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Selective Fluorescence Sensing of Polynitroaromatic 

Explosives by Triaminophenylbenzene Scaffolds 

Pratap Vishnoi, Mrinalini G. Walawalkar, Saumik Sen, Anindya Datta, G. Naresh 

Patwari, and Ramaswamy Murugavel*  

Supramolecular fluorophore, 1,3,5-tris(4'-aminophenyl)benzene (TAPB) selectively senses 

polynitroaromatic compounds (PNAC), viz. 2,4,6-trinitrotoluene (TNT), 2,4-dinitrotoluene 

(DNT), picric acid (PA), m-dinitrobenzene (m-DNB) and p-dinitrobenzene (p-DNB) through 

donor-acceptor complexation. Steady-state and time resolved fluorescence measurements 

indicate predominantly static quenching of TAPB fluorophore with TNT, DNT, m-DNB and p-

DNB. In the case of PA, a new emissive band with marginally longer lifetime emerges due to 

complex formation with TAPB. The selectivity of sensing action is rationalized through 

computation of HOMO and LUMO energies for both fluorophore and the analytes using M06-

2X/6-311+G(d,p) level of theory. Practical utility of the fluorophore has also been 

demonstrated with TNT and DNT vapour. 

 

 

1. Introduction  

Given current security issues and threats, there is a critical need 

for on-field / on-site detection of explosives, particularly 

polynitroaromatic (PNAC) compounds such as 2,4,6-

trinitrotoluene (TNT), 2,4-dinitrotoluene (DNT) and picric acid 

(PA).1 Apart from conventional methods such as the use of 

canine teams,2 and several sophisticated instrumental 

techniques viz X-ray scanning,3 ion mobility spectrometry 

(IMS),4 surface-enhanced Raman spectroscopy,5 gas 

chromatography coupled with mass spectrometry,6 and nuclear 

magnetic resonance spectroscopy7 are currently being 

employed for detection of PNAC. However, none of these 

techniques are ideal for on-field use because of their cost 

issues, bulkiness and susceptibility to false positives.8  

 Over the last decade, development of selective chemo-

sensors has gained increased attention. Most of the available 

chemo-sensors utilize fluorescence detection due to its inherent 

sensitivity and cost-effectiveness. Change in fluorescence 

emission properties, such as quenching, enhancement and shift 

in the emission wavelength due to interaction of analytes with 

fluorophores can be used to develop functional fluorescent 

sensors.9 Low vapour pressure and limited chemical reactivity 

of PNAC make their detection challenging. However, their 

electron-deficient nature can be exploited to form stable donor-

acceptor complexes with electron rich fluorophores, which can 

lead to fluorescence quenching via photoinduced electron 

transfer (PET) process.2b, 10-13  

 To date, most fluorescent sensors for PNAC detection have 

been based on organic π-conjugated polymers (CPs)14 and more 

recently, metal-organic frameworks (MOFs),15, 16 oligo(p-

phenylenevinylene) (OPV)-based gelators,17 and molecularly 

imprinted polymers (MIPs).18 The conjugated polymers based 

on pyrene, phenyleneethylene and phenylenevinylene have 

been known to offer appreciable sensitivity for nitrated 

explosives through signal amplification, where the polymer 

backbone acts as a medium for long range exciton migration. 

Despite high sensitivity for the detection of explosives, the use 

of these polymeric materials is limits because of their complex 

synthetic methodologies. Therefore, a sensor with cost-effective 

synthesis and reusability is an ever increasing demand. 

 In an independent approach, small molecular fluorophores 

having rich π-donating character such as pyrene and anthracene 

present further opportunities for the detection strategies.19 An 

added advantage of these compounds is their easy synthesis and 

wider detection range for explosive compounds. It appears from 

some recent reports that the sensing efficiency and reusability 

of these discrete systems could be improved by substituting 

them with hydrogen bond active groups such as –COOH, -NH2, 

-OH and others.10, 20 These groups extend the dimensionality of 

the small molecular systems to relatively stiff and extended 

network which could allow efficient analyte diffusion within 

the internal pores.21 Moreover, this will also lead to increase in 

the surface area of interaction between the host and the analyte, 

which can lead to efficient photophysical processes. 

