysical and electrochemical properties. Star-shaped 

dyes provide a platform to study the effect of chromophore density and molecular symmetry on 

the optical properties of the dyes. However, effect of strength and variable number of electron 

withdrawing groups on the properties of naphthalimide is not yet explored. The modulation of 

aromatic core with different number of electron deficient units is limited. Also, the report on 

studying the effect of non-conjugated chromophores on the intrinsic properties of naphthalimide 

unit is narrow. In Chapter 2, the aim, scope and prospect of the work on naphthalimide-based 

materials is presented. 

Chapter 3 demonstrates the synthesis and characterization of bis-naphthalimides-based small 

molecules and oligomers that helped us to study the effect of different electron withdrawing 

acceptors and increasing number of benzotriazole unit on the properties. Linear and rigid bis-

naphthalimide-based electron deficient dyes were synthesized by Pd-catalyzed Sonogashira cross 

coupling reaction. The dyes exhibit a red-shifted absorption band and enhanced molar extinction 

coefficient attributable to the increase in π-conjugation length and enhanced electronic 

interactions. The narrow structured emission band and small Stokes shifts is reflection of their 

rigid and planar structure. Solvent polarity has a negligible influence on the optical properties of 

the dyes. The molecules are prone for self-assembly leading to the formation of nanostructures for 

the as synthesized samples and those obtained from different solvents. These dyes lead to the 

formation of controlled morphologies of variable size and shape developed from J-aggregated 

solid state packing. The fluorescence images observed under optical fluorescence microscopy 
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exhibits multicolor emission under different light source. Electrochemical studies reveal that these 

dyes acquire LUMO levels in range of -3.2 to - 3.3 eV. The analysis of naphthalimide end-capped 

benzotriazole-based linear n-type small molecular semiconductors show that with increasing 

number of benzotriazole unit in the oligomer, LUMO is stabilized and HOMO is destabilized, thus 

leading to narrow band gap. The electronic features and coplanar arrangement of functional 

entities by density functional theoretical computations ensure close packing arrangement of 

molecules in the solid state. Furthermore, these dyes show high thermal stability. 

Chapter 4 deals with synthesis of pyrene-naphthalimide hybrids by Sonogashira coupling 

reaction and presents the effects of substitution pattern on optical, electrochemical and thermal 

properties. The attachment of the naphthalimide moiety is varied at the 1-, 3-, 6-, and 8-positions 

of the pyrene ring to alter the intrinsic properties. The subtle modifications in the architecture of 

dyes involving the substituent positioning, molecular symmetries and chromophore density as 

predicted by theoretical computations greatly influence ground and excited state properties of the 

functionalized pyrene compounds. The optical properties of these dyes change monotonically 

from mono, di, tri to tetra substituted core. Among the two isomers 1,6-di-substituted and 1,8-di-

substituted, former display more red shifted absorption profile attributed to the extended linear 

arrangement. The molar extinction coefficient increases from mono to tetra-substituted compound 

attributed to the increment in chromophore density. Whereas, compared to the parent pyrene 

molecule, the substituted cores induce a large bathochromic shift in the absorption profile owing 

to the extension of conjugation. The compounds are green to orange fluorescent and display 

dependence on solvent polarity confessing an intra molecular charge transfer in excited state. DFT 

simulation reveals the probability of charge transfer from pyrene donor to naphthalimide acceptor 

and thus the localization of HOMO/LUMO orbitals on the donor-acceptor moieties except for 

tetra-substituted dye implying the significant charge transfer occurring during electronic 

excitation. 

Chapter 5 reports carbazole-naphthalimide-based linear donor-acceptor and star-shaped 

triazine-cored molecules. A series of ethyne-linked compounds were synthesized by a stepwise 

route involving a Pd/Cu catalyzed Sonogashira coupling reaction. Star-shaped dyes are 

synthesized in two step initiated by acid catalyzed trimerization of arylnitriles to form triazine 

core followed by coupling reaction. We highlight structure-property relationship by structural 

modification of carbazole and/ or naphthalimide. The star-shaped triazine compounds displayed 

superior optical, thermal and electrochemical properties when compared to linear analogs. These 
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compounds act as blue to green light-emitting materials. The excited state lifetimes of linear 

analogs are longer than star-shaped analogs. These fluorescent chromophores are supposed to be 

potential candidates to acquire a space into organic electronic devices such as OSCs and OLEDs. 

Chapter 6 describes the effect of imidic structural variation of naphthalimide-based bipolar 

materials on photophysics, electrochemistry, morphology and its application in bioimaging. The 

photophysical and electrochemical studies reveal that these dyes are electronically similar 

although structurally different from each other. Whereas the structural variations helps to fine tune 

the morphology of the dyes at microscopic level. They reflect unique and uniform morphology 

depending on their molecular structure. They show considerably different morphology which is 

solvent and concentration dependent. Finally, potential biological applications of these dyes are 

evaluated by investigating their biocompatibilities and cell uptake behaviors. 

Chapter 7 presents the conclusion and outlook of the work embodied in the thesis. We present 

correlation between structural modification and optical properties of the naphthalimide-based 

dyes. The influence of molecular tuning for determination of the properties and behavior of the 

naphthalimide functional materials is addressed.   
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91 TPBi 1,3,5-tris(1-phenyl-1H-benzo[d]imidazol-2-yl)benzene 

92 Ir(ppy)2(acac) Iridium(III) bis(2-phenylpyridinato-N,C
2'
)acetylacetonate 

93 FIrpic Iridium(III) bis[2-(4',6'-difluorophenyl)-pyridinato-N,C(2')]-

picolinate 

94 (Bt)2Ir(acac) Bis(2-phenyl benzothiozolato-N, C
2'
) iridium (acetylacetonate) 

95 Bphen 4,7-Diphenyl-1,10-phenanthroline 

96 F4TCNQ 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane 

97 CuPc Copper phthalocyanine 

98 P3HT Poly-3-hexylthiophene 

99 PCBM Phenyl-butyric acid methyl ester 

100 PPDTBT (2,5-bis(2-hexyldecyloxy)phenylene)-alt-(4,7-di(thiophen-2-yl)- 

benzo[c][1,2,5]thiadiazole)  

101 PTB7-Th Poly-benzodithiophene–thienothiophene 

102 p-DTS(FBTTh2)2 7,7′-[4,4-Bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b′]dithiophene-2,6-

diyl]bis[6-fluoro-4-(5′-hexyl-[2,2′-bithiophen]-5-

yl)benzo[c][1,2,5]thiadiazole] 

103 PPDTFBT poly[(2,5-bis(2-hexyldecyloxy)phenylene)-alt-(5-fluoro-4,7-

di(thiophen-2-yl)benzo- [c][1,2,5]thiadiazole)]  

104 PPDT2FBT poly[(2,5-bis(2-hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-

di(thiophen-2-yl)benzo[c]-[1,2,5]thiadiazole)] 
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1.1 Introduction 

Over the decades, material chemistry has emerged as an immense field of research in science. 

Innumerable polymers, oligomers, dendrimers and small molecules are documented in the field of 

material chemistry.[1-5] Tremendous efforts have been devoted to the development of highly 

efficient dyes through extending the π-conjugated systems and improving the charge mobility in 

field of optoelectronics.[6,7] To date, pure metal-free organic molecules alternative to metal-

complex counterparts have drawn increasing attention due to their low cost without noble metal, 

easy molecular tailoring and tunable spectral properties.[8,9] Moreover, the small molecules 

which can be easily solution processed are emerging as a competitive alterative to their polymer 

counterparts due to several important advantages of small molecules, such as well-defined 

structures, good solubility, easy purification and facile energy level tuning.[10,11] Several new 

materials with variable architectures comprising of electron rich (donor) and/or electron deficient 

(acceptor) molecules have led to the origin of a variety of semiconductors possessing unique 

physicochemical properties. Tremendous efforts have been devoted to the synthesis of highly 

efficient dyes through extending conjugation with different linkers to study the structure property 

relationships and to improve the charge carrier mobilities. To date, several comprehensive reviews 

and research have covered the design and synthesis of small molecules including p-type 

semiconductors with hole-transporting properties for vacuum or solution processed electronic 

devices.[12-37] However, studies on electron-deficient materials possessing good electron-

transporting properties are inadequate. In comparison, n-type conjugated chromophores with low-

lying energy levels and high electron affinity are scarce, irrespective of their applications as 

electron acceptor materials in OSCs,[38-42] electron transport materials in OLEDs[43-44] or n-

type materials in OTFTs.[45-46] Despite this, practical devices based on organic semiconductors 

possessing air-stable electron-transporting properties are limited due to the lack of ambient 

stability of charge carriers. Till date, numerous electron acceptors are reported based on 

benzothiadiazole,[47-48] fluorenone,[49-51] diketopyrrolo[3,4-c]-pyrrole-1,4-dione,[52-54] 

quinoxaline,[55-56] benzotriazole[57-58]and imides derivatives[59-63]. 

Among various organic optoelectronic materials, aromatic imides have emerged as versatile 

n-type semiconductors.[64] However, the extended polyhydrocarbon planar core and poor 

solubility of larger imides are some of the prominent issues that limit their practical applications. 

To mitigate these issues, various functionalization strategies have been developed to synthesize 
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relatively stable and soluble derivatives of high order rylene diimides such as naphthalene 

diimides
 
and perylene diimides. Nevertheless, these bulky materials could not be extended 

effectively for the synthesis of small molecules. The introduction of an imide group with 

polycyclic aromatic hydrocarbons can lower their LUMO levels to meet the basic requirement of 

n-type organic semiconductor materials. The urge to fulfill the quest of an alternative possessing 

facile and stable imide is resolved by using 1,8-naphthalimide chromophore.[65-68] Over the past 

decade, numerous derivatives of naphthalimide have been investigated to explore their possible 

applications in optoelectronics, sensing, biological imaging, and medicinal chemistry.[69-74]
 

Naphthalimide derivatives exhibit good charge transporting and fluorescence properties and 

exhibit an easy and facile functionalization with appropriate experimental conditions useful to 

vary the π-conjugation to enhance its electron-accepting ability. 

In this review, we will focus on molecules exclusively employing naphthalimide as the 

building block for the electronic devices such as OLEDs, OSCs (BHJSCs) and DSSCs, structure 

property relationship studies and biological applications (Figure 1.1). 

 

Figure 1.1 Pictorial representation of advantages and applications of naphthalimide 

chromophore. 
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To appreciate the role of chromophoric skeleton for diversified applications, it would be 

worthwhile to shed light on the basic structure and synthetic strategy of the chromophore. 1,8-

naphthalimide represents a heterocyclic ring system containing a fused naphthalene ring to an 

imide unit. In general, imide functional group is derived from an acid anhydride by replacing 

oxygen atom with the (-NH) group (Chart 1.1). Thus, the core is named as 1H-

benzo[de]isoquinoline-1,3(2H)-dione. Being highly polar in nature, imide based cores show good 

to moderate solubility in polar solvents. The imidic N-atom, generally derived from ammonia/ 

alkyl or aryl amines is acidic in nature and resists molecular hydrolysis unlike the structurally 

similar acid anhydrides. 

Chart 1.1 Retro-synthesis for 1,8-naphthalimide. 

1.2 General method for the synthesis of 1,8-naphthalimide 

Chart 1.2 A schematic diagram for the synthesis of 1,8-naphthalimide using acenaphthene or 

naphthalic anhydride as starting materials. 
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A schematic representation for the synthesis of 1,8-naphthalimide is depicted in Chart 1.2. The 

most facile and an easy one-step method for the synthesis of 1,8-naphthalimides relies on the 

dehydrative condensation of naphthalic anhydrides with respective alkyl or aryl amines at high 

temperature. Both anhydrides and amines are heated or refluxed in a high boiling polar solvent or 

a mixture of solvents at high temperature. The reaction can be carried out in the absence or 

presence of zinc acetate (Zn(OAc)2) as promotor/catalyst depending upon the reactivity of amine 

to yield desired naphthalimides in good to excellent yields. The second most accessed and 

documented synthetic procedure embarks on the use of acenaphthene as starting material which 

can be brominated and later undergo steps of reactions to yield naphthalimide. Specifically, the 

intermediate 5-bromoacenaphtene is oxidized to yield 6-bromo naphthalic anhydride using 

potassium dichromate (K2Cr2O7) followed by imidization to yield 4-bromo 1,8-naphthalimide. 

This core provides an appropriate platform for functionalization using different substitution and 

C-X coupling reactions. 

In this chapter we have outlined a detailed literature survey on the naphthalimide derivatives. 

For clarity, naphthalimide-based materials are classified into three major categories on basis of 

application which is sub-classified based on their molecular substitution and framework. In the 

first part (1.3), naphthalimide-based materials for structure property relationship studies 

possessing comparative physiochemical properties are discussed, followed by discussion of 

naphthalimide-based dyes as either non-fullerene acceptors, electron transporting materials/ 

emitters in OLEDs or acceptors for DSSCs in the second part (1.4). In the third part (1.5), 

naphthalimide-based molecules for bioimaging and medicinal applications particularly as 

anticancer agents will be discussed. At the end we will conclude the survey in section 1.6 as 

conclusions and outlook. 
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1.3 Naphthalimide-based materials for structure property relationships 

Naphthalimide as a chromophore provides a wide possibility of dual functionalization on 

imide moiety and/or aromatic core by different substituents affecting photophysical and electronic 

properties of the derivatives. The structure-property relationship and effect of linkers and donor/ 

acceptor strength allow one to tune molecular design, resulting in a variety of functionalized 

naphthalimides. These derivatives tend to exhibit unique structural, morphological and electronic 

properties rendering them to behave as potential candidates to explore their properties for practical 

applications. 

1.3.1 Imide-functionalized naphthalimide derivatives 

 

Chart 1.3 Structures of naphthalimide derivatives with imide functionalization (S1-S3) 

Ge et al.[75] synthesized two naphthalimide AIEgens S1-S2 differing at imidic position (Chart 

1.3). Both dyes exhibited an absorption band at λ = 330 nm featured to naphthalimide unit. S1 

displayed polymorphism since it displayed two emission peaks at λ = 400 and 470 nm. Both dyes 

exhibited enhancement in emission in their aggregated state due to AIE effect. Although, S2 

displayed a strong AIE due to the more non-planar substituent, S1 displayed multichromism under 

different external stimulus, attributable to the intermolecular π-π stacking. 

Srivastava et al.[76] synthesized and characterized four compounds S3a-S3d as 

nanoaggregates with aggregation-enhanced emission in DMF-water system (Chart 1.3). They emit 

enhanced emission in both aggregated and in the solid states. The SEM images displayed uniform 

formation of cubic-shaped nanoaggregates for S1a and S2b, and spherical and flower-shaped 

morphology for S3c and S3d, respectively. The photophysical properties of the dyes were 

correlated with the nature of benzoic acid derivatives ascribed to combinatorial effect of π–π 

stacking, intermolecular and intramolecular interactions, and was also evident in crystal 

arrangement. The biexponential lifetimes of dyes in solid state displayed occurrence of a short 

lived and a long lived species due to the solution and aggregates formation. The energy levels 
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calculated using DFT resulted in high lying LUMO at 2.5 eV and stabilized HOMO level at 6.6 

eV. 

 

Chart 1.4 Structures of bipolar naphthalimide derivatives (S4a-S4d) 

Ledwon et al.[77] synthesized D-A-conjugated bipolar small molecules S4 based on pyrrole 

and 1,8-naphthalimide (Chart 1.4). Strong emission was observed for S4a-c while S4d display 

quenched emission due to the non-planarity of the chromophores. The dyes exhibited a reversible 

reduction wave due to the reduction of naphthalimide, and an irreversible oxidation peak. It was 

observed that the introduction of thiophene units enhanced the oxidation propensity by lowering 

the oxidation potential from 1.29 V (S4a) to 0.52 V (S4c). Also, S4b exhibited a potential of 0.91 

V which was shifted by 380 mV, compared to the parent dye S4a. The reduction potential shifted 

anodically from -1.57 V to -1.79 V for S4a and S4c attributable to the enhanced electron-donating 

strength of the later. It was realized in uplifting of HOMO energy level from -5.95 eV to -5.18 eV 

for S4a and S4c, respectively. For all the derivatives, LUMO and HOMO-2 was localized on 

naphthalimide and HOMO was composed of pyrrole and its conjugated moiety. 

 

Chart 1.5 Structures of bipolar naphthalimide derivatives (S5a-S5c) 

Grepioni et al.[78] reported three 4-piperidinyl-1,8-naphthalimide-based crystalline materials 

S5a-S5c possessing different linkage at n-methylpyridine moiety (Chart 1.5). These dyes were 
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found to develop co-crystals with 1,4-diiodotetrafluorobenzene due to the different arrangement of 

the molecules in the lattice. S5a displayed a red-shifted absorption and emission respectively at 

λabs = 413 and λem = 534 nm relative to that of S5c centered at 393 and 520 nm. However, S5c 

displayed strong quantum yield (0.33) compared to S5a (0.11). It was observed that the absorption 

and emission properties of the dyes were highly solvent-dependent. The dyes exhibited a positive 

solvatochromism in both ground and excited state by 20 nm and 50 nm, respectively attributable 

to the presence of ICT transitions. This was supported by subsequent quenching of quantum yield 

on moving from non-polar to polar solvents. This was further correlated with the enhanced non-

radiative rate constants for polar solvents where the molecules exhibited specific interactions with 

solvent. However, the fluorescence was found to be dependent on the different arrangement of 

scaffold in the solid state, ascribed to the isomeric difference in pyridine linkage. 

 

Chart 1.6 Structures of naphthalimide-based dyes with different imidic substituents 

Liu et al.[79] reported a set of fluorescence compounds S6a-S6g bearing 2,4,6-

triphenylpyridine and 1,8-naphthalimide units coupled by Suzuki cross coupling reaction (Chart 

1.6). The photophysical properties of the dyes revealed that the alteration of groups on 

naphthalimide core had negligible role in the absorption profile, but the emission properties of the 

compounds were dependent on the position of substituents, and exhibited solvatochromism. Most 

of the dyes exhibited high quantum yields and thermal stability making them potential candidates 

for optoelectronic applications. All the dyes possessed reversible oxidation peak and resulted 
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HOMO level lying between 5.13 to 5.36 eV. Further, these dyes had high lying LUMO levels 

(1.56 to 1.62 eV) which could facilitate the electron injection. 

Dong et al.[80] reported asymmetric bipolar D-A-A type dye S7 where triphenylamine was 

linked to dicyanovinylene via naphthalimide unit for memory storage as irreversible non-volatile 

WORM behavior (Chart 1.6). The dye resulted in ICT from triphenylamine to naphthalimide and 

dicyanovinyl acceptor, which was somewhat weaker and blue shifted in comparison to 

triphenylamine analog S109 due to orthogonal position. It displayed a red shift of ca. 10 nm with a 

broad shoulder due to the molecular interaction. S7 exhibited a quasi-reversible oxidation with a 

high lying HOMO at -5.27 eV and LUMO at -2.39 eV. The device, silicon wafer/Al/S7/Al, 

displayed a good current retention and did not degrade with a stable CT state. This promoted the 

charge delocalization in the molecule and resulted in charge storage. 

 

Chart 1.7 Structures of naphthalimide-based AIEgens (S8a-S8e and S9) 

Naphthalimide-based V-shaped angular organic dyes S8a-S8e and S9 were reported by Mehar 

et al.[81] as AIEgens to understand the effect of substituents at imidic and 4
th

 position of 

naphthalimide core (Chart 1.7). Depending upon the imidic substituent, different 

nanomorphologies of these dyes were obtained due to intermolecular π–π interactions. 

Furthermore, the J-aggregates were found highly fluorescent and used as sensors for phenylnitro 

explosive detection in aqueous medium. 

Zhuang et al.[82] synthesized A-D-A type naphthalimide and carbazole triad S10 for memory 

device (Chart 1.8). Dye displayed two absorption bands attributed to the ICT at λ = 373 nm and 

below 360 nm arising from π−π* transition of the conjugated backbone. S10 exhibited irreversible 

oxidation and reduction at 1.1 V and -1.2 V respectively. The high lying LUMO level at -1.88 eV 
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acted as charge trap, a requirement for exhibiting SRAM memory behavior. The fabricated 

devices, ITO/S10/Al, exhibited volatile memory status. 

 

Chart 1.8 Structure of bis-naphthalimide-based A-D-A type dye for memory storage (S10) 

1.3.2 Core-functionalized naphthalimide derivatives 

 

Chart 1.9 Structures of N-butyl-1,8-naphthalimide derivatives (S11-S19) 

Sun et al.[83] computed a series of linear N-butyl-1, 8-naphthalimide derivatives S11-S19 to 

explore their optical properties (Chart 1.9). The FMO analysis of these structures revealed that the 

observed vertical electronic transitions were due to ICT depending on the substituent groups at 4
th

 

position of naphthalimide. The maximum absorption and emission wavelength of S12-S19 dyes is 

shifted bathochromically when compared to S11 (326 nm) due to extended conjugating system. 
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The LUMO was found to be localized on naphthalimide units with major contributions except for 

S18 where benzothiadiazole acted as a strong acceptor. The HOMO was found to be distributed 

on substituent group and naphthalene unit of naphthalimide. The HOMO contribution of 

naphthalimide in S12-S18 is less than 90.1% as in S11 while contribution from substituent group 

increased from 9.9% to 83.75 for S17 due to enhanced electronic richness of substituent group. 

The HOMO energy values was raised for S13, S15-S17 and S19 while that for S12, S14 and S18 

it was stabilized to -7.379, -7.613 and -7.535 eV respectively compared to S11 lying at -7.354 eV. 

However, LUMO level for all the dyes lowered down compared to S11. The excitation transitions 

observed in absorption spectra for S12-S19 corresponded to HOMO-LUMO and HOMO-1 to 

LUMO. 

 

Chart 1.10 Structures of 4-aryl substituted naphthalimide derivatives (S20a-S20j) 

Greiner et al.[84] synthesized and studied a set of 4-aryl substituted naphthalimides S20a-S20j 

(Chart 1.10). The dyes exhibited a typical D-A architecture with a positive solvatochromism as 

inferred by theoretical studies. The optical properties were found to be dependent on the molecular 

geometry and thus a non-planarity between the push-pull chromophores enhanced the ICT. The 

orthogonalization of the set of two chromophoric units resulted in quenched fluorescence. Among 

the series of chromophores, dyes S20b and S20h displayed a tremendous effect of polarity of 

medium on the optical properties, presumably due to the strong D-A interaction as well as 
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molecular geometry. This work exemplifies that an adjustable fluorescence and efficient quantum 

yield can be obtained with certain dyes by fine-tuning of the molecular geometry. 

 

Chart 1.11 Structures of 4-substituted naphthalimide dyads (S21-S22) 

Mallia et al.[85] reported a non-parallel stacked arrangement of D-A pairs S21-S22 for 

prolonging the lifetime of photoinduced charge separated states (Chart 1.11). The steric repulsion 

in naphthalimide naphthalene dyad S22 destabilized the planar geometry which helped in the non-

parallel arrangement of the D-A stacks in the crystalline state. The absorption spectra of both the 

dyes exhibited two distinct bands in ACN, one centered at λ = 270−280 nm and other at λ = 

350−353 nm. The low energy region band originated from π−π* transitions arising from HOMO 

to LUMO electronic transitions. Whereas, the shorter wavelength absorption band was attributed 

to n−π* transitions due to HOMO-1 to LUMO transitions. Both the dyads possessed a 

structureless emission band at 570 and 430 nm, respectively. Upon photoexcitation of the S22 

dyad, using femtosecond transient absorption spectroscopy it was seen that the electron transfer 

from naphthalene to the singlet excited state of naphthalimide moiety resulted in radical ion pair 

intermediates, which survived >10000-fold longer in the aggregated state as compared to that of 

monomeric dyad. The dyes showed a positive solvatochromism in emission spectra depicting a 

polarized excited state. The lifetime of the excited state species was enhanced on increasing the 

solvent polarity. S21 and S22 exhibited both oxidation and reduction peaks at 1.54 and 2.48 V, 

and -1.33 and -1.30 V, respectively. The oxidation potential of the dyes exhibited an easy removal 

of electrons compared to unsubstituted naphthalimide at 4
th

 position. The DFT computed 

structures of S21 and S22 revealed that the electron density of HOMO was distributed over 
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naphthalimide and substituent unit while electron density of LUMO was localized on 

naphthalimide unit only. 

 

Chart 1.12 Structures of 4-polyaryl substituted naphthalimide derivatives (S23-S25) 

Two new AIEgens S23 and S24 based on naphthalimide and dendritic polyphenyl were 

synthesized by Wang et al.[86] shown in Chart 1.12. The work highlighted utilization of 

naphthalimide chromophore otherwise an ACQ due to its facile π-π stacking as AIE molecules by 

coupling to polyphenyl. The dyes exhibited unique AIE properties in MeOH/H2O mixtures. Both 

the dyes were used for detection of nitroaromatics. Unlike S23, SiMe3-containing S24 exhibited 

remarkably enhanced optical properties and displayed more sensitivity in the fluorescence 

detection of nitroaromatic explosives. 

Keerthi et al.[87] synthesized a hexa-peri-hexabenzocoronene-based D-A dyad S25 having 

with naphthalimide unit (Chart 1.12). The dyad demonstrated ICT interactions as a broad 

absorption band in the range of 400-600 nm. The dyad displayed a solvent dependent emission 

spectra attributable to facile CT from PAH to naphthalimide. A narrow band gap of 2.70 eV with a 

stabilized HOMO at -6.01 eV and LUMO at -3.31 eV were found suitable for S25 to be used as 

the n-type semiconductor. 
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Chart 1.13 Structures of 4-substituted pyridine-functionalized naphthalimide derivatives (S26a-

S26e) 

A set of core-substituted pyridine-functionalized naphthalimide derivatives S26a-S26e were 

synthesized using Suzuki coupling reaction by Qu et al.[88] (Chart 1.13). The reported dyes were 

found AIE active and favoured self-assembly to form uniform nanoparticles. S26a-S26e dyes 

could be divided into two sets of dyes; S26b-S26d, and D-π-A dyes S26a and S26e. S26b-S26d 

displayed similar absorption profile at λ = 350 nm. While S26a and S26e exhibited a red-shifted 

absorption band at 430 nm corresponding to CT interactions. The set-2 dyes displayed poor 

emission than set-1 due to the pronounced CT in former. Moreover, S26e exhibited two emission 

peaks at λ = 370 nm (solvent dependent) and 430 nm (solvent dependent). This was due to TICT 

present in dye attributed to its non-planar and propeller structure. The time resolved analysis 

revealed that in aqueous medium, S26b and S26e possessed longer lifetime of 4.5 ns and 6.3 ns, 

respectively. This implies that excited state of aggregates is more stable than in solution, and 

favour AIE. 

 

Chart 1.14 Structures of 4-aryloxy substituted naphthalimide derivatives (S27-S28) 
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Meher et al.[89] synthesized a series of V-shaped naphthalimide AIEgens S27a-S27c and 

studied their self-assembly properties (Chart 1.14). S27a formed a highly fluorescent nanoribbon 

like structure (<100 nm diameter) having hundreds of microns length in aqueous media. This may 

be attributed to the presence of N-atom promoting the head-to-tail π—π interactions as was also 

revealed by single crystal analysis. The other two molecules S27b and S27c were found to be 

typical AIEgens and self-assembled into unsymmetrical nanoparticles due to the absence of strong 

head-to-tail π—π interactions. Under physiological conditions, the self-assembled S27a 

nanoribbons were found to be highly sensitive and selective towards the multi-functional non-

heme protein, ferritin. The work provides a direction to tune the self-assembly of the 

naphthalimide derivatives by facile and easy variation at the 4
th

 position of the chromophore. 

Ulla et al.[90] reported naphthalimide-based blue organic light emitting materials S28a-S28c 

having electron-donating phenoxy unit at the 4
th

 position of the core (Chart 1.14). All the dyes 

displayed a CT absorption band at λ = 350 nm, which was bathochromically shifted by 15 nm in 

the film state. However, the emission spectra of S28 dyes exhibited a broad and featureless band 

centered at λ = 415 nm. Irreversible oxidation and reduction peaks were observed for set of dyes 

with a low-lying LUMO level at 3.31–3.43 eV, making them suitable as n-type semiconductors. 

 

Chart 1.15 Structures of 4-substituted naphthalimide derivatives (S29-S31) 

Rémy et al.[91] synthesized a series of π conjugated naphthalimide derivatives S29-S31 

having a methoxy arylethynyl or a methoxyphenyl triazole as a donor unit (Chart 1.15). Because 

of the lower donating character of the methoxy group, the absorption band of S30 is blue shifted (λ 

= 402 nm) compared to S29 (λ = 430 nm). Unlike S30, S31 displayed a less intensified CT band 

due to the high non-planarity of the molecule. Both, S29 and S30 showed an intense emission 
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band in the visible region. However, a much higher Stokes shift was observed for S30 due to the 

extended conjugation. Whereas S30 had a high fluorescence quantum yield (0.57) and displayed 

efficient PCT in solution as well as in the powder state, S31 was found weakly fluorescent (0.03). 

Being highly non-planar, S31 exhibited a large Stokes shift (11201 cm
−1

), which was ascribed due 

to strongly polar character of its emissive excited-state. Further, S31 gave a higher value of non-

radiative rate constant than other compounds, indicating that the triazole linker induce additional 

non-radiative deactivation pathways. 

 

Chart 1.16 Structures of 4-substituted mono- and bis-naphthalimide derivatives (S32-S33) 

Zhengneng et al.[92] utilized Pd-catalyzed direct C-H bond arylation to synthesize mono- and 

bis-naphthalimide derivatives S32-S33 coupled to thiophene at C-4 position (Chart 1.16). 

Specifically, the bis-naphthalimides S33a-S33c displayed a 10-30 nm red shift absorption profile 

compared to their mono-naphthalimide analogs. Also, extension in conjugation as in S32f, S32g 

and S32h resulted in bathochromic shift of 19 nm, 7 nm and 69 nm respectively compared to 

S32a. Unlike S32a, all the dyes displayed a bathochromic emission band, which was centered at λ 

= 465 nm with blue fluorescence. Also, S32b and S32c having 2-substituted thiophene displayed 

blue and green fluorescence with emission band at 482 and 503 nm, respectively. However, S32e 

exhibited no fluorescence due to the presence of nitro substitution. The shifts in the absorption and 

emission spectra were found to be dependent on the nature of electron-donating or withdrawing 

capability of the substitutes on thiophene ring. 
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Chart 1.17 Structures of mono- and bis-naphthalimide-fluorene hybrids (S34-S35) 

Gudeika et al.[93] synthesized a series of D-A structured electron-transporting naphthalimide-

substituted derivatives of fluorene S34-S35 by Suzuki coupling reactions (Chart 1.17). The dyes 

displayed 15-20 nm red shift compared to naphthalimide at 340 nm. The π-π* transition band at 

306 nm corresponded to fluorene unit. The molar extinction coefficient of disubstituted fluorene 

derivatives was twice than mono-substituted derivatives, attributable to the more pronounced 

electronic transitions in the former. The dyes S34a-S34c displayed more intense emission band at 

435 nm than dyes S35a-S35c. The dyes displayed a solvent dependent emission profile due to the 

charge transfer characteristics. All dyes exhibited a reversible reduction wave in the range of -1.55 

to -1.80 eV due to the reduction of naphthalimide, indicating high electron deficiency of the 

molecules. The LUMO of the dyes were found low lying located at -3.29 to -3.52 eV that further 

demonstrated the high electron deficient nature of these derivatives. The influence of alkyl chain 

substituents on the electron mobility of the dye was also studied. In particular, the electron 

mobility of the S35c having long and linear alkyl chains displayed higher mobility than S35b with 

branched and short chains. This was attributed to the influence of alkyl chains on the 

intermolecular packing of the dyes. 
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Chart 1.18 Structures of D-A triphenylamine and naphthalimide-based dyes (S36-S39) 

Mallia et al.[94] focused on the self-assembling property of twisted D-A dyads comprising 

triphenylamine and naphthalimide S36-S39 (Chart 1.18). The dyads underwent self-assembly in 

THF, forming spherical/vesicular aggregates dictated by weak co-operative intermolecular 

interactions (π−π and H-bonding). In contrast to their monomeric counterparts, the dyads 

underwent self-assembly. All the dyes displayed two absorption bands at λ = 310 nm and 410−420 

nm due to the π-π* transition and CT interactions. Further, the dyes displayed solvatochromism in 

the excited state. The lifetime measurements for the dyes exhibited both a monoexponential decay 

profile in non-polar solvents, and a biexponential decay in polar solvents. This explains that in 

polar solvent, a long-lived radiative decay occurred from local excited state and shorter 

component due to CT state. Further, a long-lived CT was observed for intermediates in the 

aggregated state of triphenylamine-naphthalimide-based conjugates, attributable to the 

delocalization of charge carriers through D−A aggregates. In the aggregated state, the dyads 

showed ca. 10
4
−fold enhancement in the lifetime compared to their monomeric counterparts. This 

may be attributed to the favorable arrangement of the D−A system thereby stabilizing the charge 

carriers in the self-assembled skeleton. The electrochemical studies revealed that the linear dyes 

were difficult to both oxidize and reduce compared to those of star-shaped dyes. It is interesting to 

infer that S36 and S38 were easy to oxidize and reduce compared to S37 and S39 since later 

possessed a high redox potentials. Whereas, S36 exhibited an oxidation (1.17 V) and two 

reduction peaks (-1.81 and -1.22 V), S38 displayed a positively shifted oxidation potential (0.89 

V) and reduction at -1.72 and -1.17 V. Similar, trend was observed for S37 and S39 The 

concentration-dependent absorption, emission and excitation spectroscopic studies along with 
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morphological analysis in THF demonstrated the existence of spherical/ vesicular aggregates for 

these dyes. 

 

Chart 1.19 Structures of D-A carbazole and naphthalimide based dyes (S40-S48) 

Gudeika et al.[95] synthesized a series of D-π-A linear dyes E40-E48 to study the structure 

property relationship of substitution and the linking topology on the optical properties of the dyes 

(Chart 1.19). The dyes exhibited a significant molecular conformational change due to the 

different linkage of carbazole (C-3, C-6 and N-9) on the 4
th

 position of naphthalimide core. The 

dyes possessed a high thermal stability and glass transition temperature upto 87 ˚C. The 3-

substituted (S40-S42) and 3, 6-disubstituted carbazole (S43-S45) flanked on naphthalimide 

exhibited two broad absorption bands at λ = 344 nm and 398 nm, which were attributed to the 

naphthalimide and CT state. The molar extinction coefficients of the disubstituted carbazole S43-

45 were found to be doubled than those of mono-substituted dyes S40-S42 resulting from the 

extended π-conjugation. The dyes S46-S48 exhibited a more red-shifted absorption at 420-430 nm 

with an intense CT band. The dyes S40-S45 displayed broad and structureless emission band in 

THF at λ = 520 nm indicative of ICT character of the excited state. However, the dyes S46-S48 

with N-9 substitution exhibited a red shift emission band at 540-580 nm. It is interesting to note 

that the quantum yield for S46-S48 dyes was quenched and lowered ten times than those of S40-

S45. The HOMO electron density was localized majorly on carbazole and naphthalene unit and 

LUMO was centered on naphthalimide unit for all the dyes. The dye S45 possessing 

naphthalimide at 3, 6 position of carbazole displayed distribution of electron density extended 
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over both the units. All the dyes exhibited an irreversible oxidation potential in the range of 0.66-

0.96 V, attributable to the removal of electron from the carbazole unit and quasi-reversible high 

reduction potential in range of -1.76 to -1.88 V. However, the C-3 and C-3, 6- linked dyes 

displayed a more positive oxidation potential in the range of 0.85-0.96 eV than those of N-9 

linked dyes. 

 

Chart 1.20 Structures of thienylnaphthalimide dyes (S49a-S49c) 

Inari et al.[96] synthesized thienylnaphthalimide dyes S49a-S49c having phenyl, 4-

nitrophenyl and triphenylamine units, and substituted by 2,5-dibutylphenyl at imidic position 

(Chart 1.20). Compared to the parent naphthalimide, these dyes exhibited a red shift in absorption 

by 60-100 nm. Incorporation of phenylthienyl in S49a bathochromically shifted absorption profile 

(Δλ = 65 nm) to 398 nm. The introduction of diphenylamine on phenylthienyl unit 

bathochromically shifted absorption profile from 398 to 440 nm, attributable to the strong D-A 

interactions. In emission profile, the dyes S49a-S49c displayed a broad and structureless band at 

493, 479 and 575 nm, respectively. On increasing the solvent polarity, the fluorescence quantum 

yield of S49a was also increased, however, S49c displayed fluorescence quenching due to the 

stabilized CT excited state. Further, the presence of single component exponential decays revealed 

the occurrence of single excited species. The long-lived lifetime of 2.6 ns for S49c facilitated the 

non-radiative decays compared to short-lived lifetime for dyes S49a and S49b. All the dyes 

exhibited two oxidation peaks. However, S49b exhibited more positive potentials than S49a due 

to the electron-withdrawing nature of the substituent. Further, the oxidation waves for S49c 

appeared at less positive potentials than S49a due to the ease in oxidation of the species. 

Nevertheless, the reduction potentials of all the dyes displayed minor alterations in the peak 
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positions. Thus, the HOMO energy level was influenced more than LUMO, which was ascribed to 

the difference in the electron donating capacity at core position of naphthalimide. 

Chart 1.21 Structures of D-π-A triphenylamine and naphthalimide-based dyes (S50-S59) 

Jin et al.[97] reported a series of D-π-A type triphenylamine and naphthalimide based dyes 

S50-S59 with different linkers to explore the structure property relationship of these dyes as 

charge transporting material and emitter for OLEDs (Chart 1.21). For all the modeled dyes, 

HOMO was composed of larger than 87% contributions from donor and bridge with little 

contribution from naphthalimide unit. However, LUMO was comprised of naphthalimide except 

for S56, S58 and S59. The strength of CT from donor to acceptor decreased in order of S55> S52> 

S53> S54> S57> S51> S50 and S59> S58> S56. The photophysical properties were found to be 

CT dependent due to the variations in the strength of donor and acceptor units. The absorption 

profile of S51–S59 displayed a strong red-shift in comparison to S50. Specifically, the dye S54 

displayed a 20 nm red shifted absorption and emission spectra compared to S53 due to an 

enhanced electronic communication in the former. Among S50-S59, S55 exhibited ca. 202 nm 

bathochromic shift due to the pronounced CT. However, S59 exhibited an emission band at λ = 

949 nm, which was red shifted by ca. λ = 312 nm than S57, presumably, being the strong electron-

acceptor that could facilitate stronger CT. 

Mallia et al.[98] explored the self-assembly properties of a twisted non-symmetrical D-D-A 

type naphthalimide-based material S61 and compared it to D-A type S60 (Chart 1.22). S61 triad 

was composed of triphenylamine, anthracene and naphthalimide units to achieve a long-lived 

charge separation via aggregation. The small molecule possessed a steric hindrance imposed by 
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diisopropyl groups of naphthalimide and the propeller-shaped triphenylamine unit, inducing a 

non-planarity in the molecule. Further insight towards the non-planar geometry of the triad was 

presented by a unique antiparallel arrangement between the adjacent units. The D-A dye S60 

exhibited absorption profile centered at λ = 260 and 350−395 nm with a shoulder band around 400 

nm, attributable to n → π* and π → π* electronic transitions. However, dye S61 displayed a 20 

nm red-shifted absorption due to an extended conjugation. Both the dyes displayed a dual 

fluorescence character due to the LE and CT emission state. In particular, S60 displayed a 

shoulder band at λ = 500 nm and a red-shifted intense broad band at 620 nm due to CT. In 

contrast, S61 exhibited ca. 80 nm red shift in CT band, which was shifted ca. λ = 280 nm 

compared to anthracene and naphthalimide emission peaks. The solvent polarity-dependent 

absorption and emission analysis highlighted the presence of ground state CT interactions. S60 

exhibited two reduction potentials at -1.17 V and -1.25 V which were cathodically shifted by 20 

mV in respect to S61. However, the oxidation potential of S60 at 1.42 V was at higher potential 

than S61 attributed to the enhanced electronic richness of S61. S61 displayed two oxidation 

potentials at 1.02 and 1.32 V, arising from the oxidation of triphenylamine and anthracene, 

respectively. 

 

Chart 1.22 Structures of D-π-A triphenylamine and naphthalimide-based dyes (S60-S61) 

Li et al.[99] synthesized three D–A molecules S62-S64 with varying number of thiophene 

moieties in the π-bridge (Chart 1.23). It was found that insertion of thienyl linkers gradually 

enhanced the film crystallinity and also improved stacking and orientation in the film state. The 

dyes displayed a poor quantum yield due to the strong D-A interactions within the molecules. The 

introduction of thienyl group in the backbone resulted in lowering the oxidation potential and thus 

destabilizing HOMO level from -5.89 eV to -5.58 eV, to -5.52 eV for S62-S64, respectively. 
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Theoretical calculations revealed that the introduction of thiophene π-bridges increased the 

planarity of the molecules. As a result, the fabricated memory devices showed an enhanced 

multilevel performance. All of the fabricated devices were characterized as WORM-type memory 

materials with improved device repeatability. Furthermore, all devices exhibited lower threshold 

voltages, with narrow distribution and low energy consumption. 

 

Chart 1.23 Structures of carbazole and naphthalimide-based dyes (S62-S64) 

 

Chart 1.24 Structure of symmetric A-D-A-type bis-naphthalimide carbazole dye (S65) 

Zhang et al.[100] synthesized a symmetric A-D-A-type bis-naphthalimide-based small 

molecule S65 as a p-type semiconductor (Chart 1.24). In S65, naphthalimide and central 
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(dicyanomethylene)-4H-pyran units (acceptor) linked to carbazole units (donor) resulted in a 

strong ICT band at λ = 452 nm. In thin film, the absorption profile resulted in ca. 100 nm 

bathochromic shift. The energy levels of S65 were analyzed to be -5.51 and -3.26 eV as HOMO 

and LUMO energy level, respectively. A memory storage device with a configuration of 

ITO/S65/Al exhibited ternary non-volatile memory behavior. 

 

Chart 1.25 Structure of D-π-A naphthalimide-based AIEgens (S66-S69) 

Gopikrishna et al.[101] reported typical D-π-A AIEgens S66-S69 having mono-substituted 

dibenzofulvene and naphthalimide system with different linkers (Chart 1.25). In the excited state, 

the thiophene substituted dyes, S66 and S67, displayed AIE with positive solvatochromism of 50 

and 74 nm in excited state with red and orange emission due to ICT, respectively. Both the dyes 

displayed a high quantum yield in the condensed state due to formation of J-aggregates. However, 

the aryl-substituted dyes S68 and S69 either showed a poor blue emission (S68) or was found to 

be AIE inactive (S69) due to heavy metal effect. 

Xia et al.[102] synthezised a fluorescent bis-naphthalimide S70 (Chart 1.26) in which the 

presence of two naphthalimide planes allowed the molecule to act as a double-channel rotor. 

Specifically, S70 exhibited a blue-shifted emission in the twisted state and longer emission in the 

planar state while aggregated. In the excited state, S70 showed strong ICT properties with a 

positive solvatochromism of 50 nm. S70 displayed a red-shifted emission band centered at λ = 473 

nm and 500 nm in aggregated and powder form, respectively. Owing to the restriction of 

intramolecular rotation effect, the dye resulted in strong emission character in condensed state. 



Electronic & Biological Applications of Naphthalimide Dyes: A Review Chapter 1 

 

24 

 

 

Chart 1.26 Structure of bis-naphthalimide derivatives (S70-S76) 

Chai et al.[103] studied the model structures of a series of D-A naphthalimide-substituted 

fluorene derivatives S71-S76 (Chart 1.26). The group explored the optical, electronic, and charge 

transport properties of S71-S76 to use them as charge transport and/or luminescent materials for 

OLEDs. The FMO analysis revealed out that the vertical electronic transitions of absorption and 

emission were of ICT in nature, arising from center to the periphery. The D-A bipolar molecules 

displayed large bathochromic shifts in their optical spectra depending upon the strength of donors. 

The theoretical results indicated that the optical and electronic properties of S71-S76 were 

affected by the substituent groups at fluorene moieties, depending upon the electronic richness of 

the central core. 

Zhang et al.[104] demonstrated a WORM memory device using A2–π–A1–π–A2-structured 

S77 comprising benzothiadiazole as central acceptor and peripheral naphthalimides bridged by 

hexyl-thiophene (Chart 1.27). The dye displayed a CT absorption band at 474 nm while a π-π* 

transition at λ = 333 nm was assigned to the naphthalimide unit. The film absorption spectrum of 

S77 bathochromically shifted by 16 nm, depicting formation of molecular aggregates. The dye 

displayed two reversible oxidation and reduction potentials, with a narrow optical band gap of 

2.21 eV, and a deep seated LUMO at -3.25 eV. The fabricated device with ITO/S77/Al 

configuration exhibited a non-volatile and rewritable property. 
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Chart 1.27 Structures of bis-naphthalimide derivatives with different linkers as as A1-π-A2-π-A1 

architecture (S77-S81) 

Hendsbee et al.[105] synthesized A1-π-A2-π-A1 architecture based small molecule S78 where 

diketopyrrolopyrrole was used as a central acceptor and flanked by thiophene end capped 

naphthalimide units on both the sides (Chart 1.27). The choice of naphthalimide was made to 

stabilize both HOMO and LUMO energy level, and to direct self-assembly. The dye displayed 

two distinct absorption bands at λ = 400 nm and 600 nm, originating from localized π-π* 

transitions and CT respectively. S78 displayed a red shifted profile compared to S77 due to 

enhanced electron deficiency and extended conjugation. However, the molecular framework of 

S78 was twisted out of plane from central core due to the large naphthalimide end-capping. The 

dye displayed two reversible oxidations and reduction waves, attributable to the oxidation of 

thiophene units and reduction of both naphthalimide and diketopyrrolopyrrole units. The molecule 

possessed a deep seated HOMO at -5.4 eV and a LUMO at -3.5 eV. However, the charge carrier 

mobility of the dye was found to be low as a result of non-planarity of the conjugating backbone. 
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Li et al.[106] synthesized A1-D-A2-D-A1 type naphthalimide endcapped diketopyrrolopyrrole-

based S79 for organic multilevel memory device (Chart 1.27). The dye exhibited two absorption 

bands, one below 450 nm and other above 500 nm attributed to the π-π* transitions and ICT, 

respectively. The absorption profile was bathochromically shifted by 100 nm in thin film due to 

the facilitated intermolecular interactions. S79 displayed the irreversible oxidation and reduction 

waves at potentials of 0.67 V and -1.32 V, respectively. The HOMO and LUMO were calculated 

to be -5.03 eV and -3.52 V, and were found suitable for hole-injection CT from the HOMO to the 

ITO of the device. The HOMO energy level of S79 was lifted by 370 mV as compared to S78 due 

to an increased electronic richness. Thus, the hole injection was easier than electron injection. The 

DFT analysis revealed that HOMO and LUMO were unevenly distributed, resulting in charge 

delocalization all over the molecular backbone. The fabricated memory device with configuration 

of ITO/S79/Al displayed current–voltage curve for sandwich memory storage. Even after 

switching off voltage, the device remained in ON state i.e. non-volatile WORM memory. 

McAfee et al.[107] synthesized two thienoisoindigo and naphthalimide-based π-conjugated 

materials S80 and S81 utilizing either C−H bond activation cross-coupling protocol or 

Sonogashira cross-coupling reactions (Chart 1.27). Both the dyes were studied for their optical, 

electrochemical and thermal properties, and offered a comparison of the structure-property 

relationships as a result of the two different π-bridging units. Both the dyes extended their 

absorption to NIR where S80 showed a 30 nm red shift due to increase in the conjugation length 

and D-A character. The use of thiophene bridging units displayed a red-shift in absorption 

whereas the acetylene bridge offered a stabilization of the electrochemical energy levels, leading 

to relatively more electron-deficient material. The dyes exhibited reversible multi-electron 

reduction and two oxidation waves. The reduction potential of S80 was negatively shifted to -1.23 

V than that for S81 (-1.16 V). S80 displayed a 140 mV lower oxidation potential due to enhanced 

electronic richness of the core. Thus, the energy levels of S81 were stabilized due to enhanced 

electron deficiency of the backbone. 

1.3.3 Amine-substituted naphthalimide-based dyes 

Xu et al.[108] synthesized 4-substituted 1,8-naphthalimide and 1,8-naphthalic anhydride 

iminophosphoranes S82 and S83 from the reduction of the corresponding azides using different 

phosphine ligands (Chart 1.28). In this way, a convenient and highly efficient method for the 

reduction of 4-azidonaphthalimide to 4-aminonaphthalimide S82 was developed using PMe3. The 

structure of S83 was confirmed by single crystal X-ray diffraction analysis where the N-P bond 
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length was found to be shorter indicating presence of double bond. The molecule exhibited a 

twisted conformation with a P-N-C bond angle of 129.1̊. Compared to the parent dye S82, 

introduction of iminophosphoranes at the 4-position of the core (S83) resulted in a red-shift, 

similar to other 4-amidonaphthalimide documented in literature. The low energy region absorption 

band at ~430 nm for the dyes was originated from the facile CT. When compared to 4-amino-1,8-

naphthalimide, the fluorescence spectrum of the iminophosphoranes displayed a weak 

solvatochromism. Thus, the investigated optoelectronic properties of S83 indicated that the 

introduction of phosphine substituents had a direct influence on the optical properties, making it as 

a potential organic luminescent material. 

 

Chart 1.28 Structures of 4-amino substituted naphthalimide derivatives (S82-S88) 

Zhang et al.[109] synthesized a variety of naphthalimide derivatives S84-S88 by dual 

functionalization of the core (Chart 1.28). All the synthesized derivatives were used as 

photoinitiators in combination with some selected salts or amines to enhance the rate of cationic 

polymerization of epoxides. The photophysical properties of S84-S88 varied greatly depending 

upon the substitution at imidic and core. The dyes bearing amino group or derivatives displayed 

red shifted absorption band at ca. 430 nm, which was attributed to the CT from amine to 

naphthalimide. The enhanced light absorption properties of the dyes were attributed to the 

electronic transitions from the HOMO to LUMO. 

Ivanov et al.[110] reported a series of aryl hydrazones of 4-hydrazino-N-hexyl-1,8-

naphthalimide S89a-S89f and S90 to evaluate their solution and solid state fluorescent properties 

(Chart 1.29). In particular, S89c exhibited a ca. 7 nm blue shift in comparison to S89a with a 

strong emission at λ = 567 nm. The solid-state fluorescence spectra of hydrazones were red-shifted 

by 33-76 nm than those in solution, indicating the presence of intermolecular interactions. Unlike 
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S89a, S89f-S89g displayed the most bathochromically shifted emission band in both solution and 

solid state. The dyes with electron-donating substituents derivatives S89e, S89f, S89g and S90 

display more influenced fluorescence spectra relative to those of compared to unsubstituted and 

electron withdrawing substituents such as S89a, S89c and S89d. 

 

Chart 1.29 Structures of aryl hydrazones of 4-hydrazino-N-hexyl-1,8-naphthalimide derivatives 

(S89-S90) 

Chart 1.30 Structures of hydrazine dyads and triads comprised of naphthalimide and 

triphenylamine. (S91-S94) 

Gudeika et al.[111] synthesized hydrazine-based dyads and triads S91-S94 comprised of 

naphthalimide and triphenylamine units (Chart 1.30). It was observed that the absorption profiles 

of mono-hydrazones S91 and S93 were red shifted compared to dihydrazones S92 and S94 due to 

the strong electron-donating strength of the core in former set of dyes. It was also realized that the 

dyes S91 and S92 displayed a pronounced bathochromic absorption spectra compared to dyes S93 

and S94 due to facilitated intermolecular hydrogen bonding in the former dyes. In terms of energy 

levels, S94 displayed a positive oxidation potential (50 mV) compared to S93 at 0.30 V. Further, 
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the reduction potentials for the substituted dyes was shifted towards more positive potential at -

1.86 and -1.84 V compared to its analogs S91 and S93 (-1.97 V and -1.99 V). 

 

Chart 1.31 Structures of naphthalimide-based Schiff base derivatives (S95-S96) 

Zhang et al.[112] reported a set of naphthalimide based-Schiff base derivatives S95-S96 

(Chart 1.31). Specifically, S96 displayed a new red-shifted absorption band at λ = 348 nm in 

comparison to S95 series, which was attributed to enhanced conjugation by phenylenevinylene in 

the former. Within the series, the different of substituents had negligible effect on both absorption 

and emission profile. All the dyes exhibited good to excellent fluorescence quantum yield in the 

range of 0.70-0.95. 

The synthesis and excited state dynamics of a series of light-harvesting antenna molecules 

S97-S100 were reported by Dubey et al.[113] (Chart 1.32). Notably, an efficient covalent 

attachment of two identical naphthalimide chromophores to the 1,7-bay positions of perylene-

3,4,9,10-tetracarboxy derivatives via phenoxy attachment was performed. All derivatives were 

found highly stable having rigid structure with negligible electronic communication between the 

donor and acceptor components. However, for the reference dyes, S98a and S100a exhibited red 

shift absorption profile due to stronger donor strength compared to S97a. In contrast to S97, S98 

exhibited a bathochromic shift (Δλ = 39 nm) due to enhanced electronic richness. The dyes S97-

S100 displayed a linear trend within the series and profile was found to be sum of the two 

chromophoric units (naphthalimide and perylene core) due to the non-chromophoric interactions 

in the ground state. Further, it was revealed that the donor and acceptor configuration results in an 
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efficient overlap of optical properties by the FET. The electrochemical studies further supported 

the lack of conjugation within the series of dyes as the oxidation potential for these dyes were 

quite similar to those of the reference dyes S97a and S98a. However, the reduction potential of 

S100 was shifted towards positive potential (-1.09 eV) suggesting more electron deficiency of the 

core than other analogs S97-S99. 

Chart 1.32 Structures of naphthalimide triads and reference derivatives (S97-S100) 

Wang et al.[114] reported a series of pyrazoline-naphthalimide hybrids S101-S104 and 

explored their photophysical properties as potential hole-transporting materials in OLEDs (Chart 

1.33). In contrast to S101, the introduction of substituents on phenyl group resulted in ca. 10 nm 

red shift in the absorption spectrum. Similarly, the dye S104 exhibited a red-shifted absorption 

band at 476 nm, attributable to an increased electron delocalization which was also reflected in the 

emission spectra. S104 displayed emission at 548 nm which experienced a bathochromic shift (43 

nm) relative to that of compared to S101 due to enhanced pronounced electronic delocalization. 
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This was in contrast to the photophysical properties of S103. Both S102 and S103 displayed 

emission at 516 and 513 nm which was hypsochromically shifted than S104. All the dyes 

exhibited a reversible oxidation wave which was shifted positively from 1.48 (S102) to 1.39 V 

(S104) due to ease in oxidation. The dyes possessed HOMO and LUMO energy levels in the range 

of 5.79-5.88 eV and 2.41-2.65 eV, respectively which was found similar to that of hole 

transporting material, 4,4’-bis(1-naphthylphenylamino)biphenyl. 

 

Chart 1.33 Structures of pyrazoline-naphthalimide hybrids (S101-S104) 

1.3.4 Vinyl-linked naphthalimide-based dyes 

 

Chart 1.34 Structures of E-Z isomeric 4-styryl-1,8-naphthalimide derivatives (S105-S107) 

Arkhipov et al.[115] reported a set of E-Z isomeric 4-styryl-1,8-naphthalimide derivatives 

(S105-S107) to study their photochromic and fluorescence properties (Chart 1.34). The dyes 

displayed a molecular geometry change from E to Z isomer without altering conjugation 

accompanied by a transition of the structure into a non-planar state. S105-S107 displayed a broad 

CT absorption band which was in agreement with increasing donor strength. Thus, S107 exhibited 

a 90 nm bathochromic shift compared to S105. Similar trend was followed in emission spectra. 
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S105 and S106 displayed emission band at λ = 405 and 412 nm which are blue shifted compared 

to emission band of S107 observed at 460 nm. It is interesting to note that S107 did not show any 

change in the fluorescence quantum yield either in pure E-form or Z-form. However, unlike S107, 

the methoxy substituted dyes, S105 and S106, exhibited a decrease in the quantum yield by 1.2-

fold, which could be ascribed to the tremendous change in the molecular geometry relative to 

S107. 

Panchenko et al.[116] studied the effects of solvent and molecular structure on the 

photophysical properties of styrylnaphthalimides-based dyes S105-S107 (Chart 1.34). The dyes 

were capable to penetrate cell membranes, demonstrated AIE properties and used as cell imaging 

agents. Due to an increase in electron-donating character of styryl fragment from S105 to S107 

caused a red shift in both the absorption and emission spectra. All the dyes demonstrated a 

positive solvatochromism while an analysis of the Stokes shifts on the polarity of the solvent using 

Lippert-Mataga equation allowed determining the change in the dipole moment upon excitation. 

Based on the transient absorption spectra and time-resolved fluorescence measurements, the 

presence of two different emissive states was proved. Further, the primarily formed planar local 

excited state dominated in the non-polar solvents like cyclohexane and toluene where it relaxed 

mostly through fluorescence and E,Z-isomerisation pathways. Thus, the main relaxation pathways 

of the local excited singlet state of S105-S107 were radiative decay, TICT state and E,Z 

photoisomerization. 

 

Chart 1.35 Structures of D-A conjugated 4-styryl-naphthalimide derivatives (S108-S109) 

Ren et al.[117]
 
demonstrated the effect of coplanarity of donor unit on the flash memory 

storage using typical D-A conjugated molecules S108 and S109 (Chart 1.35). The dye S109 

displayed ca. 55 nm red-shifted absorption profile at 457 nm due to strong D-A interactions. Both 

the dyes exhibited a 10 nm bathochromic shift in the film state. Moreover, S108 displayed more 

broadening in the absorption spectra than S109, attributable to its molecular locking. Both S108 

and S109 displayed one irreversible oxidation at 1.42 and 0.98 V corresponding to the oxidation 

of carbazole and triphenylamine unit, respectively. Compared to S108 (-5.66 eV), S109 exhibited 
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a lifted HOMO level at -5.22 eV due to an enhanced electron richness. Further, the LUMO level 

of S109 was found high lying at -3.03 eV than a deep seated LUMO of S108 at -3.15 eV. Device 

fabricated using S108 was tested to have a turn-on voltage between -2.2 V to -2.6 V, and turn-off 

voltage between 2.6 V-3.0 V. However, S109 was found to have a low turn on voltage and high 

turn-off voltage. In terms of device stability, S108-based device displayed a better stability as well 

as reproducibility than that of S109, attributable to its coplanar structure and ease in the film 

formation. 

Gudeika et al.[118] synthesized D-A dyes S110-S112 comprising triphenylamine and 

naphthalimide linked by vinyl group (Chart 1.36). The dyes displayed bathochromic and 

hyperchromic absorption bands by increasing the number of 1,8- naphthalimide unit. The most red 

shifted broad absorption band was ascribed to the CT within the molecule. All derivatives 

exhibited a broad structureless emission band due to an excited ICT state. The thereotical 

calculations suggested that the HOMO was localized on triphenylamine while LUMO was 

delocalized unevenly on naphthalimide unit. The HOMO energy level of the dye S110 was high 

lying at -5.18 eV compared to dye S112 at -5.25 eV, depending upon the increase in the number of 

naphthalimide moiety. However, the electron affinity of the dyes remained intact ~-3.06 eV, and 

were stabilized with respect to hydrazine dyad (S111) and triad (S112) analogs. 

 

Chart 1.36 Structures of D-A triphenylamine and naphthalimide-based dyes (S110-S114) 

In successive work, the solution processable D-A-based small molecules S113 and S114 

comprising triphenylamine and naphthalimide were synthesized using heck coupling reaction by 

Gudeika et al.[119] (Chart 1.36). Due to pronounced D-A character, the compounds showed 

positive solvatochromic fluorescence with significant reduction of the emission yield. The HOMO 

values of the compounds as measured by the CV were calculated to be -5.22 and -5.27 eV while 

LUMO as -3.20 and -3.18 eV. On the other hand, the theoretical computed HOMO and LUMO 
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were found to be contributed from the triphenylamine-olefinic linkages and naphthalimide 

moieties, respectively confirming the ICT in both compounds. 

1.3.5 Ethynyl-linked naphthalimide-based dyes 

 

Chart 1.37 Structures of monoalkoxynaphthalene–naphthalimide D-A dyes (S115-S118) 

Peebles et al.[120]
 
studied and illustrated the stimuli-responsive properties of a set of aromatic 

conjugated monoalkoxynaphthalene–naphthalimide D-A dyes S115-S118 (Chart 1.37). Among 

the set of dyes, S115 and S118, showed a difference in solid-state emission attributed to rate of 

solvent evaporation. However, the other dyads, S116 and S117 showed only one color for both 

evaporation rates. It is interesting to mention that the dyad S118 displayed mechanochromic, 

thermochromic and vapochromic stimuli-responsive behavior in the solid-state. This reversible 

anonymous behavior of S118 was evaluated as a consequence of free molecular rotation, 

configuring orange crystalline solid in thermodynamically stable head-to-head fashion relative to 

that of yellow crystalline head-to-tail packing in S116. 

