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Abstract 

From last decade we have seen that number of organic molecules which are photoactive in 

nature and because of structural features these photoactive molecule having wide number of 

applications in sensor, self-assembly, host–guest chemistry, ion channels, solar cells and 

OLEDs. Among these organic photoluminiscent materials, molecules such as 

tetraarylpyrrolo [3,2-b] pyrroles (TAPPs), naphthalenediimide-benzothiazole-based 

chemodosimeter, azobenzene-based tetraphenylethylene (TPE) exhibited potential 

applications.      

 

Therefore, this thesis presents some novel organic photoluminiscent materials such as 

AIEgens: tetraarylpyrrolo [3,2-b] pyrroles (TAPPs) with detailed literature survey of new 

AIE-active TAPP class of molecules and derivatives through various synthetic routes and 

present their emerging applications. We also discuss some new methods for synthesis of 

tetraester-substituted tetraaryl-1, 4-dihydropyrrolo [3, 2-b] pyrrole (TAPP) with possible 

mechanism. Here we present new ‘off-on’ system based on core-substituted naphthalene 

diimide with dimethylamine for reversible acid-base sensor in which optical changes in acid-

base condition can be visualised by naked eye by changing blue to reddish and reverse the 

color. Further we focus on naphthalenediimide-Benzothiazole-based chemodosimeter for 

selective and sensitive chromogenic for cyanide ion which plays key role in many chemical, 

medicinal and biological processes. Also we highlight on photoswitchable azobenzene based 

tetraphenylethylene (TPE) with photoresponsive properties and thermally induced reversal 

from the cis to the thermodynamically stable trans state applied as molecular glue for carbon 

nanotubes reversibly controls electronic mobility with light.   

 

All these synthesized molecules are characterized and studied by 1H NMR, 13C NMR, ESI 

mass, elemental analysis, FT-IR, UV-Vis spectroscopy, Fluorescence emission 

spectroscopy, DFT calculations, Job’s plot analysis, SEM & TEM imaging techniques. 

Furthermore, the potential application of synthesized organic photoluminiscent materials 

have been investigated by performing cyclic voltammetry, DLS study. The remarkable 

results obtained from all the above investigation has been concisely summarized in this 

synopsis. 
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Thesis objectives 

The main objectives of the thesis are as follows: 

➢ To Design and synthesize new class of AIEgens: tetraarylpyrrolo [3,2-b] pyrroles 

(TAPPs) as novel organic photoluminiscent material 

➢ To Design and synthesize novel organic photoluminiscent materials based on core-

substituted naphthalene diimide. 

➢ To design and synthesize naphthalenediimide-benzothiazole-based chemodosimeter 

for selective and sensitive chromogenic for cyanide Ion.  

➢ To Design and synthesize photoswitchable azobenzene-based tetraphenylethylene 

(TPE) molecular glue for carbon nanotubes reversibly controls electronic mobility 

with light.  

➢ To design new methods for synthesis of tetraester-substituted tetraaryl-1, 4-

dihydropyrrolo [3, 2-b] pyrrole (TAPP) as organic photoluminiscent material.   

 

Thesis organization and results: 

This thesis entitled “Synthesis of Small Organic Photoluminiscent Materials and 

Their Applications in Supramolecular Chemistry” is divided into six chapters as 

follows: 

A brief highlight of each chapter is as presented below: 

 

Chapter 1: Introduction and Literature Survey on New Class of AIEgens: 

Tetraarylpyrrolo [3,2-b]pyrroles (TAPPs) as Novel oOrganic Photoluminiscent 

Material 

This chapter highlighted on introduction and a detailed literature survey of new AIE-active 

TAPP class of molecules and derivatives through several synthetic routes and present their 

emerging applications. 1  
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Figure 1: General structure of TAPP 

Also we elaborated synthetic versatility of the TAPP core that can be leveraged to control 

the absorbance, emission, and physical properties of the analogues, allowing for fine-tuning 

of properties for each application. 2-4  

 

 

Figure 2: Plausible mechanism for the synthesis of TAPPs 
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This chapter also summarized the discovery of TAPP, the development of synthetic 

methods, the reaction mechanism, the reactivity of TAPP, the π-expansion of TAPP, and 

their photophysical properties. Development of this new AIE-active TAPP core will give 

excellent applications in the field of sensor, self-assembly, host– guest chemistry, ion 

channels, solar cells, and medicinal chemistry in future prospective. Also, simplicity and 

scalable synthesis  of TAPP and its derivate will also have great potential to functionalization 

at the periphery of four benzene rings and use them for various applications successfully.  

On the other hand, tetraphenyl ethylene (TPE)3 and naphthalene diimides (NDIs)5 also have 

been shown to be good photoluminiscent materials. Thus, in this thesis I have given briefly 

use of NDI and TPE derivatives for sensing and cis-trans isomerization of azo system to use 

as a glue for multiwall carbon nanotubes. Furthermore, I have also developed synthesis of 

TAPP using molecule iodine as a catalyst to improve the yield of tetraester-TAPP derivative.  

Chapter 2: A new ‘Off-On’ System Based on Core-substituted Naphthalenediimide 

with Dimethylamine for Reversible Acid-Base Sensor  

In this chapter we described design and synthesis of new Off-On system based on core-

substituted naphthalene diimide with dimethylamine produces (4,9-bis(dimethylamino)-2,7-

dioctylbenzo[lmn] [3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone) coded as: DDPT 1. 5, 6 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Structure of DDPT 1 
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In synthesis of DDPT 1 simple aromatic nucleophilic substitution was carried out by using 

Br2-NDI with dimethylamine at 110 oC. Synthesized DDPT was fully characterized by 1H 

NMR, 13C NMR, ESI mass and elemental analysis techniques.7, 8 

In application part DDPT 1 further used for acid-base sensing which shows ‘switch-on’ 

emission upon protonation of dimethylamine core of NDI with trifluoroacetic acid acid 

(TFA), the absorption band which appears in solution at 600 nm which blue-shifted to 545 

nm. Remarkably fluorescence of DDPT 1 is weak in solution with quantum yield  = 0.09, 

upon addition of TFA fluorescence enhanced to  = 0.78. This suggests that protonation of 

N atom of dimethyl restricts the photoinduced electron transfer (PET) leading to the increase 

in fluorescence.  All these changes get reversed to original state by addition of base 

triethylamine (TEA). The binding constant and stoichiometry of the compound was 

calculated to be 2.1×10-3 M-1.    

All such optical changes in Acid-Base condition can be visualised by naked eye by changing 

blue to reddish and reverse the color, respectively.  

 

 

Figure 4: Sensing performance of the probe DDPT 1 (90μM) in THF with the addition of 

trifluoroacetic acid (0.2 to 2 equiv) A) under visible light B) under UV light illumination at 

365nm. 
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Further, DDPT 1 used for strip-test sensing in which color changes from blue to reddish 

when expose to TFA vapours and reverse in the presence of triethyleamine vapours which 

clearly indicates that the synthesized probe is highly selective to H+ ion in the solution.  By 

studying optical properties such as UV-Vis absorption and fluorescence spectroscopy of 

probe DDPT 1, we hope it may useful in future to replace litmus paper.  

 

Chapter 3: Naphthalenediimide-Benzothiazole-Based Chemodosimeter for Selective 

and Sensitive Chromogenic for Cyanide Ion  

This chapter deals with design and synthesis of new receptor based on naphthalene diimide-

benzothiazole (NDI-1) chemosensor selectively for CN- ion.9 

 

 

 

 

 

 

 

 

Figure 5: Structure of chromophore NDI-1. 

 

Synthesized NDI-1 after nucleophilic addition of cyanide ion Showed color change which 

can be observed by naked eye. Sensing of CN- ion is studied by UV-Vis spectroscopy 

measurements in chloroform solution. As NDI-1 displayed high sensitivity and selectivity 
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towards CN- ions shows change in color from red to green, which was clearly visible to the 

naked eyes. Whereas, the addition of other anions i.e. F-, Cl-, I-, Br-, HSO4
-, H2PO4

-, OAc-, 

ClO4
- and HCO3

- resulted into no visible color change of the sensor NDI-1. The detecting 

mechanism of CN- ion with NDI-1 was demonstrated by 1H NMR, DFT calculations, Job’s 

plot analysis and cyclic voltammetry.10-12  

 

 

 
Figure 6: UV-Vis absorption spectra of NDI-1 (1.8×10-4 M) (a) in presence of 5 equiv. 

different anions and (b) titrated with CN- ion. 

 

Moreover, designed NDI-1 exhibited very low limit of detection 85 nM, which reveals that 

NDI-1 could be a good sensor for CN- ions and can be used for practical applications 

effectively.  
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Chapter 4: Photoswitchable molecular glue for Carbon Nanotubes Reversibly Controls 

Electronic Mobility with Light  

In this chapter we discussed photoswitchable azobenzene based tetraphenylethylene (TPE) 

system because of their photoresponsive properties and thermally induced reversal from the 

cis to the thermodynamically stable trans state that can play an important role in molecular 

devices.13, 14  

 

Figure 7: Photoisomerization of TPE-1 (6 µM) in THF solvent (A). Schematic 

representation of the photoisomerized TPE-1 in THF solvent at 273 K temperature (B). 

trans-1 to cis-1 conversion upon irradiation with 466 nm at 273 K temperature; in the inset 
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visual colour changes (c). cis-1 to trans-1 conversion upon irradia-tion with >500 nm at 273 

K temperature or heat >333 K. 

The designed system was capable of aggregation-induced emission (AIE) behavior, can act 

as molecular glue that can non-covalently functionalize multiwalled carbon nanotubes 

(MWCNT). This novel photoswitchable compound with five TPE units that undergoes 

reversible trans-cis isomerization under UV and visible light respectively. Out of cis-trans 

isomer, the trans-form showed a clear AIE behaviour in aqueous THF mixtures whereas the 

cis form did not also the trans form efficiently binds to multiple MWCNTs and thus acts as 

a molecular glue for the CNT.15  

 

All these interactions were studied by UV-vis, fluorescence, Raman, FT-IR and 13C NMR 

spectroscopy in addition to the PXRD studies.16  

 

 
 

Figure 8: (A) Schematic representation of the interaction between [trans-1.MWCNT]; (B) 

I Vs V plot of the TPE-1 dropped over MWCNT where black is for the [trans-1.MWCNT], 

blue is [cis-1.MWCNT] and red is only MWCNT. 
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From this study we can conclude that, cis and trans isomerization of the molecular glue 

proves efficient example of controlling the conductance of CNTs with a photoswitchable 

molecular glue and has excellent potential applications in electronic devices such as solar 

cells and OLEDs. 

Chapter 5: Iodine Catalysed New Method for Synthesis of Tetraester-Substituted 

Tetraaryl-1,4-Dihydropyrrolo [3, 2-b]pyrrole  

 

This chapter deals with the synthesis of Tetraester-substituted tetraaryl-1, 4-dihydropyrrolo 

[3,2-b] pyrroles (TAPP) using molecular iodine as catalyst.17, 18  

 

Figure 9: Synthesis of tetraester-substituted tetraaryl-1, 4-dihydropyrrolo [3, 2-b] pyrroles. 

As TAPP molecules have been widely used for different applications like sensing, solar 

cells, cellular imaging etc, by taking into consideration, we developed new method for the 

synthesis of (TAPP 1) by cyclocondensation of aromatic amine, aromatic aldehyde and 2,3-

butanedione in presence of iodine-catalyst.  Also we explained the detailed mechanism of 

synthesis of TAPP.19 

Chapter 6: Conclusion 

This chapter concludes all thesis work, as our focus on novel organic photoluminiscent 

materials firstly detailed literature survey was done for well understanding. So accordingly 

we have designed and synthesized probe DDPT 1 with substituted dimethylamine at the core 
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of NDI showed reversible for 4 cycles with the frequent addition of acid and base to the 

synthesized NDI system. With simple route of synthesis of DDPT 1 it may useful to control 

of pH in various biological and physiological processes occurring in the system. 

 

In another work we synthesized naphthalene diimide-benzothiazole (NDI-1) conjugate for 

nucleophilic addition of cyanide ion. This molecule detects selectively cyanide ion which 

can be further demonstrated by using other ions such as F-, Cl-, I-, Br-, HSO4
-, H2PO4

-, OAc-

, ClO4
- and HCO3

-. The sensing of cyanide ion with very low limit of detection (85 nM) is 

studied by UV-Vis, emission, 1H-NMR, cyclic voltammetry and further can be demonstrated 

by naked eyes and it is suggested that the NDI-1 could be a good sensor for practical 

applications successfully. Also we developed novel photoswitchable compound based on 

five in aqueous THF mixtures whereas the cis form has more of a twisted shape and did not 

displayed a clear AIE behaviour. The trans form efficiently binds to multiple MWCNTs and 

thus acts as a molecular glue for the CNT whereas the cis form, weakly interacts with the 

MWCNT samples. These interactions were studied by various methods like UV-vis, 

fluorescence, Raman, FT-IR and 13C NMR spectroscopy in addition to the PXRD studies. 

DLS study performed to study aggregates of the nanotubes in the presence of the trans-form 

and were observed under SEM and TEM imaging. Results obtained from this study indicates 

that the cis and the trans isomerization of the molecular glue proves a fine example of 

controlling the conductance of CNTs with a photoswitchable molecular glue. We have also 

studied iodine catalyzed reaction increases the reaction yield of tetra-ester TAPP. We 

synthesized TAPP 1 by iodine-catalysed cyclocondensation of aromatic amine, aromatic 

aldehyde and 2,3-butanedione at 90o C for 3h in acetonitrile solvent. Notable yield for tetra-

ester-TAPP analogue obtained was up to 60%.  

Overall, the outcome of the thesis led to the design and synthesis of novel organic 
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photoluminiscent materials based on TAPP, DDPT 1, naphthalene diimide-benzothiazole 

(NDI-1), photoswitchable azobenzene based tetraphenylethylene (TPE) system exhibits a 

great potential for its applications in sensor, self-assembly, host–guest chemistry, ion 

channels, solar cells and OLEDs.  

TPE units that undergoes reversible trans-cis isomerization under UV and visible light 

respectively. The trans form of TPE-1 is almost planar and displayed a clear AIE behavior.  
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Chapter 1: Introduction and Literature Survey  

1.1 General Introduction: 

As per thesis title synthesis of small organic photoluminiscent materials and their 

applications in supramolecular chemistry we studied related literature in detail. There are 

numerous photoluminiscent materials reported and studies in past decades perylene, 

terrylene, quaterrylenes, naphthalenediimides (NDIs), tetraphenylethylene (TPE), 

diarylethenes, tetraarylpyrrolo [3,2-b] pyrroles (TAPPs), spiropyrans, oxazines, stilbenes 

and azobenzenes with potential applications in the sensor, self-assembly, host–guest 

chemistry, ion channels, solar cells and OLEDs. But out of these materials specifically 

naphthalenediimide (NDIs), tetraphenylethylene (TPE) and tetraarylpyrrolo [3,2-b] pyrroles 

(TAPPs) exhibited superior properties therefore we focus on these materials. 

 

The main objectives of the thesis are as follows: 

➢ To Design and synthesize new class of AIEgens: tetraarylpyrrolo [3,2-b] pyrroles 

(TAPPs) as novel organic photoluminiscent material 

➢ To Design and synthesize novel organic photoluminiscent materials based on core-

substituted naphthalene diimide. 

➢ To design and synthesize naphthalenediimide-benzothiazole-based chemodosimeter 

for selective and sensitive chromogenic for cyanide Ion.  

➢ To Design and synthesize photoswitchable azobenzene-based tetraphenylethylene 

(TPE) molecular glue for carbon nanotubes reversibly controls electronic mobility 

with light.  

➢ To design new methods for synthesis of tetraester-substituted tetraaryl-1, 4-

dihydropyrrolo [3, 2-b] pyrrole (TAPP) as organic photoluminiscent material.   
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1.2 Novel organic photoluminiscent materials based on core-substituted naphthalene 

diimide.Naphthalene diimide (cNDIs) 

As we know that naphthalene diimides (NDI)1,2  are well known for their good charge carrier 

mobility, high electron affinity, outstanding thermal and oxidative stability. Because of such 

features naphthalene diimide (NDI) (2) exhibited potential applications in the field of  

photovoltaic devices, organic electronics applications, sensors and organic light-emitting 

diodes (OLEDs).3,4 These NDI derivatives are mainly synthesized from 1,4,5,8-

naphthalenetetracarboxylic acid dianhydride (NDA) (1) (Figure 1.1), which is the chief 

precursor and also it can be freely functionalized, through the anhydride position, with either 

arylamino or alkylamino groups.5,6   

 

Figure 1.1: Structures of NDA, NDI and cNDI 

 

We carried out literature survey to study the details of synthesis, properties, and applications 

of NDIs and also our research group previously worked on it. It was found that NDIs are 

planar, neutral, redox-active, chemically robust, electron-deficient class of aromatic 

compound with high melting point and efficiently applied in a different field as discussed 

above.7 NDIs are the furthermost versatile and attractive class of aromatic molecules used 

in the design of various electronic conducting functional materials.8 However, when we 

carried out  functionalization through core-substitution to the core (3) produces NDI 
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analogues shows different absorption and fluorescence properties.9  

cNDIs exhibited high fluorescence quantum yields (∼0.9) in generally all common 

organic solvents. When NDI molecule is functionalized through the imide nitrogen atoms 

with N,N′-dioctyl-substitution, it resulted in the formation of colorless solids, which in 

CH2Cl2 solvent absorb in the UV region and also has a weak mirror image emission with a 

7 nm Stokes shift exactly. But in toluene as solvent, it showed excimer-like emissions, 

indicated that ground-state aggregates are formed freely.10 Also it was observed that NDI 

derivatives with two annulated electron-withdrawing imide groups acts as a planar aromatic 

scaffold and are simply and reversibly reducible. Additionally, the electron withdrawing 

groups present at the imide position leads to the strong polarization of the π-systems, and it 

founds low π-electron density makes them capable of electron acceptors. From literature we 

found that imide-functionalized NDIs have displayed potential applications in 

supramolecular self-assembled architectures,11,12 artificial photosynthesis,13,14 and in donor-

acceptor systems.15,16   

 

1.2.1 NDI as Molecular Sensors:  

 

Researchers interestingly combined their research efforts in the all chemical, physical, 

analytical, biological, and medical sciences for the better understanding of interaction at the 

atomic-level, also how elements, ions, and molecules interact with each other used to sense 

significant species such as amino acids, heavy metals, ions, explosives etc. in natural 

systems.17 Molecular recognition takes place by noncovalent bonding interactions such as 

hydrogen-bonding, metal coordination, π−π interactions, host−guest interactions.18 

Generally chemical sensors can be classified into two types: biosensors or chemosensors. 

We are focusing on chemosensors which are use synthetically designed receptor units to 
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produce selective recognition/sensors particularly. In last decade, interestingly fluorescent 

chemosensors have been reported widely as compared to non-fluorescent dyes, because of 

excellent features like real-time visualization, rapid response time and high sensitivity. 

Significantly, chemosensors shows observable changes both in UV−visible absorption and 

fluorescence at a specific wavelength, also color changes that can be seen with the naked 

eye.19  

As discussed above NDIs are very much capable of intercalation because of their planar 

aromatic structure. Therefore, by using these properties, Takenaka et al. studied DNA 

sensing in detail, in this study NDIs, bearing two redox-active ferrocenyl moieties, (Figure 

1.2) were used specifically to sense and discriminate between double-stranded DNA 

(dsDNA) and single stranded DNA (ssDNA) by electrochemical methods. In the observation 

it was found that the dsDNA/NDI complex is thermodynamically and kinetically more stable 

than the complex ssDNA/NDI because of the NDIs capacity to intercalate with the former 

dsDNA.20  

 

 

Figure 1.2: Naphthalene diimide derivative 4 

 

From this initial study, considerable research has been carried out in which NDI used 
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as a host component for sensing of ions such as anions, cations, and amines. 