 Considering these factors, photophysical properties and 

fluorescence based chemo-sensing of PNAC employing 

triphenylbenzene based C3-symmetric systems are presented in 

this article. Triphenylbenzene systems are easily synthesizable 

inexpensive class of compounds and have widely been 

employed as building units in the synthesis of porous materials 

with moderate to high surface area.22 Despite having π-

conjugation, their utility in luminescence based chemo-sensing 

applications is yet unexplored, possibly because of their non-

planner (propeller shape) characteristics. Inspired by the 

hydrogen bonding assisted construction of organic and metallo-

organic supramolecules reported by our group23 in recent times 

and N-H···O bonding interactions of nitroanilines,24 we have 

investigated the selective PNAC sensing  capabilities of amino 

substituted triphenylbenzene, 1,3,5-tris(4'-aminophenyl)- 
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benzene (TAPB)  both in solution and vapour phase. In addition 

to the formation of donor-acceptor π-interaction, amino groups 

can further interact through hydrogen bonding with the nitro 

groups of PNAC, leading to the enhanced sensing efficiency.  

 

2. Experimental  

2,4-Dinitrotoluene (Sigma-Aldrich), picric acid (Loba Chemie, 

India), m-dinitrobenzene (Thomas Baker, India) and p-

dinitrobenzene (Specrochem, India), tetrafluorobenzene (Sigma-

Aldrich), and hexafluorobenzene (Sigma-Aldrich) were procured 

from commercial sources and used after crystallization from 

suitable solvents. Methods used for purification of solvents are 

similar to those described in standard protocols.25 1,3,5-Tris(4'-

aminophenyl)benzene (TAPB) was synthesized according to a 

published procedure.26  

Caution: Picric acid, TNT and DNT are sensitive to external stimuli 

such as shock, heat, electromagnetic radiation, static electricity etc. 

Although we did not face any kind of problem while working with 

them, it is highly advisable to handle these materials with due care. 

 

2.1. Electronic spectroscopy  

 

Absorption and emission spectra were recorded on Varian Cary 

Bio 100 UV-visible spectrophotometer and Varian Cary Eclipse 

fluorescence spectrometer, respectively. The absorption and 

emission spectra of TAPB were recorded in HPLC grade 

acetonitrile. Fluorescence emission spectra of TAPB solution 

were recorded by exciting at 290 nm. The TAPB fluorescence 

was titrated against the concentration of each PNAC analyte, 

which lead to fluorescence quenching. Similarly fluorescence 

quenching titrations were carried out for TAPB in the presence 

of hexafluorobenzene, 1,2,4,5-tetrafluorobenzene,  benzonitrile 

and chlorobenzene. Time-resolved fluorescence decays were 

recorded using a time-correlated single-photon counting 

(TCSPC) system from IBH (UK). Time-resolved fluorescence 

decays were recorded with λex = 295 nm and the emission 

polarizer set at a magic angle of 54.7°. The full width at half 

maximum (FWHM) of the instrument response function (IRF) 

is 700 ps and the resolution is 7 ps per channel. The data were 

fitted to single exponential function by the iterative re-

convolution method using IBH DAS v6.2 data analysis 

software to obtain excited state lifetimes.27 
 

2.2. Vapour phase detection 

 

A drop of acetonitrile solution (10-3 M) of TAPB was placed on 

a quartz plate and rotated on spin coater at 1000 rpm for two 

minutes to prepare a thin film. TNT (50 mg) was placed at the 

bottom of a quartz cuvette of 1 cm2 cross-section and covered 

with a piece of cotton. The thin film was then inserted in the 

cuvette and the emission spectra were recorded with an interval 

of 2 minutes. The respective emission intensities were plotted 

as function of time to obtain quenching profile. Experiment was 

performed for DNT vapour in the same way. 

 

2.3. Electrochemistry 

 

The redox potential of TAPB (10-3 M) was determined by 

cyclic voltammetry (CV) in 0.1 M acetonitrile solution of n-

Bu)4N(ClO4) by using platinum disc electrode with a platinum 

wire auxiliary electrode and calomel as reference electrode. The 

experiments were performed on a CH Instruments, USA 

(Model; CHI1120A) with scan rate of 0.005 V/sec.         

