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Two derivatives of cyclic triimidazole and pyrene, namely the blue emitting 3-(pyren-1-

yl)triimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine, TTPyr, and the yellow-orange emitting 11-

(pyren-1-yl)triimidazo[1,2-a:1',2'-c:1'',2''-e][1,3,5]triazine-3,7-dicarbaldehyde, (CHO)2TTPyr, are 

here exploited for titration experiments with various nitroaromatic energetic hazardous materials and 

proposed as sensor species for the quantitative detection of explosives. The 565 nm fluorescence of 

(CHO)2TTPyr represents a valid alternative to the TTPyr 420 nm one for analytes absorbing in the 

blue region. (CHO)2TTPyr displays varying degrees of fluorescence quenching towards different 

nitroaromatics, among which picric acid (PA) detection has the highest sensitive response with a 

Stern-Volmer quenching constant value equal to 1.25x104 M−1 and a calculated detection limit of 

0.63 ppm. From time resolved photoluminescence experiment, a static mechanism is recognized as 

responsible for the observed quenching. The hypothesis of a dark complex formation is supported 

through the isolation and characterization of a TTPyr/PA adduct with 2:1 stoichiometry. 

 

1. Introduction 

The current geopolitical instability in various parts of the world and the constant threat of criminal or 

terrorist acts with explosive devices calls for rapid and reliable detection methods capable to 

specifically detect low amounts of energetic hazardous chemicals and their precursors. In particular, 

military-grade 2,4,6-trinitrotoluene, TNT, is still widely utilized as a blasting agent not only in 

controlled explosions for peaceful purposes, but also in illicit activities, such as in improvised 

explosive devices, IEDs. Furthermore, TNT and its degradation by-products are persistent pollutants, 

recalcitrant to spontaneous self-decontamination, and often pose problems in terms of long-lasting 

pollution in sites in which large amounts of explosives have been used or dispersed. such as explosive 

manufacturing industrial facilities, obsolete arsenals, unexploded landmines, military proving 

grounds or areas where war combats took place [1,2]. For these reasons, a rapid, effective and reliable 

detection of explosives is constantly attracting attention as a tool to address these issues in terms of 

global security and environmental pollution hazard [3,4]. Along with TNT, other nitroaromatic 

compounds, NACs, such as 2,4-dinitrotoluene, DNT, or 2,4,6-trinitrophenol (also known as picric 

acid, PA) are common components of industrial explosives. Then, PA can be used as an explosive, 

as it more energetic than other analogous compounds [5,6], or as a component in dyes and 

pharmaceutical formulations [7]. 

In the search for low-cost and user-friendly sensors, the development of fluorescent compounds has 

emerged as a promising strategy due to the high sensitivity, selectivity, short response time, and the 

possibility to work both in solution and solid phase [8,9]. 

Triimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine, TT, has been recently deeply investigated by us due 

to its fascinating luminescent behaviour comprising crystallization induced emission, CIE, and 
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ultralong room temperature phosphorescence, URTP, associated with π-π stacking interactions in the 

solid state [10–12]. Based on these, TT has been used as the central scaffold of a new family of full 

organic [13–20] and hybrid inorganic-organic [21–23] emitting materials. In particular, its 

monosubstituted pyrene derivative, 3-(1-pyren-yl)triimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine, 

TTPyr, which crystallizes in different polymorphs, shows a very rich photophysics comprising 

excitation-dependent fluorescence and phosphorescence at ambient conditions, and mechanochromic 

and thermochromic behavior [20]. The partial conformational freedom of the Pyr moieties has been 

suggested as responsible for dual fluorescence in the solid state and for a broad blue fluorescence (at 

420 nm) in DMSO solution. Moreover, the remarkably high quantum yield, Φ, equal to 90% measured 

in solution, much higher than that of pyrene itself (33.4%) in the same conditions, suggests that the 

TT moiety successfully suppresses the aggregation caused quenching, ACQ, phenomena affecting 

pyrene fluorescence [20–22]. Additionally, the material in aggregate-state has been successfully 

tested for cellular and bacterial imaging. 

Figure 1. Chemical structures of TT and its derivatives used as probes in the present work. 