1.2.2 NDI as anion Sensors: 

Recently considerable research has been carried out to study the anion−π interaction among 

electron-deficient arenes mainly NDI-based systems and anions in both of the chemical21 

and biological systems.22 In this direction Haldar group designed and synthesized two NDI 

moieties connected to L-phenylalanine (5) (Figure 1.3) and L-tyrosine through an imide 

linkage to form donor-acceptor derivatives and successfully used for self-assembly and 

fluoride-sensing via H-bonding and π-π stacking.  

 

Figure 1.3: Structure of NDI moieties connected to L-phenylalanine 5 

  

In aqueous media, synthesized NDIs used as turn-on fluorescence by fluoride sensing   

through single-electron-transfer reaction specifically.23 

As we know NDIs due to its small size, soluble in a wide-range of solvents, very easy to 

functionalize and they have tunable fluorescent properties mainly helps them to makes 

desirable sensors. In 2009 our group designed and synthesized novel, fluorescent and neutral 

core-substituted NDI chromophores appended with N,N′-bissulfonamide-quinoxalines (6) 

(Figure 1.4) acts as selective colorimetric sensors for fluoride (F-) ions at micromolar 
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concentration efficiently.24 Notably, the designed sensor was shown to be highly selective 

for fluoride ion with Ka ∼ 1.2 ± 0.5×106 M−1  over other anions such as H2PO4
 −, AcO−, Cl−, 

Br−, I−, and HSO4
− in DMSO solvent. In the observation it was found that on addition of 

fluoride ions to the NDI in DMSO solvent, a significant bathochromic shift of 100 nm and 

such sensing of fluoride ions can be observed by naked eye selectively over the other ions.25 

 

Figure 1.4: Structure of NDI chromophores appended with N,N′-bissulfonamide-

quinoxalines 6 

 

1.2.3 NDI as Cation Sensors:  

Recently considerable research has been carried out in which NDIs moieties were used for 

sensing of different cations. In 2012 Mukhopadhyay et al. studied and demonstrated the 

development of a persistent radical cation in an NDI moiety (7) with Cu2+/ Fe3+ metal ions, 

and further immediate generation of the NDI radical ion with reducing anion in THF solvent, 

in the presence of the CN- anion particularly. In the observation color changes from deep-

blue to brown-red within 10 minutes and UV-Vis absorption spectroscopy were used to 

characterize such formation of cation and anion. (Figure 1.5).26  
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Figure 1.5: Structures of NDI moieties (7) with Cu2+/ Fe3+ metal ions and CN- to form 

radical cation and radical anion respectively 

 

Similarly in 2016, Bhosale group designed and synthesized receptor based on NDI (8) 

applied for selective detection of Cu2+ and Fe3+ ions as compared to other metal ions such 

as Pb2+, Zn2+, Ba2+, Mg2+, Mn2+, Ni2+, Co2+, and Cr3+ were studied in detail.27 The developed 

NDI based receptor (Figure 1.6) is found to be active both optically and calorimetrically. In 

conclusion, due to simple nature and cost-effectiveness this receptor would be an excellent 

colorimetric sensing platform to determine trace amounts of Cu2+ and Fe3+ ions selectively.  

 

 

 

 

 

 

 

 

Figure 1.6: Structure of NDI based receptor 8 
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1.2.4 NDI as pH Sensors  

From the reported literature it was also found that core substituted NDIs possesses strong 

photoluminescence moreover it was also observed that when substituents on NDI changes it 

affects absorbance and fluorescence of the NDI undergo favorable photophysical changes 

necessary to act as excellent sensor.   

In another study by Li group reported a new pH-controlled fluorescence switch based 

on molecule pentacyclic-core-substituted NDI. For the synthesis of targeted switch, NDI 

allowed to react with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in the presence of CuI in 

THF/toluene solvent at 70 °C to give green colored product. Synthesized NDI-DBU (9) acts 

as a wonderful pH sensor (Figure 1.7), it was confirmed from its absorption and emission 

spectra which shows dramatic changes (turn-on fluorescence) upon addition of 

trifluoroacetic acid (TFA) in MeCN solution, and on further addition of triethylamine (TEA) 

it reversed to original (turn-off fluorescence). Also up to seven cycles, compound shows 

reversible performance without losing any activity.28  

 

Figure 1.7: Structure of NDI-DBU pH sensor 9 
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With same concept in 2011 Cox et al. designed and synthesized cNDI substituted 

piperidine on both sides of the NDI (10) displayed a reversible switch on−off response 

through both color and emission by alternative addition of trifluoroacetic acid (TFA) and 

triethylamine (TEA) in chloroform solution.29 In 2012 again Cox et al. synthesized cNDI 

functionalized with piperidine at only one side (11) exhibited similar response. (Figure 1.8). 

30 

 

              Figure 1.8: Structure of cNDI substituted piperidine as pH sensors 10 & 11 

 

With similar approach, our research group in 2013 reported pyridyl-monoannulated cNDI 

(12) motif and studied for its dual applications such as a reversible probe for acid/base 

sensing and Py-cNDI (12) self-assembled into a different nanostructures, moreover the 

morphology of these nanostructures is dependent on the pH and the solvent polarity mainly 

(Figure 1.9).31  

 

 

 

 

 

Figure 1.9: Structure of pyridyl-monoannulated cNDI as pH sensors 12 
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In the above discussion we explore the developments of NDIs and cNDIs in the field of 

molecular sensing, anionic and cationic sensing, pH sensors and artificial photosynthesis, 

i.e. energy and electron transduction systems by using the covalent and supramolecular 

self-assembly approach. 

1.3 Tetraphenylethylene (TPE) based Photoswitchable molecules 

There is considerable interest in the area of nanotechnology in which carbon nanotube 

(CNT) are efficiently used as promising scaffolds.32,33 Mainly CNTs are of two types, can 

be either (1) single-walled (SWCNT),34 or (2) multi-walled (MWCNTs),35 Both nanotubes 

having similar properties like high thermal and electrical conductivity because of which 

successfully applied in different fields. 

Interestingly, in this area controlled reversible photoswitching of conductivity by 

using an external stimulus at the molecular level remains as challenging task. Till now from 

reported work, tetraphenylethylene (TPE) unit with four phenyl groups, a well-known 

system for its Aggregation-induced emission (AIE) properties applied as a building block 

for receptors of carbon-based frameworks successfully 36, 37 

Aggregation-induced emission (AIE) is another important photophysical 

phenomenon associated with chromophore aggregation at the molecular level.38 Generally 

in the AIE process, due to aggregate formation non-emissive luminogens are induced to 

emit.39 The term “luminophores” is used for emissive chromophores as molecular species 

and term “luminogens” is used for non-emissive as molecules but emissive under proper 

conditions such as aggregates. Particularly luminogens showing AIE features are termed as 

AIEgens.  

In 2019 our group studied and reported for the issue discussed above, our group 

designed and synthesized photoswitchable TPE based supramolecular host (13) which can 
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control C60 binding and release on demand and also can encapsulate C60 in the Z-form with 

a noticeably different visual colour change. Different spectroscopic methods and mass 

spectrometry were used to characterize the Z-1 bound C60. In the visible light (>490nm), it 

was observed that the host switches to the E-form at that time C60 is disassembled from the 

host due to structural complementarity with the guest is destroyed (Figure 1.10).37   

 

Figure 1.10: Photoswitchable TPE based supramolecular host: (a) chemical illustration of 

E-Z isomerization of the molecule 13. (b) Naked eye visualisation of E-Z isomers. 

 

In another study of TPE which still retain the AIE property, though there is 

displacement of one phenyl ring or two phenyl rings.  An analogue of TPE, namely, 

compound 14, was therefore constructed.40 shows typical AIE behaviours displaying 

considerable emission enhancement in its THF/water mixtures with fw > 60 vol %. Similar 

analogues of TPE such as compound 15, 16 and 17 are reported and as per characteristics of 

AIE, all these analogues are non-emissive in the solution state but highly emissive in the 

aggregate or solid state41 (Figure 1.11).42, 43  
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Figure 1.11: Structures of analogues of TPE 14, 15, 16 and 17. 

 

1.4 New Class of AIEgen based on Tetraarylpyrrolo [3,2-b] pyrroles (TAPP) as Novel 

Organic Photoluminiscent Material 

 

 1.4.1 Introduction of Tetraarylpyrrolo [3,2-b] pyrroles (TAPP)  

In the recent years, there is considerable interest in the study of interaction of light with 

luminogens because of its variety of applications in the field of photochemical processes, 

sensing and other developing technologies. The term luminescence refers to a process in 

which a molecule upon excitation, emits light generally and may be affected by the 

aggregation of the molecule, mainly depending on the interaction which may either induce 

the emission or quench.44 Currently in the reported work, based on luminophore molecules 

that emit in the aggregated state was found to be stimulating applications such as organic 
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field-effect transistors (OFETs) and organic light-emitting diodes (OLEDs).45 Among these 

luminophore molecules, Tetraphenylethylene (TPE) (18) is one of the best examples of 

aggregation-induced emission luminogens (AIEgens) because in the aggregated or solid 

state, it form highly luminescent materials (Figure 1.12). Tetraphenylethylene (TPE) looks 

like propeller-shaped molecule that generally self-assemble, results into the aggregation-

induced emissive (AIE) effect with emission of light till the solvent environment permits the 

self-assembly to occur in the system.46 All such processes observed because of restricted 

intramolecular rotation shown by TPE molecule. Also these molecules exhibit dynamic 

rotation in solution, whereas rotation is restricted in the aggregated state, which results into 

the emission phenomenon.36,46 Some examples of common AIEgens that are reported to 

show AIE activity in the solid states and aggregated state are shown in figure 1.12 list.47, 48 

In the literature work, though there are number of AIEgens capable for supramolecular self-

assembly in several applications but they show several drawbacks, like tedious synthetic 

methods leading to poor  yield and also because of expensive reagents used in synthetic 

methods. Therefore, it is very much essential to search new AIEgens that can be easily 

synthesized by using low-cost reagents generally in one- or two-step processes.   

In recent times, tetraarylpyrrolo[3,2-b]pyrroles (TAPPs) have been reported to be 

suitable AIEgens (Figure 1.13) with simple synthetic protocol and can be synthesized in a 

single step easily from low-cost starting materials. Remarkably, isolation of products can be 

done by simple filtration and no need for column chromatography techniques and other 

purification methods and can also be easily functionalized to suit targeted applications 

effectively.45 TAPP has a unique favorable combination of both photophysical and 

electronic properties mainly useful in solar cells optoelectronics and organic photovoltaics.49 
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Figure 1.12: Various substituted AIEgens. 

It is very important to know the proper functionalization in organic compounds, with basic 

understanding of structure–function relationships and also their linear and nonlinear optical 

properties necessary for OLEDs, OFETs and organic photovoltaics applications 

successfully.50,51     

In this chapter, we introduce the new AIE-active TAPP class of molecules and 

derivatives through different synthetic routes and present their emergent applications. The 
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progress of new fluorescent dyes has successfully proved to be an important field of organic 

chemistry, and the need for dyes with a broad range of spectral and physicochemical 

properties is growing day by day. As we know that classic fluorescent chemical classes such 

as coumarins,52 fluorescein,53 and BODIPY54 reported but in addition to these, a larger range 

of molecule classes are needed for effective applications.55 In the area concern new dyes for 

specialized applications including single-photon fluorescence imaging,45 two-photon 

absorption, and two-photon fluorescence microscopy are still required.56 It was found that, 

TAPP derivatives are the least studied family of 10 π electron heterocycles called di-

heteropentalenes. The similar thieno[3,2-b]-thiophene and thieno[3,2-b]pyrrole cores are 

well known and have been thoroughly studied and utilized in diverse fields of research. 

Actually their electronic structures make them interesting from both theoretical and 

synthetic perspectives, with applications as polymers for OLEDs, and photovoltaics,57  in 

optoelectronics, as well as organic dyes in dye-sensitized solar cells.58  

                                      

                                          

Figure 1.13: General structure of TAPP 

 

Interestingly in addition to their applications in material science, thieno[3,2-

b]thiophenes and thieno[3,2-b]pyrroles have also found use in biology and medicine.38 The 
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1,4-dihydropyrrolo[3,2-b]pyrrole scaffold was discovered in 1972 by Hemetsberger and 

Knittel.59 Only a few methods for the synthesis of these cores were known until 2013, all 

requiring multiple-step synthesis in low overall yields. Mukai and coworkers obtained a 

derivative of TAPP from the reaction between 1,4-bis(trimethylsilyl)benzene and methyl 

azido formate followed by subsequent oxidation by DDQ.60 In spite of many advantages 

such as the simple one-pot synthesis, inexpensive starting materials and very easy isolation 

methods, it results to low-to-average overall yields. Actually more efficient synthetic 

methods are thus still needed, despite dramatic progress in the recent years. 

 

1.4.2 The Accidental Discovery of TAPP  

The start of research work on TAPP and its derivatives was quite incidental. Krzeszewski 

et al.49 reported the accidental discovery of TAPP in a condensation reaction between 4-

cyanobenzaldehyde (25), p-toluidine (26), and butane-2,3-dione (27) resulted into 

fluorescent yellow crystalline product that is TAPP (1,2,4,5-tetraarylpyrrolo[3,2-b]pyrrole 

(29) (Figure 1.14) as a main product, whereas the expected imidazole (28) product was only 

observed in a 2% yield. The exciting properties of product 29 led to further studies on better 

synthetic routes.  

 

 

 

 

 

 

 

 

 

Figure 1.14: Accidental discovery of the multicomponent reaction leading to TAPP: 

tetraarylpyrrolo[3,2-b]pyrrole (29).49 
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1.4.3 Synthesis of TAPP  

In the reported work, the procedure for the viable synthesis of TAPP derivatives is a one-

pot reaction, where the product can be isolated by a simple filtration easily. A 

multicomponent reaction mixture of an aromatic aldehyde, an aromatic amine, and butane-

2,3-dione in the presence of a suitable acid catalyst leads to TAPP, whereas aliphatic amines 

and ketones do not react. There are a range of aromatic aldehydes and aromatic amines 

commercially available for the synthesis of new derivatives of TAPP.49 From 1,4-

dihydropyrrolo[3,2-b]pyrroles, known since 1972, TAPP was prepared for the first time in 

a one-pot synthesis in 2013.45 There is tremendous scope to increase the yield of TAPP, 

which is quite low. In the literature studies, it was suggested that using a catalytic amount 

of strong acid increases the reaction yield, and with p-toluene sulfonic acid (PTSA), the yield 

was improved up to 49%.61  

In another report, Gryko group developed 2,5-bis(azulenyl)pyrrolo[3,2-b]pyrroles 

bearing two azulene moieties at positions 2 and 5 (30, 31) (Figure 1.15).62 The important 

step in this synthesis is the three-step transformation of pyridine scaffolds into azulene via 

sequential N-arylation, followed by ring-opening and reaction with cyclopentadiene. The 

synthesized molecules found to show excellent optical properties such as bathochromically 

shifted absorption. As azulene can stabilize a charge-separated structure, the photophysical 

properties of these TAPP derivatives are very interesting. 
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Figure 1.15: The synthetic transformation of heterocycles (30, 31) into bis-azulenyl TAPPs 

(35, 38).62 
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This group further reported the synthesis of a heteroatom-doped buckybowl (39), 

containing two fused nitrogen-doped pentagonal rings (pyrrolopyrrole core), and also 

studied their optoelectronic and physicochemical properties in detail (see Figure 1.16).63 

 

Figure 1.16: Fully conjugated nitrogenembedded buckybowl. 63 

 

Hemetsberger and Knittel group in 1972, synthesized first compound bearing the 

1,4-dihydropyrrolo [3,2-b]pyrrole (42) core in a two-step reaction (see Figure 1.17). The 

reaction of 2-formyl-methylpyrrole (40) with ethyl azidoacetate followed by thermal 

cyclization led to pyrrolo [3,2-b]pyrrole.64 

 

 

 

 

 

Figure 1.17: The Hemetsberger approach toward 1,4 dihydropyrrolo[3,2-b]pyrroles (42). 64 

Afterwards Aratani and coworkers synthesized a larger aromatic core, leading to the 1,4-

dihydropyrrolo[3,2-b]pyrrole (47) skeleton (see Figure 1.18).65 
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Figure 1.18: The synthesis of dipyrrolo[3,2-b:2′,3′-d]pyrrole (47).65 

One more important derivative is 1,4-dihydropyrrolo[3,2-b]pyrrole, where the 

commercially significant Maillard reaction was used to produce 1,4-dihydropyrrolo[3,2-

b]pyrrole derivatives, commonly known as melanoids,66,67 which are natural, brown 

polymers (see Figure 1.19).68,69  

 

 

 

 

 

 

Figure 1.19: Maillard reaction product66-69 

 

Moreover, Gryko group design and synthesized remarkable ladder-type electron-rich 

heterohexacene structure in a two-step reaction. Dihydropyrrolo[3,2-b]pyrroles bearing two 

2-nitrophenyl (49) units were transformed into final products such as diindolo[2,3-b:2′,3′-
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f]pyrrolo[3,2-b]pyrroles (51), representing the longest ladder-type heteroacenes, through 

double Cadogan reactions. These compounds were found to be stable in the presence of 

oxygen and chlorinated solvent, and in nonchlorinated solvents, they were found to be 

photostable. These compounds show a violet-blue fluorescence in solution and very 

interesting optical and electrochemical properties due to their electron-rich centres (see  

Figure 1.20).70  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.20: Two-step synthesis of heterohexacene (51).70 

 

Additionally, Gryko group also established an efficient one-pot synthesis method of tetra-, 

penta-, and hexasubstituted derivatives of TAPP using various solvents, acids, and reaction 

temperatures, where they observed that PTSA is the best catalyst (see Table 1.1).  
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Table 1.1  Optimization of reaction conditions for synthesis of TAPP.61 

Entry Solvent Catalyst Temp, °C % Yield 

1 AcOH  90 35 

2 TfOH  150 Tar 

3 TsOH  150 Tar 

4 TFA  80 0 

5 AcOH TFA 90 46 

6 AcOH H2SO4 90 36 

7 AcOH AlCl3 90 43 

8 AcOH TfOH 90 39 

9 AcOH TsOH 90 49 

10 AcOH TsOH 90 49 

11 AcOH TsOH 90 tar 

 

 

Particularly, this method was very effective for sterically hindered aldehydes and 

substrates possessing strong electron-withdrawing groups such as CN and SF5.
61 This group 

also developed a method for the synthesis of pyrrolo[3,2-b]pyrroles containing hexaphenyl 

benzene moieties at the 2 and 5 positions, or the 1 and 4 positions and observed that the 

reaction of formyl-hexaphenylbenzene (52) with 3,5-bis(tert-butyl)aniline (53) and biacetyl 
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(54) did not lead to the formation of the corresponding product (55) (see Figure 1.21). 

However, the reaction of amino-hexaphenylbenzene (56) with 2-methoxybenzaldehyde (57) 

and biacetyl (54) afforded the corresponding pyrrolo[3,2-b]pyrrole (58) in low yield (see 

Figure  1.21).71 Pyrrolopyrole (58) exhibited strong violet emission and a large Stokes shift 

of approximately 5300 cm−1, suggesting that there is a large difference in the geometry of 

the ground and excited states of the molecule.71 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.21: (a) Attempted multicomponent reaction leading to 2,5-

bis(hexaphenyl)pyrrolo[3,2-b] pyrrole and (b) the synthesis of 2,5-

bis(hexaphenyl)pyrrolo[3,2-b]pyrrole.71 

 

1.4.4 Possible Mechanism of TAPP Synthesis 

It has been postulated a plausible mechanism for the synthesis of TAPP derivatives. The 

intermediate tetrahydropyrrolo[3,2-b]pyrrole is oxidized by the excess of Schiff base present 

in the reaction mixture (Figure 1.22). Initially, enol formation of butan-2,3-dione takes 
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place, followed by iminium ion formation from the aromatic aldehyde, and the aromatic 

amine in the presence of acid occurs in the second step, and then the enol form of butane-2-

3-dione attacks the highly unstable iminium ion. In the third step, intramolecular cyclization 

occurs to form an unstable N-substituted five-membered ring, which further reacts with the 

iminium ion followed by intramolecular cyclization and aerobic oxidation to give TAPP as 

a stable product. It is important to note that in the second step, acid plays an important role, 

and the choice of an acid affects the yield of the final product. From this study we can 

conclude, there is still scope to develop a higher yield protocol by changing the acid used in 

the reaction.  