Chart 1.38 Structures of bis-naphthalimide dyes (S119-S121) 
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Kim et al.[121] reported three blue-emitting bisnaphthalimide dyes S119-S121 differing in 

linking mode (Chart 1.38). S121 displayed a 15 nm blue shifted absorption profile compared to 

S119 and S120 due to non-conjugating skeleton which was ambiguous to interpretation of data by 

the researchers. However, the dyes exhibited an emission at the same wavelength. The electron 

density was localized at the HOMO level and delocalized at LUMO energy level. The HOMO 

energy level was altered from -6.22 to -6.26 and -6.18 eV for S119, S120, and S121, respectively. 

The LUMO level was raised to -2.80 eV for S121 compared to -3.14eV for S119. It was inferred 

that para-linked bis-naphthalimides were quite effective for extending π-conjugation than those of 

meta-linked dyes. 

 

Chart 1.39 Structures of bis-naphthalimide dyes (S122-S124) 

In yet another work, Gudeika et al.[122] investigated the influence of ethynyl linkages on the 

photophysical, electrochemical and charge-transporting properties of the triphenylamine and 

naphthalimide-based materials S122-S124 (Chart 1.39). The photophysical and charge 

transporting properties were influenced by the ethynyl bridging since it facilitated planarization of 

the molecules and induced effective charge separation. Similar to the previously reported dyes, 

S36-S39, the ICT band in S122-S124 also appeared at 450-470 nm and red-shifted by 20-40 nm 

relative to those of single bond linked derivatives. The intensity of ICT band is independent of 

number of terminal groups indicative of lack of inefficient delocalization. This was supported by 

the uneven electron density spread over electronically different naphthalimide in terms of LUMO 

molecular orbital of S124. The emission spectra of S122-S124 were centered and displayed a 

positive solvatochromism of Δ80-90 nm indicative of polar excited state. However, the 

fluorescence quantum yield of S124 droped drastically due to the pronounced ICT. The DFT 

computed MOs revealed that the HOMO was localized entirely on the triphenylamine core and 

linkers while LUMO was contributed by naphthalimide core with some extension to linkers. Thus, 

both HOMO and LUMO electron density was spread on the ethynyl linkage which resulted in 
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efficient CT and charge transportation. The energy levels of synthesized dyes were found to be 

stabilized with an increase in the naphthalimide units. In comparison to S122 (0.68 V), the 

oxidation potential of S124 was cathodically shifted by 50 mV, displaying the poor electronic 

richness of triphenylamine. A shift in the reduction potential to -1.51 V for S124 (110 mV less 

than that of S122) was attributed to an increase in the electron deficiency of the molecule. The 

dyes exhibited excellent thermal stabilities upto 470 °C which were found greater than those of 

directly linked (S36-S39) or vinyl-linked dyes (S110-S112). Further, the thermal stability 

increased with increase in number of naphthalimide units. The influence on the hole mobilities 

was clearly observed with mobilities higher than ca. 10
−3

 cm
2
·V

−1
·s

−1
 for dye S122 and 10

−2
 

cm
2
·V

−1
·s

−1
 for S123 which is graeter than derivatives with the single-bond and double bond-

linkages between the two core. Thus, the high fluorescence quantum yields, high thermal stability 

and good hole mobilities of S122-S124 make them suitable candidates for hole transporting and 

emitting materials for OLED applications. 

Liu et al.[123] synthesized a series of carbazole-naphthalimide hybrids S125-S129 to 

understand the structure property relationship (Chart 1.40). The dyes were designed to improve 

the fluorescence yields and charge transport properties. The dyes absorbed in range of 400-450 nm 

due to π–π* transitions within the skeleton. Among the set of dyes, S125b displayed blue shifted 

absorption (Δλ = 36 nm) compared to the dyes with C-3 linked carbazole unit, presumably, due to 

the pronounced CT in the later attributable to the facile electronic communication. However, dyes 

S129a and S129b displayed a structured absorption band due to the molecular rigidity and lack of 

CT. All hybrids displayed green emission with a centered emission band at 540-560 nm. It is 

worth to mention that all the dyes except S125a and S125b exhibited red shift emission profile 

attributed to the facile intermolecular interactions forming aggregates. S126a and S126b restricted 

formation of aggregates due to N-9 substitution of carbazole. The dyes could be suitably used as 

hole-transporting materials in OLEDs as they displayed HOMO energy level in the range of -5.13 

to -5.66 eV, similar to typically used hole transporting NPB. 
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Chart 1.40 Structures of carbazole-naphthalimide hybrids (S125-S129) 

Cao et al.[124] reported highly planar molecule S130 and S131 based on 4-ethynyl-1,8-

naphthalimide having different alkyl chain length and possessing gelation properties (Chart 1.41). 

The planarity of the conjugated backbone facilitated intermolecular interactions, which were 

responsible in the formation of organogels. The structured absorption bands at 390 nm and 423 

nm were observed for the dyes, arising from the naphthalimide core, while appearance of a new 

band at 360 nm in the gel state indicated H-type aggregation due to π−π intermolecular stacking. 

In solution, the dyes displayed a strong emission at 470 nm with quantum yield of ~50%. 

However, the gelators exhibited ca. 80 nm red-shifted fluorescence bands along with a new 

shoulder in high energy region. Interestingly, a switchable drastic fluorescent change from blue to 

yellow was observed between solution and gel state. Furthermore, the excited state lifetime of 

gelators was ten times greater than that in the solution due to the formation of aggregates. 

Thompson et al.[125] reported two D-A bridged dyes S132 and S133 having meta- and para- 

substituted π-spacer between the carbazole and naphthalimide moiety (Chart 1.41). It was 

observed that the para- substitution in S133 was beneficial over meta- conjugation in S132 and 

resulted in a better CT interaction in the ground state. Though dyes were found to be independent 

of solvent polarity in the ground state yet displayed a positive solvatochromism in the excited 

state. The meta- linked dye resulted in electronic coupling in the excited state facilitating a facile 

electron transfer. 
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Chart 1.41 Structures of bis-naphthalimide dyes (S130-S135) 

In yet another work, Wang et al.[126] synthesized an analogous dye S134 by replacing the 

phenyl linker (S133) with a pyridyl linker, and used it in a memory device (Chart 1.41). 

Interestingly, the linker replacement shifted the electron density from carbazole to the 

naphthalimide moiety, highlighting the role of spacer in distribution of electron density as well as 

stabilizing the HOMO and LUMO energy levels. In the film state, S134 exhibited a red shift in 

absorption profile by 15 nm in comparison to broad π-π* transition at 398 nm in solution. This 

clearly indicated that the dye underwent molecular rearrangement. Further, the pyridyl acetylene-

linkage facilitated molecule assembly into one-dimensional molecular tapes via hydrogen-bonding 

and afforded well-ordered crystal structures due to the molecular planarity. The fabricated 

memory device with configuration of ITO/S134/Al displayed non-volatile WORM memory 

behavior. 

Maragani et al.[127] reported a typical A-A-A conjugated planar systems S135 comprising of 

bis-thiazole and naphthalimide as acceptors (Chart 1.41). The dye displayed a strong absorption 

band at 450 nm corresponding to π-π* electronic transitions. Two reversible reduction waves at -

1.08 and -1.65 V were attributed to reduction of bisthiazole and naphthalimide. The HOMO of the 

dye was stabilized to -5.85 V due to electron-deficiency of the core while LUMO was located at -

3.24 V. The major contribution of absorption band observed at 428 nm was supposed to arise from 

HOMO-1 to LUMO+1 corresponding to π-π* electronic transitions. 
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Chart 1.42 Structures of pyrene-naphthalimide-based dyes (S136-S137) 

Liu et al.[128] synthesized two chiral 1,8-naphthalimide-based pyrene enantiomers S136 and 

S137, displaying circularly polarized luminescence induced by self-assembly (Chart 1.42). In 

binary solvent system both dyes displayed an emergence of new red-shifted band on aggregation. 

However, in solution the emission band at 541 nm was quenched, and bathochromically shifted by 

70 nm attributable to the J-aggregation. The strong π-π* interactions between pyrene and 1,8-

naphthalimide achieved a rigid self-assembly structure in aggregated state and exhibited a higher 

circularly polarized luminescence signals. 

1.3.6 Star-shaped naphthalimide-based dyes 

Jin et al.[129] designed and computed a set of star-shaped D–π–A type small molecules S138-

S141 comprising of 1,8-naphthalimide as central core flanked by different aromatic heterocyclic 

donors (Chart 1.43). These modeled structures were investigated as emitters and solar cell 

materials to study their photophysical and charge transport properties. From the computed 

absorption spectra, it was revealed that molecules having different electron-rich aromatic 

heterocyclic end groups and spacers tend to red shift the absorption bands, narrowing the band 

gap. From the data, it was depicted that the HOMO-2 → LUMO transitions was responsible for 

the origin of major absorption band. These transitions were assigned to the CT from electron-rich 

moieties to naphthalimide unit. The computed dyes showed a significant solvent-dependent 

absorption and emission spectra attributable to the bipolar nature of the dyes. The introduction of 

the electron-deficient end groups such as benzothiadiazole and others helped to stabilize CT. 
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Further, the ethyne π-bridge and benzothiazole/ benzothiadazole as end groups increased the hole 

transfer due to the enhanced molecular planarity. 

 

Chart 1.43 Structures of star-shaped D–π–A type small molecules (S138-S141) 

 

Chart 1.44 Structures of star-shaped benzene cored naphthalimide derivatives (S142-S147) 

Jin[130] performed theoretical investigation of star shaped benzene-cored naphthalimide 

derivatives S142-S147 having different substituents at imidic position (Chart 1.44). They reported 

their optical, electronic, and charge transport properties as potent emitters in OLEDs. For all the 

dyes LUMO was composed of naphthalimide with major contribution of 92.6% while the 

distribution of HOMO depended on the type of imidic chromophore. For S142, S143 and S146 

HOMO was spread over naphthalimide and central benzene core with minor contributions from 

imidic cores. In contrast, the HOMO electron densities of S144 and S146 were localized over 
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substituent groups with contribution of >95%. However, for S145 HOMO was found diffused to 

naphthalimide and substituent group. Depending on the distribution of energy levels, the 

absorption band corresponded to HOMO-1 to LUMO for S142 while for S143-S147 it was from 

HOMO to LUMO and HOMO to LUMO+1 along with or without HOMO to LUMO+2. Further, 

the absorption spectra remain unaltered and observed at 365 nm since imidic substitution was 

orthogonal in nature and did not contribute to conjugation enhancement. However, S144-S147 

displayed bathochromic shift of 5, 27, 8 and 53 nm respectively compared to emission spectra of 

S142-S143. These dyes displayed electron reorganization energy (λe = 0.110 – 0.180 eV) larger 

than Alq3 (λe = 0.276 eV) which means that they are suitable candidates as electron transporting 

layer. Further, S143-S147 exhibited a larger value of hole reorganization energy (λh = 0.292 – 

0.328 eV) compared to N,N’-diphenyl-N,N’-bis(3- methylphenyl)-(1,1’-biphenyl)-4,4’- diamine 

which is typical hole transport material (λh = 0.29 eV). Thus, dyes were proved as promising 

charge transport materials in OLEDs. 

 

Chart 1.45 Structures of bipolar star-shaped naphthalimide derivatives (S148-S150) 

Zhu et al.[131] synthesized and studied bipolar star-shaped naphthalimide derivatives S148-

S150 comprising triphenylamine as a central core and naphthalimide functionalized at imidic 

position (Chart 1.45). The dyes were suitably characterized and exhibited absorption bands at 310 

nm and at 400 nm originating from triphenylamine and naphthalimide units, respectively. Due to 

the more electron donating nature of the substituent at 4
th

 position of naphthalimide, S148 and 

S149 displayed red shift spectra. The existence of strong fluorescence quenching for the 

naphthalimide moiety bonded to triphenylamine unit was observed due to the PET progress. The 



Electronic & Biological Applications of Naphthalimide Dyes: A Review Chapter 1 

 

42 

 

dyes exhibited a trend in reversible oxidation peaks, which was attributed to the ease in oxidation 

of triphenylamine influenced by substituent on naphthalimide. Among the set of dyes, S150 

possessed a high lying HOMO at -5.36 eV due to the anodically shifted oxidation at 1.08 V 

compared to S148 and S149 (1.15 and 1.19 V). 

 

Chart 1.46 Structures of D–π–A star-shaped triphenylamine and naphthalimide-based derivatives 

(S151-S154) 

Jin et al.[132] modeled a set of D–π–A star-shaped triphenylamine and naphthalimide based 

derivatives S151-S154 with different π-bridges to explore their optical, electronic, and charge 

transport properties as potential OSC materials (Chart 1.46). The computational data revealed that 

these materials can act as ambipolar materials. In all the dyes, the HOMOs were localized on the 

triphenylamine and conjugating bridges with little contribution (ca. 23%) from naphthalimide. 

However, the LUMO resided mainly on naphthalimide with 77% contributions for dyes S151, 

S152 and S154 dyes. In S153, the LUMO was also spread over benzothiadiazole as conjugating 

bridge. The MO analysis indicated that for dyes S151, S152, S154 the electronic transitions 

occurred from HOMO to LUMO i.e. triphenylamine and conjugating bridges to terminal 

naphthalimides. However, for set of three dyes S153 the CT was from triphenylamine to linker 

(benzothiadiazole) and naphthalimide. Further, these computed structures were considered as 

good electron transfer agents since they displayed a smaller λe than that of typically used Alq3 
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(0.276 eV). Notably, the introduction of ethynyl bridge in S151 set of dyes resulted in an 

improved charge transportation.  

It is well documented that star-shaped materials inherent facile solution processibility and high 

solubility compared to linear D-A materials. Wu et al.[133] explored two star-shaped donor-

acceptor conjugated molecules S155 and S156 based on triphenylamine (D), thiophenes (spacer) 

and 1,8-naphthalimide (A) as storage materials (Chart 1.47). The studies revealed that the 

difference in the length of the spacer influenced the switching on-off properties of the storage 

devices by controlling extend of CT. The dyes displayed efficient CT from D to A. Both of the 

dyes exhibited a non-volatile WORM memory characteristic and excellent thermal stability of 

upto 450 ˚C. The DFT calculations showed that HOMO was localized on triphenylamine and 

thiophene while LUMO was localized to naphthalimide. In contrast to dye S155, S156 exhibited 

an irreversible WORM memory storage due to the deep trapping barrier of electron delocalized on 

naphthalimide unit, and stabilized CT. An irreversible WORM memory could also be contributed 

due to the highly twisted conformation of molecule which favors spatial charge localization. 

 

Chart 1.47 Structures of star-shaped donor-acceptor conjugated molecules (S155-S156) 
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1.4 Naphthalimide-based materials for electronics 

1.4.1 Naphthalimide dyes as emitter or electron transporting material in OLEDs 

Since the breakthrough work by Tang and Slyke in 1987,[43] OLEDs have grabbed 

researcher’s interest to develop effective materials. OLED is a double charge injective diode 

which involves injection of electrical charge carriers with both polarities from the electrodes into 

the organic layers, subsequent transport and recombination of the charge carriers resulting in the 

formation of excitons followed by luminescence emission from emitting layer. Since the mobility 

of charge carriers is not same i.e. holes move faster than electrons, it is difficult to achieve better 

performance from single layer devices or two layer devices due to recombinational losses. 

Therefore, in order to attain better charge balance and high performance of the device, it is 

necessary to introduce additional layers such as ETL and HTL into the device architecture.
 
The 

performance of OLED device is characterized by turn-on-voltage, current density, brightness, 

luminescence efficiency, and external quantum efficiency. The organic charge transporting 

material should meet the following requirements for better performance in OLEDs
. 
It should have 

suitable HOMO and LUMO energy levels relative to the electrodes and to the adjacent layers for 

better injection of charge carriers and efficient transport and recombination possess. A high glass 

transition temperatures (Tg) and should be thermally and electrochemically stable. Furthermore, 

for the efficient flow of charges and working of device it is required that HTL should have a low 

IP and low EA while electron deficient molecules with high IP and high EA act as ETL as well as 

hole blocking materials. While, for an organic emitting material it should possess suitable energy 

levels for the efficient charge transportation from the adjacent layers, high thermal stability and 

high ΦF. Herein, we have discussed naphthalimide containing chromophores as emitters, electron 

transporting materials and as host for PhOLEDs
 
and FOLEDs. 

Kolosov et al.[134] have synthesized four naphthalimide derivatives E1-E4 for PhOLEDs 

doped with Ir-based complexes such as btpIr, btIr and Irppy (Chart 1.48). These naphthalimide 

derivatives were utilized as electron-transporting and doped luminescent layers as well as hole-

blocking layers in electrophosphorescence. All the materials displayed a structured violet-blue 

fluorescence at ~380 nm and phosphorescent bands between 550 and 650 nm. All the dyes 

exhibited a reversible reduction wave with a potential of -1.55 eV for E3. Further, the HOMO and 

LUMO levels for E3 were deep seated at -7.3 eV and -3.9 eV respectively which is suitable for 

them to behave as a good hole blocking layers and electron injecting layer. Two types of devices 
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were fabricated using these dyes. Type 1 OLEDs utilized them as phosphor-doped emitting layer 

and hole blocking layer while type 2 device used CBP as host and E3 as hole blocking layers. The 

best PhOLED device was fabricated using btpIr doped E3 with 3.2% as EQE at 6.3 V (Table 1.1). 

 

Chart 1.48 Structures of naphthalimide-based dopants and electron transporting materials in 

PhOLEDs (E1-E4) 

 

Chart 1.49 Structures of naphthalimide-based dyes for FOLEDs (E5-E7) 

Zhang et al.[135] studied the influence of different substitution at 4
th

 position of naphthalimide 

E5-E7 on the photophysical and electrochemical properties as emitters in FOLEDs (Chart 1.49). 

E5 exhibited a structured absorption bands arising from π−π* and n−π* transitions. While E7 

displayed two prominent absorption bands at λ = 430 nm and λ = 325 nm attributed to CT from 

triphenylamine to naphthalimide and π-π* transitions due to localized triphenylamine. However, 

E6 exhibited only π-π* transition band at 350 nm and displayed deep blue emission at 416 nm, 

which was 36 nm red shifted compared to weakly emitting E5. E7 exhibited a yellow emission at 

586 nm due to strong CT transitions. In spite of CT emission, E7 exhibited 57% quantum yield 

which is twice that of E6 attributable to suppression of non-radiative decay in former. E6 and E7 

display suppressed ISC compared to E5 due to stabilized π-π* triplet state of former. Improvement 
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in emission intensity is observed for E6 and E7 due to conversion of singlet state to radiative π-π* 

transitions. At low temperature, dyes displayed phosphorescence. The suppression of intersystem 

crossing in E6 and E7 was related to larger ΔEST (0.66 eV, 0.31 eV) over E5 (0.02 eV). E7 

displayed high lying HOMO energy level at -5.33 eV due to enhanced electronic richness. 6% 

doped OLED devices using E6 and E7 were fabricated with configuration ITO/PEDOT:PSS(40 

nm)/NPB(40 nm)/TCTA(5 nm)/Emitter(20 nm)/TPBi(35 nm)/LiF(1 nm)/Al(100 nm) displayed in 

Table 1.2. E6 displayed CIE coordinates (0.15, 0.07) corresponding to deep blue emission. E6 

based device displayed poor luminance of 948 cd m
-2

 and EQE of 1.58%. Device fabricated using 

E7 exhibited superior performance with low Von of 3.1 V, luminance of 64344 cd m
-2

 and EQE of 

5.96%. Also, even at high brightness of 30000 cd m
-2 

device displayed a good efficiency 

indicating small efficiency roll off. 

 

Chart 1.50 Structures of naphthalimide-based emitters for OLEDs (E8-E10) 

Triboni et al.[136] synthesized and characterized a 4-(2-fenoxi-p-xileno)-N-methyl-1,8-

naphthalimide E8 as emitter in FOLED (Chart 1.50). It showed red shifted absorption band 

compared to unsubstituted 1,8-naphthalimide E1 at 380 nm and a broad structureless emission 

band at 456 nm. The molecule displayed a reversible reduction wave at -1.0 V and an irreversible 

oxidation peak at 1.7 V arising from the reduction of naphthalimide and oxidation of substituent at 

4
th

 position of the core. The molecule possessed HOMO and LUMO energy levels at 6.1 eV and 

3.4 eV. The material was used as an emitting layer in OLED with device structure as 

ITO/PEDOT:PSS/E8/Al and CIE coordinates of 0.21, 0.31 lying in the blue region with an EL 

peak at 465 nm.(Table 1.2). 

Ulla et al.[137] synthesized parachlorophenoxyl substituted two naphthalimide based electron 

transporting emitter materials E9 and E10 for OLEDs (Chart 1.50). Both the dyes displayed ICT 

absorption band at 362 nm due to typical donor-acceptor interactions. A 10 nm red shifted 

absorption band in thin film was observed for dyes arising from intermolecular interactions within 

the skeleton. E10 exhibited a quasi-reversible reduction wave which was 60 mV cathodically 
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shifted than E9 with reduction potential at -1.47 eV. Also, the oxidation potential of E10 was 

positively shifted by 30 mV compared to E9. The dyes exhibited deep seated HOMO at 6.2 eV 

and low lying LUMO energy levels at 3.33 eV and 3.39 eV for E9 and E10, respectively. The 

dyes were explored as electron transporting and emitting materials with different OLEDs 

configurations. Type 1 device FOLEDs were fabricated using device architecture of ITO (120 

nm)/NPD (30 nm)/E9-E10 (35 nm)/BCP (6 nm)/Alq3 (35 nm)/LiF (1 nm)/Al (150 nm) using dyes 

as non-doped emitter (Table 1.2). Device using dye E10 gave superior performance than E9 with 

luminance of 1072 cdm
-2

 and EQE of 0.47%. In other type of FOLEDs devices, the dyes were 

used as emitting materials along with a hole transporting material F4TCNQ with device 

configuration of ITO (120 nm)/F4TCNQ (4 nm)/NPD (40 nm)/E9-E10 (50 nm)/BCP (6 nm)/LiF 

(1 nm)/Al (150 nm) gave superior performance over other type of device without hole injecting 

layer and electron transporting layer. Device using dye E9 achieved a low EQE of 0.24 % with 

luminance of 472 cd m
-2

. However, other type of device for dye E9 resulted in improved 

luminance of 1463 cd m
-2

 and EQE of 0.4%. However, another type of OLED resulted in blue 

emission with a high EQE of 0.71% for E10 and 0.69% for E9, attributable to the confinement of 

additional holes in emitting layer (Table 1.2). The dyes were also used as electron transporting 

layer in PhOLEDs with Ir(ppy)3 doped CBP as emitter layer (Table 1.1). The devices resulted in a 

high EQE of 1.39% for E9 and 1.46% for E10 compared to devices without ETL or with Alq3  

Luo et al.[138] reported dyes E11-E18 exhibiting TICT comprised of 4-aryloxy-1,8-

naphthalimide derivatives as promising sensor and EL materials (Chart 1.51). The photophysical 

and quantum chemical studies confirmed that rotation around central C-O bonds was responsible 

for the formation of a stable TICT state in E11-E18. Adjustable fluorescence ON-OFF switching 

responses and AIE activity towards different solvent polarity as well as good electroluminescent 

performance were observed for E11-E18 due to the highly non-planar and twisted molecular 

geometries. E16 displayed a strong TICT, high fluorescence in solid state, twisted ground state 

geometry and high thermal stability >400 ̊C. A neat OLED device using E16 as sky-blue emitter 

was fabricated with configuration of ITO/MoO3 (7 nm)/(TAPC) (40 nm)/mCP(10 nm)/E16 (10 

nm)/Bphen (40 nm)/Mg:Ag (100 nm) with CIE coordinates of 0.17, 0.27 (Table 1.2). However, at 

high voltage, the device emitted orange EL due to the formation of exciplex between dye and 

TAPC. The device achieved a Von of 3.0 V with luminance of 4780 cdm
-2

 and EQE of 1.6%. 
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Chart 1.51 Structures of naphthalimide derivatives as emitter materials (E11-E19) 

Li et al.[139] demonstrated pure white OLEDs utilizing non-doped 4-aryloxy-1,8-

naphthalimide derivative E16 which was blue emitting along with orange emitting exciplex at the 

interface of donor and E16. E16 featured TICT and dual fluorescence at λ = 440 and 520 nm 

attributed to localized and TICT excited state in OLED fabrication. Four devices were fabricated 

using E60 as emitting layer (Table 1.2). In detail, device based on planar structure of E16 

displayed a broad EL band at 680 nm arising from exciplex emission with high Von of 4.4 V and 

low luminance. However, device with TAPC/E16 exhibited two EL peaks at λ = 480 and 585 nm 

originating from radiative decay of dye and exciplex with 2.7 V as Von and high luminance of 1550 

cdm
-2

. Another device exhibited emission from exciplex at 580 nm with low Von of 2.2 V, EQE of 

0.9% and CIE coordinates of 0.34, 0.34 closest to white emission. While, device with NPB/E16 

with film thickness of 30 nm exhibited 2.0 V as turn on voltage, luminance of 4500 cdm
-2 

and 

EQE of 1%. 

Wang et al.[140] explored E18 as a potential host material in FOLED and PhOLED (Chart 

1.51). It was demonstrated that E18 attain a highly twisted structure so that there is merely any 

HOMO-LUMO orbital overlap. The material showed a singlet CT state and triplet CT state 

differing by 0.05 eV. The low lying LUMO state at -3.1 eV is attributed to the high electron 



Electronic & Biological Applications of Naphthalimide Dyes: A Review Chapter 1 

 

49 

 

affinity of naphthalimide unit. FOLED were fabricated using E18 as host in device architecture of 

ITO (100 nm)/NPB (30 nm)/TCTA (10 nm)/E18: Dopant (20 nm)/Bphen (40 nm)/Mg:Ag (100 

nm) with rubrene as fluorescent dyes and [(t-bt)2Ir(acac)] as phosphorescent dyes (Table 1.1). It 

was found that doping concentration had no influence on the J-V curve for FOLEDs since there is 

no charge trapping. The lowest Von of 2.9 V was observed for 5% rubrene doped device and a 

maximum EQE of 5% with the highest maximum luminance of 19,500 cdm
-2 

among the four 

devices. However, for PhOLEDs with increasing in doping concentration, the current density 

varied and displayed charge trapping. The device with 24% (t-bt)2Ir(acac) as dopant achieved 

minimum turn-on voltage of 3.1 V with considerable luminance of 37,940 cdm
-2

 and EQE of 12%. 

However, maximum EQE of 16.5% was observed for 24% doped device with maximum 

luminance of 41,710cdm
-2

. 

Gudeika et al.[141] synthesized and characterized an electron transporting material E19 

composed of carbazole-coupled to 1,8-naphthalimide (Chart 1.51). The thermal, optical, 

photophysical, electrochemical and charge transporting properties of the dye were studied in 

detail. The dye exhibited an oxidation potential of substituted carbazole at 1.20 V and a reversible 

reduction peak at -1.68 V, which were attributed to the naphthalimide moiety. The energy levels 

for the dye were calculated to be -5.18 eV and -2.08 eV respectively. The dye showed a high 

thermal stability >400̊ C. Further the CIE coordinates (0.30; 0.27) of the emission of molecular 

mixture of the dye along with blue emitting dye 2-[4-(diphenylamino) phenyl]-1-phenyl-1H-

phenanthro[9,10-d]imidazole were close to white color coordinates covering the whole range of 

visible light. 

 

Chart 1.52 Structures of naphthalimide derivatives with different Schiff bases (E20-E26) 

Gan et al.[142] synthesized a set of naphthalimide derivatives E20-E26 with different Schiff 

bases for non-doped OLEDs (Chart 1.52). Compared to parent dye E20, E21-E26 exhibited a red 
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shifted absorption band due to the extension of conjugating system or increase in donating 

strength of substituents. E23 and E24 displayed a 40 and 140 nm red shift in emission with 

quenched quantum yield due to strong push-pull interaction. However, the red shifted profile of 

E25 and E26 was ascribed due to the extended conjugation. Further, the fluorescence lifetime for 

E22 was shortened to 0.22 ns compared to parent E20 (8.14 ns), attributable to the rapid decay of 

the excited state. E23 and E24 showed a low reduction potential at -0.7 V due to the increased 

donating propensity. However, the HOMO of the dyes was deep seated inferring their use as good 

blocking layer in OLEDs. The OLED devices with configuration of ITO/CuPc(12 nm)/NPB(30 

nm)/E22/sodium stearate (2 nm)/Al (100 nm) were fabricated (Table 1.2). E22 gave a device 

current density of 2.9 mA cm
-2

 and a maximum brightness of 15.5 cd m
-2 

with a high turn-on 

voltage of 14 V and EL peak at λ = 620 nm. 

 

Chart 1.53 Structures of naphthalimide D-π-A derivatives (E27-E30) 

Luo et al.[143] synthesized three red-emissive D-π-A derivatives E27-E30 having aromatic 

amine as donor, vinyl as π- bridge, and 1,8-naphthalimide as acceptor units (Chart 1.53). 

Photophysical studies revealed that the presence of strong electron-rich 4-(dimethylamino)phenyl 

group in E28 resulted in red shifted absorption and emission centered at 641 nm, compared to 

parent E27. Among the set of these dyes, E28 suppressed the aggregation and intermolecular 

interaction due to the bulkiness of imidic group. Consistent with the absorption characteristics of 

E27 and E28-E30, the PL emission band of E30 was the most red-shifted to λ = 722 nm owing to 
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the strong D-A characteristics. All the dyes showed 20–30 nm red-shifted absorption bands in 

solvatochromic plots compared to E29, highlighting a polar and CT characteristics in ground state. 

Also, the alteration of the 4-(dimethylamino)phenyl by more electron-donating 1,1,7,7-

tetramethyljulolidin-9-yl substituent in E30 improved chromaticity in guest-doped film. The dye 

E28 displayed a reversible reduction wave at -1.70 V due to the reduction of naphthalimide. Both 

E29 and E30 showed reversible reduction wave at -1.66 V indicating ease to reduce the core. 

However, E28 and E29 showed reversible oxidation waves at 0.24 V due to oxidation of 4-

(dimethylamino)phenyl unit, compared to E30 at 0.05 V. This was in agreement with the trend of 

electron richness of the donor units. When the dyes were utilized for OLED applications, E30 as a 

dopant suppressed the intermolecular interactions. A device was fabricated using E30 as the 

dopant with device configuration of ITO/MoO3 (1 nm)/TCTA (40 nm)/E18: E30 (14 wt%) (20 

nm)/TPBI (45 nm)/LiF (1nm)/Al (80 nm). The OLED device exhibited parameters of CIE 

coordinates as 0.67, 0.32, maximum EQE of 1.8% and maximum current efficiency of 0.7 cd A
-1

 

(Table 1.2). The three devices using these naphthalimide derivatives as dopants displayed 

comparable turn-on voltages of 3.1 V. 

 

Chart 1.54 Structures of naphthalimide-based dyes (E31-E32) 

Intrigued by E18, a potential TFDF host material, Zheng et al.[144] reported a linear D-π-A 

naphthalimide-based CT material E31 (Chart 1.54). E31 consisted of diphenylnaphthylamine as 

donor and naphthalimide as acceptor linked by vinyl linkage, suppressing intermolecular 

interactions. The emission spectra of the dye exhibited a positive solvatochromism of Δλ = 47 nm 

on moving from Tol to DMSO indicative of highly polar CT excited state. Further, the DFT 

analysis depicted that the HOMO electron density was delocalized throughout the backbone of the 

dye while LUMO was localized on the linker and naphthalimide. E31 displayed a reversible 

oxidation wave at 0.52 V due to the removal of electron from diphenylamine by naphthalimide. 

The HOMO and LUMO energy levels were calculated to be -5.32 eV and -3.0 eV, respectively. 

Similar to E18, E31 was capable of harvesting triplet excitons via TTA path in OLED, attributable 
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to the presence of a lower-lying triplet excited state and low ΔEST of 0.24 eV. The dye was tested 

as a guest material with E18 as an ICT host having variable doping concentrations as four devices. 

The orange OLED fabricated with 6 wt% E31 doped E18 displayed CEmax of 7.73 cdA
-1

, Lmax of 

31940 cdm
-2

 and EQEmax of 5.83% (Table 1.2). 

In 2014, Zhou et al.[145] reported a naphthalimide-based molecule E18 as a promising host 

and as a TFDF material along with linear molecules E32 as emitter and (E)-11-(tert-butyl)-4-(2-

(7-(diphenylamino)-9,9-diethyl-9H-fluoren-2-yl)vinyl)-7H-benzo[de]benzo[4,5]imidazo[2,1-

a]isoquinolin-7-one, FN as dopant (Chart 1.54). E18 displays two main absorption bands assigned 

to the π-π* transition of carbazole at λ = 300 nm and naphthalimide unit at λ = 360 nm. The dye 

exhibited solvent dependent emission spectra due to the significant CT in the excited state 

irrespective of E32. The PLQY of former is found to be lower than latter due to the significant 

ICT in E18. Further, the dye displayed a vibrational structured emission in non-polar solvent 

while a dual fluorescence in polar solvent exhibiting a TICT character. In solid state, E18 

displayed a broad emission spectra centered at 493 nm and low quantum yield indicative of CT in 

solid state too. In fluorescence lifetime studies, under inert conditions, E18 displayed a triple-

exponential decay which decreases under air with short lived decay lifetime indicative of TICT 

emission with TTA. While the energy levels of the material were estimated to be -5.64 eV and -

3.14 eV which are in accordance with the energy levels of different layers used in typical OLEDs. 

Thus, a non-doped device with E18 as the emitter is fabricated with a structure of ITO/PEDOT(35 

nm)/NPB (60 nm)/E18 (30 nm)/TPBI (40 nm)/LiF (0.8 nm)/Al but failed at a high applied bias 

voltage when the magneto electroluminescence decreased gradually at higher magnetic field 

strength. Thus, another doped device using E18 as a TFDF-featured host was fabricated with a 

structure of ITO/MoO3 (10 nm)/NPB (35 nm)/TCTA (10 nm)/FN:E18 (6 wt%, 30 nm)/TPBI (40 

nm)/LiF (0.8 nm)/Al. It displayed a maximum brightness of 7250 cd m
-2

. However, device using 

E18 with FN was employed as an orange-red OLED with EQE of 3.59% with a maximum CE of 

7.2 cdA
-1

 and a brightness of 16840 cdm
-2

 (Table 1.2). The EQE of the device was found to be far 

more than the theoretically predicted value of 2.5% attributed to the facile and efficient energy 

transfer of triplet excitons via TTA. 



Electronic & Biological Applications of Naphthalimide Dyes: A Review Chapter 1 

 

53 

 

 

Chart 1.55 Structures of naphthalimide-based dyes as emitting layer in OLEDs 

Shi et al.[146] reported naphthalimide-grafted dye molecules, E33-E34 and investigated 

effects of side groups on the kinetics of charge carrier recombination in multilayer OLEDs (Chart 

1.55). With the aid of transient EL charge carrier recombination coefficient, charge carriers were 

investigated for dye-doped CBP as emitting layer. All four devices obtained from E33 displayed 

similar emission profile centered at λ = 500 nm. The dyes were used as dopants in fabrication of 

OLED with device architecture of ITO/NPB(40 nm)/CBP:E33-E34 (1%) (20 nm)/BCP (20 

nm)/Alq3 (40 nm)/LiF (1 nm)/Al (200 nm) (Table 1.2). It was interesting to note that efficiency of 

the device was dependent on the charge recombination coefficients. Among the set of devices, 

device E33a exhibited the brightest luminance of 3640 cd m
-2 

with the highest CE of 3.7 cd A
-1

. 

While device obtained from E33d having cyano group displayed the lowest CE of 0.8 cd A
-1

 with 

a luminance of about 760 cd m
-2

. Among E34, E34a displayed EL efficiency of 2.6 cd A
-1

, which 

was the highest in the series. However, E34 displayed a poor EL efficiency compared to E33. 

 

Chart 1.56 Structures of linear and star-shaped triphenylamino naphthalimides (E35-E37) 

Arunchai et al.[147] reported a series of triphenylamino naphthalimides E35-E37 using 

Suzuki cross coupling reactions between N-phenyl-1,8-naphthalimide and triphenylamine boronic 
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acids (Chart 1.56). The dyes exhibited ICT band at 430 nm and a characteristic π–π* transition 

band around 312-326 nm. However, an increase in the number of naphthalimide units shifted the 

emission band hypsochromically due to the decreased electron delocalization, originating from the 

molecular steric hindrance. Moreover, the fluorescence quantum yields of the dyes increased 

subsequently from 0.34 to 0.55 for E35 to E37 with an increase in the naphthalimide units arising 

from LE. The dyes show good thermal stabilities with the 10% weight loss above 350 °C. The 

dyes displayed a reversible oxidation peak at ca. 0.5 V attributable to the electron-donating ability 

of triphenylamine. The oxidation potential was found to be shifted cathodically with an increase in 

naphthalimide units, which stabilized the HOMO energy level and LUMO energy level was raised 

from -2.73 to -2.71 eV for E37. All the devices emitted a bright yellowish green EL similar to 

their thin-film PL spectra. This suggested that emission originated from the dyes indicative of 

efficient energy transfer from host to guest. The single-layered OLED device using E37 resulted 

in poor device parameters with EQE of 0.006% and luminance of 133 cd m
-2

. Considering all 

these parameters, the group fabricated multi-layered devices using dyes doped with CBP as the 

emissive layer. Using E35-doped BCP as a hole-transporting material, the device fabricated with 

ITO/PEDOT:PSS/Emitter:CBP/BCP/LiF/Al architecture resulted in yellowish green emission 

(CIE: 0.295, 0.6) with maximum brightness of 10404 cd m
-2

 at 19 V, a Von of 5.8 V, and device 

luminance efficiency of 3.77 cd A
-1

 and EQE of 1.11% (Table 1.2). 
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Table 1.1 Electroluminescent properties of naphthalimide-based materials for PhOLEDs 

Host Dopant (wt%) Device structure Von, V EQE, % CE, cdA
-1

 PE, lmW
−1

 L, cdm
−2

 CIE 

E3 BtpIr (6 wt%) ITO/α-NPD (350 Å)/E3.Dopant 

(200 Å)/CBP (50 Å)/E3 (100 

Å)/Alq3 (200 Å)/Mg-Ag 

3.0 1.7 - - - - 

 BtIr (6 wt%) 3.0 0.4 - - - - 

 Ir(ppy) (6 wt%) 4.5 0.3 - - - - 

CBP BtpIr (6 wt%) ITO/α-NPD (350 

Å)/CBP.Dopant (200 Å)/CBP 

(50 Å)/E3 (100 Å)/Alq3 (200 

Å)/Mg-Ag 

3.0 3.2 - - - - 

 BtIr (6 wt%) 4.0 0.3 - - - - 

 Ir(ppy) (6 wt%) 4.5 0.3 - - - - 

E9-E10 Ir(ppy)3 ITO (120 nm)/ α-NPD (40 nm)/ 

CBP.Dopant (200 Å)/ (35 nm) 

/BCP (6 nm)/ LiF (1 nm)/Al 

(150 nm) 

12.76 0.94 5.39 1.23 1714  

 Ir(ppy)3 ITO (120 nm)/ α-NPD (40 nm)/ 

CBP.Dopant (200 Å)/ (35 nm) 

/Alq3 (30 nm) BCP (6 nm)/ LiF 

(1 nm)/Al (150 nm) 

9.09 1.70 9.79 2.71 9650  

E9 Ir(ppy)3 ITO (120 nm)/ α-NPD (40 nm)/ 

CBP.Dopant (200 Å)/ (35 nm) 

/E9 (30 nm) BCP (6 nm)/ LiF (1 

nm)/Al (150 nm) 

9.23 1.39 8.90 1.82 5341  

E10 Ir(ppy)3 ITO (120 nm)/ α-NPD (40 nm)/ 

CBP.Dopant (200 Å)/ (35 nm) 

/E10 (30 nm) BCP (6 nm)/ LiF 

(1 nm)/Al (150 nm) 

9.14 1.46 9.04 1.98 5962  

E18 bt2Ir(acac) (8wt%) ITO (100 nm)/NPB (30 nm)/ 

TCTA (10 nm)/Host:Dopant (20 

nm)/Bphen (40 nm)/Mg: Ag 

(100 nm) 

ITO (100 nm)/NPB (30 nm)/ 

TCTA (10 nm)/Host:Dopant (20 

nm)/Bphen (40 nm)/Mg: Ag 

(100 nm) 

3.2    31400 (0.52. 

0.48) 

 bt2Ir(acac) (16wt%) 3.1 7.5 21.0 11.6 41020 (0.52. 

0.47) 

E18 bt2Ir(acac) (24wt%) 3.5 10.0 27.7 15.1 41710 (0.52. 

0.47) 

 bt2Ir(acac) (32wt%)  16.5 44.2 33.3 37940 (0.53. 

0.47) 
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Host Dopant (wt%) Device structure Von, V EQE, % CE, cdA
-1

 PE, lmW
−1

 L, cdm
−2

 CIE 

PEPCa  bt2Ir(acac)/E19 ITO/ PEPCa.Dopant (1:10)/ LiF 

(1 nm)/Al (150 nm) 

- -12.0 33.0 16.3 - (0.28. 

0.38) 
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Table 1.2 Electroluminescent properties of naphthalimide-based materials for FOLEDs 

Dye Device structure Von, V EQE, % CE, cdA
-1

 PE, lmW
−1

 L, cdm
−2

 CIE 

E6 ITO/PEDOT:PSS(40 nm)/NPB(40 

nm)/TCTA(5 nm)/Emitter (20 nm)/ 

mCP/TPBi(35 nm)/LiF(1 nm)/Al(100 

nm) 

3.8 1.58 0.90 0.68 948 (0.153, 0.066) 

E7 ITO/PEDOT:PSS(40 nm)/NPB(40 

nm)/TCTA(5 nm)/Emitter (20 nm)/ 

MADN/TPBi(35 nm)/LiF(1 

nm)/Al(100 nm 

3.1 5.96 15.5 12.0 64344 (0.291, 0.595) 

E8 ITO/PEDOT:PSS(60 nm)/Emitter 

(100 nm)/Al(120 nm) 

10.0 - - - - (0.21, 0.31) 

E9 ITO (120 nm)/ α-NPD (30 

nm)/Emitter (35 nm)/BCP (6 nm)/Alq3 

(35 nm)/LiF (1 nm)/Al (150 nm). 

7.03 0.41 0.89 0.21 889 (0.190, 0.283) 

E10 6.92 0.47 0.96 0.23 1072 (0.181, 0.279) 

E9 ITO (120 nm)/ α-NPD (40 nm)/E9 (50 

nm) /LiF (1 nm)/Al (150 nm) 

9.67 0.24 0.45 0.11 472 - 

E9 ITO (120 nm)/F4TCNQ (4 nm)/ α-

NPD (40 nm)/E9 (50 nm)/LiF (1 

nm)/Al (150 nm) 

6.62 0.40 1.79 0.51 1493 - 

E9 ITO (120 nm)/F4TCNQ (4 nm)/ α-

NPD (40 nm)/E9 (50 nm)/BCP (6 

nm)/LiF (1 nm)/Al (150 nm) 

6.35 0.69 1.87 0.86 1580 - 

E10 ITO (120 nm)/F4TCNQ (4 nm)/ α-

NPD (40 nm)/E10 (50 nm)/BCP (6 

nm)/LiF (1 nm)/Al (150 nm) 

6.18 0.71 1.89 0.98 1681 - 

E16 ITO/MoO3 (7 nm)/ (TAPC) (40 nm)/ 

mCP(10 nm)/Emitter (10 nm)/ Bphen 

(40 nm)/Mg:Ag (100 nm) 

3.0 1.6 3.0 2.8 4780 (0.17, 0.27) 

E16 ITO/ m-MTDATA (35 nm)/Emitter 

(15 nm)/ Bphen (40 nm)/Mg:Ag 

4.4 - 0.01 0.01 80 (0.68, 0.32) 
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Dye Device structure Von, V EQE, % CE, cdA
-1

 PE, lmW
−1

 L, cdm
−2

 CIE 

E16 
ITO/TAPC (35 nm)/Emitter (15 nm)/ 

Bphen (40 nm)/Mg:Ag 

2.7 0.3 0.6 0.6 1550 (0.40, 0.42) 

 
ITO/NPB (35 nm)/Emitter (15 nm)/ 

Bphen (40 nm)/Mg:Ag 

2.2 0.9 1.5 1.2 2800 (0.42, 0.34) 

 
ITO/NPB (35 nm)/Emitter (30 nm)/ 

Bphen (40 nm)/Mg:Ag 

2.0 1.0 1.5 1.2 4500 (0.33, 0.33) 

E18 ITO (100 nm)/NPB (30 nm)/ TCTA 

(10 nm)/Host:Dopant (1wt%) (20 nm)/ 

Bphen (40 nm)/Mg: Ag (100 nm) 

Dopant (3 wt%) 

Dopant (5 wt%) 

Dopant (7 wt%) 

3.5 2.5 7.8 6.4 15200 (0.48, 0.51) 

 3.0 3.6 11.1 10.9 15290 (0.50, 0.50) 

 2.9 5.0 15.0 16.6 19510 (0.50, 0.50) 

 

3.1 3.4 10.0 9.9 17250 (0.50, 0.49) 

E22 ITO/CuPc (12 nm)/ NPB 30 

nm/Emitter/sodium stearate(2 nm)/Al 

(100 nm) 

14 - 2.9 - 15.5 - 

E30 

ITO/MoO3 (1 nm)/TCTA (40 nm)/ 

E18: Dopant (2 wt %) (20 nm)/ TPBI 

(45 nm)/LiF (1nm)/Al (80 nm) 

3.1 2.1 1.9 - 10900 (0.62, 0.37) 

 

ITO/MoO3 (1 nm)/TCTA (40 nm)/ 

E18: Dopant (4 wt %) (20 nm)/ TPBI 

(45 nm)/LiF (1nm)/Al (80 nm) 

3.1 1.8 1.1 - 6600 (0.65, 0.34) 

 

ITO/MoO3 (1 nm)/TCTA (40 nm)/ 

E18: Dopant (14 wt %) (20 nm)/ TPBI 

(45 nm)/LiF (1nm)/Al (80 nm) 

3.1 1.8 0.7 - 2660 (0.67, 0.32) 

E31 

ITO/MoO3 (1 nm)/TCTA (40 nm)/ 

CBP (2 nm)/Dopant (20 nm)/ TPBI 

(45 nm)/ LiF (1 nm)/Al (80 nm), 

4.2 0.59 0.53 - 5100 (0.64, 0.36) 

 

ITO/MoO3 (1 nm)/TCTA (40 nm)/CBP 

(2 nm)/E18: E31 (20 nm, 1.4 

wt%)/TPBI (45 nm)/LiF (1 nm)/Al 

2.6 2.49 3.19 - 24500 (0.47, 0.50) 
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Dye Device structure Von, V EQE, % CE, cdA
-1

 PE, lmW
−1

 L, cdm
−2

 CIE 

E31 

ITO/MoO3 (1 nm)/TCTA (40 nm)/CBP 

(2 nm)/E18: E31 (20 nm, 6 wt%)/TPBI 

(45 nm)/LiF (1 nm)/Al (80 nm) 

2.8 5.83 7.73 - 31940 (0.51, 0.48) 

ITO/MoO3 (1 nm)/TCTA (40 nm)/CBP 

(2 nm)/E18: E31 (20 nm, 15 wt%)/ 

TPBI (45 nm)/LiF (1 nm)/Al (80 nm) 

3.2 4.14 5.41 - 27640 (0.57, 0.43) 

FN 

ITO/ NPB (30 nm)/CBP (2 

nm)/FN:E18 (6 wt%, 20 nm)/Bphen 

(40 nm)/Mg:Al 

4.0 3.59 7.2 - 16840 - 

E33a ITO/NPB(40 nm)/CBP:Emitter (1%) 

(20 nm)/BCP (20 nm)/Alq3 (40 

nm)/LiF (1 nm)/Al (200 nm) 

ITO/NPB(40 nm)/CBP:Emitter (1%) 

(20 nm)/BCP (20 nm)/Alq3 (40 

nm)/LiF (1 nm)/Al (200 nm) 

- - 3.7 - - - 

E33b - - 3.0 - 3640 - 

E33c - - 2.5 - 2550 - 

E33d - - 0.8 - 1040 - 

E34a - - 2.6 - 760 - 

E34b - - 1.9 - - - 

E34c ITO/NPB(40 nm)/CBP:Emitter (1%) 

(20 nm)/BCP (20 nm)/Alq3 (40 

nm)/LiF (1 nm)/Al (200 nm)ʺ 

ʺ 

- - 1.2 - - - 

E34d 

- - 1.0 - - - 

E35 
ITO/PEDOT:PSS/Emitter:CBP/BCP/

LiF/Al 

5.8 1.11 3.77 0.68 10404 (0.29, 0.60) 

E36 
ITO/PEDOT:PSS/Emitter:CBP/BCP/

LiF/Al 

6.2 0.73 2.49 0.32 5898 (31, 0.60) 

E37 ITO/PEDOT:PSS/Emitter/LiF/Al 4.0 0.006 0.02 0.96 133 (0.48, 0.47) 

 ITO/PEDOT:PSS/Emitter/BCP/LiF/Al 3.8 0.01 0.04 0.009 323 (0.48, 0.48) 

E37 
ITO/PEDOT:PSS/Emitter:CBP/ 

BCP/LiF/Al 

5.5 0.27 0.93 0.02 877 (0.25, 0.57) 
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1.4.2 Naphthalimide-based materials in OSCs 

Since the first report of organic solar cell in 1985,[39] the field of OPVs has become an area of 

intense research because these devices offer a potentially efficient, cost-effective, and scalable 

approach for solar energy conversion. Generally speaking, for better performance in BHJSCs, an 

organic electron-transporting material should have high electron affinity, deep LUMO of acceptor 

with respect to LUMO of donor, low band gap, broad absorption spectral profile, high molar 

absorption coefficient, high electron mobility and compatible active layer morphology. Although 

OPV efficiencies have been rapidly increasing, with multiple reports of PCE exceeding 10%, they 

still lag behind typical inorganic solar cells. In BHJSCs, both donor and acceptor, typically P3HT
 

and fullerenes
 
are blended to constitute an active layer.[148-150] A typical BHJSC possesses high 

efficiency and operational benefits such as low recombinational losses, effective exciton diffusion 

over single-layered or double layered solar cells using fullerenes
 
and their derivatives, such as 

PC61BM and PC71BM. These fullerenes are considered as dominant electron-acceptor materials 

because of their large electron affinity of 4.2 eV, good electron mobility in range of 10
-3

 cm
2
V

-1
s

-1 

upto 1 cm
2
V

-1
s

-1
. However, fullerenes have a few disadvantages such as weak absorption in the 

visible spectrum compared to typical donor polymers, high-cost production and purification, and 

an EA that is too large with respect to IP of a number of donor polymers, resulting in low VOC. To 

address these problems, new electron acceptor materials are needed for OPVs applications 

following simple, inexpensive and highly productive synthetic processes with minimal steps. 

However, very few reports on solution-processed fullerene-free OPVs have shown PCEs 

approaching or exceeding 10%.[69, 151-162] Thus, increased efforts to develop effective non-

fullerene-based acceptors are still needed. 

1.4.2.1 Naphthalimide-based directly linked chromophoric materials 

Lu et al.[163] synthesized corannulene-tethered naphthalimide derivative E38 as non-fullerene 

acceptor using Suzuki cross coupling reaction for organic solar cells (Chart 1.57). The 

introduction of naphthalimide on the corannulune core was aimed at lowering LUMO level of 

corannulene to make it suitable for P3HT. The absorption profile of E38 experienced a red shift 

(Δλ = 77nm) compared to corannulene absorption at 288 nm. The band observed at 330-400 nm is 

attributed to ICT from corannulene to naphthalimide. The dye showed two reversible reduction 

waves at -1.0 V and -1.65 V corresponding to naphthalimide and corannulene, respectively. The 

introduction of naphthalimide on corannulene shifted its reduction potential from -1.75 V to -1.6 
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V and thus, the LUMO of corannulene from -2.65 eV to -3.24 eV for E38. The LUMO level of 

dye is more by 0.4 eV units promising a high VOC. The DFT calculations revealed that LUMO is 

localized in naphthalimide while HOMO is spread over both corannulene and naphthalimide. The 

OSC device was designed using active blend in 1:1 ratio as ITO/ZnO/ E38:P3HT/LiF/Al (Table 

1.3). The as-fabricated device achieved a PCE of 1.03% with a high VOC of 0.82 V. 

 

Chart 1.57 Structures of naphthalimide-based non-fullerene acceptors (E38-E42) 

He et al.[164] synthesized three different as electron acceptors E39-E41, analogous to 

perylene diimides for solution-processed polymer solar cells (Chart 1.57). Specifically, these 

acceptors differ in terms of small and large π-conjugation units of thiophene and 

indacenodithiophene, respectively. These compounds showed excellent thermal stability with high 

decomposition temperatures. Increase in the conjugation length for E41 compared to E39 shifted 

the absorption profile from 358 nm to 482 nm. The absorption λmax in thin film for all the dyes is 

further red shifted by 5-20 nm. The optical band gap decreased from 2.98 eV for E39 to 2.25 eV 

for E41. The HOMO energy levels were upshifted from -6.18 to -5.67 eV and the LUMO energy 

levels were downshifted as the conjugation of the bridge between naphthalimide units increased. 
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The power conversion efficiencies of solar cells based on blends of P3HT donor and these 

acceptors increased from 0.28% to 2.36% attributed to enhanced VOC and JSC due to more light 

harvesting properties of E41 (Table 1.3). 

Zhang et al.[165]
 
synthesized naphthalimide based non-fullerene acceptor E42 for polymer 

solar cells with PCDTBT-C12 (Chart 1.57). The dye displayed an absorption upto 500 nm with a 

structured peak at λmax = 399 nm, similar to E40 which is attributed to the planarity of the 

molecule. In the solid state, E42 exhibited a hypsochromic absorption profile due to the formation 

of H-aggregates which is contrary to E40 which can be due to alkyl chain modification. The 

energy levels of the dye were determined to be -6.07 eV and -3.53 eV matching with the 

complementary polymer PCDTBT-C12, and promising a high open circuit voltage compared to 

former set of dyes, E93-E41. Owing to its electron deficiency E42 exhibited an irreversible 

oxidation in high potential range at 1.27 V. The active layer was tested in polymer cell solar as 

ITO/PEDOT:PSS (30 nm)/PCDTBT-C12:E42/LiF (0.7 nm)/Al (100 nm) architecture. The 

modification in the donor-acceptor blend resulted in an improvement of PCE of the cell (Table 

1.3). A low PCE of only 0.16% was observed for a device with active layer in 1:1 ratio without 

annealing. However, by increasing acceptor ratio to double, a tremendous hike in PCE of the cell 

to 0.84% was observed. For E42, a maximum PCE of 2.01% which is fourfold compared to E40 

was achieved with a high VOC of 1.30 V using an active layer in a weight ratio of 1:4 annealed at 

90 ˚C for 3 minutes. 

 

Chart 1.58 Structures of bis-naphthalimide-based non-fullerene acceptors (E43-E46) 

Zhang et al.[166] synthesized a series of bis-naphthalimide-based small molecular acceptors 

E43-E46 by C-H activation reactions (Chart 1.58). By introducing different substituents on the 
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central benzene ring, the dihedral angles between the two naphthalimide units increased from 34 ˚ 

to 89 ˚for E43 to E46. The absorption profile experienced a red shift in solution spectra with the 

introduction of alkoxyl side chain due to increased donor strength. Moreover, tremendous red shift 

was observed for E46 in the thin film due to molecular non-planarity. However, the planar small 

molecules were found to be beneficial for the electron transportation with enhanced electron 

mobility. This resulted into enhanced JSC and PCE of the devices. The planar small molecule E43 

and PCDTBT-C12 blend films exhibited uniform morphology and acquired a PCE of 0.59% with 

a VOC of 1.36 V (Table 1.3). However, the thermal annealing of dyes was found to have positive 

effect as increase of the PCE to a maximum of 2.78%. As an outlook, the planarity of small 

molecular acceptors has significant influences on the performance of non-fullerene OSCs and 

naphthalimide based planar acceptors are potential acceptors for wide band gap polymer based 

OSCs. 

 

Chart 1.59 Structures of A-A-A type naphthalimide-based non-fullerene acceptors (E47-E48) 

Srivani et al.[167] synthesized two non-fullerene electron acceptors based on 

naphthalenediimide and naphthalimide units E47 and E48 for solution processable bulk-

heterojunction solar cells (Chart 1.59). The dyes had a basic A-A-A architecture where 

naphthalimide was flanked terminally on both the sides of central core. E47 and E48 displayed 

their absorption profiles in the range of 300-600 nm. Specifically, a 50 nm and 70 nm 

bathochromic shift was observed for E48 in solution and film state, respectively. The theoretical 

calculations revealed that HOMO is located on peripheral naphthalimide and LUMO on the 

central naphthalene dimide. E48 displayed a low lying LUMO level at -4.10 eV compared to -3.69 
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eV for E47 due to introduction of thiophene units in former. The devices were fabricated with an 

architecture of (ITO)/ (PEDOT:PSS)/active layer/Ca (20 nm)/Al (100 nm) using both of the dyes 

(Table 1.3). The photovoltaic properties revealed the E48 based device with an efficiency of 

4.04% was superior over E47-based device (2.91%). The device from E48 displayed a high VOC, 

JSC, ff of 0.81 V, 8.58 mA cm
-2

 and 0.58 respectively. Whereas, for P3HT:E47 based 1:1 active 

blended device afforded cell parameters of 0.84 V, 6.13 mA cm
-2

 and 0.56. 

Dang et al.[168] synthesized two naphthalimide-based acceptors E49 and E50 with an A1-π-

A-π-A1 framework using end capped naphthalimide, benzothiadiazole and diketopyrrolopyrrole, 

respectively as the building groups (Chart 1.60). Both acceptor systems exhibited wide and broad 

absorption spectra covering a range of 300 nm to 700 nm with high lying LUMO energy levels 

complementary to the absorption spectra of polymer (PTB7-Th). The active blend were employed 

in non-fullerene BHJ-OSCs possessing a high VOC values up to 1.01-1.12 V and PCE values of 

1.23% and 1.64% for E49 and E50, respectively (Table 1.3). 

 

Chart 1.60 Structures of naphthalimide flanked dyes (E49-E51)  

Another naphthalimide based organic dye E51 possessing diketopyrrolopyrrole and 

bithiophene using Stille coupling was reported by Chen et al.[169]
 
The dye was designed to act 

both as donor with PCBM and acceptor with P3HT in OSCs. It covered whole range of absorption 

spectra from 300-700 nm with two distinct bands arising from ICT and π-π* electronic transitions. 

The film spectra of E51 observed a red shift by 40 nm. Due to the extended conjugation, E51 
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exhibited ca. 23 nm red shift in solution relative to that of E50. The LUMOs are delocalized 

across the whole molecular backbone while HOMOs located on the central bridged core. E51 

displayed a reversible two oxidation and one reduction waves located at about 0.56 eV and -1.16 

eV, respectively, corresponding to HOMO (-5.40 eV) and LUMO (-3.61 eV) energy levels. The 

LUMO of the dye is low lying and found to be suitable for both P3HT and PCBM. A device with 

configuration ITO/PEDOT:PSS/E51:PCBM/LiF/Al using E51 as donor with PC61BM was 

fabricated which achieved a low PCE of 0.58% with JSC of 2.40 mA cm
-2 

and high VOC of 0.80 V. 

Further, when blended with PC71BM, E51 exhibited a PCE of 0.76% with improved JSC of 3.28 

mA cm
-2

. However, the P3HT:E51-based device achieved a PCE of 0.6% with a VOC of 0.70 V, 

JSC of 1.9 mA cm
-2

 (Table 1.3). 

 

Chart 1.61 Structures of naphthalimide-based non-fullerene acceptors (E52-E53)  

Two non-fullerene acceptors E52 and E53-based on isoindigo as donor flanked by terminal 

naphthalimide acceptors were reported by McAfee et al.[170] shown in Chart 1.61. The influence 

of structural modification on the optical, electrochemical and thermal properties were assessed and 

correlated with DFT calculations. The small molecules exhibited two distinct absorption bands, a 

low-energy band at λ = 570 nm arising from charge transfer,  and a high-energy band at λ = 450 

nm owing to the π-π* electronic transitions within the molecule. Notably, the induced molecular 

non-planarity in the conjugated backbone of E52 by introduction of chlorine atoms hampers the 

electronic delocalization leading to visible effects in the absorption intensities. Unlike E52, in the 

solid state, E53 exhibited a red-shift (Δ32 nm), which was attributed to the solid state self-

assembly due to the presence of chlorine atoms, a factor responsible for the crystalline nature of 

E53 (Tc~ 240̊). Both the dyes exhibited a reversible triple reduction profile attributed to the 

naphthalimide core. In terms of energy levels, E53 exhibited a more stabilized energy levels. The 

incorporation of chlorine atoms in E53 had a pronounced influence on lowering down LUMO 

energy level to -3.73 eV. The effect of substitution and the structure–property relationships were 
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investigated for their photovoltaic performance in solution-processable inverted BHJ devices as 

ITO/ZnO/p-DTS(FBTTh2)2:E52/E53/MoO3/Ag (Table 1.3). The synergy of non-planarity and 

enhanced electron affinity of the E53 showed a maximum PCE of 1.9% with high VOC of 0.87 V. 