 

It has been extensively shown that the pyrene moiety is a powerful building block to assemble 

molecules [24–33], polymers [34], nanoaggregates [35–37] and 2D [38] or 3D [39,40] structures for 

sensing of nitroaromatic compounds. This feature arises from π-π stacking between electron rich 

pyrene and electron poor nitroaromatics [24–28,30,34–39,41–43].  

 

Figure 2. List of explosives tested in the present work. 
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Based on the high emissive performance of TTPyr [20], we have therefore decided to investigate this 

compound and its unprecedented orange emitting analogue, 11-(pyren-1-yl)triimidazo[1,2-a:1',2'-

c:1'',2''-e][1,3,5]triazine-3,7-dicarbaldehyde, (CHO)2TTPyr (see Figure 1), as single-molecule 

fluorescent probes for explosives. 

Performances of the two sensors have been investigated by means of fluorescence-quenching 

titrations through the incremental addition of analytes to 1.0x10-5 M DMSO solutions of TTPyr and 

(CHO)2TTPyr. A large number of highly energetic molecules and explosives has been tested (see 

Figure 2), comprising various nitrotoluenes and nitrophenols, ammonium nitrate, AN, pentaerythritol 

tetranitrate, PETN, cyclotrimethylentriamine, RDX, in the form of plastic explosive C4 and nitro-

glycerine, NG, in the form of dynamite.  

The orange emission of (CHO)2TTPyr in DMSO represents a valid alternative to the blue one of 

TTPyr for explosives with absorption in the blue region. Time resolved emission spectroscopy has 

been used to establish a static quenching mechanism in the observed sensing process. 

 

2. Results and Discussion 

As previously reported [20], diluted DMSO solutions of TTPyr (10-5–10-6 M) show at room 

temperature, RT, two absorption bands with replicas at 257, 268, 279 nm and 332, 347 nm, both with 

main pyrene character as supported by theoretical and experimental evidences, and an intense very 

broad fluorescent emission at 420 nm (absolute quantum yield, , equal to 92%) (Figure 3). Based 

on theoretical calculations, such emission was assigned to deactivation from two S1 states associated 

with two different, almost isoenergetic (=0.6 kcal/mol) conformations of TTPyr possibly present 

in solution [20]. 

 

 

Figure 3. Normalized excitation (dashed-dotted line) and emission (continuous line) spectra. Left: 

TTPyr in DMSO (1.0x10-5 M; λem = 420 nm and λexc = 350 nm); inset, normalized absorption spectra 

in DMSO; right: (CHO)2TTPyr 1.0x10-5 M in toluene (blue lines, λem = 420 nm, λex = 350 nm) and 

DMSO (λem = 565 (black line) and 412 nm (red line), λexc = 330 nm); sharp peaks at 364 and 367 nm 

in the excitation and emission spectrum, respectively, are Raman bands of DMSO; inset, normalized 

absorption spectra in DMSO. 

 

Incremental addition of NACs (nitrophenols and toluenes) to DMSO solutions of TTPyr (1.0x10-5 

M) results in a strong attenuation of the intensity of the bright blue fluorescence at 420 nm as reported 

in Figure 4a (where TNT is reported as an exemplar) and Figures S6-S14. The intensity quenching 

ability follows the order: PA > 4NP > 2NP > 3NP > TNT > DNT >3NT  2NT >4NT, with attenuation 
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in the 98 - 18 % range in the presence of 50 eq of explosive (see Figures S6-S14). On the other side, 

negligible effects on the emission intensity are observed in the presence of aliphatic and inorganic 

energetic molecules (NG, PETN, RDX and AN) (see Figure 4b, where NG is reported as an exemplar, 

and Figures S15-S18). 

Quenching experiments performed by using nitrophenols result in anomalous emission features as 

reported in Figure 4c for 4NP (see also Figures S11-S14). This phenomenon can be explained by the 

fact that the 420 nm emission of TTPyr is affected by the well-known secondary inner filter effect 

[36] in the presence of energetic compounds absorbing in the blue region (4NP, with absorption 

maxima at 435 nm and all the other nitrophenols, see Figure 4c where the absorption spectrum of 

4NP is superimposed to the emission of TTPyr). 

Therefore, caution has to be used when dealing with data collected for such analytes for which 

evaluation of the interaction strength can be performed only in spectral regions where their 

absorptions do not overlap with TTPyr emission. 