2.4. 1H NMR titration 

 

Proton NMR experiments were carried out on a Bruker 400 

MHz instrument using DMSO-d6 (D, 99.9%) as solvent. The 

chemical shift values are relative to the deuterated solvent 

peaks and are given in parts per million (ppm). 1.56 mL 

solution (8.57 × 10-2 M) of each TAPB and PA were prepared 

separately in DMSO-d6. The TAPB solution was divided in 13 

NMR tubes (labelled as a to k) as 0.24, 0.22, 0.20, 0.18, 0.16, 

0.14, 0.12, 0.10, 0.08, 0.06, 0.04, 0.02 and 0.0 mL. The PA 

solution was added in such a way that the total volume in each 

tube remained constant at 0.24 mL. Each NMR sample was 

diluted to 0.28 mL by adding 0.04 mL of DMSO-d6 before 

recording the NMR spectra. The spectra were recorded keeping 

machine parameters and temperature invariable. The change in 

chemical shifts, (∆δ) of TAPB, were multiplied by 

corresponding values of mole fractions of TAPB (∆x) and 

plotted against mole fractions (∆x) to obtain the Job’s plot. 

 

 

2.6. Quantum chemical calculations 

 

Unrestricted density functional theory calculations were carried 

out with Gaussian-09 (G09) suit of programs using 

GAUSSVIEW-5 graphical interface.28 The M06-2X hybrid 

functional of Truhlar and Zhao29 with 6-311+G(d,p) basis set 

for all atoms. The hybrid functional M06-2X has been widely 

used to compute non covalent interactions such as π-stacking.30 

To account for the influence of solvent (acetonitrile, ε = 

35.688), polarizable continuum model (PCM) calculations were 

performed utilizing self-consistent field approach in G09 using 

same level of theory.31 The geometries of TAPB and PNAC 

analytes (i.e. TNT, PA, m-DNB, p-DNB, DNT, and other 

analytes chlorobenzene, benzonitrile, tetrafluorobenzene, and 

hexafluorobenzene were optimized both in the gas phase and in 

the PCM. 

 

3. Results and discussion 
 

3.1. Fluorescence measurements 

 

Free TAPB exhibits two prominent absorption bands (see Fig. 

S1) with peak maxima at 207 and 290 nm, attributed to π-π* 

(So-S2) and n-π* (So-S1) electronic transitions, respectively. 

TAPB showed a fluorescence emission at 405 nm when excited 

at 290 nm in an acetonitrile solution (see Fig. 1). Titration of 

TAPB with increasing concentration of PA leads to lowering of 

the emission intensity, as can be seen in Fig. 1.  Titration of 

TAPB against other PNACs (TNT, DNT and m-DNB) also 

leads to fluorescence quenching (see Fig. 2a and S2-S5). The 

fluorescence quenching data were analysed using Stern-Volmer 

equation.  

 
��

�
� 1 � ���	
� 

 

where Io is the initial emission intensity of TAPB prior to 

addition of quencher, I is the emission intensity at any given 

concentration [Q] of the quencher and Ksv is the Stern-Volmer 

constant.32 In all the four cases near-linear Stern-Volmer plots 

(Fig. 2b) were obtained in the lower quencher (PNAC) 

concentrations, which indicate a single quenching 

mechanism.33 The Stern-Volmer constants for all the analytes 

are listed in Table 1. 
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Fig. 1 Fluorescence quenching profile of TAPB (1.0 µM) in 

acetonitrile) with PA (0-32 eq). 

 

 

 
Fig. 2 (a) Combined fluorescence quenching profile of TAPB 

(1.0 µM in acetonitrile) with TNT (640 eq), PA (32 eq), m-

DNB (720 eq), DNT (480 eq) and p-DNB (450 eq) and (b) 

Corresponding Stern-Volmer plots. 

 

 

It can be seen from Fig. 2a that PA is much more efficiently 

quenches the fluorescence of TAPB (85% quenching upon  

Table 1 Details of quenching efficiencies for TAPB with 

PNAC analytes. 

 

addition of 32.0 equivalents) in comparison to other four 

PNAC analytes. Although PA and other PNAC analytes have 

similar reduction potentials (Ered for PA = -0.65,34 for TNT = -

0.7, for DNT = -1.0, for m-DNB = -0.9 V and for p-DNB = -  

0.7 V) (vs SCH).35 The high quenching efficiency of PA may 

be rationalized in terms of high electron-deficiency of PA36 

coupled with the proton transfer from acidic –OH to –NH2 

group of TAPB (formation of –NH3
+ on TAPB). The new 

emission band at around 480 nm (see Fig. 1 and 2a) is because 

of the emissive nature of the TAPB-PA complex. The relative 

fluorescence quenching efficiency of various PNAC analytes 

is summarized in the bar diagram in Fig. 3.  
 