 

Chart 1.62 Structures of naphthalimide-based non-fullerene acceptors (E54-E56) 

Do et al.[171]
 

reported highly twisted non-fullerene acceptors based on alkylated 

naphthalimide and 9-fluorenone E54 and E55 with a basic module of A1−D−A2−D−A1 (Chart 

1.62). In particular, E54 and E55 were composed of naphthalimide as end-capping acceptor (A1), 

fluorenone as electron-withdrawing central (A2) group, and thiophene as a donor unit. In addition, 

dye E56 was synthesized by introducing dicyano group on the fluorerone core, enhancing the 

acceptor strength of central acceptor unit. Whereas, E54 and E55 had similar absorption profile in 

the range of λ = 300−600 nm, E56 showed two absorption bands due to the enhanced electronic 

conjugation and electron-withdrawing strength. The energy levels of E54-E56 were found to be 

compatible with P3HT as donor in BHJSC. The deep HOMO and LUMO level at -6.0 eV and -4.0 

eV with a narrow band gap is due to the high electron deficiency of the backbone. Interestingly, 

E54 possessed a defused electron density on the backbone, whereas E56 displayed a well 

separated electron density with LUMO centered on dicyanofluorene unit. Among three tested 

acceptor molecules for solar cell devices, E54 exhibited the highest performance (3.6%) with a 

high VOC of 0.88 V, JSC of 9.1 mA cm
−2

 and ff of 0.45 (Table 1.3). The highest performance of 

E54-based device could be attributed to the enhanced nanoscale morphology of the active layer. 
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Table 1.3 Optical and photovoltaic properties of dyes E38-E56 

Acceptor Donor 

Active blend 

ratio D:A 

(w/w) 

λmax, 

nm 

λmax, nm 

film 

HOMO, 

eV 

LUMO, 

eV 

E0-0, 

eV 

JSC 

(mA/cm
2
) 

VOC (V) ff 
η 

(%) 

E38 P3HT 1:1 365 - - -3.24 3.04 2.75 0.82 0.46 1.03 

E39 P3HT 1:1 358 360 -6.18 -3.59 2.98 0.51 0.20 0.31 0.03 

1.5:1      0.28 0.22 0.28 0.02 

1:1      0.57 0.28 0.41 0.06 

1:1.5
a
      0.83 0.56 0.35 0.16 

1:1.5
b
      0.79 0.79 0.45 0.28 

E40 P3HT 1:1 396 420 -5.95 -3.62 2.49 0.69 0.49 0.33 0.11 

1.5:1      0.88 0.53 0.41 0.18 

1:1      1.08 0.53 0.28 0.16 

1:1.5
a
      0.73 0.61 0.48 0.21 

1:1.5
b
      1.47 0.80 0.49 0.58 

E41 P3HT 1:1 482 488 -5.67 -3.60 2.25 3.15 0.96 0.33 0.99 

1.5:1      3.23 0.97 0.35 1.10 

1:1      3.20 0.97 0.34 1.05 

1:1.5
a
      4.85 1.06 0.46 2.36 

1:1.5
b
      3.33 1.08 0.35 2.25 

E42 PCDTBT-C12 1:1 399 382 -6.07 -3.53 2.54 0.69 1.10 0.21 0.16 

  1:2      0.29 1.21 0.30 0.84 

  1:3      2.38 1.20 0.34 0.97 

  1:4      2.46 1.22 0.36 1.12 

  1:4
c
      2.91 1.30 0.53 2.01 

E43 PCDTBT-C12 1:2 428 405 -5.93 -3.50 2.43 1.82 1.36 0.24 0.59 

  1:2
c
      4.79 1.04 0.56 2.78 

E44 PCDTBT-C12 1:2 424 415 -5.98 -3.62 2.36 1.10 1.19 0.26 0.34 

  1:2
 c
      2.21 1.11 0.30 0.24 

E45 PCDTBT-C12 1:2 437 448 -5.95 -3.68 2.27 0.42 1.11 0.26 0.14 
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a
Thermal annealing at 120 ̊C for 20 min, 

b
 Solvent annealing, 

c 
Thermal annealing at 90 ̊C for 3 min, 

d
 device: ITO/PEDOT:PSS/active layer/Ca/Al, 

e
 ITO/PEDOT:PSS/active 

layer/PFN/Al, 
f
 ITO/ZnO/PFN/ active layer/MoO3/Al, 

g 
Thermal annealing at 75 ̊C for 10 min and solvent annealing for 40 s, 

h 
vapour annealing for 1 hr followed by thermal 

annealing at 124 ̊C for 10 min 

Acceptor Donor 

Active blend 

ratio D:A 

(w/w) 

λmax, 

nm 

λmax, nm 

film 

HOMO, 

eV 

LUMO, 

eV 

E0-0, 

eV 

JSC 

(mA/cm
2
) 

VOC (V) ff 
η 

(%) 

E45  1:2
 c
      1.71 1.09 0.30 0.56 

E46 PCDTBT-C12 1:2 458 492 -5.80 -3.65 2.15 0.34 1.25 0.26 0.11 

  1:2
 c
      0.37 1.24 0.28 0.13 

E47 P3HT 1:1 440 450 -5.95 -3.69 2.26 6.13 0.84 0.56 2.91 

E48 P3HT 1:1 500 550 -5.86 -4.10 1.76 8.58 0.81 0.58 4.04 

E49 PTB7-Th 1:1
d
 480 509 -5.50 -3.35 2.01 3.84 1.02 0.31 1.23 

 PTB7-Th 1:1
e
      1.63 0.90 0.24 0.39 

 PTB7-Th 1:1
f
      2.42 1.02 0.27 0.72 

E50 PTB7-Th 1:3
d
 576 636 -5.51 -3.55 1.72 1.76 1.12 0.32 0.64 

 PTB7-Th 1:3
e
      3.12 1.06 0.46 1.64 

 PTB7-Th 1:3
f
      3.55 1.10 0.34 1.43 

PC61BM
g
 E51 1:2.5 599 637 -5.40 -3.61 1.59 2.40 0.80 0.30 0.58 

PC71BM
g
        3.48 0.79 0.29 0.76 

E51
h
 P3HT 1:2.5      1.91 0.70 0.45 0.60 

E52 p-DTS(FBTTh2)2 1:1 450 709 -5.53 -3.70 1.83 1.29 0.68 0.44 0.38 

E53 p-DTS(FBTTh2)2 1:1 482 711 -5.61 -3.73 1.88 5.27 0.87 0.42 1.93 

E54 P3HT 1:1 411 426 -6.07 -3.96 2.11 9.1 0.86 0.45 3.6 

E55 P3HT 1:1 411 425 -6.06 -3.98 2.08 7.2 0.86 0.41 2.5 

E56 P3HT 1:1 586 625 -6.14 -4.21 1.93 3.0 0.56 0.36 0.6 
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1.4.2.2 Naphthalimide-based vinyl-linked chromophoric materials 

Bloking et al.[172] reported a symmetric naphthalimide based acceptor E57 with 

benzothiadiazole in A1-A2-A1 fashion (Chart 1.63). A broad absorption band at λ = 467 nm is 

observed attributable to the highly conjugating skeleton. The dye exhibited a high electron affinity 

of -3.4 eV. Due to the bulky steric interactions between neighboring hydrogen atoms in the 

naphthyl and vinyl moieties, a twist of 27.3 ° was induced resulting in poor electron transport. The 

device with an architecture of ITO/PEDOT:PSS (25 nm)/ P3HT:E57 (ca. 80 nm)/LiF (1 nm)/Al 

(200 nm) was fabricated (Table 1.4). The device resulted in a low current density of 0.5 mA cm
-2

 

and thus a poor PCE of 0.12% only. 

 

Chart 1.63 Structures of vinyl-linked bis-naphthalimides as non-fullerene acceptors (E57-E61) 

In yet another work, Kwon et al.[173]
 
aimed at synthesis and the characterization of non-

fullerene naphthalimide end capped acceptors E58 and E59 having different substituents on the 

central phenyl unit (Chart 1.63). These dicyanodistyrylbenzene-appended acceptors were tested 

with P3HT as active layer in polymer solar cell. The presence of terminal naphthalimide units in 
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E58 and E59 suppressed the molecular aggregation in addition to the twisted conformation of the 

molecule. Blue shifted absorption spectra were recorded for E59 when annealed at 150 ˚C in 

contrast to E60 which displayed a well resolved absorption band. These alterations inferred the 

molecular conformational changes arising from the non-planarity of the dyes. The dyes displayed 

multiple reduction waves due to their multiple reductions. The dyes possessed a high lying LUMO 

energy levels than PC61BM (-3.83 eV) at -3.42, -3.66 and -3.41 eV, respectively. The polymer 

solar cell with structure of ITO/PEDOT:PSS/ P3HT:E58-E60/Ca/Al was fabricated using an 

active layer in ratio of 1:2.5 (Table 1.4). The device fabricated using E59 displayed a low PCE of 

1.45% relative to E58 (2.71%) attributable to a low lying LUMO level of E59. However, the 

device using E60 exhibited a good efficiency of 2.55% with a high VOC of 0.67 V and a maximum 

JSC of 8.15 mA cm
-2 

(Table 1.4). The devices exhibited a broad IPCE plot covering a range of 400-

650 nm with maximum IPCE of 61 % for E58. 

Min et al.[174] studied the effect of addition of six solvent additives and a non-volatile 

molecular additive, di-2-thienyl-2,1,3-benzothiadiazole (DTBT), on the performance of BHJSC. 

All small molecule solar cell was fabricated using a BDTT-S-TR: E58 system. The reference as 

casted device fabricated using the active blend showed a PCE of approximately 1.09%, which was 

enhanced to over 4.5% with addition of 0.75 vol% of DIO (Table 1.4). Also authors designed a 

device using DTBT as a non-volatile additive in addition to DIO to reduce D/A blending. The 

PCE was further improved to 5.33% by addition of 0.75 vol% DIO and 2 wt% DTBT into CHCl3. 

This work suggests that the use of binary additives can control the bulk morphology of solution 

processed all-small molecule solar cells and other thin film devices. 

E59 was demonstrated as an efficient non-fullerene small molecule acceptor along with a 

benzothiadiazole-based small molecule as donor (p-DTS(PBTTh2)2) in all small molecule solar 

cell.[175] In contrast to polymer-based solar cells, the all small molecule-based solar cell 

displayed a better efficiency, presumably, due to better fabrication in terms of batch-to-batch 

purifications and solution processing. The absorption profiles of both donor (λmax = 680 nm) and 

acceptor (λmax = 498 nm) were found complementary to each other to cover the visible region. It is 

interesting to note that the absorption spectra of either donor or acceptor did not change 

individually on thermal annealing, but the absorption spectra of the active layer significantly 

altered with a red shift of 50 nm. The HOMO and LUMO energy levels of E59 were calculated to 

be -5.75 eV and -3.66 eV, respectively. The fabricated solar cell when subjected to thermal 

annealing at 90-150 °C displayed variation in efficiency. When annealed at high temperature 130˚ 
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C, the efficiency drops down from 5.44% to 3.61% due to the sudden fall in JSC value. Thus, 

naphthalimide based molecule showcased a promising PCE of 5.44% with VOC of 0.85 V, JSC of 

9.68 mA cm
-2

, and ff of 0.66. 

Further, Kwon et al.[176]
 
demonstrated an efficient non-fullerene organic solar cell with 

donor–acceptor crystalline structures using PPDT2FBT and E60 as the donor and small molecular 

acceptor, respectively. The active layer morphology was found to be dependent on thermal 

annealing and the various morphological characteristics. The as-fabricated naphthalimide-based 

OPV device showed a high PCE of 7.64% (the highest observed efficiency till date) with a 

remarkably high VOC of 1.03 V. This is among the highest observed efficiency in polymer solar 

cells with a small molecular non-fullerene acceptor. The highest performance of device could be 

attributed to the complementary absorption, well matched energy levels and balanced charge 

transport, and minimized charge recombination processes. 

Kwon et al.[177] synthesized a new non-fullerene acceptor E61, an analog of E60 (Chart 

1.65). The dye was used with small molecular donor p-DTS(FBTTh2)2 in BHJSC devices with 

different processing solvents. E61 displayed multiple reduction waves arising from dicyanostryl 

and naphthalimide units. The dye possessed a deep seated HOMO and LUMO at -5.88 eV and -

3.63 eV. The highest PCE of 3.45% was achieved using chloroform as processing solvent, 

forming uniform morphology with device architecture of ITO/PEDOT:PSS/active layer/Ca/Al. 

Notably, E61 exhibited an enhanced PCE compared to its analog dye E60 with a VOC of 1.04 V, 

JSC of 5.94 mA cm
-2

, and a ff of 0.56 (Table 1.4). 
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Table 1.5 Optical and photovoltaic properties of dyes (E57-E61) 

 

Acceptor Donor 

Solvent/thermal 

Annealing 

w/w%/̊ C 

Active 

blend 

ratio D:A 

(w/w) 

λmax, 

nm 

λmax, 

nm 

film 

HOMO, 

eV 

LUMO, 

eV 

E0-0, 

eV 

JSC 

(mA/cm
2
) 

VOC 

(V) 
ff 

η 

(%) 

E57 P3HT as cast 1:1.4 467 - -5.70 -3.40 2.16 0.50 0.65 0.40 0.12 

E58 P3HT 100̊ C/20 min 1:2.5 430 453 -5.90 -3.42 2.46 8.04 0.73 0.46 2.71 

 BDTT-S-TR as cast 1:0.8      3.59 1.12 0.27 1.09 

  DIO (0.75) 1:0.8      8.29 0.97 0.58 4.67 

  MT (0.50) 1:0.8      5.54 1.04 0.40 2.33 

NMP (0.20) 1:0.8      3.86 1.03 0.33 1.30 

CN (0.50) 1:0.8      6.13 1.03 0.42 2.67 

DPE (0.75) 1:0.8      7.19 1.00 0.45 3.26 

BrAni (0.50) 1:0.8      4.18 0.99 0.31 1.30 

  DTBT (3.0) 1:0.8      6.26 1.00 0.37 2.36 

  DIO (0.75)+ 

DTBT (2.0) 

1:0.8      9.12 0.97 0.60 5.33 

E59 P3HT 110̊ C/20 min 1:2.5 476 498 -5.75 -3.66 2.23 6.23 0.54 0.43 1.45 

 p-DTS(PBTTh2)2 as cast 1:1      0.11 0.92 0.22 0.02 

  90̊ C 1:1      8.42 0.83 0.44 3.25 

  110̊ C 1:1      9.62 0.85 0.64 5.44 

  130̊ C 1:1      5.54 0.92 0.68 3.61 

E60 P3HT 90̊ C/20 min 1:2.5 476 517 -5.79 -3.41 2.28 8.15 0.67 0.47 2.55 

 PPDT2FBT as cast 1:2.5      11.50 1.03 0.54 6.38 

90̊ C 1:2.5      11.88 1.03 0.63 7.64 

130̊ C 1:2.5      8.24 0.94 0.54 4.15 

E61 p-DTS(PBTTh2)2  CB 1:1 439 471 -5.88 -3.63 2.25 5.94 1.04 0.56 3.45 

  CF 1:1      5.44 1.08 0.55 3.24 

  THF 1:1      5.23 1.07 0.54 3.02 

  Tol 1:1      6.06 1.08 0.50 3.30 

  o-xyl 1:1      5.41 1.04 0.52 2.92 
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1.4.2.3 Naphthalimide-based ethynyl-linked chromophoric materials 

 

Chart 1.64 Structures of linear D-A based mono-naphthalimide dyes (E62-E65) 

Gautam et al.[178] synthesized D-A-A modules based on triphenylamine-naphthalimide 

molecules E63 and E64 functionalized with tetracyanobutadiene and dicyanoquino-dimethane 

analogous to E62 and used as fullerene free acceptors for BHJSCs (Chart 1.64). The dyes in blend 

with the polymer covered the whole visible region. Unlike E62, the incorporation of additional 

acceptors in E63 and E64 resulted in strong ICT. Moreover, dye E64 exhibited a red shift profile 

near IR due to the presence of strong electron-withdrawing unit. Both E63 and E64 displayed 

multi-redox waves and possessed a LUMO level of -3.92 and -3.98 eV, respectively. The organic 

solar cells fabricated from E64 displayed higher PCE of 6.11% than E63 (4.94%) attributed to the 

broader absorption profile, more balanced charge transport and lower photon energy loss in E64 

The solar cells showed a larger value of VOC of 1.06 V for E64 without solvent annealing (Table 

1.5). These two small molecules were found as effective non-fullerene acceptors and displayed 

good efficiencies with polymer (DTS(FBTTh). 

In their successive work, the same group reported a small molecular acceptor E65 [179] 

having D-π-A1-π-A2 configuration where triphenylamine, benzothiadiazole and naphthalimide 

units were respectively coupled as D, A1 and A2 through ethylene linkers (Chart 1.66). E65 was 

used as an electron donor for solution-processed BHJSCs. The absorption spectrum of E65 

exhibited two distinct peaks at λ = 328 nm and 408 nm due to π-π* transitions and an ICT band at 

494 nm. In the solid state, the dye displayed a red shift at λ = 548 nm. Such ICT is a characteristic 

of J-aggregates due to the facile ordered packing of dye. E65 showed suitable HOMO (-5.30 eV) 



Electronic & Biological Applications of Naphthalimide Dyes: A Review Chapter 1 

 

74 

 

and LUMO (-3.36 eV) energy levels to be used as donor along with PC71BM as acceptor. The 

small molecule organic solar cells based on the optimized blend of E65 with PC71BM processed in 

CHCl3 showed PCE of 2.21%, which was significantly improved upto 6.67%, when two-step 

annealing (TSA) treated blend was used as an active layer (Table 1.5). 

 

Chart 1.65 Structures of naphthalimide-based non-fullerene acceptors (E66-E69) 

Zhang et al.[184] reported three naphthalimide based non-fullerene acceptors E66-E68 with 

different alkyl chains at the imidic position (Chart 1.65). It was found that the LUMO levels of 

E66-E68 were high-lying and quite suitable for wide optical band gap polymer PBDTBT-C12. All 

acceptors were planar, crystalline and aggregated in the solid state facilitating the electron 

transport in blend films, and thus resulted a superior electron mobility and JSC. A PCE of 4.05% 

with a VOC of 1.08 V was obtained for PBDTBT-C12:E67-based PSCs in a very thin active layer 

(35 nm in thickness) with device architecture of ITO/PEDOT:PSS/active layer/LiF/Al (Table 1.6). 

Furthermore, the PCE of 4.05% was comparable to PBDTBTC12:PC71BM-based optimized 

devices (4.07%) and even better than devices with an active layer thickness of ca. 30 nm (2.72%). 

Zhang et al.[185]
 
again reported a small molecular acceptor E69 based on 1,8-naphthalimide. 

E32 acceptor along with two wide band gap benzothiadiazole-based polymers as donors 

(BTDFTh, BTDFThO) was used in the fabrication of non-fullerene polymer OPVs (Chart 1.65). 

The dye exhibited a broad absorption band at λ = 376 nm in film with a blue shift (Δλ = 21 nm) as 

compared to that of in the solution (397 nm), indicating the formation of H-aggregates in the solid 

state. The modeled structure of the dye supported highly planar and rigid molecular backbone 

which was believed to enhance the charge transportation in the solid state. The dye was found to 
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be crystalline in nature (TC = 201.4̊ C) having a sharp melting at 216.0 ̊C. The HOMO-LUMO 

energy levels of E69 were determined to be -6.00 and -3.57 eV, respectively. Such a high lying 

LUMO level of dye is beneficial for reducing energy loss. E69 displayed a PCE of 1.26% when 

used with BTDFTh polymer with a high VOC of 1.06 V (Table 1.5). With the other polymer, 

BTDFThO the device exhibited an enhanced efficiency (2.91%). Solar cell devices based on 

fluorinated polymer BTDFThO achieved a good efficiency of 3.71% with additive addition 

displaying a high VOC of 1.07 V. 

 

Chart 1.66 Structures of linear bis-naphthalimide-based non-fullerene acceptors (E70-E71) 

Novel end-capped naphthalimide-based linear non-fullerene acceptors E70a-b and E71 were 

reported by Chatterjee et al.[182] (Chart 1.66). The dyes possess conjugating π-backbone 

comprising of central acceptors (thiophene flanked benzothiadiazole and fused 

bisbenzothiadazole) linked by ethyl linkage to the terminal fluorene-appended naphthalimides. 

The dyes displayed an absorption band at λ = 500-540 nm, attributable to their transitions from 

HOMO to LUMO. E70a displayed an absorption band at λmax = 503 nm, which experienced a red 

shift by 15 nm in film state. The dye possessed reversible multiple reduction peaks due to the 

reduction of naphthalimide and benzothiadiazole unit. The LUMO level of E70a was found at -

3.43 eV, similar to E70b. Owing to its extended conjugated system, E71 exhibited a significant 

bathochromic shift (Δλ = 16 nm) relative to that of E70b. The film absorption spectra of E71 were 

found to be further red shifted due to the intermolecular interactions within the dyes. Emergence 

of new absorption shoulder at λ = 620 nm for E71 implied stronger intermolecular interactions. 

The dyes displayed multiple reversible reduction waves as depicted by E70a. The reduction 

aroused from benzothiadiazole, fused benzothiadiazole, and naphthalimide units. It was observed 
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that the first reduction potential of E71 was cathodically shifted to -1.25 V compared to E70b (-

1.34 V), which can be attributed to the more electron affinity of central core in former. Further, 

the second and third reduction potentials of E71 were assigned to the reduction of naphthalimide 

unit. In contrast to E70b (-3.44 eV), E71 displayed a low lying LUMO energy level at -3.60 eV 

due to the more electron deficiency of the E71. Also, the HOMO energy levels of both the dyes 

were deep seated at -6.0 eV. The dyes were tested in BHJSCs with a structure of (ITO)/ 

(PEDOT:PSS)/active layer/Ca/Al in 1:1 weight ratio, and thermal annealing at 140 ˚C (Table 1.5). 

Device fabricated using E70a exhibited efficiency of 1.16 % with JSC of 3.92 mA cm
-2

 and VOC of 

0.75. Dye E70b displayed an improved device performance with PCE of 1.53 %, attributable to its 

larger VOC. Compared to device fabricated using E70b, E71 displayed better EQE spectra in the 

range of 300-720 nm with photocurrent response of 42% at 525 nm. Further, E71 exhibited a 

maximum PCE of 2.81% with a VOC of 0.90 and JSC of 5.18 mA cm 
-2

 when used with P3HT 

donor using co-solvent processing. 

1.4.2.4 Star-shaped naphthalimide-based materials 

 

Chart 1.67 Structures of star-shaped naphthalimide triphenylamine derivatives (E72-E75) 

Zhang et al.[183] demonstrated the application of star shaped D-π-A small molecules E72-

E75 as donors possessing triphenylamine as central donor core flanked by naphthalimide as 

terminal acceptors and oligothiophenes as spacer in OSCs shown in Chart 1.67. The molecules 
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were synthesized using direct arylation and Suzuki coupling reactions between the precursors. The 

materials displayed excellent light harvesting properties covering the whole range of absorption 

spectra (300-600nm). All the dyes displayed a broad absorption band in 400-500 nm region, 

originating from the ICT from triphenylamine to naphthalimide unit within the dyes. Further, the 

film absorption spectra of the dyes were found to be broad and red-shifted. Due to the presence of 

electron deficient naphthalimide and highly twisted structure the dyes displayed a deep HOMO 

energy level favorable for high VOC. It was also observed that with increasing the length of 

thiophenes as in E72 to E74, the HOMO energy levels were lifted and lowered the LUMO levels. 

The molecules were tested in BHJSCs as an architecture of ITO/PEDOT:PSS/E72-

E75:PC71BM/LiF/Al (Table 1.5). All the devices were fabricated using 1:3 weight ratio of donor 

and PC71BM. For all OSCs, a donor to PC71BM weight ratio of 1:3 with or without annealing at 

110 ˚C was used. The device efficiencies increased from 0.66% using E72 to 2.32% for E75 with 

a high VOC of 0.94 V. It was successfully demonstrated that the use of spacer can significantly 

influence the optical and photovoltaic properties of D-A small molecules. 
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Table 1.5 Optical and photovoltaic parameters of dyes (E62-E75) 

Acceptor Donor 

Solvent/thermal 

Annealing 

w/w%/̊ C 

Active 

blend 

ratio D:A 

(w/w) 

λmax, 

nm 

λmax, 

nm 

film 

HOMO, 

eV 

LUMO, 

eV 

E0-0, 

eV 

JSC 

(mA/cm
2
) 

VOC 

(V) 
ff 

η 

(%) 

E63 DTS(FBTTh) as cast 1:2.5 451 - -5.56 -3.92 1.64 6.14 1.06 0.36 2.34 

  DIO 1:1      8.02 0.98 0.40 3.14 

E64 DTS(FBTTh) as cast ’’ 722 - -5.44 -3.98 1.46 9.15 1.02 0.54 4.94 

  DIO ’’      11.26 0.92 0.59 6.11 

PC71BM  E65 as cast ’’ 494 548 -5.30 -3.36 1.81 6.18 0.94 0.38 2.21 

PC71BM  E65 120̊ C/10min 1:2.5      11.54 0.90 0.66 6.67 

E66 PCDTBT-C12 as cast 1:1 426 439 -6.05 -3.54 2.50 1.34 1.09 0.10 0.15 

E67 PCDTBT-C12 as cast ’’ 426 434 -6.04 -3.48 2.56 4.71 1.06 0.56 2.80 

 PCDTBT-C12 CN (0.5%) ’’      6.24 1.06 0.61 4.05 

E68 PCDTBT-C12 as cast ’’ 426 438 -6.02 -3.47 2.55 4.43 1.07 0.55 2.61 

 PCDTBT-C12 CN (0.5%) ’’      5.19 1.07 0.60 3.34 

E69 BTDFTh as cast 1:3 429 376 -6.00 -3.57 2.43 3.40 1.06 0.35 1.26 

  CN (0.5%) ’’      4.10 1.06 0.43 1.87 

 BTDFThO as cast ’’      5.27 1.08 0.51 2.91 

  CN (0.5%) ’’      6.29 1.07 0.55 3.71 

E70a P3HT 140̊ C/15min 1:1 503 518 -5.56 -3.43 2.13 3.92 0.75 0.36 1.16 

E70b P3HT CB 1:1 517 - -5.95 -3.44 1.82 3.52 0.94 0.46 1.53 

E71  CB  533 - -6.01 -3.60 1.73 5.31 0.90 0.52 2.48 

E71  o-DCB       4.15 0.87 0.63 2.29 

E71  CB/o-DCB(4:1)       5.18 0.0 0.60 2.81 

PC71BM  E72 as cast 1:3 458 466 -5.62 -3.57 2.23 3.15 0.74 0.29 0.66 

  130̊ C       4.13 0.81 0.31 1.04 

PC71BM  E73 as cast 1:3 462 481 -5.57 -3.67 2.08 3.30 0.88 0.34 0.97 

  130̊ C       4.98 0.83 0.37 1.54 

PC71BM  E74 as cast 1:3 450 467 -5.47 -3.74 1.91 5.97 0.90 0.36 1.87 

  130̊ C       6.29 0.90 0.34 1.96 

PC71BM  E75 as cast 1:3 419 425 -5.39 -3.42 2.15 5.93 0.93 0/36 1.92 

  130̊ C       6.38 0.94 0.39 2.32 
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1.4.3 Naphthalimide-based sensitizers in DSSCs 

Another class of solar cell era is ruled by DSSCs after its invention by Grätzel et al.[40]. A 

DSSC is a composite of photoanode comprising mesoporous anatase TiO2 and sensitizer, 

redox electrolyte (I3
‒
/I

‒
, Br3

‒
/Br

‒
, Co(II)/(III)), and platinum as counter electrode. The 

sensitizers play an important role on the device performance. Till now, a variety of dyes such 

as Ru(II)-polypyridyl-, porphyrin- and organic counterparts have been demonstrated as 

effective sensitizers achieving the efficiency upto >15%.[184, 185] Despite their high 

efficiencies, these dyes has certain disadvantages such as the use of expensive and toxic metals 

to synthesize sensitizers, tedious purification, limited resources, poor thermal stability and 

environmental pollution. On the other hand, organic dyes possess characteristics such as high 

molar extinction coefficient, easy purification, cost effectiveness and allow facile structural 

modifications to fine-tune the optical and photovoltaic properties.[186-188] An ideal sensitizer 

should possess the following characteristics such as extended conjugation to exhibit 

panchromatic absorption and appropriate energy levels for fast dye regeneration and electron 

injection. Therefore, a dye is designed and its molecular architecture is wisely modified to 

optimize the tuning of properties involving different types of donors, auxiliary acceptors, π-

linkers and acceptors. 

Huang et al.[189] synthesized naphthalimide-based four D-π-A type organic dyes E76-E79 

for DSSCs (Chart 1.68). The dyes comprised of triphenylamine or indoline and mono- or 

disubstituted naphthalimide units with a carboxylic group. Specifically, naphthalimide core 

played a role of π-conjugation and acceptor for improving ICT and electronic communication. 

The dyes exhibited two prominent absorption bands. A low energy band arise from the CT 

between donor to acceptor and a high energy band due to the π-π* electronic transitions. On 

contrary to E76, E77 displayed a 39 nm red shift absorption profile due to the strong electron-

donating strength of indoline unit. The bis-donor substituted E78 and E79 exhibited 

bathochromic shifts by 19 and 15 nm with higher molar extinction coefficients relative to those 

of E76 and E77 respectively. Among different set of dyes, the most red-shifted absorption 

spectra was observed for bis-indoline-based dye. Interestingly, unlike E78-E79, E76-E77 

displayed a blue shift when adsorbed on TiO2 presumably due to the more non-planarity of the 

former. The oxidation potential of E77 was anodically shifted to 0.79 V due to the electronic 

richness of indoline unit. Also, dyes having bis-donor groups facilitated the easy oxidation 

than those with mono-donor counterparts. However, the reduction potential of the dyes was 

observed at -1.4 V more negative than ECB of TiO2 (-0.5 V vs. NHE). For all the dyes, the 

LUMO orbitals was delocalized on naphthalimide moieties and isolated from carboxyl group 
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due to the presence of methylene group which hampered electron injection into the 

semiconductor. Thus, all dyes displayed a poor JSC resulting from disruption of electron flow 

into TiO2. E76 and E77 gave an efficiency of 1.10% and 1.18% while E78 and E79 exhibited 

η of 2.27% and 2.70% (Table 1.6). The improved efficiencies for E78 and E79 were ascribed 

to better light harvesting properties due to their broader absorption spectra. 

 

Chart 1.68 Structures of naphthalimide-based sensitizers (E76-E79) for DSSCs 

Table 1.6 Optical and photovoltaic parameters of dyes (E76-E79) 

a
 Recorded in methanol-chloroform (4:1, v/v) solutions. 

  

Dye  λmax,
a
 nm (εmax 

×10
3 

M
‒1 

cm
‒1 

) 

λmax, nm 

on TiO2 

Eox, eV (vs 

NHE) 

E0-0, 

eV 

JSC 

(mA/cm
2
) 

VOC 

(mV) 

ff η (%) 

E76 419 (8.2) 417 1.08 2.50 2.51 597 0.73 1.10 

E77 458 (5.1) 437 0.79 2.24 2.90 594 0.68 1.18 

E78 438 (14.7) 442 0.93 2.36 4.62 662 0.74 2.27 

E79 473 (19.0) 506 0.61 2.07 5.42 664 0.75 2.70 
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1.5 Naphthalimide-based materials as anticancer and bioimaging agents 

The 1,8-Naphthalimides constituted a class of antitumor agents since after its first report in 

1970s came as a breakthrough by Braña and co-workers.[190] First reported 3-amino 

substituted naphthalimide derivative, Amonafide, B1 displayed high cytotoxic activity against 

HeLa cells with IC50 value of 8.80 μM.[191] (Chart 1.69) It exhibited strong affinity towards 

DNA intercalation and enhanced activity against various carcinoma, leukemia and melanoma 

cell lines (Table 1.7). In 1980s, Braña et al.[192] reported a set of 3-nitro-naphthalimide 

derivatives B2-B5 possessing relatively strong cytotoxic activity against HeLa and KB cell 

lining than amonafide (Chart 1.69). They studied the positive effect of introduction of electron 

withdrawing unit by replacement of –NH2by –NO2 group. The B2-B5 were differ in basic side 

chain at imidic position of naphthalimide. Among the series, dye B2 (Mitonafide) and B4 

displayed the most efficient cytotoxicity against HeLa and KB cell lines over dye B3 and B5 

with a low IC50 values of 0.47, 0.80 and 0.60, 1.0 μM respectively. In 1993, Sami et al.[193] 

replaced naphthalene unit by anthracene unit in order to examine the potency of derivative 

towards cytotoxic activity. The as-modified, Azonafide, B6 with similar imidic substituent 

displayed stronger cytotoxic affinity against leukemia (L1210 sens. and L1210 res.) and HeLa 

cells (Table 1.7). As such, the use of fused core was proved effective displaying enhanced 

cytotoxic activity and was explored further to design a variety of naphthalimide-based 

anticancer and imaging agents. 

Chart 1.69 Structures of 3-substituted naphthalimide-based anticancer agents (B1-B6) 

Table 1.7 In vitro cytotoxicity of dyes B1-B6 against various cancer cell lines 

Dye IC50, μM in various cell lines  

HeLa KB L1210 sens. L1210 res. 

B1 8.80 - - - 

B2 0.47 0.60 - - 

B3 7.00 10.20 - - 

B4 0.80 1.00 - - 

B5 5.80 5.60 - - 

B6 0.14 - 0.007 0.007 
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Considering the positive effect of substituent alteration at 3
rd

 position of the naphthalimide 

core, Cheng et al.[194] 3, 6-disubstituted amino and nitro derivatives B7 and B8, potential 

DNA binders and anticancer agents (Chart 1.70). These two derivatives displayed enhanced 

cytotoxicity against leukemia cells with IC50 values < 1 μM (0.33 μM and 0.036 μM). In 

particular, the disubstitution resulted in an improved anticancer activity compared to B1 and 

B2. 

Chart 1.70 3, 6 disubstituted naphthalimide-based anticancer agents (B7-B12) 

A decade later, Braña et al.[195] synthesized and studied 3-amino 6-nitro disubstituted 

mononaphthalimide asymmetric derivatives B9-B12 as potential antitumor agents (Chart 1.70). 

These derivatives displayed high cytotoxicity against CX-1 colon and LX-1 lung carcinoma 

cells with IC50 less than 1 μM (Table 1.8). B9 and B11 displayed the most effective activity 

among this set, similar to those of compounds B2 and B4. Interestingly, all derivatives 

exhibited better activity than reference B1 and B2. 

Table 1.8 In vitro cytotoxicity of dyes B9-B12 against various colon and lung cancer cell lines 

Dye IC50, μM in various cell lines  

CX-1 LX-1 

B9 0.06 0.05 

B10 0.59 1.00 

B11 0.06 0.13 

B12 0.52 0.51 

Apart from mono-naphthalimide derivatives, bis-naphthalimide derivatives have also been 

explored to enhance antitumor activity. The first bis-naphthalimide derivative, B13 (Elinafide) 

was developed by Bousquet et al.[196] in 1995 (Chart 1.71). Though usually, the substituted 

naphthalimides having amino and nitro motifs display an improved cytotoxicity yet B13 

without any substituent exhibited high cytotoxicity against a variety of human cancer cell lines 

such as LX-1, LOX and CX-1. Furthermore, B13 displayed an excellent structure activity 
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relationship and cytotoxicity assay against HT-29 colon cell line with low IC50 of 14 nM 

relative to those of B1 and B2. 

Before switching to bis-naphthalimide-based derivatives for cytotoxicity and bioimaging, 

we will discuss 3 and/or 4-substituted and imidic substituted mono-naphthalimide derivatives 

for biological applications. 

 

Chart 1.71 Structure of first reported bis-naphthalimide B13 (Elinafide) 

1.5.1 Mono-naphthalimide-based derivatives 

 

Chart 1.72 Structures of 3-substituted aryl-naphthalimides (B14-B20) as antitumor agents 

Xie et al.[197] synthesized a set of 3-substituted naphthalimide derivatives B14-B20 with 

different substituent to understand the antiproliferative activity against HeLa and P388D1 cell 

lines (Chart 1.72). Compared to parent dyes B1 and B2, the incorporation of electron-

withdrawing substituents in dyes B16-B19 enhanced the antitumor activity as inferred by a low 

IC50 (Table 1.9). As such, all the dyes except B15 displayed a stronger cytotoxic activity 

compared to amonafide, B1. This work reveals that introduction of aromatic heterocyclic unit 

on naphthalimide core can exhibit better apoptosis of cancerous cells. 

Table 1.9 Cytotoxicity of naphthalimide derivatives B14-B20 against various cell lines 

Dye IC50, μM  

HeLa P388D1  HeLa P388D1 

B14 6.04 ± 0.09 0.68 ± 0.08 B18 5.54 ± 0.09 0.98 ±0.12 

B15 36.28 ±0.11 2.19 ±0.10 B19 4.72 ± 0.08 0.38 ±0.09 

B16 5.09 ± 0.08 - B20 3.70 ± 0.08 0.68 ± 0.11 

B17 4.51 ± 0.08 - B1 6.45 ± 0.09 0.68 ± 0.08 
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Chart 1.73 Structures of 3-substituted amino naphthalimides (B21-B24) as anticancer agents 

Quaquebeke et al.[198] developed a series of 3-substituted amino naphthalimides with 

potent antitumor activities, analogous to amonafide, against various carcinoma cell lines. 

Among the set of dyes, the dyes B21-B24 possessing having substitution at 3
rd

 position 

displayed an excellent to moderate in vivo and in vitro activities (Chart 1.73). Among the 

series, B21 exhibited no hematotoxicity and resist the growth of carcinoma cells better than 

other three and parent dye with extremely low IC50 of >1 μM. It is worth to note that these four 

dyes exhibited a high in vivo toxicity with index nearly 300% and high therapeutic window. 

Further, the urea substituted electron deficient derivative B21 displayed the most effective 

growth inhibitory effect on cancer cell lines (Table 1.10). 

Table 1.10 Cytotoxicity of dyes B21-B24 derivatives against various cell lines 

Dye IC50, μM  

HS683 HCT-15 A549 MCF-7 

B21 0.8 0.9 0.9 0.9 

B22 >10.0 >10.0 8.4 9.1 

B23 5.8 7.7 5.5 6.6 

B24 >10.0 >10.0 >10.0 >10.0 

B1 3.9 5.2 3.8 5.8 

B2 3.7 2.6 2.4 - 

Azab et al.[199] synthesized a series of nine N-substituted naphthalimides B25a-B25i to 

test and examine their antibacterial and antitumor evaluation against various tumor cell lines 

(Chart 1.74). Among set of dyes, B25c, B25e and B25g displayed the most active and broad 

spectrum as antibacterial agents. On the other hand, dyes B25g, B25h and B25i exhibited 

effective cytotoxicity against wide group of tumor cells (Table 1.11). Furthermore, dye B25g 

possessing three methoxy substituents exhibited better growth inhibition of the tumor cell lines 

than dye B25i having two chloro groups. It was found that aromatic electronegative 

substituents at imidic position can alter the activities of the dyes. 
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Chart 1.74 Structures of mononaphthalimides B25a-B25i with different imidic groups 

Table 1.11 Growth inhibition of dyes B25g-B25i against various cancer cell lines 

Dye Growth inhibition, % at 10 μM  

HOP-92 NCI-H522 SN12C UO-31 SNB-75 MCF7 

B25g 30.21 13.61 19.27 21.03 13.16 6.42 

B25h -15.52 5.32 3.72 26.75 6.64 -1.03 

B25i - 4.37 6.09 20.89 39.13 3.55 

 

Chart 1.75 Structures of naphthalimide-based anticancer and cell imaging agents (B26-B27) 

In another work, Fleming et al.[200] reported 4-substituted morpholinonaphthalimide B27 

as effective anticancer and cell imaging agent (Chart 1.75). In DMSO solution, B27 exhibited 

the absorption and emission bands at λ = 399 nm and 534 nm, respectively, attributable to the 

ICT. The dye demonstrated effective visualization of cellular uptake particularly in the 
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cytoplasm of MDA-MB-231 cells as fluorescent green emission. The dye was tested against 

both isoforms of HDAC cell lines with extremely low IC50 of 12 nM for HDAC6 (Table 1.12). 

For other cell lines, IC50 was found in between 0.2 to 2.0 μM, and thus displayed better 

selectivity than reference scriptaid drug B26. 

Table 1.12 Cytotoxicity of dyes B26-27 against HDAC isoforms cell lines 

Dye IC50, μM 

HDAC1 HDAC3 HDAC6 HDAC8 HDAC11 KASUMI-

1 

B26 1.74 ± 0.06 0.37 ± 0.06 0.012 ± 0.002 1.52 ± 0.01 0.36 ± 0.03 0.49 

B27 1.43 ± 0.13 0.32 ± 0.04 0.012 ± 0.001 1.81 ± 0.17 0.29 ± 0.02 0.29 

 

Chart 1.76 Structures of naphthalimide-based dyes (B28-B32) for cell imaging 

Un et al.[201] synthesized a set of naphthalimide-based fluorescent dyes B28-B31 for 

HeLa cell imaging (Chart 1.76). The dyes displayed a highly sensitive and selective 

fluorescence turn-on response toward Histidine in aqueous solution and acted as a pH sensor in 

vivo. When HeLa cells were treated with B28, a bright green fluorescence was observed due to 

an effective ICT, similar to that of B27. Moreover, B28 exhibited good cell viability with a 

low cytotoxicity making it an ideal candidate for live cell imaging. 

Zhou et al.[202] reported a 4-ethylnaphthalimide derivative B32 as a potent cell imaging 

agent for biological applications (Chart 1.76). To improve its water solubility, the 

naphthalimide was appended with a long hydroxyldiethyl ether functional group at imidic 

position. The dye was tested in both living HeLa cells and larval zebrafish. Specifically, B32 

displayed high cell permeability and specificity for hydrazoic acid. It acted as an imaging 

agent within the cell and exhibited fluorescence enhancement with deep blue emission. 
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Chart 1.77 Structures of 4-substituted aminonaphthalimides (B33-B44) as antitumor agents 

Table 1.13 Cytotoxicity of dyes B33-B44 derivatives against various cell lines 

Dye IC50, μM  

HL-60 HeLa MCF-7 

B33 5.70 8.10 5.72 

B34 2.98 2.89 2.48 

B35 2.67 4.06 2.41 

B36 4.04 4.71 2.56 

B37 12.02 7.90 8.35 

B38 7.05 5.45 2.79 

B39 5.13 4.5 3.76 

B40 6.63 16.84 4.52 

B41 >50 46.43 >50 

B42 5.32 9.13 3.57 

B43 21.61 23.37 9.66 

B44 5.53 8.52 5.15 

B1 17.96 10.67 11.88 

Chen et al.[203] synthesized 4-substituted aminonaphthalimides-based antitumor agents 

B33 and B44 inhibiting the proliferation of various cancer cell lines more effective than 

amonafide drug (Chart 1.77). The dyes exhibited a green fluorescence surrounding the nucleus 

of HeLa cells as they are localized in the cytoplasm of the cells. Notably, the dye B34 

displayed the most effective cell growth inhibition with low drug loading against five 

cancerous cell lines, namely, HeLa, HL-60, MCF-7, MKN45 and LS174 (Table 1.13). All the 

dyes except B41 and B43 exhibited better anticancer activities with low IC50 than amonafide 

loadings. It was observed that mono-amine containing dyes resulted in low cell inhibitory 
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growth than those of B33-B40 possessing polyamines. The analysis depicted that the 

cytotoxicity of dyes was dependent on the nature and length of the side chains. 

Chart 1.78 Structures of 4-substituted amino naphthalimides (B45-B50) as anticancer agents 

Berry et al.[204] synthesized a series of fluorescent urea and thiourea naphthalimide-based 

trans-membrane anion transporters B45-B50 (Chart 1.78). The dyes containing aromatic fluoro 

substituents induced cytotoxicity in cancer cell lines, namely A549 and MCF-7. In line with 

this, B50 also induced apoptosis in A549 cells. It was found that the most lipophilic, aromatic-

substituted transporters were found localized homogeneously throughout the cell and were 

toxic towards cancer cells. On the other hand, the least lipophilic alkyl-substituted transporters 

(B45 and B48) were localized in specific vesicles and were found non-toxic to cancer cells. 

Among all the dyes, the highly fluorinated B50 was the most effective compound towards 

cancer cells with low IC50 value against A549 and MCF-7 cell lines (Table 1.14). It is worth to 

mention here that thiourea naphthalimide-based derivatives B48-B50 were more potent 

towards cytotoxicity compared to urea-based derivatives B45-B47. 

Table 1.14 Cytotoxicity of dyes B45-B50 derivatives against lung and breast cancer cell lines 

Dye IC50, μM  

A549 MCF-7 

B45 >50 >50 

B46 >50 >50 

B47 22.6 ± 7.5 40.3 ± 3.0 

B48 17.1 ± 3.0 12.7 ± 2.1 

B49 7.7 ± 4.1 31.2 ± 3.2 

B50 7.6 ± 1.1 12.3 ± 1.5 
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Chart 1.79 Structures of naphthalimide derivatives (B51 and B52) possessing leucine side 

chain as anticancer agents 

Wu et al.[205] synthesized chiral naphthalimide derivatives B51 and B52 possessing 

leucine side chain at imidic position with amino and thio-substituted chains at core position, 

and explored to them as effective antitumor agents against HeLa, P388, HL-60, A549, HCT-8, 

MCF-7, and A375 cancer cell lines (Chart 1.79). Among the set of dyes, the dye possessing 

thiophenyl substituent (B52) displayed superior antitumor activities against MCF-7 cells over 

other cell lines. However, B51 displayed good cytotoxicity against MCF-7 and A375 cell lines 

with low IC50values of 8.64 and 6.51 μM, respectively. The dyes with amino chain B51 

exhibited good cell growth inhibitory activity with low IC50 values (Table 1.15). 

Table 1.15 Cytotoxicity of dyes B51 and B52 derivatives against various cell lines 

Dye IC50, μM in various cell lines  

HeLa MCF-7 P388 HL-60 HCT-8 A375 A549
a
 

B51a >50 8.64 >50 >50 >50 >50 >50 

B51b 6.74 15.02 7.67 22.79 >50 6.51 1.00 

B51c 8.09 8.65 7.23 17.83 >50 6.60 >50 

B52a >50 24.55 >50 >50 >50 >50 >50 

B52b >50 9.45 >50 >50 >50 >50 >50 

B52c >50 12.56 >50 >50 >50 >50 >50 

a 
cytotoxicity against cell line by sulphorhodamine B method after 72 hrs instead of MTT method after 48 hrs 

Intrigued by an excellent cytotoxicity of B59, compared to amonafide and mitonafide, 

against various cell lines, Ott et al.[206] developed a series of thio-substituted naphthalimides 

B53-B59, and tested them for cell imaging, cellular uptake and as antitumor drugs (Chart 

1.80). All the dyes except B56 displayed a blue fluorescence under microscopic cell uptake by 

MCF-7 cells. The antiproliferative effects of dyes on MCF-7 and HT-29 cells were also 

studied. Although the reported dyes displayed a higher value of IC50 than B59, they were 
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highly active against tumor cells. Specifically, the dyes displayed a low IC50 in the range of 2-5 

μM, which were found to be compatible with other antitumor agents such as cisplatin, 5-

fluorouracil and amonafide (Table 1.16). However, B58 lacking basic imidic unit did not 

display any antitumor activity, similar to B52 dyes. These derivatives were also tested as 

efficient DNA photocleavers. It was demonstrated that the non-ring fused thionaphthalimides 

are useful for efficient cytotoxic and photocleaving activities. It is interesting to note that the 

effect of cytotoxicity against cancerous cell lines was enhanced by multifold for B57 with 

increasing incubation time compared to other derivatives. 

 

Chart 1.80 Structures of sulfur-substituted naphthalimides (B53-B59) as antitumor agents 

Table 1.16 Cytotoxicity of dyes B53-B59 derivatives against various cell lines 

Dye 

IC50, μM  

MCF-7 HT-29 

24/72 hrs 96 hrs 24/48 hrs 72 hrs 

B53 4.5 4.4 2.2 1.9 

B54 5.7 2.6 4.3 4.6 

B55 6.7 3.4 4.8 4.1 

B56 4.8 2.6 2.8 2.9 

B57 7.3 2.7 5.5 4.4 

B58 >50 >50 >50 - 

B59 0.17 0.20 0.23 0.62 
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Chart 1.81 Structures of 4-phenyltriazol-naphthalimide derivatives (B60a-B60e) as anti-

cancer agent 

A series of 4-phenyltriazol-naphthalimide derivatives B60a-B60e were demonstrated as 

effective anti-cancer agent against MCF-7, HeLa and 7721 cancer cell lines by Li et al.[207] 

(Chart 1.81). All the derivatives were found to be potent over amonafide with low IC50 of upto 

1 μM (Table 1.17). Whereas B60a displayed the most effective cytotoxicity against all the 

three set of cell lines, B60d possessing ethanol as side chain exhibited poor antitumor activity 

with IC50 of > 100 μM. The enhanced cytotoxicity of these derivatives was attributed due to 

the antitumor activity of triazole moiety as well as the naphthalimide unit having the basic 

substituents. 

Table 1.17 Cytotoxicity of dyes B60a-B60e derivatives against various tumor cell lines 

Dye IC50, μM  

HeLa MCF-7 7741 

B60a 1.02 0.323 0.463 

B60b 26.56 1.09 1.892 

B60c 19.56 19.51 32.92 

B60d >100 >100 >100 

B60e 96.7 0.836 1.545 

B1 1.73 1.68 4.27 

 

Chart 1.82 Structures of C4-benzazole naphthalimide derivatives (B61-B66) 
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Lu et al.[208] synthesized a C4-benzazole naphthalimide derivative B61-B66 and used 

them as in vitro and in vivo anticancer drugs (Chart 1.82). Among the series, B65 and B66 

were capable of suppressing lung tumor metastasis with low cytotoxicity compared to other 

analogs. Specifically, both the compounds having the same naphthalimide moiety as that of 

amonafide exhibited comparable biological activity against murine B16F10 melanoma cells in 

vitro. The cytotoxic activity of these derivatives was found to be dependent on side chain. The 

derivatives B61-B64 were found to be non-toxic even at high concentration of 40 μM. Both 

B65 and B66 exhibited a strong affinity towards B15F10 cell lines with relatively low IC50 

value of 7.8 and 4.5 μM, respectively, than that of B1 (IC50 = 6.7 μM). 

 

Chart 1.83 Structures of maleimide-coupled naphthalimide derivatives (B67–B68) as cell 

imaging agent 

Liu et al.[209]
 

reported a maleimide coupled naphthalimide B67 as a two-photon 

fluorescent probe for cysteine detection (Chart 1.83). The dye displayed a weak emission at λ = 

470 nm, which was enhanced by multi-fold upon addition of cysteine, due to restricted PET. 

B68 possessed a selective fluorescent turn-on response towards cysteine. The dye B68 was 

used in live imaging of HeLa cells, with red emission localized onto cell membrane. 

 

Chart 1.84 Structures of D-π-A naphthalimide-based TICT AIEgens (B69–B70) for cell 

imaging 

In 2013, Li et al.[210] reported a naphthalimide-based bioprobe B69 based on AIE for cell 

membrane tracking, lasting for 4 days (Chart 1.84). Due to its highly twisted molecular 

skeleton, B69 dye exhibited a TICT, and a positive solvatochromism in polar excited state. On 

moving from hexane to ACN, the dye displayed a significant bathochromic shift (Δ 94 nm). 
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However, the AIE properties of dye B69 was only recognized when a binary aqueous solvent 

system (1:1, v/v) was used. The dye exhibited good photostability and strong fluorescence 

making it suitable for imaging experiments. Specifically, B69 displayed a low cytotoxicity 

against HepG-2 cell lines even at high loadings of 10-50 μM for 24 h. 

In their successive work, Li et al.[211] reported yet another naphthalimide AIEgen, B70 

with TICT properties (Chart 1.84). In particular, the dye was composed of pyrene donor, 1,8-

naphthalimide acceptor and fluorene as a linker. Such D-π-A architecture displayed a 109 nm 

red shift in solvatochromism and exhibited a strong emission band at 510 nm in aggregated 

state and high quantum yield of up to 0.62. When adsorbed onto SiO2, the B70 formed an AIE-

active nano-composite structure (B70@SiO2), which exhibited both anti-photobleaching 

ability and good biocompatibility. The composite was effectively utilized as mitochondria 

imaging reagent in experimented on KB and HeLa cells. 

Chart 1.85 Structures of D–π–A naphthalimide derivatives (B71-B74) for cell imaging 

Zheng et al.[212] demonstrated a vinyl-substituted naphthalimide based dye B71 as a 

lysosome marker to distinguish cancer cells from non-cancer cells in cell imaging (Chart 1.85). 

The dye exhibited a typical D−π−A-structured skeleton with ICT emission in yellow region. 

The dye displayed an excellent cell permeability and only accumulated in lysosomes of 

cancerous cells such as HeLa, MCF-7 and 4T1. 

In another work, Lin et al.[213] further reported three typical D–π–A-structured 1,8-

naphthalimide derivatives B72-74 (Chart 1.85). The dyes showed an excited state positive 

solvatochromism, depicting the bipolar nature of the excited state. Whereas, the absorption 

spectra of B73 were blue shifted to 400nm ascribed to the electron-withdrawing nature of 

nitrobenzene. B74 displayed a distinct positive solvatochromism due to having relatively a 

strong donor, triphenylamine. In the solid state, the dye B74 emitted intensely having an 

orange fluorescence in the solid state centered at 597 nm. The large red shift in the solid state 

emission of B74 could be attributed to the enhanced intermolecular interactions. The dyes 

B71-B74 were found to display AIE properties due to the molecular twisting and non-

planarity. This property of the molecules was explored for bioimaging. All the dyes were 
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found to penetrate the cellular membrane and showed cellular uptake. Among the set of dyes, 

B74 resulted in bright imaging of cancer cells. 

1.5.2 Bis-naphthalimide-based derivatives 

Considering the superior cytotoxicity of B13 over B1 and B2, in terms of improved activity 

of bis-naphthalimides, a gallery of such derivatives was developed by differing length and size 

of alkylamino linkers or the introduction of substituents and fusion of rings on the 

naphthalimide core. 

 

Chart 1.86 Structures of bis-naphthalimide derivatives as anticancer agents (B75-B80) 

Dance et al.[214] reported analogs of elinafide, bis-naphthalimidopolyamines B75-B80 

and bisoxynaphthalimidopolyamines B78-B80 to evaluate them against MCF-7 carcinoma 

cells (Chart 1.86). Bis-oxynaphthalimide polyamines exhibited poor cytotoxicity compared to 
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analogs B76 and B78 and exhibited high IC50 values of >30 μM (Table 1.18). Interestingly, the 

dyes displayed more potency towards cancer cells after 48 hrs of exposure with lower IC50 

values. B130 displayed IC50 value of 10.0 μM when exposed for 72 hrs. These derivatives 

were found to stabilize DNA and localized inside the nucleus. The potency of cytotoxicity was 

dependent on nature and length of linker since oxypolyamine derivatives displayed less 

toxicity compared to polyamine derivatives having low IC50 of 5.5 and 0.73 μM for B76 and 

B77, respectively (Table 1.18). 

Table 1.18 In vitro cytotoxicity of polyamine derivatives B76-B80 against breast cancer cell 

lines 

Dye IC50, μM against MCF-7 cells 

24 hrs 48 hrs 

B76 13.32 ± 0.63 5.5 ± 0.5 

B77 1.50 ± 0.42 0.73 ± 0.17 

B78 >50 >50 

B79 >50 29.55 ± 8.01 

B80 32.12 ± 6.14 ±5.60 

Rong et al.[215] synthesized a series of naphthalimide derivatives B81a-B81f to examine 

their cytotoxic activities against Hela, MCF-7, SGC-7901 and A549 cells (Chart 1.87). All the 

compounds exhibited selective cytotoxic activities in the tested cell lines and exhibited lower 

cytotoxic activities against MCF-7 cells except for B81a. In the tested cell lines, B81a 

displayed a better cytotoxic activity than the control drug (Table 1.19). DNA binding 

properties, fluorescence imaging and collective apoptosis were also investigated for the dyes. 

B81a as a DNA intercalator showed fluorescence enhancement upon binding with Ct-DNA 

and exhibited different impacts on the cell cycle when compared with B1. No significant 

hematoxicity and cardiotoxicity were observed for compound B81a. 

Table 1.19 In vitro cytotoxicity of dyes B81a-B81f against various cancer cell lines 

Dye IC50, μM  

HeLa MCF-7 SGC-7901 A549 

B81a 2.31 ± 0.39 2.94 ± 0.16 0.88  ± 0.31 1.21 ± 0.04 

B81b >50 >50 3.63  ± 0.18 3.20  ± 0.02 

B81c >50 >50 4.46  ± 0.17 4.71  ± 0.02 

B81d >50 9.07 ± 0.05 2.30  ± 0.38 3.05  ± 0.03 

B81e 1.05  ± 0.24 13.97  ± 0.23 2.47  ± 0.28 0.60  ± 0.05 

B81f 3.65 ± 0.12 32.92  ± 0.10 23.23 ± 0.29 1.59  ± 0.12 

B1 4.36 ± 0.13 8.02 ± 0.038 5.32 ± 0.20 1.59  ± 0.07 
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Chart 1.87 Structures of bis-naphthalimides B81 with different imidic groups as anticancer 

agents. 

Suzuki et al.[216] reported the properties of 3-nitronaphthalimide derivatives B82 and B83 

as potent anti-cancer agents both in vitro and in vivo against AZ521 gastric cancer cells and 

LOX melanoma cell line (Chart 1.88). In particular, B82 displayed a strong cytotoxicity with 

extremely low IC50 value of 3 nM in both the cell lines. The interactions of dyes with various 

DNA fragments were also tested. B83 displayed a relatively stronger affinity towards G-C 

nucleobases than A-T fragments. 

 

Chart 1.88 Structures of 3-nitrobisnaphthalimide derivatives (B82 and B83) 
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1.6. Conclusions and outlook 

Over the years, naphthalimide ensembles have gained a great deal of attention devoted to 

its photophysical, electrochemical, and theoretical studies because of their potential as n-type 

semiconductors. Naphthalimide derivatives have found numerous applications in organic 

electronics, biology and supramolecular chemistry. Employing naphthalimide as acceptor to 

design molecules along with other acceptors or donors has resulted into a huge gallery of small 

molecules for solar cells. Apart from their diverse applications, naphthalimide based 

derivatives exhibit high molecular and chemical versatility as they can be functionalized at 

both core and imidic positions to alter the molecular and electronic properties. Both conjugated 

and non-conjugated structures have been obtained by core and N-imide functionalization of the 

moiety. Conjugated donor–acceptor hybrids have been synthesized by directly linking the 

chromophores to the core positions of the naphthalimide moiety. A variety of bipolar, D-A 

molecules based on naphthalimide have been demonstrated as promising emitters and hosts in 

FOLEDs and PhOLEDs. Also, the naphthalimide derivatives have been used as electron-

transporting layers in OLEDs and memory devices. Furthermore, they have been of major 

importance for establishing structure–property relationships and extrapolations of their 

outstanding properties including TICT, AIEgens and self-assembling. The naphthalimide-

based conjugated materials have been found to be potent fluorescent cell imaging and as 

anticancer agents for medicinal applications. The feasible synthesis and tunable properties of 

naphthalimide-based materials make them promising functional materials. It is believed that 

further exploration of such materials will provide enhance the possibilities for organization of 

the core with molecular-level precision through rational design strategies in near future. 
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The organic materials are known to be explored in diverse fields of material science such as 

electronics, sensing, biological, supramolecular and medicinal chemistry. The exploration of 

organic fluorophores in chemo/biosensing, bioimaging and optoelectronic materials with promise 

in various device applications has been a topic of interest for decades. Thus, the development of 

functional materials in the area of material science has increased tremendously over the last 

several decades. The state-of-the-art shows in terms of the molecular architecture, D–A 

derivatives have received more attention than solely D-D or A-A type of molecular scaffolds due 

to presence of prominent ICT. Also, the optoelectronic properties and energy levels of these 

molecules can be adjustable depending upon the nature of donors and acceptors in scaffold. As a 

result, a number of articles have been reported in the literature so far to unveil the structure-

property relationship and their use in the material science. However, among p-type and n-type 

semiconductors, later has received great attention since synthesizing an air stable electron 

deficient molecule is tedious over electron rich dyes.[12-19] An ample amount of research has 

been executed on p-type semiconductors including oligothiophenes,[20-22] triarylamines,[12, 24]
 

carbazoles,[24-28] fluorenes,[29-31] dithienopyrrole,[33-35] and phenothiazine[36-37]. A 

judicious focus on the molecular modifications to alter the properties makes them potential 

candidates as either p-type or n-type semiconductors. Since n-type semiconductors lag behind, 

organic semiconductors with electron transporting property have received great deal of research 

interest in recent years.[16-19, 47-64] The generic requirements of a dye to act as n-type 

semiconductor lies in high electron mobility, high solubility, thermal and chemical stability to 

minimize decomposition. Although p-type materials with high mobility have been successfully 

developed with a wide range of molecular designs, only a few n-type materials have shown 

promising properties. Thus, synthesis of π-conjugated electron acceptors will help to enrich the 

library of existing electron transporting materials. 