 

 

Figure 1.22: Plausible mechanism for the synthesis of TAPPs.49 

It is notable that there are primary aromatic amines and aromatic aldehydes, such as 

those shown in Figure 1.23, which do not produce TAPP, and this suggests that the 

mechanism is favourable for aromatic amines and aldehydes for R1 and R2 in the mechanism 

proposed above49 



 

 

 

Vishal More, Ph.D. thesis, Goa University      P a g e  | 25 

 

 

Figure 1.23: Substrate amines and aldehydes that do not produce TAPP derivatives.49 

1.4.5 Reactivity of TAPP 

By studying the TAPP structure, it possesses two electron-rich positions (positions 3 and 6), 

which are active sites for electrophilic aromatic substitution reactions including nitration, 

bromination, iodination, formylation, and cyanation with the chlorosulfonyl 

isocyanate/DMF system (see Figure 1.24).65 Figure 1.23 displays how these active positions 

can be used to functionalize the core and change the electronic properties of the TAPP 

structure, allowing further elaboration of the TAPP core structure, as shown in selected 

examples in subsequent sections below. 
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Figure 1.24: Electrophilic aromatic substitutions of TAPP.49 

1.4.6  π-Expansion of TAPP 

Particularly, 1,4-Dihydropyrrolo[3,2-b]pyrrole can be extended by using the Sonogashira 

coupling reaction72 and direct arylation. The nitro group-functionalized TAPP (75) is very 

beneficial for the expansion of the π-system, as the reaction between nitro-substituted 

pyrrolo[3,2-b]pyrroles and triethyl phosphite results into the formation of products with 

extended π-systems containing four adjacent fused pyrrole rings.49 Reduction of the nitro 

groups followed by reaction with t-butyl nitrate, dichlorophenylborane, and aldehydes leads 

to the formation of dicinnolinopyrrolo-[3,2-b]pyrroles (77),70 pyrrolo[3,2- b]pyrrole-based 

BN heteroacenes (78),73 and diquinolinopyrrolo[3,2-b]-pyrroles (79), respectively74 

(Figure 1.25).  
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Figure 1.25: Various π-expanded aza analogues of TAPP.49 

In recent times, the Dong and Tang groups75 studied and reported the AIE behavior 

of the TAPP core substituted with electron-withdrawing moieties at the 1 and 4 

positions.76,77 Janiga et  al. described a synthesis of acceptor–donor–acceptor (A–D–A) 

TAPP derivatives linked via a triple bond and extended π-conjugation by using Sonogashira 

coupling reactions (see Table 1.2).72  
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Table 1.2 Optimization of the Sonogashira reaction leading to compound 4. 72 

 

Reaction conditions % Yield 

Pd(PPh3)4, CuI, Et3N THF, 70 °C, 16 h 24 

Pd(PhCN)2Cl2, P(t-Bu)3, CuI, HN(i-Pr)2, dioxane, rt, 16 h 0 

Pd2dba3, AsPh3, Et3N, toluene, rt/80 °C, 24 h 20 

Cs2CO3, CuI, DABCO, dioxane, 135 °C, 16 h 0 

Pd2(dba)3, P(t-Bu)3, Et3N, THF, rt, 16 h 9 

Cs2CO3, CuI, phenanthroline, dioxane, 135 °C, 16 h 10 

 

In this study by using several reaction conditions, they found that only the silane 

version of the Sonogashira coupling reaction is an efficient method for the synthesis of 

desired products. Product (80) in figure 1.26 shows a strong absorption in the violet-blue 

region and also shows an intense blue-green fluorescence.  
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s 

Figure 1.26: Results of the one-pot silane Sonogashira coupling reaction to give π-expanded 

TAPP molecules with quadrupolar, emission-tuneable 1,4-dihydropyrrolo[3,2-b]pyrroles72 

In another study the Gryko group synthesized Z-shaped 1,4-dihydropyrrolo[3,2-b]-

pyrroles having sterically hindered substituents via sila-Sonogashira reactions (see 

Figure 1.27).78 In this reaction, due to presence of InCl3 alkynes undergo rapid double 

annulation to give hexacyclic π-expanded indolo[3,2-b]indole products. Formed Z-shaped 

dyes show high fluorescence in solution and undergo radiative relaxation in high 

fluorescence quantum yield. As we know that, TAPPs possess two electron-rich free 

positions at positions 3 and 6, which offer an ideal site for a number of transformations that 
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increase the π-conjugation of the system, allowing the synthesis of organic π-conjugated 

materials by linking a chromophore with an aromatic unit.49 In previous work it has been 

shown that steric hindrance plays a crucial role in the synthesis of TAPP.48 Polycyclic 

aromatic and heterocyclic hydrocarbons having π-expanded structures have potential 

applications in OLEDs,79,80 OFETs,81,82 and dye-sensitized solar cells.83 

 



 

 

 

Vishal More, Ph.D. thesis, Goa University      P a g e  | 31 

 

Figure 1.27: Synthesis of Z-shaped dyes and π-expanded indoloindoles78 

1.4.7  π-Expanded 1,4-dihydropyrrolo[3,2-b]pyrrole 

So far π-conjugated molecules are concern we know its importance in OLEDs, OFETs, and 

organic solar cells, expanding the π-conjugation of the TAPP molecule has been a primary 
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research objective of all researchers working in this field.65 Out of these π-extended 

molecules, indolo[3,2-b]indole has been the most widely studied and investigated, 

comprising the pyrrolo[3,2-b]pyrrole skeleton (see Figure 1.28). There are few distinct 

methods reported for the synthesis of indolo[3,2-b]indole, also known as 

dibenzopyrrolo[3,2-b]pyrrole (96), have been proposed. Indolo[3,2-b]indole is a starting 

skeleton unsubstituted at the N-position of TAPP, and the favourable combination of optical 

properties and electron-rich character makes dibenzopyrrolo[3,2- b]pyrroles very beneficial 

in present technology.  

 

 

Figure 1.28: The historical routes, the Cadogan reaction, Ruggli’s reaction, and Liu–Cooper 

route to indolo[3,2-b]indole through.65 
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In another study, Janiga et al. demonstrated the synthesis of diindolo[2,3-b:2′,3′-

f]pyrrolo[3,2-b]pyrroles (106) comprising four pyrrole rings by a double Cadogan reaction 

for the first time successfully (see Figure 1.29)65 

 

 

 

 

 

 

 

 

Figure 1.29: Synthesis of diindolo[2,3-b:2′,3′-f]pyrrolo [3,2-b]pyrroles.65 

From the early studies it was assumed that, TAPP derivatives have A–D–A charge transfer 

characteristics and have thus been used in applications requiring this configuration 

effectively. Another research group Basak and coworkers presented 4-nitrophenyl and 3-

nitrophenyl substituents at the 2 and 5 positions of TAPP and studied their performance in 

organic-resistive memory (ORM) devices, noting a significant difference in the behavior of 

the two molecules. The 2,5-bis(4-nitrophenyl)-TAPP derivative shows characteristics of a 

‘write-once– read-many’ type of memory device, whereas 2,5-bis(3-nitrophenyl)-TAPP 

behaved like a ‘write– read–erase–read’ FLASH memory device.84 Insertion of electron-

donating substituents on TAPP permits strong electronic coupling between the electron-rich 

core and the substituents. Leung and coworkers studied and exposed a technique for the 

detection of CHCl3 using a 2,5-bis(triphenylamine)-substituted (highly electron-donating) 

pyrrolo[3,2-b]pyrrole (TAPP), which forms coloured species upon reaction with CHCl3, 
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permitting the quick detection of CHCl3 with the naked eye easily.85 Dong and coworkers 

studied and reported a altered method for chloroform detection; they observed a change in 

the emission of a thin film of 1,2,4,5- tetraphenylpyrrolo[3,2-b]pyrrole in the presence of 

chloroform and light.86 It was found that introduction of more complex substituents on the 

nitrogen positions of TAPP generates three different polymorphic forms, which differ in 

emission maxima, and can be interconverted by exposure to chloroform vapour.77  Langa 

and coworkers in other study inserted strong electron-withdrawing groups at positions 2 and 

5 of TAPP but observed that the efficiency of these molecules in solar cells was limited 

because of low charge mobility.87 Gryko et al. discovered that the multicomponent reactions 

of aldehydes, primary amines, and 2,3-butanedione yield TAPPs, and chemists have 

expanded the π-system of TAPP by taking advantage of these two free electron-rich 

positions on the TAPP core.88 It is observed that, TAPP is often a symmetrical molecule, but 

unsymmetrical TAPP derivatives can be prepared by using two different benzaldehyde 

reagents.89 An unsymmetrical product was observed in good yield with sterically hindered, 

crowded ortho-substituted benzaldehydes. In another study Mukai and coworkers reported 

the fast decomposition of TAPP parent molecules under ambient conditions due to the 

electron-rich nature of TAPP.90 Because of four benzene rings, the decomposition of TAPP 

is prevented, and the first oxidation potential is reduced by electron-donating substituents, 

so that for some structures, oxygen decomposition is very fast in the presence of light, 

especially in solution. The synthesis of new ladder-type heterocenes is an area of research 

interest in material chemistry, which has led to heteroatoms being incorporated into 

heterocenes such as B,91,92 N,93,94 O,95,96 Si,97,98 P,99, 100 and S,101, 102 which were found to 

have applications in electro-optical fields. The central heteroatom was found to have the 

greatest effect on the photophysical and electrochemical properties of TAPP. Gryko group 

synthesized a family of TAPP molecules using different aromatic aldehydes, aromatic 
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amines, and diacetyls and studied their optical properties, observing that the fluorescence 

quantum yield decreased with increased polarity. The molecules showed emission in toluene 

and cyclohexane, but there was a sharp decrease in emission in solvents such as methanol, 

which may be due to hydrogen bonding in protic solvents. The Mathey group prepared 

phosphindole-fused ladder-type heteroacenes with a central TAPP core and observed that 

the newly synthesized molecules have high thermal stability, good luminescence efficiency, 

and tuneable conductivity. The conductivity measurements were undertaken by scanning 

tunnelling microscopy-break junction (STM-BJ) studies (see Figure 1.30).103  

 

 

 

 

 

 

 

Figure 1.30: Fused phosphindolpyrrolo[3,2-b]pyrrole (PhosPP) and bisphosphindol-

pyrrolo[3,2-b]pyrrole (BPhosPP) derivatives.103 

To introduce a phosphorous atom into the TAPP core, a traditional dilithiobiaryl procedure 

was used by the François Mathey group, where the intramolecular noncatalyzed SEAr 

reaction of chlorophosphine provided the five-membered phosphole (107, 108) under mild 

conditions (see Figure 1.31). 31P NMR spectra showed two peaks at δ = 75 ppm for 

diarylphosphine chloride and at δ = −32 ppm for pyrrole-fused phosphines. These molecules 

showed interesting optical properties, with absorption at 393–440  nm in 4-

(dicyanomethylene)-2-methyl-6-(4-(dimethylamino) styryl)-4H-pyran (DCM), which 

gradually increased to the long-wavelength region with an increase in π-conjugation. In 
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DCM, an intense photoluminescence emission was observed, with fluorescence quantum 

yields ranging from 28 to 87%.103  

 

 

Figure 1.31:  Synthesis of PhosPPs and BPhosPPs. 103 

The Gryko group studied and prepared nearly planar, χ-shaped π-expanded 1,4 

dihydropyrrolo[3,2-b]pyrroles (DHPPs) from the central DHPP core via condensation of 2-
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aryl or 2-heteroarylbenzaldehydes with aromatic amines and 2,3-butanedione, followed by 

double intramolecular oxidative aromatic coupling, and studied their photophysical 

properties. The overall yield of products formed in this two-step procedure ranged from 5 to 

36%. The final products exhibited a strong blue fluorescence in solution (see Figure 1.32).51 

 

 

 

Figure 1.32:  Intramolecular oxidative aromatic coupling. Source: Adapted with 

permission from Ref.51 (Copyright 2015 American Chemical Society) 

 

As positions 3 and 6 of DHPP are electron dense, they can be used to obtain π-expanded 

DHPP (109) derivatives in good yield. Krzeszewski and Gryko reported the intramolecular 

oxidative aromatic coupling of DHPP by using a classic one-electron oxidant, iron (III) 

chloride in nitromethane, which gave a π-expanded DHPP in a 75% yield, and their structure 

was confirmed by X-ray crystallography (see Figure 1.33).51 Optical studies of TAPP 

derivatives and their π-expanded analogues show signature absorption bands between 350 

and 400 nm and emission in the range from 439 to 524 nm corresponding to cyan and green 

light. 
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Figure 1.33:  General method for the synthesis of π-expanded DHPP.51 Substituents are   

responsible for the emission spectra of polycyclic compounds (see Figure 1.34).73 

 

The extension of the π-system of TAPP derivatives results in a bathochromic shift in 

absorption bands to λmax = 372–421 nm.51 Recently, the synthesis of ladder-type thiophene-

based heterocycles has fascinated much attention due to their applications in n-type field-

effect transistors,104 nonlinear optical materials,105 and mechanosensitive membrane 

probes.106,107 The Gryko group studied and reported the extension of the pyrrolopyrrole π-

system by a three-step approach, which resulted in quinolone fused pyrrolopyrroles. The 

condensation of 2-aminophenyl-substituted pyrrolopyrroles with aromatic aldehydes led to 

the formation of hexacyclic ladder-type dyes (110), which fluoresced at 450–510  nm. The 

presence of pyridine-type and pyrrole-type nitrogen atoms with electron donating and 

electron-withdrawing substituents is responsible for the emission spectra of polycyclic 

compounds (see Figure 1.34).73  
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Figure 1.34: The crucial condensation of 2-aminophenyl-substituted pyrrolopyrroles in a 

facile three-step approach to synthesizing quinoline-fused pyrrolopyrroles (110).73 

 

For another approach, the Gryko group also reported the formation of a six-membered ring 

over a seven-membered ring, which is energetically favored, by oxidative coupling of aryl 

substituents on the TAPP core (see 111-117 in Figure 1.35). The common oxidative 

coupling reaction of TAPP 94 and the table listing the various aryl aldehydes used to produce 

a family of core-substituted TAPPs are shown below. Formation of this product involved a 

twofold 1,2-aryl shift under oxidative aromatic coupling conditions through an arenium 

cation intermediate, and the radical mechanism gives a rearranged product, which is shown 

in (Figure 1.35). The six-membered ring formation is favored for compounds 111–117a, b 

for π-exp PP, instead of the seven-membered ring formation for 111–117 a–g for TAPP.94  

 

 

 

 



 

 

 

Vishal More, Ph.D. thesis, Goa University      P a g e  | 40 

 

 

 

 

 

 

 

 

 

 

 

 

Comp.   No. R TAPP Yield (%) π-exp PP Yield (%) 

111 Me a 18 h 70 

112 H b 30 i 54 

113 CN c 14 j 60 

114 NO2 d 15 k 66 

115 CF3 e 19 l 33 

116 Br f 6 m 64 

117 Ph g 24 n 53 

Figure 1.35: General oxidative coupling reaction of TAPP, and the lists of the π-extended 

pyrrolo[3,2- b]pyrroles with seven-membered ring expansion (111-117, a–g) and six-

membered ring expansion (111–117, h–n) and their respective formation yields.94 
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Further, the Gryko group synthesized TAPP hybrid dyes possessing TPE moieties 

(as TPE is an AIE-active molecule), which showed a weak emission in solution, but an 

increase in the fluorescence quantum yield in the solid state was observed. The molecules 

exhibiting AIE are of interest for application in OLEDs, field-effect transistors, and as 

fluorescent probe (Figure 1.36). The authors used TPE-amine (AIEgen) for the synthesis of 

TAPP, which greatly enhanced its photophysical properties by controlling the dynamic 

molecular rotors, as these dyes are strongly emissive in both solution and solid state.93 In 

this report, the Gryko group used a TPE-amine and a TPE-aldehyde for the synthesis of 

TAPP and studied their optical properties, observing that the absorption band of both 

compounds is bathochromically shifted in the solid state due to aggregation of TPE. 

Dynamic intramolecular rotation persists in solution, which weakens emission, but a strong 

enhancement of emission quantum yield occurs in the solid state.93 

 

Figure 1.36: The weak emission in solution and an ∼100-fold increase in the fluorescence 

quantum yield in the solid state of two regioisomers of TPE-substituted pyrrolo[3,2-

b]pyrrole.93 Source: Adapted with permission from Ref.93 (Copyright 2015 American 

Chemical Society). 

em = 586 nm

fl = 0.0085

em = 662 nm

fl = 0.0013

Solution Solid

em = 516 nm

fl = 0.77

em = 468 nm

fl = 0.16
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Sterically hindered aromatic amines and aromatic aldehydes have been used to synthesize 

TAPP derivatives, and it was observed that the presence of steric hindrance causes the 

intramolecular oxidative aromatic coupling of TAPPs to proceed via a different reaction 

pathway (see Figure 1.37). This suggests that large substituents present at positions adjacent 

to the site of oxidative aromatic coupling can completely alter the expected reaction 

pathway, leading to the formation of tuneable π-systems with strongly enhanced 

fluorescence.48 The absorption and emission of these dyes shifted bathochromically due to 

changes in the π-system when compared to the parent TAPP or their π-expanded analogues.  

 

 

Figure 1.37: General method for the synthesis of π-expanded compounds at (a) 

toluenesulfonic acid (TsOH) and acetic acid (AcOH), 90 °C, three hours; (b) FeCl3, MeNO2, 

and DCM at room temperature for 30-minutes conditions.48 

 

Dong and coworkers synthesized 13 aryl-substituted pyrrolo[3,2-b]pyrrole 

derivatives and studied the effect of substituents on the AIE phenomenon of these molecules 
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(Figure  1.38). They observed that among these compounds: DPP-1CN, DPP-1MF, DPP-

1MF-2Me, and DPP-1MF-2IP, with electron-withdrawing groups on the phenyl groups at 

the 1,4-positions, and electron-donating groups on the phenyl groups at the 2,5-positions of 

pyrrolo[3,2-b]pyrrole core, the AIE effect was observed, whereas the other structures 

demonstrated aggregation-caused quenching (ACQ) phenomenon.108 

 

 

 

Figure 1.38: The synthesis and structures of the 13 aryl-substituted pyrrolo[3,2- b]pyrrole-

based derivatives.108 

 

1.4.8 Photophysical optical properties of TAPP 

Absorption and photoluminescence spectra demonstrated that TAPP derivatives displaying 

the AIE phenomenon have a weak absorption band with a large Stokes shift.108 The Vauthey 

group introduced an A–D–A TAPP molecule, where a cyanophenyl substituent acts as the 

acceptor and the electron-rich TAPP core acts as the donor, as shown in Figure 1.39.109 The 

Langa group synthesized a series of three small molecules with the A–D–A configuration 
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containing a TAPP central core.87 During the characterization of these molecules, it was 

observed that the molecules possess high thermal stability, with acceptable highest occupied 

molecular orbital–lowest unoccupied molecular orbital (HOMO–LUMO) energy levels to 

act as electron donors in bulk heterojunction organic solar cells (BHJ-OSCs). Quantum 

chemical calculations revealed that the pyrrole–pyrrole moiety retained the electron density 

of the HOMO, and the electron density of the LUMO is delocalized on the phenyl group. 

Small donor molecules and semiconducting polymers have been widely used in organic solar 

cells, achieving efficiencies above 10%. These new derivatives of TAPP show interesting 

optical properties, such as strong fluorescence in the blue region, moderate-to-large Stokes 

shifts, and fluorescence quantum yields up to 88%, making them suitable for many 

optoelectronic applications. Typically, the ultraviolet (UV)–vis absorption spectra of the 

films showed a bathochromic shift, along with broadening of the maximum absorption bands 

compared to the spectra in solution due to higher order of the molecules in the solid state 

(Figure 1.39). 
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Figure 1.39: UV/vis absorption spectra of derivatives 120 (green), 121 (red), and 123 

(black) in dichloromethane solution (3 × 10−6M at 25 °C) (dashed lines) and as a film (solid 

lines). Source: Adapted with permission from Ref.87 (Copyright 2019 Wiley-VCH). 