 

 
Fig. 3 Comparison of fluorescence quenching of TAPB observed in 

acetonitrile solvent after addition of 32.0 eq of each PNAC and other 

analytes. 

 

3.2. Time resolved fluorescence measurements 

 

The Stern-Volmer constant provides the information about the 

efficiency of quenching with little insight into the mechanism 

involved in quenching process. The apparent linearity of the 

Stern-Volmer plots at low concentration indicated that the 

processes are governed mainly by a single mechanism. To 

elucidate the fact, viz. whether the quenching occurred by 

ground state binding of quencher molecules with the 

fluorophore and forming a non-emissive species (static 

quenching) or a fast collision between them in excited state 

(dynamic quenching), the excited state lifetimes and 

fluorescence decays were measured before and after multiple 

additions of nitrated analytes. 

 TAPB exhibits a single exponential decay at emission 

wavelength of 405 nm with lifetime of 6.3 ns (see Fig. 4). For 

TAPB-PA complex, the lifetime at 405 nm remains constant at 

Analyte(s) Eq added % Quenching Ksv (M
-1) 

PA 32 85 1.2 × 105 

TNT 640 82 4.0 × 103 

m-DNB 720 67 2.6 × 103 

DNT 480 82 8.3 × 103 

p-DNB 450 85 8.0 × 103 
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ca. 6.3 ns, indicating static quenching. The lifetime at 480 nm 

also remains constant at ca. 9.2 ns, indicating the formation of a 

new emissive species with a longer lifetime as a result of the 

complexation. For the other four analytes, the lifetime of the 

405 nm band decreases very gradually indicating the nature of 

quenching is predominately static (see Fig. S6). The details of 

lifetimes of excited states and corresponding fitting parameters 

have been given in the Table 2.  

 

 

 
Fig. 4 Time resolved fluorescence decays for acetonitrile 

solution of TAPB before and after multiple additions of known 

concentrations of PA, TNT, m-DNB, DNT and p-DNB. Single 

exponential fits to the decays are included as solid lines. 

 

3.3. Selectivity 

 

Fluorescence measurements of TAPB carried out in the presence of 

other electron deficient species such as hexafluorobenzene, 1,2,4,5-

tetrafluorobenzene, benzonitrile and chlorobenzene clearly establish 

that these four molecule do not quench the fluorescence. These 

results signify that the sensitivity and selectivity of quenching of 

TAPB fluorescence by PNAC (Figures S7-S10). An explanation for 

this selectivity is sought through quantum chemical computations. In 

the case of complexes formed between electron-rich and electron-

deficient species, photoinduced electron transfer (PET) is the 

dominant quenching mechanism. The frontier orbital diagram for 

such a mechanism is schematically shown in Fig. 5.  

The computed HOMO and LUMO energies for TAPB along 

with PNAC and other electron-deficient molecules are shown in Fig. 

6, which clearly indicates the feasibility of PET selectively from 

TAPB to the PNAC. On the other hand, it can be seen that the 

LUMOs of hexafluorobenzene, 1,2,4,5-tetrafluorobenzene, 

benzonitrile and chlorobenzene, and the LUMO of TAPB 

(fluorophore) are almost at the same energy, which renders the PET 

process unfavourable. 

 

Table 2 The details of lifetimes of excited states and 

corresponding fitting parameters at λem = 405 nm of TAPB. 

 

Analyte(s) Eq(s) added Lifetime (τ)/ns χ2 

- - 6.29 1.00 

PA 32 6.50 1.07 

TNT  32 6.17 1.04 

 200 5.79 1.00 

 400 5.43 1.00 

DNT 32 6.12 1.04 

 200 5.83 1.04 

 400 5.49 1.02 

m-DNB 32 6.20 1.00 

 200 5.91 1.02 

 400 5.56 1.05 

 p-DNB  32 6.16 1.00 

 200 5.91 1.04 

 400 5.65 1.04 

 

 

 
Fig. 5 Mechanism of photoinduced electron transfer from 

fluorophore to quencher (TNT). 