Among the known frameworks, imides and amides π-conjugated molecules have received 

considerable attention as promising n-type organic semiconducting candidates (Figure 2.1). 

Within imides, rylene imides such as perylene and naphthalene mono- and bis-imides have been 

among the most explored cores in the development of n-type semiconductors owing to their ease 

of synthesis, chemical stability and strong electron-accepting properties. But due to the large 
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aromatic core, these materials show poor solubility for solution processing and results in severe 

aggregation in solid state. 

 

Figure 2.1 Treadmill of mono-imides as n-type aromatic core. 

Figure 2.2 Core numbering and molecular engineering of naphthalimide unit. 

Naphthalimide is an electron-deficient heterocyclic ring (Figure 2.2). 1,8-Naphthalimide (1H-

benzo[de]isoquinoline-1,3(2H)-dione) compounds are an attractive class of electron-deficient 

organic materials similar to maleimide, phthalimide, and perylene imide is known to be used in n-

type organic semiconducting materials. It can be tuned by functionalization to have wide energy 

gaps and low reduction potentials, making them good candidates for use as n-type materials in 
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organic electronics. It possesses naphthalene as a parent structure which is simple enough to 

functionalize and synthesize a wide variety of derivatives with minimum cost. The anhydridic 

group can be used to tag the fluorophore through the formation of the imide bond to another 

functional fragment and further substitution at 4
th

 position can be preferentially done. The high 

carrier mobilities, electron affinities, promising fluorescence properties, chemical and thermal 

stabilities and easy functionalization at active C-4 and N-atom positions makes it a suitable core. 

The imidic unit in naphthalimide acts as electron deficient part to realize good electron density 

and charge separated state. Although the imidic substituent is orthogonally linked to the N-atom of 

the core, since it helps in altering the properties with high thermal and electrochemical stability. 

Thus naphthalimide based chromophores exhibits dual functionalization (core and imidic) which 

would shift absorption bathochromically as compared to the π-system of naphthalimide which 

only absorbs at ∼340 nm in the UV region. Also, it facilitates the long-range intermolecular 

charge delocalization of π-electron cloud. It has been widely employed as a highly ordered 

skeleton as acceptor moiety in the fabrication of OSCs, BHJSCs, DSSCs, OLEDs, memory 

storage devices, supramolecular chemistry and OTFTs. Further, they have been of major 

importance for establishing structure–property relationships and extrapolations of their properties 

in different areas. The progress of organic naphthalimide-based materials by a detailed description 

of its applications particularly in electronics and biological application are systematically 

summarized and discussed earlier in Chapter 1. 

Naphthalimide core has been extensively investigated as material to be utilized in organic 

electronic devices, sensing and as a bioimaging and anticancer agent. The correlation of 

photophysical, electrochemical and thermal properties with their molecular structure is essential 

for exploration of organic materials for their application in broader field. Extensive studies toward 

new organic materials have been carried out to demonstrate their properties. This thesis surveys 

the different chromophoric and molecular functionalizations carried on naphthalimide with special 

attention to the photophysical and electrochemical properties and the relationship with their 

properties. The studies have allowed us to have a rational design of naphthalimide-based materials 

for various electronic and biological applications (Figure 2.3).  

Herein, we have used 1,8-naphthalimide for synthesizing potential organic materials. We aim 

to synthesize a gallery of dyes based on naphthalimide as an acceptor flanked on or appended by 

different chromophores such as different acceptors like fluorenone, benzothiadiazole, quinoxaline 

and benzotriazole, PAH such as pyrene, heterocyclic donor such as carbazole, electron deficient 
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star-cored triazine and electron donating secondary amine. Thus, we have a set of different 

varieties of naphthalimide based small molecules which are attached to the chromophore directly 

through rigid acetylene linkage by Sonogashira reactions, C-C bond using Suzuki and Stille cross 

coupling reactions. It is aimed to explore how incorporation of core as a basic module in the 

molecular structures of the various designed dyes altered the photophysical, electrochemical and 

thermal properties and leads us on path towards exploration of n-type semiconductors. The 

materials aimed to synthesize for electronics such as OSCs, DSSCs and OLEDs are supposed to 

possess good light-harvesting properties in the region of 250-600 nm in the visible light, 

appropriate HOMO and LUMO energy levels for efficient charge injection, stable redox 

potentials. A high fluorescence quantum yields and excellent thermal properties are expected for 

dyes synthesized for OLEDs. The materials synthesized for cell imaging with variation in 

chromophoric units at imidic position are supposed to display structural influence on morphology 

of the dyes. 

 

Figure 2.3 Pictorial representation of aim and scope of naphthalimide-based materials for 

electronic and biological applications. 

Thus, in this thesis we aim to provide a systematic description of judicious molecular 

engineering which is expected to channelize structure property relationship study. We intend to set 
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a platform where one can correlate how and why the introduction of different chromophores tunes 

the optical and electrochemical properties of the dyes. 
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3.1 Introduction 

After the advent of polyacetylene by Heeger[217]
 
in 1977, π-conjugated semiconducting 

systems have gained considerable attention as revolutionary functional materials for the next 

generation organic electronics.[7, 11] In the field of materials science, small organic molecules 

exhibit defined chemical structures which make them quite attractive in terms of ease of synthesis 

and purification. Additionally improves the easy processing and device-fabrication reproducibility 

as compared to polymers and inorganic materials.[8, 218-226] To date, a large number of π-

conjugated materials based on acenes,[227, 228] thienoacenes,[20, 229] heteroaromatics[1, 3]
 
and 

imide derivatives[59, 64]
 

has been synthesized and successfully expanded the pool of π-

conjugated systems for organic electronics. A variety of aromatic π-conjugated small molecules 

have been investigated due to their easily tunable photophysical, electrochemical and electrical 

properties. These molecules exhibit interesting optical properties attributable to the narrow band 

gap. Also, the self-assembling properties of the small molecules into supramolecular materials 

have flagged its importance due to their high aspect ratio, unique optical and electronic 

properties.[230-269] It is documented that vinyl linked aromatic conjugating system displays 

enhanced charge mobilities than single bond bridged molecules due to the extension of π-

system.[270, 271]
 
Since these type of molecules exhibit rapid radiationless decay therefore, the 

incorporation of rigid triple bond maintains the molecular planarity and rigidity and thus nullifies 

the radiative relaxation.[272, 273] Also, the delocalization of electron density over the whole π-

extended molecule enhances the intermolecular charge transport properties. The incorporation of 

alkyne group between aromatic building blocks is more adaptable to conformational and steric 

constraints than the alkene moiety due to the electronic symmetry. Moreover, the high stability of 



Bis-Naphthalimides Bridged by Electron Acceptors Chapter 3 

 

104 
 

these promising materials makes them attractive for potential application as organic 

semiconductors. 

The organic materials possessing D-A architecture is well known for tons of application owing 

to accessibility of variety of blends. Although a molecular library comprising solely D-D or A-A 

is also reported but lack in comprehensive analyses.
 
Since n-type organic semiconductors are far 

behind than their counterparts due to their mismatched energy levels, low mobility and poor 

solubility for solution processing and thus the stability factor.[16-19] Imides and π-conjugated 

molecules have received considerable attention. Other than this, several electron deficient moieties 

such as benzothiadiazole,[104, 172] diketopyrrolo[3,4-c]-pyrrole-1,4-dione,[105, 169] 

benzotriazole,[274-281] fluorenone,[260, 261] and quinoxaline,[23, 282, 283] have been explored 

as electron acceptor units. A number of polymers using benzotriazole as acceptor with different 

electron donating group to tune the polymeric properties are documented in literature.[284-294] 

Yet, only few reports are documented on benzotriazole-based small molecules.[277-281] 

Several novel non-fullerene electron acceptors and small molecules based on naphthalimide 

and bis-naphthalimide derivatives are already discussed in Chapter 1. But no reports have 

addressed the study of effect of different acceptors in synergy with naphthalimide as small 

molecules and oligomers. Further, only few reports have addressed the crystalline nano or 

microscale n-type organic semiconductors. Therefore, we have opted to design a class of electron 

acceptors that could fulfil the lacuna addressed. The supramolecular self-assembly of π-

conjugated alkynyl-linked dyes (D1-D8) into defined dimensional nanostructures provides a 

potential strategy to tune the optical and electronic properties shown in Chart 3.1. There are few 

reports known for the self-assembled well-defined nano-morphology of the organic 

chromophores. Chen et al.[295] revealed the tunable solvent-processed molecular aggregates 

depending on the self-assembly of carbazole-benzothiadazole ICT hybrids, D2 and D3 which is 

found to be different from their analog dye, D1. Zhao et al.[296] synthesized anthracene-based 

dyad, D4a which exhibited optical waveguiding and self-assembled to form microrods and 

microtubes depending on the solvent processing techniques. Later, Wang et al.[297] reported the 

self-assembly behaviors of anthracene-based cruciform, D4a-D4c with tunable molecular 

configuration to design single crystals as nanowires, ribbons and hexagon, respectively 

attributable to different π-π stacking direction owing to highly planar and rigid system. In 2014, 

Zhu et al.[298] synthesized rod-like anthracene-based oligomers, D5a-D5d to demonstrate the 

effect of length of substitution on the formation of supramolecular assemblies. Torres et al.[280, 
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281] reported rod like T-Shaped 2H-benzo[d][1,2,3]triazole derivatives, D6a-D6d, D7a-D7c and 

D8a-D8i to study their photophysical, optical waveguide and self-assembly properties. 

Chart 3.1 Structures of alkynyl-linked related linear dyes. 

Considering the benefits of having a large planar and heteroaromatic system for facile and 

tunable properties, imide-based PAH cores are considered superior. Imide-based dyes are 

highlighted to show self-assembling supramolecular systems with the aid of various 
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methods.[299-312] From the literature survey, it is observed that the general strategy for 

designing a molecular system for effective intermolecular interactions is to have a larger, 

planar and extended π-core which enhance π-stacking and reduce steric interactions. The 

acetylene-based functionalized large aromatic core assemblies enhances π-π interactions, 

reduces the intermolecular spacing between molecules and therefore strengthening the non-

covalent interactions. In this Chapter we describe the synthesis and characterization of 4-

ethynyl-1,8-naphthalimide-based planar dyes obtained by palladium catalyzed Sonogashira 

cross-coupling reaction. A series of rod-like π-conjugating end-capped naphthalimide dyes are 

shown in Figure 3.1. In order to study the effect of electron withdrawing groups on bis-

naphthalimide, we have synthesized small molecules bridged by different acceptors and 

investigated their optical and self-assembly properties.[313] They form self-assembled 1D to 

3D nanostructures in a facile manner attributed to the effective intermolecular π-π stacking. 

While, we extended our approach to enrich the library of electron deficient conjugated 

molecules incorporating a strong 1,8-naphthalimide and a weak 1,2,3-benzotriazole as 

acceptors linked by ethynyl group for the following reasons: (a) The presence of lone pair on 

the nitrogen atom (N-2) of benzotriazole weaken the electron acceptor ability of the moiety 

and (b) it provides an additional advantage over other acceptor moieties as it helps in 

incorporating symmetrically distributed alkyl chains which assists the molecular structure to 

attain a more planar and close packing of the molecule. We intend to investigate the effect of 

the increasing number of benzotriazole unit on the properties of the dyes. All the dyes exhibit 

remarkable optical, electrochemical and thermal properties. The planar skeletons show high 

degree of crystallinity and solubilities in various organic solvents owing to the n-ethylhexyl 

chain introduced at N-position. 
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Figure 3.1 Structures of bis-naphthalimide end-capped dyes. 

3.2 Results and Discussion 

3.2.1 Synthesis and Characterization 

3.2.1.1 Small molecules with different electron withdrawing groups 

The synthetic pathway used for preparing the dyes (3a-3d) is shown in Scheme 3.1. Firstly, the 

acetylene derivative, 2 was synthesized by a two-step reaction involving Sonogashira 

coupling[314] of 4-bromo-N-(2-ethylhexyl)-1,8-naphthalimide (1) with trimethylsilyl acetylene. 

The later compound, 1 was synthesized by imidization of 4-bromonaphthalene anhydride 

according to literature procedure.[315] Finally, the naphthalimide-based functional materials were 

conveniently synthesized by Sonogashira cross-coupling reaction between 2 and respective aryl 

dibromides[316-319]
 
using Pd(PPh3)2Cl2/PPh3/CuI catalytic system in good to excellent yields. 

For 3b 4-((7-bromo-9-oxo-9H-fluoren-2-yl)ethynyl)-N-(2-ethylhexyl)-1,8-naphthalimide was 

synthesized as major product due to the low reactivity of respective arylene dibromide. The dye 

3a was obtained as homocoupled byproduct in the cross coupling reactions targeted for the 

synthesis of other dyes 3b-3d.   
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3.2.1.2 Oligomers with variable number of acceptors 

The synthetic protocol followed for synthesizing the set of naphthalimide end-cappred 

benzotriazole-based oligomers is depicted in Scheme 3.2. The starting materials 2 and 4,7-

dibromo-2-butyl-2H-benzo[d][1,2,3]triazole, 4 were synthesized according to a literature 

procedure.[373, 374] While 2-butyl-4,7-diethynyl-2H-benzo[d][1,2,3]triazole, 5 was synthesized 

via a two-step reaction involving the Sonogashira coupling of 4 with trimethylsilyl acetylene 

followed by deprotection to yield the desired product. The resulting functional dyes were obtained 

by utilizing Sonogashira coupling procedure. Compound 2 was reacted with 4 in different 

stoichiometric ratios to yield a bromo-intermediate 4-((7-bromo-2-butyl-2H-

benzo[d][1,2,3]triazol-4-yl)ethynyl)-N-(2-ethylhexyl)-1,8-naphthalimide, 6 and dye 4,4'-((2-butyl-

2H-benzo[d][1,2,3]triazole-4,7-diyl)bis(ethyne-2,1-diyl))bis(N-(2-ethylhexyl)-1,8-naphthalimide, 

7 in good yields. Further, the intermediate 6 was converted to terminal acetylene 4-((2-butyl-7-

ethynyl-2H benzo[d][1,2,3]triazol-4-yl)ethynyl)-N-(2-ethylhexyl)-1,8-naphthalimide, 8 by 

Sonogashira coupling reaction with trimethylsilyl acetylene via formation of intermediate 4-((2-

butyl-7-((trimethylsilyl)ethynyl)-2H-benzo[d][1,2,3]triazol-4-yl)ethynyl)-N-(2-ethylhexyl)-1,8-

naphthalimide, 7. The compound 8 was coupled with bromo derivative 6 to yield oligomer, 10 and 

homo coupled product, 11. The final dye of the series, 12 was obtained by coupling 6 with 5 in 

moderate yield. 

All the dyes are intensely colored (yellow or orange) and exhibited bright solid state 

luminescence. The dyes were thoroughly characterized by various spectroscopic techniques 

such as 
1
H and 

13
C NMR spectroscopy, IR spectroscopy and HRMS and the data is found to 

be consistent with the proposed structures. All of the molecules are reasonably soluble in 

common organic solvents such as Tol, DCM, CHCl3, THF, and DMF and are highly 

fluorescent both in solution and solid state. 
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Scheme 3.1 Synthesis of the small molecules. 

Table 3.1 Optical and electrochemical data of the dyes 3a-3d recorded in DCM. 

Dye λmax, nm (ε max, M
-1

cm
-1

 × 10
3
) 

λem, nm 

(ΦF, %)
a
 

Stokes shift, 

cm
-1

 
Eox,

b 
V Ered,

b
 V HOMO,

d
 eV LUMO,

c 
eV 

E0-0,
e 

eV 

3a 
423 (42.4), 392 (47.8), 371 

(28.9) 

438, 464 

(sh) (62) 
810 1.51 ‒1.43 ‒6.31 ‒3.37 2.94 

3b 
445 (sh) (20.9), 400 (70.0), 291 

(41.8) 
540 (24) 6798 

1.17, 

1.31 
‒1.50, ‒1.66 ‒5.97 ‒3.30 2.67 

3c 

463 (39.8), 439 (46.4), 380 

(18.1), 354 (15.6), 329 (14.6), 

279 (14.6) 

490, 518 

(sh) (70) 
1237 1.23 ‒1.32, ‒1.84 ‒6.03 ‒3.48 2.55 

3d 
470 (41.5), 447 (41.9), 422 

(39.5), 398 (35.8), 302 (32.7) 

500, 526 

(sh) (82) 
1322 1.16 ‒1.48, ‒1.84 ‒5.96 ‒3.32 2.64 

a 
Relative quantum yield was obtained by comparing with standard coumarin-6, 

b 
Redox potentials are reported with reference to the ferrocene 

internal standard using tetrabutylammonium perchlorate as electrolyte. 
c 

Deduced from the reduction potential using the formula LUMO= -(4.8 - 

|Ered|). 
d 
Obtained from the DPV oxidation potential peak. 

e 
Calculated using formula E0-0= EHOMO-ELUMO. 
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Scheme 3.2 Synthetic scheme of the oligomers. 
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Table 3.2 Absorption and emission data of the dyes 3a-3d recorded in different solutions, thin film and solid state. 

 

Dyes 

 λmax, nm (εmax, M
−1

 cm
−1

 × 10
3
)  λem, nm (ΦF, %)

 a
 

Tol THF CHCl3 DMF Thin film
 
 Tol THF CHCl3 DMF Thin film

 a
 Solid 

3a 424 (36.3), 392 

(40.5), 373 

(25.0) 

420 (41.9), 389 

(50.3), 369 

(32.5) 

425 (49.9), 

394 (57.4), 

372 (34.8) 

423 (45.4), 

392 (52.6), 

372 (33.6) 

441, 408, 

384 

436, 

464 

434, 

462 

440, 

466 

447, 

466 

519, 547 534 

(05) 

3b 444 (sh) (16.4), 

398 (53.9), 289 

(30.6) 

439 (sh) (17.0), 

395 (49.2), 289 

(28.4) 

400 (56.5), 

292 (34.6) 

518, 438, 

402, 295 

524, 483, 

429 

510, 

540 

511, 

540 

544 551 554 578 

(01) 

3c 466 (40.6), 441 

(45.5), 380 (sh) 

(18.4), 356 

(17.4), 334 

(15.5), 285 

(17.4) 

462 (40.6), 438 

(45.2), 376 (sh) 

(17.1), 354 

(15.5), 328 

(14.8), 279 

(14.7) 

466 (43.4), 

441 (51.8), 

379 (20.5), 

356 (18.2), 

329 (16.8), 

281 (16.7) 

464, 439, 

332, 276  

494, 460 485, 

514 

489, 

517 

491, 

519 

494 566 592 

(31) 

3d 471 (28.9), 448 

(29.5), 423 

(28.5), 401 

(25.9), 303 

(25.7) 

469 (25.2), 445 

(25.6), 421 

(24.6), 398 

(22.7), 302 

(20.8) 

471 (39.8), 

449 (40.2), 

422 (37.9), 

399 (33.8), 

303 (31.9) 

517, 472, 

447, 443, 

420, 302 

504, 471, 

447, 416 

498, 

532 

502, 

532 

498, 

525 

507 532, 565 589 

(24) 

a 
Absolute quantum yield of dyes obtained using integrating sphere
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3.2.2 Photophysical Properties 

3.2.2.1 Effect of electron withdrawing groups 
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Figure 3.2 (a) Absorption and (b) emission spectra of dyes recorded in DCM. 

The UV-visible absorption and emission spectra of the dyes were measured in DCM and 

displayed in Figure 3.2. The corresponding optical parameters are listed in Table 3.1. The 

absorption spectra of dyes are complex with multiple overlapping π-π* transition bands 

ranging from 350 to 500 nm. Naphthalimide moiety shows absorbance band at 350-366 

nm.[67] In the present dyes additional red-shifted absorption peaks were noticed. Among 

the dyes, the dyes containing benzothiadiazole (3c) and dibenzo[a,c]phenazine (3d) in the 

conjugation pathway exhibited most red-shifted absorption peaks. The bathochromic shift 

is attributed to the extension of conjugation by introduction of an additional electron 

accepting π-conjugating chromophore. Additional peaks attributable to the localized 

absorptions originating from the fluorenone and dibenzo[a,c]phenazine chromophores 

were observed for the compounds 3b and 3d.[260, 320]
 
All the dyes except the fluorenone 

derivative are brightly luminescent in dilute solutions. The fluorescence spectra recorded 

for the compounds 3a-3d in dilute DCM solution is displayed in Figure 3.2(b). The 

emission peak wavelengths showed the trend similar to that of the absorption with the 

exception of 3b. The emission profiles of the compounds 3a, 3c and 3d exhibited vibronic 

features attesting the rigidity of the molecules.[321] However, 3b featured broad 

structureless emission. The Stokes shift is also significantly large for 3b in the series. 

Additionally the quantum yield of 3b is lowest in the group. The above observations 
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suggest that the dye 3b probably undergoes structural relaxation in the excited state prior to 

emission.[321]
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Figure 3.3 Normalized absorption spectra of dyes as drop-casted thin films. 

Further, the UV−vis absorption and emission spectra of compounds in thin film, and 

solid state (Figures 3.3, 3.4, Table 3.3) are carried out to understand the intermolecular 

interaction and the self-assembly process. A red-shifted absorption bands by 20-70 nm 

observed in thin film as compared to solution spectra attributed to stronger electronic 

interaction between the individual molecular skeleton in the solid state.[124, 253, 322]
 

Also, the broad featureless absorption band with emergence of new band was observed 

attributed to the intermolecular π-π packing interactions
 
or J-aggregation[323, 324] as 

reported in literature.[325] Such an ordered packing of small molecule is effective for long 

range charge carrier mobility and self-assembly. It is well known that the fluorescence 

spectral shifts and changes in the quantum yield for solid with respect to solution depend 

on the molecular packing in the solid state.[301, 326]
 
The presence of strong π−π 

interactions between cofacially stacked molecules leads to red-shifted fluorescence and a 

decrease in emission yield.
 
In thin film emission spectra of the compounds (Figure 3.4(a)), 

a bathochromic spectral shift and broadening clearly indicates the presence of 

intermolecular interactions. Furthermore, the emission of the compounds in the solid state 

(Figure 3.4(b)) is further red-shifted when compared to that in thin film; accompanied by a 

significant broadening of fluorescence band with large FWHM (~90 nm) which is common 

for solid emitting materials.[327-330] Moreover ΦF for solid is found to be quenched 
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(Table 3.2) in comparison to ΦF in DCM solvent supporting the molecular self-assembly 

arising from the strong π-π intermolecular interactions. 
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Figure 3.4 Emission spectra of the dyes as (a) drop-cast thin films and (b) solid powder. 

To investigate the effect of solvent polarity on the optical properties of the molecules the 

solvatochromic study was performed for all of the dyes in solvents of different polarity (Figures 

3.5, 3.6) and the data obtained is displayed in Table 3.2. The absorption spectra showed negligible 

changes in the profiles on changing the polarity of the solvent suggesting that the ground state of 

these molecules is relatively non-polar and devoid of significant solvent effects. However, the 

emission spectra showed a positive solvatochromism[330] particularly for fluorenone derivative 

attributed to the stability of the more polarized excited state by the polar solvents than in the 

ground state. All of the compounds except 3b showed vibronic transitions in the emission spectra 

recorded in different solutions particularly in less-polar solvent proving the rigidity of the 

structure.
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Figure 3.5 Absorption spectra of dyes 3a-3d recorded in different solutions. 
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Figure 3.6 Normalized emission spectra of dyes 3a-3d recorded in different solutions. 
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Table 3.3 Optical and electrochemical data of the oligomers, 8-12 recorded in DCM. 

Dye λmax, nm, (εmax, 

M
-1

cm
-1

 × 10
3
) 

λem, nm; 

ΦF, %
a
 

Stokes 

shift, 

cm
-1

 

λmax,
b
 

nm 

λem,
b
 

nm 

Stokes 

shift, 

cm
-1

 

λem,
c
 nm Ered, V

d 

(ΔEp) 

LUMO,
e
 

eV 

HOMO,
f
 

eV 

E0-0,
g
 

eV 

8 423 (sh) (31.5), 

392 (42.9), 313 

(10.8), 244 (48.7) 

440, 465 

(sh); 59 

913 441, 

414 

525 3628 527 -1.48 (54), 

-1.56 (52) 

-3.36 -6.27 2.91 

9 451 (43.2), 427 

(49.4), 312 

(10.2), 243 (42.6) 

475, 500 

(sh); 71 

1169 478, 

446 

550 2739 564 -1.50 (81) -3.30 -6.01 2.71 

10 463 (45.8), 438 

(57.9), 314 

(13.8), 243 (43.5) 

487, 515 

(sh); 86 

1055 506, 

468 

570 2219 596 -1.52 (125) -3.28 -5.92 2.64 

11 465 (41.5), 437 

(54.3), 313 

(12.7), 242 (39.7) 

489, 520 

(sh); 88 

963 505, 

469 

573, 

595 

(sh) 

2350 620, 

660 (sh) 

-1.51 (86) -3.29 -5.90 2.61 

12 475 (sh) (42.2), 

448 (66.9), 428 

(73.0), 313 (22.8) 

502, 535 

(sh); 95 

1132 515, 

469 

576 2094 620, 

660 (sh) 

-1.56 (98) -3.24 -5.82 2.58 

a 
Relative quantum yield was obtained by comparing with standard coumarin-6. 

b 
calculated for film obtained by drop casting. 

c 
Obtained for soild powder form. 

d
 

Reduction potentials are reported with reference to the ferrocene internal standard. 
e 

Deduced from the reduction potential using the formula LUMO= -(4.8 + Ered). 
f 

Calculated using the formula HOMO = -|LUMO + E0-0|. 
g
 Calculated from the intersection of absorption and emission spectra. 
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3.2.2.1 Effect of number of benzotriazole units in oligomers 
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Figure 3.7 (a) Absorption, (b) Normalized emission spectra of the dyes recorded in DCM. 

Optical properties of the oligomers were evaluated by measuring absorption and emission 

spectra in dichloromethane. The absorption and emission spectra of the dyes in the solution are 

displayed in Figure 3.7 and the pertinent data collected in Table 3.3. The absorption spectra of the 

dyes show π–π* transition bands ranging from 250 to 500 nm. The absorption band lying in high 

energy region originates from a π−π* electronic transitions arising from benzotriazole at 280-

330nm.[275, 276] The absorption band at longer wavelength arises from multiple π-π* transitions 

within the conjugated system. It is noteworthy to mention that the series of oligomers depict a 

progressive bathochromic shift of λmax accompanied by increase in molar absorption coefficients 

with increase in π-conjugation length and follows the trend 9 < 10 = 11 < 12. While, within the set 

of dyes 10 and 11 there is no significant increment in the absorption parameters which means it is 

independent of the presence of an acetylene group. Comparative study of 8 (Figure 3.8) with its 

building blocks 2 and 5 displays the synergy of naphthalimide and benzotriazole resulted in a 

large bathochromic shift of 56 nm and 113 nm respectively with increase in molar extinction 

coefficient of 8 by more than two fold. Among the series of oligomers the introduction of 

naphthalimide brings a red shift of λmax by 50 nm for 8 and 9 and benzotriazole by 20 nm for dyes 

9 to 10 with higher ε values compared to the preceding oligomer because of the extension in 

conjugation. Moreover when compared to dye 3a, dye 9 exhibited a red shifted absorption by 25 

nm due to introduction of benzotriazole between the two naphthalimide units. Compared to D6a, 

introduction of naphthalimide on benzotriazole unit as in dye 9 resulted in bathochromic shift (Δλ 

= 77 nm). Thus, the combinational effect of benzotriazole and naphthalimide led to superior 

photophysical properties. 
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Figure 3.8 Absorption and emission spectra of 2, 5 and 8 recorded in DCM. 

The benzotriazole based dyes display blue-green to highly fluorescent green emissions in 

dilute DCM solutions. The emission spectra of the dyes exhibit a trend similarly observed in 

absorption spectra as displayed in Figure 3.7(b). The dye 12 exhibits the most red-shifted emission 

band at ~500nm in series of dyes. The dye 10 displays a ~15 nm bathochromic shift in emission 

band on introduction of an additional benzotriazole unit in dye 9. Moreover, the combinational 

effect of 2 and 5 compared to 8 results in a large red shift of emission band by 60 nm and 80 nm 

attributed to the incorporation of benzotriazole and naphthalimide unit, respectively (Figure 3.8). 

Further, the emission profiles for dyes exhibit a structured vibronic pattern attesting their 

molecular rigidity. It is observed that the fluorescence spectra are mirror images of the absorption 

bands suggesting that the geometry of the molecules in its relaxed Frank-Condon excited state is 

not very different from that of the ground state molecule.
 
This is in accordance with the dyes 

described in previous section and reported linear naphthalimide-based dyes.[124, 313]
 

Comparison of 3a
 
and D6a with dye 9, a red-shift in emission profile by 37 nm and 33 nm is 

observed attributable to extended conjugation by benzotriazole and naphthalimide units, 

respectively. Further, the Stokes shift for oligomers lies in the range of 900-1100 cm
-1

 which is 

larger than 3a. The Stokes shift of 9 is the smallest among the set of dyes. This indicates that the 

dye 11 undergoes lesser structural reorganization in the excited state. This is reasonable as the dye 

11 is more planar when compared to the other dyes attributed to the highly rigid skeleton present 

in 3a. The dyes displayed good to excellent fluorescence quantum yield (>70%-95%). Successive 
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introduction of benzotriazole moiety enhanced the fluorescence quantum yield for dye 12 

compared to rest of the dyes. Strong emission makes them suitable to be used in OLEDs as 

emitting layer. 

The absorption spectra of the series of oligomers in thin film casted from toluene solution 

showcase a red-shift in absorption as displayed in Figure 3.9(a). In particular, the dyes show an 

emergence of new peak which is further red-shifted when observed in solution implying J-

aggregation[124] in the solid state. This is attributed to the intermolecular π−π stacking or 

aggregation within the molecular skeleton as displayed by our previously synthesized dyes. This 

also highlights the rigidity and planarity of the molecules supported by the optimized geometry of 

the dyes. Due to their planar aromatic skeletons, these molecules exhibited self-aggregation 

behavior in solid state. This type of ordered packing of small molecules is effective for long range 

charge carrier mobilities in field of organic electronics. In the emission spectra (Figure 3.9(b)), a 

broad structureless emission band is observed attributable to the strong π-π interactions between 

stacked molecules. The presence of J-aggregation results into bathochromic spectral fluorescence 

shift when compared to solutions. Furthermore, the Stokes shift observed for film state is larger 

than that observed in solution depicting the role of strong intermolecular interactions. Inspite of 

this, the dyes display solid state emission (Figure 3.9(c)) which is further red-shifted and 

broadened than that observed for film. 

To study the role of solvent effect on the solvatochromism of the dyes, absorption and 

emission were recorded in different solvents (Figures 3.10, 3.11 Tables 3.4, 3.5).  The absorption 

spectra showed negligible changes in the profiles suggesting the non-polar nature of the ground 

state. However, the emission spectra displayed a slight positive solvatochromism attributable to 

the stabilization of polarized excited state in polar solvents. All the dyes have shown vibronic 

transitions in the emission spectra proving the planarity of molecular skeleton. Further, the Stokes 

shift observed in different solvents particularly for non-polar solvents is the least among the series 

(Table 3.6). 
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Figure 3.9 (a) Normalized absorption spectra, (b) Normalized emission spectra of dyes 6, 8-12 

recorded on drop casted thin films. (c) Normalized emission spectra of the solid powder. 
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Figure 3.10 Absorption spectra of dyes 6, 8-12 recorded in different solutions. 
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Figure 3.11 Normalized emission spectra of dyes 6, 8-12 recorded in different solvents. 
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Table 3.4 Absorption data for dyes 6, 8-12 recorded in different solvents. 

Dye λmax, nm, (εmax, M
-1

cm
-1

 × 10
3
) 

 TOL THF CHCl3 DCM DMF Film 

6 424 (31.6), 409 

(41.4), 391 (49.7), 

310 (12.4) 

419 (sh) (28.6), 404 

(35.9), 388 (42.1), 310 

(9.6), 243 (43.9) 

424 (sh) (32.1), 393 

(44.8), 311 (9.4), 245 

(47.4) 

423 (sh) (25.9), 392 

(37.3), 313 (8.8), 

245 (42.5) 

423 (sh) (31.4), 404 

(49.7), 389 (53.4), 312 

(14.4) 

421, 

400, 

382 

8 424 (sh) (40.7), 393 

(56.9), 311 (14.6), 

245 (59.3) 

418 (sh) (39.8), 405 

(36.7), 388 (41.1), 310 

(11.5), 242 (43.7) 

424 (sh) (40.7), 493 

(56.9), 310 (14.6), 245 

(59.3) 

423 (sh) (31.5), 392 

(42.9), 313 (10.8), 

244 (48.7) 

422 (sh) (32.0), 405 

(43.8), 391 (47.5), 311 

(13.9) 

441, 

414 

9 452 (53.9), 426 

(62.7), 311 (13.2) 

449 (47.2), 423 (53.8), 

312 (12.2) 

453 (53.5), 428 (63.4), 

312 (13.2), 244 (51.7) 

451 (43.2), 427 

(49.4), 312 (10.2), 

243 (42.6) 

452 (58.8), 426 (64.9), 

313 (12.9) 

478, 

446 

10 464 (49.3), 438 

(66.0), 312 (17.5) 

463 (47.5), 436 (63.8), 

311 (15.9), 440 (47.3) 

464 (40.7), 438 (53.5), 

312 (14.1), 242 (40.8) 

463 (45.8), 438 

(57.9), 314 (13.8), 

243 (43.5) 

464 (35.6), 437 (47.7), 

311 (12.8) 

506, 

468 

11 466 (48.4), 439 

(65.9), 313 (17.7) 

466 (45.8), 437 (63.8), 

312 (16.1), 241 (47.6) 

465 (40.3), 438 (53.5), 

312 (14.1), 242 (40.8) 

465 (41.5), 437 

(54.3), 313 (12.7), 

242 (39.7) 

466 (34.8), 437 (47.7), 

312 (13.0) 

505, 

469 

12 475 (sh) (50.1), 453 

(71.8), 431 (76.2), 

312 (26.2) 

474 (sh) (40.9), 450 

(61.9), 428 (65.6), 312 

(20.7), 239 (52.4) 

476 (sh) (48.9), 455 

(73.8), 431 (85.7), 312 

(26.8), 242 (66.6) 

475 (sh) (42.2), 448 

(66.9), 428 (73.0), 

313 (22.8) 

474 (sh) (38.9), 449 

(64.9),427 (75.0), 312 

(23.8) 

514, 

469 
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Table 3.5 Emission data for dyes 6, 8-12 recorded in different solvents. 

a
Relative quantum yield was obtained by comparing with standard coumarin-6 

Table 3.6 Stokes shift data for dyes 6, 8-12 recorded in different solvents. 

 

 

 

 

 

3.2.3 Self-assembly studies of small molecules 

The self-assembly of the compounds 3a-3d were investigated by absorption and emission 

measurements in binary THF: H2O solvent system (Figures 3.12-3.15). The aggregation behaviors 

of the compounds were confirmed by gradual change in ratio of water and solvent. The solution 

color of dyes is found to change from 100% THF to 40-60% H2O accompanied by a new 20-30 

nm red shifted absorption shoulder as compared to the π-π* transitions in pure THF solvent. On 

moving from 100% THF to 90% water, the absorption spectra showed hypochromic shift on 

increasing water content suggesting π-stacking among the chromophores. Levelling off of the 

spectra at longer wavelength region observed at high water content is attributed to the scattering of 

light due to formation of aggregates. This result clearly pointed towards the occurrence of π−π 

stacking in the aggregates due to the formation of self-assembled structures. 

  

Dye λem, nm; ΦF  

 TOL THF CHCl3 DCM DMF Film Solid 

6 437, 462 

(sh) 

437, 461 

(sh) 

440, 467 

(sh) 

440, 465 

(sh); 48  

445 (sh), 

474 

485 525 

8 436, 463 

(sh) 

436, 460 

(sh) 

440, 466 

(sh) 

440, 465 

(sh); 59  

445 (sh), 

475 

525 527 

9 466, 497 

(sh) 

470, 497 

(sh) 

474, 501 

(sh) 

475, 500 

(sh); 71  

498 550 564 

10 483, 517 

(sh) 

483, 517 

(sh) 

488, 521 

(sh) 

487, 515 

(sh); 86  

490, 517 

(sh) 

570 596 

11 484, 518 

(sh) 

484, 517 

(sh) 

490, 523 

(sh) 

489, 520 

(sh); 88  

489, 520 

(sh) 

573, 595 

(sh) 

620, 660 

(sh) 

12 500, 534 

(sh) 

500, 534 

(sh) 

503, 535 

(sh) 

502, 535 

(sh); 95  

506, 535 

(sh) 

576 620, 660 

(sh) 

Dye Stokes shift, cm
-1

 

 TOL THF CHCl3 DCM  DMF Film 

6 702 983 858 913  1169 3134 

8 649 988 858 913  1225 3628 

9 763 847 978 1169 2044 2739 

10 848 894 1060 1055  1144 2219 

11 798 798 1097 963  1009 2350 

12 1053 1097 1128 1132  1334 2094 
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Figure 3.12 (a, b) Absorption and emission spectra of 3a with THF:H2O titration studies respectively. (c) Normalized absorption and emission 

spectra of THF solution, thin film and solid state (d) Images of solution (above under normal light, below under UV light) obtained by varying 

water concentration in THF solvent for 3a (left to right – increasing water concentration 0-90%). 
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Figure 3.13 (a, b) Absorption and emission spectra of 3b with THF:H2O titration studies respectively. (c) Normalized absorption and 

emission spectra of THF solution, thin film and solid state (d) Images of solution (above under normal light, below under UV light) obtained 

by varying water concentration in THF solvent for 3b (left to right – increasing water concentration 0-90%). 
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Figure 3.14 (a, b) Absorption and emission spectra of 3c with THF:H2O titration studies, respectively (c) Normalized absorption and emission 

spectra in THF solution, thin film and solid state (d) Images of solution (above under normal light, below under UV light) obtained by varying 

water concentration in THF solvent for 3c (left to right – increasing water concentration 0-90%). 
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Figure 3.15 (a, b) Absorption and emission spectra of 3d with THF:H2O titration studies respectively. (c) Normalized absorption and 

emission spectra of THF solution, thin film and solid state (d) Images of solution (above under normal light, below under UV light) obtained 

by varying water concentration in THF solvent for 3d (left to right – increasing water concentration 0-90%). 
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Figure 3.16 Plot of emission intensity vs water fraction in THF solvent for dyes. 

In the fluorescence spectra, the aggregate emission bathochromically shifts towards 

the solid state emission region. The fluorescence emission intensity in THF solution is 

3-5 folds higher than that of (1:1) THF: H2O system. Such red-shifted and quenched 

emission intensity at high water content (Figure 3.16) could be attributed to the presence 

of π−π stacking interactions that induce the self-assembly. This supports the formation 

of aggregates driven by non–covalent interactions which is corroborated by red shifted 

absorption and emission bands and emission quenching in solid state. 

3.2.4 Excited State Decay Dynamics 

3.2.4.1 Effect of electron withdrawing groups on aggregation 

In order to investigate and analyze the effect of aggregation on radiative and non-radiative 

transition rates (kr, knr) time resolved fluorescence lifetime decay measurements were 

carried out for compounds in THF solution and 90% water-THF mixture (Figure 3.17, 

Table 3.7). Fluorescence lifetime measurements displayed multi-exponential behavior of 

emission decay which was best fitted with a double or triple exponential function (Table 

3.8). According to Sillen et al.[331] the amplitude average lifetime is an effective 

parameter to derive the transition rate constants of multi-exponential decays caused by the 

exposure of fluorescent molecules to different environments. The calculated average 

lifetime[322] (τavg) of excited state of dyes in solution is found to be long lived than 

corresponding aggregates. This can be correlated to the quenching of ΦF in aggregated and 

solid state. Furthermore, the lifetime calculated out is found to be consistent with the order 
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of quantum yields observed in solution, aggregates and solid state of the dyes. The 

correlated data revealed that a long lifetime value of 3.58 ns in solution for 3d is attributed 

to the delayed radiative rate decay i.e. high quantum yield. Moreover, in aggregated state 

the lifetime is acquired to be shorter indicating more efficient non-radiative decay pathway. 

This is clearly reflected by magnitude of knr which is significantly larger than kr value for 

aggregates. Also, Spano et al. [332]
 
had theoretically studied exciton delocalization in 

molecular aggregates due to exciton-vibration coupling.
 
Thus on comparing radiative 

decay rate of solution (0.4 ns
-1

) and aggregates for 3b (1 ns
-1

) and 3c (8 ns
-1

) radiative 

decay rate is greatly enhanced which is characteristics for J-aggregates referred as super-

radiance.[333, 334]
 
This is a clear evidence of formation of J-aggregates in solid state. 

Whereas the non-radiative decay rate for the aggregation state are observed to be faster 

than the corresponding knr values in solution which reflects effective intermolecular 

interactions resulting into significant decline in fluorescence quantum yield. 
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Figure 3.17 Fluorescence decay profiles of dyes in (a) THF solution, (b) 90% water-THF 

mixture aggregates for 2x10
-5

M solution. 

If we look into the calculated lifetimes of dyes, the first lifetime (τa) is equivalent to that 

of the 3a lifetime and, therefore, can be ascribed to the emission from the naphthalimide 

skeleton.[67] Whereas lifetime less than 1 ns time scale with ultrafast decay channels can 

be correlated to the non-emissive aggregated state of the dyes. We found it interesting to 

correlate these fluorescence decay analysis with degree of assembling properties of the 

dyes. A long lifetime value of 1.84 ns of aggregates for 3d as compared to 0.01 ns for rest 

two dyes in 90% water-THF system reflects the better self-assembly properties and solid 
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state quantum yield of the corresponding dye. While for 3a τavg is 0.7 ns longer than in 

solution i.e. monomeric state. This could be due to stronger intermolecular interactions 

in excited state.[124]
 
Also the longer life time in the aggregated state and micro 

structured flower like morphology for this dye is possibly due to the involvement of 

large number of molecules in these aggregates. Thus fluorescence lifetime decay data 

for solution and aggregates offer us sufficient evidences for existence of molecular 

aggregation in solid state. 

Table 3.7 Time-resolved fluorescence and photophysical data for the dyes in THF and 

90% water-THF mixtures. 

 

 

 

 

 

a
τavg = Fluorescence lifetime decay measured as τavg = (A1 × τ1) + (A2 × τ2)+ (A3 × τ3) in ns. 

b
Fluorescence relative 

quantum yield calculated using coumarin 6 as reference (0.78 in EtOH). 
c
Radiative decay rates (kr) calculated using k 

=  ΦF/τ. 
d
Non-radiative decay rate (knr) calculated using ΦF = kr/(kr+knr). 

Table 3.8 Time-resolved fluorescence spectroscopy data of dyes in THF and 90% water -THF 

mixtures. 

Where τ1/ τ2 /τ3, Life time of different decay channels from FLS experiment in ns using 405 nm as excitation 

wavelength; A1/A2/A3, Contribution of different decay channels in solution; fitted by either double or triple 

exponential; χ
2
, correlation of exponential fit; τavg = Fluorescence lifetime decay measured as τavg = (A1 × τ1) + (A2 × 

τ2) + (A3 × τ3) in ns. 

  

Dye τavg,
a
 ns ΦF

b
 kr,

c
 ns

-1
 knr,

d
 ns

-1
 

Sol. Agg. Sol. Agg. Sol. Agg. Sol Agg. 
3a 1.73 2.43 0.66 0.06 0.38 0.03 0.20 0.39 

3b 1.40 0.01 0.52 0.01 0.37 1.00 0.34 99.00 

3c 1.83 0.01 0.74 0.08 0.40 8.00 0.14 92.00 

3d 3.58 1.84 0.90 0.15 0.25 0.08 0.03 0.46 

Dye A1 τ 1, ns τ a, ns A2 τ 2, ns τ b, ns A3 τ 3, ns τ c, ns τavg, ns χ
2
 

3a Sol. 0.66 0.99 0.65 0.34 3.17 1.08 - - - 1.73 1.01 

3a Agg. 0.26 0.28 0.07 0.46 1.69 0.78 0.28 5.67 1.58 2.43 0.97 

3b Sol. 0.61 1.26 0.77 0.15 3.84 0.58 0.24 0.20 0.05 1.40 1.32 

3b Agg. 0.001 0.85 0.001 0.00 2.43 0.00 0.99 0.01 0.01 0.01 1.40 

3c Sol. 0.53 1.30 0.69 0.28 3.94 1.10 0.19 0.17 0.03 1.83 1.15 

3c Agg. 0.00 1.64 0.00 0.00 4.08 0.00 1.00 0.01 0.01 0.01 1.44 

3d Sol. 0.39 1.30 0.51 0.61 5.06 3.07 - - - 3.58 1.02 

3d Agg. 0.73 0.89 0.65 0.27 4.43 1.19 - - - 1.84 0.97 
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3.2.4.2 Effect of number of benzotriazole units in oligomers 

In order to have a deep insight into the excited state dynamics of the dyes, the fluorescence 

decay in DCM (2x10
-6

M) were recorded by exciting 405 nm and fixing the emission 

monochromator at corresponding emission maxima (Figure 3.18). The data is compiled and 

summarized in Tables 3.9 and 3.10. The fluorescent decay profiles were fitted by double 

exponential kinetics and average excited state lifetime were calculated as relatively short 

approximately 1 ns. This portrays that the dyes are highly fluorescent in nature and exhibited a 

strongly allowed S0-S1 transition.
 
This can further be infered from the computed electronic 

parameters and a correlation between the fluorescence lifetime and quantum yield. The quantum 

yield is the highest for dye 12 exhibiting longer lifetime when compared to other oligomers 10 and 

11. Also, the analysis pointed that the average lifetime of excited states gradually decreased with 

the incorporation of benzotriazole unit on moving from 9 to 12 in the set of oligomers. While 

among the dyes 10 and 9, the later exhibited a long lived lifetime (1.34 ns) than parent dye, 8 

attributed to the additional functionalized naphthalimide core. Also, it is found that the lifetime of 

8 (1.23 ns) is long lived than the core 1,8-naphthalimide molecule (0.52 ns)[335] which is 

supported by enhanced quantum yield for the same. The observed short lived and ultrafast decay 

channels of the oligomers than parent dye can be correlated to kr and knr determined from the 

excited state lifetime and fluorescence quantum yields. The calculated kr and knr values are in 

aggrement with the observed quantum yield and lifetime. All the dyes have possessed a faster 

radiative decay rates than the non-radiative rate decay constants contributed to the high 

fluorescence efficiency. The calculated parameters such as the slowest knr value and short lived 

excited state lifetime shows a moderate fit to the most fluorescent dye 10. The two components of 

the dyes i.e. benzotriazole and naphthalimide contributed to the existence of biexponential decays 

to different extends in the dyes. The fast and slow component (τa and τb) could be assigned to the 

benzotriazole and naphthalimide units due to the gradual decrease in the corresponding 

component by the introduction of respective moiety. The module thus provided a platform to 

predict and visualize the role of two units in the excited state dynamics sufficient for the decay 

analysis relationship among the set of oligomers. 
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Figure 3.18 Fluorescence decay profiles of dyes in DCM (2x10
-6

M). 

Table 3.9 Time-resolved fluorescence and photophysical data for the dyes in DCM (2×10
-6

). 

 

 

 

 

 

a 
τavg = Fluorescence lifetime decay measured as τavg. = (A1 × τ1) + (A2 × τ2) in ns. 

b 
Fluorescence relative 

quantum yield calculated using coumarin 6 as reference (0.78 in EtOH). 
c 

Radiative decay rates (kr) 

calculated using kr = ΦF/τ. 
d 
Non-radiative decay rate (knr) calculated using ΦF = kr/(kr+knr). 

Table 3.10 Time-resolved fluorescence spectroscopy data for the dyes in DCM 

Dye τ1, ns A1 τ2, ns A2 τa, ns τb, ns τav, ns χ
2
 

8 1.02 0.68 1.68 0.32 0.69 0.54 1.23 1.1 

9 0.57 0.10 1.42 0.90 0.06 1.28 1.34 1.1 

10 0.58 0.36 1.11 0.64 0.21 0.71 0.92 1.1 

11 0.86 0.56 1.29 0.44 0.32 0.57 0.89 1.0 

12 0.85 0.62 1.52 0.38 0.53 0.57 1.10 1.1 

Where τ1/ τ2, Life time of different decay channels from FLS experiment in ns using 405 nm as excitation 

wavelength; A1/A2, Contribution of different decay channels in solution; fitted by double exponential; χ
2
, 

correlation of exponential fit; τavg. = Fluorescence lifetime decay measured as τavg. = (A1 × τ1) + (A2 × τ2) 

  

Dye τavg,
a
 ns ФF

 b
 kr,

c
 ns

-1
 knr,

d 
 ns

-1
 

8 1.23 0.59 0.48 0.33 

9 1.34 0.71 0.53 0.22 

10 0.92 0.86 0.94 0.15 

11 0.89 0.88 0.99 0.13 

12 1.10 0.95 0.86 0.05 
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3.2.5 Electrochemical Properties 

3.2.5.1 Effect of electron withdrawing groups  
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Figure 3.19 (a) CV showing reduction region (b) DPV of the dyes, 3a-3d. 

The electrochemical analysis of the dyes was carried out using CV and DPV measurements 

and the results are summarized in Table 3.1. All the compounds exhibited a reversible 

redox couple attributed to the reduction of naphthalimide unit (Figure 3.19(a)).[67] 

Compound 3a exhibited a single two-electron reduction while the other dyes showed two 

or more reduction couples. It clearly indicates the reduction propensity of the molecules is 

enhanced on introduction of additional acceptor in the conjugation pathway. However, it is 

interesting that only the benzothiadiazole derivative 3c possessed reduction potential larger 

that the dimer 3a. It clearly points that extension of conjugation by incorporation of 

fluorenone and dibenzo[a,c]phenazine increases slightly the electron richness due to the 

presence of π-electrons. Benzothiadiazole derivative, 3c displayed a third reduction couple 

attributable to the reduction of benzothiadiazole moiety. The LUMO energy values 

deduced from the reduction potentials are close to -3.3 eV which lies among those of 

typical air stable n-type organic semiconductors.[16] High electron affinity across the π-

conjugated backbone afforded by the two naphthalimide and an electron deficient central 

unit help to deepen HOMO energy level and lies in the range of -5.9 eV to -6.3 eV. All the 

dyes exhibited an irreversible oxidation peak. It is worth to mention that the electronic 

structure of the naphthalimide core is finely tuned by the introduction of electron 

withdrawing moieties and the energy levels of all dyes are favorable to act as n-type 

semiconducting materials in OLEDs, OSCs and OTFTs. 



Bis-Naphthalimides Bridged by Electron Acceptors Chapter 3 

 

136 
 

3.2.5.2 Effect of number of benzotriazole units in oligomers 
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Figure 3.20 (a) CV and (b) DPV of the dyes recorded in DCM. 

The electrochemical properties of the dyes 8-12 were also studied by CV and DPV in order to 

estimate their orbital energy levels (Figure 3.20). The energy level calculations carried out using 

electrochemical analysis of the dyes are summarized in Table 3.3. The electrochemical behavior 

of the compounds exhibit a reversible redox couple attributed to the reduction of naphthalimide 

unit resulting from the addition of electron across the highly electron deficient moieties. The 

reduction potentials of the first wave shifts towards cathodic regime on successive addition of 

benzotriazole illustrating that introduction of benzotriazole unit alter the electronic configuration 

and thus the electrochemistry of the backbone. From DPV plot, the first reduction peaks 

corresponds to the naphthalimide moiety which indicates that latter dominates the reductive 

properties of the molecule. High electron affinity across the π-conjugated backbone afforded by 

the naphthalimide and benzotriazole unit deepen HOMO energy level lying in the range of -5.8 eV 

to -6.3 eV and thus maintain high oxidation potentials. While the LUMO energy levels lies in 

range of -3.2 to -3.3 eV. The analysis depicts that the presence of the multiple acceptors in the 

oligomer resulted in lowering energy level corresponding to HOMO and LUMO. It is also 

observed that as the number of chromophore unit increases, the energy band gap of the series of 

oligomers decreases which is consistent with the observation obtained from the theoretically 

computed electronic parameters of the oligomers. The reduction potential of 3a is positively 

shifted by 70 mV compared to dye 9 which is observed at -1.50 V. This indicated that 

benzotriazole introduced electronic richness since HOMO and LUMO energy level is lifted by 
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300 meV and 70 meV respectively compared to -6.31 eV and -3.37 eV observed for 3a. It is thus 

concluded that energy levels of the dyes are suitable enough which enable them to behave as n-

type semiconducting materials. 

3.2.6 Theoretical Studies 

To understand the electronic features of the compounds, DFT computations were 

performed on the model structures of the compounds in which long alkyl chains are 

approximated to methyl. The geometry of the compounds were optimized using B3LYP 

functional and 6-31G(d, p) basis set (Figure 3.21). The optimized structures were then used 

for TDDFT computations at (M06-2x/6-31G(d,p)) levels (Table 3.11). The optimized 

structures assumed coplanar arrangement of functional entities which ensure close packing 

arrangement of molecules in the solid state. This ensures the effective conjugative 

communication between the chromophore units. 

3.2.6.1 Effect of electron withdrawing groups 

The FMOs of the dyes, 3a-3d is displayed in Figure 3.22. The HOMO of the molecules is 

mainly contributed by the π- linker and the naphthalene segment of the naphthalimide 

while the HOMO-1 orbital is mainly spread over the naphthalimide unit. In compound 3d, 

the dibenzo[a,c]phenazine unit also contributed to the formation of HOMO−1. The LUMO 

is mainly constructed by the central π-linker with little contribution from the naphthalimide 

units. Interestingly, the LUMO+1 is restricted to the naphthalimide unit in all the 

compounds. The observed electronic distributions in the molecules are suggestive of the 

electron-withdrawing nature of the constituting units. Prominent contribution of the π-

linker to the LUMO suggests the electron deficiency of the central bridge over the 

naphthalimide periphery. 
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Figure 3.21 Optimized geometries for model dyes by DFT calculations using B3-LYP 6-31G(d, 

p) functionals. 

3.2.6.2 Effect of number of benzotriazole units in oligomers 

The computed frontier molecular orbitals HOMO, HOMO‒1, LUMO and LUMO+1 of the 

dyes are shown in Figures 3.23 and 3.24. In the dyes, the HOMO is spread on the π-linker and 

majorly on benzene segment of the benzotriazole which become more pronounced as we move 

from 9 to 10 and 12. This highlights the electronic richness enhancement on introduction of 

benzotriazole. However, HOMO-1 is contributed by the naphthalimide unit in all dyes and 
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partially by adjacent benzotriazole units in dye 10 and 12. The LUMO is mainly constructed by 

the central π-linkers with little contribution from the naphthalimide units. Thus, the LUMO tends 

to delocalize over the whole conjugated backbones. This dictates the electron deficiency of the 

constituting units. Whereas LUMO+1 in all the dyes is constrained to the more electron 

withdrawing naphthalimide segment. The TDDFT computations at the (M06-2x/6-31G(d,p)) level 

were used on the optimized structures to determine the computed electronic parameters. 

Computed vertical transition, their oscillator strengths and their orbital contributions are listed in 

Table 3.11. The π-π* vertical transition is mainly contributed by the HOMO to LUMO electronic 

excitations followed by minor contributions from HOMO-1 to LUMO+1. It is worth to mention 

that the order of theoretically calculated absorption maxima and energy band gap for the dyes is 

well matched with the absorption trend observed experimentally. Also, the introduction of 

additional benzotriazole unit renders narrowing the band gap. Furthermore, due to relative 

electron richness of benzotriazole unit, dye 8 displays high lying LUMO compared to other 

analogs, 3c-3d. 

Table 3.11 Computed electronic parameters for the compounds by the TDDFT (M06-2x/6-

31G(d,p)) method. 

Dye max, nm f Composition HOMO, eV LUMO, eV Eg, eV 

3a 390 1.49 HOMO  LUMO (91%) -6.13 -3.17 2.96 

3b 406 1.70 HOMO  LUMO (79%), HOMO-

1  LUMO+1 (7%) 

-5.93 -3.08 2.85 

349 0.95 HOMO  LUMO+2 (63%), 

HOMO -1  LUMO+1 (16%) 

   

3c 446 1.81 HOMO  LUMO (93%) -5.92 -3.37 2.55 

328 0.29 HOMO  LUMO+2 (77%), 

HOMO-1  LUMO+1 (14%) 

   

3d 436 1.62 HOMO  LUMO (92%) -5.79 -3.18 2.61 

361 0.38 HOMO-1  LUMO (52%), 

HOMO  LUMO+1 (24%), 

HOMO-3  LUMO (10%) 

   

8 392 1.43 HOMO  LUMO (94%)  -5.78 -2.77 3.01 

9 422 2.19 HOMO  LUMO (91%), HOMO-

1  LUMO+1 (6%) 
-5.77 -3.07 2.70 

10 463 3.36 HOMO  LUMO (85%), HOMO-

1  LUMO+1 (8%) 
-5.51 -3.03 2.48 

11 466 3.75 HOMO  LUMO (83%), HOMO-

1  LUMO+1 (10%) 
-5.52 -3.07 2.45 

12 482 4.27 HOMO  LUMO (80%), HOMO-

1  LUMO+1 (11%) 
-5.34 -2.99 2.35 
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Figure 3.22 Electronic distribution in the frontier molecular orbitals of the model compounds 3a-3d. 
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Figure 3.23 Frontier molecular orbitals of the dyes 8 and 11. 
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Figure 3.24 Frontier molecular orbitals and major vertical transition of the dyes. 
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Figure 3.25  FESEM images of as synthesized compounds (a-d) 3a-3d respectively; scale bar: (a) (i) 10 μm, (ii) 1 μm; (b-c) (i) 2 μm, (ii) 1 

μm and (iii) DLS-determined size distribution profiles for the aggregates formed from (a-d) 3a-3d in THF/H2O (1:9; 2×10
-5

 M), respectively.
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3.2.7 Morphological Properties 

The morphologies of the as synthesized small molecules with different electron 

withdrawing groups and those obtained from solvent system were investigated by FESEM. 

SEM images of as synthesized samples (Figure 3.25) reveal the presence of an ample 

amount of rod like nanostructures with diameters and lengths in the range of hundreds of 

nanometers to several micrometers, respectively. The rods/belts have uniform nano-sized 

diameter along their lengths. SEM images show that the typical diameter of the 

nanostructures is about 120±20 nm. The dyes 3b-3d possessing skeleton derived from 

elongated conjugation exhibits nanorods/belts while 3a forms microflowers (6±1 μm) 

composed of a number of nanoflakes as petals in nanodimensions. Thus, the morphological 

difference between these chromophores is supposed to be attributed to the difference in the 

conjugation length. Also, it is seen that SEM images of compound 3d revealed the 

formation of well-defined nanorods compared to others for as synthesized compound due 

to the effective intermolecular interactions arising from the more extended planar π-

conjugated aromatic system. The mechanism for formation of rods arises from the effective 

π-π intermolecular head to tail stacking between the molecules. While flower like 

morphology for 3a is formed by the arrangement of a number of nanopetals driven by the 

intermolecular interactions which can be correlated to results obtained from UV-Vis 

spectroscopy and powder XRD analysis. It is also observed that as the density of sample 

increases, the number of aggregates increases, as seen at the core center in the SEM images 

resulting in the formation of heaps of cluster. When the stacking forces between the 

molecules are too large, then ill-defined super structural assemblies are formed. It is also 

confirmed by SEM images of compounds shown in Figure 3.26. 

In Figure 3.27, the FESEM images of the aggregates 3c obtained from the binary THF: H2O 

mixtures at 50% and 90% H2O prepared for absorption and emission studies clearly supports 

the formation of aggregates due to the solvophobicity and π-π intermolecular interactions 

resulting into a long-range ordering and finally induced the formation of nanostructures. Very 

long and thin fibrous nano to micro scale structures of several micrometer lengths are obtained 

for sample at 50% THF: H2O mixture. While for 90% H2O mixture bunch of nanosized rigid 

aggregates are seen, revealing the formation of nanorods.  
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Figure 3.26 FESEM images (a-d) of compounds 3a-3d respectively showing formation of ill-

defined aggregated cluster owing to poor control over concentration and aggregation, scale bar: 

10, 10, 2, 4 μm respectively.  