 

Gryko group presented a combined experimental and theoretical study of the two-

photon absorption properties of electron-rich quadrupolar molecules based on the TAPP 

core and studied their optical properties (Figure 1.40).110 They observed that quadrupolar 

TAPP molecules containing two 4-nitrophenyl substituents at positions 2 and 5 exhibited a 
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very strong solvatofluorochromic effect, with a fluorescence quantum yield of 0.96 in 

cyclohexane, whereas fluorescence was absent in dimethyl sulfoxide (DMSO). The TAPP 

derivatives consisted of a central electron-donor framework and terminal electron acceptor 

groups, and by changing the solvent from nonpolar to polar, the optical properties of these 

TAPP dyes may be influenced by stabilization of the intramolecular charge transfer (ICT) 

state. The optical properties of TAPP molecules such as (123, 124) were studied, and it was 

observed that both of these molecules exhibit totally different optical properties 

(Figure 1.40). 110 The two-photon absorption spectra show a bathochromic shift, which may 

be due to the two strongly electron-withdrawing nitrophenyl substituents. The presence of a 

strong electron donor with a very strong electron acceptor group such as the nitro group 

makes it possible to break the symmetry of the excited state. The presence of such groups is 

very useful in materials for two-photon fluorescence microscopy, two-photon excited 

polymerization, and optical-limiting processes. Hawes and coworkers reported the first 

crystalline coordination polymer containing the TAPP fluorophore. They prepared three new 

TAPP molecules containing nitrile, carboxylate, and mixed imidazole carboxylate groups, 

which showed strong fluorescence in solution, and used these molecules as a ligand in 

metal–organic frameworks to develop MOF-based fluorescent sensor devices. Here, ligands 

(125-127) contained nitrile, carboxylate, and mixed imidazolecarboxylate donor 

functionalities, respectively.111 Ligand (125) was soluble in a variety of solvents and did not 

show concentration-dependent absorption or emission behaviour, but the ligands of both 

(126, 127) did show concentration dependence absorption and emission (Figure 1.40). It is 

well known that for the formation of robust and highly porous framework materials, rigid 

linear and square planar ligand molecules are desirable. Furthermore, the incorporation of 

luminescent materials into the ligand core is one of the most useful aspects of this ligand 

system. The above-mentioned TAPP derivatives avoid strong π–π interactions in the solid 
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state, which is a key concept for designing fluorescent porous materials.  

 

 

Figure 1.40: Chemical structure of pyrrolopyrrole derivatives.110,111 

 

Janiga et al. synthesized nonfused 1,4-dihydropyrrole [3,2-b]pyrroles in a domino 

reaction between an aldehyde, a primary amine, and a diketone, with the six bonds forming 

in this process giving rise to tetrasubstituted pyrrole[3,2-b]pyrroles. The reaction is a simple, 

one-pot synthesis, and there is no need for chromatography, with product purification by 

simple filtration or recrystallization. During the course of the reaction, various functional 

groups were tolerated, though if all the substituents are electron rich, then the resulting TAPP 

derivative is very unstable. However, the derivatives isolated displayed very interesting 

optical properties. The 1,4-dihydropyrrole[3,2-b]pyrrole core was identified by virtual 

screening as a potent inhibitor of human microsomal prostaglandin synthase112, 113 

Various methods for the synthesis of 1,4-dihydropyrrolo[3,2-b]pyrroles have been 

reported by researchers, as well as their π-expanded analogues. For example, indolo[3,2-

b]indoles have attracted attention as they are highly fluorescent with interesting optical, 

electrochemical, and physicochemical properties. These molecules and π-expanded 

analogues are among the most electron-rich aromatic heterocycles and possess strong violet, 

blue, or green fluorescence in solution as well as in the solid state.  
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The Tieke group described the synthesis of polymers (131, 132, 136 and 137) 

containing the 1,3,4,6-tetraarylated pyrrolo[3,2-b]pyrrole-2,5-dione unit main chain and 

studied their photophysical properties, observing that all the polymers exhibited broad 

absorption bands with weak fluorescence (see Figure 1.41).114 These polymers exhibited 

deep and broad absorption in the visible region and may be useful as dyes and colorants. 

These are also useful as photovoltaic polymers to increase light absorption in the visible 

region (see Figure 1.41).  

 

 

 

Figure 1.41: Synthesis of polymers (131, 132, 136 and 137). Reagents and conditions: (i) 

Pd(PPh3)4, K2CO3, toluene/dioxane/water, reflux, 24 hours; (ii) Pd(PPh3)4, K2CO3, 

toluene/water, reflux, 24 hours. Colors of (131) (a), (132) (b), (136) (c), and (137) (d) in 

various solvents. Source: Adapted with permission from Ref.114 (Copyright 2012 American 

Chemical Society). 
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Polymer 

MW 

[Da] 

PD max [nm] 

em 

[nm] 

Stokes 

shift 

F 

[%] 

Extinct Coeff  

() [L mol-1 cm-

1] 

131 7600 1.3 328, 409a 625 216 0.7 30947 (409 nm)a 

132 3400 1.4 331, 360a 611 251 0.4 27609 (360 nm)a 

136 21000 5.6 489b 631, 

720 

231 0.5 21322 (489 nm)b 

   137 6500 1.6 345, 435b 643 208 0.3 

19960 (345 nm)b 

10400 (435 nm)b 

a In chloroform. b In dichloromethane.  

Ahn and coworkers synthesized the water-soluble quadrupolar pyrrolo[3,2-b]pyrrole (138–

140), a A–D–A system, and studied its photophysical properties.115 These dyes showed 

excellent emission properties, with solid-state luminescence. These dyes were used for 

fluorescence imaging of cells by confocal and two-photon microscopies (see Figure 1.42). 

The para analogue of these dyes was shown to stain cells in one- and two-photon 

excitation conditions, indicating that these dyes may have applications as bioimaging 

agents. 
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Figure 1.42: Water-soluble pyrrolo[3,2-b]pyrrole dyes (138-140) and cellular imaging by 

confocal fluorescence microscopy. Source: Adapted with permission from Ref.115 

(Copyright 2017 John Wiley and Sons) 

 

They also synthesized structurally unique π-expanded pyrrolo[3,2-b]pyrrole in three 

steps, which demonstrated a low-energy absorption band in the visible region.116 After 

hydrolysis under basic conditions, the resulting bis-carboxylic acid underwent a ring-closure 

reaction in the presence of trifluoroacetic acid anhydride (TFAA),117 giving the highly 

polarized expected product pyrrolo[3,2-b]pyrrole-dione (141) (see Figure 1.43). The 

photophysical studies of this molecule showed a weak, broad absorption band116 
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Figure 1.43: The synthesis of pyrrolo[3,2-b]pyrrole-dione (141).116 

 

The Li group synthesized a TAPP molecule incorporated into an organic dye as a 

novel electron donor, which could be useful to enhance the light-harvesting ability and in 

photovoltaic and photocatalytic systems by suppressing electron recombination.118 The 

Tieke group prepared new πconjugated polymers containing 1,3,4,6-tetraarylpyrrolo[3,2-

b]pyrrole-2,5-dione (isoDPP) units by electrochemical polymerization of monomer units 

(142-144 by anodic oxidation [see Figure 1.44]).119 The synthesized polymers (145–147) 

precipitated as stable molecules, insoluble in organic solvents, and showed broad absorption 

spectra. These molecules demonstrated negligible fluorescence. These molecules have 

unusual optical and electrochemical properties, and their deep colour and low band gap make 

them promising materials for electrochromic displays. Polymer (145) exhibits two 

absorption maxima at 431 and 629 nm, whereas polymer (146) shows two absorption bands 

at 336 and 526 nm with a shoulder at about 704 nm, and polymer (147) shows two 

absorption maxima at 336 and 566 nm and a shoulder at 677 nm. The optical properties of 

the polymers are greatly influenced by the size and the position of the alkyl groups in the 

thiophene rings.  
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Figure 1.44: Electrochemical preparation of isoDPP-based polymers (145–147)119 

Yang and coworkers synthesized new π-conjugated donor–acceptor (D–A) polymers 

containing the tetraaryl-diketopyrrolo[3,2-b]-pyrrole (isoDPP) core (151, 152) (see 

Figure 1.45).120 These polymers were prepared by the palladium-catalysed Stile coupling 

reaction. Optical measurements indicated that these polymers had a low fluorescence 

quantum yield. Thermogravimetric analysis showed that the polymers have a high thermal 

stability and a high glass-transition temperature. These polymers are stable to UV and visible 

light in solution and exhibited broad absorption peaks at 523 and 620 nm. These polymers 

have a small band gap, which makes them useful in optoelectronics applications such as 

solar cells. 
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Figure 1.45: Synthesis and UV/vis absorption spectra of polymers P-IsoDPP-DTS and P-

IsoDPP-BDT (151, 152). Source: Adapted with permission from Ref.120 (Copyright 2010 of 

Royal Society of Chemistry). 

 

TAPP derivatives show strong solvatofluorochromism, a broad absorption band 

between 400 and 300 nm and a blue fluorescence with a quantum yield of ∼60%. As π 

conjugation is increased, changes in the photophysical properties of TAPP are observed. The 

synthesis of large π-conjugated systems has attracted much attention by researchers because 

of applications in field-effect transistors, organic photovoltaics, and OLEDs. TAPP 
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derivatives show absorption bands typically between 360 and 390 nm. The Gryko group 

observed a significant red-shift for compounds bearing strong electron-withdrawing groups 

such as CN and NO2,
94 along with further photophysical properties of a broad range of TAPP 

derivatives. p-Nitrophenyl-substituted pyrrolo[3,2-b]pyrrole 4d emits at 544 nm (green) due 

to the pyrrolo[3,2-b]pyrroles possessing 4-nitrophenyl substituents at positions 2 and 5, 

leading to strong fluorescence in nonpolar solvents, which shows that the fluorescence 

quantum yield (Φfl) strongly depends on the nature of the peripheral substituents (Table 1.3).  

Extension of π conjugation in all these compounds leads to a bathochromic shift of 

both absorption and emission compared to that of the parent TAPP core. A moderate 

fluorescence yield for all the compounds was observed, whereas the nitro-substituted 

derivative does not exhibit any measurable fluorescence. The photophysical properties of all 

the compounds are reported in Table 1.3.94 
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Table 1.3  Photophysical properties of (153–166) dyes measured in toluene.94 

 

Comp. 

No. 

λabs 

[nm] 

εmax × 

10−3 

λem [nm] ΔSa 

[cm−1] 

Φflb [M−1 

cm−1] 

153 356 38 424 4500 0.17 

154 357 34 406 3400 0.52 

155 412 47 444 1700 0.85 

156 470 42 544 2900 0.30 

157 378 40 418 2500 0.97 

158 368 44 416 3100 0.16 

159 389 46 451 3500 0.75 

160 412; 437 26; 18 455 900 0.33 

161 411; 435 25; 18 455 1000 0.36 

162 412; 435 22; 20 481 2200 0.18 

163 386; 418 26; 20 - - - 

164 409; 432 28; 23 450 900 0.32 

165 410; 433 28; 22 450 900 0.25 

166 413; 436 28; 21 456 1000 0.29 

 

The structural variations of TAPP are thus quite well understood. At positions 2 and 

5, the presence of electron-withdrawing substituents causes a bathochromic shift of the 
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absorption band, whereas at position 3, there is no such effect observed.61 Absence of 

fluorescence was observed for nitro substituents, which may be due to the quenching effect 

of the nitro group. TAPP shows strong emission quantum yields above 60% in the solid 

state. The emission spectra of TAPP also depend on the type of substituents attached. λem 

shifts between 400 and 552 nm, whereas the presence of electron-withdrawing substituent 

on the aryl ring at 2 and 5 positions influences both the absorption and emission maxima 

causing a red-shift110 due to electronic communication in the ground and the excited states 

(Figure 1.46). 

 

 

Figure 1.46: Optical properties of some selected π-expanded analogues of TAPP49 

Comp. 

No. 

abs (nm) em (nm)  fl S (cm-

1) 

Solvent 

151 372 428 390000 45% 3500 DCM 

152 402 413 190000 78% 660 Toluene 



 

 

 

Vishal More, Ph.D. thesis, Goa University      P a g e  | 57 

153 380 483 190000 34% 5600 Toluene 

154 428 498 250000 18% 3300 DCM 

155 318 499 68500 14% 11400 Toluene 

 

1.5  Conclusion and Outlook 

In this chapter, we have summarized, naphthalenediimide (NDIs), tetraphenylethylene 

(TPE), diarylethenes, tetraarylpyrrolo [3,2-b] pyrroles (TAPPs) as novel photoluminiscent 

materials used for wonderful applications. Given the electron-rich nature of the TAPP core, 

it is not surprising that most applications are found in areas where the interaction of light is 

paramount, such as optoelectronics, imaging, and solar cells. Given the enormous 

importance of organic molecules in OLEDS, organic solar cells and new generation solar 

cells that require organic materials in various cell configurations,121 it is expected that TAPP 

derivatives will progress and find further use.122,123 We have demonstrated in this chapter 

how the synthetic versatility of the TAPP core can be leveraged to control the absorbance, 

emission, and physical properties of the analogues, allowing for fine-tuning of properties for 

each application. TAPP, as a new and unique AIE core, has long been plagued by inefficient 

and complex synthesis problems. Until 2013, Gryko and his group broke the TAPP synthesis 

bottleneck, and they discovered a one-pot method for transforming simple and readily 

available building blocks into an unsurpassed variety of TAPP. Since then, the synthesis and 

application of TAPP derivatives have been extensively studied. In this chapter, we have 

summarized the discovery of TAPP, the improvement of synthesis method, the reaction 

mechanism, the reactivity of TAPP, the π-expansion of TAPP, and their photophysical 

properties. The summary of TAPP research is timely and substantial in content. It will 

definitely expand people’s understanding of this new AIE core. Thereafter, fundamental 

research efforts directed TAPP applications in the field of sensor, self-assembly, host– guest 
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chemistry, ion channels, solar cells, and medicinal chemistry need to be developed in future 

prospective given that simplicity and scalable synthesis of TAPP and its derivate will also 

have great potential to functionalization at the periphery of four benzene rings and use them 

for various applications. If synthetic protocols can be improved to allow further derivatives 

with closely controlled physical properties, a greater range of application will come on top 

of those described here, and we expect TAPP derivatives to play an important role in these 

fields of application in the near future.  
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Chapter 2: A new ‘Off-On’ System Based on Core-substituted Naphthalenediimide 

with Dimethylamine for Reversible Acid-Base Sensor  

2.1 Introduction 

As we know that in our daily life pH plays important role in many aspects such as 

chemical, environmental and biological processes. For this reason, accurate measurement of 

pH is of great importance in different fields of science and technology.1 As per study the cell 

homeostasis regulation and many metabolic pathways are governed by pH not only limited 

to chemistry but also in biochemistry, cellular biology and drug delivery system.2,3 

Interestingly to understand pH changes, there are number of glass-pH-electrodes which are 

widely used as pH sensor that measures pH in wide range of pH range from acidic to neutral 

to basic media. Particularly the glass pH electrodes shows low detection limit, free from the 

interference, long term stability with excellent reproducibility.4 Still, there are few 

drawbacks that limits the usage of this pH-glass electrode such as temperature dependent 

nature, complex design and fragility. In addition to these drawbacks, fabrication of the 

electrode is extra difficult task and invasive nature makes it difficult to use for further 

sensing application effectively. Nowadays optical pH sensing area has attracted attention of 

researchers and having a great demand as it is widely accepted method over various 

fabricated glass-pH electrodes.5 In this regard, there are a number of fluorescent molecules 

have been developed which can be used for pH sensing application which are specifically 

based on absorption and fluorescence changes of the indicator. As per literature study the 

fluorescent based pH indicators display high sensitivity and therefore can be employed in 

different areas.6  Actually there are various methods and devices available for measurement 

of pH but fluorescence microscopy becomes the most powerful tool for sensing application 

successfully. Basically the fluorescent materials follow two important charge transfer 

systems particularly the photoinduced electron transfer (PET)7, intramolecular charge 
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transfer (ICT)8 FRET Fluorescence resonance energy transfer9. All chemosensor which are 

representing the PET consists of fluorophore-spacer-receptor comprising of PET acceptor 

(denoted as fluorophore) and PET donor (an amine).10 However, in actual practice the 

design, synthesis and application of the probe should be carried out by applying the simplest 

synthetic strategies. One additional important thing is proper cell permeability which is very 

necessary requirement that is able to detect pH weakly in acidic environment.11 

Naphthalene diimides (NDIs) among the planar aromatic molecule, the has wide 

application in various field10,12–15 due to easy synthesis, functionalisation to the both the 

anhydride position as well as substitutions at the core. Also NDIs exhibits very good optical 

properties and strong fluorescence.12 In addition to this NDI shown to be excellent candidate 

in the field of supramolecular chemistry due to its planar nature. In literature various self-

assembled structures have been produced due to their flexible π- π interactions with 

solvophobic control. Fascinatingly, the optical properties of the NDI can be altered by 

changing the core-substitution of NDIs such as nitrogen, sulphur and oxygen selectively.16–

18 Generally, it is observed that NDI based molecule shows non-fluorescent behaviour in 

aqueous medium especially water due aggregation caused quenching phenomenon which is 

the most common process observed in many fluorophores. NDI comprising of more π -

acidity, and together with their redox behaviour have fascinated attention of many 

researchers in different fields such as sensing, semiconductor material, and self-assembly 

application successfully.19 However due to easy functionalization to the NDIs core, it shows 

better solubility as compared with other organic molecules such as perylene, terrylene and 

quaterrylenes. By taking benefit several NDIs core substituted aromatic amines are 

synthesized for sensing applications.20–25 Recently NDIs are especially more desirable in 

sensing application as they are small and can be simply functionalized with good solubility 

in different solvent exhibiting tunable fluorescence based on the core-substituents. In this 
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paper, we report a new cores-substituted NDI bearing dimethylamine at both 2- and 6-

positions to produce 4,9-bis(dimethylamino)-2,7-dioctylbenzo [lmn][3,8]phenanthroline-

1,3,6,8(2H,7H)-tetraone (Coded as: DDPT 1; as shown in (Figure 2.1) by reacting dibromo-

NDI with dimethylamine in the presence of N,N’-dimethylformamide (DMF) and 

triethylamine (TEA) at 110 oC for 48 hrs.  

 

Figure 2.1: Structure of DDPT 1   

 

 The synthesised molecule characterised by means of 1H NMR, 13C NMR, ESI mass and 

elemental analysis. DDPT 1 further used for acid-base sensing application and shows 

‘switch-on’ emission upon addition of acid (TFA) and reversed to original state by addition 

of base (TEA), this phenomenon can be visualised by naked eye by changing blue to reddish 

and reverse the color, respectively. Furthermore, the DDPT 1 use for not only calorimetric 

sensing but also used optical spectroscopy by means of UV-Vis absorption and fluorescence 

spectroscopy and reversible by addition of TFA and TEA. DDPT 1 can be used for strip-

based sensing, which may in future useful to replace litmus paper, as DDPT 1 strip can be 

reused number of time. 

2.2 Results and Discussion 

2.2.1 Sensing performance of probe 1 

First of all, the sensing performance was studied for the DDPT 1 (9×10-5 M) in THF upon 

addition of TFA (0-2.0 equiv). The change in color under day light and UV-light (365 nm) 
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were as illustarted in (Figure 2.2). It is observed that under day light DDPT 1 in THF displays 

blue color which changes to purple then radish color while incremental addition of TFA 

(Fig. 2.2A). Under UV-light (365 nm), DDPT 1 produces blue fluorescence color, however, 

upon increamental additon from 0-2 equiv. of TFA. The color of the solution shows purple 

to red emission with increasing concentration of TFA. Thus the observed change in color 

indicated that the DDPT 1 can be utilized for naked-eye colorimetric and fluorescent sensor 

H+ ion selectively. 