 

3.4. Vapour phase fluorescence quenching studies 

 

To demonstrate the utility towards vapour phase detection of PNAC, 

thin films of TAPB are spin coated on a quartz plate. The 

fluorescence spectra of the thin films have been recorded in the 

presence of TNT and DNT vapour as a function of time. The extent 

of fluorescence quenching increases progressively with exposure 

time (see Fig. 7). TAPB film lost nearly 60% of the fluorescence  
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Fig. 6 Energy correlation diagram of the frontier orbitals of fluorophore, quenchers and other electronegative analytes in gas phase (solid 

lines) and in acetonitrile (dotted lines). 

 

To demonstrate the utility towards vapour phase detection of PNAC, 

thin films of TAPB are spin coated on a quartz plate. The 

fluorescence spectra of the thin films have been recorded in the 

presence of TNT and DNT vapour as a function of time. The extent 

of fluorescence quenching increases progressively with exposure 

time (see Fig. 7). TAPB film lost nearly 60% of the fluorescence  

 

 

Fig. 7 Quenching efficiency curves of TAPB thin film upon 

exposure to vapours of TNT and DNT against time. The inset shows 

quenching profile of TAPB thin film with TNT vapour. 

3.5. Determination of stoichiometry in the solution phase  
 

Binding stoichiometry of TAPB with PNAC in solution has been 

determined by using Benesi−Hildebrand equation (see Fig. 8).37 

 
1

� � ��
�

1

� � ��
�

1

���� � ���	
�
 

 

where Io is the intensity of fluorescence before addition of the 

quencher, I is the intensity of emission at any given concentration of 

the quencher, I1 is the intensity upon saturation with the quencher, Ka 

is the association constant and [Q] is the concentration of the 

quencher.  

The observed linear fits with TNT, m-DNB, p-DNB and DNT 

indicate 1:1 binding stoichiometry. With picric acid, however, a 1:2 

complex is formed which yields a linear fit to the modified Benesi- 

Hildebrand equation  

 

 
1

� � ��
�

1

� � ��
�

1

���� � ���		���
�
 

 

 

The stoichiometry of TAPB-PA complex is further confirmed by 

Job’s method of continuous variation monitoring chemical shifts in 

the 1H NMR spectra of TAPB (see Fig. 9). The spectral analysis 
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Fig. 8 Benesi-Hildebrand plots of TAPB (1.0 µM in acetonitrile) 

with (a) TNT, m-DNB, DNT and p-DNB, and (b) PA, where inset 

shows the curve assuming 1:1 complex formation. 

 

Fig. 9 1H NMR spectra for Job’s plot of TAPB-PA system in 

DMSO-d6. The peak labelled as c is considered for the calculations. 

 

suggested the presence of PA caused significant downfield shifts of 

the aromatic protons of TAPB. The peak maximum in Job’s plot at 

0.36 indicated the formation of 1:2 complex (see Fig. S11).   

3.6. Cyclic voltammetry of TAPB  
 

Cyclic voltammogram of TAPB exhibits three irreversible oxidation 

stages, assigned to the successive oxidation of three –NH2 groups 

(see Fig. 10). Oxidation potentials of these peaks as calculated from 

the cyclic voltammogram are 0.68, 1.10 and 1.65 V with respect to 

standard calomel electrode.   

In contrast, PNAC compounds show negative (cathodic) 

peak potentials (see above) which indicates their facile reduction and 

electron acceptor character. In other word, these analytes can easily 

accept the electron from TAPB to form donor-acceptor complexes.  

 

 
Fig. 10 Cyclic voltammogram of (a) TAPB and (b) ferrocene. 

4. Conclusion 

1,3,5-Tris(4'-aminophenyl)benzene is a supramolecular 

fluorescent sensor for polynitroaromatic compounds  such as 

TNT, DNT and PA which are major constituent of the most 

explosives. These nitro compounds quench the emission 

intensity of the fluorophore of TAPB both in solution and 

vapour phase due to selective and strong donor-acceptor 

binding which has been further rationalized through frontier 

orbital calculations.  

 We believe that the results presented in this investigation 

not only provide a new way for rapid fluorescence detection of 

PNAC but also opens up possibilities of using such electron-

rich π-conjugated discrete molecules in the development of 

effective chemo-sensory materials for selective detection of 

nitroaromatic explosives. 
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