 

Figure 3.27 FESEM images of 3c (a) long entangled fibres in 50% THF: H2O; scale bar: (i) 5 μm, 

(ii) 2 μm; inset showing a long fibrous strand; scale bar 2 μm (b) formation of nanorods in 90% 

THF: H2O; scale bar: (i) 5 μm, (ii) 2 μm; inset showing magnified image of nanorods at scale bar 

1 μm (c) (i-iv) formation of crystalline 3-D rods, cubes at different scale bar 50, 10, 5, 1 μm 

respectively from 90% THF: H2O after 1 week. 
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Moreover after 1 week at room temperature the same sample solution gives nano to micro scale 

crystalline SEM images in form of typical rods and cubes of nano dimension due to the facile 

crystallization induced by effective intermolecular forces between the aromatic conjugated core 

and hydrophobicity of alkyl chains. Furthermore, the fine and uniform nanostructures obtained for 

compound 3d allow us to investigate the SEM images of the drop-casted precipitates obtained 

from the DMF solution at low concentration of 1mM which gives spindle shaped thin and long 

fibers of diameter 120±10 nm and length of approximately 10μm throughout the sample area 

under investigation. Moreover, the presence of strong intermolecular interactions and formation of 

thin fibrous network like assemblies motivated us to organogelate
 
the compound.[336, 337] 

Therefore, supersaturated sample of 1 wt% (16 mM) DMF solution concentration is prepared by 

heating-cooling method but due to the crystalline nature of compound it reprecipitated out during 

cooling process. SEM images of the reprecipitated crystalline compound shows uniform sized 

cubic crystals of approximately 1×1μm
2
 throughout the glass plate which assembles to form large 

crystals in form of cuboids and rods driven by minimization of surface area as shown in Figure 

3.28(a, b). We tried to grow crystal of the dyes in number of solvent systems for single crystal X-

ray diffraction studies but were unsuccessful to obtain which could diffract and ended with fibers 

or mosaic. On the other hand for 3a (Figure 3.28(c, d)) exhibits clusters of nanoflakes as heaps in 

1mM DMF while it precipitates out as supramolecular sheets and flowers from 1wt% DMF 

solution system. These morphological changes are supposed to be due to the concentration 

dependence in self-aggregation.  

 
Figure 3.28 FESEM images of (a) 3d from 1mM DMF showing spindle shaped 

nanofibers; scale bar (i) 10 μm, (ii) 2 μm, inset 1 μm (b) (i-iv) 3d crystalline 3-D structures 

from 1 wt% DMF (c) 3a from 1mM DMF; scale bar (i) 10 μm, (ii) 2 μm (d) Precipitates of 
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3a from 1 wt% DMF as sheets and flowers; scale bar (i) 100 μm, inset 50 μm, (ii) 50 μm, 

inset 20 μm. 

 

Figure 3.29 FESEM images of drop-casted samples from 1mM DCM solution (a) 3a scale 

bar (i) 100 μm; inset 50 μm, (ii) 50 μm; inset 1 μm (b) 3b showing sieves (i) 20 μm; inset 

10 μm, (ii) 5 μm (c) 3c scale bar (i) 5 μm, (ii) 2 μm; inset 1 μm, (d) 3d showing sieves (i) 

20 μm; inset 10μm, (ii) 5 μm. 

To understand more about the effect of addition of highly volatile solvent and 

concentration on the morphology of the self-assembly, samples are drop-casted from 1mM 

DCM solution on glass slides. We observed porous vesicular morphology for the obtained 

film for 3b, 3d after slow evaporation of solvent at room temperature as shown in Figure 

3.29. The size of the pores so formed by the self-assembling is around 5 μm. However, 3c 

and 3a show different morphological shapes due to highly agglomerated assemblies. The 

mechanism of formation of sieves
 
(Figure 3.30) is ascribed to the process of volatilization 

of the solvent which resulted in rupturing of the shell-like structure around the surface of 

the solvent. This resulted in the movement of the molecules resulting in re-aggregation. 

The molecules aggregated in the gap between adjacent vesicles arising from the solvent 

evaporation to form the honey comb like molecular sieve pattern. It has been noted that in 

multilayer formation, the micro pores were overlapped and allowed to form a cross bedded 

pattern. The sieve pattern could be obtained only if the vesicles were closely packed and 

arranged in an orderly manner. It has been seen that in the more diluted samples or at the 

edge of the film, a number of scattered and broken vesicles can be detected as number of 
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molecules are very less to fill into the generated gaps. Whereas on the contrary, at 

peripheral part of the sample slide due to the more concentration a number of collapsed 

and crowded vesicles can be seen owing to random collisions which is unfavourable for 

formation of regular porous morphology. Thus it can be stated that the facile tunable 

morphology at nanoscale of the planar and rigid end-capped naphthalimide based 

organic n-type semiconductors is of great importance for a large number of efficient 

device applications. 

 

Figure 3.30 FESEM images of dropcasted 3b from 1mM DCM solution showing (a) 

mechanism for formation of sieves, scale bar 10 μm (b) self-rearrangement of nanofibres to 

form micropores, scale bar 5 μm (c) cross bedded pattern due to multilayer formation, scale 

bar 10 μm (d) ordered arrangement of nanofibers to form a micropore of diameter ~5 μm, 

scale bar 2 μm (e) scattered and broken vesicles due to less concentration at edges, scale 

bar 5 μm (f) collapsed and crowded vesicles due to more concentration at periphery, scale 

bar 20 μm.  
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3.2.8 Dynamic Light Scattering Analysis 

DLS determined particle size distribution of aggregates of the dyes in THF:H2O mixtures 

(2×10
-5

M) with water fractions (fw) of 90% indicates the homogenous dispersion (Figure 

3.25(iii)). The median diameter (dm) and average diameter (davg) for the aggregates is found 

to be in range of ~125-155 nm and >200 nm respectively (Table 3.12) which is in good 

agreement with SEM data. The particle size distribution peak for 3b-3d is narrower than 

3a, suggesting the well-ordered particle distribution.[338]
 

Bimodal distributions is 

observed for 3a while others exhibited unimodal distributions. An additional less intense 

peak observed for 3a dispersion centered at ~6 μm is attributed to diameter of the flower 

like morphology as seen in FESEM images also. 

Table 3.12 Data of DLS-determined size distribution by intensity for the aggregates formed from 

dyes in THF: H2O (90%, 2×10
-5 

M). 

 

 

 

 

 

 

3.2.9 Fluorescence Microscopy Analysis 

 
Figure 3.31 Fluorescence microscopy images of the dyes (a-d) 3a-3d respectively obtained from 

DCM solution (1mM), above row under excitation by blue light (450-490 nm), below row under 

green light (510-550 nm). 

Furthermore, the fluorescence images of the dyes (Figure 3.31) were investigated using 

optical fluorescence microscopy exhibiting multicolor emission[339] under different light 

source due to the broad emission region. The drop-casted film obtained from 

Dye davg, nm dm, nm 

3a 142.6 153.8 

3b 151.4 130.8 

3c 190.9 127.4 

3d 179.4 154.4 



Bis-Naphthalimides Bridged by Electron Acceptors Chapter 3 

 

150 
 

dichloromethane solution (1mM) shows bright yellow-green and orange-red fluorescence 

upon excitation with blue and green light, respectively. Hence the multicolor emission 

properties of these small molecules are useful for the design and fabrication of displays and 

flat screens. 

3.2.10 Powder X-ray Diffraction Analysis 

To investigate the molecular arrangement in the solid state, PXRD is measured and 

depicted in Figure 3.32(a). The calculated d-spacing values are summarized in Table 3.13. 

The correlation of d-spacing and 2θ is represented in Figure 3.32(b). The pattern so 

obtained clearly shows intensive and sharp peaks within the range of 2θ = 5˚ to < 50˚ 

suggesting a well-ordered crystalline structure. The intermolecular distance calculated 

from the peak positions is found to be effective for π-π intermolecular interactions. The 

sharp diffraction peak at 2θ = ~25˚ corresponding to d-spacing of 3.49 Å, 3.43 Å, 3.55 Å 

and 3.49 Å for 3a-3d, respectively could be attributed to the π−π stacking intermolecular 

distance
 
responsible for the self-assembling. Whereas a sharp diffraction peak at 2θ = ~6˚ 

with a d-spacing of ~13Å can be attributed to the translational slip stacking of the small 

molecules into J-aggregates as reported in earlier reports.[258]
 
Therefore, we conclude that 

the pattern obtained reflects an organized assembly and crystallinity of these π-conjugated 

molecules in the solid state suitable for excellent charge transportation. 
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Figure 3.32 (a) PXRD and (b) correlation of d-spacing and 2θ of the small molecules. 
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Table 3.13 Calculated interplanar distances, d (Å) using Braggs equation (nλ=2dSinθ) from the 

peaks obtained in powder X-ray diffraction of the small molecules. 

 

 

 

 

3.2.11 Thermal Properties 

Thermal stability of the organic materials is of paramount importance for the construction of 

electronic devices to withstand high operational temperature. Thus, the thermal resistance is 

essential. 

3.2.11.1 Effect of electron withdrawing groups 

We investigated melting temperature (Tm) and decomposition temperatures (Td) of the compounds 

by DSC and TGA. The relevant traces are shown in Figure 3.33 and data summarized in Table 

3.14. The endothermic sharp peak in DSC plots represent Tm which increases in order of 3a < 3c < 

3d < 3b pointing to the increasing trend of molecular interactions and presence of some degree of 

molecular ordering within the molecules. While a broad exothermic peak above 300 ˚C 

corresponds to the weight loss of compound because of deimidization process. Furthermore, 

crystalline behavior of compounds is proven by absence of glass transition temperature (Tg). The 

excellent thermal stability is confirmed by a two-step decomposition pathway with Td at 10% 

weight loss above 400 ˚C. The weight loss in the first step between 400-550 ˚C may be due to the 

degradation of the alkyl chains and other labile units while the second step between 500-700 ˚C 

corresponds to the loss of aromatic residue and other stronger bonds. Thus both the thermal 

analysis clearly reflects the crystalline behavior and high thermal stability of the non-covalent 

interactions based self- assemble small molecules. 

Table 3.14 Thermal analysis data of the naphthalimide-based small molecules. 

Dye Tonset, ˚C
a
 Td, ˚C Tm, ˚C 

3a 426 484, 582 199 

3b 446 476, 643 296 

3c 431 482, 669 272 

3d 456 475, 620 286 
a
Decomposition temperature corresponding to 10% weight loss 

Dye 2θ (d, Å), d/4 2θ (d, Å), d/3 2θ (d, Å), d/2 2θ (d, Å), d 

3a 25.46 (3.49) 14.22 (6.22) 10.06 (8.78) - 

3b 25.92 (3.43) 15.62 (5.66) 10.27 (8.60) 5.66 (15.59) 

3c 25.02 (3.55) 16.61 (5.33) 11.01 (8.03) 6.33 (13.94) 

3d 25.47 (3.49) 16.26 (5.44) 8.00 (11.04) 6.77 (13.04) 



Bis-Naphthalimides Bridged by Electron Acceptors Chapter 3 

 

152 
 

0 200 400 600 800 1000

0

20

40

60

80

100
 3a

 3b

 3c

 3d

W
e

ig
h

t 
lo

s
s

, 
%

Temperature, °C

Tonset(a)

50 100 150 200 250 300 350 400

-2

-1

0

1

2

 3a

 3b

 3c

 3d

 

 

H
e
a

t 
fl

o
w

 (
m

W
/m

g
) 

E
x
o

 d
o

w
n

Temperature, °C

(b)

 

Figure 3.33 (a) TGA and (b) DSC curves of the small molecules. 

3.2.11.2 Effect of number of benzotriazole units in oligomers 

The thermal properties of oligomers were evaluated by TGA as shown in Figure 3.34. The 

oligomers exhibit high thermal stability upto 400 ̊C at a weight loss of 10%. The dyes display a 

two-step decomposition pathway similar as previous set of dyes where in the first step the weight 

loss between 400-500 ̊C may be due to the defragmentation of the alkyl chains. Whereas, the 

second step between 550-700 ̊C results from the degradation of aromatic residue and other labile 

bonds as observed for dyes 3a-3d. However, with the increase in the benzotriazole unit from one 

to three in 9 and 12 respectively, decreased the Td due to the labile alkyl groups in later. Yet, the 

thermal analysis indicates the sufficient thermal stability of the dyes for organic electronic 

applications. 
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Figure 3.34 TGA curves of the dyes. 
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3.3 Conclusions 

In this Chapter, we shed light on the optical, electrochemical, theoretical and thermal properties of 

the linear and rigid electron deficient π-conjugated bis-naphthalimide derivatives synthesized by 

Sonogashira coupling reaction. The structure property relationship of a series of rod-like planar 

small molecules and oligomers with different electron withdrawing groups and variable number of 

benzotriazole units were demonstrated in order to access their optical properties, excited state 

characteristics and energy levels. The dyes displayed successive red-shift of absorption band and 

extinction coefficient attributed to the increase in π-conjugation length and enhanced electronic 

transitions. The strong structured emission band and small Stokes shifts observed for all dyes is 

reflection of their rigid and planar structure. Solvent polarity has a negligible influence on the 

optical properties of dyes. However, these molecular scaffold exhibits high fluorescent quantum 

yields and thus offers a chance to be used as emitters in OLEDs. The lifetime studies were 

performed to unravel the excited state dynamics of the molecules. The solution, thin film and solid 

state optical properties of the small molecules support the presence of intermolecular interactions 

and π−π stacking which is supposed to enhance charge transport properties. This is further 

supported by XRD analysis of the as synthesized samples. The morphology patterns observed in 

the FESEM images for these organic molecules confirm π−π stacking interactions and establish 

well-defined formation of nanostructures with rod shaped or flower like morphology in solid state. 

It is also found that the morphology varies with concentration and solvent. DLS analysis further 

strengthens the formation of nanomorphology for the aggregates. Furthermore, the thermal and 

electrochemical data indicate high thermal stability, crystallinity and suitable energetics which 

support high electron deficiency of the molecules and deep HOMO energy levels suitable to be 

used as electron accepting semiconductors. Further, electrochemical analysis reveal that these 

dyes acquire suitable LUMO levels in range of -3.2 to - 3.3 eV to be used as non-fullerene 

electron acceptors in OSCs. From the studies of oligomers, it is found that with increasing number 

of benzotriazole unit in the oligomer LUMO is stabilized and HOMO is destabilized, thus leading 

to narrow band gap. DFT investigations highlighted the electronic properties and ensure the 

coplanar geometries of the compounds. The dyes possess excellent thermal stability. Hence 

exploring such a design of molecules as potential luminescent organic materials can contribute to 

ever growing understanding of the use of small molecules and oligomers in optoelectronics where 

both the aromatic system and solubilizing alkyl chains plays a pivotal role. As an outlook, 
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judicious and efficient tuning the property of such class of functional materials could be beneficial 

for n-type organic semiconducting materials to study electronic transport properties in a number of 

solution processed nano-optoelectronic devices 

3.4 Experimental Section  

3.4.1 General Methods and Instrumentation 

All commercial chemicals were used as received. Column chromatography was performed 

by using silica gel (100−200 mesh) as stationary phase. All solvents used in synthesis and 

spectroscopic measurements were distilled over appropriate drying and/or degassing 

reagents. 
1
H and 

13
C NMR spectra were recorded on a FT-NMR spectrometer operating at 

Bruker 500, 125 MHz and JEOL 400, 100 MHz, respectively, in CDCl3. Me4Si (0.00 ppm) 

or residual signals for CHCl3 (
1
H NMR, δ = 7.26 ppm; 

13
C NMR, δ = 77.23/ 77.00 ppm) 

served as internal standard. IR spectra were measured on a FT-IR spectrometer. High 

resolution mass spectra were measured in an electron spray ionization (ESI) mode using a 

Bruker TOF-Q ESI mass spectrometer operating in positive ion mode. UV/Vis spectra 

were recorded at RT in quartz cuvettes on a Cary UV-100 spectrophotometer. Fluorescence 

measurements by using freshly prepared dilute solutions were performed on a RF-5301-PC 

Shimadzu spectrofluorophotometer. Drop-cast thin films on quartz plates were prepared 

from toluene solution and used for the measurement of solid state photoluminescence. 

Solid state emissions of the powders were recorded on Horiba FluoroMax-4 

spectrofluorometer. The fluorescence quantum yields (ΦF) were determined using the 

formula Φs = (Φr × Ar × Is × ηs
2
)/ (As × Ir ×ηr

2
) where A is the absorbance at the excitation 

wavelength, I is the integrated area under the fluorescence curve, and η is the refraction 

index. Subscripts r and s refer to the reference and to the sample of unknown quantum 

yield, respectively. For 90% water-THF mixture refraction index (η) 0.34 is calculated 

using formula ηwater × Vwater + ηTHF × VTHF/ Vwater + VTHF. Coumarin-6 in ethanol (ΦF 

=0.78) were taken as the reference.  Absolute solid state fluorescent quantum yield (±3% 

accuracy) was measured by integrating sphere method using Edinburgh FLS980 

fluorescence spectrometer. Fluorescence lifetimes decay measurements were recorded in 1 

cm quartz cell on a Horiba Jobin Yvon “FluoroCube Fluorescence Lifetime System” 

equipped with NanoLEDs and LDs as excitation source(s) and an automated polarization 

accessory (Model 5000 U-02). CV measurements were performed using BASi Epsilon 
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electrochemical analyzer. All measurements were carried out at room temperature for the 

DCM solutions with a conventional three-electrode configuration consisting of a glassy 

carbon working electrode, a platinum wire counter, and a nonaqueous acetonitrile 

Ag/AgNO3 reference electrode under nitrogen atmosphere. The potential are quoted 

against ferrocene internal standard. The solvent in all experiments was dichloromethane 

DCM and the supporting electrolyte was 0.1 M TBAP at a scan rate of 100 mV/s. TGA 

were performed under nitrogen atmosphere at heating rate of 10 °C/min using a SII 6300 

EXSTAR analyser. The thermal transitions of the dyes were investigated on a DSC using 

Netzsch DSC 204F1 Phoenix under nitrogen atmosphere at a heating rate of 10 °C/min. 

Powder X-ray diffraction was performed using a Bruker D8 Advance diffractometer over 

the 2θ range of 5–90° and the scan rate was 1° min
-1

 as copper target (Cu-Kα; λ = 1.5406 

Å). The SEM images of the samples on substrate sputtered by gold were recorded using 

FE-SEM Quanta 200 FEG instrument. Samples for SEM analysis were investigated as 

powder form or prepared by a drop-cast method from dye aggregates in various solvent 

systems on glass substrate operated at 15-20 kV. The DLS particle size distribution by 

intensity of the aggregates was measured on a Malvern Zetasizer Nano-ZS90. Fluorescence 

microscopic images were acquired using a Nikon Eclipse LV100 microscope by air drying 

a drop of the diluted samples on a glass slide under various excitation filters such as B-2A 

(450-490 nm) and G-2A (510-560 nm) filter excitation. All images were taken at 100X 

magnification. 

3.4.2 Sample preparation for THF: H2O titration studies 

Prepared stock solution of dyes in THF (2×10
-4

 M) and diluted ten times to 2×10
-5

 M. 

Sample solutions (10 mL) with varying water concentration (distilled water) from 0% to 

90% in THF solution with same concentration is prepared for absorption. The same 

solution system is diluted 10 times with THF and water keeping constant concentration of 

2×10
-6

 M for emission. 

3.4.3 Sample preparation for optical microscopy morphological studies 

The 1 mM sample solution in DCM is drop casted on glass plates and evaporated at room 

temperature. The fluorescence images are captured from the slides observed under 

excitation using blue and green light. 
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3.4.4 Synthesis 

3.4.4.1 N-(2-ethylhexyl)-4-ethynyl-1,8-naphthalimide (2) 

To a round bottomed flask was added 4-bromo-N-(2-ethylhexyl)-1,8-naphthalimide (1) 

(13.0 g, 33.5 mmol), PPh3 (176 mg, 0.2 mmol, 2 mol%), CuI (64 mg, 0.1 mmol, 1 mol%), 

Pd(PPh3)2Cl2 (235 mg, 0.1 mmol, 1 mol%), and purged N2 for 10 min. Then added 

trimethylsilylacetylene (4.0 g, 40.2 mmol, 1.2 eq) and passed N2 for next 5 min and added 

distilled degassed TEA 160 mL immediately and kept on stirring at r.t. After completion of 

reaction confirmed by TLC, extracted the TMS intermediate using DCM and washed with 

brine water, dried over Na2SO4 and solvent evaporated to yield brown liquid which is 

purified by silica column chromatography(eluent: CHCl3:Hexane, 1:1) followed by 

deprotection in 50 mL distilled methanol was added to the resulting intermediate and 30 

mmol each of KF and Bu4NBr and 10 mL distilled DCM and stirred for 30 minutes at 60 

ᵒ
C. Cooled and added water, extracted with DCM and washed thoroughly with water and 

dried to obtain viscous liquid which solidified on cooling and adsorbed on silica for 

chromatography(eluent: CHCl3: Hexanes,1:1). Yellow solid; yield 7.0 g (77%); mp: 82-84 

˚C. ; IR (KBr, cm
-1

) 1698 (νC=O), 2098 (νC≡C), 3218 (νC≡CH);
 1

H NMR (CDCl3, 500 MHz) δ 

8.66 (d, J = 8.5 Hz, 2H), 8.63 (d, J = 7.0 Hz, 1H), 7.94 (d, J = 7.5 Hz, 1H), 7.83 (t, J = 7.5 

Hz, 1H), 4.14-4.07 (m, 2H), 3.73 (s, 1H), 1.96-1.91 (m, 1H), 1.40-1.29 (m, 8H), 0.93 (t, J = 

7.5 Hz, 3H), 0.87 (t, J = 7.0 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz)  δ 164.5, 164.3, 132.3, 

132.1, 131.94, 131.85, 130.4, 128.1, 127.9, 126.3, 123.1, 123.0, 86.7, 86.5, 44.4, 38.1, 

30.9, 28.9, 24.2, 23.3, 14.3, 10.9; HRMS (ESI, m/z) [M]
+
 calcd. for C22H23NO2: 333.1723; 

found 333.1748. 

General procedure for the synthesis of dyes 3b-d and byproduct 3a 

In a two neck R.B. flash added aryl dibromide (1mmol), N-(2-ethylhexyl)-4-ethynyl-1,8-

naphthalimide (2) (0.7 g, 2 mmol) and passed N2 gas for 5 minutes and added Pd(PPh3)2Cl2 

(14 mg, 0.02 mmol), CuI (4 mg, 0.02 mmol), PPh3 (11 mg, 0.04 mmol) and purged 

nitrogen for 10 minutes. Then degassed distilled TEA (20 mL) was added under nitrogen 

atmosphere. Kept the reaction mixture on reflux for next 5-12 h. Monitored the reaction 

with TLC and on completion added water and quenched the reaction. Extracted with DCM 

and washed thoroughly with water. Solvent was evaporated and absorbed on silica for 

purification. 
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3.4.4.2 4,4'-(Buta-1,3-diyne-1,4-diyl)bis(N-(2-ethylhexyl)-1,8-naphthalimide (3a) 

Silica column chromatography, eluent; CHCl3: Hexanes (3:2). Yellow solid; Yield: 0.15 g 

(23%), mp: 119 ˚C; IR (KBr, cm
-1

) 1699 (νC=O );
 1

H NMR (CDCl3, 500 MHz) δ 8.70 (d, J = 

8.5 Hz, 2H), 8.67 (d, J = 8.5 Hz, 2H), 8.57 (d, J = 7.5 Hz, 2H), 8.05 (d, J = 7.5 Hz, 2H), 

7.89 (t, J = 7.5 Hz, 2H), 4.17-4.08 (m, 4H), 1.97-1.92 (m, 2H), 1.41-1.28 (m, 16H), 0.94 (t, 

J = 7.0 Hz, 6H), 0.88 (t, J = 7.0 Hz, 6H); 
13

C NMR (CDCl3, 100 MHz) δ 164.3, 164.0, 

132.8, 132.5, 132.1, 132.1, 130.3, 128.3, 128.2, 125.3, 123.6, 123.4, 82.2, 81.7, 44.5, 38.1, 

30.9, 28.9, 24.2, 23.3, 14.3, 10.8; HRMS (ESI, m/z) [M+H]
+
 calcd. for 

C44H44N2O4:665.3373; found 665.3342. 

3.4.4.3 4,4'-((9-Oxo-9H-fluorene-2,7-diyl)bis(ethyne-2,1-diyl))bis(N-(2-ethylhexyl)-1,8-

naphthalimide (3b) 

Purification by silica column chromatography using CHCl3: Hexanes mixture (7:3) as 

eluent to yield desired orange solid and yellow solid 0.4 g mono-coupled bromoderivative. 

Yield: 0.3 g (30%); mp: 296 ˚C; IR (KBr, cm
-1

) 1699 (νC=O), 2200 (νC≡C);
 1

H NMR (CDCl3, 

500 MHz) δ 8.68 (d, J = 8.0 Hz, 2H), 8.65 (d, J = 6.0 Hz, 2H), 8.55 (d, J = 7.5 Hz, 2H), 

7.97-7.95 (m, 4H), 7.86 (t, J = 7.5 Hz, 2H), 7.82 (d, J = 8.5 Hz, 2H), 7.62 (d, J = 8.5 Hz, 

2H), 4.15-4.07 (m, 4H), 1.96-1.93 (m, 2H), 1.39-1.30 (m, 16H), 0.93 (t, J = 7.5 Hz, 6H), 

0.87 (t, J = 7.0 Hz, 6H); 
13

C NMR (CDCl3, 100 MHz)  δ 191.8, 164.4, 164.1, 143.9, 138.4, 

134.5, 132.1, 131.9, 131.6, 131.2, 130.4, 128.1, 127.9, 126.7, 123.9, 123.2, 122.6, 121.2, 

97.9, 88.7, 44.4, 38.1, 30.9, 28.9, 24.2, 23.3, 14.3, 10.8; HRMS (ESI, m/z) [M]
+
 calcd. for 

C57H50N2O5: 842.3714; found 842.3724. 

3.4.4.4 4,4'-(Benzo[c][1,2,5]thiadiazole-4,7-diylbis(ethyne-2,1-diyl))bis(N-(2-ethylhexyl)-1,8-

naphthalimide (3c) 

Purification by silica column chromatography using CHCl3: Hexanes mixture (1:1) as 

eluent. Orange solid; Yield: 0.6 g (75%); mp: 272 ˚C; IR (KBr, cm
-1

) 1704 (νC=O), 2199 

(νC≡C); 
1
H NMR (CDCl3, 500 MHz) δ 9.02 (d, J = 8.5 Hz, 2H), 8.84 (d, J = 7.0 Hz, 2H), 

8.59 (d, J = 8.5 Hz, 2H), 8.08 (d, J = 8.5 Hz, 2H), 7.97 (d, 2 H), 7.94 (t, J = 7.5 Hz, 2H), 

4.17-4.08 (m, 4H), 1.98-1.93 (m, 2H), 1.42-1.29 (m, 16H), 0.94 (t, J = 7.5 Hz, 6H), 0.88 (t, 

J = 7.0 Hz, 6H); 
13

C NMR (CDCl3, 100 MHz)  δ 164.4, 164.2, 154.6, 132.9, 132.6, 132.0, 

131.9, 131.4, 130.5, 128.3, 128.2, 126.5, 123.2, 123.2, 117.4, 95.1, 94.4, 44.4, 38.0, 30.8, 

28.8, 24.1, 23.2, 14.2, 10.7; HRMS (ESI, m/z) [M+H]
+
 calcd. for C50H46N4O4S: 799.3312; 

found 799.3298. 
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3.4.4.5 4,4'-(Dibenzo[a,c]phenazine-10,13-diylbis(ethyne-2,1-diyl))bis(N-(2-ethylhexyl)-1,8-

naphthalimide (3d) 

Recrystallized with hexanes and CHCl3. Orange solid; Yield: 0.92 g (97%); mp: 286 ˚C; IR 

(KBr, cm
-1

) 1698 (νC=O), 2200 (νC≡C); 
1
H NMR (CDCl3, 500 MHz) δ 8.88 (d, J = 7.5 Hz, 

2H), 8.68 (d, J = 8.0 Hz, 2H), 8.36 (d, J = 6.5 Hz, 2H), 8.27 (d, J = 7.0 Hz, 2H), 8.12 (d, J 

= 8.0 Hz, 2H), 7.62 (d, J = 7.5 Hz, 2H), 7.59-7.50 (m, 6H), 7.35 (t, J = 7.0 Hz, 2H), 4.11-

4.00 (m, 4H), 1.98-1.93 (m, 2H), 1.44-1.35 (m, 16H), 0.98-0.91 (m, 12H); 
13

C NMR 

(CDCl3, 100 MHz) δ 163.7, 163.5, 141.7, 140.8, 132.6, 131.9, 131.5, 130.8, 130.4, 130.3, 

129.6, 128.8, 127.3, 127.2, 126.9, 126.5, 125.8, 122.9, 122.5, 121.9, 95.9, 94.1, 44.3, 38.1, 

30.9, 28.9, 24.1, 23.4, 14.4, 10.7; HRMS (ESI, m/z) [M+Na]
+
 calcd. for C64H54N4O4: 

942.4139; found 942.4170. 

3.4.4.6 2-Butyl-4,7-diethynyl-2H-benzo[d][1,2,3]triazole (5) 

It was synthesized following the same procedure as for 2, but with 4,7-dibromo-2-butyl-2H-

benzo[d][1,2,3]triazole, 4 and 3 eq. of trimethylsilylacetylene. The residues were purified by 

column chromatography (eluent: CHCl3: hexanes:: 1:1) on silica gel. Light brown solid; Yield: 0.4 

g (30%), mp: 54-56 ˚C; IR (KBr, cm
-1

) 3289 (νC≡H), 2959, 2928, 2872 (νCHstretch), 2104 (νC≡C), 

1563 (νC=C), 1414 (νC-N); 1
H NMR (CDCl3, 400 MHz) δ 7.52 (s, 2H), 4.80-4.75 (t, J = 7.2 Hz, 

2H,), 3.59 (s, 2H), 2.14-2.10 (m, 2H), 1.42-1.37 (m, 2H), 0.96 (t, J = 7.2 Hz, 3H); 
13

C-NMR (100 

MHz, CDCl3) δ 144.5, 130.5, 113.1, 84.2, 79.1, 56.9, 32.3, 19.8, 13.5; HRMS calcd for C14H13N3 

[M] m/z 223.1109, found 223.1112. 

3.4.4.7 4-((7-Bromo-2-butyl-2H-benzo[d][1,2,3]triazol-4-yl)ethynyl)-N-(2-ethylhexyl)-1,8-

naphthalimide (6) 

To a flask was added 4 (1.7 g, 5 mmol), 2 (0.67 g, 2 mmol) and added Pd(PPh3)2Cl2 (14 mg, 0.02 

mmol), CuI (4 mg, 0.02 mmol), PPh3 (11 mg, 0.04 mmol) under inert atmosphere. Then added 

degassed distilled TEA (20 mL) to it and kept the reaction mixture on reflux for 5 h. Monitored 

the reaction with TLC and the reaction was quenched with addition of water. Extracted with DCM 

and washed thoroughly with water. Solvent was evaporated and absorbed on silica for 

chromatography (eluent: DCM: hexanes (6:4-7:3). Yellow solid; Yield: 0.6 g (51%), mp: 122-124 

˚C; IR (KBr, cm
-1

) 2961, 2919, 2860 (νCHstretch), 2200 (νC≡C), 1697, 1656 (νC=O), 1563 (νC=C), 1414 

(νC-N); 1H NMR (CDCl3, 400 MHz) δ 8.96 (d, J = 8.2 Hz, 1H), 8.67 (d, J = 6.9 Hz, 1H), 8.59 (d, J 

= 7.8 Hz,1H), 8.07 (d, J = 7.8 Hz, 1H), 7.93-7.87 (m, 1H), 7.64 (d, J = 7.8 Hz, 1H), 7.59 (d, J = 

7.8 Hz, 1H), 4.89-4.80 (m, 2H), 4.12 (q, J = 7.2 Hz, 2H), 2.20 (t, J = 7.3 Hz, 1H), 1.48 (q, J = 7.5 
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Hz, 2H), 1.39 (q, J = 6.6 Hz, 2H), 1.35-1.24 (m, 8H), 1.02 (t, J = 7.3 Hz, 3H), 0.97-0.85 (m, 6H); 

13
C-NMR (CDCl3,100 MHz) δ 164.3, 164.1, 144.4, 143.7, 134.3, 132.5, 131.7, 131.1, 130.9, 

130.3, 128.9, 128.1, 127.6, 126.9, 122.9, 122.5, 112.6, 111.9, 93.9, 92.3, 57.1, 44.2, 37.9, 32.1, 

30.7, 28.7, 23.9, 23.1, 19.8, 14.1, 13.5, 10.6; HRMS calcd for C34H33N4O2Br [M] m/z 584.1781, 

found 584.1784. 

3.4.4.8 4-((2-Butyl-7-((trimethylsilyl)ethynyl)-2H-benzo[d][1,2,3]triazol-4-yl)ethynyl)-N-(2-

ethylhexyl)-1,8-naphthalimide (7) 

It was synthesized following the same procedure as for TMS derivative of 2, but with 6 and 2 eq. 

of trimethylsilylacetylene. The brown liquid obtained was purified by silica column 

chromatography (CHCl3: hexanes:: 1:1) to yield yellow solid. Yield: 0.22 g (76%), mp: 156-158 

˚C; IR (KBr, cm
-1

) 2960, 2928, 2869, 2857 (νCHstretch), 2148 (νC≡C), 1699, 1659 (νC=O), 1587 (νC=C), 

1409 (νC-N); 1H NMR (CDCl3, 400 MHz) δ 8.98 (dd, J = 8.2, 0.9 Hz, 1H), 8.69 (m, 1H), 8.58 (d, J 

= 7.2 Hz, 1H), 8.05 (d, J = 7.8 Hz, 1H), 7.90 (dd, J = 8.2, 7.3 Hz, 1H), 7.69-7.54 (m, 2H), 4.85 (t, 

J = 7.3 Hz, 2H), 4.22-4.05 (m, 2H), 2.28-2.13 (m, 1H), 1.95 (q, J = 5.5 Hz, 2H), 1.45-1.28 (m, 

8H), 1.07-0.99 (m, 2H), 0.91 (td, J = 14.7, 7.5 Hz, 9H), 0.34 (s, 9H); 
13

C-NMR (CDCl3,100 MHz) 

δ 164.1, 163.8, 144.3, 132.6, 132.3, 131.95, 131.87, 130.9, 130.7, 130.4, 130.1, 128.1, 127.6, 

125.1, 123.4, 123.2, 113.1, 112.9, 94.7, 93.0, 81.9, 81.5, 56.9, 44.3, 37.9, 32.1, 32.0, 30.7, 28.7, 

24.0, 23.1, 19.9, 14.1, 13.6, 10.6, 1.0; HRMS calcd for C37H42N4O2Si [M] m/z 602.3071, found 

602.3073. 

3.4.4.9 4-((2-Butyl-7-ethynyl-2H benzo[d][1,2,3]triazol-4-yl)ethynyl)-N-(2-ethylhexyl)-1,8-

naphthalimide (8) 

It was synthesized following the same procedure as for 2, but with 7 (0.24 g, 0.4 mmol). It was 

purified using short silica column (1:1 hexanes: CHCl3) to yield light orange solid. Yield: 0.16 g 

(76%), mp: 138-140 ˚C; IR (KBr, cm
-1

) 3242 (νC≡Hstretch), 2958, 2927, 2860 (νC-Hstretch), 2197 

(νC≡Cstretch), 1699 (νC=O asym.), 1659 (νC=O sym.), 1586 (νC=C), 1517 (νC-N). 
1
H NMR (CDCl3, 400 

MHz) δ 8.98 (d, J = 8.0 Hz, 1H), 8.72-8.65 (m, 1H), 8.59 (m, 1H), 8.06 (t, J = 7.6 Hz, 1H), 7.92-7.86 

(m, 1H), 7.68 (d, J = 7.2 Hz, 1H), 7.62 (d, J = 7.6 Hz, 1H), 4.87-4.84 (m, 2H), 4.19-4.08 (m, 2H), 3.66 

(s, 1H), 2.24-2.16 (m, 1H), 1.97-1.94 (m, 2H), 1.52-1.42 (m, 2H), 1.41-1.29 (m, 8H), 1.02 (t, J = 7.6 

Hz, 3H), 0.94 (t, J = 7.2 Hz, 3H ), 0.88 (t, J = 7.2 Hz, 3H ); 
13

C-NMR (CDCl3, 100 MHz) δ 164.2, 

163.9, 144.3, 132.5, 132.4, 131.6, 130.9, 130.6, 130.2, 129.9, 127.9, 127.5, 124.9, 122.9, 122.5, 

113.6, 113.5, 94.3, 93.1, 84.7, 81.9, 79.1, 56.9, 44.2, 37.9, 32.1, 30.7, 28.6, 24.0, 23.0, 19.8, 14.0, 

13.5, 10.6; HRMS calcd for C34H34N4O2 [M] m/z 530.2676, found 530.2675. 
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3.4.4.10 4,4'-((2-Butyl-2H-benzo[d][1,2,3]triazole-4,7-diyl)bis(ethyne-2,1-diyl))bis(N-(2-

ethylhexyl)-1,8-naphthalimide (9) 

It was synthesized following the same procedure as for 6, but with 6 and 2. Eluent: CHCl3: 

Hexane mixture (7:3) as eluent to yield desired yellow solid. Yield: 0.7 g (83%); mp: 178-180 ˚C; 

IR (KBr, cm
-1

) 1696.96 (νC=O), 2198.51 (νC≡C); 1H NMR (CDCl3, 400 MHz) δ 8.99 (d, J = 8.5 Hz, 

2H), 8.67 (d, J = 7.0 Hz, 2H), 8.59 (d, J = 7.5 Hz, 2H), 8.08 (d, J = 7.5 Hz, 2H), 7.89 (t, J = 7.5 

Hz, 2H), 7.76 (s, 2H), 4.92 (t, J = 7.0 Hz, 2H), 4.17-4.08 (m, 4H), 2.31-2.2 (m, 2H), 1.98-1.93 (m, 

2H), 1.57-1.51 (m, 2H), 1.42-1.31 (m, 16H), 1.077(t, J = 7.5 Hz, 3H), 0.94 (t, J = 7.5 Hz, 6H), 

0.88 (t, J = 7.0 Hz, 6H); 
13

C-NMR (CDCl3,100 MHz) δ 164.52, 164.24, 144.63, 132.75, 132.04, 

131.92, 131.84, 130.65, 130.41, 128.27, 127.89, 126.99, 123.18, 122.83, 114.09, 94.69, 93.92, 

57.19, 44.45, 38.04, 32.23, 30.92, 28.89, 24.22, 23.29, 20.12, 14.34, 13.84, 10,84; HRMS calcd 

for C54H55N5O4 [M+Na] m/z 860.4146, found 860.4136. 

3.4.4.11 4,4'-((Ethyne-1,2-diylbis(2-butyl-2H-benzo[d][1,2,3]triazole-7,4-diyl)) bis( ethyne-

2,1-diyl))bis(N-(2-ethylhexyl)-1,8-naphthalimide (10) 

It was synthesized following the same procedure as for 6, but with 8 and 6. Eluent: hexanes: 

EtOAc (9:1) and hexanes: EtOAc (8:2)) to yield desired orange solid. Yield: 35 mg (35%); mp: > 

250 ˚C; IR (KBr, cm
-1

) 2960, 2925, 2855 (νC-Hstretch), 2195 (νC≡Cstretch), 1697 (νC=Oasym.), 1655 

(νC=Osym.), 1583 (νC=C), 1384 (νC-N). 
1
H-NMR (400 MHz, CDCl3) δ 8.98 (d, J = 8.4 Hz, 2H), 8.68 

(d, J = 6.8 Hz, 2H), 8.60 (d, J = 7.8 Hz, 2H), 8.08 (d, J = 7.6 Hz, 2H), 7.90 (t, J = 8.0 Hz, 2H), 

7.70 (s, 4H), 4.91-4.86 (4H, m), 4.19-4.08 (4H, m), 2.27-2.19 (4H, m), 1.98-1.94 (2H, m), 1.50 (q, 

J = 7.5 Hz, 4H), 1.44-1.28 (16H, m), 1.05 (t, J = 7.6 Hz, 6H), 0.94 (t, J = 7.2 Hz, 6H), 0.88 (t, J = 

6.8 Hz, 6H); 
13

C-NMR (CDCl3, 100 MHz) δ 164.2, 164.1, 144.6, 144.4, 132.6, 131.8, 131.6, 

131.1, 130.4, 130.0, 128.1, 127.7, 126.8, 123.0, 122.7, 114.2, 113.2, 94.4, 93.9, 81.3, 80.1, 57.0, 

44.2, 37.9, 32.1, 30.7, 28.7, 24.0, 23.1, 19.9, 14.1, 13.6, 10.6; HRMS calcd for C66H66N8O4 

[M+Na] m/z 1057.5099, found 1057.5095. 

3.4.4.12 4,4'-((Buta-1,3-diyne-1,4-diylbis(2-butyl-2H-benzo[d][1,2,3]triazole-7,4-

diyl))bis(ethyne-2,1-diyl))bis(N-(2-ethylhexyl)-1,8-naphthalimide (11)  

This was obtained as a homo-coupled product from reaction for synthesizing 10. Eluent: 

Hexanes:EtOAc (8:2). Orange solid; Yield: 20 mg (20%); mp: > 250 ˚C; IR (KBr, cm
-1

) 2958, 

2925, 2855 (νC-Hstretch), 2197 (νC≡Cstretch), 1698 (νC=Oasym.), 1658 (νC=Osym.), 1584 (νC=C), 1384 (νC-N). 

1
H-NMR (400 MHz,CDCl3) δ 8.99 (dd, J = 11.0, 8.7 Hz, 2H,), 8.68 (d, J = 7.3 Hz, 2H), 8.60 (dd, 

J = 7.8, 1.8 Hz, 2H), 8.08 (dd, J = 7.8, 2.3 Hz, 2H), 7.90 (td, J = 7.7, 2.7 Hz, 2H), 7.80 (d, J = 7.2 
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Hz, 1H), 7.75 (d, J = 8.0 Hz, 1H),  7.69 (s, 2H), 4.89 (q, J = 7.5 Hz, 4H), 4.25-4.03 (m, 4H), 2.36-

2.14 (m, 4H), 1.96 (t, J = 6.2 Hz, 2H), 1.55-1.45 (m, 4H), 1.42-1.27 (m, 12H), 1.05 (m, 6H), 0.94 

(t, J = 7.3 Hz, 6H), 0.89 (t, J = 6.9 Hz, 6H); 
13

C-NMR (CDCl3, 100 MHz) δ 164.4, 164.1, 144.6, 

144.4, 144.3, 144.2, 132.6, 131.7, 131.6, 131.1, 130.9, 130.6, 130.4, 130.3, 130.2, 130.1, 128.1, 

121.7, 126.9, 126.8, 122.9, 122.5, 114.3, 114.1, 113.3, 113.1, 94.6, 94.4, 93.9, 93.4, 92.5, 81.2, 

80.1, 57.0, 56.9, 44.2, 37.9, 32.11, 32.06, 30.7, 28.7, 23.1, 19.9, 14.1, 13.6, 10.6; HRMS calcd for 

C68H66N8O4 [M] m/z 1058.5201, found 1058.5220. 

3.4.4.13 4,4'-((((2-Butyl-2H-benzo[d][1,2,3]triazole-4,7-diyl)bis(ethyne-2,1-diyl))bis(2-butyl-

2H-benzo[d][1,2,3]triazole-7,4-diyl))bis(ethyne-2,1-diyl))bis(N-(2-ethylhexyl)-1,8-

naphthalimide (12) 

It was synthesized following the same procedure as for 6, but with 5 and 8 in 1:2 ratio. Eluent: 7:3 

CHCl3: hexanes). Dark orange solid; Yield: 0.1 g (40%), mp: >250 ˚C; IR (KBr, cm
-1

) 2958, 2922, 

2863 (νCHstretch), 2194 (νC≡C), 1696, 1653 (νC=O), 1572 (νC=C), 1414 (νC-N); 1H NMR (CDCl3, 400 

MHz) δ 9.02 (d, J = 8.2 Hz, 2H), 8.68 (d, J = 6.4 Hz, 2H), 8.61 (d, J = 7.3 Hz, 2H), 8.09 (d, J = 

7.8 Hz, 2H), 7.91 (t, J = 7.8 Hz, 2H), 7.84-7.71 (m, 6H), 4.89 (q, J = 7.6 Hz, 6H), 4.21-4.08 (m, 

4H), 2.25 (q, J = 7.5 Hz, 6H), 1.96 (d, J = 6.4 Hz, 2H), 1.54-1.46 (m, 6H), 1.45-1.27 (m,16H), 

1.06 (t, J = 7.1 Hz, 9H), 0.95 (t, J = 7.3 Hz, 6H), 0.89 (t, J = 7.1 Hz, 6H); 
13

C-NMR (CDCl3,100 

MHz) δ 164.4, 164.1, 144.2, 132.6, 131.7, 130.9, 130.6, 130.5, 130.4, 130.2, 130.1, 128.1, 127.7, 

126.9, 122.9, 122.6, 114.5, 113.9, 113.3, 94.7, 93.4, 92.7, 92.3, 56.9,44.3, 37.9, 32.1, 30.7, 28.7, 

24.0, 23.1, 19.9, 14.1, 13.6, 10.6; HRMS calcd for C78H77N11O4 [M+ Na] m/z 1254.6052, found 

1254.6058. 

3.4.5 Computational Methods 

Gaussian 09 program package was employed for performing all fully optimized without 

any symmetry constrains employing the DFT using Becke's three parameters hybrid 

functional[340] and Lee, Yang and Parr's correlational functional B3LYP[341] using the 6-

31G* basis set on all atoms in vacuum. The confirmation of the structure was performed 

by vibrational analyses on the optimized structures. The excitation energies and oscillator 

strengths for the lowest 10 singlet–singlet transitions at the optimized geometry in the 

ground state were obtained by TD-DFT calculations using (M06-2x/6-31G(d,p))[342] 

method. 
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4.1 Introduction 

The tremendous ongoing development in the field of organic functional materials is still of great 

interest to exploit the optical and electronic properties over polymers and inorganic counterparts. 

The applicability of semiconducting organic molecules is anticipated to widely explore the market 

of optoelectronics which is in fast competition with its polymeric and silicon-based materials. The 

rapid alterations for affording them as flexible, cheap and stable scaffolds in electronic devices 

such as OSCs, DSSCs, OLEDs and OTFTs have gathered immense attention. In the last decades, 

remarkable progress in designing of organic semiconductor based small molecular devices with 

the long-term stability on basis of deeper studies on their electronic and optoelectronic properties 

have been reported.[9, 11, 13, 343] Until now, use of spontaneous but controlled synthetic 

strategies is in application to develop well-defined small molecules using PAHs,[344, 345] 

heterocyclic chromophores and imide-based molecules as potential candidates for organic 

electronic devices. An indispensable need for cost-effective synthesis of n-type semiconductors is 

in demand. Further, to generalize push-pull chromophore with direct or vinyl-linkage which exists 

in their highly distorted ICT excited state are supposed to exhibit rapid radiationless decay. 

Whereas the incorporation of rigid acetylene bridging group prevents the molecular deformation 

keeping the molecular rigidity and symmetry intact and thus avoiding the radiative relaxation. 

Moreover, the molecular coplanarity and architectures of π-conjugated organic molecules bring 
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importance to the charge hopping that facilitates the intramolecular and intermolecular 

interactions. 

 
Chart 4.1 Structures of documented chromophore-substituted pyrene-based organic materials. 

Among the various PAHs, pentacenes[346, 347]
 
and pyrene[348] have gained prominent 

attention owing to its good molecular and electronic flexibility. However, due to constrained 

multiple substitution and poor stability of pentacenes, pyrene core is preffered. It is renowned for 

its multiple substitution at 1, 3, 6, 8, or 2, 7 or 4, 5, 9, 10 positions. The chemical methods to 

substitute at 1, 3, 6, 8 positions are more facile than other sites. Moreover, the chromophore 

displays a planar π-conjugating system with long lifetime and high quantum efficiency. To gain an 

insight of multi-functionalized pyrene core as organic semiconductor several research groups have 

characterized the dyes to reveal the pioneering application as p-type or n-type semiconducting 

backbone.[349-354] Pyrene chromophore have been studied widely in the field of material science 

in combination with different electron rich and electron deficient fluorescent moieties to serve as 
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typical D-A functional materials, D9-D32.[352-370]
 
Structures of few chromophore-tethered 

pyrene-based organic materials are shown in Charts 4.1 and 4.2. 

Recently, Mallesham et al.[353] have synthesized a series of mono-substituted pyrene dyes, 

D9-D12 exploring pyrene as donor end-capped with electron deficient diphenyl phosphine–oxide, 

acceptor to develop highly efficient electron transporting blue-emitters. Konidena et 

al.[358].synthesized multi-substituted C-C linked pyrene-phenothiazine conjugates, D17a-D17e to 

study the structure-function correlation for OLEDs. Recently, Niko et al.[361] have explored the 

four positions of pyrene to construct asymmetric derivatives appended with both donor and 

acceptors to synthesize polar dyes, D18a-D18e. Sonar et al.[362] presented a straight forward 

synthesis for D-D or D-A star shaped 1, 3, 6, 8-tetra-sustituted pyrene, D20-D23 as solution 

processable blue to orange emitters for OLEDs. Moorthy et al.[363] synthesized sterically 

hindered 1, 3, 6, 8-tetra-substituted pyrenes, D24-D26 coupled to multiple methyl substituted 

phenyl rings by Suzuki cross coupling as blue light emitting materials. Thomas et al.[321] 

reported blue to yellow emitting OLEDs based on planar fluorene-pyrene hybrids, D30-D31 

exhibiting charge transfer Ji et al.[365] studied the molecular effect of 1, 6- and 1, 8-

bis(phenylethynyl) pyrenes, D32b and D32c on the charge transfer as an efficient fluorescent thiol 

probe for bioimaging in living cells. 

Chart 4.2 Structures of known pyrene-based rigid organic materials. 

Thus, to the best of our knowledge only a few articles are reported where pyrene is flanked by 

electron deficient moieties solely or in combination with electron donating units. Imides are 

considered as electron deficient organic core which are known for their strong electron affinity 

and stability as described in previous chapters too. The series of various imide derivatives such as 
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perylene bisimide, rylene imides, bis-naphthalimides, naphthalimides and phthalimide are well 

known. 1,8-naphthalimide is an imide-based electron deficient pivotal scaffold that provides a 

ease of functionalization at aromatic core as well as imidic position to behave as a promising n-

type organic semiconductor. The small molecular derivatives based on naphthalimide possess a 

high electron affinity that makes it a suitable candidate as electron transporting materials in 

OLEDs and non-fullerene acceptor
 
in OSCs. A variety of naphthalimide based D-A molecules 

with different topology are documented and discussed in Chapter 1. Chai et al.[103]
 
have 

theoretically investigated photophysical and electronic properties of naphthalimide-substituted 

fluorene derivatives and characterized them as D-A molecules possessing ICT. Arunchai et 

al.[147]
 
have synthesized three triphenylamino naphthalimides directly linked via C-C bond with 

mono to tri substituted core. It was found that with increase in naphthalimide units there is a 

decrease in electron delocalization between the donor and the acceptor and stabilization of HOMO 

energy level attributed to the electron withdrawing characteristic of naphthalimide unit. Gudieka 

et al.[118] have reported three D-A molecules composed of triphenylamine and naphthalimide 

linked by double bond in order to improve the extent of conjugation. It was found that the HOMO 

was localized entirely on donor while LUMO was centered on naphthalimide while mono and di-

substituted derivatives exhibit higher hole mobilities than tri-substituted derivative. Further, 

Gudeika et al.[119] synthesized triphenylamine-naphthalimide hybrids comprising different 

number of acceptors linked via ethynyl bridge. These dyes exhibited enhanced intensity of the 

low-energy band with the increasing number of 1,8-naphthalimide and show superior thermal 

stabilities over their single and double bond linked analog derivatives. Jin et al.[132]
 
modeled star-

shaped D–π–A molecules comprising triphenylamine, 1,8-naphthalimide linked by different π-

bridges and studied their properties as organic solar cell materials. The results suggested that 

molecules possessing ethyne π-bridge displayed better charge transfer rates attributed to a more 

efficient orbital overlap. Seifert et al.[364] have synthesized a highly planar electron-deficient 

nanographene composed of N-(2,6-diisopropylphenyl)-1,8-naphthalimide dehydrogenated on 

pyrene core possessing a narrow band gap with deep seated LUMO and HOMO energy level at 

3.81 eV and 5.83 eV respectively. Thus, naphthalimide is capable to tune the properties of its 

derivatives by incorporating planarity, strong emission and altering LUMO energy levels. The 

illustrated molecules in literature supports that structural variation in the D-A molecules to control 

the position, orientation and linkage of the tethered chromophore is fruitful for the practical 

application of organic molecules. 
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Figure 4.1 Structures of pyrene derivatives containing naphthalimides peripheries. 

We have synthesized a series of compounds where pyrene and naphthalimide units are 

tethered together in a single molecule to offer a route to new fluorescent materials with interesting 

properties. Herein this chapter, we present the synthesis and analysis of a set of small molecules 

which consist of pyrene core and 1,8 naphthalimide group as terminal acceptors linked by 

acetylene bridge synthesized by Sonogashira cross coupling reactions as depicted in Figure 4.1. 

The photophysical behavior of the dyes depends solely on the architecture, framework and 

number of substituents on the pyrene core. The tetra-substituted pyrene compound absorbs 

bathochromically in the set of dyes and emits light strongly in solution state compared to other 

dyes attributed to elongation in the conjugation. The dyes possess positive solvatochromism in the 

excited state indicative of more polarized excited state supported by low quantum yield and long 

lived fluorescence lifetime in polar solvent. Theoretical computations are performed to investigate 

the electronic structure of the dyes. The dyes exhibited electronic distribution facile for charge 

transfer in excited state and electron deficiency with low lying LUMO energy level. The low 
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reduction potential and high thermal stability make these materials promising n-type 

semiconducting candidates for electronic applications. 

4.2 Results and Discussion 

4.2.1 Synthesis and Characterization 

The dyes (14a-14e) were synthesized by following a synthetic protocol displayed in Scheme 

4.1. The reaction involve Sonogashira cross coupling reaction using Pd catalyst.
 
The bromo-

derivatives of pyrene as key intermediates were obtained by following literature procedures.[372, 

373] The respective bromo-derivatives such as  1-bromopyrene (13a), 1,8-dibromopyrene (13b), 

1,6-dibromopyrene (13c), 1,3,6-tribromopyrene (13d), 1,3,6,8-tetrabromopyrene (13e) were 

coupled with N-(2-ethylhexyl)-4-ethynyl-1,8-naphthalimide, 2 to obtain the target compounds, 

14a-14e in moderate to good yields. The dyes are orange or red in colour and are reasonably 

soluble in most of common organic solvents such as TOL, DCM, THF, CHCl3, DMF but insoluble 

in alcohols. They were characterized by 
1
H, 

13
C-NMR, IR and mass analyses and the data found to 

be consistent with the proposed molecular structures. 

 

Scheme 4.1 Synthetic route to the compounds 14a-14e 

4.2.2 Photophysical Properties 

The absorption spectra of the dyes recorded in DCM are shown in Figure 4.2(a). The 

corresponding optical data is summarized in Table 4.1. All the dyes display complex structured 

absorption profile covering the entire 230-550 nm region. The intense band appearing at higher 

energy wavelength (~240 nm) is due to the localized π-π* transitions originating from the 

naphthalene core of naphthalimide whereas the resolved and sharp absorption bands in 300-400 

nm region originates from the π-π* delocalized electronic transition in naphthalimide and pyrene 
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units. The longer wavelength band appearing in 400-550 nm is attributed to the multiple 

transitions from the entire molecule which depends on the chromophore density. Compared to the 

absorption spectrum of pyrene[374, 375] which shows three well-resolved sharp bands, dyes 14a-

14e display a red-shifted broad spectra attributable to the extended π-conjugation system. The 

photophysical properties of the dyes are dependent on the peripheral chromophore density, 

molecular symmetry and substitution pattern on the pyrene core. The optical properties were 

found to be attenuated monotonically from mono, di, tri to tetra substituted derivatives. Among 

the dyes, the tetra-substituted dye 14e, displayed the most bathochromic absorption owing to the 

extension in conjugation. Interestingly, among the 1,6- and 1,8-isomers, former displayed red 

shifted absorption profile attributed to the extended conjugation over 1,8-analog. The molar 

extinction coefficients of the dyes showed progressive increase on moving from mono to tetra 

derivative attributable to the increase in naphthalimide density. When compared to 

phenylethynylpyrene[366] reported by Yang et al., 14a displayed a bathochromically shifted 

absorption (Δλ = 55 nm) as a result of extension in conjugation due to replacement of phenyl with 

naphthalimide. Moreover, 14a possesses a red-shifted absorption (Δλ = 47 nm) than the typical 

donor-acceptor molecule N,N-dimethylanilinoethynylpyrene, D32a[366]. Similarly, the tetra-

substituted derivative 14e show a red-shifted band (Δλ = 58 nm) compared to 1,3,6,8-

tetraethynylpyrene, D27.[367] 
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Figure 4.2 (a) Absorption and (b) emission spectra of the dyes recorded in DCM. 

The emission spectra of the dyes recorded in DCM solvent is displayed in Figure 4.2(b). 

Unlike the absorption profile, the emission spectra of the dyes remain unaltered and centered at 

550 nm irrespective of naphthalimide count. This emission band observed is due to ICT from 

pyrene to naphthalimide chromophore in the excited state. A successive increment in the emission 
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yield was observed on moving from mono- to tri-substituted derivative which is saturated then. 

The Stokes shift of 14a is doubled that of 14e. This points that the highly rigid and planar 

framework of latter prevents structural reorganization in the excited state. This also validates the 

most significant charge transfer in 14a is due to the non-competitive and unidirectional transfer of 

charge in excited state. Furthermore, this is also supported by the trend of fluorescence quantum 

yield (ФF) calculated for the series of compounds in range of 32-81% relative to coumarin-6 (78% 

in EtOH). It is stated that the charge transfer generally brings a decrement in the quantum yield 

attributed to the more pronounced dipolar relaxation in the excited state. Moreover, tetra-

substituted functionalized phenylethynyl pyrenes[368-371] reported in literature displayed low 

quantum yield owing to the rapid nonradiative decay of the excited state. However, interestingly 

the present dye 14e exhibited a relatively high quantum efficiency. Compound 14a displayed red 

shifted emission than documented phenylethynylpyrene (Δλ = 150 nm) and 

dimethylanilinoethynylpyrene, D32a (Δλ = 50 nm). This could be attributed to the strong charge 

transfer in the excited state of the dye where pyrene acts as donor and naphthalimide as strong 

acceptor. 

Table 4.1 Optical data of the dyes 14a-14e. 

Dye 
λmax, nm (Ɛmax, M

−1
 cm

−1
 × 10

3
) λem, nm (ФF, %)

a
 

Stokes 

shift, cm
-1

 

DCM Film DCM Film Solid DCM 

14a 435 (37.9), 372 (28.1), 353 (34.6), 

285 (27.2), 274 (28.4) 

504, 440, 

379 

552 (32) 560 (s), 

600 

560 (s), 

612 

4873 

14b 478 (s) (15.4), 424 (65.8), 395 

(71.4), 312 (20.7), 241 (102.1) 

512, 435, 

405 

542 (41) 575 586 2470 

14c 475 (s) (57.9), 455 (62.6), 402 

(54.8), 371 (45.0), 353 (42.6), 305 

(33.3), 237 (118.4) 

515, 477, 

416 

545 (74) 590 602 2704 

14d 463 (80.2), 409 (75.9), 372 (57.5), 

355 (57.3), 310 (44.5), 236 (145.6) 

525, 477, 

418 

530, 557 

(s) (81) 

605, 

645 (s) 

623 2730 

14e 480 (108.4), 409 (102.2), 373 

(76.7), 313 (56.9), 240 (167.8) 

530, 485, 

421 

530, 558 

(s) (79) 

611, 

650 (s) 

634 1965 

a 
Fluorescence quantum yield (ФF) calculated relative to standard coumarin-6 (78% in EtOH) 

The absorption and emission spectra of dyes in a series of solvents of varying polarity were 

recorded to ascertain the solvatochromic properties (Table 4.2). The solvatochromism in the 

absorption and fluorescence spectra is displayed for the dyes in Figures 4.3 and 4.4, respectively. 

The absorption of the dyes is insensitive to change in solvent polarity indicating the ground state 

is devoid of solvent specific stabilization. However, the emission profiles of the dyes shifted from 
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green to orange region on changing polarity of solvent. All the dyes displayed positive 

solvatochromism in the excited state. This clearly indicates that the dyes are more solvated in the 

excited state than in ground state. The compounds show structured emission spectra in non-polar 

solvent whereas in highly polar solvent such as DMF it is broad and structureless. This is a result 

of polar solvent specific stabilization of the charge transfer excited state. However, among the 

dyes, 14d and 14e display structured emission spectra even in polar solvents such as DCM and 

THF indicating a less polar excited state. Moreover a large Stokes shift is observed for polar 

solvents indicating the polarized excited state and effective solvation of dyes by polar solvents. A 

Stokes shift change from 2147 cm
-1 

to 5330 cm
-1

 is observed for 14a on moving from TOL to 

DMF which is largest in the series (Table 4.3). This may be due to the competitive charge transfer 

to multiple naphthalimides which reduce the overall dipole of the molecule. Also, the rigid rod-

like extended in conjugation present in the compound 14b-14e may resist structural changes in the 

excited state. Further the reduction of quantum yield in polar solvents support the presence of 

polarized excited state which is relaxed non-radiatively in polar solvents. 