 

Figure 2.2: Sensing performance of the probe DDPT 1 (90 μM) in THF with the addition 

of trifluoroacetic acid (0.2 to 2 equiv) A) under visible light B) under UV lightillumination 

at 365nm. 

2.2.2 UV-vis absorption study 

In the UV-Vis absorption spectrum of DDPT 1 (9×10-5 M) was recorded in THF solvent, 

which typically produces characteristics absorption band between 350 to 400 nm that is 

corresponding to π- π * transition of NDI core. However, the broad and strong absorption 

band appeared in longer wavelength band at 600 nm is due to n- π * transition which is 

occurring because of electron donating nature of dimethylamine group to the core of the 

NDI (Fig. 2.3A). From these bands, it is clear that the transition is mainly through donation 
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of electron density in to NDI core from electron donating dimethyl groups present on both 

substituted sides of NDI core. Upon addition of TFA to the solution of probe the absorption 

band at 600nm is blue shift to 545 nm with appearance of broad band (Figure 2.3A). The 

change in absorption is due to photoinduced electron transfer from quaternary amine to the 

core of NDI. This prominent change in absorption change is due to protonation occurring at 

the tertiary amine on the NDI core to give the quaternary amine. However, the addition of 

TFA to the solution of NDI does not affect the absorption band appearing in the 350 to 400 

nm. The UV-Vis changes in absorption ultimately suggest that the probe is highly selective 

towards H+ ion. Further UV-Vis titration was performed for the probe as shown in (Figure 

2.3B).  

 

Figure 2.3: UV-Vis absorption spectra of 1 (90 μM) and DDPT 1+TFA. B) Absorption 

spectra of DDPT 1 with incremental addition 0.2 equiv. of TFA started with 0 up to 3 equiv. 

in THF. 
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The absorption changes were recorded upon incremental addition of 0-2 equiv. TFA and it 

was observed that with increase in TFA in the solution of DDPT 1 there is shift in absorption 

with the frequent decrease in absorption band at 600 nm and blue shifted band to 545 nm 

with crossing at 565 nm. 

2.2.3 Fluoresence emission study 

Moreover the fluorescence emission study was performed for the DDPT 1 towards the 

senisng of H+ ion in the solution. The emission spectra of DDPT 1 was studied in various 

solvents which were shown in (Figure 2.4)  

 

 

 

Figure 2.4: Emission spectra of DDPT 1 in various organic solvent. 

 Fluorescence results obtained are reperesnted in (Figure 2.5). It is observed that the DDPT 

1 upon excitation at 520 nm showed emission band appears at 600 nm.The fluorescence 

color change was observed upon addition of TFA from blue to purple. Howerver, initally 

there was no significant change upon addition of TFA with weak emission intensity band  

but upon incremental addition from 0-3.0 equiv. fluorescence emission enhancement was 
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observed (Figure 2.5B), which is similar to color changes from blue to purple as shows in 

(Figure 2.2B) under 365 nm wavelength. Initially the fluorescence was very weak with 

quantum yield of the DDPT 1 in THF at room temperature was found to be (Φ = 0.09), which 

is ehanced 9 times higher upon addition of 3 equiv. of TFA i.e. quantum yield was increased 

by upto Φ = 0.78. The choice of 3 equiv. of TFA is to see the saturation point in fluorescence. 

 

 

Figure 2.5:  Emission spectra of DDPT 1 (90 µM) and 1+TFA. B) Emission spectra of 

DDPT 1 with incremental addition 0.2 equiv. of TFA started with 0 up to 3 equiv. (90 µM) 

in THF. 
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2.2.4 1H NMR titration with the addtion of TFA  

The 1H NMR titration was carried out in order to study effect on chemical shift upon 

protonation and deprotonation changes occuring in the molecule addition of TFA in solution 

of the DDPT 1. It is observed in the 1H NMR titration that upon addition of 2 equiv. of TFA 

there is appearance of new broad protons peaks (Fig. 2.6). 

 

Figure 2.6: 1H NMR titration of the probe 4,9-bis(dimethylamino)-2,7-

dioctylbenzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (DDPT 1). 

2.2.5 Binding constant  

The binding constant of DDPT 1 was further determine by using the Benesi–

Hildebrand plot. The binding constant for the H+ to receptor was found to be 2.1×10-3 M-1 

(Figure 2.7A). 

 

2.2.6 Limit of detection 
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The limit of detection can be calculated by (LOD = 3σ/S), where σ is the standard deviation 

of blank sample and S is the absolute value of the slope between absorption intensity and 

concentration of H+ ion. The limit of detection for the probe DDPT 1 is 2.77 nM (Fig. 2.7B). 

This suggest that the probe DFPDA could be employed as a sensitive fluorescent probe for 

quantitative detection of H+ ion.  

 

Figure 2.7: A) Benesi–Hildebrand plot, B) LOD plot, of the DDPT 1. 

The recent literature on pH sensor has been included in Table 2.1 
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Table 2.1: Comparison of pH sensing with recent literature 

Sr.No  Compound Sensing method LOD Test 

strip 

Reversibility References 

1 

 

Fluorescence         - No Yes 26 

2 

 

Fluorescence     - No Yes 27 

3 

 

Ratiometric 

fluorescence  

    - Yes Yes 28 

4 

 

Fluorescence Turn 

ON 

  

2.967μM 

No No 29 

5 

 

Colorimetric and 

fluorescence  

  - No Yes 30 

6 

 

Fluorescence  - No No 31 

7 

 

Fluorescence  - No No 32 

8 

 

Fluorescent  - No No 33 

9 

 

Naked eye 

colorimetric 

fluorescent “turn  

ON” receptor for 

pH sensing 

2.77 nM Yes Yes This work 
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2.2.7 Reversibility and reusability 

The reversibility study was performed for the DDPT 1, alternative addition of TFA and TEA. 

It was observed that upon addition of TFA the protonation occurs at the secondary amine 

while the reversible nature was well studied by addition of base triethylamine. Upon addition 

of 2 equiv. of triethylamine the DDPT 1 shows reversible nature to the original state. Initially 

the probe shows blue color but additon of TFA changes the color form blue to purple. 

However, on addition of base the color of the probe from purple which returns to the blue 

color of the initial solution of the probe. The absorption and fluorescence spectra was 

recorded at room temperature for the probe DDPT 1 as shows in (Figure 2.8)  

 

Figure 2.8: Reversibility study of the probe 4,9-bis(dimethylamino)-2,7-

dioctylbenzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone DDPT (A) representing the 

fluorescence  intensity changes occurring upon addition of TFA to the DDPT 1 (B) 

fluorescence intensity representing the number of reversible cycle for the DDPT 1.  
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It is clearly observed that the addition of acid and base shows the reversible nature 

reproducing blue color and shows the absorption close to the blank (Figure 2.9).  

 

Figure 2.9: Reversibility study of the DDPT 1 the (purple color curve) represent DDPT 1 

upon addition of acid i.e. TFA it gives (pink color curve) and its shown (black dotted curve) 

which shows reversibility while upon addition of base i.e. TEA. 

2.2.8 Test strip for acid-base  

Furthermore, we studied the strip-based sensing for DDPT 1 to show its practical 

applicability. The test strips were prepared by dissolving the DDPT 1 in THF solvent and 

simple loading the sample on the test strips prepared by using the Whatmann paper. The test 

strips were air dried and used for further sensing application. The prepared strips initially 

showed blue color in the visible light (Figure 2.10 A) Upon subjecting the test strip on TFA 

fumes blue color changes to light purple pink color further, in presence of base TEA again 

the color of the test strip changes to blue which indicates that the test strips show reversibility 
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and reusability and can be used for practical application in pH sensing, the test strip has been 

utilized up to 8 cycles. (Figure 2.11) 

 

 

Figure 2.10:  Test Strip sensing for DDPT 1 in THF solvent in presence of TFA and TEA. 

A) Test strip as blank. B) After exposed to TFA vapours. C) Further contact with TEA 

vapours.  

 

 

Figure 2.11: Reusability of test strip of DDPT 1 shows up to 8 cycles. (pink arrow and 

purple arrow indicates exposure to TFA and TEA fumes respectively) 

 



 

 

 

Vishal More, Ph.D. thesis, Goa University      P a g e  | 89 

2.3 Experimental details 

2.3.1 Chemical and Reagents 

Dibromo-NDI was prepared by following our earlier developed method.7 Dimethylamine, 

trifluoroacetic acid and trimethylamine were purchased from Sigma-Aldrich. 1H NMR 

spectra was recorded on Bruker spectrometer 400 MHz and 13C NMR using 100 MHz. The 

CDCl3 was used as a deuterated solvent for NMR with tetramethylsilane (TMS) was used 

as an internal standard. Mass spectrometry data was obtained by high resolution mass 

spectroscopy. IR spectra were recorded on a Perkin Elmer FT-IR 400 spectrometer. UV-Vis 

absorption spectra were recorded by UV-Vis-1800 Shimadzu spectrophotometer and 

fluorescence emission measured on RF-6000 (Shimadzu, Japan) spectrofluorophotometer. 

 

2.3.2 Synthesis of DDPT 1  

 

Scheme 2.1. Synthesis of DDPT 1. 

Synthesis of 4,9-bis(dimethylamino)-2,7-dioctylbenzo[lmn][3,8]phenanthroline-

1,3,6,8(2H,7H)-tetraone (DDPT 1). The DDPT 1 was synthesized by reacting 100 mg of 2 

in 5 ml of dimethylamine, 5 ml of triethylamine and 5 ml of dimethylformamide under N2 

atmosphere by heating reaction mixture at 110 oC for 48 hrs. Upon completion of the 

reaction, mixture was extracted with ethyl acetate to give the desired product 1 as a violet 
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blue compound in 75% yield. ¹H NMR (400 MHz, CDCl3) δ (ppm):  8.44 (1H, s), 4.19 (2H, 

J = 7.5 Hz, t), 3.17 (6H, s), 1.75-1.67 (2H, m), 1.41-1.24 (10H, m), 0.87 (3H, J = 6.8 Hz, t); 

13C NMR (100 MHz, CDCl3) δ (ppm):  163.5, 161.8, 151.6, 125.2, 123.6, 123.2, 107.2, 

44.1, 40.9, 31.9, 29.3, 29.2, 28.3, 27.1, 22.6, 14.1. HRMS: Calcd. = 576.3676, found 

576.3359; Elemental Analysis: Calcd. C, 70.80; H, 8.39; N, 9.71 and Found C, 70.68; H, 

8.41; N, 9.78. 

2.3.3 UV-Vis experiments 

UV-Vis absorption spectra and titration  

The stock solution of DDPT 1 (9×10-5 M) was prepared by dissolving it in THF. Then 

absorption spectra were recorded by placing of stock solution in the quartz cuvette with 1 

cm path length. The change in absorption upon addition of TFA was recorded at room 

temperature. Furthermore, changes in absorption was monitored in titration experiments, 

firstly DDPT 1 was placed in cuvette and upon addition of 0-3.0 equiv. of TFA. 

2.3.4 Fluorescence experiments 

Fluorescence emission spectra of the DDPT 1 

The stock solution (9×10-5 M) was prepared by dissolving the DDPT 1 in THF. The 

fluorescence spectra of the DDPT 1 was recorded by placing of stock solution in THF in the 

quartz cell. The fluorescence change upon addition of TFA was recorded at room 

temperature. And for titration experiment 0-3.0 equiv.  TFA was added incrementally and 

the change in fluorescence spectra.  

 

2.4 Conclusion 

From this study we concluded that the probe 4,9-bis(dimethylamino)-2,7-

dioctylbenzo[lmn][3,8] phenanthroline-1,3,6,8 (2H,7H)-tetraone (DDPT 1) was synthesized 
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with substituted dimethylamine at the core  of NDI with good yield. The molecule was 

successfully synthesized and further characterized showing the reversible response to 

trifluoroacetic acid which acts as proton source. The optical changes in the molecule 

exhibited the increase in fluorescence with the increase in proton source simultaneously. The 

reversible nature of the probe was further investigated by adding TEA as base acting as 

deprotonator. This clearly suggests that protonation of N atom of dimethyl restricts the PET 

transfer leading to the increase in fluorescence. The probe was reversible for 4 cycles with 

the frequent addition of acid and base to the synthesized NDI system. Further the probe was 

utilized for test strip sensing application which successfully indicates that the probe is highly 

selective to H+ ion in the solution. In this way we believe that this simple route synthesis of 

DDPT 1 and use for reversible acid-base sensing may useful to control of pH in various 

biological and physiological processes occurring in the system successfully. 
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SUPLLEMENTARY INFORMATION 

 

 

Figure 2.12: 1H NMR spectra of the compound 4,9-bis(dimethylamino)-2,7-

dioctylbenzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (DDPT 1). 

 

 

Figure 2.13: 13C NMR spectra of the probe 4,9-bis(dimethylamino)-2,7-

dioctylbenzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (DDPT 1). 
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Figure 2.14: DEPT spectra of the probe 4,9-bis(dimethylamino)-

2,7dioctylbenzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (DDPT 1). 
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Chapter 3: Naphthalenediimide-Benzothiazole-Based Chemodosimeter for Selective 

and Sensitive Chromogenic for Cyanide Ion 

 

3.1 Introduction 

From literature study we know that anion plays crucial role in many chemical, medicinal 

and biological processes.1 Among these anions cyanide (CN-) ion is more toxic in nature and 

harmful to environment and human health with serious effects.2 When CN- enters in human 

body, it binds to ferric form of metalloenzymes such as cytochrome-c causing histonic 

anoxia.3 When cyanide ion concentrations in blood reaches a level of 23-26 μM lead to 

human life causalities on large proportion simultaneously.4,5 From the standards of World 

Health Organization (WHO) the determined permissible level of CN- ions in drinking water 

required to be as low as 1.9 μM.6 However, the CN- ions utilization in the form of salts are 

greater in metallurgy, gold mining, electroplating and synthesis of new chemical entities as 

well as polymers such as acrylic plastics, nylon and nitriles.7, 8 In addition to these activities, 

human being accumulated higher level of CN- ions via utilization of certain foods and plants 

leads to serious effects to human health.9,10 Though monitoring of cyanide ion is carried out 

under strict control, an accidental liberation of CN- ion into the environment happens 

sometimes. 

From above reports, it is very necessary to design, synthesize and employ new materials to 

monitor CN- ion in environmental and biological systems selectively. In this regard, several 

researcher designed and developed large number of sensitive and selective chemosensors11, 

12 for CN- ion detection effectively.13-19 Out of these developed materials colorimetric and 

fluorescence sensors are selective and low cost materials in real sense.20-23 Till now all 

reported literature methods revealed that some chemosensors has been developed based on 

hydrogen-interactions, deprotonation approach, coordination with transition metal ions, 
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boron-cyanide interactions, and furthermore few other approaches i.e. displacement and 

supramolecular self-assembly also developed to detect cyanide ions.24-27 But, few of them 

suffer from drawbacks like poor selectivity for CN- ion detection  in presence of interfering 

anions i.e. fluoride and acetate anions.28 Furthermore, nucleophilicity of the CN- ion has 

been employed for its nucleophilic addition reactions with different chromophores such as 

acyltriazine, acridinium, oxazine, pyrylium, squaraine,[9a] tetraphenylethylene, 

trifluoroacetophenone, trifluoroacetamide, carbazole, thiophene and naphthalene etc.29-32 

Still, some of these chemosensors show drawbacks i.e. complicated synthetic protocol, poor 

selectivity and a long reaction time for detection of cyanide ions.33, 34 To overcome all these 

difficulties the development of simple and highly reactive chromophore towards CN- ion 

still remains interesting challenge in sensing area.  

Recently it is well known that core-substituted NDI derivatives exhibited tuneable 

colorimetric, UV-Vis and emission response.35-38 Chemical and biosensors have been 

developed on the basis of core-substituted NDI and are one of the attractive chromophore in 

the recent times. Several research groups studied and investigated NDI based sensor towards 

cations, anions, pH and biosensor applications in detail.39-44 As a part of our research interest 

in this field we designed an efficient sensor for selective and sensitive detection of CN- ion.  

In this paper, we will report benzothiazole functionalized naphthalene diimide (NDI-1) 

based chemosensor, which could be efficiently detect CN- ion through nucleophilic addition 

reaction pathways.[13a] The design of the chromophore is illustrated in (Figure 1) with 

benzothiazole substituent at NDI core.45 The chromophore showed excellent sensitivity and 

selectivity toward CN- ion. 
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                              Figure 3.1:. Structure of chromophore NDI-1. 

 

3.2 Colorimetric Properties 

To examine the suitability of sensor NDI-1 to detect selective towards particular anion, 

initial investigation were performed in chloroform by addition of 5 equiv. different anions 

such as F- , Cl-, Br-, I-, HSO4
-, H2PO4

-, OAc-, ClO4
- and HCO3

- in the form of 

tetrabutylammonium (TBA) salt and CN- (TEA salts). The color changes of the NDI-1 

solution (1.8×10-4 M) were monitored under visible as well as UV light at 365 nm 

wavelength. The observed results are illustrated in (Figure 3.2). The color of the sensor NDI-

1 exhibits red color under visible light. Interestingly, it is observed that CN- ion addition 

induced the change in color from red to green, which was clearly visible to the naked eyes 

(Figure 3.2a). Whereas, the addition of other anions i.e. F- , Cl-, Br-, I-, HSO4
-, H2PO4

-, OAc-

, ClO4
- and HCO3

- resulted into no visible color change of the sensor NDI-1. Furthermore, 

to investigate the suitability of NDI-1 to detect CN- ion, we studied colorimetric response 

under UV-light (365 nm). The color of NDI-1 solution in presence of CN- ion changes from 

dark red to brownish-yellow, in color (Figure 3.2b). Such changes were not detected with 

the addition of other anions such as F- , Cl-, Br-, I-, HSO4
-, H2PO4

-, OAc-, ClO4
- and HCO3

-. 

These clear color changes under visible and UV light indicate that sensor NDI-1 can be 
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utilized as a selective sensor for the detection of CN- ion.  

 

Figure 3.2: Naked-eye detection of CN- ion in chloroform. Solutions of NDI-1 (1.8×10-4 M)  

in CHCl3, NDI-1 without any anions upon addition of 5 equiv. of F- , Cl-, Br-, I-, HSO4
-, 

H2PO4
-, OAc-, ClO4

- and HCO3
-  : (a) under visible light and (b) under UV light 365 nm. 

 

Furthermore, the ability of NDI-1 to detect CN- ion in CHCl3 solvent system was then 

investigated by UV-Vis absorption spectra. The results are illustrated in (Figure 3.3) NDI-1 

in CHCl3 exhibit two absorption peaks, intense peak at 390 nm and broad at 525 nm. The 

changes in absorption peaks of NDI-1 was studied with the addition of various anions such 

as F- , Cl-, Br-, I-, HSO4
-, H2PO4

-, OAc-, ClO4
- and HCO3

-.  As shown in (Figure 3a), the 

chemosensor NDI-1 exhibited only a distinct response to CN- ion. The addition of other 

anions except CN- has no obvious effect in UV-Vis spectra. Upon inclusion of CN- ion to 

the NDI-1 solution resulted into changes into the absorption peaks. It was found that new 

peak appeared at 310 nm. Moreover, the peak at 390 nm was decreased and new peak 

appeared at 450 nm. The peak at 525 nm was disappeared and subsequently a new sharp 

peak was appeared at 510 nm. The new peak 450 nm may responsible for the color changes 

in solution (Figure 3.2). Furthermore, the UV-Vis peak at 525 nm was disappeared with 

appearance of new peak at 510 nm. As shown in (Figure 3.3b), NDI-1 was then titrated 
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against TBACN in CHCl3. It was observed that two isosbestic points at 445 nm and 525 nm 

was observed. This indicates formation of entirely new product from that of NDI-1 with the 

addition of CN- ions.  

 

Figure 3.3: UV-Vis absorption spectra of NDI-1 (1.8×10-4 M) (a) in presence of 5 equiv. 

different anions and (b) titrated with CN- ion. 