Fluorescence quenching titrations have been analysed through the Stern–Volmer (SV) equation (see 

Table 1 and Figures 4d and S19), I0/I = 1 + KSV[Q], where I0 and I are emission intensities before and 

after addition of the quencher, respectively, [Q] is the quencher concentration and KSV is the Stern-

Volmer constant (M-1), a parameter that allows to determine the strength of the quenching interactions 

and that can be extracted by plotting I0/I vs [Q]. For most of the analytes, SV plots have been 

determined at the emission maximum (420 nm), however, due to inner filter artefacts, data for 

nitrophenols have been calculated at lower sensitivity points (at 490 nm for PA, 2NP and 3NP and at 

500 nm for 4NP). For all analytes, SV plots result in a linear relationship with an upward curvature 

only for nitrophenols at high concentrations where the intensity of the emission signal is too low and 

results in instrumental artefacts (see Figure 4d).  
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Figure 4. a) Quenching of TTPyr emission by TNT: spectra collected by exciting at 350 nm the 

1.0x10-5 M DMSO solution of TTPyr starting from 0 (black line) up to 50 equivalents of TNT (green 

line); b) emission spectra (λexc = 350 nm) of 1.0x10-5 M DMSO solutions of TTPyr without and with 

increasing amount (up to 50 equivalents) of NG; c) solid lines: emission spectra (excitation 

wavelength 350 nm) of 1.0x10-5 M DMSO solutions of TTPyr without and with increasing amount 

(up to 20 equivalents) of 4NP. Red line: absorption spectrum of 4NP (1.0x10-5 M) in DMSO; d) Stern-

Volmer plots of TTPyr with explosives. 

 

In order to check for a possible solvent effect on quenching experiments, solutions of TTPyr with 

TNT in DMSO/water (v/v%: 99/1; 80/20; 70/30; 50/50) have been performed to be compared with 

DMSO itself, where a KSV of 2170 was determined. 

As previously reported [20], the addition of water up to 50% to DMSO solutions of TTPyr results in 

a slight intensification of the emission and a concomitant blue shift from 420 to 410 nm. Moreover, 

the quenching effectiveness shows a drastic decrease at 1% water (KSV from 2170 at 0% to 1000 M-

1) and a smoother trend at higher water content (780, 700 and 460 M-1 at 20, 30 and 50%, respectively) 

(see Figures S20-S23). This observation is compatible with water/TTPyr specific interactions in 

addition to solvation effect. 

Further investigations in THF using PA and TNT (see Figures S24 and S25) revealed a strong 

attenuation of the capability of both analytes to quench TTPyr emission. This is particularly relevant 

for TNT with respect to PA (from 2170 in DMSO to 470 M-1 for TNT, from 14600 to 8380 M-1 for 

PA), indicating the importance of solvating effect on both partners of the quenching experiment. 

 

To overcome the limitation of TTPyr as sensor for nitrophenols, the possible, alternative use of 

(CHO)2TTPyr has been investigated. This new compound has been synthesized by lithiation of 

TTPyr with n-butyllithium followed by nucleophilic addition on DMF and characterized by NMR 

and mass spectroscopy (see the Experimental Section). Differently from the essentially apolar 

character of TTPyr (dipole moment computed in DMSO, DMSO, equal to 1.12 D), (CHO)2TTPyr is 

a compound of medium polarity (DMSO = 5.88 D) due to the presence of the electron-acceptor 

carbonyl groups. Its electrostatic potential, plotted on the isodensity surface of electron density, shows 

a region of negative potential localized on pyrene (see inset of Figure 5). Comparison of the 

electrostatic potential map of (CHO)2TTPyr with that of TTPyr (see Figure S48) evidence, for the 

latter compound, a much more extended negative area on pyrene, characterized by higher (in 

magnitude) values (maxima on the pyrene envelop are –0.065 and –0.046 a.u. for TTPyr and 

(CHO)2TTPyr, respectively). 
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Figure 5. Schematic representation of the low energy absorption and emissions of (CHO)2TTPyr in 

toluene (left) and DMSO (right), together with plots of the orbitals mainly involved in the excitations 

in DMSO (very similar plots are obtained in toluene). In the insets, DMSO optimized geometry (left) 

and electrostatic potential (right), mapped on the isosurface (0.001 a.u.) of electron density. Values 

of electrostatic potential range from -0.025 (red) to 0.025 (blue) a.u. 