  



Pyrene-Naphthalimide Hybrids: Effects of Substitution Pattern Chapter 4 

 

171 
 

280 330 380 430 480 530

0.0

0.3

0.6

0.9

1.2

 TOL

 TEA

 TCE

 DCB

 CHCl3

 THF

 DCM

 DMF

N
o

rm
a

li
z
e

d
 A

b
s

o
rb

a
n

c
e

Wavelength, nm

14a

280 330 380 430 480 530

0.0

0.3

0.6

0.9

1.2

 TOL

 TEA

 TCE

 DCB

 CHCl3

 THF

 DCM

 DMF

N
o

rm
a

li
z
e

d
 A

b
s

o
rb

a
n

c
e

Wavelength, nm

14b

280 350 420 490 560

0.0

0.3

0.6

0.9

1.2

 TOL

 TEA

 TCE

 DCB

 CHCl3

 THF

 DCM

 DMF

N
o

rm
a

li
z
e

d
 A

b
s

o
rb

a
n

c
e

Wavelength, nm

14c

 

290 360 430 500 570

0.0

0.3

0.6

0.9

1.2

 TOL

 TEA

 TCE

 DCB

 CHCl3

 THF

 DCM

 DMF

N
o

rm
a

li
z
e

d
 A

b
s

o
rb

a
n

c
e

Wavelength, nm

14d

290 360 430 500 570

0.0

0.3

0.6

0.9

1.2

 TOL

 TEA

 TCE

 DCB

 CHCl3

 THF

 DCM

 DMF

N
o

rm
a

li
z
e

d
 A

b
s

o
rb

a
n

c
e

Wavelength, nm

14e

 

Figure 4.3 Normalized absorption spectra of the dyes 14a-14e recorded in different solvents. 
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Figure 4.4 Normalized emission spectra of the dyes 14a-14e recorded in different solvents.  
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Table 4.2 Absorption spectral data of dyes 14a-14e in different solvents. 

Table 4.3 Emission spectral data for 14a-14e dyes in different solvents. 

Dye    λmax, nm 

 TOL TEA TCE DCB CHCl3 THF DMF 

14a 445 (s), 430, 396, 

370, 355, 285 

434, 353, 283 445 (s), 426, 

353, 285 

431, 353, 282 440, 395, 373, 

355, 286 

438, 420, 395, 

372, 352, 284 

436, 370, 353, 

286 

14b 472 (s), 424, 395, 

311 

474 (s), 421, 

395, 310 

475 (s), 424, 

395, 308 

475 (s), 423, 395, 

310 

474 (s), 425, 396, 

310 

478 (s), 420, 393, 

310, 246, 240 

483 (s), 422, 

395, 312 

14c 472 (s), 454, 399, 

371, 355, 305 

470 (s), 454, 

399, 371, 355, 

305 

472 (s), 455, 

399, 370, 355, 

304 

471 (s), 455, 400, 

371, 355, 305 

474 (s), 455, 402, 

279, 354, 307 

475 (s), 450, 400, 

370, 355, 304 

478 (s), 456, 

401, 371, 354, 

307 

14d 461, 405, 372, 

354, 310 

460, 405, 372, 

354, 310 

460, 405, 372, 

354, 310 

460, 410, 372, 

354, 310 

463, 407, 372, 

354, 311 

460, 405, 373, 

354, 311, 236 

460, 408, 373, 

356, 313 

14e 480, 468, 405, 

374, 354, 313 

480, 405, 374, 

354, 313 

490, 405, 374, 

354, 313 

544 (s), 490, 405, 

374, 354, 313 

480, 408, 375, 

354, 312 

480, 472, 406, 

373, 352, 313 

542 (s), 481, 

410, 373, 354, 

312 

Dye                                       λem, nm (ФF %)                                                                                        Stokes shift, (cm
-1

) 

 

14a 

TOL TEA TCE DCB CHCl3 THF DMF TOL TEA TCE DCB CHCl3 THF DMF 

492, 533 

(s) (75) 

488 495 515 529 (64) 536 (49) 568 (12) 2147 2550 3272 3784 3824 4174 5330 

14b 499, 533 

(s) (55) 

499, 

536 (s) 

510, 

542 (s) 

516, 549 

(s) 

527 (51) 533 (40) 559 (23) 1146 1097 1445 1673 2122 2159 2815 

14c 500, 540 

(s) (91) 

498, 

547 (s) 

512, 

538 (s) 

519, 548 

(s) 

521, 557 (s) 

(78) 

530 (84) 570 (26) 1186 1196 1655 1964 2312 2185 3377 

14d 511, 546 

(s) (83) 

505, 

572 (s) 

513 533, 554 

(s) 

522, 557(s) 

(79) 

522, 553 

(s) (79) 

565 (23) 2123 1937 2246 2977 2441 2582 3818 

14e 513, 548 

(s) (92) 

500, 

583 

512 534 521, 557 (s) 

(90) 

523, 554 

(s) (87) 

565 (25) 1340 833 915 1682 1639 1713 3091 
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Figure 4.5 (a) Absorption and (b) Emission spectra of 14a in TOL-DCM mixture. 

Photophysical studies in binary solvent mixture are recorded for 14a in varying proportion of 

non-polar solvent (TOL) and polar solvent (DCM) in order to study the effect of solvation of polar 

excited ICT state on variation in solvent polarity. Figures 4.5(a-b) display the variation in the 

absorption and emission spectra of 14a in TOL: DCM binary solvent system. In absorption 

spectra, there is negligible effect on the absorption properties of the dye as the ratio of polar 

solvent is increased from 0% to 100% pointing towards the non-polar character of the ground state 

of the dye and absence of CT in ground state. While in emission spectra we observed a gradual 

continuous red shift in the peak with increment of polar solvent showing positive 

solvatochromism from 490 to 550 nm. This highlights that the emission peak observed is due to 

CT from electron rich pyrene to electron deficient naphthalimide unit. Furthermore, it is clear that 

the dye is polarized and exhibits CT interactions in excited state. 

In order to get further insights into the effect of solvent polarity on excited state, Lippert-

Mataga correlations[376, 377] were performed (Figure 4.6). The dyes exhibited a positive slope 

and displayed a reasonable linear correlation highlighting the positive solvatochromism in the 

excited state for the dyes. Furthermore, it is clear that the dye is polarized and exhibits CT 

interactions in excited state. In the series, dye 14a displayed the largest slope which highlights a 

more polarized excited state for this when compared to other dyes. The dyes 14d and 14e show 

deviation from the linearity for aromatic solvents in Lippert-Mataga plot. The larger Stokes shift 

observed for both the dyes could be attributed to either better solvation, aggregation or higher 

degree of change in the electron density distribution between the ground state and excited 

state.[378] 
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Figure 4.6 Lippert-Mataga plot for (a) 14a and 14e and (b) 14b-14d dyes. 
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Figure 4.7 Concentration dependent normalized emission spectra of dye (a) 14d and (b) 14e 

recorded in TOL. 

The concentration dependent fluorescence spectra of the dyes 14d and 14e were recorded in 

Tol to study the effect of aggregation (Figure 4.7). Both the dyes display a red-shifted and 

structureless emission band in concentrated solution (2x10
-3 

M) compared to the spectra observed 

in diluted solutions. The vibronic bands that appeared at concentration lower than 2x10
-4 

M 

disappear at higher concentrations. This red-shift and broadening of the band could be attributed to the 

formation of aggregates at higher concentrations. The study has shown the existence of the dyes in 

different states i.e. monomer and aggregate. Dye 14e displayed a more red-shifted (Δλ = 85 nm) emission 

band at λ = 595 nm than dye 14d (Δλ = 65 nm) observed at λ = 575 nm. The band observed for both the 

dyes is narrower and bathochromically shifted than dimeric pyrene excimer (λ = 475 nm). This may be due 

to the enhanced conjugation length, increased intermolecular interactions and conformational disorder 
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preferably in dye 14e than dye 14d. At a concentration of 2x10-4 
M, dye 14e display a red-shifted shoulder 

at λ = 580 nm along with monomeric emission in contrast to the broad band observed for dye 14d at λ = 

545 nm. 
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Figure 4.8 Normalized (a) absorption and (b) emission spectra of the dyes recorded on film 

prepared by drop cast method. 

Further, to investigate the optical properties for the dyes in solid state we have recorded 

absorption and emission spectra in thin film and solid state. The absorption bands were found to 

be bathochromically shifted for the dyes (Figure 4.8(a)). Thus, thin films obtained from the dyes 

tend to give J-aggregates indicating enhanced intermolecular interactions in the solid state which 

is confirmed by SEM images of powder samples (Figure 4.9). The FESEM images revealed the 

presence of different morphologies in nanometers (nm) to micrometers (μm) sizes. The dye 14a 

exhibited spherical morphology with a typical diameter of nanostructures 80±20 nm. Interestingly, 

both the dyes 14b and 14c displayed nanoflakes (60-70 nm). It is worth to mention here that 14c 

displayed more organized and well defined flakes compared to 14b which can be due to the 

effective intermolecular interactions arising from compact and planar π-conjugated aromatic 

system. While more extended systems 14d and 14e displayed ill-defined superstructures with 

network-like morphology in micrometer range. It is observed that as the chromophore density on 

pyrene core increases, the morphology changed drastically which could be attributed to the 

difference in intermolecular forces between the molecules. The morphological difference in the 

series is attributed to the variation in the molecular conjugation density. We recorded PXRD 

spectra for the dyes to evaluate the grain size (Figure 4.10). However, a broad profile centered at 

2θ = 20-30 Å (d = ~3.5 Å) is observed attributed to the amorphous nature of the dyes. 
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Figure 4.9 FESEM images of as synthesized compounds (i-v) 14a-14e, respectively; scale bar: 1 

μm. 
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Figure 4.10 PXRD spectra of the dyes. 
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Figure 4.11 Normalized solid state emission spectra of the dyes. 

Also, the emission of films casted on quartz (Figure 4.8(b)) of the corresponding compounds 

and of powder solid samples (Figure 4.11) were also recorded. A large divergence was observed 

between the fluorescence properties of the films, solid state and solutions. The dyes display red-

shifted emissions compared to the solution emission highlighting strong intermolecular interaction 

in the solid state. 

4.2.3 Time Resolved Fluorescence Studies 
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Figure 4.12 Fluorescence decay data for the dyes in (a) TOL and (b) DCM. 

Further, to investigate the decay dynamics and effect of solvent polarity on the excited state, time-

resolved fluorescence studies (Figure 4.12) were conducted in TOL and DCM. Table 4.4 

summarizes the time-resolved fluorescence data such as fluorescence lifetimes, quantum yields, kr 
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and knr decay rate constants of the dyes. The fluorescence decay profiles for the dyes in both 

solvents follow tri-exponential kinetics as detailed in Table 4.5. The average lifetime calculated 

for the dyes are found to be 1.5-3.5 ns which are relatively shorter than the parent unsubstituted 

pyrene core.[351, 360] The occurrence of ultrafast decay i.e. shorter lifetime can be related to the 

allowed S0-S1 transitions in the dyes compared to forbidden transitions in pyrene.[351] Further, 

the correlated fluorescence decay analysis reveal that τavg of the excited state increases with 

increase in solvent polarity. This elicits the long lived excited state in more polar solvent than non-

polar solvent. It highlights the probability of the excited state to undergo faster non-radiative 

decay. Among the dyes, 14a exhibits a large lifetime decrement (Δτ = 1.17 ns) with change in 

solvent polarity. This can be attributed to the highly asymmetric structure. Dye 14e possessing 

high fluorescence quantum yield display a lifetime calculated to be the least (1.51 ns) among the 

series. This type of trend is the characteristic for the polarized excited state of dyes. The shorter 

lifetime as displayed by 14e indicates a rapid radiative pathway among the dyes. Radiative decay 

rate slows down with increase in solvent polarity. This supports the longer fluorescence lifetime 

for non-polar solvent. Further, the magnitude of kr is larger than knr for non-polar solvent. This is 

in aggrement with the trend of fluorescence quantum yield. This means that radiative pathway is 

facilitated over non-radiative decay for non-polar solvent than polar solvent owing to the solvent 

specific stabilization of the polar excited state in the later. 
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Table 4.4 Time-resolved fluorescence and photophysical data for the dyes in TOL and DCM (2×10
-6

). 
 

 

 

 

 

 

 a 
τavg = Fluorescence lifetime decay measured as τavg = (A1 × τ1) + (A2 × τ2) + (A3 × τ3) in ns. 

b 
Fluorescence relative quantum yield calculated using coumarin 6 as 

reference (78%  in EtOH). 
c 
Radiative decay rates (kr) calculated using kr =  ΦF/τ. 

d 
Non-radiative decay rate (knr) calculated using ΦF = kr/(kr+knr). 

Table 4.5 Time-resolved fluorescence spectroscopy data for the dyes in TOL and DCM, respectively 

Dye τ1, ns A1 τ2, ns A2 τ3, ns A3 τa, ns τb, ns τc, ns τavg, ns χ
2
 

14aTOL 1.12 0.0352 2.52 0.8718 0.009 0.0930 0.039 2.20 0.008 2.25 1.10 

14aDCM 1.30 0.0011 3.20 0.0108 3.43 0.9881 0.001 0.035 3.39 3.42 1.08 

14bTOL 1.63 0.2992 0.136 0.0635 2.52 0.6373 0.488 0.009 1.60 2.10 1.04 

14bDCM 0.111 0.0518 3.71 0.6456 2.15 0.3026 0.006 2.40 0.652 3.06 1.11 

14cTOL 0.165 0.0230 1.47 0.3876 2.28 0.5894 0.004 0.57 1.34 1.92 1.01 

14cDCM 1.69 0.1206 0.002 0.2431 3.61 0.6364 0.020 0.005 2.30 2.51 1.08 

14dTOL 1.10 0.1992 1.86 0.7038 0.008 0.0970 0.022 1.31 0.007 1.54 1.09 

14dDCM 0.009 0.0932 2.00 0.6223 3.91 0.2845 0.008 1.25 1.11 2.37 1.19 

14eTOL 0.937 0.1644 1.80 0.7507 0.112 0.0849 0.154 1.35 0.009 1.51 1.10 

14eDCM 1.50 0.0002 2.97 0.0003 2.18 0.9995 0.0003 0.0009 2.18 2.18 1.26 
Where τ1/ τ2/ τ3, Life time of different decay channels from FLS experiment in ns using 463 nm as excitation wavelength; A1/A2/A3, Contribution of different decay 

channels in solution; fitted by triple exponential; χ
2
, correlation of exponential fit; τavg = Fluorescence lifetime decay measured as τavg = (A1 × τ1) + (A2 × τ2) + (A3 × τ3)  in 

ns.  

Dye 

 

τavg,
a
 ns Q.Y.,

b
 ФF % kr,

c
 ns

-1
 knr,

d 
 ns

-1
 

TOL DCM TOL DCM TOL DCM TOL DCM 

14a 2.25 3.42 75 32 0.33 0.09 0.11 0.20 

14b 2.10 3.06 55 41 0.26 0.13 0.21 0.19 

14c 1.92 2.51 91 74 0.47 0.29 0.05 0.10 

14d 1.54 2.37 83 81 0.54 0.34 0.11 0.08 

14e 1.51 2.18 92 79 0.61 0.36 0.05 0.09 
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4.2.4 Electrochemical Properties 

Electrochemical analysis was performed to investigate the redox characteristics of the dyes in 

DCM. The redox parameters deduced from CV and DPV of the dyes are compiled in Table 4.6. 

All the dyes displayed a reversible reduction couple (Figure 4.13) and an irreversible oxidation 

wave (Figure 4.14(a)). The reduction peak for each compound with quite similar onset potentials 

can be assigned to the reduction of the 1,8-naphthalimide unit. This reduction potential lies in the 

range of -1.4 to -1.6 V. The reduction potential was found to be shifted anodically for 14b-14e 

compared to 14a indicating more electron-withdrawing capability for the former set of dyes. 

While the peak in the anodic region assigned to the removal of electrons is obtained from the 

oxidation of the conjugation backbone. The respective energy levels were calculated from the 

potential of first reduction and oxidation wave (Eonset). The LUMO energies were found to be at 

ca. -3.2 to -3.3 eV which is lower when compared to phenylethynylpyrene
 
(-3.88 eV). The LUMO 

levels of these compounds are close to that of the widely used non-fullerene acceptors and 

electron-transport materials indicating the materials can serve as potential n-type materials. While, 

the HOMO levels of these molecules are reasonably low lying (-5.6 to -5.9 eV) due to electron 

deficiency. The energy band gap narrowed down in the series by 0.2 eV on moving from for 14a 

to 14e suggestive of the role of chromophore density. The band gap of 14a is found to be lowered 

by 0.62 eV when compared to phenylethynylpyrene (3.14 eV) attributed to the presence of 

electron deficient naphthalimide unit instead of phenyl. Also, the band gap for the dyes, 14a-14e) 

is narrower than the pyrene derivatives reported in literature.[353, 359, 360] 

 Table 4.6 Electrochemical and Thermal data of the dyes. 

 a, b 
Redox potentials are reported with reference to the ferrocene internal standard using tetrabutylammonium 

perchlorate as electrolyte from CV and DPV respectively. 
c
 Obtained from the oxidation potential using the formula -

(4.8 + Eox) 
d 

Deduced from the reduction potential using the formula LUMO= -(4.8 - Ered) 
e 
Calculated using formula 

Eg= EHOMO-ELUMO. 
f 
Calculated from optical edge. 

g 
Calculated from TGA plot recorded at heating rate of 10 °C/ min 

under nitrogen atmosphere, Tonset wrt 10% wt. loss, Td = Decomposition temperature. 

Dye Ered, mV
a
 

(ΔEp) 

Eox, 

mV
b
 

HOMO,
c
 

eV 

LUMO,
d
 

eV 

Eg,
e
 

eV 

E0-0,
f
 

eV 

Tm (°C) Tonset 

(°C)
g
 

Td (°C)
g
 

14a -1623 (98) 898 -5.70 -3.18 2.52 2.58 189 380 459, 634 

14b -1487 (69) 986 -5.79 -3.31 2.48 2.56 152 429 482, 617 

14c -1573 (99) 927 -5.73 -3.23 2.50 2.53 260 446 487, 615 

14d -1568 (151) 789 -5.59 -3.23 2.36 2.45 236 438 476, 634 

14e -1523 (80) 820 -5.62 -3.28 2.32 2.43 258 444 490, 623 
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Figure 4.13 CV of the dyes (cathodic region) recorded in DCM. 
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Figure 4.14 (a) CV (anodic region) and (b) DPV recorded in DCM. 

4.2.5 Theoretical Studies 

To understand the electronic configuration of the compounds, density functional computational 

calculations were performed on model dyes 14a-14e where lengthy alkyl chain is approximated to 

methyl group (Figure 4.15). The dyes were found to be planar which probably facilitates the 

intermolecular interactions within the dyes. Figure 4.16 displays electronic distribution in the 

frontier molecular orbitals HOMO, HOMO‒1, LUMO and LUMO+1 of the dyes. In all the 

compounds, the HOMO is mainly constrained on pyrene core and naphthalene part of 

naphthalimide. This clearly demonstrates that pyrene acts as electron donating moiety. The 
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LUMO is spread over the entire molecule except 14e where it is constituted by pyrene. The 

LUMO+1 is localized on the naphthalimide unit. Thus, the HOMO to LUMO transitions occurring 

in the dyes at longer wavelength region involves charge transfer from pyrene to naphthalimide in 

14a-14c while in 14d and 14e it is mainly a pyrene localized transition. Table 4.7 summarizes the 

computed electronic parameters such as vertical transition, their oscillator strengths, their orbital 

contributions and energy of the HOMO and LUMO levels using TDDFT at the (M06-2x/6-

31G(d,p)) level. The major vertical electronic transitions are contributed by the HOMO to LUMO 

excitations. It is worth to mention that the order of theoretically calculated absorption maxima and 

energy band gap for the dyes followed the same trend as observed experimentally. 

 
Figure 4.15 Optimized molecular geometries of the modeled dyes. 

Table 4.7 Computed electronic parameters for the dyes using M06-2x/6-31G(d,p)) method. 

Dye max, 

nm 

f Composition HOMO, 

eV 

LUMO, 

eV 

Eg, 

eV 

14a 420 1.41 HOMO  LUMO (88%) -6.55 -2.10 4.45 

322 0.11 HOMO-1 LUMO (54%), HOMO  

LUMO+2 (15%), HOMO-2  LUMO (10%) 

   

14b 458 1.53 HOMO  LUMO (88%) -6.52 -2.31 4.21 

385 1.10 HOMO  LUMO+1 (73%), HOMO-1  

LUMO (19%) 

   

14c 457 2.55 HOMO  LUMO (88%) -6.52 -2.32 4.20 

14d 478 1.90 HOMO  LUMO (90%) -6.53 -2.49 4.04 

395 1.51 HOMO  LUMO+1 (67%)    

14e 516 2.11 HOMO  LUMO (92%) -6.50 -2.70 3.80 

398 2.63 HOMO  LUMO+1 (62%), HOMO-1  

LUMO (17%) 
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Figure 4.16 FMO of the dyes computed by using TDDFT at the B3LYP level.
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4.2.6 Thermal Properties 

The thermal properties of the pyrene-naphthalimide hybrids were estimated by TGA (Figure 

4.17) and the data compiled in Table 4.6. All the dyes exhibit good thermal stability upto 380 ̊C 

and display a Td above 450 ̊C. All the compounds display a two-step decomposition path in the 

range of 350-550 ̊C and 550-650 ̊C attributed to the loss of alkyl chain and aromatic ring, 

respectively. The dyes are thermally more stable than the previously reported dyes with either 

acetylene, vinyl or directly linked pyrene-based compounds with other chromophores highlighting 

the combined rigidity of pyrene and naphthalimide.[369, 370] 
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Figure 4.17 TGA curves of the dyes. 

4.3 Conclusions 

A series of naphthalimide decorated pyrene were synthesized by Sonogashira coupling reactions. 

The optical properties of the dyes show changes attributable to the degree of substitution on 

pyrene core. Among the 1,6-di-substituted and 1,8-di-substituted isomers, former displayed red 

shifted absorption profile attributed to the extended configuration possessing longer conjugation 

pathway. The molar extinction coefficient of the dyes increased monotonously from mono to 

tetra-substituted compound attributed to the elongation of conjugation. The compounds are green 

to orange fluorescent and display dependence on solvent polarity confessing a intra molecular 

charge transfer in excited state. Further, it is supported by large Stokes shifts, low quantum yield 

in polar solvents, linear trend in Lippert-Mataga plots and prolonged lifetime fluorescence decay 
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in polar solvents. The dyes show good thermal stability and reduction originating from 

naphthalimide unit. DFT studies exposed the presence of charge transfer in the molecules. The 

observed optical and electrochemical properties of the new dyes position them as promising n-

type semiconductors for electronic applications. 

4.4 Experimental Section 

4.4.1 General Methods and Instrumentation 

The general methodology is similar as described in Chapter 3. 

4.4.2 Synthesis 

4.4.2.1 N-(2-ethylhexyl)-4-(pyren-1-ylethynyl)-1,8-naphthalimide (14a) 

A mixture of 13a (0.56 g, 2 mmol), N-(2-ethylhexyl)-4-ethynyl-1,8-naphthalimide (0.67 g, 2 

mmol) were purged with nitrogen followed by addition of Pd(PPh3)2 Cl2 (14 mg, 0.02 mmol), CuI 

(4 mg, 0.02 mmol), PPh3 (11 mg, 0.04 mmol) and degassed distilled TEA (20 mL). The reaction 

mixture was kept on reflux for 12 h and the reaction was monitored with TLC and on completion 

water was added to quench the reaction. The organic part was extracted with CHCl3 to give orange 

solution and washed thoroughly with water. Solvent was evaporated and absorbed on silica for 

chromatography (eluent: CHCl3: Hexane, 2:3 -7:3) to yield light orange solid. Yield: 0.25 g 

(25%), mp: 189 ᵒC, IR (KBr, cm
-1

) 2188, ν(C≡C) 2966, 2925, 2860 ν(C-Hstretch), 1695, 1648, 1563 

ν(C=O, C=Carene), 1414 ν(C-N); 
1
H-NMR (400 MHz, CDCl3) δ 8.96 (d, J = 9.6 Hz, 1H), 8.84 (d, J = 9.2 

Hz, 1H), 8.74 (d, J = 9.2 Hz, 1H), 8.69 (d, J = 6.0 Hz, 1H), 8.63 (d, J = 7.3 Hz, 1H), 8.54 (d, J = 

9.2 Hz, 1H), 8.40-8.33 (m, 1H), 8.32-8.18 (m, 3H), 8.17-8.06 (m, 3H), 7.92 (t, J = 7.8 Hz, 1H), 

4.21-4.01 (m, 2H), 2.01-1.94 (m, 1H), 1.46-1.27 (m, 8H), 0.96 (t, J = 8.0 Hz, 3H), 0.90 (t, J = 7.6 

Hz, 3H); 
13

C-NMR (100 MHz, CDCl3) δ 164.3, 164.1, 132.2, 132.1, 131.9, 131.5, 131.1, 130.84, 

130.78, 130.7, 130.65, 130.60, 130.56, 130.5, 130.34, 130.28, 129.9, 128.9, 128.8, 127.4, 127.2, 

126.4, 126.0, 125.1, 124.6, 122.9, 92.0, 91.9, 44.2, 37.9, 30.7, 28.7, 24.0, 23.1, 14.1, 10.6; HRMS: 

m/z calcd for C38H31NO2: 556.2247 (M + Na
+
); found: 556.2248. 

4.4.2.2 4,4'-(Pyrene-1,8-diylbis(ethyne-2,1-diyl))bis(N-(2-ethylhexyl)-1,8-naphthalimide) 

(14b) 

It was obtained from compound 13b (0.36 g, 1 mmol), N-(2-ethylhexyl)-4-ethynyl-1,8-

naphthalimide (0.67 g, 2 mmol) and Pd(PPh3)2 Cl2 (14 mg, 0.02 mmol), 4 mg, 0.02 mmol), PPh3 

(11 mg, 0.04 mmol) by following the procedure described above for 14a. The dye was purified by 

silica column chromatography. Eluent: CHCl3: Hexane: EtOAc (7:3:0 -6:2:2) to yield light orange 
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solid. Yield: 0.15 g (18%), mp: 152 ᵒC; IR (KBr, cm
-1

) 2959, 2925, 2863 ν(C-Hstretch), 2192 ν(C≡C), 

1699, 1658, 1564 ν(C=O, C=Carene), 1413 ν(C-N); 
1
H-NMR (400 MHz, CDCl3) δ 8.93 (d, J = 8.2 Hz, 

1H), 8.89 (s, 1H), 8.71-8.68 (m, 2H), 8.67 (dd, J = 7.3, 0.9 Hz, 2H), 8.61 (dd, J = 7.6, 2.1 Hz, 1H), 

8.57 (d, J = 7.8 Hz, 2H), 8.39 (d, J = 7.8 Hz, 1H), 8.25 (d, J = 7.8 Hz, 1H), 8.15 (d, J = 7.8 Hz, 

1H), 8.04 (d, J = 7.3 Hz, 2H), 8.00 (d, J = 7.8 Hz, 1H), 7.97 (d, J = 7.3 Hz, 1H), 7.92-7.85 (m, 

2H), 4.17-4.09 (m, 4H), 1.99-1.90 (m, 2H), 1.42-1.28 (m, 16H), 0.93 (t, J = 7.6 Hz, 6H), 0.88 (t, J 

= 7.2 Hz, 6H); 
13

C-NMR (100 MHz, CDCl3) δ 164.1, 163.8, 137.9, 132.6, 132.2, 132.1, 131.9, 

131.8, 131.7, 131.5, 131.1, 130.8,130.3, 130.1, 129.4, 128.1, 127.9, 127.6, 127.3, 126.8, 125.1, 

124.0, 123.3, 123.2, 113.7, 97.5, 90.7, 81.9, 81.5, 44.3, 37.9, 30.7, 24.0, 23.1, 14.1, 10.6; HRMS: 

m/z calcd for C60H52N2O4: 865.3999 (M + H
+
); found: 865.3992. 

4.4.2.3 4,4'-(Pyrene-1,6-diylbis(ethyne-2,1-diyl))bis(N-(2-ethylhexyl)-1,8-naphthalimide) 

(14c) 

It was obtained from compound 13c (0.36 g, 1 mmol), N-(2-ethylhexyl)-4-ethynyl-1,8-

naphthalimide (0.67 g, 2 mmol) and Pd(PPh3)2 Cl2 (14 mg, 0.02 mmol), 4 mg, 0.02 mmol), PPh3 

(11 mg, 0.04 mmol) by following the procedure described above for 14a. The dye was purified by 

silica column chromatography (Eluent: CHCl3: Hexane (1:1-7:3) to yield orange solid. Yield: 0.3 

g (35%), mp: 260 ᵒC; IR (KBr, cm
-1

) 2963, 2922, 2860,ν(C-Hstretch), 2190 ν(C≡C), 1697, 1645, 1563 

ν(C=O, C=Carene), 1413 ν(C-N); 
1
H-NMR (400 MHz, CDCl3) δ 8.91-8.82 (m, 2H), 8.73 (d, J = 9.0 Hz, 

2H), 8.64 (dd, J = 7.3, 1.1 Hz, 2H), 8.57 (dd, J = 7.6, 4.4 Hz, 2H), 8.37 (dd, J = 8.0, 4.4 Hz, 2H), 

8.26-8.19 (m, 3H), 8.13 (d, J = 6.8 Hz, 1H), 8.11-8.08 (m, 1H), 8.04 (d, J = 7.6 Hz, 1H), 7.93-7.84 

(m, 2H), 4.20-4.08 (m, 4H), 1.99-1.93 (m, 2H), 1.43-1.26 (m, 16H), 0.97-0.86 (m, 12H); 
13

C-

NMR (100 MHz, CDCl3) δ 164.1, 163.9, 131.9, 131.4, 131.1, 130.7, 130.4, 130.1, 128.5, 127.8, 

127.3, 127.1, 126.4, 126.2, 125.5, 123.6, 122.8, 121.9, 117.6, 97.9, 92.7, 44.2, 37.9, 30.7, 28.6, 

23.9, 23.1, 14.1, 10.6; HRMS: m/z calcd for C60H52N2O4: 865.3999 (M + H
+
); found: 865.3998. 

4.4.2.4  4,4',4''-(Pyrene-1,3,6-triyltris(ethyne-2,1-diyl))tris(N-(2-ethylhexyl)-1,8-

naphthalimide) (14d) 

It was obtained from compound 13d (0.22 g, 0.5 mmol), N-(2-ethylhexyl)-4-ethynyl-1,8-

naphthalimide (0.5 g, 1.5 mmol) and Pd(PPh3)2Cl2 (11 mg, 0.015 mmol), CuI (3 mg, 0.015 mmol), 

PPh3 (8 mg, 0.03 mmol) by following the procedure described above for 14a. The dye was 

purified by silica column chromatography CHCl3: Hexane: EtOAc (7:3:0 -1:1:0-7:2:1) to yield red 

solid. Yield: 0.3 g (42%), mp: 236 ᵒC; IR (KBr, cm
-1

) 2957, 2925, 2863 ν(C-Hstretch), 2193 ν(C≡C), 

1699, 1653, 1563 ν(C=O, C=Carene), 1413 ν(C-N); 
1
H-NMR (400 MHz, CDCl3) δ 8.79 (d, J = 8.2 Hz, 
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1H), 8.73-8.65 (m, 2H), 8.63 (s, 1H), 8.61-8.51 (m, 3H), 8.51-8.48 (m, 1H), 8.48 (d, J = 1.8 Hz, 

1H), 8.45-8.42(m, 1H), 8.30 (dd, J = 7.8, 6.0 Hz, 2H), 8.18-8.06 (m, 3H), 8.07-7.93 (m, 4H), 7.91-

7.77 (m, 3H), 4.17-4.05 (m, 6H), 2.00-1.85 (m, 3H), 1.40-1.25 (m, 24H), 0.96-0.84 (m, 18H); 
13

C-

NMR (100 MHz, CDCl3) δ 163.4, 163.3, 131.4, 131.20, 131.15, 131.0, 130.9, 130.8, 130.7, 

130.65, 130.6, 130.44, 130.39, 129.7, 129.5, 128.9, 127.5, 127.3, 127.1, 127.0, 126.1, 125.9, 

125.3, 125.2, 122.8, 122.6, 122.5, 122.3, 122.1, 121.9, 121.8, 117.2, 117.1, 97.1, 96.2, 93.3, 92.9, 

44.2, 37.9, 30.7, 28.6, 23.9, 23.1, 14.1, 10.5; HRMS: m/z calcd for C82H73N3O6: 1196.5572 (M + 

H
+
); found: 1196.5564. 

4.4.2.5  4,4',4'',4'''-(Pyrene-1,3,6,8-tetrayltetrakis(ethyne-2,1-diyl))tetrakis(N-(2-

ethylhexyl)-1,8-naphthalimide) (14e) 

It was obtained from compound 13e (1 g, 1 mmol), N-(2-ethylhexyl)-4-ethynyl-1,8-naphthalimide 

(1.33 g, 4 mmol) and Pd(PPh3)2 Cl2 (28 mg, 0.04 mmol), CuI (8 mg, 0.04 mmol), PPh3 (22 mg, 

0.08 mmol) by following the procedure described above for 14a. The dye was purified by silica 

column chromatography (CHCl3: Hexane, 2:3 -1:1) to yield red solid. Yield: 1.3 g (85%), mp: 258 

ᵒC; IR (KBr, cm
-1

) 2958, 2924, 2860 ν(C-Hstretch), 2191 ν(C≡C), 1699, 1657, 1586, ν(C=O, C=Carene) 1415 

ν(C-N); 
1
H-NMR (400 MHz, CDCl3) δ  8.58 (d, J = 8.1 Hz, 1H), 8.52-8.36 (m, 3H), 8.36-8.29 (m, 

2H), 8.27 (dd, J = 7.3, 1.8 Hz, 2H), 8.22 (dd, J = 9.4, 4.2 Hz, 2H), 8.19 (s, 2H), 8.17-8.09 (m, 3H), 

8.07-8.03 (m, 1H), 8.01-7.95 (m, 2H), 7.92-7.82 (m, 2H), 7.80-7.71 (m, 2H), 7.70-7.62 (m, 2H), 

7.58 (dd, J = 14.9, 7.1 Hz, 1H), 7.50 (d, J = 7.5 Hz, 1H), 4.19-3.86 (m, 8H), 1.94-1.85 (m, 4H), 

1.45-1.19 (m, 32H), 1.00-0.77 (m, 24H); 
13

C-NMR (100 MHz, CDCl3) δ 163.4, 163.3, 163.2, 

163.1, 131.2, 131.1, 130.9, 130.74, 130.68, 130.6, 130.5, 130.4, 130.3, 130.1, 129.9, 129.7, 

129.64, 129.60, 129.4, 129.1, 128.9, 128.8, 127.5, 127.2, 127.1, 127.0, 126.0, 125.9, 125.82, 

125.77, 125.4, 125.3, 125.2, 122.9, 122.7, 122.5, 122.4, 122.1, 121.9, 121.8, 120.9, 120.6, 118.3, 

118.2, 117.7, 117.6, 117.12, 117.06, 97.0, 96.1, 95.8, 95.6, 95.3, 93.9, 93.5, 93.3, 93.0, 92.9, 44.1, 

37.8, 30.6, 28.5, 23.9, 23.1, 14.1, 10.6, 10.4; HRMS: m/z calcd for C104H94N4O8: 1526.7072 (M
+
); 

found: 1526.7069. 

4.4.3 Computational Methods 

All the computational methodology used is similar as described in Chapter 3. 
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5.1 Introduction 

The organic small molecules have gained tremendous attention as an important class of materials 

attributed to their unique optical and electronic properties. Their tunable properties make them 

attractive for applications in various organic electronic devices. There is a prompt progress in the 

field of large π-heteroaromatic conjugated molecules in organic electronics. Among various 

heteroaromatic cores, carbazole as electron rich and 1,8-naphthalimide as electron deficient core 

possessing C2 symmetric planar conjugated structure are preferably considered in developing 

conjugated materials. Owing to their planar extended system and easy functionalization, they offer 

great potential application in OLEDs, OPVs, OFETs, and fluorescent sensors. 

Depending on the molecular topology of the conjugated derivatives, they are classified into 

linear and star-shaped molecules. Star-shaped organic materials represent a family of compounds 

featuring a central core unit linked to conjugating side arms that emanate as spikes from a central 

axle. The star-shaped molecules exhibit superior properties over linear molecules similar to 

dendrimers.[379-391] They possess well-defined molecular structures while retaining good 

solution processability, film-forming properties, and easy tunable properties. Such compounds 

tend to show distinct advantages over linear analogs in terms of molecular conformation, charge 

and energy transfer, self-assembly and thermal properties. Apart from these, the multiple 

conjugated side arms of star-shaped molecules benefits by tremendously altering the optical 



Linear and Star-shaped Carbazole/ Naphthalimide Dyes Chapter 5 

 

190 

 

properties of the dyes. However, with respect to efficient synthesis, such compounds in general 

require repetitive synthetic steps involving multiple couplings with overall low yields. So, 

utilizing a facile synthetic strategy that facilitates avoiding lengthy procedure is desirable. 

Chart 5.1 Structures of the related dyes. 

Owing to the superior physico-chemical characteristics, a number of functional materials with 

different topology of the chromophores are designed and studied to unveil the properties of the 

dyes. A typical D-A linear shaped dyes, cyano-containing dyes and triazine molecules are 
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considered as a promising class of chromophores. A class of well-defined star-shaped compounds 

possessing triazine as the core and various chromophores as the branching arms has been 

synthesized and studied conveniently owing to its ease in synthesis and highly promising dipolar 

properties.[392-401] With this in regard, the development of D-A linear dyes and star-shaped 

triazine based-derivatives with particularly, donor groups are reported and their investigation are 

subjected to intense interest. Chart 5.1 displays the structures of related linear carbazole and 

naphthalimide-based and star-shaped triazine cored-dyes, D33-D42. Ma et al.[402] synthesized 

naphthalimide conjugated compounds, D33-D35. Dye D35 exhibited the most red-shifted 

absorption band at 433 nm with Δλ = 47 and 59 nm compared to that of D34 and D33, 

respectively. Introduction of carbazole unit in D35 resulted in extended π-conjugation. Lee et 

al.[403] synthesized linear and non-linear isomeric D-π-A dyes, D36a-d comprising carbazole 

donor and naphthalimide acceptor. The effect of difference in linkage is studied and found that the 

when compared to other isomers, meta linkage hampered the TPA properties, attributable to the 

poor D-A interactions in the ground state. Yang et al.[404] synthesized benzonitrile substituted 

dyes, D37a and D37b that absorbs at 372 nm and emits at 428 nm which is blue shifted compared 

to D33. However, dyes D37a-b displayed superior thermal stability. Zhang et al.[405] reported a 

D-A type naphthalimide-carbazole hybrid compounds, D38a and D38b, differing in cyano-

substitution in later for organic memory storage devices. D38b displayed excellent memory 

storage attributable to facile energy level. The cyano-group benefited in lowering the ELUMO 

compared to D38a, enhanced thermal stability, induced intermolecular interactions and effective 

film formation. Zhang et al.[406] synthesized star-shaped triazine-cored ((D–π–)3A) compounds, 

D39 and D40 with different electron donating groups, namely, triphenylamine and carbazole, 

respectively exhibiting excellent two-photon absorption  properties. D39 displayed 35 nm red 

shifted absorption compared to that of D40 attributed to extended π-π* conjugation in former. 

Matulaitis et al.[407] synthesized and characterized tri-substituted symmetric triazine-carbazole 

based electroluminescent materials, D41a and D41g differing in linking topologies of carbazole 

unit. Although dye D41a displayed superior thermal properties, D41g possessed a narrow band 

gap attributed to low-lying LUMO level and low oxidation potential of carbazole. This 

highlighted the ease of ICT in D41g compared to D41a. Tanaka et al.[408] synthesized a highly 

twisted triazine-substituted phenoxazine-based TADF active compound, D41b which displayed an 

EQE of 13.3 ±0.5% with yellow-orange emission arising from ICT. Jia et al.[409] reported tri-

substituted triazine-phosphine oxide dye, D41c as an electron transporter for blue PHOLEDs with 
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low turn on-voltage of 2.5 V. D41c displayed deep seated HOMO and LUMO energy levels lying 

at -6.6 eV and -3.4 eV, respectively owing to its strong electron affinity. Pang et al.[410] 

synthesized a star burst triazine cored-di-pyridylaminophenyl substituted dye, D41d and 

characterized it as a blue emitters in electroluminescent devices that it absorbs at 386 nm and 

strongly emit at 440 nm in solution and solid state. It possesses a high lying HOMO level at -4.99 

eV attributable to its electron deficiency. Aihara et al.[411] synthesized a blue emitter, D41e 

possessing phenylethynyl as brancing arms on triazine core and studied its EL properties with 

emission at 406 nm. Ranganathan et al.[412] synthesized a highly rigid and symmetric triazine-

cored cyano-substituted phenylacetylene derivative, D41f that absorbs at 353 nm and exhibited a 

sharp emission peak at 386 nm. It displayed a strong π-stacking interaction owing to effective 

inter-molecular interactions. Zhang et al.[413] synthesized a carbazole-triazine cored dye, D41h 

and found that it absorbs at 361 nm and emit strongly at 500 nm possessing a solvent stabilized 

charge transfer in excited state (Δλ = 60 nm). Zou et al.[414] synthesized and compared a set of 

C-C single and C-C triple bonded star-shaped D-π-A dyes, D42a-c and D42e-g, respectively. It 

was found that dyes D42e-g exhibited superior photophysical properties and deep seated energy 

levels over their C-C- bonded analogs. Further, the optical properties of these dyes were 

investigated to exhibit a red-shifted absorption compared to their phenyl-linked analogs. Yasuda et 

al.[415] synthesized a propeller-shaped D-π-A type triazine-cored carbazole based dye, D42d 

which absorbs at 415 nm and exhibited a broad fluorescence band at 503 nm. However, it was 

revealed that the N-carbazolyl units behave as an independent electronic entity with poor 

electronic coupling towards triazine-core. It is revealed from the illustrated examples that the C–C 

triple bond exhibited improved stability compared to its C-C double and single bonded D-A based 

analogs. It also helped in extension of conjugation and facile electronic coupling. Further, 

introduction of cyano-group to the molecular scaffold lies in strengthening the electron deficiency, 

thermal properties and tuning the energy level of the compounds. While, the advantages of 

tailoring the linear organic materials to star-shaped architecture rely in improving the 

conformational effects, molar extinction coefficients, charge transfer and thermal stability. The 

synergy of π-electron-rich thienyl group and a C-C triple bond into the triazine-cored dyes were 

illustrated to be effective with superior photophysical properties. Moreover, among the triazine-

cored dyes, there is no report with naphthalimide to study the effect of improvised electron 

deficiency. All these aspects prompted us to introduce these in newly designed dyes. 
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In this Chapter, we have discussed and highlighted the design strategy of carbazole and 

naphthalimide units as star-shaped molecules and compared their unique physico-chemical 

properties with their linear analogs (Figure 5.1). We have synthesized triazine-cored star shaped 

compounds with electron rich and electron deficient side arms for comparison and investigated the 

effect of substitution on optical, electrochemical and thermal properties compared to control linear 

analogs. 

Figure 5.1 Structures of target star-shaped dyes and control linear dyes. 
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5.2 Results and Discussion 

5.2.1 Synthesis and Characterization 

The synthetic protocol of the control linear and star-shaped dyes is displayed in Scheme 5.1, 5.2 

and 5.3. The dyes 17a-17d were synthesized using Sonogashira coupling reaction between 

respective terminal acetylene (2 or 15) and mono- or di-bromo-derivative (1 or 16). 17c was 

obtained as di-substituted product along with 17b. The intermediate 17b was subsequently treated 

with trimethylsilylacetylene and deprotected to obtain the required terminal acetylene, 17d. The 

target star-shaped triazine-cored dyes, 20a-20d were obtained in two step initiated by following 

literature procedure for acid catalyzed trimerization of bromo-arylnitriles [410, 412, 415] to yield 

tri-bromo substituted triazine core, 19a and 19b followed by Sonogashira coupling reaction with 2 

and 15 in moderate yields. We obtained mono- and di-bromo substituted triazine-cored 

compounds as side-products. We made an attempt to synthesize asymmetric triazine-cored dyes 

and symmetrically substituted triazine dyes with 17d but failed to obtain the desired products. 

Thus, we planned to synthesize another set of control dyes as linear carbazole and/ or 

naphthalimide-based cyano analogs, 18a-18f. They were synthesized by employing Sonogashira 

reaction between terminal acetylene, 2, 15 and 17d with respective bromo-arylnitrile in good to 

moderate yield. All the compounds were thoroughly characterized by spectroscopic techniques 

such as NMR and mass spectral studies. The spectral data of the dyes are consistent with the 

proposed structures. The dyes show moderate solubility in common organic solvents such as Tol, 

TEA, TCE, DCB, CHCl3, DCM, THF and DMF. 
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Scheme 5.1 Synthetic protocol for carbazole and naphthalimide-based linear D-A dyes. 

 

Scheme 5.2 Synthetic protocol for carbazole and/or naphthalimide-based linear D-A cyano 

analogs. 
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Scheme 5.3 Synthetic protocol for carbazole or naphthalimide-based star-shaped triazine-cored 

target dyes. 
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5.2.2 Photophysical Properties 

The absorption spectra of the linear analogs and star-shaped dyes recorded in DCM are displayed 

in Figure 5.2 and the relevant photophysical data listed in Tables 5.1 and 5.2, respectively. The 

typical D-A carbazole-naphthalimide-based linear dyes, 17a, 17d and 17c exhibit two distinctive 

absorption bands, originating from carbazole localized π-π* at shorter wavelength, 280-320 nm 

and other at longer wavelength, 430 nm which is assigned to the conjugated naphthalimide unit 

(Figure 5.2(a)). The hypochromic vibronic bands observed at 340-370 nm is attributed to the n-π* 

transitions of carbazole and naphthalimide.[416] A hyperchromic shift of longer wavelength band 

is observed for 17c compared to other two analogs, attributable to presence of additional 

naphthalimide unit. While, among the set of cyano- containing dyes, 18a-18f, the red-shift in 

absorption wavelength is observed due to the elongation in the conjugating length of the 

molecular skeleton (Figure 5.2(b)). All the dyes exhibit two prominent bands. The shorter 

wavelength band is assigned to the characteristic absorption band due to localized π-π* transitions 

of the building blocks such as carbazole and naphthalimide units. While, the absorption band at 

longer wavelength corresponds to the π-π* transitions arising from the conjugated system except 

for 18e and 18f, where it corresponds to conjugated naphthalimide unit similar to dye 17a. Dyes 

18c and 18d possess structured absorption band when compared to their carbazole analogs. The 

presence of thienyl-group helps in effective conjugation pathway which red-shifted the absorption 

profile due to the coplanar arrangement. Thus, the thienyl-based dyes display a bathochromic shift 

of 10 nm when compared to their respective phenyl-analogs except 18e and 18f. Dyes 18e and 18f 

display absorption profile similar to their analog, 17d. The introduction of carbazole unit induces 

a red shift by 38 and 27 nm, respectively for phenyl and thienyl-dyes, 18c and 18d. While the 

incorporation of naphthalimide with 18a and 18b brings a large bathochromic shift of 64 nm and 

55 nm, when compared to 18e and 18f. The star-shaped dyes (20a-20d) display prominently two 

absorption bands, one at shorter wavelength attributed to the triazine core and other at longer 

wavelength corresponding to the π-conjugated system (Figure 5.2(c)). The absorption profile 

displays that replacement of carbazole by naphthalimide results in bathochromic shift by 10-15 

nm which is however, less compared to linear analogs. This could be due to the disruption of π-

conjugation in the star-shaped dyes. However, the absorption peaks of all the dyes ascribed to the 

combined n-π* and π-π* transitions is red-shifted compared to 1,3,5-triazine (210 nm), 2,4,6-

triphenyl-1,3,5-triazine (270 nm) and 2,4,6-tris(thiophen-2-yl)triazine (314 nm) attributed to the 

extended π–π* transition of the branched structure. Further, the molar extinction coefficient of 
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these dyes is enhanced corresponding to the transition probabilities compared to linear analogs. The 

thienyl-triazine dyes, 20b and 20d show a bathochromic λmax ascribed to the strengthened π-

electron density of the 1,3,5-triazine-based star shaped dyes. The λmax of 20b at 427 nm is red-

shifted by 42 nm relative to that of 20a. Similarly, 20d exhibits a 30 nm bathochromic shift when 

compared to 20c. 
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Figure 5.2 Absorption spectra of the dyes recorded in DCM. 

The emission spectra of the dyes recorded in DCM are displayed in Figures 5.3. The typical 

linear D-A dyes, 17a, 17c and 17d displayed a broad emission band at ~550 nm attributable to CT 

in excited state. However, the fluorescence spectra of naphthalimide-based cyano-containing linear 

analogs, 18c and 18d display structured vibronic peaks compared to carbazole-analogs, 18a and 18b. 

While, 18e and 18f show the most red-shifted broad emission band similar to 17a. It is observed that 

carbazole-based dyes, 18a and 18b display red-shifted emission compared to that of naphthalimide-

based dyes, 18c and 18d. This could be ascribed to the formation of typical CT excited state in the 

former. Among these dyes, thienyl-based dyes display red-shifted emission attributed to extension in 
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conjugation length. For the star-shaped dyes, 20a and 20b exhibit typical D-A behavior attributed to 

electron donating carbazole and electron deficient triazine unit. The dyes depict similar behavior as 

their linear analogs with red-shifted emission. Dyes 20c and 20d show structured profile due to 

molecular rigidity and strong electron deficiency. Further, the dyes 20b and 20d exhibit a bathochromic 

shift by 20 and 30 nm, respectively compared to their phenyl-analogs. This is ascribed to the electron 

density provided by thienyl-group. Also, the star-shaped phenyl-based dyes, 20a and 20c has shown a 

bathochromically shifted emission with respect to parent core, triphenyl-triazine core which emits at 

366 and 475 nm corresponding to monomeric and excimer emission, respectively.[409] This is due to 

the extended π-conjugation introduced by carbazole and naphthalimide units. It is worth to note that the 

naphthalimide-based linear and triazine star shaped dyes, 18c-18d and 20c-20d exhibit smaller Stokes 

shift when compared to carbazole-based and other D-A analogs due to absence of significant CT owing 

to the electron deficiency induced by naphthalimide. 
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Figure 5.3 Normalized emission spectra of the dyes recorded in DCM. 
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Table 5.1 Optical, electrochemical and thermal data of linear control dyes. 

a
 Oxidation and reduction potentials are reported with reference to ferrocene, 

b 
Deduced from the oxidation potential using the formula, HOMO = -(4.8 + Eox), 

c 
Deduced 

from the reduction potential using the formula, LUMO = -(4.8 + Ered),
d
 Obtained from intersection of absorption and emission band or using formula, EHOMO-ELUMO, 

e
 

thermal decomposition temperature at 5% weight loss. 

  

Dye λmax, nm (εmax, 10
3 

× M
-1 

cm
-1

) λem, nm Stokes 

Shift, 

cm
-1

 

E
ox

,
a
 V E

red
,
a
 V HOMO,

b
 

eV 

LUMO,
c
 

eV 

E
0-0

,
d
 eV Td, 

e
 ˚C 

17a 429 (46.9), 354 (21.8), 342 

(20.1), 296 (59.2) 

550 5128 0.75 -1.69 -5.55 -3.11 2.44 360 

17d 432 (44.3), 370 (3.3), 351 (36.7), 

303 (80.6) 

550 4966 0.91 -1.64 -5.71 -3.16 2.55 435 

17c 428 (72.0), 374 (49.9), 351 

(48.9), 303 (61.6) 

550 5183 0.88 -1.66 -5.68 -3.14 2.54 374 

18a 364 (72.2), 350 (78.3), 306 

(67.4), 280 (78.4) 

435 4484 0.75 - -5.55 -3.11 3.14 295 

18b 372 (71.9), 356 (71.3), 300 

(66.5), 284 (78.2) 

445 4410 0.78 - -5.71 -3.16 3.08 350 

18c 390 (74.2), 372 (82.5), 298 

(41.7), 285 (31.2) 

409, 432 (sh) 1191 - -1.58 -6.21 -3.22 2.99 356 

18d 400 (92.9), 382 (91.8), 315 

(31.1), 298 (26.1) 

436, 462 (sh) 2064 - -1.41 -6.27 -3.39 2.88 365 

18e 428 (92.5), 360 (122.2), 305 

(137.4) 

547 5083 0.80 -1.69 -5.60 -3.15 2.49 336 

18f 427 (96.8), 352 (136.6), 308 

(142.1) 

550 5238 0.80 -1.64 -5.60 -3.16 2.44 367 
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Table 5.2 Optical, electrochemical and thermal data of star-shaped target dyes. 

Dye λmax, nm (εmax, 10
3 

× M
-1 

cm
-1

) λem, nm Stokes 

Shift, cm
-1

 

E
ox

,
a
 V E

red
,
a
 V HOMO,

b
 eV LUMO,

c
 eV E

0-0
,
d
 eV Td, 

e
 

˚C 

20a 385 (128.2), 289 (138.80, 240 (146.2) 500 5974 0.66 - -5.46 -2.58 2.88 442 

20b 427 (131.9), 284 (118.6), 241 (143.9) 522 4262 0.48 - -5.28 -2.69 2.59 429 

20c 402 (148.0), 382 (147.1), 307 (83.5), 

245 (13.9), 245 (111.85) 

426, 

450 (sh) 

1401 - -1.61 -6.18 -3.19 2.99 428 

20d 433 (174.2), 409 (166.8), 245 (111.85) 456, 

478 (sh) 

1165 - -1.56 -6.02 -3.24 2.78 436 

a
 Oxidation and reduction potentials are reported with reference to ferrocene, 

b 
Deduced from the oxidation potential using the formula, HOMO = -(4.8 + Eox), 

c 
Deduced 

from the reduction potential using the formula, LUMO = -(4.8 + Ered),
d
 Obtained from intersection of absorption and emission band or using formula, EHOMO-ELUMO, 

e
 

thermal decomposition temperature at 5% weight loss. 

Table 5.3 Photophysical data of the linear dyes. 

Dye λmax, nm λem, nm 

TOL TEA TCE DCB CHCl3 THF DMF TOL TEA TCE DCB CHCl3 THF DMF Solid 

17a 430 426 428 435 434 426 430 467 467 500 517 537 547 615 735 

17d 432  430  432  436  435  432  427  478 478 498 513 528 539 600 718 

17c 425  420  427  430  428  422  426  469 469 498 512 532 539 610 720 

18a 364  360  365  368  365  364 364  384 384 400 416 420 430 463 697 

18b 372  370  375  372  370  372  374  408 408 422 432 436 437 480 660 

18c 390 - 390 390 390 387 390 409, 432 

(sh) 

- 409, 432 

(sh) 

410, 432 

(sh) 

409, 432 

(sh) 

408, 430 

(sh) 

432 692 

18d 400  - 400  402  400  397  399  436, 461 

(sh) 

- 436, 461 

(sh) 

437, 461 

(sh) 

436, 461 

(sh) 

435, 459 

(sh) 

460 677 

18e 429 430 430 430 430 423 426 465 465 491 507 526 540 602 673 

18f 429  432  432  432  432  422  426  464 465 490 505 525 538 605 650 
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Table 5.4 Photophysical data of the star-shaped dyes. 

Dye λmax, nm λem, nm 

TOL TEA TCE DCB CHCl3 THF DMF TOL TEA TCE DCB CHCl3 THF DMF Solid 

20a 392  392  395  397  392  390 392  440, 466 

(sh) 

440, 466 

(sh) 

461 472 496 503 555 730 

20b 430 430 430 432 432 430 432 452, 470 

(sh) 

452, 470 

(sh) 

470 487 495 517 570 710 

20c 402  - 402 405 402 400  401  418, 438 

(sh) 

- 419, 438 

(sh) 

418, 438 

(sh) 

419, 438 

(sh) 

420, 438 

(sh) 

445 713 

20d 433  - 433 435 435 430  433  450, 475 

(sh) 

- 452, 475 

(sh) 

450, 475 

(sh) 

451, 475 

(sh) 

450, 471 

(sh) 

470  696 

Table 5.5 Stokes shift of the dyes. 

Dye 
Stokes Shift, cm

-1
 

TOL TEA TCE DCB CHCl3 THF DMF 

17a 1842 2061 3365 3646 4419 5193 6996 

17d 2228 2335 3068 3443 4049 4595 6752 

17c 2207 2488 3339 3725 4567 5144 7081 

18a 1431 1736 2397 3135 3588 4217 5874 

18b 2372 2517 2970 3734 4091 3998 5905 

18c 1191 - 1191 1191 1251 1329 2493 

18d 2064 - 2064 1992 2064 2200 3324 

18e 1804 1750 2889 3532 4244 5122 6863 

18f 1758 1643 2740 3346 4101 5109 6945 

20a 2783 2783 3625 4003 5349 5760 7492 

20b 1132 1132 1979 2614 2946 3913 5604 

20c 952 - 1009 971 1009 1190 2466 

20d 872 - 971 766 816 1034 1818 
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In order to get insight into the effect of solvent polarity on the photophysical properties of the 

dyes, solvatochromism of the dyes were measured (Table 5.3). The change in the nature of solvent 

does not bring significant shifts in the absorption spectra of the dyes (Figures 5.4, 5.5 and 5.6). 

This means the dyes are non-polar in the ground state. 
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Figure 5.4 Absorption spectra of the dyes 17a, 17c and 17d recorded in different solvents. 
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Figure 5.5 Absorption spectra of the dyes 18a-18f recorded in different solvents. 
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Figure 5.6 Absorption spectra of the dyes 20a-20d recorded in different solvents. 

In general, the photophysical properties of dyes with CT excited state display 

solvatochromism as the polarity of the solvent increases. To investigate the stability of the CT 

states of the dyes, we recorded their emissive properties. The fluorescence spectra for linear and 

star-shaped dyes recorded in different solvents is displayed in Figures 5.7, 5.8 and 5.9 and 

pertinent data compiled in Tables 5.3 and 5.4. It was observed that naphthalimide-based dyes 

(18c, 18d, 20c and 20d) display a fluorescence band exhibiting vibronic features attributable to 

the rigidness and electron deficiency of the dyes. Furthermore, all the dyes except the former dyes 

display red-shifting and broadening of the emission spectra as the solvent polarity increases due to 

bipolar nature of the dyes. This confirmed the CT nature of the excited state with respect to the 

absorption profile. Similarly, dyes 17a, 17c and 17d show structureless emission band attributed 

to the formation of stable CT excited state due to presence of typical dipolar nature of the dyes as 

mentioned earlier. Dyes 18a and 18b display a prominent positive solvatochromism compared to 



Linear and Star-shaped Carbazole/ Naphthalimide Dyes Chapter 5 

 

206 

 

dyes, 18c and 18d. The presence of pronounced polar character in the excited state than ground 

state is supported by large Stokes shift in polar solvents (Table 5.5).  
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Figure 5.7 Normalized emission spectra of the dyes 17a, 17c and 17d recorded in different 

solvents. 
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Figure 5.8 Normalized emission spectra of the dyes 18a-18f recorded in different solvents. 
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Figure 5.9 Normalized emission spectra of the dyes 20a-20d recorded in different solvents. 
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The solvatochromism data of the CT possessing dyes were analysed by Lippert−Mataga plot as 

displayed in Figure 5.10. The dyes exhibited linearity in the correlation highlighting the effect of 

solvent polarity, which is typical for polar molecules in excited state.  
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Figure 5.10 Lippert-Mataga plot for (a) 17a, 17c and 17d, (b) 18a, 18b, 18e and 18f and (c) 20a 

and 20b dyes. 
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Figure 5.11 Solid state emission spectra of the dyes. 

The dyes display bathochromically shifted broad emission band in the solid state compared to 

spectra in solution (Figure 5.11). This reflects the presence of strong intermolecular interactions in the 

solid state attributed to the J-aggregation which is beneficial for charge transport in their thin films. It is 

interesting to mention that phenyl-substituted dyes display large bathochromic shift (Δλ = ~20 nm) than 

thienyl-substituted dyes. This could be due to presence of effective intermolecular interactions in 

thienyl-possessing dyes. 
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5.2.3 Time Resolved Fluorescence Studies 
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Figure 5.12 Fluorescence lifetime decay plots of the dyes. 