 

Fluorescence study was investigated for the detection of CN- with NDI-1 in CHCl3. Firstly, 

the emission changes of sensor NDI-1 were examined upon inclusion of various anions i.e. 

such as F-, Cl-, Br-, I-, HSO4
-, H2PO4

-, OAc-, ClO4
- and HCO3

-. As illustrated in (Figure 3.4), 

free sensor NDI-1 exhibited emission peak at 430 nm (  = 370 nm). In the presence CN- 

ion, the emission peak is broadening with 10 nm shift with peak appeared at 420 nm and no 

significant change in fluorescence was detected for other anions. The sensor NDI-1 
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displayed a dramatic color change from red to brownish-yellow, by the naked eye under UV-

light (365 nm) as shown in (Figure 3.2b). The emission titration experiments of sensor NDI-

1 upon CN- ion was also performed and the results are demonstrated in (Figure 3.4b). The 

titration of CN- ion to the sensor NDI-1 showed changes in emission peak from sharp to 

broad peak. 

 

 

Figure 3.4: Fluorescence emission spectra of NDI-1 (1.8×10-4 M) (a) in presence of different 

anions 5 equiv. and (b) titrated with CN- ion 0 to 5 equiv.  

 

The selective detection of CN- ion by sensor NDI-1 in the presence of interfering anions was 

examined by UV-Vis spectroscopy and the results are illustrated in (Figure 3.5) The anion 
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interfering experiments of NDI-1 (1.8×10-4 M) was performed by employing various ions 

such as Cl-, I-, F-, Br-, HSO4
-, H2PO4

-, HCO3
-, OAc-, and ClO4

- (1×10-3 M). The bar with red 

gradient colour corresponds to the sensor NDI-1 and in presence of examined anions such 

as Cl-, I-, F-, Br-, HSO4
-, H2PO4

-, HCO3
-, OAc-, and ClO4

-. The greenish gradient bar is 

related to the sensor NDI-1 and NDI-1 with tested anions in presence of CN- ion. The 

absorption intensity of NDI-1 at 395 nm significantly decreased with the addition of CN- ion 

(0.9×10-3 M) in the presence of tested anions. These results indicate the tested ions has no 

impact on sensor NDI-1 for detection of CN- ion. Hence, sensor NDI-1 is able to selectively 

detect CN- ion via optical spectra as well as naked-eye colorimetric observation. 

 

 

Figure 3.5: Comparison of UV-Vis absorption changes of NDI-1 (1.8×10-4 M) at 395 nm 

with the addition of different anions 5 equiv. and with CN- ion (0.9×10-3 M) in the presence 

of various anions (1×10-3 M). 
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3.3 Selective detection of CN- ion 

         The naked eye, a colorimetric change is an optical response and emission changes 

observed, thus, confirm the binding of CN- ion with the sensor NDI-1.  Furthermore, to 

understand the bonding between sensor NDI-1 and CN- ion, density functional theory (DFT) 

calculations were carried out. With the DFT calculations NDI-1 and the complex NDI-

1+CN- have been obtain by means of Gaussian 16 ab initio/DFT quantum chemical 

simulation package.46 The geometry optimization of molecules NDI-1 and the complex 

NDI-1-CN- with truncated alkyl chain have been carried out at B3LYP/6-31G* level, the 

solvent (chloroform) effect was included by means of polarizable continuum model (PCM) 

(Figure 3.6). The frequency calculations were carried out at the same level, in order to 

confirm the minima. The frontier molecular orbitals (FMO) are generated by using 

Avogadro47, 48 and are given in (Figure 3.6). As illustrated in (Figure 3.6a), for the sensor 

NDI-1, the highest occupied molecular orbitals (HOMO) is delocalized on thiophene and 

benzothiazole ring systems, while the lowest unoccupied molecular orbital (LUMO) 

delocalized on the core of NDI and thiophene subunits. 

As shown in (Figure 3.6b), after the binding with CN- ion, the HOMO is localized on 

benzothiazole and cyanide subunits and LUMO located on NDI core and thiophene units.  

This indicates the reasonable change in electron density distribution in the sensor NDI-1 

after the CN- ion addition, this is attributed to inhibition of intramolecular charge transfer 

from donor BTH to acceptor NDI core moiety.  Moreover, the energy gap of NDI-1 and the 

NDI-1-CN- complex was found to be 2.245 eV and 1.335 eV, respectively. We presume that 

the difference in the energy level is due to the absence of π-conjugation in the complex NDI-

1-CN-. Furthermore, time-dependent density functional theory (TD-DFT) studies was 

performed using B3LYP/6-31G* level for excitations studies. TD-DFT results were 
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analysed by using Gauss-Sum 2.2.5 program49 and shown in Table 1.  TDDFT results clearly 

shows that ONE-NDI absorption at 671, 434 nm, and TWO-NDI-CN shows at 1220 nm, 

589 nm with diminished intensity. Thus TD-DFT result provide rational explanation for the 

electronic states and optical properties of NDI-1 and NDI-1-CN- complex. 

 

 

Figure 3.6: Molecular orbital diagram of NDI-1 and NDI-1-CN. 

 

3.4 Cyclic voltammetry study 

Cyclic voltammetry (CV) was engaged to evaluate the detection of CN- ion. CV 

measurements are performed in 0.1. M (TBAPF6) in DCM and the results are demonstrated 

in (Figure 3.7) The cyclic voltammogram of NDI-1 in the absence of CN- ion shows 

irreversible redox peaks with onset oxidation at 1.268 V and onset reduction at -0.662 V. 

Upon addition of CN- ion to the NDI-1 sensor, the irreversible redox peaks exhibit onset 

oxidation and reduction at 0.79 V and -0.729 V. These onset oxidation and reduction values 
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were utilized to calculate highest occupied molecular orbitals (HOMO) and lowest 

unoccupied molecular orbitals (LUMO). The estimated HOMO energy levels of NDI-1 and 

NDI-1-CN- complex are -5.968 eV and -5.49 eV and LUMO energy levels are -4.038 and 

3.971 eV, respectively. The calculated energy level gap is about 1.93 eV (NDI-1) and 1.51 

eV (NDI-1-CN-). This indicated that binding of CN- ion led to change in the electronic 

structure of NDI-1 resulting in a molecular architecture NDI-1-CN- with less energy band 

gap. The trend in decreasing energy gap through CV experiments are similar with the DFT 

calculated results (Figure 3.6). 

 

Figure 3.7: Cyclic voltammograms (CV) of NDI-1 (black line) and NDI-1-CN- (Red line) 

in DCM (5×10−4 M) and 0.1 M TBAPF6. 
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Table 3.1. Cyclic voltammetry energy gap of NDI-1 and NDI-1-CN-. 

Molecules NDI-1 NDI-1-CN- 

Eoxonset 1.268 0.79 

Eredonset -0.662 -0.729 

HOMO (eV) -5.968 -5.49 

LUMO (eV) -4.038 -3.971 

Eelg (ev) 1.93 1.51 

 

 Thus, all the spectroscopic technique confirms the NDI-1-CN- complex formation via 

nucleophilic addition reaction.50 based on results the sensing mechanism of NDI-1 towards 

CN- ion is depicted in (Figure 3.8).   

 

 

 Figure 3.8: The possible sensing mechanism of sensor NDI-1 towards CN- ion. 

 

The determination of the stoichiometry by Job’s plot from the absorption titration 

experiments of the NDI-1: CN- complex formed by the probe 1 and CN- ion. Job’s plot result 

indicated stoichiometry of complex was 1:2. The Benesi-Hildebrand plot of NDI-1 with CN- 

in CHCl3 (Fig. 3.9b), the binding constant was 3.3 × 10-3 M for CN- binding in probe NDI-

1. The limit of detection was calculated by using formula 3σ/slope, where σ is the standard 
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deviation of blank probe samples and the slope is from the linear plot (Fig. 3.9d), the 

detection of limit was calculated from the titrations in the absorption spectra (Fig. 3.9c) and 

the detection limit of NDI-1 for CN- was found 85 nM. 

 

 

 

Figure 3.9: (a) Job’s plot and (b) Benesi–Hildebrand plot of NDI-1 with CN- ion in CHCl3. 

c) Absorption spectra of NDI-1 titrated with CN- ion in wavelength range 400-550 nm d) 

limit of detection plot calculated by absorption titration spectra of NDI-1 with CN-1 ion 3σ 

/slope 
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 3.5 Experimental Section 

3.5.1 Chemical and Reagents 

The anions of tetrabutylammonium salts (Cl-, I-, F-, Br-, HSO4
-, H2PO4

-, HCO3
-, OAc- and 

ClO4
-) and tetraethylammonium cyanide (CN-) salts were purchased from Sigma-Aldrich 

and TCI. UV-Vis absorption spectra were recorded by UV-Vis-1800 Shimadzu 

spectrophotometer and fluorescence emission measured on Agilent Cary Eclipse 

spectrofluorophotometer. 

 

3.5.2 Synthesis of NDI-1 

 

 

 

 

 

 

 

 

 

 

Synthesis of core substituted NDI-1 

3.5.3 UV-Vis experiment 

UV-Vis absorption spectra of the NDI-1 upon addition of different anions: UV-Vis spectra 

were recorded in an 1800 Shimadzu spectrophotometer having 1 cm path length quartz 

cuvette. The stock solution of NDI-1 (1.8x10-4mol/L) was prepared in 10 ml of CHCl3. The 

UV-Vis spectra of the NDI-1 were recorded by placing 2 ml of stock solution in the quartz 

cell. The various anions of tetrabutylammonium salts of (Cl-, I-, F-, Br-, HSO4
-, H2PO4

-, 
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HCO3
-, OAc- and ClO4

-) and tetraethylammonium (CN-) salt were dissolved in CHCl3. The 

anions concentration 7.5×10-5 M were added and the absorption spectra were recorded at 

room temperature. 

UV-Vis titration of the NDI-1 upon addition of CN- anion: The stock solution (1.8x10-

4mol/L) of the NDI-1 was prepared in CHCl3 solvent. The solution of tetraethyl ammonium 

cyanide (TEA CN-) anion was prepared in CHCl3. The stock solution was placed in a quartz 

cell and gradually addition of CN- ion the corresponding absorbance spectra of the NDI-1 

was recorded at room temperature. 

3.5.4 Fluorescence experiments 

Fluorescence spectra of the NDI-1 upon addition of different anions: The fluorescence 

emission spectra were recorded in an Agilent Cary Eclipse spectrofluorophotometer. 

Solution preparation is the same as mentioned in the UV-Vis study. Fluorescence spectra of 

the NDI-1 were recorded by placing 2 ml of stock solution in a quartz cuvette and 370 nm 

excitation wavelength by adding different anions of tetrabutylammonium and 

tetraethylammonium salts.   

Fluorescence titration of the NDI-1 upon addition of CN-: Fluorescence spectra of the NDI-

1 by progressively adding Cyanide ion in-stock solution placed in a quartz cuvette. Solutions 

preparation is a similar procedure as mentions in the UV-Vis study. 

3.5.5 Naked-eye detection  

The NDI-1 dissolves in CHCl3 and is added in a different vial. Then each vial was added 

different anions, the color change observed in cyanide containing vial. It is observed by 

naked-eye and as well as under the UV-lamp at 365 nm  

3.5.6 Competitive experiments 

To demonstrate the effect of cyanide anions over the series of other anions the competitive 

UV-Vis absorbance spectra recorded. This experiment was done by adding cyanide ion in 
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the solution of NDI-1 and with the successive addition of other anions.   

 

3.5.7 Cyclic voltammetry experiments 

Cyclic voltammetry (CV) was performed in Dry DCM and 0.1. M (TBAPF6) as an 

electrolyte of NDI-1 and NDI-1 with CN- ion. 

 

3.6 Conclusions 

In summary, we have designed and synthesized naphthalene diimide-benzothiazole (NDI-1) 

conjugate and it is used for nucleophilic addition of cyanide ion. The detection of cyanide 

ion with NDI-1 can be demonstrated by means of UV-Vis, emission, 1H-NMR, cyclic 

voltammetry and further can be demonstrated by naked eyes. The selectivity of cyanide can 

be further demonstrated using other ions such as F- , Cl-, Br-, I-, HSO4
-, H2PO4

-, OAc-, ClO4
- 

and HCO3
-. The high selective and sensitive towards cyanide ion with very low limit of 

detection (85 nM) was demonstrated, thus, suggested that the NDI-1 could be a good sensor 

for practical applications effectively.  
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Chapter 4: Photoswitchable molecular glue for Carbon Nanotubes Reversibly Controls 

Electronic Mobility with Light  

4.1 Introduction: 

As we know that in 1991 the discovery of carbon nanotube (CNT)1 which have been 

recognized as promising scaffolds in nanotechnology and also have a great potential in 

various fields.2-12 From the discovery, we know that CNTs can be either (1) single-walled 

(SWCNT),13 usually having a diameter of 0.4–2 nm and lengths up to several cm or (2) 

multi-walled (MWCNTs), composed of multiple concentric cylinders of single-walled 

SWCNTs stacked on each other.14 Both single-walled (SWCNT) and multi-walled 

(MWCNTs) have their own distinctive advantages and have been applied in various fields 

successfully.15-28 From reported studies, MWCNTs have fascinated particular focus as they 

can be produced in bulky quantities and are also easier to purify. Hence, the cost of 

production for MWCNTs is considerably lower than the SWCNTs, which has been a main 

reason for their applications in many scientific research.29-32 Commonly both CNTs possess 

similar properties in terms of their high thermal and electrical conductivity, which is 

necessary for its applications.33-35 Current research has shown that the outer walls of CNTs 

can be modified with functional groups including carboxylic acids, hydroxides and amides, 

that can act  as sites for covalent functionalization to improve overall usability of CNTs.36 

Recently this strategy has been used to design MWCNT-based hybrid materials with tailor-

made properties including greater stability, dispersibility, and processibility.37,38  For this 

purpose the functionalization can be carried out either on the main skeleton and/or at the 

periphery of the CNTs with desirable structures.39 Specifically when the functionalization of 

CNTs with photoswitchable molecules is carried out it offers an additional tunability of the 

material with light.40-42  Such advancement of MWCNTs integrated with photoswitchable 

molecules leading to new dimensions in optoelectronic materials and other areas.43,44 
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In recent trend, controlled reversible photoswitching of conductivity is of particular interest 

in molecular electronics 45 and several groups worked on it for exciting results.46,47 Still, 

there is a challenging task to control the conductivity reversibly by using an external 

stimulus at the molecular level. The solution for this challenge is tetraphenylethylene (TPE) 

unit with four phenyl groups, a well-known system for its AIE properties, which serves as 

an outstanding candidate as a building block for receptors of carbon-based frameworks.48,49  

From the literature studies amongst common photochromic molecules such as 

(diarylethenes,50 spiropyrans,51 oxazines52, stilbenes53 and azobenzenes), specifically 

azobenzenes responses to two main external stimuli, light and heat to reversibly switch 

between the isomers with dissimilar properties. Upon exposure to UV light, azobenzene 

switching from the thermodynamically favored trans isomer to the cis isomer.54,55 Also the 

reverse reaction simultaneously occurs with visible light or heat, even at room temperature. 

Such type of  transformation is mainly dependent on the structure of the azobenzene system 

and the local environment, such as the matrix or the solvent, which permits tuning of the 

switching process thoroughly. In this work we aimed to develop photoswitchable molecular 

glue, based on non-covalent interactions, to assemble a MWCNT-hybrid, containing a 

photoresponsive azo-system to allow conductivity switching.  

 

4.2 Results and Discussion 

Here we designed and synthesized photoresponsive molecular glue TPE-1 having the 

azobenzene and the TPE units.  
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Scheme 4.1: Synthesis of TPE-1 and the precursor of the TPE-1. (a). HNO3, H2SO4, Dry 

DCM, r.t., 

 

 16h. (b). Pd/C, NH2-NH2, H2O, 100 oC, 24 h. (c). HNO3, AcOH, r.t., 20 min, (d) FeCl3, 

NH4Cl, Zn, EtOH, H2O, 1 h, (e). AcOH, r.t., under N2 atmosphere, 24 h. 

 

Further the association of TPE-1 with MWCT can occur via π–π stacking, electrostatic 

interactions or hydrophobic interaction, offering several benefits over covalent 

functionalization such as i) mild perturbation of the sp2 structure of the carbon allotrope, ii) 

limited change in structure and iii) preservation of electronic properties.  
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The designed photochromic system TPE-1 consists of five AIE-active tetraphenylethylene 

TPE chromophores bridged by azo-groups. Interestingly, the trans-cis isomerization leads 

to a significant change in the shape of the molecule, from an almost flat to a puckered 

structure that affects the interaction of the molecule with the MWCNTs, and affects the AIE 

behavior simultaneously. From above study it was found that the TPE-1 indeed acts as 

photoswitchable molecular glue for the MWCNTs. 

Figure 4.1 Photoisomerization of TPE-1 (6 µM) in THF solvent (A). Schematic 

representation of the photoisomerized TPE-1 in THF solvent at 273 K temperature (B). 

trans-1 to cis-1 conversion upon irradiation with 466 nm at 273 K temperature; in the inset 

visual colour changes (c). cis-1 to trans-1 conversion upon irradiation with >500 nm at 273 

K temperature or heat >333 K. 
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In this work, the extreme change in the electronic mobility of the MWCNT-TPE-1 ensemble 

upon photoswitching of TPE-1 using light as an external stimulus has been successfully 

demonstrated. The synthesis of tetra-azo TPE-1 was done by coupling freshly prepared 

nitroso-TPE (5) with tetra-amino-TPE (3) in glacial acetic acid (Scheme 4.1).56 After 

reaction completion, deep red colour precipitation of TPE-1 was obtained and it was purified 

and further characterized to confirm its structure via 1H NMR, 13C NMR, FTIR and mass 

spectrometry techniques.  

Further the photoisomerization of TPE-1 was performed (in THF) with light and the reversal 

was also studied with heat as an external stimulus. The propeller-like structure of TPE-

1 exhibited trans- cis photochromism under UV light (366 nm UV, 8 W, irradiation power 

2.3 mW cm-2, blue LED light (466 nm, 0.5 mW cm−2) (Figure 4.1B). The reverse 

isomerization were carried out upon exposure to red right (> 500 nm, red or green LED light, 

0.5 mW cm−2) or heat (Figure 4.1C). Upon irradiation with UV or blue light in THF, the 

thermodynamically stable trans-1 was converted to the cis-1 isomer. This cis-1 isomer 

reverted to the trans-1 upon exposure to >500 nm or under heating form reverted to the 

trans-1 form. A striking red to yellow color change was also observed for the trans-1 to cis-

1 photoisomerization for about 120 minutes. It was observed that spectral changes reached 

a photostationary state (PSS) where the absorbance value of the band at 405 nm (ε ~ 7 ×105 

M−1 cm−1) reached a constant value (Figure 4.1A). Photoisomerization studies in other 

solvents such as CS2, MeOH, CHCl3, and CH3CN were also conducted which showed 

similar results.  

The reversible photoisomerization of TPE-1 was also studied to check the photostability. It 

was observed that the TPE-1 was stable, for five cycles without a fatigue loss (Figure 4.2).  
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Figure 4.2: Reversibility studies of TPE-1 in THF solvent under alternating photoirradiation 

with UV (366 nm) or 466 nm and visible light (> 500 nm) respectively.  

 

 

 

 

 

 

 

 

 

Figure 4.3: Fluorescence data of TPE-1 red traces for the trans rich and black traces for 

the cis rich.  

In fluorescence studies, both the cis and the trans forms of TPE-1 were undertaken at an 

excitation with 405 nm. A broad emission band was observed at 507 nm with an additional 

shoulder band at 575 nm. The photoisomerized cis-rich PSS exhibited a higher fluorescence 

than the trans-rich solution (Figure 4.3). 
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Moreover, the photoisomerization behavior of TPE-1 was also studied using the 1H NMR 

spectroscopy. Upon exposure to UV or blue light the aromatic hydrogen peaks at δ 7.65, 

7.61, and 7.04 in the trans-1 were shifted upfield to 7.59, 7.57, 6.96 ppm respectively, along 

with the formation of new peaks at  6.61 and 6.58 (Figure 4.4). These newly appeared 

signals diminished again upon the irradiation with > 500 nm light, which is consistent with 

the previously reported results.57  

 

 

 

 

 

 

 

 

Figure 4.4: NMR traces of TPE-1 in CDCl3 (10-3 M) displaying the clear shift in the 

aromatic protons upon photo isomerization. (A) After radiation of the trans form with 466 

nm for 180 min (Blue); (B) trans form (bottom trace black). New peaks are indicating by 

arrow sign. 