 

Diluted (1.0x10-5 M) DMSO solutions of (CHO)2TTPyr are characterized by two absorption bands 

with peaks at 270 (sh), 280 nm and 333, 348 nm (assigned to (π,π*) transitions mainly localized on 

the (CHO)2TT and pyr moieties, respectively, see below) and a broad fluorescence centered at 565 

nm, together with a weak structured fluorescence at 392, 410 nm (absolute quantum yield, , equal 

to 3%, τav = 2.76 ns). Interestingly, toluene solutions (1.0x10-5 M) of (CHO)2TTPyr, though showing 

an absorption spectrum almost overlapped with that in DMSO, display a narrower and blue-shifted 

fluorescent emission at 436 nm ( = 5%, see Figure 3 right). 

DFT and TDDFT calculations on (CHO)2TTPyr, performed in both DMSO and toluene, provide a 

simulated absorption spectrum (Figure S49) with two main bands separated by about 0.90 eV, in 

agreement with the observed one though shifted at slightly higher energy. These two bands result 

from convolution of more transitions, among which the more intense ones (i.e. characterized by large 

oscillator strength, f) have (π,π*) character and are localized on pyrene (low energy band) and mostly 

on (CHO)2TT (high energy band). Focusing on the region at low energy (see Figure 5 and Tables S2-

S4), three almost overlapped states are computed at about 310 nm in both solvents, that is the strong 

(π,π*) one and two almost silent (f  0) states, possessing mixed (n/π,π*) character with strong CHO 

contribution (see Figures S50 and S51 for plots of the frontier MOs in DMSO and toluene, 

respectively). With the aim of exploring the nature of the emissive states in the two solvents, 

geometries of the (π,π*) and the lower energy (n/π,π*) excited states have been optimized in DMSO 

and toluene along their own potential energy surface (see Table S2). In DMSO (see Figure 5, right), 
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the (π,π*) state undergoes a large electronic rearrangement associated with increased intramolecular 

conjugation and large red shift of the relaxed state, computed at 412 nm. The (n/π,π*) relaxed 

geometry, instead, remains nearly unvaried with respect to the ground state one and lies at much 

higher energy, 343 nm. Contrarily, in toluene (see Figure 5, left) a reduced red shift is obtained for 

the relaxed (π,π*) state, computed at 390 nm, while the (n/π,π*) one lies at 356 nm. It is therefore 

hypothesised that the different character of the two emissive states makes dual fluorescence possible. 

In DMSO, their large energy separation (about 0.9 eV) allows both states to be experimentally 

detected, with a considerably higher intensity of the (π,π*) transition compared with the weakly 

allowed (n/π,π*) one. On the other hand, in toluene the two emissive states are too close and only the 

predominant (π,π*) emission is observed. The decreasing in  on going from toluene to DMSO agrees 

with the energy gap law predicting a more competitive internal conversion in the latter solvent. 

The red-shifted fluorescence of (CHO)2TTPyr is, of course, not prone to be absorbed by nitrophenols 

and, therefore, represents a good alternative to TTPyr in such cases. DMSO solutions of 

(CHO)2TTPyr have been tested for the full range of highly energetic compounds and explosives and 

SV plots have been determined at the emission maximum (565 nm), giving results that are very 

similar, also for nitrophenols, to the ones calculated for TTPyr (see Table 1 and Figures S28-S41). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. List of the Stern-Volmer constants and LODs obtained on intensity data at 420 nm for 

TTPyr and 565 nm for (CHO)2TTPyr, (exc = 350 nm). For the data set of TTPyr with PA, 3NP 

and 2NP data are calculated on the emission intensity at 490 nm while for 4NP at 500 nm in order to 

minimize secondary inner filter effect. 

 

From data reported in Table 1, it can also be inferred that non-NACs explosives possess much lower 

quenching constants than NACs. For (CHO)2TTPyr probe, the weakly negative constant of PETN 

can be explained with a substantially null interaction. Moreover, an almost 10 times stronger 

interaction with nitrophenols with respect to nitrotoluenes can be observed. PA is characterized by 

the strongest interaction with a KSV equal to 1.46x104 M-1 with TTPyr and 1.25x104 with 

(CHO)2TTPyr. These results support the use of cyclic triimidazole derivatives as selective NACs 

sensors. Photographs of 1.0x10-5 M solutions of TTPyr and (CHO)2TTPyr in the presence of 

different amounts of PA are shown in Figure 6, where the corresponding quenching phenomena are 

more clearly visualized. 