To understand the process of excited state of the dyes, the fluorescence decay profiles in DCM 

is recorded (Figure 5.12) and the data is summarized in Tables 5.6 and 5.7. The average excited 

state lifetime were calculated and correlated to the molecular topology. The analysis predicted that 

the lifetime of excited states of the linear D-A dyes, 17a, 17c and 17d and structurally similar dyes 

18e and 18f is long lived attributed to CT excited state. Other cyano-containing dyes (18a-18d) 

display a relatively shorter lifetime in a range of 1.0 to 1.5 ns. However, all the naphthalimide-

based dyes exhibit a longer lifetime compared to naphthalimide unit (0.52 ns). Also, it is found 

that the lifetime of carbazole-based star shaped (20a and 20b) is long lived than the 

naphthalimide-based analogs (20c and 20d) which is similar to typical CT exhibiting dyes. The 

short lived and ultrafast decay channels of the star-shaped dyes compared to linear analogs can be 

correlated to kr and knr. The star-shaped dyes possess a faster radiative decay than their linear 

analogs corresponding to their high fluorescence efficiency. 
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Table 5.6 Time-resolved fluorescence and photophysical data for the dyes in DCM. 

Dye τ
avg

,
a
 ns Q.Y.,

b
 Ф

F
 k

r
,
c
 ns

-1
 k

nr
,
d 

 
ns

-1
 

17a 4.21 0.48 0.11 0.12 

17d 6.08 0.40 0.06 0.10 

17c 4.89 0.37 0.08 0.13 

18a 1.52 0.16 0.11 0.55 

18b 0.90 0.19 0.21 0.90 

18c 1.59 0.11 0.07 0.56 

18d 1.14 0.11 0.10 0.78 

18e 4.12 0.26 0.06 0.18 

18f 4.50 0.36 0.08 0.14 

20a 2.44 0.69 0.28 0.13 

20b 1.75 0.23 0.13 0.44 

20c 0.59 0.48 0.81 0.88 

20d 0.74 0.40 0.54 0.81 
a 
τavg = Fluorescence lifetime decay measured as τavg. = (A1 × τ1) + (A2 × τ2) in ns. 

b 
Absolute quantum yield calculated 

using integrating sphere. 
c 

Radiative decay rates (kr) calculated using kr = ΦF/τ. 
d 

Non-radiative decay rate (knr) 

calculated using ΦF = kr/(kr+knr). 

Table 5.7 Time-resolved fluorescence spectroscopy data for the dyes in DCM. 

Dye τ1, ns A1 τ2, ns A2 τa, ns τb, ns τavg, ns χ
2
 

17a 0.22 0.06 4.47 0.94 0.01 4.20 4.21 1.2 

17d 5.52 0.75 7.76 0.25 4.14 1.94 6.08 1.2 

17c 3.98 0.50 6.04 0.48 1.99 2.90 4.89 1.2 

18a 0.97 0.53 2.14 0.47 0.51 1.01 1.52 1.1 

18b 0.90 1.00 - - 0.90 - 0.90 1.1 

18c 0.86 0.06 1.64 0.94 0.05 1.54 1.59 0.9 

18d 0.13 0.05 1.19 0.95 0.01 1.13 1.14 1.1 

18e 0.24 0.07 4.41 0.93 0.02 4.10 4.12 1.1 

18f 4.16 0.74 5.46 0.26 3.08 1.42 4.50 1.2 

20a 1.23 0.04 2.49 0.96 0.05 2.39 2.44 1.2 

20b 0.69 0.07 1.83 0.93 0.05 1.70 1.75 1.2 

20c 0.59 0.04 0.59 0.96 0.02 0.57 0.59 1.2 

20d 0.67 0.82 1.08 0.18 0.55 0.19 0.74 1.2 
Where τ1/ τ2, Life time of different decay channels from FLS experiment in ns; A1/A2, Contribution of different decay 

channels in solution; fitted by single/ double exponential; χ
2
, correlation of exponential fit. 
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5.2.4 Electrochemical Properties 

The redox properties of the dyes were characterized by recording CV and DPV shown in Figures 

5.13-15 and relevant data listed in Tables 5.1 and 5.2. It is demonstrated that all the D-A hybrids 

undergo both electrochemical irreversible oxidation and quasi-reversible reduction processes. 

However, dyes possessing solely carbazole or naphthalimide unit display either oxidation or 

reduction waves, respectively. All the three dyes, 17a, 17c and 17d possess an irreversible 

oxidation attributable to carbazole and quasi-reversible reduction attributed to naphthalimide. 

Among the linear dyes, 18a-18f, the dyes having carbazole (18a and 18b) are easily oxidized and 

dyes 18e and 18f show similar redox behavior as 17a. However, dyes 18c and 18d display 

reduction potential at lower range due to more electron affinity. Further, star-shaped dye 20b 

possessing an electron rich branching arm display an oxidation peak at 0.48 V which is 0.18 V 

less positive than 20a. Both of these dyes are easily oxidizable than analogous linear dyes. Also, 

dyes 20c and 20d being more electron deficient display Ered at higher values than linear dyes. The 

reduction of the triazine core appears in DPV as a peak in the range of -1.8 to -1.9 V. The low 

lying HOMO and LUMO energy levels of all the naphthalimide-based compounds display the 

electron deficiency of the unit. Also, as a result of the strong electron-accepting ability of the 

triazine-cored dyes, 20c and 20d, they exhibit a deep seated HOMO level at ~6.0 eV. The 

electrochemical analysis shows that the thienyl-linked dyes possess a narrow band gap attributed to 

high lying HOMO and low lying LUMO energy level revealing the enhanced electron density of the 

core. Also, the band gap decreases for the dyes with the electron-donating branching arm among 

the star-shaped dyes. 
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Figure 5.13 (a, b) CV and (c) DPV of the dyes 17a, 17c and 17d. 
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Figure 5.14 (a-d) CV and (e) DPV of the dyes 18a-18f. 
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Figure 5.15 (a, b) CV and (c) DPV of the dyes 20a-20d. 

5.2.5 Thermal Properties 

The thermal performance of the dyes is significant since it influence the stability of their thin films 

during device operation. The thermal properties of the linear and star-shaped dyes were investigated 
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by TGA as shown in Figure 5.16 and data compiled in Table 5.1 and 5.2, respectively. All the 

compounds exhibited a high thermal stability till 340 °C. The thermal decomposition temperatures 

with 5% weight loss were measured for the dyes. The Td of the star-shaped dyes is higher (>425 

°C) than the linear analogs attributed to the strong molecular interactions arising from planar 

arrangement in the solid state. Among the linear dyes, 17d displays superior thermal stability with 

respect to 17a and 17c. Dye 17c exhibit higher thermal stability than 17a owing to additional 

naphthalimide unit, but less than 17d due to presence of more alkyl group which decomposes 

easily. It is interesting that among the set of cyano-possessing dyes, 18a-18f, thienyl-based dyes display 

superior stability than phenyl analogs which can be attributed to the induced strong intermolecular 

interactions and π–π interactions. 
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Figure 5.16 TGA curves of the linear and star-shaped dyes. 

5.3 Conclusions 
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A series of ‘ethyne-linked’ compounds, containing carbazole and/ or 1,8-naphthalimide moiety 

were synthesized by a stepwise route involving a Pd/Cu catalyzed Sonogashira coupling reaction. 

The thermal, optical, and electrochemical properties of the dyes were investigated. The results 

indicated that these compounds possess improved optical and thermal properties by introducing 

the electron-transporting and emitting naphthalimide unit in conjugation with carbazole or in place 

of carbazole moiety. These compounds act as a good blue to green light-emitting materials. The 

star shaped triazine-cored dyes displayed superior optical, thermal and electrochemical properties 

compared to linear cyano analogs, attributable to the extended aromatic planar and C3-symmetric 

structure. The introduction of the thienyl-group into triazine-based dyes enriched the electron 

density for the star-shaped dyes and thus, influenced their photophysical and electrochemical 

properties. We intended to study the structure property relationship by the structural modification 

of carbazole and/ or naphthalimide as an aspect for improving the optoelectronic performance. 

Thus, designing the molecule to exhibit diverse structures and properties with remarkable benefits 

in the pool of various organic semiconductors has provided a new horizon to execute. 

5.4 Experimental Section 

5.4.1 General methods and Instrumentation 

The general methodology is similar as described in previous Chapter. 

5.4.2 Synthesis 

The starting materials 9-ethyl-3-ethynyl-9H-carbazole (15), 3,6-dibromo-9-ethyl-9H-carbazole 

(16), 2,4,6-tris(4-bromophenyl)-1,3,5-triazine (19a) and 2,4,6-tris(5-bromothiophen-2-yl)-1,3,5-

triazine (19b) were synthesized following literature procedure.[315, 402, 405] 

5.4.2.1 4-((9-Ethyl-9H-carbazol-3-yl)ethynyl)-N-(2-ethylhexyl)-1,8-naphthalimide (17a) 

A mixture of 1 (150 mg, 0.4 mmol), 15 (85 mg, 0.4 mmol), Pd(PPh3)2Cl2 (3.5 mg, 1mol%), PPh3 

(3 mg, 2 mol%) and CuI (1mg, 1 mol%) suspended in TEA was refluxed under nitrogen 

atmosphere. The progress of the reaction was monitored by TLC. After completion of reaction, it 

was quenched by the addition of water. The organic product was extracted with CHCl3. The 

collected organic layer was thoroughly washed with brine solution and dried over anhydrous 

Na2SO4. The orange residue was further purified by washing with hexanes and reprecipitation 

from CHCl3: hexenes solvent system. Orange solid; Yield: 150 mg, 70 %; mp: 175 ᵒC; IR (KBr, 

cm
-1

) 3057, 2959, 2927 (νCHstretch), 2191 (νC≡C), 1694, 1654 (νC=O), 1585 (νC=C), 1485 (νC-N);
1
H-

NMR (400 MHz, CDCl3) δ 8.86 (dd, J = 8.3, 1.0 Hz, 1H), 8.66 (dd, J = 7.3, 1.0 Hz, 1H), 8.57 (d, J 
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= 7.7 Hz, 1H), 8.44 (d, J = 1.0 Hz, 1H), 8.16 (d, J = 7.7 Hz, 1H), 7.98 (d, J = 7.7 Hz, 1H), 7.87 

(dd, J = 8.3, 7.3 Hz, 1H), 7.78 (dd, J = 8.4, 1.5 Hz, 1H), 7.53 (dd, J = 7.1, 1.2 Hz, 1H), 7.46 (d, J = 

8.5 Hz, 2H), 7.34-7.28 (m, 1H), 4.42 (q, J = 7.3 Hz, 2H), 4.21-4.05 (m, 2H), 2.03-1.88 (m, 1H), 

1.49 (t, J = 7.2 Hz, 3H), 1.44-1.25 (m, 8H), 0.94 (t, J = 7.4 Hz, 3H), 0.88 (t, J = 7.0 Hz, 3H); 
13

C-

NMR (100 MHz, CDCl3) δ 164.5, 164.2, 140.4, 140.2, 132.5, 131.6, 130.6, 130.2, 129.5, 128.4, 

128.2, 127.2, 126.4, 124.6, 123.1, 122.9, 122.4, 121.4, 120.7, 119.7, 112.1, 108.9, 108.7, 101.4, 

85.1, 44.2, 37.9, 37.8, 30.7, 28.7, 24.0, 23.2, 14.1, 13.8, 10.7; HRMS calcd for C36H34N2O2 

[M+Na] m/z 549.2512, found 549.2535. 
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5.4.2.2 4-((6-Bromo-9-ethyl-9H-carbazol-3-yl)ethynyl)-N-(2-ethylhexyl)-1,8-naphthalimide 

(17b) 

It was synthesized following same procedure as of 17a but using a mixture of 2 and 16. Eluent: 

50% Hexanes: CHCl3. Yellow solid; Yield: 820 mg (45%); mp: 177 ᵒC; IR (KBr, cm
-1

) 2959, 

2927, 2858 (νCHstretch), 2196 (νC≡C), 1696, 1656 (νC=O), 1585 (νC=C), 1484 (νC-N); 
1
H-NMR (400 

MHz, CDCl3) δ 8.83 (d, J = 7.9 Hz, 1H), 8.66 (d, J = 6.8 Hz, 1H), 8.57 (d, J = 7.9 Hz, 1H), 8.38 

(s, 1H), 8.26 (s, 1H), 7.98 (d, J = 7.3 Hz, 1H), 7.87 (t, J = 7.6 Hz, 1H), 7.80 (d, J = 8.5 Hz, 1H), 

7.60 (dd, J = 8.5, 1.8 Hz, 1H), 7.45 (d, J = 8.5 Hz, 1H), 7.33 (d, J = 8.5 Hz, 1H), 4.39 (q, J = 7.1 

Hz, 2H), 4.22-4.05 (m, 2H), 2.03-1.89 (m, 1H), 1.47 (t, J = 7.3 Hz, 3H), 1.44-1.25 (m, 8H), 0.94 

(t, J = 7.3 Hz, 3H), 0.89 (t, J = 6.7 Hz, 3H); 
13

C-NMR (100 MHz, CDCl3) δ 164.4, 164.2, 140.3, 

138.9, 132.4, 131.5, 131.4, 130.4. 130.2, 130.1, 129.1, 128.13, 128.09, 127.2, 124.8, 124.1, 123.4, 

122.9, 122.1, 121.5, 112.7, 112.5, 110.2, 108.9, 100.8, 85.3, 44.2, 37.9, 30.7, 28.7, 24.1, 23.1, 

14.1, 13.8, 10.6; HRMS calcd for C36H33N2O2Br [M] m/z 604.1720, found 604.1736. 

5.4.2.3 4,4'-((9-Ethyl-9H-carbazole-3,6-diyl)bis(ethyne-2,1-diyl))bis(N-(2-ethylhexyl)-1,8-

naphthalimide (17c) 

It was obtained as a product along with 17b. Orange solid; Yield: 380 mg (14%); mp: 162 ᵒC; IR 

(KBr, cm
-1

) 2958, 2925, 2858 (νCHstretch), 2195 (νC≡C), 1699, 1658 (νC=O), 1585 (νC=C), 1443 (νC-N); 

1
H-NMR (400 MHz, CDCl3) δ 8.80 (t, J = 8.2 Hz, 2H), 8.71-8.63 (m, 2H), 8.62-8.54 (m, 2H), 

8.38 (s, 1H), 8.25 (s, 1H), 8.09 (s, 1H), 8.03-7.94 (m, 2H), 7.94-7.84 (m, 2H), 7.65 (d, J = 8.7 Hz, 

1H), 7.49 (d, J = 8.7 Hz, 1H), 7.37 (d, J = 8.2 Hz, 1H), 4.97-4.93 (m, 2H), 4.20-4.05 (m, 4H), 

2.03-1.87 (m, 2H), 1.48-1.25 (m, 16H), 0.95 (t, J = 7,2 Hz, 6H), 0.89 (t, J = 7.4 Hz, 6H); 
13

C-

NMR (100 MHz, CDCl3) δ 164.2, 164.0, 163.9, 163.8, 139.2, 138.5, 135.5, 131.9, 131.7, 131.4, 

131.4, 131.2, 130.3, 130.2, 129.9, 127.9, 127.6, 127.2, 126.7, 125.6, 123.5, 123.2, 123.1, 122.9, 

122.4, 113.4, 113.0, 110.4, 109.1, 104.6, 98.9, 95.4, 90.3, 85.9, 44.2, 39.0, 37.9, 30.7, 28.7, 24.0, 

23.1, 15.4, 14.1, 10.6; HRMS calcd for C58H55N3O4 [M] m/z 857.4187, found 857.4189. 

5.4.2.4 4-((9-Ethyl-6-ethynyl-9H-carbazol-3-yl)ethynyl)-N-(2-ethylhexyl)-1,8-naphthalimide 

(17d) 

A pressure tube charged with 17b (0.24 g, 0.4 mmol), Pd(PPh3)2Cl2 (7 mg, 0.01 mmol), CuI (2 

mg, 0.01 mmol) and PPh3 (3 mg, 0.02 mmol) under inert atmosphere followed by addition of dry 

TEA (25 mL) and ethynyltrimethylsilane (1.5 mL). The reaction mixture was then stirred at for 

24h at 80 ̊C. After the reaction was completed, organic fraction was extracted with CHCl3, dried 

over Na2SO4 and solvent was evaporated to dryness. The residue was purified by short silica 
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column chromatography. Eluent: 50 % CHCl3 in hexanes. Yellow solid; Yield: 220 mg (91%); 

mp: 154 ᵒC; IR (KBr, cm
-1

) 2955, 2926, 2859 (νCHstretch), 2194 (νC≡C), 1701, 1658 (νC=O), 1588 

(νC=C), 1482 (νC-N); 
1
H-NMR (400 MHz, CDCl3) δ 8.78 (dd, J = 8.2, 1.4 Hz, 1H), 8.68 (dd, J = 

7.3, 0.9 Hz, 1H), 8.59 (d, J = 7.8 Hz, 1H), 8.23 (dd, J = 6.8, 1.3 Hz, 2H), 7.95 (d, J = 7.3 Hz, 1H), 

7.93-7.86 (m, 3H), 7.64 (dd, J = 8.5, 1.6 Hz, 1H), 7.38 (d, J = 8.7 Hz, 1H), 5.18-4.79 (m, 2H), 

4.19-4.08 (m, 2H), 1.99-1.94 (m, 1H), 1.60 (t, J = 7.1 Hz, 3H), 1.48-1.22 (m, 8H), 0.94 (t, J = 7.3 

Hz, 3H), 0.89 (t, J = 7.1 Hz, 3H), 0.31 (s, 9H); 
13

C-NMR (100 MHz, CDCl3) δ 164.3, 164.0, 

140.5, 138.5, 135.6, 132.1, 131.8, 131.6, 130.7, 130.4, 130.3, 128.2, 127.7, 127.2, 125.9, 124.6, 

123.9, 123.1, 122.3, 122.0, 114.8, 114.2, 108.9, 105.8, 104.8, 104.2, 96.1, 93.2, 92.6, 89.8, 44.3, 

39.1, 37.9, 30.7, 28.7, 24.0, 23.1, 15.4, 14.1, 10.7, 0.10; HRMS calcd for C41H42N2O2Si [M+H] 

m/z 623.3088, found 623.3070. 4-((9-Ethyl-6-((trimethylsilyl)ethynyl)-9H-carbazol-3-yl)ethynyl)-

N-(2-ethylhexyl)-1,8-naphthalimide (17bd) as intermediate (220 mg, 0.35 mmol) was suspended 

in 10 ml of methanol and 5 mL DCM, to which powdered KF (0.1 g) and TBAB (0.1 g) was 

added. The mixture was heated for 2 h at 60 ̊C. After desilylation, the product was filtered and 

washed with water and hexanes and purified by silica column chromatography. Eluent: 50 % 

CHCl3 in hexanes. Orange solid; Yield: 150 mg (77%); mp: 175 ᵒC; IR (KBr, cm
-1

) 2958, 2928, 

2861 (νCHstretch), 2195, 2104 (νC≡C), 1795, 1692, 1656 (νC=O), 1589 (νC=C), 1485 (νC-N); 
1
H-NMR 

(400 MHz, CDCl3) δ 8.83 (d, J = 8.2 Hz, 1H), 8.66 (d, J = 7.3 Hz, 1H), 8.57 (d, J = 7.6 Hz, 1H), 

8.40 (s, 1H), 8.30 (s, 1H), 7.98 (d, J = 7.5 Hz, 1H), 7.93-7.83 (m, 1H), 7.79 (d, J = 8.4 Hz, 1H), 

7.65 (d, J = 8.4 Hz, 1H), 7.46 (d, J = 8.5 Hz, 1H), 7.39 (d, J = 8.5 Hz, 1H), 4.40 (q, J = 7.2 Hz, 

2H), 4.21-4.06 (m, 2H), 3.10 (s, 1H), 1.95 (q, J = 6.2 Hz, 1H), 1.48 (t, J = 7.2 Hz, 3H), 1.44-1.27 

(m, 8H), 0.94 (t, J = 7.3 Hz, 3H), 0.88 (t, J = 6.6 Hz, 3H); 
13

C-NMR (100 MHz, CDCl3) δ 164.4, 

164.2, 140.5, 140.2, 132.4, 131.5, 131.4, 130.5, 130.3, 130.3, 129.9, 128.2, 128.1, 127.2, 124.9, 

124.7, 122.9, 122.6, 122.3, 121.5, 113.0, 112.8, 108.9, 108.8, 100.9, 85.3, 84.6, 75.6, 44.2, 37.9, 

30.7, 28.7, 24.0, 23.1, 14.1, 13.9, 10.63; HRMS calcd for C38H34N2O2 [M+Na] m/z 574.2591, 

found 574.2593. 

5.4.2.5 4-((9-Ethyl-9H-carbazol-3-yl)ethynyl)benzonitrile (18a) 

A mixture of 4-bromobenzonitrile (182 mg, 1mmol), 15 (220 mg, 1mmol), Pd(PPh3)2Cl2 (7 mg, 

1mol%), PPh3 (6 mg, 2 mol%) and CuI (2 mg, 1mol%) suspended in 20 mL TEA was refluxed 

under nitrogen atmosphere for 5 h. The progress of the reaction was monitored by TLC. After 

completion of reaction, it was quenched by the addition of water. The organic product was 

extracted with CHCl3. The collected organic layer was thoroughly washed with brine solution and 
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dried over anhydrous Na2SO4. Evaporation of the volatiles gave off white residue. It was further 

purified by washing with hexanes multiple times and finally dried to yield product. Off white; 

Yield: 160 mg (45%); mp: 130 ᵒC; IR (KBr, cm
-1

) 3052, 2976, 2928 (νCHstretch), 2209 (νC≡N), 1593, 

1499 (νC=C), 1471 (νC-N);
1
H-NMR (400 MHz, CDCl3) δ 8.32 (s, 1H), 8.11 (d, J = 7.8 Hz, 1H), 

7.68-7.60 (m, 5H), 7.52 (t, J = 7.6 Hz, 1H), 7.44 (d, J = 8.2 Hz, 1H), 7.40 (d, J = 8.2 Hz, 1H), 7.32 

(m, 1H), 4.39 (q, J = 7.0 Hz, 2H), 1.46 (t, J = 7.1 Hz, 3H); 
13

C-NMR (100 MHz, CDCl3) δ 140.3, 

140.0, 132.0, 131.8, 129.4, 128.9, 128.4, 126.3, 124.5, 123.0, 122.4, 120.6, 119.6, 118.7, 112.0, 

110.7, 108.8, 108.6, 95.8, 86.3, 37.7, 13.8; HRMS calcd for C23H16N2 [M+Na] m/z 343.1205, 

found 343.1204. 

5.4.2.6 5-((9-Ethyl-9H-carbazol-3-yl)ethynyl)thiophene-2-carbonitrile (18b) 

It was synthesized following same procedure as of 18a but using 5-bromothiophene-2-

carbonitrile. It was purified by washing with hexanes and finally reprecipitation from CHCl3: 

hexanes solvent system. Pale yellow solid; Yield: 170 mg (52%); mp: 135 ᵒC; IR (KBr, cm
-1

) 

3090, 3058, 2970, 2922 (νCHstretch), 2197 (νC≡N), 1627, 1597, 1519 (νC=C), 1477 (νC-N); 
1
H-NMR 

(400 MHz, CDCl3) δ 8.30 (d, J = 1.0 Hz, 1H), 8.10 (d, J = 7.7 Hz, 1H), 7.63 (dd, J = 8.4, 1.5 Hz, 

1H), 7.55-7.48 (m, 2H), 7.44 (d, J = 8.1 Hz, 1H), 7.40 (d, J = 8.5 Hz, 0H), 7.31-7.27 (m, 1H), 7.21 

(d, J = 3.9 Hz, 1H), 4.39 (q, J = 7.3 Hz, 2H), 1.46 (t, J = 7.2 Hz, 3H); 
13

C-NMR (100 MHz, 

CDCl3) δ 140.3, 140.1, 137.3, 131.7, 130.6, 129.2, 126.4, 124.4, 123.0, 122.3, 120.6, 119.7, 113.9, 

111.3, 108.9, 108.8, 108.7, 98.8, 79.1, 37.7, 13.8; HRMS calcd for C21H14N2S [M+Na] m/z 

349.0770, found 349.0779. 

5.4.2.7 4-((Benzonitril-4-yl)ethynyl)-N-(2-ethylhexyl)-1,8-naphthalimide (18c) 

It was synthesized following same procedure as of 18a but using 2. Yellow residue obtained was 

purified by washing with hexanes and reprecipitation from CHCl3: hexenes solvent system. 

Yellow solid; Yield: 300 mg (70%); mp: 170 ᵒC; IR (KBr, cm
-1

) 2958, 2929, 2861 (νCHstretch), 2229 

(νC≡N), 16969, 1659 (νC=O), 1589, 1508 (νC=C), 1486 (νC-N); 
1
H-NMR (400 MHz, CDCl3) δ 8.71-

8.64 (m, 2H), 8.61-8.55 (dd, J = 5.2, 0.8 Hz,1H), 8.03-7.97 (m, 1H), 7.87 (td, J = 7.9, 1.2 Hz, 1H), 

7.80-7.71 (m, 4H), 4.21-4.05 (m, 2H), 1.96-1.93 (t, J = 5.7 Hz, 1H), 1.48-1.21 (m, 8H), 1.01-0.91 

(m, 3H), 0.88 (dd, J = 6.4, 5.0 Hz, 3H); 
13

C-NMR (100 MHz, CDCl3) δ 164.2, 163.9, 132.4, 

131.8, 131.3, 130.3, 127.8, 127.0, 126.1, 123.1, 122.9, 118.2, 112.6, 96.4, 90.1, 44.3, 37.9, 30.7, 

28.7, 24.0, 23.1, 14.1, 10.6; HRMS calcd for C29H26N2O2 [M] m/z 434.1989, found 434.1984. 

5.4.2.8 4-((Thieno-2-nitril-5-yl)ethynyl)-N-(2-ethylhexyl)-1,8-naphthalimide (18d) 
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It was synthesized following same procedure as of 18b but using 2. Yellow solid; Yield: 300 mg 

(68%); mp: 145 ᵒC; IR (KBr, cm
-1

) 2957, 2925, 2859 (νCHstretch), 2217 (νC≡N), 1699, 1659 (νC=O), 

1586, 1510 (νC=C), 1435 (νC-N); 
1
H-NMR (400 MHz,CDCl3) δ 8.65 (d, J = 6.4 Hz, 1H), 8.58 (dd, J 

= 13.5, 8.5 Hz, 2H), 7.98 (d, J = 7.1 Hz, 1H), 7.88 (d, J = 7.3 Hz, 1H), 7.66-7.55 (m, 1H), 7.40 (t, 

J = 2.5 Hz, 1H), 4.17-4.05 (m, 2H), 1.95-1.93 (m, 1H), 1.42-1.26 (m, 8H), 0.97-0.84 (m, 6H); 
13

C-

NMR (100 MHz, CDCl3) δ 164.1, 163.8, 137.3, 132.7, 132.6, 131.9, 131.7, 131.3, 130.2, 129.2, 

128.0, 127.9, 125.4, 123.2, 123.1, 113.3, 111.5, 93.2, 89.1, 44.3, 37.9, 30.7, 28.7, 24.0, 23.1, 14.1, 

10.6; HRMS calcd for C27H24N2O2S [M+H] m/z 441.1631, found 441.1622. 

5.4.2.9 4-((9-Ethyl-9H-carbazol-3-yl)ethynyl)-benzonitril-6-yl)-(N-(2-ethylhexyl))-1,8-

naphthalimide (18e) 

It was synthesized following same procedure as of 18a but using 17d. It was purified by short 

silica column chromatography. Eluent: 50% CHCl3 in Hexanes. Yellow solid; Yield: 27 mg 

(42%); mp: 155 ᵒC; IR (KBr, cm
-1

) 3055, 2956, 2925, 2857 (νCHstretch), 2196 (νC≡N), 1693, 1655 

(νC=O), 1584, 1507 (νC=C), 1482 (νC-N); 
1
H-NMR (400 MHz, CDCl3) δ 8.91-8.78 (m, 1H), 8.66 (d, 

J = 7.3 Hz, 1H), 8.57 (d, J = 7.3 Hz, 1H), 8.43 (d, J = 1.2 Hz, 1H), 8.36 (d, J = 0.9 Hz, 1H), 7.98 

(d, J = 7.3 Hz, 1H), 7.87 (t, J = 7.9 Hz, 1H), 7.83-7.74 (m, 2H), 7.70 (dd, J = 8.5, 1.8 Hz, 1H), 

7.65 (s, 2H), 7.52-7.40 (m, 3H), 4.42 (q, J = 7.3 Hz, 2H), 4.19-4.09 (m, 2H), 2.06-1.87 (m, 1H), 

1.54-1.46 (m, 3H), 1.40 (q, J = 6.9 Hz, 4H), 1.36-1.28 (m, 4H), 0.94 (t, J = 7.3 Hz, 3H), 0.89 (t, J 

= 7.0 Hz, 3H); 
13

C-NMR (100 MHz, CDCl3) δ 164.4, 164.2, 140.5, 140.4, 134.7, 132.1, 131.8, 

131.6, 131.5, 131.4, 130.5, 130.3, 130.1, 129.5, 128.7, 128.1, 127.9, 127.2, 124.8, 124.6, 122.9, 

122.6, 122.5, 121.5, 118.7, 113.1, 112.9, 110.9, 109.1, 100.7, 95.2, 86.7, 85.4, 44.2, 38.0, 37.9, 

30.7, 28.7, 24.0, 23.1, 14.1, 13.9, 10.6; HRMS calcd for C45H37N3O2 [M] m/z 649.2723, found 

649.2721. 

5.4.2.10 4-((9-Ethyl-9H-carbazol-3-yl)ethynyl)-thieno-2-carbonitril-5-yl)-(N-(2-ethylhexyl))-

1,8-naphthalimide (18f)  

It was synthesized following same procedure as of 18e but using 5-bromothiophene-2-carbonitrile. 

It was purified by short silica column chromatography. Eluent: 50% CHCl3 in Hexanes. Yellow 

solid; Yield: 30 mg (45%); mp: 142 ᵒC; IR (KBr, cm
-1

) 3049, 2969, 2926, 2854 (νCHstretch), 2195 

(νC≡N), 1691, 1653 (νC=O), 1580, 1505 (νC=C), 1480 (νC-N); 
1
H-NMR (400 MHz, CDCl3) δ 8.84 (d, J 

= 7.9 Hz, 1H), 8.67 (d, J = 7.3 Hz, 1H), 8.58 (t, J = 4.0 Hz, 1H), 8.43 (s, 1H), 8.35 (s, 1H), 7.99 (t, 

J = 3.7 Hz, 1H), 7.91-7.85 (m, 1H), 7.82 (d, J = 8.5 Hz, 1H), 7.73-7.42 (m, 4H), 7.35 (s, 1H), ), 

4.46-4.42(m, 2H), 4.16-4.12 (m, 2H), 1.97-1.89 (m, 1H), 1.51 (t, J = 7.0 Hz, 3H), 1.45-1.27 (m, 
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8H), 0.95 (t, J = 7.3 Hz, 3H), 0.88 (t, J = 6.4 Hz, 3H); 
13

C-NMR (100 MHz, CDCl3) δ 164.4, 

164.2, 140.5, 137.3, 134.6, 134.2, 134.1, 132.2, 131.6, 131.5, 130.8, 130.5, 130.3, 129.9, 129.6, 

128.4, 127.9, 127.2, 124.8, 124.6, 122.9, 122.6, 121.5, 113.8, 113.1, 112.4, 109.1, 100.7, 98.2, 

85.4, 79.5, 44.2, 38.0, 37.9, 30.7, 28.7, 23.9, 23.1, 14.1, 13.9, 10.6; HRMS calcd for C43H35N3O2S 

[M+Na] m/z 680.2342, found 630.2345. 

5.4.2.11 2,4,6-Tris(4-((9-ethyl-9H-carbazol-3-yl)ethynyl)phenyl)-1,3,5-triazine (20a) 

It was synthesized following same procedure as of 17a but using a mixture of 15 and 19a. The 

desired product was further purified by silica column chromatography. Eluent: 1:1-4:1 CHCl3: 

Hexanes. Mustard yellow solid; Yield: 300 mg (31%); mp: 220 ᵒC; IR (KBr, cm
-1

) 3055, 2967, 

2925, 2855 (νCHstretch), 2205 (νC≡C), 1597, 1569 1506 (νC=C), 1404 (νC-N); 
1
H-NMR (400 MHz, 

CDCl3) δ 8.81 (d, J = 7.3 Hz, 6H), 8.38 (s, 3H), 8.14 (d, J = 7.3 Hz, 3H), 7.83-7.75 (d, J = 7.6 Hz, 

6H), 7.75-7.67 (d, J = 8.8 Hz, 3H), 7.55-7.48 (m,  3H), 7.43 (t, J = 8.5 Hz, 6H), 7.30 (d, J = 7.3 

Hz, 3H), 4.40 (q, J = 7.0 Hz, 6H), 1.48 (t, J = 6.9 Hz, 9H);
13

C-NMR (100 MHz, CDCl3) δ 171.0, 

140.3, 139.8, 135.1, 131.6, 129.4, 128.9, 128.3, 126.2, 124.4, 120.6, 119.4, 112.7, 108.7, 108.5, 

94.1, 87.7, 37.7, 13.8; HRMS calcd for C69H48N6 [M+H] m/z 961.4013, found 961.4024. 

5.4.2.12 3-((4-(4,6-Bis(4-bromophenyl)-1,3,5-triazin-2-yl)phenyl)ethynyl)-9-ethyl-9H-

carbazole (20aBr2) 

It was obtained as a product while synthesizing 20a. Eluent: 1:1 CHCl3: Hexanes. Yellow solid; 

Yield: 30 mg (4%); mp: 158 ᵒC; IR (KBr, cm
-1

) 2962, 2923, 2854 (νCHstretch), 2202 (νC≡C), 1595, 

1568, 1504 (νC=C), 1401 (νC-N); 
1
H-NMR (400 MHz, CDCl3) δ 8.76 (d, J = 8.5 Hz, 2H), 8.66 (d, J 

= 8.5 Hz, 1H), 8.59 (d, J = 8.5 Hz, 2H), 8.37 (s, 1H), 8.13 (d, J = 7.9 Hz, 1H), 7.77 (d, J = 8.5 Hz, 

2H), 7.71 (t, J = 7.9 Hz, 4H), 7.50 (d, J = 7.3 Hz, 1H), 7.43 (t, J = 9.2 Hz, 2H), 7.29 (d, J = 7.9 

Hz, 1H), 7.18 (d, J = 6.4 Hz, 1H), 7.13 (d, J = 7.3 Hz, 1H), 4.40 (q, J = 7.1 Hz, 2H), 1.47 (t, J = 

7.3 Hz, 3H); 
13

C-NMR (100 MHz, CDCl3) cannot be recorded due to insufficient amount and poor 

solubility; HRMS calcd for C37H24Br2N4 [M+Na] m/z 705.0260, found 705.0269. 

5.4.2.13 3,3'-(((6-(4-Bromophenyl)-1,3,5-triazine-2,4-diyl)bis(4,1-phenylene))bis(ethyne-2,1-

diyl))bis(9-ethyl-9H-carbazole) (20aBr) 

It was obtained as a product while synthesizing 20a. Eluent: 40% CHCl3 in Hexanes. Pale yellow 

solid; Yield: 100 mg (13%); mp: 145 ᵒC; IR (KBr, cm
-1

) 2962, 2923, 2854 (νCHstretch), 2202(νC≡C), 

1595, 1568, 1504 (νC=C), 1401 (νC-N); 
1
H-NMR (400 MHz, CDCl3) δ 8.76 (d, J = 7.8 Hz, 4H), 8.65 

(d, J = 7.8 Hz, 2H), 8.37 (s, 2H), 8.13 (d, J = 8.0 Hz, 2H), 7.77 (d, J = 7.8 Hz, 4H), 7.71 (t, J = 7.3 

Hz, 4H), 7.51 (t, J = 7.6 Hz, 2H), 7.42 (dd, J = 11.0, 8.7 Hz, 4H), 7.29 (d, J = 7.3 Hz, 2H), 4.39 (q, 
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J = 7.0 Hz, 4H), 1.47 (t, J = 7.1 Hz, 6H); 
13

C-NMR (100 MHz, CDCl3) cannot be recorded due to 

insufficient amount and poor solubility; HRMS calcd for C53H36BrN5 [M+H] m/z 822.2227, found 

822.8222. 

5.4.2.14 2,4,6-Tris(5-((9-ethyl-9H-carbazol-3-yl)ethynyl)thiophen-2-yl)-1,3,5-triazine (20b) 

It was synthesized following same procedure as of 20a but using a mixture of 15 and 19b. The 

desired product was further purified by silica column chromatography. Eluent: 50%-80% CHCl3 

in Hexanes. Orange solid; Yield: 410 mg (42%); mp: 175 ᵒC; IR (KBr, cm
-1

) 2969, 2925, 2858 

(νCHstretch), 2193 (νC≡C), 1624, 1598, 1501 (νC=C), 1482, 1440 (νC-N); 
1
H-NMR (400 MHz, CDCl3) δ 

8.34 (s, 3H), 8.18 (q, J = 1.8 Hz, 3H), 8.12 (d, J = 7.9 Hz, 3H), 7.67 (d, J = 7.9 Hz, 3H), 7.51 (dd, 

J = 8.2, 7.0 Hz, 3H), 7.42 (dd, J = 11.0, 8.5 Hz, 6H), 7.37-7.35 (m, 3H), 7.29 (d, J = 7.3 Hz, 3H), 

4.39 (q, J = 7.1 Hz, 6H), 1.47 (t, J = 7.3 Hz, 9H); 
13

C-NMR (100 MHz, CDCl3) cannot be 

recorded due to poor solubility; HRMS calcd for C63H42N6S3 [M+Na] m/z 1001.2525, found 

1001.2525. 

5.4.2.15 3-((5-(4,6-Bis(5-bromothiophen-2-yl)-1,3,5-triazin-2-yl)thiophen-2-yl)ethynyl)-9-

ethyl-9H-carbazole) (20bBr2)  

It was obtained as a product while synthesizing 20b. Eluent: 50% CHCl3 in Hexanes. Yellow 

solid; Yield: 50 mg (7%); mp: 150 ᵒC; IR (KBr, cm
-1

) 2968, 2924, 2855 (νCHstretch), 2191 (νC≡C), 

1593, 1569, 1502 (νC=C), 1403 (νC-N); 
1
H-NMR (400 MHz, CDCl3) δ 8.32 (s, 1H), 8.14 (d, J = 4.1 

Hz, 1H), 8.11 (d, J = 7.6 Hz, 1H), 7.98 (q, J = 4.1 Hz, 2H), 7.65 (dd, J = 8.5, 1.6 Hz, 1H), 7.51 (t, 

J = 7.6 Hz, 1H), 7.42 (dd, J = 12.6, 8.0 Hz, 2H), 7.34 (d, J = 3.7 Hz, 1H), 7.29 (d, J = 7.3 Hz, 1H), 

7.18 (d, J = 4.1 Hz, 2H), 4.39 (q, J = 7.3 Hz, 2H), 1.46 (t, J = 7.3 Hz, 3H); 
13

C-NMR (100 MHz, 

CDCl3) δ 166.9, 141.2, 140.3, 139.9, 132.3, 131.7, 130.8, 129.2, 128.5, 126.3, 124.2, 123.0, 122.5, 

120.6, 119.5, 112.3, 108.8, 108.6, 97.9, 81.2, 37.7, 13.8; HRMS calcd for C31H18Br2N4S3 [M+Na] 

m/z 722.8952, found 722.8948. 

5.4.2.16 3,3'-(((6-(5-Bromothiophen-2-yl)-1,3,5-triazine-2,4-diyl)bis(thiophene-5,2-

diyl))bis(ethyne-2,1-diyl))bis(9-ethyl-9H-carbazole) (20bBr) 

It was obtained as a product while synthesizing 20b. Eluent: 50%-70% CHCl3 in Hexanes. Dark 

yellow solid; Yield: 30 mg (4%); mp: 138 ᵒC; IR (KBr, cm
-1

) 2965, 2923, 2853 (νCHstretch), 2193 

(νC≡C), 1595, 1568, 1504 (νC=C), 1405 (νC-N); 
1
H-NMR (400 MHz, CDCl3) δ 8.32 (s, 2H), 8.15 (d, 

J = 4.3 Hz, 2H), 8.11 (d, J = 7.9 Hz, 2H), 7.99 (d, J = 4.3 Hz, 1H), 7.66 (d, J = 9.2 Hz, 2H), 7.51 

(t, J = 7.6 Hz, 2H), 7.41 (dd, J = 13.7, 8.9 Hz, 4H), 7.34 (d, J = 4.3 Hz, 2H), 7.29 (d, J = 7.9 Hz, 

2H), 7.18 (d, J = 4.3 Hz, 1H), 4.38 (q, J = 7.1 Hz, 4H), 1.46 (t, J = 7.0 Hz, 6H); 
13

C-NMR (100 
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MHz, CDCl3) δ 166.9, 142.6, 140.9, 140.3, 139.9, 132.3, 131.8, 131.1, 129.2, 126.3, 124.2, 123.0, 

122.5, 120.6, 119.5, 112.3, 108.7, 108.6, 98.2, 81.2, 37.7, 13.8; HRMS calcd for C47H30BrN5S3 

[M] m/z 839.0841, found 839.0864. 

5.4.2.17 4,4',4''-(((1,3,5-Triazine-2,4,6-triyl)tris(benzene-4,1-diyl))tris(ethyne-2,1-diyl))tris(N-

(2-ethylhexyl))-1,8-naphthalimide (20c) 

It was synthesized following same procedure as of 20a but using a mixture of 2 and 19a. The 

product was further purified by silica column chromatography. Eluent: CHCl3; Yellow solid; 

Yield: 0.25 g (55%), mp: 303 ᵒC; IR (KBr, cm
-1

) 2957, 2928, 2857 (νCHstretch), 2203 (νC≡C), 1701, 

1659 (νC=O), 1569 (νC=C), 1408 (νC-N); 
1
H-NMR (400 MHz, CDCl3) δ 8.77 (d, J = 8.0 Hz, 6H), 

8.72 (d, J = 8.4 Hz, 3H), 8.63 (d, J = 7.2 Hz, 3H), 8.59 (d, J = 8.8 Hz, 3H), 8.54 (d, J = 7.6 Hz, 

3H), 7.98 (d, J = 7.6 Hz, 3H), 7.83 (d, J = 8.4 Hz, 6H), 7.71 (d, J = 8.4 Hz, 3H), 4.18-4.07 (m, 

6H), 1.97-1.93 (m, 3H), 1.42-1.25 (m, 24H), 0.97-0.83 (m, 18H); 
13

C-NMR (100 MHz, CDCl3) δ 

170.8, 164.2, 163.9, 136.3, 134.6, 132.1, 132.0, 131.7, 131.5, 131.1, 130.4, 130.3, 129.0, 128.0, 

127.9, 127.6, 126.8, 126.6, 123.1, 122.5, 98.3, 89.0, 44.3, 37.9, 30.8, 28.7, 24.1, 23.1, 14.1, 10.6; 

HRMS calcd for C87H78N6O6 [M+Na] m/z 1325.5875, found 1325.5865. 

5.4.2.18 4,4',4''-(((1,3,5-Triazine-2,4,6-triyl)tris(thieno-5,2-diyl))tris(ethyne-2,1-diyl))tris(N-

(2-ethylhexyl))-1,8-naphthalimide (20d) 

It was synthesized following same procedure as of 20b but using a mixture of 2 and 19b. The 

desired product was further purified by silica column chromatography. Eluent: CHCl3, Yellow 

solid; Yield: 1.2 g (91%), mp: 300 ᵒC; IR (KBr, cm
-1

) 2956, 2926, 2860 (νCHstretch), 2193 (νC≡C), 

1702, 1661 (νC=O), 1588, 1504(νC=C), 1444 (νC-N); 
1
H-NMR (400 MHz, CDCl3) δ 8.49 (d, J = 6.9 

Hz, 3H), 8.43 (d, J = 8.2 Hz, 3H), 8.37 (d, J = 7.3 Hz, 3H), 8.08 (d, J = 3.7 Hz, 3H), 7.76 (d, J = 

8.0 Hz, 3H), 7.72 (t, J = 7.8 Hz, 3H), 7.42 (d, J = 3.7 Hz, 3H), 4.08 (m, 6H), 1.94-1.91 (m, 3H), 

1.41-1.27 (m, 24H), 0.94 (t, J = 7.3 Hz, 9H), 0.89 (t, J = 6.9 Hz, 9H); 
13

C-NMR (100 MHz, 

CDCl3) cannot be recorded due to poor solubility; HRMS calcd for C81H72N6O6S3 [M+H] m/z 

1321.4748, found 1321.4736. 

5.4.2.19 4,4'-(((6-(5-Bromothiophen-2-yl)-1,3,5-triazine-2,4-diyl)bis(thiophene-5,2-

diyl))bis(ethyne-2,1-diyl))bis(N-(2-ethylhexyl))-1,8-naphthalimide (20dBr) 

It was obtained as a product while synthesizing 20d. Eluent: Hexanes:EtOAc (4:1), Pale yellow 

solid; Yield: 30 mg (3%), mp: 280 ᵒC; IR (KBr, cm
-1

) 2955, 2924, 2858 (νCHstretch), 2190 (νC≡C), 

1701 1661 (νC=O), 1590 (νC=C), 1460 (νC-N); 
1
H-NMR (400 MHz, CDCl3) δ 8.65 (m, 4H), 8.54 (m, 

2H), 8.27 (d, J = 3.7 Hz, 1H), 8.21 (d, J = 4.1 Hz, 1H), 8.17 (d, J = 4.4 Hz, 1H), 7.95 (d, J = 7.6 
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Hz, 2H), 7.86 (t, J = 7.8 Hz, 2H), 7.67 (d, J = 5.0 Hz, 1H), 7.52 (d, J = 4.1 Hz, 2H), 4.20-4.05 (m, 

4H), 1.98-1.92 (m, 2H), 1.42-1.29 (m, 16H), 0.94 (t, J = 7.6 Hz, 6H), 0.89 (t, J = 6.9 Hz, 6H); 
13

C-

NMR (100 MHz, CDCl3) δ 166.6, 164.2, 163.9, 143.3, 134.3, 131.9, 131.7, 131.1, 131.0, 130.7, 

130.2, 130.1, 128.6, 128.4, 127.9, 127.7, 126.3, 122.9, 122.5. 92.9, 91.9, 44.2, 37.9, 30.7, 28.7, 

23.9, 23.1, 14.1, 10.6; HRMS calcd for C59H50BrN5O4S3 [M+H] m/z 1068.2281, found 1068.2282. 
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6.1 Introduction 

Organic materials receive immense attention owing to their wide practical use in electronic 

devices and biological applications. Organic molecules containing discrete molecular structure 

and small molecular weights are advantageous over polymeric materials due to their 

straightforward synthesis, easy purification, high quantum efficiency, wide structural variability 

and simple fabrication methodologies. Such small molecules containing donor and acceptor 

moieties either interacting via conjugation or attached through a non-conjugating node have been 

synthesized and demonstrated for application in optoelectronics and biosensors. Systematic 

understanding of structure-property relationship in D-A molecules helps to fine tune structural 

components required to assemble functional materials of specific application. Triarylamines and 

electron rich heterocycles such as carbazole, phenothiazine and dithienopyrrole were routinely 

used as donors while electron-deficient fragments such as benzothiadiazole, benzotriazole, 

oxadiazole, phthalimide, naphthalimide and perylenediimide explored as acceptors. 

Among the known acceptor chromophores, 1,8-naphthalimides have gained much attention due 

to its high electron affinity, optical, thermal and chemical stabilities, promising electron-

transporting and tunable fluorescent properties. Wide variety of organic dyes possessing 

naphthalimide unit have found application as discussed in Chapter 1 in OLEDs, OSCs,
 
biological 

and chemical sensors.[417-421] Naphthalimide can be functionalized at naphthalene nucleus or 
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imidic nitrogen with different substituents and offers pathways to fine-tune the photophysical and 

electronic properties of the targets. It is well established that optical and electrochemical 

properties of naphthalimides can be altered by extending the π-conjugation at C4. The behaviour 

of the substituents (electron-donating or withdrawing) at C4 scale the extend of charge transfer 

and thus the fluorescent and redox properties of the resulting derivatives. However, 

naphthalimides without functionalization at nucleus display poor fluorescence due to the presence 

of an upper lying triplet excited state isoenergetic with the lowest singlet excited state which 

facilitates intersystem crossing. Further, naphthalimides provide wide scope for functionalization 

at the imide nitrogen as well. Though the effect of chromophore attached to nitrogen has 

negligible or no influence on the electronic properties otherwise dominated by naphthalimide core, 

they help to modulate the interchromophoric interactions in the solid state and consequently the 

charge transporting properties. Among the pool of aromatic electron rich chromophores, 

carbazole, triphenylamine, and fluorene are widely explored due to the easy oxidizability and the 

ability to transport charges via the radical-cation species. Integration of a hole transporting moiety 

with an electron transporting unit is beneficial to balance charge transport in molecular layer. 

Chart 6.1 represents the structures of related typical D-A based materials. Wang et al.[422] 

synthesized naphthalimides, D43 featuring fluorene at the imidic nitrogen and found to exhibit 

good electron-transporting characteristics in electroluminescent devices. Zhu et al.[423] 

synthesized carbazole containing naphthalimide derivatives, D44 and D45 and found to possess 

bipolar character which was beneficial for the realization of single layer electroluminescent 

device. 

 

Chart 6.1 Structures of related naphthalimide-based D-A dyes. 
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In this Chapter, we present a series of 1,8-naphthalimides (Figure 6.1) containing different 

chromophoric units at imidic nitrogen.[424] The motivation behind the choice of fluorene and 

carbazole is that they display promising photophysical and thermal properties due to their rigid 

structure and offer multiple nuclear positions for chemical modifications. We investigated the 

effect of structural variation on photophysical and electrochemical properties of the dyes and 

correlated the trends with theoretical results. Interestingly, the differences in the structural 

composition of these dyes result in significant morphological changes in the solid state as 

determined by electron microscopy analyses. They are highly fluorescent in nature, which pave 

way for exploration in cellular staining. These new compounds are potential candidates for 

cellular imaging applications and showed remarkable biocompatibility. 

 

Figure 6.1 Structures of the naphthalimide-based D-A small molecules. 

6.2 Results and Discussion 

6.2.1 Synthesis and Characterization 

The synthetic protocol used to obtain the dyes 22, 23a, 23b, 24a, 24b and 24c is shown in 

Scheme 6.1. The synthesis of these dyes involves imidization of 4-bromo-1,8-naphthalic 

anhydride, followed by nucleophilic substitution with n-butylamine and Stille coupling reaction 

with suitable tin reagent.[425] Since the basicity of the aromatic amine is much weaker than that 

of aliphatic amine, the imidization of 4-bromo-1,8-naphthalic anhydride with fluorenyl, carbazolyl 

and 4-bromophenyl amine to yield intermediates 21a-21c required harsh conditions such as zinc 
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acetate catalyst. This step is followed by nucleophilic attack of n-butylamine on 4
th

-position of 

naphthalimide to give 23a-23c. Whereas dye 22 was synthesized with ease using excess of n-

bulylamine under milder conditions. The dyes 24a-24c were synthesized by Stille coupling 

reaction of appropriate tin reagents with 23c. All compounds were characterized by IR, NMR (
1
H 

and 
13

C) and mass spectral methods. The spectral data of the dyes are consistent with the proposed 

structures. The bright yellow coloured dyes are moderately soluble in common organic solvents 

such as TOL, CHCl3, THF, DCM, DMSO, DMF, ACN, and MeOH.  
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Scheme 6.1 Synthesis of the dyes.
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6.2.2 Theoretical Studies 

To understand the electronic structure of the dyes, the geometries of the dyes were first optimized 

by DFT using B3LYP hybrid functional
 
and 6-31G(d,p) basis set. The optimized structures 

assumed non-planar arrangement of functional entities as depicted in Figure. 6.2. The non-

planarity of the model compounds can be highlighted in terms of the large dihedral angle (60-88°) 

between the imidic chromophore and the naphthalimide planes. While for the extended π-

conjugated dyes (24a, 24b and 24c) the dihedral angles between the peripheral chromophore, 

thiophene ring and the phenylene ring are in range 25-28°, which suggested further twisting in the 

conjugation framework. 

 

Figure 6.2 Optimized geometries and interchromic dihedral angles for the compounds. 
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Figure 6.3 shows the electronic distribution in frontier molecular orbitals, HOMO and LUMO 

of the selected dyes 22 and 24a. The computed energies of the vertical excitations and their orbital 

contributions using TDDFT in the B3LYP level are compiled in Table 6.1. The HOMO of the 

dyes 23b, 24a, 24b and 24c containing donor segment is largely delocalized over the entire π-

system at the imidic position (Figure 6.4). While in 22 and 23a, which lack donor, it is constituted 

by naphthalimide unit. In all the dyes, the LUMO is mainly localized on the naphthalimide unit. It 

is interesting to highlight that although the dyes are structurally different at the imidic position the 

computed electronic transitions at low energy region are found to be closely related and 

originating from the common chromophore. The prominent absorption appearing at ~410 nm is 

mainly originating from HOMO to LUMO electronic excitation in 22 and 23a, while in 23b, 24a, 

24b and 24c it is due to HOMO-1 to LUMO electronic transition. As these orbitals are mainly 

composed of naphthalimide unit, this absorption is assigned to naphthalimide-based π-π* 

transition. Moreover, in dyes 24a-24c an additional HOMO to LUMO electronic excitation occurs 

due to aromatic π-system present in imidic nitrogen. This assignment is confirmed from the 

orbitals (Figure 6.3) involved in these transitions. Also, these π-π* transitions are consistent with 

the trend in the absorption wavelength conjugation length of the imidic chromophore. 

 

Figure 6.3 Electronic distributions in the frontier molecular orbitals of the dyes 22 and 24a 

responsible for prominent absorptions.  



Naphthalimide Derivatives: Effect of Non-Conjugated Chromophores  Chapter 6 

 

234 
 

Dye HOMO-1 HOMO LUMO LUMO+1 

23a 

    

23b 

    

24b 
    

24c 

    

22 

    

Figure 6.4 Electronic distributions in the frontier molecular orbitals of the dyes. 

Table 6.1 Computed electronic parameters of the dyes in DCM. 

Dye max, nm f Composition 

23a 410 0.36 HOMO  LUMO (97%) 

23b 408 0.33 HOMO-1  LUMO (97%) 

24a 411 0.59 HOMO-1  LUMO (94%) 

376 1.46 HOMO  LUMO+1 (97%) 

24b 431 1.70 HOMO  LUMO+1 (90%) 

411 0.15 HOMO-2  LUMO (51%), 

HOMO-1  LUMO (41%) 

24c 412 0.52 HOMO-1  LUMO (95%) 

372 1.06  HOMO  LUMO+1 (97%) 

22 409 0.30  HOMO  LUMO (97%) 
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6.2.3 Photophysical Properties 

The absorption spectra for the dyes recorded in DCM (2×10
-5 

M) are displayed in Figure 6.5(a). 

The relevant photophysical data is compiled in Table 6.2. All the compounds exhibit a common 

absorption at ca. 410 nm attributable to the n-π* electronic excitation localized within 

naphthalimide as predicted by theoretical calculations. This absorption is closely matching with 

the theoretically predicted values. Interestingly, the absorption maxima of other reported dyes 

with different substituent at 4
th

 position of naphthalimide are found to be centered in same region. 

4-(N,N-dimethylamino)-N-(2-fluorenyl)-1,8-naphthalimide, D43 and 4-dimethylamino-N-(9-ethyl-

9H-carbazol-3-yl)-1,8-naphthalimide, D44 displayed absorption in range of 409-415 nm. This 

further supports the existence of common electronic excitation which is localized within 

naphthalimide. Further, compounds 24a-24c exhibited an additional higher energy absorption 

arising from the aromatic chromophores attached to the imidic nitrogen. This π-π* absorption 

wavelength showed a trend attributable to the conjugation length of the chromophore. Thus, the 

dye 24b displayed the most red-shifted absorption in this series. 
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Figure 6.5 (a) Absorption and (b) emission spectra of dyes recorded in DCM. 

The compounds are intensely emitting in yellow to green region. All dyes exhibit a broad and 

structureless band centered at ~500 nm irrespective of the nature of the chromophore in the 

molecule (Figure 6.5(b)). This indicates the excited state is similar in all the compounds and 

probably originates from the naphthalimide unit. The introduction of additional chromophores in 

23a-23b and 24a-24c does not alter the emission properties of the dyes. This could be due to the 

orthogonal orientation of the units at the imidic nitrogen of naphthalimide, which blocks effective 

electronic communication.
 
Further, the absence of residual emission from the N-chromophore 

suggests the effective energy transfer from it to the naphthalimide moiety. The values of the 
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Stokes shift for these dyes are in the range of 3300–3500 cm
-1

 which is in accordance with other 

similar 1,8-naphthalimide derivatives. Such values of Stokes shift points toward the existence of 

non-radiative relaxation pathways due to the non-planarity and significant geometric 

rearrangements in the excited state of the molecule. Further, the solid state emission of the dyes 

exhibit broad band accompanied by quenching of fluorescence which is common for planar 

conjugated emitting materials. All the dyes exhibited red-shift of 15-20 nm in the solid state 

(Table 6.2) when compared to their solution. This reflects the presence of intermolecular 

interactions in the solid state of the dyes. 

The solvatochromism study was performed for all of the dyes to evaluate the effect of solvent 

polarity on the optical properties of the dyes (Figures 6.6 and 6.7). The absorption and emission 

data observed for the dyes in different solvents are listed in Tables 6.3 and 6.4. All the dyes 

showed negligible changes in shorter wavelength region peak arising from localized π-π* 

transition while the naphthalimide-based electronic transition exhibits positive solvatochromism 

(~25 nm) on varying the polarity of the solvent. Furthermore, the dyes show prominent positive 

solvatochromism (~50 nm) in the emission spectra since the excited state is stabilized by polar 

solvents resulting in red shift in emission. This also shows that the dyes are more polarized in the 

excited state than in the ground state. The structureless emission pattern observed for the dyes in 

all the solvents can be described to the structural reorganization. The large Stokes shift in polar 

solvents supported pronounced polar character in the excited state than ground state. 

The solvatochromic data of the dyes were analysed by Lippert−Mataga plot and Stokes shift 

versus ET (30) parameter as displayed in Figure 6.8. The dyes exhibited linearity in the above 

correlations indicating the role of general solvent effect, which is typical for polar molecules. 

While a deviation from linearity for MeOH can be due to the specific interactions i.e. hydrogen 

bonding. The relative fluorescence quantum yield (ΦF) measured by comparing with the standard 

show a quantum yield (>45%) except for 24b and 24c. The relatively low quantum yields 

observed for these compounds may be due to the electron transfer quenching from donor such as 

carbazole and triarylamine, which is a nonradiative deactivation pathway for the excited state. 
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Table 6.2 Optical, electrochemical and thermal data of the dyes. 

Dye λmax, nm (εmax, 

M
−1

 cm
−1

 × 10
3
) 

λem, nm 

(ΦF %)
a
 

Stokes 

shift, cm
-1

 

λem,
b
 

nm 

Eox,
c
 mV 

(ΔEp) 

Ered,
c
 

mV 

HOMO,
d
 

eV 

LUMO,
 e 

eV 

E0–0,
 f
 

eV 

Tonset  

(°C) 

Td 
g 

(°C) 

23a 429 (13.7), 306 (12.8) 502 (66) 3390 522 668, 976 -1516 -5.46 -3.28 2.18 306 440 

23b 428 (15.5), 296 (26.1) 501 (88) 3404 524 676, 740 -1440 -5.48 -3.36 2.11 374 490 

24a 427 (18.3), 354 (41.2) 502 (47) 3499 524 684, 772 -1636 -5.48 -3.16 2.32 430 525 

24b 430 (sh), 395 (51.9) 501 (03) 3296 524 368 (65), 

688 (64), 

748 

-1632 -5.17 -3.17 2.00 456 544 

24c 426 (20.3), 352 

(35.2), 311 (26.5) 

500 (11) 3474 526 500, 664 -1696 -5.30 -3.10 2.20 427 527 

22 428 (14.9), 280 (20.9) 502 (68) 3444 520 652 -1520 -5.45 -3.28 2.17 295 382 

Recorded in DCM 
a
 Relative quantum yield was obtained by comparing with standard coumarin-6,

 b 
Solid state emission, 

c
 Redox potentials are reported with 

reference to the ferrocene internal standard using tetrabutylammonium perchlorate as electrolyte. 
d
 Obtained from the oxidation potential using the formula 

HOMO = -(4.8 + Eox). 
e
 Deduced from the reduction potential using the formula LUMO = -(4.8 - |Ered|). 

f
 Calculated using formula E0-0= EHOMO-ELUMO. 

g 

Decomposition temperature wrt 5% wt. loss.  
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Table 6.3 Absorption data for dyes recorded in different solvents. 