 

Further HPLC analysis of the cis-TPE-1 sample showed that about 60 % of the sample was 

in the all cis (Z4) form (Figure 4.5).  
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Figure 4.5: HPLC elution profile of the TPE-1. The trans-1 sample was exposed to UV 366 

nm or blue light as a result it reached the cis PSS. A red trace is the trans-1 and black is the 

cis 1. The isomeric ratios of the azobenzene tetramer in the PSS were estimated using HPLC  

 

Firstly, before any irradiation, TPE-1 displayed four distinct peaks with a retention time of 

11.20, 12.53, 12.96, 15.15 minutes, most likely for the corresponding to the E3Z, E2Z2, E4, 

and Z4 respectively. These assignment of the isomers are based on the expected polarities 

of the compounds and also by comparing with the literature report of a tetrameric 

azobenzene.58 The maximum amount of isomer present was E4 at 88%, followed by E3Z at 

6%, E2Z2 at 4%, and Z4 at 2%. Upon irradiation with UV or blue light a corresponding cis-

rich PSS was attained, which was apparent from the HPLC analysis as the isomer in the 

maximum amount was Z4 at 60%. The ratios of the trans to cis were consistent with other 

reported results.58 
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For the determination of the stability of the cis TPE-1, kinetics studies were performed and 

different thermodynamic parameters, containing Activation energy (ΔEact), Enthalpy of 

activation (ΔH#), Entropy of activation (ΔS#) and half life (t1/2) were calculated from the 

variable temperature kinetics data (Figure 4.6 & Table 4.1). The t1/2 values for cis TPE-1 to 

trans TPE-1 was 52 h at 273 K.  

 

 

 

 

 

 

 

      

 

Figure 4.6: Thermal isomerisation studies of the cis-isomer of the TPE-1 at various 

temperatures. (A)-(F) showed sis different temperature 323, 328, 333, 38,343, and 348 K 

respectively. (G) Showed the overlapping graph of all six temperatures. 
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Table 4.1: Thermodynamic parameters for the cis-1 to trans-1 isomerisation of the TPE-1. 

Parameters ΔEact (kcal mol-1)a 

 

ΔH‡
 (kcal mol-1)b 

 

ΔS‡
 (cal mol-1K-1)c 

 

Values±(error) 24±(0.5) 23 ±(0.5) 36 ±(2) 

 

a= Activation energy (Ea); b= Enthalpy of activation; c= Entropy of activation 

Also we know that TPE-based molecules are well known for their AIE behavior.59 The AIE  

behavior of the propeller-shaped azobenzene TPE-1 was studied in various THF: water 

ratios.  

Figure 4.7: Aggregation behavior of TPE-1 in THF/water medium (A). Spectral changes in 

UV/Vis absorbance; (B). Spectral changes in emission spectra; (C). DLS studies of trans-1 

in THF/water medium. (D). SEM images under aggregating conditions. 
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In pure THF, the TPE-1 was highly soluble; the monomeric form of TPE-1 was faintly 

emissive and was visually red in color. The AIE behavior, as expected, was observed with 

the trans form upon increasing the amount of water in the THF solution of TPE-1. It was 

noticed that the emission intensity increased and reached a maximum at 80% water-THF 

mixture (% v/v). Upon further increasing the water content it started to get precipited and 

stuck on the wall of cuvette. The band at 405 nm in the UV-Vis spectrum also underwent a 

drastic red-shift in the absorbance spectrum from 405 to 465 nm under these conditions 

(100% THF to 20% THF-water) (Figure 4.7A). In the emission spectra, red shift was 

observed in the weakly emissive bands at 465 and 520 nm, to 470 nm and 530 nm 

respectively (Figure 4.7B). 

 The appearance of a new absorption peak at 462 nm suggested that the trans-

TPE 1 molecules stacked upon each other to form an aggregate. J-type aggregation was 

assumed for trans TPE-1, as its structure indicates propensity for π-stacking, with 

aggregation in the presence of aqueous solvent leading to characteristic photoluminescence 

(PL).  

Prompted by this exciting observation, we turned our focus to the cis-TPE-1 and 

performed the same experiment. Surprisingly, the cis-TPE-1 did not show any such type of 

red shifts in the absorbance spectrum (Figure 4.8A), nor did it exhibit any significant 

increase in emission signal (Figure 4.8B). Therefore, the absorption peaks at 405 nm were 

found to decrease gradually with water addition.  
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Figure 4.8: AIE studies of TPE-1 in THF/Water medium; (A) UV-vis absorption spectrum 

of cis TPE-1 under AIE conditions; (B). Emission spectrum of cis TPE-1 under AIE 

conditions. 

The aggregation behaviour was also studied and cross-verified through dynamic light 

scattering (DLS) experiments and scanning electron microscopy (SEM) (Figure 4.7D). DLS 

measurements monitored each step of the aggregation process for both the cis-TPE-1 and 

the trans-TPE-1. The DLS-data revealed the lack of any aggregated particles in the cis-

isomer (Figure 4.7C). It did indicate the formation of an assembly of in the trans form in an 

aqueous-THF solvent mixture with an average hydrodynamic diameter of 1400 nm at 20% 

THF in water. The morphology of the trans-1 aggregated state were found to be flat-shaped 

plates, as observed through SEM after solvent evaporation onto a Si-wafer. Upon solvent 

evoporation the size of the aggregated state increased more compared to the DLS which was 

recorded in the solvent phase.  The probable reason for aggregation of the trans-TPE-1 state 

but not the cis-TPE-1 was the difference in geometry of the molecules. In the trans-TPE-

1 configuration, all the four TPE groups were almost coplanar, which is favourable for the 

π-π stacking.  

 

 

A.                                  B.
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These homomolecular aggregations of trans-TPE-1 in the aqueous-THF medium prompted 

us to wonder whether it would be possible to observe aggregation with larger π-systems like 

the MWCNT. Recently we have studied the selective capture of C60 using smaller TPE 

derivatives.[50] Thus, we studied the interaction of both the trans- and the cis-isomers of 

TPE-1 with carboxylic acid functionalized MWCNTs. For transTPE-1 in THF, increasing 

the amount of MWCNT in the solution (MWCNT was dispersed in the THF solution) led to 

a decrease in peak intensity at 405 nm in the UV/vis spectrum, along with an 8 nm red shift 

and the formation of a new band at 580 nm (Figure 4.9A and Figure 4.10A). 
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Figure 4.9 Spectral changes of TPE-1 with increasing the MWCNT: (A). Changes in the 

absorbance spectra of [trans-1.MWCNT]; (B). Changes in the emission spectra of [trans-

1.MWCNT]; (C) PXRD of the [trans-1.MWCNT]; (D) Changes in 13C NMR spectra of 

TPE-1 in presence and in absence of MWCNT; (E). Visual observation of colour change 

upon treatment of trans and cisTPE-1 with MWCNT, and the putative cartoon 

representation of the [trans-1.MWCNT]; (F) Raman spectral shift  

of the [trans-1.MWCNT]; (G). DLS studies of [trans-1.MWCNT]; (H). SEM images of 

[trans-1.MWCNT]; (I). TEM images of [trans-1.MWCNT]. 
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Fluorescence spectra collected with an increasing concentration of the MWCNTs to trans-

TPE-1 showed a gradual increase in the emission bands at 485, 535 nm, and 650 nm (Figure 

4.9B). The red shift in the absorption and emission bands indicated the interaction of trans-

1 with MWCNTs to form an aggregate: [MWCNT.trans-TPE-1] through non-covalent 

interactions, which cannot occur for the cis-1 due to its twisted structure (Figure 4.10A- 

4.10B). 

 

 

 

 

 

 

 

 

Figure 4.10: (A). UV/Vis absorbance changes spectra of [cis TPE-1.MWCNT]; (B) 

Emission spectral changes of [cis TPE-1.MWCNT] in THF solvent  

 

The PXRD analysis was undertaken to investigate any change in the diffraction pattern of 

the MWCNTs after treatment with trans TPE-1 and also to study the effect of 

photoisomerization. The PXRD patterns for the free MWCNT (sans any TPE-1) and for the 

[trans-1.MWCNT] samples (Figure 4.9C & Figure 4.11) were similar.  

 

A.                             B.
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Figure 4.11: PXRD data of trans-TPE-1 and the [trans-1.MWCNT] recorded under 298K 

temperature. 

The strongest and sharpest diffraction peaks for MWCNTs samples were at 2θ = 26.14°, 

(42.96°; 44.54°), and (52.04°; 53.80°) which labeled as d (002), d (100), d (001) respectively. 

The peaks for the [trans-1.MWCNT] were observed at 2θ = 26.00°, (42.55°; 44.20) and 

(51.70; 53.45), also indicated as d (002), d (100), d (001) respectively.60 Compared to free 

MWCNT the [trans-1.MWCNT] aggregates shows a shift in the 2 θ values, which can be 

ascribed to a decrease in the sp2 C-C layer spacing.61 The cis form did not display any such 

changes. Raman spectroscopy was also performed with the cis and the trans samples in the 

presence of the MWCNT and studied against the controls. Two characteristics G and D-

bands were observed for the MWCNTs at 1342 cm-1 (in-plane C-C vibration), and 1371 cm-

1.62  The Raman spectra for the [trans-1.MWCNT] displayed new vibration band at1142 cm-

1 and 1448 cm-1 and shifted bands at higher wave numbers 1350 cm-1 and 1378 cm-1 

respectively. The bandat 1371 cm-1 indicated the lower inner tube interactions,and the new 

bands indicated the interactions of the MWCNT with the trans-1 (Figure 4.9F).63 
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In the IR-spectroscopy, the characteristic vibrations for the trans-1 and the MWCNT were 

observed at 1577 cm-1, 2938 cm-1 , 2850 cm-1 , 1593 cm-1, 1415 cm-1 and 1122 cm-

1respectively. With an increasing the amount of MWCNT with trans-1, these stretching 

bands were shifted to  lower wavelengths at 2923 cm-1, 2846 cm-1, 1586 cm-1, 1420 cm-1 and 

1116 cm-1 respectively. These changes in the IR-stretching frequencies (Figure 4.12) indicate 

the changes in the dipole moment of the inner core of the MWCNT due to interaction with 

the trans-TPE-1. A Job’s plot at 405 nm revealed an association with 1:1 stoichiometry 

between trans-1 and MWCNTs (Figure 4.13).  

 

 

 

 

 

 

 

 

 

 

Figure 4.12: FTIR spectrum of TPE-1 (Black traces), MWCNT (red traces) and [trans 

TPE-1.MWCNT] (blue traces). 
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Figure 4.13: The Job’s plot of the trans TPE-1 with MWCNT showed 1:1 binding in THF 

solvent. 

 

The absorbance data 405 nm leads to an estimated association constant of 2.2 × 104 M-1 

(Figure 4.14).   

 

Figure 4.14: Binding constant calculation plot of the trans TPE-1 in and MWCNT 
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association. No such changes of absorbance band were observed for the cis-1 and the 

calculated association constant value was 4.5×102 M-1 indicate limited association between 

cis TPE-1 and the MWCNT (Figure 4.15). 

 

 

Figure 4.15: Binding constant calculation plot of the cis TPE-1 in and MWCNT    

association. 

  Further to confirm the binding of MWCNT with the trans-1 the 13C NMR spectra was 

recorded where it was observed that the characteristics TPE peaks were shifted to 143.92 

and 142.37 ppm from 144.06 and 142.42 ppm with increasing the amount of MWCNTs 

(Figure 4.9D).  

The assembly of the trans-1 with MWCNT was also studied through DLS (Figure 4.9G). 

The initial hydrodynamic diameter of the trans-1.MWCNT were around 100 nm, which 

increased to 1000 nm on increasing MWCNT in THF solvent. Morphology studies using 

SEM and TEM indicated a tube-like structure. The morphology studies of the trans-1 
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decorated over MWCNT was also observed from the SEM (Figure 4.9H) and TEM (Figure 

4.9I), further supporting direct interaction of trans TPE-1 with the MWCNTs. The reason 

for binding strongly with trans-1 not with the cis-1 was the geometrical phenomenon. 

We also wondered if the electrical conductance of the TPE decorated MWCNT can be 

modulated with stimuli. It is known that azobenzene systems by themselves cannot switch 

conductance upon photoisomerization.64 However incorporation of azobenzene through 

covalent linkage displayed modulation of conductance in assemblies.33 Therefore, the 

switching of the electronic mobility upon the cis-trans isomerization of our TPE-decorated 

MWCNT was investigated under spin coating. The reversible switching of the conductance 

was studied in the solid state in a thin-film on an indium tin oxide (ITO) surface. Fabrication 

of the device for the investigation of the conductance was done by wet-etching of the TPE-

1 on the ITO glass substrate with a layer width of ~200 nm having an Ag-layer as the top 

contact (Figure 4.16A). 

The current-voltage (I-V) characteristic studies shown in Figure 4.16B displayed a linear 

current−voltage (I−V) plot of the hybrid at a voltage ranging from -3 to +3 V. The [TPE-

1.MWCNT] in the trans form displayed a strong I−V response compared to the cis form. 

The response ratio, defined by Itrans(V)/Icis(V) at 2V was found to be 7. We can thus conclude 

that the non-covalent interaction of trans TPE with the MWCNTs increased the current 

approximately 7 fold due to higher conductivity. 

 



 

 

 

Vishal More, Ph.D. thesis, Goa University      P a g e  | 138 

 

Figure 4.16(A) Schematic representation of the interaction between [trans-1.MWCNT]; 

(B) I Vs V plot of the TPE-1 dropped over MWCNT where black is for the [trans-

1.MWCNT], blue is [cis-1.MWCNT] and red is only MWCNT. 

 4.3 Experimental Procedure 

All reactants and reagent were commercially available and were used without furthure 

purification unless otherwise indicated TPE, chloroform (CHCL3), chcloroform-d 

(CDCL3), Methanol (MeOH), dichloromethane (DCM), Tetrahydrofuran (THF), CS2, 

MWCNT were purchased from Aldrich and used without purification, unless otherwise 

specified solvents used were purified and dried standard methods. The structure of the 

compound were determined by Nuclear magnetic Resonance (NMR) spectroscopy and 

other spectroscopic techniques. 1H NMR & 13C NMR spectral were recorded 400 MHz 

& 500 MHz instruments . chemical shifts are reported in delta values relative to solvent 

peak. The solvent used for the spectroscopy experiments were of the spectroscopic 
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grades and were free from any fluorescent impurities. Double distilled water was used 

for the spectroscopic experiments. 

All reactants and reagents were commercially available and were used without further 

purification unless otherwise indicated. TPE, chloroform (CHCl3), chloroform-d 

(CDCl3), methanol (MeOH), dichloromethane (DCM), Tetrahydrofuran (THF), CS2, 

MWCNT were purchased from Aldrich and used without purification, unless otherwise 

specified. Solvents used were purified and dried by standard methods. The structures of 

the compounds were determined by nuclear magnetic resonance spectroscopy and other 

spectroscopic techniques. 1H and 13C NMR spectra were recorded with 400 MHz and 

500 MHz instruments. Chemical shifts are reported in δ values relative to the solvent 

peak. The solvents used for the spectroscopy experiments were of the spectroscopic 

grades and were free from any fluorescent impurities. Double distilled water was used 

for the spectroscopy experiments. UV spectra were recorded with a Hitachi carry-60 

UV-vis spectrophotometer. Fluorescence measurements were carried out using a JASCO 

flourmeter. Mass data were obtained from an Acquity TM ultra-performance LC. Mass 

spectra (MS) were obtained by using Bruker AutoFlex Matrix Assisted Laser 

Desorption/Ionisation (MALDI) Time of Flight (TOF)-Mass Spectrometer (MALDI-

TOF-MS). FTIR-spectra were recorded in brukar-IR spectrometer. For Raman 

spectroscopy and X-ray diffraction experiments, high pressure is generated using a 

diamond anvil cell (Easylab Co., UK) with diamond culets of size 300μm. Sample was 

loaded in a 100 μm hole of pre indented stainless steel gasket of thickness of about 45μm 

together with 4:1 methanol–ethanol mixture as liquid pressure transmitting medium. For 

Raman measurements a thin pellet of CuO of approximate diameter 50–60 μm and 

thickness 10–20 μm is loaded in the pressure cell. Raman measurements at high 

pressures are carried out in a back scattering geometry with a resolution of 1.2 cm−1 



 

 

 

Vishal More, Ph.D. thesis, Goa University      P a g e  | 140 

using Horiba Jobin Yvon LabRam HR 800 Raman spectrometer and the sample was 

excited with the Ar+ ion (525 nm) laser at power 6mW. Pressure is measured using ruby 

fluorescence technique.i The XRD patterns were collected using the Rigaku Smart Lab 

diffracto meter attached with D/tex ultra detector and Cu K source operating at 35 mA 

and 70 kV. Scan range was set from 10-60 and a count time of 2 seconds. The samples 

2θ with a step size of 0.02 were well powdered and spread evenly on a quartz slide. TEM 

measurement was carried out using a high resolution FEG transmission electron 

microscope (JEOL, JEM 2100F) with a 200 keV electron source. Briefly, a drop of the 

sample dispersed in water was drop casted on a strong carbon coated 300 mesh Cu-grid 

and dried in air. Field emission scanning electron microscopy (FESEM) images were 

taken on the SUPRA 55-VP instrument with patented GEMINI column technology. Prior 

to loading of the samples into the chamber, they were coated with a thin film of 

goldpalladium in order to avoid charging effects. 
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Synthesis of TPE-1 and the precursor of the TPE-1. (a). HNO3, H2SO4, Dry DCM, r.t., 

 16h. (b). Pd/C, NH2-NH2, H2O, 100 oC, 24 h. (c). HNO3, AcOH, r.t., 20 min, (d) FeCl3, 

NH4Cl, Zn, EtOH, H2O, 1 h, (e). AcOH, r.t., under N2 atmosphere, 24 h. 

 

Compound 3: Compound 3 was prepared by following known literature protocol,S1,S2 

firstly nitration of tetraphenylethylene and followed by reduction of nitro-group in the 

presence of Pd/C, hydrazine hydrate.  

 Compound 4: mono-nitro-TPE was prepared by following literature protocol.S3 

 Synthesis of (2-(4-nitrosophyenyl) ethane-1,1,2-triyl) tribenzene (5):   

To a mixture of nitro-TPE (4) (0.9 g, 2.3mmol) and ammonium chloride (0.4 g, 7.64 mmol), 

30 mL ofethanol/water 5:1 was added. Zinc dust (0.31 g, 4.78 mmol) was 

added to the mixture in the portion. The resulting mixture was stirredat room temperature 

for 90 min, then filtered through ceilite bed, andcooled to 0 °C. A solution of iron(III) 
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chloride (1.9 g, 11.9 mmol) in 40 mL of ethanol/water 5:1 was kept at 0 °C before adding to 

the cooled filtrate. The mixture was stirred at 0 °C for 45 min; then, ethanol was removed 

under reduced pressure, the mixture diluted with 100 mL of water, and the product extracted 

with ethyl acetate (3× 80 mL). The combined organic layers were washed with 50 mL of 

brine solution. The organic layer was then dried over anhydrous MgSO4 and the solvent was 

removed using a rotary evaporator and the obtained greenish-yellow solid (0.65 g, 78%) was 

used in the next step without further purification; 1H NMR (300 MHz, CDCl3): δ 7.64 (d, J 

= 9 Hz, 2H), 7.02−7.26 (m, 17H), and used. 