 TTPyr (CHO)2TTPyr 

Explosive KSV (M-1) LOD (μM) KSV (M-1) LOD (μM) 

RDX 2.30E+02 113 1.66E+02 164 

PETN 1.74E+02 114 -1.15E+01 / 

NG (dynamite) 2.00E+02 126 2.17E+01 880 

AN 1.89E+02 120 1.54E+02 146 

2NT 1.71E+03 18.15 4.70E+02 41.62 

3NT 2.57E+03 17.00 5.34E+02 30.50 

4NT 9.75E+02 28.41 5.79E+02 29.57 

DNT 1.31E+03 18.46 1.06E+03 31.76 

TNT 2.17E+03 8.20 1.45E+03 10.27 

2NP 3.48E+03 12.56 4.86E+03 3.66 

3NP 1.81E+03 24.13 4.90E+03 7.58 

4NP 8.99E+03 4.87 1.12E+04 2.53 

PA 1.46E+04 2.85 1.25E+04 2.76 Jo
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Limits of detection, LODs, in the order of magnitude of μM, reported in Table 1, have been calculated 

with the 3σ method [44], where LOD=3σ/K with σ being the I0/I0 error calculated from standard 

deviation of the blank and K the KSV (see the Experimental Section). Calculated LODs are in line 

with the ones obtained with other pyrene functionalized explosive sensors [24]. 

 

Figure 6. The effect of PA (0; 1.0; 5.0; 10.0 x10-5 M from left to right) on the emission of 1.0x10-5 

M TTPyr (left) and 1.0x10-5 M (CHO)2TTPyr (right). Photographs are taken under a 366 nm UV 

irradiation.  

 

Once established the effectiveness of TTPyr and (CHO)2TTPyr as sensors for energetic materials 

and explosives, the mechanism involved in the quenching phenomenon has been investigated. It is 

well known that in static quenching, sensor-analyte interaction occurs in the ground state and results 

in a non-emissive or differently emissive complex formation. In this case, only uncomplexed sensor 

molecules do radiatively decay after excitation at the fixed emission wavelength with unperturbed 

lifetime. In dynamic quenching, on the other side, interaction involves sensor molecule in the excited 

state so that the encounter results in reduced excited state lifetime. Therefore, to discriminate between 

a) b) 

c) d) 
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static  

Figure 7. a) Stern-Volmer constants, KSV, of (CHO)2TTPyr with explosives; b) (CHO)2TTPyr 

emission quenching efficiency of explosives at various concentrations (0, 10, 20, 30, 40 and 50 

equivalents); c) Stern-Volmer constants, KSV, of TTPyr with energetic materials; d) decay curves of 

TTPyr at different concentration of TNT showing no change in experimental lifetime. 

 

(ground state complex formation) and dynamic quenching, time-resolved measurements have been 

performed on TTPyr (selected for its higher emission signal) in DMSO (1.0x10-5 M) in the absence 

and in the presence of increasing concentration of PA or TNT, chosen as exemplar analytes for their 

high binding affinities with the sensor. 

These experiments reveal constant excited state lifetime (τav, 2.76 ns) even at very high quencher 

concentration (up to 500 μM for TNT, 50 eq, see Figures 7d and S27, and 100 μM, 10 eq, for PA, see 

Figure S26). At PA concentration higher than 100 μM, the intensity of the emission signal was too 

low for the instrumental sensitivity. Such behaviour suggests the formation of non-emissive 

supramolecular adducts (dark complexes) between the fluorophore and the quenchers whose 

formation constants correspond to the KSV of I0/I vs [Q] plots. 