Dye 
λmax, nm (Ɛmax, M

−1
 cm

−1
 × 10

3
) 

Tol CHCl3 THF DMSO DMF ACN MeOH 

23a 421 (18.4), 306 

(20.3) 

428 (10.9), 306 

(11.5) 

428 (14.9), 306 

(18.2) 

443 (19.3), 306 

(26.8) 

440 (19.3), 306 

(25.4) 

432 (13.7), 306 

(13.9) 

443 (12.7), 306 

(15.2) 

23b 419 (09.1), 295 

(15.9)  

428 (15.9), 296 

(27.6)  

426 (35.6), 330 

(11.2), 295 

(21.0)  

443 (13.5), 296 

(26.4)  

439 (12.9), 296 

(25.0), 286 

(25.5)  

432 (13.3), 294 

(19.6), 283 

(20.3)  

442 (08.5), 295 

(15.8), 285 

(15.5)  

24a 418 (11.3), 357 

(26.4) 

427 (18.9), 355 

(41.5) 

425 (18.7), 355 

(43.9) 

442 (21.7), 362 

(49.1) 

437 (17.2), 360 

(40.2) 

431 (21.4), 354 

(21.4) 

440 (04.8), 352 

(10.9) 

24b 395 (49.4) 395 (45.1) 393 (58.1) 396 (57.4) 394 (51.3) 390 (37.3) 390 (-) 

24c 417 (13.4), 351 

(25.4), 311 

(18.4) 

427 (18.9), 348 

(32.9), 311 

(25.1) 

427 (14.6), 348 

(27.9), 310 

(20.6) 

442 (19.3), 356 

(34.2), 311 

(25.9) 

437 (13.8), 354 

(25.2), 310 

(19.7) 

431 (10.6), 349 

(19.1), 311 

(14.3) 

443 (06.0), 349 

(09.8), 311 

(08.0) 

22 420 (15.2) 429 (19.6), 280 

(26.3), 262 

(30.1) 

429 (19.5), 280 

(28.2), 262 

(37.1) 

443 (13.5), 296 

(26.4) 

440 (29.2), 283 

(38.7) 

432 (19.3), 280 

(24.8), 260 

(25.2) 

443 (18.4), 283 

(21.8), 260 

(21.9) 

Table 6.4 Emission and Stokes shift data for dyes recorded in different solvents. 

Dye 
λem, nm (ФF, %)

a
 Stokes shift, cm

-1
 

 Tol CHCl3 THF DMSO DMF ACN MeOH Tol CHCl3 THF DMSO DMF ACN MeOH 

23a 484  494  502  527  523  518  535 (32) 3092 3122 3444 3598 3607 3843 3882 

23b 483  495  500  527  522  517  533 (47) 3162  3162  3474  3598  3622  3806  3935  

24a 484  494  502  528  523  523  530 (36) 3262 3122 3609 3685 3763 4081 3607 

24b 485  494  500  526  524  519  537 (-) - - - - - - - 

24c 483  494  501  528  524  524  537 (07) 3277 3176 3459 3685 3799 4118 3951 

22 482  497  507  526  522  517  531 (35) 3063 3244 3641 3562 3570 3806 3741 
a
Relative quantum yield was obtained by comparing with standard coumarin-6 (EtOH = 78%). 
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Figure 6.6 Absorption spectra of the dyes recorded in different solvents. 
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Figure 6.7 Normalized emission spectra of the dyes recorded in different solvents. 
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Figure 6.8 Lippert−Mataga and Stokes shift vs ET (30) plot for the dyes.  
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6.2.4 Electrochemical Properties 
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Figure 6.9 (a) CV) and (b) DPV of the dyes recorded in DCM. 

The electrochemical analysis of the dyes was carried out using CV and DPV measurements 

(Figure 6.9). The results are summarized in Table 6.2. The CV plots exhibited signature waves 

attributable to the reduction of naphthalimide unit and the oxidation of donor moieties in the dyes. 

The reduction potential of the dyes is centered at -1.4 to -1.6 V. This reduction potential is shifted 

cathodically by 0.4-0.5 V when compared to the unsubstituted naphthalimides which generally 

showcase a reversible reduction wave at -1.0 to -1.1 V.[96] The oxidation peak centered at ~0.6 V 

for the dyes corresponds to the removal of electrons from butyl amino unit. Additional oxidation 

potentials are also observed for dyes, which are attributed to the oxidation of chromophoric units 

tethered on imidic nitrogen of naphthalimide core except for the reference dye 22. It is interesting 

to note that oxidation potentials of the dyes 24a, 24b and 24c shifts anodically when compared to 

the dyes 23a and 23b due to the enhanced electron richness of the chromophores such as 

carbazole and triarylamine attached to phenyl-thiophene linker. This is clearly understandable 

from the electronic distribution in the frontier molecular orbitals (vide supra) discussed earlier. An 

additional one electron reversible oxidation potential is observed for dye 24b corresponding to the 

electron removal from N-naphthalenyl-(phenyl) amine moiety.
 
The HOMO and LUMO energy 

levels of all the dyes were calculated by using a ferrocene as internal standard (-4.80 eV). The 

HOMO energy of the dyes falls in range of -5.2 to -5.5 eV, whereas the LUMO energies lie in the 

range -3.1 to -3.3 eV. This indicates that the dyes can show the good electron-transporting ability 

due to the low-lying LUMO levels when used as electron-transporting electroluminescent 

materials in OLEDs.  
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6.2.5 Thermal Properties 

In order to determine the thermal stability of the dyes, TGA under nitrogen atmosphere at a 

heating rate of 10 °C/min was performed. Thermogravimetric traces of the dyes are shown in 

Figure 6.10. The dyes possess superior thermal stability with high thermal decomposition 

temperatures (Td) falling in the range, 440-545 ˚C as compared to reference dye 22 (Table 6.2). 

The substituents at the N-position of the naphthalimide unit played an important role in 

determining the thermal stability of these compounds. Owing to bulkiness, dye 24b exhibited 

highest Td among the series. Furthermore, carbazole bearing dyes (23b and 24c) showed superior 

thermal stability in comparison to respective fluorene analogs (23a and 24a) in keeping with the 

literature precedence.[426, 427]
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Figure 6.10 TGA curves of the dyes. 

6.2.6 Morphological Properties 

To gain further insight into the influence of structural variation on the morphologies of the dyes 

FESEM and TEM studies were performed. It was observed that these new molecules exhibit 

different types of morphologies depending upon the nature of chromophore on the imidic 

nitrogen. The SEM images for as synthesized samples show different non-uniform, ill-defined and 

bulky morphology in micrometer range as plates, rods, flakes and fibers (Figure 6.11). Whereas, 

the images examined for the film casted samples from DMSO solution exhibit fine and uniformly 

distributed morphology (Figures 6.12 and 6.13). 
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Figure 6.11 FESEM images of as synthesized dyes. Scale bar: 23a (10 μm), 23b (20 μm), 24a (10 

μm), 24b (5 μm), 24c (5 μm), 22 (2 μm), respectively. 

Figure 6.12 FESEM images of dyes obtained from film casted from DMSO solution (2×10
-3

 M). 

Scale bar = (above row) 23a, 24a (100 μm), 23b, 26 (10 μm); (below row) 23a, 23b, 24a (2 μm), 

22 (5 μm).  
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The SEM images for dye 24b reveal the presence of well-defined micro-spheres of uniform size 

with average diameter of 1 µm. While the dye 24c exists as uniformly entangled network of wires 

of dimensions ~500 nm thick and several hundreds of microns in length. The shape and size of 

these samples are further confirmed by TEM analysis (Figures 6.13C, 13D). Further, the SAED 

image clearly established the amorphous nature of the compounds since diffuse rings with no 

bright spots were observed. Also, we have examined the influence of concentration (Figures 6.14 

and 6.15) of the dyes 24b and 24c on the morphology. Fragmented and smaller sizes of the 

aggregates for both of the dyes were obtained at low concentrations, which point that the 

formation of well-defined and oriented morphology is concentration dependent. These SEM 

images provide to some extent detailed information on the mechanism for the morphology of the 

dyes. The diversity in shape and size of the morphology is probably arising from the difference in 

the conjugation length of the chromophore. The discrete morphological variation of dyes varying 

from rods, fibers, chips, spheres to wires revealed the significant role of intermolecular 

interactions arising from the conjugated aromatic chromophore. Hence, it can be stated that the 

facile tunable structural design of the functional materials is of immense importance for inducing 

changes in morphology. 
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Figure 6.13 Morphology of dyes 24b and 24c (A, B) FESEM images obtained from film casted from DMSO solution (2×10
-3

 M). Scale bar = 

100 μm, 20 μm respectively, (C) TEM image and (D) SAED image. 
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Figure 6.14 FESEM images of dye 24b obtained for samples from DMSO solution at different 

concentrations (A) 2×10
-3

 M,  (B) 2×10
-4

 M,  (C) 2×10
-5

 M, (D) 2×10
-6

 M,  Scale bar = 5 μm). 

 

Figure 6.15 FESEM images of dye 24c obtained for samples from DMSO solution at different 

concentrations (A) 2×10
-3

 M,  (B) 2×10
-4

 M,  (C) 2×10
-5

 M,  (D) 2×10
-6

 M,  Scale bar = 100 μm, 2 

μm). 
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6.2.7 Fluorescence Microscopy Analysis 

The fluorescence images of the dyes (Figures 6.16 and 6.17) were captured using optical 

fluorescence microscopy exhibiting multicolor emission under different light source owing to the 

broad emission range (vide supra). The drop-cast sample obtained from DMSO solution displays 

bright yellow-green and red fluorescence upon excitation with UV, blue and green light, 

respectively. The fluorescence images of the dyes are in good agreement with the SEM images of 

the dyes. All the dyes showed strong emission. The fine structures of the fluorescent spheres and 

wires were observed for 24b and 24c. Both the spherical balls and long micro-wires were 

uniformly spread and displayed both green and red emission. The highly fluorescent images were 

obtained for dye 24c with entangled wires. Interestingly, the tips and the knot region of these 

wires were found to be significantly bright and may be helpful in optical wave-guiding. The 

multicolor and bright emission displayed by the reported dyes is of great importance for the design 

and fabrication of displays, OLEDs and for biological applications. 

 
Figure 6.16 Fluorescence microscopy images of the dyes 23a, 23b, 24a and 22. Images captured 

under filter excitation (A) UV-2A, (B) B-2A, (C) G-2A. Scale = 100 μm. 
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Figure 6.17 Fluorescence microscopy images of the dyes 24b and 24c. Images captured under filter excitation (A) UV-2A, (B) B-2A, (C) G-

2A. Scale = 100 μm. 
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6.2.8 Biological Studies 

To examine the bio-imaging potential of dyes, their cellular uptake behaviour was evaluated 

by fluorescence microscopy. Figures 6.18 and 6.19 show the cellular uptake of tested dyes used at 

a concentration of 30 µM. Distinct bright blue and green fluorescence was seen in A549 cells 

incubated with dyes 23a, 23b and 22 and while only green fluorescence was observed for cells 

incubated with dyes 24a-24c owing to the strong fluorescence and broad emission range. As can 

be seen in the fluorescence images, dark areas were surrounded by either blue or green 

fluorescence. These dark areas correspond to the cell nucleus, thereby suggesting the cytoplasmic 

uptake by the endocytosis route for internalization of dyes. Also, it can be mentioned that due to 

the larger size of the dyes than the cell nucleus pore, the fluorescent dyes cannot enter the cell 

nucleus directly. Interestingly, dyes 24a-24c displayed faint green emission (vide supra) due to 

their variable extents of aggregation inside the cytoplasm of the cells. It is noticeable to mention 

that the dyes possessing carbazole moiety (23b and 24c) displayed brighter cell imaging 

comparable to dye 22 than fluorene containing naphthalimide dyes (23a, 24b and 24c) which can 

be attributed to the difference in cellular uptake biocompatibility. 
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Figure 6.18 Microscopy images of A549 cells incubated with 30 μM of dyes 23a, 23b and 22 for 

12 h. Images captured under (A) bright field, (B) DAPI filter, (C) merge image of A and B, (D) 

GFP filter, (E) merge image of A and D, (F) merge image of B and D. Scale bar = 100 μm. 
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Figure 6.19 Microscopy images of A549 cells incubated with 30 μM of dyes 24a-24c for 12 h. 

Images captured under (A) bright field, (B) GFP filter, (C) merge image of A and B. Scale bar = 

100 μm. 

Furthermore, in order to study the cytotoxic effect of the dyes, MTT assay was performed. It 

can be inferred that viability of the cells are not much affected by the dyes since absorbance is not 

varied drastically by varying concentration of the dyes. In Figure 6.20 and Table 6.5, the 

percentage cell viability of A549 cells at various concentrations of dyes is presented. As observed 

the cells grew normally in culture medium containing dyes in the concentration range of 5–50 μM, 

with almost no effect on its physiology, proliferation and does not cause cell apoptosis. No 

significant difference in cell viability was found between untreated and treated cells. The 

concentrations of dyes used for bioimaging did not cause any severe cytotoxic effects, which is in 

accordance with the MTT results. Hence it is concluded that these fluorescent dyes portray 

biocompatibility for imaging of cells. 
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Figure 6.20 Cell viability of dyes with human lung carcinoma A549 cells incubated with 0 to 50 

μM concentrations of dyes for 12 h. The data are presented as mean±SEM values of two 

individual experiments. 

Table 6.5 Cell viability, cytotoxicity and cell proliferation effect of dyes of human lung 

carcinoma A549 cells estimated from the MTT assay. 

Dye Conc. (μM) 
Cell viability % 

23a 23b 24a 24b 24c 22 

0 100 100 100 100 100 100 

5 97 98 98 97 99 97 

10 97 81 96 97 96 97 

20 95 80 88 91 90 86 

30 89 73 78 74 78 65 

50 81 70 73 74 67 45 

6.3 Conclusions 

We have successfully synthesized and characterized naphthalimide-based D-A small molecules 

and demonstrated in cellular bioimaging. The model compounds were optimized and theoretically 

investigated using DFT to gain insight into the electronic distribution in the frontier molecular 

orbitals. These dyes reflect the properties as predicted from the theoretical calculations. As a 

consequence the fluorescent dyes exhibited excellent photophysical, electrochemical and thermal 

properties attributed to the structural composition of the dyes. The photophysical and 

electrochemical studies revealed that these dyes are electronically similar although structurally 

different from each other. Whereas the structural variations helped to fine tune the morphology of 
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the dyes at microscopic level. The synthesized small molecules reflect unique and uniform 

morphology depending on their molecular structure. They show considerably different 

morphology which is solvent and concentration dependent. Finally, potential biological 

applications of the reported dyes are evaluated by investigating their biocompatibilities and cell 

uptake behaviors. It is observed that carbazole-based dyes exhibited supremacy in terms of 

brighter cell imaging than fluorene-naphthalimide analogs. It can be inferred that strategic 

structural modifications in designing the molecules play a crucial role in determining the 

properties and behavior of the functional materials. 

6.4 Experimental Section 

6.4.1 General methods and Instrumentation 

All the general methodology is similar as described in Chapter 3. 

6.4.2 Synthesis 

6.4.2.1 4-(Butylamino)-N-butyl-1,8-naphthalimide (22) 

A solution of 4-bromo-1,8-naphthalic anhydride (0.3 g, 1 mmol) and n-butylamine (3 mL, 4 

mmol) in 15 mL of ethanol was refluxed for 8 h. After removal of ethanol, the residue was 

purified by silica column chromatography using EtOAc:Hexanes (1:10) as eluent to afford 22. 

Yellow solid; Yield: 0.3 g (86%); mp: 122-124 °C; IR (KBr, cm
-1

) 3383 (νN-H), 2956, 2930, 2865 

(νC-H), 1685 (νC=O), 1635, 1572 (νC=C), 1348 (νC-N); 
1
H-NMR (400 MHz, CDCl3) δ 8.58 (d, J = 7.3 

Hz, 1H), 8.47 (d, J = 8.2 Hz, 1H), 8.07 (d, J = 8.2 Hz, 1H), 7.62 (t, J = 8.0 Hz, 1H), 6.73 (d, J = 

8.2 Hz, 1H), 5.21 (s, 1H), 4.16 (t, J = 7.6 Hz, 2H), 3.41 (dd, J = 12.4, 7.3 Hz, 2H), 1.85-1.75 (m, 

2H), 1.75-1.65 (m, 2H), 1.56-1.37 (m, 4H), 1.03 (t, J = 7.2 Hz, 3H), 0.96 (t, J = 7.6 Hz, 3H); 
13

C-

NMR (100 MHz, CDCl3) δ 164.9, 164.4, 149.6, 134.6, 131.3, 129.9, 125.9, 124.8, 123.4, 120.3, 

110.4, 104.5, 43.6, 40.2, 31.3, 30.5, 20.7, 20.6, 14.1, 14.1; HRMS (ESI, m/z) [M+Na]
+
 calcd. for 

C20H24N2O2: 347.1730; found 347.1734. 

General procedure for the synthesis of dyes 21a-21c 

A flask was charged with 4-bromonapthalic anhydride (1.1 g, 4 mmol), respective amine (6 

mmol), a pinch of Zn(OAc)2, and 15 mL acetic acid. The reaction mixture was refluxed for 12 h. 

On completion of reaction, it was quenched by pouring into cold water. The resultant solid was 

either filtered and recrystallized or extracted with CHCl3. The residue obtained was adsorbed on 

silica gel and purified by column chromatography to obtain the desired product. 
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6.4.2.2 4-Bromo-N-(9,9-diethyl-9H-fluoren-2-yl)-1,8-naphthalimide (21a) 

Eluted with CHCl3:Hexanes mixture (4:1); Off white solid; Yield: 1.4 g (68%); mp: 164-166 °C; 

IR (KBr, cm
-1

) 2959, 2929, 2864 (νC-H), 1705 (νC=O), 1672, 1586 (νC=C), 1364 (νC-N); 
1
H-NMR 

(500 MHz, CDCl3) δ 8.74-8.63 (m, 2H), 8.48-8.44 (m, 1H), 8.13-8.08 (m, 1H), 7.94-7.84 (m, 2H), 

7.74 (d, J = 6.0 Hz, 1H), 7.38-7.32 (m, 3H), 7.28 (s, 1H), 7.25-24 (m, 1H), 1.96-1.95 (m, 4H), 

0.68 (t, J = 6.0 Hz, 6H); 
13

C-NMR (100 MHz, CDCl3) δ 164.14, 164.10, 151.9, 151.4, 141.7, 

140.5, 135.0, 134.5, 133.9, 133.8, 132.6, 131.9, 131.8, 131.4, 130.8, 128.8, 128.4, 127.6, 127.2, 

127.1, 123.7, 123.1, 122.7, 120.5, 120.2, 55.7, 42.8, 17.5, 14.8; HRMS (ESI, m/z) [M+Na]
+
 calcd. 

for C29H22BrNO2: 518.0726; found 518.0716. 

6.4.2.3 4-Bromo-N-(9-ethyl-9H-carbazol-3-yl)-1,8-naphthalimide (21b) 

Eluted with CHCl3:Hexanes mixture (4:1); Off white solid; Yield: 1.1 g (59%); mp: 286-288 °C; 

IR (KBr, cm
-1

) 2961, 2925, 2855 (νC-H), 1702 (νC=O), 1668, 1586 (νC=C), 1340 (νC-N); 
1
H-NMR 

(400 MHz, CDCl3) δ 8.75 (dd, J = 7.3, 1.4 Hz, 1H), 8.66 (dd, J = 8.5, 1.1 Hz, 1H), 8.50 (d, J = 7.8 

Hz, 1H), 8.10 (d, J = 7.8 Hz, 1H), 8.06-8.00 (m, 2H), 7.95-7.87 (m, 1H), 7.57 (d, J = 8.7 Hz, 1H), 

7.53-7.41 (m, 2H), 7.38 (dd, J = 8.4, 2.4 Hz, 1H), 7.22 (td, J = 7.3, 0.9 Hz, 1H), 4.43 (q, J = 7.3 

Hz, 2H), 1.49 (t, J = 7.1 Hz, 3H); 
13

C-NMR (100 MHz, CDCl3) δ 164.69, 164.66, 140.6, 139.9, 

133.8, 132.7, 131.8, 131.4, 130.9, 130.8, 129.6, 128.4, 126.2, 125.6, 123.8, 123.6, 122.9, 122.8, 

120.9, 120.8, 119.2, 109.4, 108.8, 37.9, 14.1; HRMS (ESI, m/z) [M+Na]
+
 calcd. for 

C26H17BrN2O2: 491.0365; found 491.0366. 

6.4.2.4 4-Bromo-N-(4-bromophenyl)-1,8-naphthalimide (21c) 

Recrystallized from acetone; Off white solid; Yield: 1.3 g (76%); mp: 291-293 °C; IR (KBr, cm
-1

) 

1778, 1733 (νC=O), 1669, 1591, 1534 (νC=C), 1385 (νC-N); 
1
H-NMR (400 MHz, CDCl3) δ 8.70 (d, J 

= 7.3 Hz, 1H), 8.65 (d, J = 8.2 Hz, 1H), 8.46 (d, J = 7.8 Hz, 1H), 8.09 (d, J = 7.8 Hz, 1H), 7.90 (t, 

J = 8.0 Hz, 1H), 7.68 (d, J = 8.2 Hz, 2H), 7.20 (d, J = 8.7 Hz, 2H); 
13

C-NMR (100 MHz, CDCl3) δ 

163.81, 163.79, 134.3, 134.1, 132.9, 131.9, 131.5, 131.2, 131.0, 130.6, 130.5, 129.5, 128.5, 

123.21, 123.15, 122.3; HRMS (ESI, m/z) [M+Na]
+
 calcd. for C18H9Br2NO2 : 451.8892; found 

451.8891. 

General procedure for the synthesis of dyes 23a-23c 

To a respective 4-bromonapthalimide (21a, 21b or 21c) (0.5 g, 1.2 mmol) suspended in 15 mL 

ethanol was added n-butylamine (5 mL, 6 mmol) and trimethylamine (2 mL). This mixture was 

refluxed for 8-12 hours. Colour of the reaction mixture turned off white to yellow with passage of 

time. After completion of reaction, it was allowed to cool to room temperature. Solvent was 
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removed under vacuum to yield crude yellow solid, which was washed with hexanes. The residue 

was adsorbed on silica gel and purified by column chromatography to obtain the required 

compound. 

6.4.2.5 4-(Butylamino)-N-(9,9-diethyl-9H-fluoren-2-yl)-1,8-naphthalimide (23a) 

Eluted with CHCl3:hexanes:EtOAc mixture (7:2:1); Yellow solid; Yield: 0.4 g (61%); mp: 134-

136 °C; IR (KBr, cm
-1

) 3382 (νN-H), 2954, 2928, 2869 (νC-H), 1692 (νC=O), 1649, 1577 (νC=C), 1357 

(νC-N); 
1
H-NMR (400 MHz, CDCl3) δ 8.64 (d, J = 7.3 Hz, 1H), 8.52 (d, J = 8.4 Hz, 1H), 8.14 (d, J 

= 8.2 Hz, 1H), 7.83 (d, J = 7.8 Hz, 1H), 7.76-7.70 (m, 1H), 7.66 (t, J = 7.8 Hz, 1H), 7.39-7.27 (m, 

4H), 7.25-7.23 (m, 1H), 6.77 (d, J = 8.7 Hz, 1H), 5.29 (s, 1H), 4.12 (q, J = 7.2 Hz, 2H), 3.44 (q, J 

= 6.4 Hz, 2H), 1.99-1.91 (m, 4H), 1.83 (t, J = 7.6 Hz, 2H), 1.04 (t, J = 7.3 Hz, 3H), 0.67 (t, J= 5.0 

Hz, 6H); 
13

C-NMR (100 MHz, CDCl3) δ 165.2, 164.6, 151.6, 151.4, 149.8, 141.1, 140.8, 135.1, 

134.7, 131.7, 131.3, 130.5, 127.5, 127.3, 126.9, 124.99, 124.85, 123.9, 123.1, 120.4, 120.1, 110.5, 

104.6, 104.5, 55.6, 43.7, 42.8, 31.2, 20.6, 17.5, 14.8, 14.1; HRMS (ESI, m/z) [M]
+
 calcd. for 

C33H32N2O2: 488.2458; found 488.2468. 

6.4.2.6 4-(Butylamino)-N-(9-ethyl-9H-carbazol-3-yl)-1,8-naphthalimide (23b) 

Eluted with hexanes:CHCl3 mixture(1:4); yellow solid; Yield: 0.3 g (53%); mp: 130-132 °C; IR 

(KBr, cm
-1

) 3383 (νN-H), 2967, 2926, 2870 (νC-H), 1686 (νC=O), 1642, 1566 (νC=C), 1354 (νC-N); 
1
H-

NMR (400 MHz, CDCl3) δ 8.63 (d, J = 7.1 Hz, 1H), 8.52 (d, J = 8.5 Hz, 1H), 8.13 (d, J = 8.5 Hz, 

1H), 8.03 (d, J = 1.8 Hz, 1H), 7.99 (d, J = 7.8 Hz, 1H), 7.61 (t, J = 7.9 Hz, 1H), 7.52 (d, J = 8.5 

Hz, 1H), 7.50-7.44 (m, 1H), 7.42 (s, 1H), 7.41-7.36 (m, 1H), 7.23-7.15 (m, 1H), 6.73 (d, J = 8.5 

Hz, 1H), 5.41 (s, 1H), 4.42-4.35 (m, 2H), 3.40 (q, J = 5.2 Hz, 2H), 1.85-1.76 (m, 2H), 1.54 (q, J = 

7.6 Hz, 2H), 1.46 (t, J = 7.2 Hz, 3H), 1.03 (t, J = 7.3 Hz, 3H); 
13

C-NMR (100 MHz, CDCl3) δ 

165.8, 165.2, 149.9, 140.6, 139.7, 135.1, 131.7, 130.5, 127.3, 126.4, 125.9, 124.9, 123.8, 123.6, 

123.1, 120.96, 120.91, 120.5, 119.1, 110.5, 109.2, 108.7, 104.5, 43.7, 37.9, 31.2, 20.6, 14.14, 

14.08; HRMS (ESI, m/z) [M+H]
+
 calcd. for C30H27N3O2: 462.2176; found 462.2170. 

6.4.2.7 4-(Butylamino)-N-(4-Bromophenyl)-1,8-naphthalimide (23c) 

Eluted with hexanes:EtOAc mixture (4:1); Yellow solid; Yield: 0.3 g (50%); mp: 170-172 °C; IR 

(KBr, cm
-1

) 3370 (νN-H), 2961, 2926, 2859 (νC-H), 1693 (νC=O), 1644, 1542 (νC=C), 1365 (νC-N); 
1
H-

NMR (400 MHz, CDCl3) δ 8.62 (d, J = 7.3 Hz, 1H), 8.50 (d, J = 8.7 Hz, 1H), 8.14 (d, J = 8.2 Hz, 

1H), 7.69-7.60 (m, 3H), 7.19 (d, J = 8.7 Hz, 2H), 6.76 (d, J = 8.4 Hz, 1H), 5.32 (s, 1H), 3.55-3.25 

(m, 2H), 1.88-1.75 (m, 2H), 1.53 (q, J = 7.5 Hz, 2H), 1.04 (t, J = 7.3 Hz, 3H); 
13

C-NMR (100 

MHz, CDCl3) δ 164.9, 164.2, 150.1, 135.3, 135.2, 132.7, 131.9, 130.8, 130.5, 126.5, 124.9, 123.3, 
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122.6, 120.5, 110.0, 104.7, 43.7, 31.2, 20.6, 14.1; HRMS (ESI, m/z) [M+H]
+
 calcd. for 

C22H19BrN2O2: 423.0703; found 423.0703. 

6.4.2.8 4-(Butylamino)-N-(4-(5-(9,9-diethyl-9H-fluoren-2-yl)thiophen-2-yl)phenyl)-1,8-

naphthalimide (24a) 

A mixture of 23c (1.06 g, 2.5 mmol), tributyl(5-(9,9-diethyl-9H-fluoren-2-yl)thiophen-2-

yl)stannane (1.78 g, 3.0 mmol), Pd(PPh3)2Cl2 (35 mg) and DMF (10 mL) was heated at 80 °C for 

18h. After completion of the reaction, it was poured into ice-water and the precipitates collected 

by filtration. This crude product was purified by column chromatography on silica gel using 

hexane/DCM mixture (1:1) as eluent. Yellow solid; Yield: 1.36 g (84%); mp: 258-260 °C; IR 

(KBr, cm
-1

) 3366 (νN-H), 2960, 2926, 2870 (νC-H), 1695 (νC=O), 1672, 1586 (νC=C), 1364 (νC-N); 
1
H-

NMR (500 MHz, CDCl3) δ 8.65 (d, J = 8.5 Hz, 1H), 8.52 (d, J = 8.5 Hz, 1H), 8.15 (d, J = 8.5 Hz, 

1H), 7.82-7.58 (m, 7H), 7.37-7.31 (m, 7H), 6.82 (bs, 1H), 5.31 (s, 1H), 3.45 (t, J = 8.5 Hz, 2H), 

2.1-2.05 (m, 4H), 1.85-1.80 (m, 2H), 1.59-1.53 (m, 2H), 1.04 (t, J = 8.5 Hz, 3H), 0.37 (t, J = 7.5 

Hz, 6H); 
13

C-NMR (100 MHz, CDCl3) δ 165.1, 164.5, 150.9, 150.3, 149.9, 144.9, 142.8, 141.4, 

141.3, 135.3, 135.2, 134.7, 133.3, 131.8, 130.5, 129.5, 127.3, 127.1, 126.7, 126.4, 124.9, 124.8, 

124.0, 123.5,123.1, 120.5, 120.3, 120.2, 119.9, 110.3, 104.7, 56.4, 45.0, 43.7, 33.0, 31.3, 20.6, 

14.1, 8.8; HRMS (ESI, m/z) [M+Na]
+
 calcd. for C43H38N2O2S: 669.2546; found 669.2547. 

6.4.2.9 4-(Butylamino)-N-(4-(5-(9,9-diethyl-7-(naphthalen-1-yl(phenyl)amino)-9H-fluoren-2-

yl)thiophen-2-yl)phenyl)-1,8-naphthalimide (24b) 

It was prepared by following the procedure described above for 24a but using 9,9-diethyl-N-

(naphthalen-1-yl)-N-phenyl-7-(5-(tributylstannyl)thiophen-2-yl)-9H-fluoren-2-amine instead of 

tributyl(5-(9,9-diethyl-9H-fluoren-2-yl)thiophen-2-yl)stannane. Yellow solid; Yield: 1.64 g 

(76%); mp: 258-260 °C; IR (KBr, cm
-1

) 3385 (νN-H), 2958, 2926, 2870 (νC-H), 1693 (νC=O), 1647, 

1576 (νC=C), 1361 (νC-N); 
1
H-NMR (500 MHz, CDCl3) δ 8.64 (d, J = 7.0 Hz, 1H), 8.53 (d, J = 8.5 

Hz, 1H), 8.14 (d, J = 8.5 Hz, 1H), 7.95 (d, J = 8.5 Hz, 1H), 7.89 (d, J = 8.5 Hz, 1H), 7.78 (d, J = 

8.5 Hz, 3H), 7.66 (t, J = 8.0 Hz, 1H), 7.59 (d, J = 6.0 Hz, 2H), 7.53-7.42 (m, 5H), 7.35-7.30 (m, 

6H), 7.22 (t, J = 7.5 Hz, 3H), 7.07 (d, J = 6.0 Hz, 3H), 6.95 (s, 1H), 6.77 (d, J = 8.5 Hz, 1H), 5.31 

(s, 1H), 3.44 (t, J = 7.0 Hz, 2H), 2.00-1.87 (m, 2H), 1.86-1.78 (m, 4H), 1.60-1.50 (m, 4H), 1.05 (t, 

J = 7.5 Hz, 3H), 0.36 (t, J = 7.5 Hz, 3H); 
13

C-NMR (100 MHz, CDCl3) δ 165.1, 164.5, 151.6, 

150.8, 149.9, 148.9, 148.3, 145.1, 144.1, 142.5, 141.4, 135.5, 135.4, 135.24, 135.21, 134.8, 132.3, 

131.8, 129.5, 129.3, 128.6, 126.9, 126.6, 126.5, 126.41, 126.37, 126.3, 124.95, 124.85, 124.8, 

124.6, 123.8, 123.5, 122.1, 121.8, 121.7, 120.53, 120.49, 119.9, 119.5, 117.1, 56.3, 44.9, 43.7, 
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32.9, 31.2, 20.6, 14.1, 8.8; HRMS (ESI, m/z) [M+Na]
+
 calcd. for C59H49N3O2S: 886.3437; found 

886.3437. 

6.4.2.10 4-(Butylamino)-N-(4-(5-(9-ethyl-9H-carbazol-3-yl)thiophen-2-yl)phenyl)-1,8-

naphthalimide (24c) 

It was obtained from 9-ethyl-3-(5-(tributylstannyl)thiophen-2-yl)-9H-carbazole and 23c by 

following a procedure similar to that described above for 24a. Yellow solid; Yield: 1.1 g (71%); 

mp: 254-256 °C, IR (KBr, cm
-1

) 3364 (νN-H), 2958, 2926, 2858 (νC-H), 1694 (νC=O), 1639, 1588 

(νC=C), 1369 (νC-N); 
1
H-NMR (400 MHz, CDCl3) δ 8.66 (t, J = 7.3 Hz, 1H), 8.54 (t, J = 7.8 Hz, 

1H), 8.38 (d, J = 6.0 Hz, 1H), 8.16 (q, J = 8.2 Hz, 2H), 7.80 (q, J = 8.4 Hz, 3H), 7.67-7.64 (m, 

1H), 7.50 (t, J = 7.6 Hz, 1H), 7.44 (t, J = 7.8 Hz, 2H), 7.40-7.31 (m, 4H), 7.28 (s, 1H), 6.79 (t, J = 

8.0 Hz, 1H), 5.31 (s, 1H), 4.47-4.35 (m, 2H), 3.51-3.39 (m, 2H), 1.90-1.77 (m, 2H), 1.58-1.54 (m, 

2H), 1.47 (t, J = 7.2 Hz, 3H), 1.06 (t, J = 7.5 Hz, 3H);
 13

C-NMR (100 MHz, CDCl3) δ 165.1, 

164.5, 149.9, 145.8, 141.9, 140.6, 139.8, 135.2, 135.1, 134.9, 131.8, 129.5, 126.6, 126.3, 126.2, 

125.8, 124.98, 124.85, 124.3, 123.1, 123.6, 123.6, 123.1, 120.9, 120.5, 119.3, 117.9, 108.99, 

108.87, 104.69, 43.7, 37.9, 31.3, 20.6, 14.1; HRMS (ESI, m/z) [M+Na]
+
 calcd. for C40H33N3O2S: 

642.2185; found 642.2185. 

6.4.3 Computational Methods 

The computational methodology used is similar as described in Chapter 3. The ground-state 

geometries were optimized employing B3LYP functional and 6-31G (d,p) basis set for all atoms 

in the DCM solvent. 

6.4.4 Microscopy Analyses 

The SEM images of the dyes on substrate sputtered by gold were recorded using FE-SEM Quanta 

200 FEG instrument. Samples for SEM analysis were as prepared powders or films prepared by a 

drop-cast method from dye aggregates in various solvent systems on glass substrate operated at 

15-20 kV. TEM images and SAED patterns were obtained using a FEI TECNAI G2 transmission 

electron microscope at 200 kV voltage. For the TEM analysis, the sample solution of 2×10
-3

 M in 

DMSO was used. Then, one drop of the solution was kept on a carbon coated copper grid and 

allowed to dry at room temperature. Fluorescence microscopic images were acquired using a 

Nikon Eclipse LV100 microscope by air drying a drop of the diluted samples on a glass slide 

under various excitation filters such as UV-2A (330–380 nm), B-2A (450-490 nm) and G-2A 

(510-560 nm) filter excitation. All images were taken at scale of 100 μm. 
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6.4.5 Fluorescence-based Bioimaging 

Bioimaging potential of various dye samples was explored by seeding 2x10
5 

A549 cells in 3 cm 

culture dishes in 2 mL of DMEM medium. The cells were allowed to attach overnight. After the 

attachment of the cells, dye samples (working concentration-30 µM) were added to respective 

dishes and incubated for 6 h. Dye containing medium was then removed and cells were washed 

twice with PBS to remove the unbound dye and any media traces left over. For bioimaging, cells 

were retained in PBS. Dye stained cells were examined under a fluorescent inverted microscope 

(EVOS® FL Color, AMEFC 4300). Microscopy images of cells were taken under bright field, 

DAPI (excitation 360 nm, emission 447 nm), and GFP (excitation 470 nm, emission 525 nm) light 

cubes, respectively and under combination of filters to develop merged images. 

6.4.6 Cell Culture 

For in vitro studies, A549 (human lung adenocarcinoma) cells were procured from National 

Centre for Cell Sciences (NCCS), Pune, India. The cell line was maintained in Dulbecoo's 

modified Eagle's medium (DMEM, Sigma-Aldrich) supplemented with 10% (v/v) fetal bovine 

serum (FBS) and 1% penicillin-streptomycin solution (Sigma -Aldrich, USA) at 5% CO2 in a 

humidified incubator at 37 °C. 

6.4.7 MTT Assay 

In order to determine the cell viability, MTT, assay was performed which is based on the ability of 

mitochondrial dehydrogenases enzyme activity in living cells to transform yellow colour water 

soluble tetrazolium salt MTT solution to a purple water-insoluble formazan product . 10
4
 cells/ 

well were seeded in 96-well tissue culture plates and allowed to attach for 12 h. Subsequently, 

these cells were then incubated with medium containing different concentrations ranging from 0 to 

50 μM of the tested compounds in DMSO solution for 12 h. Upon the completion of incubation 

period, medium from each well was removed and cells were washed once with phosphate buffer 

saline (PBS). Afterwards, 100 μL of fresh medium containing 10 μL of MTT solution (5 mg/mL 

in PBS) was added to each well and incubated for another 4 h to allow the formation of formazan 

crystals. Medium containing MTT was aspirated slowly and formazan crystals were dissolved by 

adding 150 μL of DMSO was added to each well. Multi-mode microplate reader (Biotek, Cytation 

3) was used to record the absorbance of each well was at 570 nm. The untreated cells (in DMEM) 

were used as control. Relative cell viability (mean% + SEM, n = 2) was calculated as: 

% Cell viability= (A570 in treated sample / A570 in control sample) X 100% 
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7.1 Conclusions 

In this thesis, we have developed naphthalimide-based organic materials exploring its dual 

functionalization. The naphthalimide unit was explored for different functionalization employing 

palladium-catalyzed C-C bond coupling reactions such as Sonogashira, Suzuki-Miyaura and Stille 

to obtain the target dyes. The newly synthesized intermediates and final target dyes were 

thoroughly analyzed by spectroscopic techniques. The dyes synthesized were studied for either 

self-assembly, structure property relationships, or biological applications such as cell imaging. We 

have synthesized and fine-tuned the linear A-A-A/ D-A/ or star shaped (A-π2)3-π1-A 

naphthalimide-based dyes. The intrinsic properties of the dyes were broughtout with the aid of 

absorption, emission spectroscopy, cyclic voltammetry, theoretical computations and thermal 

analysis. The fine tuning of the photophysical, electrochemical or morphological properties of the 

naphthalimide derivatives were systematically addressed by appending different chromophore on 

aromatic system and imidic position of naphthalimide unit. The HOMO and LUMO alteration 

were arising due to the incorporation of various chromophores. 

The overview and the outcome of the thesis work is summarized Chapter wise below and a 

snap shot provided in Figure 7.1. 

Chapter 3 Bis-Naphthalimides Bridged by Different Electron Acceptors 

In this Chapter depending upon the molecular modification implied, we have categorized the bis-

naphthalimides into two sets and illustrated their structure property relationships. Firstly we 

studied the effect of different electron withdrawing units such as fluorenone, quinoxaline as a 

linker in conjugated rigid rods. Then benzotriazole oligomer bridged molecular wires terminated 

with naphthalimides were constructed. Nature of bridging unit on electronic properties were 

insvestivated. 

 Synthesized linear bis-naphthalimide-based electron deficient small molecules and oligomers 

comprising benzotriazole by employing Pd-catalyzed Sonogashira cross coupling reaction. 

 The dyes possessed multiple π-π* transitions arising from the conjugated system and depicted 

a progressive bathochromic shift of λmax accompanied by increase in molar absorption 

coefficients with increase in π-conjugation length. 

 The thermal and electrochemical data indicated high thermal stability, and suitable energetics 

which support pronounced electron deficiency for the molecules with high electron affinity 

and deep HOMO energy levels. 
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 Self-assembly of naphthalimide-based electron deficient organic small molecules into 

nanostructures is demonstrated. These resulted in formation of controlled morphologies and 

well-defined nanosized aggregates developed from J-aggregated solid state packing. 

 Fluorescence lifetime analysis of the oligomers showed that the average lifetime of excited 

states gradually decreased with the incorporation of benzotriazole unit facilitating faster 

radiative decay. 

 The electronic features and coplanar arrangement of functional entities established by 

theoretical computations revealed close packing arrangement of the molecules in the solid 

state. 

 

Figure 7.1 Pictorial representation of summary of the work accomplished. 
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Chapter 4 Pyrene-Naphthalimide Hybrids: Synthesis and Effects of Substitution Pattern on 

Optical, Electrochemical and Thermal Properties 

 A series of pyrene derivatives decorated with one to four naphthalimide units were 

synthesized and characterized by optical, electrochemical, thermal and theoretical studies. 

 The molar extinction coefficients of the dyes showed progressive increase on moving from 

mono to tetra derivative attributable to the increase in naphthalimide density while showing 

absence of charge transfer in the ground state. 

 Among the 1,6-di-substituted and 1,8-di-substituted two isomers, former display red shifted 

absorption profile attributed to the extended conjugation length. 

 The emission band is centered at 550 nm attributed to the charge transfer from pyrene to 

naphthalimide in the excited state. 

 The compounds are green to orange fluorescent and display dependence on solvent polarity 

confessing an intra molecular charge transfer in excited state. 

 The HOMO and LUMO energies were found to be low lying ca. -5.6-5.9 eV and -3.2 to -3.3 

eV due to pronounced electron deficiency of the dyes. 

 DFT simulation reveals the localization of HOMO/LUMO orbitals on the donor-acceptor 

moieties except for tetra-substituted dye where it is pyrene localized implying the significant 

charge transfer occurring during electronic excitation. 

Chapter 5 Carbazole-Naphthalimide-Based Linear D-A and Star-shaped Triazine-Cored 

Molecules 

 A set of carbazole and naphthalimide-based linear control dyes and star-shaped triazine-cored 

dyes were synthesized using Sonogashira coupling reactions and characterized successfully. 

 The star-shaped triazine cored dyes displayed superior photophysical and electrochemical 

properties compared to their linear analogs. 

 The dyes displayed emission in blue to green region. It was found that introduction of 

naphthalimide moiety in place of carbazole exhibited better emission profiles. 

 The carbazole-based dyes displayed solvatochromism attributed to typical D-A interactions. 

 The excited state lifetime of linear analogs were longer than star-shaped analogs. 

 Among the star-shaped triazine-based compounds, naphthalimide containing dyes possessed 

low lying energy levels attributed to their electron deficiency. 
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Chapter 6 Effect of Non-conjugated Chromophores on Photophysics, Electrochemistry, 

Morphology and Bioimaging Applications of Naphthalimide Derivatives 

 A series of 1,8-naphthalimide-based fluorescent small molecules featuring chromophores, 

differing in conjugation and electron richness, at imidic nitrogen are synthesized, characterized 

and demonstrated in cellular bioimaging. 

 The fluorescent dyes exhibited excellent photophysical, electrochemical and thermal 

properties attributable to the structural composition of the dyes. 

 The photophysical and electrochemical studies revealed that these dyes are electronically 

similar although structurally different from each other. 

 The structural variations helped to fine tune the morphology of the dyes at microscopic level. 

They display unique and uniform morphology depending on their molecular structure. 

 The dyes were evaluated by investigating their biocompatibilities and cell uptake behaviors. It 

was observed that carbazole-based dyes exhibited supremacy in terms of brighter cell imaging 

than fluorene-naphthalimide analogs. 

7.2 Future Scope 

 

Chart 7.1 The proposed naphthalimide-based linear and star-burst functional materials. 

As an outlook to the proposed work in this thesis, we envision that judicious and efficient tuning 

of the property of the synthesized dyes could lead to effective non-fullerene acceptors and electron 

transporting materials suitable for nano-optoelectronic devices. The results obtained through 



Conclusions and Outlook Chapter 7 

 

264 
 

inspecting the scaffold of the tuned dyes lead us on a path approaching to the development of new 

tailored naphthalimide-based organic materials. We propose to synthesize some more linear 

organic dyes by introduction of two different bridging acceptors between two naphthalimide units. 

Multi-substituted star-burst carbazole and dithienopyrrole-based dyes linked with naphthalimide 

unit can act as effective D-A type dyes for effective charge balancing. They could be effective 

light harvesting materials for OSCs. Further, the use of naphthalimide moiety in construction of 

AIEgens in combination with tetraphenylethylene can provide a new perspective to study the 

properties of AIE active and inactive blended molecules. 
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Figure S1 

1
H NMR spectrum of 5 recorded in CDCl3. 

 
Figure S2 

13
C NMR spectrum of 5 recorded in CDCl3. 
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Figure S3 

1
H NMR spectrum of 6 recorded in CDCl3. 

 
Figure S4 

13
C NMR spectrum of 6 recorded in CDCl3. 
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Figure S5 

1
H NMR spectrum of 7 recorded in CDCl3. 

 
Figure S6 

13
C NMR of spectrum 7 recorded in CDCl3. 

ab
u

n
d

an
ce

0
1

.0
2

.0
3

.0

X : parts per Million : Proton

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

  
 8

.9
9

5

  
 8

.9
9

3

  
 8

.9
7

5

  
 8

.9
7

3

  
 8

.6
6

7

  
 8

.5
8

6

  
 8

.5
6

8

  
 8

.0
6

2

  
 8

.0
4

2

  
 7

.9
1

8

  
 7

.6
5

2

  
 7

.5
9

4

  
 7

.2
6

0

  
 4

.8
6

6

  
 4

.8
4

8

  
 4

.8
2

9

  
 4

.1
8

3

  
 4

.1
6

4

  
 4

.1
5

1

  
 4

.1
3

2

  
 4

.1
1

1

  
 4

.0
9

6

  
 4

.0
7

9

  
 2

.2
3

0

  
 2

.2
1

2

  
 2

.1
9

3

  
 2

.1
7

4

  
 1

.9
4

6

  
 1

.5
6

2

  
 1

.3
8

5

  
 1

.3
1

5

  
 0

.9
3

8

  
 0

.9
0

0

  
 0

.8
8

3

  
 0

.3
4

1

  
 0

.0
6

7

8
.1

9

8
.9

6

2
.0

0

1
.8

7

1
.8

7

1
.9

5

9
.0

6

1
.4

4
0

.9
4

0
.9

5

1
.0

2

0
.7

4

0
.7

8

2
.0

3

ab
u

n
d

an
ce

0
0

.0
1

0
.0

2
0

.0
3

0
.0

4
0

.0
5

0
.0

6
0

.0
7

0
.0

8
0

.0
9

0
.1

0
.1

1
0

.1
2

X : parts per Million : Carbon13

220.0 210.0 200.0 190.0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0

 1
6

4
.1

0
8

 1
6

3
.8

2
2

 1
4

4
.2

7
6

 1
3

2
.6

1
5

 1
3

1
.9

4
8

 1
3

1
.8

7
2

 1
3

0
.1

1
7

 1
2

8
.1

0
5

 1
1

3
.0

7
9

 1
1

2
.9

0
7

  
9

4
.6

7
7

  
9

3
.0

0
9

  
8

1
.9

2
9

  
8

1
.4

9
1

  
7

7
.3

1
5

  
7

7
.0

0
0

  
7

6
.6

8
5

  
5

6
.8

5
3

  
4

4
.3

0
6

  
3

7
.9

1
8

  
3

2
.0

0
6

  
3

0
.7

1
9

  
2

8
.6

7
9

  
2

4
.0

2
6

  
2

3
.0

7
2

  
1

4
.1

0
0

  
1

3
.5

7
6

  
1

0
.6

3
0

  
 1

.0
0

9

  
-0

.0
6

8



S4 

 

 
Figure S7 

1
H NMR spectrum of 8 recorded in CDCl3. 

 
Figure S8 

13
C NMR spectrum of 8 recorded in CDCl3. 
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Figure S9

1
H NMR spectrum of 9 recorded in CDCl3. 

 
Figure S10 

13
C NMR spectrum of 9 recorded in CDCl3. 
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Figure S11 

1
H NMR spectrum of 10 recorded in CDCl3. 

 
Figure S12 

13
C NMR spectrum of 10 recorded in CDCl3. 
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Figure S13 

13
H NMR spectrum of 11 recorded in CDCl3. 

 
Figure S14 

13
C NMR spectrum of 11 recorded in CDCl3 
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Figure S15 

1
H NMR spectrum of 12 recorded in CDCl3. 

 
Figure S16 

13
C NMR spectrum of 12 recorded in CDCl3. 
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Figure S17 

1
H NMR spectrum of 14a recorded in CDCl3. 

 
Figure S18 

13
C NMR spectrum of 14a recorded in CDCl3. 
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Figure S19 

1
H NMR spectrum of 14b recorded in CDCl3. 

 
Figure S20 

13
C NMR spectrum of 14b recorded in CDCl3. 
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Figure S21 
1
H NMR spectrum of 14c recorded in CDCl3. 

 
Figure S22 

13
C NMR spectrum of 14c recorded in CDCl3. 
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Figure S23 

1
H NMR spectrum of 14d recorded in CDCl3. 

 
Figure S24 

13
C NMR spectrum of 14d recorded in CDCl3. 
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Figure S25 

1
H NMR spectrum of 14e recorded in CDCl3. 

 
Figure S26 

13
C NMR spectrum of 14e recorded in CDCl3. 
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Figure S27 

1
H NMR spectrum of 17a recorded in CDCl3. 

 
Figure S28 

13
C NMR spectrum of 17a recorded in CDCl3. 
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Figure S29 

1
H NMR spectrum of 17b recorded in CDCl3. 

 
Figure S30 

13
C NMR spectrum of 17b recorded in CDCl3. 
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Figure S31 

1
H NMR spectrum of 17c recorded in CDCl3. 

 
Figure S32 

13
C NMR spectrum of 17c recorded in CDCl3. 
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Figure S33 

1
H NMR spectrum of 17bd recorded in CDCl3. 

 
Figure S34 

13
C NMR spectrum of 17bd recorded in CDCl3. 
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Figure S35 

1
H NMR spectrum of 17d recorded in CDCl3. 

 
Figure S36 

13
C NMR spectrum of 17d recorded in CDCl3. 
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Figure S37 

1
H NMR spectrum of 18a recorded in CDCl3. 

 
Figure S38 

13
C NMR spectrum of 18a recorded in CDCl3. 
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Figure S39 

1
H NMR spectrum of 18b recorded in CDCl3. 

 
Figure S40 

13
C NMR spectrum of 18b recorded in CDCl3. 
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Figure S41 

1
H NMR spectrum of 18c recorded in CDCl3. 

 
Figure S42 

13
C NMR spectrum of 18c recorded in CDCl3. 
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Figure S43 

1
H NMR spectrum of 18d recorded in CDCl3. 

 
Figure S44 

13
C NMR spectrum of 18d recorded in CDCl3. 
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Figure S45 

1
H NMR spectrum of 18e recorded in CDCl3. 

 
Figure S46 

13
C NMR spectrum of 18e recorded in CDCl3. 

ab
u

n
d

an
ce

0
0

.2
0

.4
0

.6
0

.8
1

.0
1

.2
1

.4
1

.6
1

.8
2

.0
2

.2
2

.4
2

.6
2

.8
3

.0
3

.2
3

.4
3

.6

X : parts per Million : Proton

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

  
 8

.8
4

1

  
 8

.8
3

9

  
 8

.8
2

0

  
 8

.5
8

1

  
 8

.5
6

2

  
 8

.4
2

8

  
 7

.9
9

0

  
 7

.9
7

1

  
 7

.6
5

4

  
 7

.4
5

5

  
 7

.2
6

0

  
 4

.4
5

2

  
 4

.4
3

3

  
 4

.4
1

6

  
 4

.3
9

7

  
 4

.1
8

7

  
 4

.1
6

7

  
 4

.1
5

5

  
 4

.1
3

5

  
 4

.1
3

0

  
 4

.1
1

3

  
 4

.0
9

8

  
 1

.9
9

0

  
 1

.9
7

6

  
 1

.9
5

9

  
 1

.9
4

4

  
 1

.9
2

7

  
 1

.5
8

2

  
 1

.5
0

4

  
 1

.3
9

3

  
 0

.9
6

1

  
 0

.9
4

2

  
 0

.9
2

4

  
 0

.9
0

3

  
 0

.8
8

6

  
 0

.8
6

8

4
.4

3
3

.9
7

3
.2

0
3

.1
9

2
.9

9

2
.4

1

2
.1

2

3
.1

5

2
.0

0

1
.9

7
1

.4
4

1
.1

9

1
.1

8

1
.0

7
1

.0
4

1
.0

1

0
.9

1

0
.8

6
0

.8
5

 (
th

o
u

sa
n

d
th

s)

0
1

0
.0

2
0

.0
3

0
.0

4
0

.0
5

0
.0

6
0

.0
7

0
.0

8
0

.0

X : parts per Million : Carbon13

200.0 190.0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0

 1
6

4
.4

4
2

 1
6

4
.1

7
5

 1
4

0
.5

1
9

 1
4

0
.3

7
6

 1
3

4
.7

3
2

 1
3

2
.0

5
3

 1
3

1
.8

2
4

 1
3

1
.5

7
6

 1
3

0
.5

0
8

 1
3

0
.1

3
6

 1
2

7
.9

5
3

 1
1

3
.0

9
8

 1
1

2
.9

9
3

 1
0

9
.0

7
4

 1
0

0
.7

5
1

  
9

5
.1

7
3

  
8

6
.7

1
6

  
8

5
.3

8
1

  
7

7
.3

1
5

  
7

7
.0

0
0

  
7

6
.6

8
5

  
4

4
.1

7
2

  
3

8
.0

0
4

  
3

7
.9

0
8

  
3

0
.7

1
0

  
2

8
.6

7
9

  
2

4
.0

0
7

  
2

3
.0

7
2

  
1

4
.1

1
0

  
1

3
.8

9
1

  
1

0
.6

3
0



S24 

 

 
Figure S47 

1
H NMR spectrum of 18f recorded in CDCl3. 

 
Figure S48 

13
C NMR spectrum of 18f recorded in CDCl3. 
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Figure S49 

1
H NMR spectrum of 20a recorded in CDCl3. 

 
Figure S50 

13
C NMR spectrum of 20a recorded in CDCl3. 
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Figure S51 

1
H NMR spectrum of 20aBr2 recorded in CDCl3. 

 
Figure S52 

1
H NMR spectrum of 20aBr recorded in CDCl3. 
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Figure S53 

1
H NMR spectrum of 20b recorded in CDCl3. 

 
Figure S54 

1
H NMR spectrum of 20bBr2 recorded in CDCl3. 
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Figure S55 

13
C NMR spectrum of 20bBr2 recorded in CDCl3. 

 
Figure S56 

1
H NMR spectrum of 20aBr recorded in CDCl3. 
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Figure S57 

13
C NMR spectrum of 20bBr recorded in CDCl3. 

 
Figure S58 

1
H NMR spectrum of 20c recorded in CDCl3. 

 (
th

o
u

sa
n

d
th

s)

0
1

0
.0

2
0

.0
3

0
.0

4
0

.0
5

0
.0

6
0

.0

X : parts per Million : Carbon13

200.0 190.0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0

 1
6

6
.8

8
2

 1
4

0
.9

2
9

 1
4

0
.3

1
9

 1
3

9
.9

0
0

 1
3

2
.2

7
2

 1
3

1
.7

6
7

 1
3

1
.0

5
2

 1
2

9
.2

0
2

 1
2

6
.2

5
6

 1
2

4
.2

2
5

 1
2

3
.0

1
4

 1
2

2
.4

8
0

 1
2

0
.6

3
0

 1
1

9
.5

3
4

 1
1

2
.2

7
8

 1
0

8
.7

3
1

 1
0

8
.5

9
8

  
9

8
.1

5
7

  
8

1
.2

3
3

  
7

7
.3

1
5

  
7

7
.0

0
0

  
7

6
.6

7
6

  
3

7
.6

8
9

  
1

3
.8

2
4

ab
u

n
d

an
ce

0
0

.1
0

.2
0

.3
0

.4
0

.5
0

.6
0

.7
0

.8
0

.9
1

.0
1

.1
1

.2

X : parts per Million : Proton

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

  
 8

.7
7

9

  
 8

.7
5

9

  
 8

.7
3

0

  
 8

.7
0

9

  
 8

.6
4

1

  
 8

.6
2

3

  
 8

.6
0

7

  
 8

.5
8

5

  
 8

.5
5

0

  
 8

.5
3

1

  
 7

.9
8

9

  
 7

.9
7

0

  
 7

.8
4

4

  
 7

.8
2

3

  
 7

.7
2

0

  
 7

.6
9

9

  
 7

.2
6

0

  
 4

.1
8

1

  
 4

.1
6

1

  
 4

.1
4

9

  
 4

.1
2

9

  
 4

.1
2

4

  
 4

.1
0

6

  
 4

.0
9

1

  
 4

.0
7

4

  
 1

.9
7

0

  
 1

.9
5

4

  
 1

.9
3

8

  
 1

.5
7

4

  
 1

.4
2

5

  
 1

.4
1

2

  
 1

.3
9

4

  
 1

.3
7

7

  
 1

.3
5

1

  
 1

.3
2

5

  
 1

.3
1

5

  
 1

.3
0

8

  
 1

.2
8

7

  
 1

.2
6

3

  
 0

.9
7

3

  
 0

.9
6

5

  
 0

.9
5

6

  
 0

.9
4

6

  
 0

.9
2

8

  
 0

.9
0

8

  
 0

.8
9

0

  
 0

.8
8

2

  
 0

.8
7

4

  
 0

.8
6

4

  
 0

.8
5

5

  
 0

.8
3

5

  
 0

.0
7

0

2
4

.1
9

1
8

.2
2

6
.4

0

6
.1

4

6
.0

0

3
.1

6

3
.2

5
3

.1
5

3
.0

6
3

.1
3

2
.9

1

3
.0

2



S30 

 

 
Figure S59 

13
C NMR spectrum of 20c recorded in CDCl3. 

 
Figure S60 

1
H NMR spectrum of 20d recorded in CDCl3. 

 (
th

o
u

sa
n

d
th

s)

0
1

0
.0

2
0

.0
3

0
.0

4
0

.0
5

0
.0

X : parts per Million : Carbon13

200.0 190.0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0

 1
7

0
.8

4
6

 1
6

4
.2

3
5

 1
6

3
.9

7
8

 1
3

6
.3

3
1

 1
3

4
.6

4
0

 1
3

2
.1

4
5

 1
3

2
.0

1
1

 1
3

1
.6

4
9

 1
3

1
.5

0
0

 1
3

1
.0

5
8

 1
3

0
.4

2
2

 1
3

0
.2

8
6

 1
2

9
.0

0
2

 1
2

8
.0

4
2

 1
2

7
.9

5
3

 1
2

7
.5

7
1

 1
2

6
.8

4
7

 1
2

6
.5

5
8

 1
2

3
.0

5
2

 1
2

2
.5

1
2

  
9

8
.3

3
2

  
8

9
.0

0
7

  
7

7
.3

1
8

  
7

7
.0

0
0

  
7

6
.6

8
2

  
4

4
.2

5
8   
3

7
.9

3
7

  
3

0
.7

4
8

  
2

8
.7

0
1

  
2

4
.0

4
8

  
2

3
.0

8
8

  
1

4
.1

0
7

  
1

0
.6

3
9

ab
u

n
d

an
ce

0
1

.0
2

.0
3

.0
4

.0
5

.0

X : parts per Million : Proton

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

  
 8

.4
9

6

  
 8

.4
7

9

  
 8

.4
3

6

  
 8

.4
1

6

  
 8

.3
7

6

  
 8

.3
5

7

  
 8

.0
7

7

  
 7

.7
7

0

  
 7

.7
5

0

  
 7

.4
2

8

  
 7

.4
1

9

  
 7

.2
6

0

  
 4

.1
3

5

  
 4

.1
1

4

  
 4

.1
0

2

  
 4

.0
8

2

  
 4

.0
7

4

  
 4

.0
5

6

  
 4

.0
4

1

  
 4

.0
2

4

  
 1

.9
4

0

  
 1

.9
2

7

  
 1

.9
1

1

  
 1

.5
7

1

  
 1

.3
8

2

  
 1

.3
2

4

  
 1

.3
1

4

  
 0

.9
6

1

  
 0

.9
4

3

  
 0

.9
1

1

  
 0

.8
9

3

  
 0

.0
6

7

2
4

.0
8

9
.3

5
9

.1
7

6
.2

9

3
.1

2

3
.1

2
3

.0
4

3
.0

1

3
.0

1

3
.0

0

3
.1

1

2
.9

0



S31 

 

 
Figure S61 

1
H NMR spectrum of 20dBr recorded in CDCl3. 

 
Figure S62 

13
C NMR spectrum of 20dBr recorded in CDCl3. 
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