 

 Synthesis of1,1,2,2-tetrakis(4-((4-(1,2,2-triphenylvinyl)phenyl)diazenyl)phenyl)ethane 

(TPE-1):  

A solution of freshlyprepared nitroso-TPE (5) (0.55 g, 1.5 mmol) in 20 mL of glacialacetic 

acid was added to a solution of tetramino-TPE (3) (0.1 g, 0.25mmol) by diluting in 10 mL 

of glacial acetic acid. The mixture wasstirred at room temperature under N2 overnight. The  

reaction completion, evaporating the solvent,followed by dissolving the residue in 150 mL 

of ethyl acetate andwashing with 5% of aqueous potassium bicarbonate (3 × 40 mL) and 

then by 40 mL of brine solution. The organic layer was then driedover anhydrous MgSO4 

and the solvent was removed using a rotaryevaporator. The residue was purified by column 

chromatography,eluting with (60:40) hexane/DCM to obtain an orange solid (0.09 g, 

25%); 1H NMR (300 MHz, CDCl3) δ: 7.66 (d, J = 9.0 Hz, 8H), 7.63 (d, J = 9.0 Hz, 8H), 

7.23 (d, J = 6.2 Hz, 8H), 7.07−7.18 (m, 68H), 13C NMR (75 MHz, CDCl3) δ: 151.43, 

150.89, 147, 145.6, 143.45,143.4, 143.3, 142.1, 141.6, 140.22, 132.3, 132.1, 131.4, 131.3, 

127.86, 127.8, 127.6, 126.8, 126.6, 122.5, 122.2, 30.9; MALDI-TOF, m/z: [M+] calcd for 

C130H92N8, 1765.75; found, 1766.09 [M + H]+. 
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4.4 Application Procedure of TPE1 to CNT 

The chemical bonding of carbon nanotubes is composed of sp2 bonds; thus, the bonding 

structure is stronger than the sp3 bonds and aligns into ropes held organized by van der Waals 

forces and nanoscale cross-section electrons propagate only along the tube's axis. As a result, 

carbon nanotubes are frequently referred to as one-dimensional conductors. Importantly, 

when nanotubes are assembled non-covalently with donors such as porphyrin, pyrene or 

AIE-active TPE, these types of combined materials act as electron donor and nanotube alone 

act as electron acceptor. In this work we self-assembled electron donor i.e. Azo-AIE-active 

TPE with electron acceptor i.e. carbon nanotube via cis- or trans configuration to check 

balance of photoinduced electron transfer and in our finding electron-pooling, offering 

photoinduced charge-separation which can be potential operation of these materials shown 

to be light-energy harvesting with high electrical conductivity. 

   4.5 Conclusion  

In summary, this paper reports the novel photoswitchable compound based on five TPE units 

that undergoes reversible trans-cis isomerization under UV and visible light respectively. 

The trans form of TPE-1 is almost planar whereas the cis formed has more of a twisted 

shape. The trans-form displayed a clear AIE behaviour in aqueous THF mixtures whereas 

the cis form did not. The trans form efficiently binds to multiple MWCNTs and thus acts as 

a molecular glue for the CNT. These interactions were unequivocally established with 

various methods including UV-vis, fluorescence, Raman, FT-IR and 13C NMR spectroscopy 

in addition to the PXRD studies. The aggregates of the nanotubes in the presence of the 

trans-form were also demonstrated by DLS studies and were observed under SEM and TEM 

imaging. The cis form, on the other hand, weakly interacts with the MWCNT samples. The 

conductance of the MWCNT samples in the presence of the trans-form was seven times 

higher than that of the ones with the cis-form. The conductance with the cis-form was 
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essentially close to the background conductance of the MWCNT samples. Thus the cis and 

the trans isomerization of the molecular glue demonstrates a fine example of controlling the 

conductance of CNTs with a photoswitchable molecular glue 
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SUPLLEMENTARY INFORMATION 

 

TPE-1 was characterized by 1H NMR, 13C NMR, FTIR and mass spectrometry techniques.  

 

 

Figure 4.17: 1HNMR of Synthesis of (2-(4-nitrosophyenyl)ethane-1,1,2-triyl) tribenzene 

(5), peak at 1.57 is water peak and 7.26 belongs to CDCl3 residual solvent peak.  
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Figure 4.18: 1HNMR of 1,1,2,2-tetrakis(4-((4-(1,2,2-

triphenylvinyl)phenyl)diazenyl)phenyl)ethane (TPE-1). 

 

 

 

 

Figure 4.19: Expanded aromatic reason of 1H NMR of 1,1,2,2-tetrakis(4-((4-(1,2,2-

triphenylvinyl)phenyl)diazenyl)phenyl) ethane (TPE-1). 
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Figure 4.20: 13CNMR of 1,1,2,2-tetrakis(4-((4-(1,2,2-

triphenylvinyl)phenyl)diazenyl)phenyl)ethane (TPE-1). 

 

 

                                                                                                                                                          

Figure 4.21: MALDI-TOF of1,1,2,2-tetrakis(4-((4-(1,2,2-

triphenylvinyl)phenyl)diazenyl)phenyl) ethane  (TPE-1). 
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Chapter 5: Iodine Catalysed New Method for Synthesis of Tetraester-Substituted 

Tetraaryl-1,4-Dihydropyrrolo [3, 2-b]pyrrole  

5.1 Introduction 

Recently we have seen that aggregation induced emission luminogens (AIEgens) have 

fascinated great attention of the researchers due to their applications in the materials and 

biotechnology fields such as sensors, organic light-emitting diodes, multistimuliresponsive 

materials etc.1 Till now several AIEgens with excellent luminescence properties in the solid 

state have been reported and developed, which consist of 1,1- dimethyl-2,3,4,5-

tetraphenylsilole (DMTPS), hexaphenylsilole (HPS), tetraphenylethene (TPE), tetraphenyl-

1,4-butadiene (TPBD), tetraphenylpyrazine (TPP) etc.1 However, out of these AIEgens 

some suffer from intrinsic drawbacks for example TPE and TPBD consist of double bonds 

which usually give rise to E/Z isomerisation, thus, it is very difficult for separation and also 

suffer from photo oxidation resulting in low quantum yields particularly in aggregation. 

From studying all these issues we came to know that, still there was a need to develop 

AIEgens with good stability and outstanding luminescence properties. While in literature 

study in 2013, Gryko reported for the first time the synthesis of tetraaryl-1, 4-dihydropyrrolo 

[3, 2-b] pyrroles (TAPP) and their derivatives in detail.2 By observing TAPP structure it 

looks like a butterfly-shape structure and even the solvent polarity is increased, it shows 

intense emission. TAPP derivatives are one of the AIEgens molecules that have found utility 

in the design of highly fluorescent and stable materials and therefore TAPP derivatives have 

fascinated particular attention of the researchers. While explaining the properties of TAPP 

molecule, it is compact and extremely coloured and show violet blue or blue fluorescence 

with characteristic quantum yields of < 60%, very broad absorption bands between 300 and 

450 nm and emission while in the solid state are observed specifically. By studying and 

considering rich spectroscopic and good properties of TAPP derivatives, they are ideally 
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suited for the design of light emitting diodes and sensors.  

Due to all superior properties, TAPP molecules have been extensively used for different 

application containing solar cells, sensing, cellular imaging etc.3 In 2013, Gryko et al.  

studied and reported for the first time three component one-pot straightforward synthesis of 

tetraaryl-1, 4-dihydropyrrolo [3, 2-b] pyrroles (TAPP) derivatives by reacting butane-2, 3-

dione with aromatic aldehydes and aromatic amines in the presence of ammonium acetate 

in glacial acetic acid with reflux (3h) to give TAPP in ~15-30% yield.2, 4 

Accordingly lot of efforts were carried out to improve the yield of TAPP by changing 

solvents, adding mild oxidants (dimethyl sulfoxide, DDQ, DMSO, Ce(NH4)2 (NO3)6 , and 

nitrobenzene), changing the order of reagent addition and prolonging the reaction time 

failed. Moreover another research group studied and examined different reaction parameters 

including solvent, acid, temperature and also various reagents along with acetic acid (AcOH) 

as a solvent, such as TFA, H2SO4 , AlCl3 , TfOH and TsOH. Out of which, p-toluene sulfonic 

acid was known as the good catalyst, which produces 49% TAPP yield.5, 6 Nevertheless, 

given the importance of the ring structure, further improvement is required to increase the 

yield protocol particularly.7, 8  

 

5.2 Materials and Methods  

In this paper, we report the synthesis of tetraestersubstituted tetraaryl-1, 4-dihydropyrrolo 

[3, 2-b] pyrroles (TAPP 1) by iodine-catalysed cyclocondensation of aromatic amine, 

aromatic aldehyde and 2,3-butanedione. This three components reaction is carried out in 

acetonitrile at 90o C for 3h (Scheme 5.1). 
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Scheme 5.1: Synthesis of tetraester-substituted tetraaryl-1, 4-dihydropyrrolo [3, 2-b] 

pyrroles. 

 

Typically, ethyl 4-aminobenzoate (10 mmol) and methyl 4-formylbenzoate (10 mmol) were 

mixed in 10 mL acetonitrile followed by addition of 15 mol% iodine. After stirring for 30 

min at 90o C, 2,3-butanedione (5 mmol) was added and a fluorescent yellow crystalline 

product started to precipitate from the reaction mixture. Upon completion (3h) of the 

reaction, the yellow precipitated product was isolated by simple filtration and followed by 

washing twice with acetonitrile (10mL×2). This protocol offers four main advantageous: i) 

improved yield of tetra-ester TAPP i.e. 60%, ii) simple work-up, iii) acetonitrile can be 

distilled and reused and iv) tetra-ester TAPP can be prepared in gram quantities by simple 

filtration.  

 

 

5.3 Results and Discussion  

The Mechanism for synthesis of TAPP: In the first step, enol formation of butan-2, 3-dione 

takes place, followed by iminium ion formation from aromatic aldehyde and aromatic amine 

in the presence of Iodine (I2 ) (Step 2) and enol form of butane-2-3-dione attacks on highly 

unstable iminium ion (Scheme 5.2). In the third step, intramolecular cyclization occurs to 

form unstable N-substituted five membered ring, which further reacts with same molecule 
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of iminium ion, followed by intramolecular cyclization and aerobic oxidation to give TAPP 

as a stable product. The intermediate tetrahydropyrrolo [3, 2-b] pyrrole is oxidized by the 

excess of Schiff base present in the reaction mixture. In the first step, iodine play a significant 

role for the formation of iminium ion. 1H NMR of synthesised tetraester TAPP, it clearly 

shows protons of ethyl ester and methyl ester and doublets of aromatic protons. 

 

 

Scheme 5.2: Role of molecule iodine in the synthesis of TAPP molecule 

 

The possibility and restrictions of this methodology was investigated by replacing methyl 4-

formylbenzoate with a broad range of aromatic aldehydes with electron donor (OMe or Me) 

and electron acceptor (NO2 or Br) moieties. Except methyl 4-formylbenzoate reaction with 
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ethyl 4-aminobenzoate, neither any substituted aldehyde reaction with aniline gives any 

products nor methyl 4-formylbenzoate reacts with any other substituted anilines. Thus, it is 

clear that when we use Iodine as a catalyst the most important factor is the use of ester as 

electron withdrawing species which needs to be present on aryl amines as well as aldehyde. 

 

The UV-vis absorption of TAPP 1 in THF gives two clear bands at 330 nm and 395 nm, 

respectively. These two bands decrease with 15 nm red-shift with increasing water content, 

which clearly demonstrates aggregation of TAPP 1 in THF/water via J-type aggregation 

(Figure 5.1a). Interestingly, fluorescence emission of TAPP 1 in THF gives 465 nm peak 

(λex = 395 nm), while increasing water content in THF shows decrease in the emission 

(Figure 5.1b), which also demonstrates the self-assembly of TAPP 1 in THF/water. This 

phenomenon can be seen by naked eye, as such TAPP 1 in THF gives bright bluegreen color 

under 365 nm UV-light, while increasing percentage of water shows decreasing color 

intensity and in 99% water in THF clearly shows disappearance of blue-greenish color. In 

literature, other TAPP derivatives shows aggregation induced emission (AIE) 

phenomenon,3-5 however, this new tetraester TAPP 1 shows opposite phenomenon i.e. so 

called aggregation caused quenching. Further, research on synthesis of other derivatives 

using iodine catalyst as well as their AIE/ ACQ phenomenon is underway and will be 

reported due course.  
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Figure 5.1: a) UV-vis absorption spectra of TAPP 1 in THF (100%) to THF/H2O (1:99%) 

at room temperature, b) the fluorescence emission spectra of TAPP 1 (λex = 395 nm) in THF 

to 99% H2O at room temperature, and c) naked eye luminescence images of 1 (λex = 365 

nm) in THF/H2O mixed solvents with the concentration kept at 1×10-5M, respectively. 

 

5.4 Conclusion 

Low yields of TAPPs led to optimization of the conditions of this multicomponent reaction. 

This study concluded that the iodine catalysed reaction increases the reaction yield of tetra-

ester TAPP. The most signiûcant yield for tetra-ester-TAPP analogue obtained was up to 

60%. We are currently investigating change in solvents and percentages of catalysts required 

which will be reported in due course 
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SUPLLEMENTARY INFORMATION 

 

1H NMR of synthesised tetraester TAPP is shown in (Figure 5.2). 

 

 

 

Figure 5.2: Typical 1H NMR of tetra ester TAPP synthesized using molecular iodine as a           

catalyst 
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Chapter 6: Conclusion 

In this chapter we conclude all thesis work, by studying scope of photoluminiscent materials 

we choose this topic and focus on novel organic photoluminiscent materials. For better 

understanding we carried out a detailed literature survey.  

Initially in the chapter 1, we choose specific example TAPP and its derivatives and 

studied all the physical properties of TAPP derivatives that revealed TAPP to be a versatile 

core for materials with a wide range of significant applications. From structural features, it 

is clear that TAPP core having electron-rich nature makes it applicable in areas such as 

optoelectronics, imaging, and solar cells where the interaction of light is utmost. From 

reported work it was clear that organic molecules are quiet efficient in the areas OLEDS, 

organic solar cells and new generation solar cells which mainly require organic materials in 

different cell configurations, it is further expected that most of TAPP derivatives will 

progress and find further use in advanced technology. We have elaborated in this chapter 

how the synthetic usefulness of the TAPP core that can be leveraged to control the 

absorbance, emission, and physical properties of the analogues, permitting for fine-tuning 

of properties for each application in detail. To make advancement in this area, further use of 

AIE effect and more understanding of structure– function relationships are essential. It is 

also found that, TAPP a new and unique AIE core, has long been plagued by inefficient and 

complex synthesis problems. Till 2013, Gryko and his group first time reported TAPP 

synthesis, and they exposed a one-pot method for transforming simple and readily available 

building blocks into an unsurpassed variety of TAPP successfully. From this work, the 

synthesis and application of TAPP derivatives have been broadly studied. This chapter takes 

a detailed account of summary with the discovery of TAPP, the development of synthesis 

method, the reaction mechanism, the reactivity of TAPP, the π-expansion of TAPP, and their 

photo physical properties. The summary of TAPP research is timely and substantial in 
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content. It will certainly expand people’s understanding and interest of this new AIE core. 

Afterwards, fundamental research efforts directed TAPP applications in the field of solar 

cells, self-assembly, sensor, host– guest chemistry, ion channels, and medicinal chemistry 

need to be established in future prospective given that easiness and scalable synthesis of 

TAPP and its derivate will also have great potential to functionalization at the periphery of 

four benzene rings and use them for various applications effectively. It is also expected that, 

if synthetic protocols can be developed to allow further derivatives with closely controlled 

physical properties, a greater range of application will come on top of those described here, 

and we expect TAPP derivatives to play a vital role in all these fields of applications in the 

near future with great extent. The AIE-active TAPP is found like a gleaming treasure; with 

all study here we report TAPP derivatives found excellent potential and also we believe there 

will be more exciting works on the synthesis and applications of TAPP derivatives in the 

future. 

            With reference to photoluminiscent materials in chapter 2, we have designed and 

synthesized the probe 4,9-bis(dimethylamine)-2,7-dioctylbenzo[lmn][3,8] phenanthroline-

1,3,6,8 (2H,7H)-tetra one (DDPT 1) with substituted dimethylamine at the core of NDI 

displayed reversible for 4 cycles with the frequent addition of acid and base to the 

synthesized NDI system in excellent yield. DDPT 1 was successfully synthesized and further 

characterized which showing the reversible response to trifluoroacetic acid which acts as 

proton source. It is observed that optical changes in the molecule showed the increase in 

fluorescence with the increase in proton source at the same time. We also studied and 

investigated the reversible nature of the probe by adding trimethylamine (TEA) as base 

acting as deprotonating base. From this work it clearly suggests that protonation of N atom 

of dimethyl restricts the PET transfer results into the increase in fluorescence. The probe 

was reversible for 4 cycles with the frequent addition of acid and base to the synthesized 
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NDI system. Additionally, the probe was employed for test strip sensing application which 

successfully indicates that the probe is very much selective to H+ ion in the solution 

particularly. With simple route of synthesis of DDPT 1 it may useful to control of pH in 

various biological and physiological processes occurring in the system. 

Chapter 3 take a detailed account of design and synthesis of naphthalene diimide-

benzothiazole (NDI-1) conjugate and it is used for nucleophilic addition of cyanide ion. 

Synthesized NDI-1 after nucleophilic addition of cyanide ion Showed color change which 

can be observed by naked eye. Sensing of CN- ion is studied by UV-Vis spectroscopy 

measurements in chloroform solution. As NDI-1 displayed high sensitivity and selectivity 

towards CN- ions shows change in color from red to green, which was clearly visible to the 

naked eyes. Whereas, the addition of other anions i.e. F-, Cl-, I-, Br-, HSO4
-, H2PO4

-, OAc-, 

ClO4
- and HCO3

- resulted into no visible color change of the sensor NDI-1. The detecting 

mechanism of CN- ion with NDI-1 was demonstrated by 1H NMR, DFT calculations, Job’s 

plot analysis and cyclic voltammetry. 

 

In chapter 4 we studied and developed novel photoswitchable compound based on 

five TPE units that undergoes reversible trans-cis isomerization under UV and visible light 

respectively. The trans form of TPE-1 is almost planar and displayed a clear AIE behaviour 

in aqueous THF mixtures whereas the cis form has more of a twisted shape and did not 

displayed a clear AIE behaviour. The trans form efficiently binds to multiple MWCNTs and 

thus acts as a molecular glue for the CNT whereas the cis form, weakly interacts with the 

MWCNT samples. These interactions were studied by various methods like UV-vis, 

fluorescence, Raman, FT-IR and 13C NMR spectroscopy in addition to the PXRD studies. 

DLS study performed to study aggregates of the nanotubes in the presence of the trans-form 

and were observed under SEM and TEM imaging. Results obtained from this study indicates 
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that the cis and the trans isomerization of the molecular glue proves a fine example of 

controlling the conductance of CNTs with a photoswitchable molecular glue.  

In another work included in chapter 5, we have studied for the first time to use 

moleculr iodine catalyst to enhances the reaction yield of tetra-ester TAPP. We synthesized 

TAPP 1 by iodine-catalysed cyclocondensation of aromatic amine, aromatic aldehyde and 

2,3-butanedione at 90o C for 3h in acetonitrile solvent. Notable yield for tetra-ester-TAPP 

analogue obtained was up to 60%.  

Currently we are studying and investigating variation in solvents and percentages of 

catalysts that are required for better yield which will be reported in near future. 

          Finally, we conclude from this thesis work, the design and synthesis of novel organic 

photoluminiscent materials based on TAPP, DDPT 1, naphthalene diimide-benzothiazole 

(NDI-1), photoswitchable azobenzene based tetraphenylethylene (TPE) system exhibits a 

promising potential for its applications in sensor, self-assembly, host–guest chemistry, ion 

channels, solar cells and OLEDs successfully.
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Participation and presentation at National & International conferences: 

➢ Participated as a Facilitator at “The Salters Chemistry camp” held at Department of 

Chemistry Goa University during 22nd -24th November 2018. 

➢ Participated in two- day workshop on “Material Science” between University of 

Coimbra, University of Porto and Goa University on 18th and 19 th November 2019 

at School of Chemical Sciences Goa University. 

➢ Volunteered in Vigyan Sarvatra Pujyate, Festival of SCoPE (Science and 

Technology communication, Population and its Extension) for All, hosted and held 

at Goa University, Taleigao Goa.





 

 

   

 

 



 

 

   

 



 

 

   
 



 

 

    