 

UV-vis absorption titration experiments performed on TTPyr in the presence of PA in DMSO 

solutions do not reveal any fingerprint of a possible ground-state analyte/sensor complex (see Figures 

S44 and S45). However, the formation of a complex was supported by 1H-NMR spectra and elemental 

analysis experiments on a red powder precipitated from a TTPyr/PA acetonitrile (ACN) solution (see 

Figures S4 and S5). Such measurements unequivocally indicate a TTPyr:PA = 2:1 stoichiometry 

(CHN composition, calculated: 65.6% C; 3.1% H; 20.5% N; found: 65.7% C; 3.3% H; 20.4% N) 1H-

NMR spectra led not only to a better definition of the adduct, but also to unquestionably exclude any 

analyte-sensor chemical reaction, hence giving the possibility to use TTPyr derivatives as reusable 

sensors. Remarkably, a sensor-analyte 2:1 stoichiometry has been obtained through a Job’s plot via 

fluorimetric analysis (Figure 8). Job’s plots of TTPyr with TNT and (CHO)2TTPyr with PA (see 

Figures S42-S43) suggest different stoichiometries, however the 2:1 stoichiometry of the TTPyr/PA 

adduct has been confirmed by single crystal X-ray diffraction analysis performed on small crystals 

precipitated from an ACN TTPyr/PA (2/1) concentrated solution. Experimental details of single 

crystal X-ray diffraction analysis are given in the Experimental Section, crystal data, collection data 

and refinement details are reported in Table S1. Comparison between calculated and experimental 

XRPD patterns is shown in Figure S46. 
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Figure 8. Left: Stern-Volmer plot of TTPyr quenched by TNT. Black line from intensity; red line 

from lifetime. Right: Job’s plot for the interactions between TTPyr and PA. χ is the molar fraction 

of TTPyr [45]. 

 

The asymmetric unit of the crystal structure of TTPyr/PA co-crystal contains three molecules 

interacting through hydrogen bond and π-π stacking (Figure 9). Crystal packing analysis shows the 

formation of columnar aggregates displaying the TTPyrPATTPyrTTPyrPATTPyr 

sequence (see Figure S47). Stacking interactions involving the -electron systems of pyrene and PA 

are established within the aggregate, while the TT unit protrude on the same side of the column. Very 

short distances (3.415 and 3.517 Å) are found between the geometric centroids (Cg) of pyrene and 

PA benzene ring, as a consequence of the opposite electronic nature of the interacting aromatic 

systems: a donor one for pyrene, as evidenced by the electrostatic potential map of TTPyr (Figure 

5), and an acceptor one for PA, due to the electron-acceptor nitro substituents. In addition, the much 

larger negative area of electrostatic potential of TTPyr compared to (CHO)2TTPyr (Figure S48) 

suggests a stronger interaction within the TTPyr/PA adduct with respect to the (CHO)2TTPyr/PA 

one, explaining the higher performance of the former for the detection of compounds of the NT series 

(see Table 1). Longer CgCg distances (4.046 Å) are found between adjacent pyrene rings along the 

columnar aggregate, whose bonded TT units are themselves involved in - stacking interactions, 

with triazinic centroids distance equal to 4.365 Å.  
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Figure 9: View of the asymmetric unit of the crystal structure of TTPyr/PA containing one PA and 

two TTPyr molecules. The three molecules are involved in bifurcated hydrogen bond between the 

hydroxyl hydrogen of PA and O2 (intramolecular, O1∙∙∙O2 = 2.601(5) Å) and N12 (intermolecular, 

O1∙∙∙N12 = 2.879(5) Å) atoms, and in TTPyr…PA…TTPyr stacking interactions. Hydrogen atoms, 

except the hydroxyl one, are omitted for clarity, ellipsoids are drawn at 30% of probability level. 

 

3. Conclusions 
Pyrene chromophoric performances can be enhanced through functionalization with cyclic 

triimidazole opening to a new family of sensors for highly energetic and explosive compounds based 

on fluorescence quenching. The sensor-analyte interaction, measured through Stern-Volmer analysis, 

increases in the order: aliphatic and inorganic explosives < nitrotoluenes < nitrophenols, resulting in 

the strongest response in the presence of PA. Time resolved studies suggest a static quenching 

mechanism for NACs and, in the case of TTPyr/PA, the corresponding dark complex with 2:1 

stoichiometry has been isolated and characterized. The presence of aldehydic groups in 

(CHO)2TTPyr results in dual emission in DMSO originated from (π,π*) and (n,π*) states with the 

former strongly red-shifted with respect to TTPyr. Such a feature allows to overcome inner filter 

effects observed for nitrophenols. 

 

4. Experimental Section 
4.1. General information 

All reagents were purchased from chemical suppliers and used without further purification. 

Triimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine, TT [46], its monobromo and monopyrene 

derivatives (namely 3-bromotriimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine, TTBr [19], and 3-(1-

pyren-yl)triimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine, TTPyr [20]) were prepared according to 

literature procedures. Highly energetic compounds and explosives here tested (TNT, NG, PETN, 

RDX) were obtained, as military-grade reference samples in sub-hazardous amounts, from Italian law 

enforcement agencies.  TNT was purified by two-step re-crystallization, first from hot benzene, then 

from 95% ethanol as described in [47]. PA was previously stored under water and was carefully dried 

in vacuo at room temperature prior to use. 
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WARNING: TNT, NG, PETN, RDX and PA are highly energetic materials and are very sensitive to 

mechanical and thermal shocks and friction. These substances must thus be handled with extreme 

caution, in very low amounts. 
1H and 13C NMR spectra were recorded on a Bruker AVANCE-400 instrument (400 MHz). Chemical 

shifts are reported in parts per million (ppm) and are referenced to the residual solvent peak (DMSO, 
1H 2.50 ppm, 13C 39.5 ppm). Peak multiplicities are described in the following way: s, singlet; m, 

multiplet. 

Mass spectra were recorded on a Thermo Fisher (Thermo Fisher Scientific, Waltham, MA USA) LCQ 

Fleet Ion Trap Mass Spectrometer equipped with UltiMate™ 3000 HPLC system. UV-Visible spectra 

were collected by UV-3600i Plus UV-VIS-NIR Spectrophotometer (Shimadzu Italia S.r.l., Milan, 

Italy). Steady state emission and excitation spectra were obtained using a FluoroLog 3 (Horiba UK 

Limited, Northampton, United Kingdom) spectrofluorometer. The steady state measurements were 

recorded by a 450 W Xenon arc lamp. Photoluminescence quantum yields were measured using a 

C11347 Quantaurus–Absolute Photoluminescence Quantum Yield Spectrometer (Hamamatsu 

Photonics K.K), equipped with a 150 W Xenon lamp, an integrating sphere and a multichannel 

detector. Photoluminescence lifetime measurements were performed on a FLS 980 (Edinburgh 

Instrument Ltd., Livingston, United Kingdom) spectrofluorometer using Edinburgh Picosecond 

Pulsed Diode Laser EPL-375 (Edinburg Instrument Ltd.) with data acquisition devices time correlated 

single-photon counting (TCSPC). 

The data needed to calculate the quenching intensity were acquired on solutions 1.0x10-5 M in sensor 

and with increasing concentration of analyte, from 0 M to 5.0x10-4 M, with the following parameters: 

excitation wavelength 350 nm; emission acquisition from 370 nm to 680 nm, step 1 nm; integration 

time 0.3 s. TTPyr emission maximum is 420 nm, (CHO)2TTPyr emission maximum is 535 nm. 

In the 3σ method used to calculate LODs (LOD=3σ/K) [44], σ is the I0/I0 error obtained by the 

standard deviation calculated from 60 points acquired at the fluorophore emission maxima in the 

same conditions used for quenching titration experiments. The obtained Ksv from Stern-Volmer plots 

is then taken as K. 

4.2. Synthesis 

Synthesis of 11-(pyren-1-yl)triimidazo[1,2-a:1',2'-c:1'',2''-e][1,3,5]triazine-3,7-dicarbaldehyde 

(CHO)2TTPyr 

 

(CHO)2TTPyr was prepared by lithiation of TTPyr with n-butyllithium followed by nucleophilic 

addition on dimethylformamide. In a typical reaction, TTPyr (200 mg, 0.50 mmol) was dissolved in 

anhydrous THF (45 mL) in a round-bottom flask under nitrogen atmosphere. The system was cooled 

at -78 °C, then n-BuLi 2.5 M in hexane (450 μL, 1.13 mmol) was added. The formation of a 

carbanionic species was evident from the appearance of an intense red colour. After 1h, anhydrous 

DMF (1 mL, 12.93 mmol) was added at -78 °C and the reaction mixture stirred overnight under static 

nitrogen up to room temperature. Then the reaction was added with an ammonium chloride saturated 

solution (2 mL) and stirred for 30 minutes. The reaction crude was evaporated to dryness and purified 
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by DCM/H2O extraction. The combined organic phases were dried over Na2SO4 and filtered. The 

filtrate was evaporated to dryness to afford a solid which was further purified by automated flash 

chromatography on SiO2 with DCM/ACN as eluents to give the product as a yellow powder (87 mg; 

yield 38%; Rf 0.79 in DCM/ACN = 8:2). Before performing spectroscopic measurements, the product 

has been crystallized by slow evaporation from DCM solutions affording a yellow solid. 

NMR data (9,4 T, DMSO-d6, 298 K, δ, ppm): 1H-NMR 10.98 (1H, s), 10.73 (1H, s), 8.44-8.06 (10H, 

m), 7.73 (2H, s); 13C-NMR {1H} 180.4, 179.9, 140.0, 138.6, 136.7, 135.6, 135.4, 131.8, 130.6, 130.7, 

130.3, 129.9, 129.5, 128.4, 128.1, 128.0, 127.6, 127.3, 126.5, 125.9, 125.8, 125.7, 125.2, 124.3, 123.7, 

123.6, 122.3. 

MS (ESI-positive ion mode): m/z: 455 [M+H]+. 

 
4.3. Computational details 

DFT and TDDFT calculations on (CHO)2TTPyr were performed with Gaussian 16 program 

(Revision A.03) [48] adopting the same B97X/6-311++G(d,p) protocol as used for previous 

calculations on the full series of TT derivatives [11–20], including in particular TTPyr [20]. The 

B97X functional [49] was chosen owing to its ability in correctly treating at the same time not only 

ground and excited states properties, but also - stacking interactions which are of great importance 

to interpret the multi-faceted emissive properties of this family of compounds. The geometry of 

(CHO)2TTPyr was optimized in both DMSO and toluene starting from the X-ray RT conformation 

previously obtained for TTPyr [20] and properly adding the two CHO fragments. The Polarized 

Continuum Model in its integral equation formalism (IEFPCM) [50] was used to describe the solvent 

effect. 

 

4.4. Crystal Structure Analysis 

Single-crystal X-ray diffraction data for TTPyr/PA, were collected at room temperature on a Bruker 

APEX II CCD area detector diffractometer, using graphite-monochromated Mo Kα radiation (λ = 

0.71073 Å). A full sphere of reciprocal space was scanned by 0.5° ω steps, collecting 2160 frames in 

six different regions of the reciprocal space. After integration, an empirical absorption correction was 

made on the basis of the symmetry-equivalent reflection intensities measured [51]. 

The structure was solved by direct methods (SIR2014) [52] and subsequent Fourier synthesis; then 

was refined by full-matrix least-squares on F2 (SHELX 2014) [53] using all reflections. Weights were 

assigned to individual observations according to the formula w = 1/[σ2(Fo
2) + (aP)2 + bP], where P 

= (Fo
2 + 2Fc

2)/3; a and b were chosen to give a flat analysis of variance in terms of Fo
2. Anisotropic 

parameters were assigned to all non-hydrogen atoms. All the hydrogen atoms were clearly visible in 

Difference-Fourier maps, however, they were eventually placed in idealized position and refined 

riding on their parent atom with an isotropic displacement parameter 1.2 (or 1.5) times that of the 

pertinent parent atom. The position of the hydroxyl hydrogen of the picric acid was refined. Its refined 

position is in agreement with the formation of a bifurcated hydrogen bond with O2 and N12.  

Residual electron density peaks and holes are low, randomly distributed in the asymmetric unit and 

do not have any chemical significance. 

The collected dataset shows some problematic features, as testified by the higher than usual values 

of Rint and Rσ (0.107, and 0.176, respectively). These finding can be safely attributed to the poor 

diffraction power of this co-crystal as confirmed by similar datasets collected for many different 

specimens from different crystallization batches.  

CCDC 2192407 contain the supplementary crystallographic data for TTPyr/PA. These data can be 

obtained free of charge from the Cambridge Crystallographic Data Centre 

http://www.ccdc.cam.ac.uk/conts/retrieving.html. 
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Highlights 

• Two pyrene-susbstituted cyclic triimidazoles exhibit selective detection of nitroaromatic 

energetic compounds. 

 

• Time resolved experiments revealed static quenching mechanism with formation of a 

ground state complex. 

 

• X-Ray diffraction analysis of the dark complex with picric acid is performed. 
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